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Abstract vii

MODEL SPACES, SPECTRAL SETS AND SCHWARZ-PICK TYPE INEQUALITIES
Abstract

The Schwarz-Pick inequality for holomorphic functions of one variable is a classical topic in complex
analysis and, more specifically, in hyperbolic geometry. Schwarz-Pick type inequalities for three points
and, subsequently, for n points in the open unit disc have been established by Beardon and Minda, and
by Baribeau, Rivard, and Wegert, respectively. The aim of this PhD thesis is to study Schwarz-Pick
type inequalities from an operator-theoretic perspective. By employing the von Neumann inequality for
operators on Hilbert spaces and its generalizations, the Schwarz-Pick inequality and the Beardon-Minda
inequality are derived in a unified manner. The connection with model operators is explored, and new
Schwarz-Pick type inequalities for functions in one or several complex variables are established. The
thesis also focuses on operator versions of Schwarz-Pick type inequalities, building on the work of Ky
Fan and D. Jo¢ié. To this end, we discuss related topics such as explicit holomorphic functional calculus,
non-commutative divided differences, and contractivity criteria for matrices. The manuscript concludes
with a brief exploration of some other spectral sets.

Keywords: functional analysis, operator theory, mathematical analysis, complex analysis, holomorphic
functions, spectral theory, Hilbert spaces, hyperbolic geometry, Schwarz-Pick lemma

EsPACES MODELES, ENSEMBLES SPECTRAUX ET INEGALITES DE TYPE SCHWARZ-P1ck
Résumé

L'inégalité de Schwarz-Pick pour une fonction holomorphe d’une variable est un sujet classique en analyse
complexe et, plus spécifiquement, en géométrie hyperbolique. Des inégalités de type Schwarz-Pick pour
trois points et, ensuite, pour # points du disque unité ouvert ont été établies respectivement par Beardon et
Minda, et par Baribeau, Rivard, et Wegert. L'objectif de cette these de doctorat est d’étudier les inégalités de
type Schwarz-Pick dU point de vue de la théorie des opérateurs. En utilisant I'inégalité de von Neumann
pour les opérateurs sur les espaces de Hilbert et ses généralisations, les inégalités de Schwarz-Pick et de
Beardon-Minda sont obtenues de maniere unifiée. Le lien avec les opérateurs modéles est mis en évidence,
et de nouvelles inégalités de type Schwarz-Pick en une ou plusieurs variables complexes sont établies. Nous
nous concentrons également sur les versions opérateurs des inégalités de type Schwarz-Pick, en suivant
les travaux de Ky Fan et D. Jo¢i¢. Pour ce faire, nous discutons d’autres sujets d’intérét, tels que le calcul
fonctionnel holomorphe explicite, les différences divisées non commutatives et les criteres de contractivité
pour les matrices. Le manuscrit se termine par un apercu rapide d’autres ensembles spectraux.

Mots clés : analyse fonctionnelle, théorie des opérateurs, analyse mathématique, analyse complexe, fonc-
tions holomorphes, théorie spectrale, espaces de Hilbert, géométrie hyperbolique, lemme de Schwarz-
Pick

Laboratoire Paul Painlevé
CNRS UMR 8524 - Cité Scientifique, Batiment M2 — 59655 Villeneuve d’Ascq Cedex
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Notation

Il lloo
H(U,V)

fr(zw)
B(H,K)

denotes the set of non-negative integers, i.e. N=1{0,1,2,3,...}.

denotes the open unit disk

denotes the unit circle, T = D\D

for w = (wy,...,w,) € C", we denote ||w||., = sup{w;|: 1 <i < n}

denotes the open unit ball of C", i.e. B, = {(zl, e zy) €CT Y Iz < 1}

denotes the set of continuous functions mapping X to Y, where X and Y are
metric spaces

for f €C(D), we denote ||fl = sup(|f(z)|: |2l < 1)

is the set of holomorphic functions mapping U to V, where U and V are subsets
of C. When V = C, we sometimes write H ({/) instead of H (U, C).

is the Hilbert-Hardy space of i/, where U/ is an open subset of C. When ¢/ =D,
we sometimes write H? instead of H? (D)

is the set of bounded holomorphic functions on &/, where I{ is an open subset
of C. When U/ =D, we sometimes write H* instead of H* (D)

is the disc algebra, i.e. the set of functions that are holomorphic on D and

continuous on D
denotes the n+ 1 order divided difference of f at the points z,...,z,
denotes the complex pseudo-hyperbolic distance (z, w) := =%

T 1l-wz

w)|
denotes the hyperbolic distance d(z, w) = tanh™! %
_ (I

denotes the pseudo-hyperbolic distance p(z,w) :=|(z,

denotes the hyperbolic divided difference f*(z,w) := (ahflw)

(zw)

is the set of bounded linear operators from H to K, where H and K are two
complex Hilbert spaces. B(H) is a short for B(H, H).
In this manuscript, all the operators are supposed to be linear and bounded

denotes the norm of an element of the Banach space under consideration.
When T € B(H,K), ||T|| denotes the operator norm

1



2 Notation

T denotes the adjoint of T, where T is a Hilbert space operator

AT denotes the transpose of the matrix A

¢ denotes the dot product, with the convention that (., ) is linear with respect to
the first argument, and anti-linear with respect to the second one

Dr denotes the defect operator of a contraction T € B(H), i.e. ||T|| < 1. Thus
Dr = (Id — T*T)"?, where 1d is the identity operator

A<B means that the bounded linear operator B — A, acting on a Hilbert space H, is
positive. If B = Ald, for some A € C, we may simply write A < .

o(T) denotes the spectrum of T € B(H)

r(T) denotes the spectral radius (T) = sup{|A|: A e o(T)} of T

Ker(T) denotes the kernel of T

Im(T) denotes the range (image) of T

[1,n] denotes the set of all integers j with 1 <j<mn

Sy denotes the set of permutations of [0, —1].

In the entire manuscript, we use the convention that an empty sum is equal to 0 and that an
empty product is equal to 1.



Introduction (en francais)

Motivation

Le point de départ de ce travail est l'observation quelque peu surprenante que le lemme de
Schwarz-Pick, un résultat classique en analyse complexe, peut étre obtenu comme un cas
particulier de I'inégalité de von Neumann, qui est un résultat classique en théorie spectrale des
opérateurs. Commencons par rappeler les énoncés de ces deux résultats :

Théoreme 0.1 (Inégalité de von Neumann). Soit T une contraction opérant sur un espace de Hilbert
H, c’est-a-dire un opérateur linéaire borné sur H tel que ||T|| < 1, et soit p € C[X] un polynéme.

Ona:
lp(T)Il < llplles == supflp(2)| : |z < 1}.

Théoréme 0.2 (Lemme de Schwarz-Pick).

(i) Soit f : D — D une fonction holomorphe du disque unité dans lui-méme, et soient wy,w, € D
deux points distincts du disque unité. Alors, on a :

flwy) - f(ws) <‘ W) — w3 (0.1)
1= f(w))f(w)| 11 —@12
Si l'on note p(wy,w,) := '1“1%“32 la distance pseudo-hyperbolique sur le disque unité, cette

inégalité devient :

p(f(w1), f(w2)) < plwy, wy).
En d’autres termes, toute fonction holomorphe du disque unité est contractante par rapport d la
métrique pseudo-hyperbolique.

(ii) Si w1 = w, =t w €D, cette inégalité devient :

oy < U @F (0.2)

1-|wl?

Il est connu (voir, par exemple, [46, Ex. 2.17-2.18] ou [52, p. 17]) que l'inégalité de Schwarz-Pick
peut étre obtenue comme un cas particulier de I'inégalité de von Neumann, appliquée a une
matrice 2 x 2 bien choisie. L'idée est la suivante : soient wy,w, € D deux points distincts du

3



4 Introduction (en frangais)

disque unité ouvert, et soit
w1 04
T, = € M,(C).
2 0 W, 2( )
On commence, dans un premier temps, par prouver les deux lemmes suivants :

Lemme 0.3. T, est une contraction si et seulement si

lal? < (1 = |01 P)(1 = Jwal).

Lemme 0.4. Pour tout polynome p € C[X], ona:

p(Tz):(P(‘”ﬂ a-(%)).

0 p(w>)

On pose ensuite a@ = /1 —|w;[2y/1 —|w,|?, et on applique I'inégalité de von Neumann & T».
On obtient alors une inégalité qui, apres quelques transformations, s’avere étre équivalente a
I'inégalité de Schwarz-Pick pour les polynémes. On peut alors conclure la démonstration par un
argument d’approximation. Davantage de détails seront donnés dans le Chapitre 1, apreés avoir
passé en revue quelques concepts fondamentaux de théorie spectrale.

Dans cette these, nous étendons cette observation a des matrices de plus grande taille et a des
matrices a coefficients opérateurs. Ce faisant, nous sommes confrontés aux deux problémes
suivants :

Probléme 0.5. Etant donnée une matrice de taille n x n, notée T,,, et un polynéme — ou une fonction
notée f — comment exprimer explicitement f(T,,) ?

Probleme 0.6. Etant donnée une matrice T, de taille n x n, comment estimer sa norme spectrale ?

Au vu du théoréme de décomposition de Schur — qui stipule que toute matrice est unitairement
équivalente a une matrice triangulaire supérieure — I’étude peut étre limitée aux matrices
triangulaires supérieures.

Fonction d’une matrice : un calcul fonctionnel explicite

Le premier probleme a déja été étudié sous différents aspects dans plusieurs références (voir
par exemple [33, 36, 16, 31, 40]). Dans ce manuscrit, nous allons développer une approche
légerement différente. Dans le Chapitre 3, nous introduisons la notion de différences divisées
non commutatives pour les opérateurs — une généralisation des différences divisées usuelles bien
connues pour les scalaires. Nous commencons par les polynomes, puis nous étendons ce concept
aux fonctions rationnelles, et enfin aux applications holomorphes.

Rappelons que, dans le cas scalaire, si xg...,x, sont n+1 points deux a deux distincts de C et si f
est une application définie sur un sous-ensemble de C contenant x,...,x,, les différences divisées
sont définies par récurrence comme suit :

[f ()] == f(xk), Y k € [0,n]
Gt 1)) = [f (o) f (ki) ] = [ (i) oo f (X jo1)]

Xk+j = Xk

,Vke[0,n—j],Yje[l,n]



Fonction d’une matrice : un calcul fonctionnel explicite 5

Selon la régularité de f, on peut alors obtenir plusieurs formules explicites pour les différences
divisées. Nous discuterons ce point plus en détails dans la Section 3.1.

Dans le chapitre 3, on étend ensuite cette notion aux opérateurs, et on définit les différences
divisées non commutatives comme suit (voir Définitions 3.2.1, 3.2.11, 3.2.13 et 3.2.20) :

Définition 0.7. Soient Hy,..., H, des espaces de Hilbert. Etant donnés des opérateurs linéaires
bornés W; € B(H;), pour i € [[0,n], et Cje B(HJ-H,H]-), pour j € [0,n—1], on définit :

.....

io,...,nZO
Cette définition peut étre étendue par linéarité aux polynémes : pour un polynéme p(X) =
Yi_oarX* € C[X], on pose :

n

k=0

Ensuite, pour les fractions rationnelles, on définit :

(i) [Wok,..., Wik = (=1)" Ligrotigmkn W "CoW; .. Coy Wy ™, Yk 2 1

i() !!!!! in=1

En utilisant la décomposition en éléments simples, cette définition peut également étre étendue
par linéarité a toutes les fractions rationnelles.

Enfin, pour toute fonction f holomorphe sur un voisinage de [ Ji_, o(W;), on définit :

(i) [F(Wo)... (Wi, 1) = Jy FIENET = W) Co(E1d - Wy) ™. Coy (1A - W),
ou I est un systéme fini de courbes de Jordan rectifiables, orientées positivement, entourant
n
i=0 o(W;).

Nous verrons que — par analogie avec les différences divisées classiques — les différences divisées
non commutatives satisfont la relation de récurrence suivante :

Proposition 0.8. Soit n > 1, et soient Hyy, ..., H,, des espaces de Hilbert. Etant donnés des opérateurs
linéaires bornés W; € B(H;), pour i € [0,n], et C; € B(Hj, H;j_y), pour j € [1,n], et étant donnée une
fonction f analytique au voisinage de | )i, 0(W;), on a :

[f (Wo)] = f(Wp) ;
Wolf (Wo), -, FW)licornCy) = LF (W0)s s fF (W] Copnnnn oy ) Wi
=[f(Wo)--, fWus)licy,.Cp0) Criet = Col f (W1), oo f (W) ()G )

Cette notion de différences divisées non commutatives nous permettra d’établir un calcul fonction-
nel explicite pour les matrices triangulaires supérieures a coefficients opérateurs (voir Théorémes
3.2.6,3.2.16 et 3.2.22) :
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Théoréme 0.9. Soit n > 2, soient Hy,..., H, des espaces de Hilbert, et soit

W, Cﬁl) ........... cmb
_ 0 W, C;l) ..... Cén—2) n n
7o . |:EpHi > PH;
.Cfllf)l i=1 i=1
[ 0o W,

un opérateur linéaire borné. Soit f une fonction analytique dans un voisinage de | Ji_, o(W;).

Alors, ona :
1 -1
f(wy) Di o Di” )
1 -2
s 0 f(WZ) . Dé ) ........... Dén )
f( ”): : )
NS
. Dn—l
0 0 (W)
N () _
o DY = Z [f (W) f (Wi )]
; (k1—ko)  (kj—kj_1)
1<l<j (c K il

i=ko<--<kj=j+i

L’analogie entre les différences divisées non commutatives pour les opérateurs et les différences
divisées usuelles pour les scalaires nous permettra alors d’obtenir le corollaire suivant :

Corollaire 0.10. Soit

o o ol
O wz a(zl) ..... ag/l_z)

Tn : EMH(C)
SRS
N
[ I 0 wy,

une matrice telle que w; # wj, pour tout i # j, et soit f une fonction holomorphe au voisinage de
W1yeeeyWy.

On a alors : 1 |
flwr) [5(1 Y ﬁYl* )
0. flwz), ﬂgl) ........... ﬁg’ﬁ)
f(Tn) = .. - : ,
B
O vvennie i 0 f(wn)

1<I<j
i=ko<--<kj=j+i



Matrices contractantes 7

La relation de récurrence de la Proposition 0.8 nous aménera ensuite a étudier I’équation de
Sylvester :
AX-XB=Y, (0.3)

ou A, X, B, Y sont des opérateurs linéaires bornés agissant sur un espace de Banach.

Dans la Section 3.3, nous verrons que, dans le cas ou les spectres respectifs des W; sont deux a
deux disjoints, la relation de récurrence de la Proposition 0.8 définit complétement les différences
divisées non commutatives. Cela nous menera au résultat suivant :

Théoréeme 0.11. Soit n > 2, soient Hy,...,H,, des espaces de Hilbert, et soit

W, cil) ........... cmb
0. W, cg” ..... cg"*z) n "
el S -
) C(l) i=1 i=1
s n-1
[ P 0w,

un opérateur linéaire borné. Soit f une fonction analytique au voisinage de \Ji_, o (W;). Supposons
que o(W;) N o (W;) =0, pour tout i # j.

Alors, ona :
Id —Xil) ............. —XYI_I) f(wy) [ 0 Id Yl(l) ........... Yl(”‘l)
0. . -xM..... XU 0 f(wy) ©offo 1 vV v
f(T) = . : L :
1) (1)
_anl 0 .Ynfl
[ P, 0 Id [ R R 0O fW)Jlo.ooovoninilll 0 1d
o, pour tout j € [1,n—1], pour touti € [1,n+1-7j], X;j est 'unique solution de 'équation
j-1
j k i—k
wix! - xVw,, =V -y cxUo (0.4)
k=1
« () (ik)  splhi—ki)
1) _ 1= Ko 1=K1-1
v = Z X X (0.5)
1<I<j
i=ko<-<kj=j+i

Matrices contractantes

Le second probléme (Probléme 0.6), consistant a estimer la norme spectrale d’une matrice,
sera abordé dans le Chapitre 4. Une approche directe pour estimer la norme d’une matrice
consisterait — au moins pour les matrices a coefficients scalaires — a tenter d’exploiter la formule
\T,\? = IT; T, || = r(T;T,), ou r(-) désigne le rayon spectral. Cette méthode fonctionne trés bien
pour les matrices 2 x 2 (voir Lemme 1.2.14). Cependant, pour n > 3, les calculs deviennent trop
complexes pour fournir un critere utilisable en pratique. Dans ce manuscrit, nous utiliserons
le raffinement suivant du théoréeme de Parrott sur la complétion de matrices a coefficients
opérateurs :
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Théoreme 0.12 (Parrott). Soient Hy, Hp, Ky, K, des espaces de Hilbert. On suppose que les opérateurs

[é] € B(H{,K; ®K;) et [C D] € B(H; ® H,, K,) sont des contractions.

Alors,
A B
TZ[C D:|ZH1®H2—>K1@K2
est une contraction si et seulement s’il existe une contraction W € B(H,, Ky) telle que :

B=Dz. WDy -ZC'Y,

on Z € B(Hy,Ky) et Y € B(H;, K;) sont des contractions telles que D = Dc+Y et A = ZDg, et ot Dg
désigne lopérateur de défaut associé da la contraction S.

De plus,

(i) Y et Z peuvent étre choisis comme étant (respectivement) les uniques solutions Yy et Zy de
norme minimale parmi toutes les solutions des équations D = Dc«Y et A=ZD¢ ;

(ii) Si T est une contraction, il existe une unique contraction W telle que :
B = Dy: WoDy, ~ ZoC*Yy et Im(Dz; )~ C Ker(W;).

Cet opérateur satisfait :

[Woll = inf{[IW|| : B = Dz: WDy, - Z,C"Yo}.

Nous déduirons de ce théoreme les résultats suivants pour les matrices de taille 3x3 et 4x 4
(voir les Théorémes 4.2.2 et 4.3.1 pour une version plus détaillée de ces résultats) :

Théoréme 0.13. Soient wy, wy, w3 €D. Alors, T =

[wl a B

0 w; ay]|e M;3(C)estune contraction (vue
0 0 w3

comme un opérateur agissant sur I'espace de Hilbert C3) si et seulement si :

o < (1 =i )1 ~|wii [*), i=1,2,

|B(1 ~lwsl?) + ayay@a|” < [(1 ~lwi (1 ~wsl?) = layP] - [(1 ~wal)(1 = lwsl?) - lal?]

wp ap Py

Théoreme 0.14. Soient wq,wy, w3, wyg € D. Alors, T = 0 @ a f € My(C) est une con-
0 0 w3 as
0 0 0 wy
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traction (vue comme un opérateur agissant sur 'espace de Hilbert C*) si et seulement si :
lail? < (1= lwilP)(1 = lwis1?), i=1,3 & lagl® < (1 -|wyl?)(1 - |ws)
1Bi(1 = lwia )+ @i @il < [(1=lwiP)(1 = w1 ) = la ] x
[(1=lwia )1 = lwipo) ~lain ], i=1,2
VL0 = lw2)(1 = lws) = o]+ @1 rwa (1~ wsl) + s pr@3(1 = |wal?)
+p1paas + a1a2a3m|2 (1= Jwal?)(1 = |ws|)

<[((1 =11 P)(1 = lwal) = e 2) (1 = o)1 = w3 ) =) - |a1a2w—2+ﬁ1<1—|w2|2>|2]

x[((1=lwalP)(1 = lw3P) = laa?) (1 = lw3P)(1 = w4l) = as]?) ~|azas@s + Ba(1 —|w3|2>|2]

;> < (1 - |w; )1~ |wi1*), i=1,3 & lagl* = (1-|wy*)(1 - |ws]?)
ik 1 Wiyl

= 1=1,2

P = o P

b ‘V 0205010285 __[F ) 121 )
- il () — w32
(1-]wyP)(1 ~]ws?)

<[ =11 P)(1 = lwa) = ler P] ¢ [(1 = lws?)(1 = |ewal?) = a3 ]

Nous verrons que dans le cas des matrices de taille 4 x 4, les calculs deviennent plus laborieux.
Le calcul fonctionnel explicite du Théoréeme 0.9 nous permettra de simplifier ces derniers en
supposant que I'un des coefficients diagonaux est égal a 0.

Nous obtiendrons également la généralisation suivante du Théoréme 0.13 pour les matrices a
coefficients opérateurs :

Théoreme 0.15. Soient Hy,H,, H3 trois espaces de Hilbert. Soient W; € B(H;), 1 <i < 3, trois
contractions, et soit

W, A, B
T=|20 ‘4/2 [{2 S Zg(lii EB‘EIQ EB‘PI3).
0 0 W

Alors, T est une contraction si et seulement s’il existe trois contractions V| € B(Hy,Hy),V, €
B(Hs,H,), V3 € B(Hs, Hy) telles que :

Ay =Dw; Vi Dy,,
Az = Dw; V2D,

. 1/2
B= [Dwf(Id A )Dwf]

]l/2

A [DW3 (Id= V3 V5)Dyw, | "~ = Dy: Vi W3V, Dy,

De plus, en tentant de généraliser les Théorémes 0.13 et 0.14 aux matrices de taille n x n,
nous établirons le théoréme suivant, qui caractérise les contractions dont la diagonale et la
sur-diagonale sont prescrites :
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Théoreme 0.16. Soit n € N*, soient wq,...,w, €D et soit

o dV Q@ -)
0 w>y a(zl) a(zz)
T, = .. (2) € M,(C)
azz—)Z
. G
o .an—l
0 P 0 w,

Supposons que

1 .
al(. ) = V1 —wiPV1 —|w;s1|?, pour tout 1 <i<n-1.
Alors, T, est une contraction si et seulement si

j+i-1

aij) = I_I () V1 = wi>\1 = |wiyj|?, pour tout 1 <i<n, 1<j<n—i.

k=i+1

A nouveau, pour prouver ce théoréme, le calcul fonctionnel explicite du Théoréme 0.9 nous
permettra de simplifier les calculs en supposant que 'un des coefficients diagonaux est égal a 0.

Opérateurs modeles

Nous verrons que le Théoreme 0.16 fournit une caractérisation précise des opérateurs modeles
(voir Chapitre 2 puis Section 4.4) :

Soit H® = H*(D) I'ensemble des fonctions holomorphes bornées sur D, et soit H> = H?(ID)
I’espace de Hardy-Hilbert du disque unité, c’est-a-dire I’espace des fonctions f holomorphes sur
D telles que

sup L|f(C)|2dm(C) < oo

0<r<1

ou, de maniére équivalente, telles que

© (9]
|a,|* <co, en écrivant f(z) = Zunz”,
n=0 n=0

Si u est une fonction intérieure, i.e. une fonction de H* telle que lim,_,-|u(r&)| = 1, pour
presque tout & € T, on définit I'espace ’espace modéle correspondant /C,, par :

Ku:=(uHA(D))" = {f e HXD) : (f,uh) =0, Vhe HA(D)}.

Soit maintenant S : H*(D) — H?(D) le shift unilatéral, défini par S(f)(z) = zf (z) ou, en raisonnant
avec les coefficients de Taylor (a,),>¢ de f, par S(ag,a;,...) =(0,a9,a1,...).

On définit le shift compressé associé par S, := P, S|k, ou P, est la projection orthogonale de H?*(D)
sur KC,,.
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Si ©,, est un produit de Blaschke fini dont les zéros wy,..., w, € D sont deux a deux distincts, et

si 'on note by, (z) = 1% :‘:" le facteur de Blaschke associé a wy, pour k € [1,n], on peut prouver

que dim (Kg | = n. Plus précisément, on obtient une base orthonormée de Kg en posant :
0, O

oz = Yl [l_[bw]] Loy s

 1-w;z 1 -z

La base (¢1(z2),...,¢,(z)) est appelée la base orthonormée de Takenaka—Malmquist-Walsh de
Ke,-

En notant Mg, la représentation matricielle de Sg dans la base de Takenaka-Malmquist, on a :

wj sii=j
‘71 3 .. .

[M®”]i,j =Ty oV = w1 = |wj]?  sii<j.
0 sii>j

Ainsi, avec cette notation, le Théoréme 0.16 peut étre reformulé comme suit :

Théoreme 0.17. Soit n € N*, soient wq,...,w, €D et soit

w1 0151) agz) ................... agnfl)
0. wy aél) aé2) .
T, = s € M, (C)
..a?_)z
e .. .an—l
Qe eeee e e "0 o

Supposons que

= \/1 —|a),-|2\/1 —|w;js1|?, pour tout 1 <i<n-1.

Alors, T, est une contraction si et seulement si T, = Mg, .

Inégalités de type Schwarz-Pick

Dans le Chapitre 5, nous utiliserons des versions de I'inégalité de von Neumann pour obtenir des
inégalités de type Schwarz-Pick. L'idée principale sera d’appliquer l'inégalité de von Neumann
a une contraction (ou un tuple de contractions) bien choisi T. Nos inégalités découleront alors du
fait que f(T) demeure une contraction, pour toute fonction f de ’algébre du disque telle que
Ilfllc < 1. Pour ce faire, nous utiliserons le calcul fonctionnel explicite du Chapitre 3 ainsi que
les caractérisations des matrices contractantes du Chapitre 4.

Nous commencerons par nous concentrer les matrices de taille 3 x 3, en établissant une preuve
opératorielle du lemme Schwarz-Pick a trois points obtenu par Beardon et Minda [8] :

Théoréme 0.18 (Beardon-Minda). Soit f € H(ID, D) une fonction holomorphe de D dans lui-méme,



12 Introduction (en frangais)

et soient wy, wy, w3 trois points distincts de D. Alors, on a :
d(f (w1, wy), f (w3, w;)) < d(wy, 3). (0.6)

ou d désigne la distance hyperbolique du disque unité et ot f*(z,w) désigne la différence divisée
hyperbolique de f aux points z et w.

De plus, I'égalité a lieu si et seulement si f est un produit de Blaschke de degré < 2.

De méme, nous donnerons une preuve opératorielle du résultat suivant, établi par Yamashita
[65], qui peut étre vu comme un analogue de I’inégalité de Beardon-Minda dans le cas ou les
trois points sont confondus :

Théoreme 0.19. Soit f € H(D,D) une fonction holomorphe sur le disque unité et soit I'(z, f) :=

(1-1zP)If"(2)] .
(RTEE Alors, pour tout w €D, on a :

9r(w’f)‘ 1-|(w, f)P
< . 0.7
' dow |7 1-|w|? (0.7)
De plus, I’égalité a lieu si et seulement si f est un produit de Blaschke de degré < 2.

Cette inégalité peut étre reformulée en termes de dérivées invariantes de Peschl. Soit f : D — D
une fonction holomorphe, et soit w € D. Considérons l'application :

f ( 1Z:gz) —f (@)
1-flo)f (£2)

eC. (0.8)

g:zeD—

Alors, g est analytique sur D et g(0) = 0. On a alors g(z) =) ;2; %z“, avec D, f(zo) := g"™(0).
Les quantités D, f (w) sont appelées dérivées invariantes de Peschl (voir par exemple [37]). Les

deux premiéeres dérivées invariantes de Peschl sont calculées explicitement comme suit :

(1-lwP)f(w)

D)= TR
C(-lwP)? |, 20f(w)  2f(w)f (@)
PO =gt | T T T |

Avec ces notations, 'inégalité de Schwarz-Pick pour les dérivées (0.2) s’écrit |D; f(w)| < 1, tandis
que I'inégalité (0.7) s’écrit (voir [12, Proposition 3.4]) |D, f (w)| < 2(1 =Dy f(w)[?).

Par la suite, nous examinerons les inégalités de Schwarz-Pick a n points du point de vue de la
théorie des opérateurs. Dans la Section 5.2, nous nous pencherons sur le lien entre I’inégalité
Schwarz-Pick a n points de Baribeau-Rivard-Wegert [7] — qui fait intervenir des différences
divisées hyperboliques —, le probleme d’interpolation de Nevanlinna-Pick et 1'inégalité suivante :

llf (Mg, )l <1, pour toute fonction holomorphe f : D — D, (0.9)

qui est une conséquence de l'inégalité de von Neumann.

Nous établirons également I'inégalité de Schwarz-Pick d’ordre supérieur suivante, prolongeant
ainsi les travaux de Wiener et Ruscheweyh [47, 56] :



Inégalités de type Schwarz-Pick 13

Théoréme 0.20. Soit f une fonction analytique de D dans D. Si l'on note f(z) = Y 22 a,2", pour
z €D, alors, pour tout n > 1 et pour tout k>1,ona:

— 2
| k(1 = lag]) + ayaxdo|” <[(1=1aol)? = lanl?]- [(1 ~lagl*)® ~ laxl?]. (0.10)
On obtient en particulier le corollaire suivant :
Corollaire 0.21. Soit f une fonction analytique de D dans D avec f(z) = Y50 a,z" pour z € D. Alors

|az, (1 —|ad]) + a2a|
2(1 —aol?)

2
1=lagl” —la,| =

Ce résultat est une amélioration de I'inégalité de Wiener :

lagl < 1—lagl?, Vk>1.

Par la suite, dans la Section 5.4, nous nous concentrerons sur le polydisque, en exploitant les
résultats de Drury [20] et Knese [39] — qui stipulent (respectivement) que 'inégalité de von
Neumann s’applique aux n—uplets commutatifs de matrices de taille 2x2 et 3x 3 (voir Théorémes
1.2.11 et 1.2.12) — pour obtenir plusieurs inégalités de type Schwarz-Pick pour le polydisque.
Tout d’abord, nous donnerons une preuve opératorielle du résultat suivant :

Théoréme 0.22 (Rudin, [54]).
(i) Soit f € H(D",D) et soient a = (ay,...,a,), b =(by,...,b,) e D"

On a alors :
’f(al,---,an>—f<b1,---,b,» < max | 920 |, (©.11)
1—f(ay, -, a,)f(by,-,by) 1<i<n|1 —a;b;
(ii) Soit f € H(D",D) et soit a = (ay,...,a,) € D"
On a alors : .
df(a
Y (1 -1ail) [ L) <1 e, (0.12)
Zi

i=1
Ensuite, nous établirons, dans la Section 5.4.2, la généralisation suivante — en plusieurs variables

— du Théoréme 0.19 :

Théoréme 0.23. Soit n € N, soit w = (wy,...,w,) € D", et soit f : D" — D une fonction holomorphe.
On a alors :
D, f ()| < 2(1 =Dy f (w)), (0.13)

ot Dy f et D, f désignent les dérivées invariantes de Peschl de f.

Dans le cas particulier du bidisque, nous utiliserons la notion de variétés distinguées — introduite
par Agler and McCarthy dans [1] - pour obtenir un raffinement du Théoreme 0.22.

Une variété distinguée est un ensemble de la forme V ﬁﬁz, ou V est une variété algébrique dans
C? telle que VN I(D?) =V NT?.

Agler et McCarthy ont prouvé dans [1] le résultat suivant :
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Théoreme 0.24 (Agler-McCarthy, [1]). Pour toute paire de contractions (Ty, T,) telle que T\ T, = T, T}
et telle que ni Ty ni T, n'aient de valeurs propres de module 1, il existe une variété distinguée V ND?
telle que 'inégalité de von Neumann soit vérifiée sur V. NID? pour tout polyndme p dans C[X;,X>],
c’est-d-dire :

lp(T1, To)ll < supflp(z1,2)| : (z1,22) € V N D%},

Ce théoréme est un raffinement du théoréme d’Ando, qui affirme que I'inégalité de von Neumann
est valable pour toute paire de contractions (T3, T,) agissant sur un espace de Hilbert et telles
que Tl T: Tz Tl .

En exploitant ce résultat, nous établirons le raffinement suivant du Théoréme 0.22 dans le cas
du bidisque :

Théoréme 0.25.

(i) Soient (ay,as),(by,by) € D? deux points du bidisque. Alors, il existe une variété distinguée
V ND? telle que I'inégalité de Schwarz-Pick

flay,az) = f(by,by) Smax{‘ aj —_’71
1—611b1

soit vérifiée pour toute fonction f holomorphe sur D? et continue sur D" telle

a,—b,
1-a,b,

’

} (0.14)
1-f(ay,a)f (by,by)

sup{lf (z1,22)| < 1:(z1,25) € VND?).

(ii) Soient (ay,a,),(by,by) € D? deux points du bidisque. Alors, il existe une variété distinguée
V ND? telle que I'inégalité de Schwarz-Pick soit vérifiée pour toute fonction f holomorphe sur
D? pour laquelle il existe une suite de réels (r,),en C|0, 1[ convergeant vers 1 telle que :

supl{|f (ryzi,rz)| < 1:n>1,(21,25) € VN D}

Enfin, pour conclure le Chapitre 5, nous nous pencherons sur des inégalités de type Schwarz-Pick
pour les opérateurs, en prolongeant le travail de Fan [22] et, plus récemment, de Joci¢ [33], qui
ont établi des versions opératorielles du lemme de Schwarz. Nous établirons ainsi les deux
résultat suivants a partir du théoréme de Parrott et du Théoréme 0.15 :

Théoréme 0.26. Soient H{,H, deux espaces de Hilbert, et soient Wy € B(Hy), W, € B(H,),V €
B(H,, Hy) trois contractions. On suppose que o(Wy) No(W,) =0, et que f € H(D, D) est holomorphe
sur un voisinage ouvert de (W)U a(W,). On note X = Xy, w, v l'unique solution de I'équation

W1X—XW2 = DWL* V]D]/\/2

Alors, il existe une contraction Y € B(H,, Hy) telle que :

SW1)X = Xf(W2) = Dgw, )Y D (wy).-

Théoreme 0.27. Soient Hy, H,, Hj trois espaces de Hilbert, et soient Wy € B(Hy), W, € B(H;) et W; €
B(H3) trois contractions. On se donne également trois contractions V, € B(Hp, Hy), V, € B(Hs, Hy),
et V3 € B(H3,Hy). On suppose que o(W;) N a(W;) =0, pour tous 1 <i < j<3. Soit f : D — D une
fonction holomorphe sur un voisinage ouvert de o(W;) U o(W,) U a(W3). On note respectivement



Ensembles spectraux 15

X1, X5, X3 les uniques solutions (respectives) des équations de Sylvester :

Wi Xy - X1 W, = Dw: Vi Dy,,
W)X, = X, W3 = Dw; Vo Dy,
et W1X3 —X3W3 =B- W1X1X2 +X1 W2X2,

ot 1/2 1/2
] ]

B = I:DWI*(Id - V1 VI*)DWI* V3 [DW3 (Id - VZ* Vz)l)]/\/3 - DWI* Vl W2* VZDW3°

Alors, il existe trois contractions Yy € B(H,,Hy), Y, € B(H3z, Hy), Y3 € B(Hs, Hy) telles que :

fW)X1 = X1 f(W2) = Drw, e Y1 Dy (wy), (0.15)

f(W2)X5 = X5 f(W3) = Drw,) Y2Dr(ws), (0.16)

FW)X5 = X5f(Ws) = X1 f (W) X5 = f(W1) X1 X5

+[Dyowyr1d =Y, YDy | Y [Dyows) (1d = Y3 ¥2) Dy | (0.17)
= Dyw,y Y1 f (W2) Y2 Dg(wy)-

On note que, dans le cas scalaire, ces deux résultats sont respectivement équivalents a I'inégalité
de Schwarz-Pick (Théoreme 0.2) et a 'inégalité de Beardon-Minda (Théoréme 0.18).

Ensembles spectraux
En 1951, von Neumann a introduit dans [63] la notion d’ensemble spectral, afin d’estimer la
norme des fonctions de matrices en fonction de la norme sup de la fonction :

Définition 0.28. Soit T € B(H), soit S C C une partie du plan complexe contenant o(T), et soit
K > 0 une constante réelle.

On dit que S est un ensemble K-spectral pour T si, pour toute fonction rationnelle f dont les
poOles sont en dehors de S,on a:

lf (T < K-Iflls,
ou [|flls =sup{lf(z)|: z€ S}.
Si K =1, on dit que S est un ensemble spectral pour T.

Par exemple, I'inégalité de von Neumann affirme que le disque unité fermé est un ensemble
spectral pour toute contraction.

Une notion analogue d’ensemble K-spectral peut étre définie pour un n-uplet d’opérateurs
commutant deux a deux.

Dans le dernier chapitre de ce manuscrit, nous examinerons briéevement deux autres ensembles
spectraux : la boule unité ouverte de C" et la couronne A, :={ze C:r <|z| <1}, avec r € [0, 1].

Tout d’abord, concernant la boule unité de C", notée B,,, Hartz, Richter et Shalit ont prouvé dans
[30] 'inégalité suivante :

Définition 0.29. Soit H un espace de Hilbert, et soit T = (T,...,T,) un n-uplet d’opérateurs
linéaires bornés sur H. On dit que T est une contraction en rang si ||T||* = || L/_, T, T;|| < 1.
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Théoréme 0.30 (Hartz-Richter-Shalit). Pour tout entier d > 1, il existe une constante C; telle que,
pour tout n € N*, pour tout n-uplet (Ty,...,T,) de matrices de taille d x d commutant deux a deux tel
que || T||? = 1 X/, TiT}|| <1, et pour tout polynéme p € C [Xy,...,X,], on ait :

Ip(T)II < Ca-sup{lp(2)| : z € B,}.

De plus, on peut choisir C, = 1.

Nous commencerons donc par établir un critére explicite pour qu’un n-uplet (Ty,...,T,) de
matrices triangulaires supérieures de taille 2 x 2 commutant deux a deux soit une contraction en
rang puis, en exploitant I'inégalité de Hartz-Richter-Shalit, nous obtiendrons le lemme de type
Schwarz-Pick suivant pour la boule unité, qui est un cas particulier du lemme de Schwarz pour la
boule unité obtenu par Rudin [55, Theorem 8.1.4] :

Théoréme 0.31. Soit f : B, — D une fonction holomorphe, et soient w,z € B,,.

Alors,on a : L ,
-flf@  _ i-Gep
(1=1f @) =f(@)?) ~ (1 =2lI>)(1 = llwll?)

Ensuite, concernant la couronne A,, nous nous concentrerons sur les travaux de Tsikalas [61],
qui a introduit la classe d’opérateurs linéaires bornés

Fro={TeBH):PTHT') + TT <2 +1,0(T) C A},

ou H désigne un espace de Hilbert et 7 € [0, 1].
Tsikalas a prouvé que, pour tout r € [0, 1], A, est un ensemble V2-spectral pour les éléments de
Fr

Théoreme 0.32 (Tsikalas). Pour toute fonction holomorphe bornée ¢ € H* (A, ), et pour tout T € F,,
ona:

Ip(T)I < V2sup{lp(2)] : z € A, ),
out V2 est la meilleure constante possible.

Pour conclure cet ultime chapitre, nous établirons la caractérisation suivante de la classe F, pour
les matrices triangulaires supérieures de taille 2 x 2 :

w1

Proposition 0.33. Soit T = ( 0

a

) € M,(C), avec wy,w, € A,.
w?
T € F, si et seulement si

(11 )1 = lw?)(Jw; > = ) (Jwo|* = 72)
[r?2 =@y w2+ r2(1 —|w ) (1 —|w,|?)

lo|? <
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Motivation

The starting point of this manuscript is the somewhat surprising observation that the Schwarz-
Pick lemma, a classical result in complex analysis, can be derived as a special case of the
von Neumann inequality, a result concerning Hilbert space operators. Let us first recall the
statements of these two results:

Theorem 0.1 (von Neumann’s inequality). Let T be a contraction acting on a Hilbert space H, i.e. T
is a bounded linear operator on H such that ||T|| < 1.

Then, for every polynomial p € C[X], we have:

(Tl < llplloo := supflp(2)] : |zl < 1).

Theorem 0.2 (Schwarz-Pick’s lemma).

(i) Let f : D — D be an holomorphic function, and let w1, w, € D be two distinct points of the unit
disc. Then, we have:
f(wy) = f(ws)

1= f(w)f(w,)

w1 —w?r
T—o,w;

(0.1)

w] —w
S‘l 2

1 - @7w,

the pseudo-hyperbolic distance on the unit disc, this

If we denote by p(wy,w;) =
inequality can be written as:

p(f(w1), f(w2)) < plwy, w3)

In other words, every holomorphic function mapping D to D is contractive with respect to the
pseudo-hyperbolic metric.

(ii) If w1 = wy =: w €D, this inequality becomes:

(o)) < L@ (0.2)

1-|wl?

It is known (see for example [46, Ex. 2.17-2.18] or [52, p. 17]) that the Schwarz-Pick inequality
can be obtained as a special case of the von Neumann inequality, applied to a suitably chosen
2 x 2 matrix. The idea is the following: let w;, w, € D be two distinct points of the open unit disc,

17
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w1

andlet T, = ( 0

5 ) € M, (C). We first prove the two following lemmas:
2

Lemma 0.3. T, is a contraction if and only if

lal? < (1 = |01 P)(1 = Jwl).

Lemma 0.4. For every polynomial p € C[X], we have:

p(Tz):(p(wl) a-(%))

0 plws)

Then, we let a = \/1 - |a)1|2\/1 —|w,|?, and we apply the von Neumann inequality to T,. After
some computation, we get the Schwarz-Pick inequality for polynomials. We can then conclude
the proof by an approximation argument. Further details will be given in Chapter 1, after
reviewing some fundamental concepts in spectral theory.

In this thesis, we extend this observation to matrices of larger sizes and to matrices with operator
coefficients. In doing so, we encounter the following two problems:

Problem 0.5. Given a nx n matrix T, and a polynomial — or a more general function f —how can we
explicitly express f(T,,)?

Problem 0.6. Given a nxn matrix T, how can we estimate its spectral norm?

In light of the Schur decomposition theorem — which states that every matrix is unitarily
equivalent to an upper-triangular matrix — the study can be limited to upper-triangular matrices.

Function of a matrix : an explicit functional calculus

The first issue has already been studied in several references (see e.g. [33, 36, 16, 31, 40]), from
different perspectives. In this manuscript, we develop a slightly different approach. In Chapter 3,
we introduce the notion of non-commutative divided differences for operators— a generalization of
the well-known divided differences for scalars. We start with polynomials and then extend this
concept to rational functions and, finally, to holomorphic maps.

Recall that, in the scalar case, if x;...,x, are n+ 1 pairwise distinct points of C and if f is a map
defined on any subset of C containing x, ..., x,,, the divided differences are defined recursively as
follows:

[f (xk)] = f(xk), Y k € [0,1]
e Flsn )] = [f Cekr1)seeor f (s )] = L () f (K1)

Xe+j = Xk

,Vjell,n], Vke[0,n-]].

Depending on the regularity of f, we can then obtain several explicit formula for the divided
differences. This will be discussed in Section 3.1.

Now, we extend this notion to operators and we define the non-commutative divided differences as
follows (see Definitions 3.2.1, 3.2.11, 3.2.13 and 3.2.20):
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Definition 0.7. Let H,...,H, be Hilbert spaces. Given bounded linear operators W; € B (H;), for
i€[0,n],and C; € B(H]-H,H]-), for j € [0,n—1], we define:

i) (W WEco 1= Ligrtiy=k-n Wo' CoW" ... Cuoy W', Vi > 0.
Z() ..... l”>0

This definition can be extended by linearity for polynomials. Given a polynomial p(X) =
Yoo 4 Xk e C[X], we set:

[p(WO):rp(Wn)](Co ..... Cnfl) = Zﬂk[wk,,wrlf](co ..... C",l)'

Then, for rational fractions, we define:

(i) [Wo*,... wit] )" Cigetiykon Wy CoW; . Cuy Wi ™, Vi 2 1;

..... Cu-1) iy 21

Using the partial fraction decomposition, this definition can also be extend by linearity for
arbitrary rational fractions.

Finally, for any function f holomorphic in the neighborhood of | Ji_,o(W;), we define:

(ii)) [f(Wo)-- f(WilCornCry) 1= Jp F(ENETD = Wo) ! Co(E1d = W) L. C,py (E1d = W) 71 dE,
where T'is a ﬁmte system of rectlﬁable, positively oriented, Jordan curves surrounding

U:l 0 (W)

We will see that — in analogy with the classical divided differences — the non-commutative divided
differences satisfy the following recursive relation:

Proposition 0.8. Let n > 1, and let HO, .,H, be Hilbert spaces. Given bounded linear operators
W; € B(H;), for i € [0,n], and C; € B(Hj,H;j_y), for j € [1,n], and given a map f which is analytic in
the nelghbourhood of ULyo ) we have

[f (Wo)] = f(Wp);
Wolf (Wo),- -, fF(Wilico,.Coy) = LE(Wo)s s F (W) ooy ) W
=[f(Wo)-o, fWus)]icy 0y 0) Criet = Col f (W1, f (W) iy Gy

This notion of non-commutative divided differences will allow us to develop an explicit func-
tional calculus for upper-triangular matrices with operator coefficients (see Theorem 3.2.6,
Theorem 3.2.16 and Theorem 3.2.22):

Theorem 0.9. Let n > 2, let Hy,...,H, be Hilbert spaces, and let

W, Cil) ........... cnb
_ 0. W, Cgl) ..... C;”‘z) n n
T, = e Tl @Hi_)@Hz
e oW i=1 i=1
P Cnfl
[ P 0 ;

be a bounded linear operator. Let f be a map which is analytic in the neighborhood of | Ji_, o (Wj).
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Then, we have :

Fowy) DY p{"Y
N 0. fwy DM p{"?
FE)=| |
Y,
[ P 0 F(W,)
(4 _
where Di = 1<Zl<,j [f(Wko),-..,f(sz)](c(klko) AAAAA . ,
izkg<<kj=j+i ko k-1
and where the [f<wk0)""’f(wkl)](c(k1ko) ,,,,, C(kl—kll))’s
ko K1y

denote the non-commutative divided differences.

The analogy between the non-commutative divided differences for operators and the usual
divided differences for the scalars will then allow us to deduce the following corollary:

Corollary 0.10. Let

BRI 201
0 Wy a/(zl) ..... a(zn—Z)
T, = el T |eEML(O)
RPN (Y
AR ¢ |
[ I 0 Wy,

be a matrix such that w; # wj, for all i = j, and let f be a function holomorphic in the neighborhood of
W1yeeeyWy.

Then, we have:

flwp) By o B
0 flwg)  Pyleoereeeenns @”*2)
f(T,) = S : I
B
[0 0 f(wn)

, I-1
where ﬁy) = Z [ a,((]:s”_kS)][f(ka),...,f(wkl)],

1<I<j
i=ko<--<kj=j+i

and where the [f (a)ko),...,f(wkl)]/s

denote the divided differences.

Furthermore, the recursive relation of Proposition 0.8 will lead us to focus on the Sylvester
equation:
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AX-XB=Y,

where A, X, B,Y are bounded linear operators (acting on a Banach space).

(0.3)

In Section 3.3, we will see that, in the case where the spectra of the W;’s are pairwise disjoint, the

recursive relation of Proposition 0.8 defines completely the non-commutative divided differences.

This will lead to the following result:

Theorem 0.11. Let n> 2, let Hy,...,H, be Hilbert spaces, and let

W, Cil) ........... cmb
_ 0 W, . Cél) ..... Cén—2) n n
7 | DE-PH
(1) i=1 i=1
. ~Cn—1
[ 0o W,

be a bounded linear operator. Let f be a map which is analytic in the neighborhood of | Ji_, o (W;).

Assume that o(W;) N o (W;) =0, for all i # j.

Then, we have:

d _Xi” ............. —XYH) FIWL)  Oseeeennnn 0o \(1d Y1(1) ........
R IO | S S PRI
_X1(11—)1 0
[ 0 1d (| P R R 0O fW)JlQg.oovvenonn.t

j-1
i k i—k
wixY - xVw =P -y clxUh
k=1
and () (ki-ko) (ki)
]) _ 1—ko 1—Ki-1
/=Y X x{

1<I<j
i=ko<--<kj=j+i

Contractive matrices

(0.4)

(0.5)

The second issue (Problem 0.6, which is about estimating the spectral norm of a matrix) will
be dealt with in Chapter 4. A straightforward approach for estimating the spectral norm of a
matrix would be — at least for matrices with scalars coefficients — to try to exploit the formula
| T,l12 = |T; T, || = r(T;; T,,), where r(-) denotes the spectral radius. This method works very well
for 2 x 2 matrices (see Lemma 1.2.14). However, for n > 3, the computations become too intricate
to provide a practical criterion. In this manuscript, we will use the following sharpened version

of Parrott’s theorem on matrix completion:
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Theorem 0.12 (Parrott). Let Hy, H, Ky, K, be Hilbert spaces, and assume that the operators [C] €

B(Hy,K; ®K;) and [C D] € B(H, @ H,, K,) are contractions.

Then,
A B
:|ZH1®H2—)K1@K2

T= [c D

is a contraction if and only if there exists a contraction W € B(H,, Ky) such that:
B=D,. WDy -ZC"Y,

where Z € B(H{,K;) and Y € B(H,, K,) are contractions such that D = Dc+Y and A = ZD¢, and

where Dg denotes the defect operator of a contraction S.

Moreover,

(i) Y and Z can be chosen to be (respectively) the unique solutions Yy and Zy of minimal operator
norm among all solutions of the operator equations D = D¢+Y and A = ZDc;

(ii) If T is a contraction, there exists a unique contraction Wy such that:

B = Dy: WoDy, —~ZoC"Yy and Im(Dz; )" C Ker(W;).

This operator satisfies:
[[Woll = inf{IW]| = B = Dz; WDy, = ZoC"Y)}.

We will derive from this theorem the following results for 3 x 3 and 4 x 4 matrices (see Theo-
rem 4.2.2 and Theorem 4.3.1 for a more detailed version of these results):

0 wy Qaj
0 0 w3

w; a P
€ M3(C) is a contraction when acting

Theorem 0.13. Let wy,wy, w3 €D. Then, T

on the Hilbert space C3 if and only if:

o> < (1= ;) (1 = |wii [*), i=1,2,

|B(1 ~lwal?) + ayaz@n|” <[(1~lwrP)(1 = lwal?) = lay ] [(1 = walP)(1 = ls?) - laal?]-

wy a Py
Theorem 0.14. Let wq,wy, w3, wy €D. Then, T = 0 @ ay f € My(C) is a contraction
0 0 w3 as
0 0 0 wy
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when acting on the Hilbert space C* if and only if:
lai? < (1= l0iP) 1 ~lwisal?), i=1,3 & laof <(1-lwy)(1~|ws?)
1Bi(1 = lwia )+ @i @il < [(1=lwiP)(1 = lwi ) = la ] x
[(1=lwia )1 = lwipo) ~lain ], i=1,2
|Y[(1 = lwa)(1 = |ws*) ~ laa ] + a1 r@s (1~ ws]*) + a3 fr@3(1 - |ws )
+p1paas + a1a2a3m|2 (1= Jwal?)(1 = |ws|)

<[((1 =11 P)(1 = lwal) = e 2) (1 = o)1 = w3 ) =) - |a1a2w—2+ﬁ1<1—|w2|2>|2]

x[((1=lwalP)(1 = lw3P) = laa?) (1 = lw3P)(1 = w4l) = as]?) ~|azas@s + Ba(1 —|w3|2>|2]

lil? < (1=lwi) 1 -lwil?), i=1,3 & laal* = (1-]wal*)(1 ~ws)?)
—aAidi Wit .
= =12
/31 1_|(‘)i+1|2
or Wyw3 a3 2
- 1 —wsl?) (1 = |ws)?
' (1 —lwo?)(1 = |ws]?) ( )( )
<[ =11 )1 = o) = lar P] x [(1 = lws ) (1 = |wsl?) - |3

We will see that in the case of 4 x 4 matrices, the computations become more complex. The
explicit functional calculus of Theorem 0.9 will allow us to simplify them, by assuming that one
of the diagonal entries is equal to zero.

Then, we will also obtain the following generalization of Theorem 0.13 for matrices with
operators coefficients:

Theorem 0.15. Let Hy, H,, H; be three Hilbert spaces. Let W; € B(H;), 1 <i < 3, be three contractions
and let

W, A, B
T=]|0 W2 A2 GB(H1®H2 @Hg,)
0 0 Ws

Then, T is a contraction if and only if there exist three contractions V| € B(H,, Hy), V, € B(H3,H;,), V3 €
B(Hj3, Hy) such that:

Ay = Dw; Vi Dw,,
Az = Dy; Vo Dy,
. 1/2 . 1/2 .
B= [DW;(Id A% )Dwf] Vs [DW3(Id ~V; Vz)DW3] — Dyy; Vi W3 V3 Dy,
Furthermore, in attempting to extend Theorem 0.13 and Theorem 0.14 to n x n matrices, we will

establish the following theorem, which characterizes contractions with prescribed main and
upper diagonals:
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Theorem 0.16. Let n e N*, let wy,...,w, €D and let

o dV Q@ -)
0 w>y a(zl) a(zz)
T, = .. (2) € M,(C)
azz—)Z
. G
o .an—l
0 P 0 w,

Assume that

agl) =1 —|wi>V1 —|wj 2 forall1 <i<n-1.
Then, T, is a contraction if and only if

j+i-1

a\l) = I_[ (~op)V1 = [wiP\J1 w2, forall 1 <i<n, 1<j<n-i.

k=i+1

Again, to prove this theorem, we will use the explicit functional calculus of Theorem 0.9 to
simplify the computations, by assuming that one of the diagonal entries is equal to zero.

Model operators

In fact, we will see that Theorem 0.16 provides a precise characterization of model operators
(see Chapter 2 and, then, Section 4.4):

Let H® = H®(D) be the set of all holomorphic functions that are bounded on D, and let H? =
H?(D) be the Hardy-Hilbert space of D, which is the space of all holomorphic functions f € H(D)
such that

sup L|f<c>|2dm<c> <oo

0<r<1

Z{Ianl2 <oo if f(z)= Zunz".
n=0

n=0

or, equivalently, such that

If u is an inner function, i.e. a function of H* such that lim,_,;-[u(r&)| = 1, for almost every
& €T, the corresponding model space K,, is defined to be

K, = (uHD))" = {f e HAD) : (f,uh) =0, ¥h e H(D)).

Now, let S : H*(D) — H?(DD) be the unilateral shift, defined by S(f)(z) = zf(z) or, in terms of the
Taylor coefficients (a,),o of f, by S(ag,ay,...) =(0,aq,ay,...).

We define the associated compressed shift by S, := P, S|k, where P, is the orthogonal projection
from H?(DD) onto K,,.

If ©,, be a finite Blaschke product with pairwise distinct zeros wy,...,w, € D, and if we denote
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by b, (z) = lz__a%"z the Blaschke factors, for k € [[1,n], we can prove that dim(IC@”) =n and, more

precisely, we obtain an orthonormal basis of Kg, if we set:

k-1
I —|wy]? B V1 —|wil?
he= g e[ Jb | ke

The basis (¢1(z2),...,p,(2)) is called the Takenaka-Malmquist-Walsh orthonormal basis of Kg, .

Writing Sg, with respect to the Takenaka-Malmquist basis gives the matrix representation Mg,
with entries

a)]- 1f1=]

i—1 N e e .

[Me, ], =Tty (BN 1 -l if i<
0 if i>j

Thus, with this notation, Theorem 0.16 can be restated as follows:

Theorem 0.17. Let n € N, let wy,...,w,, € D and let

a)l al al ................... al
0 Wy agl) agz)
i
e . _an—l
0 0 wy,

Assume that

o\ = V1w, PV w1 2, forall 1 <i<n—1.

Then, T, is a contraction if and only if T, = Mg, .

Schwarz-Pick type inequalities

In Chapter 5, we will use versions of the von Neumann inequality to derive Schwarz-Pick
type inequalities. The key idea will be to apply the von Neumann inequality to a well chosen
contractive matrix (or tuple of contractive matrices) T. Our inequalities will then follow from the
fact that f(T) remains a contraction, for every function f on the disc algebra such that ||f]|,, < 1.

In order to do this, we will use the explicit functional calculus from Chapter 3 together with the
characterizations of contractive matrices from Chapter 4.

We will first focus on 3x3 matrices, and we will use Theorem 0.13 to provide an operator-theoretic
proof of the three points Schwarz-Pick lemma obtained by Beardon and Minda [8]:

Theorem 0.18 (Beardon-Minda). Let f € H(D,ID) be an holomorphic function from D to itself, and
let wy, wy, w3 be pairwise distinct points in . Then,

d(f (w1, @3), f (w3, @3)) < d(wy, w3), (0.6)

where d denotes the hyperbolic distance of the open unit disc, and where f*(z, w) denotes the hyperbolic
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divided difference of f at the points z and w.
Moreover, equality holds if and only if f is a Blaschke product of degree < 2.

Similarly, we will develop an operator-theoretic proof of the following result proved by Yamashita
in [65], which can be seen as an analog of Beardon-Minda’s inequality in the case where the three
points are coincident:

Theorem 0.19. Let f e H(D,D) and let I'(z, ) = w Then, for every w € D,

Fr
(w,f)| _ 1-T(w, f)I?
l d0 | T 1oj0p 0.7)

Moreover, equality holds if and only if f is a Blaschke product of degree < 2.

This inequality can be rephrased in terms of Peschl’s invariant derivatives. Let f : D — D be an
holomorphic function, let w € D, and consider the mapping

fEg)-fo)

zeD— —
ST o (2e)

(0.8)

Then g is analytic on D and g(0) = 0. We have g(z) = Y 52, D”f ©) 21, with D, f(zo) := g™ (0). The
quantities D,, f (w) are called Peschl’s invariant derivatives (see e.g. [37]). The flrst two values of

Peschl’s invariant derivatives are explicitely computed as:

(1-lwl)f' (@)

PO = Tl
_ w2, 20f () 2f(0)f (@)
PO o | T T s |

With these notations, the Schwarz-Pick inequality for derivatives (0.2) can be restated as
ID; f(w)| < 1, while (0.7) can be written (see 12, Proposition 3.4]) as |D, f (w)| < 2(1 = |D; f(w)|?)

Afterwards, we will examine n—points Schwarz-Pick type inequalities from an operator-theoretic
perspective. In Section 5.2, we will explore the connection between the n points Schwarz-Pick
inequality of Baribeau, Rivard, and Wegert [7] — which involves hyperbolic divided differences -,
the Nevanlinna-Pick interpolation problem and the inequality:

llf (Mg, )Il <1, for all holomorphic map f : D — D, (0.9)

which is a consequence of the von Neumann inequality.

We will also establish the following higher order Schwarz-Pick inequality, extending the work of
Wiener and Ruscheweyh [47, 56]:

Theorem 0.20. Let f be a analytic function of D) into D with f(z) = Y& a,2" for z € D. Then, for
each n > 1 and each k > 1 we have:

an+k(1—|ao|2)+anak%|2s[<1—|ao|2> ~lay?] - [(1 = lagl?)? = lay ] (0.10)
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In particular, this gives:

Corollary 0.21. Let f be a analytic function of D into D with f(z) = Y% a,2" for z€ D. Then

|ﬂ2n (1 - |ﬂ0|2) + a%%|

2(1 —al?)

2
1 —laol® —lay| =

The last result is an improvement of Wiener’s inequality:

lagl < 1—lagl?, Vk>1.

Subsequently, in Section 5.4, we will focus on the polydisc, exploiting Drury’s [20] and Knese’s
[39] results — which state (respectively) that the von Neumann inequality holds for commuting
tuples of 2 x 2 and 3 x 3 matrices (see Theorem 1.2.11 and Theorem 1.2.12) — to derive several
Schwarz-Pick type inequalities for the polydisc. First of all, we will provide an operator-theoretic
proof of the following result:

Theorem 0.22 (Rudin, [54]).

(i) Let f : D" — D be an holomorphic function, and let a = (ay,...,a,), b = (by,...,b,) € D"

Then,
’f(al,---,an>—f<b1,---,bn> < max| 5l ’ ©0.11)
1—f(ay,,a,)f(by,-,b,)| ~ 1sisn|l—a;b;
(ii) Let f : D" — D be an holomorphic function, and let a = (ay,...,a,) € D".
Then,
n af(a
Y -laP)| L9 <1 (012
Zi

i=1

Then, we will establish in Section 5.4.2 the following generalization of Theorem 0.19 in several
variables:

Theorem 0.23. For n e N* let w = (wy,...,w,) € D" and consider f € H(D",D).

Then, we have:
Dy f ()] < 2(1 =Dy f(w)[?), (0.13)

where Dy f and D, f denote the Peschl invariant derivatives of f.

Furthermore, in the particular case of the bidisc, we use the notion of distinguished varieties —
introduced by Agler and McCarthy in [1] - to obtained an enhanced version of Theorem 0.22.

A distinguished variety is a set of the form V ﬂﬁz, where V is an algebraic set in C? with the
property that VN d(D?) =V N T2

Agler and McCarthy proved in [1] the following result:

Theorem 0.24 (Agler and McCarthy, [1]). For any pair of commuting contractive matrices (Ty, T;)
without unimodular eigenvalues, there is a distinguished variety V N ID? such that the von-Neumann
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inequality holds on V N ID? for any polynomial p in C[X,,X,], i.e.

lip(T1, To)ll < sup{lp(z1,22)l : (21,22) € V N D3}

This theorem is a sharpening of Ando’s theorem, which states that the von Neumann inequality
holds for any pair of commuting contractions acting on a Hilbert space.

Exploiting this result, we establish the following sharpening of Theorem 0.22 for the bidisc:
Theorem 0.25.

(i) Let (aj,ay) and (by,b,) be two points in the bidisc D?. Then there is a distinguished variety
V ND? such that the Schwarz-Pick inequality

flay,az) = f(by,by) Smax{‘ ay __bl
1—a1b1

holds for any function f which is holomorphic on the bidisc D? and continuous on D’ with

a —b
1-a,b,

’

} (0.14)
1-f(ay,az)f(by,by)

sup{|f(z1,22)| < 1:(21,22) € VN D}

(i) Let (aj,ay) and (by,by) be two points in the bidisc D?. Then there is a distinguished variety
V ND? such that the Schwarz-Pick inequality holds for any function f which is holomorphic in
the bidisc D? and for which there is a sequence of positive real number (r,,) convergent to 1 with
1, < 1 such that

sup{lf(ryz1,mm22)| < 1:n>1,(21,20) €V ND?).

Last but not least, in Chapter 5, we will also explore operator versions of Schwarz-Pick type
inequalities, extending the work of Fan [22] and, more recently, of Joci¢ [33], who established
operator versions of the Schwarz lemma. We will thus derive the two following results from
(respectively) Parrott’s Theorem 0.12 and Theorem 0.15:

Theorem 0.26. Let Hy, H, be two Hilbert spaces. Consider three contractions Wy € B(Hy), W, €
B(H,) and V € B(Hy,Hy). Assume that o(Wy)No(W,) =0, and that f € H(D,D) is holomorphic
on an open neighborhood of o(W;)U o(W,). We denote by X = Xy, w,,v the unique solution of the
equation

W)X = XW, = Dy V Dy,

Then, there exists a contraction Y € B(H,, Hy) such that:

fW)X = Xf(W3) = Drw, )Y Dgw,)-
Theorem 0.27. Let Hy, Hy, H3 be three Hilbert spaces. Consider three contractions Wy € B(Hy), W, €
B(H,) and W3 € B(H3). Let V; € B(H,,Hy), V, € B(H3,H,), and V3 € B(Hs, Hy) be contractions.

Assume that o(W;) N a(W;) =0, for all 1 <i < j <3, and that f € H(D,D) is holomorphic on an
open neighborhood of 0(W1)U o(W,)U o(Ws). Let Xy, X5, X3 be respectively the unique solution of
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Sylvester’s equations:

Wi Xy - X1 W, = Dw: Vi Dy,,
W)X, = X, W3 = Dw; Vo Dy,
and W1X3 —X3W3 =B- W1X1X2 +X1 W2X2,

where

]I/Z ]1/2

B = I:DWI*(Id - V1 VI*)DWI* V3 [DW3 (Id - VZ* Vz)l)]/\/3 - DWI* Vl W2* VZDW3°

Then, there exist three contractions Y, € B(H,, H,), Y, € B(H3,H,), Y3 € B(Hs, H;) such that:

fW1)Xq = X1 f(W2) = Dy, Y1Dr(w,) (0.15)
f(W2)X5 = X5 f(W3) = Drw,) Y2Dg(wy), (0.16)
FW1)X5 = X5f(W3) = X f(W2) X5 = f(W1) X1 X
+[Dywy (1 =Y Y1)D g, ] Y [ Doy (1d = Y3 ¥2) Dy,
= Dyw,y Y1 £ (W2)" Y2 Dr(wy)-

]1/2

Observe that in the scalar case, the first theorem is equivalent to the Schwarz-Pick lemma
(Theorem 0.2), and the second one is equivalent to the Beardon-Minda inequality (Theorem 0.18).

Spectral sets
In 1951, von Neumann introduced in [63] the notion of spectral set, in order to estimate the
norm of functions of matrices in terms of the sup-norm of the function:

Definition 0.28. Let T € B(H), let S € C be a subset of the complex plane containing ¢(T), and
let K > 0 be a real constant.

We say that S is a K-spectral set for T if, for every rational function f whose poles are outside S,
we have:

IF (T <K -1If s,
where [[f[ls = sup{If(2)|: z € S).

If K =1, we say that S is a spectral set for T.

For instance, the von Neumann inequality states that the closed unit disc is a spectral set for
every contraction.

A similar notion of K-spectral set can be defined for commuting n-tuples of operators.

In the last chapter of this manuscript, we will have a quick look at two other K-spectral sets: the
open unit ball of C" and the annulus A, :={z€ C:r <|z| < 1}, with r € [0, 1].

First of all, concerning the open unit ball B, of C", Hartz, Richter, and Shalit proved in [30] the
following von Neumann type inequality:

Definition 0.29. Let H be an Hilbert space, and let T = (Ty,...,T,) be a n-tuple of bounded
linear operators on H. We say that T is a row contraction if ||T||> = ||/, T;T|| < 1.
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Theorem 0.30 (Hartz-Richter-Shalit). For every integer d > 1, there exists a constant Cy such that,
for all n e N*, for every commuting row contractive n-tuple of d x d matrices T = (T,..., T,,), and for
every polynomial p € C [Xy,..., X, ], we have:

llp(T)ll < Cg - sup |p(2)].

zeB,

Moreover, we can choose Cy = 1.

We will establish an explicit criteria for a commuting row contractive n-tuple of 2 x 2 upper-
triangular matrices to be row contractive and, then, exploiting this inequality, we can obtain the
following Schwarz-Pick type lemma for the unit ball, which is particular case of Rudin’s Schwarz
lemnma for the unit ball (take m =1 in [55, Theorem 8.1.4]):

Theorem 0.31. Let f : B, — D be an holomorphic map, and let w,z€B,,.
Then,

F@f@f i-eol
@R - f@P) = 1= [P~ lel?)

Finally, concerning the annulus, we will focus on the work of Tsikalas [61], who introduced the
class of bounded linear operators:

Fro={TeB(H): AT T +TT" <r? +1,0(T) C A},

where H denotes a Hilbert space and r € [0, 1[.
He proved that, for all r € [0, 1], A,] is a V2-spectral set for the elements of F;:
Theorem 0.32 (Tsikalas). For every bounded holomorphic function ¢ € H® (A,), for every T € F,,

p(T)ll < V2sup{lo(z)l:z€ A, ),

where the constant V2 is the best possible.

In the end of this manuscript, we will establish the following characterization of the class 7, for
2 x 2 upper-triangular matrix:

w1

Proposition 0.33. Let T = ( 0

a ) € M,(C), with wy,w, € A,.
w3

T € F, if and only if
af? < (1=l P)(1 ~lwa*)(wn [* = r*)(ws|* ~ 1?)
TP =@y P 21w P)(1 = |wal?)




Chapter

The von Neumann inequality

In this chapter, we recall some fundamental concepts in operator theory.

In all this chapter, X denotes a (complex) Banach space and H denotes a (complex) Hilbert space.

1.1 Basics of spectral theory

We state here — without proof — some very classical results in spectral theory. The interested
reader can refer to [35, Chap. 3-4], [14, Chap. VII] or [2], Chap. VII] for a more complete
overview.

1.1.1 General definitions and properties
We start by recalling the definition of the spectrum of an operator:
Definition 1.1.1. Let T € B(X).
(i) The spectrum of T is the set 0(T)={A € C: T — Ald is not invertible };
(ii) The spectral radius is the quantity r(T) = sup{|A|: A € o(T)};
(iii) The resolvent of T is the map R( -, T): C\o(T) — B(X) defined by R(z, T) = (T — zId)'.
Remark 1.1.2. If H is of finite dimension, o(T) is just the set of all the eigenvalues of T.

Remark 1.1.3. If A is a unital subalgebra of 5 (X), we denote by
04(T)={A1eC: T - Ald is not invertible in A}.

We have o(T) C o.4(T).

The two following properties can be easily deduced from the definition:

Proposition 1.1.4. With the above notation:
(i) r(T) <|ITll;

31
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(ii) o(T) is a compact subset of C.

With a little more work, one can prove the following important result giving the spectrum of
p(T), where p is a polynomial:

Proposition 1.1.5. Let T € B(X) and let p € C[X].
Then,

The resolvent has the following properties:

Lemma 1.1.6. (i) Resolvent’s identity :

VA ueC, RAT)=R(u,T) = (A— R, T)R(u, T);

(ii) The resolvent is holomorphic on C\o(T) and satisfies limy,_, .o, R(z, T) = 0;

(iii) For all A € C such that |A|>r(T), RIA,T)=-) ;70 /\E—fl Moreover, the series converges in the
uniform operator topology.

Those properties of the resolvent enable us to prove the following proposition:
Proposition 1.1.7. (i) o(T) is non empty;

(ii) r(T)=lim,_ || T"||V" = inf,5; |77/ (spectral radius formula).

1.1.2 Spectral theory in an Hilbertian framework

The last identity of Proposition 1.1.7 has the following crucial consequence when we work in an
Hilbertian framework:

Corollary 1.1.8. Let T € B(H).
(i) If T is normal, then, r(T) =||T||;

(ii) In the general case, we have ||T||> = r(T*T).
We have also the following useful properties:
Proposition 1.1.9. Let T € B(H).

(i) If T is self-adjoint, then, o(T) CR;

(ii) If T is positive, then, o(T) CR,;

(iii) If T is unitary, then, o(T) C T.

Finally, one of the main tool that we will use in this manuscript is the existence of functional
calculus for bounded linear operators acting on Hilbert spaces. We start with the continuous
functional calculus for self-adjoint operators:

Theorem 1.1.10. Let T € B(H) be a self-adjoint operator. There exists a unique continuous homo-
morphism Wr : C(0(T)) = B(H) such that Wr(p) = p(T), for every polynomial p € C[X]. Moreover, if
we denote f(T)=Yr(f), for f € C(o(T)), we have the following properties :

(i) There exists a sequence of polynomials (p,),en such that lim,_,.,p,(T) = f(T);
(i) If (D =flloo,o(r) :=sup{lf ()] : t € o(T)} ;
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(iii) f(T) =f(T);
(iv) f(T)A =Af(T) for every A € B(H) such that TA = AT ;
() o(f(T))=f(o(T));
(vi) If f € C(o(T),R) and g € C(f(o(T))), (g0 F)(T) = g (F(T)).
Wr is called the continuous functional calculus associated to T.
A noteworthy application of the continuous functional calculus is the following:

Definition 1.1.11. An operator T € B(H) is called a contraction if ||T|| < 1. If ||T|| < 1, we say that
T is a strict contraction.

Proposition 1.1.12 (Defect operator). Let T € B(H) be a contraction.
(i) There exists a unique positive operator Dy := (Id — T’*T)l/2 such that D% =Id-T"T.
This operator is called defect operator associated to T.
Moreover:
(ii) There exists a sequence of polynomials (p,),en such that lim, ., p,(T*T) = Dr;
(iii) The defect operator satisfies the equation TDp = Dp-T.

In the more general case where the operator T is not necessarily self-adjoint, one can define an
holomorphic functional calculus, also known as Riesz-Dunford’s functional calculus:

Definition 1.1.13. Let T € B(H) and let H(T) be the set of functions that are holomorphic on
some neighborhood of ¢(T). Let f € H(T) and let U/ be an open set containing o(T) whose
boundary dU consists of a finite number of rectifiable Jordan curves oriented in the positive sens,
and such that f is holomorphic on /.

Then, the operator f(T) is defined by the equation :

1
_2i7'( P

f(T) Mf(é)(éld—T)*ldé-

The holomorphic functional calculus satisfies the following properties:
Theorem 1.1.14. Let T € B(H).
(i) The mapping f +— f(T) is a homomorphism of algebra from H(T) to B(H);

(ii) If f € H(T) has the power series expansion f(z) =) 2 apzk, valid in a neighborhood of o(T),
then, f(T) =Y. arTK;

(iii) If f € H(T), then, f € H(T*) and f (T*) = f(T)*;
(iv) If f € H(T), then, o(f(T)) = f (o(T)) ;
() If f e H(T) and g € H(f (o(T))), then, (go f)(T) =g (f(T)).

1.1.3 Gelfand representation

The Gelfand representation theory relies on the following lemma :
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Lemma 1.1.15 (Gelfand-Mazur). Let A be an unital Banach algebra such that every non zero element
is invertible. We denote by 1 its unital element.
Then, A is isometrically isomorphic to C.

In the following, we place ourselves within the framework of a unital commutative Banach
algebra C. For instance, C can be a commutative subalgebra of B (X), where X is a Banach space.

A unital commutative Banach algebra is, in particular, a unital commutative ring and, as such,
admits (maximal) ideals. Given a closed ideal I C C, we equip the vector space C/I with the usual
quotient norm |[x]| = inf % ||y||. Together with this norm, C/I is a Banach space.

Lemma 1.1.16. Let M be a maximal ideal of C.
Then, M is closed in C and C/M ~ C.

Now, we introduce the key notion of this paragraph:

Definition 1.1.17. A non-zero algebra homomorphism x : C — C is called a character of C.
The set of all characters of C is called the Gelfand spectrum of C, and is denoted by C.

Proposition 1.1.18. Let M be the set of maximal ideals of C.
The map @ : x € C — ker x € Mg is a bijection.

This allows us to state the following crucial theorem, which establishes a connection between
the spectrum of an element x € C and the Gelfand spectrum of C:

Theorem 1.1.19. Let x € Cand let x € C.

(i) x is continuous on C and ||x|| = 1;
(ii) oe(x) = {x(x): x €C};

(iii) x is invertible in C if and only if, for all x € C, x(x)=0.

1.1.4 Joint spectrum

Definition 1.1.20. Let T = (Ty,..., T,;) be a n-tuple of pairwise commuting operators acting on a
Banach space X. The (algebraic) joint spectrum of T is the set

o(T) ={(x(Th),..., x(T,)): x €C},
where C is the commutative subalgebra of B(X) generated by T3,..., T,.

In this manuscript, the notion of joint spectrum will only appear in the finite-dimensional case.
In this context, the notion joint spectrum is linked with the notion of joint triangularization (see

[15]).

Recall that if T = (Ty,...,T,) is a n-tuple of d x d pairwise commuting matrices with complex
coefficients, there exists a unitary matrix U such that, for every i € [1,n], U*T;U is upper-
triangular with diagonal entries /\(11),...,/\5;), where {/\(11),...,/\5;)} denotes the spectrum of T;

(perhaps with repetitions).

Proposition 1.1.21. Let T = (Ty,...,T,) be a n-tuple of d x d pairwise commuting matrices over C,

and let {/\(li),...,/\g)} be the spectrum of T; (perhaps with repetitions), for all i € [1,n].
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Then, we have:
o(T)= {(,\5{1[,,.,,\;{”)) k= 1,...,d}.

Remark 1.1.22. For a n-tuple of pairwise commuting operators T = (T},..., T;;) acting on a Banach
space, the accurate notion of spectrum is the Taylor spectrum O‘Tay(T), whose construction is more

elaborated. For further details on the Taylor spectrum, see [41, 60]. In general, we have the
inclusion GTay(T) C o(T). However, in the finite-dimensional case, it can be shown (see [13]) that

o] y(T) =o(T).

Ta

1.2 The von Neumann inequality

1.2.1 von Neumann’s inequality in one variable

From now, for f €C (ﬁ), we will denote
Ifllo = lfllo5 = supilf(2)|: Izl <1}

This work is mainly based on the following crucial inequality, obtained by von Neumann in
1951:

Theorem 1.2.1 (von Neumann [63]). Let T € B(H) be a contraction and let p € C[X] be a polynomial.
Then,
Ip(TIl < llplloo-

Remark 1.2.2. If weset p(z) =) }_, axZk, this inequality is a refinement of the rough majorization:

n n
<) lal-ITIF <) lagl =:llplh.-
k=0 k=0

Indeed, for all ze D, |p(z)| < Yieolakl- |z|F <||pll1, which implies that ||p|ls < |Ipll;-

n

Zﬂka

k=0

llp(T)Il =

Remark 1.2.3. Although we have || || <||-|l1, the norms ||-||; and || - ||, are not equivalent on

C[X]. To see this, let us consider the sequence (p,),en+, Where p,(z) = Y}, %(z”*k —z"‘k), for

all n > 1. On the one hand, it is easy to see that lim,_,,||p,|l; = +o0. On the other hand, for

z=e%€¢T, |p (ei9)| = 'Z,’(lzl sm}(kg) | Using some results on convergence of Fourier series, we can
prove (see e.g. [64, Chap. 2, Ex. 7.26]) that, for all n e N*, forall 0 e R, |}_}_, Sin;{ke)| <T+1.It

follows that, for all n € N*, [|p,,|lo < 5 + 1.

There exist several proofs of this famous inequality. One of the most usual proofs uses Sz.-Nagy’s
dilation theorem, which enables to restrict oneself to the case where T is unitary:

Theorem 1.2.4 (Sz.-Nagy). Let T be a contraction operator on a Hilbert space H. Then, there is a
Hilbert space K containing H as a subspace and a unitary operator U on K such that, for all n € N:

T" =Py U},

where Py : K — H is the orthogonal projection onto H.
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We say that U is an unitary dilation of T.

The interested reader can, for instance, refer to [50, Chap. 1] or to [46, Chap. 1] in order to
obtain more information about those two results.

Remark 1.2.5. We can also prove (see e.g. [50, Th. 1.9]) that the von Neumann inequality actually
characterizes Hilbert spaces in the following sense: if X is a complex Banach space such that, for
all T € B(X) with ||T|| =1, we have ||p(T)|| < ||pll for all polynomials p, then, X is isometrically
isomorphic to a Hilbert space.

A fundamental application of the von Neumann inequality is the existence of functional calculus
for contractions on the disc algebra:

Theorem 1.2.6. Let T € B(H) be a contraction. There exists a continuous homomorphism Vr :
A(ﬁ) — B(H) such that Yr(p) = p(T), for every polynomial p € C[X]. Moreover, if we denote

T) =W (f), for f € A(D), we have the following properties:
f(T) ="r(f), for f g prop
(i) There exists a sequence of polynomials (p,),en such that lim, ., p,(T) = f(T);

(1) (T < NSl

1.2.2 von Neumann’s inequality in several variables

The von Neumann inequality can be generalized to polynomials of two complex variables:
indeed, for pairs of commuting contractions, there is an analogue of Sz.-Nagy’s dilation theorem
due to Ando ([5]) and, consequently, a two-variable analogue of von Neumann’s inequality (see
[50, Chap. 1] or [46, Chap. 5]):

Theorem 1.2.7 (Ando). Let Ty, T, € B(H) be two commuting contractions. Then, there exist a Hilbert
space K containing H as a subspace, and two commuting unitaries Uy, U, on K such that, for all
n,meN,

T{'T)" = Py U UY

where Py : K — H is the orthogonal projection onto H.

Corollary 1.2.8. Let T\, T, € B(H) be two commuting contractions, and let p € C[X1,X;,] be a
polynomial in two variables. Then,

llp(Ty, TH)Il < supflp(z1,22)l : |z1] < 1,]z] < 1)
=max{|p(z1,22)| : |z1| = |z2| = 1}

This can also be generalized to n-tuples of commuting isometries (see [46, Th. 5.1]):

Theorem 1.2.9. Let n e N* and let Vy,---,V, be n commuting isometries on a Hilbert space H. Then,
there exists a Hilbert space K containing H and a n-tuple of commuting unitaries (Uy,---,U,) on K
such that, for all my,---m, € N:

my my _ my my
Vl Vn _PHUl Un =

where Py : K — H is the orthogonal projection onto H.

Corollary 1.2.10. Let n e N, let Vy,---,V,, be n commuting isometries on a Hilbert space H and let
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peC[Xy,---,X,] be a polynomial in n variables. Then,

“p(TlrlTn)H < SUP{|P(21:”‘xZn)| : |le < 11""|Zn| < 1}
=max{lp(zy,---,zy)l : 21| = -+ =zu = 1}

More surprisingly, the analogue of von Neumann’s inequality fails for three or more commuting
contractions. There are several counterexamples in the literature: the two most known are
probably due to Crabb and Davie, who found in [15] an example of three commuting contractions
acting on a 8-dimensional Hilbert space who do not satisfy the von Neumann inequality, and to
Varopoulos, who found in [62] another counterexample involving three commuting contractions
acting on a 5-dimensional Hilbert space. More recently, Holbrook found in [32] a 3-tuple of 4 x 4
matrices which fails the von Neumann inequality.

Of course, this implies that Ando’s dilation theorem is not valid for three (or more) mutually
commuting contractions. Nevertheless, Parrott presented in [45] an example of three mutually
commuting contractions Tj, T,, T3 which do not dilate to three commuting unitaries, but which
satisfy the von Neumann inequality, i.e. such that, for every polynomial p € C[X], we have:

lp(T1, T, T3)ll < supllp(z1, 22, 23)| : 21| = -+~ = |25 = 1.

This shows that the results on dilations of commuting contractions are stronger than the von
Neumann inequalities.

However, the von Neumann inequality still holds for n-tuples of 2x2 or 3x 3 contractive matrices:
Theorem 1.2.11 (Drury [20] ; Fu and Russo [25]). Let Ty,..., T, be mutually commuting 2 x 2

contractive matrices, and let p € C[Xy,---,X,,] be a polynomial in n variables. Then, we have:

“p(Tlr'--rTn)” < SUP{|P(7~1"“Zn)| : |zll == |zn| = 1}~

Theorem 1.2.12 (Knese [39]). Let Ty, ..., T,, be mutually commuting 3 x 3 contractive matrices, and
let p e C[Xy, -+, X,,] be a polynomial in n variables. Then, we have:

||P(T1;---; Tn)” < SUP{|P(21;"'Z11)| : |le == |Zn| = 1}

1.2.3 Link between the von Neumann inequality and the hyperbolic geome-
try of the unit disc

Another application of von Neumann'’s inequality, which can be considered as the starting
point of this work, is the fact that von Neumann’s inequality provides an alternative proof of
Schwarz-Pick’s lemma:

Theorem 1.2.13 (Schwarz-Pick).

(i) Let f € H(D,D) be an holomorphic function mapping D to D and let w,, w, € D be two distinct
points of the unit disc. Then, we have:

flwr) = f(ws)

1= f(w1)f (w3)

[ )
T—o,w;

s‘ W1 = @) (1.1)

1-wrw,

If we denote by p(wy,wy) = the pseudo-hyperbolic distance on the unit disc, this
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inequality becomes:

o (f(w1), f(@2)) < p(wy, w)).

In other words, every holomorphic function mapping D to D is contractive with respect to the
pseudo-hyperbolic metric.

(ii) If w1 = w, =t w €D, this inequality becomes:

If"(w)l < 1-lf(@)? (1.2)

1-|wl?

The fact that von Neumann'’s inequality provides an alternative proof of Schwarz-Pick’s lemma
is mentioned in [46, Ex. 2.17-2.18] or in [52, p. 17] but, as this observation plays a crucial role in
this work, we write down the details in this manuscript.

The idea is to apply von Neumann’s inequality to a well chosen 2 x 2 matrix. In order to do this,
we start with the following lemmas:

a ¢

Lemma 1.2.14. Let T = (0 b

) € My(C), and let N = |a|* + |b|* +|c|?, & = ab.

Then,
(i) ITIP = L (N +yN2-45]);

(ii) ||T|| < 1 if and only if |c|* < (1 —|a|*)(1 - |b|?).

Proof.
(i) We will use the identity ||T||*> = ||T*T|| = r(T*T).
If we denote by x -7 the characteristic polynomial of T*T, a straightforward computation
gives:
e (laf? ac
rT= ( ac e+ b

and
xrr(A) = A2 =NA+[5%

The discriminant of this polynomial is:
A =N2-45)?
= [lal? +16I? +1cl* + 2labl|[(lal - b])? +|c]’]
Except in the trivial case where T = a-1d, we have A > 0 and, therefore, T*T has two distinct

real eigenvalues equal to %(N ++/N2 - 4|5|2). Hence, ||T||> = #(T*T) = %(N ++/N2 —4|6|2).

(ii) This is a straightforward consequence of the preceding item.

a ¢

Lemma 1.2.15. Let T = (0 b

) € M,(C), and let p € C[X].
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(a)-p(b)
(i) Ifa#b, then, p(T) = (pga) C(pp?bé)j )),

(ii) Ifa=b, then, p(T) :(P(“) cp’(a) .

Proof.
(i) We can prove, by induction on n, that for all n € N,
ot )
0 b"

Thus, we obtain that, for every polynomial p € C[X],
)-p(b)
p(T) :(p(a) ( au Ib) ))
0 p(b)

(ii) We proceed as in the proof of the previous item.

O

Remark 1.2.16. If a # b € D, then, we can use the density of polynomials in the disc algebra .A (ﬁ)
to get:

fla)-f(b) —
f(T) = (f(a) C( a=b )), for all functions f € A(D).
0 f(b)
Similarly, if a = b € D, we get:

f(T)= (fga) C]]Z(/ES)), for all functions f € A(ﬁ).

We will also need the following key identity, that will play a crucial role throughout this
manuscript:

Lemma 1.2.17. For all u,v € C, we have:

1= = (1= |ul)(1 = ?) + |u - v]? (1.3)
Now, we are ready for the proof of Theorem 1.2.13:

Proof of Theorem 1.2.13.

We only deal with the case where w; # w; (the case where w; = w, is similar). If f(w) = f(w,),
the result is obvious. In the following, we will thus assume that f(w;) # f(w;). Let w1, w; €D

andlet T = (u())1 a{f ), with @ = /1 —|w;|24/1 - |w,|?. By Lemma 1.2.14, T is a contraction. Now,
2

let f € A(D).
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[lw1)-fws)
flen) a( w12 )) and, by von Neumann’s inequality, f(T) is a

0 flw,)
contraction too. Thus, by Lemma 1.2.14, we have:

flwi) = flwy)|?

w1 — W3

By Lemma 1.2.15, f(T) = (

(1=lew?)(1 = lwal?)

<(1=1f(@)lP)(1-1f (@2))
which is equivalent to:

(L-lonP)(1-lwaP) _ (1-1f(@DP)(1-If (@2)F)
lwy —w,? B If (w1) = f(ws)l?

Then, by (1.3), (1.4) is equivalent to

(1.4)

|- F@nf @)
= Flw) - f(w2)

which is equivalent to Schwarz-Pick’s inequality. Finally, for an holomorphic function f €
H(D, D), we define the net (f,)g<,<1, where f,(z) = f(rz), for all ze D. For all r €]0,1[, f, € A(ﬁ)
and, thus, we have:

’

‘1—aqw22

w1 — Wy

frawn) - f(rw,) < ‘ W) — Wy
1= f(roy)f(rwy)| 11 —@1@2
Schwarz-Pick’s lemma is then obtained by making r — 17 in this inequality. O

As it will be the common thread of this work, let us sum up quickly the scheme of the proof:
first of all, we apply the von Neumann inequality to a well chosen contractive matrix T (we will
see that this matrix is in fact the model matrix of size 2 with diagonal entries wy, w;). Then, we
use the explicit formula for f(T), where f is a function of the disc algebra, together with the
characterization of contractive 2 x 2 matrices to obtain an inequality that turns out to be, after
some transformations, equivalent to the Schwarz-Pick lemma. Once we get the inequality for
the functions of the disc algebra, we conclude with a classical approximation argument.
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Hardy spaces and model operators

In this chapter, we recall — without proof — some elementary facts about Hardy spaces and model
operators. For general notions on Hardy spaces and model spaces, we refer to [27, 28, 26, 2, 24]
for a more complete overview about the topic.

2.1 Hardy spaces.

2.1.1 Hardy-Hilbert space on the open unit disc.

In this section, if f is an holomorphic function on D, we denote by (a,(f)),,cy its Taylor coeffi-
cients, i.e. f(z) =) ;2 ya,(f)z".

Definition 2.1.1. The Hardy-Hilbert space H?> = H*(DD) is the set of holomorphic functions on D
whose Taylor coefficients are square summable, i.e.

H?=H*D):= {f e H(D): ilan(fﬂz < oo}.

n=0

For f,g € H*(D), we define the inner product by:

(o]

Frm =) _an(f)an3)

n=0

and the norm || - ||g2 by:

U2 = <f o oz = ) lan( )P
n=0

Proposition 2.1.2. H?(D) is an Hilbert space which is isometrically isomorphic to €*(N). Moreover, if
we denote e, : z > z", for all n € N, then, (e,),en is an orthonormal basis of H?.

An important property of the Hardy-Hilbert is the existence of reproducing kernels. We start with
the following proposition:

41
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Proposition 2.1.3. Let (f;,),en be a sequence of functions of H?, and let f € H?.

(i) If f, —= f in H?, then, f, — f uniformly on every compact of D.

(ii) For every a € D, the linear form S, : f v f(a) is continuous on HZ.
Applying Riesz’s representation theorem, we obtain the following:

Corollary 2.1.4. For every a € D, there exists an unique function k, € H? such that, forevery f € H?,
f(a)={f k)
We say that k, is the reproducing kernel of H? at the point a.

A straightforward computation gives:

_ 1
~ l-az’

Proposition 2.1.5. For every a € D, for every z € D, k,(z)

This function is usually called the Szegd kernel or the Cauchy kernel.

Moreover, for n > 0, we have f")(a) = <f, kén)>, where kL”)(z) = _niz"

(1—52)”*1 .
We can also characterize the Hardy-Hilbert space using integral means:

Proposition 2.1.6. Let f € H(D) be an holomorphic function on D.

f € H? ifand only if SUP)< <1 jozn |f(rei9)|zg—g < oo.

In this case, we have:
2 o 0,240
— 3 1
£l _rlinf—J; f(re™)

Remark 2.1.7. From this characterization, we obtain quite easily that every bounded holomorphic
function on I belongs to H?.

2.1.2 Hardy-Hilbert space on the open unit circle

In this section, if f € L*(T) and n € Z, we denote by ]?(n) the n'™ Fourrier coefficient of f,
i.e. fn) = " f(e9)em0de.

Definition 2.1.8. The Hardy-Hilbert space on T is the set of integrable functions on T whose
negative Fourrier coefficients are all zero, i.e.

H(T):= {f eL¥(T): f(n)=0,Yn< o}.

As it is closed subspace of L?(T), it is a Hilbert space. More precisely, one can identify the two
spaces H%(D) and H?(T):

Proposition 2.1.9. The two spaces H*(D) and H*(T) are isometrically isomorphic through the
application:
® : H¥T) — H?(D)
foo— (2 I fn")
whose inverse is:
— H?(T)
f — (f*:eieHZfzoan(f)ei”B) '
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The map f* is called the boundary value of f and is defined almost everywhere on T.

Corollary 2.1.10. Let f,g € H*(D).

Frghie = (F87) e = Lf*(é)g*(é)dé.

The boundary value have the following properties:
Proposition 2.1.11. Let f € H*(D), r €[0,1[ and f, : ¢! € T+ f(re'®) = Y22 ya,(f)r"e™0.
(i) f, e H(T)NC(T) and ﬁ(n) =c,(f)r", forall n>0;
(ii) f, — f*in L2(T).
r—1-
Theorem 2.1.12 (Fatou’s theorem). Let f € H?(ID). For almost all & € T, we have:

lim f(ré) = (&),

Remark 2.1.13. Proposition 2.1.11 together with the Riesz-Fischer theorem provide imme-
diately the following weak version of Fatou’s theorem: for every f € H*(D) and for every

sequence (7,)uen € [0,1[Y converging to 1, there exists a subsequence (r¢(n))n€N such that

lim,, o f(rp(m)€) = f*(&) almost everywhere on T. Fatou’s theorem states that there is in fact no
need to restrict oneself to a subsequence.

From now, we will identify H?(D) and H?(T), and denote similarly a function f € H?(D) and its
boundary value f*.
2.1.3 The Riesz projection

Definition 2.1.14. The Riesz projection P is the orthogonal projection from L?(T) to H>.

In terms of Fourier series, P is given by the formula:

P[Zﬂn)é"] =) Flmen,

neZ 120

The Riesz projection returns the analytic part of a Fourier series in L. For instance,
P(1+2cos(0)) =P(e 0 +1+¢%) =1+,

We also notice that, as an orthogonal projection, P is self-adjoint.

Proposition 2.1.15. The Riesz projection is given by the formula:

(PA)@) = (f ka2 = fT %da

where k, is the Cauchy-Szego kernel.
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2.2 Operators on Hardy spaces

2.2.1 Shifts on H?

Definition 2.2.1. The forward shift is the linear operator S : H?> — H? defined by
S(f)(z)=zf(z), VzeD.

In terms of Taylor coefficients, identifying H? with £?(N), S can be defined as follows:

S((l(),al,...,) = (0,610,(11,...).

Proposition 2.2.2. With respect to the canonical orthonormal basis of H?, S has the following matrix
representation:

o O = O
o = O O
— O O O
O O OO

Proposition 2.2.3. The adjoint of the forward shift is the backward shift S*: H> — H? defined by

In terms of Taylor coefficients, identifying H> with €*(N), S* can be defined as follows:

S(ﬂo,al,...,) = (al,az,...).

With respect to the canonical orthonormal basis of H?, S* has the following matrix representation:

01 0O
0 01 0
0 0 01
0 0 00

2.2.2 Multiplication operators
Definition 2.2.4. An analytic function ¢ : D — C is a multiplier of H? if ¢ - H> ¢ H>.
Note that the set of multipliers of H? forms an algebra.

Definition 2.2.5. If ¢ is a multiplier of H?, the multiplication operator with symbol ¢ is the
operator M, : H> — H? defined by:

My (f)=f.
Proposition 2.2.6. Let H® = H*(D) be the set of bounded holomorphic functions on D.

Then, H® is exactly the multiplier algebra of H?.
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Moreover, for all ¢ € H*, ||[My|l = [|¢llco-

Multiplication operators can be characterized as the commutants of the forward shift. More
precisely, we have the following:

Proposition 2.2.7. A bounded linear operator A € B(Hz) satisfies SA = AS if and only if A= My,
for some ¢ € H™.

2.2.3 Toeplitz operators

Definition 2.2.8. For ¢ € L, the Toeplitz operator Ty : H? — H? with symbol ¢ is defined by

Ts(f)=P(of),
where P is the Riesz projection of L% onto H2.

Using the integral representation of the Riesz projection, one can write an integral formula for
T‘P:

T = [ fi%‘gf’dm(a, VAeDVfeH?

When ¢ € H*, we have Ty (f) = ¢ f, and Ty is just the multiplication operator with symbol ¢.

Proposition 2.2.9. With respect to the canonical orthonormal basis of H?, Ty has the the following
matrix representation:

ay a1 ad_p a3 0Oa_4

aq 2 %)) a_1 a_p, a_3

an aq ao a_1 ad_p

as [2%)) aq (o4 a_; ... |

ay as an aq %))

where ay = ¢(k), for all k € Z.

Proposition 2.2.10 (Brown-Halmos). For all ¢ € L=, || Tyl = l|§llo
Proposition 2.2.11. Forall p € L®, T} = T$’

2.3 Model spaces

2.3.1 Model spaces as invariant subspaces

An important issue in functional analysis is the invariant subspace problem, which can be
stated as follows: does every bounded linear operator on a complex Banach space sends some
non-trivial closed subspace to itself? For the forward shift operator, the existence of invariant
subspace is established, and it is possible to give an explicit characterization of these subspaces.

First of all, we start with an important definition:

Definition 2.3.1. A function u € H* is said to be inner if |u(&)| = 1 for almost every & € T.
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Example 2.3.2. The automorphisms of the open unit disc, i.e. functions of the form

‘0 Z—W
TQ’wZZi—)elel—_, (L)GD,QER
z

are inner. Subsequently, if wy,...,w, €D, T =7y 4, T, - T1,0, 15 also an inner function.
Now, we can state the following characterization of the forward shift’s invariant subspaces:

Theorem 2.3.3 (Beurling). The non-trivial invariant subspaces of H> under the forward shift S are
exactly the subspaces of the form M = uH?, where u is a non-constant inner function.

As a corollary of Beurling’s theorem, we can also characterize the non-trivial invariant subspaces
of the backward shift S*:

Definition 2.3.4. If u is an inner function, the corresponding model space K,, is defined to be

K, :=wH?** ={f e H*: (f,uh)=0,Y h e H*}.
Corollary 2.3.5. The model spaces K,, are precisely the proper S*-invariant subspaces of H>.

2.3.2 Reproducing kernel

As a subspace of the reproducing kernel Hilbert space H?, each model space K, has a reproducing
kernel. More precisely, we have:

Proposition 2.3.6. Let u be an inner function. Then, for every a € D, the function ml defined by

_ 1-u(a)u(z)
- l1-az

my(z) ,zeD

is the reproducing kernel of K, at the point a.

In other words, for each a € D, the function ml belongs to KC,, and satisfies the reproducing formula

fla)={f,m}), forevery f € K,.

2.3.3 The projection P,

Using non-tangential boundary values, K, can be seen as a closed subspace of L?(T). Let P, be
the orthogonal projection of L? onto K. Then, we have the following relations:

Proposition 2.3.7. Let f € L2.
For every ae D, (P, f)(a) = {f,m¥).
Moreover, m}; = P, k,, where k, denotes the Cauchy-Szego kernel.

Proposition 2.3.8. For all f € H?, we have:

Pu(f) = f —uP(uf),

where P is the Riesz projection from L* onto H?.
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2.3.4 Finite-dimensional model spaces

The simplest examples of model spaces are those corresponding to finite Blaschke products

Z— Wy

n
:]_[bwk(z), where b, (2) = ——=&.
k=1

1—a)kz

In this case, the vectors in I, can be completely characterized in an explicit fashion:

Proposition 2.3.9. If ©,, is a finite Blaschke product with distinct zeros wq, ..., w, € D of respective
multiplicities py,...,py, then,

Ke, = span{ky,’;._l) :1<i<n 1< Spi},

where k!’ (z) = #
In particular, dimKg, = pj ++-+py.

Furthermore, model spaces derived from finite Blaschke products are the only finite-dimensional
model spaces:

Proposition 2.3.10. Let u be an inner function.
dim K,, < oo if and only if u is a finite Blaschke product.

Unlike the Hardy space H?, which has the natural orthonormal basis (z"),.c, there is no canonical
orthonormal basis for a model space K. However, when u is a finite Blaschke product, an
orthonormal basis can be obtained by orthogonalizing the kernel functions corresponding to the
zeros of u. The orthonormal basis that is obtained is usually called the Takenaka-Mamquist-Walsh
basis:

Theorem 2.3.11. Let ©,, be a finite Blaschke product with zeros wy,...,w, (repeated according to
multiplicity), let by, (z) = 1=, for all i € [1,n], and let:

T-w;z’
[]_I b ] forallke[[l n]

j=k+1

Then, (¢1,...,¢y,) forms an orthonormal basis ofIC@n, which is called the Takenaka-Malmquist-Walsh
basis.

2.3.5 The compressed shift

Definition 2.3.12. Let H be a separable complex Hilbert space, let M be a closed subspace of H,
and let T € B(H). We define the operator R € B(M) by R = PyTj, where Py, is the orthogonal
projection from H onto M.

According to the orthogonal decomposition H = M & M1, T has the matrix representation
R =«
* * :

We say that R is a compression of T to the subspace M (and that T is a dilation of R) if, for every
n €N, we have R" = PMTIM
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Definition 2.3.13. For an inner function u, the operator

S,: K, — K,
f — PBSf

is called the compressed shift operator.

Those two definitions coincide in the following sense:

Theorem 2.3.14. For an inner function u, the operator S, is a compression of S.

Moreover, we can show that S, is the restriction of the backward shift operator §* to IC;;:

Proposition 2.3.15. For any inner function u and for any function f € IC,,,

sin=119

One of the main motivation for studying model spaces and compressed shifts is the theory of
model operators, developed by Sz.-Nagy and Foias (see [59] or [27, Chapter 9]), where it is shown
that certain types of Hilbert space contractions are unitarily equivalent to the compressions of
the unilateral shift to a model space. More precisely, we have:

Theorem 2.3.16 (Sz.-Nagy-Foias). If T is a contraction on a Hilbert space H satisfying:

(i) ||IT*"x|| —— O for all x € H;
n—oo

(ii) rank(Id - T*T) =rank(Id-TT") =1;

then, there exists an inner function u such that T is unitarily equivalent to S,,.

2.3.6 Model matrices

In the case where ©,, is a finite Blaschke product, we can write the matrix representation of Sg,
in the Takenaka-Malmquist-Walsh basis. A straightforward computation gives:

Theorem 2.3.17. Let ©,, be a finite Blaschke product with distinct zeros wy, ..., w, € D. The matrix
representation Mg  of S, in the Takenaka-Malmquist-Walsh basis is given by:

a)]- lfl:]
i1, o

[MG),z]i,j:<Z¢j'¢i>: i CoVI—loiP 1= lw;l?  ifi<j (2.1)
0 if i>j

If ©,, has distinct zeros, then, Mg, has distinct eigenvalues and, thus, it can be diagonalized (see
[10, Section 5]):

Theorem 2.3.18. Let ©,, be a finite Blaschke product with distinct zeros wy,...,w, €D, and let Mg,
be the matrix representation of Sg, in the Takenaka-Malmquist-Walsh basis.



2.3. Model spaces

Then, Mg, = PDP~!, where D is the diagonal matrix with diagonal entries wy,..., w,, and

1 ifi=j

) VTPV P 1 (1w .

[P]i,j - Ti]nkzﬂl( wjfa)k]) ifi<j
0 ifi>j

1 ifi=j

-1 _ ) V1w Py1-|wi? ~j-1 1-wrw; cpe .
[P~]ij = Tj]m:m(ﬁ) ifi<j-

0 ifi>]
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Chapter

Function of a matrix

The aim of this chapter is — given a function f and an upper-triangular matrix T — to give an
explicit expression for f(T). Recall (see Lemma 1.2.15) that for a 2 x 2 upper-triangular matrix

_ w1 [43
Tz—(o wZ)EMz(C)

and a polynomial p € C[X], a straightforward computation gives

p(w1)-p(ws) )
e ) (3.1)

T,) = p(a)l) a( W] —w;
P(T2) ( 0 pley)

Then, we can obtain a similar formula for f(T,), where f is a function holomorphic in the
neighborhood of w,w,, using classical approximation arguments. However, for a matrix T},
of size n > 3, straightforward computations give more intricate expressions for p(T,,). In this
chapter, we will generalize (3.1) to matrices of bigger size.

Similarly, given a polynomial p € C[X] and a 2 x 2 matrix
= (W C
2= ( 0 wz)'
whose coefficients are operators acting on a Hilbert space, how can we express p (T;) ?
A straightforward computation gives
_ k k-1 14 k—j-1 j
Tzk = Wi ZFO Wy r CW, , forkeN,
0 W,
which generalizes (3.1) in the non-commutative case, in view of the well-known identity

k-1
(a—b)Zuk‘j_lbj =a—b* VabeC VkeN.
j=0

51
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In this chapter, we will also generalize this formula to operator matrices of arbitrary size.

Observe that those two problems can be seen in a unified way, as a n x n scalar upper-triangular
matrix T, can be seen as a 2 x 2 operator upper-triangular matrix using the following block
decomposition:

o aV o772 | g
(1) (n-3) (n-2)
0 0)2 0(2 ..... 0(2. az: Tn71 .
T. = (1) . =
! .an—Z :1
(| 0 Wy, 0(1(17)1
[0 I 0 wy, 0 wy
flw1)-f(w2)

Moreover, observe that in (3.1), the quantity can be seen as a first order divided

difference.

wp—w?2

The key point of this chapter will be the notion of non-commutative divided differences, which
generalizes the well-known notion of divided differences for scalars. What follows is in line with
the work presented in various references, as e.g. [33, 36, 16, 31, 40]. We offer here a slightly
different perspective.

3.1 Usual divided differences

Before defining the non-commutative divided differences, we will quickly recall some well-known
facts about usual divided differences. One can refer for instance to [18, 58] for a more complete
overview about that.

Definition 3.1.1. Let n € N and let (xg,9),--, (X, ¥,,) be n+ 1 points of C? such that x; # xj when
i # j. The divided differences are defined recursively as follows:

(9] == yx, ¥ k € [0, 7]
(Vkr1re o Vhrjl = B Vhnjm ]

,Ykelo,n—1],¥Yijell,n].
F— [0.n~j].¥j e [Ln]

[})k,~-~3/k+j] =

In the following, we will always assume that v = f(xy), for some map f : K —» K.

The divided differences are usually known for being used in Newton-Lagrange’s polynomial
interpolation :

Theorem 3.1.2. Let x,...,x, be (n+ 1) distinct points of K, and let f : K — K be a map. Then, the
unique polynomial P, of degree less than or equal to n such that P,(xy) = f(xg), for all k € [0,n], is
given by :

Zf Xk ]_[ " (Lagrange’s formula)

X — X
1¢k
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k—

= Z [f (xo)s-- 0 f (i) I_[(x - Xi) (Newton’s formula)
k=0

—_

i=0
P, is said to be the interpolation polynomial of degree n of f.

The following explicit formula for divided differences can be seen as a corollary of the previous
theorem (by identifying the coefficient of degree n in both formulas), but it can also be proved
very easily by induction, by using only the recursive definition:

Proposition 3.1.3.

Uuquﬂ%n=§:ﬁ&%ﬁﬂ___

From that formula, we can deduce the following noteworthy properties:
Proposition 3.1.4.
(i) Invariance under permutation of indices: [f (X(0))--» f (Xo(n))] = [f(X0)s--o, f(x0)], YV 0 € Sppi1;

(i) Linearity: [(f + Ag)(xo),-.., (f + A&)(xn)] = [f (x0),-., f(xu))] + Ag(x0),-.., g(xn), V [, 8 1 K —
K, Viek

In particular, if f = ZIIZ:O a Xk e K[X], [f(x1),..0, f(x)] = Z‘Z:O ag [x’f,...,xfl];
(iii) Sequential continuity : if f is the pointwise limit of a sequence ( fi)xen, then

[f(xo)r-o f(x)] = 1im [fe(xo),...., fie(u)]-

Using Newton’s interpolation formula and Rolle’s theorem, one can prove the following result:

Proposition 3.1.5 (Mean value theorem for divided differences). Let f : R — R be a n times
differentiable function, and let xy < --- < x,, € R. Then, there exists & €]xq, x,,[ such that:

6]

n!

[f (x0)s--e f2n)] =

Another important result on divided difference is the following, which generalizes the Leibniz’s
rule for derivatives:

Proposition 3.1.6 (Leibniz’s formula). Let f,g: C — C be two applications, and let x,...,w, € C
be n+ 1 pairwise distinct points.
Then, we have:

[(f - @) (X0} s (f - @) = ) [F (Ko)reoos ()] [0 )0 €L
j=0

We will now focus on the case where f is a polynomial. The following proposition generalizes
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the well-known identity

=
—_

(a=b) Yy ad T Wi =gk bk, Va,beC, VkeN.

-
Il
o

Proposition 3.1.7. Let k € N and let x,...,x, € C be n+ 1 pairwise distinct points.

ook i it iy
(i) [xg, .- Lxk] = Yigttin=knXg X1 . X5
Ty 20

(ii) [x’é,...,x,’;] =0 provided n >k ;

oy ok k1 _ vy k-1 k=j-1 k=j=11_j _ sk-n| k=-j-1
(iii) [xo,...,xn]_Zj:0 Xo ' X, X =0 ,

Proof.

(i) By induction on the number of points:

* For one point x, this is obvious.

* Now assume that the formula is true for n pairwise distinct points. Then, we will prove
that for n+ 1 pairwise distinct points xy,...,x,, we have:

(x0 = xp) Z xdxlx = [xg,...,xﬁ_l]—[x’l‘,...,xl,;].
ig+eti,=k-n
Indeed,
(x0 —x,) Z xgx) LX)

ig+eti,=k—n

_ jo  J1 Jn jo . J1 Jn
= Z Xog X)X — Z Xo X| - Xn

j0+"'+]:n:k*(n*1) jO*"'Jr]in:k*("*l)
Jo=1 Jn21
= Z xéoxil xi - Z o
j0+"'+jr1:k_(”_l) j1+"'+jn:k_(n_1)
jO jl jn jO jl jn—l
- Z Xog X)Xy + Z Xog X)X
okt j=k—(1-1) fo+rtjn 1 =k (n-1)
— jO jl jn—l jl jn
= Z Xg X] - Xy — Z Xy ... Xy
jo+-tjna=k(n-1) it iy (n1)
:[xé, e ,x’;_l] - [x’l‘,. .. ,x,’i] by induction hypothesis.

(ii) The second item is just a direct consequence of the first one (but it can also be seen as a

consequence of the interpolation theorem, noticing that the interpolation polynomial of
x — xK is XK.
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(iii) The third item is also a consequence of the first one :

ST k—j C T ke k—j-1] j
z -j- =j=1|_J -j= —j=1 i

[xo e Xy ]xn = [xo s Xy ]x,,
= j=0

iO il in—l In
E X X ...xn_l]x

k-n
i,IZO i0+"‘+i”,l :k—n—in

iy i1 iy
E Xg X| .. X

ig+-+i,=k-n

k
[eh,.... 8]

Similarly, we can prove the following proposition:

Proposition 3.1.8. Let k € N* and let x,...,x, be n+ 1 pairwise distinct points.

. —k k1 _ (_1\n —ip .~ —iy
(i) [xp%..., %, ]=(=1) Zi0+._'+in:k+nx0 X; X
igrenip>1
N _ e [ = i 1 k-1
(ii) [xok,...,xnk]:—zj:1 [x()],...,xn]_l]x,]1

Last but not least, in the case where f is an holomorphic function, we have the following
noteworthy formula:

Proposition 3.1.9. Let f be an analytic function in an open neighborhood of the the points z,...,z, €
C. Then, we have:

[ (20),.. f(24)] = ﬁﬁ%

where T is a finite system of rectifiable Jordan curves oriented in the positive sense surrounding
Z0y-r 2y

3.2 Non-commutative divided differences

3.2.1 Definition and elementary properties

Definition 3.2.1. Let n > 1, and let H,..., H, be Hilbert spaces. Given bounded linear operators
W; € B(H;), for i € [0,n], and Cje B(HjH,Hj), for j € [0,n—1], we define the non-commutative
divided differences as follows:

(i) VkeN, [Wt]:=wk

(ii) VkeN, [WE,..., Wk

0reeer

L ig i iy,
Cu1) ™ Zio+~~~+i‘,,:k—n W() CO W1 e Cn—l Wy

i0yeeerip =0

,,,,
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Remark 3.2.2. In view of Proposition 3.1.7, if W,,..., W, C,...,C,_; are scalars, we recover the
usual divided differences:

[p(Wo),....pb(Wi)lico....Coor) = Co--- Cuct [P(Wo), .., p(Wy)] = [p(Wo), ..., pP(W)]Cy.... Cyy g

Proposition 3.2.3. With the above notation, we have:

(i) [W§,..., Wk oy = O provided n >k ;
Sk k—j-1 '
i) (WE,..., wk = [w ’]’,...,W”’] Cp W)
(ll) [ 0 n (CororCpt) 5 0 n—1 (Cor - n-1"YVn
Sroeia k—j-1 ‘
= [WO ] , ’Wn 1] ] Cn_lw;i-
]':O (CO rrrrr n-2
Proposition 3.2.4. With the above notation, we have:
Wolp(Wo),--..pb(Wi)lic,,...c.) — [P(Wo) -, POWi) .o p) W

=[p(Wy),...,p(W, )] (Cor CH)Cn—1—Co[P(Wl)»--,P(Wn)](c1 ..... Cot)

In particular,

Wolp(Wo), p(Wi)l(c,) = [P(Wo), p(W1)](cy) W1 = p(W)Co — Cop(Wy).

Remark 3.2.5. If W,,...,W,,Cy,...,C,, are scalars (with Wy # W, and C; = 0, for all i € [0,n—1])
then, this identity is equivalent to:

_[p(Wp),..,p(W,,_1)] = [p(Wy),..., p(W,)]
[P(Wo),.... p(Wy,)] = Wo— W, .

Proof of Proposition 3.2.4. First, note that by linearity, it is enough to show this identity for the
monomials p(X) = Xk, k e N.

Now, we have:

k k k
WO[WO""WH](CO Cu-1) [WO' W ](Co rrrr Cot) W
ip+1 i, +1
= Z Wt CoW,! ... Cy Wi - Z WO CoWit ... Cpy Wi
ig+e+i,=k—-n ig+eti,=k—-n
= WO CoW...Cpsg Wy — WP CoWT ... Cuey Wy
= o CoWqi .. Lyt Wy 0 “0VVy ---Ln—1VVn
ig+-+i,=k—n+1 ig+-+i,=k—-n+1
ig=1 ip>1
= ) WRCW G Wit = Y W Co W Gy W
ig+-+i,=k—n+1 ig+-+i,=k—-n+1
C W CIW, ... Coy Wy W CoW,t...C s Wi C
—Co 1 CiWy e G Wy + o CoWqp .. Ly W, 10y
it +i,fk n+l ig+e+i,=k—-n+1
— k k k
_[W [ l] ..... Cy-2) 1’! 1= CO[Wl’ W ]( ..... Cy-1)-
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3.2.2 An application to functional calculus for polynomials

Let n>2,let Hy,...,H, be Hilbert spaces, and let

Wy ql) ................... Cin—l)
~ 0 Wa Cgl) ........... C;”_z) . )
T, = : @Hi_)EBHZ
Tl C(l) i=1 Pt
o n-1
[0 I 0 n

be a bounded linear operator and let p € C[X] be a polynomial.
The non-commutative divided differences enable us to compute easily p (T;), by induction on n.
p(Wi) [P(W1):P(Wz)](c(1))
1
0 p(W>)

), with C = [Cin_l) c2 C,(11_)1]T and, then, we obtain

Indeed, for n =2, we have p (T~2) = [ ] and, then, for all n > 3, we can

T,,| C

write T, =
! [ 0 | w, 2

More precisely, we obtain the following result:

Theorem 3.2.6. With the above notation, we have :

p(W1) D;l) ................... Di”‘l)
. 0. pWwy DYoo i
p(T)=| @ e )
o
[0 0 p(wn)
(7 _
e Di ) 1;]' [p(WkO),“"p(Wkl)](C(hko),,,c(k[kll)).
<k ko "k

i=ko<--<kj=j+i

Proof. First, observe that, by linearity, it is enough to prove this formula in the case where p is a
monomial, i.e. when p(X) = X", for some m € N.

Now, we will prove this formula by induction on .

(1)

W W

e For n = 2, it is easy to see (by induction on m) that T = ) , for every
wi
meN.



58 CHAPTER 3. Function of a matrix

* Now, let # > 2, and assume that the formula is true for T; and T,_,

_ T, C — T
As mentioned above, we write T, = | — ! ,with C = [C("fl) C;nfz) c ] and,
0 Wn 1 n—1
then, we obtain
T, T, , Wm
’]:m _ ‘ [ n— 1 n ( ) '
0 | W,

Now, just replace Tt by its explicit expression, i.e.

(1) (n=2)
W™ Dy (1) ..... D( i
-
. 0. W' Dy -e-e D,
Tn—l = »
(1)
.. Dnn_12
[ U 0o wn
() _
where D= Y [wy. W]
1<I<;) (c,‘("l"‘o) ,,,,, clfa-hi-1)
izko<-<ki=j+i 0 k-1
and compute
DYI_I)
D(n_z) m—1 1
2 —m m-p-1 -~
. = [Tn—l rwrzn](g) = Ty P erlz)~
: p=0
(1)
Dn—l
Using Proposition 3.2.3, we have, for i € [1,n - 1],
(i) _ V)N ) i)
n—i) _ m—p— n—i j) ~(n—j—i p
p" =N lw e Y pl el w,
p=0 j=1
m-1 . o on=i-1 o
=Y | wrrteli ) (W we e wp
p=0 =1 1<Isj ’ : (chatol,.. 1) !
i=ko<-<kj=j+i 0 =

UGG TS M N L
= (et -t ctr9)
i=ko<--<kj=j+i
n-1
_ m m ) m m
= [Wz ;Wn ](C(n—l)) +Z Z [WO"“’WkI W(k1+1)] ko) o) ko
! i=1 1<I<j ctkiko)  tki=ki_1) (kpi=hy
! / ko ki1 ki
i=ko<--<kj=j+i

kjy=n
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= E [wm wm] .
ko? Vi
0 1 (C(krko) C[({k,—k,,l)

1<I<n
i=kg<--<kj=n

Corollary 3.2.7. Let

Wy Cp  Orevvvvnnns 0
0 WZ C2 .
~ . . . n n
T:= o | DD
e ) i=1 i=1
.G
[+ 0w,
and let p € C[X]. Then, we have
1 -1
p(Wy) Di R Di” )
1 -2
N 0 P(Wz).. D(2 ) D;” )
p (Tn) = : ’
)
.. Dn—l
[0 0 p(wn)
where D,-]) =[p(Wi).. p(Wirj)ici,...Crr o)
A noteworthy application of Theorem 3.2.6 is the following: given an upper-triangular matrix
w1 a§l) ........... a(ln_l)
0 wy ) a(zl) ..... a/(zn_z)
T, = el € M, (C)
Lo (M)
N
0. v 0 Wy,

and a polynomial p € C[X], we can compute very easily p(T,), without diagonalizing T, (nor
computing its Dunford decomposition):

Corollary 3.2.8. With the above notation,

plw) ﬂgl) ...... 1 ........... /3§” l)
0 play) By s ﬂ;” )
p(Tn) = . : B
e p(D)
© Pn-1
[ 0 p(a)n)

-1
where ﬁ}j) = Z [ a]({ks“_kS)][p(a)ko),...,p(a)kl)].

1<I<j
i=ko<--<kj=j+i
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Remark 3.2.9. The sequential continuity in Proposition 3.1.4 enables us to extend this result to
any function that can be approximated by polynomials.

Another noteworthy application of Theorem 3.2.6 is that those non-commutative divided differences
satisfy the Leibniz’s rule too:

Corollary 3.2.10 (Leibniz’s formula). Let p,q € C[X] be polynomials, let n > 1, and let Hy, ..., H,, be
Hilbert spaces. Given bounded linear operators W; € B(H;), for i € [0,n], and C; € B(Hj+1,HJ- ), for
j €[0,n—-1], we have:

[(p-@)(Wobrows (P ) Wilicy, e,y = ) [POWOD oo WD - [a(Whecsa )]
j:() j— Jreeer n—1

Proof. Let
Wy Cop  O:evvvvvnns 0
0 W, ¢ .
. Cu
[ P 0 W,

We write (p - q)(f,) = p(ﬁl) . q(f,) and, then, we apply Corollary 3.2.7 to write the explicit

formulas for (p - q)(i;), p(ﬁ) and q(ﬁ) We obtain the Leibniz’s formula by identifying the
coefficient in the top-right hand corner on both side of the equality. O

3.2.3 Extension to rational fractions

Our goal is now to extend the definition of non-commutative divided differences to rational
fractions. Using the complex partial fraction decomposition, it is enough to give a consistent
definition for rational fractions of the form r(X) = X%, with k € N*.

Definition 3.2.11. Let n > 1, and let Hy,..., H, be Hilbert spaces. Given n+ 1 invertible bounded
linear operators W; € B(H;), for i € [0,n], and n bounded linear operators C; € B(H;, H;_;), for
j € [1,n], we extend Definition 3.2.1 as follows:

(i) VkeN, [wo—k] = Wk

= (=1)" Lyt =kon Wo " CoWy . Cy W™

io,...,in21

.. * —k —k
(ii) Vke N, [W s Wy ](Co,.--,cn—l)

Remark 3.2.12. In view of Proposition 3.1.8, if Wy, Wy,..., W,,,Cy,..., C,_; are scalars, we recover
again the usual divided differences.

Definition 3.2.13. Let r = g € C(X), and assume 0 ¢ g(o(W;)), for all i € [0, n]. If the complex

d.
partial fraction decomposition of r is r(X) = e(X) + Z]r-zl Zk;ZI(X - a]-)’kf (with e € C[X]), then,
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we define (with the above notation):

.....

Then, the analog of Proposition 3.2.3 and Proposition 3.2.4 are respectively:
Proposition 3.2.14.

k

& * _ -j -j '
Wik, W, ]<c0,...,cn1>‘_;[wo ,...,W,H] G Wi
]:

Proposition 3.2.15.

= [r(Wo),-- -, (Wy_1)](co..Cra) Crim1 = Colr(Wh), ., "(Wi) ey Coy)-

In particular,

Wolr(Wo), r(Wi)licy) = [r(Wo), r(Wi)](cp) Wi = r(Wp)Co — Cor(Wy).

Now, we can get an analog of Theorem 3.2.6:

Theorem 3.2.16. Let n> 2, let Hy,...,H,, be Hilbert spaces, and let

be a bounded linear operator. Let r = % € C(X) such that 0 ¢ g(o(W;)), for all i € [1,n].

Then, we have :

r(W;) DF) ................... D§”—1)
= 0 (W) D;l) ........... Dé”‘z)
T(Tn) = R | : ’
b,
0 T 0 T(Wn)
here DY) = W ). r (W, _
where i 1;’]- [T( ko) r( kl)](C;((ﬁl_ko)'wcl(:’lk"‘))

i=ko<--<kj=j+i

Proof. First, considering the partial fraction decomposition of r, observe that as we have already
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~\—k
proved this formula for polynomials, we only need to prove this formula for (Tn) , where k € N*.

The main idea of this proof will be to combine the arguments developed in the proof of Theo-
rem 3.2.6 with the following identity:

A c|' _[at -alcB!
0 B| |0 B!

], if A and B are invertible operators (3.2)

As for the proof of Theorem 3.2.6, we proceed by induction on #.

* For n =2, we use successively Theorem 3.2.6 and (3.2) to get
k k k
Tk _ wi [w 'Wz](dn)
2 = ,
0 wk
and, then,
—k —k k k —k —k —k —k
Wl _Wl [W ’ W2 ](Cil)) Wz _ Wl [Wl ’ Wz ](C(ll))
0 w,* 0 w,*

|

* The inductive step then works exactly as in the proof of Theorem 3.2.6 (using Proposition 3.2.14
instead of Proposition 3.2.3).

O

Corollary 3.2.17. Let

Wy Cp  Oreeeeeenns 0
0 ) W2 Cz . "
Rl [
i=1 i=1
. Cht
o 0w,
and let r = % € C(X) such that 0 ¢ g(a(W;)), for all i € [1,n].
Then, we have:
r(Wy) Dﬁl) ................... Di”’”
0 r(Wy) ' Dél) ........... D;”‘z)
r(T)= '
S
. Dn—l
[0 I 0 r(Wn)

Corollary 3.2.18 (Leibniz’s formula). Let n > 1, let Hy,...,H, be Hilbert spaces. Given two rational
fractions r = %,s = % € C(X), given bounded linear operators W; € B(H;) such that 0 ¢ q(c(W;))U



3.2. Non-commutative divided differences 63

q'(a(W;)), for i € [0,n], and C; € B(HJ-H,HJ-),for j €[0,n—-1], we have:

j—l)‘

(7 ) (Wo)sows (- ) Wi Gy 1) = Z[r(WO),...,r(Wj)](CO 7777 .
j=0

Corollary 3.2.19. Let

W] ) e a;
0 w1 . a/(zl) ..... a/(zn_z)
T, = . el € M,(C),
RPN ()
A
O cveenennannn., 0w,

with w; # wj, for all i # j, and let r = % € C(X) such that q(w;) = 0, for all i € [1,n].

Then, we have:

1 -1
r(wq) /5§ e ﬁil” 21
0 r(wz)._ By coeeeenn ﬁzn
r(Ty) = .
- (1)
-ﬂn—l
Q- i 0 r(wn)
() T (keik)
where /31‘] = Z [ akss” 5][r(a)k0),...,r(wkl)].
1<I<j s=0

i=kg<--<kj=j+i

3.2.4 Non-commutative divided differences for analytic functions

In this paragraph, we finally extend the notion of non-commutative divided differences to
analytic functions.

In view of Proposition 3.1.9, we can define those non-commutative divided differences as follows:

Definition 3.2.20. Let n > 1, and let Hy, ..., H, be Hilbert spaces. Given bounded linear operators
W; € B(H;), for i € [0,n], and C; € B(H}, H;_y), for j € [1,n], and given a map f which is analytic
in the neighbourhood of U, o(W;), we define:

1) [f(Wy)] := f(Wy) = frf(é)(éld —W,)~!, where T is a finite system of rectifiable Jordan
curves, oriented in the positive sense, surrounding o(W);

(ii) [f (Wo),---, fF(Wi)lico,.Cp) = frf(é)(éld - W) 1 Co(Eld = Wy) L. C, g (E1d = W) N dE,
where T is a finite system of rectifiable Jordan curves, oriented in the positive sense,
surrounding Ji_, o(W).

As in the cases of polynomials and rational fractions, we have the characteristic identity:

Proposition 3.2.21. With the above notation, we have:

=[f(Wo)se- s fWi)] (oo Crn) Crmt = Col f (Wi ) fF Wiy )
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In particular,

Wolf (Wo), f(WD)(co) = [f (Wo), f(W1)](cp) W1 = f(Wp)Co = Co f (Wy).

This provides the following explicit functional calculus:

Theorem 3.2.22. Let n > 2, let Hy,...,H,, be Hilbert spaces, and let

W, Cﬁl) ........... C("_l)
0 W, . C;l) ..... Céniz) n n
Tn: : @HI—)@HZ
C(l) i=1 i=1
coon-1
[0 0 W,

be a bounded linear operator. Let f be a map which is analytic in the neighborhood of | Ji_, o(W;).

Then, we have :

fFowy DML p!"
_ 0. f(Wy) DM D2
f (Tn) = .. ) 1 i
D,
[0 I 0 f(Wn)
(7 _
o Di . Z [f(WkO),“.,f(Wkl)] (k1-ko) C,‘J‘z—szl)).
-1

1<15 (c
i=ko<--<kj=j+i

Remark 3.2.23. We have o (T,;) c UL, o(W;). Indeed, for A € C, we have:

W, — Ald Cil) ........................... Ci”’l)
0 W, - Ald Cgl) ................. C(z”’z)
7 ;
T A1)
Cn—l
0 e e 0 W, — Ald

If, for all i € [1,n], W; — AId is invertible, then, it follows from Section 3.2.3 (see Theorem 3.2.16)
that T,, — AId is invertible too.

Proof of Theorem 3.2.22. Let I be a finite system of rectifiable Jordan curves, oriented in the
positive sense, surrounding | J!_; o(W;). Then, by definition, f (fq) = ﬁ frf(é) (éId - T;,)il dé&.
The results just follows by integrating the formula of (éId - ﬁ,)_l given by Theorem 3.2.16. [
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Corollary 3.2.24. Let

Wy Cp Orevvvvnnnn 0

0 W, C, .
'-.Cn—l

[ P 0w,

and let f be a function which is holomorphic in the neighborhood of | Ji_, o(W;).

Then, we have:

f(Wl) Dil) ................... Din_l)
0. f(wy) Dy D;"”
O 0 f(W,)

where Di(j) =[f (W), f(Wisi)](c

seerCinjo1)?

Corollary 3.2.25 (Leibniz’s formula). Let n > 1, and let Hy,..., H, be Hilbert spaces. Given bounded
linear operators W; € B(H;), for i € [0,n], and C; € B(HJ-H,H]-), for j € [0,n—1], and given two
functions f,g which are holomorphic in the neighborhood of | Ji_, o(W;), we have:

n-1
[ - QN Wo oo (f - QN Wiy, ) = ;[ﬂwo), FW]e, o) 8V gW o
]:
Corollary 3.2.26. Let
(1) (n—1)
a)l al ........... al
0 a)z. 0((21). ..... a(zan)
T, = S e | eML(C)
e (M)
.. T _an—l
[ U 0w,

such that w; # w;, for all i # j, and let f be a function holomorphic in the neighborhood of wy, ..., wy.

Then, we have:

Flw) B /3<n—:)
F(T,) = 0 f(wy) N /3(2 b ﬁ(zn_ )
n) = (.{)1 )
[0 I 0 f(Z)n)
; -1
where ﬁl(]) — IZI" [ I al(cl:Hl_kS)] [f (a)ko),...,f(u)kl )]
<I<j s=

i=ko<--<kj=j+i
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3.3 The equation AX-XB=Y

The recursive relations of Proposition 3.2.4, Proposition 3.2.15 and Proposition 3.2.21 lead us to
focus on the equation
AX-XB=Y (3.3)

where A, X, B, Y are operators (on a Banach space).

This equation has been studied e.g. in [9, 51]. As it plays an important role on studying functions
of matrices, we give here some details about the solvability of this equation.

We start with the following existence and uniqueness result:

Theorem 3.3.1 (Sylvester-Rosenblum). If A and B are operators acting on a Banach space such that
o(A)No(B) =0, then, the equation AX — XB =Y has a unique solution X for every operator Y.

Remark 3.3.2. A consequence of this result is that, with the notations introduced in the previous
section, if Wy,... W, are operators such that o(W;) N o(Wj) =0, for all i # j, then, the non-
commutative divided differences are well-defined by the recursive relation:

[f (Wo)] = f(Wo);
Wolf (Wo), -, fF(W)licy,...co) = LfF (Wo)s oo, F (W) icyoC ) Wi = Lf (Wo), -, f(Whi) ey, 0) it

Proof of Theorem 3.3.1. Let My : X — AX — XB, so that the Sylvester’s equation becomes
M, p(X) =Y. It is enough to prove that, if 6(A) N o(B) = 0, then, My p is invertible. In or-
der to do this, we define L4 : X — AX and Rp : X — XB, so that we have M4 p = L4 — Rp. It is
easy to see that LyRg = RgLy, that 6(L4) C 0(A) and that o(Rg) C o(B).

Now, saying that My p is invertible is equivalent to say that 0 € 0(M4 ) = 0(L4 — Rp). Thus, the
theorem is a consequence of the following lemma:

Lemma 3.3.3. If A and B are commuting operators, then, 0(A—B) C 6(A)—o(B).

Proof of Lemma 3.3.3.

* In the finite dimensional case, it is just a consequence of the simultaneous trigonalization
of commuting endomorphisms: since A and B commute, there exists a basis in which A
and B are both upper-triangular. The results follows from the fact that the spectrum of an
upper-triangular matrix is the set of the diagonal entries.

* In the general case, we need to use the Gelfand transformation (see Section 1.1.3). Let C be
the maximal commutative algebra containing both .4 and B. Observe that for any operator
T €C,0(7T)=o0¢(7T). Now, we write:
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O
This completes the proof of Theorem 3.3.1. O

Now, let us focus on the expression of this unique solution. We focus on two expressions of the
solution:

Theorem 3.3.4. Let A and B be two operators such that o(B) c D(0,p) and o(A) c C\D(0, p), for
some p > 0. Then, the solution of the equation AX - XB=1Y is

X = ZA—’H YB".
n=0

Proof. The only thing that need to be proved is that the series is convergent (if it is the case,
then, it is obvious that this sum is solution of the Sylvester equation). First of all, observe that
as 0(A) Cc C\D(0, p), it makes sense to consider negative powers of A. Now, let p; < p < p, such
that o(B) € D(0,p;) and o(A) € C\D(0,p,). Then, o(A7!) C D(O,pgl). By the spectral radius
formula (Proposition 1.1.7), there exists an integer 1y > 0 such that, for all n > ny, [|B"|| < p} and

JA™"|| < p5". Thus, we have [|[A™""1YB"|| < (%)n IA=1Y||, and the series converges normally. [J

Remark 3.3.5. If a and b are non-zero scalars, with b < a, then, Y 5> ga " 1yb" =2y % | (%)n = %

The next theorem gives an expression of the solution whenever o(A) and o(B) are disjoint,
without any more special assumption:

Theorem 3.3.6 (Rosenblum). Let T be a finite system of rectifiable Jordan curves, oriented in the
positive sense, with total winding number 1 around o(A) and 0 around o(B). Then, the solution of the
equation AX —XB =Y can be expressed as

_ L et ly(R eyl
X= o r(A £1d)"'Y(B - &1d) ' d&.

Proof. If AX —XB =Y, then, for every complex number &, we have (A—-&Id)X - X(B-&Id) =Y.
If A—£&1d and B - £1d are invertible, this gives:

X(B-&Id) ' —(A-&1d) ' X = (A-&Id)"'Y(B-&1d) 7L
The result follows by integrating this equality over I, and noting that IF(B - ¢&ld)"'dE =0and
[ (A-&1d)dE = —2inld. O
Remark 3.3.7. If a and b are two scalars such that a # b, and if I' is a loop with winding number 1
around 4 and 0 around b, then, the residue theorem implies that ﬁ Ir (g_g)ywdé = ﬁ

A noteworthy application of the study of this equation is the diagonalization of certain matrices
with operator coefficients:

Lemma 3.3.8. Let A and B be two operators such that 0(A) N o (B) = 0. Then, for any operator C, the

mtr'cesA ¢ ndA 0 e similar
atri o B|® o p|aresimilar.
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More precisely, we have:
A C)\ (Id -X\[A o0\(Id X
0 B/ \0 Id/\o BJ\0 Id
where X is the unique solution of the equation AX — XB = C.
An easy induction gives the following theorem:

Theorem 3.3.9. Let Wy,..., W, be operators such that c(W;) N o(W;) =0, for all i # j. Then, for any

operators {Cl(j) \<j<nt ’ the matrices
1<i<n+1-j
W, Cgl) ........... cm
N 0 W, Cgl) ..... C(z"*z)
T, := AR :
" A1)
. -Cn—l
[ 0w,
and
Wy 0-eeeennns 0
~ 0 W, .
Dn = . . .
-0
[ . 0 W,
are similar.
More precisely, we have:
Id _Xgl) ............. _Xi”‘l) Wy 0eeeeeenn 0\ (1d yW o yb
o —X(zl) ..... _X(Z”’z) 0, W, |lo. y2(1) ..... yz(”*z)
Tn_ "'.. .'.. C
.. (1) -0 (1)
X Ovevvennnn! R Y
[ P 0 Id 8 N TP 0 1d

1 k i—k
wix? - xVw, =P -y cMxUH (3.4)
k=1
and ) (ki-ko) o (ki—ki)
=y (3.5)

1<I<j
i=ko<--<kj=j+i

Remark 3.3.10. In order to use this theorem, we first need to determine all the coefficients Xfl),

(2) (n-1)

then all the coefficients X;,... until the coefficient X;" .

Corollary 3.3.11. With the above notation, if f is a map which is holomorphic in the neighborhood of
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*, 0(W;), we have:

(1) (n-1) (1) (n-1)
1d _Xl ...... 1 ...... _Xl ) f(Wl) Qevvvvennnnns 0 Id Yl 1 ...... Y. )
o, —xV. XU 00 f(wy) 0. . viV..... v
f (Tn) = . el .
_X(l)1 0 Y(1)1
n— son—
[ I, 0 1d Qv 0 f(Wy) [ 0 I

Another interesting application of Theorem 3.3.9 is to provide an alternative of Theorem 2.3.18:

Corollary 3.3.12. Let wy,...,w, €D, and let

o al P 21V
1 2 :
0 w o) e :
M, = .. O € M, (C),
. e . a?_)z
. : el L]
0 PR 0 w,,
with
] j+i-1
o\l = ]_[ (~opV1 = lwiP\J1 = w;i i, forall je[1,n], forallie[n-j,n].
k=i+1
Then, we have:
1 -1 1 -1
1 _xg Vo 1 ...... _x(ln 2) Wy 0 ........ 0 1 yi b yin 2)
0 1 x(z):...._x(zn7 ) 0 .(4)2. 0 1 yg) ..... y§717 )
M, = Tl e :
1 0 L)
e T 5 R
[ 0 1 Oevveevnnns 0 wy [ P, 0o 1

with

x/ =

V=l 1 =i (2 G,
() k@itj (3.6)

Wi — Wiyj kmis1 Vit T @k
0 V1 —lwilP 1 =lwisl? (S0 —Gray,
Vi = W; — Wiy I_I w; —w (37)
i i+j k=i+1 i k
forall1 <j<mn, n—j<i<n Moreover,

(1) (n-1)\~1 (1) (n-1)
_xl ..... 1 ...... —X; ) 1 yl ........... yl ,
0 1 _x(z b _x(zn_ ) 0 . 1 y; b ygn_ )
a : © ()
TXn-1 Fn-1
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(7)

Proof. * For the coefficients x;, we proceed by induction on j:

— For j =1, the coefficients x;l) are (respectively) the solutions of the equations

m_ 1 (1)

—X; Wiy =4a;

which gives

L V1 -lw;Py1 - w4 |2

1
Wi — Wiy

— Now, let j € [2,n], and assume that

(m) _ V1 =i Py1 =0l

1 -wrw;
1+m
X,
Wi = Wiym

m+i—1
[ ], for all m e [1,j-1], foralli € [n—m,n].

k=i+1 @itm = ©Vk

1

Then, for all i € [n—j,n], we have:

; —

j-1
j ) (7) n_G-1)
=1

i+j-1

= I_[ —ox |V =lwi?{1 = |w;yl?
k=i+1

j=1 [ (i+l=1 2 i+j-1 _
1-|w; 1 -wrwiyj
+ 1= w2 ,1—|wi+j|2§ | | —wp (M) | | T
Witj — Wil i+j — Wk

w
I=1 \\k=i+1 k=i+l+1 T

V1-lwil? 1 =lw;> - Nj j

= itj-1
[TiZin (“)i+j - wk)

’

where

i+j-1 i+j-1

Ni,j = ]_[ —a)_k ]_[ (a)i+]-—wq)

k=i+1 q=i+1

j-1 i+l-1 i+j-1 itl-1
o3 -t [1 28] T] (1-250) [ =)

k=i+1 p=i+l+1 q=i+1

S 2
l_[ (wi+j —wq)[—wi+]‘—1(wi+]‘ —wipj) + 1 =lwi ] ]

i+j-2 ]i+j—2
q=i+1

i+l1-1 ] i+j—1 i+l—1

+ (1_|wi+l|2){ I_l —wi ]—[ (1-@pwisj) ]—[ (wisj — 0y)

k=i+1 p=i+l+1 q=i+1
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i+j-2 i+j-2
- 1= | [ 7] T 000

k=i+1 q=i+1
j=2 i+l-1 i+j-1 itl-1
Y -t [T o8] TT (1-0m) [ fon =)
I=1 k=i+1 p=i+l+1 q=i+1
Iterating this process, we get
i+j-1
N;; = H 1 - wrwiyj
k=i+1
and, thus,
X(j) B v1- |wi|2\/1 - |L‘)i+j|2 jﬁl 1 —a)_ka)i+j
: Wi — W4 L @ik @k |
* Now, if we denote by
) _y\n1)
EEERETRERRPY )
0 1 _x(zl) ..... _x(zn_z)
Xn = . el .. i
. (1)
S T
Ocevvemmennennens 0 1
-
observe that X,, = Xn-1 C”], where C,, = [_x(”fl) 2 W ] . Thus, we have
0 1 1 2 n-1
-1 _y-1
X, = [X'E)—l Xnilcn}, and we can prove by induction on n that
(1 (n-1)
yl e .(1. ...... y% 2)
n—
. 0 1 ) i) S 2
X}’_l = R . . . :
SR ()
LT .yn—l
[ P 0 1
where

y, =
' Wi = Wiy ey Wi @k

12 _ 2 (i+7- —
g VIl 1-lwi] [l]“—[l 1 - Wrwjs

], forall je[1,n], forallie[n-j,n].
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Chapter

Contractive matrices

The main goal of this chapter will be to generalize Lemma 1.2.14 — which gives a characterization
of contractive 2 x 2 matrices — to matrices of bigger size.

Observe that in view of Schur’s decomposition theorem — which states that every square matrix
is unitary equivalent to an upper-triangular matrix — it makes sense to restrict ourselves to that
case.

For instance, let

wy a P
T3 =10 wy ap|E€ M3(C)
0 0 w3

Under which condition is T3 a contraction ?

In essence, following the approach used for 2 x 2 matrices, one can try to calculate the operator
norm of a 3 x 3 matrix acting on the Euclidean space C> using the formula:

||T||2 =|IT*T||=r(T*T) = sup{|A| : det(T*T — AId) = 0}.

This computation of the operator norm ||T||, the largest singular value of T, leads to an equation
of degree 3 with no trivial solution. The expression of the solutions — involving Cardans’s
formulas — are quite intricate and, therefore, the criterion derived from this observation holds
limited practical interest. We follow here a different approach based on a result about completion
of matrices going back to Parrott (see [44, 23], [66, Theorem 12.22] and [6, 17]).

4.1 Parrott’s theorem

In this section, we prove a slightly more precise version of Parrott’s theorem. We adopt the
approach presented by Davis, Kahan, and Weinberger in [17], noticing that the ideas developed
in this proof enables in fact to be more precise regarding the selection of solutions with minimal
norms.

First of all, let us recall that the defect operator of a contraction T is given by Dy = (Id — T*T)"/2.

73
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Theorem 4.1.1 (Parrott). Let Hy, H,, Ky, K, be Hilbert spaces, and assume that the operators [é] €
B(Hy,K; ®K;) and [C D] € B(H, @ H,, K,) are contractions.
Then,

A B
T:[C D:|IH1€BH2—>K1@K2

is a contraction if and only if there exists a contraction W € B(H,, Ky) such that:

B=D, WDy -ZC"Y,
where Z € B(Hy,K;) and Y € B(H,, K;) are contractions such that D = Dc+Y and A = ZD¢.
Moreover,

(i) Y and Z can be chosen to be (respectively) Yy and Zy, the solutions of minimal operator norm
among all solutions of the operator equations D = D¢+Y and A = ZD¢;

(ii) If T is a contraction, there exists a unique contraction Wy such that:
B = Dy WoDy, — ZoC*Yy and Im(Dz;)" C Ker(W;).
This operator satisfies:
[Woll = inf{||WI| : B = Dz: W Dy, — ZoC"Yo}.

We shall call Yy and Z, the minimal solutions and we shall refer to Wy as the minimal solution of

the equation
B =Dz WDy, - Z,C"Y.

In order to prove this result, we start with the following lemma. Recall that if S and T are two
operators on a Hilbert space H, the notation S < T means that T — S is a positive operator. If
T = Ald, for some A € C, we may simply write S < A.

Lemma 4.1.2 (Douglas [19]). Let L, My, M, be Hilbert spaces. Suppose that A € B(L,M;), B €
B(L,M,) and ¢ > 0. Then, B*B < c?A*A if and only if there exists C € B(M;, M,) such that:

B=CA 1)
ICll<e '

Moreover, if it is the case, there exists a unique operator Cq satisfying (4.1) such that Im(A)+ C Ker(Cy).
The operator Cy satisfies:

ICol*> = inf{||C|* : C satisfies (4.1)} = inf{u > 0 : B'B < pA*A},

and will thus be referred as the minimal solution of the equation B = CA.

Proof.
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* Assume first that there exists an operator C € B (M7, M;) such that B= CA and ||C|| < c. We
have:
ICll < c & (Cx,Cx)<c*(x,x), YxeM; & c’Id-C*C >0.

Moreover, the equality B = CA implies that c2A*A-B'B= A*(czld -C*C)A>0,ie B'B<
c2A*A, using the following elementary fact:

Fact 1. Let H,K be two Hilbert spaces, T € B(H,K) and P € B(K) be a positive operator.
Then, T*PT > 0.

o Assume now that B*B < c2A*A. First, note that:
B'B< c?A*A < (Bx,Bx) < c*(Ax,Ax) ¥ x € L < ||Bx|| < c||Ax||, ¥ x € L.
Now, let C : Im(A) —» M,, Ax — Bx.
C is well-defined, as if Ax = Ay, then, ||Bx — By|| < c||Ax — Ay|| = 0, and so Bx = By.

Moreover, C is continuous with ||C|| < c. Now, we extend C by continuity on Im(A) and we
set, for instance, C = 0 on Im(A)*. We still have B= CA and ||C|| < ¢, and C is now defined
on all M; = Im(A)®Im(A)*.

In the previous construction, the only degree of freedom that we have is when we define C
on Im(A)*. Thus, if we require that C = 0 on Im(A)+, C is unique. We denote by Cj this
operator. Moreover, this requirement minimizes the norm of C. Hence, for every y > 0
such that B*B < pA*A, we have ||Co||? < y, which means that

IColl? < inf{p > 0/B*B < pA*A). (4.2)

Finally, we have seen in the beginning of the proof that if ||Cy||* < A, then, the equality
B = CyA implies that B*B < AA*A. Thus, we cannot have a strict inequality in (4.2).

O

From this lemma, we deduce the following result about column matrices.
Proposition 4.1.3. Let H,Ky,K, be Hilbert spaces. Suppose that A € B(H,K;) and B € B(H,K,)

are contractions. Then, : Hy — Ky ® K, is a contraction if and only if there exists a contraction

A
B
V € B(H,K;) such that A = VDg.

Moreover, if it is the case, there exists a unique contraction Vy such that A = VyDg and Im(Dg)* C
Ker(Vy). This contraction Vy satisfies

Vol = inf{||V]| : A=V Dg},

and will thus be referred as the minimal solution of the equation A = VDg.

Proof. The column matrix A is a contraction if and only if A*A <Id - B*B = DyDg. Using

B
Lemma 4.1.2, we obtain A = V Dy with ||V < 1. O
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Corollary 4.1.4. Let Hy,H,,K be Hilbert spaces. Suppose that A € B(Hy,K) and B € B(H;,K) are
contractions. Then, [A B] : Hy ® Hy — K is a contraction if and only if there exists a contraction
V € B(Hy,K) such that A = Dg. V.

Moreover, if it is the case, there exists a unique contraction Vg such that A = Dg.Vy and Im(Dpg.)* C
Ker(V3).
0

This contraction V satisfies
Vol =inf{[[V]| : A =Dg-V'},

and will thus be referred as the minimal solution of the equation A = Dg. V.

*

Proof. Observe that [A B] is a contraction if and only if [A B]* = [g*] is a contraction, and
then apply Proposition 4.1.3. O

The following technical corollary will play a crucial role in the proof of Parrott’s theorem:

Corollary 4.1.5. Let H,Ky,K,, A, B be as in Proposition 4.1.3, and let U € B(H) be an arbitrary (but

fixed) isometry. Then, [g

V € B(H,K;) such that A= VUDg.

: Hy — Ky @K, is a contraction if and only if there exists a contraction

Moreover, if it is the case, there exists a unique contraction Vo such that A = VoUDg and Im(U Dg)*+ C
Ker(Vy). This contraction Vy satisfies

[IVoll = inf{[|V]| : A=V UDg},

and will thus be referred as the minimal solution of the equation A = VU Dg.

Proof. It is enough to prove the sufficiency part. By Proposition 4.1.3, if [g] is a contraction,

there exists a contraction W € B(H, K;) such that A = WDg. Moreover, W can be chosen such
that W = 0 on Im(Dg)* (and in this case, the minimal solution Wj is unique).

Now, let V.= WU". As U is an isometry, it is easy to see that V is a contraction and that
VUDg = WDg = A. Moreover, V = 0 on Im(UDg)*. Indeed, let x € Im(UDg)+. For all x’ € H,
(x, UDgx’) = 0, which can be rewritten {(U*x, Dgx’) = 0. Thus, for x € Im(UDjg)*, U*x € Im(Dp)*
and, then, Vx = WU"x = 0 (by minimality of W). It is moreover easy to see that there exists a
unique V such that A= VUDg and V =0 on Im(Dg)*. O

Now, we are ready for the proof of Theorem 4.1.1:

Proof of Theorem 4.1.1. First of all, the existence of two contractions Z € B(H;,K;) and Y €
B(H,,K;) such that D = D¢+ Y and A = ZD¢ comes from Proposition 4.1.3 and Corollary 4.1.4, as

é and [C D] are contractions. We denote the minimal solutions by Y, and respectively Z,.
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Set A = [A B] and B = [C D], so that we have T = [g], with ||B|| < 1. Now, using that
TDr = DT, we have:

v |[1dy —C*C -C*D
IdH1€9H2 - B B = - —ID*C IdH2 _ D*D:|
_[1dp, -cC —C*Dc Y,
| -Y;Dc-C  1dy, - Y;Dc-De-Yy
_[1dp, -CC -DcC*Y,
T| -Y5CDe  1dy, - Y§Yo + Y{CCY
=S'S,
_[De -C*Y,
where S = [ 0 Dy, ]

For every w € H| @ H,, we have:
((ldp, 1, - B'B)w,w) = (S*Sw,w),

which is equivalent to ||[Sw|| = ||[Dgw|. Thus, there is an isometry U € B(H; & H,) such that
S =UDg. Indeed, let U : Im(Dg) — H; ® H,, Dgx — Sx. We extend U by continuity to Im (Dg),
and we set U=1d on Im(Dg)*.

Suppose that T is a contraction. Then, by Corollary 4.1.5, there exists a contraction
V:[Vl VQ]EB(H1®H2,K1)

such that:
A =VUDg, (4.3)
V =0 onIm(S)*. (4.4)

By Corollary 4.1.4, there exists a contraction W € B(H,,K;) such that V = [V1 DVfW]. The
operator W can be chosen such that Im(DVi«) C Ker(W”) (in that case, the minimal solution W is
unique).

Then, (4.3) is equivalent to

4 8=v oywl[5F 50
:[Vch —VIC*Y0+DVfWDYO]. (4.5)

In particular, we have A = V; D. We now show that V; = Z,.

Fact 1. Im(D¢)t @ {0} c Im(S)*.

v

Proof. Let v € Im(D¢c)* = Ker(D¢). In order to prove that [O

] € Ker(S*) = Im(S)*, notice that we
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ol

As we know that Y = 0 on Im(D¢-)* = Ker(D¢-), it is enough to show Cv € Ker(D¢-). Using
again the identity CD¢ = D¢-C, we have

have

IDc-Cvl|> = (De«Cv, De-Cv)y = <Cv,DéCv> = <Cv,CD(2:v> =0,

which completes the proof of the Fact 1. O

Continuing the proof of Theorem 4.1.1, we can deduce from (4.4) that V; = 0 on Im(D¢)* and,
thus, V| = Z. Finally, (4.5) is equivalent to

B= —Zoc*YQ + DZS WDYO'

Conversely, if there exists a contraction W € B(H,,K;) such that B = Dz; V Dy, = ZoC*Yy, then
it is easy to check that A = V'S = V'UDg, with V' = [Z DZ*W]. As V’ is a contraction (Corol-
lary 4.1.4), this implies that T is a contraction (Corollary 4.1.5). O

4.2 Contractive 3 x 3 matrices

In [29, Lemma 2.7], Gupta has used Parrott’s theorem on matrix completion to characterize the
contractive matrices of the form

w a 0
T=|0 w p|, withweD anda,peC
0 0 w

In this section, we extend this argument to achieve a broader characterization of contractive 3 x 3
upper-triangular matrices, whose entries can be either scalars or operators.

First of all, the following result provides a criterion for determining whether a 3 x 3 operator
matrix is a contraction:

Theorem 4.2.1. Let Hy, Hy, H3 be three Hilbert spaces. Let W; € B(H;), 1 <i < 3, be three contractions
and denote

W, A, B
T=1]0 W2 A2 EB(HI@HQ@Hg).
0 0 W

Then, T is a contraction if and only if there exist three contractions Vy € B(Hp, Hy), V, € B(H3, Hy),
V3 € B(H3,H1) such that:

Ay = Dw: V1 Dy,, (4.6)
Ay = Dy; V2D, (4.7)

. 1/2 . 1/2 .
B =[Dw;(Id = Vi V{)Dy;: | "~ V3 [ Dy, (Id = V; V3) Dy, |~ = Dy Vy W3 Vo Dy, (4.8)
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Proof. First, if T is a contraction, then [Wl 4 and [Wz

2
0o W, 0 Ws
are compressions of T. Then, Parrott’s theorem (Theorem 4.1.1) implies that (4.6) and (4.7) are

. L L

satisfied. Moreover, V] and V, can be chosen such that Im(DWf) C Ker(V}') and Im(DWZ*) C
Ker(V7). With this choice, V; and V, are (respectively) the solutions of the equations A; =
Dy Vi Dy, and A, = Dy; V2 Dy, with minimal operator norm. In the following we assume that
(4.6) and (4.7) are satisfied, and that V; and V, are chosen as above.

] are also contractions, as they

Now, denote

_ _|10 W, _ A2
A_[W1 Al], c_[o 0] and D_[W3].

By Parrott’s theorem, T is a contraction if and only if:
B=(Id-2Zz""Y?Vv4(1d - Y*Y)? = ZC*Y, for some contraction V; € B(H3, H,). (4.9)

Here, Y and Z are contractions such that

D=DcY
Y*=0 on Im (D¢ )*

and
A=ZD¢
Z=0 onIm (D)t
The existence of such Y and Z is ensured by Proposition 4.1.3 and Corollary 4.1.4, as [

A
C] and

[C D] are contractions.

Id-W,W; 0

We have Id-CC :[ 0 d

] and Id-C*C = ld 0 ]

0 1d-W;W,
* Assume first that ||W,|| < 1. Then, D¢ and D¢+ are invertible, and we get
Dy LA, [v,D
-1 2 2Dw.
Y=Do.D=| =] 1 ",
W3 3
Z =AD" = [W1 AlD{A}Q] - [W1 Dwfvl].

1/2 1/2
It follows that Dy = [Dy:(Id = V; V;)Dy:| ", Dy =Dy, (1d - V;V5)Dy, | " and

zZC'Y = Dy vy W, V, Dy, Therefore, (4.9) is equivalent to (4.8).

* In the general case, D¢ and D¢« are not necessarily invertible. Let Y = [11;1] and Z =
2
|21 7))
We have:

Dw:Y; =A
D=DgY e { M! 2
Y, =W,
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Y, = W;

Thus, we have Y} = Dy, V; on Im(DWZ*).
Moreover, we have:
1
Im (Dy; ) {0} = Ker (Dy; ) @ {0}
C Ker (DC*)
=Im (D¢ )*.
Thus, Y* = 0 on Im(D¢,)* implies that Y/ =0 = Dy,V; on Im(DWZ*)L. In the end, we get

Y; = Dy, V; on Im (Dy; ) ®Im (DW;)l and, therefore, Y = [VZV%%].

Furthermore, we have also:

Z =W,
A:ZDC(E{ZID _Al
2Dw, =4
Zl = Wl

Z,Dw, = Dw;ViDy, '

which implies that Z, = le* Vi on Im(DWz).

As {0} GBIm(DW2 )J_ cIm(D¢)*, Z =0 on Im(D¢)* implies that Z, = 0 on Im(DW2 )l.
. L
Claim. V; =0on Im(DWZ) .

Proof of the claim. If it were not the case, the operator V; defined by

1

Vi on Im(DWz)
0 on Im(DWz)L

would be a solution of the equation A; = DW{V{DWZ satisfying ”V;” <|IV1||, which is impossible.
O
Therefore, we have Z, = Dwf Vi on Im(DWZ) P Im(DWZ)L and, then, we get Z = [Wl Dy Vl].

We conclude the proof as in the case where |W,|| < 1. O

We obtain the following general criterion in the scalar case:

wp a P
0 w; ap|isacontraction when acting on the
0 0 w3

Theorem 4.2.2. Let wi,w,, w3 € D. Then, T =
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Hilbert space C3 if and only if:
lwy| <1,
lai* < (1 —Jwil®)(1 = |wii?), i=1,2, (4.10)
|B(1 ~lwal?) + ayas@a]” <[(1 = lwiP)(1 ~lwal?) ~lar P][(1 = o)1 ~lwsP) ~lan?]  (411)

lwy| =1,
orda; =0, i=1,2, (4.12)
1812 < (1= *)(1 = |ws]?). (4.13)

Proof. This result follows from Theorem 4.2.1. We give some details for completeness. As in the

e . . . . w, o«
proof of Theorem 4.2.1, if T is a contraction, then the two dimensional compressions [ 01 wl]
2

a . . g o
and a())z a)z are also contractions. Thus (4.10) is satisfied, and it will be assumed from now on.
3
Note that if |w,| =1, this implies that a; = a, = 0.

We use similar notation as in the proof of Theorem 4.2.1, with:

- _ _|0 @ _|@
afor ] B=[g], c=[p @] ma =]
By Theorem 4.1.1, T is a contraction if and only if:
B=(Id-2zz""Y?V(1d-Y*Y)"?2 - ZC*Y, for some contraction V, (4.14)

where Y and Z are contractions such that

D =D¢gY

Y*=0 on Im (D¢+)*
and

A=ZDc

Z=0 on Im (D)t
We have ,

* 1—|a)2| 0

a-coro[ il )

and

10
Id—CC_[O 1_|w2|2].

* Assume first that |w,| < 1. An easy computation shows that

aj

Y=(1d-cc’)V*D= [«/1—|wz|2

w3

—_—
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and
Z=A@ld-Cc'C)2=|o1 =
- =1 Vs |
Thus, T is a contraction if and only if (4.14) is satisfied, that is
J— 1/2 2 \1/2
10wy 2 |011|2 2 ||
$ 800292 (42— ) V(1 fws - 2
P o ( T lwsP? = lwsl?
for some contraction V, which is equivalent to (4.11).

e Assume now that |w,| = 1.

Let Y = [zl] and Z =[z 2| As D =(Id-CC")2Y, we get D* = Y*(Id - CC*)/2. This
2

holds if and only if y, = w3. Moreover, Y* = 0 on Im (D¢-)* implies that y; = 0.
Similarly, A = Z(Id — C*C)"/? holds if and only if z; = w;, and Z = 0 on Im (D¢)* implies
that z, = 0.

Then, we have ZC*Y = 0 and, therefore, T is a contraction if and only if |8]* < (1 —|w3|?)(1 -
|w1|?). This is equivalent to (4.13).

O
4.3 Contractive 4 x 4 matrices
The aim of this section is to establish the following criterion for contractivity:
wp ap Py
Theorem 4.3.1. Let T = 0 @ a p € My(C), with wy,w,, w3, w4 € D.
0 0 w3 as
0 0 0 wy
Then T is a contraction when acting on the Hilbert space C* if and only if:
lwp| <15 lws| <1
lil? < (1= lwi )1 =~ ), i=1,3 (4.15)
las? < (1= |w,*)(1 ~|ws )
i1 = lwi1 ) + @i @il < [(1 = loilP)(1 = lwi P) = leil?] x wie)
[(1 = lwinP)(1 ~lwia) ~lainl?], =12
11 =lwaP)(1 = |wsl?) —laal?] + a1 fo@5(1 = |ws?) + a3 pr@3(1 - |w,?)
— )
+B1 B2 + ay a3 @rw5| (1= Jwol*)(1 - wsl?)
<[((1 =11 P)(1 = lwalP) = lar ) (1 = o)1 = w3 ) =) -
_ 2 4.17
|1y + B1 (1= |wy )| ] (4.17)
x[((1 = lwal)(1 = w3 ) = laa?) (1 = w3 P)(1 = w4l) - as]?)
— 2
—|azas@s + Bo(1 w3 )| ]
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lwyl<1 5 Jwsl<1

loi* < (1 = |w;)(1 = @iy %), i=1,3 (4.18)
las? = (1= |wal?)(1 = |ws]?)
or ﬁizm i=1,2 (4.19)

1- |(Ui+1|2 '

—_ 2

Wrw3a1xya3 2 2
- 1—Jwsf?) (1 —|ws|
' (1 —Jws ) (1 —|ws3P?) (1= leaf?) (1 = lewsl?)

<[ =11 P)(1 =l =ler P] < [(1 = lwsl*)(1 = wal) = a5 ]

(4.20)

lwy|=1 5 Jws|<1

a1 =a,=0

lasl? < (1= |ws?)(1 = |wal?)

T 1B < (1= w1 1)1 = |wsl?)

B2 (1~ leos)[” < (1 s 2)(1 ~ eos?) ~ a2

|y =lwsP) + asprs| <[(1 - lwsP)(1 ~lwsl?) = lasP][(1 =i P)(1 ~lws?) - 11 ]
lws|=1 ;5 Jwyl<1

lag ? < (1 =i *)(1 = |w,l?)

a2:a3:0

TV 1B = 1w02P)P < (1= |y P)(1 ~ | l?) ~ |y |2
1B2l? < (1= |wal?)(1 - |0;4|2)
|y (1 =lwa?) + a1 powa]” <[ (1 =lwrP)(1 = s l?) =l ] [(1 = walP)(1 = |wal?) = B2
lw,| = |ws| =1
ay =a) =a3 = 0
or

1Bil? < (1 —|wi>)(1 = |wis2]?), i=1,2
2
" < (1=l P)(1 - lwyl?)

We will follow the same approach as for 3 x 3 matrices, employing Parrott’s theorem on matrix
completion. However, we will find that the calculations become more intricate.

First of all, we will need the following technical lemma, which provides the diagonalization of a
specific matrix M. This will allow us to define powers M* of M.

“lwl? =@
Lemma 4.3.2. Let w,a €C, w20, M = 1 _|w| a)a2 and s € R.
—-aw 1-|a]
: e @\t 0 @ o\
() We have M = |a|2+|w|2(w a)(o 1—|a|2—|w|2)(a) a)’
(ii) We can define
o1 (laP+lwP[t-leP-llP]  -a@(1-[1-lal - |wP])
ol +loP |-Fw(1-[1-la? - 10P]) o +lal[1-lal - |wl] |
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provided [1 —laf? - |a)|2]S is well-defined.

Proof. We just diagonalize M. Using the characteristic polynomial may lead to quite compli-
cated computations. However, let us recall that the product of the eigenvalue is equal to the
determinant, and that the sum of the eigenvalues is equal to the trace. In that case, this gives
that the product of the eigenvalues is equal to 1 —|a|? — |w|? and that the sum of the eigenvalues
is equal to 2 —|w|? —|a|?. Thus, a natural candidate for the spectrum of M is o := {1;1 —|a|? - |w|?}.

We can then easily check that (—ac)x) and (;) are eigenvectors associated (respectively) to 1 and

1—|a|?> —|w|?, and then we obtain the first item of this lemma. The second item follows as a direct
consequence of the first one. O
Now, let us start with the particular case where one of the diagonal element of the matrix, ws, is

equal to 0:

w; a Py

Lemma 4.3.3. Let T = 8 a())2 062 gz € M4(C), with w, € D and wy, w4 € D.
3
0 0 0 wy

Then T is a contraction if and only if:

lail” < (1 =leil*)(1 = lwi ), i=1,3 (4.21)
lasl? =1 e, |?
—a1 0wy
=——"° < 4.22
ﬂl 1—|a)2|2 ( )
Br=0 (4.23)
1P (1 =lwa) < [(1 =1 P)(1 = o) =l P|[1 = lewal” = 3] (4.24)
lail” < (1= |wil)(1 - lwia ), i=1,3 (4.25)
|ara|? < 1 —|ws|?
1Bi(1 ~lwi1 )+ @i @l < [(1=lwiP)(1 =i )~ lai ] x w26
[(1 -l )1 = lwil) ~laialP], i=1,2
2
TV (11wl ~laal?) + B @zen + 0| (1= lwal?)
<[((1 =11 )1 = fwal?) = lay ) (1 = w2l = |aal?)
) (4.27)
—|B1(1 = |wsl*) + ay ar 3| ]
x[(1=lwal? = laal?) (1 = lwal = la3?) - B

wp ap Py
Proof. Denote w3 = 0. First of all, if T is a contraction, then the compressions [ 0 wp az}
0 0 w3



4.3. Contractive 4 x 4 matrices 85

wy ay P

0 w3 ajz|arecontractions. As it is a necessary condition for T to be a contraction, we
0 0 Wy

will assume in the following that it is the case. Thus, from Theorem 4.2.2, we have:

and

il < (1 =lwi’)(1 = lwis?), 1<i<3 (4.28)
and
1Bi(1 =i ) + @i @l < [(1=lwiP)(1 = lwi )~ lai?] x 429)
[(1 =l )1 = lwilP) ~laial’], 1<i<2
0 w a B2
LetA:[a)1 a; ﬁl],B:[y],C: 0 0 wslandD=|as|
0 0 0 w4
. A .
By assumption, [ C] and [C D] are contractions.
By Parrott’s theorem, T is a contraction if and only if
B=(1d-2z*)"Y?v(Id-Y*Y)"? - ZC*Y, for some contraction V, (4.30)

where Y and Z are contractions such that D = (Id - CC*)"/?Y and A = Z(Id — C*C)"/2.

Note that the existence of two contractions Y and Z such that D = (Id — CC*)"/?Y and A =
Z(Id - C*C)"? is ensured by Parrott’s theorem for column (respectively row) matrix-operators,

. A .
as we are assuming that [C] and [C D] are contractions.

1-|wyl®=las)> 0 0 1 0 0
We have Id - CC* = 0 1 0 and [d-C'C=|0 1-|wy*> -ayw; |
0 0 1 0 -wya; 1—]ayl?

Assume first that w, = 0 and that |a,|? < 1 —|w,|%.

Then, denoting ¥ = |a,|? + |w,|?, we have

-4 0 0
w-ccy2=|"0" 1 o,
0 0 1
and, by Lemma 4.3.2,
Y 0 0
(1d-c )2 %O |a2|2+\|}‘% —azwz[l ﬁ]
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B2
Vi-%
Thus, we get Y = (Id - ccy D= 0113 :
Wy

Moreover, we get also
Z=A(d-cC*C)V?

_ [ a1 (laoPVI-S+lw P )-pragwn(VI-5-1)  —ag@yay (VI-3-1)+4; (lwa* VI-Z+|ayf?)
@1 TVI-% VI-E

- [z’ z’ z’]
'_Zm 1 2 3|

where

1
zy=a; (|6Y2|2 V1 —):+|w2|2)—/510f_2w2( V1 —2—1);
b =—ay@ra; (VI=S=1)+ By (looP VI =S+ |ay?).

Thus, we have:

70 = P2 (@32 v myy) = 1& (a1@; + p13).

T(1-1) -3

Now, let us consider the Cholesky factorization (see e.g. [48, chapter 4]) of Id — C*C: let S¢ be
the (unique) upper-triangular matrix with positive diagonal such that

Id-C*C = S&Sc.

It is easy to see that:
1 0 0

_[0 VIl

Vi-|w,|?

[ 1wl ~|ay|?
0 0 —/— 2L
1-|w,|?

Moreover, for every x € C, we have ||S¢ x||> =((Id - C*C) x,x) = || D¢ x||>. Therefore, there exists
an isometry U¢ € B((C3) such that D¢ = UcS¢. Since Ug acts on the finite dimensional space C3,
the operator U is even unitary.

Now, let Z = Z Uc. We have

A=7Sc (4.31)

and .
d-zz*=1d-Z2Z". (4.32)

From (4.31) we get:

aya2wy+py (1-|ws|?)

aq
Vidw?  Vi-lwsPy1-lwsl~las? |

Z=AS;! = [w1

Finally, by (4.30) and (4.32), T is a contraction if and only if:
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[y (1~ w2l ~laal?) + B2 @5y + )| (1~ lal?)
<[((0 = tn a1 = o) = s ) (1 = eal = lal?) = [B1 (1 = al?) + s ]|

(1= laP ~laaP ) (1 =l = lsP) = |fal’]

Assume now that w, = 0 and |ay| < 1.

1-]ay*> 0 0 1 0 0
We have then Id - CC* = 0 1 OfandId-C*C=(0 1 0
0 0 1 0 0 1-—|ayf?
Thus, we obtain
B2
_ o-1/2 1 _ | Vi-laaP
Y=(Id-CC*) /D= as
Wy

and

Z:A(Id—c*cr“?:[wl a \/fllw]

and we are brought back to the previous case (taking w, = 0 in the expressions of Y and Z). Note
that in this case, as Id — C*C is diagonal, S¢ = D¢ and, thus, Z = Z.

Assume now that w, # 0 and a, = €92+/1 —|w,|2, for 6, €] - 1, 7].

Note that in that case, (4.29) implies that f; = (_f‘_llz’fz% and 8, =0.

Moreover, we have also:

(Id-ccHV? = [

o O O
o = O

— o O
[ ——

and
1 0 0

(d-c*c)"? =10 1 —|w,|? —e19255+\1 = |w,|2].
0 —wpe024/1—|w,l |, |?

n
Let Y =|y,|and Z = [21 Z) z3]. Then, D = (Id - CC*)l/2 Y if and only if v, = a3 and v3 = wy.
Y3

Taking for Y the minimal solution of the equation D = D¢-Y, we can set y; = 0.

Moreover, A = Z (Id — C*C)l/2 if and only if:

Z1 = w
(1-lwyl?)z, e 20)\1 - |wy2z3 = a;
—e'%2w,/1 - |w, 2, +Hawyl?z3 =B
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which is equivalent to:

—a;e%2%;

Vicw,2

equation A = ZD¢, which means that Z = 0 on Im(D¢)*.

as we have, by assumption, f; = Again, we take for Z the minimal solution of the

1 0
It is easy to see that the rank of D¢ is equal to 2, and that [O], V1 —|w;|?||is an orthonormal
0 _e—igz Wy

1 0 0
basis of Im(D¢). Using Gram-Schmidt’s algorithm, we find that [0], V1-=|ws|?| eiezw_z

0) | ~e %, ) | YT =TwoP?
is an orthonormal basis of C3 adapted to the decomposition C3 = Im(D¢) @ Im(D¢)*. If we
require that Dc = 0 on Im(D¢)+, then, we obtain the following system:

21 = w1
(1-lwalP)za —eP2wpy1—|wsl?z3 =ay,
%2052, +4/1 = |ws|?z3 =0

which is equivalent to:

Z1 = W

Zy =

23 = —ei92w2a1
1-|wy|?

Then we have ZC*Y = 0.

Finally, T is a contraction if and only if

2

o

P < [1 - A2 |1a') |2][1 ~lwal = lasl’].
—iw2

Assume now that w, = 0 and that a, = ¢'%, for some 6, €] -, 7].

0 0 O 1 0 0
We have thenId-CC*=(0 1 OfandId-C*C|0 1 0].
0 0 1 0 0 O
21
Again, let Y =y, andZ:[21 Z 23].
Y3

We have

D=(d-CC)?Y e {y2:a3.
Y3 =Wy
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Taking for Y the minimal solution of the equation D = D¢-Y gives us y; = 0.

£ 172 21 =Wy
Moreover, we have A=Z(Id-C*C)"* < .
2 =m

Taking for Z the minimal solution of the equation A = ZD gives us z; = 0. We are therefore
brought back to the previous case (taking w, = 0 in the expressions of Y and Z). O

Definition 4.3.4. For w € D, we define the Mobius transformation

1 _
MwZ(C\{:}EZH a)_z
w 1-wz

We recall that M, is involutive, holomorphic on D, and that for all z € D, M, (z)| < 1, with
equality if and only if |z| = 1. For more details, see for instance [43, Chapter IX, Section 2].

Definition 4.3.5. Let w € D. For a Hilbert space H, we define
1
B, (H) := {T eB(H): —¢ o-(T)}

and
M, :=B,H)>T ~ (wld-T)(Id-oT)".

Remark 4.3.6. All contractions belong to B, (H).
Lemma 4.3.7. With the above notations:
(i) M, is involutive ;

(ii) T is a contraction if and only if M, (T) is a contraction.

Proof.

(i) Firstly, we note thatif T € B,,(H), then the spectrum o(M,(T)) = M (c(T)) does not con-
tain % This is because the equation {= = % has no solution. Therefore, M, (M,,(T)) is
well-defined. Subsequently, using properties of the rational functional calculus (Corol-

lary 3.2.19), we can write M, (M, (T)) = (M, oM,)(T)=T.

(ii) This can be seen as a consequence of the von Neumann inequality. For completeness, we
present here a more elementary and direct proof. From the previous item, it is enough to
prove that if T is a contraction, then so is M, (T).

Letxe H,and let y = (Id —ET)_1 x. First of all, we have:

x> = 1(1d - @ T) ylI?
= [IyI? + 0PI TyI> ~ 2Re (@ (T, p))
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Then, we can write:

M, (T)x|I? = l|(@Id - T)yll?
= wlllyll* +ITyII> - 2Re(w(Ty,))
= Il = (1 = ) IIll* + (1 = [ Ty II?
< Il = (1 = 1wP)Ipl? + (1 =l P)lIlI* = [1x]

In the end, we get ||M,,(T)x|| < ||x||, for all x € H. Thus, M,(T) is a contraction.

Proof of Theorem 4.3.1.

* We first consider the case where |w,| < 1 and |w3| < 1.
In this case, we use Lemma 4.3.7: T is a contraction if and only if M,,,(T) is a contraction. In
the following, as long as there is no ambiguity, we will just write M instead of M,,,. Using the
rational functional calculus, we get the following matrix representation for M(T):

M(wy) 061[M(wz);1\)4(w2)] Ml /\)1 o) H
0 M(w ar[M(w,), M(w A
M= 0 T Miws)  asM{ws) Mws)] (4.33)
0 0 0 M(wy)

where ) = aja[M(w;), M(w;), M(w3)]+ 1 [M(w1), M(w;3)]
A = mpa3[M(w;), M(ws), M(wy)] ﬂz[M(w ), M(wy))]
p=ajaas[M(wy), M(w;), M(ws), M(ws)]+ a1 f2[M(w1), M(w3), M(ws)]
+a3f31[M(w1 ) M(w3), M(wq)] + y[M(w1), M(wy)].

+
+

For i,j,k,1 € [1,4], we have:

, A = lws)? -1
[M(eon), Mieop)] = (1 -w3w;)(1 - w3w))
[M(w;), M(w;), M(wy)] = @3 (lws|* - 1)

(1 -w3w;)(1 - @w3w;)(1 —w3wy)
03 (w3 - 1)
(1 -w3w;)(1 —@wzw;)(1 —wswi)(1 —w3zw;)

[M(w;), M(w;), M(wi), M(w;)] =

Hence, (4.33) can be rewritten:

W3—w; ay (|ws*-1) —a1 @ wz—pi (1-wsw;)
os01  (mwsw)(I-w30)  (I-w3w1)(1-w302) K
0 W3—w) —a, —apa3ws+ps (|lws[*~1)
M(T) = 1-w3w; 1-w3w; (1-w3w, )0([1 —W3wy)
0 0 0 1_w—33w4
0 0 0 L34

1-w3wy
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y(ws)?-1) a1 fr@;(lws|* - 1)
(1-w3w1)(1 ~w3ws) (1 -w301)(1 -w30;)(1 ~w3w4)

where =

_ —
a3f1ws Q10033

(1-w3w1)(1 -w3ws) (1 -w301)(1 -w30;5)(1 —w3wy)

(lws)? = 1)[y(1 - @3w;) + a1 Br@3) — @3[ a3 1 (1 - W30,) + @y ar a3 @3]
(1 -w3w1)(1 —w3w;y)(1 —w3wy)

Now, we apply Lemma 4.3.3 to M(T), recalling that |[M(w,)| = 1 if and only if |w,| = 1 and
using the key identity:

Vu,veC, (1-|u)1-?) =1 -uv]®—|u-v? (4.34)

Using this identity, it is easy to see that

2 w3 — W 2

Sl—‘

1 - @0, 1- @30,

if and only if
las)* < 1-w,?,

and that equality holds in one the two inequalities if and only if equality holds in the other
one.

Thus, we can distinguish two subcases:

— If |ay|? < 1 —|w,|?, it is easy to see (using Equation (4.34)) that (4.25) and (4.26) applied to
M(T) are (respectively) equivalent to (4.15) and (4.16). Let us give some details to show
that (4.27) applied to M(T) is equivalent to (4.17):

(4.27) applied to M(T) is equivalent to

2
|15|2(1—“”3—_‘”2 )SF-G (4.35)
1 k1 %)
where
E- (lwsl? = 1)[y(1 - @3w;) + a1 Br@3] — @3[a3 1 (1 - @30,) + @y ar a3 @3]

(1 -w3w1)(1 - w3w;5)(1 —w3wy)

« 1_‘ w3 —wy 2_‘ a P\ @az@s+ ol —|wsl?)
1 -wsw, 1 -wsw, (1 -w3w;)(1 —w3wy)

layar @3 + B1a5(1 - D30,)

)+
) 11 -3, *(1 - wsw1)

ay (@3 —@;)(|lws|* - 1
11 - w3w, (1 - w3,
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i e | K e
1- w3wWy 1- 3wy 1- w3w1 1- (kY )
ay(|ws*-1)

1

—m a3 - (1 —a)_3a)2)( _I w3 — W)

_‘u—w—swl)(l—w—m) (1-w3w1)(1 - w35) 1 - w3,

22

(1 -@3w1)(1 —w3w;)|1 —wsw;|?

2 ) ‘ w3 — Wy 2
1—60_3604

arazw3 + fa(1 —|ws)?)

ajay(1 —|ws|?) (@3 — @)

and

2 | as
1—(1)_3(04

2

(1 -w3w;y)(1 - w3wy)

On the one hand, we have:
(1 -@s01)(1 - @3w;)(1 — W3w4) |1 - @30,)* - E
=(lwsl? = 1) (1 =@3@2) [y ((1 = lwaP)(1 = w3 ) = a2 ) + a1 fo@3(1 = |3 )

—_— 2 PR [—
+aszfrws(1—|w,|%) + pi foay + oy azaawzws]

On the other hand, we have:

(1= @302)2(1 - @s0n)| - F

= (1~ los)” [((1 =1 )1~ l02) ~ a1 ) (1 ~ w02 P)(1 ~ w3 ) - lasP)
2
—‘alazw_2+ B1 (1 - |w2|2)| ]
and
(1 - @3w,)(1 - @34)*- G
=((1 = lwaP)(1 = lws*) = laa?) (1 = |w3*)(1 - |wsl?) - |as]?)

—)azaaw_aﬂgz(l —|w3|2)|2

Therefore, (4.35) is equivalent to (4.17).

— If |ay|?> = 1 — |w,|?, we check that (4.21), (4.22), (4.23) and (4.24) applied to M(T) are
equivalent to (4.18), (4.19) and (4.20).

* We are now considering the case where |w3| = 1.

{M ar P ] [wz ar ﬂz]
First of all, if T is a contraction, then the compressions | 0  w, a;|and| 0 w3 asz|are
0 0 w3 0 0 wyg
contractions. As it is a necessary condition for T to be a contraction, we will assume in the
following that it is the case.
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wy az P2
letA:[a)1 a; ﬁl],B:[y],C: 0 0 wslandD=|as|
0 0 0 w4
. A .
By assumption, c and [C D] are contractions.
By Parrott’s theorem, T is a contraction if and only if:
B=(1d-2zz*)"Y?v(Ild-Y*Y)"? - ZC"Y, for some contraction V, (4.36)

where Y and Z are contractions such that D = (Id - CC*)"/2Y and A = Z(Id - C*C)"/2.

I-|wp? 0 0 1 0 0
We have: (Id—CC)2=| " o 0 0 ; (Id-C*C)2 =0 1-|wy? 0
0 0 1 0 0 0

- If |wy| < 1:
wp ap Py
Applying the criterion for 3x3 matrices, the assumption that the compressions | 0  w, a»
0 0 w3

wy ay P

0 w3 a3l are contractions means that |a;|> < (1 —|w1|*)(1 = |wyf?), @, = a3 =0,
0 0 Wy

B1(1 = lwa*)P < (1 = w1 *)(1 = |wal?) = |a1|* and [B2]* < (1 = |wz*)(1 —wyl?).

and

Moreover, the equations D = (Id - CC*)/2Y and A = Z(Id - C*C)"/? have both infinitely
B2

1-— 2
many solutions. Taking the minimal solutions for Y and Z, we obtain Y = (I)wzl and

w4

7 =|w1 a1 0
- Vi-lwf?

Hence, we have ZC*Y = 1203 and, in the end, T is a contraction if and only if:

1—|w,|?
ajfrwy 2< 1 - lwsP B2 ] 2 e l?
——| S|l-lws - —F— ||l -1l -—— |
1 —|awy| 1 -]y 1 —|ay|

which is equivalent to

|y (1= lw2?) + a1 frma]” < [(1 ~lwsP)1 ~lwsl?) = B2 ][(1 =l P)(1 = o) ~ ey ].

- If |w,| = 1:
w; ap Py
Applying the criterion for 3x3 matrices, the assumption that the compressions | 0  w, a3
0 0 w3

wy, ay P
and | 0 w3 as|are contractions means that a; = ay = a3 =0, |$[> < (1 —|w;|?)(1 - |w3]?)
0 0 g
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and |B;]? < (1 —|w,|?)(1 —|wyl?). Moreover, taking the minimal solutions for Y and Z, we
0
obtain Y =| 0 |and Z = [a)1 0 0] Hence, we have ZC*Y = 0 and, in the end, T is a

w4
contraction if and only if:

ly|” < (1 =11 P)(1 - lwal?)

* The case where |w;| = 1 and |w3| < 1 is similar to the case where |w3| =1 and |w;| < 1.

4.4 Extremal contractive matrices and model space operators

4.4.1 A noteworthy observation: link with model matrices

Recall from Section 2.3.6 that, if ©,, is a finite Blaschke product with distinct zeros w;,...,w, €D,
the matrix representation Mg, of the compressed shift Sg  in the Takenaka-Malmquist-Walsh
basis is given by:

[Mo, ]1] M2, CaT -l 1 - lwj?  ifi<j (4.37)
0 if i>]

For example, for n = 2 and n = 3, we obtain the following matrices:

Mo, = (wl VI-]wiP1 —|0)2|2)

0 )

w1 VI-loPV(1 =]y @341 = w1 PV(1 = |ws]?)
Me, :=| 0 w) V1=lwa (1 = |ws]?
0 0 0)3

Those two matrices can be seen as extremal matrices for the criteria of contractivity for (respec-
tively) 2 x 2 matrices and 3 x 3 matrices.

Indeed, let us recall that a 2x2 matrix of the form T, = (0())1 (j ) (with wq, w, € D) is a contraction
2
w; ap P
if and only if |a| < /1 —|w;[2y/1 —|w,[2, and that a 3 x 3 matrix of the form T3 =| 0w, a,
0 0 w3

(with w1, w,, w3 € D) is a contraction if and only if

{ lovi] < V1 =lwiP1 = |wiq%i=1,2

|/3(1 - |w2|2)+a1a2w_2| < V(L= w1 P)(1 = wy?) —lag 2 V(1 = wo2)(1 = |w;|?) — |al?

If we set a1 = y/1 — w1241 —|w,|? and a; = /1 —|w,[?4/1 —|w3|?, then, T; is a contraction if and
only if T3 = Mg, .
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Similarly, observe that, in Theorem 4.3.1, if we set a; = \/1 - |a)i|2\/1 —|wj;1]?, for i =1,2,3, then,
T =T, is a contraction if and only if:

Bi = —wis \/1 - |wi|2\/1 —|w; a2, i=1,2
Y = 0031 - w1 21 — |wy)?

which is equivalent to say that Ty = Mg, .

The aim of the next section is to generalize those observations.

4.4.2 Extremal contractive matrices of arbitrary size
We will now prove the following result:

Theorem 4.4.1. Let n e N, let wy,...,w, € D and let

wl al al ................... al
0 Wy agl) (x;z)
Tn = ' ] - . (2) GMH(C)
R T3
@
[0 PP L0 Wy,

Assume that

o\ = VT [0 PV1 = |wi 2 forall 1 <i<n—1,
Then, T, is a contraction if and only if T, = Mg , where Mg is defined as in (4.37).

In other words, T, is a contraction if and only if

) j+i—1
o\l = ]_[ (—0p)V1 = [wil2\J1 = |wiyj| forall 1 <i<nm, 1<j<n-i.
k=i+1

Proof. First of all, note that if T,, = (ti’f)1<i i<’ then we have azm = t;i+j- Now, we will proceed

by induction on the size of the matrix T,,.
* For n = 2, there is nothing to prove.
* Let n> 3, and assume that the result is true for a matrix of size n—1.

If T, is a contraction, then, the two compressions

w1 1 al ..... o
(1) 0. @ 0‘51) """ ;n—3)
S, = :
(1)
. o Yn=2
[0 I 0 wy_1
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and 1 2 2
wr al @ ... q0?
(2) 0. w3 “él) """ gn—3)
S . el
ST
.. "~Qn71
[0 0 wy,

are contractions too. Using the induction hypothesis, that happens if and only if

) j+i-1
o = [T oV =il {1 - loi
k=i+1
for all 4, j, except maybe for agn_l) (who does not appear in any of those two compressions).

o . . . - -1
Our aim is now to prove that there exists a unique choice for the coefficient a(ln ! such that T,

is a contraction. As we know that for

=
—_

1—

-1 -
A"V = [T @V = fwi PV = lwl.
2

o~
Ul

T, = Me, is a contraction, that will be enough to prove the theorem.

0. @ ay) )™ o
Letd=lo @’ oo™} B=fay O Gl fand D=

: W -1

[ 0 wy,

As T, is a contraction, then } and [C D] are contractions too. By Parrott’s theorem, T is a

A
“[C
contraction if and only if there exists a contraction V such that:

B=(1d-2zzY)"?v(d-Y*Y)/? - zCYY, (4.38)
where Y and Z are contractions such that D = (Id - CC*)"/?Y and A = Z(Id - C*C)"/2.

Note that (4.38) can be rewritten:

_ 2
"V zey| <(1-zz9x(1-1Y) (4.39)
O Qevevnvnennnn. 0
2

0.0 -

Fact1. f w,=0,then C*C=| : ..
' - n-3
[ P, 0 1
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0 ifj<i
Proof. Denote C = (¢; j)1<i,j<n, With ¢; j = wj ifj=i+1.
a7V iz

We have [C*C]; ; = Y 1ck iCkj = }:Zqz(il’j)mck,]-, where m(i,j) = minf{i — 1,7 — 1}.

We can easily notice that [C*C]; ; =0, forall j € [1,n—1] and [C*C]; ; =0, for all i € [1,n—1]
(which means that the first row and the first column of C*C are zero).

Moreover, it is easy to see that [C*C];, = |w,]? = 0 and that [CCly; = wza(z =0, for all
je3 n-1].

Furthermore, for i € [3,n - 1], we get:
[CClii = Z!am [+l

i-2 ( i-1
= (1-lwil’) Z[]_[m ]1—|wk+1|>+|w|2

k=1 \s=k+2
-2 i-1 -2 i-1
2 2 2
(1l [Z]‘[w er]w
1s=k+2 1s=k+1

Now, we make a change of indices in order to make a telescopic sum appear:

i i-1 i-1 i-1
[c*c1i,i=<1—|wi|2>(z ol —Z]_[|ws|2]+|wz|2

k=3 s=k
i—1
=(1- |wi|2)(1 - |w5|2]+ |wil?
s=2
=1,
as the first term of the product ]_[2;12 lws|? is equal to 0.
Similarly, for i € [3,n—1] and j > i, we get:

i-2

* i—k—1 ji—k—1 — (j-i
[C C],-’]-:Za}((ll )a]((]H )+wial(-] )
k=1
j-1 j-1
V1-lwiP 1w Z[l—lwml ]_[( >]‘[<—@>]—]‘[<—Us>]
k=1 s=k+2 s=k+2 s=i
i-1 j-1
= V1=l 1 - |wj? Z[(l—mm I_IlwsP]_[ o) |- @)
k=1 s=k+2 s=i

= V1= lwiP\[1-lw; |2|_[—ws [fi_l[|ws| —i]‘[w—ll
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j-1 i-1
= V1 -lwil? 1 -lw;l? I_[(—w_s) [1 - l_[|ws|2 -1
s=i s=2
=0.
Finally, we conclude using the self-adjointness of C*C. O

Fact 2. Suppose w, = 0. Then ||T, || <1 if and only if a(lnfl) =0.

Proof. If w, =0, we have

T 0eeveeeennns 0
: 2
0. 1 -
d-C'C=|: " o .
. ..'.- - 0 n-3
() P .0 .0
2 n-3
. . . . 2] = wp
Denote Z =|z; ... 2z,_1| Theidentity A = Z(Id—C*C)"? is equivalent to
[ ! zp =1 —|wy|?

If we further require that Z = 0 on Im(D¢)* (which is a necessary condition for Z to remain a
contraction), we obtain:

23 =" =2Zy 1 = 0
Finally, we have:
zZ =1

and

zcr=[0 ... o]
Therefore (4.39) holds if and only if:

"V =_zcy =o.
The proof of Fact 2 is complete. O

The general case can be reduced to the case where w, = 0 by using the fact that T, is a

contraction if and only if M(T,,) is a contraction, where M = M,,, : z 1“1201;2 (Lemma 4.3.7).
2Z

Using the rational functional calculus, we can write:
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Wy 2
where ﬁfl) = aﬁ”[M(wi),M(wm)] _ a; (lwo|"-1)

T (l~wwi)(l-wrwiy)

Assume that

1
o) = VI=loiPVI =l P,
for all i € [1,n—1]. Then, for all i € [1,n— 1], we have:

1 ib:
ﬁl( ) = it \/1 - |M(a),~)|2\/1 —|M(w;is))?,  for some ¢; €[0,2m].
Set 0; = ¢y +---+ ¢p; and U = diag(e'®1,...,e!%1,1). Then U is unitary and

1
M(wy) 7/{) PR RRRS .

1
where /") = \[1 - IM(w))P /1 - IM(@;s )P

The operator M(T,) is a contraction if and only if U*M(T,)U is a contraction and, from the
previous reasoning we know that if U*T, U is a contraction, then, all its coefficients are uniquely

determined. If all the coefficients of U*T,,U are uniquely determined, then, it is also the case for
M(T,) and for T,, = M o M(T),). O
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Chapter

Schwarz-Pick type inequalities from
an operator theoretical point of view

In this chapter, we use several versions of von Neumann’s inequality to prove various Schwarz-
Pick type inequalities.

5.1 Three points Schwarz-Pick type inequalities

5.1.1 An operator theoretical proof of Beardon-Minda’s inequality
First of all, let us recall the following notation (see e.g. [1 |, Chapter 6] for more details):

Definition 5.1.1. Let z,w € D and f € H(D,D). We define:

(i) The complex pseudo-hyperbolic distance (z,w) := {=;
(ii) The pseudo-hyperblic distance p(z, w) := |(z, w)|;
(iii) The hyperbolic distance d(z, w) = tanh ™! (p(z,w));

(iv) The hyperbolic divided difference f*(z,w) := @ fw)

We provide now an operator-theoretic proof of the following result established by Beardon and
Minda [8]:

Theorem 5.1.2 (Beardon-Minda). Let f € H(D,D) and let w, w, and w3 be pairwise distinct points
in D. Then,

d(f (w1, wy), f(w3,w;)) < d(wy, w3). (5.1)

The proof in [8] requires an assumption that f is not a conformal automorphism of the unit disk.
Such an assumption is unnecessary in the subsequent proof.

101
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Proof of Theorem 5.1.2. Let us first notice that Beardon-Minda’s inequality (5.1) is equivalent to:

fwy,wz) = fH (w3, wy)

1 - f* (w3, w3) f* (w1, w))

and that, for z, w € D, we have:

w1 —
S‘ 1 3

, (5.2)

1 - @0,

For u,v € C, we write
Sup = (L=[uP)(1 =) = 1 =70 - Ju—v]. (5.4)

Now, let wq, w,, w3 € D, with w; # wj (i #j), and consider

w; a; P
T=]10 wy, aj|,

0 0 w3
with
a; = V1 =i \[(1 = |wi?, i=1,2,
and _
—Wora1y J—
p=—"—+= —wz\/l - |CL)1|2\/1 —|ws|?.
1 —|w,|?

Notice that T is the model matrix of size 3 with diagonal entries wy, w;, ws.
Our strategy will be the same as for the proof of the Schwarz-Pick lemma (Theorem 1.2.13).

Firstly, by Theorem 4.2.2, T is a contraction. Thus, applying the von Neumann inequality, we
get that the operator f(T) remains a contraction, for every function f € A(D) such that ||f]|e < 1.
Then, using the explicit functional calculus of Corollary 3.2.26, the matrix representation of
f(T) can be expressed in terms of first order and second order divided differences as follows:

flwr) ailf(wy), f(wa)] Blf(wr), flws3)]+ayas[f(wr), f(ws), f(w3)]
f(T)y={ © flw,) as[f (w7), f(w3)] .
0 0 flws)

Assume that f(w;) # f(w;) whenever i # j (otherwise, there is nothing to prove).
In order to simplify the computations, we introduce the following notation:

a; = a;i[f(w;), f(win)] i=1,2,
E: Blf (1), f(w3)] + aas[f(wy), f(w)), f(w3)]-

Using Theorem 4.2.2, the fact that f(T) is a contraction provides the following inequality:

A (1- |f(wz>|2)+a‘;a‘zm12 < [Sptwn i) = 1T X [S i, fiw — 1817
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Now, our aim will be to prove that this inequality is equivalent to (5.2).

If we multiply each side of this inequality by |w; — w3|?, we get:

Soron (1—|f(w2)|2)A+B|2slwl—w3|2C1C3, (5.5)
where
A= =T (flw) - flan)+ (1~ foof? ) L)L 102) S0 ea)),
Bi=F@al1 - loaP)wr - ) L0 lf wz;chu o) flos),
Ci = S (o (os) — Sansa |2 )_{0(2 ]

We want to prove that (5.5) is equivalent to (5.2). The calculations are somewhat laborious;
the key idea is to use (5.3) to make hyperbolic divided differences appear each time we see an
expression of the form f(z) — f(w). We provide additional details to assist the reader.

On the one hand, we have:
2

1 - f(wz)f(wi)

1 - @y

C = Sf ), f (w3) a),-,wz |f*(wi’w2)|2 X

1 Flan) fw))|

1-@,w;

= 1= Fl@) fl@))|” = 1f (@i ) x |w; = w3l x

1 —f(wz)f(wi)r

1 (@i @2)? |1 = Fl@a) (@] + 1 (@i w2) x w; = wnf? x ’ T

= [1=Fl@2)f @[ (1-1f (@; @2)P).
Thus, we have:

_ 2 _ 2
C1Cs = |1 = fwa)f(@1)]” x|1 = F(@2)f(@3)]" X Sf(eoy,00),f(ws02)-

Now, let us deal with the first member of the inequality. We have:

A= —wﬁf*(mwﬁ[%iﬂf”]m ~ ) +w_2f*(w3;wz)(%ijg:)3)](w3 ~w)
+(1-lwal) [f*(wl,wz)(—l —{Ea%)i(lw_ﬂ ] - fH(ws, wz)(_l —{Ea%)i‘)g%) ]]

= (@1, @) (1= flwa)f (@1)) = FH(@3,@2) (1= F(w2) f (@3))
= (f* (w1, 02) = f*(w3,02)) (1= F@)f (@) (1 = flw2)f (@3))

)= (w3, @2)f (@) (1= Flwa)f (w3))]
= (f*(@1,@2) - f (@3, 02)) (1= Flw2) f(w1))(1 = f(@2)f (w3)) + f(w2)D
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where D := f*(wl,wz)f(waa)(l —Wf(wl))—f*(ws, wz)f(wl)(l —Wf(wa))-
This term can be written as follows, where we make appear the differences f(w3) - f(w;) and
fl@1)= f(aws):
D = f*(w, @) (f (@3) = f(@2)) (1= f(w2)f (1))
— f(w3,02) (f (@1) = flwz) (1 = Flw)f(w3)) + f(@2)f (@1, @) (1= F(w))f (1))
— flwa)f* (w3, @) (1= flwa)f(w3)).

We obtain
D= f*(wlywz)f*(wa’wz)[%iz){u(:m](w3 —@)(1 - fwa)f (1))
_f*(w3’w2)f*(w11w2)( 1 _{Ea;%)i)(lwl)](wl —w)) (1= f(w)f (w3)) + f(w2)A

(f (1) = f(w2))(f (w2) = f(w3)) + f(w)A.

(w1 —wy)(wy — w3)

=—(1- |a)2|2)(w1 - w3)-

Hence, we get

A= (f (w1, @) = f(@3,02)) (1= flwa)f (@1))(1 = fw2)f (@3)) = B+If (@) A,
Therefore

(1=1f(@2)P)A + B = (f*(w1,@3) = f*(w3,@)) (1= flwa) f (1)) (1 = F(w2)f (w3)).

Combining all of these elements, the inequality represented by (5.5) transforms into

Sorwsf (@1, @2) — (w3, 0))|” < |y — ws3]* x S (wr,wa), f*(@3,w2)7

which is equivalent to (5.2).

Beardon-Minda’s inequality is thus proved for f € A(D). Now, for f € H(D), we have f, : z >
f(rz) € A(D), for every r €]0,1[. Based on the preceding information, it can be concluded that
Beardon-Minda’s inequality is satisfied by the functions f,, for all r €]0, 1], so it is also by f, by
letting r —> 17 O

Remark 5.1.3. The calculations in this proof can be somewhat simplified by assuming that
f(w;) = 0 and composing with a Mobius transformation at the end. However, this approach
leads to a loss of symmetry in the formulas.

Remark 5.1.4. In [8], it is further proved that if f does not represent an automorphism of the
unit disk, equality holds in Theorem 5.1.2 if and only if f is a Blaschke product of degree no
greater than 2. This inference can also be derived through operator theory considerations. We
will come back to this point in Section 5.2.
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5.1.2 A Beardon-Minda type lemma for derivatives
We now investigate the case where w; = w; = w3 =: w. For a holomorphic function f we use the

notation
_(1-EPIf e

I'(z,f)=
D="per
The Schwarz-Pick inequality for derivatives (1.2) can then be expressed as [['(z, f)| < 1.

We give now an operator theoretical proof of the following result, proved by Yamashita in [65,
Theorem 2].

2\ £/
Theorem 5.1.5. Let f € H(D,D) and let I'(z, f) = W Then, for every w € D,

3F(wxf)‘ 1-[(w, f)P
< . 5.6
’ dw |7 1-|wl? (5-6)
Moreover, equality holds if and only if f is a Blaschke product of degree < 2.
w a B
Proof. Let weD,and let T=|0 w al|e M;(C), witha =1-|w|*and g =-a(1 -|w|?). By
0 0 w

Theorem 4.2.2, T is a contraction. Moreover, we can easily check that for f in the disk algebra

we have
flw) af'(w) 3a’f"(w)+pf (w)
f(T)y={ 0 flw) af’(w) .

0 0 flw)
In this representation, the divided differences have been replaced in this limit case by first

and second-order derivatives. By von Neumann’s inequality, f(T) is a contraction. Using
Theorem 4.2.2 we obtain:

2
’

<(1-If@P) - |af (@)

(3277 @)+ @) (1~ f @) + a? ()]

which is equivalent to (5.6). A proof of the equality case can be obtained using model spaces, as
discussed in the preceding subsection. O

The inequality (5.6) can be rephrased in terms of Peschl’s invariant derivatives. Let f € H(D, D),
let w € D, and consider the mapping

g:zeD eC. (5.7)

Then g is analytic on D and g(0) = 0. We have g(z) =) /- D"f(w)zn, with D, f(z) := g"(0). The

T Ln=1"ql
quantities D,, f (w) are called Peschl’s invariant derivatives (see e.g. [37]).
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The first two values of Peschl’s invariant derivatives are explicitely computed as:

(1-lwP)f(w)

D)= TR
(-2, 20f(w)  2f(w)f(w)?
PO = g | T T T |

With these notations, the Schwarz-Pick inequality for derivatives (1.2) can be restated as
ID; f(w)| < 1, while (5.6) can be written as |D, f (w)| < 2(1 — |D; f (w)|?).

We refer to [12, Proposition 3.4] for a different proof of (5.6).

5.2 Generalization to n points

5.2.1 The Nevanlinna-Pick problem

Let wy,...,w, € D be n initial data, and let Ay,...,1,, € D be n target data. The Nevanlinna-Pick
problem is to determine wether there exists (or not) an holomorphic function f : D — D that
interpolates the data, i.e. such that

f(w;j)=A;, forallie][l,n] (5.8)

In [49], Pick proved the following theorem:

Theorem 5.2.1 (Pick). There exists an holomorphic function f : D — D satisfying the interpolation
condition (5.8) if and only if the Pick matrix

1- A
Pyi=| ——
1 -wjw; 1<i,j<n

Moreover, in the regular case where P, is positive definite, the problem has infinitely many solutions,
including Blaschke products of degree n. In the singular case where P, has rank m < n, the problem
has a unique solution, which is a Blaschke product of degree m. Problems which have no solution are
said to be void.

is positive semi-definite.

Independently, Nevanlinna ([42]) and Schur ([57]) developed recursive procedures which allow
to construct all solution. The interested reader can refer to [2] for a more complete overview
about this problem.

In the case n = 2, the positive semi-definiteness of the Pick matrix P, reduces to the condition:

(=PI =PoP) | [T -To4 P
(=1 P)(1T = lw2P) = 1T =z,

which is equivalent to the Schwarz-Pick lemma, using the identity (1.3).

In the case n = 3, the Pick condition seems too complicated for practical uses. However, it is
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proved in [8, Theorem 7.1] that this condition is equivalent to the Beardon-Minda inequality:

(A1, A7) (As3,A47)

(wl’wZ)’ (w3, w7)

d

<d(wy, w3).

5.2.2 Higher order hyperbolic divided differences

In [7], Baribeau, Rivard, and Wegert generalized the work of Beardon and Minda. First of all,
they iterated the notion of hyperbolic divided difference as follows:

Definition 5.2.2. Let f € H(D, D) be an holomorphic function, and let wy, ..., w; € D be pairwise
distinct points. We set:

Af(2)=f(z), zeD

(Aj_lf(z;a)l,...,a)j_l),Aj_lf(wj;wlv--’wj—l))

Nf(zw,...,w) = (z, ;)
)W)

. j=1,..k

Then, they obtained the following generalization of Beardon and Minda’s work:

Theorem 5.2.3 (Baribeau-Rivard-Wegert). Let f € H(ID,D) be an holomorphic function which is not
a Blaschke product of degree n <k, and let wy,...,wy € D be pairwise distinct points. Then, for all
u,v €D, we have:

p(Akf(u;wl,...,a)k),Akf(v;a)l,...,a)k)) <p(u,v).

Moreover, if equality holds for a pair of distinct points u and v, then, f is a Blaschke product of degree
(exactly) k + 1, and equality holds for all u,v € D.

Moreover,the link with the Nevanlinna-Pick’s problem is also established. In particular, as
for Schwarz-Pick’s lemma and Beardon-Minda’s theorem, Baribeau-Rivard-Wegert’s result is
equivalent to Pick’s criterion. To see this, we first introduce the following definition:

Definition 5.2.4. Let wy,...,w, € D be n (pairwise distinct) initial data, and let Ay,..., 1, €D
be n target values. Let A? = A]- for j =1,...,n+ 1. Assume that, for some k with 1 <k <n and

j=k+1,...,n+1, the divided differences A;‘_l and Ai_l are given. Then, we set:

[t ai k=1 Ak-1

| S A S 'f’A,—,A— ’< . ,
A;{ - [2%] if |[ i k ] _|[a)] wg]

+00 otherwise

This definition is compatible with the definition of A¥f for functions f € H(ID, D):
Lemma 5.2.5 (Baribeau-Rivard-Wegert). Let wy,...,w, € D be pairwise distinct points, and let
f € H(D,D). If weset A; := f(wj), for all j € [1,n], then, we have:

Akf(wj;a)l,...,wk):A;‘, 0<k<n-1,k+1<j<n

The complete list of the hyperbolic divided differences can be conveniently arranged in a
triangular table (see Table 5.1).

Then, we have the following useful criteria for the solvability of the Nevanlinna-Pick problem:
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Points of D 1 2 3 ... n-—1 n n+1
w1 /\1 = A?
A
Wy Ay =AY A3
1 3
Aj Ay
w3 Ay =A)J A2 .
Ay A3 Al
Ay =AY A3 : Al
Wy 4 =0y 5 : n+1
1 : 1
AS . AZH
w5y /\5 = A(S) :
: A3
© A, = A0 Az
n n—=n 1 n+1
0 An+1
Wyil | Apg1 = An+1

Table 5.1: Table of hyperbolic divided differences

Theorem 5.2.6 (Baribeau-Rivard-Wegert). With the above notation, the Nevanlinna-Pick problem
(5.8) is regular, singular or void if and only if

‘AZ71| <1, |Azil| =1 or A:fl = +00
respectively.

Remark 5.2.7. The proof of this result in [7, Theorem 4.1] furnishes an algorithm to construct all
solutions, which coincides with the classical approaches of Nevanlinna and Schur. This algorithm
can be seen as an hyperbolic version of the Newton scheme for polynomial interpolation.

5.2.3 The link with model matrices

We recall (see Section 2.3.6 and Section 4.4) that, if ©,, is a finite Blaschke product with distinct
Ze108 Wy, ..., w, € D, the matrix representation Mg, of the compressed shift Sg  in the Takenaka-
Malmquist-Walsh basis is given by:

[Me, ], = T (CTWI- 0PIl if i< (5.9)
0 if i>j

We have seen (see Section 1.2.3 and Section 5.1.1) that we can recover Schwarz-Pick’s lemma
and Beardon-Minda’s inequality by applying the von Neumann inequality to the model matrices
Mg, and Mg, respectively (which are themselves equivalent to the semi-positive definiteness of
the Pick matrices P, and P;).

For any n € N¥, Mg, is a contraction. Thus, we can always apply von Neumann’s inequality to it,
an we get
lf (Mg, )Il<1, for all holomorphic mapf : D — D (5.10)
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In [10, Theorem 3.1], it is moreover proved that we have ||f (Mg, )|l = 1 if and only if f is a finite
Blaschke product of degree < n—1 (which coincides with the equality case in Beardon-Minda’s
inequality and Baribeau-Rivard-Wegert’s generalization).

It is therefore natural to wonder wether we can recover Baribeau-Rivard-Wegert’s result from
(5.10). In order to obtain Schwarz-Pick’s lemma and Beardon-Minda’s inequality from (5.10)
if the cases n = 2 and n = 3, we used criteria to determine whenever a 2 x 2 (respectively a
3 x 3) upper-triangular matrix is a contraction. Nevertheless, for 4 x 4 upper-triangular matrices,
the criterion we obtained in Theorem 4.3.1 is quite complicated, and seems therefore to be of
limited practical use. We can however establish a connection by a more theoretical (and a more
roundabout) way, adapting the argument of Rovnyak in [53].

In order to do this, we consider the diagonalization of Mg, (see Theorem 2.3.18): if we denote
by vy,...,v, the columns of the matrix P defined by

1 ifi=j

_ ) Vi-wilP\1-w? —j-1 1-0rw; e
[P]i,j - Ti]nkzﬂl ( wj—wk] ) ifi<j
0 ifi>j

then, (vq,...,v,) is a basis of eigenvectors of Mg, .

Moreover, for all j € [1,n], we get:

—1 i—1 i— i—1 JE—
[T lwj = P+ 2121 (1=l 2)(1 = ;) (TTi2] | —wl|2)(rl{<:,-+1 I —wkw]-P)

(1) -

Denoting by N]- the numerator of this fraction, we can write:

[ [le; —wzlz](m —wja P+ (1= lwji )1 - lw;?)

j=2 i-1 j-1
+ Z(l —Jew;l?)(1 - |wj|2)(]_[ lw; —wl|2][ ]_[ 1 —a)_ka)]-|2]

=1 k=i+1

j-2 j-2 i-1 j-1
- |1—_wj-1wj|2[l_lle—wz|2]+Z(l —lwi)(1 —|w,-|2)[]_[|w]-—wl|2][ [ |1—w—kw]-|2]
I=1 i=1 I=1 k=i+1

using the key identity

- =(1- |u|2)(1 - |v|2) +lu—-v?>, forallu,veC.
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Iterating this process, we obtain:

j-3
N; =1 —wj—1wj|2[l_l|wj —wl|2](|w]’ — wjo” + (1 = |wj_o*)(1 —|wj|2))
I=1
j=3 j-1
£ (1 =lwiP)(1 oy [I_[Iw]—wzl ][ [ |1—w—kwj|2]
i=1 k=i+1
j-3
=1 -@ 0l 1 - @ 5w []_[|w -l ]u @l
I=1
j=3 i-1 j-1
+) (1=l 1—|w]-|2>( |w]-—wl|2] [ ]11-@xw;?
i=1 =1 k=i+1
j-1
= |11 -@rw;l.

=
1l

1

Finally, we get

(= [t
Y = — 5 -
=1 |C‘)] w|

Similarly, for 1 < j <k <n, we have:
j-1 1-|wil? i T
<v v > Z (1 —aw;]? ! 1 Wi | 11 “lwo |
Yk Bt T _ —
, w;j — w; w; — Wy —w; prisl Wy a)p

—ew:1? — 2 k-
1 |CU]|V1 |wg|* k=1 1 - wjoy

W =@y

i=1 1= z+1

Wy —W;
k ] I=j+1

1= lwjPy1 =]l - Nji

i (l_[{: w; —wl)'(l_lﬁ;llw_k—w_p)-(l - Wrw;)

’

where

j-1 k-1 i-1 i-1
Njk —(1—wkw])Z 1w, (I_I 1—a)lw]][ I_I 1—w_kwp][l_le—wq][ _k—a)_,]
i=1 I=i+1 =i+1 r
k=1 j-1
+ ]_ll—a)_kwp wj—wy
]

p=j
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ol -l

i=1 I=i+1 p=i+l q=1

TR )

i=1 I=i+1 p=i+l r=1
k-1 j=2 j-2
+(1- wj1 1a) l_l 1 -wrw, [Hw — Wy [I_[ Wi — W]
p=j-1 =1 r=1
using the identity
1 -|u)A-wv)+ @ -u)w-1u)=(1-wu)(l-7uv), forallu,v,weC (5.11)

Iterating this process, we obtain:

Nji =

k-1 j-1
[T —a)_ka)p](]_[l —U,w]-],
p=1

I=1

and, finally,

]’vk

mm[ml—@w;‘][ﬁl k“’p]

1- -
a)kw] 1= a)] w] p=1 Wpe p

Now, for j € [1,1], let

j-1
~ 1 wj—wp
7/] = -0 Vj.
— W
J1-lwjl? U=t 145

By construction, (v7,...,7,) is a basis of Kg satisfying

Se, (7)) = w;v;, forall je[1,n] (5.12)
and )
(17;,17,» = T“orw for all j,k € [1,1] (5.13)

Now, if f € H(D, D) is an holomorphic map mapping D to D, we have:

n n

f(S@n) chf}} = chf(wj)f/;, for any scalars cy,...,c, € C.
j=1 j=1
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As Sg, is a contraction, by von Neumann’s inequality, we have:

2 2
n n

) il @7 <)<

j=1 j=1

By (5.13), this is equivalent to:

n n 1
Y) S fodred za,

k=1 j=1

which is exactly the semi-positive definiteness of the Pick matrix (which is itself equivalent to
Baribeau-Rivard-Wegert’s result).

5.3 Higher order Schwarz-Pick inequalities

Let f € H(D,D) be an analytic function of D into itself with f(z) =) 7, 4,z". It has been proved
by EW. Wiener that for each k > 1 we have

la| < 1—lag|?. (5.14)

We refer for instance to [47] for an operator theoretical proof of this inequality and for applica-
tions to Bohr’s phenomenon. For k = 1, the inequality (5.14) gives |f’(0)| < 1 —|f(0)*>. Applying
this inequality to F(z) = f((w+2z)/1+wz), for a fixed w € D, we obtain the Schwarz- Plck inequality
(1.2). For an arbitrary k, a similar reasoning has been used by Ruscheweyh [56] to obtain the
following sharp higher-order inequality for an analytic function f € H(D,D), ze D and k > 1:

k(1= 1f(2)1%)

—_— 5.15
= (1 + 2] (5.15)

10 () <

We prove in this section some results related to (5.14).

Theorem 5.3.1. Let f be an analytic function of D into D with f(z) = ¥ 22, a,z" for z € D. Then, for
each n > 1 and each k > 1 we have

@1 ~1a3D) + ayapo|” <[ (1 ~laol?)? ~lanl?] - [(1 = lao )2 ~lag ]. (5.16)

Proof. As||f|lc <1, the multiplication operator My given by M((g) = f g acts contractively on the

Hardy space H?(ID). Recall that {z" : n > 0} is an orthonormal ba51s of H?(D). The compression
T = PKMf|I< of My to the 3-dimensional Euclidean space K = span(1, z",2"**) is also a contraction.

ap Ap  Apik
T=10 ap ar |-

0 0 ap

The matrix of T is given by

Then (5.16) is a consequence of Theorem 4.2.2. O

When ay = 0 we obtain the following consequence.
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Corollary 5.3.2. Let f be a analytic function of I into D with f(0) = 0 and f(z) = Y22, a,z" for
zeD. Then

@4kl < V1 =12, N1 = lag . (5.17)
For n =k = 1, and ay = 0, we obtain the inequality |a,| < 1 —|a;|>. Applying this inequality to
(5.7) we obtain Yamashita’s inequality |D; f (w)| < 2(1 - |D; f (w)|?).
The following consequence is an improvement of Wiener’s inequality (5.14).
Corollary 5.3.3. Let f be a analytic function of ) into D with f(z) = Y% a,2" for z€ D. Then

|a2,(1 = [a3)) + a2a|

1—lagl?> =|a,| =
| 0| | n|— 2(1_|a0|2)

Proof. Applying (5.16) for k = n we obtain
|a2u(1 = lag)) + anao| < [(1 - laol®)® - laul?].

Therefore 5 )
[a20(1 = lagh + aido| _ [azn(1 ~lagl) + azo|
1—lagl* +la,|  — 2(1 —agl?)

The proof is complete. O

2
1 —laol” —la,| =

5.4 Schwarz-Pick inequalities for the polydisc

5.4.1 Using von Neumann’s inequality for tuples of 2 x 2 matrices

Using the von Neumann inequality for tuples of 2 x 2 matrices (see Theorem 1.2.11) gives an
alternative proof of the following known ([54, Lemma 7.5.6]) Schwarz-Pick inequality for the
polydisc:

Theorem 5.4.1.
(i) Let f e H(D",D) and let a = (ay,...,a,), b =(by,...,b,) € D". Then:

flay - an) = fbyba) | wjnw (5.18)
1—f(ay, -, a,)f(by,--,by)|  1sisn|l —a;b;
(ii) Let f € H(D",D) and let a = (ay,...,a,) € D". Then:
. 2,|9f (a) 2
) (-laif)| 5= | < 1 -1 @ (5.19)

i=1

Proof.

(i) We first observe that the result is obvious whenever a = b or f(a) = f(b). Therefore, in the
following, we assume a = b and f(a) = f(b).
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~

For1<i<mn,let
_(ai d(a;-b;)
Tl‘(o no )

with

_1g.12 _1h.12

P T e)
1<i<n la; — b;|2

(1) (1-1b;1%)

5 = +co0. As we assume
la;=bil

Here, whenever a; = b;, we make the convention that
that a # b, this cannot happen for all the indices i.

It can be easily verified that the matrices T; are mutually commuting and that ||T;|| < 1. By
induction it can be shown that for all i € [1,1], for all k; € N,

ok _ [k d(a —bf")]_

Lo b
Let p € C[Xj,...,X,,] be a polynomial with ||p||, < 1. We have

_(pla) d(p(a)-p(b))
=P 40

Drury’s result (Theorem 1.2.11) implies that ||p(Ty,..., T,)|| < 1. As in the one variable
case, a computation gives the Schwarz-Pick inequality (5.18) for p. By an approximation
argument, (5.18) holds also for functions in the polydisc algebra. Now, if f € H(D",D),
consider the family of functions (f,)g<,<1 defined by f,(zy,---,2,) = f(rzy,...,7z,). For all
r €]0,1[, f, is in the polydisc algebra and, thus, f, satisfies (5.18). Then, let r — 1~ to
conclude the proof.

The proof follows the same method as that of Theorem 5.4.1. Let a = (ay,...,a,) € D" and

let p € C[X;,..., X, ] be a polynomial with ||p|l, <1. For 1 <k <mn,let T = (a(;( Zk), where
k

Yk = e'% (1 —|ag|?), for some 6y € [0, 27 to be chosen later on. For all k € [1,n], 1Tl <1,
and, for all k,1 € [1,n], T, T} = T; Ty. We have:

p(TD_..,Tn>:[p<a> i yﬁg;?}
0 p(a)

Again, by Theorem 1.2.11, we get ||p(Ty,..., T,;)|| < 1. Therefore:

n
ZVk
k=1
Ip(a)

Now, let t; = 7 0< k < n. We write t; = |t;|e’AT8() and we set Oy = —Arg(t;).
With this choice we obtain yit; = (1 —|ag|?) |ty|. Replacing in (5.20) we get

dp(a) 2
oz <1-|p(a)-. (5.20)

n

Y (1-laiP)

i=1

dp(a 2
9_21‘ <1-|p(a)l.
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We conclude by using an approximation argument.

Remark 5.4.2. The study of the case of equality in the Schwarz-Pick inequalities for the polydisc is
an interesting problem. Knese [38] studied the equality case in (5.19) using operator-theoretical
methods (transfer functions) and described which functions play the role of automorphisms of
the disk in this context: they turn out to be rational inner functions in the Schur-Agler class of
the polydisc with an added symmetry constraint.

5.4.2 Peschl’s invariant derivatives in several variables

The inequalities from Section 5.1.2 can be extended to analytic functions of several variables.

Let n € N, let f € H(D",D), and fix a vector w = (wy,---,w,) in D". Similarly as in the one
variable case, we define

z1+w Zytw
f(li@zll""'11@;’1)_][((‘)1"":“)71)

PR + +
1= Flwy, o) f (E2, o, Zatn )

g:z=(z1,+,2,) €D > eC

and, then, write

i et . ) )
g(z e g ): z ol ]ng(o,u', )Zh“'Z]n: a: Z]l Z]n

b . - ajlzl---ajnzn 1 n : i Jureajn®1 n-
Jurrn=0 j1r2jn=0

F.or k € [1,n], let Dy f(w) = d¥g(0,...,0) = Y\ 4ot ju=k @j,j,- A straightforward computation
gives:

n

1- )
Do) =) ""]'P )

1-|f(
92 £(0,-+-,0) azf(O,---,O)
D, f(w) :ZT+2 Z Qz—azk
j=1 1<j<k<n j
l—|a) |2 82]( f w) 20) af(a))
Zl‘V Pl 2%z 1-If(w)P? 1—|w]|2 Jz;
1_|Z] 1_|Zk| zm af(w) 3f(w)
+21<];<n I=ftw ( zazk TTof@l oz oa ]

With the same method of proof as before, we can obtain the following result:
Theorem 5.4.3. For ne N* let w = (wy,...,w,) € D" and consider f € H(D",D). Then, we have:

Dy f (w)] < 2(1 =Dy f(@)?). (5.21)
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Proof. For 1 <k <mn, let

wr  ag P
Te=| 0 wr ax|eM;C)
0 0 Wpe

with ay = 1 —|wi|? and By = ~@(1 —|wk|?). By Theorem 4.2.2, Ty, is a contraction, for all k € [1,1].
Moreover, for all 1 < k,j < n, T;Ty = T;T;. Therefore, by Knese’s result (Theorem 1.2.12),
p(Ty,...,T,) is a contraction, for every p € C[X,...,X,,] with ||p||, < 1. Moreover, it is easy to
check that

p(Ty,.... T)=| 0 plw) n
0 0 plw

plw) 7 7/2]
) ,

with

j=1
1y ,9%p(w) p(w) <, dp(w)
V2= 5 L% o2y, - Z %% 9z; 0z +;ﬁ] dzj

j=1 1<j<k<n

By Theorem 4.2.2, we obtain :

72 (1= Ip(@)P) + yEp(@)] < (1= Ip(@)P) = 1 P, (5.22)

which is equivalent to (5.21) for polynomials. The inequality extends to all functions f €
H(D", D). O

5.4.3 Distinguished varieties and Schwarz-Pick inequalities

In the bidisc case, the refined version of Ando’s inequality by Agler and McCarthy (see [1] or [3,
Section 8.6]) results in corresponding enhancements of Schwarz-Pick type inequalities.

We start by recalling the notion of distinguished variety introduced in [1]:

Definition 5.4.4. A distinguished variety is a set of the form V N ﬁz, where V is an algebraic set
in C? (so there is a polynomial g € C[X},X,] such that V = {(z,w) € D? : q(z,w) = 0}) with the
property that

VNnod?=vVnT>

Therefore a distinguished variety is the trace on D? of a one-dimensional complex algebraic
variety V in C? such that V intersects D? and exits the bidisc through its distinguished boundary,
T?, without intersecting any other part of its topological boundary.

We have the following representation for distinguished varieties:

Theorem 5.4.5 (Agler and McCarthy, [1]). A distinguished variety has the following determinantal
representation

vAD? ={(zw)eD? : det (¥(z)-wld) = 0} (5.23)

for some matrix-valued rational function V on the unit disc that is unitary on the unit circle.
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Agler and McCarthy also proved the following sharpening of Ando’s inequality:

Theorem 5.4.6 (Agler and McCarthy, [1]). For any pair of commuting contractive matrices (Ty, T;)
without unimodular eigenvalues, there is a distinguished variety V N ID? such that the von-Neumann
inequality holds on V. NID? for any polynomial p in C[X, X,], i.e.

lip(Ty, To)ll < sup{lp(z1,22)| : (21,22) € VN D). (5.24)

Theorem 5.4.7.

(i) Let (aj,a,) and (by,by) be two points in the bidisc D?. Then, there is a distinguished variety
V ND? such that the Schwarz-Pick inequality

flay,az)—f(by,by) < max{‘ ai —_171
1 _albl

1 - f(ay,ay)f (b1,b,)
holds for any function f which is holomorphic on the bidisc D? and continuous on D’ with

a, —by
1—a,b,

’

} (5.25)

supl|f(z1,22)| : (z1,22) € VND?} < 1

(ii) Let (ay,a;) and (by, by) be two points in the bidisc D2. Then, there is a distinguished variety V N
D? such that the Schwarz-Pick inequality (5.25) holds for any function f which is holomorphic
in the bidisc D? and for which there is a sequence of positive real number (r,)) convergent to 1
with r,, < 1 such that

sup{lf(ryz1,1,22) i n>1,(21,25) €V ﬂ]D)z} <1

Proof. Consider the matrices

le(éﬁ d(al_bl)), Tzz(%z d(azbgbz)),

i T T G
d‘mm{\/ lay — by 2 \/ b2 [

(using the same conventions as in the proof of Theorem 5.4.1—(i)). Following [1], we can also
assume that Ty and T, are jointly diagonalizable (this is the first case in the proof of [1, Theorem
3.1]). It follows from the result proved in [1] (see also [3, p.211] for details and unexplained
terminology) that there is a distinguished variety V such that T = (T}, T,) can be extended to a
pair of commuting unitaries U = (U}, U,) with spectrum o(U) = VN J(D?) = VN T2 As f is in
the bidisc algebra, f(T) and f(U) are well-defined and f(T) is a restriction of f(U) to C? x C2.
We obtain, as in [1], that

£ (T1, To)ll < supllf (z1, o)l : (21,25) € V N D). (5.26)

with

Therefore f(T;,T;) is a contraction and the proof of Theorem 5.4.1—(i), implies that inequality
(5.25) holds true. The second part follows from the first one applied to the functions f(r,,z1,7,2;)
and then making n — oo. O
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The following result follows in a similar manner from the Agler and McCarthy result and the
proof of Theorem 5.4.3.

Theorem 5.4.8. Let w = (wy, w,) € D?. Then there exists a distinguished variety V N ID? such that
IDof (@) < 2(1 =Dy f (@)P?) (5.27)

for every f € A(Ez) with
sup{|f(z1,22)| < 1: (21,2,) € VND?).

Remark 5.4.9. Some Nevanlinna-Pick interpolation problems on distinguished varieties in the
bidisc have been studied in [34].

5.5 Operator versions of Schwarz-Pick type inequalities

We move now to operator versions of the Schwarz-Pick and Beardon-Minda inequalities. The
first operator generalizations for the Schwarz lemma and the Schwarz-Pick inequality have been
proved by Fan in [22]:

Theorem 5.5.1 (Fan). Let H be an Hilbert space and let A € B(H) be a proper contraction, i.e. ||Al| < 1.
Let f,g,h €D be such that f = gh and |h(z)| <1 for all z € D.

Then, we have:
(i) g(A)g(A) = f(A) f(A);
(i) lg(AN=If (Al

Strict inequality holds in (i) if and only if g(A)*g(A) > 0 and h is not a constant function of absolute
value 1. Equality in (ii) holds if and only if either g(A) = 0 or h is a constant function of absolute
value 1.

Corollary 5.5.2. Let A be a proper contraction on a Hilbert space H and let f € H(ID) be such that
If(z)| < 1, for all ze D and f(0) = f'(0) =--- = f"=1(0) = 0 for some n € N*,

Then, we have:
(i) A™A" > f(A) f(A);
(i) |A"|| = |l f (A

Strict inequality holds in (i) if and only if A" A" > 0 and if f is not of the form f(z) = nz" for some
constant n with |n| = 1. Equality occurs in (ii) if and only if either A" = 0 or f(z) = 2" with |n| = 1.

Theorem 5.5.3 (Fan). Let A be a proper contraction on a Hilbert space, let f € H(D) such that
If(z)| <1, for all ze€ D, and let z € D.

Then, we have:
(Id — zgA*) "L (A" = ZpId)(A — zoId)(Id —Z5A) !

-1 TR — -1 (5.28)
> (Id - £ (20) f(A)) " (F(A) = F(20)1d) (£(A) — £ (20)1d) (1d - £ (z) f (A))
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which implies that:

4 - 201d)1d - 754 = || (£ (4) - £ (o)1) (1d - F o) () | (5.29)

Strict inequality occurs in (5.28) if and only if (A* —zold)(A — zgId) > 0 and f is not of the form
f(z) = e=2L, with le| = 1 and |z,| < 1. Equality occurs in (5.5.3) if and only if either A = zold or f is

1-z1z’

of the form f(z) = e 2L, with |e| = 1 and |z;| < 1.

T2z’

Variations of the last theorem have also been discussed in [4].

More recently, Joci¢ proved in [33, Theorem 3.5] the following operator version of the Schwarz-
Pick lemma:

Theorem 5.5.4 (Joci¢). Let f € H(D,D) be an holomorphic map on the open unit disk and let
A, B € B(H) be two proper contractions on a Hilbert space H.

Then, we have:
”Df(lf&)* [f(A)’f(B)](X)D;(lB)H <D xD;!.

5.5.1 An operator version of the Schwarz-Pick inequality

The following result is a counterpart of [33, Theorem 3.5]. When specialized to scalars, it reduces
to the Schwarz-Pick inequality for two distinct points.

Theorem 5.5.5. Let Hy, H, be two Hilbert spaces. Consider three contractions Wy € B(H;), W, €
B(H,) and V € B(H,, Hy). Assume that 0(Wy) N o(W,) =0, and that f € H(D,D) is holomorphic on
an open neighborhood of a(W;)U o (W,). We denote by X = Xy, w,,v the unique solution of Sylvester’s
equation (see Section 3.3):

W)X = XW, = Dy V Dyy,. (5.30)

Then, there exists a contraction Y € B(H,, Hy) such that:

fW1)X =X f(W2) = Dw, Y D(w,).

Wi Dy;VDy,
0 W,
Moreover, using (5.30), we have:

W c]_[id X][wi o]fid x
“lo w,|"|o HWd||lo W||o 1d

Proof. Let T = ] Denote C = Dy V Dy, . By Parrott’s theorem, T is a contraction.

and, thus,

fm:[ld —XHf(wn 0 Hld XHf(wn f(Wl)X—Xf(Wz)]
0 Id 0 f(Wyll0o Id 0 (W) '

As||flleo <1, we have ||f(T)|| < 1 by von Neumann’s inequality. Thus, by Parrott’s theorem, there
exists a contraction Y € B(H,, Hy) such that f(W)X — X f(W2) = Dgw, Y Dr(w,)- O
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5.5.2 An operator version of the Beardon-Minda inequality

Using the analogue proof framework as employed in Theorem 5.5.5, we can deduce the following
outcome for 3 x 3 operator matrices:

Theorem 5.5.6. Let Hy, Hy, Hs be three Hilbert spaces. Consider three contractions Wy € B(Hy), W, €
B(H,) and W3 € B(H3). Let V; € B(H,,Hy), V, € B(H3,H,), and V3 € B(Hs, Hy) be contractions.
Assume that o(W;) N o(W;) =0, for all 1 <i <j <3, and that f € H(D,D) is holomorphic on an
open neighborhood of 0(W1)U o(W,)U o(Ws). Let Xy, X5, X3 be respectively the unique solution of
Sylvester’s equations:

W1 X, - X; W = Dyy; Vi Dy, (5.31)
WzXz —X2W3 = DWZ* VzDW3 and (532)
W1X3—X3W3 =B—W1X1X2+X1W2X2, (533)

where:
. 1/2 . 1/2 .
B= [Dwf(Id A% )DW;] Vs [DW3 (Id - V; V2)DW3] — Dy; Vi W3 V3 Dy,

Then, there exist three contractions Y, € B(H,, Hy), Y, € B(H3, H,), Y3 € B(H3, H; ) such that:

f(W1)Xy = X1 f(W2) = Dyw, - Y1 Dr(w,)» (5.34)

f(W2)X5 = X5 f(W3) = Drw,)- YaDr(ws), (5.35)

FW1)X5 = X5 f(W3) = X1 f(W2)Xa = f(W1) X1 X

+[Dywy (1d =Y Y1) D, ] Y [ Dy (1d = Y3 Y2)Dy s,
= Dyrw,y Y1 £ (W2)" Y2 Dr(wsy)-

]1/2

Proof. Denote Ay = D= V1 Dy, and A, = Dy; V2 Dy, Then, according to Theorem 4.2.1, the
operator

W, A, B
T={0 W, A4,
0 0 W,

is a contraction. With this notation, X, X;, X3 are respectively the unique solutions of Sylvester’s
equations W1X1 - Xl W2 = Al' W2X2 - X2 W3 = A2 and W1X3 - X3 W3 =B- W3X] X2 + X] W2X2.

In view of Theorem 3.3.9 (or, in a more elementary approach, using the computation rules in the
Heisenberg group), we can write:

1d _Xl —X3 Wl 0 0 1d Xl X3 + X1X2
T=lo 1d -X|lo w, ollo 1d X,
0 0 Id 0 0 W3[0 O Id

This diagonalization allows one to write the 3 x 3 operator matrix of f(T), which is a contraction
by von Neumann’s inequality:

d -X; X X,-X3|[f(W;) 0 0 J[d X; X
f(Ty={o 1d -X, 0 f(W,) 0 |lo 1d X,
0 0 Id 0 0 f(wy)llo o 1d
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Thus the matrix of f(T) is given by:
FW1) fIWD)Xy =X f(Wa)  f(W1)X5 = X5f(W3) =Xy f(W2)Xo + (W)X, X

0 f(W2) F(W) X5 = X, f(W3)
0 0 f(Ws)

We apply again Theorem 4.2.1.

In the scalar case, the condition (5.36) is equivalent to the Beardon-Minda inequality.
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Chapter

Other spectral sets

6.1 The unit ball of C"

In all this section, we denote by B, the open unit ball of C", i.e. B,, = {(zl, v Zy) €ECM Y zi? < 1}.
The set of holomorphic functions on B, is supposed to be equipped with the topology of uniform
convergence on every compact subset of B,,.

In [30], Hartz, Richter, and Shalit proved an analogous of von Neumann’s inequality for row
contractive tuples of matrices. We start by recalling the definition of a row contractive tuple of
operators:

Definition 6.1.1. Let H be an Hilbert space, and let T = (T3,...,T,,) be a n-tuple of bounded
linear operators on H.
We say that T is a row contraction if ITI1? = i, LT <1.

Now, we can state the von Neumann type inequality for the unit ball (see [30, Theorem 1.1 and
Corollary 3.4 ]):

Theorem 6.1.2 (Hartz-Richter-Shalit). Let d € N*. There exists a constant Cy such that, for all
n € N, for every commuting row contraction T = (T,...,T,) on a Hilbert space of dimension d, and
for every polynomial p € C [Xy,...,X,,], we have:

lIp(T)ll < Cqsup|p(2)l

zeB,
Moreover, we can choose C, = 1.

Furthermore, they also gave an elementary construction of an holomorphic functional calculus
for the unit ball (see [30, Appendix A]), which is a particular case of the Arens-Calderon
functional calculus.

Theorem 6.1.3. Let T =(T3,...,T,) be an n-tuple of bounded linear operators on an Hilbert space H,
and let B be an open ball containing the joint spectrum of T. Then, there exists a unique continuous
homomorphism ¢ : H (B, C) — B(H) such that ¢(p) = p(T), for every polynomial p € C [Xy,...,X,,].

123
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It turns out that applying Theorem 6.1.2 to a suitably chosen row contractive n-tuple of 2 x 2
matrices, we can obtain the following Schwarz-Pick type lemma for the unit ball, which is
particular case of Rudin’s Schwarz lemma for the unit ball (take m =1 in [55, Theorem 8.1.4]):

Theorem 6.1.4. Let f : B, — D be an holomorphic map, and let w,z € B,,.
Then,

|1-_>f(z>12 o
(L= @RI~ 1f @) = (= [P Py

In order to show this, we will need the following lemma, which can be seen as a corollary of
Lemma 1.2.14:

Lemma 6.1.5. Let T = (; z) € M,(C), with a,b €]0,1] and det(T) = ab - ICI2 > 0.
Then, ||T|| < 1 if and only iflc|*> < (1 -a)(1-b).

Proof. In order to use Lemma 1.2.14, we will write down the Cholesky decomposition of T:

Let St = (S(;

non-negative diagonal such that T = 5.57.

52) be the Cholesky factorization of T, i.e. St is an upper-triangular matrix with
4

An easy computation gives:

c
si=vVa ; 52=§=\/E =\Vb—|s;|? = b——

Then, ||T|| <1 if and only if ||S7|| < 1. By Lemma 1.2.14, this happens if and only if

| 3(1-[1)( b+|c|2)

a

|2

m|°

which is equivalent to

lc]> < (1-a)(1-b).
O

We will also make use of the following identity, which is a generalization of the key identity (1.3)
that has been used several times in this manuscript:

Lemma 6.1.6. For all w,z in C", we have:

1= @) = (1=1l2IP) (1 = l0l?) = llw = 2l + Ko, 2 = ||| - 12l (6.1)

Remark 6.1.7. If w and z are linearly dependent, we have [(w, 2)? = ||w||?-||zI|? (this is the equality
case in the Cauchy-Schwarz inequality) and, thus, the identity becomes

1 =¢z @) = (1 =127 (1 - llol?) = llw - zI*.

In particular, for n = 1, we recover the key identity (1.3).
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Now, we are ready to prove Theorem 6.1.4:

Proof of Theorem 6.1.4. Let w = (wy,...,w,) and z = (zy,...,2,).

In the trivial cases where w = z or f(w) = f(z), there is nothing to prove. Therefore, in the
following, we will assume that this is not the case.

For every i € [1,n], we consider the matrices:

(Wi
TZ_(O Z,’)’

where a; = d(w; — z;), for some scalar d to be determined later.

We have T1T] = TjTi, forall i,j, and

’
Em (AT ) acsonn
By Lemma 6.1.5, || /", T;T/|| < 1 if and only if:
Ka, 2)> < (1=llwl® = lll?) (1 - ll211%),

which is equivalent to:

P [@r2) =P+ llo = 2P (1= 21P) | < (1= HolP) (1 = elP)
or, after simplification, to:

P - [llew = 2l + Keo, 21 = llwll? - 1217] < (1 = el ) (1 = l1211%).

Using (6.1), we obtain that || )i, T;T|| < 1 if and only if:

< (1=llwl?)(1 - ll211%)
=@, 2 = (1= [[2P) (1 = [lw]?)’

(1-llwli?)(1-1I=112)
[1~(w,z)~(1-IIz]1) (1-llwl|?) *

In the following, we will take d = \/

For f : B, — D, we have:
f(Tl,...,Tn):(f(“)) d[f(w)-f(2)]

0 f(2)
and, by Theorem 6.1.2, ||f(Ty,..., T,)|| < 1. By Lemma 1.2.14, this is equivalent to:
_ 2
f@-f@F 1

I=1f(@P) (X -1f(2)P) ~ 1dI>
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Using the identity (1.3), we get:

|1—_w>f<z>!2 o
(= @R 1 @) = (1~ [P~ Py

6.2 The annulus

For r € [0, 1[, we denote by A, :={z € C:r <|z| < 1} the annulus of radii r and 1. Moreover, if H is
an Hilbert space, we denote by F, := {T €eB(H):r*’T! (T‘l) +TT*<(r*+1)-1d, o(T) C Ar}.

Recall that if S and T are two operators on a Hilbert space H, the notation S < T means that
T - S is a positive operator. If T = A-1d, for some A € C, we write sometimes S < A.

In [61], Tsikalas has shown that A, is a V2-spectral set for every element of F;:

Theorem 6.2.1 (Tsikalas). For every bounded holomorphic function ¢ € H® (A,), for every T € F,,
(DIl < V2sup (2] : 2 € A, } (6.2)

where the constant V2 is the best possible.

Remark 6.2.2. In [61], it is proved that the constant V2 is the best possible if we require (6.2)
to be true for every bounded linear operator T € F,. However, if we restrict ourselves to 2 x 2
matrices, this constant may not be optimal.

We can characterize F, in the case where H = C2. To do this, we first generalize Lemma 6.1.5 as
follows:

Lemma 6.2.3. Let T = (; IC)) € M,(C), witha>0, b € R, and det(T) = ab —|c|> > 0, and let p > 0.
Then, T < p-1d if and only if |c|> < (p — a)(p - b).

Proof. As in Lemma 6.1.5, we consider the Cholesky factorization T = 53.S7. If we denote

_[51 $2 .
St = ( 0 54)’ we have:

c
si=vVa ; Sz=§=\/5 =\Vb—|s;* = b——

Now, we observe that T < p if and only if, for all x € C2, p||x||* - IS7x||? > 0, which is equivalent
to saying that ||St|| < /p or, equivalently, that %ST is a contraction.

By Lemma 1.2.14, this happens if and only if

2 2
o =g )
pa p/\" o pa
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which is equivalent to
cl* < (p-a)(p - b).

Now, we are ready to prove the following lemma:

w1

Proposition 6.2.4. Let T = ( 0

@ ) € M,(C), with 0y, w, € A,.

w?

T € F, if and only if

(1 =] *)(1 = |wo*) (|1 > = r*)(|lwa|* = 1)

|a* < =
[r?2 =@y ]? + r2(1 — w1 [)(1 - |w,|?)

Proof. Let B, :=r*T~! (T‘1 )* + TT*. First of all, observe that B, is positive as it is the sum of two
positive operators. Moreover, we have:

B_

2 — J—

r (Iwz|2+lorl2 —aw1)+ (lelz+lor|2 awz)

;= .
|y w2|2

—aw; |y |? aw, w,|?

By Lemma 6.2.3, B, < (r* + 1) -1d if and only if

") 2 ") ") ")
aw; - ——awy| <|r’+1- 2—|w1|2—|a|2(—2+1)”r2+1——2—|w2|2] (6.3)
| s e |y s ||
which is equivalent to
2 2
lal?-||@7 o1 +( 2+1)(r2+1— 2—|a)2|2)
| @y lwq o] |, (6.4)
X .
2 r 21/ .2 2
<|r +1—_—|(U1| )(T +1- —| 2|)
( |y |? |, |?
Let
2 2 2
r r
C:=|w; w1 +( +1)(r2+1 - 2|2)
|wlwz|2 |w1wz|2 lws|?
and 5
2 21[.2 2
D :(r +1 PNE |wq] )(r +1 PNE |ws| )
On the one hand, we have:
4 2 4 2 4 2 2
r r r r r r r
C =|wy|* + - (_ )+ + - - +12 41— —— —|w,|?
|w1|2‘|w2|4 Wiy |w1w2|2 |w1w2|2 |601|2'|602|2 |601|2 |w2|2
2
e
= —_ — r - —
w1W) |w1|2 |w2|2 |wlw2|2

1 _
= —— [Ir? —@a01” + (1 = |y P)(1 =, ).
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On the other hand, we have:

1
D= ——(1—|w*)(|lw1* = r?)(1 = wal*) (|l |* = ).
|w @y

Thus, (6.4) is equivalent to:

a? (1 =] *)(1 = |wo*)(|lwq I = ) (Jwol? — ?)
TP —wywp P+ r2 (1 —wp )1 - |w,]?)

O
Remark 6.2.5. In the case where r = 0, %, is the set of invertible contractions. If we take » = 0 in
Proposition 6.2.4, we recover the criteria of contractivity for 2 x 2 matrices (Lemma 1.2.14).

Now, let K, > 0 be the smallest constant such that A, is a K,—spectral set for every 2 x 2 matrix of
F, (by Tsikalas’ inequality, we know that K, < \/E)

Applying the inequality

lp(T)ll < Kysup{lp(2)l:z€ A, }, YdeHT(A,)

. w, «
to the matrix T = ( ! ), where wy,w, € A,, and

0 )

’

o \/(1 — w1 P)(1 = JwaP)(jwn = 2)(wol? = 1)

[r?2 — @512+ r2(1 — w1 *)(1 - |w,|?)

we obtain the following Schwarz-Pick type inequality:

Corollary 6.2.6. Let wy,w, € A,, and let f : A, — D be an holomorphic map. Then, we have:

If (w1) = f (@)l lwy — wyl? ' [r? —@yw; >+ r(1 — |y *)(1 - |w,]?) (6.5)
(K2-1f(w)P)(K2-If(@)P) ~ K3 (I=lanP)A =lwalP)(lwr? =)ol -72) 7
or, equivalently,
|f(w1)—f(w2)|2 < r2. |y —0)2|4
(K2~ If (@)2) (K2 = 1f (@2)) ~ K3(1=lw1P)(1 @z )| ? = r2)(|es[> = 12) 60
re. |y —w2|2 |y —w2|2 ‘

K3 (jon 2 = 2)(lwa? = 12) K3 (1 =]y P)(1 = |w;]?)

Proof. We proceed as in the proof of Schwarz-Pick’s lemma introduced in Section 1.2.3, except
that this time, Tsikalas’ inequality gives that || f(T)|| < V2 or, equivalently, that H\%f(T)H <1

For the second inequality, we use the identity
|1 — @y, > = 1% - |0y = ol + (| P = 7?)(|wo* ~ %) (6.7)

O
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MODEL SPACES, SPECTRAL SETS AND SCHWARZ-PICK TYPE INEQUALITIES
Abstract

The Schwarz-Pick inequality for holomorphic functions of one variable is a classical topic in complex
analysis and, more specifically, in hyperbolic geometry. Schwarz-Pick type inequalities for three points
and, subsequently, for n points in the open unit disc have been established by Beardon and Minda, and
by Baribeau, Rivard, and Wegert, respectively. The aim of this PhD thesis is to study Schwarz-Pick
type inequalities from an operator-theoretic perspective. By employing the von Neumann inequality for
operators on Hilbert spaces and its generalizations, the Schwarz-Pick inequality and the Beardon-Minda
inequality are derived in a unified manner. The connection with model operators is explored, and new
Schwarz-Pick type inequalities for functions in one or several complex variables are established. The
thesis also focuses on operator versions of Schwarz-Pick type inequalities, building on the work of Ky
Fan and D. Jo¢ié. To this end, we discuss related topics such as explicit holomorphic functional calculus,
non-commutative divided differences, and contractivity criteria for matrices. The manuscript concludes
with a brief exploration of some other spectral sets.

Keywords: functional analysis, operator theory, mathematical analysis, complex analysis, holomorphic
functions, spectral theory, Hilbert spaces, hyperbolic geometry, Schwarz-Pick lemma

EsPACES MODELES, ENSEMBLES SPECTRAUX ET INEGALITES DE TYPE SCHWARZ-P1cK
Résumé

L’inégalité de Schwarz-Pick pour une fonction holomorphe d’une variable est un sujet classique en analyse
complexe et, plus spécifiquement, en géométrie hyperbolique. Des inégalités de type Schwarz-Pick pour
trois points et, ensuite, pour n points du disque unité ouvert ont été établies respectivement par Beardon et
Minda, et par Baribeau, Rivard, et Wegert. L'objectif de cette these de doctorat est d’étudier les inégalités de
type Schwarz-Pick dU point de vue de la théorie des opérateurs. En utilisant I'inégalité de von Neumann
pour les opérateurs sur les espaces de Hilbert et ses généralisations, les inégalités de Schwarz-Pick et de
Beardon-Minda sont obtenues de maniere unifiée. Le lien avec les opérateurs modeéles est mis en évidence,
et de nouvelles inégalités de type Schwarz-Pick en une ou plusieurs variables complexes sont établies. Nous
nous concentrons également sur les versions opérateurs des inégalités de type Schwarz-Pick, en suivant
les travaux de Ky Fan et D. Jo¢i¢. Pour ce faire, nous discutons d’autres sujets d’intérét, tels que le calcul
fonctionnel holomorphe explicite, les différences divisées non commutatives et les criteres de contractivité
pour les matrices. Le manuscrit se termine par un apercu rapide d’autres ensembles spectraux.

Mots clés : analyse fonctionnelle, théorie des opérateurs, analyse mathématique, analyse complexe, fonc-
tions holomorphes, théorie spectrale, espaces de Hilbert, géométrie hyperbolique, lemme de Schwarz-
Pick

Laboratoire Paul Painlevé
CNRS UMR 8524 - Cité Scientifique, Batiment M2 — 59655 Villeneuve d’Ascq Cedex
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