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1. Introduction and main result

We consider the Sawada-Kotera (SK) equation
Uy + Ueerx + 45U% U + 15ttty + Uity ) = 0, (1.1)

posed on the torus x € T := R/2n7Z. The unknown u = u(wt, x) is assumed to be quasi-periodic in time
with frequency vector w = (wy, ws,...,w,) € R".

The Sawada-Kotera (SK) equation, first derived by Sawada and Kotera [12] as a fifth-order
extension of the Korteweg-de Vries (KdV) equation, plays a central role in the study of nonlinear
wave phenomena. It serves as a canonical model for various physical systems, such as long-wave
propagation in shallow water [14], dynamics of one-dimensional nonlinear lattices [8], chains of
coupled oscillators [7], and magneto-acoustic waves in plasmas [10]. Due to its broad applicability and
rich mathematical structure, the SK equation remains a fundamental subject in mathematical physics.

Before presenting our main results, we briefly place our work within the existing literature. Two
principal methodologies have been developed for constructing quasi-periodic solutions of Hamiltonian
partial differential equations. The Craig—Wayne—Bourgain Approach combines Lyapunov—Schmidt
reduction with a Nash—Moser iteration to handle the small-divisor problem. Foundational contributions
are due to Craig and Wayne [4] and Bourgain [3]; recent generalizations can be found in [1, 2].
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Alternatively, Kolmogorov-Arnold-Moser (KAM) Theory uses Birkhoff normal forms combined with a
KAM iterative procedure, as developed in [5, 11] and extended in recent work [6,9]. Both frameworks
are essentially quadratic convergence algorithms generalizing Newton’s method. The analysis typically
involves studying carefully parameterized families of partial differential equations (PDEs), where
parameters are chosen to avoid resonances. Even in this controlled setting, the small-divisor problem
presents a fundamental analytical challenge.

The construction of quasi-periodic solutions through a quadratic iteration scheme demands fine
control over the linearized operator

L =L(u)

around an approximate solution u(z, x). The nature of this control differs significantly between the two
approaches:

(1) In the Nash—Moser framework, it suffices to impose relatively mild reducibility conditions. One
only needs to establish the existence of a left inverse for £ while maintaining sharp estimates on
the loss of regularity (tame estimates). This allows the iteration to proceed without requiring a
complete spectral description of the operator [1].

(2) The KAM scheme, in contrast, demands significantly stronger non-resonance and non-
degeneracy conditions. These ensure not only the invertibility of £ but also provide explicit
lower bounds on its eigenvalues and their spectral gaps. This stronger structure enables a powerful
conclusion: the linearized operator at the final quasi-periodic solution can be diagonalized via an
analytic, time-dependent (but periodic in x) coordinate transformation.

In this paper, we adopt the first, more flexible strategy. We employ a Nash-Moser iteration to
construct quasi-periodic solutions for the Sawada-Kotera equation (1.1). The central difficulty consists
in proving suitable tame estimates for the corresponding linearized problem.

Main result

Applying the scaling transformation u = €ii to (1.1) yields the equivalent equation
By + Tyns + 4500 + 15€(ldlyy + i) =0, x €T :=R/2nZ. (1.2)

For notational simplicity, we drop the tilde and write the unknown again as u. Introducing the phase
variable ¢ = wt and defining

FQUy Uy Uy Unrr) i= A5€1P Uy + 15Uty + Ullyry), (1.3)
we rewrite (1.2) in the form
W - Opl + Usyxy + €f (U, Uy, Uy, Uyy) =0, x€T. (1.4)
Observe from (1.3) that the nonlinearity can be expressed as a derivative:
J @ s U, U) = 081, Uxy), (1.5)

where the nonlinear potential g is given by g(u, u,,) = 15€u® + 15uu,.
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We now examine Eq (1.4) under the hypotheses that € > 0 is a small parameter and that the temporal
dependence is quasi-periodic with a Diophantine frequency vector. Concretely, we set

w=AweR’, A1eA:=[13]
and impose on @ the Diophantine condition

- 1| > VieZ \ {0}, (1.6)

|
with some vy, > 0. For simplicity we keep the exponent 7, = v fixed throughout the paper.

Here, the notation | - | denotes the Euclidean norm for vectors and the absolute value for scalars.
Specifically:

e Foravectorle Z orw e C, |l| = | /lf + -+ + 2 (and similarly for |w)).
e For an integer j € Z, |j| is the usual absolute value.
e For a complex number, | - | denotes its modulus.

We treat the nonlinearity f as a smooth function of its four arguments; with z = (29, 21,22, 23) € R*
we simply assume
f e C°R%R). (1.7)

The only free parameter in (1.4) is 4; it rescales the frequency vector and thus corresponds to a time-
rescaling.

For sufficiently small € > 0 and for a set of parameters 4 € A of positive Lebesgue measure, we
look for (27r)"*!-periodic solutions u(¢, x) of (1.4) belonging to the Sobolev space

H* = HY(T” x T;R)

={u= > wye™ Y gy =u g, lul, < o), (1.8)
(1,))eZVXZ
whose norm is defined by
a2 -= Z (L > i, (L, j) := max{L, |I], | 1}. (1.9)
(Lj)eZ'xZ

We fix sy := (v +2)/2, which exceeds the Sobolev embedding threshold (v + 1)/2. Hence, for every
s > 5o the space H* is a Banach algebra and embeds continuously into C(T"*!).
Our main theorem reads as follows.

Theorem 1.1. Assume that @ satisfies the Diophantine condition (1.6) with Tty = v. Then there exist
constants s* 1= s(v) > so and € = €(f,v,yo) > 0 such that for every € € (0, &) one can find a Cantor
set O, C A with

O

-1 ase — 0, (1.10)
and for each A € O, equation (1.4) possesses a solution u(e, 1) € H* satisfying

|luCe, Dl — O as e — 0.
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Remark 1.2 (Regularity index s*). The regularity index s* in Theorem 1.1 is any number larger than
so = (v + 2)/2. The proof requires s* > sy + 3, where 8 = 8t + 28 and v > v + 1/2 (see (4.3)). Hence
one can take, for example,

2
s = v-|2- +8v+30+eg,

for an arbitrary € > 0.

The paper is structured as follows. Section 2 presents the functional framework and the norms
employed in the analysis. In Section 3 we address the invertibility of the linearized operator £ and
derive crucial estimates for its inverse. The core of the proof, the Nash-Moser iteration, is carried out
in Section 4, where we prove Theorem 4.2 (the iterative construction) and then deduce Theorem 1.1.
Section 5 contains some concluding remarks and open problems. Finally, an appendix collects a
standard result on composition operators needed in the estimates.

2. Functional space and the limitation of the method

2.1. Notation

Let (E,||-||g) be a Banach space and let Ay C R be an interval. For a function f: Ay — E, we define
the following norms and semi-norms:

(1) The supremum norm:
A" == sup I f (Dlle. (2.1)
A€o

(2) The Lipschitz semi-norm:

IF () = f(A)le:

AP = 2.2)
E /11,/126/\0 |ﬂl - d2|
A1 #Ay
(3) For a parameter y > 0, the weighted Lipschitz norm:
AP = A" + AP (2.3)

When the underlying space is E = H*, we abbreviate
AP = A, IARP = fln. AP = AR
We shall also employ the following comparison notation:
a<;b means a<C(s)b
for some constant C(s) > 0 depending on the Sobolev index s. When s = sy we write simply a < b.
More generally, the symbol < indicates an inequality up to a constant factor that may depend on the
nonlinearity f, the number of frequencies v, the fixed Diophantine vector @, and the Diophantine

exponent T, (which appears in condition (1.6)).
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2.2. Limitations of the method
The Nash—Moser approach we have employed, while powerful, has several inherent limitations:

(1) Perturbative nature. The method requires the nonlinearity to be multiplied by a small parameter
€, which is equivalent to studying small-amplitude solutions. Consequently, our results are
confined to the regime of weak nonlinearities and do not extend to solutions of arbitrary size.

(2) Diophantine conditions. The frequency vector must satisfy the Diophantine condition (1.6).
Although the set of Diophantine vectors has full Lebesgue measure, its complement (which
includes resonant frequencies) is topologically dense. This restriction is typical in small divisor
problems. Extending the results to a broader class of frequencies (for instance, Brjuno vectors)
remains an interesting open problem.

(3) Regularity loss. The Nash—-Moser iteration incurs a fixed loss of regularity, quantified by the
constants s and s + 27 + 1 in (3.8). This loss limits the regularity of the solutions we can obtain
and forces the initial Sobolev index s to be taken sufficiently high. In particular, our solutions
belong to a Sobolev space H* with s larger than a certain threshold sj.

3. Invertibility of £

For parameters y < v,/2 and 7 > 7, we define the parameter set
2y1/° =k
I

where u; = ij°. From this definition one immediately obtains the first-order Melnikov (non-resonance)
conditions:

A = {2eA:fidd -1+ - m] 2 VileZ, jkezl, (3.1)

o 2y 17| 2 oy
lid@ - 1+ > D YAEAT 1) #0.0) (3.2)
We next introduce several operators and subspaces that will be used throughout the analysis:
L=w- a‘p + Orxxrrs (3.3)
1
ch = W f];vﬂ l/l(QD, X) d(p dx, (34)
H = {u e H (T : Teu = 0} (3.5)

Under the structural condition (1.5), the linearized operator £ maps
L HP — HE, s> 0. (3.6)

Lemma 3.1. For every 1 € A* and every g € H;, the equation Lw = g admits a unique zero?mean
solution, given by

_ glf i(l- X
Llspn= ) ol (3.7)
(1,/);&(0,0)1 w Hj

Moreover, if g = g(Q) is a Lipschitz family in H_, then

Lip(y)
S

Lip(y)
s+21+1°

1£'e

where the constant C > 0 depends only on T and v.

< Cy_l ||g

(3.8)
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Proof. For A € A*, condition (3.2) guarantees that the formula (3.7) is well defined and satisfies the
pointwise estimate

1L DIl <y gDl yr- (3.9
To establish the Lipschitz bound (3.8), pick 4;, 1, € A* and decompose the difference as

L7(A)g) — L7 (A)g)
= L' () (g() - g()) (3.10)
+ (L) = L7 ()g().

For the first term we combine (3.9) with the definition of the Lipschitz norm:

Y| L7 (e - ()
<llg() = g()llss=

. (3.11)
< Ilglls? el — Aol
<y Il 14 - Aal.
For the second term we introduce 6;;(1) := id@ - I + u; and expand
_ _ 01j(A2) — 61;(1) (Lot ix
(L) = L7 ()g(h) = - T gij(dp) €Y, (3.12)
wie0) 01;(A1)01;(A2)

Applying (3.2), we obtain the following, for every (I, j) # (0,0),

101;(A2) — 6 (ADI DT
Y <Y A — Al
[07;(A1)01;(A2)] Yl (3.13)
<y YDA = 24l

From (3.12) and (3.13) it follows that

YL ) = L)), < v 'lglly B 14y = Aal. (3.14)

Putting together (3.9), (3.11) and (3.14) yields precisely (3.8), which concludes the proof. O
4. The Nash-Moser iteration

This section is devoted to the proof of Theorem 1.1. We begin by introducing a scale of finite-
dimensional subspaces consisting of trigonometric polynomials. For each integer n > 0 define

H, := {u e LX(T"Y) 1 u(p, x) = Z Uy ei(l-tp+jx)}’

(L)<Ny

where (I, j) := max{l,|l|,|j]} as in (1.9), and the truncation parameters {N,},>_; satisfy
Na=1, N,:=N'(n20), y:=3.
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Consequently N,,; = Nf for all n > 0; the initial value N, will be chosen sufficiently large later.
Denote by
I, := Iy : LX(T"*") — H,, I, :=1-11,

the orthogonal projections onto H,, and its orthogonal complement, respectively.
These projectors enjoy the following standard smoothing properties: for every @ > 0 and every

s = 8o,
Lip(y)

sta

Lip(y) _ i
| ip(y < Nna ”u”Llp(y) Vu(/l) € H,

s sta

1L, < N |Jul 5?7, Y u(d) € H°,

“4.1)
||H,fu

Both estimates are immediate consequences of the definition of the Fourier truncation and the norm
Lip(y)
-1

Define the nonlinear operator
F(u) := F(A4,u) := A@ - 0t + Uyyrxr + €f (U, Uy, Uy, Urry), “4.2)
where f is given in (1.3). For the Nash-Moser iteration we shall fix two constants
K =61+ 21, B =81+ 28, (4.3)

which measure the loss of regularity that occurs in the scheme.

Remark 4.1 (Choice of « and ). The exponents k and B are chosen to balance the various growth
rates that appear in the recursive estimates of Lemma 4.4. Specifically, the exponents 2t + 4, 21 + 7,
etc., arise from the regularity loss encountered when inverting the linearized operator, together with
the smoothing properties of the projection operators. The particular values

Kk =671+ 21, B =8t +28

ensure that the recurrences (4.13)-(4.14) close. These values are obtained by solving a simple linear
system that matches the exponents of N, on both sides of the inequalities.

Theorem 4.2. Assume 0 <y < min{y,, 1/24}andt > v+ % Then one can find constants 6 > 0, C, > 0
and an integer Ny € N (which may depend on t) such that, whenever ey™' < 6, the following statements
hold for every n > 0.

(P1,) There exists a map u, : G, C A — H,, A — u,() satisfying ||u,,||Lip(7) < 1. The initial

so+3
approximation u is the unique solution in Hy of the projected equation T1yF (uy) = 0. The nested

parameter sets G, C A :=[1/2,3/2] are defined recursively by

o 2917 = K v o
Go:=A  Gua=G.N{AeA: il 1+pu; -] — €T jkeZ). (44)
For n > 1 the successive corrections h, := u, — u,_; obey
hllghy” < C.ey™'N,°. (4.5)

_ i
(P2,) IFu)|2PY < C, eN,, >".

0
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(P3,) NP7 < C, ey™ NS and ||F(u,)||"0 < C, eN~.

so+f — so+8 —
(P4,) The Cantor-like sets satisfy the measure estimates

1Go \ G1l < C.y, G0 \ Gnial =0 (n 2 1). (4.6)
All Lipschitz norms are evaluated over the corresponding parameter sets G,,.

Remark 4.3 (Choice of C* and 6). The constant C* depends on the constants appearing in the
tame estimates for the nonlinearity (i.e., the bounds on f and its derivatives) and on the geometric
progression of the truncation parameters N,. More precisely, C* can be taken as

C* = maX{CO$ Cla CZ}a

where Cy comes from Lemma 4.4, Cy from the base case (implicit function theorem), and C, from the
measure estimates. All these constants depend polynomially on || f||cr for a sufficiently high r, on T, and
onv. The smallness parameter ¢ is then determined by the condition that the series ), N, 6 converges
and is bounded by a fixed constant; this leads to 6 = (2C*)™! after choosing N, large enough.

Proof of Theorem 4.2. The proof proceeds by induction on n and is divided into three steps.

Step 1: Base case (n = 0). We construct the initial approximation u as the unique solution in H, of
the projected equation
H()F(Lto) =0.

Because the linear part of F is invertible on H, (the eigenvalues i(A@ - [ + j°) are bounded away from
zero for (, j) # (0,0) thanks to the Diophantine condition on @) and the nonlinearity is of order €, the
implicit function theorem yields a solution uy = O(e) satisfying

Li Li -
luoll;™) < Ce, g Fluo)lls,™™ < CeNg®,
for some a > 0. Moreover, since uy € H), the smoothing properties (4.1) give

Lip(y) Lip(y)
luollyy” < Nplluolly™” < CeNg,

and similarly for F(uy). Choosing N, sufficiently large and taking @ = %K (with k = 67 + 21), we can
adjust the constant C, so that

Lip(y) Lip(y) —1x
HuoHQEZ <1, IF(uo)lls,"" < C.eN,*,
Lip(y) -1 Lip(y)

IMM%SCM/M, HHMM%SCA%

Thus properties (P1)y, (£2)y and (£3), hold.

Step 2: Inductive step.
Let us assume that for a certain n > 0O the properties (1),, (£2), and (#3), are valid. For every
parameter A € G, (which is defined recursively in (4.4)), the linearized operator

L =F'(4,u,(2))
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is invertible on H; by Lemma 3.1, and we have the estimates for any Lipschitz family /(1) defined on

gn+1:

—14 1 /Lip(y) -1 Lip(y)

LRI <y Al (4.7)
-1 Li ) -1 27+1 Li

L7 RGP < v N2 RGP, (4.8)

provided that (1) € H,,, forall A € G,,;1.
We define the correction term by

Upil 1= Uy + Dy ]G 7_[n+l9 (4.9)
hpir = = L7 L1 F(uy).
Applying Taylor’s expansion to F at u, yields
F(un+1) = F(un) + Lhn+1 + GQ(MH, hn+1)’ (410)
with Q(u,, hy1) = f(Une1) — f(u,). Inserting (4.9) we obtain
F(uy) = HrJz_+lF(un) + €Qup, hyi1) @.11)
+ [L, H,ﬁl]L_IHnHF(un)' .
Lemma 4.4. Define
Uy = luaally2 + y  F @I wy =y IF )l (4.12)
There exists a constant Cy = Cy(v,8) > 0 such that the following recursive estimates hold:
War1 < CoN2 U, + CoNZH w,, (4.13)
Uni1 < CoNZTT7 (1 +w,) U, (4.14)

Proof. By Lemma A.1 in the Appendix, the operator Q(u,, -) satisfies the following estimates for any
Lipschitz family h(1) defined on the parameter set G, :

10t WY <, (AT + Nl 257 IR, (4.15)
10w ISP <y Ny IRl (4.16)

provided that (1) € H,,, for all A € G,,;. Here the constant implicit in the symbol <; depends
on the Sobolev index s. Inequality (4.16) follows from (4.15) with s = s, together with the bound
IIMHIII;JE(;) < 1, the fact that both u, and & (when restricted to G,.) belong to the finite?dimensional
space H,.1, and the smoothing estimate (4.1).

From (4.1) and (4.7)—(4.9), we obtain

Lip(y) —1a727+1 Lip(y)

W15 <gpup ¥ N2 IF QI (4.17)
Lip(y) —1A727+1 Li

52 <oy NTF ()52, (4.18)
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Using (4.9) again we also have

Lip(») Lipy) |, ~1p72r+l1 Lip()
ltniillgeg <sors ltallysg + ¥~ Nt I @l o5 ) (4.19)

n+1 sotB °

Assume now that ey~! < 1. From (4.11) together with (4.1), (4.16), and (4.18), we deduce

Lip(y) - Lip(y)
IF s DIGPY <g0s8 N2 NF @12

0 S0+
i (4.20)
+ NEHF )5

Similarly, employing the “highnorm” estimate (4.15) together with (4.1) and (4.17), we obtain

IF DI S (14 NZD(IF @I

so+f  — n+l S0+
i : (4.21)
+ a2V NF ) l15,P).
Inequalities (4.19)—(4.21) directly imply (4.13) and (4.14). |
By (P2), we have, for ey~! sufficiently small,
_le
w, < C.ey”'N,>" < 1. (4.22)

Inserting (4.22) and the estimate U, < C *ey‘lN;j (which follows from (#3),)) into (4.14) we obtain, for
sufficiently large Ny and small ey~!,
U1 < Coey'Ni, |,
provided we choose « := 67 + 21. This proves the first part of ($3),,1.
Next, inserting (4.13) together with (4.22) and the bound w, < C.ey"'N, 3 from ($2),, we obtain,
for sufficiently large N, and sufficiently small ey™!,

1
— —=K
Wp < Ciey INT3

n+l?
with the choice « := 67 + 21 and § := 87 + 28. This exactly yields (£2),.+1, because w,;; =
Y F @)l

S0

From (4.18) and (#2),, we also obtain
a2 < Coey™'N,E

so+3 = n+l1*
Consequently, for ey~! sufficiently small,

n+1 0

Lip(y) -1 776
it l1575" < Ntolsgss + D Waidlsgss < D" Coey™ N < 1.
k=1 k=1

Thus (#1),+1 holds as well. This completes the inductive step.
Step 3: Measure estimates (($4),,). We first estimate |G, \ G1|. Write

Go\G = | Rijw0), (4.23)
leZY jkeZ
where
o 217 - K|
Riu(0) = (1€ Gy : [iddd - 1+ p; — | < LL—22). (4.24)

b

Clearly R; ;(0) = @ when j = k; therefore we may assume j # k in what follows.
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Lemma 4.5. If R; ;x(0) # @ then
1P -k < 8l@- 1.

Proof. Assume R; ;;(0) # @. Hence we can choose a parameter A € A such that

o 2917 - Kl
A - L+ p; — | < =——0.
|1 @ Hj 'uk| (T
Applying the triangle inequality and using |1] < 3/2 gives
2 S5 kS
;= el < i@ - L+ g1 — | + 1@ - ] < % + 2@ - 1. (4.25)
Since |u; — il = |° — k°|, we obtain
. P =k
I =Kl < +2l@ - 1.
/ ay

Rearranging yields

2y s 5 ~
1-—)] k| <2w-l.
( <l>‘r)‘]

Because y < 1/24 and (I)™ > 1, we have 1 — 5; > 4 > 1. Consequently,
1 5 5 - 5 5 —
ZU -k <2l -1, SO 77— k| < 8lw - 1.
This completes the proof of the lemma. O

Lemma 4.6. For every l € ZV and every j, k € Z with j # k,

32y
R x(0)] £ —.
IR1,4(0)| 0
Proof. Define the affine function
) =A@ - L+ pj— i = i@ - 1+ j° = &), deA.

Then
291/ - k5|}
hrr
If R; ;x(0) = @ the estimate is trivial. Assume therefore that the set is nonempty. For any two points
A1, A € A we have

Rijx(0) = {d € A - lp()] <

l¢(41) — p()l = @ - 1|21 — A,. (4.26)

Because the set is nonempty, Lemma 4.5 applies and yields

1
@ - 1] > g|j5 -1’ > 0. (4.27)
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Inequalities (4.26) and (4.27) together imply that ¢ is strictly monotone on A; hence R; ;x(0) is an
interval. Let 4y be the unique point where ¢(1y) = O (if it lies in A; otherwise the interval is shorter).
For any A in this interval,

1
B = l¢(2) — p(Ao)| > glf — E[1A = A).

Consequently, if A satisfies |¢p(1)| < %, then necessarily

2 -kl 8 16y
RV IR
Thus the total length of the interval R; ;,(0) does not exceed twice this distance, i.e.,
16y 32y
RUSERUS
This completes the proof. m|

|4 —Ao| <

R.j4(0)] < 2

Since for j # k
1
|j° =K = |j -kl |j4 + Pk + K+ I+ k4| > —(2 + kz)z.

From Lemma 4.5, it follows that whenever R ;(0) # @,

1
E(ﬁ +K) <P -k <8l@- 1 < 8@l

Thus, for each fixed / the pairs (j, k) contributing to the union (J;; Ry jx(0) are restricted to the set

P+ <2+/8l@l .

Consequently the number of such pairs is bounded by C|I|!/? (with a constant C depending on |@|).
Applying Lemma 4.6, we then obtain

Go\G| <> D RO

lezY JkeZ
Jk
FP+k2<2 \Blwl T

S e Y
<" gy

lezy
<y Z<l>—r+1/2_
lez”
The final series converges exactly when 7 > v+ %; in that case it is bounded by a constant depending
solely on v and 7. Hence

Go \ G1| < Cy,

which yields the first estimate in ($4),,.

For all n > 1 the sets G, are constructed by imposing exactly the same resonance conditions as
those used for G,; therefore G, \ G,+1 = @ holds for every n > 1. This gives the second assertion in
(4),, and finishes the proof of Theorem 4.2. |
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4.1. Proof of Theorem 1.1

Proof. Choose y = € with a fixed exponent a € (0,1). Then ey! = €!7; taking € small enough
we can satisfy the condition ey~! < § required in Theorem 4.2. Hence the iterative construction of
Theorem 4.2 produces a sequence {u,} defined on the nested Cantor sets G, and converging in the

Lip(y) P ; . 3 .
norm || - ”53337 to a limit function u,, : G — H™, where G := (Nyzo Gn-

From ($2), we have ||F (u,,)||];0ip(7) — 0; the continuity of F therefore implies F (4, us(1)) = 0 for
every A € Go,. Thus u.(A4) solves Eq (1.4) with w = A@.

The bound (P1), gives sup,.;_llite(Dllss3 < Cey™ = Ce'™; in particular ||ue(d)|l5+3 — O as
e — 0.

Consequently, the Lebesgue measure of the excluded parameters is estimated by

INYAEDY

n>0

Go\Gi|<Cy = Ce"™,

G\ G|

<

which vanishes as € — 0. Hence (1.10) holds, and the proof of Theorem 1.1 is complete. O
5. Conclusions and future work

In this paper, we have proved the existence of small-amplitude quasi-periodic solutions for the
Sawada-Kotera equation (1.1) on the torus T. We employed a Nash-Moser iteration scheme that
relies on tame estimates for the linearized operator, thereby circumventing the stringent reducibility
conditions typical in KAM theory. Our main theorem (Theorem 1.1) demonstrates that, for a set of
parameters of asymptotically full Lebesgue measure, Eq (1.4) possesses a solution that tends to zero in
an appropriate Sobolev norm as the nonlinearity parameter € approaches zero.

Several natural extensions of our work present themselves for future investigation:

(1) Other integrable equations. The Sawada-Kotera equation belongs to a family of fifth-order
integrable equations. It would be interesting to apply the same Nash-Moser technique to related
models, such as the Kaup-Kupershmidt equation or the Lax fifth-order KdV equation.

(2) Large-amplitude solutions. Our result is perturbative, requiring € to be small. Constructing
solutions for large values of € (i.e., beyond the small-nonlinearity regime) is a challenging
problem that may require a global Nash-Moser theorem or a completely different approach.

(3) Weaker frequency conditions. The Diophantine condition (1.6) excludes a dense set of
frequencies. Relaxing this condition-for instance to Brjuno-type conditions or to measure-
theoretic hypotheses with slower decay would broaden the applicability of the result.

(4) Higher-dimensional settings. Extending the analysis to the Sawada-Kotera equation posed on
higher-dimensional tori (with respect to the space variable x) and seeking quasi-periodic solutions
in both time and space is a natural generalization.

In conclusion, the Nash-Moser iteration provides a flexible framework for constructing quasi-
periodic solutions of nonlinear PDEs with small divisors. Although the method is inherently
perturbative and requires a certain amount of regularity, it yields measure-theoretic results for the
parameters and can be applied to equations that do not possess a fully reducible linear part. We hope

AIMS Mathematics Volume 11, Issue 3, 5759-5775.



5772

that this work will stimulate further research on quasi-periodic solutions for integrable equations and
beyond.
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Appendix

For a function u € C*(T%) we denote

oo = D NDPull.
1BI<s

Let B, := {y € R™ : |y| < 1} and consider a function f : T¢ x B, — C. For an integer p > 0 we define
the composition operator

Fu)(x) := f(x, u(x), Du(x), ..., D u(x)), (A.1)

where D¥u(x) stands for the collection of all partial derivatives §%u(x) with |a| = k (the dimension m of
the y-variables depends on p and d).

Lemma A.1. Let f € C'(TY x B)).
(i) If u € H™? and |ul, < 1, then f(u) is well defined and
7@l < CllAller (1 + llullp),

with the constant C = C(r, p,d).
Assume furthermore that f € C™? and that u, h satisfy |ul proos [l p o < % Then

IF G+ h) = F@)ll, < ClIf e (All+p + Tl collulls ),
Ifu+h) = Fw) = F @Rl < Cllifller hlpeo(lallvp + hly colliell )
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(ii) The same estimates hold with the Sobolev norm || - ||, replaced by the Hélder norm | - |, .

Proof. The estimates are standard in the theory of nonlinear composition operators in Sobolev and
Holder spaces. We give a sketch of the main ideas and refer to [13, Chapter 13] or [2, Lemma B.2] for
complete details.

Part (i). Let U(x) = (x, u(x), Du(x), ..., D’u(x)). For a multi-index « with || < r we apply the Faa
di Bruno formula to D*(f(U(x))). The result is a finite sum of terms of the form

k
@PHu@) | [pru,m,  1<B<l,
j=1

where the y; are multi-indices with Z?z 1¥; = a and each U, is one of the components of U (either a
coordinate of x or a derivative of u of order < p). Consequently each factor D”U, (x) is a derivative of
u of order at most p + |y;| < p +r.

Because |ul, . < 1, all derivatives of u of order < p are uniformly bounded by 1. For the remaining
factors we use the Sobolev embedding H'"*? —s CP*~4/2=2(T9) (valid for r + p > d/2), which yields

1D ullr < Cllullyp, I<p+r
To estimate the L?>-norm of a product ]—[lj‘.: 1 vj we repeatedly apply the inequality
vwllrz < [vllzliwllz.

Taking into account that at most one factor in the product contains a derivative of order > p, we obtain

k
HDDWU” L

Since [(#£)(U(x))| < ||fllc- and the number of terms in the sum depends only on r, p, d, we finally
get

, < Cllulry-

1D f)llz> < Clifller Nl p, lof < r,

and therefore ||/l < Cl|fllc-(llull-+p + 1).
The estimates for the differences follow from Taylor expansions. Write

1
Fu+h) = fu) = f F(u+ th)[h] dt,
0

and

1
f+n) = fu) - fwlh] = f (1 =0 f"(u+ th)lh, h] dt,
0
where the Frchet derivatives are given by

~ 0
HOIESY a—fw(x))Dah(x),

a
lal<p
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and f”(u)[h, h] involves second derivatives of f and products of two derivatives of & up to order p.
Using the same product estimates as above, together with the assumptions |ul, o, Alp < % (which
guarantee that the arguments stay inside B;), one obtains the bounds

1F G+ h) = F@ll, < Cllfller (Wallrsp + 1l collells ),
17+ h) = f) = F@lAll < Cllfllerablpoo(1Allsp + 1l collull-+p)-

Part (ii). The proofs for the Horder norms | - |, are identical, with the L? norm replaced by the
L* norm and using the obvious estimate |[yw|[;~ < |[v||z=|[w|[.~. All constants depend only on r, p,d
because the condition |u|, . < 1 provides a uniform bound for the lower Horder derivatives. ]
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