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Abstract

The long-time behaviour of solutions to the defocussing modified Korteweg-de Vries (MKdV) equation is estab-
lished for initial conditions in some weighted Sobolev spaces. Our approach is based on the nonlinear steepest
descent method of Deift and Zhou and its reformulation by Dieng and McLaughlin through J-derivatives. To extend
the asymptotics to solutions with initial data in lower-regularity spaces, we apply a global approximation via PDE

techniques.
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1. Introduction

In this paper, we calculate the long-time asymptotics of solutions to the defocussing modified KdV
equation (MKdV):

Up + Uyry — 6Uty =0 (x,1) € (R,RY). (1.1)

There is a vast body of literature regarding the MKdV equation, in particular with the local and global
well-posedness of the Cauchy problem. For a summary of known results, we refer the reader to Linares-
Ponce [35]. Without trying to be exhaustive, we mention the works by Kato [28], Kenig-Ponce-Vega
[29], Colliander-Keel-Staffilani-Takaoka-Tao [6], Guo [20] and Kishimoto [32]. In particular, we know
that the MKdV for both the focussing and defocussing cases on the line is locally well-posed (compare
Kenig-Ponce-Vega [29]) and globally well-posed, (compare Colliander-Keel-Staffilani-Takaoka-Tao [6],
Guo [20] and Kishimoto [32]), in H*(R) for s > i. These results are complemented by several ill-
posedness results (compare Christ-Colliander-Tao [5] and references therein), which establish that
H? (R) is optimal if one requires that solutions depend uniformly continuously on the initial data. Since
the completion of the first version of the current paper, there has been significant progress regarding the
global well-posedness of integrable PDEs on the real line, in particular for the KdV, mKdV and NLS
equations; see Killip-Visan [34], Harrop-Griffiths-Killip-Visan [22]. In [22], for the mKdV equation,
global well-posedness is obtained in H*(R) for 7 > —%. It is also known that instantaneous norm
inflation happens in H* (R) for 7 = —%. We again refer to [22] for details.

Besides well-posedness, another fundamental question for dispersive PDEs is long-time asymp-
totics. Using the complete integrability of the MKdV equation, Deift and Zhou, in their seminal work
[11], developed the celebrated nonlinear steepest descent method for oscillatory Riemann-Hilbert prob-
lems. In the same paper, the authors give explicit asymptotic formulae and error terms for Schwartz
class initial data. Since then, analysis of the long-time behaviour of integrable systems has been
extensively treated by many authors. The nonlinear steepest descent method provides a systematic
way to reduce the original RHP to a canonical model RHP whose solution is calculated in terms of
special functions. This reduction is done through a sequence of transformations whose effects do not
change the long-time behaviour of the recovered solution at leading order. In this way, one obtains
the asymptotic behaviour of the solution in terms of the spectral data (and thus in terms of the initial
conditions).

A natural question to ask is whether it is possible to study the asymptotic behaviour of the MKdV
equation without relying on the completely integrable structure. A proof of global existence and a
(partial) derivation of the asymptotic behaviour for small localised solutions were later given by Hayashi
and Naumkin in [23, 24] using the method of factorisation of operators. Recently, Germain-Pusateri-
Rousset [17] used the idea of space-time resonance to study the long-time asymptotics of small data
and the soliton stability problem. Also, a precise derivation of asymptotics and a proof of asymptotic
completeness were given by Harrop-Griffiths [21] using wave packets analysis. Overall, although PDE
techniques do not rely on complete integrability, to our best knowledge, certain smallness assumptions
on the initial data are required.

In the present paper, we use the inverse scattering transform/nonlinear steepest descent to study the
long-time asymptotics of the solution to the MKdV equation without a smallness assumption on the
initial data. We give a full description of the long-time behaviour of solutions in the weighted Sobolev
space H>!, which is necessary to construct the solution via inverse scattering and extend these results
to other Sobolev spaces, including H"!, H#-! and L*!, via a global approximation argument.

In Deift-Zhou [11], a key step in the nonlinear steepest descent method consists of deforming the
contour associated to the RHP in such a way that the phase function with oscillatory dependence on
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parameters becomes exponential decay. In general, the entries of the jump matrix are not analytic, so
direct analytic extension off the real axis is not possible. Instead, they must be approximated by rational
functions, and this results in some error terms in the recovered solution. Therefore, in the context of
nonlinear steepest descent, most results are carried out under the assumption that the initial data belong
to the Schwartz space.

In [45], Xin Zhou developed a rigorous analysis of the direct and inverse scattering transform of the
AKNS system for a class of initial conditions u((x) = u(x, t = 0) belonging to the space H/ (R). Here,
H'J(R) denotes the completion of Cy (R) in the norm

1/2
. (1.2)

el ey = (11 + bl a3+ [ 3)
Recently, much effort has been devoted to relaxing the regularities of the initial data. In particular, among
the most celebrated results concerning nonlinear Schrodinger equations, we point out the work of Deift-
Zhou [14], where they provide the asymptotics for the NLS in the weighted space L>!. This topology
is more or less optimal from the views of PDE and inverse scattering transformations. The global L?
existence of the cubic NLS can be carried out by the L} LS Strichartz estimate and conservation of the
L? norm. But in order to obtain the precise asymptotics, one needs to “pay the price of weights”: that
is, work with the weighted space L%!.

Dieng and McLaughlin, in [15] (see also an extended version, [16]), developed a variant of the
Deift-Zhou method. In their approach, rational approximation of the reflection coefficient is replaced
by some nonanalytic extension of the jump matrices off the real axis, which leads to a d-problem to
be solved in some regions of the complex plane. The new d-problem can be reduced to an integral
equation and is solvable through Neumann series. These ideas were originally implemented by Miller
and McLaughlin [37] to study the asymptotics of orthogonal polynomials. This method has shown its
robustness in its application to other integrable models. Notably, for focussing NLS and derivative NLS,
they were successfully applied to address the soliton resolution in [4] and [26], respectively. In this
paper, we incorporate this approach into the framework of [11] to calculate the long-time behaviour of
the defocussing MKdV equation in weighted Sobolev spaces. The soliton resolution of the focussing
MKGdAV equation is addressed in a subsequent article [7].

1.1. Direct and inverse scattering formalism

To describe our approach, we recall that equation (1.1) generates an iso-spectral flow for the problem

%‘I‘ =—izos¥+U(x)Y, (1.3)
where
(10 [ 0 iux)
=05} vo= (a0 )

This is a standard AKNS system. If u € L'(R), equation (1.3) admits bounded solutions for z € R.
There exist unique solutions W* of equation (1.3) obeying the following space asymptotic conditions:

: 10
. + —iXz703 _ .
m T (x, 2)e = (o 1)’

and there is a matrix 7'(z), the transition matrix, with ¥*(x, z) = ¥~ (x, z)T(z). The matrix T(z) takes
the form

_(a(2) b(z)
T(z) = (b(z) ph ) (1.4)
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and the determinant relation gives
a(z)d(z) - b(2)b(z) = 1.
Combining this with the symmetry relations
a(x)=a(@. b(z)=b0). (1.5)
we arrive at
la(2)* = 1b(2)* =1

and conclude that a(z) is zero-free.
By the standard inverse scattering theory, we formulate the reflection coefficient:

r(z) =b(z)/a(z), zeR. (1.6)

The functions r(z) is called the scattering data for the initial data u( satisfying the following symmetry
relation:

r(z) = -r(-2). (1.7)
We also have the following identity
a()da(z) = (1 -lr@P)™" zeR
We have the following proposition from [14]:
Proposition 1.1. For k, j integers with k > 0, j > 1, the direct scattering map
R :up(x) — r(z)

maps H*J (R) onto H{’k = HI'RR) N {r : ||I7llz~ < 1}, where HY* norm is defined in equation (1.2)
and map R is Lipschitz continuous.

Since we are dealing with the defocussing mKdV, only the reflection coefficient r is needed for the
reconstruction of the solution. The long-time behaviour of the solution to the mKdV equation is obtained
through a sequence of transformations of the following RHP:

Problem 1.2. Given r € H'">(R) for z € R, find a 2 X 2 matrix-valued function m(z; x, ) on C \ R with
the following properties:

(1) m(z;x,1) = I as |z| — oo,
(2) m(z;,x,t) is analytic for z € C \ R with continuous boundary values

ms(z;x,t) =limm(z £ ie;x,t),
10

(3) The jump relation m, (z;x,1) = m_(z;x,1)e""?24 73y (z) holds, where
: 1= |r(2)? —r(z)e™?
e*teado‘sv(z) — - s (1.8)
r(z)e*? 1

and the real phase function 6 is given by

0(z;x,1) = 412° +xz, (1.9)
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[ x|
+70 = £/ — 1.10
+z0 =+ 121 (1.10)

Note that the jump matrix v admits the following factorisation on R:

y 1 —Fe20\( 1 0
e lf)ad(T3v(Z) — (O rel )(rEZig 1)

=(1-wy) (1 +w}).

where

are the stationary points whenever x < 0.

We define
p=my(I+wh) ™ =m_(I-wy) ™.

Then it is well known that the solvability of the RHP above is equivalent to the solvability of the
following Beals-Coifman integral equation:

u(zyx, 1) =1+ Cypu(z;x,1) (1.11)
=1+ Cuwy + C uwy, (1.12)
Here C* is the Cauchy projection

+ T L f(s)
(NG =l o5 fes—z

ds, (1.13)

and +(—) denotes taking the limit from the positive (negative) side of the oriented contour. From the
solution of Problem 1.2, we recover

u(x,t) = lim —2zmyp(x,1t,2) (1.14)
Z—00
_ [—_l/M(W;wg)] , (1.15)
T Jr 12

where the limit is taken in C \ R along any direction not tangent to R.

1.2. Main results

The central results of this paper are the following theorems that give the long-time behaviour of the
solution u(x, t) of equation (1.1) in different regions in the (x, t) plane, respectively.
For M > 1 and z¢ given by equation (1.10) and 7 a parameter given by equation (1.17), we define
the regions as follows:
|x]

3/2
o RegionL:x <0, M~' < z9= E<M,T=(12|fll/3) > 1;
3/2

RegionI: x <0, M~! < 7= (12|;C_1|/3) ;

e}

x )
Region III: 7 = (12?1/3) <M,

e}

e}

x| x|\ ¥?
Region IV: x > 0, zo9 = ESM,TZ( ) > ML

o

1
x| x|\ ¥?
Region V:x > 0, zo9 = 1—2t>M_1,T=( ) > 1

https://doi.org/10.1017/fms.2022.63 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.63

6 Gong Chen and Jiaqi Liu

Theorem 1.3. Given initial data ug € H>'(R), let u be the solution to the MKdV equation
U+ Uxx —6u2uy =0 (x,1) € (R,RY) (1.16)

given by the reconstruction formula in equation (1.14). Let zy be given by equation (1.10), and define

3/2
S P / (1.17)
RS FEPYE '

and

k= =5 Tog(1 = Ir(z0) ). (118)
JT

where r is defined in equation (1.6). Then we have the following asymptotics:

(i) In Region I,

1/2 \
u(x, 1) = (3:—20) cos(mtzg — xlog(192172) + ¢(ZO)) + 0((1();)7) (1.19)

12
L 3 3 _
= (3t10) cos(létz0 klog(192tz5) + ¢(zO)) + (’)(t

=
iy
o
w‘_| =
N —
|
= [9%)
S —

where

20 _ 2
o[ LSO

. 7r 1
¢(Z0) = arg F(lK) - Z - arg"(ZO) + ;/ 1= |r(ZO)|2 - 20 ’

-20

(ii) In Region II,

L Yofry(H)
u(x,t) = (3t)1/3P((3t)'/3)+0(t (té) ) (1.20)
(iii) In Region III,
1 X _1
M(X’I)ZWP(W)+O(I 2). (1.21)
@iv) In Region 1V,
1 X _1
M(X, t) = WP(W) +O((tT) 2) (1.22)

Bl

(ST

)

u(x, 1) = o(fl). (1.23)

1 X -
S ten +O(t

(v) In RegionV,

In the above asymptotics for Regions II, 11, IV, P is a solution of the Painlevé Il equation

P"(s) —sP(s) —2P3(s) =0
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Ix/e'P] <1
il 0 vV -
X-axis
N ’ \ ’
N . I . v .
\ .
N ’ N ,
N v ’
~ . A P
~ ’ A ’
N A
-x/t =0O(1) x/t=0(1)

Figure 1.1. Five regions.

determined by r(0). Note that given r(z) € H'(R), r is defined pointwise and r(0) makes sense. Also note
that in all the asymptotics above, the implicit constants in the remainder terms depend only on ||r || g1 (r)-
It is possible to combine Region Il, Region III and Region IV to conclude that in these regions,

3
8
< t‘i(l + (@) )
13

Remark 1.4. First, we have the following comments on the various regions above:

1
(31)3

u(x,t) — P

)
(31)

We give several remarks on the statements above.

(1) The three main regions of interest are Regions I, III and V. In the case of focussing mKdV, they
are called the oscillatory region, self-similar region and soliton region, respectively. The remaining
two regions, Region II and Region IV, can be regarded as transitions. They are treated separately
because the asymptotics are calculated differently.
(2) Throughout the paper, z¢ is positive. The calculations for Region I involve the large parameter T
and z¢ is bounded below. In Regions II and III, zy can decay to 0 as ¢ — oo while 7 is bounded
above. The calculations instead depend on scaling out zo and 7~'/3, respectively. Region V is the
fast-decaying region.
(3) To match the asymptotic formulas in the overlaps of the regions, we have the following statements:
o The matching of asymptotic formulas in Region I and Region II is discussed in [1 1, Section 6].
o The matching of asymptotic formulas in Region II and Region III is given in remark 7.1.
Moreover, the matching of asymptotic formulas in Region III and Region IV is explicit,
depending on whether 7 is bounded.

o The matching between Region IV and Region V can be read off from the fact that 7 = O(z) in
Region V and the Painlevé asymptotics given in [12, (1.18),(4.19)].

(4) Indeed, in [21] and [17], the asymptotics are stated in three regions. But we prefer to keep our five-
region statements since the calculations in these regions differ. As discussed above, Region II and
Region IV play the role of transition regions. We believe that these will give a refined picture of the
full asymptotics.

Remark 1.5. In this paper, to derive asymptotics, our main focus is to establish estimates for the error
terms that only depend on [|7|| 1 (g, Which is equivalent to [|uo|| ;2.1 (r) by proposition 1.1. We claim that
this dependence is uniform in each of the five regions defined in Figure 1.1. All leading-order terms from
the asymptotic formulae in all regions are obtained from special functions, namely parabolic cylinder
functions and Painlevé II. For brevity, we do not repeat lengthy identical steps. We refer to Deift-Zhou
[11] for full details.

Remark 1.6. From the view of the scattering theory, it is natural to ask if one can determine the initial
data uniquely from the asymptotics of a solution. Here we point out that in our asymptotics formulae,

!Even Region V can be combined, provided that we know the Painlevé function P decays exponentially in that region.
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the solution P to the Painlevé II equation only depends on r(0), the reflection coefficient evaluated at
the origin. For an explicit relation between r(0) and P the solution to Painlevé 11; see [11, p.358-p.359].
Therefore, if one only looks at the asymptotics in regions I, III, IV and V, these pieces of information
are not sufficient to determine the initial data that produce this solution. To obtain the full information
of the initial data, we have to go to Region I, from which one can determine the phase and modulus of
the reflection coefficient from the formulae given by the parabolic cylinder. For more details, see Deift-
Zhou [11]. In this defocussing case, Region I is the most physically interesting. But in the focussing
problem, breathers can appear in other regions. For more details, see our subsequent article, [7].

Remark 1.7. In [17] and [2 1], the long-time asymptotics of small solutions to the mKdV are established.
Moreover, the decay of the spacial derivatives of the solutions is also obtained. In [21], the L? estimates
of error terms are estimated. In the theorem above, we only compute the asymptotics in the pointwise
sense. In principle, with the analysis of the L> mapping properties of the F) problem, we can also obtain
the L? estimates for error terms, but we do not pursue it here since this will require a different argument.

Taking zo = 1/% in the leading-order terms in expressions from the theorem above, the resulting

formulas are the same as the leading-order terms in [17] and [21]. Plugging z¢ into the error terms
above, we observe that actually, in the pointwise sense, the error terms are sharper than those in [17]
and [21].

The paper ends with a section to extend the asymptotics from Theorem 1.3 to rougher solutions.
With the uniform estimates on error terms, we apply approximation arguments to study solutions in
various low-regularity spaces: H', H'/* and L? with some weights. Using the local well-posedness in
H*(R) with k > % obtained by Kenig-Ponce-Vega (see [29]); the growth estimates for the H* norm due
to Colliander-Keel-Staffilani-Takaoka-Tao [6], Guo [20] and Kishimoto [32]; and the recent advance on
globally well-posedness by Harrop-Griffiths-Killip-Visan [22] in HT (R), T > —1/2, we employ a global
approximation argument to extend our long-time asymptotics to H*:! with k > 0. Then we can extend
the results in the previous theorem and obtain the following:

Theorem 1.8. For any initial data uy € H'(R) with k > 0, the solution? to the MKdV equation
Up + Uyyy — 6UlUy =0 (x,1) € (R,R") (1.24)

has the same asymptotics as in our main Theorem 1.3.

We notice that one can trace all the details in our implementation of the nonlinear steepest descent
and that it suffices to require the weights in x to be (x)* with s > % since for the general case, s > %
is sufficient for us to apply the Sobolev embedding and the estimate of modulus of continuity of
the reflection coefficients in the Riemann-Hilbert problem. Therefore, we can conclude the following

corollary:

Corollary 1.9. For any initial data uy € H**(R) with s > % and k > 0, the solution to the MKdV
equation (1.24) has the same leading-order terms as equations (1.19)—(1.22) (first term on the right-
hand side of the equation) in main Theorem 1.3. And the error terms (big-O notation) can be found in

Remark 7.2.

After establishing the computations for s = 1, to get the general results for s > %, one just needs to
use the standard analysis of Jost functions and mollifiers. Computations from s = 1 to general s > %
are quite routine; see Cuccagna-Pelinovsky [8] for computations for the cubic NLS. In particular, the
direct scattering problem for the mKdV equation is the same as the NLS. Hereinafter, for the sake of

simplicity, we just focus on the case where s = 1.

2For the precise meaning of solutions, we refer to Theorem 8.2 and Theorem 8.11 for details.
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1.3. Notations

Let o3 be the third Pauli matrix

(10
7370 -1
and define the matrix operation
2
adoy 4 _ a e°b
erA= (e‘zc d )
We define Fourier transforms as
~ 1 .
h(é) = F[h](¢) = —/e—”‘fh(x)dx. (1.25)

271' R

Using the Fourier transform, one can define the fractional weighted Sobolev spaces:
k s
H*S(R) := {h (14 [EP) T h(E) e L*(R), (1+x*)’h e Lz(R)}. (1.26)

As usual, ‘A := B’ or ‘B =: A’ is the definition of A by means of the expression B. We use the

1
notation (x) = (1 + |x|?)2. For positive quantities a and b, we write a < b for a < Cb, where C is some
prescribed constant. Also, a ~ b for a < b and b < a. Throughout, we use u; := aﬁru, Uy = %u.

1.4. Some discussion

To finish the introduction, we highlight certain features of this paper.

Firstly, compared with the analysis of the nonlinear Schrédinger equation in weighted Sobolev spaces
[14], the defocussing MKdV exhibits more complicated behaviour in terms of long-time asymptotics.
This follows from the fact that the phase function for the nonlinear Schrodinger equation has a single
stationary point, while the phase function for the MKdV equation has two stationary points. The MKdV
equation has the oscillatory region (Region I), the self-similar region (Region II-IV) and the decaying
region (Region V), each of which has different leading-order terms and error terms. These two stationary
points, due to symmetry, will lead to a real-valued solution to the equation plus a higher-order correction
term. More importantly, unlike the NLS equation, where we can build parametrices directly out of the
parabolic cylinder functions, for the MKdV equation, extra terms have to be eliminated before arriving
at the model problem. Thus, due to the complicated structure of the MKdV equation, we will explore
some new applications of the d-steepest descent method. We instead conjugate the jump matrices by
a diagonal matrix P (compare equation (4.2)). Meanwhile, in certain self-similar regions, the two
stationary points will approach each other as t — co. In this case, the decay in time results from a
scaling factor instead of oscillation. We believe these are new applications of the 8 nonlinear steepest
descent method and can be used to treat other integrable models.

Secondly, we extend the asymptotics of the MKdV equation to solutions with initial data in lower
regularity spaces using a global approximation via PDE techniques. In Deift-Zhou [14], due to the
L}LS Strichartz estimates for the linear Schrodinger equation and the conservation of the L? norm,
the authors can globally approximate the solution to the nonlinear Schrédinger equation with data in
L>! using the Beals-Coifman representation of solutions directly. Unlike the Schrédinger equation,
the smoothing estimates and Strichartz estimates for the Airy equation and the MKdV equation are
much more involved. For example, one needs the L% L% estimate that acts like a maximal operator.
To directly work on the solution to the MKdV equation via inverse scattering to establish the smooth-
ing estimates and Strichartz estimates, one needs estimates for pseudo-differential operators with very
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rough symbols. To avoid these technicalities, we first identify the solution by inverse scattering with
the solution given by the Duhamel formula, which we call a strong solution. The equivalence of these
two types of solutions in H>!(R) is not transparent since there is not enough smoothness for taking
derivatives. Relying on smoothing estimates and the bijectivity of the scattering and inverse scatter-
ing transforms by Zhou [45], which plays the role of the Plancherel theorem in Fourier analysis, we
show that these two types of solutions are the same at the level of H>!(R), which is necessary to con-
struct the solutions by inverse scattering. Since the strong solutions by construction enjoy Strichartz
estimates and smoothing estimates, by our identification, the solutions by inverse scattering also sat-
isfy these estimates. Then we can use Strichartz estimates and smoothing estimates to pass limits
of solutions by inverse scattering to obtain the asymptotics for rougher initial data in H'-!(R) and
Hi! (R). To illustrate the importance of H!(R) and H i (R), we note that in H'(R), the MKdV equa-
tion has energy conservation. On the other hand, H %(R) is the optimal space to use iterations to
construct the solution to the MKdV equation. With the recent advances in global well-posedness of
mKdV equations [22], with appropriate notation of solutions, our results can be naturally extended to
solutions with initial data in the weighted L?(R) space. For details of the proof, we refer the reader
to Section 8.

Finally, we give a general description of the derivation of the long-time asymptotics and performing
nonlinear steepest descent. The major part of this paper is devoted to the study of Region I, whose
leading behaviour is given by parabolic cylinder functions.

The first step (Section 2), is to conjugate the matrix m with a scalar function §(z), which solves the
scalar model RHP Problem 2.1. This conjugation leads to a new RHP, Problem 2.3. This is to prepare
for the lower/upper factorisation of the jump matrix on the part of the real axis between two stationary
points. This is needed in the contour deformation described in Section 3.

The second step ( Section 3) is a deformation of the contour from R to a new contour £?) (Figure 4.1).
It is to guarantee that the phase factors in the jump matrix in equation (2.4) have the desired expo-
nential decay in time along the deformed contours. Inevitably, this transformation results in certain
nonanalyticity in sectors Q; U Q3 U Q4 U Qg U Q;ﬁ U Qg—', which leads to a mixed 0—RHP-problem,
Problem 3.3.

The third step is a ‘factorisation’ of m? in the form m® = m®m'C, where m"C is the solution of a
localised RHP, Problem 4.1 and m® a solution of § problem, Problem 5.1. The term ‘localised’ means
the reflection coefficient r(z) is fixed at +zy along the deformed contours. We then solve this localised
RHP, whose solution is given by parabolic cylinder functions. Since we have to separate the contribution
from two stationary points +z9, some error terms appear alongside, and their decay rates are estimated.

The fourth step (Section 5) is the solution of the d-problem by solving an integral equation. The
integral operator has a small L*-norm at a large ¢, allowing the use of the Neumann series. The
contribution of this & problem is another higher-order error term.

The fifth step (Section 6) is to group together all the previous transformations to derive the long-time
asymptotics of the solution of the MKdV equation in Region I, using the large-z behaviour of the RHP
solutions. These five steps above are more or less standard, and during the proof we mainly follow the
outline of [36].

The sixth step is the study of Regions II-V. The leading-order term in these regions is given by a
solution to the Painlevé II equation, and error estimates are obtained from scaling.

2. Conjugation

We introduce a new matrix-valued function
m™ (z;x,1) = m(z;:x,06(2)" 7, @2.1)
where §(z) solves the scalar RHP Problem 2.1 below:
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Problem 2.1. Given +zy € R and r € H'(R), find a scalar function §(z) = 6(z;z0), analytic for
z € C\ [—20, 20], with the following properties:

(1) 6(z) > 1asz — oo,
(2) d(z) has continuous boundary values . (z) = lim, o 6(z + ig) for z € (=20, 20),
(3) 6. obey the jump relation

5.(2) = 5-()(1=1r(2)f), z € (=z020)
" 5_(2), Z€R\ (=20,20)

Lemma 2.2. Suppose r € H'(R) and k(s) is given by equation (1.18). Then

(i) Problem 2.1 has the unique solution
7—7z iK
5(z) = (—0) eX(@), 2.2)
Z+ 20
where «k is given by equation (1.18) and

_re 1-|r(OI\ d¢
x(@) = 2mi '/—zo log(l - |r(Z0)|2)§ —Z @)

=) = exp|ix|log s
Z+20 Z+
Here we choose the branch of the logarithm with —n < arg(z) < 7.

(ii)

0 +iarg(z —zo) —iarg(z + zo)))~
0

8(2) = (6(2)" =6(-3)

(iii) Forz € R, [64(2)| < oo; forz € C\R, [6%1(2)| < oo.
(iv) Along any ray of the form +zo + ¢! ?R* with0 < ¢ < morm < ¢ < 2m,

< Crlz ¥ 20|V

iK
5(7) - [F=20) exz0
z+20

The implied constant depends on r through its H' (R)-norm and is independent of +zy € R.

Proof. The proofs of (i)—(iii) can be found in [11]. To establish (iv), we first note that

iK
£ <e™
Z+20

To bound the difference eX(? — ¢X(£20) notice that

eX (2 _ px(220)

< |e)((izo) )eX(Z)—X(iZo) - 1‘

bd
</ A ste(2)x(s20)ds
~ 0 ds

< |z % 20)'* sup
0<s<1

< |Z$Z0|1/2,

eS()((z)—)((izo))‘

where the third inequality follows from [3, Lemma 23]. O
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It is straightforward to check that if m(z; x, t) solves Problem 1.2, then the new matrix-valued function
mW (z;x,1) = m(z;x,1)6(z) 7 is the solution to the following RHP.

Problem 2.3. Given r € H"O(R), find a matrix-valued function m" (z; x, r) on C\ R with the following
properties:

(1) mW (z;x,1) = I as |z] — co.
(2) mM(z;x,1) is analytic for z € C \ R with continuous boundary values

mil)(z;x, 1) = limm(l)(z +ig;x,t).
- £l0
(3) The jump relation
mil)(z;x, 1) =mP(z;x,1)e 10273, (7)
holds, where
v (2) = 6_(2) v (2).(2)" 7.

The jump matrix e~¢24 73y (1) js factorised as

2_
1 0 | - oLr o200
5-2r 1—1|r? , 2 €(-20,20),
- 2i0
16 ad 1 1—|r|? 0 !
e 10d s, (1 () = 24
1 —F62e72%0 1 0
_ , 7 € (=00, —-20) U (20, ).
0 1 ré e |

3. Contour deformation

We now perform contour deformation on Problem 2.3, following the standard procedure outlined in
[36, Section 4]. Since the phase function in equation (1.9) has two critical points at +z(, our new contour
is chosen to be

2@ =3 U US3 U, USs USeU Sy U 3.1

(shown in Figure 3.1) and consists of rays of the form +zq + e!?R*, where ¢ = n/4,3n/4,57/4,Tn /4.
We now introduce another matrix-valued function m(?):

m?@(z) =mV ()RP (7).

Here R is chosen to remove the jump on the real axis and brings about new analytic jump matrices
with the desired exponential decay along the contour X (). Straightforward computation gives

m® = (VR

—mD (e—iBad(rgV(l))Riz)

=m? (’R(,z))_l (e_m ad ’T3v(l))7€9).
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%

2y

Figure 3.1. Deformation from R to 3.

We want to make sure the following condition is satisfied

1 =i 2
(RD) 1(e té)ad(r3v(l))RSr) =1,

where R{? are the boundary values of R(? (z) as +Im(z) | 0. In this case, the jump matrix associated

to m(f) will be the identity matrix on R.
From the signature table [ 1, Figure 0.1], we find that the function e~'” is exponentially decreasing
on X3, X4, X5, X6 and increasing on X1, ¥, X7, Xg away from the stationary point, while the reverse is

true of e ¢, Letting

2i60

(2 20) = (Z_ZO) : (32)

Z+20

we define R? as follows (Figures 3.2-3.3): the functions R;, R3, R4, Rg, R;, Rg, Ry, Rg satisfy

-r(2)6(2)2 z € (20, )
Ri(z) = (3.3)
—r(z0)e”X@n(z;20)% 7€,
—r(2)0(2) 7 Z € (=00, -20)
Rs(z) = (3.4)
—r(=z0)e X "0n(z;20) 2 z € o,
-r(2)8(2) z € (=00, ~2)
R4(z) = (3.5)
—r(=20) e "0n(z;20)?  z € 23,
-r(2)6(z2)? z € (=00, —2)
Re(z)=1 (3.6)
_r(ZO)er(z())n(Z; 20)2 7 € X4,
6_2
% Z € (=20, 20)
R (z) = (3.7
7 e X0 (z: 20) "2 (20) ces
1= [r(z0) P2 ”
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Figure 3.3. The matrix R\?) for Region I, near —zy.

82(2)r(2) )
R (z) = T=1r@P z € (=20, 20)
8 X Onzz0’r@) s
1 - r(z0)|? 3>
62(2)r(z)
R;(z) = T-1r@P z € (=20, 20)
7 e X0 n(z; 20)*r(=20) zeX
1 —|r(-z0)? 5,
02(2)r(z)
R;(2) = T=1r@)P z € (-z0, 20)
8 eZX(—zo)n(Z; Z())2m .
1 —|r(=z0)|? 7
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Each R;(z) in €; is constructed in such a way that the jump matrices on the contour and 5Rl-(z)
along with their relevant exponentials enjoys the property of exponential decay as t — co. We formulate
Problem 2.3 into a mixed RHP-4 problem. In the following sections, we will separate this mixed problem
into a localised RHP and a pure d problem whose long-time contribution to the asymptotics of u(x, t)
is of a higher order than the leading term.

The following lemma [15, Proposition 2.1] will be used in the error estimates of d-problem
in Section 5.

We first denote the entries that appear in equations (3.3)—(3.10) by

p1(2) = p3(2) = —r(2). pa(2) = pe(2) = —r(2),
r(z) r(z)

W’ ps-(2) = pg+(2) = W

p71-(2) = p7+(2) =

Lemma 3.1. Suppose r € H'(R). There exist functions R; on Q;, i = 1,3,4,6,7%,8* satisfying
equations (3.3)—(3.10), so that

0R:(2)] < Ip;(Re(2)| + 1z - &7z e

where & = +zy and the implied constants are uniform for r in a bounded subset of H' (R).

Proof We only prove the lemma for R;. Define £ (z) on Q; by
f1(2) = pr(zo)e (23 20) 76 (2)°,
and let
Ri(2) = (f1(2) + [P1(Re(2)) - f1(2)]1K(¢))6(2) 2, (3.11)

where ¢ = arg(z — ¢) and K is a smooth function on (0, 7/4) with

1 zel0,7/12],

K(¢) = {0 e e [r/6.n/d] (3.12)

Itis easy to see that R| as constructed has the boundary values in equation (3.3). Writing z—z¢ = pe'?,
we have

5—l£+li —lei¢ i_*_ii
“2lox ay) 2 op pog)
We calculate

a9 1 ’ -2 -2 iei¢ ’
OR1(2) = 5p1(Re2)K(¢) 6(2) " = [P1(Re 2) = f1(2)]6(2) HK ().

It follows from Lemma 2.2 (iv) that

|(6R1)(2)] < IpiRe )l + [z - &7

where the implied constants depend on ||7|| g1 and the cutoff function K. The estimates in the remaining
sectors are identical. O
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(2) 7(2)
Z2 Z1

) 2)
= =,

Figure 3.4. ¥/,

The unknown m?® satisfies a mixed 9-RHP. We first identify the jumps of m® along the contour
> Recall that m" is analytic along the contour, and the jumps are determined entirely by R(?; see
equations (3.3)—=(3.10). Away from (¥ using the triangularity of R(?), we have that

am® =m® (R@))_IER(” =m@IR?. (3.13)
Remark 3.2. Note that the interpolation defined through equation (3.11) introduces a new jump on 2'9(2)
of Figure 3.4 with a jump matrix given by
1, z € (—izptan(m/12),izo tan(m/12))
1 (R; — Ry)e™2i¢ , ,
, z€ (izotan(m/12),iz
vo(2) = 410 { (izo tan(m/12), izo) (3.14)
e |z (izn—izgtan(r/12),)
. ,  z € (—izg,—izotan(m ,).
(R — R})e¥® 1 o

But vy is exponentially small due to the construction of /C(¢) in equation (3.12).
Now we arrive at the following Riemann-Hilbert-d problem.

Problem 3.3. Given r € H'(R), find a matrix-valued function m® (z;x,7) on C \ '@ with the
following properties:

(1) m®(z;x,1) > Tas|z] = c0inC\ TP,

(2) m®(z;x,1) is continuous for z € C \ £'? with continuous boundary values mf) (z;x,t) (Where +
is defined by the orientation in Figure 3.4).

(3) The jump relation m'? (z;x,1) = m® (z;x,1)e" 103472 (7) holds, where e?24 7,2 (2) is given
in Figures 3.5-3.6 and equation (3.14).

(4) The equation

Im® = @GR
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1 R;’e_zio 1 0
RleZi() 1

0 1

1 0
R§€2i9 1

Figure 3.5. Jump matrices v? for m® near zo.

10 1 Rye™2?
Rze%? 1 0 1

1 0
R§€2i0 1

Figure 3.6. Jump matrices v® for m® near —z.

holds in C \ ', where

0 0 0 (dR¥)e2i0
— . , 2€Q ,2€Q
(0R))e*? 0 0 0

0 0 0 (9Rg)e 2i?
(FRY)eH0 , Z€Q , 2€Q6
OR})e”'? 0 0 0

8

R = 0 0 0 (5R4)e—2i9

— . , 2€ , 2€Qy
(0R3)e*? 0 0 0

0 0 ) 0 (9R;)e 2 )
_ ) , 2 € QS , 2 € Q7
(0Rg)e*? 0 0 0

0 7 € QyUQs.

Figures 3.5 illustrates the jump matrices of RHP Problem 3.3.
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4. The localised Riemann-Hilbert problem

We perform the following factorisation of m?:

m® =m®me. .1

Here we require that m® to be the solution of the pure g-problem; hence no jump and m"C solution of
the localised RHP Problem 4.1 below with the jump matrix vC = v(? | The current section focuses on

mC.
Problem 4.1. Find a 2 x 2 matrix-valued function m™C(z; x, 1), analytic on C \ X’® (See Figure 3.4),
with the following properties:

(1) m"C(z;x,1) = Ias |z| = oo in C\ ’®, where I is the 2 x 2 identity matrix.
(2) m“C(z;x,1) is analytic for z € C \ X’® with continuous boundary values mC on (.
(3) The jump relation m'C(z; x, 1) = m“C(z; x, £)v"C(z) holds on X’®, where

V() = v (z).

4.1. Construction of the parametrix

For some fixed p > 0, we define

Ly={z:z=z0+ue’™* p <u < V2zp}

Uf{z:z=z0+ue™* u> o}
U{z:z= —zO+uei”/4,p <u< \/EZO}
3inm/4

Juzp}
=P\ (L, UL, uz?).

U{z:z=—-z0+ue

Problem 4.2. Find a matrix-valued function m*’(z; x, 1) on C \ %', with the following properties:

(1) m? (z;x,1) — I as 7 — co.
(2) m* (z;x, 1) is analytic for z € C \ %', with continuous boundary values mi‘/ (z3x,1).

Y .z.« Y

Figure4.1. ¥’ =%/, U X},
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(3) On X’,, we have the jump conditions
mf (z;x,1) =m? (z;x,0)e 09Ty A (2),
where vA = v(@ 'y, -

Problem 4.3. Find a matrix-valued function m?'(z;x,1) on C \ %7 with the following properties:

() mB (z;x,1) > [ as z —> oo.
(2) m® (z;x,1) is analytic for z € C \ 2%, with continuous boundary values mf/(z;x, 1).
(3) On Zj, we have the jump conditions

mB (z3x,1) = mB(z;x,1)e 02438 (),

where v8" =2 TE;}-

To construct solutions to Problems 4.2—4.3, we need the following matrix-valued function:

P- 0
0 P | lz+ 20l < p
Py O
P= 0+ 7?‘1)’ lz =zl <p (4.2)
10
01)’ |z +z0] = p

where
P = (1927)ik/2€_8iT€X(_ZO)T](Z; _ZO)—I(_é«_)ikei{,zMeiG

Pa = (1927) 7612687 X (@0) (2 7)1 gk 1471410

with {3 = V48z0t(z £ z9). Then we further set

m™C = ni, P!, (4.3)
where
nip 1 {z |z + 20l <p}=mA'(7f) P(i‘l) = mA, 4.4)
nip F{z:lz—20|<p}=m3'(7g+ P?—l):sz- (4.5)
Set

6% (2) = (1927) /2 ¢78iT px (=20)
6% (2) = (1927) /2 8iT px (20,

Let X4 and X denote the contours

{z=ue™™*: —00 < u < o0}

with the same orientation as those of X4 and Zp/, respectively.
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m* solves the following Riemann-Hilbert problem:

m () =mA2(OvB((), (€4
B 4.6)
mA() =1-"+0(7?), (- oo

We have from the list of entries stated in equations (3.3), (3.5), (3.7) and (3.8) the rescaled jump matrices

on X4:
1 0
. (-eX}
(6%(20)2r(z0) (~¢-)2xe 62 1
1 0
4
@@ 20 . | A
A (<L
pA =4\ 1=1r(zo)? o @.7)
1 =(85(2)r (o) (~¢-) 2ikele* 12
. ez}
0 0
1= 1rzo)P L Lesl
0 1
Similarly, we have from the rescaled jump matrices on Zp:
1 0
H §+ € ElB
)
(6% (2)2r(z0) {7 et e /2 1
1 0
0 (-2 , lpexd
(63(2)) r(ZO) §;2ikei{f/2 1 B
N N e [ “.8)
I ~(8%(2))°r(z0)¢3 e/
s §+ € Z";}
0 1
0 277y
(63(2)) r(ZO) f""e_iﬁ/z
1 = |r(zo)I? , ezl
0 1
m® solves the following Riemann-Hilbert problem:
mE () =mB (WP, (exp
4.9)

mB(é’) =I—n2—f3+0({72), { — oo.

https://doi.org/10.1017/fms.2022.63 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.63

Forum of Mathematics, Sigma 21

23

4
z B

A A

Figure 4.2. T 4,%p.

The explicit form of mfo is given as follows (see [11, Section 4])

B 0 —(6%)%iB12

T 920

(4.10)

where

2ﬂ.ei7r/4e—7rk _,/27Te—i7r/4e—7rk

Pz orcn . P T

and I'(z) is the Gamma function. Using the explicit form of v5 given by equation (4.8), symmetry
reduction given by equation (1.7) and their analogue for v4, we verify that

vA(2) = o3vB (D)o, (4.11)
which in turn implies by uniqueness that
m*(z) = 3mB(-2) 03, (4.12)

and from this, we deduce that

m‘l“ = —0'3me3 4.13)
_ 0 (%7%Bn _
—(6%)7%iBy 0
Collecting all the computations above, we write down the asymptotic expansions of solutions to Problem

4.2 and Problem 4.3, respectively.

Proposition 4.4. Recall that ¢~ = 4820t (z + z0), the solution to RHP Problem 4.2 m*', admits the
following expansion:

A . 1 0 i(69)%B1, -1
m® (z({);x, ) =1+ {—(—iwg)_zﬁzl AO )+(9(t ). (4.14)

Similarly, for £, = V4820t (z—20), the solution to RHP Problem 4.3 m®" admits the following expansion.:

mB (z2(0)ix, 1) =1+ {_1+(i(60 0 —i(6%)*B12

28y, : )+O(f1). (4.15)
B
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/(2) 7(2)
22 Z1

/(2) /(2)
23 24

Figure 4.3. Zf.

Now we construct m"C needed in the factorisation of m? in equation (4.1). In Figure 4.3, we let p
be the radius of the circle C4 (Cp) centred at zg (—zg). We seek a solution of the form

E(2) lz£2z0l > p
mC () ={E(@)m?¥ (2) |z+z0l <p (4.16)
E(@m®P(2) |z—zl <p

Since m?" and m®  solve Problem 4.2 and Problem 4.3, respectively, we can construct the solution
mC(z) if we find E(z). Indeed, E solves the following Riemann-Hilbert problem:

Problem 4.5. Find a matrix-valued function E(z) on C\ Xg with the following properties:

(1) E(z) > [ as 7 — 0.
(2) E(z) is analytic for z € C\ (C4 U Cp) with continuous boundary values E. (z).
(3) On C4 U Cp, we have the following jump conditions

Ei(z) = E_(2)v'®)(2),
where

m% (2(0)), z€Ca
vIE (2) =<mP (2(¢)), zeCp (4.17)
v, 2€Zp\(CaAUC).

Proposition 4.6. E(z) admits a classical solution: that is, the jump condition in equation (4.17) holds
pointwise on the contour .

Proof. Here we invoke to the well-established existence and uniqueness theory from [44] (see also
chapter 2 [42]). First, it is easy to check that

V(E)(Z) — v(E)T(z),

where the 1 denotes the Hermitian conjugate of the given matrix. We then take care of the zero-sum
condition at the self-intersecting points of Xg. Since the remaining cases follows from symmetry, we
will only look Zg(z) N Zg(z) N Z;(z) and 23(2) N C4. The zero-sum condition holds at the first point by
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comparing equations (3.8) and (3.14). For Zé(z) N Ca, (after adding contour with identity jumps and
reorientation; compare page 1058 [14]), we explicitly compute

1=m* @ | [ o]
= mf ) (v?) (¥ z2)

Since v is smooth away from the intersections and zero-sum conditions have been verified, this
completes the proof. )

Setting
n(z) =E_(z) - I,
then by standard theory, we have the following singular integral equation
n=I1+C,&n,
where the singular integral operator is defined by
C,en= C_(r](v(E) - I))

We first deduce from equations (4.14)—(4.15) that

“v<E> - IHLoo <2, (4.18)
hence the operator norm of C, )
vE)

€ fllee < NF Nl Lo < t7V2 (4.19)

Then the resolvent operator (1 — C, )" can be obtained through Neumann series, and we obtain the
unique solution to Problem 4.5

B (g)
E(z)=1+—— / A+ =D (4.20)
271 Jeucs §—2z

which admits the following asymptotic expansion in z:
E 1
Ea(2) =1+—1+0(—2). 4.21)
z Z

Using the bound on the operator norm in equation (4.19), we obtain

Ei(z) = - / (1+ () (B (5) - Dds 4.22)
27Tl CaUCE

= v E(s) = Dds+0@™). (4.23)
27Tl CAUCg
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Given the form of v() in equation (4.17) and the asymptotic expansions in equations (4.14)—(4.15),
an application of Cauchy’s integral formula leads to

- 0 ~i(5p)* B> ) 1 ( 0 i(69)%B1> ) -1
El - \/48Z0[(i(6%)_2ﬁ21 0 + \/48_Z0l _i(ég)_zﬁﬂ 0 + O(f ) (424)

After possible reorientation of the contours, using the reconstruction formula given by equation
(1.14), we expect that

u(x, ) = [ 1/2cos(16t13—/<10 (192t22) + ¢(z ))+0 _cko) ), ¢ (4.25)
S Y 0 g 0 0 Vzott/2 Is :

where

“ (1—|r(§)|2) dz
¢

[0)
T 1ror) 7= 2

¢(z0) = arg'(ik) — % —argr(zo) + % /

—20

and & is the error induced by a pure—5 problem to be studied in the following section.

5. The 6-Problem

From equation (4.1), we have matrix-valued function
m® (z5x,1) = m® (z;x,)m™ (36,07 (5.1)

The goal of this section is to show that m® only results in an error term E; with higher-order decay
rate than the leading-order term of the asymptotic formula in equation (4.25).
Since m"“C(z; x, 1) is analytic in C \ £'®, we may compute

am® (z;x,1) = dm® (zx, Hm"C (z;x,1)™"
=m@(z;x,0) R (2)m " (z;x, 1)~ (by equation (3.13))
=m (zx,)m"C(z;x,0) IRP (2)m"(z;x,0)! (by equation (5.1))
=m® (z;x, )W (z;x,1),
where

W(z;x, 1) = m*(z;x,1) ORP (2)m"C(z;x,1) 7" (5.2)

We thus arrive at the following pure g-problem:

Problem 5.1. Give r € H'(R), find a continuous matrix-valued function m® (z;x,7) on C with the
following properties:

(1) m® (z:x,1) = I as |z] — o,
) Im3 (z;x,1) = m® (z;x, ) W(z; x,1).

It is well understood (see for example [, Chapter 7]) that the solution to this F problem is equivalent
to the solution of a Fredholm-type integral equation involving the solid Cauchy transform

1 1
P& =7 [
mJedl-z
where d denotes Lebesgue measure on C.
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Lemma 5.2. A bounded and continuous matrix-valued function m® (z; x, t) solves Problem (5.1) if and
only if

m® (zx, 1) =1+ 1 / ;mm({;x, HW(Lx,t)de. (5.3)
nTJcd -z

Using the integral equation formulation in equation (5.3), we will prove:

Proposition 5.3. Suppose that r € H' (R). Then for t > 1, there exists a unique solution m (z; x, t)
for Problem 5.1 with the property that

1 1
m® (zx,1) = T+ -mV(x, t)+0(—) (5.4)
z z
for z = io with & — +oo. Here,
(0| < (zon 4, (5.5)

where the implicit constant in equation (5.5) is uniform for r in a bounded subset of H' (R).

Proof. Given Lemmas 5.4-5.8, as in [36], we first show that, for large #, the integral operator Kw
defined by

(Kw @) =7 [ Z=rewe
is bounded by
IKw |z s (200", (5.6)
where the implied constants depend only on ||7|| 1. This is the goal of Lemma 5.6. It implies that
m® = (I -Kw) 1 (5.7)

exists as an L* solution of equation (5.3).

We then show in Lemma 5.7 that the solution m ) (z; x, 7) has a large-z asymptotic expansion of the
form in equation (5.4) where z — oo along the positive imaginary axis. Note that, for such z, we can
bound |z—¢| below by a constant times |z|+|{]|. Finally, in Lemma 5.8, we prove the estimate in equation
(5.5), where the constants are uniform in r belonging to a bounded subset of H' (R). The estimates given
by equations (5.4), (5.5) and (5.6) result from the bounds obtained in the next four lemmas. m]

Lemma 5.4. Set & = +z9 and z = (u + &) + iv. We have
[GR® 2| < (Ipj(Re(2))] + 12 - €]/ e0rleIl, (5:8)
Proof. We only show the inequalities above in 1 and Q3. Recall that near z¢

i0(z;x,1) = 4it((z —20)° +320(z - 20)* - 2z3).
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In Q, we use the facts that ¥ > 0, v > 0 and |u| > |v| to deduce

Re(2i6) = 8it(3iu*v — iv> + 6iuvz)
= 8¢t(=3u’v +v> — 6uvzg)
< 81(=3u®v + u*v — 6uvzp)

8¢(—2u’v — 6uvzp)

—8lul|v|zot.

IA

IA

Similarly, in QF, we have u < 0,v > 0 and |u| > |v|, hence

Re(-2i6) = —8it(3iuv — iv’ + 6iuvzo)
= 8t (3u®v + 6uvzp)
< 8t(=3uzgv + 6uvzy)
—8ul|v|zot.

The estimate given by equation (5.8) then follows from Lemma 3.1. The quantities p;(Re z) are all
bounded uniformly for  in a bounded subset of H'(R). O

Lemma 5.5. For the localised Riemann-Hilbert problem from Problem 4.1, we have

[, )]0 5 1, (5.9)
[ (x| s 1. (5.10)

All implied constants are uniform for r in a bounded subset of H' (R).
The proof of this lemma is a consequence of the previous section.

Lemma 5.6. Suppose that r € H'(R). Then the estimate given by equation (5.6) holds, where the
implied constants depend on ||r|| 1.

Proof. To prove equation (5.6), first note that

1Kw Fllo < 1 £lle / WOl (0 5.11)

so that we need only estimate the right-hand integral. We will prove the estimate in the region z €
since estimates for the remaining regions are identical. From equation (5.2),

W] < [l lo[aR1 161

Setting z = @ +if and { = (u + zp) + iv, the region Q| corresponds to u > v > 0. We then have from
equations (5.8), (5.9) and (5.10) that

/ WOl s D+,

=// o lP e dudy
A=
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It now follows from [4, proof of Proposition D.1] that
L], 12 < (zot)~ "%

It then follows that

1
/g 1 wolde < o,

, |z = 20
which, together with similar estimates for the integrals over the remaining Q;s, proves equation (5.6). O

Lemma 5.7. For z = io with o — +oo, the expansion in equation (5.4) holds with

mi3)(x,t) = ;T/Cmm(g’;x,t)W({;x,t) de. (5.12)

Proof. We write equation (5.3) as
@) L ! SE)
m(z;x,1) = (1,0) + —=m; 7 (x,1) + — m (L x, )W (L5 x, 1) dm(L),
z nz Jecz—{¢

where m§3)is given by equation (5.12). If z = io, it is easy to see that |{|/|z — | is bounded above by a
fixed constant independent of z, while [m ) (£;x,1)] < 1 by the remarks following equation (5.7). If we
can show that /(C [W(Z;x,1)| d{ is finite, it will follow from the Dominated Convergence Theorem that
m(x, OW(Zx,1)dl =0,

I g
im -
o= Je o — {

which implies the required asymptotic estimate. We will estimate / [W(&)| dm () since the other
Q)

estimates are identical. One can write
Qr={(u+z0,v):v=20,v<u<oo}

Using equations (5.8), (5.9) and (5.10), we may then estimate

/ W(Gx ) dZ < T+ Do,
Q)

I =/ / \p](u+zg)|e"z°w du dv
0 v

L= / / ’uz + v2|_1/26_’Z°”V du dv.
0 v

It now follows from [4, Proposition D.2] that

where

L, I < (Zot)_3/4.

These estimates together show that

/ W(Zx )] dm(¢) < (z01)™ 5.13)
Q
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and that the implied constant depends only on ||r||g1. In particular, the integral in equation (5.13) is
bounded uniformly as r — co. O

Lemma 5.8. The estimate in equation (5.5) holds with constants uniform in r in a bounded subset of
H'(R).

Proof. From the representation formula given by equation (5.12), Lemma 5.6 and the remarks following,
we have

o] s [ Wil

In the proof of Lemma 5.7, we bounded this integral by (zor)~>/* modulo constants with the required

uniformity. O

6. Long-time asymptotics

We now put together our previous results and formulate the long-time asymptotics of u(x, ) in Region
I. Undoing all transformations we carried out previously, we get back m:

m(zx,t) =m® (z;x, Hm*C(z;20)RP (2)'6(2) . 6.1)

By stand inverse scattering theory, the coefficient of z~! in the large-z expansion for m(z;x,t) will be
the solution to the MKdV equation:

Lemma 6.1. For z = io and o — +oo, the asymptotic relations

m(z;x, 1) =1+lm1(x,t)+0(l) (6.2)
Z z
LC 1 ¢ 1
m>~(z;x, 1) =1+ Zml (x,1) + o(z) (6.3)
hold. Moreover,
(m1(x,1))1 = (m}c (x, t))12 + O((zot)*/“). (6.4)

Proof. By Lemma 2.2(iii), the expansion

oo (10) 1{6 0 N
5(2) _(01)+E(0 61_1)+(’)(z ) (6.5)

holds, with the remainders in equation (6.5) uniform in r in a bounded subset of H L Equation (6.2)
follows from equations (6.1) and (6.3), the fact that R® =IinQ, and equation (6.5). Notice the fact
that the diagonal matrix in equation (6.5) does not affect the 12-component of m. Hence, for z = io,

1/ 3 1 1
(m(zx. i = - (mP )+ —(miCn) +”(z)’
and the result now follows from equation (5.5). O
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We arrive at the asymptotic formula in Region I:

Proposition 6.2. The function

u(x,r) = =2 lim zm(z;x,1) (6.6)
Z—00
takes the form
U 1) = has (8,1) + O+ (200) 1),

where

1/2
s (X, 1) = (3;‘_20) cos(lﬁtzg — klog(19212]) + ¢(ZO)),

with

1og( =P )gdf

... 1
ota) =arg i) = 5 —arr(ao + [ e 177805 25

~2
obtained from equation (4.25).

See Section 4 in Deift-Zhou [1 1] for full details on the derivation for the explicit formula of u .

7. Regions II-V

We now turn to the study of Regions II-V. We first study Region III, then Region II and finally Region
IV and Region V. Our starting point is RHP Problem 1.2, and the strategy of the proof is as follows:

1. We scale the RHP Problem 1.2 by a factor determined by the region.

2. We use 0-steepest descent to study the scaled RHP and obtain both the leading term and the error
term.

3. We multiply by the scaling factor to get the asymptotic formula for the original RHP Problem 1.2.

7.1. Region I11

In this region, 7 < M.

71.1. x <0
We first notice that

0=/ <M 50 ast—

so we do not need the lower/upper factorisation given by equation (2.4) for |z| < z¢ and are left with the
following upper/lower factorisation:

_ L-r(e?\( 1 0
e 1083y () = . , z€R. (7.1)
0 1 r(z)e?? 1

Now we carry out the following scaling:

7o B3, (7.2)
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Quy) (II1)
% Z

(11m) (110)
PN 3,
Figure 7.1. £ — Region-III.
and equation (7.1) becomes
1 —r(£t71/3)e 20 1 0
, Z€R, (7.3)
0 1 r(gr13)e20@)

where
0(st7 13y =423 4 xz7'B = 43 - 3723)).

Note that the stationary points become +zo¢'/3.

We now study the scaled Riemann-Hilbert problem with the jump matrix given by equation (7.3).
We will again perform contour deformation and write the solution as a product of the solution to a
0-problem and a ‘localised’ Riemann-Hilbert problem.

For brevity, we only discuss the 5-pr0blem in Q. In Q;, we write

C=u+zot"P +iv,
Then
Re(2i0(£1™1%) = 8(=3(u+ 20132y + v* + 30/
< 8(—3u2v — 6uvzor'? + v3)

—16u’v

0 0 13
(r({t‘1/3)e2i9(§t'/3) 0) 2€ (oot )

IA

0 0
Fep)et0@rt® ] - EEH

and the interpolation is given by
r(zo) + (r (Re{t_m) - r(zo)) cos 2¢.

So we arrive at the d-derivative in ©; in the { variable:
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_ 113y _ . .
AR, = (t_1/3r'(ut_]/3) cos 2¢ — Z—r(uk ) 1;3(|Z0) e'? sin 2¢)ez”’, (7.4)
- zot
T +2i0 ~1/3.4(, .~1/3 Il 2 —16u2v
‘6Rle ) < (|t r (ut )|+ A1 — 2012 e . (7.5)

We will derive an exactly solvable model problem before dealing with the 0— error estimates. We apply
the fundamental theorem of calculus to get

L si(-3223g)

~1/3y ,2i0 _ 2i6
r(it7)e r(0)e”? < 16

Given the fact that zor'/3 = 713 < (M)'/3, we have that

L gi(er3e2g)

1/6
(176 :

Lin2nLe ST

So we can reduce the problem to a problem on the contour given by Figure 7.1 with the following jump
matrices:

eifad o3, (2) &) = o~ 4i(+(x/(@1')) &) ad 03(r(10) (1)) e me) U Eém) (7.6)

_ (& (/) ) ado’g((l) —rl(O) ) £ e 5 5w

— e—4i(§3+(x/(4t1/3))[) ad(rzv(o)’ le [—Z0t1/3,Z0tl/3].

Following the same argument on page 357 of [1 1], the RH problem is further reduced to one defined on
the following contour as shown in Figure 7.2, which will be related to solve a Painlevé II equation:

(P) (P)
% Z

(P) (P)
PN %,

Figure 7.2. X-Fainlevé.
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—i0ad a5, (2) 7y — -4 (S (x/ @) )ados[ 10 (P) |, 5(P)
e v =e r(0) 1) JeX UL, 7.7

_ (@) ) 0’3((1) -0 ) fesPus?,

which is exactly solvable.
Let P be a solution of the Painlevé II equation

P"(s) - sP(s) —2P3(s) =0

determined by r(0). Then the reduced factorisation problem above is related to the Painlevé Il equation
by an isomonodromy problem associated to the linear problem

dy _ (—4iz® —is—2iP*  4Piz - 2P’
a: ~\ —apiz-2P 4i2wis+2p? |V

1/3

with s = x/t'/° and, as { — oo,

W;(s, ) ~ e 14318 +isO) s,
Here, over six sections (compare [11, Figure 5.7]), one has the jump relations

¢i+1(svz) = Wi(s7Z)Sia 1 <i< 6» W7 = lpl,

where S;s are determined by three parameters (p, q, r) satisfying

r=p+q+pqr.
In our setting, we have that

Ptq _

pzr(o)’q:_r(0)7r: -
1-pq

Then one can reconstruct P from ¢ ([11, (5.44)]):

P=P(x/i'3) = Jim 21'4(%((41'/3)43”54)“ - 1) .
§—o0 12

Since this isomonodromy problem is standard, we refer to Deift-Zhou [11, Sec.5] for full details.

We then proceed as in the previous section and study the integral equation related to the ) problem.
Setting z = a + i and = (u + zot'/?) + iv, the region Q; corresponds to u > v > 0. We decompose
the integral operator into three parts:

1
/ 1w s h+h.
o lz=¢I

where

I :/00/00_1 |t_1/3r’(ut_1/3)|e_16”2" du dv
0 v |Z_{|

= e 1Y du dv.
’ /0 /v |z = ¢ t1/3|ut‘1/3+ivt—1/3i1/2
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We first note that

12
(/’t—1/3r’(ut_1/3))2du) =70 o
R

Using this and the following estimate from [4, proof of Proposition D.1]

ﬂ.l/Z
L2(v,o0) < |V _ﬁ|1/2~ (78)

1

|z = ¢|

and Cauchy-Schwarz’s inequality on the u-integration, we may bound /; by constants times

o0 1 3
-1/61),.7 -v -1/6
PO [ e s,
o |v-pI'2

For I, we estimate

1 °° 1 pit |1
< -p/3
3wV 4 B2 || = (/v ' ((ut1/3)2+(vt1/3)2) du)
© 1 /4 Ip
=16 / du
v \u?+v2
< et~ V6,1p=1/2,
Now, by equation (7.8) and an application of the Holder’s inequality with P > 2, we get
0 l l ~16 3
I < p 10 | e 00 v d
| 2| —/0 t1/3\ut‘1/3+ivt‘1/3|l/2 LP(v,) |Z—{| Ld(v,0)€ Y
< C/mt—l/évl/p—1/2|v _ﬁll/q—]e—]6v3dv
0
<cr™V8,
This proves that
1 -1/6
Wl s 177
o lz—=¢|
We now show that
/ \W(O)ld¢ < 7. (7.9)
Q)

Again, we decompose the integral above into two parts:

I :/00/oo|t_1/3r’(ut_1/3)|e_16“2v dudv
0 v

[ ) 1 s
I = —16u vd d .
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By Cauchy-Schwarz’s inequality:

oo oo ) 1/2
I < / t_1/6||r'||2(/ e~ 10u "du) dv
0 v

co 6—16v3
< ct_l/ﬁf dv
0

Vv

< et 1/,

By Holder’s inequality:

S [eS) l/q
L < ct_l/6/ vl/”_l/z(/ e‘lf’quz"du) dv
0 v

(o]
_ _ _ 3
<ct 1/6/ V32p=1,-16v% 4
0

< et 1o,

We now follow the argument of Section 6 and [11, Section 5] to obtain the long-time asymptotic
formula in Region III (x < 0):

u(x,t) = im -2zmp(x,t; z) (7.10)
Z—00

= glim =27 B¢mia(x,150)

1 b _
= —(3t)1/3P(—(3t)1/3) + O([ 1/2),

where P is a solution of the Painlevé Il equation
P"(s) —sP(s) —2P3(s) =0

determined by r(0).

71.2. x>0
In this case, we have the stationary points

|x]

+izg = i/ —
0 121

stay on the imaginary axis. Given the signature table of 6 function (see [11, Figure 5.9]), we again
perform the scaling

72— 713

and contour deformation
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(II+) (II+)
Z Z

(I1+) (I11+)
P =

We again only discuss the §-problem in Q. In Q;, we write
{=u+iv
and then
Re(i6(¢1713)) = 8(—3u2v - xvt—l/3)

< 8(—3u2v + uzv)

< —16uv.
To apply the 8 method, we define
0 0
rer1Pyeoert) o 2 €0

R, =

0 0 (111+)
(r(O)ezi"(-"]/}) 0) Zex

and the interpolation is given by

r(0) + (r(Re{t_l/3) - r(O)) c0s 2.

35

We can now repeat the analysis in the case above for x < 0 and obtain the same long-time asymptotics

as equation (7.10).

7.2. Region I1

We follow the strategy of the previous subsection. We now scale

z— {20
and the jump matrix becomes
I —r(Zg)e 20t Lo
_ , Z€R,
0 1 r({z0)e?0(¢%0) |
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) (I1)
% Z

In (In)
2, %,

Figure 7.3. £ — Region-II.

where
0(¢20) = 41¢* +x4z0 = 47(L - 30).
For brevity, we again only discuss the g-problem in Qp of Figure 7.3. In Q;, we write
{=u+1+iv
then

Re(2i6(£z20)) = 81(—3(u S 1240+ 3v) (7.12)

IA

8‘1’(—3u2v — 6uv + v3)

IA

—16Tuv

0 0
(7(420)62i9(§zo) 0) 7€ (1,00)

R =

0 0 an
(r(zo>ezl'9<ézo> o) “en

and the interpolation is given by
r(zo) + (r(Relzp) — r(z0)) cos 2¢.

So we arrive at the d-derivative in ©; in the { variable:

R, = (Zor’(uz()) cos 2¢) — 2%&‘1’ sin2¢)e2“’ (7.13)
|5R1ei2“’| < (Izor'(uzo)l 1 T )e‘“”‘”. (7.14)
{20 — 20|/

2, . . . _ .
We now replace t~'/3 and ¢!’V in the previous subsection with zo and e~ 167", respectively, and
conclude that

/ W)l d¢ s 2> (7.15)
Q
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2flv)

Q)
—in Q3
Q4
(Iv)
%,

Figure 7.4. ¥ — Region-IV.

and arrive at the following long-time asymptotics:

1

u(x, 1) = WP((;W) + (’)(7_3/4z(3)/2) (7.16)
1

- WP((;W) +(’)((zgt)_3/4). (7.17)

Remark 7.1. In the overlap between Regions II and III, we take Re(2i6(zg)) < —167u’v in equation
(7.12). The corresponding estimate in equation (7.15) becomes

/ W(Q)ld¢ s 2> 7712, (7.18)
Q

and the resulting asymptotics in Region II is:

_ ! x -1/
u(x, t) = WP(W) + O(l ! 2), (7.19)

which matches up with equation (7.10).

7.3. Region IV

In this region, we have

L \32
T= (W) >(M)'>0

and choose a constant 7 such that 0 < 57 < (M)~!/3. The contour deformation is given in Figure 7.4,
and we carry out the same scaling

z— {t_1/3.
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We extend r to Part (1) of Q, by setting r = r(Re/t/3). Also in this region,

Re(2i0(1™'1%) = 8(=3uv+v*) =207 )y
= 8(—3u2v + v3) — 247213y
= 24’y — 1673y,

We now integrate and find that

/ |t71/3r’(ut’1/3)e2i9(-{’71/3) d¢ = ‘/U /m)t’mr’(ut*]/3)6724“2"7]672/3" dudv (7.20)
! Cre
In Part (2), we write
{=u+i(v+n)
and then
Re(2i6(¢171%)) = 8(—3u2(v +p) (v n)3) 2t Py (v + ) (7.21)

< 8(—3u2v —3uln+v + 303+ 3vp? + n3) - 24723 (v + 1)

< -16(u’v + 1'2/377).

For the 8 problem, we set

0 0
r(gPyeroe o FEF

R, =
0 0 \%
( ) Z € Zfl )

r(O)eZ"H(-‘V’*m) 0
and the interpolation is given by
r(0) + (r(Re{t_1/3) - r(O)) cos 2¢.

So we arrive at the d-derivative in ©; in the £ variable:

— =13y Zr(0) . .
OR, = (t_1/3r’(ut_1/3)cos2¢—2—r(u ) =10 is sin2¢)e2“", (7.22)
& —inl
p. x20| o [(,-1/3 ,( —1/3) 71l 2 —16(uv+7237)
|8Rle | S e r (ut |+t1/3|ut‘1/3+ivt‘1/3|1/2 e .

Following the same procedure, we show that

/() \W()|de < t7/6e7167 ", (7.23)
2
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Figure 7.5. ¥ — Region-V.

which is the error term resulting from the 8 estimate. We can now combine equations (7.20) and (7.23)
and follow the argument in Section 6 and [ 1, Section 5] to obtain the long-time asymptotic formula in
Region IV:

1 X o e*lﬁ‘rz/3 n
u(x, l) = WP(W) +0 (IT) + Z‘IT s (724)
where P is a solution of the Painlevé II equation
P”(s) —sP(s) —2P%(s) =0

determined by r(0).

7.4. RegionV

Given |z9| > M~!,let h = 1/(2M), then we can directly read off that for z = u +iv € Q; of Figure 7.5,

Re(2i6(z)) = 2t(4(—3u2v + v3) - )—Cv) (7.25)
t

< —24uPvi + 2(4h2 - ;)w (7.26)

< —24u*vt - 2evt. (7.27)

So we simply factorise

» 1 —re2# 1 0
(175 o)

and deform R to va) and Zév). We only study the case of Q. It is obvious that r(u)e*¢ decays
exponentially on Efv) , so we are only left with the error term

n )
J w )/
Q> 0 —00

7 (u)e¥0) r,(u)e—(24u2v+2cv)z dudv

o e—2cvt
< " dv
0 Vvt
st!
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and the analysis in €, is identical. So we obtain in Region V
u(x, 1) = O(fl). (7.28)

Remark 7.2. If we instead let the initial condition ug € H>*(R), where s > 1/2, then following a similar
and simpler argument as in [9, section 3], we can deduce that the reflection coefficient r € H S'(R) for
any fixed 1/2 < s’ < s for % < s < lands’ =1 fors = 1. Then replacing r(z) by the convolution form
as given in [9, (5.15)], we can deduce that the resulting error terms in equations (5.13), (7.10), (7.16),
(7.24) and (7.28) become

0((zoz)*<‘+25’>/4), O(t’@”/)/é), O((zot)*“”“)/‘*),o((n)*@“’)/ﬁ), o(ﬂ’).

8. Global approximation of solutions

The goal of this section is to extend our long-time asymptotics given by Theorem 1.3 to the MKdV
equation with rougher initial data. Three important spaces are H', H and L2.In H! , the MKdV equation
has certain conserved quantities (compare Subsection 8.2). For H %, this space is the lowest regularity at
which the solution can be constructed by iterations (compare Theorem 8.2 and Subsection 8.3). Finally,
in L2, the mKdV enjoys the conservation of mass. We will show that the long-time asymptotics remain
valid in these spaces after we introduce decay at +co.

We first sketch the local existence and uniqueness of the strong solution in H* for s > %. We mainly
follow Kenig-Ponce-Vega [29] and Linares-Ponce [35].

First, we define the solution operator to the linear Airy equation by

W (t)ug = e P> uy.
In other words, using the Fourier transform, one has
it 3 A
FeW(t)uol () = " it (é).

Definition 8.1. The strong solution is defined in the following integral sense: we say the function u(x, r)
is a strong solution in H*(R) to

Ot + Oyxxtt — 6u*0xu =0, u(0) =ug € H*(R) (8.1)

if and only if u € C(I, H*(R)) satisfies

t
= W(t)uo + / W(t —s) (6u2(9xu(s)) ds. (8.2)
0
We also define

Dih(x) = FHIEP h(E)] ().

Then with the notations introduced above, we have the classical local well-posedness results due to
Kenig-Ponce-Vega [29].

https://doi.org/10.1017/fms.2022.63 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.63

Forum of Mathematics, Sigma 41

1
Theorem 8.2 (Kenig-Ponce-Vega). Let s > i. Then for any uy € H*(R), there is T = T(’ Diug ) ~
2
T -
' Diug|| such that there exists a unique strong solution u(t) to the initial value problem
L2
Bt + Oyxxtt — 6u>dxu = 0, u(0) = ug
satisfying
ueC([-T,T] : H*(R)) (8.3)
||D)Sc‘9xu||L;°(R:L,2[—T,T]) < % 34)
_1
'D,i TO.u s < oo, (8.5)
LﬁO(R:LF [—T,T])
”ch””L;(R:L}O[—T,T]) <o (8.6)
and
lell L4 (mepop-7 77) < - (8.7

Moreover, there exists a neighbourhood N of ug in H® (R) such that the solution map iig € N — ii is
smooth with respect to the norms given by equations (8.3)—(8.7).

Proof. Given T and C, define the spaces
X = {v e CU-T.TI: B (R) « Ivllay < oo 8.3)
and
Ao ={veCU-T.T1: H*®) : IVl <}, 8.9)
where
IVl = 1D o (et sy *+ WMt ez )

+[Dxvll Dy o,

(reLlop-r,r1) T + ”D)SCBXV”L;“

27 .
L)ZCO(R:L,% [—T,T]) (RLFTT)

To obtain a strong solution to the initial-value problem, we need to find appropriate 7" and C such that
the operator

S(v,u0) = S(v) = W(t)up + /0 Wit —s) (6v26xv(s)) ds

is a contraction map on A} ..
Using linear estimates for W(¢) and the Leibniz rule for fractional derivatives, one can show that

1
> 3
ISl < cliuolls +T=lVIls

where c is from linear estimates independent of the initial data. We refer the reader to Kenig-Ponce-Vega
[29] and Linares-Ponce [35] for details. Then choosing C = 2c¢||uo|| s and T such that cC>T? < %, we
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obtain that
SCou0) 1 Xf o — A7 6.

Similarly, one can also show

A

1 2 2
IS(v1) = SO2)llxy < T (Illvlllle + IIIVzIIIXT)Illvl —valllxs

1
2cT2C?|vy - valllas -

IA

Therefore, with our choice of T and C, S(-, ug) is a contraction on X} .- So there is a unique fixed point
of this S(+,up) in A7 .. Hence we obtain the unique, strong solution:

t
u=8u) = W(tuo +/ Wit - s)(6u26xu(s)) ds.
0
To check the dependence on the initial data, using arguments similar to those above, one can show that
S Gar, w1 (0)) = Sz, u2 ()Ml - < clluer (0) = u2(0) s
3 2 2
+ e} (Il + Mzl Jllos = ol
This can be used to show that for 7 € (0, T), the solution map from a neighbourhood N of ug depending
onTj to XYSH ¢ is Lipschitz. Further work can be used to show the solution map is actually smooth. For
more details, see Kenig-Ponce-Vega [29] and Linares-Ponce [35]. O
Finally, we notice that if uy is Schwartz, then the solution u to the initial-value problem is also
smooth and hence a classical solution. The uniqueness of the classical solution is well-known. We refer

the reader to Bona-Smith [2], Temam [41] and Saut-Temam [40] for the KdV problem and Saut [39] for
more general KdV type equations including the MKdV equation.

8.1. Solutions of mKdV by inverse scattering and strong solutions

As before, given uy € H>'(R), one can solve the MKdV equation using the inverse scattering transform.
Recall from equation (1.15) that we have the solution to the MKdV equation in terms of the solution

by inverse scattering:
—i . B
w=|— [ plwg+wp)
a 12

- |2 - ntws+v5)

(8.10)

+
12

= [t |

where p is constructed using the reflection coefficients r. But as we discussed above, using PDE
techniques, one can construct solutions with rougher data, at least locally. Motivated by Deift-Zhou
[14], we try to understand the relations between Beals-Coifman solutions and strong solutions. First,
if ug is Schwartz, one can also show that u is Schwartz (compareDeift-Zhou [11]). So in this case, the
strong solution is the same as the solution via inverse scattering. Our goal is to identify the solution by
inverse scattering with the strong solution whenever the former makes sense. Starting from the local
construction, we will try to extend these results globally later on.

Firstly, we show that one can always take the limit of a sequence of smooth solutions to the MKdV
equation in weighted L? spaces without regularity assumptions.
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Lemma 8.3. Suppose there is a sequence {uo, k} of Schwartz functions, which is a Cauchy sequence in
H/>Y(R) and ug x — ug in H>'(R) with j > 0. Then for fixed t > 0, one can always conclude that the
sequence of solution {uy} to the MKdV equation with initial data ug ; obtained via inverse scattering
in the sense of equation (8.10) has a L™ limit.

Proof. Since ug i is Schwartz, from the inverse scattering transform, we can write down the Beals-

Coifman solutions
_l' _
Ug = [—/ﬂk (Wz,o +Wk,9)] (8.11)
n 12

with initial data ug . Using the mapping properties of the direct scattering due to Zhou [45, Theorem
1.8] and Deift-Zhou [14, Theorem 3.2], in terms of reflection coefficients, we have that

Tk ZR(uo’k) GH],

and by the Lipschitz continuity of the map, we have

Ik = rella gy < [uox — uo.c |Hj,1(R)-

By the integral representation of uj given in equation (8.11), resolvent estimates in [45] (see also [14,
(2.19) (2.21)]) and Lipschitz continuity of the direct and inverse scattering map, one also has

e = wicll Loy < lri = rell g gy -

Since r; converges to a function ro, in H'(R), we claim that the corresponding solution by inverse
scattering converges to a limit

U = lim u
k—o0 k
in the sense of the L* norm. Indeed, we can write
—i . B
uy = | — pk(wk9+wk9)
T ’ BV
—i B
[;‘/(ﬂk - I) (W-/t,g + kag)

Ik + Hk.

+
12

— w w
T k,0 k,0

12

Then due to the resolvent estimate, (uy — I) is bounded in the L2, and the L? estimate for wz g T Wi oS
straightforward, so I; makes sense pointwise. For II;, one simply notices that / (wi 0) is proportional

to W(t)#x = e !9, so by the standard stationary phase analysis, for ry € H', Tl is a function
in L*(R) for + > 0 with the standard pointwise decay estimates for the Airy equation (compare[17,
Lemma 2.1)).

Hence for fixed ¢ # 0,

e (1) = oo (Dl — 0 as [[rk = reollggr — 0
as desired. O

Remark 8.4. Note that a priori, when we pass the solutions by inverse scattering to the pointwise limit
above, it is not clear what the limit means since the limit is rougher than the required regularity from
the inverse scattering transform when j < 2.
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In the following subsections, we use PDE techniques to conclude that indeed, the limit constructed by
the lemma above is a solution to the MKdV equation as long as we have enough regularity to perform the
Picard iteration. First, we illustrate that the solutions we analysed in earlier sections are strong solutions.

Corollary 8.5. Suppose ug € H>'(R). Then the solution by inverse scattering and the strong solution
are the same (up to a measure zero set):

u= [_7’ / u(wy +w5)]
12
=W(Hup + ‘/t W(t—s) (6u26xu(s)) ds
0

in [=T,T], where T is given as in Theorem §8.2.

Remark 8.6. At such a high level of regularity, by the uniqueness of weak solutions — see, for example,
Ginibre-Tsutsumi [ 18] and Ginibre-Tsutsumi-Velo [19] — one might expect this identification. But here,
we provide a direct approach in this specific situation.

Proof. Suppose ug € H>!'(R). We can find a sequence {Mo,k} of Schwartz functions such that it is a
Cauchy sequence in H>!(R) and ug  — ug in H>'(R).
We may assume that for all k, there is a uniform bound

||“0,k||Hz<R) S Huo,kHHz(R) S Huo,kHHz,wR) <C.

Then applying Theorem 8.2, we can find a strong solution u; with initial data ug s in X2 ., where T

T.C°
and C are chosen as in Theorem 8.2.
By Theorem 8.2, we also have

llur = uellxz < [0, — M0,£||H2(R)~

So in X2

7 ¢»> Uk converges to a limit o, which is a strong solution. Using the notation from above, we
have '

Uoo = S(Ueo, Ug) € XTZ’C.

From the inverse scattering transform, we also have solutions via inverse scattering

B —i _
Uy = [7//1]((\4/2,9 +Wk’9)]
with initial data ug k.

Since ug x is Schwartz, uy and iix are also Schwartz. Therefore, we have u; = iix. By Lemma 8.3,
one can conclude that there exists i, such that for ¢ # 0,

12

i (1) = lico (D) || > — O.

By the convergence of the strong solutions, it follows that as k — oo, we have

ek = sl ez = ik = sl z = 0.
In particular, as k — oo, one has

sup |luk = tteollg2my = sup ik = ttoo |l g2y — 0.
te[-T,T] te[-T,T]
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By construction, as k — oo,

sup ||12k - IZOOHL‘X’(R) — 0.
te[-T,T]

Hence

Il
I
8

Uco

up to a measure Zero set.
Therefore, we can conclude that

o,
=W(H)ug + /Ot W(t—s) (6u28xu(s)) ds

in [-T,T]. a

Next, we will try to use this local identification to understand the limits of solutions via inverse
scattering in various low-regularity spaces.

8.2. Approximation of solutions in H' (R)

First we consider
Bt + Dyt — 6U> O u =0, u(0) = ug

with initial data in H' (R).
The following three quantities are preserved by the solution flow:

Il(u)=/ u dx,

Iz(u)=/ u? dx,

o)

E(u) = () = / ()2 + 1] d.
Using the local existence results and the conservation laws above, we can extend a local solution to a
global solution in H' (R).

More precisely, using the Sobolev embedding, one has

E(u) :[W[(axu)%u“] dx

(o]
4

2
> 11022 g + el s,

> (105l ) + call Bull e el -

From I,, we know the L?(R) norm is conserved.
If we denote

£ = 105Dl 2 2.
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then one has
P20 + eallulld g, £(1) < Eug)
so f(t) is bounded globally. In other words,
0xu(@)lL2r) < E(uo).
Hence, with the conserved L?(R) norm, we conclude that
Nl gy < Nuoll () - (8.12)

Theorem 8.7. For ug € H"!'(R), the strong solution given by the Duhamel formulation in equation
(8.2) has the same asymptotics as in our main Theorem 1.3.

Proof. We perform a construction similar to the construction in the proof of Corollary 8.5. Let {uo, k} €
H?>!(R) be a Cauchy sequence in H'-!(R) such that

klim Upk — Uo
in H"!(R) and supk”uo,k”H.‘l(R) <C.

Then we can use the inverse scattering transform to solve the initial-value problem in equation (8.1)
and obtain solutions u; by inverse scattering

up = [%/uk(wz’9+wk’9)] (8.13)

12

with initial data ug . By Lemma 8.3, one can conclude that there exists o such that for ¢ # 0,
luw (1) = oo ()| = — 0.

For ¢ = 0, this convergence can be implied by Sobolev’s embedding.
However, by Corollary 8.5, we know uy is also a strong solution: that is,

t
) = Woosc+ [ Wit =600 ds.
0
Then we can use 7 and C as in Theorem 8.2 to conclude that
Motk = el , ook = 0.l 1 sy

where XT] ¢ is given as equation (8.9).
Hence {u, } is also a Cauchy sequence in XTI ¢» Which converges to u satisfying

u(t) = W(tuo + /0 tW(t—s)(6u26xu(s))ds

by construction. So u is a strong solution.
By the definition of space XTI ¢ €quation (8.9), we have

lim  sup [lug —ullg1g) =0.
k—eoye(-T T
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Combining
Jim Jlug (£) = ttoo (D)l () = O

we can conclude that u(f) = u. () pointwise (up to a measure zero set) for ¢ € [T, T]. Since the H'
norms of u are uniformly bounded as equation (8.12), we can repeat the above construct infinity many
times to extend the interval [-7, T] to R and conclude that for r € R,

u(t) =i (1).

Since u, is the pointwise limit of solutions by inverse scattering, which have asymptotic behaviour in
our main theorem obtained from the nonlinear steepest descent with uniform error terms estimates, i
also has the desired asymptotics. More precisely, we can write

up(x,t) = Ly (x,t) + Ex(x,1),

where Ly (x, t) gives the leading-order behaviour and E (x, t) collects the error term. By the convergence
of scattering data, we know

Li(x,t) > Leo(x,1)
pointwise. Hence for an arbitrary fixed ¢, as the pointwise limit of uy (¢), one can write
uU(t) = Uoo(t) = Loo(x, 1) + Eco(x, 1)

where the decay estimates for E,(x,t) is the same as Ex(x,t) due to the uniform error estimates.
Therefore u also has the asymptotic behaviour as claimed. O

Remark 8.8. Similar to the situation of the NLS in Deift-Zhou [14], the solution u as the limit of the
sequences of solutions by inverse scattering also enjoys the conservation law

(o)

E(u) = L(u) = / [(0yu)? +u*] dx
since it is also a strong solution. It is not clear how to obtain this conservation law using the inverse
scattering transform due to the low regularity.

8.3. Approximation of solutions in H 3 (R)

For the MKdV equation, as in Theorem 8.2, Kenig, Ponce and Vega obtained the lowest regularity for
the local well-posedness in H*(R), s > i, in [29]. They also showed in [30] that when s < le’ the
data-to-solution map fails to be uniformly continuous as a map from H* to C([-T,T]H*(R)) (see also
Christ-Colliander-Tao [5]). These imply that the space H i (R) has the lowest regularity at which the
solution can be obtained by iteration. These local results form the basis for global well-posedness. For
example, one can use energy conservation and L? conservation to obtain global well-posedness. But in
the space H %, there are no conservation laws that allow us to do similar extensions. Then one needs to
use the “I-method”, introduced by Colliander-Keel-Staffilani-Takaoka-Tao [6], which plays a great role
in constructing global solutions. They obtained global well-posedness for KdV for s > —% and then
used the Miura transform to obtain global well-posedness for the MKdV equation in H*(R) for s > %. In
Guo [20] and Kishimoto [32], the authors use more delicate spaces to handle ‘logarithmic divergence’
and combine with the I-method to conclude the global well-posedness for KdV in H 1. Then, with the

Miura transform given by [6], they also obtain global well-posedness for the MKdV equation in H 3
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The most important ingredient shown in these papers for the MKdV equation is that for some x > 0,
one has the following growth estimate:

K
@3 g s T+ uoll 1 -

1
Theorem 8.9. For uy € Ha''(R), the strong solution given by the integral representation in equation

(8.2) has the same asymptotics as in our main Theorem 1.3.

Proof. As in Theorem 8.7, we first show that locally the limit of solutions by inverse scattering is the
strong solution in H 3 (R). The difference here is that we use the growth rate estimate to extend the
identification globally.

Let {Mo,k} € H>!(R) be a Cauchy sequence in Hil (R) such that

lim ug x — uo
k—o0

1
in H#-!(R) and sup||u <
(R) Pl o,kHH%J(R) =
Using the inverse scattering transform to solve the initial-value problem in equation (8.1), we obtain

a sequence of solutions
—i . _
we=|— [ 4 Wi gt Wig

By Lemma 8.3, one can conclude that there exists #o such that for # # 0,

(8.14)

12

llu (8) = tteo (D) | .o — O.

For t = 0, the pointwise convergence can be achieved by the standard L? spaces argument up to a
subsequence.
Moreover, by Corollary 8.5, we also know uy is also a strong solution: that is,

t
up = W(tuox + / W = 5)(6(uk)20x () ds.
0
Then we can use T and C as in Theorem 8.2 to conclude that

ek = well g < [l = woell s

1
I

1
where X;,c is given as equation (8.9).

1
Hence {uy} is also a Cauchy sequence in X}

T .¢» Which converges to u satisfying

u=W(t)u+ /OI W(t—s) (6u26xu(s)) ds

by construction.

1
By the definition of space X , equation (8.9), we have

lim su Up —u =0

https://doi.org/10.1017/fms.2022.63 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2022.63

Forum of Mathematics, Sigma 49

And combining
Jim Jluge (1) = ttoo (Dl L () = 0,

we can conclude that u = u. pointwise in [T, T] (up to a measure zero set).

By global well-posedness, u exists in H i (R) globally. By construction, one can also define u(t) for
allt e R.
By symmetry, we consider ¢ > 0. Suppose uo (#) = u(t) does not hold for all # > 0. Let

te = inf{t > Oluco(2) # u(t)}.

Clearly, by the above argument, T < 7, < oo.
By the growth rate estimate from Guo [20] and Kishimoto [32], we have for 7 < 7,

K
el 3, ) < OO+ Nl

Also by construction, for ¢ < 7,

U (1) = u(t).

1
By Theorem 8.2, we can find C, and T depending on C(1 + t*)K||u0||H% o <@ to construct XT“* .

(R)
due to the explicit dependence of T on the size of the initial data in Theorem 8.2, Ty > €, > 0.

By the definition of #,, we have two situations: firstly,
oo (1) # u(14) (8.15)
or for any > 0, there exists x < t;; < tx + 1 such that
um(t,,) * u(t,]); (8.16)

in particular, we can take n < %.
Again, by construction, we have

for s € [0, ] C [0, Ty]. In particular, uc (4) = u(tx) and ue (£ +5) = u(tx + s) for s € [O, %] This
is a contraction with either equation (8.15) or equation (8.16). So our assumption for the existence of 7,

fails.
Thus we can conclude that ue, (¢) = u(¢) forall # > 0. Then the asymptotic behaviour of u is obtained
as in Theorem 8.7. O

Remark 8.10. For an alternative approach using low-regularity conservation laws developed in Koch-
Tataru [33] and Killip-Visan-Zhang [31], see our work on the focusing MKdV in [7].
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8.4. Approximation of solutions in L*(R)

As we introduced before, it is known from [5] and [30] that H 1 is the optimal space to perform the Picard
iteration to construction the strong solution in the sense of the Duhamel formula. With appropriation
notations and topology, in the work by Harrop-Griffiths-Killip-Visan[22], the well-posedness of the

mKdV equation can be obtained in H* (R) with 7 > —%.:

Theorem 8.11 [22]. Let 7 > —%. Then the mKdV equation (1.1) is globally well-posed for all initial

data in the sense that the solution map ®© extends uniquely from Schwartz spaces to a jointly continuous
map ® : Rx H"(R) —» H™(R).

The notation of the solution used above can be understood as the unique limit of Schwartz solutions.
We also refer to Definition 1.1 in Kappeler-Topalov [27] for the interpretation of this notation of solution.
This notation is well-suited for our global approximation argument since the Schwartz solutions can be
obtained via inverse scattering, and their asymptotics can be computed with uniform error estimates.

From the view of the standard analysis of Jost functions, it suffices to require the potential to be in
L', which contains L>* with s > % The well-posedness theory above can extend the asymptotics of
solutions of the mKdV equations with initial data in L>*. Again, here we focus on s = 1.

Theorem 8.12. For uy € L>'(R), the solution given by Theorem 8.11 has the same asymptotics as in
Theorem 1.3.

Proof. For any ug € L>'(R), we pick a sequence of Schwartz functions {u_x } such that

lim ug,k — uo (817)

k—o0

in L>'(R) and Supk”MO,kHLZ,l(R) <C.
Let u(x, t) be the solution to equation (1.1) in the sense of 8.11 with initial data ug and 7 = 0. Let ug (1)
be the Schwartz solution to equation (1.1) with initial data u¢ . By construction, we know that Vz € R,
ur(t) — u(t) in L2(R). Then we also know that up to a subsequence, uy () — u(t) almost everywhere.
Now for each uy (1), via the nonlinear steepest descent, we can write

up(x,t) = Ly(x, 1) + Ex(x,1),

where Ly (x,t) gives the leading-order behaviour and Ej(x,t) collects the error term, which only
depend the L>!(R) norm of ug . From the convergence in equation (8.17), by direct scattering, one
has the convergence of the reflection coefficients limy o, 7 = 7 in H' (R). Then by the convergence of
reflection coefficients, we know

Li(x,t) > Loo(x,1)

pointwise. Since the error term Ey (x, ) is uniform in k, we can conclude that for an arbitrary fixed #, as
the pointwise limit of uy (¢) (up to measure zero set), one can write

u(t) = Loo(x,1) + Eco(x, 1),

where the decay estimate for Eo(x,t) is the same as Ey(x,t) due to the uniform error estimates.
Therefore u also has the asymptotic behaviour as claimed. O
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