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Plan of the talk

1) Lattice paths and associated formal Laurent series.
2) Algebraic relations between the Laurent series.

3) Vector continued fractions, Hermite-Padé approximation, and banded
Hessenberg operators.
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Plan of the talk

1) Lattice paths and associated formal Laurent series.
2) Algebraic relations between the Laurent series.

3) Vector continued fractions, Hermite-Padé approximation, and banded
Hessenberg operators.

The goal is to describe a combinatorial interpretation of certain classes of
vector continued fractions. In the scalar case, P. Flajolet (1980) described the
connection between standard continued fractions and Motzkin/Dyck paths.
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Let
V= ZZO X 7.

If v,v' € V, then v — v’ denotes the segment from v to v'.
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Let
V= ZZO X 7.

If v.v/ € V, then v — v’ denotes the segment from v to v'.
Fix an integer p > 1. A lattice path is a concatenation of finitely many

segments (called steps)
v =€162- - E.

The segments belong to any of the following collections:
Ev={(nm = (n+1,m+1):(n,m) eV} (upsteps)

E={(n,m)— (n+1,m):(n,m) eV} (level steps)
Eq:={(n,m) = (n+1,m—j):(n,myeV, 1<j<p} (downsteps)
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1 345 6/77 8 9 10 11 12 13 14 15 16 (7718

Figure: Example of a lattice path in the case p = 3.
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Some definitions

We say that the path

has length k.

A path of length zero is just a point in V.
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Some definitions

We say that the path
v=61€2- -6

has length k.
A path of length zero is just a point in V.
If (n,m) € Vis a vertex in -y, we say that v has height m at n.

We define max(y) to be the maximum of the heights of all the vertices in ~,
and min(y) to be the minimum of those heights.
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Some definitions

We say that the path

has length k.
A path of length zero is just a point in V.
If (n,m) € Vis a vertex in , we say that v has height m at n.

We define max() to be the maximum of the heights of all the vertices in ~,
and min(~) to be the minimum of those heights.

If g > 0 is an integer, then v + g denotes the path obtained by shifting ~

upwards g units, and v — q is the path obtained by shifting v downwards g
units.
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Weights

Paths will be given a weight (or label) as follows.

First, fix a collection of p + 1 bi-infinite sequences of complex numbers
(@)nez, 0 <j < p.
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Weights

Paths will be given a weight (or label) as follows.

First, fix a collection of p + 1 bi-infinite sequences of complex numbers
(@)nez, 0 <j < p.

The weight of a segment is:
w((n,m)—= (n+1,m+1))=1,

w((n,m) = (n+1,m—j)=all, 0<j<p.

m—j’ =
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Weights

Paths will be given a weight (or label) as follows.

First, fix a collection of p + 1 bi-infinite sequences of complex numbers
(ag))ne% 0<j<p

The weight of a segment is:

w((n,m)—= (n+1,m+1))=1,
w((n,m) - (n+1,m—j)=a)) . 0<j<p

m—j>

The weight of a path is
w(y) =[] w(e)

eCry

where the product runs over the different steps of 4. If v has length zero then
the weight of ~ is by definition 1.
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The path ~ above has length 18, max(y) = 3, min(y) = -2, and

2 0 2 1 0 3
w(v) = (a%))2a% a? &l (al”)? &Y
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Families of lattice paths

Foreach n € Z>oand 0 < j < p, let P}, ; denote the collection of all paths of
length n, with starting point (0, 0) and terminal point (n, ).
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Families of lattice paths

Foreach n € Z>oand 0 < j < p, let P}, ; denote the collection of all paths of
length n, with starting point (0, 0) and terminal point (n, j).

ForneZsoand 0 <j < p, let
D[n,j] = {’)/ S 'P[n’/’] : min('y) = O}

The paths in Dy, ; are called partial p-tukasiewicz paths.

O VNSRS

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Figure: Example, in the case p = 3, of a path in the collection Dyyg 3.
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Forne Zsoand 0 <j < p, let D[,,,] denote the collection of all paths ~y of
length n, with initial point (0, —j), final point (n, 0), and satisfying max(y) =

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure: Example, in the case p = 2, of a path in the collection 13[15,2].
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Weight polynomials and formal Laurent series
If £ is a finite collection of lattice paths, the expression

> w()

YEL

is called the weight polynomial associated with L.
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Weight polynomials and formal Laurent series
If £ is a finite collection of lattice paths, the expression

> w()
YEL

is called the weight polynomial associated with L.
If £ = (), then the weight polynomial for £ is by definition 0.
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Weight polynomials and formal Laurent series
If £ is a finite collection of lattice paths, the expression

> w()

yEL

is called the weight polynomial associated with L.
If £ = (), then the weight polynomial for £ is by definition 0.

We define the weight polynomials

|/V[n Jj = Z W(V)
YEP.]

Anj = Z w(7)
V€D,

B[n j = Z W('Y)
7Dy
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We also need to define the following weight polynomials. For an integer
q >0, let

ATy =" wir+aq),

YE€Dpn,j

Bii) = > wir-a)

v€Dp,j
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We also need to define the following weight polynomials. For an integer
q >0, let

YE€Dpn,j
Bipi= > W= )

v€Dp,j

Let C((z~")) be the algebraic field of all formal Laurent series
ak
KEZ

with complex coefficients such that only finitely many a, with kK < 0 are
non-zero.
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We put the weight polynomials as coefficients of the following formal Laurent
series: Foreach 0 <j < p, let

= A
A2) =3 Jas
n=0
>~ B
Bi(2) := Z zr[ﬂ
n=0
Wz =3 i
n=0
We also define for an integer g > 0 the series
oo A(Q)
(@) — [n.J]
AP(2) =3 S
n=0
(@ = By
q . n,J
BP(2)=>_ i
n=0
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It is easy to see that
1 1

and the same can be said about the other Laurent series with subindex j.
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It is easy to see that

Ai(z) = z/1+1 +0 <#>
and the same can be said about the other Laurent series with subindex j.
Theorem

The following relations hold:
1

Ao(2) = (1)
’ Z— 350) Z/ 130 i 1( )
Al2) = Ao(2) AV (2)  1<j<p. 2)
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It is easy to see that
1 1
Ai(z) = ot (0] (z!+2>
and the same can be said about the other Laurent series with subindex j.

Theorem
The following relations hold:
Ao(2) = 1 (1)
Z—= ao E/ 130 i 1( )

A2) = A2 AV(2)  1<j<p. )

4

Analogous relations hold between the series Aj(.C’)(z) and A/(.q“)(z) for every
integer q:

1
qu)(z)

Z/ 1aq A/(qﬁ (2) (3)
A9 (z) = Aé‘”(z) A}"t”(z) 1<j<p.
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The relations (1)—(3) allow us to obtain a vector continued fraction expansion
for the vector (Ao(2), A1(2),...,Ap—1(2)).
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The relations (1)—(3) allow us to obtain a vector continued fraction expansion
for the vector (Ao(2), A1(2),...,Ap—1(2)).

Other relations one can prove are:

p 7
2Ao(z) —1=>" Y Ai(2)
j=0

Ai(2) = Ai(2) Af-i*,lﬂ (z) 0<i<j<p.
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The relations (1)—(3) allow us to obtain a vector continued fraction expansion
for the vector (Ao(2), A1(2),...,Ap—1(2)).

Other relations one can prove are:

zAo(2) — 1 —Zao Ai(2)

Az) = A/<z> AD(z)  0<i<j<p.

Theorem
The following relations hold:

1

0 ' ) A(T i
Z— ( = i1 ko a(i)k A/(‘—)k—1(Z)BI(<—)1(Z)

W(z) = Wi(z )A(’“%(z) 0<i<j<p,

Wo(2) =

where in the first formula we understand that A(_?(z) = B(_11) (2)=1.

4
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Vector continued fractions

Vector continued fractions appeared first, at least disguised in the form of
equations, in a number theory work of Jacobi (published posthumously in

1868), concerning the problem of simultaneous rational approximation of
numbers.
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Vector continued fractions

Vector continued fractions appeared first, at least disguised in the form of
equations, in a number theory work of Jacobi (published posthumously in
1868), concerning the problem of simultaneous rational approximation of
numbers.

He proposed an algorithm that was further studied by Perron (1907) and
others.
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Vector continued fractions

Vector continued fractions appeared first, at least disguised in the form of
equations, in a number theory work of Jacobi (published posthumously in
1868), concerning the problem of simultaneous rational approximation of
numbers.

He proposed an algorithm that was further studied by Perron (1907) and
others.

In function theory, the Jacobi-Perron algorithm is an algorithm to expand a

vector of power series in a continued fraction where the partial numerators
and denominators are vectors of polynomials.
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Let F := C((z™")). In FP we define the following division operation: If y, # 0,

(X1,..., %) <ﬁ Xo Y1 X3 Yo Xp}’p1)

Wises¥p) - W Yo Yo T W
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Let F := C((z™")). In FP we define the following division operation: If y, # 0,

(X1,..., %) <ﬁ Xo Y1 X3 Yo Xp}’p1)

Wises¥p) - W Yo Yo T W

In particular
1,...,1) :<1 iy yp_1>

V155 0) }Tp’}Tp’Yp’”" Yp
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Let F := C((z™")). In FP we define the following division operation: If y, # 0,

P

(X, Xp) (X1 Xe Y1 Xaye Xpr1>

(27 Yoo Yo Yo Yp
In particular
(1771) — <1y1y2 yp1>
(V155 Yp) Yo' Yo' Yo T Wp
Ifai,...,apand by, ..., b, are now vectors of formal Laurent series, then we

can form the finite continued fraction

k (%) = b - do

provided that each division can be performed.
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Vector continued fraction for (Ag(2), ..., Ap-1(2))
We put the p + 1 sequences of weights

(ag))nZOa

0<j<p,

as diagonals of the infinite banded Hessenberg matrix

af)o) 1

ag) a20)

a§,2> aﬂ”
H=| .
a(()”)

aSP)
0

’
a

1
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The relations in Theorem 1 were

1
z-y0 8 Al(2)
Al2) = A(2)Al(2)  1<j<p.

Ao(2) =
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The relations in Theorem 1 were

1 ()
Ao(2) = . Ai(z
0( ) S Zfzo a(()j) A](-1_)1 (Z) ( —1( )

Az) = Ao AV (2)  1<j<p.

1)

Equivalently,

(1) ()
(A07-~~7Ap—1)_< p1 PO /;40 DA 7 Ap_z(/) (1)>
Z=2 08 At Z— Xm0 Al ‘- A

J j=0 %o
B (1,1,...,1)
- 1 1 N\ A(1
(A, AD, z—3P a) A
B (1,1,...,1)
- 0 1 1 i 1 :
(0....,0,z—a))+ (AV,... AV, 3P &l A}

Now repeat the same procedure to the vector
j 1
Vi = (A(()1), s ,A(p1227 - Zf:1 a(()j)Aj(f)1 )
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Using the relations
1
7 ago) P > aq)A(Q+1 ( )

A9 (2) = AP (2) Al "*”(z) 1<j<p

AEJQ) (2) =

forg=1,2, we get

(1,1,...,1)
,...,0,-a", z— a”) + v,

—(AD,. D Za(”A,(zz, Za’)A(Z)
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Using the relations
1
z— ago) P . aq) A(q+1 ( )

A% (2) = AP (2) A "*”(z) 1<j<p

AP(z) =

forg = 1,2, we get

(1,1,...,1)
,...,0,-a", z— a”) + v,

(A9, A9 Za(/)Aj(zz, Za1 AR

v 1,1,...,1)
2:
(O,...,O,—aéz), S”,z 32 )+v3
3 j 3 j 3
Vo= (AD,... A® Za”Aj ) - Zaﬁ”A},’z,—Zag)AQ
j=2 j=1
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Continuing in this fashion we get finite vector continued fractions for
(Ao(2),...,Ap-1(2)). Let

(1,...,1), 1<j<p,

(-a, 1.0,...,0), j=p+1,

o,...,0, —ag_”, —agj_z), R —a"

j_2az - afg)1)7 1 S] S p’

9(2) = (CaPD, _aP? P9 ) 0
K j— 9

j—p j_p+17 /_p+27"' j_1)7 j 2p+1
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Continuing in this fashion we get finite vector continued fractions for

(Ao(2),...,Ap-1(2)). Let

(1v---71)7 1§j§pa
AR D) :
( —p— 1)07"'70)5 12p+17
d() (Oa"'707_a(()j_1)7_ag|j_2)7"'5 1(1)232_ (O)) 1S_/Spa
j\2) = —1 _2 _3 1 0 .
(—aj(-fp ),—aj(fp+)1,—aj(-fp+)2,... —aj( )2,2— j(-_)1), j>p+1.

Then foreveryn>p+1,

(Ao(2), ..., Ap_1(2)) = K(aq )
J

where d;(z) = d;(2) if j < n— 1 and d,(2) = dn(2) + Va(2),

P )
Vn(2) = (— a Ag)n’ Z an p+1A/(np+1""’_Zaf{)1A/(n)1)
j=p—1 J=1

A. Lépez-Garcia (U. Central Florida) 3/17/2022 20/25



Since formula

(. S
(Ao(2), ..., Ap1(2)) = ,lS(E,(z))

is valid for every n > p + 1, we have the formal identity

(Ao(2), -, Ap1(2)) = E%<d,(z))'
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Since formula

_w( S
(Ao(2), ., Ap-1(2)) = ,'_(1<a,(z))

is valid for every n > p + 1, we have the formal identity

_K( S
(Ao(2), -, Ap_1(2)) _j|:(1(dj(z)).

The same formula was obtained by Valery A. Kalyagin in 1995 for vectors of
resolvent functions of a banded Hessenberg operator.

J. Van Iseghem has several works extending this formula for banded operators
with any number of superdiagonals using matrix continued fractions.

A. Lépez-Garcia (U. Central Florida) 3/17/2022 21/25



Kalyagin’s approach and Hermite-Padé approximants

Let H be the infinite banded Hessenberg matrix

a” 1 0
ag) a$°> 1

agz) aﬁ” ago) 1

H= a(()p)
as/o)
agp)
0
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Let {gj};<, denote the standard basis in (?(Z>0). The band structure of H
allows us to define the formal Laurent series

_ =, (H"e;, e )
5(2) = (21— H) e = > S ocjcp
n=0
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Let {gj};<, denote the standard basis in (?(Z>0). The band structure of H
allows us to define the formal Laurent series

B =\ (H"e;, & .
5(2) = (@ H) " een) =S AR ocjcp
n=0
It is easy to prove that
i(2) = A _ 3 A 0<j<
¢/(Z)_ /(Z)_Zszﬂ’ S/sp
n=0

SO
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(¢O(Z), L] ¢P—1(z)) = J=1 (d,(/z)>

Theorem (Kalyagin 1995)

The convergents (finite truncations) of the vector continued fraction are
Hermite-Padé approximants at infinity (of type Il) for the vector of resolvent
functions (¢o(2), ..., p—1(2)).
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).

(@) 00-1(2) = K (55

J=1

Theorem (Kalyagin 1995)

The convergents (finite truncations) of the vector continued fraction are
Hermite-Padé approximants at infinity (of type ll) for the vector of resolvent

functions (¢o(2), ..., p—1(2)).

This means that the vectors of rational functions

DS N (12 Gna(2)  Gnp(2)
Rias) = (55 55 55)

satisfy the condition

WD) - 0D =057 ). 2.

where nj = [(n—j)/p] +1,forevery 1 <j <p.
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