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FACTORIZATION OF GENERALIZED NEVANLINNA
FUNCTIONS AND THE INVARIANT SUBSPACE PROPERTY

HENDRIK LUIT WIETSMA

ABSTRACT. The well-known invariant subspace property of selfadjoint rela-
tions (multi-valued operators) in Pontryagin spaces is shown to be equivalent
to the factorization property of (scalar) generalized Nevanlinna functions. This
connection is established by a new realization for generalized Nevanlinna func-
tions explicitly reflecting this connection. Combining this result with the new
function-theoretic proof for the factorization property of generalized Nevan-
linna functions contained in [20] immediately yields a new proof for the invari-
ant subspace property of selfadjoint relations in Pontryagin spaces.

1. INTRODUCTION

A symmetric complex function f is an (ordinary) Nevanlinna function, f € N,
if Im(f(2)) -Imz > 0 for all z € C\R, see e.g. [9]. This class of functions
was extended by M.G. Krein and H. Langer, see [13], to the class of generalized
Nevanlinna functions. A symmetric function f meromorphic on C\R is a generalized
Nevanlinna function of index k € Ny, f € M,,, if for arbitrary z1, ..., 2, contained
in the intersection of C with the domain of holomorphy of f, the Hermitian matrix
(Ny(zi,25)); j—1...n, has at most k negative eigenvalues, and there exists a choice
21, ..., 2p such that (N¢(z, z5)) ,, has precisely x negative eigenvalues. Here

(L1) Ny(zw) = LB ZI0),

Z—Ww

ij=1,s

is the so-called Nevanlinna kernel of f. The class of generalized Nevanlinna func-
tions with zero negative squares, My, coincides with the well-known class of (ordi-
nary) Nevanlinna functions 9. A fascinating property of generalized Nevanlinna
functions is that they are characterized as being the product of a symmetric rational
function and an ordinary Nevanlinna function.

Theorem 1.1. A complex function f is a generalized Nevanlinna function of in-
dex k if and only if there exists an ordinary Nevanlinna function fo and a rational
function r of degree k such that f = rfor?. Here r#(z) = r(Z).

Moreover, if r for™ = sgos?, where fo, go € N are not identically equal to zero, and
r and s are rational functions, then there exists ¢ € C\ {0} such that r = cs and

go = |c[* fo.
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2 H.L. WIETSMA

Theorem 1.1 straight-forwardly follows from a factorization result for the class of
so-called pseudo-Carathéodory established by P. Delsarte, Y. Genin and Y. Kamp
in 1986, see [2]. As that paper had not obtained widespread attention, Theorem 1.1
was rediscovered some 12 years later by H. Langer. Not much later two papers, [4]
and [6], appeared containing new proofs for it. Although these new proofs differ
from the one in [2], all three proofs are function-theoretical. In particular, the two
new proofs are a more or less direct consequence of the characterization of the index
of a generalized Nevanlinna function in terms of (the multiplicities of) its so-called
generalized poles of nonpositive type (GPNTSs) contained in [16, Theorem 3.5], see
also [17]. Here the GPNTSs are points of exceptional growth of the generalized
Nevanlinna function. However, this characterization of the index was established
in [16] by operator-theoretical arguments. More specifically, by making use of an
invariant subspace property of contractions in Pontryagin spaces.

In this paper Theorem 1.1 is derived directly from the following invariant subspace
property without the use of the concept of GPNTs.

Corollary 1.2. Let A be a selfadjoint relation with non-empty resolvent set in a
Pontryagin space {II, [-,-]} with nonzero negative index. Then there exists a A €
CU{oo} for which ker (A — \) contains a non-trivial nonpositive vector.

More precisely, combining Corollary 1.2 with the essentially algebraic result in The-
orem 4.1 below provides a proof for the factorization in Theorem 1.1. Conversely, we
also establish that Corollary 1.2 can be proven by combining Theorem 1.1 with The-
orem 4.1. Thereby the main contribution of this article is established: The invariant
subspace property in Corollary 1.2 and the factorization property in Theorem 1.1
are equivalent. This intimate relationship is expressed by the new realization result
Theorem 4.1 which contains an explicit construction for a (selfadjoint operator)
realization for rfr# given a (selfadjoint operator) realization for f, where f € 9,
and r is a rational function of degree one.

Note that the following stronger invariant subspace property, which was first proven
by L.S. Pontryagin for the case of operators (single-valued relations), see [19], can
straight-forwardly be deduced from Corollary 1.2, see Section 6 below.

Theorem 1.3. Let A be a selfadjoint relation with non-empty resolvent set in
a Pontryagin space {I1,[-,-]} with negative index x € Ng. Then there exist a k-
dimensional A-invariant nonpositive subspace J such that Imo (A [5) > 0.

When the proof of the invariant subspace property by means of the factorization
property, presented in Section 6 below, is combined with the function-theoretic
proof for the factorization property contained in [20] or in [2], one immediately
obtains a new, essentially function-theoretic, proof for the invariant subspace prop-
erty of selfadjoint relations in Pontryagin spaces.

Finally the organization of this paper is outlined. Section 2 and 3 contain short
introductions to relations in Pontryagin spaces and (minimal) realizations for gener-
alized Nevanlinna functions, respectively. Theorem 4.1 is proven in Section 4. That
result is combined in Section 5 with Corollary 1.2 and basic results from Section 3
to obtain a simple proof for Theorem 1.1; that proof is inspired by the proof for a
factorization of operator-valued generalized Nevanlinna functions contained in [18].
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In the sixth and final section Theorem 1.1 is combined with Theorem 4.1 to provide
a proof for Corollary 1.2, and it is shown how Theorem 1.3 can be straight-forwardly
obtained from Corollary 1.2 and a basic result contained in Section 3.

2. RELATIONS IN PONTRYAGIN SPACES

A linear space II together with a sesqui-linear form [-, -] defined on it, is a Pontryagin
space if there exists an orthogonal decomposition IIT +1I1~ of II such that {IT*, [, ]}
and {II7, —[-, -]} are Hilbert spaces, at least one of which is finite-dimensional. Here
two subspaces 9 and N of a Pontryagin space {II, [-, -]} are orthogonal if [f,g] =0
for all f € Mt and g € . For our purposes it suffices to consider only Pontryagin
spaces for which II™ is finite-dimensional; its dimension (which is independent of
the orthogonal decomposition IT* +117) is the negative index of I1. Recall that the
dimension of every negative, nonpositive and neutral subspace of {IL, [, ]} is less
than or equal to this negative index.

A mapping H from the Pontryagin space {IIj,[, ]} to the Pontryagin space
{Ily, [-,-]2} is a (linear) relation (or a (linear) multi-valued operator) if H is de-
fined on a (linear) subspace (called dom H) of II;, maps each element z € dom H
to a subset Hz := H(x) of II; and is linear:

H(x+cy)={2'+cy €lly:2' € Hx, y € Hy}, xz,y€1l;, ceC.

In particular, (linear) relations from II; to Il can, and will, be identified with
subspaces of IIy x I via their graphs. A relation H is an ordinary (single-valued)
operator if the subspace mul H := {f € Il : {0, f} € H}, the multi-valued part of
H, is trivial. For any relation H, its adjoint, denoted as H[* | is defined as

HY = {{f, '} € Ty x 10y < [f,9)2 = [, gl V{g,9'} € H}.
In particular, if H is a densely defined operator, then H*! is the operator such that
[f.Hglo = [H"f, g1,  Vfe€domH" Vg e domH.
For any relation H in {IL, [-, ]}, i.e., a relation from {II, [, -]} to {II, [-, -]}, its resol-
vent at z € C, defined as
(H—2)"'={{f —2f. fy e Wx1L: {f f'} € H},
is a well-defined relation. Relations S and A in {II, [-, ]} are called symmetric and

selfadjoint if S C S and A = Al respectively. For a selfadjoint relation A the
resolvent set p(A) is defined as usual:

p(A):={z€C:dom(A—2)"! =TI}
Thus defined p(A) is open and o(A) := C\ p(A), the spectrum of A, is a closed
subset of C, see [8, Proposition 2.2]. The point spectrum of A, o,(A), is defined as
(2.1) op(A) :={a € CU{oo}:Jz € II\ {0} s.t. {z,ax} € A};

here the above should be interpreted to mean that co € ¢,(A) if mul(A) # {0}.
For a selfadjoint relation A the spectrum is symmetric with respect to the real line:

(2.2) o(A)=o(A),  o,(A) = 7, (A).

Moreover, p(A) contains all of C\ R except finitely many points if p(A) # 0, see
[8]. If A is a selfadjoint relation in {II, [-, -]} with p(A) # @, then a subspace £ C II



4 H.L. WIETSMA
is called A-invariant if (A — 2)71€ C £ for all z € p(A).

Finally, a (single-valued) operator U from (a Pontryagin space) {IIy,[-,-]1} to (a
Pontryagin space) {Ila, [, -]2} is a standard unitary operator if domU =11y, ran U =
H2 and

[f, gl =[Uf,Ugla, Vf,g € domU.

3. MINIMAL REALIZATIONS FOR GENERALIZED NEVANLINNA FUNCTIONS

If A is a selfadjoint relation with non-empty resolvent set in a Pontryagin space
{IL, [-, -]}, then f(z) defined for z € p(A) and arbitrary, but fixed, zo € p(A) by

(3.1) f(z) =c+imwwl+(z—2) [(I+ (= 20)(A— 2) ") w,w],

where ¢ € R and w € II, is a generalized Nevanlinna function whose index is at
most the negative index of {II, [-, -]}, see [14, 15, 11]. The converse also holds: if
f € M, then there exists a selfadjoint relation A with non-empty resolvent set in
a Pontryagin space {IL, [-, |}, whose negative index is (at least) &, such that (3.1)
holds for some w € IT and ¢ € R, see [14]; cf. [7, Section 2].

If (3.1) holds, then the pair {A,w} realizes f. In particular, in this terminology
the realizing space {IL,[-,-]} and the selection of the arbitrarily fixed realizing point
29 € p(A) are suppressed. A pair {4, w} is said to realize f minimally if

(3.2) M=cls.{(I+(z=—2)(A—2)""w:2z€pA)}.

If a realization {A,w} for f is minimal, then p(A) coincides with the domain of holo-
morphy of f, see [7, Theorem 1.1]. Minimal realizations for generalized Nevanlinna
functions are unique up to transformation by standard unitary operators.

Proposition 3.1. ([11, Theorem 3.2]) Let A; be a selfadjoint relation with p(A;) #
0 in {10, [-,-];} and let w; € 1I; be such that {A;,w;} realizes f; € N, minimally
at the fized point zg, for i = 1,2. Then f1 = fo + ¢ for some ¢ € R if and only if
there exists a standard unitary operator U from {1y, [-,-]1} to {Ila, [, ]2} such that
As = (]141[]_1 and wy = Uw;.

The existence of a pair {A,w} minimally realizing an arbitrary f € 9, has been
established in [14]; cf. [7, Section 2]. Since those minimal realizations are in a
Pontryagin space with negative index x, Proposition 3.1 yields that all minimal
realizations for f € I, are in Pontryagin spaces with negative index x. Non-
minimal realizations can be reduced to minimal ones, cf. e.g. [11, Section 2].

Proposition 3.2. Let A be a selfadjoint relation with p(A) # 0 in the Pontryagin
space {IL,[-,-]} and let £ be a closed A-invariant subspace with isotropic part £y:
£0 = &N LHL. Then the relation Ag defined via

Ag = {{F + (€], /' + [L0]} € £/80 x £/L0 : {[, ['} € A},

is a selfadjoint relation in the Pontryagin space {£/Lo, [-,"|}. Ifw € £, then {A,w}
and {Ag,w + [Lo]} realize the same generalized Nevanlinna function.

Note that if {74, 7_,mo} is the inertia index of £, see [1, Ch. 1: § 6], then the
negative index of the Pontryagin space {£/£o, [-,-|} is m_, see [1, Ch. 1: 9.13].
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Proof. The assumptions imply that the quotient space {£/£o, [, ]} is a Pontryagin
space, see [1, Ch. 1: 9.13]. Since £ is the isotropic part of £ and A is a selfadjoint
relation, Ag is a symmetric relation. To establish the selfadjointness of Ag it suffices
by [8, Theorem 4.6] to show that

(3.3) p(4) C p(As).
Let z € p(A) be arbitrary, then £ C ran (A — z). Thus for every g € £ there exists

{f,f'} € A, such that g = f' — zf. Now the assumed A-invariance of £ implies
that f = (A —2)"!g € £ and thus also f’ € £. Therefore,

SC{f —zf: {f,f}eAn(Lx L)}.
Consequently, ran (Ae —z) = £/£( and this implies that z € p(Ag). Since z € p(A)
was arbitrary, the above argument shows that (3.3) holds.

To prove the final assertion note first that £ is A-invariant. This is a direct conse-
quence of the fact that the assumed A-invariance of £ together with selfadjointness
of A implies that £l is also A-invariant. Thus by definition of £ and £y we have
that for every z € p(A) and every h € £

(4 (=) (A=) ™) wth), (w4 h)] = [+ (z20)(A—2) o] = LELZLE)
=20

This shows that {A,w} and {Ag,w} realize the same generalized Nevanlinna func-

tion, see (3.1). O

Corollary 3.3. Let {A,w} realize f € N, and define £ and £y to be
Ci=cls.{(I+(z—2)A—2)Yw:z€p(4)} and Lo:=£N gl

Then £, £ and £y are A-invariant, and f is minimally realized by {Ag,w+[Lo]},
where Ag is as in Proposition 3.2.

Proof. The subspace £ contains w by definition and the resolvent identity shows
that it is A-invariant. Since A is selfadjoint and £ is A-invariant, £ is also A-
invariant and, hence, so is £g. Therefore the statement follows from Proposition 3.2
and the definition of minimality, see (3.2). O

Let £ be as in Corollary 3.3 for some realization {A4,w}, then w € £ = (¢H)H and
£l is A-invariant. Conversely, if 9 is A-invariant and w € 9], then a direct
calculation shows that 9t C £, Thus Corollary 3.3 has the following consequence.

Corollary 3.4. Let {A,w} realize f € N,.. Then {A,w} realizes f minimally if
and only if there exists no non-trivial A-invariant subspace M such that w € ML

If p(A) # 0, then p(A) contains all of C\ R except at most finitely many points, see
e.g. [8, Proposition 4.4]. Thus if f is not identical equal to zero, then the realizing
point zg in (3.1) can be taken from {z € p(A4) : f(z) # 0}; such realizations are
reqular. If {A,w} is a regular realization for f € 9, where f is not identically
equal to zero, then {A,w} is a (minimal) realization for f if and only if {A,&} is a
(minimal) realization for —f~!(€ M., cf. (1.1)), where A and @ are defined via

(34)  @:=—(f(z0) 'w and (A—2)"":=(A—2)"" =7 (f(2)" '],
see e.g. [18]. Here v, = (I + (2 — 20)(4A — 2) Hw.
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This section is concluded by presenting necessary criteria for a realization to be
minimal. Proposition 3.5 below can be proven by making use of the characterization
of the point spectrum of minimal realizations for a generalized Nevanlinna function
in terms of its non-tangential growth; see e.g. [5, Lemmas 2.2 & 2.3]. Here an
elementary proof is presented.

Proposition 3.5. Let f € M., where f is not identically equal to zero, have the

reqular and minimal realization {A,w}. Then o,(A) Nop(A) = 0.

-~

Proof. Assume that 8 € o,(A) Nop(A) N C; the case § = oo can be treated by
similar arguments. Then there exist zg, 27 € II'\ {0} such that

(A—20)tag = (B—2) 'z and (A— %)_1553 = (B - 70)_1555;
see (2.1) and (2.2). Thus by (3.4) (with z = zp)
—[p, vzl - [~ (F(20) " w, Bg) = [(A — 20) twp, ig] — [z, (A — F5) Lig] =0

here v, = (I+(2—2p)(A—2)"Y)w. The above equation implies that either [z, vz] =
0 or that [0,75] = 0, see (3.4). In the former case the A-invariance of zs implies
that [zg,w] = 0. Hence, the realization {A,w} is non-minimal by Corollary 3.4. In
the latter case the realization {A,@} (for —f~!) is non-minimal by Corollary 3.4.
From this the non-minimality of the realization {A,w} follows, see the remarks
preceding (3.4). O

4. CONNECTION BETWEEN THE FACTORIZATION AND INVARIANT SUBSPACE
RESULTS

The key result used to prove the asserted connection between Theorem 1.1 and
Corollary 1.2 is Theorem 4.1 below. Given a rational function r of degree one and
a realization for f € M., Theorem 4.1 contains an explicit realization for r fr#. To
increase the readability only the case that r does not have a pole or zero at infinity
is presented; in the other cases a similar result holds, see Remark 4.2 below. For
Theorem 4.1 (i) see also [3, Theorem 4.1]. Note that [12], based on a earlier version
of this paper, contains a result similar to Theorem 4.1.

Theorem 4.1. Let f € Ny, not be identically equal to zero and let o, B € C be such
that a # B and o # . Moreover, let {A,w} realize f, where the realizing space
{IL [-,-]} has negative index & (k > ) and the realizing point 2o is contained in
p(A)\ {B, B}, and let r be defined as
zZ—a«
r(z) := —.
()= =5

Then f, == rfr# is realized by {A,,w,} where w, = (d w f- a)T and

Ay = {{{xlaxcaxf‘}v {Bxl + [1'07"‘-]] - exr,xlc + WIT,BIT}} eIl x II, :
x,x € C, {z.,2.} € A};

— _ _1(20)f(20) (2z0—f—a)[w,w] _ f(z0)+f(z0)+(B+B—20—%0)[w,w] }
hered =~ GgGo-m T oG- nm-n 1° 2(0-5)(Z0—5) - More
over, the realizing space {Il,,[-,-].} corresponding to {A,,w,.} is the Pontryagin

space {1, [, ]} with negative index & + 1 defined via
[ga h]r = [gc; hc] +grhil+glhira g = {gla Ge; gr}, h = {hl> he, hr} ell, :=CxIIxC.
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Additionally, if {A,w} is a regular and minimal realization for f, then & = k and
(i) {Ar,w,} realizes f, minimally if and only if o ¢ 0,(A) and 8 ¢ Up(zzl\);
(i) if there exist x, = € II\ {0} such that [z,z] <0, [Z,7] <0, {z,az} € A and
{7,827} € A, then f. € MN._1.

If the relation A in Theorem 4.1 is an operator, then A, has with respect to the
decomposition C x IT x C of II,. the following block representation:

ﬁ [7(*)] —€
A. =10 A w
0o 0 g

Proof. The proof consists of five steps. In the first step all assertions except the
last two are proven. In the second and third step some calculations are made to
characterize the non-minimal part of the realization {A,,w,}. Those results are in
the fourth and fifth step used to prove the assertions (i) and (ii), respectively.

Step 1: By construction, {IL,,[,].} is a Pontryagin space with negative index
& + 1. The selfadjointness of A, is straight-forwardly established after noting that
e € R. Clearly, for z € p(A)\ {8, 5}

Lﬁ [(A—z);w] e+[(A—2)"'ww]
= T (z=B)(2—P)
(A, —2)" ! = 0 (A—z)! %
_ 1
0 0 .

The proof of the first part of this statement is completed by showing that {A,,w,}
realizes f, = rfr#. Instead of proving this directly, an easier proof is obtained
by a unitary transformation of the realization {A,,w,}. More specifically, define
U .= UlUQ in {HT, [', ]r} via

1 —[w —ww]/2 Z—pF 0 0
Uy:=10 In w and Usj := 0 I 07
0 0 1 0 0 (20—pB)"1

Then direct calculations show that U; and U, are standard unitary operators in
{II,,[-, -]} and, hence, that U is a standard unitary operator in {IL,, [-, -], }. Let

A, =UAU! and wy = Uw,.
Then {A,,w,} realizes the same function as {A,,w,}, see Proposition 3.1. Thus

this part of the proof is completed by showing that {A,,w,} realizes f,.

Let v, := (I + (2 — 20)(A — 2) " }w, then

_% _[WZ] fz) _ r(20)f(20)
= = (2—B)(2—B) z0—f
(Ay —2)7 ' = 0 (A—2)"1 % - r(z0)w
0 0 ] —2=Z
z—p3 z20—0

In the calculation to establish the above one has to make use of the identity f(z0) —
f(20) = (20 — Z0)[w, w], see (3.1). A further straight-forward calculation shows that

\T
Yo =T+ (2 — 20)(Ay — Z)_l)wu = (_% r(2)72 _j:g) '
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Recall that the kernel Ny for g € 9, is defined in (1.1). In view of the identity

T(E; - 7(11)) +Wr(z) — ’I;(@)7

—w zZ—w

Ny, (z,w) = r(2) Ny (2, w)r(w) + f(2)r(2)

<

see e.g. [4, (3.14)], the identity Ny, (2, z0) = [V¥, wy], is now easily established. In
other words, {A,,w,} realizes f,.

Step 2: Henceforth the realization {A,w} of f is assumed to be minimal. In order
to prove (i) and (ii), the orthogonal complement of
(4.1)

M, :=span{(I + (z — 20)(Ay — 2) ") wy : 2 € p(A,)} = span {7¥ : z € p(A,)}

should be determined; cf. Corollary 3.3. If {0, z.,0} € II, is such that

0= [, {0,2¢, 0y = [r(2)7z, 2c] = 7(2)[7z2, 2]
for all z € p(A,) = p(A) \ {B, 8}, then the assumed minimality of {A4,w} yields

z. = 0. This shows that Dﬁq[f] is at most two-dimensional. Since Sﬁw is A,-
invariant, see Corollary 3.3, it thus consists of (generalized) eigenvectors of A,,.

Step 3: Next the eigenvectors of A, contained in 9)?5‘] are determined; i.e., the
eigenvectors x of A, satisfying [x,w,], = 0. A vector x = {x;, x., 2z, } € II,. \ {0} is
an eigenvector of A, satisfying [z, w,], = 0 if and only if there exists a 6 € CU{o0}
such that z satisfies for all z € p(A,) \ {0}

TN 2% R A G L S N JRO T A/
Ao )iy, ¢ LB e . fE)zr | _ -
( 2) x—l—ﬂ_z e r(20) [x,w]—kﬁ_% ﬁ—%wl
Here 5, s*— and $%= should be interpreted to be zero if § = co. The second

equality in (4.2) shows that there are two cases to consider: § = 3 or x, = 0. In
the latter case 2; # 0 (see Step 2) and the remaining equalities in (4.2) reduce to

43 [erd=2"0m (A=) m= 5", @)l wl = (- D
Here the first and second equality should be interpreted to be [z.,vz] = —x; and
(A —2)7tz. = 0, respectively, if § = co. The second equality in (4.3) shows that
the first one is satisfied if and only if [z.,w] = f:%xl ([xe,w] = —a; if § = 00).
Thus the equalities in (4.3) are satisfied if and only if § = @ and {x.,az.} € A4;
i.e., if and only if @ € 0, (A).

Le

On the other hand, if § = 3, then (4.2) reduces to

f(z)xT_B_B -1 Yelyr  Te |

(4.4) G e T B
(o] + LT _ B,

cy B—% a_%l

Taking z to be Zy in the first equality and comparing with the third equation yields,
in view of the assumption « # 8, that 2; = 0. In particular, z, # 0 (see Step 2)
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and the third condition is satisfied when the first one is. Thus the equalities in
(4.4) are equivalent to

_ ] — Zr | VzLr _ Tc
(4.5) [T, V2] ]‘(Z)B_Z7 (A—2) acc—i-B_Z T4

-~

Recall that f(z) is nonzero for z € p(A), cf. (3.4). Combining the preceding two
equalities yields the following constraint on x.:

(B - Z)ilfc =(A- Z)ilmc + 'YZO(_f(Z))il[xc»’YE] = (A\_ Z)ilxc

for all z € (p(A) N p(A))\ {8, B}. Since p(A) and p(A) correspond to the domain of
holomorphy of f and f~*, respectively, see [7, Theorem 1.1], (p(A) ﬂp(g)) \ {3, 8}
is dense in C \ R. Consequently, (4.5) has a solution if and only if {x., Bz.} € A\;
i.e., if and only if § € ap(g).

Step 4: The argument in Step 2 showed that smL”, see (4.1), consists of (general-
ized) eigenvectors of A,,. Hence the calculations in Step 3 showed that mi = {0}

if and only if o ¢ 0,(A) and 3 ¢ ap(A\); cf. (2.2). This proves (i), because by
Corollary 3.3 the realization {A,,w,} (and, hence, also the unitary equivalent re-
alization {A,,w,}) for f,. is minimal if and only if imL” = {0}.

Step 5: If the assumptions in (ii) hold, then the calculations in Step 3 show that
Le = {(a - %)(ﬁ - a)_l[(E,wL:E, 0} and /(E\e = {01 /x\? (B - ZT))[ZC\VW]}

are nonpositive vectors contained in DJTLL], see (4.1). In fact, the calculations in
Step 3 showed that {z.,aw.},{Ze, 3T} € A,, ie., . and T, are eigenvectors
of A, corresponding to the eigenvalues @ and (. Since a@ # 3 and a # B by
assumption, the eigenvectors x. and Z. are orthogonal. Therefore SJILH7 being at
most two-dimensional, see Step 2, is under the assumptions in (ii) equal to the
two-dimensional nonpositive subspace span {z.,Z.}. Thus the index of f, is equal
to k+1—2 =k —1 by Corollary 3.3 (see also Proposition 3.2). O

Remark 4.2. Theorem 4.1 also holds if & = oo or f = co. If @ = o0, ie. if
r(z) = (z — B)71, then f. = rfr# is realized by {A,,w,}, where A, is as in
Theorem 4.1 and

r(20) f(20) + [w,w] _
(z0—=B)(Z0—B) ' 2(z—B)(20—hB)
Wy = 0

1

The condition {x, @z} € A that occurs in (ii) should in this case be interpreted to
be {0,2} € A.

The case = oo, i.e. 7(z) = z — a, can be obtained from the case @« = oo by
means of (3.4). In this case the condition {Z, 87} € A that occurs in (ii) should be
interpreted to be {0,7} € A and f, = rfr# is realized by {A,,w,} where
0 [l f(2) —(20 = B) f(20)
(A, —2)7'=[0 A=2)"' ~ |, w = (20 — Bw
0 0 0 1
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5. PROOF OF THE PRODUCT REPRESENTATION

Proof of Theorem 1.1. The proof consists of three steps: first the existence of the
factorization is established, thereafter its uniqueness and, finally, its sufficiency.

Existence of the factorization: Let {A,w} be a minimal and regular realization
for f € M, with k # 0 (for k = 0 Theorem 1.1 trivially holds), see [14]; cf. [7,
Section 2]. Moreover, let A and @ be as in (3.4). Then by Corollary 1.2 there exist
non-trivial nonpositive eigenvectors y, of A and yg of A corresponding to some
cigenvalues a € CU{o0} and 8 € CU{oo} of A and A, respectively. Since {A,w} is
a minimal and regular realization for f, Proposition 3.5 together with (2.2) implies
that o # 8 and 8 # @. Let

—a 1
r(z) = 72—;’ ifa,€C, r(z):= ot
Then f,. = rfr#* € N._; by Theorem 4.1; see also Remark 4.2. Repeating the
above procedure shows that f € 91, has the factorization in Theorem 1.1.

ifa=00, r(z)=z-a, if f=cc.

Uniqueness of the factorization: Recall that if hg € N, then

h
(5.1) lim (8 — 2)ho(2) € [0,00), lim holz) ¢ [0, 00),
z=BER z=oo 2
see e.g. [4, (3.3) and (3.5)]. Here the notation lim,=,cru{oo} is used to denote the
non-tangential limit to x € RU {oo} from the upper half-plane. If hy € M is not
identically equal to zero, then also —hy* € M. Hence for such functions (5.1) yields
(5.2) li/r\r;.a(ﬁ —2)"tho(2) <0 or (B—2)"tho(2)| = oo;
2=

lim |
z=B
here (8 — z)~tho(z) should be interpreted to be zho(2) if 8 = .

Now let rfor# = sgos™, where fo,g0 € M and r and s are rational functions.
Then fo = (s/r)go(s/r)#. Clearly, the rational function s/r has no poles (or zeros)
in C\ R, because fy and gy are holomorphic on C\ R being ordinary Nevanlinna
functions. Assume that 8 € R is a pole of s/r (8 = oo can be treated similarly)
of multiplicity n € N; i.e., that there exists a rational function ¢ not having 3 as a
zero or pole such that s(z)/r(z) = t(2)/(z — £)". In that case

lim (8 — 2)fo(z) = H(8)¢* (8) im (8 = 2)!~*"gu(2).

By (5.1) the left-hand side is nonnegative, while by (5.2), taking into account
that t(8)t” (B) > 0, the right-hand side can not be nonnegative. This contradiction
shows that the rational function s/r has no poles in CU{oco} and, hence, is constant.

Sufficiency of the factorization: Let f = rfyr#, where f; € DM is not identically
equal to zero and r is a rational function of degree k. Since f; € I, it can be
realized by {Ag,wo} where the realizing space is a Hilbert space, see e.g. [10]. Thus
Theorem 4.1 (applied « times) yields a realization {Af, ws} of f where the negative
index of the realizing space is k. Thus f is a generalized Nevanlinna function whose
index xy is smaller than or equal to x, cf. Corollary 3.3. Hence, by the proven part
of Theorem 1.1, f = sggs?, where gy € 91 and s is a rational function of degree
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ks < k. Finally, the proven uniqueness of the factorization yields that x; (the
degree of s) is equal to k (the degree of 7). O

6. PROOF OF THE INVARIANT SUBSPACE THEOREM

Here the invariant subspace result Corollary 1.2 is proven by means of Theorems 1.1
and 4.1. We start, however, by showing that the general invariant subspace result
Theorem 1.3 can be obtained from Corollary 1.2 by means of Proposition 3.2.

Proof of Theorem 1.3. The proof proceeds by induction on the negative index k
of the Pontryagin space starting with the case k = 1. Then there exists by Corol-
lary 1.2 a nonpositive eigenvector zy # 0 of A for an eigenvalue A. If Im A < 0, then
by (2.2) there exists an eigenvector zy # 0 for the eigenvalue . Since eigenvectors
for non-real eigenvalues are easily seen to be neutral, Theorem 1.3 holds in this case.

Suppose that Theorem 1.3 holds for k = 1,...,k — 1, k € N, and let A be a
selfadjoint relation in a Pontryagin space with negative index k. Then the argument
from the case k = 1 shows that there exists a nonpositive eigenvector xy # 0
of A for an eigenvalue A with Im A > 0. Now apply Proposition 3.2 with £ :=
(span {x\})*], then Ag¢ as in Proposition 3.2 is a selfadjoint relation in a Pontryagin
space with negative index k — 1. Hence, by the induction hypothesis there exists
a (k — 1)-dimensional nonpositive subspace J¢ which is Ag-invariant and satisfies
Imo(Ae l5.) > 0. Hence J := Jg¢ + span{z,} is a k-dimensional nonpositive
A-invariant subspace such that Imo(A [5) > 0. O

Proof of Corollary 1.2. Let A be a selfadjoint relation with p(A) # () in a Pontrya-
gin space {IL, [-, -]} with nonzero negative index . For arbitrary w € II, let f be the
generalized Nevanlinna function realized by {A,w} at an arbitrary point zg € p(A)
via (3.1). By means of w and A define £ and £y to be

Ci=cls{(I+(z—2)(A—2) " Yw:z€p(A)} and L£5:=L£N gl

Since the subspace £y is by definition neutral, A-invariant (see Corollary 3.3) and
finite-dimensional (being neutral in a Pontryagin space), it consists of (generalized)
eigenvectors of A. Thus the statement holds if £¢ # {0}.

Next consider the case that £y = {0}. ILe., the case that the realization {A, w} for
f is minimal, cf. Corollary 3.3. Then f € I,. Since x > 0 by assumption, there
exists by Theorem 1.1 a rational function r of degree one and g € 91,_1 such that
f = rgr#. The zero and pole of r will be denoted by a and 3, respectively; note that
a# B and a # B. Let {A,,w,} be any minimal realization for g whose realization
point is also zg, see e.g. [10, Theorem 4.2]; in particular the corresponding realizing
space has negative index k — 1. Note that the selection of zy as the realization
point of {A4,wy} is possible, because, with D(f) and D(g) denoting the sets of
holomorphy of f and g respectively, one has that

p(A) =D(f) € D(g) = p(Ay);

here the equalities on the above line are a consequence of the assumed minimality
of the realizations, see [7, Theorem 1.1]. Now Theorem 4.1 yields a realization
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{Af,wy} for f where

1

B—z

(6.1) (A== {0 (4,—2)

0 0 3
here (8—2)~! and (8—2)~! should be interpreted to be 0 if 3 = 0o, see Remark 4.2.
The above expression shows that 23 := {1,0,0} € ker (Ay — 3); here ker (Ay — )
should be interpreted to be mul Ay if 3 = co. Moreover, x3 is also neutral in the
associated realizing space, see Theorem 4.1.

ES

=% %

If {Af,ws} is a minimal realization for f, then by Proposition 3.1 there exists a
standard unitary operator U such that A = UAfU’l. Hence Uzg is a non-trivial
nonpositive eigenvector corresponding to the eigenvalue 8 for A. Thus the state-
ment holds in this case.

The proof is completed by considering the case that {A;,wy} is not a minimal
realization for f. In that case the non-minimal part of that realization has to be
considered. I.e., the orthogonal complement of following set has to be investigated:

M= cls. {(I+(z—2)(Ay —2) w:z€p(Ap)};

cf. Corollary 3.3. The negative index of the realizing space corresponding to the
constructed realization {Ay,wys} is (k—1)+1 = k, see Theorem 4.1. Since f € MN,,
the negative index of the realizing space corresponding to any minimal realization
is &, see the discussion following Proposition 3.1. Therefore MM! does not contain
non-trivial nonpositive vectors by Corollary 3.3 and Proposition 3.2. Hence, Steps
2 and 3 of the proof of Theorem 4.1 show that it consists at most of two positive
eigenvectors corresponding to the eigenvalues @ and . In particular,

(6.2) o ot = {o}.

The proof is completed by showing that in all cases 9t contains a non-trivial nonpos-
itive eigenvector corresponding to the eigenvalue 8. For if that is true Corollary 3.3
implies, in light of (6.2), that the minimal realization for f obtained by reducing
the realization {Af,ws} contains a non-trivial nonpositive eigenvector for 5. Thus
the proof would then be completed by another application of Proposition 3.1.

If M does not contain a (positive) eigenvector corresponding to the eigenvalue 3,
then 24, as defined following (6.1), is obvious contained in 90t = (M) because
I contains in that case at most an eigenvector for @(# 3). In view of the fact
that 9 contains only positive eigenvectors and that eigenvectors for non-real
eigenvalues are neutral, the preceding reasoning also holds if 5 € C\ R. It remains
to consider the case that 3 € RU {oo} and that 9 contains a positive vector
xg € ker (Ay — ), then

T _ [Iﬂ’zg}xJ’,
O ]

is nonpositive and contained in ker (Ay — §). The above vector is an element
of (MM = 9, because it is by construction orthogonal to x; and being an

eigenvector for 3 it is orthogonal to any eigenvector for a (# ) possibly contained
in M. O
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