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Abstract. In the present paper we are concerned with the Novikov—Veselov equation at
negative energy, i.e. with the (2 + 1)-dimensional analog of the KdV equation integrable by the
method of inverse scattering for the two—dimensional Schrodinger equation at negative energy.
We show that the solution of the Cauchy problem for this equation with non—singular scattering
data behaves asymptotically as Ct%r}it in the uniform norm at large times t. We also prove that

this asymptotics is optimal.

1 Introduction

In the present paper we consider the Novikov—Veselov equation
O = 4Re(403v + 9, (vw) — Ed,w),
Ozw=-30,v, v=v, EcR, FE<QO, (1.1)

v=uv(z,t), w=w(xt), z=(v;,1) R’ tcR,

0 1/ 0 .0 1/ 0 .0
at—a, az—2<al’1—la$2>, 8Z_2<8331+Za$2)
)

where

We will say that (v, w) is a rapidly decaying solution of (1.1) if
ev,we C(R? xR), wv(-,t) € C3R3), (1.2a)
, ¢
o |0lv(x,t)| < (1_}_(1(:6?)2%, l7] < 3, for some e >0, w(z,t) —0,|z| — oo, (1.2b)
e (v, w) satisfies (1.1). (1.2c)

Note that if v(z,t) = v(x1,t), w(x,t) = w(xy,t), then (1.1) is reduced to the classic
KdV equation. In addition, (1.1) is integrable via the inverse scattering method for the two—
dimensional Schrédinger equation

Ly =E¢, L=-A+v(zx), x=(r1,72), E = Efizea- (1.3)

In this connection, it was shown (see [M], [NV1], [NV2]) that for the Schrodinger operator L
from (1.3) there exist appropriate operators A, B (Manakov L-A-B triple) such that (1.1) is
equivalent to
oL—-FE

where [+, -] is the commutator.

Note that both Kadomtsev—Petviashvili equations can be obtained from (1.1) by considering
an appropriate limit £ — oo (see [ZS], [G2]).

We will consider the Cauchy problem for equation (1.1) with the initial data

v(x,0) =vo(x), w(z,0)=wy(x). (1.4)
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We will assume that the function vg(z) satisfies the following conditions

® vy = Tp, (1.5a)

e £ =), where £ is the set of zeros of the Fredholm determinant A of (2.7) (15D)
for equation (2.6) with v(z) = vo(z),

e vy € S(R?), where S denotes the Schwartz class. (1.5¢)

As for the function wq(z), which plays an auxiliary role, we will assume that it is a continuous
function decaying at infinity and determined using dzwo(x) = —30,vo(x) from (1.1).

Condition (1.5b) is equivalent to non-singularity of scattering data for vo(z). Conditions
(1.5) define the class of initial values for which the direct and inverse scattering equations (2.4),
(2.9)—(2.11), with time dynamics given by (2.15), are everywhere solvable and the corresponding
solution v of (1.1) belongs to C*°(R?,R). We will call such solution (v(z,t),w(z,t)), constructed
from (vo(x),wp(z)) via the inverse scattering method, an “inverse scattering solution” of (1.1).

The main result of this paper consists in the following: we show that for the “inverse scattering
solution” v(x,t) of (1.1), (1.4), where E < 0 and v(x,0) = vo(z) satisfies (1.5), the following
estimate holds

const(vg) In(3 + [¢])
(L fep>e

lv(x,t)] < t € R, uniformly on x € R?. (1.6)
We show that this estimate is optimal in the sense that for some initial values v(z,0) and for

some lines = wt, w € S, the exact asymptotics of v(z,t) along these lines is Bt 77 as

1+t
|t| — oo (where the constant is nonzero). Note that de facto the “inverse scattering éohll‘pion” is
the rapidly decaying solution in the sense of (1.2).

This work is a continuation of the studies on the large time asymptotic behavior of the
solution of the Cauchy problem for the Novikov—Veselov equation started in [KN1]| for the case
of positive energy E. It was shown in [KN1| that if the initial data (vo(z), wo(z)) satisfy the

following conditions:
e (vo(z), wo(x)) are sufficiently regular and decaying at || — oo,

e vg(x) is transparent for (1.3) at £ = Eyjzeq > 0, i.e. its scattering amplitude f is identically
zero at fixed energy,

e the additional “scattering data” b for vy(x) is non—singular,
then the corresponding solution of (1.1),(1.4) can be estimated as

const - In(3 + |¢])
1+ |t] ’

lv(z,t)] < t € R uniformly on z € R?.

This estimate implies, in particular, that there are no localized soliton—type traveling waves
in the asymptotics of (1.1) with the“transparent” at £ = FEyizeq > 0 Cauchy data from the
aforementioned class, in contrast with the large time asymptotics for solutions of the KdV
equation with reflectionless initial data.

It was shown in [N2| that all soliton-type (traveling wave) solutions of (1.1) with E > 0
must have a zero scattering amplitude at fixed energy; in addition it was proved in [N2] that for
the equation (1.1) with E' > 0 no exponentially localized soliton—type solutions exist (even if the
scattering data are allowed to have singularities). However, in [G1], [G2] a family of algebraically
localized solitons (traveling waves) was constructed de facto (see also [KN2|). We note that for



the case E' < 0, though the absence of exponentially—localized solitons has been proved (see
[KN3|), the existence of bounded algebraically localized solitons is still an open question.

Note that studies on the large time asymptotics for solutions of the Cauchy problem for the
Kadomtsev—Petviashvili equations were fulfilled in [MST|, [HNS], [K].

The proofs provided in the present paper are based on the scheme developed in [KN1]|, the
stationary phase method (see [Fe]). These proofs include, in particular, an analysis of some
cubic algebraic equation depending on a complex parameter.

This work was fulfilled in the framework of research carried out under the supervision of

R.G. Novikov.

2 Inverse “scattering” transform for the two—dimensional Schro-
dinger equation at a fixed negative energy

In this section we give a brief description of the inverse “scattering” transform for the two-
dimensional Schrodinger equation (1.3) at a fixed negative energy E (see [GN], [N1], [G2]).
First of all, we note that by scaling transform we can reduce the scattering problem with an
arbitrary fixed negative energy to the case when E = —1. Therefore, in our further reasoning
we will assume that £ = —1.
Let us consider potentials v(x) for the problem (1.3) satisfying the following conditions

q

—— R? 2.1
T+l “5 21

v=10, v(z)]<

for some fixed ¢ and € > 0. Then it is known that for A € C\(0U &), where

£ 1s the set of zeros of the modified Fredholm determinant A

. (2.2)
for equation (2.6),
there exists a unique continuous solution ¥ (z, \) of (1.3) with the following asymptotics
bz A) = e Oz ), () =1+ 0(1), 2] = oo (2.3)

Here the notation z = x1 + 429 is used. These solutions are known as the Faddeev solutions for
the Schrodinger equation (1.3), E = —1, see for example [Fal, [N1].
The function u(z, \) satisfies the following integral equation

Wz N) =1+ / / 9z — €. \u(Q)p(C, \)dRe¢dIm (2.4)
¢eC

9(z,\) <27T> / / egzpj/z 2;::5?)) dReCdIm(, (2.5)

where z € C, A € C\0.
In terms of m(z,\) = (1 + |2|)~(*9)/2 (2, \) equation (2.4) takes the form

m( ) = (41724 14 a) 92— 0 gf‘g@m@ 3m(C. A)dReCdImC,
¢eC

(2.6)



where z € C, A € C\0. In addition, A(-,-,A) € L?(C x C), |TrA%(\)| < oo, where A(z,(,\)
is the Schwartz kernel of the integral operator A()\) of the integral equation (2.6). Thus, the
modified Fredholm determinant for (2.6) can be defined by means of the formula:

InA(N) = Tr(In(f — A(N)) + A(N)) (2.7)

(see |GK] for more precise sense of such definition).
Taking the subsequent members in the asymptotic expansion (2.3) for ¥ (z,\), we obtain
(see [N1]):

z

P(z,A) = exp <—; ()\2 + )\)) {1 —2msgn(1 — A\) x

ida(\) 1//1 _ 1 - Ab(\) 1
(= =x Y _2 - 2.
(e (2 (G (0)2)) mng) o lm) | @9
|z| — 00, A € C\(EUDO).
The functions a(\), b(A\) from (2.8) are called the “scattering” data for the problem (1.3),

(2.1) with E = —1.
The function u(z, A), defined by (2.4), satisfies the following properties:

w(z, A) is a continuous function of A on C\(0U &); (2.9)
6“(83’ N e e, (2.10a)
1 1\ _ - 1
r(z,A) =r(\) exp (2 <<)\ - )\> zZ— ()\ - )\> z>> , (2.10Db)
r\) = ”Sgn(l{mb(x) (2.10¢)
for A\ e C\(0U&);
p—1, as A — o0, A—0. (2.11)

The function b(\) possesses the following symmetries:

b<—i) =b(\), b<i> =b(\), Xe€C\o. (2.12)

In addition, the following theorem is valid:

Theorem 2.1 (see |GN], [N1], [G2]).

(i) Let v satisfy (1.5). Then the scattering data b(\) for the potential v(z) satisfy properties
(2.12) and b € S(D_), where D_ = {\ € C: |A\| > 1}, D_ = D_UdD_ and S denotes
the Schwartz class.

(i) Let b be a function on C, such that b € S(D_) and the symmetry properties (2.12) hold.
Then the equations of inverse scattering (2.16)—(2.18) are uniquely solvable and the cor-
responding potential v(z) satisfies the following properties: v € C*°(C), v =0, |v(z)| — 0
when |z| — oo.



Let us denote by T' the unit circle on the complex plane:
T={\eC:|\=1} (2.13)

Then, in addition, it is known that under the assumptions of item (i) of Theorem 2.1 the function
b is continuous on C and its derivative dyb()) is bounded on C, though discontinuous, in general,
onT.

Finally, if (v(z,t), w(z,t)) is a solution of equation (1.1) with E' = —1 in the sense of (1.2),
then the dynamics of the “scattering” data is described by the following equations (see |GN])

a(\t) =a(A,0), (2.14)

b(\,t) = exp { <A3 + % -3 - ;) t} b(\,0). (2.15)

The reconstruction of the potential v(z,t) from these “scattering” data is based on the fol-

lowing scheme.

1. Function u(z, A, t) is constructed as the solution of the following integral equation

,u(z, )‘7t) =1- i // T’(Z, Cat)M(Z, Cvt)m' (216)
T C C — A
2. Expanding pu(z, A, t) as A — oo,
_ /'L—l(z7t> i
u(z,)\,t)—1+7)\ —|—0<W>, (2.17)
we define v(z,t) as
v(z,t) = =20, p-1(2,1). (2.18)
3. It can be shown that
Ly = Ey
where
L =—-40,0; +v(z,t), v(zt)=0v(z1t), E=-1
Y(z, A\ t) = e_%o“ﬂz/)‘),u(z, AMNt), AeC, zeC, teR
3 Estimate for the linearized case
Consider
16:2) = [ [ 10 exp(S(¢. 5 )dRecdln.
(3.1)

C
7.2 =3 [ [ £5(Q) exp(S(C. 2. ) aReCamnc.
C

where 2z € C, t € R, f(¢) € L}(C), S is defined by

S()\,z,t):;<(>\—/1\)z— <)\—i> z) +t<>\3+)\13—)\3—)\13). (3.2)



We will also assume that f({) satisfies the following conditions

fec™(D,), fec=(D.), (3.32)
opangoy =4 O s Mmooy >0, (3.3b)
O ([A*)  as[A][ =0,
where
Dy ={AeC:0< <1}, D ={reC:]Al>1}, (3.4)

and D, = D, UT, D_ = D_UT with T defined by (2.13).
Note that if v(z,t) = I(t, z), w(z,t) = J(t, z), where

(ICI2 4+ 1¢]73) £(¢) € LY(C) as a function of ¢,

and, in addition,

Q=10 and/or 70 =1 f ().
then v, w satisfy the linearized Novikov—Veselov equation (1.1) with £ = —1. Besides, if
|1 - ¢
= b 3.5
70 = T O, (35)

where b(C) is the scattering data for the initial functions (vo(z),wo(z)) of the Cauchy problem
(1.1), (1.4), then the integrals I(t, z), J(t, z) of (3.1) represent the approximation of the solution
(v(z,t),w(z,t)) under the assumption that || v ||< 1.

The goal of this section is to give, in particular, a uniform estimate of the large—time behavior
of the integral I(¢,z) of (3.1).

For this purpose we introduce parameter u = £

7 and write the integral I in the following form

I(tu) = / / F(C) exp(tS(u, ¢))dReCdIm, (3.6)
C

o3 (D) (eedog) e

We will start by studying the properties of the stationary points of the function S(u, () with
respect to (. These points satisfy the equation

where

-2 =0 (3.8)

The degenerate stationary points obey additionally the equation
” U 12

We denote & = ¢? and B 5
Q&) =5 — e +3% — 5.

For each £, a root of the function Q(u,&), there are two corresponding stationary points of

S(ua C)a ¢= :l:\/é



The function Sé(u, ¢) can be represented in the following form

5’4@2 ~ )¢ — ) — Ew)). (3.10)

We will also use hereafter the following notations:

S¢(u,¢) =

U={u=—62e"% +e*): pc[0,2m)}
and
U= {u=re": ¢ = Arg(—6(2e7% 4 €%)), 0 < r < [6(2e + 729%)], p € [0,27)},
the domain limited by the curve U.
Lemma 3.1 (see [KN1]).

2mik

1. Ifu=—-18e 3 , k=0,1,2, then

mik

Co(u) = Ci(u) = G2(u) = €3

and S(u, () has two degenerate stationary points, corresponding to a third-order root of the
27ik

function Q(u,§), & =€ 3 .
2. Ifucl (ie u=—6(2e"% +e2®) ) andu £ —18¢5", k=0,1,2, then
Co(u) = G (u) = e /2, Co(u) = €. (3.12)

(3.11)

Thus S(u, () has two degenerate stationary points, corresponding to a second-order root of
the function Q(u,€), & = e, and two non—degenerate stationary points corresponding
to a first-order root, & = €% .

3. If u € intU = U\JU, then
Ci(u) = e ™ for some real p;, and (i(u) # C(uw)  for i# 7. (3.13)

In this case the stationary points of S(u, () are non-degenerate and correspond to the roots
of the function Q(u,&) with absolute values equal to 1.

4. If u e C\U, then
o) =1 +w)e ™2 ) =%, Gu)=1+w) e ™/? (3.14)

for certain real values ¢ and w > 0.

In this case the stationary points of the function S(u, () are non-degenerate, and correspond
to the roots of the function Q(u,§&) that can be expressed as & = (1 + T)e %, & = €2,
S=0+7)"te ™, (14+7)=(1+w)2

Formula (3.10) and Lemma 3.1 give a complete description of the stationary points of the
function S(u, ¢).
In order to estimate the large-time behavior of the integral having the form

I(t,u,\) = //f({,)\) exp(tS(u, ¢))dRe(dIm¢ (3.15)
C

(where S(u, () is an imaginary—valued function) uniformly on u, A € C, in the present and the
following sections we will use the following general scheme.



1. Counsider D, the union of disks with a radius of € and centers in singular points of function
f(¢, ) and stationary points of S(u, () with respect to (.

2. Represent I(t,u,A) as the sum of integrals over D, and C\D,:
I(t,u, A) = Lint + Ieqr, where

Iint = //f ¢, A) exp(tS(u, ¢))dRe¢dIm,

(3.16)
Lo = / F(CA) exp(tS (u, €))dReCdTm.
C\D-:
3. Find an estimate of the form
[Iine| =0 (%), as e6—0 (a>=1)
uniformly on u, A, t.
4. Integrate I.;; by parts using Stokes formula
J(GA) exp(tS(u, Q) =
Teat = 2t S/ (u, Q) de-
1 <f+<<, N) = f(GA) exp(tS(u,Q) = 1 [ JUGA) exp<t5<u D Recdl
i | (0, ) i | ugy  Ceedimet
T\D. <C\ B
F(¢A) exp(tS (u, €))S¢ (u, ) 1
/ S’ TR)E dRe(dIm( = —;(Il + Iy + I3 — 1), (3.17)

(C\DE
where f1((,\) = %in(l) f(C(1F0),N), ¢ €T and T is defined by (2.13).

5. For each I; find an estimate of the form
1
|Ii|:O<€ﬂ>, as e — 0.

1
6. Set ¢ = ———, where k(o + 3) = 1, which yields the overall estimate

(1+ [t
It =0 — ), as [t — o
(1 + [t])e+s

Using this scheme we obtain, in particular, the following result
Lemma 3.2. Let a function f satisfy assumptions (3.3) and, additionally,
flr=0, T={xeC:|\=1} (3.18)
Then the integral I1(t,u) of (3.6) can be estimated

const(f)In(3 + |¢])

I(t <

for teR (3.19)

uniformly on u € C.

Note that condition (3.18) is satisfied if f has the special form (3.5). A detailed proof of
Lemma 3.2 is given in Section 6.



4 FEstimate for the non—linearized case

In this section we prove estimate (1.6) for the solution v(x,t) of the Cauchy problem for the
Novikov—Veselov equation at negative energy with the initial data v(z,0) satisfying properties
(1.5).
We proceed from the formulas (2.17), (2.18) for the potential v(z,t) and the integral equation
(2.16) for p(z, A, t).
We write (2.16) as
H(a M) = 1+ (Aegi) (20 1), (4.1)

where

(Ao f)N) = 051 (r(A) exp(tS(u, ) FN) = —— / / eXp (5 O)f () tRecdime

and S(u, () is defined by (3.7), u = —
Equation (4.1) can be also written in the form

plz,\t) =1+ A1+ (Azytu)(z, A t). (4.2)

According to the theory of the generalized analytic functions (see [V]), equations (4.1), (4.2)
have a unique bounded solution for all z,¢. This solution can be written as

iz, A\ t) = (I —A2Z,) M1+ Az - 1), (4.3)
Equation (4.3) implies the following formal asymptotic expansion
u(z, A t) = (I + A?,t + A;l,t +.o )@+ Az D). (4.4)

We also introduce functions v(z, A\, t) = 0,u(z, A, t) and n(z, A\,t) = Ozp(z, A, t). In terms of
these functions the potential v(z,t) is obtained by the formula

v(z,t) = —2v_1(z,1), (4.5)

where v_1(z,t) is defined by expanding v(z, A, t) as || — oc:
_ t 1
v(z,\t) = VlE\Z’) +o0 <’)\|> . |A] = o0
The pair of function v(z, A, t), n(z, A, t) satisfy the following system of differential equations:
ov(z, A\t —_— —_—
QXD _ (e Az ) + 1z, A (e M),
O\ (4.6)
On(z, A t)
1))

Equations (4.6) can also be written in the integral form

{ v(z, M t) = (Baoapt) (2, M t) + (Azan) (2, A, 1),

= 0,r(z, \, )z, A\, t) +r(z, \, vz, A t).

where operator B, ; is defined

(Bt /)(N) = 05102 (2, M 1) F(N)) = 1 / / Md}{egdlmg. (4.8)



Thus for the function v(z, A, t) we obtain equation
v = (Bz,t + Az,th,t)M + Ait’/

or the following formal asymptotic expansion

v=T+A2,+ AL+ . )((Beg+ Ay Boy) (T + A2, + AL + ) (1+ Ay - 1)).

We will write this formula in the foom v =B, ;- 1+ A, B, ;- 1+ R, (\).

Lemma 4.1. Let f(\, z,t) be an arbitrary testing function such that

cf
‘f‘<ma O f| < W VAeC,zeCteR

with some positive constant cy independent of A, z, t and some § > 0. Then:

1. The following estimates hold for B, - f:

(Boy- f)N) = ﬁl(j’t) Yo (&O for A — oo,

where

Bi(z,1) = / 0.2, ¢, ) F(C, 2, D) dReCdImC,

and .
Preyn(3 + )

< ,
‘ﬁl(za )’ (1+’t’)3/4+5

in addition, R
/820]" ln(3+ |t|)
B.;- M <——-——"=

where T' is defined by (2.13), and

for e T,

(B DO < s Wec

2. The following estimates hold for A, ;- B, - f:

(Azt - Bop- f)(N) = al(j’t) +o <‘i’> for X\ — oo,

where

(2,1) = _// dReCdIm( r(z, C, t / Oer(z,m, ) F0n, 2, t)dRen dlm,

and
alcf

o (z,1)] < W7

in addition,
dQCf

[(Azi - Bz - )M <

10

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)



3. The following estimates for AL, - f hold:

(A2, /(N = n(2,1) +o0 (|i|> for X — oo,

A
where .
wlet) = = [ [ (e AT PC)ReCatg
C
and 1)
n)"ey
n(2,1)] < o ) 4.16
where [s] denotes the smallest integer following s. In addition,
Az < —29 e, (17
’ (1+[¢)7*slal
4. The following estimate holds for R ;:
t 1
R.:(\) = a(zt) +o| | for A — oo, (4.18)
’ A Al
and ()
q\cr
)< — 4.19

A detailed proof of Lemma 4.1 is given in Section 6.
From formulas (4.5), (4.9) and Lemma 4.1 follows immediately the following theorem.

Theorem 4.1. Let v(z,t) be the “inverse scattering solution” of the Cauchy problem for the
Novikov—Veselov equation (1.1) with E = —1 and the initial data v(z,0) = vo(x) satisfying
(1.5). Then

const(vg) In(3 + |t])

2
|v(x,t)] < A+ )3/ , zeRteR

5 Optimality of estimates (1.6) and (3.19)

In this section we show that estimates (1.6) and (3.19) are optimal in the following sense: there

exists such a line z = 4t that along this line I(z, t) from (3.19) behaves asymptotically as %

with come nonzero constant; there exist such initial data satisfying (1.5) that the corresponding

solution v(z,t) behaves asymptotically as (1J°r“’?|§t3 71 as [t| — oo, where the constant is nonzero.

5.1 Optimality of the estimate for the linearized case

Let us consider the integral

I(t,u) = //f(() exp(tS(u, ¢))dReldImc, (5.1)
C
where 1 ¢l
f(Q) = W’?(C% (5-2)

11



with b(() satisfying (3.3), and S(u, () is defined by (3.7), for v = & = —18. As shown in Lemma
3.1 for this value of parameter u the phase S(u,() = S(¢) has two degenerate stationary points
¢ = #£1 of the third order.

To calculate the exact asymptotic behavior of I(¢, %) we will use the classic stationary method
as described in [Fe]. First of all, we note that f(¢) is continuous, but not continuously differen-
tiable on C. Thus we will consider separately the integrals

I.(t) = / / £(0) exp(tS(C))dRe¢dImC, I (t) = / / £(C) exp(tS(¢))dReCdImC,
Dy Do

where Dy and D_ are defined in (3.4).

Let us introduce the partition of unity ©1(¢) + ¥o(¢) + ¥—-1(¢) = 1, such that 0 < v¢; < 1,
P € C®°(C), ¥+1(¢) = 1 in some neighborhood of { = =+1, respectively, and 111(¢) = 0
everywhere outside some neighborhood of ¢ = +1 respectively. Then it is known (see |[Fe|) that

I(t) = / / FIO$1(C) exp(tS(¢))dRe¢dTm(+ / / F(Q)$-1(C) exp(tS(¢) )dRe¢dIm(+0 <|t1|>
D} D+

1
=IT(t)+I7(t)+ O <\t\> as [t| — oo

First we will estimate I (t). We note that for the phase S(¢) the following representation
is valid

S(¢) = P(¢) - P(0),
where P(() is a holomorphic function defined by

9 1
P()=-9¢— =+ ¢+ = + 16
¢ ¢
in addition, P¢(¢) = S¢(¢) = & (¢ —1)*(¢ +1)°.
Note that P(¢) can be written in the form P(¢) = p(¢)(¢ — 1)*, where p(¢) = % and
%ini p(¢) # 0. For the function p(¢) the expression (p(¢))'/* can be uniquely defined in some

neighborhood of ( = 1. Further, we define the transformation { — #:

n=(p(¢)/*(¢ - 1).

Since we have that 5
Ui \4f
— = v6 #0, 5.3
|, = Ve (5.3)

the inverse transformation ¢ = ¢(n) is defined in some small neighborhood of n = 0. In terms
of the new variable 7 the phase can be represented

S()=n"—n"

Now if we denote x = Ren, y = Imn, the integral Ii(t) becomes

I = / / F(a + iy)d (z + iy) exp(Bitay(e? — y?))|Oyp(e + iy) Pddy,
Ay

12



where f = fop, 1) = 1op and Ay = {(z,y) € R%: z < 0}, i.e. A is the half-plane containing
the image of D, N B.(1) under the transformation z + iy = o~ (¢).
The integral I} (t) can be written in the form

+oo
It = / dcexp(3itc) / fla +iy) (x + iy) |9y (x + iy) Pdws,
-0 YeNA

where dwg is the Gelfand—Leray differential form, defined as
dS N dwg = dx N\ dy (5.4)
and in the particular case under study equal to

—(2® — 3xy?)dr + (322%y — y3)dy'

d pu—
ws (22 + 42)3 7

vc 1s an oriented contour consisting of points of the set {S(x,y) = ¢} with the orientation chosen
so that (5.4) holds.

As 91 (z +1y) is equal to zero outside some Bg(0), a disk of radius R centered in the origin,
then there exists such ¢, > 0 that the set {S(z,y) = ¢} lies outside Br(0) for any ¢ < —c,,
¢ > ¢,. Thus the integral I (¢) can be written

Cx

IF(t) = / deexp(3itc) / f(x 4 iy)1(z + iy)|Onp(x + iy) [Pdws.
—Cx “{cﬂA+

Performing the change of variables

My, oy My for e >0,
z— (=), y (—c)Yy fore<0

yields
Ii(t) _ / dcex;l)/(z?ntc /0 dcexp 13/12150 F (o),
0
where
Fi(c)= / Fle,z,y)dws, F_(c)= / F(—c,z,y)dws, (5.5)
ven{ct/H(zy)€As} Y-N{(=0)/*(zy)eAt}
Y+, 7— are oriented sets consisting of points of the sets {S(z,y) = 1}, {S(z,y) = —1} corre-

spondingly with orientation chosen so that (5.4) holds and

Fle,z,y) = f(/*(x +iy))dr (*(z + iy)) 9y e(c *(z + iy)) %

For any fixed positive ¢ the integrals in (5.5) converge because the set {S(x,y) = 1} is separated
from zero and, consequently, the denominator does not vanish, and because 1/;1 is a function with
a bounded support and thus the domains of integration in (5.5) are, in fact, bounded. Besides,
since A is a conic set, the functions F; (c¢) and F_(c) can be expressed as follows

F+(C) = /F(C,LU,y)dWS, F_(C) :/f(_cvx7y)dw57 (56)
Y+NA4 Y-NAL
13



. 11;}1 some neighborhood Uy of 01/4(33 + iy) = 0 containing the support of 1;1 the function
f(c**(xz +iy)) can be represented as

F(e @ +iy)) = f1) + 640 fo, (1)(x + iy) + 0pfo, (1)(@ — iy)le"/* + g(c* (@ + iy)),

where D = lim , 07D = lim 0;f and, in addition, g 1s a function that can be
here Ocfp. (1) = lim Ocf, Ocfp,. (1) = lim 0f and, in additi s fuction .
2 ey
estimated
lg(c(z +iy))| < K|z +iy)|Fe, Mz +iy) € Uy (5.7)

with some constants a > 0, K > 0. Using (5.2), we note that f(1) = 0, 9 fp, (1) = d¢fp, (1) &

fp, (1) and thus

F( @ +iy)) = 672 fp, (Do + g(c (@ +iy)),  M(a+iy) € Up.
Taking into account (5.3) we obtain
Fle,w,y) =7fp, Mac! + g @ +iy)), o +iy) € U, (58)

where v = 673/% and § is a function satisfying an estimate similar to (5.7).
It follows then that the functions F'y(c) behave asymptotically as

Fi(c) = vfp, (1)JE, (£)'/* + R(c), when ¢ — 0,

where
JX+: /mdws, Jg+: /wdws
Y+NAL Y-NAL

and R(c) denotes the remainder.

The integrals J§+ converge because the set {S(z,y) = £1} represents a combination of
curves which do not pass through zero and converge either to the lines |y| = |x| or to the
coordinate axes with velocities |y| = ﬁ and |z| = ﬁ correspondingly.

The remainder R(c) behaves asymptotically as o (cl/ 4) because we can estimate

RO < R0 [ o iy s,
(V+Ur-)NAL

and the integral converges due to the properties of the set {S(x,y) = £1} explained above.
Thus I (t) behaves asymptotically as (see [Fe, Chapter III, §1])

v 3 13 _ i3 1 1

where I' is the Gamma function.

Let us perform the same procedure for I (¢). In this case we will define P({) as P({) =
—9¢ — 2 +¢*+ & — 16 and obtain
(?—4C+1

PO = p QO+ DY Q) =>—5

14



Since p(—1) = —6, we will define the following transformation ¢ — 7 in the neighborhood of

¢ =—1: 0= (—p()4¢ + 1) (note that %Z e v/6). Then S(¢) can be represented

5(¢) = —n* + 71* and integral I (t) becomes

I5(t) = / / F( + iy)dos (x + i) exp(—Bitay(2? — v?))|Oyela + iy) Pdzdy,
A_

where A_ = {(x,y) € R?: > 0} and the functions f, 1)_1, ¢ are defined similarly to the case
of It (t). The integral I (t) can also be written

+00
I5(t) = / de exp(~3ite) / F( + iy)dy (z + i) |Oyo(a + iy) Pdws,
—00 YeNA_

where . and dwg are the same as for the case of Ii(t). Performing further the same procedure
as for the case of Ii (t) and taking into account that JX+ = —in, JL = —J, , we obtain the

following asymptotic expansion for I (t):

) y 3 i3 _ i3\ 1 1
I+ (t) = —mfb+(—1)r <4) |:JZ+ exXp <—8> + ‘]A+ exp <8>:| W +o (753/4> .

Considering the case of I_(t) we note that in order to get an asymptotic representation for
I"(t) and I (t) we need to replace Dy — D_, Ay — A_, A_ — A, in the formulas for I (¢)
and I (t) correspondingly. Taking into account that f5,, (1) = —fp_(1), fp, (1) = —fp_(-1),

we obtain o .
I(t) = 153/4+O<t?’/4> s

where

2 3 , T3 _ i3
o= 5rC) (50 (5 () ()
f1/)+(—1) <JX+ exp <—Z7;3) + J5, exp <M;3>>) (5.9)

Thus we have shown that the linear approximation of the solution v(z,t) of (1.1), when
z = —18t, behaves asymptotically as tg)% when ¢ — oo.

Note that on the set v+ U~_ the differential form dwg is positive. Thus Jir are some nega-
tive constants, and expressions JZJr exp (?) + Jg+ exp (—?), JZ+ exp (—?) + J&Jr exp (?)
do not vanish. On the other hand, from (2.12) and (5.2) it follows that f, (1)/fp (1) =

+ +

b(1)/b(1). Thus, in the general case the constant C' from (5.9) is nonzero. We have proved the
optimality of the estimate (1.6) in the linear approximation.

5.2 Optimality of the estimate for the non-linear case

Now we show that for certain initial values v(z,0) the corresponding solution v(z,t) of (1.1)
C

behaves asymptotically as 577 along the line z = —18t for some ¢ # 0. Let us show that the

integral (4.13) with f =1 and 2 = —18¢ behaves as <377

15



We can represent o (—18¢,¢) in the form (5.1) with f((,¢) = r(¢,t)p((,t), where

Gt)=—— // O:r(n, 2,1) ‘Z__lgthendReC.
i

In other terms,

_ _sgn(l—¢0) w1 -,
1O =161 = =2 P

We proceed following the scheme of estimate for I(¢) until formula (5.7). Then we represent

02z | e O explt(0)

Di(e @+ iy)Ogp(cH(x +iy)) P = —= + ke +iy) + b (@ + i),

1
V6
where k is some coefficient and h(c'/4(z + iy)) satisfies an estimate of type (5.7). Consequently,
for F(c,x,y) we can write

Fle.w,y) = fO)6 2 4ke! M atiy))+67 40 fo, (1) (w+iy)+0c o, (D (@=iy)le! g (e (2+iy),
where §(c'/*(z + iy)) satisfies an estimate of type (5.7). This allows us to obtain in the end

l const (fe(£1), fz(£1)) 1
ar(—18t, 1) = 1(f1(/2 ) (1+ t1/4)+ 2L t3/4< +o<t3/4>, t—oo, (5.10)

where [;(f(£1)) is a linear combination of the limit values of f as ¢ tends to 1 and —1 from
inside and outside of the unit circle, and lo(f¢(£1), fz(£1)) is a linear combination of the limit
values of f¢ and fz as ¢ tends to 1 and —1 from inside and outside of the unit circle.

Now let us consider the potential vy corresponding to the scattering data b, where 6 € R is
some small parameter. In a way similar to which (5.10) was obtained it can be shown that

FELOIS 70 fdEFLDIS <l [fe(£1,1)] < of?

for sufficiently large values of ¢, where c1, ¢co, c3 are some constants independent of ¢ and . When
# — 0 and t — oo, the linear approximation of vy behaves as O ( 3 /4>, while the expression

a1 (—18t,t) behaves as O <t3/4> (it can be shown that the member o (t3/4> in (5.10) depends

quadratically on 0).
Finally, from (4.9) and Lemma 4.1 it follows that for # small enough and for z = —18¢,

p— o L t
Ue(%)—t?)ﬁﬂLO B/ ) — 00,

where Cjp is some nonzero constant. Thus we have shown that the estimate (1.6) is optimal.

6 Proofs of Lemma 3.2 and Lemma 4.1

Proof of Lemma 3.2. The proof follows the scheme described in Section 3 and is carried out
separately for four cases depending on the values of the parameter w. In all the reasonings that
follow we denote by D, the union of disks with the radius ¢ centered in the stationary points of
S(u,¢) and we denote by T' the unit circle on the complex plane:

T={\eC:|\=1} (6.1)

16



in addition, const will denote an independent constant and const(f) will denote a constant
depending only on function f.
Case 1. ue U

In this case all the stationary points belong to T and due to assumptions (3.3) and (3.18) of
Lemma 3.2 we can estimate

| ()] < const(f)e for ¢ € D.. (6.2)

Now we estimate the integral I;,; (as in (3.16)) as follows
| Lint| = //f(() exp(tS(u, ¢))dReldIm(| < const(f) s// dReCdIm¢ < const(f)e?
D D

The estimate for I.4; (as in (3.16)) is proved as follows.
We note that the function S¢(u, () can be estimated as

|S¢(u, Q) = const 0 for ( € C\D,,, and

[S \4
3 (6.3)
|S¢(u, Q) = constw for( € 9D,, €< p<ep.
Similarly, we can estimate
See(w, ©) ¢I*
g™
m < COHSth fOI'C S (C\-DE(); and
¢ 0
S (0. 0) <t (6.4)
e | < const 2 for ( € 0D e<p<
X y X P X E€o-
(5¢(u, €))? I g

Thus we obtain the following estimate for I; from (3.17)

L)
N (X

const(f)
—

|d¢| < const /\C\ |d¢| < const(f)j—g(1+€)4§

dDS

Due to assumption (3.18) of Lemma 3.2 the integral I5 from (3.17) is equivalent to zero.
When estimating I3 and I, from (3.17) we fix some independent €y > 0 and integrate
separately over D \D. and C\D,,:

13| < // fc exp )( ¢)) dRe(dImC+// fc exp <) dRe(dIm( <
DSQ\DE C\Deo
< const(f /pdp+const // |f< ||C4|dReCdI c:()rlit(f)’

C\Dx,
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exp S, €))L (1, €)
dRe(d
14| < D/\é (w0 Re(dIm(+
// f(¢ exp (u, €))S¢ (u, ¢) dReCdIm¢ <
u,¢))?
c\D-,
< const(f /pdp—i—const/ |£(O)]|¢3|dRe¢dIm( < M.
c\D.,
Setting finally ¢ = (1+\t|)1/4 yields
const(f)
I(t,u) < W

uniformly on u € U.

Case 2. u € C\U and w from (3.14) satisfies wy < 755 < 1 —w; for some fixed independent
positive constants wy and w; (i.e. the roots (p, (2 from (3.14) are separated from 7', defined by
(6.1), and the root (s is separated from the origin)

In this case the we can estimate

constp

‘Sé(ua C)| ‘<‘4 for C € aDPa
S¢e(u, €) const|¢|4

for ( € 0D,.

(Se(u, Q)|

2
Using these estimates and proceeding as in case 1, we obtain

1

|Iint| < const(f)e?, |I1| <const(f), I =0, |I3]<const(f), |I4 < const(f)In-=.

€

Setting € = we obtain that

1
T+’

uniformly for the considered values of the parameter .
Case 3. u € C\U and %= < wp (i.e. the roots (g and ¢z from (3.14) lie in some neighborhood
of T from (6.1))

Lemma 6.1. For any t > to with some fized to > 0 and any w > 0 one of the following
conditions holds

(Q)O<W<W;

() @ > (s

. 1 2 -2 1 =1
(C) Fn: (1+]t)) m+1/C+27n41) <w< (14t 7/ CF27m+1) 2 where n+1 = 3tz M=3

18



Proof. We note that

Yn+1 _ 1
24 291 4
Tn < Tn
24271 2+ 27717
1
Mmoo 2

24 2 8

n — o9o;

Thus the intervals from the cases (a), (b), (c) Vn € N cover the whole range 0 < w < +oc0. [

We will prove the result separately for three different cases depending on the value of pa-
rameter w

(a)

_ 2
O<W<2€—W

In this case estimates (6.2), (6.3), (6.4) hold and so the reasoning of the case 1 can be

carried out to obtain that
const( f)

(1+[t])3/4

uniformly for the considered values of the parameter u satisfying

I(t,u) <

0 2 6.5

1/3 _ 1
W e T
In this case we estimate |I;,;| < const(f)e2.

Further, we note that the derivative of the phase is estimated as

const ew?

<

Thus for I1 we obtain |I1] < const(f)ﬁ.

|S¢(u, ¢)| = for ¢ € OD.. (6.6)

In order to estimate the integral Is we use the following estimate of the derivative Sé for
¢ € 0D, when € < p < ep:

const pw2

y .
|S<(U,C)‘ > K|4 ) lfp<wa (67)
S Ol > it p > w
It allows to derive |I3] < const(f)ﬁ.
Finally, we proceed to the study of the integral I,. We use the following estimates
5&(% ¢) const|¢|*
(S, 02| S~ p2u?
and
|£(Q)] < const(f) p, if p > w. '

After integration we obtain the estimate |I4| < const(f )82%
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Setting finally € = 375, We obtain

1
(1+[2)

const(f)

I(t < —
() S Ty

uniformly for the considered values of the parameter u satisfying

1
w > AT (6.9)

Yn Yn — 1 — 2 1 1
(c) el < w < 2e™, where ¢ = TR and Y41 = 57 + 3, 71 = 3 (note that

Tn — 1)

We proceed similarly to the case (b). Evidently, I;,; can be estimated | I;,,;| < const(f)e2™7n.
. . . Tn

Employing the estimate (6.6) we obtain [I1] < const(f) =57

Using (6.7) in order to estimate I3 we obtain |I3] < const(f)ayn%.

Finally, to estimate Iy we use (6.8) and

¢
(S¢(u, €))?

e’ In(1/e)
Ez'yn+1

const|¢]*
Pw

const|¢]*
{ p2w2 ’ p < w,
X

p>w

to obtain |I4| < const(f)

Setting € = yields

1
(1+|t‘)1/<2+27n+1>

const(f)In(3 + |t))

I(t,u)| <

uniformly for the considered values of the parameter u satisfying

1 2

(1 + [t])rm+1/(2+29m41) Sws (1 + [t/ @27 (6.10)

Finally, from Lemma 6.1 it follows that we have proved the required estimate uniformly on
w

the values of parameter v € C\U such that 1o < wo-

Case 4. u € C\U and 1%‘} > 1 —w; (i.e. the roots (a2, —(2 lie in the wj—neighborhood of the
origin)

This case is treated similarly to the previous one. We denote @ = H% Then we use
estimates ~
(O] < ()l +pl,
constp? constpw
|S¢(u, Q)] = I or |S¢(u,¢)| = T
Ste(u, €) const|¢|[* ce(u, Q) const|¢|*
(Se(w,©)?| = p (Se(u, Q)| = p*o
which hold for ¢ € D,, to obtain the necessary estimates. O

Proof of Lemma 4.1. 1. The proof of inequality (4.10) repeats the proof of Lemma 3.2. The
proof of inequality (4.11) also follows the scheme of the proof of Lemma 3.2. In this case
we take D, to be the union of disks of the radius € with centers in the stationary points
of S(u, () and in the point \.
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For the case when A\ € T, where T is defined by (6.1), an estimate weaker than (4.11)
can be obtained via a simplified reasoning. Indeed, I, as in (3.16), can be estimated

| Iint] < O (m) Using estimates (6.3), (6.4) and

| = Al = pfor (€0D, (6.11)

we obtain that || < O (*) Setting ¢ =

EBaE 7z We get the estimate (4.12).

1
(1))

2. In order to obtain estimates (4.14), (4.15) we proceed according to the scheme outlined
in Section 3. In this case the integral I3 does not annul. On the other hand, when the
variable of integration belongs to 7', the estimate (4.11) on the integrand of I is stronger
than the estimate (4.12) for the general case. Thus we obtain for aq(z,t)

2
15 1 1
Ll <O —", m<o|l— ), p<o|— ],
" (1+ [¢])°*+3 (14 [¢])°+3 2 (14 [t])0+3 &

1 1
I3 <O () , Ll<o| ——m—|.
<O\ e ) 1M ((1 ; |t|)5+i52>

7z yields the required estimate. The estimate (4.15) is obtained similarly.

: _ 1
Setting € = TE)

3. We will give the scheme of the proof for estimate (4.16). The estimate (4.17) is obtained
similarly.
We will prove (4.16) by induction. Suppose that (4.16) holds for all n = 1,2,..., N.
Then following the scheme of Section 3 and taking into account that O\(AZ, - f)(\) =
(AZ;l - f)(N\), we obtain for n = N + 1:

5 1
Iz'n g O — ) 1 < O n— 9
i ((1 + |t|>6+%f2”> = ((1 + tr>5+%me3>

1 1
I < O T ) I < O n— ’
* <<1+|t|>5+%ms4> . <<1+rtr>5+éf 221€3>

1
Lj<0 —
= ((1+ |t|)5+é(21153>

Setting € = W we obtain the required estimate.

4. We represent R, () as the sum of the following members
R.yN)=BA+A>+ A3 4. ) 1+ AB(A+ A> + A3 4 ..) -1+
+(A+ A+ A+ )ABI+A+A*+..) - 1=RL,(N)+R2,(\) + R ,(N).

The convergence of the series at sufficiently large times follows from the estimate (4.17).
Now let

1 i\~ 1
Rzz’t()\): q(i t) +O<|)\|>, aS)\HOO.

From (4.10) and (4.17) it follows that |g1(z,t)| < %. From (4.14) and (4.17) we

obtain that |g2(z,t)| < (Hg‘?)(f%. Finally, from (4.15), (4.16) and (4.17) it follows that

lgs(z,t)| < mgﬁ%. This yields the required estimate. O
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