FAST SOLITON SCATTERING BY DELTA IMPURITIES

JUSTIN HOLMER, JEREMY MARZUOLA, AND MACIEJ ZWORSKI

ABSTRACT. We study the Gross-Pitaevskii equation with a repulsive delta function poten-
tial. We show that a high velocity incoming soliton is split into a transmitted component
and a reflected component. The transmitted mass (L? norm squared) is shown to be
in good agreement with the quantum transmission rate of the delta function potential.
We further show that the transmitted and reflected components resolve into solitons plus
dispersive radiation, and quantify the mass and phase of these solitons.

1. INTRODUCTION

We study the Gross-Pitaevskii equation (NLS) with a repulsive delta function potential
(¢>0)
(1.1) {i@tu+%0§u—q50(9§)u+u|u\2 =0

u(z,0) = ug(x)

As initial data we take a fast soliton approaching the impurity from the left:
(1.2) up(r) = e"sech(z — x0), v>>1, xo < 0.

Because of the homogeneity of the problem this covers the case of the general soliton
profile Asech(Az). The quantum transmission rate at velocity v is given by the square of
the absolute value of the transmission coefficient, see (2.2) below,

'U2

v2+ g%
For the soliton scattering the natural definition of the transmission rate is given by

s T [|u(t) >0 H%2 1 2
(1.4) T;v) = tlgggW = 5 Hm flu®)leso lIz2,
provided that the limit exists. We expect that it does and that for fixed ¢/v, there is a
o > 0 such that
(1.5) T7(v) =Ty(v) + O(w™7), asv — +oo.
Based on the comparison with the linear case (see (2.21) below) and the numerical evidence
9] we expect (1.5) with o = 2.

Towards this heuristic claim we have

(1.3) Ty(v) = ltg(v)|* =
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FIGURE 1. Numerical simulation of the case ¢ = v = 3, xg = —10, at times

t =0.0,2.7,3.3,4.0. Each frame is a plot of amplitude |u| versus z.

Theorem 1. Let § satisfy 5 < 6 < 1. Ifu(x,t) is the solution of (1.1) with initial condition
(1.2) and xg < —v'7°, then for fized q/v,
1 2

v _3
(1.6) §/x>0 lu(z,t)|? do = v2—+q2+0(vl 2%, asv — +oo,

uniformly for

[zl
(%

+v t<(1—9)logv

We see that by taking § very close to 1, we obtain an asymptotic rate just shy of v=/2.

More precisely, we show that there exists

vo = vo(q/v,9),
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FIGURE 2. A plot of the numerically obtained transmission 77 (v) versus
velocity v for five values of & = ¢/v = 0.6,0.8,1.0,1.2,1.4. The dashed lines
are the corresponding theoretical v — 400 asymptotic values given by 1/(1+4

a?).

diverging to +oo as § 1 1 and ¢/v — +o00, such that for fixed ¢/v, if v > vp, then
1 2
—/ lu(z,t)|*dr — 21) < !0,
2 >0 V7 + q2

The constant ¢ appearing here is independent of all parameters (¢, v, and §).

We have conducted a numerical verification of Theorem 1 — see Fig. 2. It shows that the
approximation given by (1.6) is very good even for velocities as low as ~ 3, at least for

0.6 < o q/v<14.

A more elaborate numerical analysis will appear in our forthcoming paper [9].

Our second result shows that the scattered solution is given, on the same time scale, by
a sum of a reflected and a transmitted soliton, and of a time decaying (radiating) term —
see the fourth frame of Fig. 1. This is further supported by a forthcoming numerical study
[9]. In previous works in the physics literature (see for instance [2]) the resulting waves

were only described as “soliton-like”.



4 J. HOLMER, J. MARZUOLA, AND M. ZWORSKI

Theorem 2. Under the hypothesis of Theorem 1 and for

@+1§t§(1—5)logv,
v

we have, as v — +00,
ule,t) = ur(z,t) + up(e,t) + O (¢ = feol/v) ™) + Op (v'739),
(1.7) up(z, t) = T AT =2 A sech(Ap(x — 3o — t0))
up(z,t) = e¥re v HAL—VIY2 A b soch(Ap(z + 3o + t0))
where Ap = (2|t,(v)| — 1)+, Ar = (2|ry(v)| — 1)+, and
pr = argty(v) + @o(|tg(v)]) + (1 = A7)|zol/2v,
pr = argry(v) + @o(lry(v)]) + (1 — AR)|ao| /20,

[ sin? Tw ¢
#o(w) = /0 log (1 * cosh? 7T<) 2+ (2w —1)2 dc.-

Here t,(v) and r,(v) are the transmission and reflection coefficients of the delta-potential
(see (2.2)). When 2|t,(v)| =1 or 2|ry(v)| = 1 the first error term in (1.7) is modified to

1
Ore ((log(t — |mol/v))/(t — |zo|/v))?).
Here and later we use the standard notation

k
k_ ) a¥ a=0,
(1.9) “+_{ 0 a<0.

(1.8)

This asymptotic description holds for v greater than some threshold depending on ¢/v
and 0, as in Theorem 1. The implicit constant in the Oz error term is entirely independent
of all parameters (¢, v, and 0), although the implicit constant in the O error term depends
upon ¢/v, or more precisely, the proximity of |t,(v)| and |ry(v)| to 3.

A comparison of the transmission and reflection coefficients (1.3) of the ¢ potential, and
of the soliton transmission and reflections coefficients (1.8), is shown in Figure 3.

Scattering of solitons by delta impurities is a natural model explored extensively in the
physics literature — see for instance [2],[8], and references given there. The heuristic insight
that at high velocities “linear scattering” by the external potential should dominate the
partition of mass is certainly present there. In the mathematical literature the dynamics
of solitons in the presence of external potentials has been studied in high velocity or semi-
classical limits following the work of Floer and Weinstein [6], and Bronski and Jerrard [1] —
see [7] for recent results and a review of the subject. Roughly speaking, the soliton evolves
according to the classical motion of a particle in the external potential. That is similar to
the phenomena in other settings, such as the motion of the Landau-Ginzburg vortices.

The possible novelty in (1.6) and (1.7) lies in seeing quantum effects of the external
potential strongly affecting soliton dynamics. As shown in Fig. 2, Theorem 1 gives a very
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good approximation to the transmission rate already at low velocities. Fig. 1 shows time
snapshots of the evolution of the soliton, and the last frame suggests the soliton resolution
(1.7). We should stress that the asymptotic solitons are resolved at a much larger time —
see [9].

The proof of the two theorems, given below in §3-4, proceeds by approximating the
solution during the “interaction phase” (the interval of time during which the solution sig-
nificantly interacts with the delta potential at the origin) by the corresponding linear flow.
This approximation is achieved, uniformly in ¢, by means of Strichartz estimates estab-
lished in §2. The use of the Strichartz estimates as an approximation device, as opposed
to say energy estimates, is critical since the estimates obtained depend only upon the L?
norm of the solution, which is conserved and independent of v. Thus, v functions as an
asymptotic parameter; larger v means a shorter interaction phase and a better approxima-
tion of the solution by the linear flow. Theorem 2 combines this analysis with the inverse
scattering method. The delta potential splits the incoming soliton into two waves which
become single solitons.
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2. SCATTERING BY A DELTA FUNCTION

Here we present some basic facts about scattering by a delta-function potential on the
real line. Let ¢ > 0 and put

1 d?
Hq = —5@ +q 50(1’) .
We define special solutions, ex(z, \), to (H, — A\?/2)ex = 0, using notation given in (1.9):
(2.1) e (z,A) = t(N\) ez + (e + ry(N)eT )2l

where ¢, and 7, are the the transmission and reflection coefficients:
A q
= rq(A) = .
They satisfy two equations, one standard (unitarity) and one due to the special structure
of the potential:

(2.3) [t + g =1, 1,(A) = 1+7,(N).

We use the representation of the propagator in terms of the generalized eigenfunctions—
see for instance the notes [16] covering scattering by compactly supported potentials. The
resolvent

(2:2) (V)

Ry(N) € (H, — 32/2)7",

has kernel given by

1
Ry(MN)(,y) = 7 (e (@, Ne— (3. (@ — )T + e (y, Ne—(z, M) (x = y)2) .
ity (M)
This gives an explicit formula for the spectral projection, and hence the Schwartz kernel of
the propagator:

(2.4) exp(—itH,) = L /000 eI/ (e+(3:, Nes(y, A) +e_(z, Ne_(y, )\)) dA.

o7
The propagator for H, is described in the following
Lemma 2.1. Suppose that o € L' and that supp ¢ C (—00,0]. Then
exp(—itH,)p(x) =

Z5) exp(—itHy) () () + (expl(—it Ho)p(e) + exp(—itHo) (o pg) (—))a

where

(2.6) pa(x) = —qexp(q)a’ , 7,(x) = do(x) + pq()
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Proof. All we need to do is to combine (2.1) and (2.4). Using the support property of ¢ we
compute,

so that
(exp(—itHg)p)lux0 = L[ ez (tg(N)e(rg(=A)P(=A) + B(N)) +
)

(rqO‘)ei)\x + eii/\x)tq<_)‘
1

= 5= /R e N2 () G(A) e dA
= exp(—itHo)(1g * @) (z), T¢(A) =14(N),
where we used the fact that r,(—A)t,(A) + 7,(AN)t,(—=A) = 0.
Similarly, using 7(—=A)74(X) + t,(=A)t,(A) = 1, we have

5(—N)) dA

1 [ . .
(exp(=itH)p)leco = 5= [ €72 (G +1y(N)p(N)e ™) dA
0
— exp(—itHo)p(x) + exp(—itHo)(@ * pg)(=a), 53(N) = ry(\).
A simple computation gives (2.6) concluding the proof. U

We have two simple applications of Lemma 2.1: the Strichartz estimates (Proposition 2.2)
and the asymptotics of the linear flow exp(—itH,) as v — 400 (Proposition 2.3). We start
with the Strichartz estimate, which will be used several times in the various approximation
arguments of §3. Since it is particularly simple in our setting, we give a complete proof
(see [11] for references and the general version).

Proposition 2.2. Suppose ¢ > 0 and
(2.7) iowu(z,t) + %8£u(x,t) — qoo(x)u(z,t) = f(z,t), u(z,0)=p(x).
Let the indices p,r, p, T satisfy

- 2 1 1 2
(28) 2§p7T§OO) 1§p)T§27 _+_:_7 =

p o 2 P

and fix a time T' > 0. Then
(29) lollzg s < ellellee +ell s o

The constant ¢ is independent of ¢ and T. Moreover, in (2.7), we can take f(z,t) =
g(t)do(x) and, on the right-hand side of (2.9), replace ”f“Lf y with ||g||L
0,7z

S

7]
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Proof. We put U,(t) &of exp(—itH,), so that U,(t) is a unitary group on L*(R). For ¢ €
L*(R) we have, using Lemma 2.1,

1Uq(t 90||L°°<Z||U ) (o) L

=< Z U0 () 21—z ([ (p2) * 7qllr + [[(02L) * pgll21)

+
(2.10) .
< (1 +2[|pgllz)llll 2
||
3
< lellzr-

5

By the Riesz-Thorin interpolation theorem (see for instance [10, Theorem 7.1.12]) we have

1(q_2 1 1

(2.11) U@~ < C|t|7§(17;) , 1</ <2, —+ - =1.
roor
The estimate (2.9) with f = 0 reads
1U@®)gllzrer < Cllgllzm)
which by duality is equivalent to
(2.12) s)ds < CF o0
LQ(R) t x

The two equivalent estimates together give ((2.12) is applied with p', 7’ replaced by p, 7 —
it is easily checked that (2.8) still holds)

Putting F(s) = g4 (s)f(s,x) we obtain (2.9) for uy = 0. Hence it suffices to prove (2.12).

Put
) dﬁf/U(—s)F(s,x)ds,
R
and note that T%g(s, z) := U(s)g(z). The estimate (2.12) is equivalent to
(TG, F)yz, < 1G]y IFly

/R U(t — s)F(s)ds

< ||F||,5,#
rue < 1PNz

which is the same as

/ H/ Ut — s)F(s)) dtds

(213) S CHGHLf/L;lHFHLf/L;l .
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To obtain (2.13) from (2.11) we apply the Hardy-Littlewood-Sobolev inequality which
says that if K,(t) = [t|"/* and 1 < a < oo then

1 1 1
[ Ko Fllra@) < C||F||Lsw) 23 l1<pf<a,

see for instance [10, Theorem 4.5.3]. We apply it with
1 1 2
_:_(1__)7 a=0p, ﬁzp/’
a 2 r
which is the admissibility condition (2.8). O

We now turn to the large velocity asymptotics of the linear flow exp(—itH,).

Proposition 2.3. Let § € C*(R) be bounded , together will all of its derivatives. Let
¢ € S(R), v >0, and suppose suppld(e)p(e — 20)] C (~00,0]. Then for 2aol/v <t <1,

(2.14) e~ el p(a — o)) = t(v)e [ p(a — o))
+r(v)e e p(—a — )]
+e(x,t)

where, for any k > 0,
1
lle,O)llze < —110:10(2)p(z — @o)]l| 2
c
@) (@) | e

(to)*
+4[(1 = 0(z))e(x — o)l 12

+

In §3, Proposition 2.3 will be applied with §(z) a smooth cutoff to z < 0, and p(z) =
sechx with zo = —v' % < 0.

Before proving Proposition 2.3, we need the following
Lemma 2.4. Let ¢ € S(R) with suppy C (—o0,0]. Then
(2.15) e Mhi[e™y(2))(x) = el P(x)] () 22
+t(v)e e ()] (x) 25
+r(v)e ey (—a)](z) 22
+e(x,t)
where
e, )z < L0w]s

uniformly in t.
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Proof of Lemma 2.4. By (2.5) with p(z) = e*V9(x),
e, 1) = [0 % ( — t(0)60)) ()] 22
+ e (g (p = 1(v)d0)) (—x)] 22

and thus it suffices to show

(2.16) le™ 0 (p + (1 — t(v)0)) ()| 2 < %H@waLg
and

le™" (@ (p — r(v)d0)) ()22 < %II&C@DIILg

The proofs of these two estimates are similar, so we only carry out the proof of (2.16).
By unitarity of e=#H0 and the Plancherel’s identity,

(2.17) I+ (7 = t()00)) (@)l 2 = [ = o) (EA) = #(©))]l12 -
Since
_ —ig(A—v)
(iA = g)(iv — q)
we have [t(\) —t(v)| < (A —w)/v. Using this to estimate the right-hand side of (2.17) and
applying Plancherel’s identity again yields (2.16). O

Proof of Proposition 2.3. Apply (2.15) to ¥(z) = 0(x)p(x — x¢) to obtain
(2.18) e [ep(x — wo)] () = e[ p(x — wo)](w) 22
+t(v)e™ e p(x — xo)](x) 25
+r(v)e e p(—r — xo))(2) 22
+e1(z,t) + ea(x, 1)
where e;(z,t) is as in Lemma 2.4 and (putting f(z) = (1 — 0(z))p(x — z0))
ex(m,t) = + e Maf(x) — e "0 f(z) 2%
— t(v)e " f(2) 2§ — r(v)e™ 0 [f(—2)|(2) 27
By Lemma 2.4,
len (e, )2z < %Haz[e(l’)w(fc — o)l

uniformly for all ¢, and by unitarity of the linear flows,

lea(, D)2 < 4[I(1 = 0(x))p(x — o)l 22



FAST SOLITON SCATTERING BY DELTA IMPURITIES 11

also uniformly in all ¢. Now restrict to the time interval 2|zo|/v < ¢ < 1. By (2.18), it
remains to show that
Ck

(2.19) e~ o[ oz — 20)] () |12, < WH(@%(%)HH;
e e o=z = o) @)z, < e le) el

The second of these is in fact equivalent to the first, since for any function g(x),
e "0[g(=2)](z) = e7"lg(2)](~x) .
Now we establish (2.19). Since
[ p(o — z0)]"(A) = e G(N —v),

) . 1 ) . .
e~ itHo [e””g@(m . :L,O)Kx) _ 2_/ezer—w:o(A—v)e—zt)\2/2¢(>\ _ U) d\
>
_ eitu2/26ixv2i / ei)\(xfxoftv)e—it,\2/2¢()\) d\
™

By k applications of integration by parts in A,

. k
/ei/\(:v—xo—tv)e—iﬂzﬂ@(,\) d\ — (;) /ei)‘(x_xo_w)@lj[6_“’\2/2@()\)] d\

T — g — tv

Since 2|xo|/v < t, we have —zg — tv < 0 and thus |z — z¢ — tv| > | — zg — tv]| > tv/2 for
x < 0. Hence

/_ et o — )] () P

(2.20) <

/ei/\(a:—xo—tv)al;\:[e—itAQ/Qsa(A)] d\

(tv)*

= Gyt 2400

from which the result follows by applying the Leibniz product rule and the Plancherel
identity once again (and using that ¢t < 1). O

LE

2
L)\

Remark. Suppose that

u(z,t) = e Ha[e™q)(z)], 1 € S(R), suppy C (—00,0), |[¢|2=1.
Then for £ > 1 and as v — 400,

(2.21) /OO|( Ddr = - oL
. i u(z, x_zﬂ—l—q? )
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In fact using (2.5) and an estimate similar to (2.20) we see that for ¢t > 1
/0 [u(e, )*dx = [le™" 0 (") * )l | = [I(e™"9) * 7l + O ™)

- %HM(A —0)/(iA = @)|I* + O(v™™)
1 A2

= [\ — v)PdA + O (v
5 Miv‘gﬁA”qQW}( v)] (07)

An expansion in powers of (A — v)/v gives (2.21).

3. SOLITON SCATTERING

In this section, we prove Theorem 1. We recall the notation for operators from Sect.2
and introduce short hand notation for the nonlinear flows:

e Hy=—302 The flow e 0 is termed the “free linear flow”

o H,=—302+ qdy(x). The flow e 4 is termed the “perturbed linear flow”

)

o NLS,(t)p, termed the “perturbed nonlinear flow” is the evolution of initial data
¢(z) according to the equation idyu + 502u — qdo(x)u + |u*u = 0

e NLSy(t)p, termed the “free nonlinear flow” is the evolution of initial data ¢(x)
according to the equation i0;h + $92h + |h|*h =0

From Sect.1 we recall the form of the initial condition: ug(z) = e*“sech(z — z¢), v > 1,
zo < —v'7° 2 <0 <1, and we put u(x,t) = NLS,(t)uo().

We begin by outlining the scheme, and will then supply the details. The O notation
always means L2 difference, uniformly on the time interval specified, and up to a multi-
plicative factor that is independent of ¢, v, and 0 (any such dependence will be exhibited
explicitly).

Phase 1 (Pre-interaction). Consider 0 < t < t;, where t; = |zo|/v — v™° so that
xo + vty = —v' . The soliton has not yet encountered the delta obstacle and propagates
according to the free nonlinear flow

(3.1) u(z,t) = e 22 sech (1 — mg — vt) + O(ge™ ), 0<t<t

The analysis here is valid provided v is greater than some absolute threshold (independent
of ¢, v, or §). But if we further require that v be sufficiently large so that 03270 > ¢
(recall « = q/v), then ge™' ™" < v72 < 4792 This is the error that arises in the main
argument of Phase 2 below.

Phase 2 (Interaction). Let to = t; + 2079 and consider t; < t < t5. The incident soliton,

beginning at position —v'~?, encounters the delta obstacle and splits into a transmitted
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component and a reflected component, which by time ¢t = ¢y, are concentrated at positions

v'7% and —v!' 77, respectively. More precisely, at the conclusion of this phase (at t = t5),
(3.2) u(z, ty) = t(v)e 2222 sech (z — g — viy)

+ r(v)e 12V 2622070 g0 ch (1 4 3o + Vi)

+O(v72)

This is the most interesting phase of the argument, which proceeds by using the following
three observations

e The perturbed nonlinear flow is approximated by the perturbed linear flow for
1 <t <t

e The perturbed linear flow is split as the sum of a transmitted component and a
reflected component, each expressed in terms of the free linear flow of soliton-like
waveforms.

e The free linear flow is approximated by the free nonlinear flow on t; <t < t5. Thus,
the soliton-like form of the transmitted and reflected components obtained above is
preserved.

The brevity of the time interval [t;,%5] is critical to the argument, and validates the ap-
proximation of linear flows by nonlinear flows.

Phase 3 (Post-interaction). Let t3 = t5 + (1 — J) log v, and consider [to, t3]. The trans-
mitted and reflected waves essentially do not encounter the delta potential and propagate
according to the free nonlinear flow,

(3.3) w(z, t) = e 22 NLS (t — t5)[t(v)sech(z)](z — zo — tv)
+ T2/ 26 NS (F — ty)[r(v)sech(z)] (z + xo + tv)
FOWTE), <t <ty

This is proved by a perturbative argument that enables us to evolve forward a time (1 —
§)log v at the expense of enlarging the error by a multiplicative factor of e(!=9 v -0
The error thus goes from v=%/2 at ¢t =ty to v1 2% at t = t.

:’Ul

Now we turn to the details.

3.1. Phase 1. Let uy(x,t) = NLSq(t)uo(x) and u(z,t) = NLS,(t)uo(z). Let w = u — ;.
Recall that t; = |zo|/v — v so that zy + vt; = —v'7%. Note that

wy (2, 1) = e 226 soch (z — mg — tv)

We will need the following perturbation lemma.

Lemma 3.1. If t, <ty, ty —ta < c1, and [[w(-,to)l|z2 + qllur(0,8)l|ge < 1, then

lwllzge 22 < calllw(-ta)llzz + qllun (0, D)z, )

[ta,tp] %
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where the constants ¢y and co depend only on constants appearing in the Strichartz estimates
and are, in particular, independent of q and v.

Proof. w solves
10w + 02w — qo(z)w = —|w + up [*(w + uy) + |ug [Pus + qdo()uy
— |w|*w —\(2u1|w|2 + ﬂ1w2)1— (2] [Pw + u%w)l%—qéo(m)ul

Vv Vv
cubic quadratic linear

From this equation, w is estimated using Proposition 2.2. For the cubic nonlinear term we
take p =7 = 6/5 and estimate by Holder as
|||w|2w“L?t/5t Ly < (tp — ta)1/2||w||iﬁ Rz |wl[zee 12
astp

[tastp)

Since complex conjugates becomes irrelevant in the estlmates, both quadratic terms are
treated identically. In Proposition 2.2, we take p =7 = 6/5 and estimate by Holder as

HullUQHLft/i Ly S (ty — ta)l/QHwH%G L6H 1lzee
astp

< Va(t - ta>1/2||w||L@a,t

] x

tt]

For the linear terms (both of the form u?w), we take p = 7 = 6/5 in Proposition 2.2 and
estimate as

rollua e

HUwaL?t/;tb]Lg/s < (tb—ta)I/QHUJHLG L6||U1||L6 e AR

< 2ty — 1) ||w||Lg s

it ]

The delta term is estimated by the concluding sentence of Proposition 2.2 as

Q|IU(0725)||L4/& < q(ty — ta)* ! u(0, )] 2z

[ta,tp)]

Since t, — t, < 1, collecting the above estimates we have (taking ||w|x = Hw”LOf kT
full, . 20)

lwllx < cllw(-ta)llze + ety — ta) (lwllx + wlX + wl%) + callu(0, 1)l

[ta,tp]
Provided (t, —t,)'/? < 1/(2¢) above, the linear term on the right can be absorbed by the
left as

lwllx < 2eflw(:, ta)llzz + 2c(ts — ta) 2 (Jwllx + lwl%) + 2cqllu(0, )] 25

[ta,tp]
Continuity of ||w| x(,) as a function of ¢, shows that provided 2c(t, —t,)"/?(4c||w(-, to)|| 2 +
4eq||uq (0, t)”LFf ) ]) < 1/2, the above estimate implies

astp

[wllx < defw(-; ta) ||z + 4eql|u(0, £)]| e

[ta,tp]
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concluding the proof. 0

Now we proceed to apply Lemma 3.1. The constants ¢; and ¢y will, for convenience
of exposition, be taken to be ¢; = 1 and ¢ = 2. Let kK > 0 be the integer such that
k <ty <k+ 1. (Note that k£ = 0 if the soliton starts within a distance v of the origin, i.e.
—v — o' < 2y < —v'7% and the inductive analysis below is skipped.) Apply Lemma 3.1
with ¢, = 0, ¢, = 1 to obtain (since w(-,0) = 0)

”w”LﬁiuLi < 26]||u1(07t)”L‘[>(i1] < 2gsech(zg + v)
Apply Lemma 3.1 again with ¢, = 1, t, = 2 to obtain
[wllzee, 22 < 2([w(- Dllzz + qllua(0,0) | ge,)
< 2%gsech(zg + v) + 2'gsech(zg + 2v)

We continue inductively up to step k, and then collect all k£ estimates to obtain the following
bound on the time interval [0, k]

k

2 < 2q Z 2F~Isech(zo + jv)
j=1

HwHLﬁ;k]

The estimate secha < 2e~19 reduces matters to bounding
k-1
quex”” Z 277 IV
j=0

and, after summing the geometric series, we obtain

(27tev)k — 1
T2 lev -1
where the last inequality requires 27'e¢? > 2. Finally, applying Lemma 3.1 on [k, t],

zo+kv

lwllpg, r2 < c2bem™® < cqe

w12 < e(qe™ ™ + gsech(zo + tv)) < cge™

[0,t1]

As a consequence, (3.1) follows.

3.2. Phase 2. We shall need a lemma stating that the free nonlinear flow is approximated
by the free linear flow, and that the perturbed nonlinear flow is approximated by the
perturbed linear flow. Both estimates are consequences of the corresponding Strichartz
estimates (Proposition 2.2). Crucially, the hypotheses and estimates of this lemma depend
only on the L? norm of the initial data ¢. Below, (3.5) is applied with ¢(z) = u(z,t;), and
|u(z,t1)||2 = [Juol| L2 is independent of v; thus v does not enter adversely into the analysis.

Lemma 3.2. If o € L? and 0 < t, such that t, < c1||¢||;s, then
(3.4) INLSo(t)p — e s, 12 < ety el

[0,tp] -
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(3.5) INLS,(8)¢ — e 1|l 1e 12 < eaty/* |03

where ¢1 and co depend only on constants appearing in the Strichartz estimates. In partic-
ular, they are independent of q.
Proof. Estimate (3.4) is in fact a special case of (3.5) obtained by taking ¢ = 0. Let
h(t) = NLS,(t)¢ so that
10:h + %th — qbo(z)h + |h]*h =0
with h(z,0) = ¢(x). Let us define
o T2 6 6
X — L[O,tb]L:l? ﬂ L[O,tb} Lz 5

with the natural norm, || e [[x. We apply Proposition 2.2 with, in the notation of that
proposition, u(t) = h(t) — e g, f = —|h|?h, p =7 =6, p = 7 = 6/5, and then again
with p =00, r =2, p =7 = 6/5, to obtain

I(8) = el < cllhPhll s oo
ith

The generalized Holder inequality,

1111
hahahsllp < [|hallgulP2lle:hslles , — ===+ —+ —,
[h1hahsllp < |l [1P2llg [Pl gy Po@ G g

applied with h; = h, p=6/5 and ¢1 = g2 = 6, g3 = 2, gives
Ih() — el < CllbIR el

2 L2

[0,tp] 7
1/2 2

(3.6) < O lIhlzg |, sollPlieg,, 2

1/2
< OB |In% -
Another application of the homogeneous Strichartz estimate shows that
le”¢)lx < Cllellre

and consequently,
Ihllx < ellpllze + ety 1nl%

By continuity of ||h||x@,) in ty, if cti/2(20||<,0||,;2)2 <1/2,
12l x < 2¢[ellz2
Substituting into (3.6) yields the result. O

Now we proceed to apply Lemma 3.2. Set t, = t; + 20, and apply (3.5) on [t1, 2] to
obtain

u(+, 1) = NLSg(t — tr)[u(-, t1)]
= ¢ T u(, )] + O(v™?)
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By combining this with (3.1),
(3.7) u(-,t) = e~V 22—t Ha[ivvgoch (1 — 29 — ty0)] + O(v~/?)
By Proposition 2.3 with §(z) = 1 for z < —1 and #(z) = 0 for z > 0, p(z) = sech(x),
and z( replaced by xg + t1v,
e~ 2t e [pitvgech (2 — xg — vty)](2)
= t(v)e 2mtH0[pitvgech (1 — 2 — vty)](2)
+ r(v)e Bt [=ivvg0ch (1 4 1o + vty)] ()
+ 0™
By combining (3.7), (3.8) and (3.4),
u-,t) = t(v)e V2 IANLS (ty — t1)][e* sech(z — o — vt1)](z)
+ r(v)e VR PNLS (ty — t1)[e " sech(x + zo + viy)] ()
+ 0(0_5/2)

(3.8)

By noting that
NLSq(ty — t1)[esech(z — 2o — t1v)]
= e_i(tr“)”Z/QGi(tQ_tl)/Qei”sech(z — xo — tov)
and
NLS(ty — t1)[e”*sech(z + xo + t1v)]

= e’i(tQ’“)”2/Qei(trtlme’m”sech(x + xg + tov)

we obtain (3.2).

3.3. Phase 3. Let t5 =t + (1 — 9) logv. Label
U (x, 1) = e 222 NLS (t — ty) [t (v)sech(z)] (z — 2o — tv)
for the transmitted (right-traveling) component and
Unes(, 1) = e~ 2e12/26 7N LS (t — ty)[r(v)sech(z)] (z + xo + tv)

for the reflected (left-traveling) component. By Appendix A, for each k£ € N, there is a
constant c¢(k) > 0 and an exponent o (k) > 0 such that

c(k)(log v)"™®

(39 Ju(z. )l e

z<0

+ lJurer(, Ol 22, + [ (0, )] + e (0, )] <

uniformly on the time interval [ta,t3]. We shall need the following perturbation lemma,
again a consequence of the Strichartz estimates.



18 J. HOLMER, J. MARZUOLA, AND M. ZWORSKI

Lemma 3.3. Let w = u — Uy — Uper- If ta < tp, Ty —t, < c1, and

c(k){q)(log v)"™
ol ta)llzz + == <1,

[|w HLoto 2 <o (”w('7ta)HLg 4 c(k)(q zﬁoi)v) )

then

g le =
The constants ¢y, co depend only on constants appearing in the Strichartz estimates and
are in particular independent of q and v.
Proof. We write the equation satisfied by w:
0w + 102w — qdp(z)w
= — |w 4 Uy + Uret|* (W + Uty + Urep) + |Use[*Utr + [Uret|*Uret
+ q00(2)utr — @O0 () Ures
= — JwlPw — (2(tUg + trer) |0|* + (Tpr + Trer)W?) — (2utr + Uret]*w + (Ugy + Urer) *D)
— (U2 Ayef + 2per|te]? + Ul gty + 20| Uret]?) + @00 (@) Uty — ¢0 () Uset
—_— s

TV
tr—ref interaction tr—delta ref—delta

w is estimated using Proposition 2.2 and Proposition 2.2. The cubic, quadratic, and linear
in w terms on the first line are estimated exactly as was done in the proof of Lemma 3.1.
For the “tr —ref interaction terms” (taking wu,ef|ui|* as a representative example), we apply
Proposition 2.2 with p = 4/3, 7 = 1 and estimate as

(3.10) I\uref!utrIQHLgs] < oty — ta)Hlunllzge , rallurertiellze , 12

[tee|| 2 = V/2[t(v)| by mass conservation for the free nonlinear flow, and

| | utruref‘ | Lee

Pt ]LQ < Hutruref”Loto L2 + ||utrurefHL°° L2

Jtp] <0 [ta,ty] >0

< HurefHL el trHL + [Ju tr”L‘[’t‘;,tb]L?”urefHLoo

2
[ta,tp] L

L2
[ta,tp] tt]:c<0 x>0

Now
[[trefl| Lge e = [NLSo(t)[r(v)sech](@)|| ge e
< |INLSo(t)[r (v)sech] () | -2 . [0 NLSo (£) [r (v)sech] () | /=

LL? LL?
<c

by mass and energy conservation of the free nonlinear flow. Similarly, ||u.|/zxre < c. By
this and (3.9), the above yields

c(k)(logv)?®
HutrurefHLi’tO . ]LZ = W
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Thus, by (3.10),

) c(k)(logv)e®)
(3.11) ||uref|utr| HL?t/aS,tb]Lvlc = pk(1-6)

and similarly for all other “tr — ref interaction” terms. Now we address the “tr—delta” and
“ref—delta” terms (working with gdg(z)us, as the representative of both). By Proposition
2.2, we estimate as

a0, ) 0 < elts = ta) gl (0,17

ta,ty [ta,tp]
By (3.9),
374 (log v)7™)
3.12) 0,1 < kot — 1) BT

Collecting (3.11), (3.12), and the estimates for cubic, quadratic, and linear terms in w (as

exposed in Lemma 3.1), we have, with ||w||x = ||w|/zee 12 + ||w|lze 16
[ta,tp] T [ta,tp] T

c(k)(g) (log v)7™
ok(1=3)

If c(ty — t,)"/? < %, then the first-order w-term on the right side can be absorbed by the
left, giving

lwllx < ellw(-ta)llze + ety — ta) /*(lwllx + lwll + [lwll%) +

2¢(k)(q) (log v) "™

hollx < 2ellw(-,ta)llz2 + 2ty — o) 2 (Jwll + loll%) + ok(1=0)

By continuity of ||w|| x4, in t, if

4e(k log v)7 () 1
2ety 10 (et s + NI
v 2
we have
dc(k){q) (log v)7™)
lwlx < 4cljw(- ta)]l12 + SF(1=0)
completing the proof. O

Assume that oo = ¢/v has been fixed. Choose k = k() large so that k(1 —J) > 3. Then
the coefficient appearing in Lemma 3.3 is bounded by

C(k)((/l];go%)v)a(k) < o(h) <%> (10%2)5(1@

Now take v sufficiently large in terms of (¢/v) and k (thus in terms of §) so that the above

is bounded by v~1.

Now we implement Lemma 3.3. For convenience of exposition, we take ¢; = 1, co = 2.
Let ¢ be the integer such that ¢ < (1 — d)logv < ¢+ 1. We then apply Lemma 3.3
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successively on the intervals [to,to 4+ 1], ..., [ta + € — 1,t5 + ¢] as follows. Applying Lemma
3.3 on [tg,ts + 1], we obtain

Jw(- )|z 12 < 2(lw(-, bo)llz2 +v7")

[t2,t2+1]7%

Applying Lemma 3.3 on [ty + 1,¢5 4+ 2] and combining with the above estimate,
[w(, D) e 12 < 2lw( ta)ll 2 + (2% + 2)07

Continuing up to the ¢-th step and then collecting all of the above estimates,

lw( Ollzee , 22 < 2wl t2)llzs + 25+ + 207!

[ta,tg]7® —

Since ||w(-, t2)|z2 < v%% and 2° < v'7°,
1-26
(3.13) lw( Dl ,, 2 S vz

thus proving (3.3).
Now we complete the proof of the main theorem and obtain (1.6). By (3.13) and (3.9),

(3.14) lulst) = w022, < llw(- 0)llz2

x>0 x>0

Since [lug(+t)[rz = t(v), (3.9) implies [lue(-,?)|[z2_, = t(v) + O(v*~2%), which combined
with (3.14) gives (1.6) and proves Theorem 1.

_3
+ [Jttge (- )] 2, < 072

4. RESOLUTION OF OUTGOING WAVES

In this section, we prove Theorem 2. We note that the proof of Theorem 1 presented in
83 in fact provided a more complete long-time description of the solution:

_ —itv? )2 ite /2 izv _ _ _
: 1) = 0
(4.1) u(z,t) = e e/ ™NLSy(t — t9)[t(v)sech](x — z¢ — tv)
+ e TR/ 26 NS (t — ty)[r(v)sech](z + zo + tv)

+ OLg(vl’%‘s), [0 +0v70 <t <e(l—6)logu
v
where t(v), r(v) are defined in (2.2) and NLSy(¢)¢ denotes the solution to the NLS equation
i0yh 4 302h + |h|*h = 0 (without potential) and initial data h(z,0) = ¢(x). It thus suffices
to obtain the resolution of NLS(t — t3)[t(v)sech] and NLSy(¢ — to)[r(v)sech] into solitons
plus radiation decaying in L:°. By the phase invariance of the free nonlinear flow

t
NLSo(t — t2)[t(v)sech] = ]tgvi\ NLSo(t — t2)[|t(v)|sech]
v
and similarly for NLS(t — t2)[r(v)sech]. Since 0 < [t(v)], |r(v)| < 1, we apply asymptotics
(B.1) proved of Appendix B using the inverse scattering method. When |t(v)| or |r(v)]
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is equal to 1/2 we use the result of [12] recalled in (B.2). The result obtained by these
substitutions differs from that stated in Theorem 2 by a factor of

A2
(4.2) exp (z L ZAT .U5)

for ur(x,t), owing to the fact that t, = |zo|/v + v=°. But (4.2) differs from 1 by ~ v~?,
and thus omitting it only introduces a discrepancy of v=° in both L2 and L. There is a
similar inconsequential disparity in the ug(x,t) part.

APPENDIX A. SPATIAL LOCALIZATION OF THE FREE NONLINEAR PROPAGATION

Let ¢ € S and

i0,h + L02h + |h|*h = 0,
(A1) {Zt 20:h + |1

h(z,0) = ¢(x).
Notational conventions. We denote 0, by 0 hereafter. The z and ¢ dependence of h(x,t)
will be routinely dropped. The constants c¢(k), o(k), and the polynomials ¢,(t) that appear

below may change (enlarge) from one line to the next without comment. The constants
c(k) depend on the fixed function ¢ € S.

The solution h satisfies conservation of mass and conservation of energy, which means
that the integrals

Eoz/\thI, E2:—/(|ah|2— B dz .
R R

are independent of time ¢. Since [|h]|3 < ||h||z2]|0h| 2, we have ||h||7. < ||h]|3.]|0R] L2
and it follows from the Fy and Ej conservation that ||0h|| 2 < ¢, where ¢ depends on ||| 2
and [|0¢||Lz.

In fact, there are an infinite number of conserved integrals, Fj, with integrands defined
inductively as follows

1
(AZ) fO = |h|2’ fk+1 = ho (Efk) +j +jz::kl fj1fj2>

see [17, §8] for a proof of this fact (rescaling time and putting x = 2 produces an agreement
with our slightly different convention). The inductive definition of f; and the Sobolev
embedding theorem can now be used to show that, for ¢ > 2

(A3) By = (~1) / 0N (2) 2 + O((1 + [[B]] i) *+?)

and hence for ¢ > 0, we have

(A.4) 102 < e(0)
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where ¢(¢) depends upon Sobolev norms of the initial data ¢ of at most order ¢. We now
elaborate on how to obtain (A.3). An inductive argument using (A.2) shows that for & > 0,
fx is of the form

(A.5) fe=ho*h+h > p(2j+1k—2j)
Jj>1,25<k

where p(n, m) indicates a linear combination of terms of degree n and cumulative order m,
or more precisely terms of the form

(A.6) O Oh---0%h, a1+ -4 ay=m
and h is either h or h. To prove (A.3) for £ > 2, one uses (A.5) for k = 2¢ and it only

remains to verify that for any n > 4 and m < 20 — 2,

(A7) /p(n,m) dx S ||h||?{271

We now show this. Note that in (A.6), we may assume without loss of generality that
ap S g << .

Case 1. o, < /¢ —1. It follows that a; < ¢ —2forall j <n—-2and a,,-; <€ —1. We
estimate as:

‘/amz}aazﬁ...aawadx

n—2
: (H IlaathLm) [0 th][ 2|07 hl[ L2 < cl| Al Fes

j=1
by Sobolev embedding.
Case 2. a,, > (. In this case, we begin by integrating by parts to obtain

(AS) (_1)an7€+1 /aaanrl(aal}NL_ . aan,lﬁ) 8571]3 dr
The Leibniz rule expansion is
(AQ) aan—ﬁ—&-l(amﬁ e 9On—1 ﬁ) — Z Cﬂam—i—alﬁ o Qln—rton1 ]

where the sum is over (n — 1)-tuples p such that gy + -+ 4+ g1 = @, — €+ 1 and
¢, is some constant depending on p. By adding the o and p constraints, we obtain that
(p1+aq)+- 4 (fn_1+an_1) < £—1 and thus there is at most one index 7, (1 < j, < n—1)
such that p;, + o, = ¢ — 1 and for all remaining j (1 < j < n —1, j # j.) we have
pj +a; < € —2. (If no such j, exists, take j, to be any fixed index 1 < j, <n —1.) By
substituting (A.9) into (A.8), we estimate as

‘/aalha%h---a%ﬁdm

n—1
: ( 11 H@“J’”%HL"") |95 hf| 2 |07 Rl 2 < [P e
J=1,37#7«

again by Sobolev embedding. This concludes the proof of (A.7), thus (A.3), and thus (A.4).
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Using that the commutator [(z + itd),i0, + £9°] = 0 and some integration by parts
manipulations, we have the pseudoconformal conservation law:

/x (& + itd)h(x, 1) da — 12 / Ih(z, ) 'z + /0 s / h(z, 5)|*deds — / ool P

From this, (A.4) for ¢ = 0, 1, and the Gagliardo-Nirenberg estimate ||a|7, < ||L||2. 0] Lz,
we have
[zhl[L2 < e(t)

where ¢ depends on ||z¢||zz2, ||¢| L2, and ||0p]| 2. We want to show that more generally, for
each k € Z, k > 0, we have

(A.10) |220°h]| 12 < c(k)(t)7®) fora+0=k a,0>0, a,0 €Z

Here c(k) is a constant depending on k and weighted Sobolev norms of the initial data ¢
(up to order 2k), and o (k) is a positive exponent depending upon k. We are not concerned
with obtaining the optimal value of o(k); the mere fact that the bound in (A.10) is power-
like in ¢, as opposed to exponential in ¢, suffices for our purposes. In our proof, both c¢(k)
and o(k) will be increasing with k, and will go to +o00 as k — +o0.

Let Ag = 0 and Ay = (z+itd). Note that both operators have the commutator property
(A.11) [A;, (i0, +30%)] =0, j=0,1.
We first claim that for each k& > 0, there exists a constant c¢(k) > 0 and an exponent
o(k) > 0 such that
(A.12) A Ay - Aj hlle < (k) ()™ for all ji,...5, € {0,1}.

When we wish to consider a composition of the form Aj Aj, ---Aj, and do not care to
report whether each operator in the composition is Ag or A;, we will instead write the
composition as A¥. We prove (A.12) by induction on k . When k = 0, (A.12) is just the
mass conservation law. Suppose that (A.12) holds for 0, ...,k —1; we aim to prove it holds
for k. The main ingredient (in addition to the inductive hypothesis) is (A.4). Fix ji,...jx €
{0, 1}, and apply the operator A;, --- A;, to the equation, pair with —iA;, - -- A, h, integrate
in z, take twice the real part, and appeal to (A.11) to obtain

(A13> 8,5”Aj1 s Ajth%Q = ZRei/Ajl s A]k’hPh Aj1 s Ajkh dx
Note that
Ao F(h,h)h = OF (h,h) h + F(h,h) Aoh
and
Ay F(h,h)h = itOF (h,h) h+ F(h,h) Aih
Both of these product rules take the form
A |h*h = g(t)OF (h,h) h + F(h,h) Ah
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where ¢(t) is a polynomial in ¢ of degree < 1. Thus we see that

Ajy- - N [hPho= [hPAy, - A h+ Y gy (0)07 R AR
71 +72=k
v2<k—1

where g¢,(t) is a polynomial in ¢. Substituting into (A.13), we obtain two terms: the first
is zero since it is the real part of a purely imaginary number; the second is estimated by
the Holder inequality to obtain:

OUA, -~ Ay k2 | < clk) (8™ ( wp ||aj|h|2||mo) ( wp ||Afh||p) IAp - Ay bl oo
j<k—1 j<k—1

By Sobolev embedding estimates, (A.4), and the induction hypothesis, we have
[l A, -~ Ay hll72 | < c(R)(®) @A, - Aghll 2
from which (A.12) follows.

Now to deduce (A.10) from (A.12), we just note that since z = A; — itAg, there are
polynomials g;(t) such that the following relation holds:

229 = Z g (A, - 'Aja+6
j€{0,1}oF0

Let us now consider the application of (A.10) to obtain (3.9) in the Phase 3 analysis.
We have x¢ + tv > v'79 for t > t,. If z < 0, then

1= < (zg + to)* < |z — 29 — to|*
Thus
P19 ||y (i, Oz, < [l(z =20 — tv)"NLSo(t — ta)[t(v)sech](z — g — tv)| 12
= ||z NLSo(t — t2)[t(v)sech](z)|| 2
< c(k){t — t2)7®

by (A.10), which gives the first estimate in (3.9). The second is obtained similarly. To
obtain the third, we note that for ¢ > t,,

| (0,1)]* = |[NLSo(t — t2)[t(v)sech](—zo — tv)|?
0
. / D, [NLSo (¢ — t2)[t(v)sech] (z — 2o — tv)[2 da
and this can be estimated by
INLSo(t — t2)[t(v)sech](z — zg — tv)||z2_, [[0:NLSo(t — ta2)[t(v)sech](x — 2o — tv)||2_, -
Using (A.10) as before establishes
VA= INLS (t — t5)[t(v)sech](z — 2 — tv)||L§<0 < ek + 5)(t — ty)*HI)
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Replacing (c(k)c(k +1))'/% by c(k) and 1(o(k) 4+ o(k + 1)) by o(k), we obtain the bound
(3.9). Finally, we note that the fourth bound in (3.9) is similar to the third.

APPENDIX B. FREE NONLINEAR EVOLUTION OF « sech

This appendix is devoted to showing that for 0 < o < 1

NLSo((2c — 1sech((2cc — 1)) + Ope(t72) 1/2 <a <1,

(B.1) NLSy(asech) = { (’)Loo(t_%) 0<a<1/2.

A more precise understanding of error terms is possible thanks to advances in the study
asymptotics for integrable nonlinear waves [4], [12]. Since we do not know an exact reference
for (B.1) we present a proof of this simpler asymptotic result. It is based on the now
classical work on the inverse scattering method initiated for NLS by Zakharov-Shabat [17]
— see [4],[5] for discussion and references. For the reader’s convenience, especially in view
of different conventions used in different sources for our argument, we review all the needed
aspects of the method.

In the case of @ = 1/2 we can use the result of [12] to conclude that
(B.2) NLSo(avsech) = Op((logt/t)?).

A slightly inaccurate statement similar to (B.1) was given in [15] and the calculation of the
scattering matrix in that paper was our starting point in obtaining (B.1).

B.1. Inverse scattering method. We present a quick review of this celebrated method.
Thus, let us consider two operators acting on &'(R; C?):

1 1
L=—iJo,+iJQ, A=J& — 57Qx = JQO; — §Q2J,

where

Q= Q(t,x) = {_u(t’@ (ﬂ L ult,e) € SR),  J= {‘01 ﬂ .
Then .
L, A] = =5 Quo +iQ°
which is checked by using

_ _ =0
JQJ=-Q, J =1, Qt[ 0 }

—|ul?
It is now the case that
1
(B.3) OL =i[L,A] <= i0u+ 5a};u + [ulPu =0,

and, since we are solving NLS, we assume that these equivalent equations hold.
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We now consider scattering theory for the time dependent operator L. For that we
introduce special solutions to Ly = A\ with prescribed asymptotic behaviour:
—iTA

1/7<17’A)2{€0 ] ¢($;)\)2[ %A}, x — +00

) ol \) = {egm } RICIPES {egm } ) & — =00,

see instance [5, Sect.l.5]. Here for vector valued functions, @ & (P2, —p1], if o = [p1, pa]".
Each pair of solutions forms a basis for the solution set and, for A € R,

P, A) = a(N)p (e, A) + bA)¢(x, A)
(B.5) P2, A) = a(\)p(z, A) = bA\)¥(z, \) |
la(M)]* + [p(V)[* = 1.
Another consequence comes from (B.3). If L(t)1(t) = A\)(t) then we see that
(L~ )i — A) =0

and hence

10 (t) — Ap(t) = er(t)(t) + ot (t) .
Now we note that for u(t,e) € S(R), A ~ Jd?, as || — oo, and the asymptotic behaviour
(B.4) gives c1(t) = A2, ¢a(t) = 0. More generally we conclude that

0 = (A+ X)), 0 = (A= N,

(B6) . o 2 A 2\ =
iOp = (A+ N)p, i0p=(A-N)p.

The solutions 7 and ¢ have analytic extensions in A to the upper half plane and v and @
to the lower half plane. Same is true for a(\) and a(\) respectively. Except in very special
cases (such as our potential asechzx) b(\) does not have an analytic extension off the real
axis. The reflection coefficient is defined as

b(A)
A) = —=.
r(A) oy
We assume that a(\) has at most one zero and that it can only lie in Im A > 0, Re A = 0.

That zero, \g, corresponds to an L? eigenfuction of L, and at A = Ay, the two solutions are
proportional:

(B.7) p(z, Ao) = Y0¥ (x, Ao) -
The scattering data is given by the triple
(B.8) u(t, z) — {r(A 1), Ao, 70(8)} -

The evolution of the scattering data is easily obtained from (B.6):

(B.9) r(\ ) = @™ r (X, 0), o(t) = €2 4(0).
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In fact, we can use (B.5) (B.6) to see

(A — 2 =0 = i0,at) + aidy) + i0bah + bidp

= iOat) + (i0ib + 2X°b)h 4+ (A — X)gp.
Independence of 1 and 1 shows that, remarkably,
da(\t) =0, Ob(\t) =2iX*b(\ 1),
which gives the first part of (B.9). From (B.7) we see that,
20(A = XY (No) = i0ip(Ao) = 1001 (Ao) + 70(A + A*)P(No)
so that,
Oryo(t) = 2iA"y0(t) .

That gives (B.9). The justification of this formal calculation depends on u(t,e) € S(R)
and we refer to, for instance, [5, Section 1.7] for a full proof.

B.2. The Riemann Hilbert problem. It is now universally acknowledged that the best
way to obtain long time asymptotics for the inverse of (B.8) and (B.9) is by solving a
Riemann-Hilbert problem [4], [5, Chapter II]. To recall this method let us consider the
following matrix valued function of A € C \ R, depending parametrically on = € R:

[a(\) o, e, i, Ne ], Tm A > 0
(B.10) U)o i
[z, N)er a(N)"tp(z, N)e ], ITm A <0
The properties of ¢ and ¢ (see for instance [5, Section 1.5]) imply that
(B.11) YA)=T+0(N"), [N — oo,

where the decay rate may depend on x, uniformly in compact sets. From (B.5) we see that

T()\)e%(xx—s—)\?t) 1

1 _7:()\>€—2i()\1‘+>\2t)
0 1

T + 0, 2) = [z, e, (e, Ne ] { 1 0 ] ,

W\ —i0,2) = [1h(x, \)e h(z, N)e ] [ ] , AeR.

Hence, the boundary values of W(\) satisfy
V(A +i0) = VU(A—i0)V,.(N), NeR,
(B.12) Vo def L+ r(A)2 F(N)e20a+XD
z,t — T(}\>€2i()\x+/\2t) 1 :

If a(A\) has no zeros in Im A > 0 then the Riemann-Hilbert problem is to construct W(\)
satisfying (B.11) and (B.12). Liouville’s theorem readily shows that it is unique. If a())
has a zero in Im A > 0, and in our presentation we allow at most one, \g, we have to
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consider a Riemann-Hilbert problem in which W(}) is allowed to have singularities at Ao
and Ag. The structure of that singularity can be seen in (B.10):

0
0 6—27:)\7027:)/6 , déf 70
0 0 C 0T )
Since a(A) can be reconstructed from r(A) and A\ (see for instance [5, Chapter I, (6.23)];

in our case it will be explicit) the Riemann-Hilbert problem in the case of one singularity
is to find ¥ which in addition to (B.11) and (B.12) satisfies (B.13).

A standard way to read off u(¢, ) from W(A, z) follows from high frequency asymptotics
of ¥(x, \) (see for instance [17, (18)]):

0 0
(B.13) ‘
Res,_5, ¥ = ¥()\o) [

(B.14) D, N)e N [ ; } 4 % [ I ﬁfé;”;))‘gdy ] 10O (#) ,
o I

We conclude this brief review by describing a reduction of the problem with prescribed
singularities (B.13) to a problem with ¥ analytic in C\ R. To do that we follow [5, Section
I1.2] by considering a reformulation of the Riemann-Hilbert problem:

G (N défwm)“ ai?A)ﬂ}, ar(N) a0, ae(N) € a(), £Imi >0,

G A +i0)G_(A—i0) = GO\, GO [ _blw ‘51“)} |

The operators G4 () are now analytic in Im A+ > 0 (in fact, G%()\) = G_(X)) but their
ranks drop precisely at A = \g and ), respectively. The Condltlon (B.13) becomes
= ,—2tAox
(B.16) Im G, (\g) = spang { o e%im } , ker G_(\g) = spang [ oe } :
0

We now look for B(\), analytic in Im A > 0, with B(A\)™! analytic in Im A < 0, B(\) =
I+ O(1/|)]), and such that

G E GNBW™, Go(\) =BGV, £ImA>0,

are nonsingular matrices. We note this requires B(A\)™! to have a pole at A\g and B()\), at
Mo That is natural since we are adding to the ranks of G4()). The condition (B.16) mean
that
(B.17)

1

~ < ~ A~ p—2iXoz
Im B(A\o) = spanchrl()\o) [ ~oe2itom ] , ker B(\g) = spancG_ (o) [ Vo€ ] .
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This determines B(\) uniquely as a Blaschke-Potapov factor:

(B.18) 1 |:|/6_|2 ﬁ} S@) = é(_11)<5\0’ gj)’yoe—ZiXox 4 6_12)(5\07 x)

1Rl A 1

see [5, Chapter II, (2.17)-(2.27)].
Hence to solve the Riemann-Hilbert problem (B.12),(B.13) we first solve the problem

(B19)  U(A+i0) = U(A—i0)Vou(A), U =T+O(1/A]), ¥ analyticin C\R.
We then define

~ - T1 o0 ~ o

G_(\) =T(N) [ 0 a(\F ] , Gy (M) =G_(N)", ImA <O,
from which, using (B.18), we construct B(\). Then
(B.20) T(A) = B(A) (N,

and we can finally use (B.15) to obtain u(t,z). In particular the long time behaviour of
u(t, z) is determined by the longtime behaviour of W(\).

B.3. Manakov ansatz. The basic structure of the long time behaviour of U solving (B.19)
can be obtained from the Manakov ansatz for the solution of (B.19) — see [4, Section 2] and
references given there. To describe it we define

def L/ r+(Q)0(¢ +10)*16(¢ — i0)*! (F2IC+0) g
27T'i R C - >\ ,

where T-&-(C) = T(C)v r— (C) = F(g)v and
500 t)  exp { 1 // log(1 + '7”@'2)(14} |

mi<)‘7 z, t)

omi | C— A\
solves a scalar Riemann-Hilbert problem,

. 5(¢C—i0)(1+ |r(O)), —x/2t
i) = { 62D IOP), ¢ < o

see [3, Proposition 2.12] for a detailed list of properties of d(z) (stated in the defocusing
case log(1 — |r(¢)|?)). The Manakov ansatz is then given by

1 my (N, t)] {5@, T, 1) 1

(B21) \I/()\,,I’,t) = |:m(>\,l',t) 1 1 (5()\,1',t)_1

To see the properties of T we use the following elementary lemma:
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Lemma B.1. Suppose that f € C*®((0,R)), f' € L*([0,00), 2*fO € L>=([1,0)), for all k
and . Then, as A — +00,

L fye

2m Jo y—ax —10

F@)e?™ + O(N"2]z|"Y)  2>0and A>0

O(A| 2|z ™) otherwise.
Using this lemma one checks that
~ ~ 1
WA —i0,2,t) WA +i0,2,t) =V, (A) + O (—) ,
from which it follows as in [4, Section 2] that
T(\) = (I+O0(1/VE)T(N).
If we defined @(t, z) by putting ¥ in (B.15) this shows that a(t, z) = O(1/+/7), and in fact
a more precise statement can be obtained by using the second component in (B.14).
We can now use (B.18) to obtain an approximation to B(A) as t — oo:
Ao — o5

B(A) = B(\) + O ?|A|™Y), B(\) =1 P

where P is as in (B.18) with ( replaced by
3 3 1 (9 log(1+|r(0)?
B =0 exp(~2ho7) exp _fb/‘ B(L+ MO 4\
T J_oo C_ )\0

Hence to obtain a long time approximation for a solution we apply the procedure of [5,
Section I1.5] to By(\) since that corresponds to using (B.15) with

T(A) = BA) W) = BO) NI+ 0@ )T(N) = Bo(\) (I + O A T).
This gives

Lemma B.2. Suppose that u(0,e) € S(R) and that the scattering data (B.8) for u(0,e) is
given by (), vo and Ao, Im A > 0. Then

(B.22) u(z,t) = e"°NLS, (e%Re)‘O'Q Im Ag sech(2Tm Ag (e — xg))) + Ope (t7Y2)

where
mA, [* log(1+|r(Q)P)
- log |0] — log |a/(Ao)| — log(2Im Ag) —
0= g (198 Pl = logla/ )] ~ log(2tm o) - 220 [~ PECEIIN, o)
and

1 /“ log(1 + [(S)*)
(¢ —ReXo)d(.

/
- _ A it
900 arg’YO arga( 0) + T o (C _ R,e )\0)2 + >\%

We state this important result as a lemma to stress the fact that a better error estimates
seem available if more advanced methods [3],[4] are used.
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B.4. Scattering matrix. We now apply Lemma B.2 to obtain (B.1). For that we need
to find the scattering data (B.8) for u(0,x2) = asechz. That is done by a well known
computation [15],[14, Sect.3.4] which reappears in many scattering theories, from the free
S-matrix in automorphic scattering, to Eckhardt barriers in quantum chemistry. We quote
the results:

I(3 —i)) _sin7a bV
TC+a—iNT(E—a—i))’ PN =i "N =y

We note that in this special case b and r are meromorphic in C (with infinitely many
“nonphysical” poles). Also,

M=2a—-1 ifl/2<a<1, and v =0b\) =1.

a(A) =

We need to compute xy and ¢g. In general when u(0,x) is even then zq = 0 by symmetry
considerations. Here we see it by using [5, Chapter II, (2.6)] which shows that

: Im Ao (% log(1 + |r(Q)I)
log |a’(Ag)| = log(2Im Ag) + o /OO ZrIm dC

Im) / log(1 + [r(O)[)

T ) 2+ ImN

Thus the formula in Lemma B.2 results in 25 = 0. To compute ¢y we need to find the
following integral

o sin® o ¢
1 1+ ¢, 1/2<a<11.
/0 o8 < cosh? WC) ¢+ (2a—1)? ¢ 1fz<a
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