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ABSTRACT

JASON NEWPORT: Solutions to the Nonlinear Schrodinger Equation with Dirac Mass

Initial Data

(Under the direction of Kenneth T-R McLaughlin)

We study the Nonlinear Schrodinger Equation Dirac mass initial data. We use scat-
tering and inverse scattering theory to pose a Riemann Hilbert problem with a regularized
reflection coefficient. We study the asymptotic behaviour of this RHP as the regulariz-
ing parameter tends to zero. We also establish asymptotic descriptions of solutions for
sequences of initial data that converge to a Dirac mass, using a connection to previously

known long time asymptotics.
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CHAPTER 1

Introduction

The goal of this paper is to analyze solutions of the defocussing nonlinear Schrodinger

(NLS) equation with Dirac mass intial data:

In chapter 1.1 we investigate the linear Schrodinger equation with Dirac mass initial

data:
(1.3) i+ Puz = 0
(1.4) o(x,t =0) =0(z).

We will study this via a straightforward regularization which will motivate the regular-

ization that we need to use when solving the nonlinear problem.

In chapter 2 we will describe the Scattering and Inverse Scattering Theory associated
to the NLS equation. It is a nonlinear analogue of the Fourier theory used to solve the

linear problem. We will study this theory for Schwartz class initial data.



In chapter 3 we will find the scattering data corresponding to Dirac mass initial data.
We will formulate a Riemann Hilbert Problem (RHP), and see why the theory breaks
down with constant scattering data. Then we introduce a regularization similar to the

one we used in section 1.1.

In chapter 4 we preform asymptotic calculations on the RHP with the regularized

reflection coefficient to find the asymptotic behaviour of the potential.

In chapter 5 we find a connection between long time asymptotics and sequences of

initial data that converge to a Dirac mass.

1.1. Linear Schrodinger Equation

To motivate the need for a regularization of the scattering data in the nonlinear

case, we will start with the simpler linear equation. The Linear Schrodinger Equation is

defined as

(1.5) 1G; + ¢pe = 0,

where we have chosen the initial data as the Dirac mass:

(1.6) q(t =0,2) = (x).

Using the fourier transform
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we see that, formally, the solution to our equation should be

1 Rl )
(1.7) q(t,z) = / ekt g

2 )

However, the integrand in (1.7) is purely oscillitory, and we must decide upon a proper

interpretation of the integral.

At this point we introduce a regularization to our transformed data to ensure that

the inverse transform of our initial data converges. Let

(1.8) 45 = e

Now, our solution (1.7) becomes

1 , )
qe(t’ LE‘) - / ezkxfsztfedek.
2 Jr

Straightforward calculations yield:

1 iz? - .
(1.9) ¢“(x,t) = —eate'a / e (t=ie)2? 7.
2 R

) 2
(1.10) q(t,z) = e 'dear.

Consider the asymptotics of our solution, as ¢ — 0. We will show that it converges

weakly to the Dirac delta. Let h(x) be any smooth test function, and define

I(z,1) :/Rq(x,t)h(:v)dx: Q%eizéeﬁh(x)dx.




As t — 0, the dominant contribution from the integral is at x = 0. The stationary phase

method yields
I(z; s) = h(0) + O(V1).

Thus, our solution converges weakly to the Dirac delta function.

Remark: We have shown that if € — 0 the formula (1.9), converges to a Dirac mass
as t — 0. A modification of this calculation shows that the order of limits does not
matter. Indeed, if the vector (¢,¢) — 0 in formula (1.9), then the result converges to a
Dirac mass as ¢ — 0. In the nonlinear case, we will see that we cannot interchange the

order of limits.

1.2. Results

Formal considerations in chapter 3 lead us to a one parameter family of reflection

coefficients:

1 2

r(z,t) = ——— ¥t
(=%) L+y =72
For ease of calculation we will choose v = % We consider the regularized reflection
coefficient
_ 4 —2ez2 44422t

(1.11) r(z,t) = we :

Our interest is the behaviour of the solution to the NLS equation with initial data

corresponding to (1.11), as ¢ — 0. The following is our main result, proven in chapter 4.

THEOREM 1.2.1. Let @(x,t;€) represent the solution to the NLS equation corre-

sponding to the reflection coefficient (1.11). Then for each Ti,Ts and X such that



0<Ti<Th <0 and 0 < X < oo, the following expansion holds true for all Ty < t < T

and |z| < X:

1 2 5ei7r/4—m//2

© = _eTt—2wlog(8t)€—2weh(zo)\/E

NG EETR + O (Velog(e)),

with v(z) and h(z) defined in (A.1) and (A.3) respectively.

The meaning of the error term is that there exists a constant C' depending on T}, T

and X so that the error is bounded by C|\/e(loge)?| for all allowable x and t.

THEOREM 1.2.2. Let 7(\) be the reflection coefficient corresponding to the initial data

f(z). Consider initial conditions of the form
1
plat=0:)==f (%),

and let M be a positive constant. Then for all values x and t where |zg| = "4—?| <M,

the solution has the following asymptotic expansion:

1 iz? :
o(x, t;€) = %e?_wwg(gt)em”u(%) + O (eloge)

with

iv(z) = %log (1— 7 (z0)2).

The function u is defined in terms of its modulus and phase:

u(z) = v/2 = —-log(1 ~ [i(z0))

1 [*
arg u(zy) = %/ log(zo — s)d log(1 — |7(s)[*) + % +argl'(iv) — arg 7(z).



Remark: The question which led to the first theorem was "What is the behaviour
of solutions associated with regularizations of constant reflection coefficients.” The sort
of regularizations we considered were in the general class of delta sequences discussed
in Theorem 1.2.2. In addition, the method used to prove the two theorems are quite
different. The former involves Riemann Hilbert Analysis of the inverse spectral problem,

while the latter relies on established long time asymptotics.

A slightly stronger version of Theorem 1.2.2 follows.

THEOREM 1.2.3. Let 7(X) be the reflection coefficient corresponding to the initial data

f(z). Consider winitial conditions of the form

1 .
pla,t = 0;e) = —e2erf (2],
€ €

and let M be a positive real constant. For any constant o € R and for all values x and t

where |z0| = | £ | < M the solution has the following asymptotic expansion:
Cviaz—2ia%t | L 22 _ii00(st) 2
o, ty€) = e How=2ia™t | _—_ S —ivlog(®) 2ivy, (20) 4+ O (eloge)
Vi
with

iv(z) = QLm,log (1— 7)) .

The function u is defined in terms of its modulus and phase:

1

u(z0)P = v/2 = = —log(1 — [7(z))

1 [*
arg u(zy) = %/ log(zo — s)d log(1 — |7(s)[*) + % +argl'(iv) — arg 7(z).



1.3. Motivation For Studying Singular Limits of the NLS Equation

We are studying the behaviour of the NLS equation with Dirac mass initial data
for several reasons. The scattering and inverse scattering theory found herein is well
established. Existence and uniqueness of long time asymptotics are known for initial
data in a weighted Sobolev space [4]. The Dirac mass is a distribution that is outside
this class of functions. In this paper we find that solutions exist for sequences of initial
conditions that converge to a Dirac mass. One interesting part of analysis is that the

solutions are not unique.

Another reason we studied these problems is to figure out how the NLS equation
regularizes singular data. In order to study this we had to regularize the reflection
coefficient and develop the machinery to handle the limit when this smoothing parameter
went to zero. Once we had found solutions, one could ask what happened when t — 0.
The limit as the smoothing parameter € tends to zero does not necessarily commute with

the limit when ¢ — 0.

The NLS equation can also be used to model laser pulses in optical fibres. Our work

could be used to understand the behaviour of ultra short high intensity pulses.



CHAPTER 2

Scattering and Inverse Scattering Theory

In this chapter we will study the defocusing nonlinear Schrodinger equation:
i0r + Puz — 2|’ =0

with Schwartz class initial data.

The scattering and inverse scattering theory we will discuss is a nonlinear version of
the Fourier method for solving linear partial differential equations. We find scattering
data via the direct spectral transform. This scattering data has a very simple evolution
in time. In order to reconstruct the solution at later times we must go from the evolved
scattering data back to the potential, which is achieved using Riemann Hilbert methods.
This scattering and inverse scattering theory have been studied in great detail; in [1] and

[6], for example.

The Lax pair associated with the NLS equation is the pair of linear operators:

.0 .
(2.1) L:ZUg%—i—Z



0 _|90|2 Pz
2.2 B =221—+1
(2.2) z 8x+l

—Px |90|2

If a 2 x 2 matrix function ¥ = ¥(x,t, z; @) exists so that

(2.3) Ly = 2

0
(24) 0= B,

the compatibility of partial derivatives implies that ¢ solves the NLS equation.

Let z € C, and assume t = 0. Then the differential equation

. N U
03—V + 14 U =2V,
ox -
p» 0
together with the asymptotic conditions:
eizx 0
(2.5) U(z,2) — I as v — o0;
0 efizx
and
eiza: 0
(2.6) U(z,2) bounded as x — —oo0.
0 efizac
possesses a unique solution.
We will use the notation
' eizz 0
ezzmog —
0 e—iza:



Define

(2.7) M = VU(z, z)e**s
so that
(2.8) M—1 when z — 0.

2.1. Potentials with Compact Support

In this section we will assume that supp(¢) = (2, z,). Many of the analytical issues
are greatly simplified in this setting. Our goal is to provide a well-known (see [1])

description of the reflection coefficient.

We will begin by building unique solutions to (2.3) and (2.4) at ¢t = 0. For =z > z,,

(2.3) simplifies to

103—W = 22U,
ox
Thus,
) el 0 C11 C12
1ZX 0,
U(z,z) =e*"3C = :
0 6_”1 Co1 C29

for x > x,, where the matrix C' is constant in x.

Let z € C,. By the asymptotics in (2.5), we know ca9 = ¢17 = 1,12 = 0. However,

Co1 18 not determined. If we do a similar analysis as * — —oo, we find that

e”= 0 dy1 dio
U(z,z) =

0 eizx d21 d22

10



In order for ¥ to be bounded, we need dy; = 0. However, di1,d;2, dss have yet to be

determined. Thus, we have

A 1 0
(2.9) U(z,z) =e *07 T >z,
C21 1
. dii diz
(2.10) U(z,z) =e *07% T < 2.

For z € C_, a similar analysis shows that our solution is

, L ¢
(2.11) U(x,z) =e *0% x>z,
0 1
| A0
(2.12) U(z,z) =e *07 r < @
da1 dpo

Proving W exists in (2, z,) follows from standard ODE theory. We find that there is

a unique c91(z) that forces dy; = 0.

The function ¥ has boundary values as z tends towards the real axis. Let

v, = 1 v
TTEN
U = lim V.

Im(z),0

11



These both exist since W(z) is analytic off the real axis and the support of ¢ is compact.
Now we have 2 fundamental solutions to the same ODE on the real axis, and so they

must be related as follows:

V11 V12
(2.13) U, (x,2) =V_(z,2) (2).
V21 V22
For = > x,, using (2.9) and (2.11), we get
1 0 1 ¢ V11 V12
= (&)
cor 1 0 1 V21 V22
Simplifying, we get
1 —coCi2 —Ci2 V11 V12
(2.14) = (2).
C21 1 V21 V22

The mapping ¢(z) — c¢12(z) is our nonlinear transform. The function ¢y is called

the reflection coefficient and is denoted r(z,1).

2.2. Evolution in Time

For t = 0 we have a reflection coefficient. We want to find how it evolves in time as
the NLS equation evolves. In the previous section we showed that ¥ exists when ¢ = 0.
Since compact support is not preserved by the NLS equation, the previous section does
not yield existence for potentials ¢ with non compact support. For the remainder of this

section we will assume that U exists for each ¢ > 0. A general existence theory is found

12



in appendix A.2. See also [4]. It should be noted that due to this theory, we know the

solution ¥ (and therefore, M) is differentiable.

Straightforward algebra shows that %L = [B L]. Recall, LV = 2¥ with the asymp-

totic conditions (2.5) and (2.6). Differentiating with respect to ¢, we obtain

%(z\lf) — BLY — LBV + L,.

Rearranging, yields

L(¥, — BY) = (¥, — BY).

Therefore, both ¥, — BY, and ¥ are eigenfunctions of L. with the same eigenvalue. Thus
they are related by:

U, — BY =VUFE,
where E is a matrix whose entries are constant in x. We can rewrite this equation in
terms of M:

Mt — BM = Me—izmag Eeizmag'

In A.2 we show some properties of M, including the fact that it is bounded. It is
easily shown that, M~ (M; — BM) is bounded as  — +oco. In addition, it follows that
det M = 1. Therefore, E15 = F5; = 0. Using the asymptotics for M, derived from the

asymptotics for ¥ (2.5) and (2.6), we find that
M~ (M, — BM) — 2iz%03,

as r — OQ.

13



Thus, we find E = 2iz%05. In terms of ¥, we have
(2.15) U, — BU = 2iz%03 0.
Differentiating (2.13) with respect to time, and using (2.15), we find

‘/t = [V7E]

= 2i2°[V | o).

Using the definition (2.13) of the jump matrix, we have

(2.16) r(z,t) = e (2,0) = 4%y, for z € R.

A symmetry of the Lax pair allows us to write the jump matrix for ¥ as

(217) v L—|r]* —7(z,t)
r(z,t) 1

2.3. Formulation of RHP and Inverse Scattering Theory

We have computed the reflection coefficient and how it evolves in time. We want
a procedure to reconstruct the potential as it evolves with the NLS equation. We use
the inverse scattering transform solved with Riemann Hilbert approach. For this section
we assume M exists and is differentiable. The proof that M exists relies heavily on the

knowledge of the Lax pair and the function ¢, and can be found in appendix A.2.

We know M is analytic off of the real axis and that it has identity asymptotics as
z — 00. We will assume r(z) is analytic, therefore, M is continuous in the closed upper

half plane, and in the closed lower half plane. In this sense, M achieves boundary values

14



on the real axis. Using the jump matrix for U and the definition of M, (2.17) and (2.7),

we can find the jump relation for M:

1— |7,,|2 _me—%zx—hz%
M, (z) = M_(2) zeR.

T‘(Z) €2izm+4122t 1

These properties can be combined to formulate a Riemann Hilbert Problem: We wish

to find a matrix M that has the following properties:

M(z) is analytic off the real axis
M(z) =I+ 4% Z — 00
1 — |7,|2 _me—Qizm—Mﬁt
M, (z) =M_(2) z e R.
r (Z) e?izx+4i22t 1

If we can find such an M, the solution to the NLS equation is embedded in M as

shown in the following theorem.

THEOREM 2.3.1. Assume ¢ is Schwartz class for t = 0. Then the solution ¢ to the

NLS equation is:
Y = Qi(Ml(l',t))lg,

where (M )12 is the upper right entry of the first moment of M as z — oo.

ProOF. We know that M solves the differential equation

2]\4 =iz[M, 03] + QM,
ox

15



where

0
Q=
P 0
IfM=1+z1'M +---, then
1 8 . —1 —1
z £M1+-~:zz[1+z M+ o3l + QU +2""M; +--+).
Solving for the leading order term yields ) = —i[Mj,03]. In terms of the matrix
entries:
0 2 ) 0 (Ml)lg
=2
@ 0 —(M1)21 0
Thus,

Z—00

Remark: Theorem 2.3.1 is a well known fact and is true under weaker conditions on

the potential. In [4] Deift and Zhou require only that the intial data be in the weighted

sobolev space H1.

Retrieving the solution to the NLS equation from the solution to our RHP is called
Inverse Scattering Theory. There are several ways to achieve this retrieval; the more
classical approach involves the Gelfand-Levitan-Marchenko equations, but we use a more

recently developed Riemann—Hilbert approach, which is more suited to our subsequent

16



asymptotic analysis. In chapter 4 we will solve the RHP, and then the inverse scattering

theory will allow us to find the solution to the NLS equation.

17



CHAPTER 3
Obtaining the Reflection Coefficient with Dirac Mass Initial

Data

Our goal is to find the reflection coefficient corresponding to NLS equation with Dirac

mass initial data:

(3.1) i+ Puz — 2|02 =0

where a is a constant.

Seeking a solution to equation (2.3), satisfying (2.5) and (2.6), with a Dirac mass
potential is somewhat problematic. At ¢t = 0, we have ¢ = g = §(z). For this reason, ¥
will have a jump discontinuity at z = 0. We must append a rule for how a Dirac mass
acts on a function with a jump discontinuity. We will proceed formally by imposing rules

to evaluate

/R U6 (x)da.

We will use a weighted average of limiting values from the left and right. Using (3.3), we

define

(3.2) /R U6 (2)da = 7 ( lim \I/(Jc)) +(1—7) (lim \I/(x)) .

z—0~ z—07F



Now we will compute our reflection coefficient. Note that supp(¢(z,t = 0)) = {0}.

Thus, (2.10) and (2.9) become

, 10
U(x,z) =e 0% x>0
Co1 1
, dir diz
U(z,z) =e #*% x < 0.
0 dxp
For brevity, let
1 0
C =
Co1 1
dir diz
D =
0 dx
Then ¥ has the following representation:
(3.3) U = e 3D + H(x)e 7 (C — D),

with H being the heavyside function defined as

4
0 z <0
H(z) = % =0
1 x>0

Suppose t = 0. To find our reflection coefficient we integrate the equation LV —2z¥ = 0

against a test function h(x) over the entire real axis. The weak form of this equation is:

(34)  —ioy /R UK (2)de — i /R i _090 Uh(z)dz — 2 /IR Wh(z)dz = 0.
?

19



Since we already know W solves this equation for x # 0, most of the terms in the

equation will cancel. Then (3.4) can be rewritten as

: 0 —op
0 = dose **3(C — D)h(0) + z/ Vh(x)dx
rl % o
—7Ca1 =y = (1 = 7)da2

= 1(0) |ios(C — D) +i
v+ (1 —7)du (1 —7)di2

This is valid for any test function h, so

(1 —d) —dj2 —YC21 —y — (1 = )dx2

—Ca1 —(1 — dy2) Y4 (1 =7)dn (1= 7)di2

We can easily solve these equations for ¢y, yielding

1

€y = ——.
Tl

We can consider the Dirac delta function as a limit of piecewise constant functions

whose integral is one:

2] <0

S

(3.5) q(r) =

=}

lz| > 6

Using the work of DiFranco and McLaughlin in [5], we can find the reflection coef-
ficient for initial conditions of the form (3.5). In the limit when 6 — 0 the reflection

coeflicient is a constant:

20



We can choose v so that our reflection coefficient matches this limiting case.

plicity, we choose v = % yielding our reflection coefficient

(3.6) r(z,t =0)=cy =

as this will not effect the analysis in the upcoming calculations.

Recall the RHP for M. The problem is to find a 2 matrix M that satisfies:

(3.7) M(z) is analytic off the real axis
M, M.
(3.8) M(z) = I+—+—+- Z— 00
2 2
1— MZ _@6—2121—41'2%
(3.9)  My(2) = M. (2) z€R.
70(/2)621',235—‘,-41‘2% 1

For sim-

Unfortunately, with Dirac mass initial data, this problem is ill-posed. Similar to the

linear problem we looked at, our transformed data r(z) = % is a constant. We know

o]

M — I as z — oo. However, if we look at the third condition of our RHP, we see that

M+t M~ — I for 2 — oco. But our jump matrix will not converge since r is constant,

and z € R.

In order to solve our problem, we will introduce a regularization in the same way that

we did for the linear case. Let

(3.10) r(2) :=1r(2)e = —e 2,

21



Using this regularization our reflection coefficient now decays as z — oo, and we can
find the solution to our RHP. It is the goal of the next chapter to study the behavior as

e — 0.

Remark: The derivation that the reflection coefficient is constant in z was formal.
However, it is important to observe that the asymptotic analysis of the inverse prob-
lem with this regularized reflection coefficient, appearing in chapter (4), is completely

rigorous.

22



CHAPTER 4

Asymptotic Analysis of the RHP

In this chapter we will find an explicit approximation for our Riemann Hilbert Prob-
lem with regularized data. We will make use of a solution to a similar RHP, solved by
Deift and Zhou in [3]. Using a series of explicit transformations, we will show that an
equivalent form of our RHP is sufficiently close to theirs. We will then use Neumann

series to compute the error.

We will use the Lie algebra notation
Moy = N3\

to make the transformations simpler to read.

Define a RHP with regularized data to be

(4.1)  M(z) is analytic off the real axis
Mg Mg
(42) MY(z) = I+—+—F>+-- z — 00
2 2
o L—[r(2)]? —r<(2)
(43)  M{(z) = MC(z)elTize2izt)ades z€R.
r(2) 1

The solution to the NLS equation is

(4.4) o =2i lir% (M) -



The RHP solved by Deift and Zhou in [3] is:

(4.5) MPZ(w) is analytic off the contour ¥
MDZ
(4.6) MPZ(w) = T+~ +... w — 00
w
(4.7) Mfz(w) _ ME)Z(W) o~ w?ados /4 jivadosyyDZ weY,
where iv = 5-log (1 — |r(20)[?) with zg = % the stationary phase point. The contour

Zy

ZS\
24 /\ |
5
=]
ES

FIGURE 4.1. The Contour X

3} is shown in Figure 4.1. The jump matrix is defined as:

(

Vi(zo) w€ Xy

~

‘/;(Zo) w e 23

~

‘/Z(ZO) w € 25

Vi(z0) we X .

\

using the definitions of V;, V;, V; and V, in (4.10), (4.11), (4.13) and (4.15). Note that in

section 4.3 we will refer back to this RHP.

24



As in (4.4), the information we need is in the (1,2) entry of the the first moment of
MPZ at infinity. From their paper,

_ 27Tei7r/46—7ru/2
48 mpzy —
(4.8) ( 1 )12 r(20)'(—iv)

This is the solution to a model RHP, obtained through a series of transformations.

4.1. Transformations to an Equivalent RHP

In this section we will show the explicit transformations we use to find a RHP equiv-

alent to ours, which is close to the RHP stated in (4.5) - (4.7).

It will be useful to define V; as

L—|r(=)P" —r<(2)

r¢(2) 1

The jump matrix can be written as V = e~ #9993V} where
zr
0 =22%+ 4= 2(z — 29)% — 220.
The stationary phase point is defined to be zp = — 7.
Remark: We will drop the superscript € from the reflection coefficient. For the

remainder of this chapter it is assumed that we are working with the regularized reflection

coeflicient.

Now we define two factorizations of Vj:

(4.9) Vo=V, V.

25



with

1 —r(2)
(4.10) V= ,
0 1
1 0
(4.11) V, = ;
r(z) 1
and
(4.12) Vo=V 1.V,
with
. 1 0
(4.13) )= ,
r(z)
EreE
- L= |r(2)? 0
(4.14) L= ,
0 (1= [r(z)) "
~ 1 - @ 2
(415) = 17|7’(Z)|
0 1
Let Vj be factored according to:
iV, Z > 2
Vo =
Al Ac Ar z < 20-

The matrices V, and V; can be analytically extended into the upper and lower right

quadrants, respectively. Similarily, V. and Vj can be extended into the upper and lower
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left quadrants, respectively. The term V. can be removed from the factorization (4.12)

via the transformation

5710
(4.16) L=M5"=M ,
0 4

where 6 solves the one dimensional RHP defined in (4.17) - (4.20).

The jump relation for L can be found as follows

M+ - M_V
M5~ = M_Vé o
Mo677% = M_§=7307V 6,

Ly = L_6™V6.",

where 64 denotes the boundary values for d as z approaches the real axis from the plus

and minus sides.

Now, the jump matrix for L can be written in a factored form. For z < z; we have

1 0
VT = y
r(z) ith s—2
et 0- 1
(5,(5;1 (1—1r(2)]) 0 1 _1_7"7{2)‘26—#951
0 007 (1= () 0 1
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The desired conditions for § are

(4.17) 0 is analytic off the real axis

(4.18) 0—1 as z — 00
(4.19) o =0_(1—1[rP) z < %
(4.20) dp =0 z >z

The solution to this scalar RHP (see [[3]]), is

(4.21) § = exp (L /zo log (1 — \T(S)\Q)ds) .

2m J_ o s—z

The form of ¢ is shown in the following lemma.

LEMMA 1. 9 can be written in the form:
5 = (Z - ZO)iV eil//th(Z)’

with

. 1 2
w = ﬁlog (1 —|r(z0)| ) ,

and

1 [Veo 0 16 e
h(z) = ~5 log(vez — A)alog 1- T dA.

The function h(z) satisfies the following properties:

h(z)—h(zo

o c ) is bounded uniformly in the complex z plane

e Suppose zy € R is fized and z € 3y U X3 U X5 U g (as defined in Figure 4.1)

such that |z| < \/2loge. Then

h(z) = h(z0) = O(Ve(loge)*),
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as € — 0.

The proof of this lemma is shown in appendix (A.1).

The next transformation is the following change of variables: w = v/8t(z — z;). Define

(4.22) N(w) = e—2itz§03L(Z0 + w/\/g)engag.

Under this latest transformation, we have

Ny (w) = N_(w)e ™ ados/Ag=adosyr 04 o) /7/8E).

Note that in the w variable, V[, has the factorization

Vi(zo + w/V/8t) Vi(zg + w/V/81) w>0

Vi(zo + w/V/8t) Vi(zo + w/\/81) w < 0.

Vo(zo + w/V/8t) =

The next transformation involves opening sectors, and changing the contour on which

N has a jump. Define P so that

() orgw e (5.5) U (%2.77)
V. (2 + w/V/8t) argw € (0,7%)
12) P =N Vieotw/VE)  argwe (F20)
V(20 + w/V/8t) argw € (3, 7)
\ Vi(z0 + w/v/8t) argw € (m, o)

This new matrix P will have jump matrices defined on the contour ¥ (see, 4.1).
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The matrix P still has identity asymptotics as w — oo since N had identity asymp-
totics, and each of the matrices V,., V], XA/T, and V have identity asymptotics in the appro-

priate region.

It can be shown that P has the following jumps

(

I wE XUy
Vi w E Xy
P, = Piefiwzadag/él(sfada'g Ar weD,
V} w € X
Vi w E g .

The next transformation uses the form of d that was described in Theorem 1. In the

z variable, d has the form:

§ = (2 — z)" €2
In the w variable, this becomes
5 = wiu(8t)—iu/2€iu/26h(zo+w/\/§)'

We now decompose ¢ into two parts. One of which, can be factored out of our problem
as a constant (in w).

d(w) = g 01(w),
with

50 — (8t)—iy/26h(zo)€iu/2’

and

(51((4)) _ ineh<20+w/\/§>—h(Zo).
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The factor g is constant in w and can be factored out of our problem by defining

T = 5,7 PS3°.

Notice that all of our transformations have preserved analyticity, and the identity

asymptotics at infinity. The jump relation for 7" is as follows:

T+ (w) — T (w)wiuada;ge—inadag,/46[h(zo+w/(8t))—h(zo)]adcrg Vs (w)’

where Vy is defined according to

I wE XUy
Vi (20 +w/v/8t) wE Yy
Ve(w) =19 Vi(z+w/v8l)  wes

‘7l(20+w/\/§) w e 25

Vi(zo +w/V8t)  we X .

The RHP for T is now very similar to the RHP defined by (4.5), (4.6), and (4.7); and

solved in [3].

This completes the transformations we perform on M. In the next section, we will
prove that T and MPZ differ by something which is O(y/€(loge)?). Following that we

will outline a solution.
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4.2. Comparison of Two RHP’s

In this section we will prove that the jump matrices for 7 and MPZ differ by

O(Ve(loge)?).

Recall, the RHP for T has been constructed as:

(4.24) T(w) is analytic off of X
1
(4.25) Tw) = I1+0 (—) w — 00
W
(426) 71+ (w) - T (w)efiwzadag/llwiuadage[h(zOer/(St))fh(zO)]adag VE-

Both T and MP? have the same asymptotics, and are both analytic in the same

regions. We will need to show that their jump matrices are close in norm.

THEOREM 4.2.1. For || - || representing the L', L* or L™ norms, we have
(4.27) ||[Vr = VMPZ|| < CV/e(loge)?,
with

w2 i 1 —
VT — oW ad03/4wwado'3€2m [h(z0+w/(8t)) h(zo)}adagvz,

and

9 .
VMDZ — W ada3/4wwada3vDZ.

PROOF. Suppose z € ¥y. Our reflection coefficient is r(z) = §6*26(20+”/\/§)2. Define
rPZ = r(z), the constant used in [3]. The particular solution constructed depends on a

parameter 7(z) which may be freely chosen, as long as |r(zp)| < 1. We choose r?Z = 4.
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It is sufficient to show (4.27) along one of the rays of ¥. The inequalities along the

other rays follow by analogous reasoning. For z € ¥; we have

Vp — yMDZ _ 0.
where 7 = ¢™*/22iv <62h(zo+W/\/§)—2h(zo)r(w) _ 7,Dz>_

The appendix is devoted to establishing several useful properties of h(z). One such

property is the approximation
(4.28) 2((Meotw/VEN=h(0))) — 1 + O(\/e(loge)?),

for w € ¥y U 33U 35U Xg such that |w| < /2loge. If w is unbounded, we only know that

this quantity is bounded.

Since w € Y, we can substitute w = €”/4s, with s > 0 yielding

(429) n= 6—52/2w2i1/§ [62((h(zo+ei“/4s/\/87t)fh(zo)))6—2ies2/8t—2ez(2)—266”/4z05/\/§ —11.

_ yMDz

The matrix norm of Vi is bounded by

[V = V22|

IN

[Inl]

< C H6_82/2 |:e2<(h(20+6i77/48/\/§)—h(20)))6—2i682/8t—262(2)—266i7r/4208/\/§ . 1:| H .

We choose R(e) so that for s > R(e) we know |e™5"/2| is small. We know the terms

in the square brackets in (4.29) are bounded. Recall, we want (4.27) for the L', L? and
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L*> norms. For the L* norm, we can choose R(€) so that e R(9?/2 — ¢ For the other

norms, we choose R(e) so that [, ~5*/2|4ds < ¢, where ¢ = 1, 2.

~rle

If [>]e"/?|9ds < ¢, then

/ e~ /25 < / se%/2ds
R R

S§=00

< _6—32/2

s=R

_p2
e R/Q.

IN

We again can choose R(e) so that e 7°/2 = ¢. Note that R is growing with e like

R = +/2loge.

Therefore, we have established that

HUHLG(R\(fR(E),R(f))) Se€

for ¢ = 1,2, 00. Our next task is to establish the bounds for n when |s| < R(e).

For any of these norms, we have chosen R(e) so that the Gaussian factor in (4.29)
controlled the asymptotics for large s. For |s| < R(e) the factor of (4.29) in square

brackets will control the asymptotics.
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For |s| < R(e), we can use the bound (4.28). Note that |e~**/2 < 1|. Then we have
Il < C|(1+ O(Veltogey?)) o-2est/si-2ess-2eemtzon/ Ve _y |
< C ‘ ‘672@'682/815726237266“"/4208/\/% o 1‘ ‘

6—2i652 /8t—2e22—2ee'™ /4205 /\/8t

+ Cv/e(loge)®

Define
(430) p= "(672i652/8t726z87266”/4,205/@ _ 1)“ ’
and

¢ = —2ies? /8t — 2ez2 — 2ee’™ zys/V/8L.

Thus, we can rewrite p as

We can bound p as follows

IA

¢| sup |e”|

|=[<[¢]

' |

We know that there is a constant H so that

I¢| < HeR?.

We can bound p by

p < f[He loge edogeH .
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Thus, we have that

Inl| < CVe(loge)? + Celoge.

This completes the proof of our theorem. O

4.3. Asymptotic Estimate of the RHP Yielding the Evolved Potential

In the previous section we proved that the difference of the jump matrices for T" and
MPZ was O(y/e(loge)?). We will now use the solution for MPZ to find our solution.

We start by defining a new quantity

(4.31) E :=T(MP%)™

FE solves a RHP:

(4.32) E(w) is analytic off of X
(4.33) Ew) — I w — 00
(4.34) Ei(w) = E_(w)J.

To find J, we use the definition of E

J - E:1E+

S VRl (MP%) ™
- — n,

10
where 1 = /2w (eh(zow/\@)_h(zo)r(zo +w/v/8t) — TDZ>.
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We already know that MPZ is bounded. Theorem 4.2.1 proved that n = O(/€(loge)?).

Therefore, we have established the following inequalities:

(4.35) |1 = 1I]l= < CV/e(loge)?
(4.36) |7 =1l < CVe(loge)?
(4.37) [|J— Il < Cve(loge)?.

A standard procedure involving small norm Riemann Hilbert problems establishes

the following result. (For a discussion of small norm RHP’s, see [3])

THEOREM 4.3.1. There exists E solving the RHP (4.32) - (4.34) in the L* sense. As

w — 00 bounded away from the contour 3, E has the following expansion:

p-r+o (YY),

1+ |w

Equipped with the solution E, we can find an explicit representation for 7'. Recall,
T =EMP?,

Deift and Zhou found an explicit solution for MPZ in [3], and we can find E by Neumann

series. Compiling all this information, we can find an explicit approximation of 7.

We will invert each of our transformations to find the solution M¢. For w bounded

away from the sectors arg(w) € (0,7/4) U (3w /4,57/4) U (Tm/4,2m) (see (4.31), (4.23),
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(4.22) and (4.16)) the following identities hold true:
T(w) = Ew)M"(w),
Pw) = 0g° (B(w)M"%(w)) 65",
Nw) = 07 (BEw)M % (w)) 8,

L(Z) — e2iz§t03533 <E(\/§(Z . Zo))MDZ(\/g<Z . ZO))) 5603672izgt0'3‘

It then follows, for w bounded away from the boundaries of these sectors, that:

(438) M6(2> _ e2’ﬁ§t0358'3 (E(\/Q(Z . ZQ))MDZ(\/Q(Z o Zo>>> 5070'36721',281503503

The solution to the NLS equation is given by

@ =2i lim 2(M — I)y2.

Z— 00

Thus, we need to find the O(2) term in our expansion. We made the variable change
2z = 20+ w/V/8t. As we have defined them, E and MPZ are properly functions of w.

Extracting the O(1) term, we get

1 . 9
(M) = ﬁ64220t53(M1[)Z)12 + O (Ve(loge)?) .

Notice that §7% is diagonal, and § = I + O (%) Therefore, it does not appear in this

term.
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Substituting the values for zy and dy, we get

1
V8t

iw2 . .
2i(M¢) 1y = 2i——e it (8t)~¥e2 ) (MPZ) 1, + O (Ve(loge)?) .

After substituting (4.8) we arrive at our solutions:

1 5ez7r/4 /2

(439) (p(xjf; .g) — 2i(M16)12 \/¥6 & —ivlog(8t) w€2h(z0)\/— ( u/)

+ O (Ve(loge)?) .

4.4. Remarks on the Solution

Since v > 0, the factor € = €™°9(9) oscillates rapidly. In contrast to the linear case,
there does not exist a limit when ¢ — 0 for the nonlinear case. However, the factor €%
in (4.39) is independent of = and ¢ at first order. If we divide our solution by €° we will
remove the fast oscillations, arriving at

1 2 5ez7r/4 /2

(4.40) sb(sv,w:ﬁerwlmt R Ty O (Velloge)?).

Thus, we have arrived at a solution to the NLS equation that will have a limit as

e — 0. Suppose € = 0, and denote the leading order behavior of this solution by

1 22 5ez7r/4 o /2
(4.41) Das (:E,t) _ef—wolog(&t 2h0\/— ’
’ vt AT (—a)
with
1 1 ) 9
vy = limv = ——Io
R o 9\ 25
and

ho = lir% h(z).
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It can be shown that ¢, does not solve the NLS equation. A brief explanation of this

surprising fact follows.

PROPOSITION 1.

0 (. . 0 :
(4.42) 9 QI_I% w) = gy 8 bounded.
: J :
(4.43) 11_{% <%gp> is unbounded.

This proposition tell us that the operations of differentiation and the limit when
epsilon goes to zero do not commute. It is for precisely this reason that ¢ solves NLS
equation (by construction) but ¢, does not solve the NLS equation. We will outline a
proof of the proposition (4.43) below. Straightforward calculations show that (%gpasy is

bounded.

We will outline a proof of the (4.43). Recall in Theorem 2.3.1 we substituted the

asymptotics for M into the equation

9 . 0 ¢
—M =iz[M, 03] + M
Ox

|
o

to get information about ¢. Plugging in M = I + 27 'M; + 272M, + - - - into the above
equation yielded (at first order) that ¢ = 2i(M;);2. The O(z72) term in this equation

yields

(4.44) 0o = 4(Ma)1z + ¢ /m o) P
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This means we can extract information about ¢, directly from our Lax pair, without
taking a derivative of our asymptotic result. We already know that ¢ is bounded. We

need to see if (Ms)12 is bounded or not. Recall the exact formula (4.38) for M:
ME(Z) _ €2i2(2]t0'3583 <E(\/§<Z . Zo))MDZ(\/Q(Z o Zo))) 50—036—212(2)1553553

To find (My)12, we need to find all the O(z72) terms:
(4.45)

M;(Z) = 62iz(2)t035(‘)73 (EQ + M2DZ + 5;3 + ElMlDZ + El(sifs + MIDZ(Sclrg) 50—036—%7;81503’

where ¢ has the expansion

5 6
§(z)=1+—+=2...
V4 z

MPZ is bounded. To see that Es is bounded, we can write

5 o_ ]+L/(I+7)(J—f)d8

271 sS—z

= ] —

/R(I+'y)(J D)Lt s/z 4 )2+ )ds

2miz

where v has a small norm Neumann expansion. Then

1
FEy=—— I -1 )
2 5 R( +y)(J —I)s ds

We can factor the sup norm of I + 7 out of the integral above and so we need to prove

that the quantity
(] = I)s|[r(as)
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is small for p = 1,2, 00. This can be done in a manner analogous to the proof of Theorem
4.2.1 since the exponential decay will dominate the algebraically growing term, s, we’ve

introduced.

Since §5° is diagonal, so it will not contribute to (Ms);5. Consider the term involving
MPZ5,. We know MPZ is constant in 2. We need to examine the d; as it € — 0. We can

rewrite the integral in

1 20 lOg <1 — %g —4es? )
§(zr€) = — d
(2:€) = exp 270 / s—z °

—00

as:

20 log (1 — m6_4682> 1 [0 16
/ = dS:——/ log (1—%6_4682) (1+s/z+8%/2% + - )ds.
z )

oo §—z o

Thus,

1 0 16 2
5z =1- l 11— —= —des d e
(z;€) 5% / 0g ( 55 ¢ ) s+

Clearly the O(z7!) term is blowing up when ¢ — 0. Thus (M) is not bounded.
Then equation (4.44) implies that @, is not bounded. This explains precisely why our

asymptotic approximation for ¢ does not solve the NLS equation.

It should also be noted that the expansion for ¢ is valid for € small, and ¢ > 0 fixed. It
is not necessarily valid uniformly for ¢ — 0. But it can be shown to be valid for ¢t = Tex P

with 0 < # < 1/2. If we rescale t so that t = 7€279 then the solution becomes:

B/2—1/4 w2 /2+5 im/4d—mv )2
¢ e givtog(S ) 2 (s a)—5‘/_e

YT AT (—iv)
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9
B/2-1/4 —To— .
The factor “——e4<!/2=7 above converges to a Dirac mass when ¢ — 0 (up to a constant).

However, the next factor will oscillate rapidly when ¢ — 0. The remaining factors tend

towards a constant as € — 0.

43



CHAPTER 5
Several Approaches to Finding Evolution Under the NLS

Equation for Sequences Approximating Dirac Masses

In computing our reflection coefficient (see chapter 3), we imposed a formal rule to
evaluate certain integrals. We then arrived at a sequence of reflection coefficients with

parameter €. These correspond to an unknown sequence of initial data.

In this chapter we will study particular sequences of initial data that converge to
a Dirac mass. This will be done in two separate ways. The first is to study the NLS
equation directly. This is done in section 5.1 using a series of transformations. We can
also study the NLS equation using the associated Lax pair and the reflection coefficient.
We study this in section 5.2. Each of these methods reveals a connection between long

time asymptotics and sequences of initial conditions that converge to a Dirac mass.

In this chapter we will make use of long time asymptotics for the NLS (see [2], and

the references therein). The behaviour of solutions is given as follows:

(5.1) Wy, 7) = %eiffiu(zo)log(éir)u(zo) L0 ((lOgT))

T

with

iv(zo) = %log (1- |7:<ZO)‘2)



and where u is a function of the reflection coefficient, #(\), associated with initial con-

—¥ . The function u can be written in terms of its modulus and

ditions f(y) and 2y = 3

phase:

u(z) = v/2 = —-log(1 — [i(z0))

1 [*
arg u(zp) = %/ log(z — s)d log(1 — |7(s)[?) + % + argl'(iv) — arg 7(zp).

These asymptotics are valid for 7 — oo and |zg| < C where C is a fixed constant.

5.1. Solutions via Long Time Asymptotics for a Particular Sequence of

Initial Data

We want to find solutions to the NLS equation for a sequence of initial conditions

that converge to a Dirac mass.

Consider a Schwartz class function, f(z) € S(R). If [, f(x)dx =1, then

converges to a Dirac mass (as a distribution) when € — 0. We will look for solutions to

the NLS equation with this type of initial condition:

it + Pux — 2|02 =0

plat=0:0) =27 (%),
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THEOREM 5.1.1. For a sequence of initials conditions of the form %f (f), the evolu-

tion under NLS gives the solutions:
1 ﬁfiulog(&t) 2iv
oz, t;e) = %e it eu(zp) + O (elog(e))

PROOF. Denote ¢ as the solution to the initial value problem:

Pt + Pra — 2|90|90 =0

=09 =4 ()

Using the variable changes

t=¢€7T
T =€y
e =1

one can see that ¢ solves the initial value problem

Wy + Yy = 209)* =0

Yy, 7 =10)= f(y).

Recall, the long time asymptotics (5.1), yield

1 ﬁ—il/z og(8T logT
Bl ) = e T )+ 0 (L2

These asymptotics are valid when 7 — co. If we change back to the x and t variables, we

see that |z = |% . Thus, these asymptotics hold when € — 0, for  and ¢ in a compact
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set. Moreover, we can use ¢ and it’s asymptotics to find ¢:
1 xz t
x, ta € = = ERY
p(x,t;e) i <E 62)

— ie%fiulog(St/eQ)u(z()) +0 ((lOgT)
Vi T

1 iz2 :
= %e?_’”log(&)em”u(zo) + O (elog(e)) .

Recall, in section (1.1), we considered the asymptotics when ¢ — 0. The solution
above was found using long time asymptotics. These asymptotics are valid when |% ‘ <C.
If we try to let ¢ = 0 the point zy will no longer be bounded, and our asymptotics will be

invalid. If we let t = € and then let ¢ — 0, these asymptotics our valid, and are given by:

1 ix2 . .
olr,t =¢€¢€) = %e?e””log(se)”z”l"g(e)u(zo) + O (elog(e))

Due to the fast oscillations that are present, ¢ will not converge to a Dirac mass if t = ¢
and € — 0.

Remark: In this section we have established asymptotic descriptions of solutions for
sequences of initial data converging to a Dirac mass. It should be noted that the asymp-
totic descriptions are not unique. Suppose we have two functions f(z) and g(z) with unit
mass. Consider initial conditions of the form % f (f) and % g (f) These both converge to
a Dirac mass as € — 0. However, they yield two different solutions when evolved using
the NLS equation. The solutions will be similar, but the function u(zg) is a function of
the reflection coefficient. Since f(z) and g(z) will have different reflection coefficients
associated to them, their corresponding solutions will differ. The factor e=9(8¢)+2ivlog(c)

will be different because v is a function of the reflection coefficient as well.
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Note that in the (x,t) variables, the point zy scales with epsilon. In the next section

we will see why this is the case.

5.2. Sequences Approximating Dirac Mass Initial Data, Studied Through

the Reflection Coefficient

Using the existence theory in Appendix A.1 it can be shown that if the initial data is
Schwartz class, then the reflection coefficient will also be Schwartz class. We will consider
how the reflection coefficient scales when the initial data scales with € as in the previous

section.

LEMMA 2. Suppose 7(A) is the reflection coefficient associated with the initial condi-
tion f(y). Then the reflection coefficient associated with the initial condition %f (f) 18

r(z) = 7(ez).

PROOF. Let t = 0, and consider the first Lax equation LW = zW¥. Rewritten this is:

. N U
mga—\If +1 U =2V,
x
® 0
Assume that the potential is of the form p(z) = % (f, E%) as in the previous section.

If we define y = /e and 7 = t/€* then the first Lax equation becomes

wga—\ll + 1 U =ezV.
y R
U(y,7) 0
Recall the second Lax equation:
. _|90‘2 Pa .9
U, =22U, +14 U+ 2i2°Vos.
—% ol
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Using the same change of variables one sees that

—[y* ¢
U, = 2(e2) W, +i ot 2i(e2)2 00

—y |

Thus, when the initial condition scales like % f (f) this amounts to re-scaling of spec-

tral variable so that the reflection coefficient is r(z) = 7(ez). O

Formal considerations, in chapter 3, led us to define a regularized reflection coeffi-
cient. This family of reflection coefficients corresponds to a family of initial conditions,
however until now we did not know the form of the initial data. The following is a direct

consequence of Lemma 2:

COROLLARY 1. The regularized reflection coefficient

corresponds to initial data of the form ﬁf (%) for some f € S(R).

5.3. Sequences of Initial Data with Variable Phase

In the previous section we considered scaled initial data that led to a scaled reflection

coefficient. We will now consider what affect a shift will have on the spectral variable z.

LEMMA 3. Suppose () is the reflection coefficient associated with the initial condi-

tions f(y). Then the reflection coefficient associated with the initial condition

o(z,t=0) = %e—%mf (E) 7

€

with o € R a constant, is r(z) = 7(e(z — ).
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PROOF. Suppose ¢ solves the NLS equation with
1 )
o(x,t =0) = —e 2 f (f) )
€ €

The solution has the following form

r+4at t
€ €

1 —2iax—2iwt /€2
go(x,t):E€2 2t/w( '

where « is a real parameter, and w is real, but yet to be determined and (g, 7) will
be found using below, using long time asymptotics. Indeed, let y = x/e and 7 = /€.

Inserting this form of ¢ into the NLS equation yields an equation for v:

i, — dicer, + 1y, — 2> = 0.

We chose w = 2a2€2.

Let y =9 — a7 and 7 = 7. Then 8% = a% and ai =2 +aa%. Choosing a = 4ae, we

T 7

find that (g, 7) solves the NLS initial value problem:

s + g — 21 = 0

V(7 =0) = f(9)

Now that we know the form of the potential, we study the Lax equations to see how
the spectral variable scales. Since ¢ solves the NLS equation there exists a ¥ solving the

equations

iagagx\ll—i-i U =20
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and

U, =220, +1i U + 2i22Uos.
—@z  |ol?

Define U = efowostiv(t/e)os\§y - After making the transformations

y = x/e
T = t/é
o 1 72iax72iwt/62 .T+4C¥t 3
L v e €
then U solves the equation
S PSR U A
2038—\11 +1 U =¢(z—a)V.
Y E 0
We know W solves the second Lax equation:
. _|90‘2 P .9
U, =220, +1 U+ 2i2°Wos.
nZI4s

Making the same transformations, we see that

—W|2 wy
~¢, [P

\iJT = 2ez\ily+i \if+2i6222\i103—2ie2za03\i’+iw03\i’—2a603

Let
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with a = 4ea. Recall that w = 2¢2a2. After these transformations we see that W solves

the equation:

5 . P Yy | . .
Uy =2¢(z — o)Wy +i Rt 2i(e(z — a))* Vo3 + (dic®za — 2ie*a®) Vos.
—ty Y
Now, define

T3 —(die2za—2ie2a?)osF
U = Pe( Jost

so that U solves the second Lax equation:

— |2 N
e =2¢(z — )Ty + i S T+ 2i(e(z — a))*Vos.
—ty [P

Because of the nature of the transformations to (9, 7) and W it can be easily shown that

¥ solves the first Lax equation:

0 ~
iaga—y\ll +1 U =¢(z—a)l.

with spectral parameter €(z — ).

Summarizing, we started with the Lax solution, ¥, with ¢ as the potential in the (z,t)
variables, and spectral parameter z. We derived a Lax solution with v as the potential in
the (y,7) variables with spectral parameter A = €(z — «). However, in order to conclude
that 1 solves the NLS equation, we need ¥ to have the proper asymptotics.

We show this by recalling ¥ solves the Lax pair, having the asymptotics:

\Ileiz:pog N ]
as r — 00.
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It follows that

\I~/ei”\g"3 N

Indeed, if we reverse our transformations, we see that

TN = exp liawos + 2ia’tos] U exp [—diaztos + 2ia’tos + ie(z — a)(y + daet /e*)os]

eiaxa;g +2ia2t0'3 \Ijeizxog efiaxag 72ia2t0'3 )

Now letting § — oo we see that Wei¥7s — T,

Now, in the variables g, 7 and A\, we will denote the reflection coefficient corresponding
to ¢ by 7(A). The explicit transformations presented above now show that the reflection

coefficient corresponding to ¢ is given by r(2) = 7(e(z — a)). O

Using the long time asymptotics (5.1) yields the following theorem, as a direct result

of the above lemma.

THEOREM 5.3.1. For a sequence of initials conditions of the form %e*%‘mf (f), the

evolution under NLS gives the solutions:

2t T

2
¢ i~ ElonU )y (20) 1O (elogle)) .

—2iax—4ia

where zg = =2 = —<£. This is valid when € — 0, for x and t in a compact set.
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5.4. Remarks on the Solution

Recall, in the original problem we remarked (see section 4.4) that the asymptotic
description of the solution did not solve the NLS equation, whereas the full expansion
did (by construction). In this chapter we are considering a generalized version of the
original problem, thus one expects that the asymptotic description of ¢ does not solve

the NLS equation.

PROPOSITION 2. Let o represent the asymptotic description of a solution from theo-

rem 5.1.1,
1 2 - .
z, b €) = —=e'ir ~WoIE) 2wy, oy 1 O (elog(e)) .
o(z,t;¢€) 7 (20) + O (elog(e))
Then
.0 0 ..
857 7 Br ¥

Proor. If we let ¢ — 0, and then differentiate the asymptotic description of ¢ it is

clearly bounded.

However, if we differentiate the full expansion, we get terms that are unbounded as

¢ — 0. Recall, we wrote the solution using the (y, 7) variables, as:

1 iy2 _

1
¢<y77—) = Fe? T

iu(zo)ZOQ(sT)u(zo) + fl (y7 T) ’
-

where f1(y, 7) represents the higher order terms in the asymptotic expansion. Now, when

we take a derivative in ¢, we should note

0 0 0
10
(5.3) =39
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When we differentiate the corrections above, one term will be

(5.4) (%fl (v, 7')> 10§ T_ 612 (a%_fl (v, 7')> ¢?log e + O(eloge)
(5.5) = log e(%fl(y, 7) + O(eloge).

Since this term is unbounded when ¢ — 0, the full expansion is unbounded when a

derivative (in t) is performed and then we let € — 0. O

One should note that a similar calculation can be shown for derivatives in .
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APPENDIX A
Appendix

A.1. Properties of h(z)

Recall, in section 4.1 we stated the solution of a scalar RHP to be

271

oo s—z

5 eop [i /zo log (1 — |r(3)|2) dS] |

In this appendix we will prove various properties of §.

The function ¢ can be written in the form:

5 = (Z . Zo)iy Eiu/th(z)7

with

. 1 2
(A.1) w o= ﬁlOQ (1= 1Ir(=0)%)
(A.2) h = h(z)=h(z, z;¢€)
1 Ve 0 16
(A.3) = —5— - log(vez — )\)alog <1 ~ 53¢

—4*2) d\.



The form of ¢ and the function h(z) can be shown directly using integration by parts
and straightforward calculus. We require certain bounds on the function h for small

values of €. These are described in the following theorem.

THEOREM A.1.1. Let zy € R be fized. Suppose z € X2 such that |z| < v/2loge. Then

h(z) = h(z) = O(Ve(loge)?),

h(z)=h(

as € — 0. Furthermore, e #0) 4s bounded uniformly in the complex z plane.

PROOF. For simplicity of notation, we make the substitutions v = \/ez, and v =

\/EZ().

The integrand has a logarithmic singularity at A = u which needs to be removed. We

rewrite the desired difference as

1 v 0 16 452
h(z) — h(z) = 5 log(u — )\)ﬁlog (1 ~ 3¢ 4>‘ ) dA\

—00

1 v 0 16 2
o o . 1 - = —4) )
+ omi | log(v — \) a/\log ( 55 ¢ ) dA\

Let ¢ be a fixed negative parameter. We split the domain of integration into two

separate intervals, (—oo,c) and (c,v). Integrating by parts on the bounded interval
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o 1 ¢ u — )\ a 16 _4)\2

(A.4) h(u) — h(v) = i ) log (v — )\) 5[09 (1 ~ 53¢ ) d\

>‘6_4>\2 A=v

25

Ae - A=v

(A.6) + Cm [=(v = Nlog(v = A) + (v = A)];
02 16 2
A. — — —e ™
(A.7) —i—C’/ / log(s dsa/\2log <1 55 ¢ )d)\,
with
64
“= "o

We can analyze this quantity term by term. Notice in the first term, we can rewrite

the argument of the logarithm as

v—)\:)\—\/gzo'

An expansion in powers of /e yields

_ 5 _
uU— A \/E\/ loi\e 20

(A.8) =1

+ O(eloge).

This expansion is valid since |A| > |c].

If we substitue (A.8) into (A.4) and use the Taylor expansion of the logarithm, we

get
; ) 16
Ve C )\ Y(y/2loge — zo)alog ~ € d\ + O(eloge).
The integral exists and is bounded, therefore the first term (A.4) is O(v/€eloge).
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The boundary terms, (A.5) and (A.6), arising from integration by parts, are O(;/€).
This is easily shown by evaluating these terms at A = v and A = ¢, the endpoints of the

interval of integration. After simplifying we arrive at

2
—4dezg

C\/E 2p€

A2
1_%_26 dezd

(Ve(z = 20)log(ve(z — 20)) — V(2 — 2))

+ Cl(u—c)log(u—c)—(u—-c)— (v——c)log(v—c)+ (v—c)]

< Celoge+C ulog<u—c>—vlog(v—c>+<u—v>—czog(u_cﬂ
v—c
< Celoge + Cy/ez log(vez — ¢) — ez log(vezy — ) + Ve(z — zo) — C\/EZ —
c
< O(y/€loge).

We also used the expansion (A.8), which is again valid since |A| > |¢].

The fourth term (A.7) encompasses the logarithmic singularity. Note that the log-
arithm and V(\) are integrable functions. The following lemma will prove the desired

bounds for (A.7).

LEMMA 4. For u = +/ez, v = \/ezy and \ € (—o0, ) we have that

< O(\e(loge)?).

/ log(s — N)ds

PROOF. We can assume that A = A\g\/e. If A\ were any larger, |s — | will be bounded

away from the origin; thus, the logarithm will be bounded.

Using the definition of the complex logarithm, we have

(A.9) log(s — X) = log|s — A| + 16,

where 6 is an angle chosen in a suitable branch.
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We now rewrite our integral using (A.9) as follows

(A.10)

/ log(s — N)ds

< / log(s — M| |ds]
(A1) < /|log|s—)\|| |ds|+|0|/ ds|.

The second term in (A.11) is bounded by

6) / ds| < 16] |u— o]
< |9|\/E|Z—Zo|
= O(y/€loge).

The integrand in the first term of (A.11) is decreasing since s, A = O(y/€). We know

that A € (¢,v) C R and s € (v,u) C X. Using this geometry, we find

(A.12) |s — Al > |R(s) — Al

Parameterizing the contour using s = v 4 t(u — v), and using (A.12) we have

[ liogls = Alllas| < [ luoglR(s) = | s

1
< |u—v|/ llog|v + H(R(w) — v) — A dt.
0
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Because we assumed z # zg, then we know Ru # v. Integrating yields

v 1
/ llog|s — A|| |ds| < |u—v|/ [loglv + t(R(u) —v) — A||dt
u 0

Ju—ol u) — ANlog(R(u) — ) — (R(u) —

< T () = Viag(R(u) = 3 — (Rw) ~ A)
I N N N
o (0= Aog(v =) = (0= ).

Replacing u = \/ez, v = y/ezg, we have that

/ Clogls — A < fﬁ [(R(2) — Ao)log(VER(Z) — M) — (R(2) — Ao)]
e lEm Al e ANy (e
\/_m(z) . [(z0 — Ao)log(v/e(z0 — o)) — (20 — Ao)]

< O(ve(loge)?)

O

Thus, (A.7) is O(v/€(loge)?). Previously, we showed that (A.4) - (A.6) were of higher

order. This proves the desired result. 0

A.2. General Existence Theory

In subsection (2.1) we assumed the support of ¢ was compact in order to prove ¥
existed. In this subsection we will prove that U exists under more general assumptions.
Proving that M = We**93 exists is equivalent to proving that ¥ exists. We will prove
the existence of M since the identity asymptotics that M possesses at infinity are more

readily turned into integral equations normalized at infinity.
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Suppose that ¢ > 0 and z € R. Furthermore, suppose ¢ € LQ(R) and the support of

© is non-compact. M solves the ODE

(A.13) M, = iz[M, 03] + M.

Using the fact that

o, | | | . |
. (ezz:w'g Mefzzxag) — ezzazag Mxefzzmag _ Zzezzxag [M, 0,3]672,2:1:0'3 ’
ox

one finds
0 2izx
o , , pe : .
(A 14) i (ezzzcrs Me—zzxag) — (ezzxa3 Me—zzacog,) )
83: @e—Qizx 0

From the normalization of M at infinity, and (A.14), we find the integral equation

2iz(x' —x)

z 0 pe oy
(A.15) M=1+ / Me= 22 =2) g

o0 [ —2iz(z'—x) 0

To build the solution M in the complex z plane, we will construct M* and M~ for z €
R. Then we will analytically extend columns of these matrices into the upper and lower

half planes. M™ and M~ are defined to solve (A.13) with the following normalization

conditions:
(A.16) Mt — 1T as r — +00
(A.17) M- —1 as r — —oo.
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This yields a pair of integral equations

z 0 @621',2(93’—@ .
M(:‘:) =]+ / M(:l:)e—sz(cc —z)dx/.

+oo @6721',2(36’7‘%) 0

To prove that such solutions exist, we will use a standard contraction mapping argu-
ment. Consider
ME M
ME — S G VAT VIS
My M,
with Ml(i), and MQ(i) being the columns of M™). Then, M, satisfies the following

equation

Since z € R, we know |e2*(®'~?)| = 1. We can analytically extend M, into C, since

2’ > x implies |e?*(*'=®)| < 1 for z € C. For simplicity, let u = M, and

Note that ||Q]|| = const|y|.

Let ug be the zero vector, and define

0 x
Ujy1 = +/ Qu]'dl'/.
1 o0
Then, u, = Z;L:1 (uj —uj_1). We claim that if n — oo then w, will converge. We can

show this by controlling the size of |u; — u;_4].
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The following list of results will be required but not proven in this paper:

e For j > 1 we have [u; —u;—1| < § (foogpd:v’)j

T

e The series u, = > 7_((u; —u;1) converges exponentially, and

lu| = | M| < Clelse ol da’

e M, exists and is bounded for z € R. M can also be extended analytically into

the upper half plane.

One then constructs the columns of M, for z € C,, from M, and M, , since they
can both be extended into the upper half plane. However, we need to make sure that the
asymptotics in (2.8) are satisfied.

U1
Let v = = M, . We need to show that vy — 0 as v — oo. We already know

V2

v is bounded as x — oo.

vy = / @(l’/)@_%'z(z/_m)vldl‘/.

—00
Assume that x is large, and let € > 0. There exists a X such that | f;g Pe 2@ =0y dy'| <
e. We know v; is bounded and |e‘2iz(rl_‘”)| < 1since z € C, and 2’ < z. Thus we can

choose such an X so that

(A.18) / ld’ < e
X

We can split the integral equation for v, into 2 parts as follows

X x
vy = / Ge 25—y 4o + / ge 2 Ty da,
—00 X
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By the Lebesgue Dominated Convergence theorem we have fio Pe 2@ =2y da’ — 0

as x — 00. More precisely, there exists a Y so that

X
(A.19) '/ e 22 =y, da!

< €,

when z > Y. Let X = maxz(X,Y). Then (A.18) and (A.19) yields

/ @efQiz(x’fx),Uldx/
X

+ / |p|da’
X

X
’?)2| < ‘/ ¢€72iz(x’fx)vldx/ +

X o,
/ @67212(1 f:r)vldx/

< Z2e,
when z > X. Thus v9 — 0 when z — oo.

We already know that vy is bounded. It will converge to a constant as z — oo. Thus,

we have shown that

c 0
(M |M5) — :
0 1
when z — oo.
Now, we define our solution
e
(A.20) M = <—1 M;) :
a(z)

where a(z) = det (My |M;") =1+ [, oMs;dz’. We will show that a(z) is non-vanishing

so that this construction of M is valid.

THEOREM A.2.1. Let ¢ be Schwartz class att = 0. Then there exists a unique solution

M to (A.15).
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PROOF. We've already proven that under the above assumptions M* exist. We need

to show that a(z) is non-vanishing.

The following properties hold for all z € R, and can be shown using (2.3),

(A.21) detM* = detM™~ =1,

(A.22) M*(2) = M=(%)

(A.23) M* = M-

=
ol

LEMMA 5. For all z € C, a(z) # 0.

PROOF. First, let z € C\ R, and suppose a(z) = 0. Since a(z) = det (M |M),
these columns are linearly dependent. This means we can write M; = const(M;"). Now
M is bounded as © — *+o0o. Therefore, M; is an eigenfunction of L, with eigenvalue

z. Since L is a self adjoint operator we have a contradiction. Therefore, a(z) # 0 for

z€ C\R.

Let z € R. By (A.23) M, is related to M~ as follows:

N BMy; + oM,
M2 ==
BMsy; + oMy,

66



Now, a(z) can be rewritten in terms of M~
a(z) = det (Ml_} M)
= adet M.

From (A.21) we know det M~ =1, s0 a(z) = @.

Using (A.23) and (A.21) we have that

a (3

1 = det
3 @
= |a]? = |8

Therefore

la)* =14 B > 1,

and we know a(z) is non-vanishing for z € R. O

Thus, the construction of M is valid and unique, and so we have proved our theorem.

Remark: We did not need to use the fact that ¢ was Schwartz class. We could
therefore relax the conditions on ¢, as in [4] where Deift and Zhou assume only that ¢

is in a weighted Sobolev space.

Now, since a(z) # 0, it follows that detM = 1. Furthermore, we have constructed a

solution to (A.13) that is valid in the upper half plane. We can construct a solution valid
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in the lower half plane by defining

M = (]\4;r

i)

where b(z) = det (M;"|My).

Since M has the same symmetry as M*:

we find an alternate way of defining M in the lower half plane.
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