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DEGENERATE BIFURCATION OF THE ROTATING PATCHES

TAOUFIK HMIDI AND JOAN MATEU

ABSTRACT. In this paper we study the existence of doubly-connected rotating patches for
Euler equations when the classical non-degeneracy conditions are not satisfied. We prove the
bifurcation of the V-states with two-fold symmetry, however for higher m—fold symmetry
with m > 3 the bifurcation does not occur. This answers to a problem left open in [19]. Note
that, contrary to the known results for simply-connected and doubly-connected cases where
the bifurcation is pitchfork, we show that the degenerate bifurcation is actually transcritical.
These results are in agreement with the numerical observations recently discussed in [19].
The proofs stem from the local structure of the quadratic form associated to the reduced
bifurcation equation.
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1. INTRODUCTION

In this paper we deal with the vortex motion for incompressible Euler equations in two-
dimensional space. The formulation velocity-vorticity is given by the nonlinear transport
equation

Ow+v-Vw=0, x€R? t>0,
(1) v=VIA~lw,

Wit=0 = Wo,

where v = (v',v?) denotes the velocity field and w = 9yv? — dyv? its vorticity. The second
equation in (1) is the Biot-Savart law which can be written with a singular operator as
follows: By identifying the vector v = (vy,v9) with the complex function v; + ive, we may
write

) w(t
(2) v(t, z) = —/ ( ’é) dA(), =ze€C,

2m Jo Z—-¢
with dA being the planar Lebesgue measure. Global existence of classical solutions was

established a long time ago by Wolibner in [35] and follows from the transport structure of
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the vorticity equation. For a recent account of the theory we refer the reader to |1, 7]. The
same result was extended for less regular initial data by Yudovich in [37] who proved that
the system (1) admits a unique global solution in the weak sense when the initial vorticity
wy is bounded an integrable. This result is of great importance because it enables to deal
rigorously with some discontinuous vortices as the vortex patches which are the characteristic
function of bounded domains. Therefore, when wy = xp with D a bounded domain then the
solution of (1) preserves this structure for long time and w(t) = xp,, where D; = 9 (t, D)
being the image of D by the flow. The motion of the patch is governed by the contour
dynamics equation which takes the following form : Let + : T — 0D, be the Lagrangian
parametrization of the boundary, then

O =5 [ logl el
T JoD,

Notice that according to Chemin’s result [7|, when the initial boundary is of Hélder class
O with 0 < € < 1, then there is no formation of singularities in finite time and the
regularity is therefore propagated for long time. In general, it is not an easy task to tackle
the full dynamics of a given vortex patch due the singular nonlinearity governing the motion
of its boundary. Nevertheless, we know two explicit examples where the patches perform a
steady rotation about their centers without changing shape. The first one is Rankine vortices
where the boundary is a circle and this provides the only stationary patches according to
Fraenkel’s result [13]. As to the second example, it is less obvious and goes back to Kirchhoff
[25] who proved that an elliptic patch rotates about its center with the angular velocity
Q = ab/(a + b)?, where a and b are the semi-axes of the ellipse. For another proof see |1,
p.304]. Many years later, several examples of rotating patches, called also V-states, were
constructed numerically by Deem and Zabusky [9] using contour dynamics algorithm. Note
that a rotating patch is merely a patch whose domain D; rotates uniformly about its center
which can be assumed to be the origin. This means that D, = ¢*D and Q € R being
the angular velocity. Later, Burbea provided in [2]| an analytical proof and showed the
existence of the V-states with m-fold symmetry for each integer m > 2. In this countable
family the case m = 2 corresponds to Kirchhoff elliptic vortices. Burbea’s approach consists
in using complex analysis tools combined with the bifurcation theory. It should be noted
that from this point of view the rotating patches are arranged in a collection of countable
curves bifurcating from Rankine vortices (trivial solution) at the discrete angular velocities
set {"2‘—;11, m > 2}. The numerical experiments of the limiting V-states which are the ends of
each branch were accomplished in [29, 36] and they reveal interesting behavior; the boundary
develops corners at right angles. Recently, Verdera and the authors studied in [17] the
regularity of the V-states close to the disc and proved that the boundaries are in fact of class
C* and convex. More recently, this result was improved by Castro, Cérdoba and Goémez-
Serrano in [5] who showed the analyticity of the V-states close to the disc. We mention
that similar research has been conducted in the past few years for more singular nonlinear
transport equations arising in fluid dynamics as the surface quasi-geostrophic equations or
the quasi-geostrophic shallow-water equations; see for instance [4, 5, 11, 15, 16].

It should be noted that the bifurcating curves from the discs are pitchfork and always located
in the left-hand side of the point of bifurcation Tg—;} This implies that angular velocities of
those V-states are actually contained in the interval |0, %[ Whether or not other V-states
still survive outside this range of (2 is an interesting problem. The limiting cases 2 € {0, %}
are well-understood and it turns out that the discs are the only solutions for the V-states
problem. As we have mentioned before, this was proved in the stationary case 2 = 0 by

Fraenkel in [13] using the moving plane method. We remark that this method is quite flexible
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and was adapted by the first author to < 0 but under a convexity restriction, see [20].
With regard to the second endpoint (2 = % it is somehow more easier than () = 0 and was
solved recently in [20] using the maximum principle for harmonic functions.
The study of the second bifurcation of rotating patches from Kirchhoff ellipses was first
examined by Kamm in [22], who gave numerical evidence of the existence of some branches
bifurcating from the ellipses, see also [31]. In [27], Luzzatto-Fegiz and Willimason gave more
details about the bifurcation diagram of the first curves and where we can also find some
nice pictures of the limiting V-states. Very recently, analytical proofs of the existence part
of the V-states and their regularity were explored in [5, 21|. Indeed, the authors showed that
the bifurcation from the ellipses {w + Quw, w € ']I'} parametrized by the associated exterior
conformal mapping occurs at the values @ €]0, 1[ such that there exists m > 3 with
m 11— Q2
1+Q 5
The linear and nonlinear stability of long-lived vortex structures is an old subject in fluid
dynamics and much research has been carried out since Love’s work [26] devoted to Kirchhoff
ellipses. The nonlinear stability of the elliptic vortices was explored later in [14, 32]. As to
rotating patches of m-fold symmetry, a valuable discussion on the linear stability was done by
Burbea and Landau in [3] using complex analysis approach. However the nonlinear stability
in a small neighborhood of Rankine vortices was performed by Wan in [33] through some
variational arguments. For further numerical discussions, see also [6, 10, 28|.
Recently, in [18, 19] close attention was paid to doubly-connected V-states taking the form
Xp with D = D;\Dy and Dy € D; being two simply-connected domains. It is apparent
from symmetry argument that an annulus is a stationary V-state, however and up to our
knowledge no other explicit example is known in the literature. Note that in the paper
[18] a full characterization of the V-states (with nonzero magnitude in the interior domain)
with at least one elliptical interface was performed complementing the results of Flierl and
Polvani [12]. As a by-product, the only elliptic doubly-connected V-states are the annuli.
The existence of nonradial doubly-connected V-states was studied in [19] in the spirit of
Burbea’s work but with much more involved calculations. Roughly speaking, starting from
the Rankine patch supported by the annulus

(3) Ay 2{2e€C,b< 2] <1}

we obtain a collection of countable bifurcating curves from this annulus at some explicit
values of the angular velocities. To be more precise, let m > 3 verifying
2

m = 0.

(4) 1+bm —

m < 0,

then there exists two curves of doubly-connected rotating patches with m-fold symmetry
bifurcating from the annulus A, at the angular velocities

1-— b2 1 m(l — b2> 2
+ A 2m
(5) Qm = + —2 \ Am, Am = (—2 — 1) — b,

In [19], it is showed that the condition (4) is equivalent to A,, > 0, in which case the
eigenvalues are simple and therefore the transversality assumption required by Crandall-
Rabinowitz theorem (CR theorem for abbreviation) is satisfied. The main purpose of the
current paper is to investigate the degenerate case corresponding to vanishing discriminant,
that is, A,, = 0. This problem was left open in [19] because the transversality assumption is
no longer verified and CR theorem is therefore inefficient. As a matter of fact, the study of the
linearized operator is not enough to understand the local structure of the nonlinear problem

and answer to the bifurcation problem. Before stating our result we need to introduce the
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following set S and describe its structure. This set will be carefully studied in Section 2.2.
Let

(6) s & {(m,b)eN*x]O,l[, Am:o}
_ {(Q,b),be]o,l[}u{(m,bm),mz3},

where for given m > 3, b, is the unique solution in ]0, 1[ of the equation

1-0

14+06™— m = 0.

It is not so hard to show that the sequence (by,)m>3 is strictly increasing and converges to 1.
Moreover one can easily check that

1
by = 3 and by = \/V2—1=0.6435.

Notice that from the numerical experiments done in [19] we observe the formation of small
loops from the branches emanating from the eigenvalues Qf and Q. (with m > 3) when
these latter are close enough. It turns out that these loops become very small and shrink to
a point which is the trivial solution when the distance between the eigenvalues goes to zero.
This suggests that in the degenerate case the bifurcation does not occur. We shall attempt
at clarifying this numerical evidence from theoretical standpoint by providing analytical
proof based upon the bifurcation theory which however still an efficient tool. We shall also
investigate the two-fold symmetry where the situation seems to be completely different from
the preceding one and rotating patches continue to exist. We can now formulate our main
results.

Main theorem. The following assertions hold true.

(i) Let b €]0, 1[\{b2m,m > 2}, then there exists a curve of 2-fold doubly-connected V-

states bifurcating from the annulus Ay at the angular velocity %. Furthermore, the
bifurcation is transcritical.

(ii) Let b = by, for some m > 3. Then there is no bifurcation of m—fold V-states from
the annulus A,.

Before giving some details about the proof some remarks are in order.

Remark 1. As it will be discussed in the proof of the Main theorem postponed in Section
5 we have not only one curve of bifurcation in the two-fold case but actually two curves.
However, from geometrical point of view they can be related to each other using a symmetry
argument and therefore only one branch is significant.

Remark 2. The existence of two-fold V-states for b € {bgn,n > 2} remains unresolved. In
this case the kernel is two-dimensional and the transversality assumption is not satisfied. We
believe that more work is needed in order to explore the bifurcation in this very special case.

Now we shall sketch the general ideas of the proof of the Main theorem. We start with
a suitable formulation of the V-states equations which was set up in the preceding works
[2, 18, 19| through the use of the conformal mappings. If we denote by ¢; the exterior
conformal mapping of the domain D; then from Riemann mapping theorem we get,

Qjn
¢j(w) =bjw + Y o 4 €R, bi=1b=b
n>0
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The coefficients are assumed to be real since we shall look for domains which are symmetric
with respect to the real axis. Therefore the domain D which is assumed to be smooth, of
class C! at least, rotates steadily with an angular velocity Q if and only if

Yo € T, Gy on o) 2t (1= NG T0) + 16,0 >>)w¢;<w>}=0, =12
with

A21-20 and I(z)2 ][ zl ¢ (€)dE — f o (€)deE.
1 (

Here we use the parameter A instead of 2 as in [18, 19] because we found it more convenient

in the final formulae that we shall recall in the next few lines. We remind from [19] the

following result : If we denote by L) ; the linearized operator around the annulus defined by

d
£)\7bh é EG()\, th)|t:0, h - (hl, hg)

Then it acts as a matrix Fourier multiplier, namely, for

Qs
h](w) - Z wnfv;—l’

n>1

belonging to some function space that will be precise later we have

Lash =" Myun()) ( Tn ) Cnms  €n = Im(T").

a2
n>1 g

The matrix M, is explicitly given for n > 1 by the formula,

nA —1—nb? pr
Ma(A) = < —pr b(n/\—n+1)>

Throughout this paper we shall use the terminology of "nonlinear eigenvalues" or simply
eigenvalues to denote the values of A associated to the singular matrix M, for some n.
Bearing in mind the definition of A, > 0 given in (5) then it is straightforward that when
A, > 0 the eigenvalues are distinct and they coincide when A,, vanishes. In this latter case
A=\, = # and as it was stressed in [19] the transversality assumption is not satisfied
and thereby Crandall-Rabinowitz theorem is no longer useful. In this delicate context the
linearized operator is not sufficient to describe the local behavior of the nonlinear functional
and therefore one should move to higher expansions of the functional. The bifurcation
without transversality is often referred in the literature as the degenerate bifurcation. There
are some studies devoted to this case; in |23, Section 1.16] and [24] Kielhofer obtained some
results on the bifurcation but with some restrictive structure on the nonlinear functional.
His approach consists in giving a complete ansatz for the real eigenvalue p(\) which is a
small perturbation of zero. The bifurcation is then formulated through the platitude degree
of p. In our context, it is not clear whether our singular functional satisfies the conditions
listed in [23]. The strategy that we shall follow is slightly bit different from the preceding
one; instead of looking for the expansion of the eigenvalue p(\) we analyze the expansion at
the second order of the reduced bifurcation equation and this will be enough for proving our
main result. More precisely, using Lyapunov-Schmidt reduction we transform the infinite-
dimensional problem into a two-dimensional one. This is done by using some projections
intimately connected to the spectral structure of the linearized operator and the V-states
equations reduces in fact to a finite-dimensional equation called reduced bifurcation equation.
It takes the form,
F,(\t) =0, F:RxR—=R.
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In the degenerate case where (m, b) belongs to the set S defined in (6) the point (A, 0) is in
fact a critical point for F5 and therefore the resolvability of the reduced bifurcation equation
should require an expansion of F5 at least at the second order around the critical point. The
computations are fairly complicated and long, and ultimately we find that the quadratic
form is non-degenerate. Accordingly, we stop the expansion at this order and decide about
the occurrence of the bifurcation using perturbative argument. To be more precise, we show
the local structure,

Fy(\ 1) = am(X = An)” + bt® + (A = Ap)? + 87)e(A, t).
with a,, > 0, Vm > 2 and o t)lir(r/{ 0)5()\,25) = 0. Thus the existence of bifurcating curves

)= (A,

is related to the sign of the coefficient b,, which reveals behavior change with respect to
the frequency mode m. Indeed, when m > 3 we get always b,, > 0 asserting that F5, is
strictly convex and thereby there is no bifurcation. As to the case m = 2 we obtain by < 0
implying that the bifurcation equation admits non-trivial solutions parametrized by two
different curves emerging from the trivial solution. By symmetry argument of the V-states
equations we show that from geometrical standpoint the two curves describe in fact the same
V-states meaning that we have only one interesting bifurcating curve.
To end this introduction we shall briefly discuss some numerical experiments concerning
the V-states and which are done for us by Francisco de la Hoz. In Figure 1 we plot the
bifurcation diagram giving the dependence with respect to the angular velocity €2 of the first
coefficients ay ; and as; of the conformal mappings ¢; and ¢,.

m=2;b=04

—a11

— Q21

-0.05 -

-01 [

-0.15 -

02 I I I I I I I I |
0.18 0.19 0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28

Q

FIGURE 1. Bifurcation diagram.

In Figure 2 we plot the limiting V-states bifurcating from the annulus of small radius b = 0.4.
Note that there are two distinct limiting V-states at the endpoints of the curve of bifurcation
and we observe in both cases the formation of two corner singularities at the inner curve,
however the outer one remains smooth.

The paper will be organized as follows. In Section 2 we shall discuss the V-states equations
and revisit the foundations of the stationary bifurcation theory. In Section 3 we shall deal
with the degenerate bifurcation and implement some general computations on the quadratic
form associated to the reduced bifurcation equation. In section 4, we implement explicitly
all the computations of the preceding section in the special case of the V-states. The proof

of the Main theorem will be given in Section 5.
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m=2;b=0.4;Q=0.1855 N = 1024 m=2;b=0.4;Q=0.2798, N = 1024

I I I T T I I I I I T ! T I I
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

FIGURE 2. Left: the limiting V-state located in the left side of branch of
bifurcation. Right: the limiting V-state located in the right side of the same
branch.

Notation. We need to collect some useful notation that will be frequently used along this
paper. We shall use the symbol £ to define an object. Crandall-Rabinowitz theorem is
sometimes shorten to CR theorem. The unit disc is denoted by D and its boundary, the unit
circle, by T. For given continuous complex function f : T — C, we define its mean value by,

f(r)dréi f(r)dr,
foome o]

where d7 stands for the complex integration.

Let X and Y be two normed spaces. We denote by L£(X,Y’) the space of all continuous
linear maps T : X — Y endowed with its usual strong topology. We shall denote by KerT
and R(T') the null space and the range of 7', respectively. Finally, if F' is a subspace of Y,
then Y/F denotes the quotient space.

2. PRELIMINARIES AND BACKGROUND

In this introductory section we shall gather some basic facts on the V-states equations.
Firstly, we shall write down the equations using the conformal parametrization which appears
to be much more convenient in the computation. Secondly, we will focus on the structure of
the linearized operator around the trivial solution and collect some of its relevant spectral
properties. This is complemented by Lyapunov-Schmidt reduction which allows us to perform
the first step towards the bifurcation and leads to what is referred to as reduced bifurcation
equation.

2.1. Boundary equations. Let D be a doubly-connected domain of the form D = D;\ Dy
with Dy @ D, being two simply-connected domains. Denote by I'; the boundary of the
domain D;. According to [19], the equation of the V-states rotating with the angular velocity
(2 is given by two coupled equations, one per each boundary component I';.

(7) Re{(<1 —NE 4 J(Z)) z} —0, Vzel, Ul
with A =1 —2Q and

z—€ z—¢&
= — dg.
1) ]{“1 Z—fd€ r, 2§ :

7




The integrals are defined in the complex sense. Now we shall consider the parametrization
of the domains D; by the exterior conformal mappings: ¢; : D® — DY satisfying

CLj,n
o (w) = bjw + HZZO 2 €N,

with 0 < b; < 1,7 =1,2and by =b < by = 1. As we shall see later, this parametrization
has many advantages especially in the computation of the quadratic form associated to the
nonlinear functional through the use of residue theorem. If the boundaries I'; = 9D; are
smooth enough then each conformal mapping admits univalent extension to the boundary
T, for instance see [30, 34|. The restriction on I'; is still denoted by ¢;. After a change of
variable in the integrals we get

00 o [F—50)
1) = f St e - f =S e
Setting ¢; = b;Id + f; then the equation (7) becomes
G<)\7f17f2) =0

with G = (G, G2) and

) Gy fu )(w) 2 T (2005,00) + 1(0,(0) w8 0) .

We can easily check that
G(2,0,0) =0, VQeR

This is coherent with the fact that an annulus is a stationary solution for Euler equations and
due to the radial symmetry we can say that it rotates with any arbitrary angular velocity.

2.2. Linearized operator and Lyapunov-Schmidt reduction. In this section we shall
recall some results from [19] concerning the structure of the linearized operator around the
trivial solution of the functional G defining the V-states equation (8). The case of double
eigenvalues was left open in [19] because we lose the transversality assumption in Crandall-
Rabinowitz theorem. Our main focus is to make some preparations in order to understand
this degenerate case. The strategy is to come back to the foundation of the bifurcation
theory and try to improve these tools. As we shall see, Lyapunov-Schmidt reduction is used
to transform the infinite-dimensional problem into a two-dimensional one. Roughly speaking,
after some suitable projections we reduce the V-states equation in local coordinates into an
equation of the type
Fy(\t) =0, F:R* =R,

The points where the transversality is not satisfied correspond merely to critical points for
F5. It turns out that the quadratic form associated to F, giving Taylor expansion at the
second order around the critical points is non-degenerate and its signature depends on the
frequency m. This will be enough to answer to the bifurcation problem. Now we shall
introduce the function spaces that will capture the m—fold structure of the V-states.

(9) X = {f = (f1, f2) € (CT(D), f(w) = Y Aw™ ™, A, € R},

n=1

(10) Ym:{G:(Gl,Gg) (C*(T))%, G =" Butum, Ba eR?} W (w) = Im(@").

n>1
8



The proof of the Main theorem consists in solving the V-states equation in a small neigh-
borhood of zero, namely,

(11) G\ f) =0, f= (/1) e B xB"C Xy,
where we denote by B]" the ball of radius € (0,1) in the space of functions which are one

component of an element in X,,. The linearized operator around zero is defined by

d
Lysh £ DG\, 0)h = aG(A, th)ji=o

and from [19], we assert that for h = (hq, hy) € X with the expansions

Q;n
hj(w) - Z wni,m—l’

n>1
one has
_ al,n
(12) Laph =Y Mym(N) ( o ) Enm-
n>1 ’

where the matrix M, is given for n > 1 by

nA —1—nb? bt
(13) M() = ( 0 b(nA—n+ 1)> :

The nonlinear eigenvalues are the values of A such that at least one matrix M, is not
invertible. Note the determinant equation is a polynomial of second order and it admits
real roots if and only if the discriminant is positive. According to [19, p.28|, the roots are
explicitly given by

1 2 1
AL/

2 n
with

_ B2 2
(14) An:b2n—<12bn—1) > ().

Bifurcation study when the roots are distinct, that is A, > 0, was studied in [19]. All
the assumptions of Crandall-Rabinowitz theorem are satisfied and we have two distinct
branches of solutions with n—fold symmetry. However, when A, = 0 for some n > 2 the
transversality assumption is not satisfied and therefore CR theorem ceases to give a profitable
result. In Figure 3, we draw for each n > 2 the curve C, which is the union of the curves
b € [0,05] — XE. Note that for n > 3, the curve associated to the sign + is lying above
and communicates with the curve associated to the sign — at exactly the turning point
whose abscissa is b;. This latter number giving the lifespan of the curves coincides with b,
defined below in (15). However for n = 2, A, vanishes for all the values of b and therefore
AN =), = 1’;—bQ Consequently this eigenvalue is strictly increasing with respect to b and it
cuts the curve C, for each n > 3 at the turning point (with abscissa b,,). This illustrates the
special dynamics of A\ compared to higher ones and provides somehow insight into why the
bifurcation occurs only for two-fold. As we have already mentioned in the Introduction, the
main target of this paper is to focus on this degenerate case where A,, = 0 for some m € N*
and thus A} =\, = # The first step to settle this case is to understand the structure of
the following set

S 2 {(m, b) € N*x]0,1[, A,, = 0}.

It is plain that no solution is associated to m = 1. However for m = 2, any b €]0,1]

gives rise to an element of S. As to the values m > 3 we can easily check that the map
9
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FIGURE 3. The curves of C, giving A in function of b.

br— 1+ — %m is strictly increasing and therefore it admits only one solution denoted

by b,,, that is,

1-0

5 “m—-1=>b".
It is not difficult to check that this sequence is strictly increasing and converges to 1. Hence
we deduce the decomposition,

(15)

Sz{@@JEMJGU{@u%LmZ3}
For a future use we need to make the notation,

(16) A_{#iﬁnpzmmu

1402 .
%, if m > 3.

Now we wish to conduct a spectral study for the matrix M,,(),,) that will be used later to de-
duce some spectral properties of the linearized operator £y ;. For m = 2 direct computations

yield
-1 b
M(A;) = b° (—1 b) :

However, for m > 3 we can easily check that

MMM_WCiEQ'

10



We may unify the structure of these matrices as follows,

m({—€ b 1, i m=2
(17) M (M) = b (_1 51))7 5—{ —1, if m>3.
To lighten the notation we prefer dropping the subscript on b,, which is noted simply by
b. We can show without any difficulty that the kernel of M,,(),,) is one-dimensional and

generated by the vector ( 51()

operator Ly, , defined by (12) is one-dimensional in X,,, and generated by

(18) w € T s v (w) = ( ! ) .

However for m = 2 and b ¢ {bm, m > 3} the kernel of L), is also one-dimensional in X,
and generated by the same vector (18) with ¢ = 1. As to the case m = 2 and b = b,, for
some n > 3, then the kernel is one-dimensional in X, if n is odd (since the vector v,, ¢ X»)
but two-dimensional if n is even. To formulate in a compact way the one-dimensional case
we shall introduce the set

(19) S 2 S\{(2,bym), m > 2}.

. Now take m > 2,b = b,, and A = )\, then the kernel of the

Therefore if (m,b) € S then the kernel of Ly, » is one-dimensional in X,, and generated
by (18). In conclusion, the foregoing results can be summarized in the next proposition as
follows.

Proposition 1. Let (m,b) € S then the following assertions hold true.

(i) If (m,b) € S then the kernel of Ly, » 15 one-dimensional in X, and generated by
the vector defined in (18).

(i) If m = 2 and b = by, for some n > 2 then the kernel of Ly, is two-dimensional
m Xz.

Our next task is to implement Lyapunov-Schmidt reduction used as a basic tool in the
bifurcation theory. One could revisit this procedure in a general setup but for the sake of
simplicity we prefer limit the description to our context of the V-states. Let (m,b) € S and
denote by &, any complement of the kernel (v,,) in X,,. From now on we shall work with
the following candidate :

(20) h € Xy <= h € (CT(T))*, h(w) = > Aw"™ ' +a ( é ) " A, € R? a €R.
n>2
It is not hard to check that this sub-space is complete and
X = (V) © X
Now denote by Y, the range of DyG(\,,,0) in Y, which is explicitly described by :
(21) k€ Vm <=k € (CHT))? k(w) = Buewm+f ( ‘i ) em, B, €R? BeR.
n>2

Then we observe that it is of co-dimension one and admits as a complement the line (W,,)

generated by the vector
1
W, = ( ke ) e
V2

1>
=
[
3



Thus we may write

Consider two projections P : X, — (v,) and @ : Y,,, — (W,,). As we shall see the structure
of P does not matter in the computations and therefore there is no need to work with an
explicit element. However for the projection () we need to get an explicit one. This will be
given by the "orthogonal projection", that is, for h € Y;, defined in (10) we set

(22) h(w) =Y Bueam, Qh(w) = (B, W)W,

n>1

and (,) denotes the Euclidean scalar product of R%. By virtue of the definition we observe
that

(23) Q0;G(Ap, 0) = 0.
For f € X,,, we define the components,
g=Pf and k=(Id-P)f.
Then the V-states equation (11) is equivalent to the system
Fi(\g, k)= (Id—Q)G\,g+k)=0 and QG(\ g+k)=0.

The function Fi : R X (vy,) X X, — Vi, is well-defined and smooth. The regularity follows
from the study done in [19]. Moreover, it is not difficult to check that

(24) Dy Fi(A, 0,0) = (Id — Q)0sG (A, 0).
Using (23) we deduce that

D F1 (A, 0,0) = 0¢G (A, 0) © Xy = Vi,
which is invertible and by (17) we can explicitly get its inverse :

(25) 0;GAm,0)h =k <=Vn>2 A, =M_1B, and o= —b£~

By the Implicit Function Theorem the solutions of the equation Fj (A, g, k) = 0 are described
near the point (A, 0) by the parametrization k = ¢(\, g) with

0 R X () = X
Therefore the resolution of V-states equation close to (A, 0) is equivalent to
QG (A, tuy, + (A, tvy,)) = 0.
From the assumption of CR theorem G(A,0) = 0, VA, one can deduce that
(26) ©(A,0) =0, VA closeto Ap.

Using Taylor formula on the variable ¢ in order to get rid of the trivial solution corresponding
tot = 0, then nontrivial solutions to (11) are locally described close to (A, 0) by the equation

1
(27) Fy(\t) = / QOrG (N, stvm, + @(A, stvy,)) (vm + Oyp(, stug, vy, )ds = 0.
0

This equation is called along this paper bifurcation equation. Moreover, using the relation
(23) we find

Fy(Am, 0) = 0.
12



3. DEGENERATE BIFURCATION

In this section we intend to compute the Jacobian and the Hessian of F5 in a general frame-
work. This allows to go beyond Crandall-Rabinowitz theorem and give profitable information
when the transversality condition is not satisfied. To be precise about the terminology, we
talk about degenerate bifurcation when the bifurcation occurs without transversality assump-
tion. First we recall Crandall-Rabinowitz theorem [8| which throughout this paper is often
denoted by CR theorem.

Theorem 1. Let XY be two Banach spaces, V a neighborhood of 0 in X and let F' :
R x V — Y with the following properties:

(i) F(X,0) =0 for any A € R.
(ii) The partial derivatives Fy, F, and Fy, exist and are continuous.
(iii) The spaces Ker Lo and Y/R(Ly) are one-dimensional.
(iv) Transversality assumption: 0x0,F (0,0)xq & R(Ly), where
Ker Lo = span{zo}, Lo = 0,F(0,0).

If Z is any complement of Ker Ly 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

FHO)NU = {(go(f),fxo +Eb(); I¢] < a} U {()\,O) L (\,0) € U}.

We adopt in this section the same notation and definitions of the preceding section. Notice
that CR theorem is an immediate consequence of the implicit function theorem applied to
the function Fy introduced in (27). Indeed, by virtue of Proposition 2-(1) we have

8>\F2(/\m, O) == Q(%\afG()\m, O)Um.

It is apparent that the transversality assumption is equivalent to saying 9y Fz(\,,0) # 0 and
thus we can apply the implicit function theorem. Unfortunately, this condition is no longer
satisfied under the conditions of the Main theorem and we should henceforth work with the
following assumption :

(28) Qék@fG(/\m, O)Um = 0.

This means that 0)F»(\,,0) = 0 and we shall see later in Proposition 3 that 0,F5(\,,0)
is also vanishing. The existence of nontrivial solutions to F3; will be answered through the
study of its Taylor expansion at the second order. In the next lemma we shall give some
relations on the first derivatives of the function ¢.

Lemma 1. Assume that the function G satisfies the conditions (i)—(ii)—(iii) of CR theorem.
Then
c%go(/\m, O) - 8990(/\171’ 0) = 0.
In addition if G is C* and satisfies O\\G (A, 0) = 0 then
8)\>\g0()\m, 0) =0.

Proof. The first result follows easily from (26). Concerning the second one, we rewrite the
equation of Fj previously introduced in Section 2.2 in a neighborhood of (A, 0) as follows,

(29) (Id — Q)G (A, tvy, + (A, tvy,)) = 0.
Differentiating this equation with respect to t we get

(Id = Q)0rG (A 0) (Vi + Ogp( A, 0)vr, ) = 0.
13



From (23) and since v,, € Ker 9;G(\,,0) we may obtain
9¢G (A, 0) (0g0(Am, 0)v,,) = 0.

As by definition (9,¢(Am, 0)v,, € &, which a complement of the kernel of 0;G (/\m, O) then
we get

0yp(Am, 0)vy, = 0.
It remains to check the last identity. Differentiating the equation (29) twice with respect to
A we get

0 = (Id— Q)G (Am,0) [aW(Am, 0), xo (A, 0)}
+ 2(Id = Q)0;G (A, 0)0rp (A, 0) + (Id — Q)9 G (A, 0) Orp (A, 0)
+ (Id = Q)G (A, 0).

In the preceding identity we have used the following notation: for v, w € X, 0;Gv, w| de-
notes the value of the second derivative at the vector (v, w). Using the relations d\¢(Ay,, 0) =
0y(Am,0) = 0 combined with the fact O\\G(An,0) = 0 we get

(Id — Q)9;G (A, 0)Drap(A, 0) = 0.

By (23) we conclude that dyx¢(Am,0) € Ker 9;G(Ay, 0) and we know from the image of ¢
that this vector belongs also to the vector space X,, which is a complement of the kernel.
Therefore we deduce that

8>\,\g0(/\m, O) =0.

This achieves the proof. O

Next we shall be concerned with some basic formulae for the Jacobian and the Hessian of
the function F; introduced in (27).

Proposition 2. Assume that G is sufficiently smooth ( of class C®) and satisfies the condi-
tions (i) — (i1) — (i1i) of CR theorem. Then the following assertions hold true.

(1) First derivatives:

8)\F2()\m, 0) = Qa)\afG(Am, O)Um

20, Fs(A, 0) = Q05rG (A, 0) [y, U]
d2
= @QG()\matvat:O-
(ii) Formula for Oy Fy(Am,0).

1d3 -
8ttF2()\m7 0) = gﬁQG(Ama Zfvm)\z&:O + QaffG()\ma O) [Um, Um]
with v, = %go()\m, tUm)jt=0 and it is given by
_ -1 2
T = — [afG(Am, 0)} (14 = Q)G (. o) =g

Q@ffG()\m, 0) [UWM 5771] = QatasG(/\ma t'Um + 55m)|t:0,s:0
(iii) Formula for 0,0\F>(Anm, 0).

1
8t8AF2()\m, 0) = §Q8A8ffG(/\m, 0) [Um, Um] + Q(‘)ffG(/\m, O) [(%89@(/\% O)Um, Um}

+ %Q@AafG()\m, 0)V,
14



and
0\, oA, Ot = —[0,G(\, 0)] (14— Q)030,G 0, )0,

(iv) Formula for O F>(An, 0). Assume in addition that dsG(An, 0) — 0, then

O Fs(M 0) = ~2Q009,G (A, 0)[9,G (M. 0)| 1d = ©)049,G (A, 0).

Remark 3. The loss of transversality which has been expressed by the identity (28) should
be combined with the formulae of Proposition 2 in order to obtain the desired result in the
degenerate bifurcation.

Proof. (1) Differentiating Fy given by (27) with respect to A gives
NFy (A, 0) = QOrrG (A, 0) [0x0(Am, 0), (v + 9go(Am, 0) v )]
+ QG (A, 0) (v + g0 (A, 0) v,
+ QIrG (A, 0)0rDyp( A, 0) U,
Using Lemma 1 we get
NFs (A, 0) = QONOrG (A, 0) Uy + QO G (A, 0)0r0gp (A, 0) V.
Combined with (23) we entail that
NFz (A, 0) = QO\0rG (A, 0) Uy

For the second identity we differentiate (27) with respect to ¢, then we get after straightfor-
ward computations

1
O Fy(Am,t) = / sQﬁffG()\m,stvm+90()\m,stvm))[zm(t, s),zm(t,s)]ds
0

1
(30) + / sQé?fG(/\m,stvm—l—gp(/\m,stvm))agggo()\m,stvm)[vm,vm]ds
0

with the notation
Zm(t,8) = vy + (0g9) (Ams StUM, ) Uy
Using Lemma 1 we deduce that

20, F ()\m, ()) = QaffG()\m, 0) [vm, vm} + Q(?fG()\m, 0)89990()\,”, 0) [vm, va
Thus we obtain by virtue of (23)
20,F>(Am,0) = QG (A, 0) [, v ] -
Now it is easy to check by differentiating the function ¢t — QG (A, tv,,) twice at ¢ = 0 that

d2
QG (s tom) -

28tF2 ()\m, t) = ﬁ

(2) Differentiating (30) with respect to t we get

1
OuFo(Am,t) = / SQQafffG()\m,St/Um+(,0()\m,8t/l}m>) [zm(t,s),zm(t, s), zm(t, s)}ds
0
1
+ 3/ SQQaffG(/\m,stvm + go(/\m,stvm)) [zm(t,s),ﬁgggp()\m,stvm) [Um,vm]}ds
0

1
+ / 32QafG()\m,stvm+gp()\m,stvm))aggggo()\m,stvm) [vm,vm,vm}ds.
0
15



Using Lemma 1, (23) and (26) we get
1
attFQ(Amu O) = §8ffoG(/\mu O) [Um7 U, 'Um]

+ QO5G (A 0) Vs By p (o, 0) [0, ]|

By setting 0, = 9y9¢0(Am, 0) [vm, vm} the preceding identity can be written in the form

1d? ~
8ttF2()\m, 0) - gﬁQG(Am, tUm) |t=0 + QaffG()\m, 0) [Um, Um]
1d? -
= §ﬁQG(>\m’ tom) =0 T 00sQG (A, tvg, + 50,,) 1=0.820°

It remains to compute v,,. Differentiating the equation (29) twice with respect to t, we
obtain

(Id = Q)07 G (A, 0) [V, U] + (Id — Q)0 G( Ay, 0)0y, = 0.
Since (Id — Q)9rG (A, 0) : X, — Yy, is invertible then we get in view of (23)

T = —[afG(Am,oﬂ (Id — Q)07 G (A, 0) [V, V]
= [0:6000)] 5500 = QG Ot

which is the desired identity for 0y Fo (A, 0).

(3) To compute 0;0)F5(Am,0) we proceed as before with direct computations combined
with Lemma 1

0iO\Fo (A, 0) = —(%ﬁfoG()\m, 0)[Vm, U] + Q@,\Gf (Ams 0)0yg0( A, 0) [V, Uy
+ QﬁffG()\ma 0) [tm, 0r8g0(Am, 0) v
= 58,\8”626’()\,”, 0)[Vm, U] + §Q0A8fG()\m, 0)Vn
+ Q0rrG(A\y,0) [vm, OO0 (A, O)Um] )
Differentiating (29) respectively with respect to ¢t and A we get
(Id — Q)0x\0rG (A, 0) vy, + (Id — Q)G (A, 0)0xOyp( A, 0) v, = 0.
Since the restricted operator dyG(\,,,0) : X, = V), is invertible then
(31) 09,0 (s O = —[0,G (0 0)]  (1d — Q)N G A O}
This achieves the proof of the desired identity.

(4) Straightforward computations combined with the first part of Lemma 1 yield
a)\)\Fg()\m, 0) = Qa)\,\afG()\m, O)Um + 2Q8,\8fG()\m, O)@Aﬁgw()\m, O)Um
+ QaffG()\m, 0) [a)\,\tp()\m, 0), Um] + Q@fG()\m, 0)8,\)\89@(/\7”, O)Um.

Using the second part of Lemma 1 where we need the restriction dxyG(\,,0) = 0 combined
with (23) we deduce

8)\)\F2()\m, 0) = 2Q8A8fG(>\m, O)@)\ag@()\m, O)’Um

It suffices now to use (31) and the desired identity follows.
16



4. JACOBIAN AND HESSIAN COMPUTATION

As we have already mentioned in Section 2.2 the existence of nontrivial solutions to the
equation (11) in a small neighborhood of the point (A,,,0) defined in (16) is equivalent to
solving the finite-dimensional equation (27) :

Fy(\t) =0, (\t) close (Ay,0).

We shall be able to decide from the quadratic form associated to F, whether or not the
function F, admits nontrivial solutions and prove the Main theorem. We shall establish
that the point (\,,,0) is a critical point for F, and the Hessian is a diagonal matrix whose
eigenvalues change the sign with respect to the frequency m. Proposition 2 stresses the
complexity of the general formulae for the first and second derivatives and naturally the
computations will be very long. Thus we shall take special care in the computations and
give the required details. The main result of this section reads as follows.

Proposition 3. Let (m,b) € S which was defined in (19). Then the following assertions
hold true.

(1) First derivatives: we have
0t F5(Am, 0) = OxFa (A, 0) = 0.
(ii) Ezpression of OxyFa(Am, 0).
InFo(Am, 0) = V2m2b' " W,,,.
(iii) Expression of 0;0xFa(Am, 0).
0tO\F2 (A, 0) = 0.
(iv) Expression of OuFo(Am,0).

_ V2(1-b%)2 . _

where
G = 75 mlm - nl=t L 55,]
with
5o 2m(b?* + b™)?
(b™ 4 1)2(—=b>m + 2bm + 1)
and

A = (m = 2)b+mb*™ ! 4 (dm — 6)0™ + 4(m — 1)p*™+ 4 2mb>™ 1.

The proof is quite involved and falls naturally into several steps.
17



4.1. Preparation. The basic tools and notation that we shall deal with in this part were
previously introduced in Section 2.2 and for the clarity we refer the reader to this section.
Further notation will also be needed :

(32) b1 = 1,b2 = b, o] = €b, Qg = 1.
By introducing the functions :
(33) ¢j (t, 'IU) = bjw + t@jwmil.

one can rewrite the functions of (8) as follows

(34) G tvm) = Im{ [(1 — A);(t,w) + 1(¢j(w))] w(bj . m)ajmm) }

with
1(¢;(t, w)) = Li(¢;(t,w)) — I2(d;(t, w))

and

(bj (tv w) B ¢i<t7 T)
1 ¢5(t,w) — ¢i(t, 7)

According to Proposition 2 the quantities jt—ZG()\m, tUm)j1=0 for k = 2,3 play central role on

the structure of Taylor expansion of F5 at the second order. Their calculations are fairly
complicated and as we shall see throughout the next sections we will be able to give explicit
expressions.

Ii(¢j<t7w)) = gb;(t,’]’)dT.

4.2. Jacobian computation. In this section we aim to prove the first point (1) of Proposi-
tion 3 which merely says that the point (), 0) is a critical point for the function F, defined
in (27). In other words,
ONFo(An, 0) = OpFo (A, 0) = 0.
The first one is an immediate consequence of Proposition 2-(1) combined with the loss of
transversality written in the form (28). In regard to the second identity we shall use once
again Proposition 2-(1)
1 d?
O Fo(A\p, 0) = §ﬁQG()\m,tvm)|t:0.

The basic ingredient is the following identity whose explicit formula will be proved and used
again later,

d2 2 m 2
ﬁG(/\matvm)ItZO = 2m< (b 06b ) ) €om

(35) 2 ( o > e

Assume for a while this expression, then we get by means of the structure of the projection
@ introduced in (22)
2

(36) Pl

QG (s 1) = 0
and consequently
@Fg()\m, 0) = 0

Now we shall turn to the proof of (35). Before proving that it is useful to introduce some
notation. Set

(37) A=bw—br, B=aw™ ' —a7"" C=a(l—-m7"
18



then we may write

L6 (t, w)) = ][ A”B = (b + tC)r,

A+

T

with ¢; being the function already defined in (33). It is not so hard to check that
& ) &
GO tom)io = Im{2(1 = An)ad(L=m) + byw 1(5(t)) =0

+ 21— m)ajwmﬂ%[(@(t))‘tzo}
(39 =t 16,0)im0 + 20 o T 10, (0) 0}

The next task is to compute each term appearing in the right-hand side of the preceding
identity.

Computation of £I(¢;(t))=. By the usual rules of the derivation we can check
easily that

%([i((ﬁj(t’ Dieeo = ][ 212 (AC ~ b:B)dr + b, ][—dT

It is convenient at this stage to make some scaling arguments which are frequently used
later. By homogeneity argument that we can implement by change of variables we find real

constants fi;;,7;; such that
B
—d = [l ; m—1
fT A T 2 7.7w

v
][A2 (AO b )dT_%] 1
with the expression

b, — b7 b; — b7 .
%':O‘il_m][] 7md7—bi][]—04-—aﬁmld7'.
p=lt=m g 0y~ by )

j—biT

and

Coming back to the notation (32) we may write

b—7 b—7
Y12 = Oél(l — m) ][ b T_de — bl ][ (b——77'—)2(a2 — ozﬁmfl)dT.
Since the integrands decay quickly more than > the applying residue theorem at co we get,

(39) Y12 = 0.
Again with (32) we write

1—0b7 1—0b7
a1 = ( m)]{rl—bTT dr b]fr<1_b7)2 (eb—7""")dr

Next we shall make use of the following identities whose proofs can be easily obtained through

residue theorem : For m € N*
Fm Tm—l
dr = d
]'[Ir 1—br T ]'[Ir T—0b T

(40) =yt




and

(41) = mbm L.

Consequently we find
Yor = (L=m)(0™ " =) —b( — (m — 1™ 2 — eb® + mb™)
(42) = b’ -yt

For the diagonal terms i = j, we write by the definition

1—-7 1—-7
a1 g — a4 27T (1 — 7 Nygr.
Yii = ai( m)]{rl 7T azﬁ(l—ﬂ?( ") dr

-7

Observe that the integrands are extended holomorphically to C* and therefore by using
residue theorem at oo we get

(43) Yii = 0.
Putting together (39),(42) and (43) we infer
d d d
%I(Qsl(taw))ht:o = —11(¢1(t w))lt:O - d—[2(¢1(t w))|t:0
(711 — ’721) w4 (fe11 — bpor)w™™ !
(44) = (O™ — b )™ + (pa1 — bz )w™
Proceeding in a similar way to (44) we obtain
d d d
Sl (@2t w))i=o = Z(¢a(t, w)) =0 — - L2(62(t, w)) =0
(712 - 722) "+ (2 — bpsa)w™
(45) = (12 — buga)w™ .

Computation of <4 dtQ I(¢;(t))t=0- Straightforward computations yield

d? AB - AB
03t ) =2 f Z2 (AC - b )ar.

By scaling one finds real constants ji; ; and 7; ; such that

7[;2@0 B )dr = i ][ff(bB AC)dr = s P,
with

m—1
~ & — T —m —m—1
Ay = ]{T S (01 = m)(b; = bir)7™ = byl — 7™ ) ) dr.

Hence we deduce

d? m
ﬁ(ﬁ(%( Nit=o = 27 ;W + 2n; 7w

Thus we obtain successively

d2

gz (01t D=0 = 2(fiL1 — [i22)W + 2011 — 120)W w
d2

@(I(@(t Nit=o = 2(A1,2 — H2,2)W + 2(m12 — Na2)W" .
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We are left with the task of determining all the involved coefficients. We start with computing
i;.; which follows easily from residue theorem at oo

Hii = (Z—f]{rl(l__—f);((l —m)(1—7)7" — (1 — ?mﬂ))dT

a2 1 —7m1
I S
b; ]fr (1_7)2 !
2
o
= — 1),
(= 1)

This implies
~ —~ 1
(46) firy = (m—1)b%,  Jigo = (m— 1)5

For the coefficient [i; » we may write in view of (41)

iy = ]fr Lo (_bg_bgz_l (b1 —m)(b— )7 — (1~ b7 ) )dr

1 —ebrm!
- f
(47) = e(m—1)pm "

As to the coefficient [io; we apply once again the residue theorem,

fa1 = ]ﬁd’_—w ((1 —m)(1 — br)7"™ — b(eh — ?m_l))dT

(1 —0b71)2
eb—7m! =m =m—1
= Tm((l —m)T + bmT ))dT
B ][ eb(1 — m)7™ + eb*m7"™ ! + (m — 1)?d7_
I (1 —b7)? '
Using (41) and after some cancellations we get
(48) fizq = (m —1).
Putting together (46),(47) and (48) we infer
d2
(49) g (01t D=0 = 2(m — 1(0* = D)@+ 2(my — 1)@,
d2

@([(@(t, Nie=o = 2(m —1)(eb™ 1 = bW+ 2(n1 2 — Mop)w™™ .
Now we shall move to the computation of the terms 7; ; which are defined by
(bj — bi?)(Oéj — Oéi?m_l)_ ][ (b] — biT)(Oéj — Oéi?m_1>2
o ol =) | SRR e f SR
We readily get by invoking residue theorem at oo

T

= 0.

Always with the notation (32) we can write

B (I —b7) (=71, (1—b7)(ay —7™")?
N1 = (m— Uj{r (1= br)? 7T + b]{r L dr.
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Developing the numerator and using the identity (41) lead to

][ (1—07)(ay — ?’”—1)?de _ ][ a7 — F2mel  po et b?Qm)dT
T (1 —b71)? T (1 —0b71)2

= emb™ — (2m — 1)b*™ 2 — g(m + 1)b™ 2 + 2mb*™.
Concerning the last integral term of 7, it can be calculated as follows,

][ (1 —b7)(y —?m—l)Qd _ ][ 207+ T2 hadT 4 20067 — b
T T (

(1—br)? 1 —br)? dr

= —em(m—10""" + (2m —1)(m — 1)b*"

— b Fem(m + D" —m(2m — 1)p* L

Notice that we have used the following identity which can be easily derived from residue

theorem,
?m Tm+1
——dr = —d
]'[Jr(l—bT)3T me—w”

1
(50) = 5(m + 1)mb™ 1.
Putting together the preceding formulae yields
(51) Noq = e(m + 1)b™ 2 — mb®™ — b*.

As to the diagonal terms 7, ;, we write in view of residue theorem at oo

o [((1-=7)(1—-7m"1) (1—-7)(1 —7m"1)2
o= m—1D% )y 4 00 d
i, (m )biﬁ (1 —1)2 + ][ (1 —71)3 T

(52) = 0.

Combining (49), (50), (51) and (52) we come to the following expressions

(53) ;5:2( I (t,w))=o = (m—1)(0* = 1)w+ (b4 + mb*™ — e(m + 1)bm+2>m2m+1
%%(I(@(t, w))=o = (m—1)(et™ ' —b"w.

Now plugging (44),(45) and (53) into (38) we deduce that

2
@Gl()\m,tvm)ﬁzo = Qm(b4 —9eh 2 4 b2m> e
2

ﬁGQ()\m, tvm)|t:0 = 0’

with the usual notation e,, = Im(@™). This completes the proof of the identity (35).

4.3. Hessian computation. The main object is to prove the points (2),(3) and (4) of
Proposition 3. This will be done separately in several sections and we shall start with the

second point.
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4.3.1. Computation of OxyFo(Am,0). According to Proposition 2 one has the formula
a)\AF2(/\ma O) = QQa)\afG<>\m7 0>8)\ag90<)‘m7 O)Um

-1
= —200,0;G(\m,0) [afG(Am, o)} 0505 G (A, 0) 0.

We point out that we have used in the last line the identity (28) illustrating the loss of
transversality and which implies that

(Id - Q)@AﬁfG(/\m, O)Um = 8A8fG()\m, O)Um.

As we are dealing with smooth functions, Fréchet derivative coincides with Gateaux deriva-
tive and furthermore one can use Schwarz theorem combined with (12),

OrG (A, 0)vy, = {(%Ek,b”m } A=Am

= mb< i ) €.
Using (20), (21) and (25) we obtain

OOy p(Am, 0)U,, = —mb[ﬁfG()\m,O)] 1{ ( i ) em}

(54) = mb" ( (1) > wm

By invoking (12) we can infer that

i 0 1
0207 G (A, 0)020gp(An; 0)v = mb' (73 bm> ( 0 ) o

(55) = mi " ( (1) ) Cm.-
It follows from (22) that
_ 211—m 1
OnFo(Am,0) = 2m2b <W, ( . ) >Wm

(56) = Vom* "W,
This finishes the proof of Proposition 3-(2).

4.3.2. Computation of 0;0xF5(Am,0). We intend to prove that this mixed derivative vanishes
on the critical point. This will be done in several steps and the first one is to use the following
formula stated in Proposition 2-(3) :

1
ata)\Fg<)\m, 0) = §Q8A6ffG(>\m, 0) [Um, Um] + QaffG(/\m, 0) [@aggo(/\m, O)Um, Um}
1 ~
+ éQékafG()\m, O)Um
The easiest term is the first one and direct computations yield,

Oké?fij()\m, 0) [Um7 Um]



with ¢; being the function defined in (33). However, the second second term is much more
complicated and one notices first that

QoG (A, 0) [8,\69g0()\m, 0)Usm, vm} = Q@sc‘?tG()\m, tUm + SONOy(Am, O)vm)
It suffices now to combine Lemma 2 below with (54) in order to deduce that
Q050,G(Ams tum, + 50050 (Am, 0)U, ) j1,5=0 = 0.
With regard to the last term we invoke once again Lemma 2 which implies that
Q0\0;G (A, 0)0,, = 0.
Finally, after gathering the preceding results we obtain the desired result, namely,
0,0\ Fo(Am, 0) = 0.

To end this section we shall prove the next result which has been used in the foregoing
computations.

|t,s=0"

Lemma 2. Let (m,b) € /SS; then the following holds true.

(i) Expression of Uy, :

Uy =0 and Up(w)= B\m < _})2;_211) )@2m_1, m > 3.

with
B\ A 2m(62 + bm)2
T (b 4 1)2(—b2 + 26m + 1)

Furthermore,

Q0\0;G (A, 0)0,, = 0.
(i) Let Z,, = aw™ ! and 7 = Bw™ L, with o, B € R2. Then
QatasG()\nm 13 Zm + s Z\m)|t,s:0 = 0.

Proof. (1) The definition of v, was given in Proposition 2 and therefore by making appeal
to (25) and (35) we get

-1 d2

B = —[8fG()\m,O)] 5 (1d = Q)G )=
_ —[8fG()\m,O)]_l < g ) Cam
(57) _ ! ( o >w2m1.

The frequency mode m = 2 is very typical. Indeed, we recall that @ = 2m/(b? — eb™)? and
thus we deduce from the definition of € in (17) that for m = 2

a=0
which in turn implies that
vy = 0.
Now we move to higher frequencies m > 3 which requires more computations. From the

preceding formula for v,, one needs to compute the inverse of the matrix M,,. This matrix
was defined in (13) and takes the form

2m\,, — 1 — 2mb? p2mtl
—p>m b(2mA, —2m+1) )"
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Note that we are in the case b = b,, which was defined in (15) and for not to burden the

notation we drop the subscript m. Also, recall that \,, = # and therefore using the
relation (15) we find that

1+2bm me+1
M?m(/\m) = < _p2m _b_2bm+1)

Its inverse can be computed in usual way and it comes that

1 —b— 2bm+1 _me+1
det Mam (M) ( b 1+ 2bm)

If we insert this expression in (57) we easily obtain

o _ ba -1 - 2p™ me_l
"o detMgm b2m71 )

As to the determinant of M, it can be factorized in the form,
det My, = b(b™ + 1)2(b*™ — 20™ — 1).
It follows from th expression of & stated in (35) that

s =1=2"\ 91 2m(b* + b™)?
— pu— > .
(58) Um /Bm ( b2mfl > w ) ﬁm (bm + 1)2(—b2m + 2bm + 1)7 m — 3

Now applying (12) we find the following structure
NG Ay 0)0,, = Cy ey, Oy € R2
Consequently we obtain due to (22)
Q0,0rG (A, 0)vy,, = 0.

Actually, at this stage we have not used the explicit form of v,,. However, the exact form
will be crucial in the computation of 0y F5(\,,, 0) that will be done later in Subsection 4.3.3.

M;,, ()‘m) =

2m

(2) Set Z, = aw™ ! and Z, = Bw™ ' with a = (a1,a) and 8 = (B1,5) € R2
To simplify the expressions we need to fix some notation :

Then from (8) and (18) we may write

G (Vs t Zoa+52) = Im{ [(1—Am)¢j (t, 5, w)+1(¢;(t, 5, w))} w(bj+(mj+sﬁj)(1—m)wm) }

with
I<¢j(t?57w)) = [1(¢j(t7 va)) - [2<¢j<t757w))'

and

(¢ — (L.,
Ii(¢j(t, S7w)) — ¢J( ?87w> [0) ( s 7—)
T &t s,w) — ¢ilt, 5, 7)

It is plain according to our notation that

Li(¢;(t, s,w)) = ]1[r [[gg: z; (bi + [tay + sG] (1 — m)?m> dr,

OL(t, s, T)dT.

with
K(1,w) = bjw — b;T + (tozj + Sﬁj)mm—l _ (tai n S@-)Fm_l.
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Differentiating with respect to ¢ one readily obtains
aw™ !t — ! (bjw — b;T)T™
Oli(¢;(t, s, W)p=s—0 = b; J : d +ai1—m7[#d
t (¢]( )|t 0 ]'[]T bjw — b,ﬂ' T ( ) T bjw — b,ﬂ' T
b,L][ (b]w — bl?) (Oéjwm_l — Oéi?m_l)dT.
T (bjw — biT)Z
For our purpose we do not need to compute exactly these integrals and scaling arguments

appear in fact to be sufficient. Indeed, making change of variables we find real constants
a5, bl,j € R such that

at[(¢j (ta S, w)\tzsz() = CLl,jU)Trli1 + bljjmerl.

Similarly, differentiating with respect to the variable s and repeating the same argument as
before we get real constants as j, by ; € R such that

Os1(¢;(t, s, w)|t:s:0 = Gz,jwm_l + bgd-@m“.
By the same way we find real constants as ;, b3 ;, € R with
8ta$](¢j(t> S, w)|t=s=0 = a3,jw + b37jﬁ2m+1,

Note that complete details about these computations will be given later in the proof of
Proposition 5. Now it is not difficult to check that

8t83Gj ()\m, th -+ Sz\m) It,5=0 = Im{ (1 — m)wmflﬁj th(qﬁj (t, S, U))‘tzsz()
+ (1 —m)w™ o, 051(¢;(t, s,w);1—s—0
+ bjwatas[(¢j (ta S, w)|t=s:0 } .

Consequently we find a vector (3 € R? such that

3t33G(/\m, th + SZ\m) It,5=0 = 03 €oam -
Hence we deduce from (22) that
Q@tﬁsG(Am, tZm + sZm) om0 = 0.
The proof of Lemma 2 is now complete. U

4.3.3. Computation of 0uFs(Ay,0). We want to establish the result of Proposition 3-(4)
which is the last point to check. First recall from Proposition 2 that

1d3 _
gﬁQGO‘ma tm ) =0 + QG (Am, 0) [Um, ’Um]

where the explicit expression of v,, is given in Lemma 2. For m = 2 the vector v, vanishes
and because the second term of the right-hand side is bilinear then necessary it will be zero
which implies

attFQ(Ama 0) -

1d3
OuFs(N2,0) = gﬁQG(Az,tw)uzo-

Making appeal to Proposition 4 stated later in the Subsection 4.3.4 and using the
convention (17) we readily get

1— b2 2
attF2(>\270) = —(T)\/iww
26



However, for m > 3 we combine Proposition 4 with Proposition 5 and (17) leading to

1 (1-— b2)2 ~
F = — 1)
att 2()\m7 0) \/5 [m(m ) b + Bmfym W
with
B\ . 2m(b2 + bm)2
(b4 1)2(=b2m - 2bm 4 1)
and

Ym = (m = 2)b+mb>™ " + (4m — 6)b"™ " + 4(m — 1)p*™ ' + 2mb>™ 1.

The only point remaining concerns the formulae for 45 QG (s, tvs)p=o and
Q05 $G (A, 0) [V, U] which will be done separately in the next two subsections.

4.3.4. Computation of %QG(AW, tUm)jt=0. The main result reads as follows.

Proposition 4. Let m > 2, then we have

1 a3 (1— )2

G(A m;tm =0 — — -1 Wma
3 QG Am: tom)y=o = —em(m — 1) ===

where the definition of € was given in (17).

Proof. From Leibniz’s rule we can easily check that

(60) ;itSG (A, U t=0 —Im{b wjt:g (@ (t, ) =0 +3(1 = m)a;w™" 6;12( (;(t, ))t:o)},

where the function G; was defined in (34). According to (49) there exist real coefficients 7; ;
such that

%([(%(t"))'t_o = 2(m—1)(b* = )W+ 2(m 1 — n2a) W™,
%([(¢2(t,~))|to = 2(m—1)(gbm*1 b~ )w+2(7712_?722) m2mHl

Thus what is left is to compute <2 dtg I(¢;)i=0. With the notation introduced in (37) we can
verify that

& AB - AB

Using a scaling argument as before we find real constants 7;; such that

1d? BBC B’B st
6dt3 2(¢]) = — i A2 dT‘}‘bz]ﬁTdT‘i‘nww
= (m—Dw""J; + bw™ K+ nwtm
with
Jij = ozi][ (o = aﬁmil)(a]‘ — o™ )T dr
’ T (bj — biT)?
and

T.

Ki, ][ (o — oz,-?m_l)2(ozj — oz,-rmfl)d
’ T (b; — biT)?



It is now a relatively simple matter to compute J; ;. For the term J; o, it is computed by
combining the notation (32) with residue theorem at oo

(1 —eb7™ 1) (1 — ebrm=1)7m
Jio = ¢eb d
S ][ (b— 1) !

(61) _—

With respect to Jy; we write by the definition

1 b2 —cb m—1 =m—1
Ty = ][ + eb(t™ !+ 7T )?de
T

(1 —b7)?
N=m _ _p=  p=2m—1
_ ]{T (1+0b )7'(1 _5:77:)2 ebT dr.
Therefore we get with the help of (41)
(62) Joq = (1+b6)mb™ "t — b —e(2m — 1)p*™ 1.

As to the diagonal terms J;;, one has

P [V )

— dr.
2 Jr (=) '

Because the integrand has a holomorphic continuation to C* | then we deduce by residue
theorem at oo

(63) Jii = 0.

Now we shall move to the computation of Kj; ;. Using the definition and residue theorem at
oo we obtain by virtue of (50)

_ ~p=m—1)\2 _ m—1
Ky — ][ (1 —ebm™ 1 )*(1 —ebr )dT
’ T (b—1)3

7.m—l
= 5b7{r—(T — b)3dT

= %E(m — 1)(m —2)b™ 2.

In regard to Ky ; once again we invoke residue theorem which allows to get

- (eb— 7™ 1)2(eb — 771
KQ,I = ]'[E (1 — bT)3 dT

ey d T e f T
= —( + )]{T(l—bT)?’ T+€]{T(1_b7)3 T.
It follows from (50) that

(64) Koy =(m—1) [(Qm — 1)eb®™ % —mb™ — —mbm’Z].
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For the term K ; it suffices to use residue theorem at z =1 as follows,

3 _ =m—1)2 _ +~m—1
Ky — %][(1 (1 =1 )dT
T

b} (1—7)3
3 _ m—1

= a—; som dr
b; Cr (1_7')3
1a3

= §b—3(m—1)(m—2),

with C, the circle of center zero and radius r > 1. Consequently one deduces by (32)
1 1
Kip = 5eb*(m—=1)(m=2);  Kpz =507 (m—1)(m =2).

Putting together the preceding identities yields successively,

1d3 1 4 1 W
6de® Li(1)i=0 = 555 (m—1)(m —2)w + W
1d3 1
éﬁIQ(le)t:O = (m — 1)(§mbm ! Eb) ot + 77 w3m+1
1 d 1 m-2—m+1 !
6%]1(9252)15:0 = §€(m — 1)(m — 2)b w + 7] w
and
1d3 1
S (@m0 = 5 (m — 1)(m — bW 4 Rpyw
Coming back to the definition of I(¢;) and using the foregoing identities we may find
1 d3 1 3 m—1 —m+1 —3Im+1
6@](@51%:0 = é(m — 1) [Eb (m ) mb + 28()] + (7711 - ’1721) N

ld—gf(czb)tw = 1(m —1)(m —2) <5bm_2 - b_2)@m+1 + (Tha — Na2)w™™ .
6 dt3 B 2

Inserting these identities into (60) yields

e d P
%Gl()\m, tom )jt=0 = Im{w%[(@(t, Nie=o + 3(1 — m)ebw™~ @(I(%(@ '))|t=0)|t:0}

= Im{?)m(m - 1) (251) -yt — 5b3)wm + 7@“}
= 3m(m—1) <2sb -yt — 5b3> €m + V1 €3m-

Likewise, we get for some real constant ~,

OO tonica = b G T(Galt, i + 301 =m0t Vi |

= —3m(m—1) <6bm’1 — b’1> em + V2 €3m,

with 71,7, € R. Writing them in the vectorial form

d? 2eb — bt — eb? "
%G(Am,tvm)‘tzo =3m(m — 1) ( oyl 4! ) em + <72 €3m.-
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By means of (22) we find

1 3 __pm—1 3 _—
d QG()\m;tUm)\t:O = m(m — 1)< <25b b cb ) 7W>Wm

3dt3 —ebm b1
1
= —=mlm—1)e(2 -1~ b7 )W,
7 ( )
1 —0?)?
= —em(m— 1)—( ) W,
bv/2
and the proposition follows. 0

4.3.5. Computation of Q0srG(Am, 0)[Vm, Ur]. Now we intend to establish the following iden-
tity which has been used in the Subsection 4.3.3.

Proposition 5. The following assertions hold true.
(i) Case m = 2;
Q0f G (A, 0)[v2, V2] = 0.
(ii) Case m > 3;

- Brm
Ot G(Am, 0) |V, U] = W,,,.
Q011G (M, 0) [V, T NG

B . 2m(b2 + bm)2
(b 1)2(—bPm 20+ 1)

with

and
Am = (m — 2)b+mb*™ 1 + (4m — 6)b™ ! + 4(m — 1)p*™ ! 4+ 2mb®™ L,

Proof. (1) This follows at once from the linearity of the derivation combined with Lemma 2,
(2) Recall from the definition that

QOryG(Am, 0) [V, U] = Q010G (A tUm + SUp ) jt=s=0-

From the explicit value of v, given in Lemma 2 we can make the split v, = Em@m with

2 2m(b* +b™")? ~ a (Bt Neomer [ 120"\ o
In = s sy g )T T et )T

After factoring by Bm, we get

QaffG()"rm 0)[Uma ’17m] - BmQétasG(/\ma LU, + S@\m)|t:s:0'
Let us recall from (17) and (18) that for m > 3

e (3) ()
Next we shall define the functions

0;(t,s,w) £ bjw + taw™ " + spwe™ " and Gyt s, w) = Gj( A, tom + SUn).
Then, it is easily seen that

G,(t, s,w) = Im{ [(1—)\,”)@ (t, s, w)+1(p;(t,s, w))] w <bj+t(1—m)ajwm+s(1—2m)ﬁj@2m) }
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Differentiating successively with respect to ¢ and s according to Leibniz’s rule we find
0,0,G;(0,0,w) = Im{(l — An)a; B [(1 = 2m)w™ + (1 — m)w™] + wb; 8,051 (0(0, 0, w))
(65) + (1= 2m)B@*" 91 (p;(0,0,w)) + (1 — m)ayw™ 9,1 (;(0,0, w))}-

We merely note that I(y;) = I1(¢;) — I2(p;) with

@j(t, S, ’lU) - Spj(t7 S)T) /
Li(p;(t,s,w = ][ ©;(t,s, 7)dr
(iltsw) = s ) gyt ) P T)
A+tB+ sC
= —\b; +tD Eld
]{TA+tB—I—sC’[ 1D+ sBdr

and where we adopt the notation :
A = bw-br, B=auw"'—a7" !, C=gw™ g7,
D = (1-m)a7", E=(1-2m)p7".
We shall start with calculating the term 0,1;(¢;(0,0,w)). Then plain computations lead to

AB — AB AD

As it was emphasized before, because we use a projection () which captures only the terms
on e, then we do not need to know exactly all the terms but only some of them. This
elementary fact will be often used in this part. Now by a scaling argument it comes that

B
8tli(g0j(0, O, U))) = bl ]’[]I ZdT + Hmwm“,

with 6; ; € R. Therefore coming back to the notation we may write

N .m—1
0:1;(9;(0,0,w)) = bw™ 1][wdr+eijmm+l
T b, — biT ’

As an immediate consequence we obtain successively by means of residue theorem,

8t (QOZ(O 0 w)) = Qmwm—H,

1+ brmt
011 (2(0,0,w)) = wm_lj[——g TT dT—l—QLQEmH
T _

= —wm_l []. + bm} + 6172mm+1

and

b—rm1

@Ig(gol (0, O, U})) = bwm_l ][ ;dT -+ 62 1@m+1
r 1—0br ’

== 9271@m+1.

As concerns the term 057;(¢;(0,0,w)), it is easy to check by elementary calculation that

DuTi(0;(0,0,w)) = b, ][AC Ac, ][—dT
T
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As before, using a scaling argument one finds real coefficients @J € R such that
U —2m—+1
3311-(%-(0, 0, w)) = b . AdT + QZ G W

2m—1
— 2m 1][ BJ ﬂz dT+92]w2m+1

7_

This implies in particular the vanishing of the dlagonal terms in the integral, namely,
8, 13(105(0,0, w)) = B w1

Applying once again residue theorem we get

OsL(p1(0,0,w)) = bw*™" 1][51 1_bT dT—i—@\g,l@zm“

_ 52 R Tinidany
Repeating the same procedure we may write
,7_2m71 _ .
0511 (p2(0,0,w)) = w21 ][ Bl—b%dT 4 emwzmﬂ
T T —

= [BibP™ — Bylwm 4 9 2+l
= —p*m! [1 + bm]me 4 6172@2’”“.
Now, combining the preceding identities we find
at](%(oa O,w)) = (91 1— 0y 1) m+1
Os1(¢1(0,0,w)) = (91 1 — 0, 2wt
and
O(p2(0,0,w)) = —(1+b™)w™ " + (015 — Op0)w™t,
Ou1(p2(0,0,w)) = —20*" 11+ 0™)w? ! + (15 — Oy 0) T

The next step is to compute the mixed derivative 050,1;(¢;(0,0)) which is slightly more
technical. Straightforward computations yield

BC — BC AC — AC
T T

][ AB—AB Edr + ][ AC—AC ACDdT.
T T

Bdr

A? A?
Performing a scaling argument we can show the existence of real constants ¢; ; such that
BC CB
_ —3m+1

8t85[l(30](0,0)) = Ci7jw +_ bl][Fd’T— bzﬁFdT

DC

—dT + TdT

j

(66) é C[M _3m+1 _ bzwm_lliﬂ b wm‘i'ljzj _I_ wm-l—ljlj + wm 1[’5]
To evaluate I/ we write by the definition

=m—1 2m—1
i _ [ (o — a7 ) (B — B> )
I’ = ]fr (6 — bir? dr.
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For ¢ = j, we use successively residue theorem at oo and z = 1 leading for any r > 1 to

L. OC/B 7—277’171 7_rn
]”L,Z — 1M~ |: _ d d ]
1 » ][C (=72 T*]i =27
Oézﬂz‘

= 2 (—2m—|—1+m)
= Ozzﬁl<1_m)’

with C,. = rT. Concerning the case i = 1,j = 2 we combine residue theorem at oo with (41)

12 (042 - Oéﬁm_l) (52 — 51727”_1)
I = ]{T -1 dr

7_2m—1 m
= —Of2/81 ]i de + 04151 ]fr md’T
—&251(2?71 — 1)b2m72 + alﬁlmbmil

= =B [@2m— ¥ + mb™].

As to the case i = 2,j = 1 we use (41)
[1271 _ ][ (041 — Oéﬁm_l) (51 — 527'27”_1) i
T

(1 —b71)2
Fm—l
:‘%mﬁatavh
= —ﬁ1<m — 1)bm72.

Now we move to the term I3’ and use first the change of variables 7 +— 7

[ = ][ (o — ™) (85 — 7™ ") 0
T

(bj — bﬂ')Q
_ [ (=T ) (B — B )
- f b = b7 o

Thus similarly to I7"' and I} we get

JR ][ (a2 —an ") (B2 — i7" ) Ir
T

(1 —b71)2
?m—l
= —aif ]{r —(1 _ bT)QdT
= ﬁQ(TTL — 1)bm71.

By the same way we deduce that

21 (041 — Oéﬁm_l) (51 - Bszm_l)
Iy = ]{r b— 1) dr

—(1162(277’2, — 1)b2m_2 + O[Qﬁmem_l

= Bo(2m —1)p*™ 4 mb™ .
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As regards the diagonal case ¢ = j, one can readily write

[;z _ Iiz
i B;
bQ ( m)
Let us now move to the computation of the term [é’j which is given by
” a;72m — o7t
I’ =(1- 2m)ﬁi][ ] dr
3 T bj — biT
First notice that from residue theorem
i 1,2
To calculate the value of ]32 " we shall use (40)
=2m __ =m-+1
21— (19 ][ a7 QT J
3 ( m)Ba . 1—br T

= (1 — 2771)52 |:C¥162m71 - OéQbm]
= (2m—1)B[0>" +b™]

The last term that we shall deal with is I i’j whose expression is given by

i,J 5 - Bz m—1
I’ = i dr.
4 ][ b; — b7
For the diagonal terms i = j, we get for r > 1 and m € N*
Ii,z‘ _ B 0415@ ][ - dr

1—7‘

1
(1-— )al/@][ dr
bz‘ C, 1 — T
3 m—1
(1 —m) i ][ T dr
bi Jo

T —1
a;3;
1 — .
(1-m)%
For the case 1 = 1,5 = 2, we write
m—1
7?2 ][ BoT™ — BT d
4 b—r1 g
= ( )O[]_/B]_f de
= (m—1)b"p
The last term I."' can be computed with the help of (40)
m—1
2= BT = Bot d
4 ][ 1 —br g
= d
(1 —m)azf 1 bT T
= (1- m)bm_lﬁl.
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Now let us gather the preceding identities in order to evaluate 0,051;(¢;(0,0,w)) which is
defined in (66),

0:051;(¢i(0,0,w)) = (@ WL 4y 1( bi]i’i . ]Zi) +mm+1( B bilg’i N I‘;ii)
Gy T+ Oé[i_.ﬁi(m N iand
Thus we find
0,0, 11(01(0,0,w)) = (m — 1)b(1 4 26™)yw™ ™ + ¢4 w*mH!

and

0,0, 15(02(0,0,w)) = b2 (m — VW™ + (o W
Furthermore, we obtain
001 (9(0.0.u)) = W (= IF 4 11 4T (= 14 1) 4 G

B DT B G i 4 g

= (1—=2m)(1+20™)(™ + " Hw™ t + ¥ 2(1 — m)w™ ! + (o w*™ !

and
0105 15(1(0,0,w)) = wm—1(_b[2,1+12,1) +mm+1( bI21—|-]2 1) + (o T

= Bo(m — 1V"@" T 4 G @
R T

Consequently,

0:I(¢1(0,0,w)) = 00sI1(1(0,0)) — 005 I2(1(0,0))
= (m—1)(b+ 20" =" W™ + (C1 — G
and

0,0,1(p2(0,0,w)) = 0,0, (¢2(0,0)) — 8,9,15(2(0,0))
= (1—2m)(1+26™)(0™ + 0> Hw™ ™ + (1 — m) (b*" 2 + p?m )

+ (G2 — Q2w

Inserting the preceding identities into (65) we find real constant 21 such that
0,0,G1(0,0,w) = B Im{wm ((m ) (b 20— B3 4 (1 — A (1 — 2m) (b 4 2bm+1))

(1= m)(1 = An) b+ 2 4 ey
Since A\, = IE—bQ then the preceding identity can be written in the form

OD,G1(0,0,w) = B | (P54 m = 1) (b+ 201 = (m = 10 ey + G ey,
with
B . m(b2 + bm)2
(b4 1)2(=b2m 4 20m 4 1)

From the identity m(1 — %) = 2 4+ 2b™ given in (15) we deduce that

0,05G1(0,0,w) = B, [(b + 26" (m — 2 — b™) — (m — 1)b3m—1} em + C1 €3m

= B [ — (m =D+ (m — 2)b — 26" + (2m — 5)bm+1] + (1 esm.
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By the same way we can easily check that

8,0,G2(0,0,w) = B, [(zm — D™ mp*™ 1+ (dm - 2)0*™ - (3m — 1)b3mfl} m

+ 6\2 €3m,
with ¢, € R. Using (22) we obtain
QIt1G Ay 0) [V, U] = Pon 1 1 2) b (A= 66 A (m—1)52™ 4 2mpPm W,i,.
If \/5
This achieves the proof of the desired identity. 0

5. PROOF OF THE MAIN THEOREM
This last section is devoted to the proof of our main result.

Proof. (1) As we have seen in Section 2.2 the existence of m-fold V-states for A close enough
to A, reduces to solving the bifurcation equation (27) which is a two-dimensional equation

(67) Fo(\t) =0, (\t) closeto (Any,0)
Now we shall check the existence of nontrivial solutions to this equation for m = 2

and b ¢ {bs,,n > 2}. Since F; is smooth then by Taylor expansion around the point (As,0)
we get

1 1
F(\t) = 5()\ — X2)20nFa(A2,0) + §t28ttF2()\2, 0) + (A= A2)? + 2)e(A, 1)

with

lim e(\t) =0.
(A,t)—>()\270)

From Proposition 3 we deduce that
vz , VA

Fy(\t) = [QT(A —2) T_bz)zt?] W + (A= A2)® + %) e(A, 0).

Without loss of generality we can assume that \; = 0; it suffices to make dilation and
translation, different in any variable. It follows at once that F5 could be written in the form

(A1) = (AN =) Wy + (N + %) e(A, 0).
Introducing the new variable s such that A = ts this equation becomes
Fy(t,s) 2 (s> = 1) W, + (s +1)e(ts, t) = 0.
It is plain that

~

F3(0,1) = 0.
Moreover, by the definition and the fact €(0,0) = 0 we easily find

A E — F,(0.1
.B(0,1) = lim 203 0D
s—1 s—1

Therefore we conclude by applying the implicit function theorem that near the point (0, 1)

the solutions of 1/7\2(15, s) = 0 can be parametrized by a simple curve of the form ¢ €] — a, a[—
(¢, u(t)) with a > 0 is a small real number and p(0) = 1. This guarantees the existence of a
curve of nontrivial solution to (67).

We merely observe that by setting A = —ts we can repeat the preceding arguments and show

the existence of nontrivial curve of solutions to Z:"\g(t, s) = 0. Therefore the set of solutions
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for the equation (67) is described close to (A2,0) by the union of two simple curves passing
through this point. However from geometrical point of view these curves describe the same
domains. Indeed, let D = D;\ D, be a two-fold doubly-connected V-state whose boundary
'y UTy is parametrized by the conformal mappings

a .
(bJ(U)) = w(b] + Z ﬁ), Ajn € R.
n>1
Now denote by D = iD the rotation of D with the angle 7. Then the new domain is also
a V-state with two-fold structure and its conformal parametrization, which belongs to the

affine space (by, b2)ld + X5 ( recall that the space X, was introduced in (9)), is given by

5i(w) = 5(iw) = w (b + (-1 ), ay, e R

w2n
n>1

Thus from analytical point of view if (¢1, ¢2) is a nontrivial solution of the V-state problem

then ((Zl, ngSQ) is a solution too and it is different from the preceding one and rotating with
the same angular velocity. This implies that in the bifurcation diagram, if (¢1, ¢2) belongs
to a given curve of bifurcation among those constructed before (note that each curves

is transcritical) then ((El,ggg) belongs necessary to the second one. Otherwise, we should
get four curves of bifurcation and not two. This gives the correspondence between the
bifurcating curves which in fact describe the same geometry.

Finally, we point out that A is parametrized as follows A(t) = tu(t) with ¢ €] — «, o and
1(0) = 1. Therefore the range of A contains strictly zero which implies that the bifurcation
is transcritical.

(2) Let m > 3 and b = b, then using Taylor expansion around the point (\,,,0)
combined with Proposition 3 we get

B\t = ! (A= An)? D Fo( A, 0) + %tQ O Fo( A, 0) + (A = Ap)? + 12)e(X, 1)
1

N |

_ <m2b1‘m(>\ —Am)? O‘—\/’% tQ)Wm 4 (= A)? + £2)e(N 1)

Sl

with

lim  e(At)=0.
(At)—=(Am,0)
As @, > 0 then the quadratic form associated to Fy is definite positive meaning that Fj is
strictly convex around (\,,0) and therefore in this neighborhood the equation (67) has no
other roots than the trivial one (A, 0). Consequently we deduce that for A close to A, there
is no m—fold V-states which bifurcating from the annulus A,. This achieves the proof of the

Main theorem.
O
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