UNBOUNDED BANDED MATRICES, SHIFTED POSITIVE BIDIAGONAL
FACTORIZATIONS, AND MIXED-TYPE MULTIPLE ORTHOGONALITY

AMILCAR BRANQUINHO!, ANA FOULQUIE-MORENOZ, AND MANUEL MANAS?

ABSTRACT. This work extends Favard-type spectral representations for banded matrices T beyond the bounded
setting. It assumes that, for every N € Ny, there exists a shift sy > 0 such that the shifted truncation Ay =
TINT 4 sn Iy, admits a positive bidiagonal factorization (PBF). Allowing sy to depend on N leads to a natural
recentering step: the discrete Gauss-type quadrature measures associated with Ay are translated by x = x — sy,
producing a uniformly bounded family of distribution functions. Combining moment stabilization for banded
truncations with Helly-type compactness theorems yields a limiting matrix-valued measure, together with a
Favard-type spectral representation and the corresponding mixed-type multiple biorthogonality relations. As a
consequence, the classical Favard theorem for (possibly unbounded) Jacobi matrices is recovered as a special
case. Indeed, for a tridiagonal J with positive sub- and superdiagonals, each truncation JIN! admits a shift
sy = 0 such that J IN] 4 s NIn41 is oscillatory and therefore admits a PBF. The preceding construction then
produces the usual spectral measure for J.

1. INTRODUCTION

The spectral Favard theorem for banded matrices admitting a positive bidiagonal factorization was es-
tablished in the bounded case in [BFM1]. In that work, boundedness makes it possible to construct a
matrix-valued spectral measure and to derive a Gaussian quadrature formula, which becomes a central tool
in the proof. Further structural properties, including total positivity and the normality (maximal degree
pattern) of the associated mixed multiple orthogonal polynomials, were analyzed in [BFM4], still under the
boundedness hypothesis.

The purpose of the present paper is to remove the boundedness assumption. In the unbounded setting,
the positive bidiagonal factorization cannot, in general, be imposed directly at the level of the semi-infinite
matrix. Accordingly, we work with finite truncations and assume that for every N € N there exists a shift
sy = 0 such that the shifted truncation TV! + sy In,1 admits a positive bidiagonal factorization. Under
this hypothesis, and keeping the banded structure of 7, we prove that the spectral Favard theorem remains
valid in the unbounded case. The argument builds on the constructive framework introduced in [BFM1]
and follows the same discrete-to-limit philosophy: one constructs discrete matrix-valued measures at the
truncation level, and then passes to a limiting measure as the truncation size tends to infinity.

More specifically, for each finite truncation one relies on the positive bidiagonal factorization, on the spec-
tral properties of oscillatory matrices, and on the sign-variation structure of their eigenvectors [Gantmacher,
Fallat]. In the banded setting this yields positivity of the associated Christoffel numbers and Gauss-type
quadrature formulas at the discrete level [BFM1]. The main difficulty in the unbounded regime is that the
shifts sy may depend on N, so the discrete measures must be recentered before taking limits. Following
the strategy developed by Chihara for orthogonal polynomials [Chihara] and using a Helly-type selection
principle, we combine the discrete quadrature formulas with uniform boundedness of the translated distri-
bution functions to extract a convergent subsequence of measures and identify its limit. This provides the
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matrix-valued spectral measure and completes the proof of the spectral Favard theorem without bounded-
ness.

A further point concerns the degree pattern of the mixed multiple orthogonal polynomials. As shown
in [BFM4], normality (maximal degrees along the step-line) is established before taking the large-N limit.
In both the bounded and unbounded settings, the required initial conditions must be constructed from the
positive bidiagonal factorization. There is a natural freedom in this choice, which can be parametrized
by families of positive triangular matrices, or more restrictively by totally positive triangular matrices (all
nontrivial minors are positive). The latter choice guarantees that maximal degrees are attained, exactly as
in the normality result proved in [BFM4].

Totally nonnegative and totally positive matrices constitute a fundamental class of operators with deep
connections to oscillation theory, approximation theory, and spectral analysis. Their basic properties were
established in the seminal work of Gantmacher and Krein [Gantmacher], and have since been developed
extensively, see for example the monographs of Karlin [Karlin] and Pinkus [Pinkus], as well as the modern
reference by Fallat and Johnson [Fallat]. Of particular relevance in the present context are oscillatory
matrices, whose spectra consist of simple positive eigenvalues and whose eigenvectors exhibit a precise sign
variation structure. These features make totally nonnegative matrices especially well adapted to the spectral
analysis of banded operators admitting positive bidiagonal factorizations, and provide the key mechanism
ensuring the positivity of Christoffel-type coeflicients and the normality of the associated families of multiple
orthogonal polynomials.

Multiple orthogonal polynomials arise as natural generalizations of classical orthogonal polynomials
when orthogonality conditions are imposed with respect to several measures. They play a central role in
rational approximation theory, number theory, random matrix models, and integrable systems. A systematic
account of the theory can be found in the monograph of Nikishin and Sorokin [nikishin_sorokin], as well as
in the classical treatment of Ismail [Ismail]. From a modern perspective, multiple orthogonal polynomials
are most naturally characterized through recurrence relations associated with banded operators, leading to
matrix-valued and vector-valued spectral problems. In this framework, polynomials of mixed type emerge as
the appropriate objects encoding the joint left-right spectral structure of banded matrices, see for instance
[andrei_walter, afm]. The mixed-type setting is particularly well suited for the study of non-symmetric
banded operators, where biorthogonality and matrix-valued measures replace the scalar orthogonality of
the classical theory.

1.1. Banded matrices and mixed-type multiple orthogonal polynomials. Let us define the recursion
polynomials associated with the banded matrix

as the entries of semi-infinite left and right eigenvectors,
B\
A@ = a0 gl ae (1., py, B =B, befl....q)
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which satisfy the eigenvalue relations

AT =xA@ | ge{1,..

pt, TBY) =xB® pe{,..

., q}.

Throughout we assume that the semi-infinite matrix 7 admits a normalized positive bidiagonal factoriza-

tion (PBF),

T=Ly- L,AU, - Un,

where A = diag(Ag, A1, ...) and the bidiagonal factors are normalized (their diagonal entries equal 1) and

given by
1 [ .
Lk|1’0 1
Ly = 0 1 ..

Uk|0,1 0 ................
1 Ukpi,2
1. ,

so that the positivity constraints Ly; ;, Ug)i,j, Ai > 0, for i € Ny, hold.
The components of the eigenvectors are polynomials in the spectral parameter x; we refer to them as the
left and right recursion polynomials. They are fixed by the initial conditions

AV =1,
A =y

>

®n _ @)
Ap_1 =V, 1

with vﬁ.i) arbitrary constants, and

B{" =1,
M) _ 1)
Bl 1

bl

1) _ 1)
Bq—l - fq—l’

AP =0,
AP =1,

2 _ (2
Ay =vy s

@ _ @
Ap_1 =V, 1
B{Y =0,
B =1,

(2) _ £(2)
By" =657,

2) _ £2)
Bq—l - fqr—l’

AP =0,
(p) _
Ko N
p) _
AP =1,
B{" =0,
(@) _
B?_f ~
q) _
B =1,

where fj(.i) are also arbitrary. We collect these parameters into the initial condition matrices

[ 1 (0
v o1
vi=| -
1) i
Vp—l ............. Vp_l

The recursion polynomials are uniquely determined by (1.1)—(1.1) together with the banded recursions
ne{0,1,...},
ne{0,1,...},

A Ty g+ + A Ty = ALY,
b b b
Tun-pBay +++ + T nsqBiy = xBY,

Qcvvveeeeeeeaanns 0]
1 :
U
(g-1) -
............. 56(14_1> 1]
ae{l,....p}y, A% =-.=49=o,
be{l,...,q}, BEIQ:.-.:B(_?:Q,
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For the semi-infinite matrix 7 we denote by Py (x) the characteristic polynomial of the truncation 71V ~11,

namely

Py () 1, N =0,
X) =
N det (xIy - TIN-11), N eN.
Introduce the blocks of left and right recursion polynomials
(1) 1) (1) (q)
A],V ...... ANip1 B{V ......... By
AN = , By = , N €Ny,
(p) (p) (1) ()
AP ANy Byrg1 By,

and the products
an = (-D)PINT o Typino1, By = (FDYTINT Ty g1, N EN,

with a9 = Bp = 1. Since the entries on the extreme diagonals are nonzero, we have ay, 8y # 0. For N € Nj
these quantities relate the characteristic polynomials and the recursion blocks through

Pn(x) =any det Ay (x) = By det By (x).

Next we introduce determinantal polynomials, built from the left and right recursion polynomials, which
produce left and right eigenvectors of TIN1. Define

AL AlP) B . B
n n n n
1) (p) 1) (q)
AT AP BU oo B\,
OnnN = : : , Run = : : )
M (r) &) (4)
AN+p—i ...... AN+p—1 BN+q—i ...... BN+q—1

and their truncations

Ro.n
(N) vy | RN
o = [Qon Q1N Onn|, RN =1
Rn.N
A generalized Christoffel-Darboux formalism for banded matrices yields the following identities.
i) The biorthogonal families of left and right eigenvectors {w,iN> ]1(\:11

(N) _ oM (M) (N) _

w, = > U =
BN I, Ql,N(/l]LN])Rl,N (/ILN])

In particular, w,<<N>ul<N> = 0k,1-

ii) In terms of the characteristic polynomial, the entries of the left eigenvectors admit the representation

and {u,im}]]::l can be expressed as

By RN (M),

(Ny _ “NQn,N(/lz[{N])
ko = , :
" Py (/ll[cN])PNH (’ll[cN])
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iii) Let % be the matrix whose columns are the right eigenvectors u in the standard order, and let 77" be
the matrix whose rows are the left eigenvectors wy in the standard order. Then ¥ % = WU = In+1.

iv) Writing D = diag (/lgN],/lgN], e ,/1%\1]1), one has the spectral decomposition

uD"w = (T'™N)", neN,.

The so-called Christoffel numbers /1,[(]\;] and p][(]\;], ae{l,...,p}and b € {1,...,q}, see [BFM1], provide

the expansions

(NY _ 4 @) (INTy, [N] (p) ([N]y  [N]
Win = An—l(/lk )ﬂk,1 e +An—1(/lk )luk,p ’
(N) _ p() ([N]) [N] (@) (HIN]y [N]
U = B, " (4, )Pk,1 +o+ B0 (4 )pk,q'
Moreover, these coefficients are related to the eigenvector entries and the initial conditions by

[ [N]] [LANOT [,V [ AN
Hi1 Wi, Pr.1 U1
[N] (N) [N] (N)
o | = -1k Pra | _ £ )
(N || IN] (N)
| Hicp | W] Pra | “k.q |

As shown in [BFM1], for a suitable choice of initial conditions in terms of the bidiagonal factorization
the Christoffel numbers are strictly positive, namely

p,[!\l])]>0, /,z,[fil]>0, ke{l,...,.N+1}, a€c{1,...,p}, be{l,...,q}.

Consider the associated step functions

[N]
0, X <Ay,
N] . N N N N N N
W}[)’a] = p:[[,b]ﬂg’a] + 0+ p][(,b]/‘[][(,a]’ /l][(_'.l] <x< A][( ]’ ke {1’ L N}’
[N] [N] [N] [N] [NV]
PrbHia PN HNLe Y2 A

The final step is uniformly bounded: for a € {1,...,p} and b € {1, ..., g} one has

N N N N - _
p;,b]ﬂg,a] e +p1[\/+]1,b'u][\1+]1,a = (é: 11(],PV T)b,a'

Here I, , € R7*P denotes the rectangular identity matrix, with (I, )k, = k.
Define the g X p matrix

«//1[,’1” %[,]Z]
(N] (N]
"[/q,l wq’p

and the corresponding matrix of discrete Lebesgue—Stieltjes measures supported at the zeros of Py.1,

[N] [N] [N]
digy -ooeee dyq, N+t | Pk
N] _ : : _ : [N] [N] [N]
dlIJ[ ] = = Z [ﬂk,l ...... #k,p]é('x_/lk )
[N] [N] k=1 | [N]
dl’bq,l ...... d‘r//q,p pk’q

The following biorthogonality relations hold:

P 4
ZZ/B,&“(x)dleﬁ](x)Af,?)(x)=5n,m, n,me{0,...,N}.

a=1 b=1
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Moreover, for m € {1, ..., N} the orthogonality relations

P

1-bH
Z/x"d‘ﬂg\;](x)z‘\f,f)(x):o, nE{O,...,{Lw—l}, be{l,...,q},
a=1

q
g m+1l-a
Z‘/Bir’l’)(x)dgbl[jl\;](x)x":O, ne{O,...,{—}—l}, ae{l,...,p}.
’ p
b=1

are satisfied. Therefore, the recursion polynomials form discrete multiple orthogonal polynomials of mixed
type on the step-line. Finally, one obtains the spectral representation

P 4
(T =" / B (0" dy N ()AL (x), m.ne{0.... N},

a=1 b=1
In the study of the quadrature formulas in [BFM1], we consider

N+1
3) /x"dw{,ﬁ](x) = 3 PN N = () T(rIN) ey, a e (L....p). be{L....q}.
k=1

and the following degrees of precision

N+2 -
dp.a(N) = |~ ﬂ+

-1, ae{l,...,p}, be{l,...,q}.

N+2—b}

These degrees of precision or dp ,(N), a € {1,...,p}, b € {1,...,q}, are the largest natural numbers
such that

()TN el = (uy) T ul, 0<n<dpa(N), ac{l,....p}, be{l,....q}

2. THE FAVARD SPECTRAL THEOREM FOR UNBOUNDED BANDED MATRICES

In [BFM1, BFM4| we proved the following result. A triangular matrix is said to be ftotally positive if all
its nontrivial minors are strictly positive; see [BFM4].

Theorem 2.1 (Favard spectral representation for bounded banded matrices with PBF). Let us assume that
the matrix T is bounded and admits a positive bidiagonal factorization. Then the following versions of the Favard
spectral theorem hold:

i) Let the initial condition matrices Ay and By be determined by the positive bidiagonal factorization up to left
multiplication by an upper unitriangular positive matrix and a lower unitriangular positive matrix, respectively,
as described in [BFM1]. Then there exist p X q nondecreasing positive functions Yp 4, a € {1,...,p} and
be{l,...,q}, and corresponding positive Lebesgue—Stieltjes measures Ay, , such that the following mixed-type
multiple biorthogonality relations hold:

P 4
YO [ B0 a0 AL W) =1 il € o
A

a=1 b=1
Moreover, the degrees of these mixed-type multiple orthogonal polynomials satisfy
n+2-a n+2—lﬂ_1
p q '

Equality is attained at least whenn = p+a—1 fora € {1, ..., p} (left polynomials), and whenn = Ng+b —1
forb e {1,...,q} (right polynomials).

degA,(la) < { w— 1, deg B,(lb) <
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ii) Let the initial condition matrices Ay and By be determined by the positive bidiagonal factorization up to left
multiplication by an upper unitriangular totally positive matrix and a lower unitriangular totally positive matrix,
respectively, as described in [BFM4]. Then there exist p X q nondecreasing positive functionsyp 4, a € {1,...,p}
and b € {1,...,q}, and corresponding positive Lebesgue—Stieltjes measures dp o such that the mixed-type
multiple biorthogonality relations hold:

P q
D07 [ B W) a0 AL ) = 0, Kl € o

a=1 b=1

In this case, the degrees are maximal:

n+2—a}

degAfla) = -1, deg Bﬁlb) = 1.

n+2—bw

Our aim here is to extend this result to unbounded matrices. More precisely, we prove the following
theorem.

Theorem 2.2 (Favard spectral representation for unbounded banded matrices with PBF). Assume that the
matrix T is unbounded and that there exists a sequence (sy)n>o0 with sy > 0 such that, for every N, the truncation

TN 4 sy Ina

admits a positive bidiagonal factorization. Let the initial condition matrices Ay and By be determined by this factor-
ization up to left multiplication by an upper unitriangular positive matrix and a lower unitriangular positive matrix,
respectively, as described in [BFM1].

Then there exist p X q nondecreasing positive functions Yp 4, a € {1,...,p} and b € {1,...,q}, and the
corresponding positive Lebesgue—Stieltjes measures dyry, o, such that

P 4
Y0 [ B 05" a0 AL W) = (s Kol € o, e T
R

a=1 b=1
In particular, the mixed-type multiple biorthogonality relations hold:

P q
> / B”) (x) dyp,a(x) AL (x) = 61, k.1 €Ny,
R

a=1 b=1
as well as the mixed-type orthogonality relations:

P
Z/x” dypa(x) A (x) =0, ne {o,...,
a=1 R

1_
Lﬂq}, be{l,.. . .qh

q
4 (b) m+l—-a
Z/Bm (x) dyp.a(x)x" =0, ne {0,..., —}—1}, ae{l,...,p}.
b=17R p
The degrees satisfy
2— 2-b
degAf,a) < {n-i-—a -1, degBElb) < ’H—} -1,

with equality attained at least when n = [%1]9 +a-1fora e {1,...,p}, and when n = [g]q +b -1 for

b e {1,...,q}. Moreover, if the initial condition matrices Ay and By are determined by the positive bidiagonal
Jactorization up to left multiplication by an upper unitriangular totally positive matrix and a lower unitriangular
totally positive matrix, respectively, then equality holds in the above degree bounds for all n € Ny and for all a €
{1,....,ptand b e {1,...,q}.

For the proof we base our analysis on [Chihara]. In particular, we recall the following results due to Helly.
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i) Selection principle.
Let {r,,} be a uniformly bounded sequence of nondecreasing functions defined on (—oo, 00). Then {y,} admits a
subsequence which converges on (—oo, c0) to a bounded nondecreasing function.

ii) Helly’s second theorem.
Let {y,} be a uniformly bounded sequence of nondecreasing functions defined on a compact interval [, B], and
suppose that it converges on [, B] to a limit function . Then, for every real-valued function f continuous
on [a,B],

B B
lim fdwn=/ fdy.

n—oo
We also need the following lemmas:
Lemma 2.3. Let T be a semi-infinite matrix with band structure
T;,j=0, j<i-porj>i+gq,

for some p,q € N. Let T'N1 be the principal truncation of size N + 1. Let v € CP*P and ¢ € C9%9 be invertible
lower triangular matrices. Fixa € {1,...,p} and b € {1, ..., q}, and consider the vectors (Definition 9.3)

1 0-een--- 00 o
. ) O }»4’ <
@ w=Elp el = (o) E By, Bpy= T R
0 vvn.. 0 .'1 [
Then, for every n € Ny and every N € Ny such that
N+2- N+2-b
o SIS SRS
P q
we have the exact stabilization identity
(6) ug T"u; = (eE)T(T[N])neZ.

Proof. Write the path expansion

(7) (Tn)i,j = Z Tiiy Tiy iy - 'nn—lsj'

i1yenes in-1€Ny
A term in (2) can be nonzero only if each factor respects the band, namely
ix+1 € {ik—p,...,ik+q}, k € {O,...,n—l},

with iy =i and i, = j. Hence, along any contributing path, the index can increase by at most g per step
and decrease by at most p per step.

Assume that a contributing path starting at some i € {0,...,b—1} and ending at some j € {0,...,a -1}
visits an index > N. Let N + 1 be the first index strictly larger than N visited by the path, and let s be
the first time such that iy = N + 1. Since each step increases the index by at most ¢, reaching N + 1 from
ip < b —1 requires

s >

N+1-(b-1)| [N+2-D

q } a w '
Similarly, since each step decreases the index by at most p, going from N +1 down to j < a — 1 requires
N+1-(a-1)| [N+2-a

e |

n—sz{
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Therefore any contributing path that leaves {0,1,..., N} must have length
N+2_b}+{N+2_ﬂ
q p I

which contradicts (2.3). Hence, if (2.3) holds, every nonzero contributing path remains within {0,1,..., N},
and consequently

n2

(T = (@),
foralli € {0,...,b—1}and j € {0,...,a —1}.
Since v and & are lower triangular, v~ 7 is upper triangular and &1 is lower triangular. Thus, by (2.3),
the vector u}, is supported in {0, ..., a -1} and the row vector ug is supported in {0, ..., b —1}. Multiplying

the above entrywise identity by the corresponding coefficients yields (2.3). o
Lemma 2.4. i) Let us use the notation
n+1- (=424 220
. p q
/Vp,q,a,b(n) = l + l
P q
Then, for every N € Ny such that N > N}, 4 a.p(n), we have
(8) n < dpq(N).

ii) In particular, defining the moment my, o p = ui T"u), Lemma 2.3 yields
(eg)T(T[N])neZ =Mpap, forallN >N, 4 .ap(n).
Consequently, the quantity (eg)T(T[N])neZ stabilizes for N > N}, 4 a,p(n).

Proof. Using the inequality [x] > x, we obtain

N+2- N+2-b N+2- N+2-b
db,a(N)={ * ﬂ+{ * }—12 rema, NE -1

q p q
Thus, the condition n < dj, 4,(N) is ensured as soon as

N+2-a N+2-b 1 1 2-a 2-b
n< + —1:N(—+—)+( + —1).
p q P q p q
Rearranging this inequality gives N > /), ; 4 »(n), which proves (1). The stabilization statement in (ii) then
follows from Lemma 2.3. o

Proof of the Favard spectral theorem. Step 0 (assumption and shifted step functions). Let us assume that
for every N € Ny there exists a shift s > 0 such that the shifted truncation

AN = T[N] +snyIN+
admits a positive bidiagonal factorization (PBF). Fix (a,b). Let dwg\g’s’v be the corresponding discrete

Gauss-type quadrature measure attached to Ay, and let lﬂi{?’w be its right-continuous distribution (step)
function, i.e.

Yy () = dg N ((—o0, 1),
Since the shift depends on N, we recenter the distributions by translation and define

9) wiN ) =g NN (x4 sy), x e R
Equivalently, in terms of measures,
(10) dyNN(E) = dyNSV(E 4+ 55)  for every Borel set E C R,

ie. d:,l/l[)]\;] is the push-forward of dl,//l[jl\;]’s’v under the map x — x — syn.
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[N]

More explicitly, if 0 < AN < /II[VN] <o < /lgN] are the ordered simple eigenvalues of Ay, and p, ",

N+1
,u,[l a] are the Christoffel numbers (which are positive due to the PBF assumption on Ay), we have

0, x</lgv+]1—sN,

N N N] [N N N

[ ](x) p{h]pﬁa] +p,[€b]ul[€a], AIE+1]—SN<x</lL ]—sN, ke{0,...,N-1},
[N] [N ] [N] [N] [N]
Pip Mg t T PN pENe X2 A TSNS

and the corresponding translated measures are
N+1

dupl = 3 ol ofx - ! - sw)).
k=1
Step 1 (Helly compactness on [a, 8]). Since translations preserve monotonicity and total mass, for every
ae{l,...,ptand b € {1,..., g} the functions 1//1[7]’2] are nonnegative, nondecreasing, right-continuous, and
uniformly bounded by the total mass (€717, ,v™")p. 4
Hence { w[N] }NEN is a uniformly bounded family of nondecreasing, right-continuous functions. By
0

Helly’s selection principle there exists a subsequence {1// bl\:;]} converging pointwise at all continuity points
@ i1

to a bounded nondecreasing function ¥, ,. Moreover, by Helly’s second theorem, for every compact interval
[e, B] and every continuous function f on [a, §],

B B
1) tim [ 700 4wl 0 = [ 500 dunato

Step 2 (quadrature for (x — sy)" and recentered moments). Let us recall that for N, k € Ny we have

(12) / XK dy NN (x) = (ef) T (An) ke
0
We choose N € Ny such that

N > [/Vp,q,a,b(n)] )
so that, by Lemma 2.4, we have n < dp, ,(N), and therefore (2) holds for all k € {0,1,...,n}.

Since
n _ n _ n-k_ k
(x = sw)" = ;) (k)( sw) "k,
linearity of the integral and (2) yield

JRCERN I TLEICEY

k=0

(Z)(—sN>"-k<e5>T<AN>ke;

(€ ) (AN = snIn+)e)

Moreover,
n
(An = snIn+)" = (T[N] +snIN+ — SNIN+1) = (™))",
so that
(13) / (x = sn)" gtV () = ()T (TIV]) ey,
Now set

My,a,b —(ub)Tn Uy
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Since n < dp, 4(N), Lemma 2.3 gives
(14) (es)T(T™) el = mpap.
Combining (2) and (2), we conclude that
[ G w0 = e N2 [ 0].

Finally, by the push-forward relation (2), for any polynomial p we have

[p dufiw= [ pee=sn) du o

and in particular, taking p(u) = u",

/ u dy N ) = / (= sn)" AUV ) = N 2 [ g an()].
R 0

Step 3 (tails and passage to the limit). Fix n € Ny and @ < 3, and set R := max{|a|, |B|}. Let {N;}i>1
be the subsequence from Step 1, and take i large enough so that 2n + 2 < dj 4(N;) (equivalently, N; >
[Ny .q.a.6(2n+2)]). Then Step 2 yields

(15) / X gLV () = i / 22 Qg () =m0
R R ’

We write
(16)

B B B B
M= [ 3" Qa0 = ([ 3 ol = [T auiloo)+ ([Tx aufllw - [Tar dupato)

Convergence on [«, B]. By Helly’s second theorem (2), applied to the continuous function f(x) = x" on [e, §],
the second term in the RHS (2) tends to 0 as i — 0.

Tail estimate. For the first term in (2) we note that R\ [«@, B8] C {|x] > R}. Since dlﬁl[)l\g] is a nonnegative
measure,

7) Lol [ wranios [ e arie
R\[a.B] a.B] |x|>R

Moreover, on {|x| > R} we have |x| > R, hence |x|~"*%) < R=("*2) and therefore

(18) |x|n — |x|2n+2 |x|—(n+2) < R—(n+2) |x|2n+2 |X| > R.

Integrating the pointwise bound (2) against the nonnegative measure d;bb Nil

N; _ c IS T N;
/l . |x|n dl//[[g,g](x) <R (n+l)/ |x|2n+2 dl/’l[y,a](x)'
x|>

|x|>R

over {|x| > R} yields

Since |x[?"*% > 0 and {]x| > R} c R, we also have
(19) [ i < [ au ¥,
|x|>R
Combining (2)—(2) we obtain
|/ X" dl/’ N’](x)’ <R (n+2)/|x|2n+2 dl//[Nl (X)
R\[a,B]
Since 2n + 2 is even, |x|?"*2 = x2"*2_ and by (2),

[ au¥hen = [ dufli) 0 = o
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Therefore,
(20) [ auf W] < RO s
R\[a,B] ’
Conclusion. Letting i — oo in (2) and using the convergence on [, 8] and the tail bound (2), we obtain

B
—(n+2
|mn,a,b —/ x" d¢b,a(x)| <R "D mgio ap.
a

Finally, letting @« — —co and 8 — +00 (so that R — +o0) yields

/X" d¥p,a(x) = My ap = Ws)T"u},  neNy.
R
O

In both cases, allowing positive or totally positive triangular freedom in the initial conditions of the mixed-
type orthogonal polynomials, the Gauss quadrature formulas derived from (1.1) and the above proof read

(o] N+1
/ K dgna(x) = 3 o AN 0<n<dy W (V),
0 k=1

fora € {1,...,p} and b € {1,...,q}. Here the degrees of precision d, ,(N) are optimal: for any larger
power, a positive remainder appears and exactness is lost.

2.1. Case study: unbounded Jacobi matrices and shifted PBF for truncations. A particularly transpar-
ent instance of the “shifted—PBF truncation” hypothesis in Theorem 2.2 arises in the context of unbounded
Jacobi matrices. Let

[ bO co 0 ........... 7

ai b1 )
J=| 0 ay by co - |, an>0,¢, >0, n2>0,

where the diagonal (b,),>0 is real and may be unbounded (consequently, / may be unbounded as an
operator). For each N € Ny, denote by JIV! the principal truncation of size N + 1.

The goal of this case study is twofold: (i) to provide an explicit, entrywise choice of shifts s > 0 such that
each shifted truncation JI™V1 + sy In.1 admits a PBF, and (ii) to show how the Favard spectral representation
for the unbounded case follows immediately from the general apparatus developed above.

Lemma 2.5 (A convenient lower spectral bound for a truncation). Let M € RIN+*UXN*D) pe any real matrix
and let || - || denote the induced (> operator norm, i.e.,

N
1Ml = max > M.
j=0
Then every eigenvalue A of M satisfies |A| < ||M||o. In particular,
o(M) c{zeC: |z] < |IM|lw}

Proof: If A is an eigenvalue of M, then A is an eigenvalue of the bounded linear operator x — Mx on the
Banach space (CN*1,|| - ||o), which implies || < || M. m|
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Theorem 2.6 (Shifted PBF for Jacobi truncations). Let J be a (possibly unbounded) Jacobi matrix with a,, > 0
and ¢, > 0. For the truncation JIN!, we adopt the boundary convention ag = 0 and cy = 0 (since these entries do
not appear in the truncated matrix). Define the shift

(21) SN = ||J || +1= max (|a | + |b;| + |cl|) +1.

Then the shifted truncation
Ay = J[N] +syIns

has all leading principal minors strictly positive and is an oscillatory matrix. Consequently, Ay admits a positive
bidiagonal factorization (PBF) for every N € N.

Proof. Fix N € Ny and set Ay = JINT 4 sy Ins1 with sy defined as in (2.6). For each k € {0,1,...,N}, let
Ay denote the leading principal submatrix of Ay of size k + 1, given by

A = J[k] + sy lps1.

Step 1: —sn lies strictly to the left of the spectrum of every J'¥1. By Lemma 2.5, every eigenvalue A of the
truncation J*! satisfies |A| < ||J1¥)]|w. Since ||/ < VIVl for all & < N, we obtain the lower bound

Az =1z = 2 =N e > =5
Thus, —sy is a strict lower bound for the spectrum of J[k for every k < N.

Step 2: Positivity of leading principal minors of Ay. For each k < N, let Piy1(x) = det(xIz41 — JIK1) be the
characteristic polynomial of J'*I, Then

det(Ay) = det(J¥) + sy Iian) = det((—sn) Tk — JH) = (-1 Praa(=sn).

Since JIK! is a symmetric tridiagonal matrix (modulo similarity) with non-vanishing off-diagonals, all its
eigenvalues Ay, . .., Ag41 are real and simple. Therefore,

k+1

Pra(=sn) = n(_SN - A4j).
=1

By Step 1, —sy < 4; for all j, so each factor (—sy — A;) is strictly negative. The product of k + 1 negative
numbers has sign (—1)**1. Consequently,
det(Ax) = (-1 Praa(-sn) >0,

N————
(=D*P(...)]

which proves that all leading principal minors of Ay are strictly positive.

Step 3: Oscillatory implies PBE. By construction, the subdiagonal and superdiagonal entries of Ay coincide
with those of JIV! and are strictly positive. Since Ay is a Jacobi matrix with strictly positive leading
principal minors (Step 2) and positive off-diagonals, is a classical result that implies that Ay is oscillatory,
[Gantmacher(Q] and [Gantmacher]. Finally, we recall the classical result that every oscillatory matrix
admits an LU factorization where the factors have strictly positive diagonals and, in the tridiagonal case,
strictly positive off-diagonals. Thus, Ay admits a PBF. o

Connection with the unbounded Favard spectral theorem. Theorem 2.6 provides an explicit sequence
(sn)nso satisfying the hypothesis of Theorem 2.2: for each N, the shifted truncation JINT 4 sy Iy admits
a PBF. Therefore, the construction of the translated distribution functions and measures (2)—(2), combined
with the moment identities from Step 2 and the Helly compactness argument in Step 3 of the main proof,
yields a matrix-valued measure d'¥ providing the Favard-type spectral representation for the unbounded
Jacobi matrix J.
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3. CONCLUSIONS AND OUTLOOK

In this work we extend to the unbounded setting the spectral Favard theorem for banded matrices admit-
ting a positive bidiagonal factorization (PBF). The bounded case in [BFM1] already relies on a compactness
step for the finite-level spectral data, implemented via Helly-type selection theorems (see [Chiharal]), to pass
from truncations to a limiting matrix of measures. The genuinely new feature in the unbounded regime is
that one must allow an N-dependent shift: for each truncation one considers TIN] 4 snIny1, with sy > 0
chosen so that a PBF is available, and one then proves that the associated measures remain uniformly con-
trolled as N — oo. This requires a finer analysis than in the bounded case, aimed in particular at controlling
the tails and preventing loss of mass at infinity.

More precisely, we work with the shifted truncations 7'¥! + s Ijy,+1 admitting a strict PBF and with the as-
sociated mixed-type multiple biorthogonal polynomials. At the finite level, Gaussian quadrature expresses
the relevant moments through positive Christoffel numbers. In the unbounded case, these identities are
combined with tail estimates to obtain uniform tightness and variation bounds for the corresponding distri-
bution functions. This, in turn, makes it possible to apply Helly-type compactness principles (as presented
in [Chihara]) to extract convergent subsequences. Identifying the limits and verifying that they reproduce
the prescribed moments yields a matrix of positive Lebesgue—Stieltjes measures realizing the mixed-type
multiple biorthogonality relations and the spectral representation of the powers 7" in the unbounded case.

The argument preserves the constructive spirit of [BFM1] while addressing the analytic difficulties specific
to the unbounded setting: controlling the limiting procedure and ensuring that positivity is not lost. As
in the bounded case, the choice of initial conditions is decisive. Positivity of the triangular normalizations
guarantees admissible degree bounds, whereas total positivity enforces normality and ensures that the degree
upper bounds are attained for all colors and all indices.

Several directions remain open. From a structural viewpoint, it is natural to ask to what extent the
method extends to broader classes of banded operators admitting factorizations beyond the bidiagonal
case, or to settings where positivity holds only partially. Another problem concerns the fine spectral features
of the resulting measures in the unbounded regime, including growth, regularity, and determinacy of the
associated moment problems. Finally, the interplay between total positivity, factorization theory, and mixed-
type multiple orthogonality suggests further connections with classical and matrix-valued extensions of
orthogonal polynomial theory. A particularly promising direction is the application to continuous-time
Markov processes with unbounded generator matrices, where the spectral representation may provide new
tools to study recurrence, ergodicity, and stationary behavior; for related results in the discrete-time setting,
see [JP, BFM6].
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