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A global Riemann-Hilbert problem for
two-dimensional inverse scattering at fixed energy

Evgeny L. Lakshtanov,*  Roman G. Novikov! Boris R. Vainberg?

Abstract

We develop the Riemann-Hilbert problem approach to inverse scattering for the
two-dimensional Schrodinger equation at fixed energy. We obtain global or generic
versions of the key results of this approach for the case of positive energy and com-
pactly supported potentials. In particular, we do not assume that the potential
is small or that Faddeev scattering solutions do not have singularities (i.e. we al-
low the Faddeev exceptional points to exist). Applications of these results to the
Novikov-Veselov equation are also considered.

Key words: two-dimensional inverse scattering, Faddeev functions, generalized Riemann-

Hilbert-Manakov problem, Novikov-Veselov equation.

1 Introduction
We consider the two-dimensional Schrodinger equation

(—A+v)p(x) = Ey(x), x € R?, E >0, (1.1)
where

v is a real-valued sufficiently regular function on R? with sufficient decay at infinity.
(1.2)
Actually, in the present work the assumptions (1.2) are specified in the sense that v is a
real-valued, bounded, compactly supported function on R2,
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For equation (1.1) we consider the classical scattering solutions " (z, k), k € R?, k* =
E specified by the following assymptotics

| - ilHle] . 1
Y (x, k) = ™ 4 imy/2me /A ! <k‘, |k:|—) +o0 (—) .zl = o0, (1.3)
][] 2] vatd

for some a priori unknown f. Function f = f(k,[) on
Mp={kleR? : == E)} (1.4)

arising in (1.3) is the classical scattering amplitude for equation (1.1).

In order to determine )™ and f from v one can use the Lipmann-Schwinger integral
equation (2.1) and the integral formula (2.2) in section 2; see e.g. [19].

In this work we continue, in particular, studies on the following inverse scattering
problem for equation (1.1) under assumptions (1.2):

Problem 1.1. Given scattering amplitude f on Mg at fired E > 0, find the potential v
on R2.

When v is compactly supported, that is
supp v C D, (1.5)

where D is an open bounded domain in R?, we consider also the Dirichlet-to-Neumann
map ®(E) for equation (1.1) in D. We recall that this map is defined via the relation

o] = 8(E) (Ylan) (16)
oD

fulfilled for all sufficiently regular solutions ¢ of (1.1) in D U 9D, where v is the external
normal vector to dD. Considering ®(F), we assume also that

E is not a Dirichlet eigenvalue for the operator —A + v in D. (1.7)

It is well known (see [18]) that, under assumptions (1.2), (1.5), problem 1.1 is closely
related with the following inverse boundary value problem for equation (1.1) in D:

Problem 1.2. Given ®(FE) at fivzed E > 0, find v.

Problems 1.1, 1.2 have a long history and there are many important results on these
problems; see [6], [14], [19], [21], [23] and references therein in connection with problem
1.1 and [5], [18], [23], [25] in connection with problem 1.2.

The approach of the present work to problems 1.1, 1.2 is based, in particular, on
properties of the Faddeev exponentially increasing solutions for equation (1.1). We recall
that the Faddeev solutions ¥(z, k), k € C*\R?, k* = E, of equation (1.1) are specified by

U(z, k) = e* (14 o(1)), |z| — oo; (1.8)
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see e.g. [18].

In order to determine ¢ from v one can use the Lipmann-Schwinger-Faddeev integral
equation (2.10) in section 2.

In the present work, under assumptions (1.2), (1.5), we reduce problems 1.1,1.2 to
some global generalized Riemann-Hilbert-Manakov problem for the classical scattering
solutions ¥* and the Faddeev solutions ¢ for equation (1.1); see problem 3.2 in section
3. A prototype of this global Riemann-Hilbert-Manakov problem for the case of equation
(1.1) with E' < 0 was considered in section 8 of [19].

The term "global" means, in particular, that the kernels of our Riemann-Hilbert-
Manakov problem have no singularities, even if there are the Faddeev exceptional points
at fixed F. After that we reduce our Riemann-Hilbert problem to a Fredholm linear
integral equation of the second type; see theorem 4.1 and proposition 4.1 in section 4.

As a result we obtain, in particular, a new generic reconstruction method for problems
1.1, 1.2; see proposition 4.2 and remarks 4.1, 4.2 in section 4.

In particular, our reconstruction from the Faddeev generalized scattering data is re-
duced to formulas (3.9), (3.11), (4.3), (4.4), (4.9), (4.22), (4.23), integral equations (4.6)-
(4.8), (4.24),(4.25) and formulas (3.12),(4.14),(4.15),(4.18),

Note that the approach of the present work goes back to the soliton theory, see [1],
[9], [12], [13], [15]. The first applications of this approach to problems (1.1), (1.2) were
given in [11], [17], [18], [19]. Actually, the main result of the present work consists in a
globalization of this approach to problems (1.1), (1.2).

The reconstruction method of the present work uses properly generalized scattering
data for small and large values of the complex spectral parameter at fixed energy and,
therefore, is considerably more stable, generically, than the reconstruction method of [5]
based exclusively on properties of some generalized scattering data for large values of
complex spectral parameter. Generically, stability estimates of [22] obtained using ideas
of [2], [5] can be improved using results of the present work to estimates like in [25], but
without the assumptions that some norm of potential v is sufficiently small in comparison
with fixed F. This issue will be presented in detail elsewhere.

In addition, in contrasts with [5], results of the present work admit application to
solving the Cauchy problem for the Novikov-Veselov equation ([16], [24])

O = AR(40%v + 0. (vw) — Ed,w), (1.9)
osw = —30,v, v=10v, E >0,
v=uv(x,t), w=w(zt), = (x,2:) €ER?} tER,

with compactly supported v(x,t = 0). Here, we used the following notations:

0 10 .0 10 .0
&e—&, 82_5(8_1'1_28_3:2)’ az_i((?_xl—i_za_xg)' (1.10)

These applications are indicated in section 6 of the present work and will be presented in
detail elsewhere.



2 Preliminary results of direct scattering

2.1 Classical scattering functions

We recall that for the classical scattering functions ¥* and f for equation (1.1) the
following Lipmann-Schwinger integral equation (2.1) and the integral formula (2.2) hold:

ek = [ Gty VB (ks 2.1)
. o ei€rde i,
G ($,\/E) - _(271')2 2 |§’2 —E—i0 - _ZHO(’x|\/E>7
F) = oz [ e @0 . Ry, 22)

where z,k,1 € R? k* = [> = E > 0, H} is the Hankel function of the first type; see
e.g. [19|. In addition, it is known that equation (2.1) is uniquely solvable with respect
to ¥7(-, k) € L™(R?) at fixed k, under conditions (1.2) and, in particular, under the
conditions that

v=1v¢€ L>®(R?), suppvCD, (2.3)

where D is an open bounded domain in R?; see e.g. [4] for a proof of a similar result in
three dimensions.

Let
St={CeR?* : (*=7}, r>0, (2.4)
Yp={(eC®: *=E}, E>0, (2.5)
Ypp,=1{C€Xp : |S¢|>p}, E>0, p>0, (2.6)

and let
XE,p be the characteristic function of ¥ , in Xg. (2.7)

Note that Mp = Sf/ﬁ X Sf/E’ where M is defined by (1.4).
It is well known that, under conditions (1.2), (1.5),

Y+ (x, k) admits a holomorphic extension in k from Si/E to Xp at fixed z (2.8)
and
f(k, 1) admits a holomorphic extension in (k,[) from Mg to ¥g X Xg (2.9)

with possible exponential increasing at infinity in complex domain.
As a corollary, f on Mg uniquely determines f on g X ¥, under assumptions (1.2),
(1.5).



2.2 Faddeev functions

We recall also that the Faddeev solutions ¢ (z, k) for (1.1) satisfy the following generalized
Lipmann-Schwinger integral equation

U(z, k) = e + , Gz —y, k)v(y)v(y, k)dy, (2.10)
G(x, k) = g(x, k)e*®, (2.11)

1 eiée
9 h) =~y /@Ra P ok ™ (2.12)

where z € R?, k € C*\R?, k? = E > 0; see e.g. [7], [19]. In addition, we consider (2.10)
as an equation for v = e**y(x, k), where u(-, k) € L>°(R?) at fixed k. Note that equation
(2.10) can be rewritten as

pae ) =1+ [ glo =y Roy)aly. b, (2.13)
yeR
where z € R?, k € C2\R?, k? = E > 0; see e.g. [19].
Under assumptions (1.2) and, in particular, under assumptions (2.3), equations (2.10),
(2.13) are uniquely solvable for u(-, k) € L(R?) at fixed k if k € (EE\SbE) \Ep, where
Ep is the set of the Faddeev exceptional points on ZE\Sf/E; see e.g. [19].

Note also that, due to estimates (3.16)-(3.18) of [19], the following estimates hold for
some constant cg > 0 :

|GH (2, VE)| < colz|Y2E~V4, (2.14)
l9(z, k)| < cola| =2 |RE[2, (2.15)
where GT, g are defined in (2.1), (2.11), z € R*, k€ C*\R?, k*=F > 0.

In addition, under assumptions (2.3), as a corollary of (2.14), (2.15), in a similar way
to proposition 4.1 in [19], we have that

[A(K) | Lo g2)— oo r2) < M|V 220Dy, D E, p), (2.16)
keC? kK*=FE>0, |[Sk|=p>0,

EE,png:Q) if p>p1(||U||L°°(D)7D7E)7 E >0, (217)
where A(k) is the linear integral operator of equation (2.13),

Coqll(D)

M(%D;E,P):m7

(2.18)



p1 = [max([cogl1(D)]* — E, O)]l/Q, (2.19)
dy
q>0, LD :max/—.
1(D) R e — g7

In addition to v, we consider also the generalized Faddeev scattering amplitude h(k, )
defined by the formula

D) = o [ )Ry (2.20)

where (k,1) € <2E\81@> X Yg; see e.g. [8], [19]. Here we assume also that Sk = Qi if

(1.5) is not assumed.
Note that, under assumption (2.3),

h is (complex-valued) real-analytic on ((EE\Si/E) \SE) X Y, (2.21)
h(k,-) is holomorphic on Y at fixed k.

We say that a complex-valued function is real-analytic if its real and imaginary parts are
real-analytic.

2.3 O-equation on the Faddeev eigenfunctions
We recall that the following isomorphic relations are valid:

YprC\0, Sz~T={reC: |[\=1} (2.22)
More precisely:

k= (ki,ko) € Xp = A= A\k) = k1 + iks

e C\0, (2.23)

vVE
k= (ki ks) €Sl = A(k) € T
AeC\0=>k=k(\E)eXp, AeT=k=k\ eSS, (2.24)
where
1 E 1 NV E
FOVE) = (h(\, ), k(A B)), by = (A s X) VE - (X - A) VE )
Note also that
E E
RE(, B)| = g (N + A7), [SEO B)| = Q A= ]AIY, AeC\0, B > 0.
(2.26)



Let

L, ,(C) be the function space on C consisting of the functions u such that  (2.27)

u, u, € Ly(Dy) with the norm ||[ul|z,, = |[ullz,m) + |l )
where p > 1, v > 0,
u, () == [N Pu(A) | (2.28)
Di={)eC : |\ <1} (2.29)

It is known that the function ¥ of subsection 2.2 has, in particular, the following
properties, under assumptions (1.2) and, in particular, under assumptions (2.3):

Y(x, k(X)) = e*N7(1 4 0(1)), if X = 0 or A — oo, (2.30)
o _sgn(AP = 1) !
S ) = Bk ( * ( X)) , (231)

o2k (=5) ) =P GO, 4O € (2o\8Y5) e

where z € R? k(\) = k(\, E) is defined by (2.25),

b(k) := h(k, —F), (2.32)

where h is defined by (2.20); see e.g. [11], [19].
Note that 0—equations like (2.31) go back to [1], [3].

2.4 Some estimates related with 0—equation (2.31)

In particular, as a corollary of (2.30),
Y(z, (k(X))) # 0if |A] is sufficiently small or if |A| is sufficiently large. (2.33)
In addition, under assumptions (2.3), as a corollary of (2.16), we have
(e, W) < (1 - M(q, D, E, ), (2.34)
€ R? k(X) =k(\E) €Zg, p>pi(¢, D, E), |[v]|r=m) <4q,

where M is defined by (2.18), p; is defined by (2.19).
In connection with equation (2.31) we consider also

() = S8, (WD), (2.35)

where xg , is defined by (2.7).



Under assumptions (2.3), we have:

ug, € Ly2(C), 2<p<A4, (2.36)

where p > pi([|v]| L= (p), D, E);
lupplr,. < ger(D,p, E)(1 = M(q, D, E,p))~", (2.37)
|ug,llz,. =0 (q) as ¢ =0, (2.38)

for fixed £ > 0, p > p1(q, D, E), D and p, where ||v||zp) < ¢, M is defined by (2.18), ¢1
is a positive constant, 2 < p < 4;

g, (V)] < a(27) (1= M(g.D.E.p) " [ do Ae (2.39)

where [|v|p(py < g, M is defined by (2.18), p > p1(||v]|L=(p), D, E); see formulas (4.4),
(4.12), (4.18), (4.19) of [19]. In connection with (2.36)-(2.38) we recall that L,»(C) is
defined in (2.27).

2.5 Final remarks

We recall also that, under the assumptions (1.7), (2.3), at fixed E, the scattering amplitude

f uniquely determines the Dirichlet-to-Neumann map ® and vice versa; see proposition
4 in [18].

In turn, ®(F) uniquely determines h on <<ZE\81/E> \5E> X Yg; see [18].
Note also that f at fixed F uniquely determines h on ((EE\Sf/E> \8E> X Y via a

two-dimensional analogue of the construction given in [20].
As a corollary, problems 1.1, 1.2 of section 1 are reduced to problem 3.1 of section 3.

3 Global generalized Riemann-Hilbert problem

Let
E
A=Ag,= {/\EC : g\m—m—l\ <p}, E>0,p>0,and (3.1)
OA = OAg, be the boundary of A in C with the standard orientation.
Note that

Yp,~ C\Ag,, (3.2)
where this isomorphism is given by formulas (2.23), (2.24).



Let
] 1
W(A <) = %sgn(|/\|2 -1) [Z Inw; (A, <) + glnwg()\,g)]

1 AR, A
+/ 9{sgn )\2—11(———>] dn|, A ¢ € 0A, 3.3
26 (AP =1)i { = B |dn) (3.3)
where .
¢— A 2=
W1_§—ﬁ’ wz_—_l_i’
< Al

0 is the standard Heaviside step function.

Remark 3.1. Note that
largw; (A, )| <m, A c€0A, i=12, (3.4)
and the logarithms in (3.3) are well defined by the condition |S1lnw;| < 7.

In particular, we have
W e L,(0A x OA), p>1, ON=0Ag,, £>0, p>0. (3.5)

Lemma 3.1. Let v satisfy (2.3) and let p > p1(||v||L(p), D, E), where py is the constant
in (2.17). Let ¥* ¢ be the eigenfunctions of subsections 2.1, 2.2. Then the following
relation holds:

Uz, k(N) =T (2, k(N)) + » WA )h(k(N), k()T (z,k(c))ds, A€ dN.  (3.6)

where k(X\) = k(A E) is given by (2.25), W(\,s) = W(A, ¢, E) is given by (3.3), h is
defined by (2.20) and the integration is taken according to the standard orientation of the
OA.

Lemma 3.1 is proved in section 6.
Note that, under assumptions (2.3), as a corollary of (2.20), (2.34), we have

[R(k(A), k()] < q(2m) 2" (1 ~ M(%D,E,p))l/ dz, (3.7)
D
)\7§ €O\ = aAE,,m p > pl(Qa D7E>7 HUHLOO(D) < q,
where M, p; are defined by (2.18), (2.19),

L = max |z|. (3.8)
x€0D

As a corollary of properties (2.8), (2.30), (2.31), (3.6) of the functions )™ and ¢ (and
using (2.36), (2.39)), we obtain the following proposition:

9



Proposition 3.1. Let v satisfy (2.8) and let p > pi(||v||z(py, D, E), where p;1 is the
constant in (2.17). Let 1,0 be the eigenfunctions of subsections 2.1, 2.2. Then at fized
r € R%:
1. YT (x, k(X)) is holomorphic in A € A and is continuous in X € AU IA;
2. (x, k(X)) has the properties (2.30), (2.31) for A € (C\0)\(AUOA) and is continuous
in A € (C\0)\A;
3. YT, 1 are related on ON\ via (3.6).

Now we consider the following generalized inverse scattering problem for equation
(1.1).
Problem 3.1. Given the Faddeev functions h on OAXIA and b on (C\0)\A, find potential

v on D.

The approach of the present work for solving problems 1.1, 1.2 and 3.1 is based on the
reduction of problem 3.1 to the following generalized Riemann-Hilbert problem.

Problem 3.2. Given functions h on OA x A and b on (C\O)\A, find functions ¥t on
A and ¢ on (C\O)\A satisfying the properties of the items 1,2,3 of proposition 3.1.

Note that in problems 3.1, 3.2 we consider h,b and 9™, as

h=h(\CE) = h(k(N), (), N\ ¢ €A, (3.9)
bt =t (N E) = ¢ (2, k(N), A€ A, (3.10)
b=z, \ E) = (z,k(\), b=b(\ E)=bk(N\), A€ (C\0)\A, (3.11)

where k() = k(\, E) is defined by (2.25), A = Ag,, OA = OAg, are defined in (3.1), h
is defined by (2.20) and b is defined by (2.32).

In addition, if v is the function of subsections 2.2, 2.3, 2.4, then it determines the
potential easily. Indeed, due to (1.1), (2.33), we have

A, + FE
oy = (Bt B )
P(x, k(N))
if |A| is sufficiently small or if || is sufficiently large.

for all x € R? (3.12)

Prototypes of problems 3.1, 3.2 for the case of equation (1.1) with £ < 0 were consid-
ered in section 8 of [19].

Generalized Riemann-Hilbert problems like problem 3.2 go back to [15] and to [9],
[12], [11].

We say that problem 3.2 is a generalized Riemann-Hilbert-Manakov problem.

We say that the results of lemma 3.1 and proposition 3.1 are global and that the
related problem 3.2 is global, since these results and problem are formulated for general v
satisfying (2.3) and, in particular, without the assumption that &g = ), where £ is the
set of Faddeev exceptional points at fixed F.

The reduction of problem 3.1 to problem 3.2 follows from proposition 3.1 and, for
example, from formula (3.12).

10



4 Integral equations for solving problem 3.2

4.1 Formulas and equations

Let A
pt(N) = e * Vet N E), N e A, (4.1)
n(A) = e V(e N E), A€ C\A, (4.2)
(e, 3, B) = eS0T =1 0y gy (4.3)
Y Y A ) *

e 2Nz (\), X e C\0,

R(x,\, ¢, B) = eMOFOTW (X ¢ EYh(X, ¢, E), A, ¢ € OA, (4.4)

where ¢ 1) and h = h(\, g, E) = h(k()),k(5)), b = b(\, E) = b(k()\)) are the functions of

Problem 3.2, x(A\) = xg,(k()\)) is defined via (2.7), w(\) = ug,(\) is defined via (2.35),

k(X) = k(A E) is defined by (2.25), W is given by (3.3), A = Ap, is defined by (3.1).
Let

(N = e(w N E), X000 = X;(mAGE), j=12, ACEC,  (45)
be defined as the solutions of the following linear integral equations:
o1 ——dR(AIC
(W =11 [ e ¢ BRI (4.6
1 d%%(d\sg 1
X0+ % [ RO = 5 (4.7)
1 —dR(d 1
X0+ = [ e RO = s (1.8

In addition, we consider also
Ql()‘v C) = X1(>‘7 <) + ZXZ()‘v C)? QQ()‘7 C) = X1<)‘7 C) - ZX2<)‘7 C): >‘7 C S C. (49)

Note that if (2.36) is fulfilled, then equation (4.6) for e(-) and equations (4.7), (4.8)
for X;(-,¢), j = 1,2, are uniquely solvable in L,((C), p/(p — 1) < ¢ < 2, where L, is
defined in (2.27). In addition:

e(-) e C(CUx), e() =1, (4.10)
le(A) = 1] < ea(ro, p),
0.0~ 5| < el g5 (1)
1

[Q2(A, Q)] < ca(ro,p) (4.12)

2IC — NPT

11



where
o = HT’(Z‘, N E)”LP,?’ rIOH—I}O CQ(To,p) = O (413)

Note that rg is independent of z € R2.
In connection with the functions e, X, Xs, 21, )5 and related results we refer to chapter
3 of [26] and to section 6 of [19].

We define
Pt(N), A€ AUOA,

Y = { B(V), A€ (CLO\A.

where ¢*, ¢ are the functions of problem 3.2. In addition, we consider y', u™, u, where

(4.14)

R BTN (19

Theorem 4.1. Let the data h and b of problem 3.2 satisfy the following conditions:
up, € Ly2(C), 2 <p <4, (4.16)

h(-,-, E) € C(OA x OA), (4.17)

where ug,, is defined by (2.35), W is defined by (5.3), ON = OAg,, is defined in (3.1),
p > 0. Let ¢/ be a solution of problem 3.2. Then for u' defined by (4.15) the following
formula holds:

271

O =)+ 5 [ BOOKOK - 5 [ BOORTE, AeCion, (@1
where the integration is taken according to the standard orientation of OA,
K() = 1t(\) — u(A), A€ 0A. (4.19)
In addition, this K = K(x, \, E) satisfies the following linear integral equation

K +faA (z, AN, E)(e(N)+
2 Jon QAN (1= (V| = 1)), K (O)dC = 35 [ V. QOK(QdC) dX =0, A€ OA,
(4.20)

where R is defined by (4.4), Q1,8 are defined by (4.9) and the integrations are taken
according to the standard orientation of OA.

Note also that
[ =003 = 1)K (e - (4.21)
lim / QN (1 —e(JN]=1)),)K(¢)d¢, N € OA.

0<e—0 A

12



Formula (4.18) is similar to formula (6.7) of [19]. Equation (4.20) is similar to equation
(6.11) of [19].

Theorem 4.1 is proved in section 7.

Consider

I = I(#,\, E) = — / Rz \ N, E)e(N)dN, A€ an, (4.22)
OA
AN C) = Az, \ G, E) = L,/ Rz, N, YN (1= 0(|[V] = 1)), )d,  (4.23)
oA

27

—1

A0 0) = Ax(e A E) = [ R AN BN, QX A eon,
Tt Jon

where R, e, (1, are the functions of (4.4), (4.5), (4.9).

Proposition 4.1. Let the assumptions of theorem 4.1 be fulfilled and K be the function
of (4.19), (4.20). Then K, K satisfy the following system of linear integral equations

K(A) + » Ar(A QK (Q)d¢ + . Ax(A, QK (Q)dC = I(N), A € DA, (4.24)
K(\) +/ AQ(A,C)K(C)d(+/ A1(N Q) K(Q)dC = T(N), X € 0A, (4.25)
OA oA
where I, Ay, Ay are defined by (4.22), (4.23). In addition,
I e LQ(@A), Aj € L2(8A X GA), 7 =12, (426)
||Aj||L2 —0 fOT' Hh”c — Oa ro < Tfixed, ] - 172, (427)

where |x| < ¢ for fized ¢ > 0, ry is defined in (4.13)

Proposition 4.1 is proved in section 6.

4.2 Analysis of equations

Due to estimates (4.26), the system (4.24), (4.25) can be considered as a Fredholm linear
integral equation of the second type for the vector-function (K, K) € Ly(0A,C?) with
parameters z € R? and E > 0.

The modified Fredholm determinant detA for system (4.24), (4.25) can be defined by

means of the formula:
IndetA = Tr(In(Id + A) — A), (4.28)

where system (4.24), (4.25) is written as

e ()

For the precise definition of detA, see [10].
In addition, we have the following lemmas:

~ i~

) . (4.29)
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Lemma 4.1. Let v satisfy (2.3) for fized D and A = Ag, be defined by (3.1) for fived E
and p. Let Ay, As, I correspond to v according to formulas (2.10)-(2.13), (2.20), (2.32),
(3.9), (3.11), (4.3), (4-4), (4-22), (4.23). Let |x| < c for fized ¢ > 0. Then:

||Aj”L2(8A><8A) — 0, ||I||L2(8A) — 0, fO’/' ||U||L°°(D) — 07 j = 1,2, (430)

system (4.24), (4.25) for (K, K) € Lo(OA,C?) is uniquely solvable by the method of
successive approzimations when ||[v||p~py is sufficiently small (for fixzed D, E,p and c).

Actually, lemma 4.1 follows from estimates (2.38), (3.7), (4.10)-(4.12), (4.27).

Lemma 4.2. Let v satisfy (2.3) for fived D and A = Ag, be defined by (3.1) for fized
E and p, where p > pi(q, D, E), |[v||rpy < @, p1 is defined by (2.19). Let Ay, Ay, 1
correspond to sv according to formulas (2.10)-(2.13), (2.20), (2.32), (3.9), (3.11), (4.3),
(4-4), (4-22), (4.23) (with sv in place of v), where s €] — s1,51[, where s1 = q/||v||L=(D).
And let detA = detA(x,s), x € R? s €] — sy, s1[, be the modified Fredholm determinant of
the related system (4.24), (4.25) (where detA depends also on v, E and p). Then:

detA(x,0) =1, xcR? (4.31)
detA € C(R?x]— sy,s1[, C), (4.32)
detA(x, -) is real-analytic on |— sy, s1[ for fived x € R?. (4.33)

Lemma 4.2 is proved in section 8.
Using lemma 4.2 we obtain, in particular, the following result:

Proposition 4.2. Let A = Ag, be defined by (3.1) for firzed E and p, where p >
pi1(q, D, E), py is defined by (2.19), D is a fived open bounded domain in R? q is a
fized positive number. Then for almost each v satisfying (2.3) with ||v||ppy < q the sys-
tem (4.24), (4.25) corresponding to v (according to formulas (2.20), (2.32), (3.9), (3.11),
(4.3), (4.4), (4-22), (4.23)) is uniquely solvable for almost each x € R?.

Remark 4.1. We understand the statement of proposition 4.2 in the sense that if v
satisfies (2.3) and ||v||L~(py = q1 for fized qi, where 0 < 1 < gq, then for almost each
s €] — s1,81], where sy = q/qu, the system (4.24), (4.25) corresponding to sv is uniquely
solvable for almost each v € R2.

Remark 4.2. If the assumptions of proposition 4.2 are fulfilled, ||v||=(p)y < ¢, and system
(4.24), (4.25) corresponds to v, then, as a corollary of (4.32), the set of x, where the
system (4.24), (4.25) is uniquely solvable, is an open set in R2.

Proposition 4.2 is proved in section 8.
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5 Applications to the Novikov-Veselov equation

In this section we suppose that v and p satisfy the assumptions of lemma 4.2 for fixed D,
FE and q.
We define

he(k, 1, t) = hs(k, 1) exp[2it(k} — 3kiks — I3 + 31,15)], (k1) € 0LE, X 0XE,,,
bk, t) = by (k) exp|2it (k3 + &, — 3kik2 — 3kiks)], k € S,

where t € R, s €] —s1, 51|, 51 is defined as in lemma 4.2 and f;, hs, bs are defined according
to (2.1), (2.2), (2.10)-(2.13), (2.20), (2.32) with sv in place of v. In addition:

he(k(A), k(). 1) = he(k(A), k(<)) exp[i B 2H(A* + A0 = ¢* — ¢79)] (5.2)
=: hst(N, 6, E), (A g) € OA x OA,

by (k(N), £) = bs(k(\)) exp[it B¥2(M\3 + A3 + X+ X )]

—: by (A, E), A€ (C\0)\A,

where t € R, s €] — 51, 51[, k() = k(\, E) is defined by (2.25), A = A(E, p) is defined by
(2.31).

We consider problem 3.2 of section 3 with h = hgy, b = bsy, T = ;ft. As in section
4.1, we consider the reduction of this generalized Riemann-Hilbert-Manakov problem to
formulas (4.14), (4.15), (4.18), (4.19) and the system of equations (4.24), (4.25), where
o=y €= e, Qo= Qi = 1,2, K = Koy, [ = Iy, Aj = Ajor,j = 1,2 In
addition, as in section 4.2, we consider det A(z, s,t) for the aforementioned system (4.24),
(4.25).

We expect that using ideas of [12], [13], [11], [19] and of the present work one can
obtain the following result:

Suppose that det A(z,s,t) # 0 for x € Xt € T at fixed s €] — sy, s1[, where X is an
open domain in R?, 7 is an open interval in R, 0 € T, s is defined in lemma 4.2. Then
there is a real valued vs(+,t) such that:

vs(+,0) = sv, (5.3)
where sv is the potential of lemma 4.2;
_Axw::t + Us(xu t) ;:t - Ew:t) _A$¢S,t + Us(x7t)1/}s,t = E¢S,t7 (ZE, t) € X X T7 (54)

where ¢, = ¢7,(z,A), A € A, and ¥,y = Yg(x, A), A € (C\0)\A, solve the aforemen-
tioned problem 3.2;

v = vs(x,t) solves the Novikov-Veselov equation (1.9) in X x 7 with appropriate
w = wy(z,t) (and satisfies (5.3) on X).

These studies will be given in detail elsewhere.
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Note that, actually, the zeroes of det A(x,s,t) describe the blow-up points of the
potential v,(x,t).

It remains to note that in similar way to proposition 4.2 and remarks 4.1,4.2, for
almost each s €] — sy, s1[, we have that det A(z,s,t) # 0 for almost each (z,t) € R? x R;
and the nonzero set of detA is open.

6 Proof of lemma 3.1

6.1 Lemma for Green functions

Let
Z =11 +ivy, T =11 — ixy for x = (21, 29) € R% (6.1)

Lemma 6.1. The following formula holds:

1 . _
G(z,k(\) — G* (2, VE) = a7 L WA, B)eVEREH=qc N ce oA, (6.2)

where G, G" are defined in (2.11), (2.1), W is defined by (3.3), k(\) = k(\, E) is defined
in (2.25), A = Ag, is defined in (3.1).

Proof of lemma 6.1. We recall that

d 5 _ sgn(|A] — 1)62‘ (=1/X)z
_aXG< k() = — RN X e (C\O\T, (6.3)
0 o Sgn(‘)\‘Q B 1) 7 T

where G is defined by (2.11), (2.12), k(X) = k(\, E) is defined by (2.25), T is defined by
(2.22); see [19].
Note that

k(—1/N)z = —@(Xz +z/)), k(N)z = g(Aﬂ z/N). (6.5)

Using the Cauchy formula for e*(=1/Y7 /X and ¢*™ /X we have

ercime g = L[ LB By (6.6)
21 Jon € T\ ’
ez’k()\)x/)\ _ L lei@/2(<3+2/<)£’ A€EA. (6.7)
271 A S c—A

Due to (6.3), (6.4) and (6.6), (6.7) we have
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a 2 _]. 1 i E - = /= d?
e = — 1 - o v /2(§Z+Z/§)—_ A 1 .
G ) =sen(AP — Do [ e S xeA DAL 69

on 47< <—
0 1 1 . - dg
—G(z,k(\)) =sgn(|A\? —1)=— [ —eVFAF=A_—2_ Ne A, [N#£1 (6.
55 C (2, k(A)) = sgu(|Al )27”./(%47“6 —x MEA AL (69

Formulas (6.8), (6.9) remain also valid with G(x, k(\)) replaced in the left hand side by
G(x,k(\) — G*(2,VE), where G* is defined in (2.1).
Integrating the differential equation for G — G we obtain
G(z,k(\) — G (2, VE) = u(z, \) + [G(x, k(o)) — G* (2, VE) — u(z, AO)] . (6.10)
for Ao = Ao(A), A € AN Dy, or for A\g(A\), A € AN (C\Dy),

where D; is defined by (2.29), Ao = Ao(A) = (1 + 0(|A|? — 1)),

[Al
Sgn(\w—l)/ L ~VE/26242/9) |y (e — Nde
\) — i 2 +2/9) 1p (e — N)d 6.11
u(z, A) i » e’ n(S — A)ds (6.11)
2 _ . _
_sgn(AF - 1) / L VB2 1n(c - Nde, A € A\T,
2mi an 4ms

where notation 1+ 0(|A|?> — 1) is like in (4.21). In the last expression logarithm is chosen
such that |¥1In()| < 7.

We change the variable ¢ — —1/< in the first integral on the right and obtain the
formula

2 - . —_ -_— —_—
u(z,\) = _M/ cIVE/2(E+2/<) E In(c—A) +cln (Tl — )\)} de, AeA\T.
dA

8m2i
(6.12)
In the last expression logarithm is chosen such that |1n(-)| < 7.
We choose \g as \g = ﬁ(l + 0) since the limiting values of G — G on the unit circle
T are given by (see [19, section 3|):

Gl k) = G (o VE) = gz [ VP59 s - 1 (1515 = 2 el
(6.13)

where 6 is the Heaviside step function. Using the Cauchy formula for eVE/2(Z+2/9) i
(6.13), we can rewrite (6.13) as follows:

1 61@/2(<§+z/<)dg
Gz, \) — G (x, E:—/ / X 6.14
(@ 20) = G2, VE) = o ( [ (6:14)
. >\|§1 A )1
0 lsgn(af = 1) (25— AN g,
sean( = v (2 = )
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In order to complete the proof of lemma 6.1 it remains only to put (6.14), (6.12) into
(6.10).

In addition, to justify remark 3.1, we need to prove (3.4). Assume that ¢ belongs to
the part |¢| = C of A = OAp, where

C = p/VE +\/(p/VE)? +1.

Since the point A belongs to the disk || < C' and the point A is strictly inside of the disk,
the angle o between vectors ¢ — A and ¢ — \g is strictly less then m. Thus |argw;| = |a| < 7
in this case. If ¢ belongs to the part || = 1/C of the boundary of A, then points A and
Ao belong to the part of the ray (emitted from A = 0) through the point A. This part
belongs to the region |[¢| > 1/C, and |arg w,| = || < 7/2 in this case. After the estimate
(3.4) for w; is proved, the estimate for ws becomes obvious if we replace —1/< by <.

[

6.2 Final part of proof of lemma 3.1

Let
Wo = ho(z, k(N)) = eFN7 = (iVE/20H2/0) )\ ¢ (C\O)\T, (6.15)

where k() = k(A, E) is defined by (2.25), T' is defined by (2.22).

We will denote by G*(vVE),G(k) the convolution operators with kernels G*,G of
(2.11), (2.1), and we will denote by G*(v/E)v, G(k)v the operators of multiplication by
the potential v followed by convolution G*(v/E) or G(k), respectively. Then, under the
assumptions of lemma 3.1, equations (2.1), (2.10) can be considered as linear integral
equations for ¢ (- k) 0(-, k) € L>(D), and can be rewritten as follows:

¢+('7 k) = (I - G+(\/E)v)_1¢0('7 k), ¢(’ k) = (I - G(k)v)_ldj()('a k)v (616)

for fixed k € ¥5\X g, where I is the identity operator.
Thus

(k) = (I = GT(VEW) ™ (I = Gk)v)y (-, k), (6.17)
¢('7 k) = (I - G+(\/E>U)_1<] - G+(\/E)U)¢(’ k)v k€ EE\EEW‘
Therefore,
Gl k) = Ut () = (T = G (VEW)  (GK) = G (VE)ub(- k) k€ Sp\S,. (6.18)

We take G—G™ from Lemma 6.1 and use there that ¢ (z—y, k(X)) = ¢o(x, k(X)) o(—y, k(N)).
This leads to

(G(k(N) — GT(VE))v (-, k(X))

! / W (A, o, k(&) o~y k(<)) dsv(y)ib(y, k(A))dy
D JOA

(27)?

= [ W )bo(x, k(s))h(k(s), k(N\)ds, X € IA,
oA

18



where we used also (2.20).
We plug the last relation in (6.18). It remains to note (see (6.16)) that
(I = G (VEv) (-, k(<)) = ¥ (w, k(<))

0
7 Proofs of Theorem 4.1 and Proposition 4.1
7.1 Proof of Theorem 4.1
Let
Ho(A) = i'(A) —e(N), (7.1)

po (A) = pt(A) = e(A),  mo(A) = p(A) —e(N),

where p/, u, p are the functions of (4.15), e(-) is the function of (4.6).
From formulas (4.3), (4.6) and from items 1 and 2 of proposition 3.1 it follows, in
particular, that

5%6(/\) = r(z,\, E)e(\), \eC, (7.2)
%%(/\) — (M E)(Y), A€ C\OA, (7.3)

po(A) — 0 as A — oo.

Proceeding from (7.3) and using the generalized Cauchy formula for 1 (see formula (10.6)
of chapter 3 of [26]) one can obtain

1

Ho(N) = 5— . 1(A, Q) Ko (C)dC — % /aA D(N, QOFo(Q)dG, A€ C\OA,  (74)

where

Ko(A) := pug (A) — po(N), X € OA. (7.5)
In addition, from (4.19), (7.1) and (7.5) it follows that

Ko(A) = K(\), A€ oA (7.6)

Formulas (7.1), (7.4), (7.6) imply formula (4.18).

Finally, equation (4.20) follows from the substitution of (4.18) into (3.6) using formulas
(4.4), (4.15), (4.19), estimates (4.10) - (4.12) and the jump properties of the Cauchy
integral.

This completes the scheme of proof of theorem 4.1.
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7.2 Proof of Proposition 4.1

Equation (4.24) follows from equation (4.20) and formulas (4.22), (4.23). Equation (4.25)
follows from (4.24).

Estimates (4.26), (4.27) follow from formulas (4.3), (4.4), (4.22), (4.23), estimates
(3.5), (4.10) - (4.13), (4.16), (4.17) and the estimate

HQ?UHLP(QA) < const(p, OA)||ul|L,@a), 1 <p < 00, (7.7)
where . (©)d

QOu)(\) = — We)%e A€ A 7.8
u is a test function on OA. ]

8 Proofs of lemma 4.2 and proposition 4.2

8.1 Proof of lemma 4.2

Property (4.31) follows from (4.28), (4.30).

Property (4.32) follows from continuous dependence of A;, Ay with respect to z € R?,
lz] < ¢, at fixed s €] — s1,s1] and continuous dependence of A;, Ay with respect to
s €]— s1, 1] uniformly in « € R?, |z| < ¢, in the sense of || - || .2(oaxan), for fixed ¢ > 0.

In turn, these continuities of Aj, A3 in x and in s follow from formulas (4.11), (4.12),
(4.23) and the following results:

(i) hloaxan depends continuously on s €] — s1, 5[ in the sense of || - [|caaxan),
(ii) up, depends continuously on s €] — s1, 5[ in the sense of || - ||z, ,«c), 2 < p < 4,
where h = h(k(X), k(s)), ug, correspond to sv according to (2.10)-(2.13), (2.20), (2.25),

(2.32), (2.35);
(iii) The following estimates hold:

)e’ka(A)x — 72N < Const-(VE(A+|A ) ]z—2)%, A e C\0, 2,2/ e R?, 0 < o < 1,

ei(k(C)—k(A))m . ei(k(q)—k(k))m’ < 2(E + 2p2)1/262pmax(|m|,\z’\)|x _ {L‘/|, S, = aA’ QT,ZE, e RQ,

(iv) If u € L,2(C),2 < p < 4, then (JA| + [A\7)*u(N) € Ly 2(C) (as a function of \),
2<p <p(l+ap/2)7', where 0 < a < (p—2)/p;
(v) The map (defined via (4.6))
r€ L,2(C) —e(-) € C(C)
is continuous and the maps (defined via (4.7), (4.8))

r€ L,s(C) = X; € C(C*\C,), j=1,2,
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C.={(\s)eC® : [A—¢| <e},

are continuous for any € > 0, where L, 5(C) is considered with the norm of (2.27), 2 <
p <4, and C(C),C(C*\C.) are considered with the uniform norms.

In order to prove (4.33) we consider sv, where s € C, and we consider hs = hy(k(X), (<)),
A, € OA, and by = bs(k(XN)), A € (C\0)\A, where hg, by correspond to sv according to
(2.10)-(2.13), (2.20), (2.25), (2.32) (with sv in place of v). Proceeding from these formulas
and equations and from (2.16), (2.17), (3.2), one can show that there is an open neigh-
bourhood A of the real interval | — s1, s1[ in C (where N depends on D, ||v|| e (py, E, p, q)
such that

N =N, ie. N is symmetric with respect to R, (8.1)

hs(-, -, E) € C(OA x ON), ug,s € Lp2(C), 2 <p <4, (8.2)
with holomorphic dependence on s € N,

where ug , s is defined by (2.35) with by in place of b.

Next, we consider e;, Xi 5, Xo 5, (15, (o 5 defined via (4.6), (4.7), (4.8), (4.9) with 7, in
place of r, where 7, is defined by (4.3) with b in place of b, where s €] — 51, s1]. And we
consider ei Xi 500 J = 1,2, defined via the following systems of equations:

5,07

1 dRCAS
L =12 [ ne B, TS 8.3
o =1- 1 [REc e T,
. dRCdSC 1
180’()\ C) + - /(CTS<:U s E)Xl,s,o(n7<) n— A - Q(C _ )\)7 (84)
. (S dRCASC 1
Xl,s,o(/\JC)+%/{CTU(I77]’E>X150< C) ﬁ_x - Z(E_X)a
dRCAS 1
X0+ 7 [ e B)Xz,, 0. 0TS = o, (8.5)
dRCASC -1

1 [
Xeah O+ - [l EIXE, 0050 = o

where s,0 € N, 1, is defined by (4.3) with b, in place of b. In addition, we consider also
917870'()\7 C) = 150'()\ C)+2X250()\ C)? Q2,S70<)‘7 C) = 150'()\ C)_ZXJS a(/\7<)7 (86)

where \,( € C, s,0 € N.
Let
S:={(s,0) ENXN : c=s€|—s1,5]}. (8.7)
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Using considerations of section 9 of chapter 3 of [26], one can show that systems (8.3),
(8.4), (8.5) for eiU,Xf&U,j = 1,2, for (s,0) € S, are reduced to the equations for e,
Xis,j =1,2, s € — s1,51[, are uniquely solvable in L{(C),p/(p — 1) < ¢ < 2, where p is
the number (8.2). In addition:

— X

_ ot _—_ - _ v+
es =¢€ e; =¢ Xjs=X s 8,80

5,87 5,8 7,8,8)

Qj,s — Qj,s,s> (88)

where j = 1,2, s €] — s1, 51[.
Using the definition of r; and holomorphic dependence of ug , s on s € N in (8.2) one
can show that
rs(z,-, E) € L,2(C), rz(z,-,E) e L,2(C), 2<p<A4, (8.9)
with holomorphic dependence on s,0 € N,
for fixed x € R?, E > 0.
Proceeding from these results and from properties of the integral operators in (8.3)

-(8.5) (presented in [26]), one can show that there is an open neighbourhood S, of S in
N x N (where S, depends also on v, F, p) such that:

systems (8.3), (8.4), (8.5) for e, ,, X, ,.j = 1,2, are unigely solvable in L,o(C), (8.10)
p/(p—1)<q<2 for (s,0) € S;;
e, € C(C), Q.. € C(C*\C.), j =1,2, for any £ > 0, (8.11)
with holomorphic dependence on (s,0) € S,

where C. is defined in item (v) in the proof of property (4.32);

1 c3(s,0,p) c3(s,0,p)
Q sa)\a - ) Q so')\v T~ N2/’ 12
1,s, ( C) C_>\ <‘C_)\’2/p ‘ 2,s, ( C)’<|C_>\‘2/p (8 )
where ¢35 depends continuously on (s,0) € S, and depends also on v.
Let
N, ={seN : (5,8 €8, }, R (8.13)
One can see that N, is an open neighbourhood of the real interval | — s, s;[ in C.
We consider
1
ALS()H C) = ALS(xv )‘a ga E) = 2_2 / Rs(m7 )‘7 >‘,7 E)Ql,s,s()‘,(l_ O(|)\/| - 1))’ C)d)‘/7(814)
T Jon

-1
AQ,S()\7 C) = A2,s($7 >\7 C? E) - % /{; Rs(xa )‘7 )‘/7 E)QQ,S,S()\Ia C)d)\/? )‘7 C € aA?
A

where R; is defined by (4.4) with hs in place of h, Q; 5,, s, are the functions of (8.6),
(8.11), (8.12), A\, € DA, s € N,.
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We consider also

Ajsi=Aj, =12 seN,. (8.15)
Using (8.2) for hy and (8.11), (8.12) for ;4,7 = 1,2, we obtain
A;s € Ly(OA x ON), j=1,2, (8.16)
with holomorphic dependence on s € N,

Using (8.15), (8.16) we also obtain

A, € Ly(OA x ON), j=1,2, (8.17)
with holomorphic dependence on s € Nj.

We consider A(z,s), where s € N, N N, defined using (8.14), (8.15) in a similar way
with A(z,s) for s €] — s1,s1[, but with Zj,s in place of A(x,s). Finally, we consider
det A(z, s) for s € N N AL

Using (8.8) for s, (8.16), (8.17), we obtain that

det A(x, s) is holomorphic in s € A, N A, for fixed z € R?. (8.18)

Property (8.18) implies property (4.33). O

8.2 Proof of proposition 4.2

Let v be as in remark 4.1 and let det A(z, s) be defined like in lemma 4.2.
Let

7 = {(r,8) € R*x] — 51,81 : det A(x,s) =0}, (8.19)
Zy:=1{s€]—s1,81] : detA(x,s) =0}, v€R?
Zy={r €R? : det A(z,s) =01}, s€]—s1,s].

Using (4.31), (4.33), we obtain that Z, is a discrete set (maybe empty) without interior
accumulation points in interval | — s1, s1[. Therefore, we have, in particular, that

Meas Z = 0 in R*x] — sy, 51]. (8.20)
As a corollary,
Meas Zs = 0 in R? for almost each s €] — sy, s;[. (8.21)

Property (8.21) implies the result of proposition 4.2 interpreted according to remark
4.1. ]
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