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Long-time dynamics for the Kelvin-Helmholtz equations
close to circular vortex sheets

Federico Murgante” Emeric Roulley' Stefano Scrobogna*

Abstract

We consider the Kelvin-Helmholtz system describing the evolution of a vortex-sheet near the circular
stationary solution. Answering previous numerical conjectures in the 90s physics literature, we prove an
almost global existence result for small-amplitude solutions. We first establish the existence of a linear
stability threshold for the Weber number, which represents the ratio between the square of the back-
ground velocity jump and the surface tension. Then, we prove that for almost all values of the Weber
number below this threshold any small solution lives for almost all times, remaining close to the equi-
librium. Our analysis reveals a remarkable stabilization phenomenon: the presence of both non-zero
background velocity jump and capillarity effects enables to prevent nonlinear instability phenomena,
despite the inherently unstable nature of the classical Kelvin-Helmholtz problem. This long-time exis-
tence would not be achievable in a setting where capillarity alone provides linear stabilization, without
the richer modulation induced by the velocity jump. Our proof exploits the Hamiltonian nature of the
equations. Specifically, we employ Hamiltonian Birkhoff normal form techniques for quasi-linear sys-
tems together with a general approach for paralinearization of non-linear singular integral operators.
This approach allows us to control resonances and quasi-resonances at arbitrary order, ensuring the
desired long-time stability result.
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1 Presentation of the problem and main result

The Kelvin-Helmholtz (KH) equations is a classic of fluid dynamics, modeling the intricate behavior of vor-
tex sheets at the interface between fluids with different velocities. Since their introduction by Lord Kelvin
and Hermann von Helmholtz in the nineteenth century [44)4565//66], these equations have provided crucial
insights into fundamental hydrodynamic phenomena, from the formation of ocean waves to atmospheric
turbulence. The classic KH problem addresses the instability of a plane vortex sheet, where the jump in
tangential velocity across an interface drives the system linearly, generating the well-known instability that
defines Kelvin-Helmholtz phenomena. Of particular interest is the interplay between background velocity
jump (b) and capillarity effects (y), which together determine critical stability thresholds and equilibrium
states. This work explores the mathematical structures emerging from these interactions, with special focus
on the Weber number 8 £ b?/y, which naturally emerges in the equilibrium spectrum and governs the sys-
tem’s stabilization properties.

We consider a planar Euler system for two irrotational fluids with same density (constant equal to 1)
separated by an interface I'(£) homeomorphic to a circle and parametrized by z(t,-) : T — R?. This interface
divides the plane into two open components Q* (1) with Q™ (£) bounded and Q™ (#) unbounded. Given two
functions f*: Q* (1) — R we define

[Fel=r-f"
The evolutionary system is thus composed of the following equations
uy +u*-Vut+Vp*t=0, inQ*(),
(ze— uFIrp) - 2x =0, atI'(z),
[ [PP]le =7k (@), atT (1), 0
u*(t,x)—0, as |x| — +oo, '
V-ut=0, in Q* (),
Vtout =0, in Q*(1).

In the above set of equations, the quantities u*, p* are respectively the velocity field and pressure inside the
domain QF. The parameter y > 0 is the surface tension coefficient and £ (z) is the curvature defined by

1
Z 'Zxx
k(z) & —=—=
| 2|

The last equation in (II) implies that the vorticity distribution w is localized on the curve I'(¢) at time f,
namely

+

w(t,x) = w(t,x)6(x - z(t,x)), 0= [u*] -z, xeR?, xeT. (1.2)

In the case in which

S(tx) = (s, x) |COSFTED (Lx, Q) elxT xR, rt,x) 2 /112000, (1.3)

sin(x+Qp |’




where [ is a given interval of time, the system (L.I) was recast, in [59], as the Contour Dynamic Equation
(CDE)

1
ur’ =an—§ﬂ(n)w,

w (1.4)
wz:wa—(Eﬂo(ﬂ)w) —Y(K(n))x’
X
with
o [T Ea costs—)| + VB TrenOsinta—r)
n)w—fv _ B (y)dy,
L+7(0)+7(y) —/T+20 0/ 1+2n(y) cos (x~y)
1‘\/@008@6—}/)
Dy (n)wéf o)y, .

T1+n+n(y)-V1+2n(x)y/1+2n(y)cos(x—y)
2

_ _ Nx
Nxx — (1 +2n) 3( 1+2ﬂ)

A2

X (n)
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Throughout the document, we use the notation

(1+2n+

1 T
j;rf(x)dxégp.v.f fx)dx.

We refer the reader to [59] for a derivation of (I.4) from (I.I). We also warn the reader with the change of
notation for the surface tension and mean vorticity with respect to [59]. Also, here we write the system in a
rotating frame with angular velocity Q but one can easily follow the changes. An explicit computation shows
that

foranybeR, (n,0)=(0,b) isasolution of (L4). (1.6)

Let us define the background velocity jump

b2 f w(x)dx,
T
which is time independent according to (L4). We can define the invertible change of variables
vy =w-b, v=0."(w-Db). (1.7)

The change of variables (I7) allows us to determine the evolution equation for v modulo a real, time-
dependent constant, which is

Yy+b

v = Do (n) [y +o] —yK () +c (). (1.8)
Since the system (L.4) depends only on (7, ¥y ), the projection onto the zero-th mode in (L8), which includes
the constant ¢(¢), does not influence its dynamics. Therefore, we disregard ¢(¢) and we impose that ¥
belongs to the homogeneous Sobolev space HS(T;R) £ HS(T;R) / R, where H® (T;R) denotes the classical
Sobolev space of periodic real-valued functions, see Section3l We can now rewrite the system (I.4) in terms
of the variables (1, ) using (L8) and get

1
Ne=Qnx— E}[(n) [Wx +b] )

Wy +b (1.9

Y= Qyy— Do (n) [wx+b] | =yK ().



Notice that
H(m) (] (x) = 2BR(2) [w] - 2 (x)

(z(x) — z(y))L 'z)Jc_(x)
=2 d
j;r |z(x) — z(y)|? wndy (1.10)
[ R a® '

T lz(x)—z(y)I?
:fvax[log(w(x)—z(y)lz)]w(y)dy-

Therefore, the first equation of (L9) preserves the average and the natural phase space for 77 is
H (T;R) = {n € H(T;R) st f n(x)dx = o}.
T

In the absence of capillarity (y = 0), it is now understood that the problem is ill-posed in Sobolev reg-
ularity [28,/53,68], but it admits weak solutions [35], while one has to require at least analytic regularity
on the initial data in order to have a satisfactory local well-posedness theory [47,[63,[64]. It is also well-
established [54, Chap. 9.3] that the presence of a background velocity jump (b) across the interface drives
linear instability in the system, generating the classical Kelvin-Helmholtz phenomena. Conversely, surface
tension (y) exerts a stabilizing effect at the linear level, enabling local-in-time solutions to the full nonlinear
equations [3H5,132,[51]. When stabilization is induced solely by capillarity, the existence time is limited to
T ~ ¢!, where € represents the magnitude of the initial datum. Besides, in the physics literature [48] the
authors perform several numerical simulations for (I.4) varying the Weber number We which corresponds,
up to a period factor of 27, with the parameter

P
%

that captures the interplay between the previous two mentioned opposite phenomena. In particular, de-
spite the slightly different geometry considered, it is numerically conjectured in [48] that the behavior of the
system below a critical Weber number, which is very close to (ILTI), "...is quite predictable by linear theory,
even over long times...", [48| p. 1939]. The aim of our work is to give a rigorous mathematical proof of this nu-
merical conjecture. To do so, we exploit the Hamiltonian nature of the quasi-linear system (I.9). Conversely
to the classical formulations using the Dirichlet-Neumann operator, here the system is quite explicit and
related to singular integral operators, see (I.5). By introducing a novel framework that combines the Hamil-
tonian Birkhoff normal form procedure for quasi-linear Hamiltonian systems [25] with a generalization of
the paralinearization method for singular integral operators developed in [17], we prove that the lifespan
extends to T ~ e~V *D for any N € N. This result enables us to establish stability way beyond the classical
local lifespan results of [3H5,[32}/51], leading to what we refer to as almost global well-posedness. The precise
statement is given in the following theorem.

Theorem 1.1 (Almost global existence of nearly circular vortex-sheets). Let
0<,61<,62<4(2+\/§). (1.11)

There exists a zero measure set 3 [ f1, B2] such that for any values'y € (0,00) of the surface tension andb € R
of the background velocity jump with

2
b?e [B1,B2] \ B,

for any N € N, there exists so > 0 such that for any s > sy there exist €y, c,C > 0, such that for any 0 < € < g9
and any initial datum

s+ e o1 )
(no,wo) € Hy' ' (;R) x 1S5 (T;R),  with o i am +|lwol PRI
the system (L9) admits a unique classical solution
1 .
(TN/’) e [=Te, Tel; Hg+4 (T;R) x HS—% (T:R) |, T.> ce~ N+,



with initial datum (no, o) and size

sup ||n(t,-)||Hs+%m)+||wu,-)|| -t | < CE
0

te[-T;, Ty ;
Remark 1.2. Let us make the following remarks about the previous theorem.

1. The almost-global well-posedness result of Theorem[I Ilcannot be achieved in settings where capillarity
serves only a stabilizing parameter, i.e. when = 0. The Weber number 3, which emerges naturally in
the equilibrium spectrum {wy( j)}j <7~ (see (LI2)), captures the interplay between capillarity stabi-
lization and Kelvin-Helmholtz instability. Remarkably, the incorporation of the (physically relevant)
interplay between background velocity jump and capillarity is the key factor that generates stability,
in particular we can pass from a Sobolev ill-posed problem (y = 0) to a almost-global well-posed one
when v is arbitrarily small and b? is comparable. The Weber number  modulates the linear frequen-
cies wyp(j) ina non-trivial fashion and enables us to exclude resonances

Wyp(j1) £... 0y p(jNn) #0

taking B outside a suitable zero-measure resonant set 3. The non-resonance condition is a fun-
damental requirement for implementing the Hamiltonian Birkhoff normal form procedure in PDEs
[7H11}[14H16,125)127),137}/38,149].

2. Referring again to the work [48] the authors notice, at page 1939, that

We had hoped to see some repartition of energy from the k = 1 mode to smaller scales over large times. How-
ever, for We =10.0 only a very slow increase is observed, if any, of the width of the active spatial spectrum.

This unexpected localization phenomenon is consistent with our analysis. Indeed we prove that, after
a suitable change of variables, each Fourier mode u; can exchange energy only with u_; for very
long times, as we shall explain later. This is a consequence of the non-resonance conditions and the
Hamiltonian structure of the equation which gives the conservation of super-actions (see (LI9)).

3. We identify a threshold for the linear stability in (I.IT).

This constraint is imposed to ensure that the spectrum of the linearized equation at the trivial state
(n,%) = (0,0) is purely imaginary (see Section[2.2), a necessary condition for implementing the Hamil-
tonian Birkhoff normal form argument. While this condition can be relaxed by restricting the phase
space to m-fold solutions for sufficiently large m, such a restriction significantly narrows the class
of admissible solutions. For more details, we refer the reader to Section Z.2]and [59]. Although one
could adapt the following analysis by verifying the m-fold preserving properties of the transforma-
tions along the scheme, following a similar approach to [42].

4. The parameter Q in (L4) represents the speed of rotation of the reference frame. Since the Kelvin-
Helmholtz problem is invariant under rotations, 0 can be chosen arbitrarily without altering the
shape of the solutions. We choose Q as in (22I). This choice simplifies some computations and
does not affect generality.

5. Global-in-time solutions with specific structures can be constructed, as demonstrated in [59], where
we identified families of globally defined, uniformly rotating solutions. We also refer to [29}/30}/40}/56)}
57,59,/60,67] for the construction of families of steady solutions in slightly different settings. How-
ever, it remains unclear whether the almost global existence solutions stated in Theorem [T are ac-
tually global in time. The quasi-linear structure of the Kelvin-Helmholtz system, combined with the
absence of dispersion due to the periodic boundary conditions, makes the global existence of the
Cauchy problem currently out of reach.



Ideas of the proof While the Dirichlet-Neumann operator approach pioneered by Zakharov, Craig, and
Sulem in [34}/69] has become standard for Water-Waves problems-and also employed to the two phase set-
ting [51]- we employ an alternative formulation. Following previous works such as [31}[33], we utilize the
Birkhoff-Roth integral operator formulation, which exploits the Dirac-0 structure of the vorticity in
conjunction with the Biot-Savart law to express the KH equations as a CDE. A crucial aspect of our ap-
proach is establishing that the KH equations thus derived possess a Hamiltonian structure (Section 2.1)),
which is the following

Un _ _ 0 -1

where the Hamiltonian is related to the pseudo kinetic energy %,, the length £ of the free boundary and the
angular momentum M through

Hm,v) = B, 9) +yL®) + QM (), ).

In different geometrical contexts the Hamiltonian structure of the KH system was already presented by
Benjamin-Bridges [12}[13]. Once this Hamiltonian formulation is established, we are methodologically
committed to working with the specific equations that arise from it, as any deviation would compromise
the Hamiltonian property, which is essential for our analysis. This Hamiltonian structure is a fundamen-
tal requirement for obtaining the almost global well-posedness result Theorem [[.T using the Hamiltonian
Birkhoff normal form of [25]. Since we are looking for a stability result near the trivial state (n,v) = (0,0), a

quantity of interest is the linearization at this stationary solution. The linearized KH system there writes
[n n 0 -3
! ] =Ly (D [ ] L S
=Ly, (D) ) b (&) )
Vi v YIEP=Z1E-(y-b?) 0

The associated spectrum is given by A;b(f) = +iwyp, (§), with

2
w}/,b(f)=\/%ﬂ\/|6|2_§|5|+ﬁ—1, ﬁéb? (1.12)

Here we see appearing the parameter  that modulates the equilibrium frequencies. This parameter is ho-
mogeneous to a wave number (inverse of a length). The modulation is fundamental for avoiding resonances
later in the Hamiltonian Birkhoff normal form. Let us mention that the modulation of the linear frequencies
by an external or geometrical parameter has been used to avoid resonances and construct quasi-periodic
solutions for fluid models, see [6,20-2226/41-43/46/61]. Observe that Wy (&) isreal for any [¢]| > 1 provided
that

0<,B<4(2+\/§).

There emerges our linear stability threshold.This means that one gets linear stability for typically small os-
cillations at small scales where the stabilizing effects of the surface tension are dominant. Also notice that
the asymptotic of the linear frequencies is superlinear, namely as || — co

() ~ \/Z 3

Our purpose is to prove a nonlinear stability result near the circular interface corresponding to (n,v) = (0,0).
To do so, we are able to obtain a suitable energy estimate of the form, for any N e N,

N+1

t
||(n»w)(t)||§<C(8)(||(n,w)(0)||§+ fo ) oly Imy)@lde|,  vo<i<T,  (13)

where we used the notation

(.9}l = 1l

T vl s (TR

Then, a bootstrap argument allows us to get an existence time of the form T > ce~V~! where ¢ is the size of
the initial datum. Notice that the above estimate is highly non-trivial for two reasons:



1. The right-hand side contains the same number of derivatives as the left-hand side, which is particu-
larly delicate given the quasi-linear nature of the equations.

2. The integral term exhibits high homogeneity, a non-trivial property considering the quadratic non-
linearity of the equations.

To address the first obstacle, we perform a paralinearization of the Kelvin-Helmholtz system together
with a paradifferential reduction procedure to remove the space dependance in the positive order part,
which allows to remain at the same level of regularity. The paralinearization result is given in Theorem[4.2]
and writes as follows

Nt

, (1.14
Yy ( )

"m0 [

] = 0p" ™ (Qyp (w3 x,&) + By (1,5 x) 1] =iV, (n, w3 x) Idge &+ Apo) (m, w3 x,£)) v

where OpB"W (-) denotes the Bony-Weyl quantization in (3:9). Each term of positive order has an explicit
formula with

0 _lél
’xf 2 2 2 ’
Qo) =L %) (167 = 1) = (% + wo (n.v3) ) 161+ 2 O
3 2
. 1+2n 2 Al 1+2n 2
L -1 Wy (N, Y;X) == D) —Db7,
(1+2n) +nx) 1) 2(((W )(1+2ﬂ)2+ﬂ§) ) (1.15)
A Bb(n v x ) 0 = 277x
’ = B ’ ; = x+b —’
By (i) Bf (n,yix) —By (0, v x) vy Sl )(1+2n)2+'ﬁc
b
Vo (m, w5 )ég%( n)[b+y] -2

The matrix operator Ajg, is of order zero and R is a regularizing matrix operator up to a sufficiently large or-
der. We believe that this paralinearization result is itself of interest for maybe future purposes. In our equa-
tions, the Dirichlet-Neumann operator does not explicitly appear, contrary to what occurs in the one-phase
flat Water-Waves problem, see [34] and [52] Chap. 1]. Instead, the equation derived in features non-
linearities of convolution type with nonlinear singular convolution kernels. This fundamental difference in
structure necessitates the development of a specialized paralinearization technique adapted to these con-
volution operators—a technique we develop in this work (Section @) building on the previous work of the
last author and collaborators in [17] for the less challenging case of @-SQG patches. Let us now expose
our method to paralinearize the KH system. The key insight of our approach is that terms that resist stan-
dard paralinearization techniques (i.e. paraproducts, Bony paralinearization formula and composition of
paradifferential operators) share a common structure of convolution type in the form

H(n)g ) ép.v.f K(n;x,2) g(x—z)dz’

- z

where the function K (n; x, z) exhibits regularity at z = 0 comparable to 7. By Taylor expanding the function
z— K (n;x, z) at z = 0 and applying paraproduct expansions, we derive

J T

H(n)gx) =Y 0p®™ (K (n;x)) p.v.f 2 lg(x-2)dz (1.16a)
j=0 i
+f_ Op®W (R(n;x,2))g (x—2)dz+ Lo, (1.16b)

with J €N, for any j € {0, ..., J}, K j being a z-independant function of x and R being a remainder satisfying

|R(n:x,2)| = O(2’*!). This transformation reduces our analysis to two specific categories of terms, namely

» Terms in the right-hand side of (I.16a): Classical theory (see [62, p. 355]) establishes that for any
jefo,...,J},

T .
p.v.f_” 2 lg(x-2dz=m;(D)g,

7



where m; represents a Fourier multiplier of order j. Thus, through composition theorems for parad-
ifferential operators, we obtain

A .
op®V (K; (m; x)) p.v.f 27 g (x—z)dz = Op®W (K; (m; x) m; (&) g + bounded terms.
-7

» Terms in (L16h): We leverage the decay properties of R as z — 0 to establish that these terms consti-
tute paradifferential operators of order — (J + 1) modulo smoothing operators, as detailed in Proposi-
tion[3.28]

The methodology outlined above is elaborated in detail in Section 4] and formalized in Theorem [4.2] rep-
resenting one of the manuscript’s principal contributions. Our work demonstrates that effective paralin-
earization is possible even when using the Birkhoff-Roth formulation rather than the Dirichlet-Neumann
operator approach. The recovered paradifferential structure in (IT4) exhibits similarities with pure-capillarity
one-phase Water-Waves equations, which allows us to derive several established results concerning vor-
tex sheets, including the necessity of capillarity for system stabilization (cf. [3]). Furthermore, we identify
purely nonlinear, unstable terms characteristic of the KH equations (cf. the term wy, in (LI5), which is non-
nil even when b = 0), highlighting the enhanced instability of KH compared to Water-Waves systems. For
further analysis of these distinctive unstable terms, we direct the interested reader to Remark[4.3]

Once the paralinearization obtained, our goal is to remove the x-dependence of the positive order terms in
order to run an energy estimate in the same Sobolev space, namely without loss of derivatives. This is done
through a classical paradifferential reduction procedure requiring to reformulate the problem with complex
variables. Defining the complex coordinates

u A -1 . A |£ |
U= ) = D + D)y, =,
7 u=my (D) n+imy D)y My () 20,5 @)
the paralinearized KH system is equivalent to the complex Hamiltonian system
Us = Jc Op™ (A3 (U3 0) @y @+ A1 (U5 5,0 + Ay (U5 ) 617+ Ao (U5, O|U+RWIU.— (117)

In the above system, each A;, corresponds a matrix of x-dependent symbols of order m, while R is a ma-
trix of regularizing operators up to any fixed order. Then we follow the Hamiltonian method developed by
the first author and collaborators [25] (see also [17,[18}124}39}/55}/58] for non Hamiltonian approach) which
consists to perform a series of transformations:

i we first perform an Alinhac Good Unknown transformation—a nilpotent matrix-valued paradifferential
change of variable introduced in [2}/50]. This transformation eliminates the unbounded terms By, in
(LI5D, which constitute the only unbounded contributions in the one-phase gravity water wave system,
thus proving essential for developing local well-posedness theory in the pure gravity setting;

ii we then diagonalize and reduce to constant coefficients the resulting system at arbitrary order, modulo
smoothing operators (whose regularizing effects depend on the initial data’s regularity). This technique,
initially developed in [18], has become standard for implementing normal-form techniques in quasi-
linear systems [19}[25,/58]. The method involves conjugation with flows generated by paradifferential
operators, where generators are selected based on desired cancellations. We reduce the equation to a
diagonal, paradifferential constant-coefficient form by iterative application on the degrees of the parad-
ifferential operators.

At the end of such procedure we are able to define a transformed, equivalent (in Sobolev) variable

W2 BU)U, W:T]
w
that satisfies a constant-coefficient, scalar equation given by
W, = Oplat (i( (1 + 0(U; D)0y @) + H(U; € + 6, (U; DI + by (U3 1,8)) | W +RW; W, (1.18)



up to a smoothing remainder R (see Proposition and BI1) for the definition of OpEY (-)). The trans-
formed equation (L.I8) has the crucial property that its para-differential part is in constant-coefficient form.
To overcome the second obstacle Item 2] we aim to implement a Hamiltonian Birkhoff normal form up to
homogeneity degree N. However, unlike the original complex system (L.I7), (I.I8) no longer possesses the
fundamental Hamiltonian structure. This structure is essential to ensure that certain non-trivial resonant
terms do not contribute to energy estimates, as explained below. Recovering this structure is the purpose
of the Darboux symplectic corrector as designed in [25]. To understand why this correction is needed, we
first examine the role of non-resonance conditions. The non-resonance conditions in Section [2.3] ensure
the exclusion of resonances, meaning that

010y p(j1) + -+ OoNwWyu(jN) #0

unless the indices (0,...,0n) € {+1V and (ji,---»JjN) € 7N are super-action preserving (see Definition 2.3).
This can happen when N = 2p is even, with
O1=:=0p=+,  Opy1=-=0zp=",
and either
@) je=Jjp+e or (i) je=—jp+e
Case (i) corresponds to trivial resonances. The associated monomials in the vector fields of (I.I8) take the
form
12 2, ljpx
luj 1. lu,  [Tuj,e’r™.
Proving that these terms do not contribute to Sobolev energy estimates is typically straightforward, as it
suffices to show that their coefficients are purely imaginary. In contrast, case (ii) involves monomials of the
form
— _— ~ijpx
Uju—j ... uj, u—j uj e It
These terms couple different Fourier modes, making it more challenging to show that they do not affect
energy estimates. However, if the vector field possesses the strong algebraic property of being Hamiltonian,
these monomials—called super-action preserving—automatically admit infinitely many conservation laws,
known as super-actions. Specifically, for any n € N, the quantities

Tn(W) 2 [upl? + u_pl? (1.19)

are conserved. As a consequence, a Hamiltonian, super-action preserving vector field remains transparent
to any Sobolev energy estimate. However, the system (L.I8) for W lacks this Hamiltonian structure, pre-
venting direct application of these conservation laws. To overcome this issue, we introduce the Darboux
symplectic correction, as detailed in Proposition [Z]] restoring the necessary structure and allowing us to
exploit these properties effectively. Since the map B(U) satisfies the hypotheses of [25, Theorem 7.1], we
apply it to obtain a new constant-coefficient equation:

0172y = iwyp(D)Zp + Opuose (i(tf%)gN(Zo;f) + i(L[%)>N(U; f,f)) Zy+ RN (Zp)Zo + RN (U; )U. (1.20)

This equation is Hamiltonian up to homogeneity N, meaning that

OpPee (i(dy) < (% 8)) Zo+ Ren(Z0) Zo = JeVHen

for some real Hamiltonian function H¢ . At this point, we begin the algorithmic procedure of reducing the
degrees of homogeneity (see Proposition[7.9). The final outcome is a super-action preserving Hamiltonian
equation of the form

0:2 =iwy (D) Z+ JVHI™ (2) + JeVHEP (2) + Oplt (i) = n (U3 £,8)) Z + Ron (U3 U (1.21)
2

Since the super-action preserving Hamiltonian terms iwy,,(D) Z, ICVHQSAP) (Z), and ]CVHESQAP)(Z) do not

2
contribute to the energy estimate, we obtain, for small solutions || Z|| ~ [|U |l < €, the energy bound

N

d
—1Z]12 < eNt3,
dt

which allows us to prove Theorem [l



Structure of the manuscript The Hamiltonian formulation can be found in Section 2. Tlwhile the non-
resonance conditions are proved in Section 2.3l The paralinearization of the system (I.9) is carried out in
Sectionland the final result is stated in Theorem[4.2] The next step is to reformulate the results using the
complex notation, see Section[dl Then, we implement a reducibility procedure to get rid of the space depen-
dence of the positive order part. This part is now rather classical and the corresponding final result is given
in Proposition With this in hand, one can perform the Hamiltonian Birkhoff normal form. It is done in
Section and requires non-resonance conditions for frequency vectors composed with the equilibrium
spectrum. Such conditions are checked in Section 2.3]and are the reasons for the introduction of the zero
measure set 5.
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mal Forms and Water Waves” (HamDyWater-Wavesa), Project Number: 101039762. ER is supported by PRIN
2020 "Hamiltonian and Dispersive PDEs” project number: 2020XB3EFL. SS is supported by PRIN 2022 "Tur-
bulent effects vs Stability in Equations from Oceanography” (TESEO), project number: 2022HSSYPN.

2 Hamiltonian structure and non-resonance conditions

Here we highlight the Hamiltonian nature of the system (I.9). Then, we study the associated linearization at
the trivial solution (n,%) = (0,0) and discuss the non-resonance property of the corresponding eigenvalues.
This latter fact is crucial for implementing the Birkhoff normal form in Section[7]

2.1 Derivation of the Hamiltonian formulation

Let us now exhibit the Hamiltonian nature of the Kelvin-Helmholtz system (L.9).
Proposition 2.1. The system (L.9) is Hamiltonian. More precisely, let us consider
H(n, ) £ B, ) + Y L) + QM (1, ), 2.1)

where F,(n,v), L) and M (n,¥) are the pseudo kinetic energy, the length of the free boundary and the angu-
lar momentum, respectively defined by

1
zb(n,w)é—z fT fT (wx(x) +b) (wx(3) +b)log(lz(x) — 2(3)[*)dydx, (2.2)
L) = fv |z, (x)|dx, (2.3)
Mn,p) = fv W (0)n(x)dx. (2.4)

Then, the equations (L9) are equivalent to

Uk —VWH(n,w)] A0 -1
= =JVH(n,v), = 2.5
wr] vy | T VHEV TR &5
In addition, the Hamiltonian H is resversible and invariant under translations, namely defining the transfor-
mations
U] n n U]
S (x) = [ (=x), t [ (x) = (x+¢),
[w -y “lw v
we have
HoS=H=Hot, V¢eT. (2.6)

Proof. » The pseudo kinetic part:
We compute the variation of %, (1, %) with respect to y. Using integration by parts and (1.10), we get

L1 R
dy B (0, 9) /] = Efw(fw (¥, () +b)dxlog(1z(x) - 2(»)1*)dy | ¥ (x)dx
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1 N
- fv Hm)0xy + bl (P dx @7
From (2.7), we deduce ) b
VyEB (), y) = 57‘[(77) [0xy]+ 57‘[(77)[1]. (2.8)

Now we turn to the differentiation of %, (17, %) with respect to 1. Recall the notation in (L.3). Differentiating
2.2) with respect to 1, we infer

o 100 + 7 = (A0 FE +7() 52 cos(x - y)
ol == | [ (0e0040) (a0 +0) EEp: dxdy.
By symmetry, we can reduce this expression to
q 1—%cos(x—y) davld
N GRIBIGIERS +(X)+Db M +b f]
Bl == [ e +v)| [ et +0) 0 ady ds
1
= —fT 2 (W (x) +1) Do) [0y + bl ()7 (x)dx,
which implies in turn
Yi+b
VB, y) = — Do(M[0xw +bl. (2.9)

» The length part:
Recall that z(x) = (1 + h(x))e'* with h = \/1+2n — 1. Therefore,

2z (%) = (hx(x) +i(1+ h(x)))eix, 2 (0 = K2(x) + (1+ h(x)°.

Thus,

L) = f \/h)%(x) +(1+h(x)*dx2 Z(h).
T

Differentiating, we obtain
hy(X) hy (%) + (1 + h(x)) h(x) d

dpL(h)[h] =
T \/h,%(x) +(1+h(x)?
Integrating by parts, we get
- 1+h .
dpZ(h)[h] = f (L+h) —o, fix () h(x)dx
T \/h,%(x)+(1+h(x))2 \/h,%(x)+(1+h(x))2
1+ h(x))(h —1-h(x) -2h2(x) .
_ f (1+h(x) (L+ hCO) (s (x))§ 2y (0dx.
T (h20+ (1+ h(0)?)’
It is easy to see that
. 2
(1+h) (hyx —1—h)—2h2 Mxx = (L+21) =3 ( ,/—1+zn)
(2 )t e
h2 + (1+ h)?)? . 2
(1 +2n+ e )
Asa consequence,
ViL(h) =-1+h)X®).
Applying the chain rule, we deduce that
N 1
VyLm) =VypL(h)-Vyh=-(1+R)KMH) —— = —K1). (2.10)

1+h
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» The momentum part:
One readily has

dp M (n, y) 7] zfvwx(x)ﬁ(x)dx

and, via integration by parts

dy M (1, ) [§] =f1r¢x(x)n(x)dx=—Anx(x)tif(x)dx.

Hence,
VnM(Tl,w) =VYx VWM(U)W) =Tk

Gathering (2.1), (2.8) and (Z.11), we get
1
=-Qny+ 57—[(17) [0y +D].

Putting together (2.1, (Z2.9), and (2.I1) yields

Vo Hn,y) = VB, w) +yVy An) + QVy M (0, )
(/)
2

Comparing (1.9) with (2.12) and (2.13) concludes the desired result.

=Qu,— Do) [0y +Dbl =y K(n).

(2.11)

(2.12)

(2.13)

» [nvariances : The properties (2.6) are easily obtained by changes of variables x — —x and x — x + ¢. This

ends the proof of Proposition 211

2.2 Analysis of the linearization of (1.9)

|

Definition 2.2. Let m € R, we define the space of Fourier multipliers of order m, I'/", as the space of smooth

functions from R\ {0} to C of the form ¢ — a (¢) such that

Following [59], the linearization of around (17,1//) = (0,0) is given by

b |D|
ne= (Q—E)Ux—jilfv

2 b 2 b
v =|y|DI —?|D|—(Y—b) n+ Q_E Yy
Namely, we can write (2.14) as

i(Q-2)¢
Z‘t ] =L, (D) m . Lyy@)2 2

The eigenvalues of Ly, (¢) are given by

2
}Lib(‘t)éi(g—g)fi \/_Ifl (Ylflz—%lfl—(y—bZ) €32

2

We want the eigenvalues in to be purely imaginary, this happens if and only if

2
y|£|2—%|£|—(y—b2) >0,

The condition (2.17) is satisfied for any || > 1 if

2
g2 b? € [0, 82), Br24(2+V3)~14,928...

12

O?a(f)'gcﬁ@)m‘“, VaeN,|& >1/2.

YIEP -2 1E - (y-b?) i(Q-

(2.14)

(2.15)

(2.16)

(2.17)



Indeed, for €] € [1,2], one has
b2 b2
YIEE =161 - (=) > min{?,Zy} 50

for any 8 > 0. While, for || > 2, it reduces to

[leF-1)
B < min =42+ V3). (2.18)
c>2| Ll_q

Remark 2.3. We consider the restriction in (Z.I7) for |¢| > 1. If we further restrict to £ € Z*, we can improve
B+ from 4(2 + V3) to B+ = 15. However, in Section 2.3] we extend the function )L;—j’b (&) to apply the Delort-
Szeftel Theorem [2.71 We believe that the argument in Proposition 2.8 could be modified to maintain the
slightly less restrictive condition B, = 15. Nevertheless, to preserve the simplicity of our approach, we do
not pursue this further analysis.

Then we obtain that

A;b(f)ﬂ(Q—E)rfiiw%b(fS), wy,b(f)é\/%l (y(|5|2—1)—b2(|‘;—1))efg’z. (2.19)
Notice that we can expand wy 1, (¢) and obtain that
Y .3 1 (b 1 __1
wy,b(f)=\/; 4E —\/—2_7/(5) 112 +wy,b;—%(£)v w%b;_%(f)eroz. (2.20)
In the sequel, we make the following natural choice for Q
b
Qs > 2.21)

Remark 2.4. Already at linear level standard computations show that in order to close energy estimates for
the system (2.14) we need a discrepancy in regularity between 1 and ¥, namely we can close the energy

1 .

estimates on (Z.14) in the case in which n € Hg+4 (T;R)andw e H =7 (T;R), such regularity gap shall persist
at nonlinear level as well. This is not unexpected, and the same behavior is present for the one-phase water
waves problem, both at linear and nonlinear level, cf. [1].

2.3 Non-resonance conditions

In this subsection, we study the non-resonances between the frequencies. This is needed in the application
of the normal form algorithm performed in Section[7.2] Specifically, we prove that there are no resonances
between linear frequencies, except for the super-action-preserving ones, as defined below.

Definition 2.5 (SAP multi-index). A multi-index (a, 8) e N?" xNZ" is super-action preserving if
an+a_n=Pn+P-n, VneN. (2.22)

A super-action preserving multi-index (a, B) satisfies |a| = |B| where |a| £ ¥ jez- aj. If a multi-index
(a,B) e N xNZ is not super-action preserving, then the set

m(a,ﬁ)é{nel\l s.t. an+a_n—,6n—,6_n;60} (2.23)

is not empty and, since
‘ﬁ(a,ﬁ)c{nel\l s.t. an+a_n+,6n+,6_n;é0},

its cardinality satisfies
N(a, P < la+ Bl = |al+1Pl. (2.24)

The main result of the present section is the following:
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Proposition 2.6. Let M € N* and 0 < ) < 2 < 4(2+/3). Then, there exist 1,6 > 0 and a zero measure set
B < |1, B2] such that for any B € [B1, B2 \ B the following holds: there isv > 0 such that for any multi-index
(a,a') € (N9)Z" x (N*)Z" of length |a + a’| < M, which is not super-action preserving (in the sense of Definition

2.3, one has
v

‘[)
(. max |j|)
Jjesupp(aua’)

|Byp- (a—a')| >

where
Dy = (@10 (7)) jeze -

The rest of Section [2.3]is dedicated to the proof of Proposition This latter is a consequence of the
Delort-Szeftel Theorem that we recall here for the convenience of the reader. For its proof, we refer to [36),
Theorem 5.1].

Theorem 2.7. Letd € N*, ro >0 and f;, B2 € R. We denote B, (Rd) cR? the ball centered at the origin and
of radius ry. Consider f : B;, (R?) x [ B1, B2] — R a continuous sub-analytic function and p : B;,(R%) — R a
non-zero real-analytic function. We assume the following facts.

1. The function f is real-analytic on {x € By, (R%) s.t. p(x)# 0} x [B1,B2].
2. Forany X € B(0, ry) with p(%) # 0, the equation f (X, f) = 0 admit finitely many solutions in [f1, B2] .

Then, there exist Nyo € N and a, 0, C > 0 such that for any a € (0, ayl, any integer N > Ny and any x € B(0, rp)
with p(x) #0, we have

H,BE[,BI,,BZ] s.t. |f(x,y)|<a|p(x)|N}|<Ca5|p(x)|N6.

First observe that we can write

2
wy,b(f):\/%ﬂ\/|f|2—§|f|+,6—l, ﬁéb? (2.25)

Notice that wy,,(2) = /3y is independent of § and that
Wyp(5) — V5w, 5(3) = 0.

The above relation shows that there no resonance between the modes 3 and 5. However, the couple (3,5) ap-
pears to be singular in the analysis of the non-degeneracy for the application of the Delort-Szeftel Theorem.
That’s why we need to treat it separately.

Application of Theorem [2.7]

The application of Theorem [2.7] allows us to control quasi-resonances at arbitrary order via polynomial
bounds, thus inducing a finite, but recoverable, loss of derivatives. The result we obtain is the following one:

Proposition 2.8. Fix0< 1 < 2 <4(2+V3), A€ N andM e N*. Then, there exist vy, 7,8 > 0, depending
on A and V, such that for any v € (0,vy), there exists a set By < [B1, B2] of measure OW0) such that for any
Be [,61,,62] \ By, the following holds: denote ny = 2, ny = 3 and for any distinct integers ny, ..., ny € N\ {2,3,5}
and any ¢ = (cp, c1,...,Cn) € RATI\ {0} with maxg=o,. alcsl <M, we have

=T

A
> V(Z nu) . (2.26)

a=0

A
Z CaWyb(Ng)
a=0

Proof. We denote #i = (ng, ny,...,ny) € (I\I*)AJrl with ny,...,np € {2,3,5} and distinct, we introduce the nota-

tions
A _1

xo(ﬁ)é(Zna) S AEE Y (ORVEPEST (2.27)

a=0
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We note that
0<|x, (A<, foranya=0,...,A. (2.28)

The condition (2.26) is equivalent to

v
6B = —=x, x= (%), x1(),..., x, (73) (2.29)
x>
where .
6, B2 Y rad(xa x0,f)+coV3x3,  x=(x0,x1,...,Xxa) € By (R*), (2.30)
a=1
with
B B
ra= Ca\/ X5+ x2, )L(y,xo,ﬁ)é\/y4+ 2—5 x3y2+§x§.

The function fz: By (R**!) x [B1, B2] — R is continuous and sub-analytic. Remark that for any [ € N*,

1 2 2 2
LA %08 = | 2 | 0 20, DAGL X0, ), (X0, B) 2 %o (% =) : 2.31)
B 1 xg(xg—yz)ﬁ+2y2 (y2+2x§)

Note that, since 0 < f < 2 <42+ v/3), the denominator in Z.31) satisfies

x5 (x5 - y*) B+2y* (y*+2x5) >0 forany ye[0,1], xo € (0, 1]. (2.32)
We introduce the polynomial function p : [-1,1]4™! — R
A
oot 250 [ (2-38) 1 ((6-22) 2 (+233) - (= x2) 2 (<2 + 23)).
a=1 1<a<b<A

The condition implies that the function f; is real-analytic on {p # 0} x [, 52]. We fix now X =
(Xo,...Xy) such that p(x) #0. Then X( # 0 and, in view also of (2.32), one has

w(%a, %o, B) # 1t (Xp, %0, ), foranype (0,4(2 + \/§)) . (2.33)

The following Lemma ensures that the function fz(x, 8) fullfills the second assumption of Delort-Szeftel
Theorem[2.71

Lemma 2.9. The solutions of the equation
f:(%,8) =0,
if any, are finitely many.

Proof. Since the function § — fx(%,p) is analytic for § € [f1, 82], we are only left to prove that it is not
identically zero. To do so we fix § € (81, 82) and we note that

Vi=1,..A, 6;31’(32,/3):0 s  A®TF=0,

- A
where 7 = (ry,...,ry) and

w(x1, %o, B)A (%1, %0, 8) ...  (%a, %o, B) A(%n, X0, B)

N “2 (J_CI»J_COJ;)A()_CLXO»,B) ... “2 (XA»XOrB)A(XAer»ﬁ)
A(x) = . . .
uA (3_51;3?0»,5)/1(321»320;/;) e “A (X.Aer»B)/,L(XA»-X‘O»B)

Since ¢ # 0 and p(X) # 0 we have also Xy # 0 and 7 # 0. Then g — f(%, ) = 0 implies that det(A(X)) = 0.
Besides, by A-linearity of the determinant and recognizing a Vandermonde determinant, we find

A
det(A(X) = [ [ 1t(Xa X0, B) A (%ar %0, B)  []  ((%ar %o, B) — 1t (X, X0, B)) .-
a=1 1<a<b<A
By construction, since X € {p # 0}, one has that det(A (X)) # 0 at the given B.So f— f (%, B) cannot be
identically zero proving Lemmal[2.9 O

15



We thus conclude that there are Ny € N*, a,d, C > 0, such that for any a € (0, ap], any N e N*, N > N,
any x € X with p(x) #0,

H,BE (BL.B2] st |f:(xp)< a|p(x)|N}| <ca® [p@|™ . (2.34)

To conclude the proof we need the following:
Lemma2.10. Lett; 22A+1+ 8(2). Then

-1 -1

A
na) Slp(x(ﬁ))lg(z na) . (2.35)

a=1

P

a=1
Proof. By definition (2.27), we have
((x(z) - xi)xi(xi + 2x(2)) - (x(z) - xi)xi(xi + 2x(2)))

= xg (1) [2— ng) (nf —1) - 2— np) (nj - 1)].

[X0=2%0(73), Xq=X4(71), Xp=Xp (73)

The equation
2-ng) (nf—1)=2-np) (n2-1)

is equivalent to

2ng,—1
(2—ngy) (np—ng) (nb — 2 ) =0. (2.36)

Since n, # 2 and ny, # n,, we must have ny, = 2:“__21 - But
a

2nga—1=2(ngs,—-2)+3.
Hence
2n,—1=3 mod. [n,—2].

Therefore
ng—212n,-1 < ngz€{3,5}.

We conclude that the only non-trivial couples of integers solutions to (2.36) are
3,5 and  (53).

However, we have excluded the possibility n, = 5 or n, = 5. This implies that the equation (2.36) is not
solved with our choice of 7. Thus,

2 2y.2(.2 2 2 2y 2/(.2 2 8 =
'((xo = xg) %, (x5, +2x5) — (x5 = x%3,) X5 (% +2%0)) 5 = xo (. 5.y, 2y 0y () | = X0 FD)- (2.37)
Moreover, since n, #2fora=1,...,A, one has
|2 () — x5 ()] > x5 (7). (2.38)

Gathering Equations (2.37) and (2.38) we obtain the lower bound in (2Z.35). To prove the upper bound it is
sufficient to use the bounds in (2.28). O

Consider the set

B(a,N) = U Bgi(a,N) < |1, B2],
fi=(ng,...na) N} 1<ny <...<my
Ce(Z*)2, €M (2.39)

Ba,ﬁ(a,N)é{ﬁE[ﬁbﬁz] s.t. |f5(x(ﬁ)./3)|<a|p(x(ﬁ))|N}.

We fix now N € N such that N6 > 1 and B, £ B(a, N). Then we get

A -N&
Bol <CAMa® Y (Z na) <C'(a,Ma’ (2.40)

Nno,...,nyeN \a=0
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In conclusion, for any § € [B1, 2] \ Ba, for any 7 = (ng, ny,..., ny) as in the hypothesis, any ¢ € (Z*)* with
I€loo <V, it results, by (2.39) and (2.35), that

A —TiN
| £z (x(), B)| > a|p (x| = c(A)a(Z na) . (2.41)

a=1
Recalling the definition of fz in and xy(71) in (2.27), the lower bound @2.41) implies 2.8) with 7 £
71N -3 (cfr. (Z29)) and re-denoting v £ ac(A). O

Proof of Proposition 2.6/

Fix a multi-index (@, a') € (N)Z" x (N*)Z" of length |a + '| < M. We denote 9 (@, a') as in Z:23). Since the
couple (a, a') is not super-action preserving, then

Na,a') # 2. (2.42)

Then, we can write

Oyp-(@—a')=) wyn(|il) ((xj—a'j) =Y wyppm(an+ta—,—a,—a’,)

jez* neN*
! !
= Y owpm(apta_,—a,-a_,).
neN(a,a’)

We use the notation
A= |N(a,a')\(2,3,5) +1.

We also denote
N(a,a)\{2,3,5} = {ny,...n,}.

Therefore,
A
yp-(@—a') =) cawyp(ng + cowyp(2) + crwyp(3),
a=2

with
A A
Ewmta,—ay—a, a=2(aztaz-ay—a ;) +V5(as+as—al—a’;)

and forany a =2,...,4,
!

A !
Ca=0qn, +Ap, — Ay —QA_p .

Observe that for any a =0, ..., 4, |c4| < 4M, where M is defined in Proposition 2.6l Let us assume the absurd
hypothesis ¢ £ (o, €1, €2, ..., €p) = 0. By definition, under such absurd hypothesis, we obtain that N(a, a’) <
{3,5}. But ¢; € Z[V/5] so ¢; = 0 implies also that 3,5 ¢ M(a, a’). Hence, M(a, a') = @ which is a contradiction
with (2.42), thus we can safely assume ¢ # 0. We consider the set

B2 (N By

V€(0,vo)

where v( and By are introduced in Proposition 2.8 Hence, for any f € [f1,f2] \ B there is ¥ € (0,v¢) such

that § € [B1, B2] \ By and, applying Proposition Z.8 we get the desired result with v = - O

3 Functional setting
Throughout the document, we shall use the notations

N£{0,1,2,..}, N'2N\{0}, Z=&Nu(-N), Z"*£Z\{0}.
Along the paper we deal with real parameters

$Z5>K>»p>»>N2=>0, 3.1)
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where N € N. The values of s, sp, K and g may vary from line to line while still being true the relation 3.I).
We expand a 27z-periodic function u € L%(T;C) in Fourier series as

u(x) = Z a(]) eijx, a(]) é}-x—»j (]) AL u; é[ u(x)e_ijxdx,
jEZ T

The function u is real-valued if and only if u; = u_j, for any j € Z. For any s € R, we define the Sobolev space
H* £ H(T;C) with norm

Nulls 2 Nullge = (Z <f>25|ﬂ(f)|2)5, (j)&max{1,|j]}.

JjEZ
We define ITyu £ 1, the average of u and
Iy 2 1d - .

We define H the subspace of zero average functions of H* for which we also denote [[ulls = llull s = llull H»
and with H° £ HS/C endowed with the norm || ul| s = ||H0Lu||s. We define, on [2(T;C) £ H(T;C), the
complex scalar product (- | -)¢ and the real symmetric bilinear form (- | -)p as follows: for any u, v € L?(T;C),

(| vye éﬁrngu(x)ngy(x)dx, (ul v)RéfTHOlu(x)Holv(x)dx. (3.2)

Moreover we define the real subspace of HS(T;C%

+

Hy(T;C?) é{U:

€ HY(T;C% st u = F}
We also denote
H®(T;C) & (M HY(T;CY, HP(T;C4) 2 () Hy(T;C?).
seR seR

Given an interval I c R symmetric with respect to ¢ = 0 and s € R, we define the space
. K . 3
CK(n i (T3¢%) 2 () ¢* (1 =34 (1322)),
k=0
endowed with the norm

K
supllU(r, ks where  U()lks2 Y [ofUc,) (3.3)
tel k=0

Hs—%k ‘

We also consider its subspace

ck (1, B (T,¢%) & {Ue CK(1,B(T,€%) st. U= (Z)}

Given r > 0 we set B{ (I;7) the ball of radius r in C{ (I, H*(T,C?)) and by BX,(I;1) the ball of radius r in
O, (1, (T,€2).
A vector field X (uw) is translation invariantif
Xote=tcoX, VceR,
where the translation operator t is defined by
ter ulx)— ulx+¢).

Given a linear operator R(u)[-] acting on Lﬁ(T ;0) & Hg (T;C) we associate the linear operator defined by the
relation R(u)v = R(u)7v for any v € L(Z)(T;C[Z). An operator R(u) is real if R(u) = R(u) for any u real.
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3.1 Paradifferential calculus

We introduce the para-differential calculus developed in [18,125].

Classes of symbols. Roughly speaking the class f;’,’ contains symbols of order m and homogeneity p in u,

whereas the class I

KKp contains non-homogeneous symbols of order m that vanish at degree at least p

in u and that are (K — K')-times differentiable in ¢. We can think the parameter K’ like the number of time
derivatives of u that are contained in the symbols.

Definition 3.1 (Symbols). Let meR, p, NeN, K,K' e Nwith K’ < K, and ¢y > 0.

i)

ii)

ii)

p-Homogeneous symbols. We denote by f;’,’ the space of p-linear symmetric maps from (H> (T; Cz))p
to C°(T xR;C), (x,¢) — ap(Uy,...,Up; x,$) whose associated polynomial has the form

ap(U;x,8) £ ap(U,...,U;x,&) £ 7%#’ a? (f)u;? PACRS (3.4)

I A O1yeeny p _ Or(1)reor Uﬂ(p) .
a; &= a i» &= ajn(l)r~~~rjn(p) (&) for any z permutation of {1,..., p},
and for some p > 0,
10£ad @1 < Cp(Y @™ F, ViezP,Ge(s)?, peN. (3.5)
We have used the following notations for given j = (ji,..., jp) € ZP and 6 = (01,...,0)p) € {£}7,
D EmMax@ i), (IEmaxillpl uf 2uf ]

where for a fixed u € C, we denote

+ A -4

u u and u u.

We denote by fg” the space of constant coefficients symbols ¢ — a(¢) which satisfy (3.5) with u = 0.

m
K,K',

Ue Bﬁr (I;€0) for some sy large enough, with complex values, such that for any 0 < k < K- K/, any
s 2 g, there is 0 < €o(s) < €g such that for any § € N the following holds. There is C =S Cs, > 0 such that
forany U e ng/ (L;ep(8) N Cf*K/ (I; HS (T;C[Z)) and a € N, with a < s— sy one has the estimate

Non-homogeneous symbols. We denote by I' p [eo] the space of functions a(U; t, x,¢), defined for

|oFatofawst,x 0| <@ PIUIL L 1Ulksrcs- (3.6)

If p = 0 the right hand side has to be replaced by C(&)™ 5.

We say that a non-homogeneous symbol a(U; x,¢) is real if it is real valued for any U € BS/R (I;€0)-

Symbols. We denote by X'}’ , » [0, N] the space of symbols

N
aU; t,x,6) = ) aqU;x,&) + a>n(U; t,x,&) (3.7)
q=p

where a4, g = p,...,N are homogeneous symbols in f(’f and a- is a non-homogeneous symbol in
rlng,K/,Nﬂ'
We say that a symbol a(U; ¢, x, &) is real if it is real valued for any U € BgR(I; €0).

We shall also denote with Zg 'y’ the subspace of T Z’ Kp (€9, N] made of pluri-homogeneous symbols,

namely symbols which expand as in 3.7) with a.x =0.

Remark 3.2. Let us make the following remarks.
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* Given a p-homogeneous symbol a, € f,’g”, we shall often, with a slight abuse of notation, identify the
associated p-homogeneous polynomial with the p-linear symbol itself

ap(Uy,...,Up;x,8) e~ ap(U;x,8) £ ap(U,...,U;x,8).

This identification is harmless due to the standard correspondence between p-homogeneous polynomi-
als and symmetric p-linear maps.

e If a(U;-) is a homogeneous symbol in f,’g" then it belongs to the class of non-homogeneous symbols

rjr?,o,p[GO]» for any €9 > 0.

¢ The classical properties expected for a symbol hold: if a is a symbol in ZFK K p[eo,N] then 0,a is in
er,K’,p[eo’ N] and 0¢a belongs to ZFK K'p [eg, N]. If in addition b is a symbol in ZI“I’?”K,VP, [eg, N] then
their product ab is a symbol in Zl";?y}f’?pw, leg, N1.

We also define classes of functions in analogy with our classes of symbols.

Definition 3.3 (Functions). Let p, N € N, K, K’ € N with K’ < K, €g > 0. We denote by ]:"p, resp. Fx,x,pl€ol,
2Fk k', pleo, N1, the subspace of Y, resp. TV K.K',p [eo], resp. ZIY K.K'\p [, N1, made of those symbols which
are independent of £. We write FX, resp. F& KK p[€o] TFR KK p[eo, N], to denote functions in .7:",,, resp.

Fx k' pleol, ZFk k', pleo, N1, which are real valued for any u € Bgl (1;€0).

Paradifferential quantization. Given p € N, we consider functions y, € C®([R” xR;R) and y € C*° R xR;R),
even with respect to each of their arguments, satisfying, for 0 < dy < 11—0,

suppyp < {(E, ) eRP xR st [E'1<80(E),  xpE &) =1 for [&'] < 560¢E),

! ! I ! (3.8)
suppy c{(&,&) eRxR st [&'] <)}, X&) =1 for [&'] < 380(8).

For p =0, we set yo = 1. We assume moreover that

10505, (&, DI < Crp@ TP, veen, peny,

10£05 X (&, DI < Cr P, We, BeN.

If a(x, ¢) is a smooth symbol we define its Weyl quantization as the operator acting on a 2z-periodic function

u as
opV(aux) = Z (Z &(k—j,%)uj)eikx,
kez " jez

where da(k, ¢) is the k' —Fourier coefficient of the 2 —periodic function x — a(x, &).

Definition 3.4. (Bony-Weyl quantization) If a(U; x, ) is a symbol in T'?, respectively in "7 KKp [eo], we set

ay, U;x,02 Y x,(7,6al @ ufe 7%,
7@y J J
ge{£}P

ay(U;x, 6% Y x(j,&)awu; j,oel”,
JEZ*

where in the last equality 4(U; j,¢) stands for j!* Fourier coefficient of a(U; x, &) with respect to the x vari-
able, and we define the Bony-Weyl quantization of a(U;-) as

+k\ s(j+k) 5
op™ (aU; Nvx) 2 0pY(ay, U;Nv = Y xp j] )ag J—)u;zyjelkX, (3.9)
G, ke@)r+
ge{+}P
g-j+j=k

2

i+ k k+j ;
0p™ (a(U; ) v(x) 2 0p¥ (ay (U; Nv(x) = Y )((k—j,]—) a(U;k—j,—]) vjelk® 3.10)
(j,k)e(z*)? 2 2
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Note that if)((k— J» %) #0then [k—j| < 6“%) and therefore, for 6, € (0, 1),

1- 50 1+ 50
k| <ljl < kl, VjkeZ.
1+50| |\|]|\1_50| | J
This relation shows that the action of a paradifferential operator does not spread much the Fourier support
of functions.
If a is a symbol in XT

m

K.K'p [0, N1, we define its Bony-Weyl quantization

N
op™ (aW;)) = Y. 0p®W (a4(U;)) + 0p®Y (as N (U; ).

q=p
We define as well
a(U;x,¢) 0
Opgec (@ (U3 x,8)) éOpBW( o TTED ) a' (U;x,8) £ a(U;x,=¢). 3.11)
Remark 3.5. « The operator Op®W (@) maps functions with zero average in functions with zero average,

and I3 Op®Y (@) = Op®W (a)T13.

* If ais a homogeneous symbol, the two definitions of quantization in (3.9)-(3.10) differ by a smoothing
operator according to Definition[3.11]below, see [18, page 50].

* Definition 3.4 is independent of the cut-off functions y, x, up to smoothing operators (Definition

B.I1D.

« The action of Op®"Y (@) on the spaces H* only depends on the values of the symbol a(u;t, x,¢) for
|€| > 1. Therefore, we may identify two symbols a(u; t, x,¢) and b(u; t, x, ) if they agree for |£| > 1/2.
In particular, whenever we encounter a symbol that is not smooth at ¢ = 0, such as, for example,
a= g(x)|&™ for m € R*, or sgné, we will consider its smoothed out version (1 - y(£)) a (x, &), where y
is defined in (3.8). Similarly for p-homogeneous symbols.

Remark 3.6. Given a paradifferential operator A = Op5W (a(x, ) it results
A=0p™(ax-0), AT=0p™(a(x,-¢), A" =0p™(a(xd)

where AT is the transposed operator with respect to the real scalar product (- | -)g in (3.2), and A* denotes
the adjoint operator with respect to the complex scalar product (- | -)¢ on L? in 3.2). It results A* = Al

* A paradifferential operator A = Op®W (a(x,¢)) is real (i.e. A= A) if

a(x,§) = a(x,=¢). (3.12)

o Itis symmetric (i.e. A= AT) if
a(x,§) = a(x,—¢).
We now provide the action of a paradifferential operator on Sobolev spaces, cf. [18} Prop. 3.8].

Lemma 3.7 (Action of a paradifferential operator). Let m € R.

i) If p e N, there is sy > 0 such that for any symbol a inT™, there is a constant C > 0, depending only on s
and on (3.5) withb = =0, such that, for any (U, ...,Up), forp > 1,

|op™™ (a(Uy, ..., Up; ) up1 |

Fs-m <C||U1||H50'”||Up|

H% | up+1| Hs*

If p = 0 the above bound holds replacing the right hand side with C ||up+1 |

K,K',
and on 3.6) with0 < a < 2,6 =0, such that, forany t inI, any0 < k< K—-K', anyU in Bg(l;eo),

ii) Leteg>0,peN,K'<KeN, ainl” p[eo]. There is sy > 0, and a constant C, depending only on s, €y,

|0 (okaw; )| <clu, )l

i) (3.13)

p
k+K’,SQ ’

so that | Op®™ (a(U; £, N v ()| g sy < CIU@ R N0O k-0, 5-
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Classes of m-Operators and smoothing Operators. Given integers (n1,...,1p41) € (N*)P*! we denote by
maxo {nl, e np+1} the second largest among ny, ..., np+1. We now define m-operators which include the
class of paradifferential operators of order m (see Remark[3.12) and allow to define the smoothing remain-
ders when the order m is negative (see Definition B.11). The class M’" denotes multilinear operators that
lose m derivatives and are p-homogeneous in u, while the class M"? KK\ p contains non-homogeneous oper-
ators which lose m derivatives, vanish at degree at least p in u, satisfy tame estimates and are (K — K')-times
differentiable in ¢. The constant u in takes into account possible loss of derivatives in the “low" fre-
quencies.

The following definition is taken from [25} Def. 2.5] (see also its Fourier characterization in [25, Lemma

2.9].
Definition 3.8 ( Classes of m-operators). Let meR, p, NeN, K,K' e Nwith K’ <K, and ¢y > 0.

i) p-homogeneous m-operators. We denote by MZ“ the space of (p + 1)-linear symmetric translation
invariant operators from (> (T;C2))” x H*(T;C) to H* (T;C), whose associated polynomial has the
form

MUWEMU,....0v="Y M} ufvje*™ (3.14)
ge{+}?
k-j=06-j
with coefficients M]f’ ik symmetric in (j1,01),..., (jp,0p), satisfying the following: there are u >0, C >0
such that, for any j = (j1,..., jp) € (Z*), j, k€ Z*, it results

M | < cmay il Ll L max{lia] oo i L™ 3.15)

If p = 0 the right hand side of (3.14) must be substituted with YjezMjv; el * with |M]| <C |]|m

ii) Non-homogeneous m-operators. We denote by M €o] the space of operators (U, t, v) — M(U; t)v

-
K,K',p
defined on Bg (I;€9) for some sy > 0, which are linear in the variable v and such that the following holds
true. For any s > so there are C > 0 and €((s) €]0,¢q[ such that for any U € Bﬁ’ (I;ep)nCK (I, Hs('I]';G:)),

any ve CK-K (I, H%(T;0)), any 0 < k < K— K, t € I, we have that

[k mwson| |, <c X (1whslUI, g + 100 IV 10 Tkes). 36)
2 K+ K=k

In case p = 0 we require the estimate IIGk (MWU; vl m < Cllvlk,s. We say that anon-homogeneous

S—— —

m-operator M (U; t) is real if it is real valued for any u € BSO' (I;€p).

iii) m-Operators. We denote by M’ KKp [0, N] the space of operators

N
MU;tiv=)_ My(U)v+MsyU; v, (3.17)
q=p

where M, are homogeneous m-operators in /\;l;”, q=p,...,N and M.y is a non-homogeneous mi-
operator in M7 x.x'.N+1l€0]. We say that a m-operator M (u; 1) is real if it is real valued for any u €

Bg, K (I;€0). We shall also denote with ZILY ./WZ’ the subspace of
M ;? K p[eO,N ] made of pluri-homogeneous m-operators, namely symbols which expand as in (3.7)
with Mspy =0.

Remark 3.9. By [25, Lemma 2.8], if M(Uj,...,U,) is a p-homogeneous m-operator in HZI then M(U) =
M(U,...,U) is a non-homogeneous m-operator in M?! [eq] for any ¢g > 0 and K € N. We shall say that
M(u) is in ./\/l;,”.

Notation 3.10. e If M(Uy,...,Up) is a p-homogeneous m-operator, we shall often denote by M (U) the

K,0,p

associated p-homogeneous polynomial, asin (3.14), and write M(U) € M p - Conversely, a p-homogeneous

polynomial can be represented by a (p + 1)-linear form of the type M(Uy,...,Uy) Up+1, which may not
be symmetric in the first p variables. If this form satisfies the symmetric estimate (3.13), then it cor-
responds to an m-operator in M’ » Obtained by symmetrizing the internal variables. In the sequel, we
adopt this identification without further comment.
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e given an operator M(U; t) in ZM’ ., [r, N] of the form (3.17) we denote by

K,K',p

N
PNIMWU; 012 Y. Mg(U), rtesp.  PglMU; 0] = Mg (U), (3.18)
q=p

the projections on the pluri-homogeneous, resp. homogeneous, operators in Zg Mm, resp. in /A\;IZ“
Given an integer p < p’ < N we also denote

/

N
Pop MU D12 Y. Mg(U), P<pyMU; D12 Y. MyU).
q=p' qa=pr

The same notation will be also used to denote pluri-homogeneous/homogeneous components of
symbols.

If m < 0 the operators in ZM 7 KK\p [, N] are referred to as smoothing operators.

Definition 3.11 (Smoothing operators). Let p > 0. A (—p)-operator R(U) belonging to M ° KK\ p [eg, N1 is
called a smoothing operator. We also denote
028 170 -0 A Aq70 0 N=0 & ¢ N30
Rp _Mp ) RK'K/’p[GO] _MK,K/,p[GO]’ ZRKK’ [60» ] ZMKK/ [GO»N]» ZPR(] _ZPM(] .

[eg, N1, m € R, then the associated
KK'\p (€0, N].

K.k',p, (€0, Nl and Ry € ZRK K'p
[€0, N1. This is a particular case of Proposmonm-(l) below.

Remark 3.12. « Lemma[B.7limplies that, if a(U; t,-) is a symbol in ZI'7? KKp
paradifferential operator Op®W (a(U; t,-)) defines a m- operator in = M7

e The composition of smoothing operators R; € >RE [60, N] is a smooth-

ing operator R; R in ZRK K'\py+ps
Definition 3.13 (Homogeneous vector fields). Let m € R and p, N € N. We denote by % ', the space of
(p + 1)-homogeneous vector fields of the form X(U) = M(U)U where M(U) is a matrix of p homogeneous

— 2%x2
me-operators in (/\/l ;7,1) . In particular, one has the Fourier expansion

X"

xo= 10|

xo’s Y XYu
(77’@6'7_0-)65;74-2

where the Fourier restriction T, is the set of momentum preserving indices, defined, for a given g € N*,
as
T, 2{(7,6)ez9x{£}1 st G-7=0}. (3.19)

We denote Zgﬁl%m the class of pluri-homogeneous vector fields. The vector fields in x°
smoothing.

pi1 0 >0, are called

Symbolic calculus. Let 0(Dy, D¢, Dy, Dy) £ DDy — Dy Dy, where Dy = 10, and D¢, Dy, Dy, are similarly
defined. The following is Definition 3.11 in [18].

Definition 3.14 (Asymptotic expansion of composition symbol). Let p, p'inN, K, K’ e Nwith K’ < K, p >0,
m, m’ €R, ¢y > 0. Consider symbols a € XTI [eo, Nland b e ZFI’?K, ,l€g, N]. For U in Bf([;eo) we define,
for p < o — sp, the symbol

K,K',p

e 1 (i k
(atob) (U; t,x,6) = Zk, o (Dx, D¢ Dy»Dn)) [a(U;t,x,f)b(U;t,y,n) o
k=0 x=y,6=1
modulo symbols in ZFK K, i € leo, N1.
m+m’

The symbol a#,b belongs to XTI N]. Moreover

KyK!yp_*_pl [60’
#.b=ab+ 1{ b}
a =a —{a,
e 2i

23



up to a symbol in =T I’"g’}’?f’;jrzp ,[€0, N1, where

{a,b} & 0cadxb—0yxadeb

denotes the Poisson bracket. The following result is proved in Proposition 3.12 in [18].

Proposition 3.15 (Composition of Bony-Weyl operators). Letp,q,N,K,K'e NwithK' < K,p >0, m,m' eR,

€0 > 0. Consider symbols a € ZT'"} KKp leg, Nl and be XTI leg, N]. Then

K,K',q
0p" (a(U; 1,x,£) 0 0p®™ (b(U; 1, x,6)) — Op™Y ((a#, b) (U; £, x, )

—p+m+m'

is a smoothing operator in ZRK’K,’pw [€o, N1.

We have the following result, see e.g. Lemma 7.2 in [18].
Lemma 3.16 (Bony paraproduct decomposition). Let uy, uz be functions in H° (T;C) with o > . Then
s = Op™Y (1) + Op™" () un + Ry ()t + Ro(uz) in
where for j = 1,2, R; is a homogeneous smoothing operator in ﬁ;p foranyp > 0.
We now state other composition results for m-operators which follow as in |25, Proposition 2.15].

Proposition 3.17 (Compositions of m-operators). Let p, p’, N,K,K' € Nwith K' < K andey > 0. Let m,m' €
R. Then

L If M(U;1) is in ZMY 4, l€o, N] and M'(U; 1) is in EM

0
M'(U; 1) is znZMz}?};ﬁ% g, N1.

KK, p .[€0, N1 then the composition M (u;t) o

2. If M(U) is a homogeneous m-operator in MZI and M([)(U; 1), ¢ =1,...,p+1, are matrices of my-
operators in ZMK X'a [eO,N] withmy €R, gy €N, then

M (MY W;vu,..., MPU; pU) MPD (U 1)

belongs to ZM}?}}@FW leo, N1 with m 2 Z?:ll max(my,0) and § = ZZ+11 qe.

3. Leta be a symbolin ZFK K'p [e0, N] with m > 0 and R a smoothing operator in ZRK K p ,[€o, N]. Then
0p™ (a(U;1,)) oRWU; 1), RWU;1)00p™ (a(Us1,) €ZRE" leo, NI.
4. Ifap isin f;” and M(U) € ZM%”/K, p,[r,N] then a,(M(U),U,...,U; x,¢) EZFKK, Dp [r, N] and

op"W(aW,U,...,U; %,O)jw-mw) = 0p™ (ap(M(U), U, ..., U; x,8)) + R(U)

whereR(U) € ZRK K pp! [r, N1, for any p > 0. In particular ifa € T [r, N] then

K,K',p
If 8,U=MyU)U, MO(U)ezMKK, [r, N1,
then 0,0p®" (a(U;x,&) = 0p®" (ap(U; x,)) + R(U),

where apy) € ZI'"?

[r,N] and R(U) € 2R L., .[r,N]

KK'+1,p K.K',p
Notation 3.18. In the sequel if K’ = 0 we denote a symbol a(U; t, x, &) in FK op [eo] simply as a(U; x,¢), and a
smoothing operator in R(U; t) in ZRK'O’ pleo, N] simply as R(U), without writing the #-dependence.

We finally provide the Bony paralinearization formula of the composition operator whose proof is a
combination of [18, Lemma 3.19].

Lemma 3.19 (Bony Paralinearization formula). Let F be a smooth C-valued function defined on a neighbor-
hood of zero in C, vanishing at zero at order q € N. Then there are sy,ey > 0 such that if u € By (T;r) (€0),
then

F(u) = Op®™ (F'(w))u+R ) u,

where R (u) is a smoothing operator in ZRI_(QO 7 €0 N1, ¢’ £ max(q - 1,1), for any o > 0.
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3.2 Spectrally localized maps

In this section we introduce the class of spectrally localized map, needed to apply the Darboux symplectic
correction (see Proposition[ZT)). This class was introduced first in |25, Def. 2.15]

Definition 3.20 (Spectrally localized maps). Let meR, p, N€ N, K, K’ e Nwith K’ < K and r > 0.

i)

ii)

ii)

Spectrally localized p-homogeneous maps. We denote by :S’:’," the subspace of m-operators S(U) in
M p whose coefficients S; ik (see (3.14)) satisfying the following spectral condition: there are § > 0,C >
1 such that

$7.x#0 = 1j1<0ljl, CTIkI<IjI<CIKL

We denote S £ Up "t and by ZN Sg' the class of pluri-homogeneous spectrally localized maps of the
form Zq p Sq with Sq € Sm and ZpS’” = UnenZy Sm For p > N + 1 we mean that the sum is empty.

Non-homogeneous spectrally localized maps. We denote S I’? Kp

S(U; t)V defined on B?(I; r) x I x CO(I, H*(T,C)) for some sy > 0, which are linear in the variable V
and such that the following holds true. For any s € R there are C > 0 and r(s) € [0, €] such that for any

[eo] the space of maps (U, t,V) —

Ue BK (L;r(s)nC*(I,H(T; Cz)),anyVE o HS(T,C)), any 0 < k < K—K', t € I, we have that
k .
0 (S(U; ) V)(t, ')lle_,k m <C Z ||U||p,’50||V||Hk”,s, ifp>1,
k+k'=k
||01,f(S(U; Hv)|l Iy <ClIV ks ifp=0.

We denote S’ . €0l 2U, Sk plol.

Spectrally localized Maps. We denote by ZS7"

KK p [r, N1, the space of maps (U, t,V) — S(U; 1)V of the
form

N
SWU;NV =) SqUHV+SsnU;nV,
q=p

where S are spectrally localized homogeneous maps in :S’;m, q=p,...,Nand Ssyisanon-homogeneous

2x2
spectrally localized map in S We denote by (Zm [r,N ]) the space of 2 x 2 matrices

K,K',N+1 [€o]- KK',p
whose entries are spectrally localized maps in X" KKp [r, N]. We will use also the notation 2 KKp [r, N] £
Ul}OZK'K/'p[ryN"" l]-

3.3 z-dependent paradifferential calculus

The following “Kernel-functions”, that depend on the "convolutive 2x-periodic variable" z, have to be con-
sidered as Taylor remainders of functions K (i; x, z) at z = 0 which are smooth in # and which have finite
regularity in x and z. A Kernel function is a z-dependent family of functions (cfr. Definition [3.3) with coef-
ficients of size proportional to |z|%f. For n > -1 such singularity is integrable in z.

Definition 3.21 (Kernel functions). LetneR, p, NeN, KeN, and ¢y > 0.

i)

p-homogeneous Kernel-functions. If p € Nwe denote KF Z the space of z-dependent, p-homogeneous
maps from H> (T;C) to the space of x-translation invariant real functions «(i; x, z) of class C* in
(x,2) € T2 with Fourier expansion

Kwx,2)= Y. Kj.j,@uj w0 Z2e o),
j],...,jpEZ*
with coefficients xj,, _ ;,(2) of class C*° (T;C), symmetric in (j,..., jp), satisfying the reality condition
Kjpymjp (B) =K—jy, = j, (2) and the following: for any / € N, there exist u > 0 and a constant C > 0 such
that

iy @) CT 12 VT = (e Jp) €@ (3.20)

For p = 0 we denote by ﬁg the space of maps z — «(z) which satisfy |6é1<(z)| <C Izlﬁ_l.
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ii) Non-homogeneous Kernel-functions. We denote by K.F 1?,0, » [eo] the space of z-dependent, real func-
tions x (¢; x, z), defined for u € B?O(I ;€0) for some sy large enough, such that forany 0 < k < Kand I <
max{0, [1+ nl}, any s > s, there are C > 0, 0 < €(s) < € and for any u € BX (I;e0(s)) n C¥ (1, ¥ (T; ©))
and any b € N, with a < s — sp, one has the estimate

|o¥asolx awx, 2| < Clul ulks 12137, ze T}, (3.21)

If p = 0 the right hand side in (3.2I) has to be replaced by |z|1’}_l.

iii) Kernel-functions. We denote by ZKF I’g op [0, N] the space of real functions of the form

N
K(U;x,2) = ) Kq (U X,2) +K>N(U; X, 2),
q=p

where x4 (4; X, 2), 4 = p,..., N are homogeneous Kernel functions in KF" and x-y(u; x, z) is a non-
. 0
homogeneous Kernel function in KFy ; v, [€o].

A Kernel function x (u; x, z) is real if it is real valued for any u € B?O r;€0).

We list some properties of the Kernel functions. In view of the second point of Remark[3.2] a homoge-

neous Kernel function x (u; x, z) in KF, defines a non-homogeneous Kernel function in KFg pleo] for any
€0>0.

Remark 3.22. Let us make the following remarks.

Let x (u; x, z) be a Kernel function in XF 1’<l op [eg, N] with n > 0, which admits a continuous extension in
z=0. Then its trace x (u; x,0) at z =0 is a function in Z]—"}'ﬁ 0p l€g, N].

If x (u; x, z) is a homogeneous Kernel function KF " the two definitions of quantization in (3.9) differ by a
Kernel smoothing operator in I,(TQ;Q’”, for any p > 0, according to Definition 3.25 below.

(Sum and product of Kernel functions) If x (i; x, z) is a Kernel function in X KF ]?‘0 m [eg, N1 and x» (u; x, 2)

; ) . ; s min{rny,n}
in ZK]-"K’O'p2 [eg, N1, then the sum (k] + «2) (¢; x, z) is a Kernel function in ZK‘FK’O'mm{phpZ} [eg, N1 and the

. i : : ni+n
product (x1x2)(u; x, z) is a Kernel function in ZK}—K,Io,pfwz leo, N].
(Integral of Kernel functions) Let « (u; x, z) be a Kernel function in XKF ]’éo » leg, N] with n > —1. Then

Fx (u;x,z)dz is a function in Z}—E,o, » [0, N]. This follows directly integrating (3.20) and (3.21) in z.

The m-Kernel-operators defined below are a z-dependent family of m-operators (cfr. Definition [3.8)

with coefficients of size proportional to |z|%f. For n > —1 such singularity is integrable in z. A family of z-
dependent paraproduct operators associated to Kernel functions defines a 0-Kernel operator, see Remark
3241 The kind of operators will appear only in case m < 0, as smoothing operators in the composition of
Bony-Weyl quantizations of Kernel-functions (see Definition [3.25).

Definition 3.23. Let m,neR, p, NeN, K e Nwith eg > 0.

i) p-homogeneous m-Kernel-operator. We denote by KM;T'" the space of z-dependent, x-translation
invariant homogeneous m-operators according to Definition [3.8} Item i in which the constant C is
substituted with C|z|7, equivalently

Mwz2vx)= Y M ic@uj..ujvie*™,  zeT\{o}, (3.22)
GprJ k)ezP*?
St tjptj=k
with coefficients satisfying

M,k (D1 < Cmaxe {| o], [ jp |, [} max{| ], [l |7} " 1217 - (3.23)

If p = 0 the right hand side of (3.22) is replaced by }_ jcz M (2) vjeijx with [M; (2)| < C |]|m |zIT.
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ii) Non-homogeneous m-Kernel-operator. We denote by K.M?O” » [eo] the space of z-dependent, non-
homogeneous operators M (u; z) v defined for any z € T \ {0}, such that forany 0 < k < K

k -1
|k <clalt ¥ (iwlendull vl el ). G20
sTak=m k'+k'=k

m

iii) m-Kernel-Operator. We denote by ZKM K'”p [0, N] the space of operators of the form

N
M(u;2)v = Z Mg (v + Msn(u; 2)v (3.25)
q=p
where M, are homogeneous m-Kernel operators in m’” ,q4=p,...,Nand M-y isanon-homogeneous

m-Kernel-operator in M?O” ~+1l€0]. We denote by Zg ./WZ’ the space pluri-homogeneous m-Kernel op-
erators of the form (3.25) with M- =0.

Remark 3.24. Given a Kernel function x (u; x,z) in TKF? = [eo, N] then OpBW (x (u; x, 2)) is 0- Kernel oper-

K,0,p
. 0,n
ator in ZKMK,O,p leo, N].

Definition 3.25 (Kernel-smoothing operators). Given p > 0 we define the homogeneous and non-homogeneous
Kernel-smoothing operators as
R 2 KRG, KRR o) S KM oo, ZKR e N1 SEMES e N
Inview of [25] Lemma 2.8], if M (i, ..., u; z) isahomogeneous m-Kernel operator in m’” then M (u,...,u; z)
defines a non-homogeneous m-Kernel operator in K./\/l?’(;1 » [eo] for any ey >0 and K € N.
The classes of paraproducts associated to Kernel functions and m-Kernel-operators are closed w.r.t.
compositions as we list below, cf. [17].

Proposition 3.26 (Composition of z-dependent operators). Let m,n, m',n’ € R, and integers K, p,p',N € N
with p, p' < N.

1. Letx (u;x,2) € ZK]:I’éop leo, Nl andx' (u;x,z) € ZK]:I?/

0.p [eo, N1 be Kernel functions. Then

Op™W (x (u; x,2)) 0 Op™W (' (13 x, 2)) = Op®W (x «’ (u;x,2)) + R (13 2),

,R—Q,n+n’

where R (u; z) is a Kernel-smoothing operator in 2K K,0,p+p

, [, N1 foranyp > 0;

2. Let M (u; z) be a m-Kernel operator in ZKM;("’&) [€o, N1 and M' (u; z) be an m'-operator belonging to

' n! ’,0 , ’
KM " 1€, N1. Then M (u; 2) o M’ (u; 2) belongs to ZKMZSTET;(,M I Lo, NI;
3. Letx (u;x,z) be a Kernel function in ZK. I’gO p [eo, N] and R (u; z) be a Kernel smoothing operator in

SKRL" [eo, N] then OpBW (x (u; x, 2)) o R (u; 2) and R (u; 2) o OpBY (x (; x, 2)) are a Kernel smoothin
K,0,p p p g

operator in ZKR]}%’;’Z, [eo, N1;

4. Let M (u; z) be an homogeneous m-Kernel operator in mm’", and M' (u;z) in ZKM%’OO ol€0, N1 then
M (M (u;2) u; ) € ZKMI'?'(;'I [€0, N1.

Finally integrating (3.23) and (3.24) in z we deduce the following lemma.

Lemma 3.27 (Integrals of Kernel smoothing operators). Let R (u; z) be a Kernel smoothing operator belonging
to ZRI}Q(;'; leo, N] withn > —1. Then

fR(u;z)g(x—z)dz:Rl(u)g, fR(u;z)dz=R2(u),
T T
where Ry (1), Ry (u) are smoothing operators in ZRI}?O_ p [€o, N].
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The following proposition will be crucial in Section[] and is proved in [17].
Proposition 3.28. Letn > —1 andx (u; x, z) be a Kernel-function in ZK F I’é 0,p [€0, N1. Let us define the opera-
tor, for any g € H*(T;R), s€ R,
(7xg) (x) & fv 0p™Y (x (u;%,2)) g (x— 2)dz.

Then there exists

e asymbol a(u;x,¢) in ZF (H”) [0, N1 satisfying (3.12);

* a pluri-homogeneous smoothing operator R (u) in Zg ﬁ;g foranyp>0;

such that T, g = Op®W (a(u; x,&)g + R (w) g.

4 Paralinearization of the Kelvin-Helmholtz system

Notation 4.1. In the present section we use the following notation

SR(I r= BCK(IHS(TR)) 7).

We warn the reader that such notation is conflictive with the notation introduced at page[18] but we think
that in the restricted context of the paralinearization procedure outlined here there is no risk of confusion
and it helps to streamline the mathematical statements that we present.

In the present section we paralinearize the system Eq. (I9) in the (1, y)-variables. The result we obtain
is the following one.

Theorem 4.2. Let NeN,y > 0,beR andp > 0, for any K € N there exists sy > 0 and €y > 0 such that if
RVAS Bg g (I;€0) is a solution of Eq. (L9) then (n,v) solves the paradifferential equation

Nt
Yy

where

U] U]
+R(n, , 4.1
v (n.v) [w] (4.1)

] = 0p" ™ (Qyp (w3 x,&) + By (1, ) 1E] =iV (n, w3 x) Idge & + Ao (m, w3 x,€))

* The matrix of symbols Q, ,, satisfy 3.12) and is given by

_e
0 2

Y x,8) 2 e (212 5, leo, N1)* %,
Q%b(’lﬂ’xf) [ Y(1+f(77;x))(|5|2_1)_(b2_2+wb(nvw?x))|f|+(1+2n) 0 ( k.00 [€0 1)
(4.2)
with
é( 1+277 ) IEZ.FKOI[EO,N],
1+217 +17x
1
wy (1, w; )éE(Wb (nv;x) - bz)EZJ:Km[eOvN]v 4.3)
1+2
We (95 %) 2 (7 +b) ———— e SFE | [eo, NI.
(1+2n) +17%
In particular, W;, (0,0; x) = b;
1 (n,w; x) 0 R 2x2
By (n,w;x) 2 = By € (ZFR, leo, NI) 7, (4.4)
20V Z 5 B i) (i) | FFrorlo )
where
O (m; x 2n.(1+2n
By (1,y;.x) = (yx +D) 15217)62}‘}'?_0,1 [0, N1, Jo(n;x)émj;(nTn)zezﬁ'ﬁ_o,l [0, N].
X

In particular By, satisfy 3.12);
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* V% (n,y;x) € ZFE | leo, N1 and is explicitly defined as

1 b
Vo (my3x) = 200 (1) [b+yc] - 2, (4.5)

where Dy (1) is defined in ;

2%

2
o Ay (nw;x,é)e (ZF?CO’I l€o, N ]) satisfies B.12) and is explicitly defined as

A (wsx8) AL (w5 %)

n
A (nw;x,8) = | Aw
A (mw;x,§) AL, (w5 x,8)

i

with AT, (n,w;x,8) € TR | leo, N foru=n,y and m e R;
_ 2%x2
* R(ny)e (ZRKQM [eO,N]) and is real-valued.

2 .
Remark 4.3. Notice that the quasilinear contribution — (b_22 + Wy (n,u/;x)) HE w |€] is not nil when
b =0, as it is evident from Eqgs. (4.68) and (4.69). This term, in particular, is an unstable contribution that is
not present in the one-phase version of the present system, cf. [1,[18}125].

w 2 .
e (Bg R 5; 60)) , we use the notation
9 )

Notation 4.4. Along this section, forn e Bg r (I;€0) and W £

1. Forany x,z€ T (cf. (L3))

r:r(x):r(n;x):\/1+21)()c)€z.7-"}'§’0y1 l€o, N1, S.nEn(x)-n(x—z) e KF; (4.6)

2. V(W;x)is a generic element in 2.7-"5 0.1 [€0, N1 (cf. Definition3.3) and V" (W; x, ) is a generic element
in Z]—"I’go , €0, N1, n > —1 (cf. Definition[3.21);

3. A (W;x,8) is a generic element in XI'Y | [eg, N] for m € R that satisfies G.12) and Ay, (W x,¢) isa

2x2
generic element in (ZFI’? 01 l€0, N ]) for m € R whose entries satisfy (3.12);

-0

ko1 €0, V] which is real-valued and R (W; z) is a generic element in

4. R (W) is a generic element in ¥R

_ _ 2%x2
IR Kﬁ;ﬁ [€0, N1, n > —1 which is real-valued. Similarly R (W) is a generic element in (ZR K?O,l leo, N ])
Y

which is real-valued and R (W; z) is a generic element in ZR K 0”1 [€o, N1, n > —1 which is real-valued.

Remark 4.5. Accordingly to the notation introduced in Notation [£.4]we write

ROW)W- m = Ry (W) w1 + R (W) w2,

_ 1
where Ry and R, are elements of the space ZRKQO 1 l€o, NI The same holds when we write R(W;z) W - [1] .

Notice that from Equation we derive the relation
H(n)w =nx Do (n) o+ (n) o, 4.7)

where

[1>

f VI+2n(x)\/1+2n(y)sin(x—-y)
T 14000 +n(y) - /1+2n04/1+2n(y) cos (x - y)

Ho () w w(y)dy. (4.8)
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4.1 Paralinearization of #, (n)

The present section is dedicated to paralinearize the nonlocal operator #,(n) given in (4.8).

Proposition 4.6. Let N e N andp > 0, for any K € N there exist s) > 0 and ey > 0 such that ifn, g € Bg g (I;€0),

the nonlinear operator Hy (n) in @38) admits the following paralinearization

1.
Ho () g = Op™" (=i (1+K® (n; x)) sgné + Az (m; x,€)) g
BW(_ 8 oq,. . ni. |1
+Op 1+271K (m x) 1E1+ A (n,g.x.f))mﬂ(n,g) [g] [1] ,
where
KO (17 %) a__ My ow (€0, N]
’ (1 +2n)2+17§ o1
3
4 1+2
K0 (n;x) I nx( . 77) _ E}—%,O,l €0, N1,
((1+2n)* +n3)
2%x2
Ay (0,85 %,8) € ZTR, | leo, N] satisfies andR(n,g) € (ZRI_(?O,I [eo,N]) is real-valued.
2. 0
K" (n; x
Ho () 111 = 0p”Y # €1+ Aoy (n:x,f))mR (m)n,
+2n
where
e K%m;x) € ]:E,o,l leo, N1 and is explicitly defined in (&10);
o Apm (mx,€) € I, 1 [€o, N satisfying B.12);
* R(n)e ZRI}’QO'I leo, N] and is real-valued.
Proof.

Part 1 (Proof of Item[I). With the notation introduced in (£.6) we can rewrite (4.8) as

0z 6,
%(n)ngsz( 77)g(x—z)dz=7—[g+fT(GZ(r—zn)—Gz(O))g(x—z)dz,

2
where
1-2Xsinz

1-X-v1-2Xcosz

Let us now define the desingularization of G,

V1—4X sin(z/2) (2sin (z/2))?
1-2X sin(z/2) — /1—4X sin (z/2) cos z_

o) _ = AZ’?)_ )M.
(GZ( r2 ) GZ(O))g(x Z)_(KZ( r2 2 2tan(z/2)

K, (X) 2 G, (X 2sin(z/2)) 2tan(z/2) =

so that

Notice that from (4.13) we derive

; 4
KL (X) = — X (2sin(z/2)) .

(1 —2Xsin(z/2) —+y/1—-4Xsin (z/2) cos(z))z\/ 1-4Xsin(z/2)

We need the following technical result whose proof is postponed at page 34t
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Lemma 4.7. LetK;(X), be as in Eq. (413). Then

Azn 0
K, ( - +Z2n) —2€ ZKFg o, leo, NI, K.

( Agn

1+217) €XKFR 1 l€0, NI, (4.16)

are Kernel functions, which admit the expansions

A
Kz(leg )—2=K°(17;x)+K1 (n;x) 2tan (2/2) + V2 (n; x, 2),
. (4.17)
/ Azn )_ 0 (. ny(,,. . 2 . :
“\T+27 =K"(m;x) +K" (n;x) sinz+ V= (n; x,2),

where K (n; x) and K" (n; x) are functions in F , | [eo, N1 having the expressions @I0).Then, K (n; x) and
K" (17; x) are functions in Z]—"}'ﬁ 0.1 €0, N1 while V? (17; X, z) are Kernel-functions in ZK]:Iz( 0.1 [€0, N1 as per No-
tation[4.4,

Bony paraproduct decomposition (cf. Lemma[3.T6) give us that

| I M

()4
|

Agn Agn (4.18)
+R, (Kz(r—zz) —2)g(x—z)+R2 (g(x-2) KZ( rzz )—2 )
In view of we can apply Proposition[3.26} Items[2land[4land obtain that
A A
Rl(Kz(rLj)—z)g(x—z):R(n;z)g, Ry (g(x-2) Kz(r%n)—z =R(n:2)g, (4.19)
for suitable R (e; 2) € ZK RI_(Q(;OI [0, N]. We use now Bony paralinearization formula of Lemma[B.I9and Bony
paraproduct decomposition and obtain that
Azn
< [22)-2
Az _ _ _ -
= 0p"W (K’Z ( rZZ )) [OpBW (r3)Am +0p®W (Azn) [r72=1]+Ri(r?=1)An+Ra(Azn) [r72=1]] (4.20)
Azn) Azn
+R ( ) ) 7

Then, we apply again Lemma[3.19] Proposition[3.26, Items[2land[]in order to get that

A, _ _

OpBW(K’z( rzn))(Rl(r *=1)Azn+Re (Azn) [ =1]) =R (m2)n, 4.21)
Azn) Azn

R( 2 ) 2 =R(n;2)n. (4.22)

Besides, combining Proposition[3.26] Item[Iland Lemma[B.I9we obtain that

(A ] ;
05" (KL 552 6™ (r2)am-+ Op™ (.) [ 1))
(4.23)

_ A N
= 0pBYW (r 2K ( rzzn))Ale +0p™™W (V° (n;x,2))n+R(n, g 2)n,

where
Vo, 2) £ r2(KLX)X)1

Azn o
r2

We plug Egs. (4.21) and @.23) in Eq. and the resulting equation and Eq. (4.19) in Eq. (4.18) and obtain,
after using

dz=0

1
fr tan(z/2)
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and applying Proposition[3.26] Item[I] that
(x—2) A
A

+OpBW(V0 (0,8 x,2))n+R(n, & 2)

(4.24)

where
Vi, gx,2) 2 VO, x,2)g(x - 2).

We Taylor expand in z
Vi, g x,2)=Vo(n,&x)+V11,8x,2),  Vi€ZKFg,leo, NI

We thus plug (@.24) in (4.14) and insert the resulting equation in (4.12) and, after application of Remark[3.22]
and Lemma[3.27 we obtain that

B BW Azn)_ )M
%(U)g—ﬂngfTOp (KZ( r2 2 2tan(z/2)dz

pw (8 (X —2) ,(Azn)) 6.m
e d
+f1r0p ( r2 Kz 72 4sin(z/2) tan(z/2) ‘ (4.25)

)

+0p™ (V(n,g:x))n+R (1,82

where .
Vi, & x,2)
V(n,g; x) éf —g
T 2tan(z/2)
We use now the identity 7o /2)1 ey = 4Sin21(z i 800821 D) and Proposition[3.28land Remark[3.22lin order

to transform

fo BW( (x2 Z)Kz(
r
fo BW( (x2 Z)Kz(
r

so that plugging in [@.25) we obtain that

)) 02 dz
4sin (z/2) tan(z/2)

0
1)) e+ O™ (V (0,520 + Acay (i) + R(mg) . (429
4sin? (z/2)

3 BW M)_ )M
%(n)g—ﬂg+f0p (Kz( 2 | %) 2an@n

fo Bw(g();z z) Kz( ))Ldz 427

4sin? (z/2)
+0p™Y (V (1, 8:x) + A=z} (0. 8 %,&))n+ R (1, 8; 2

Now, we can use the Taylor-like expansions (4.17), Proposition[3.28land the fact that g has zero average and
obtain that

BW 27 §(x=2) . BwW [ 0. BW .
[ 00 (ke (357 2] S5z = OpP (<0 ()2t + 0P (e () g+ R(nig) g (429

Next, denoting

s 8(x—2)
1427

A
il )— &K (n;x) € TKF L o 1 [eo, NI,

NUERL) “\1+2n) 1+2n

we Taylor-expand z — K (, g; x, z) obtaining

K(n g xz) =K' (n,g x)sinz+V?*(n,gx z2),
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so that applying Remark[3.22]and Proposition [3.28 we obtain that

(e (22) 52
r 4sin? (z/2)
=0p®W ﬁK’O (n:x)) IDIn+0p™ (K' (1, & x)) 7 +Op™™ (V (1, g x) + A2y (n, & x,))n + R (n, &) .

(4.29)
We plug Eqs. @.28) and (4.29) in Eq. @.27) and use Proposition 3.I5] and obtain the desired quasi-linear
expansion

&Kk (n X)) IDIn

_ BW 0 . BW
H(n)g=0p°" (1+K” (n;x))# g +Op (1+2n

(4.30)
+0p™ (A (1, & %,€))n+Op" Y (A_p) (1 x,€))g + R (1, & 2)

thus 3) can be derive applying Proposition B.I5/to @30) combined with # = OpBW (—1sgn é).
Part 2 (Proof of Item[2). From Egs. and (@.14) we have that

_ Aa) _,)__dz |
%(n)[l]_fv(Kz( r2 ) 2) 2tan (z/2) (4.31)

Thus, we apply Lemma[3.19and obtain that

T I
12 r r r r

Notice that from Proposition [3.26] Item [4lwe have that R( zn) € ZKR KQO 1 €0, N1 and by Taylor expansion
we have that

_ A
R (nx,2) éR( :2") -R(B) e KRG leo, N,

and, since ; e KM leo, N] applying Proposition 3.26] Item[2lwe obtain that

Kol
~ Az o+1,1
R(m;x,2)0 3 €ZKRyq, " leo, NI, (4.33)
so that, thanks to (4.33), we have that
Azn) [ Azn
R
fr ( r2 )1 r?

Next we use the fact that

+f R(n;x,z)dzn.
T

dz _ (nx) f 62n d
= _R(E)|= - z
2tan(z/2) r2) | r2 Jy 4sin(z/2)tan(z/2)

6Z17 . ~1
= D with T
f4sm(z/2)tan(z/2) =m (D), t my () €T,

the fact that r~2m, (D) € SK M} €0, N1, Proposition[3.26] Item[2land Lemma[3.27]to obtain that

Kol
dz

Jx5
R I
T r2 2tan(z/2)

Next, computations similar to the ones performed in Eqs. (4.20) and (£.23) allow us to deduce that
fOpBw(K/Z(Azﬂ)) [Azﬂ dz fOpBW( —ZKIZ(AZU)) _ 621 dz
T 2 r2 | 2tan(z/2)  Jtv r2 4sin(z/2)tan(z/2) (4.35)
+0p™" (V (m; x))n + R (m) .
Taylor-expanding as in (4.29) and using Proposition[3.T5/we obtain that

forel )

4sin(z/2)tan(z/2)

Azn
2

=R (17) 7. (4.34)

= 0p™" (r2K" (n; x))1DIn + Op™ (Aq) (m; x,&))n + R (n) 1 (4.36)
= 0p™" (r 72K (1;.x) €1+ Ago) (1%, €) ) + R (1) 1.
Combining Equations and #.34) to we obtain (4.11).
O
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Proof of Lemma[4.7l Let us prove at first (4.16). We prove the result for K, only being the procedure for

K’ the same. Notice that from Eq. (£I3) we immediately have that the map (z,X) — K, (X) is analytic in
z q y p

T x (-1, 1)- Letus now define

RZ(X’y)éKZ(lrzx)’

which is again analytic for |x|, |y| < €; small. By analyticity we have that

_ x  0[*d]'K,(0,0)

Ke(xy)= X

19,1 xPyP,
p1,p2=0 p1-p2:

ZKpy.p, (2)
with
08K, (0,0)] < Cprtpal ey PP,

From Eq. (£13) it is immediate that

K;(0) =2,
so that
B ) _g - k P2 (M)
z =K:(mAzm)=2+3 3 kpup (2 0™ (Az)
1+2n P>l piol
p1t+p2=p
::RF’E};x,z)
N o~ o~
=2+ KP(px,2)+ ) KP(nx,2).
p=1 p>N
—
=:K>N(n;x,2)
We claim that for any pe Nand ¢ =0,...,7,
aﬁk” (m;x,2) € m, (4.37)
0K (%, 2) € KFp g v €0 - (4.38)

The proof of Eqs. (4.37) and (4.38) is the same as the one performed in order to prove [17, Eqgs. (4.34) and
(4.35)] and is thus omitted. The proof for for K, ( 1A+z277n) is the same as the one performed for K, (1A+Z21717)
with the sole difference that K/, (0) = 0.

The proof of (Z.17) follows the lines of the proof of [17, Eq. (4.23)], and is generic enough to be applied in
the present case. It remains to prove Eq. (4.10), we can Taylor-expand in z = 0 and obtain that

Kz (X) = Ko (X) + 0:Kz (X) |20 2+ R1 (K; X) (2),
K, (X) = Ky (X) + 0K, (X)|,_o 2+ R1 (K';X) (2).

Explicit computations show that

A, 2X2 A 4K
KO(X)—Z—W, 0K, X))z = (1+X2)2,
4X 4X?(3-X?)
KhX) 2 ————, 0K, (X)|,_ 2 ———
° (1+x2)? O F = (1+x2)°
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Azn

Hence setting X £ and Taylor expanding we obtain that

1+2n
2 1+2n)°
KO( Az ):2—2 77x2 +4( +2n) nxnxxzz+V2(n;x,z),
1+2n . (1+2n)"+n% ((1+217)2+17§)
2K (nix)
2 2 3
4(1+2 (1+2n)"=3n% ) (1+2n)"n
K’O(lAjg ): __ 40 ZTI)TIx 2+2( xz) - xxz+V2(n;x,z),
1 ((+2n)+n3) ((1+2n)* +n3)
2K (nix)
A 4(1+2n)n3 A
zNz 1+x;7) - ( 2) = +R0( ZKZ(1+X;’) ;x)(z);
1/ 1z=0 ((1+27’) +n%€) N/ lz=0
2
Cam\| . A0+2n)ni(3(1+2n)’-n) y
“P2\1+2 ) - 2. 5\ +R°( : Z(1+2 ) ;x)(z)’
1/ 1z=0 ((1+27’) +n§c) 1/ 1z=0
so that defining
L é4(1+217)217x17xx 4(1+2n)n3 _4(1+2n)nx((1+2n)nxx—ni)
K™ (m;x) = 5 2~ 5 2 = 5 2 ’
(1+2m)?+n2) ((1+20)*+12) ((1+2n)* +2)
< i) 2 2((1+2n)* =3n%) (1+2n) =4 (1 +2n)n% (3 (1 +2n) - )
nxX)= ,
((1+2n)2+n§c)3
which are analytic applications w.r.t. n small in W2, proving @.I7) and @.I0). O

4.2 Paralinearization of 7, (1)
Here we perform the paralinearization of the nonlinear operator Dy(n) introduced in (L5).

Proposition 4.8. Let NeN andp > 0, for any K € N there exists sy > 0 and ey > 0 such that ifn, g € Bg g (;€0)
and Dy (17) be as in (ILB), we have that

1.
O x
@o(n)g=OpBW(—i (2 )Sgn€+A[—zl(n;x,€))g
(4.39)
1
+OpBW(%J'O (%) 161+ Agoy (n, & %,€) |+ R (1, ) [Z] : H :
where
2, (1+2
J° (n:X)éLG)Ef}'ﬁm[eo.N], (4.40)
(+2n)"+n 7
et (en)?ond)
((1+2n)* +n3)
_ 2%x2
Ay (1,85 %,6) €T | [eo, N1 and R (n, g) € (ZRKf’O’l [eo,N])
2, )
2 JY(n; x
Do (n) [11=1+0p"V |- S+ (z ) €1+ Ay (13%,€) In+R (n)n, (4.42)
(1+2n) r
where
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o JO(n;x) is explicitly defined in @41), and is such that J'° (0; x) =
* Ay (mx,8) €SI o, leo, NI;
* R(n) TR, leo, N1.

Proof.

Part 1 (Proof of Proposition 48] Item[I). Let us recall that D, (n) is defined in (L5). We proceed analogously
as in the previous section. We have, using the auxiliary functions defined in and the fact that g is of
zero average, that

@o(n)g=fT%(H (5:77) Hz (0 ))%dz, (4.43)
where
H,(X) £ 1—V1-2Xcosz 2sin(z/2).
1-X-v1-2Xcosz
We define

J,X) £ H, (X 2sin(z/2)). (4.44)
We have the following technical result:

Lemma 4.9. Let J,(X), beas in Eq. (4.44). Then

Azn
1+2n

A A
J ( 21 ) 2 (i)—ZSin(z/Z)EZK]:%OJ [e0, N1, J’(
>1

€ ZKFY €0, NI, 4.45
“ 1+2n) ‘ 1+2n ) K160, V] ( )

are Kernel functions, which admit the expansion

A
J, (i) —2sin (2/2) = J° (g; x) + J' (n; x) 2sin (2/2) + V? (n; x, 2),
1+2n (4.46)

A 10 (... . 2 .
J(1+2n) I (15x) + 37 (m; x)sinz + V= (m; 2, 2),

where J° (n; x),J"° (n; x) are defined in @40)-@41) and J' (n; x),J" (n;x) € Z]:KO  [eo, NT.

The proof of Lemma [£.9] follows exactly the same lines of the proof of Lemma 4.7 (cf. page[34) and is
thus omitted for the sake of brevity.

We apply Lemma[3.I6land obtain that

1 An L BW 1 Azn BW Azn
ﬁJZ(T);lg(x_Z)_Op ﬁJz r2 >1g(x—z)+0p (gC=2)| 5 1+2n),
- (4.47)
1 A.n 1 ( A1 )
Ri| | —= —2)+R RN e Epew I
T r2J2(1+2ﬂ)>1)g(x A+ Fo(gle-2) s 1+20)3,

In view of (4.45) we can apply Proposition3.26] Items[2land[dand obtain that

1 1 A
Ri| 5. —~J. (—’7)
r2 r2\1+2n)5,
Then, we apply Lemmas[3.16land[3.19/and Proposition[3.15]in a similar fashion to the procedure detailed in
the previous section and obtain that

Azn )
z 1+2n >1

=R(n,&2)n. (4.48)

A,
ﬁ)}l)g(x—z) =R(n.g;2)g, R2(g(x-2)

1
0p"" (g (x-2)) 3

OpBW(g(x Z)Jz( 2

(252 Jan+ 00 (v . gix )+ R (0. 52)

(4.49)
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Next, we use the expansions of Lemmal4.9and obtain that

Bw| 1 Azn ) BW S0 (77» x) 1
—_— — = V
Op 2\ 152 g(x—2)=0p +Vi(ngxz2)|gx-2),
(x—2) (4.50)
OpBW(g " J'( ))Azn—OpBW(g;J’O (17;x))AZ17+OpBW(V(17,g;x)+V1 (1,8 x,2))8.1m,

op™ (V°(n, g x,2))n=0p"" (V (1, 8;x) + V' (1, 8; x, 2) ).

We plug the results in Eqs. (4.44) and (4.47) to (4.50) into Eq. (4.43) and obtain, after an application of Propo-
sition[3.28] that

30 (n; x) gx—2) 8 021
. — OnBW ; d BW(S o (. f;
b(n)g=0r ( r? T 2sin (z/2) 2+0p (r4J ( x)) T 4sin? (z/2) i

2l

Part 2 (Proof of Proposition[4.8] Item[2). Arguing similarly as it was done in order to deduce (4.43) and using
Egs. @.44) and we have that

_ 2, 1 (Azn) dz
Do (n) (1) =r f]r r2J r2 )51 2sin(z/2) .51

+0p" Y (Ag) (1, & %,€))n+0p"™ (A—z) (15 x,¢))g + R (1, &5 2

from which we conclude after standard symbolic manipulations the identity in (£.39).

We apply Lemma[3.19/and obtain that

_ BW [ 1/ Az’?))[Azﬂ
Do(n) (1 =r +fﬂ {o (J ( 2 7| TR

Thus, computations similar to the ones that lead to (4.34) give us that

L Azn\[Azn dz _
j;r FZR( r2 ) [ r2 ] 2sin (z/2) —R(U)ﬂ- (4.53)

Next, similar computations to the ones that lead to give us that
1 A A d )
Jozoo™ (52 158 i = e 52 | e
Tr r re | 2sin(z/2) T (2sin(z/2)) (4.54)

+0p™" (V (15:x))7+ R (m) m,
so that arguing as in order to deduce

_ Azn 6zn
o™ (%)) | e |
fvp T2 (2sin (z/2))? “

=0p™ (r~*J" (n; x)) IDIn + Op™™ (Ao (m; x,))n+ R (n)n
= 0p"Y (r™*J" (m; x) 1€1 + Aoy (3 x,€))n + R () .

A [Azn dz
( r2 )[ r2 ]}Zsin(z/Z) 4.52)

(4.55)

Thus, combining Eqs. @51) to @55) and the paralinearization r=2 = 1+ OpBW(
using Lemma[3.I9we obtain Eq. (£.42).

(1+2 7 )n R (n)n derived

O

4.3 Paralinearization of # (1)

In view of (4.7), putting together the paralinearizations of Sections[4.1land[4.2]} we prove the following.

Lemma 4.10. Let NeN,beR andp > 0, for any K € N there exists sy > 0 and €y > 0 such that ifn, g €
sO r (I;€0), let}[(n) be as in (A7) then we have that
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H (n) g =0p™" (—i sgné + Ay (m; x,€)) g

Bw(__ 8 0. ) ) |1
+0p —1+217J (m;x) 1€1+2Vo (n, & x)i& + A (n,g,x,f))n+R(n,g) [g] H (4.56)

where
e V(mx)e }-ﬁ,o,l leo, N1 and is explicitly defined in (4.40);
* Vo(n,05'g:x) £ 3D0(n) g € ZFg ), leo, NI, ¢f. (LH);
* Apm (1,8 %) €XT | [€o, NI;
* R(n,g)e ZRI}f’OJ [eg, N1.

S (n; %)

_ BW ]| _
# (n)[1]1=0p ez

El+i V (1;x) €+ Aoy (03 %,€) [n+ R (n) [n], (4.57)

where
o Om;x) e .7-"}'30,1 leg, N1 and is explicitly defined in (4.40);
s V(mx)EDo(n)1] € z}-ﬁ,o,o [€o, N1 with V (0;x) = 1;
* A (m%,§) €ZTY | [eo, NI;
* R(n) TR, leo, N1.

Proof. We use now the expression in Eq. (4.7) and Propositions 4.6l and [4.8] as well as Proposition [3.I5]and
obtain that

94 () g = Op™ (=i (1+K° () + % () sgne + Az (:3,€) ) g

g

n OpBW ( >

"]-H. (4.58)
g 1

Notice that in order to deduce we used the fact that D, (17) ge Z]—"}'ﬁ 0.1 €0, N1, which stems immediately

from the paralinearization provided in Proposition [4.8] Item[I] next we relabeled %Q)o Meg=W (17,6;1 g x).
Next we use Equations (4.10), (4.40) and (4.41) and obtain that

(K’O (m;x) + % Jo (n;x)) FESAY (n,@;lg; x)E+ A (8 x,f))n +R(n,8)

K () + 25 J° (i x) = 0,
K" (m; x) + % JO(m;x) = =1 (5 x).

Thus, transforming (458) into (£56). The proof of (.57) is almost identical to the proof of and is
hence omitted. O

4.4 Proofof Theoremd.2

We can finally paralinearize Eq. (I9). We use Equations and (4.57), we set g = 9,y and Proposi-
tion[3.15lin order to obtain, from (I.9), that

<]
N = OPBW(—? +Ai—g) (3 x,€) |y

(4.59)
1 .
+0p™" (EBb (m w3 x) 1 =iV (n,93.x) E + Ay (m, 93 %,8) |+ R (n,9) [n+v],
where
s 5 N2 s oy s (M%)
By (n,w;x) £ Bo (0,93 x) +bB (n; x), By (n,y;x) = 1+277J (m;x), B(n;x) = T+21 (4.60)



and

Let us now paralinearize the term

We apply Lemma[3.16land obtain that

X X b+0y

—%@0( ) [b+0,v] =OpBW(—w7)[Q)0( ) [o+0,w]] -0 BW(M)[ <]

(4.61)
+ Ry (= 2] (20 (1) [+ 0,]] + Ro (20 () [o+ 0] - 22
Recall that w =V (7, ¥; x), so that we can apply PropositionsB.I5landB.I7land obtain that
b+0, .
op (DB XOVT) ) op (i (i) )u+ RO,

" . (4.62)

R (-2 [0 ) [0+ 0,91+ Re (20 ) o+ 0, [ 2] = v | 1]

Next we apply the paralinearization stated in Proposition [4.8] and the composition theorems in Proposi-
tionsB.I5land[3.I7]and obtain that

X 1 X
OpBW(—w?) (Do (n) [o+0xy]] = OPBW(—Elf—Zn I8 () 11+ Az (”?x'f))w

+opPY (_l Vs (o+vx)

I 1
> ez JO(n:x)lfHA[m(n»w:x,f))mR(n»w)m'u» (4.63)

so, using (£.60), we obtain that

OpBW(-%) (D0 (1) [b+0xw]] = OpBW(—%Bo (m 30161+ Az (n:x’f))w

+OpPW (_l Vs (b+ys)

I 1
2 12 Jo(n:x)lfl+A[m(n»w:x,f))mR(n»w)[Z]'[l]- (4.64)

We invoke now Proposition[4.8land obtain, using the notation introduced in (4.60), that

b b~
- 20 ) o+ y] =™ (2B () 61+ Ao (% ) o

_b_2+OpBW( bz _E b+Wx
(1+2n) 2 (1+29)

2
Notice that using Eqs. (4.6I) and (4.62) we obtain that

53 (15 %) 161 + Ay (0,93 %, €)

n+R(n,v) [;7,] : m . (4.65)

b+ x5
=2V ) o+ ) =~ Dy ) o+ ] + Op™ (< 22) [0 () [b+ 0,9
n 1 (4.66)
<0p™ (-1 % (nui) -+ ROnw) |1
From Equations (4.40) and (4.41) we obtain the relation
4
2(1+2
IO (n;x) = (L+2n) S (L (%)) (4.67)
((1 + 217)2 + ni)

so that using Eqgs. (4.60), (4.64), (4.65) and (4.67) and denoting with

Ws (1,9;x) £ Wo (0,93 x) + BW (1; x) € ZFg o [€0, N1, (4.68)
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where

1+2n

)2 v (1+2n)
(1+2n)*+n%

exFR e, N, W (m;x) &
(1+2n)2+n§c K,0,1 €0 (77 )

Wo (n,w; x €XFRooleo NI, (4.69)

we obtain that

2
=3 0(n) [0+ 1] + 09 (-5 (20 (1) o+ 0,9]] = =5+ O™ (=3 Bu (n w0 1+ Az (.6 |

(4.70)

sw( b | QP 1) — B2 . ; (K
Op (m_i(wb (0,3 x) Bb(n»W))“f“A[Ol(’7"”"“'5))”+R("’”’) [w] [1'

We thus insert (4.70) in (4.66) and obtain that

b+, b? 1 _
_ 2’/’ Do (n) [o+v.] = —?+OpBW(_EBb(77,U/;x)I€I—1 Vo (0,95 %) €+ Ao, (Tl;xyf))w
b? 1
op®W (Hzn)—5(sz(ﬂvw;x)—Bﬁ(n,llf;x))|€|+A[0] (77»1//:36,5))77 4.71)
n] 1
w1 ]

An iterated application of Lemma[3.I9 give us that

—y% (1) =0p"" (y (1+£ (%)) (17 = 1))+ R (n) n,

f(n;x)é(( 3

2 . (4.72)
T ) Z1esFR, (o, NI.
1+ 217)2 +n2 Kol

1+2n

We can thus now plug Eqs. @.71) and (4.72) in the second equation of (L.9) (recall that Q is set in (2.2I) in
order to cancel the 0-homogeneous components of the transport) and obtain that

1
Y= OPBW(—EBb (nw; x) 1€ =1 Vg (n, 95 %) E+ Al (n;x»f))w
b2

1
+0p®W =
P (1+2n) 2

y(1+£ (%)) (167 -1) + (W (w3 x) = BE (0,9 x)) 1€+ Ay (n w3 x,€) |0 (4.73)

]

Finally, we combine Egs. and ([@.73) to obtain [.I) after a renaming, if needed.

+R(n,v) Z

5 Complex Hamiltonian formulation of the Kelvin-Helmholtz equations

We begin with the real Hamiltonian system (2.3), and introduce the following associated complex variables

nla .|? a 1|1 1 1 L1
w]—c sl =1k ) = L) (5.1)
Under this change of variables (2.5) is equivalent to
Vel 1 v
b, =C ]V(n’w)H(C [17]) (5.2)

Defining He £ H o ¢ and noting that
o] 11 1][0
au/ h \/E 1 _l (9,7 ’
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we obtain that (5.2) can be written as an Hamiltonian system in the complex coordinates (5.I) as

Vi=JcVyHe (),  va|Y (5.3)
where the complex Poisson tensor (cf. (2.0)) is defined as
s [0 1
Jc&-iJ= [_i 0]. (5.4)
Next we define the Fourier symbol
<] &] o1
m,b(é)é\/ = - €lp”
Y zw)/,b(é-) 2(’}/(|£|2—1)_b2(%—1)) 0
(5.5)
IR e R et
my,b (f) = |é_| EF(‘)‘.
Then, we consider the symplectic matrix
2 [Myp (D) 0 N
Sy p(D) = 0 My ( D)1 and M, 1, (D) = Sy (D)oC. (5.6)
Notice that
1 My b (£) my b ($) 174422
M é_[ Myple) — Myp(6) ] e (T1/4 ’
b (§) V3 | —imyp @1 imyp @ (o) -
_ 1 [ myp@' imyp (@ S 1/y2%2 '
M 1 L - Y,b B ) Y, € 1/4 .
@ =5 @71 —imy @ (fo™)
We define the complex coordinates U as
u2|“l2am:! (D)["]:c—loS‘l(D) . (5.8)
Y,b W Y,b v

Notation 5.1. Let Ke N, ey >0, meR, N e Nand 0 < K’ < K. We work on a time interval I = [0, T] for some
fixed T > 0 to be determined. This latter is a priori implicit but will correspond to ce~V*D, Moreover, from
now on we denote with

* Ak (U; x,¢) any generic element in the space ZF;(”K, 1 €0, NI, while Ap,.x) (U; x,¢) is a generic el-

2%x2
ement of (ZFI’? ¥ 1 €0, N]) such that JcOp®W (A[m; x (U; x, rf)) is lineary Hamiltonian up to homo-
geneity N (cf. Definition[A.2), whose explicit expression may vary from line to line. We use as well the
simplified notation Ay, (U; x,¢) £ Apmy (U; x,€) and Appyo) (U; x,€) £ Ay (U; x,8);

2x2
) re-

* Rix (U) and Rk (U) any generic element in the space ZRI}QK, , €0, N] and (ZRI}QK, 1 €0, N1

spectively, whose explicit expression may vary from line to line. We denote as well Rjo (U) £ R (U)
and Ryp (U) £ R(U).

We prove the following:

Proposition 5.2 (Kelvin-Helmholtz equations in complex Hamiltonian coordinates). Let NeN,y>0,beR
and p > 0, for any K € N there exists sy > 0 and €y > 0 such that ifn,y € Bg g (I;€0) is a solution of Eq. (1.9),
then U defined in (5.8) solves the complex Hamiltonian system

U;=Jc OpBW (A% (U; x) wyp (§)+ A1 (U; x,6) +A% (U; x) Ifl% + Ao (U;x,f))U+R(U) U, (5.9)
where

e Jc isdefined in Eq. (5.4);
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2x2
o A% (U;x) € (Z]:R [eo,N]) is defined as

K,0,0

0 1]+f((M%b(D)U)1;x)

A
A;U0=1 2

11
1 1], (5.10)

where £ (n; x) is defined in Eq. @12);
2%x2
e A (U;x,&) € (Zl’}m,l [eO,N]) is defined as

0 -1

AU == (M DU x)E |

By (M, (IDI) U; x) ¢l i 0
2 0 —i|’

where V, (n,w; x) € Z]—"}'ﬁ 0.1 €0, N1 and By, (1,v;&) € Z]—"}'ﬁ 0.1 €0, N are functions in defined in Eqs. (@.5)

and [@.60);
e A (U'x)e(Z]:R ) N])2><2 is defined as
3 ’ K,0,1 ’
A a1 1 (BBMUD) b EAREER!
A U D= AL U | 155 2y( 5 +2f(n,x) wy (MU | | | (5.11)

where wy, (0, v; x) is defined in Eq. @.3);
* Ay (U;x,¢) and R (U) are as in Notation[4.4

Proof.

Step 1 (Diagonalization of the linear part of (4.I)). We can diagonalize the matrix defined in 2.13) as

3 2x2
e (rg) , (5.12)

_ . 1 0
L}/,b &= My,b & Dy,b & My,}b &, Dy,b & = Wy, b & [0 1

n

3
where wy 1, (¢) € I'j are defined in Eq. (2.19). Defining U as in (5.8) where " solves (2.14), the vector-valued

complex function U solves the diagonal linear system
U =Dy (D) U.
In particular thanks to the relation (5.8) combined with (5.5), which implies that myp (ID) [1] = 0, assure us
thatif (n,v) € H;Jr% (T;R) x H"7 (T;R) then u € H (T;C) = H* (T;C) for s > 0.
Next, expanding we have that

1
(2ylél)

Myb (6) = +my s (6D, (5.13)

5
1

(2y 1)

_9
4

with My ;2 (I&h e fo .

Notation 5.3. From now on we use the abbreviated notation M £ M%b(IDI) defined in (5.7) and m £
my,, (ID]) defined in (5.8) for the sake of brevity.

Step 2 (Reformulation of Eq. (4.I) in complex coordiantes). Recall the matrix of Fourier symbols Lyy in

(2.14) and the matrix of symbols Q),'b in (4.2); we define

0 0
] €3T% ., [€0, N1, (5.14)

Qo1 (MY %,E) £ Qpp (W3 x,8) — Ly (6) = [q (my;x,E) 0
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where, from Eqgs. and (5.20), q (U; x, ¢) is the real-valued symbol

Al y0.§) =7 £ 2) (8 1) =y (5 0) 161+ 2 Tim) ) 15

=y £ (%) 1€ — wy (w3 x) 1€l + a0 (0,95 x,€)
with )
do (1 w3 %,) & =y £ (m; x) +b° (m - 1) € XTI} o leo, NI.
Then, by (5.12), Eq. (4.I) becomes

U -1|N
-MD,, , (D)M [ ]
[W]t e v

=0p"Y(Q y ;=1 (W3 %,€) + By (1,15 ) €] = iVk (0,9 x) Tdge €+ Ajoy (0,95 %,€)) m (5.16)

Ry [

Since U = M~! [Z] we can derive the evolution equation for U multiplying from the left for M~!
obtaining
Ui-Dyp(D)U
=M7'0p"™(Q y ;=1 MU; x,8) + By, (MU; x) ¢ - iVh, (MU; x) Idge & + Aoy (MU x,6))MU (5.17)
+M™'R(MU)MU.

Recall that M~ is explicitly defined in (5.7). We have the following relation

M-1 [Al Ap

Az A4]M:

m A m+mAm  +imAsm—im Am™T mTAm-mAm ' +imAsm+im 1 A,m~! (5.18)
mIlAm-mAm ! —imAsm—imAm™! mAm+mAm T —imAsm+im T AomT]” ’

2

Notice now that given
a(U;x,&) € ST | [eo, NI, a@)elye, B ely”,

applying Proposition B.I5lwe have that

1
a (D)0p®Y (a (U; x,8)) B (D) = OpBW (a U3, a@ P&+ (@U;x,0): (e @ P& -a @ fe (é)))

(5.19)
+0p®W (Zl‘%ﬁm“m’j_z [€o, N]) +2R5) 1 [eo, NI
Then, applying (5.18), we have that
- i 1 1
M~'0p"™ (Q y ;=1 MU; x,6))M = 5m op™Y (q(U; x,é))m [_1 _1] ) (5.20)

where q (U; x,{) is the real valued symbol in (5.15) evaluated at (n,%) = MU. We apply Equation (5.19) and
obtain that
m 0p™ (q (U3 x,9)m = 0p™ (q (U x, O m? , (©) + ALy  (Usx,8)| + R (V). (5.21)

Thus, combining Egs. and (.21), we obtain

M~'op™™(Q r>1 MU; x,8))M

T , . 11 (5.22)
= > (op (q(U,x,f)my,b(mA[_%](U,x,f))+R(U))[_1 _1].
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Next we apply Eqgs. (5.18) and (5.19) to the matrix-valued symbol By, (MU x) |¢| defined in (4.4) and obtain

that
M~topBWY (B, (MU; x) |E)M

_ 1 Bw : 0 1] 1. pw(p2 , 2 L1
= 20p (Bb(MU.x)kfl)[1 ol +70P (Bb(MU.x)Iflm%b(f))[_l _1] (5.23)

+0p™™ (A() (U; x,6)) + R (U).

The same procedure give us the conjugations

M~1op®Y (iV, (MU; x) HIdg:M = 0p®Y (iV4, (MU; x) ©)Id2 + Op®Y (Ag; (U; x,6)) + R (U),

(5.24)
M~10p™" (410 (MU; x,))M = 0pP¥ (A (U3 x,) + R(V),
while Proposition[3.17]implies that
M™'R(MU)M ~ R (V). (5.25)
We plug Equations to in Equation (5.I7) and obtain that
U;— Dy, (D) U = 0p®W (‘ZA (U; x,6) + Ay (U; 5,6 |[U+R(U) U, (5.26)
with
3— J 2%x2
ANH(U X, f)E(ZF 201[60» ]) ’
2
and are explicitly defined as
Mo L L quromt, o) L]
% y Ny _— 2 q y Ny }/’b _1 _1 )
1 By, (MU;
A wino 2-iw g 7+ 25 e]] ], 5.27)

AV U6 21 BEMU; ) Elm3, (@) |

')

We now expand the symbols in (5.27) in decreasing para-differential orders using Eqs. (5.13) and (5.15), thus
obtaining that

o2 o Y e g L2V R .
q(U)xré-)my’b(E)_\/;f(n!x)m-l +ﬁ((5) f(n!x)_wb(MU)x))|£| +A[_%](ny!£)y

(5.28)
1 1
B (MU; x) €1 m7, (6) = N By MU; ) 612 + ALy} (U3x,9).
Thus, inserting in (5.27), we obtain that
2
Y AU x,0) = ZA (Ui, O + ALy (U x,9),
j=0 7 ’
where
Her.nol [Yoo s 11
A§(U.x.€)— \/gf(n.x)lfl [_1 _1],
A U x,6 2 AT U x,0),
H 1 (BEMU;0) b\ . L1
A (U;x,6) 2 2\/_ 5 13 £ (7 x) — wp (MU; x) | I€] R
Therefore, becomes
U= Dy (D)U = OpBW(‘ZA (U;x,8) + A (U; x,) |U+ R(U) U. (5.29)
0 2
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We now further refine the expression deduced in (5.29) by expressing the leading term as a quasilinear per-
turbation of the unperturbed frequencies wy 1 (<), cf. (2.19). Using (2.20) we have that

(£ (mx) 1 £(mx) () 1 11
H . — _ — 2 1 N
A% (varf)—l( 2 wy,b(f)"’\/ﬂ 2 (2) |€| +A[_§](U»x»€) [_1 —1:|’
so that, defining
fmx) 1 1],
JeAyo U0 = ——1_ I,
»1 1 [BEMU;x) (E)2 L . 1 1].
]CA%(U’X)_Z\/Z( 5 2|5 £ (1;x) — wy, (MU x) 1 |t

Jc Ay (U;x,8) 241 (U; x,8),
we transform into
Ui-Dyp(D)U
BW 1 (5.30)
=Jc Op (A%;>1(U;x) wyp (§) + A1 (U; x,6) +AL(U;) 1§12 + Ao (U;x,f))U+R(U) U.

Next, an explicit computation shows that

Dyp@=wp@® Je || o

0 1 ]
Thus, defining

o a0 1
A%(U,x)— 1 0 +A%;>1(U,x),

it remains only to show that is a complex Hamiltonian system and that Jc Ajo; (U; x,¢) is linearly sym-
plectic. Indeed complex variables transformation M;’{, in (5.8) is the composition of the complex transfor-
mation C~! in (5.I) and the real symplectic map S;,{)(D), see (5.6). Then the equation for U has the com-
plex Hamiltonian form in (5.3). Then we apply Lemma [A.14] to each homogeneous component in (5.30).
As the explicit positive order symbols are linearly symplectic by direct inspections, we eventually replace
A (U; x,¢) as in (AI7) to get a linearly symplectic matrix of symbols. This conclude the proof.

O

6 Block diagonalization and reduction to constant coefficients

In this section, we perform spectrally localized, linearly symplectic, and bounded transformations to conju-
gate the complex Kelvin-Helmholtz system (5.9) into a diagonal constant-coefficient system, up to a smooth-
ing remainder. Specifically, we prove the following.

Proposition 6.1. Let N € N and p > 3 (N + 1), there exists K' > 0 such that for any K > K’ there are sy > 0,
€o > 0 such that, for any solution U € ng (I;€9) solution of (5.9) there exists a real-to-real invertible matrix of
spectrally localized maps B (U; t) such that

2%x2
1. BU;t), BU;H e (SI()( K'—10 [eO,N]) are linearly symplectic up to homogeneity N, according to
- 2x2

3
Definition[A4 Moreover, B(U;t)—1d € (2512((2[,2)1 [€g, N1 ;
2. ThevariableW £ B (U; 1) U solves
Wi = Oplt (i [+ 0 (Ui )@y €+ % (U D€+ 6, WU 01E1 + 6 (U5 1,0 || W+RW; W, (6.1)

where
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* wyp@)€ f§ is defined in 2.19);

* v(U;He 2—7:53,0,2 leo, N1 and is independent of x;
s U (U e Z]—"}%Lz [eo, N1 and is independent of x;
o b‘% U e 2-7:5,2,2 [eo, N] and is independent of x;

o by (U;t, &) € ZF?CK,Z leo, N1, is independent of x and such that Im#bqy (U; t,&) € r?(,g,Nﬂ l€o];

K.K',1

2x2
« R(U;t) € (ZR‘9+3(N+“ [eo,N])

The rest of the section is devoted to the proof of Proposition The procedure is now rather classical
so we state the main steps, for the missing details, we refer the interested reader to [25] Section 6].
6.1 A complex Alinhac Good Unknown

We first perform a change of variable, known as Alinhac good unknown that cancels the anti-diagonal terms
of order one in (5.9).

Lemma 6.2 (Alinhac Good Unknown for the Kelvin-Helmholtz equations in complex coordinates). Let N €
N,y>0,beRandp >0, for any K € N there exists sy > 0 and ey > 0 such that ifU € ng (I;€0) solves there
exists a real-to-real matrix of operators G(U) such that

2x2
1. GU),GU) e (51%,0,0 [eO,N]) are linearly symplectic, according to Definition[A.3 Moreover, G (U)—

1 2x2
Ide (ZSK’%M [€O,N]) ;
2. Thevariable Uy = G (U) U solves

0,Up = Jc Op®W (Ag” (U; %) wyp &)+ AQ (U; ) 1€17 + Aoy (Us x,6) | Up 62
2 2 .

—0p®¥W (i, (MU; x) &) Up + R (U) Uy,
where

o the symbols AY £ As, wy v and Vy, are the same as in the statement of Proposition[5.2 and Ao,
2 2
R are as in Notation[5.1;

2x2
« AVe (Z}—E,O,l [GO,N]) is defined as
2
AP U;x) £ AV U; x)
2 2

1 1],1 1 (p*_ .
L1 —5—(?f(n,x) wb(MU,x))

11
1 1)

Proof. The procedure that we use here is the same as the one proved in 25} Section 6.1], thus we omit to
perform detailed computations, in particular the Item [ is true by direct computations and the fact that

GWU)-1de (282,

where wy, (0, w; x) is defined in Eq. (@3).

2x2
[€0, N]) . This latter fact is a consequence of Lemma[3.7l The only difference, com-

1
pared to [25], is the symbol A1 (U; x) Iflé € ZF;(O , €0, N1 appearing in (5.9) and defined explicitly in (G110,
which shall be treated in detaizl. Let us define the transformation

1

i 1
cuzid— | |0p™ (By(MUixIm3, (@) 6.3)

The fact that G (U) is a nilpotent perturbation of the identity allows us to compute its inverse as

G(U)_léld+%

1 BW )
o _1]Op (B MUz M2, ).
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Thus, defining Uy £ G (U) U, and using the conjugation rules

_ By .[1 0] B 11
G(U)IcOpBW[A%wy,b(E))G(U) ' =71c0p™ | Agwyp @ -5 K] [0 1 +Tm)2f,b(€)[1 LA |+ R@),
G (W) OpBY (-iVp8)1de2 G (U) 7! = OpBW (-ih,¢) Ide, (6.4)
By |1 _ BZ 11
G(U)ICOpBW(17b|5| [0 ])G(U) t=Je0p™|i IEI[ ]—fm;b(f)[l 1|+ A |+ RO,

we get, using also Egs. (5.13) and (6.4),

1 B 1
Agors©-—="2 || |

2y 4

+0pEY (-iVp &) + R (U).

G (W) JcOp™ (A3 &)+ A41)G (W) ! = JcOp™

+ A[o]) 6.5)

Due to the particular nilpotent structure of JcOpBW (A ! (U;x) € I%) and G(U) —1d, the conjugation for the
symbol of order 1/2 explicitly given by

G (W) JcOp™ (43 50161 )6 )™ = JcOp™ (4 ;0161 ). (6.6)

1
Remark that there is a cancellation of the terms of the form |{|2 between (5.I1) and (6.5) leading the the
expression of A(lo) in the statement. Moreover, we have
2

G(U)U; =0,Uy - (0,G(W)) G W)™ Up. 6.7)
Hence, from Item[land Proposition 3.15] we have that

1
-1

a !

@GWNGW) ™" =0p™ (A1 i), AL 23

1
_1] 0:By (MU;x)my ). (6.8)

The conjugations proved in Egs. to and the computations performed in [25} Section 6.1] conclude
thus the proof of Lemmal[6.21 We remark that the zero-th order matrix Ay ;; is the sum of the linearly Hamil-
tonian matrix A[__ 1) and the contributions coming from Ay, in Egs. (6.4) and (6.5). To prove that Jc Ajg) is
linearly Hamiltonian up to homogeneity N we then apply Lemmal[A.I5]to each homogeneous component
of the operators in Egs. (6.4) and (6.5) which are linearly Hamiltonian thanks to LemmalA.5] O

6.2 Diagonalization at the highest order

In the present section, we diagonalize the quasi-linear contribution
Jcop®W (A(QO) (U; x) wyp (6)),
2

which reduces to the diagonalization of the matrix

; -1+£WU;x) —-£U;x)

f(U;x) 1+fU;x)|’ (6.9)

JcAY (U;x) =
2

where f (U; x) is defined in (4.72). The eigenvalues of are given by +i A (U; x) where
AU;x) & \/1+2f (U;x) (6.10)
and we have that A(U;x)—1¢€ Zf§,0,1 [€0, N]. Defining

1+f+A N —f

’ g ’
VA +f+1)2%—f2 VA+f+1)2%—f2

lI>

h
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the symmetric and symplectic matrix

h 2x2 _ h - 2x2
F2 |t Ble(zr®  leo, N1)7, Fla &l e(zr®,  leo, N2, 6.11)
g h ) _g h U,
which are such that -
F-1d, F'-Ide (SFg,, leo, NI)" ~, (6.12)
diagonalize (6.9) in the sense that
-il 0
F'jcA%F=|" .
Jedy 0 il

We prove the following result.

Lemma 6.3. Let N € N and p > 0, for any K € N* there are sy > 0, €9 > 0 such that, for any solution U €
Bg (I;ep) of there exists a real-to-real invertible matrix of spectrally localized maps ¥, (U) such that

2x2
1. Y,(U), Y, () te (‘Sloco,o [60]) are linearly symplectic as per Definition[A.3 Moreover, ¥,(U) —1d €

(280

2x2
K,0,1 [60) N]) .

2. Thevariable U, =¥, (U)Uj solves

d,U; = OpBY (i AU; ) 0y ) -1 VO (U;0) 5) U

+JcOop™W (A;“ (U5 21812 + Aggyy (U5 x, é))Ul + Ry (U) Uy, o
where
* wyp(§) € 1"2 is defined in (2.19);
* A(U;x) is defined in (€.10);
« VW (U;x) e TR, leo, NI;
. A(%D U; ) 2 (b (U;x) +g(U; x))ZA(%O) U;x) € (Z}'}'ﬁoyl [eo.N])zx2
Proof. Arguing as in [25, Lemma 6.4] the 1-flow ¥ (U) £ T (U)|y=¢ of
0:Y" (U) = ICOPBW( g U )(C)) +8(Uin) —i log(h(U;(;) +g(U;x)) )‘PT’ (6.14)
vo(U)=1d
is such that
v, () =0p™W (F' (U;x)) + R(U), v, ()~ =0p®V (F (U; x) + R(U). (6.15)

Since the generator in (6.14) is linearly Hamiltonian, LemmalA.6lensures that ¥; (U) is a linearly symplectic,

2x2
[r, N]) . Thus, the new variable U; £ ¥, (U) U, solves (cf. (6.2))

spectrally localized map in (ZSI% K1

BW | 4(0) (0) 1 -1
0:Uy =¥1(U) Jc Op (A§ (U; x) wyp (§) + AT (U; x) 1§12 + Ago;1) (U; x,) |¥1 (U) ™ Uy
2 2
+0,%1 () ¥, () Uy =¥, () Op™W (i, MU; ) O (U) ' Uy + W1 (D R Y, (U) ' Uy, (6.16)
Following the same computations as in [25, Eq. (6.3)] we have that
¥, (U) Jc Op®Y (A(;” (U;X) 0y (5))‘1’1 o™
2

(6.17)
=0p™ (m (U; %) yp (©)

-1 0
0 1 +A[_%;O](U;x,5))+R(U).
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Similar computations give us the conjugation

¥, (U) Jc Op®W (A&‘” (U; %) |£|%)\P1 !

(6.18)
= JcOp™" ((h(U; 0 +gU;0)° AP U;0) (17 + A1) U3 x,8) |+ RWU)
2
and
¥, () Op™W (Ajp,1) (U3 x,8))¥1 (U) ! = 0p™W (Ajo.1) (U3 x,0) + R (1), (6.19)
while from Egs. and we obtain that
0: ¥, (Y1 () =0p™W (Ajp,1) (U3 x,8) + Ry (1), (6.20)

and standard symbolic computations (cf. Proposition3.I5land Eq. (6.15)) give that
W, (U) Opit (iVe (U0 ) W1 (U) ! = Oplt (i Wi )¢+ RW), WO W) e SFR, leo, NI, (621)

We conclude plugging Egs. to in Eq. (6I6). We remark that the zero-th order matrix Ao, is
the sum of A 1o] form Egs. and and Ajg;1; from Egs. and (6.20). To prove that Jc Ajp.1; is
linearly symplectic we then apply LemmalA.15]to each homogeneous components of the spectrally localized
operators in Egs. to (6.20), which are linearly Hamiltonian thanks to Lemma[A.5] O

6.3 Reduction to constant coefficients at the highest order

Lemma 6.4 (Reduction of the highest order). Let N € N and p > 2(N +1). Then for any K € N* there are
So >0, €9 > 0 such that for any solution U € ng (I;e9) of (613), there exists a real-to-real invertible matrix of
spectrally localized maps Y, (U) satisfying

2%x2
1. ¥Y,(U),¥Y>(U) € (81%,0,0 [eo]) are linearly symplectic as per Definition[A.3 Moreover, ¥,(U) —1d €

2%x2

(=8¥sbten NI

2. Thevariable U, = W, (U)U; solves the system

0,05 = OpEt i | 1+ 0@ oy (©) - VP (W5 0 || U
1 (6.22)
+Jcop®" (A(f) (U; %) €12 + Ao, (U; x, 5))U2 +R(U)Us,

where

* o(U) is a x-independent function in 2.7-"5 o.21€0, N1 and wy v (§) is defined in (2.19);
2
. Vb(Z)(U; X) is a real valued function in (2}-5,1,1 [eo,N]) ;

2x2
e AP W;x) 2 A% (W) )
2 2

1
11 where A(%Z) (U;x) € (2.7-"}'3’0’1 [0, N]

« RW) eZRE TN [eg, NI.

Proof. We refer the interested reader to |25, Lemma 6.7], the only difference being the conjugation of the
term of order 1/2, which is achieved by standard paracomposition theorems, such as [18, Theorem 3.27].
Notice that the conjugation worsens the regularizing properties of the smoothing operator in Eq. (6.22). O
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6.4 Diagonalization up to smoothing remainders

In this section we block-diagonalize the Kelvin-Helmholtz system up to a smoothing remainder.

Lemma 6.5 (Diagonalization to arbitrary order). Let N € N and p > N. Then for any n € Nu{-1}, there
exists K' £ K'(n) > 0 such that for all K > K' + 1, there exist sy > 0 and €y > 0 such that for any solution
Ue Bg g (I;€0) of Eq. 6.22), there exists a real-to-real invertible matrix of spectrally localized maps ®,(U)
satisfying

2x2
1. ®,U), ®,(U) e (80 K0 0[60]) are linearly symplectic up to homogeneity N as per Definition[A4

[r,N])ZXZ

’

Moreover, ®,(U)—1d € (ZSI()( K1

2. Thevariable U3 = ®,(U)U, solves

0:Unss = Opiat (i [(1 + 0@ oy ) - KO W 1€ + @), U3 0) €17 + " (U3 2,8)] | U
+JcOP®W (A1_ ki) (U %,6) ) Upas + R(U) Uy,

(6.23)

where

* @) Ui e FR, leo, NI,
. aé")(U'x &) is a symbol in ZF?(,K/_I[%,N] with Ima(")(U x, &€ FK & N+1l€0],

« RW) R E TN (g, NI.
Proof.

Step 1 (Reduction of the term of order 1/2). Notice that the term of order 1/2 can be written as

1 1
JeAY (W05 = ~ia,) (U ) [ _1] HE aly) (U;x) e FE [eo, NI
Let now
i 0 FEU (U x,6) ) al ) U X812 _
FUY(U; x, é[ _ L FED WUk 6 & €eXry [, N
U= | pon ;2,0 0 U L o @ oy ® & ko 0N

and let (q);( D (U))| <1 be the flow generated by Op®W (F©V (U; x, &)) with initial condition (I)OF(_U (U)=1d as
TS
per LemmalA.6l We denote with ® (U) = (I)1 -y (U). Since F =D g linearly Hamiltonian, Lemmal[A.6lensures

2x2
that @ (U) is a linearly symplectic, spectrally localized map in (ZS xx1lhN ]) . Let us define

Us £ @, (U)Us =@ (U) Uy,
which is the solution of
0,U5 =@ () OpEY (i [ (L + o0 0y, &) - KO W ¢ ]| @ (W) ' U
+(0,@ ()@ (U) "' Uz + @ (U) JcOp™" (A(;) (W30 112 + A (Us x,8) | @ (U) ' Us (6.24)

+® (U RWU)® (U) " Us.

The following conjugation rule apply (cf. [I9, Lemma A.1]) setting F = Op®W (FV(U; x,0)

L 1 1 1
QUMW) =M+ aAdZ [M] +Ef0 1-nrel , Al M@}, () 'dr,  (6.25
q:1 . .

@@ ()@ M) = JcOp™ (A1) (U; x,8) + Rpyy (U), (6.26)
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An application of Eq. (6.25) for L > # — 1 combined with symbolic calculus considerations give us that

(V) (OpVBZX (i L+ o)) wyp ©) + JcOp™Y (A(f) (U; x) €12 + A,y (U; x.é))) ®U)!
2 (6.27)

= Oplt i1+ o) 0y, @ + @l W0 1812] ) + TcOP™ (A (U3 %,0) + R(W),

in which the off-diagonal terms of order 1/2 have been canceled. Applying Egs. to to (and
renaming ® (U) R(U)® (U)~! ~ R(U) in light of Proposition B.I7} Item Zlwe obtain that

0,:Us = OpBY (i [+ o) wy )~ VO W 08 + a2, W30 161E] ) Us

(6.28)
+ JcOp™™ (40,1, (U; x,8))Us + R(U)Us.

Notice that the conjugation rule in Eq. does not modify the principal symbol of the transport term.
Moreover the zero-th order matrix Ay, ; is the sum of A[_y,;; form Eq. and Ajp;1j from Eq. (627). To
prove that Jc Ao, is linearly symplectic we then apply Lemma [A.15] to each homogeneous components
of the spectrally localized operators in Egs. and (6.27), which are linearly Hamiltonian thanks to
LemmalA5l

Step 2 (Reduction at non-positive order). We sketch the proof which is very similar to the one outlined
in Step [Tl we refer the interested reader to [25, Lemma 6.8]. The proof is performed by induction on n €
N, the case n = 0 is proven in Step [Il so that we can consider the case n ~~ n+ 1. Suppose Eq.
holds, we have to find a bounded, lineary-symplectic transformation that pushes the off diagonal terms
of JcOp®W (A[_ n; K’+1]) to lower order, similarly as in was done in Step[Il Since the matrix A(—,;x’+1; is of the
form

I AY _ =V
ib _a[—n]

JeArmrsy=Jc|_ " . aj-n), bip) € ETjoyy €0, N, (6.29)
~Aj—p) b T
such cancellation is achieved via conjugation by the flow
BW
fri 0o (P 00 e T
vV ’
@), (U)=1d, s 0

b_,(U;x, _n-3
i) o opond e N,

. A 22
f—n—%(U’ 2 x’f) - 21(1)(6)(1 + (1)) € K,K'+1,1

and defining the variable Uj,+4 = Q}:(m (U) U, 43 and we refer the reader to [25, Lemma 6.8] for further de-
tails. As the matrix in (6.29) is linearly Hamiltonian up to homogeneity N by inductive hypothesis, the
explicitly defined generator F"” is linearly Hamiltonian up to homogeneity N as well. Thus Lemma [A.6]

2x2
W7 N]) . The bounded,

ensures that (I);(n) (U) is a linearly symplectic, spectrally localized map in (ZSI% K

linearly symplectic transformation is thus defined as
A TT ol
®,(U)2 -H1 @, ).
i=-
d

We can thus apply Lemma [6.5] setting n = n (9) > —p +2(N +1) so that JcOpBW (A[_,;x+1)) can be
incorporated in the smoothing reminder R (U), thus setting Z = Uy, 14 we obtain that Z solves the evolution
equation

0:2 = Opiat (i |1+ 2(U) 0y O - VWi )¢+ ally U0 612 + ) WU x,0)|) Z+RWI Z. (6.30)
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6.5 Reduction to constant coefficients up to smoothing remainders

Notation 6.6. From now on we shall denote functions and symbols that are x-independent with calligraphic
lower- and upper-case letters.

Lemma 6.7. Let N € N and ¢ > 3(N +1). Then for any n € N there is K" = K" (9, n) > 0 such that for all
K > K" +1 thereare sy > 0, €y > 0 such that for any solution U € Bg r(L;€0) of B9, there exists a real-to-real
invertible matrix of spectrally localized maps ©,(U) such that

K

2x2
1. ©,(),0,U) e (SO,K”,O [60]) are linearly symplectic up to homogeneity N according to Definition

Moreover, ®,(U) -1d € (ZST

N+1

2%x2
K,K”,I[GO’N]) .

2. If Z solves (6.30) then the variable Z, £ 0,(U)Z solves

0;Zn = Ophy (i &y (U 1,6 +ia_s (Ust, x,f)) Zy+RWU; 0 Zy, (6.31)
with the x—independent symbol
dyyy (U3 1,6) & (L+ o(U; 0)w(€) + W (U D& + by (U DIEZ + 6 (U;1,0), (6.32)

where

U(U) € Z‘FE,O,Z [60» N];
the function V(U; t) € Z}'}@ 1 2l€0, N1 is x-independent;
the function 5% (U;t) € Z]—"}'ﬁ 5 5l€0, N1 is x-independent;

the symbol 5(()") U;t,8) € Zl"(])(’ K2 [0, N1 is x—independent and its imaginary part Imﬁ(()”) U;t, &) is
inTg o n41[€0);

the symbol a.n (U; t, x,&) belongs to ZFI;?K,,HJ leo, N1 and its imaginary part Ima_g (U; t,x,¢é) is
in rI_<,Enl<”+1,z\/+1 [eol;

. . . . —0+3(N+1 2x2
R(U; t) is a real-to-real matrix of smoothing operators in (ZRK%’%L; )[60, N]) .

Proof. The proof consist of a minor modification of the proof of [25, lemma 6.9], so we refer the interested
reader to [25, lemma 6.9] for details. O

Finally we prove Proposition

Proof of Proposition[6.1] In Lemmal6.7lwe set

n2n(oN)2n=2(p+3(N+1), K=2K'+1

and we define

where

W=2Z2,=BU;nU,

B(U;H) 20, (U;H)o®,, (U;t)oW,(U;t)o W1 (U; )0 G (U;1).

At last we set 5(()") £ 4, and we conclude. O
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7 Hamiltonian Birkhoff normal form and energy estimate

In this section we finally prove the almost global existence Theorem[I.Tl The previous reduction broke the
Hamiltonian structure of the system. Therefore, a first step is to recover the complex Hamiltonian formu-
lation through a symplectic correction. The corresponding result is stated in Proposition[7.Iland serves as
the foundation for the subsequent normal form analysis. Then, in the technical subsection [Z.T] we intro-
duce the class of super-action preserving Hamiltonians that play a central role in the forthcoming analysis,
as they do not contribute to the energy estimate. Next, in Section we perform a Birkhoff normal form
procedure, which extracts the Hamiltonian super-action preserving property up to homogeneity N + 1, for
a given fixed integer N. Finally, we implement in Section [Z.3]the energy estimate allowing to conclude the
desired Theorem.

The transformation B(U) in Proposition[6.Tldestroyed the Hamiltonian property of the system. However
B(U) was still linearly symplectic and therefore, we can recover the complex Hamiltonian structure by ap-
plying the abstract Darboux Theorem of Berti-Maspero-Murgante |25, Theorem 7.1], see also Theorem[A.16l
The corresponding result states as follows.

Proposition 7.1 (Hamiltonian reduction up to smoothing operators). Let N e N andp > p(N) £3(N+1) +
%(N+ 1)3. Then, for any K > K' (fixed in Proposition[6.1) there is sy > 0,€q > 0, such that for any solution
Ue Bg r(L;€0) of B9, there exists a real-to-real matrix of pluri-homogeneous smoothing operators R(U) in

Nd-0')>*2 / :
(21 R, ) forany o' >0, such that defining

Zy2 (Id+R@W)))DW), OWU)2BWU;HU, (7.1)
where B(U; t) is defined in Propositionl6.]] the following holds true:

i Symplecticity: The non-linear map (1d+ R(-)) o ® in (Z.1) is symplectic up to homogeneity N according to
Definition[AT]l

ii Conjugation: The variable Z solves the Hamiltonian system up to homogeneity N (cfr. Definition[AI0).

012y = iy5(D) Zo + Ophee (i(ds) <n (Z036) +i(d) >N (U 1,)) Zo + Ren(Z0) Zo + Ran(Us DU, (7.2)

where

2x2

* wyp(D) £ OpBW (wy,(8)) is a matrix in the space (Fg/ 27

3
. (L[%) <N is a pluri-homogeneous, real valued symbol, independent of x, in ZJZV rz;
3
2

. (t{%)> N is a non-homogeneous symbol, independent of x, inT' KK N+1 [eo]

0 .
K k', N+1 €0

with imaginary part
Im(d%)>N inT

. . . . ~ —p+o(N)|2*2
* R<n(Zy) is areal-to-real matrix of smoothing operators in (ZiVRqQJrQ( )) ;

—o+o(N)
7?'K,K’,NH [€0]

2x2
R.N(U; t) is a real-to-real matrix of non-homogeneous smoothing operators in ( )

2x2
iii Boundedness: The variable Zy = My(U; ) U withMqy(U; t) € (./\/l?( K-1 O[eo]) and for any s > sg, there

is 0 < €g(s) < €y, such that for any U € ng(l;eo) N CfR(I; H(T,C?), there is a constant C £ Cs,x >0 such
that, forallk=0,...,K-K/,
CHUNks <1 Zollk,s <CIU N g s - (7.3)
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7.1 Super-action preserving symbols and Hamiltonians

In this section we define the special class of “super-action preserving" SAP homogeneous symbols and
Hamiltonians which will appear in the Birkhoff normal form reduction of the Section[7.2l

Definition 7.2. (SAP monomial) Let p € N*. Given (7,0) = (ja,0a)a=1,..,p € (Z*)P x {£}” we define the multi-
index (a, B) € NZ" x NZ* with components, forany ke Z*,

y2#{a=1,...,p: (ja,0a) = (k, )},
- { piU } .4
)E2#Ha=1,...,p: (jaoa) = (k,-)}.

We say that a monomial of the form z;:’ = z}.’ll ...z;.f" is super-action preserving if the associated multi-index
P

(a, B) = (a(],0), B(J,0)) is super-action preserving according to Definition 2.5

We now introduce the subset &, of the indexes of ¥, composed by super-action preserving indexes
S L {(]j 5 e¥, st (a(,d),p(,0)¢€ NZ" xNZ" in (Z4) are super action preserving}. (7.5)

We remark that the multi-index (a, B) associated to (7,d) € (Z* x {+})” as in (Z4) satisfies |a + 8| = p and

=222 [] 277 =[] sz 2z (7.6)
JEZ\{0} neN
It turns out
G- Dyp(N) =010y (1) + + 0 pwyp(jp) = (@= ) -Dyp = Y (@ — Pr)wyp(k), (7.7)
kezZ*
where we denote
Dy (N @yp(1)se o 0y (jp)),  Byp 2 0y ()}jeze- (7.8)

Remark 7.3. If the monomial z;:’ is super—action preserving then, for any j € Z*, the monomial z;:’ ZjZjis
super-action preserving as well.

For any n € N*, we define the super-action
In & 12al* +2-nl. (7.9)
The following is Lemma 7.7 in [25].

Lemma 7.4. The Poisson bracket between a monomial z? and a super-action J,, n € N, defined in (Z9), is

{Z?»]n} :i(ﬁn +PB-n—ay _a—n)z

Qi

) (7.10)

where (a, B) = (a(7,0), B(J,3)) is the multi-index defined in (C4). In particular a super-action preserving
monomial z}f (according to Definition[Z.2) Poisson commutes with any super-action J,, n € N.

We now define a super-action preserving Hamiltonian.

Definition 7.5. (SAP Hamiltonian) Let p € N. A (p+2)-homogeneous super-action preserving Hamiltonian

H ;}sg ) (2) is a real function of the form
1 - -
(SAP) - Op+2 _Op+2
Hp+2 (Z) - p+2 jp+2 ij+2

(7p+276p+2)€6p+2

where &> is defined as in (Z5). A pluri-homogeneous super-action preserving Hamiltonian is a finite
sum of homogeneous super-action preserving Hamiltonians. A Hamiltonian vector field is super-action
preserving if it is generated by a super-action preserving Hamiltonian.

We now define a super-action preserving symbol.
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Definition 7.6. (SAP symbol) Let p € N and m € R. For p > 1 areal valued, p—-homogeneous super-action
preserving symbol of order m is a symbol mE,SAP) (Z;&) in T, independent of x, of the form

(SAP) (7. ) — % &) 20
w2 = ) MMz

(Gp:0p)eS)

For p = 0 we say that any symbol in fg” is super-action preserving. A pluri-homogeneous super-action
preserving symbol is a finite sum of homogeneous super-action preserving symbols.

Remark 7.7. A super-action preserving symbol has even degree p of homogeneity. Indeed, if z?” is super-
p
action preserving then (a, §) defined in (Z4) satisfies |a| = || and p = |a + B| = 2|a] is even.

Given a super-action preserving symbol we associate a super-action preserving Hamiltonian according
to the following lemma (see Lemma 7.11 in [25]).

Lemma 7.8. LetpeN, meR. If (m(SAP))p(Z ;&) is a p—homogeneous super-action preserving symbol in f,’f
according to Definition[Z.6 then

Hésf;) (2) £Re (Op™ (@®*),(Z;6)) 2| Z)g

is a (p +2)-homogeneous super-action preserving Hamiltonian according to Definition[Z.3

7.2 Birkhoff normal form reduction

In this section we finally transform the system (7.2) into its Hamiltonian Birkhoff normal form, up to homo-
geneity N.

Proposition 7.9. (Hamiltonian Birkhoff normal form) Let N € N and 0 < f§; < ff» < 4(2+V/3). Assume
that the parameter ff = % € [B1,B2] is outside the zero measure set I3 < [f1,B2] defined in Proposition[2.6

Then, there exists o = p(N) > 0 such that, for any p = p, for any K > K " £ K'(p) (defined in Proposition[6.1),

there exists s, > 0 such that, for any s > s, there is¢ = €,(8) > 0 such that for all 0 < €y < €,(s) small enough,
and any solution U € Bg(l; €0) N CfR(I; HS(T;C?) of the complex Kelvin-Helmholtz system (5.9), there exists
a non-linear map JFy¢ (Zy) such that:

i Symplecticity: F,: (Zy) is symplectic up to homogeneity N (DefinitionlATI);

ii Conjugation: If Z, solves the system then the variable Z = Fy¢(Zy) solves the Hamiltonian system
up to homogeneity N (cfi. Definition[A10)

0:7 =iy (D) Z+ JeVHI™ (2) + JcVHE® (2) + Oplt (iy)-n (U3 £,8)) Z+ Ron (U 0U,  (7.1D)
2

vec

where

o H®*(Z) is the super-action preserving Hamiltonian
2

Re<OpBW ((tfé(SAP))gN(Z;f))Z

R
3
Nfz

with a pluri-homogeneous super-action preserving symbol (JQ(SAP))g N(Z;¢) in 2,17, according to
Definition[Z.6; ’

o ]CVHES;P) (Z) is a super-action preserving, Hamiltonian, smoothing vector field in Zév +1%;Q+Q (see
[Z.5);

o (d%)>N(U; t,¢) isa non-homogeneous symbol inT

i T0 .
inTh oy €01

3
2

KK N+1 leo] with imaginary partIm(d%)>N(U; t,¢)
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. . . . -p+e 2x2
* R.N(U; 1) is a real-to-real matrix of non-homogeneous smoothing operators in (R KK N+1 [6‘0])

iii Boundedness: There exists a constant C = Cg g > 0 such that for all0 < k < K and any
Zy € B (I;€0) N CL (I; H(T, C?)) one has

C M Zol ks <N Fns(Z) ks < Cll Zollgs (7.12)

and
C_lllU(t)”Hs SNZBDNgs <CINU N s, Veiel (7.13)

Notation 7.10. From now on we denote with RI;, any smoothing remainder in ’fi;p such that RI;,(Z )Z is a
p + 1-homogeneous Hamiltonian vector field, namely R}; (Z2)Z = J¢VHp,2(Z) for some p +2 homogeneous
Hamiltonian as per Definition [A.8]

Proof of Proposition[Z9 The proof consists in N steps and is analogous to the proof of Proposition 7.12
in [25]. For completeness, we only sketch the main steps and we refer to [25] for a detailed proof.
We first reduce the quadratic terms of the vector field in (Z.2).

Step 1: Elimination of the quadratic smoothing remainder in equation (7.2).

3
The x-independent symbol (L{% <N (Zp; €) in belongs to Zév T ,21 and the only quadratic component of the
vector field in is Rll{(Zo)ZO where (recall the notation in (3.18))

(7.14)

~_ 2%x2
RY(Z0) 2 1 [R<n(Zp) € (R7C7OV)

Since the system (Z.2) is Hamiltonian up to homogeneity N, RY(Zy) Zy is a Hamiltonian vector field that we
expand in Fourier coordinates as (recall (3.19))

(R}(Z20) Z); = > X770 (20)]) (207 (7.15)
(j1,j2,k,01,02,—0)€T3 T

In order to remove RII{(ZO)ZO from (7.2), we perform the change of variable Z; = ng(ZO) where ng(zﬂ) is
the map given by LemmalA.17|relative to a Hamiltonian smoothing vector field
_ A 2%x2
(GY( 20 20)7 = > GU]'UZ’U(ZO)?I1 (Zo)?zz, G} (Zy) € (Rl € )

. Juja.k (7.16)
(j1,j2,k,01,02,—0)€T3

for some o’ > 0 to be determined. Since G}(Z)Z is a Hamiltonian vector field, Lemma [A.17 gives by con-
struction that ng is symplectic up to homogeneity N and it has the form

~_\2%X2
7 éFg\,(zo) = Z0+ G (Z20) Zo+ F>2(Z0) Zy,  F=2(Zp)€ (ZQ’RqQ) ) (7.17)

Applying Lemma [A.12] we obtain that the variable Z; solves a system which is Hamiltonian up to homo-
geneity N. We compute it using Lemmal(B.2] Its assumption (A) at page[65holds since Z; solves (Z.2). Then
Lemma[B.2limplies that the variable Z; solves
0,21 =iwy»(D) Z; + Opyse (i(f[%);N(Zﬁf) +i(¢[%);“N(U; L, f)) Zy
+[RY(Z1) + G} (Z)) Zy + R%,(Z1) Zy + RE N (U3 DU,

(7.18)

where

3

o (L{% ;N(Zl; ¢) is areal valued symbol, independent of x, in ZJZVFZ ;
3

o (L{%): N t,¢) is a non-homogeneous real valued symbol, independent of x, in I’

0 :
K ', N+1 €00

15(' K N+1 [eo] with imagi-
nary part Im(z{%)>N(U; t,§)inT
SO
. R}ll(Zl) is defined in (7.I14) and Gf(Zl)Zl € %29 2 has Fourier expansion, by (B.15) and (Z.16),

Gl (Zzog= ) i(o1wyp() +o20yb(j2) - 0wy p(R)GIE (215 (20 3 (7.19)
(j1,j2,k,01,02,—0)€T3
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= —p+p(2))2%2
e RY 2»(Z1) is a matrix of pluri-homogeneous smoothing operators in (ZN Ry ore ) where

_ a_.3.
o+e@ =0+ (7.20)

. . . . -0+0(2) 2x2
e R ,(U; 1) is a matrix of non-homogeneous smoothing operators in (R - [6‘0])

K,K',N+1
By (7Z.15), (Z.19) we solve

RY(Z)Z1+G{(Z) 2 =0 (7.21)
by taking
0, if (j1,J2,k,01,02,—0) ¢ %3,
01,02,0 A 01,02,0
jllyjzyzk ) J1,jak (7.22)

- ; - if (j1, j2, k,01,02,—0) € T3.
i(o10y,b(j1) + 020y (j2) — 0wy b (k) 2 be2 3

The previous expression and the fact that the vector field RY(Z) Z, is Hamiltonian justifies a posteriori that
indeed GII{(ZO)ZO is Hamiltonian. Moreover, combining (Z.I4) and Proposition[2.6 taking § € [ ,61,,62] \B, we
get that GII{(ZO)ZO € %2_91 with o’ £ ©—o(N) —1. Thus, by Eq. (Z.20), we get p(2) = o(N) + T + %

Step p > 2: We now assume that the system is in normal form up to degree p — 1 of homogeneity. Next, we
illustrate how to perform the normal form transformation on the terms of degree p. Specifically, we assume
that Z,,_; solves

0 Zp-1 = iwyp(D) Zp_1 + JcV(HE?) <pi1(Zp-1)+ JeV(HS®) <pi1Zp-1)
2

+ 0Pt (i(d3) p(Zp1;8) +i(d)) 2 p11 (Zp-1;0)) Zpr + BE (2 1) Zp 1

+OpBt (~i(d) >N (U3 1,0)) Zp1 + Ron(U3 0, (7.23)

3
(SAP) (SAP) T
where (H; : )< <pr1” (H: 0 ) <p+1 ATE pluri-homogeneous super-action preserving Hamiltonians, (zfs )peT,

and expands as

@)p(Zp-1:)= Y DY@ (-7, D) =D (7.24)
(7py6'p)€3:p
3 H N ~0rew)
Moreover (43 )>(p+1) € Zp +1Fq and R € ) P Rq = . Wereduce the homogeneous component

OopZW ( 1(5{% ) p) + R, into its resonant normal form. First of all we define the intermediate variable
WED,(Z,-1) 2 Gy (Zp-1)Zp-1, (7.25)

where g ; ,(Zp-1) is the time 1-linear flow generated by OpEY (1gp) where gy, is the Fourier multiplier

8 (Zp-1;)% Y Gq &) (zp- 1)~ I (7.26)

(Gp:Op)eTy

Then Lemmal[Blimplies that the variable W defined in (Z.25) solves

0:W =iwy, (D)W +]a:V(H§SAP))<p+1(W) +JcV(HEP) (W)
+Opyec (i[(dg)p(W; O +gy Wil +ild2)L, (W 5)) W+R=,(W)W (7.27)
+Opec (l(tfg)IN(U; t,rf)) W+R.n(U; DU,
where g, expands as
gWid)= ) 6, 'J)y,b(jp)cg: 3] w;”. (7.28)

(Gps0p)eT)
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2%x2 —o+o(p)+c(N,p) 2%x2

while R>p€ (ZNR ,R.n € (RK’K,’—NH [60]) for some c(N, p) > 0. In order to get a

p-homogeneous super-action preserving normal form symbol, we solve the homological equation

e+e(p)+c(N, p))

(d2)p(W;€) + g5 (W30 = (3), W;) & Y D‘]f’;’ © w;f”’.

(Gp:0p)eS)

where &, has been introduced in (Z.3). One solution is obtained by choosing

0, if (7,,0p) € 6,

¢ro2{ e (7.29)
m if (7,,0p) € 6.

The previous expression (7.29) and the fact that (E[3) p 1s real valued justifies a posteriori that indeed g, is

real valued. Moreover, comblnlng estimate (3.5) for (z[3 ), and Proposition 2.6} taking § € [B1, B2] \ B, we get
that g, satisfies the corresponding estimate (3.5) with 1~ 1+ 7. Now, we observe that, by LemmalAI3]

pW (1(J(SAP))p(W 6))W ]CV(H(SAP)) e W)+ R,(INW, (7.30)

with Hamiltonian
(HEH) (W) £ Re<OpBW ((JQSAP)),,(W; 6)) w, w>R : (7.31)
2 2

~_\2%2
which is super-action preserving by Lemmal[Z.8] and a matrix of smoothing operators R, (W) in (Rp‘) )
for any o’ > 0. Therefore (Z27) becomes

0: W =iwyp(D)W + ICV(H(SAP))<p+2(W) +IeV(HS™) )iy W)
+ 0PI (i(4)% 1y (W3 )| W + [Rop (W)W (7.32)
+OpBY (i) 2y (U3 1,0) W+ Run (U3 DU,

where (see (7.23),(7.31))

(H(SAP) iy (H(SAP))

3 )<p+2 3 <pn +(H§SAP))

P2 (7.33)

. Note that the new system (7.32) is not
Hamiltonian up to homogeneity N (unlike system m for Zp-1), since the map @ p(Zp-1) = g;,p (Zp-1)Zp-1

Q+Q(p)+c(N p) 2x2
while R, is a new smoothing remainder in (ZN R )

in (Z29) is not symplectic up to homogeneity N. By Lemma [A.7]we only know that G é,p (Zp-1) is linearly
symplectic. We now apply Theorem [A.16] to find a correction of ®,(Z;,_1) which is symplectic up to ho-
mogeneity N. The assumptions of Theorem [A.16] are verified applying Lemma[A.7] therefore there exists

2x2
R(<p) (ZN R o ) such that the variable

VECH W) 2 (Id+RE, (W)W = (Id + R (@, (Z,-1)) @ (Zp-1) (7.34)

is symplectic up to homogeneity N, thus solves a system which is Hamiltonian up to homogeneity N. Since
W solves (Z.32) then Lemmal[B2limplies that V = W + R(p ) (W)W solves

0,V =iwy,(D)V + JcV( %SAP))gpﬂ(V)H cV(HEP) . (V)
+0pBW (1(?;)2’”1(% 5)) V+JeV (Hop),,, V) + Ropri(VV (7.35)
+0pBY (1@>N(U; t,f)) V+Ron(U; DU,
where (Z)> zgﬂrq, JeV(Hop),,, € 36;9+Q(” e Ropi € zgﬁ—9+gw)+c<""”). Notice that the
2 zp+

Hamiltonian structure of JcV (H_Q)p (V) isjustified a posteriori by the fact that the p-homogeneous compo-
nent of the vector field in (7.35) is Hamiltonian and the term in its first line is Hamiltonian, thus we deduce
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the Hamiltonianity by difference. Thus we can proceed as in Step 1. First we Fourier expand JcV (H-,)
as

p+2

]p+1yk Jp+1
+1,k Op+1,— U)Ezp+2

UeV(Hoy), V)= X X0 (7.36)
(7

Then we use Lemmal[A.I7]to generate a symplectic up to homogeneity N map ]:(<p ]1, associate to the Hamil-
tonian smoothing vector field

GyMV)e= X Gyl (7.37)
= P Jp+1> Jp+1
(]P+1 ’k70p+17_0-)€3:p+2

Applying Lemma|B.2lthe analogue of the homological equation (Z.2I) is

JeV (Hog) oy (Zp) + G (Zp) 2y = JcV (H (S“’)) (Zy) £ > (= ,g)"’”1 (7.38)
(Fp+1,k,0 pr1,— U)€Gp+2p '

where the vector field G}, (Z,) Z), is explicitly given by

GL(ZNZYT 2 Y i(Gpr1-Byb(pe1) ~owyp(R)G; ""“' (p)""“

(7p+1 vky6p+1v o) e‘Ip+2

Then a solution of is given by

0» if(7p+l»k»6-p+lr_0-)€6p+2r
G p+1,0 A G p+1,0

7p+1vk - 7p+1vk . - -
T e = — = » if (]p+l»k»0p+lr_0) ¢6p+2-
(0 p+1-0yp(Tp+1) _Uwy,b(k))

(7.39)

The previous expression and the fact that the vector field J¢V (H_Q) pe2 is Hamiltonian justifies a posteriori
thatindeed G, (Z,) Z, is Hamiltonian. Moreover, since { cV (H_p) p2 is pp-smoothing, we apply Proposition
taking f € [B1, B2] \ B and we get that G ,(Z,) Z, € X,°""" with gp41 2 0 — c(N) - 7. O

7.3 Energy estimate and proof of the main Theorem

Remark 7.11. We can derive local existence for following the computations in the main result of [23]
and exploiting the fact that the local existence result of [23] uses the very same paradifferential functional
setting as in the present manuscript. Minor modifications in the works [3,/51] can also provide local exis-
tence for the setting of (L4).

The following result, analogous to [I9, Lemma 6.3], enables to bound the norms [|0¥U (1|
time derivatives of a solution U(¢) of by U Ils.

i of the

S——

Lemma 7.12. Let K € N. There exists sy > 0 such that for any s > so, any € € (0, (s)) small if U belongs
to B?O’R (I;) N CY (I; H* (T;C?)) and solves thenU € Cf (I; HS(T;C?)) and there exists C, = Cy (s,K) > 1
such that

UM <NUDlk,s < CLIU (D, Viel

Proof. The proof is inductive and follows the same line of [19, Lemma 6.3], so we sketch only the first step.
As U@ ls < IU (9) | ks is obvious in view of the definition (3.3), it remains to prove the second inequality.
We start by estimating [|0,U(#),_z. Using equation (5.2) for U(#) and then (3.13) with k =K' = "'=p=0,m= %
and estimate with m ~» —p and k =0, we get

S——

10,003 < [0p™ (43 U320 0y © + 41 U3 ,6) + AL W3 KT + Ay U, O)U| _, + IR
Sl

The estimates for k > 2 follow in a similar manner, additionally using estimates (3.13) and (3.16) with k > 1
to handle higher-order derivatives.
O
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We fix now the parameters appearing in Proposition [Z9. In its statement, we set p = p(N) and K £
K'(p), which implies the existence of the constant sy > 0 which we increase, if necessary, to fit the range of
LemmalZ12] such that for any s > sy, and any fixed 0< €0 < minfeg(s),€(s)}, where €y (s) is defined in Propo-
sition[7.9} and € (s) in LemmalZ.I2 the conclusions of Proposition [Z9land LemmalZ12lhold. Therefore, one
can obtain the following energy estimate. Notice that the time-reversibility of the Kelvin-Helmholtz system
allows us to restrict the discussion to positive times ¢ > 0.

Lemma 7.13 (Energy estimate). Let U(t) be a solution of equation 5.9) in ng (I;e0) NCK (I; H* (T;C?)). Then

there exists Cy (s) > 1 such that
t
1U (0I5 < Cals) (IIU(O)H? +f0 @iy ||U(r)||§dr), Vo<it<T. (7.40)

Proof. The variable Z defined in Proposition[Z.91solves the normal form Equation (ZI1). Then, denoting by
HE®) 2 %) 4 H&'P we have that
2

d
SNZOIE = dZ 121 [jwyp(D)Z + JeVH + 0p™ (itdy) s n(U; 1,6)) 2 + Ron (U DU
=3 |nl** {Jn, HE}

neN
+(IDProp™ (-Im (&) Wi1,0))2 ' Z)+2Re(ID* Ron (U ) U | Z)
SHUIR S A ZIs+ MU 1 Z1s,

where we used Lemma [Z4] and the fact that —Im((z{%) N(U; t,f)) is in T2 leg] and R (U;t) is in
>

K,K',N+1
M?( k' N+1l€0]. Integrating in time the above inequality, then using Eq. (Z13) and Lemma[Z.12] we obtain
(2.40). O

The energy estimate (7.40) and the equivalence

In]

Ly @ ey ~ 10O, (7.41)

s+
HO

which is a consequence of (5.8), imply, by a standard bootstrap argument, Theorem[L.Tl For detailed com-
putations we refer the interested reader to [18}[19}125].

A Hamiltonian formalism

In this appendix we set the Hamiltonian formalism for the problem at hand, following [25} Section 3].

A.1 Linearly Hamiltonian systems

In this section we provide the linear Hamiltonian framework needed in our analysis. The linear Hamilto-
nian structure is the natural algebraic property that emerges from the paralinearization of an Hamiltonian
system.

Definition A.1 (Linearly Hamiltonian paradifferential operator). A real-to-real matrix of paradifferential
complex operators is linearly Hamiltonian if it is of the form

; ) b U;t» y =b U;t»» ’
Jcop™(B), B2 by (U;t,x,8)  ba(U;t,x,) {n x, =) = by (U; £, x,8) A1)

N bZ(U) trxr_é-) bl (U) trxr_é-) ' bz(U; t,x,f)ER

In other words, b; is even in ¢ and b, is real valued. This is equivalent to require that the matrix valued
paradifferential operator Op®W (B) is symmetric.

Definition A.2 (Linearly Hamiltonian operator up to homogeneity N). A real-to-real matrix of spectrally
localized maps J¢B(U;t) in (ZSK,Kr,p [eo,N])2X2 is linearly Hamiltonian up to homogeneity N if its pluri-
homogeneous component P<n(B(U; 1)) (defined through (3.18)) is symmetric, namely

P<nBU; 1) =P<n (BW;NT).
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In particular, a real-to-real matrix of paradifferential operators is linearly Hamiltonian up to homogene-
ity N if it has the form (cfr. (A.I))

Jcop™V

bl(U; t)x)é-) bZ(U) t)xyé-) ) {bl(U) t)x)_é-)_bl(U) t)xyé-)erlr?’Kr’N_*_l[eO]r (AZ)

bx(U;t,x,-¢)  b1(U;t,x,—¢) Imb,(U; t,x,&) € rI"g'K, N1 l€0]
for some m, m’ in R.

Definition A.3 (Linearly symplectic map). A real-to-real linear transformation A is linearly symplectic if
A*Qc = Q¢, where Q¢ is defined as

u U\ a u 2%} A p-1
Q -1 =(CEc| - _ ) Ec= ) A3
0:( 31 uz) < ] | | >R c=Je (*3)
namely
ATEcA=Ec.

Definition A.4. (Linearly symplectic map up to homogeneity N) A real-to-real matrix of spectrally local-
ized maps S(U; 1) in (ESk k7 0l1, N ])2X2 is linearly symplectic up to homogeneity N if

SW; )" EcS(U; t) = Ec + Ssn(U; 1), (A.4)

where E¢ is the symplectic operator defined in (A.3) and S n(U; t) is a matrix of spectrally localized maps
in (Sk, k', N+1 [60])2xz-

Linearly symplectic maps up to homogeneity N preserve the linear Hamiltonian structure up to homo-
geneity N. The following result is borrowed from [25, Lemma 3.9].

Lemma A.5. Let JcB(U;t) be a linearly Hamiltonian operator up to homogeneity N (Definition[A.2) and
S(U;t) be an invertible map, linearly symplectic to homogeneity N (Definition[A4). Then the operators
SW; ) IcBW; HSWU; )~ and (0,S(U; 1))S™1(U; t) are linearly Hamiltonian up to homogeneity N.

We consider the flow of a linearly Hamiltonian up to homogeneity N paradifferential operator. The
following is Lemma 3.16 of [25].

Lemma A.6. (Linear symplectic flow) LetpeN, N,K,K'e N withK' <K, m<1,r>0. Let

|

be a linearly Hamiltonian operator up to homogeneity N (Definition[A.2) where B is a matrix of symbols

21,V 1,V
ib) by

oY (B) = OpBW
JeOp = (BY=0p™ " 4

B2 B(1,U;t,x,8) =

bi(t,U;t,x,&)  by(t,U;t,x,&) ) b1€ZF?{,K/’p[r,N].
bz(TrU; t)x)_é-) bl(T)U; t)x)_é-) ' bzeerngK,p[r,N],

with b}’ —-by in F?(’K,’NH leo] and the imaginary part Im b, in F?(’K,’NH leo] (cfr. (A2)) uniformly in|t| < 1.

Then there exists sy > 0 such that, forany U € Bg r(I;7), the system

0:GxWU; 1) =Jc op™ (B, U; t,x,$)GgU; 1), Gy U;n=1d
has a unique solution G (U) defined for all |t| < 1, satisfying the following properties:

(i) Boundedness: For any s € R the linear map GE(U; t) is invertible and QE(U; t) and GE(U; 0~ are

2x2
non-homogeneous spectrally localized maps in (SIO< X0 [60]) according to Definition[3.20

(ii) Linear symplecticity: The map G (U; 1) is linearly symplectic up to homogeneity N (Definition[A.4).
If JcOp®YW (B) is linearly Hamiltonian (Definition[A1), then G (U; 1) is linearly symplectic (Definition
A3.
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(iii) Homogeneous expansion: G (U; ) and its inverse are spectrally localized maps and G5 (U; n*-1d

2x2
belong to (ZSI((N;;% [r, N]) with my = max(m,0), uniformly in|t| < 1.

The flow generated by a Fourier multiplier satisfies similar properties. The following is Lemma 3.17
of [25].

Lemma A.7. (Flow of a Fourier multiplier) Let p € N and g,(Z;¢) be a p-homogeneous, x-independent,
real symbol in f’%,. Then, the flow gz,p (Z2) defined by
0:Gy (2) = Opyee (i8p(Z:0)) Gy (2), Gy (2)=1d, (A5)
is well defined for any |t| < 1 and satisfies the following properties:
(i) Boundedness: For any K € N andr > 0 the flow ggp (Z) and its inverse Q’gp’(Z) are real-to-real diagonal
matrix of spectrally localized maps in (SIO<,0,O [eo])zx2
(ii) Linear symplecticity: The flow map gg,p (Z) is linearly symplectic (Definition[A.3).

(ii7) Homogeneous expansion: The flow map Qgp (Z) and its inverse g;;(z ) are matrices of spectrally lo-

3 2x2
calized maps such thatgéi,;(Z) —Id belong to (2512((])\'];1) r, N]) , uniformly in|t| < 1.

A.2 Non-linear Hamiltonian systems
We first give the definition of p-homogeneous Hamiltonian functions.
Definition A.8 (Homogeneous Hamiltonian). Let p € N, a p + 2-homogeneous Hamiltonian is a function
defined on H°(T;C?) with values in C which is real valued for any U € HﬁO(T; C?) of the form, c.f. G.19)
o o — \2x2
Hpeo(U) = (Mp()U, Uy = Y HYuf, My () € (M) (A6)

(7,0) E‘Ip+2

. G 01,..,0 . . . .
for some m € R and complex valued coefficients HJE’ = Hjll i P ;2. A pluri-homogeneous Hamiltonian is a
yeenr I p+

polynomial of the form
N

H(U) = ) Hp+2(U), (A7)
p=0
where, for p=0,...,N, Hp,2 is a p + 2-homogeneous Hamiltonian.

From the definition the coefficients in (A.6) satisfy the following:

1. Symmetry restrictions: for any 6 = (01,...,0p12) € {+}P*2 and T=U-sjpe2) € (Z*)P*2, one has
Reality condition: H_]f’ = H]: 6, Momentum condition: H]? Z0 = G-7=0. (A.8)
2. Polynomial bound: There are y, C > 0 and m € R such that
| H7| < Cmaxs (il ..o Lps2D masa (il o)™

Remark A.9. In view of the momentum condition & - j = 0 in (A.8), one has the equivalence

max(|ji1l,..., | jp+2l) ~maxa(lj1l,..., [jp+2).

We now define the class of Hamiltonian systems up to homogeneity N that we shall use in Section[7}
Let K, K’ e Nwith K’ <K, r >0and U € BS (I;1). Let

)2X2

ZAEM(U; DU  with My (U; t)E(M%_K,_O[GO] (A.9)
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Definition A.10. (Hamiltonian system up to homogeneity N) Let N, K, K’ € Nwith K > K’ + 1 and assume
(A.9). A U-dependent system
0:Z=JcVH(Z) + M>n(U; 0)[U] (A.10)

is Hamiltonian up to homogeneity N if
e H(Z)is a pluri-homogeneous Hamiltonian as in (A.7);
e M. n(U;t) is a matrix of non-homogeneous operators in (MK,K’+1,N+1 [eo])zxz.

We shall perform nonlinear changes of variables which are symplectic up to homogeneity N according
to the following definition.

Definition A.11. (Symplectic map up to homogeneity N) Let p, N € N with p < N. We say that
D(Z;)=M(Z;Z  with  M(Z1)-1de (Mg plr, NP, (A.11)

is symplectic up to homogeneity N, if its pluri-homogeneous component D¢y (Z) = (P<nM(Z; 1)) Z satisfies

—~— \2x2
[[2D<n(2)]" EBc[/Den(2) = Ec+Esn(Z)  with  Ean(2€(SyaMy) . A1)

A symplectic map up to homogeneity N transforms a Hamiltonian system up to homogeneity N into
another Hamiltonian system up to homogeneity N.

Lemma A.12. Let p,N e N withp < N, K,K' e Nwith K > K' + 1. Let Z £ My(U; U as in (A9). Assume
D(Z;t)= M(Z;t)Z is a symplectic map up to homogeneity N (Definition[AT1) such that
(EMi e pln, NI, if MoU; 1) =1d,

2%2 . (A.13)
(EMko,plF,NI)7°, Vi>0 otherwise.

M(Z;t)—IdE{

If Z(t) solves a U-dependent Hamiltonian system up to homogeneity N (Definition[AIQ), then the variable
W £ D(Z; t) solves another U-dependent Hamiltonian system up to homogeneity N (generated by the trans-
formed Hamiltonian).

The following is Lemma 3.19 in [25].

Lemma A.13. Let p €N, m € R and a(U; x,¢) a real valued homogeneous symbol in ffj. Then the Hamilto-
nian vector field generated by the Hamiltonian

HU) £Re(AW)u| g,  AW) £ 0p™ (a(U;x,9),
is
JeVH(U) = 0piee (ia(U;x,6) U + RO,
where R(U) is a real-to-real matrix of homogeneous smoothing operators in (ﬁ;g)zxz foranyp > 0.
The following is Lemma 3.20 in [25].
LemmaA.14. LetpeN, meRandp > 0. Let
X(WU) = Jcop™ (AU; x,0)U + RU)U = JcVH(U) (A.14)

be a (p + 1)-homogeneous Hamiltonian vector field, where

‘ _(alU;x,8)  bU;x,s)
AU =\ 5 —8 alix -8 (A19)

~ \2x2 x
is a matrix of symbols in (F;’f) and R(U) is a real-to-real matrix of smoothing operators in (Rp‘))z 2, Then,
we may write
X (W) = JeOp™" (41 (U; x,€DU + Ry, (A.16)

where the matrix of paradifferential operators Op®Y (A1 (U; x,&)) is symmetric, with matrix of symbols
( a+a’ b+b )

1
AU;x,8)==|— -
i 2 b +b" a+a’

2 (A.17)

. . . .5 —p)\2X2
and R, (U) is another real-to-real matrix of smoothing operators in (RpQ) “
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The following is Lemma 3.21 in [25].
Lemma A.15. Letpe N, meR andp > 0. Let S(U) be a matrix of spectrally localized homogeneous maps in
= \2X%
(Sp)

? which is linearly Hamiltonian of the form

S(W) = JcOp®W (AWU; x,8) + R(U), (A.18)

~ \2x2
where A(U; x,&) is a real-to-real matrix of symbols in (FZ’) as in (AI3), and R(U) is a real-to-real matrix

,V;Q)ZXZ

of smoothing operators in (Rp . Then, we may write

S(U) = JcOp®W (A, (U; x,8) + Ry (U),

~ \2x2
where the matrix of symbols A, (U; x,&) in (F,’f) has the form (AI7) and R, (U) is another matrix of real-

~ \2X%2
to-real smoothing operatorsin|R,°| . In particular the homogeneous operator JcOp®"W (A, (U)) is linearl,
g p g p y
Hamiltonian.

A.3 Symplectic corrections

In this section we provide a symplectic correction to two different class of maps: linearly symplectic spec-
trally localized maps and smoothing perturbations of the identity. The main result is Theorem 7.1 in [25]
that we state below.

Theorem A.16. Let p, Ne N withp < N,K,K'e NwithK'+1< K, r>0. Let Z =My(U; ) U withMy(U; 1) €

2x2
(M(I)( K0 [eo]) . Assume that Z(t) solves a Hamiltonian system up to homogeneity N. Consider

O(Z)EBZ;1Z, (A.19)
where

* B(Z;t)—1d is a matrix of spectrally localized maps in

(=Sk,x0,pl1, N1)*, if Mo(U;=1d,

X (A.20)
(ZSk0,plF, N])2

B(Z;1)-1de 2
, V>0 otherwise.

* B(Z;1) is linearly symplectic up to homogeneity N, according to Definition[A.4

)

~ _\2X2
Then, there exists a real-to-real matrix of pluri-homogeneous smoothing operators R<n(-) in (Zg RqQ)

for any p > 0, such that the non-linear map
Zy £ (Id+ Ren(D(2))@(2)
is symplectic up to homogeneity N and thus Z, solves a system which is Hamiltonian up to homogeneity N.

Given a map of the form U — U + J¢V Hy2(U) where JcV Hp,2(U) is a Hamiltonian, smoothing vector
field, we find a correction which is symplectic up to homogeneity N.

LemmaA.17. Let p, Ne N withp < N. Let Y, 1 (U) = JcVHp,2(U) be a homogeneous Hamiltonian smooth-
ing vector field in %;ﬁl forsome p > 0. Then there is a map of the form

SN =U+ Y1 )+ Fopiny(U),  Fopin(U) € 25, X5, (A.21)
which is symplectic up to homogeneity N (Definition[ATI).

Proof. 1t is a direct consequence of Lemmata 2.27 and 3.14 in [24]. A careful examination of the proofs
reveals that F> (,2)(U) actually belongs to Zé\; +13€;9. However, since this stronger result is not required for

our purposes, we prefer to state the weaker conclusion F> (42) (U) € Zg +2§;9. O

Remark A.18. The map F<n(U) in (A2]) is indeed the truncation up to homogeneity N of the time-one
flow generated by the Hamiltonian vector field J¢VH,»(U).
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B Auxiliary flows and conjugations

The following conjugation Lemmata [B.1l and [B.2 are used in the nonlinear Hamiltonian Birkhoff normal
form reduction performed in Section[/l Their proof can be found in Appendix A of [25].

The following hypothesis shall be assumed in both Lemmata[B.Jland [B.2}

2x2
Assumption (A): Assume Z £ My (U; 1)U whereMy(U; t) € (M(I)(K, 0[6‘0]) ,Ue BgR(I;eo) for someey, sp >
0 and0 < K' < K. Let N € N and assume that Z solves the system

0,7 =0psV (iwyp (&) +iacn(Z;¢) +iasn(U; 1,8)) Z+ R<n(Z2) Z+ Rsn(U; 1)U, (B.1)
where:

3
* acn(Z;¢) is areal valued pluri-homogeneous symbol, independent of x, in Zév T ,21;
3
2
KK’

a-nN(U; t,¢) is a non-homogeneous symbol, independent of x, inT'
Imasy(U;1,8) inTy i v, l€0l;

N+11€0] with imaginary part

- _\2X2
* R<N(Z) is a real-to-real matrix of pluri-homogeneous smoothing operators in (Z{VRqQ) ;

-0 2%x2
KK/, N+1 [60])

R-N(U; t) is a real-to-real matrix of non-homogeneous smoothing operators in (R

Lemma B.1 (Conjugation under the flow of a Fourier multiplier). Assume (A) at pagel6dl Let g,(Z;¢) be a

3
p-homogeneous real symbol independent of x inT%, p > 2, that we expand as

gZio)= Y Gz, G'@)=G@eC (B.2)

(7py6'p)€3:p

and denote by ggp ()& g;,p (Z) the time 1-flow defined in (A.D) generated by Opgg‘cf (igp Z; 6)). If Z(t) solves
system (B.1), then the variable
W=2G, (2)Z (B.3)

solves the system
0:W = iy, (D)W +Opiat (ial (W3 ) +ial y (U3 £,8)| W + RE (W)W + REy (U5 DU, (BA4)
where

3
* al(W;¢) is areal valued pluri-homogeneous symbol, independent of x, in Zév I';, with components

Peprlaly(W;d)] = Pep-1lacn(W; )1,

(B.5)
Pp a;N(W;E)] =Pplacn(W;8)] + g, (W;8),
3
where g; W;é e Ff, is the real, x-independent symbol
GWiHE ¥ i@y dpu(p)G; ©uw); (B.6)

(7p76'p)€3:p

3
2

* al\(U;t,&) is a non-homogeneous symbol, independent of x, in T Nt

Ima? \ (U; t,§) belongingtoT%, ¢, ., [€ol;

leo] with imaginary part

+ . . , , . N-S—0+c(N,p) |2 %2
* R\ (W) is a real-to-real matrix of pluri-homogeneous smoothing operators in (Zl R, ) for
some c(N, p) >0 (depending only on N, p) and fulfilling
P<plRE (W] =Pep[Ren(W)]; (B.7)
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o R:N(U; t) is a real-to-real matrix of non-homogeneous smoothing operators in (R_Q+C(N'p) leo]

2%x2
K,K',N+1 )

The following lemma describes how a system is conjugated under a smoothing perturbation of the iden-
tity.

Lemma B.2 (Conjugation under a smoothing perturbation of the identity). Assume (A) at pagel63 Let

~_\2X%2
F<n(Z) be a real-to-real matrix of pluri-homogeneous smoothing operators in (Zg RqQ ) for some ' > 0.
If Z () solves (B1) then the variable

WEFNZ)EZ+Fn(Z2)Z (B.8)
solves
0 W =iwy (D)W + Opgg\g (iagN(W; & +ialy(Ust, f)) W+ R;N(W)W +RI(WU; U, (B.9)
where
. ag ~(W;$) is a real valued pluri-homogeneous symbol, independent of x, in Zév 1:2, with components

PepnlalyW;O] =Peprilasy(W;d)l; (B.10)

3
o a: Ut ) is a non-homogeneous symbol, independent of x, in r12<, KN+1 leo] with imaginary part

ImaZ  (U;t,{) belonging to F?(’K,’NH [€0];

- _ 2x2
. RE ~(W) is a real-to-real matrix of pluri-homogeneous smoothing operators in (Z{V RqQ*) , 0 =

min (g, 0’ - 3) (p = 0 is the smoothing order in Assumption (A) at pagel63), with components

Pp-1 [RJ%N(W)] =P<p-1[R<nW)], (B.11)
~_\2%X2
and, denoting F ,(W) £ Pp(F<n(W)) in (R;Q ) , one has

PplRE N (W)] = PplR<n(W)] + dy (F (W)W) [iwy,5(D)] — iy, (D) F p (W); (B.12)

_ 2x2
* RI,(U;1) is a real-to-real matrix of non-homogeneous smoothing operators in (R )

Q*
K,k',N+1€0]
In addition, if F<n(Z) in is the symplectic up to homogeneity N map associated to a Hamiltonian vector
~ \2X2
field Gy(Z2) Z = IcVHy2(Z) as per LemmalAIZ, where (Gp(Z) € Rp" ) has Fourier expansion
(G, 22)I= Y &I, (B.13)

k N Tp+1k T pa
(]p+lrkra-p+lr_o-)6$pf; -

then (B.12) reduces to
Pp[RgN(W)] =PylR<n(W)] +G;§(W), (B.14)

1.3

2x2
~-0'+ . . . . .
where G;; (W) e (R pQ 2 ) is the smoothing operator with Fourier expansion

(> N o Op+1,0 O ps
GLMWIT = 3 i(Gpe1Byp(Tpe1) — 0wy (R Wi (B.15)
(Gp+1,k,0 pr1,—0)€T pio P P
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