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Abstract

We consider classical solutions of the inviscid Surface Quasi-geostrophic equation that
are a small perturbation ¢ from a radial stationary solution 6 = |z|. We use a modified
energy method to prove the existence time of classical solutions from % to a time scale of
}4. Moreover, by perturbing in a suitable direction we construct global smooth solutions,
via bifurcation, that rotate uniformly in time and space.

1 Introduction
The Surface Quasi-geostrophic equation (SQG) is an active scalar equation
00+u-Vo=0
for 6 : R? x R — R, where the incompressible velocity is related to 6 by
u(x,t) = VA 0(x, 1)

and the non-local operator is defined by A = (—A)%.

This equation has a geophysical origin (see [7], 19, 29, 26] for more details) and its math-
ematical analysis was initially studied by P. Constantin, A. Majda and E. Tabak in 7] moti-
vated because its similarity with the 3D Euler equations and as a candidate model for a finite
time front formation (see also [5]).

The local well-posedness of solutions in H* of the SQG equation is well understood. The
standard energy estimates for SQG gives

d
21011z < (IVullze + V620 [16][ -

Since the velocity u is a singular integral operator with respect to the active scalar § we can
close the a priori estimates for s > 2 which yields a local time of existence. The goal of this
paper is to construct solutions of SQG that extend in time the existence of classical solutions
of initial size € beyond the hyperbolic existence time O (%)
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1.1 Previous results on long time existence of smooth solutions of SQG

However very few results are known about the global regularity or long time behaviour of
smooth solutions. Global existence of weak solutions in L? was shown by Resnik in [30] (see
also [27, 2] for a lower regularity class and [8] in the case of a bounded domain). For higher
regularity solutions Dritschel [I4] constructed global solutions that have C' 3 regularity. Later,
in [4], the existence of rotating solutions is proven by Castro et al. with C*—regularty and
3—fold symmetry, and in [I8] Gravejat and Smets showed the existence of travelling waves. In
both [4] and [I§] the solutions are smooth and have compactly supported 6. In the opposite
direction Kiselev and Nazarov, in [23], proved arbitrary bounded growth of high Sobolev
norms on finite time intervals in the case of periodic solutions and Friedlander and Shvydkoy
[16] showed the existence of unstable eigenvalues of the spectrum.

It is an open problem whether the SQG equation, from a smooth initial data, develops fi-
nite time singularities or not. Numerical simulations suggested, see [7], the possible formation
of singularties with a hyperpolic saddle scenario which later Ohkitani and Yamada [28] and
Constantin et al [9] suggested that the growth was double exponential. Cérdoba [10] ruled out
a blow-up for this scenario and bounded the growth by a quadruple exponential. Which was
further improved by Cérdoba and Fefferman [I1] to a double exponential. Many years later,
with bigger computational power and improved algorithms Constantin et al. [6], showed no
evidence of the existence of singularities under the same hyperbolic scenario. Moreover, they
observed the depletion of the hyperbolic saddle past the previously computed times.

1.2 Radially homogenous solutions and main results

The aim of this paper is the study of the time of existence of certain smooth solutions which
are small perturbations of a stationary radial solution 6 = |x|. These solutions will have a
m-fold symmetry (with some m > 3) of the form

0(x,t) = Clx| + [x|G(e ),
where a = arg(x) and G is a 2r—periodic function with the symmetry assumption
Glayt) = Y Grn(t)e™™.
In|>1

These unbounded solutions were studied by T. Elgindi and I-J. Jeong in [I5], in the case
C = 0. They prove local well-posedness for G(a,0) € C** with k>0 and 0 < o < 1.

The radially homogeneous structure of these solutions allows us to obtain a 1D equation
for G in the same spirit as in [3] (see also [15]) where the solutions have the form

O(x1,x2,t) = w2g(21,1).

Let f(a,t) = G(a — 2ct,t) where ¢ is a certain constant. Then f satisfies the following
equation

O f +COSf =25f00f — [0S,
with

27
Sf(a) = /0 S(a— B)F(B)dB,

S(a) = —%(1 + 3 cos(2a)) log(1 — cos(a)).



It was shown in [I5] that the possible existence of finite time singularities for this 1D
model with C' = 0 leads to a singularity formation in the class of Lipschitz solutions with
compact support to the SQG equation.

The motivation of our paper is to study the lifespan of these radially homogeneous solu-
tions for C' # 0 and for a small perturbation of the stationary radial solution 6 = |x| (G = 0).
Our first main result shows that an e perturbation of G = 0 gives the existence of a solution
of the following equation

Wf +0aSf =25f0af — [OuS5F, (1)

for a time T" ~ e—ﬂ We emphasis that standard methods yield local existence for () for times
T~
€

Theorem 1 There is ¢g > 0 such that if s > 16, m > 3, fo € H®(T) with zero mean and
m—fold symmetry, i.e.,

Jo <a+2_7r> = fo(a) VYaeT
m

and | foll o (ry = € < €0, then there are T ~ e * and a solution f € C* ([0, 7], H*=*(T)),
0<k<s—1/2, to the equation

Of + 0aSf = N(f) :=25f0uaf — f0.5/,
such that || f ()| grs(r S € for all t € [0,T7.

The second result of this paper deals with the existence of travelling solutions for equation
(@) which yields unbounded Lipschitz rotating solutions for SQG.

Theorem 2 For each ¢ > 0 and integer m > 3 there is an open interval I containing 0 such
that for all £ € I, there is a m-fold symmetric travelling wave solution fy, ¢ of the equation
@) such that fn, ¢ is analytic in the strip {o : [Ima| < c}.

1.3 Main ideas of the proofs

In this section we give a brief description of the strategy and main ideas used in the proofs
of Theorem 1 and 2.

1.3.1 Strategy of the proof of Theorem 1: On Normal Forms

The dispersion is the main mechanism used in Theorem 1 to extend the time of existence of the
perturbed stationary radial solution. Similar mechanism was used to study the dynamics of
patch-type solutions (i.e. piecewise constant solutions) of SQG. The dynamics of the contour
of these patches satisfy a time reversible quasilinear dispersive equation. Global stability of
the half-plane patch stationary solution, under small and localized perturbations, was proven
in [12] with a more singular SQG velocity. See also [20] 2] for globally asymptotically stable
solutions on different related models describing the dynamics of an SQG patch-type solution.
There is, however, a proof in [24] of finite-time singularities for a patch in the presence of a
boundary for a less singular SQG velocity (see also [17]).

The equation for the radially homogeneous solution of the SQG equation can be trans-
formed into a nonlinear dispersive equation

Nf+0aSf = N(f):=25f0af — fO5F,



where S is a Fourier multiplier defined by

-1 ;

F(Sf)n) = Mf(”)

and the nonlinearity N(f) is a quasilinear one because it involves taking one derivative of f.
If one runs energy estimates directly, then the loss of derivatives can be avoided by integrating
by parts in space, and we get a lifespan of ~ ¢! because the nonlinearity is a quadratic one.
We can, however, do better by taking advantage of the dispersive effect of the linear part
O f + 0.,5f = 0. It was first observed by Poincaré in the context of ordinary differential
equations (see [I]) that if the linear evolution

af +Af =0

is non-resonant, in the sense that for any three eigenvectors f1, fs, f3 of A, the corresponding
eigenvalues A1, Ao and A3 satisfy the condition

A1+ A2 # Az,

then any equation of the form

o0f+Af=Q(f,[)
where Q(f, f) is a quadratic form in f, can be transformed into one of the form
dg+Ag=C(9.9,9)

where g — f is a quadratic form in f, and C(g,g,g) is a form at least cubic in g. Then the
growth of ||g|| can be estimated by

Lot £ o)

giving a lifespan of ~ e~2.

The above process is called the “normal form transformation”. It was extended to the
case of partial differential equations by Shatah [3I]. In this setting it is sometimes more
convenient to reformulate the normal form transformation as integration by parts in time as
follows: Let i\ be the multiplier of A = S9,, that is,

F(0a51)(n) = iA(n) f(n).
Then the linear evolution is
Fet)(n) = e ™M £ 0)(n).

Putting this in the right-hand side, the nonlinearity becomes

FINGO = S enpmf(n, ) f(na, 1)

ni+ns=n

= Z Cnl,nge_it(A(nl)—i_)\(nQ))f(nl7 O)f(n27 0)

ni+ns=n



where ¢, n, are constants computable from the expression of N. Hence, to the second order,
we have that

f0)(n) = e F(0)(n)
/ S o e AOHSO=A)=A02) fy 0) f (g, 0)ds
ni+no=n

If for all n = ny + ny we have that

A(n) # A1) + A(n2)

then we can integrate the right-hand side by parts and get
f('? t)(n) - e—it)\(n)f'(_, 0)(”)

—zt()\(nl)—l—)\(nz)) _ e—it)\(n) .

+ Z Cny,na ) )\(nl)—)\(ng) f(nl, )f(ng, )

ni+na2=n
t
| otsas
0
yielding a lifespan ~ €

Going further, if for all n = ny + no + na,
A(n) # A(n1) + A(n2) + A(ns3)

then one can apply the normal form transformation to obtain an evolution equation whose
right-hand side is quartic, and a lifespan = =3 can be shown. More generally, if the normal
form transformation can be iterated n times, then one can prove a lifespan ~ ¢ "1,

Unfortunately in our case, the linear operator is A = 0,5 satisfies the first non-resonance
condition, but fails the second. The failure is mild, however, in the sense that all the tuples
(n1,ne2,n3) satisfying

with an error of the form

-2

A(n) = A(n1) + A(n2) + A(ns)

are degenerate, i.e., (n1,n2,n3) = (k,—k,l) or (k,l,—k) or (I,k,—k). In this case, according
to Theorem 4.3 in [22], the equation can be rewritten in the form

0rg + 00Sg = Q(g,9)g + terms at least quartic in g.

where (g, g) is a Fourier multiplier whose coefficients depend on g, or, an “integrable sym-
bol” as defined in Section 5 of [25], which usually does not cause trouble in L?-based energy
estimates. This effectively amounts to the second application of the normal form trans-
formation. It happens that the third non-resonance condition is also satisfied, i.e., for all
n =ni+ ng + n3 + N4,

A(n) # A(n1) + A(na) + A(ns) + A(ng)

and one more iteration of the normal form transformation yields a lifespan ~ ¢4, It remains
an interesting question if one more iteration of the normal form transformation is possible,
which boils down to a Diaphantine equation whose nontrivial integer solutions seem quite
illusive.



1.3.2 Strategy of the proof of Theorem 2: Bifurcation

In order to prove theorem 2] we look for solutions to the equation (1) of the form f(«,t) =
h(a 4 vt) which yields the equation

ol! + SK = 2Shi' — fSH,

where now the unknowns are the speed of the way v and the 2r—periodic function A. In order
to solve this equation we will bifurcate in the parameter v from h = 0 using the Crandall-
Rabinowitz theorem [I3].

1.4 Outline of the paper

We start in section [2] showing a suitable setting for these solutions that are rotationally
symmetric around the origin. Part of this task was already done in [I5] by T. Elgindi and
I-J. Jeong. For sake of completeness we will give all the details of derivation of equation ()
from SQG. In section 3 we analyze the dispersion relation and resonances. In section 4 we
introduce some technical tools that will be used in section 5 to prove Theorem [Il Finally, in
section 6, we will show Theorem [l

2 The equation of motion

In this section we derive the equation for G(«,t) in order to obtain solutions of the form
0(x,t) = |x| + |x|G(a,t). First of all, we have to understand the operator A~! acting on this
kind of unbounded functions. The part involving the term |x|G(«,t) was already consider by
T. Elgindi and I-J. Jeong in [15]. We present here all the details of a different derivation for
sake of completeness.

The equation of motion is

00 +u-V0=0, u= -V, v =A"10. (2)

Here the operator A = v/ —A.
In R? the operator A~! is given by

A0 =5 [ OY) 4y 3)

S om R2 [X =Yl

for functions 6(x) which decay fast enough at the infinity. As explained in the introduction
we will study solutions of (2] of the type

0(x,t) =[x + [x|G(a; 1),

where « is the argument of x and G(«,t) is a real function such that

Gla,t) = Y Gp(t)e™.

In|>3

Because the lack of decay at the infinity of these function we can not use the representation
@) for A=!. Instead of that we will use a different representation that we introduce below.



We will use polar coordinates
x(p, @) = plcos(a), sin(a)),
e, = (cos(a),sin(a)), e, = (—sin(a),cos(a)),
1
V = epap + ;eaaa.

We will also use the notation f(p,a) = f(x(p,a)) for a general function f : R? — R.
Then (x) = AL 0(x) will be given by

new

D(p,a) = Ak 0(x(p, ) = iP.V. /OO /% k(p, s, , B)0(s, B)dBsds, (4)
2w 0 0
where
k(p, s, B) = ! - ! - cos(a — 3)
VpE 4 s2 —2pscos(a—B)  \pP+s2 pPts?
2(p> + 572 (07 + )"

where P.V. means the principal value at the infinity, and A € R, k > 3 are suitable constants
we will next choose so as to guarantee that

Aew e (x(p, @) = (=A8)70(x(p, ).

new- new

We compute the left-hand side. For the kernel we have that

k(p737a7/8) - 0(3_4)7
k(p,s,a,p) — pi?’ 2 + > cos?(a — B) | cos(a — B) = O(s™°)
for s — oo and then, by using (),
Ar:01vv|x(p7 Oé)| = Cl(Av k)p27

with the constant ¢q(A, k) given by the absolutely convergent integral

1 0 27 1 27 0
c1(A k) = —P.V./ / k(1,s,0,3)dBs*ds = —/ / k(1,s,0,8)s%dsdj
27T 0 0 27T 0 0

2k — 5! 1-3---(2k—5
= dy + do(k)A, where dy(k) = 4((2/<;—2))!! = 4(2'4”'((21{:_2))).

One more application of the operator AL gives

A A . |X(p,0()| :Cl(A7 k) new|X(lo7 )| Cl(A7 k)c2(A7 k)pg

new- mnew

with the constant co(A, k) given by the absolutely convergent integral

2 1 1 5
2(A, k) / o / < (1,5,0,83) — m <—§ + 3 cos®(a — ﬁ)) cos(a — ﬁ)) s3dsdB

= h1 + ha(k)A, where ho(k) = P 11)(l<: )




df ha(k)

Then p(A, k) = c1(A,k)ea(A, k) can take values in [pyin, +00), where ppi, = ST
h2 —1)n —2\1 —1)"
71%83 From % > 1. % we deduce that % > #, S0 Z;gg = O(1/Vk) and

by taking k large we can make it as small as we want. Therefore there exist k* and A* such

that p(A*, k*) = —%. For these values of A and k we have that
- - 1

In addition, for Ayl (|x|G(a,t)) we have that, by dominated convergence,

A (XIG(,8)) = A, (tim e x| Gla, 1)) = lim AZL, (= [x|Ga, 1)) -
e—0 e—0
Similarly

new- new

Ao At (XIG ;1)) = A, T AL (7 x| G, 1)) = i AZLAZL, (7™ xI G 1))
e—0 e—0

Because the first three Fourier modes of G(a) are zero we have that A} (e‘e|x‘2 |x|G(c, t)) =
A1 <e‘5|x‘2|x|G(a, t)) Also the three first modes of A~! (e‘f‘x|2|x|G(0z, t)) will be zero and
then

AZLACL <e—flx\2|x|c:(a,t)) — A2 <e—6\xl2|x|c:(a,t)) — (—A) (e—f\x|2|x|c(a,t)) .

new new
And from here we have that

A A, (%G e ) = (=)~ (|x|G(a, 1) -

new- mnew

Then for function of the type 6(x) = |x| + [x|G(a), with G(a) = 3,15 Ge™* | satisfies

A2 0(x) = (—A)719(x). From now on we will remove the subscript "new” in the Ajey-

Plugging in ([2) the ansatz 0(x,t) = |x| + |x|G(a,t) we have that
x|, G (e t) = VEAT x| - V (1x]G(a, 1) = VAT (|x|G(ast)) - Vx|
—VAATL (1%|G(as 1)) - V (|x]G(a, 1)) = 0.
That in radial coordinates reads
pOG(a, t) — 2cpe[f -V(pG(a,t) — e, - VEATL (0G(a, 1))
= VAT (pG(a, 1) - V (pGla 1)),
that we can write

P0Gl t) — 2epDuGlat) + %8,11\‘1 (pG(a, 1)) =
9,0 (0G(a, 1)) Gl t) — %%A‘l(pG(a,t))G(a,t). (5)
Note that k(p, s, «, 3) only depends on p, s and a — 3, so

1 %) 27
A (oG 1)) = 5- /0 /0 K(p, 5,00, )52 (B, 1) dsdB

27
=p° | K(a—B)G(B,1)dp = p’KG(a,t)
0



where
K(a—p) = %/0 k(1,s,a,3)s"ds.

We can compute that

K(a) = da(k)A — %(6 — 27 + cos(a)) cos(a) — %

(14 3cos(2a))log(1 — cos(a)).
For function G(a,t) =3, >3 Gne™ we have that
2T

KG(a,t) = SG(a,t) = 0 S(a — B)G(B, t)dB

with

S(a) = —8%(1 + 3cos(2ar)) log(1 — cos(a)).

Then we can write ()
01G — 2¢0,G + 0,5G = 25G0,G — GO, SG.

Let f(a,t) = G(a — 2ct,t), which yields ().

3 Dispersion relation

In this section we compute de Fourier transform of the function
1
S(a) = —8—(1 + 3 cos(2ar)) log(1 — cos(a)).
T

We will use as definition of the Fourier transform, for a 2r—periodic function f,

- 1

fo= ooty = % /_ 7; F@)e ™ dg.

Thus -
f(l‘): Z fnein:c‘

In addition, if f is a real and even function

f=fo+ 2an cos(nz).

n=1

By Gradshteyn and Ryzhik 1.441 (2),

In(1 — cosa) = —22

n>1

Cos no
—In2
n




SO

6 cos 2cx + 2
—©¢

osna — (3cos2a+ 1) In2
n

(3cos2a+1)In(1 — cosa) = — Z

n>1

B Z 3(cos(n +2)a + cos(n — 2)a) Z 2 cosna

—(3cos2a+1)In2

n>1 " n>1 "
7 3 3 3 2
= —6cosa — <Z+3ln2> cosZoz—E—ln2—Z (n—2 +n+2 +;> cos N
n>3
7 3 8(n? —1
= —6cosa — <Z+3ln2> cos 2ar — 3 —ln2—§ﬁmsna

Therefore, for n > 3

2
- -1
((Boos2a+ ) (1 - cosa)], =~ 5
and
- 1 |n2-1

n =

" 2 |3 —4|n|

which behaves like #‘n', for |n| — oo.
We summary this section in the following lemma

Lemma 1 Let S be the operator given by @) and f a 27-periodic C'-function. Then, for
In| >3,

nf* —1

ST = B = apar (7)
and
DaST = iA(n),
with
A(n) = <1 + 7 4> sgnn.
Proof: Notice that f/o\gn =27 fngn. O

Remark 1 We notice that G in [I5]-section 4.2 and Sf in this paper must be the same. In
[15)]-Lemma 4.4 is obtained

N 1 ~
Gk 3[k] fk7 |k| > 27

_|]€| T k21

which does not agree with [d). However in [15], in the proof of Lemma 4.4, is used that

%/%%igng_m.

10



Unfortunately, the minus sign is wrong in that formula. In order to check it one can notice
that AG at the mazimum of G must be positive. With the correct sign Elgindi and Jeong
obtain
—3|k
Mo o
——

from A with the correct sign

G = Ji

from the last integral in pag. 40 divided by 2w
which agrees with ().

3.1 Analysis of resonances

In this section we shall study the resonances of the linear part of equation (II) which is given
by 0,Sf. Here S is the operator in (@) whose multiplier can be found in lemma [Il Indeed
we will show that there are no 3, 4 or 5 wave resonant interactions, except 4 wave degenerate
interactions.

Lemma 2 Let ny,...,n, € Z and each nj satisfy |n;| > 3. Let A(n) as in lemma[d The
following hold:

(1) If p=3,5 and ny + --- +n, =0 then

[A(n) + -+ Anp)| 2 1.
(ii) If p =4 and the tuple (n1,mn2,n3,n4) is not totally degenerate, i.e., is not a permutation
of (k,—k,l,—1) for some k, | € Z, then
A1) + -+ + A(ng)| = min(|n],..., |ng]) "%

Proof: (i) If p = 3, without loss of generality assume n; and ng > 0. Then

A1) + A(n2) + A(ng) = A(n1) + A(n2) — A(nq +ng) > 2 — § _

If p = 5, without loss of generality we can assume ny, no, ng > 0 and ny
then

IV ol

ns. If ng >0

A1) + () + Alns) + A(ma) + A(ns) > 4 — g 9.

If ns < ng4 < 0 then ng +ns = —ny — ng —ng < =9, so ns < —b and
8 8 9
A(n1) + Ang) + A(ng) + AM(ng) + A(ns) > 3 — e

(ii) Without loss of generality we assume ny, ng > 0 and ng > ny. If ng > 0 then
8
)\(nl) + )\(TLQ) + )\(ng) + )\(714) >3 — g > 1.
If ngy < ng < 0 then we can further assume |n2| < |n3| < |ng| < |ni1|. In this range
—ng ni+nq
A(n1) + A(na) + A(nz) + Ang) = / / N(z + y)dydsz.
no 0

If ng + n3 = 0 then ng = —ny and ngy = —nq, and we get totally degenerate interactions.
Otherwise —n4 > —n3 > ng + 1 and ny + ny > 1, so using \’(z) > 1/2* for > 2 we get

na+1 1 1
A1) + A(na) + A(ng) + A(ng) > / / N(a + y)dyde 2 .
no 0 2

11



4 Paradifferential operators and remainders

To bound the multilinear terms arising from iterated normal form transformation, we define
some multilinear operators that we will use frequently. Let A, denote the difference in the x
variable, i.e., Ay f(z,...) = f(x +1,...) — f(x,...), A" be A, iterated m times, and |;—,
denote evaluation at x = a.

Definition 1 (Multilinear forms) Forp > 3, u € R and an increasing functionv : N — R,
let M} be the space of p-linear maps M : C*°(T)? — C of the form

M(uq,...,up) = Z m(ni,...,np)ti(ny) - ap(ny)

n1+--+np=0,|n;|>3
satisfying, for |n;| > 3, N being the largest among |ni|,...,|ny|, and n being the third largest,
(i) |m(ny,...,np)| < NFnv© | and
(ii) For m € NT there is §,,, > 0 such that if n < 6, N and n < |n;|, |ny| then

AT om0 Ty — T )| Sy NPT (M)

Let
M ={M e M}" - m(—ny,...,—ny) = £m(ny,...,np)}.

Clearly, for o > 0, M z}f(’l) cM Z’f(i‘;” “c M Z’f&?”, with the convention that it includes

three versions, one for M}"”, one for M} and one for M}

Lemma 3 Given M € Ma"", for p> s> v(0) +1/2 and u € H*(T) we have

M (u, )| S Il ull e

Proof: Without loss of generality we assume that m and @ take values in R>¢. Let (n1,...,n)) €
ZP, |nj| > 3, and without loos of generality assume |ni| = N. Then |> ¥ _,ng| = N, so we
can further assume |ns| 2 N. In general we can find |n;| = N, |ng| 2 N and |n;| = n, so

m(ny,...,np) S N0 < 3" Z [ g | |0
1<j<k<p s
When uy = -+ = u, = u, by symmetry we have
[M(u, ..., u)| S > [ [ sl g Vi) - - - ()

n1+---+np:0,|nj\23
27
= / (1Y [Fu(@)2 (V[ Qu(e)yu(z)r—
0
< 19 [Full22 ]|V u| oo [ 522
s MNull 352

thanks to Sobolev embedding and the assumption that s > v(0) + 1/2. O
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4.1 The normal form transformation

In this section we describe the normal form transformation for multilinear forms that will be
used frequently later. For M € M} with

M(uy,...,up) = Z m(ni,...,np) 0 (ny) - p(np)

n1+--+np=0,|n;|>3

we define

B m(ni,...,np) () - (n
L(M)(UI"”’UP)_m+...+r§;0,nj|>3 A1) 4 -+ + Alny) 1(m) »(7p)

Since the multiplier of 9,5 is i\, we have that

L(M)(ui,...,—0aSuj,...,up) = —iM(uy, ..., up)

p
=1

J

SO

—iL(M)(f,..., f)=M(f,..., )+

d p
dt —

j-th entry

7j=1

Lemma 4 Let M € M}"". Then, for p =3, 5,

W,V w,v
Me M,y = L(M) e M2

Proof: To check condition (i) in definition [Il we use Lemma[2l (i) to deduce that

m(ni,...,np)
A(na) + -+ A(ny)

S |m(n17'-' 7np)| S N
Now we check condition (ii) in definition [l Assume m € N*, n < ¢/, N for some 4/, > 0
depending on 41, ..., 0, and n < |n;|, |ng|. Let

Alx) =m(ny,...,nj+x,...,n5 —,...,np),
Blz) = Am) + -+ My +2) 4+ Ay — @)+ - + Alny).

Then by binomial expansion of the difference,

m A(:E) _ - (m m— 1
Aw ’x:()m - ; < 1 >Am l’m:lA(x)Agp’J::Om.

If ¢/, is small enough, then for x € [0,m] and i = 1,...,m we have d;|n;+z| and §;|ng—z| > n.
Since M € M},
’A;n_l’m:lA(x)’ gm N,u—m+lnu(m—l).

By the fundamental theorem of calculus,

AL [a—oB(2) 7' < sup [(B(x)™H)Y)].
z€0,l]
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When z € [0,m], n; + 2z and ny —2 2 N, so by Lemma B (i), |B(z)| 2 1 and for [ > 1,
|BU (z)| <; N='=2. The same bound holds for the left-hand side, so

m

A(z)

A™|._ < N,u,—m—l—l u(m—l)N—l <, NH™ u(m)
Since A is an odd function, division by A(n1) + - -+ + A(n,) flips the parity. O

When the number of variables, p, is even, for M € M}"" we also define

P(M)(ui, ..., up) = Z m(ni,...,np) 01 (ny) - ap(np),

(nlv"'vnp)eDIH‘nj ‘23
where the summation is over the set of totally degenerate tuples

D, = {(n1,...,np) :3 a fixed-point free involution o € S, such that
Ne(5) = _njvj =1,... 7p}

Lemma 5 Let M € M})". Then

(i) P M“’ M“(’i) is a linear projection.

(£)
(i) M € M} = P(M)(f,...,f) =0.

(111) M € M”( yNker P = L(M) € Mf(’;)
Proof: (i) We first check that M € M} = P(M) € M}". Since the sum is restricted
to Dp, the bound on m is trivial. To show the bound on the derivatives of m, note that if
(n1,...,np) € Dp, 0y < 1, n < 6, N and n < |n;|, |ng|, then o swaps j and k, which implies
that ny = —n;. Moverover, for all € N we have ny, —z = —(n; + z), so (n1,...,n; +
T,...,Np—,...,ny) € Dp, and the iterated differences in = are unchanged. Hence the bound
on the iterated differences of m remains true. The persistence of parity is trivial.
(ii) Since D,, is invariant under the map (n,...,np) — (—ni,...,—ny),

V' (m) =max]" (v(m —1) + 4l + 4).

PO, )=y S0 Gl ) ) Fny)

(nlv"'vnP)EDpv‘njlzg
+m(—ny,...,—np) f(—n1) - f(—np)).
Since M € M},
m(—ny,...,—ny) = —m(ni,...,ny).

Since (n1,...,n,) € Dy, there is o € S), such that n, ;) = —n;, so

fna) - fnp) = f(no) - fnogy) = F(=n1) - f(=np).

Hence the two terms in the sum cancel, so the whole sum vanishes.
(iii) By Lemma [ (ii), for nondegenerate tuples (n1,...,n4),

m(nlv s ,’I’L4)

< ; 4
A1) + -+ Mng) S m(ny, ... ng)min(|naf,.. ., [naf)”
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Now we assume m € N*, n < ¢/, N for some 4, > 0 depending on d1,..., 0y, and n < |n;l,
|ng|. Define A(z), B(z) and expand the difference of A(x)/B(z) binomially as before. Then

AT Mot A(z) S NP0 and AL l—oB(x) ™' < sup |(B(x)")®)]
z€0,l]

as before. Since |B(z)| > n~* and for [ > 1, |BU(z)| <; N2, it follows that

l

m ‘1('17) —m — _ _ /
A" —g—=| < E :N“ Hpr(m=0) N=lpdl+d < pu—m,, v/ (m)
‘ x | =0 B(:E) ~m — n n ~ n
if we let v/(m) = max]" ,(v(m — 1) + 4l + 4). O

We also need operators on multilinear forms to track the nonlinearity. For M € M}"" we
define

Nl(M)(ul, ce ,up+1) = ZM(’U,l, ce ,ujaaSujH, ce ,up+1),
j=1
No(M)(uq, ..., upt1) Z ZM Ug(1)s - - 5 Oallo(5)SU(j41)s - - - s Ug(p+1))-
! UGS,,+1 7j=1
Lemma 6 Let M € M}". Then
(a) M € M(i) — Ni(M) € Ml‘)ﬁrl( )-

(b) No(M) € M"Y

(), where V' (m)=v(im+1)+ 1.

Proof: (a) Ny(M).

p
Nl(M)(ul,...,up+1): Z Z m(nl,...,nj+nj+1,...,np+1)
ni+-+npp1=0,In;|>3 j=1

XiA(nj+1)0(n) - a(npr).

Let N (resp. N') be the largest among |nil,...,|np41] (resp. |nil,....[n; +njp1l, ..., |npl),
and n (resp. n') is the third largest. Then N’ < N, n’ < n. Condition (i) follows from the
bound

Im(ni, ..., + 1541, npr) A1) S NHp/(0) < Nrgpr©),

To check condition (i) we assume m € N, n < ¢/, N for some 4/, > 0 depending on
01,...,0m, and distinguish several cases.

Case 1: |n;41] < n. Then the difference acts on the m factor. Since A is bounded, if ¢},
is small enough then |the m-th difference| <,,, N*#~"n*(™),

Case 2: n < ]n]] Inj11|. Then the difference acts on the X factor. If 47, is small enough,
then |A™A(n41)] S (741l 7™ 72 S N7™72, s0 |the m-th difference| <, N#~"2p(0) <
NH—mpv(m)
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Case 3: |nj| <n < |njy1], |ng|. Binomial expansion of the differnece gives

Al z—o(m(ni,...,nj+njp o, 0 Fa, ..., npr1)AN(nj41 £ x))

m
m -1
:Z<Z>A? ]m:lm(nl,...,nj—i—nHlix,...,nk:Fx,...,an)
=0

XAé|x:0/\(’I’L]‘+1 + :E)

If ¢/ is small enough then |the first factor| <, N#~™*p¥(m=0 and, by Case 1, |the second
factor| <; nj41|7t < N4 so [the above| <, N#—™p¥(m),

(b) Na(M).
NQ(M)(’LLl, e ,’LLp+1)

1 p
= Z Z Z m(na(l), . ,Tlo—(j) + no—(j+1), v ,ng(p+1))

C(p+1)! :
(p ) TESp4+1 ni+-Anp1=0,|n;[>3 j=1

X Mg ()8 (No(j41))0(N1) - - - W(Npt1),

where s(n) = A(n)/n ~ 1/|n| as |n| — co. Without loss of generality we assume |nq| > - >

npal-

We first check condition (i). If o(j) > 3 then |ng ;)| < |n3| < n, so

|m(na(l)7 < Mo () + No(j41)5 - 7na(p+1))n0(j)8(na(j+l))| S Nunl/(O)—i-l‘

If{o(5),0( + 1} = {1, 2} then [ng()s(ng(j41))| T [no()/no(i+1)| < Py s0
)

(), T (g) + Mo (i41), -+ Ro(pr1) ()8 (M 41))| S N0

Now we assume o(j) <2 and o(j +1) > 3. If n > §(N (for some d;, > 0 depending on d;)

then
(N (1)s -+ 2 T (G) T (G 41)s - - > T (o) o) S (Mo (1)) | S NP0V OFL /57
Now we assume n < 0)N. We pair the terms with o(j) = 1 and the terms with o(j) = 2 as

follows:
p
Do ey o) F Mgy P RS (M)
J=1 7E€Spt+1
o (j)<2,0(j+1)>3
1< <
= 5 S(na(j+1))(m(n0'(1)7"' ;1 +no(j+1)7"' ;2, - 7ncr(p+1))n1 ( )
j=1 7E€Spt1
o(§)<2,0(j+1)>3 A
F M Ng(1ys My N2 F N(1)s - - N (pt1)) T2)-

B
Both |A| and |B| < N#n*(©) while their difference is

No(j4+1)~1

A—B= Z Ax|x:lm(ng(1),...,n1 T, N2 N (41) —l‘,...,ng(p+1)). (9)
=0

16



If ) is small enough (depending on §;), |all summands| < N*~1p*(). Since o(j + 1) > 3,
Ing(j11y| < n, so |A—B| < NF-1p"WHL Also note that [ng + no| = |ng + -+ + npy1| < pn.
Then the summands in () are

S(na(j_,_l))(Anl + Bng) = S(na(j_,_l))(B(nl +n2)+ (A — B)ny)

whose absolute value < NHprO+1 4 Np—lpr()+1 < NHpr(D+1

Now we check condition (ii). Again assume |ni| > -+ > |n,y1], m € NT and n < §/, N for
some 0], > 0 depending on d1,...,d,+1. From the ordering it follows that |ni| > |na| > n >
Ins|. Again we distinguish several cases.

Case 1: {0(j),0(j+1)} = {1,2}. Then the difference acts on the factor ny(;ys(ng(j+1))- If
¢! is small enough, then |A™ (this factor)| <,, N~™, so |the m-th difference| <,,, N#~™n*(0) <
NH=mpr(m),

Case 2: 0(j), 0(j +1) > 3 and o(k), o(l) < 2. Then the difference acts on the m
factor, with a bound of O,,(N*~™n*(™). If § is small enough then M6y 8(Mai+1)] S
6(j)/Mo(j+1)| < P, SO [the product| <, NH=mpy(m),

Case 3: 0(j) > 3 and o(j + 1) < 2 (assumed to be 1 without loss of generality). Then

A;n\xzo(m(no(l), e N () +nitx,...,noFx,... ,ng(p+1))ng(j)s(n1 F x))
l
=N (j) Z A?_llm:lm(ng(l), cs N (y) 1 +x,...,naFuz,... ,na(p+1))
m=0

x Al |,—os(ny T ).

The first factor is bounded by N. If &/ is small enough, |the second one| <,,, N#="Fipr(m=1) <
N#=m+pr(m) and |the third one| <; [ng|~" <y N1, so [the above| <, N#~mpV(m),
Case 4: 0(j) <2 and o(j + 1) > 3. As before we pair the terms

s(ng(j+1))A?]x:0(m(nU(l), NN 051 +a+ No(j+1) -5 T2 Fx,... ,ng(p+1))(n1 + a:)
A
+ m(ng(l), ..o,y o, Ng(j4+2)s---> M2 F T+ Ng(j4+1);- - ,na(pﬂ))(ng Fx))
B

=5(ng(j+1))AY la=0(B(n1 4+ n2) + (A — B)(n1 £ x))
=5(ny(j+1)) (N1 + 12) A [o=0 B + m1 A [o—0(A — B) £ mAL ' o—1(A — B)).

Then s(ng(j+1y) is bounded, |ni| < N and |ny + ng| < pn. If 0y, is small enough then
A" ,—oB| <,y N*~"n*(™)  Expanding A — B into differences as in (@) we know that
AT (A=B) <,y NEomH=lprim=I+1D)+1  Hence |the m-th difference| <, N#~—p¥(m+1)+1
With that the proof is complete. ]

5 Long-time wellposedness

Now we study the long-time wellposedness of the equation

ft = _Sfa + 2f0ch - foa-
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First of all we notice that since fj is zero mean and with m—fold symmetry, for m > 3,
i.e.,

fola) =) folmn)e™,

[n[>1
and the equation conserves the mean we also have that

flayt) = Z f(mn, t)e™me.

In>1
Thus f(0,t) = f(£1,t) = f(£2,t) = 0.

5.1 Energy estimates
Define the energy

E(f) = 511
Then

SED) = (WA T) = (M (2faSf — FSF2),A°F)

— (—A*S fa+ 2SFA" fu 4 2(A°, S ] fo — A (FSFa) A S).
The first term vanishes because S0, is anti-self-adjoint and commutes with A. The last term
(A*(fSfa), A*f) € MF°

because the multiplier of S0, is odd and of order 0. The second term
1 1 s
(SIN L) = 5 [ SHATP0 == [ Sfaa2p)? € M0

for the same reason. We show that the remaining term (the one with the commutator) is also
in this class. The multiplier of this term is

c({n3)® — (n2)®)s(n1)nz(ns)®

for some constant ¢ € C. Since s () <,,, |#|~™! when |z| is sufficiently large, we have the
desired bound if [ni| > 6N (Recall N = max(|n1],|n2|, |ns|).) for some ¢ > 0. If |n;| < ON
and ¢ is small enough then

(n3)® = (na)® = (n1 + n2)® — (ng)® s ma(ng)*

and
Al a—o((ns F 2)° — (ng £ 2)°) Som na(ng)® ™!

~

so the desired bound also holds, and the desired parity is easily seen. Hence the evolution of

the energy is

d

25,0

for some M3 € M.
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5.2 Iterated normal form transformations and proof of Theorem [IJ

Now we perform iterated normal form transformations on the equation (I0). By Lemma @]
there is M4 = iL(M3) € Mgi’o such that

d

3
EM?,,(!ﬂf)f):M3(f7f7f)+]§_:1Mé(fv72fa5f_fsfa77f)
- j-th entry

= M3(f, f, ) + (2N2 = N )(M3)(f, f, /> f)-

Then by Lemma [6]
d

dt
for some M, € M, ff’l. Before proceeding, we must isolate the resonance set from My. We
decompose My = (My — P(My)) + P(My), where both parts are in M;>" by Lemma [ (i).
By (ii), we can replace My by My — P(My), so we assume P(M,) = 0. By (iii), there is
M} =iL(My) € M;>*"™ " such that

(Es(f)_M?,)(fafaf)):M4(f7f7f7f)

%Mi(f7f7f7f):M4(f7f7f7f)+(2N2_Nl)(Méi)(f77f)

Then by Lemma [6]

d

a(ES(f)_Mé(f7f7f)_Méi(f7f7f7f)):M5(f77f)

for some My € M52f’4m+10. By Lemma[d] there is M! =iL(M;) € ng_’4m+10 such that

NG 1) = M D)+ 2N~ NGRS ),
Then by Lemma [6,
d

2s,4m~+15 B
_ - by

for some Mg € M Lemma [3] we have, for s > 16,

MG DS I Il s d = 3,4,5 and [Mo(f, ... )] Ss 1/ Ip0 1 f G-

Hence there is C = C(s) > 1 such that

1F @) Wzrs < 1£O) Iz + CULF O s + 1£(0)IF6)11f (0) 1725
+ OUIF @)l rs + 1 O Izne) | f Ol + Ct sup [|F (Ol gpellf (DI (11)

T7€[0,t]

Thus from

[F Ol < cand sup (7))l < 2
7€[0,t]

it follows that

sup ||f(7)|[%s < €+ C(9e + 33¢%)e® + 64CteC.
T€[0,t]
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If e <1/(9C) and t < 1/(64Ce*) then

sup || f(7)|[Fs < 7€%/2
T€[0,t]

closing the estimate. Therefore the lifespan > 1/e*. Thus, if the initial data is in H'6, with
norm ¢, then it will remain in H'6 for a period of length > 1/¢*. Moreover, the bound (IT))
implies that for s > 16, the growth of || f|| s only depends on || f||g16. Hence it follows that if
the initial data is in H* for s > 16, and is sufficiently small in H'6, then it will remain in H*
for a period of length > 1/€*, with an implicit constant independent of s, which is Theorem

@

6 Analytic travelling waves

In this section we study travelling wave solutions of the equation

fe==5fa+2faSf = [Sfa
that is, solutions of the form

fla,t) =u(a—vt), veR.
For such solutions we have f; = —vu/, f, = v/ and Sf = Su, so

— Su' 4+ vu' + 2u' Su — uSu' = 0. (12)

Clearly u = 0 is a solution. We will use the Crandall-Rabinowitz bifurcation theorem [13] to
find other solutions bifurcating from the zero solution, and then show that they are analytic
in a.
6.1 The bifurcation theorem

Theorem 3 (Crandall-Rabinowitz) Let X andY be Banach spaces, V' a neighborhood of
0in X, and

F:Vx(-1,1)=Y
(u, 1) = F(u, 1)
satisfy
(i) F(0,u) =0 for all |u| < 1;
(ii) The partial derivatives 0, F, 0, F and szF exist and are continuous;
(iii) ker 0, F(0,0) = Rug and Y/Im 0, F(0,0) are one-dimensional;
(iv) 02, F(0,0)ug ¢ Im 9, F(0,0).

Let Z be a complement of ker 0, F(0,0) in X. Then there is a neighborhood U of (0,0) in
R x X, a number a > 0, and continuous functions

¢:(—a,a) = R, v (—a,a) > Z
such that ¢(0) =0, ¥(0) =0 and
FH0)NU = {(€uo + &(€),6(€)) : €] < a} U (R x {0}) N V).
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6.2 Bifurcation analysis and proof of Theorem

To apply the Crandall-Rabinowitz theorem [I3], we first find the linearization of the equation
(I2) around the zero solution, which is

— Su' + v =0. (13)

Since the multiplier of S9, is i\, which is odd, for m > 3 we have S(cos ma)’ = —A(m) sin ma
and S(sinma)’ = A(m) cos ma. Thus cosma solves ([I3)) with A(m) — mv,, = 0, i.e., v, =
A(m)/m, and sinma solves ([I3]) with the same v,,. These are the only solutions of (I3)).
Indeed, taking the Fourier transform of (I3]) gives

—iA(m)a(m) + imva(m) =0

so u(m) = 0 unless v = v,,, which can only hold for a pair of opposite values of m. Since u
is real-valued, the two modes combines to give cos ma or sin ma.
To perform bifurcation, fix an integer k£ > 1. For m > 3 and ¢ > 0 define the spaces

C.c = {2m/m-periodic holomorphic functions in the strip [Ima| < c},

anﬁ = qu € CY :sup |lu(- +y) || grw/2qz) < 0 u(x 4+ iy)de =0,
lyl<c R/277Z

u(—z +1y) = tu(x +iy), Vo € R/27Z, ly| < c}.
with the norm (which is the same for both HY; - and Hiy?)

. k
HU”H;;,c = ‘s1|1p (- + i) e (r/272) =k eIl () ez -
y|<c

Since d, and S act the same way on u(- + 4y) for all |y| < ¢, we have that
Oo + HEE — HE L S HEE — HEFLE

By the Sobolev multiplication theorem, parity considerations, pointwise multiplication is
bounded on

<t HE G < HY D — HE xt HE BT o BRI — HE L

,C m,co

Hence the map

/

Fo i (uyp) = —Su’ + (v, + p)u’ + 2u' Su — uS/,
HET xR Hi-b™
satisfies
(i) Fn(0, 1) = 0 for all y;
(ii) The partial derivatives 0, Fy,(u, ) = ' : H,IZJE x R — H,If{cl’_,
OuFm (u, 1) = w— —Sw' + (vy, + p)w' + 2w Su + 2u' Sw — wSu’' — uSw',
812WFm(u,,u) Cw e W,

k+ k,+ k—1,—
Hm,C x R % Hm,C — Hm,C ,

all exist and are continuous.
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(ili) 0y Fn(0,0)(w) = —=Sw' + vw' so ker 9, F,,, (0,0) = R cos ma and
Win,e i=Im 0,F,(0,0) = {u € H b~ a(m) = 0}
has codimension one.
(iv) 92, Fm(0,0)(cos ma) = —msinmao ¢ Wi, c.

Let
Zine = {u € HEE - i(m) = 0}

be a complement of R cosna in HTI?LJE Then the Crandall-Rabinowitz theorem shows that
there are a number €,, . > 0, an open interval I, . containing 0 and continuous functions

(¢m,c: wm,c) : [m,c — R x Zm,c

such that ¢, ¢(0) = 0, ¥4,..(0) = 0 and
Fp(0) N Byt g (€me) = {(€ cosma + Emc(€), dm.c(€)): & € e}

We can remove the dependence of ¢ as follows: Let ¢ > c¢. Then the above produces an
€m, > 0. Let I be an open subinterval of I,, . such that

(é cosmao + £¢m,c(£)v ¢m,c(£)) € Fn_ql(o) N BHﬁ;f:xR(EmvC) N BHk”L., XR(Em,c’)
for all £ € I. Then for each £ € I\{0} we have that

(§ cosmar + E¥m.c(§), Pm.e(§)) = (&' cosma + e (€), P, (7))

for some ¢ € I,,, »\{0}. Since Hﬁfg = Zm,c ® Rcosma is a direct sum, § = ¢ and ¥y, 0(§) =
Ymr(§) € Zp o (here £ # 0 is used). We also have ¢, o(£) = ¢, (§). Hence we can omit ¢
from the subscripts of ) and ¢. Now let

(@) 1= € o8 M + € (€).

Then
fm,f(a7 t) = um,ﬁ(a - ('Um + @bm(é))t)
is a travelling wave moving at the velocity v, + ¢, (§). Moreover for any ¢ > 0 there is an

open interval I containing 0 such that for all £ € I, the travelling waves f,, ¢ are analytic in
the strip {|Im«| < ¢}. This proves Theorem 21
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