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THE RIEMANN-HILBERT PROBLEM
FOR SINGULAR POSITIVE LOOPS

EDWIN J. BEGGS

0. Introduction. Let g : S' — M,,(C) be a matrix valued function
on the unit circle in C. The Riemann-Hilbert problem is concerned with
factorizing ¢ into the product of two matrix valued loops, one analytic
inside the circle, and the other analytic outside. This problem arises
naturally in the inverse scattering procedure for solving some nonlinear
partial differential equations. In this method the Cauchy data for the
system is converted into the scattering matrix S(\), a matrix valued
function of a parameter \ taking values in Ry = S!. From this we
can calculate the reflection g(\, z,t), which is a loop valued function on
space-time, and the corresponding analytic factors are solutions of the
linear system of an integrable classical field equation [5, 6]. However,
in the case of the chiral equation there is a complication; the loop g
may not exist for all scattering data. To be more specific, the inverse
scattering procedure supplies a formula for the reflection at x =t =0
of the form g = gp~!, where ¢ and p are loops calculated by upper
and lower triangular factorization of the scattering. But there is no
reason why p should be invertible on the circle. This problem has an
interesting physical interpretation; these singular reflection loops arise
in the transitional cases between solutions with different numbers of
solutions. To find such a state all we have to do is to continuously
deform the initial data for a solution with one number of solutions to
initial data for another number of solutions. To examine the topol-
ogy of the space of solutions to the chiral equation we should therefore
pay some attention to these degenerate cases. In the chiral equation
the situation can be partly remedied by defining a positive modified
reflection § = ¢g, but this may still fail to be invertible on the circle.
This will be explained further in a future paper [3]. This brings us to
the subject of the present paper, which is to solve the Riemann-Hilbert
problem for positive loops which may fail to be invertible. The answer
we shall obtain is that a continuous positive loop can be factored if its
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log (in the sense of the calculus of normal operators) is integrable on
the circle.

In the references [7] and [11] the problem is approached from the
point of view of stochastic processes. In [1] the problem of L
continuity of the factorization is considered in the nonsingular case
by putting L? bounds on the derivatives of the positive loops being
factorized.

The emphasis of the present paper is on an elementary method of
solving the nonsingular case, in which the continuity and smoothness
of the factorization are obvious. In addition, the inverse scattering
method requires the factors to be evaluated at particular points on
the circle. Some care is required in this, as there are continuous loops
which factor into discontinuous ones [8]. The problem of loops which
can be evaluated at points is also treated by elementary functional
analysis. The somewhat strange class of loops which can be evaluated
at a point used in the paper is justified on two grounds. Firstly, it
is the natural class for the functional analytic proof. Secondly, the
fact that it is more general than the usual condition of differentiability
at a point considerably eases the analytical difficulties in the inverse
scattering procedure. The points where the evaluation must take place
are precisely the points where the scattering is most likely to be badly
behaved. Again there is a simple corollary that the factorization process
is smooth.

The singular case is treated as a limit of the nonsingular case. In this
case, the space of loops is not a smooth manifold, but the continuity
result still holds if the correct topology is used.

1. Definitions of various operators on L?(S*, M,,(C)). We take
the space L? to consist of the Lebesgue square integrable functions from
the circle to the m x m complex matrices, with the usual inner product

(L1) (FK) = Trace (F(h(2)").

(Conventionally, we take the integral with respect to angular measure
on the circle giving it length 27.) The norm || - || on L? is the usual
L? norm of the pointwise matrix operator norm on the circle. This is
equivalent to the norm derived from the inner product. Similarly L' is
defined using the L' norm of the matrix operator norm.
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The space L>(S*, M,,(C)) is defined to be the space of essentially
bounded measurable matrix valued functions, with norm || - || the
essential supremum of the matrix operator norm.

Then LT can be defined to be the closed subspace of L? consisting
of those functions which have only got positive powers of z (including
2%) in their Laurent series, and L~ as the functions with only negative
powers (including z°).

Definition 1.2. Define the following maps to the set of holomorphic

functions on the unit disk Ay = {2 € C:|z|] <1} and A_ = Co, —A,.
(Here Co is the Riemann sphere.)

7y« LY(SY, M,,) — Hol (A, M,,)
and

7 LY (S, M,,) — Hol (A, M,,).

(12)  mDE) =5 f SO e ze A
1) (=4 f

z

(—z

f(Q)vdpe z€ A

using angular measure y to integrate over ¢ € S*. These functions have
a particularly simple form when expressed in terms of the Laurent series
(1.2¢)

FE) =D fa2" w2 =) fad" mf(2) =) ™

neZ n>0 n<0

From these expressions it is automatic that m, : L? — LT and
n_: L? — L~ are continuous.

Definition 1.3. If f is a matrix valued function analytic on A,
(respectively, A_) define f, a function analytic on A_ (respectively,
A,), by the formula f(z) = (f(1/2))*. Note that this bar construction
gives an antilinear isomorphism between L+ and L~.
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Proposition 1.4. The operations of left and right multiplication
by L> loops on L* are continuous, and the corresponding left (L) or
right (R) “multiply by” maps are isometries from L™ to B(L?, L?), the
bounded operators on L?.

Proof. We consider only the left multiplication case. Suppose that
g € L and that x € L2. Then in the L? norm || - ||2

1Zgl13 = llg=ll3 =f\g(2)x(Z)I2 < [lgll3e «Ill[3-

Note that the operator norm of L, is actually ||g||oo since we could have
chosen z to be the characteristic function of a set of strictly positive
measure on which |g(z)| almost reaches its essential supremum. O

Now it is not too difficult to see how to factor a large class of L*>
loops. If for g € L, the map 7+L, : Lt — L7 is one-to-one and
onto, then define v to be (71 Ly)~1(1). Now gov is in L™, and its zero'!
Laurent coefficient is (gv)g = 1. The loop g can now be expressed in
the form gv = w, where w € L™ and v € L, and v and w are uniquely
defined by the property that wy = 1. The set of g for which this can be
done is open in L*° and contains 1. Moreover, if we restrict attention
to this open set, then v and w are smooth functions of g, since inversion
of one-to-one and onto operators is smooth in a Hilbert space. We are
left with two problems: for which ¢ is the map one-to-one and onto,
and when can we invert v to express g as a product of elements of L
and L™7

2. How to factor positive invertible loops. Here we show that
if g € L™ is positive and invertible, g~! € L®, then the map m+Lg is
one-to-one and onto, and that the corresponding v = (m4L,) (1) is
invertible in L*.

Proposition 2.1. If g € L>(SY, M,,) takes strictly positive values
for almost all points in S*, then the map w7 Ly : LT — LT is one-to-
one.

Proof. If not, there is a v € L™ so that mygv = 0. Thus, gv = w for
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some w € L_ with wy = 0. Then the function
VgV = VW = WU

is in L' and has all its nonconstant Laurent terms equal to zero since
it is both the product of two elements of L™ and of two elements of
L~. This means that the function is constant almost everywhere, and
that constant is vgwg, which is zero. Then since vgv is zero almost
everywhere on S', we have

0= %(T)gv, 1) = %(gv,v).

Since g is strictly positive almost everywhere on S!, this means that
v = 0 almost everywhere. o

Proposition 2.2. If g € L>®(S'M,,) takes strictly positive values
for almost all points in S*, then the map w4 L, : LT — LT has dense
1mage.

Proof. If uw € L is perpendicular to the image of my Ly, then for all
velLt,

(s gv,u) = {gu,u) = (v, gu) = (v, T4 gu) = 0.

Thus 74 gu is zero, and hence u is zero by the previous proposition.
O

Now we are left with the problem of showing that 7, L, has closed
image.

Proposition 2.3. There is a strictly positive constant C depending
only on m, so that for all positive L>=(S*, M,,(C)) loops g with L™
pointwise inverse g~ ', the operator norm of

(myLy)~ ' imagem  Ly(LY) — LT

is less than or equal to ||g™||oo/C.
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Proof. First suppose that a is a strictly positive matrix with eigen-
values A1, ..., Am. Then for z € M,, we can change to an orthonormal
basis of eigenvectors of a by a unitary transformation, and in this basis

(az,x) = Z Aii;Z;; > min{\; }. (z, ).
i’j
Since min{\;} = (max{)\;'})~!, and since the operator norm of a

positive matrix is its maximum eigenvalue,

(az, ) Az, ).

> -
~latop

Applying this inequality pointwise to the loop g and v € L™,
1 1
> ——— . (w(2),v(2)) > ———.
lg71(2)lop g™ oo

and integrating round S,

j{gl@v,v) = j{gl(?ugv,v) > m '%91<v’v>'

Using the equivalence of the operator and inner product norms on mxm
matrices, there is a constant C' = C'(m) > 0 so that

{go(2),v(2)) (v(2),0(2)),

oll3,

s gollaliolls > —

T4+ gu||121|V||2 2 T — 7 ¢
g~ Hloo

and dividing by ||v||2 gives the required result. u]

Corollary 2.4. Under the conditions of Proposition 2.3, the image
of the map w1 Ly : LT — L is complete and therefore closed.

Proof. This is immediate from mapping back a Cauchy sequence in
the image to L™ by Proposition 2.3. o

Now we know enough to obtain the formula gv = w according to the
last paragraph of Section 1, but we still have to find if v and w are
invertible:
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Proposition 2.5. If g is a positive L™ loop which is invertible
almost everywhere on S*, and if gv = w for some v € Lt and w € L~
withwo =1, thenv ' € Lt and w™' € L.

Proof. As in Proposition 2.1 the expression vgv = wv = vw is a
constant, 5. Now if 7y were not invertible, there would be a nonzero
vector a € C™ so that vga = 0. Then

0= j{ (Bgva,a) = j{ (gva, va),

and since g is strictly positive almost everywhere, this means that
va = 0 almost everywhere. Thus, gva = wa = 0 almost everywhere
on S, so wa is zero on A_. But then w(z = 00)a = wpa = a =0, a
contradiction. We deduce that 9y is invertible, and then

(g '0)w =1 and (v 'w)v = 1. o

Now the results can be combined in the following theorem:

Theorem 2.6. If g is a positive L™= loop so that g~ ' is also in

L> (S, M,,), then there are functions v € Lt and w € L™ with wg = 1
so that gv = w. Further, v € LT and w™' € L™, and v and w are
smooth functions from the set of loops g with these properties (given the
L*> norm) to L2. Alternatively, we can write g = yy, where y € L~
also depends smoothly on g.

Proof. The existence and smoothness of v and w so that gv =
w is shown in Propositions 2.1 to 2.5 and the discussion following
Proposition 1.4. Now from the proof of Proposition 2.5, we find
wv = Vg, an invertible positive matrix, thus

g=wot =wiy'w = (wi; ) (wsy ),

so define y = wy,, 172, Taking the square root is a smooth operation by

8.3. O
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3. The problem with noninvertible loops. In the previous
section we assumed that the loop that we wanted to factor had an L™
inverse. It might be hoped that the same procedure could work for
more general loops, but we shall now show that the map 7 L, cannot
be onto even under relatively mild noninvertibility conditions. This
result is adapted from a proof by Carathéodory [4]. First we prove a
lemma:

Lemma 3.1. Ifg € L>(S', M,,) is invertible almost everywhere, but
g1 ¢ L, then given any € > 0, there is a unit vector a € C™, and a
set N of strictly positive measure on the circle, so that |g(z)a| < € for
all z € N.

Proof. If not, then for all unit vectors a,

p{z 1 lg(z)al < e} =0,

where p is angular measure on the circle. Since there is a countable
dense subset of the set of unit vectors, this proves that

u{z :|g(2)al > ¢€la| YaeC™}=2r.
Thus g7 (2)|op| < 1/¢ almost everywhere, a contradiction. O

Proposition 3.2. Suppose that g is an L* loop which is strictly
positive almost everywhere, but that g=' ¢ L>. Then the map myLg :
LT — L™ is not onto.

Proof. 1f it were onto, then the open mapping theorem would imply
that it was an isomorphism, since we already know that it is one-to-
one by Proposition 2.1. But, given any € > 0, we will find an z € L™
so that ||mgz|l2 < e]|z||2, and so show that the map cannot be an
isomorphism.

First we use the result of the last lemma to show that there is a
matrix a of unit norm and a subset N of S! of strictly positive measure
so that

lg(z)al < e/2 Yz e N.
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Then we define a step function u : S' — R by

[ C/u(N) z€N
ulz) = { CJ(2r— u(N)) zeS' N,

where p is the usual measure giving the circle length 27, and C is a
constant which we shall determine later. Now extend u to a harmonic
function on A, by using the Poisson kernel, and let y be a harmonic
conjugate to u on Ay normalized so that y(0) = 0. Then the function
f = e“"%¥ is analytic on A, and since |f| = e, it follows that f is in
L*. The L? norm of f is

113 = 1)« 2C7HD 4 (2 — () o 20/ Bnet),

If we define = af, then ||z||s = ||f||2 and

2
€ _ o
||gx||§ < <§) ILL(N) .62C/M(N)_|_ ||QHZ<>(27T _ [L(N)) e 20/(2 H(N))_

Thus we can choose C' sufficiently large so that ||gz||2 < €]|z]|2- o

This result is rather worrying; however, the fact that we can factor
some noninvertible loops is easily seen in the commutative case (m =
1). Before continuing it will be convenient to define new projection
operators

Ty ( > anzn) = % + anz"
nez n>0
and
(33) 5 ( 3 ) — S e
nez n<0

This definition of the projections has the advantage that the following
statements hold:

(3.4) g=Tig+7_g and T g=7_3.
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Now look at the case where g is a one-dimensional positive loop, i.e.,
g: St — RT. If we assume that log(g) is in L?, then we can write

log(g) = 7 log(g) + 7_ log(g),

so g can be factorized as
g=ww with w = exp(7_log(g)).

Note that |w| = /g, so the corresponding v = exp(—74 log(g)) may
not be in L2

4. A retraction from continuous positive loops to strictly
positive loops. The strategy to factorize noninvertible loops is the
following: if g is a positive Hermitian loop with some singular values,
we try to factorize g by deforming it into an invertible loop, then factor
the resulting invertible loop and take the limit as we tend to the original
noninvertible loop. To construct the retraction that we require for this
procedure, we use the spectral theory of normal operators [9].

Let b : R — R be a smooth positive decreasing function such that
b(x) =1 for all z < 1 and b(z) = 0 for all x > 3/2. Then define a
continuous function f : [0, 1] x (0,00) — (0,00) by

(4.1)  f(t,r) _1—b(<r+%>(l—t)> +r.b<<r+%>(1—t)).

Conventionally we add f(¢,0) =1 for all t. Also note that f(¢,r) =1
for all t < 1/4 and f(1,r) = r for all » > 0. Now the induced function
f:[0,1) — C°(R*,R") is continuous and smooth on (0, 1), where
the uniform norm is used for the space of continuous functions. The
differential

(4.2) ft(t,r):(l—r)(r—i-%) .b’((r—k%)(l—t))

is negative for » < 1 and positive for r > 1. Further, on any compact
subset of R**, f(t,r) is eventually constant, i.e., there is a T < 1 so
that f(¢t,7) =r if t > T and r is in the compact set.
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A '/
ftr)
2
1
0 S
1 2
FIGURE 1.

Now use the spectral theory of normal operators to define

(4.3) g(t) = f(t,g)  t<[0,1]

for g a continuous positive loop. Then ¢g(0) = 1, g(1) = g where g is
invertible on S', and the function

g:10,1) — CO(Sl,Mm)

is continuous and smooth on (0,1). Note that g(t) — ¢ uniformly
as t — 1 in any compact subset K of the region in S! where g is
invertible. In fact, g(t) is eventually constant on such K. In addition
g(t) is positive and invertible everywhere on St for t < 1.

5. Factoring positive continuous noninvertible loops. Com-
bining the retraction of Section 4 with Proposition 2.6, we have demon-
strated the existence of a continuous function

(5.1) y: CU(SY, MP) x [0,1) — L~
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which is smooth with respect to the interval valued parameter on
CY(S*, GLE®) x (0,1) constant for ¢t € [0,1/4) and has the property
that

(5.2)  g(t) =ylg.)y(g,t)  V(g,t) € CO(S", ME>) x [0,1).

(Here MP® denotes the positive matrices). Now it might be thought
that all we have to do is to take the limit of y as ¢ — 1; however, we
shall have to modify y and impose extra conditions on g before this
is possible. Start by differentiating the equation (5.2): (we use ¢ for
dg/dt, etc.)

(5:3) gt)=g95+yy,  t€(0,1).

This implies that

(5.4) yly=m_(y'9u ") +alg.t),

where a(g, t) is a constant anti-Hermitian loop depending continuously
on g,t € CO(SY, MP°) x [0,1). To simplify the situation enough to
take the limit as ¢ — 1, we need to remove a(g,t) and estimate the
size of the remainder. To get rid of a(g,t), take a unitary matrix value
function u(g,t) and observe that

d o
(5.5) (yu)fla(yu) =uln_(y Yoy Hu+u tau + u .

Let u(g,t) satisfy the condition ©u~' = —a, (which can be solved by

right invariant integration from the starting point u(g,0) = 1), and
observe that u is a continuous function

w: CO(8Y, MP%) x [0,1) — Uy (C)

which is smooth with respect to the interval valued parameter on
C°(SY,GLP%) x (0,1) and constant for ¢+ < 1/4. Now define a new
loop & = yu, and then (5.5) becomes

(5.6) el =7 (¢ tgzY)  te(0,1).
Again z(g,t) is continuous on C9(S', MP°) x [0,1), smooth with

respect to the interval valued parameter on C°(S', GLP®) x (0, 1), and
constant (equal to 1) for ¢ < 1/4.
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Now we can see what happens if we try to take the limit of z(g,t) as
t — 1. The simplest way to look at this problem is to substitute

(5.7) z(g,t) = V/g(t) - c(g,1)

where ¢ is a unitary loop. Putting this expression into (5.6) gives a
differential equation for c:

68 ere Vo (GvE)e= A VaTavaTo

By definition of the retraction, /g commutes with g (since \/g(t) =

V f(t,g) and g = fi(t,g)), and (d/dt)\/g = (1/2)g//g, so (5.8) can be

rewritten as

(5.9  clet %cfl (% log(g))c _s <c1 (% log(g)>c).

(5.10) T_(k)(2) = ——.

In our case k = ¢~ 1((d/dt)log(g))c is Hermitian, and we only want the
anti-Hermitian pat of 7_ (k) since ¢ is unitary, so

(5.11) ¢ té(z) = —% fimag (C i Z) (c1 (% 1og(g))0) (©,

where the integration is over ¢ € S! with respect to angular measure.

We should now look at ¢~!¢ to see if ¢ tends to a limit as t — 1. At
first sight there are two problems, firstly (5.11) is only valid for |z| < 1,
and secondly even if we put |z| = 1, the integrand in (5.11) has a
singularity. But the choice of retraction was made to make this process
simpler. If zy € S! is in the interior of the complement of the singular
points of g, then there is also a radius 40 open disk about zg in the
interior. Then ¢(t) vanishes in the radius 26 disk for all ¢ greater than
some T'(9, z9) < 1. Now the integral (5.11) is continuous as a function
of z in the radius 2§ disk for ¢ > T, so we can consider z to lie on the
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circle in this disk. Further, if z is in the radius ¢ disk about zy, then
|2/(¢ — 2)| < 1/§ for any ¢ for which ¢~1((d/dt)log(g))c is nonzero if
t > T(d,20). Then if 1 >t > T(,20) and |z — 29| < 9, the following
inequality holds in operator norm

12 —1
(5.12) 0,9 < g - [ oatate. )

We would like to use this equation to show that ¢(¢) converges uniformly
in the radius § disk Bs(z9) as t — 1. Fortunately, this can be done by
observing that since g is bounded, (d/dt)log(g) is negative definite for
large enough ¢, say for 1 >t > T'(6, z0) > T(d, z9). Now the following
result can be used to make sense of the integral:

Proposition 5.13. There is a linear function o : M,,(C) — C
which is real on the Hermitian matrices, and which has the property

that
|Flop < a(f) for F a positive linear operator, and

|Flop < —a(f) for F a negative linear operator.

Proof. Given an orthogonal basis {e;} for C™, define
O[(F):6m2<z Fekuek —|—Z €k+€j €k+€j>

—I—Z (er + ie;) ek—|—iej>). O

Continuing from (5.12), if 7" > T" and z € Bj(2), then

/ T &t) . dt‘

(5.14) s/T e Le()] - dr

_277(5 // %’—bg ‘dqﬁ.dt

(T, 2) = o(T", 2)| =
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(¢ is the angular variable on S'). Since the integrand is positive we
can reverse the order:

(5.15)  [e(T",2) — (T |_27r5 f{/

As (d/dt)log(g(t)) is negative definite, the inequality can be rewritten
using a,

(5.16) |e(T",2) — (T, 2)| < 27r5 j{// <dt log(g ))> Ldt . do,

and on taking o outside the integral,

log (1)) ' dt . do

(5.17) )
|C(T”>Z)_C(TI72)| < —%6 .fa(/, jtlog( (t)) dt) Ao
<5+ f alop(o(T") ~ og(g(T')) - do

< 22l § lnogto(r) — tog(o(T") - do.

For t < 1, |log(g(t))| < |log(g(1))|. If we suppose that log(g(1)) is in
L', the dominated convergence theorem says that log(g(t)) — log(g(1))
in L' as t — 1. The inequality (5.17) then shows that c(¢) is uniformly
Cauchy on Bs(z0) NSt ast — 1, and this implies that x(t) is uniformly
Cauchy on Bs(z) NSt ast — 1. The results so far can be summarized
in

Lemma 5.18. If g(1) is a continuous positive loop such that
log(g(1)) is in LY, then for sufficiently large t, c(t), and hence x(t),
converges uniformly on compact subsets of the complement of the sin-
gular points of g(1) in S*. Since x(t) is also bounded, this implies that
z(t) converges to a limit x(1) in L*(S*). This in turn implies that
9(1) = 2(1)2(1).

It should be noted that, with rather more care, the limits could also
be taken for unbounded g, provided its log was still in L'.

Here we aim to complete the proof of the following result:



1246 E.J. BEGGS

Theorem 6.1. If g is a positive continuous loop such that log(g) €
L', then there is an x(g,1) € L~ so that g = xZ. Further, if
{91,92, .-} is a sequence of positive continuous loops so that g, — ¢
in L and log(g,) — log(g) in L', then x(gn,1) — x(g,1) in L.
(We shall call the metric topology resulting from this the L> N L (log)
topology).

Proof. Note that it is enough to show L? convergence on compact
subsets of the complement of the singular set of g in S'. Let U(J) be
the points of S* less than § away from the singular points of g, and
look at the compact set D = S1 — U(dy) for some fixed 5o > 0. To
simplify various statements we will write z,, for (g,), « for z(g), and
also set goo = g and 2o, = x. Since the sequence {g,} is bounded in
L, there is a T" < 1 such that (d/dt)log(g,(t)) is negative definite
for t > T" and co > n > 1. Now consider the following results, whose
proofs are elementary:

Lemma 6.2. Given 6 > 0 there is an N(6) > 1 and a T(5) with
T' <T(0) <1 so that

gn(ta Z) = gn(lv Z)
and

g(t,z) = g(1,2) Vze St —U(@6) Vte[T(5),1] Vn>N(S).

Lemma 6.3. If f, — f in L', then in the L* norm over U(J),
| fallos)y — 0 and |[f]lue) — 0

uniformly over n as 6 — 0.

Proof of Theorem 6.1 (continued). Choose ¢ > 0. For all ¢t € [0,1)
and z € S, there is a constant G depending on the sequence {g,} so
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that
(6.4)
|2 (1, 2) — 2(1, 2)| < |xn(l,2) — 2, (t, 2)| + |20 (t, 2) — x(t, 2)|
+ “r(t?Z) - $(1,Z)|
<G (len(1,2) —en(t, 2)| + et 2) — (1, 2)|)
+ |za(t, 2) — x(t, 2)|

+ \\/gn(l,z)—\/gn(t,z)|+\\/g(1,z)—\/g(t,z)|.

Now if t > T'(dg), n > N(dp), and z € D, this equation can be simplified
to
(6.5)

|xn(17 Z) - :L‘(l, Z)| <G. (lcn(lv Z) - cn(tv Z)‘ + |C(t, z) - C(lv Z)D

+ |zn(z2,t) — z(z, 1))

Choose a strictly positive d; < dg, and observe that if co > n > N(d1)
and t > T'(61) then (d/dt)log(g,(t)) = 0in S* —U(d;). By (5.11) there
is a constant M > 0 depending on §p and d; so that

(6.6)

d
enest)] <M. ‘alog@n(t))} VieD, t>T(5)), co>n>N(5).
Then a calculation in the same manner as (5.17) shows that
1
6n ] 160l < Mial § [1os(,(C. 1)) = loa(a (<.)
: ¢

Vze D, t>T(6), co>n> N(01).

Since the operator norm of an Hermitian matrix is the maximum
absolute value of its eigenvalues, |log(g,((,t))] < |log(gn(¢,1))], so
for a strictly positive § < d1,

/t ez )] < 2M]a]. /U . loalon(C D)

Vze D, t>T(5), oo >n> N(J).

(6.8)

This can be substituted into (6.5) to give
(6.9)

2n(1,2) = 2(1, 2)| < 2MGla| -/U(é)(Ilog(gn(CJ))l + [log(g(¢, 1)I)

+|za(z, 1) — 2(2,1)]
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for all z € D, t > T(J), oo >n > N(J). By Lemma 6.3 we can choose
6 so that 0 < 6 < 67 and

3

(6.10) 2MGlal. /U | lomlonlC D) < o

uniformly in all n including co. This is now substituted into (6.9), and
L? norms are taken over D to give

e
5 + ||J)n(t,2’) - x(tvz)HD

e
5 + ||$n(t>z) - ‘T(tvz)HSl

|lzn (1, 2) —2(1,2)[|p

IN

(6.11)

IN

for t = max{T’",T(§)} and all n > max{N(d1),N(6)}. But now we
have fixed t < 1, g(t) is invertible and g, (t) — g(t) uniformly on S*.
By the continuity results for invertible loops, ||z, (¢, 2) —x(t, z)||s1 — 0,
so there is an N’ > 0 so that ||z, (1,2) — z(1,2)||p < & for all n > N'.
This completes the proof of Theorem (6.1). O

7. The problem of evaluating a loop at a point. So far we have
only been dealing with L? factorizations of loops, and evaluation at a
point does not make much sense for an L? function. But in applications
of the Riemann Hilbert problem it is frequently important to be able
to take a value at a single point. To be able to do this, we slightly
modify the preceding procedure.

Definition 7.1. For some w € S, define the vector spaces E(w) and
E*>(w) to be

E(w) = {(f,b) € L2(51,Mm) X M, | the map z — %
is in L2(51,Mm)},

flz)=b

Z—Ww

E*®(w) = {(f, b) € L>=(S*, M,,) x M,, | the map z

is in LQ(Sl,Mm)}.
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E(w) and E*°(w) have norms given by || f||2+||(f—b)/(z—w)||L2+b|op
and || fllLe + [|(f = b)/(z —w)]||L2 + |blop, respectively.

It is easy to see that b is uniquely defined by (f,b) € E(w), and for
convenience we will say that f € E(w) and refer to b as f(w). In effect,
E(w) is a modification of L? in which evaluation at w makes sense and
is continuous.

Also define ET(w) to be E(w)N LY, and E~ (w) to be E(w)N L™.
The following result is an exercise in Cauchy sequences:
Proposition 7.2. E(w) is complete.

Proposition 7.3. The operation of left multiplication by E>°(w)
loops on E(w) defined by Ly ) (f,b) = (gf,cb) is continuous. Also the
corresponding left “multiply by” map (L) is continuous from E*(w) to
B(E(w), E(w)), the bounded operators on E(w).

Proof. Suppose that (g,c¢) € E*(w) and that (f,b) € F(w). Then in
the pointwise operator norm,

gf —cb < gf —gb n gb—cb
z—w z—w z—w
f-b g—c
<lglloo| =—— + 10|
z—w z—
and on applying the L? norm,
gf —cb f—0b g—c
|22 <ot £22) i o
z2—w ||, z2—=wl|y Z2 =Wy

Proposition 7.4.  The projections 7, : Ew) — E*(w) and
m_: BE(w) —» E~(w) defined by

wf0) = (melhat o o0 =),

w ()= (m (Do o f 200 - 0)).
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are continuous.
Proof. We consider only 7. By Definition 1.2, for z € Ay,
7T+f( ) B 7T+f % (C -z =7y f(C) — & (Z)
Z—w o (—2z (—w (—w
) =)

The result follows by noting that (f(z (2 —w) is in L? and using
the previously defined properties of 7. |

We can now develop a method for factorization with these new spaces.
All that has to be done is to follow the previous method: If g € B> (w)
and 74 L, : ET(w) — ET(w) is one-to-one and onto, then there is a
v € ET(w) so that gv = w € E~ (w) with wy = 1. Further, this v varies
smoothly with g in the open set of E°°(w) in which 7y L, is one-to-one
and onto. But for which ¢ is this condition satisfied? The one-to-one
result is easy:

Proposition 7.5. If g € E~(w) is such that myL, : LT — LT is
one-to-one, then w4 L, : EY(w) — ET(w) is also one-to-one.

Proof. If m1gx = 0 for some z € ET(w), note that z € LT is also.
O

The onto result is rather more difficult and requires an extra condition
on g.

Proposition 7.6. If g € E~(w) is such that myL, : LT — LT is
onto, g(w) is invertible, and the map z — (g(z) — g(w))/(z — w) is in
L>, then my L, : ET(w) — ET(w) is also onto.

Proof. Given y € E™(w), by the hypothesis there is an z € Lt so
that 7, gz = y. Then

1+ ((9 — 9(w))x) + g(w

)
Now observe that the map z — (g(2) — g(w))/(z —w) . 2(2) is in L?, so
(9 — g(w))x is in F(w), as is 74 ((g — g(w))z). But then g(w)riz is in

T =Y.
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Et(w), somyxis also, and as z is in LT, we see that z = 72 € Bt (w).
]

Theorem 7.7. Suppose that g is a positive Hermitian loop so that
both g and g~* are in L>=. Additionally suppose that for some w € S*,
the map z — (g(2) — g(w))/(z —w) is in L. Then g can be uniquely
factored as gv = w, where v € Et(w), w € E~(w), and wy = 1.
Further, v and w are continuous (in fact smooth) functions of g if {g}
is given the E*°(w) topology. The matrices v(w) and w(w) are invertible
for such g.

Proof. All except the last statement follows directly from the preced-
ing discussion. For the last part, note that as in Proposition 2.5, the
function vgv = vw = wv is an invertible constant. But that constant
is also v(w)w(w). o

It is now natural to ask if any sense can be made of evaluation at
a point in the singular case. If the invertible continuous loop g obeys
the conditions of Theorem 7.7, then we can carry out the retraction
as usual and find the function z(g,t). Since g(w) is invertible, we note
that ¢g(t) = g on a neighborhood of w for ¢ sufficiently large. Thus, for
t sufficiently large (including 1), (g, t) is in E~(w), so we can evaluate
z at w. The problem arises when ¢ is not invertible, but in this case if
g(w) is invertible, we can still say that z(g,t) € F~(w) for sufficiently
large t < 1.

Proposition 7.8. Given an w € S*, suppose that g is a continuous
positive Hermitian loop so that g(w) is invertible. Additionally suppose
that the map z — (g(2) — g(w))/(z — w) is in L, and that log(g)
is in L'. Then x(g,t) € E~(w) for sufficiently large t < 1, and
lim;_,q z(g,t)(w) exists and coincides with x(g,1)(w) in the case where
g 1s invertible.

Proof. This is mainly covered by the discussion above, with the
exception of the limit, which comes from (5.17) and the discussion
after it if we set zg = w. u]
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We shall call the limit z(g,1)(w), and it is to be understood that
this does not imply that x(g,1) € E(w). There is now the matter of
whether the evaluation at w is continuous in the noninvertible case.

Theorem 7.9. Fiz an w € S'. Consider the set of all positive
continuous loops {g} with the properties that g(w) is invertible, log(g) €
L', and such that the map z — (g(z) — g(w))/(z — w) is in L>°. This
set is topologized by the E*(w) and L*(log) norms. Then the function
x(g,1)(w) (defined by the limit above) is a continuous matriz valued
function on the set of such g.

Proof. The proof follows the same lines as that of Theorem 6.1. Let
g and g, (n=1,2,...) be in the set above, with g,, being a sequence
with limit g in the topology above. Note that there is a neighborhood
UofwinS', an N >1and aT < 1 so that g,(t) = g, on U for all
n > N and t > T. Fix € > 0, and refer to the proof of Theorem 6.1
with w € D. By use of Theorems 6.9 and 6.10, with z = w,

|z, (1, w) —z(l,w)| < % + |z (t,w) — 2(t,w)|

for some fixed ¢ < 1 and all n larger than some constant. But since
gn(t) — g(t) in E°°(w), for sufficiently large n, |z, (t,w)—x(t, w)| < /2.
O

APPENDIX

The continuity of the operator calculus. In this section we prove some
relatively simple results on the continuity and differentiability of the
calculus of normal operators on Hilbert spaces which are assumed in
the paper. Denote the set of positive operators by P, and the normal
operators by N. The notation o(A) will be used for the spectrum of
the operator A.

Proposition 8.1.  For a fized positive operator A, the map:
C°(R,R) — N defined by f — f(A) is continuous and linear. If A is
positive, then the map is continuous on C°(R*,R). Here the mapping
spaces are given the compact open topology.
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Proof. Linearity is obvious from the usual definition. Continuity
follows from the inequality

If(A) <supl|f]]. o
o(A)

Proposition 8.2. The map P x C°(R,R) — N defined by (A, f) —
f(A) is continuous.

Proof. Fix A € P, f € C°(R,R) and ¢ > 0. Choose a bounded
interval J on R whose interior contains o(f). By the Stone-Weierstrass
theorem there is a polynomial ¢ which is within ¢/5 of f on the
interval J. Additionally we know that there is a neighborhood of A
in the operator norm such that every element of the neighborhood has
spectrum contained in J. Now, given B € P with ¢(B) C J and
g € C°(R,R) we can write the inequality

|f(A) = g(B)| < |f(A) = f(B)| +|f(B) — g(B)|
< 1f(A) = q(A)] + [¢(A) — ¢(B)|
+1f(B) —q(B)| + Sup 1f =gl

2¢e

< 5 tla(4) = o(B)] +sup||f — g]|.
J

Now all we have to do is to note that sup; ||f — g|| is less than ¢/5 for
g sufficiently close to f, and that ¢(B) tends to ¢(A) as B — A in the
operator norm, since each is just a polynomial. o

Proposition 8.3. On a finite dimensional Hilbert space, the operator
of taking the positive square root of a strictly positive operator is smooth.

Proof. First note that the strictly positive operators form an open
set in the subspace of Hermitian operators. The map f on this open
set defined by A — A2 is known to be smooth and a homeomorphism.
The fact that its derivative f'(A; B) = AB + BA is an isomorphism
can be most clearly seen if a basis is chosen so that A is diagonal. Then
the inverse function theorem completes the proof. O
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