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Abstract

Using a variational method, we prove the existence of heteroclinic solutions
for a 6-dimensional system of ordinary differential equations. We derive
this system from the classical Bénard-Rayleigh problem near the convective
instability threshold. The constructed heteroclinic solutions provide first
order approximations for domain walls between two orthogonal convective
rolls.
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1. Introduction

We consider the following system of ordinary differential equations

d*A
TR = A~ A B (1)
T
d’B
deO = &’By(—1+ g|Ao|* + |Bo]?), (1.2)
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in which Ay and By are complex-valued functions defined on R, and the
parameters € and ¢ are real. The purpose of this work is twofold: to rigor-
ously derive this system from the Bénard-Rayleigh convection problem and
to prove that it possesses heteroclinic orbits. In the system derived in this
way ¢ is a small positive bifurcation parameter and g > gy for some gg > 1.
Beyond these values, the existence of heteroclinic solutions is a mathemat-
ically interesting question in itself and it could also be relevant in other
applications.

The Bénard-Rayleigh convection problem is a classical problem in fluid
mechanics. It concerns the flow of a three-dimensional viscous fluid layer sit-
uated between two horizontal parallel plates and heated from below. Upon
increasing the difference of temperature between the two plates, the simple
conduction state looses stability at a critical value of the temperature dif-
ference. In terms of nondimensional parameters this instability occurs at a
critical value R. of the Rayleigh number. Beyond the instability threshold,
a convective regime develops in which patterns are formed, such as convec-
tive rolls, hexagons, or squares. Observed patterns are often accompanied
by defects, as for instance domain walls which occur between rolls with dif-
ferent orientations (see Figure 1.1). These patterns and defects are exten-
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Figure 1.1: From left to right, schematic plots of the projections on the horizontal plane
of: convective rolls, a symmetric domain wall between two sets of rolls rotated by opposite
angles, and an orthogonal domain wall.

sively studied in the Bénard-Rayleigh convection problem, but also in other
pattern-forming systems. We refer to the works [2, 13], and the references
therein, for experimental and analytical results, and detailed descriptions of
these patterns and defects.

Mathematically, the governing equations are the Navier-Stokes equations
coupled with an equation for the temperature, and completed by boundary
conditions at the two plates (e.g., see [11]). Observed patterns are then found
as particular steady solutions of these equations. Since the pioneering works



of Yudovich [17, 19, 20, 21], Rabinowitz [14], and Gortler et al [6] in the
sixties, the existence of patterns was studied in various works by different
authors (e.g., see [5, 11, 3] and the references therein). Very recently, the
existence of symmetric domain walls has been shown in [7, 8], whereas the
existence of asymmetric domain walls, and in particular of orthogonal domain
walls, are open questions.

Handling the full governing equations being often technically challeng-
ing, alternative studies rely on simpler amplitude equations which provide
approximate descriptions of solutions in particular parameter regimes. For
instance, the amplitude equations describing symmetric domain walls are
a particular case of the system considered in [18]. We adopt this type of
approach for the existence problem for orthogonal domain walls.

As a first step, we rigorously derive the system of amplitude equations
(1.1)-(1.2) in the parameter regime of Rayleigh numbers R slightly above
the threshold of convective instability R.. We apply the reduction procedure
used in [7, 8] for the analysis of symmetric domain walls. Starting from
a formulation of the steady governing equations as an infinite-dimensional
dynamical system in which the horizontal coordinate x plays the role of
evolutionary variable, we apply a center manifold reduction and obtain a 12-
dimensional reduced dynamical system. Then, we compute a normal form
for this reduced system and find the system (1.1)-(1.2) to leading order after
an appropriate rescaling of the normal form. The unknowns Ay and By in
the system (1.1)-(1.2) represent the rescaled amplitudes of the two critical
eigenmodes at the instability threshold, the power * of the small parameter ¢
is proportional to the positive difference RY/2 —RY?, which is the bifurcation
parameter, and g depends on the physical parameters. A computation of g
shows that g > go for some gy > 1. This first step is carried out in Section 2.

Solutions of the system (1.1)-(1.2) provide leading order approximations
of solutions of the full governing equations. In particular, the equilibrium
(Ao, By) = (0,1) of the system (1.1)-(1.2) gives an approximation of con-
vection rolls bifurcating for Rayleigh numbers R > R, close to R., whereas
the equilibrium (Ag, By) = (1,0) of the system (1.1)-(1.2) gives the same
convection rolls but rotated by an angle 7/2. A heteroclinic orbit connecting
these two equilibria provides then an approximation of orthogonal domain
walls. Our main result shows the existence of such heteroclinic orbits for the
system (1.1)-(1.2).

Theorem 1. For any ¢ > 0 and g > 1, the system (1.1)-(1.2) possesses



a smooth real-valued heteroclinic solution (Ag, By) = (A:g, Bey) with the
following properties:

(i) xg@m(As,g(x)v B.4(z)) = (1,0) and wh_{go(Ae,g(I)a B.y(x)) = (0,1);

(i) Begy(z) =0, for all x € R;
(iii) for fized € > 0, lim sup |A. ,(z)* + B (z)* — 1] = 0.

91T zeR

After some rescaling, the limit ¢ = 0 is also considered, as it could give in-
dications of how the heteroclinic orbits look like for small € > 0. Our analysis
of the system (1.1)-(1.2) is only valid for g > 1 and we don’t know whether
such heteroclinic solutions exist for ¢ < 1. The result in Theorem 1(iii)
indicates that these heteroclinic solutions cease to exist at g = 1.

The proof of Theorem 1 is given in Section 3. The heteroclinic solution
being real-valued, it is a solution of the 6-dimensional system obtained by
restricting the system (1.1)-(1.2) to real-valued functions A, and By. We
use a variational method in which the heteroclinic solution is found as a
minimizer of a rescaled functional. A compactness by concentration type
argument is used to prove the convergence of minimizing sequences towards
the heteroclinic solution.

Our analysis also provides the first necessary steps towards an existence
proof for orthogonal domain walls for the Rayleigh-Bénard convection prob-
lem. For a complete proof it remains to show that the heteroclinic orbit
found in Theorem 1 persists as a perturbed heteroclinic solution for the full
12-dimensional reduced system, hence without restricting to the leading or-
der system (1.1)-(1.2). Relying upon Implicit Function Theorem arguments
such a proof was given for symmetric domain walls in [7, 8], but we were
not able to obtain a full proof in the case of orthogonal domain walls so far.
The main obstacle in the present case is the analysis of the kernel of the
linear operator obtained by linearizing the (1.1)-(1.2) about the heteroclinic
solutions found in Theorem 1. This is also related to the local uniqueness
question which remains open as well.

Acknowledgments: M.H. was partially supported by the project Opti-
mal [grant number ANR-20-CE30-0004] and the EUR EIPHI program [grant
number ANR-17-EURE-0002].

2. Derivation of the amplitude equations

Relying upon a center manifold reduction and a normal forms analysis,
we derive the system of amplitude equations (1.1)-(1.2) from the Bénard-
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Rayleigh convection problem. This derivation being similar to that of the
leading order systems in [7, 8], we recall the main steps, focus on differences,
and refer to these works for further details.

2.1. Formulation of the hydrodynamic problem

We consider the formulation as a dynamical system of the governing equa-
tions for the steady convection problem from [7]. In Cartesian coordinates
(z,y,2) € R3, where (z,y) are the horizontal coordinates and z is the vertical
coordinate, after rescaling variables, the fluid occupies the domain R? x (0, 1).
The physical variables are the particle velocity V = (V, V,,, V), the deviation
0 of the temperature from the conduction profile, and the pressure p. There
are two dimensionless parameters, the Rayleigh number R and the Prandtl
number P. We refer to [11] for more details on the governing equations.

Taking the horizontal coordinate x as evolutionary variable, the governing
equations are written as a system of the form

9,U = £,U + B,(U, U), (2.1)

with U = (V,, V., W,, W, ,0,¢) an 8-components vector, in which V| =
(Vy, Vo), W, = (W,,WW,), and W = (W,, W, ) and ¢ are additional variables
defined by

W =410,V —pe,, ¢ =0,0, (2.2)

where e, = (1,0,0). The parameter p is the square root of the Rayleigh
number, p = RY2 and £, and B, in the right hand side of (2.1) are linear
and quadratic operators, respectively, defined by
-V, -V
Al

—p ALY,

_M_lAJ_VJ_ — er — [L_IVJ_(VJ_ . VJ_) -V, W,
¢
—AL0—pV,

0
0
PH(VL- V)V, = Vi(VL- V1))
PH(VL- V)V +pV, W) ’
0
p((Ve- V)0 + Vao)
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where A} = 9,, + 0.., V1 = (9,,0,), and here el = (0, 1).

The phase space X for the dynamical system (2.1) and the domain of
definition Z of the linear operator £, include the boundary conditions and
a condition on the flux. We consider periodic boundary conditions in y and
the case of “rigid-rigid” boundary conditions in z:!

V=01 =0, 0l.=01 =0. (2.3)

Taking the period 27/k in y, for some fixed k& > 0, a direct calculation shows
that the derivative of the flux

F(z) = / Vedydz, Qe = (0,27/ky,) x (0,1), (2.4)
Qper

vanishes, hence F(z) is a constant function (see [7, Section 3]).
Fixing the constant flux to 0, the phase space X is defined by

X:{UEP?;V;c:Vl:9:()onz:0,1,and/ deydz:()},

Qper

where

X = (Hpep(2))* X (Lpep ()7 X Hpep () X Ly, (),

per per per per
and the subscript per means that the functions are 27/k-periodic in y (for
simplicity, we have written V, = V| = 6 = 0 although these vectors do not
have the same dimension). The boundary conditions (2.3) and the flux (2.4)
being well-defined on X , they are included in the definition of the phase space
X which is a closed subspace of X'. Equipped with the scalar product of X,
the phase space X is a Hilbert space.

The domain of definition Z of the linear operator £,, is defined by
Z={UeXn(H. () x (H..(Q)* x H(Q) x H,(Q) ;

per per per per

VJ_'VJ_:WJ_:Qs:OOIlZ:O,].},

such that £, is a closed operator in X' with dense and compactly embedded
domain. An immediate consequence of the latter property is that the linear

!The subsequent analysis remains valid for other types of boundary conditions in z;
see [7, Section 8] and [8, Section 2] for the definition of the spaces X and Z in the cases
of “free-free” and “rigid-free” boundary conditions, respectively.
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operator £, has compact resolvent and therefore pure point spectrum con-
sisting of isolated eigenvalues with finite algebraic multiplicity [10, p.187].
Finally, the quadratic operator B, is well-defined on Z with values in X’

As a consequence of the symmetries of the hydrodynamic problem, the
dynamical system (2.1) is reversible with reversibility symmetry

SlU(y7z) - (_‘/xa VJ_J Wam _WJ_JGJ _¢>(yaz)7 U € X?

which anti-commutes with £, and B,, and O(2)-equivariant with discrete
symmetry

SoU(y, z) = (Vy, =V, Vo, Wy, =Wy, W, 0, 0)(—y,2), UeX,
and continuous symmetry (74)ac r/272;
T Uy, 2)=Uy+a/k,,z), Ue€X,
which commute with £, and B, and satisfy
TS0 =801_y, To=To =1

The symmetries S; and S5 follow from the reflections x — —z and y — —v,
respectively, whereas the continuous symmetry 7, is a consequence of the
invariance under translations in y of the governing equations.? In addition,
the system does not change when adding any constant to the new variable
W,, i.e., it is invariant under the action of the one-parameter family of maps

(Tb)bER defined by
TU =U +bp,, ¢, =(0,0,0,1,0,0,0,0)", U € X. (2.5)

We keep track of these symmetries at each step of our reduction procedure,
hence ensuring that they are correctly reproduced by the amplitude equations
(1.1)-(1.2).

In this setting, the classical convection rolls are equilibria of the dynamical
system (2.1). As explained in [7, Section 4], these rolls provide a circle of

’In the case of “rigid-rigid” and “free-free” boundary conditions, there is an addi-
tional vertical reflection symmetry z — 1 — z leading to the symmetry S3U(y,z2) =
(Vo Vy, =V, Wy, Wy, =W, —0, —0¢)(y, 1 — z) which commutes with £, and B,. Aiming
for a result which is also valid in the case of “rigid-free” boundary conditions, we do not
make use of this symmetry.



equilibria 7,(Uy ), for a € R/27Z, of the dynamical system (2.1) which
bifurcate for p > po(k) sufficiently close to a critical value po(k), for any
fixed wavenumber k. Due to the rotation invariance of the hydrodynamic
problem, horizontally rotated rolls are solutions of the dynamical system
(2.1). In particular, for the rotation angle of /2, we obtain solutions which
are 27 /k-periodic in z and constant in y. Orthogonal domain walls could
then be constructed as heteroclinic orbits connecting these latter periodic
solutions with the equilibria U} ,. According to the classical theory, the
map k — po(k) is analytic in k and has a strict global minimum at k = k.
where pg(k.) > 0. The values k., uo(k.) and p(k.) depend on the imposed
boundary conditions at z = 0,1 and can be computed numerically. We refer
to [7, Section 2.1] for a more detailed discussion of these properties.

2.2. Reduced dynamics
We consider the parameter regime with (k,u) close to (k. p.), where
te = po(ke). We set

p=pe i k= k(1 +k), (2.6)

in which g and k are small parameters. We also eliminate the dependence
on k of the phase space X of the dynamical system (2.1) by normalizing to
27 /k. the period in y of the solutions. The resulting system is of the form
(2.1) in which now A} = (1 + %)Zﬁyy +0.., V1. = (1 + %)ay,az), and its
phase space is X with k£ = k.. We write this system in the form

9,U = £,U + R(U, i, k), (2.7)

where

£C = ‘C'U'c R(U7 /77 k.) = (ﬁu - ’Cﬂc

T—o’ i—o)U +B.(U,U), (2.8)

and R is a smooth map from Z x (—p., 00) X R into X’ satisfying

R(0,7, k) =0, DyR(0,0,0) = 0. (2.9)
We apply a center manifold theorem to obtain a reduced system of ordi-
nary differential equations which describes the dynamics of (2.7) in a neigh-
borhood of the equilibrium U = 0 for small (, %) The arguments are the
same as the ones from [7, Section 5], except for the center spectrum (the set
of eigenvalues with zero real part) of the linear operator £. which is different.
The following result is obtained by taking the limit @ = 0 in the result from
[7, Lemma 4.2].



Lemma 2.1. The center spectrum of the linear operator L. consists of the
three eigenvalues 0, +ik. with the following properties.

(1)

(i)

(iii)

The eigenvalue 0 has algebraic multiplicity 9 and geometric multiplicity
3, and the complex conjugated eigenvalues *ik. are algebraically double
and geometrically simple.

For the eigenvalue 0, there are three linearly independent eigenvectors:
p, gwen by (2.5), ¢, of the form y(y,z) = ﬁkc(z)eikcy, with ﬁk(z) €
C8, and the complex conjugated vector {,, and two chains of generalized
eigenvectors: ¢y, Cy, €5 associated to g, 3

£0C1 = COv L:CCQ - Cla EcCs - C27

and the conjugated vectors €, {,, €5 associated to C,. The eigenvector
@y s tmvariant under the actions of S1, So, and T,, and the other
generalized eigenvectors satisfy:

S1Co =Co:  S26p = ?07 TaCo = eiaCOv
S1¢ = —C1, 8261 =C1 Taly =€,
S1C =Cy S20, = ?2: TaCy = eiaC%
S1€3=—C3, S2(3= CT3a TaC3 = eiaC&

For the eigenvalue ik,, there is one eigenvector &, of the form &,(y, z) =

60(2) € C8, and an associated generalized eigenvector &€, with the prop-
erties

(LC - ikc)ﬁl - 507

and

51§, = go,_ S260 =&, T = &o»
S1§ =&, S26:=&, T4 =&

The complex conjugated vectors &€, and &€, are eigenvector and general-
1zed ergenvector, respectively, for the eigenvalue —ik..

3For our purposes, we do not need the explicit formulas for eigenvectors and generalized
eigenvectors which can be obtained from [7, Section 4].



As a consequence of this lemma, the spectral subspace associated with the
center spectrum of the linear operator £. has dimension 13 and as a result
of the center manifold theorem, the infinite-dimensional dynamical system
(2.7) possesses a 13-dimensional local center manifold, for any sufficiently
small /i and k. Solutions U : R — Z of the dynamical system (2.7) which
are bounded on R and sufficiently small belong to this local center manifold,
and are of the form

U(z) = w(@)py+ Ao(2)Cy + Ar(2)¢; + Az(x)Co + As(2)C;5
+Ao(7)Co + Ar(z)Cy + A2(7)Cy + As(z)Cs
+Bo(7)&, + Bi(7)€; + Bo(x)§ + Bi(v)&,

+®(w(zx), X (z), X (), 1, k), (2.10)

in which the z-dependent functions w and X = (Ao, A1, Aa, A3, By, By) take
values in R and CS, respectively. The eigenvectors, except ¢,, and the gener-
alized eigenvalues in Lemma 2.1 being complex-valued, it is convenient to use
the complex variables (X, X), instead of 12 real variables, hence identifying
R'? with the space C% x C5 = {(Z,Z) ; Z € C%}. The map ® is defined on
R x C® x CO x (—p, 00) x R and can be chosen of class C™ for any arbitrary,
but fixed, m > 1.

The reduced 13-dimensional system for w, X, and X inherits the symme-
tries of the infinite-dimensional dynamical system (2.1) listed in Section 2.1.
The invariance of (2.1) under the action of T%, implies that the reduced vector
field is invariant under the action of the induced transformation w + w + b,
for any b € R, and therefore does not depend on w. Consequently, the
equations for w and (X, X) in the reduced system are decoupled,

dw ~

— =h(X. X,k 2.11
- (X, X, 1, k), (2.11)
dx — 0~ dX

— =F(X, X, k), —=FX,X.1uk). 2.12
d,fE ( ) ’/‘L7 )’ dl' ( ) 7”7) ( )

so that we can restrict to the system (2.12) for (X, X), the component w
being computed by directly integrating (2.11). Next, from the symmetry
properties of the eigenvectors and generalized eigenvectors in Lemma 2.1, we

10



deduce their actions on the variable X = (Ag, A1, As, A3, By, By),

S1(Ao, Ay, Ag, Az, By, By) = (Ag, —Ay, Ay, —As, By, —B), (2.13)
SQ<A07A17A27A37BO7B1) - (A07A17A27A37B07B1)7 (214>
’Ta(Ao,Al,AQ,Ag, BOaBl) = (eiaAO,emAl, eiaAg,emAg, Bo, Bl> (215)

Then, the vector field in the reduced system (2.12) anti-commutes with S
and commutes with Sy and 7,. Notice that the equivariance under the action
of S, implies that the reduced system leaves invariant the 8-dimensional
subspace {(X,X) ; A; = A;, j = 0,1,2,3}. Solutions in this subspace
correspond to solutions of (2.1) which are even in y. There is a second
invariant subspace {(X,X) ; 4; =0, j = 0,1,2,3}, which corresponds to
solutions of (2.1) which do not depend on y.

Finally, from the properties (2.8)-(2.9) and the result in Lemma 2.1 we
obtain that

F(0,0,7i,k) =0, DxF(0,0,0,0) = L., DxF(0,0,0,0)=0, (2.16)

where L. is the 6 x 6 Jordan matrix

0100

_( Lo O o010 (ke 1

LC_(O Ll)’ Le=fgoo1 | & (o zk) (2.17)
0000

2.3. Leading order dynamics

The next step consists in a normal form transformation of the reduced
system (2.12). In Appendix A we compute a normal form for 12-dimensional
vector fields which satisfy the properties (2.16)-(2.17) and have the symme-
tries (2.13)-(2.15). Applying this result to the system (2.12), we then prove
that the coefficients of the polynomials P3, )y, and (); appearing in the
vector field N from Lemma A1(iii) satisfy

d
—4k2B5 < 0, b_ds g

Bs  dy '
These properties are obtained after long, but standard, computations (see [7,
Appendix B.2] and [8, Appendix A]).

d6 = OzE) = B(l) =0, do = _4k(2;50 > 0, dy

11



Following [7, Section 6.3] and [8, Section 4], we assume that p given by
(2.6) is positive and rescale variables in the normal form (A.1) by

v=ok®, ji= e k=e%, (2.18)

Ao(z) = Z2e2Ag(@), Aiz) = B2 Ay (), (2.19)
Ag(x) = Bectdy(@), Ay(n) = Moo Ay(3), (2.20)
Bo(x) = Zee2e:7By(7), Bi(v) = SLeted By (7). (2.21)

Notice here the exponential factor ¢3:% in the formulas for By and B;. Then,
taking into account the properties of the coefficients above we obtain the
rescaled system

dA,  —~ ~

d—; = Ay + O(e]* (| + [€]?)),

dAl e =

—— = A+ O(lk 2

& 2+ O([k| + [e]7),

dAQ - o

29 Lk 2

dA; —~ — ~ ~

d—; = Ao(1 — |Ao|* = g|Bo|*) + O(Jk| + |¢]),
dBy —~ ~

&2 _ B k 2

= 1+ O(le|(K] + []7)),
DBy _ o4 gl A+ | Bol?) + O(el2(IR
== o(—1+ glAo|® + [Bo|”) + O(le]*(|k| + |¢]))-

Keeping only the leading order terms in each equation, the resulting system
is equivalent to the system (1.1)-(1.2) in which

d
S

g === .

Bs  di
Interestingly, the computation of g shows that it is equal to the ratio g
computed in [7] in the particular case of symmetric domain walls when the
angle between the rotated rolls is equal to 7/2 (rotation angle a = 7 /4 in
that work). As a result, we find that g is a function of the Prandtl number P

12



and satisfies g > go for some constant gy > 1.4

The real equilibrium M, = (0,1) of the system (1.1)-(1.2) corresponds
to the roll solution Uy , of the dynamical system (2.1), whereas the real
equilibrium M_ = (1,0) corresponds to the same roll solution rotated by
an angle 7/2. Consequently, a domain wall connecting these two orthogonal
rolls in the Bénard-Rayleigh problem corresponds to a heteroclinic connection
between these two real equilibria of the system (1.1)-(1.2) (for further details,
see [7, Section 6.3] and [8, Section 4.2]).

Remark 2.1. An approximate qualitative, but also quantitative, description
of orthogonal domain walls could be obtained from the formula (2.10) for
the solutions U(z) on the center manifold provided the heteroclinic solution
of the system (1.1)-(1.2) is known explicitly through analytical formulas or
numerically. Indeed, taking into account the scaling (2.18)-(2.21), a leading
order approximation of the physical variables V- = (V,,V,,, V) and 0 is given
by the first three components and the seventh component, respectively, of the
vector in the expression

2k,
Vs

where c.c. stands for the complex conjugated terms, (;IO,EO) 1s the hetero-
clinic solution of the system (1.1)-(1.2), and the other quantities (k., P5 and
the eigenvectors €y, &,) can be found from the results in [7, 8], after some
more computations. This computation of domain walls is outside the scope
of the present work.

g (ZO(Qekcx)Co + By(2ekox)e™erg, + c.c.) ,

3. Existence of a heteroclinic orbit

In this section we prove the result in Theorem 1. We restrict to real-valued
solutions and choose new scales by taking

e=e*>0, 7=z, Ay(z) = A@), Bolx)= B(Z).

4The precise value of gy depends on the considered boundary conditions: gy ~ 1.227
for “rigid-rigid” boundary conditions, gy = 673/473 for “free-free” boundary conditions,
and gg ~ 1.332 for “rigid-free” boundary conditions.
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Then the system (1.1)-(1.2) becomes

d*A

E:EE;I = 21(1 — 212 — gl§2),
d?’B - _ _
—— = B(-1+gA?>+ B?
I (=14 gA° + B7),

and, after suppression of bars (for simplicity),

€T = Al — A% — gB?), (3.1)
d’B

—— = B(—1+ gA% + B?). 3.2
T = B(-1+ g4+ BY) (3.2)

We construct the heteroclinic orbit as a minimizer of the functional

A = [

€ 1 1 1
__j4H2 __13/2 - 142 l32 -1 2 - -1 142132 d
R(z T A JH3le-1) )x

on the set X of real-valued functions (A, B) € H}

loc

(R) x H}

loc

(R) such that

xEmOO(A(x), B(z)) =(1,0) and g}irilo(A(x),B(x)) = (0,1). (3.3)
For any € > 0 and g > 1 this functional is nonnegative, J.(A, B) € [0, 00]. In
fact J. is more generally defined on H? (R) x Hj. (R) with values in [0, +00],
that is, without restricting ourselves to functions satisfying (3.3). A delicate
issue will be, once a solution (A4, B) € HZ.(R) x H. .(R) is obtained with
J.(A, B) < 00, to check that indeed (3.3) is satisfied.
Setting

1 2
P(A, B) = Z<A2 v B 1) 4 (g —1)A2B?,

1
2
a stationary point (A, B) € X of J. satisfies the system

eA" +04P(A,B) =0, —B"+0P(A,B)=0,

in the sense of distributions. This system is precisely the system (3.1)-(3.2).
Notice that a standard bootstrap argument shows that any solution (A, B) €
H? (R) x H. (R) is smooth if € > 0 (by smooth’ we mean *C*>"’).

loc loc
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3.1. The case e =0

Although the case € = 0 is not part of the statement of Theorem 1, we
nevertheless mention this case, because it could give an additional insight on
the problem when € > 0 is small. From our point of view, the main interest
of the case ¢ = 0 is the possibility to obtain an explicit heteroclinic orbit
(the second order differential equation (3.5) for B has the explicit increasing
solution (3.7), A being then given by (3.6)). Besides the attractive aspect of
an explicit formula, there is also the hope that, from this explicit solution,
a perturbative argument could be set up. Conversely, it is natural to ask
whether the solutions we obtain for ¢ > 0 converge in some sense to the
explicit solution obtained for € = 0, but to start such a discussion here would
be beyond the scope of the present paper.

For e = 0 and g > 1, we have the functional

<lB/2 + 1

1
Jo(A,B) = / 5 Z(AQ +B*—1)2+ 5(g — 1)A232>dx € [0, 0],

R

For fixed B, one can minimize with respect to A. Differentiating the map
Lo 2 2 1 2 2
A— f(A) = Z(A +B°—-1) +§(g—1)A B~
one gets the equation for A:
(A +gB* —1)A =0.

Hence critical points satisfy A = 0 or A2 = 1 — ¢gB? if 1 — ¢gB?> > 0. As
f"(A) = 34% — (1 — gB?), we see that if 1 — gB? > 0, then f”(0) < 0 and
the minimum of f is reached at A = ++/1 — ¢B?. Consequently, A = 0 if
1—gB?<0,and A=4+/1—-gB2%if 1 — gB? > 0, or equivalently,

A? = max{0,1 — gB*} = (1 — gB?),. (3.4)
Substituting A% above in Jy(A, B), one gets the reduced functional

halB) = [ (5B 1((1=9B") 4 B=145 (4= 1) (1= B, B*)do € 0,x].

which depends on B € H}. _(R), only. Observe that A” does no more appear
in Jy and this is why we let (A, B) be a priori in C(R) x H] (R) when dealing

loc
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with Jy. The explicit solution (A4, B) € C(R) x H}.,
and (3.6) is such that A is not C'.
A stationary point (A, B) € C(R) x H}

loc

(R) given below by (3.7)

(R) of Jy satisfies
0aP(A,B)=0, —B"+0pP(A,B)=0,
or equivalently,
A(A*+gB*—-1)=0, —-B"+B(gA*+ B*—1)=0,

in the sense of distributions for the second equation, together with the prop-
erty (3.3) for the limits at z = 4-00. Consequently, A =0 or A> =1—gB? if
B? < 1/g, hence leading to the equation for B (we use more precisely (3.4))

_ 3 : 2>
B":{ B+ B if B*>1/g, (3.5)

(g—1)B+(1—-¢*)B* ifB*<1/g.

Observe that the right-hand side is continuous. This problem has an increas-
ing solution B > 0 of class C? such that

lim B(z) =0 and lim B(z) =1,

Tr—r—00 T—r0o0

which gives a solution of (3.1)-(3.2) by taking

A=\1-gB? if 0<B<1/\/g and A=0 if B>1//g. (3.6)

Indeed B = 1 is an hyperbolic equilibrium of the first equation in (3.5)
and B = 0 is an hyperbolic equilibrium of the second equation in (3.5)
because g > 1. On the other hand, the first equation possesses the invariant
|B'|* + B* — 1B*, which is 1/2 at the equilibrium B = 1, and the second
equation possesses the invariant |B'|*+ (1 — g) B> — (1 —g¢*)1 B*, which is 0 at
the equilibrium B = 0. Let us study the curves for B = :I:\/l/_g in the plane
(B, B’). From |B’|2+§— # = 1/2 that corresponds to the first equation, one
gets |B'|> = %—é—f—#. This is the same value of | B’|* that one gets by solving

the second equation: |B’|*+ 1_79 — 12_9 9 — . This shows that B’ is continuous
(if its sign does not jump) at the junction of the two curves in the (B, B’)
plane. Hence there is a heteroclinic solution coming from (B, B’) = (0,0),
staying on the set |B'|? + (1 — g)B? — (1 — ¢*)1B* = 0 for B € [0,1/,/9],
then on the set |B'|*+ B*— $B* = 1/2 for B € [1/,/g, 1], and finally tending

16



to (B, B") = (1,0), thus providing a solution (A, B) € C(R) x C?*(R) of our
problem.

Under the additional condition B(0) = 1/,/g, the solution is given ex-
plicitly by

B(x) = g%sech (Vg—T1(z+z1)), <0,

B(z) = tanh <x+ﬁ) , >0,

(3.7)

with the constants z; < 0 and x5 > 0 such that

2 1 T2
sech? (\/ — 1z ) = = = tanh?® <—) .
+1 g ' g V2

3.2. Estimates

From now on we assume that e > 0 and g > 1. Let us first observe that,
for all (A, B) € R?,

P(A,B) > Kmin{(B—1)2+A?% (B+1)*+A? B*+(A-1) B*+(A+1)?*}

for some constant K > 0. This is because the Hessian

” _ [(3A*+¢B? -1 29AB
P'(A, B) = ( 2gAB  gA?+3B2—1

is positive definite at (A, B) € {(£1,0),(0,4£1)} and the growth of P is
quartic at infinity. Therefore

(I(A, B)|| = 1)> < min{(B +1)2 + A%, B+ (A+1)%} < P(f[l(’B)
and thus
(A, B)|| <1+ +/P(A,B)/K . (3.8)

Let I be a closed interval of length 1 and I be its interior. For simplicity,

we shall use the notation H™(I) for the Sobolev space Hm(§)
For all (A, B) € H?(I) x H*(I), the functions A, B and the derivative A’
are continuous.

17



Lemma 3.1. (i) Assume that

1
/§|A"(x)|2dx < My and /P(A(x), B(z))dx < M,
I I
for some closed interval I of length 1, (A, B) € H*(I) x HY(I) and
M, My € ]0,00). Then there exists x € I such that

P(A(z), B(x)) < My, |[(A(z), B(x))|| < 1+ Mo/ K

and
A (@) <8 (V2M1/3+2+ 2/ M/K).

(ii) Let k > 0 be any given constant. For all > 0, there exists v > 0 such
that, for all closed interval I of length 1 and all (A, B) € H*(I)x H*(I),
the inequalities

1
/ <§|A"|2 + §|B'|2) de < Kk and /P(A, B)dx < v (3.9)
I

I
imply that
max (P(A, B) + ]A’]) < .

Proof. For all 1 < x5 in I, one has

A(z) — A1) = A1) (22 — 1) + /m(xg — 5)A"(s)ds

x1

and thus

z1
< 371/2|l’2 — 1’1’3/2\/ 2M1

This remains true if o < 27 in 1.
As [, P(A(z), B(x))dz < M, and the integrand is nonnegative, there
exists 1 € I such that P(A(zy), B(x1)) < M,. Thus
[(A(z1), B(z1))|| 1+ M2/ K
thanks to (3.8). Let us check that [A'(z1)| < 8 (\/2M1/3 +2+ 2\/M2/K>.

18



After a possible translation in z, let us assume that [ = [—1/2,1/2]. Let
us also assume to be in the case z; € [-1/2,0] and A’(x;) > 0. For z > 1/4,
one has

A(z) = Alzy) + A/(xl)(1/4) — /20, 3.

If moreover A’(x1)(1/4) > <\/ 3+24+ /M. /K) then A(xz) > 1 for

x €[1/4,1/2] and

1/2
/P(A, B)dz > K(A—1)%dzx (3.10)
I 1/4

1/2 2
> /1/4 K (1 A@)] + 4'(@)(1/4) — VL3~ 1) da
> v KA (21)*(1/64)dr > KA'(z1)*(1/256).

1/4

Hence, if at the same time A’(z1)(1/4) > (\/ 3+24+ /M. /K> and

KA (21)%(1/256) > My, we would get the contradlctlon M, > [, P(A, B)dx >
M,. This shows that

Al(ar) < 8 <\/2M1/3 +o+ 2\/M2/K>

if I =[-1/2,1/2], zy < 0 and A'(z;1) > 0. More generally, if I is any closed
interval of length 1,

A ()] < (\/7+2+2\/7>

Part (ii) is now proven ad absurdum by assuming the opposite. Let
k > 0 be given. For I = [-1/2,1/2] (after possible translations in z),

there would exist © > 0 such that, for all integers n > 1, one could find
(A,, B,) € H*(I) x H*(I) such that

/P(An,Bn)dx <1/n and max <P(An,Bn) + \A;\> > .
I

From this, one also gets
min [|(An, Bp)[| < 1+ /1/(Kn)
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and

min ALl <8 (\/2%/(36) + 2424/ 1/(Kn)) .

Hence the sequence {(A,, B,)} is bounded in H*(I) x H'(I). Taking a
subsequence instead if needed, it converges weakly in H?(I) x H'(I), and
thus strongly in C'(I) x C(I), to some (A, B) € H*(I) x H'(I). One gets
the contradiction

/P(A, B)dx =0 and max (P(A, B) + \A’\) > L.
I

[
Corollary 3.2. If (A, B) € H2.(R) x H} (R) satisfies J.(A, B) < oo, then
lim P(A(z),B(z)) = lim P(A(x),B(z)) =0

T—00 T——00

and
. 1 o . ’ .
o Ate) = L A=) =0
Therefore the two limits lim, o (A(x), B(z)) and lim,, o (A(z), B(x)) exist
and belong to the set {(£1,0), (0, £1)}.

3.8. Minimizing sequences

Let {(A,, B,)} C X be a minimizing sequence of J.. Taking a subse-
quence if needed, it can be assumed to converge weakly in H2 _(R) x H} (R),
and strongly in C} _(R) x C,.(R), to some (A, B) € H2.(R) x H}_(R) such
that

1
/ <§|AN|2 I §|Bl|2 + P(A, B))dx < i§f Je. (3.11)
R

As infy J. < oo, clearly J.(A, B) < oo. However property (3.3) (that
appears in the definition of X) is in general not preserved by weak limits
in H? (R) x H. (R). Hence the weak limit (A, B) could a priori be in
<HZQOC(R) X Hlloc(R)>\X and J.(A, B) could be strictly smaller than infx J..
Thus it is not yet possible to replace the inequality in (3.11) by an equality.

After possible translations in x, one can suppose that B,(0) = 1/2 for
all n € N, because (A,, B,) € X, and thus B(0) = 1/2. It remains to show
that, up to a subsequence,

lim (A(z), B(z)) = (1,0) and lim (A(z), B(z)) = (0,1)

T—r—00 T—00
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(that is, (3.3)). Observe that
1

1
lim [ P(A, B,)dz / P(A, B)dz > 0.
0

n—oo 0

Consider the Hilbert space H = L*((0,1)) and define {u, },>1 C I*(Z, H)
by Up = (un,j)jeZ with

Ung = PY?(Au(- + §), Bu(- + 4))

(0,1)

We use the following compactness by concentration result that is a special
case of the appendix in [4] and that is inspired by [1]:

Lemma 3.3. Consider a sequence {u,} in I*(Z,H), where H is a Hilbert
space. Writing u, = (un ;)jez, where u, ; € H, suppose that
(i) {un} is bounded in I*(Z, H),
(ii) S ={un,:n €N,jeZ} is relatively compact in H,
(iii) limsup,,_,o ||t || z,m) > 0.
Let T, : I*(Z,H) — 1*(Z,H), w € Z, denotes the translation operator

Tw(uj) = (uj_y). Then, for each § > 0, the sequence {u,} admits a sub-
sequence with the following properties. There exist a finite number k of non-

zero vectors ut, ..., u* € I>(Z, H) and sequences {wl}, ..., {w*} C Z such
that
k-1
T (un - Z ngue) — ",
=1
k-1
" |l 2,11y = dim iy, — Z Tpe it ;
{=1 1°°(Z,H)
k/ k/ 2
T sy = S ey + T [ — > Tt (3.12)
(=1 /=1 12(Z,H)
for k' =1,... k,
k
lim sup ||u, — ZTwﬁué <9, (3.13)
n—00 —1 150 (2, H)
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and

lim ||un - T,
n—oo

}L“leoo(Z,H) =0 (3.14)

if k = 1. Here the weak convergence is understood in 1*>(Z,H). Finally the
sequences {wll, ... {wk} satisfy

lim |w*" —w| = oo, 1<K <k <k (3.15)

n—oo

so that in particular
Tyt — 0¥, K=1,.. .k (3.16)

Remark. Let us briefly compare with the usual version of the concentration-
compactness method of P.L. Lions (see e.g. [16]) and its three standard
possibilities: compactness, vanishing and dichotomy. Hypothesis (iii) can
be interpreted as forbidding the ‘vanishing’ case. The case k = 1 would be
analogous to the ‘compactness’ case, and the case k > 2 could be interpreted
as ‘dichotomy’ occurring iteratively.

In our example, the sequence {u,} is bounded in [*(Z, H), the set {u,; :
Jj € Z,n > 1} is relatively compact in H and

lim inf ||, 0|z > 0.
n—oo

Hence we can apply Lemma 3.3. Note that (3.12) implies

k
Z ||ue||l22(Z,H) < nh_{lolo ||“n||122(z,H)‘ (3.17)

=1
If k > 2, taking a subsequence if needed and relabelling u', ..., u*, one

can also assume that

wh < ... <wk VneN

n

By (3.16), up to a subsequence, there exists, for £ € {1,...,k}, (A%, BY) €
H?.(R) x H} (R) such that

loc
(Ap(- +wh), By (- + ') — (A%, BY (3.18)
(R) x H}

loc

(R) and strongly in C}

loc

weakly in H?

loc

(R) x Cioe(R), and
ul = PV(AY+ ), B+ ), ViEZ,
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for £ € {1,...,k}. The equation (3.17) gives

k
> / P(A', BYdz < lim [ P(A,, B,)dx.
=1 VR

n—oo R

Moreover, for all 1 < k' <k,

/R(Bk/)' (B;L( + ) — Z(BZ)/(- +wt — wﬁ)) dx

/=1
k' —1
=/@wamwmmF/uﬁﬂBﬁwPEQ/w%u%wﬂﬁ—%wx%a
R R = JR

by (3.15) and (3.18), which implies that

k'—1 2 ) 2
| g :”?<WW—ww<m—Zwm_¢0
n we (=1 L2(R)
K 9
= lim ||(B") + (B;(- +uwk) =Y (BY (4wl - wfz))
- L2(R)
' 2
2 k Z Z
R kl / ) , B / B
_H(B P > (BY(-—wh)
= L2(R)
and thus k
k'\/ . L2
,;Hw Moy < Jim 180 e,
In the same way
k
k'\/ . )2
;H(A V| oy < S 140 e
and
k
k' \nmn . 2
k,z::l H(A ) g S Tim (| A7l g -
Hence
k
> J{(A' B < Hm J(An, By) = inf .. (3.19)
n—oo

(=1
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From (3.13) and the fact that lim; . [[uf|z = 0 for all £ € {1,...,k}, one
gets

sup {unjlly = 5 € Z, 15 —wal > p, .., [5 — wy| > p}
k k
—ZTwﬁuE + sup {ZHU?”H:jGZ, |j|>p}

(=1 1°°(Z,H) (=1

for each n and
hm limsup sup {||[un;ll;: 5 €Z, [j—wh>p, ... [ —wk|>p} <0
n—oo

Given p > 0 and €, one chooses k = 2infx J,. in (3.9) and then 6 = /v/2,
with v > 0 as in (3.9), which gives
lim lim sup sup {P (z), Bn(2)), x & [w?) — p,w! +p+ 1], k:}

P—0  pnsoco

Let p > 0 be such that the open set {(a,b) € R? : P(a,b) < p} is the
union of four open sets V(g +1) and V(4 o) with disjoint adherence, containing
the points (0, £1) and (£1,0), respectively. One can also suppose that the
line R x {1/2} does not meet {(a,b) € R*: P(a,b) < p}.

If one chooses u = p/2, then p large enough, one gets for all n large
enough, up to a subsequence,

P(An(x)aBn<x)) < P, Vo € (_Oo7w111 —p),
P(Ay (), Bu(x)) < p, Vz € (w)+p+1,00),
and, if £ > 2
P(A,(x),B,(z)) <p, Vxe€ (wf;l +p+ 1,wﬁ —p) #£0,

forall £ € {2,...,k}. In the two first cases, as well as in the last case for each
¢ €{2,...,k}, (A,(z), B,(x)) not only satisfies P(A,(z), Bn(z)) < p, but
(An(2), By(x)) even stays in Vig1y, Vio,—1), Vii,0) or V(—10) (this can change
in each case and one uses the continuity of (A, B,)). As (A,, B,) € X, one
has the following additional information:

(An(x>7Bn(x)> € ‘/(1,0)? Vo € (—OO,UJ}I _p>7

and

(An(2), Ba(2)) € Vioyy, Vo € (wh+p+1,00).
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Hence there exists { € {1,...,k} such that

(An(z), Bo(2)) € Vi) U Vicro), Vo€ (Wl +p+1,uw’ — p),
and

(Au(@), Bu(®)) € Viowy U Vo1, Vo € (wly +p+ L™ =),

with the understanding that w® = —oco and w**' = 4o00. From (3.16), it
follows that

lim (A'(z), B'(x)) € {(£1,0)} and lim (A%(z), B'(z)) € {(0, £1)}.

T—r—00 T—00

As, with the right choice of signs, one has (j:Aé, j:Bé) € X and
inf J, < J(£A" £BY = J.(A', BY),

one gets (see (3.19))

inf J. < J.(AY, BY) < lim J.(A,, B,) = inf J.

k
— n—y00
As u® # 0 for all £ € {1,...,k}, this is only possible if £ = 1 and

J(£AL £BY = J. (AL, B = inf J..

Since k = ¢ = 1, one also has

im (A'(x), B'(x)) = (1,0) and  lim (A'(x), B'(x)) = (0,1)
This shows that (A!, B') € X minimizes J,. In addition, up to a translation
in z, it is equal to (A4, B) € H? (R) x H..(R) introduced in (3.11), which
therefore indeed belongs to X.

Finally, notice that (A,|B|) is also a minimal pair and therefore one can
assume that B > 0 on R. However (A, B) tends to (0,1) as  — oo in a way
such that A oscillates around 0. This behavior is given by the linearization
at (A, B) = (0,1), because this equilibrium is hyperbolic.
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3.4. Limit g — 1

It remains to prove the last property in Theorem 1. We show below
that any heteroclinic orbit connecting the equilibria (1,0) and (0, 1) which
minimizes the functional J. in the space X remains in a neighborhood of the
circle A2+ B> =1as g — 17.

Let us first estimate miny J. as ¢ — 17. We introduce the “test function”

(Aq, By) defined as follows:

(A, B1)(z) = (cos G*%) sin G+w)> TER.

Then (A;, By) belongs to the space X, and we have the formulas for the first
and second order derivatives:

(A B)(z) = (_Sin G N arctz;n(x)) cos (% N arctz;n(w))) 2(x21+ 5
(A7 BY)(x) = <_ o G N arctz;n(:z:)) sin (% N arctzn(a;)» 4(:I:21+ 5

() o ()

For a suitably chosen positive constant C', we obtain the estimates:

1
|Bi(z) —1| < C—, Va<-—-1,
T

1
0<Bl(x)<05, Var>1,

1
0<A1<I‘)<C;, ‘V’xé—l,

1
|A(z) — 1] < CE’ Vo>l
For v > 0, let (A,, B,) € X be defined by
(Ay, B)(@) = (Ar(y2), Ba(ya)), Yo €R
Then

1 -1
win Ty < Jog(A B) = [ (S 4 SIBP + L 2B o
R
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3 —1
- / (Grae + s+ == v~ 1)A§Bf)dag.
R\ 2 2 2
By choosing v = (g —1)¥/2, we get miny J., — 0 as g — 17 (for fixed € > 0).
Let now (Ay, By) denote a minimizing heteroclinic orbit, where € > 0 is
still fixed, but we insist on the dependence on the parameter g > 1. In the
first part of Lemma 3.1, the constant K > 0 can be chosen independent of

g > 1; this is due the explicit inequalities

P(A,B) > 3(4 + B2~ 17 = 1(I(A, B)| + DA(I(4, B)|| - 1)?
> 1A B =17, (AB)eR,
and
P(A,B) > {(I(A B =1 > (A= 1 if A>1

(see respectively (3.8) and (3.10) used in the proof of Lemma 3.1). Hence,
for some new constant K > 0 and each closed interval I of length 1, there
exists xo € I such that

P(Ag(20), By(wo)) < min g, [|[(Ag(20), By(wo))| < 1+ fminJeg/K

and

| A (w0)| < 1/K.
The constant K > 0 can be chosen independent of g > 1 with g — 1 as small
as needed. Let us show that

1
lim sup Z(Ag(x)2 + B,(z)* — 1)* = 0.

g—1T zeR

Suppose not. Then there exist xy > 0 and a strictly decreasing sequence
gn — 1 such that

1
Vn €N Z(Agn<o)2 + B, (0> =12 > x>0

(up to translations in z). Moreover J. 4, (A, , By,) — 0 and thus {(4,,, B,,)} C
X is bounded in HZ, (R) x H} .(R). See also the estimates just above on .
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Hence, up to a subsequence, it converges in C},
(Ay, By) € H: (R) x H. _(R). Therefore

loc loc

(R) x Cioe(R) to some

n—oo

/RP(Al(x%Bl(x))dx < liminf/RP(Agn(x),Bgn(:r;))d:r;

and thus [, P(A;(x), Bi(z)) = 0. Also

1 1
1(A0.(0) + By, (0)* = 1)° = 2(A1(0)° + B1(0)° — 1)°
and thus P(A;(0), B1(0)) > 1(A1(0)? + Bl(O) —1)2 > x > 0. This is in
contradiction with the continuity of P(A;(x), Bi(x)) at x = 0. We conclude
that ]

lim sup 4(Ag(x)2 + B,(z)* —1)* = 0.

g1t 2eR

This completes the proof of Theorem 1.

Appendix A. A cubic normal form for 12-dimensional vector fields
with symmetries

In this Appendix, we obtain a cubic normal form for 12-dimensional vector
fields having the properties (2.16)-(2.17) and the symmetries (2.13)-(2.15).

Lemma A1l. Consider a system of ordinary differential equations of the
form (2.12) in which the vector field F is of class C™, for some m > 4, in
a neighborhood Uy x Uy x Uy C C® x C8 x R? of the origin. Assume that
the properties (2.16)-(2.17) hold and that F anti-commutes with Sy in (2.13)
and commutes with Sy in (2.14) and T, in (2.15).

There exist neighborhoods Vi and Vo of 0 in CS and R2 respectively, such
that for any (i, k) € Vs, there is a polynomial P(-,-,Ji, k) : C¢ x C6 — C® of
degree 3 in the variables (Z,Z), such that for Z € V1, the change of variable

X =7+ P(Z,Z,5ik),

transforms the equation (2.12) into the normal form

A .
L2 A NZ D)+ 27, F), (A1)
T

with the following properties:
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(i) the map p belongs to C™(Vy x Vi x Vy,C®), and
p(Z, 7,11, k) = O )P ZI| + (& ) IZ 1P+ 12]1);

(ii) both N(-,-, 1, k) and p(-,-, ﬁik) anti-commute with Sy and commute
with Sy and T, for any (j1, k) € Va;
(iii) the siz components (No, N1, Na, N3, Mo, My) of N are of the form
No = iAgFy,
Ny =iA1 Py + APy + brus,
Ny = 1Ay Py + A1 Py, + iAo Py + byug + cgug + couig,
N3 = 1A3Py + Ay Py + i A1 Py + AgPs + bywy + cgvg + covg
+ dyuy + diguio + diyusg,
My = 1ByQo + ar2u12,
My = iB1Qo + BoQ1 + a1avi + 1812u12 + iB13us3,
with
Py = agus + aguy,
Py = bofi + bk + biuy + bsus + bsus + beue,
Py = coug + cyuy,
Py = dofi + dbk + dyuy + dsus + dsus + dgug,
Qo = aopt + aé% + oug + agus + asus + o,
Q1 = Bop + 5(’)7% + Brur + Baus + Bsus + Beus,
where (Ao, A1, Aa, A3, By, B1) are the six components of Z, the coeffi-
cients aj, b;, c;, d;, o, and B; are all real, and
w = AgAg,  us = i(AgA; — AgAy),
ug = AgAs + Ag Ay — A A,
uy = i(AgAs — AgAs — A1 Ay + A1 Ay),
us = ByBy, ug = i(ByB1 — ByBy),

uy = Ag(A? —240Ay), vy = Aj(A2 —2A,A,),
wy = Ag(A2 — 2404y), ug = Agvs — Ajus, s = Ajvs — 2Asus,
U3 = %(314014_3 + 34043 — A1 Ay — A1 4y),
Ug = %AO(BOE“‘FOBl) — Ajus,  vg = %AOBlgl — Ayus,
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uro = 3iAzug + 2A45(Ag Ay — AgAs) — Ay (A1 Ay — A1 Ay),
U = %AOBIE + Agus — %AI(BOE + ByBy),
Uiz = %BO(AOA_I + AoAy) — Byug,
V12 = BOA_lAl - %Bl(AOA_1+A_0A1)7 w13 = Bovs — Bius.

Proof. We closely follow the arguments in the proofs from [7, Lemma 6.1] and
[8, Theorem 2]. The first part of the lemma and the properties (i) and (ii)
are obtained exactly in the same way from general normal form theorems.
It remains to determine the properties (iii) of the six components of the
polynomial N. As in the proofs mentioned above, the problem is reduced to
the one of determining the homogeneous monomials

Ag()A_OqOA]l)lA_lql A32A_2q2A§3A_3q3B60F080B{1F151’ (A2>

which appear in each of the six components of N. Restricting to monomials
of degrees 1, 2, and 3, the nonnegative exponents from (A.2) satisfy

(po+p1+p2+ps)+(q0+ ¢ +q+q3)+ (ro+71)+ (so+s1) =m, (A.3)

with m € {1,2,3}. Further conditions on these exponents are obtained as
explained in the proofs from [7, Lemma 6.1] and [8, Theorem 2| from the
commutativity properties in (ii) and the normal form property

DyN(Z.Z. i, WLyZ + DzN(Z,Z, i 00 Z = LiN(Z, 2,1 k), (Ad)

which must hold for all (Z,1,k) € C® x V,. Differences with the proofs
mentioned above being only at the computational level, we skip the details
of the remaining arguments. O]
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