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Inverse problem for Dirac operators with a small

delay

Nebojsa Djuri¢ and Biljana Vojvodié¢

Abstract. This paper addresses inverse spectral problems associated with Dirac-
type operators with a constant delay, specifically when this delay is less than one-
third of the interval length. Our research focuses on eigenvalue behavior and operator
recovery from spectra. We find that two spectra alone are insufficient to fully recover
the potentials. Additionally, we consider the Ambarzumian-type inverse problem for
Dirac-type operators with a delay. Our results have significant implications for the
study of inverse problems related to differential operators with constant delay and
may inform future research directions in this field.

Keywords. Dirac-type operator, constant delay, functional-differential operator, inverse
spectral problem

1 Introduction

The main goal of this paper is to study a two-spectra inverse problem of recovering a system of
differential equations with delay. Specifically, we consider the boundary value problems B;(a,p, q),
j =1,2, for Dirac-type system of the form

By (z) + Q(x)y(z —a) = \y(z), 0<z<m, (1.1)

y1(0) = y;(m) = 0,

0 1 yl(w)] [p(x) q(x) ]
B = s xr) = )
5o o= [ olr) ()
as p(z),q(x) € L2(0,7) are complex-valued functions with Q(z) = 0 on (0,a) and the delay
a € (0,%). Let {Mj}nez, j = 1,2, be the eigenvalues of Bj(a,p,q). The inverse problem is
formulated as follows.

where

Inverse problem 1. Given the two spectra {\, j}nez, j = 1,2, construct p(z), g(z).
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The idea of using two sequences of eigenvalues for a Dirac-type system on a finite interval orig-
inated with Gasymov’s and Dzabiev’s classic paper [14], where they developed a constructive
solution based on transformation operators and obtained the characterization of the spectral
data. Two-spectra inverse problems for Dirac-type systems have been considered in [1, 11]. Re-
search on inverse problems for the Dirac operator with a delay started a few years ago, and the
first result in this direction is the paper [4]. In that paper, the authors restrict themselves to
the case of a“large delay” when the dependence of the characteristic functions on the potential is
linear. However, for the considered case, they achieved their objectives by answering a full range
of questions regarding uniqueness, solvability, and uniform stability. Very recently, progress has
been made in the nonlinear case in the paper [10], by proving that two spectra uniquely deter-
mine potentials if a € [27/5,7/2), yet it is not possible in the case when a € [7/3,27/5). In [26],
more research has been conducted for the case where a € [27/5,7/2) by giving a necessary and
sufficient condition for the solvability and formulating the stability of the inverse problem. The
question of whether two spectra are enough to uniquely recover potentials for a < 7/3 remained
unanswered. In this paper, we fill this gap by giving a negative answer to the question of whether
the unique construction of the potentials is possible from the two spectra.

The answer to this question will also be valuable in addressing similar issues with other types
of differential operators with delays. A major avenue for further research involves boundary value
problems associated with differential equations that include two delays. In the papers [21], [25]
authors study four boundary value problems D;(P,Q,m), m = 0,1, j = 1,2, for Dirac-type
system of the form

By'(z) + (=1)" P(z)y(z — a1) + Q(2)y(z — az) = Ay(z), 0 <z <, (1.2)

where % <a; <ag <,

P(z) = {m(iﬂ) Pz(af))} ., Qz) = {Ch(x) Q2($))} ’

pa(z) —pi(z () —q(
and py(z),p2(z), q1(z), g2(x) € L2[0, 7] are complex-valued functions such that

P((ﬂ) =0, z € (Oaal)a Q(x) =0, z€ (0>a2)'

Let {\};} be the spectrum of the boundary value problem D;(P,Q,m), j = 1,2, m = 0,1, and
assume that delays a; and ag are known. In the papers [21] and [25] the authors consider the
following inverse problem.

Inverse problem 2. Given the four spectra {)‘mj}n627 7 =1,2, m=0,1, construct the matrix
functions P(z) and Q(x).

It is obvious that equation (1.2) becomes equation (1.1) when P(z) = 0, and then Inverse problem
2 reduces to Inverse problem 1. In the paper [25] it has been shown that Inverse problem 2 has a
unique solution as soon as the delays a1, as € [27/5,7). One can easily conclude that the solution
of Inverse Problem 2 is not unique in the case ag € [/3,27/5). In fact, it has been shown in the
paper [10] that the solution of Inverse problem 1 is not unique for a € [r/3,27/5). Therefore,
taking P(x) = 0 in equation (1.2), we obtain the same conclusion for Inverse Problem 2. The
case a1 € [7/3,2n/5) and az € [27/5,7) has been considered in the paper [21]. It has been
established that Inverse problem 2 possesses a unique solution in the case where 2a; +ay/2 > T,
whereas no uniqueness holds if 2a; + a/2 < 7.
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In the paper [27], the authors introduced Dirac-type operators with a global constant delay
on a star graph consisting of m equal edges. They proved that the uniqueness theorem is valid
in the case when the delay is greater than one-half of the length of the interval.

Many of the differential equations with delays, primarily sourced from the literature in biolog-
ical sciences, await exploration. These encompass different types of models spanning population
biology, physiology, epidemiology, economics, neural networks, and intricate control mechanisms
of mechanical systems. The application of differential equations with delay is covered in the
books by Erneux [12], Polyanin [18], and Smith [19]. Additionally, Norkin [15] dealt with models
involving the Sturm-Liouville equation with delay,

—y"(x) + q(z)y(x —a) = My(z), 0<z<m.

For this reason, the inverse spectral problems for Sturm-Liouville operators with delay have been
studied in detail. Some important results in this field can be found in [2, 5, 7, 8, 9, 13, 16, 17, 20].
In addition, inverse problems for Sturm-Liouville operators with two delays have been thoroughly
investigated in articles [22, 23, 24].

The paper is organized as follows. In Section 2, we describe characteristic functions and
study the asymptotic behavior of eigenvalues. In Section 3, we construct the class of iso-bispectral
potentials p(z), ¢(z) that have the same characteristic functions. In this way, we show that two
spectra of boundary value problems B;(a,p,q), j = 1,2, are not enough to uniquely determine
the potentials p(x), ¢(z). In Section 4, we study the Ambarzumian-type inverse problem for Dirac
operators with constant delay.

2 Characteristic functions and spectra

S1 (.I‘, A)
52 (SE, A)
solution of Eq. (1.1) satisfying the initial condition at the origin:

Let a € [7/(N +1),7/N) for N € N and S(z,\) = [ } be the fundamental (vector)

S(0,)) = [ 0 } :
-1
The solution S(z, A) is the unique solution of the following integral equation
S(xz,A) = So(x, A) +/ Qt)B (A (x —1))S(t —a,\)dt (2.1)

where
sin Az sint  cost
So(z, A) = [_ cos )\;J , Blt)= {— cost sint] '

The method of successive approximations gives

N
S(x,A) =Y Sk(x,N),
k=0

x (2.2)
Sk(x,\) = : Q)BT (N(z —1))Sk_1(t —a, \)dt, x> ka,

Se(z,\) =0, x<ka, k=1,N.
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According to (2.2), we can calculate (see [10])

" cos AN(x — 2t; +a)
Sl(x,A)—/a @t) [—sin)\(m—ﬁﬁ-a)} e

x t1—a . _
Sa(z, N) :/2 Q(tl)/a Q(ts) [_Slcr;giggx _2t21t;rft22t)2)] dty dt;.

a

In a similar way, we obtain

Sa(e ) = | Q) / o) / o)

a a
cos A(x — 2t + 2ty — 2t3 + a)
|:— sin ANz — 2t + 2ty — 2t3 + a) dits dto diq,
and consequently, by induction, we determine the form of the functions Sy(x,A) for the case
k=n,n € Nis even, as

S = [ Q) dn / Qe [T g

n—1)a

(2.3)
sin)\(x—2t1 +2t2 —2t3+...—2tn,1 +2tn) dt
—COS>\(.”L'—2t1 + 2ty — 2t3+ ... — 2t,,_1 +2tn) ™
and for the case k = m, m € N is odd, as
T t1—a tm—1—a
Sm (@, A) = Q(tl)dtl/ Q(tz)dt2"'/ Q(tm)
ma (m—1)a a (24)
COS)\(I—Qtl —|—2t2 —2t3+...—|—2t7n_1 —th+a) dt
7Sil’l)\($*2t1 +2t2 72t3+...+2tm_1 —2tm+a) m
The functions
Aj(N) =s;(m,A), 7=1,2, (2.5)

are called the characteristic functions of the boundary value problems B;(a, p, ¢). These functions
are entire in A and their zeros coincide with the eigenvalues of B;(a,p, q).

In order to express the characteristic functions in a more convenient way, let us introduce
the notation for the functions Sy (z, A) given in Eq. (2.2):

_ |suk(@ N
Sk(:v,/\) = |:52,k($,)\):| , k=1,N.
Taking Eq.s (2.1), (2.3), (2.4), and (2.5) into account, we can rewrite the characteristic functions
as
N
Aj(A) = s5(mA) = sj0(m, N) + Y sk, A), 5=1,2. (2.6)
k=1
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Now, let £ =1, N. Then, for the case k = m, m is odd, the characteristic functions become

ti—a tm—_1—a
smm) = [t / oo | (Q’;?l(m,tz, )
ma a

cos)\<7r—2t1 + 2ty — 2t3 + -+ + 2,1 —2tm—|—a)> dt,,

t1—a tm—1—a (2'7)
7/ dtl/ / QTQ(tl;tQ;"' atm)
ma l)a a
SiIl)\<7T — 2t1 + 2t2 — 2t3 + 4 2tm71 — 2tm + a>> dtm,
and for the case k = n, n is even,
tl a tn 1—a
Sj’n ™, )\ / dtl/ / (Q;‘l’l(tlath" 7tn)
na (n
SiH)\(ﬂ' — 2ty + 2ty — 23+ -+ — 2t 1 + 2tn>> dt,
tl a tn 1—a (2.8)
/ dtl/ / Q7 y(tr, b2, ooy tn)
na (n— 1)a
COS)\(ﬂ' —2t1 4+ 2ty — 2tz + ... — 2t,,_1 + 2tn>) dt,,.
where we use the notation Q;l(tl, to, - ,tr) for the entries in the j—th row and /—th column of

the matrix
Qk(tlatQa e atk») = Q(tl)Q(tQ) e Q(tk)

One can easily show that next relations hold:

Qi (1,2, tr) = (1) QB (tr, to, -+ ), (2.9)
le(tla t27 o atk) = (_1)k+1Q’f2(t1at2a U 7tk)

It is obvious from (2.7) and (2.8) that the next asymptotic holds
sjk(m, ) = O(exp (|ImA|(7 — ka))), |A| = oc. (2.10)

Taking equations (2.6),(2.7), (2.8) and (2.10) into account, we derive the asymptotics of the
characteristic functions given in Eq. (2.6), for |A\| — oo,

™

A1(A) =sinAr + / p(t) cos A(m — 2t; + a) dty

— /7r q(t)sin A(m — 2t; 4+ a) dt; + O(exp (JTmA (7 — 2a))>, (2.11)
Ag(N\) = — cos A + /7T q(t) cos A(m — 2t1 + a) dty
N /” p(t)sin \(m — 2t; + a) dt; + O(exp (|ImA|(m — 2a))>. (2.12)

Therefore, the following theorem can be proved using the standard method [5, Lemma 3], Rouche’s
theorem, and Eq.s (2.11), (2.12).
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Theorem 2.1. The boundary value problems B;(a, p,q), j = 1,2, have infinitely many eigenvalues
{>‘7l,j}neZ Of the form

1
An.j :n—i-Tj—l—o(l), |n| — oo.

Lemma 2.1. The specification of the spectrum {\, ;}nez, j = 1,2, uniquely determines the
characteristic function Aj(\) by the formulae

AN =711 =N ] And =X o (%) 2 =] if’f 1_/; &P (n)\l/Q)'

n
In|EN neZ

Proof. The proof can be performed similarly as in [3, Theorem 5] using the Hadamard factoriza-
tion method. O

In addition to examining the asymptotic behavior of the characteristic functions, solving
the Ambarzumian-type inverse problem requires considering appropriate combinations of these
functions and determining their asymptotic behavior. For that purpose, let us introduce the
functions:

L) = (Al()\) + A1(=A) +i(Ar(N) — AQ(—/\))>, (2.13)

1
2
) 1 )

It follows from Eq.s (2.6), (2.7), (2.8), (2.9), (2.13) and (2.14) that

N
LV =3 Lalh). M) =3 My,
k=1

-

holds for

™ t1—a tpk—1—a
L= [Can [T dne (Qé_w(m(thtg,-'- )
ka (k—1)a a

(2.15)
expiA(m — 2t + 2ty — 2t3 + -+ + (=1)F 12ty + (—1)F2t) + a@(k))) dty,

™ t1—a t—1—a
Mk(A)z(_1)k+1/k dt, /@1) dtg.../ (Qlf+¢(k),1(t1,t2,...,tk)

(2.16)
expiA(m — 2ty + 2ty — 2t3 + ... + (—1)F 121 + (—1)72¢t, + aga(k:))) dty,

where ¢(2k) = 0 and ¢(2k — 1) = 1, k € N. In particular, the following asymptotic formulas are
valid for ImA > 0 as |A] — oo:

L, (A) = O(exp(—iX(m — ka))), Mg(X) = O(exp(—iA(m — ka))).
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3 Iso-bispectral potentials

In this Section we shall establish non-uniqueness of the solution of Inverse problem 1. Specifically,
we construct an infinite family of iso-bispectral potentials p, (z) and gs(z), o, 8 € C, i.e. for which
both problems Bi(a,pa, gs) and Ba(a, pa, gs) posses one and the same pair of spectra. For that
purpose we use the ideas of the construction of the counterexample from the papers [9] and [10].
We restrict ourselves with potentials vanishing on the interval (3a, ) and using (2.6,2.7,2.8) we
obtain the following representation of the characteristic functions

3a 3a
Aq(A) :=sin Aw + / p(t) cos A(m — 2t + a) dt — / q(t)sin \(m — 2t + a) dt

a

+/2 / s) +q(t)q(s)) sin A(m — 2t + 2s) ds dt
i /2 /a (a(t)p(s) = p(t)a(s)) cos A(m — 2t + 25) ds dt,

3a 3a
As(A) :=—cos A + / p(t)sin A\(m — 2t + a) dt + / q(t)cos A(m — 2t + a) dt

a

_/2 /t a s) +q(t)q(s)) cos \(m — 2t + 2s) ds dt,
" /za / (q(t)p(s) — p(t)q(s)) sin A(mw — 2t + 2s) ds dt.

Let us assume that the delay a is known. For fixed a € (0, §) let us define the integral operator

Ta/2—x
th(:zc):/3 f(t)h(t+$*g) dt, x € (3261,2(1),

a/2

for some non-zero real function h(z) € La(22,3a).

Operator M}, is a non-zero compact Hermitian operator in L2(32“,2a) and hence, it has at least
one non-zero eigenvalue 7). Putting h,,(x) = (—1)"h(x)/n for m € {0,1}, we obtain that (—1)™
is an eigenvalue of the operator My, . Let e, () be a corresponding eigenfunction, i.e.

M, (2) = (~1)"en(2), =€ (2,

5 2a).

Now we construct the iso-bispectral family of functions

D = {py(z),qs(z) : a, 8 € C}

where
[0, 2e(0%)U(am),
palz) = {ael(x), v e (3,90), (3.1)
and
0, z€(0,22) U (2a,2) U (3a,T),
gp(z) =< Beo(z), =€ (37@72(1), (3.2)

h(z), z € (3, 3a).
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We shall prove that the spectra of the boundary value problem B;(a,pa,qs) for j = 1,2, is
independent of o and (3, hence, the solution of the Inverse problem 1 is not unique for a delay
less than one-third of the interval length.

Theorem 3.1. Let delay a € (0,%). The spectra {\, j}nez of the boundary value problem
Bj(a,pa,qp) for j =1,2, are independent of o and 3.

Proof. Taking into account that all multiple integrals except the double one in (2.7) and (2.8)
are equal to zero, we obtain that the characteristic functions for the boundary value problem
Bj(a, pa,qp) have the form

5a/2 5a/2
A1(A) =sinAr + / Kq(z)cos A(m — 2z)dx — / Ky (z)sin A(m — 2z)dz, (3.3)
a/2 a/2
5a/2 5a/2
As(A) = —cos A + / Ki(x)sin AM(m — 2z)dx + / Ko(x) cos A(m — 2x)dzx, (3.4)
a/2 a/2
where
p(x +a/2), z € (a/2,a) U (2a,5a/2),
Kl(.’t) — 3a 3a
plz+a/2)— [ pt)g(t —x)dt+ [ q(t)p(t —z)dt, = € (a,2a),
z+a xz+a
aw+a/2),  we(a/2,a)U(2a50/2),
K2($> — 3a 3a
q(z+a/2) = [ p)p(t—=x)dt — [ q(t)q(t —z)dt, = € (a,2a).
z+a z+a
Then, from (3.1) and (3.2) we obtain
0, z € (0,32) U (2a,3a),
K —a/2) = Ta/2—x
1@ —a/2) pa()+ [ pa(t)h(t+z—a/2)dt, € (%,2@),
3a/2
0, z € (0,%)U(2a, %),
Ta/2—x
Ko(x—a/2)=Qqs(@)— [ qsO)h(t+z—a/2)dt, z€ (3 2a),
3a/2
h(z), z € (22, 3a).

Since eg(x) and eq(z) are eigenfunctions of the operator M}, corresponding to the eigenvalues 1
and —1 respectively, we obtain

Ki(x—a/2)=0, z € (a,3a),

and
07 T e (aa 7)3

KQ(I — G/Q) = {
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Then, using (3.3) and (3.4) we conclude that characteristic functions for family of iso-bispectral
potentials D have the form
3a

A1(A\) =sinAr — / h(z)sin \(7 — 2z + a)dz,
5a/2

3a
Ag(X) = —cos Am + / h(z)cos \(m — 2z + a)dz,
5a/2

i.e. they are independent of o and f. O

4 Ambarzumian-type inverse problem

In Section 3, we proved that the solution to Inverse Problem 1 is not unique. Using the results
from Section 3 and the paper [10], we conclude that two spectra are not sufficient to recover the
potentials when a € (0,27 /5). However, it is interesting to examine whether the uniqueness of the
solution holds for the Ambarzumian-type inverse problem for Dirac operators with delay. In the
papers [5, 13], the authors prove that the uniqueness of the solution holds for the Ambarzumian-
type inverse problem for the Sturm-Liouville operators with delay. For this reason, we consider
the boundary value problems B, = B;(p,q,a), where p(z) = g(z) = 0 for j = 1,2. Since it is
known that for a € [27/5,7), two spectra uniquely determine the potentials p(z) and g(z) (see
[4, 10]), we will further consider the case a € (0,27/5).

Let {Xn,j}nez, be the eigenvalues of the boundary value problem Ej = B;(p,q,a),j = 1,2.
Denote by ﬁj()\) the characteristic function of gj, j = 1,2. From (2.6),(2.7) and (2.8) we
obtain Aj(\) = sin At and Ay(\) = — cos Aw. Therefore, it is obvious that Xn,j =n—-7j/2,
neZ,j=12.

Theorem 4.1. Let the delay a € (0,2F) be known. If A, ; = Xn,j forallm € Z, j = 1,2, then

p(x) =q(x) =0 a.e. on (a,m).

Proof. Let us assume that AW:X,M-, n € 7Z, 7 =1,2, holds. By virtue of Lemma 2.1 one has
A1(N) =sinAm,  Ag(N) = —cos A,

and consequently £(A) =0 and M(A) = 0. From (2.13) it follows that

Li(A) =—=LT(N), Mi(N) =-MF(}N), (4.1)
where for k£ > 2,
N N
LT =D Li(N), M) =) Mi(N),
k=2 k=2

and for k=1, LT(\) =0, M*(\) = 0. Let notice that
Li(N) = / p(t1) exp (iA(m — 2t1 + a))dty,
Mi(N) = / q(t1) exp (iX(m — 2t1 + a))dt;.

Now we divide the proof of the theorem in three steps.
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Step (1): Consider the case when p(x) = g(z) = 0 a.e. on the interval (2a, ). In this scenario,
we have £L1()\) = 0 and MT()\) = 0. From equation (4.1), it follows that £1(\) = M1(\) = 0.
Consequently, from equation (4.2), we deduce that p(z) = ¢(x) = 0 a.e. on the interval (a, 7).

Step (2): In this step, we observe the case when p(z) = ¢(z) = 0 a.e. on the interval
(m —va/2,m) for a fixed v = 0,2N — 3. We will show that in this case p(z) = ¢(z) = 0 a.e. on
the interval (7 — (v +1)a/2, 7). We consider the case m —va/2 > 2a; otherwise, we arrive at Step
(1) and the proof is complete. Then from (2.15,2.16) we obtain

T—va/2 t1—a
Lo(N) = / dty / Q3.1 (t1, ta) exp (— iA(—m + 2ty — 2t2))dls,
2 a

a

T—va/2 ti—a
MQ(A) = / dtl / Q%,l(tlv tg) exp ( — Z)\(*T(' + 2t1 — 2t2))dt2
2 a

a

In the last integrals we have that —m+2t; —2t5 € (2a—7, 71— (¥ +2)a) and for ImA > 0, |A\| — oo,
the next asymptotic formulas hold:

L3(A) = O(exp(—iA(m — (v + 2)a))),

Ma(X) = O(exp(—iX(T — (v + 2)a))). (4:3)

For k > 2, the functions L (\), My (A
means that

N

, have less growth than the right-hand side in (4.3). This

LT\ = O(exp(—i)\(ﬁ - (v+ 2)@)))7

4.4
MF(A) = O(exp(—iX(r — (v +2)a))). (4.4)
It follows from (4.1,4.2,4.4) that for ImA > 0, |A| — oo,
T—va/2
/ p(t1)exp (— iN—7 + 2t; — a))dt; = O(exp(—iA(7 — (v + 2)a))),
awfua/2
/ q(t1) exp (— iN(—7 + 2t — a))dt; = O(exp(—iX(7 — (v + 2)a))),
or, which is the same, as
T—va/2
exp(iA(2r — (v + 1)) / p(ty) exp (— 2iA0))dtr = O(1),
“ (4.5)

T—va/2
exp(iA(2m — (v + 1)a))/ q(t1) exp ( — 2iXt1))dty = O(1).

Let us introduce the functions

T—va/2

F(X\) = exp(iA(27m — (v + 1)a)) /_( s p(t1) exp ( - 2i)\t1))dt1,
T—va/2

G(A) = exp(iA(2r — (v + 1)a)) / g (20N
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The functions F()), G()) are entire in A\. One can show that F(\) = O(1), G(\) = O(1), for
Im\ < 0, [A] = oc. On the other hand, from (4.5) follows that F(\) = O(1), G(\) = O(1), for
ImA > 0, |A\| = oc.

By Liouville’s theorem [6, page 77], it follows that F'(A) = ¢; and G(A) = co, where ¢;, ¢ are
constants. Since F'(A) = o(1), G(A) = o(1) for A € R and |A| — oo, we conclude that F'(A\) =0
and G(A) = 0. Therefore, it holds

T—va/2 T—va/2
/ p(tl) exp ( - 2’&)\t1))dt1 = 0, / q(tl) exp ( - QZAtl))dtl =0.
m—(v+1)a/2 T—(v+1)a/2

This yields p(z) = q(x) = 0 a.e. on interval (7 — (v + 1)a/2,m — va/2).
Step (3): Applying Step (2) successively for v = 0,1,...,2N — 3, we obtain that p(z) =
q(x) = 0 a.e. on the interval (m — (N — 1)a, 7). Since (2a,7) C (7 — (N — 1)a, 7), from Step (1)

we conclude that p(xz) = ¢(z) = 0 a.e. on the interval (a, 7). Theorem 4.1 is proved.
O
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