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ABSTRACT. In this article, we study the geometry and operator theory on
quaternionic Hilbert spaces. As it is well-known, Cowen—Douglas operators
are a class of non-normal operators related to complex geometry on complex
Hilbert spaces. Our purpose is to generalize this concept on quaternionic
Hilbert spaces. At the beginning, we study a class of complex holomorphic
curves which naturally induce complex vector bundles as sub-bundles in the
product space of the base space and a quaternionic Hilbert space. Then we in-
troduce quaternionic Cowen—Douglas operators and give their quaternion uni-
tarily equivalent invariant related to the geometry of the holomorphic curves.

1. INTRODUCTION

Quaternions play an important role in quantum physics [1, &]. From the math-
ematical point of view, it has resulted in spectral theorems for unitary and skew-
Hermitian operators on quaternionic Hilbert spaces, and the study of unitary
representations of groups in quaternionic Hilbert spaces [9, 11]. In the case of
finite dimension, quaternionic matrices have been widely studied (see for example
F. Zhang’s survey [14]) and specially, the right eigenvalue problems were studied
n [5, 6]. In the case of infinite dimension, normal operators and unitary opera-
tors on quaternionic Hilbert spaces were well studied by K. Viswanath [13] and
C. Sharma and T. Coulson [12].

On the other hand, since the beginning of the last century, mathematicians
have been interested in creating a theory of quaternionic valued functions of
one quaternionic variable, which would somehow resemble the classical theory of
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holomorphic functions of one complex variable. In recent years, F. Colombo et al.
developed a new theory of regular functions of one quaternionic variable, which
led to a functional calculus for quaternionic linear operators (see for example the
monograph [3]).

In this article, our work relates to above two aspects. The basic idea is to
introduce an analogue on quaternionic Hilbert space, of a class of non-normal
operators given by Cowen and Douglas [4].

Definition 1.1. For ) a connected open subset of C and n a positive integer, let
B, () denotes the operators 7" in £(H) which satisfy:

(a) QC o(T) ={w € C: T — w not invertible};

(b) Ran(T' —w) = H for w in §;

(c) VKeryeq(T — w) =H; and

(d) dim Ker(T — w) = n for w in Q.

As it is well-known, the study of Cowen—Douglas operators are related to com-
plex Hermitian geometry. In [4], Cowen and Douglas investigated that B,,(2) cor-
respond to holomorphic curves on complex Hilbert space, which naturally induce
n-dimensional Hermitian holomorphic vector bundles, and proved that unitary
classification of B, (2) is equivalent to the isomorphic classification of holomor-
phic curves. Furthermore, Jiang and Ji considered the similarity classification of
holomorphic curves in [10].

Roughly speaking, Cowen—Douglas operators are a class of operators with
"rich” point spectrum. We will generalize Cowen—Douglas operators on quater-
nionic Hilbert space as a class of quaternionic operators with ”"rich” right eigen-
values. The generalized operators correspond to a class of ”holomorphic” curves.
The definition of ”holomorphy” means leaf-wise holomorphy on a holomorphic
foliation of H\ R in the spirit of Feres and Zeghib [7], which is different from slice
regularity given by F. Colombo et al.

In order to describe the generalization of Cowen-Douglas operators on quater-
nionic Hilbert space, we will investigate both geometry and operator theory on
quaternionic Hilbert spaces. In section 2, some basic notations are given. We
introduce a class of complex holomorphic curves in quaternionic Hilbert space
in section 3, namely homogeneous leaf-wise holomorphic curves which naturally
induce complex vector bundles as sub-bundles in the product space of the base
space and a quaternionic Hilbert space. Then we give further discussions of their
geometric properties in section 4 and section 5. In particular, a rigidity the-
orem is obtained. In the last section, we describe an analogue of the class of
Cowen—Douglas operators on quaternionic Hilbert spaces, which are related to
the geometry of homogeneous leaf-wise holomorphic curves. Some examples are
also exhibited.

2. PRELIMINARIES

Let H be the skew field of real quaternions. Its elements are of the form of

q=to+it; +jto +kt3, t, e R,i=0,1,2,3.
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where
PPk — —1,ij= —ji—k jk = —kj — i and ki = —ik — .
R = {q;t; = to = t3 = 0} will be identified with the real field and C =
{q;ty = t3 = 0} with the complex field. ¢* = to — it; — jto — kt3 will denote the
conjugate of ¢ and |q| = \/t2 + t? + t3 + t2 the absolute value of q. Re(q) = to

and Im(q) = it; + jto + kt3 are called the real part and imaginary part of ¢
respectively. Let

S & {it) + jto + kt3;t1,to,t3 ERand t5 + 15+ 13 = 1} = {x € H;2* = —1}.

S is said the imaginary unit sphere and the elements in it are said imaginary

Im

units. For any non-real quaternion ¢, define I, = llm—gg' € S. Thus,

Proposition 2.1. For any q € H\ R, there ezist, and are unique, to,r € R with
r >0, and I, € S such that ¢ =ty + I,r.

For each I € S, denote C; £ {x =t+rl;t,r c R} and C; = {x =t+rl;t,r €
R and r > 0}. Notice that each C; can be seemed as a complex plane. In the
spirit of Feres and Zeghib [7], we consider a holomorphic foliation {C;;I € S}
of H\ R, by which we mean that each of C}, I € S, carries the structure of a
complex manifold and that this structure varies continuously on H \ R. Then we
can define leaf-wise holomorphic functions on H \ R respect to {C}; I € S}. For
Q) C H, denote Q; = QN C; and QF :QHC}“.

For each p, q € H, if there exists an invertible element x € H such that xp = gz,
then p and ¢ are said to be similar equivalent in H. Moreover, if this = is a g-
unitary, then p and ¢ are said to be g-unitary equivalent in H. Since H is a
field, there is no difference between the two equivalence and we use '~’ to denote
this equivalent relation. It is not difficult to see that, for p,q € H, p and ¢ are
equivalent in H if and only if |p| = |¢| and Re(p) = Re(g). The concept of axially
symmetric set was introduced in [2]. Now we give an equivalent definition of it.

Definition 2.2. A set 2 in H is said to be axially symmetric, if for any w € €,
the equivalence class of w contains in §2. For a set €2 in H, the axially symmetric
completion of €2 is the minimal axially symmetric set containing 2.

Let U an open set of C and 2y € U. A quaternion-valued function f on U
is called right differentiable at zp, if the limit Alilrno(f(zo + Az) — f(20))(D2)7!
z—

exists. In fact, we have some equivalent forms of this definition.

Proposition 2.3. Let U an open set of C and zy € U. If f is a quaternion-valued
function on U, then the following statements are equivalent:

(1) f is right differentiable at zy;

(2) Write z =z + iy, x,y € R and zy = xo + iyp. %hmo = %|y:y0 i

(8) Write f = g+ jh, g and h are complez-valued functions on U. Both g and
h are complex differentiable at z.

Notice that the quaternion-valued function f is defined on a domain in C but
not on a domain in H. Thus the previous proposition is easy to obtain. Moreover,
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if f is right differentiable at every point in open set U, we call that f is right
analytic on U. Consequently, we call that f is right analytic at 2 if f is right
analytic on a neighborhood of z.

Similarly, we call a quaternion-valued function f defined on a domain in C is
right coanalytic, left analytic or left coanalytic if the limits

Jim (F(z0+ A2) = () (B2) 7,

lim (Az) 7' (f(z0 + L2) — f(20))

Nz—0

lim (Az)7'(f(z0 + Oz) — f(20))

Az—0
exist respectively. Replace i to I, we also can define them on C;. In the sequel,
a holomorphic function on C; (or C}) always means that it is right analytic on
C; (or C}). In addition, left coanalytic property will be also used in section 4.

Definition 2.4. Let ¥ be (right) a vector space over a field K ( which may be
R, C or H). A quaternionic inner product on ¥ is amap < -, >g: ¥ x ¥ — H
with the properties,

(i) < z,y >p= (< y,x >n)",

(il) < xp+yq, z >g=< x,z >g p+ < Y, 2 >u ¢,

(i) < x,yp+ 2q >p=p* < x,y >g +q¢* < x,z >g,

(iii) < x,z >g> 0, and < z,x >x= 0 if and only if z = 0,

for all z,y,2 € ¥ and p,q € K.

Obviously, || z ||= /< z,z >y is a norm on #. Furthermore, a right vector
space over the quaternions together with a quaternionic inner product on it which
makes the resulting normed linear space complete is called a quaternionic Hilbert
space.

Definition 2.5. Let H, be a quaternionic Hilbert space. A subset M in H is
called a right linear manifold, if for any z,y in ‘H, and any p,q in H, zp + yq is
also in M.

or

Definition 2.6. If H, is a quaternionic Hilbert space, a linear operator 7' : ‘H, —
H, is a function whose domain of definition is a right linear manifold, dom7’, in
H, and such that T(zp+yq) = T'(x)p+ T (y)q for z,y in domT and p,q in H. T
is bounded if there is a constant ¢ > 0 such that ||Tz|| < ¢||z| for all z in domT.

Throughout the rest of this article, we will denote by H, a separable quater-
nionic Hilbert space and H. a separable complex Hilbert space, £(#,) and L(H.)
the set of all bounded (right) linear operators on H, and #. respectively. If fix
an orthonormal basis (ONB in brief) {e, }7°, in a quaternionic Hilbert space H,,
then for x € H,, we have x =Y | e,x,, and consequently write

x = (r1,%2,...)
under this ONB, where z;,, € H. For T' € L(H,), we can write

qi1 qi12 ... €1
T = 1921 4G22 --- €2

Y
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where ¢;; € H. Moreover,

o0
qui qi2 ---| |T1 ijlquxj
0.0
Tx= 921 G2 -..| |ZT2| = Zj:qujxj

We also denote by T™ the conjugate operator of T'. In particular, an operator
U € L(H,) is quaternion unitary if U*U = UU* = Z, where 7 is the identity
operator on H,. For w € H, we will use T'—Zw denote the operator on H, defined
by

(T —Zw)r =Tr —zw, for z € H,.
Similarly, we define T" — wZ by
(T —wl)z =Tx —wz, forz e H,.

Notice that T' — wZ is right linear while 7' — Zw is not right linear respect to
quaternion field. However, T' — Zw will be considered in this paper since it is
related to the right eigenvalues of quaternionic operators.

3. A CLASS OF COMPLEX HOLOMORPHIC CURVES IN QUATERNIONIC HILBERT
SPACE

Let €2 be an axially symmetric domain in H\R. In this section, we will introduce
a class of sub-bundles in Q2 x H,. In fact, they are complex vector bundles on €2,
while it is also important of the manner of embedding in 2 x H,. To describe
the manner of embedding, let us see some fundamental properties of quaternion
field firstly.

For each p,q € H, denote 27 (p,q) = {x € H;xp = gz}. In particular, <7 (q, q)
which means the commutant of ¢ in H is just Cy, . It is easy to see the following
results.

Lemma 3.1. For any I,J € S, I and J are equivalent in H. In fact, for any
I = itl ‘l‘jtz + ktg € S, let

A _{ J; if T=-—i
I — 1(t1+1)2-:_J2tt21+kt3, Zf I 7& i
then A[ €S and A]i = IA[
Lemma 3.2. Let p,qg € H\R and 0 # z € o/ (p,q). Then o/ (p,q) = {za;a €
C[p} = {bﬂf,b S C[q}.
Let K be a subfield of ]H[ For n vectors {v;}i-, in H,, denote \/{v;,7 =
ant={veH v= Z v;ik;, k; € K} and the vectors in \/{v;,i =1,...,n}

is said to be spanned by {vl ', on K. Moreover, for a infinite subset A of H,,
denote by \/i A the closure of all Vectors finitely spanned by A on K. {v;}, are

called right linear independent on K, if Z vik; = 0, k; € Kimplies that every k; is

1=
zero. Furthermore, a n-dimensional K—subspace V of H, is a subset spanned by n

vectors {v; }1_; which are right linear independent on K and denote dimg ¥ = n.
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Denote by Gr(n,K,H,) the set of all n-dimensional K-subspace of H,. If
K = R, one can see Gr(n,R, H,) is a real Grassmann manifold. We are interested
in the case K = C;. Notice that for every I € S, Gr(n,C;, H,) is a subset of
Gr(2n,R, H,).

Each ¢ € «7(1,J) \ {0} induces a map R, : Gr(n,Cr,H,) — Gr(n,C,,H,)
defined by

R,(7)={vg v e ¥} for any? € Gr(n,Cr, H,).
Proposition 3.3. Let I,J € S. For any p,q € </(I,J)\ {0}, R, = R,.

Proof. Suppose p,q € «7(1,J) \ {0}. It follows from lemma 3.2 that there exits
Ae o/ (1,1)\ {0} such that ¢ = pA. Then for any ¥ € Gr(n,Cr, H,),

R(V)={vghoe?y={uAxplive?}={vp hve?}=R,(Y).

Due to it, we denote the induced map by R ).

Definition 3.4. Let Q be a subset of H\ R. A map f: Q — Gr(2n,R,H,) is
called a classical curve if f(p) € Gr(n,Cy ,H,) for each p € Q.

Definition 3.5. Let f be a classical curve on an axially symmetric subset 2 of
H\ R. If for any p,q € Q with p ~ ¢, Ry 1,.1,)f(p) = f(q), then f is said to be
homogeneous.

Remark 3.6. Given any I € S. It follows from the definition that a homogeneous
curve f is determined by its restriction f |Qz+ on Qf. In addition, f |Q;r induces

a complex vector bundle on 2} as a subbundle in Q x H,.

Definition 3.7. Let A be a domain in Cf, I € S. A function g : A —
Gr(n,Cy, H,) is said to be holomorphic if there exist n right analytic H,-valued
functions g1(A), ..., gn(A) on A such that g(A) = V¢ {g1(A), ..., gn(N)} for each
A€ A We call {g;(A\)}, a frame of g.

Definition 3.8. Let Q be a domain in H\ R. A classical curve
f:Q—=Gri2n,R,H,)

is said to be leaf-wise holomorphic if, for every I € S, its restriction f |Q;r: QF —

Gr(n,Cr,H,) is holomorphic. Moreover, the natural vector bundle E; (induced
by f) on 2 is called a n-dimensional leaf-wise holomorphic complex vector bundle,
that is,

Er={(v,\) e H,x Qve fAN)}andm: Ef - Q, n((v,\) = A\

Given two leaf-wise holomorphic classical curves f, f: Q— Gr2n,R,H,). If
there exists an quaternion unitary operator U € L(H,) such that f = Uf, then

f and fare said to be congruent and Ey and F 7 are said to be equivalent.
At the end of this section, we give a similar conclusion to remark 3.6. In fact,
it suffices to discuss the property of holomorphy.
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Proposition 3.9. Let Q be an azially symmetric domain in H\ R and let f :
Q — Gr(2n,R,H,) be a homogeneous curve. If f |QI+ is holomorphic for some

I €8, then f is leaf-wise holomorphic on €.

Proof. According to definition 3.7, there exist n right analytic H,-valued functions
fi(A), ..., fu(N) on Q}r such that f(A) = V¢, {fi(N), ..., fu(A)} for each X € Q.
Let fi(A\) = 202" (A= o) i=1,2,...,n, 2\ € H,.

For any J € S, we will show that f |Q}L: QF — Gr(n,C;,H,) is holomorphic.
Since © is an axially symmetric domain, for any z € Q7 there exist p € H, \ {0}
and A\ € Qf such that z = pAp~!. Define g;(z) = P g)p Yz — z)? for
i=1,2,...,n, where zg = pAop~!

Since
le))\ o) Za:p (z — 20) = gi(2),

we have

VA{a(2), - 9u(2)} = Ry(f(N) = f(2) for any = € Q.

Cy
In addition, {g;(z)}_, obviously are right analytic H,-valued functions which im-
plies that f |Qj: QF — Gr(n,C,,H,) is holomorphic. Therefore, from definition
3.8, f is leaf-wise holomorphic on €. O

4. QUATERNIONIC EXTENDED HERMITIAN METRICS ON COMPLEX
HOLOMORPHIC VECTOR BUNDLES

Definition 4.1. Let V; and V5 be two complex vector spaces. @ : V} x Vo, — H
is called a quaternion-valued right conjugate bilinear functional if it satisfies the
following conditions:

(1) ®(a€ + B¢ n) = ®(§,n)a+ (£, n)P,

(2) (&, an + Bn') = a®(E,n) + L&, 1),

where £, € Vi, n,n € Vy and «, 8 € C. Moreover, define ®* : V, x V} — H

by
(I)*(n7€> = (‘I’(faﬁ))*a
for any £ € Vi and n € V5.

Remark 4.2. One can write & = ¢ + ji, where ¢ is a complex-valued conjugate
bilinear functional from V; x V5 to C and v is a complex-valued bilinear functional
from V; x V5 to C. ¢ is called the complex part of ® and v is called the skew
part of ®.

Definition 4.3. Let (E, M, ) be a holomorphic vector bundle with rank n. For
an open set U C M, amap H : E |y XE |y— H is called a quaternionic extended
Hermitian function on U if it satisfies the following conditions,

(1) For any (z,w) € U x U, H E.xE, 1S a quaternion-valued right conjugate
bilinear functional on F, x EW;N N

(2) For any (27(")) SHES U7 H |Ez><Ew: (H |Ew><Ez)*;
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(3)?] is right analytic respect to z and left coanalytic respect to w.

Denote by 72 (U) all of the quaternionic extended Hermitian functions on U.
Moreover, for any given point z € M, denote by .77, the set of all quaternionic
extended Hermitian functions on some open neighborhood of .

Remark 4.4. The condition (2) means that

H(Em) = (H(n,€)", forany&neE|y.

Similar to remark 4.2, each H € 5 (U) can be write in the form of K + jG where
K is called the complex part of H and G is called the skew part of H. Notice
that both K and jG are also elements in 2 (U). Moreover, the condition (3)
holds if and only if K is analytic respect to z and coanalytic respect to w, and G
is analytic respect to both z and w.

Now one can obtain an equivalent relation ”~,” on J7,. For ]:71, ]:72 e A,
f[l ~g fIQ if and only if there exists an open neighborhood V' of x such that
H, | By x By = H, | gy x g, - Denote by [ﬁl]m the equivalence class of H,. Further-
more, we define .%, = {[H],; H € #,}. Let # = |J Z,. For U an open subset

xeM
of M. Define
FU)={s:U— ZF,; for each x € U, s(x) € F, and there exist an open set V
with x € V C U and H € (V) such that [ﬁ]y = s(y) for any y € V}.

Then .Z is a sheaf, .Z, is the stalk at x, and .% (U) is the collection of all sections
of # on U.

Notice that a section s € .Z#(U) may be not an element of 7 (U), while the
local restrictions of s are quaternionic extended Hermitian functions. To express
this statement in precise, we firstly define that an open set V' C U is called
representable for s if there exists H € (V) such that [H], = s(x) for every
xr € V. Moreover, this H is called the representable function of s on V. It
follows from the definition of .#(U) that for each x € U, there exists an open
neighborhood of x which is representable for s. N

Given a section s € . (U). For every x € U, write s(z) = [H|,. It follows from
remark 4.4 that we have H = K +jG where K and G are complex part and skew
part of H respectively. Then define s, : U — % by s.(xz) = [K],, one can see
sc € F(U). s, is called the complex part of section s. Similarly, s,(z) £ [G], is
called the skew part of section s.

For a section s € .#(U), write the complex part s.(z) = [K], and denote Ay
the diagonal of E' |y X E |y, that is {E, x E,;x € U. Define Hy : Ay — C by

Hy(&§,m) = H(E,n),

for every &, € Ay. We call H the diagonal complex restriction of s on U. It is
not difficult to see that Hy is a Hermitian structure on F | except for positivity
by the conditions in definition 4.3.
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Definition 4.5. A global section s of .# is called a quaternionic extended Her-
mitian (K&hler) metric (QEHM or QEKM in brief) on holomorphic vector bun-
dle (E, M, ), if the diagonal complex restriction Hy of section s is a Hermitian
(K&hler) metric. Moreover, A holomorphic vector bundle with a QEHM (or
QEKM) is briefly called QEHB (or QEKB).

To get a QEHM on a holomorphic vector bundle, the following result is useful
which is easily obtained from the definition of QEHM.

Theorem 4.6. Let (E, M, ) be a holomorphic vector bundle. A QEHM (QEKM)
s is determined by a family of pairs (Uy, ﬁlg), 0 € O, with the following properties.

(1) {Us}oco is an open cover of M.

(2) Hy € #(U) for 6 € © and they are compatible, that means, if UyN\ U, # ¢
then Hy = H, on E lvenv, XE |u,nu, -

(8) For any 6 € ©, the diagonal complex restriction Hy of .EIQ 1s a Hermitian
(or Kdhler) metric on Uy.

In particular, if M is representable for s, then s is determined by only one
function H € J#(M). In this case, we say that (E, M, r,s) is representable and

H is the totally representable metric.

Let (E, M, ) and (E’, M, 7") be two holomorphic vector bundles and ¥ : £/ —
E a holomorphic isomorphism. Suppose that s is a QEHM on (E, M, 7). Then
U induces a QEHM sy on (E’, M, 7). According to theorem 4.6, choose a family

of representable functions (Up, Hy), 6 € ©. Define W, (Hy) : E’ lv, XE' |u,— H
by

for any £, € E' |y,. Then (Up, U, (Hy)) satisfy the properties in theorem 4.6 and
consequently determine a QEHM sg. Notice that the QEHM sy induced by W is
independent on the choice of representable functions.

Definition 4.7. Let (E, M, m,s) and (E', M,n’,s") be QEHBs and ¥ : ' — E a
holomorphic isomorphism. Then W is called a holomorphic g-isometry if s = sy.

Let (E, M,w, H) be a Hermitian holomorphic vector bundle with Hermitian
metric H and (E,M,n,s) a QEHB. If H;, = H, then (E, M, m,s) is called a
g-extension of (F,M,n, H) and (FE,M,n, H) is called a complex restriction of
(E,M,m,s).

Proposition 4.8. Fach QEHB (E, M, m,s) has a unique complex restriction.
The proof is simple.

Proposition 4.9. Fach Hermitian holomorphic vector bundle (E, M,w, H) has
a g-extension.

Proof. For each trivialization (U, ¢), ¢ : E|~U — U xC"™, there exists the Hermitian
metric H(z,%). Naturally, we can define H(z,w) = H(z,w) as required. O
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Remark 4.10. Two g-extensions of a Hermitian holomorphic vector bundle (E, M,
7, H) may be not holomorphic g-isometric. More precisely, Let (FE, M, m,s) and
(E',M, 7', s") be QEHBs. (E,M,w, Hy) and (E', M, 7', Hy) being holomorphic
isometric does not imply (E, M, n,s) and (E', M,n’,s") being holomorphic ¢-
isometric. It is shown in the following example.

Example 4.11. Let M = {z € C;|z —¢| < 1} and let the two QEHBs (M x
C,M, 7, s), (M xC,M,r,s) define as follows: s(z) = [H],, &' () = [H'],, z € M,
where H : (M x C) x (M x C) = H, H((z,a), (w, 8)) = Ba and H' : (M x C) x
(M x C) = H, H((z,),(w,B)) = Ba+ jB(z — w)a. Obviously, the complex
restrictions of the two QEHBs are the same. However, the two QEHBs are not
holomorphic g-isometric since for any complex holomorphic function A on M

h(w)(Ba)h(z) # B+ jB(z — w)av.

5. A RIGIDITY THEOREM: CONGRUENCE AND Q-ISOMETRY

Let © be an axially symmetric domain in H\ R and let f : Q@ — Gr(2n,R, #H,)
be a homogeneous leaf-wise holomorphic curve. Then f |o+: Q7 — Gr(n,C,H,)

induces a QEHB (E; |g+, Q" , 7, s), where the QEHM s is determined by H :
Ef |or xEy [qr— H,
H(En) =< &n >5

for any £ € f(z) and any n € f(w).
In addition, any frame {f1,..., fo} of f |+ induces a QEHM s on (£ x

C", Q7). sy is determined by Hy : (QF x C") x (QF x C") — H,
Hy(o, B) =< >_ fi(2)ou, Y filw)Bi >u
=1 =1

for any a = (v, ...,ay) € {z} x C" and 5 = (B1,...,0,) € {w} x C™.

Proposition 5.1. Let f : Q — Gr(2n,R, H,) be a homogeneous leaf-wise holo-

morphic curve on S (an axially symmetric domain in H\R ) and let { f1,..., fn} be
a frame of f |g+. Then the two QEHBs (Ey |+, %", 7, 8) and (QF xC", Q5 7, sy)
are holomorphic q-isometric.

Proof. Define ¥ : E; |o+— Qf x C,

w(z fi(2)a) = (2, (o, ... aw)).

Then it follows from the construction of sy that ¥ is a holomorphic g-isometry.
O

Moreover, in the sense of holomorphic q-isometry, the QEHBs (" xC™, QO 7, s)
induced by f is independent on the choice of the frame of f |o+.
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We denote by + the algebraic sum. For instance, if f : Q@ — Gr(2n,R,H,) is a
curve, then

Fpeaf(p) & {r;0 = Zml for any n € N, where x; € f(p;) and p; € Q}.

=1

Lemma 5.2. Let Q0 be an axially symmetric domain in H\ R and let f : Q —
Gr(2n,R,H,) be a homogeneous leaf-wise holomorphic curve. Then

‘]'ple(P) =H,
if and only if
VIrxe @y =H,.
H

Proof. 1t is easily proved by the homogeneity of the curve f. O

Furthermore, we can give equivalent descriptions of the condition +,eq f(p) =
H, locally.

Proposition 5.3. Suppose that €2y and ) are two axially symmetric domain in
H\ R with Qy C Q. Let f : Q@ — Gr(2n,R,H,) be a homogeneous leaf-wise
holomorphic curve. Then

tpeaf(p) = H,y
if and only if

Fpeao f(p) = H,y

Proof. Suppose +pecqf(p) = Hy Let {fi1,..., fo} be a frame of f |,+. Consider
x € H, which is orthogonal to f(p) for p € Q. Since the right analytilc H,-valued
functions < f;(2), z >g vanish on (€y);” and (Qp); is a nonempty open set in C*,
they also vanish on " and hence z = 0. Thus, +,cq,f(p) = +peaf(p) = H,
The contrary is obvious. 0

Proposition 5.4. Let Q be an azxially symmetric domain in H\ R and let f :
Q — Gr(2n,R,H,) be a homogeneous leaf-wise holomorphic curve. Given a frame
{fis. s fu} of [lo+ and o € Q. Then

+peaf(p) = H,
of and only iof

\/{fi(j)()\o);i: 1,...,nand j=0,1,...} =H,.
H

Proof. Since f;(z) are right analytic H,-valued functions, they have Taylor series
with coefficients fl-(j )(Xo) in some ball Qo N C* of Ag. Then together with lemma
5.2, \/H{fi(j)()\o);z' =1,...,nand j = 0,1,...} = F,ecq,f(p). Therefore, we
obtain the conclusion by proposition 5.3. (]

Similar to the rigidity theorem for complex holomorphic curves given by Cowen
and Douglas in [4], we also get a rigidity theorem for homogeneous leaf-wise
holomorphic curves.
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Theorem 5.5. (Rigidity) Let Q be an axially symmetric domain in H\ R and
let f,f + Q — Gr(2n,R,H,) be two homogeneous leaf-wise holomorphic curves
such that +,cqf(p) = —Fpegf(p) = H,. Then f and f are congruent if and only if
the induced QEHBs (7 xC™, Qf 7, s¢) and (Q xC™, Q , 7, s7) are holomorphic
g-isometric.

Proof. Suppose that f and fare congruent, 1.e. there exists a quaternion unitary
operator U € L(H,) such that U(f(X)) = f(A) for A € Q. It is easy to see that
U induces a holomorphic g-isometry between the two QEHBs (E; |o+, Q" 7, 5)
and (Ef |Qi+, Q",7,5). In addition to proposition 5.1, the induced QEHBs (Q; x
Cr, O, m,s5) and (O x C*, O, 7, 57) are holomorphic g-isometric.

Now suppose that the two induced QEHBs (0 x C", Q" 7, s;) and (9 x
CH,Q;—,W,S}*) are holomorphic g-isometric, then (£ |Qi+,Qi+,7r,3) and (E}” |Qi+
, Q" 7,5) are holomorphic g-isometric. Denote the g-isometric map by @, the
representable function of s by Hy : Ef |+ XE; |g+— H and the representable
function of s by H 7 B |Qi+ XE7 |Qi+—> H. Since ® is holomorphic g-isometric,
we have

< &n>u= H(&,n) = HH(Q(E), 2(n)) =< B(S), B(n) >u
for any ¢ € f(z) and any n € f(w), where z,w € Q.

Let fi(2), fi(2),7 = 1,...,n be right analytic H,-valued frames for f|,+ and

flg+ respectively. We want to show

< (), fO(w) Su=< f™(2), FO(w) >u (5.1)
for z,w e Qf i,7=1,...,nand m,1 =0,1,2,.. ..
Firstly, it is obvious for m = [ = 0.
Assume that the equation (5.1) holds for some 0 < m, (. Then
<FMV@) S w) >

J

= < lim (S 4+ A2) = [7(2)(A2) 7 ) (w) >5
= lim < (S (z+Az) = [ (2))(A2) 7 P (w) >

Az—0 J

= lim < [z + Az) — [1"(2), [ (w) >u (Az)7!

Az—0

= lim < J?;(m)(z + Az) — j:(m)(z), f;l)(w) >p (Az)7!

Az—0

= lim < (f;(m)(z + Az) — j:(m)(z))(Az)_l, f(-l)(w) >u

Az—0 J
= < lim (7 4+ A2) = [V (2)(A2) 7 ) (w) >n
= < "), (W) >w
Similarly, we have

< f@), £ W) >u=< T, I (w) >u
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Therefore, by induction principle, we obtain
m l 7(m 7
< [, 1 (W) sa=< (@), f (w) >w

for z,w e Qf 4,7=1,...,nand m,1 =0,1,2,....
Next, we will define the quaternion unitary operator as required. According to
proposition 5.4, one can see

\/{fi(m)(z);i =1,...,nand m=0,1,...} = H,,
H

and

\/{]?i(m)(z);izl,...,n and m=0,1,...} =H,.
H

Thus we can define U, from H, to H, by

U.fi™(2) = fi™(2),
for 1 < i < n and all m € N. Moreover, U, is isometric, since equation (5.1)
implies
<UL U1(2) >u=< [ (=) ) (2) >n
for 1 < 14,7 < n and all m,l € N, and thus is well-defined. Therefore, U, is a
quaternion unitary operator on H,. We should also show that U, is independent
on the choice of z. Given any z € (. If 2 belongs to a small open neighborhood

of zy, then
oo

fi( )(Z) = Zfz( +])(20>¥~
=0 J:
Since U,, is bounded, we have
> , — )i
VL) = U o E
J=0 ’

[e.9]

_ Z]’EZ( +J)(ZO)( - 0)
=0 I
= ")
= V().
hence U, = U,, and U, is independent of z € Qf If we set U = U,, then
Uf(z) = f(z) for z € Qf. By the homogeneity of f and f, we obtain they are
congruent. 0

6. ANALOGUES OF COWEN-DOUGLAS OPERATORS ON QUATERNIONIC
HILBERT SPACES

Firstly, let us recall the right eigenvalues of T' € L(H,) defined by
Y (T) = {w € H; there exists nontrivial x € H, such that Tx = 2w.}

Now, it is time to introduce the definition of quaternionic Cowen—Douglas oper-
ators.
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Definition 6.1. For €2 a connected open subset of H\ R and n a positive integer,
let ROB,(€2) denote the operators T" in L£(H,) which satisfy:

(a) Q€ %.(T);

(b) Ran(T — Zw) & {Tx — 2w | v € H,} = H, for w in Q;

(¢) +oeaKer(T — Zw) = H,, where Ker(T — Zw) £ {z € H,| Tx = 2w};

(d) For w in Q, dim¢,; (Ker(T'— Zw)) = n. n is called the index of T" at w (or
on Q).

We call the operators in RQB,,(2) right Cowen—Douglas operators on quater-
nionic Hilbert spaces or briefly right quaternionic Cowen—Douglas operators.

Remark 6.2. Let T' € RQOB,(£2). For any w in 2, Ker(T'—Zw) is an n-dimensional
C,,-subspace of H,, i.e., for any = € Ker(T'— Zw) and g € Cy,

T(zq) = (Tx)q = (3w)q = z(wq) = z(qw) = (zq)w,
which implies xq € Ker(T' — Zw). In fact, it is isomorphic to an n-dimensional
complex vector space since Cj is naturally isomorphic to C.

Lemma 6.3. Let T € L(H,) andw € X,.(T). Then for any g € H\ {0}, we have
quqg™ € X.(T) and {Ker(T — Zw)}q~* = Ker(T — Zqwq™").

Proof. Suppose x €Ker(T — Zw).Then
T(eq™") = 2wqg" = (vq7")(qwg™").

O

Proposition 6.4. Let Q be a connected open subset of H\R and T € RQB,(€2).
IfQ 1s the azially symmetric completion of €, then T € RQAB, ( ).

Proof. We will show that T satisfies conditions (a — d) in definition 6.1.

a) It follows from lemma 6.3 that © C ¥,(T).

b) For any p € €0, there exist w € Q and ¢ € H\ {0} such that p = qwg~". For
any y € H,, it follows from Ran(7 —Zw) = H, that there exists z € H, such that
Tr—aw = yq. Then (Tx)qg ' —(2w)q™! =y, that is T(xq™!) — (xq ) (quqg™!) = y.
Hence y € Ran(T — Zp).

¢) FweaKer(T'— Zw) = H, obviously implies 4 gKer(T' —Zw) = H, since
QcQ.

d) For any ¢ € H\ {0} and w € Q, since {Ker(T —Zw) }¢'=Ker(T — Zqwq™),

we have

dime,  (Ker(T — Tqwq ™)) =n.

qwq

Remark 6.5. The condition (c) in definition 6.1 is equivalent to \/y{Ker(T —
Tw); we Q" } =H,, and the condition (d) in definition 6.1 is equivalent to

dimcKer(T, —w) =n  for we Q.
In the research of quaternionic linear operators, complex representation is a

useful technology. Let {e;};°; be an ONB of H,. Denote H; = \/o{en;n =
1,2,...} and Ho = Vfendin = 1,2,...}. Then H; @ H, is a complex Hilbert
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space. For every z € H,, we can write uniquely * = u + jv where u € H;
and v € Hy. Then the complex representation of = is . = (u,v) in H; & Hs.
Moreover, for every quaternionic linear operator 7" on ‘H,, we can give a complex
representation of T" defined by T, : H1 & Ho — H1 P Ho

o [n T
¢ T, T, | Ho

where T} and T3 are complex linear operators determined by 7. If a linear op-
erator is seemed as an infinite dimensional matrix, we can write T = T} + jT5.
Computing directly, one can get the following result.

Lemma 6.6. Let T',S be two quaternionic linear operators on H, and v € H,.
Then
(T+S).=T.+S., (TS).=1T.5. and (Tx). = T.x..
Furthermore, for any A € C, we have
(T —IN).=T.— A\ (6.1)
According to complex representation and the equation (6.1), one can see

Theorem 6.7. T' € ROB, () if and only if T, satisfies the following conditions.
(1) QF C 0,(T.), where o,(T.) means the point spectrum of T.;
(2) Ran(T. — w) = H1 ® Ha for w € Q;
(3) VeiKer(T. — w), Ker(T. —w); w € Qf} = Hy & Ha;
(4) dimcKer(T. — w) = n for w € Q.
Proof. Obviously, the condition (1) is equivalent to the condition (a) in definition
6.1 and (2) is equivalent to (b). By remark 6.5, the condition (4) is equivalent to

the condition (d) in definition 6.1. Now prove the condition (3) is equivalent to
the condition (c) in definition 6.1. In fact, we need only to prove

(\/{Ker(T — Zw); w e O }). = \/{Ker(T. — w),Ker(T, —w); w e O},

Notice that for any A € , z € Ker(T' — \) if and only if 2. € Ker(7. — \). Given
any w € Q. For any z € Ker(T' —Zw) and any ¢ = a+jf € H, zq = xa+ (zj)5.
Since w € O, j~'wj = w and consequently zj €Ker(T — Zw). Then
(2q)e = xear + (2§) 5, zeaw € Ker(T, — w) and (zj).0 € Ker(T, — @),
and hence
(\V/{Ker(T - Tw); w € 4 }). € \/{Ker(T. - w),Ker(T, - w); w e 4},
H C

On the other hand, for any v € Ker(7. — w) and v € Ker(7, — @), there exist
z,y € Ker(T — Zw) such that x. = u and (yj). = v. Thus

(\/{Ker(T - Tw); w e O} 2 \/{Ker(T. — w),Ker(T. — @); w € O }.
H C

O

Next, it is investigated that quaternionic Cowen-Douglas operators are really
a class of geometric operators.
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Theorem 6.8. For every n € N, each operator T in RQOB,,(2) naturally induces
an n-dimensitonal homogeneous leaf-wise holomorphic curve fr on Q.

Proof. Define fr: Q — Gr(2n,R, H,) by
fr(w) = Ker(T — Zw).
It follows from the proof (d) of proposition 6.4 that fr is a homogeneous curve.
According to proposition 3.9, it suffices to show that fr |o+: Q" — Gr(n,C,H,)
is holomorphic.
For any A € Q" since T is in ROB,, () together with and theorem 6.7, X is a

1

point of stability for T, — A which means T, — A is Fredholm and dim¢(Ker (7, —
w)) = n is constant on some neighborhood of A\. Thus, it follows from a result of
Cowen and Douglas’s paper (proposition 1.11 in [4]), that there exist n analytic
(H1 @ Hz)-valued functions {g; (), ..., g.(N\)} as a basis of the space Ker(T, — \)
for any A € Q. According to the complex representation, proposition 2.3 and
lemma 6.6, {g1(A), ..., gn(A)} correspond to n right analytic H,-valued functions
{fi(N),..., fu(N)} as a basis of the space Ker(T'—Z\) on C. Therefore, fr \Qi+:

Q" — Gr(n,C,H,) is holomorphic. O

Similar to a conclusion of Cowen and Douglas (corollary 1.13 in [4]), we have
the following result.

Proposition 6.9. If Q) and Q are two bounded connected open subsets of H with
Qp CQ, then ROB,(Q2) C RAOB, ().

Proof. 1t is a straightforward corollary of theorem 6.8 and proposition 5.3. OJ
Now let us show some concrete right quaternionic Cowen—Douglas operators.

Example 6.10. Suppose that {e;}°, isan ONB of H,. Let M = {z € C;|2—i| <
1}, M = {z;2 € M} and M the axially symmetric completion of M. Consider

i1 €1
i1 €9
T= i 1 €3
Then y
B 0 H,
Te= {0 Z} Hy'
where
i1 €1 —i 1 €1j
i1 e _ —i 1 eaj
A= i1 eg ond A= —i 1

are complex linear operators on H; = \/{e;;7 € N} and Hy = \{eij;i € N}
respectively.

Notice that A € By(M) and A — z is invertible for any z € M while A € B (M)
and A —7 is invertible for any z € M. Then T, satisfies the conditions in theorem
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6.7 and hence T" € RQBl(M). In fact, (1,2 —1,...,(#—1)",...) is the restriction
on M of the homogeneous leaf-wise holomorphic curve on M induced by T

Since the multiplication on quaternions is noncommutative, translation maybe
change the indices of quaternionic Cowen—Douglas operators.

Example 6.11. Suppose that {e;}22; is an ONB of H,. Let Q = {z € H\R; |z| <
1}. Consider

[0 €1
€2

€3’

1
. 0 1
B=T-il = 01

where T is the operator defined in above example. Then

B 0]Hy
Be=10 By #y
where
01 €1 0 1 elj
0 1 €o 0 1 €2j
By = 0 1 e ond D= 0 1

are complex linear operators on H; = \/{e;;i € N} and Ho = \/{e;j;i € N}
respectively.
Notice that By, By € Bi(€"). Then B. satisfies the conditions in theorem 6.7

and hence B € RQBy(Q?). Infact, f, = (1,2,...,2",...)and f3 = (§,jz,...,j2",...).

form a frame of the restriction on € of the homogeneous leaf-wise holomorphic
curve on {2 induced by B.

It is obvious that the index of a quaternionic Cowen—-Douglas operator is locally
stable. However, it is not true in large scale.

Example 6.12. Suppose that {e;}7°; is an ONB of H,. Let M; = {z € C; |z —
1<l |z+3| >1and Im(z) > 0} and M, = {2 € C;|z = %| < 1, |2+ 3| <
1 and Im(z) > 0}, and let ©; and Qy be the axially symmetric completion of M;
and M, respectively. Consider

i
5 1 €1
1
B-| 71 5
o % 1 €3’

We will show B € RQB;(€;) and B € ROB,(£2s).

It is a routine to check conditions (a — ¢) in definition 6.1. So we need only
consider (d).

The complex representation of B is

o Bl O Hl
BC o |: 0 BQ:| 7‘[2’
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where
% 1 €1 —% 1' e
L | € —5 1 €2]
B, = 2 i and By = 2 i
2 2

are complex linear operators on H; = \/{e;;i € N} and Ho = \/{e;j;i € N}
respectively.

Notice that By € By(M;) and By — z is invertible for any z € M; while
B, € By(M,;) and B, — % is invertible for any z € M;. Then B € RQB;(;). On
the other hand, since By, By € Bi(Ms), we have B € ROBy(€2s).

Now let us consider the classification of ROB,(2) in the sense of quaternion
unitary equivalence. Denote by sy the QEHM on (" x C", Q" 7) induced by
fr. Then we have the main result.

Theorem 6.13. Let T, S € ROB,(Y). Then the following statements are equiv-
alent:

(a) T and S are quaternion unitarily equivalent in L(H,);

(b) The two n-dimensional homogeneous leaf-wise holomorphic curves fr and
fs are congruent.

(¢) The two n-dimensional QEHBs (4 xC™, Qi w, s7) and (Qf xC™, QF | 7, s55)

are holomorphic g-isomorphic.

Proof. According to theorem 5.5, (b) and (c) are equivalent. It suffices to show
that (a) and (b) are equivalent.

(a) = (b). If U is the quaternion unitary operator such that UT = SU, then
U(Ker(T — Zw)) = Ker(S — Zw). Hence fr and fs are congruent.

(b) = (a). If U is the quaternion unitary operator such that U fr(w) = fs(w),
then for any = € Ker(T — Zw),

UT(z) =U(rw) = (Uz)w = S(Uz) = SU(x).

Since

FoeaKer(T — Zw) = H,,
we have UT = SU. O

At last, we will investigate that quaternion unitary equivalence for quaternionic
operators is strictly stronger than complex unitary equivalence for their complex
representations.

Proposition 6.14. Let F,G € L(H,). If ' and G are quaternion unitarily
equivalent, then their complex representations F,. and G. are complex unitarily
equivalent.

Proof. Notice that if U is a quaternion unitary operator on H,, then its complex
representations U, is a complex unitary operator. Then the result is obtained
immediately. 0

However, the inverse is not true. In particular, we have counterexamples in
quaternionic Cowen—Douglas operators.
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Example 6.15. Suppose that {e;}7°, is an ONB of H,. Let M = {z € C; |z—i| <
1} and Q the axially symmetric completion of M. Denote

j 1 €1 k 1 €1
i1 €9 i1 €9
F= i 1 es and G = i 1 es’

Then F,G € ROB;(2) and they are not quaternion unitarily equivalent while
their complex representations are complex unitarily equivalent.

Proof. Write
F=T+K

where
i1 510 0
i 1 0 00
1 and  K=1 9 ¢ 0

Then T € ROB;1 () (see example 6.10) and K is a compact operator. By theorem
6.7, T, is a Fredholm operator with index 1. Thus, F, = T.+ K. is also a Fredholm
operator with index 1 for K. is compact. To prove F' € ROB;(f), it suffices
to show that dimcKer(T, — z) = 1 for z € M and \/{Ker(T. — 2), Ker(7, —
Z); 2 € M} = Hy ® Ha. Let f1(2) = z+jand f,(2) = (2 +1i)(z —1)"! for
n > 2. Put f(z) = (fi(2), f2(2),...) under the ONB {e;}32,. Then we can see
Ker(T, — z) = {\f(2); A € C} for z € M. Moreover, f(z) is the homogeneous
leaf-wise holomorphic curve induced by F'. Since

\VA{F960); j=01,...} =H,
H

it follows from proposition 5.4 and theorem 6.7 that

\/{Ker(Tc —z),Ker(T, —2); z€ M} = H, @ Ho.
C

Similarly, G € ROB1(Q) and g(z) = (¢1(2), 92(2),...) is the homogeneous
leaf-wise holomorphic curve induced by F, where ¢;(2) = z + k and ¢,(z) =
(z +i)(z —i)"! for n > 2.

Now, one can see that F' and G are not quaternion unitarily equivalent. By
theorem 6.13, if F' and G are quaternion unitarily equivalent, then f(z) and
g(z) are congruent. Consequently, there exists a complex holomorphic function
h on Q such that f(z) - h(z) = g(2) for all z € Q. However, fi(z) = z + ]
multiplied by any complex number can not be ¢;(z) = z + k which contradicts
with the assumption. In other words, the two QEHBs (€ x C,Qf, 7, sp) and
(" x C, Q4 , 7, s¢) are not holomorphic g-isomorphic.

On the other hand, it is obvious that the complex restrictions of (2 xC, Q| 7, sx)
and (Qf x C,Q;", 7, s¢) are the same. Moreover, we will show that the complex
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representations of F' and GG are complex unitarily equivalent. Notice that

A -BlH, A -,
FC_{B Z—|’H2 and GC‘[C ﬂ%g

where
01 1 —i
i1 0 0
Consider

[1d 0 1H.
V=15 e

where Id means the identity operator. Then V' is a complex unitary operator (no-
tice that V' can not be a complex representation of a quaternion unitary operator)
and VF =GV. O
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