Inverse spectral results in Sobolev spaces for the AKNS operator
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Abstract

We consider the AKNS (Ablowitz-Kaup-Newell-Segur) operator on the unit interval with po-
tentials belonging to Sobolev spaces in the framework of inverse spectral theory. Precise sets of
eigenvalues are given in order that it together with the knowledge of the potentials on the side (a, 1)
and partial informations on the potential on (a — €, a) for some arbitrary small ¢ > 0 determine the
potentials entirely on (0,1). Naturally, the smaller is a and the more partial informations are known,
the less is the number of the needed eigenvalues.

1 Introduction and statement of the result.

In this short paper we consider the following operator acting in L?(0,1) x L?(0,1),

0 -1 d —q p
= —_— 1
H(p. q) (1 0>d:c+(pq ; (1)
for z in (0,1) and for real-valued square integrable potentials p and ¢ defined on (0, 1).

This operator is called the AKNS (Ablowitz-Kaup-Newell-Segur) operator. Let us recall that it is unitarily
equivalent to the Zakharov-Shabat operator. Moreover, the AKNS operator is related to the first operator
appearing in the decomposition as a direct sum of the Dirac operator in R3 with a radial potential and
it may be also named Dirac operator. Note that following [LS, Chapter 7.1] operators with symmetric
matrix-valued potentials can be transformed into operators with symmetric matrix-valued potentials
with vanishing traces. The AKNS operator is related to QCD (Quantum Chromodynamic) as model for
hadrons (see [S, Section 1]). Let us also mention that the AKNS operator is the self-adjoint operator of
the Lax pair associated to the one dimensional nonlinear cubic defocusing Schrédinger equation uy +
Uzz — 2|u|?u = 0. The vanishing trace property of the matrix-valued potential in (1) implies a negative

factor for the nonlinear term |u|?u and the corresponding Schrédinger equation is defocusing.
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}Z/ . The AKNS operator is associated
with the Dirichlet boundary conditions Y (0) = Y (1) = 0. One may also choose without loss (see Section

A vector-valued function of L?(0,1) x L?(0,1) is here denoted

2) of generality the boundary conditions Z(0) = Z(1) = 0 or more generally the separated limit boundary

conditions,
cosaY(0) + sinaZ(0) =0 2)
cosBY (1) + singZ(1) =0

for (o, B) € R%
The operator H(«, 3, p, q) shall denote the following self-adjoint operator

D(H(a,B,p,q)) = (F = ; belongs to H*(0,1) x H*(0,1) and satisfies (2)}

H(a,B,p,q)F =H(p,q)F, VF € D(H(c, 3,p,q))

The spectrum of H(a,3,p,q) is a strictly increasing sequence of eigenvalues (Ai(«, 3,p,q))krez. Each
eigenvalue A;(a, B, p, q) is simple. The spectrum is not bounded from below and the asymptotic expansion

of the eigenvalues is given by (see [A1]),

(Ae(a, B,p,q) —km —a+ B3),c4 € *(z). (3)

Note that the eigenvalues are properly labeled according to (3).

The main result of the paper is Theorem 1.1 below. This result gives the number of eigenvalues that are
sufficient in order to determine uniquely the pair of potentials when the following informations on the
potentials are already given. Firstly, the two pair of potentials are equal on the part (a,1) of the interval
(0,1). Secondly, the the pair of potentials are close enough in some precise sense locally inside the other
part (0,a) (see hypothesis (H') or (H") in Theorem 1.1).

For any real-valued function u defined on a subset of R, u®/)(z) denotes if it exists the derivative of order
j of the function u at the point  and (uy,uz)?) = (ugj ),ugj )) if u; and wus are real-valued functions

defined on a subset of R, for any j € N.

For any set of complex-valued numbers E and for all ¢ > 0, we set
np(t) =H{ec B | |ef <t} (4)
Theorem 1.1. Set (p1,q1), (p2,q2) € L?(0,1)x L?(0,1). Fiza € (0, 5] and suppose that (p1,q1) = (p2,¢2)

a.e. on (a,1).

Let a,3 € R2. Let S be a set of common eigenvalues of H(a, 3,p1,q1) and H(c, 8,p2,q2), i.e., S C
o(H(o, B,p1,q1)) No(H(a, B,p2,q2)). Set k € NU{0}, r € [2,+00] and assume that S is large enough

in the following sense,

1
M >0, ng(t) > 2an(,(A)(t)—k—l+;, teo(A), t>M, (H)



where in (H) the operator A denotes either H(«, 8,p1,q1) or H(«, 5, p2, q2).

Suppose also that,
€T = (Cl - x)ik((pl —p2)(33)7 (ql - q2)($)) € Lr(a - & Cl) X Lr(a -5 Cl), (H/)

for some arbitrary small € > 0.

Then (p1,q1) = (p2,q2) all over (0,1).
Remark 1.2.

1. In Theorem 1.1, hypothesis (H') may be replaced by the following assumption,
(pl —P2,q1 _QZ) S Wkﬂ-(a_E? CL) X Wk,r(a_&_’ G/), (ph CIl)(]) (a_) = (p27 q2)(j)(a_)7 .7 = 07 ) k_17 (H”)

for some arbitrary small € > 0. This shall be underlined in the next Section by proving that (H") implies
(H').

2. Let us emphasize here that the case r = +00o is considered in Theorem 1.1. In that case, the term % n

the hypothesis (H) is suppressed.

3. Only the difference of the pair of potentials is considered in assumptions (H') in Theorem 1.1 or (H")

in Remark 1.2 and not the pair of potentials themselves.

4. The partial informations (H') or (H") on the potentials are additional informations that allows to

remove k (or k + 1) eigenvalues from the known spectrum.

5. One may also suppose that one of the parameters o or 8 is not known and recover it from (3).

For the case of AKNS operators, related results are already obtained in [DG]. In [DG] the known spectra
S have the special form S = {)\;,;(p,q,, B), j € Z} for some given j, € N and the potentials are
supposed to be L2, that is to say, the particular case k = 0 and » = 2 is considered there instead of
k e NU{0} and r € [2,+00] as in Theorem 1.1.

This type of results have been initiated in [Ha], [HL] and [GS] for the Schrodinger operators. In 1978,
the case a = % with L! potentials is considered in [HL]. In 1980, it is proved that continuity assumption
of the potentials allows to remove an eigenvalue from the known spectrum (see [Ha]). In 2000, the results
in [Ha] and [HL] are largely extended in [GS] by considering any a € (0, 3] and C?* potentials allowing
to remove k 4 1 eigenvalues from the known spectrum. See also related results established in 1997 in
[DGS1] and [DGS2].

The steps of the proof of Theorem 1.1 are borrowed to [DG] (see also [L] for the proof that two spectra

determine the potential in the case of Schrédinger operators on the unit interval). Namely, we start from



the same entire function f (c.f. (5)) in Section 2 as in [DG] depending on the pair of potentials (p1,q1),
(p2, g2) and vanishing on S. 1) The first step consists into proving that f is actually entirely vanishing.
This point is the main point and it becomes the purpose of this paper. Let us mention that our approach
of that step is different to the one in [DG] even if there are similarities, that is to say, when setting k = 0,
r=2and S = {\;;j(p,q), j € Z} for some j, € N our proof is not becoming the proof appearing in
[DG]. 2) The second step is to derive that f equals zero implies that (p1,q1) = (p2,¢2). This step does
not depend on the assumptions (H') or (H”) in Theorem 1.1, it is effectuated in [DG] and it is therefore

not appearing here.

The proof of the first step described above relies here on [AFR] and [AF] where the case of Schrodinger
operators are analyzed in W*? spaces. There are also similarities with [A2] where the map u X & is proved
to be one to one for the AKNS systems with L? potentials (see [A2]). Let us also mention that still in
the case of the Schrodinger operators these type of results has been obtained in [GS] [DGS1] [DGS2] for

C?F potentials by different methods involving Weyl-Tichmarsch’s functions.

Let us outline the proof of step 1 described above. On one side, the assumptions (H') or (H") on the
potentials (p1,q1) and (p2, ¢2) allows us to derive a bound on the entire function f in the complex plane
which provides a first estimate of Ny-1(g) a density repartition of the zeroes of f according to Jensen’s
Theorem under the assumption that f is not entirely vanishing. On the other side, the assumption (H)
in Theorem 1.1 implies an estimate of density repartition of the common eigenvalues. Since the common
eigenvalues also are zeroes of f the last point provides a second estimate on Ny-1(g) the density repartition

of the zeroes of f. These two estimates are in contradiction. Therefore f is entirely vanishing.

The next Section is concerned with the proof of Theorem 1.1.

2 Proof of Theorem 1.1.

Let us first remark that we may suppose in Theorem 1.1 without loss of generality that « = § = 0.
Indeed from [A2, Remark 2.1], there is a unitary map in L?(0,1) x L?(0,1) denoted here U,z such that
o(H(a,B,p,q)) = o(H(0,0,Uns(p,q)) + a — B for any (p,q) € L*(0,1) x L*(0,1) and each («a,3) € R%
Namely, U,p(p,q) = (cosfp + sinfq, —sinfp,cosfq) a.e. on (0,1) with 8(z) = —2(a — B)z + 2a, for
x € (0,1). Therefore if S, (p1,q1), (p2,492), (o, B), a,k,r are given as in Theorem 1.1 then one may
apply Theorem 1.1 with S" =5 —a + 8, Uas(p1,¢1), Uap (D2, ¢2), (o, B) = (0,0), a, k,r to obtain that
Uap(p1,q1)=Uap (P2, 42)-

Next it is noticed that the assumption (H”) implies assumption (H') in Theorem 1.1. This point follows

from a Hardy type inequality. Namely, there exists a constant C' depending only on k € N and r € (1, +o0]



such that,

lu/d¥||r0,1) < Cllullwe.ro,1)
for any u € W*7(0,1) satisfying u9)(0) for j = 0,...,k — 1 where d(z) = z for a.e. x € (0,1). Let us
mention that, when r € (1, 400) this inequality may be proved by iteration on k using the same argument

appearing in the usual proof in the case k = 1. When r = 400 the proof of this inequality is simpler as

a consequence of the Taylor formula, starting from u(z) — u(0) = [ u/(t)dt for u € W1(0,1).

We now define the entire function f. Let us also recall that F(-, z, p, q) is defined on [0, 1] as the solution to
Hp, ) F(2,p0,9) = 2F(, 2,0,9), F(0,2,p,9) = ( 2 ) for any (p, ) € L?(0,1) x L*(0, 1) and for any z in
C and that u and v are the the two bilinear forms on R? x R? defined by u(a,b) = a1by —azbe, v(a,b) =

aiby + agby for any a = (a1,a2) € R? and b = (b1, by) € R?. It is already known (see [LS]) that each
component of z — F(x,z,p,q) is an entire function for all x € [0,1] and (p,q) € L?(0,1) x L%(0,1).

Let us define

o= (LG (e e o
for all z € C.

The first property of f is to vanish on any common eigenvalue of H(0,0,p1,q1) and H (0,0, p2, g2). This
point is proved in [DG] and we recall the proof for the sake of completeness: the derivative with respect

to x of the scalar product appearing in the r.h.s. of (5) equals —[F(z,z,p1,q1), F(x, z,p2,q2)] for any

z € C where the Wronskian [( gl ),( gl )] = G1Hs — G2H,. Integrating this equality gives
2 2

flz) = [F(w,z,pl,ql),F(m,z,pg,qg)ﬂfci% which vanishes when assuming that z € o(H(0,0,p1,¢1)) N
U(H(0707p27QQ))'

Proposition 2.1. Let (p1,q1), (p2,q2) € L?(0,1) x L?(0,1) Fiz k € NU {0} and let r € [2,+0o0].
Fiz any arbitrary small ¢ > 0 and assume that, x — (a — x)"%((p1 — p2)(2), (@1 — q2)(x)) belongs to

L"(a—¢e,a) x L"(a —€,a). Then there is a real positive number C independent on z € C such that,

&
e2|\rz|a

f2)l<C (e=%* 4 o(1)) (6)

|%Z|k+1—%

as € — 07 uniformly in z € C\R.

Proof of Proposition 2.1: Fix 0 < ¢’ < £ < a. The function f is decomposed as,

f(2) = [i(2) + f2(2) + f3(2), (7)

for all z € C where the domain of integration of f1, fa, f3 are respectively (0,a — ¢), (a — e,a — &’),
(a —¢€',a). Since F(z,z,p,q) = O(e/%1®) uniformly on z € (0,1) and z € C then f(z) = O(e?I32l(a=2)),



In particular,
o
82a| Sz

|f1(2)] < va (8)

for any | € N and z € C\R. In order to estimate fy and f3 one verifies that, for any a > &1 > &9 > 0, for
any £ > 0, for any k € Nand u € L"(a — 1,a — e2) with r € [1,+00], one has (% +L =1,

a—ez " . , o e(2a—52)£
/ 570 =) ula)do| < T(r’+ ) olartaame) g (9)

—e1

This inequality follows by first applying Holder inequality and then using the change of variable ¢ =
&r'(a — x).

Set u(z) = (a—2)~*(|(p1 —p2)(®)| +|(q1 — g2)(x)|) for a.e. x € (a—¢,a). By assumption, u € L"(a—¢, a).
Using (9) with 61 = ¢, g9 = ¢’ and £ = |Sz], one has that,

e(2a—5')\%z\

lf2(2)] < C ; (10)

Rk

and using (9) with e; = €', g2 = 0, £ = |Sz|, one sees that,

e2a|%z\
|f3(2)] < CHUHLr(a—s/,a)W, (11)
for all z € C\R.
In particular, (7) (8) (10) (11) prove (6) in Proposition 2.1 with o(1) = ||u|| 1 (a—c’,a)- O

Let E = (e;) be a family of real (or complex) numbers. For any ¢ > 0 let ng(t) denotes the number of
elements of £ counted with their multiplicity inside the closed ball of radius ¢ and centered at the origin.
Define

R
Np(R) = /0 ”Et(t) dt, (12)

for any R > 0.

As a corollary of the preceding Proposition we have the following result.

Corollary 2.2. Let a, k, r, (p1,q1) and (p2,q2) be as in Theorem 1.1. Assume that f is not entirely

vanishing. Then

4 1
lim Ny-1(0)(R) — iy (k +1- > InR = —o0. (13)
T

R—+o0 T

Proof of Corollary 2.2: it is a consequence of Jensen’s Theorem (see also [A2] for similar computations).
O

We shall now derive a second estimate on Ny-1(qy starting from hypothesis (H ) in Theorem 1.1 contra-

dicting (13) unless the function f is entirely vanishing.



Proposition 2.3. Let (p,q) € L?(0,1) x L?(0,1) and let o(H(0,0,p,q)) = (X\;(0,0,p,q))jcz be the
spectrum of H(0,0,p,q). The X\;(0,0,p,q) are indexed in such a way that (\;(p,q) — jw) € *(Z). Let S
be any subset of o(H(0,0,p,q)) verifying,

nS(t) > 2ano(H(0,0,p,q))(t) + ba Vte O’(H(p, Q))7 (14)
for some a € (0, %] and b € R. Define

R; = min(—A_;(0,0,p,9),;(0,0,p,q)), VjeN.
Then the sequence (Ns(R;) — 22R; — bIn R;)jen is bounded from below.

Proof of Proposition 2.3: the proof is similar to [A2, Proposition 2.3]. Define r; = max(—A_;(p, ¢), A;(p, q)),
Vj € N. Let kg € N be such that Ry > 0 for all k > ky. According to hypothesis (14),

TLs(t
ns(t

4ak + b, Vit € [Rg,mk]

4ak 4 2a + b, Vit e [’I’k, Rk+1[, VEk > ko (15)

) >
) >
and

Il J=1  Rpg
Z/ ﬁdt Z/ ZMkt;QGdt+blnR +0(1)

k=ko

-1 Rk+14 k Rii1 )
Z/ 2O g+ Z/ —“dt+blnR +0(1), (16)
%o

Ns(R;)

v

Y]

as j — 4o00.

We denote by T7, T and T3 the first, second and third term in (16) above. One has,

j—1
4a Z k(In Ry — In Ry,)
k=ko
Jj—1 Jj—1
40 Y (k+1)InRppy —kInRy) —4a Y InRiyq
k=ko k=ko
j—1
dajlnRj —4a »  InRypyy + O(1), (17)
k=ko

&2 Ritt 24
T = / —dt—l—/ — dt

k=ko
j—1 R
= 2a ) In—"+2alnR; +O(1), (18)
ko K

T

and



as j — +oo. The first term in (18) is O(1) as j — +oo since (Ry, — km) and (r — k) belong to £2(N).
Thus, (16) — (18) gives,

J
Ns(R;) > 4ajinR; —4a ¥ In Ry + (2a + b) In R; + O(1), (19)
k=ko
as j — 4o00. SincenR; =Inj+O(1), jlnR; = jlnj+ jlnm + O(1) and Zi:ko InRy =G+ 1) Inr+
(j+ %) Inj — j+ O(1) by Stirling’s formula, as j — +00, one sees that Ng(R;) > 4aj + bInj + O(1) >
%RJ— +bInR; + O(1) as j — +oo. This completes the proof. d

Proof of Theorem 1.1: Set
b<k+11). (20)
r

Again the case r = 400 is allowed. It is learned from Proposition 2.3 that (Ng(R;) — 22R; —bln j) ey is
bounded from below. If f is not vanishing then Corollary 2.2 implies that (Ns(R;) — 2R; — bln j)jen
goes to —oo as j tends to +oo with b defined in (20). This leads to a contradiction and the function f is
entirely vanishing. Using the same argument as in [DG], this fact implies that (p1,¢1) = (p2,¢2) on (0,1)
and Theorem 1.1 is derived. 0.
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