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Abstract

We study the long-time asymptotic behavior of oscillatory Riemann—Hilbert problems
(RHPs) arising in the mKdV hierarchy (reducing from the AKNS hierarchy). Our
analysis is based on the idea of d-steepest descent. We consider RHPs generated from
the inverse scattering transform of the AKNS hierarchy with weighted Sobolev initial
data. The asymptotic formula for three regions of the spatial- and temporal-dependent
variables is presented in details.

Keywords MKdV hierarchy - Painlevé II hierarchy - Long-time asymptotics -
Dbar-steepest descent

Mathematics Subject Classification 37K10 - 35Q15

1 Introduction

The long-time behavior of solutions of the initial-value problem for nonlinear evolution
integrable PDEs has been studied extensively. It is well known that the long-time
asymptotic analysis for the integrable PDEs can be, via inverse scattering, formulated
as a problem of finding asymptotics of certain oscillatory RHPs. A countless number
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of papers [see, e.g., Do (2010), Varzugin (1996) and the references therein] have been
devoted to studying the asymptotic behavior of a certain type of oscillatory 2 by 2
matrix RHPs, which is also the main subject of the current study. The most influential
is the nonlinear steepest descent method (or the Deift—-Zhou method), which was
published in Annals of mathematics in 1993 (Deift and Zhou 1993). Before the Deift—
Zhou work, Its (1981) proposed a direct method, via an isomonodromic deformation,
to study the asymptotics of a RHP arising in studying the long-time behavior of the
nonlinear Schrodinger (NLS) equation. Ten years after the Deift—-Zhou method was
published, Deift and Zhou extended their method to study the long-time behavior of the
defocusing NLS equation on some weight Sobolev space. Between 1993 and 2003, the
Deift—Zhou method had been applied to not only the long-time behavior of integrable
systems, but also equilibrium measure for logarithmic potentials (Deift et al. 1998), the
strong asymptotics of orthogonal polynomials (Deift et al. 1999) and many other fields
in mathematical physics. Shortly after the Deift—Zhou 2003 paper, McLaughlin and
Miller (2004) proposed another generalization to the Deift—Zhou method: the so-called
d-steepest descent. This method was first applied to studying the long-time asymptotics
of the defocusing NLS equation in 2008 (Dieng and McLaughlin 2008), see also its
extension version (Dieng et al. 2018). Comparing to the Deift—Zhou method, the 9-
steepest descent method provides a more elementary way and more tractable way of
analyzing the error terms. Since then, the 3-steepest descent method has been applied to
many long-time asymptotic studies for nonlinear integrable PDEs, such as the focusing
NLS equation (Borghese et al. 2018), the KdV equation (Giavedoni 2017), the mKdV
equation (Chen and Liu 2019), the sine-Gordon equation (Chen et al. 2020), the fifth
order mKdV equation (Liu et al. 2019) and many others. It is worth mentioning that
the mKdV and fifth-order mKdV equations belong to the mKdV hierarchy we will
consider in the current work. In fact, by carefully checking Chen and Liu (2019) and
Liu et al. (2019), we find there are many similar analyses which motivate us to study
the whole mKdV hierarchy at once.

In the current paper, we will study an oscillatory 2 by 2 matrix RHP arising in
studying the long-time asymptotics of the mKdV hierarchy. We will discuss the defo-
cusing case (i.e., without solitons). The focusing case will be treated somewhere else
in the future. The main analysis is based on the idea of d-steepest descent (Dieng and
McLaughlin 2008; McLaughlin and Miller 2004).

In the study of Cauchy initial-value problems of integrable systems by means of
inverse scattering, the following RHP appears:

Riemann-Hilbert problem 1.1 Looking for a 2 by 2 matrix-valued function m(z) such
that

(1) m is analytic off the real line R;
(2) for z € R, we have

my =m_vy(z), z€R, (H
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where my(z) = lim._, g+ m(z £ i€), z € R, and the jump reads

- 2 _p —2it0
0o (2) = <1R(Z|)Iig§t>el R ) .

where R(z) is the reflection coefficient in performing inverse scattering with given
initial data, see, e.g., (19), and 0 = 0(z; x/t) is a polynomial of z with coefficients
depends on x /t;

(3) mz)=1+0z""), 7z .

In this paper, we consider the following defocusing mKdV type reduction of the
AKNS hierarchy (shortly, we call it the mKdV hierarchy): Fixing n as a positive odd
integer, we consider

vt = (izan+ (0 157w,

Yi(x, 15 2) = (Z O (x, t)Z") V(x, 1 2),

k=0

3

where 03 = diag(1, —1), g(x, 1) is the potential which solves a certain 1 4 1 dimen-
sional integrable equation, and Qy is determined by certain recursion relation [for
details, see Ablowitz and Clarkson (1991)].

In the case of the mKdV hierarchy, Q, (x, t) is a constant with respect to x, z. The
corresponding nonlinear integrable PDE is worked out by the zero-curvature condition,
which is also equivalent to ¥, = ;. In this paper, we will study the Cauchy initial-
value problem for integrable PDEs generated from the defocusing mKdV hierarchy,
with the initial data belonging to H" " V1(R) = {f € L?|f® e L?,s = 1,...n —
1, xf € L?}. Due to Zhou’s result (Zhou 1998), after direct scattering, the reflection
coefficient R(z, t = 0) belongs to H'"~1(R). By performing the time evolution, we
arrive at the RHP 1.1. The first part (oscillating region) of the analysis is slightly more
general than the one in the AKNS hierarchy, by making the following assumptions on
the phase function:

(1) 6 is areal polynomial of degree n with respect to z, with coefficients depends on
x/t;

(2) 0'(zj) = 0,0"(zj) # 0 for j = 1,...,1, where [ denotes the number of real
stationary phase points.

Remark 1.2 For the defocusing mKdV hierarchy case, n in the first assumption cor-
responds to the %th member of the hierarchy. Since in mKdV hierarchy, n is an
odd number, say n = 2k — 1, k € Z, we will only need to study the phase function
of the type: c1z 4+ c2z%*T!, k € Z, and ¢y, c; are some constants. The purpose of
the second assumption includes the case of linear combination of several members in
the mKdV hierarchy, which is again integrable. In such situation, we will see that a
generic polynomial of z with coefficients depends on x /7.
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1.1 Main Results

Before we establish the main results, we first introduce some notations. Let us denote
the weighted Sobolev space by

HY (R) := {f(x) e L’(R) : 3 f € L*(R), s =1,...,k, x/ f(x) € L’(R)},

with norm

172

k J
L gk o= (A 12+ Y N9 flIT2 + Y 1™ £113

=1 m=1

Next, we define the meaning of the long-time behavior in the three regions we are
concerned with as follows.

(1) Long-time behavior of the potential in the oscillating region means taking the
t — oo limit of g (x, t) along the ray x = —ct,c > 0,1 — oo.

(2) Long-time behavior of the potential in the fast decaying region means taking the
t — oo limit of g (x, t) along theray x = ct,c > 0,1t — o0.

(3) Long-time behavior of the potential in the Painlevé region means taking the t — oo
limit of ¢ (x, 7) along the curve x = c(nt) In ¢ # 0, t — oo, wheren is the degree
of the polynomial phase function 6.

Theorem 1.3 For eachn € N, in the oscillating region, provided that the initial data'
q(x,0) € H*V1(R, dx), and it evolves to satisfy the compatibility conditions for (3),
then the long-time behavior for the potentials q(x, t) is given by
_ —3/4
q(x,1) = qas(x, 1) + O@™""), t— o0, 4)

where

In(z)|'/?
Gas(x,1) = — Z ZIO;”(Z up(t)’

-3
v = T” —argT(~in(z))
n(z /)

—2t0(z;) — log 216" (zj)| + 2 arg(§;) + arg(R;),

and the phase function 0 will depend only on 7 along any ray in the oscillating region,
{z; }lj=1 are the simple real stationary phase points of the phase function, and

! Due to Zhou’s theorem (Zhou 1998), R(z) belongs to H Ln=1(4z), then the time evolving reflection
coefficient R(z)eiz”e will stay in Hl’l(dz) since the degree of 6 is n.
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8(2)

2mi s —z

_ 2
exp (L\/‘ Mds)’ = C\D_’
D_

D_={zeR:6'(z) <0},

1
1(z) = ——log(l - IR(2)[%),
T
Rj:R(Zj), j:l,...,l,

8= lHm  8(z)(z—z)"C.
=zj+pe'?,
p—>0,
fixpe(0,7/2)

Here, R(z) is the reflection coefficient generated from the standard inverse scattering
procedure, see Eq. (19).

Corollary 1.4 For the case of the AKNS hierarchy, in the oscillating region, the phase
function 0(z) = Tz +cz", ¢ > 0, nis odd number and has just two real stationary

phase points: 7+ = + |—i

L . . .
=7 |""", and then the long-time asymptotics for the potentials
in the AKNS hierarchy are merely a special case of Theorem 1.3.

Theorem 1.5 In the fast decay region, the potential which belongs to the defocusing
mKdV flow has the following long-time asymptotic behavior:

gx,1) =00 Y, 1t — oo. (5)

Theorem 1.6 For each n € N, in the Painlevé region, the potential which belongs to
the defocusing mKdV flow has the following long-time asymptotic behavior:

Q. 1) = () T uy (x (1) "7) + O ), 1 o0, ©)
where u, solves the n' member of the Painlevé II hierarchy.

1.2 Outline

In Sect. 2, we simply review the inverse scattering for the AKNS hierarchy. In Sect. 3,
we summarize the idea of the d-steepest descent method following Dieng et al. (2018)
and Chen and Liu (2019). In the following sections, we first discuss the long-time
behavior of the potential in the oscillating region. The general workflow is shown in
Fig. 5. The first step (see Sect. 4) is so-called conjugation by which one can simul-
taneously factorize the jump matrix to lower/upper triangle and upper/lower triangle.
The next step (see Sect. 5) is so-called lenses opening. In each interval where 6 is
monotonic, we can deform those intervals into new contours which are off the real
line and the exponential terms will decay as ¢ goes to infinity on the new contours. The
core idea of this step of the d-steepest descent is to use Stokes’ theorem to transfer
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contour integrals to double integrals, while in the original Deift-Zhou’s method, this
step is done by first performing rational approximation then analytic continuation.
After lenses opening, we will end up at a mixed 3-RHP. Next, from Sects. 6 and 7, we
will first approximate the pure RHP. Three main steps of approximating the pure RHP
are so-called localization, phase reduction and contribution separation, which lead to
an exact solvable model RHP (also called its isomonodromy problem). Due to the
exact solvability of the model RHP and the small norm theory, one can establish the
existence and uniqueness of the pure RHP part of the mixed 3-RHP. The last step (see
Sect. 8) is to estimate the errors by analyze the pure 3-problem which dominates the
errors generated by approximating the pure RHP. Undo all the steps, we will eventu-
ally prove Theorem 1.3. Then, in Sect. 10, we will study the long-time behavior of the
potential in the fast decaying region. Following similar analysis, we end up proving
Theorem 1.5. The final section (see Sect. 11) is devoted to proving Theorem 1.5. In
that section, we first give an algorithm to generate the Painlevé II hierarchy. Following
the method of d-steepest descent, we represent the long-time behavior of the potential
by the solution to a member of the Painlevé II hierarchy.

2 Inverse Scattering Transform and Riemann-Hilbert Problem in L2

In this section, we simply review the inverse scattering transform for the AKNS hier-
archy in a certain weighted L2 Sobolev space. For more details, we direct readers to
Zhou’s paper (Zhou 1998).

The AKNS hierarchy is the integrable hierarchy associated with the following
spectral problem:

Yr(x,t;2) = (izos + Q(x, )Y (x,t; 2), @)

where 03 = ((1) _01> and Q(x, 1) = (r()? N l]()(C), l‘))'

In the current paper, we only consider the defocusing type reduction:
r(x,t) =q(x,t) € R,

and we assume g(x,t = 0) € H" LR, dx).2Fort = 0, we are looking for solutions
(so-called Jost solutions) of equation (7) in H ! (R, dx), which satisfy the following
boundary conditions at infinity:

Vi =¥ 4 0(l), x — +oo. ®

2 This guarantees the time evolving of the initial data will stay in HL Roughly speaking, from Zhou’s
work, we know ¢ (x, 0) € H Lo gllig mapped to R(z) € H"=1_ Time evolution of the reflection
coefficient gives R(z)ei 1" , which belongs to H L1 que to the fact that R(z) e H 1.n=1 "and then the inverse
scattering leads to ¢ (x, 1) € H1"~1,
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The scattering matrix S(z) is then defined as

S(@) =y 'Yy )

It is well known that S enjoys the following properties: for z € R,

_ (a(2) b(2)
S(z) = (b(z) M) : (10)

where a, b can be represented in terms of the initial data and the eigenfunctions . To
find such representations, we consider

M(i) — wiefizxm' (11)
Then, the spectral problem (7) becomes:
() = izloz, u& ]+ Qu™. (12)

Due to the initial setting of the potential matrix Q, the standard inverse scattering
theory tell us that one can analytically extend the first column ) and the second
column ) to the upper half plane while the first column (™) and the second column
™ to the lower half plane. Moreover, the reflection coefficients enjoy the following
representations:

a@) =p\Px—>—c0)=1- /}Rq(y)ug)(y, 2)dy, (13)
b(z) = i x - —00) = — /R Vg (S (v, 2)dy. (14)

From the above representations, it is straightforward to show thata(z) = 1+O(1/z)
and b(z) = O(1/z) as z — o0, and a(z) can be analytically extended to the upper
half plane.

Now, with the analyticity of the column solutions to equation (12), by setting

my(x,2) = (W (x, 2)/a@), n$7(x,2)), Imz >0, (15)
m_(x,z) = ({7 (x, 2), S (x, 2)/a(2)), Imz <0, (16)

we can then define the jump matrix on the real line by
U(Z) = eiizx ad"3(m:1m+). (17)

A direct computation shows

_ (1= IR@P —R(z)
v(z) = < R(z) | ) ) (18)
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where

_ b

R(z) = prat

19)

It also worth mentioning that (again from standard inverse scattering theory) |a|> —
|b]?> = 1, from where we have

0=<IR@I <1 (20)

The deformation of the spectral problem (7) with respect to ¢ is governed by the
following equation:

Vi (x,1:2) = (Z Ok (x, t)zk> VY (x, 15 2). @1)
k=0

To generate isospectral flow, ¥ need to satisfy the compatibility condition, i.e., ¥y =
Y. By this condition, one can uniquely determine Qy if the integration constants are
assumed to be all zeros. One can systematically determines the Qy’s via associated
Lie algebra techniques, see for example Ma (2013). Through the Lie algebra, one can
show the AKNS hierarchy is integrable, i.e., there are infinite many conservation laws.
Moreover, using the powerful trace identity (Tu 1989), one can easily show the bi-
Hamiltonian structure of the AKNS hierarchy. Moreover, under the same framework,
one can show that any linear combinations of the time-evolution problem are also
integrable.

The compatibility condition of (7) and (21) generates integrable PDEs, including
the defocusing nonlinear Schrodinger equation, the modified KdV equation, the fifth-
order modified KdV equation. Due to the decaying of the potential Q, it is easy to
show the time evolution of the jump matrix v is trivial. In fact, if the potential decays
as |x| — oo, then wieQﬂzn’ will be the simultaneous fundamental solution to the
system (3). By the time-evolution condition in (3), one get the 7 - differential equation
for the Jost solution ¥+ as follows:

d
Ewi =Vyr — ¥+ 0,2".

Now by the definition of the scattering matrix, we have

35S i
E = (Tp_ I//Jr)t
=Y (Y 0"+ V) — YT (=Y Q" + VY)Y T gy
=[0.7", S]
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Itis of our current interest that Q,, = —ico3 for some positive constant c. Therefore,
we have the time evolution for the scattering matrix

S(z;1) = e 1M g(z 1 = (), (22)

where e 2493 (.) := ¢%3(-)e~. This implies the time evolution of the jump matrix v(z)
[see (18)], and we have

ve(Z) = e—il&(z;x,t) ada3v(z)’ (23)

where (in the case of the defocusing AKNS hierarchy) 0(z; x, t) = fz ~+ ¢Z" for some
positive constant c.

Finally, we formulate the inverse scattering problem as a Riemann—Hilbert problem
as follows:

Riemann-Hilbert problem 2.1 Looking for a 2 by 2 matrix-valued functions m(z; x, t)
such that

(1) m(z) is analytic in C\R;

(2) my =m_vg, z€R;

(3) m=1I+m(x,0)/z+O/z%), z = oo;

where vy is defined in Eq. (23) and my+ = lim¢ o m(z L ie€).

From Eq. (12), and the definition of the jump matrix v, we can recover the potential
by

g(x,t) = —=2i lim [z(m — D]1»
= =2i(m(x,)12.

In the following sections, we will perform the d-steepest descent method and study
the asymptotic behavior for ¢ being sufficiently large.

3 Overview of the Strategies

In this section, we will simply review the idea of Deift—Zhou’s nonlinear steepest
descent method and its variation, the d-steepest descent method. In general, the key
step in both methods is to deform the RHP. After the deformation, the new RHP is
expected to be approximable locally as ¢ goes to oo. Next, we will explain the main
ideas of both methods. The notations in this section are used in this section only.

Let us consider the following RHP on R :

My(z) = M_(2)e @M By () 7z e Ry,
M@iz)— 1, z— oo

@ Springer
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Fig.1 Contour deformation 21

Q

Q-
2y

The main idea’ of Deift-Zhou’s method is to find a factorization of V (z), say, V(z) =
V_(2) V4(z), such that V1 (z) can be approximated by V.1 (z) which are analytic in the
sectors 24 and Q2_ respectively, see Fig. 1.

By introducing a new analytic function M as follows:

Mlg =M,
Mlg, = MV,
Mlg =MV_,

we arrive at a new RHP:

My =M1V, zeR,UX;UZX,,

‘7_;,_, z € Xy,
V=3V, 7 € X,
vlvovevel o zeRy.

Also, we want to guarantee that based on the signatures of the phase function Re (i6(z))
in each sector, the new jumps converge rapidly to the identity away from O ast — oo.
Usually, one needs to deform the RHP several times. Eventually, the initial RHP can
be approximated locally by the following fairly simple model RHP:

Mi — MEefilé(Z) ad o3 V(O), z € R+,

Mﬁ—>1, 7 — 00,

where é(z) is a certain rational approximation to 6(z) near z = 0. This model RHP
can be solved explicitly and by undoing all deformations, one can track all errors in
the middle steps.

The Deift-Zhou method of analyzing errors is heavily based on the harmonic anal-
ysis for the Cauchy operators on contours; however, the é—steepest descent method
transfers the error estimation to some fairly simple estimations of certain double inte-
grals. A natural way of connecting the contour integrals to the double integrals is to

3A good summary of this method can be found in Deift et al. (1993).
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use Stokes’ theorem (or the Cauchy—Green theorem): for any C!(R? — C) function
(@) := f(z,2), we have

f f(Z)dz=2i/ 91 gy,
IR o 0z

where z = x +iy. So in the d-steepest descent theory, we try to find an interpolation,
say E(z), between the old contour and the new one. Such an E satisfies

Vi), zeXy,
+
V_(0), zeXj,
E() ={Vi(z), zeRI,
V_(2), zeRL,
1, zexfux],

where all contours are orientated from O to co and ' mean the limit from left/right,

and it is CAl in Q4 U Q_. Also, we want e”é(z) ad f»‘ V1(0) goto I ast — oo. Now,
let us set M = M (z)E(z), we obtain the so-called 3-RHP:

1. (The RHP) M, = M_e 0@ adosy (1) 7 ¢ % U %y, where

e—it0(2) ad o3 Vi (0), zeZ,

V@ = e~i0@adosy () 7 e %,.

2. (The d-problem) For any z € C, we have
M = ME'3E.

The deformation of the RHP follows from Deift—Zhou’s method, but the error estima-
tions here are transferred to a dbar problem, which turns out to be equivalent to some
singular integral equation with respect to the area measure. Then through some fairly
simple estimates on the double integrals, one will obtain the same error estimates as
the Deift—Zhou method. In the following sections, we will apply the d-steepest descent
to the defocusing mKdV type reduction of the AKNS hierarchy.

4 Conjugation

In this section, we will factorize the jump matrix (as defined by Eq. (2)) in a way that
it can be used for deforming the RHP. It is easy to see that the jump matrix enjoys the
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following two kinds of factorization:

1 —R(z)e 217 1 0
0 1 R(z)e% 1)’

ve(2) = 1 0 5 1 — ﬁ(z)ze—zne
R@) __2it0 | (I = [R[D)*7 0 l_lR‘l :
1-[R(2)|?

In the light of the main ideas we described in the last section, we want to remove
the middle term in the second factorization. By doing so, we can eventually find the
proper factorization based on the signatures of the Re(if). Due to our assumptions
on ¢, near a stationary phase point (say |z — z;| < €, for some small positive €),

0 =0(zj)+ 0//(2Zj)(Z—zj)2+(’)(|z—zj|3). If0”(z;) > 0, then Re(if(z)) is negative

in the line (I): {z = z; + re® r e (—e, €) with fixed « € (0, m/2)}, and it is positive
in the line (II): {z = z; +re'*,r € (—¢, €) with fixed « € (—m/2,0)}. On the line
(I), notice that ¢ decays to 0 as t — 0o, we can deform the jump on the contour
right to the stationary phase point using the first factorization. With the same argument
on the line (II), we can deform the jump on the contour left to the stationary phase
point using the second factorization. If 6”(z;) < 0, notice now %1% decays to 0 as
t — oo on the line (IT), and thus we need the second factorization for the jump on the
contour right to the stationary phase point and the first factorization for the jump on
the contour left to the stationary phase point. Motivated by the above arguments, we
denote Dy = {z € R: £6/(z) > 0}

To eliminate the diagonal matrix in the second factorization, we introduce a scalar
RHP:

(25)

8+ =38_[(1 —|RP)xp_+ xp,1, z€R,

4 (26)
3(z)=14+0(z""), z— oo

Then by conjugating the initial RHP, we arrive at a new RHP:

Riemann-Hilbert problem 4.1 Looking for a 2 by 2 matrix-valued function
m[”(z; X, t) such that

(1) mlV=mMs 0677, zeR;
2) mM=14+0¢"", 7z - cc.

By denoting vél] := 8798, 7, the new jump matrix reads

1 —R(z)8?(z)e 21 1 0
0 ] Rs220 1) F€ P+

[1] _
Vg (z) = 1 0 ) _Ié(z)ﬁi(z)ez’mo

R(2)5—202i10 1—|R| , zeD_.

1) \o 1

27)
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The scalar RHP (26) has been carefully studied in the literature [see for example
Beals et al. (1988, Lemma 23.3), Deift and Zhou (2003), Varzugin (1996) and Do
(2010)]. Here, we just list some of the properties. First, the solution to the RHP (26)
can be represented as follows:

log (8(2)) = (Cp_(log(1 — |RI*))(z), z € C\D-, (28)

where the Cauchy operator (Cp_ f)(z) = 2%” / D ffz) ds . Since the initial data are

within H"~"1(R, dx), we have R(z) € H" 'R, dz) = H"'n{f : |f] < 1)

[see also Eq. (20)]. Thus, one can show log(1 — |R|2) is in H'9, and then by the

Sobolev embedding, we know it is also Holder continuous with index 1/2. Then, by

the Privalov—Plemelj theorem, which says that Cauchy operator perseveres Holder

continuity with index less than 1, one can show log(§(z)) is Holder continuous with

index 1/2 except for the end points. Next, we study the behavior near those points.
Let us denote

1
n(z) = —=—log(1 — |R()[*), zeR. (29)
27

We will prove the following proposition.
First, we define a tent function supported on the interval [—e, €],

0, |z| > €
Se(z) = —éz+1, 0<z<e, (30)
1241, —€<z<0.

Proposition 4.2 Foreache > 0, ande < % min ¢ |2 — zk|, there exists a neighbor-
hood I = I(¢€) such that the identity

I
ds+iy [0z +logz —z;)] ¢
j=1

l%w&»=i/ nes)

D_\I S —Z

l

+iZ/ n(s) —nj€s) ;o

IND_ § =2

!
1
+i E gﬂ(Zj)[(Z—Zj)log(Z_Zj) —(z—zjteje)log(z — zj+eje€)]
J=1

is true, whereej = sgn(@”(zj)), n;(z) = n(zj)se(z—z;) and see (29) for the definition
of 1. As for the logarithm function, the branch is chosen such that argument € (—m, 7).

@ Springer



10 Page 14 of 46 Journal of Nonlinear Science (2022) 32:10

Proof Let I = uljzl(Ij+ Ul;_), where I+ = {z: 0 < £(z — z;) < €}. Now we
have

ds

log(8(2)) = i / ns)

D_\IS—Z
1

. 1n(s)
+ + ds).
l Z(/;jmp_ ~/;~+QD_ §—z Y

]:1 J

For each j, we have

/ 1(s) ds:/ n(S)—nj(S)ds+/ nj(S)ds.
.. S —2 I S —Z I, S—Z

J J J

The first integral on the right hand side is the non-tangential limit as z — z; and
the second one generates a logarithm singularity near z;. In fact, direct computation
shows

Uj(S)d B 1
) p S—U(Zj)+;[(Z—Zj)log(Z—Zj)—(Z—Zj+€)10g(Z—Zj+€)]n(Zj)

-2

+n(z;) log(z — z;).

Similarly, for [,

nj(s) . 1
; s =i+ Zlz —zj)loglz = zj) = (2 — zj — €) log(z — zj — €)]

572

—1(zj)log(z — z).

And note that only one of the /;+ N D_ is nonempty, which depends on the sign of
the second derivative of the phase function 6. By assembling all together, the proof is
done. O

Remark 4.3 The proposition tells us how the function §(z) behavior near the saddle
points. Near the saddle points z ;, §(z) has a mild singularity (z —z j)i”(zf ). Fortunately,
those singularities are bounded along any ray off R, and hence, in some sense they
do not affect asymptotics much. It is worth mentioning that one can ignore the mild
singularity by introducing an auxiliary function, see Lemma 3.1 in Dieng et al. (2018).

5 Lenses Opening
The purpose of lens opening is to deform the RHP on the real line to a new RHP on

new contours such that jumps on the new contours will rapidly decay to 7 as t — oo.
We first study the signature of Im 6 near the saddle point z;.
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¢ =0
2o i1

Ej,S ZJA

Fig.2 Notations for studying signatures of Im(6(z)) near z;

Let us denote /;+ = [z, Z’Jrﬁ] and /j_ = [m zj]. Two cases need to be
discussed. The first case is 8”(z j) > 0, and so we have Ij+ C D+. The second case
is 0”(zj) < 0, and then we have /;+ C D+.

Recall the factorization of the conjugated jump matrix vél], to deform it from 7, to
X .1, we need make sure the exponential term %19 decays rapidly to I on ¥j.1,and

thus, we need to discuss Re(i6) on X; . Considering a Taylor approximation of 6(z)
0"(z))

near z;, we have 0(z) = 0(z;) +¢€;jAj(z— Z]) +O(|Z—Z]| ), where A; = ‘
and e; = sgn{0”(z;)}. '

Letz=zj+u+iv=czj+ pe'®. Then, Im(6(z)) = 8]-Ajp2 sin(2¢) + 0(p?),
where ¢ € (0, o] is fixed. Now we define the regions 2; ,, n =1, ..., 6, as follows:

N P b |2j — zj+1l &
Q],l— Z—Z]+,0€l ,¢€(Ova]»l)€<0,m ,ReZelj_j,_ s

Qjz={z=zj+pe peclnr—an)pe 0, B2l ezegil,
’ 2cos o J

Qj2=C"\(Q;1UQ;3), a1

. Zi —Zi— .
Qja= z=2j+p? ¢pe(mm+alpe 0,M ,Rezelt,
’ 2cosa J

2cosa

- |zj — zj+1l :
Qjo = Z=Zj+P€’¢,¢€[—o&,0),p€(O,—’ ) Reze (] b,

Q5 =C"\(2;4UQ ),

where
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Since the number of real saddle points is finite, we can always choose a sufficiently
small o, such that for each j, ¢*"% decays to 0in Q1 U Q; 4 and e~2"? decays to 0
in Qj’3 U ijﬁ.

Now we are in the position to open the lenses. First, we introduce a bounded smooth
function K defined on R such that

K@) =1,
K(a) =0,

) . (32)
Period of K is 7,

K is even function.

Consider ¢; = 1 first. Then, the 9 extension functions are as follows. Let z — z j=
u-+iv= pe’¢,and for the case ¢; = 1, we set

Ei1@Q=K@Ru+z;)87%@
=K @IR ()87 (2= 2) "), zeq,

R (u+z;
Ejs (@) =Kt — @) <—1 - lR(LEM sz),) 791 (z))

R (z;) 2igjn(z;)
+[1 =K@ —9¢)] <_T(]Zj)|28?(Z_Zj) "N, e,

R (zj +u) 52 (2) 53
= R(z;+u) 2~

Ej4(x) =K (T +¢) (
b Kot (— &)y e,
T= IR (z;) > ’ ’ e
Ejs(x) =K (-¢) (—R (zj +u)8* (z))
+[1 =K (=¢)] (—Ié (2)) 8 (z - z,-)zigm(zj)) . 2€Q

where
8= lim  8(x)(z—z)".
z:z]-+pe’¢,
p—0,
¢€(0,7/2)
For the case ¢; = —1, one only needs to switch the index 1 with 3 and 4 with 6.

For the sake of simplicity, in what follows, we focus just on the case ¢; = 1. The
extension functions can be considered as interpolations between jumps on the old and
new contours. Using the extension functions E; ¢, k = 1, 3, 4, 6, we can construct the
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lens-opening matrices O (z) as follows:

1 0
0jnle) = ((—1)nEj,nezize(z) 1) . 2€Qj n=14,
O(z) = 1 (—D)"E; e 2i10@)
Ojm(z) = D Em ; 7€ Qjm m=3,6,
’ 0 1 '
Oji(z)=1, 7€ Rk, k=25

(34)

Then lens opening is performed by multiplying O(z) to the right of the matrix m!!l.
Let us denote m?!(z) = m!'(2) 0 (z), z € C\R. Due to the lacking of analyticity of
O(z) (in fact, since we only assume R(z) € C'(R), O(z) is also just in C'! (RHY), we
arrive at the following mixed d-Riemann—Hilbert problem(3-RHP):

Mixed 3-Riemann-Hilbert problem 5.1
Looking for a 2 by 2 matrix-valued function m'? such that

(1) The RHP

° m[z](z) € Cl(RZE);

° mE] = m?]véﬂ, 2 € Uj=1,..1,k=1,2,3,4 2k, Where the jump matrices read

0;}3 Z € 2j,13
073 z€Xjo,

véZ] — J.3 e uj2 (35)
Oj4, 2€Zj3,
Oj6, 2€Xj4;

[2] — -1
e ml(z)=1+0(z""), z— oo
(2) The E_)—problem
For z € C, we have
am?(z2) = mP(2)30(2). (36)

To close this section, we state a bound estimate for 3 E j.k> which will be used in
later sections.

Lemmas.2 For j=1...1, k=1,2,3,4, andz € Qjx,u = Re(z — z;),

1DE; k()] < clz — 212 + IR (u + z,)]). (37)

4 Here, R(iz) € C 1 (R) means R(z) is a function defined on the real line with continuous first-order
derivative. While since O (z) is a matrix-valued function defined on the complex plan, so O(z) € C 1 (Rz)
means all the entries have continuous first-order derivatives with respect to z and z.
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Proof In the polar coordinates, d = #(% +ip~! 04). For z in any ray starting from
z; and off the real line, we have

iK' (¢)
2p
+ ()R (u + 2,)82(2).

IEj1(z) = [R(u+2,)87(2) = R(z))8; (2 — z)) ")

From Proposition 4.2, we know |6(z) — 8 (z — Zj)m(zj)| <clz—zj |1/2. Also since

2
5(z)~! = ¢~Co_ oz (1=IR®).

it is evident that §(z)~! is bounded. Therefore,
1672(2) = 872z — 2)) 2| < elz — 2512,
And we have®

|R(u +2))872(2) — R(z))8; > (z — z)) 71|
<R +2z;) — Rz)IIS ()|
+1672(2) = 872 (2 — 2)) IR (z))

u+z; , 12
§c|/ R (s)ds| + clz — zj|
Zj

by Cauchy—Schwartz inequality
< cllR |21z — 21" 4 clz — 21'?
<clz— Zj|1/2.
Therefore

0Ej 1(2)| < cp 'z — 22 + | R (u + 2]

38
<clz—zjI 72+ 1R (u + z))). %)

Here, we have use the fact that u < p, which implies |z—zj|l/2/p =u'?/p <u1/2.

Noting also that sup |R| < 1, we have ﬁ < #;)IR\’ and thus all the estimates
for E; 1 can be smoothly moved to E; ¢, k = 3,4, 6. O

6 Separate Contributions and Phase Reduction

The RHP and the mixed 3-RHP we have discussed above are global. In this section, we
shall approximate the global RHP by performing two steps: (1) separate contributions

5 In the middle steps, ¢ means a generic positive constant.
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2j

Fig.3 Jumps in a small triangular region

from each stationary phase point, (2) phase reduction. Before that, let us first consider
two saddle points z;, 41, and discuss £; = 1 = —¢;4 for example. We will first
remove the vertical segments, see Fig. 3:

= Qi1NQi113URj6NQ25414\R,

where €2; s are defined in 31.
Recall the constructions of Ej 1 and E j 11 3 [see (33)], the boundary value of m?! (z)
on EjJr% from Q; 1 is

mM(zj10 +i0)0) 1(zj412 +iv),
while from €21 3 itis
m“](zj-i-l/z +iv)0j1+13(zj4172 +iv).

Both correspond to locally increasing parts of the phase function, and thus corre-
spond to an upper/lower factorization. So the jump on the new contour X;4 /2 is

Ojy13 0;} (),z=1z2 j+h + iv, where the nontrivial entry is [regarding the property
of K and definitions of those matrix O x, see (32) and (34)]:

- K(¢))[R(Zj)5j_2(2j+1/2 —-z;+ iv) NG

— R+ )87 (172 = 2jig + i) D)2 10G 24,

with v € (0, (zj41/2 — zj) tan(«)) and ¢ = arg (z — z;).
Note that

|(Zj+1/2 —zj + l'v)*Zi'](z_/)| — e2n(z,')¢ < 6217(1])0!.
and
|2 OCHATIV| < ™2 d = (7541 — 25)/2.

Thus we have, for any z € Ej+1’
2

0,»+1,30jj} — 1 =0 "™y 5 o,
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where ¢ is some generic positive constant. Since the jump is close to 7, by a small
norm theory, the solution will also be close to /. In fact, we have the following estimate
for the potential

| lim z(m! — 1))
7—> 00

= lim zCx , (m)]
z—>00 Jjt3

1 dtan (@) 0] .
< — m=(zjy12 + iS)‘ ‘0j+1,30;1(zj-+1/2 +is)—1I|ds
2 0 ’
1 d tan (@) 0] rred
< — m=(z; ~|—is‘e_ Sdds
= ) (Zj+1/2 )
1
S R

" dtan (o) Cred
sl deellOpale [ el
=0,

where Cy L (-) means the Cauchy transform of a function over the contour X ;3.
itz

Also, here we have assumed m!?!, as a solution to the conjugated RHP, exists.® So
it is analytic in a neighborhood of X jrue and hence, it is bounded on ¥ jaue By the

definition (see (33)) of 0,413, it is continuous in X 4l and does not blow up at the
2
endpoints of X jrl So |0j41,3lc0 is also finite.” Therefore, we can remove all those

vertical segments by paying a price of error O(t~1), which will be dominated by the
error generated by the d-problem (it is O(r—3/4), we will show it in a moment.) Let
us denote the new RHP by 72!?!. To make it clear, we note that the jumps for /i2[?! are

2
321 = W@, zeUjorik=1234Zk,
I, z€Uj=

.....

Next, we will show that the RHP for 772!2! can be localized to each saddle point. For
example, near z;, along the segment X; | : z = z; +u +iv, argz = «, we have

: _ 2
|Ej’162”0| < ce 2t tan(a)u

It is well known (Deift and Zhou 1993; Do 2010) that the |Ej,1e2”9| <

2 . . . .
ce~2an@u” \where et u > uo > 0, and then, the jump matrix will go to I with

decaying rate at O(e™“"),c¢ > 0, as t — oo. The RHP is localized in the small
neighborhoods of those stationary phase points. Note that near each z;, we have

0" _ 2
0(z) = 6(z0) + M + O(|z — Zj|3).

6 The existence and uniqueness will be discussed later.

7 Here the L*() norm || £ (2) o means sup.ex; | £ (2)], where | £ (2)] = max; j=1,2 zex | (@)]-
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By a similar argument of Lemma 3.35 in Deift et al. (1993) or subsection 8.2 in Do
(2010) for the phase reduction, the error generated by reducing the phase function 6

to 0(zo) + w will be bounded by O(~!). Both analyses of the mentioned
references are based on the analysis of the so-called Beals—Coifman operator (Beals
and Coifman 1984). Now we shall simply describe it here. For the sake of simplicity,
we only consider the RHP on the contour X 1 (for more details, we direct the interested
reader to Deift and Zhou 2003):

Riemann-Hilbert problem 6.1 Looking for 2 by 2 matrix-valued function m'?! such
that

(1) m(z) is analytic off %} 1;
2) my =m_v, zeX;;
3) m=I+0E"", z— oo

Since E |2j’1 is analytic near X | for z away from z;, and enjoys a factorization:3
(I—w) ' +wh,
where

wo=1-0)" =0k -1,

wt =0,
and the superscribes =+ indicate the analyticity in the left/right neighborhood of the
contour.

Following the definition in Beals and Coifman (1984), we define the Beals—Coifman
operator, for any f € LZ(EN), as follows:

Cuw(f) = C+(fw )+ C-(fwh),

where C means the usual Cauchy operator, i.e.,

cro =g [ I

ds,
2mi .82

and C4 means the non-tangential limits from left/right side.
The following proposition, which plays a fundamental role in Deift—Zhou’s method,
is well known.

Proposition 6.2 (see also proposition 2.11 in Deift and Zhou (2003)). If © € I + L?
solves the singular integral equation:

8 (w™, w) will be called the factorization data for the jump matrix.
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Fig.4 New contours, dashed line segments are those deleted parts

Then, the (unique) solution to the RHP for m reads®
m=1+C(uw). (40)
Then follow the localization principle in Deift and Zhou (1993), Do (2010) and
Varzugin (1996), and the simple argument on the vertical segments, we arrive at a new

RHP on the new contours: fixing pg > 0 small, define

29 ={z 2 =24 pe, p € (0, po)},

29, ={z: 2=z 4 pe' ", p € (0, po)}.
9y ={z:z=2;—pe'®, p € (0, po)},
0= {ziz =254 pe“ ™, p € (0, po)).

Then with the new contour (see Fig. 4) ¥¢ = szl,,..,l,k=1,2,3,42? > the new RHP
reads as follows:

Riemann-Hilbert problem 6.3 Looking for a 2 by 2 matrix-valued function m™® such
that

(1) mP =m0 e 20, with 512 = 51250,

2) P =14+0E"", 7z - .

Moreover, since the potential of the mKdV hierarchy can be recovered by formula
(24), which can also be written as the Beals—Coifman solution:

1
grHP (X, 1) = _%/z((l — Cu) ' Dw(s)ds. (41)

Then, by localization, we have

[ (I — Cy) "Dw(s)ds = / ((I = Cyp) "hw(s)ds + O™, t —> 0o, (42)
> Yo

9 Here,w =wT +w™.

@ Springer



Journal of Nonlinear Science (2022) 32:10 Page230f46 10

where X is the contour before localization and w can be easily defined in each cross
since the jumps are all triangle matrices and all entries in the diagonal are one. Let us
denote

Grup (X, 1) = —ﬁ /Ea((l — Cw) 'DHw(s)ds. (43)
Then from the localization principal, we have

qrp (X, 1) = qRup(x, H + O™, 1t — 0. (44)
Moreover, we define the RHP (m!3) which corresponds to the local Beals—Coifman

solution (i.e., ggyp) as follows:

Riemann-Hilbert problem 6.4 Looking for a 2 by 2 matrix-valued function m! such
that

(1) m[j] = m[_S]vB](Z), z € X0, with jump matrix reads v = 3% [5o;
2) mB=14+0@z"", 7z o0

However, the integral f 50 (I =Cy)~ ' w(s)ds is still hard to compute, and following
the Deift—Zhou method, we need to separate the contributions from each stationary
phase point. Thus, we need the following important lemma.

Lemma 6.5 (see equation (3.64) or proposition 3.66 in Deift and Zhou (1993)). As
t — 09,

!
/ (1=Cw)™" hw = Z/ (1= Cu) ' Dhw; +0a™, (45)
0 ==

where w ; is the factorization data supported on Z;? = U2:1 Z;’ o W= Zl]: | w; and
o _ |l yo
¥ =U | py it

Proof First, recall the following observation by Varzugin (1996),

A= Cy) [ 14D Cu,(1=Cup) ' | =12 Cuy; Cup (1 = Cup) ™"
J J#k

With the hints from this observation, we need to estimate the norms of C,, i Cy, from
L% to L? and from L? to L?. Also from next section (with a small norm argument),
we know (1 — Cy, /.)_1 are uniformly bounded in L? sense. Now let us focus on

the contour E;? I and ¢ = 1. Then, the nontrivial entry of the factorization data is

Ej1(2)e” 100 7 ¢ X7, and thus we have
—2t tan(a)u2

lwj Iz, | < ce
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which implies that [|w; [xo ll,1 = 0@~ 1/2) and ||lw; 5o, ll2 = OG~ 1/4). Then
following exactly the same steps in the proof of Deift and Zhou (1993, Lemma 3.5),
we have for j # k

1Cw; Cuy ll2¢50) = OG™ '),

”ij ka”Loo_)LZ(zz)) = O(t_3/4)

Then use the resolvent identities and the Cauchy—Schwartz inequality,

I
(A=C)'D =1+ Cu;(1=Cy)~'1
j=1
I —1
L+ Cuy (1= Cu)™ | | 1= Cupy Cu (1= Cup)~!

j=1 J#k

Y CuCu (1= Cy) | 1
J#k

=1+ Cu;(1-Cy) "I+ ABDI,

where
1
A=1+4) Cu(1=Cup7",
j=1
—1
Bi=[1=2 CyCpu—=Cy)™"|
J#k
D= CuCu(l = Cu)~",
j#k
and thus
f ABDIw| < [|All 2| Bl 21Dl oo 2wl 2
Z()

<t A = 0@,
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Then applying the restriction lemma (Deift and Zhou 1993, Lemma 2.56), we have
(I + Cy;(1 = Cy)) ' Dw 50 = / (I + Cy;(1 = Cy)) ' Dw
xo »0
J
- /20((1 — Cy) ' Duw;.
J
Therefore, the proof is done. O

7 A Model Riemann-Hilbert Problem

In the previous section, we have reduce the global RHP to / local RHPs near each

stationary phase point due to Lemma 6.5. In fact, near each stationary phase point,

we need to compute the integral f 50 (1 =Cy J.)_1 Dw;, which is equivalent to a local
J

RHP. In this section, we will approximate the local RHPs by a model RHP which can
be solved explicitly by solving a parabolic-cylinder equation. Consider the following
RHP:

Riemann-Hilbert problem 7.1 Looking for a 2 by 2 matrix-valued function P(&; R)
such that

(1) P(§;R) = P_(§;R)J(§),§ € R, where

_IRIZ _PR
J(§)=<1 ;R| 1R>

is a constant matrix with respect to & and the constant R satisfies |R| < 1;

A L£2
(2) P& R) = (I+PiE™ +OE2)EM™e ™50, & — o0, where Py = ( ’3).10
Then by Liouville’s argument, P’ P~! is analytic and thus

P'(E) = <—%G3 + 500, Pl]) P), (46)

which can be solved in terms of the parabolic-cylinder equation, and apply the asymp-
totics formulas we can eventually determine that !!

2nei7r/4efn77/2

S e “n

10 The fact is nontrivial, but the derivation is in Deift and Zhou (1993), see equation (4.47)

1 Compare with formulas (4.27) in Deift and Zhou (1993), we only differ by a sign, but since the sign
does not affect the parabolic-cylinder equation, we can pass the sign to (47), where we have borrowed the
result (4.45) in Deift and Zhou (1993).
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where
a=in, 48)

with n = —5-log (1 — [R|?).

The above result has been presented in the literature!? in many ways. Here, we
follow the representations in Deift and Zhou (1993). Next, we will connect this model
RHP to the original RHP. Recall, near stationary phase point z;, we need to estimate

integral fz? (1 — ij)_l I)(wj4+ + w;_), which is equivalent to solve the following
I
RHP (mB371, j=1,...,0):

2

(1) m[j’j](z) = m?’j](z)v[lj](z), z€ 27. The jump matrix reads

1 0
: o , e x?,,
(Rﬁ(z _ Zj)—Zzn(zj)e—zte (Zj)(Z—Zj)z 1) 2 Jj.1
R” . o )
(7 — 7)) it (zj)(z=2))
L4R%2( ) . zE€XY9,,
; 0 1
wBl(z) = | 0 (49)
f o
]f_é‘:lz(z _ Zj)Zi77(2_/)e—it@”(z,-)(z—z_,-)2 1] € Ej,3’
I
—RY(7 — 7)2in()) itd" ) (z—z))*
(1 Rj(z Zj) HDe J J ’ cese,
0 1 I

where R? = RjrSj_ze_zite(Zj);
Q) mB¥B=1+0c"", z-— 0.

Set & = (210" (z j))l/ 2(z—z ;) and by closing lenses, we arrive at an equivalent
RHP on the real line:

(D) m*i1E), = mHMoilE), & e . The new jump is

R" 1

j g2 _ pf
. in(z)) o ie2 1—|R:|* —R;
v[4‘j](€) — (29//(21.)0772/ ad<73§zn(z/)adcr3ef T ado3 < |ﬁ j| j) ;
J

(50)

Q) m* I =1+0E "), £ - .

12 The first description of this model RHP was presented by Its Its (1981). Later examples of the model
can be find in Deift and Zhou (1993), Deift and Zhou (2003), Dieng and McLaughlin (2008), Do (2010),
Varzugin (1996), Ma (2019) and Ma (2020).

@ Springer



Journal of Nonlinear Science (2022) 32:10

Page 27 of46 10

Comparing with the model RHP, we observe that m[*71(£)(20" (z; j )t)_

2
e~ i % gsolves the model RHP, which leads to

W —/2melm/ AT/
min = 1 . ’
R (=in(z;))
4] 2ﬂe*i”/4e*”’l(zj)/2
1,21 =

R (in(z))
Changing the variable & back to z, we have

m(@,> V2meiT/Ae—mn(zj)/2

3,jl " -3-
(1) = —(6" ()"
i ! RET (~in(z)))

[3./1 ” 1y
(1) = (2t07(z;)) "2 —
mj 5 Zj Rg-l“(in(z,-))

Noting that Rs. =R j8;2e2”9(?/ ), one can rewrite it in a neat way:

[3] |’7(Zj)|1/2 ip@t)
my 1o @) = A ¢ >
V210" (z)
N2
iy = WD o

J2107(z))

where the phase is

-3 .
@) = A I'(=in(z;)) — 2t60(z;)

"ﬁflgum%qn+zmya)+myR>

Here, we have used the fact that |8|% = 7. Denoting

|77(Zj)| 10}
Gas(x,1) = —2i Z\/W e’ s

then the connection formula (43) and Lemma 6.5 lead to

GRp 1) = qas(x, ) +O@™Y, 1 — oo,

i (& ) 2 e i/ p—mn(z))/2

Uagln(z,)m

(S

(52)

(53)

(54)
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8 Errors from the Pure 8-Problem

In this section, we will discuss the error generated from the pure d-problem of m!?!.
Let us denote

E(z) = mPmlgl )71, (55)

where mRHP denotes the solution to the pure RHP part of m?!. Assuming the existence
(which we will be provided in the next section), and by the normalization condition,
we have

E@ =1+ —mgp D271+ 02, 7z . (56)

Due to the procedure of localization and separation of the contributions, we can approx-
imate mE}]IP by 1%, and the error of approximating the potential is of O(t~!) as
t — oo. Thus, by the Eq. (24),

q(x, 1) = qrup(x, 1) + O~ + Jim z(E—1), 1 oo, (57)

Moreover, from this construction [Eq. (55)], there is no jump on the contours X i, k =
1,2,3, 4, but only a pure d-problem is left due to the non-analyticity. The d-problem
reads

OE = EW, (58)
where

W(z) = melpd 0 () (m )~ (59)

From the normalization condition of mgl]ﬂ), we see it is uniformly bounded by m.
And to estimate the errors of recovering the potential, one actually needs to estimate
lim;_, » z(E — I), where the limit can be chosen along any rays that are not parallel
to R. For simplicity, we will take the imaginary axis. The d-problem is equivalent to
the following Fredholm integral equation by a simple application of the generalized
Cauchy integral formula:

E(z)=1- / wdA(s). (60)
7 Jc

§—2z
In the following, we will show foreach fixedz € C, Kw (E)(z) := f(c %‘Z(”dfl (s)is
bounded and then by the dominated convergence theorem, we will show lim,_, o, z(E—

1) = O(t=3/*). First of all, since m!®! is uniformly bounded, upon setting z = z; +
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u + iv, we have

J0E; ke 20" Cw 2 e Qy k= 1,4,
Wiloo S 157" 1 2167 / : 61)
[E; kle”” 2" 7z e Qjx,k=3,6,
where 0 < a < b means there exists C > 0 such that a < Cb. Then, we have
I| ( )Iloo
Kw(E) = ||E||oo ————dA(@). (62)
We claim the following lemma:
Lemma8.1 Let Q = {s:s5 = pe'®, p > 0,¢ € [0, 7/4]}, and z € Q. Then,
2 21—1/4 ,—tuv
u” o e e = 0. (63)

Q lu+iv—z|

Proof Since there are two singularities of the integrand at z and (0, 0). In the first case,
set z # 0, and let d = dist(z,0). We split €2 into three parts: 21 U 2, U Q3, where

={s:|s| <d/3}NQ,Q ={s:|s—z] <d/3}NQand Q3 = Q\(2] U Q).
In the region 21, |s — z| > 2d /3, and thus

|u2 + U2|—1/4e—tuv et
/ - < / / 3 14dvdu
Q lu +iv—z| 2d o W2+ )l

substituted v = wu

—lu w 1/2
< dwd
_2d/ /0 A+ wylat v
f f —tu w 1/2d'U)dM (64)
o0 1 —e tu

= - d

2 ],

31 _3/4/°Ol—e—”
= ——t d

242 o wiA

3
= T 3/4)t34.
7 3/4)

I /\
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In the region 2, Is|71/2 < (2d/3)~1/2, we have

2 2\—1/4 ,—tuv P
/ ju” + vl ¢ dudv| <,/ — / 5 o 2dvdu
Q 2d Jo, (u —x)? 4 (v — »)HY

lu +iv—z|
d/3
/ / 1P eosO)H+osin®) ggq
V 2d

3d —txy
= 3 2°¢

While in the region 23,

2 21—1/4 ,—tuv

u-+v e

/ | |_ dudv
o lu +iv—z|

o0 u
< / / e "dudu = 0@ .
o Jo

Now consider z = 0. We have

—tMU
/(; 2 +v2)3/4dvdu

—tuv
/;Z(u +v2)3/4dA(u V)| = /
7tu w
/ /0 1+ w3 T w2y dwdu
o] 1 eftu w
0 0
o0 1—e¢ tu
/0 T
o0

I—e™ _ 15l
—1/2_
fo prey e L “2du

du

I, l—e™
_l4
2t /0 7 du
3
74T y4).
8
By assembling all together, the proof is done. O

Remark 8.2 The essential fact that makes the above true is the rapid decay of the expo-
nential factor in the region. And the lemma also tells us that those mild singularities,
which have rational order growth, can be absorbed by the exponential factor. Back
to our situation, after some elementary transformations (translation and rotation), the
estimation of f(C MdA(s) will eventually reduce to a similar situation discussed

. [s—z]
in the above lemma.

Based on Lemma 8.1, we know that when ¢ is sufficiently large, || Cy || < 1 and thus
the resolvent is uniformly bounded, and we obtain the following estimate by taking a
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standard Neumann series, for some sufficiently large fo,

(—1/4

_ Cc _
IE = Illoo = IKw(l = Kw) oo < ——— <ct™V* 1>1. (65
1 —ct1/%

Now since for each z € Q; ¢, we have [0E; x(2)| < c(lz — z;|7Y2 + |R'(u + z)))),
and apply the dominated convergence theorem, we have

I 4
) 1
fim 2 =Dl < =YY IE |

[Wlloods,
j=1k=1 Qjik
and use Lemma 8.1 again, we will eventually have:
E; = lim [z(E — )| = O@ /%) (66)
Z—>0

9 Asymptotics Representation
First, we summarize all the steps as following (see Fig. 5):

(1) Initial RHP m!" = m, see RHP 2.1.

(2) Conjugate initial RHP to obtain m!!l = m!%15%3 see RHP 4.1.

(3) Open lenses to obtain a mixed 9-RHP 5.1.

(4) Approximate the RHP part mbi, of m!? by removing j+1 (see RHP 6.1), Jocal-
ization (see RHP 6.3), reducing the phase function and separating the contributions
(see RHP 6.4). The error term is O(+~!). Note those exponential decaying errors
are absorbed by O(r~1).

(5) Comparing m!?! and miZ . and computing the error by analysis a pure d-problem.
The error term is O(¢~ 4P)

Now by undoing all the steps, we arrive at:
ml%(2) = E@mbgp() 0 ()87,

From the definition of the lens-opening matrices, it is easy to see (e.g., Dieng et al.
2018, Lemma 3.2) that O(z) = I + 0(1/z) as z — oo along any straight line except
the real line (that is fine since when we recover the potential, we can choose the limit
of z — oo not along the real line.). Also, since §~3 is a diagonal matrix, they do not
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mlol

il —

mi2 —

=m

Conjugation

ml] §98

Open lenses

mtO(2)
Mixed O-RHP

l

O-Problem
o (t’3/4>E1"ror

-1
E=mb (m[;]HP>

O (¢t~ H)Error

2
RHP

\LRemove Ej+1/2

Small norm
(for large t)

M

Localization
2
Reduce phase & separate contributions

Existence
mb!

Fig.5 Steps of the 8-steepest method

affect the recovering of the potential. Thus, we obtain

q(x,1)

2
= -2 (mge}-lP,l,IZ + E112)

=gqrup(x,1) —2iE1 12

by (44), (54)

= qas(x, 1) + O™ — 2 Ey 1
by (66)

= Gus(x, ) + O™ + O3
= qas(x, 1) + O,

where q,5(x, t) is given by Eq. (53).

Remark 9.1 Note that due to the analysis in section 7, according to Proposition 2.6
and Proposition 2.11 of Deift and Zhou (2003), together with the small norm theory,
the existence and uniqueness of the model RHP implies, via the estimates of the
corresponding Beals—Coifman operators, the existence and uniqueness of RHP 6.4.
Similarly, we obtain the existence and uniqueness of 7!%!, 7i2[?! and eventually m%]ﬂ).

@ Springer



Journal of Nonlinear Science (2022) 32:10 Page330f46 10

Remark 9.2 From Eq. (53), we know ¢ is O(t~/?) as t — o0 in the region x < 0
and consider the limit along the ray x = —ct for some positive constant c.

10 Fast Decaying Region

In this section and the next section, we will focus only on the case of the defocusing
mKdV flow. In this case, the phase function reads

X . e
O(z;x,1) = ;z + ¢z", nisan odd positive integer.

In the previous sections, we have derived the asymptotic solutions to the defocusing
mKdV flow in the oscillating region, namely along the ray x = —vt, v > 0, t — o0.
In this section, we consider the long-time behavior along theray x = vt, v > 0, t —
00, which we call it the fast decaying region as we will soon prove in this region, the
solution decay like O(r~!), which is faster than the leading term in the oscillating
region, i.e., O(t~1/?), as t — oo.

In the fast decaying region, the phase function enjoys the following properties:

(1) There exits € = €(n, v) > 0 such that =Im(#) > 0 in the strips {z : £Im(z) €
(0, €)}, respectively.
(2) There exits M € (0, 1/€) such that Im(9) > nvu"~! for |u| > Me and Im(0) >
v(l — (Me)?) for |u| < Me.Here z = u + iv.
First, we will formulate the RHP as follows:

Riemann-Hilbert problem 10.1 Given R(z) € H"'(R), looking for a 2 by 2 matrix-
value function m such that

(1) my =m_e 0@ adosy (7 7 e R, where the jump matrix is given by

_(1—=|R> =R\ _(1—-R\/[10).
”(Z)_< R 1)‘(0 1><R1>’ ©7)

2)m=1+0@z", z- oo

Theorem 10.2 For the above RHP, the solution m enjoys the following asymptotics as
t — oo

mi(t) = 0@ Y. (68)

wherem =1 +mi(t)/z + O(z"2), 7z = 0.
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4
Im(0) = O\J | @
(\/ € 5

O

—€

P

Fig. 6 d-extension for the case of the fast decaying region. Here, we only draw the case when n = 5. For

generic odd n, there are % curves of Im 6 = 0 in the upper and in the lower half plane

Proof In the light of 3-steepest descent, to open the lens, we multiple a smooth function
0(z) to m, where O(z) is given by

1 0
—R(Rez)e21?®) 1] z € Q1,
H(I—mz)zz_g()
RReg)e 10
O(Z) = 1 1+(Imz)2 , z€e Q*,
0 1
1 7€ C\(Q; UQY),

where (see Fig. 6)

Ql = {Z N ImZ € (07 E)}’
T ={z:Imz € (—¢,0)}.

Let us denote 1 = {z : Im z = €}, see Fig. 6, and let

m=m0O, zeC.

Now as usual, we obtain a 3-RHP, due to the exponential decaying of the off-
diagonal term, and the jump matrix of the RHP part will approach 7. Hence by a small
norm argument, we know the solution will close to I as z — oo. Denote the solution
to the pure RHP by m?, and small norm theory leads to m? = I + O(e™¢©"), c(e) >
0, z — o00. Next, consider

E = m(m% L. (69)

By direct computation, one can show E does not have any jump on X and it satisfies
a pure d-problem:

dE = EW, (70)
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where

(o Btz ) o

0 0
W= 0 0 o
: — Z e b
mﬁeZttQ(z)a(l—'—RérlieZ)) )(mtt) 1)
0, 7€ C\(2 U QT),

where 8 = 1 (dRe + i 9im ).

i R 1,1 3, RRez) v 5, —RRez) .
Since R, R € H"', 3(1 q,77)> (7 g 5y2) are uniformly bounded by some

nonnegative L?(R) function f(Re z). Note that m* is uniformly close to 7, and setting
z = u +iv, and considering z € 2 first, we have

IWllso < f)e™ MW Vi € R, v € (0, €).
By the same procure as the one in section 8, the error of approximating m by the

identity matrix is given by the following integral (since there is only one nontrivial
entry of W):

A= fE/ Fw)e "™0dydoy. (71)
0 JR

Split the u into two regions: (1) |u| < Me, (2) |u| > Me. And denote them by Ay,
A, respectively. Then, A = A 4+ Aj. And

€ Me )2
Ay 5/ F)e PI=M ) qudy
0 —Me

by Cauchy—Schwartz

1— efte(lszez)
< fll2@@Me)! P —
= (R) r(1— M262)
=0uh.

On the other hand,

€
Ay < / / Faye™" ™ dudy
0 |lu|>Me

- / £ f "t o dy
lul|>Me 0

n—1\ 2
1 1 — efntvu 12
=t flza( —— | dw)
lul=Me nu

-1 n
<t Ifllg2
n—2

(ME)_(n_Z)
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=0u .

Similarly, we can prove that for z € Q7, we also have the error estimate oeh.
Assembling all together, we conclude that the error term is O (¢, andm; = O™,
ast — oo. O

11 Painlevé Region

In this section, we first derive the Painlevé II hierarchy based on some RHP. Then, we
will connect the long-time behavior of the mKdV hierarchy in the so-called Painlevé
region to solutions of the Painlevé II hierarchy.

11.1 Painlevé Il Hierarchy

As mentioned in Ablowitz and Segur (1977), the mKdV equation is can be transferred
to the Painlevé Il equation. The authors in Ablowitz and Segur (1977) also suggest the
connection between integrable PDEs with Painlevé equations. In Clarkson et al. (2006),
the authors explicitly derived the Painlevé II hierarchy from self-symmetry reduction
of the mKdV hierarchy [see page 59 of Clarkson et al. (2006). And also Clarkson et al.
(1999)]. In this section, we will provide a slight different [as comparing to Clarkson
et al. (1999)] algorithm based on Riemann—Hilbert problems to generate the Painlevé
IT hierarchy. Let us denote © (x, z) = xz + ;-z", and suppose Y solves the following
RHP:

Yy =Y e®Bppe 9% ze 3,

Y = I~|—(’)(z_1), 7 —> 00.

where the contour %, consists of all stokes lines {z : Im ®(z) = 0} and vg is a constant
2 by 2 matrix that is independent of x, z.
Now let Y = Ye!®93 and we arrive at a new RHP:

+ = )’;—UO’ ze Env
Y =+ 0z )9, 7 > .

Since vy is constant, it is easily to check, by Louisville’s argument, that both 9, yy—!
and 9, YY ! are polynomial of z. Hence, we obtain the following two differential
equations:

YY ! = A(x, 2), (72)
3.YY ™' = B(x, 2). (73)
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If we assume

n—1

Y=1+) Yix): 7 +0E™"), z— oo, (74)
j=1
n—1 )
Y=vy'=1+ ZZ](X)Z_J +0@E™), z— oo, (75)
j=1

then a direct computation shows

A =i[Y, 03] +izo3,
B =ixos +ic?" o3 +ic"2Y1, 03]

n—1 k—1
+Ziczn717k Yio3 +o03Y, +ZYk_jG3Xj
k=2

j=1
Since Yy ; = Y, x, we have
A; — By +[A,B]=0. (76)
Set
_(rix) Mj(x)> s _
Y; = ., j=1,...,n=2, 77
/ (vj(x) q;j(x) / " 77)

where p;, q;,u;, v; are smooth functions of x. To guarantee (76), all the coefficients
of z must vanish. Those equations can be solved recursively. Eventually, by eliminating
uj,vj,j=2,...,n—2,and let vy = uy, we will arrive at a nonlinear ODE oful,l3
which turns out to be a member of the hierarchy of Painlevé Il equations . We list the
first few of them:

n=23:—8u’ + cuyy —4xu =0,
n=>5:"24cu’ + IOcuzuxx + IOcuuz — 2””” —4xu =0,

7cu2uxxxx

n=7:—80cu’ + 7Ocu4uxx + 1400u3u§ — >

+ —Tcu“ — ldcuyuyyy —4x | u + Eumxmx — ?cuxuxx =0.

In the current article, we focus only on the odd members. In fact, n = 3 corresponds
to the mKdV equation, n = 5 corresponds to the 5th order mKdV, and so on. In the
following subsection, we will show how to connect the long-time asymptotics behavior
of the mKdV hierarchy to the solutions to the Painlevé II hierarchy.

13 Surprisingly, the dependence on p, ¢; will disappear.

@ Springer



10 Page380f46 Journal of Nonlinear Science (2022) 32:10

11.2 Painlevé Region
Recall the phase functions of the AKNS hierarchy of mKdV type equations are
0(z;x,t) = xz+ctz", nisodd. (78)

By the Painlevé region we mean a collection of all the curves x = s(nt)!/", s # 0, by
rescaling z — (nt)_%é, we have

¢
O@) =& + ;E”- (79
Now the modulus of the stationary phase points of (78) is

Hoo().

and however, after scaling, the modulus of the stationary phase points of ®(§) is

20l = -2
20l =|——
ct

1
& = lzolt™, (80)

which is fixed as + — oo. A direct computation shows for any odd n, one can always
perform lens opening to the rays {z € R : |z| > |&|}, due to the signature of Re(if),
see Fig. 7.

Note that

e—i@(z) ad 03U(Z) — e—i@(f) ad GBU(S)

1 —|R]> —Re™2®
= Re2i® 1

(1 —Re72© 1 0
“lo 1 Re¥© 1)

We can deform the contour {z € R : |z| > ||} as before and get the deformed contour

as follows (see Fig. 8): Fix a positive constant o < %,14

So={zeR:—§ <z <E&),

X ={z:z="E&+pe'”, p € (0,00},

¥y ={z:z=—& +pe ' p e (—00,0)}
3 ={z:z=—& + pe'®, p € (—00,0)},
a={z:2=4&+pe " p e (0,00}

14" Such a choice of o guarantees that the new contours will stay within the regions where the corresponding
exponential term will decay (considering Fig. 7).
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Fig.7 Signature of Re(if). The green region: Re(i#) > 0 when x < 0; The red region: Re(i6) > 0 when
x > 0; The yellow region: the overlapping region of red and green; The white region: Re(i0) < 0. Here,
we only plot the signatures of Re (i0) for n = 9. Other odd n, the region plot looks very similar (Color
figure online)

PN 2
Q = o
O, —&o Yo €o Q4

Y3 Qs Dy

Fig.8 Contour for 3-RHP

and we define the regions as follows:

Qi ={z:z2=&+pe'?, pe(0,00),¢ €0 )}

Q= CT\(Q UQs),

Q={z:z=—E+pe? pe(-0,0),¢ € (—a,0)},
QUu={z:z2=—k+pe'? pe(—00,0),¢ €0 a)
Qs = C™\(24 U Q).

Qo ={z:z2=8& +pe'? pe(0,00), ¢ € (—a,0)}.
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As before, set the original RHP as m!!! with jump =79 2 %3y (7)_ After re-scaling
and d-lenses opening, we set m!?1(&) = m!"1O(y), where the lenses opening matrix
is

1 0
(_E+€2i®(y) 1) oy EeUs,
(0] = 1 —E_e 200 81
@) 0 el .Y €84 UQs, (1)
I, y € QU Qs,

where

E+(y) = K@R (00)77€ ) + (1 = K@) RE(nn) 7).

E_(y) = E+(y),

&0+ pe?, if y € 21U Qeg,
Tt 0t ity ezuQ,
§ = Re(y),

: &o, if y € QU Qeg,
f0= —&o, if y € Q3UQy.

Now we arrive at the following 9-RHP:

Mixed 9-Riemann-Hilbert problem 11.1
Looking for a 2 by 2 matrix-valued function m'? such that

(1) The RHP:
(1.a) mP?l(y) e C'(R*\X) andm[z](;) =1+0@y N,y = o
(1.b) the jumps on £ and o are e '©© 3493y and the jumps on L3 and L4
are e @@ adosy,  pere

1 R (10
=lo1) "=\r1)

The jump on X is ef"@ad‘”v((nt)_%é),, and the jumps on {z € R : |z| > |&l}
is 1.

(2) The d-problem:
For z € C, we have

am? (&) =mP©)a0@). (82)

_ Again, we will need the following lemma in order to estimate errors from the
d-problem.
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Lemma11.2 Fory € Q1346 & =Rey,

BEL(y)| < (nt) "7 |(nt) "7 (€ — £0)| "2 | Rll o + (nt) 7| R ((nt)"7E)].  (83)

Proof For brevity, we only prove for the region ;. Using the polar coordinates, we
have

BEL)] ='%/€’(¢) [R (()77€) =R ™) [+ K@) R ((ary 7€) ™

by Cauchy—Schwartz inequality
1 1
IRl 1ol (n)” 7€ — &o(nt)~7|'/2
Y — o
1 1 1 1 1
< (o) n|[(nt)"n (E = &) 2[Rl 1o 4 (nt) " # |R'((nt) "7 &)

<

+ (nt)*%

o (ot

Similarly, we can prove for other regions. O

Next, consider a pure RHP m!3 which satisfies exactly the RHP part of o-
RHP(m!). m'3 can be approximated by the RHP corresponding to a special solution
of the Painlevé 11 hierarchy.15 Since for y € Qq,

‘(R(g(m)—%) _ R(O)) 621'@)()/)‘ < |é_-(nt)—%|%”R”H]VOeZRei(-)(y)

1 1 e
< (nt)""|Rey|2||R| 10> RETOW),

it is evident that
IR ® — RO ®|l rorp 12 < cnt)h (84)

Let m™ solves the RHP formed by replacing R(%£&) (nt)~1/m) and_its complex con-
jugate in the jumps of mB! along =4, k = 1,2, 3,4 by R(0) and R(0) respectively.
Then, by the small norm theory, the errors between the corresponding potential are
given by

i 41 _ 3]
errors 4 J/Lmooh/(mlz mi;)]|

<c f |(R(Re(s) (1)) — R(0))e*®ds
b
< c(nt)_%.
Then since now the jumps are all analytic, we can perform an analytic deformation

and arrive at the green contours as show in Fig. 9. Let us denote the new RHP by
mt3 (y), and we arrive at the following RHP:

15" As for the existence of the RHP m!3], which is not completely trivial due to the fact that solutions to the
Painlevé II equations have poles, we refer the readers to the book (Fokas et al. 2006) for the details
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Fig.9 Contour for m!4)(Green part) (Color figure online)

Riemann-Hilbert problem 11.3 Looking for a 2 by 2 matrix-valued function m™ such
that

(1) mbl s analytic off the contours Ui=123 4 E,ES];
[51 _ [5] [5] [5]
(2) m7 =m="w, 7€ Up=1234%; ", where

1 0 51, [5]
. . yexbPluxbl
[5] (R(O)ezl(a(y) 1) 1 ’

1 R(0)e~ 29w

[5] [5]
0 ] ), yeXy UX .

Here the new contours (see Fig. 9) are

=P = (z:2= pel®, p € (0, 00)},
2[25] ={z:z2=pe @ pe (—o0,0),
2%5] ={z:z=pe p e (—00,0)},
P = {2 2=pe”™, p € (0, 00)).

Then according to the previous subsection, the (1, 2) entry of the solution m [,
similarly the solution m[4], is the solution to the Painlevé II hierarchy, i.e.,

m ) =mB ), (85)

Hence we have Pkl I's) = lim, _ ymllszl where Pk] I"solves the kth equation in the

Painlevé II hierarchy, where k = %

Now let us consider the error generated from the d-extension. Recall that the error
E satisfies a pure d-problem:

9E = EW,
w = mPBPyomBh—1.
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As before, the d-equation is equivalent to an integral equation which reads

1 / E(s)W(s)
C

E(z)=1+— dA(s) = I + K(E).
T Z—S

As before, we can show that the resolvent always exists for large 7. So we only need
to estimate the true error which is: lim;_, ~ z(E — I). In fact, we have

lim |z(E — I)| =|/ EWds|
—> Q0 C

< C”E”oof 1001ds.
Q

For the sake of simplicity, we only estimate the integral on the right hand side in the
region of the top right corner. Note there is only one entry which is nonzero in 0,
which is one of the £ and we split the integral into two parts in the obvious way, i.e.,

f 001ds < I + I
Q
- / (1)~ % | Res — &Rl y10e? RO ds
Q

+/(m)*%|R/((m)*%s)|e2Re"®<S>ds.
Q

. . e — () 7 . .
As we know from previous sections, eR¢20) < 2107V in the region {z =

u+iv:u > £&),0 < v < au} for some small « , where s = u + iv + &y. Then, we
have

I < (m)—ﬁ/ |Res — &|~/2e "V dudv
Q

1 o0 ou
< (nt) 2 / / u12em " qyudy
o Jo

L[] — 2010 )l
SC(”I) 2”/0 Tdu

=0 (),
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and

L < (nt)~» f |R'((nt)~ 7 Re s)|e~“dudu
by Cauchy—Schwartz inequality

1 o0 oo
< ()T Rl 1o [ (/ e dw)!/dv
0 oav

—CO[U2

dc

1 ® e
< ()[R gro
0

20cv

1
= O((nt)"n).
Thus, we arrive at
3Error = O((nt)~ ).

And we undo all the deformations, we obtain

m (n=ry) =mP )07 ()

€

= 1+—O(:n) mP )0~ ()
L L

- 1+O(;2n) 1+—O(:”) mH o~ ()
L L

- 1+O(:ﬂ) 1+O(:n) )0~ ().

It can also be rewritten in terms of the variable z:

O~ 1/@m)

[1] —
m (Z)—<1+ 2

) mB (') + 072, 7 — oo.

Since m!! corresponds to the RHP for the Painlevé II hierarchy, we have

5
mt(s)

mPly) =1+ +0@u™h,

where y = z(nt)!/".
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Thus,

Ot~ ) m[ls](S)

DA Y I i -2
z(nt)l/n +z(nt)‘/" +O6™)

m[ll(z) —

[5] _1
_ mi(s) ~ O@ ) )
=1+ 2 + 21 4+ Oz ).

Since m[IS](s) is connected to solutions of the Painlevé II hierarchy, we conclude that

g(x,1) = lim zmM — 1)

7—> 00
3

= (n1) T up(x(nt) ") + O "),

where u,, solves the %th equation of the Painlevé II hierarchy. The odd integer n
corresponds to the %th member in the mKdV hierarchy.

Remark 11.4 As for the asymptotics for the Painlevé II equation, we refer the readers
to the classical book (Fokas et al. 2006). There are also some recent works related to
Painlevé II hierarchy, see for example Miller and Sheng (2017), Claeys et al. (2010)
and Cafasso et al. (2019).
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