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Abstract

The equatorial shallow water equations in a suitable limit are shown to
reduce to zonal jets as the Froude number tends to zero. This is a theorem
of a singular limit with a fast variable coefficient due to the vanishing of the
Coriolis force at the equator. Although it is not possible to get uniform
estimates in classical Sobolev spaces (other than L?) by differentiating
the system, a new method exploiting the particular structure of the fast
coefficient leads to uniform estimates in slightly different functional spaces.
The computation of resonances shows that fast waves may interact with
a strong external forcing, introduced to mimic the effects of moisture, to
create zonal jets.
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1 Introduction

Geophysical equatorial flows are a rich source of novel problems both for applied
mathematics and the theory of partial differential equations (see ref. [15] and
references therein). The special feature at the equator is that the tangential
projection of the Coriolis force from rotation vanishes identically there. Phys-
ically, this allows the tropics to behave as a waveguide with extremely warm
surface temperatures, which influences the climate on a planetary scale through
hurricanes, monsoons, El Nino, and global teleconnections with the mid-latitude
atmosphere. The detailed physical mechanisms involved are the object of in-
tensive studies in the atmosphere-ocean science community and also leads to
new mathematical phenomena and PDE’s [17, 19, 2, 18, 1, 9, 20]. Chapter 9 of
ref. [15] provides an introduction to these topics for mathematicians.

This is our second paper in a series about the rigorous derivation of reduced
dynamics for flows in the equatorial region. A simple model for such flows is
provided by the equatorial shallow water equations with dissipation and forcing
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1 1
Oth+T-Vh+ hdivi+ = dive = —dh + = S",
€ €



where ¥ = (u,v)(t, z,y) is the horizontal velocity, h = h(t,z,y) the height,  the
longitude, y the distance to the equator, ot = (—v,u), and, in the right-hand
side, d, d are non-negative constant coefficients. The strong forcing terms e =15,
€718V, e71S" are introduced to mimic the effects of convective heating. The
equation (1) are written in non-dimensional variables under the assumption that
both the Froude number (typical fluid velocity ratio to the gravity wave speed)
and the height fluctuations are of order e, which we regard here as a positive
parameter tending to zero (its actual value is around 1071). (See [9, 17].)

In our first paper [6] we studied the singular limit of the long-wave solutions
of (1). That is, we first rescaled the system in the a-direction by setting ' = ex
and then showed that, under suitable assumptions, solutions converge as € — 0
to solutions of the long-wave equations. In the present paper we go back to the
original system (1) without rescaling. Instead of the long-wave equations, zonal
jets constitute the slow limiting dynamics. Zonal jets are flows in the east-west
direction alone (v = 0) and independent of the longitude x. Indeed, ignoring
the forcing for the moment, we need

—yv+0:h =0 (2)
yu~+ 0yh =0 (3)
O+ 0yv =0 (4)

if we want all terms of order ¢! in (1) to vanish. Deriving (2) with respect
to y, (3) with respect to « and subtracting gives —v — y0,v — yO,u = 0, hence
v = 0 using (4). Then (2) gives d,h = 0, so h must be independent of z, and so
by (3) u must be independent of x too.

We do the fast averaging and obtain zonal jets as a singular limit (see Sec-
tion 3 for more precise statements) by using the very same method that was
introduced in [6] for the long-wave case. Our motivation is twofold.

From the mathematical point of view, as very few examples of singular
limit of a symmetric hyperbolic system with fast variable coefficients have
been treated previously (see Section 4 in [11] for an example different from
[6]), any new one probably deserves to be written in details. In mid-latitudes,
the fact that the rotational Coriolis terms are bounded away from zero leads
to a strict temporal frequency scale separation between slow potential vortic-
ity dynamics and fast gravity waves; theorems justifying the quasi-geostrophic
mid-latitude dynamics have been proved even with general unbalanced initial
data for both rapidly rotating shallow water equations and completely stratified
flows [3, 7, 8, 16, 15, 5]. However, the proofs require constant symmetric hyper-
bolic coefficients for the fast-wave dynamics in order to obtain higher derivative
estimates on the solution. The rescaling 2’ = ez in the long-wave scale has
the technical advantage of removing the dependence on z in the fast coefficient
operator: the terms of order ¢! in the rescaled system only involve multipli-
cation by y and derivation with respect to y. Still, even the dependence on y
alone causes the serious difficulty that energy estimates in the usual Sobolev
spaces blow up as € — 0. Indeed, straightforwardly differentiating (SW,.) with
respect to y leads to terms with magnitude O(e~!) from the commutators. This
difficulty was overcome in [6] by exploiting the physical, particular structure of
the fast operator to get a uniform estimate in a modified Sobolev space W4,



denoting by W™ for any m € N the space of functions f € L?(T x R) such that

> yr0loy fllze < oo
a+pB+y<m

With this estimate at hand, it is possible to follow the classical strategy for
singular limits [12, 13, 14, 27, 28]. We use the same method in the present
paper. We wanted to gain some confidence in a setting only sightly different
before attacking the fully stratified equations, which is our next goal and will
be a more significant test of our method’s generality. And we present here some
novelty in the method as well, for we are now able to get uniform estimates in
W™ for all m € N, in a way that would have also worked in the long-wave case
(the presence of 0, in the operator happens to be harmless, simply because 9,
commute with y and 9,).

From the geophysical point of view, the original scaling is completely differ-
ent from the long-wave scaling and both have their own interest. Long waves
and zonal jets are instances of those simplified reduced models which, being
simpler and yet capturing qualitatively key physical phenomena, are so helpful
in our understanding of the many physically important geophysical flows that
involve complex nonlinear interactions over multiple scales, both in time and
in space [10, 22, 23, 15, 17]. In the equatorial context, the new multi-scale re-
duced dynamical PDE models are relatively recent in origin [17] and additional
PDE theory is needed for these disciplinary problems. Zonal jets are observed
in the atmosphere as well as in the ocean but what brings them into existence
is unclear. What we show here in our simple model is that although the inter-
action of fast waves between themselves has no influence on the mean flow (see
Proposition 6.1 in Section 6.2), fast waves interact with an external forcing with
fast oscillations to create slow waves (the zonal jets). Introducing that strong
forcing (see Section 3) is an attempt to simulate the nonlinear interactive heat-
ing involving the interaction of clouds, moisture, and convection which plays a
central role in equatorial dynamics [23, 29, 19, 2, 18, 1, 9, 20] (see ref. [9] for
the simplest physical equatorial models with moisture).

2 Reformulation

We do the same changes of variables as for the long-wave equations. The first
one is
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it transforms (1) into

1- - 1 - 1
O + udzu + voyu + ihamh + g(—yv + 0h) = —du+ ESQ‘

1, - 1 - 1
0w + u0zv + voyv + ihayh + E(yu + 0yh) = —dv + ;S: (6)
} . -1 1. 1 a1
Oeh + udsh + vOyh + Shoyu + Shdyv + ;(amu + 0yv) = —dh + gsg
with -
- dh
de=d— (7)
4+ 2¢h



and

The second one is

1 ~
ﬁ(quh), =

r =
which gives

8,0 + SHUNOU + So(0)8,U + %cﬁ =L, U+F.

with the notation

= r
v=1|1],
v
3r—1 0 0
Sllzsi(ﬁ):i 0 r—3L 0
2v2 \ 0 2r—2l
. 1 4u 0 r—+1
SQZSQ(U):* 0 4v ’f’+l s
r+l r+1 4v
L=2500,+L
where
1 0 O
S9=(0 -1 0
0 0 0
and
1 0 0 L_
L=—10 0 Li|,

2\, 1 o

in which L, and L_ denote the lowering and raising operators

Li :ﬁy:ty,
and finally 3 .

d+d. —d+dc 0

Lie= 3 —-d+d. d+d. O

0 0 2d
and 1 i . i 1

Fl = —=(5¢+ 8, F2=—%2(-5'+5, F}=-5
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3 Initial value problems with non-resonant forc-
ing and dissipation
We will use the notation S = (Si,S5;) and write S - V as a shorthand for

S10, + S20,.
We consider the initial value problems

{at(l +5-VU. + 120, = F + £, 0. 15)

ﬁ|t:0 = ﬁO,e

allowing the strong part of the forcing F. to oscillate non-resonantly along the
eigenspaces of £. So we suppose that

- . 1 .
Fe(t) = F2(t) + ge_?“’Fel(t) (16)

where F‘;O, 1*:‘;1 are given, smooth, real-valued vector fields and where

2 k.npk,n
ﬁo = Cy Pa 5

k,n,x

PFm denoting the projector on the eigenspace of £ corresponding to the eigen-
value A&7 (see Section 4). We assume all c&" to be pure imaginary numbers,
like all \¥™ are. We impose the condition

= = ke (17)

—Q «
to have F, real-valued. The condition of non-resonance is

inf |k — Ak 0, (18)

Finally, we define e™%° and e for 7 € R by

— k,n —
el = Y e TPET

k.n,«

and .
eTEU = Z et TPENT

kn,o

Theorem 3.1 (existence). Let m be an integer > 3. If FO, F! and 8,F! are
bounded in C(RT; W™), then for some T > 0 independent of €, there is for each
e a solution U, to (15) in C°([0,T]; W™) N C1([0,T]; W™ 1).

Theorem 3.2 (fast averaging). If m > 4 and if we assume in addition that the
forcing satisfies 9, F! € Lip(R*; L?) and F* — FQ, F! — E! and 9,F} — 0,F}
in L2, then

U= (L~ ﬁo)fleféﬂoﬁol + e fU + o(1)



in C([0,T);W#) for all s < m, where U € C([0,T); W™) N CL([0,T]; W™ 1)
satisfies

AU = PoFY(t) (19)
Pin (L1oPh™ FH®))
D S T
Az,n:ck’,n’ o’ C

o
o

-

kon_ k'n! | k! nlt
Ao’ =C. +Ca”

+ Z ,Pf/n (ﬁl,onj:’”/ZZ(t)) (22)

kyn__yk/,n!
AR =R

- Y PR (SR dw) VL) (23)

o’ o’

(20)

Pin (SR R (1) - V(PL" F (1))

N o (T

(63 [e3 (e

(21)

kon__ k! ,n! k! !t
Ao *)‘a/ +Aa//

Pl (SRR U () - vPE R ()

- Z )\k//777’// k' n' (24)
)\g,n:Ak’/,n’Jrck’/’,n” o - Lo
k:/’nl — kl/’nll —
P (S(PE @) - V(PR ()
- Z Y Y . (25)
)\k n Ck n
a’ a’

A=k

The sums are to be taken over all indices present in the formulas such that
the condition under the sign of summation is satisfied. Moreover, only terms
corresponding to k = k' + k" (corresponding to k = k' in (20) and (22)) are
non-zero.

The term (19) is the simple contribution of the slow part of the forcing,
while (20) is a contribution of the fast part which may be non-zero only because
L1 is not the identity. The term (22) is similar: it means that fast waves
may influence each other because of the dissipation. The other terms regroup
resonances: between different modes of the forcing in (21), between different
waves in (23), between forcing and waves in (24) and (25).

Corollary 3.3 (zonal jets dynamics). In particular, if 730[7 denotes the projec-



tion on the zonal jets in (2), (3), (4), then

Pl = PoFY (26)
P <£1,0Pg}n/ﬁ(})
+ Z 0,n/ 0,n’ (27)
0,n’ )\oc” — Cy
& =0
3T k/,n/ = *k/,n” _
PO (S(PL R - (Pl )
i knz_:kn A" = ™) e = i) 2
+Y P (El,opg’n,a) 29)
PO (SRRt - v (Pl FY))
* Z k' ,n’ k! (30)
k' n' k! ! Aoz”’ — )\o/
A A :Ca,’/
Pyn (S(P L B - W (PET))
+ 1" . (31)

k'n k' n’
)\a/; - )\Oé”

)\k/,n/ K n!!

o all

The physical interpretation of (30) and (31) is that fast waves may interact
with an external forcing to create zonal jets. We check that the sum of (30)
and (31) is not always zero on an example of forcing having a single mode in
Section 7.

4 Eigenvalues and eigenfunctions of £

The content of this section is essentially a rephrasing of Ripa’s discussion about
the eigenvalues and eigenfunctions of £ (see his series of papers [24, 25, 26]).
Suppose that z € IT and y € R (we keep the size of the periodic domain in
x as a parameter as it has an influence on the resonances).
Let us recall the definition of the parabolic cylinder functions ¢,: for n € N,

2

(Z)n(y) = (2nn!\/771')_1/2}[n(y>6_y7

where o
2 .2
Hn(y) = (_1) e’ dyne Y

is the Hermite polynomial of degree n.
The functions eszikméﬁn(y) with k € Z and n € N form a orthonormal basis
of L?(IT x R). Hence

(L*(IT x R))* = EM > EM ' P EF" (32)
kEZ
neN



if we note for each k € Z

k,—2 27 kg %0
E¥7 % =)el 0 |¢
0
k,—1 27 ik o1 pugy s 0
EF= =)el 0],et 0 |¢
0 ®o
and
o (/j)n+2 o 0 o 0
Ek,n _ > eTzka: 0 ’eTzkz ¢)n ,elew 0 <
0 0 ¢n+1
for n > 0.

We will see, using the raising and lowering properties of L

1

ﬁLan =—vVn+1¢,y1 forn >0, (33)
1
—Li¢p=vned,_1 forn>1, (34)

V2
Li¢o =0, (35)

that the operator £ has a disjoint action in these subspaces (see Sections 4.2
and 4.3); since iL is self-adjoint in (L?(IR x T))? equipped with the usual scalar
(hermitian) product, iL|gr.» is self-adjoint for all k& € Z and all n > —2. This
has two consequences. First, £ has mutually orthogonal eigenvectors forming a
basis of E¥™. Since the decomposition (32) is orthogonal, there is actually an
orthonormal basis of (L?(IR x T))? formed by the eigenvectors of £. Second,
the eigenvalues of iL|gk.» are real. It also turns out that there are all simple
(see (38), (40) and Proposition 4.2 below), so there are always three of them for
each (k,n) € Z x N.

4.1 Action of £ in EF—2

We have
. ®o . ®o
LeTHe | 0| =2mike ke [0 |. (36)
0 0
We note
7k, —2 27 ik %o
0 T =el 0 (37)
0

for each k. In view of (36), f_(;k’_Q is an eigenvector of £ corresponding to the
eigenvalue
k,—2 T
Ao = 2Tik. (38)



4.2 Action of £ in EF1

We have
27 ¢1 27 (bl 27 O
LeTHo 0 | =2rikeTike | 0 | ek | 0
0 0 o)
and
0 o1
EezT’rik:z 0 —_ 762%ik1 0
%o 0

An easy computation on the matrix

ik -1
1 0

shows that £ has the eigenvectors

é1 0
Rl (i diy/ Tk 41 )T [ o | 4T | 0 39
+1 1 1
0 bo
corresponding to the eigenvalues
Aot = Tk iy /TR 4 1 (40)
4.3 Action of £ in E*" for n > 0
We have
27 ¢n+2 27 ¢TL+2 27
Le T ke 0 = 2T”zk e T ke 0 +/n+2eT ik
0 0 ¢n+1
. 0 0
LeT"zkx ¢n — 72T7rlke2TW1km ¢n n + 16 Tikx
0 0 ¢n+1
and
27 O 27 ¢7‘L+2 27 O
LeTike 0 = —Vn+2eT ik 0 +vVn+1leT® [ o
¢n+1 0 ¢n

The equation for the eigenvalues of the matrix

2mj; 0 —Vn+2
0 _QT”ik Vn+1 (41)
Vn+2 —vn+1 0
is 2
N — (42 k2 4 2n + 3)\ — ik = 0. (42)

If we set A = iu, this equation is equivalent to

1 4 (SR + 2 4 3)pu+ 2k = 0. (43)



Remark 4.1. Since i times matriz (41) is hermitian, the solutions of (42) are
pure imaginary numbers (in other words, the solutions of (43) are real).

Proposition 4.2. For each (I,k,n) € R} x Z x N, the solutions of (42) are
distinct.

Proof. Let 3 = 2rk/l and v = 8% 4+ 2n + 3. Then (42) is just f(\) = 0 with

f) def N3 YA —iB. As f'(\) = —3)\? — v, a multiple root of f has to satisfy

v =—3)\2 (44)
and therefore, plugging this in f(\) =0,
203 —ig = 0. (45)

But (44) and (45) imply (v/3)® = 3%/4, which is not possible because v/3 =
B%/3+(2n+3)/3> p%/4+ 1. O

Notation 4.3. We denote the eigenvalues of L|grn= by A& (= ipkm ) with
a=—1,0,1, following the convention

k, k, k,
pIy < pg < py" (46)

Corollary 4.4. For any (k,n) € Z x N, three eigenvectors of L in EF corre-
sponding to three different eigenvalues always form an orthogonal basis of E*.

Proposition 4.5. If n > 0 and either
k#0

or
k=0 and o # 0,

)\k,n 7& {zlﬂ—lk

— 2k

then

Proof. In the first case, with 3, v and f as in the proof of Proposition 4.2, we
have to check that f(+i3) # 0. But f(+i3) = i3 FiBy—if = —iB(FF +~v+
1); now 3 = 2nk/l # 0 as k # 0 by assumption, and F4% +~+1 > 2n+4 > 0.

For k = 0, the eigenvalues and eigenfunctions of £ are simply those of L. In

particular [6], A2" = aiv/2n + 3 # 0 and so A\%" # 0 if o # 0. O
Hence
Y = R L) WY ey S
A = B Bl ey ol
Tﬂ—lk — Ao 0 2T7rlk' + A\ 0
47
) ()
+ 627‘"“63: 0
¢n+1

are eigenvectors corresponding to A¥™ for n > 0 if k and « are not simultane-
ously zero.

10



It is easy to check [6] that

¢n+2 O
R =vn+1| 0 |+vn+2|on (48)
0 0

are eigenvectors corresponding to )\8’" for n > 0.

4.4 Synthesis
4.4.1 The orthonormal basis
Definition 4.6. Let ﬁk’n = ]?ak’"/Hﬁ;k’nH(Lz(lTxR))s, with ﬁkm defined by

[e3%

(87) formn=-2, a=0andk€Z

(89) forn=—-1,a==x1landke€Z

(48) forn>0anda=k=0

(47)  for all other values of k, n and «.
Proposition 4.7. For each (k,n) € ZxN, {g"", gfé", 3"} is an orthonormal
basis of EFm.
Corollary 4.8. The vectors g‘ok"Q, g‘_’“{l, 571’“"1 and gFm fork € Z, n € N
and o € {—1,0,1} form an orthonormal basis of (L?(IT x R))3.

Corollary 4.9. For any m € N, the norm of U € (W™ (IT x R))? is equivalent
to 12
107 T2+ | Y (n+3)™ (T, gom)?

k.n,«a

(For a proof of the last corollary, see Proposition 2.2 in [6].)

4.4.2 Symmetry properties
Proposition 4.10. For all k, n and «, )\:Z’” = —\km,

[

Proof. The property is immediate to check for n = —2 and n = —1 from the
explicit expressions (38) and (40).
For n > 0, using Notation 4.3, u~%™ < pg ™™ < u7*™ are the solutions of

i+ (R 4 20+ 3)u — k= 0.
But so are —u"T < —pub™ < —pF7 for (43) is equivalent to
—(—p)® + (B2 4 20 + 3)(—p) — 2k = 0.

Hence we must have u:]f’n = —,ulf’”, /Lak’” = —pg" and py " = —py.

Proposition 4.11. For all k, n and «, g’_*ak’" = G

Proof. Tt is sufficient to check the property on the ﬁf’”. And indeed the
property is obvious in (37), (39) and (48), while it is true in (47) by Propo-
sition 4.10. O

11



4.4.3 Projectors
Definition 4.12. Let PX" denote the projector on )gFm(.
Remark 4.13. Note that \&" = 0 if and only if k = a = 0.

Proposition 4.14. For each n and «, the projection on )G ( is equal to the

mean on T of the projection on )&l .

See Sections 2.4 and 2.5 in [6] for the precise definitions of € (normed
eigenvectors of L) and p (corresponding projectors).

Proof. If k =0, f.k" = &7 (or i €") is actually a function of y alone. Therefore

PanU = (Pa"U)(y //MR )G (@ y) da dy G2 ()
- [ </RU("” VIE >dy) () —%/IT<P§”>ﬁ><xﬁy>dx'

O

Corollary 4.15. The projector on the kernel of L is related to the projector on
the kernel of L by

L1 .
PoU = 7/ (PU) (2!, y) dx’. (49)
IT
Proof.

7)0(7: i 'PSL’O[j

n=-—1

1 L
=7 Z / Pn)U.Z‘ ,y) da’ l/lT(POU)(x’,y)dx'

n=-—1
O

Note that with (49) as the zonal average, PoU is precisely the projection on
(2), (3), (4) defining the zonal jets.

5 A priori estimates

Let U be a smooth, real-valued solution of

—_

oU+S -VU+~-LU =F, (50)

e

where S = (51,5,) is a couple of symmetric, real-valued matrices and F is an
unspecified forcing, all of them continuous in time with values in W™ for some
m € N.

In Section 5.2 we prove the following estimate.

12



Proposition 5.1. The solutions of (50) satisfy

1T ®)llyzrm

t
< CIUO)lygrm +C/O 1) llyirm dt”

+C/O (ISE) |z + IVSEY L) 1T () i dt”

t
e / VT | 1S e (51)
0

This actually also provides uniform a priori estimates for the solutions of

0,0 + S(V) - VI + %aj _F

Fe + Cl,éﬁ7 (52)
where V is given and F. is defined by (16). Indeed, if
Ge=(L—Lo) te L F! (53)
U=0-a,
V=V-3.,
then
A - L1 -
U + EEU =o0U + EEU
1 tp o= , .
(L = Lo) T LoeT R — (£ - Lo) e Loy, FL
e - gyt teo
€
L1 - .
= 0,0+ LU - (£ - Lo) le Fop, Bl
_ le—fﬁoFll
€
and so (52) is equivalent to
A > = A - A A A =
WU+ S(V+G) VU+-LU=F.+L,.U—-S(V) VG, (54)
€

with ~
F=F"+7,.G.—8(G.) VG.— (L~ Lo) Le <%, FL.

Thanks to the assumption of non-resonance (18),

(L—Lo) ' =" L pra

)\k,n _ Ck,n PCV
kn,a X @

is bounded on W™ for all m. Hence we get a uniform estimate on U (and

—

V+Ge

1 S

therefore also on Tj) by substituting F + CLJj — ﬁ(V) VG, to F and
to S in (51).

13



5.1 Multiplication in W™
Proposition 5.2. Let f € WNL2(ITxR) and g € W™NL*°(IT xR). Then

1£gllyrm < CUf Lo llglwm + gl 1Fllrm)- (55)

Proof. We reproduce the proof of the estimate of fg in the classical Sobolev

space W™ as given in [12] (where it is in turn credited to Moser [21]); the only

twist is that a variant of the Gagliardo-Nirenberg inequalities will be needed.
We have to estimate y“&‘f@g(fg) in L2 for all o, 3 and 7 such that

N=a+p8+v<m.
By Leibnitz’s formula,
000y (fa) = Y oy 000y f07 0] g
B+8"=p
¥4 =y

for some constants cg//. So, by Holder’s inequality,

ly*070; (f9)ll 2

< agl’ 57’ 6" o'
C N W s 00 gl e, (56)
B'+8"=p
v+ =y
Lemma 5.3.
and o' 17o+%+ atp +9’
0 03 FIl s, <CIFI ™ Il (57)
107" oy gl\w/,f,/ < Cligllp= ™ lgllyw? - (58)

The lemma is proved just below. When we plug (57) and (58) into (56), we
get

ly* 0705 (f9) 2
<C > (fle=llgllwx)

6: -Hi:::B
Y AYT=y

1— a+ﬂ ++'

at+p’ +4
N .

(gllzee Il 1~ )

Then (55) follows by Young’s inequalities. O

Proof of Lemma 5.3. The inequalities (58) are nothing but the classical, well-
known Gagliardo-Nirenberg inequalities. To prove (57), let us set F' = 9% oy f
and 6 = 3 + 4. The left-hand side of (57) is

+6

2N«
Il = ([ 110125 )

a+6
o 2N
= </|ya+a |F|<a+6><N 6)|F|<5+16V><N 3;))

(- 525)
</|y2(N 5)|F|2> (/F2§>2N “N-%

14




by the Holder inequality with conjugate exponents (a + 0)(N — §)/Na and
(a+ ) (N —68)/(8(N —a—23)). So

ly*Fll | 2x HFII SN EIET,

ats

that is,

ly>a2 a7 £ <loZay fII S N |lyN 8 o mfu” e

L+ﬁ+’_

Now
1,7

< Fllpe ™ HfIIWN

ﬁ+’_

107" ;' 1

by (58). As both [|yN =%~ 9f" 8; fllz2 and || f||w~ are bounded by || | ~, we
have

anf oy’
ly~0; 0y fIILW
2)(1- o+ 2 (1- =)

< ||fHLoo ||f||N ; e
which is exactly (57). O
5.2 Estimate in W™ for m >1
We focus on the estimate of

1/2

Y (43", g

k,n,«

since differentiating the system with respect to x yields an estimate on 8;”17 in
L? without any special difficulty (see Corollary 4.9).
Let us apply P*" to (50). This gives

OPY"T +PY™M(S - VU) + Aﬁ’”Pﬁi’”U = PE"F,
for all k, n and a. Then we take the scalar product of both sides with (n +

3)mPEnf, sum over k, n and «, add and subtract 5 S(LmU, L™(S - VU)) and
retain only the real part. This gives

1 m kny7|2 1 myrr rm 7
50 > (n+3)"(PET 3 + 5 (LT, L7 (S - V)

k,n,«

=%e | o e ALTT LS - VO) — Y (04 3N PE T PE(S - V)

k,n,«

+Re | > (n+3)™(PE"U, PE"F)

k,n,«

because the real part of A" is always zero.
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Lemma 5.4. Let S,U € W™ N Lip(IT x R). Then
(L™T, L™ (S - VO))|
o . . (60)
< Ol (ISl + ISl + 19T S )

Proof. We write

L™(S-vU)=8-VL™U +[L™, S - V|U.
The scalar product <LTU' , S VLU ) is estimated by integration by parts,
exploiting the symmetry of S:

//LTEI (S -VL™U) dx dy

= 23: (//LTUi(S%)ijax(LTUj)d:rdy

ij=1

+//LmUi(S2>ijay<LmUj)d$dy)
1< _ _
=3 > (//(Sll)ijaz(LTUlLT_nt)da:dy
3,=1
+ / / (S2)i;0y(L™U'L™UY) da dy>

3
1 . .
T3 > //(5x(5%)ij + 0y(S2)ij) LU L™UY da dy.

4,5=1

Thus . ~ .
(L™U,S5-VL™U) < C|IVS| e |IL"U|7,

which is bounded by the term C||VS| p~[|U]%,,. in the right-hand side of (60).
The commutator [L™, S - V](j is treated as follows. Remark that
L™ = (@, — )™ = 07 + (—1)™y™ + Ry

where

kol
Rpoi= Y cuybdl
k+l<m—1

for some constants cg;.

e Since R,,_1 is order m—1, we can estimate §-VRm_1(7 and Rm_l(ﬁ-VU)
in L? separately:

IS+ V Ry U2 < 18] oo 1T | o
and
|Ri—1(S - VO)|| 2
< C|IS - VU |
< OIS 1Tl + VT |z 1Sl 1)

thanks to Proposition 5.2.

16



e The multiplication by y” commutes with S and J,, so

7,5 - VIl = S2ly™, 0,10
= m|[Soy™ U || 2

e Finally, the estimate
10y",8 - VU |12 < CUVS|= [T llwm + VT || ]|S]lwm)
is classical [12].

Thus . . . .
(LU, [L™, S - VIU)| < |[L7U|| 2 [[L™, S - V]U || 2

is also bounded by the right-hand side of (60). O

Lemma 5.5. Let Uy, Uy € (W™(IT x R))3. Then

1 . . . .
g (L2, L) = 3 7 (04 3)"™ (P Uy, Py Ua)
k,n,a (61)
< Cl O l5iym 1l m -
Proof. For n > 0, since
. 2 g1 adn+2(y)
G "(@y) =T bon(y) (62)
C(bn-i-l(y)
for constants a = a¥", b= bE" ¢ = k", we have
1
i m = k,n
(\/§ )" Fa
- 1 Ont 0
=er "™ la(—=L_)"| 0 | +b(—=L_)"| ¢n
V2 0 V2 0
1 0
+e(—=L_)™| O
\/i ¢n+1
m 2" ik (n +2+ m)' ¢n+2+m V (n + m)' 0
:(—1) ‘et v qQ—— 0 +b ¢n+m
(n+2)! 0 Vn! 0
0
(n+14m)!
eV ST
!
(TL + 1) Bt 1om
(63)

17



If we set by convention ¢_5 = ¢_1 = 0, the formulas (62) and (63) are also valid

for n = —2 and n = —1 (with b2 = clg 2 —=0and i =0). So
1 .
27<LTU1,LTU2>
— mrPk: nU ,(7 )m,Pk/ n = >
k;ak’nza 1 \[

Z <[717 §Qk7n

k,n,o,0f

knpk,n
+b"b,

We have also

> (n+3)™(PET, PE"T,)

k.n,«

=(n+3)" > (U, ™) (2, ™)

k,n,a

= Z (U1, gm

’
k,n,a,«

because (757, gE™) = akna
mials (n 424+ m)!/(n+ 2)

m — 1. Therefore

1.
2fm<Lr_nU1,Lr_nU2> -

k,n,«

<C Y (3L Gk

!
kn,o,a

< O3 St 3T, G

a,a’ kn
<CY D 43", Gk
a,a’ k,n

> (n+3)y" 20,

k.n

< 3C|| T llym

[72 ||Wm,—2 .

Applying Lemma 5.4, Lemma 5.5 with U,

18

n!

) k, k,
," + bEnp "+ kel

(n +m)!/n! and (n+ 1+ m)!/(n+ 1)! have n™
leading-order term, the difference of each of them with (n+ 3)™

« af

. Fn(n+2+m)
g (a2

(n+2)!

« o

(n+m)! JrC,C,nﬂ(nJr 1 +m)!>

(n+1)!

’

YUz, ") (ai’naf&n T+ pkEmpEm 4 ke, ") (n+3)™

= 0qa’- Since the polyno-

as
is only of order

> (n+3)™(PE"TL, PE"T,)

") (Us, Gou™)|

"(n 4 3)™ (T, G
1/2
")
1/2
Gos ")
O
= U and U'2:§'VU, and the



Cauchy-Schwarz inequality, we get from (59)

1 m nrty
Lo [ X v syipse i,

k,n,«a

< CIT g ((I8Nse + IS llgon + VT 1w 1S

+ ClUym IS - VU [l rm—o
1/2 1/2
+| > (n+3)"PE T > (n+3)"PE F

k,n,«x k,n,a

As
1S VUl jym-2 < C([SlL=IUllyyrm-1 + (VUL [|S]|y5rm-2

by Proposition 5.2 and

1/2
> (n+3)"PE U < CUlyirm
o 1/2
> +3)" P F 7 < Ol Flyim
kn,a

by Corollary 4.9, we conclude that
1/2
o[ D (n+3)"|PE" U7 < O(ISllz + VS o) 1T llrm

(64)

k,n,«

+CIVU | 18l + ClE -

6 Proofs of the theorems

6.1 Existence of solutions

Since our a priori estimates are uniform in €, the classical proof of existence
for symmetric hyperbolic system [14] gives for all m > 3 solutions U, to (15)
in C°([0, TT; W™) N ([0, T); W™=1) for some T > 0 independent of ¢ with a
bound H[_jﬁ(t)”vﬁm < C uniform in € and ¢ € [0, 7).

6.2 Fast averaging

We have ||€T£ﬁHWm_1 < C||U]|3m— for some constant C independent of 7 and
U. Let U, = U, — ée, with G, defined by (53). Making U=V =0U. in (54)
gives

—

8t§6 +§(56 + ée) . Vﬁe + ‘Cﬁe - ﬁe + El,eﬁe - ﬁ(ﬁe) : VGea

a |
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SO

Ou(etET) = et (Bt £1, 0. - 8(U.) - VG, — 8(Us + Go) - VU

is bounded in C([0, T]; W™1). .
By the Lions-Aubin compactness lemma, e<£U, — U in C([0,T]; W™1)
where U € Lip([0, T]; W™~1) satisfies, following Schochet’s theory [27],

N 1 To+Th
U = lim —/ h(t,T)dr (65)

with
at,7) = e (Fo ()
+ L1o(L— Lo) te TRy
—S((£=Lo) e R )V (£ - £o) e TR
— (L —Lo)'e 00, Fy
+ Lyoe TEU(L)
(™) -V (£~ Lo) e TR (D))
S(e”TEU(L)) - V(e TEU()
)"

f§(< — Lo) T TR (1)) - V(e TTE(®)) ).

—  —

t

if the limit in (65) exists in L2, uniformly in Tp (in [6] we give, using a lemma
also due to Schochet [28], a self-contained justification of a similar assertion and
it can easily be adapted here). And indeed we have the following convergences:

[ ]
1 To+T1

- eTFEY(t) dr — PoFY(t)
Tl TO

1 To +T1

T (Lol — £o)Ne TR ) dr
Pen (L10Ph " B (1))

- >
k/7 / k/7 ’
L A n ¢ n

k, k ’ - ’
Ak n:C(’/,n «@ «

ARG
V((E Lo)~Le e )) dr

Pin (S(PE™ R 1) - V(L FE @)
()\kll7n/ _ ck')//n/)(Ak‘”?n// _ ck//7,n//)

o o’ o’

—

)\k n k! n! k! !t
Mk c s
(e o all

20



1 To+T1

- TL _ -1 _—7Lo ﬁl
T o, e ((£ Lo) e Oy 0) dr

- )

kn__ k! ,n'
Ao =c_,

Pl (P 07 0))

)\k:’;n’ ck:’;n’
[e% [e%d

=0

(due to the orthogonality of the eigenspaces and the non-resonance as-
sumption)

[ ]
1 To+Th N -
— e (Looe UM dr— Y PE(L1PEUW)
Tl TO )\I(i,n:)\k’,n’
[ ]
1 To+T1 o .
- et (g(e%u(t)) v ((E - EO)’le’Tﬁ"Fol(t))) dr
T1 T()
Pln (S(PE U (@) - VPE FL()
- Z Ak,/7n” k://7n//
)\(k{”:Akl,’”/ +Ck////y"” ol - Ca//
[ ]
1 To+T1 . N
- et (g(e%u@)) : V(e’”ﬂ(t))) dr
Tl TO
D DRl CICARR 7 OV AR
AE = £B N
[ ]

1 To+T1

Tl TO

- )

kon_ k' K/ n!’
Ao =C.r +>\a”

e (5 (([, - LO)_le_TL"ﬁol(t)) : V(e‘TLZj(t))) dr

—

Pln (S(PE FE @) - V(PL ()

ol

)\k’,n’ ck’,n’
% ol

This proves Theorem 3.2. We get Corollary 3.3 by imposing the restriction
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k = o = 0 in the summations:
8, Pold = PyF?
P (21022 )

o,n’ 0,n’
Ay —c¢

o

’
R
[e3

PO (S(PE™ B - V(P )

ol

e R O A
+ Z'Pg’n (£1,0'Pg’nl1/_i>
Py (sPed)- V(P FY))
A_k/7n// _ _k/7n// (67)
A"ill’"/+c;5/v"”:0 a/l a/l
Py (S(PE ) - V(P ) )
N Z NF R (68)
CZZ‘7L/+A;,}3/7n//:0 a/ a/
- Y R (SR VPE) . (69)

"

k! ,n’ k! n
)\a, +/\a,, =0

We get (28) from (66) replacing o’ by —a’’, thanks to the conditions (17)
and Proposition 4.10. We get (30) from (67) in the very same way. We get (31)
from (68) interchanging (n',a’) and (n”, &), substituting —k’ to &/, and then
again replacing o’ by —a’’. Corollary 3.3 finally follows because the interaction
of fast waves has no influence on the slow dynamics:

Proposition 6.1. The sum (69) is zero.
Proof. That sum must be taken over all n/, k', o/, n”, k" and o’ such that
E+E =0 (70)
and
AR 2R, (71)
If (70) and (71) are satisfied, then A = )\]:,’"' is solution of both

An? 2
A A K2 420+ 3) + 7”2‘/4 =0

and

A 2
L A(lizk’z +on +3) — TWik' = 0.

By addition, either A = O0—which implies ¥’ = k¥ = o/ = o” = 0 (see Re-
mark 4.13)—or n’ = n”, and so the sum can be split in two:

e asum over all n’ and n” with ¥’ = k" =o' =a”" =0
e a sum over all n’ K’ and o with n” = n/, k' = —k', o/ = —a’ (see
Proposition 4.10) and either k¥’ # 0 or o’ # 0.
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The first sum is zero because each term is zero:
Py (S(Py (1)) - v (Py (1))
1 AN 1 "y —
_p, (sg(l / P 2) di), (5 / Pt ) d@) —0
IT IT

for all n’ and n” (see the end of Section 3 in [6]). The second sum is zero because
the terms corresponding to (k’, o) and (—k’, —a’) cancel each other for all n'.

Indeed,
Py (S(PE™ U () - V(PZE " U(1) )
= po (s (gl ™58
v (@525 )
= UG5V gk VR (S vasl ),

Py (S(PE™U() - V(PZE () ) + o (S(PZE () - V(PE ()

’
- —k ,n’
’

— _'k:/’ ’ — —'7k/} ! —'k:/, !
= Ug2 " gl P (S v
k' Sk n
+§(g_a/ " ) . Vgo/ " ) N
but since g’__j,,’"l = g’of;/’"/ (see Proposition 4.11),
—»k/,n/
)

Py (S@E) - Vgl + 8@ k) v
_,k’,n') . vg‘_*j',n’)) ’

=P (2 Re (ﬁ(ga/
which is zero in view of (11), (12), (37), (39) and (47). O
7 Example
For any a € C, let
. e . bo(y)
Fl(t) = af " +afy "7 =aeT v 0 +cc
0
and
bt =y,
Then the sum of (30) and (31) reduces to
o PO" (S(PI ) - V(PR TR )
+ c.c.
(72)

ko,—2 ko,—1
)\0 - A1

n=—2
e PO (SRR - V(PR )
+ + c.c.
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As

f Ay
'Pfo771d _ uezT’rikow 0 ,
Po
for some scalar function u = u(t), we have
3 0 0
S rPko,*l u QT”ikox)\ko,*l 1
1( )_Tﬂe 11| 0 0
0 0 2
and —
ko, —1pgy _ % 2 40 0 Mo
So(Py" Uy = get™m 0 dgg A en |
AT g AT 4¢o
while
— 27 1
,Pofko,72F6L _ aef%zkgx(ﬁo 0
0
and so
_ 300
SHPy 2l = e Fikorg, [0 1 0
2v2 00 2
and

0 0

—ko,—2 3 — kg
S2(Py 0) e ! o (0 O
11

O~

The explicit expressions of AL "2 (38) and A7 ™! (40) yield

AR = AT = 2y — (’;iko +iy/ Tk + 1) =\

From (33) and (35), it follows that

1 1
= —(L L_ = ——=01.
0y o 2( ++L )go \/5¢1
Hence
(72)
2T 3 a L
= —A’“O’_lqblﬁ—ikoqbo 0] —upo—=¢1 |0
ko -t n;2 2v2"" l 0 V2,
_ AR\ 1
a 2 1 a u
+——pou—ik 0 — —o—7= 1
Zﬁqﬁou ko 0 4¢0\/§¢1 '
+ c.c.
5
— PO oy | 4] | +cec.
k,— Z 0 01
\f)\ 0,—1 =, »
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By (48), the nth term is non-zero for general a and u if

5vVn 4+ 1{(poo1, Pni2) +4Vn + 2 (dod1, dn) # 0. (73)

The scalar products (¢op1, Pni2) and (Pod1, Pn) are zero if n is even, but

V2R gy e

(P01, Pn) = — 3 N

if n is odd [4, 24]. So

v+ 1{bodr, ¢ni2) 1 ” _4
Vi + 2 (Gody, dn) 375

and (73) is satisfied if and only if n is odd.
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