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using Moutard-type transform in spectral
variable®

P.G. Grinevich T R.G. Novikov*

Abstract

We continue to develop the method for creation and annihilation
of contour singularities in the d-spectral data for the two-dimensional
Schrodinger equation at fixed energy. Our method is based on the
Moutard-type transforms for generalized analytic functions. In this
note we show that this approach successfully works for point poten-
tials.
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1 Introduction

We continue studies of the two dimensional Schrédinger equation at fixed
energy F

~AY +v(z)y) = By, xR (1)

where v(x) is a real-valued function on R? with sufficient decay at infinity.
More precisely, for equation (1) we continue studies of the direct and
inverse scattering transform. We are focused on the simplest case of real
negative energy FE.
In order to define generalized scattering data B = Bp for equation (1) at
a negative energy F, one uses the Faddeev’s eigenfunctions ¢ = ¥ (x, k) (see
5, 6, 20, 7, 13]), specified by the asymptotic condition:

Y =e* (1+0(1) as |z| = oo, k€ g, (2)

where

Sp={keC*:k*=E}, E<0, Ec€R. (3)

We say that ¥ is the spectral variety for fixed E. We recall that ¥p ~ C\0
and has the following parametrization:

Sy — {k;E()\) _ (<A+§) 22@ (A—%) @) :)\GC\O}. (@)

We recall that the restriction of the Faddeev eigenfunction ¢ (z, kg()\)) to Xg
for each fixed x is a generalized analytic function with respect to the spectral
variable \; see [8, 7]:

Ul ke () = BT e 00), E <0, A€TW0, (3

and
Y =e*ENT (1 4 6(1)) as |A\| = oo and as |A| = 0. (6)

The coefficient Bg(\) in (5) does not depend on z, and plays the role
of generalized scattering data (0-spectral data) for equation (1). Here and
below, the notation f = f(A) does not mean that f is holomorphic in A.

For an introduction to the classical theory of generalized analytic func-

tions (pseudoanalytic functions), see [25, 2].



Note that for real v(z) the data Bg has the following symmetries (see
8]):

B G) _ _XBl. B (—i) ~ X B(A), AeC\0. (7)

We consider the following inverse scattering problem.

Problem 1. Given Bg(A) at fixed E < 0, find v(x).

Note that Problem 1 has direct applications to integrating the Novikov-
Veselov hierarchy; see, for example, [21, 7, 8]. Note also that Problem 1 ad-
mits direct applications to reconstructing potential v, supported in a bounded
domain, from the Dirichlet—to-Newman boundary map; see, for example,
(14, 15].

The standard approach to Problem 1 uses the following scheme:

B 2O Oy, (8)

It is well-known that Problem 1 is uniquely solvable and scheme (8) works
perfectly if B satisfies (7), and B € L,, p > 2, at the unit disc [A\| < 1 (see
8, 20]). These conditions are fulfilled if v(x) is sufficiently regular and |E)|
is sufficiently large. However, if Fy < F < 0, where E; denotes the smallest
discrete eigenvalue (ground state energy), then B and 1 have strong singu-
larities, which are typically contour poles, and the classical methods of the
generalized analytic functions theory do not work. In [8] hypothetical sol-
ubility conditions on the singularities at the contours were formulated. In
[10, 11, 12] we have shown that singularities with these constraints can be lo-
cally removed by applying the Moutard-type transformations for generalized
analytic functions. In turn, the construction of [10, 11, 12] was stimulated
by articles [23, 24] by [.A. Taimanov dedicated to the Moutard-type trans-
forms for the Dirac operators. For extra information about Motard-type
transforms, see also [18, 22, 17, 26, 19, 4].

In this note for the first time we show that, at least in some interesting
cases, our approach to creation and annihilation of spectral contour singu-
larities works globally. In particular, we demonstrate global creation and
annihilation of spectral contour singularities for the case of two-dimensional
analogs of the Bethe-Peierls-Fermi-Zel’dovich-Berezin-Faddeev point poten-
tials; see Sections 3, 5, 6.

As about other approaches to fixed-energy inverse problems for the Schrodinger
equation (1) in the case when Faddeev’s spectral singularities may be present,
see, for example, [20, 3, 16].



2 “Scattering” functions

We recall that for sufficiently regular v(x) the Faddeev eigenfunctions ¢ (x, k)
satisfy the following generalized Lippmann-Schwinger integral equation (see,
for example, [7, 20]):

vle.k) = e+ [[ Gl =y kvt by )

where

Gz, k) = e*g(x, k), (10)

zfac
k) kEeX R2, E <. 11
9(z, (%) //Rquzkg o keXp, weR, E<0. (L)

Here Y is defined by (4), G(z, k) is the Faddeev’s Green function for A+ 2.
Note also that

VIEIAL (Al =1,
VIEIAT, <1,

|REs(N)| + |Ske(N)| = { E <0, (12)

where kg is defined in (4).
In addition, the following formulas hold (see, for example, [7, 20]):

Be() = T Dy ) (13)

o [ @t (14)

Here By is the 0-spectral data arising in (5), b(\) = bg(\) = b(kg()\)) is
a part of the Faddeev generalized scattering data. Actually, b(A) can be
treated as a non-linear analog of the Fourier transform of the potential v(x).
For real v(z) the function b(\) has the following symmetries [8]:

b G) =b()\), b (—%) =b()\), AeC\0. (15)

Symmetries (15) are equivalent to symmetries (7).
If the potential v(z) depends only of the distance from the origin: v(x) =
v(|z|), then

where

b(A) = b(]A]), b(A) =b(N), A€ C\0. (16)
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3 Point potentials

For the two-dimensional analogs of the Bethe-Peierls-Fermi-Zel’dovich-Berezin-
Faddeev point potentials vy, (z) with support at the point z = {0}, the
following formulas hold (see [9]):

_ _ ikx _ ikz a )
¢_¢U,a(x7k) =€ MO,a(xak)_e |:]-+ 1—%1H(|§Rk‘|—|—|%k‘|) g([L‘,k) 3
(17)
b= bou(k) = [ — 2 a (18)
-0 T o — S n(|RE[ + [SK|)’

where g(z, k) is defined in (11), « € R, k € g, x € R?, £ < 0.

We recall that the function v ,(z, k) satisfies the Schrodinger equation
(1) with the point-type potential v(z) = vy o(x) and condition (2) at infinity
(the exact meaning of the Schrédinger equation with the point-type potential
is discussed, in particular, in [1], [9]).

In addition, the d-equation (5) holds, where v, b are given by (17), (18)
(see [9]). Note also that

0

5%,&(@(») = B(MNaga(ke()), E <0, XeC\0, (19)

where B(\) = Bg()) is given by (13), (18) and
k) = lim = (In(laD) iz ) 20
ao.0(k) = aga(k) = boo(k), k€ Xy, E<O. (21)

Finally, we recall that the spectral singularities of 1 = vy, and b = by o
are described as follows.
Let By = —exp(4n/a), a # 0, x # 0. Then (see [9]):

1. if E < Ey, then poq(z, kg(X)) and by o(kg(X)) are continuous in A €
(CUo0) (i.e. in this case there are no spectral singularities);

2. if £ = Fy, then poo(x, kp(N)) and by o (kg(X)) are singular in A on the
contour

Cpa=T={NeC:|\ =1},

and are continuous in A € (CU o0)\T;

5



3. if By < E <0, then pq(x, kg(X)) and by o(kg(A)) are singular in A on
the contours

Cpa={AeC: |\ =VE/E}U{NeC: |\ =E/E}

and are continuous in A € (CU 00)\Cg 4.

4 Moutart-type transforms for generalized an-
alytic functions

Consider the basic pair of conjugate equations of the generalized analytic
function theory:

Oz =By in D, (22)
Os* = —BY* in D, (23)
where D is an open domain in C, B = B(\) is a given function in D,

Oy = 0/0\; see [25].

Let f(A), f*(A\) denote a pair of fixed solutions of equations (22) and (23),
respectively. A simple Moutard-type transform M = Mg ; ¢« for the pair of
conjugate equations (22), (23) is given (formally) by the formulas (see [9]):

fr

Wy

)= Mip = 1) — W*f Pt = Myt = gt — S (25)
Wi, £ Wi, f=

where 1) and 9* are arbitrary solutions of (22) and (23), respectively, and
Wy e = Wy = (A) denotes imaginary-valued function defined by:

8>\w¢7¢* = 1/)¢*7 (9;\w¢7¢* = —W n D, (26)

where this definition is self-consistent, at least, for simply connected D,
whereas a pure imaginary integration constant may depend on concrete sit-
uation. The point is that the functions ¢, ¢* defined in (25) satisfy the
conjugate pair of Moutard-transformed equations:

(24)

Osib = B in D, (27)
030" = —B i+ in D. (28)



5 Creation of point potentials by Moutard-
type transforms

Let us start with the Schrodinger equation (1) with the zero potential v(x) =
0. In this case for £ < 0 one has:

O k) = et = e F 055) A e\, (29)
B(\) = Be()\) =0, (30)

where B(\) is defined in (13),
: _ . 1 , 1 ,
Z=x1+ 10Ty, Z=1T1 — 1Ty, 0, = E(am - Zaﬂﬁz): 0z = 5(8581 + Zam)’ (31)

and A is the same as in (4).
Let D, and D_ denote the set of points inside and outside the unit circle
respectively:

D, ={ eC:0<|)\<1}

D_={AeC: |\ >1} (32)

Equations (22), (23) with B = 0 have the following pair of solutions

isign( A\ — 1

FO) =1, ()= i ) for xeD, or AeD._. (33)

For the conjugate equation (23) with B = 0 we also consider the solution

v (z,\,E) = %exp [@ ()\2 + ;)

. , E<0, AeC\0. (34)

Consider Moutard-type transforms M* = Mﬁ,f, s+ for equations (22),
(23) in the domains D, respectively, constructed according to formulas (24)-
(26).

Theorem 1. Let By = /\/ljE B, Py = ./\/ljE rv, @/Ji B ppe0an
Dy, where B, 1, ¥* are gzven by (5’0) (29), (5’4) (and correspond to the
Schrodinger equation (1), with v(z) =0, E < 0), f(A\), f*(\) are given by

(33).



Then for a proper choice of integration constants in formulas (26) we

obtain: _
~ = msign(AX —1)

Bi(A) = B(}) = bo,a(kr(N)), (35)
72’1('27 A) = Q/Nf(za A) = Yoalz, ke (M), (36)
PL(zA) = 0°(2.3) = S0l ke(=N), (37)

where A € C\O, bg o, o are given by (18), (17).

The point is that the Moutard-transformed data B and eigenfunctions ?ﬁ,
¢* correspond to the Schrodinger equation (1) with the point-type potential
v(x) = vy (x), and, in particular, have spectral singularities if £y, < E < 0.

Proof of Theorem 1. Under our assumptions, for potentials wy s« (),
Wy, p«(A) in (24)-(26) the following formulas are valid:

. - M ct,, X€D
or ) =lBOD )] —i{ F NEDE (@
. ¢t (2), NeD
Wy (X)) = 4miG(z, N\, E) + i { CZ;*EZ% )\ e DlL (39)
_ + D
Wiy = Amisign(A\ — 1)G(z, —\, E) + 2{ Z;zg; ; E o (40)

where ¢} ., €5 ., € 1 (2), € 4 (2), Cf e (2), €5 ye(2) are some real constants
with respect to A\, G(z, A\, E) = G(x, kg(\)) is defined by (10), (11). Formula
(38) can be checked directly. Formulas (39), (40) can be also checked directly
using the relations

0 1 sign(AX—1) VIEl 1~z
5G(z,)\,E) =1 3 exp [ 5 ()\z + /_\> ) (41)
G(z,\, E) = G(z,\, E), where X\ € C\0, (42)

(see [20], page 423).
Using formulas (24), (30), (33) and (38) with c}“’f* = Crp = i we
obtain formula (35). Using formulas (25), (29), (33), (34) and (39), (40)



with ¢ ;.(2) = ¢ .(2) =0, and ¢} .(2) = ¢;,.(2) = 0 we obtain the
formulas:

_ - B B |E| /. _ 2\ At G(z,\, E)
a2 A) = 0(z ) = exp | =75 (A” )\> IO + In(|E|) — 47/’
(43)
* Tk . v ‘E| - E . 47TG<Z7_)\7E>
Vi) =¥z ) = 3 {eXp 2 (AZ * >\> I In(AN)] + In(|E[) — 47r/oz} ’
(44)
where A € C\0. Formulas (43), (44) can be rewritten as (36), (37). O

6 Annihilation of point potentials by Moutard-
type transforms

Now we start with the Schrodinger equation (1) with the point-type potential
V0,0 () mentioned in the Section 3 . In this case for £ < 0 one has:

_sign()\/_\ - 1) 1

B(A) = Bp(A) = X O T (E) —drja’ )
- B \/E _ z 41 G(Z, )\,E)
¥(zA) =9(z A, E) = exp [_T (r=+35)|- ()] + (| E) — 4r/a’
(46)
) . i \/E oz Ar G(z,—\, F)
V(2 0) =92 A E) = {exp 2 (AZ i X) ()| + In(|E]) — 4ﬁ/a} ’

(47)
and 1, ¥* satisfy the Schrodinger equation (1) with v(x) = vo.(z) and the
d-equations (22), (23), where B is given by (45), D = Dy.

In addition, equations (22), (23), where B is given by (45), D = D, have
the following particular pair of conjugate solutions:

1 1

f=aN=-2 | In(AN)] + In(|E]) — 47/a’

(48)



_ isign(AX — 1) ) = isign(AX — 1) 1
- ) CVZTT (O] + In(|E|) — 47/a
(49)

*

Here a(\) = ap(N) = ap(N) is given by (20), (21).

Theorem 2. Let By = Mﬁyﬁf*B, vy = /\/lgﬁf*@/), @Zi = /\/lﬁ’f’f*@b* in
Dy, where B, 1, ¥* are given by (45), (46), (47) (and correspond to the
Schrédinger equation (1), with v(x) = voo(x), £ <0), f(A), f*(N) are given
by (43), (49).

Then for a proper choice of integration constants in formulas (26) we
obtain:

B\ =0, (50)
Vi(z, N\ E) =(z,\, E) = exp —# </\2 + ;) : (51)
Pz M E) = 0" (2, M E) = %eXp @ (re+ )] (52)

where A € C\0.

The point is that the Moutard-transformed data B and eigenfunctions
¥, 1* correspond to the Schrodinger equation (1) with zero potential v(x) =
0 at fixed energy E < 0, whereas, in particular, the initial data B and
eigenfunctions v, ©¥* have spectral singularities if £y < E < 0.

Proof of Theorem 2. Under our assumptions, for potentials wy s« (),
Wy, £+ (A) in (24)-(26) the following formulas are valid:

) ct ArebD
* )\ = — )\ 'éf*7 +

s ) = o+ { B S (53

4ZG(Z7)‘7E) . Cj/)_f*(Z), )\€D+
v=— v 54
e | In(A\)| + In(|E]) — 47/ { ¢y p(2), A€ D, (54)

4i sign(A\ — 1) G(z, -\, E) ¢y (2), A€ Dy
= — — 0 55
= T TON (B —dnja T\ eru(e), Aep., D)

Where Chpes Chpes Coppe(2), €y 1 (2), € (2), .C;’d)*(,z) are some real constants
with respect to A\, G(z, A\, E) = G(z, kg())) is defined by (10), (11).

10



Formula (53) follows from the formulas

0 msign(AN — 1)
—a()\) = -
ox X

(a(0)", (56)

and ' -
A D (o) = T (57)

Formula (56) follows from the formulas (19), (21). Finally, formula (57)

follows from (48), (49).
To prove (54), we use the formulas:

VIE| (. 2 B At G(z,\, E)
¥(z,4) —exp [_T (AZ + X) T IO + In(|E]) — 4n/a’ (58)
9 p(5,0) = BB N = iz, 1) F OV, (59)

O\

and formula (42).
To prove (55), we use the formulas :

$(2,0) — L exp [@ (rz+ 5)] S A, (R e (60)

A 2 A A In(AN)| + In(|E|) — 47 /a’
ﬁiw*(z A) = A B(A\)Y*(z, ) = sign(AX — Da(\)y*(2,\) =
om0V T e VT (61)

= sign(A\ — 1) f(A)¢ (2, A),
and formula (42).
Next, we choose
Chpe=Crpe=0, ¢ p(2) = o (2) = e (2) = €5y (2) = 0. (62)
Formula (50) follows from the following computation:
B(\) = 7rs1gn(i\)\ — 1)a()\) N fre
A Wy, f*
. N —isign(AX—1)
msign(A\ — 1) a(N) === a(A)
= = A . = 63
ign(A\ — —msign(AX — 1
_ WSlgn(i)\ 1)a()\) = a(V) 7r81gn>(\ ) _o

11



Formula (51) follows from the following computation:

Dz, 0) = (2, A) — 2L p
Wfo*

_ VIE (. = 47 G2\, E)

- [_T Y oy o per e

" | In(A\)| + In(|E|) — 47/« %a()\) a (64)
| VIE 47 G(2,\, E)

- 2 <A i A> | In(AN)] + In(|E|) — 47/«

It G(z,\ F) a()

IO + In([E]) — 47 /aa(h)

— exp [—@ <>\2+ 5)]

2 A

Formula (52) follows from the following computation:
Whgp* o
P ) = 0T - P =
W, f
_Z ex —“|E’ </\2+ i) — dn G(z, =) +
7P| 2 M| T O+ In(|E]) — 47/
4iG(z,—N) MQ(A)
M—1)—2——— = 65
T O] + m(IB]) — /e 80 ) a(\) (65)
_ iex VIE| <)\2+E> i A G(z,—\)
AP T M| 7 X IO+ In(|E]) — 47 /a
i _47TG(Z,—)\) a(\) _ iexp VIE| <)\2+ i)
AMIn(AN)]| + In(|E|) — 47 /a a(A) A 2 VAl
This completes the proof of Theorem 2. ]
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