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1. INTRODUCTION

Spectral properties of non-symmetric tridiagonal matrices and complex Jacobi ma-
trices are investigated by several authors: Beckermann and Kaliaguine ([1, 2]),
Djakov and Mityagin (|7, 8]), Egorova and Golinskii ([10,11]) and others (see, e.g.,
[3,12-14,21,23]). The connections of tridiagonal matrices with formal orthogonal poly-
nomials on the complex plane, Mathieu equation and functions, and Bessel functions
can be found in [1-3,7,13,21] and [25]. However, systematic research concerning spec-
tral properties of non-selfadjoint tridiagonal operators is difficult because the structure
of complex sequences can be more complicated then the structure of real sequences.
Moreover, the spectral theorem and its consequences fail in this case. Nevertheless,
some properties of real Jacobi matrices can be carried over to the complex tridiagonal
matrices. We observe that effective research methods for non-selfadjoint operators use
the Riesz projections instead of the spectral theorem (see [8,16]).

The asymptotic behaviour of eigenvalues for selfadjoint Jacobi matrices was in-
vestigated with the use of several methods, which could be found for instance in
[4,5,9,15-17] and [24]. In this article we show that the asymptotic formulae for the
point spectrum of unbounded discrete operators given by special classes of tridiago-
nal complex matrices are also true. We generalize the results obtained for selfadjoint
Jacobi matrices in [18] and [19].
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Consider a complex tridiagonal infinite matrix

0 b2 d3 as

where d,,, an, b, € C\ {0}. The matrix J((dy), (an), (b,)) defines a linear operator
which acts on a maximal domain

Dom(J) = {(fn>$LO:1 € 12 : (bnflfnfl + dnfn + anfn+1)ff’:1 € l2}

and

(Jf)n:bnflfnfl +dnfn+anfn+1» n > ]-»

for f = (fn)52, € Dom(J) and by = 0. In the second section we establish primary
properties of tridiagonal operators.

Then the paper is organized as follows. In the third section we consider the sym-
metrization procedure of tridiagonal matrices (1.1) to complex Jacobi matrices

Js = J((dn), (¢n), (cn)), (1.2)

where

2 =anbp, n>1. (1.3)

n

In [2] Beckermann and Kaliaguine proved that the resolvent set of the operator J
contains the resolvent set of the tridiagonal operator J, for which (1.3) holds. We
prove that, for some classes of tridiagonal matrices, the symmetrized complex Jacobi
matrices preserve the discrete spectrum.

The fourth section is devoted to a generalized version of the result, which was
proved by Janas and Naboko in [16]. If discrete operators are near-similar in the
sense of Rozenbljum ([20]), then we expect that their point spectra are asymptotically
close. This result concerns asymptotic behaviour of the point spectrum for a compact
perturbation of a diagonal discrete operator and it is essential for diagonalization
methods.

In the last section we discuss that the method of diagonalization ([18]) can be
easily applied for complex Jacobi matrices to obtain the asymptotic formulae for the
point spectrum of some tridiagonal matrices.
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2. PRELIMINARIES

Assume that the complex sequences (d,,)22 ¢, (a,)22 1, (b,)32; C C\ {0} satisfy the
following conditions:

(A1) |dn| — o0 as n — o0;
(A2)

U B(dn.m) #C,
n=1
where 7, = |an| + |bp| + |an—1| + [bp—1] and B(d,, ) = {N € C: |d, — A| <71, }
forn > 1, ag = by = 0;
(A3)
1
Z (lan+k| + [bnsk]) = 0 as n — oo.
k=—1

1
[dn]

Let D = Diag((d,)) be an operator in [? given by a diagonal matrix

di 0
0 do O (2.1)
0 0 d3 O

Proposition 2.1. If J = J((d,), (ay), (bn)) and (A1)—(A3) hold, then:

() Dom(J) = Dom(D) = {(fa)is € 12+ (dnfu)is € 2}
(ii) J is a densely defined and closed operator in 1?;
(iil) the spectrum of J is discrete and

o(J)={ (J)eC: n>1},

where A\, (J) is an eigenvalue of J (n > 1) and the sequence (A, (J))22, can be
ordered such that
[An(J)| = 00, n — o0;

(iv)

o0
) C | B(dn, pn),
1

where pn, = |an| + |bn—1| and B(dy, pn) = {2 € C: |z —dp| < pn};
(v) J* is given by the matriz J((d,), (by), (@n))-

n

Proof. First we prove that all eigenvalues of J are contained in |J;; B(dp, pn). In-
deed, let A € C be an eigenvalue for J and Jf = \f, where f = (f,) € [\ {0}. There
exists k € N such that |fi| = max{|f,| : n > 1} and

be—1fu—1 + (dx — A) frx + ag frg1 = 0.
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Then
lde — Al < aw|| foral /[l + [ok—1l[fr—1l/|fx] < lak] + [bk—1]

and A € B(dy, px)-
Conditions (A1)—(A3) entail

C# | B(dn, pn)-
n=1

Therefore, there exists

zeC\ | B(dn, pn) (2.2)
n=1

and (D — z)~! is a compact operator.
From definition of Dom(.J) we observe that Dom(D) C Dom(J). For f € Dom(D)

(J—2)f=(I+(J-D)D—-=2)"")(D-=2)f. (2.3)

Moreover, (J — D)(D — z)~1 is also compact under (A1) and (A3).
If I + (J — D)(D — 2)~! is not invertible then there exists an eigenvector g # 0
for this operator. Put ¢’ = (D — 2)~'g. From (2.3) we derive

(J=2)g =+ (J=D)D~2)"")g=0

but this relation is impossible because of (2.2).
Thus I+ (J — D)(D — z)~! is an invertible operator on [? and from (2.3) we derive

(J—2)'=D-2)"I+(J-D)D-z)"H" (2.4)

Equation (2.4) implies that (J — 2z)~! is compact and J is closed. Moreover, from
(2.3) we deduce that Dom(J) = Dom(D). So (i) and (ii) are proved.
Because (J — z)~! is compact, then we know the structure of its spectrum

o((J—2)7") ={0} Ufzn ,n > 1},

where z,, n =1,2,..., is an eigenvalue of (J — 2)~! and z, — 0 as n — oco. Also
1
U(J)={+Z: nZl}
Zn

and the sequence of eigenvalues tends to infinity. So (iii) is satisfied. Notice that (iv)
is also true because the spectrum of J consists of the eigenvalues only.

To prove (v) denote J* = J((d,), (b,), (@,)) and notice that (Jf,g) = (f,J*g)
for f € Dom(D) and g € [?. Then g € Dom(J*) if and only if JTg € 2. Therefore,

Dom(J*) = Dom(J") and J* = J*. O

Similar results on tridiagonal matrices are included in |7, 8] and [23]. The Ger-

shgorin type theorem for infinite matrices acting as operators in [ or I' can be
find in [22].
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3. COMPLEX JACOBI MATRICES AND SYMMETRIZATION
Let J = J((dy), (an), (b)) and consider a complex Jacobi matrix

Js = J((dn)7 (Cn)v (Cn))a

where ¢, € C\ {0} and ¢2 = a,b,, n > 1. Choose a complex sequence () such that

a; =1 and
Ap—1Ap—2 ... A1

2 _ Qn-1 o
— = > 2, 3.1
n bp—1 @1 bn—1bp_o ... by’ "= (3.1)
and put
A = Diag((an)).
Then the formal matrix equation
AJ = J,A. (3.2)

is satisfied.
In [2] Beckermann and Kaliaguine proved that if J is bounded then the resolvent
set of J is contained in the resolvent set of the symmetrized operator J;.

Proposition 3.1. If (A1)—(A3) are satisfied and J, Js are operators associated with
(1.1) and (1.2), respectively, acting on the mazimal domains, then

o(J) =o(Js).

Proof. Due to Proposition 2.1, under conditions (A1)—(A3), the spectra of J and J,
are discrete. Let A € o(J) and f = (f,,) € Dom(J) be an eigenvector of J associated
with A. From (A1) and (A3) we deduce that |d,, — A| > |a,| and % < 1 for
n > ng, where ng is large enough.

Let n > ng. The sequence (fx) € I? converges to 0, so there is k > n such that
[ fe+1] < |fr]- Then from the spectral equation Jf = Af we derive

bk—1fk—1] = [(dr = M) fr + ar frr1] > [(dn = M) firl = larfrral = (|dn — Al = [an])[ frl,

SO
|br—1]

<—
el < G = Tan)

| fe—1] < [fr—1l-
Then by the mathematical induciton reasoning we deduce that

b 1]

< Dol
< ]

Ifi—1] < | fi=1l

for j € {ng,...,k}. Thus

< |bn—1|
|dn — Al — |an]

|fn| Ifnfl‘
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and
‘bn—1| ‘bn—2| |bn0—1‘
< : P L e N SN B
[l < ldn — Al = lan| |dn—1 — Al = |an_1] |dne — Al = |an,| [Fo (3:3)
for n > ng.
Equation (3.2) entails also the formal matrix equality
JAf = AJf = MNAf (3.4)

for the eigenvector f of J; therefore, it is enough to prove that Af € I?. Notice that
by (3.1) and (3.3) we obtain

|an—1]|bn—1] |an—2||bn—2| |ano—1”bno—1|

lon | <
(Idn — Al = |an|)? (|dn—1 = Al = [an—1))2 " (|dn, — Al = |@n,l)

2'00 = Pn7

n > ng. By (Al) and (A3),

|an||bn]

Pn 1 Pn:
AP = T a2

— 0, n — oo,

S0 Y o |on fn|? < +oo and Af € [2. Also from (3.4) we derive that Af € Dom(Jy),
so A€ a(Js).

Now, assume A € C and A € o(J,) and J,f = \f, where f € Dom(J,) \ {0} C 1%
Then the estimates

|cn—1|

< 1<
|fn|— |dn—>\|—|6n||fn 1|_
|Cn71| |Cn72| |Cn071‘
< : RSP Ll | B
[ A —Ten] Tdoms = Al —Jenma] " Ty — Al — Jemg] o1

for n > ng, where ng is large enough, can be obtained by the same method as in-
equality (3.3). Moreover, from (3.2) we derive the matrix equation

JA T f = AT I f = AATL
where A= = Diag((i)). Next, the estimates

1 b_1|? b_o|? by 112
Lrp< |br—1| . |br—2| N |bry—1] o,
Qp (|dn = Al =len)?  (Idn-1 = Al = [en-1l) (|dny = Al = leny)

satisfied for n > ng, yield A=1f € [2. Finally A € o(J) and A~1f € Dom(J) is an
eigenvector of J corresponding to the eigenvalue . O
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4. ASYMPTOTIC BEHAVIOUR OF THE POINT SPECTRUM
OF A COMPACTLY PERTURBED DIAGONAL OPERATOR

Let us introduce the following condition.

(CT") LetT',,, n > 1, be a sequence of closed curves on C and there exists an increasing
non-negative sequence (p,,) such that

{zeC:|z| <p,} Cintl',, n>1,

and
Tl : B
lim =0, lim p, =+,
n—oo pn n—oo

where intT',, denotes the set surrounded by T',, and |T';,| means the length of T',,.

The following theorem generalize the lemma, which concerns asymptotic behaviour
of the point spectrum for a compact perturbation of a diagonal discrete operator, given
by Janas and Naboko ([16]).

Theorem 4.1 ([16]). Let H be a separable complex Hilbert space and {e, : n > 1} be
an orthonormal basis for H. Let D be a diagonal operator in H given by a diagonal
matriz Diag((d,)) with respect {e, : n > 1}. Assume that the complex sequence
(dn)22, satisfies:

1. |dn — dkl >¢e >0 fOT dp, 7é dg;

2. there is a sequence of closed Jordan curves {I'y}n>1, satisfying (CT'), such that

dist(Ty,dy) > €0/4  for kn>1

and
JIw -y e nzt,
T

where dist(T'y,, dy) = inf{{\ — di| : A €Ty}

where €y, C > 0 are independent on n.

Let K be a compact operator in H and T = D + K. Then the spectrum of T is
discrete and consists of the complex eigenvalues A, (T'), n > 1, which can be arranged
such that

M(T)=d, +O(|K*P,||) as n — oo,

where P, is an orthogonal projection on the finite-dimensional space generated by
{ek : dk = dn}
The proof of Theorem 4.1 is a consequence of the next two lemmas.

Lemma 4.2. Assume the operators D, K and T are operators described in Theo-
rem 4.1. Let

Pnf: Z (faek)ek fOT’ fGHa (41)

k:dp=d,
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= 12| K*P,|| (4.2)
and
v ={2€C: |z—d,|=r,}
Let ) )
P,p=— A=D)Y Y\, P,p:=— [(A=T)"td\ 4.
o= | OmDan R g foe) (4.3)
Yn

be Riesz projections. Then, under assumption (1) of Theorem 4.1, there exists ng such
that v, No(T) =0 and
||Pn,D - Pn,T” <1

forn > ng.

Proof. The idea of this proof directly comes from the paper [16]. K* is compact, so
K" = Zsk('awk)QDM (44)
k=1

where {¢ : k = 1,2,...} and {¢x : k = 1,2,...} are suitable orthogonal bases in
H and the sequence of singular numbers si, k > 1, is decreasing and tends to 0.
Moreover, |K*P,|| — 0 as n — oo, and

T = 12| K*P,|| < €/2 (4.5)

for n > ng, where ng is large enough.
Let P, be given by (4.1) and define

PL.=1-P,.
For A € 7, consider the following estimate
IE*(D* = XN~ < |K*(D* = X)) P + [ K*(D* = A) "' Pl (4.6)
Then
IE*(D* = N7 Pofll = 1K Pufl|/Idn = X < (1K Pall/ldn = ADILI,

SO
I (D* = X) 7P| < K Poll/ldn — Al < 1/12 (4.7)

for A € v,,. Obviously,
(D =X = (D" =N =1/ry
and

* _ y\—1pl — . _ < 1 — — < .
(D" = X7 BE =1/ e —N) < 1/(puin dh—dal ~7) <20 (48)

for A € v,.
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For fe H

1K™ (D" = NP fI1P = 1) s (D = N7 B fohw)onl® =

N
=D sl((D" =N P )

k=1
+ Y sl(DT =N Py fo)
k=N+1
and
By(\Nom) = 3 8D = NP2 <
k=N+1
<skp Do (DT =NTRI )P <
k=N+1
< S?VHH(D* — NP <
4s3 N+1 2 o 2
<
< TR g < i)
for large enough N and \ € v, n > nyg.
Now we are going to prove that
N
BiOANn) = Y (D" = )7L P < P
k=1

for n > Ny and large Ny. Let

Quf = (fre)er, 1>1.

The following estimates are true:
(D* = X)"'Pr f, ¢k>| <
L
<|((D* - 1Plf7ZPm |+ (D" =X P (T = P
=1

=1

and, by (4.8),

(D =N 'R f, (1 ZPz Y| < 2/eol [ FINICT ZPz vell < 7o \ﬁllfH

for k=1,2,..., N and large enough L.
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If L is as large as above, then

[(P(D* = N) "' Py fbe)| <

M=

L
(D" =N 'PLLY. Py <

=1 l

1
L

(P(D* ~2) 1||f||_||f|Z|dl1X|§

Pjn

l

1
— — <
. ”f”z e

1

1
<

for A € v,, n > Ny and large enough Ny because |di| — +0o as k — oo. Thus

* _ Y\—1pl 1
(D =D PEL I < ]

and

N
1(A, N, n) SZS(
k

=1

< |12
) < I
Then for n > Ny and X € v,

< 1
||K*(D* - A)_lanfHZ < Bl()\,N,TL) +B2()‘7N7n) < TGHfHQ

SO
1K= (D* = N Pl < 1/4 (4.9)

and, by (4.6),(4.7) and (4.9),
|E*(D* = N7 < 1/3

for n < Ny and \ € ~,,.
Therefore,

sup [[(D — A) 7' K[| = sup [|[K*(D* = A) 7| < 1/3
AE'Yn, AEYR

for n > No. Moreover, T — A = (D — \)"1(I + (D — A\) 1K) is invertible for A € ~,.
Finally we observe that the Riesz projections (4.3) satisfy the following estimates

”Pn,T—Pn,DH:%H/(()\—T) ~(=D) x| =

- Lo - ko - -

Tn
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- LWH /i[@ - D) 'K - D) <
k=1

sf/ZnA D) K| (A - D) A <

Tn

[eS) ) 1
= / > (1/3H10 = DI < ol =1/2< 1

IN

O
Lemma 4.3. Under assumptions of Theorem 4.1
I,Nno(l)=T,Nao(D)=10
and the Riesz projections
Pir=— [ 0=1)'dn, Pop = —— /()\ — D) tdA (4.10)
27 Jr, 2me

n

satisfy
||Pn,T - Pn,D” <1
for enough large n.

Proof. For A € T, and f € H we can write that

oo

[K*(D* = N)Hf? = Zsk\ NP+ Y st =N )
k=N-+1
Notice that |d; — A\| > €g/4, 1> 1, so ||(D* — X\)7!|| < 4/eg because A € I',,. Then

o0

Yo sil(D =N )P < sk (D7 = N7 <

k=N+1

< s34 (4/e)’|IfIP < 18Hf||2

if N is large enough because sy — 0 as N — oc.
Let g € H. Then

(D" =39 = (D" = 3! (Zg»el ) S, (4.11)
=1

=1

~—

5“ |
>/

0 =3l = 3 M08 < ool (4.12)
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For a fixed large N we have

Mz

N
St (D" =271 )P = Y sil(f, (D= )” < Nsil|fI| max [[(D=A)"" x|
k=1 -

k=1

and

sup [[(D — X))ty < Z[ |(¢or; 1) (Sup 4, 1A|2>}'

xely, el

It is clear that
1
su — 0, n — o0, 4.13
o () -

forall [ > 1, so

> 1
2:[m@ (“pm Mg}g

=1

Z (¥, e1)[*(4/€0)? < (4/€0)?|9ul|* < +o0

because of (4.11) and (4.12) applied to 1. Moreover, by the dominated Lebesgue
theorem, (4.13) and the above estimates,

Y¥(n,k) -0 as n— oo.

Therefore,

sup Zsk\ N7 k)P < NSt | Pen,

xel’, k=1

where

€n = MAX (ASEUI% (D — A)1¢k|2> -0, n— oo.

Let ng be such that ¢, < for n > ng. Then

1
18sZN

—_

1K (D" = NP < SIFI,

for f € Hand A €T,.
Finally,

sup [[(D — N~ K] < 1/3
Ael,

for n > ng.
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Then I + (D — A\)7*K (XA € T',) is invertible in H and the equation T — \ =

(D - X)(I+ (D —\"1K) yields o(T) UT,, = () for large n. Moreover,

— — 1 _ _
[Prr = Panll < o [ 10 =T)7 = (A= D) jax| =
In
1 _ -
— 5 [ 0= 1) K= D)y =
rn

= 10+ 30 D) - D) - D) <
r, k=1

= % / <1 +> I D)_1K||k> (A = D)~ K (A — D)~V[|d)| <
T, k=1

= % <Z(1/3)k> (A= D) LK (A — D)~ H|dA| <
T k=0

IN

3 -1 -1
= [10= D) K- D) a
Iy

From (4.4) we also derive

00 M
K = Zsk(-,@k)d)k =K+ ZSk('a Sﬁk)wka

k=1 k=1

where || K7|| < 1/C. Then

|Pr - Pol <
3 _
<2 (/ 11D — X) P laA
7
]‘—‘71,
M —
+3° [l (0" =D (0 - ) Ml | <
k:lrn
3 3 & _
< IKIC+ 13 [ a0 =T nlll(D = N i) <
7 ™
k::an
3,
~Ar
1/2
381M

* _3y-1 2 Ll 12
22 ma || 10 =% a0 = Pl
I'n In

1/2
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For k > 1 and g € H, due to (CT") and assumption (2),

|( ’ek)|2 2 _1n9 )
F/ R < (gl [ 1D =) FlaA < Cl(g.ex) (4.14)

n

and
|( aek)|2 2/ 1 5 9
—d\| < ——|d\| < T/ (pn — |d 0 4.15
F/M_MQI <l [ Gl < Bl = 0 419

as n — oo.
Because of (4.14), (4.15) and the dominated Lebesgue theorem, we deduce

e 2
J 1w =3 gl = [0 =% glPlan =3 | 12 a0,
r r, k=1 \r,

as n — oo for all g € H. Therefore, if

1/2 1/2

~ * _ y\—1 2 _ -1 2
fo= e || [10 =% afan ] | [I0 -] .
Iy T,

then €, — 0 as n — oco.
Then, finally,

— —~ 3 "
”PT _PD” < E(l +M51€0) <1
for n > ng, where ng is large enough. O

Proof of Theorem 4.1. Denote rankP = dimP(H), where P is a projection in H.
Lemma 4.2 implies
rankPr = rankPp = M, (4.16)

where
M, =t{k: dr =d,},

so the sum of the algebraic multiplicities of eigenvalues of Tin {z € C: |z—d,| < r,}
equals M,, for n > Nj.
Moreover, from Lemma 4.3 for (4.10) we deduce

rankﬁ;; = rankl/D;;/D < 400 (4.17)

for n > nyg.

Taking into account (4.16) and (4.17) we see that the sequences, in which the
algebraic multiplicities of the eigenvalues of T' and D are taken into consideration,
coincide and

for large n, where r, is given by (4.2). O
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Remark 4.4. Consider a complex sequence (d,)52; and the following conditions:

[dnt1]—ldn])?
2. dy = (1 +0(2)), [en]| = € > 0 for n > 1, where a > 2;
3. d, =€, ([%T_l])a (1+0(L)), len] =€ >0 for n > 1, where a > 1, and (e,) is a
periodic sequence with the period equalto T’ €,, # ¢ for k # n,and k,n=1,...,T,
and [z] = max{k € N: k <z} for z € R.

oo
1. |dn+1| > |dn| for n Z No, hmn%oo |dn| = +OO7 and (M) is bounded;
n=1

If one of the above conditions is true then the assumptions of Theorem 4.1 are satisfied
for the sequence (d,)52 .

5. DIAGONALIZATION FOR COMPLEX JACOBI MATRICES
In this section we assume (A1)-(A3) and (1.3). Due to Proposition 3.1, we assume

without loss of generality that J = J((d,), (¢n), (¢n)) is a complex Jacobi matrix.
Let 1 < k < [. Then denote

dk Ck
Jlk == Ck dk+1 (5 1)
Cl—1
-1 4
and
DF(\) = det(JF — \). (5.2)
Assume also Df | (\) = 1.
For n > ¢ denote
dp—q O
0 dn+q
Let
cn(q) =max{|ck|: k<n-+gq}, R,=6c,(q) (5.4)
and let

C(d,,Ry,)={2€C: |z—d,| =Ry}

be positively oriented on the complex plane.

Define the Riesz projection for J, [/ and D,:

_ L _ n—qy—1 — i _ -1
Pln - 2ri / (>‘ Jn+q) d>\, P2n - 2mi / ()‘ Dn) dA. (55)

C(dn,Rn) C(dn,Rn)

Lemma 5.1. If |d,, — dpij| > 2R, for j € {£1,£2,...,+q}, then ||Pi, — P, < 1
and there exists exactly one eigenvalue A\, of J:Z;g such that |d, — A\n| < Ry,
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Proof. At first notice that [|(A — D,,) || < 1/R,, and ||C,,(A — Dy,) | < 1/3, where

C, =J, 01— D,, (5.6)

n+q

provided that |A — d,| = R,,. Indeed,
0 xats

Cn—gq 0 ..
—1 A—dp—
Cn()\ - Dn) = ¢ )
. . Cntg—1
A_dn-%—q
Cntg—1
>\_dn+qfl

enssl  _ (@)
|>‘ - dn+j+1| T R,

and

)

&)

|Cntj] chl(
|)‘ - dn-i-jl - R,
<

for A\ = d,, + Rpe® € C(d,,R,) and —q < j
2¢,(q)/ R < 1/3.
Next, we observe that

q— 1. Thus |C,(A — D)7 <

A= Jih) ™ = (A= Do) ™ (I = CuA = D) ™) 7 =

n+q
=(A—Dy) <I+Z 1]k>

and
(>‘ J’:LL-‘,-(;I) ()‘_Dn)il = ()‘_Dn)il ( [On()\_Dn)l]k> .
k=1
So
A= Thd) = (A= Dp) M < == (Z 1/3) > /(2R,)
B k=1
and
1 n —
1P1n = Ponll < 5~ / I = o)™ = (A= Dn) HlJdA < 1/2 < 1.
C(dn,Ry)

Clearly, the Riesz projection Ps, has the one-dimensional range generated by an
eigenvector associated with the eigenvalue d,,. Then rankPy,, = rankPs,, = 1, so J,, _H?
has also a unique eigenvalue A, in the ball {z: |d, — z| < R,}.

Assume that the complex sequences (d,) and (¢,,) satisfy the following properties.
There exist o, 8 > 0 and p € {1,2,...} such that a > %16 +1 and
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(C1) |dp, — dpj| > ppn®~! for j = £1,£2,...,+p, large n, where p, > 0 is indepen-
dent on n;
(C2) |cn| = O(nf) as n — oco.

Choose the complex sequence (A,,)52;, which satisfy the following condition:

J’ﬂ P+

(E) Ay is an eigenvalue of ™ such that |d,, — \,| < R, for large enough n, where

R, = 6max{|ck| : k¥ <n-+p}.

(For small n we assume that A, is an eigenvalue of J}, ,.)

By Lemma 5.1, the sequence (\,)S2; is well defined because (C1) and (C2) imply
that |d,, — dp+;| > 2R, for j = +1,42,... £ p if n is large.

The method of diagonalization for real Jacobi matrices is described in [15, 16]
and [18]. Conditions (C1), (C2) and (E) are sufficient to perform the diagonalization
procedure presented in [18].

For fixed n denote
f én)p+ 1 ( )

fn+p 1( )

an eigenvector of J;'_ ﬂ, 1 associated with A,. Notice that f ( n) 7 0if n is large
enough; therefore, we may assume

M) =1. (5.8)
Further, put
n —Cp— n
(n) _ _“Cntp-1 ,(n)
fner()‘n) - mfn+p_1()\n) (510)
and
FOw) =0, for j>p+ 1. (5.11)
Finally, for n > 1, we put
(n) _ (¢ >
f (fk (An))k:1 - (5.12)

The properties of the system of the sequences f(™, n > 1, are expressed in the
following lemma and proposition.
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Lemma 5.2. Assume (Cl) and (C2) hold. Let f,gn)()\n), n,k > 1, be given by
(5.7)-(5.11) and (A\,)S2, satisfy (E). Then

() () ) — 1
fn:l:]()\”) =0 (W) , M — 00,

forje{1,2,... p}.

Proof. In [18] the analogous result is proved for real sequences (d,,) and (c,) but the
proof can be rewritten for a complex case. O

Proposition 5.3. If n > 1 is large enough, then

(J* = E)f(n) = R = Cnfpflfr(z@p()‘n)enfpfl + C”*Pfr(L@P()\n)en*P+1+

O o (5.13)
+ Cn+p—1fn74l-p(/\n)en+p—1 + Cn+pfn1p(>‘n)en+p+lv

where {ey, : k > 1} is a canonical basis of I2.

Proof. Straightforward calculations lead to (5.13) because J* = J((d,), (), (Gn)).
O

Let (™ n > 1, be given by (5.12). Define
F=(fMy®;..), (5.14)

i.e. F is an infinite matrix, in which n-th column is given by the sequence f(™. We
construct also an infinite matrix

R:(R“%R@%R@,.), (5.15)

where R(™ is treated as an n-th column of R.
By S we denote the shift operator on I2 given on the basis vectors as follows

Sep = epy1, k=>1.

Then S* stands for the adjoint operator to S.
Notice that the structure of F' has a band diagonal shape

F=I+G,

where G = Z;’:l(S’jo + V;8*7) and W, V; are diagonal operators

wgDmg<QﬁQQQXi)7XGDmg<0ﬁfWNwﬁXiJ.

Lemma 5.2 yields G which is a compact operator because sequences ( f (Tj(/\n))

and (fr(tn+j)()\n+j))n:1 ( €{1,2,...,p}) converge to 0.

n=1
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Moreover, the matrix R may also be written in a 4-diagonal form
R=SP"YA; 4+ SPT1 Ay + B, S*P71 4 BiPHL

where A1, As, By, B are diagonal operators

Ay = Diag ((Cn-&-p—lffz?p()‘n))nzl) , diagAy = Diag ((C’I’L'f‘pf;l?p()\n)) ) .

n=1

B; = Diag ((cnlfr(bn_llﬂ)()\n1+p))n_1) , (co=0),

32 = Dlag ((cnf”(li‘;p+1) ()\n+p+1)>n—1> .

Then we observe that R is a compact operator in (2. Indeed, from Lemma 5.2 we
derive

n nb el
a2 00) =0 (o) = 0 (v 50-0)

and
pt+1l

cnip,lfr(&)p()\n) =0 (n_p(a_Tﬁ_l)) , M — 00,

so the sequences above converge to 0, because of the choice of the constant p in (C1)
and (C2). Moreover,

|Ren|| = |[R™|| = O (n—pm—%ﬁ—l)) = 0. (5.16)
Let
A = Diag ((An),2) (5.17)
be a diagonal operator such that the sequence (A,) satisfies (E).
Proposition 5.4. If (C1) and (C2) hold then J is similar to A + K, where K is a

compact operator such that || K*ey| = O (n_p(a_pr’iﬁ_lo , M — 0.
Proof. We can rewrite (5.13) with use of an operator form
J*F—FA* =R+ R, (5.18)

where F' is given by (5.14), R by (5.15) and R’ is a finite dimensional operator, which is
represented in the canonical basis by a matrix with a finite number of non-zero entries
only. There exists an invertible in /2 operator F such that the matrix representation
of F — F has a finite number of non-zero entries. Therefore, (5.18) implies

J*F=FAN 4+ R+ M, (5.19)

where M = R’ + J*(F — F) — (F — F)A* is such that the entries of the matrix M,
except for a finite number, are equal to zero. From (5.19) we derive

F*J = AF* + R* + M*.
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F* is invertible, so
J = (F*)! (A + (R + M*)(F*)*l) fad

i.e., J is a similar operator to A + K, where K = (R* —|—M~*)(ﬁ'*)*1. Obviously K is a
compact operator because R* and M* are compact and (F*)~! is bounded. Moreover,

|K*en]l = |FH R+ M)en|| < C||Rey,
where C' > 0 is a constant independent on n. Then we apply equation (5.16). O

Remark 5.5. The condition of similarity of operators preserves the structure of

spectra, so
A(J)=A(A+K), n>1.

Remark 5.6. If (d,) satisfies one of the conditions given in Remark 4.4 and A\, =
dy, +O(n?) according to (E), then Remark 4.4 can be applied also to (A, ). Therefore,
from Theorem 4.1, we derive that the sequence of the eigenvalues of A + K has the
asymptotic

M(A 4 K) = A O(IK eal) = An + O (n77e 551

as n — oQ.

To complete the diagonalization procedure for the complex Jacobi matrices we
show that under (C1) and (C2) the explicit asymptotic formulae for the sequence
(An), chosen by (E), can be found. We refer also to [18]. If p > 2, from the Laplace
formula we derive

n—p+1 n n—p+1 n
_cgtlen7127+ (A)Dnigl)fl()\) - CSL‘anllj+ ()\)Dnigfl()\)

Notice that if n is large enough and |\ — d,| < R,, where R, is fixed by (5.4),

then the main diagonals of the matrices J,_7 1 _ X and Jgj_';_l — A dominate, so

DI P (N\) # 0 and Dyt 1 (A) # 0. Therefore, A, satisfies

Dy 5, DI (An
A =dp — 2, Z:QH( ) _ 2 Zi’{_l( ). (5.20)
D7 (An) Dty ()

n—1

For n > 1, denote

Lo S OV PR U SO

wyn(A) =dy, — €2y —= —Cp— . (5.21)
’ Dr ) DR (M)
Next denote
MY —d, n>1, (5.22
A =w, (A7), m>1, 2 (5.23)

(For p = 1 we simply take A\, = d,, and wy ,(A\) = d,.)
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Proposition 5.7. Let A, satisfy (E) and AR forn > 1 be given by (5.22) and (5.23),
where k =min{j e N: j > %} Under conditions (C1) and (C2),

A = AK) 4 O (n—p(a—‘%lﬂ—l))
as n — 0o.

Proof. The proof of the similar result can be found in [18]. O
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