SLOW SOLITON INTERACTION WITH DELTA IMPURITIES

JUSTIN HOLMER AND MACIEJ ZWORSKI

ABSTRACT. We study the Gross-Pitaevskii equation with a delta function potential, gdg,
where |¢| is small and analyze the solutions for which the initial condition is a soliton with
initial velocity vo. We show that up to time (|q| +v3)~2 log(1/|q|) the bulk of the solution
is a soliton evolving according the classical dynamics of a natural effective Hamiltonian,

(&2 + qsechQ(x))/Q.

1. INTRODUCTION

The Gross-Pitaevskii equation (NLS) with a delta function potential and soliton initial
data,

(1.1) {iatU+%3§u—q50(x)u+u|u|2 0

u(z,0) = e™“sech(z — ag),

offers a surprising wealth of dynamical phenomena. In [12], (and numerically in [13]), the
authors and J. Marzuola studied the high velocity, vy > 1, case and showed that the
scattering matrix of the delta potential controls the dynamics. In this paper we describe
the case of small q. The most interesting dynamics is visible for initial velocities satisfying
ve < |q|. The low vy regime has been studied in the physics literature [3],[9],[2], and the
behaviour in the intermediate range of ¢’s and vy’s, that is between the fully quantum and
semiclassical cases studied in [12] and in this paper respectively, is still unclear. We state
the main result here with a slightly more precise version given in Theorem 2 in §7 below.

Theorem 1. Suppose that in (1.1) we have |q| < 1. Then, on a time interval 0 < t <
0(vg + |al)~1/*log(1/lql),

(1.2) lu(t, &) — ™"V sech(e — a(t)) |l mr) < Clal' ™,
where a, v, and 7y solve the following system of equations
(1.3) SA=U, U= —éqax(sech )(a), ZV =5t 5~ gsech”(a) — §q8$(sech )(a),

with initial data (ag, vo,0).

Remark. The arguments presented in the paper apply to much more general impurities.

In fact, one can replace dy by any V € H~'(R). The effective potential gsech®(a) is then
1
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replaced by ¢V *sech?(a). Since our motivation comes from [12] we present only the special
case.

q=0.01, v0=0, a0=-3
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FIGURE 1. The top figure shows the evolution of |u(z, t)| for vg = 0, ag = —3,
g = —0.01 for 0 < ¢t < 1000. In the bottom figure the dashed curve is the
computed center of motion, and the continuous curve, the plot of a(t) given by
(1.3). More figures illustrating other cases, some with an even more dramatic
agreement can be found at http://math.berkeley.edu/~zworski/HZ1.pdf

Compared to numerical results, the theorem gives a remarkably good description of the
dynamics of a slow soliton interacting with a small delta function potential. For example
consider vy = 0, ag < 0 fixed, and |¢q| — 0, illustrated in Fig.1. When ¢ < 0, the bulk of
the solution is oscillatory about the origin, with the center moving from ay < 0 to —ag > 0.
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Since

1 1 1 def
§v2 - 561772(&) = §qn2(ao), n(z) = sech(z),

the time to complete one cycle of oscillation is

/ —ao 2dx

w g/ () — 1 (ao)

which is of size comparable to |g|~*/2. Since the theorem provides an accurate description
up to time ~ |g|=*/21log(1/]ql), it covers many cycles for small enough |g|. When ¢ > 0 the

soliton is repulsed by the d potential and slowly slides to negative infinity with the terminal
velocity ¢'/? — see Fig.3 below.

The proof of our theorem follows the long tradition of the study of stability of solitons
which started with the work of M.I. Weinstein [16]. The interaction of solitons with external
potentials was studied in the stationary semiclassical setting by Floer and A. Weinstein
[5] and Oh [14], and the first dynamical result belongs to Bronski and Jerrard [1]. The

semiclassical regime is equivalent to considering slowly varying potentials,
(14) i+ 202u — W (hz)u+ulul* =0, 0<h<1
. u(z,0) = e™%sech(z — ag), |[WW|e<C, k<2,

and that case has been studied in various settings and degrees of generality in [6], [7], [8]
(see these papers for additional references). The approach of these works was our starting
point. The results of [6] in the special case of (1.4) give

(1.5) [u(t, 8) — e Dsech(e — a(t))||gim < Ch, 0<t< Clog(1/h)/h,

where
d 2 d / 2
—a=v+ O(h?), %v:—hw (ha) + O(h?),

dt
d 1 02 )
%’7—§+3—Db(ha)+0(h),

with initial data (ag,vo,0)." We note that unlike in (1.3) the ordinary differential system
(1.6) is not exact — see Fig.2 and the discussion below.

(1.6)

At first the equations (1.1) and (1.4) appear to be very different: a delta function po-
tential is very far from being slowly varying. The similarity of (1.3) and (1.6) is however a
result of the same underlying structure. As we recall in §2 the Gross-Pitaevski equations,
(1.1) or (1.4), are the equation for Hamiltonian flow of

of 1 1
aef Opul? — [uNdz + = [ VIu|?, V =qb, V =W(he),
2

(1.7) Hy(u) = =
4
TStrictly speaking the result in [6] describes the dynamics for 0 < ¢ < ¢p/h only. That corresponds to

small time dynamics of the potential W. Iterating the full strength of the result of [6] seems to give the

expected extension to Ehrenfest time log(1/h)/h [11].
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= = Newton equations

h=1/5 = = Effective Hamiltonian

F1GURrE 2. Comparison of the dynamics of the center of motion of the soliton
for the Gross-Pitaevskii equation with a slowly varying potential,
1

iuy = —glas — |u|?u — sech®(hx)u, h=1/5, h=1/4,
and initial condition in (1.1) with vy = 0, ap = —3. The dashed red curve
shows the solution to Newton’s equations used in [1] and [6], the blue curve
shows the center of the approximate soliton u, and the black dashed curve is
given by the equations of motion of the effective Hamiltonian
1
5 (v* — sech®(he) * sech®(a)) .
The improvement of the approximation given by the effective Hamiltonian
is remarkable even in the case of h = 1/4 in which we already see radiative
dissipation in the first cycle.
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with respect to the symplectic form on H'(R,C) (considered as a real Hilbert space):

(1.8) wlu, v) = Im/u@, wv € H'(R,C).

When V' = 0, n = sech is a critical value (minimizer) of Hy with prescribed L? norm:
e 1

(1.9) A&, =0, E(u) Y Ho(u) + Jlllz

The flow of Hj is tangent to the manifold of solitons,
M = {e"e®@= 9y sech(pu(x —a)), a,v,7y ER, peRL},
which of course corresponds to the fact that the solution of (1.1) with ¢ = 0 and ug(z,0) =
evtivol@=ao) ysech (u(z — ao)), is
(1.10) u(z, t) = eNHivo@—a) =2 ook (1(x — ag — vot)) -
The symplectic form (1.8) restricted to M is
(1.11) wly= pdv Ada +vdp A da+ dy Adu,

see §2.4. The evolution of the parameters (a,v,7,u) in the solution u(z,t) follows the

Hamilton flow of ) ,

o’ p

Holy= 22— 1

OrM 2 6 )
with respect to the symplectic form wly;.

The systems of equations (1.3) and (1.6) are obtained using the following basic idea: if
a Hamilton flow of H, with initial condition on a symplectic submanifold, M, stays close

to M, then the flow is close to the Hamilton flow of H[,,.

In our case M is the manifold of solitons and H is given by (1.7)

v? 31
(1.12) Hyla (a,v,79, 1) = 'UT - % + §M2(V x sech?®)(ua)
and in particular
1 1
Hq50 rM: H()[M +§M2 seChQ(pa) s HW(ho) rM: H()[M +§M2 W(h.) * sech2(po) .

The equations (1.3) are simply the equations of the flow of Hs, [ — see §2.5. The equations
of the flow of Hyy(ne) s are easily seen to imply (1.6) but some h corrections are built into
the classical motion. It would be interesting to see if this provides improvement of the
analysis of [6]. Since our interests lie in the study of various aspects of the delta impurity
we satisfy ourselves with a numerical experiment which shows that the improvement is
indeed dramatic — see Fig.2.

In either case, all of this hinges on the proximity of the flow to M and to show that we
use the Lyapunov function, L(w), introduced in [16] — see §5. Typically, and as is done
in [6], L(w) is bounded from below so that it controls the norm of w (roughly speaking
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the expression estimated in (1.2) and (1.4)), while (d/dt)L(w) is estimated from above. In
this paper due to the irregularity of the potential that approach for upper bounds does not
seem to be applicable but we can estimate L(w) directly, controlling the propagation of
a,v,7, and u more precisely.

The paper is organized as follows. In §2 we recall the Hamiltonian structure of the
nonlinear flow of (1.1) and describe the manifold of solitons. Its identification with the Lie
group G = H3x R, where Hj is the Heisenberg group, provides useful notational shortcuts.
In §3 we describe the reparametrized evolution. The starting point there is an application
of the implicit function theorem and a decomposition of the solution into symplectically
orthogonal components. That method has a long tradition in soliton stability and we
learned it from [6]. In §4 we give a self-contained and constructive presentation of well
known spectral estimates. Weinstein’s Lyapunov function is adapted to our problem in §5.
It is estimated using classical energy. The ODE estimates needed for the iteration of our
stability argument are given in §6 and a stronger version of Theorem 1 is proved in §7.

Finally, we make comments on the numerics. The computations of solutions of (1.1) and
(1.4) were done using the FORTRAN code described in [13, §3] and written as part of that
project by J. Marzuola. Other computations and all the graphics were done using MATLAB.

ACKNOWLEDGMENTS. We would like to thank Jeremy Marzuola for allowing us the use
of his code for NLS computations, and to Patrick Kessler and Jon Wilkening for generous
help with various computing issues. The work of the first author was supported in part by
an NSF postdoctoral fellowship, and that of the second second author by an NSF grant
DMS-0200732.

2. THE HAMILTONIAN STRUCTURE AND THE MANIFOLD OF SOLITONS

In this section we recall the well known facts about the Hamiltonian structure of the
nonlinear Schrodinger equation. The manifold of solitons is given as an orbit of a semidirect
product of the Heisenberg group and R, .

2.1. Symplectic structure. Let V' be a complex Hilbert space with the inner product
(o, 0)y. For IV, a totally real subspace of V' (W NiW = {0}), we have V = W +iW ~ W?
and we can consider W and V' as real Hilbert spaces.

As a real Hilbert space V is equipped with the natural inner product or metric
9(X,Y) = Re(X,Y)y,
and the natural symplectic form
w(X,Y)=Im(X,Y)y = g(X,iY).
In other words g, w, and J, multiplication by 1/i form a compatible triple:

(2.1) w(X,Y)=9g(JX,Y), 9(X,)Y)=w(X,iY).
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In terms of W2, we have

o0 = (x| [rav]),. = (] 7 )

wX,Y)=g (J Eﬁ§ ’ Ereﬂlib

where J is the matrix representing multiplication by —:
0 I
=

For example, when we consider V' = C™ and W = R", then w is just the standard symplectic
form.

In our work, we take V = H*(R,C) C L?(R,C), and on V we use the L? inner product.
The symplectic form w is thus

(2.2) W, v) = Im/u@,

and the metric g is

and

g(u,v) = Re/uv
Now we consider Hamiltonians and associated Hamiltonian flows. Let H : V — R be a
function, our Hamiltonian. The associated Hamiltonian vector field isamap =g : V — TV,
which means that for a particular point u € V, we have (Ey), € T,,V. The vector field =y
is defined by the relation
(2.3) w(v, (Eg)) = duH(v),
where v € T,,V, and d,H : T,,V — R is defined by
d
d,H(v) = —
() dsls=0
In the notation of (2.1) if we use g to define functionals, dH,(v) = g(v, VH,), then (Zg), =
JVH,.
If we take V = H'(R, C) with the symplectic form (2.2), and

1 1
Hw) = [ {10 = {lul’

H(u+ sv).

then we can compute

d,H(v) = Re/((l/?)@xuﬁxv — |u|*uv)

= Re/(—(l/Q)@iu — |ul?u)v.
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Thus, in view of (2.1) and (2.3),

_ 1 1
@ =5 (—520 - 1)

The flow associated to this vector field (Hamiltonian flow) is
1 1

(2.4) U= (Zx)y = ~ (—iﬁgu — |u|2u) :
i

For future reference we state two general lemmas of symplectic geometry:

Lemma 2.1. Suppose that g : V' — V is a diffeomorphism such that g*w = p(g)w, where
wu(g) € C2(V;R). Then for f € C>*(V,R),

(2.5) (97 )Er(9(p)) = M(Q)Eg*f(P)> peEV.

Proof. This is a straightforward generalization of Jacobi’s theorem which is the case of
u(g) = 1. To compute (¢71).Z;(g(p)), we note

Wp((g71)X, (97):Er(9(p) = ((971) W)y (X, Ep(g(p)) = @wg(m(X Er(g9(p)))
1 I ~1
= @[df(g(P))](X) = @[Q df (P)I((g~)«X)
1 o
= @%((9 )+ X, Eger(p))
and the lemma follows. O

Suppose that f € C>®(V;R) and that df(py) = 0. Then the Hessian of f at po, f"(po) :
T,V — T3V, is well defined. The Hamiltonian map F' : T,V — T,V is given by the
relation

(2.6) [ (po) X] (V) = wpyo (Y, FX) .
In this notation we have

Lemma 2.2. Suppose that N C V is a finite dimensional symplectic submanifold of V,
and f € C*(V,R) satisfies

Ei(p) e T,NCT,V, peN.
If at po € N, df (po) = 0, then the Hamiltonian map defined by (2.6) satisfies
F(T,,N) C T,,N.
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Proof. Since N is assumed to be finite dimensional we only need to prove the lemma for a
finite dimensional V' (any particular Y € (7,V)* can be a value of a vector field in a finite
dimensional submanifold of V' containing N). We can then assume that py = (0,0), and
that in local coordinates near (0,0), N = {(z,§) | 2" =¢" =0}, 2 = (2/,2") , £ = (£,¢"),
o = (o),--- o) where 2k = dim N (see for instance [15, Theorem 21.2.4]). The conditions
of f mean that

dx”f(mla 5/7 Oa O) = d&//f(flf/, 6/7 07 0) =0 s df(07 0) =0 s
where we wrote (z,&) = (2/,&,2",£"). Hence, the Hessian at (0,0) is given by

1
1 — LU/,fl(O’O) 0
£7(0,0) 0 7, 0(0,0)]

This means that
(f"(p0)X,Y)=0 VX €T,N, Y € (T,N)".

where e+ denotes the symplectic orthogonal. Since the Hamiltonian map, F, is defined by
(f"(po)X,Y) =w(Y, FY) this proves the lemma. O

2.2. Associated symmetries and Noether’s theorem. For completeness we comment
on the Hamiltonian version of Noether’s theorem which states that the following three
statements are equivalent

—_ def — —_
:,HE é W(ZH,ZE) = 0,

E is preserved by the Hamiltonian flow of H,
H is preserved by the Hamiltonian flow of E.

For example, consider the mass M = [ |ul>. The associated Hamiltonian vector field is
(Em)u = tu. We compute

The flow associated to = is u +— e**u, which is the phase invariance of H and thus solutions
to Qyu = i(%u + |ul?u).
Similarly, the time translation, u(z,t) — wu(z,t + s) gives the conservation of energy,

H(u), the space translation, u(x,t) — u(x + y,t), gives the conservation of momentum,
Im f UL U.

2.3. Manifold of solitons as an orbit of a group. For g = (a,v,7,1) € R® x R, we
define the following map

(2.7) H'3ur—g-ueH, (9-u)(z) o eIy (p(z — a)) .
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This action gives a group structure on R? x R, and it is easy to check that this transfor-
mation group is a semidirect product of the Heisenberg group Hs and R:

a
G = H3 MR+7 M'(aﬂ]aﬁw = (E?M/UafY)'

We recall that the Heisenberg group can be identified with the group of matrices of the
form

Y 0/7/07’76]:@7

OO =
O =
—Q 2

and that the semidirect product of H and R, is defined by

(hyp) - (R p) = (- (- b)), h,h' € H.
Explicitly, the group law on G is given by

(CL, v, 7, ,u) ' (CLI, Ula 7/7 :u,) = (aﬂv U”, 7”7 NH) )

where

!/ /
"

a va
v =v+ ', a”=a+;, 7”=7+’/+7, p =

Remark. As was pointed to us by Bjorn Poonen, the group acts faithfully on the 4-
dimensional space spanned by 1,v,a,v viewed as functions on the group. This can be used
to see that the group is faithfully represented by the group of matrices of the form

10 0 O
v 0 0
a /é 1//1J ol > U>@aVER,M€R+,
v 0 v/p 1

but we will not use this below.

The action of G is not symplectic but it is conformally symplectic in the sense that

(2.8) gw=mugw, g=(h(g),n(g), nlg)cRy,
as is easily seen from (2.2).
The Lie algebra of GG, denoted by g, is generated by ey, es, €3, €4,
exp(te;) = (¢,0,0,1), exp(tes) = (0,¢,0,1),
exp(tes) = (0,0,¢,1), exp(tes) = (0,0,0,¢€"),
and the bracket acts as follows:
(2.9) le1,e4) = €1, [ea,eq] = —eq, [e1,e2] = —e3, [e3, 0] =0,
so es is in the center. The infinitesimal representation obtained from (2.7) is given by

(2.10) e1=—0,, ea=1xr, €3 =1, e4 =0, .
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It acts, for instance on S(R) C H', and by X € g we will denote a linear combination of

the operators e;.

We have the following standard

Lemma 2.3. Suppose R 5 t — g(t) is a C* function and that v € S(R). Then, in the
notation of (2.7),

where X (t) € g is given by
(2.11) X(t) =a(t)u(t)e + 2 .

where g(t) = (a(t),v(t), v(t), u(t)).
Proof. We differentiate

9(t) -1 = exp(in(t)) exp(—a(t)d.) exp(iv(t)z) exp((@, - ), expOlt) = u(t),
and note that
0, exp(ive) = exp(ivz) (0, + iv) ,

(
0, exp(0(0s - ) = exp(0(0y - x))e"0; ,
iz exp(0(0s - x)) = exp(6(9; - x)) (e~ i),
either by direct computation or using (2.9). The formula (2.11) follows. O

The manifold of solitons is an orbit of this group, G -7, to which Zp, defined in (2.3), is
tangent. In view of (2.4) that means that

/1
i (fﬁn + |77|2n) =X,

for some X € g. The simplest choice is given by taking X = \i, A € R, so that 7 solves a
nonlinear elliptic equation

1
s = =0,

This has a solution in H' if A = p?/2 > 0 and it then is n(z) = psech(uz). We will fix
=1 so that
n(z) = sechz .

Using Lemma 2.1 we can check that G - n is the only orbit of G to which =g is tangent.
We define the submanifold of solitons, M C H;, as the orbit of n under G,
M=G-ncC H,
and thus we have the identifications
(2.12) M=G-n~G/Z, T,M=g-n~g.
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The quotient corresponds to the Z-action
(a,v,79, 1) = (a,v,v + 21k, n), k€Z

2.4. Symplectic structure on the manifold of solitons. We first compute the sym-
plectic form wy; on T,,M using the identification (2.12):

(@h(es ) = I [ (e n)(o)(&57)(a).

Since

[r@ar=2. [a@om@ =0, [ = -1,
we obtain from (2.10) that
(2.13) (Wi )y(ez,e1) =1, (win)y(es, ea) =1,
and all the other (w[ar),(e;, e;)’s vanish. In other words,

(Wlar)y = (dv Ada + dy A dpe),00,1) = (d(vda + vdp))0,0,0,1) -

To find an expression for w[y we use (2.8) and the following elementary

Lemma 2.4. If o is a one form on R® x R, such that

000,001 = (vda 4+ vydp) 0001y, 9'0c=pulglo, geG,

then
o = pvda + ydu .

We conclude that using the identification (2.12)
(2.14) wly= pdv Ada +vdp A da+ dy A dp

Now let f be a function defined on M, f = f(a,v,7,u). The associated Hamiltonian
vectorfield, Z¢, is defined by

w(-,Ef) = df = fada+ fodv+ fudp+ frdy.
Using (2.14) we obtain

= _J ( Ja va) ( Jo )
2.15 =r=—=0,+|—-———-——"")0,+f0,+|(v——f.)0,.
( ) f [ [ 1 7%u 7 w | Oy
The Hamilton flow is obtained by solving
. a v . v . . v
U:_f__ﬁa a:f_> lu:f’y7 VZ"Uf——fu-
H H H H

The restriction of

1 1
1) =5 [ 1o =5 [luf
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to M is given by computing by

(216) f(avva'ynu):H(g'n):__%a g:(a,v,%,u).

The flow of (2.15) for this f describes the evolution of a soliton.

2.5. The Gross-Pitaevski Hamiltonian restricted to the manifold of solitons. We
now consider the Gross-Pitaevski Hamiltonian for the delta function potential

def 1

(217 Hy(w) ™ 5 [0 = ufdo + Salu0)F

and its restriction to M = G - n:

2 3
Qv o 1
(2.18) Hlu= f(a,v,v,pn) = - "5 + §qu25ech2(,ua) :

This is obtained from (2.16) and from calculating

1 1 1
54l(g - mI(0) = Sap*n*(—pa) = Squ’sech® (ua)
The flow of (H,)[y can be read off from (2.15):
V= _Je_vh p2qsech?(pa) tanh(pa)
T
p— ﬁ pu—
(2.19) 1
p= f'y =0
.S R S 2 L s 2
F=v——f, = 3¢ + SH” —ap sech®(pa) — i asech”(pa) tanh(pa)
i

This are the same equations as (1.3). The evolution of a and v is simply the Hamiltonian
evolution of (v? + qu?sech?®(pa))/2, i1 = const. The more mysterious evolution of the phase
~ is now explained by (2.18).

Since p is constant by the third equation, solving this system reduces to solving the first
two equations. The turning position, @um, is given by

v
Qo | = sech™! <—)
| @purn| NG

and Fig.3 gives a comparison between ayy,, and the numerically computed turning point of
the center of the soliton.



14 J. HOLMER AND M. ZWORSKI

q=0.04 9=0.09

0 T T T _0.2 T T T

=== classical turning point

= = soliton turning point === classical turning point
-0.4F = = soliton turning point

I I I -1.6 I I
0.05 0.1 0.15 0.15 0.2 0.25

velocity velocity

Fi1GURE 3. Two plots with ¢ = 0.04 and ¢ = 0.09, respectively, and ag =
—10. The blue line is the theoretical prediction of the turning point of the
soliton, |agm| = sech™ (v/,/q), and the red dashed line is the actual soliton

turning point. For smaller values of ¢ the agreement is outstanding.
3. REPARAMETRIZED EVOLUTION
To see the effective dynamics described in §2.5 we write the solution of (1.1) as
u(t) =g(t) - (n+w(t), w(t) € H(R,C),

where w(t) satisfies
w(w(t),Xn) =0, VXeg.
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To see that this decomposition is possible, initially for small times, we apply the follow-
ing consequence of the implicit function theorem and the nondegeneracy of w/y, (see [6,
Proposition 5.1] for a more general statement):

Lemma 3.1. For ¥ € G/Z (where the topology on G/Z is given by the identification with
RxRxS'xR,) let

Uss={ue H :inf |lu—g-nlm <d}.
geX

If 6 < 0g = 09(X) then for any u € Us s, there exists a unique g(u) € 3 such that
wlgu) ™ u—nX-n) =0 VXeg.
Moreover, the map u— g(u) is in C'(Uss,2).

Proof. We define the transformation
F: H'RC) xG — g, [Fu,h)(X)= wh-u—nX-n).

We want to solve F'(u, h) = 0 for h = h(u) and by the implicit fuction theorem that follows
for u near G - n if for any go € G the linear transformation

th(g(] : 77790) : TgoG — g* )

is invertible. Clearly we only need to check it for go = e, that is that d, F(n,e) : g — g*,
is invertible. But as an element of g* ® g*, d,F'(n, €) = (w[ar)y, which is nondegenerate. [

For §§2.1 and 2.5 we recall that the equation for u (1.1) can be written as

- of 1 1
(3.1) O =Zu,(u), () | /(|a:,3u|2 ~ Ju)da -+ Salu(0).
Using Lemma 3.1 we define
— def
(3.2) w(t) = g(t) " u(t) —n, 9(t) = g(u(t),
and we want to to derive an equation for w(t).

By the chain rule and Lemma 2.3
Apu(t) = 9 (g(t) - (n+w(t))) = g(t) - (Y (£)(n + w(t)) + w(t)),

' e Me () —a(t)v(t))e @e
Y(t) = a(t)u(t)er + @) 2+ (9(t) — a(t)v(t))es + PO
g(t) = (a(t),v(t),y(t), u(t)). Combined with (3.1) this gives
(3.3) dpw(t) = =Y (t)n = Y ()w + g(t) ', ((9(t) - (n +w(?)))) -
To make this more explicit we apply Lemma 2.1 to see that
1

t_la t - E *
g( ) Hqg( ) u(t) g(t)*Hq
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(since the action of g(t) is linear on H', g(¢)~! and (g(¢)™!). are identified). We compute

o Hy@) = [ (lone a(u)? — p'falue) o + Sanlla(~pua)

4

1 - L, = 5 -
(3.4) -3 / (1101(2) 2 — 2002 Tm By(2) (@) + Rev?ula(a)]? — i ()| de

1 -
+ §u2q!u(—ua)!2,
so that
1 1 2 2
(9) Zgrn, (0) = - (—%um +opty — pPla*a + %u + pgd(e + ua)ﬂ) -

For us u(t) = n + w(t) and we expand the nonlinear term

7+ w(n +w) =1+ 20°w + *w + 2|w|*n + nw? + |w|*w
[\ g J g ~ ) \ )

lincar quadratic cubic
Inserting this in (3.3) gives
Lemma 3.2. If w(t) is given by (3.2) then
(3.5)  Ow = Xt)w+ X(t)n — ip>Lw + i Nw — iquée(x + pa)n — iquée(z + pa)w,
where X (t) € g is given by

. 2 2 .

def . v . . v H M

3.6 X(t) = (- — = — —— 4= - £
(3.6) (t) = (—pa+ vu) eq ue2+( A+ va 5 + 2)e3 Me4,

and

1 1
Cw = =500 = 2w = + gw, Nw=2uwfn+m’+wfw.

0

We now want to estimate the coefficients of X (¢) in (3.5) using the symplectic orthogo-
nality of Yn, Y € g and w. For that we define

P: SRC) —g
as the unique linear map satisfying
w(u—Pu)n,Yn) =0 VY €g.

We will need the following
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Lemma 3.3. Let || o || be a norm on g obtained by using the standard R* norm in the basis
given by (2.10). Then for w € H', and Y € g,

[PYw)| < CIY|l[lw] e,
IPEN W < Cllele (14wl Fllwl ) |
1 1
[P ((ido(z — zo)w)|| < Cllwlizpllwllf.
with the constant independent of xg.

Proof. We start with an explicit expression for P which follows from (2.13):

4
P=>eP, P: S8 —R,
j=1

Pi(u) = —w(u, ean) = Re/u(x)xn(:c)d:v,
(3.7) Py(u) = w(u,en) = — Im/u(m)&ﬂ](l’)d:ﬂ,
Py(u) = w(u,eqn) = Im/u(x)@x(a:n(a:))dx,

Py(u) = —w(u,esn) = Re/u(x)n(x)dx.
We now recall that HU,H%OO(R) < Cllull p2(ry ||w]| 51 ) and the estimates follow. O

We defined the following modified curve in g:
(3.8) Xi(t) € X () — quP(ido(e + ap)n),
which is estimated in

Proposition 3.4. Suppose that w(t) is given in Lemma 3.2 and that X,(t) is given by
(3.8). Then

(3.9) X @) < Callwlla + C(lwlZe + wlizn)-

Proof. Since Pw; = 0,Pw = 0, (3.5) gives
Xi(t) = — P(Xqi(w) — quP(P(ido(® + ap)n)w)
+ 2 P(iLw) — p? P(iNw) + quP(ido(z + pa)w) .

The linear operator £ is the Hessian of £, given in (1.9), at the critical point 1. The fact
that =Z¢ is tangent to M and Lemma 2.2 (or a direct computation) show that

P(iLw) =0,
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and hence that term can be dropped from the right hand side. We can then use Lemma
3.3 to obtain

1 1 1 1
%01 < Clwll sl Xa Ol + Canloles + il ) + Ol (1+ ol bl )
The estimate (3.9) follows from the assumed smallness of ||w|| 2. O

Finally we interpret the coefficients of X;(t). First we use (3.7) to see that

Plids-+ ann) = 5007 awea + (1P (an) + 5am0u(07) o) ) o

Then we combine this with (3.6) and (3.8) to obtain

1 0
Xi(t) = (—pa+vp)er + | —5qudy () (ap) — — | e2
(3.10) ( : “)

2 Ly 2 vt f
+ | —pgn”(ap) — Sqap”0.(n")(ap) —y +va — - + — | es — —eq.
2 2 2 i
We now see that

X;(t) =0 <= equations (2.19) hold.

4. SPECTRAL ESTIMATES

In this section we will recall the now standard estimates on the operator £ which arises
as Hessian of &€ at n:

1 1
Lw = —§8§w — 20*w — n*w + ~w,

[\)

or

0 L_||Imw 2

In our special case we can be more precise than in the general case (see [16], and also [6,
Appendix D]). The self-adjoint operators L belong the class of Schrodinger operators with
Poschl-Teller potentials and their spectra can be explicitly computed using hypergeometric
functions — see for instance [10, Appendix]. This gives

o(L_) = {0YU[1/2,00), o(Ls)={0,-3/2} U[1/2,00).

Lw = [L+ 0] [Rew] : Li——%aﬁ—(Qil)anrl.

The eigenfuctions can computed by the same method but a straightforward verification is
sufficient to see that

3
L.n=0, Ly(m) =0, L+(772)=—§772-

We now have



SLOW SOLITON INTERACTION WITH DELTA IMPURITIES 19
Proposition 4.1. Suppose that for every X € g
ww, X -n) =0, we H'(R,C).
Then, with (w,v) o Re [wv on HY(R,C) (considered as a real Hilbert space),

9
4.1 Lw,w) > 2 po= =~ 0.2058.
(4.1) (Lw, w) = pollwlz2, po 2(12 + 72)

We need the following elementary

Lemma 4.2. Let V' be a real vector space with an inner product (e, e), and let L be a

symmetric operator on V. Suppose that for vo,v1 € V, |lvj]| = 1, we have
(4.2) Lvg = —covg, ¢ >0, (o, U1>22 =Co,
(w,v9) =0 = (Lw,w) > ¢]jw|*, ¢ >0.
Then
(4.3) (v,v1) =0 = (Lv,v) > c3||v||*, e3 © e — co(l —c).

Proof. For reader’s convenience we present the straightforward argument in which we can
assume that 0 < ¢o < 1. For v € V we write v = avy + w, (vg,w) = 0. The condition
(v,v1) = 0 gives

1 1 1 1-—
(4.4) 0% = = (w,v1)? = —(w, vy — 3vp)* < — |lw]?.
Co Co
Hence
(Lv,v) > c1||w]|* — coa?
> c10]jw||* + <01(1 —9) @ co) o?
1-— Co
= (e1c2 — co(1 — e2))[Jl?,
if we choose ¢160 = (c1¢3 — ¢o(1 — ¢2)). O

Proof of Proposition 4.1: The assumption means that

i
0z

Im | w . dr =0.
1

O (an)
Working with real and imaginary parts the proof reduces to lower bounds on L:
<Uan> = <U,.T77> =0 = <L+'U,’U> > pUHUH%Q )

(4.5) 2
(v,00m) = (v, (20 + 1)) = 0 = (L_v,0) = pol[v]z:,
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where now v € H'(R; R). Noting that

(1, 0um) = (xn, ) = (O, %) = 0

we can apply Lemma 4.2 in the following three cases:

V3 1
V = (d,n)" NH*(R,R == =—n, L=1L
( 77) ( ) )a Vo 2777 U1 \/5777 +
3 1 32
C(l)*§7 6%257 Cé_ﬁa
3
V_<772)LQH2(R’R)’ UO:L_OITI’ U1 = —21, L:L-i-
V2
1 9
cgzO, c?zé, cgzﬁ,
1 2v/2
V=H®RR), v=—=0, = ————0,(2n), L=1L_,
BB =T v = g )
1 9
_ 3_ 1 3_
©=0. a 20 T 142
Here we used
2 4 4 3 ™ 2 2 m
sech”(z)dx = 2, sech®(z)dx = =, sech’(z)dx = —, x°sech”(x)dr = —,
R R 37 Jr 2" Jr 6
2 2 2 2 1 2
tanh®(x)sech®(x)dr = -, (Or(zsech(z)))*de = — (124 77).
. 37 Ju 18
It follows that we can take
o . . 372 3 9 9 9
= min (¢ — (1l —¢cb)) =min | — — = -
po = min (ac — a1 - @) mm<16 2’27r2’2(12+7r2)) 2(12 + 72)

completing the proof.
Proposition 4.1 gives a slightly stronger statement:

(Lw, w) > (1= d)(Lw,w) + dpof|wl|7:

1 5
> (1-6) (J10uul? - Sl ) + Spulul

2p0 2 2 5
> O,w||* = 0.0760||0,w||~, 0= :
> 2o, ol 6= 5
In addition,
2po 2 2
(4.6) (Lw,w) > llwl|7: =~ 0.0555]|w]|7: -

o 7+2p0
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Remark. The smallness of these constants gives a possible explanation of the size of ¢’s
for which the asymptotic result agrees with numerical simulations. The implicit constants
in §5 are closely related to the constants above.

5. ESTIMATES ON THE LYAPUNOV FUNCTION

Suppose u = u(z,t) solves (1.1) with? |¢| < 1 and initial data
(5.1) ug(z) = e™n(xr — ay), lvg] < 1

Let T" > 0 be the maximal time such that on [0,7], the smallness condition § < Jy in
Lemma 3.1 is met. From Lemma 3.1, obtain the C' parameters u = u(t), v = ~v(¢),
v = v(t), a = a(t) satisfying the symplectic orthogonality conditions stated there. Let
@ = u(x,t) be defined by

(5.2) u(z,t) = g(t) - u(zx,t)
and let

= e pi(p(z — a), 1),

@U(iL‘,t) = 12({17,25) o 77(95) :
The Lyapunov function of [16] and [6] is given by
def

(5.3) Lw) = En+w)—E(n).
The lower bound on L(w) follows from the spectral estimates of §4, and in particular
from (4.6). For the upper bound we will use the conservation of H,(u) and its relation to
En+w).

For future reference we state the following crucial consequence of the orthogonality con-
ditions on w, and in particular of the condition that Im [ inw = Re [ wn = 0:

Lemma 5.1. Suppose that for every X € g
ww, X -n) =0, we H(R,C).

Then
9 2
(5.4) [wl[z: = —(1 = p),
1
Proof. We first compute
1 2
0+ w2 = |lg s = ull2, = 7
I IZe = llg™ ullza u(g)H IZ2 e

where we used the conservation of the L? norm. As noted before the statement of the
lemma Re(w,n) = 0 and hence

I +wlze =2+ Jwllz:

iThe symbol < 1 means smaller than an absolute positive constant, i.e. one independent of all parameters
in this problem.
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from which the conclusion follows. O

As a consequence, we can dispense with p in the estimates of Proposition 3.4, and we
reformulate it as

Proposition 5.2. Suppose 1 — < 1 and |q| < 1. Then

[0 —a| + |6+ a0u%(a) /2] + | — qi(a) — qada(a)/2 — 5 + /2 +1/2
< Cllglllwll + lwl + ol

Proof. We use (5.4) in (3.9). For example,
1 lq v
b 4| <t
s00u(0) + | < 5 20 (@) +
1 9 v
< | gamden (o) + | + clallt
1 2 v 2
< 2|yandur (an) + | + clallwl:
We also use the estimate for |v — a| to replace va by v? in the equation for 7. U

We adopt the following notational convention: denote the initial (time ¢ = 0) configu-
ration of the system by O-subscripts — uy = u(0), wy = w(0), and ag = a(0), vy = v(0),
to = 1(0), 70 = v(0). Similarly, denote the configuration of the system at some fixed time
t; by i-subscripts. Finally, the configuration at any arbitrary time ¢ we denote without
subscripts — w = w(t), v = u(t) and a = a(t), v = v(t), p = u(t), v = v(t).

With this notation we now state

Lemma 5.3. Suppose pg =1 and wy = 0 (equivalently, suppose (5.1) holds), and suppose
that T > 0 is the mazimal time for which the smallness condition in Lemma 3.1 holds.
Suppose that for an interval of time [t;,t;11] C [0,T], the following conditions hold

<1-— ; <
0<1-p<l max (s)| <1 willm <1,

lalltiv — 6] <1, tiva — ] , Jnax v(s)| < 1.

(5.5)

Then there is an absolute constant c, > 1 such that

sup  [lw(s) |7 < eullwillin + edql?.
t;<s<tit1

We remark that the inequality, 0 < 1 — p, in (5.5) is not an assumption but follows from
Lemma 5.1.

The main result of this section is the following consequence of this:
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Proposition 5.4. Suppose o = 1 and wy = 0, and suppose that T > 0 is the maximal
time for which the smallness condition in Lemma 3.1 holds. Let

< o log(1/[ql)

-1
log ¢,

and suppose there is a partition of the time axis
O=to<ti < ---<t,<T
such that on each subinterval [t;, t;+1], (5.5) in Lemma 5.3 holds. Then,

sup [lw(s)|[7p < laf*™
0<s<tp,
Proof of Lemma 5.3. We start by noting that in the argument that follows, we will not use
any information about w or the parameters u, v, a, and v for times 0 < t < t;; only that
o =1 and wy = 0.
We will conveniently reexpress L(w) given by (5.3) using the conserved Hamiltonian and
mass. Since u = g - 4, we recall (3.4) to obtain:

(5.6) H,(u) =g H,(u ,uv /|u|2+ ,LLva/@uu—i- — 1 /]8u|2
- 1 -
- ZM3/ [al* + Sa’li(—pa, )
The expression for the mass, M(u) = [ |ul?>, becomes M(u) = p [ |@|*>. Using this and
(5.6), we obtain
£0) = S Hy ) + MG — M) - Lt [ 50,5 - L)
0= ™ v oy [ | 00— —pa

Now substitute @ = 7 + w and use the orthogonality condition Im [ wd,n = 0 to obtain
B2+ w) = S Hw) + M) — (M) + y(—pa)?)
p Ap Ap? 24
- gt [ w0, — Ly pa) Rew(—pia) = oL ju(~pa)]?
24 Iz 20

Note that the classical energy term (with the p terms dropped)

def 1 1
B(w) 17 M(w) + Son(a),
has appeared in this expression. Evaluate (5.7) at t = ¢; to obtain
(58 Em+w) = ~Hy(w) + M) (“§M<>+ L (—pa0?)
. w;) = —H,(u u) — (—=M(u — [
! pd T A i} 2 "

q
|w(—Mz‘az‘)|2

Im/w Opw; — ( pia;) Re w(—pia;) — 2

2;11
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By taking the difference of the right hand sides of (5.7) and (5.8), we obtain
E(n+w) = En)

= (= )+ (5 =) M

2 2

v q 2 Ui 4 2
_ <4—M3M(u) + ﬂn(_w) ) + (WM(U) + QNZn(—mai) )
(5.9) _ —Im/wa w— —77( pua) Re w(—pa) — —!UJ( pa)|?

Iwi(—uiai)|2

2 Im/wﬁ w; + (—pia;) Rew;(—pia;) +
MZ Z

+(Em +wi) — &)
=T+ I+ T +1V+V

241

where each line has been labeled by a Roman numeral. From the spectral estimate Propo-
sition 4.1 (see (4.6)), we have

1
(5.10) erlfwllfn = llwlli = Zllwllh: < Em+w) —E@m)
We next estimate the right-hand side of (5.9), line by line. For ¢; <t <t;44, let

e(t)’ = sup [w(s)lin

t;<s<t

FEstimate of the 1st line of (5.9). By the assumption wy = 0 and g = 1, we have

(5.11) M(u) = M(n) =2
and
(5.12) H,(u) = —é + ;vo + gnQ(ao)

By substituting (5.11) and (5.12) into Term I, we obtain I = I, + I, where

[ — 1(1 1>+1<1 1)
e\ pd) 2\ g

and
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Inserting (5.4) in Term I,, gives

DLy (b (o)

1 1 1 1 1
= 5 (= glwlie + 5wl ) [ (04 2wl
1 1

1 1
+ (Gl + gl ) + (5004 )il

and thus .
| < wwm;+w%m»

For Term I, we have

and thus

)< 20+ lal) ol + ]
Collecting these estimates, we obtain
(5.13) 1] < €' +2(v5 + |q|)€

Remark: This direct calculation is in fact the consequence of d€, = 0. We are using

E(p-n) —Em) =0O((1—p)?),
which follows from

E(1-n)lu=1=0.
FEstimate of the 2nd line of (5.9) (classical energies). We compute
1
at( S+ S1(0) = i+ Sa0m*(a)i

2
= (¢+ 5007(0) v + 0D (a)(a—v)

and thus by Proposition 5.2,

q
(% + L) < el + lallwl + ol 1] + la)

By the fundamental theorem of calculus,

‘( 5 + 3772( )) ( 5 + 3772( ))’ < (e + |gle+ €) (|t — ti|t23§t|v(s)| + lgllt — t)
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As in the proof of Proposition 5.2, we can install 4’s in this expression using (5.4) to obtain

(5.14) I} < e(e® + lqle) (|t — ] max u(s)| + [qllt — ti] +v* + |l)

Estimate of the 3rd and 4th lines of (5.9). By the Cauchy-Schwarz inequality and the
Sobolev embedding theorem,

1] < [olllwllF + lalllwllz + lalllw]F

Similarly,

V] < Jolllwill7 + lglllwill e + |gll|wsll7
and thus
(5.15) ITII| + [TV < 2(Jv| + |g))e* + 2|q|e

Estimate of the 5th line of (5.9). By definition of £, we have

(5.16) wtw) =g [+ 0wl -5 [lnvwlteg e
Substitute into (5.16) the three expansions:
0+t — 1+ 4 Rerus + 2P 2(Re w)? + ) + An(Rewlwrf +
[+ wil* = n* + 2nRew; + Jw;|*

and observe that the linear terms cancel since 7 solves ——77—|— ;n’ '+n% = 0. Thus, we obtain

the estimate
(5.17) V] < 8lwsl|7n + 4llwill 3 + lwill g < 10]Jws[70

This completes the line-by-line estimation of the right-hand side of (5.9). By combining
(5.10), and the estimates (5.13),(5.14),(5.15),(5.17) for the right-hand side of (5.9), we
obtain

1
e’ < €+ ;164 + (€ + [ale + €) (|t — ti] max [v(s)| + |qllt —t:| +v* + |q])
+ €' + 2005 + lal)€’] + [2(|v] + lgD)e® + 2|gle] + 10w %,

By hypothesis, every €2 term on the right side has a small coefficient, and thus can be
absorbed on the left side. Therefore, we obtain

e < c(|qle + ||wi||%n)

By applying the Peter-Paul inequality |gle < c|q|2 £ we obtain the desired estimate. [
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Proof of Proposition 5.4. Now let

e (t) = sup [lw(s)||3
0<s<t

On the first interval [0,¢;], we apply Lemma 5.3 with ¢ = 0, and since wy = 0, we obtain
e(t1)? < el

On the second interval [t1,ts], we apply Lemma 5.3 with ¢ = 1, and since ||wq |3, < ¢q|?,
we obtain

€(t2)” < (e + c3)laf?
We continue, and after the n applications, we obtain

n—1
cy —1 n
<o (Z ) lq]* = c. (C - 1> lq|* < ettgl?

=0 *

Since we want ¢""1¢? < |q|*>~°, we require

¢ log(1/]ql)

n+1<
log ¢,

6. ODE ANALYSIS

The assumptions of Lemma 5.3 involve estimates on v(s). To control these we use
Proposition 5.2 and ODE estimates which we present in this section.

Lemma 6.1. Suppose q is a constant, |q| < 1, and a = a(t), v =v(t), €1 = €1(t), €3 = €2(t)
are C' real-valued functions. Suppose f : R — R is a C* mapping such that |f| and |f’|
are uniformly bounded. Suppose that on [0,T],

{a:v+el a(0) =a
v=qf(a)+ €’ v(0) = v

o

(6.1)

o

v=qf(a)’ (0) = vo

with the same initial data. Suppose that on [0,T], we have |e;| < |q|*~° for j =1,2. Then
provided T < d|q|~*/%1og(1/|q|), we have on [0,T)] the estimates

_ _ _ 3_
la—al < |qg/" ®log(1/]q]),  |v—o|<]|ql2"*log(1/|q])

{d:v a(0) = ag
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Before proceeding to the proof, we recall some basic tools.

Gronwall estimate. Suppose b = b(t) and w = w(t) are C' real-valued functions, ¢ is a
constant, and (b, w) satisfy the differential inequality:

bl < b(0) = b
(6.2) | J ——|1U| ’ ( ) 0
W] < |ql|b] w(0) = wo
Let z(t) = |q|'/*b(|q|"/*t), y(t) = w(|g|~*/*t). Then
{ | < |yl 2(0) = xo = |q|"bo
9l < |z|’ y(0) = yo = wy

Let z(t) = 22 + 4. Then |Z| = [2z% + 2yy| < 2|z||y| + 2|z||ly| < 2(2? +y?) = 22, and hence
2(t) < 2(0)e?. Thus
[2(8)] < V2max(|zol, [yol) exp(?)
ly(D)] < V2max(|ol. [yo|) exp(t)
Converting from (z,y) back to (b,w), we obtain the Gronwall estimate
I/Qt)
b(t)| < v2max(|g|Y?|b Jw M
s )] < VE (ol o) T
[w(t)] < v2max(|q|'/2[bol, [wo|) exp(lg[*/*t)
Duhamel’s formula. For a two-vector function X (¢) : R — R? a two-vector X, € R?
and a 2 x 2 matrix function A(?) : R — (2 x 2 matrices), let X(t) = S(t,t') Xy denote
the solution to the ODE system X (t) = A(#)X(¢) with X(¢') = Xo. In other words,
LS(t,t) X = A(t)S(t, )Xo and S(¢',t')Xo = Xo. Then, for a given two-vector function
f(t) : R — R? the solution to the inhomogeneous ODE system

(6.4) X(t)=At)X(t) + F(t)
with initial condition X (0) = 0 is given by Duhamel’s formula
t
(6.5) X(t) = / S(t, t)F(t")dt
0

Proof of Lemma 6.1. Let a = a — a and © = v — v; these perturbative functions satisfy
a=10+¢ a(0) =0
{1;)—qu+627 0(0) =0
where g = g(t) is given by
ifa+#a
f'(a) ifa=a
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which is C! (in particular, uniformly bounded). Set

= . o2, -2

in (6.4), and appeal to Duhamel’s formula (6.5) to obtain

(6.6) { gi; = /Ot S(t,t) [Z;Em dt’

< D

Apply the Gronwall estimate (6.3) with
b(t) ;) €1 (t/) bo €1 (t/)
=5(t+1t,t Al = /
{w(t)} St+1.1) |:€2(t) wo ea(t)
to conclude that

A er() ™2 espllg 2 — D] o
S(tvt) LQ(ﬂ)H < \/§ [ exp(!q\1/2(t _ t/)) } (|q| | l(t)|7| Q(t )|)

Feed this into (6.6) to obtain that on [0, T]]

exp(|a]*T)
g e, max(la e (s)]: e(s))

[6(t)] < V2T exp(|q|'/°T) OiungaX(\QI”Q\El(S)Iv |€2(s)1)

a(t)] < V2T

Taking T < 6|q|~"/%log(1/|q|), we obtain the claimed bounds.

7. MAIN THEOREM AND PROOF
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Here we put all the components together and give a stronger version of Theorem 1. The
basic procedure is the iteration of Lemmas 5.3 and 6.1 which can roughly be described as
follows: if the conditions (5.5) hold, and the initial condition satisfies |Jw;||z < |q|'~?, say,
then on the interval [t;, 1], [[w(®)||g < 2||q||*~°. That means that the evolution of the
parameters g(t) € G is close to the evolution using the effective Hamiltonian, in the way
that makes Lemma 6.1 applicable. But that gives us a lower bound on ¢;;; for which (5.5)

holds on [t;,t;11], closing the bootstrap loop.

More precisely, we have
Theorem 2. Suppose |q| < 1 and |vg| < 1. Let u solve
10y + 02u — qdo(x)u + |ul*u = 0
with initial data ug(x) satisfying

luo — €™ (® — o)l < Clgl.
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Then, for times 0 < t < 6(v2 + |q|)~*?1log(1/lq|), the smallness condition in Lemma 3.1
is met, and thus there are C' parameters pu, v, 7, a satisfying the symplectic orthogonality

conditions stated there. Furthermore, we have
1TV 1Y

_1
lu — pe e n(u(z — a))llm < clg|'~2°
Moreover, if a, v, 7 solve the ODE system

(7.1) i=

<

. 1 .1 1 1
, U= _EqaacTIQ(d) y Y= 5@2 + 5 - 61772@) + 5(]@8357’]2(@) :
with initial data (ag,vo,0), then
a—al <™, |y=Al+v—0] <clgl®, |u—1] <clg*’.
Proof. The equations (7.1) imply the conservation of energy

1 1 B 1 1
502 + §qn2(a) = 5“3 + §q772(a0)

from which we obtain the bound
(7.2) 5] < /o8 + 20al.
Let

By Proposition 5.2,
) o1
(7.3) @ = vl + 16 + 59017 (@)] < colallwllm + llwllzn + [[wllz) .

Let t; with T > t; > 0 be the maximal time for which the assumptions of Lemma 5.3
(5.5) hold with i = 0. Then by Proposition 5.4 with n = 1, we have €2(t;) < |¢[*7°. The
estimate (7.3) implies (6.1) in Lemma 6.1 for ¢ € [0, ¢;], with f(a) = —0,n(a)/2. By Lemma

Reviewing (5.5), we now see that
T >ty > ea(vg +20g)) 2,
where ¢4 depends only on the implicit absolute constant in (5.5).

Now let ty with T > t5 > t; be the maximum time such that (5.5) holds with i = 1.
Then by Proposition 5.4 with n = 2, we have

€ (ta) < lg[*~°.
By (7.3), we have that (6.1) in Lemma 6.1 holds on [0, #;]. By Lemma 6.1 and (7.2), we

have
< 2 .
Jmax [o(s)| < 24/vf +2lg|
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Reviewing (5.5), we now see that
[t — tr] > ca(vf + 20a]) 72,
with the same c4 as in the previous paragraph.
Continue until the nth step is reached, where

_ slog(1/lal) _

1
log c, ’

which is the most allowed in Proposition 5.4. But now we know that
T > t, > c8(v2 + 2|q))"*1og(1/|ql)
and that on [0, t,],

_ _ _ 3_
la —al < lq|'"*log(1/lgl), v —v] < |q[>~*log(1/]al)

We also have from Proposition 5.2,

. 1 1 1
[ = (50 + 5 — (@) + 5900.0(@) )| < 2Nwlid + lalljwlm

Subtracting the equations for 4 and 4 and using that ||w| < |¢|*7%, we obtain
5 =31 < [v* = 2% + lalln*(a) — w*(a)| + lqlla — aln®(@) + |ql|al|0zn(a) — Ozn(a)|
< (la"21g/*~2 + lal gl + lalla]"~*) 1og(1/lal) + |al*~** 10g%(1/lq])
< lal*~* log(1/lal)

Since we restrict to times ¢ < 6]g|~*/2log(1/|q|), we integrate to obtain [y—5| < |¢|2 0. O

Remark. There remains the case of initial velocities, vy, which are not small. When
lgl — 0 and vy > 0 is fixed, the dynamics is not interesting and the solution can be
approximated by the solution with ¢ = 0, that is by the propagating soliton (1.10). The
proof of that follows from the arguments of [12, §3.1] and the details can be found in [4].
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