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Absence of solitons with sufficient algebraic localization for the
Novikov-Veselov equation at nonzero energy

A.V. Kazeykina !

Abstract. We show that the Novikov—Veselov equation (an analog of KdV in dimension
2+1) at positive and negative energies does not have solitons with the space localization stronger
than O(|z|~3) as |z| — oo.

1 Introduction

In this paper we are concerned with the Novikov-Veselov equation

O = 4Re(493v + 9. (vw) — Ed,w), (1.1a)
Ozw = —-30v, v=0v, FEecR, (1.1b)
v=uo(z,t), w=w(xrt), z=(v,12) R} teR, (1.1c)

where the following notations are used

0 1/ 0 .0 1/ 0 .0
815—&, az—§<a—x1—la—$2>, az—§<a—xl+la—$2>- (1.2)

Equation (1.1) is mathematically the most natural (2 + 1)-dimensional analog of the clas-
sic Korteweg-de Vries equation. When v = v(z1,t), w = w(z1,t), equation (1.1) reduces to
KdV. Besides, equation (1.1) is integrable via the scattering transform for the 2—dimensional
Schrodinger equation

Ly =FEy, E= Efimeah

1.3
L=—-A+v(z,t), A=40.0; r e R% (13)

Note also that tending E — 400 in (1.1) yields another renowned (2 + 1)-dimensional analog of
KdV, Kadomtsev-Petviashvili equation (KP-I and KP-II, respectively).

Equation (1.1) is contained implicitly in [M] as an equation possessing the following repre-
sentation

(L —-E)
ot
where L is the operator of the corresponding scattering problem, A, B are some appropriate dif-
ferential operators and [+, -] denotes the commutator. For the particular case of the 2-dimensional
Schrodinger operator as in (1.3) the following explicit form of A and B

=[L-FE A+ B(L—-E), (1.4)

A= —80% — 2wd., — 892 — 2wo;,

B = 20-w + 20-w where w is defined via (1.1b) , (1.5)

and the corresponding evolution equation (1.1) were given in [NV1], [NV2], where equation (1.1)
was also studied in the periodic setting.

Solitons and the large time asymptotic behavior of sufficiently localized in space solutions
for the Novikov-Veselov equation were studied in the series of works [GN1, G1, Nov2, K1, KN1,
KN2, KN3|. In [KN1, K1] it was shown that in the regular case, i.e. when the scattering data
are nonsingular at fixed nonzero energy (and for the reflectionless case at positive energy), then
these solutions do not contain isolated solitons in the large time asymptotics. In the general
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case it was shown in [Nov2], [KN3] that the Novikov-Veselov equation at nonzero energy does
not admit exponentially localized solitons. A family of algebraically localized solitons for the
Novikov-Veselov equation at positive energy was constructed in [G1] (see also discussion in
[KN2]). These solitons are rational functions decaying as O (|z|~?) when |z| — occ.

Note that KP-I equation possesses soliton solutions and these solutions decay as O (\x]*Q)
when || — co. By contrast, KP-II does not possess localized soliton solutions. For the results
on existence and nonexistence of localized soliton solutions of KP-I, KP-II and their generalized
versions see [BS1]; the symmetry properties and the decay rates of these solutions were derived
in [BS2]. For more results on integrable (2 + 1)-dimensional systems admitting localized soliton
solutions, see [AC], [BLMP2], [FA], [FS] and references therein.

In this paper we are concerned with regular, sufficiently localized solutions of (1.1) satisfying
the following conditions

ev,w € C(R?* x R), v(-,t) € CYR?) VteR,; (1.6)

q(t)

o | u(z,t)| < W,

j=(1,72) € (NUO)Q, J1 + j2 < 4, for some q(t) > 0,e > 0;

o |w(z,t)| — 0, when |z| — 00, t€R.

We say that a solution of (1.1) is a soliton if v(z,t) = V(2 — ct) for some ¢ = (c1,c2) € R%. The
main result of this paper consists in the following theorem.

Theorem 1.1. Let (v,w) be a soliton solution of (1.1) with E # 0 satisfying properties (1.6)-
(1.8). Then v =0, w=0.

To prove this result we consider, in particular, special eigenfunctions of the 2-dimensional
Schrodinger operator going back to [F1], [BLMP1] and we base our reasoning on the ideas
proposed in [Nov2].

Note that Theorem 1.1 for the case of zero energy was proved in [K2] for the potentials of
conductivity type.

In Section 2 we recall, in particular, some known notions and results from the direct and
inverse scattering theory for the two-dimensional Schrodinger equation at nonzero energy (see
[Novl], [G2] and references therein). In addition, we introduce nonzero energy analogs of some
“scattering data” going back to [BLMP1]. The main result (namely, Theorem 1.1) is proved in
Section 3. Section 4 contains the proofs of some preliminary lemmas.

This work was fulfilled in the framework of research carried out under the supervision of
R.G. Novikov.

2 Scattering data and inverse scattering equations

Consider the Schrodinger equation on the plane

L¢ =Fky, E= Efia:ed € R\O,

) (2.1)
L=-A+v, A=40,0;, v=v(z), z€R
with a potential v satisfying the following conditions
v(z) =v(z), wv(z)e L®R?),
() =@, o) € LR 0

091 022 v(z)| < (1 + |x|) "> for some g > 0, £ > 0, where ji,j2 € NUO, ji + j» < 3.



For equation (2.1) with E > 0 we consider its classical scattering eigenfunctions 9™ (x, k),
defined for k € R?, k2 = E and specified by

4 in ilkll| 1
+ _ tkx - i €
Y (x k) =e imV2me % f </<:, |k| m) I +o <\/m> ;x| = oo, (2.3)

with some a priori unknown function f. The function f is called the scattering amplitude of the
potential v. If f(k,1) = 0 for k,l € R?, k? = |2 = E, then the corresponding potential is called
transparent (or reflectionless) at fixed energy F > 0. In this paper we will only be concerned
with transparent potentials since it was shown in [Nov2] that the solitons of the Novikov-Veselov
equation at positive energy are transparent potentials (see also Lemma 3.4).

In addition, for equation (2.1) with E € R\0 we consider its Faddeev eigenfunctions ¢ (z, k),
defined for k € ¥, where

Yp={keC* K =E, Imk # 0}, if E >0,
Yp={kcC®: kK =F} if E<O0,

and specified by A
b, k) = e*(1+o(1)), o] — o0 (2.4)

(see[F1], [Novl], [G2]).
Finally, for equation (2.1) with E € R\0 we will also consider its eigenfunctions ¢(z, k),
defined for k£ € ¥ and specified by

o(x, k) = e*®(kyzy — koxy +0(1)), |z| — o0. (2.5)

These functions are the analogs of solutions introduced in [BLMP1] for the case of zero energy.
Further it will be convenient to assume without loss of generality that £ = +1 (the general
case is reduced to this one by a scaling transform) and to introduce the following new variables:

k1 + iks
VE

z=x1+ix2, A=

Note that ky = YE (A+ L), ky = &E (L)),
In the new variables z € C, )\ € C\0 functions 1) and ¢ are solutions of (2.1) with the
following asymptotic behavior

ivVE

Yz, \) =e 7 PN N) w(z, ) =14 0(1), as |z| — oo, (2.6)
o(z,A) = e’ QE(A2+Z/>\)1/(Z,)\), v(z,\) = Z\éF ()\Z - %z) +0(1), as |z| — oc. (2.7)

Functions p(z, A) and v(z, \) arising in the above formulas can also be defined as solutions of
the following integral equations

) =1+ / / 9z — € \(O)u(¢, A)dReCdImC, (2.8)
C

v(z,\) = “gﬁ (Az - %) + / / 9(z = ¢, Vu(Ov(¢, NdReCdIm(, where (2.9)

) < > // g(szrpZ) TRend ( )
g(z,\) = Repdlmp, 2.10
2m PP+ VEAD +p/)



where z € C, A € C\0 and, if E > 0, then |\| # 1.
In terms of m(z,A) = (1 +|z])~ 2+5/2),u(z A) and n(z,\) = (14 |2))~®+/2u(2, k) equations
(2.8) and (2.9), respectively, take the forms

m(z,A) = (1+]z))" 2+

+//(1 + o)+ g (z - ¢ +‘U(C_)(HE/Q)m(C,)\)dReCdImg, (2.11)
C

¢l)

n(z,\) = Z\QE ()\z 1 > (1+|2])~ (2+e/2)

>

(24 v(¢)
+ //(1 1)@ gz — ¢, \) T e n(¢, \)dReCdIm¢. (2.12)
C

The integral operator A(A) of the integral equations (2.11), (2.12) is a Hilbert-Schmidt operator:
more precisely, A(-,-,\) € L*(C x C), where A(z,(,)) is the Schwartz kernel of the integral
operator A(\), and |TrA%(\)| < co. Thus, the modified Fredholm determinant A(A) for (2.11)
and (2.12) can be defined by means of the formula:

In A(\) = Tr(In(Z — A(N)) + A(N)). (2.13)

For the precise sense of this definition see [GK]. Considerations of A go back to [F2].
We will also define
E={AeX: A(N\) =0},

where
Y=C\(0uT) if E>0 and X=C\0 fE<0, T={XeC:|\=1}

In this notation &£ represents the set of A for which either the existence or the uniqueness of
the solution of (2.1) with asymptotics (2.6) (or, similarly, of the solution of (2.1) with asymptotics

(2.7)) fails.
For A € C\(€£ U0) we define the following “scattering data” for the potential v:

/ [ (Ot Naregatg, (2.14)

// exp < <1 + (sgnk) )\)\) ((sgnE)¢A + AC)) v(¢)(¢, A)dRe(dImc, (2.15)

(¢, \)dRe(dImc, (2.16)
//

// exp ( <1 + (sgnF) )\)\) ((senE)¢ + AC)) v(Q)v (¢, \)dReCdIm¢.  (2.17)

Functions a, b are the Faddeev generalized scattering data for the 2-dimensional Schrédinger
equation. They also arise in a more precise version of expansion (2.4). The “scattering data”
«, B for the case of the Schrodinger equation at zero energy were introduced in [BLMP1].

Now we formulate some properties of the introduced functions that will play a substantial
role in the proof of the main result.



Statement 2.1 (see [F2, HN, Novl, KN3J). Let v satisfy conditions (2.2). Then function A(X)
satisfies the following properties:

1. A S C(D+), A S C(Df), where D+ = D+ U8D+, D+ = {)\ € (CZ |>\| < 1}, Df =
D_uUoD_, D_={XeC: |\ >1};

if E <0 orif E>0 and v is transparent, then A € C(C);
2. A(XN) = 1 as |\ — o0, [A| = 0;
3. A is real-valued;

4. A(N) satisfies the following 0-equation

% N _% (a <—(SgnE)§> - @(0)> A, (2.18)

where 9(0) = [[v(¢)dRe¢dIm¢, A € C\(TUEUO0), T ={X e C: |\ =1};
C

5. A = A (-(sgnE)§), A€ C\O;
6. if E<0 orif E>0 and v is transparent, then A = const on T = {\ € C: |\| = 1}.

Note that A ¢ C(C) for E > 0, in general. In this case A on Dy is considered as an extension
from D.

If v satisfies assumptions (2.2), then functions a(\), b(A\), a(A), S(A) are continuous on
C\(£U0). Note also (see [HN]) that

a(A) = v(0) as A = 0, A — 0. (2.19)

If the scattering data a are well-defined on the unit circle 7', then its behavior on T is described

as follows:
a=0onTif E >0 and v is transparent (see [GN2]),

] (2.20)
a=bonTif E<O0.

If v satisfies assumptions (2.2) and, in the case of positive energy, v is transparent, i.e. f =0
at fixed energy, then the function u(z, \), defined by (2.8), satisfies the following properties (see
[GN3], [Nov2], [G2] and references therein):

wu(z,A) is a continuous function of A on C\(0U &); (2.21)
opu(z,A) _
2.22
3 Az (2.222)
r(z, \) ( 1 + (sgnF) )\)\) ((sgnE)Az + Az)) , (2.22Db)
r(y) = S8 M senM = 1), (2.22¢)

for A\ e C\(OUEUT), where T ={X € C: |A\| =1};

uw—1, as A =00, A —= 0. (2.23)



Inverse scattering equations (2.22) together with conditions (2.21) and (2.23) determine
uniquely function p from nonsingular scattering data b, i.e. when & = @. Potential v (transpar-
ent for the case of positive energy) can then be found from the following formula

v(2) = 2iVEH 81(2), (2.24)
z
where p_1(z) is defined via the following expansion
_ 1
,u(z,)\)zl—i—'u%(z)—l—o(m), as A — oo. (2.25)

3 Proof of Theorem 1.1

We will start this section by formulating some preliminary lemmas. The proofs of Lemmas 3.2,
3.3 are given in Section 4.

Lemma 3.1. Let v € C*(C) and

|00 02%0(2)| < A g s o €{OUN} j=j1+j2<4 (3.1)

forVz € C and some ¢ >0, € > 0. Let w be defined by
Osw = —30,v,
w(z) = 0 as z = 0.

Then
~39(0) 1
w(z) = — +0 <W> , as z — 00, (3.2)
60(0 1
d.w(z) = — ::23) +0 <W> , as z — 00, (3.3)

where 0(0) = {f v(¢)dRe(dIm(.

The proof of representations (3.2), (3.3) is easily derived from the Taylor formula for W (§) =
w (%) and —€2W (&) = d.w(z)
Let us denote by

1, correspondingly, in the neighborhood of £ = 0.
€

z=

S(A) =A{a(X),b(A), a(A), B(N)}, A e C\(£U0), (3-4)
the scattering data for a potential v, defined by (2.14)-(2.17) in the framework of equation (2.1).

Lemma 3.2. Let v(z) be a potential satisfying (2.2) with the scattering data S(\), A € C\(£U0).
Then the scattering data Sy(X\) for the potential vy(z) = v(z —n) are defined for A € C\(€ U0)
and are related to S(\) by the following formulas

an(A) = a(X), (3.5)
by(A) = exp {Z\QE <1 + (SgﬂE))\—E\) ((sgnE)An + )\77)} b(\N), (3.6)
) =) + 5 (- 1n) ata 1)
5N = exp {“f (1+ ) ) (Gemmpin+ An)} (ﬁ(A) + 25 (- 1) b(A)) -
(3.8)



Lemma 3.3. Let (v,w) satisfy equation (1.1) and conditions (1.6)-(1.8). Let S(A,t) be the
scattering data for v defined by (3.4) for a certain A € C\(£ U0) and all t € R. Then the
evolution of these scattering data is described as follows:

a(\t) = a(),0), (3.9)
b(\,t) = exp {i(@)3 <A3 + % + (sgnFE) <X3 + %)) t} b(,0), (3.10)
a(\ 1) = a(\,0) + 3i(VE)? ()\3 _ %) (a(\,0) — B(0))t, (3.11)
B\ t) = exp {z’(\/f)?’ ()\3 + % + (sgnk) ()\3 + %)) t} (B()\,O) +3i(VE)? ()\3 - %) b, 0)t> .

(3.12)

Lemma 3.4 (see [Nov2|). Let (v,w) satisfy equation (1.1) for some E > 0 and conditions (1.6)-
(1.8). In addition, let v be a soliton, i.e. v(z,t) = V(x — ct) for some ¢ = (c1,c2) € R Then
f(k,1) =0, k,1 € R?, k> =1?> = E > 0, where f is the scattering amplitude for the potential v
in the framework of the Schrédinger equation (1.3).

The concluding part of the proof of Theorem 1.1 consists in the following. First of all, if
(v, w) is a soliton solution of equation (1.1) for some E > 0, then v is transparent due to Lemma
3.4.

Further, since (v, w) is a soliton, from Lemma 3.2 it follows that the set £ of values of A € C
for which the scattering data a(\), b(A), a(X), B(N) are not well-defined does not depend on t.

Since (v, w) is a soliton, the time dynamics of its scattering data b is described by the formula

b\ ) = exp {@ <<>\ 4 (sgnE)%) ot + ((sgnE)x + %) ct) } b(,0),

2

where notation ¢ = ¢; +ica is used (see formula (3.6) of Lemma 3.2). Combining this with (3.10)
from Lemma 3.3 gives

exp {z‘(\/ﬁ)?’ </\3 + % + (sgnk) </\3 - %)) t} b(A,0) =
~oxp {“/E ((A 4 (sgnE)§> ot + ((sgnE)x + %) ct) } b(,0).

2

Since functions X, A, A3, A3, %, %, %, 5\—13, 1 are linearly independent in any open nonempty
neighborhood of any point in C\0 and b(A, 0) is continuous on C\(£U0), we obtain that b(X,0) =
0 on C\(£UO0).

Similarly, from (3.7), (3.11) we get that

ivVE

a(\0) + 5

1
(AE— Xc) ta(\,0) = a(),0) + 3i(VE)? <A3 — —> t(a(X,0) — 6(0))
or
B 3i(VE)? (A3 = 35) 9(0)
3i(VE) (X — ) — ME (e — 4e)
We will prove that expression (3.13) implies that ©(0) = 0 and thus a(\,0) = 0 for A €
C\(EU0).

a(A,0) (3.13)




Expression (3.13) is well-defined everywhere except for the points which are the roots of

s/ (0 1) (e 1) <o 1

Evidently, equation (3.14) has six roots \j, j = 1,...,6, counted with multiplicity. Equation
(3.14) was studied in detail in [KN1] (see Lemma 3.1 of [KN1]). In particular, it was shown that
for any value of parameter ¢

equation (3.14) has at least two roots on T'= {\ € C: |A\| = 1}. (3.15)

We will consider two subcases depending on whether A vanishes on T or not. Note that
item 6 of Statement 2.1 implies that if A vanishes in one point of T, then it vanishes in every
point of T.

(i)A#0onT

In this subcase a(A,0) and b(A,0) are well-defined on 7T". Thus b(A,0) = 0 on T. From (2.20)
we obtain that a(A,0) = 0 on 7. In view of representation (3.13) and property (3.15) this can
only hold if ©(0) = 0.
(i) A=0on T

Recall that due to item 3 of Statement 2.1 A € R and due to item 2 of Statement 2.1
A(0) > 0. Consider

l,={re,0 <r<r' <1: A(re) > 0, A(r'e"¥) = 0}, (3.16)

where ¢ € (—m, 7| is some angle, such that ¢ # Argh;, j = 1,...,6, where A; are the roots of
equation (3.14). We will also denote by [, the closure of [.

T B Cn)) o), sen

where a is given by (3.13). Note that from item 5 of Statement 2.1 it follows that the scattering
data a(—sgnF/\) are well-defined for A € [,. Using item 3 of Statement 2.1 we obtain that

OlnA — 0lnA -
a)\ - u()‘)a 85\ - u()‘)’ A € l&pa
and
dln A o —= e —= 1 )
e (u(X) + u(XN)) cosp +i(u(N) —u(N))sing, v €S, v = (cosp,sinp), (3.18)

where % denotes the directional derivative of In A along the direction 7. From (3.13) it
follows that w is bounded as A — 0. Thus by integrating (3.18) along [, we obtain that

A
AN =UN+UQR), UQX) = /u(C)dC, Aely, (3.19)
0
" AN) = ®(A)@(X), where ®(X) = expU(N), A € L. (3.20)

From well-definedness of a, given by expression (3.13), on [, and continuity of A (see item

1 of Statement 2.1) it follows that (3.20) is valid for A € I,. In particular, expression (3.20)
implies that

vael, AN #O0. (3.21)



However, from definition (3.16) we have that for 7'’ € I, A(r'e’¥) = 0 which contradicts (3.21).
Thus we have shown that subcase (ii), when A = 0 on 7', cannot hold.

We have demonstrated that ©(0) = 0 and, consequently, a(A,0) =0 on A € C\(£ UO0).

Equation (2.18) together with the established fact that a = 0 on C\E implies that A is
holomorphic on C\(€ UT U0), where T'= {\ € C: |A\| = 1}. From properties 1, 2 of Statement
2.1 it follows that A is holomorphic on C\(EUT).

Suppose now that £ # &. Since &£ is a closed set, then there exists A\, € & such that
|Ae| = I){lelél |A|. Note that property 2 of Statement 2.1 implies that |\.| > 0.

If [As] > 1, then A(X) is holomorphic on D, = {A € C: |A\| < 1} and properties 2, 3
of Statement 2.1 imply that A = 1 on Dy. If |\ < 1, then A()\) is holomorphic on the
set D" = {\ € C: |\ < A} and properties 2, 3 imply that A = 1 on D?. On the other
hand, A(\.) = 0, which contradicts property 1 from Statement 2.1. Thus we have proved that
A(X) =1 on D4. Property 5 of Statement 2.1 implies that A(A) =1on D_ = {A € C: |A| > 1}.
Finally, from 1 of Statement 2.1 it follows that A =1 on C.

The function p is holomorphic on C as follows from (2.22), (2.23) and the established facts
that &€ = &, b = 0. The function p is also bounded due to the property (2.23). From Liouville’s
theorem it follows that p = 1. Then, finally, from (2.24), (2.25) we obtain that v = 0.

4 Proofs of Lemmas 3.2, 3.3

Proof of Lemma 3.2. Formulas (3.5), (3.6) were derived in [KN2] for the case of negative energy.
Here we present their full derivation for both cases of positive and negative energies.
We note that 1)(z —n, \) satisfies (2.1) with v,(z) and has the asymptotics

Yz —m,A) = B OEHEDN (4 o(1),

as |z| = oo. Thus for Faddeev eigenfunction 1, (2, A) corresponding to potential v, (z) we obtain

the following representation: v, (z,\) = ei\éﬁo"%"/ A)ib(z —n,A). Consequently, for function
pin(2, A) corresponding to function 1, (2, A) and defined via (2.6) we have ju,(2,\) = pu(z —n, ).

For the scattering data we have

// O)1in (¢, N)dReCdTm( = // (¢ = m(¢ — 1, A)dReCdIm¢ = a(A)

and

= // exp {@ (1 + (sgnE))\—E) ((sgnE)AC + XQ) } Uy (Q) i (¢, A)dReCdIm¢ =
C

= // exp {@ <1 + (sgnE))\—&) ((sgnE)X¢ + )\C)} v(¢ —n)p(¢ —n, N)dReldIm¢ =
C

= exp {Z\éi <1 + (sgnE))\—l)\> ((sgnE)An + )\n)} b(A). (4.1)

Similarly, to derive formulas (3.7), (3.8), we note that ¢(z —n, \) satisfies (2.1) with v,(2)
and has the asymptotics

p(z—m,A) = "4 OEM ( \/_< (z—1)— %<Z—n>> +0(1)> ;

9



as |z| — oo. Thus for eigenfunction ¢,(z, ) of equation (2.1) with potential v,(2) satisfy-
ing asymptotics (2.7) we obtain the following representation: ¢,(z,\) = e 2

(Aﬁ+n/k)(¢(z _
n,A)+ @ ()\77 — %n) Y(z—mn,\)). Consequently, for function (2, A) corresponding to function
¢n(2z,A) and defined via (2.7) we have v, (2, \) = v(z —n,\) + “éE (A7 = 3n) p(z — 0, A).

For the scattering data we have

\) = / [ Q. NdReCatng -

// (C=mr(C=mnA) \/_< %n) //U(C—n)u(c—n,A)dReCdImC=

C
=a()) + “gE (/\77 - %n) a(X)

and

/ [ e { (1 + (senf) A)\> ((sanE)AC +A) } 0y (¢ N)dReCalm =
// exp { (1 + (sgnk) )\)\> ((sgnE)A¢ + XQ) } v(¢ — (¢ — 1, \)dReCdIm¢ +
s ol

~exp {%E (1 + (sgnE)ﬁ> ((senE)Ag + )\n)} <B(A) 4l 2E ()\n - §n> b(A)) . (42)
Ol

= (14 b5y ) (GemB)AC+ 0 } o(C—n)u(¢ -, A)dReCdImC =

In order to prove Lemma 3.3 we introduce the following operator
T = 0 — 892 — 2wd, — 892 — 2wds, (4.3)
where w is defined via (1.1b), (1.8) for some potential v. Note that 7' = 9, + A, where A is the
operator of (1.5).
We will need the following auxiliary lemma describing how 7" acts on the spectral solutions

of the two-dimensional Schrodinger equation.

Lemma 4.1. Let (v,w) satisfy conditions (1.6)-(1.8) and
q(t) .
|0y (z,t)| < e for some q(t) > 0.

Suppose that for a certain A € C, |\ # 1, and t belonging to a certain interval t € (t1,t2)
the solution (z,\,t) of (1.3) with asymptotics (2.6) exists and is unique. Similarly, suppose
that the solution o(z, \,t) of (1.3) with asymptotics (2.7) exists and is unique. Then

Ty = i(VE)3e 505 +2/%) <<A3 + %) + 0(1)> . as |z| = oo, (4.4)
T = i(VE)e S A5+2/Y <“/_ ( 4 A?)) ()\ - %) +3 ()\3 _ %) + 0(1)> . as|z] = .
(4.5)
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Proof. First of all, due to Lemma 3.1, in order to demonstrate (4.4), (4.5) it is sufficient to show
that

Op—0, du—0, Fu—0, j=1,23, as|z| = oo, (4.6)
v E vV E
v —0, O,v— —%, osv — Z\g_)\, afu — 0, 3§V —0, k=23, as |z| = oo,
(4.7)

where p(z, A\, t) = 67@()‘%%/)‘)1/)(2, A, v(z, A\ t) = eiz\éﬁ()‘gj%/)‘)go(z, A, t). We will only prove
properties (4.6). Properties (4.7) are proved similarly.

Function p is defined as the solution of the integral equation (2.8), where the notation (2.10)
is used. Differentiating (2.8) with respect to ¢ yields the following integral equation for d;u:

Op(z, A, 1) // —C, N0 (C, ) u(C, A, t)dReCdImC+// Yo(C, )0 (¢, A, t)dReldIm(.

(48)
Differentiating (2.8) j times with respect to z yields the following integral equation for &% u:

Dz, \ 1) / [ 929tz — ¢ NuC (A DdReG G, = 1,23

We integrate this equation by parts, taking into account property (1.7) of function v and the
fact that &gz — ¢, \) = (—1)jaég(z — ¢, A). Thus we obtain

I (2, \, 1) // (v(¢, t)u(C, A t))dReldIm¢, j=1,2,3. (4.9)

Similarly, B%Iu satisfies the following integral equation

& pu(z, M 1) // (v(¢, ) (¢, A\ t))dReCdIm¢,  j=1,2,3. (4.10)

Equation (4.9) is an equation on the unknown function & 1, where it is assumed that func-
tions 0¥u, k < j, are already defined. Similarly equation (4.10) is an equation on the unknown
function (9;11, where it is assumed that functions 8§ wu, k < j, are already defined. The assump-
tions of lemma imply that for each of the equations (4.8), (4.9), (4.10) its solution exists, is unique
and can be represented as (1 + |2|)2+¢/%u(z, A, t) with some corresponding u(-, A, t) € L*(C).

It was shown in [Nov1] that the function g defined by (2.10) possesses the following property:
lg(z,\)| < cc|>2|st for VA € C, |\| # 1 and sufficiently large z, and |g(z, A)| < const In|z| for VA € C

and sufficiently small z. This property implies that
//g(z — (,ANU(¢)dReCdIm¢| — 0 as |z| — oo
(4.11)
C
for any U € L'(C) n L*(C).

Let us denote by £(z, A, t) the solution of any of the equations (2.8), (4.8)-(4.10). As noted
before, {(z,A,t) can be represented in the form &£(z, A1) = (1 + |z|)2+5/ u(z, A\, t) for some
u(-, A\, t) € L*(C). Then from assumptions on v it follows that &lv ( e AL € Ll( )NL2(C),
(-, 1), N\ t) € LY(C)N L%(C) for j = 0,...,3 and (-, t)E(-, N\ t) € L ((C) N L?(C). Thus,
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from (4.11) with U(+) = dpw (-, t)u(-, A, t) and U(+) = v(-, )9y (-, A, t) it follows that the right part
of (4.8) tends to zero as |z| — oo. Similarly, considering equations (4.9), (4.10) consecutively we
obtain that the right part of each of these equations tends to zero as |z| — oco. Consequently,
O — 0, Hp—0,Eu—0,5=1,2,3, as |z| = cc.

U

Proof of Lemma 3.3. Formulas (3.9), (3.10) have already been known in literature (see for exam-
ple [G2]). Since their derivation is similar to the derivation of formulas (3.11), (3.12), we confine
ourselves to the derivation of the latter. The derivation of analogs of formulas (3.9)-(3.12) for
the case of zero energy can be found in [BLMP1].

Equation (1.1) represents a condition under which the following is true

[T, Lln = ETn, Yn: Ln= En, (4.12)

where L is defined in (2.1) and T is defined in (4.3) (see [M], [BLMP1]).
Let us take n = ¢, where ¢ is the solution of Ly = E¢ with the asymptotics (2.7). Then
(4.12) implies
LTy = FEo.

From Lemma 4.1 we have that

iVE ()5 vV E 1 1 1
Ty =i(VE)3e 27 (Azt2/2) (g <)\3 + §> ()\z — XZ> +3 <)\3 — §> + 0(1)) , |z = 0.

The uniqueness of the solution of (2.1) with the asymptotics (2.6) at the considered value of A

implies that
1 1
> ¢+ 3i(VE)? (A?’ — —) .

Te =i(VE)? <A3 +3 3

In other words,
1 1
dyp = 803 p + 2wd, 0 + 892 + 2wdzp +i(VE)? <)\3 + —) ¢+ 3i(VE)? ()\3 — —> Y. (4.13)

Now we write «(A,t) in the form

iVE (\F
a(v1) = [ [ e HEOSME p(¢, A tdRegdinng
C
and compute its derivative with respect to time:

D\ t) = / / e
- (4.14)

Substituting (1.1) and (4.13) into (4.14), integrating the resulting expression by parts and taking
into account that —49:0;¢ + vy = Ep, we obtain

SEOCHMNG0(¢, (¢, A, H)dReCdIm+ / / e 5EOTHN) (¢, 1)0,(C, A £)dReCdTmC.
C

. 1 .
da(\t) = 3i(VE)? ()\3 - ﬁ> (a(\,t) —5(0)) (4.15)
(see Appendix for the detailed derivation of this formula). Formulas (3.9), (4.15) yield (3.11).
Similarly, we write 5(\,¢) in the form

BOAE) = / / e 37 OHIN (¢ 1) p(C, A t)dReCdIm
C
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and compute its derivative with respect to time:

BN 1) / / SN 9,0(¢, 1) p(C, N, £)dReCdIme + / / EOCHN (¢, £)8p(C, A, £)dReCdImC.

(4.16)
Substituting (1.1) and (4.13) into (4.16), integrating the resulting expression by parts and taking
into account that —49,9z¢ + vy = Ep, we obtain

980\ 1) = i(VE) <A3 ;3 + (senE) <A3+%>> B\ 1) +3i(VE)? ()\3 )\13>b()\,t) (4.17)

(see Appendix for the detailed derivation of this formula). Using formula (3.10), we obtain
(3.12). O
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A Appendix
Here we present the detailed derivation of formulas (4.15), (4.17) proceeding from representations
(4.14), (4.16), respectively.
Derivation of (4.15). Substituting (1.1) and (4.13) into (4.14) yields
(A t) = hm < //
+2 // e*§()‘C+X) Ocvw ¢ dReC dlm( + 2 // e*%()‘“ﬂ v 0w ¢ dReC dIm{+
Br
+ 2// e
Br
—2F // eil\éﬁ
Br
8 / [
+ 2// z\ﬁ()\CJr vw@cadeeCdImC—i— 2//
+i(VE)? <>\3 + F) //
Br

+ 3i(VE)? ()\3 - %) // e

Integrating Iy by parts yields

v dRe dIm¢ + 8 / / % 9%v o dRe dIm(+

“7 005 920 @  dRe¢ dImd + 2// e 5" D) 4 e o dReC dIm( —

O+ ew o dReC dln¢ — 25 / [ 50D o ded dtmg+

)0 8% dReC dIm¢ + 8 / / %) 0 90 dRe dIm¢ +

) v Oz dRe( dIm(+

e~ Z\zﬁ()‘C*X) v @ dReC dIm(+

B 14
(’\<+§)v1/1dReCdImC> = lim > L. (A1)
— 00
=1

lim I

. 3 . =
- _i(VE) //ezgﬁ(wg)wdf{egdlmu //
R—o0 )‘3

121\/_ // WE(+5 %) 0%v ¢ dRe( dIm( — 8//

In this way it can be obtained that

- v ¢ dRe( dIm(.

lim (I + Iy + Ig + I1o + I13) =

R—o0c0

E WE 5 V2UVE [[ —ivE -
=6A—2//e@(A“%)&wdReCdImH Z;F//e FEOHD) 920 o dReC dim(+

4 6EN / / ~H5E 0GR v dReC dIm + 12iVEA / / 20 pdRe¢ dmC. (A.2)
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Integrating I;; by parts we obtain

hm (.711 +I7;) = =2 // ~E0GH )anggdeeC dlm{+
+ lim \/_ PO ) vw o dReC dIm¢ — 2F e MEOHS) w o dReC dIm¢ | —
¢

—2//

= Z\iﬁ //e—@()‘ﬁ%)vwadeeCdImC.

v Ocw ¢ dReC dIm(.

Consider

Taking into account that —49:0zp + v = E'p we obtain that

4iVE
A

_iE
e 2

I= (A+3) 4w o dReC dIm¢+

/ / e O 1 9 0pp dReC dimC = T+ o).

Applying the Stokes theorem to I, (2) we get that

) W (52 4
1(2):_@ e O woppdC - Z\/_//(9

5 ) )aggodReCdImC, (A.3)

Cr

where Cp is the boundary of Bp.
Note that

Depl2,\) = z\/— WE (A2 +2) (@ <)\Z - %z) +1+ 0(1)) , as z — 00. (A.4)

In addition, note that

G _, [
C CQ | C CQ

Thus from Lemma 3.1, (A.4), (A.5) it follows that as R — oo the first summand in the right-hand
side of (A.3) vanishes. We apply the Stokes theorem to the second summand:
) Ozp dReC dlm( = — e_i\éﬁ(Aé'F%)wgpdC—

41\/_
/A

— @ 6_¥(>\5+§) Ocw ¢ d¢ + 42? // 0c0¢ (e_i\éﬁ()‘a'%) w) @ dRe¢dlm(. (A.6)
Br

= 0. (A.5)

zE

From Lemma 3.1 and asymptotics of ¢(z,\) as z — oo it follows that the second summand in
the right-hand side of (A.6) vanishes as R — co. For the first summand we obtain

iE [ Bl (VE)??30(0) [d¢ _i(VE)3

w (AC+5%) ~ 5

)¢ T wede s c T
CR CR

0(0) as R — .
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Finally, for 117 + I7 we obtain that

Jim (+17) = —2//

1\/_

—E (S )BcvwadeeCdImC—— / / OG5 9w o dReC dim¢ —

122\/_ // ~HEOHS) v pdRe( dlm( — 2 // v Ocw ¢ dReC dIm({+
i(VE)?
+3 ( )\3) 0(0).
Thus it can be obtained that
hm (13+I4+I5+16+I7+18+Iu +112) =
// ~SE 0D 9,0 p dRe¢ dIm¢ — 12“F // %) 920 ¢ dRe( dlm¢ —
— 6EN? // ~HEOCHS) 6 v dReC dIm{ — 12ivVEX // v wdRe( dIm(—
. 1Y .
—-3i(VE)? <>\3 — F) 8(0). (A7)
Finally,
) 1
Iy =3i(VE)? ()\3 — ﬁ> a(\,t) (A.8)

and thus from (A.1)-(A.8) we obtain formula (4.15).

Derivation of (4.17). Similarly, the formula (4.17) can be derived. Substituting (1.1) and (4.13)
into (4.16) yields

B 1) = lim < // RO >a3wdRegd1mg+8//
+2/
+2/

Br 4
—QE//e\/giE(/\CJrg)BCwadeeCdImC—QE//e\/;iE(/\Hg)8CwadeeCdImC+
Br
+8/
+2//e 7 (s )vwacadeeCdImC—i—Q//e 7 (s )vwa c dRe( dIm(+

#iVEP (¥ 55) /

v pdReC dlm(+

F()\C+ ) Ocvw ¢ dRe¢ dIm¢ + 2/ v Ocw ¢ dReC dIm(+

e“?““x)acvwadeengngrQ//e% M) ) 90 ¢ dReC dlmC —

"7 O 4 93 dRe( dImC + 8 // 7 O3 4 9B dReC dim(+

v dRe( dIm{+
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+3i(VE)® (A?’—%) //eﬁ ¢+$) wdRengm) = lim ZJ (A.9)

Integrating Jg by parts yields

lim Jy = -\ (V—-F / EOCH )vgodReC dImC+6)\2E//e = (5 )agvgodReC dlm(—

R—o0
o ez E(xe+% ) E(xe+4 $) 53
— 12X v pdReC dIm({ — 8 e SE O¢v ¢ dReC dlm(.

In this way it can be obtained that

1 < 1

lim (Jy + Jo + Jo + Jio + J13) = i(VE)? [ A3 + — 4 (sgnE) ( X> + = | ) B\, )+
R—o0 A3 A3

A TS 920 dRe¢ dTm(+

4 6EN? // YT 0G0 9ev p dRe¢ dIm¢ — 12v/—EX //e
C
12 X_E //e\/2_E()‘C+§)6§vgdeeCdImC. (A.10)

5 .
—/ 6@0‘“%) Ozv ¢ dReC dIm( —

Integrating Ji; by parts we obtain

Jim (Jig o+ J7) = =2 //e 7 (% >a<vw<dee<dImg+

hm ( \/—E)\// ACJF vwgdee(dImC—

—QE//erE(’\H%)BCwadeeCdImC) —2//e“jE(AC*%)vacmdeengmg.
C

Consider i
- - V=E 3
J = ——E\ /e P (>‘C+%)vwgdeeCdImC.

Taking into account that —49:9;¢ + vy = Ep we obtain that
)\// EOHx )wgodReC dlm(—

< VZE (3¢t & - -
— 4V/=EX / / e 2 M%) w090 dReC dImC = Jipy + Jz).

Applying the Stokes theorem to j(g) we get that

Jia) = —2ivV/—E )\/ EOCHD) 4 9 o d+

Cr
- VB (5¢48 . .
+ 4V =EX / / o, <e : Wﬂ)w) Dz dReC dIm¢ = Jia1) + J(22),

Br
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where Cp is the boundary of Bp.

From asymptotics (A.4) and Lemma 3.1 it follows that Ji5;) is an integral of the stationary
phase type and thus it vanishes as R — oo.

Now let us apply the Stokes theorem to j(22):

iz = —2i/—EA / A3 Gew g dC+
Cr
+zE)\2/e 7O ¢ — 4v/= A//acaC R +§>w> pdRe¢ dlm¢.  (A.11)
Cr

Treating the first two summands in the right-hand side of (A.11) in the similar way as we
treated J(21), we obtain that

J@ay ~ Jiag) ~ —4V—E )\/ 0404 SEOGH]) ><deeCdImC, as R — oco.

Finally, for Ji; 4+ J7 we obtain that

Jim (Ji1 + J7) = —2/ e 7" M+ 90w dReC dIm( —

_ GEN? // O¢+2) 9ev p dReC dlme + 127/~ A/ FEOCHR) 92 4 ¢ dReC dimC —

—2//6\/2_ CJri)vagwgdeeCdImC.

Thus it can be obtained that
ngn (J3+Ja+Js+ Jg + Jr + Jg + Jin + Ji2) =

— _GEN? / TS 9,0 dRe¢ dIm¢ + 12/~ EA / e Y7 M) 920 o dReC dim¢—

- g/ e@(j‘@%) dgv p dRe( dIm( + 12 X_E //e@()(*ﬁ) agvgdeeC dlm¢. (A.12)

Finally,

3
and thus from (A.9)-(A.13) we obtain formula (4.17).

Jis = 3i(VE)? ()\3 — i) b(A, 1) (A.13)

19



