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1. Introduction

In this Letter we consider the scattering in the nonlinear Lamb
system

iix, t)=u"(x,t), xeR\{0},

my(t) = F(y(®) +u'(+0,t) —u'(=0,8);  y(©) =u(0,0),
__du /.__ du

where m > 0. Here i := §, u’:= 5.. The case m =0 was consid-
ered in [22]. The solutions u(x, t) take the values in R? with d > 1.

Physically, the problem (1.1) describes small crosswise oscilla-
tions of an infinite string stretched parallel to the Ox-axis; a parti-
cle of mass m > 0 is attached to the string at the point x =0; F(y)
is an external (nonlinear) force field perpendicular to Ox, the field
subjects the particle (see Fig. 1).

The system (1.1) has been introduced originally by H. Lamb
[21] in the linear case when F(y) = —w?y. The Lamb system
with general nonlinear F(y) and the oscillator mass m > 0 has
been considered in [13] where the questions of irreversibility and
nonrecurrence were discussed. The system was studied further in
[14-17] where the global attraction to stationary states has been
established for the first time, and in [6] where metastable regimes
were studied for the stochastic Lamb system.

The Lamb system (1.1) is used in all the papers cited above as
an example of simplest nontrivial nonlinear time reversible conser-
vative system allowing an effective analysis of various questions. In
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Fig. 1. String coupled to an oscillator.

present Letter, we study the nonlinear scattering for the Lamb sys-
tem with a nontrivial attractor. We consider the Cauchy problem
for the system (1.1) with the initial conditions

Ule—o = uo(x), U0 = vo(x), Vle=0 = Po (1.2)

where y(t) := u(0,t). Let us denote Y(t) = (u(x,t), u(x,t), y(t)).
Then the Cauchy problem (1.1), (1.2) formally reads

YO =F(Y(®) forteR,  Y(0)=Yo, (1.3)
where Yo = (ug, vg, po), and
F(Y () = (a(, ), u" (x, 0)|xz0. F(u(0,8)) +u'(+0,t) — u'(—0,1)).

An exact statement of the Cauchy problem will be formulated in
next section.
We will establish the scattering asymptotics

Y(t) ~Ss + W)Wy, t— oo, (1.4)
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where S+ = (s, 0, 0) are the limit stationary states with s. € Z :=
{seR: F(s) =0}, W(t) is the dynamical group of the free wave
equation, and ¥4 € £ are the corresponding asymptotic states. The
asymptotics (1.4) hold in the global energy norm of a Hilbert phase
if the following limits exist:

+

u = lim up(x), u, := lim ugp(x),
0 X——+00 0() 0 X—>—00 0()

oo

lo:= / Vo(y) dy. (15)

—00

Let us comment on related works. The scattering asymptotics
(1.4) are inspired by the Niels Bohr postulates (1913) on transitions
between quantum stationary states:

I. The first postulate states the “transitions” S_ +— S, between
the stationary states which suggests the attraction Y (t) — S+
as t — £oo in the local energy norms that has been proved in
[14-17].

II. The second postulate states that the transition is followed by
“radiation” which suggests to include (in [18,22]) the disper-
sive wave W (t)¥4 into the asymptotics (1.4) which holds now
in the global energy norm.

The asymptotics of type (1.4) with S1 =0 were studied in scat-
tering theory for the linear and nonlinear wave, Schrodinger and
Klein-Gordon equations by many authors (see e.g. [24] and [23,
27)).

First scattering asymptotics (1.4) with a nontrivial set of sta-
tionary states is established for the first time in present paper.

The scattering asymptotics similar to (1.4) were proved in [1-5,
20,25,26] for the nonlinear Schrédinger and Klein-Gordon equa-
tions, and in [10-12,19] for the Schrddinger, Klein-Gordon and
Maxwell equations coupled to a particle. However, all the results
concern the solutions with the initial states sufficiently close to the
solitary manifold. In [7-9] similar asymptotics were proved for all
finite energy solutions to 3D wave, Klein-Gordon and Maxwell
equations coupled to a particle. In these papers, S+ in the asymp-
totics of type (1.4) stand for the solitons of the coupled systems.

The paper is organized as follows. In Section 2 we introduce
the phase space and formulate well posedness. In Section 3 we de-
scribe stationary states, formulate the main results and prove the
existence of dynamics and basic lemma on relaxation. In Section 4
we give some examples. In Sections 5, 6 we prove the main result
on the scattering asymptotics.

2. Phase space and dynamics

Let us introduce a phase space £ of finite energy states for the
system (1.1). Denote by | - || resp. || - |[g the norm in the Hilbert
space L2 :=[%(R, RY) resp. L2((—R, R); RY).

Definition 2.1. (i) £ is the Hilbert space of the triples (u(x), v(x),
p) e C(R,RY) @ L2 @ RY with u’(x) € L2 and the global energy norm

[, v.p)|g = lu'll + [u@] + Ivi + Ipl. (21)

(ii) & is the space £ endowed with the topology defined by the
local energy seminorms

|, v.p)|g g =lu'llr +|u©@] +IvIr +Ipl, R=>0. (2.2)

We assume that
F(u) e C'(RY,RY),
V(u) - +oo,

Fu)=—-VV @), (2.3)

|u| — oo. (2.4)

Then the system (1.1) is formally Hamiltonian with the phase space
£ and the Hamilton functional

1 2 So2 Ip|?
H(u,v,p):i [[vx)] +|u(x)|]dx+m7+v(u(0)) (2.5)

for (u,v,p) € £. We consider solutions u(x,t) such that Y(t) =
w(, 0, ud,t),yt) e C(R, ), where y(t) =u(0,t).

Let us discuss the definition of the Cauchy problem (1.1), (1.2)
for the trajectories Y(t) € C(R, £). At first, u € C(R2,RY) due to
Y(t) € C(R, &). Then the first equation in (1.1) is equivalent to the
d’Alembert decomposition

ux,t)= fr(x—t)+g+(x+t), *x>0, (2.6)
where

fr. g+ € C(R,RY). (2.7)
Therefore,

U0 =—fLx—0+gL(x+0),

u'xt)=fLx—t)+ g (x+t) for £x>0, (2.8)

where all the derivatives are understood in the sense of distribu-
tions. The assumption Y (t) € C(R, £) implies

fi gy e L} (R,RY). (2.9)

loc

We now explain the second equation of (1.1).

Definition 2.2. In the second equation of (1.1) we set

u'(0+,6) := fi(—t) + g, () € L2 (R, RY), (2.10)

while the derivative ¥ (t) of y(t) = u(0, t) € C(R, R%) is understood
in the sense of distributions.

Note that the functions fi and g+ in (2.6) are unique up to an
additive constant. Hence definition (2.10) is unambiguous.

Proposition 2.3. (Cf. [15].) Let the conditions (2.3), (2.4) hold, m > 0,
and d > 1. Then

(i) Forevery Yy € & the Cauchy problem (1.3) admits a unique solution
Y(t) e CR,E).
(ii) The map U(t): Yo > Y (t) is continuous in £.
(iii) The energy is conserved,

H(Y(t)) =const, teR. (2.11)

(iv) The a priori bounds hold,

sup|[Y(®) ¢ < oo.
teR

3. Main results

The stationary states S = (s(x),0,0) € £ for (1.3) are evidently
determined: the set S of all stationary states S € £ is given by

§={S;=1(2,0,0: ze Z}, (31)

where Z = {z € R?: F(z) = 0}. The main result means that the set
S is the minimal global point attractor of the system (1.1) in the
space &r. Let us denote & = {(u, v,0) € £}, and W (t)(u, v, 0) :=
(W(t)(u, v),0), where W(t) is the dynamical group of free wave
equation corresponding to F(u) =0.

Theorem 3.1. (Cf. [15].) Let all assumptions of Proposition 2.3 hold and
an initial state Yo € £. Then
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(i) The corresponding solution Y (t) € C(R, £) to the Cauchy problem
(1.3) converges to the set S in the local energy seminorms:

Y(t) E5 S ast — +oo.

(i) Let additionally the set Z be a discrete subset in RY. Then there exist
the limit stationary states S+ € S depending on the solution Y (t):

y(t) 5 5., t— +oo. (3.2)

Theorem 3.2. Let all assumptions of Proposition 2.3 hold, and addition-
ally, the finite limits (1.5) there exist. Then the scattering asymptotics
hold

Y(t) =S+ + W(OWs +re() (33)

with S+ € S, and some asymptotic states W € &y; the remainder is
small in the global energy norm:

Hri(t)Hg —0, t— Foo. (3.4)
Remark 3.3.

(i) It suffices to prove both Theorems 3.1 and 3.2 for t — oo since
the Lamb system (1.1) is time reversible.
(ii) The “weak” convergence (3.2) and (2.4), (2.5) imply that

H(S1) <H(Y®))=H(Yo), teR (3.5)

by the Fatou theorem.

Let us note that Proposition 2.3 and Theorem 3.1 are proved in
[15] for one-dimensional oscillator with d =1 for initial conditions
ué)(x) = vo(x) =0 for |x| > const. Here we consider more general
initial conditions of finite energy, and arbitrary finite-dimensional
oscillator with d > 1. The proof of Proposition 2.3 in this general
case is similar to the corresponding one-dimensional Theorem 1.1
in [15]. We give a sketch of the proof since we need the construc-
tions for the proof of Theorems 3.1 and 3.2.

3.1. Existence of dynamics

We recall briefly the construction [15] of the solution to the
Cauchy problem (1.3) with the initial conditions Yo = (ug, vo, po) €
£. We construct unique solution u(x,t) such that Y(t) = (u(-,t),
u(-,t)) € C(R,E). The solution admits the d’Alembert represen-
tation (2.6) where fi(z),g+(z) for +z > 0 are defined by the
d’Alembert formulas

z

1

fe(@) = uoz(z) - EfVO(Y)dy7
0

g.(2) = ”02(2) + % / vo(y)dy, +z>0. (3.6)
0

These formulas imply that

fi(2), g(2) € L2(R*, RY) (3.7)
since (up, vp) € €. The “outgoing waves” f,(z) for z <0 and g_(z)
for z > 0 are given by

f+(=D) =y —g+®), g-O:=y®O—f-(-0), t>0 (3.8)
since y(t) :=u(0,t) = fy(—t) + g+ (t) = f_(—t) + g_(t). Hence,

yt—x)+8g+x+1t) — g4t —x),
O<x<t,

ye+x)+ fo(x—t) — f-(=x—1),
—t<x<0,

ux,t) = t>0. (3.9)

Finally, the function y(t) can be determined from the Cauchy prob-
lem for the “reduced equation” (see [15])

my () = F(y(©)) = 29(t) + 2Win(®), t>0,

y(0)=uo(0),  y(0)= po, (3.10)
where

Win(t) = g+ (t) + f-(—t) (3.11)
for t > 0 is the “incident wave”. Note that

Win € L2(RT, RY) (312)

by (3.7), hence the Cauchy problem (3.10) admits a unique solution
for all t > 0, and the a priori bound holds:

o0
. . 2
sup-o |y ()] + sug|y(t>| + /Iy(t)! dt < B < o0, (3.13)
t>
0

where B is bounded for bounded || (ug, vo, po)lls. These arguments
imply (see [15]) that the Cauchy problem (1.3) admits a unique so-
lution Y (t) = (u(x, t), u(x,t), y(t)) € C(R, &) for any Yo € £, where
u(x,t) is defined by (2.6), (3.6), and (3.9). L

The a priori bound (3.13) implies that y(t) € C(R+). Hence
f+(~=0) = f4(0) and g_(~0) = g_(+0) since

0 0
fc0=y0-g.0="22 f¢0="" @
and

0 0
g (=0) = ”"2( ) e 0=y~ f (0= ”02( ) (3as)
by (3.8) and (3.6).
Corollary 3.4. (3.13) and (3.8) imply that
fiel*(R,RY, g el?(R*,RY) (3.16)
by (3.7). Hence, (3.14) and (3.15) imply that
fi.g- e *(R,RY). (317)

3.2. Relaxation for reduced equation

The following lemma on relaxation for the reduced equation
plays a crucial role in the proofs of Theorem 3.1 and Theorem 3.2.
The lemma extends to all d > 1 the [15, Lemma 2.1] corresponding
to d = 1. Let us note that the proof of the Lemma 2.1 in [15] is
essentially one-dimensional.

Let us denote Z = {(z,0) e R%: z¢ Z}.

Lemma 3.5. Let all assumptions of Theorem 3.1 hold. Then

(i) For every solution y(t) to the equation (3.10)
(y®,y®) = 2,

t — o0. (3.18)
(ii) Let, additionally, Z be a discrete subset in R%. Then there exists a

(z,0) € Z such that

(y®).3®) = (2,0), t— oo,

Proof. Obviously, (ii) follows from (i). Let us check that (i) follows
from (3.13). Namely, (3.18) is equivalent to the system
y®—Zz,

t— oo, (3.19)

y(t)—>0, t— oo. (3.20)
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e First let us prove (3.20). Assume the contrary, that

[yt =€ >0 (3.21)

for a sequence t; — oo. Integrating the equation (3.10), we get that

t t t

m(y(t) — y(s)) =/F(y(r))dr —Z/J'f(r)dr +2/V'vm(r)dr,

s,t>0. (3.22)

Let us estimate each of three integrals in the RHS. The first is
O(|t — s|) since y(t) is a bounded function by (3.13). The sec-
ond and third integrals are O(|t — s|'/2) by (3.13), (3.12) and the
Cauchy-Schwartz inequality. Hence, (3.22) implies that y(t) is a
Holder function of degree 1/2, i.e.

[y -y <Clt—s"?, s t>0, Jt—s/<1. (323)

Therefore, f0°° y2(t)dt = oo by (3.21) which contradicts (3.13).
e Now we can prove (3.19). Again assume the contrary. Then

F(y(ty) — F#0 (3.24)

for a sequence t, — oo since y(t) is a bounded function. Moreover,
(3.20) implies the uniform convergence

F(y(®)—F, |t—tl<T (3.25)
for any T > 0. Now (3.22) and (3.20), (3.12) imply that
m(y(tx+T) — y(te — T)) =2TF +o(1), tgx — oo, (3.26)

which contradicts (3.20) since TF #£0. O

4. Examples

Let us illustrate Lemma 3.5 by an example. For simplicity let us
assume that

ug(x) = Cy, vo(x) =0, £x>r19 (4.1)

with some C+ € R and ro > 0. Then (3.11) implies that w(t) =0
for t > rp and (3.10) is an autonomous equation for t > rg. In the
phase plane (y, y) the orbits of the reduced equation (3.10) are
determined by the following system:

yO=v,

mv(t) = F(y(t)) — 2v(t),
Let us compare this system with a free oscillator which is not cou-
pled to a string,

t>rp. (4.2)

y=v,
mv = F(y). (43)

Let us establish some simple relationships between phase portraits
of these two systems.

A. These system have the same stationary points.

B. The vertical component v of the phase velocity vector of (4.2)
is less than that of (4.3) if v > 0, and is greater if v < 0. The
horizontal components of these vectors are equal.

C. Hence the orbits of (4.2) intersect those of (4.3) from above
in the halfplane v > 0 and from below in the halfplane v <
0. Let us consider, for instance, a nondegenerate potential of
Ginzburg-Landau type

1
V=407 - 1)°, yeR. (4.4)

It satisfies conditions (2.3) and (2.4). Then the system (4.3) has the
following orbits:

(=] L] e (=11 oo
I

:.
o & b O O B B O o
I

]
(5]
3
&
0
s
Sfcg'—l:
o
L=
[~

Fig. 3. System with a friction.

e closed curves corresponding to periodic solutions,

e two separatrices both leaving and entering the point (0, 0),

o three stationary points: a saddle at the point (0,0) and two
centers at the points (£1,0), see Fig. 2. Taking into account
the property C, we see that for the system (4.2) with potential
(4.4):

- the points (41, 0) are stable foci,
- the point (0, 0) is a saddle, see Fig. 3.

5. Convergence to global attractor

Now we can prove Theorem 3.1 for t — oo.

Lemma 5.1. Let all the assumptions of Theorem 3.1 hold. Then Y (t) &,
Sast— oo.

Proof. It suffices to construct z(t) € Z for t > 0 such that
[Y() = Sz] g >0 ast— oo.

The convergence (3.19) means that there exists a function z(t) € Z,
t > 0, such that

ly@®) —z(t)] - 0, t— oo. (5.1)
By definitions (2.2) and (3.1),

[Y® =Sz g = [ ¢ O g + [u0.0) =20 + [aC. O + [5©)]-
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Here both norms || ---||g — 0 due to (2.6), (3.7), (3.16) and (3.17).
Therefore, (5.1) and (3.20) complete the proof. O

Now Theorem 3.1(i) is proved. Then Theorem 3.1(ii) follows
since the set S, isomorphic to Z, is discrete.

Remark 5.2. The bound (3.13) is provided by the friction term in
the reduced equation (3.10) for the nonlinear oscillator. The friction
means the energy radiation by the oscillator, and the integral in
(3.13) represents the energy radiated to infinity. Thus, our proof of
Theorem 3.1 relies on the energy radiation to infinity.

6. Divergent wave

Here we prove Theorem 3.2 for t — oo. First, let us construct
the divergent wave
W ()W = (Wout (x, ), Wour (. 1), 0), £ >0. (61)

Here wqut(x,t) is a finite energy solution to the free d’Alembert
equation. Let us set

Wout (X, 1) = Co + f1-(x — 1) + g (x +1), (6.2)

where the constant Co will be chosen below. It remains to check
(3.3) and (3.4) for t — oo that means the representation

(u@x 0, ux, 1), y1)

= (54(%),0,0) + (Wout(x, 1), Wout (X, 1),0) +14(t), t>0, (6.3)
where
Sy =24 = tiirfooy(t), (64)
and
Hm_(t)H‘g -0, t— +oo. (6.5)

By definition of the norm (2.1), (6.5) is equivalent to
Ju'¢.0)—w

+[aC, 0 = Wour(, D 2 gay = 0, £ 00 (6.6)

outC+ D 2 ay +[4(0.£) = 24 — Wour (0, 1)

since y(t) — 0 by (3.20).

Step (i). Let us start with the second term in the LHS of (6.6).
Since u(0, t) = y(t) — z4, it suffices to prove that

Wout(0,8) =Co + f+(—t) + () > 0, t— +oo. (6.7)
First, (1.5) and (3.6) imply that
—00
llmf (— t)——a—l/v (y)d
> 3 oly)ay,
0
ug
Jdim gy () =—-+ / vo(y)dy. (6.8)
0
Second, we have by (3.8) and (6.4) that
tl_lglo f+(=)=2z4 — t_l}ffoo g+,
lim g_(t)=z; — lim f_(—t). (6.9)
t—+4o00 t—o00
Substituting (6.8), we obtain
liMe oo fy(—0) =24 — 5 — 3 Jo" voy)dy
t—>o0 J+ + % 0 ) (6.10)
. u —
limes oo 8-(t) =21 — 3 + 3 fo vo(y)dy.

Hence, (6.7) holds if we choose

+

u U, 10
Co==2+-0 4+ 2 27,
R N M

where [y is defined in (1.5).

Step (ii). Now, let us consider the first term in the LHS of (6.6).
It suffices to prove for example that

(6.11)

') = Woue G O] 2 g+ gay = 0. £ 00 (6.12)

Using (6.2) and the d’Alembert representation (2.6) for x > 0, we
get

Wt —wy (D =g, x+t)—g x+1), x>t (6.13)

Finally, (3.7) and (3.16) imply that

lg, 0 — g x40 sy

< C/[Ig;(x“)lz + 18- (x+0)[*]dx
0

= C/[If,';(Z)I2 +1g @ ]dz—0, t— oo (6.14)
t

Step (iii). The third term in the LHS of (6.6) can be handled
similarly. O

Definition 6.1. £, is the space of (u, v, p) € £ such that the limits
(1.5) exist.

Let us express the asymptotic states in initial data and the func-
tion y(t). The asymptotic state ¥, (x) := (Vo (x), ¥1(x), 0) is deter-
mined by
Yo (X) := Wout (%, 0),

Y1 (X) == Wout (%, 0). (6.15)

Substituting the expression (3.6), (3.8) into (6.2), we obtain

Corollary 6.2. For (ug, Vo, po) € Ex the asymptotic state ¥, =
(W, ¥1, 0) is expressed by the formulas:

y(x) + @D 1% yo(y)dy,

Y(—x) + LM 1 X o (yydy, x<0,

/(x) — Ho®THY | vo—vo(=x)
i = <x2> iy (—x) i
y ( X) + up o + Vo(X)*ZVo(*X) x<0,

x>0,
Yo(x) =Co +

x>0,
(6.16)

where Cy is given by (6.11 ).

Remark 6.3. The outgoing wave wyy: admits the D’Alembert rep-
resentation

Wout(x, ) = W (6) (¥, ¥1)

X+t
l1/ X—t)+Yo(x+t
ok =8 +¥k+n 1 /‘Ijl(J/)dy,
2 2
xX—t

y,teR, (6.17)

because wqyt is a solution to the D’Alembert equation.
Definition 6.4. Let Y(t) = (u(x,t),u(x,t), y(t)) € C(R, Ex) with

Y(0) = Yo € £« be such that the asymptotics (3.3) holds with
S+ =(s54+(x),0,0), where s; (x) =z € Z, and ¥, € &. Let us set

W,Yo=(Wy,zy) €& x Z. (6.18)

The map W4 : Eoo — & X Z is called wave operator, and (¥, z4)
- scattering data, corresponding to Yj.
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