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SMALL DATA SCATTERING AND SOLITON STABILITY IN H~1/6¢ FOR THE
QUARTIC KDV EQUATION

HERBERT KOCH AND JEREMY L. MARZUOLA

We prove scattering for perturbations of solitons in the scaling space appropriate for the quartic non-

linearity, namely H~'/°

. The article relies strongly on refined estimates for a KdV equation linearized
at the soliton. In contrast to the work of Tao, we are able to work purely in the scaling space without
additional regularity assumptions, allowing us to construct wave operators and a weak version of inverse

wave operators.

1. Introduction and statement of results

The generalized Korteweg—de Vries (KdV) equation

{a,w+ax(a§¢+w)=o for t,x e R, (1-1)
¥ (0, x) = Yro(x)
has an explicit soliton solution
Ve, 1) = Qp o 2y () := PO (c(x = (x0 + 1))
with ¢ > 0, xp € R and
0,= <pTH)1/(p_l)sech2/ U’“(”T_lx). (1-2)

Well-posedness of the generalized KdV equation was established by Kenig, Ponce and Vega [Kenig
et al. 1993] in H® for some s depending on p. The case p =4 (quartic KdV) is particularly interesting
as it is the only subcritical power nonlinearity that does not lead to a completely integrable system. The
critical space for the quartic KdV equation is H~!/%. Griinrock [2005] obtained local wellposedness in
H* for s > —1/6 and the endpoint H~'/® was reached by Tao [2007]. Though wellposedness is not
the main focus of this note, we will return to this question in Section 7 and use spaces of bounded p
variation and their predual (see the appendix and [Hadac et al. 2009]) to simplify and strengthen Tao’s
wellposedness result in the critical space.

The solutions Q. , are called traveling waves or solitons. These are minimizers of the constrained
variational problem

min{E(u)):weHl, w2 = >0}, (1-3)
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E(u) = /(%ui - ﬁuﬁl) dx.

Minimizers also are extremals of the Lagrangian

where

S(u) = E(u)+%/u2dx, (1-4)

where A is a Lagrangian multiplier. Existence of the minimizer has been shown by Berestycki and Lions
[1983] using the constrained minimization problem

min{7(w):w e H', V(w) = 1},
where
T(w) = / w?cdx and V(w)= %/wzdx — #fw”“ dx.
The function Q in (1-2) is the unique positive even solution to the Euler-Lagrange equation
—0x—07"+0=0 (1-5)

to (1-4) with A = 1. It is a critical point of S(u) again with A = 1, a minimizer of E with constraint
lull 2 = w, where

+1
p+ 1N\Y0-DT(E5) /7
12 = 110,12 = (T) VT (1-6)
F(Z(p—l))
and hence the quadratic form
KW):= / %w’z +iw?—1p0P~tw?dx >0 for (w, Q) =0 (1-7)

is nonnegative on the tangent space that is, the functions orthogonal to Q.

The stability of solitons for generic KdV equations has been studied in several seminal works. Orbital
stability was first effectively established in the work of Weinstein [1985]. Then asymptotic stability of
solitons for KdV was first observed by Pego and Weinstein [1994], who proved that solitons for KdV
are stable under perturbations in exponentially weighted spaces. Later, Martel and Merle [2001a; 2005;
2001b] and Martel [2006] refined this result to observe that solitons for generalized KdV equations are
indeed stable under perturbations in the energy space, but measured within a moving reference frame. As
mentioned above, for the case p = 4, building on the multilinear estimates of Griinrock [2005] and the
work of Martel and Merle, Tao [2007] assumes smallness in H'N H /% and obtains scattering in H~Ye,
We will give a more thorough introduction to previous stability results including rigorous definitions of
stability in Section 2.

In the sequel we will focus on the case p = 4 and omit p in the notation. It seems that any further
progress is tied to an understanding of the linearization, or more precisely of the linear equation

u;+ 0, Fu =0 (1-8)
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and its adjoint
v+ Lo =0, (1-9)

which have the explicit solutions (with Q =¢0:0¢le=1)
u=a(Q+2tQ)+bQ and v=cOQ,
where

4

0 :chc

2/(p—1 2
PV 0, (cx) CZI:ﬁQ,,erQ;, (1-10)

usually evaluated at ¢ = 1.

Thus both equations (1-8) and (1-9) have linearly growing solutions. It is one of the first contributions
of this paper that both equations are uniformly L? bounded once we take into account these modes, and,
moreover, there are local energy estimates global in time once we remove these modes. In particular the
assumption of Pego and Weinstein on the absence of embedded eigenvalues holds.

Our goal is to build on the arguments of Weinstein [1985] and Martel and Merle [2001a; 2005] to
establish some type of asymptotic soliton stability for generalized KdV equations by a direct analysis
of the equation itself. We apply a variant of Weinstein’s and Martel and Merle’s arguments to the linear
equations (1-8) and (1-9) and their relatives with variable scale and velocity, and control nonlinear terms
through estimates for linear equations.

Specifically, we define projection operators related to the spectrum of &£:

(¥, Q) 5 (¥, Q) ~
Piy=y——=_0, Py=y—-"="0. 1-11
oV =1 (Q’,Q/)Q =y (Q,Q)Q (1-11)

We obtain the main linear estimates, which in their simplest form can be written as follows.

Theorem 1. Let S be the solution operator for (1-8) and S* the solution operator for (1-9). Then, we
have

supl|S(1) P*uql| 12 + IIsech(x)d, PG S(1) P*uoll 2 ey S lluwoll 2, (1-12)
t

supl|S* (1) Pg (1) 12 + [Isech(x)dy PS*(1) Pl 12y S Nlvoll z2- (1-13)
t

The linear estimates presented in the sequel may be generalized to any subcritical power p < 5. We
provide variants of Theorem 1 for linearization at solitons with variable scale and velocity as well as
estimates in scales of Banach spaces similar to estimates for the Airy equation.

Even near the trivial solution dominating the nonlinear part globally by the linear parts requires to work
in a scale invariant space similar to H~!/. On the positive side it will lead to scattering for perturbations

of a soliton in H~1/¢

, without the smallness condition of Tao in the energy space (2-4). The study of the
linear equation will lead to a fairly precise understanding of its properties, which seems to be new — we
hope that it will provide a model for many other questions on the stability of solitons.

As is standard in the study of stability, we take

Y, 1) = Qcny(x —y(@) +w(x,1).
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Then, we have
dw + 3, (32w +4Q3w) = —¢(8,00) (x — ) + y(QL)(x — y)
— 3,820 — 20+ 0H — (QL(x —y))
— 3,60 (x — Y)w? +40.(x —y)w® +wh. (1-14)

The standard choice of ¢ and y ensures orthogonality conditions for w. Due to low time regularity we
are forced to relax the orthogonality conditions to

£(0e 0 = (w, Qo). (1-15)
(= eNQ;, 00) = —r(w, 00), (1-16)

where « > 1.

From an implicit function theorem argument similar to that in the proof of [Martel and Merle 2001b,
Proposition 1], there exist unique ¢(0) and y(0) so that w( -, 0) is orthogonal to Q. (- — y(0)) and
QZ(O)( - — ¥(0)) provided the distance of i to the set of solitons is small in a suitable norm.

We consider the equations above as ordinary differential equations for ¢ and y, coupled with the partial
differential equation.

Using the decomposition and linear estimates, in Sections 8.2 and 8.3 we can prove (referring to later
sections for the definition of the function spaces, with Bo_o] /6:2 slightly larger than H~'/9) the following
global result:

Theorem 2. There exists € > 0 and ¢ > 0 such that given (1-1) with initial data of the form
min|{| o — Q¢ (x — yo)ll =162 <€,
€0, Y0 o0
there exist unique functions ¢ and y with
— R : 1 0 +_ 2_-.72~¢0
(w(0), Q) = (W(0), QL)) =0, é¢eL'nC’, §-cFeLl’nc’,

/6

and a function w(x,t) € Xgol such that

Y(x, 1) = Qc@),yr)(x) +w(x, 1)
satisfies the quartic KdV equation, and w, c and y satisfy (1-15), (1-16) and (1-14). Moreover,
el inco 4+ 17 = 2 llz2nco + lwll s < ellwoll z-sa.
In addition, there exists a function z € Bo_ol/ 82 Such that

t

23
lw(t) —e™ d"Zo”l_,}—l/e,z -0
[o¢]

and

—. 93
lw(-)—e ‘Zollx;l/e((t’oo))—>0 ast — 0o

if w(0) is in the closure of Cg°.
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In fact, we prove a far stronger result than this, though Theorem 2 captures the main ideas. Finally, in
Section 8.4 we show for a function v, there exists a quantity J(v) defined in (8-8) such that we have the
following:

Theorem 3. Let vy be in the closure of C3° in 3501/6’2, let coo > 0, and let yg € R. Let v be the solution
to the linear homogeneous KdV equation. Assume that

J() <48  forsome §=35(||voll z-1/6.2).

Then there exists a solution WV to the quartic KdV equation, a function y € C'([0, 00)), a function
c € C([0, 00), (0, 00)) such that w = W — Oc,y, where ¢ and y satisfy equations (1-15), (1-16), (1-14),
and

(w(0), Qe (- = ¥(0))) = (w(0), Q) (- — ¥(0))) =0,

c(t) = co, YO)=yo, w@)—v(E)—>0 in Bo_ol/ﬁ’z ast— oo.
Moreover, if in addition vy € L%, then ¥ € C(R, L>(R)) and

2 2
lvollz2 +11Qew0llz2 = (@) Il 2

There exists € > 0 such that the assumptions are satisfied if || vo|| jo1/62 S €.

Remark 1.1. The conclusions in Theorems 2 and 3 hold as well in the spaces Bo_ol/ 6.2

NH* NH’
for any —1 < s < 0 and o > 0, allowing one to prove uniform bounds in higher Sobolev norms; see
Section 7.1. In particular, given initial data in Bo_ol/ “>NENH 7, J small will imply stability and
scattering in B;ol/ 2N HsnH°. Specifically, we note one can prove boundedness and scattering in the
energy space H' intersected with Bog/®2.

To motivate the construction of our nonlinear iteration spaces, in Section 3 we first derive some refined
estimates for the linear KdV equation

{@u+@u=ﬁ (1-17)

u(0, x) = up(x).

Then, in Section 4 we discuss the spectral and mapping properties of the operator & and derive linear
estimates for the systems (1-8) and (1-9) and their relatives

U +Uyxx + (Qc(t) (x—x@)u)y = f.

In Section 5, we combine local smoothing estimates as for (1-17), where we treat the Q terms as error
terms with the virial identity and energy conservation for (1-8) to prove uniform bounds for a projection
of the solution v assuming orthogonality of the initial data to Q’.

With this first result at hand we pursue a standard though nontrivial path and employ pseudodifferential
techniques and duality to derive similar estimates in a full scale of function spaces. The Littlewood-Paley
decomposition at low frequencies is severely affected by the term containing Q. This is done in Section 6
with main result Proposition 6.7.
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Theorems 2 and 3 are proven in the final two sections by combining the wellposedness arguments and
the linear estimates.

2. Review of previous soliton stability results

To begin, we consider the linearized operator

LY =—y" —pQP Ty +y

associated to the Euler-Lagrange equation (1-5) of (1-4) with A = 1, respectively the constraint variational
problem (1-3) with Lagrange multiplier 1. It is one of the remarkable operators for which almost every-
thing is known about the spectrum and scattering; see [Lamb 1980, Section 2.4 and 2.5], and [Titchmarsh
1962, Section 4.19]. The operator

Ly = —Yux — Msech? (xX)yr

has the continuous spectrum [0, co) and the ground state o (x) = sech® (x) with eigenvalue o? provided
M = a(a + 1), with @ > 0. The other eigenvalues are (¢ — j)> for 1 < j < « together with the
eigenfunctions can be obtained as follows: Let vy js be the ground state with the constant M. Then,
/ d
Viasiatien@ =] [ (55 = @+ tanh(x) )sech” (x)

is the j eigenfunction to the potential with M = (¢ + j)(x + j + 1). We consider this information useful,
and we will use these results, even if the arguments could easily be adapted to a much larger class of
nonlinearities.

Clearly £Q’ = 0 and a short calculation or a comparison with the results above shows that Q(?+1/2
is the ground state with eigenvalue 1 — (p + 1)?/4. There is no other eigenvalue if p > 3, but there
are other eigenvalues in (0, 1) if p < 3. As an immediate consequence K (i) > ||1[r||i2 if (¥, Q") =
(W, Q(p+l)/2> =0.

We recall that K is positive definite on the orthogonal complement of Q. We follow [Weinstein 1985]
and use this bound to establish a lower bound on a different codimension 2 subspace if p < 5. There
exists 6 > 0 such that

K@) = 8|1y, forall ¥ with (, 077'Q) = (¢, Q) =0. 2-1)

It suffices to verify this statement independently for odd and even functions. For odd functions the quad-
ratic form is nonnegative, with a null space spanned by Q’. Positivity follows from (Q’, Q? -9 £0.
The argument for even functions is harder, but again the quadratic form is nonnegative since Q is a local
minimizer of the constraint variational problem.

Let ¥; be a minimizing sequence with ||| ;1 = 1. Suppose that the left hand side of (2-1) con-
verges to 0. The sequence maximizes | Q”_IW} dx. There exists a weakly converging subsequence
which convergences against a nontrivial even limit ¢ since ¥ — [ QP "2 dx > 0 is weakly lower
semicontinuous. Moreover (Y, Q) =0 and ||| ;1 < 1. Rescaling if necessary we see that ||| g1 = 1.
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We want to show that K (1) > 0 and argue by contradiction. Suppose that K (1) = 0. Then by (1-7)
Y is a minimizer of K under the sole constraint (Q, 1) = 0 and hence it satisfies the Euler-Lagrange
equations

LY =210.
But then v is a multiple of O since
20 =-2Q

is the unique symmetric function with this property. However (Q, Q) # 0 if p # 5, and hence ¥ = 0,
which contradicts our construction and thus implies the existence of § > 0 with

K@) =8Y g

Observe that here the subcriticality condition p < 5 enters crucially.
Given ¥ we define the parameters cg and xg by the variational problem

1V = Qeounollzy = infllYr — Qeuxll-
Following Weinstein [1985] we claim

1V — Qeyxollip < c(E() — E(Q)), (2-2)

provided the left hand side is sufficiently small. This is a consequence of the lower bound for the quadratic
form (2-1).
Lyapunov stability of solitons has been shown in the seminal work of Weinstein.

Theorem [Weinstein 1985, Theorem 4]. Let € > 0. There exists 6 > O such that
ig)flltlf(t) —O1(x —xo)llgr <& i IYo— Qillgr <39.

This is a direct consequence of the conservation of the L? norm and the energy, plus (2-2).

The study of asymptotic stability began with Pego and Weinstein [1994] in spaces with growing
exponential weights. The effect of the weight is twofold. First, there is not much the soliton could
interact with on its path to the right. Secondly, small solitons that are slow and prevent asymptotic
stability in L? carry a weight that makes them exponentially decreasing in time. A key assumption is
the absence of embedded eigenvalues of 3,%, other than 0 with eigenfunction Q’ and the generalized
eigenfunction Q. Pego and Weinstein verify this assumption for p =2 and p = 3 and show that it fails at
at most a finite number of values for p between 2 and 5. It is a consequence of the virial identity below
that there are no nonzero purely imaginary eigenvalues of 0, &.

The exponential weight pushes the continuous spectrum of 9, & to the left, makes the problem more
parabolic, and allows the use of techniques from smooth dynamical systems, in particular of a center
manifold reduction that is a restriction of the flow to a two dimensional manifold.
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Martel and Merle [2001a; 2005] and Martel [2006] introduced a virial identity or monotonicity formula
for the adjoint problem (1-9) as well as for nonlinear problems. Let

10 1 —1
ﬂ(x)z——p+ @ _rtl 2!,
p—10 2 2
and suppose that v satisfies the Equation (1-9). By direct computation we have
— 4 P dx = (B + L+ 1P = DRIy, @Dy, 2-3)

where the quadratic form is nonnegative and it has by the spectral theory of Schrédinger operators
with sech?(x) potentials a one-dimensional null space spanned by Q. There are two consequences: the
quantity on the left hand side is monotonically decreasing, and the right hand side controls the H' norm
of QP—1/2y provided v is orthogonal to a vector Q with (Q, Q) # 0. Hence, if v(0) is orthogonal to
Q' and O, which is preserved under the evolution,

1P~V 2y 1 < esupllu()]l 2.
t

The left hand side is controlled provided we obtain a bound on sup, |[v(#)|| ;2. Martel and Merle [2001a;
2005] use this and related observations together with the a priori control on the deviation of the solution
to the set of solitons in ingenious ways for indirect arguments: The existence of a solution H' close
to solitons, but not asymptotically converging to the soliton “on the right” leads to the existence of
impossible objects.

Later, Cote [2006] constructed solutions with specific asymptotic conditions including many soliton
solutions for positive time. This shows that L? convergence to a soliton will not be true without restricting
the set where convergence is studied.

Already L? conservation precludes asymptotic stability of the trivial solution. The relevant notion
instead of asymptotic stability is for unitary problems the notion of scattering. Suppose that ¥ (0) is
close to a soliton. We seek a function w satisfying the Airy equation as well as c(¢) and y(¢) and a
Banach space X such that ||y — Q¢ (x —y(£)) —w(#)||x — 0 as t — oo. Tao [2007] verifies scattering
in the following sense: Suppose that

1¥(0) = Q) 1 + 11 (0) = Qll 16 K 1. (2-4)
Then scattering holds with X = H~'/%. Tao relies on the work of Martel and Merle, and in particular on
Weinstein’s a priori estimate of the difference to the soliton.
3. The Airy equation

For purposes of understanding and motivating dispersive estimates for the linearized KdV equation, here
we study and collect results for the Airy equation

{Ut + Vyxx =0, (3-1)

v(x,0) =vo(x).
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The solution operator defines a unitary group S(¢) with the kernel

K@, x)=t""3Ai(xt™'3),

—x3/

1/4,

where as x — oo the Airy function is roughly x~ ’ and as x — —oo the Airy function is roughly

Re(x~1/ 4e*""m). Strichartz estimates for solutions,
—1
lullzrrs < clIDI™Pugll 2 (3-2)

where L? L? is the standard space time norm such that the L# norm in time of the L4 norm in space and

2 01 1
P a2
follow as an immediate consequence. Of particular interest for this work are the homogeneous Strichartz
pair (p, qg) = (6, 6) as well as the endpoint Strichartz pair (p, g) = (4, 00). For an overview of Airy
function asymptotics, see [Fedoryuk 1993].
Local smoothing estimates for (3-1) go back to [Kato 1983]. Here we are interested in a more general

version of them. Let y (¢, x) > 1 be a smooth bounded increasing function. We calculate

% yuldx = /()/; +yNu? —3y'u* dx (3-3)

and search for conditions ensuring that the right hand side is nonpositive. We assume
o)y < 3oy (3-4)

with the easiest case being y (¢, x) = yo(x — t), for which we assume

v < 2y, (3-5)
We get
%/yuzdx—l-/ y' Ui+ tu*) dx <0. (3-6)
Let us fix a particular example,
X
yo(x) =1+ / (L+ ]y~ 72gy, (3-7)
—0oQ0

It satisfies the criteria and, provided ¢ is sufficiently small, a straightforward calculation gives (3-5).
Next, it is instructive to consider a scaling. For 1 > 0 and y; as above we define

Yult, x) = yo(u™ (x — n™21)).

Then,
d

2 2, 1
E/VM” dx+/yl;(ux+3—u2u ydx <0. (3-8)

One may easily generalize this inequality by choosing t — y(¢) with y > % w2

Yo(u™ ' (x — y(1))). In the sequel we will always restrict ourselves to u = 1.

, and setting y (f, x) =
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The virial identity clearly generalizes to functions spaces with different regularity. To see this, we first
define the space H} (and similarly L?) by the norm

lulfy, = [ 1P uPe dr < o

where p > 0 with uniformly bounded derivatives of order up to k for some k > |s| and (D)* is defined
through the Fourier multiplication (1 + |& |2)$72. Similarly we define p H® where u € p H® if and only if

w=pf for feH' and |ulyp = inf | fl-

The function p will often depend on 7. Given a Banach space X, we denote the space of X-valued L?
functions by L?X, and give the obvious meaning to L>pH* and L>H - Such spaces will be explored
further in Section 4.

Remark 3.1. We note that pH* = H -1, if p is nonnegative, up to equivalent norms. However as we
wish to highlight the use of duality throughout the linear analysis and construction of iteration spaces,
we adopt the p H® convention.

If y satisfies the assumptions above and

U —Uyex = f,  where f e L>/y'H™!, (3-9)
u(0, x) =uo(x), where ug e L?,
we obtain by an obvious modification of the argument above
llll o2 + IIMIILzHlﬁ <c(lu@le+1fll2yya-t) - (3-10)
Y

We turn to a useful technical result.

Lemma 3.1. Let m € C®(R) satisfy [m) (£)| < Cj (E)s7J for j > 1 and let m(D) be the Fourier multiplier
defined by m. Suppose that y € C*,

lyP )| <yx) forj=>0, and
11—y /yDMI Selx —yl+1x—ylY)  forsome N.

For any a € R we have

ly ~“[m(D), y“UD)' = fll 2 + I[m (D), y*1y = (D)™ fll12 < cs.all £l 2
and
(DY =S [m(D), y“1y = fll2 + KDYy ~“Im(D), y“1fll 2 < cs.all £l 12-

The most important example of m is the Fourier multiplier (D)* defined by the function (1 + |& |2)s/2.

Proof. We begin with the estimate of the first term in the first inequality, the second term being similar.
We decompose m (D) = mo(D) +m (D), where the convolution kernel mq(x) of mq(D) is supported in
|x| <2, and the one for m (D) is supported in |x| > 1. The convolution kernel m(x) together with its
derivatives decays exponentially.
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The integral kernel of y ~“[m (D), y¢] is

KiCr,y) = mi(x — y)(l - (@))
y(y)

The kernel and its derivatives decay like (x — y)~", which implies
ly = “lmi(D), y“1f v < enll fllg-~

for all N > 0 by Schur’s lemma. It remains to prove

ly ~“Imo(D), y*UD)Y' ™ fll 2 < csall fll 12

We decompose (D)* = Dy + D;. The bound for y ~“[my(D), y*]Dy follows from standard pseudo-
differential calculus. The bound for the term with D; follows from

ly ~“lmo(D), y“1f 2 < enll fllgw,
which again follows easily by standard pseudodifferential calculus. O

Lemma 3.2. Suppose that

{ut+uxxx=f, where f € /Yy H*™!, G-11)
u(0, x) =uo(x), whereuyec H*.
Then
lull oo s + IIMlleH% < c(luOllms + 1l z2yyrms—) - (3-12)
Moreover, if
{u, + ey = (sech®(x = x (1)) f)x + 08, (3-13)
u(0, x) = uo(x),
with x > 6, then
lotll Lo -1 + IIMIILzﬂi)m SHu@ll g+ 11 g+ 182 (3-14)

Proof. We set v = (D)*u, where u satisfies (3-11); hence
Ut + Vxxx = <D>sf’

and

lull oo s + ||M||L2Hj+ﬁl/ = vl Loor2 + ”v”LZH\l/V < c(vO)llz2 + (D) fll L2y 51

where the first term is equal to ||« (0)|| g and

IKD)* fll 2 yzrm—1 = D) () 2DV fll2p2
< fll2ygrms— + KDY~ () V2UDY fll2r2
< 2yt + 1) TVHDY 72 fll 2g2.
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The last inequality follows from Lemma 3.1 applied with y’ for y, a =1/2, and —1 for s. This implies
the desired estimate (3-12). Now suppose that u satisfies (3-13) and let v be the antiderivative of u with
respect to x. It satisfies

Vp + Ugyx = sechz(x —x@)f+g, (3-15)
v(0, x) = vo(x);
hence
ullpoog—1 + Null2go  <cliglpipz+ 11/ lr2m-1- u
'

4. Properties of the Schrodinger operator

We briefly recall notions from the introduction. Given p > 1, solitons of the form Q ,(x —1) satisfy (1-5)
and it is not hard to verify that all bounded solutions are translates of &Q , in Equation (1-2). Similarly
Qp,c = CZ/(p—l) Qp(CX) satisfies

32(Qp)e —cH(Qp)e +(Q,)F =0. (4-1)

We will focus on p =4 and omit again p from the notation. Let ’ denote differentiation with respect to
x and ° differentiation with respect to time. We recall the definition of O from (1-10) and O, = ¢, 0,
respectively 50 =cd.cd.Q., the corresponding differentiation at c. There are many explicit calculations,
and we collect some of them here. Using the properties of Q.(x) = c?3Q(cx), it follows that

1Qcliz2 =c®11Q1l2,  (Dc, Oc) = 3ccl Ocll2s = £11 Q3. (4-2)

where the L? norm is given by (1-6), and

1QLl12 = c"°11 Q) I 2 (4-3)
In addition,
0:0c=c"Q'(ex) and  ¢d.Qc = (3Qc +x0;) = Oc =c** 0 (cx).
The operator &, is defined by
Pt = —tyy +Cu—4Q3u, (4-4)

where we mostly omit y and c if ¢ = 1. We recall that virtually everything is known about the spectrum
of &; see [Andrews et al. 1999; Lamb 1980; Titchmarsh 1962]. We summarize the findings below. We
also refer to [Martel 2006; Weinstein 1985] and the references therein for extensive discussions of these
properties for more general operators of type similar to £.

By direct differentiation in x of (1-5), we see Q" = 0. Hence, the null space of & consists at least
of the space « Q’ for all « € R. Similarly, by differentiation in ¢ of (4-1), we see 33(@) =—-20,50 0, &
has at least a 2-dimensional generalized null space. Also, since Q' = 0 only at x = 0, we know from
the Sturm oscillation theorem that there exists some Ay > 0 and 2y > 0 such that £2y = —102y, the
unique negative eigenstate of &. Note, because & is a sech’ potential perturbation of the Laplacian, it is
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possible to exactly construct 99 = Q3/% and A¢ = 21/4 using standard techniques. The analysis above
summarizes the entire discrete spectral decomposition for &£.
Following the analysis in [Weinstein 1985, Propositions 2.7 and 2.9], if

(@, 0)=0 and (@, Q")=0,
then there exists kg > O such that
(i, Lit) > kollii 3. (4-5)
Here ko depends only on the power p =4 in (1-1).
We will consider p = ¢” with v € C¥I+! with

WD) <e (4-6)

for 0 < j <|s|+ 1 and a small constant ¢ to be chosen later. Clearly we may regularize v and hence
p = e" without changing the spaces. Then

ueHZ(z»pueH‘W:»uep_le.
It is quite obvious that the dual space of Hj is o H ™ with isometric norms, and this statement does not
depend on the regularity of p. We recall the definition of the projectors (1-11).

Lemma 4.1. For all s € R, there exists C > 0 such that
1 1 1
1Pl s> < CllEulins,  1Pgull, s < ClliEullpns, 1Pl s < CllEullay.

Proof. The first inequality is an immediate consequence of the nature of the spectrum described above
along with ellipticity. The second and the third statement are equivalent because H, = o 'H*, with
equivalent norms.
Fix = 1—(p+1)?/4, where p =4. For A = Ao +iA; in the complex half plane left of 1, we obtain
the resolvent estimate
1A = plllull2 < 1€ —Mullr:

and also for some 1 > k > 0, we have
Re/u(sff—x)udx > A — plllull3, + (L — wu, u)
> 2 —mulllull, +llucls + (1 — 1) (L — pu, u)
+ (3= pl (=) — 4k QN o) lull?

Il —2ol 1
5 el

> 1= ol el +min{ -0
? t 811013~

by the obvious choice of «.
We obtain the estimate for A with real part at most u:

I = Alllull g2 +min{|A — ], DHuxllz2 < CRe((£ —Mu, u) < CI{(E —Vullg-llullg-
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These estimates imply that the resolvent (¥ — 1)~! defines a continuous uniformly bounded map (for
Re < Ao < ) from H~! to H'. Moreover,

] (1 8IQl
e = 1=l a2 and o = 2= gl max| 5, 1 = Rl

We turn to the weighted estimates and calculate formally
" E—ne =L —r— [P+ +1d,,

and hence, since d,v" + V9, is antisymmetric,
Re f ue’ (£ —1)e—"u)dx = Re / u(@—Nudx —|Vul3, = Sro — plllul;,

if e < {/|Xo — 1|/2, which we assume in the sequel. As above we obtain with an explicit constant C
lullgr < Clle" (£ —1)e "ully-1. (4-7)

It follows from these estimates that given § > O there is a single resolvent family (for ReA < p — )
mapping pH ™' — pH' and from H;l — H ;, provided ¢ is sufficiently small.

Recall that & has a zero eigenvalue with eigenfunction Q' and a single negative eigenvalue —Ag
with a ground state 9y. Let P be the orthogonal projection to the orthogonal complement of these two
eigenfunctions. The remaining spectrum is contained in [p, 00), where p > 0 is either 1 (if p > 3), or the
next positive eigenvalue, which can be easily be calculated. Moreover, & is selfadjoint. The resolvent
R(}) = (£—A)~!is a holomorphic map in C\ (1, co) with simple poles in y, 0, and possibly some other
eigenvalues in (0, 1). In addition, Ry(A) = R(A) P has a continuous and hence holomorphic extension to
A =0 and A = —Ag, which is uniformly bounded in each half plane strictly left of p.

By Equation (4-7) the resolvent is uniformly bounded on the weighted spaces if A is in the half plane
left of —u. Decreasing ¢ if necessary (so that the orthogonal projection Pé, along Q' is bounded in the
weighted space), we obtain the same statement for Ry(A). Now complex interpolation implies

1L~ PFllmy < CUPS -

This implies the desired estimates for s = —1.
Standard elliptic theory extends this estimate to

luell g2 < CIE = Lul mg, (4-8)
lull s < CIE = Dull e (4-9)

first to all s > —1, and then, by duality, to all s € R. The first estimate is the special situation when v is
constant.

We conclude with the trivial observation that we may replace (4-6) by lim,_, coo v/ = 0, which holds
for p(x) = (1 + |x|?)? for all real numbers a, since in that case we may choose an equivalent norm that
satisfies (4-6). O



SMALL DATA SCATTERING AND SOLITONS FOR THE QUARTIC KDV EQUATION 159

5. Energy methods for the linearized equation

We turn to a study of what we call the linear u-problem

{utzax(f.ﬁu), (5-1)

u(0, x) = uop,
where
Pu = (—3; +1—40%)u = (-3} + 1 — 10sech®(3x))u.
We note here that & is the operator that results from linearization of the KdV equation about Q when

we work in a moving reference frame or in other words make the change of variables x — x —¢. Indeed,
setting ¥ (x,t) = Q(x —t) +u(x — ¢, t) and plugging into (1-1), we get

du=—8@2u—u+Q+u)?—0*"+920—- 0+ 0" =8, (Pu) — 8, (6Q*u* +4Qu> +u*).

For reasons that will become clear in the sequel, we also consider the linear v-problem

{v, = L0, v), (5-2)

v(0, x) = vg.

The two equations (5-2) and (5-1) are related in many ways.

(1) They are dual to each other.
(2) If u satisfies the u equation, then v = d,u satisfies the v equation.

(3) If v satisfies the v equation, then u = Fv satisfies the u equation.

We observe that u = Q' is a solution to the u equation, and hence (v, Q) is preserved by the flow
for v. In particular orthogonality is preserved by the evolution. Similarly, v = Q is a solution to the
v equation and (u, Q) is preserved by the u flow. Moreover, u = aQ’ + b(Q + 21 Q') satisfies the u
equation for all coefficients a and b. As a consequence both equations admit solutions that grow linearly
with time. Moreover, if v satisfies the v equation, then

i, 0)+21(v, Q) =0
dt
and v is orthogonal to Q and Q' provided it is initially.

Inspired by a set of ideas collected from [Martel and Merle 2008] and the references therein, let us

look at a virial identity for (5-2), namely

Lw == [ ne?ax,
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where 1 (x) will be defined in the sequel. We have

_%IU(U) = —2/ nx)v(&Lvy) dx

:—2/n(x)v((—a§+1—4Q3)vx)dx
=2/17v83vdx—Z/nvaxvdx+8/nQ3v8xvdx
:—2/n/vafvdx—2/n8xv8§vdx+/nxv2dx
) 2(3 2
—4/;7 Qv dx—4/n8x(sech (Ex))v dx
=3/n/vfdx+2/17”v8xvdx—|—/n/v2dx—4/17/Q3v2dx—12/nQ2Q/v2dx.

As in [Martel 2006], we take

/

50
M =-35 = 2 tanh(3x), (5-3)

which is similar to x near 0 and bounded at co. Note, the sign convention here is chosen to match that
of [Martel and Merle 2008]. By direct computation we have

n'(x) = @), (@*n)'=-50"+30",
T —o(1-30'w). W= () (1-10°)
" 2
(L) =s0-30'w). ik

Proposition 5.1. If v satisfies the v-KdV equation and v is orthogonal to Q and Q', then there exists
some C > 0 such that given 1 as in (5-3), we have

d
Eln(v)+C||sech(§x)v||§]1 <0.
Proof of Proposition 5.1. Following the formalism presented above, we see
d
—Eln(v) = —2f§£(axu)vn dx =3 f(axv)zn/dx +f V(=" +n' —4(0°n)) dx.

Selecting
w(t, x) = v(t, x)v/1'(x)
we see

—%I,,(v):3/(8xﬁ))2dx+/A(x)zI)2dx,
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where

Ax) =1+ —120°.

(n”)2_4<Q3n>/ A

n n 4

W

1’7__
2y

Hence,

~ 1w =31, u?)—i—%/ﬁ)zdx).

Since £9, O = 0, we know that given v = Q, we have

d

_Eln(v) =

However, v = Q corresponds directly to w = Q°/2, which is the ground state or &, which has exact
eigenvalue —21/4. Then, since (Q, Q) # 0, our orthogonality condition v L ( is enough to guarantee
that there exists C > 0 such that

B(ib, ) > Cl|®%,: = CllVn'vl3,
which is the desired result. O

We note in the case of more general weight functions 7, virial identity methods are still applicable
even if perhaps analytic proofs of the virial identities are more challenging.
By choosing the multiplier y (v — vy,) with y = yp(x — ) for yp as in (3-7), we see

jt y (v? +v2)dx_—3/ 2dx+/ D2 dx — fy’vzdx
+ 4/y/Q3v2dx+12/yQ2Q/v2dx
/(3)/ v i 4y —y Py dx + /4;/Q3v§dx, (5-4)

which consists of a number of negative semidefinite terms. All nonnegative semidefinite terms are easily

dominated by a multiple of ||v ”i]l , the term in Proposition 5.1.
sech(3x/2)
Finally, note that by direct computation

3 (£ v, v) =0. (5-5)
Now, let us define an energy for the solution v of (5-2) to be
E(v) = f y(x)(v? +v?) dx 4+ Ag f n)v2dx + Ap(£ v, v), (5-6)

where 7(x) is chosen as in (5-3).
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Proposition 5.2. Let us assume v satisfies the v-KdV equation and v is orthogonal to Q and Q'. There
exist \g, Ag, 8 > 0 such that

E®) ~ [[vll3, (5-7)
d 2
TEW +8||v||% <0. (5-8)

Proof. From (5-4) and the proof of Proposition 5.1, we see easily one may choose a A g that depends only
on 6 and C so that (5-8) holds for all A, > 0. We choose A g large to achieve E(v) > C”||v||%{1. There
exists some constant C’ such that E(v) < C’ ||v||%{1. Thus the estimate follows given the orthogonality
conditions on v. O

The assertions of Proposition 5.2 are robust under suitable perturbations. We turn to the analysis of
the time dependent problem

v — (=07 =400 ) 3100 = () Qe y(t) + B Qo (1) (5-9)
where
LI Oety)) + G = Gip ) 510
(Qe).y)s Qe y))
S — €/, Oy ) + O =D, QZ(,),JV(,Q. 51
(Qei vy Loy
Here, ~
QC(I),y(t) = %QC(T)J(I) +x Q/c(z),y(z) =c(1)0, Qc(z),y(,). (5-12)

For simplicity of exposition, in the sequel we suppress the ¢ and y dependence and instead write simply
Oc),yr) = Q¢ unless we want to stress the dependence on y(¢) and 7. Similarly we recall

Lev=Leyv =~y + v — 407 0. (5-13)

The terms on the right hand side ensure that (v(0), Q:»(O),y(0)> = 0 implies (v (), Q:-(z),y(z)> =0, and,
in addition, (v(0), QC(O)J(O)) = 0 implies (v(¢), Qc(t),y(,)) = 0. We choose y(x,t) = yo(x — y(¢)) and
we prove the following:

Proposition 5.3. There exists a §, ., A > 0 such that the following is true: Suppose that
le(@) =1+ 1¢M]+[3@) — @) <8 (5-14)
for all t > 0 and define
E(v) = / y(x, (0 +v2) dx + A / M.y (X)v* dx + A(SB;;O)U, v), (5-15)
where we suppress the dependence of E and v on t. Then

E@) ~ [vll3,:, (5-16)
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forall t > 0 provided
(v, 1) = (v, Oc) =0. (5-17)

Moreover, if v satisfies the system consisting of (5-9), (5-10) and (5-11) and v(-, 0) is orthogonal to
QC(O), y(0) and Q/C(O)’ 3(0) (which implies the orthogonality for all t) we have

d

2
EE(U)+3||U||H3/7§O. (5-18)

14

Proof. Since (v(t), Q:,(t),y(t)) =0, we have

(Eewy.yyvs v) = Cllvlly -

for some C > 0, as seen in (4-5). Here and in the remaining part of this section we use the Moore—Penrose
inverse, which is by an abuse of notation given by the orthogonal projection to the complement of Q’,
followed by an inversion of & on this orthogonal subspace. Let us look at a slightly different quantity
(where we replace ¢ by 1) given by (EBI;(OU, v). Then, since (v, Q) = (v, 0.) =0, for |c — 1| small
enough we have

-1 i 2 2 2 2
(1. v) Z22CN Py, i1 = 2C vl = C'le =1lvllg- = Clvlig -

for some constants C, C’ > 0 and § < C/C’. The properties are similar to the previous proposition,
but the calculations are more tedious. We consider them to be important for the understanding of the
linearization. We recall that we suppress the dependence of Q and & on y in the notation below. Then
we have

d — — . — — . (Uv Q/1> —1
— (7, v) = 2(v,, 70y — 129(0% 0 % v, £y + 2y ——L (0, #7)
dr 1 AR 11 1 (0. 0 Ly <1
=21 — 121, + 215,
where I, originates from the differentiation of the inverse and I3 from the dependence of the implicit
projection on time. We have
I = (Lcdyv, L7 ) = (00, £7'0) +a(QL, £17M0) + B(Qc, £7 M),

(Ledev, 710) = (Lo — L), L7 0) = (¢ — {0, L7 0) +4((QF — 0)d v, £710),

(€7 0] = =27 ' [L1, 0% = 12971 0701 7 + £ [0k, Py 1+ [0y, P17
wop . wo)
[0,, Polv=——"1_ 0]+ ——=L-0],
o (01.0) ' (e on !

(30, £ 'v) = 3 (0, (7, 0clv) = 6007 Q1 F; v, £,
(v, Q) = (v, Q1 — Q1)

by the orthogonality conditions and

(F M, 0Ly = (P, 0L 0)) and (7', Qo) = (F v, (&7 -2H 0,
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because of the orthogonality conditions and since 2;1 Q.= 0..
Altogether, and applying Lemma 4.1, we have

d - . .
Jr )| 203 =1+ 15 = 1+ 1EDIVIG -1z (5-19)

Y

which we will control by the virial identity below.
We now look at virial weights of the form

501 —y(0)
301 —y(0)

which has properties similar to those of n(x) with appropriate changes for the unit scaling.
We have defined v such that

n(x,t) =— = 2 tanh(3(x — y(1))),

v(x, 1) L Qcyyay and  v(x,1) L Q) forallz>0.
Following the formalism presented above and in [Martel 2006], select

w(t, x) =v(t, x)v/n'(x).

Then,
_%In(v) :3/(8xzb)2dx+/A(x)ﬁ)2dx _2/ Ny (,B(t)QQ’y—I-a(t)Qc,y) vdx
+3fG—cP) / sech?(3c(x — y(1))v?dx + 3c* / sech’(3c(x — y(1)))v* dx,

where
1" 3N\ (@) 75 3
A(x,t)——1+§7—z< ) —4 o ——I—IZQ.

n/

Hence,
_d D @) 4 212 ~2) e TN PR
dtln(v)>3((§ﬁw,w)+ 2 fw dx) + 008 =15 = DIl .

5/2

From above, we know that 3((£w, W) +2! [ %% dx) =0 for v= Q). This corresponds to & = 0y

which is the ground state or &1 ,(;). Hence, v = Q is the ground state of the quadratic form
3((&&1}, W) + %/wzdx).

From Lemma 4.1, our orthogonality condition v L Q.. y(¢) is enough to guarantee there exists § > 0
such that

L1+l <0

dt’" HW
provided |c> — 12| + |y — ¢?| is small for all + > 0, which follows from our assumptions on the initial
perturbation.
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The time-dependent version of

d 2, .2
a7 y(x, ) +vy)dx

is done in full generality in the analysis of (3-13) in Section 3 for the Airy equation. The terms that we
have to control are the same as for constant ¢ and y, plus the terms coming from the right hand side.
Those are easy to control. Namely,

ﬂ/[WQ+ﬂQUy—%04aQ+ﬁQ5ﬂvdﬂS(MHﬂy—fbmmﬂ%ﬁ

for y as in Section 3. U
Note, above we have always assumed the proper orthogonality conditions, but without them we easily
obtain the following estimate for solutions of the v equation:

|IvI|LooH1mLszﬁ < C(Ilv O g1 +Slt1p|(v(',t), Q)+ 1,0, Oy o) (5-20)

Y
6. Function spaces and projection operators

In this section we construct the function spaces for our nonlinear analysis using properties of the linear
evolution we studied in Sections 3-5. Based on the energy functional (5-6) for the v-equation, it seems
natural to look at

1 _ roogyl 2172
veX =L HﬂLHW,

where ¥ = yp(x) is as in (3-5), and again by convention we set L” X to be the L? norm in time of the X
norm in space.
Then, as follows naturally from the equation, we define Y! = L'H' 4+ L%, /yL>.
Generically, we define
X' =L®H'NLH and Y =L'H' +L*/y'H™,

where we note (Y*)* = X~°.

6.1. The scale of energy spaces. Let us study the v-equation

{(3z—$3x)1)=f0+«/7f1=f’ 6-1)
v(0, x) = vy,
where fo e L'H*, fi € L>L°~! and vy € H*. We assume that the orthogonality conditions
wlQ, wlQ (6-2)
and
oty )L O, (fo+Vy'fyLQ forall (6-3)

hold.
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Proposition 6.1. There exists a unique solution v € X* that satisfies

lvllxs < cllvollas + 11 fo++/ v fillys).
Moreover, v(t) is orthogonal to Q' and Q.
Note, Theorem 1 is an immediate consequence.

Proof. We begin by considering the case s = 1. The previous section implies the estimate

Ivlixs = c(lvolles + 1 foll Lras))-

if fi =0 by a variation of constants argument. We retrace the steps and its modifications needed for f;.
Using the multipliers from the energy inequalities, we need the obvious estimates

[ vt vodxarl+| [ fomvdxar|+] [ o varde| < ol

and, using Lemma 4.1,
[V hoe=uaval | [ Vrsmasar +| [ Sy pig ] < el
Y

It is not hard to see that v(¢) remains orthogonal to Q' and O so that we can close the argument as in
the previous section. We obtain the desired estimate for s = 1:

lvllxt < c(llvollgr + I fo 4+ /%' fillyr).

We denote the solution operator for the inhomogeneous v-problem (u-problem) by S, (S,,) and we write

1Su fllxr < cll fliyr- (6-4)

The role of the two orthogonality conditions are different: The equation is invariant under the addition
of a multiple of Q to v, and orthogonality to Q' is conserved. Orthogonality to O was needed for the
virial identity of Martel and Merle, whereas orthogonality of v and Q' entered the control of the H~!
norm by the Moore—Penrose inverse of &£. Without orthogonality one still obtains (5-20).

Suppose now that v satisfies

{vt—iEaxvzf, 6-5)

v(x, 0) = vp.

Let ¢ be a small constant. We apply (1 + ¢2D?)©¢~D/2 to both sides of the equation and denote
v = (14 2D?)6=D/2y. 1t satisfies

v — L3 v" = (14+e*DHS V2 f 4 [(14+62D*ED/2 40%19,v.
Hence, applying (5-20)

Ivllxs < crllv’llx

< o(IlA+e2DH D2 £y + 111 +e2 D 7D2 40318, vl 1 +supl (v*, Q) +1(v*, O)l.2).
t
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and we turn to the commutator term.
Lemma 6.2. Let ¢ € C®(R) satisfy |¢| + |¢'| < Ce ™. Let k(x, y) be the kernel of the operator
[(1+&2D*)?, p1(1 +2D*) /2.

Then,
lk(x, y)| < Cg|s|e*(|x|+\y\)/4*\x*y|/(48)_

We postpone its proof. By Lemma 6.2 (with ¢ =403 and s — 1) and Schur’s Lemma

I(1+e2D?H D2 403180y < 1)V (142 DH D2 403 (1462 D) 9728, 04|12

< cell () 20:0° | 2. 0
and by Lemma 3.1, after rescaling, as for the constant coefficient equation, we have
I(L+€2D?) ™02 fllyy < el fllys.
For all Schwartz functions,
|+ 1xHY((1+&2D*)* g — )| . < Ce.
If (v, 0) = (v, Q') =0, then
(', O) = (v, O) = (v, O — (1 +&*DH) 3 0)| < Celly’ " 2, (6-7)
(v, Q) = |(v, @) = (v*, Q' = (14D} 73 Q)| < Cellv* 2. (6-8)
Suppose that (f, Q') = (f, Q) = 0. Then we obtain for all s € R from (6-6), (6-7) and (6-8)
v [xs < el fllys +ellv* 1 xs)
and hence
Ivllxs S 1L fllys, (6-9)

which again implies for solutions v to v, — £9d,v = Py f, given by the variation of constants formula,
the bound ||P*U”Xs < C|| fllys or equivalently (recall (1-11))

IP*SyPgllysmxs S 1. (6-10)

Using spacetime duality, we consider

{(at -0 )u =g,
u(0,x)=0.

The estimate adjoint to (6-10) is
1PGSuPllys—xs S 1, (6-11)

which completes the proof. O
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Proof. We turn to the proof of Lemma 6.2.
Let ¢ be the Fourier transform of ¢, which, because of the exponential decay extends to a holomorphic
function ¢A) in the strip {z : |[Im z| < 1}. Moreover there exists C such that

f|$(5+ia)lds <C if o] <3
This estimate in turn implies exponential decay. Let k(x, y) be the integral kernel of
[(1+&*D*)/%, ¢1(1 + > D)™/,

We claim
lk(x, y)| < cyels|e D =dlx=yl/e (6-12)

which implies Lemma 6.2.
The symplectic Fourier transform

r 1 —iEx+iy
b = 5 [ ek, ) drdy

. 1 22N /2 .
i) = ((+—jé) - 1)¢<s —.
We set a = e(€ +1)/2 and b = (§ — n)/2. Then k(£, n) = §(a, b), where

. _((1+ b +a)* .
san=((Fgap) 1)

satisfies

and

k(x,y) = 27)"! / FEI G (o€ + ) /2, (€ — 1)/2)) dE dn

=2¢(27)"! f T O by da db =: 2eg((x — y) /¢, x + ).

The function g expands to a holomorphic function in a to the strip {z : [Imz| < 1/2} if ¢] Im b| < 1/2.

Clearly,
14 (a+e¢b)? 4(eb)? a—¢b
_— = _— & —_—
1+ (a —eb)? 1+ (a —eb)? 1+ (a —eb)?
and hence we define the error term /& by the right hand side of
14 (eb+a)*\*/? a—eb
—_— —1=2seb——— + h(eb, a).
<1+(sb—a)2> o @b —ay T

It satisfies
\h(eb, a)| < cs?e*|b|*(1 + |eb—a|)~? if |eImb+al <1/2.

Hence,
‘ f TP p(eb, a)p(2b) da db| < csPete” MWD/
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by the extension of @ and b to a suitable complex strip. The leading term contributing to g can be
calculated:
a—eb

gO(v, w) = (27-[)—1 / ei(av+bw)

= iﬁe"”' / &' P p b 0p) db = ﬁ2i|—z|e_|”|¢’((w + £v)/2)).

The leading term for k is

ko(x,y) =ﬁ2ie|x_yle_lx_yl/sqy(x). O
X =Yy

6.2. U and V space estimates. In this section, we generalize and improve Theorem 1 using the U? and
VP spaces as defined in [Hadac et al. 2009] and in the appendix. For notational simplicity, let us define

UP=Ug,, and VP =V[,.

We begin with a number of estimates that we will use often in the sequel.
Let ¢, y € C! satisfy (5-14) and let y (x, t) = yo(x — y(¢)). Then,

||aQ:~(t),y(z) + b@c(l),y([)”YO Sllalligzepr +1BI 24 p1s

hence
IlPéfPfIIDUz+L2WH—1 S flpwe + I ONllegrr + 1 OV 2gp-

We consider
W+ Wyxy = f,  with w(0) = uyp.

Then,
lwlyz S lluollzz + 11 f l po2

: 2 271
L“H
and, since U“ C N

lw, Q)2 + 1w, Q)2 S I fIpue + lluoll 2.

Hence, with v = ﬁPLw, we have

Il 2gt _ S I by + lluoll 2.
v

We calculate

0)
0)

(w,

0 +
(Q, ¢

(81 +6‘2 _ 8x5~’0)( <w’ Q/> Q/> ¢ <w’ Q> <wa Q/>

o~ = - = %+ y — 2)—~ "

(0. 0) 0.0 0. 5 ?
+<(y‘—c2)<w’g>+f<w’Q~>
(0.0)  ¢(0.0)

where @ and ,8~ are the time derivatives of the coefficients of 0 and Q' and

)Q’—&Q—BQG

I

0=@x-y»0+30.
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Hence, assuming that uq satisfies the orthogonality conditions, that w and v are as above, and with g
defined through the previous calculations,

qv+ctuy — Lo yv=a0+p0 +g+f with v(0) = uo, (6-13)
where we collect the properties of v and g in the following.

Lemma 6.3. Assuming (5-14), we have (v(t), Q) = (v(t), Q") =0 and
IIUIIVanzHlﬁ + gl z2yru—1 S lluollz + 1Lf Il pw2 + 1 QM lpagrr + (s @V lp2gr (6-14)
Y

Proof. We claim that

lolipipz2 + 1Bl r2 < cllwollz2 + 1 f l pw2),

the proof of which we postpone. Assuming its validity we put the term 49, Qv in (6-13) on the right
hand side. We bound ||v||y2 in terms of ||wyl| .2 and the right hand side in DV2. Since DU? C DV? and
L%/y"H™' € DV?, we can control all terms on the right hand side.

The only missing piece is the L? + L' bound for « and 8. There are two different arguments: Either
we can follow the calculation above and calculate & and B above, or we can test by Q and Q' and use
orthogonality to obtain the standard equations for o and 8. We use the first approach and recall the
calculations after (1-10). Then

4w, Q)= (£, Q)+ 3w, )+ S (w, D),

d p N (6-15)
27w, Q) =({f, @)+ y{w, 0) + —(w, 0').

There is one more term entering the coefficient of Q' coming from applying the linear operator to O,
which gives
-2 <w’ g> CZQ/.
(0, 0)

All these terms are easily controlled. O

We return to the analysis of the time dependent v-problem

vy + CZCx — %o v =0al(t) Qc(t),y(t) + B(1) Q;(;),y(z) + f, (6-16)
where
() = — &/, Oy + o= A Oy _ (0 f). 6-17)
(Qe).y@)s Qen).ye)) (Q,0)
: , N/ ,, +(y— 2 , "’//t . ,
B(1) = _(C/C)(v Qc(t),y( )) (y—cH QC( ), (. )) _ (Q, ) (6-18)

(e v Loy (0. Q')

with the initial data v(x, 0) = vo(x) orthogonal to O and Q'. Then also v(¢) satisfies these orthogonality
conditions. We combine the arguments of the previous subsection with those of Proposition 5.3:
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Lemma 6.4. Suppose that (5-14) holds. There exists a unique solution v to (6-16) and (6-17) and (6-18)
that satisfies

(DY vl xony2 < cUlvollas +1{D)* fllyorpy2)-
Moreover v(t) is orthogonal to Q' and Q.

Proof. We begin with s = 0. We write f = fy + fy with fy € DU? and fy € Y°. Let # be defined with
f = fu as in Lemma 6.3. It satisfies

Ivllvenxe = €Ul full by + lluollz2)-

Let us take v = v 4+ w, where w satisfies
w+w, - Lw=a0+B0 + fr+g, with w(0)=0,
with g as in Lemma 6.3 and by Lemma 6.4

lwllxo S Iy llye +1gllyo S 1 Ipy2syo + lluoll 2.

We put the term 49, (Qw) to the right hand side, which we easily control in Y° as well as & and 8 and
we arrive at

lvllvanxo < C(lvoll 2 + I llyospuz + 1(F Q) llp2err + 1(F @) Ip24r)- (6-19)
The case of general s follows by the same arguments as above. O

Our main interest will be in similar estimates for the u problem below.
We consider the u equations

i+ Py — 8 (Feyu) =aQ + B0+ f, (6-20)

with initial data u(0) = u that satisfies (ug, Q) = (ug, Q') = 0, together with the modal equations

~

a(t):_(é/6)< Q)+, Q) 6-21)

(0. 0)
B(t) = G =ADw, 0"+ (C/Cz(ét; QQ’/>>+ (, £0xx) + ([, Q/)’ (622)

which again ensures the orthogonality of u(r) with Q and Q’.

We obtain first the analog of Lemma 6.4.

Lemma 6.5. Suppose that (5-14) holds. There exists a unique solution u to (6-20), (6-21) and (6-22)
that satisfies

lullxony2 < c(lluollL2 + 11 fllyos pv2).-

Moreover, u(t) is orthogonal to Q" and Q.
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It is not difficult to construct solutions; however we are interested in global estimates. Moreover we
may restrict to a finite time interval and assume that all the data as well as u are smooth and decay at
infinity.

We set v = $u. It satisfies the orthogonality conditions

(v, Q) =0=(u, Q) =(£"'v, 0) = (v, Q).
Moreover, v satisfies
U 4 vy — Lov = =22 Q + 120%((E /) O+ (G — A QVu+ L f
and we may apply Lemma 6.4 with s = —2:
Ivllx—2 S N1Lu@)ll g2+ 1L flly-=+ (/eI + 1y — CZI)IIMIILz(H\—/sV)-
We apply Lemma 4.1 several times to get
lullxo S I1£vlix-2 S lluollzz + 11 fllyo +Slth(IC'/C| +1y =D llullx-.

To complete the proof we observe that by (5-14) we may subtract the last term on the right hand side
from both sides to arrive at the desired estimate. The inclusion of V2 and DU? works now exactly as
for the v equation.

We collect the results for the case s = 0, which is the only estimate we will need later on.

Proposition 6.6. Suppose that (5-14) holds. There exists a unique solution v to (6-16), (6-17) and (6-18)
that satisfies

vllvanxe < cllvollz2 + 1. f l py2+y0)-

Moreover, v(t) is orthogonal to Q" and 0. Similarly there is a unique solution u to (6-20), (6-21) and
(6-22) that satisfies

lully2nxo < c(lluollL2 + 1 I py24vo)-

Moreover, u(t) is orthogonal to Q' and Q.

6.3. Littlewood—Paley decomposition. We consider functions ¢ and y satisfying (5-14) We set L. € Aoy =
1.01N and let P, be the Littlewood—Paley decomposition with Fourier multipliers supported in the set
(£:1.017'A < |€| < 1.01A}if A > 1 and {& : || < 1} if A = 0. Then, we denote

u) = P)\M.
The Besov spaces are defined as the set of all tempered distributions for which the norm
vl gz = 1A% loallze lle ag)

is finite. Here s € R and 1 < p,q < oco. Similarly we define the homogeneous spaces B;’p with the
summation over A = 1.014, where the frequency A = 1 plays no special role. There is an ambiguity
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about the meaning of vg, which differs depending on whether we consider B;’p or the homogeneous
space By’
We define the spaces X3 and Y3 using the norms

lullxs, = sup A luslly2nxo  and || fllyg, = sup 2’| fall py2yyo-
reNg LEA

The homogeneous spaces X ’. and Ygo are defined in the same way as the homogeneous Besov space

By" with A = 1.017, though with a slight modification for s < 0 in the ¥ spaces due to the p multiplier.
Namely, we take

lull s = sup (A[|uxlly2nxo) .
e A
re

‘ v ' (6-23)
IFllz = inf (sup Al filpue + sup 2°ligslyo).
®  F=ft+gNea r€Ag

where there is a slight abuse of notation since the operators in fy and go are taking on two different
meanings, the homogeneous projection for f and the inhomogeneous projection for go.
We study
urtuy +Fu=aQ+p0x+ f+ 9 (pg),
(6-24)
u(x,0)=0,

where « is given by (6-21) and 8 by (6-22). As a first step we obtain a weighted L? bound for u in (6-25)
below.
Let f = ft+f~ and g =g +g~ be a decomposition into high (|&| > 1) and low (|&| < 1) frequencies.
We define
vty — Loy =0 . Q4+ B0 + (O f T+ pg ™),
{v(x, 0)=0,

where

x

(0, Qo = (c* = Y)(v, Q') — (¢/c) (v, ) — (3 T + pg™, O,
(0, Q"VBy = (> =), Q") = (¢/c) v, )+ (f T+ 8, (pg™), Q)

ensure f’*PQL,v = 0. Then by Proposition 6.6
Iollxo S 107 £ + pgt lpueys S IF llys S I Flys

where the second inequality holds for all s > —1.
As a simple consequence, we obtain

1 Pordxvllz2zz SITF s
and compute similar to arguments above

(3 — *dy 4 0, L) (Pgrdyv)
_<a _ 4 0"
U a0 o)

(v, ")

<U9 Q//> C ~/
- Oy .
0. 0) Q'+ f++dc(pg+)

(Q, Q) c

)Q’ + (m + G- cz)) 0"+
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We make the ansatz u = Py 0,v + u_ and observe that (d,v, Q) = 0 by construction. Then,
u_ +cu_— 0, Lu_

=aQ+pO + f- +d:(pg-) + (

¢ (0,0)  (fr+acegh), Q>> o 090 ¢
c(Q. Q) (0. Q) (0,0 e
where o and § ensure orthogonality. Later we will need the obvious identity (integrate by parts in the
second term)

T+ (pg™), "
<f— +u(pg) - (LA g Q> = (F. 0).
Then, u = 9, Pé,v +u_ and hence with F™ = f+ +9,pg" we have
lullz2zz S IHFys +1(F, Q)llz2qrr + ICF™, Ol pt- (6-25)
By (6-21) we see
el S Néllznpoe (HF Nlys + ICF, Q) lz24p) + IKF, Q)i (6-26)
and, using (5-14)
lellz SNFNlys +1(F, Q)2 (6-27)
and by (6-22)
1Bz SFlys + IKF, Q) I 2. (6-28)

We turn to the frequency localized equation

{(Mx)z + U3 xxx = — P13y (4Q%u) + a P, O + BPLQx + Pi f + Pidc(08),
u*(x,0)=0.

Observe that by using first the boundedness of Fourier multipliers on U2, DV? and the dual of the
embedding U? C LQHA, we have

1P0:(4Q°w) I py2 SANQ ullpye S ANQ%ull 2z S A(IFlys + I(F, Q)llz2qr1)-

If » > 1, then by Lemma 3.1
ILPdxs @ ull2rz S llul 22

Repeating these estimates for the term containing g and using the estimates of the previous section we
obtain for A <1,

lurllvanzzmy S UPf by +AIF lys + I1CF, @ lp2grr + IGE T, Q) l2r) + 22 e,

since

lee Qll 1oz S lleellz
and, for A > 1,

luzllvanczmy S fllpuz +lIgall2 + 1 F lys + I(F, QM 2qrr + ICF T, Q) 2qrr + ICF, Q)24 10
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As aresult, we arrive at the following key fact.
Proposition 6.7. Suppose (5-14) holds for some small §, that —1/2 <s <0, F € Y* and
{ut Fltxry +40x(QPu) = 0 + O + F,
u(x,0)=0,
where o and B are defined in (6-21) and (6-22). Then,

lulls SUFys +ICF, Ol +I1CF, Q) I p2ppt + I(F, Q) loyp-

This result will play a large role in the nonlinear analysis required to prove asymptotic stability.
For future use, we denote by L%, X;o%é,

gol/f for I = (0, T'). All previous constructions carry over to finite time intervals.

etc. the function spaces on the space time set / x R, and
specifically we set LY., X

7. Local wellposedness for the quartic KdV equation

In this section we study local wellposedness for the quartic generalized KdV equation

{81‘1// - axxxw - (¢4)x =0, (7_1)
¥ (0, x) = o(x).
Let v be the solution to the Airy equation with the same initial data, that is,
{Ut + Vyxx =0, (7-2)
v(0, x) = Yo(x).
The main local wellposedness is the next result.
Theorem 4. Let ry > 0. There exist g, §g > 0 such that, if 0 < T < oo,
Yol o162 <10 (7-3)
and
supllvallzsqo,71,®) = S0, (7-4)
A

then there is a unique solution W = v + w with lwlly-1/6 < €0. Moreover, the function w (and hence Vr)
oo, T
depends analytically on the initial data.

By the Strichartz estimates for linear KdV (see also (7-5) and (7-6) below), given v as in (7-2) we
have

supllvillzs < kollvll 4-1ss,
A 00,T
and by the definition of the spaces
||v||;'(1/T6 =K (HW(O)”B;‘/“ + |9;v + 8xxxv”f/*lé6)-

Hence, we obtain global existence from Theorem 4 for (7-1) if

LR}

1 orsez smin{l,
Boo (kok1)
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where 6 (1) is the § (which depends on rg) evaluated at ro = 1.

In any case, if condition (7-4) is satisfied for T = oo, then, since ¥, € V2, the function e!%xx Y, is of
bounded 2-variation with values in L? (see the appendix), and hence it has a limit in L? as t — oo. This
implies that ) _, lim; o €’ Oxxx Y =: S(Yo) exists and is the scattering state. If in addition g is in the

. a—1/6,2
closure of C{° in By /

, then we may exchange the summation and limit.

Under the same assumptions we can solve the initial value problem with initial data v (T) = e~ %1,
which, by an easy limit as T — oo, gives the inverse of the map S. We will later see similar constructions
for perturbation of the soliton.

It is not hard to see that if y is in the closure of C° in Bo}l/ 6.2

choosing 7" small. This implies local existence with smooth dependence on initial data. Moreover, since

, then we can achieve condition (7-4) by

we obtain smooth dependence on the initial data, if we have any global solution 1 (¢) in the closure of

C;° and perturb the initial data by an amount &, we obtain a solution at least with a life span 7 = —cIne¢

by easy perturbation arguments. In particular, if the initial datum lies in an & neighborhood of a soliton,

then the solution exists at least until time ~ |In ¢| and remains in a small neighborhood until that time.
Before turning to the proof we remark that in this section we work with the weaker norms

~1/6 —-1/6
lullg-16 = sup A~ lluzlly> and || flly-16 = sup A~ )l fill pio-
Py A

On the other hand, since the results remain trivially true for the original definition of the spaces we keep
the notation.

Proof. First, we recall some estimates for u € Ulz(dV‘ Letm(§,&)=m(&,& —&;). Then

lull zszo S NDI™0uO)l 2 (L® Strichartz estimate), (7-5)
| [ mee. et - - 02 i s s,
R L*(R=)
2
< sup m (&, &0l T l1(0) || 21| u2(0) ]| 12 (bilinear estimate). (7-6)

|67 — (6 — €122
The bilinear estimate is a variant of standard estimates as in [Griinrock 2005]. The most important
choice is m = |7 — (€ — &)?|1/2.
Let m(&, &) be a function that satisfies m(&, & — &) = m(&, &1). Then,

2
L2

N/m@fow@“@f”mma&mxas—&uﬁﬂ

=/%uasOm@nnn”@F““ﬁ%mmAamxs—so@@—wnmmm)mdadmds

[ ImE P
P — (& — )2
m(E. &)

< - -
=Pl e —g

w1 ()1 |ua(E — )| d& dm

22 22
lur | L7 (luz|| L
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since

P& = EEL —E261 —Enf +E2m = EGE —n)(E +m — &)

vanishes if £ =n; or £, =& — n; and
¢'(n)=82m —&) =Em—E—m)) and @€ —n) =& —m) —&D.
These results immediately imply (see the appendix for more information) for A > 1.1y the estimates
il s S A0 Nulg2, (7-7)
ey S 27 uallz gl 2. (7-8)
By interpolating the bilinear estimate and the Strichartz estimate, if 2 < p <3,
el g < 271G 0RO PO ug o a2 (7-9)
and, if p <K u ~ A,
) pllz S 27207 P llusllyz lugllyz - (7-10)
Interpolating once again, we have
) pllpy S 272p7 202 POy Y ol - (7-11)

We proceed with a standard fixed point argument, which requires bounds on the nonlinearity. The
solution ¥ = v + w is constructed by studying

{wt + Wyxx +(v—|—w)i =0,

w(0) =0, (7-12)

where again
{vt + Vxxx =0,
v(0) = vo.

Then, the key estimate is contained in the following.

Lemma 7.1. There exists r > 0 independent of T such that given vy € X ;01’/T6 fork=1,2,3,4 we have

4

192 1vav3va) l[-vs < 7 [ Tlloell g-vs., (7-13)
oo, T k=1 oo, T

and, with v and w defined by (7-2) and (7-12), respectively,

2
19: WP w)l 16 < 7 supllvall sllwoll? sz lwll-1e. (7-14)
oo, T A Boo o, T
We apply these estimates to v* +4v3w + 6v>w? 4+ 4vw? + w*. Either we may choose to estimate one
factor v in L® or the dependence on w is at least quadratic. Suppose that ||w|| ;-6 < u. We obtain
oo, T

|10y (v + U))4||Y—146 < 6r(lc138r8 + K126,ur§ + Klzrguz + /qro,uu3 + [L4).
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If u < k119, then the right hand side is bounded by
20r (K?Si’g + Kfuzrg).

Suppose that

. 1 nw
§m1n{/< ro, —} and 6 < ——.
H 1o 40r/<12r§ 40ricfrg
If w solves
w; + Wyxx + (V+ W)i =
w(0) =

and ”W”x e < < u, then w exists and satisfies ||w||X o < < .
Standard arguments then allow one to construct a umque solution satisfying the contraction assump-
tion, possibly after decreasing u by an absolute multiplicative factor. O

It remains to prove Lemma 7.1. By duality, it suffices to verify that

4
)»‘/ V1 V203V4U), dX dt‘ < CAMOuz ]y l_[”Uk”)'(—l/(;
oo, T

k=1

and
3 1/6 -1/6 2
A [ vtwis dxdr| < €AV vz suplivlee (sup ™ vl ) Tl e
7 © oo,

where u; € V? is frequency localized at frequency A.
By summation, the statement of the lemma holds provided we can prove the following.

Lemma 7.2. We have for Ay <Ay ~A3~Xtg~Asande >0

1/3
As / U1,A1 V2,4, V3,03 V4,04 V5,25 dxdt < N mln/ ( max) H”vk }Lk”VZ (7_15)
Amin
and
A 1/6 A e
)‘ma"/ Uiy Upy Uns Uiy Wis dx dt S <_km1n) (}Lméx>
max min

2
wwmﬂmmmeMmmmmgwm
M %

where Amax and Amin respectively are the maximal and minimal A ;.

Proof. We claim that

‘/ VLA V2,00 U305 V40, Us a5 dX dt| < Ca L llor s 2 v o2 1vs sl e llvasg e llvs asll s (7-17)

provided
|)‘l _)\2| > %)‘max- (7‘18)
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This estimate is a consequence of Holder’s inequality and the bilinear estimate (7-6). We recall that
loallze £ A7V Nvallys S A0 lvallyz

To obtain a nontrivial integral there have to be elements in the support of the Fourier transforms that
add up to zero. Unless there is at least one pair of (A, A;) satisfying (7-18), the integral is zero. Hence,
we would obtain (7-15) if we were allowed to replace the V2 norms there by U? norms for the first two
factors. Observe that we may reorganize the factors as we wish.

Let us assume A1 S A S A3 S Ag S As. We consider first the case when A4 < 1.054;. Then, if there are
elements in the support of the truncations on the Fourier side adding up to zero— otherwise the integral
vanishes — either

As As As As
0.8: <M <M<IlIry< 1'21 or 0.6? <AM<M<IlIrz< 1.4?.

In this case we can replace the U2 norms by V2 norms as follows. We decompose into low and high
modulation as

o h
Vja; = V), TV

where vé. is defined by the Fourier multiplier projecting to |t — £3| < )»g /1000. Then, we have

3
l h h -2
0y, v+ 1105, llve < llvjallve and Jlvg, lle S As v lve.

We refer to the appendix and [Hadac et al. 2009] for more information.

We expand the product. The integral over the product of the five vé’ ,, vanishes because of the support
of the Fourier transforms. Hence at least one term has high modulation. We estimate it in L2, put another
term into L> and the others into L® using Holder’s inequality. We estimate the L° norm through energy
and Bernstein’s inequality.

Hence

5
_3)2
‘/ VLA V2,39 V3.25 V4,0, V5,05 AX df‘ <A5 P Thvsa, lve, (7-19)
j=1

which implies the desired estimate.
It remains to study A1 < Ao S A3 S Ag < As, Ag > 1.054;. The most difficult case is A5 < 1.024,

since otherwise we apply two stronger bilinear estimates. For simplicity we consider A; << A where
Ay = A5 = A. We have to bound

/zg._o [T, &) dsdssd

with & = — Z?:z ;. We may restrict the integration to 25.:2 £j ~ A and &; ~ A. By symmetry it
suffices to consider

/ZE 0 Xllgs1=1&211~2 1_[ j1,(&)) dé& dés dt.

J
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We choose ¢ > 0 small, p,gsothat1/p=(1—¢)/24+¢/3,1/qg=¢/2+(1—¢)/3. By Holder’s inequality

- —1/6 — —1/2 1/2\1—g4 —1/6
[ v @ vssvsa dxde €27 GOV T PO T [ g s
J
— -2/3
SATRPOAEATEE [ Ty, s
J

For the second part we would like to put one v term into L°, and up to two into U2. This can be easily

be done if there are two frequencies of v that differ by a small constant times Ap,x. If not it is not hard
to see that in the argument above we can put one term into LS. O

7.1. Variants and extensions of wellposedness for the quartic KdV equation. The arguments of the
last sections have implications for wellposedness questions in other function spaces. Given 1 < p < oo,
w e Cl((0, 00), (0, 00)) and T € (0, o], we define the function space X ‘;’T as the set of all distributions
for which the norm

IIMIIf(;T = Z(a)(/\)lluxllvz)”, (7-20)
' A

with obvious modifications if p = oo is finite. We will always assume that

sup|a’|/w < 00, (7-21)
info/w> —1. (7-22)

This is a Banach space provided for some C > 0 we have
lim igfw(k)kl/z > C; (7-23)

otherwise we obtain a Banach space of equivalence classes of functions. Similarly, we define the Banach
space

1150, = D (@M fillpy2)". (7-24)
A
The definition of B, P follows the same pattern. It is not hard to see that

[ us dxar Sputg 151,

-1
p.T

and Ifll,. 1S sup / uf dx dr.
p.T

u <1
lullxy <

Moreover, we may expand the inner product into dyadic pieces and apply uniformly elliptic pseudo-
differential operators to the pieces. In particular, we may replace differentiation by multiplication on the
dyadic pieces and vice versa.

Proposition 7.3. The following estimate holds:

—1/6 [l ”X(;;,T'

o, T

4 2
19 () lye, < ngplluxllLﬁllullX
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Proof. Givenv € X ;“,TlT, we expand [ 9y (u*)v dx dt into dyadic pieces, to which we apply the arguments
and estimate (7-16) from the previous section. By symmetry

ZKS‘/MMMMMA;MMUAS dx df‘ S Z )\5‘/ Up Up,UjsUp, Vis dx di|.
Aj

A1SA2=<A3=<A4,A5

If A5 ~ X4 we obtain

Z k5‘/uklukzu,\3uk4v;\5 dxdt‘

A=A <A3<Aq4~As

2 As\¢
— 1/6,—1/6( /5
Ssupluglpo(sup ™ i) < D0 a5 (7) lesllvzllvss e,
" " M ShashsSha~is !

which is bounded by

~1/6

2
latllgn ) Nl 0] g
p.T

supllu s (sup i
N I

The other extreme is

Z AS‘/”M”M”A;”MUM dxdt‘

As<A<A2<A3~A4

2 Aa\E
-1/6 —1( 74
< suplllio(sop i lallon) x 30 sy (5 Bl e,
" ’ AsSAI=A2=<A3~A4 >
which satisfies the same estimate provided ng u (A) S nw,. However, this is ensured by (7-22).
The remaining cases are similar and the result follows. O

From Proposition 7.3, we can prove the following corollary to Theorem 4.

Corollary 7.4. Suppose that o satisfies (7-21), (7-22) and (1-23). If o € Bx** N B2 is the initial

data for a solution of (7-1) and v satisfies (7-4), then the solution \ of Theorem 4 is in X ﬁT and satisfies

IV lxs, < Clioll go2-

In addition:

5—1/6
oo, T

Corollary 7.5. Suppose that Vg lies in the closure of C$® in . Then, it follows that

(t = Y (@) € C(0, T1, BL/*?).
If T = o0, then e' 0x Y converges to the scattering data ast — 00 in BO_Ol/T6 If in addition o € L?, then

(t = ¥(1) e C(0, T, L?)

a3
etd

and e'%xr converges also in L.

1/6

There exists w satisfying the assumptions above, with w (A)A™"/®* — oo as A — oo and A — 0 and

1Yol go2 < 0o. By Corollary 7.4 the X g’O’T is controlled by the initial data. Hence

A7V vl pyeaye = Oas A — 0o or A — 0.
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By the previous argument the deviation of the solution to the linear solution tends to zero as the considered
interval shrinks to zero. This implies continuity. Continuity at infinity always holds in V7.

The second part requires an obvious specialization of Corollary 7.4 to the case w = 1, plus a repetition
of the argument for scattering.

Particular examples for w are (L)* for s > —1/6 and A* +A° for —1/2 <s < —1/6 <o. It is not hard
to see that we can replace the homogeneous spaces by inhomogeneous ones if we restrict to finite 7 and
allow the constants to depend on 7.

8. Stability and scattering for perturbations of the soliton
8.1. Setup and main result. We return now to the full nonlinear problem (7-1). Let us take

Y(x, 1) = Qery(x — y(1)) + w(x, 1).
Then, we have
0iw + 0, (AW +4Q7w) = —¢(3: Q) (x — ¥) + ¥(QL) (x — y) = (97 Qe — ¢ Qe + 0F) — (QL(x — y))
— 3,602 (x — Y)W +40.(x — y)w® + w?).
Hence,
dw + 0, (92w +4Q0w) = —(¢/0) Qe (x =) + (F — ) QL(x — y)
— 0607 (x —y)w* +40,.(x — y)w’ +w). (8-1)
To use the dispersive estimates proved in Section 6, we wish to have
wlQc(x—y) and wL Qu(x—y). (8-2)

To get more regularity for y and ¢, we ask for (8-2) only asymptotically and hence take as in (1-15)
and (1-16) the modal equations

(©/){(Qe, Oc) = (w, Oc), (8-3)
3 — (0L, QL) = —k{w, L), (8-4)

where k > 0 is taken to be large.
We calculate

%<w, Q) = (wy, Q) +y(w, Q) + (¢/c)(w, O)
= (w, £Q') — (¢/)(Q, O) + (6Q*w? +4Qw’ + w*, Q) + (G — A (w, Q') + (¢/c)(w, O)

and

9w, Q') = (wy, Q') + 3w, Q")+ (/) w, 0')

dt
= (w, 20") + (3 — A(Q', Q') + (60*w? +4Quw* + w?, Q")
+ (G —A{w, Q") + (/) (w, 0.
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Hence,
n2 A
%m, )+ (w, Q):—KEUQ)’,’QQ>/>—(w’(g’%};@+(6Q2w2+4Qw3—|—w4, Q)  (85)
and
L, Q) +rfw, Q') — (w, £0")
(ws Q/><w’ Q//> <w7 Q)(U), Q/> 2 2 3 4 Vi
=— — 6 4 ,0"). (86
oo T o TeLwHaow et o). @6

The right hand sides are at least quadratic in w, and, as we shall see, small compared to ||wy]|| in a suitable
sense. As a consequence the orthogonality conditions are approximately satisfied for large ¢. In addition,

2

¢ and y — ¢* are small and continuous.

We study the initial value problem w(0) = wq. Let again v be the solution to the linear problem. We

will prove scattering for small perturbations of the soliton in B;ol/ 6.2

. It will be important for the reverse
problem that we will achieve something slightly stronger.
Using the notation

I'={yeC(0,00):y0)=0,y—1] < 15}, (8-7)

we define for any interval / the quantity
I10) = sup (Il + 24l g sup a0 [y = @0+ @iy dadr). (89)
A yell Rx1

- —1/6,2

Proposition 8.1. Let v be a solution of (3-1) with initial data vo € B '~ Then,

< .
J10.00) (V) S Hlvoll p-1e2.
. o o . 51762
Moreover, if vy is in the closure of Cj” in B, ' ", then

lim J[,,oo)(v) =0.
t—00

Proof. The first statement is an immediate consequence of the Strichartz estimate and local smoothing.
For the second statement we fix ¢ > 0. There are at most finitely many v ; of norm larger than ¢/c.
Hence it suffices to verify the statement for a single A. Since v; € L®L® and L*L>°, we have

Il_i)nc;lonv)»”LG(Rx(t,oo)) = ,li“é‘o””k“Lﬁm)L” =0.
Let I be a bounded interval. Then the map

r — xl/ﬁf Yox — y(6)) (v2 4 (8,v3)?) dx dt
Rx1I

is continuous with respect to uniform convergence, hence it assumes its maximum. Given j > 1, let
yj: [2/,2/%1] — R be the path for which this quantity is maximal. We choose two paths y, and y, with
y(0) = 0 and the difference between 1 and the derivative at most 0.2, one which coincides with y; for j
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even on the corresponding intervals, and one which does so for j odd. For both paths we have the local
smoothing estimate. But this implies the claim. (|

Let y € I'. The function spaces X ao:7 and Y .7 depend on y but not on c¢. This dependence is not
reflected in the notation. In addition, let ¢ € C'([0, 00)). We assume (5-14), ¢ € L? and y —c¢?> € L? in
this section, which we have to verify for the solutions we study, and turn to a study of a priori estimates
for solutions to (8-1), (8-3) and (8-4), and we recall (8-5) and (8-6). Because of translation and scaling
invariance we may restrict ourselves to a study for y(0) = 0 and ¢(0) = 1. Moreover, we may and do
assume that the orthogonality conditions hold at time 0, that is,

(wo, @) = (wo, Q) =0.
The main result is the following sharpened version of Theorem 2.

Proposition 8.2. Let C > 0. There exist ¢ > 0 and K > 0 such that for |wol| 3152 < C and Jyjo,1)(v) < ¢
and for v a solution of (3-1) with initial data wy, the solution w in the system of equations (1-15)—(1-14)
satisfies (5-14),
1/2
lwllge < K7 (@),
with K depending on C but not on time. Moreover, if J,0) (V) < €, then there exists a unique n € -0—01/ 6.2
such that

. 3
lim "% w; (1) = n;,
11— 00
with convergence in L?. In addition
lim lw(@)| z-16 = W] g-1/6..
—00 oo, T 0

Remark 8.1. Variants in the spirit of Corollary 7.4 can be easily obtained by including the arguments
there, which will establish Theorems 2 and 3 with higher Sobolev regularity as stated in Remark 1.1.

The proof consists of three step,s a preliminary part consisting of an important initialization, multi-
linear estimates that are less critical variants of those of the last section, and a priori estimates for the
nonlinear equation using the multilinear estimates and the linearized equation.

We recall that v satisfies v; + vy, = 0 with initial data v(0) = wg. We want to control the difference
between v and the solution v to v; 4+ ¢29,v — 9, v = « O + BQ’ with initial data v(0) = wo with & and
B ensuring (v, Q) = (v, Q") = 0, which we assume to hold initially. We recall that (5-14) is a standing
assumption.

For simplicity, let us define J = Jjo,)(v). The following result is the first step of the proof.

Lemma 8.3. Suppose that wg € Bo_ol/ 6.2 satisfies the orthogonality conditions. Then
il g1 < llwoll 3=1/62

and
|Iv—PPé/UIIX;l/e+||a||LImL2+||,3||L2SJ- (8-9)
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Proof. The first bound on v is an immediate consequence of Proposition 6.7. The second statement is
more delicate. As a first step we consider u = P PLv. It satisfies

sup(llull s + 2~ | oo + 27l 2my) S, (8-10)
A

since [[(v, Q) .2As + 11{v, Ol r2nrs < J. We calculate

du+Puy — 9 Feyu=G, with u(0) = wy, (8-11)
where
d (v, 0)\ ~ d (v, Q)
om0 (G G)e- (g )
(Q’u) (0. 0) 0 41 (0. 0 0
Q) s — 0,90 - L) 50— 0,90

(Q.0) (0, Q')

We consider the terms separately. Any derivative falling on (Q, Q) or (Q’, Q') can be computed using
(4-2) and (4-3), yielding a factor ¢/c. Next,

Lo, 0) = 0w+, Q)+ (= v, @)+ (/) v, 0) =—(Q4, 1) +(E =) v, Q)+ (/) v, O)
and
%w, Q') = (04, Q)+ (= §)(v, Q")+ (/c) (v, Q')
=—(0,.20") = 4HQ’ Q" v) + (> = ))(v, Q") + (¢/c) (v, Q).
Moreover,

(@ +c%0, — 9,90 = (/) 0+ (=)0 +22Q,
(0 + %0 — 0, £) Q' = (¢/0) 0"+ (" =) Q"
We write G = a O + BQ’ + g, where, using again (4-2) and (4-3),
(Q, Q) =—(¢/c)(v, O)— (> =) (v, Q) +5(E/c) (v, Q)+ (v, ().,
(0, Q"B =—(/c)(v, Q)= (=) (v, Q")+ (/) (v, Q) +4(v, 07 Q") +(v, £.0)) =2 (v, Q'),

_ 3 <v’ Q) . ~ 2 N / / / é”/ 2 . "
g =—40:(Q"v)— 0 Q>((C/C)Q+(C -»NO)—(v, 0)/(Q, 0 ))(;Q +(c" =y 0.

’

By Lemma 6.3, we have ||g|lyo < J. The difference w = v — u satisfies (abusing the notation slightly by
denoting by @ and  new quantities)

w+Cwy — . fw=a0+ B0 —g
with initial data w(0) = 0, and again by Lemma 6.3

lwll xony2 5 llgllyo 5 J.
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We rewrite the equation for v as
Vi Ve = —0:(4Qv) +aQ + Q" =: F.

Decompose v = u + w. We recall that

(Q. Q) = — (/) (v, O; (8-12)
hence
lellir + 1 s S Cle/ellz + 1y — ).
The L? bound for B is simpler. The estimates for the linear equation imply now (8-9). g

As it will be used in the sequel, we note the following simple consequence of Lemma 8.3. Namely,
we have

Jey(v) SJT(v), (8-13)

where we denote by J. , the quantity analogous to J, but for the given path dictated by the ¢ and y mod-
ulation parameters. After this nontrivial preliminary step, we continue with the proof of Proposition 8.2.
The strategy is to write the equation in terms of

u=W—0cw,ye —V

and expand the nonlinearity. In the next step we study multilinear estimates, which in the last step are
combined with Proposition 6.7 to obtain the a priori estimates.

8.2. Multilinear estimates. We proceed as for the initial value problem and bound multilinear expres-
sions. In this section we collect nonlinear estimates in terms of the V2 spaces to prove Proposition 8.2.

Lemma 8.4. Let u be a tempered distribution and u;, its frequency localization. Let ¢ be a Schwartz
function. Then,

lpusll 2 S min{A>75 A7 (luall 2 + 10:uall 2
Here ¢ is the constant of (3-7).

Proof. We begin with the case A > 1, in which case we prove the stronger estimate where we replace ¢
by y’ as defined in Section 3. Let x € C;° be supported in {£ : % < |&| < 2}. Then,

9 a\"' (9
V=V (5 Jaan =3 () (3 Yo

A

2 ) (. () ) o

where (0, / 2"y (0 /M) 1s an L? bounded Fourier multiplier. As a result,

(2 12

-1
2 SAT luall2ry-
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We estimate the second term on the right hand side using the adjoint of Lemma 3.1 witha =1 and s =0:

bt (v (B) (%) o e,

<r7h
A

2"

lunll2(yr)-
We turn to A < 1. Clearly,

Ipusll 2 < o)™ 221y ull .

Let x = sin(x)/x, which is the inverse Fourier transform (up to a constant factor) of the characteristic
function of the interval [—1, 1]. Let xo € R. We define

gr(x) = u;. (x) x (A (x — x0)/100).

Then, g, satisfies roughly the same frequency localization as v,, and it coincides with u; at xo. Thus,
by Bernstein’s inequalities,

VY Y (A(x — 100
Wy Goyus, (x0)] < A2y o)llgall 2 < exM/2 sup X (XO)X\(/% o )”ﬁ”*”“'

Now the elementary estimate

Supmbz()h(x ;/)C((;C))/IOON <ca®

completes the proof. U
We proceed to prove the necessary multilinear estimates.

Lemma 8.5. Let c, y satisfy (5-14), u € Xo_ol/ % and let v and Q be as in Proposition 8.2. Then, the
following estimates hold.:

3
19 uruauz D)l y-ve S T [l -1se, (8-14)

j=1

2
0 1wz Q) e S T Tllaell g v, (8-15)

j=1
18 (2u Q) lly-1i6 < TP el (8-16)

X Y5 6 5 X;ol/é u X;ol/ﬁ
1/2

19 (v @)y -16 S IVl ){;/onun xzve- (8-17)

Proof. We begin with the dual Strichartz estimate

—1/4
I fllpve SATVA fill s

By construction, spatial Fourier multipliers in V?, UP, DU? and DV? are bounded by the supremum
of the multiplier; hence

2 3/4 2
1 P3x(Qu1 3, u2.0) puz S MM Q%ur izl 4
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sA1 A L3 ll A L A [~ A cog?2

. — . —1/2y,1/6,1/6
Smin{1, A7 ymin{1, 2520 s I - ez | g-ve.

This is summable for A; € I' and we obtain the desired estimate for A < 1. Assume now that A > 1.
Then, using Holder and Bernstein and |Q'| < Q

—-1/6 2 —-1/6 1/2 1/2 1/2 1/2
WV P Q%u 2 N 2y et S A0 Qui Il | Quea i I e | Quan o, 15 | Quua iy I

< A0 ming1, 2723 min(1, A5 2l | e llual gve,

which can easily be summed over A; and X, if A > 1. This implies (8-15) and also (8-17).

We approach estimate (8-14) similarly: We expand u ; and observe that the expressions are symmetric;
hence it suffices to sum over A} <X, <A3. If &1 <1 we argue as above and estimate u; ;, in L, followed
by Bernstein’s inequality. So we restrict to the case A; > 1.

Then, using that Q is integrable,

3 3
M P Qui ayun 3,135, | pyz S A HHMM, lpazee S 274 (harary) V12 Hlluj,x,- Il -1,
00, T
j=1 j=1
which is easily summable if A S 1 S Aq, Ao, As. If A > 1, we argue differently. To simplify the argument
we assume that the Fourier transform of Q is supported in [—1, 1]—handling the tail is straightforward
but technical. Instead of bounding A|| Py Quy ;,u2 3,u3,3, |l py2, we employ duality and study

I = )f Qul,kluz,}\zu3,k3u4,k4 dx dt‘

assuming that 1 << A; < A, < A3. Then, we have

3
—5/6,—1/6
1< 11Qus iyl llgslluaollslua s e < 257350 T Ty, llgvolua e,
j=1

The factor A; 3 6)3/ % is summable for fixed Agover I <Ay <Ay <Az, 1 <Xy < A3—this suffices since

I =0 if X4 is much larger than A3. As a result, we have proven estimate (8-14) and, after checking the
proof, (8-16). O

We turn to bounds for inner products occurring as inner products of the right hand side of (8-1) with
Q and Q’, and at the right hand side of (8-5) and (8-6).

Lemma 8.6. Let u € X;OI/(S, and let v and Q be as in Proposition 8.2. In addition, let yo(t) be a
one parameter family of Schwartz functions parametrized by t with uniformly bounded seminorms and
Y(x,t) =vyo(t,x —y()). Thenforall1 < p <3/2
4
60 Guruausua). ¥) e S T Tllujllg e, (8-18)
j=I
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where we consider the LP norm with respect to time and

18, W), ) I r S J||v||§.(o_ol/6||u|| e (8-19)
Forall 1 < p <2, we have
3
1@ (10203 @), ) llw S [ Tl e, (8-20)
j=1
1(0x W u @), ¥)llLr S Tl v llull 4 ve. (8-21)
Forall 1 < p <3, we have
2
102 (w120, ) lle S T sl gove, (8-22)
j=1
10 0u @), ¥) e S Tllullg-vs. (8-23)

Proof. We expand the terms in (8-18) and we consider

IP = ||<u1,)\1u2,)»2u3,)\3u4y)»4’ ‘W>“LP'

By symmetry it suffices to look at the case A} < Ap < A3 < A4. If p = 1 we bound the terms using
Holder’s and Bernstein’s inequalities as above:

1/2 1/2
I S e ool g oo N 2us 2 91 a2

4
2/3,2/3 . 1/6 ,—5/6 . 1/6 —=5/6
<3P0 mingay®, 4570  mingay/®, 4] /}]_[||uj||X;o1/6,
j=1

which is easily summable. We obtain by Holder’s inequality

4 4
Byp S [ g e S T Twillgovs,
j=1 j=1

which we use if 1 < XA; < A4. If A} < 1, we estimate the corresponding term in L°°, apply Bernstein’s
inequality, and argue as in the next case. Interpolation with the L' estimate yields a summable expression
as long as p < 3/2.

We turn to estimate (8-20), denote again the p-norms by 7, and expand again

2/3 . 1/6 , =5/6 . 1/6 , =5/6
Iy Sl g el Qua oo 2 @ us s N2 S A7 min{ay®, 23 Y min{ay/®, A7) [ Tl 1l e,

which again is easily summable over A; < Ay < A3. Also

3

3
LS g s ST uja, =165
j=1 j=1

which is almost summable, and by interpolation we obtain the bounds for any p < 2.
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The estimate (8-22) with p = 1 follows by the same arguments as above. It is even simpler. Again we
may restrict ourselves to A1 < A. For p =3 we put estimate u ;; into L% and again the full statement
follows by interpolation. A simple check of the proof reveals that the arguments above imply (8-23),
(8-21) and (8-19). O

The right hand sides of (8-5) and (8-6) are functions of ¢, for which we have bounds in L? for
1 < p < 3/2 in terms of ||w||X;l,/r°' In the second equation, (8-6), the term (w, £Q.,) plays a special
role: It is in L9 for 2 < g < 0o, but not in L? for any p < 2 in general. In particular we cannot control
the deviation of y from the linear movement.

Equation (8-5) and (8-6) can be considered as scalar linear ordinary differential equations for (w, Q)
and (w, Q). The kernel for the fundamental solution is uniformly bounded in L?” in the first case for all
p, and in the second case it is bounded in L' by 1/«, whereas the L> norm is 1.

We collect the consequences as follows.

Lemma 8.7. Suppose that w solves (8-1) with (w(0), Q) = (w(0), Q') = 0 and w = v + u, where v
solves (7-2) with initial data w(0). Then,

supl(w(1), Q)1 S (J + lull g-1/0)* (L + 1wl 4-16)?, (8-24)
t
supl(w(r), @) S (J + llull g170)* (L lwllg16)* + 72wl -1y (8-25)
t 00,
Moreover, if 1 < p <3/2, then

H%(w(t), 0) H ) S+ ”u”X;o'/(’)z(l + ”w”X;”G)Z'

L7 (0,00
We may write %(w(r), Q') = y1 + y» such that
Iyillro.c0 S U +llulgv0)> A+ w6 and lyall20,00 S+ lully-16).
Finally, it follows that
sup(le(t) — 11+ 1) + léllr S (J + llull o) (1 + 1wl ),
Sply = 11 S ( + llull e 6) (L lwlliie)” 12 + o),
15 = lle S+ lull o) T+ wll g-6)*. (8-26)

Proof. This is an immediate consequence of Lemma 8.5 and basic properties of the simple ordinary
differential equations. O

The estimates of this subsection remain true if we consider a time integral instead of (0, o).

8.3. Global bounds and scattering near the soliton. We now complete the proof of Proposition 8.2.

Proof. By the local existence result there exists a local solution in a neighborhood of the soliton.
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The decomposition ¥ = Q.(),yt) + w together with the modal equations (8-3) and (8-4) implies
existence of C! functions ¢(7) and y(t) that satisfy (8-1), (8-3) and (8-4) up to fixed time. We recall that
after rescaling and shifting, (wg, Q) = (wo, Q") =0, ¢(0) =1 and y(0) = 0.

As in the first step we denote the solution to the linear equation with initial data w(0) by v. It satisfies
the estimates of Lemma 8.3 and (8-13) provided (5-14) is satisfied.

We suppose that (, ¢, y) is a solution up to time 7', such that u =¥ — Q(), () — v satisfies for some
ki, k» to be chosen later the conditions

IPgully-vs <2k J'? and  lull 416 < 2k T '/, (8-27)
0o, T oo, T
We shall see that there exist §, k1 and &k, such that if in addition J < §, then
Lo 1/2 N 12 )
”PQ'u”Xool,/rﬁ <k J and ||I/£||X001./Té <kyJ'“. (8-28)

This implies the estimate conditionally depending on (8-27). Observe that by Lemma 8.7 control of
the norms implies validity of (5-14) if § is sufficiently small. In particular, the estimates on the linear
equations hold.

On the other hand, if we fix C and § we can apply a continuity argument with the initial data Twy.
The estimate clearly holds for small 7 and the norms depend (for finite time) continuously on t. This
implies the a priori estimate uniformly for all 7. The scattering statement is an immediate consequence:
Combine the fact that functions in V2 are left-continuous at infinity with a frequency envelope argument
as above. It remains to derive (8-28) from (8-27) for suitably chosen k;, k; and §.

We formulate the crucial estimate in the following.

Lemma 8.8. Let C be given and let v and Q be as in Proposition 8.2. There exist ki, ky and § such that,
if (8-27) holds, and ||wol| 3-152 < C and Jo,1)(v) <& hold, then

1/2 3/2
| Pl o < es(Nall3o & T 7y ) 1wl 2oz + Jio.1y ().

We postpone the proof of Lemma 8.8. Clearly (u, Q") = (w, Q') and the same is true for its derivatives.
By Lemma 8.7 and simple properties of ODEs, we have with implicit constants depending on the size
of the initial data that

d
2] T P2 ) I e B e P2
and
(. 0"z < 1w, @)z + (PG, @)z
Hence,

s @)lre + | -, @)

< 2 Lo
L2 ™~ ”””)-(0—01/6 +J+ ||PQ/M||X001/6.

The crucial point is that the right hand side only contains the projection of u, not u itself. We obtain
easily
1@+ 3y Qs S 1Y N2+ 1Y g2
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As a result, using estimates similar to those in Lemma 8.7 we have
(u, Q")
H Q/ Q/

By Lemma 8.8 and (8-27),

o S Kalllelle T+ P ullg ). (8-29)
172
1 Pgull e = sl e + I3 () + ) S 343 + DI 3012
using, as we may, lull y-1/6 < 1 and, by the estimate (8-29) and (8-27), we have
oo, T
lull -6 < ka(J +e3(8K3 + 1) J (v) +37'72).
We choose first k1, then k; and finally § small to complete the proof. U
Proof of Lemma 8.8. We write the equation for u = w — v, with u, + u, — 0x&Fe yu =: G. We have
= (¢/cHaN 0+ =+ B1)Q =8 (607u+v)* + 40, (u+v)* + (u+1)*),
where «; and 8 ensure the orthogonality conditions for v, that is, (8-12). We recall that they satisfy
lenllzr Slcli2d  and ez + 1Bl S J-

To apply Proposition 6.7 we have to project u. This leads to a calculation similar to Lemma 8.3. Let
n= P . Pu and ,ut—i—c Ot — 0y L =: H. Then, using (u, Q) = (w, Q) and (u, Q') = (w, Q),

H=6- (drég g>>>Q <%<<Z;gf>)g

(w, Q) N7 , (w, Q . ”
— — 2
o Q>< O+ =50+ Q) (€08 + (=)
=aQ+B0 +g,
where
(w, Q) ¢ %
—g=0,(607(u+v)> +4QL(u+v) + U+ v)?) + ==
g =0:(602(u +v)? +40.u+ )’ + (+v)*) 552
. Q) 5 . w0\ w0) , .,
+<(Q,Q>(C y)+<QCQ’>C)Q+<Q’,Q’>(C N

By construction u#(0) = 0. We apply Proposition 6.7 to get

leelles,, S Nglly—e + (g, QL+ g™, Q)2 +1IKg, @) lI2
By Lemma 7.1, Lemma 8.5 and Lemma 8.6, we get
18l yzs S el + T lwoll 1oz,
and by Lemma 8.7

3/2
(g QI+ 1™, Qllze + (g, QM2 S lullf —1/6+J1/2”w0” /_1/62-
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Together, we have
3/2
B;ol 16,2+

D 1 2 1/2
1P* Prull g vis S Nl s + T2 ol U
oo, T 00, T

Proposition 8.2 generalizes straightforwardly to smaller function spaces in the style of Section 7.1.

8.4. An almost inverse wave operator result. In this section we will construct solutions with given
asymptotic behavior, proving Theorem 3. This is a partial converse statement to Proposition 8.2.

Remark 8.2. Theorem 3 is quite satisfactory in several respects. It shows which asymptotic properties
may characterize a solution. The main missing piece is uniqueness of the solution W. It implies existence
of a solution for small scattering data, and, for arbitrary scattering states, existence of a solution with
given scattering data for large .

Proof. We turn to the time-reversed equation
drw +0x (Bw +4Q7w) = (5 — A (w, Qxx) + (/) (w, Q') + (60w’ +40w’ +w*, Qux)  (8-30)

with
(¢/0)(Qe, Oc) = —(w, Qc) and (3 —c))(QL, QL) =« (w, Q).

Let v be the solution to the Airy equation with initial data vo. We may and do assume that yp = 0. By
Proposition 8.1 we know that lim;_, o J1,00)(v) =0. Given S > 0 and yS satisfying |y5(S) — c§05| < SS,
we solve the backwards initial value problem

v(S)=v(S+ Qcoc,ys'

We choose 133> 8 > § to ensure that |y —c®| < § for the solutions under consideration. The arguments
of the previous section allow one to do that down to a largest time ¢° * for which

S,yS 2 .8,y 2.8,y
ly(@>7) — st | =6t .

We want to show that the infimum of the 75" as a function of y*S is attained for some y® and it is equal to
zero if § is sufficiently small. Suppose not, and denote the infimum by 7 > 0. By continuous dependence
on yS , given ¢ > 0, there exists an interval [a, b] such that the solution exists down to a time smaller
than (14 &), and yS9((1 +&)t) = (c2, — 8)(1 + &)t and ySb((1 4+ &)7) = (2, +8)(1 +&)7. Hence,
there exists y5-¢ with

VU +e)r) =ck(1+eo)t.

But then, if § is sufficiently small, we see that a positive infimum is not possible, and moreover this
construction gives a limit that is a solution denoted again by (¥5, y5) with y5(0) = 0.

We consider the limit S — co. Since y°5 — cgo and ¢35 are small there exists a converging subsequence
ySi, ¢S, 8 i — oo that converges to ¢ and y. There are corresponding solutions W;, u; and w; of the
corresponding equation. We extend w; beyond S; by v. By the stability result, given § > 0 we find T > 0
such that

||wj—v||X-1/e <.

00,[T,00)
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Using a frequency envelope there exists A such that

ATV W) llver.o0) S8

whenever A > A or A~ > A.
In particular,

[(wj —w) (Ol g-1162 <8
for t > T'(8) and j and [ sufficiently big. Again, using J small we are able to deduce that (w;) is a
Cauchy sequence in X r /6 and the limit is the desired solution. 0
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Appendix: Setup and properties of the U?, V? spaces for the linear KdV equation

To define the function spaces U 2 V2, we summarize [Hadac et al. 2009, Section 2], where we suggest
the reader look for further details. Let & be the set of finite partitions —co < fp <t} < ... < tg = 0Q.
In the following, we consider functions taking values in L? := L?(R?; C), but in the general part of this
section L may be replaced by an arbitrary Hilbert space.

Definition A.1. Let 1 < p < co. For {f}X_) € % and {¢}e,' € L? with 3 ¢cll?, = 1 we call the
function a : R — L? given by

K
a= Z Xt Pk—1
k=1

a UP-atom, where x; is the standard cutoff function to interval /. Furthermore, we define the atomic

space
o0 o0
U? .= {u = Z)Ljaj ‘ aj a UP-atom,, A; € C such that Zl)‘jl < oo}
j=1 j=1
with norm
o0 o
lullys = inf] 3131 | u =" 4ja;, ; €C. aja U”-atom}. (A-1)
j=1 j=1

Atoms are bounded in the supremum norm, and hence every convergence here implies uniform con-
vergence.

Proposition A.2. Let1 < p < g < o0.

(1) The expression | - |\yr is a norm. The space U?P is complete and hence a Banach space.

(2) The embeddings UP C U? have norm 1.



SMALL DATA SCATTERING AND SOLITONS FOR THE QUARTIC KDV EQUATION 195

3) For u € U?, all one sided limits exist, including at 00, u is continuous from the right, and the
limit at —o0 is zero.

(4) The subspace of continuous functions U! is closed.

Definition A.3. Let 1 < p < co. We define V7 as the normed space of all functions v : R — L2 for
which the norm

K 1/p
lvllve := sup (lev(tk)—v(tk—l)lliz) (A-2)

{00 €% N =1

is finite. Here we understand v(co) as zero. Let V' denote the subspace of all right-continuous functions
with limit 0 at —oo.

Taking the partition {z, 0o}, one sees that the supremum norm is not larger than the V” norm.
Proposition A4. Let1 < p < g < o0.
(1) The expression || - ||yr is a norm and VP is complete.
(2) Forv € VP, all one sided limits including at £00 exist.
(3) The subspace V' is closed.
(4) The embedding UP? C V'’ is continuous and ||ully» < 2YP|ju| y».
(5) The embeddings VP C V1 are continuous and ||v||ys < ||v]v».

From the proof of [Hadac et al. 2009, Proposition 2.17], we have the following:

Lemma A.5. Let f € V', with q > p. Then, given § > 0 and m > 1, there exist fi € U? and f> € U?
such that f = f1+ fo and

-1 1)
m= | fillur + €|l fallus SN fllve.

The following corollary is obvious.
Corollary A.6. The space V" is continuously embedded in U4 for q > p.

There is a bilinear map, B, which for 1/p+1/g =1and 1 < p, g < oo can formally be written as

B(f,g) = —/f,gdt, for fe VP, geU1.
It satisfies |B(f, g)| < || fllvrllgllus, which is natural if we replace g by an atom. The map
VP> f—(g— B(f.8) e (U
is an isometric bijection. Moreover,
lullyr = sup{B(u, v) :v € C(R), [[v]lvr =1}

If ve V2, then
lvllve = sup{B(u, v) :u € C(R), |lu|lyr = 1}.
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If the distributional derivative of u is in L' and v € V7, then
B(u,v)=— / usvdt.

If felL' then F(t) = fioo fds € VP for all p = 1, and hence F € U?. Moreover, || f|pyr :=
I|Fllur < | fll 1. We denote by DUP the metric completion of L' in the norm given by the duality
pairing. Similarly we define DV,

There is a close relation to Besov spaces, namely

B//"" cuP cvP cBYPP (A-3)

with continuous embeddings. These embeddings clarify the relation to X** spaces below.

We claim that the convolution with an L' function  defines a bounded operator on U? and V? with
norm < ||n|| 1. Because of the duality statement it suffices to verify boundedness on U”. We approximate
the characteristic function by a sum of Dirac measures. The convolution with an atom clearly has norm
at most 1. Convergence in U! to the convolution with the characteristic function is immediate. The full
statement is an immediate consequence, as well as the boundedness of the convolution by a Schwarz
function on U” and V”. In particular smooth projections on high and low frequencies are bounded.

Following Bourgain’s strategy for the Fourier restriction spaces, we define the adapted function spaces

Uggy =S(=0UP and VZ,, =S(-n)V?

and similarly DU? and DV?.
Again, we define a bilinear map Bgg4y such that for u VI‘? qvandve U,% 4v» We have for a function
u with (3, +32)u € L'L?

Bgav(u,v) =— /((az + 82 )u, v) dt.

Note, this bilinear map is well defined and gives a duality relation. Hence,

”u”DVz?dv = sup /uf dxdt and ”u”DUz?dv = sup /uf dxdt.
Ifllye =<1 Ifllye =<1
Kdv Kdv
Moreover, we may restrict f to suitable subspaces. More details on how the construction of such atomic
spaces allows us to put u, in the dual space are included in [Hadac et al. 2009].
By the construction of our spaces, we obtain for a solution u of the linear KdV equation

ut+uxxx:f, (A-4)
u(0, x) = up(x),
the estimates
lullyz < luollze + 1 F vz, - (A-5)
lullg,, S luollz + 1/ puz,, - (A-6)

which follow trivially from the construction of the VI% dv> DV,% 4v and U,z( v DUIZ( Jv Spaces.
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Spatial Fourier multipliers act on U?, V¢, DUP?, DV in the obvious way and their operator norm is
bounded by the supremum of the multiplier.
Let (p, q) be a Strichartz pair. Then,

—1
lullLrre <cllDI™VYPully»

and the dual estimate
If vy <clIDI™YP Fll

hold. The first estimate is not hard to check on atoms. Since convergence in U” and in L L4 both imply
pointwise convergence for subsequences we obtain the full estimate. The second estimate follows by
duality.

Similarly the local smoothing estimates carry over to U? spaces and to DV?. Let c(¢) and y(¢) satisfy
(5-14). Then

IIMIILzHlﬁ) <cllully2 and || fllpyv2 <cllfllz2pm-1-
Y

In the same fashion the bilinear estimates for solutions to the free equation imply bilinear estimates for
functions in U?.

The smooth decomposition into high and low modulation (that is, the smooth projection of the fre-
quencies to T — &3 large and respectively small) is bounded in U? and V2, and the L? norm of the high
modulation part gains the inverse of square root of the truncation as a factor by the embeddings (A-3).

References
[Andrews et al. 1999] G. E. Andrews, R. Askey, and R. Roy, Special functions, Encyclopedia of Mathematics and its Applica-
tions 71, Cambridge University Press, 1999. MR 2000g:33001 Zbl 0920.33001

[Berestycki and Lions 1983] H. Berestycki and P.-L. Lions, “Nonlinear scalar field equations, I: Existence of a ground state”,
Arch. Rational Mech. Anal. 82:4 (1983), 313-345. MR 84h:35054a Zbl 0533.35029

[Cote 2006] R. Codte, “Construction of solutions to the subcritical gKdV equations with a given asymptotical behavior”, J.
Funct. Anal. 241:1 (2006), 143-211. MR 2007h:35279 Zbl 1157.35091

[Fedoryuk 1993] M. V. Fedoryuk, Asymptotic analysis, Springer, Berlin, 1993. MR 95m:34091 Zbl 0782.34001

[Griinrock 2005] A. Griinrock, “A bilinear Airy-estimate with application to gKdV-3”, Differential Integral Equations 18:12
(2005), 1333-1339. MR 2007b:35282 Zbl 1212.35412

[Hadac et al. 2009] M. Hadac, S. Herr, and H. Koch, “Well-posedness and scattering for the KP-II equation in a critical space”,
Ann. Inst. H. Poincaré Anal. Non Linéaire 26:3 (2009), 917-941. MR 2010d:35301 Zbl 1169.35372

[Kato 1983] T. Kato, “On the Cauchy problem for the (generalized) Korteweg-de Vries equation”, pp. 93—128 in Studies in
applied mathematics, Adv. Math. Suppl. Stud. 8, Academic Press, New York, 1983. MR 86f:35160 Zbl 0549.34001

[Kenig et al. 1993] C.E. Kenig, G. Ponce, and L. Vega, “Well-posedness and scattering results for the generalized Korteweg-de
Vries equation via the contraction principle”, Comm. Pure Appl. Math. 46:4 (1993), 527-620. MR 94h:35229 Zbl 0808.35128

[Lamb 1980] G. L. Lamb, Jr., Elements of soliton theory, Wiley, New York, 1980. MR 82f:35165 Zbl 0445.35001

[Martel 2006] Y. Martel, “Linear problems related to asymptotic stability of solitons of the generalized KdV equations”, SIAM
J. Math. Anal. 38:3 (2006), 759-781. MR 2007i:35204 Zbl 1126.35055

[Martel and Merle 2001a] Y. Martel and F. Merle, “Asymptotic stability of solitons for subcritical generalized KdV equations”,
Arch. Ration. Mech. Anal. 157:3 (2001), 219-254. MR 2002b:35182 Zbl 0981.35073



198 HERBERT KOCH AND JEREMY L. MARZUOLA

[Martel and Merle 2001b] Y. Martel and F. Merle, “Instability of solitons for the critical generalized Korteweg-de Vries equa-
tion”, Geom. Funct. Anal. 11:1 (2001), 74-123. MR 2002g:35182 Zbl 0985.35071

[Martel and Merle 2005] Y. Martel and F. Merle, “Asymptotic stability of solitons of the subcritical gKdV equations revisited”,
Nonlinearity 18:1 (2005), 55-80. MR 2006i:35319 Zbl 1064.35171

[Martel and Merle 2008] Y. Martel and F. Merle, “Asymptotic stability of solitons of the gKdV equations with general nonlin-
earity”, Math. Ann. 341:2 (2008), 391-427. MR 2008k:35416 Zbl 1153.35068

[Pego and Weinstein 1994] R. L. Pego and M. I. Weinstein, “Asymptotic stability of solitary waves”, Comm. Math. Phys. 164:2
(1994), 305-349. MR 95h:35209 Zbl 0805.35117

[Tao 2007] T. Tao, “Scattering for the quartic generalised Korteweg-de Vries equation”, J. Differential Equations 232:2 (2007),
623-651. MR 2008i:35178 Zbl 1171.35107

[Titchmarsh 1962] E. C. Titchmarsh, Eigenfunction expansions associated with second-order differential equations, Part I, 2nd
ed., Clarendon Press, Oxford, 1962. MR 31 #426 Zbl 0099.05201

[Weinstein 1985] M. 1. Weinstein, “Modulational stability of ground states of nonlinear Schrédinger equations”, SIAM J. Math.
Anal. 16:3 (1985), 472-491. MR 86i:35130 Zbl 0583.35028

Received 1 Feb 2010. Revised 11 Aug 2010. Accepted 1 Oct 2010.

HERBERT KOCH: koch@math.uni-bonn.de
Mathematisches Institut, Universitit Bonn, Endenicher Allee 60, D-53115 Bonn, Germany

JEREMY L. MARZUOLA: marzuola@math.unc.edu
Department of Mathematics, University of North Carolina, Chapel Hill, NC 27599, United States

mathematical sciences publishers :'msp



Michael Aizenman

Luis A. Caffarelli

Michael Christ

Ursula Hamenstaedt

Vaughan Jones

Izabella Laba

Laszl6 Lempert

Frank Merle

Werner Miiller

Gilles Pisier

Igor Rodnianski

Sylvia Serfaty

Terence Tao

Gunther Uhlmann

Dan Virgil Voiculescu

Analysis & PDE
msp.berkeley.edu/apde

EDITORS

EDITOR-IN-CHIEF

Maciej Zworski

University of California
Berkeley, USA

BOARD OF EDITORS

Princeton University, USA

aizenman @math.princeton.edu
University of Texas, USA

caffarel @math.utexas.edu

University of California, Berkeley, USA
mchrist@math.berkeley.edu

Universitit Bonn, Germany
ursula@math.uni-bonn.de

University of California, Berkeley, USA
vir@math.berkeley.edu

University of British Columbia, Canada
ilaba@math.ubc.ca

Purdue University, USA
lempert@math.purdue.edu

Université de Cergy-Pontoise, France
Frank.Merle @u-cergy.fr

Universitit Bonn, Germany

mueller @math.uni-bonn.de

Texas A&M University, and Paris 6
pisier@math.tamu.edu

Princeton University, USA

irod @math.princeton.edu

New York University, USA

serfaty @cims.nyu.edu

Nicolas Burq

Sun-Yung Alice Chang

Charles Fefferman

Nigel Higson

Herbert Koch

Gilles Lebeau

Richard B. Melrose

William Minicozzi 1T

Yuval Peres

Tristan Riviere

Wilhelm Schlag

Yum-Tong Siu

University of California, Los Angeles, USA  Michael E. Taylor

tao@math.ucla.edu

University of Washington, USA Andrds Vasy
gunther @math.washington.edu
University of California, Berkeley, USA Steven Zelditch
dvv@math.berkeley.edu

PRODUCTION

contact@msp.org

Université Paris-Sud 11, France
nicolas.burq @math.u-psud.fr

Princeton University, USA
chang@math.princeton.edu

Princeton University, USA
cf@math.princeton.edu

Pennsylvania State Univesity, USA
higson@math.psu.edu

Universitit Bonn, Germany
koch@math.uni-bonn.de

Université de Nice Sophia Antipolis, France
lebeau @unice.fr

Massachussets Institute of Technology, USA
rbm @math.mit.edu

Johns Hopkins University, USA
minicozz@math.jhu.edu

University of California, Berkeley, USA
peres @stat.berkeley.edu

ETH, Switzerland

riviere @math.ethz.ch

University of Chicago, USA
schlag@math.uchicago.edu

Harvard University, USA
siu@math.harvard.edu

Univ. of North Carolina, Chapel Hill, USA
met@math.unc.edu

Stanford University, USA

andras @math.stanford.edu

Northwestern University, USA
zelditch@math.northwestern.edu

Silvio Levy, Scientific Editor Sheila Newbery, Senior Production Editor

See inside back cover or msp.berkeley.edu/apde for submission instructions.

The subscription price for 2012 is US $140/year for the electronic version, and $240/year for print and electronic. Subscriptions, requests for
back issues from the last three years and changes of subscribers address should be sent to Mathematical Sciences Publishers, Department of
Mathematics, University of California, Berkeley, CA 94720-3840, USA.

Analysis & PDE, at Mathematical Sciences Publishers, Department of Mathematics, University of California, Berkeley, CA 94720-3840 is
published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and additional mailing offices.

APDE peer review and production are managed by EditFLOW™ from Mathematical Sciences Publishers.

PUBLISHED BY
:- mathematical sciences publishers
http://msp.org/
A NON-PROFIT CORPORATION
Typeset in IATEX
Copyright ©2012 by Mathematical Sciences Publishers


http://msp.berkeley.edu/apde
mailto:aizenman@math.princeton.edu
mailto:nicolas.burq@math.u-psud.fr
mailto:caffarel@math.utexas.edu
mailto:chang@math.princeton.edu
mailto:mchrist@math.berkeley.edu
mailto:cf@math.princeton.edu
mailto:ursula@math.uni-bonn.de
mailto:higson@math.psu.edu
mailto:vfr@math.berkeley.edu
mailto:koch@math.uni-bonn.de
mailto:ilaba@math.ubc.ca
mailto:lebeau@unice.fr
mailto:lempert@math.purdue.edu
mailto:rbm@math.mit.edu
mailto:Frank.Merle@u-cergy.fr
mailto:minicozz@math.jhu.edu
mailto:mueller@math.uni-bonn.de
mailto:peres@stat.berkeley.edu
mailto:pisier@math.tamu.edu
mailto:riviere@math.ethz.ch
mailto:irod@math.princeton.edu
mailto:schlag@math.uchicago.edu
mailto:serfaty@cims.nyu.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:zelditch@math.northwestern.edu
mailto:contact@msp.org
http://msp.berkeley.edu/apde
http://msp.org/
http://msp.org/

ANALYSIS & PDE

Volume 5 No. 1 2012

A characterization of two weight norm inequalities for maximal singular integrals with one 1
doubling measure

MICHAEL LACEY, ERIC T. SAWYER and IGNACIO URIARTE-TUERO

Energy identity for intrinsically biharmonic maps in four dimensions 61
PETER HORNUNG and ROGER MOSER

The wave equation on asymptotically anti de Sitter spaces 81
ANDRAS VASY

Small data scattering and soliton stability in H ~'/° for the quartic KdV equation 145
HERBERT KOCH and JEREMY L. MARZUOLA

A remark on barely H*»-supercritical wave equations 199
TRISTAN ROY

2157-5045(2012)5:

1:1



	
	
	

