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Abstrakt: Na vektorovém prostoru komplexnich posloupnosti definujeme funkci § a shr-
neme nékolik jednoduchych algebraickych vlastnosti této funkce. Nékteré specialni funkce
lze vyjadrit pomoci §, napiiklad Besselovu funkci prvniho druhu. Déle je vysetfovana jista
tfida Jacobiho matic liché dimenze, jejichz diagondla zavisi linedrné na indexu a vedlejsi
diagondly tvoii konstantni parametr. Je odvozena formule pro charakteristicky polynom,
ktery je také vyjadien pomoci funkce § v jednoduchém a uceleném tvaru. Je zkonstruovana
specialni baze v niz studovana Jacobiho matice pfejde v soucet diagonalni matice a tak
zvané ,rank-one“ matice. Uvedeme vektotovou funkci v komplexni roviné, jejiz hodnoty
ve vlastnich ¢islech Jacobiho matice jsou odpovidajici vlatni vektory. Nakonec dokazeme,
ze za jistych predpokladi, je kazda vlastni hodnota tridiagondlniho operatoru limitou po-
sloupnosti vlastnich ¢isel matic vzniklych ofezanim tohoto operatoru a naopak.
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Abstract: A function § with simple and nice algebraic properties is defined on a subset of
the space of complex sequences. Some special functions are expressible in terms of §, first
of all the Bessel functions of first kind. Further we focus on the particular class of Jacobi
matrices of odd dimension whose parallels to the diagonal are constant and whose diagonal
depends linearly on the index. A formula is derived for the characteristic function. Yet
another formula is presented in which the characteristic function is expressed in terms of
the function § in a simple and compact manner. A special basis is constructed in which
the Jacobi matrix becomes a sum of a diagonal matrix and a rank-one matrix operator. A
vector-valued function on the complex plain is constructed having the property that its val-
ues on spectral points of the Jacobi matrix are equal to corresponding eigenvectors.Under
certain assumptions, it is shown that every eigenvalue of tridiagonal operator is a limit
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Introduction

The results of the current thesis are related to the eigenvalue problem for finite-
dimensional symmetric tridiagonal (Jacobi) matrices. Notably, the eigenvalue prob-
lem for finite Jacobi matrices is solvable explicitly in terms of generalized hyperge-
ometric series [4]. Here we focus on a very particular class of Jacobi matrices which
makes it possible to derive some expressions in a comparatively simple and compact
form. We do not aim at all, however, at a complete solution of the eigenvalue prob-
lem. We restrict ourselves to derivation of several explicit formulas, first of all that
for the characteristic function, as explained in more detail below.

First, we introduce a function, called §, defined on a subset of the space of
complex sequences. In the remainder of the paper it is intensively used in various
formulas. The function § has remarkably simple and nice algebraic properties.
Among others, function § satisfies a tree term recurrent relation which plays an
essential role in the remainder of the paper. Let us also note that some special
functions are expressible in terms of §. First of all this concerns the Bessel functions
of first kind. We examine the relationship between § and the Bessel functions and
provide some supplementary details on it. Bessel functions (of first and second kind)
also arise while studying an asymptotic behaviour of §.

Next, we introduce a Jacobi matrix of a special type, more precisely, a Jacobi
matrix with a sequence (antisymmetric with respect to its center) on the diagonal
with constant neighboring parallels. As an application of the usage of § we present
a comparatively simple formula for the characteristic function of the Jacobi matrix
and also an explicit formula for the eigenvector corresponding to zero eigenvalue.
These results have been derived in former work [3].

From the third chapter, we focus on the rather particular class of Jacobi matrices
of odd dimension whose parallels to the diagonal are constant and whose diagonal
depends linearly on the index. With the aid of the function § we define a symbol,
denoted J, depending on two integers and we study its algebraic properties. In
addition, we find a general formula for the symbol J.

One of the main goal is obtained in the fourth chapter. It is a formula for
characteristic function of the Jacobi matrix under investigation. With the aid of the
symbol J we construct a special basis in which the Jacobi matrix becomes a sum of
a diagonal matrix and a rank-one matrix operator. This form is rather suitable for
various computations. Particularly, one can compute a determinant which leads us
to find the formula for the characteristic function. Moreover, we are able to express



the resolvent operator of the studied matrix, again due to the convenient form of
the matrix written in the constructed basis. Finally, we provide several information
dealing with a distribution of the spectrum following directly from the formula for
characteristic function.

The fifth chapter brings us to a slight generalization of the symbol J, we add a
new continuous dependent variable and define a function also called J. We present
one more identity for characteristic function by using the new function J. Further,
a vector-valued function on the complex plain is constructed having the property
that its values on spectral points of the Jacobi matrix are equal to corresponding
eigenvectors. At the end of the chapter we modify the presented results to obtain
the characteristic function and the vector-valued function (with the same property
mentioned above) for the Jacobi matrix of even dimension.

In the last chapter we collect information dealing with a relationship between the
spectrum of the infinitedimensional Jacobi matrix and the spectrum of its trunca-
tions which is described mostly in [7] and [8]. More precisely, we show that under
certain assumptions, every eigenvalue of tridiagonal operator is a limit point of a
sequence of eigenvalues of a truncated finitedimensional operator and vice versa.



Chapter 1

Function §

Almost all important results obtained in this paper are based on an establishing of
a special function, simply called function §. This function satisfies a very important
recurrent relation which shows to be essential.

1.1 Function § and its Basic Properties

Definition 1. Define §: D — C,

(e 9] o0 (e 9]

S(x):=1+ Z(—l)m Z Z e Z Ty Ty 11T kg Thog i1 - - - Thyp, Ty 41
m=1 k

1=1 ko=k1+2 km=km—_1+2

where

k=1

D= {x ={zr}ry Z |zpxp 1] < oo} :

Remark 2.

1) Note that the summation indices satisty k; > 2j — 1.

2) Note that the definition domain D is not a linear space. One has, however,
(*(N) C D (use Schwarz inequality).

3) Obviously, if all but finitely many elements of = are zeroes then §(x) reduces to
a finite sum. For a finite number of variables we often will write §(z1, 2o, ..., xx)
instead of §(x) where z = (21,29, ...,25,0,0,0,...).



Example 3. Let us introduce some simple examples,

X1, o, Ty, Tg) = 1 — T1X9 — Loy — T3Ty + T1X9T3%4,

3(0) =

§(z1) =

S (21, xz) =1 — @29,

S(21, 22, w3) = 1 — 2129 — 1273,
(
(

S(x1, k9, T3, T4, T5) = 1 — 21T9 — Tokg — T3Ty + T1T2T3T4 — T4T5 + T1T2T4T5
+ Xox3T4X5,
S(x1, @9, T3, Ta, T5, Tg) = 1 — T1Tg — Toky — T3Ty + T1T2T3T4 — T4T5 + T1T2X4Ts

+ XoT3X4T5 — T5Xg + L1T2T5L6 + ToX3T5Tg + T3L4L5Lg — L1XaL3L4T5L G-

Definition 4. The operator 7T defined on the space of all sequences indexed by N
such that

Ti({ze}ily) = {zpn }is
is called the operator of truncation from the left. Next, set T,, := (1T1)", n =
0,1,2,..., hence

To({zr i) = {xrn it
In particular, Ty is the identity.

Proposition 5. It holds

S(Tnx) - S(Tn-i-lx) + xn+1$n+2g( n+2x) 0, (1'1)
for all n € Ny and z € D.

Proof. To verify this identity, note that after the substitution 2’ = T,z one can
restrict oneself to the particular case n = 0. Consider that

(e}

3(Tnx)=1+2(—1)m Z Z Z Thy Thy 41T ky Thig 11+ -+ Tl Ty 41
m=1

ki1=n+1ko=k1+2 km=km_1+2

and so

3( ) 3(T1$ _—$1I2+Z Z Z T1X2T kg Thg+1 « - » Thyy Thipy+1

km=km—1+2
= —r128(Tho).
[
Remark 6. Especially, it holds
Sy, .. xn) =8 (20, ..o, xn) — m122F (23, ..., Xy) (1.2)

for n € N\ {1}.



Remark 7. Since §(0) = F(z1) = 1, relation (1.2) determines recursively and
unambiguously F(z1, ..., x,) for any finite number of variables n € Nj.

Proposition 8. It holds
(01,22, 20) = §(@s Tt 1) (1.3)
for all n € Ny.

Proof. Let us denote y; := x,_j11 for j =1,...,n, then

S(xnwxn 1y---,21 ) :S(ylay%"wyn)

1
n+] n2m1n2(m2 n

=1+ Z Z Z Z Ykr Y1 +1Yko Yko+1 - - - Yk Yk +1

kl 1 k? k1+2 km:k7n71+2

[LH] ll 2 m 1— -2
=1+ Z Z Z T Tl 1T Tl 41 - - Tl Tl 1
m:l l1=2m—112=2m—3 Im=1
where we have substituted [; =n —k; +1, j =1,...,n. To proceed further we just
denote the summand index [; as [,y for all j =1,...,n and change the order of

the sums such that the sum with the summand index [; will be at the first place,
the sum with the summand index [y will be at the second place, etc.

1
[ﬂ] I —2 I5—2
=1+ E E g Tl Tty 4181 Tlg 41 - - - Tl Tl 41
m=1 _2m ]_lm 1= =2m-—3 ll 1
[HTH] n—2 'm 1— -2 12 2
m
=1+ (_1) E E g E T Tp41 - - X1, L +1
m=1 lyj—1=2m—3 l,,—_2=2m—5 h=1lm=lp—_1+2
1
[%] n—4 la—2 n—2
m
m=1 ly—2=2m—5 h=1lpm-1=lm—24+2lm=lp—1+2

n2m1n2m2)

n—2 n
=1+ Z Z Z : Z Z Tl Xy 41 - - Ll Tl 41

m= =1 la=l14+2 Im—1=lm—24+2 lm=lm—-1+2

]

Remark 9. By using the stated symmetry property of the function § and recurrent
relation (1.2) one can easily derive the following identity

S(Ila s ,ZEn) = g(xlv s 7xn—1) - xnxn—lg(l‘h s 7:["71—2) (14)
which holds for n € N'\ {1}.



A generalization of Proposition 5 can be found.
Proposition 10. For every x € D and k € N one has
S(z) =F(@1, ..., o) §(Thx) — (21, - - -, o1 T Zhg1 S(Thpr). (1.5)

Proof. Let us proceed by induction in k. For k = 1, equality (1.5) coincides with
(1.1). Suppose (1.5) is true for k£ € N. Applying Proposition 5 to the sequence Tjx
and using (1.4) one finds that the RHS of (1.5) equals

Sy 2k) F(Teix) — F(x, ooy xp) T 1Tpre T (Throx)

—S(1, . Tpo1) k1 §(Thy1)
= 8@, T, Thp1) S (o) — S0, - ) 1 Th28 (Thra). (1.6)
This concludes the verification. O

1.2 Examples

Example 11. The Bessel functions of the first kind can be expressed in terms of
function §. More precisely, for v ¢ —N, one has

T (2w) = r(:i 1)3({%?1:}:01)' (1.7)

To prove (1.7) one can proceed by (finite) induction in j = 0,1,...,m — 1, to show
that

k1=1 ko=k1+2 km=km_1+2
" 1
wv+k)v+ki+)v+k)v+k+1)...(v+kn)v+kn+1)

1 o0 [e.e] o0
k1=1 ka=k1+2 km—j=km—j—1+2
1

)t D0+ k)t ket 1) (0t b))+ By 1)
1
Ot oy £ 20+ Emg £3) - (0t ket 1)
Case j = 0 is immediate. To proceed the induction step 7 — j+1 one have to count
the inner sum in the RHS of (1.8) which is easy due to the decomposition
1
Wt b))V A ke + D)W+ b +2) . (V+ ke + 5+ 1)
1 1
Cj+1 ((u+ e )V + ki + D)0k +2) o (v Ej + 7)

(1.8)

1
WA b A D)Wtk 2 A Eo g +3) o (F Eony +j+1))'



In particular, for j = m — 1, the RHS of (1.8) equals

o0

1
(m —1)!

1

klzzl(u+k1)(y+k1+1)(u+k1+2)...(u+k1+m)

1 i 1 B 1
- m! v+k)...w+ki+m—-1) (wH+k+1)...(v+k +m)
1

k1=1
— T+
_m!(y—i—l)(y—}-Q)...(V—f—m) _m!F(V—I—m+1) (1.9)

and so

F(Vw-: 1)5({V i k};) - i)(_wmmll“(lf::; Ty = )

m=

as claimed. The last equality is an expansion of the Bessel function of the first kind,
see for example [1], chap. 9. Furthermore, the recurrence relation (1.1) transforms
to the well known identity

2 (2) =2+ 1)Jps1(2) + 2Ju42(2) =0

which can be found also in [1], chap. 9. A formula for § applied on the truncated
sequence {w/(m + k)}7_, can be found. Its derivation will be described later (see
(1.17) or (5.30)).

Example 12. One can also find the value of § on the geometric sequence {t*~1

for t,w € C, |t| < 1. First, one can prove the identity

w}Zzl

o tm(2m—3)t2mn

o p2Ri—1y2ko =1 g2kl _
Z Z Z (1—2)(1—¢)...(1—em)

ki1=n ko=k1+2 km=km—1+2
(1.10)

by mathematical induction in m. Case m = 1 is easy to verify. Let us proceed the
induction step m — m + 1,

[e.9]

o o
Z Z L Z (2k1=1y2ka =1 y2kmi1—1

k1=n ko=k1+2 km41=km+2
OO tm(2m73)t2m(k1+2) t(m+1)(2m71)t2(m+1)n

- Zt2k1_1(1—t2)(1—t4)...(1—t2m) (1—2)(1—t4)... (1 zm+2)°

ki=n
Next, by using identity (1.10) and the definition of § one has the equality

75771(2777,—1) w2m

3 ({tkflw}zozl) =1+ ZZl(—l)m<1 — t2)(1 — t4) — (1 — t2m> (1.11)




This function can be identified with a basic hypergeometric series (also called ¢-
hypergeometric series) defined by

- (a1;q) - ;Q)k ko Lk(k-1) Ls—r ok
T¢8 as; b q,z ( —1 q2 )
;; bb bs;Q)k = (¢; Q)n
where 7, s € Ny and
k—1
()i =] (1-0a¢), k=0,1,2,...,
5=0

see [5]. In fact, the RHS in (1.11) equals g1 (; 0; #*, —tw?) where

F kD)

ooq o) i
¢1(;0; ¢, 2) 2",
o ;(q,q Z%1—61 J=¢*)...(1=¢")

with ¢,z € C, |¢| < 1, and the recursive rule (1.1) takes the form

09105 ¢,2) = 061(;0; ¢, 92) + 2061 (; 0; ¢, ¢°2). (1.12)

Similarly as in the previous example one can try to find a formula for § applied on
the truncated sequence {wt*}7_  for w,t € C and m < n. The formula has the
form

[n m+l
25—2 (t2m+2k t2n) w2s

m m+1 n k=s— 1
F(wt™, wt Jwt") =1+ Z EN e

(1.13)

Since the cases when m = n + 1 and m = n give 1 it is sufficient to show the RHS
n (1.13) satisfies the recurrence relation

Flwt™ wt™ L wt™) = Fwt™ L wt™) — P (w2 wt™) (1.14)

(see Remark 7). Thus

B 96m2 L om n s
1+ Z kss 1(t2 TR g2y g2
t2] _ 1) ts(s—2)

252 2m+2k+4 2
et [ g z 2 (e gy e
j t2j _ 1) $s(s—2)

[n 'm+l

2s—1 t2m+2k th) 28— 2(t2m+2k t2n) 2s

w
_1+ZH 2 2 Z H —1)(s=3) "
ty_1) 1s(s—=2) t2j_1) t(s—1)(s—3)




To proceed further, one have to notice that if n — m + 1 is an odd number then
[2=2tl] = [252] and if n — m + 1 is an even number then [2=2+1] = [2572] 4 ]
but if the index of summation s of the first sum goes up to n= m]2+ 1 the last term
of the sum would be zero. Thus we can change the upper bound of the first sum to

[”_Tmﬂ} and we arrive at the expression

[n m+1
S— 2m—+-2k 2n
2 2 (t —t )

2m+4s—2 2n 2m—+2s—2(42s
1+ Z tssZ (15— 1) [(t -t =t (¢ _1)]
.7

g

2s—2 (t2m+2k _ t2n) w2s

— 1 + k'ZS—S]. i
Z Hj:l(tQJ _ 1) ts(s—2)

s=1

which concludes the proof.

1.3 A Formula for §(-, oY)

—l—l’ 'n

In later chapters it will be useful to know an explicit formula for F(;-, -=5,..., %)

where w is a real parameter and m,n € N, m < n. The formula will be derived
throughout this section.

Lemma 13. It holds

“(n+l1-k)n+2-k)...n+s—1—k)

Z k(k+1)...(k+s)

_ (m—m+1)(n—m+2)...(n—m+s)
s(n+sym(m+1)...(m+s—1)

k=m

(1.15)

for all m,n,s € Nym <n.

Proof. Denote the LHS by Y;(m,n). One can verify the statement by induction in
s. The case s = 1 gives the identity

kk+1 (n+ Om

which is easy to verify (by using decomposition % = % k%l)

In the induction step s — 1 — s, with s > 1, observe that

n+2s—1 n+s—1
Yi(m,n) = —st_l(m +1Ln+1)+ TE—I(”@”)‘



Now, by applying the induction hypothesis we have

n+2s—1(n—m+1)n—m+2)...(n—m+s—1)
s (s—=Dn+s)(m+1)(m+2)...(m+s—1)
n+s—1n—m+1)(n—m+2)...(n—m+s—1)
s (s=1)(n+s—1)mm+1)...(m+s—2)
(m—m+1)(n—m+2)...(n—m+3s)

Y;(m,n) =

s(n+sym(m+1)(m+2)...(m+s—1)
[
Proposition 14. It holds
n§2n§4 Z ki(ky + 1)ko (K —11—1) ks(ks +1)
ki=m ka=ki4+2  ks=ke_1+2 1\ 1 2\%2 el le
. n=m—=2s+3)(n-—m—25+4)...(n—m—s5+2)
Cstmm+1) ... (mts—1)(n—-s+2)(n—s+3)...(n+1)
(1.16)

for all m,n,s e Nym <n —2s+ 2.

Proof. This can be again proved by the induction in s. For s = 1 we get the well

known identity
Z TL —m+ 1
k( k +1)  (n+1)m

Denote the LHS of (1.16) by X. To carry out the induction step from s — 1 to
s, with s > 1, we apply the induction hypothesis to the summation in the indices
ko ... ks and find that (when writing k instead of k; and k;_; instead of k;)

n—2s+2 n—2s+4 n

1
ka Z Y k(b1 + Dko(ks + 1) .- ke (ksq + 1)

=k+2 ks—1=ks—2+2

n:zw(( _k—25+3)(”—k_25+4)"'(n_k_5+1)

I

=

s=Dln—s+3)...n+ Dk(k+1)(k+2)...(k+s)

To conclude the proof it suffices to apply identity (1.15), with n being replaced by
n — 2s+ 2, to the RHS in (1.15). Then we get

(n—2s—m+3)(n—2s—m+4)...(n—s—m+2)
(s—Dln—s+3)...n+)s(n—s+2)m(m+1)...(m+s—1)
(n—2s—m+3)(n—2s—m+4)...(n—s—m+2)

T smmt ). (mts—Dn—s+2)...(n+1) = RHS.

s =

10



Corollary 15. It holds
woow w (m—1)! gy (n—s)!(n—m—s+1)! 5
(e ) s

m'm+1"""n) nl slm+s—1l(n—m —25+1)!w
(1.17)

s=0

for all m,n € N;m <n.
Proof. Using the definition of the function § we have

w w w
@<E7m+1775> -

n—2s+1 n—2s+43 n—1 2s

:1+;(_1)S Z Z Z ki(ky 4 Dka(ke +1) .. ks(ks + 1)

ki=m ko=k1+2 ks=ks_1+2

Now observe that s is restricted by the inequality 2s < n — m + 1 and use identity
(1.16) with n replaced by n — 1.Then

n—m+41
G (AR [z] (= n—m s+ D! o
m m+1 n — slim+s—1l(n—m—2s+1)!
O
w
1.4 Asymptotic Properties of S(m, S LRRRE =)
In this section we will investigate an asymptotic behaviour of the function
5 (%, mL—&-l’ e %) for w small. There appears a relation between the function § and

Bessel function of the first and second kind.

Remark 16. The Bessel function of the first kind .J,,,(z) and the second kind Y,,(2)
arises a lot in this section. Their series expansions are (found in [1] 9.1.10, 9.1.11):

= @mkzzo k!(m1+ k)l (_%Q> ’ (118)

Y, (2) = —% (g)_"i W (%Z)k + %m (E)m@+o6 (119

where m,n € Ny. Also generalized hypergeometric functions will be used. The F},
function has the series expansion

> a y ooy (@ z
Fpl](ab ce aap;bb ce ,bq;Z) - Z (blik Ebp>k_ (120)

o O1)ks ooy

where (¢)y = ¢(c+1)...(c+k—1) is the Pochhammer symbol (found in [1] 15.1.1).
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1.4.1 Casem=1
Proposition 17. It holds

3 (w, % - %) - —%wnﬂjo(zw)ynﬂ(m + O™ Inw), (1.21)

where n € N.

Proof. 1t holds
Fys (a a—l— :d,2a,2a —d+ 1; z) = Fy; (d;i) Fo <2a—d—|—1;i> ) (1.22)

This identity can be found in http://functions.wolfram.com/07.26.03.6005.01 (or it
can be obtained by combining identity (2.2.2.12) from [2] with the identity stated
below). Next, by using the identity ([1] 9.1.69)

fon (“ +1 —i22> = J,(2)T(v +1) (%) -

we get

1
Fys (—g; —g + 5; L —p, —p; —4w2) = Jo(2w) Foi (—p; —w2)

where a = —&, d = 1, z = —4w?. By using the series expansion (1.20) and (1.18)
one can write the last identity as

Z 5)_%)< %);( ZZ S_l]wzs (N%N)'

k= s=0 [=0

o

Next, take into consideration only terms with w?/,j =0,1,...,n

> o h b 0 GV

> Bk 0 (1 e

The LHS of this expression can be further adjusted, so

(3]

v G55 k(2w)2k_l (=) 22
bs =3 A0 I = S o ()

12



The last equality holds due to Corollary 15 with m = 1. Thus, we have

3(“”%""’%>:ZZ 5—5)]w28

s=0 [=0

n_l 25
:mZ(Z—S—Z)]) ) (1)

=0

Next, consider the RHS in the statement of the proposition. Taking into account
the series expansion of Bessel functions (1.18) and (1.19) one arrives at the following
expression

’/T

n—l (—1)s
W™ Jo(2w) Y41 (2w) ZZ s —)l)] w? + O(w*? Inw)
: 5=0 1=0 :

and the statement is verified. O

1.4.2 General Case m € N

In this section we will generalize the procedure used in the previous special case
with m = 1.

Proposition 18. It holds

woow w m—-1 o om
§ (E’ R Y 5) = —7'('(71—')21}” 2 T 1(2w) Y1 (2w) + O (w2
(1.23)

for all m,n e N, 2 <m < n.

Proof. Investigate the following generalized hypergeometric function (observe that
the index k is restricted (k < [*=2+1]) due to the nominator of the expression)

I _
Fys (m n,m n;m,m—l—n,—n;—4w2)

2 2
- m lin) (an)k (_4w2)k
g(m m—1—n)(—n), k!
P (—1)(n—m+ D)(n—m) .. (n—m+2— 2k) w?
B ~ m..(m+k=1)n-—m+1)...(n—m+2-Fkn...(n+1-k) Kl
(m—1)! [H_W](_l)k (nemtl—k)n—k)  w
nl — (n—m+1=2k)!(m+k—1) k!

13



The last equality holds due to Corollary 15. By using identity (1.22) with d = m

a=""" and z = —4w? we get

m—-—1—u m-—
F23( 5 ) 2“;m,m—l—u,—u;—4w2)=F01(m;—w2)Fm(—u;—w2)-

The parameter p is near n but p is not an integer. Then, by using expansions of
Fy3 and Fpy; (see 1.20), restricting both sides of the last equation such that there
remains only terms with w?, 7 =0,...,n —m + 1 and making a limit u — n (very
similar procedure was made in the proof of Proposition 17) one easily arrives at the
expression

w w n—m+1 s 1 (_1)3 .
S(E’m—i—l"” ) ; stl( n); (s—l)!w
_ (m —1)! g s—1 (n—1)! 2s
~ nl ‘- (=1) l!(s—l)!(m—i—s—l—l)!w '
(1.24)

I
=)

s

By using (1.18) and (1.19) again, we find the asymptotic expansion of the Bessel
functions on the RHS in the statement

— w2 ] 1 (2w) Y (2w)

S —1)* n n—t):
Lt )

k (n—1)! w2
(k+1) 2n+2
= E E H(m —1+k T + O(w Inw)

1=0 k=0
—1)°! (n=0! , 2n+2
= w** + O(w”"* Inw)
lz;; s—1)! —1+s—l) !
sl(n_l)] s n
_ZZ“S_Z _1+3_l)|w2 + 0w Inw)
s=0 I= )

IS (n—l)! 2s 2n—2m-+4
2% 2_: M Dim—1s—p" oW ). (1.25)

Finally, expression (1.24) together with the last expansion (1.25) prove the state-
ment. L

Remark 19. One can see from the proof of Proposition 18 that if we were more
precise in expression (1.25) we would obtain a more precise asymptotic expansion

14



for the function § (w w_ . %) If we do this we get

M T

|
n—g Ea L; ey E == _an_m+2z]m_1(2w)yn+1 (2'LU)
(m—1)!

m m+1 n
Zn ZS — )
_ -1 s—I (TL 95 0 2n+21
S=nm+2l—o( ) Ms—Dim—1+s—01" (W™ lnw)

(1.26)
where 1 <m <n, m,n € N.

Lemma 20. It holds

f: (fb) AR ﬁ (1.27)

k=n

for all z € R, |z| < 1 and all n € N.
Proof. To prove the statement we will proceed by a straightforward computation

i(’:)xkn:i(n:;k)xk:%io(”Jrk)(nJrk—l)...(kJrl)xk

k=n k=0 k=
1 d" [ 4 1 dn 1 1
= —_—— X —_ — — .
nldzn \ £ nldz® \1—x (1 —x)ntt

Since |z| < 1 the sum > -, ("::k)xk converges and the change of order of the

. . dan 00 k-
derivation 7= and the sum )~ 2" is correct. O

Lemma 21. It holds
® s+m\ (n+1 m+s—n-—1
() o
! m n s
for all m,n,s € Ny, m > n.
Proof. We will investigate the power serie
o0 S l
= l+m n
where z € R, |z| < 3. Since
o s+m\ (n+1 > n—+1 > [(s+m
-1 l s _ -1 l l s—1
L) ()= xer ()R G

we can apply Lemma 20 to the inner sum and we get
S s+m\ [n+1 = n+1 7!
—1)! 5 — —1)¢ —_
2 () () =R () e

15



Then we can use Lemma 20 again and we arrive at the expression
ii(—l)l s+m\ (n+1 5= 1 1 1
= l+m n (1 —z)m+ (1+

Note that if [z| < 3 then || < 1. Thus

S

+m\ (n+1 1 d*
E _1l S - 1— n—m |
z:o( ) (H—m)( n ) s!dxs( z) 20

:(_;)S(n—m)(n—m—1)...(n—m—5+1): (m“_”_l).

ﬁ)n—&—l o (]_ _x)m—n'

s
O
Now we can obtain a more precise asymptotic expansion for the function
S(mm o m):
Proposition 22. It holds
n! woow w
— 3= ——, .. =) = w1 (2w) Y1 (2
(m—l)'&'<m’m—|—1’ ’n) ™ 120)Yoi (20)
m—2 ‘ _ 959
Z s! m —1|— n S ; |w2n—2$ + O<w2n+2 In w)
—~ (n+tm—s—1l(m—s-2)l(n—s)
(1.29)

for all m,n e N,1 <m < n.

Proof. By applying Lemma 21 to the inner sum in the second term on the RHS in
equation (1.26) we get
2 _ —1)! 2 (n—s+1)!
_1)st (n =3 (~1)
>0y DI

— ! m—1+s—-10) <= (s —)l(m—1+1)!
(n—s)!

:mg(_l)l(jigii) (n;jjl) :”L;S)!(mms—nw).

s+m—1)! s

Thus we have

n! w w w
n—m-+2
—_— —_—— .., — | =7 Jm—1(2w) Y, 41(2
(m—l)!g(m’m—i—l7 ’n) v 1(20)¥o12 (2w)

_ 9! % —m — 2
_ Z (Tl 8) (m + 25 n )wQS + O(w2n+2 In w)

i (s+m—1)! S

= —mw" "2 1 (2w) Y, (2w)

m—2
slim+n —2s—2)! on_9 9
n—2s O n+21 )
; (n+m—s—1)(m —s—2).(n—s)!w +O0(w nw)

16



Chapter 2

The Jacobi Matrix and Particular
Values of y,.g4

In this chapter we will introduce a Jacobi matrix which spectral properties we are
interesting in.

2.1 A Jacobi Matrix of a Special Type

In general a Jacobi matrix is a tridiagonal complex matrix but we will restrict ourself
to Jacobi matrices of a form

_/\d w 0
W —Ag_1 W

W Ag_p W
w /\d

where Ay > 0 for all k = 1,...d, w € R\ {0} and d € N. Next let us denote a
characteristic function of the matrix S as

Xs(z) :=det(S — z1). (2.2)
Since S is a Hermitian matrix the spectrum of S is real. Let us summarize other

spectral properties of the matrix S (worked out in detail in [3] chap.4):

1. The spectrum of the matrix S is simple (since if we know an element of an
eigenvector of S we can compute others recursively).

17



2. The characteristic function xg(z) is an odd polynomial of degree 2d + 1. It
follows that 0 is always an eigenvalue of S. Vector a = (a_g, ¥_g41,-..,Qq)
where a_j, = (—1)*a; and

k
o = (—1)f ——F(wTir) k=0,1,....d (2.3)
Hj:l)‘j
with 11 ]
=(—,—,...,—,0,0,0,...
K" (A17A27 7)\d7 7 9 Y )

is an eigenvector with eigenvalue 0 of the matrix S.

3. A relation between the function § and the characteristic function yg

_qydrr L _ - 2 _ 2 w w w w
(1) Zmz)(H(Ak Z)>S()\l—z""’)\d—z>3()\1+z""’)\d+z>

k=1

d d
+2 2 A2 52 ( v .Y ) < v oY )
;w ( H W =27 |§ Ajt1— 2 Ad— 2 § Ajy1+2 Ad+ 2z

k=j+1
(2.4)

holds.

Let us consider a special case of the matrix S with Ay, = k£ and let us denote it
as K, i.e.,

—d w
w —-d+1 w
w —1 w
K = w 0 w (2.5)
w 1 w
w d—1 w
w d
and
Xk (z) :=det(K — zI). (2.6)
Let us set
_1)d+1
Xrea(2) = 2 xx(2) 2.7

The function x,.q(z) will be called the characteristic reduced function.

Remark 23. Note that the characteristic reduced function is an even polynomial
in the variable z, i.e.,

Xred(—2) = Xrea(2) for all z € C. (2.8)

18



2.2 Particular Values of the Characteristic Re-
duced Function

One of main goals of this work is to find an explicit formula for characteristic function
of K. The formula is derived in chapter 4 but it would not be found without
knowledge of particular values x,.q(n) where n € {0,1,...,d}.

By substituteing A; by j into (2.4) we get an expression

d
. 2 2 w w w w
XT@d(Z)_ (H(k Z))S(:l_zvad_2>{§(1+z,ad+z)
d d
9 9 9 w w w w
+2ZW<,€H1<’€ _Z)>g(j+1—z""’d—z)3(j+1+z""’d+z)'

(2.9)

2.2.1 Casen=0

First, the case with n = 0 is to be treated with the aid of expression (2.9) and
asymptotic expansions of the function § derived in section 1.4. Formula (2.9) with
z = 0 gives

2 d a2 w w w2

a(0) = (dN? L 5 (& -

Xrea(0) = ( >3<w’2’ ’d> + ]le <j!) S<j+1’j+2’ ’d)
(2.10)

Next, we use the asymptotic expression for the function § (1.21) and (1.23) and we
arrive at the expression

d
Xrea(0) = TwW? Y2 (2w) <J§(2w) +2) Jf(zw)> + O(w* ™ Inw).

j=1

To proceed further we use the identity
J(2)+2) JHz) =1
j=1
which can be found in [1] (9.1.76). Then it holds

d
JQ2w) +2) T (2) = 1+ O(w**?)

Jj=1

and we have
Yrea(0) = TwW?2Y7 (2w) + O(w* 2 Inw).
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To continue we take into consideration the asymptotic expansion of the Bessel func-
tion Y (1.19). It leads us to an expression

d Y 2
Xrea(0) = (Z (d k‘k)'w2k> + O(deJr2 Inw).
k=0 ’

Since there is a polynomial in w of order 2d on the LHS the Landau symbol on the
RHS will be omitted (only terms with w?,0 < 7 < d remain) and we can write

d s
IR S TR EC I

Lemma 24. It holds

- (s—l—k:) <p+m—k:) B (s+p+m+1)
‘ S P N s+p+1

Proof. Let us define a function

re=Y (CTh)

k

iy

for m,p, s € Ny.

Il
o

for all z € C, |z] < 1. Since

(Szk) S TR P R ar (-1)’?(_3; 1)

we have

It follows that the identity

fs(2)fp(2) = forpia(2)
holds for all z, |z| < 1. Then by using the previous identity we get

~ [(s+p+1+m\ ,, S (e .
Z( Sip-i-l )Z = forpni(2) = ful(2) fo(2) = Z( 5 )<pp >Zk+l

: (S

m=0

which proves the statement. Il
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Now we can write the final expression for x;.q(0).

Corollary 25. It holds

d

2(2d—s+1)! ,
y s, 2.12
Xrea(0 Z sI( 2d 2+ 1) (2.12)

s=0

Proof. To verify the statement it suffices to compute the inner sum in expression
(2.11). Thus

*(d—k)(d— s+ k)! o d—k)! d—s+k)

= Bls—hR) 2 (d—)l(s — k)1 (d— s)Ik!
:[(d—s)!]2§<§:lz> (d;ik)

The last sum can be simplify with the aid of Lemma 24. Writing s instead of m,
(d — s) instead of s and (d — s) instead of p, Lemma 24 follows that the identity

ZS: d—k\ (d—s+k\ [(2d—s+1Y\  (2d—s+1)!
d—s d—s ) \2d—2s+1)  s!(2d —2s+1)!

k=0

holds and the statement is proved. Il

2.2.2 Casene{l,2,...,d}

Proposition 26. If n € {1,2,...,d} then an identity for particular value of char-
acteristic reduced function

n—1
1 n+I\(d+1+1) 5 5
Ny _ 1 ereT o) 2.13
Xrea(n nzlzo (21+1> da—n " (2.13)
holds.

The verification of the identity for a general n € {1,2,...,d} is not as straight-
forward as in the special case when n = 0. The identity will be proved by using
another method in chapter 4 (the method will be purely algebraic and we will not
need to use the asymptotic properties of §).
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Chapter 3

New Symbols Derived from the
Function §

With the aid of the function § we will define symbols & and J depending on two
integers. To satisfy a tree term recurrent rule, symbol J will be extended to the
whole plain Z x Z. Further, several algebraic properties of J will be discussed and
some formulas will be found. The usefulness of the symbol J will follow in the next
chapter while deriving a formula for characteristic reduced function.

3.1 Symbol &

Let us denote

&(m, n) ::3(3 _w E)

m'm+1"
for m,n € N;m < n+ 1. Notice that &(n + 1,n) = §(0) = 1. Then the recurrent
relations (1.2) and (1.4) have the form
2

&(m,n) =&(m+1,n) — m@(m +2,n) (3.1)
where m,n € N;m < n and
2
w
&(m,n) =&(m,n—1) — m(‘j(m,n —2) (3.2)

where m,n € Nym < n,n > 2.
Next, with the aid of the first recurrent relation, we define function &(m,n) also for
m,n € Nym > n + 1. To satisfy identity (3.1) one must set

&(n+2,n):=0
and
(m—1)l(m —2)!

v e 2,m =)
nin i

&(m,n) = —

form >n+ 2.
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Remark 27. Consequently, it is easy to see that the relation

holds for all m,n € N, m > 2.

Remark 28. In this and the following sections we will usually use algebraic iden-
tities like (3.1) and (3.2) while adjusting a term. In that case we will note, what

. . . . 421
relation we will use, above the equal sign. For example, an equal sign = means
that we use a relation (4.27) to adjust the LHS of an equation.

Let us verify the validity of the recurrent relation (3.1) for m > n + 2:

2

HS = 1 - 2
RHS =&(m+ 1,n) m(m+1)®(m+ ,n)
3.3 _m'(m — 1)' —2(m—n)+2 . .
T Al 1) (B +2,m = 1) = 6ln+2,m)
32 (m—1)!(m—2)!

i+ 1] w2mTIHG (42, m — 2) & &(m,n) = LHS.
n!(n !

Thus the recurrent relation

2

&(m,n) =&(m+1,n) — &(m+2,n) (3.4)

m(m + 1)
holds for all m,n € N. Similar situation occurs to the second relation.

Proposition 29. The recurrent relation

w2

&(m,n) =&(m,n—1) — Py p—

&S(m,n —2) (3.5)

holds for all m,n € N,n > 2.

Proof. The case m < n is treated in (3.2). Let m > n then

RHS 23 _(m — Dl(m — 2)!w72(mfn)+2
(n—1)n!

3.4 _(m —1D)l(m —2)! Y
nl(n+1)!

[B(n+1,m—2)— &(n,m—2)]

memHG (42 m—2) 2 LHS.
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3.2 Symbol J

Definition 30. Let us denote

- 1!
J(m,n) = (nm' ) w™ "G (m 4+ 1,n — 1) (3.6)

for all m,n € Nyg,n > 2.

Remark 31. Then the recurrent relations (3.4) and (3.5) have the form

J(m—1,n) = %3(771,71) —3(m+1,n) (3.7)

where m > 1,n > 2 and

Jm,n+1)=—3J(m,n) —J(m,n—1) (3.8)

n
w
where m > 0,n > 3.
Remark 32. Identity (3.3) can be now rewrite as

J(m,n) = =J(n,m) (3.9)
where m > 2, n > 2.

Recurrent relation (3.7) allows us to define the symbol J(m,n) even for m € Z.
Let us define

3(_k7n) = (_1)k3(k7n)
for k € N and n > 2.

Remark 33. It is easy to see that the identity
I(=k,n) = (=1)*3(k,n) (3.10)
holds for all k € Z and n > 2.

Proposition 34. The recurrent relation

J(m —1,n) Zgﬁ(m,n)—ﬁ(erl,n) (3.11)

holds for all m € Z and n > 2.

Proof. Bearing in mind validity of relation (3.7) it suffices to verify the statement
for m < 0. Case m = 0 is nothing but definition relation (3.10) with & = 1. Let
m € N then

RHS = _gg(—m, n) — 3(—m+1,n) 2 (—1)’”“(%3(7%, n) — 3(m — 1,n))

w

7

()™ (m 4+ 1,n) =

= J(—m —1,n)=LHS.
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Proposition 35. The recurrent relation

J(m,n+1) = —=J(m,n) — J(m,n — 1) (3.12)

n
w
holds for all m € Z and n > 2.

Proof. Considering validity of relation (3.8) it suffices to prove the statement for
m < 0. Let m > 0 then

3(=m,n) — J(—m,n — 1) *2° (—1)m (ﬁs(m, n) — 3(m,n — 1))

w
3.10

2 (—1)3(m,n+1) 2 3(—=m,n + 1) = LHS.
0

Finally, with the aid of the previous recurrent identity (3.12) we can extend the
symbol J(m,n) even for n < 2. We can do that by putting

J(m, —k) := (=1)*3(m, k) (3.13)

for m € Z and k > 2. Unfortunately relation (3.13) do not define the symbol J(m, k)
for k = —1,0, 1. To keep the validity of the recurrent relation (which we prefer) we
have to set

J(m, 1) = =J(m, —1) := =J(m,2) = J(m,3), (3.14)
J(m,1) —J(m,2). (3.15)
Thus the symbol J(m, n) is now define for all (m,n) € Z x Z.
Remark 36. The identity

I(m, —k) == (=1)*3(m, k) (3.16)
holds for all m, k € Z.

Proposition 37. The recurrent relations

Jm—1,n) = gﬁ(m,n) —3(m+1,n) (3.17)
and n
Jm,n+1) = E‘”j(m,n) —J(m,n—1) (3.18)

holds for all m,n € Z.
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Proof. 1) It suffices to show the validity of the first relation for m € Z and n < 2.
The other cases have already been discussed before (see (3.11)). Let n > 2 then
m m
RHS = Eﬁ(m, —n) = J(m+1,—n) 2 (=1) <Ef5(m, n) — J(m + 1,n))
2 (—1)"3(m — 1,n) = J(m — 1, —n) = LHS.
2) Similarly, to prove the validity of the second recurrent relation we can restrict
ourself to cases when m € Z and n < 0 (due to (3.12) and definition relations (3.14)

and (3.15)). If n = —1 then

1 1
RHS = —=3(m, —1) — J(m, —2) *2° =3(m, 1) — J(m,2) *2 J(m,0) = LHS.
w w
If n = —2 then
2 2
RHS = —=3(m, —2) — 3(m, —3) = —=3(m,2) + J(m,3) = J(m,—1) = LHS.
w w

Finally, if n > 3 then relation (3.12) can be used and we can write

RHS = —%3(772, “n) — 3(m, —n — 1) 3 (—1)n (%S(m, n) + 3(m,n + 1))

(=13 myn — 1) "= 3(m, —n + 1) = LHS.

Proposition 38. The identity
J(=m,n) = (=1)"J(m,n) (3.19)
holds for all m,n € Z.

Proof. Considering Remark 33 it suffices to prove the identity for m € Z and n < 2.
Let m € Z and n > —2. We can write

314 o 3.18 2 3.10

J(=m, —1) I(=m, 1) = == 3(=m, 2) +J(-m, 3) =

2
2 et (Za0m2) = 3(m3) ) 2 C0mam 1) 2 (1) 0m, -1
which proves the cases when n = 1. The case when n = 0 is to be treated similarly

1 1
I(=m,0) L 53(_m, 1)+ 3(=m,2) = (=)™ (aﬁ(m, 1) — 3(m, 2))
= (=1)"3(m,0).
Finally, let n > 2 then

3(=m, —n) = (=1)"3(=m,n) = (=1)™"F(m, n) = (~1)"F(m, —n).
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Proposition 39. The identity
J(m,n) = =J(n,m) (3.20)
holds for all m,n € Z.

Proof. The case m,n > 2 have already been discussed in Remark 32. Let m,n € Z
and m,n > —2. First we must check those cases when —1 < —m,—n < 1. Since
identities (3.16) and (3.19) holds we can restrict ourself to cases when (m,n) €
{(0,0),(1,0),(0,1),(1,1)}. By using the definition of the symbol J we get

30,1) =w, J(1,0) = —w
and
3(0,0) =J(1,1) =0.
Thus the proven identity holds for —1 < m,n < 1. Let be m,n > 2 then

3(=m,—n) BT (21 (m,n) B (- (0,m) T E Y —F(—n, —m).

3.3 A Formula for the Symbol J

Proposition 40. It holds

5

3(71 _ k:,n) _ Z (_1)s+1 (k 112_5‘:_ 1) (k - 5)?w23—k (3.21)

forall n € Z, k € Ny and

N

I+ k,n) = Z(—l)S(kJr”_S)(k_S)!w?S—k (3.22)

— k—2s+1)(s—1)!

for all n € Z, k € Nj.

Proof. 1)At the beginning let us proof the first identity. The proof is split into 3
parts.
i)Let n > 2and 0 < k < n. By using the formula for the function § (%, rnERRRE %) =

®(m,n) from Corollary 15 (note that the formula in the Corollary 15 holds also for
m =n+1 and m = n+2) and the definition of the function J (5.6) we easily arrive
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at an expression

(n—1)! —k+2

3(n—k:,n):(n_k)'w Sn—k+1,n—1)

s (n=1=si(k—s—D o s
- (=1) s!(n—k+s)!(k—23—1)!w

=
— s+1 (n — S)'(l{? — 8)! ek
N s=1 (_1) (8_1)'(n_k+5_1)'<k—28—|—1>'w
5]

SO e L= M

»
I
—

Thus we have verified the validity of formula (3.21) for n > 2 and 0 < k < n.

ii)In the second step we will verify formula (3.21) for all n > 2,k > 0. We will
proceed this by mathematical induction in k. Bearing in mind step (i), only the
induction step n < k — k + 1 is to be treated (n € N is fixed)

316 —k

Jn—(k+1),n) =

5

11 ot (n —s)!(k = s)! 25—h—1
= (n—k) ;(—1) i 5—Dn—k+s—Dl(k—2s+ 1) '

Jn—kn)—3n—k+1,n)
w

s+1 (n—s)i(k—1—5)! 2s—k+1
_Z(_l) (s—l)!(n—k—l—s)!(k—?s)!w

TN
_ s+1 (n—s)'(k—s)‘ 2s—k—1
==k ) i ks DItk —2s 11 k
O
ot (n—s+ Dk —s)! 95— k1
+ ;(_D (s—2)!(n—k+s—1)!(k—28+2)!w ‘

To proceed further, one must realize that the upper bound of the first sum can be

changed to [g} + 1 because if k is odd then [%} = [g] + 1 and if k is even then

[2£1] = £ but the added term (s = £ + 1) is 0 due to the term ﬁ which must be

set to 0. For a similar reason the lower bound of the second sum can be changed to
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1. Then we have an expression

5]+
J st (n — s)l(k — s)! 2s—k—1
J(n—(k+1),n)=(n—k);(—1) CES VIR e o v
5]+
s+1 (n—s+ DIk —s)! et
! 1 =1) (8—2)!(n—k+s—1)!(k—2s+2)!w
[42]

s (n—s)l(k —s+1)! 2s—k—1
=2 (1) 5—Dlin—k+s—2)lk—2s+2)"

s=1
which was to be shown.
iii) Finally we will verify the validity of formula (3.21) for all k£ > 0,n € Z. Again we

will proceed by mathematical induction in n.Considering step (ii), only the induction
step 2 >n — n — 1 is to be treated

317 N

Jn—1—-kn—-1)= Eﬁ(n—(lﬂ—i—l),n)—3(n+1—(k:+2),n+1)
mn [k;z](_l)sﬂ (n— sk —s+1)! o
w (s—Dln—k+s—2)(k—2s+2)!
]
s+1 (n+1—9)l(k—s+2)! 2s—k—2
DR P Ty gy T v S (3:23)

We can change the upper bound of the first sum to [%] because of similar reasons

as discussed in step (ii). Next note that the first term of the first sum (s = 1)
together with the first term of the second sum (s = 1) gives 0. Thus we have

& n—s)l(k—s+1)!
Jn—1—kn—-1)=n 2 (—1)s+1 = 1)!(2 — l(s o )_ o 2)!w2s—k—2
) [’“23](_1)8+1 (n+1—s)(k—s+2)! ek
s (s—Dl(n—k+s—2)(k—2s+3)!

- o1 (n — 5 — 1)!(/€ — 8)! 25—k
=-n) (-1 N —k+s— Dlk—25)1

—s)(k—=s+1)! B
—1 s+l (’I’L S) 2s—k
+;( ) S!(n—k+s—1)!(k—2s+1)!w

_ st1 (n—s— 1Dk —s)! 25—k
= LT T ks 1Y
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Step (iii) concludes the proof of identity (3.21).
2)Since a binomial coefficient satisfies a relation

(7) = ()

we can easily obtain the second identity from the first one

5

~ 3.16,3.19 ~ s -n—s kE—s) o
Jn+kn) ET (=1)*F(—n—k,—n) = Z<_1)k+ +1 (k_23+1>( ) w2*
s=1 :

=

Sk+n—s\(k—9s)! ,, .
:Z(_1)<k—25+1>(3—1)!w '

s=1

O

Example 41. By using the previous results of the symbol J we can introduce some
special examples:

J(n,n) =J(—n,n) =0,

Jn+1,n)=—w,

Jn+2,n)=-n-1,

30+ 3.n) :_(n—i—l)ufn+2) L,
Jn+4,n)= _(n+ 1)(n1;—22)(n+3) +2(n+2),
Jn—1,n) =w,

Jn—-2,n)=n-1,

3n—3.n) = (n—liﬁn—Q) w

3 —4n) = (n—l)(nu;2)(n—3) _on—2),

where n € Z.
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Chapter 4

The Characteristic Function and
the Resolvent of the Jacobi Matrix

In this chapter we will introduce a method, how to use the symbol J and its main
properties, to find the exact formula for x,.q(n) with n = 1,2...,d. The formula
have already been presented in Proposition 26, however, without a proof. Next, by
using the expression for particular values of y,.q we will be able to reconstruct the
whole reduced characteristic function x,.q(z), z € C. Furthermore, we will derive
an equation for the resolvent operator of a Jacobi matrix under investigation. At
the end, some observations dealing with a localization of the spectrum will be sum-
marized.

Recall that K € C2+1x2d+1 g a complex Jacobi matrix of the form

—d w
w —d+1 w

(4.1)

=

I

g
g o=&
— 8

w d—1 w
w d

For n, s € Z, let us define a column vector x,, € C**! as
xfn = (J(d+s,n),Jd+s—1,n),...,3(s,n),...,3(—=d + s,n)) (4.2)
By putting —j + s instead of m into the recurrent relation (3.17) we get an identity
W=+ 5 = 1,m) + (j — $)3(—j + $,1m) + wI(—j + 5+ 1,n) = 0
which holds for all j,n,s € Z. Thus, we can write

wal 4+ (j = s)al, +wall =0 (4.3)
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for all n,s € Z, j = —d,...,d, but we have to set 27971 := J(d + s + 1,n) and

s

21! = J(—d+s—1,n). Then it is easy to see the equation
(K —58)xs,, = —wI(d+s+1,n)e_g —wI(—d+s—1,n)eq (4.4)
holds for n,s € Z and where (e_g,...,eq) is a standard canonical basis in C24+!

(that is ¥ = d;;,). Next, we set n = d+ s+ 1. Since J(d+s+1,d+541) = 0 (see
Example 41) we can eliminate the first term on the RHS in identity (4.4) and we
arrive at an expression

Kvg, = svs —wJ(—d+s—1,d+ s+ 1)eg (4.5)
where we denote vy := x5 44541 for all s € Z.

Remark 42. Since
J(=d—-1,d+1)=0

the vector vy is the eigenvector of K for eigenvalue 0 which is easy to see from
relation (4.5) if we set s = 0.

Remark 43. One should mention that a similar procedure could be done by starting
from the second recurrent relation (3.18). An identity

holds for all j,m,s € Z and similarly as in (4.3) we could write
W+ (J = 8)T,, +wi, =0

where
iT = (3(m7d+8)a3(mad+3_1)773(m7_d+8))

s,m

However, property (3.20) gives a relation
Lsn = _%s,n
and we would arrive at equation (4.4) again.

Lemma 44. Let n € N and p is a polynomial of degree s < n — 1. Then

J=0

Proof. Since every polynomial of a degree s has a form p(z) = > 77 a;z? where
a; € C, oy # 0 it is clear that it suffices to prove the identity
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for all 0 < s < n. The statement will be verified by mathematical induction in n.
Verification of the statement in the case with n = 1 is immediate. Let n € N is fixed

and the equation
=1’ )" =0

=0
holds for all 0 < r < n as the induction hypothesis. For s = 0 the statement follows
easily from the binomial theorem (with an arbitrary n € N). Let 0 < s <n then

nii(—l)j (n " 1)j5 =(n+1) nii(—nj (j ﬁ 1)].5_1

=0 J j=1
~(n+1) 20(_1)1 (?) G+ =—(n+1) k:: (S . 1) no(_m <",)j’“ =0

because, according to an induction hypothesis, the inner sums are all 0 and the
induction step is concluded. O

Proposition 45. Let V € C?3+1x2d+1 where
Vis =0 =3(—k +5,d+s+1), k,se€(—d,—d+1,...,d).
Then

2d
!
ey K!

(4.6)

Proof. Let us define a matrix W € C?+1%24+1 gych that
o (k+d
Wi = (—1)7+¢ )
=y (j + d)
Since W;, = 0 for k < j we can easily compute the determinant of W

d

d
det W = [ Wi = ] (=D

k=—d k=—d

Investigating matrix VIV we get

d
d—+1
(VW) = kas s = Z(—l)d“( )3(—k+s,d+s+1)

s=—d s=—d d s

_ Z(—l)f(d;rl)ﬁ(ﬁr 1—(d+k+1),j+1).
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Since (d;rl) = 0 for j > d 4+ | we can change the upper bound of the sum to d + [.
Next, we apply formula (3.21) and get

(VW) =

:ig <d+®[§$

+k+
2

d+l :
Z t+1d+k+1 )w2tdk1z(_1)j(d‘f‘1)( j+1—t )
- ‘1) i J\drk—2t+2

=0

] ‘
(—1)*! J+1-t (d+k+1- )w2tdk1
d+k—2t42) (=1

JH1—t

d+k_2t+2) is a polynomial in j of degree d + k — 2t 4+ 2 Lemma 44 gives

S () (k) -

=0

Since (

ifk—1<2(t—1).
Let k£ < [ then, with the aid of Lemma 44, we arrive at an equation

(VW) = 0.
For k = [ the only nonzero term is the term with ¢t = 1 and thus
d+k .
—d (d+k J e
—(d+ k) d—k+1 —1)/ — _1d+kd k) dk+1.
VIV = (0 = S (Y (,1 ) = o

The last equation holds because ( dik) # 0 only for j =d + k.
Finally, we can derive the determinant of the matrix V'

det(VIV) _ TTie (VW) TTiea(=)*4(d + kw41

detV = =
d
det W/ Hk:—d(W)kk sz:—d(_ )d+k
2d
I ey
- wld=1D)(2d+1)”
O
Corollary 46. A set of vectors ¥ := (v_g,v_g41,...,0q) is a basis in C2¢*!,
2d
Proof. ¥ is basis in C?***! < matrix V is regular < det V = % # 0.
]

Next we would like to write matrix K in basis ¥/. To do that we must first express
vector ey in basis ¢ which is stated in the following lemma.
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Lemma 47. It holds

_1\d+s
eq = Z_d( (1) — .de’lvs (4.7)

where eq € C24HL ek = 4.

Proof. By adjusting the RHS of the statement we obtain the expression

d ( )d+s 2d .
"=kt sd+s+1)
d %]H
3.21 S lasazas d+s+1-1 (d+Ek+1-1)! k-2
—a4 =1 d+k+2—=20) (d+s)(d—s)(l—1)!

[k

S e o ()

=0

According to Lemma 44, the inner sum
i Co (25T Y o
—~ s )\d+k-21)

if k < d+ 2l and this inequality holds for all k € {—d,...,d —1}. If k = d then the
inner sum is not zero only if [ = 0, thus

i:d (d+(;)1!2jz+i i d A s d s 1) = ZZd(—US(zd) (Qd) L.

s=— s=0

Since (zsd) = 0 for all s < 2d the last equality holds.

So for k € {—d,...,d} we have verified validity of the equality

+s

d d
2d—1~ _
Z d+s i Ik +s,d+s+1) =0

which proves the statement. O

Finally, we can express operator K in basis 9 (denoted K? € C?¥+1x2d+1)  Gtart
ing with (4.5) and considering the statement of the previous lemma we obtain an
expression

(K%)= 5645 — wI(—d 45— 1,d + s+ 1)eq(t) (4.8)
where it
(=™ 2d-1

) = G aid—o”
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and t,s € {—d,...,d}. Next, let us denote diagonal matrix K, € C?*+1*2d+1 where
(Ko)s := S04
and a, ey € C**1
(eNT = (eq(—d), eq(—d + 1), ... eq(d)), a’ = (a_g,a_gp1, ..., 0)
3.19

with entries o, == —wJI(—d +s—1,d+s+1) = (=1)¥"wI(d—s+1,d+s+1).
Then we can rewrite relation (4.8) to a simple expression

K’ = Ko+ ¢eja”. (4.9)

Remark 48.
1) Note that eja® € C2¢H1x24+1 (it is not a scalar product).
2) The inverse operator (Ko — z)~! exists for all z € C\ {—d....,d} and

1

S —Z

((KO - z>_1)ts = 5ts-

3) It holds a_y = —ay for all s € {—d...,d}. Especially, it follows that ag = 0.
The equation can be verified by a straightforward computation

3.19

as=—wI(-d—s—1,d—s+1)= (-1 wId+s+1,d—s+1)

2 () (d — s+ 1,d+ s+ 1) = —as.

4.1 The Resolvent (KV — z)™!

The simple form of the matrix K expressed in the basis 9 allows us to find a formula
for the resolvent operator (K? — )7L,

Proposition 49. Let z € C\ {—d,...,d} such that an inequality
14+ a”(Ky—2)"te) #0
holds. Then

_ _ 1 _ _
(K? —2) ' = (Ky— 2)7! — 1+CLT(K0—Z)_163(KO_Z) LePal (Ko — 2)7. (4.10)

Proof. From formula (4.9) it follows that

K" — 2= (Ky—2)(1+ (Ko — 2)"'ela”), (4.11)
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note that 1 stands for an identity operator. Then

1

-1 1.9 T -1 9

{(Ko—z) — 1+aT(K0—z)—1eg(K0_z) ega (Ko — z) (KY — 2)
1 1.9 T 1.9 T
= [1— 1+aT(K0—z)—1eg(KO_Z) ega’ | (1+ (Ko—2) ega’)
1
_ 1.9 T 1.9 T
=1+ (Ky—2) eja" — 1+aT(K0—z)*1eg(Ko_z> e,a
a (Ko — 2)""ey 19T _

— Ky, — =1
1+GT(K0—Z)7163( 0 Z) €qa

which was to be verified. O
Remark 50. By multiplying the equality
1+a"(Ky—2)"te) =0
by a term ngf 4(k — z) we obtain a polynomial equation in z.Thus the inequality
1+a"(Ky—2)"te) #0

holds for all z € C with exception of a finite number of z (in the following chapter
will be seen that z which solves the equation is a point of the spectrum of K).

4.2 A Formula for y,.q(z)
Lemma 51. Let a,b € C" then

det(1 4 ba™) =1 +a’b.

Proof. Since a determinant of a matrix is a linear function of its columns det(1+ba’)
is equal to

CL1b1 a1b2 Ce Clen 1 CL1b2 ce albn
asby azbs +1 ... anby, 0 ashy +1 ... anby,

) ) ) +1] . ) .
a,by an,by cooapb, +1 0  apby coeoapb, +1

The first determinant can be decomposed similarly, however, with exception of the
term

(Ilbl 0O ... 0
a2b1 1 ... 0
anbl 0 ... 1
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all other matrices are singular, hence

asby +1 asbs o asb,
det(1 4 ba’) = a1b; + ag,:bg a3b3: Lo an:bn
aT;bl an.bz . anb,; +1
By repeating this procedure one verifies the statement. O]

Now we can use relation (4.11) and the previous lemma to find a formula for
Xred(2), thus,
-1 d+1
Xred(2) = =0T det(K — z) =

(_1)d+1
= det(Ky — 2) det(1 + (Ko — 2)'ela’)

d+1 _d d
O L= 20 a0 — )y = T2 -

k=—d k=1

: 2 2 2d—1 & (_1)d+5 Qg
= :1(’“ _Z)<1+“’ Zd<d+s)!<d—s)!s—z>'

k o

(-1

det(K? —
p; et( z)

2)(1+a’ (Ko — 2)""eg)

Since a_s = —a; (see Remark 48) we can further adjust the sum in the previous
expression

i (_1)d+s d d+s N 1 B 1
S:_d(d—l—s)!(d—s's—z d—l—s —s)! \s—2 —s—z

s=1

_Ed: 2s wI(d—s+1,d+s+1)
B — 5% — 22 (d+ s)!/(d—s)!

Finally, we arrive at the equation

d
—s+1,d+s+1)
vea(2) = TT(k2 14 w™ i L 412
Xrea(?) kl_Il( ( v 232—22 (d+ s)/(d—s)! ) (4.12)
Next, for z =n € {1,2,...,d} we can easily find a value for y,eq(n)
d 2n
Xred(N) = (k* —n?) Jd+n+1-2n),d+n+1w*
k:g;sn (d—n)!(d+n)!
21 (=)™ o0, - w1 f(d+n+1—Fk\(2n—k)! 5
207 ~1 i
n ;( ) 2n — 2k +1 (k‘—l)!w
n—1
1 n+I\d+1+1)! 5,
— -1 l 2d—21 4.1
nlo( )<2z+1> da—n " (4.13)
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where the substitution [ = n — k£ have been used. This procedure gives a proof for
Proposition 26 stated before.

At the end we will introduce a more convenient expression for the reduced charac-
teristic function then formula (4.12).

Proposition 52. It holds

d d—s

Xrea(2) = Z 8!(2d — S+ 1>!)!w25 H(kQ _ 22) (4.14)

— (2d — 2s + 1 Pl

for all z € C.

Proof. Since X,eq(z) is an even polynomial in z of the degree 2d (see (2.8)) it
is enough to check that the values of the RHS for z = 0,1,...,d coincide with

Xred(0), Xred(1), .., Xrea(d). The expression

d

Xrea(0) =) 8;((222:2;31!)!@028[@ —s)IJ?

is exactly the formula (2.12). Let n € {1,...,d} then

dzs 0 s<d-—n
(—l)dfs (n+d—s)! d— n<s S d

k=1 n (n—d+s—1)!
hence
d
1 (2d—s+1)! (=14 *(n+d—s) ,
RHS = — s
n s:;+1 sl2d—2s+1)! (n—d+s—1)! v
n—1
1 (~1) (d+1+1) (n+ 0! 242!
n < (d=D!2l+ 1) (n—1-1)!
which coincides with the formula for y,.q(n) (4.13). O

Remark 53. From formula (4.14) it is obvious that y,.q(2) has no roots for |z| < 1
and Y,eq(£1) = 0 if and only if w = 0.

4.3 Notes on Localization of the Spectrum of K

We will introduce some features of distribution of eigenvalues of the matrix K which
follows from the formula for the characteristic reduced function (4.14).

Lemma 54. Let 0 < |w| < 1,d,n € Nand n < d+ 1. Then x,eq(n) > 0 if n is an
odd number and y,eq(n) < 0 if 7 is an even number.
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Proof. 1)Let n is an even integer, n < d 4+ 1. Formula (4.13) can be rewritten as

nq
B n+20\ (d+20+1)! 5, 4 n+20+1\ (d+20+2)! 5, 4 o
"xrea(n) Z[<4l+1> . M+3 Jd—2—1"
n_q
— (d+20+1)! (n+21)! od—d]—2
Wl 4.15
2 =20 m—a— gt (4.15)

=0

where we have denoted
(1) = (41 + 3) (4l + 2)w? — (n? — (21 + 1)*)(d + 21 + 2)(d — 2I).
Let [ € {1,2,...,% — 1} (note that the range of / is nonempty only if n > 4). Then

(1) — ay(l — 1) = (320 + 4)w? + 8I(d* + 2d + n* — 1 — 8?)
>d2+2d+n2—1—8(g—1)2:d2+2d—9+8n—n2 (4.16)

and since we consider n even and 1 <n < d+ 1 we get the estimate
ap(l) — (Il —1)>d*+2d—9+16 — (d+1)> =6 > 0.

As a consequence it holds
au(l) € au(5 1)
for all I € {0,1,...,% — 1}. Next, still considering 1 <n <d+1and 0 < |w| <1,
we can estimate
aw(g — 1) =(2n—1)(2n - 3)w? — (2n — 1)(d +n)(d — n +2)
<(2n—-1)[2n —3) = (* +2d +2n —n?)] < —2(2n — 1) < 0.

It follows that oy, (I) < 0 foralll € {0,1,...,% — 1} which, together with expression
(4.15) proves that y,eqs(n) < 0 for n an even integer less or equal to d + 1.

2)Let n is an odd integer, n < d + 1. This case will be treated similarly as the case
with even n. Formula (4.13) can be rewritten as

n—1
[ /n420\ (d+20+ 1) o, 4 n+20—1\ (d+20)! 5 4
aned<n) _IZI |:<4l+1) (d—2l>‘ v B ( 4l — 1 )(d—2l+1)'w

d+1) 2d

d+2l (n+20—1)!

ot Di(n i e Qe (@ et (47)

M”\

where

Bu(l) == (n® — (20)*)(d + 21 + 1)(d — 21 — 1) — 41(4l + 1)w?
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Let 1 €{2,3,..., ”T_l} (note that the range of [ is nonempty only if n > 5). Then

Bu(l) = Bu(l — 1) = (=321 + 12)w? — 4(21 — 1)(d* + 2d + n* — 3 + 81 — 8I?)
—(d*+2d—3+n*-2n—-1)(n—3))=—(*+2d—9+8n—n?) < -14 <0

and
—1
B2 —) = 2n—1)(d+n)(d—n+2) - (2n - 2)(2n — Do
>2n—D[(d*+2d+2n—n?) — (2n —2)] > d* +2d +2 —n*>1> 0.
As a consequence we can claim that 3, (1) > 0 foralll € {1,2,..., ”T’l} and therefore
every term in (4.17) is positive which concludes the proof. ]

Proposition 55. Let 0 < |w| <1, d € N. Then
o(K) = {0,£\1, £)o, ..., £Ag} (4.18)
where A, € (k,k+ 1) for all k € {1,2,...,d}. Next, an inequality
Nep1 — A > 1 (4.19)
holds for all k € {1,2,...,d}.

Proof. Since the characteristic function is an odd function zero is always an eigen-
value of K and the spectrum of K is symmetric around zero (see section 2.1). Let
ke{1,2,...,d}. Lemma 54 implies that

sgn(Xred(k)) = —sgn(Xrea(k + 1))

and therefore there is at least one eigenvalue in interval (k,k + 1). Since the last
statement holds for all k& € {1,2,...,d} there is exactly one eigenvalue in each
interval (k,k 4 1) (matrix K has exactly d positive eigenvalues).

The second part of the statement is a little bit more difficult to verify. Let A\; €
o(K)N(k,k+1), ke {1,2,...,d}. We will verify that y,.q(2) is always positive or
always negative for every z € (A, Ay +1). If it is true then the reduced characteristic
polynomial has no root in (Mg, \x + 1) and inequality (4.19) will hold. The already
checked properties of the spectrum of K follows that it suffices to show an equality

Sgn(Xred(k + 1)) = Sgn(XTed<)‘k + 1))

Since an identity

U

d—s
—)\k(d—S—i—l—l-)\k H

(1+)\k —S—)\k

—S8

(P =M +1)%) = - )

1

l =1
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holds for s € {0,1,...,d} we can write

d d—s
red( Ak + 1) s E*— (A +1
Xrea(Ae + stl2d—25—|—1)w k:l( (e +1)%)
d d—s
Ak (2d—s+1) L, d—s+1+ X 5 9
=— s 1= X5). 4.20
1+)\k;s!(2d—23+1)!w d—5— A\, E( 2 (4.20)
Note that .
sgu(] [(12 =A%) = (1)
1=1
for s € {0,1,...,d —k—1}. To proceed further we must treat two cases separately.

1) Let k is an odd integer. Since we investigate a distance between A\, and Mg 1 we
take d > k + 1 (otherwise there is no \g;; in the spectrum). First we estimate an
expression

d— 1+ A 2\ 1 2\ 1

stl+Ae _ 1+ K+ <14 k+
d—S—)\k d—S—)\k k?—i‘l—)\k

which holds for s € {0,1,...,d —k — 1}. Next by splitting sum Zfzo in expression

(4.20) into to two sums Zd - + 327, and by considering the last inequality we

obtain an estimation

J d—s
M d=s+ 1! ad—st1tMyre_ e
e+ 1) = — 5 o
Xrea(A +1) 1+>\ks§k8!(2d—2s+1)!w d=5=M E< !
d—k—1 d=s
A Mg + 1 2d—s+1)! 2
_ 1 ) — M)
1+>\k( +k+1—)\k) ; sl(2d — 2s +1)! W 121

which can be further adjusted

d d—s
Ak (2d — s+ 1) ,.d—s+1+ N .
Z 8!(2d—2$+1)!w d—s— A\ H(l - )

Xred()\k + 1) Z -

1

Ak is a nonzero eigenvalue of K hence X,eq(Ar) = 0. We can continue

=1

-3 e T - oo

s=d—k =

Xred()\k + 1)

< Ak Zd: (2d — s+ 1)! 2 22 +1 22 + 1 d=s
Tl £ sl(2d = 25 4+ 1)) E+1—X\, d—s— M\ 11
,\k(zAkJr d 2d—8+1) wd—s—k—1%%,,
’ - 4.21

s=d—k =1
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Since we are interested only in the sign of the previous expression we omit the
positive constant which stands in front of the sum. Next, by doing substitution
J =d — s we arrive at an expression

k . . J
) :( 21 >w : | (G (4.22)

=0 =M

which can be rewritten as

A . 2j
KCH-Q] + 1)w2d_4j2‘7 .—k— 1 H(ZQ )

L[

s 47 +1 27 — M =
) 2j+1
d+2]+2\ 95450 27—k 2 2}
+ I = [
( y+3) 2]+1—)\kg( )
Tl d+2]+1) 2
220, (0) | (1P = X 4.23

where we have denoted

2 —k—1 . L 2k .
Oy 4543)(4j+2) —————w? +(d+2j+2)(d—2) ) ————((2j+ 1) = )\2).
(J) = (45+3)(4j+2) 27 +(d+25+2)( J)2j+1_)\k((3+) )

Finally it suffices to show that €2,,(j) < 0 for all 7 € {0,1,..., 21} because in that
case every term in (4.23) will be negative and also x,eq(Ax + 1) will be negative. Let
us check the negativity of Q,(j), by doing several estimations we can write

(i) = (45 +3)(45 + 2" =2
< (4 +3)(4) + 2k +1—25) — (d+2j +2)(d — 2)(k - 2))(2] + 1 + k)

< (454 3)(45 +2) + (k — 2/)[(45 + 3) (45 +2) — (d + 25 + 2)(d — 2j) (k + 1)].
(4.24)

w? — (d+ 25 +2)(d — 25)(k —2§)(25 + 1+ M)

Since

(45 4+3)(4j+2)—(d+2j+2)(d—2j)(k+ 1) < (k+1)(4k — (d + 2)d)
<(k+1)(—d*+2d—4) < —(k+1)(d—1)*<0,

the term in square brackets in (4.24) is negative and we can continue in estimations

Q) < (k+1)(8k —d(d+2)) < (k+1)(—d* +6d —8) = —(k + 1)(d + 2)(d + 4)
<0

where we used that 0 < j < 51k +1 < d and min{(d + 25 + 2)(d — 2j)|j =
0,1,...} =(d+2)d.

[\
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2) Let k is an even integer. This case is to be treated very similarly as case 1). By
following the same procedure as in case 1) we obtain an estimation (it differs only
in opposite inequalities)

Xred(/\k+>
Ae(2X + 1) Lo@d-s+ ) Ld—s—k—1%%,, .
: 12— \2).
_(1+)\k)k+l—)\k Z S'Qd 28+1)w d—S—)\k H( k)

s=d—k =1

Since we are interested only in the sign of the previous expression we omit the
positive constant which stands in front of the sum. Next, by doing substitution
J =d — s we arrive at an expression

k . . J

= 2j+1 J— M 11 Ak

The second term is obviously positive and the sum can be rewritten as

£ 2j—1

: d+2j) odairg 27—k —2
DI P K v vl | (Gl
= [(4]—1 2] —1— X paiey
. . 25
d+2j+1\ 9442 —k—1 9 19
A | )
+( 1+1 >“’ 2 L=
k

2 (d+ 2j5)! 4
= =4y, (4 12— X 4.26
;Ml ey CAR 0D ) (GEPD BCEY
where we have denoted
2] — k — 2 2] —k—1

V() = 45(45 +1)

S TP (d 42+ 1) (d =25+ 1) ((25)2 = Ad).
ST (2 DA =2+ DS (29) - )

Now it suffices to show that W,,(j) < 0 for all j € {1,2,...,%} because in that case
every term in (4.26) will be positive and therefore Xred<>\k + 1) will be positive. Let
us check the negativity of W,,(j), by doing several estimations we get

. o k+2—2j
U, () =4j(4j + 1)— ==L
() J(J+))\k_2]+1

<4jdji+1D)(k+2-2j)—(d+2j+1)(d—2j+ 1)(k+1—25)(2) + k)
<4jdji+ D)+ (E+1-=25)4545+ 1) —(d+2j+1)(d—2j+ 1)(k+2)]. (4.27)

w? — (d+ 25+ 1)(d—2j +1)(k+1—25)(25 + \)

Since

4545 +1) = (d+2j + 1)(d—2j + 1)(k +2) < (k+2)(4k — (d + 1)*)
< (k+2)(—d*+2d—5) < —(k+2)(d—1)*<0,
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the term in square brackets in (4.27) is negative and we can continue in estimations

U, (j) < 4k(2k+1) — (d+1)*(k+2) < (k+2)(8k — (d +1)?)
< (k+2)(—d+6d—9) < —(k+2)(d+2)(d+4) <0 (4.28)
Whereweusedthat1§j§%,k—l—lgd. O]

Remark 56. Property (4.19) implies that A\, — k is increasing with k.
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Chapter 5

Function J and Eigenvectors of
Matrix K

5.1 Functions & and J

In chapter 3 symbols & and J was defined. These symbols depends on two integers.
Now, we are going to add a third continuous dependent variable. By this way
functions & and J will be defined. Lettering will remain the same but the functions
will have three dependent variables while the symbols will have only two, for example
&(m,n, z) is the new defined function while &(m,n) is the old defined symbol.

Definition 57. Let us denote

q5<m,n,z);:g< v v w) (5.1)

m+z m+14+2""""n+z
where m,n € Z, m < n and z € C\ Z. To satisfy the recurrent rule (1.2) we put
Sn+1,n,z2):=1

and
&(n+2,n,z):=0
for n € Z, z € C. Finally, let us define
Fm+2)'(m—1+2)
F(n+2+2)T(n+1+2)

&(m,n,z) = — w MG (4 2,m —2,2)  (5.2)

formn€Z, m>n+2and z € C\ Z.
Consequently, we have defined function &(m, n, z) for all m,n € Z and z € C\ Z.

Remark 58. It is easy to verify that the relation (5.2) holds for all m,n € Z.
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Remark 59. Note that
&(m,n,0) = &(m,n)

for m,n € N.

Remark 60. Recurrent relations (1.2) and (1.4) implies that a similar property
holds for function &,

w2

(m+z2)(m+1+2)

w2

(n+2)(n—1+2)

Qj(ma n, Z) = Qj(m +1,n, Z) o

&(m+2,n,z2), (5.3)

&(m,n,z) =G(m,n—1,2) —

&(m,n —2,2) (5.4)

where m,n € Z, m <n and z € C\ Z.

Proposition 61. Recurrent relations (5.3) and (5.4) holds for all m,n € Z and
z€C\Z.

Proof. Considering the last remark it suffices to prove the relations for m > n. Let
m =n+ 1 then
LHS =&(n+1,n,z) =1

and
’LU2
RHS =6 2 — (&} 3
w? IF(n+3+2)(n+2+2)

- - 2,n+1,2) =1.
mtlt2)nt2+2)Tn+lt)(nt2+z) &(n+2,n+1,2)

Let m > n + 2 then

U}2

(m—+2z)(m+1+2)
Fim+1+2)L'(m+ 2)

- _ —2(m—n)+2 om—1,2)— 2 .
F(n+1+z)F(n+2+z)w (B(n+2,m ,2) — &(n+2,m,z))

RHS =&(m+1,n,2) — &(m+2,n,2)

Since m > n + 2 recurrent relation (5.4) can be applied to the last expression

w2

(m+2)(m =1+ 2)

Sn+2,m—1,2) —B(n+2,m,z) = &(n+2,m—2,2)

and then

Cim+2)T'(m—1+ z)
F'n+1+2)(n+2+ 2)
=&(m,n,z) = LHS.

RHS = —

w2MTIHSG(n 4 2,m — 2, 2)
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Thus, recurrent relation (5.3) holds for all m,n € Z.
The second recurrent relation is to be treated. Let m > n then

w2

) —1+2)
L(m+2)I'(m -1+ Z>w—2(m—n)+2
I'n+2)'(n+1+ 2)

RHS =®(m,n—1,z) —

&(m,n —2,2)

(Bn+1,m—2,2) —&(n,m—2,z2)).

According to the first recurrent relation (which was already proved) the identity

w2

n+z2)(n+1+2)

Sn+1,m—22)—&n,m—2z2) = &(n+2,m—2,z)

holds and finally

Cim+2)[(m—1+ 2)

RES = s rm 2+ z)wfz(mwm@(” +2m=2,2)=8(mn,z2)
=LHS.
O
Lemma 62. It holds
w22
(m+2)8(m —j,n, 2) - m:—m®(j+2,n—m) (5.5)

for € Ng and m,n € Z, m < n.

Proof. We will proved the statement by mathematical induction in j. Case j = 0 is
to be treated with the aid of recurrent relation (5.3)

(m + 2)&(m,n, z) =(m+2)B(m+1,n,z)— #ﬁ(m—kln, z)
= —w’®(2,n — m)z._im -
The case 7 = 1 will be proved similarly
w2
(m+ 2)&(m —1,n,2) =(m+2)8(m,n,z) — m@(m—l—l,n, z)

4
= —w?®(2,n —m) +wS(l,n —m) = —%@(S,TL —m).
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Let 0 < j. To proceed the induction step 7 — 741 the well known recurrent relation
(5.3) is to be used again

(m+2)8(m—(j+1),n,z2)

w2
= &(m— g — BS(m—75+1
(m+z)( (m —j,n,2) m—j— T+ (m—j+2) (m—j+ ,n,z)) B
2j+2 2j+2
IH w . w .
L ®(j+2n— B+ 1n—
Gy T Enmm) G eU e = m)
w2+t
= —— , &B(j+3,n—m).
G2+ 1) (G +3,n —m)
O
Definition 63. Let us define
I'(n+ 2) —n42
J = "B 1l.n—1 5.6

where m,n € Z and z € C\ Z.

Remark 64. For m =n — 1 and m = n function J can be defined for all z € C as
Jn—1,n,2):=w

and
J(n,n,z) =0.

Remark 65. The relation (5.2) rephrased with the aid of the function J has the
form
3(m,n,z) - _3(nam7 Z) (57)

where m,n € Z and z € C\ Z.

Proposition 66. Let zy € Z then

lim J(m,n,z) = J(m + zo,n + 20) (5.8)

Z—20
for all m,n € Z.

Proof. (i) Let n > m + 2. Since for z ¢ Z

I'(n+ 2) o
Smn2) = pe T Y emtln-12)
n—1
= k m—n+2 w w w .
k:l;IH( e S(WH—1"‘2’77%-1-24—2’ ‘n—1+z2 (5.9)

49



there is no problem to do a limit z — 2y and check the validity of the proposition if
¢ {-n+1,-n+2,...,—m—1}. Let zo € {-n+1,—n+2,...,—m — 1} then
with the aid of lemma 62 we can do a limit z — z, in expression (5.9) (where the
function § is replaced by relevant function &) and we obtain a result

lim J(m,n,z) =

22— 20

n—1

=— ] (+=)

k=m+1,k#—z9

1 z)!
- (—1)m+zoMm—m—zﬂ)—(nw”@(—m —zo+1,n— 1+ z)
—m — 2p):

= (=1)"F(=m — zo,n + 20) = J(m + 20,1 + ).

w—m—n—2z0 +2

(—m —1—2)!(—m — zo)!é(_m —z+1,n—1+z2)

The last equation holds due to identity (3.19).

(ii)) Let m = n—1then J(n—1,n,2) = w for all z € C and J(n— 1429, n+ 2p) = w.
Similarly, if m = n then J(n,n, z) = 0 for all z € C and J(n + zp,n + 29) = 0.

(iii) Finally, if m > n + 2 then it suffices to use the identity (5.7) and the already
proved cases

lim J(m,n,z) = — lim J(n,m, z) = =J(n + z0,m + 20) = J(m + 29,7 + 20).
z—20 z—20
L
Remark 67. The function J(m,n, z) can be defined also for z € Z as
J(m,n,z) :=J(m+ z,n+ 2).
Then the function J(m,n, z) is defined for all z € C and it is continuous in z.
Proposition 68. Recurrent relations
3(m_ ]_,TZ,Z) = m+Z3<m7n7z) —3(m+1,n,z), (510)
w
Jm,n+1,z2) = n+23(m,n,z)—3(m,n—1,z) (5.11)
w

holds for all m,n € Z and all z € C.

Proof. For z € C\ Z it suffices to take into account recurrent relations (5.3) and
(5.4) and use the definition of function J. Next, for z € Z it suffices to use the
continuity of function J. O]

5.2 Characteristic Function and Eigenvectors of
the Jacobi Matrix

In section 4.2 we have derived a formula for the characteristic function of K. Now,
we will find another useful identity for the characteristic function with the aid of
function J. Next, we will describe formulas for eigenvectors of K.
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Proposition 69. Function
w*J(—d —1,d + 1, 2) (5.12)
is the characteristic function of matrix K. Next if A € o(K) then vector
vy = (J(d, d+1,0),3(d—1,d+1,),...,3(=d,d+1,))) (5.13)
is an eigenvector of K respective to eigenvalue \.
Proof. By using recurrent relation (5.10) we easily arrive at the identity
(K —2)v, = —wJ(d+1,d+ 1,2)e_g —wI(—d — 1,d+ 1, 2)ey

where e.4 are vectors of standard canonical basis in C2?*1. Since J(d+1,d+1,2) =0
the first term vanishes and we obtain a formula

(K —2)v, = —wJ(—d—1,d+ 1, 2)eq (5.14)

which both statements follow from. First it is important to notice that v, # 0 for
all z € C because
vl =3J(d,d+1,2) =w #0.

Next, it is necessary to find out that function

d
2M3(—d—1,d+1,2) = [ (k d d R
w3l d+1,2) kHd( 23 —d+z —d+1+2z"" d+=z

is a polynomial in z of degree 2d + 1 and the coefficient respective to the term
22441 i 1. That can be seen either from Definition 1 of function § or from a fact
that function J(—d — 1,d 4+ 1,2) can be reconstruct by using recurrent relation
(5.10) starting from J(d,d + 1,2) = w and J(d + 1,d + 1,z) = 0. Next, all roots
of function J(—d — 1,d + 1, 2z) are eigenvalues of the matrix K which arises from
identity (5.14). Finally, it suffices to show that J(—d — 1,d + 1, z) has no multiple
roots. In fact, suppose J(—d —1,d+1,\) = J(—=d—1,d+1,A) =0 for some A € R
(here J'(—d — 1,d + 1, \) is the derivative of J(—d — 1,d + 1,2) in A). From (5.14)
one deduces that (K — A)vy = 0, (K — A\)v} = vy (v) stands for the derivative of v,).
Hence
vy € Ker (K — X) NRan (K — \).

Since K — X is a hermitian matrix spaces Ker (K — ) and Ran (K — \) are orthog-
onal and so vy = 0. This contradicts the fact, however, that v} = w # 0. One
concludes that the set of roots of J(—d — 1,d + 1, z) coincides with o(K). Neces-
sarily, w?dy(—d —1,d + 1, z) is equal to the characteristic function of K(w). The
second statement of the proposition also follows directly from identity (5.14). O]
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Remark 70. Notice that polynomial w?*J(—d —1,d + 1, 2) differs from xx(z) in a
sign. Thus identity

d d—s
2d—s+1
2d~ 2s
—d—1,d+1 — E
w 15( ) 72) XK Z S'2d 25 w

o

=1
(5.15)
holds for all z € C which follows directly from the previous proposition and formula

for characteristic reduced function (4.14).

Remark 71. The formula for particular values of characteristic reduced function
(4.13) can be derived easily now. By using Lemma 62 we get

d

Xx(n) = H (k+n)(z—n)B(—d,d, z)
k=—d,k#—n

d+n)!
_ (_1)d+n+1%w2d2n+2®<d —n+2,d+n)
—n
= (=)™ 2 Y(d —n+1,d+n+1). (5.16)

Next, by substituting for n := d+n+ 1 and k := 2n in identity (3.21) we obtain an
expression

XK(n) =

d+n+1 2dz s+1 d+n+1-s (2”_3)!w25—2n
2n—2s+1 ) (s—1)!

n—1
_py _1k<d+k+1) (n+ k)! 22k
=0

£ 2k+1 ) (n—k—1)!

|
n+k) (d+k+1).w2d7% (5.17)

= (=1 k:()(_l)k <2k +1) (d—k)

which holds for an arbitrary n € N.

In the rest of this chapter we will deal with finding formulas for particular com-
ponents of vector

vl =(3(d,d+1,2),3(d—1,d+1,2),...,3(—=d,d + 1, 2)) (5.18)
where z € C. Let us denote
&u(2) = W 13(d -k, d+ 1, 2) (5.19)

where k£ € {0,1,...,2d} and z € C. Next, we will introduce some properties of
function & (z).
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Remark 72. Note that & (z) is a polynomial in z of degree k and the coefficient
respective to the term 2 is 1. It can be seen from the fact that J(d — k,d + 1, 2)
can be reconstruct by using recurrent relation (5.10) starting from J(d,d+1, z) = w
and J(d+1,d+1,2) = 0.

Example 73. Let us introduce examples of &(z) for £ =0,1,2, 3:

fo(z) =1,

&(z) =d+ z,

&(2) = (d+2)(d =1+ 2) — w?,

&) =(d+2)(d—1+2)(d—2+2)—2w*(d—1+ 2).

Remark 74. Let n € Z. By using identity (3.21) we can express (n) as
&(n) =" 1J3(d -k, d+1,n) =" 'J(d+n—k,d+n+1)

(5]
d+n—s\(k—s) o
_§<_1)8( ;_ 0 >< 7 )w : (5.20)

Lemma 75. The identity

& (—d+ {%} +l) = (=1DFk¢, (—d+ m — l) (5.21)

holds for k € {0,1,...,2d} and [ € Z.

Proof. To prove the statement we can proceed straightforward

w=a ot [ ) (15215 )
(-

= (-D)Mu*1y <—k+ E} —1, {g} +1- l) = (-1)"& (—d+ {g} - l) =RHS

where identities (3.16), (3.19) and (3.20) have been used. O

Remark 76. By putting [ = 0 and considering k£ an odd integer in the previous
lemma we find out that —d + % is a root of polynomial &.

Next we will reconstruct function &(.) with the aid of knowledge of particular
values (o) where a; € R, o; # o for @ # j and 4,5 = 0,1,...,k (recall that
&k (.) is a polynomial of degree k). Polynomial &(.) is uniquely determined through
identity

k

Hi:O,i;éj(Z — ;)
k

Hi:O,i;ﬁj(aJ — i)

Until we will do that, we will need a technical identity which is stated in the following

lemma.

&(z) = Z &k () : (5.22)
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Lemma 77. Let r € N then it holds

SR 2j(r +j = 5)! T
> (- I[[ E-&=cy
j=rti-s (s+j—r=Dr+j+Dr—j+D! _ S

for all s € {0,1,...,r} and z € C.
Proof. To prove the statement we will proceed indirectly. First since
Eaar1(2) = wF(—d —1,d +1,2)

from Proposition 69 it follows that £y441(.) is the characteristic function of matrix
K. Although we have already know the exact formula for £4.1(2) we will try to
reconstruct polynomial £,411(%) by using expression (5.22) where we will put a; := j

and j€e{—-d—-1,—d,...,—1,1,...,d,d+ 1}. Thus
— [T izdrjizaZ +d—1)
Gan(2) = Y &an(i) S —
j=—d—1,j#0 Il isagizald + 5 — 1)
since &411(—7) = —&411(j) the sum can be modified further as
dt1 . At d+1
Jj(=1) 1 1 2 2
Saan (2 Ez&”1 Arit ATl lz47 7—J Lpz ¥
dt1 : : dt1
. 2j(=1)"*! ‘
—1)4 242,

Next, by applying identity (5.20) to {2441(j) and by switching sums we arrive at the
expression

d d—s
(2d — s+ 1)! ,
d s 2s 2 2
E Ws | | — 5.24
€2d+1 gt 2d — 925+ 1)|3| (Z>w 11 (Z ] ) ( )
where we have denoted
d+1 d+1

__ (d+j—s)! 2j(=1)"*! 2 2
()= 2 (s+j—d—DI(d+1+)(d+1—j) I &=

j=d+1—s i=d+1—s,i#]

Finally, it suffices to compare equation (5.24) with formula (5.15) to find out that

and this holds for an arbitrary d € N. m
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Proposition 78. It holds

() = S~ g I @ (5.25)

where k € {0,1,...,2d}, d € N and 2z € C.

Proof. The proof is split into two parts.
1) Let k£ be an even integer. We will try to find a formula for &.,1(z) by using
expression (5.22) with
ko
Q1= —d + =+ J
2
and

Thus

k
1

k1 :
koo O\ I i (z+d=1)
Gnx)= Y Gal—d+5+7) g —
2 I (5+5-1)

j:_g_Lﬁéo i:fl,i;é%Jrj,i;ég 2 J

§ Lk j(_1)§+j+1 ’ii[l

= €1 (—d+—+j) : (z +d—1i).
2 E+1 1-—

=5 iz G+1+NG+H1-)! T

(5.26)

Next, identity (5.21) specified to our case follows that

k1 <—d+ g +j) = —kt1 <—d+ g — j)

which allows us to modify the sum in (5.26) further as

k:+1

Eer1(2) = Z£k+1 ( a+ s +]) ( j(_.1)§+j+1

Er 14+ +1— )

k+1

[ c+d—i)

i=—1i#E

1 1
+
k- k_ -
z+d—5+7 z+d—35—]

5+l )2+j+1

k i
‘25’“*1( ity “)( T ErI )

+
x (2d + 22 — k) ( z+d—— —i2>.

25
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Next, by applying identity (5.20) to &1 (—d + % + j) and by switching sums we

arrive at expression
CO s T (a BY
(k—2s+ 1)s! Y © 2) '

k
(d—i—z—§) 1

where we have denoted

[MIE
NES

(=1)

s=0

ps(z) =
kg . LES
i (5+5—s) 2j(~1)*! ﬁ ((z+d ’“) Z)
Tk _ 1) (k ME+1— ) 2]
i (s+ji—s-NE+1+)E+1-))! et 2

Finally, by applying Lemma 77 we find out that

k
ps(2) = (=1)2
and thus
k kg )
k E\~—~ (k—s+1)! , 3 9 k
pr— —1 —_—— S —_— —_ — .
Ehi1(2) = (—1)2 (d—l—z 2) 2 (k—23—|—1)!3!w E(z ZHd -
(5.27)

At the end, since

;s : s

k Kk k
.2 _ 5+s ) — —
H(z —(z+d—§))—(—1) H (Z—I—d+2 2)
=1 i=—E 45,i0
. k—s
= (-1 [ +d-i)
j=s.j#%
formula (5.27) can be rewritten as
5 k
_ s (k?—S—f—]_)' 2s - .
Era(z) = 32:;(_1) G 2s s Ef“ z—j). (5.28)

2)Suppose that k is still an even integer. By applying recurrent relation (5.10) to
function & (z) we get a similar relation

Epr1(2) — (d = k4 2)&(2) + w?&_1(2) = 0,
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from which we will compute & (z) with using formula (5.28). Thus

(d—k+2)&(2 )=§k+1( ) + w&e1(z)

k—s

—s+ 1) ‘
_Z —23+1)!3!w H(d+z—])
j=s
= — DU e = d :
+Z _25_1)‘8'10 H( +z—7).
j=s

Next, we can change the lower bound of the second sum to —1 because the added
term is zero due to term ( I which has to be set to zero. Then we shift index s by
1 and we get expression

% s k—s
@k 26t = S g e Tl )

2 E— s ! 2skflfs ‘
-2 G o 1))( e 1L @e==d)

s=0

k—1-—s

k
2

_ s (k _'Sy

_Z;(—l) = 28+1'S‘w (2 H (d+z—7)
— j=s

s

where we denote
Ts(2)i=(k—s+1)d+z—k+s)—s(d+z—s+1).
Since
Ts(2) =(d+z—k)(k—2s+1)
we arrive at formula

k—1—s
(—1)8%@0% IT (@+=-24. (5.29)

s=0 j=s

Iy
ol
—~
I
~—
I
M-

Finally, formulas (5.28) and (5.29) can be written down for an arbitrary k €
{0,1,...,2d} at once as

[5] hos) |, h
&n(z) = Z(—msmw?s H (d+z—j).

]

Remark 79. Although we restricted ourself only for £ € {0,1,...,2d}, it is clear
that the formula (5.25) holds for any k& € Ny.
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Remark 80. Formula (5.25) admits a generalization of equation (1.17). By putting
k:=d,v := z in (5.25) and using the definition of the function J one easily arrive
at the identity

[d/2] —1-
w w w Fv+1) (d
— ... = —18
S(u+1’y+2’ ’y+d> F(u+d+1);( e 23 1;[ (vd=))
(5.30)
which holds for d € Ny and v € C\ {—n,—n+1,...,—1}.

Corollary 81. If z € o(K) then v, € C**! is the respective eigenvector with
components given by formula

k—1—s

s=0 j=s
where k € {0,1,...,2d}.
Proof. The statement follows directly from Proposition 69 and Proposition 78. [

5.3 Modified Results for the Jacobi Matrix of Even
Dimension

In previous chapters the characteristic function (4.14) and the vector valued function
(5.31) which values in points of spectrum correspond to respective eigenvectors was
found. Both results were derived for the special Jacobi matrix (4.1) which dimen-
sion is odd (2d 4 1). Now, a slight modification of the already known formulas will
allow us to introduce similar results for a special Jacobi matrix of an even dimension.

Let us denote L a Jacobi matrix of dimension 2d (for some d € N) such that

—d+% w

(5.32)

Next, define matrix L := L + 51 which spectrum is shifted (by a half) with respect
to the spectrum of L. Taking into account the recurrence rule (5.10) and equation
J(d,d, z) = 0 one can easily find out that

(L — zD)u, = —w3(—d — 1,d, 2)eq (5.33)
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where
ul = (J(d—1,d,2),3(d—2,d,z2),...3(—d,d, z))
and ’

ey =100, j=—-d+1,—-d+2,...,d

For similar reasons as discussed in the proof of Proposition 69, the function
w?13(—d —1,d, 2) is the characteristic polynomial of L and wu, is an eigenvector of
L respective to eigenvalue A. Let x; be the characteristic function of L. Rephrasing
formula (5.25) (writing d instead of d + 1 and k — 1 instead of k) we have, for
ke {1,2,...,2d}, equation

(£

k—d _ ~ _ s+1 (k —s)! w2k

u, “=3(d—k,d, z) = E (—1) G F 1= 29)(s = 1)l ||d—i—z 7). (5.34)
s=1

Let us summarize the results in the following proposition.

Proposition 82. The formula for characteristic function of L

d d—s

2
17y (2d — s)! W [ oLy o (5.35)
—~ (2d — 2s) (2d — 25)!s! ey 2

holds. Furthermore, if z € o(L) then u, 11 € C?? is the respective eigenvector with
components given by formula

k—s

[2£2]
k—d 1)s+1 (k —s)! 25—k d [
Uerl = Z:: kr1—29)G-1" H( Tty (5.36)

j=s

where k € {1,2,...,2d}.

Proof. The characteristic function of L is the characteristic function of L with shifted

argument, more precisely
1
xe(2) = Xz (Z + 5) :

Bearing in mind the above discussion and by using identity (5.34) we get

1
xr(z) = w1y (—d —1,d,z+ 5)

d 2d—1-s
(2d —s)! 1 ,
S— S d_ - _
=D (-1 (2d — 2s)1s! " H < 5 T7 J)

s=0 j=s
d d—s 2
(2d — s) 1
d 23 - 2
SZ 20— 25)151" u [(‘7 2) : ] ’

thus the first part of the proposition is proved. Consequently, by (5.33), if z € o(L)
then u_, 1 is an eigenvector of L. O

29



Remark 83. From formula (5.35) it is obvious that x(z) is an even function and
it has no roots for |z| < 1. xz(43) = 0 if and only if w = 0.
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Chapter 6

A Set of Limit Points of a
Tridiagonal Operator

In an effort to collect information about a relation between spectrum of infinite Ja-
cobi matrices and respective truncations we add this chapter. It will be shown that,
under certain assumptions, every eigenvalue of tridiagonal operator is a limit point of
a sequence of eigenvalues of a truncated finite-dimensional operator and vice versa.
The most of the following results are taken over from [6], [7] and [8] where some
other related information can be found (we will focus only on the equality of the
spectrum and the set of limit points for (possibly) unbounded tridiagonal operators).

Let H be a separable Hilbert space with orthonormal basis {e, },en. We consider a
tridiagonal operator T" which corresponds to a positive sequence {a, },en and a real
sequence {by, }nen as

Te, = apnéni1+ ay_16n-1+bpen, neN, (ag:=0). (6.1)
This operator can be expressed as
T=VA+AV*+ B

where A, B are diagonal operators, Ae, := a,e,, Be, := b,e,, V is the unitary shift
operator, Ve, := e,+1 and V* its adjoint (V*e, = e,_1, V*e; = 0). If the sequence
{a,} is bounded then T is self-adjoint with the definition domain of the operator B,
le.

Dom(7") = Dom(B) = {zx € H | Bx € H}.
With the aid of sequences {a,} and {b,} we define polynomials P,, n € Ny by
recurrence relation

anPoi1(z) + an_1Pyq1(z) + b,Py(x) = 2P, (z), n€N
Py(x) =0, Pi(z)=1. (6.2)

Note that P, is a polynomial of degree n—1 (since a,, # 0). More information about
such polynomials can be found for example in [9] and [10].
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6.1 Inclusion ¢ C A
Let N € N and let us define truncated finite-dimensional operators
TN = PNTPN

where Py is the orthogonal projection operator on the subspace Hy spanned by
{e1,...,en}. Suppose that T is self-adjoint. First, we will show the operator T' can
be strongly approximated by a sequence of operators {Tx}, i.e.

Jim [Tf = T s =0 (6.3

for every f € Dom(T"). We prove this as follows. Let f € Dom(T") then we have

ITf = TnfI> =D [(Tf = PNTPxf,en)]” =Y _|(f, (T = PxTPy)en)|”
n=1

n=1
[e's) N 00
= Z |(f,T€n)’2 + Z |(f> ([ - PN)T‘en)l2 = Z ‘(va en)|2 + (I?V|(f, eN-i-l)’2
n=N+1 n=1 n=N-+1
= 3 (T e +1(AV* fen)P (6.4)
n=N+1

where the definition relation (6.1) and self-adjoint of T was used. The first member
on the RHS of (6.4) tends to zero as N — oo because |[Tf[|* =3 oo (Tf, en)|* <
and the second because AV*f € H (since Dom(AV*) D Dom(7')) and the sequence
{en} converges weakly to zero.

Second, we will show that the eigenvalues of Ty are zeros of the polynomial Py (z)
defined by (6.2). Let us denote

&(x) :== (P (), Po(x), ..., Py()).

Since Py(z) = 1 the vector-valued function {y(z) # 0 for all x € R. From the
relation

by a
ar by ap

En(w) = 2én(7) — an Py (z)en

an—2 bn_1 an—1
aN—1 bn

it follows that all roots of the polynomial Py, are eigenvalues of 7. On the other
hand, if 4 € o(Ty) then Iz # 0 such that Tiyz = pz and z' # 0 (otherwise z = 0).
Without loss of generality we can assume z* = 1 then 2% = Py(u) for k =1,2,..., N
and since

an-1Py-1(p) + by Py (p) = pPn (1)
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we get

anPyy1(p) = 0.
The last equality together with the positivity of the sequence {a,} implies that u is
root of Py.1.

Denote by A(T) the set of all points which are limit points of eigenvalues of Ty
when N tends to infinity.

Theorem 84. If T is self-adjoint then every point in the spectrum of T is a limit
point of the set of all zeros of all polynomials Py, i.e. o(T) C A(T).

Proof. Let A € o(T) and let A is not a limit point of the zeros of the polynomials
P,i1, n € Nor equivalently A ¢ A(T"). Then there exists d > 0 and subsequence of
{T,} which we denote by {7y} such that |\—p| > d for every eigenvalue p belonging
to any of the operators Ty, N =1,2,....

Let Tnxy = Mg, k= 1,2,...,N and (z;,z;) = 0;;. Then for every f € Dom(T)

we have
N

(/\PN — TN)f = ()\PN — PNTPN)f = Z()\ — Ak;)(f» {L’k)[Ek
k=1

and

N
IAPy = PNTPY) 1P = Y IA = MPI(f, )P = &) Pu f)?
k=1

which implies that
[Pn(A=T)Pyfl = d|[Pnfll

for all f € Dom(T). Since PyT Py converges strongly to 7" and Py converges
strongly to I the last inequality for N — oo leads to an inequality

A =T)f1l = dllf1]

which holds for every f € Dom(T). This means that A ¢ o(T) (because T is
self-adjoint), contrary to the assumption. O]

6.2 Inclusion ¢ DO A

In the last section we have shown that if 7" is self-adjoint then o(7") C A(T) but the
equality o(T) = A(T) does not hold in general. For the invalidity of the equality
see [6]. Next we will show some sufficient conditions for the validity of the equality

o(T) = A(T).

Theorem 85. Assume that the sequence {a,} is positive and lim,, ., a, = 0. Then
(for any sequence {b,}) we have o(T) = A(T).
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Proof. Since {a,} is bounded T is self-adjoint (Dom(7") = Dom(B)) and from The-
orem 84 it follows the validity of the inclusion o(7") C A(T'). Thus it suffices to
show the validity of the reverse inclusion o(7T") 2 A(T).

Let A € A(T') then there exists a subsequence of the sequence {T} (which we denote
also with {Tx}) such that

Tyxy = Avzy, |lzn||l =1, xy € Hy (6.5)
and
]\}im AN = A (6.6)

From (6.5) we have
(Tyxn,xNy) = (PNTPyzyn,TNn) = AN
and since Pyxry = xny we obtain
(Tzyn,zN) = AN- (6.7)
Next

)\?\7 = (T2$N,;UN) = (PNTSL’N,TJ}N) = (([ — QN>T$N,TSCN) =
= (T*zn,zn) — (QnTaN, Tay) (6.8)
where @y is the orthogonal projection on the subspace spanned by {en1, enya, ... }

Since Tey, = agegs1 + ag_1€5—1 + brer and (zn,e,) = 0 for £ > N + 1 we can adjust
the second term in (6.8)

[ee] o0

OnTxyn = Z(TJEN, ep)er = Z(xN, Tey)er = an(Tn,en)ent1,
N+1 N+1
thus we find
(QNTCL’N, TZEN) = CLN([EN, €N)(T6N+1,ZL’N) = CL?VKZL’N, €N)|2. (69)

By taking (6.8) together with (6.9) we get
(T*xy, zn) = My + ax|(zn, en)]?. (6.10)
Due to Schwarz inequality it is |(zn, en)| < 1 and the relation (6.10) gives
(T?zn,2n) < N3+ aXy.
Finally, due to (6.6) and the assumption lim,, ., a, = 0 we arrive at an inequality

limsup(T?zy, ) < A2 (6.11)

N—oo
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Now we have

(T = Nzn|* = (T = Ny, (T = Nay) = (T — Ny, 2x)
= ((T2 + /\2 — 2)\T)$N, Z'N) = (T21'N, l‘N> + /\2 — 2)\(T1’N, CCN)
= (T2$N,J}N) + 22— 22\ .

The above relation due to (6.6) and (6.11) gives

limsup |[(T — Nax|* < 0.

N—o0
So
Jm [T = ] =0
which means that A € o(T"). This proves that A(T") C o(T). O

Theorem 86. Suppose that T'=V A+ AV* + B is self-adjoint and the sequences
{a,} and {b,} satisfy

ApQp—1

lim =0, lim b, =o00. (6.12)

n—oo n n—oo

Then A(T') = o(T).

Proof. Due to self-adjoint of T it suffices to show the validity of the inclusion A(7") C
o(T). From (6.5) we obtain

Av(zn,en) = (Tvzn,en) = (zn, Tven) = (Tn, an—1en-1 + byen)
because xy € Hy, thus (zn,ens1) = 0. The last equation can be rewritten as
()\N - bN)(CEN, €N) = aN—l(-TNa 6’N—1)-

Since Ay — A < oo and by — o0, n — oo for sufficiently large N we have Ay # by.
The relation (6.10) takes the form

(T2 )= A%+ ayai_ I( 2 <22+ ayai_, (6.13)
IN,TN) = N ()\N—bN)Z IN,EN—1 >~ AN ()\N—bN)Q .
Finally, from (6.13), due to (6.6) and (6.12) it follows that
limsup(T?zy, ry) < A2
N—o0
Now the proof follows in a similar way to Theorem 85. O]

Corollary 87. Let the sequence {a,} is bounded and the sequence {b, } is divergent.
Then A(T) = o(T).
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Proof. Since {a,} is bounded the operator T'= VA + AV* + B is self-adjoint and
the condition (6.12) is satisfied. O

Remark 88. A lot of similar (but more complicated) conditions to (6.12) can be
derived. For example the condition (6.12) can be replaced by

AnQn—1 (an—l + an—?)

lim =0, lim b, =00
n—00 bnbn—l n—oo
or
ApQp—1 | A aan(anf2 + an73>

2
I nt =0, lim b, =
nLI{:O brbp—1 by, * by—2 ’ nggo >

and the equation A(T") = o(T') holds too (see [7] for details).
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Conclusion

In this work we studied the function §, its algebraic and asymptotic properties and
its relationship to the eigenvalue problem for finitedimensional symmetric tridiagonal
(Jacobi) matrices. With the aid of the symbol J defined with using the function
§ we construct a special basis in which the studied matrix becomes a sum of a
diagonal matrix and a rank-one matrix operator. This form is suitable for various
computation which allows us to derive the formula for characteristic function and
the comparatively simple expression for resolvent operator of the Jacobi matrix
whose parallels to the diagonal are constant and whose diagonal depends linearly on
the index. Further, some information about a distribution of the spectrum of such
matrix are summarized.

By slight generalization of the symbol J we define a function also called J. This
function arises in components of eigenvectors of the Jacobi matrix and also it forms
one more formula for the characteristic function. Next, we present vector-valued
function on the complex plain having the property that its values on spectral points
of the Jacobi matrix are equal to corresponding eigenvectors. At the end it is shown
that, under certain assumptions, every eigenvalue of tridiagonal operator is a limit
point of a sequence of eigenvalues of a truncated finitedimensional operator and vice
versa.

To continue in this work one could try to examine some of the following sugges-
tions. The function § deserves further investigation, for example, one could try to
find values of the function § applied on some other sequences then those which are
discussed in section 1.2. The main results related to the eigenvalue problem (e.g.,
the formula for the characteristic function, for eigenvectors, etc.) could be possibly
derived for a larger family of Jacobi matrices. Last but not least, one could use
the results obtained for finitedimensional Jacobi matrices to explore the spectrum
of infinitedimensional Jacobi matrices of a similar form.
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