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Preface

This volume is dedicated to John W. Helton, also known as Bill, on the occasion of
his 65th birthday. It includes, biographical information, personal notes and articles
by many of Bill’s friends and collaborators.

The first part of the volume begins with a list of Bill’s publications and a
number of short notes by close friends. This is followed by a transcript of two
public addresses delivered at the conference dinner during a three day workshop
held at UCSD from October 2nd to the 4th, 2010, to celebrate Bill’s birthday.
The first is a survey of Bill’s contributions to mathematics and engineering, by
Miroslav Krstic. The second is an essay on Bill’s early work, by Jim Agler.

The editors and most of the authors of this volume have had the privilege
to know and work closely with Bill. His unbounded curiosity, original ideas, and
generosity have marked many of us. Entire chapters of modern operator theory
and control theory of linear systems of differential equations have been shaped
by his thoughts. The nineteen expository articles in the second part of this vol-
ume illustrate his remarkable impact. Subjects include interpolation, Szegé limit
theorems, Nehari problems, trace formulas, systems and control theory, convexity,
matrix completion problems, linear matrix inequalities and much more.

Bill’s mathematical talent was discovered and directed by the famous math-
ematical pedagogue Robert L. Moore at UT Austin. From those early days, Bill
preserved the experimental attitude and a Socratic approach to research, as dis-
played throughout his career. This might help explain his success at talking to and
doing mathematics with engineers, physicists and all humans with an inclination
to listen or respond to his endless questions. For Bill, every mathematical problem
is interesting, while solving it in a continuous dialogue is the most natural ap-
proach — the numerous experts in mathematical education (in such an expansive
state nowadays) have much to learn from Bill. Another explanation might be on
his unreserved kindness and his friendly manner. Under the guise of an absent-
minded gentleman, Bill hides a lucid, focused search for the mathematical truth.
His openness to dialogue and willingness to share ideas is an inspiration to all of us.

December 2011 Mauricio de Oliveira
Harry Dym
Mihai Putinar
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Personal Notes

Just as the control systems field owes a debt of gratitude to Bill Helton for intro-
ducing it to techniques that have enabled the development of H,, control theory
and several other sub-disciplines of control and optimization, the UCSD control
community is tremendously indebted to Bill for being a beacon of excellence in
control theory and mathematics at UC San Diego and whose presence has facili-
tated the formation of the new control engineering program at UCSD in the late
1990s. Thank you Bill for always being a thoughtful, constructive, and unselfish
colleague and friend.

MirosLAV KRsTIC, Department of Mechanical and Aerospace Engineering
University of California San Diego, La Jolla, CA 92093-0411, USA
e-mail: krstic@ucsd.edu

* ok *

Bill and I have been good friends for more than 45 years. We have shared many
experiences, some funny, some serious. In the summer of 1968 when I decided that
part of my PhD thesis was hopelessly wrong, I went to Bill to sort things out.
He put his feet up, stared at the pages for a while, and explained that everything
would be fine if I added a few lines.

You may have noticed that Bill likes to film things. Over the years he has
found ever smaller, more easily concealed cameras to do this. He has probably
filmed you. I would like to report one of his early cinematic efforts.

For a time when we were graduate students five of us rented a small green
stucco house in Menlo Park. Our landlord, Gracie — we called it Gracie Mansion —
conveniently lived a good distance away near Santa Cruz. She left the maintenance
of Gracie Mansion to us... with predicable results. Bill decided to make a film
of our efforts to clean the place up. The resulting 5 minute silent, “Cleaning the
House,” built to a fine dramatic climax as one of the house cleaners flushed himself
down the drain. If it had had wider distribution, it might now be a surrealist classic.
I fear that it has been lost, and write this as proof of its (one time) existence.

JAMES RALSTON, Department of Mathematics
University of California, Los Angeles, CA 90095-1555, USA
e-mail: ralston@math.ucla.edu
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14 Personal Notes

I first met Bill in the winter of 1971, when I was on leave from Berkeley and
spending time on the east coast. We met during a visit of a few days I made to
Stony Brook and we must have discussed mathematics, but I don’t remember any
of that. What I do remember is that we spent some time batting a ball around a
handball court. (Bill was much better at it than I was.)

In the fall of 1971 I was the referee for the A.M.S. Transactions of one of Bill’s
early papers, “Infinite-dimensional Jordan operators and Sturm-Liouville conju-
gate point theory.” I was very impressed by the paper and strongly recommended
it for publication. Bill came to know I was the referee because of what happened
next.

In the spring of 1972 Bill was pessimistic about his prospects for tenure at
Stony Brook, due to the situation there at the time. He decided he had best get
on the job market, and he had the thought that the (anonymous) referee of his
paper might serve as one of his references. He contacted the Transactions editor,
who contacted me, and I agreed. I thus played a bit part in Stony Brook’s loss and
UCSD’s gain.

In spring 1972 Bill’s migration toward systems theory was well underway. In
a letter to me dated April 17, 1973, he first explained the murky tenure picture
at Stony Brook, and went on to write: “I’ve spent the year learning engineering
systems theory which at some levels is almost straight operator theory. Some of the
best functional analysis (Krein, Livsic) has come from engineering institutes and
I’'m beginning to see why. Such collaboration does not exist in this country and I
would very much like to go to a place with strong engineers where an engineering
and operator theory group might be formed.” As the saying goes, the rest is history.

Despite Bill’s best efforts, I never became strongly immersed in the systems
theory viewpoint — my purist instincts kept leading me elsewhere. Our different
perspectives notwithstanding, I learned a great deal of mathematics from Bill
over the years, both through our frequent interactions at conferences and through
studying some of his papers.

No operator theorist can help but be strongly influenced by Bill, if not di-
rectly, then by the way his vision and his leadership have transformed our subject.

DONALD SARASON, Department of Mathematics
University of California, Berkeley, CA 94720-3840, USA
e-mail: sarason@math.berkeley.edu

* % Xk

I came to UCSD in November, 1996 with the assignment to build a systems and
control group at UCSD. I was impressed with the courage of UCSD to fund the
whole group at once, to try to create an immediate impact, rather than the tra-
ditional university approach of adding a junior faculty every few years. I expected
this to be a difficult challenge, and a very lonely one, building the program from
scratch. Then like the Lone Ranger, help arrived from across the campus. Bill Hel-
ton attended endless seminars and dinners and BBQs and convinced candidates
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that there was a control-friendly math department on campus. Quality people
came, and I am very pleased with the recruiting results. But Bill Helton con-
tributed just as much toward the development of a world-class systems and control
group at UCSD.

I express my sincere appreciation to Bill for his generous contributions of
time and wisdom and friendship during this build-up phase. I have been told by
the administration that the creation of the systems and control program was a
significant milestone in the growth of the still very young UCSD. Bill Helton was
partially responsible for this event. I appreciate Ruth as well, for the many BBQs,
the patience to tolerate Bill’'s abundant engineering activities, and the parking lot
for sabbatical cars. While Bill’s math skills are impecible, he has a rare human
quality that dwarfs all other attributes. He is a kind and humble person who lets
his work do his talking. He presents to the world a strength of character as strong
as his strength of skill. He is one of my favorite people on this planet. I summarize
with a Limmerick.

I once knew a mathematician

Whose skills would scare a magician
But the engineers he helped

Are greatly in his debt

For the friendship he added in addition.

ROBERT SKELTON, Department of Mechanical and Aerospace Engineering
University of California San Diego, La Jolla, CA 92093-0411, USA

e-mail: bobskelton®@ucsd.edu
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After Dinner Biographical Notes

As presented by Miroslav Krstic at the gala
dinner during UCSD Bill’s Festricht

Basic Career Facts About Bill Helton

Bill Helton was born in November 1944 in Jacksonville, Texas. His father was an
oral surgeon initially in the US Army and later in private practice. His mother was a
drama major at Northwestern University and worked in her husband’s oral surgery
practice. Bill finished high school at Alamo Heights, TX, at the age of 16. He
received his undergraduate degree from the University of Texas at Austin at the age
of 19 and completed his PhD at Stanford in 1968 at the age of 23. After receiving
his PhD, Bill was on the faculty at SUNY Stony Brook until 1973. He moved to
UCSD in 1974. He has held the title of Distinguished Professor of Mathematics
since the mid-1990s. Throughout his career Bill has made a remarkable number of
breakthroughs which led to new fields. I will review them briefly.

H . Engineering

What dominated control engineering until the late 1970s was control based on
mean square specifications, namely, Ho control. Bill Helton became a household
name in control engineering by introducing tools that led to the development of
powerful methods dealing with worst case frequency-domain specifications, namely,
H, control. Mathematically, this amounts to approximation in the supremum
norm with functions analytic in the disk or right half-plane.

Originally the system techniques which now dominate H., engineering were
developed to solve the classical broadband impedance matching problem of electric
circuit theory. Bill’s breakthrough was in solving the MIMO problem in these
three papers [H78a], [H80], [H82], with the results first appearing in engineering
conferences from 1976 to 1978:

[H78a] J.W. Helton: “Orbit structure of the Mébius transformation semigroup action on
H (broadband matching),” Adv. in Math. Suppl. Stud., 3 Academic Press, New
York (1978), 129-197.

[H80] J.W. Helton: “The distance from a function to He in the Poincaré metric; elec-
trical power transfer,” J. Functional Analysis, 38 (1980), No. 2, 273-314.
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[H82] J.W. Helton: “Non-Euclidean functional analysis and electronics,” Bull. AMS, 7
(1982), No.1, 1-64.

Bill solved the impedance matching problem by converting it to problems
solved using the Adamjan-Arov-Krein Theorem (AAK), the Commutant Lifting
Theory of Foias-Nagy-Sarason, and Nehari Theory. A genuine scientific revolution
followed, largely through Bill’s interactions with George Zames, who propelled
H, into the area of control, and with Patrick Dewilde and Tom Kailath, who
introduced these techniques to signal processing.

In addition to providing impetus to others, Bill and collaborators, most no-
tably Joe Ball, worked out substantial amounts of the early input-output theory
of Hy, control. This was published mostly in mathematics articles, however, the
control paper by Francis-Helton-Zames [FrHZ84] won an outstanding paper award
from the IEEE Control Systems Society.

[FrHZ84] B.A. Francis, J.W. Helton and G. Zames: “H, optimal feedback controllers for
linear multivariable systems,” IEEE Trans. Auto. Control, AC-29 (1984), No.
10, 888-990.

Linear Matrix Inequalities vs Convexity

Some of Bill’s more recent work resolved open questions in convex optimization,
more specifically semidefinite programming through LMIs. A first set of contribu-
tions revolves around the question of what classes of convex sets can be represented
as LMIs?

1) With Victor Vinnikov, Bill developed a test which a convex set defined by
polynomial inequalities must satisfy in order to have an LMI representation,
and showed that not all such sets can pass the test. The test is also a sufficient
condition in two dimensions, and helped P.A. Parrilo, A.S. Lewis and M.V.
Ramana settle the 1958 Lax conjecture;

2) With Jiawang Nie, Bill then went to show that nonempty compact convex sets
defined by polynomial inequalities satisfying a technical regularity condition
can be lifted into an LMI, that is represented as an LMI with extra variables.

A second area of Bill’s effort is in convexity and positivity of noncommutative
functions.

1) Bill and Scott McCullough showed that every convex noncommutative poly-
nomial has degree two or less;

2) Bill, Scott McCullough and Victor Vinnikov showed that every convex non-
commutative rational function has an LMI representation, with further re-
finements with Harry Dym and Scott McCullough;

3) Bill, Scott McCullough and Mihai Putinar provided a noncommutative form
of Positivstellensatz by extending the result that every positive noncommu-
tative polynomial is a sum-of-squares.
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Other Areas that Bill Opened

Engineering vs Operator Model Theory vs Lax-Phillips Scattering

Bill’s papers [H74], [H76b] were devoted to showing that the core of operator model
theory, Lax-Phillips Scattering Theory, and linear engineering systems theory are
essentially equivalent.

[H74] Helton, Discrete time systems, operator models and scattering theory, J. Func-
tional Analysis, (1974), 15-38.

[H76b] Helton: “Systems with infinite-dimensional state space; the Hilbert space ap-
proach,” Proc. IEEE (1976), 145-160.

Independently Paul Fuhrmann and Patrick Dewilde observed something simi-
lar. The conference MTNS was originally set up to explore such interplays between
operator theory and system theory.

In related early work, one of Bill’s papers with Ron Douglas [DH73a] pro-
vided a result which, when specialized to rational functions, says that any energy
dissipating circuit can be realized using a lossless circuit attached to a unit resistor.

[DH73a] R.G. Douglas and J.W. Helton: “The precise theoretical limits of causal Dar-
lington synthesis,” Trans. IEEE Circuit Theory, CT 20 No. 3 (1973).

Noncommutative Geometry

Bill’s 1976 paper with Roger Howe [HH76] revealed a structure in an area which
became one of the two cornerstones of non-commutative geometry.

[HH76] J.W. Helton and R. Howe, Traces of commutators of integral operators, Acta
Maih., (1976), 272-305.

This paper influenced Alain Connes in his invention of noncommutative dif-
ferential geometry, which was later used in string theory.

By the 1980s noncommutative geometry had become one of the main branches
of operator theory.

Spectral Representations of Operators

In this paper from the beginning of the 1970s [H72], aged barely over 25, Bill
described which operators are equivalent to Multiplication on a Sobolev Space.

[H72] J.W. Helton: “Infinite-dimensional Jordan operators and Sturm-Liouville conjugate
point theory,” Trans. Amer. Math. Soc., 170 (1972), 305-331.

He then wrote down a lift of these to simpler operators. The surprise here
was that the lifting theory for a class of seemingly abstract operators defined alge-
braically turns out to generalize classical ODE theorems. This was the forerunner
of the hereditary operator theory.
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Frequency Domain Optimization

By the mid-1980s, Bill had moved on to a worst case frequency domain theory for
more general problems, including those in several complex variables.

1. Bill and Roger Howe [HHo86] showed that when worst case performance of a
system is optimized the resulting performance does not depend on frequency.

2. Bill and Don Marshall [HMar90] showed that for one complex variable (SISO
systems) the optimal solution is unique.

[HHo86] J.W. Helton and R. Howe: “A bang-bang theorem for optimization over spaces
of analytic functions,” J. Approx. Theory, 47 (1986), No. 2, 101-121.

HMar90 11 J.W. Helton and D. Marshall: “Frequency domain design and analytic se-
lections,” Indiana Univ. Math. Journal, 39 (Spring 1990), No. 1, 157-184.

In addition, Bill with Orlando Merino provided 2nd-order convergent numer-
ical algorithms and diagnostics for use with practically any other algorithm.

Extending H, Control to Nonlinear Systems

In the early 1980’s Bill began wondering if H, theory would extend in some form
to nonlinear systems and with Joe Ball, Ciprian Foias, and Allen Tannenbaum
[BFHTa87] laid out the basic problem and gave suitable first solutions.

[BFHTa87] J.A. Ball, C. Foias, J.W. Helton, and A. Tannenbaum. Nonlinear interpo-
lation theory in Hs. In Modelling, robustness and sensitivity reduction in
control systems (Groningen, 1986), volume 34 of NATO Adv. Sci. Inst. Ser.
F Comput. Systems Sci., 31-46. Springer, Berlin, 1987.

Then he and Joe Ball provided state space results for stable systems. A cou-
ple of years later came the breakthrough of Doyle-Glover-Kargonekaar-Francis for
linear systems which identified H,, control with differential games. This signaled
the direction that should be pursued in the nonlinear case and many people made
significant contributions, including Tamer Basar, Arjan van der Schaft, Alessan-
dro Astolfi, Alberto Isidori and Matthew James. Bill and Matthew James provided
results on asymptotics of the state estimation equations.

Noncommutative Computer Algebra

In the early 1990s Bill produced a package, NCAlgebra which is the main tool in
Mathematica for doing noncommutative computer algebra. It is currently main-
tained and expanded by Bill, Mauricio de Oliveira and Mark Stankus. It is aimed
at doing computations with matrices and operators without writing them in terms
of all of their entries.

Bill has also done computational work on noncommutative computer algebra
algorithms for systems (with Mauricio de Oliveira) and for solving inequalities in
matrix unknowns (with Juan Camino and Bob Skelton).
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Interdisciplinary Conferences

The Mathematical Theory of Networks and Systems (MTNS) is one of the main
conferences today in the mathematics of systems. Bill was one of the founders and
remains to this day one of the driving forces on the Steering Committee.

A related ongoing conference is the International Workshop on Operator
Theory and Applications, IWOTA. The first IWOTA was organized in 1981 by
Bill in the week before MTNS, with the idea of giving pure mathematicians a
place where they could speak and then encouraging them to learn engineering by
going to the MTNS. This association with the MTNS has worked continuously for
nearly 30 years, with the main strategic decisions being made by Israel Gohberg
(President) and the Vice Presidents, Bill Helton and Rien Kaashoek.
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Bill’s Early Work

As presented by Jim Agler at the gala
dinner during UCSD Bill’s Festricht

Hi everybody. My name is Jim Agler. I have known Bill for 28 years now, and, well
frankly, can think of no one that has influenced my mathematical perspectives more
than Bill. Bill also was enormously helpful when I was still a young mathematician
in helping me to establish my career. For those gifts Bill, I am very grateful.

Now those of you who know me, know well my capacity for flakiness, and
also my tendency for reclusiveness. When I heard via the grapevine that Bill was
going to have a birthday bash, my first thought was:

“Oh my God, this could involve my actually having to do something.”

What I needed was plausible deniability. Now, I’ve never been an easy person
to contact, not doing the Email, and after a bit of reflection, I conceived what I
thought would be an iron-clad plan to be able to deny I ever knew there was a
birthday party for Bill. I would not answer the phone nor would I talk to any of
my collaborators (all of whom of course know Bill) until after the birthday bash
was over.

So secure in the knowledge that I had escaped having to go to Bill’s birthday
bash, I was sitting in my back yard a couple of weeks ago, studying Bill’s latest
beautiful paper analyzing the feasibility of eliminating commutative algebra from
the high school math curriculum, when suddenly, a pigeon landed on my bistro
table and started drinking my coffee. It had a note attached to its leg:

“Jim, Bill has a birthday party... can you say a few words about the early
work at the banquet? Ruth.”

Damn... I should have known my plan was not going to work on Ruth...
resigning myself to my fate, I composed the return message:

“Ruth, of course I would be willing to talk about my early work at Bill’s
banquet. .. would an hour be enough material or do you want more? Jim”

I attached the message to the pigeon, who by that time had finished the rest
of my coffee, and sent it packing. I then went inside to get more coffee, returned to
my bistro table, and recommenced my study of Bill’s latest paper. Apparently, if
you lay off all of the 7th grade algebra teachers in California, there are just enough
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funds freed up to preserve the off-scale pay structures for all the math departments
in the UC System.

An hour later the pigeon returned, I hastily ripped a few pages from Bill’s
paper and stuffed them into the top of my coffee cup and began to read a new
message.

“Jim, You Worthless Drongo. Sometimes I wonder whether you could find a
grand piano in a one roomed house. I don’t want you to talk about YOUR early
work... I want you to talk about BILL’s early work. Can you prove to me that
you are not as useless as an ashtray on a motorbike and get on that now. Ruth. ..
P.S. 10 minutes should be plenty of time. ”

Mike Crandall

Well I hadn’t wanted to mention to Ruth that I hadn’t a clue what Bill’s early work
had been, so, I thought “I know, I'll ask Mike. Surely, a guys thesis advisor is the
one to ask about early work”. I got him on the phone and after a few pleasantries
I ask him “Mike, what can you tell me about Bill’s early work?” After a very long
pause, he replies:

“Hmm. .. lets see now... Bill’'s work... uhh... well actually I can’t recall
any off hand... now I do have a vivid memory of that brilliant paper that you
wrote, Jim, what was it called now... oh yea...”On the operators of the form
multiplication by x on Sobolev space”. Our analysis group at Stanford used to
hang around late into the night reading and rereading that paper. We desperately
wanted to hire you but, oddly, no matter how hard we tried were never able to
get in touch with you. Anyway, if you find out anything about how Bill’s career
panned out, let me know, he was a nice guy.”

Roger Howe

I next resolved to ask Roger. I remembered that as a graduate student at Indiana
University, some of the other students and me had formed a seminar and studied
a beautiful paper in #345 that Roger had written with Bill, Integral operators:
commutators, traces, index, and homology, cohomology, K, KK, and KKK theory,
Hilbert modules, Cantor sets, the rings of Saturn, Tokamaks, and why BDF is kids
stuff. Even absorbing the title of that paper raised our IQs 10 points, and after a
month of hard work, even though we had gotten only a third of the way through the
Introduction, we all had clearly become much smarter than our professors. Surely,
as an early collaborator of Bill’s, Roger could give me some good pointers on the
details of Bill’s early work. I got Roger on the phone and after a few pleasantries,
I asked him

“Roger, what can you tell me about Bill’s early work?”

“Absolutely first rate Jim. As I am sure you know, they haven’t always had
things like the Email. But you see, back then Jim, they didn’t even have things like
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the AMS TeX, everything had to be typed up by hand on primitive machines called
typewriters. Bill used to love spending hours and hours trying different spacings
and fonts, correcting typos, and fussing over the subtleties of the notations we
were using. Unbelievably, he could differentiate between 18 brands of white-out by
smell alone. Bill’s work on our paper Integral operators was so outstanding that I
think if you have a look at the old #345 you will agree with me that it is by far
the most beautiful paper in the volume. Of his early period, I can’t really tell you
much more. You might ask Ron tho, I have a vague memory that Bill might have
helped Larry, Ron and Peter write up BDF, he was much sought after by everyone
as a collaborator.”

Ron Douglas

Now, having asked Ron questions before, I realized that this was going to be like
trying to take a drink from a fire hose. I had no choice tho, since I knew Ruth
was not going to be satisfied with what I had learned so far about Bill’s early
work. Steeling myself, I gave him a call and when Bunny picked up, I could hear
somebody shouting in the background and what sounded very much like things
being deliberately smashed. “Jim, thank God you called. I am really worried about
Ron. He has been rampaging through the house for the last hour, ranting about all
kinds of horrible things. Something about how BDF was supposed to have really
been DBF, and how his career has been ruined by a typographical error. Plus,
he’s been saying the most awful things about Bill Helton. What exactly is BDF
anyway... its not some kind of kinky sex is it?” Just then, over the telephone,
I heard what sounded like a bomb going off in the distance, followed by a loud
crash and then what sounded like dishes being thrown against a wall. I hurriedly,
reassured Bunny as best I could and then hung up.

Joe

Well, I hadn’t wanted to bother Joe, he’s always so busy. And I knew that after
our conversation I was going to have to have a stiff one to clear my brain. But if
you need to know something about operator theory, Joe is the one to ask. I get
him on the phone and ask:

“Joe, can you give me some insights into Bill’s early work, I mean from before
you started working with him on those m-symmetric operators and indefinite met-
rics?”... An hour later, Joe was still deeply immersed in explaining how, based
on his analysis of over a thousand references in the literature, he had deduced
that John Doyle had actually stolen the idea of p-synthesis from Thomas Edison.
Interrupting him as gently as I could at this point, I asked, “ Joe, but what about
Bill’s early work?”

Joe answered, “Jim, sorry, I gotta go give a lecture now in the EE depart-
ment on what Euclid had to say on the robust stabilization of systems with fuzzy
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feedback. Why don’t you look in Bill’s Lecture Notes from the 85 CBMS” and
then abruptly hung up.

Thank God for Joe. I should have thought of Bill’s CBMS lecture notes right
away. Surely, I would find practically all of the early work referenced there. Over
the years, on many occasions, maybe at Christmas, or when Bill would get a big
promotion, or when Ruth would force him to come to my birthday parties, he
would wrap up a copy of those CBMS notes and present it to me as a gift.

Backyard again

I gathered a copy of the notes from my office, got my coffee, went out to the
backyard, and had just settled down at my bistro table to have a look-see, when
a pigeon flew in. I hastily balanced the lecture notes on the top of my coffee cup
and then detached a message from the pigeon’s leg.

“Jim, How is it going? You aren’t going to let me down are you?, Ruth.”

Well, while I was reading this message, the pigeon, not being able to get to
my coffee had become enraged and knocked over my coffee cup spilling coffee all
over Bill’s Lecture Notes. It had then gone into a frenzy, ripping and shredding the
pages with its beak and claws, all the while constantly pooping all over everything.
But this was not the worst of it. .. when I started to salvage at least the cover page
of the notes, I noticed that the coffee had dissolved the “J. William” and in its
place I could clearly make out a “Robert E.”... the upper case H had turned into
a lower case k and much to my amazement, in the space before the H was a clearly
visible smudge of white-out. Rubbing it, I discovered a capital S. To my horror, I
realized that Bill was not actually the author of these lecture notes. Rather, the
author was some guy I had never heard of, a Robert E. Skelton. I had my graduate
student do the Google to him and discovered that he was an engineer who had
had a promising career until all the references to his early work had mysteriously
disappeared in a short amount of time. Fortunately, his career has gotten back
on track recently due to his receiving a great deal of positive publicity in the
national press due to his being the victim of a number of high profile lawsuits
from the toy companies that make Legos, Tinkertoys, Lincoln Logs and Erector
Sets. Apparently, he wrote an influential article arguing that the current building
systems in place were having a harmful effect on our children and advocating that
all children’s construction sets should have a minimum content of 90% string-like
materials by weight.

In any case, I quickly realized that my plan to base my analysis of Bill’s early
work on these notes was seriously flawed.

I sent the pigeon back to Ruth with the following message:

“Ruth, I am so sorry, I haven’t been able to find anything out about Bill’s
early work. I have let you down. Jim cry/cry”

As you can imagine, it was with considerable trepidation that I awaited the
pigeon’s return. While waiting, I had the presence of mind to go inside and make
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several cups of coffee which I then laid out on my Bistro table. An hour later, the
pigeon returned. As before it had a message attached to its left leg but now there
was a cd dangling from its right leg. The message read:

“Jim, I swear you have roos loose in your top paddock. Attached is a cd with
everything you will need to complete the task I assigned to you. Ruth”

A label on the cd read “insert into the cd drive of your computer.” Upon
insertion the disc took control of my computer and installed something called
“Outlook” which I learned is Microsoft’s way of letting you do the Email. It had
already sent a message to a Miss MacGillicutty, apparently Bill’s 7th grade algebra
teacher. An hour later, I received my first piece of the Email. It read:

Dear Professor Agler,

It was very exciting for me to receive an email from such a famous
and important mathematician. My students and I are closely following
(as best we can) your current work on Carathéodory-Julia theory on
bidiscs and are pulling for you to crack the Loewner problem in n-
variables. Just yesterday, one of my students turned in an extra credit
report, a biography of your life. I found it a fascinating read. Keep up
the good work... you are an awesome role model for my 12 year olds.

You ask after one of my former students, Bill Helton, what his
work was like in my class. Even after 50 years I can remember that he
displayed absolutely no aptitude for algebra. Through some combination
of slowness, laziness, and willfulness he was unable to master even the
simplest rules of algebra. For example, even after a year of drill he had
not learned that the simplification of x plus y squared is x squared plus
2xy plus y squared. He would always tediously multiply everything out
and then leave the xy and yx terms ungrouped. By the end of the year
there were so many holes in his algebra background that I resolved to
hold him back. But at the last moment, I felt sorry for him and let him
go on to 8th grade math. He’s not causing you any trouble is he? If so
just let me know. As I feel sort of responsible, I would be willing to read
him the riot act.

Sincerely, Miss McGillicutty

So in one deft stroke, Ruth had not only gotten me up and running with
the Email, but had also helped me to ferret out some key information about Bill’s
early work. I plan to continue my research into Bill’s early career with an eye to
eventually starting Volume 1 of what will be a 3 volume biography of his career.
If you have any knowledge of his early work please e-mail me.

Thank You & Happy Birthday Bill

Conclusion: So what can we say we have learned from Bill’s Early Work. Clearly,
Bill is a great and famous mathematician... that is a given. Now normally, the
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early work of a great and famous mathematician is widely remembered and widely
regarded to have been seminal... that is how you know the mathematician is
great and is deservedly famous. In Bill’s case, since Bill is a great and famous
mathematician, yet, the early work seems to have been largely forgotten, one can
only conclude that whatever it was it must have been truly great indeed.
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The Carathéodory-Julia Theorem and the
Network Realization Formula in Two Variables

Jim Agler

Abstract. Harry Dym and Donald Sarason have given independent treat-
ments of the classical Carathéodory-Julia Theorem on the disc using operator-
theoretic methods. Here, I describe some joint work with John McCarthy and
Nicholas Young in which similar operator-theoretic methods are used to gen-
eralize the classical theorem to the bidisc.

Mathematics Subject Classification. 32A40, 32A70, 47B32, 47TN70, 93B15.

Keywords. Network realization formula, Carathéodory—Julia theorem, bidisc,
models.

1. Introduction

In the early 70’s Bill wrote a seminal paper [8] pointing out that the network
realization formula from electrical engineering and the characteristic function of
the Sz. Nagy-Foias model theory for contractions on Hilbert space were intimately
related. This paper, along with many other novel perspectives of Bill, influenced a
generation of young operator theorists, including myself, to take a life long interest
in the mathematics of engineering. I learned the network realization formula for
the first time in a seminar Bill gave on H*°-control theory in 1985, shortly after I
received my appointment at UCSD. I have many fond memories of those exciting
times, and, over the years, the realization formula has played a recurring role in
my research.

In this note I would like to describe some recent joint work with John Mc-
Carthy and Nicholas Young [3] in which the network realization formula leads the
way to the discovery of some new results on the Carathéodory-Julia Theorem in
two variables.
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2. One variable realizations and models

Let C denote the complex numbers, D = {z € C| |z| < 1}, and T = {2z € C]| |7
= 1}. We let S denote the Schur class, i.e., the set of functions ¢ that are defined
and analytic on D that satisfy the inequality |¢(A\)|< 1 for all A € D.

Definition 1. Let ¢ be a function on D. We say a 4-tuple (A, B, C, D) is a realization
for ¢ if there exists a Hilbert space, M, such that the 2 x 2 block matrix,

A B
v-lé 3]
is a well-defined isometry acting on M & C, and
d(\) =D+ CA1—AN"'B (1)

for all A € D.

As a consequence of the following theorem, realizations, as defined in the
above definition, can be a powerful tool for penetrating the function theoretic
properties of functions in the Schur class.

Theorem 2. Let ¢ be function defined onD. ¢ € S if and only if ¢ has a realization.

In order to use realizations to study functions, it turns out that it is efficacious
to strip out some of the “noise” in the realization. This is done by constructing
what is called a model.

Definition 3. Let ¢ be a function on . By a model for ¢ is meant an ordered pair,
(M, u), where M is a Hilbert space, u: D — M and

L= ¢(u)o(A) = (1 — pA)(ux, up) (2)
for all A\, u € D.

Armed with this notion of a model, it is possible to transform Theorem 2
into the following result.

Theorem 4. Let ¢ be function defined on D. ¢ € S if and only if ¢ has a model.

Proof. The theorem will follow from Theorem 2 if we can show that ¢ has a
realization if and only if ¢ has a model. First suppose that ¢ has a realization as
described in Definition 1. Set uy = (1 — AX\)~'B(1) so that

A(Auy) + B(1) = uy. (3)
Also, note that (1) implies that
CAux) + D(1) = ¢(A). (4)

Combining (3) and (4) yields that

V(1) = (i) ®
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Hence, as V is an isometry,

which unravels to

(ux, up) + ¢(N)d(p) = (Aux, pauy) + 1. (6)

As (6) implies (2), it follows that ¢ has a model.
To prove the converse which shall employ a “lurking isometry” argument.
Assume that ¢ has a model as in Definition 3. (2) implies that (6) holds, which in

turn implies that
(i) () = () - (1)) )

for all A\, u € D. (7) suggests that we attempt to define an isometric linear operator
V:ModC — M@ C with the property that formula (5) holds for all A € D. This
construction will always succeed by simply extending (5) by linearity provided one
is willing to enlarge M sufficiently. Once V' is so defined, one represents V' as a
2 x 2 block matrix,

-l

Cc D

and obtains the equations (3) and (4) from (5). Solving (3) for uy and then sub-
stituting into (4) yields that (1) holds. This shows that ¢ has a realization. O

3. The Carathéodory-Julia Theory in One Variable

Let ¢ be a Schur function of norm one. The Carathéodory-Julia Theory is actually
a number of related results that describe the geometric behavior of ¢ when viewed
as a mapping from D into D near a point 7 on the boundary of D where ¢ attains its
norm. We apologize in advance to any experts in function theory for the somewhat
“kinky” description of Carathéodory’s and Julia’s results that we give here. We
are setting up so that the step to two variables will be easily digestible.

One way to understand the results, is to see that they correspond to saying
that an a priori very weak regularity condition on ¢ at 7 is actually equivalent to
a very strong regularity condition at 7.

For ¢ € S, we define Jy, the Julia quotient of ¢, to be the function defined
on D by the formula,

_ 1=l
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Before continuing, we remark that the quotient originally introduced by Julia in
[9] was defined for Pick functions in the upper half-plane. When transformed to
2
the Schur class it takes the form, Jgr“e(/\) = 1;@"(/\’\'2‘ . However, fortunately, for
¢ €S, Jy(N) and Jgrue()\) bound each other on D. While Jg\me is the usual
quotient studied by function theorists, generalizing it to several variables requires
a lot of annoying subtleties involving invariant metrics.
Now consider the following increasingly stringent conditions on the behavior
of ¢ at a point 7 € T.

I liminf Jg(N) < oo.
A—=T
AeD
IT J4(A) is non-tangentially bounded at 7.
IIT ¢ is directionally differentiable at 7 and |¢(7)|= 1.
IV ¢ is non-tangentially differentiable at 7 and |¢(7)|= 1.
V' ¢ is non-tangentially continuously differentiable at 7 and |¢(7)|= 1.

Condition I above is self explanatory. Condition IIT asserts that there exists a
complex number with modulus one, denoted ¢(7), such that whenever § € C and
7+ t§ € D for sufficiently small positive t,
to) —
lim $(7+ 1) = 9() exists. 9)
t—0+ t
The other conditions use the geometric notion of “non-tangential” approach to a
boundary point. For S C D and 7 € T we say that S approaches T non-tangentially,

s 7, if 7 € ST and there exists a constant ¢ such that
A = 7]< e(1— [A]) (10)

for all A € S. We then say that a property holds “non-tangentially” at 7 if it
holds on every set that approaches 7 non-tangentially. For example, condition II
above is simply saying that ¢ is bounded on every set in D that approaches 7 non-
tangentially. Condition IV says that there exist complex numbers denoted ¢(7)
and ¢'(7) such that

L OO0 = (1) = ¢/ ()X = 7)

A—=T |)\ — 7'|
A€S

=0 (11)

whenever § C D and S =5 . Finally, Condition V is saying that in addition,

lim (V) = ¢'(7), (12)

\es
whenever S C D and S oo

Theorem 5. Let 7 € T and let ¢ € S. Then conditions I-V are equivalent.
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Carathéodory essentially gave the first proof of Theorem 5 in 1929 using geo-
metric methods [6]. Since then, treatments of various aspects of the theorem from
virtually every possible point of view have been developed. Of particular interest
to us here, are the Hilbert space proofs that I implies IV that were discovered in-
dependently by Harry Dym [7] and Donald Sarason [12]. Both approaches involved
developing structures based on the use of de Branges spaces that have great power
in the study of Schur functions generally.

Fortunately, if one is only interested in the Carathéodory-Julia theory, then
these discoveries of Harry and Don, when stripped of the technicalities that are
necessitated through the use of de Branges spaces, can be stated in a very simple
way by using the notion of a model as defined in Definition 3. The following
two propositions both give very precise relationships between the local function-
theoretic behavior of ¢ at the point 7 and the Hilbert space behavior of u near 7.

Proposition 6. Let ¢ € S and let (M, u) be a model for ¢. If T € T, then J4(A) is
non-tangentially bounded at T if and only if uy is non-tangentially bounded at T.

Proposition 7. Let ¢ € S and let (M, u) be a model for ¢. If T € T, then ¢ is
non-tangentially differentiable at T if and only if uy is non-tangentially continuous
at T, i.e., there exists a vector x € M such that

lim uy =z

A=
AeS

whenever S CD and S ™o

Once Propositions 6 and 7 are obtained, it is apparent that the equivalence
of II-1V is equivalent to the following fact.

Fact 8. Let ¢ € S, let (M,u) be a model for ¢, and let 7 € T. If uy is non-
tangentially bounded at T, then uy is non-tangentially continuous at T.

Proofs of the propositions and the fact all can be worked out using elementary,
follow your nose, Hilbert space arguments. This gives that II-IV are equivalent.
The full loop of equivalences I-V is then completed by proving that I implies II
(this uses (2) and the Cauchy-Schwarz Inequality), proving that IV implies V (this
uses (1) and a resolvent estimate on (1 — AX) "), and finally, closing the loop with
the triviality that V implies I.

4. Two variable realizations and models

How does it work in two variables? Let C2? = Cx C,D> =D x D, and T? =T x T.
We let S, denote the Schur class of the bidisc, i.e., the set of functions ¢ that are
defined and analytic on D? that satisfy the inequality |¢(\)|< 1 for all A € D?.
Just as in one variable it is possible to realize Schur functions.
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Definition 9. Let ¢ be a function on D?. We say a 4-tuple (A, B, C, D) is a realiza-
tion for ¢ if there exists a decomposed Hilbert space, M = M; & Mo, such that
the 2 x 2 block matrix,

A B
v-1é 3]
is a well-defined isometry acting on M & C, and
d(\) =D+ CA1—AN"'B (13)

for all A € D?. Here, in formula (13), for A = (A1, A2) € D?, we view \ as an
operator on M via the formula,

A=A Pum, + AP,
where Py, and Ppy, denote the orthogonal projections of M onto M; and Mo.

As a consequence of the following theorem from [2], two variable realizations,
as defined in the above definition, can be used to study the function theoretic
properties of functions in the two variable Schur class. I think it would be fair to
say that were it not for the strong influence of Bill, it never would have occurred
to me to formulate such a theorem.

Theorem 10. Let ¢ be function defined on D?. ¢ € Sy if and only if ¢ has a
realization.

Now, it turns out that realizations in two variables have a lot more “noise”
than one variable realizations. Accordingly, the notion of a model has correspond-
ingly more power than in one variable.

Definition 11. Let ¢ be a function on D?. By a model for ¢ is meant an ordered
pair, (M, u), where M = M; © My is a decomposed Hilbert space, u : D* — M
and

L= o(u)o(A) = (1 — " Mux, uy) (14)
for all A\, u € D% In (14), A and yu are interpreted as operators on M as in Defini-
tion 9.

Once one has this notion of a model for elements of So, mimicking the proof
of Theorem 4 yields the following theorem.

Theorem 12. Let ¢ be function defined on D?. ¢ € Sy if and only if ¢ has a model.

5. The Carathéodory-Julia theorem in two variables

In [3], John McCarthy, Nicholas Young and myself used two variable models and
realizations to probe the Carathéodory-Julia theory on the bidisc. Our first dis-
covery was that a straightforward generalization of Proposition 6 obtains. To state
this result we need to generalize both the Julia quotient and the notion of non-
tangential approach to the setting of the bidisc.
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First notice that the expression, 1— ||, which appears in the denominator
on the right side of equation (8), can be identified geometrically with the distance
from A to the boundary of D. Letting (D?) denote the boundary of D? (i.e., the
set (D x T) U (T x D) U T?), we thereby see that a natural way to interpret the
expression in two variables is to consider the quantity dist(\, d(D?)). As

dist(\, 0(D?)) = min{1— |\;], 1— [A|},
we are led to defining the Julia quotient on the bidisc by the formula,

1= oM

To) = ing1= 1= Paf} (15)

Now notice that the expression 1— |\ also appears on the right-hand side of
inequality (10). Accordingly, if S C D? and 7 € T? we say that S approaches T

non-tangentially, S n 7, if 7 € ST and there exists a constant ¢ such that
A = 7|< e(min{1— |A1], 1— |[A2]}) (16)

for all A € S. Following Section 3, we then say that a property of a Schur function
on the bidisc holds non-tangentially at a point 7 € T2 if the property holds for
every set S C D? such that S approaches 7 non-tangentially. Finally, we can state
our generalization of Proposition 6 to two variables.

Proposition 13. Let ¢ € Sz and let (M, u) be a model for ¢. If T € T2, then J4(N)
s non-tangentially bounded at T if and only if uy is non-tangentially bounded at 7.

How does Proposition 7 generalize? Evidently, by analogy with (11) we want
to say that ¢ is non-tangentially differentiable at 7 if there exist a complex number
denoted ¢(7) and a vector in C? denoted V¢(7) such that

Lo 90 = 6(7) = Vo(r) - (A= 7)

A>T |)\ — 7'|
AES

=0 (17)

whenever S C D? and S 2% 7. The following analog of Proposition 7 then obtains.

Proposition 14. Let ¢ € Sy and let (M, u) be a model for ¢. If T € T?, then ¢ is
non-tangentially differentiable at T if and only if uy is non-tangentially continuous
at T.

We now come to an interesting discovery. It turns out that Fact 8 does not
generalize to two variables. A counter-example is provided by the simple function

20— A - A

O NN (18)

As a consequence we are led to the discovery that there actually two types of
“carapoints” in two variables, B-points and C-points.
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Definition 15. Let ¢ € Sy, 7 € T2, and let (M, u) be a model for ¢. We say 7 is a
carapoint for ¢ if the two variable analog of condition I from Section 3 obtains, i.e.,

hg\n_glf Js(N) < o00.
AeD?

We say that 7 is a B-point for ¢ if u) is non-tangentially bounded at 7 and we say
that 7 is a C-point for ¢ if u) is non-tangentially continuous at 7.

We now are ready to generalize Theorem 5 to the bidisc. Note that we have
given each of the regularity conditions I-V from Section 3 an unambiguous meaning
in two variables.

Theorem 16. Let 7 € T? and let ¢ € Sy. Then conditions 1, 11, and III are
equivalent and conditions IV and V are equivalent. Furthermore I-111 hold if and
only if T is a B-point for ¢ and IN=V hold if and only if T is a C-point for ¢.

6. Conclusion

Over the years, one of the recurrent and productive themes in Bill’s approach
toward mathematics has been the identification and exploitation of fruitful syner-
gies between ideas in mathematics and engineering. In this note, I have described
a concrete example of how, through an insight originally put forth by Bill, the
network realization formula has pointed the way to the discovery and proof of new
results in several complex variables. Many other applications of the realization
formula to function theory have been discovered in the last 25 years. For example,
it has played a role in the generalization of the classical Nevanlinna-Pick Theorem
to several variables [1] and when Cayley transformed to the upper half-plane, in
the generalization of Loewner’s beautiful characterization of the matrix monotone
functions [10] to severable variables [5]. Most recently in [4], a new proof with
sharp bounds was obtained for the Oka Extension Theorem [11] using a version of
the realization formula on polyhedrons in C”.
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Abstract. The Grassmannian/Krein-space approach to interpolation theory
introduced in the 1980s gives a Krein-space geometry approach to arriving at
the resolvent matrix which parametrizes the set of solutions to a Nevanlinna-
Pick interpolation or Nehari-Takagi best-approximation problem. We review
the basics of this approach and then discuss recent extensions to multivariable
settings which were not anticipated in the 1980s.
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1. Introduction

We take this opportunity to update the Grassmannian approach to matrix- and
operator-valued Nevanlinna-Pick interpolation theory introduced in [24]. It was a
privilege for the first-named current author to be a participant with Bill Helton
in the development of all these operator-theory ideas and their connections with
Krein-space projective geometry and engineering applications (in particular, cir-
cuit theory and control). Particularly memorable was the eureka moment when
Bill observed that our J-Beurling-Lax representer was the same as the Adamjan-
Arov-Krein “resolvent matrix” © parameterizing all solutions of a Nehari-Takagi
problem. This gave us an alternative way of constructing and understanding the
origin of such resolvent matrices, and provided a converse direction for Bill’s earlier
results on orbits of matrix-function linear-fractional maps [50].

The present paper is organized as follows. Following this Introduction, in
Section 2 we review the Grassmannian approach to the basic bitangential Sarason
interpolation problem, including an indication of how the simplest bitangential
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matrix Nevanlinna-Pick interpolation problem is included as a special case. We
also highlight along the way where some additional insight has been gained over
the years. In Section 3 we show how a reformulation of the problem as a bitangen-
tial operator-argument interpolation problem leads to a set of coordinates which
leads to state-space realization formulas for the Beurling-Lax representer, i.e., the
resolvent matrix providing the linear-fractional parametrization for solutions of the
interpolation problem. The rational case of this construction essentially appears in
the book [17] while the general operator-valued case is more recent (see [30]). The
final Section 4 surveys extensions of the Grassmannian method to more general
settings, with the main focus on the results from [45] where it is shown that the
Grassmannian approach applies to left-tangential operator-argument interpolation
problems for contractive multipliers on the Drury-Arveson space (commuting vari-
ables) and on the Fock space (noncommuting variables).

2. The Sarason bitangential interpolation problem
via the Grassmannian approach

We formulate the bitangential Sarason (BTS) interpolation problem as follows.
Given an input Hilbert space U; and an output Hilbert space Up, we let HZC(JMI Uo)
denote the space of bounded holomorphic functions on the unit disk D with values
in the space L(U;,Uo) of bounded linear operators between U; and Up. We let
SUr,Up) denote the Schur class consisting of the elements of HZ s, vy With
infinity norm over the unit disk at most 1. For a general coefficient Hilbert space
U, an element B of HZC(JM) is said to be two-sided inner if the nontangential strong-
limit boundary-values B(¢) of B on the unit circle T are unitary operators on U
for almost all ¢ € T. The data set for a bitangential Sarason interpolation problem
Dprg consists of a triple (So, Br, Bo) where Sy is a function in Hzo(uf,uo)’ and By
and Bo are two-sided inner functions with values in £(U7) and L(Uo) respectively.
Then we formulate the bitangential Sarason interpolation problem as follows:

Problem BTS (Bitangential Sarason Interpolation Problem): Given a data set
Dprs = (S0, Br,Bo) as above, find S € S(Ur,Up) so that the function Q :=

Bo'(S = So)Brtis in HYy, 1009

By way of motivation, let us consider the special case where Uy = C™ and
Uo = C"© are finite dimensional and where for simplicity we assume that det Bj
and det Bp are finite Blaschke products of respective degrees n; and no. Let
us also assume that all zeros of det By and of det Bp are simple (but possibly
overlapping). Then it is not hard to see that the BTS interpolation problem is
equivalent to a bitangential Nevanlinna-Pick (BTNP) interpolation problem which

we now describe. We suppose that we are given nonzero row vectors xi,...,Zn,
of size 1 X np, row vectors yi, ..., Yn, Of size 1 x ny, distinct points z1, ..., 2, in
D (the zeros of det Bp), together with nonzero column vectors uq, ..., u,, of size

nr x 1, column vectors vy, . .., v,, of size np x 1, and distinct points wy, ..., wy,, in
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D (the zeros of det By, possibly overlapping with the z;’s), together with complex
numbers p;; for any pair of indices 7, j such that z; = w; =: ;. The bitangential
Nevanlinna-Pick problem then is:

Problem BTNP (Bitangential Nevanlinna-Pick interpolation problem): Given a
data set ® = DprNp given by

D = {(zi,yi,2) fori=1,...,n0, (uj,v;,w;) for j =1,...,n5,&; for z; = w;}

as described above, find a matriz Schur-class function S € S(C™ ,C™°) so that S
satisfies the collection of interpolation conditions:

2:8(z;) =y; for i =1,...,no,
S(w;)uj =vj for j=1,...,n, and

2;S"(&5)u; = pij for 4,7 such that z; = w; =: &;. (1)

We remark that it is Donald Sarason [72] who first made this connection between
the operator-theoretic BTS interpolation problem and the classical point-by-point
BTNP interpolation problem for the scalar case.

We now present the solution of the BTS problem as originally presented in
[24, 26]. In addition to the function spaces HZ0, uo) already introduced above, let
us now introduce the spaces of vector-valued functions L?, (measurable U-valued
functions on T which are norm-square integrable) and its subspace HE, consisting
of those L?-functions with vanishing Fourier coefficients of negative index; as is
standard, we can equivalently view H7 as holomorphic U-valued functions f on
the unit disk D for which the 2-norm over circles of radius r centered at the origin
are uniformly bounded as r increases to 1. The space Lz, comes equipped with the
bilateral shift operator M, of multiplication by the coordinate functions z (on the
unit circle):

M.: f(z) — zf(2).
When restricted to Hg,, we get the unilateral shift (of multiplicity equal to dim/:
information not encoded in the notation M, ). For F' a function in HZ‘ZMI Uo) there
is an associated multiplication operator
Mp: f(z) = F(2)f(2)

mapping HZ%{I into Hp , and intertwining the respective shift operators: MpM, =
M, Mp. More generally, we may consider M as an operator from Lal into Lz%to
which intertwines the respective bilateral shift operators; in this setting we need
not restrict F' to Hzo(uf,uo) but may allow F' € Lﬁuhuo). A key feature of this
correspondence between functions and operators is the correspondence of norms:
given F' € HZO(Z/[IJ/{O)’ the operator norm of My is the same as the supremum norm
(over the unit disk or over the unit circle) of the function F:

1M llop = [|F[loo := sup{[[F'(2)]|: 2 € D} = ess-sup{|[F(C)]: ¢ € T}.

Let us suppose that we are given a data set Dprs = (S0, Br, Bo) for a BTS
problem as above. We introduce the space K = L7, & B;leh (elements of which
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will be written as column vectors [f] with f € LEIO and g € Bl_ng,I). We use the

g
. . I 0 g .
signature matrix Ji := [ L(')O I } to define a Krein-space inner product on K:
I

Laf] [atoll o= (e ] [af)),
= 1F13 = llglle for [ 15, ] € k.

We note that a Krein space is simply a linear space K equipped with an indefinite

inner product [-, -] with respect to which K has an orthogonal decomposition K =
K+ @K_ with K a Hilbert space in the [-, -]-inner product and K_ a Hilbert space
in the —[-, -]-inner product; good references for more complete information are the

books [8, 34]. We then consider the subspace M of K completely determined by
the data set Dprs = (S0, Br, Bo):
Bo SoBr'| [HE
M = Mg, B, Bo = { - Ko (2)
omnTe 0 BI Hgll
Then one checks that the function S € Lﬁul Uo) is a solution of the BTS problem
if and only if its graph G := [%S] B;IHZ% satisfies:

1. G is a subspace of Mg, B,,B, (and hence also is a subspace of ),

2. G is a negative subspace of K, i.e., [g,g]xc < 0 for all g € G, and, moreover,
G is maximal with respect to this property: if A is a negative subspace of K
with G C NV, then G = N, and

3. G is shift-invariant, i.e., whenever g € G then the vector function g given by
d(2) = zg(z) is also in G.

Let us verify each of these conditions in turn:
(1): If S = Sp + BoQB; where Q € Hz‘zul Uo)» then

WS} Br'HY = {Mso + MI;OMQMBI] BrlHZ,

B B! .
C { OO} Hp, + {SOBI_I1 } Hf, (since Mq: Hf, — Hp,)
= Ms.,B:,Bo-
2): If S € S(U;,Up), then by the remarks above it follows that | Mg|lop < 1. This
P
is enough to imply that G is K-maximal negative.
(3): Due to the intertwining properties of M, mentioned above, we have
Mg\, —1 772 Mg| , 1 2 Ms| 1,42
M, { I :|MBIHZ/{I =7 Mg, M, Hy, C I By Hy,
from which we see that G is invariant under M.

Conversely, one can show that if G is any subspace of K satisfying conditions
(1), (2), (3) above, then G has the form G = [*s] B;lHEh with S a solution
of the BTS problem. Indeed, condition (2) forces G to be the graph space G =
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[X]B;'HE, for a contraction operator X: By 'HZ — L},,- Condition (3) then
forces X to be a multiplier X = Mg for some S € Ly ;, and || X|| <1 implies that
|S]lcc < 1. Finally, condition (1) then forces S to be of the form S = Sy + Bo K B;
with K € Hz?uf,uo) from which we see that S is solution of the BTS problem.

Elementary Krein-space geometry implies that, if there exists a G satisfying
conditions (1) and (2), then necessarily the orthogonal complement of M inside
IC with respect to the indefinite Krein-space inner product must be a positive
subspace:

P :="Ps B, Bo =K Oj Ms,B, Bo is & positive subspace, (3)
ie., [p,plx >0 for all p € P.
We conclude that the subspace P := Ps, B, B, being a positive subspace

18 a necessary condition for the existence of solutions to the BTS Problem. More
explicitly one can work out that positivity of P in (3) is equivalent to contractivity
of the Sarason model operator:

1Ts0,B,,80 |l <1 where Ts, B,,Bo = PLaoeBoHao MSO|BI_1H5{I : (4)

In terms of the BTNP formulation, condition (3) translates to positive semidefi-
niteness of the associated Pick matrix Apppyp:

Ar (Aor)*
A@BTNP = |:AOI ( AO) >0 (5)
where
s — v TIVITYINT for 2 2w, Tt — syt
- Wiwy Pij for z; = w; — 2%

To prove sufficiency of any of the three equivalent conditions (3), (4), (5), we
must be able to show that solutions of the BTS problem exist when P is a positive
subspace. Let us therefore suppose that the subspace P := Pg g, B, is a positive
subspace of K. Then any subspace G contained in Mg, B, B, Which is maximal
as a negative subspace of Mg, B, B, is also maximal as a negative subspace of
K (ie., Mg, B;,Bo-mazimal negative implies K-mazimal negative) and hence G
satisfies conditions (1) and (2). The rub is to find such a G which also satisfies the
shift-invariance condition (3).

It is at this point that we make a leap of faith and assume what is called in
[9] the Beurling-Lax Aziom: there exists a (bounded) J-unitary function ©(z) so
that

Mso.Br,Bo = O - HZ?{ (6)
for some appropriate Krein space U. Thus we assume that U has a Krein-space
inner product induced by a fundamental decomposition U = U; ® U_ with U, a
Hilbert space and /_ an anti-Hilbert space. More concretely, we simply take U/
and U_ to be Hilbert spaces and the Krein-space inner product on & = U, SU_

is given by
(180T L Dy = e e, = - 1
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The J-unitary property of © means that the values ©(¢) of © are J-unitary for
almost all ¢ in the unit circle T (as a map between Krein coefficient spaces U and
Iy, O

Uo ®Uj with the inner product induced by Jx = [ 0 I ]) It then follows that

without loss of generality we may take U, = Up and U_ = U;. The crucial point
is that then the operator Mg of multiplication by © is a Krein-space isomorphism
between Hg, (U = Uo ®Ur) and Mg, B,.Bo, i-€., Mo maps HE, one-to-one and
onto Mg, B;,B,, Preserves the respective Krein-space inner products:

[Ou, Oulk = [u, uly,
and simultaneously intertwines the respective shift operators:
MegM, = M. Meg.

It turns out that if condition (3) holds, then any such J-unitary representer © for
M is actually J-inner, i.e., ©® has meromorphic pseudocontinuation to the unit
disk D such that the values ©(z) are J-contractive at all points of analyticity z
inside the unit disk:

J—0(2)"JO(z) >0 for z €D, O analytic at z.

Under the assumption that we have such a representation (6) for Mg, B, B,
we can complete the solution of the BTS problem (under the assumption that the
subspace Ps, 5,.B, is a positive subspace) as follows. Since Mg : H7 — Ms, B,.Bo
is a Krein-space isomorphism, all the Krein-space geometry is preserved. Thus a
subspace N of H is maximal negative as a subspace of HZ, if and only if its image
MeoN = © - N is maximal negative as a subspace of Ms,.B;,Bo- Moreover, since
M.Mg = MeM,, we see that A is shift-invariant in HE, if and only if its image
© - N is a shift-invariant subspace of Mg, B, B,. From the observations made
above, under the assumption that the subspace Ps, g, B, is positive, getting a
subspace G to satisfy conditions (1) and (2) in the Grassmannian reduction of the
BTS problem is the same as getting G C Mg, B, B, to be maximal negative as
a subspace of Mg, B, B,. We conclude that G meets all three conditions (1), (2),
(3) in the Grassmannian reduction of the BTS problem if and only if G = © - N
where A is maximal negative as a subspace of H7 and is shift invariant. But these
subspaces are easy: they are just subspaces of the form N = [MIG] Hfll where G
is in the Schur class S(U;,Up). We conclude that S solves the BTS problem if and
only the graph Gg = [1\/55 ] B;IHZ% satisfies

Ms _ MG
_ [©11G+ 012 o
B [@21G + @22] Hity- @

Next note that the operator Mg [MIG ], as the composition of injective maps,

is injective as an operator acting on HE, - We claim that the bottom component
Mo,,G+0,, is already injective. Indeed, if (©21G + ©22)h = 0 for some nonzero
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h € HE,I, then [(encgem)h] would be a strictly positive element of the nega-
tive subspace © [§] - leh, a contradiction. Thus Me,, ¢+e,, must be injective as
claimed. From the identity of bottom components in (7), we see that multipli-
cation by ©21G + O92 maps H1241 onto B;IHZEI. We conclude that the function
K := B;(021G + O92) and its inverse are in HZO(MI)' Then we may rewrite (7) as

[ﬂ Byl H = {(@1161 + @12)(1921(; + @22)1} Br'K - H2,
_ {(@nG + 012)(021G + O22) 7 *

-1
7 }Bl Hp,.

Thus for each h € Bl_lHZQh there is an element A’ of Bl_leiI such that

m . {(ena +012)(OnG + 922)—1] "

Equality of the bottom components forces h = h’ and then equality of the top
components for all h leads to the linear-fractional parametrization for the set of
solutions of the BTS problem: S solves the BTS Problem if and only if S has the
form

S = (011G + 012)(021G + Og) ! (8)

for a uniquely determined G € S(U;,Up). In this way we arrive at the linear-
fractional parametrization of the set of all solutions appearing in the work of
Nevanlinna [68] for the classical Nevanlinna-Pick interpolation problem and in the
work of Adamjan-Arov-Krein [1] in the context of the Nehari-Takagi problem.

Remark 1. We note that the derivation of the linear-fractional parametrization
(8) used essentially only coordinate-free Krein-space geometry. It is also possible
to arrive at this parametrization without any appeal to Krein-space geometry via
working directly with properties of J-inner functions: see, e.g., [17] where a winding
number argument plays a key role, and [39] for an alternative reproducing-kernel
method.

All the success of the preceding paragraphs is predicated on the validity of
the so-called Beurling-Lax Axiom (6). Validity of the Beurling-Lax Axiom requires
at a minimum that the subspace Mg, B; B, be a Krein space in the indefinite in-
ner product inherited from K. Unlike the Hilbert space case, this is not automatic
(see, e.g., [8, Section 1.7]). We say that the subspace M of the Krein space K is
reqular if it is the case that M is itself a Krein space with inner product inherited
from IC; an equivalent condition is that K decomposes as an orthogonal (in the
Krein-space inner product) direct sum K = M @ M (where M is the orthog-
onal complement of M inside K with respect to the Krein-space inner product).
For the Nevanlinna-Pick problem involving only finitely many interpolation con-
ditions, regularity of M is automatic under the condition that the solution of the
interpolation problem is not unique (completely indeterminate in the language of
some authors). Nevertheless, even when the subspace M = Mg, B, B, is regular
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2
in C = B,f 52 ], it can happen that only a weakened version of the Beurling-
1 Huyy

Lax Axiom holds. The following is one of the main results from [24] (see [58] for
extensions to shift-invariant subspaces contractively included in Hz).

Theorem 2. Suppose that M is a reqular subspace of Lg, (where Lg, is considered
to be a Krein space in the indefinite inner product induced by the Krein-space inner
product on the space of constants U = Up ® Ur). Then there exists a multiplier ©
with values in L(U) such that

1. Mgsr: U — L3,
2. ©(0)*JO(¢) = J for almost all ¢ € T (where J = {I%O 0 ])7

—Iy
3. the densely defined operator M@PHa Mg-1 = M@PHa JM@I*J extends to de-
fine a bounded J-orthogonal projection operator on LZ%,, and
4. the space M is equal to the closure of © - PJ, where PJ s the space of
analytic trigonometric polynomials p(¢) =Y 1_, urCF with coefficients uy, in

U(n=0,1,2,...).

Conversely, whenever © is a multiplier satisfying conditions (1), (2), and (3)
and the subspace M is defined via (4), then M is a reqular subspace of L?, (with
J-orthogonal projection onto M along MW given by the bounded extension of
Me-1Py2 Me onto all of L?).

This illustrates a general phenomenon in the Krein-space setting in contrast
with the Hilbert-space setting: there is no reason why unitary operators need be
bounded. The moral of the story is: the Beurling-Lax Axiom does hold in case
Ms,.B;,Bo is a regular subspace of K, but only with in general densely defined
and unbounded Beurling-Lax representer ©. This technical detail in turn compli-
cates the Krein-space geometry argument given above leading to the existence and
parametrization of the set of all solutions of the BTS problem under the necessary
condition (3) that the subspace Ps, B;,B, be a positive subspace. This point was
handled in [24] (and revisited in [29]) via an approximation argument using the
fact that bounded functions are dense in any shift-invariant subspace of H?2.

Here we use an idea from [45] based on an ingredient from the approach of
Dym [39] to obtain a smoother derivation of the linear-fractional parametrization
even for the case where the Beurling-Lax representer may be unbounded. The
following lemma proves to be helpful.

Lemma 3 (see [45, Lemma 2.3.1]). Let K be a Krein space and let M be a regular
subspace of K such that MM is a positive subspace. If G is a mazimal negative
subspace of IC, then the following are equivalent:
1. G c M.
2. PG is a positive subspace, where Pay is the J-orthogonal projection of K
onto M.

Now we suppose that Pg, p, B, i a positive subspace (as is necessary for
solutions to the BTS problem to exist) and that S € S(Ur,Uo) is a solution. Thus
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G = [$]1B;" - HZ, is maximal negative and contained in Mg, 5, 5, According
to the lemma, this means that PGt is a positive subspace. By the result of
Theorem 2 we know that Py = MgJ Pyz Me-J (formally unbounded but having
bounded extension to the whole space). Also, an elementary computation gives

g[J-] —

! Ve | L
P Bytmz s Uo*
Thus the condition (2) in Lemma 3 becomes

1
A >0 (9)
PB;lHZIMS ] 2 —-1p2
L?®B; "H

forall f € lelo' Since the range of Mg is contained in M which in turn is contained

<JM@ JPy> Me-J 1,

Py1y2 Ms-
By 'Hy, S

L2
in { “Ho, ] , we see that the projection Py—1,. in (9) is removable. We can then
By Hy, 1 Mg

rewrite (9) as

<[I —Ms| MeJ P2 Me- {—Z\Ils*] f7f> >0.

Restricting to an appropriate dense domain and writing F' in place of Mp for
multiplication operators for simplicity, we arrive at the operator inequality
@* _ * S*
0< [@11 — 5091 O12— 5622] J P2 |: 1 B 315*]
12 22

= (@11 — S@zl)PIp (@11 — 5621)* — (@12 — S@gQ)PHz (@12 — 5622)*. (10)

It is a consequence of the Commutant Lifting Theorem (in this form actually a
version of the Leech Theorem — see [70]) that (10) implies that there is a Schur-class
function written as —G € S(Ur,Up) so that

It is now a straightforward matter to solve for S in terms of G to arrive at
S = (011G +012)(02:G + O2) . (11)

Conversely the steps are reversible: for any Schur-class function G € S(U;,Uo),
the formula (11) leads to a solution S of the BTS problem. In this way we arrive
at the linear-fractional parametrization (8) for the set of all solutions of the BTS
problem even in the case where M is regular but its Beurling-Lax representer ©
is not bounded.

Remark 4. The case where M is regular is only a particular instance of the so-
called “completely indeterminate case” where solutions of the BTS problem ex-
ist having norm strictly less than 1. In this case there is still a linear-fractional
parametrization of the set of all solutions of the form (8) even though the associ-
ated interpolation subspace Mg, B, B, is not a regular subspace of KC; see [5].
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3. State-space realization of the J-Beurling-Lax representer

Various authors ([40, 17]), perhaps beginning with Nudelman [69], have noticed
that the detailed interpolation conditions (1) can be written more compactly in
aggregate form as

1 1 _

o /]I‘(ZI_Z) XS(z)dz=Y,
1 1,

o /TS(z)U(zI — A dz =V, (12)
1 -1 — -1 z =

i /]I‘(ZI_Z) XS(2)U(zI — A~ dz =T, (13)

where the collection of seven matrices Dproa = (U,V, A4, Z, X,Y,T") (the label
BTOA refers to the bitangential operator-argument interpolation problem which is
described below) is given by

z1 1 <1
X = , Y= .|, Z= )

Tno Yno Zno

w1
U:[ul um], V:[vl vm], A= ,
Wno
[Tlij = {zbfjjauy Tf U F A o <i<no,1<j<nr (14)
Pij ifw; =2

The interpolation conditions expressed in this form (13) make sense even if the
matrices A and Z, while maintaining spectrum inside the unit disk, have more
general Jordan canonical forms (i.e., are not diagonalizable); in this way we get a
compact way of expressing higher-order bitangential interpolation conditions. By
expanding the resolvent operators inside the contour integrals in Laurent series,
it is not hard to see that we can rewrite the interpolation/moment conditions in
(13) in the form

PHglé MSébU,A = @ij/,Av @,XMS|H5,I = CA%,Yv @,XPHZO MSa?],A =I (15)

where (’A)}I’],A: Crr — Hz%,l and @}"/’A: Ccrr — HZ% are the backward-time observa-
tion operators given by
S
@?JVA: x> Uzl — A)7133 = Z(UA”flm)zfn,

n=1
oo

(/9\%’/714: r Vizl — A) e = Z(VA"*ICE),Z*",

n=1
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and where é}xz HZ — Cro, é\%vyz HZ — Cm© are the backward-time control
operators given by

CZX f(z anz HZZ"an, CZY g(z Zgnz »—)ZZ"an

n=0 n=0 n=0

The terminology is suggested from the following connections with linear sys-
tems. Given a discrete-time state-output linear system running in backwards time
with specified initial condition at time n =0

z(n) = Az(n+1)

yn) = Ca(n+1) 20 =, (16)

the resulting output string {y(n)}n=—1,-2 .. is given by
y(—n) = CA" 1zg for n=1,2, ....

It is natural to let (’)bcﬁ 4 denote the time-domain backward-time observation oper-
ator given by

(’)&A: = {y(n)n=—1,—2,.. = {CA_"_lm}n:—l,—z,...-

Upon taking Z-transform {y(n)} — y(z) = >_,, ., y(n)z", we arrive at the frequen-
cy-domain backward-time observation operator (’)8 4 given by

oo
Ob ai = (2) =Y (CA '2)e ™" = (2 — A) 7

n=1
In these computations we assumed that the matrix A has spectrum inside the disk;
we conclude that C(2I — A)~lx € Hf,f; when viewed as a function on the circle;
note that C(zI — A)~!x is rational with all poles inside the disk and vanishes at
infinity.

Similarly, given a discrete-time input-state linear system running in back-

wards time

z(n)=Zzx(n+1)+ Xu(n+1) (17)
where we assume that z(n) = 0 for n > N and u(n) = 0 for all n > N for some
large N, solving the recursion successively for (N — 1), (N —2), ..., z(0) leads
to the formula

u(0)
> u(l)
2(0) =Y Z"Xu(k) = [X ZX Z°X -] |4(2)

k=0

As Z by assumption has spectrum inside the unit disk, the matrix

X zx 2°X -],
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initially defined only on input strings having finite support, extends to the space
of all Us-valued ¢? input-strings ézll. It is natural to define the frequency-domain
backward-time control operator C% x by

u(l)
Cyx: {um)nzo = [X ZX 22X -] |y (2)

Application of the inverse Z-transform to {u(n)}n=o01,2,... then leads us to the

o .

frequency-domain backward-time control operator Cy H&I — C™0 given by

52}(: u(z) = Zu(n)z” — Z Z"Xu(n).
n=0 n=0

The next step is to observe that conditions (15) make sense even if the data
set DpToa does not consist of matrices. Instead, we now view X,Y, Z, U, V, A, T
as operators
X:Z/[O—>XL, Y:U[—>XL, Z:XL—>XL,
U: Xgr —)Z/[I, V. Xgr —>Z/{O, AZXR—)XR, I': Xp — & (18)
Note that when the septet (X,Y, Z,U,V, A,T) is of the form as in (14), then the
Sylvester equation
FrA-ZI'=XV —-YU. (19)
is satisfied. To avoid degeneracies, it is natural to impose some additional control-
lability and observability assumptions. The full set of admissibility requirements
is as follows.
Definition 5. Given a septet of operators Dproa := (X,Y, Z,U,V, A, T) as in (18),
we say that Dgroa is admissible if the following conditions are satisfied:
1. (X, Z) is a stable exactly controllable input pair, i.e., é\%,x defines a bounded
operator from Hf,l into X, with range equal to the whole space X7,.
2. (U, A) is a stable exactly observable output pair, i.e., (’A)}I’],A maps the state
space Xr into HZ%— and is bounded below:

Ab
HOU,A:UH%Z% > §||z||%,, for some & > 0.
3. The operator I' is a solution of the Sylvester equation (19).

We can now formulate the promised bitangential operator-argument interpo-
lation problem.

Problem BTOA (Bitangential Operator Argument Interpolation Problem): Given
an admissible operator-argument interpolation data set DpToa as described in
Definition 5, find a function S in the Schur class S(Ur,Uo) which satisfies the
interpolation conditions (15).
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It can be shown that there is a bijection between BTS data sets Dprg =
{So, Br, Bo} and admissible BTOA data sets ®DpToa (18) so that the correspond-
ing interpolation problems BTS and BTOA have exactly the same set of solutions.
For the rational matrix-valued case, details can be found in [17] (see Theorem
16.9.3 there); the result for the general case can be worked out using these ideas
and the results from [30].

Let us now suppose that Dprs = {So, Br, Bo} and ®proa (18) are equiv-
alent in this sense. Then the subspace Mg, g, B, (2) is the subspace of LEIO ®
Bl_lHZQII spanned by the graph spaces [7] Bz_l . H&I of solutions S of the BTS
interpolation problem. Hence this same subspace can be expressed as the span
Mproa of the graph spaces of all solutions S of the BTOA interpolation problem.
One can work out that MprToa can be expressed directly in terms of the data set
DpToA 8S:

MpToa = {@fg]ﬁ$ + [;+:| cx € Xg, |::77§+:| S HZ%{O@MI

such that (:’72 (X —v] [;‘F} = I‘x} . (20)
Remark 6. For the representation of general shift-invariant subspaces in terms of
null-pole data developed in [30], the coupling operator I in general is only a closed
(possibly unbounded) operator with dense domain in Xz. In the context of the
BTOA interpolation problem as we have here, from the last of the interpolation
conditions (15) we see that I' is bounded whenever the BTOA interpolation prob-
lem has solutions. Therefore for the discussion here we may avoid the complications
of unbounded I' and always assume that I' is bounded.

By the analysis of the previous section, we see that parametrization of the set
of all solutions of the BTOA interpolation problem follows from a J-Beurling-Lax
representation for the subspace Mproa (20) as in Theorem 2. Toward this end we
have the following result; we do not go into details here but the main ingredients
can be found [30] (see Corollary 6.4, Theorem 6.5 and Theorem 7.1 there).

Theorem 7. Let ®proa be an admissible bitangential operator-argument interpo-
lation data set as in Definition 5 and let Mproa be the associated shift-invariant
subspace as in (20). Then:

1. Mgproa is reqular as a subspace of the Krein space lelo @B;l -Hfh , OT equiv-

alently, as a subspace of the Krein space Lz%{o ® LE,I (both with the indefinite

inner product induced by J = [IL(')O _?M }) if and only if the operator
I

_ (517 *J@b I
Aproa = (Ofy) Oy 4 N . : Eﬂ . KR}
r CZ,[X 7Y]J(CZ’[X 7Y])* L L
(21)

is invertible.
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2. The subspace

ot H?
Peroa = K ©5 Mproa where K= | 4| X @ {Hléo}
U,A Ur

is a positive subspace if and only the BTOA Pick matrix Agroa as in (21)
s positive semidefinite.

. Assume that ApToa is invertible. Then a Beurling-Lax representer © for

MpToa has bidichotomous realization

o(z) = m (21— A)'B_+D+z Eﬁ

*

} (I —22%)"'B,. (22)

where the operators appearing in (22) not specified in the data set Dproa,
namely B_, By, and D, are constructed so that the operator

B_ U Xr
B+ : |:u?:| — XL
D (%]

is a J-unitary isomorphism from [Z‘I)] onto KerUV C X XL P [Z‘I) ] , where

r R _Z@,[X —Y]J(@,[X Ly =X Y]
*JObV _T* [7‘/* U*} ’
(0]

and where Xr & X1, [Z‘I)] carries the indefinite inner product induced by
the selfadjoint operator

v = (A
U

J.a)

b, ) JOb 0 0

S o )
T 0 Cox —Y]J(CZ,[X —Y])* 0
0 0 J

In case Aproa in (15) is also positive definite, then © parametrizes all so-
lutions of the BTOA interpolation problem via the formula (8) with free pa-
rameter G € S(Ur,Up).

Remark 8. The idea for the derivation of the formula (22) for the Beurling-Lax
representer © for the subspace Mproa in Theorem 7 goes back to [24]: ©, when
viewed as an operator from the Krein space of constant functions Up & Uy into
the Krein space of functions L}, o ® LE,I is a Krein-space isomorphism from Up &
Ur to the wandering subspace £ := MZ(MBTOA)[L] N Mptoa. Similar state-
space realizations hold for affine Beurling-Lax representations (or the Beurling-
Laz Theorem for the Lie group GL(n,C) in the terminology of [25]). Here one is
given a pair of subspaces (M, M*) such that M is forward shift invariant, M*
is backward shift invariant, M and M* form a direct-sum decomposition for £,
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and one seeks an invertible operator function © on the circle T so that roughly !
M = 0O-H} and M* = ©-H}*. State-space implementations for the Beurling-Lax
representer © where M and M* are assumed to have representations of the form
(20) are worked out in [30] (see also [17, Theorem 5.5.2] and [16] for the rational
matrix-valued case).

Remark 9. When we consider the result of Theorem 7 for the case of matricial
data, arguably the solution is not as explicit as one would like; one must find a
J-orthonormal basis for a certain finite-dimensional regular subspace of Lz%{o U -
One can explain this as follows. In this general setting, no assumptions are made
on the locations of the poles (i.e., the spectrum of A inside the unit disk and the
reflection of the spectrum of Z to outside the disk) and zeros (i.e., the spectrum
of Z and the reflection of the spectrum of A to outside the disk) in the extended
complex plane; hence there is no global chart with respect to which one can set
up coordinates. This issue can be resolved in several ways. For example, one could
specify a point (p on the unit circle at which no interpolation conditions are spec-
ified, and demand that ©((p) be some given J-unitary matrix (e.g., Iy au,: see
Theorem 7.5.2 in [17]); however in the case of infinite-dimensional data it is possi-
ble for Z and A to have spectrum including the whole unit circle thereby making
this approach infeasible. Alternatively, one might assume that both A and Z are
invertible (no interpolation conditions at the point 0) in which case Theorem 7.1.7
in [17] gives a more explicit formula for ©. A difficulty for numerical implementa-
tion of the formulas is the challenge of inverting the Pick matrix in these formulas;
this difficulty was later addressed by adapting the use of fast recursive algorithms
for the inversion of structured matrices by Olshevsky and his collaborators (see,
e.g., [61, 62]).

3.1. A special case: left tangential operator-argument interpolation

We now discuss the special case of Theorem 7 where there are only left tangential
interpolation conditions present (so the right-side state space Xr = {0} is triv-
ial). In this case the bitangential operator-argument interpolation data set Dgroa
consisting of seven operators collapses to a left tangential operator-argument data
set Dproa consisting of only three operators

@LTOA:{X,Y,Z} where X:Z/{O—)XL, Y:Z/{[—)XL, Z: XL—)XL,

the interpolation problem collapses to just the second of the conditions (15) which
can be written also in more succinct left-tangential operator-argument form

o0

(XH\(Z):=> Z"XS, =Y (23)
n=0
n general the same technicality occurs here as occurs for the case where M* = MU as

described in Theorem 2 above: one can only require that ©11/ C L%, M is equal to the closure

of © - PJ and that M* is the closure of © - z_IPJ, where PJ are the complex conjugates of
U-valued analytic trigonometric polynomials, i.e., the antianalytic trigonometric polynomials.
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(here S, (n = 0,1,2,...) are the Taylor coefficients of S: S(z) = 37 S, 2"
for z € D). The shift-invariant subspace Mproa collapses to the left-tangential

version
s ={[£] s 1] -9

=KerCh x v C Hipau,- (24)
while the solution criterion Agroa > 0 collapses to
Arroa = CA%,[X —Y]J(@,[X —Y])* > 0.

In the regular case (which we now assume), we have in addition that Aproa is
invertible. It follows that HZQIOEBMI ©7 Myroa is given by

2
Hiyo e, ©7 Mruroa

) * A X* oy —
=RanJ (CZ,[X 7Y]) = RanOf)}g:]’Z* = { [Y*} (I—z22*) "2z e XL} .
To simplify the notation let us introduce the quantities
X* N
o= a-2 @)

s
simply M for Mypoa and M for leloeauz 67 Mryroa. Then the regularity of
M and the positivity of Aproa can be expressed as

Arroa = (55,,4)*‘]@5,,4 > 0.

If we impose the positive-definite inner product induced by Aproa on Xp, then
the map

so that we may write @é 4 rather than the more cumbersome (’31[CX*] 4 and write

LT OéAx (26)
is a Krein-space isomorphism between X7, and M. If we set
K(z,w) =C(I — 2zA)"'A~YI —wA*)~tC* (27)

(with A = Aproa), then one can use the J-unitary property of the map ¢ (26) to
compute, for f(z) = (OéA.’E)(Z) =C(I —2A)"'z, weDand u € Up ® U,

(Jf, K(~,w)u>H§(O = (Ax, A7 —wA") " 'C*u) x,
= <C(I - wA)ilx’u>Uo€BU1 = <f(w)7u>uo€BU1

from which we see that K (z,w) is the reproducing kernel for the space M+, On
the other hand, if we construct [B] so that

LRI S

O(2) =D+ 2C(I — 2A)'B,

DU

and set
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then © is J-inner with associated kernel Kg(z,w) satisfying
_J=06(2)JO(w)"

Ko(z,w) : 1w

C(I —2zA)'AHI —wA")IC* = K(z,w)

where K(z,w) is as in (27). From this it is possible to show that the closure of
O - (HR)o is exactly (M) = M, ie., the J-Beurling-Lax representer for M
can be constructed in this way. To make the construction of [B], note that solving
(28) for B and D amounts to solving the J-Cholesky factorization problem

B * * A71 0 A -1 * *

MJ[B D]:[O J}_MA A o] (20)

An amusing exercise is to check that this recipe is equivalent to that in Theorem
7 when specialized to the case where X = {0}.

4. Extensions and generalizations of the Grassmannian method

The CBMS monograph [51] and the survey article [9] mention various adapta-
tions of the Grassmannian method to other sorts of interpolation and extension
problems. We note that the Treil-Volberg commutant lifting theorem [73] used
the Grassmannian setup as described here but then used the Iokhvidov-Ky Fan
fixed-point theorem rather than a Beurling-Lax representation theorem. We also
mention the Grassmannian version of the abstract band method (including the
Takagi version where one seeks a solution in a generalized Schur class (the kernel
Kg(z,w) = [I — S(2)S(w)*]/(1 — zw) is required to have a most some number
k of negative squares rather than to be a positive kernel)) worked out in [55].
Also the Grassmannian approach certainly influenced the theory of time-varying
interpolation developed in [18, 19, 20]; see also [41, 42] for an approach to time-
varying interpolation using the isometric-completion and unitary-coupling method
of Katsnelson-Kheifets-Yuditskii [56]. Moreover, one can argue that the Grassman-
nian approach to interpolation, in particular the point of view espoused in [27],
foreshadowed the behavioral formulation and solution of the H°°-control problem
(see [60, 74]). Here we discuss some more recent extensions of the Grassmannian
method to several variable contexts.

4.1. Interpolation problems for multipliers on the Drury-Arveson space

A multivariable generalization of the Szegd kernel much studied of late is the
positive kernel .
kd()‘v C) 1— <A, C>

on B? x BY, where BY = {A=(A1,...,Aq) € C?: (A\,X) < 1} is the unit ball of
the d-dimensional Euclidean space C? and (\,¢) is the standard inner product
in C?. The reproducing kernel Hilbert space H(kq) associated with kg is called
the Drury-Arveson space (also denoted as H3?) and acts as a natural multivariable
analogue of the Hardy space H? of the unit disk. The many references on this
topic include [38, 6, 7, 2, 31, 44, 48, 59].
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For Y an auxiliary Hilbert space, we consider the tensor product Hilbert
space Hy(kq) = H(kq) ® Y whose elements can be viewed as V-valued functions
in H(kq). Then Hy(kq) has the following characterization:

n n!
Hy(ha) =3 T = 3 faX" 21117 = 3, - Ially <oop (30)
neZi nEZi ’
Here and in what follows, we use standard multivariable notations: for multi-
integers n = (n1,...,ng) € Z4 and points XA = (A, ..., Aa) € C? we set
In| =n1 +n9+ -+ + ng, n! =nylno!. .. ng!, AT = AT LAY (31)

For coefficient Hilbert spaces U and ), the operator-valued Drury-Arveson Schur-
multiplier class S4(U,)) is defined to be the space of functions S holomorphic
on the unit ball B¢ with values in the space of operators £(U,))) such that the
multiplication operator

Ms: f(A) = S(A) - f(A)
maps Hy (kq) contractively into Hy (kq), or equivalently, the associated multivari-
able de Branges-Rovnyak kernel

_I=SN)S(Q)
Ksh0= TN (32)
should be a positive kernel.

Let A = (Ay,..., Aq) be a commutative d-tuple of bounded, linear operators
on the Hilbert space X. If C € L(X,)), then the pair (C, A) is said to be output-
stable if the associated observation operator

5C,A: X — C(I— MAL — - — )\dAd)ilx

maps X into Hy(kq), or equivalently (by the closed graph theorem), the observa-
tion operator is bounded. Just as in the single-variable case (see (16)), there is a
system-theoretic interpretation for this operator, but now in the context of mul-
tidimensional systems (see [12] for details). We can then pose the Drury-Arveson
space version of the left-tangential operator-argument interpolation (LTOA) prob-
lem formulated in Subsection 3.1 by replacing the unit disk I by the unit ball B¢
and the Schur class S(U, Y) by the Drury-Arveson Schur-multiplier class Sq(U, V).

Problem LTOA (Left Tangential Operator-Argument Interpolation Problem): Let
Ur, Uo and X be Hilbert spaces and suppose that we are given the data set (Z, X,Y)
with Z = (Z1,...,Zq) with each Z; € L(X), X € LUo,X), Y € LU, X) such
that (Z,X) is an input stable pair, i.e., (X*,Z*) is an output stable pair. Find
S € Sq(Ur,Uo) such that

(@X*,Z*)* Mg — (@YZ) (33)

or equivalently,
(X8)"(2) =Y, (34)
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where the multivariable left tangential operator-argument point-evaluation is
given by
(XS)"E(z) = Y Z"XS,.

nezg

Here S(z) = Znezi Spz" is the multivariable Taylor series for S and we use the
commutative multivariable notation

Z" =Z - Z)4 for no= (n4,...,ng) € Z4.

We note that this and related interpolation problems were studied in [11] by
using techniques from reproducing kernel Hilbert spaces, Schur-complements and
isometric extensions borrowed from the work of [39, 57, 56]; here we show how the
problem can be handled via the Grassmannian approach.

As a motivation for this formalism, we consider a simple example: take Uy =
M

w1 ’ A2

Y= | . |,Z=(Zy,...,Zq) with Z; = !

WN

1
1
Uo =C, X =

i : AGO
where j = 1,...,d and where A\() = ()\gl),...,)\g)) € B?fori=1,...,N. Then
the LTOA problem collapses to Nevanlinna-Pick-type interpolation problem for
Drury-Arveson space multipliers, as studied in [66, 4, 37, 31]: for given points
MDA i the ball BY and given complex numbers wy, . .., wx, find S € Sy
so that

S(AD) = w; for i=1,---,N.

We transform the problem to projective coordinates (following the Grassmannian
approach) as follows. We identify the Drury-Arveson-space multiplier S € Sy with
its graph to convert the nonhomogeneous interpolation conditions to homogeneous
interpolation conditions for the associated subspaces (i.e., we projectivize the prob-
lem). Then one checks that the function S € Sy is a solution of the LTOA problem

if and only if its graph G := [ ] H(kq) C {ZE:;{H satisfies:

1. G is a subspace of M = {fe[ I’:d;}'[l—wqﬁ]f(/\i)zo for i=1,...,N}

(and hence also is a subspace of the Krein space K = [ZEIZZ;] with J =
RN )
Ty |
2. G is maximal negative in K and
3. G is My, invariant fork=1,...,d.

Conversely, if G as a subspace of {ZEZ:;} satisfies (1), (2),(3), then G is in the

form of [MS] H(kq) for a solution S of the interpolation problem. Thus the LTOA

1
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H(kd):|
H

interpolation problem translates to the problem of finding subspaces G of { (ko)

which satisfy the conditions (1), (2), (3) above.

For the general LTOA problem, the analysis is similar. One can see that
S € Sa(Ur,Uo) solves the LTOA problem if and only if its graph G := [§]-Huy, (ka)
satisfies the following conditions:

1. G C M where

M ={f € Hupeu, (ka) : ([X ~Y] )(Z) =0}, (35)
H k
where 'Huo@ul (kd) = [HLL{((I)((IC:)) } .
2. G is J-maximal negative subspace of Hyoau, (ka), where J = Ip, (k) @

_IHMI (kq)-
3. G is invariant under M), .,k =1,2,...,d.

Just as in the single-variable case, we see that a necessary condition for
solutions to exist is that the analogue of (3) holds:

P = Hupeu, (ki) ©5 M is a positive subspace of Hy, g, (ka). (36)

Given that (36) holds, we see that solutions G of (1), (2), (3) above amount to
subspaces G of M which are maximal negative as subspaces of M (M-maximal
negative) and which are shift invariant. These in turn can be parametrized if M
has a suitable J-Beurling-Lax representer. For the Hilbert space setting (J = I),
there is a Beurling-Lax representation theorem (see [6, 59, 48, 12, 15]): given a
closed shift-invariant subspace M of Hy(kq), there is a suitable Hilbert space U’
and a Schur-class multiplier Sq(U',U) so that the orthogonal projection Paq of
Hy(kq) onto M is given by Py = Mg (Me)”. Unlike the single-variable case
(d =1), in general one cannot take Mg to be an isometry, but rather, Mg is only
a partial isometry.

An analogous result holds in the J-setting as follows, as can be seen by
following the construction sketched in Subsection 3.1 for the single-variable case.
In general we say that an operator T between two Krein spaces X' and K is a
(possibly unbounded) Krein-space partial isometry if THIT and TTH (where T
is the adjoint of T with respect to the Krein-spaces indefinite inner products) are
bounded J-self-adjoint projection operators on K’ and K respectively.

Theorem 10 (see [45, Theorem 3.3.2]). Suppose that M is a regular subspace of
Huoau, (kd). Then there is a coefficient Krein space € and a (possibly unbounded)
Drury-Arveson multiplier © so that Mg is a (possibly unbounded) Krein-space par-
tial isometry with final projection operator (the bounded extension of Mg Jg MEJ)
equal to the J-orthogonal projection of Hygyeu, (ka) onto M. In case condition
(36) holds, then one can take £ to have the form (Uo aug ® Uo) & Ur with Je =
Ty wupatio © — Ty, for a suitable augmentation Hilbert space Up aug-
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If M comes from a LTOA interpolation problem as in (35), then condition
(36) holds if and only if

A= (@[X*] Z*> J@[X*] 4. > 0. (37)

e | e |
Then M is regqular if and only if A is strictly positive and then the set of all
solutions S of the LTOA interpolation problem is given by formula (8) where now
the free parameter G sweeps the Drury-Arveson Schur class Sq(Ur,Uo aug S Uo).
Moreover, a realization formula for the representer © is given by

OA) =D +C(I —AA; — - — AgAg) "(MB1 + -+ AgBy)
where the nonbold components of the matrix
A1 B1
A B :
-,
C D A; By
C D
are given by
A
. X
=[] el
Zg

while the bold components are given via solving the J-Cholesky factorization prob-

fem B @l A7t 0 A
H J[B* D= { bt J] - [C] AT A .
Remark 11. The major new feature in the multivariable setting compared to the
single-variable case is that © is only a (possibly unbounded) partial J-isometry
rather a J-unitary map. Nevertheless, there is still a correspondence (8) between
maximal negative subspaces in the model (or parameter) Krein space (Uo,aug ®
Uo) ® U; and M-maximal negative subspaces of M C Hy,qu, (k4), but with
the price that the solution S no longer uniquely determines the associated free
parameter G. Roughly, what makes this work is that the construction guarantees
that Ker Mg is necessarily a positive subspace of H,, .. ato)eu; (ka). Verification
of this correspondence for the unbounded case can be done analogously to the
single-variable case by use of the Drury-Arveson-space Leech theorem which in
turn follows from the Commutant Lifting Theorem for the Drury-Arveson-spaces
multipliers (see [64, 31, 36]).

4.2. Interpolation problems for multianalytic functions on the Fock space

Recently there has been much interest in noncommutative function theory and
associated multivariable operator theory and multidimensional system theory,
spurred on by a diverse collection of applications too numerous to mention in any
depth here. Let us just point out that there are at least three points of view: (1) for-
mal power series in freely noncommuting indeterminates [21, 65, 64, 32, 33, 13], (2)
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functions in d noncommuting operators acting on some fixed infinite-dimensional
separable Hilbert space [22, 23, 10], and (3) functions of d N x N-matrix arguments
where the size N = 1,2,3,... is arbitrary [3, 54, 43, 52, 53].

We restrict our discussion here to the noncommutative version of the Drury-
Arveson Schur class, elements of which first appeared in the work of Popescu [63] as
the characteristic functions of row contractions. This Schur class consists of formal
power series in a set of noncommuting indeterminates which define contractive
multipliers between (unsymmetrized) vector-valued Fock spaces. To introduce this
setting, let {1,...,d} be an alphabet consisting of d letters and let F4 be the
associated free semigroup generated by the letters 1,...,d consisting of all words
~ of the form v =iy - - - i1, where each iy, € {1,...,d} and where N =1,2,.... For
v =in---i1 € Fq we set |y| := N to be the length of the word ~. Multiplication
of two words v =ix ---41 and 4’ = jn- -+ - j1 is defined via concatenation:

v =in--ijn e g1
The empty word @ is included in F; and acts as the unit element for this mul-
tiplication; by definition |@] = 0. We let z = (21,...,24) be a d-tuple of freely
noncommuting indeterminates with associated noncommutative formal monomi-
als 27 = z; -z, iy =in---i1 € Fy.
For a Hilbert space U, we define the associated Fock space Hf,(]-"d) to consist

of formal power series in the set of noncommutative indeterminates z = (21, .. ., z4)
a(z) =) u(y)2
v€Fa

satisfying the square-summability condition on the coefficients:

D M < oo

YEFa

Given two coefficient Hilbert spaces U and ), we define the noncommutative Schur
class Syc,a(U,Y) to consist of formal power series with operator coefficients

S(z) = Z Sy27
YEF4

such that the noncommutative multiplication operator

Ms: u(z) = Z u(y)z? = S(2) - u(z) == Z Z Sau(B) | 27

YEFa YE€EFq \,BEFa: af=y

defines a contraction operator from Hp(Fg) into H3(Fq).

One can view elements S of the noncommutative Schur class Syc,q(U,)) as
defining functions of d noncommuting arguments and then set up noncommuta-
tive analogues of Nevanlinna-Pick interpolation problems as follows. Given a (not
necessarily commutative) d-tuple of bounded operators A = (A1,...,A44) on a
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Hilbert space X together with an output operator C': X — ), let us say that the
output-pair (C, A) is output stable if the noncommutative observation operator

@g'(:A T C(I _ ZlAl P ZdAd)_l-r = Z (CA’Y.T)Z’Y
v€Faq

maps X into the Fock space H )2,(.7-"61); here we use the noncommutative multivari-
able notation:

A'y:AiN‘-‘Ail if’y:’iN”-il € Fy with szfx.

If (Z=(Z,...,Zq),X) is a multivariable input-pair (so Z; acts on a state space

X and X is an input operator mapping an input space U; into X') such that

the output-pair (X*,Z* = (Z7,...,7})) is output-stable, then O%. 7. maps X
—~ *

boundedly into Hj, (Fa) and hence its adjoint ((’)}CZ) maps Hj (Fa) bound-

edly into X: in this case we say that the input pair (Z,X) is input-stable. We

can use such operators to define interpolation conditions on a noncommutative
Schur-class function.

Problem ncLTOA (noncommutative Left Tangential Operator Argument Interpo-
lation Problem): Let U, Uo, X be Hilbert spaces. Suppose that we are given the
data set (Z,X,Y) with Z = (Z,,...,Zq) with each Z; € L(X), X € L(Uo, X),
Y € L(U;, X) such that (Z, X) is a stable input pair. Find S € Sye.qa(Us,Uo) such
that

(@Xz) Mg = (@ga’z*) , (38)
or equivalently,

(XS)re(z) =Y (39)
where the noncommutative left tangential operator-argument point-evaluation is
given by

(XS re(z)y = 3" 27X, i S(z) = Y 8,2,

YyEFq YEFq

Here we use the notation v for the transpose of the word ~: vT = iy ---iy if
y=in i

Problems of this sort have been studied in the literature, e.g., in [66, 35,
10]. The solution of the ncLTOA interpolation problem via the Grassmannian
approach proceeds in a completely analogous fashion as in the commutative case.
In this setting, the shift-invariant subspaces are subspaces of Hg,o@ul (Fa) which
are invariant under the right creation operators

Rzk : f(Z) = Z = f(Z)Zk = Z f’yz’y.k
YEFafyz? YEFa
for k = 1,...,d. We view Hfj_ g, (Fa) is a Krein space in the indefinite inner

Iy, 0

product induced by J = { 0 I, } Graph spaces G = []Vﬁs] H124, (Fa) of solutions
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S of the ncLTOA interpolation problem are characterized by the condition: G is
an HE{OWI (Fa)-mazimal negative subspace of

AL,nc
Mi={f € Hyor,(Fa): (X —Y] )™ (2) =0} (40)
which is also shift-invariant. The Pick matrix condition
H}eu, ©0 M is a positive subspace (41)

is necessary for solutions to exist; conversely, if (41) holds, then it suffices to
look for any shift-invariant subspace G contained in M (M as in (40)) which is
maximal negative as a subspace of M. Such subspaces G = [1\/?5 ] ~H1241 (Faq) can be
parametrized via the linear-fractional formula (8) (where now the free parameter G
is in the noncommutative Schur class Sye,q(Ur, Uo aug ® Uo)) if there is a suitable
J-Beurling-Lax representation for M. For the case J = I, such Beurling-Lax
representations (with Mg isometric rather than merely partially isometric) have
been known for some time (see [63, 67]); we note that the paper [13] derives the
J = I Beurling-Lax theorem for the Fock-space setting from the point of view
which we have here, where the shift-invariant subspace M is presented as the

—~ *
kernel of an operator of the form ( ol A) . Adaptation of this construction to the

J-case (with the complication that Mg, while J-isometric, may be unbounded) is
carried out in [45]. The following theorem summarizes the results for solving the
ncLTOA interpolation problem via the Grassmannian approach.

Theorem 12. Suppose that M is a regular subspace OfHZZJO@ul (Fa). Then there is a
coefficient Krein space £ and a (possibly unbounded) noncommutative Schur-class
multiplier S so that Mg is a (possibly unbounded) Krein-space isometry with the
bounded extension of MeJeMEJ equal to the (bounded) J-orthogonal projection
of Hf,o@ul (Fa) onto M. In case condition (41) holds, then one can take € to have
the form (Uo aug © Uo) © Ur with Je = Iy, . ato © —Iu;-

If M comes from a ncLTOA interpolation problem as in (40), then condition
(41) holds if and only if

A= <ATCX*],Z*>* J@r[w )z > 0. (42)

Y™ Y™

Then M is regqular if and only if A is strictly positive and then the set of all
solutions S of the ncLTOA interpolation problem is given by formula (8) where now
the free parameter G is in the noncommutative Schur class Sne,a(Ur,Uo aug BUO).
Moreover, a realization formula for the representer © is given by

@(Z) =D+ C(I —z21A1— - — ZdAd)_l(ZlBl + -4 ZdBd)
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where the associated colligation matrix

A1 B1
A B :
-l -],
C D A, By
C D
is constructed via the same recipe as given in Theorem 10, the one distinction now
being that the d-tuple Z = (Z1, ..., Zq) is no longer assumed to be commutative.

We note that not all multivariable interpolation problems succumb to the
Grassmannian/Beurling-Lax approach. Indeed, the lack of a Beurling theorem in
the polydisk setting (see, e.g., [71]) is the tipoff to the more complicated structures
that one can encounter. To get state-space formulas for solutions as we are get-
ting here, one must work with the Schur-Agler class rather than the Schur class;
moreover, without imposing additional apparently contrived moment conditions,
it is often impossible to get a single linear-fractional formula which parametrizes
the set of all solutions; for a recent survey we refer to [28].
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A Brief History of the
Strong Szego Limit Theorem

Estelle Basor

Abstract. The strong Szegd limit theorem describes the asymptotic behav-
ior of determinants of finite Toeplitz matrices. This article is a survey that
describes a simple proof of the strong Szegd limit theorem using some ob-
servations and results of Bill Helton. A proof of an exact identity for the
determinants is also given along with some applications of the theorem and
generalizations to other classes of operators.
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1. Introduction

Toeplitz matrices, that is, matrices whose entries are of the form (ajfk)?,k:m and
their properties have been studied for over a century. Most always the coefficients,
ay, are the Fourier coefficients of a function a in L' of the unit circle,

L™ o ik
ap = a(e”)e " do
ey [ a0,
and the matrices are denoted by T},(a). One of the fundamental questions concerns
the distribution of the eigenvalues of such matrices as n — co and this question is
in turn related to the asymptotics of the determinants.

The first result for determinants was done by Szegé and goes back to 1915 [14]
where he proved for positive a that the quotient det T}, (a)/ det T,,—1(a) converges

to a limit given by
1 2m )
G(a) = exp ( / log a(ew)d9> .
2 0

Later this theorem was improved by Szeg6é who showed that, under certain condi-
tions,

nler;o det T,(a)/G(a)" = E(a)
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where E(a) = exp Y po; k(loga)r(loga)_j and (loga)s denotes the kth Fourier
coefficient of any continuous logarithm of a. This second-order result, called the
strong Szeg6 limit theorem, was in response to a question posed to Szego by Lars
Onsager and motivated by a formula for the spontaneous magnetization of the
two-dimensional related to the Ising Model. The original positively assumption
of Szegd was relaxed by many mathematicians, the result was extended to the
block case, and the constant F(a) was reformulated as a determinant of a certain
operator.

One of the purposes of this paper is to illustrate two beautiful ideas of Bill
Helton that fundamentally made the computing the asymptotics of determinants
of finite Toeplitz matrices quite simple. These ideas are also the basis for a simple
proof of an explicit identity for Toeplitz determinants. This will also be presented
below and also some generalizations of the formulas to other settings.

We begin with a precise form of the classical Strong Szegé Limit Theorem.

2. The precise version and sketch of the proof

For the following we consider the operator T'(a) defined on the Hardy space ¢2
wtih matrix representation (a;—x)3%—o and the operator H(a) with representation
by (aj+k+1);szo. The finite Toeplitz matrix is a truncation of the Toeplitz oper-
ator T'(a) and the operator H(a) is called a Hankel operator. The function a is
sometimes referred to as the symbol of the operator.

Theorem 1. Suppose that the bounded function a defined on the unit circle satisfies

the condition
oo

o0
S lanl+ D Jklax]? < oo, (1)
k=—oc0 k=—oc0
and suppose also that a has no zeros on the unit circle and has zero winding
number. Then

lim detT,(a)/G(a)" = E(a).
n—oo
The conditions of the theorem assure that the symbol a is continuous and
that the operator T'(a) is invertible. The constant E(a) can also be written as
det (T'(a)T(a™')) and this expression makes sense because the conditions of the
theorem guarantee that the operator

T(a)T(a ) —1

is trace class and thus the infinite determinant of T'(a)T(a!) exists.

We also note here that the above conditions can be relaxed to require that the
operator T'(a) is bounded and invertible and that > 7o __ |k|ax|* < oo. A proof
can be found in [15]. However, for our purposes, the slightly less general version of
the theorem is more appropriate for this survey. (For more information on these
determinants and all other matters concerning Toeplitz operators see [10].)
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Here is a sketch of the proof.

The finite Toeplitz matrix T}, (a) can be thought of as the upper left-hand
corner of the matrix representation of the operator T'(a). We can think of it then
as

P, T(a)P,
where

- - zr fk<n
Py {mitoy € 2 {yr}izo € 2, y’“:{ ok ifk>n

The first crucial observation of Helton was that if U is an operator whose
matrix representation has an upper triangular form. Then

P, UP, =UP,.
If L is an operator whose matrix representation has a lower triangular form.
Then
PnLPn = P7LL~
So if we had an operator of the form LU, then
P,LUP, = P,LP,UP,

and the corresponding determinants would be easy to compute.

What happens for Toeplitz operators is the opposite. In fact, condition (1)
guarantees that the function a has a Wiener-Hopf factorization, that is, a = a_a
where ay is in H* (a4 has only non-zero Fourier coefficients with non-negative
indices) and a_ is in H* (a_ has only non-zero Fourier coefficients with non-
positive indices) and also guarantees that the factors also satisfy condition (1).
However, despite the fact that such a factorization is extremely useful, it implies
that T'(a) = T'(a—)T(a+) and the reader with a moments thought can verify that
this is an upper triangular form times a lower triangular form.

Thus we have T'(a) = UL where U = T'(a—) and L = T'(a4), and we need to
compensate for the factors in the wrong order. The next Helton idea is to use a
commutator to fix the problem. We write

P.,T(a)P, = P,ULP, = P,LL"*ULU'UP, = P,LP,L"*ULU 'P,UP,.

If we take determinant of this expression, always with respect to the image
of the operators, we have

det T,,(a) = det P,,LP,, x det P,UP, x det P,L"*ULU'P,.
A straightforward computation shows that
det P, LP, x det P, UP, = G(a)"

and we are left with the task of computing det P, L 'ULU ' P,.
Now we notice that the operator L~!ULU ! is actually

T(a7")T(a)T(a )T (ay)
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and this is I plus a trace class operator and thus has a well-defined infinite deter-
minant. The trace class condition follows from the fact that trace class operators
form an ideal and from (1) by using the identity

T()T(a™ ) =T+H(a)H@@ ")

where a(e?) = a(e™) and noting that condition (1) implies that the operators
H(a) and H(a"!) are both Hilbert-Schmidt operators. (The hypotheses of the
theorem ensure that a~! also satisfies (1).)

The final step of the proof uses the fact that if an operator A is I plus trace
class, then

lim det P, AP, = det A.

n— oo

So putting this all together we have that
det P, T,,(a)P, = G(a)" x det P,L~'ULU'P, (2)
and thus

lim det P,T,(a)P,/G(a)" = lim det P,L 'ULU'P,

n—roo n— oo

and since T'(a3 ") = T'(ay)~!, this is the same as

lim det P, T(a;")T(a)T(a™ )T (as)Py

n—oo

=det T(a7")T(a)T(a )T (ay) = det T(a)T(a™").

What remains is to show why the last quantity is the same as in Szegs’s
original constant and in this regard once again the influence of the early work of
Helton is critical. The first appearance of this constant is due to Widom [15] who
extended the limit theorem to the block case. For the block case the constant,
except for some special cases, can only be written as an operator determinant.
The extension of the theorem to the block case was a major advance by Widom
and nowadays the limit theorem is also known as the Szego-Widom limit theorem.
It should be noted here that the proof that uses the projection properties outlined
above appears in [6] and can be extended to the block case. The proof appeared
following the pioneering block case results of Widom [15], who first used operator
theoretic methods of proof the limit theorem.

To show that the constants agree in the scalar case Widom used the remark-
able identity

det(eAeBe_Ae_B) — etrace(AB—BA)

established by Helton and Howe [13] and independently by Pincus. A simple proof
was given by Ehrhardt much later in [12]. In the above, if we let A = T'(loga_)
and B = T'(logay) and compute the trace term, the result is the original Szegd
constant.
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3. A Toeplitz determinant identity

With very little work one can amend the previous section to formulate an exact
identity for the determinants. In fact we could have started with the identity and
then proved the limit theorem as a corollary.

If we return to (2) we have the identity

det P, T, (a)P, = G(a)" x det P,L " 'ULU ' P,.

Let us analyze the last term det P, L 'ULU~'P,. We use a very basic iden-
tity (due to Jacobi) that if A is an invertible operator on Hilbert space of the form
identity + trace class then for projections P and ) = I — P we have

det PAP = (det A) x (det QA™'Q).
We apply this to the above with P = P,,, Q,, = I — P,, to obtain
det P,L 'ULU P, =det L' ULU ! x det Q,,UL'U'LQ,,.
Using some operator algebra computations one can show that
det QUL™'U'LQ,, = det(I — Q,H(a—a )H(a_ a1 )Qn),
and thus we have proved the identity
det P, T, (a)P, = G(a)" x E(a) x det(I — Q,H(a—a7"YH(a"'a4)Qy).

Since @, tends strongly to zero, and H(a_aj")H(a-'ay) is trace class, this last
determinant tends to one. This approach gives an alternative proof of the strong
Szegd limit theorem and can also be used to give a more refined expansion of the
limit theorem.

The identity has an interesting history. In 2001 it was established by Borodin
and Okounkov [9] in response to some questions posed by Deift and Its that arose
in random matrix theory, but the proof was complicated. Simple operator theory
proofs were given by the author and Widom in [7] and by Bottcher in [8]. Later
it was discovered that a version of the identity had been proved much earlier by
Case and Geronimo in 1979 [11].

There are extensions of Szegd’s theorem to functions to symbols that are not
so nicely behaved and that do not satisfy condition (1) but we will not present those
results in this survey. The most important case of these are the functions that are
of the so-called Fisher-Hartwig type which include the case of jump discontinuities
and/or zeros. Results for those functions and references can be found also in [10].

There are many other operators that are in some sense analogous to Toeplitz
operators. For example, Wiener-Hopf operators, Bessel operators, or perturbations
of Toeplitz operators. For many of these there are strong Szegd limit type results
that are similar to the results presented here and many of the proofs use the same
ideas. One class of these is described in the next section.
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4. An application of Szego’s theorem

Toeplitz matrices arise in many applications including statistical mechanics, en-
gineering and other areas of mathematical physics. One particular interesting ap-
plication comes from a fundamental connection between determinants of Toeplitz
matrices and random matrix ensembles. This example not only illustrates the use-
fulness of the limit theorem, but also motivates some additional questions.
For example, one can consider the Circular Unitary Ensemble (CUE). This is

an ensemble of random n x n unitary matrices whose eigenvalues {1, ... e}
have joint probability density a constant times

H ‘ezﬂj o eiﬂk‘2.

i<k

A linear statistic for this ensemble is a random variable of the form
n
Sn - Zf(eiaj)v
j=1

and it is this quantity which is connected to a Toeplitz determinant.
More precisely, if we define g()\) to be

e’)‘f ') efi — %240, ... db,
(2 71 |
m)"n! —r

<k

then g(A) is identically equal to

det( 1 /7r eiAf(B)ei(jk)BCw) _
21 Jr §,k=0,....n—1

The last determinant is a Toeplitz determinant with symbol
6(0) = e
The identity holds because a very old result due to Andréief (1883) says that

71! /"'/det(fj(wdet(gj(wk))dasl---dmn

— det </ fj(ff)gk(x)dx>j7k_17... N

One is interested in g because it is the inverse Fourier transform of the density
of the linear statistic. In the opposite sense, the Toeplitz determinant can be
thought of as an average or expectation with respect to CUE.

Asymptotics of the determinant gives us information about the linear statis-
tic. This is especially useful when the function f is smooth enough, because we may
appeal to the strong Szeg6 limit theorem to tell us asymptotically the behavior of
the density function.

Applying the theorem we have

9 ~ G(O)" B(9),  ¢(e) = e

LS)
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where i
G(¢)" = exp (M 2’; 3 f(ew)d9>

and

&
&
[

exp (—A2 > kfkf_k> :
k=1

We see that we can interpret the last formula as saying that asymptotically
as n — oo: For a smooth function f the distribution of

Sn — np

where
N i _ 1 /Tr i0
Su= 3 S, =y, [ Sl

converges to a Gaussian distribution with mean zero and variance given by

o® = kfufox =) Kl
1 1

(The last equality holds if f is real valued.)

It has also known that if one considers averages for O" (2n), orthogonal ma-
trices of size 2n with determinant 1, then the corresponding determinant is of a
finite Toeplitz plus Hankel matrix and is of the form

det (aj—x + aj+k)j,k:0,...,n—1

where subscripts denote Fourier coefficients and the function a is assumed to be
even.

Hence we are interested in the determinants of a sum of a finite Toeplitz plus
a “certain type” of Hankel matrix, or in perturbations of Toeplitz matrices.

To be a little more general we are going to consider a set of operators and
associated spaces we will call compatible pairs. These will include certain Toeplitz
plus Hankel operators as a special case.

Let S stand for a unital Banach algebra of functions on the unit circle contin-
uously embedded into L of the unit circle with the property that a € S implies
that @ € S and Pa € S and let C1(£?) denote the set of trace class operators.

Here a(e?) = a(e™"), and P is the Riesz projection defined by

o) o0
P E ape™® — g ape™?.
k=0

k=—o0

In addition, define
S_:{aES : an:Oforalln>O}7

Sp=49a€eS : a:d}.
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Assume that M : a € L> +— M(a) € L({?) is a continuous linear map such
that:
(a) If a € S, then M(a) —T'(a) € C1(¢?) and ||M(a) — T(a)llc, 2y < C |lals.
(b) faeS_,beS, ce Sy, then M(abec) =T (a)M(b)M (c).
(¢) M(1)=1.
Then we say M and S are compatible pairs.
All of the following can be realized as compatible pairs with an appropriate
Banach algebra. Recall we define the Hankel operator H(a) with symbol a by its
with matrix representation

H(a) = (aj+k+1), 0<j k< oo.

() M(a) =T(a)+ H(a),
(1) M(a) = T(a) — H(a), |
(IIT) M(a) = T(a) — H(t"'a) with t = ¥,
(IV) M(a) = (T(a)+ H(ta))R with R = diag(1/2,1,1,...).

The matrix representations of the operators are of the form

Qi T Ajpk—rt1
with Kk =0,1,—1.
For each of the previous four examples we can take the Banach algebra to be

the Besov class. This is the class of all functions a defined on the unit circle for
which

™ 1 Tr ) ) ) . .
/ ) / la(e“™t) 4+ a(e™ ") — 2a(e™) |dxdy < co.

A function a is in this class if and only if the Hankel operators H(a) and
H(a) are both trace class.

Moreover the Riesz projection is bounded on this class and an equivalent
norm is given by

laol + | H (@), + I1H(@)]c,.

We are interested in the determinants (where the matrices or operators are
always thought of as acting on the image of the projection of the appropriate
space) of

P,M(a)P,.

Using the same trick as in the first section to pull out the G(a) term, but
with a different approach to computing the infinite determinants one can show the
following. For details see [1] and for similar computations see [2, 3, 4, 5]

Theorem 2. Let M and S be a compatible pair, and let b € S and a = exp(b).
Then
det P,M(a)P, ~ G[a]"Ela] asn — oo,

where

Ela] = exp (trace(M(b) —T(b)) — ; trace H(b)? + trace H(b)H(E))
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One can also produce an analogue of our exact identity for such matrices.
The following is for even functions, but can be made more general.

Let M and S be a compatible pair, and let by € S1. Put a = ayay = exp(d)
with ay = exp(by), b= by + by. Then

det Py M(a) Py = Gla]N Ela] det(I + QnKQn),

where

Ela] = exp (trace(M(b) —T)+ ; trace H(b)z),

and K = M(a7")T(ay) — 1.
An application of the above asymptotics yields an expansion for determinants
of finite sections of operators of the form

T(a) £ H(at"),

where k is an integer. This means that we have asymptotics for finite Toeplitz
matrices plus or minus “shifted” finite Hankel matrices.
We again make use of the basic Jacobi identity

det PAP = (det A) - (det QA™1Q),

where Q = I — P. This allows us to reduce the “shifted” Hankel cases to the
previous cases and compute them asymptotically. We are not including the proof
here, but the above identity combined with the fact that for an even function
non-vanishing function,

(T(a) + H(a))™' =T(a™") + H(a™")
are the main ingredients.

Theorem 3. Suppose that a = a_ag, where agy is even and a— € H>®. Then
(a) Suppose k= —21,1> 1. Then

det P, (T(a) £ H(at"))P, ~ G[a]”HELi [a] det Pg(T(ao_l) + H(aal))Pg

as n — oo, where Ey 1[a] is given by

oo 1 oo oo
exp (:I: Zlogang — Z k[log a]; + Zk[log a]—x[log a]k).
k=1 k=1 k=1

(b) Suppose k = —1—2l,1 > 1. Then
det Py(T(a) — H(at®)) Py ~ Gla)N T Ey[a] det Py(T(ag ') — H(ag 't~ P

as k — oo, where FEsla] is given by

exp ( — Zlogazk - ; Z k[log a; + Zk[log a]—x[log a]k)_
k=1 k=1 k=1

(¢) Suppose k =1—21,1> 1. Then
det P, (T(a) + H(at")) P, ~ Gla]"* E3[a] det Py(T(ag ') + H(agy 't)) Py
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as N — oo, where Esla] is given by

exp ( —log2+ Z log az, — ; kz::l klloga]? + kz::l kllog a]—[log a]k).

n=1
(d) We have
det P, (T(a) + H(at™))P, =0 ifn>k>2,
det P,(T'(a) — H(at™))P, =0 ifn>k>1.

One might ask how general M (a) can be? Are the four cases mentioned above
the only possible cases? Here are some remarks about this. Let us write

K(a) = M(a)—T(a).

The main properties for compatible pairs implies the following:
Since M (ab) = M (a)M (b) for b even, then

K(ab) = K (a)K (b) + T(a)K(b) + K (a)T(b) — H(a)H (b)

whenever b is even.

Also, T(a)M(b) = M(ab) for a € S_, implies that for a € S_ we have
K(a) =0 and T(a)K(b) = K(ab) for any b.

Using these algebraic facts one can show that the structure of M is deter-
mined by K(t).

In fact

K(t) = epzT

where egz? with 2 € £? stand for the rank one operator

y € 02— egly,x) € 02

and eg = (1,0,0,...). The question of which = then generate an operator with the
proper conditions is still not completely solved. A sufficient condition is given in
[1] where all the results and proofs that are contained in this last section can be
found.

5. Concluding remarks

The author dedicates this paper to Bill Helton. She wrote her first joint paper
with Bill [6] where some of the ideas presented here are described in detail. The
author is grateful for the wonderful insight of Bill that contributed to the subject
and influenced her work for many years, but is even more grateful for the example
he gave her of a fearless mathematician who knows when to push ideas forward
and has a wonderful, contagious enthusiasm for everything he does.
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Riccati or Square Root Equation?
The Semi-separable Case

Patrick Dewilde

Dedicated to Bill Helton on his 65th birthday

Abstract. The quadratic matrix Riccati equation has been celebrated as the
main ingredient in many problems of system inversion, estimation and control.
However, it is an indirect equation, many of these problems can be viewed
as special cases of some type of inner-outer factorization, which then can be
solved through a linear equation called a ‘square root equation’ — as it involves
a matrix square root of the unknown in the Riccati equation. The paper re-
views the major cases systematically in the setting of semi separable, discrete
time systems. When possible, the Riccati equation should be avoided in favor
of the direct square root equation. The main reason (aside from simplicity
and unicity) is numerical: the numerical condition of the squared equation
is also the square of the original. The paper parallels, from the “square root
equation” point of view, the great insights, which J. William (Bill) Helton has
developed over the years, and which are extensively documented in the two
books [11, 10].

Mathematics Subject Classification. 15A06, 15A23, 15A29, 65F05, 65F20,
65F99, 93B10, 93B50.

Keywords. Square-root algorithms, Riccati equations, semi-separable systems,

time-varying systems, inner-outer factorization, generalized interpolation,

H -control.

1. Introduction

In [11] Bill (J. William) Helton with co-author Matthew Merino gives a system-
atic account of how system control for optimal global performance, so-called Ho-
control, can be developed from basic concepts relating system theory to operator
theory. Already very early on in his career, Bill knew how to connect the clas-
sical Beurling-Lax theory of Inner-Outer Factorization, the famous Nagy-Foias
Lifting Theorem and the Characteristic Function Theory of Krein with applied
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problems such as Broadband Matching and H.o-control [12; 13]. A very readable
account for this viewpoint, extending it to nonlinear systems, is given in the book
of Helton and James [10]. To be sure, many researchers have contributed to Huo
control theory. Dante Youla [20] is credited for the first problem statement and
solution, known as “Youla Parametrization”. Maybe the first truly “Ho,” formula-
tion of the problem is due to George Zames [22], who sadly deceased at a relatively
young age. Youla and Zames’ viewpoint is purely input-output. The state space
approach, which leads to the Riccati equations mentioned before, was pioneered
in the seminal paper [14]. This approach was further greatly expanded and put
into an Operator Theory context by Helton and coauthors, thereby providing a
theory that brings many topics together: Broadband Matching, System Inversion,
Interpolation, H..-control and Model Reduction Theory.

Given the wealth of theory, it would be a great challenge to write an ultimate
treatise on the subject, and, actually Bill already did it in the books cited. My
point of view will therefore be very modest. I concentrate here on discrete time,
time varying systems, and just on the issue of sound numerical algorithms. The
approach has the advantage that I can be very precise numerically, while touching
on fundamental principles in a direct matrix framework. My presentation parallels
the development in the book of Helton and James, but purely from the point
of view of deriving the square root equations that solve the problem at hand.
The choice for treating time-varying systems is motivated by the fact that they
play a crucial role in non-linear system theory. The differential of the non-linear
system equations produces a time varying systems along trajectories, and hence
is well suited for a time-varying treatment — in fact, this may be almost the only
realistic approach to non-linear control. In matrix algebra, a time-varying system
is called a “Semi-separable” system (sometimes a “Quasi-separable” system, but
I think that is a confusing term that should be avoided). The notion of semi-
separable system goes probably back to Fredholm. A seminal treatment appeared
in the paper of Gohberg, Kailath and Koltracht [9] where some of its remarkable
numerical properties were recognized. Kailath observed the connection between
semi-separable systems and Kalman filtering theory, and contributed a square-root
algorithm to solve the Kalman filter (I believe he coined the term “square root
algorithm”, for a survey, see [15]). From that start, the connection between semi-
separable systems and time-varying systems described via time-varying state space
models was clear. It took a while to develop the background system theory, which
found a systematic treatment, e.g., in [4], and produced the connection between
inner-outer factorization, interpolation theory, embedding theory and realization
theory in a setting that largely extends the usual classical Linear Time Invariant
setting, and produces a wealth of new results even in matrix algebra!

A square-root algorithm is symptomatic for an underlying Inner-Outer fac-
torization. In the semi-separable (or time-varying) theory, this connection is imme-
diate. This is the gist of the present paper. Its most primitive form is the celebrated
QR-factorization in Numerical Linear Algebra. The approach of systematically us-
ing QR factorizations has been called “array computing”. It is an age old method
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going back to Jacobi and Gauss, has been reinvented many times and has been
somewhat confusing to mathematicians who like closed formulas for the quantities
they compute. Indeed, when one factorizes a matrix 7' = QR into a unitary matrix
@ and a matrix R in upper echelon form, then one produces a whole set of data
(the entries of @ and R) from T', without a precise formula, but with a precise al-
gorithm. That is also what the MATLAB notation conveys: [Q, R] = QR(T') — the
QR algorithm is a function that maps 7" on its decomposing factors @) and R. In
Electrical Engineering, the Inner-Outer decomposition is known as a factorization
into a lossless factor and a minimal phase factor, also an essential operation there.
It is interesting to see that semi-separable theory is capable of bringing all these
cases (and all their applications) together in a single framework.

We restrict ourselves here to a uniformly spaced, discrete time setting. It is
possible to translate the major elements to the continuous time case. There are
some surmountable technical difficulties to do this, but they are way beyond the
scope of the present paper. One of the reasons why Riccati equations have been
so popular, is that in the Linear Time Invariant case, the square root equation
that normally turns out to be a QR recursion, becomes a QR fixed point equation
(see [5] for more information), which technically seems more difficult to solve than
the eigenvalue problem one builds on the so-called Hamiltonian derived from the
Riccati data. Again, and for numerical reasons, the square root problem is much
better conditioned and contains only half the eigenvalues (and the correct ones
in addition), at the cost of some superficial algebraic complexity. The question
becomes very interesting when discrete and continuous are mixed up, as happens
when a distributed system is considered, whereby the subsystems are connected
with each other in a linear chain, as is considered in [18]. One then gets a Riccati
equation build on semi-separable matrices, a truly more complex case that we shall
not discuss here. Another case that we shall not consider in this paper, is how one
can compute eigenvalues of semi-separable matrices. Many people have worked on
this problem, a good survey is given in [17]. Here also, QR steps are used, and
efficient algorithms are derived making use of the special semi-separable structure.

2. Preliminaries

Semi-separable systems are (possibly) time-varying systems that are described via
state space equations. In this paper we concentrate on the discrete time version,
or, in other terms, the matrix version of such a type of system (there is also a
continuous time version, which we do not consider here). The matrix represents
the input/output behavior of the system, which we shall typically denote by the
symbol T, a (block) matrix whose elements are themselves matrices T = [T} ;].
Clearly all T; ; on the same row 7 should have the same number of rows, called
m; and similarly, all block matrices on the same column j shall have the same
column dimension n;. We shall allow these dimensions to become zero, in which
case they become mere “place holders” — a zero dimension matrix is not a zero
matrix, but an empty matrix, with the convention that the product of an m x 0
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matrix (that is a matrix with no columns) with a 0 x n matrix (a matrix with no
rows) is an m x n zero matrix. All other conventions of matrix calculus remain
valid with this very useful extension. We allow i and j to range from —oo to +00
and embed finite sequences of indices into infinite sequences, just by padding the
non-zero indices with place holders (dimensions zero). This convention allows us to
work in a uniform framework without worrying about starting and ending values.
We collect the sequences of indices into a row sequence M = [m;] and a column
sequence N = [n;]. All matrices that we shall handle shall normally be bounded
operators between £, sequences. We denote by £ all (column) vectors of type [u;]
where the dimension of each u; is nj, ||u;||2 is the usual Euclidean norm of u; and

lallz= | D luyl3 (1)

j=—00

(we shall normally drop the index 2 when the norm is clear from the context).
Similarly for y € ¢}, and when y = T is a bounded map £ — ¢4, its norm ||T
would be the normal operator norm, corresponding to the L., norm of a Linear
Time Invariant (LTI) system, whose system matrix would be a doubly infinite
(block) Toeplitz matrix with Fourier transform belonging to the L., space of the
unit circle in the complex plane (we shall not treat LTI systems in this paper, but
it is good to remark that they form a special case of semi-separable systems).

A special role is played by the main diagonal of T, the T} ; blocks. They have
the meaning of ‘instantaneous operators’ mapping a input u; at index point ¢ to a
(partial) output y; of the same index. They also divide the matrix in a lower part
and an upper part. The lower part (including the main diagonal) is seen to be a
‘causal’ operator, it maps any input series u with support on [i, ..., 00) to a series
y = Tu with support on the same bearer. We now first introduce a state space
realization for a lower matrix (strictly upper part zero). It is an indexed collection
of four matrices {4, B;,C;, D;} such that T;; = D, and for ¢ > j each T; ; =
C;Ai—1 -+ Aj41B; (where the A-entry disappears of course when i = j + 1). Cor-
responding to a state space realization of a strictly lower operator T" there is a com-
putational realization for it, via an intermediate “hidden” variable x; representing
the memory or “state” of the computer at time point 4, and the transition map

e l-la sl g
Yi Ci D w;

which maps present state and input to next state and output at time point ¢. In
many practical cases, the semi-separable representation, alias the state space real-
ization, is of low dimension, and derived from the physical properties of the system
that is being represented. For example, when 7" is banded of bandwidth M, then the
minimal dimension of the state space is also M. The interest of semi-separable rep-
resentations then becomes immediately obvious, since the inverse operator of the

banded matrix will be a full matrix, but it will have a derived state space represen-
tation of the same dimension as the original. This property generalizes: the inverse
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(even Moore-Penrose inverse) of a low dimension semi separable system is again a
semi separable system of the same low dimension at each time point i! State space
realizations are not unique. At each time point i we may introduce a ‘state space
transformation’, which is an invertible matrix R; defining a new local state z/, =
R 1. In terms of the prime matrix representation the new realization becomes

)[4 B2 2] v
Yi C! D, Uj CiR; D; u; |

On sequences of the type u € 6/2\[ we define a unitary causal shift operator Z
by [Zu]; = u;—1 —i.e., the series is shifted forward in time. The inverse of Z is also
its Hermitian transpose Z¥ and is the anticausal shift that shifts sequences one
unit backward in time. The matrix sequences A;, B; etc. may be viewed as defining
instantaneous or local operators themselves (they all act exclusively at time point
1), and may be collected into diagonal operators A = diag(4;), B = diag(B;) etc.,
and collecting the state vectors also into a single global vector x, we obtain the
global state space equations

ZHy = Az + Bu (4)
y = Cz+ Du.

Let us now assume that the state space representation has the property of
being “uniformly exponentially stable (u.e.s)”, meaning that the spectral radius
of the operator ZA, denoted as o(ZA) is strictly less than 1. Then (I — ZA) is
invertible (due to the Von Neumann series theorem), and the representation

T=D+C(I—-ZA)'ZB (5)

for the input/output matrix follows, equivalent to the defining representation
T;; = CiAj_1---Aj11B;. Methods to derive state space realizations from the
entries of T are known as “realization theory” and are well documented in the
literature, see [4] for a full account, including conditions on the existence of u.e.s.
realizations. In the sequel, we shall just assume realizations to have the u.e.s. prop-
erty. In the case of finite matrices, this invertibility condition is trivially satisfied.

A realization is called minimal when the state dimension at each point is the
lowest possible. Realization theory shows that the minimum can be achieved at
each point in the sequence, and that the minimal dimension is given by the rank of
the reachability operator at that point, or, equally, by the rank of the observability
operator at that point. Given an index point ¢, the reachability operator R; at that
point maps past inputs to the state, i.e.,

Ri=|[+ Ai_1Ai2Bi_3 Ai_1Bi_s Bi_1].

Dually, the observability operator maps the state to future outputs when present
and future inputs are all zero, O; = [ Cff  AHCH, AFAH cH, ... ]H. To-
gether, these operators factor the Hankel operator at point i, H; = O;R;, and
minimal realizations are obtained by choosing bases for the range of the reach-
ability operator or, alternatively, the co-range of the observability operator. The
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Hankel operator H; coincides with the lower left corner matrix just left of the
diagonal element T; ;:

Tii—2 T; i1
H=| " Tiri2 Tivrin | (6)

When an orthonormal basis is chosen for the rows of the reachability operator, then
a realization is obtained for which [ A B ] is co-isometric (i.e., AA¥ +BBH =1,
or, equivalently, for each i, A; A¥ + B,BH = I), dually, when an orthonormal basis

is chosen for the columns of the observability operators, then the resulting [ é }

will be isometric. In the first case the realization is said to be in input normal form,
while in the second case it will be in output normal form. A system is said to be
reachable (respect. observable) if the reachability (respect. observability) operator
has dense co-range (respect. range).

Let us introduce a bit more notation at this point. Besides the shifts Z
and Z” = Z~1, we shall need a diagonal shift, which we indicate by a triangle-
bracketed exponent: A1) := ZAZ~1 shifts the A operator one notch down the
diagonal in the South-East direction, while A{~1 = Z=1AZ does the opposite
(taking the indexing scheme along! So A and A(Yare not necessarily compatible,
if A is a causal state transition matrix then AA(!) is meaningful). By definition
A=D = (A= = (A7) — maybe a bit strange. Also convenient is a
notation to indicate a realization, we write

A B

T~ [ c D } (7)

for T = D + C(I — ZA)~'ZB, the matrix being known as the transition matriz

mapping {state,input} to {next state, output}, with A the state transition matriz
which maps a state to a next state (assuming the input to be zero).

A further mathematical construction puts the semi-separable theory in the
framework of a nested algebra (the content of this paragraph can be skipped if the
reader is only interested in numerical results). Let us denote the dimension of the
ith state space with b;, let B = [...,b;,...] tally the dimensions of the evolving
state space, and stack the individual state spaces into a global state space £5. Next
we stack the global input, output and state space vectors row-wise into a global
matrix AN = EBZOOOEJQV and likewise X8 and XM, for each time point i gets one
column in the stacked matrix (there is a physical motivation for this construct:
when one has to identify a time-varying system from its input-output behavior,
one has to foresee test time-series at each time point). A comfortable norm on
these stacked spaces is obtained when they are endowed with a global Hilbert
space structure (they become Hilbert-Schmidt spaces), we denote them as XQN ,
XB and M. X can be further decomposed in a lower space £ consisting at
level i of series with support starting at index point ¢, an upper space L{é\/ of series
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with support from —oo to ¢, and a diagonal space Dév = [/2\/ ﬂZ/lév . The operator
T induces a bounded linear map XQN — XM just by stacking individual maps
as in

T[ cevy Uy Uk41, .- ] — [ ceey Tuk, Tuk+1, ]

— here each uy, is a full time series. It shall be causal iff it maps £3 to £31.
The (overall) Hankel map is then a map from the “strict past” ZHUy to the
future £31, HU = (TU)|, for U € ZHUL . The observability space is the (closed)
range of the Hankel operator, namely O := £/2\f © HZ"U,. This space is restricted
shift invariant for the anti-causal shift Z%: O(ZH.) € O(-), because similarly
ZHUYN < U). A basis for this space is provided by a minimal realization: the
columns of C(I — AZ)™!, actually O = C(I — AZ)"'D5 (an expression that
requires the realization to be u.e.s.) In a dual vein, the reachability space is the
co-range of H (i.e., the range of H), it is a shift invariant space for the restricted
shift Z, and a basis for it are the columns of B ZH (1 — AH zH)~1,

A causal unitary system is called inner. It has a unitary realization as well,

C D
not be true in general, but is true in case of a u.e.s. system [4]). Such a unitary
realization is at the same time in input and in output normal form. Similarly, a
causal isometric system V is such that V'V = I and it has an isometric realization,

é’ IB; }, which is such that THT = I. A causal

semi-separable system T is called right-outer when TL£} is dense in £} (Arveson
[3] uses a slightly more general definition: dense in the space T X3 N L4 with the
further assumption that the projection operator on the range of T' is diagonal). This
means that a right-outer T' can be approximately causally right inverted (meaning:
has a causal right inverse). If the range of the outer T is actually closed, then T is
boundedly right-invertible, and it can be shown that the inverse will be u.e.s. as
well [4]. A causal operator is said to be outer, if it is at the same time right- and
left-outer. The situation where the range of an u.e.s. outer 1" is not closed is very
common, a prime example is T' = [—Z, an approximate causal and bounded inverse
for which 77 ~ Y77 o’ Z* with a < 1 and a & 1. The central theorem of inner-
outer theory states that any causal T € LN, M) has a factorization T = VT, in
which T, € LIN, My) for some index sequence My with My < M is right-outer
and V is a causal isometry in L(My, M). V shall be inner iff ker(TH) = {0} [4].
“Lower” is not essential in these definitions, the same notions of inner and outer
exist in a dual way for upper systems as well (one must, of course, agree about
which of the two notions one uses, in the literature the two cases occur almost
equally often.) In the next sections we describe how V and T, are computed by a
square root algorithm. Semi-separable systems do not exhibit a module structure
(except a trivial one), the proper environment that fits them are (a special kind of)
Nested Algebras, of which we gave concrete examples in the previous paragraph.
Luckily, the inner-outer factorization is valid in such environments (as has been

i.e., the transition matrix { ] can be chosen unitary (the converse need

i.e., a transition matrix T = [
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shown in general by Arveson in o.c.) and provides the mathematical structure
needed to solve most basic problems of time-varying system theory.

More general matrices (with an upper and a lower part) will have separate
semi separable realizations for the upper and for the lower part. The theory for
the upper (anti-causal) part parallels the theory for the lower part, now with the
shift ZH replacing the causal shift Z. A full semi-separable matrix then has a
representation

T=C/(I—-ZA) " ZB,+D+C,(I—-2%A,)"'Z"B, (8)

in which {A;, By, Cy} gives a realization for the (strictly) lower system, D is the
main diagonal and {A,, By, C,} realizes the strictly upper system.

3. System inversion: the Moore-Penrose case

The traditional Moore-Penrose theory factors a general operator T' = UT,V in
which U is upper isometric, V' lower co-isometric and T, is upper and (fully)
outer. The Moore-Penrose inverse is then given by TT = VAT, 1UH in which
R~! is the possibly unbounded but densely defined causal inverse of the outer
T, (in practice to be replaced by an approximate inverse if T, happens not to
be boundedly invertible, a situation that can easily occur, maybe unfortunately —
many systems, especially dissipative ones, just do not have very precise (pseudo-
)inverses, even though lack of causality is taken into account by the procedure).
In the case of a semi-separable system this factorization can be obtained in three
steps. Looking at the desired factorization, we see that V' has to push T to anti-
causality, this will be the first step (but it might not determine V fully). Let V; be
a minimal upper inner operator such that T}, := TV{¥ is upper. In the two next
steps, the matrix TV; must be subjected to inner-outer, upper factorizations,
one from the left and one from the right, to determine residual kernels. The right
factorization produces T, = UR, as in the regular URV matrix factorization, and
can be executed in ascending index order as we shall see. However, there may be
a residual kernel in R that may still have to be removed (this is peculiar to the
infinitely indexed case), and which will finally produce T}, = RV in a final outer-
inner factorization that will reveal a remaining kernel. Neither U nor V5 have to
be unitary, U will be isometric, and V5 co-isometric, allowing the Moore-Penrose
inverse to be properly computed.

Step 1: external factorization

The URV recursion starts with orthogonal operations on (block) columns,
transforming the mixed matrix T to the upper form — actually one alternates
(block) column with (block) row operations to achieve a one pass solution (in
the case of a finite matrix starting at the left upper corner). However, the block
column operations are independent from the row operations, hence we can treat
them first and then complete with row operations. The (first) column phase of the
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URV factorization consists in getting rid of the lower or causal part of T' by post-
multiplication with a unitary matrix, working on the semi-separable representation
instead of on the original data. If one takes the lower part in input normal form,
ie., CoZ(I—AyZ)"'By = CoZ(I — AyZ) ' By such that A A + ByBF =1, then
the realization for (upper) V is given by

Ay By ] (9)

V“[CV Dy

where Cy and Dy are formed by unitary completion of the isometric [ Ay By ]
(for an approach familiar to numerical analysts see [19]). V# is a minimal up-
per unitary operator, which pushes T to upper from the right, and in addition,
takes care of a possible (partial) kernel (the full kernel will follow from step 3):
[ Tw O ] := TVH can be checked to be upper and a realization for T, follows
directly as
Al 0 ol
T, ~ B,B[ A, B,DY . (10)
C/Al + DB ©, C,C¥ +DDY

As expected, the new transition matrix combines lower and upper parts and has
become larger, but T is now upper. Numerically, this step is executed as an LQ
factorization as follows (for an introduction to QR and LQ factorizations, see the
appendix). Let x = Ry, and let us assume we know Ry, at step k, then

AppRe Be | _ | Bk 0 07 [ Aere Bew
Cgkak Dy - Cf,kAgk + Dkak Cé,kC\IZk + DkD‘I}{k 0 Cv,k Dv’k ’
(11)
The LQ factorization of the left-hand matrix computes all the data of the right-
hand site, namely the realization for V', the data for the upper factor T, and the
new state transformation matrix Ry41, allowing the recursion to move on to the
next index point. Because we have not assumed T to be invertible, we have to
allow for an LQ factorization that produces an echelon form rather than a strictly
square lower triangular form, hence allowing for a kernel as well, represented by
a block column of zeros. The state transformation Ry, is the (generalized) square
root of a Gramian matrix My = RkRE, which satisfies (is the positive definite
solution of) a (forward recursive) Lyapunov-Stein equation:

M1 = Ag My ALy + BB (12)

This (linear) equation could be solved recursively, of course, but the square root,
LQ factorization has a much better numerical conditioning (square root of the
condition number), and is also more economical in numerical computations.
Step 2: left inner-outer factorization

The next step is an inner/outer factorization of the upper operator T, to
produce an upper and upper invertible operator T, and an upper unitary operator

[ u w ] such that T, = [ u w ] { 7(;0 ] (allowing for a potential kernel as
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well.) U is an as large as possible upper and isometric operator U such that U T,

is still upper — UH tries to push T}, back to lower, but it should not destroy its

‘upperness’. When it does so, an upper and upper right-invertible factor R should

result. Writing out the factorization in terms of the realization, and redefining for

brevity Ty, := D + CZH (I — AZ")~'B we obtain

U"T, = [Df + Bif(I - ZA{) ' zC{f| [D+Cz"(1 — AZ")"'B]
=DHD+ B (1 - zAH)" 'zl D+ DECZH (I — AZ")'B  (13)
+BHE{(I - zAEY ' zocH oz (1 — AZzP)"1)B.
This expression has the form: ‘direct term’ + ‘strictly lower term’ + ‘strictly upper

term’ 4+ ‘mixed product’. The last term has what is called ‘dichotomy’, what stands
between {-} can again be split in three terms:

(I —zA'zclHczH (1 — AZzH)™!

14
=(I-ZA)'ZAFY +Y +YAZH (I — AZH)~? (14)

with Y satisfying the ‘Lyapunov-Stein equation’
7ZHyv 7z =cllo+ Ay A (15)

or, with indices: Yy = C’gkC’k + AgkYkAk (in this equation, not only Y is un-
known, but also Ay and Cy, so this equation cannot be solved directly, in contrast
with the previous case). The resulting strictly lower term has to be annihilated,
hence we should require C’{}I D+ AIU{ Y B =0, in fact U should be chosen maximal
with respect to this property (beware: Y depends on U!) Once these two equa-
tions are satisfied, the realization for R results as R = (Dff D+ BH#Y B)+ (DHC +
BHY A)ZH(I — AZ")~1B — we see that R inherits A and B from T and gets new
values for the other constituents C'r and Dg. Putting these operations together in
one matrix equation (in a somewhat special order) and allowing for a kernel, we
obtain

Dr  Cgr
YB YA\ _| By Ay Bw 0 zHyZ |. (16)
D C DU CU DW 0 0

Let us interpret this result without going into the motivating theory (as in done
in [4, 19]). We have a QR factorization of the left-hand side. At stage k one must
CrYr Dy
ALY, By :| ’
Dp i, will be a right-invertible, upper triangular matrix, so its dimensions are fixed
by the row dimension of Y. The remainder of the factorization produces Cr , and
Yi+1, and, of course, the Q factor that gives a complete realization of [ u w ]
at stage k:

assume knowledge of Yy, and then perform a QR factorization of {

D C
[ YiBr YiAg } _ [ Bux Auvk Bwak } rk Cruk

0 Y |. (7
Dy, Ck Dyr Cur Dwp 0 k(;rl (17)
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in which the extra columns represented by By and Dy define the isometric oper-
ator W = Dy + COw ZH (I — Aw ZH)~1 By, which represents the co-kernel of T'.

Y satisfies a (rather general) recursive Riccati equation, obtained by elimi-
nating [ u w ]:

My = AEM AL + CHCy, (18)
— (CE Dy, + AZ M, By) (B My, By, + DI Dy,) ™Y (Dp My Ay, + DECy),

in which the inverse is guaranteed to exist and the equation also has a guaranteed
(recursive) positive definite solution under the current assumptions on the entries
(the guarantee follows from the existence of the square root equation). Again, it
is not advisable to solve this equation, although sometimes advocated, not only
because the square root equation is linear rather than quadratic and has only one
solution (while the Riccati equation has many) but, at least as importantly, the
numerical conditioning of the Riccati equation is (much) worse.

Step 3: right outer-inner factorization

Although the classical URV factorization on finite matrices ends at this point
with an invertible R, this is not the case for systems that run from —oo to +oo
— the case that is common in System Theory and is also important in Numerical
Analysis as it relates to issues of numerical stability of the inverses. What is needed
next is a right outer-inner factorization of R to produce R = T, V5. This step is dual
to the previous one and therefore I shall not give further details, let me suffice by
remarking that here also, Vo may not be unitary as a global operator, it may just
be co-isometric, i.e., VaVifl = I. When the square root equations for this step are
written out, then it becomes obvious that they require a recursion in descending
index order. This is unavoidable as U determines singularities at +o0o, while V5
does the same, but then at —oo, and singularities can indeed appear at both ends.

Putting everything together we obtain T' = UT,V,V) and the Moore-Penrose
inverse T~ = VHVHAT U as expected, with now T, outer as it should be.

That the third step is necessary, is already exemplified by the simple, half-
infinite band matrix

1 -2
R= =2 (19)
for which we easily find
2 1 1/2 -3/4 -3/8
2 -1 1/2  —3/4
R=T, Vs = .- (20)
2 - 12

in which V3 is co-isometric but not unitary (the kernel has dimension 1!).
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Remarkably, the operations in steps one and two work on the rows and
columns of T in ascending order. That means that the URV algorithm can be
executed completely in ascending index order (but then R is potentially not yet
outer). The reader may wonder at this point (1) how to start the recursions and (2)
whether the proposed recursive algorithms are numerically stable. Assuming the
matrix to be half-infinite and to start at index point 0, there is no problem starting
out the downward recursion at the upper left corner of the matrix, both A; and
Yp are just empty, the first QR is done on [ D, C; ] In case the original system
does not start at index 1, but has a system part that runs from —oo onwards, one
must introduce knowledge of the initial condition on Y. This is provided, e.g., by
an analysis of the LTT system running from —oo to 0 if that is indeed the case, see
[5] for more details. For the upward recursion the same holds mutatis mutandis.
On the matter of numerical stability of the square root equation, we offer two
remarks. First, propagating Y in step 2 is numerically stable, one can show that
a perturbation on any Y3 will die out exponentially if the propagating system is
assumed exponentially stable. Second, one can show that the transition matrix A
of the inverse of the outer part will be exponentially stable as well, when certain
conditions on the original system are satisfied [4].

4. Constrained interpolation problems

A more complex case is when constrained interpolation problems are considered,
the semi-separable or matrix equivalents of Nevanlinna-Pick, Schur, Hermite-Fejer
or Schur-Takagi interpolation. All these interpolation types have in common that
(1) interpolation data of some type is prescribed and (2) the solution has to be con-
strained to norm less or equal to one. The classical Nevanlinna-Pick interpolation
problem in the open unit disk of the complex plane specifies a single interpolation
condition at, say, n different points v;, ¢ = 1,...,n. It searches for a contractive
function S, which is analytic in the open unit disk and takes the values s; at the
points v;, S(v;) = s;. It is known that a solution exists iff the so-called Pick matrix
based on the given data is positive definite. When the Pick matrix is strictly pos-
itive definite, then all solutions can be expressed as a bilinear expression in terms
of the entries of a so-called J-inner matrix and a contractive analytic but otherwise
arbitrary “load” Sp. In the case of semi-separable systems, the first question that
arises is how to specify the interpolation data. In addition, one looses the notion
of analyticity, which one has to replace with causality (lower matrices, e.g.), mo-
tivated by the fact that analyticity in the unit disk corresponds to causality of
the back Fourier transform. These problems can be solved, we quickly describe
the procedures directly in terms of semi-separable systems. As we shall see in a
further section, constrained interpolation theory of this kind plays a key role in
optimal control and in model reduction theory.

The ‘point evaluation’ for lower (causal) semi-separable systems that properly
generalizes interpolation conditions, was originally introduced in [1] and [6], where



Riccati or Square Root Equation? The Semi-separable Case 97

also a Nevanlinna-Pick type interpolation theory for semi-separable systems was
formulated. In [7] the generalization to Schur-Takagi theory was established. I
quickly summarize the evaluation concept here. Let T = Ty + T1Z + T Z% + - -
be a causal (lower) and bounded operator with the given expansion in terms of
shifted main diagonals notated as T;, and let W be a (dimensionally compatible
with Z) block diagonal operator such that o(ZW) < 1. We define the value of T at
W to be a diagonal operator, denoted T'(W) (in the notation of the original paper
it was denoted in a somewhat cumbersome way by T (W)) which is such that
T =T(W)+T,(Z — W) for some bounded, causal (lower) remainder T,. T(W) is
the W-transform of T, so called because of the resulting reproducing kernel, see
[2], where it is also shown that T'(W) is given by the strongly convergent series

T(W) =T, +T1W + LWOW + TwEWOW ... (21)

The notion clearly generalizes the evaluation of a complex-valued matrix function
T(z) at a point a € C as T'(a). Because of the non-commutativity of the shift
operator Z, it does not have all the properties of the evaluation in the complex
plane. We do have the following properties.

1. T(W) is the first anticausal diagonal in the expansion of T(Z — W)~

T(Z-W) = )Z2+TW)Z ' + T, (22)
in which the - - - is anticausal.

2. (Chain rule) For P and @ anticausal we have [PQ](W) = [PQ(W)](W).

If Q(W) is invertible, we have in addition [PQ](W) = P(W7)Q(W) where
Wy = QW)W wWQW) .
Proof. Writing shorthand Qu := Q(W), we have Qw (Z - W)~ = (ZQy} —
Wt = Q" Z - WQyH) ™t = (2 — Wi)~1QY, and hence PQ(Z —
W)~ = PQw(Z = W)~ + PQ, = Pw,(Z — W1)7'Qy) + P.QY + PQ.,
the last being equal again to Py, Qw (Z — W)~! + causal.

3. (Constants) Let D be a compatible diagonal operator, then [DT]|(W) =
DT(W). If D is invertible and compatible, then [TD](W) = T(W;)D",
in which W, = DWW D=1, For addition we simply have [T' 4+ D](W) =
T(W)+ D.

4. (State space formulas) Let T = D + CZ(I — AZ)~!'B be a realization for T,
assumed to be causal and such that 0(AZ) < 1. Then T(W) = D+ CMW
where M solves the Lyapunov-Stein equation

MY = B+ AMW. (23)
In fact,
M =[I-2zA)'BJW)V = [B+ ABOW + AAVBRWOWw 4.0 (24)
and hence also
T(W)=D+C[Z(I - AZ)"*B|(W) (25)

in accordance with the previous rules.
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The semi-separable version of the Nevanlinna-Pick problem then specifies the
evaluation of the sought after operator S at, say, n diagonals v;:

and asks for solutions with S causal and (strictly) contractive. As in the classical

case, the solution will be given in terms of a so-called J-inner operator, in which

1

J is a signature matrix of the type J = (for simplicity of writing

—1I
we suppress the dimensions, they have to be compatible). An operator O is said
to be J-unitary iff ©7JO = J,0J0% = J (all the J’s again with appropriate
dimensions). Corresponding to a J-unitary © there is always a so-called “scattering
matrix” defined as

> =

011 — 912@521921 @12@521 } (27)

~05, 021 Ci%)
> exists as a bounded operator because the J-unitarity condition forces the ex-
istence of O, as a bounded operator. ¥ is unitary, but it need not be causal.
A J-unitary © is said to be J-inner iff the corresponding ¥ is lower (causal). In
general, a J-unitary or even J-inner operator need not be causal and not even
bounded, we shall soon see various important cases. The theory of J-inner opera-
tors is quite involved, they play a central role in scattering theory, for a detailed
account in the semi-separable context with motivations, see [4].

Let us now assemble the interpolation data in three (dimensionally compat-
ible) block diagonal matrices

V.= , é‘:[] 1]7 77:[31 Sn] (28)
V3

then the Nevanlinna-Pick constrained interpolation problem will have a solution
iff there exists a J-inner operator with controllability pair

[A By Bg]:[VH ¢H —77H]. (29)
This will be the case iff the (recursive) Lyapunov-Stein equation
M= = VIMV + ¢l —nfly (30)

has a strictly positive definite solution M. M is the “Pick operator“ for the present
case. This then means that there is a realization for ©

R CDAR Rf(fl)B1 Rf<71>)32

O~ Cl D11 0 (31)
Cy D2 Do
which is J-unitary for the extended (compatible)
L,
Ji = I )
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with the square root M = R R and appropriate B and D entries (D12 can handily
always be chosen zero). Then

©11 O
0= 32
[ ©21 O ] (32)

is J-inner and all solutions of the interpolation problem are given by the bilinear
expression

S = (S1O12 — O22) " H(Oa1 — SO11) (33)

in which Sy, is any contractive causal operator of compatible dimensions. In par-
ticular, one can choose Sy, = 0, and then S = —0,'O4; is a minimal solution (all
solutions with S, constant will be minimal — the converse is not true, there may
be cancellations).

The interpolation problem hence reduces to the solution of either a Lyapunov-
Stein equation or a square root equation. The latter has to be preferred, of course.
The interpolation problem will have a solution iff the forward recursion

| AkRy Bix Box |=[ Ren 0 0] OF (34)

has a Ji-strictly-positive-definite solution, which will be the case iff all subsequent

R/?Vk RkH+1
&k = O 0 (35)
— Mk 0

are Jp-strictly-positive-definite, the solutions being given by Ji-embedding, to be
briefly described next. This latter expression is a numerical Ji-unitary-upper fac-
torization, akin to a QR-factorization but the first block columns of O form a
Ji-unitary sub-basis for the Jy-positive part of the global range space of Oy.

O and RE_H can be obtained through a modified QR-algorithm, given the
interpolation data and the recursive data contained in Rj. This works as follows.
First one uses orthogonal (or unitary) transformations to align the first column
of { REV,

&k
non-zero). Then one performs a single hyperbolic rotation on the two top values,
which will be possible due to the positivity condition on the Pick matrix. This
aligns the full first column on the first natural base vector. Next one uses again
unitary rotations to align the next column on the already transformed second
columns of the two sub-matrices, aligning the first one on the second natural basis
vector and the second one on the first natural base vector again (which is possible
as this will not create fill-ins on the previous transformation). The procedure is
illustrated in the next typical sequence (done on a 7 x 3 case, with ‘u’ indicating

} respect. —n with the first natural base vector (i.e., only first entry
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unitary transformations and ‘b’ an elementary hyperbolic rotation):

* ok % * ok % * ok % X ok % * ok %
* % ok 0 * * 0 * * 0 * % 0 * *
* ok % 0 * x 0 x x 00 % 00 x
x ok k| o4 [0k x| P 0O x x| 2| 00x| 22|00 %
* ok % 0 x * 0 * % 00 % 00 x
* k% * k% 0 * * 0 * =x 00 %
* ok % 0 x * 0 * % 00 % 00 x
- - - o T o T - - - (36)
* ok % * k%
0 * % 0 * %
00 x 00 x
—*]000|="]000
000 000
00 = 000
100 0 | 100 0 |

This method of eliminating entries, using a combination of unitary and hyperbolic
transformations is as numerically stable as can possibly be, the unitary rotations
“concentrate positive or negative energy” as much as possible, and the hyperbolic
rotation then eliminates the presumably smaller negative energy against the pos-
itive entry. Under the given conditions, all the hyperbolic rotations will be of the
positive type, leaving the original signature intact (in the Schur-Takagi case to be
briefly discussed further, mixed types occur). This sequence of events also auto-
matically produces a zero at the D5 location — which has some significance for
the cascading properties of the result obtained.

It should immediately be clear that the Nevanlinna-Pick problem can be
generalized to arbitrary collections of non-scalar, multiple and directional inter-
polation data simply represented by compatible but otherwise arbitrary matrices
{V,&,n}. In this fashion one obtains Schur type interpolation (when V' is nilpo-
tent) or Hermite-Fejér type (when Schur and Nevanlinna-Pick types are mixed).
Tt is also possible to solve mixed left-write interpolation problems (of the so-called
Nudel’'man type) by an extension of the machinery. This then leads to a Sylvester
equation, known to be notoriously numerically unstable. Under some pretty gen-
eral stabilizing conditions, the mixed interpolation problem can be transformed
into a regular right interpolation problem as treated above. Extensive details can
be found in [4].

An interesting generalization is provided by the Schur-Takagi interpolation
case, which is also equivalent to exact model order reduction for semi separable
systems. We briefly summarize the results (for extensive treatment see [4]). The
Schur-Takagi interpolation problem is still a constrained problem, requesting the
resulting interpolating function to be contractive (we require strictly contractive),
but it now allows it to have an upper (non-causal) part, which it tries to keep
minimal in the state equation sense (semi-separable with minimal state dimension).
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This problem gets solved with the same square root machinery as developed earlier,
but now the Jj-signature is allowed to be mixed, keeping its negative part as
small as possible. The solution to this problem was, to the best of our knowledge,
presented for the first time in [8]. In that paper the connection to model order
reduction for semi-separable systems is also explained.

The interpolation data is again of the type {V, ¢, —n} as before, and one
attempts to build a causal (upper) J-unitary operator (not any more J-inner)
based on the reachability data

{A, By, By} = {VH ¢H —pHy.
This shall be possible iff the Pick operator M defined by the forward recursion
MY = AMA” + B BY — B,BE (37)

is strictly non-singular (while before it had to be strictly positive). M then has,

at each index point i, a signature matrix { pi } and a non-singular state

_Lh
transformation matrix such that

M; = R; [ In. B } Rl (38)

Iqq‘,
As a consequence, the state transformation R +11 -+ R; produces a J;-isometric set

of reachability pairs {AZ, Bl,i) Bg’i} = {R;_llAzRZ, R;_ll Bl,i) R;,'_llBQ,Z} for @1

AH
Jriv=| A; Bi; By | J1 1?11 (39)
B2,z
in which J; has the form
I,
Ji= -1y (40)

(which of course changes in dimensions from index point to index point).

The square-root algorithm in this case is then a little more complicated than
explained higher, as we not only have to use hyperbolic rotations of mixed type, but
also have to determine a new signature matrix recursively. This works as follows.
Instead of working on the {A, B} data, let us work as before on the interpolation
data directly. Rather than describing the algorithm theoretically (as in [4]), let us
work on an example. Let us assume that the signature of Jy ; is [+, +, —|+, +|—, —,
then a possible sequence of operations, mixing separate unitary transformations
on the 4, respect. — data, concentrating energy in single entries, and then followed
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by single hyperbolic rotations, could be as follows:

* ok X * ok % * ok X * ok % * kX
* ok ok 0 * % 0 * * 0 * % 0 * *
* ok % * ok % 0 * % 0 x * 00 x
xox x| 4|0 x x| =P |0 x x| 5|00 =00
* ok % 0 x * 0 * % 00 % 00 x
* k% 0 * =x 0 * * 00 % 00 %
* ok % 0 * x 0 * x 00 % 00 x
- - T T T T T T - (41
* ok % * ok % * ok %
0 x * 0 * * 0 * x
00 x 000 00 =
S 100*| ="Pl00x|=t]000],
000 000 000
000 000 000
100 0| 1000 | 100 0 |

where the last step consists of a reordering of the rows to [1,2,4/5]3,6,7] and
signature sequence [+, +, +| + |—, —, —] (same number of pluses and minuses but
different division of the signatures). At each hyperbolic rotation the evolution
can proceed in two ways, depending whether the plus entry has larger magnitude
than the minus entry or vice versa (equal magnitude may not occur since that
would result in a singular case, which we ruled out). The square root algorithm is
indeed capable of producing all the information directly on the data, without the
need to compute the Gramian M, which would greatly deteriorate the numerical
condition. The conditioning of the square root algorithm is as best as is can be,
because the constrained interpolation problem of Schur-Takagi type is equivalent
to an inverse scattering problem, whose conditioning is determined by the inverse
scattering function, linking input data to reflection coefficients. This relationship
is “of hyperbolic type” as can be seen already from elementary examples.
Scattering theory in this context also provides the link to determine the in-
terpolation function from the © operator. This function will have a causal (lower)
and anti-causal (upper) part, it has so-called “dichotomy”, the anticausal part
having minimal state dimensions. The pluses and minuses in the state propaga-
tion convert into downward (causal) and upward (anticausal) propagation in the
general, unitary scattering operator ¥j derived from ©f at each stage k. In other
words: the dichotomy is visible in the state signature at each stage, thanks to the
contractivity of the partial maps (in engineering terminology called “passivity”).
This works as follows (for a full discussion and proofs, see [4], p. 276 ff.). Globally,
the operator © is J-unitary (with specified and generally different J’s at the input
and output ports), and hence the resulting X is unitary, but it will be a mixed
causal/anticausal operator, its state space structure down/up. Locally, Oy (which
is Jy-unitary — where again the Ji’s at the input and output side may be differ-
ent but shall have the same total number of plusses and minuses) may be further
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divided, according to the division of the signature of the states:

Ttk Ty k+1

O | Tk | = | Tkt (42)
ai,k az, k
b1k b2k

in which a1, and bz ;, have positive signature in the inner product and bk, as
negative (in the scattering context the positive signatures correspond to “incom-
ing” waves and the negative signatures to outgoing). A local ¥; map can now be
defined, mapping signals with positive signature into signals with negative signa-
ture:

Ttk Tt k+1
T_ €T_
i Jk+1 _ K (43)
ai,k az, k
bo. b1k

(one should realize that, e.g., x4 r4+1 has positive signature for stage k + 1, but
negative in stage k as it is “outgoing” there — the connection between stages is
“energy conserving” ). Because the algebraic relations in X are the same as for Oy,
it is a proper state space realization for the global 3, and we see that the realization
has become mixed with a causal state propagating downwards and an anticausal
state propagating upwards (the two get mixed up in each stage, of course). We
know already, from the J-unitarity of ©, that ©2 must be boundedly invertible to
produce Yo, it is now a semi-separable operator of mixed lower/upper type, and
it can be seen that its anti-causal state space structure corresponds to the x_ j
(which were kept as small as possible in the construction of the ©y). As a final
result (going far beyond the present paper devoted to the square root algorithm),
one shows that, indeed, all interpolating functions with minimal anti-causal part
are given by eq. (33), and that the dimension of their state space at stage k is the
dimension of z_ .

Schur-Takagi interpolation provides a direct and impressively complete so-
lution to the model reduction problem for semi-separable systems. The conversion
from model reduction to interpolation goes as follows. We suppose that we are
given a “high-order” lower (strictly causal and bounded) semi-separable operator
T, which has to be model order reduced, i.e., approximated by a semi-separable
operator with low state space dimensions, which we shall call T,. To be sure, we
have to decide on a level of precision and a norm (these are critical decisions for
the theory to work!). For the desired precision of the approximation, we allow for
a block-diagonal invertible and hermitian operator I', which tallies the precision
at each stage (we could suffice with just a constant I' = ¢, but that would limit
flexibility, as we might wish different precisions in different portions of the opera-
tor, which the theory perfectly allows). More delicate is the norm to be used. The
straight operator norm appears to be too strong, and just a quadratic norm is
too weak, this we know from experience with the LTI case. The norm that works
is the Hankel norm. For comfort, we assume our original operator to be strictly
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causal (i.e., main diagonal zero), one can always shift the operator one notch left
(or even more than one to increase precision — or else one may chose to keep the
main diagonal intact). The Hankel norm is just the norm of the Hankel operator
associated with the operator, denoted as |||z, it is only defined on strictly causal
systems. Hence, one looks for a T}, such that ||(T—T,)T ||z < 1 (we require strict
inequality, so that the resulting interpolation problem will be strict as well). For
the high-order model T one often takes a sufficiently high-order series expansion:
with T =T\ Z +TxZ2 +--- 4+ T,,Z™ we could take

0 I T1<*1>
A B T2<—2>
g : (44)
0 i
C= [ I 0 --- 0 ] , D=0

which puts the realization for T directly in output normal form (as we shall assume
now, allowing for any such realization — warning: the global block decomposition
given in the previous equation consists of diagonal matrices, at each stage k there
is an entry in each block).

Hence, we assume T = C(I — ZA)~'ZB in output normal form, i.e., A7 A+
CHC = I. The model reduction algorithm consists in executing the following
steps:

1. Determine a minimal external factorization for 7= UA* in which U is inner
and A anti-causal. A semi separable realization for U borrows {A,C} from

T and determines two new entries By and Dy that make U causal unitary:

U=Dy+C(—-ZA)"'ZBy (in the case of the series expansion exemplified

above, U is trivially equal to Z™).

2. Find a causal © matrix with [ A By -—-BI! ] as reachability data.
3. A minimal model reduced system is obtained from 77 = TH —T'S,,U ¥ and
is given by
T, =P, T (45)
in which Py, projects on the strictly lower (causal) part.

It turns out that the causal part of T’ has the same state dimensions as Yoo —
and hence will be minimal for the given degree of accuracy. This may seem like
hocus-pocus, but it is easy to see why it works. From the formula for 7" it is
immediately clear that |[(T — T,)I 7|y < |PsUSE|lx < 1, because UXE, is
strictly contractive, and its Hankel norm certainly less than 1 as it is the operator
norm of a subsystem of an already contractive system. The important point is that

T, meets the state complexity requirement. Consider the following expression:

o[ ][ 3]

As © borrows the reachability data of the right factor in the left member of this
equation, it actually pushes it to causality, both the resulting X and Y are causal
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operators (one could also say: [ U —-Tr-! ] = [ XH _YH ] O is a right exter-
nal factorization with a causal J-unitary factor, similar to the normal right external
factorization with an inner factor). Now, 77 = Y XTI and as T, = P, T’ and
Y is anti-causal, its state space dimensions are at most equal to the state space
dimensions of P42, i.e., of the anti-causal part of Yo, in turn exactly equal to
the number of negative signs g at stage k in the realization of ©y.

The Hankel norm model reduction theory shows that the problem reduces
to (is equivalent to) the solution of a Schur-Takagi interpolation problem on the
data given by [ A B, —-Br! ] Unfortunately, the actual computation of the
reduced model turns out to be a bit messy, although straightforward — some matrix
multiplications. Be that as it may, the essential ingredients are obtained through
a square root algorithm just like in the Schur-Takagi interpolation case.

5. H,,-control for the semi-separable case

Also in this section, we shall show that we can give a solution to the H, control
problem for semi-separable systems, just by using a sequence of two square root
algorithms, very much as is the case for general Moore-Penrose inversion, but now
using J-inner factors rather than the inner factors used there. I follow Kimura’s
[16] approach to Hy control (Kimura uses Riccati equations and treats the LTI
case). I am indebted to my student Xiaode Yu for working out the main ideas in
her thesis ( [21], this work has not been published so far).

The H..-control is intended to keep a plant’s error of operation measured
as a “sensitivity operator” within a specified worst case limit (the norm of the
operator). It assumes a known (linear) plant model; described by four operators:

Pii Pro U z

o]l @
in which w is the control input, y the input data available to the controller, w
summarizes external disturbances and z describes measurement data available
to gauge the performance of the system. The plant model P describes all the
particular relations between these quantities. We are asked to design a controller
K such that when u = Ky the influence of the disturbances on the measurements
z is a strictly contractive map ® (we can incorporate a precision measure I' in
scaling z as desired). This influence shall be well defined if the operator (I — P21 K)
is boundedly invertible and is given by

[} =P12+P11K(I—P21K)71P22 (48)

and the control condition becomes ||®|| < 1. To be able to solve the problem
meaningfully, we have to assume that the available gauging measurements are rich
enough, we just require Pso to be invertible. In that case, a chain operator G exists,
that connects {u, y} to test and measurement data {z,w}:

_ P11 — PiaPy'Pyy PiaPpt

G _ _
_P221P21 Pzz1

(49)
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The Kimura method now prescribes to find a J-inner-outer factorization of
G = ©G,, in which © is J-inner and G, is causal outer. Following Kimura, we
define the Homographic transformation on a chain operator G as

HM(G, K) = (G11 K + G12)(G21 K + Ga2)™* (50)

(in scattering terms that is G loaded by K'). Then any control that will guarantee
® to be contractive is given by K = HM(G,, S1,) where Sy, is an arbitrary causal
contractive operator (e.g., one can choose S;, = 0) and then it turns out that
® = HM(G, K). That this works is indeed directly seen from the resulting relation
® = HM(O, S1,), which will automatically be causal contractive, as this property
is conserved by a homographic transformation by a J-inner operator. There ex-
ists also a dual case, where the assumption is that P;; is boundedly invertible,
I describe this case briefly at the end of this section. So far, the semi-separable
theory is formally precisely equal to the classical (Kimura) theory. We saw already
in the previous section that J-inner functions are characteristic for constrained
interpolation problems. In the present case, the J-inner function needed is more
general than previously considered and involves two types of J-inner operators,
namely causal ones and anti-causal ones, much like in the Moore-Penrose inver-
sion problem, but now with J-inner instead of inner (remark that in the case of
the Schur-Takagi problem a causal J-unitary function was involved, not a J-inner
one, that makes the Model Reduction essentially different from the H., Control
problem!).

Hence we assume G semi-separable of mixed causal/anti-causal type and
given by

G=CI -ZA) ' ZB.+D+C,(I-2z"A,)"'Z"B,, (51)

in which we assume the causal (lower) and anti-causal (upper) parts given by their
semi-separable realizations. Finding © and G, parallels the strategy we followed
for the Moore-Penrose case (Section 2), but now using J-inner functions. However,
there is a major difference. In the Moore-Penrose case, we were able to devise
a solution procedure that recurses in one direction (which we chose forwards),
with an inner function acting on the right to convert the mixed system to anti-
causal (upper), followed by an inner-outer factorization on the left of the anti-
causal system, progressing downwards in the matrix. This resulted in an URV-
type factorization, with inner factors at both sides. However, in the present case,
the J-inner factorization must produce a right J-inner factor, meaning that both J-
inner factors must act at the same side (in this case left). This should produce first
a G = O_G; in which ©_ is both J-inner and anti-causal (a type of object we have
not encountered so far) and next, a J-inner-outer decomposition on G; = 0 G,
should yield another, this time causal J-inner factor ©, as in the constrained
interpolation case treated before. The final result is then G = ©G, with global
O =0_0.. If both ©_and O are J-inner, then the total product © = ©_0, will
be J-inner as well — a property that follows directly from the scattering properties
of a J-inner function.
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The first factorization G = ©_G; requires an anti-causal, J-inner ©_ that
provides for the anti-causal part in G. To achieve this, it must borrow the observ-
ability pair {A,, C,} of G. We need:

Lemma 1 ([21]). There exists an anti-causal, u.e.s. J-inner operator ©_ with ob-
servability data {Aq, Co} iff the Lyapunov-Stein equation

QY =AQA, +CHJC, (52)

has a strictly negative definite solution Q = —R" R. In that case, a realization
—(-1)

for ©_ is obtained by J-unitary completion of the basis [ Rcfl(}%li<71> ], which is

Ji-unitary for J; = [ - J }

This is a forward recursion, based on the observability space of the anti-
causal part of G (as before with the Moore-Penrose inversion), which has to be
Ji-positive, to be executed by a QR factorization producing the square root R,
just as before, but now with a J-unitary factor as explained in the previous section.
The ©-upper factorization (like QR but now with a J-unitary factor as in the case
of the constrained interpolation problem) proceeds as follows. Let us define (as also
before in the Moore-Penrose case) the transformed quantities A, = RA,R=D
and C, = C,R=(-1) (also the observability data for ©_), then the factorization
gives

RrAar RiBak | _ | Ao Bek
Cak D Cor Dok

Ryt1 Al — CoxJD
0 —JBY.Br+JDexJD |’
(53)
assuming of course that the existence condition is indeed satisfied, for which the
algorithm provides discretion. The expression for the right most factor is found by
inverting the O-factor and multiplying out, indeed

1
Aeor DBe _ Agj}g - g,k
Cor Dok —Bg i D§

because of the Ji-unitarity. One also computes the realization for G; = ©-'G
directly and one obtains as realization

A A By AP CH O, —AIB, +CHJD
G1 ~ A21 A22 Bg = 0 AC .BC
Ci Co D, JBY JDEJC. —JBEB,+ JDEJID

(54)
where G is now causal and its dimensionality has picked up that of the anticausal
part of G. Reverting to the ©-upper factorization, we see that it contains all the
necessary new data:

RrAar RiBapk | _ /:Ll,k Be i Riy1 —DBig
Cak D Cak Dok .
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The next step is the J-inner-outer decomposition of G; with a left J-inner
factor. It turns out to produce a backward recursion. It is now based, not on
observability or reachability spaces of G; but on its zero space as a restricted
causal operator (this is actually the reachability space of the anticausal part of
the inverse operator). This is the crucial step that results in a Riccati equation in
the classical theory, but from the previous case we can already guess that, again,
a square root algorithm will suffice, as is true for any “inner-outer” type equation
— the fact that we need a J-inner factor only puts an extra positivity condition on
the data, making the case equivalent to a constrained interpolation problem of the
type treated in the previous section.

We need G; = ©4+G, in which O, has to be causal J-inner (as in the sec-
tion on constrained interpolation), and G, outer. The square-root algorithm that
produces the factorization is a © — L-factorization, which is easily derived from
the state space data for Gy, by working out G, = @;1(}1 and the fact that
@_T_l = J@fJ from the J-unitarity of © and it produces, just as in the Moore-
Penrose section, mutatis mutandis:

[ Y. Ar YiBi :|

Ao . Be,k Yoo O
O, Do . (56)

- { Co,x Do,k Cor Do

The square root recursion involves the intermediate recursive quantity Y. The
problem of obtaining the J-inner © and outer G, will have a solution iff all the

A . Co
subsequent C@+’k ] that result from the algorithm (which is executed from
04,k
. - . 1 .
right to left at each step) turn out to be Ji-positive, with J; = [ J ] . This is

equivalent to the condition that the backward recursive algebraic Riccati equation

M;_1 = AkHMkAk + C’,fJCk
— (A My B + C{' T Dy, o) (B My By + DY T Dy ) (57)
X (B,?MkAk + DﬁkJCk)

has a positive definite solution M} for all k. We then have M) = Y,f Y, and Yj
solves the square root equation with a J-inner ©. Evidently, the condition on the
square root equation is much easier to verify algorithmically than the positivity
condition on all My, although at first glance it may seem more complicated (al-
though it is not!) Again, we find that the square root algorithm does a much better
job with much improved numerical conditioning.

In the beginning of this section we assumed the plant, disturbance and mea-
surement data to be such that Pss is invertible. There is a dual approach possible,
also proposed by Kimura, whereby it is assumed that P;; is invertible instead. In
that case, another chain operator exists, namely the one that connects test and
measurement data {z,w} to the plant input and output data {u,y}. That chain
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operator than has the expression

P! —Pp' Pry

Gy = _ = .
¢ Py P! Py — Py P Pro

(58)
The procedure then follows the same steps as before in a dual way, now an outer-
J-inner factorization is sought of the type G4 = G,0,.0_ resulting again in two
square-root equations of the same type as before, but now with all orders reversed.

6. Appendix: QR/QL/LQ/RQ factorization

Let u = [ Zl ] be a unit norm vector with first component ui, the remaining of
2

the vector being denoted as ug (in the real case one usually chooses u; positive).
Then

*

uj ugf (59)
Pu = uy 1 H
_uQ\uil I— 1ot | Y2U2

is a unitary (rotation) matrix that rotates u to the first natural basis vector:
1 . . "
putt = | ] (if w1 = 0 one puts uj/|ui| = 1. Numerical analysts traditionally

use so-called Householder reflections to achieve the same feat. However, this is not
advisable as the Householder transformation unpleasantly changes the sign of the
determinant in the real case. The transformation given here is just as computation-
ally efficient as the Householder transformation and has no negative side effect).
Suppose that now, somewhere in an algorithm, a non-zero (sub-)vector a = [ Z; }
with first component a; has to be rotated with a unitary transformation so that
only its first position is non-zero and equal to |a|. Then one can just apply pq/|q|
to annihilate all but the top position. This procedure can be applied in subse-
quent steps, starting in the upper left corner and moving from column to column,
gradually decreasing the size of the vectors to avoid creating fill ins. Let, e.g.,
A= [ a; az -+ Qp ] be a matrix consisting of the columns a; : i =1,...,n.
Then either a; = 0 and the algorithm skips the first column to move to the next,
|as]

0
transforming the other columns to pgy, /ja,|0k, Kk = 2,...,n as well. Then the algo-
rithm moves to the second column. If the first was zero, it will apply the original
procedure again, but now on the second column, which may also turn out be zero,
in which case the algorithm moves directly to the third column. Otherwise, the
algorithm deflates with one unit, leaves the first row henceforth unchanged, and
starts applying the procedure on the submatrix of column vectors with positions
starting at 2. Transformations applied to these vectors will leave the crossed out
rows unchanged. The result of these transformations is a so-called echelon matriz,

or it is non-zero, and pq, /|q,| is applied, transforming a; to } and, of course,
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which looks as follows:

0 X x % * *
0 0 0 X =« *
000 0 X N (60)
0 0
Here the ‘X’ indicates entries that are strictly positive. Writing p; ; for a rotation
matrix affecting the entries 4,...,j, we see that in this case the total rotation

matrix will be a composition of the type p = p3mp2.mp1,m. Taking @ = pf and
writing R for the echelon matrix, we get A = QR. The non-zero rows of R form a
basis for the rows of A, of a special form. Splitting Q) = [ Q1 Q2 ] accordingly,
we see that the columns of Qo forms a basis for the co-kernel of A, while the
columns of @) form a basis for the range.

Instead of starting the algorithm in the top left corner and working in the
South-East direction, one could just as well start in the bottom right corner and
work in the North-West direction. This would then produce a QL-factorization,
where the L-factor again contains a basis for the rows of A, but now favoring the
last entries.

A different result is obtained when one compresses rows rather than columns.
This would produce an LQ-factorization (when one starts with the first row and
compresses to the left) or an RQ-factorization (starting on the last row and con-
centrating to the right). Rotations are now applied to the right side of the matrix,
compressing entries in the South-West corner as in:

o O --- 0 0 --- 0]
X 0 0o 0 --- 0
x* 0 0o 0 --- 0
* X o 0 --- 0 (61)
i * * . * o --- 0 |
and in the RQ case the echelon form would look like
[0 -~ 0 % % % ]
0 -+ 0 X x =«
0O -~ 0 0 X =«
0O -~ 0 0 0 X
|0 -~ 0 0 0 0 |
With A = RQ, the columns of R now form a basis for the columns of A. Splitting

Q= [ gl }, we see that the columns of Q¥ form a basis for the kernel of A in
2

this last case.
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The numerical accuracy of these procedures is “good”, in the sense that they
are backward stable (meaning that the accumulation of numerical errors can be
mapped back to an error matrix on the original data that is in magnitude of the
same order). When the original matrix has small singular values (its conditioning
is poor), then the procedures may lead to erratic results in the determination of
the rank of the matrix given a certain tolerance. In that case a singular value
decomposition (SVD) is advisable, in which a decision can be made about which
singular values to neglect. The QR or other form can then be recovered if necessary.
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Abstract. In this note we use Gelfand theory to show that the validity of a
spectral mapping theorem for a given representation ® : M — L(X) of a
Banach function algebra M on a bounded open set in C" implies the validity
of one-sided spectral mapping theorems for all subspectra. In particular, a
spectral mapping theorem for the Taylor spectrum yields at least a one-sided
spectral mapping theorem for the essential Taylor spectrum. In our main
example M is the multiplier algebra of a Banach space X of analytic functions
and @ is the canonical representation of M on X. In this case, we show that
interpolating sequences for M, or suitably defined Berezin transforms, can
sometimes be used to obtain the missing inclusion for the essential Taylor
spectrum or its parts.
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1. Introduction

Originally, operator theory arose from the study of integral and differential equa-
tions. As a consequence, and due in part to the relation with matrix theory, the
basic question was that of invertibility and hence determining the spectrum of
an operator. Subsequently, one considered how to construct operators out of other
operators and, in particular, obtaining operators as functions of simpler operators.

The first step in this direction came from algebra and represented one op-
erator as a polynomial in another one. Given the focus on the spectrum and the

Research on this paper was begun during a visit of the first-named author at the University of
the Saarland.
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algebraic context, one easily proved that o(p(T)) = p(c(T)). Next, F. Riesz de-
fined a functional calculus for an operator T for analytic functions f with a domain
sufficiently large containing o (7) and obtained the same result. Other more refined
functional calculi were introduced such as that of Sz.-Nagy and Foiag [16] for a
bounded function ¢ of a contraction operator T, in which only an inclusion in one
direction holds and the meaning of ¢(c(T")) requires interpretation [10]. This note
continues this topic for n-tuples of operators in which the Taylor spectrum is used.

The basic operators considered are multiplication operators on Banach or
Hilbert spaces of holomorphic functions defined on bounded domains in C™. Ex-
amples are the Hardy and Bergman spaces on the unit ball or polydisk or the
Drury-Arveson space. The basic data are the functions defined on the domain
and the corresponding Koszul complex defined by them. Following the develop-
ment of Taylor [17], one relates the operator-valued Koszul complex to that of the
function-valued one. Gelfand theory is used to show that the validity of a spectral
mapping formula for a representation ® : M — L(X) of a Banach algebra M
that consists of complex-valued functions on a bounded open set €2 in C™ and con-
tains the polynomials implies the validity of one-sided spectral mapping theorems
for all subspectra. Thus, in particular, a spectral mapping formula for the Taylor
spectrum or its parts implies at least a one-sided spectral mapping formula for
the corresponding parts of the essential Taylor spectrum. In the case where M
is the multiplier algebra of a Banach space X of analytic functions and ® is the
representation associating with each multiplier the induced multiplication opera-
tor on X, we show how the existence of sufficiently many interpolating sequences
for M, or a suitably defined Berezin transform, can be used to obtain the missing
inclusion for the essential Taylor spectrum. In the final part of the paper we give
applications to concrete functional Banach and Hilbert spaces and their multiplier
algebras.

For the definitions, and the necessary background on the Taylor spectrum, the
essential Taylor spectrum and its parts, we refer the reader to the monograph [9].

2. Gelfand theory

Let M be a unital Banach algebra of complex-valued functions on a bounded open
subset 0 of C™ such that the coordinate functions z; (1 < i < n) belong to M
and let X be a complex Banach space. Consider a unital algebra homomorphism
®: M — L(X). Then B = ®(M) C L(X) is a unital commutative Banach
subalgebra. Denote by ¢(B) the set of all tuples a = (a1,...,a,) € B" of arbitrary
finite length r, and write ¢(M) for the set of all finite tuples in M. By a spectral
system on B we mean a rule which assigns to each element a = (a1, ..., a,) € ¢(B)
a closed subset o(a) C C” in such a way that for all a,b € ¢(B)

1. po(a,b) =o(a), go(a,b) =a(b),
2. o(a) C op(a).
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Here, for given a = (ay,...,a,),b = (b1,...,bs) € ¢(B), we denote by p: C"*5 —
C" and g : C™"* — C® the projections of C"*¢ onto its first r and last s coordinates,

respectively, and
opla) = {zecr 1¢Z i — a;) }

is the usual joint spectrum of a in the commutatlve Banach algebra B.
Standard results going back to J.L. Taylor (see, e.g., Proposition 2.6.1 in [9]),
show that for any spectral system o on B, the set

Ay ={NE Apg; FN) € o(®(f)) for all f € ¢(M)}

is the unique closed subset of the maximal ideal space Axq of M with the property
that f(AU) = o(®(f)) for all f € ¢(M). Here &(f) = (®(f1),...,2(fr)) and
f: (ﬁ, R fr) : Apr — C7 is the tuple consisting of the Gelfand transforms ﬁ of
fi- In the following we shall denote by U(¢) the system of all open neighbourhoods
of a given point ¢ in C*, and we write 7 = (z1,...,2n) € ¢(M) for the tuple
consisting of the coordinate functions.

Theorem 1. Let o be a spectral system on B and let A = A, C A be the closed

subset of the maximal ideal space of M associated with o. Definea = (a1, ...,a,) =
(®(21),...,P(2n)). If © satisfies

(1) (@) =) (/W NQ); U S ola) open) (f € (M),
then ® satisfies

@) F eN(FUNnQ); UeUFN)) (eA,fedM).

Conversely, if ® satisfies (2), then at least the inclusions

(3) Cﬂ( FUNQ); UDU()open) (f € (M)
hold.

Proof. Suppose that condition (1) holds. Note that the set Ag, consisting of all
A € A which satisfy condition (2) for every tuple f € ¢(M), is a closed subset of A.
Indeed, if (A\;);er is a net in Ay which converges to a functional A € A and U is an
open neighbourhood of 7(A), then there is an index ig € I such that U € U(T(\;))
for all i > ig. But then it follows that

FO) =lim f(x) € FUNQ)
for all f € ¢(M).
To prove (2) it suffices to check that
o(®(f)) C F(Ao)
for every tuple f € ¢(M). To this end, let us fix a tuple f € ¢(M) and a point

w € o(P(f)). Condition (1) implies that there is a sequence of points zj € 2 with
dist(zx,0(a)) < , and [[w— f(z)| < ; for all k > 1. By passing to a subsequence
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we may suppose that the limit z = limy_, 2 € o(a) exists. Since the maximal
ideal space A of M is compact, we can choose a subnet (z,);er of the sequence
(2)k>1 such that lim; 2z, = x in A for a suitable character x on M. Because

w = 1lim f(zx,) = x(f)
it suffices to show that x € Ag. Note that
T(x) = lign 2y, =z € o(a).
Hence for g € ¢(M) and every open neighbourhood U of 7(x), we have that
9(x) = limg(zk;) € 9(UNQ).

Using condition (1) we find in particular that g(x) € o(®(g)) for all g € ¢(M).
Therefore x € Ag and the proof of the implication (1) = (2) is complete.

Suppose that condition (2) holds and fix a tuple f € ¢(M). Since o(®(f)) =
f(A) we find that

Uﬂ( FUNQ); UEU(%(/\)))Cm(f(UﬂQ);UDa(a)open).

AEA
Hence condition (3) holds. O

Remark 2. (a) For z € Q, let 6, : Q — C, f +— f(z), be the point evaluation at z.
We shall say that M satisfies the corona property if {d.; z € Q} C A is dense,
or equivalently, if

Y fiM=M
i=1
for every tuple f = (f1,..., fr) € ¢(M) with 0 ¢ f(£2). It is well known that in

the setting of Theorem 1 the validity of the corona property for M implies the
spectral inclusion

o(®(f)) C m (f(Uﬂ 2); U Dola) open)

for every spectral system o on B = ®(M) and every tuple f € ¢(M) (Theorem
2.6 in [15]). To recall the elementary argument, fix a point w € o(®(f)) and a
character A € A, with w = f(/\) The corona property allows us to choose a net
(2;) in Q such that A = lim; §,,. Then lim; z; = 7(\) € o(a) and, for every open
set U D o(a), we find that

w=lim f(z) € f(UNQ).
(b) On the other hand, even if M satisfies the corona property, the reverse inclusion

need not be true. Examples in [10] show that there are completely non-unitary
contractions T on a Hilbert space H and functions f € H* (D) such that

o(®(f) = {0} c D= ﬂ( F(UND); UDU(T)open),
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where o(T) is the usual spectrum of 7" and ® : H*>(D) — L(H) denotes the
H*°-functional calculus of T'.

Since condition (2) in Theorem 1 is preserved when passing from a given
spectral system o to a smaller one, the validity of a spectral mapping theorem for
o yields at least a one-sided spectral mapping theorem for all subspectra.

Corollary 3. Let o and og be spectral systems on B = ®(M) such that the inclusion
oo(b) C o(b) holds for every tuple b € ¢(B). Suppose that a = (®(z1),...,P(z,))
satisfies the spectral mapping formula

o(@(£) = (FUNQ): U S o(a)open)  (f € c(M)).

Then oo has the property that
oo(®(f)) <) (f(Un Q); U > oola) open) (f € e(M)).

Proof. Denote by A = A, and Ay = A,, the subsets of Ay carrying o and oy.
Then Ay C A and hence condition (2) in Theorem 1 is preserved when passing
from A to Ag. But then Theorem 1 shows that o satisfies at least the spectral
inclusion formula (3). O

In the next section, we shall apply the above results to the case where M is the
multiplier algebra of a given Banach space of functions and ® is the representation
associating with each multiplier the induced multiplication operator.

3. Interpolating sequences and Berezin transforms

A functional Banach (Hilbert) space on an arbitrary set € is a Banach (Hilbert)
space X of complex-valued functions on  such that all point evaluations
b, : X = C, f— f(2) (z € Q), are continuous. Suppose that X is a func-
tional Banach space on Q with 1 € X. Let M(X) ={h: Q@ - C; hX C X}
be the multiplier space of X. By the closed graph theorem, for every h € M(X),
the induced multiplication operator My : X — X, f — hf, is continuous. An
elementary and well-known argument shows that the estimates

[Alloo,0 < 7(Mp) < || Mp|

hold for every multiplier h € M(X). Here r(M},) denotes the spectral radius of
Mp,. Indeed, Mj (0,) = h(z)d, for all z € Q. Hence |h(z)| < ||M}]| for all z € Q and

[Bllso.c < inf [[Myn || = r(M).

The induced algebra homomorphism ® : M(X) — L(X), h — My, is injective with
WOT-closed range. It is not hard to see that the range of ® is even a reflexive
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subalgebra of L(X). Indeed, if C' € L(X) leaves invariant every closed subspace of
X which is invariant under ran ®, then

0="0.(C(f = f(2))) = (Cf = F(:)C1)(2)

for f € X and z € Q. Hence Cf = (C1)f for all f € X.

In particular, M(X) becomes a unital commutative Banach algebra with
respect to the multiplier norm ||h||ap = || Mp]]. Let ©Q be a bounded open subset of
C™. We shall say that X satisfies the /*°-interpolation property if each sequence
(2x) in © converging to a boundary point z € €2 contains a subsequence (wy) with
the property that

{(h(wr)); h e M(X)} = £

For a tuple f = (f1,...,fm) € M(X)™ of multipliers on X, we denote
by My = (My,,...,My,) € L(X)™ the induced tuple of multiplication opera-
tors on X.

Theorem 4. Let X be a functional Banach space on a bounded open set  C C"
with 1 € X such that X satisfies the £°°-interpolation property. Then for m > 1
and f € M(X)™, the spectral inclusion

m (fUNQ); U D OQ open) C ore(My)
holds.

Proof. An elementary argument shows that the set on the left-hand side consists
precisely of all points w € C™ for which there is a sequence (zj)x>1 in  converging
to a boundary point A € 99 such that w = limg_ f(2x). Fix such a point w.
Clearly we may suppose that w = 0. By passing to a subsequence, we can achieve
that

r: M(X) — L%, g — (9(2k)) k21

is a surjective continuous linear operator between Banach spaces. Note that the
continuity of r follows from the closed graph theorem. By the open mapping prin-
ciple there is a zero sequence (fn)n>1 in M(X)™ such that

0 i k<N
e ={ Gy | kSN

for every N > 1. Then the sequence (gn)n>1 = (f — fn)n>1 converges to f
in M(X)™. Denote by d; : X — C, h — h(z), the evaluation maps at the
points zj. Since M(X) C X and (z)r>1 is interpolating for M(X), the family
(0% )k>1 is linearly independent. But then the observation that for each N > 1 the
composition

M, 5k
XxXm N x 2 C

is zero for k > N, implies that the quotients X /M, X™ are infinite dimensional
for every N > 1. Hence 0 € 0,.c(My, ) for every N > 1 and hence 0 € o,.(My). O
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In Section 4 we shall give a few applications of Theorem 4. But before this,
we indicate an alternative method which works in the case of functional Hilbert
spaces and uses generalized Berezin transforms instead of interpolating sequences.

Let H be a functional Hilbert space on an arbitrary set 2. Then for each
point w € £, there is a unique function K,, € H such that

<f7Kw> :f(w) (f € H)

The resulting map K : Q x Q — C,K(z,w) = K,(z), is called the reproduc-
ing kernel of H. In the following we denote by k, = K, /|| K| the normalized
reproducing kernel vectors.

The next lemma will show that, in the case of functional Hilbert spaces, the
Berezin method is more general than the method using interpolating sequences.

Lemma 5. Let H be a functional Hilbert space on a bounded open set Q C C"
with reproducing kernel K : Q x Q — C. Suppose that 1 € H and that H has the
£ -interpolation property. Then weak-lim,_,pq k. =0 and lim,_,9q || K,|| = occ.

Proof. Because of 1/| K| = (1, k,) it suffices to prove the first assertion. Arguing
by contradiction, let us assume that there are a weak zero neighbourhood U C H
and a sequence (z;) in Q with dist(z;, dQ) % 0, but k., ¢ U for all j. By passing
to a subsequence we can achieve that in addition (z;) is interpolating for M(H).
By a result going back to Marshall and Sundberg (see, e.g., Theorem 9.19 in [1]),
it follows that

{((f.k=,))jz0: f € HY = 1.

Hence (k) is a weak zero sequence. This contradiction completes the proof. [

We define the generalized Berezin transform in a slightly more general setting
(cf. [6]). Let € be an arbitrary (possibly infinite-dimensional) Hilbert space. By an
E-valued functional Hilbert space on a given set {2 we mean a Hilbert space H (&)
of £-valued functions on €2 such that all point evaluations

5. H(E) = & f v f(2) (2€9Q)

are continuous. The positive definite map K : Q x Q@ — L(€), K(z,w) = 4,05,
called the reproducing kernel of H(E), is the unique function such that K (-, z)z €
H(E) and

(f; K(:,2)z) = (f(2), )
holds for all f € H(E),z € Q and x € €. Conversely, for every positive definite
function K : Q x Q — L(E), there is a unique E-valued functional Hilbert space
H(E) on Q with reproducing kernel K.

In the following let H(E) be an E-valued functional Hilbert space on a
bounded open set 2 C C™ such that all point evaluations 6, : H(E) — & are
surjective. Let §7 = V.@Q. be the polar decomposition of §5. Then @, € L(€) is a
positive invertible operator and V, € L(&, H(E)) is an isometry. For a given opera-
tor X € L(H(E)), we define its (generalized) Berezin transform I'(X) : Q — L(&)
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by
NX)(z)=VXV..
Under suitable conditions the Berezin transform of every compact operator
vanishes on the boundary of 2. To describe a typical case, let us observe that

QM =m(Q:)"" =m(5)™" (2 €9Q),
where m/(T") = inf| ;=1 [|[Tz|| denotes the minimum modulus of a given bounded
operator T'.

Proposition 6. Let H(E) be an &£-valued functional Hilbert space on a bounded open
set Q@ C C™ such that all point evaluations o, : H(E) — & (z € Q) are surjective.
Then we have:

(a) if lim,_90 m(6%) = co and if the bounded functions are dense in H(E), then
SOT-lim,_,s0 V;* = 0;

(b) WOT-lim,,00 V. = 0 if and only if SOT-lim,_,soI'(C)(z) = 0 for every
compact operator C on H(E);

(¢) SOT-lim,_,00 V;* = 0 if and only if lim,_,5q [|[T'(C)(2)|| = 0 for every compact
operator C on H(E).

Proof. Let z € Q, f € H(E) and z € &£ be given. Since

it follows that V.z = 6:Q; 'z = K (-, 2)Q 2. Similarly, from

(V2 f,z) = (£ K(,2)Q7 'z) = (f(2), Q7 ') = (Q7 ' (f(2)). )
we deduce that V*f = Q;1(f(2)). But then

V2 £ < QM I () = m@E)THIf ()] =37 0

for each bounded function f € H(E). This implies part (a).

For f,g € H(E), let g® f € L(H(E)) be the rank-one operator acting as
g ® f(h) = (h,f)g. Then TI'(g ® f)(z) = (-, V}f)V}g. To prove part (b), let
us first recall that a compact operator C' on H(E) maps each weak zero
sequence to a sequence converging to zero in norm. On the other hand, if
SOT-lim,_, 50 T'(C)(2) = 0 for each compact operator C, then it suffices to choose
a function g € H(E) with ||V g|| = 1 and to observe that

(Vex, ) = IT(g @ )@)| ZH 0 (@€, f e HE).
To prove (c), suppose first that SOT-lim,_,9q V* = 0. Then for f,g € H(E),

IT(g® £ = IVEFI IIVEgl =% 0.

Since T' is a contractive linear map from L(H(E)) into the Banach space of all
bounded L(&)-valued functions on Q (equipped with the uniform norm) and since
every compact operator on H(E) is the norm limit of a sequence of finite-rank
operators, it follows that lim, a0 ||I'(C)(z)|| = 0 for every compact operator C
on H(E). Conversely, if the latter condition holds, then the above argument with
f = g yields that SOT-lim,_,g9q V, = 0. O
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Note that the condition SOT- lim V} = 0 implies that WOT- lim V, = 0.

z—0Q z—00
If dim £ < oo, then these two conditions are easily seen to be equivalent.

Let H = H(K) be a scalar-valued functional Hilbert space given by a repro-
ducing kernel K : Q x  — C. Then for any Hilbert space &, the £-valued func-
tional Hilbert space H(E) determined by the reproducing kernel K¢ :  x  —
L(&), (z,w) — K(z,w)lg, can be identified with the Hilbertian tensor product
H(K) ® €. The hypothesis that all point evaluations §, : H(E) — &£ (z € Q)
are surjective is equivalent to the condition that H(K) has no common zeros. An
elementary exercise shows that in this case the operators @, and V. are given by

Q.=|K(G2)|lg and V,:E& = H(E),z—k, Q@ x,

where as before k, = K(-,2)/||K(:,z)| are the normalized reproducing kernel
vectors. In particular, WOT-lim, 5o V, = 0 if and only if weak-lim, ,90 k, = 0.
By Lemma 5 both conditions are satisfied when 1 € H(K) and H(K) satisfies the
{>°-interpolation property.

Let us return to the case of general vector-valued functional Hilbert spaces.
The following result shows that, in many cases, the Berezin transform can be used
to recover the symbol from a given Toeplitz operator.

Lemma 7. Let H(E) be an E-valued functional Hilbert space with reproducing kernel
K : QxQ — L&) such that all point evaluations ¢, : H(E) — & (2 € Q) are
surjective. Then the identity

[(2)K(z,2)9(2)" = Q.T(MsMg)(2)Q.  (z€9Q)
holds for every pair of multipliers f,g € M(H(E)).
Proof. Let f,g € M(H(E)) be multipliers. Then the identities
f(2)K(z,2)g(2)" = f(2)0:0.9(2)" = 02MyMy6;
= QZ(V:MJ‘M;VZ)QZ = QZF(MfMg*)(Z)QZ
hold for every z € Q. (]

Proposition 6 can be used to deduce a lower bound for the semi-Fredholm
spectrum of a multiplier tuple. A corresponding result for contractive quasi-free
Hilbert modules over the ball algebra A(B,,) is contained in [7].

Theorem 8. Let H(E) be an E-valued functional Hilbert space with reproducing
kernel K : Q x Q — L(E). Suppose that all point evaluations 0, : H(E) — &
(z € Q) are surjective and that

SOT- lim V* =0.
z— 00

Then, for a given multiplier tuple f = (f1,..., fm) € M(H(E))™ with the property
that the row multiplication

My HE™ = H(E). (9:) = Y figs
=1
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has finite-codimensional range, there exist a positive real number ¢ > 0 and an
open neighbourhood U of 092 such that the inequality

Zf, K(z,2)fi(2)* > cK(z,2)

holds for all z € U N
Proof. The hypothesis implies that there is a finite-rank projection F' € L(H(£))
such that the operator
MyM; +F: H(E) — H(E)
is bounded below. Hence there is a constant ¢ > 0 such that
D(MyM; + F)(z) > T'(2c1pe)(2) =2cle (2 €Q).

By Proposition 6 there is an open neighbourhood U of €2 such that I'(M;M7)(z) >
clg for z € UN K. Using Lemma 7 we find that

Zfz (2.2)i(2)" = QL (MfM})()Qs > ¢ Q2

=cQ.V;V.Q. =0, =cK(z,2)
for all z € U NQ. O

Let £ be an arbitrary Hilbert space and let H(E) = H ® £ be given by a
scalar-valued reproducing kernel K : Q x 0 — C. Suppose that H(K) has no
common zeros and that

weak- lim k, = 0.
z2—00Q

The proof of part (a) of Proposition 6 shows that

V2 el = 0 el = [ W = r kel

converges to zero as z — 0N for any given f € H(K) and = € £. Hence the
hypothesis of Theorem 8, that is, the condition that
SOT- lim V=0
z—00N
is satisfied in this case.
Consequently, for a given multiplier tuple f = (f1,..., fm) € M(H(E))™

with the property that the operator My : H(E)™ — H (&) has finite-codimensional
range, there exist a positive real number ¢ > 0 and an open neighbourhood U of

0N such that
Z fz ’L > c 15

for z € UN Q. In the scalar case 5 = C, this estimate reduces to

Do) =e

i=1
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for z € U N Q. Hence, in the particular case of scalar-valued functional Hilbert
spaces, we obtain the following result.

Corollary 9. Let H = H(K) be a functional Hilbert space with reproducing kernel
K :QxQ— C on a bounded open set Q0 C C™ such that H has no common zeros
and

weak- lim k. = 0.
z2—00Q

Then for m > 1 and f € M(H)™, the spectral inclusion
m (f(Uﬂ Q):;U>D 8Qopen) C ore(My)
holds.

Another possible proof of Corollary 9, which is formulated under more re-
strictive conditions, but also works in the setting of the above corollary, is given
by Lin and Salinas in [14] (Proposition 2.2).

4. Applications

Let (Ha)a>—(n+1) be the family of functional Hilbert spaces defined on the open
Euclidean unit ball B,, C C™ by the reproducing kernels

K_(TL+1) (Z,'LU) = 1 +10g 1 _ <Z w>

and
1

(1 = (z,w))rtite

In the terminology of Zhao and Zhu [19], the spaces H, are the generalized
Bergman spaces A2. In the notation of Costea-Sawyer-Wick [5], the space H,
is the analytic Besov-Sobolev space B(Qa tnt1)/20 Since the polynomials are dense
in H, and lim,_,9q || Ka(+, 2)|| = oo, Corollary 9 applies to each of these spaces

H,.

Ko(z,w) = (a>—(n+1)).

Theorem 10. For « > —(n + 1) and H, = H(K,) as above, the right Taylor
spectrum of a multiplier tuple f € M(Hy,)™ is given by

oy (My) = f(By)
and the right essential Taylor spectrum of My is given by
ol (M) = (f(U NB,); U > BIB%nopen) .
For —n>a > —(n+1) and f as above, we obtain in addition the equalities

ol (My) = oy (My) and o (My) = o7 (My).
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Proof. The multiplier algebra M = M (H,) equipped with its multiplier norm
becomes a unital commutative Banach algebra. Denote by

O : M(Hy) — L(Hy), f=> My

the representation associating with each multiplier f € M the induced multiplica-
tion operator My on H,. Since H, contains the constant functions, the inclusion
f(B,) C aF(My) holds for every tuple f € M™. The reverse inclusion

or (My) C f(Bn)

follows from Theorem 2 in [5]. It is well known that the coordinate functions are
multipliers of H, with o7 (M,) = B,, = 0L (M,) and ol (M,) = OB,, = o,(M.).
As an application of Corollary 3 and Corollary 9 we obtain that

ol (Ms) = (f(U NB,):U > B, open)

for every tuple f € M™. In the cited paper [5] of Costea-Sawyer-Wick it is shown
that M = M(H,) satisfies the corona property for —n > o« > —(n+1). Hence, in
these cases, the missing inclusions follow directly from part (a) of Remark 2. O

Let M = H°(D") be the multiplier space of the Hardy space H?(D") on
the unit polydisc D" and let ® : M — L(H?(D")), f ~ M;y, be the induced
representation. By a recent result of T. Trent [18], which improves corresponding
HP-corona theorems of S.-Y. Li [12] and K.-C. Lin [13], the spectral mapping
formula

ol (2(f)) = f(D")
holds for all f € M™ m > 1. Standard tensor product arguments [8] show that
ol (M) = OD". Since the polynomials are dense in H?(D") and since the repro-
ducing kernel

K:D"xD"—C, K(z,w) = [J(1 - zw;) ™"
i=1

of H%(D™) has the property that lim,_,gp» ||K (-, 2)|| = oo, an application of Corol-
lary 3 and Corollary 9 yields the following result.

Theorem 11. For f € H*°(D"™)™, the essential Taylor spectrum of My on H?(D™)
s given by

ol (My) = ol (My) = (\(f(UND"); U > ID" open).

A classical result of Carleson [4] implies that the Hardy space H?(D) on
the open unit disc D in C satisfies the £°°-interpolation property. To conclude we
indicate an elementary way to reduce some multidimensional cases to this classical
situation.

Let X be a functional Banach space on a bounded open set @ C C" such
that 1 € X.
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Lemma 12. Suppose that, for every boundary point A\ € 0X), there is a multiplier
h e M(X) with h(Q) C D, lin}\ h(z) =1 and
z—r

{foh; fe H*(D)} C M(X).
Then X satisfies the £>°-interpolation property.

Proof. Let (21) be a sequence in € converging to a boundary point A € 9. Choose
a multiplier h € M(X) for A as described in the hypothesis of the lemma. By the
classical result of Carleson referred to above, there is a subsequence (wy) of (21)
such that

{(f(h(wr)))y s fe HX(D)} = €.
Since by hypothesis f o h € M(X) for every function f € H*°(D), the assertion
follows. O

If the underlying set 2 has suitable additional properties, then for every
boundary point A € 912, there are multipliers h € M(X) satisfying the first two
properties required in Lemma 12

Proposition 13. Let X be a functional Banach space on a bounded open set Q C C"
with 1 € X. Suppose that Q) satisfies one of the following conditions:

(i) Q is convexr and z1, ..., 2, € M(X);
(ii) Q is an analytic polyhedron and O(2) C M(X);
(iii) Q s strictly pseudoconvex and O() C M(X).
Then for each boundary point A € 0%, there exists a multiplier h € M(X) such
that h(2) C D and lirr}\ h(z) =1.
2=

Proof. Suppose that  is convex and that A € 9. Then by a standard separation
theorem, there is a homogeneous polynomial p(z) = Y"1 | a;z; of degree one such
that

Re p(z) <Re p(A) (z € Q).

If the coordinate functions are multipliers, then also e? = ZZO:O ’,’: is a multiplier
of X. Since |e”(z)’ < ’e”o‘)’ for z € Q, the function h = e? /e’ € M(X) has the
required properties.

Suppose that ) is an analytic polyhedron and that A € 2. Then by definition
there are analytic functions f1,..., f, € O(U) on an open neighbourhood U of
such that

N ={zeU; max |fj(z)| <1} CcQCU.
1<j<r

Then |f;(A)| =1 for some j =1,...,7 and h = f; has the required properties.
Finally, if € is strictly pseudoconvex, then by a well-known result from several
complex variables, for every boundary point A € 02, there is an analytic function
h € O(Q) such that h(A) =1 and |h(z)] < 1 for z € Q\ {\}. This completes the
proof in the third case. O
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The question whether h can be chosen in such a way that M, € L(X)
possesses an H > (D)-functional calculus is more delicate. There are two obvi-
ous cases in which this is true. First, if M(X) = H>(Q), then M} admits an
H*°(D)-functional calculus by trivial reasons. Secondly, if X is a Hilbert space
and ||h||pm < 1, then M), can easily be shown to be a C.q -contraction. Hence also
in this case, M}, possesses an H*°(ID)-functional calculus.

Corollary 14. For each o > —(n + 1), the functional Hilbert space H, considered
in Theorem 10 possesses the £>°-interpolation property.

Proof. Fix a point A € 0B,, and choose a unitary operator U : C™ — C™ such that
UX=(1,0,...,0). Denote by m; : C* — C the projection onto the first coordinate
and consider the function h = m10(Ulg, ). Clearly, h(B,) C D and lim,_, h(z) = 1.
It is well known that 2z, € M(H,) with ||z||m =1 for i = 1,...,n. Since

1 — h(z)h(w) _ 1—m(U(2))m (U(w))
(1= (z,w))mttte (1 — (Uz, Uw))ntite
is positive definite as a function of (2, w) € B,, xB,, it follows that h € M(H,,) with

IIh]lm < 1. Now the assertion follows from Lemma 12 and the remarks preceding
the corollary. O

We conclude this note by giving some Banach space examples. For a bounded
open set 2 in C", let L2(9) be the Bergman space consisting of all analytic func-
tions on ) that are p-integrable with respect to the 2n-dimensional Lebesgue
measure on .

Corollary 15. Let 1 < p < oo be a real number and let Q C C™ be a bounded
open set. In each of the following cases the Bergman space LE(QY) satisfies the
£2° -interpolation property:

(i) Q is convex;

(i1) Q is an analytic polyhedron;

(iil) Q is strictly pseudoconvez.
In each of these cases, we have that

m (f(UNQ); U > 0Qopen) C ol (My) (feH®()™).
If p =2, then in each of these cases we obtain that
ol (My) = o) (My) =) (f(UNQ):; U >0 open) (f € HX(Q)™).

Proof. Suppose that ) satisfies one of the conditions (i), (ii) or (iii).

Since M(LE(QY)) = H*(Q)), Proposition 13 and the remarks following it,
show that the hypotheses of Lemma 12 are satisfied. Hence LE () satisfies the £°°-
interpolation property. Then Theorem 4 implies that the spectral inclusion

m (f(UNQ); U > 90 open) C ol (My)
holds for every m > 1 and f € H*®(2)™.
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Let us specialize to the case p = 2. Then for every bounded pseudoconvex
domain Q C C™ and every tuple f € H>*(Q2)™), the formula

o (My) = o] (My) = f(Q)
holds for the multiplication tuple My € L(L2(Q2))™ (Corollary 8.2.3 in [9]). By

Hérmander’s exactness results for the d-sequence with L2-bounds, it follows that
(Theorem 2.2.3 in [11] and Theorem 8.1.1 in [9])

ol'(M,) = ol (M.) C 09,

e
where M, = (M,,,...,M,,) € L(L?(Q))". As an application of Corollary 3, we
find that
I(my) Cﬂ FUNQ); UDJZ(MZ)open).
Hence, in each of the three cases, the first part of the proof yields the missing
inclusions. U

Let Q C C" be a bounded strictly pseudoconvex domain with C2-boundary.
For p = 2, the above formula for the essential Taylor spectrum of My on the
Bergman space L2(f2) can also be found in [9]. In the proof given here we have
replaced some non-trivial, and more specific, arguments from several variable local
spectral theory by general Gelfand theory.

In [2], Andersson and Carlsson show that the spectral mapping formula

o (My) = ol (My) = f(Q)
also holds for analytic Toeplitz tuples My (f € H*(2)™) on Hardy spaces H?(Q)
(1 < p < o) over strictly pseudoconvex domains Q C C™ with C3-boundary. In [3],
Andersson and Sandberg use J-techniques to obtain the corresponding formulas

ol (My) = ol (Mg) =) (f(UNQ); U > 99 open)

for the essential spectra. For p = 2, well-known C*-algebra methods based on the
essential normality of M, on H?(f) show that ol (M.) = 0. This observation
together with Theorem 1 can be used to reduce the essential spectral mapping
formula of Andersson and Sandberg [3] directly to the corresponding formula for
the full Taylor spectrum from [2]. The same idea should be applicable to some
other spaces occurring in [3].
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Abstract. This is an expository paper on a Nehari problem that is formulated
for p x g rational matrix-valued functions. The symbol for the associated
Hankel operator is holomorphic in the open left half-plane. The interplay
with a number of related finite-dimensional reproducing kernel Hilbert spaces
and Krein spaces is emphasized.
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1. Introduction

This paper is devoted to an expository account of a Nehari problem for ratio-
nal mvf’s (matrix-valued functions) and a number of related finite-dimensional
RKHS’s (reproducing kernel Hilbert spaces) and finite-dimensional RKKS’s (re-
producing kernel Krein spaces). The only prerequisites are some familiarity with
the theory of rational mvf’s with entries in the Hardy spaces Hy and Hy, of the
right half-plane (most of which is easily verified by Cauchy’s integral formula) and
a little bit of realization theory. A short introduction to the latter may be found
in [DOT7]; for more extensive discussion and many applications see [ZDG96]. The
monograph [F87] and the tutorial papers [FD87] and [GI89] partially overlap the
subject matter of this paper and extend it in many other directions connected
with control theory.

The given data for the problem of interest is a rational p x ¢ mvf R(\) with
minimal realization

R(\) =C(\I, — A)™'B and o(A)CQy, (1)
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where C' € CP*" A € C"*", B € C"*9,
Q4+ (resp., Q_) denotes the open right (resp., left) half-plane

and the minimality assumption will be explained in the next section.

Problem: Given R, describe the set
Ne={feRNLE ": f—Re HY? and |flls <1},
where
LPX? = {p x q mvi’s with entries in Lo (iR)},
HPX? = {p x ¢ mv{’s with entries in Hoo(Q4)},
R = the space of rational mvf’s.
We shall also need the notation
HY* = HY*9(Q4) = {p x ¢ mvf’s with entries in Ha(Q4)},
(H3- P> = HY*Y(Q_) = {p x ¢ mvf’s with entries in Ho(Q_)},
H = HE' and (HE) = (Hf)?,
||A]| = the maximum singular value of a matrix A,
A" the Hermitian transpose of A,
SP*9={fe HX: ||f(N)]| <1 for every point A € Q},
I, = the orthogonal projection of L onto HY(Q),
II_ = the orthogonal projection of L onto HE(2_),
FEO) = F=0T,

(f,g)st = /OO trace {g(iv)" f(iv)}dv for f, g € LE*?(iR) and

— 00

(fs @nst = 217T (fy9)st

The notation (H3*?)+ stems from the fact that
feHY " and g € (HY*)" = (f,g)st = 0.

The Poisson formula for the right half-plane

oy _a [7 fliv)
f(a—|—zb)—7r/_ooa2+(y_b)2dv, fora>0and beR

holds for f € RN HEX? and, as

a [ 1
/ ) dv=1 fora>0andbeR,
T J_oo a®+ (v —1)?

leads easily to the maximum principle

Il f(a+1ib)| < maﬁ(Hf(iy)H for a >0 and b € R.
ve
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The operator I' acting from H{ into (Hj )P that is defined by the formula
I'g =1I_Rg. 4)
is called the Hankel operator (with symbol R). It is easily seen that if f € N,

then
II_(f—R)g=0 foreveryge H] (5)

and hence, upon setting I'y = H,f\Hg, that

NeCAN Y (feRNLP . Ty =T and ||f]e < 1}. (6)
In fact it is not hard to show that equality holds in (6):
1y
A+1

Therefore, f— R is holomorphic in Q4 with boundary values in L2>9. Consequently,
by the maximum principle (3), f — R € R N H2X%. Thus,

Ng = Nr. (7)

feNr = (f—R) € RN HY.

2. Two reproducing kernel Hilbert spaces
Let
E,(\)=C(\IL, — A~ and F.(\) = BY(\I, + A")~! (8)
be defined in terms of the matrices in the realization (1), let
P, = ;ﬁ /_ Z Fy (i) Fy(iv)dv, Po— ;ﬁ /_ O; Fn F(ndy  (9)
and let
Mo ={F;(MNu:ueC"} (resp., M.={F.(MNu:ueC"}) (10)
endowed with the inner product
(Fyu, Fov)pmp, = v Pou (vesp., (Fou, Fov)pm, = v Pou) (11)

for every choice of u,v € C".
The assumption that the realization (1) is minimal means that the pair (C, A)
is observable and the pair (A, B) is controllable, i.e.,

n—1 n—1
ﬂ ker CA* = {0} and ﬂ ker BH (AT)F = {0}
k=0 k=0

and hence that if
F,(Mu=0 forevery A€ C\o(A)
(resp.,F.(\)u =0 for every A € C\ o(—A¥)), then u = 0.
Thus the n columns of F,(\) (resp., F.(\)) form a basis for the vector space M,

(resp., M,.). Moreover, the Hermitian matrices P, and P, defined in (9) are both
positive definite.
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Lemma 1. The spaces M, and M. are both n-dimensional RKHS’s with respect
to the inner products defined in (11) with RK’s (reproducing kernels)
KS(\) = E,(\ P, 'F(w) for A\ ,w e C\ o(A) (12)
and
KS(N) = F.(\)P F.(w)® for A,w € C\ o(—AH), (13)
respectively. Moreover, the inner products defined in (11) coincide with the nor-
malized standard inner product.
Proof. To verify the assertion for M,, it suffices to show that
(1) K2v e M, for every v € CP? and w € C\ o(A); and
(2) (f,K2v)pm, = v f(w) for every f € M,, v € CP and w € C\ o(A).
But this is easy, since f € M, means that f = F,u for some u € C”. The

verification for M, is similar. O

Lemma 2. The matriz P, (resp., P.) is the only solution of the Lyapunov equation
AP, + PLA—CHC =0 (resp., AP.+ P.A" —BB" =0). (14)
Proof. Let E € C**™ @ € C"*™, and assuming that o(F) NiR = 0, let
I Hy—1y(, -1
Xp=— (wl, + E7)" " Q(ivl, — E) "dv for R>0.
27 R
Then, in view of (8) and (9),
lm X — P, ifE=A and Q=CHC
R B~ P, ifE=-A" and Q=BBY
The rest of the proof amounts to showing that X r tends to a solution of a Lyapunov
equation as R 7T co. The argument is broken into steps.
(a) Show that
I I
E¥Xp+ XpE = — / Q(ivl, — E) tdv + / (ivl, + ET)71Qdv. (15)
21 _R 21 _R

(b) Show that if o(E) C Q4 and R is large enough, then the right-hand side of
(15) is equal to

1 (/2 , , ,

Q+, / {(Re”I, + EM)™'Q — Q(Re™I, — E)"'} Re™®df  (16)
™ —m/2

(¢) Show that the last expression tends to @ as R 1 oo.

(d) Show that if P = limpjeo X, then

Qi oE)ce
EHP+PE—{—Q it o(E) C O

Finally, the uniqueness follows from the fact that o(A) No(—Af) = (; see, e.g.,
Section 18.2 of [DOT]. O
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Remark 3. Since 0(A) C Q4, the matrices P, and P, are also given by the formulas
(oo} (oo}
P, = / e A" CHCe 4t and P, = / e ABBH A" gy (17)
0 0

This may be verified by invoking Parseval’s formula; another way is to show that
the integrals are solutions of the Lyapunov equations (14).

The mvf
0.(\) =1, — F. NP 'B=1,— BY(\I, + A¥")"'p'B (18)
is inner with respect to Q4. This follows easily from the identity

I, — 0. N0 () = N+ w)E.(\) P (W), (19)

which is verified by straightforward calculation with the help of the Lyapunov
equation for P..
Similarly, the mvf

0,(\) =I, + F,(N)P e =1, + O\, — A)~tpy e (20)
is inner with respect to 2_. This follows easily from the identity
Iy = 0o\ (W) = —(A + w) Fy(\) P, Fy(w) ™, (21)

which is verified by straightforward calculation with the help of the Lyapunov
equation for P,.

Lemma 4. The RKHS’s M, and M, can be identified as
M, = (H)* ©0,(HY))*: and M.=Hio0.H],
respectively, with RK’s
Iy = 0o (A)fo(w) ™

K2(\) =— At w for \, we C\ o(4)
and
_ H
Ke(h) = Lo ei(i)fj(w) for A, we C\ a(—AH).

Proof. The formulas for the RK’s are immediate from (19) and (21) and the for-
mulas in Lemma 1; the identification of the spaces will follow from the evaluations
in the next section. O

3. Some evaluations
Lemma 5. IfT" and R()\) are defined by formulas (4) and (1), respectively, then

(CHK) = RO {;ﬂ | - z'm)le(z'v)du}

= F,(\) {;ﬂ /_ Fc(iv)Hf(z'u)dz/}
for every f € H when \ &€ o(A).

(22)
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Proof. To ease the calculation, suppose first that A = diag{w1,...,w,} for some
distinct set of points wy, ..., wy in Q4 let f € HY and let e; denote the jth column
of I,,. Then, since
H
A) — .
C(M, — A)7'B = Zc B, TV ongs 1o 1

P A — w] — W

and
{(jdgj belongs to (Hy ),

it is readily seen that

(II_Rf)(A ZO{)\ L}Bf(wj)

n
eje

=C J Z €Ll Bf wk
k=

= — Wy

= (M {Z cuci }Bf wr)-

k
By Cauchy’s formula for HJ,
flwg) =— ! / .f(zz/) dv  when wy, € Q4.
21 J_ oo W — wy
Thus,
ekekH
O RN =-F0 L [ 30 B

iv—w
-0 11 k

=F,(\) 27r/, (A —ivI,) *Bf(iv)dv

which coincides with (22). This completes the proof of formula (22) when A is a
diagonal matrix. The same conclusion holds if A is diagonalizable. Therefore, it
also holds for general A € C"*" with o(A) C Q4, since every such matrix can be
approximated arbitrarily well by a diagonalizable matrix. O
Lemma 6. IfT" and R()\) are defined by formulas (4) and (1), respectively, then
(1) The adjoint T'* of T with respect to the standard inner product (normalized
or not) maps (H3-)P into HJ via the formula
I'*g =11, R*g. (23)
(2) If g € (Hy)P, then

(T*g)(\) = F.()\) 217r /_OO F,(iv)" g(iv)dv. (24)
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(3) The formulas
I'Fou=F,Pu and T"F,v=F,Pyw (25)
hold for every choice of u, v € C".
(4) If f € H] is orthogonal to Fou for every u € C", then T'f = 0.
(5) If g € (Hy )P is orthogonal to Fyv for every v € C", then I'*g = 0.

Proof. The first assertion follows easily from the observation that if f € HJ(Q4)
and g € HY(Q_), then

<Ffa g>nst = <H—Rf7 g>nst - <fa R#g>nst
= <f7 H+R#g>nst~

The justification of (24) is similar to the verification of (22). Again it is easiest
to first verify it first for A = diag{w,...,w,} and then to approximate general
A € C"*" by diagonalizable matrices.

Finally, (3), (4) and (5) are easy consequences of formulas (22) and (24). O

Theorem 7. The Hankel operator I' maps M. injectively onto M, and I'* maps
M, injectively onto M..

Proof. This is an easy consequence of the definition of the spaces M. and M, in
(10), the formulas in (25) and the fact that (C, A) and (B, A) are observable
pairs. Thus, for example, if I'f = 0 for some f € M., then, since f = F.u for some
vector u € C", I'f = I'F.u = F,P.u = 0. Therefore, since (C, A) is an observable
pair and P, is invertible, u = 0. This proves that I' maps the n-dimensional space
M. injectively into the n-dimensional space M,. Therefore, the mapping is also
automatically onto. The asserted properties of ['* may be verified in much the
same way. U

Lemma 8. If P)/>P,PY? = UDUH | where UUH = UHU = I,,, uy ..., un denote
the columns of U, D = diag{s?,...,s2}, s1 > -+ > s, > 0 and if

1
fi= FcPcfl/zuj and g; = F(,Pcl/zuj forg=1,...,n,
Sj

then
Lfi=sjg; and T*g;=s;f; forj=1,...,n (26)
Moreover,
(fis fidnst = (95, gr)nst = { (1) Zji i IZ (27)
and
(fisGrinst =0 for jk=1,... n. (28)

Proof. This is an easy consequence of the formulas in (25). O
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4. J spectral factorization

This section is adapted from [F87], who cites [BR86] as a source; for additional
insight on this approach, see also [GGLDS88] and [Gr92]. This section is included
because it leads to an interesting factorization of the mvf © that plays a key role
in Theorem 14. It is possible to skip Sections 4 and 5 and to rely instead on the
definition of © given in Section 7.
_ & RO _ | 0

G\ = {O 1, and J = 0 —1,|" (29)
Theorem 9. If |T'|| < 1, then there exists exactly one muf G € RN HI*™(Q4)
such that G3' € RN HZX™ (), G4 (00) = I, and

G*(NJG(N) = GENJIGL(N). (30)
It is given by the formula

G\ =1, + {%ﬁﬂ (M, + A"y~ [cH —-P,B], (31)
where
N = (I, — P,P.)"" (32)
and
G\t =T, — [%f,} (M, + AT)"V [NCH  —NP,B]. (33)

Proof. Suppose first that there exists a mvf G4 € HZ*™({);) that meets the
stated conditions and let
11(A 12(A - h11(A)  hia(A
G+ = leg)\g §22E/\§] and G4 = {hmg/\; h22§/\§]'
Then, since
GG = TGFN) ' GE),
it follows that

[Ip R] {hn hlz} _ {Ip 0 ] [gﬁ —gzﬁ} (34)
0 Iy| |ho1  hoo R* —1,| |¢7, —gBl’
and hence, in particular, that
hi1 — I, + Rhoy = g¥ — I, (35)
and
ha1 = R#gﬁ - g#z : (36)

This is a set of two equations with four unknown mvf’s. Nevertheless it is uniquely
solvable because of the constraints Gfl € H2*™ and G4 (o0) = I,,. An applica-
tion of the orthogonal projection II_ to both sides of (35) and II; to both sides
of (36) column by column (in a self-evident abuse of notation) serves to eliminate
hi1 — I, in (35) and ¢, in (36), leaving

Thoy = g, — I, and  hyy =T (g% — 1) + R¥,
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and implies further that the columns of gﬁ — I, belong to the range of I' while
the columns of hg; — R* belong to the range of I'*. Thus, in view of (3)-(5) of
Lemma 6,

gﬁ()\) — I, =F,(\)X11 for some matrix Xq; € CP*P,
and hence
hoy =T*F,X1, + R* = F.P,X1; — F.CH
and
F,X11 =Thy =T{F.P, X1, — F.C"} = F,P.{P, X1, — C!}.
Therefore,
X1 = PAP,X11 — C"},
since (C, A) is observable. Moreover, as the assumption ||T'|| < 1 guarantees that
I, — P,P. and I, — P.P, are invertible, this implies that
Xy =—(I, — P.P,)"'P.CH.
Consequently,
g =1,— F,(I, — P.P,)'P.C" and hg = —F.(I, — P,P.)"'CH.

Thus, upon substituting these last two formulas into (35) and (36), it is readily
checked (with the aid of (14)) that
hiy = I, — CP.(\I,, + A")~Y(1, — P,P.)"'C"
and
g% = BEP,(\I, — A)"'P.NCH.

In much the same way the second block columns in formula (34) may be used
to compute hia, haa, go1 and gao (still assuming that there exists a mvf G4 (\) with
the stated properties) and thus to fill in the remaining entries in formulas (31) and
(33). The details are left to the reader.

Conversely, it is readily checked that if G4 is given by formula (31), then
G;l is given by formula (33) and that both of these mvf’s belong to R N H2*™,
that G4 (A\)G4(\)~! = I,,, and that (30) holds.

Finally, although uniqueness is really a consequence of the formulas obtained
for G4 in the first part of the proof, it is instructive to verify unlqueness a second
way: suppose that there is a second mvf G, € HZ2*™ such that (Gy)te HIxm
and (30) holds with G in place of G4. Then, in view of (30), each entry in the
left-hand side of the formula

J(GD) T GLT = Gy (Gy) ™!
is bounded in Q_, whereas each entry in the right-hand side is bounded in Q.

Thus, each entry in G+((~¥+)’1 is bounded in the whole complex plane and by
Liouville’s theorem must be constant. Since G4 (c0) = Iy, this implies that

G () = Gy (00)G1 (V) (37)
for all points A € C. O
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5. The mvf ©® = GG*

The blocks of the mvf © = GGJ_F1 that are considered in this section will be the
coefficients of a linear fractional description of the set g that will be developed in
Section 8. This definition of © is taken from [F87]. However, the analysis in Section
8 is quite different from that in [F87]. As noted earlier, it is possible to skip this
section and to rely instead on the characterization of © that will be presented in
Section 7. The formulas for the blocks of © given below in (39) correspond to those
in [F87] and [BR8T7].
The block entries in the mvf

_ 0 0 hi1 + Rh hi2 + Rh
0 =GG 1 _ 11 12 _ 11 21 12 22 38
¥ {921 . hn o (38)
are given by the formulas
011 =1, — F,(\)P.NCH, 6,5 =F,\)N"B (39)

03 = —F.(A)NCH and 6 = I, + F.(\)P,NYB.
Thus,

C 0[N, —A 0 “'Tte.N o NH 1 [CH o
G(A)_Im_[o BHH 0 AIn+AH] [N PONHHO B]‘]’

with J as in (29). Moreover, as

~1
CErEA o
the formula for ©(\) can be rewritten as
O\) = I, — C(ALay — A)"1PICH (41)
where
I N (I I S
Also
03 =1, + C(\I, — A))"'P.NC", where A, = A+ P.NC"C, (43)
and

0y =1, — BY(\I, + A)'P,N" B, where Ay = A¥ + NP,BBY.  (44)
Lemma 10. (A1) C Qy, 0(A2) C Qy and A = N71A,N.
Proof. Let P = NP, and Q = BB, so that
Ay = A" 1 PQ and Al = A+ QP.
Then, since

AP, + P,A=C"C and AP.+ P.A" = BB" (45)
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it is readily checked that
Pl Ay + AP~ = p71AT 4 AP 4 2Q

= P, NI, — P,P.)A" + AP, Y (I, — P,P.) +2Q
=P AR L AP 4 Q = P {AYP, + P,AYP, ' + BB
=Py lciop; ! + BBY.

Therefore, if Asz = Az for some nonzero vector x € C* and Bz # 0, then

A+ N (P 7tz z) = (P  Agz, ) + (A P~ 1g )
=7{plcior;t + BB Ya > 0.
Thus, as P is positive definite, A + A > 0.
On the other hand, if Asx = Az for some nonzero vector z € C" and B”x =

0, then
Ao = Aox = Afz + PBB 2 = Ay,
which exhibits A as an eigenvalue of A”, and o(A”) C Q,, by assumption. This
completes the proof that o(Az) C Q4.
Next, the formulas in (45) imply that

A"p,pP. + P,AP.=C"CP, and P,AP.+ P,P.A" = P,BB".
Therefore, upon subtracting the second equation from the first,
A"p,P. - 1,)+ (I, — P,P.)A" =Cc"CP. - P,BB",
or, equivalently,
— ANty N“'AH = cHCP, - P,BB".
Thus,
A = A" L cHCP.N = N"Y (A" + NP,BB")N = N"14,N,

which serves to show that o(AH) = o(As). Therefore, since o(Az) C Q. it follows
that o(A;) C Q4 also. O

Remark 11. The verification of the fact that o(A;) C Q4 can also be carried out
much as in Step 1. To do this, let

I, =P.N and Q,=CHC
for short. Then
AT I Ay = (AT 4+ QU + T (A 4+ 1L Q)
= A"(I,, - P,P.)P7' + (I, — P,P.)P; ' A+ 2@,
=P Y P.A"  APYP P 0P =P BB P 4 CHC.
Thus, if Ajxz = Az for some nonzerovector € C™, then

A+ NI e, 2) = ({17 Ave, @) + (ATTI e, 2) = || BY P2 el + | O,

c
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Consequently, as I1; is positive definite, A + A > 0 if C'z # 0. However, if Cz = 0,
then Az = Az, ie, A € 0(4) C Q4.

Theorem 12. The blocks in the muf © enjoy the following properties
(07)* € RN HEXP, 0%, € RN HLXP,
0 € ROHIP and 605 € RN HLX,

Proof. This is immediate from Lemma 10 and the exhibited formulas for the blocks
of ©. (]

Remark 13. If f € RN HZL? and lim) 1 f(A) = 7, then f belongs to the Wiener
plus space (with respect to Q)
WEP(y) ={f: f(N) =~ —|—/ e Mh(t)dt and he LTP(Ry)}.
0
Thus, in view of Theorem 12 and formulas (39), (43) and (44),
(07 e RNWE*P(L,), 07, € RN WIP(0)
o1 € ROAWLP(0) and 63 € RNWTI(L,).

Thus, © belongs to the class called WI*P(j,,) in [ArD12] (but with respect to Q1
not C4).

6. Detour on kernel formulas

Let
_[Fo(y) 0 _ H
F(\) = [ 0 F.() and hp=C\{oc(4A)Uc(—A")}. (46)
The space
M,
M= @ ={F\Nz:xecC™}
M.
endowed with the normalized standard inner product is an RKHS with RK
(BP0 0
Ko = [ 0 FN P Fu(w)f] O hr b
Thus,

K,re M and :rHF(w)y = (Fy, Kox)nst
for every choice of w € by and z, y € C?".
The restriction of the operator

I =T
-~ I
to M can also be expressed in terms of a kernel: If

r-t I,
_OI P_1:| F(W)H on hF X hF?

[

Gu(N) = F()\) {
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then

(| T ) = [ ) = (e ] 6y

for every choice of w € hr, u, v € C* and x € C?".
The two kernels are simply related:

0 I,

] F()™ on b x b, (47)

7. An alternate characterization of ®

Since the columns of

0 R
© -1, and {R# 0] .
belong to M, formulas (22) and (23) imply that if I" and I'* act on mvf’s column

by column, then © — I,,, can be characterized as the unique solution of the operator

equation
I I |6 —1, 012 |0 R
[—r* I } { 0 O —IJ = [R# o] (48)

with columns in M when ||T'|| < 1.

It is easy to derive the formulas for the blocks of © given in (39) directly
from (48) when ||T'|] < 1 by invoking the characterizations of the spaces M, and
M, given in (10) and the evaluations in (25). Thus, for example, in view of (10),
922—],1 = F.X55 and 615 = F, X5 for some choice of X995 € C?*7 and X5 € CP*4,
Consequently, the formula

(I - T°T)(0 — I,) = TR,
that is obtained from (48), translates to
(I —T*I)F.Xos = I*F, B,
which, in view of (25), leads to
F.X39 — F.P,P. X9y — F.P,B.
Therefore, since (B, A) is an observable pair,
022 — I, = F. X5 = F.(I, — P.P,) ' P,B,

which coincides with the formula for 625 in (39). The other blocks of © can be
obtained in much the same way.

Characterizations of resolvent matrices for the Nehari problems analogous to
(48) are valid in much more general settings; see, e.g., [KMASG], [Dy89], [ArD12]
and the references cited therein; and, for a comprehensive treatise on the discrete
Nehari problem, [Pe03].
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8. Linear fractional transformations based on ®

The main objective of this section is to parametrize the set Ag. Analogous de-
scriptions were obtained earlier by other means in [BH83].

Theorem 14. If |I'|| < 1 and O is given by (41) and (42) (or by (48)), then

Ng ={Tole] : e e RNSP*} (49)

where
T@[&} = (9118 + 912)(9216 + 922)_1. (50)
Proof. The claim follows from Lemmas 16 and 18, which will be established below.
d

It is convenient, however, to first introduce the Potapov-Ginzburg transform

Y of ©:
| o _ 011 bi2| |1, O -
021 0929 0 Iq 921 022
_ {911 — 012055 0oy 9129221]
_92_21921 92_21 ’
which is unitary on iR. The blocks of ¥ are given by the formulas
o11 = I, — CP.(\I, + Ay) "' NCH|
o12 = C(\I, — A)' P Y (ML, + AT)(M, + As) ' P, NP B, (51)
091 = BE(\L, 4+ A2) "' NCH?  and 099 = I, — BE (M, + A2) "' P,N" B,
whereas,
o' =1, + CP.N(\L, + AY"tot ) o3t =1, + BE(\I, + A" 'P,N" B,
and
012 — R=CP.(\I, + A;)"'P,N" B.
Lemma 15. o' € RN HPXP, 031 € RN HEXY, o' € RN HYX and ||og (w)]| <
0 <1 for every point w € Q.

Proof. The stated inclusions are clear from Lemma 10 and the formulas for o7,
091 and 02i21 that are displayed just above. Let §1(iv) > --- > §,4(iv) denote the
singular values of oa3(iv). Then, since ¥ is unitary on iR,
agl(iv)agl(ill)H =1, - Ugg(il/)agg(iv)H

and hence

lo21 (i) [|* = 1 — s, (iv)*.
Therefore, since

sq(iv) ™ = ||oaa(iv) Y|
and there exists a constant p > 1 such that

loaa(iv) || < p forall v € R,
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it follows that
lo2a (i)|* <1 p72,
which serves to establish the advertised bound with § = (1 — p=2)%/2. O
Lemma 16. If |T']| <1, Y € RNSP*? and O(N) is defined by formula (38), then
TolY] € Ng. (52)
Proof. The formula
TolY] — R= (h11Y + hi2)(ho1Y + hao) ™"

follows easily from (38) and (50). Moreover, as © is J-unitary on iR, it is readily
checked that

Y e RNSP = ||(To[Y])(iv)]| <1 forveR.
Thus, it remains to show that
TolY] — R € HEX1. (53)
Since (h11Y + h12) € RN HEX? and
(ho1Y + hoo) ™t = (I; — 021Y) o2,
this reduces to checking that
(I, — 091Y) toae € RN HIX.

But, as g2 € R N HL9 this follows easily from the bounds established in
Lemma 15:

1(Zg = (oY) )T < D o Y)NF <Y dF = (1 —-6)7"
k=0 k=0

for every point A € Q, which serves to complete the proof of the theorem. O

At this point it is convenient to pause from the main development in order to
establish some facts from linear algebra that will be needed to establish a converse
to Lemma 16.

Lemma 17. If T € C*9 and T + TH > &1, for some § > 0, then T is invertible

and
2

T < (54)
IfU € C™1 and ||U|| < 1, then I, + U is invertible and
(I +U) 4 (I + U 2 1, (55)

Proof. If T +TH > 61, and (T'z,z) = a + ib (with a, b € R), then
2 = (T + TH)z,2) > 6{1,2,3) = 8|a|>

Therefore, since
la| < \/a2 + 02 =Tz, x)| <||Tx| ||z|,
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it follows that 5
| Tz| > 2||33H for every x € C, (56)

which proves that T is invertible and, upon setting x = 7'y, that
2
1T y|| < 5 lly| for every y € C4,

which justifies (54).
Next, observe that if ||U|| < 1, then I, + U is invertible and the real part of
the Cayley transform

V=U-U)I+U)" =@ — I, +U)I,+U)" ' =2(l,+U)" - I,
of U is positive semidefinite, i.e.,
V4+vi>o.
Thus, as (I, + U)~t = (V + 1,)/2,
I+ U) " + (L + U =L+ (V+ VT 2> 1,

which justifies (55). O
Lemma 18. If [|T'|| < 1 and O(X) is defined by formulas (41) and (42), then

Ng C{Tole] : e e RNSP*9Y. (57)
Proof. Let S € Nr and set

Y =Tg-1[S] oniR.
Then
SeRNLE, S—ReRNHEY |SGv)|<1lforveR

oo
and, since O(iv)2 JO(iv) = J for v € R, ||V (iv)|| < 1 for v € R.

It remains to show that Y € SP*4. Towards this end, it is convenient to first
reexpress S = Tg[Y] in terms of the entries in the Potapov-Ginzburg transform X
of © as

S = T@[Y] =012 + 011Y(Iq — 021Y)_1O'22
and then to proceed in steps.
1. Y(Iq — 0'21Y)_1 eERN Hgoxq:

Since 012 = Tg[0], Lemma 16 guarantees that 012 € Mg and hence that
o12 — R € RN HYX4. Thus,

S—o012=(S—R)— (012 — R) e RN HEX.
Therefore, as o7, € RN HEXP and 055 € R N HLXY, it follows that
Y(I, —021Y) ' =01 (S — 012)05  belongs to R N HEX.

2. (Iq — 0'21Y) eERN Hgoxq:
Since 091 € RN HLXP, Step 1 and the identity
Iq + 021Y(Iq — 021Y)_1 = (Iq — O’21Y)_1
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imply that the mvf
f=Ug=onY)™
belongs to R N HL?. The bound on o9; in Lemma 15 implies that
llo21(iv)Y (iv)]| < |lo21(iv)]] <6 <1 for every v € R,
Lemma 17 implies that
flv) + f(in) > 1,
the Poisson formula for the right half-plane (2) implies that

a [ i)+ fin)"

f(a—i—ib)—i—f(a—i—ib)H:7T @t (v b dv

a [ I,
> ) dv=1, fora>0andbeR.
T J_ oo a2+ (v —1)?

Therefore, by another application of Lemma 17, f is invertible in Q2 and
| f(a+ib)~t|| <2 for a > 0. Thus,
ft=1,—021Y = (ga16 + g22)~ " belongs to R N HL*?.

3. Y e RNSP*:
The preceding steps imply that
Y(I, —021Y) '€ RONHEY and (I, —091Y) € RN HIX.
Therefore, since Y is the product of these two mvf’s, it belongs to R N HEX9.

Moreover, since ||Y (iv)|| < 1, the maximum principle (3) guarantees that ¥ €
R NSP*4, 0

Remark 19. The proof of Lemma 18 may also be based on the formula

_ _ —g11 R+ 912

elzGGlzgll g1
+ g21 —g21R+ g22
Then
Y =To-1[S] =T, [S — R] = (g11€ + g12) (9216 + g22) 1,
withe =5 — R e RNHZ, and
Iq —091Y = (9218 + 922)_1 and Y(Iq — 0'21Y)_1 = (9116 + 912).

In this formalism, it is easy to see that (gi11€ + g12) € RN HEX? and (g21€ + g22) €
RN HL*9, but not so easy to verify that (gaie + go2) ™! € R N HIXY.

Remark 20. (An example connected with study of 9521 )
If R(\) = c¢(A—a)~!b with a > 0 and b = ¢, then
c|? N = 4a?

|
P,=P.= ) =
2a 4a? — |c|*

and

A—NHBBEP —ql1— 2lef*
4a? — |c|*
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There is no guarantee that this number is positive, since the only constraint is
that N > 0, which is not strong enough (it only guarantees that 4a® — |c[* > 0).
However, if is also assumed that ||R(iv) < 1 for all v € R, then there is an
additional constraint:

|c[*
2 4 g2 <1 forallveR
v
and hence that
el _
a? — L

in which case o(A — NfBB"P,) C Q..

9. The finite-dimensional Krein space /C(©)

If A, C and P are defined by formula (42), then it is readily checked (with the aid
of the Lyapunov equations (14) that

AUp 4+ PA+CHJC =0 (58)
and hence that the mvf © defined by formula (41) satisfies the identity
J—ONJOW) T = (A +w)C( Mgy — A) " P~ Ywly, — AH)~1CH (59)
for A\, w € C\ o(A).

Lemma 21. The matriz P defined in (42) has n positive eigenvalues and n negative
eigenvalues (counting multiplicities).

Proof. By Schur complements,

ﬁ— In _Pc_l Pc_l_PO 0 In 0
“lo I, 0 —P| |-P7Y L]

Therefore, the signature of Pis equal to the signature of the matrix

Pl-P, 0
0 —P.|

The asserted claim now follows easily from the fact that
Pt — P, = P Y1, — PY/?P,P}/?)pL/?
is positive definite and — P, is negative definite. O
Thus, as the pair (5’ , Z) is observable, the preceding analysis implies that:
Theorem 22. If F'(\) is defined as in (46), then the space
M= {F\)z: x € C*™},
endowed with the inner product

(Fz, Fy) = yHIBx for every choice of x, y € C*"
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is a finite-dimensional RKKS with n negative squares and RK

u_ J—0()Jew)"

K,(\) = FO) P 'F(w) N

for A, w e C\ o(4).

Thus, the characterization of the set {Tg[s] : s € SP*?]} that was developed
in [DD09] and [DD10] is applicable. However, because of lack of space and time,
we shall not pursue this here. Another route to information on this set will be
considered in the next section.

10. Detour on J-inner mvf’s

A lengthy but straightforward calculation leads to the identity

0,(n) o 17"
W) =|"° O\) =1, — V(Ay, — M) 1QVH], (60)
0 0e(N)
where
0 cp;t {4 o0 _[P7Y I,
V= LBHPC1 0 ] M= {0 —AH] and Q= {—In Pol}

Moreover, since
J =W JIW () = A+ w)V( M2, — M) 'Q Hwlz, — MT)"1VH

and @ is positive definite, it follows that W is J-inner with respect to Q4 (i.e.,
J = W(w)JW (w)* >0 for w € Q4 with equality on iR). Therefore,

Twle] € SP*9  for every ¢ € SP*4

and, in view of (60),
Tole] = 0, Twle] 0.

Since both of the multipliers, 6, and .1 are contributing poles in Q. it seems
at first glance that Tgle] may have up to 2n poles in Q. However, this is not the
case because s = Ty [e] has compensating zeros. In fact the characterization of the
set {Tw(e] : € € SP*4} in [Dy03] implies that if mvf F(\) = V(Ala, — M)~!, then

I, —s|FzeHY for every z € C*" (61)
and

[—s* I,)Fz € (H})* for every 2 € C*". (62)
In the present setting the constraint (61) implies that

sBEP-Y(\I, — A)"'u € HY for every u € C"
and hence that
s07' = s(I, + BTP7Y(\I, — A)™'B) belongs to HZX.
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Similarly, the constraint (62) implies that

v (A, — AP0 s € HI' for every v € C*

and hence that

05 = (I, + C(\I, — A)"' P, 'CH)s belongs to HEX?.

Thus, s will have at most n poles in C..

Remark 23. Formula (60) exhibits a factorization of the J-inner mvf W into the
product of a diagonal matrix based on the associated pairs {0;*,0.} of W and a
gamma generating matriz ©. The general theory of such factorizations originate in
the work of D.Z. Arov in the late eighties; see [Ar89]; and for additional discussion,
developments and references, [ArD0S].

I thank V. Derkach, B. Francis, M. Porat and M. Putinar for reading and
commenting on early versions of this paper.
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Optimal Solutions to Matrix-valued Nehari
Problems and Related Limit Theorems
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Dedicated to J. William Helton, on the occasion of his
65th birthday, with admiration and friendship.

Abstract. In a 1990 paper Helton and Young showed that under certain con-
ditions the optimal solution of the Nehari problem corresponding to a finite
rank Hankel operator with scalar entries can be efficiently approximated by
certain functions defined in terms of finite-dimensional restrictions of the Han-
kel operator. In this paper it is shown that these approximations appear as
optimal solutions to restricted Nehari problems. The latter problems can be
solved using relaxed commutant lifting theory. This observation is used to ex-
tent the Helton and Young approximation result to a matrix-valued setting.
As in the Helton and Young paper the rate of convergence depends on the
choice of the initial space in the approximation scheme.

Mathematics Subject Classification. Primary 47A57, 47B35;

secondary 93B15, 93B36.
Keywords. Nehari problem, Hankel operators, H-infinity theory, relaxed com-
mutant lifting, approximation.

1. Introduction

Since the 1980s, the Nehari problem played an important role in system and control
theory, in particular, in the H°°-control solutions to sensitivity minimization and
robust stabilization, cf., [9]. In system and control theory the Nehari problem
appears mostly as a distance problem: Given G in L, determine the distance
of G to H*, that is, find the quantity d := inf{||G — F|loc | F € H*>} and, if
possible, find an F' € H®° for which this infimum is attained. Here all functions are
complex-valued functions on the unit circle T. It is well known that the solution to

The research of the first author was partially supported by a visitors grant from NWO (Nether-
lands Organisation for Scientific Research).
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this problem is determined by the Hankel operator H which maps H? into K2 =
L?©H? according to the rule H f = P_(Gf), where P_ is the orthogonal projection
of L? onto K2. Note that H is uniquely determined by the Fourier coefficients of G
with negative index. Its operator norm determines the minimal distance. In fact,
d = ||H|| and the infimum is attained. Furthermore, if H has a maximizing vector
¢, that is, if ¢ is a non-zero function in H? such that ||He|| = ||H]|| ||¢|, then the
AAK theory [1, 2] (see also [18]) tells us that the best approximation G of G in
H*® is unique and is given by

it
Gl = G(eity — HAED) (1.1)
p(e”)

By now the connection between the Nehari problem and Hankel operators
is well established, also for matrix-valued and operator-valued functions, and has
been put into the larger setting of metric constrained interpolation problems, see,
for example, the books [6, Chapter IX], [13, Chapter XXXV], [7, Chapter I], [17,
Chapter 5] and [3, Chapter 7], and the references therein.

The present paper is inspired by Helton-Young [14]. Note that formula (1.1)
and the maximizing vector ¢, may be hard to compute, especially if H has large or
infinite rank. Therefore, to approximate the optimal solution (1.1), Helton-Young
[14] replaces H by the restriction H = H|p2q.n 2 to arrive at

T3 (it
G(e) = G(e™) — (He)(e ), a.e. (1.2)
p(e)
as an approximant of G. Here n is a positive integer, ¢ is a polynomial and ¢ is
a maximizing vector of H. Note that a maximizing vector ¢ of H always exists,
since rank H < n+ deg ¢ < oo, irrespectively of the rank of H being finite, or not.

In [14] it is shown that é is a computationally efficient approximation of the
optimal solution G when the zeros of the polynomial g are close to the poles of G
in the open unit disk D that are close to the unit circle T. To be more precise, it is
shown that if G is rational, i.e., rank H < oo, and || H|| is a simple singular value
of H, then H@ — @0 converges to 0 as n — co. This convergence is proportional
to r™ if the poles of G in D are within the disc D, = {z € C | |z| < r}, and the rate
of convergence can be improved by an appropriate choice of the polynomial g.

It is well known that the Nehari problem fits in the commutant lifting frame-
work, and that the solution formula (1.1) follows as a corollary of the commutant
lifting theorem. We shall see that the same holds true for formula (1.2) provided
one uses the relaxed commutant lifting framework of [8]; cf., Corollary 2.5 in [8].

To make the connection with relaxed commutant lifting more precise, define
R, to be the orthogonal projection of H? onto H2S 2" 1qH?, and put Q, = SR,
where S is the forward shift on H?. Then the operators R, and Q, both map
H? into H2© z"qH?, and the restriction operator H,, := H|p20,ngu> satisfies the
intertwining relation V_H, R,, = H,(Q,. Here V_ is the compression of the forward
shift V on L? to K2. Given this intertwining relation, the relaxed commutant lifting
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theorem [8, Theorem 1.1] tells us that there exists an operator B,, from H?>©z"qH?
into L? such that

P_B, =H,, VB,R,=BQ,, |Bu|=IHn.l- (1.3)

The second identity in (1.3) implies (see Lemma 2.2 below) that for a solution B,, to
(1.3) there exists a unique function ®,, € L? such that the action of B, is given by

(Bph)(e) = @, (e")h(e™) a.e. (h€ H?O 2"qH?). (1.4)

Furthermore, since H,, has finite rank, there exists only one solution B,, to (1.3)
(see Proposition 2.3 below), and if ¢, = ¢ is a maximizing vector of H,,, then this
unique solution is given by (1.4) with ®,, equal to
P, () = (H"wn)(ems) = (}{@)(ezt)7 a.e.. (1.5)
Un(e”) e(e’)
Thus G — G in (1.2) appears as an optimal solution to a relaxed commutant lifting
problem.

This observation together with the relaxed commutant lifting theory devel-
oped in the last decade, enabled us to extent the Helton-Young convergence result
for optimal solutions in [14] to a matrix-valued setting, that is, to derive an anal-
ogous convergence result for optimal solutions to matrix-valued Nehari problems;
see Theorem 3.1 below. A complication in this endeavor is that formula (1.1) gen-
eralizes to the vector-valued case, but not to the matrix-valued case. Furthermore,
in the matrix-valued case there is in general no unique solution. We overcome the
latter complication by only considering the central solutions, which satisfy an ad-
ditional maximum entropy-like condition. On the way we also derive explicit state
space formulas for optimal solutions to the classical and restricted Nehari problem
assuming that the Hankel operator is of finite rank and satisfies an appropriate
additional condition on its maximizing vectors. These state space formulas play
an essential role in the proof of the convergence theorem.

This paper consists of 6 sections including the present introduction. In Sec-
tion 2, which has a preliminary character, we introduce a restricted version of the
matrix-valued Nehari problem, and use relaxed commutant lifting theory to show
that it always has an optimal solution. Furthermore, again using relaxed commu-
tant lifting theory, we derive a formula for the (unique) central optimal solution.
In Section 3 we state our main convergence result. In Section 4 the formula for the
(unique) central optimal solution derived in Section 2 is developed further, and
in Section 5 this formula is specified for the classical Nehari problem. Using these
formulas Section 6 presents the proof of the main convergence theorem.

Notation and terminology. We conclude this introduction with a few words about
notation and terminology. Given p,q in N, the set of positive integers, we write
L2, for the space of all ¢xp-matrices with entries in L2, the Lebesgue space of

axp
square integrable functions on the unit circle. Analogously, we write H2,,  for the
2

axp
space of all gxp-matrices with entries in the classical Hardy space H?2, and Kivp

stands for the space of all ¢xp-matrices with entries in the space K2 = L? & H?,
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the orthogonal compliment of H? in L2. Note that each F' € L2, can be written

axp
uniquely as a sum [’ = F +F_ with Fy € ngp and F_ € K,?Xp. We shall refer to

F as the analytic part of F' and to F_ as its co-analytic part. When there is only

one column we simply write L2, H and K7 instead of L2, H?, | and K ;. Note

that L2, H? and K7 are Hilbert spaces and K2 = L2 © H?. Finally, L2, stands
for the space of all g xp-matrices whose entries are essentially bounded on the unit
circle with respect to the Lebesque measure, and H75, stands for the space of all
gXp-matrices whose entries are analytic and uniformly bounded on the open unit
disc D. Note that each F' € Lg5, belongs to Lﬁxp and hence the analytic part F
and the co-analytic part F_ of F are well defined. These functions belong to L2
and it may happen that neither F; nor F_ belong to L5 .
need the following embedding and projection operators:

E:CP—H!, Ful\)=u (AeD); (1.6)

axp
In the sequel we shall

1 27 ) )
II: K, —C% IIf = / e fe™) dt. (1.7)
271' 0

Throughout G € L3, and H : H? — K is the Hankel operator defined by
the co-analytic part of G, that is, Hf = P_(Gf) for each f € H}. Here P_ is
the orthogonal projection of erz onto K,?. Note that V_H = HS, where S is the
forward shift on H]f and V_ is the compression to K 3 of the forward shift V' on Lg.

Finally, we associate with the Hankel operator H two auxiliary operators

involving the closure of its range, i.e., the space X = Im H, as follows:
Z:X =X, Z=V_|x, (1.8)
. g2 _ 2
W:H, — &, Wf=Hf (fe€H,). (1.9)

Note that X := Im H is a V_-invariant subspace of K 3. Hence Z is a well-defined
contraction. Furthermore, if rank H is finite, then the spectral radius rspec(Z) is
strictly less than one and the co-analytic part G_ of G is the rational matrix
function given by
G_(\) = ([]x)N - Z)'WE.

In system theory the right-hand side of the above identity is known as the restricted
backward shift realization of G_; see, for example, [5, Section 7.1]. This realization
is minimal, and hence the eigenvalues of Z coincide with the poles of G_ in D.
In particular, rspec(Z) < 1. Since V_H = HS, we have ZW = WS. Furthermore,
Ker H* = K 3 eX.

2. Restricted Nehari problems and relaxed commutant lifting

In this section we introduce a restricted version of the Nehari problem, and we
prove that it is equivalent to a certain relaxed commutant lifting problem. Through-
out M is a subspace of Hg such that

STMc M, KerS CM. (2.1)
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With M we associate operators Ry and Qaq acting on Hg, both mapping Hg
into M. By definition R4 is the orthogonal projection of Hg onto S*M and
Qm = SBRpm.

We begin by introducing the notion of an M-norm. We say that & € L(2]><p
has a finite M-norm if ®h € Lg for each h € M and the map h — ®h is a bounded
linear operator, and in that case we define

[@[lm = sup{[|®hl[L2 [ h € M, [|hl[gz < 1}.

If M is finite dimensional, then each ® € Lﬁx p» has a finite M-norm. Furthermore,
® € L3, has a finite M-norm for every choice of M, and in this case [ @[y <
@], with equality if M = H?. Note that ® € L2, has a finite M-norm and
G € LS, imply G — @ has a finite M-norm.

We are now ready to formulate the M-restricted Nehari problem. Given
G € Lg,, and a subspace M of Hg, we define the optimal M-restricted Nehari
problem to be the problem of determining the quantity

dyp = inf{||G — F||pm | F € HZ,, and F has a finite M-norm}, (2.2)

and, if possible, to find a function F' € H, 3X p of finite M-norm at which the infimum
is attained. In this case, a function F' attaining the infimum is called an optimal
solution. The suboptimal variant of the problem allows the norm ||G — F'|| o to be
larger than the infimum. When M = Hg, the problem coincides with the classical
matrix-valued Nehari problem in LS . In [15, 16] the case where M = HEQS’“HE,

5 ) gxp-
with k € N, was considered.

Xp

Proposition 2.1. Let G € Ly, and let M be a subspace of Hg satisfying the
conditions in (2.1). Then the M-restricted Nehari problem has an optimal solution
and the quantity dag in (2.2) is equal to ya = ||H|pm||, where H : H? — K2 is

the Hankel operator defined by the co-analytic part of G.

We shall derive the above result as a corollary to the relaxed commutant lift-
ing theorem [8, Theorem 1.1], in a way similar to the way one proves the Nehari
theorem using the classical commutant lifting theorem (see, for example, [6, Sec-
tion I1.3]). For this purpose we need the following notion. We say that an operator

B from M into L?I is defined by a ® € L¢21><p if the action of B is given by

(Bh)(e™) = ®(e)h(e) a.e. (h € M). (2.3)

In that case, ® has a finite M-norm, and ||®|| s = || B||. When (2.3) holds we refer
to ® as the defining function of B. The following lemma characterizes operators
B from M into L,QI defined by a function ® € L?;x;; in terms of an intertwining
relation.

Lemma 2.2. Let M be a subspace of Hg satisfying (2.1), and let B be a bounded
operator from M into Lg. Then B is defined by a ® € L,QIXP if and only if B
satisfies the intertwining relation VBRax = BQaq. In that case, ®(-)u = BEu(-)
for any uw € CP and ||B|| = ||®|| m-
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Proof. This result follows by a modification of the proof of Lemma 3.2 in [11]. We
omit the details. (]

Proof of Proposition 2.1. Put yar = ||H|m||- Recall that the Hankel operator
H satisfies the intertwining relation V_H = HS. This implies V_H|pRpm =
H|pmQam. Here Ryq and Qg are the operators defined in the first paragraph of
the present section. Since Q% Qm = R\ Rar and V is an isometric lifting of V_,
the quintet

{H|M7V77Vv RM»QM?’VM} (24)

is a lifting data set in the sense of Section 1 in [8]. Thus Theorem 1.1 in [8]
guarantees the existence of an operator B from M into Li with the properties

P_B=H|ym, VBRym=BQam, ||Bll=vm- (2.5)

By Lemma 2.2 the second equality in (2.5) tells us there exists a ® € L7, defining
B, that is, the action of B is given by (2.3). As ®(-)u = BFEu(-), the first identity
in (2.5) shows that G_ = ®_, and hence F := G — ® € H;, . Furthermore,

1G = Flla = [@l[a = [1Bll = a1,

because of the third identity in (2.5). Thus the quantity daq in (2.2) is less than
or equal to yuq.

It remains to prove that daq > yaq. In order to do this, let F e ngp and
have a finite M-norm. Put ® = G — F. Then & has a finite M-norm. Let B be
the operator from M into L¢21 defined by ®. Since F € ngp, we have G_ = &_,
and hence the first identity in (2.5) holds with B in place of B. It follows that

G = Fllaa = 1@l = 1Bl > [H|sll = s
This completes the proof. O

In the scalar case, or more generally in the case when p = 1, the optimal
solution is unique. Moreover this unique solution is given by a formula analogous
o (1.2); cf., [1]. This is the contents of the next proposition which is proved in
much the same way as the corresponding result for the Nehari problem. We omit
the details.

Proposition 2.3. Assumep =1, that is, G € Lg® and M a subspace of H? satisfying
(2.1). Assume that H|ar has a mazimizing vector 1 € M. Then there exists only
one optimal solution F to the M-restricted Nehari problem (2.5), and this solution
s given by
; ; Hip)(e™)
F(e") = G(e") — ( ; a.e. 2.6
=6 - (26)
In general, if p > 1 the optimal solution is not unique. To deal with this
non-uniqueness, we shall single out a particular optimal solution.
First note that the proof of Proposition 2.1 shows that there is a one-to-one
correspondence between the optimal solutions of the M-restricted Nehari problem
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of G and all interpolants for H |, with respect to the lifting data set (2.4), that is,
all operators B from M into Lg satisfying (2.5). This correspondence is given by

B — F =G — ®, where @ is the defining function of B. (2.7)

Next we use that the relaxed commutant lifting theory tells us that among all
interpolants for H | with respect to the lifting data set (2.4) there is a particular
one, which is called the central interpolant for H|aq with respect to the lifting
data set (2.4); see [8, Section 4]. Since V is a minimal isometric lifting of V_, this
central interpolant is uniquely determined by a maximum entropy principle (see
[8, Section 8]) and given by an explicit formula using the operators appearing in
the lifting data set.

Using the correspondence (2.7) we say that an optimal solution F' of the M-
restricted Nehari problem of G is the central optimal solution whenever ¢ := G—F
is the defining function of the central interpolant B for H|xq with respect to the
lifting data set (2.4). Furthermore, using the formula given in [8, Section 4] for the
central interpolant the correspondence (2.7) allows us to derive a formula for the
central optimal solution. To state this formula we need to make some preparations.

As before yap = || H|m||- Note that |HPmS|| < ||HPm| = ||H|ml|, where
Py is the orthogonal projection of H?(CP) on M. This allows us to define the
following defect operators acting on H?(CP)

D = (Vaal — PmH"HPp)'/? on H*(CP), (2.8)
DSy = (Y3l — S*PpH*HPmS)Y? on H(CP). (2.9)
For later purposes we note that S *DiAS = Dj’a. Next define
o w1 . 2 (Cq
-]
IMHR
w(DmQm) = {DMRA;] and  w|Ker@y,Da = 0. (2.11)

From the relaxed commutant lifting theory we know that w is a well-defined partial
isometry with initial space F = Im DqQ rq. Furthermore, the forward shift opera-
tor V on L?I is the Sz.-Nagy-Schéffer isometric lifting of V_. Then as a consequence
of [8, Theorem 4.3] and the above analysis we obtain the following result.
Proposition 2.4. Let G € LgS,, and let M be a subspace of Hg satisfying the
conditions in (2.1). Then the central optimal solution Faq to the M-restricted
Nehari problem is given by Fag = G— ® aq, where o € Lﬁxp has finite M-norm,
the co-analytic part of ®aq is equal to G_, and the analytic part P a4+ of Py is
given by

PN =wi(I — M) 'DME. (2.12)

Here E is defined by (1.6), and wy and wy are defined by (2.10) and (2.11).

It is this central optimal solution Faq we shall be working with.



158 A E. Frazho, S. ter Horst and M.A. Kaashoek

3. Statement of the main convergence result

Let G € L5, and let H be the Hankel operator defined by the co-analytic part
of G. In our main approximation result we shall assume that the following two

conditions are satisfied:

(C1) H has finite rank,
(C2)  none of the maximizing vectors of H belongs SH?.

Note that (C1) is equivalent to G being the sum of a rational matrix function with
all its poles in D and a matrix-valued H° function.

In the scalar case conditions (C1) and (C2) are equivalent to the conditions
assumed in the Helton-Young paper [14]. To see that this is the case, assume (C1)
holds and p = ¢ = 1. Tt suffices to show (C2) is equivalent to ||H|| being a simple
singular value, in other words, that the span of maximizing vectors of H is a one-
dimensional subspace. Fist assume ||H || is simple, but (C2) does not holds. Let Sv
be a maximizing vector of H. Then v € H? is non-zero and

[H|[l[oll = 1 H[[[|Svll = |HSvl| = [V-Hol| < [[Ho|| < [[H[][[v]-

Thus the inequalities are equalities, and v is a maximizing vector of H. As the
space spanned by the maximizing vectors of H is assumed to be one dimensional,
v must be a scalar multiple of Sv, which can only happen when v = 0, which
contradicts v # 0. Thus || H|| being simple implies (C2). Conversely, assume (C2)
holds and that vy, vy € H? are maximizing vectors. Then w = vo(0)vy — v1(0)vg is
in the span of maximizing vectors and has w(0) = 0. Hence w € SH?. By (C2), w
is not maximizing, and thus necessarily w = 0. Hence v; is a scalar multiple of v,
or conversely. We conclude that the span of maximizing vectors has dimension 1,
hence that ||H]|| is simple.

For our approximation scheme we fix a finite-dimensional subspace M of
Hg invariant under S*, and we define recursively

M =KerS*"® SMy_1, keN. (3.1)

Since M is invariant under S*, the space Mgy is invariant under S, and the
Beurling-Lax theorem tells us that Mg = ©H7, where © € Hp%, and can be
taken to be inner. Using this representation one checks that My = Hg ozFeH h
for each k € N. It follows that My C M; C My C -+ and ;5o My = Hg.
Furthermore,

S*Mi C My, and KerS* Cc My, keN. (3.2)
Note that the spaces My = H? © zFqH?, k = 1,2,..., appearing in [14] satisfy
(3.1) with My = H? © qH>.

Theorem 3.1. Let G € LS, . Assume that conditions (C1) and (C2) are satisfied,
and let the sequence of subspaces {My}ren be defined by (3.1) with Mo a finite-
dimensional S*-invariant subspace of Hg. Let F' be the central optimal solution to
the Nehari problem for G, and for each k € N let Fy, be the central optimal solution

to the My-restricted Nehari problem. Then G — F' is a rational function in Lg5, ,,
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and for k € N sufficiently large, the same holds true for G — F},. Furthermore,
|Fx — Flloo — 0 for k — oo. More precisely, if all the poles of G inside D are
within the disk D, = {\ | |A\| < r}, for r < 1, then there exists a number L > 0
such that |Fy — F|ls < Lr* for k large enough.

Improving the rate of convergence is one of the main issues in [14], where it
is shown that for the case when the poles of G inside ID are close to the unit circle,
that is, 7 close to 1, convergence with Mo = {0} may occur at a slow rate. In [14]
it is also shown how to choose (in the scalar case) a scalar polynomial ¢ so that
the choice My = H? © qH? increases the rate of convergence. In fact, if the roots
of ¢ coincide with the poles of G in D,.\D,, then starting with Mo = H? © qH?
the convergence is of order O(rf) rather than O(r*). In Section 6 we shall see that
Theorem 3.1 remains true if < 1 is larger than the spectral radius of the operator
V_olg M and thus again the convergence rate can be improved by an appropriate
choice of M. To give a trivial example: when My is chosen in such a way that it
includes Im H*, all the central optimal solutions Fj in Theorem 3.1 coincide with
the central optimal solution solution F' to the Nehari problem.

4. The central optimal solution revisited

As before G € Lg5, and H is the Hankel operator defined by the co-analytic
part of G. Furthermore, M is a subspace of H 5 satisfying (2.1). In this section we
assume that ||H Py S|| < vm = || H Pam||- In other words, we assume that the defect
operator D, defined by (2.9) is invertible. This additional condition allows us to
simplify the formula for the central optimal solution to the M-restricted Nehari

problem presented in Proposition 2.4. We shall prove the following theorem.

Theorem 4.1. Let G € Lg5,, and let M be a subspace of Hg satisfying (2.1).
Assume the defect operator DS, defined by (2.9) is invertible, and put

A = D32S* D3y (4.1)

Then rspec(Am) < 1, and the central optimal solution Faq to the M-restricted
Nehari problem is given by Faq = G — P pq, where ®pq € L2, has finite M-norm,

axp
the co-analytic part of ® aq is equal to G_, and the analytic part of O aq is given by
Bais (V) = TH(I ~ Mp) T AmE = N)Mu()™L (AeD),  (42)
where

Np(\) =TTH(I = AS*)'AME,  Mam(N) =1 —AE*(I — AS*)'AME. (4.3)
In particular, M (X) is invertible for each A € D.

The formulas in the above theorem for the central optimal solution are in-
spired by the formulas for the central suboptimal solution in Sections IV.3 and
IV 4 of [7].

We first prove two lemmas. In what follows Pyq and R4 are the orthogonal
projections of Hg onto M and S* M, respectively, and Qg = SRp.
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Lemma 4.2. Let M be a subspace of H]f satisfying (2.1). Then
Ry = S*PyS, RmS*=S"Pyp, Qa = PSS, (4.4)
Proof. Note that
(S*PpS)? = S*PySS*PpS = S*PpS — S*Pp(I — SS*)PpyS.
Since I — SS* is the orthogonal projection onto Ker S*, the second part of (2.1)
implies that Py(I — SS*) = I — SS*. Thus (S*PuS)? = S*PuS, and hence
S*PpS is an orthogonal projection. The range of this orthogonal projection is
S*M, and therefore the first identity in (4.4) is proved.
Using this first identity and Py(I — SS*) = I — SS* we see that
RmS* = S*PpSS* = S*Ppg — S*Pp(I — SS*) = S*Pu.
Thus the second identity in (4.4) also holds. Finally,
Qm = SRy = (RmS™)" = (S"Pm)* = PmS.
Thus (4.4) is proved. O

Lemma 4.3. Let G € L5, and let M be a subspace of Hg satisfying (2.1). Assume
the defect operator DS, defined by (2.9) is invertible. Then the range F of the

operator DaQa is closed and the orthogonal projection of Hg onto F is given by

Pr = DpmQumD5 > QDo (4.5)
Proof. We begin with two identities:
Dy Py = PuDum, DR = RmDiyy. (4.6)

Since P4 is an orthogonal projection, the first equality in (4.6) follows directly
from the definition of D4 in (2.8). To prove the second, we use the second identity
in (4.4). Taking adjoints and using the fact that Raq and Ppq are orthogonal
projections, we see that PyiS = SRaq. It follows that DS is also given by

DSy = (Va4I — RpmS*H*HSR)Y2. (4.7)

From this formula for D, the second identity in (4.6) is clear.

Now assume that Df, is invertible, and let P be the operator defined by
the right-hand side of (4.5). Clearly, P is selfadjoint. Let us prove that P is a
projection. Using the second equality in (4.6) we have

P? = DpmQmDS QD3 QumD > QD
= DMmQmD 2 (RmS* D3 SRa) DS > QD
= DMQMRMD3*(S* D3, S) DS > R QD

Observe that Q By = SR%A = SRy = Qaq. Since Dﬁ = S*D?VIS, it follows
that

P? = DmQmDS QD = P.
Thus P is an orthogonal projection. This implies that D Q¢ has a closed range,
and Pr = P. O
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Proof of Theorem 4.1. Our starting point is formula (2.12). Recall that wy and ws
are zero on Ker Q%,Daq. From Lemma 4.3 we know that Da(Qaq has a closed
range. It follows that wy = w1 Pr and wy = woPr, where Pr is the orthogonal
projection of Hg onto F = Im DpQ aq. Using the formula for Pr given by (4.5),
the second intertwining relation in (4.6), the identities in (4.4) and the definition
of w in (2.10), (2.10) we compute

w1Dp = wi PrDp = w1 DaQumD3 > Q5D
=HRMDS*RmS* DA, = THDS >R S* Dy
=THDS*S*RmD3 = HHA M P,
and
waDpt = wePrDp = weDpQmD3 > Qi Dy
= DMRMDS QD3 = DA P
Furthermore, using the intertwining relations in (4.6) and the second identity in
(4.4) we see that RapqA g = ApPaq. In particular, Ay leaves M invariant.
Let us now prove that rspec(Ar) < 1. Note that
Tspec(WZ) = Tspec(w2p}') - Tspec(DMRMDj\/_12S*DM)
= rspec(RMDj\/_IZS*DiA) = Tspec(RMAM) = rspec(AMPM)~
Thus rspec(ArPa) < 1, because wq is contractive. Since Ay leaves M invariant,

we see that relative to the orthogonal decomposition Hg = M@ M-+ the operator
A nq decomposes as

PMAM PM *

0 (I = Pa)A (I = Prm)|
Note that (I — Pay)(I — Raq) = (I — Pprg). Using the latter identity, the formulas
(2.8) and (4.7), and the intertwining relations in (4.6), we obtain

(I = PAa)AMI — Prm) = (I = Pr)(I = Rp)A (I — Pu)
= = Prp) = Rpm)S™(I = Ppm)
= (I = Ppm)S™(I = Pum).
Thus (I —Pa)Am (I —Ppy) is a contraction. Hence rspec (I —Pa)Am(I—Pum) < 1.
But then (4.8) shows that repec(Aag) < 1.

Next, using that Ay M C S*M C M and Im F = Ker S* C M, we obtain
for each A\ € D that

DN = wi(I — o) 'DpE = w1 Dp(I — M Pr) ' E
= TTHApMPM(I — MM Ppy) 'E = TH(I — AMApPpy) A PUE
=TH(I — M) 'AME,

Ay = (4.8)

which gives formula (4.2).
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Finally, to see that (4.3) holds, note that AyqS = I. Hence A, is a left inverse
of S. Since FE is an isometry with Im E = Ker S*, we have Ay = S* + A EE™.
Therefore, for each A € D,

D+ (N) =TTH(I — M) P AME = TTH(I — AS* — MM EE*) T 'ApE
=THI — MNI - AS*) *"AMEE*) "N (I = AS*)"'AME
=TH(I — AS*) " AME(I — AE*(I — \S*) " 'AmE)™!
= NA\)M(N)™L.
In particular, M (\) is invertible. O

Remark. From RapAri = ApPp we see that Apg leaves M invariant. Thus, if
M in Theorem 4.1 is finite dimensional, then ® ¢ 1 in (4.2) is a rational function
in ngq, and hence ® 4 is a rational pxq matrix function which has no pole in
the closed unit disk.

Next we present a criterion in terms of maximizing vectors under which The-
orem 4.1 applies.

Proposition 4.4. Assume rank H Py is finite. Then D}, is invertible if and only
if none of the maximizing vectors of H Py belongs to SHE.

Proof. A vector h € Hg is a maximizing vector of H Py if and only if 0 # h € Dj(/l.
Thus we have to show that invertibility of D} is equivalent to Dy NSH; = {0}.

Assume Dy NSH 2 # {0}. Thus, using the definition of a maximizing vector,
there exists Sv with v # 0 such that ||H PaSv|| = yam]|Sv]|. Since S is an isometry
we see that |[HParSv| = yum||v||. It follows that v is in the kernel of Dg,, and
hence DS, is not invertible.

Conversely, assume that Dy, N SH? = {0}. Note that rank(H Px,S) is also
finite. Hence H Pp4.S has a maximizing vector, say v. We may assume that [|v| = 1.
By our assumption the vector Sv is not a maximizing vector of H Py(. Hence

[ HPmS| = [[HPmS| vl = |HPamSv|| < [|HPm||[|Sv]] = yaml[Soll =
Therefore DS4 = 73] — S*PpH*HPp S is positive definite, and thus invertible.
Consequently, D}, is invertible. O

It is straightforward to prove that D}, is invertible if and only if the operator
73\/[] — HPpSS*PypH™ is invertible, and in that case we have

A PuH* = Ry H*V* (y34I — HPMSS* PAyH*) ™t x
x(va I — HPyH™), (4.9)
AME = —RpH*V* (v3 I — HP\SS* Py H*) ' HE. (4.10)

These formulas can be simplified further using the operators Z and W associated
to the Hankel operator H which have been introduced at the end of Section 1, see
(1.8) and (1.9). Recall that X = Im H. Since K? © X = Ker H*, the space X is a
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reducing subspace for the operators 'yjz\/l[ — HP\SS* Py H™ and 73\/[] —HPyH*.
Furthermore,

A = (Vi — HP\SS* PmH") | x = Vi Ix — ZWRMW*Z*, (4.11)
Em = (Vi — HPH") |2 = Vi lx — WPyW*™. (4.12)

Note that A is invertible if and only if DS, is invertible. Using the above oper-
ators, (4.9) and (4.10) can be written as

AMPMW* = RAW*Z* A Epm,

» (4.13)
AME = —RpyW*Z*AAWE.

Corollary 4.5. Let G € Lg5,, and let M be a subspace of Hg satisfying (2.1).
Assume the operator A defined by (4.11) is invertible. Then the defect operator
D5 defined by (2.9) is invertible, and the functions Naq and Mag appearing in

(4.3) are also given by

Nam(A) = Naa(A) + Nag2(N), (4.14)
Naa(A) = —“IIHW*(I = A\Z*) ' Z* Ay WE (4.15)
Nama2(A\) =TH(I — AS*) "I — R)W*Z* A WE. (4.16)
and
Mp(N) = Mpga(A) + Mag2(A), (4.17)
Mpi(N) = I+ AE*W*(I = \Z*) ' Z* Ay WE (4.18)
Mpg2(XN) = =AE*(I = AS*) "' (I = RM)W*Z* A WE. (4.19)

Furthermore, if Tspec(Z* A Zm) < 1, then Mag1()\) is invertible for |\ <1 and
Mp (NP =T = AE*W*(I = AZ*AWEM) T2 AUWE, [N <1. (4.20)

Proof. For operators A and B the invertibility of I + AB is equivalent to the
invertibility of I + BA. Using this fact it is clear that the invertibility of DS,
follows form the invertibility of Axq. Hence we can apply Theorem 4.1. Writing
Rpy as I — (I — Ram) and using (4.13) we see that (4.14) holds with Nay 2 being
given by (4.16) and with

Naa(N) = —IIH(I — AS*)'W*Z* A {WE. (4.21)
The intertwining relation W.S = ZW yields (I — AS*)71W* = W*(I — \Z*)~L.

Using the latter identity in (4.21) yields (4.15). In a similar way one proves the
identities (4.17)-(4.19).
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To complete the proof assume Tspec(Z*AHE M) < 1. Then the inversion
formula for Maq1(N) follows from the standard inversion formula from [4, Theo-
rem 2.2.1], where we note that the state operator in the inversion formula equals

Z* = Z*A U WEE*W* = Z* Ay (Vi — ZWRMW*Z* — WEE*W™)

= Z*"Ny (3] — W(SRmS* + EE*)W*)

= Z*A (Y3 — W(SS*Prp + EE* Py)W™)

= Z* A (Vi — WPW?™) = Z* A,
as claimed. Here we used the second identity in (4.4), and the fact that Py E = E,
because Im E = Ker S* C M. O

5. The special case where M = Hg

Throughout this section M = Hg, that is, we are dealing with the Hg—restricted
Nehari problem, which is just the usual Nehari problem. Since M = Hg, we will
suppress the index M in our notation, and just write D, D°, D, D°, A, etc. instead
of Dag, DYy, Dam, Dy, Aum, ete. In particular,

y=IlH|, D=@*I-H"H)? D°=(*I-8"H"HS) > (5.1)
We shall assume (cf., the first paragraph of Section 3) that the following two
conditions are satisfied

(C1) H has finite rank,

(C2)  none of the maximizing vectors of H belongs SH.

Note that the space spanned by the maximizing vectors of H is equal to Ker D =
D+, where D is the closure of the range of D. We see, using Proposition 4.4, that
under condition (C1):

(C2) < DNSH,={0} <= D° invertible. (5.2)
Let Z and W be the operators defined by (1.8) and (1.9), respectively, and
A=~7Ty —ZWW*Z*, Z=~Iy - WW*. (5.3)

We shall prove the following theorem.

Theorem 5.1. Let G € L?;x;n and assume that the Hankel operator H associated
with the co-analytic part of G satisfies conditions (C1) and (C2). Then the operator
A defined by the first identity in (5.3) is invertible and the central optimal solution
F to the Nehari problem associated with G is given by F = G4 — &, where G4
1s the analytic part of G and ®4 is the rational gxp matriz-valued H* function

defined by
O (N =NNMN L, where
N\) = —IHW*(Ix — \Z*) ' Z*AT'WE,
M) =T+ \E*W*(Ix — \Z*) ' Z*AT'WE.
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Furthermore, Tspec(Z*A71E) < 1, and the inverse of M(\) is given by
M\ =T - AE*W*(Ix — AZ*AT'E) ' Z*A'WE.
Here = is the operator defined by the second identity in (5.3).
It will be convenient first to prove the following lemma.

Lemma 5.2. Assume conditions (C1l) and (C2) are satisfied. Then the following
holds:

(i) the subspace M := Kerws D of Hg is cyclic for S,

(i) the operators we and A are strongly stable.
Proof. We split the proof into three parts. The first part has a preparatory char-
acter. The two other parts deal with items (i) and (ii), respectively.
Part 1. We first prove that

wo = D(S*D?S)™'S*D, A= (S*D?*S)"'S5*D?. (5.4)

Since (C1) and (C2) are satisfied, we can apply Proposition 4.4 with M = Hg to
show that D°? = §*D?S is invertible. By definition, see (2.11) with M = HZ, the
operator wsq is zero on Ker $*D. Thus in order to prove the first equality in (5.4),
it suffices to show that waf = D(S*D2S)~1S*Df for each f € F = ImDS =
Im DS = (Ker S*D)*. But the latter follows by specifying (4.5) and (2.11) for
M = H?, using D°* = S*D?S.

The second equality in (5.4) follows from (4.1), again using D°? = S*D?S
and M = Hg

Part 2. We prove (i). Using the result of the previous part we have
M = Kerwy D = Ker D(S*D?S)~15*D?.
Fix h L V5, Sk, Then S**h 1 9N, and thus
S*kh = D%S(S*D?S) " Dhy,, for some hy, € H?.
It follows that S**+1h = S*D2S(S*D?S)~'Dhy = Dhy,, and hence
S*Fh = D2S(S*D2S) 1§+ = A*§HRHL,
Taking k& = 0, we conclude that
h=A*S*h = A*25*2h = A**S**h  (k € N).
Next observe that DA = woD. This yields
AFHL = D°=28*D2AF = D°~28*Dwk D. (5.5)

Since wo is contractive, we conclude sup,cy [|A¥|| < oco. Therefore, since S* is
strongly stable, we see that A**S**h — 0 if & — co. Hence h = 0, and we have
proved the cyclicity of Ker wsD.
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Part 3. We prove (ii). By definition wyDS = D. Thus for each k¥ € N we have
wéDSk = D. Now, fix n € N, and take 0 < j <n — 1. Then

WEDSIM = wi T DM = w7 w, DIM = {0}.

In other words, Ker w3y D includes X,, = \/7;01 Sim.
Let P, be the orthogonal projection of Hg onto Hg © X,. By (i) we have
P, — 0 pointwise. Now take h € H7. Then

lws Dh|| = ||wy DPyh| < || DPA|| =0 (n — o).

From the first identity in (5.4) we see that wy is zero on Ker D = (Im D)*. Thus
w?(Im D)+ = {0}, and we conclude that wy is strongly stable.

Finally, using (5.5), we see that A*h — 0, as k — oo, for any h € Hg. Hence
A is strongly stable too. U

Proof of Theorem 5.1. We already observed that D° is invertible. Since the invert-
ibility of D° implies the invertibility of A, we can apply Theorem 4.1 and Corollary
4.5 with M = Hg to get the desired formula for @ . Note that RHﬁ = I, and hence
in this case the functions appearing in (4.16) and (4.19) are identically zero.

Put T = Z*A~1Z. Next we show that repec(T) < 1. By specifying the first
identity in (4.13) we see that AW* = W*T', and thus A¥W* = W*T* for each k €
N. Since A is strongly stable (by Lemma 5.2 (ii)), we arrive at limg_,oo W*T*z =
0. The fact that H has finite rank, implies that the range of H is closed, and
hence W is surjective. But then (WW*)~1W is a left inverse of W*, and T"x =
(WW*)™'WT¥*xz — 0 if k — oo. Thus T is strongly stable. Since the underlying
space X is finite dimensional, we conclude that rspec(Z*AZ) = repec(T) < 1.

Finally, since rspec(Z*AE) = rspec(T") < 1, the invertibility of M () for |A| <
1 and the formula for its inverse follow by specifying the final part of Corollary
4.5 for the case when M = H?. O

6. Convergence of central optimal solutions

Throughout G € Lg5, , and H is the Hankel operator defined by the co-analytic part
of G. We assume that conditions (C1) and (C2) formulated in the first paragraph
of Section 3 are satisfied. Furthermore, Mj is a finite-dimensional S*-invariant
subspace of Hg, and My, M1, Ma,... is a sequence of subspaces of Hg defined
recursively by (3.1). We set P, = Py, . From the remarks made in the paragraph
preceding Theorem 3.1 one sees that

I—P,=8"I~-P)S™*, S*P,=P,15", PRE=E (keN). (6.1)
Here E is the embedding operator defined by (1.6).

In this section we will prove Theorem 3.1. In fact we will show that with an
appropriate choice of the initial space Mg convergence occurs at an ever faster

rate than stated in Theorem 3.1. We start with a lemma that will be of help when
proving the increased rate of convergence.
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Lemma 6.1. Let Z and W be the operators defined by (1.8) and (1.9), respectively.
Then the space Xo = W Mgy is a Z-invariant subspace of X = Im W . Furthermore,
let the operators Zy : Xy — Xy and Wy Hg — Xo be defined by Zy = Z|x,
and Wy = Iy, W, where Iy, is the orthogonal projection of X onto Xy. Then
Tspec(Z0) < Tspec(Z) and

ZFW(I — Py) = %, ZEWo(I — Py), k=0,1,2,.... (6.2)

Proof. Since ZW = WS and My is invariant under S, we see that X} is invariant
under Z, and thus rspec(Zo) < Tspec(Z). From the definition of Z, and W, we see
that Z1T%, = Iy, Zo and I Wo(I — Py) = W(I — Py). Thus

Z*W(I — Py) = ZFII8 Wo(I — Py) = Iy, ZWo(I — Py), k=0,1,2,...
This proves (6.2). O

Assume 0 < r < 1 such that the poles of G inside ID are in the open disc
D,. As mentioned in the introduction, the poles of G inside DD coincide with the
eigenvalues of Z. Thus rspec(Z) < r. By Lemma 6.1, repec(Zo) < Tspec(Z) < 7. In
what follows we fix 0 < ro < 1 such that rgpec(Zo) < ro < 7. We will show that
the convergence of the central optimal solutions F}, in Theorem 3.1 is proportional
to k.

In the sequel we will use the following notation. For a sequence of operators
X,, n € N, with X,, =, X we mean that there exists a positive number Lx > 0
such that || X — X, || < Lxr™. Hence X,, —, X if and only if || X — X,,|| —» 0. Note
that if X,, —, X and if Y}, is another sequence of operators of appropriate size,
with Y,, = Y, n € N, then X,,Y,, —, XY. Moreover, if X,, —, X, the operators X,
X, are invertible, and sup,,cy | X, || < oo, then X! —, X1 Finally, if K, K,,,
n € N, are functions defined on D, then K, —, K will indicate convergence
proportional to ™, uniform on D, that is, there exists a positive number Lx > 0,
independent of A, such that ||K(\) — K, (\)|| < Lgr™ for each n € N and A\ € D.

For simplicity, we will adapt the notation of Section 5, and write v, A, N
and M instead of YH2 A H2, N 2 and M H2 Furthermore, we use the abbreviated
notation Pk, Vg, Ak, Z, and Ay for the operators Puq,, Ym,, Am,, Em,, and
A, appearing in Section 4 for M = M.

As a first step towards the proof of our convergence result we prove the
following lemma.

Lemma 6.2. Assume conditions (C1) and (C2) are satisfied. Then Ay, —,.2 A, and
for k € N large enough Ay is invertible, and A,:l =2 AL,

Proof. We begin with a few remarks. Recall that for M in (2.1) the operator
Raq is defined to be the orthogonal projection of Hg onto S*M; see the first
paragraph of Section 2. For M = M, we have S*M; = Mj_; by (3.1), and
thus M = My, implies Raq, = Pr—1. It follows that the operator Ay is given by
Ay =iy — ZW P_1W* Z*; cf., the second part of (4.11). From the invertibility
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of D},, we obtain that Ay is invertible as well; see the first paragraph of the proof
Corollary 4.5. The identities in (4.13) for M = My, now take the form

AP W™ = P yW*Z ALy, AE =P W*Z*A;'WE. (6.3)

Observe that v2 = |HP;||?> = ||Pe H*||?> = repec(HPH*) = ||HP.H*||. By a
similar computation v2 = ||H H*||. Thus, using (6.1) and (6.2),

W =%l = IHH|| - |HPH"||| < |HH" — HP.H||
= |[HS (I — Po)S™ H*|| = || Zg Wo (I — Po)W5 Z5"||
< ZGIHIENIIL — Po)LIE*11Z5" 1 = | HI* 11 Z5 1.
It follows that 7 —2 72. Next, again by (6.1) and (6.2), we obtain
Ap =3I — ZWP, \W*Z*
= NI - ZWW?*Z* + ZWSH (T — Py)S** 1w~ z*
= A+ (i =) + Py, ZE7"Wo (I — Po)W§ Z3* P, .
Clearly the second and third summand converge to zero proportional to r%k , and
thus we may conclude that Ay —ry2 A.
Since A is invertible by Theorem 5.1. The result of the previous paragraph

implies that for k large enough Ay is invertible and ||A,!|| < L for some L > 0
independent of k. Consequently A,:l —2 AL, O

Proof of Theorem 3.1 (with rf-convergence). We split the proof into four parts.
Throughout k£ € N is assumed to be large enough so that Ay is invertible; see
Lemma 6.2.

Part 1. Let N and M be as in Theorem 5.1. Put
Nia(\) = —MHW*(I = \Z*) "' Z*A,'WE, (6.4)
Mpi(N) =T+ AE*W*(I = \Z*) ' Z* A, ' WE. (6.5)

Since the only dependence on k in Nj; and Mj 1 occurs in the form of Ay, it
follows from Lemma 6.2 that

My —,2 M and  Nj —,2 N. (6.6)

Part 2. From Corollary 4.5 we know that
Ni(A) = Ngi(A) + Nio(N),  Nio(N) = DHy (N Z*A; ' WE, (6.7)
Mip(N) = M1 (N) + My o(N), Mip2(\) = - AE* (M) Z*A'WE. (6.8)

Here v,(A\) = (I — AS*)~Y(I — Py—1)W*. In this part we show that My 2 —, 0.
Using the first identity in (6.1), the intertwining relation ZW = WS, and
(6.2) we see that

W(A) = (I = AS*) T SE (I — Ry)S™'w*
= (I = AS*)7LS* (T — Py)Wi Z3F M, .
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Next we use that
k—2 , ,
(I = AS*)~HSF=t =Y "N GF 1 AT — A5%)

J=0

Thus 7%(A) = 7,1(A) + Ye,2(A), where
B2 |
o= (Ss) - gz,
=0

Yr2(A) = AU = AS*) YT — Py)Wg Z3F My, .
Now recall that Mg is S*-invariant, and write So = PySPy = PyS. The fact
that M is finite dimensional implies 7gpec(So) < 1. The computation
(I —=AS*) NI — PO)W§ = (I - \S*)'W§ — (I - AS*) "' PWg
= Wi (I = AZg)~" = (I = AS5) ™' PoWg,
shows that (I —\S*)~1(I — Py)W( is uniformly bounded on D. Since rypec(Zo) <
ro < 1, we conclude that vz 2 —, 0.
Next observe that E* ( Zf;g )\jSk_l_j) =0, and thus E*y;.1(A) = 0 for each
k € N. We conclude that
My o(N) = —AE* 2N Z* A ' WE.

But then 74,2 —r, 0 implies that the same holds true for M}, o, that is, My o —,, 0.
Indeed, this follows from the above identity and the fact that the sequence A,;l is
uniformly bounded.

Part 3. In this part we show that N 2 —,, 0. To do this we first observe that
HNHS 17 =1V g = Qv poW = TPy ZF W,
Post-multiplying this identity with I — Py and using (6.2) yields
[IHS*179(I — Py) = Py, ZE " Wo(I — By).

It follows that
k—2 ,
Nia(\) = (Z AJHPong‘l‘J)WO(I N
5=0
+HHy o (N Z*A'WE.  (6.9)

From the previous part of the proof we know that 2 —, 0, and by Lemma 6.2
the sequence A,;l is uniformly bounded. It follows that the second term in the
right-hand side of (6.9) converges to zero with a rate proportional to r’g. Note that
for A € D we have

k—2 k—2 oo

. L
ORIl B S PATEED SI
7=0 i .
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Since 7pec(Zo) < 70 < 1, we also have || Z;¥1| —,, 0. It follows that the first
term in the right-hand side of (6.9) converges to zero with a rate proportional to
r’g. We conclude that Nj 2 —, 0.

Part 4. To complete the proof, it remains to show that M, '(\) —,, M~1(\)
uniformly on D. By similar computations as in the proof of Lemma 6.2, it fol-
lows that = —2 B Hence Z* ,ZlEk —r2 Z*A~'Z. By Theorem 5.1 we have
Tspec(Z*ATIE) < 1. Thus for k large enough also rspec(Z*AglEk) < 1, and
M 1(A) is invertible on D. From the fact that My =2 M, we see that ]\4,6_11 =2
M1, with M,;ll and M ~! indicating here the functions on D with values My, 1 (\) ™!
and M(A)~! for each A € D. In particular, the functions M,:ll are uniformly

bounded on D by a constant independent of k&, which implies
I+ M (Mg =y I, (I+M{My2) " =, L.
As a consequence
Mt = Mgy + Mio)™" = (I+ M { Myo) "My} =y I-M~" =M1,
which completes the proof. O

Concluding remarks

Note that the functions M} 1 and N given by (6.4) and (6.5) converge with a
rate proportional to 73* rather than rf; cf., (6.6). Consequently the same holds
true for M, 11 Thus a much faster convergence may be achieved when Ny 1M k. 11

are used instead of NkMk_l. However, for the inverse of M, ; to exist on D we
need k to be large enough to guarantee rgpec(Z*ArEr) < 1, and it is at present
not clear how large k should be.

For the scalar case condition (C2) is rather natural. Indeed (see the second
paragraph of Section 3) for the scalar case condition (C2) is equivalent to the
requirement that the largest singular value of the Hankel operator is simple. The
latter condition also appears in model reduction problems. In the matrix-valued
case (C2) seems rather special; in this paper it serves a practical purpose, namely
that the central optimal solutions admit a more explicit description under this
assumption.

If conditions (C1) and (C2) are fulfilled and the space spanned by the maxi-
mizing vectors of the Hankel operator H has dimension p, then the central optimal
solution to the Nehari problem is the only optimal solution. To see this note that
the additional assumption implies that Hg = Ker S*4D. Using the later iden-
tity and some elementary Fredholm theory from [12, Chapter XI] one proves that
F =Im DS =1Im DS is equal to D. But then the optimal solution is unique.

Computational examples show that it may happen that the approximations
of the optimal solution to the Nehari problem considered in this paper oscillate
to the optimal solution when the initial space My = {0}. Although the rate of
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convergence can be improved considerably by choosing a different initial space
My, the same examples show that the approximations still oscillate in much the
same way as before to the optimal solution. This suggests that approximating the
optimal solution may not be practical in some problems. In this case, one may
have to adjust these approximating optimal solutions. We plan to return to this
phenomenon in a later paper.
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On Theorems of Halmos and Roth
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Dedicated to Bill Helton on the occasion of his 65th birthday

Abstract. This paper was motivated by a result of Halmos [1971] on the char-
acterization of invariant subspaces of finite-dimensional, complex linear oper-
ators. It presents a purely algebraic approach, using polynomial and rational
models over an arbitrary field, that yields a functional proof of an extension
of the result by Halmos. This led to a parallel effort to give a simplified,
matrix-oriented, proof. In turn, we explore the connection of Halmos’ result
with a celebrated Theorem of Roth [1952]. The method presented here has
the advantage of generalizing to a class of infinite-dimensional shift operators.

Mathematics Subject Classification. 15A24, 15A54.

Keywords. Invariant subspaces, commutant, functional models, Roth’s theo-
rem.

1. Introduction

The present paper re-examines the central result of Halmos [1971] that character-
izes invariant subspaces of finite-dimensional complex linear operators as kernels
of intertwining maps. It was first brought to our attention by reading Domanov
[2010], who presented a short proof based on elementary matrix calculations and
a clever choice of coordinates. In this paper we present an even more streamlined,
coordinate-free proof, that is valid over an arbitrary field. All these matrix-oriented
proofs by Halmos, Domanov and ourselves depend on a theorem of Frobenius [1896]
as the essential step. Next, we extend the result to the more general context of poly-
nomial models, introduced in Fuhrmann [1976]. The advantage of this approach
is that it does not use Frobenius’ result and that it extends to some interesting,
infinite-dimensional situations. Realizing that the polynomial proof does not resort

The second author was supported by the DFG under Grant HE 1858/12-1.
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to Frobenius’ theorem, we looked again for a matrix proof of the same kind. This
brought to light some interesting connections to a theorem of Roth [1952], that
deserve further investigations.

The paper is structured as follows. In Section 2, we give a short, stream-
lined proof of the Halmos result. Section 3 is devoted to a brief description of the
relevant results from the theory of polynomial models. In Section 4, we present
the polynomial model based analog of the Halmos result. Finally, in Section 5, we
prove the equivalence of a special case of Halmos’ theorem and a Theorem of Roth.
This calls for establishing the equivalence of Halmos’ theorem and an appropriate
generalization of Roth’s theorem. This we leave open for a future publication.

Finally, we would like to thank M. Porat for several helpful remarks and for
pointing out a gap in the proof of Theorem 7.

2. The Halmos theorem

Halmos [1971] has shown that any invariant subspace V of an arbitrary complex
n X n matrix A is the image of a complex matrix B, that commutes with A.
Similarly, V = Ker C for a matrix C' commuting with A. Halmos uses the Hilbert
space structure of C™, so his proof does not immediately extend to matrices over
arbitrary fields. On the other hand, an essential part of his argument is based on
the Frobenius theorem, stating that every square matrix is similar to its transpose
AT . This result holds over any field. His presentation of the main proof idea is
convoluted, due to an awkward notation and misleading comments. On the other
hand, if one deletes all the unnecessary detours made by Halmos, i.e., using adjoints
of complex matrices, allowing matrix multiplication on the right and not only on
the left and avoiding basis descriptions, the proof condenses to an extremely short
argument that is presented below. The proof holds for an arbitrary field F.

Theorem 1. Let A denote an arbitrary n X n matriz over o field F and V denote
an invariant subspace of A. Then there exist matrices B, C, both commuting with
A, such that Im B =Y and Ker C = V.

Proof. Let V be a subspace invariant under A and let X be a basis matrix for V.
By invariance, there exists a matrix A for which

AX = XA, (1)
and
Y =ImX. (2)

By a theorem of Frobenius [1896], see also Fuhrmann [1983], every matrix A €
%™ is similar to its transpose A . Let S be such a similarity matrix, i.e., we have
S71ATS = A. Analogously, there exists a matrix T € FP*P for which TATT—! =
A. Substituting into (1), we get

STIATSX = XTA'T™, or AT(SXT)= (SXT)A'.
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Setting Y = SXT', we have
ATY =YAT. (3)
We define now B = XY T and compute
AB=AXYT = XAY"
{ BA=XYTA=XAY",

i.e., we have AB = BA. Now we note that both X and Y have full column rank.
In particular, YT is surjective which implies

Im B =Im X. (4)

Similarly, there exists a full row rank matrix Z for which we have the kernel
representation

YV = Ker Z.

This shows the existence of a matrix L for which
ZA=1LZ. (5)

Applying Frobenius’ theorem once again, there exists a nonsingular matrix
U for which L = U~'LTU. Substituting in (5), thus ZS™'ATS = U"'LTUZ, or
UZS 'AT = LTUZS™'. Setting W = UZS~!, we have

WAT =LTw. (6)
Defining C = W Z and noting that W is injective. We conclude, that
VY = KerC. (7)
To show that C commutes with A, we note that
AC=AW"Z=W'LZ
{ CA=WTZA=W'LZ,
i.e., we have AC' = CA. O

In the present paper we extend the result to the context of polynomial models,
introduced in Fuhrmann [1976]. The advantage of this approach is that it does not
use Frobenius’ result and that it extends to some interesting, infinite-dimensional
situations.

3. Preliminaries

We begin by giving a brief review of the basic results on polynomial and rational
models that will be used in the sequel. We omit proofs which can be found in
various papers, e.g., Fuhrmann [1976, 2010b].
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3.1. Polynomial models

Let F denote an arbitrary field. We will denote by F™ the space of all m-vectors

with coordinates in F. By F((z7!)) we denote the field of truncated Laurent series,
namely, the space of series of the form h(z) = Z;LL@OO h;z7 with n(h) € Z. By
27 'F[[z71]] we denote the subspace of F[[z7!]] consisting of all power series with

vanishing constant term. As F-linear spaces, we have the direct sum representation
F((z"1)™ =Fl2]™ @ 27 F[[="1]]™. (8)

We denote by 74 and 7_ the projections of F((z71))™ on F[2]™ and 2~ F[[z~!]]™
respectively, i.e., given by
N . -1 .
T— ijfoo h’]Z] = ijfoo hJZJ
N j N j
T Dm0 32 =205 12
Clearly, m; and 7_ are complementary projections, i.e., satisfy 73 = 7y and
my +m_=1.

Polynomial models are defined as concrete representations of quotient mod-
ules of the form F[z]™/M, where M C F[z]™ is a full submodule, i.e., that
F[z]™/M is required to be a torsion module. It can be shown that this is equivalent
to a representation M = D(z)F[z]™ with D(z) € F[z]™*™ nonsingular. Defining
a projection map 7p : F[z]™ — F[z]™ by

(9)

of=Dr D7Vf  fe Pl (10)
we have the isomorphism
Xp =Imnp ~F[z]™/D(z)F[z]™, (11)

which gives concrete, but non canonical, representations for the quotient module.
The shift operator Sp : Xp — Xp is defined by

Spf =mpzf = z2f — D(2)&, fe€Xp, (12)
where & = (D71 f)_1.

It is known that A € F is an eigenvalue of Sp if and only if Ker D(A) # 0. In

fact, we have
D
Ker(M — Sp) = { (Z)f|g € KerD(/\)} (13)
s —

The next theorem explores the close relationship between factorizations of
polynomial matrices and invariant subspaces, thereby it provides a link between
geometry and arithmetic. It is one of the principal results which makes the study
of polynomial models so useful.

Theorem 2. Let D(z) € F[z]™*™ be nonsingular. A subset V C Xp is a sub-
module, or equivalently an Sp-invariant subspace, if and only if V = D1 Xp, for
some factorization D(z) = D1(z)Da(z) with D;(z) € F[z]™*™ also nonsingular.
Moreover, we have

Sp|D1Xp, = D1Sp, Dy . (14)
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3.2. F[z]-Homomorphisms

Polynomial models have two basic structures, that of an F-vector space and that
of an F[z]-module. The F[z]-homomorphisms are of particular importance in in-
terpolation and the following theorem gives their characterization.

Theorem 3. Let D1(z) € F[z]™*™ and D2(z) € F[z]P*P be nonsingular. An F-
linear map Z : Xp, — Xp, is an F[z]-homomorphism, or a map intertwining
Sp, and Sp,, i.e., it satisfies

Sp,Z = ZSp, (15)
if and only if there exist N1(z), N2(z) € F[z]P*™ such that
Na(2)D1(z) = D2(2)N1(z) (16)
and
Zf =mp,Naf. (17)
Theorem 4. Let Z : Xp, — Xp, be the F[z]-module homomorphism defined by
Zf =mp,Naf. (18)
with
Na(2)D1(z) = D2(2)N1(2) (19)
holding. Then

1. Ker Z = E1 Xp,, where D1(z) = E1(2)F1(2) and Fi(z) is a g.c.r.d. of D1(z)
and N1(z).

2. ImZ = EsXp,, where Do(z) = Ea(2)Fa(2) and Eq(2) is a g.c.l.d. of Da(z)
and Ny(z).

3. Z is invertible if and only if D1(2) and N1(z) are right coprime and Ds(z)
and No(z) are left coprime.

4. D1(2) and Ni1(z) are right coprime and Ds(z) and No(z) are left coprime
if and only if there exist polynomial matrices X1(z),Y1(z), Xa(2), Ya(2) for
which the following doubly coprime factorization holds

(0 i) (3 ) -
(36 29 (38 56)-( 1)

5. In terms of the doubly coprime factorizations (20), Z=': Xp, — Xp, is
given by

~N O

Z7'g=—mp, Xig, g€ Xp,. (21)
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4. Kernel and image representations

We have now at hand the necessary machinery to prove the analog of Halmos’
result in the context of polynomial models. In preparation, we recall the concept
of skew-primeness of polynomial matrices and the principal result.

Definition 5. Let D;(z), Da(z) € F[z]P*P be nonsingular polynomial matrices. The
ordered pair (D1(2),D2(z)) is called left skew prime if there exist polynomial
matrices D1(z) and Dy(z) such that

1. Dl(Z)Dg(Z) = DQ(Z)Dl (Z)
2. Di(z) and Ds(z) are left coprime
3. Ds(2) and D4(z) are right coprime.

In this case we will say that the pair (D2(z), D1(z)) is a skew complement
of (D1(z), D2(2)). Note that a sufficient, but not necessary, condition for a pair
(D1(z), D2(2)) to be left skew prime is that det D;(z),det D2(2) are coprime.

For the following result, which we state without proof, see Fuhrmann [2005].
The geometric interpretation of skew-primeness is due to Khargonekar, Georgiou
and Ozgiiler[1983].

Theorem 6. Let D1(z), Da(z) € F[z]P*P be nonsingular polynomial matrices. Then
the following statements are equivalent.

1. D1(z) and Ds(2) are left skew prime.

2. The submodule D1Xp, C Xp,p, s an F[z]-direct summand, i.e., it has a
complementary submodule.

3. The equation

X(2)D1(2) + D2(2)Y(2) =1 (22)
has a polynomial solution.

4. With the factorization D(z) = D1(2)D2(2), the invariant subspace D1Xp, C
XD, D, is the kernel of a projection module homomorphism f: Xp — Xp.

The next theorem can be considered a special case of Theorem 1, thus needs
no proof. However, in the polynomial approach that we adopt here we aim at
more than just a different proof of the Halmos result. What we are after is a full
description of the set of all operators Z commuting with a linear operator A that
have an invariant subspace V of A as their kernel. What we describe below are
preliminary results.

Theorem 7. Let F be a field, D(z) € F[z]™*™ be nonsingular and let Sp be the
shift operator defined by (12). Then

1. A subspace V C Xp is an Sp-invariant subspace if and only if it is the kernel
of a map Z that commutes with Sp.

2. A subspace ¥V C Xp is an Sp-invariant subspace if and only if it is the image
of a map W that commutes with Sp.
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Proof. 1. The “if” part is trivial.
To prove the “only if” part, we assume that ¥V C Xp is an Sp-invariant subspace,
hence, by Theorem 2, there exists a factorization

D(z) = D1(2)D2(2), (23)

for which V = D1 Xp,.
Case 1: We further assume that V is reducing, i.e., has a complementary invariant
subspace. This, by Theorem 6, implies the existence of a factorization

D(z) = D1(2)D2(z) = D2(2)D1(2), (24)
with D1(z), Da(z) left coprime and Dy(z), D1(z) right coprime. The coprimeness
conditions are equivalent to the existence of polynomial solutions to the Bezout
equations

Di(2)X(2)+ D2(2)Y(2) =1 (25)
and

X(2)D1(2) +Y(2)D2(z) = 1. (26)
Equations (24), (25) and (26) can be put in matrix form as

(
(% 29) (38 23)-(do 1)

I 0 ) _
~K(z) I ) and appropriately redefining X (z) and

Y (z), we obtain the doubly coprime factorization

Multiplying on the left by <

Ds(z) Dl(z) Y(2) Di(z) \ _(1I 0O
( X(2) Y(2) > < X(2) _D2(Z) > a ( U >’ (27)
(Y(Z) (Z))(Dz() (Z)>:<I 0)
X(z) —Da(2) X(z) —Y(2) 0 1)
In particular, we have
Y(2)D1(z) — D1(2)Y (2) =0 (28)
and the Bezout equation
X(2)D1(z) + D2(2)Y (2) = 1. (29)
Next, we define
M(z) = Y(z)Da2(z)
N(z) = Da(2)Y(2). (30)

We compute
N(z2)D(z) = D2(2)Y (2)D1(2)D2(z) = D2(2)D1(2)Y (2)Da(2) = D(2)M(2).
In turn, this implies that the map Z : Xp — Xp defined by
Zg=mpNg (31)

is intertwining Sp. Comparing the factorizations (23) and (30), we conclude that
Dy (z) is a common right divisor of M (z) and D(z). It is a g.c.r.d. as, by the
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Bezout equation (29), Y (z) and D;(z) are right coprime. Applying Theorem 4, we
conclude that

Ker Z = D1 Xp,. (32)

Case 2: We assume that there exists an injective homomorphism W : Xp, —
Xp,. This implies the existence of polynomial matrices Na(z), M(2) satisfying

Na(2)D1(z) = D2(2)Mi(z) (33)
with D1 (z), M1(z) right coprime. In turn, this implies the equality
(D1(2)N2(2))(D1(2) Da(2)) = (D1(2)D2(2)) (M1 (2) Da(2))- (34)
Defining
N(z) = Di(2)Ns(2)
M(z) = Mi(2)Da(2), (35)
we obtain
N(z)D(z) = D(z)M(z). (36)

The right coprimeness of D1(z), M1(z) shows that a g.c.r.d. of D(z), M(2) is Da(z).
Applying Theorem 4, we get the representation (32).
2. The proof can be derived from Part 1 by duality considerations. However, this
is rather intricate and we prefer to give a direct proof.

As before, the “if” part is trivial. To prove the “only if” part, we assume
that V C Xp is an Sp-invariant subspace, hence, by Theorem 2, there exists a
factorization

D(z) = D1(2)D2(2), (37)

for which V = Dy Xp,. As we assume that V is reducing, i.e., has a complementary
invariant subspace, Theorem 6, implies the existence of a factorization

D(z) = Da(2)D1(2), (38)

with D1(z), Da(z) left coprime and Ds(2), D1(z) right coprime. As in Part 1, we
conclude the existence of polynomial matrices X (z),Y (z), X(z),Y (z), for which
the doubly coprime factorization (27) holds. We define now

N(z) = Di1(2)X(2)

M(z) = X(2)Di(2). (39)

We compute
N(z)D(z) = D1(2)X(2)D2(z)D1(2) = D1(2)D2(2) X (2)D1(2) = D(2) M (z).
In turn, this implies that the map Z : Xp — Xp defined by
Zg=mpNg (40)

is intertwining Sp. Comparing the factorizations (37) and (39), we conclude that
D1 (z) is a common left divisor of N(z) and D(z). It is a g.c.l.d. as, by the Bezout
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equation (29), X (z) and Dy(z) are left coprime. Applying Theorems 3 and 4, we
conclude that

ImZ = DlXD2. (41)

U

Noting that we have the isomorphism A ~ S,;_ 4, it follows that Theorem 1
is a consequence of Theorem 7

We can prove Theorem 7 in a slightly different way. For this we state and
prove the following proposition, a variation on a similar result in Fuhrmann [2010a].

Proposition 8. Let D(z) € F[z]P*P be nonsingular with proper inverse D(z) 1.
Choose any A € F such that D()) is nonsingular. Then
1. M — Sp is invertible.
2. The Bezout equation
(z=N®(2) + D(2)¥(z) =1 (42)

has a unique solution for which D(z)~1®(2) is strictly proper. ¥(z) = ¥ is
necessarily constant and we have

U =D\)! (43)
and
B(z) = I —D(z)D(\)~! (44)
z2—A ’
3. Defining a map Z : Xp — Xp by
Zg=mpPyg g € Xp, (45)
then we have
(Sp—A)"'=2Z. (46)
4. The following is a doubly coprime factorization
1 I-DMN'D(z)
D\t .
—(z—=XNI D(z)
(2 ) ()
(= NI D)1 0 1 "
I - D(z)D(\)~!
D(z) — L
(z—=NI DM\t
N A ( I o )
(= NI D(2) 0 1
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Proof. 1. By (13), the assumption that D(\) is nonsingular is equivalent to the
invertibility of Al — Sp.

2. The nonsingularity of D()) is also equivalent to the left (and right) co-
primeness of (z—\)I and D(z). This implies the solvability of the Bezout equation
(42). Choosing the unique solution for which ®(z)D(z)~! is strictly proper, forces
(z — X\)71W(2) to be strictly proper too, i.e., ¥(z) is necessarily constant. Evalu-
ating (42) at z = A, we obtain (43). (44) follows from (42) by extracting ®(z).

3. For g € Xp, we compute

g = wplg=mp((z—N)®+ DU)g
= wp(z—AN®g=7p(z—AN)mpPg = (Sp — A\)Zy,

which proves (46).
4. Can be checked by direct computation. O

We proceed to give an alternative proof of the “only if” part of Theorem 7,
using the same notation. We do this as this approach extends to the infinite-
dimensional, Hardy space oriented, generalization of the theorem. We do not make
the strict properness assumption on M (z)D(z)~! as it suffices to construct any
My (z) satisfying the required conditions. We note that the nonsingularity of D;(z)
implies the existence of a A € F for which D()) is invertible. We invoke now
Proposition 8, but with D;(z) replacing D(z). We define

Ma(z) = (2= NI (48)

The coprime factorization (47) implies the right coprimeness of My(z), D1(z). We
define the other polynomial matrices by
My(z)=(z =M1

DQ(Z) = DQ(Z)
D1(2) = Di(2). (49)

M(2) )D2()
N(z) )D2(2)

We observe that M(z), D1(z) are right coprime because of the following identity
I - D1()\)71D1(Z)
M
z—A 2(2)
I - Dl(/\)_lDl(Z)
zZ—=A

:(Z_ADQ
:(Z_ADQ

Di(\)7'Dy(2) +
(50)

=Di(\)"'Dy(2) + (z—=NI=1.

The rest of the proof is as before.

5. Some interesting connections

We observe that the proof of Theorem 7, which is the polynomial model version of
Halmos’ result, did not need to use Frobenius’ theorem. This leads us to consider
the possibility of also finding an elementary, matrix proof which does not use the
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Frobenius result. While this remains an open problem, it reveals some interesting
connections, especially with Roth [1952], the Sylvester equation and the concept
of skew-primeness. In the following we describe some of these connections.
We begin with some heuristic analysis. Let T' : F* — F™ be linear and let
F™ be a k-dimensional T-invariant subspace. Choose a basis so that T =

VY C
A 0 .
(209
vzhn<?>::{<2)mem*}
Assume:
. X U . A 0
(a) The matrix < 7y ) commutes with < C B >

(b) Ker<)Z( g>=v.

Condition (b) implies that U =0, Y = 0 and

7N
N

) is left invertible.
The commutativity condition translates into

{XA = AX

ZA = BZ+CX. (51)

Thus we have a connection to the Sylvester equation. Equation (51) can be rewrit-
ten as the following matrix equation.

(3)4=(23)(%) 2

This indicates that W = Im ( )Z( ) is an ( é, g )—invariant subspace. In turn,

A:(g g)|w~ (53)

Clearly, W is a complementary subspace to V if and only if X is nonsingular.
In order to prove the Halmos result, we need to construct matrices X, Z for

which (51) holds and < )Z( ) is left invertible.

we have the isomorphism

Here are some special cases:

1. The characteristic polynomials of A and B are coprime.
Under this assumption, the Sylvester equation ZA — BZ = C has a unique
solution. Choose X = 1.

2. The matrices A, B are similar.
In this case, there exists a nonsingular R for which RA = BR. Choose X = 0,
Z = R and we are done.
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A 0 A 0 o
3. Assume(c B >,< 0 B)are similar.

In this case, by Roth’s Theorem [1952], the Sylvester equation ZA— BZ = C
is solvable. Choosing X = I, we are done.

4. A special case of the previous item is C' = 0.
Choose Z =0and X = I.

. X . . .
In all these cases, the constructed matrix ( P ) is left invertible.

Lemma 9. Given A € Fn=F)x(n=k) ' B ¢ Fkxk (O ¢ Fkx(n=k) X ¢ Fln—k)x(n—k)
and Z € Fkx(n=k)
X A 0 X
(Z)a=(28)(%) o
if and only if

1. We have
A 0 X 0 (X 0 A 0 (55)
C B zZ I ) \Z I 0 B )’
2. If (55) holds with X nonsingular, then we can assume, without loss of gen-
erality, that for some Z we have

(2)(2)-(20)(3 ) w

Proof. 1. By a simple computation.
Xfl

2. Multiplying on the right by ( 0

? ) and redefining Z. O

.. . . A 0 A 0
If (55) holds and X is invertible, then the matrices < C B ) , < 0 B >

are similar. By a theorem of Roth [1952], this is equivalent to the solvability of the
Sylvester equation ZA — BZ = C. Our next theorem clarifies the connection be-
tween this special case of Halmos’ theorem, namely the case where (54) is solvable
with X invertible, and the theorem of Roth.

Theorem 10. Given matrices A € Fn=k)x(n=k) B ¢ Fkxk gnqg ¢ e Fkx(n=k),
The following statements are equivalent:

1. We have the following similarity
A 0 A 0
(65)=(03) &

2. The subspace Im ( 0 has a complementary ) -invariant subspace.

1 C B
3. There exists a solution of the following Sylvester equation

ZA—BZ=C. (58)
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4. There exists a matriz commuting with < é, g ) whose kernel is Im < ? >

and whose image is complementary to Im ( ? )

Proof. (4) = (2)

X U . .
Let ( 7y ) be a matrix for which:

. X U . A 0
(a) The matrix ( 7y ) commutes with ( C B )

X U 0
(b) WehaveKer(Z Y>—1m<l>.

Condition (b) implies that U =0, Y = 0 and < )Z( ) is left invertible.
The commutativity condition (a) translates into

XA = AX
ZA = BZ+CX.

Equation (59) can be rewritten as the following matrix equation.

(2)4=(23)(%) ®

This indicates that Im < )Z( ) is an c g )—invariant subspace. The comple-

mentary assumption implies that X is nonsingular. Applying Lemma 9.2, we get
the similarity (56).

3) = (1)

Assume Z solves the Sylvester equation (58). This implies the identity (56) and
hence the similarity (56).

2)= )

(59)

Let Im ( )Z( ) be an ( é g )—invariant subspace which is complementary to

X ) is left invertible.

Im 0 . Without loss of generality, we can assume that ( 7

I
This implies the existence of a matrix K for which

(e 5)(z)=(2)x o)

The complementarity assumption implies that X is nonsingular. From equation
(61) we obtain

< e b > < 7% > - ( 2x-1 >(XKX1)~ (62)
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This implies X X X! = A. Redefining Z, we have

(égﬂé):(é)fl (63)

Applying Lemma 9.2, we get the similarity (56).

(2) = (3)
The Sylvester equation (58) follows from (63).
3) = (4)
Let Z be a solution of the Sylvester equation (58). This implies (63). In turn, we
have
A 0 I 0 (I 0 A 0
C B Z 0) \Z 0 ¢ B )’

. I 0 . A 0 I 0
This shows that 7 0 commutes with < C B ) Clearly, Ker< 7 0 > =
Im( 9 )

(1) = (3)
This follows from Roth [1952]. d

We wish to point out that Roth’s theorem is also about existence of comple-
mentary subspaces. In the polynomial model case this connects to the concept of
skew-primeness, introduced in Wolovich [1978]. For a geometric interpretation of
skew-primeness, see Khargonekar, Georgiou and Ozgiiler[1983]. Fuhrmann [1994]
contains an infinite-dimensional generalization of skew-primeness. This opens up
the possibility of establishing the analog of Halmos’s theorem in the context of
backward shift invariant subspaces.

Because of space constraints, we just state the next result. The context is
the n-vectorial H? of the unit disk. We use Beurling’s representation of invariant
subspaces in terms of inner functions, the relation between factorizations of Q(z)
and invariant subspaces of the model operator defined by

S5Qf = Pu)=/f; f(z) e HQ), (64)

and, finally, the representation of elements of the commutant of Sg. For most of
the background, one can consult Fuhrmann [1994].

Theorem 11. Let Q(z) € HSS,, be an inner function and let H(Q) = {QH2}* =
H2 o QH?2. Let Sg : H(Q) — H(Q) be defined by (64). Then

1. A subspace V C H(Q) is an Sq-invariant subspace if and only if it is the
kernel of a bounded linear operator W' that commutes with Sq.

2. A subspace ¥V C H(Q) is an Sq-invariant subspace if and only if it is the
image of a bounded linear operator W that commutes with Sg.



On Theorems of Halmos and Roth 187

References

[2010]
[1896]
[1976]
[1977]
[1983]
[1994]
[1996]
[2005]
[2006]
20104
[2010D)

[1971]
[1983]

[1952]
[1970]

[1974]
[1978]

I. Domanov “On invariant subspaces of matrices: A new proof of a theorem of
Halmos”, Lin. Alg. Appl., 433, 2255-2256.

F.G. Frobenius, “Uber die mit einer Matrix vertauschbaren Matrizen”, Ges. Abh.,
Bd. 3, Springer, pp. 415-427.

P.A. Fuhrmann, “Algebraic system theory: An analyst’s point of view”, J.
Franklin Inst. 301, 521-540.

P.A. Fuhrmann, “On strict system equivalence and similarity”, Int. J. Contr.,
25, 5-10.

P.A. Fuhrmann, “On symmetric rational matrix functions”, Lin. Alg. Appl, Spe-
cial issue on Linear Control Theory, (1983), 167-250.

P.A. Fuhrmann, “On skew primeness of inner functions”, Lin. Alg. Appl., vols.
208-209, 539-551.

P.A. Fuhrmann, A Polynomial Approach to Linear Algebra, Springer Verlag, New
York.

P.A. Fuhrmann, “Autonomous subbehaviors and output nulling subspaces”, Int.
J. Contr., (2005), 78, 1378-1411.

P.A. Fuhrmann, “On duality in some problems of geometric control”, Acta Ap-
plicandae Mathematicae, 91, 207-251.

P.A. Fuhrmann, “A functional approach to the Stein equation”, Lin. Alg. Appl.,
432, 3031-3071.

P.A. Fuhrmann, “On tangential matrix interpolation”, Lin. Alg. Appl., 433, 2018—
2059.

P.R. Halmos “Eigenvectors and adjoints”, Lin. Alg. Appl., 4, 11-15.
P.P. Khargonekar, T.T. Georgiou and A.B. Ozgiiler, “zeros-Prime polynomial
matrices, the polynomial model approach”, Lin. Alg. Appl., 50, 403-435.

W.E. Roth, “The equations AX — YB = C and AX — XB = C in matrices”,
Proc. Amer. Math. Soc., 3, 392-396.

B. Sz.-Nagy and C. Foias, Harmonic Analysis of Operators on Hilbert Space,
North-Holland, Amsterdam.

W.A. Wolovich, Linear Multivariable Systems, Springer Verlag, New York.

W.A. Wolovich, “Skew prime polynomial matrices”, IEEE Trans. Automat. Con-
trol, 23, 880-887.

P.A. Fuhrmann

Department of Mathematics, Ben-Gurion University of the Negev
Beer Sheva, Israel

e-mail: fuhrmannbgu@gmail.com

U. Helmke

Universitdt Wiirzburg, Institut fiir Mathematik
Wiirzburg, Germany

e-mail: helmke@mathematik.uni-wuerzburg.de


mailto:fuhrmannbgu@gmail.com
mailto:helmke@mathematik.uni-wuerzburg.de

Operator Theory:
Advances and Applications, Vol. 222, 189-194
(© 2012 Springer Basel

Pfister’s Theorem Fails in the Free Case

Martin Harrison

Dedicated to Professor Helton, on the occasion of his 65th birthday

Abstract. Artin solved Hilbert’s 17th problem by showing that every positive
semidefinite polynomial can be realized as a sum of squares of rational func-
tions. Pfister gave a bound on the number of squares of rational functions: if
p is a positive semi-definite polynomial in n variables, then there is a polyno-
mial g so that ¢?p is a sum of at most 2" squares. As shown by D’Angelo and
Lebl, the analog of Pfister’s theorem fails in the case of Hermitian polynomi-
als. Specifically, it was shown that the rank of any multiple of the polynomial
lz)?¢ = (225 1z |)¢ is bounded below by a quantity depending on d. Here we
prove that a similar result holds in a free *-algebra.

Mathematics Subject Classification. 16510, 16 W10.

Keywords. Pfister’s theorem, Hilbert’s 17th problem, positive polynomials,
free x-algebra, sums of squares.

1. Introduction

The aim of this section is to define the main objects and to review some related
work. We work in the real free x-algebra R(X, X*) generated by the n noncommut-
ing (NC) variables X;,...,X,, and their adjoints X7. After taking a representa-
tion we can think of these variables as real square matrices, and the * function on
R(X, X*) as the transpose operation. In particular, * respects addition and mul-
tiplication by scalars and is defined on monomials by (Xj, - -+ X, )" = X}, -+ X},
and (X 5 )* = X;. We use multi-indices «, tuples of non-negative integers from
0 to 2n, to index monomials: X* = X, Xo, -+ Xo,- X% is simply the empty
word, denoted by 1. For 0 < j < n, we define X, = X7. We define conjugation
and concatenation of multi-indices o and 3 by the equations X® = (X)* and
Xoof = X X5,

Evaluation of p € R(X, X*) at a tuple (My,...,M,) of square matrices of
the same size is defined by the substitution of M; for X; and MJT for X7.
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We say that p € R(X, X*) is symmetric when p* = p. Such a polynomial p is
said to be matriz positive if the matrix p(M) is positive semidefinite (or PSD) for
every tuple M of square matrices. It was shown by Helton in [3] that every matrix
positive polynomial is a sum of squares (SOS). The minimal number of squares
required to express a matrix positive polynomial as a sum of squares is not known
in general, although upper bounds are easy to obtain. The question is open in
the commutative case as well, and in both cases amounts to a problem of rank
minimization. A great many types of rank minimization problems have been suc-
cessfully attacked in recent years with semidefinite programming techniques (see [7]
for examples). A complete characterization of conditions for success of the nuclear
norm approach, or “trace-heuristic”, in this context is not know, though Recht
provided in [8] a probabilistic characterization of success for particular classes of
rank minimization problems.

Optimization in certain quantum physics problems is done over feasible re-
gions of operators on Hilbert spaces, and so NC variables are useful there. Several
examples and a general framework for such problems are presented in [6], where
the semidefinite programming relaxations of Lasserre are extended to the NC set-
ting. Motivation for the study of NC polynomials from control theory is discussed
in [2].

2. Polynomials, associated matrices and sums of squares

To any symmetric polynomial p € R(X, X*) we can associate a real, symmetric
matrix M with the property
VMV =p

where V* = (X“*)Mgd, and V' is the column vector (X®)|4<4 (with the monomi-
als in graded lexicographical order). The matrix M is not unique, in fact the set
of all such matrices (for a fixed p) forms an affine space which we will denote M,,.

By the rank of p, we mean the minimum of rank(M) over all M € M,,. For
a positive polynomial, this minimum is to be taken over only the PSD matrices.
The following lemma helps us obtain a lower bound on rank

Lemma 1. If A is a symmetric matriz satisfying V* AV = 0, then the (2n)% x (2n)?
lower right submatriz of A is the zero matriz.

Proof. Let B denote the block in question, and V the tautological vector of just the
monomials of degree d. Then V*AV = 0 implies that V*BV = 0 as well since the
product V*BV yields exactly the degree 2d terms of the polynomial V*AV. But
the entries of B are exactly the coefficients of the distinct monomials in V*BV,
hence B is the zero matrix.

The lemma above shows that there is no freedom in choosing the block cor-
responding to the degree 2d terms of the polynomial. Since the rank of this block
gives a lower bound on the rank of the whole matrix, taking the block to be the
(2n)? x (2n)? identity yields a polynomial with rank at least (2n)%.
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2.1. Positive polynomials and sums of squares

In the commutative case it is well known that the cone of positive polynomials
properly contains the SOS cone. Motzkin’s polynomial M (x,y) = 1+x%y* +y2x* —
3x2y? is the first known example of a positive polynomial outside the SOS cone,
and was discovered decades after Hilbert proved the existence of such polynomials.

In contrast, the NC setting offers the nice result, proved by Helton in [3], that
any positive polynomial is a sum of squares. Here, a square takes the form f*f,
so that obviously a sum of squares is positive in the sense defined above. In order
to understand the SOS representation of a positive polynomial, we use the matrix
representation introduced above. The following lemma leads us to the semidefinite
programming formulation of the rank minimization problem.

Lemma 2. A polynomial p is matrix positive exactly when it can be expressed
p=V*MV, with M a PSD matriz. The rank of p is exactly the minimum number
of squares over all SOS representations of p.

The proof is straightforward. It follows that the minimum number of squares
for a positive p is

min rank X
st. VXV =p,

X =0

which can be calculated efficiently (but not always accurately), by minimizing
instead the trace of X.

As a simple example of this problem consider the polynomial P =14+ X*X +
X X* clearly a SOS. The polynomial P is a sum of 3 squares, but can be expressed
as a sum of 2 squares (and no fewer). To see why we parameterize the affine
space Mp by the single parameter t € R. As usual V = (1, X, X*)T, and so
P=V*V =X*X 4+ XX* 4 1. Defining

0o 1 -1
M={(1 0 0
-1 0 0

we get Mp = {I +tM|t € R}, and find the minimal SOS representation

V2\* V2 V2\* V2

Pe(xey) (e ) (=) (=)
+ 2 + 2 + 2 2

on the boundary of the region where I +tM > 0. Note that in this example trace

is constant on Mp N PSD, and that the given solution is obtained by maximizing

t over {¢t|I +tM = 0}.
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3. The Examples

Pfister’s Theorem (proved in [5]) gives a bound on the number of rational functions
in the SOS representation of a PSD polynomial. The bound is remarkable because
it does not depend on the degree of the polynomial in question. D’Angelo and Lebl
proved in [1] that this result fails for Hermitian polynomials. We’ll show that it
fails for noncommutative polynomials. The first theorem below is needed for the
second. It is easy to check that the polynomial S below has rank (2n)?, but more
is true.

Theorem 3. Suppose that ¢ € R(X, X*) and define S = Z\M:dXQ*XQ- Then
p = q*Sq has rank at least (2n)%. Here, (2n)? is the dimension of span{X“}|q|=a

Proof. Since p is matrix positive, it is a sum of squares, and so we may write
p=V*MV  appending V with the necessary monomials. Let ¢ be such that ¢*Sq =
p, and write ¢ = ) ¢ X*. Let & be maximal, with respect to lexicographical
ordering, among all a such that g, # 0.

We have VMV =p = q"Sq = q" (3 4j=g X* X*)g = 3 4=a(X“0)" (X *q).
For each a, write X“q = Q,V, where @, is the row vector of the coefficients of
X “q. Forming the matrix ) whose rows are the Q, we get VMV = p =V*Q*QV,
hence V*(M — Q*Q)V = 0.

The polynomials X%g form a linearly independent set, and in fact have the
distinct leading terms ga X “°%. Tt follows that the last (2n)9t9°8(@) columns of Q
form a block of rank at least (2n)%. Writing @ in block form Q = [A B] where
Bis a (2n)? x (2n)*+de8(9) matrix, we compute

N . [AT L [ATA ATB

The V above includes all monomials up to degree (2n)?+4¢(a), Since V* (M —
QR*Q)V = 0, we know from the lemma that M cannot differ from Q*@Q in its
(2n)d+des(@) x (2n)4+dee(9) Jower right block; this block equals BT B. Therefore M,
an arbitrary matrix representation for p, has rank at least (2n)%. O

Alternatively, one might ask whether a Pfister’s Theorem holds for products
of the usual form. Consider what it would take for ¢*¢.S to be a SOS. Because ¢*q is
symmetric, we note that since SOS are symmetric we must have ¢*¢S = (¢*¢S)* =
Sq*q, so that ¢*q and S commute. Since we evaluate these polynomials on tuples
of matrices, it is tempting to treat them as symmetric matrices. In particular, one
might guess that if two of them commute, then they are both polynomials in a
third polynomial. This happens to be true, and it follows from the following more
general theorem from combinatorics:

Theorem 4 (Bergman’s Centralizer Theorem). Let K be a field, and K (X) the ring
of polynomials over K in noncommuting variables X1, ..., X,. Then the centralizer
of a nonscalar element in K(X) is isomorphic to K|[t] for a single variable t.
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The proof is a bit lengthy and can be found in [4]. It uses the fact that such a
centralizer is integrally closed in its field of fractions together with an easier result
in the formal series setting:

Theorem 5 (Cohn’s Centralizer Theorem). Let K be a field and K{(X)) the ring
for formal power series over K in noncommuting variables X1, ..., X,. Then the
centralizer of a nonscalar element in K{(X)) is isomorphic to K[t] for a single
variable t.

These theorems apply despite the superficial difference that we are work-
ing with indeterminates X1, ..., X,, X7,..., X for which (X)* = X;; there are
no polynomial relations among them, and so we can regard them as 2n noncom-
muting variables Y7, ..., Ys,. Armed with Theorem 3.2, we are ready to give the
counterexample:

Theorem 6. If p € R(X, X™*), a matriz positive polynomial, is of the form ¢*¢S
with S =3, —a X X, then rank(p) > (2n)%.

Proof. We will use the previous Theorem 3.1 together with Bergman’s Centralizer
Theorem. The main difficulty lies in showing that under the hypotheses, ¢*q is
actually a polynomial in S.

Invoking the centralizer theorem we write ¢*q¢ = f(h(X,X*)) and S =
g(h(X, X)) for h(X,X*) € R(X,X*) and f(t),9(t) € R[t]. It follows from the
equation S = g(h(X, X*)) that g must have degree 1. To see why, write

MX, X*) =1 X+ 4 XY+ (lower degree terms), g(t) = apt® +- - +ag

with ¢j,a; € R. We note that each term X1 --- X% is symmetric since it must
be one of the monomials X X in S. Supposing k > 1, we have always that
aj, = «aj, . This implies that there is just one «;, which is certainly not the case.
Therefore deg(g) = 1 and we write g(t) = at + b so that S = g(h(X,X™)) =
ah(X,X*)+bor h(X,X*)=1/a(S-0).

Now we have ¢*¢ = f(1/a(S — b)) = r(S) for some polynomial r(t) € R[t].
Since 7(S) has rank equal to 1(it can be expressed as a single noncommutative
square), it follows that r(t) is of even degree. If not, write 7(t) = ropy1t2F+1 +
oo 4 1o with rop1 # 0. Then r(S) = ropy1S?*+! + (lower degree terms) and
we have by Theorem 3.1 that S?*+1 = S¥SS* and therefore r(9) itself has rank
at least (2n)? > 1, a contradiction. Finally, ¢7(¢) has odd degree and therefore
another application of Theorem 3.1 lets us conclude that p = Sr(S) has rank at
least (2n)7. O
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Abstract. This paper concerns free analytic maps on noncommutative do-
mains. These maps are free analogs of classical holomorphic functions in sev-
eral complex variables, and are defined in terms of noncommuting variables
amongst which there are no relations — they are free variables. Free analytic
maps include vector-valued polynomials in free (noncommuting) variables and
form a canonical class of mappings from one noncommutative domain D in
say g variables to another noncommutative domain D in § variables. Moti-
vated by determining the possibilities for mapping a nonconvex noncommu-
tative domain to a convex noncommutative domain, this article focuses on
rigidity results for free analytic maps. Those obtained to date parallel and
are often stronger than those in several complex variables. For instance, a
proper free analytic map between noncommutative domains is one-one and, if
g = g, free biholomorphic. Making its debut here is a free version of a theorem
of Braun-Kaup-Upmeier: between two freely biholomorphic bounded circular
noncommutative domains there exists a linear biholomorphism. An immediate
consequence is the following nonconverification result: if two bounded circular
noncommutative domains are freely biholomorphic, then they are either both
convex or both not convex. Because of their roles in systems engineering, lin-
ear matriz inequalities (LMIs) and noncommutative domains defined by an
LMI (LMI domains) are of particular interest. As a refinement of above the
nonconvexification result, if a bounded circular noncommutative domain D is
freely biholomorphic to a bounded circular LMI domain, then D is itself an
LMI domain.
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1. Introduction

The notion of an analytic, free or noncommutative, map arises naturally in free
probability, the study of noncommutative (free) rational functions [BGMO06, Vo04,
Vo10, SV06, MS11, KVV—], and systems theory [HBJP87]. In this paper rigidity
results for such functions paralleling those for their classical commutative coun-
terparts are presented. Often in the noncommutative (nc) setting such theorems
have cleaner statements than their commutative counterparts. Among these we
shall present the following;:

(1) a continuous free map is analytic (§2.4) and hence admits a power series
expansion (§2.5);

(2) if f is a proper analytic free map from a noncommutative domain in g vari-
ables to another in g variables, then f is injective and g > ¢. If in addition
g = g, then f is onto and has an inverse which is itself a (proper) analytic free
map (§3.1). This injectivity conclusion contrasts markedly with the classical
case where a (commutative) proper analytic function f from one domain in
CY9 to another in CY9, need not be injective, although it must be onto.

(3) A free Braun-Kaup-Upmeier theorem (§5). A free analytic map f is called
a free biholomorphism if f has an inverse f~! which is also a free analytic
map. As an extension of a theorem from [BKU78|, two bounded, circular,
noncommutative domains are freely biholomorphic if and only if they are
freely linearly biholomorphic.

(4) Of special interest are free analytic mappings from or to or both from and
to noncommutative domains defined by linear matrix inequalities, or LMI
domains. Several additional recent results in this direction, as well as a con-
comitant free convex Positivstellensatz (§6.3), are also included.

Thus this article is largely a survey. The results of items (1), (2), and (4) appear
elsewhere. However, the main result of (3) is new. Its proof relies on the existence of
power series expansions for analytic free maps, a topic we discuss as part of (1) in
§2.5 below. Our treatment is modestly different from that found in [Vo10, KVV-].

For the classical theory of commutative proper analytic maps see D’Angelo
[DAn93] or Forstneri¢ [Fo93]. We assume the reader is familiar with basics of
several complex variables as given, e.g., in Krantz [Kr01].

1.1. Motivation

One of the main advances in systems engineering in the 1990’s was the conversion
of a set of problems to linear matriz inequalities (LMIs), since LMIs, up to modest
size, can be solved numerically by semidefinite programs [SIG98]. A large class of
linear systems problems are described in terms of a signal-flow diagram ¥ plus L?
constraints (such as energy dissipation). Routine methods convert such problems
into noncommutative polynomial inequalities of the form p(X) = 0 or p(X) > 0.
Instantiating specific systems of linear differential equations for the “boxes”
in the system flow diagram amounts to substituting their coefficient matrices
for variables in the polynomial p. Any property asserted to be true must hold
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when matrices of any size are substituted into p. Such problems are referred to
as dimension-free. We emphasize, the polynomial p itself is determined by the
signal-flow diagram X.

Engineers vigorously seek converxity, since optima are global and convexity
lends itself to numerics. Indeed, there are over a thousand papers trying to con-
vert linear systems problems to convex ones and the only known technique is the
rather blunt trial and error instrument of trying to guess an LMI. Since having an
LMI is seemingly more restrictive than convexity, there has been the hope, indeed
expectation, that some practical class of convex situations has been missed.

Hence a main goal of this line of research has been to determine which changes
of variables can produce convexity from nonconvex situations. As we shall see be-
low, a free analytic map between noncommutative domains cannot produce con-
vexity from a nonconvex set, at least under a circularity hypothesis. Thus we think
the implications of our results here are negative for linear systems engineering; for
dimension-free problems the evidence here is that there is no convexity beyond the
obvious.

1.2. Reader’s guide

The definitions as used in this paper are given in the following section §2, which
contains the background on noncommutative domains and on free maps at the level
of generality needed for this paper. As we shall see, free maps that are continu-
ous are also analytic (§2.4). We explain, in §2.5, how to associate a power series
expansion to an analytic free map using the noncommutative Fock space. One typ-
ically thinks of free maps as being analytic, but in a weak sense. In §3 we consider
proper free maps and give several rigidity theorems. For instance, proper analytic
free maps are injective (§3.1) and, under mild additional assumptions, tend to be
linear (see §4 and §5 for precise statements). Results paralleling classical results
on analytic maps in several complex variables, such as the Carathéodory-Cartan-
Kaup-Wu (CCKW) Theorem, are given in §4. A new result — a free version of the
Braun-Kaup-Upmeier (BKU) theorem — appears in §5. A brief overview of further
topics, including links to references, is given in §6. Most of the material presented
in this paper has been motivated by problems in systems engineering, and this was
discussed briefly above in §1.1.

2. Free maps

This section contains the background on noncommutative sets and on free maps
at the level of generality needed for this paper. Since power series are used in
85, included at the end of this section is a sketch of an argument showing that
continuous free maps have formal power series expansions. The discussion borrows
heavily from the recent basic work of Voiculescu [Vo04, Vol0] and of Kalyuzhnyi-
Verbovetskil and Vinnikov [KVV-], see also the references therein. These papers
contain a more power series based approach to free maps and for more on this one
can see Popescu [Po06, Po10], or also [HKMS09, HKM11a, HKM11b).
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2.1. Noncommutative sets and domains
Fix a positive integer g. Given a positive integer n, let M,,(C)? denote g-tuples of
n x n matrices. Of course, M, (C)Y is naturally identified with M, (C) ® CY.

A sequence U = (U(n))nen, where U(n) C M, (C)Y, is a noncommutative set
if it is closed with respect to simultaneous unitary similarity; i.e., if X € U(n) and
U is an n X n unitary matrix, then

U'XU = (U"X1U,...,.U X, U) € U(n); (1)

and if it is closed with respect to direct sums; i.e., if X € U(n) and Y € U(m)
implies

X@Y:[X O}GZ/I(n—Fm). )

0 Y

Noncommutative sets differ from the fully matricial C9-sets of Voiculescu
[Vo04, Section 6] in that the latter are closed with respect to simultaneous simi-
larity, not just simultaneous unitary similarity. Remark 2 below briefly discusses
the significance of this distinction for the results on proper analytic free maps in
this paper.

The noncommutative set U is a noncommutative domain if each U(n) is
nonempty, open and connected. Of course the sequence M(C)¢ = (M, (C)9) is
itself a noncommutative domain. Given & > 0, the set Nz = (Nz(n)) given by

Ne(n) = {X € M,(C)? : Y X,;X; <%} (3)

is a noncommutative domain which we call the noncommutative e-neighborhood
of 0 in CY. The noncommutative set I is bounded if there is a C' € R such that

C? =) X,;X; -0 (4)

for every n and X € U(n). Equivalently, for some A € R, we have U C N,. Note
that this condition is stronger than asking that each U(n) is bounded.

Let C(z) = C(x1,...,z,4) denote the C-algebra freely generated by g non-
commuting letters x = (z1,...,24). Its elements are linear combinations of words
in z and are called (analytic) polynomials. Given an r x r matrix-valued poly-
nomial p € M,(C) @ C(z1,...,zy) with p(0) = 0, let D(n) denote the connected
component of

{X e M,,(C)? : I +p(X) +p(X)" =0} (5)
containing the origin. The sequence D = (D(n)) is a noncommutative domain
which is semi-algebraic in nature. Note that D contains an € > 0 neighborhood of
0, and that the choice

T
p:i Ogxg

Lg

O1xg O1x1

gives D = N.. Further examples of natural noncommutative domains can be gen-
erated by considering noncommutative polynomials in both the variables x =
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*

(z1,...,74) and their formal adjoints, z* = (z7,..., ;). For us the motivating

case of domains is determined by linear matrix inequalities (LMIs).

2.2. LMI domains

A special case of the noncommutative domains are those described by a linear

matrix inequality. Given a positive integer d and A;,..., A, € My(C), the linear
matrix-valued polynomial
L(x) = ZAjasj € My(C) @ Cx1,...,xzy) (6)

is a (homogeneous) linear pencil. Its adjoint is, by definition, L(z)* = >_ Ajzj.
Let

L(z) =1Iq+ L(z) + L(x)".
If X € M,(C)?, then £(X) is defined by the canonical substitution,

LX)=Li@I,+Y A 0X;+) A @X],

and yields a symmetric dn X dn matrix. The inequality £(X) > 0 for tuples
X € M(C)Y is a linear matrix inequality (LMI). The sequence of solution sets D,
defined by

De(n) ={X € M,(C)Y: L(X) > 0} (7)
is a noncommutative domain which contains a neighborhood of 0. It is called a
noncommutative (nc) LMI domain. It is also a particular instance of a noncom-
mutative semialgebraic set.

2.3. Free mappings
Let U denote a noncommutative subset of M (C)Y and let g be a positive integer.
A free map f from U into M (C)? is a sequence of functions f[n] : U(n) — M, (C)J
which respects direct sums: for each n,m and X € U(n) and Y € U(m),
fXeY)=f(X)e f(Y); (8)
and respects similarity: for each n and X,Y € U(n) and invertible n x n matrix
I" such that
XI'=(XI,. X ) =(TY,,...,ITY,) =TY (9)
we have
FX)T = T(Y). (10)
Note if X € U(n) it is natural to write simply f(X) instead of the more cumber-
some f[n](X) and likewise f : U — M(C)J.

We say f respects intertwining maps if X € U(n), Y € U(m), ' : C™ — C™,
and XT' = T'Y implies f[n](X)I' = T'f[m](Y). The following proposition gives
an alternate characterization of free maps. Its easy proof is left to the reader
(alternately, see [HKM11b, Proposition 2.2]).

Proposition 1. Suppose U is a noncommutative subset of M (C)9. A sequence f =
(fIn]) of functions f[n] : U(n) — M, (C)? is a free map if and only if it respects
mtertwining maps.
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Remark 2. Let U be a noncommutative domain in M(C)9 and suppose f : U —
M(C) is a free map. If X € U is similar to Y with Y = S71XS, then we
can define f(Y) = S~!1f(X)S. In this way f naturally extends to a free map on
H(U) € M(C)9 defined by

H(U)(n) ={Y € M,(C)9 : there is an X € U(n) such that Y is similar to X }.

Thus if U is a domain of holomorphy, then H(U) = U.

On the other hand, because our results on proper analytic free maps to come
depend strongly upon the noncommutative set U itself, the distinction between
noncommutative sets and fully matricial sets as in [Vo04] is important. See also
[HM+, HKM+, HKM11b].

We close this subsection with a simple observation:

Proposition 3. If U is a noncommutative subset of M(C)Y and f : U — M(C)?
is a free map, then the range of f, equal to the sequence f(U) = (f[n](U(n))), is
itself a noncommutative subset of M(C)9.

2.4. A continuous free map is analytic

Let U € M(C)Y be a noncommutative set. A free map f : U — M(C)7 is continu-
ous if each f[n] : U(n) — M, (C)9 is continuous. Likewise, if U is a noncommutative
domain, then f is called analytic if each f[n] is analytic. This implies the existence
of directional derivatives for all directions at each point in the domain, and this
is the property we use often. Somewhat surprising, though easy to prove, is the
following:

Proposition 4. Suppose U is a noncommutative domain in M (C)9.
(1) A continuous free map f: U — M(C)9 is analytic.
(2) If X eU(n), and H € M,(C)? has sufficiently small norm, then

f[)o( ?] _ {f(gf) f’;?(())([)H] . (11)

We shall not prove this here and refer the reader to [HKM11b, Proposition
2.5] for a proof. The equation (11) appearing in item (2) will be greatly expanded
upon in §2.5 immediately below, where we explain how every free analytic map
admits a convergent power series expansion.

2.5. Analytic free maps have a power series expansion

It is shown in [Vol10, Section 13] that a free analytic map f has a formal power
series expansion in the noncommuting variables, which indeed is a powerful way
to think of free analytic maps. Voiculescu also gives elegant formulas for the coef-
ficients of the power series expansion of f in terms of clever evaluations of f. Con-
vergence properties for bounded free analytic maps are studied in [Vol0, Sections
14-16]; see also [Vo10, Section 17] for a bad unbounded example. Also, Kalyuzhnyi-
Verbovetskil and Vinnikov [KVV-] are developing general results based on very
weak hypotheses with the conclusion that f has a power series expansion and is
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thus a free analytic map. An early study of noncommutative mappings is given in
[Ta73]; see also [Vo04].
Given a positive integer g, a formal power series F' in the variables z =

{x1,...,24} with coefficients in C9 is an expression of the form
F= > Fuw
we(T)

where the F,, € C9, and (z) is the free monoid on z, i.e., the set of all words
in the noncommuting variables z. (More generally, the F,, could be chosen to be
operators between two Hilbert spaces. With the choice of F,, € C? and with some
mild additional hypothesis, the power series F' determines a free map from some
noncommutative e-neighborhood of 0 in M (C)9 into M (C)9.)

Letting F(™) = ZI w=m F,w denote the homogeneous of degree m part of F,

F= i Y Fow=) F™. (12)

m:0|w|:m m

Proposition 5. Let V denote a noncommutative domain in M(C)? which contains
some e-neighborhood of the origin, Ne. Suppose f = (f[n]) is a sequence of analytic
functions f[n] : V(n) — M, (C)9. If there is a formal power series F such that for
X € N the series F(X) =3, F™)(X) converges in norm to f(X), then f is a
free analytic map V — M(C)9.

The following lemma will be used in the proof of Proposition 5.

Lemma 6. Suppose W is an open connected subset of a locally connected metric
space X and o € W. Suppose o € W1 C Wy C --- is a nested increasing sequence
of open subsets of W and let W2 denote the connected component of W; containing
o. If UW; =W, then UW? = W.

Proof. Let U = UW}. If U is a proper subset of W, then V. = W \ U is neither
empty nor open. Hence, there is a v € V such that Ns(v) NU # @ for every § > 0.
Here Ns(v) is the § neighborhood of v.

There is an N so that if n > N, then v € W,,. Thereis a § > 0 such that Ns(v)
is connected, and Ns(v) C W), for alln > N. There is an M so that Ns(v)NW2 # 0
for all m > M. In particular, since both Ns(v) and W2 are connected, Ns(v)UW2
is connected. Hence, for n large enough, N5(v)UW2 is both connected and a subset
of W,. This gives the contradiction Ns(v) C W2. O

Proof of Proposition 5. For notational convenience, let N’ = N.. For each n, the
formal power series F' determines an analytic function N'(n) — M, (C)? which
agrees with f[n] (on N'(n)). Moreover, if X € N'(n) and Y € N (m), and XT' =TY,
then F(X)I' =TF(Y). Hence f[n](X)I' =T f[m|(Y).
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Fix X € V(n), Y € V(m), and suppose there exists I' # 0 such that XT' =
I'Y. For each positive integer j let

I —T|[A o][f ;T
. . J
= {am e[!S [ ] <versm)
C V(n) ®V(m).
Note that W, is open since V(n+m) is. Further, W; C W;41 for each j; for j large
enough, (0,0) € Wj; and UW; = W := V(n) & V(m). By Lemma 6, UW? = W,
where WY is the connected component of W; containing (0,0). Hence, (X,Y) € W¢
for large enough j which we now fix. Let Y C W; be a connected neighborhood of
(0,0) with Y € N(n) & N(m).
We have analytic functions G, H : WY — M1, (CY) defined by

cwm=ly TP ol o

I =T[4 o][I !r
= J J
nas =roem(y 7| [0 B0 ]
For (A, B) € Y we have G(A, B) = H(A, B) from above. By analyticity and the
connectedness of WY, this shows G(A, B) = H(A, B) on Wy.
Since (X,Y) € W we obtain the equality G(X,Y) = H(X,Y’), which gives,
using XT' —TY =0,
X 0] 2 &0 FFXOT =Tf(Y))
0 Y 0 f(Y) '

Thus f(X)I' =T f(Y) = 0 and we conclude that f respects intertwinings and hence
is a free map. O

If V is a noncommutative set, a free map f : ¥V — M(C)9 is uniformly
bounded provided there is a C such that ||f(X)|| < C for every n € N and
X € V(n).

Proposition 7. If f : N. — M(C)7 is a free analytic map then there is a formal

power series
Fo Y hus > > R (13)

m=0 |w|=
which converges on N and such that F(X)=f(X ) for X € N..
Moreover, if [ is uniformly bounded by C, then the power series converges
uniformly in the sense that for each m, 0 < r < 1, and tuple T = (T4, ...,Ty) of
operators on Hilbert space satisfying ZTjTj* =< 1221, we have

| > Reere

lw|=m

<Crm

In particular, |F,|| < S for each word w of length n.
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Remark 8. Taking advantage of polynomial identities for M,,(C), the article [Vo10]
gives an example of a formal power series G which converges for every tuple X of
matrices, but has 0 radius of convergence in the sense that for every r» > 0 there
exists a tuple of operators X = (X1, , X,) with 3 X7 X; < r? for which G(X)
fails to converge.

2.6. The Fock space and creation operators

The noncommutative Fock space, denoted F, is the Hilbert space with orthonor-
mal basis (z). For 1 < j < g, the operators S; : F; — F4 determined by S;w = z;w
for words w € (z) are called the creation operators. It is readily checked that each
S; is an isometry and

I—Py=)_5;S;,

where Fy is the projection onto the one-dimensional subspace of F, spanned by
the empty word (). As is well known [Fr84, Po89], the creation operators serve as
a universal model for row contractions. We state a precise version of this result
suitable for our purposes as Proposition 9 below.

Fix a positive integer £. A tuple X € M, (C)? is nilpotent of order € + 1 if
X" = 0 for any word w of length |w| > ¢. Let P, denote the subspace of F,
spanned by words of length at most ¢; P, has dimension

Let V; : Py — F4 denote the inclusion mapping and let
ViSVe =V (S1,...,8)Ve = (V" S1Ve, ..., V" Sy Ve).

As is easily verified, the subspace Py is invariant for each ST (and thus semi-
invariant (i.e., the orthogonal difference of two invariant subspaces) for S;). Hence,
for a polynomial p € C(x1,...,xz,),

p(ViSVe) = Vi'p(S)Ve.
In particular,
D (VESVa)VES;Ve) < Vi) 885V = Vi RV
J J
Hence, if |z] < €, then V; 2S5V} is in N, the e-neighborhood of 0 in M (C)9.
The following is a well-known algebraic version of a classical dilation theorem.

The proof here follows along the lines of the de Branges-Rovnyak construction of
the coisometric dilation of a contraction operator on Hilbert space [RR85].

Proposition 9. Fiz a positive integer £ and let T = VSV, If X € M,(C)9 is
nilpotent of order £ and if ZXjX;‘ =< 121, then there is an isometry V : C" —
C" ®@ Py such that VX; = r(I @ T})V, where I is the identity on C".
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Proof. We give a de Branges-Rovnyak style proof. By scaling, assume that r = 1.

Let
R=> X;X:.
Thus, by hypothesis 0 < R < I. Let
* 1
=) TiT):

The matrix D is known as the defect and, by hypothesis, is strictly positive definite.
Moreover,

> XUDD(XU) =1- Y X“(X")'=1I (14)

[w| <t w|=£+1
Define V' by
= ZD(T“’)*V ® w.
w

The equality of equation (14) shows that V is an isometry. Finally
VXjy= Y DX“)yXjyeow= » DX")yew

[w|<e—1 |lw|<e—1
=T Z D(X%%)'y ® zjw
|Jw|<e—1
_S* D’y—|—z Z D(T* ")y @ zpw)
ko |w|<e—1
= S;Vy. O

2.7. Creation operators meet free maps

In this section we determine formulas for the coefficients F,, of Proposition 7 of
the power series expansion of f in terms of the creation operators S;. Formulas
for the F,, are also given in [Vol0, Section 13] and in [KVV-], where they are
obtained by clever substitutions and have nice properties. Our formulas in terms
of the familiar creation operators and related algebra provide a slightly different
perspective and impose an organization which might prove interesting.

Lemma 10. Fiz a positive integer £ and let T = V;SVy as before. If f : M(C)9 —
M(C)9 is a free map, then there exists, for each word w of length at most £, a
vector F,, € C9 such that

Given u,w € (z), we say u divides w (on the right), denoted u|w, if there is
a v € (x) such that w = uwv.

Proof. Fix a word w of length at most . Define F,, € C9 by
(Fu,y) =0, f(T)'y ®w), yeC.
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Given a word u € Py of length k, let R, denote the operator of right multi-
plication by w on Py. Thus, R, is determined by R,v = vu if v € (z) has length
at most £ — k, and R,v = 0 otherwise. Routine calculations show

TR, = R,Tj.
Hence, for the free map f, f(T)R, = R, f(T). Thus, for words u,v of length at
most £ and y € C9,
(u, F(T)y @ v) = (R, f(T)y @v) = (D, f(T)"y @ R}v).
It follows that

(v, Fy) ifv=oau

(f()y@uvu) = { (15)

0 otherwise.

On the other hand, if v = wu, then (T%)*v = u and otherwise, (T%)*v is
orthogonal to u. Thus,

E: if v=
(Y Fo@)ysvu)=q =y Bv=u (16)
0 otherwise.
Comparing equations (15) and (16) completes the proof. O

Lemma 11. Fiz a positive integer £ and, as in Proposition 9, let T = VSV,
act on Py. Suppose V : C" — C" ® Py is an isometry and X € M,(C)J. If
f:M(C)9 — M(C)9 is a free map and VX* = (I ® T*)V, then
fX)=Vv*(Ie f(T)V.
Proof. Taking adjoints gives XV* = V*(I®T). From the definition of a free map,
FXOWV =V e f(T)).

Applying V on the right and using the fact that V is an isometry completes the
proof. O

Remark 12. Tterating the intertwining relation VX* = (I @ T*)V, it follows that,
V(X")* = (I®(T%)*)V. In particular, if F is formal power series, then F(X*)V =
VE(I & T").

A free map f : M(C)? — M(C)? is homogeneous of degree ¢ if for all
X € M(C)9 and z € C, f(2X) = 2 f(X).

Lemma 13. Suppose f : M(C)9 — M(C) is a free map. If f is continuous and
homogeneous of degree £, then there exists, for each word w of length ¢, a vector
F,, € C9 such that

fX)= Y F,®X" foralX e M(C).
|w|=¢
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Proof. Write T = V;*SV;. Let n and X € M,(C)? be given and assume ) X; X7 <
I. Let J denote the nilpotent Jordan block of size (£41) x (¢ +1). Thus the entries
of J are zero, except for the ¢ entries along the first super diagonal which are
all 1. Let Y = X ® J. Then Y is nilpotent of order £+ 1 and »]Y;Y* < I. By
Proposition 9, there is an isometry V : C" @ C**! — (C" ® C**') ® P, such that

VY* = (I &T"V.

By Theorem 11, f(Y) = V*(I® f(T))V. From Lemma 10 there exists, for words w
of length at most ¢, vectors F,, € C9 such that f(T) = ZIWISE F, ® T%. Because
fis afree map, f(I®T)=I1® f(T). Hence,

L
JV) = Y RaeViIeT )V =3 Fov = Z( ) mew) @ J™.

w|<t lw|<¢ m=0 \w|=m

Replacing X by zX and using the homogeneity of f gives,

LfY) = é( > Fu ®Xw> ® ZmJ™

m=0 Mw|=m
It follows that
fY) = (Z Fy ® Xw> ® J". (17)
Jw|=¢

Next suppose that £ = D + J, where D is diagonal with distinct entries
on the diagonal. Thus there exists an invertible matrix Z such that ZF = DZ.
Because f is a free map, f(X ® D) = @f(d;X), where d; is the jth diagonal entry
of D. Because of the homogeneity of f,

f(X ®D)=adf(X)=f(X)® D"
Hence,
fX®E) =10z HYf(XeD)(I®Z)=IZ )f(X)oD'(I®Z) = f(X)oE".

Choosing a sequence of D’s which converge to 0, so that the corresponding E’s
converge to J, and using the continuity of f yields f(Y) = f(X)®J. A comparison
with (17) proves the lemma. O

2.8. The proof of Proposition 7

Let f : No. — M(C)9 be a free analytic map. Given X € M, (C)9, there is a disc
Dx ={z € C:|z] < rx} such that zX € N for z € Dx. By analyticity of f,
the function Dy 2 z + f(2X) is analytic (with values in M,,(C)9) and thus has a
power series expansion,

FEX)=) Ap2™
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These A,,, = A,,,(X) are uniquely determined by X and hence there exist functions
FMn)(X) = Ap(X) mapping M, (C)¢ to M,(C)J. In particular, if X € Nz(n),

then
=D F™m)(X). (18)
Lemma 14. For each m, the sequence (f")[n]), is a continuous free map
M(C)9 — M(C)?.
Moreover, f™ is homogeneous of degree m.

Proof. Suppose X, Y € M(C)? and XT' =TY. For z € Dx N Dy,
S X = feX)D=Tf(zY)=> Tf

Thus f0™(X)T' = Tf(™)(Y) for each m and thus each f(™ is a free map. Since
f[n] is continuous, so is f(")[n] for each n.
Finally, given X and w € C, for z of sufficiently small modulus,

DM (wX)e" = fe(wX)) = fzwX) = Y fO (X"

Thus £ (wX) = w™ £0m)(X). 0

Returning to the proof of Proposition 7, for each m, let F,, for a word w with
|w| = m, denote the coefficients produced by Lemma 13 so that

= Z F,® XY,

lw|=m
Substituting into equation (18) completes the proof of the first part of the Propo-
sition 7.
Now suppose that f is uniformly bounded by C on N. If X € N, then

¢z H217r / f(exp(it) X)) exp(—imt) dt]| = || F (X)].

In particular, if 0 < r < 1, then || (™) (rX)|| < r™C.
Let T = V%SV, as in Subsection 2.6. In particular, if § < ¢, then §T € N
and thus
C2 2 |lfM@T)0 = 82 D |IF*.
|lv]=m
Thus, || Fy|| < 57” for all 0 < § < ¢ and words v of length m and the last statement
of Proposition 7 follows. (]
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3. Proper free maps

Given noncommutative domains & and V in M (C)J and M (C)? respectively, a free
map f: U — V is proper if each f[n]:U(n) — V(n) is proper in the sense that if
K C V(n) is compact, then f~!(K) is compact. In particular, for all n, if (z;) is
a sequence in U(n) and z; — OU(n), then f(z;) — 0V(n). In the case g = § and
both f and f~! are (proper) free analytic maps we say f is a free biholomorphism.

3.1. Proper implies injective

The following theorem was established in [HKM11b, Theorem 3.1]. We will not
give the proof here but instead record a few corollaries below.

Theorem 15. Let U and V be noncommutative domains containing 0 in M(C)?
and M(C)9, respectively and suppose f:U — V is a free map.

(1) If f is proper, then it is one-to-one, and f=1: f(U) — U is a free map.

(2) If, for each n and Z € M, (C)9, the set f[n]~1({Z}) has compact closure in
U, then f is one-to-one and moreover, f~1: f(U) — U is a free map.

(3) Ifg=g and f : U — V is proper and continuous, then f is biholomorphic.

Corollary 16. Suppose U andV are noncommutative domains in M(C)9. If f : U —
V is a free map and if each f[n] is biholomorphic, then f is a free biholomorphism.

Proof. Since each f[n] is biholomorphic, each f[n] is proper. Thus f is proper.
Since also f is a free map, by Theorem 15(3) f is a free biholomorphism. O

Corollary 17. Let U C M(C)9 and ¥V C M(C)9 be noncommutative domains.
If f : U — V is a proper free analytic map and if X € U(n), then f'(X) :
M, (C)9 — M,,(C)9 is one-to-one. In particular, if g = g, then f'(X) is a vector
space isomorphism.

Proof. Suppose f'(X)[H] = 0. We scale H so that ﬁ)( )}ﬂ € U. From Proposi-
tion 4,
S[xE) e om0 0 ] [x o
0 X 0 F(X) 0 F(X) 0 x|
By the injectivity of f established in Theorem 15, H = 0. O

Remark 18. Let us note that Theorem 15 is sharp as explained in [HKM11b, §3.1]:
absent more conditions on the noncommutative domains ¢/ and V, nothing beyond
free biholomorphic can be concluded about f.

A natural condition on a noncommutative domain U, which we shall consider
in §5, is circularity. However, we first proceed to give some free analogs of well-
known results from several complex variables.
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4. Several analogs to classical theorems

The conclusion of Theorem 15 is sufficiently strong that most would say that
it does not have a classical analog. Combining it with classical several complex
variable theorems yields free analytic map analogs. Indeed, hypotheses for these
analytic free map results are weaker than their classical analogs would suggest.

4.1. A free Carathéodory-Cartan-Kaup-Wu (CCKW) Theorem

The commutative Carathéodory-Cartan-Kaup-Wu (CCKW) Theorem [Kr01, The-
orem 11.3.1] says that if f is an analytic self-map of a bounded domain in C9 which
fixes a point P, then the eigenvalues of f’(P) have modulus at most one. Con-
versely, if the eigenvalues all have modulus one, then f is in fact an automorphism;
and further if f/(P) = I, then f is the identity. The CCKW Theorem together
with Corollary 16 yields Corollary 19 below. We note that Theorem 15 can also
be thought of as a noncommutative CCKW theorem in that it concludes, like
the CCKW Theorem does, that a map f is biholomorphic, but under the (rather
different) assumption that f is proper.

Most of the proofs in this section are skipped and can be found in [HKM11b, §4].

Corollary 19 ([HKM11b, Corollary 4.1]). Let D be a given bounded noncommuta-
tive domain which contains 0. Suppose f : D — D is an free analytic map. Let ¢
denote the mapping f[1] : D(1) — D(1) and assume ¢(0) = 0.
(1) If all the eigenvalues of ¢'(0) have modulus one, then f is a free biholomor-
phism; and
(2) if ¢'(0) = I, then f is the identity.

Note a classical biholomorphic function f is completely determined by its
value and differential at a point (cf. a remark after [Kr01, Theorem 11.3.1]). Much
the same is true for free analytic maps and for the same reason.

Proposition 20. Suppose U,V C M(C)Y are noncommutative domains, U is
bounded, both contain 0, and f,g : U — V are proper free analytic maps. If
f(0) = g(0) and f'(0) = g'(0), then f =g.

Proof. By Theorem 15 both f and g are free biholomorphisms. Thus h = fog~!:
U — U is a free biholomorphism fixing 0 with A[1]'(0) = I. Thus, by Corollary 19,
h is the identity. Consequently f = g. (]

4.2. Circular domains

A subset S of a complex vector space is circular if exp(it)s € S whenever s € S
and t € R. A noncommutative domain U is circular if each ¢(n) is circular.

Compare the following theorem to its commutative counterpart [Kr01, The-
orem 11.1.2] where the domains ¢/ and V are the same.

Theorem 21. Let U and V be bounded noncommutative domains in M(C)? and
M(C)9, respectively, both of which contain 0. Suppose f :U — V is a proper free
analytic map with f(0) = 0. If U and the range R := f(U) of [ are circular, then
f is linear.
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The domain U = (U(n)) is weakly convex (a stronger notion of convex for a
noncommutative domain appears later) if each ¢(n) is a convex set. Recall a set
C C (Y is convex, if for every X,Y € C, X‘;Y eC.

Corollary 22. Let U and V be bounded noncommutative domains in M (C)9 both of
which contain 0. Suppose f: U — V is a proper free analytic map with f(0) = 0.
If both U and V are circular and if one is weakly convex, then so is the other.

This corollary is an immediate consequence of Theorem 21 and the fact (see
Theorem 15(3)) that f is onto V.

We admit the hypothesis that the range R = f(U) of f in Theorem 21 is
circular seems pretty contrived when the domains ¢/ and V have a different number
of variables. On the other hand if they have the same number of variables it is the
same as V being circular since by Theorem 15, f is onto.

Proof of Theorem 21. Because f is a proper free map it is injective and its in-
verse (defined on R) is a free map by Theorem 15. Moreover, using the analyticity
of f, its derivative is pointwise injective by Corollary 17. It follows that each
fln] :U(n) = M,(C)? is an embedding [GP74, p. 17]. Thus, each f[n] is a home-
omorphism onto its range and its inverse f[n]~! = f~![n] is continuous.

Define F': U4 — U by

F(z):= 7! ( exp(—iﬂ)f(exp(i@)x)) (19)
This function respects direct sums and similarities, since it is the composition of
maps which do. Moreover, it is continuous by the discussion above. Thus F' is a

free analytic map.
Using the relation exp(i0) f (F'(z)) = f(exp(if)) we find

exp(if) f'(F(0))F'(0) = £'(0).
Since f’(0) is injective, exp(i0)F’'(0) = I. Tt follows from Corollary 19(2) that
F(z) = exp(if)z and thus, by (19), f(exp(if)z) = exp(if)f(z). Since this holds
for every 0, it follows that f is linear. O

If f is not assumed to map 0 to 0 (but instead fixes some other point), then
a proper self-map need not be linear. This follows from the example we discuss
in §5.1.

5. A free Braun-Kaup-Upmeier (BKU) Theorem

Noncommutative domains & and V are freely biholomorphic if there exists a free
biholomorphism f : & — V. In this section we show how a theorem of Braun-Kaup-
Upmeier [BKU78, KU76] can be used to show that bounded circular noncommu-
tative domains that are freely biholomorphic are (freely) linearly biholomorphic.

Definition 23. Given a domain D C CY, let Aut(D) denote the group of all biholo-
morphic maps from D to D. Note that D is circular if and only if Aut(D) contains
all rotations; i.e., all maps of the form z — exp(if)z for 6 € R.
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Let D = (D(n)) be a circular noncommutative domain. Thus each D(n) is
open, connected, contains 0 and is invariant under rotations. The set D(1) C C¢
is in particular a circular domain in the classical sense and moreover Aut(D(1))
contains all rotations.

Theorem 24 (A free BKU Theorem). Suppose U and D are bounded, circular
noncommutative domains which contain noncommutative neighborhoods of 0. If

U and D are freely biholomorphic, then there is a linear (free) biholomorphism
A:D—-U.

A noncommutative domain D containing 0 is convex if it is closed with respect
to conjugation by contractions; i.e., if X € D(n) and C is a m x n contraction,
then

CXC* = (CX,1C*,CX,C",...,CX,C") € D(m).

It is not hard to see, using the fact that noncommutative domains are also closed
with respect to direct sums, that each D(n) is itself convex. In the case that D is
semialgebraic, then in fact an easy argument shows that the converse is true: if each
D(n) is convex (D is weakly convex), then D is convex. (What is used here is that
the domain is closed with respect to restrictions to reducing subspaces.) In fact,
in the case that D is semialgebraic and convex, it is equivalent to being an LMI,
cf. [HM+] for precise statements and proofs; the topic is also addressed briefly
in §6.1 below. As an important corollary of Theorem 24, we have the following
nonconvexification result.

Corollary 25. Suppose U is a bounded circular noncommutative domain which
contains a noncommutative neighborhood of 0.

(1) IfU is freely biholomorphic to a bounded circular weakly convex noncommu-
tative domain that contains a noncommutative neighborhood of 0, then U is
itself convex.

(2) If U is freely biholomorphic to a bounded circular LMI domain, then U is
itself an LMI domain.

Proof. Tt is not hard to see that an LMI domain does in fact contain a noncommu-
tative neighborhood of the origin. Thus, both statements of the corollary follow
immediately from the theorem. O

Note that the corollary is in the free spirit of the main result of [KU76].

Remark 26. A main motivation for our line of research was investigating changes
of variables with an emphasis on achieving convexity. Anticipating that the main
result from [HM+] applies in the present context (see also §6.1), if D is a convex,
bounded, noncommutative semialgebraic set then it is an LMI domain. In this way,
the hypothesis in the last statement of the corollary could be rephrased as: if U is
freely biholomorphic to a bounded circular convex noncommutative semialgebraic
set, then U is itself an LMI domain. In the context of §1.1, the conclusion is that
in this circumstance domains biholomorphic to bounded, convex, circular basic
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semialgebraic sets are already in fact determined by an LMI. Hence there no
nontrivial changes of variables in this setting.

For the reader’s convenience we include here the version of [BKU78, Theorem
1.7] needed in the proof of Theorem 24. Namely, the case in which the ambient
domain is CY. Closed here means closed in the topology of uniform convergence on
compact subsets. A bounded domain D C CY is symmetric if for each z € D there
is an involutive ¢ € Aut(D) such that z is an isolated fixed point of ¢ [Hg78|.

Theorem 27 ([BKU78]). Suppose S C CY is a bounded circular domain and G C
Aut(S) is a closed subgroup of Aut(S) which contains all rotations. Then
(1) there is a closed (C-linear) subspace M of C9 such that A := SN M = G(0)
is the orbit of the origin.
(2) A is a bounded symmetric domain in M and coincides with

{z € 5:G(z) is a closed complex submanifold of S}.

In particular two bounded circular domains are biholomorphic if and only if they
are linearly biholomorphic.

We record the following simple lemma before turning to the proof of Theo-
rem 24.

Lemma 28. Let D C C9 be a bounded domain and suppose (¢;) is a sequence from
Aut(D) which converges uniformly on compact subsets of D to ¢ € Aut(D).

(1) @;1(0) converges to ¢~ 1(0);

(2) If the sequence (@;1) converges uniformly on compact subsets of D to v, then

=

Proof. (1) Let € > 0 be given. The sequence (<p;1) is a uniformly bounded sequence
and is thus locally equicontinuous. Thus, there is a § > 0 such that if ||y — 0| < 9,
then Hgo]_l(y) . <pj_1(0)|| < £. On the other hand, (¢;(»~1(0))); converges to 0, so
for large enough 7, [|¢;(¢~1(0)) — 0| < 6. With y = ¢;(¢~1(0)), it follows that
les(e™(0)) — 0] < e.

(2) Let f = o(¢). From the first part of the lemma, ¥(0) = ¢~1(0) and
hence f(0) = 0. Moreover, f'(0) = ¢'(¥(0))¢’(0). Now ¢’ converges uniformly
on compact sets to ¢’. Since also ¢}(1/(0)) converges to ¢'(1(0)), it follows that
@9(@51(0)) converges to ¢'(1(0)). On the other hand, I = ¢ (@}1(0))@;1)’(0).
Thus, f/(0) = I and we conclude, from a theorem of Carathéodory-Cartan-Kaup-
Wu (see Corollary 19), that f is the identity. Since ¢ has an (nc) inverse, p~! = ).

(]

Definition 29. Let Aut,.(D) denote the free automorphism group of the non-
commutative domain D. Thus Aut,.(D) is the set of all free biholomorphisms
f: D — D. It is evidently a group under composition. Note that D is circular
implies Aut,.(D) contains all rotations. Given g € Aut,.(D), let g € Aut(D(1))
denote its commutative collapse; i.e., § = g[1].
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Lemma 30. Suppose D is a bounded noncommutative domain containing 0. Assume
foh € Auty(D) satisfy f = h. Then f = h.

Proof. Note that ' =h™" o f € Auty(D). Further, since F = z (the identity), F
maps 0 to 0 and F’(0) = I. Thus, by Corollary 19, F = z and therefore h = f. O

Lemma 31. Suppose D is a noncommutative domain which contains a noncommu-
tative neighborhood of 0, and U is a bounded noncommutative domain. If f,, : D —
U is a sequence of free analytic maps, then there is a free analytic map f: D — U
and a subsequence (fm;) of (fm) which converges to f uniformly on compact sets.

Proof. By hypothesis, there is an € > 0 such that N. C D and there is a C > 0
such that each X € U satisfies || X || < C. Each f,,, has power series expansion,

fn = fn(w)w

with || fm(w)]| < EC,,, where n is the length of the word w, by Proposition 7.

Moreover, by a diagonal argument, there is a subsequence f,,, of f,, so that
c

o and

fmj (w) converges to some f(w) for each word w. Evidently, ||f(w)| <
thus,
f=> fww

defines a free analytic map on the noncommutative -neighborhood of 0. (See 5.)

We claim that f determines a free analytic map on all of D and moreover
(fm,) converges to this f uniformly on compact sets; i.e., for each n and compact
set K C D(n), the sequence (fy,,[n]) converges uniformly to f[n] on K.

Conserving notation, let f; = fy,,. Fix n. The sequence f;[n] : D(n) — D(n)
is uniformly bounded and hence each subsequence (gi) of (f;[n]) has a further
subsequence (hy) which converges uniformly on compact subsets to some analytic
function h : D(n) — U(n). On the other hand, (h¢) converges to f[n] on the ©-
neighborhood of 0 in D(n) and thus h = f[n] on this neighborhood. It follows that
f[n] extends to be analytic on all of D(n). It follows that (f;[n]) itself converges
uniformly on compact subsets of D(n). In particular, f[n] is analytic.

To see that f is a free analytic function (and not just that each f(n) is
analytic), suppose XI' = I'Y. Then f;(X)I' = I'f;(Y) for each j and hence the
same is true in the limit. (]

Lemma 32. Suppose D is a bounded noncommutative domain which contains a non-
commutative neighborhood of 0. Suppose (hy,) is a sequence from Auty.(D). If hy,
converges to g € Aut(D(1)) uniformly on compact sets, then there is h € Aut,.(D)
such that h = g and a subsequence (hn;) of (hn) which converges uniformly on
compact sets to h.

Proof. By the previous lemma, there is a subsequence (hy;) of (h,) which con-
verges uniformly on compact subsets of D to a free map h. With H; = h;jl,
another application of the lemma produces a further subsequence, (Hj, ) which
converges uniformly on compact subsets of D to some free map H. Hence, without



214 J.W. Helton, I. Klep and S. McCullough

loss of generality, it may be assumed that both (h;) and (hj_l) converge (in each
dimension) uniformly on compact sets to h and H respectively.

From Lemma 28, H is the inverse of h = g. Thus, letting f denote the analytic
free mapping f = ho H, it follows that f is the identity and so by Corollary 19, f is
itself the identity. Similarly, H ok is the identity. Thus, h is a free biholomorphism
and thus an element of Auty,(D). O

Proposition 33. If D is a bounded noncommutative domain containing an e-neigh-
borhood of 0, then the set {h: h € Autn.(D)} is a closed subgroup of Aut(D(1)).

Proof. We must show if h,, € Auty.(D) and h,, converges to some g € Aut(D(1)),
then there is an h € Aut,.(D) such that h = g. Thus the proposition is an
immediate consequence of the previous result, Lemma 32. O

Proof of Theorem 24. In the BKU Theorem 27, first choose S = D(1) and let

G ={f:feAut,(D)}.

Note that G is a subgroup of Aut(S) which contains all rotations. Moreover, by
Proposition 33, G is closed. Thus Theorem 27 applies to G. Combining the two
conclusions of the theorem, it follows that G(0) is a closed complex submanifold
of D.

Likewise, let T =U(1) and let

H={h:he Aut,(U)}

and note that H is a closed subgroup of Aut(T') containing all rotations. Conse-
quently, Theorem 27 also applies to H.

Let ¥ : D — U denote a given free biholomorphism. In particular, 1[1 S =T
is biholomorphic. Observe, H = {tpogo ! : g € G}.

The set /(G(0)) is a closed complex submanifold of S, since ¢ is biholomor-
phic. On the other hand, 1/(G(0)) = H((0)). Thus, by (ii) of Theorem 27 applied
to H and T, it follows that $(0) € H(0). Thus, there is an h € Autnc(U) such
that h(1(0)) = 0. Now ¢ = hot : D — U is a free biholomorphism between
bounded circular noncommutative domains and ¢(0) = 0. Thus, ¢ is linear by
Theorem 21. O

5.1. A concrete example of a nonlinear biholomorphic self-map
on an nc LMI domain

It is surprisingly difficulty to find proper self-maps on LMI domains which are not
linear. In this section we present the only (up to trivial modifications) univariate
example, of which we are aware. Of course, by Theorem 21 the underlying domain
cannot be circular. In two variables, it can happen that two LMI domains are
linearly equivalent and yet there is a nonlinear biholomorphism between them
taking 0 to 0. We conjecture this cannot happen in the univariate case.
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Let A= [(1) (1)] and let £ denote the univariate 2 x 2 linear pencil,

l+z+2* =z
T 1|

L(z):=1+Ax+ A*x* = { .

Let Dy = {X : || X — 1| < v/2}. For § € R consider

o exp(if)x
folw) := 14+ 2 —exp(if)z
Then fg : Dy — Dy is a proper free analytic map, fy(0) = 0, and f;(0) = exp(i0).
Conversely, every proper free analytic map f : Dy — D, fixing the origin equals
one of the fy.

For proofs we refer to [HKM11b, §5.1].

6. Miscellaneous

In this section we briefly overview some of our other, more algebraic, results deal-
ing with convexity and LMIs. While many of these results do have analogs in
the present setting of complex scalars and analytic variables, they appear in the
literature with real scalars and symmetric free noncommutative variables.

Let R(x) denote the R-algebra freely generated by g noncommuting letters

z = (x1,...,24) with the involution * which, on a word w € (z), reverses the
order; i.e., if

W= Ty Ty Ty, (20)
then

W =Xy, Ty Ty -

In the case w = z;, note that = z; and for this reason we sometimes refer to
the variables as symmetric.

Let SY denote the g-tuples X = (X1, ..., X,) of nxn symmetric real matrices.
A word w as in equation (20) is evaluated at X in the obvious way,

w(X) = XilXiz . )(”C

The evaluation extends linearly to polynomials p € R(z). Note that the involution
on R(z) is compatible with evaluation and matrix transpose in that p*(X) =
p(X)*.
Given 1, let M, @ R(x) denote the r x r matrices with entries from R(x). The
evaluation on R(z) extends to M, ® R(z) by simply evaluating entrywise; and the
involution extends too by (pj.e)* = (p; ;)-

A polynomial p € M, @ R(zx) is symmetric if p* = p and in this case, p(X)* =
p(X) for all X € S¢. In this setting, the analog of an LMI is the following. Given d
and symmetric d x d matrices, the symmetric matrix-valued degree one polynomial,

L:I—ZAjZL'j

is a monic linear pencil. The inequality L(X) > 0 is then an LMI. Less formally,
the polynomial L itself will be referred to as an LMI.
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6.1. nc convex semialgebraic is LMI
Suppose p € M, ® R(z) and p(0) = I,.. For each positive integer n, let
Pp(n) ={X €8] : p(X) = 0},

and define P, to be the sequence (graded set) (Pp(n))5 ;. In analogy with classical
real algebraic geometry we call sets of the form 7, noncommutative basic open
semialgebraic sets. (Note that it is not necessary to explicitly consider intersections
of noncommutative basic open semialgebraic sets since the intersection P, NP,
equals Ppayq-)

Theorem 34 ([HM+]). Every convex bounded noncommutative basic open semial-
gebraic set P, has an LMI representation; i.e., there is a monic linear pencil L
such that P, = Pr.

Roughly speaking, Theorem 34 states that nc semialgebraic and convex equals
LMI. Again, this result is much cleaner than the situation in the classical commu-
tative case, where the gap between convex semialgebraic and LMI is large and not
understood very well, cf. [HVO7].

6.2. LMI inclusion

The topic of our paper [HKM+] is LMI inclusion and LMI equality. Given LMIs
L; and Ls in the same number of variables it is natural to ask:
(Q1) does one dominate the other, that is, does Li(X) > 0 imply Lo(X) > 07?
(Q1) are they mutually dominant, that is, do they have the same solution set?
As we show in [HKM+], the domination questions (Q;) and (Qgz) have elegant
answers, indeed reduce to semidefinite programs (SDP) which we show how to
construct. A positive answer to (Q1) is equivalent to the existence of matrices V;
such that
Ly(x) = VW Li(@)Vi + -+ + V,; Li(2)V,.. (21)

As for (Q2) we show that L; and Lo are mutually dominant if and only if, up to
certain redundancies described in the paper, L1 and Ly are unitarily equivalent.

A basic observation is that these LMI domination problems are equivalent to
the complete positivity of certain linear maps 7 from a subspace of matrices to a
matrix algebra.

6.3. Convex Positivstellensatz

The equation (21) can be understood as a linear Positivstellensatz, i.e., it gives an
algebraic certificate for L2|'DL1 = 0. Our paper [HKM+2] greatly extends this to
nonlinear Ly. To be more precise, suppose L is a monic linear pencil in g variables
and let Dy be the corresponding nc LMI. Then a symmetric noncommutative
polynomial p € R(x) is positive semidefinite on Dy, if and only if it has a weighted
sum of squares representation with optimal degree bounds. Namely,

finite

p=s"s+ > [iLf; (22)
J
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where s, f; are vectors of noncommutative polynomials of degree no greater than
de%(p ). (There is also a bound, coming from a theorem of Carathéodory on convex
sets in finite-dimensional vector spaces and depending only on the degree of p, on
the number of terms in the sum.) This result contrasts sharply with the commuta-
tive setting, where the degrees of s, f; are vastly greater than deg(p) and assuming
only p nonnegative yields a clean Positivstellensatz so seldom that the cases are
noteworthy [Sc09].

The main ingredient of the proof is a solution to a noncommutative moment
problem, i.e., an analysis of rank preserving extensions of truncated noncommuta-
tive Hankel matrices. For instance, any such positive definite matrix M} of “degree
k” has, for each m > 0, a positive semidefinite Hankel extension My, of degree
k +m and the same rank as Mj. For details and proofs see [HKM+2].

6.4. Further topics

The reader who has made it to this point may be interested in some of the sur-
veys, and the references therein, on various aspects of noncommutative (free) real
algebraic geometry, and free positivity.

The article [HP07] treats positive noncommutative polynomials as a part of
the larger tapestry of spectral theory and optimization. In [HKM12] this topic is
expanded with further Positivstellensitze and computational aspects. The survey
[dOHMPO9] provides a serious overview of the connection between noncommu-
tative convexity and systems engineering. The note [HMPV09] emphasizes the
theme, as does the body of this article, that convexity in the noncommutative
setting appears to be no more general than LMI. Finally, a tutorial with numerous
exercises emphasizing the role of the middle matrix and border vector representa-
tion of the Hessian of a polynomial in analyzing convexity is [HKM+2].
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1. Introduction

In 1972-73, T had the pleasure of collaborating with Bill Helton on a pair of
papers [HH1, HH2] studying systems of self-adjoint Hilbert space operators that
“almost commute”, in the sense that their commutators were of the Schatten-von
Neumann trace class, with some attention also to more general systems. This work
was part of a very lively research activity at SUNY Stony Brook in operator theory,
including the work of Brown, Douglas and Fillmore on extensions of commutative
C*-algebras by the compact operators, which led to K K-theory [BDF, Kas, KS, R],
and the work of Pincus on his principal function and mosaic [Pin], to which our
results were strongly related. All of this work has had a significant afterlife, with
citations continuing to the present. It is another pleasure to review here some of
the work our papers have influenced. In doing this, I emphasize the non-systematic
nature of this survey, and apologize in advance to authors whose relevant papers
I have failed to identify.
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2. Trace form

I will begin with a brief summary of the results of [HH1] and [HH2]. In [HH1], the
main object of study is a pair A, B, of self-adjoint (bounded, on a Hilbert space)
operators whose commutator

[A,B] = AB — BA

belongs to the trace class. These could be the real and imaginary parts of a non-
self adjoint operator T'= A + iB, whose “self-commutator” [T*,T] = —2i[A, B] is
trace class; in which case T" would be a normal operator modulo the ideal of trace
class (or, a fortiori, compact) operators.

A prime example of an operator with trace class self-commutator is the unilat-
eral shift S: for a Hilbert space H with orthonormal basis {e; : i =0,1,2,..., 00},
define S(e;) = e;+1. Then [S*, 5] is orthogonal projection to the line through ey.

The study of S is tightly bound up with the theory of Toeplitz operators.
Recall that, if H2(T) denotes the Hardy space of the circle — the space of all square
integrable boundary values of functions holomorphic on the unit disk, and if f is
continuous function on T, then the Toeplitz operator Ty associated to f is the
operator defined by

Ty(h) = P*(fh),  he H*(T),

where P* denotes orthogonal projection of L?(T) to H?, and fh is just the usual
pointwise product of f and h. The precise relationship between Toeplitz operators
and the shift S is:

a) the S =1T,; and
b) the Toeplitz operators define a cross section to the compact operators in the
C* algebra generated by S.

In thinking about Toeplitz operators, I had noticed the formula
1 -
t Te, Ty = g)dxd 1
racel . Ty = o1 [ I oy (1)

where f and § are continuous extensions of f and g to the unit disk D, and
- _0fog ogof

J(f,g) = =
(f:9) Oxr dy Oz dy

is the Jacobian of f and §. Thus, if f and g (and f and g) are real valued, the
integral in formula (1) represents the area of the image of D under the mapping

Se)
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When I showed this formula to Bill, he recognized immediately that, for any
almost commuting pair A, B, of operators, the bilinear form

B(pv q) = trace[p(A,B),q(A,B)] (2)

(where p and g are non-commutative polynomials in A and B) should be an impor-
tant invariant of the algebra generated by A and B. So we joined forces to study
this bilinear form, and were quite delighted when, after several weeks of daily
discussions, we realized that a direct generalization of the formula for Toeplitz
operators would hold for any almost commuting pair. We could represent the
form B as

B = [ IG.Ddn (30)

where p and ¢ are now the commutative polynomials associated to p and ¢, and
dp is a suitable compactly supported Borel measure on the plane. Moreover, dy is
supported on the spectrum of T'= A + 7B, and at a point z of the spectrum not
in the essential spectrum, we could show that

1
dp=—_ Ind(T —2). (3b)
2w

Here Ind(A) means the Fredholm index of the operator A. Precisely, if A is Fred-
holm, that is, invertible modulo the compact operators, then

Ind(A) = dimker A — dim coker A. (3¢)

Here dim coker refers to the fact that the image of A will be a closed subspace of
finite codimension, and this is what is signified by dim coker.

In the proof of formula (3), a key role is played by a feature of B that we called
the collapsing property. This says that, if p and ¢ are both functions of a third
polynomial h, then B(p,§) vanishes (for the obvious reason that two polynomials
in the same operator commute with each other). The collapsing property is the
condition that enforces the representation given in (3). We had a very awkward
argument to pass from the collapsing property to (3). We were very much indebted
to Nolan Wallach, now Bill’s colleague at UCSD, for supplying a simple proof,
which we reproduced in [HH1] as Wallach’s lemma.

We also gave in [HH1] a more abstract version of (3), in which we considered
a collection of self-adjoint operators A;, the commutator of any two of which was
assumed to be trace class. The resulting bilinear form then gave a relative (de
Rham) cohomology class on the joint spectrum of the A4;.

Finally, somewhat as an afterthought, we gave a related formula for the mul-
tiplicative commutators of the one-parameter groups gotten by exponentiating of
the operators. Suppose that f(A, B) = f is a function of A and B that is a Fred-
holm operator of index 0. Then for some finite rank operator F', the perturbation
/' = [+ F is invertible. Consider two such operators f’ and ¢’. Then the multi-
plicative commutator {f’, ¢’} = f'g'f'~1g’~! will differ from the identity operator
by a trace class operator. This means that the determinant det{ f’, g’} exists. Also,
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it is easy to see that it does not depend on the choices of F' and G, but only on
the functions f and g. It turns out that there is a formula analogous to (3):

o(1.9) = derls' ot =esp ([ 70D an) (12)

In [HH1], we reproduced a proof due to Pincus for functions of the form f = e”
for some other smooth function h. The proof was based on the general formula
det (eAeBefAefB) — etrace[A,B] (4b)

for a pair of almost commuting operators, with the determinant being defined for
operators of the form I + C, with C trace class. This formula was established
using the first few terms of the Baker-Campbell-Hausdorff formula. I do not know
if Pincus ever published his proof separately. The formula was proven in general
by Larry Brown in a paper [Br|, appearing in the same volume as [HH1].

The paper [HH2] presents an attempt, only partly successful, to extend the
results of [HH1] to more general situations. We defined a notion of cryptointegral
algebra of dimension n. Instead of assuming trace class commutators of any pair
of operators, we assumed only that commutators were in a certain Schatten-von
Neumann p-class, and that a certain 2n-multilinear functional (the complete anti-
symmetrization of 2n elements) was of trace class. Unfortunately, we could give a
representation analogous to (3) for the resulting multilinear form only for dimen-
sion 1 and dimension 2. However, we did show that the algebra of pseudodifferential
operators of order 0 on a manifold satisfied our conditions to be a cryptointegral
algebra, and for this algebra, we gave a nice formula for the form, in terms of
integrating over the cotangent sphere bundle of the manifold. We also knew that
an algebra of Toeplitz operators on the (2n — 1)-sphere, the boundary of the unit
ball in C", also qualified as a cryptointegral algebra, and that the multilinear form
had a similarly nice representation, in terms of integration over the sphere. This
uniform analysis of Toeplitz and pseudodifferential operators also showed that the
index theorem of U. Venugopalkrishna [V], for Toeplitz operators on $%"~1 could
be folded into the Atiyah-Singer Index Theorem. The details of these facts about
higher-dimensional Toeplitz operators were published later, in [H].

3. Afterwards

Here is the beginning of the review of our paper [HH1] in Mathematical Reviews,
by James Deddens.

The authors develop a theory of traces of commutators of self-adjoint
operators, which gives explicit but elegant formulas for computation.
The work is related to index theory of Atiyah and Singer, the g-function
of Pincus, the Brown-Douglas-Fillmore theory of extensions, and the
trace norm estimates of Berger and Shaw, and Putnam.
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As this statement indicates, our results tied in very closely with contemporary
work in operator theory, and especially, with our colleagues at Stony Brook.

Indeed, Joel Pincus took an immediate interest in our results, and with his
student Richard Carey showed [CP1] that the measure dp of formula (3) had the
form

1
dp = 7Tg(aﬂ,y)dﬂu@, (5)

where g was a function that Pincus had constructed some years earlier in studying
a pair of non-commuting self-adjoint operators, and named the principal func-
tion [Pin]. This link gave a natural, intrinsic interpretation for the principal func-
tion, and also established that the measure du was absolutely continuous with
respect to Lebesgue measure. Bill and I did not have strong control of du on the
essential spectrum of T' except in the case when [A, B] has finite rank, in which

case we gave a simple argument showing that the Radon-Nkodym derivative di’;y

with respect to Lebesgue measure was bounded by half the rank of [A, B]. A few
years later, Pincus and Carey generalized the combined theory to the case of type
II factors [CP2).

This immediate folding in of our work into the Pincus machine somewhat
complicates the job of tracing the influence of [HH1], since that may be direct,
or indirect through the use of the trace-invariant properties of the Pincus princi-
pal function. In this note, we restrict attention primarily to papers that directly
cite [HH1, HH2] and do not try to sort out the indirect influence. Of course, some
papers cite both our results and the Carey-Pincus or Pincus-Xia papers that in-
corporated the trace functional.

Our results also fit nicely into the theory of hyponormal operators, on which
there is a very substantial literature [MP1, X1, X2]. Recall that an operator T is
hyponormal provided that the self-commutator [T*,T] is a non-negative operator.
In particular, the unilateral shift operator S is hyponormal. In particular, our result
meshed very well with the result of C. Berger and B. Shaw [BS], proved almost at
the same time, that a hyponormal operator satisfying a natural finiteness condition
automatically had trace class self-commutator. Hence, both from the concrete and
abstract points of view, their were many examples to which our formula applied.

Finally, our theory complemented the more general and abstract work of
L. Brown, R.G. Douglas and P. Fillmore, who considered extensions of a com-
mutative C* algebra by the compact operators. A pair of self-adjoint operators
will generate such an extension when their commutator [A, B] is compact. Our
results showed that the stronger assumption that [A, B] be trace class allowed
one to obtain more refined information. Although our term cryptointegral has
been quietly dropped, the theme that Schatten p-class conditions on commu-
tators are worth paying attention to has been refined and amplified over the
years [Do, DoPY, Go, Wa, Col, Co2]. The philosophy has become that the re-
quirement of trace class of Schatten p-class commutators amounted to a kind of
“smoothness” condition, so that this kind of analysis requirement amounts to doing



226 R. Howe

differential topology rather than continuous topology. The p for which commuta-
tors are in TP is related to the dimension of the algebra. More specifically, the trace
class condition is related to the fact that the essential spectrum of S is the unit
circle, which is one-dimensional. (Or more generally, for a smooth function f, the
essential spectrum of the Toeplitz operator T is just the image of the circle under
f.) Later papers formulated the notion of dimension of an extension. Saying that
the dimension is p is more or less equivalent to requiring commutators to belong
to the Schatten-von Neumann class 7% [Sil]. Eventually these ideas were incor-
porated into non-commutative geometry as formulated by A. Connes [Col, Co2],
and formed part of the motivation for his definition of cyclic cohomology [Col].
The tool of cyclic cohomology allowed Connes to define invariants correspond-
ing to any cocycle on the spectrum of the algebra, not just the Euler class (i.e.,
integration over the whole space), which was what was realized by our antisym-
metrization form on the pseudodifferential operators. An alternative approach to
non-commutative geometry discussed by M. Kapranov [Kap], based on expansions
modulo commutator ideals, likewise cites [HH2].

These themes are still playing out, in operator theory, in non-commutative
geometry, and also in some more surprising places. We briefly survey a few exam-
ples.

p-hyponormal operators. A series of recent papers by M. Cho and several co-
authors establishes trace formulas for commutators of operators that generalize
hyponormal operators, for example, the class of p-hyponormal operators [ChHL,
ChHK, ChHKL, ChGHY, ChH]. For 0 < p < 1, an operator T on a Hilbert space
is called p-hyponormal if the inequality

(TT)P = (TT™)"

holds. The property of p-hyponormality clearly extends the long-studied property
of hyponormality. Cho and his collaborators have been extending results about
hyponormal operators to this larger class, including the theory of the trace form,
as in the papers cited.

Toeplitz operators on pseudoconvex domains. Trace invariants of operators on
pseudoconvex domains have also attracted continuing study. In [EGZ], Englis, Guo
and Zhang study commutators of Toeplitz operators on the unit ball in C¢. These
commutators are in the Schatten d-class T¢, but the behavior of their eigenvalues
is more regular than that of arbitrary 7™ operators. They belong to the Macaev
class L% [Col]. This means that the product of d such commutators belongs
to L1°°  and therefore has a trace in the sense of Dixmier [Di]. Englis, Guo and
Zhang compute the Dixmier trace of such a product of commutators: it is just
the integral over the unit ball of the product of the Jacobians of the symbols of
the Toeplitz operators in question (times :l') This result is formally consistent
with our formula for the complete antisymmetrization, but two different notions
of trace are being used in the two formulas. In [EZ], Englis and Zhang generalize
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their formula to arbitrary pseudo-convex domains. The formula for the general case
is considerably more complex than for the ball, and involves geometric invariants
of the domain.

Szeg6’s formula, and orthogonal polynomials. The formulas (4) have found con-
tinuing employment in the theory of Toeplitz operators, and related questions
about orthogonal polynomials on the circle. The connection comes mainly through
Szegd’s limit formula for Toeplitz determinants and related phenomena [Wi]. There
has been continuing interest in Szegd’s formula, and the formula (4b) has been
found a useful tool for proving it. The possibility of a connection of (4) with
Szegd was already suggested in [HH1], and this was substantiated precisely not
long after by Widom [Wi]. Related arguments have echoed through the litera-
ture [BE, BH, BW, Ehr|. This has also found interesting connections to the theory
of orthogonal polynomials on the unit circle, especially through the Geronimo-
Case-Borodin-Okounkov formula [GC, BO], which has also been a popular result
for simplification [B6, B6W]. A derivation of the GCBO formula using (4b) is
given in [Si2], along with an account of the history. A simplified proof of formula
(4b) itself has been given by Bottcher [Bo], who used differentiation to avoid the
Baker-Campbell-Hausdorff formula.

Quadrature domains. Finally, I would like to mention a surprising connection
found by M. Putinar [Put2, Put3, Put4, Put5], [GP1, GP2, GP2] of the formulas
(3) and (4) to the theory of quadrature domains which have been the subject of
a large literature since the 1970s [AS, Sh]. A quadrature domain is a region 2 in
the complex plane for which there is a formula

/ F(2)dady = u(f), (6)
D

for any function holomorphic on €2, where u is a distribution of finite support. That
is, u(f) is a weighted sum of the values of f and a finite number of its derivatives
at a finite number of points. Cauchy’s Formula says that disks (the interiors of a
circle around a point) are quadrature domains, but there are many others. There
is a notion of degree of a quadrature domain, defined in terms of the distribution
u. Quadrature domains of degree 1 are those for which w is a multiple of the point
mass at a given point. It is known that the only quadrature domains of degree
one are the disks. However, there are many quadrature domains of higher degree,
and the behavior of quadrature domains becomes more intricate as the degree
increases.

In general, for an almost normal operator T, the trace functional, or equiva-
lently, the principal function, does not determine the unitary equivalence class of
T. However, when the self-commutator [T, T] has rank one, say

[T, T)(v) = (¥, )¢ (7)
for some constant v and some unit vector £, and all vectors ¢ in the Hilbert space,
then in fact, T' is determined by the trace functional. Indeed, you can write down
explicit models for T" in terms of the principal function. Moreover, any function
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with compact support and taking values between 0 and 1 can be the principal
function for some 7. Thus, one has a bijection between operators with rank one
self-commutator and compactly-supported, [0, 1]-valued measurable functions in
the plane. This has been understood since the beginnings of the theory, see [Pin].

In particular, given a compact domain 2 C C, there is a unique (up to unitary
equivalence) operator T satisfying (7), and whose principal function is xq, the
characteristic function of Q. Putinar [Put3] has shown that Q is a quadrature
domain if and only if the T invariant subspace generated by £ is finite dimensional.
The dimension of this space is in fact the degree of the quadrature domain. Thus,
in the notation of §1, for the shift operator S, the vector £ is just eg, and e
spans the kernel of S*. Operator theory has had a symbiotic relationship with
complex analysis since its origins. This consonance between the refined analysis
of the structure of planar domains and the simplest non-normal operators gives
a further example of this symbiosis, and provides a satisfying conclusion to this
brief survey.

References
[AS] D. Aharonov and H. Shapiro, Domains on which analytic functions satisfy quad-
rature identities. J. Analyse Math. 30 (1976), 39-73.

[AKKM] S. Albeverio, K. Makarov, Konstantin and A. Motovilov, Graph subspaces and
the spectral shift function, Canad. J. Math. 55 (2003), 449-503.

[BE] E. Basor and T. Ehrhardt, Asymptotics of determinants of Bessel operators.
Comm. Math. Phys. 234 (2003), 491-516.
[BH] E. Basor and J.W. Helton, A new proof of the Szego limit theorem and new

results for Toeplitz operators with discontinuous symbol, J. Operator Theory
3 (1980), 23-39.
[BW] E. Basor and H. Widom, On a Toeplitz determinant identity of Borodin and
Okounkov, Integral Equations Operator Theory 37 (2000), no. 4, 397-401.
[BD] P. Baum and R.G. Douglas, Relative K homology and C* algebras. K-Theory
5 (1991), 1-46.

[BS] C. Berger and B. Shaw, Selfcommutators of multicyclic hyponormal operators
are always trace class, Bull. Amer. Math. Soc. 79 (1973), 1193-1199.
[Bo] A. Bottcher, On the determinant formulas by Borodin, Okounkov, Baik, Deift

and Rains, in Toeplitz matrices and singular integral equations (Pobershau,
2001), Oper. Theory Adv. Appl. 135, Birkhéauser, Basel, 200, 91-99.

[BoW]  A. Bottcher and H. Widom, Szegd via Jacobi, Linear Algebra Appl.419 (2006),
656-667.

[BO] A. Borodin and A. Okounkov, A Fredholm determinant formula for Toeplitz
determinants. Integral Equations Operator Theory 37 (2000), 386—-396.

[Br] L. Brown, The determinant invariant for operators with trace class self com-
mutator, Proceedings of a Conference on Operator Theory (Dalhousie Univ.,
Halifax, N.S., 1973), Lecture Notes in Math., 345, Springer, Berlin, 1973, 210-
228.



[BDF]

[CP1]
[CP2]
[ChHL]

[ChHK]

Traces of Commutators of Integral Operators 229

L. Brown, R.G. Douglas and P. Fillmore, Unitary equivalence modulo the com-
pact operators and extensions of C*-algebras. Proceedings of a Conference on
Operator Theory (Dalhousie Univ., Halifax, N.S., 1973), Lecture Notes in Math.
345, Springer, Berlin, 1973, 53-128.

R. Carey and J. Pincus, An exponential formula for determining functions,
Indiana Univ. Math. J. 23, (1974), 1031-1042.

R. Carey and J. Pincus, Mosaics, principal functions, and mean motion in von
Neumann algebras. Acta Math. 138 (1977), 153-218.

M. Cho, T. Huruya and C. Li. Trace formulae associated with the polar decom-
position of operators, Math. Proc. R. Ir. Acad 105A (2005), 57-69.

M. Cho and T. Huruya, Trace formulae of p-hyponormal operators II, Hokkaido
Math. J. 35 (2006), 247-259.

[ChHKL] M. Cho, T. Huruya, A. Kim and C. Li, Principal functions for high powers of

operators, Tokyo. J. Math. 29 (2006), 111-116.

[ChGHY] M. Cho, M. Giga, T. Huruya and T. Yamasaki, A remark on support of the

[ChH]
[Col]

[Co2]

principal function for class A operators, Integral Equations and Operator The-
ory 57 (2007), 303-308.

M. Cho and T. Huruya, Trace formula for partial isometry case, Tokyo J. Math
32(2009), 27-32.

A. Connes, Noncommutative differential geometry. Inst. Hautes Etudes Sci.
Publ. Math. No. 62 (1985), 257-360.

A. Connes, Noncommutative Geometry, Academic Press, Inc., San Diego, CA,
1994.

J. Dixmier, Existence de traces non normales. (French) C. R. Acad. Sci. Paris
Sr. A-B 262(1966), A1107-A1108.

R.G. Douglas, On the smoothness of elements of Ext, in Topics in modern
operator theory (Timisoara/Herculane, 1980), Operator Theory: Adv. Appl. 2,
Birkhéuser, Basel-Boston, Mass., 1981, 63-69.

R.G. Douglas, V. Paulsen and K. Yan, Operator theory and algebraic geometry.
Bull. Amer. Math. Soc. (N.S.) 20 (1989), 67-71.

R.G. Douglas and D. Voiculescu, On the smoothness of sphere extensions. J.
Operator Theory 6 (1981), 103-111.

T. Ehrhardt, A generalization of Pincus’ formula and Toeplitz operator deter-
minants, Arch. Math. (Basel) 80 (2003), 302-3009.

M. Englis, K. Guo and G. Zhang, Toeplitz and Hankel operators and Dismier
traces on the unit ball of C™, Proc. Amer. Math. Soc. 137 (2009), 3669-3678.
M. Englis and G. Zhang, Hankel operators and the Dismier trace on strictly
pseudoconvex domains, Doc. Math 15 (2010), 601-622.

J. Geronimo and K. Case, Scattering theory and polynomials orthogonal on the
unit circle. J. Math. Phys. 20 (1979), 299-310.

G. Gong, Smooth extensions for finite CW complexes. Trans. Amer. Math. Soc.
342 (1994), 343-358.

B. Gustafsson and M. Putinar, An exponential transform and regularity of free
boundaries in two dimensions, Ann. Sc. Norm. Super. Pisa 26 (1998), 507-543.



230
[GP2]
[GP3]

[HH1]

[HH2]

[JLO]

[Put2]
[Put3]
[Put4]

[Put5]

R. Howe

B. Gustafsson and M. Putinar, Linear analysis of quadrature domains. II. (Eng-
lish summary) Israel J. Math. 119 (2000), 187-216.

B. Gustafsson and M. Putinar, Selected topics on quadrature domains. (English
summary) Phys. D 235 (2007), 90-100.

J.W. Helton and R. Howe, Integral operators: commutators, traces, index and
homology, Proceedings of a Conference on Operator Theory (Dalhousie Univer-
sity, Halifax, N.S. 1973), Lecture Notes in Math. 345, Springer, Berlin, 1973,
141-209.

J.W. Helton and R. Howe, Traces of commutators of integral operators, Acta
Math. 135 (1975), 271-305.

R. Howe, Quantum mechanics and partial differential equations. J. Funct. Anal.
38 (1980), 188-254.

A. Jaffe, A. Lesniewski and K. Osterwalder, Quantum K-theory. I. The Chern
character, Comm. Math. Phys. 118 (1988), 1-14.

J. Kaminker and C. Schochet, K-theory and Steenrod homology: applications to
the Brown-Douglas-Fillmore theory of operator algebras. Trans. Amer. Math.
Soc. 227 (1977), 63-107.

M. Kapranov, Noncommutative geometry based on commutator expansions. J.
Reine Angew. Math. 505 (1998), 73-118.

G.G. Kasparov, Topological invariants of elliptic operators. I. K-homology.
(Russian) Math. USSR-1zv. 9 (1975), 751-792 (1976).

F. Kittaneh, Inequalities for the Schatten p-norm. Glasgow Math. J. 26 (1985),
141-143.

F. Kittaneh, Some trace class commutators of trace zero. Proc. Amer. Math.
Soc. 113 (1991), 855-661.

M. Martin and M. Putinar, A unitary invariant for hyponormal operators. J.
Funct. Anal. 73 (1987), 297-323.

M. Martin and M. Putinar, Lectures on hyponormal operators. Operator The-
ory: Advances and Applications 39. Birkhauser Verlag, Basel, 1989.

J.D. Pincus, Commutators and systems of singular integral equations. I, Acta
Math. 121 (1968), 219-249.

M. Putinar, Hyponormal operators and eigendistributions. Advances in invari-
ant subspaces and other results of operator theory (Timisoara and Herculane,
1984), Oper. Theory Adv. Appl., 17, Birkhauser, Basel, 1986, 249-273.

M. Putinar, Linear analysis of quadrature domains. Ark. Mat. 33 (1995), 357—
376.

M. Putinar, Extremal solutions of the two-dimensional L-problem of moments,
J. Funct. Anal. 136 (1996), 331-364.

M. Putinar, Extremal solutions of the two-dimensional L-problem of moments
I1, J. Approx. Theory 92 (1998), 38-58.

M. Putinar, Linear analysis of quadrature domains. III. (English summary) J.
Math. Anal. Appl. 239 (1999), 101-117.



[Sh]

[Si1]

[Si2]

4
[Wal
(Wil

[X1]

[X2]
[Y1]

[Y2]

Traces of Commutators of Integral Operators 231

J. Rosenberg, K and KK: topology and operator algebras. Operator theory:
operator algebras and applications, Part 1 (Durham, NH, 1988), Proc. Sympos.
Pure Math. 51, Part 1, Amer. Math. Soc., Providence, RI, 1990, 445-489.

H. Shapiro, The Schwarz function and its generalization to higher dimensions.
University of Arkansas Lecture Notes in the Mathematical Sciences, 9. John
Wiley & Sons, Inc., New York, 1992.

B. Simon, Trace ideals and their applications, London Mathematical Society
Lecture Note Series 35. Cambridge University Press, Cambridge-New York,
1979.

B. Simon, Orthogonal polynomials on the unit circle. Part 2. Spectral theory.
American Mathematical Society Colloquium Publications, 54, Part 2. American
Mathematical Society, Providence, RI, 2005.

U. Venugopalkrishna, Fredholm operators associated with strongly pseudocon-
vex domains in C", J. Functional Analysis 9 (1972), 349-373.

X. Wang, Voiculescu Theorem, Sobolev lemma and extensions of smooth alge-
bras, Bull. Amer. Math. Soc. (New Series) 27 (1992), 292-297.

H. Widom, Asymptotic behavior of block Toeplitz matrices and determinants.
I1. Advances in Math. 21 (1976), 1-29

D. Xia, Trace formula for almost Lie algebra of operators and cyclic one-
cocycles, Nonlinear and convex analysis (Santa Barbara, Calif., 1985), Lecture
Notes in Pure and Appl. Math. 107, Dekker, New York, 1987, 299-308.

D. Xia, Trace formulas for almost commuting operators, cyclic cohomology and
subnormal operators, Integral Equations Operator Theory 14 (1991), 276-298.
R. Yang, Operator theory in the Hardy space over the bidisk. III, J. Funct.
Anal. 186 (2001), 521-545.

R. Yang, A trace formula for isometric pairs, Proc. Amer. Math. Soc. 131 (2003),
533-541.

Roger Howe

Yale University

Mathematics Department

PO Box 208283

New Haven, CT 06520-8283, USA
e-mail: howe@math.yale.edu


mailto:howe@math.yale.edu

Operator Theory:
Advances and Applications, Vol. 222, 233-246
(© 2012 Springer Basel

Information States in Control Theory:
From Classical to Quantum

M.R. James

Dedicated to Bill Helton

Abstract. This paper is concerned with the concept of information state and
its use in optimal feedback control of classical and quantum systems. The
use of information states for measurement feedback problems is summarized.
Generalization to fully quantum coherent feedback control problems is con-
sidered.
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1. Introduction

This paper is dedicated to Bill Helton, with whom I had the honor and pleasure of
collaborating in the topic area of nonlinear H° control theory, [13]. We developed
in some detail the application of information state methods to the nonlinear H°
control problem, [19, 18, 1]. In this paper I review the information state concept
for classical output feedback optimal control problems, and then discuss extensions
of this concept to quantum feedback control problems, [16, 17, 21].

Feedback is one of the most fundamental ideas in control engineering. Feed-
back control is a critical enabler for technological development, Figure 1. From its
origins in steam engine governors, through applications in electronics, aerospace,
robotics, telecommunications and elsewhere, the use of feedback control has been
essential in shaping our modern world. In the 20th century, quantum technology,
through semiconductor physics and microchips, made possible the information age.
New developments in quantum technology, which include quantum information
and computing, precise metrology, atom lasers, and quantum electromechanical
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FIGURE 1. Feedback control timeline.

systems, further exploit quantum phenomena and hold significant promise for the
future.

Optimization is basic to many fields and is widely used to design control
systems. Optimization based control system design requires specification of (i) the
objective of the control system, and (ii) the information available to the control
system. In a feedback system, Figure 2, control actions are determined on the
basis of information gained as the system operates. A key issue is how to represent
information in a feedback loop. The concept of information state was introduced
for this purpose, [22]. An information state is a statistic! that takes into account
the performance objective in a feedback loop.

In quantum science and technology, the extraction of information about a
system, and the use of this information for estimation and control, is a topic
of fundamental importance. The postulates of quantum mechanics specify the
random nature of quantum measurements, and over a period of decades quantum
measurement theory has led to a well-developed theory of quantum conditional
expectation and quantum filtering, [3, 4, 7, 6, 29]. Quantum filtering theory may
be used as a framework for measurement feedback optimal control of quantum
systems, and we summarize how this is done in Section 3. In particular, we highlight
the role of information states in this context. However, quantum measurement
necessarily involves the loss of quantum information, which may not be desirable.
Fortunately, feedback in quantum systems need not involve measurement. In fully
quantum coherent feedback, the physical system being controlled, as well as the
device used for the controller, are quantum systems. For instance, optical beams
may be used to interconnect quantum devices and enable the transmission of
quantum information from one system to another, thereby serving as “quantum
wires”. To my knowledge, to date there has been no extension of information states
to fully quantum coherent feedback optimal control, although it has been a topic of
discussion. Instead, direct methods have been employed for special situations, [21,
25]. One of the key obstacles that makes optimal fully quantum coherent feedback

1In statistics, a statistic is a measure of some attribute of a data sample.
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control difficult is the general failure of conditioning onto non-commuting physical
observables, a difficulty of fundamentally quantum mechanical origin (conditioning
works successfully when measurements are used as then commuting observables
are involved). Section 4 discusses a possible means for abstracting the notion of
information state may provide a suitable means for approaching the solution of
optimal fully quantum feedback control problems in the context of a concrete
example.

plant

\4

control

. information
actions

controller | ¢————u

(feedback loop)

FIGURE 2. Information flow in a feedback loop.

2. Classical output feedback optimal control

In many situations, information available to the controller is often partial, and
subject to noise. In this section we look at a standard scenario using stochastic
models, and show how information states can be found for two types of perfor-
mance criteria.

Consider the following Ito stochastic differential equation model

dr = f(z,u)dt+ g(x)dw (1)
dy = h(z)dt+dv (2)

where (i) w is the control input signal, (ii) y is the observed output signal, (iii) x
is a vector of internal state variables, and (iv) w and v are independent standard
Wiener processes. Note that x(t) is a Markov process (given u) with generator

£46) = [ + 67"

The system is shown schematically in Figure 3.
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FIGURE 3. A partially observed stochastic system with control input
and observed output y. The internal state x is not directly accessible.

The control signal u is determined by the controller K using information
contained in the observation signal y. The controller is to operate in real-time, so
the controller is causal:

u(t) depends on y(s), 0 <s <t

In other words, u(t) is adapted to % = o{y(s),0 < s < t}, and we may write
u(t) = K¢(y(s),0 < s <t), as in Figure 4.

y———> K >

FIGURE 4. A controller maps measurement records to control actions
in a causal manner.

For a controller K define the performance objective

T
J(K) = E[/O L(x(s), u(s))ds + ®((T))] (3)

where (i) L(z,u) and ®(z) are suitably chosen cost functions reflecting the desired
objective (e.g., regulation to a nominal state, say 0), and (ii) E denotes expectation
with respect to the underlying probability distributions.

The optimal control problem is to minimize J(K) over all admissible con-
trollers K. This is a partially observed stochastic optimal control problem: J(K) is
expressed in terms of the state z which is not directly accessible. In order to solve
this problem, we now re-express J(K) in terms of a new ‘state’ that is accessible.
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Using basic properties of conditional expectation, we have

T
J(K) = E[/O L(z(s), u(s))ds + @(2(T))] (4)
T
~ E[E| / Lia(s), u(s))ds + D (a(T))|%4] (5)
T ~ ~
=Bl L(r.u()ds + B(mr) ©)
where m; is the conditional state
mi(¢) = E[p(2(t))|#] (7)
and
L(m,u) = w(L(-,u)), ®(r) = m(®). (8)

The conditional state 7; has the following relevant properties: (i) 7 is adapted
to %, (ii) the objective is expressed in terms of m;, (iii) m; is a Markov process
(given u), with dynamics

dri(9) = mo (L1 (9))dt + (mi(dh) — me(d)me (h))(dy(t) — m(R)dt),  (9)
the equation for nonlinear filtering [9, Chapter 18]. The conditional state m; is an
example of an information state, [22].
An information state enables dynamic programming methods to be used to
solve the optimization problem. Indeed, the value function is defined by

T~ ~
V(r.1) = inf B, /t (e, uls))ds + ®(rr) | | (10)

for which the corresponding dynamic programming equation is

0 V(m,t) + inf{L*V (7, t) + L(m,u)} =0,

ot (11)

V(m,T) = ®(n).
Here, £ is the generator for the process 7.
If the dynamic programming equation has a suitably smooth solution, then
the optimal feedback control function

u*(m,t) = argmin, {£*V (m,t) + L(7,u)}
determines the optimal controller K*:

dri(¢) = m (L1 (9))dt + (me(dh) — me(@)me (h))(dy(t) — me(R)dt) — (12)
u(t) = u*(m, t) (13)

The optimal controller K* has the well-known separation structure, where
the dynamical part (the filtering equation (12) for the information state ;) is
concerned with estimation, and an optimal control part u* (13), which determines
control actions from the information state. In the special case of Linear-Quadratic-
Gaussian control, the conditional state is Gaussian, with conditional mean and
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covariance given by the Kalman filter, while the optimal feedback u* is linear with
the gain determined from the control LQR Riccati equation.

An alternative performance objective is the risk-sensitive performance objec-
tive [15, 27, 5, 19], defined for a controller K by

T
exp (,u {/0 L(z(s),u(s))ds + @(x(T))})] , (14)

where 1 > 0 is a risk parameter. Due to the exponential we cannot use the con-
ditional state as we did above. Instead, we define an unnormalized risk-sensitive
conditional state

#w»:EOFm(u{AUmM@mw»w})m¢u@N%} (15)

which includes the cost function L(x,u). Here, the reference expectation is de-
fined by

J(K)=E

where
dAy = Avh(x(t))dy(t), Ao =1.
The risk-sensitive state o} evolves according to

dot'(9) = o (L") + pL (- u(t))@)dt + of' (h)dy(t). (16)
The performance objective may then be expressed as
J(K) = E%[of(e"®)]. (17)

Thus o4’ is an information state for the risk-sensitive optimal control problem, and
we may use this quantity in dynamic programming.
The value function for the risk-sensitive problem is defined by
V#(0,t) = inf E, [of(e"?)]. (18)

The corresponding dynamic programming equation is
0 -

VH(o,t) + inf{L*"“VH(o,t)} =0,
£V (0, 0) + it {0V (0, 1)} )

VH#(o,T) = o(exp(u®)),

where £/ is the generator for the process of'. The optimal risk-sensitive feedback
control function is

ut* (o, t) = argmin, {L""V (0, 1)} (20)

and so the optimal risk-sensitive controller K* is given by
dof'(9) = o7 (L") + pL(- u(t))@)dt + of' (h)dy(t) (21)
u(t) = u"* (o}, t). (22)

Again, the optimal controller consists of a dynamical equation (21) and a control
function (22), but estimation is not separated from control due to the cost term
appearing in the filter (21).



Information States in Control Theory 239

3. Quantum measurement feedback optimal control

In this section we consider an extension of the optimal control results of the previ-
ous section to quantum systems. A schematic representation of the measurement
feedback system is shown in Figure 5, where the classical system K is the unknown
controller to be determined.

_— ‘))‘) =

detector

classical
measurement
. classical i
classical P signal
controller |
control
signal K

FIGURE 5. An open quantum system controlled by a classical signal
u(t) and interacting with a quantum field. The output component of
the field is continuously monitored producing an observation process
Y (t).

In what follows we make use of quantum stochastic differential equation
(QSDE) models for open quantum systems [14, 10, 26, 11], and the theory of
quantum filtering [3, 4, 7, 6, 29]. The state of an open quantum system is speci-
fied by a state po for the system (say atom) and a state for the environment, say
the vacuum state ® for the field. Quantum expectation E is given by E[X ® F| =
Tr[(po @ @)(X @ F)] = Tr[poX]Tr[®F] for system operators X and field operators
F. Here, pg and ® are density operators defined on the appropriate subspaces
(system and environment).

In the QSDE framework for open quantum systems, dynamical evolution is
determined by the Schrdédinger equation

dU(t) = {LdB*(t) — L*dB(t) — (;L*L +iH(u))dt U (t) (23)

for a unitary operator U(t), where B(t) is a quantum Wiener process. System
operators X and output field B, (t) evolve according to the Heisenberg equations
X(t) = ju(X) = U (0)(X @ DU(t) (24)

Bout(t) = U™ (t)(I @ B(t))U(t) (25)

A standard measurement device (e.g., homodyne detector) is used to measure the

following quadrature observable of the output field (see Figure 5):
Y(t) = Bout(t) + Bou(1)- (26)
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For each t, the operator Y (¢) is self-adjoint, and for different times t1, t2, the opera-
tors Y (1) and Y (t2) commute, and so by the spectral theorem [6] Y (¢) is equivalent
to a classical stochastic process (physically, a photocurrent measurement signal).

Using the quantum Ito rule, the system process X (t) = j:(X) — a quantum
Markov process (given u) — and output process Y (¢) are given by

djr(X) = ji(L"D(X))dt + dB* ()5 ([X, L]) + je([L*, X])dB(t) (27)
dY (t) = ju(L + L*)dt + dB(t) + dB*(t) (28)
where
|

LY(X) = —i[X, H(u)] + ;L*[X, I+ L%, X]L. (29)

We denote by %; the commutative x-algebra of operators generated by the
observation process Y (s),0 < s < t. Since j:(X) commutes with all operators in
%,, the quantum conditional expectation

m(X) = E[:(X)|%4] (30)

is well defined. The differential equation for m(X) is called the quantum filter
3,4, 7, 6]:
dmi(X) = 1 (L0 (X)) dt (31)
+ (m( XL+ L*X) — m(X)me (L + L*))(dY (t) — me (L + L*)dt)
We now consider a quantum measurement feedback optimal control problem

defined as follows. For a measurement feedback controller K define the performance
objective [17]?

T
J(K)=E [ /0 Ci(s)ds + Co(T) |, (32)

where (i) C1(t) = 7:(C1(u(t))) and Ca(t) = j:(C2) are non-negative observables,
and (ii) E denotes quantum expectation with respect to the underlying states for
the system and field (vacuum). The measurement feedback quantum optimal control
problem is to minimize J(K') over all measurement feedback controllers K, Figure
5. Note that information about the system observables is not directly accessible,
and so this is a partially observed optimal control problem.

Using standard properties of quantum conditional expectation, the perfor-
mance objective can be expressed in terms of the quantum conditional state m; as
follows:

T
J(K)=E /0 ms(C1(u(s)))ds + mp(Ca) | . (33)

2Earlier formulations of quantum measurement feedback optimal control problems were specified
directly in terms of conditional states [2, 8].
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Then dynamic program may be used to solve this problem, as in the classical case.
The optimal measurement feedback controller has the separation form

dry(X) = m (LD (X)) dt (34)
+ (m(XL + L*X) — my(X)m (L 4 L)) (Y (t) — 7o (L + L*)dt),
u(t) = u*(m, t), (35)

where the feedback function u* is determined from the solution to a dynamic
programming equation, see [17]. Again the conditional state m; serves as an infor-
mation state, this time for a quantum measurement feedback problem.

The risk-sensitive performance criterion (14) may be extended to the present
quantum context as follows, [17, 28]. Let R(t) be defined by

dR(t
MO _bevwre). BO)=1. (36)
Then define the risk-sensitive cost to be
JH(K) = E[R*(T)et“= T R(T)). (37)

This definition accommodates in a natural way the observables in the running
cost, which need not commute in general.

To solve this quantum risk-sensitive problem, we proceed as follows. Define
V(t) by

AV (t) = {LdZ(t) + (—;L*L —iH (u(t)) + gCl(u(t))> dt} V), V(0)=1I,

where Z(t) = B(t) + B*(t) (equivalent to a standard Wiener process with respect
to the vacuum field state). The process V(t) commutes with all operators in the
commutative x-algebra Z; generated by Z(s),0 < s <t. We then have

JHK) =E[V*(T)e!“2V (T)). (38)
Next, define an unnormalized risk-sensitive conditional state
ol (X) = U"EV* )XV ()| Z]U(t) (39)

which evolves according to
dol'(X) = Jt“(([,“(t) + uCr(u(t)X))dt + o (XL + L*X)dY (t) (40)
Then we have
JH(K) = E%[of ()], (41)
and so o} serves as an information state, and the optimal risk-sensitive control

problem may be solved using dynamic programming.
The optimal risk-sensitive measurement feedback controller has the form

do' (X) = ol ((£"D + uCy (u(t))X))dt + o (L + L*)dY () (42)
u(t) = ut* (o}’ 1), (43)

where the feedback function u** is determined from the solution to a dynamic
programming equation, see [16, 17].
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M

The inclusion of a cost term in a quantum conditional state o} appears to
be new to physics, [16, 17, 28]. This state depends on (i) information gained as
the system evolves (knowledge), and (ii) the objective of the closed loop feedback
system (purpose).

4. Coherent quantum feedback control

An important challenge for control theory is to develop ways of designing signal-
based coherent feedback systems in order to meet performance specifications, [30],
[31], [21], [23], [25], [12], [24], [20]. While a detailed discussion of signal-based
coherent feedback control design is beyond the scope of this article, we briefly
describe an example from [21], [23]. In this example, the plant is a cavity with
three mirrors defining three field channels. The problem was to design a coherent
feedback system to minimize the influence of one input channel w on an output
channel z, Figure 6. That is, if light is shone onto the mirror corresponding to the

plant

controller
K

F1GURE 6. Coherent feedback control example, showing plant a and
controller ax cavity modes, together with performance quantity z and
the “disturbance” input w. The coherent signals v and y are used to
transfer quantum information between the plant and the controller. The
feedback system was designed to minimize the intensity of the light at
the output z when an optical signal is applied at the input w.

input channel w, we would like the output channel z to be dark. This is a simple
example of robust control, where z may be regarded as a performance quantity (to
be minimized in magnitude), while w plays the role of an external disturbance. In
[21], it was shown how such problems could be solved systematically by extending
methods from classical robust control theory, and importantly, taking into account
the physical realization of the coherent controller as a quantum system. Indeed,
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the controller designed turned out to be another cavity, with mirror transmissivity
parameters determined using mathematical methods. This approach was validated
by experiment [23].

Classical output feedback H*® control problems can be solved through the use
of a suitable information state, [18, 13]. However, there is no known information
state for the quantum coherent H* problem discussed above, and we now con-
sider this matter more closely to see what concepts might be suitable for coherent
feedback quantum control.

Referring to Figure 6, the plant P and controller K are connected by direc-
tional quantum signals v and y (beams of light). Such quantum signals may carry
quantum information, and measurement need not be involved. The H* objective
for the feedback network P A K is of the form

Epnx [V(t) V- /0 t S(r)dr} <0 (44)

where V' is a storage function and S is an observable representing the supply
rate for the input signal w and a performance variable z (see [21, 20] for general
definitions of storage functions and supply rates). The storage function V is a
non-negative self-adjoint operator (observable). For example, for an optical cav-
ity we may take V' = a*a, where a and a* are respectively the annihilation and
creation operators of the cavity mode (note that V' has spectrum 0, 1,2,..., each
value corresponds to a possible number of quanta (photons) in the cavity). A cru-
cial difference between the fully quantum coherent feedback and the measurement
feedback situation discussed in Section 3 is that the algebra of operators #%; gen-
erated by the plant output process y(s),0 < s < ¢, is not commutative in general,
and so a conditioning approach cannot be expected to work.

The controller K shown in Figure 6 is an open quantum system that involves
additional quantum noise inputs vi. These additional quantum noise terms are
needed to ensure that K is realizable as an open quantum system, and may be
thought of as a “quantum randomization” (cf. classical randomized strategies). The
controller maps quantum signals as follows:

Yy 2K1
K :Brin=| k1 | = Brout = u (45)
VK2 ZK2

As an open system not connected to the plant P, the controller K has unitary
dynamics given by a unitary operator Uk (t) satisfying

1
AU (t) = {LKdB}}’in(t) — Ll dBcin(t) — < 2LIKLK + iHK> dt} Uk (1),
Uk (0) =1,

(46)

where Lx = (Lko, Lk1, LKg)T and Hp are the physical parameters determining
the controller K (an optical cavity, Figure 6). This means that the input and
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output fields of the controller are related by
Brout(t) = Ug (t) Br,in(t)Uk (t), (47)
while the internal controller operators X g evolves according to
Xk (t) = jr(Xk) = Ug () XUk (t).
In particular, the control field u(t) is given by
u(t) = Uk ()or1 () Uk (1), (48)
or in differential form,
du(t) = jr+(Lx1)dt + dvgi(t) (49)
Thus the controller K is an open quantum system specified as follows:

[ dynamics eq. (46)
K { u(t) determined by (48) or (49) (50)

The controller K has the property that it satisfies a performance objective of the
form

Ex [VK(t) Vg - /Ot SK(r)dr] <o, (51)

and indeed a key step in classical approaches is such a reformulation of the original
objective (44). The expression (51) does not (directly) involve the plant P, and
Sk is a suitable supply rate defined for the controller and the signals u and y.
The expectation is with respect to a state of the controller and not the plant.
Furthermore, this property ensures that, when the controller K is connected to
the plant P, the feedback system PAK satisfies the objective (44). In this way, the
open system defining the controller K serves as an information system, generalizing
the concept of information state discussed in previous sections.

5. Conclusion

In this paper I have described how information states may be used to solve clas-
sical and quantum measurement feedback optimal control problems. Conditional
expectation is a key mathematical tool that enables suitable information states to
be defined. However, for fully quantum coherent feedback optimal control prob-
lems, the signals in the feedback loop are in general non-commutative quantum
signals; and standard methods involving conditioning are not applicable. Accord-
ingly, I suggest that a concept of information system abstracting the notion of
information state may provide a suitable means for approaching the solution of
optimal fully quantum feedback control problems. Future work will be required to
develop this idea further.
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Abstract. Let V' be a semialgebraic set parameterized as

{(fr(z),..., fm(x)): €T}

for quadratic polynomials fo, ..., fm and a subset T" of R™. This paper studies
semidefinite representation of the convex hull conv(V) or its closure, i.e.,
describing conv (V') by projections of spectrahedra (defined by linear matrix
inequalities). When T is defined by a single quadratic constraint, we prove
that conv(V) is equal to the first-order moment type semidefinite relaxation
of V| up to taking closures. Similar results hold when every f; is a quadratic
form and T is defined by two homogeneous (modulo constants) quadratic
constraints, or when all f; are quadratic rational functions with a common
denominator and T is defined by a single quadratic constraint, under some
proper conditions.

Mathematics Subject Classification. 14P10, 90C22, 90C25.

Keywords. Convex sets, convex hulls, homogenization, linear matrix inequal-
ity, parametrization, semidefinite representation.

1. Introduction

A basic question in convex algebraic geometry is to find convex hulls of semialge-
braic sets. A typical class of semialgebraic sets is parameterized by multivariate
polynomial functions defined on some sets. Let V' C R™ be a set parameterized as

V={(fi(x),..., fm(z)): 2 €T} (1)

with every f;(x) being a polynomial and T" a semialgebraic set in R™. We are in-
terested in finding a representation for the convex hull conv(V') of V or its closure,

The research was partially supported by NSF grants DMS-0757212 and DMS-0844775.
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based on f1,..., fm and T Since V is semialgebraic, conv(V) is a convex semialge-
braic set. Thus, one wonders whether conv (V) is representable by a spectrahedron
or its projection, i.e., as a feasible set of semidefinite programming (SDP). A spec-
trahedron of R¥ is a set defined by a linear matrix inequality (LMI) like

Lo+wi Ly + -+ wpLy =0

for some constant symmetric matrices Lo, . . ., Lg. Here the notation X = 0 (resp.
X > 0) means the matrix X is positive semidefinite (resp. definite). Equivalently,
a spectrahedron is the intersection of a positive semidefinite cone and an affine
linear subspace. Not every convex semialgebraic set is a spectrahedron, as found by
Helton and Vinnikov [7]. Actually, they [7] proved a necessary condition called rigid
convezity for a set to be a spectrahedron. They also proved that rigid convexity
is sufficient in the two-dimensional case. Typically, projections of spectrahedra
are required in representing convex sets (if so, they are also called semidefinite
representations). It has been found that a very general class of convex sets are
representable as projections of spectrahedra, as shown in [4, 5]. The proofs used
sum of squares (SOS) type representations of polynomials that are positive on
compact semialgebraic sets, as given by Putinar [15] or Schmiidgen [16]. More
recent work about semidefinite representations of convex semialgebraic sets can
be found in [6, 9, 10, 11, 12].

A natural semidefinite relaxation for the convex hull conv(V') can be obtained
by using the moment approach [9, 13]. To describe it briefly, we consider the simple
case that n = 1, T = R and (f1(x), f2(), f3(z)) = (22,23, 2*) with m = 3. The
most basic moment type semidefinite relaxation of conv (V') in this case is

LT )
R=<¢ (Y2,93,94) : |11 y2 y3| =0 for some y; € R
Y2 Yz Ya

The underlying idea is to replace each monomial z* by a lifting variable y; and to
pose the LMI in the definition of R, which is due to the fact that

T
1 1 1z a2
T T = x 2 28 = 0 VzelR.
22| |22 R

If n = 1, the sets R and conv(V) (or their closures) are equal (cf. [13]). When
T = R" with n > 1, we have similar results if every f; is quadratic or every f; is
quartic but n = 2 (cf. [8]). However, in more general cases, similar results typically
do not exist anymore.

In this paper, we consider the special case that every f; is quadratic and T is
a quadratic set of R™. When T is defined by a single quadratic constraint, we will
show that the first-order moment type semidefinite relaxation represents conv(V)
or its closure as the projection of a spectrahedron (Section 2). This is also true
when every f; is a quadratic form and 7' is defined by two homogeneous (modulo
constants) quadratic constraints (Section 3), or when all f; are quadratic rational



Convex Hulls of Quadratic Sets With Quadratic Constraints 249

functions with a common denominator and T is defined by a single quadratic
constraint (Section 4), under some proper conditions.

Notations. The symbol R (resp. R} ) denotes the set of (resp. nonnegative) real
numbers. For a symmetric matrix, X < 0 means X is negative definite (—X > 0);
o denotes the standard Frobenius inner product in matrix spaces; || - ||2 denotes the
standard 2-norm. The superscript 7 denotes the transpose of a matrix; K denotes
the closure of a set K in a Euclidean space, and conv(K') denotes the convex hull
of K. Given a function ¢(x) defined on R™, denote

S(q) ={z eR": q(x) >0}, E(q) ={zeR": q(z) =0}

2. A single quadratic constraint

Suppose V' C R™ is a semialgebraic set parameterized as

V={(fi(x),..., fm(zx)): 2 €T} (1)

where every fi(z) = a; + bYx + 2T Fx is quadratic and T C R"™ is defined by a
single quadratic inequality g(x) > 0 or equality g(x) = 0. The a;, b;, F; are vectors
or symmetric matrices of proper dimensions. Similarly, write

q(z) =c+dTx + 27 Qu.

For every = € T, it always holds that for X = zaT

1 27

filx)=a; +bfz+FeX, qlx)=c+dz+QeX>0, |:$ X} = 0.
Clearly, when T' = S(q), the convex hull conv(V) of V is contained in the convex
set

1 2T <0
Win = (a1—i—b?m—i—FlOX,...,am—i—bg;lx—i—FmOX) r X|—7
c+dTz4+QeX >0

When T = E(q), the convex hull conv(V) is then contained in the convex set

1 2T

—
Weq =3 (a1 + b2+ Fr e X, ... ap + bl x + Fy 0 X) e Xx|7%
c+d'z+QeX =0

Both Wi, and W,q are projections of spectrahedra. One wonders whether W;, or
Weq is equal to conv(V). Interestingly, this is almost always true, as given below.

Theorem 1. Let V, T, Wiy, Weq, q be defined as above, and T # ().
(i) Let T = S(q). If T is compact, then conv(V) = Wiy, otherwise, conv(V') =
Win.-
(ii) Let T = E(q). If T is compact, then conv(V) = Weq; otherwise, conv(V) =
Wegq-
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To prove the above theorem, we need a result on quadratic moment prob-
lems. A quadratic moment sequence is a triple (t,z,2) € R x R™ x R™*" with Z
symmetric. We say (¢, z, Z) admits a representing measure supported on T if there
exists a positive Borel measure p with its support supp(p) € T and

t:/ld,u, z:/xdﬂ, Z:/xde,u.

Denote by Z(T') the set of all such quadratic moment sequences (¢, z, Z) satisfying
the above.

Theorem 2 ([2, Theorems 4.7, 4.8]). Let q(z) = ¢+ dTx + 27Qx, T = S(q) or
E(q) be nonempty, and (t,z,Z) be a quadratic moment sequence satisfying

{1 zT]m c+d"z+QeZ>0, ifT=S5(q)
z Z] 77 le+d"2+QeZ=0, ifT=E(q).

(1) If S(q) is compact, then (t,z,7) € Z(S(q)); otherwise, (t,z,7) € %#(S(q))-
(ii) If E(q) is compact, then (t,z,Z) € Z(E(q)); otherwise, (t,z,2) € Z(E(q)).

Proof of Theorem 1. (i) We have already seen that conv(V') C Wi, which clearly
implies conv(V') C W;,. Suppose (z, X) is a pair satisfying the conditions in Wi,.

If T = S(q) is compact, by Theorem 2, the quadratic moment sequence
(1,z, X) admits a representing measure supported in 7. By the Bayer-Teichmann
Theorem [1], the triple (1,2, X) also admits a measure having a finite support

contained in T'. So, there exist u1,...,u, € T and scalars Ay > 0,..., A, > 0 such
that

1 27 1 ul 1 ul

[ax X} =M [ul uyul to A up upul |

The above implies that
(a1 +07z+ FLeX,... am+bla+ F,eX)= Z;l X (1 (w)s - s F(t2)).

Clearly, Ay + -+ 4+ A\, = 1. So, Wi, C conv(V') and hence Wi, = conv(V).
If T = S(q) is noncompact, the quadratic moment sequence (1,z, X) € Z(T),
and

(1,2, X) = lim (1,25, X®)) with every (1,2, X®) e 2(T).

k— o0

As we have seen in the above, every
(a1 +0Ta® + Fre X a,, + 05 2® 4 F, e X)) € conv(V).
This implies
(ay +bfx+ FreX,... am+blx+F,eX)c conv(V).

So, Win C conv(V) and consequently Wi, = conv(V).
(ii) can be proved in the same way as for (i). O
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4

-6

FiGURE 1. The dotted area is the set V' in Example 3, and the outer
curve is the boundary of the convex hull conv (V).

Example 3. Consider the parametrization
V ={(3x1 — 229 — 4x3, 5x129 + Tx123 — Y2223) ¢ [|2|l2 < 1}.
The set V' is drawn in the dotted area of Figure 1. By Theorem 1, the convex hull

conv(V') is given by the semidefinite representation

1 X1 X9 I3

( 3x1 — 2x9 — 43 ) 1 X X Xig =0

X X X -7
5X12 + 7X13 — 9Xo3 CU?’, Xiz X;z X?’,z

1—- X1 —Xo—X332>0

X

The boundary of the above set is the outer curve in Figure 1. One can easily see
that conv(V') is correctly given by the above semidefinite representation. O

3. Two homogeneous constraints
Suppose V' C R™ is a semialgebraic set parameterized as
V={@TAz,...,.aTA,x): 2 € T}. (1)

Here, every A; is a symmetric matrix and 7T is defined by two homogeneous (mod-
ulo constants) inequalities/equalities h;(x) > 0 or h;(x) =0, j =1, 2. Write

hi(z) = T Biz — 1, ha(x) = T Box — 3,
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for symmetric matrices By, Bs. The set T is one of the four cases:
E(h1) N E(he), S(h1)NE(he), E(hi)NnS(he), S(h1)NS(ha).
Note the relations:
2l Az = A o (ma:T) (1<i<m), zzT =0,
2T Bix = By o (z27), a7 Box = By e (zz?).

If we replace zz” by a symmetric matrix X > 0, then V, as well as conv(V), is
contained respectively in the following projections of spectrahedra:

Hee = {(A10X,...,4,,0X): X>0,B1eX =c;,Bs0X =},
Hie = {(A10X,....,A4,0X): X >=0,BieX >c,BeX =cy}, )
Hei = {(A1eX,...,A,0X): X >0, BieX =c,By0X >cy},
Hi,i = {(Al.X,...,Am.X)ZXtO,Bl.chl,BQOXZCQ}.

To analyze whether they represent conv(V') respectively, we need the following
conditions for the four cases:

: 3(#1,;@) €R xR, s.t. piBy+ pu2Bs <0,
et pr, pe) ERL X R, st. 1By + peBs < 0, 3)
s pa, pe) €E R X Ry, sk, pu1 By + peBs < 0,
Cl,i : 3 ,u1,,u2) eRy xRy, st. pu1By+ peBy < 0.

Theorem 4. Let V # (Z),H&e,?—li,e,’}-le,i,’}-l,;,i be defined as above. Then we have

Heeo if T=E(h1)NE(hg) and Ce . holds;
Hie, if T =S(h1)NE(h2) and C; . holds;

)
conv(V) = )N )
Hei, if T =E(h1)NS(he) and Ce; holds;
) )
(

(4)
Hi,i, if T = S(hl N S(hg and Ci,i holds.
Proof. We just prove for the case that T'= S(h1)N.S(h2) and condition C; ; holds.

The proof is similar for the other three cases. The condition C; ; implies that there
exist p1 > 0, g > 0,€ > 0 such that for all x € T'

—picr — pacy > &' (—p By — paBa)x > ef|x]|3.

So, T' and conv(V') are compact. Clearly, conv(V') C H; ;. We need to show H,; ; C
conv(V'). Suppose otherwise it is false, then there exists a symmetric matrix Z
satisfying

(Ao Z, ... A, Z) & conv(V), BieZ>cy, BseZ>cy, Z2x0.

Because conv(V) is a closed convex set, by the Hahn-Banach theorem, there exists
a vector (bo, {1, ...,0n) # 0 satisfying

T Az + -+ bzt Az >0y Yz eT,
AT e Z + -+l Ay 0 Z < L.
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Consider the SDP problem

p*:=min (1A e X+ -+l ,A,0X (5)
s.t. Xto,Bl.X2017BQ.XZCQ.

Its dual optimization problem is

max Cl/\l + 62/\2 (6)
s.t. Zl EzAz - )\131 - )\QBQ - 0, )\1 2 0, )\2 Z 0.

The condition C;; implies that the dual problem (6) has nonempty interior. So, the
primal problem (5) has an optimizer. Define Ay, B1, Bs and a new variable Y as:

o [XhaA 000 ) By 0 0
Ay = 0 0 0, Bi=|0 -1 0}, (7)
| 0 0 0 0 0 0
(B, 0 0
By=|0 0 0], Y:[XT Ym}. (8)
0 0 -1 Yiz Yoo
They are all (n+2) x (n+ 2) symmetric matrices. Clearly, the primal problem (5)

is equivalent to
p* := min AyeY . . ()
st. Y =0, BieY =cy, BieY =cs.

It must also have an optimizer. By Theorem 2.1 of Pataki [14], (9) has an extremal
solution U of rank r satisfying

sr(r+1) <2.
So, we must have 7 = 1 and can write Y = vv®. Let u = v(1 : n). Then u € T and
p* =luTAju+ -+ CpuT Apu > 0.
However, Z is also a feasible solution of (5), and we get the contradiction
p*<liAieZ+ -+ l,A,eZ <p".
Therefore, H; ; C conv(V) and they must be equal. O

Example 5. Consider the parameterization
22— 2 — 22 =0, }

V= 223 — 322 — 423
Sxr1x2 — Tx123 — 9T273 1—2Tz>0

The set V' is drawn in the dotted area of Figure 2. By Theorem 4, the conver hull
conv(V') is given by the following semidefinite representation

X1o Xop Xos| =0,
5X19 — 7X43 — 9X>3 Xﬁ Xzi Xzz T 1 =X — X9 —X332>20

The convex region described above is surrounded by the outer curve in Figure 2,
which is clearly the convex hull of the dotted area. O

X X X
<2X11 —3X2o — 4X33> 1 12 1 X111 — Xoo — X33 =0,
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-15 -1 -0.5 0 0.5

FiGURE 2. The dotted area is the set V' in Example 5, and the outer
curve surrounds its convex hull.

The conditions like C; ; can not be removed in Theorem 4. We show this by
a counterexample.

Example 6. Consider the quadratically parameterized set
V = {(z120,23) : 1 — 129 > 0,14 25 — 27 >0},
which is motivated by Example 4.4 of [3]. The condition C; ; is clearly not satisfied.
The semidefinite relaxation H;; for conv(V') is
{(X12, X11) : X 20,1 - X2 > 0,1+ Xoo — X11 > 0}.

They are not equal, and neither are their closures. This is because V is bounded
above in the direction (1,1), while H;; is unbounded (cf. [3, Example 4.4]). So,
conv(V') # H;; for this example, which is due to the failure of the condition C; ;.

U
4. Rational parametrization
Consider the rationally parameterized set
fi(z) f m(fﬂ)) }
U = ey cxeT 1
G W

with all fo,..., fm being polynomials and T a semialgebraic set in R™. Assume
fo(z) is nonnegative on T' and every f;/fo is well defined on T, i.e., the limit
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lim,_,, fi(z)/ fo(x) exists whenever f, vanishes at z € T". The convex hull conv(U)
would be investigated through the homogenization

Po= ("), @) e =1t e T (2)
Here 2" = (29,1, ..., 7,) is an augmentation of z and
fr@"y = agfix/z)  (d= max deg(f;))

is a homogenization of f;(z), and T" is the homogenization of T' defined as
T = {zh: 29 > 0,2/x0 € T}. (3)
The relation between conv(V) and conv(P) is given as below.

Proposition 7. Suppose fo(x) is nonnegative on T and does not vanish on a dense
subset of T, and every f;/fo is well defined on T. Then

conv(U) = conv(P). (4)
Moreover, if T" 0 {f#(z") = 1} and T are compact and fo(x) is positive on T,
then

conv(U) = conv(P). (5)

Proof. Let Ty be a dense subset of T such that fo(z) > 0 for all x € T;. Clearly,

o) =cone{ (40 Y ey

Since every f! is homogeneous, we can scale such that f(z") = 1. Then,
conv(U) = conv { (fl(zh), ..., fh(zh)) : fi(2h) =1, ah € T]}.

The density of 77 in T' and the above imply (4).

When T is compact and fo(x) is positive on T, conv(U) is compact. The
conv(P) is also compact when T" N {f#(z") = 1} is compact. Thus, (5) follows
from (4). O

Remark: Suppose d = max; deg(f;) is even and T is defined by polynomials of even
degrees. If

ThN{fia") =1} = {ah 12 > 0, f(zh) =1, a/z9 € T},

then we can remove the condition zo > 0 in the definition of 7" in (3) and
Proposition 7 still holds.

If every f; in (1) is quadratic, T is defined by a single quadratic inequality,
and fj is nonnegative on 7', then a semidefinite representation for the convex hull
conv(U) or its closure can be obtained by applying Proposition 7 and Theorem 4.
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Suppose T = {z : g(z) > 0}, with g(z) being quadratic. Write every fF(z") =
(z")TF; 2" and ¢"(2") = (z")T G 2". Then

RN\T o .k

— h\T h R\T AR (@) Foz" =1,

conv(P) —COHV{((ZL' VTE ah, ... (aMTE,x ) Y 20> 0, ()G >0 [

(6)

The forms f! and g" are all quadratic. If
{a": (@M)T Foah =1, (2")TG2" > 0}
= {2l 29 >0, (z")TFyah =1, (zh)T Gz > 0},

then the condition xg > 0 can be removed from the right-hand side of (6), and we
get

BT h
— h\T h h\T p) . (@) Fpa" =1,
conv(P)-conv{((a: YTF zh, . o (e")TFy ) L @M TGt >0 [ (7)
If there exist u1 € R and ps € Ry satisfying 1 Fy + pu2G < 0, then a semidefinite

representation for conv(P) can be obtained by applying Theorem 4. The case
T = {z: g(x) = 0} is defined by a single quadratic equality is similar.

Example 8. Consider the quadratically rational parametrization:

2., .24 .2
. ]+ 23+ 23+ 21+ T2+ T3 T1T2 +T1T3 +T2T3 | | o 2 2
U—{( L4 2T , 14 aTs raf ey +az <1,
The dotted area in Figure 2 is the set U above. The set P in (2) is

p_ 22+ 23+ 23 +xo(x1 + 22 +23)\ | 23+ 23 + 25 + 2% =1,
T129 + 2133 + Tax3 ap—af —a3—2320 [°

By Theorem 4, the convex hull conv(P) is given by the semidefinite representation

Xoo Xo1 Xoz Xos

Xor Xu Xz Xig| 0

<X11 + Xoo + X33 + Xo1 + Xo2 + Xos) Xoz X122 Xoo Xog| — 7
X2 + X13 + Xo3 Xo3 Xi13 Xoz X33

Xoo + X11 + Xoo + X33 =1,

Xoo — X11 — Xo2 — X33 >0

The convex region described above is surrounded by the outer curve in Figure 3,

which also surrounds the convex hull of the dotted area. Since T is compact and the
denominator 1+xTx is strictly positive, conv(U) = conv(P) by Proposition 7. [
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Computing Linear Matrix Representations
of Helton-Vinnikov Curves

Daniel Plaumann, Bernd Sturmfels and Cynthia Vinzant

Dedicated to Bill Helton on the occasion of his 65th birthday

Abstract. Helton and Vinnikov showed that every rigidly convex curve in the
real plane bounds a spectrahedron. This leads to the computational problem
of explicitly producing a symmetric (positive definite) linear determinantal
representation for a given curve. We study three approaches to this problem:
an algebraic approach via solving polynomial equations, a geometric approach
via contact curves, and an analytic approach via theta functions. These are
explained, compared, and tested experimentally for low degree instances.
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hedra, linear matrix inequalities, hyperbolic polynomials, theta functions.

1. Introduction

The Helton-Vinnikov Theorem [16] gives a geometric characterization of two-
dimensional spectrahedra. They are precisely the subsets of R? that are bounded by
rigidly convex algebraic curves, here called Helton- Vinnikov curves. These curves
are cut out by hyperbolic polynomials in three variables, as discussed in [18]. This
theorem is a refinement of a result from classical algebraic geometry which states
that every homogeneous polynomial in three variables can be written as

flz,y,2z) = det(Ax + By + Cz) (1)

where A, B and C are symmetric matrices. Here the coefficients of f and the matrix
entries are complex numbers. When the coeflicients of f are real then it is desirable
to find A, B and C with real entries. The representations relevant for spectrahedra

Daniel Plaumann was supported by the Alexander-von-Humboldt Foundation through a Feodor
Lynen postdoctoral fellowship, hosted at UC Berkeley. Bernd Sturmfels and Cynthia Vinzant ac-
knowledge support by the U.S. National Science Foundation (DMS-0757207 and DMS-0968882).
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are the real definite representations, which means that the linear span of the real
matrices A, B and C contain a positive definite matrix. Such a representation is
possible if and only if the corresponding curve {(z :y: z) € PZ: f(z,y,2) =0} is
rigidly convez. This condition means that the curve has the maximal number of
nested ovals, namely, there are d/2 resp. (d — 1)/2 nested ovals when the degree d
of f is even resp. odd. The innermost oval bounds a spectrahedron.

Two linear matrix representations Az + By + Cz and A’z + B'y + C'z of
the same plane curve are said to be equivalent if they lie in the same orbit under
conjugation, i.e., if there exists an invertible complex matrix U that satisfies

U-(Az+By+Cz2)-U" = Az+By+C'z

We call an equivalence class of complex representations real (resp. real definite)
if it contains a real (resp. real definite) representative. Deciding whether a given
complex representation is equivalent to a real or real definite one is rather difficult.

We shall see that the number of equivalence classes of complex representations
(1) is finite, and, for smooth curves, the precise number is known (Thm. 1). Using
more general results of Vinnikov [24], we also derive the number of real and real
definite equivalence classes. If a Helton-Vinnikov curve is smooth then the number
of real definite equivalence classes equals 29, where g = (dgl) is the genus.

This paper concerns the computational problem of constructing one represen-
tative from each equivalence class for a given polynomial f(x,y,z). As a warm-up
example, consider the following elliptic curve in Weierstrass normal form:

flay,2) = (¢+ay)(z+by)(z+ey) -z,

Here a, b, ¢ are distinct non-zero reals. This cubic has precisely three inequivalent
linear symmetric determinantal representations over C, given by the matrices

z + ay z\/bic z\/cfb x4+ ay z\/afc 0 T+ ay 0 z\/aib
\/ b a b c b b
z b—c I+by 0 ) z\/a—c x + by z\/c—a ’ 0 z + by z b—a
Z\/cib 0 T +cy 0 z\/cfa T+ cy Z\/aib Z\/bEa T +cy
All three matrices are non-real if a,b and ¢ have the same sign, and otherwise
two of the matrices are real. For instance, if ¢ < 0 and 0 < b < ¢ then the first

two matrices are real. In that case, the cubic is a Helton-Vinnikov curve, and its
bounded region, when drawn in the affine plane {z = 1}, is the spectrahedron

1+ay z\/aa_c 0
o) eR : | 2/,00 1vby z/0, [ =0

0 z\/cfa 1+cy

The symbol “>” means that the matrix is positive semidefinite. This spectrahedron
is depicted in Figure 1 for the parameter values a = —1,b=1 and ¢ = 2.

This article is organized as follows. In Section 2 we translate (1) into a sys-
tem of polynomial equations in the matrix entries of A, B, C, we determine the
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FIGURE 1. A cubic Helton-Vinnikov curve and its spectrahedron

number of solutions (in Theorem 1), and we discuss practical aspects of computing
these solutions using both symbolic and numeric software. Section 3 is devoted to
geometric constructions for obtaining the representation (1). Following Dixon [10],
these require finding contact curves of degree d — 1 for the given curve of degree d.

An explicit formula for (1) appears in the article of Helton and Vinnikov
[16, Eq. 4.2]. That formula requires the numerical evaluation of Abelian integrals
and theta functions. In Section 4, we explain the Helton-Vinnikov formula, and
we report on our computational experience with the implementations of [7, 8, 9]
in the Maple package algcurves. In Section 5 we focus on the case of quartic
polynomials and relate our results in [21] to the combinatorics of theta functions.
Smooth quartics have 36 inequivalent representations (1). In the Helton-Vinnikov
case, twelve of these are real, but only eight are real definite. One of our findings
is an explicit quartic in Q[x, y, z] that has all of its 12 real representations over Q.

2. Solving polynomial equations

Our given input is a homogeneous polynomial f(z,y, z) of degree d, usually over Q.
We assume for simplicity that the corresponding curve in the complex projective
plane is smooth, we normalize so that f(z,0,0) = 2%, and we further assume that
the factors of the binary form f(x,y,0) = H?Zl (z+ Byy) are distinct. Under these
hypotheses, every equivalence class of representations (1) contains a representative
where A is the identity matrix and B is the diagonal matrix with entries 51 < B2 <
-+ < Bg. This follows from the linear algebra fact that any two quadratic forms
with distinct eigenvalues can be diagonalized simultaneously over C. See Section
IX.3 in Greub’s text book [13] or the proof of Theorem 4.3 in [21].

After fixing the choices A = diag(1,1,...,1) and B = diag(61, B2, ..., Ba) for
the first two matrices, we are left with the problem of finding the (dgl) entries of
the symmetric matrix C' = (¢;;). By equating the coefficients of all terms xyP 27
with v > 1 on both sides of (1), we obtain a system of (d'gl) polynomial equations
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in the (d;rl) unknowns c;;. More precisely, the coeflicient of x%y%27 in (1) leads to
an equation of degree 7y in the c;;. We are thus faced with the problem of solving a
square system of polynomial equations. The expected number of complex solutions

of that system is, according to Bézout’s Theorem,
19,941 . gd=2 yd=3 ... (d—1)%-d. (2)

This estimate overcounts the number of equivalence classes of representations (1)
because we can conjugate the matrix Az + By + Cz by a diagonal matrix whose
entries are +1 or —1. This conjugation does not change A or B but it leads to 2¢~!
distinct matrices C' all of which are equivalent. Hence, we can expect the number
of inequivalent linear matrix representations (1) to be bounded above by

3d=2 4d=3 ... (d—1)2-d. (3)

We shall refer to this number as the Bézout bound for our problem.

It is a result in classical algebraic geometry that the number of complex
solutions to our equations is finite, and the precise number of solutions is in fact
known as well. The following theorem summarizes both what is known for arbitrary
smooth curves over C and what can be shown for Helton-Vinnikov curves over R:

Theorem 1. The number of equivalence classes of linear symmetric determinantal
representations (1) of a generic smooth curve of degree d in the projective plane is

2(%2 )1 (202 4 1), (4)
unless d > 11 and d is congruent to =3 modulo 8, when the number drops by one.
In the case of a Helton-Vinnikov curve, the number of real equivalence classes of

d—1
symmetric linear determinantal representations (1) is either 2" )_1(2(5{]*1 +1)

d—
or one less. The number of real definite equivalence classes is precisely 2("2").

Sketch of Proof. The equivalence classes of representations (1) correspond to in-
effective even theta characteristics [3] on a smooth curve of genus g = (dgl). The
number of even theta characteristics is 2971(29 + 1), and all even theta character-
istics are ineffective for d < 5 and d =0, 1,2,4,6,7 mod 8. In all other cases there
is precisely one effective even theta characteristic, provided the curve is generic.
This was shown by Meyer-Brandis in his 1998 diploma thesis [19], and it refines
results known classically in algebraic geometry [11, Chapters 4-5]. The count of
real and real definite representations will be proved at the end of Section 4. O

The following table lists the numbers in (3) and (4) for small values of d:

degree d 2 3 4 5 6 7
genus g o 1 3 6 10 15
Bézout bound 1 3 36 2160 777600 1959552000

True number 1 3 36 2080 524800 536887296

This table shows that computing all solutions to our equations is a challenge when
d > 6. Below we shall discuss some computer experiments we conducted for d < 5.
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As before, we fix A to be the dxd identity matrix, denoted Idg, and we fix
B to be the diagonal matrix with entries 51 < --- < B4. We also fix the diagonal
entries of C' since these are determined by solving the d linear equations that arise
by comparing the coefficient of any of the d monomials 2'y?~*~1z in (1). They are
expressed in terms of f and the 3; by the following explicit formula:

Cis = ﬂz

fori=1,2,....d. (5)

We are thus left with a system of (g) equations in the (g) off-diagonal un-

knowns c;;. In order to remove the extraneous factor of 24-1 in the Bézout bound
(2) coming from sign changes on the rows and columns of C, we can perform a
multiplicative change of coordinates as follows: z1; = c%j for j=1,2,...,d and
Zi5 = c1ic15¢i; for 2 <4 < j < d. This translates our system of polynomial equa-
tions in the ¢;; into a system of Laurent polynomial equations in the x;;, and each
solution to the latter encodes an equivalence class of 24~ solutions to the former.

Example 2. Let d = 4. We shall illustrate the two distinct formulations of the
system of equations to be solved. We fix a quartic Helton-Vinnikov polynomial

z+ By +71z Y122 Y132 Y142
Y127 x + B2y + Y222 Y232 Y242
z,y,z) = det
@y, z) Y132 Y232 x + B3y + v332 Y342
Y142 Y242 Y342 T + Bay + vaaz

where 8; and ;5 are rational numbers. From the quartic f(z,y,z) alone we can
recover the 3; and the diagonal entries vy;; as described above. Our aim is now to
compute all points (ci2, 13, €14, Ca3, C24, c34) € CO that satisfy the identity

x4 B1y + Y112 c122 c132 c142
c122 T + B2y + Y227 c232 c24%2
det = f(z,y,2).
€132 c23% x + B3y + V332 €342
c142 c242 c342 T+ Bay + yaaz

The coefficient of 2* gives one equation of degree 4 in the six unknowns ¢ij, the co-
efficients of 223 and y23 give two cubic equations, and the coefficient of 2222, xyz>
and y?z? give three quadratic equations in the ¢;;. The number of solutions in C°
to this system of equations is equal to 23324 = 288. These solutions can be found
using symbolic software, such as Singular [6]. However, the above formulation
has the disadvantage that each equivalence class of solutions appears eight times.

We note that, for generic choices of 3, v, all solutions lie in the torus (C*)°
where C* = C\{0}, and we shall now assume that this is the case. Then the 8-fold
redundancy can be removed by working with the following invariant coordinates:

2 2 2
T12 = €12, T13 = €13, 14 = C1gq,

T23 = C12€13C23 , T24 = C12C14C24 , T34 = C13C14C34.
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We rewrite our six equations in these coordinates by performing the substitution:

12 12 12
Cl2 = Ty9 , C13 = T13 , Cl4 = Ty ,

Con — T3 con — T4 s — T34
237 qy2 1720 24T qy2 1720 934 T 12 1/2°
L12 L13 Ti2 T14 Ty3 L14

This gives six Laurent polynomial equations in six unknowns x12, 13, €14, T23, T24,
x34. They have precisely 36 solutions in (C*)%, one for each equivalence class. [

While the solution of the above equations using symbolic Grébner-based soft-
ware is easy for d = 4, we found that this is no longer the case for d > 5. For d = 5,
it was necessary to employ tools from numerical algebraic geometry, and we found
that Bertini [4] works well for our purpose. The computation reported below is
due to Charles Chen, an undergraduate student at UC Berkeley. This was part of
Chen’s term project in convex algebraic geometry during Fall 2010.

For a concrete example, let us consider the following polynomial which defines
a smooth Helton-Vinnikov curve of degree d = 5:

f(z,y,2) =2+ 32ty —22% 2 — 5z3y? — 122222 — 152%y> + 1002y % 2 — 2822y 22 + 142223
+dayt —6zy?22 —122y2> +26z2* +12y° — 8yt 2 — 3293 2% + 1692 23+ 48y 24 —2425.

The symmetric linear determinantal representation we seek has the form

z+y 0 0 0 0
0 z+2 O 0 0

0 0 T—y 0 0 + C-z,
0 0 0 z-2 0

0 0 0 0 z+3y—22

where C' = (¢;5) is an unknown symmetric 5x5-matrix with zeros on the diagonal.
This leads to a system of 10 polynomial equations in the 10 unknowns c;;, namely,
4 quadrics, 3 cubics, 2 quartics and one quintic. The number of complex solutions
equals 16 - 2080 = 33280, which is less than the Bézout bound of 2% - 33 .42 .5 =
16-2160 = 34560. One of the 33280 solutions is the following integer matrix, which
we had used to construct f(z,y,z) in the first place:

021 0 0
2 0 0 O 1
c = 10 0 2 1
0 02 0 -1
011 -1 0

Of course, the other 15 matrices in the same equivalence class have the same
friendly integer entries. The other 16 - 2079 = 33264 complex solutions were found
numerically using the software Bertini [4]. Of these, 16 - 63 are real. Chen’s code,
based on Bertini, outputs one representative per class. One of the real solutions is

0 1.8771213868  0.1333876113 0.3369345269 0.2151885297

1.8771213868 0 1.3262201851 0.1725327846 1.0570303927

C =~ ]0.1333876113  1.3262201851 0 —2.0093203944 —0.8767796987
0.3369345269  0.1725327846 —2.0093203944 0 —0.7659896773

0.2151885297  1.0570303927 —0.8767796987 —0.7659896773 0
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3. Constructing contact curves

A result in classical algebraic geometry states that the equivalence classes of sym-
metric linear determinantal representations of a plane curve of degree d are in
one-to-one correspondence with certain systems of contact curves of degree d — 1.
Following [11, Prop. 4.1.6], we now state this in precise terms. Suppose that our
given polynomial is f = det(M) where M = (¢;;) is a symmetric dxd-matrix of
linear forms in x,y, z. We can then form the d x d adjoint matrix, adj(M), whose
entry m;; is the (i,7)th (d — 1)-minor of M multiplied by (—1)**4. For any vector

of parameters u = (uy,us,...,uq)’, we consider the degree d — 1 polynomial
T
u1 miy Mmi2 - Mid U1
T U2 miz2 M2 -+ M2d| [U2
gulr,y,2) = wadf(Mu = |, : S : |- (6)
Uq mid Mad4 -+ Mdd| [Ud

The curve V(g,,) has degree d—1, and it is a contact curve, which means that all in-
tersection points of V(f) and V(g.) have even multiplicity, generically multiplicity
2. To see this, we use [11, Lemma 4.1.7], which states that, for any u,v € C%,

gu(xvyvz)'gv(xvyaz) - (uTadj(M)v)z € <f> in (C[x,y,z].

In particular, for v = e;, v = e;, this shows that both V(m;;) and V(m;;) are
contact curves, and V(m,;) meets V(f) in their d(d — 1) contact points.

We say that two contact curves V(g1) and V(g2) of degree r lie in the same
system if there exists another curve V(h) of degree r that meets V(f) precisely in
the r-d points V(f, g1) UV(f, g2). A system of contact curves is called syzygetic if
it contains a polynomial of the form ¢2g, where ¢ is linear and g is a contact curve
of degree r — 2, and azygetic otherwise. A contact curve of V(f) is called syzygetic,
resp. azygetic, if it lies in a system that is syzygetic, resp. azygetic.

Dixon [10] proved that the contact curves V(g,,) are azygetic and all azygetic
contact curves of degree d — 1 appear as g, for some determinantal representation
f = det(M). In particular, he gives a method of constructing a determinantal
representation M for f starting from one azygetic contact curve of degree d — 1.

The input to Dixon’s algorithm is an azygetic contact curve g of degree d — 1
of the given curve f of degree d. Given the two polynomials f and g, the algorithm
constructs the matrix M = adj(M) in (6). It proceeds as follows. Since V(g) meets
V(f) in d(d—1)/2 points, the vector space of polynomials of degree d — 1 vanishing
at these points (without multiplicity) has dimension d. Let mi; = g and extend
mq1 to a basis {mi1,m12,...,m14} of this vector space. For 4,5 € {2,3,...,d},
the polynomial mq;m.; vanishes to order two on V(f,m11), so it lies in the ideal
(m11, f). Using the Extended Buchberger Algorithm, one finds a degree d — 1
polynomial m;; such that mq;mi; — miims; € (f). The dxd-matrix M = (mij)
has rank 1 modulo (f), therefore its 2x2-minors are multiples of f. This implies
that the adjoint matrix adj(ﬂ) = det(ﬂ) - M~ has the form Af¢=2. M where
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Op)

FIGURE 2. A quartic Helton-Vinnikov curve and four contact cubics

A € C\{0} and M is a symmetric matrix of linear forms with det(M) = f. One
could run through this\ construction starting from a syzygetic contact curve, but
the resulting matrix M would have determinant zero.

The main challenge with Dixon’s algorithm is to construct its input polyno-
mial g. Suitable contact curves are not easy to find. A symbolic implementation of
the algorithm may involve large field extensions, and we found it equally difficult
to implement numerically. For further discussions see [19, §2.2] and [21, §2].

Remark 3. Starting from a real azygetic contact curve g, one can use Dixon’s
method to produce a real determinantal representation of f. A determinantal
representation M is equivalent to its conjugate M if and only if the system of
contact curves {uladj(M)u : u € C*} C Clz,y, 2|3 is real, i.e., invariant under
conjugation. The representation M is equivalent to a real matrix if and only if this
system contains a real contact curve. By [14, Prop 2.2], if the curve V(f) has real
points, then these two notions of reality agree. However, this approach does not
easily reveal whether an equivalence class contains a real definite representative.

Example 4. The following Helton-Vinnikov quartic was studied in [21, Ex. 4.1]:
f(xa Y, Z) = 2‘1:4 + y4 + Z4 - 31»'2?!2 - 3113222 + y222.

It is shown on the left in Figure 2. It has a symmetric determinantal representation

uxr + Yy 0 az bz
. 0 ur —y ¢z dz
f(xayvz) - det az cz T+ Y 0 ’ (7)

bz dz 0 T—y
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where @ = —0.5746..., b=1.0349..., ¢ =0.6997..., d = 0.4800... and u = /2
are the coordinates of a real zero of the following maximal ideal in Q[a, b, ¢, d, u]:

(u? — 2,256d° — 384d%u+256d°—384d*u+672d*—336d*u+448d?—84u +121,
23¢ + 7584d"u+10688d" —5872d u—8384d°+1806d>u+2452d>—181du—307d,
23b + 5760d"u+8192d" —4688d°u—6512d°+1452d>u+2200d° —212du—232d,

23a — 1440d"u—2048d"+1632d°u+2272d°—570d>u—872d*+99du+81d ).

The principal 3x3-minors of the 4x4-matrix in (7) are Helton-Vinnikov polynomi-
als of degree 3. They are the four contact cubics shown on the right in Figure2. O

In summary, Dixon’s method furnishes an explicit bijection between equiva-
lence classes of symmetric determinantal representations (1) of a fixed curve V(f)
of degree d and azygetic systems of contact curves of V(f) of degree d — 1.

For d = 3, there is another geometric approach to finding representations (1).
We learned this from Didier Henrion who attributes it to Frédéric Han. Suppose
we are given a general homogeneous cubic f(z,y, z). We first compute the Hessian
0%f/0x®  0°f/0xdy 0O*f)0x0=
Hes(f) = det |0%f/0x0y 0*f/0y*> 0O2f/0y0=
0?f 020z O°f/Oydz 9*f]022
This is also a cubic polynomial, and hence so is the linear combination ¢- f+Hes(f),

where t is a parameter. We now take the Hessian of that new cubic, with the aim
of recovering f. It turns out that we can do this by solving a cubic equation in t.

Proposition 5. There exist precisely three points (s,t) € C? such that

s-f = Hes(t-f+Hes(f)). (8)

The resulting three symmetric determinantal representations of f are inequivalent.

Proof. The statement is invariant under linear changes of coordinates in P2, so,

by [1, Lemma 1], we may assume that the given cubic is in Hesse normal form:

flry,2) = 2 +y’+2° —mayz.

In that case, the result follows from the discussion in [17, page 139]. Alternatively,

we can solve the equations obtained by comparing coefficients in (8). This leads to
t3 — (12m? + 2592m)t — 16mSb + 8640m3 + 93312 = 0 and

s = (12m* + 2592m)t2 + (48mS — 25920m3 — 279936)t + 48mS® + 20736m> + 2239488m?2.

This has three solutions (s,t) € C3. The resulting representations (1) are inequiva-

lent because the Hessian normal form of a PGL(3, C)-orbit of cubics is unique. [

4. Evaluating theta functions

The proof of the Helton-Vinnikov Theorem relies on a formula, stated in [16,
Eq. 4.2], that gives a positive definite determinantal representation of a Helton-
Vinnikov curve in terms of theta functions and the period matrix of the curve.
Our aim in this section is to explain this formula and to report on computational
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experiments with it. Numerical algorithms for computing theta functions, period
matrices and Abelian integrals have become available in recent years through work
of Bobenko, Deconinck, Heil, van Hoeij, Patterson, Schmies, and others [7, 8, 9].
There exists an implementation in Maple, and we used that for our computations.
Our Maple worksheet that evaluates the Helton-Vinnikov formula can be found at

www.math.uni-konstanz.de/~plaumann/theta.html (9)

Before stating the Helton-Vinnikov formula, we review the basics on theta
functions. Our emphasis will be on clearly defining the ingredients of the formula
rather than explaining the underlying theory. For general background see [20]. Fix
g € N and let H9 be the Siegel upper half-space, which consists of all complex, sym-
metric g X g-matrices whose imaginary part is positive definite. The Riemann theta
function is the holomorphic function on C¢ x HY defined by the exponential series

(u,Q) = Z exp(ﬂ'i(mTQm + QmTu)),
meZ9I
where i = /=1, u = (u1,...,uy) € C9 and Q € HY9. We will only need to
consider 6(u, 2) as a function in u, for a fixed matrix €2, so we may drop €2 from
the notation. In other words, we define : C9 — C by 6(u) = 6(u,2). The theta
function is quasi-periodic with respect to the lattice Z9 + QZ9 C CY9, which means

f(u+m+On) = exp(mi(—2n"u—n"On))-0(u), for all m,n € Z9.
A theta characteristic is a vector e = a+Qb € CY with a,b € {0, ; }9. The function
Ole](u) = exp(mi(a’Qa+2a"(u+b))) 0(u+Qa+b)

is the theta function with characteristic €. There are 229 different theta character-
istics, indexed by ordered pairs (2a,2b) of binary vectors in {0,1}9. We also use

the notation 6 BE} (u) for the function Oe](u). For e = 0 we simply recover 6(u).

Let f € Clz,y, z]q be a homogeneous polynomial of degree d. Assume that
the projective curve X = V¢ (f) is smooth and thus a compact Riemann surface of
genus g = 5 (d—1)(d—2). Let (w,..., wy) be a basis of the g-dimensional complex
vector space of holomorphic 1-forms on X, and let aq, ..., a4, B31,. .., 34 be closed
1-cycles on X that form a symplectic basis of Hi(X,Z) = 79 x Z9. This means
that the intersection numbers of these cycles on X satisfy (o -ax) = (85 fx) =0,
and (a; - Bx) = d; for all j,k =1,...,g. The period matriz of the curve X with
respect to these bases is the complex g X 2g-matrix (Ql | Qg) whose entries are

() :/ wj and  (Q2);k :/ Wi, for jk=1,...,9.
(673 k
The gxg-matrices ; and €5 are invertible. Performing the coordinate change
(Wi,...,wg) = (w'l,...,w'g)~(Qf1)T

leads to a basis in which the period matrix is of the form (Id, | 07, ). The basis
w=(wi1,...,wy) is called a normalized basis of differentials and depends uniquely
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on the symplectic homology basis. The g X g-matrix £ = Ql_lﬁg is symmetric and
lies in the Siegel upper half-space HY. It is called the Riemann period matriz of the
polynomial f(x,y,z) with respect to the homology basis (a1, ..., a4, 51,...,8).

With the given polynomial f we have now associated a system {6[e](-,Q)} of
229 theta functions with characteristics. A theta characteristic e = a+ Qb is called
even (resp. odd) if the scalar product (2a)”(2b) of its binary vector labels is an even
(resp. odd) integer. This is equivalent to f[e] being an even (resp. odd) function
in u. In symbols, we have 6]¢](—u) = (—1)a Pg[¢](u). Changing symplectic bases
of Hy(X,Z) corresponds to the right-action of the symplectic group Sp,,(Z) on
the period matrix (Ql | Qg). This action will permute the theta characteristics. In
particular, there is no distinguished even theta characteristic 0.

Finally, we define the Abel-Jacobi map by ¢(P) = (f}},:) Wiyeees fg) wg)T for
P € X, where Py € X is any fixed base point. This is a holomorphic map, but it
is well defined only up to the period lattice A = Z9 + Q79 C C9. In other words,
the Abel-Jacobi map is a holomorphic map ¢: X — Jac(X) = C9/A.

We are now ready to state the formula for (1) in terms of theta functions.

Theorem 6 (Helton-Vinnikov [16]). Let f € Rx,y, z]q with f(1,0,0) = 1 and let
X denote Ve (f) C P2. We make the following two assumptions:

1. The curve X is a non-rational Helton-Vinnikov curve with the point (1:0 : 0)
inside its innermost oval. The latter means that, for all v € R3\{0}, the
univariate polynomial f(v+1t-(1,0,0)) € R[t] has only real zeros.

2. The d real intersection points of X with the line {z = 0} are distinct non-
singular points Q1, . .., Qq4, with coordinates QQ; = (—B; : 1: 0) where B; # 0.

Then f(xz,y,2) = det(Idgz + By + Cz) where B = diag(B1,...,B4) and C is real
symmetric with diagonal entries c;; as in (5). The off-diagonal entries of C are

_ Be— B, 00](6(Qu) — ¢(Q)) ¢ @ VOE0) ) \/w - VO[e)(0)
0[0](0)  O[e](¢(Qr) — (1)) || —d(z/y) “7\ —d(z/y)
Here € is an arbitrary odd theta characteristic and 6 is a suitable even theta charac-

teristic with 0[6](0) # 0. The theta functions are taken with respect to a normalized
basis of differentials w = (w1, ... ,wy), and ¢: X — Jac(X) is the Abel-Jacobi map.

(Qr)- (10)

Cjk

The remarkable expression for the constants c;; in (10) does not depend on
the choice of the odd characteristic €. If the curve X is smooth, then all equiva-
lence classes of symmetric determinantal representations are obtained when § runs
through all non-vanishing even theta characteristics. The proof of Theorem 6 given
in [16] is only an outline. It relies heavily on earlier results on Riemann surfaces
due to Ball and Vinnikov in [2, 24]. As we found these not easy to read, we were
particularly pleased to be able to verify Theorem 6 with our experiments.

The Helton-Vinnikov formula (10) remains valid when X is a singular curve.
In that case the period matrix, the differentials, and the Abel-Jacobi map are
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meant to be defined on the desingularization of X, a compact Riemann surface of
genus g with g < %(d — 1)(d — 2). The formula holds as stated, but one no longer
obtains all equivalence classes of symmetric determinantal representations.

The Riemann period matrix, the theta functions, their directional derivatives,
and the Abel-Jacobi-map can all be evaluated numerically in recent versions of
Maple. When computing the expressions under the square roots, note that both
the numerator and denominator are 1-forms on X. Every holomorphic 1-form
on the curve X can be written as r - du, where v = z/x, v = y/x, and r is a
rational function in w and v. The algcurves package in Maple will compute w in
this form, so we obtain w; = r;(u,v) - du. To evaluate the 1-form d(z/y), we set
h(u,v) = f(1,v,u) and use the identity dh(u,v) = gZdu + gﬁdv = 0. This implies

defy) = dfo) = Cdem Caw = (L4 U )a 11
(o) = dtwfe) = e o = (S )
v

so that d(z/y)(Q;) = —p;du. Under the square root signs in (10), the factor du
appears in the numerator w and also in the denominator (11), and we cancel
it. Hence the expressions under the square roots are rational functions, namely
r(u,v) - VO[e](0) divided by the expression in parentheses on the right in (11),
where r(u,v) is the vector of rational functions r;(u,v).

While the evaluation of theta functions is numerically stable, we found the
computation of the period matrix and the Abel-Jacobi map to be more frag-
ile. Computing the d vectors ¢(Q;) is also by far the most time-consuming step.
Nonetheless, Maple succeeded in correctly evaluating the Helton-Vinnikov formula
for a wide range of curves with d < 4, and for some of degree d = 5. However, the
off-diagonal entries in (10) we found in our computations were sometimes wrong by
a constant factor (independent of j, k), for reasons we do not currently understand.

For a concrete example take the quartic in Example 4. Using the formula (10)
we obtained all eight definite determinantal representations det(Id4z + By + Cz).
Our Maple code runs for a few minutes and finds all solutions accurately with a
precision of 20 digits. We verified this using the prime ideal in Example 4.

The case of smooth quintics (genus 6) is already a challenge. With the help of
Bernard Deconinck, we were able to compute a determinantal representation (10)
with an error of less than 10~3 for the quintic polynomial at the end of Section 2.
However, the representation we obtained was not real (see Remark 9).

We conclude this section with the proof of the second part of Theorem 1 and
discuss what are the suitable choices for the even theta characteristic 6 in Theo-
rem 6 that will lead to real and real definite equivalence classes of representations.
Note that a representation obtained from the theorem is real definite if and only
if the matrix C' is real. The real non-definite equivalence classes of representations
correspond to the case when C is a non-real matrix for which there exists a matrix
U € GL4(C) such that UUT, UBUT, and UCUT have all real entries. Whether
such U exists for given complex symmetric matrices B and C' is not at all obvious.
An explicit example is given in Example 11.
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For the proof of Theorem 1, we repeat the relevant part of the statement:

Theorem 7. Let f € Rlx,y,z]qa be homogeneous and assume that the projective
curve X = Ve(f) is a smooth Helton-Vinnikov curve. The number of real equiva-
lence classes of symmetric determinantal representations is generically either

2971 (2k=1 1 1)

or one less, where k = (‘zﬂ is the number of connected components of the set of
real points X (R). Of these real equivalence classes, exactly 29 are definite.

Proof. The result follows from work of Vinnikov [24] on self-adjoint determinantal
representations, which we apply here to our situation. By [24, Prop. 2.2], a sym-
plectic basis of Hq(X,Z) can be chosen in such a way that the Riemann period
matrix Q satisfies 2 + Q = H, where H is a g X g block diagonal matrix of rank

r = g—k+1 with r/2 blocks {(1) (ﬂ in the top left corner and all other entries zero.

The linear symmetric determinantal representation obtained by Theorem 6
from an even theta characteristic ¢ is equivalent to a real one if and only if § is
real, i.e., invariant under the action of complex conjugation on the g-dimensional
torus Jac(X). Since X (R) # ), any conjugation-invariant divisor class on X con-
tains a real divisor (see [14, Prop. 2.2]). From such a divisor, one can construct
a symmetric determinantal representation (see [3] or [23]). When the symplectic
basis of Hy(X,Z) is chosen as above, the action of complex conjugation on Jac(X)
is given by ( = u+ Qv — ¢ = u+ Q(Hu — v) (see [24, Prop. 2.2]). For the
even theta characteristic § = a + Qb, a, b € {0, 1}9, the condition § = § in
Jac(X) = C9/(Z9 + QZ?) thus becomes

Ha=2b mod Z9.

This happens if and only if a3 = --- = a, = 0. Counting the possible choices
of ap41,...,a, and b, we conclude that there are exactly 2971(2¢=! 4 1) even
real theta characteristics. From the first part of Theorem 1, we know that when
d = +3 mod 8, exactly one even theta characteristic vanishes, i.e., 8[](0) = 0.
All other even theta characteristics are non-vanishing and therefore correspond
to determinantal representations. Furthermore, by [24, Thm. 6.1], an even theta
characteristic § = a+ Qb will correspond to a real definite equivalence class if and
only if a = 0, and all such § are always non-vanishing [24, Cor. 4.3]. Thus there
are exactly 29 definite representations, since b can be any element of {0, %}9. (]

Example 8. When g = 3 and a homology basis has been picked as above, the even
real theta characteristics are given by the 12 binary labels

000| [000| |000| {000 [00OO| |0OOO| {OOO| |00O 001| {001| (001 |001 (12)
000| [001] |010]| |O11] [100| |101| {110] |111 000| {010 [100| {110 "
The first eight labels correspond to the definite representations and the last four
correspond to the non-definite real equivalence classes of representations.
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Remark 9. The characterization of real and real definite even theta characteristics
provided by the proof of Theorem 7 depends on the choice of a particular sym-
plectic homology basis. Unfortunately, the current Maple code for computing the
period matrix does not give the user any control over the homology basis. This
makes it hard to find real representations using Theorem 6 in any systematic way.

5. Quartic curves revisited

In this section we focus on the case of smooth quartic curves, studied in detail
in [21], so we now fix d = 4 and g = 3. Quartic curves are special because they
have contact lines, i.e., bitangents, and we can explicitly write down higher degree
contact curves as products of bitangents. This was exploited in [21, §2], where we
used azygetic triples of bitangents as our input to Dixon’s algorithm (Section 3).

Plane quartics are canonical embeddings of genus 3 curves [11], and there is
a close connection between contact curves and theta functions. The 28 bitangents
of the curve are in bijection with the 28 odd theta characteristics e = a + Qb,
and this will be made explicit in (15) below. The 36 azygetic systems of contact
cubics correspond to the 36 even theta characteristics. As seen in Example 8, of the
resulting 36 determinantal representations, 12 are real, but only 8 are definite. We
can also derive the number 12 from the combinatorics of the bitangents as in [21].

Proposition 10. A smooth Helton-Vinnikov quartic V(f) has ezxactly 12 inequiva-
lent representations f = det(Ax + By + Cz) with A, B,C symmetric and real.

Proof. This is a special case of Theorem 1, however, we here give an alternative
proof using the setup of [21]. Let M be a symmetric linear determinantal represen-
tation of f and M the system of contact cubics {uTadj(M)u} C C[z,y,2]3. The
representation M is equivalent to its conjugate M if and only if the system M is
real, i.e., invariant under conjugation. The representation M is equivalent to a real
matrix if and only if M contains a real cubic. The matrix M induces a labeling
of the 28 = (g) bitangents, b;;, with 1 <4 < j < 8. The system M is real if and
only if conjugation acts on the bitangents via this labeling, that is, there exists
m € Sg such that b;; = br(jr(j)- Since f is a Helton-Vinnikov polynomial, this
permutation will be the product of four disjoint transpositions (see [21, Table 1]).

Suppose M is real, with permutation 7w € Ss. The other 35 representations (1)
correspond to the (i) /2 partitions of {1, ..., 8} into two sets of size 4. If I|I¢ is such
a partition then the corresponding system of contact cubics contains 56 products
of three bitangents, namely b;;b;1bi¢ and b bjmbre where 7,7, k, 1, m are distinct
and {i,7,k,l} = I or I°. This system is real if and only if 7 fixes the partition
I|I¢. There are exactly 11 such partitions: if 7 = (12)(34)(56)(78), they are

1234|5678, 1256|3478, 1278|3456, 1357|2468, 1358|2467, 1368|2457

1367|2458, 1457|2368, 1458|2367, 1467|2358, and 1468|2357. (13)

Together with the system M, there are 12 real systems of azygetic contact cubics.
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Next, we will show that each of these systems actually contains a real cubic.
To do this, we use contact conics, as the product of a bitangent with a contact conic
is a contact cubic. By [21, Lemma 6.7], there exists a real bitangent b € Rz, y, 2]
and a real system of contact conics Q@ C C[z,y, z]2 such that their product {b-¢ :
q € Q} lies in the system M C Clz, y, z|3. Furthermore, by [21, Prop. 6.6], since
Vr(f) is nonempty, every real system of contact conics Q to f contains a real conic
q. The desired real contact cubic is the product b - q. O

The technique in the last paragraph of the above proof led us to the following
result: There exists a smooth Helton-Vinnikov quartic f € Q[z,y, z]4 that has 12
inequivalent determinantal representations (1) over the field Q of rational numbers.

Example 11. The special rational Helton-Vinnikov quartic we found is
flz,y, z) = 930812 + 5351623y — 736842%y* + —31504xy> 4 9216y*
— 3691502222 — 1597002y 2% + 576003222 + 900002*.

This polynomial satisfies f(z,y,2) = det(M) where

50x —25x —26x — 34y — 252 9z + 6y + 152
M — —25x 25x 27x + 18y — 20z —9z — 6y
—26x — 34y — 25z 27x + 18y — 20z 108z + 72y —18x — 12y
9z + 6y + 152 —9x — 6y —18z — 12y 6z + 4y

This representation is definite because the matrix M is positive definite at the
point (1 :0:0). Hence V(f) is a Helton-Vinnikov curve with this point in its inner
convex oval. Rational representatives for the other seven definite classes are found
at our website (9), along with representatives for the four non-definite real classes.
One of them is the matrix

2bx 0 —32x + 12y —60z
_ 0 25z 10z 24x + 16y
Muass = | 39, 4 12y 10z 6z + 4y 0 (14)
—60z 24z + 16y 0 6z + 4y

We have det(Miges) = 4- f(x,y, 2), and this matrix is neither positive definite nor
negative definite for any real values of x,y, z. Any equivalent representation of a
multiple of f in the form det(Id4z+ By+C'z) considered in Sections 2 and 4 cannot
have all entries of C real. One such representation, for a suitable U € GL4(C), is

z+ 9y 0 - 15392\/ j6980 iz 1—652; \\//16330 z
0 z+ 2y — 2/570 2 345 i 2
UT MU = 3 19 23
o8 —23V/269800 2 — 2 /570 2 e Ly 0
V16330 2 JLV/34540 2 0 z— 1y

The correspondence between bitangents and odd theta characteristics can be
understood abstractly via the isomorphism between the Jacobian of X and the
divisor class group CIO(X ), and can be turned into an explicit formula for the
bitangents. Let w = z/x, v = y/x and write h(u,v) = f(1,v,u). Then a basis
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for the three-dimensional complex vector space of holomorphic 1-forms on X is
given by
_ du vdu udu
(Wi, w3, wa) = <8h/8v’ Oh/ov’ 8h/8v> '
Let (£21]€22) be the period matrix of f with respect to (w1, ws,ws) and any sym-
plectic basis of Hy(X,Z). Then given an odd theta characteristic e = a + b, the
corresponding bitangent is defined by the linear form

be(x,y,2) = (VO[E(0) - Q71 (2,,2)7, (15)

where V0[e] is the gradient of 0[¢] in the three complex variables z1, z2, 23. For the
proof, see Dolgachev [11, Section 5.5.4]. This holds independently of the symplectic
basis of H1(X,Z), but a change of that basis will permute the bitangents.

The formula (15) can be evaluated using the Maple code described in Sec-
tion 4. This allows us to compute the 8x8-bitangent matrix (b;;) of [21, Eq. 3.4]
directly from the Riemann period matrix €2 of the curve X, using a technique due
to Riemann described in [15, §2]. In this manner, one computes the symmetric
determinantal representations (1) of the curve X directly from the period matrix
Q). This computation seems to be a key ingredient in constructing explicit three-
phase solutions of the Kadomtsev-Petviashvili equation [12], and we hope that the
combinatorial tools developed here and in [21] will be useful for integrable systems.

One of the earliest papers on algorithms for theta functions in genus three was
written by Arthur Cayley in 1897. In [5] he gives a concrete bijection between the
bitangents b;; of a plane quartic and the odd theta characteristics, and also between
the classes I]I€ of determinantal representations and the even theta characteristics.
We here reproduce a relabeled version of the table in Cayley’s article:

2b\2a 000 100 010 110 001 101 o011 111

000 0 1238 1267 1245 1468 1578 1356 1347
100 1234 48 1235 35 1457 16 1378 27
010 1256 1247 57 46 1367 1345 23 18
110 1278 37 68 1236 1358 25 14 1567
001 1357 1346 1478 1568 12 38 67 45
101 1368 26 1456 17 34 1248 58 1235
011 1458 1678 13 28 56 47 1257 1246
111 1467 15 24 1348 78 1237 1268 36

Here a partition I|7¢ of {1,...,8} is represented by the 4-tuple I which contains the

index 1. For instance, the 4-tuple 1238 corresponds to the even theta characteristic
100
{000
representation (1) as described in [21, §3]. The twelve 4-tuples marked in bold face
are the real equivalence classes, and this gives a bijection between the lists in (12)
and in (13). Likewise, the pairs ij in Cayley’s table represent bitangents b;; and
the corresponding odd theta characteristics. For instance, the odd characteristic

. Each partition I|7¢ represents a Cremona transformation leading to a new
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F1GURE 3. Degeneration of a Helton-Vinnikov quartic into four lines

El(l) represents the bitangent by5. In this manner, we can parametrize the 28

bitangents of all plane quartics explicitly with odd theta functions.

Experts in moduli of curves will be quick to point out that this parametriza-
tion should extend from smooth curves to all stable curves. This is indeed the case.
For instance, four distinct lines form a stable Helton-Vinnikov quartic such as

flz,y,2) =

The bitangent matrix (b;;) of this reducible curve has 7 distinct non-zero entries:

zyz(z+y + 2).

0 z y y+z T x+z r+y Tty+z]

z 0 Y+ z Y T+ 2z T T+y+z x4y

Y Y+ z 0 z r+y zTHytz T T+ 2z
Y+ z Y z 0 T+y+z xT+y T+ 2z T

T T+ 2z r+y Tty+z 0 z Y Y+ z
T+ 2z T T4+y+z T4y z 0 Y+ z Y
r+y ztytz T T+ 2z Y Y+ z 0 z
lz+y+z x4y T+ 2z T Y+ z Y z 0 |

All principal 4x4-minors of this 8x8-matrix are multiples of f(z,y,z), most of
them non-zero. They are all in the same equivalence class, which is real but not
definite. The entries in the bitangent matrix indicate a partition of the 28 odd
theta characteristics into seven groups of four. For instance, the antidiagonal entry
x + y + z corresponds to the four entries 18,27,36 and 45 in Cayley’s table, and

. 010 100 111 001
hence to the four odd theta characteristics {111] , {111} , {111] and LH} .
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If we consider a family of smooth quartics that degenerates to the reducible
quartic f(z,y, z), then its bitangent matrix will degenerate to the above 8x8-
matrix, and hence the 28 distinct bitangents of the smooth curve bunch up in
seven clusters of four. This degeneration is visualized in Figure 3. Among the
seven limit bitangents are the three lines spanned by pairs of intersection points.

Algebraically, such a degenerating family can be described as a curve over a
field with a valuation, such as the field of real Puiseuz series R{{e}}. The notions of
spectrahedra and Helton-Vinnikov curves makes perfect sense over the real closed
field R{{e}}. This has been investigated from the perspective of tropical geometry
by David Speyer, who proved in [22] that tropicalized Helton-Vinnikov curves
are precisely honeycomb curves. We believe that the tropicalization in [22] offers
yet another approach to constructing linear determinantal representations (1), in
addition to the three methods presented here, and we hope to return to this topic.
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Positive Completion Problems
Over C*-algebras

L. Rodman and H.J. Woerdeman

Dedicated to J.W. Helton on the occasion of his 65th birthday

Abstract. We study how positive completion problems over matrices with
complex entries generalize to the setting of matrices with C*-algebra entries.
In particular, it is observed that some C*-algebras have the Toeplitz banded
completion property but fail to have the completion property for the complete
graph with one undirected edge missing. Positive completions in the frame-
work of multi-level Toeplitz matrices are also studied. Many open problems
are formulated.

Mathematics Subject Classification. 46L05 (47A57).

Keywords. Positive matrix completion, positive Toeplitz completion,
C™-algebra.

1. Introduction

Let A be a (not necessarily unital) complex C*-algebra. It will be assumed every-
where that A # {0}. An element a € A is called positive if a = b*b for some b € A,
or equivalently if a = 22 for some z = 2* € A. If A is unital, then a € A is called
strictly positive if a = b*b for some invertible b € A.

All graphs T" in this paper are assumed to be undirected, with finite vertex
set V(T'), without multiple edges, and with all loops (z,z), x € V(T') contained
in the set of edges E(I') of I'. As T' is undirected we have that (z,y) € E(T) if
and only if (y,z) € E(T'); here z,y € V(I'). The condition that the graphs contain
all loops is imposed mainly for transparency of statements of theorems and open
problems; many statements can be easily generalized to graphs with not all loops
(z, ) contained in F(T") by considering the subgraph defined by the set of vertices
Vo) :={xz e V() : (z,z) € EI)}.

Research of the second author is partially supported by NSF grant DMS 0901628.
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For a given graph I, we label the vertices V(I') = {1,2,...,n}. The graph I'y
is called a subgraph of I' if V/(I'g) C V(") and for ¢, j € V(I'g) we have (i,5) € E(T'o)
if and only if (i,j) € E(I"). A complete subgraph of I' is called a clique; that is,
K=(V(K),E(K))isaclique of T if V(K) CV(I") and E(K) =V (K)x V(K) C
E(T). If A is a C*-algebra, then we let M™*"(A) be the C*-algebra of n X n
matrices with entries in A. Define the convex cone M4 (T') C M"™*"™(A) by

My (T) == {[ai ]} =, : for every clique K of I' the
matrix [a; ;)i jex is positive}.
In particular, all diagonal elements in X € M (T") are positive.

For a fixed C*-algebra A, consider the collection of graphs G(.A) with the
following property: I' € G(A) if and only if for every X = [z;,]7;_; € M4 (')
there exists Y = [y, ;]7';_; € M™*"(A) such that

(4,j) e ET) = wyij=1uiyj
and Y is positive. We say that the element Y with these properties is a positive
completion of X with respect to I'. As the direct sum of positive matrices is positive,
G(A) always contains disconnected unions of complete graphs; in some cases G(A)

contains nothing else as we will see in Theorem 10.
The following is a basic problem:

Open Problem 1. For a given C*-algebra A, describe the set G(A).

Analogously, one defines strictly positive completions Y. Namely, assuming
A is unital, let

My (1) := {[a; ]} =, : for every clique K of I' the
matrix [a; j]; jex is strictly positive},

and consider the collection of graphs G4 (A) having the property as above for
G(A), but with M (T) replaced by My, (T') and “positive” replaced by “strictly
positive”. In contrast with the positive completions case, the class G (A) is known.
The following result was proved in [13]:

Proposition 1. A graph T is in G+ (A) if and only if T is chordal.

Recall that a graph I' is said to be chordal if for every loop
(i1,12), (i2,13), - -, (ip—1,%p), (ip,11) € E(I')
of distinct elements i1,...,4, € V(I'), p > 4, there is a chord (ij,ix) € E(T) for
some indices j, k € {1,2,...,p}, j < k—1. Equivalently, I" is chordal if it does not
contain minimal cycles of length > 4. We denote by Ch the collection of chordal
graphs. The book [8] is a good source on chordal graphs.

The paper is organized as follows. In Section 2 we describe elementary prop-
erties of the set G(A), as well as characterize the graphs in G(.A) for several classes
of C*-algebras A. In Section 3 we study how G(A) and G(M™*™(A)) compare.
In Section 4 we consider the special case of unital commutative C*-algebras. In
Sections 5 and 6 we study the completion problem in the setting of Toeplitz and
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multi-level Toeplitz matrices, respectively. Throughout the paper we suggest sev-
eral open problems that require further research.

Notation: C, Z, and N stand for the field of complex numbers, the set of
integers, and the set of positive integers, respectively.

2. The set G(.A)

We start with elementary properties of positive elements.

Lemma 2. Let Ay € M7l><n(./4), A € Mnxm(A)} Ag € men(A)} Ay €
Mme(A)'

(a) If ) )
Ay A
| A21 Aaa |

1s positive, then A1 and Ao are positive.
(b) The matrix

c M(n+m) X (n+m) (A)

A011 A022 c M(n+m)><(n+m) (A)

is positive if and only if A11 and Ass are positive.

(¢c) The matriz

[ A Asp ]
| A2 0

is positive if and only if Aio :_O, Ao =0, and A1 is positive.

c M(n+m) X (n+m) (A)

The proof is elementary using the fact that the set of positive elements is a
convex cone; see, for instance, [12].

We introduce notation for the following special graphs: C,, is the loop on
n vertices (n > 1); K,, the complete graph on n vertices (n > 1); K9 is the
complete graph in which exactly one (undirected) edge (,7)(= (j,1)), © # j, is
removed; here n > 3.

Proposition 3.

(a) If " € G(A), then every subgraph of T belongs to G(A).

(b) If I'1,T'y € G(A), then the disconnected union of T'y and I's also belongs to
G(A).
(¢c) G(A) consists only of disconnected unions of complete graphs if and only if

K" ¢ G(A).
Proof. (a) Let I'g be a subgraph of I'; we may assume V(T') = {1,2,...,n}, V(Iy) =
{1,2,...,m}, m <n.Let A€ M;(T'y). Then
A 0
B = [ 0 0 } e M,(I).
Ify = [}21 }22] € M™*"(A) is a positive completion of B with respect to I', then
by Lemma 2 Y1; € M™*™(A) is a positive completion of A with respect to I'y.
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(b) is clear.

(¢) By part (a), we need only to show that if T' is not a disconnected union
of complete graphs, then K?EO) is a subgraph of I'. Indeed, there is a connected
component IV of I" which is not a complete graph. It is easy to see that I'” con-
tains K?()O) as a subgraph. Indeed, let C' be a maximal clique of I'. Because I" is
connected, there exist i € V(I'g) \ V(C) and k € V(C) such that (i, k) € E(Ty).
Because the clique C' is maximal, there is j € V(C) such that (,5) € E(Tp). The
subgraph defined by the vertices i, j, k is K:,EO). O

Theorem 4. For any C*-algebra A, we have G(A) C Ch.

Proof. Let " be a graph which is not chordal. Let V/(I') = {1,2,...,n}. Then by [9]
there exists an n x n complex matrix @ = [g; ;|7';—; such that [g; ;]; jex is positive
definite for every clique K of I', but

max{minimal eigenvalue of R} < 0, (1)

where the maximum is taken over all matrices R = [r;;]7';_;, 7:,; € C, such that
(1,j) € EI’) = 1; = ¢;,;- Let a be a nonzero positive element of A, and
consider
A= [qi’ja]zjzl € Mnxn(A)
Clearly, A€ M, (I). Let Y = [y, ;|7 ;—; € M™*"(A) such that
(1,7) € ET) = wij = ¢ijo

We will verify that Y is not positive, thereby proving the theorem. Regard A as a
norm closed *-subalgebra of B(#), for a suitable Hilbert space 7. Then M™*"™(A)
is a norm closed *-subalgebra of M™*™(B(#H)). As a is positive and nonzero there
is a vector € H such that (a(x),z) > 0 (indeed, take any z in the range of a).
By scaling, we may choose z so that (a(z),z) = 1. Let M C H™ be the subspace
spanned by the vectors

(2,0,...,0),(0,2,0,...,0),(0,0,0,...,).

Then the compression of A to M is unitarily similar to Q. Letting Pxq denote the
orthogonal projection on M, we see by (1) that Pa(Y')| a4 has negative eigenvalues,
hence Y cannot be positive. O

Corollary 5. Assume that KO e G(A) forn > 3. Then G(A) = Ch.

Proof. It follows from the well-known perfect elimination scheme property of
chordal graphs (see, e.g., [8]) that G(A) D Ch. The other inclusion follows from
Theorem 4. O

For many C*-algebras we have G(A) = Ch; this was proved for complex
numbers in [9]. It turns out that all von Neumann algebras have this property.
Note that if G(A) = Ch, then all closed two-sided *-ideals and corresponding
factor algebras of A also have this property; see [13].
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The following question, posed in [13], is still open:
Open Problem 2. Characterize C*-algebras A for which G(A) = Ch.

In [13] additional information regarding this open problem may be found. As
subproblems, we propose the following:

Open Problem 3. Characterize C*-algebras A for which G(A) consists only of
disconnected unions of complete graphs.

Open Problem 4. Give examples (if they exist) of C*-algebras A with the property
that G(A) # Ch and G(A) contains a graph which is not a disconnected union of
complete graphs.

3. G(A) versus G(M™*™(A))
The following result addresses the relation between G(A) and G(M™*™(A)).
Theorem 6. For every C*-algebra A we have that

G(M™*™(A)) C G(A), m € N. (2)

Conversely, if G(A) consists only of disconnected unions of complete graphs then
so does G(M™*™(A)). Also, if G(A) = Ch, then G(M™*™(A)) = Ch as well.

Proof. Let I' € G(M™*™(A)), and let [a;;]7;_; € M4 (T'). Put

ai’j o --- 0
Aij=1| . . | € M™T(A).

Then [A;;]7';—; € M4 (I'), and thus there exists a positive Y = [V; ;]7',_; with
Y: ; = A, ; whenever (4,j) € E(T"). By Lemma 2(c) we obtain that Y; ; must be of
the form

yi; 0 - 0
0 0 --- 0

Yij=1| . . e 1<e,j<n,
0 0 --- 0

and that [y; ;]';_; is positive with y; ; = a; ; whenever (i,j) € E(T'). This shows
that I' € G(A), proving the first part of the theorem.

When G(A) consists only of disconnected unions of complete graphs, it fol-
lows from (2) and the fact that every G(B) contains disconnected unions of com-
plete graphs, that G(M™*™(A)) also consists only of disconnected unions of com-
plete graphs.

Next, suppose that G(A) = Ch. Let I" be a chordal graph with n vertices, and
[Aij]7 =1 € My (') with A; ; = [a,(;”l])]}c'flzl € M™*m(A). Introduce the graph I'

)

obtained from I'" by replacing every vertex v; of I' by a complete graph K 7(,21 with m
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vertices. In addition, for all (i,j) € E(T") put an edge between every vertex in K 9
and Kfﬁ). This results in a chordal graph with nm vertices. Viewing [Ai’jmjzl =
[[a,&i}j)]ﬁlzl]zjzl as a member of M™™*"™(A), and since G(A) = Ch, we have that
there is a positive [[y,(i’lj)];flzl]ﬁjzl e M (A) with y,(j;’lj) = a,(j”lj) whenever

there is a corresponding edge in f, which exactly happens when (4, j) € T'. But then
I' e G(M™*™(A)) follows. Thus, Ch C G(M™*™(A)), hence Ch = G(M™*™(A))
by Theorem 4. O

The above result provides some evidence that the answer to the following
problem may be affirmative.

Open Problem 5. Is it always true that G(A) = G(M™*™(A)), m € N?

Note that if no examples exist that address Open Problem 4, then we have
a positive answer to Open Problem 5. In fact, the problems are equivalent in the
following sense.

Theorem 7. If A is such that G(A) = G(M™*™(A)) for all m € N, then either
G(A) consists only of disconnected unions of complete graphs or G(A) = Ch.

Proof. Suppose that G(A) = G(M™*™(A)) for all m € N and that G(A) does

not consist only of disconnected unions of complete graphs. Then, by Proposition
3(c), we have that K?EO) € G(A). We claim that K e G(A) for all n > 3, where

) is missing the edge (1,n) (and (n,1)). Indeed, let

[a; ;i =1 € M+(K1(LO)) NM"™ "(A).

Let now
a1 0 0 ai,2 a1,n-1
0 0 0 0 0
By = | B2 = B3, = )
0 0 0 0 0
0 0 o 0 0 0
Bay = [ai 17525, Bas = Biy = | : t | ,Bsz= :
; - .0 0
n—1,n 0 --- 0 Ann
Then
By Bz 0 ©
Bar By Bas| € My(Ky')n M¥3(M=2x(=2)(4)).
0 B3z DBss

As K?(,O) € G(A) = GMM=2x(=2)(A)), there exists a positive [Bijl} =1 €
M=2xn=2)(A) Tt follows from Lemma 2(c) that Byz = Bj; must be of the
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form
0 0 al.n
0 --- 0 0
Bu=|. R
0 --- 0 0

for some a1, € A (that typically is different from a; , given before). But then
it follows that (a;;);';—; is positive in M"™*"(A). This shows that KV e G(A).
Applying Corollary 5 we may now conclude that G(A) = Ch. O

4. Unital commutative C'*-algebras

As is well known every unital commutative C*-algebra is *-isomorphic to the
C*-algebra C(X) consisting of continuous functions on a compact Hausdorff topo-
logical space X. As it turns out, the properties of C'(X) with respect to positive
completions depend on topological properties of X.

The following example was given in [13]: Let X = D be the closed unit disc
in the complex plane, and consider the matrix

1 =z 0
A= |z |2 |z| | e M¥3(C(D)), zeD. (3)
0 2| 1

Clearly, A € M, (K?()O))7 where K?EO) is realized with
B(K) ={(1,1),(1,2), (2,1),(2.2), (2,3), (3,2), (3,3)}.

However, there is no y(z) € C(D) such that

1 z  y(2)
z |22 |7
y(z) |zl 1

is positive (indeed, for each 0 # z € D the only option is y(z) = z/|z|, but this
does not result in an element y of C'(D)). Hence KPEO) ¢ G(C(D)), and therefore
by Proposition 3(c), G(C(D)) consists only of disconnected unions of complete
graphs. See Theorem 10 below for a generalization of this example.

Theorem 8. Let X = (D) be the Cech-Stone compactification of a discrete topo-
logical space D. Then G(C(X)) = Ch.

For the proof we need the following fact:

Proposition 9. Let X be a compact Hausdorff topological space.
Then A € M™™(C(X)) is positive (in the sense of C*-algebras) if and only
if A(x) is a positive semidefinite matriz for every x € X.
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Proof. The part “only if” is obvious. Assume now that A(x) is positive semidefinite
for every z € X. Fix A € C\ [0,00). Then A(z) — A is invertible for every z € X,
thus det (A(z) — AI) # 0. The formula
algebraic adjoint (A(x) — AI)

det (A(x) — AI)
shows that (A(z) — AI)~! € M™*"(C(X)). Therefore A € o(A). Now by the well-
known property that a selfadjoint element of a unital C*-algebra is positive if and

only if its spectrum is contained in [0, 00) (use, for example, [12, Theorem 2.2.1])
we obtain that A is positive. O

(A(z) = XI)7t =

Proof of Theorem 8. In view of Corollary 5 we need only to show that KO e
G(C(X)) for n > 3 (with (1,n) (and (n,1)) as the missing edge). Let A =
[ai ]} j=1 € M™™(C(X)) (n > 3) be such that [a,J]f;:ll and [a; 5]} ;_o are both
positive. Since G(C) is the class of chordal graphs, for every x € D there exists
b(x) € C such that the matrix

a11(x) ar2(z) - a1 n—1(x) b(x)
as1(x) as2(z) - agzn-1(x) as ()
anf1.,1(x) anf1.,2(x) e anfl,v;fl(x) anf1.,n(x)
b(x) an2(x) ... app—1(x) ()

is positive semidefinite. Clearly {b(x) : = € D} is bounded; in fact,
[b(2)] < max{[la1 [}

Since every bounded complex-valued function on D can be extended to a con-
tinuous function on B(D), there is ¢ € C(B(D)) such that ¢(x) = b(x) for every
z €D. Let Y € M™*™(C(X)) have its upper right corner ¢, lower left corner g,
and all other entries y; ; equal to a; ;. Then Y (z) is a positive semidefinite matrix
for every x € D. Let now zg € B(D). Since D is dense in B(D), there is a net
{Ya}aes in D indexed by some directed set S such that {y,}aecs converges to xo.
Letting Amin (M) denote the minimal eigenvalue of a hermitian matrix M, we have
that Amin(Y (yo)) > 0 for all n € N and all & € S. But then, by the continuity
of Amin(Y(2)) as a function of z € B(D), we obtain Amin(Y (z¢)) > 0. Now, by
Proposition 9, Y is positive. U

[+ llann

Theorem 10. Let X be a compact Hausdorff space with a converging sequence
of distinct elements. Then G(C(X)) consists of disconnected unions of complete
graphs.

Proof. By Proposition 3(c) we need only to check that K?EO) ¢ G(C(X)). But this
was done in [4]. O

According to [11], a description of compact Hausdorff spaces without con-
verging sequences of distinct elements is an extremely difficult problem, nearly
intractable.
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5. Positive Toeplitz completions

We consider the banded Toeplitz positive completion problem, as follows. We say
that A is in the positive Toeplitz completion class (in short, A € PTC) if for all
0 <k <nand [ai,j]ﬁ;:lo positive in M™*™(A), there exists a positive Toeplitz
Y = [y,;_j]zj;lo € M™*"(A) with y; = ay, |I| < k — 1. Note that the positivity of
[a;— J]f;:lo is necessary for existence of a positive Y as above. This is an important
particular case of the general positive completion problem, and has been much
studied for A = B(#), the algebra of linear bounded operators on a Hilbert space
H; see [2] and references therein.
The basic problem here is:

Open Problem 6. Describe the positive Toeplitz completion class PTC.

It is straightforward to see that every A with G(A) = Ch is in the class PTC.
The following result, in conjunction with Theorem 10, shows that there exist unital
commutative C*-algebras A in the class P7TC for which G(A) is the collection of
disconnected unions of complete graphs.

Theorem 11. Let X be a compact Hausdorff space. Then C(X) is in the positive
Toeplitz completion class.

Proof. It is sufficient to consider the case k = n — 1 in the definition of PTC. Let
[ai_j(as)]zj;zo e M=Dx(=1(C(X)) be positive. In particular,
ar(x) =a_¢(x), xe€X, =0,1,...,n—2.

For every « € X, consider the unique y = y(x) € C, so that

ao(x) a—a(x) -0 a—nia(w) Y
ar(x)  ao(z) a—1(z) T a—n+2(7)
B(x) :== : : ,
an—2(2) e a1(x) ap(x) a_1(x)
y an—2(x) . a1(x) ap(x)
satisfies:
(1) (det [y (2)]152,) - det B(x) = (det [as—y(2)]752) 7,

(2) the matrix B(x) is positive semidefinite.

This particular completion is called the central completion; see for instance, [3],
[2, Section 2.6]. Note also that y is bounded as a function of x:
\y|2 < ao(x)2 < M := max ao(x)2.
zeX

We claim that y is a continuous function of x € X. In view of Proposition
9 this will prove that B is positive and thereby the proof of Theorem 11 will
be complete. Arguing by contradiction, assume y(x) is not continuous at some
xzo € X. (All notions and basic results on net convergence and subnets that we
use here can be found in [10], for example.) Let {Uy}mes be a base of open
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neighborhoods of z(, indexed by a directed set S with the direction > compatible
with the containment of neighborhoods: if my, ms € S then m; = mo if and only
if Uy, C Up,. It follows that there exist g > 0 and a net {2, }mes such that
Ty € Uy, for every m € S and

ly(@m) — y(zo)| > € for all m € S. (4)

Clearly the net {z, }mes converges to xg. Since {y(zm)}mes is a net of uniformly
bounded complex numbers, hence contained in a compact set of C, there is a
converging subnet of {y(z,,) }mes. In other words, there exist a net {ﬂp}peg, yp € C

forallp € S , where S is a directed set with the direction given by >, and a function
¢ : S — S with the following properties:

(3) Up = y(xg(p)) for every p € S; N
(4) for every m € S there there is ¢ € S such that

p>q¢ peS =  ¢p)=m
(5) the net {y,} g5 converges to some yo € C.

In view of (3), we have for every p € S-

ao(z) a—a(x) -0 a—nia(w) y
ai(z)  ao(z) a-1(x) T a—n+2(2)
(det [ai—; (m)}?;ﬁo) -det :
an—2(2) e a1(x) ap(x) a_1(x)
Yy an—2(T) ... a1(x) ao(x)
n— 2
= (det [ai—j ()]} ;20) ", (5)
where 2 = 4, and y = y,. It follows (using (4), (5), the convergence of the net
{Zm }mes to xo, and the continuity of the functions a;(z), j = —n+2,...,n—2)
that
(det [ai—; (z0)]772)
ao(zo) a—1(zo) Tt an—2(x0) Yo
a1(zo) ao(zo)  a-1(wo) e an—2(z0)
- det : : :
a—n+2(To) aE ai(ro)  ao(zo)  a-1(zo)
Yo A_pn+2 (xo) N aq (xo) ao(.’bo)
N2 \2
= (det [ai_j(ﬂio)]i’j:zo) . (6)

Indeed, fix € > 0. Then there exists ¢ € S such that [9p —yo| < € for all p > ¢,
p € S (property (5)), there exists mg € S with the property that

laj(xm) —aj(zo)] <€, j=-n+2,...,n—2, forall me S such that m = mg
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(continuity of the a;’s at x¢), and there exists ¢’ € S such that
p>qd,peS = ()= mo
(property 4)). Choose ¢’ € S so that ¢” = ¢,¢'. Then
p 2 q”a pe g - |gp_y0| <€, |aj('r¢(p)) —aj(.fo)‘ <€, .] = —’I'L+2,,’I'L—2

Since € > 0 is arbitrary, (6) follows from (5). A similar argument shows that

ag(wo)  a—1(xo) e a_n2(z0) i
ai(xo)  ao(zo)  a-1(xo) EE a—n+2(0)
an—2(0) e ai(xo) ao($.0) afl.(xo)
Yo an—2(0) e ai(xo) ao(zo)

is positive semidefinite (we use here also the continuity of the minimal eigenvalue
of a hermitian matrix as a function of the matrix entries, analogously to the proof
of Theorem 8). By the uniqueness of the central completion we must have yo =
y(zo). But now (4) gives (using (3)): |yp — yo| > € for all p € S, a contradiction
with (5). O

It should be observed that the Toeplitz property is essential when we note
that (1) and (2) above determine uniquely the central completion. Indeed, for

1 0 7
[ai,j]?,jzl =10 0 0
70 1

the unique central completion (found by choosing ? = 0) is not uniquely deter-
mined by requiring that [a; ;]} ;_, is positive and
as,z - deta; ;]2 ;) = det[a; ;7 ;—, det[a; ;]2 ;.
If A is unital, then strictly positive Toeplitz completions can be considered.
Replacing “positive” by “strictly positive” in the definition of the PTC class, we
obtain the definition of the strictly positive Toeplitz completion class, in short

PTC+.

Proposition 12. A € PTC, for every unital C*-algebra A.

Proof. As in the proof of Theorem 11, we consider only the case k = n — 1 in the
definition of PTC,; thus we are given that [ai,j]zj_jo strictly positive. But then

since KT(LO) is chordal we have by Proposition 1 that there exists a strictly positive
Y = [y”}?;:lo with y;;, = a;—j for i —j] <n—-2,0<4,j <n-—1 AsY is
automatically Toeplitz, we are done. O

We conclude this section with the following open problem.

Open Problem 7. Is it true that if A € PTC, then also M"*™(A) € PTC, for all
n € N?
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6. Multi-level positive Toeplitz completions

A d-level Toeplitz matrix is a matrix of the form [ax—i]k1cn, where A is a finite
set of Z?, and the entries are in a C*-algebra A. For instance, if

A= {0’ 1}2 = {(07 0)’ (07 1)7 (17 0)’ (17 1)}7
then we get the two level Toeplitz matrix

apo ap,—1 a—-1,0 G-1,—-1
aot app G-1,1 G-10
aijp ai,—-1 Qoo ap,—1
a1 aio ap1 aoo

Since A is of the form K x L with K, L C Z, this matrix is a (in this case, 2 x 2)
block Toeplitz matrix where each of the blocks are themselves (2 x 2) Toeplitz
matrices.

The following problem was studied before in the context of matrices over
C. Fix a C*-algebra A. We say that a finite subset A of Z? has the A-extension
property, if whenever [a;—;]; jen € MIAMXIA(A) is positive and K D A is a finite
subset of Z?, then there exist a; € A, I € (K — K)\ (A — A) so that [a;_;]; jex €
MIEIXIKI(A) is positive. (Here, we denote by |Y| the cardinality of a finite set Y".)
Clearly, for any p € Z¢ we have that A has the A-extension property if and only
if p+ A has the A-extension property.

Theorem 11 shows that {0,...,k — 1} has the C(X)-extension property. It is
a classical result that {0,...,k — 1} has the C-extension property. The following
known results all address the case when A = C.

Theorem 13. [5] Let d = 1. Then A C Z has the C-extension property if and only
ifA={p+kq:ke{0,...,n}} for some p,q,n € Z.

Theorem 14. [1] Let d = 2. Let A C Z* be so that Z* is the smallest group
containing A. Then A has the C-extension property if and only if for some a € Z?
the set A —a = ®(R) for some group-homomorphism ® : Z2 — 72 and some set R
of the form {0} x {0,...,n}, {0,1} x{0,...,n}, or ({0,1} x{0,...,n})\ {(1,n)},
where n € {0,1,2,...}.

Theorem 15. [14, 15] For ny,n2,ng > 1 the set
{0,...,n1} x{0,...,n2} x {0,...,n3} CZ3
does not have the C-extension property.

It is easy to see that if A does not have the C-extension property, then it
also does not have the A-extension property for any C*-algebra A (indeed, if the
positive matrix [¢;—;]; jea with ¢ € C shows that A does not have the C-extension
property, then [¢;—;ja*al; jea, where a € A\ {0}, will show that A does not have
the A-extension property).
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We have the following observation.

Proposition 16. Let d = 1 and suppose that A is in the class PTC. Then A C Z
has the A-extension property if and only if A = {a+kb:k € {0,...,n}} for some
a,bn €.

Proof. Assume that A is in the class PTC. By definition of this class it fol-
lows immediately that {0,...,k} has the A-extension property. Next, if A =
{0,n,2n,...,kn} and a;, € A, —k,...,k, are given, one may then obtain a,,,
Ip| > k, so that [a,p—q)]peer is positive for every finite K. Setting a; = 0 for | ¢
nZ yields that [a;—;]; jek is positive for every finite K. Thus A = {0,n,2n, ..., kn}
has the A-extension property. But then it follows that A = {p+kq: k € {0,...,n}}
also has the A-extension property. Finally, no other finite subsets can have the
C(X)-extension property due to Theorem 13 (and the observation before the
proposition). O

Open Problem 8. What C*-algebras A have the property that A has the C-extension
property if and only if A has the A-extension property?

If we restrict Open Problem 8 to A C Z the question is the same as Open
Problem 6.

Open Problem 9. What if we restrict Open Problem 8 to A C Z2? Is C(X), X a
compact Hausdorff space, one of these?

Let A be a unital C*-algebra. We say that a finite subset A of Z¢ has the
A-extension property in the strict case, if whenever [a;—;]; jea is strictly positive
(in MIAXIAI(A)) and K D A is a finite subset of Z¢, then there exist a; € A,
le (K—K)\(A—A)so that [a;—;]i jex is strictly positive.

Open Problem 10. For which unital A is it true that A has the A-extension property
if and only if A has the A-extension property in the strict case?

As is clear from Theorem 14, there are relatively few subsets of Z? that have
the C-extension property. For instance

A=({0,....,n} x{0,...,m}) \ {(n,m)}, (7)
fails to have the C-extension property when n,m > 2. Thus, the existence of a
positive completion is not guaranteed simply by the positivity of [a;—;]; jea. The
following result gives sufficient conditions for the existence of a positive completion
in the strictly positive case.

Theorem 17. Let A be a unital C*-algebra. Fiz m,n € N, let

A=({0,...,n} x{0,...,m})\ {(n,m)}, (8)
and let ai, k € A — A be given. Suppose that:
(1) [ak—tlk,iea and [ak—i]k1e—A are strictly positive in

M(n7n+n+m) X (nm4+n+m) (A)

b
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(i) ®,& 105 = D5D 1Dy
(111) A—n.m = [akrfl]k:(o,m—l) (I)il[akrfl]ke{o,...,n—l}><{1,...,m}~
le{1,...,n}x{0,....m—1} I=(n—1,0)
Here

® = [ax—1]k,i€/0,....n—1}x{0,....m—1}>
D1 = [ak—1]ke{0,....n—1} x{0,..;m—1}, 1€{1 0,0} X {0,...om—1}5
Dy = [ar—1]ke{0,....n—1} x{0,...;m—1}, 1€{0,..;n—1}x {1,...,m}-

Then for every finite K C 72 that properly contains A there exist a; € A, | €
(K — K)\ (A = A) such that [ax_i|r1cx is strictly positive in MIEIXIKI(A).

Proof. For A = B(H), the C*-algebra of bounded linear operators on a Hilbert
space H, the result is a direct consequence of [7, Theorem 1.1] (see also [2, Theorem
3.3.1]) after defining

An,m = [akrfl]k:(n,m)
1€{0,...,n}x{0,...,m}\{(0,0),(n,m)}

X[[ar—1]k,170,....n} % {0,.omIN{ (0,00, (i) }] @kt ke 0, ...} x{0,...smIN{(0,0),(rism) }-

For the general case, use the fact that A is *-isomorphic to a norm-closed
selfadjoint subalgebra of B(H) for a suitable Hilbert space H, and observe that in
the proof of [7, Theorem 1.1] all the missing a;’s are constructed using formulas of
the form a; = PQ™'R, where P, @, and R are finite matrices with entries in A.
But then it follows immediately that a; € A for all [, and the proof is finished. [

Condition (i) in Theorem 17 is also a necessary condition for the existence of
a strictly positive completion. Conditions (ii) and (iii) are necessary conditions in
case the missing a;’s are required to appear as moments of an A-valued Bernstein-
Szegd measure; for details, see [6], [7] or [2, Section 3.3]. For multilevel Toeplitz
matrices [a;—;li jea, where now A C 74, a generalization of the above result is not
known.

Open Problem 11. Prove a result analogous to Theorem 17, where now K is an
appropriate set in Z* with d > 3. Better yet, prove a d-variable generalization of
[7, Theorem 2.1] (or [2, Theorem 3.3.1]), which is the Bernstein-Szegd measure
result.
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Fractional-order Systems and
the Internal Model Principle
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Dedicated to Bill Helton on his 65th birthday

Abstract. We consider the fractional-integrator as a feedback design element.
It is shown, in a simple setting, that the fractional integrator ensures zero
steady-state tracking. This observation should be contrasted with the typical
formulation of the internal model principle which requires a full integrator in
the loop for such a purpose. The use of a fractional integrator allows increased
stability margin, trading-off phase margin against the rate of convergence to
steady-state. A similar rationale can be applied to tracking sinusoidal signals.
Likewise, in this case, fractional poles on the imaginary axis suffice to achieve
zero steady-state following and disturbance rejection. We establish the above
observations for cases with simple dynamics and conjecture that they hold
in general. We also explain and discuss basic implementations of a fractional
integrating element.

Mathematics Subject Classification. 93C80.

Keywords. Fractional calculus, internal model principle.

1. Introduction

Fractional derivatives have been used to model a wide range of physical systems.
In particular, they are encountered in distributed parameter models of diffusive
systems, delay lines, electromagnetic multipoles, turbulent flow, and many others
(see, e.g., [1, 2, 3]). They are also used to account for characteristic of spectra
with power decay that differs from the typical integer multiple of 20 [dB/dec].
Examples include 1/ f noise, speech, music, electrocardiogram (ECG) signals, and

This work was supported in part by the National Science Foundation and by the Air Force Office
for Scientific Research.
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certain other natural processes (see, e.g., [4]). While fractional models are infinite-
dimensional, their algebraic representation is rather compact. Moreover, the al-
gebra and function theory of fractional integrators and fractional derivatives are
well developed (e.g., [5, 6]). Fractional elements have been considered in control
applications both, for modeling processes [7, 8, 9] as well as for controller design
[10]. We refer to [11] for a review of the current literature as well as for a thorough
list of references on the subject.

In this paper, we focus on a special class of dynamical systems which, in
the frequency domain, are governed by a fractional power of the Laplace variable
s, focusing on the fractional integrator. Our interest in this stems from the fact
that, for control purposes, such elements provide enough gain to ensure steady-
state tracking with a more efficient compromise between the convergence rate
and phase lag of the loop gain. Indeed, in contrast to the typical statement of the
internal model principle in textbooks and publications, a full integrator in the loop
is not necessary for asymptotic tracking — a fractional integrator is sufficient. Such
fractional elements provide infinite DC-gain which is what ensures zero steady-
state error.

The transfer function of the fractional integrator in the Laplace domain is
1/s% for 0 < a < 1. For the most part we consider the case where the exponent
a is equal to 1/2. In general, 1/s* for 0 < o < 1 is positive-real very much like
1/s. As a consequence, in principle, it is realizable with (infinitely many) passive
elements as in a transmission line. Obviously, a truncated transmission line as we
discuss later on, will provide an approximation. Yet, nothing precludes the physical
realization of such elements by a more compact device, like a capacitor, based on
a suitable geometry and material. Accordingly, envisioning the eventual physical
embodiment of such a device, we often refer to 1/4/s as a half-capacitor. We present
and compare different finite-dimensional approximations. The range of frequencies
with the required “—10 [dB/dec] attenuation along with a —45° phase lag” depends
on the number and values of components used and the chosen geometry. The DC-
gain, while large, is necessarily finite and hence, the ideal tracking response is not
achieved. These factors and the corresponding tradeoffs in the fabrication process
may play a role in a potential choice for such designs.

The contribution of this study consists in pointing out the significance and
potential use of fractional integrators and “sinusoidal” fractional components as
feedback design elements for steady-state tracking performance. Micro-electro-
mechanical (MEMS) and integrated circuit realizations of such components may
also present interesting possibilities for future research.

2. Fractional elements in a feedback loop

2.1. The half-integrator

We consider the simple control loop in Figure 1 with the unity feedback gain, and
study the tracking behavior of this loop for a step command input r. The transfer
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r(t), et 1 y(t)

FIiGURE 1. Half-integrator with negative unity feedback.

functions from r to the “tracking error” signal e and “output” y are

Vs 1
S(s)_\/s—l—l’ and T(S)_\/s—i—l’
respectively. Figure 2 shows the step responses of the closed-loop system, to e
and y, obtained via taking the inverse Laplace transform. As shown later on,
e(t) converges to zero while the output y follows the step input r. However, as
expected, compared to a full-integrator in the place of 1/4/s, the convergence rate
is considerably slower.

1
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FIGURE 2. Error and output signals for a step input in the feedback
system of Figure 1.

Assuming that r is a unity step input,

L{e(t)} =: E(s)

Since
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(see, e.g., [12, 6, 13]), and

£ {\/31+ 1} B \/17rt ~exp(f) (1 - VQW /oW eXp(_TQ)dT) ’

it follows that
2 [Vt )
e(t) =exp(t) | 1— / exp(—77)dt | .
(0 =exp(t) (1= [ e(-r)

Now, applying L’Hospital’s rule, the steady-state value of the error is

_ L 1-— \/27r 0\/t exp(—712)dr L \/lm exp(—t) B
lim e(t) = lim = lim =
t—o0 t—o00 exp(—t) t—oo  exp(—t)

Remark 1. In order to apply the “final value theorem” and evaluate tlim e(t) =

xde el
lir%sE(s), the time function e(t) must have a limit. The above steps establish
s—

brecisely this for the special case at hand. Then, of course,

limsE(s) = lim Vs =0
s—0 s—04/s+1

gives the same value.

2.2. A sinusoidal tracking element

We carry out a similar analysis for yet another example of a fractional-order system
— one with transfer function 1/4/s2 + w2. This again is passive (positive real) and
infinite-dimensional. Likewise the effect of such an element within a stable feedback
loop is to ensure perfect tracking and disturbance rejection of sinusoidal signals at
frequency w,. The loop gain has a singularity at w,, which creates a notch in the
closed-loop response, which in turn suffices to ensure steady-state performance.

1
O g s2+1

+
>

_ A +A
d

- P(S) . -

FicUrk 3. Traditional sinusoidal tracking.

The traditional “internal model” for sinusoidal disturbance rejection/track-
ing in a feedback system is shown in Figure 3. Here, P(s) denotes the plant trans-
fer function. Assuming a stable feedback loop, the infinite loop gain at w, = 1
(rad/sec) due to 8211, ensures perfect tracking/rejection of sinusoidal inputs at
that frequency. A possible down side is of course the phase that the poles at s = +i
introduce.



Fractional-order Systems and the Internal Model Principle 299

FIGURE 4. Fractional dynamics for sinusoidal tracking.

Consider now the feedback system shown in Figure 4 with trivial plant dy-
namics. The transfer function from r to the error signal e is

241
Sg= Ve
V2 +1+1
Then, for a sinusoidal input at frequency w, = 1 (rad/sec),
1 1 1
E(s) = s) = — .
() s2+1 (#) Vs2+1 Vs2+1+1

The first term in the equation above is the Laplace transform of Jy(t), the zero-
order causal Bessel function of the first kind. The asymptotic expansion of the
Bessel function Jj(t) is well known (see [14]) and for large values of ¢, i.e., t >
k2= 1],
2 km w
Ji(t) =~ \/m cos(t — 5 4).

The second term can be shown to be analytic in the right half-plane and bounded
on the imaginary axis. These together imply that, in the time domain, both terms
of the error-signal approach zero at the steady-state and hence, lim;_, e(t) =
0. As before, the phase introduced by the fractional element is half of that of
1/(s?+1).

T4+ € 1/2

O " V241

vy s+1

a + vt
N

F1GURE 5. Sinusoidal tracking and disturbance rejection in a closed-
loop system.

We offer yet another example of sinusoidal tracking using a fractional element
as in Figure 5. This is interesting for one additional reason: the feedback system
with two %—fractional poles at +i, a single pole at —1, and no zero, is stable (as
we explain below). Yet, a similar feedback system with simple poles at +i instead
(e.g., with P(s) = 1/(s + 1) in Figure 3) is easily shown to be unstable by a
“root-locus” argument. Thus, the two %—fractional poles are considerably easier to
“stabilize” than simple poles on the imaginary axis!
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Returning to the system shown in Figure 5,

Vs2+1(s+1)

Ss) = Vs2+1(s+1)+1/2
while
1 3+1
Bls)= 150 = V2 +1 (V2 +1(s+1)+1/2)

1 1)?
:2( + ° —1)—2( (s+1) —1). (1)
Vs2+1  Vs2+1 V2 +1(s+1)+1/2
~ -~ - ~ ~ -
first term second term

By taking the inverse Laplace transform of the first term of E(s) we arrive at
2(Jo(t) + Jo(t)"), for t >0,

where Jj is a Bessel functions of the first kind of order zero and Jj its derivative.
The function Jy(t) is in fact holomorphic on the plane minus the negative real axis,
and both itself and its derivative approach zero as t — oo. In fact, Jo(t)" = —J1(t).
Thus, the time-domain function corresponding to this term decays as t~1/2 at
infinity.

Regarding the second term, we note that the phase of v/s2 4 1(s + 1) is less
than 7 in the right half of the complex plane. Hence, this second term of E(s) in
(1) is analytic in the right half-plane. In fact,

(s +1)2 - V2 +1(s+1)% — st — 253 — (5/2)s? — 35 — 5/4
V24 1(s+1)+1/2 54 4 253 + 252 + 25 + 3/4
=: F(s).

Hence, it is also bounded and continuous on iR, and decays as |s|~! when |s| — co.
Further, it can be easily decomposed in the form

F(s) = (\/52 +1- s) G(s) + H(s),

where G(s) and H(s) are strictly proper rational transfer functions with all their
poles in the left half-plane. The inverse Laplace transform of the fractional element
V/s2 +1—sis Ji(t)/t where J; is the Bessel function of the first kind of order one,
as before. It can be shown that Ji(t)/t is continuous, bounded and decays to zero
as t — 0o, and so does the inverse Laplace transform of F(s). Thus, lim;_ e(t)
exists and it is zero as well. Therefore, the control system in Figure 5 rejects
sinusoidal disturbances at frequency w, = 1 (rad/sec) as claimed.

To recap, reference tracking and disturbance rejection for sinusoidal signals
in a closed-loop system is possible using fractional-order dynamics of the form
1/4/52 + w2. Thus, the dictum of the classical “internal model principle” (see [15],
also [16] and the references therein) which requires that the loop gain must contain
a model of the disturbance dynamics is not necessary. The “strength” of the pole
at +iw, trades off phase against convergence rate to steady-state. It is conjectured
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that this observation holds in general, in that, infinite loop gain at 0 or at +iw,
provided by a fractional integrator or a fractional element is sufficient to ensure
steady-state tracking of corresponding reference signal for any plant dynamics.
However, other issues including stability and finite time behavior of such systems
need further investigation.

Ro R1 RQ Rn71
O W WA =~ - A
O
I
1% Cy —= C, —= Co—= C,_1—= C,—R,
° - "

FIGURE 6. Truncated transmission line.

3. Implementation of a half-integrator

Typically, ladder networks have irrational transfer functions which are most natu-
rally expressed in the form of continued fractions [17, 18, 5]. Approximation of such
a network can be in the form of a “truncated transmission-line model,” as shown
in Figure 6. We present such an option for approximating a fractional integrator.
Here, I represents the input (current) and V' output (voltage). The corresponding
impedance is

_V(s)

G(s) 1(s)

_ 1
= Ry + Cyst 1 . (2)
R1+C s+ 1
24 Ro+ 1
1

+
Cns+ Rln

We are interested in suitable choices for the resistors (R’s) and capacitors (C’s),
so that the truncated transmission line can approximate the half-integrator over
a given frequency band. We present three different sets of Ri’s and Cy’s for k =

1,...,n which can be used to this end. The first two sets of values are
01:C2IC3Z~-~: TL:C
1-st realization:{ Ry = Ro=R3=---=R, =R , (3a)
Ry = éR
Cr =k [uF], for k=1,2,...,n
2-nd realization: ¢ Rp =k [Q], fork=1,2,...,n , (3b)
Ry=0

while a third suggested realization is based on the Padé approximation and will
be given later on.
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3.1. Realization based on (3a)

The truncated transmission-line in Figure 6 with parameters as in (3a) and n =
90, R = 100[Q], and C' = 100[uF] gives rise to impedance characteristics shown in
Figure 7. It is seen that it approximates relatively accurately 1/4/s over the mid-

Bode Diagram Nyquist Diagram
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FIGURE 7. Bode and Nyquist plots of the transmission line in Figure 6
with components (3a), n = 90, R = 100[Q], and C' = 100[uF].

range of frequencies, between 10~ and 10? [rad/sec]. The attenuation is ~ —10
[dB/dec] and the phase is ~ —45°. Poles and zeros of such a circuit are real, lie in
the left half of the complex plane, and interlace since this is an RC network; they
are shown in Figure 8 for a smaller value of n = 10 for ease of inspection. The
expression in (2) may be viewed as the nth level truncation of a “real J-fraction”
(see [17]); it can be easily shown that all poles of this fraction are real, simple,
and have positive residues. Furthermore, once again, they all lie on the negative
half of the real axis, because the denominators of all kth approximants of (2), for
k=1,...,n, are polynomials in s with positive coefficients.

We now explain why the truncated transmission line with the choice in (3a)
provides indeed an approximation of a half-integrator. In fact, this choice of values

results in
R 1 6 1
W) &~ fi <w< 4
G/(iw) \/C Vi 5 n2re =% = 6RO )

to within 2% for n > 10. We begin by dividing out the leading terms and rewriting
(2) as

G(s O 2
(5) _ g4 RaCy — 1+ LR (5)
Ry 1+ R1Cys 1+ 1+ vy
R1Cgs ..
1+ R21025 '+1+'y

1
1+ RnCns
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FIGURE 8. Pole-Zero configuration of the truncated transmission line
in Figure 6 for n = 10.

where the Ry’s and Cj’s have been set as in (3a), and where v := 1/(RC's). This
is a 2n-term fraction. It can be simplified further using the following two lemmas.

Lemma 1. Consider the continued fraction

Fi=

The numerator of the nth level approximant of F1 is equal to the sum of the first
n terms of the infinite series 1 + Z;O:I pP1pP2 - - . Pp, while the denominator of the
nth approximant is equal to one.

Proof. The proof follows by induction (see also [17, page 18]). O

Lemma 2. The nth level approzimant of the continued fraction
a
Fo=b+ b a (6)
+ oy e

with a,b # 0, can be written in the form of
v
v + 1 ’

u n—1
> ()P
p=0

Uu+v—

where u and v are solutions to the quadratic equation x®> —bx —a = 0 and |u| > |v|.
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Proof. Since v +v =b and uv = —a, F2 in (6) can be written as
uv
Fo=u+v—
2 u + v — o uv

u+v—

Successive divisions by u lead to

Fr=u+v—vo L =u+v—wv L, . (7N
u utv— U v ’U+1* u

_ v
u+tv ufv— U 1+57 u o

v

The denominator of the last term in (7) consists of two parts: ! and

The latter is a particular case of the inverse of F; in Lemma 1 with parameters

v
pPL=p2=pP3=...=
U

Application of Lemma 1 now gives the nth approximant of 7> as

v
uU+v— v 1
u 1+Z+(}U/‘)2+4.4+<5)n71

:u+v_v Ul . g

u +n71
X (P
p=0
Using the notation of Lemma 2, we take u and v to be the roots of 2 —x —~
with v as in (5), i.e.,

u_1+\/1+47 U_l—\/1+47

, ) ®)

Since u + v = 1, we rewrite (5) as

G _ _
(8):1+2xv Ul =14+2x iu
0 u o ot (vl

PRI e
p=0
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Substituting Ry, v and v from (3a) and (8) into (9) we have that

G(s):1+2 V14 4y 1+ 144y
R/2 1+(_1+\/1+4’y)2n+1 9
1++/1+4y
1 1
=2y1+4 —
\/ Y 14 (71+\/l+47)2n+1 2
14++/1+4y

Further simplification of this last expression leads to
2n+1
—14/14+4y
C N ( 1+v/1+47 )
G(s \/ 5= \/ 1+
(5) R\/ 4 14 (—1+\/l+4’y)2n+1

1++/1+4y

| 2 + 1 2
—J1+ * tanh log(1 .0
\/ ty e < o logl +—1+\/1+47)> (10)

For n > 10 in (10), the term \/1 + 1/4~ is greater than 1, decreasing for v €
[6,m2/6], and ranges to within 2% of unity (=~ 2% at the left limit v = 6). On the
other hand, the term with the hyperbolic tangent is less than 1, also decreasing,
and ranges to within 2% of unity (~ 2% at the right limit v = n?/6). Hence,
the right-hand side of (10) is within 2% of unity as claimed. Finally, substituting
1/RC's for ~y leads to (4), i.e., the truncated transmission line with quantities
proposed in (3a) follows the characteristic of a half-integrator to within 2%, over
the indicated frequency band.

3.2. Second realization

The truncated transmission-line model worked out in Section 3.1 conveys the basic
idea of building a half-integrating element via passive circuitry. The particular
choice of values for R’s and C’s in (3a) makes it a practical design. However, the
convergence appears to be slow and, hence, a significant number of elements is
needed to attain a reasonable approximation. Herein we discuss the alternative
choice of parameters in (3b). Numerical verification suggests that for this choice
of parameters the frequency response of the truncated transmission line converges
numerically considerably faster. However, because the parameters increase with the
index, the analysis is difficult and proof of convergence has not been established.

The frequency response of this circuit with the new R, C' values matches
that of a fractional integrator with exponent 1/2 quite accurately over a frequency
band. Figure 9 shows the Bode and Nyquist plots of such a transmission line with
90 pairs of (Cy, Ry) for comparison. The response similarly matches that of 1/4/s
from 107! to 10° [rad/sec] to a similar accuracy as before. But now, interestingly,
the approximation is over a frequency band which is 3 orders of magnitude wider.
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FIGURE 9. Bode and Nyquist plots of the truncated transmission line
in Figure 6 with values given in (3b) for n = 90.

3.3. Third realization based on Padé approximation

We consider the Padé approximation of 1/4/s about sg = 1. To this end, starting
from the Taylor series expansion of 1/4/s we match [ +m + 1 terms by a rational
function pym(s) := ai(s)/bm(s), where a;(s), b, (s) are polynomials of order [ and
m, respectively. To obtain their coefficients, one needs to solve linear equations (see,
e.g., [19]). For the particular case of a fractional integrator 1/4/s and [ = m =5,
the Padé fraction becomes

_ 8% + 55s* 4+ 33053 + 46252 + 1655 + 11
 11s% 4+ 165s* + 462 + 33052 + 555+ 1°
Fuclidean division allows writing this as a truncated RC-ladder network

p5,5(8)

1
Gpads(s) = ps,5(s) = Ro + 1 ,
Cis+ 1
R1+c N 1
S
2 Ro+ 1
+ .0y
Crs+ Ry
with Ry = 111, and
__ 200 _ 128 __ 4096 __ 32768 __ 262144
Ry = 429 Ry = 143° Rz = 2805 Ry = 13585 Rs = 46189 ° (11)
Cy =11 (¢, — 429 (¢, _ 4719 _ 60775 (. _ 877501
1= 400 ~2 7 6400 ©3 T 4096° 4 T 327687 5 T 262144°

The Bode and Nyquist plots are shown in Figure 10. The response approximates
that of the ideal half-capacitor in the frequency range from 107! to 10! [rad/sec]
to within .08 dB. We have drawn in Figure 10 the response for the (5,5)-Padé
approximant for comparison.

The following comments are in order: while Padé approximation gives a very
good approximation for a given number of components, it may not be suitable for
integrated fabrication due to the required precision on the varying values of its
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FIGURE 10. Bode and Nyquist plots of the truncated transmission line
in Figure 6 with values given in (11).

components. For background and references on efficient design of RC-circuits see
[20, 21, 22]. Further, the circuit appears to be quite sensitive to those values.

It should also be noted that all of the above approximations are good over
a frequency range that does not include the origin. Consequently, their use in a
feedback system will not achieve perfect tracking in response to a step reference.
In particular, for the above example the steady-state error to a step input is
1/(1 + G(0)) with

G(0)=Ro+Ri+ -+ R,.

Finally, likewise, approximation of elements of the form 1/4/s2 + w2 may
again be based on truncated continued fractions and Padé fractions. For similar
reasons, the quality of approximation will degrade close to the essential singularity
on iR, and consequently, steady-state performance will be met only approximately.

4. Recap

We underscore the relevance of a fractional integrator as a design element for set-
point following in a control loop. The classical internal model principle requires an
integrator in the feedback loop. The magnitude of an integrator in the frequency
domain drops at a rate of 20 [dB/dec] and its phase is —90° throughout. This may
adversely affect stability and robustness of the closed-loop system as it directly
affects the phase margin. Yet, a fractional integrator suffices for achieving steady-
state tracking in set-point following and at the same time introduces a smaller
phase lag (compared to that of an integrator). Similar conclusions carry through
for steady-state tracking of sinusoidal inputs — this case requires fractional poles
on the imaginary axis. Besides their relevance in feedback theory and steady-
state tracking, such elements may find applications in communications. Finally, the
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realization of such elements with traditional circuitry and ladder circuits appears
challenging. Yet, it is anticipated that alternative implementations of fractional
elements will be possible using available technologies (off-chip and on-chip) for
various frequency ranges.
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This paper is dedicated to our dear friend and colleague,
Professor Bill Helton on the occasion of his 65th birthday.

Abstract. In this paper, we describe some properties of the Wasserstein-2 met-
ric on the space of probability distributions of particular relevance to problems
in control and signal processing. The resulting geodesics lead to interesting
connections with Boltzmann entropy, heat equations (both linear and non-
linear), and suggest possible Riemannian structures on density functions. In
particular, we observe similarities and connections with metrics originating in
information geometry and prediction theory.
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1. Introduction

Optimal mass transport is an important problem with applications in numer-
ous disciplines including econometrics, fluid dynamics, automatic control, trans-
portation, statistical physics, shape optimization, expert systems, and meteorology
[16, 17]. The problem was first formulated by the civil engineer Gaspar Monge in
1781, and concerned finding the optimal way, in the sense of minimal transporta-
tion cost, of moving a pile of soil from one site to another. Much later the problem
was extensively analyzed by Kantorovich [13] with a focus on economic resource
allocation, and so is now known as the Monge-Kantorovich (MK) or optimal mass
transport (OMT) problem.

In the present work, via gradient flows defined by the Wasserstein 2-metric
from optimal transport theory, we will relate some key concepts in information the-
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ory with mass transport that impacts problems in control, statistical estimation,
and image analysis. A goal of our program is to understand the apparent relation-
ship between mass transport, conservation laws, entropy functionals, on one hand
and probability and power distributions and related metrics on the other.

Previously, we explored a differential-geometric structure for spectral density
functions of discrete-time random processes and the present work aims along sim-
ilar lines. Indeed, in [7] we introduced a Riemannian geometry for power spectral
densities that is quite analogous to the Riemannian structure of information ge-
ometry which is used to study perturbations of probability density functions and
relates to the Fisher information metric [1] — in contrast, the metric in [7] was
motivated by a problem in prediction theory. In the present we are motivated by
ideas in statistical mechanics and show how optimal mass transport leads in a
straightforward way to a Riemannian structure on the space of probability mea-
sures. This structure will relate in a natural manner the Wasserstein metric, Fisher
information, and Boltzmann entropy. Following Benamou and Brenier [4], optimal
mass transport allows us to define geodesics on the space of probability measures
and analogies will be drawn with the metric in [7] which is connected to problems
in statistical prediction.

This paper is dedicated to our dear friend and colleague Dr. J. William Hel-
ton. Bill has been a inspiration to us over the years: he is a great scientist, scholar,
mentor, and truly a pioneer with numerous seminal contributions in systems and
control. Happy Birthday, Bill (with many more to come)!

2. Background on Boltzmann entropy and statistical mechanics

We begin by describing some standard material about Boltzmann entropy from
statistical mechanics that will motivate our development in the sequel. For a
complete discussion on such issues in statistical mechanics, see [15]. For simplic-
ity, in this treatment we will work with probability distributions defined over a
one-dimensional continuous index, though our results are readily generalizable to
higher dimensions. Accordingly, consider a probability distribution, u(z,t), defined
over the real line. We have that p(z,t) > 0, that the integral of u over the real
line is 1, and we may also assume that lim, 1+, p(z,t) = 0.

To determine the time evolution of p, we assume that this time evolution
is governed by a transition rate function w(zx,y), defined over R2. We assume
that w(z,y) > 0, and that w(z,y) = w(y,z). Informally, w(z,y) measures the
probability per unit time that a particle at x will “hop” or be transported to y.
This means that, during an infinitesimal time dt, the probability that a particle at
2 will hop to y is w(z, y)dt, and accordingly, integrates to 1. Symmetry means that
a particle at = has the same chance of being transported to y as does a particle at
y have to be transported to z, and leads to the principle of detailed balance,

8#5;7 t) _ /Z w(z, ) [y, t) — ()] dy. (1)
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We now define the entropy, S = S[u], of the distribution via,

(oo}

S = —/ w(z, t)log p(z,t) de.
— 00

For a given distribution that evolves in time, we may consider the time-variation

of the corresponding values of S under the action of Equation (1). We have that,

ds e o
& ——/ (1—|—logu)at dx

—oo
— N 88/: log i dx

1 oo oo
2/ / w(x, y) Nz, y,t) dx dy

where
Az, y,t) = (log u(y, t) — log pu(z, 1)) (u(y, t) — p(z,t)).

Since log x is an increasing function of x, both log u(y, t) —log u(x, t) and p(y,t) —
w(x, t) have the same sign, and so their product is nonnegative, which implies that
the overall expression is nonnegative. So, we have that dS/dt > 0, which is to say
that the entropy is always either constant or increasing.

Now, over an infinitesimal time interval dt, we expect that transitions are
“local”, in the sense that transitions only occur between nearby regions. In a
sense, we are assuming that a particle cannot “jump” from one point to another,
but must be transported continuously. We would therefore like to work with a
w(z,y) that is only non-zero within an infinitesimal neighborhood of . A natural
function that suggests itself is the delta-function é(z — y). Plugging this value for
w(z,y) into equation (1) gives

o, t)
ot

which is not very interesting.

The next function to try would be 96(x — y)/0x. However, because 9§(x —
y)/0x = —936(y — x)/Jy, this is not a valid transition function. So now let us take
another derivative and look at 9?§(x — y)/0z2. It turns out that this function
does satisfy the desired symmetry property. However, there is a problem with this
function, namely, it is not everywhere positive, which can be seen by considering
the d-function as the limit of unit-normalized Gaussians. We can make this explicit.
A unit-normalized Gaussian centered at a point z has the functional form,

= M($7t) - /.L(J?,t) =0,

2

v )

Wz)= - expl
jx) = exp|—
gy a\/27r p 952
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where o is the standard deviation. We then have that d(y — x) = lim,_,0 g(y; ).
Differentiating once, we obtain,

dg _ y-=z 1 (y —x)?
= — — 3
dy o? x oV2r exp| 202 ] (3)
and differentiating twice we obtain,
?g 1 (y —x)?
] (4)

1

dy? = 04((9 —z)? —0%) x /2 exp[— 252
If we define 9%5(y — z)/0y? = lim,_0(d%g/dy?), then since d?g/dy* < 0 for |y —
z| < o, we have that the doubly-differentiated J-function is negative within a
standard deviation of the J-function itself. In short, the point is that the doubly-
differentiated d-function has an infinitesimally small region where it is negative,
and in fact it is —oo in this region, making its use problematic.

To work our way around this problem, let us consider w(y,x) of the form
w(y — x). Substituting into Equation (1), we have,

)~ [ wwlute +ust) — e, ) du

—0o0

Expanding p(z + u,t) in a Taylor-series about z, we obtain,

6M($,t) _ /OO w(u) i 1 6"M(m,t) u™ du.

ot o =nl  Ox"

Because w(u) = w(y — z) = w(y,z) = w(z,y) = w(z —y) = w(—u), the odd
powers drop out of the integral, giving,

ou(z,t) _ /°° w?w(u) [1 u(z,t) 1 O* ) (b)) o, du

ot 2 a2 (2(n+1))!  9x2(n+l) u - )

- n=1

Now, if w(u) is very narrowly distributed, then w(u) ~ 0 outside a very small
neighborhood of w = 0. Within this neighborhood, the higher-order terms of the
Taylor expansion are negligible. Outside this neighborhood, these terms are neg-
ligible as well, since w(u) ~ 0 and so do not contribute to the overall integral.
Indeed, the only significant contribution to the integral is from the lowest-order
term containing the second derivative of u, and only in a very small neighborhood
of u = 0. However, because outside this neighborhood the contribution to the
integral is negligible, the integral of the lowest-order term over the small neighbor-
hood is essentially equal to the integral over the whole real line. So, for narrowly
distributed functions w(u) that are positive everywhere, we have,

ou(z,t) [ 102u(x,t)
Y —/ u w(u)2 92 du

— 00
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where D = (1/2) [*°_u?w(u) du is the diffusivity coefficient. This is exactly the
linear heat equation.
To use a specific value of w(u), let us consider the function d?g(y; z)/dy? con-

sidered previously, but now let us simply remove the —o? term in the parentheses.
We then have that,

u2

o= L ol ] 0

where we consider this function for very small values of o. It appears that such a
function obeys the locality property discussed above, and it is certainly positive
everywhere. Note that the justification for only considering the lowest-order term
in Equation (5) for the specific function w(u;o) that we chose, note that each of
the higher-order terms give a contribution of,

1 0*u(z,t) [ 2nu2 u2 d
(2n)!  OQa?n ,oou ot a\/27rexp B

2(n—1 2n 2
_ oo 'u(x’t)/ V20D exp | = | dw
(2n)lV2r  Ox*  J_ 2

where n > 2. Note then that 2(n — 1) > 2, and so the higher-order terms give a
contribution that is of order o2 or higher, so that they vanish as ¢ — 0, leaving
only the contribution containing the second partial of p with respect to x.

3. Monge—Kantorovich

A modern formulation of the Monge-Kantorovich Optimal Mass Transport (OMT)
problem is as follows. Let €y and €; be two subdomains of R¢, with smooth
boundaries, each with a positive density function, po and pq, respectively. We

assuime
/ Ho =/ pr =1
Qo Q1

so that the same total mass is associated with Qg and €. We consider diffeomor-
phisms ¢ from (£, 10) to (21, 1) which map one density to the other in the sense
that

po = |Dg| 1 0 ¢, (7)

which we will call the mass preservation (MP) property, and write ¢ € MP.
Equation (7) is called the Jacobian equation. Here |D¢| denotes the determinant
of the Jacobian map D¢. In particular, Equation (7) implies, for example, that
if a small region in 2y is mapped to a larger region in €2y, then there must be a
corresponding decrease in density in order for the mass to be preserved. A mapping
¢ that satisfies this property may thus be thought of as defining a redistribution
of a mass of material from one distribution pg to another distribution p.
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There may be many such mappings, and we want to pick out an optimal one
in some sense. Thus, we define the LP Kantorovich—Wasserstein metric as follows:

dylpo, )= | int [ 19() = ol o) (3)
An optimal MP map, when it exists, is one which minimizes this integral. This
functional is seen to place a penalty on the distance the map ¢ moves each bit of
material, weighted by the material’s mass.

The case p = 2 has been extensively studied. The L? Monge-Kantorovich
problem has been studied in statistics, functional analysis, and the atmospheric
sciences; see [2, 4] and the references therein. A fundamental theoretical result is
that there is a unique optimal ¢ € M P transporting o to 1, and that this ¢ is
characterized as the gradient of a convex function w, i.e., = Vw. Note that from
Equation (7), we have that w satisfies the Monge—Ampére equation

| Huw| i o (Vo) = o,
where |Hw| denotes the determinant of the Hessian Hw of w.

In summary, the Kantorovich—Wasserstein metric defines the distance be-
tween two mass densities, by computing the cheapest way to transport the mass
from one domain to the other with respect to the functional given in (8), the op-
timal transport map in the p = 2 case being the gradient of a certain function.
This will be denoted by ¢asx. The novelty of this result is that like the Riemann
mapping theorem in the plane, the procedure singles out a particular map with
preferred geometry.

4. Optimal mass transport and optimal control

The L? Monge-Kantorovich problem may also be given an optimal control formu-
lations in the following manner [4]. Consider

1
it [ [ ulta)|Vg(t,0)| deda (9)
0
over all time varying densities p and functions g satisfying

0
a’? + div(uVyg) =0, (10)
(0, ) = po, p(1,+) = pr.

The functional is the kinetic energy while u = Vg represents velocity. One
may show that this infimum is attained for some pyin and gmin. We set umin =
Vgmin- Further, the flow X = X(x,t) corresponding to the minimizing velocity
field umin defined by

X(z,0) =2, X¢=umn(X(z,1),1) (11)

is given simply as
X(z,t) =z +1t (Puk(v) — 2). (12)
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Note that when t = 0, X is the identity map and when t = 1, it is the solu-
tion ¢k to the Monge—Kantorovich problem. This analysis provides appropriate
justification for using (12) to define our continuous warping map X between the
densities pg and .

5. Riemannian structure on probability densities

Define
D::{uZO:/u:l},

the space of densities. The tangent space at a given point p may be identified with

THD%{u:/uzo}.

Thus inspired by the Benamou and Brenier [4], given two “points,” pg, 1 € D,
the geodesic (Wasserstein) distance is:

1
mf{ / / j(t, 2)|[Vg(t, 2) | dt da
H,g 0

o
ot

subject to + div(uVyg) = 0,

(0, ) = po, pu(1,-) = ul} (13)

In other words, we look at all curves in D connecting po and u;, and take the
shortest one with respect to the Wasserstein metric.

This leads us to give D a Riemannian structure, which will induce this Wasser-
stein distance. This idea is due to Jordan et al. [12, 17]. Namely, under suitable
assumptions on differentiability for 4 € D, and v € T}, D, one solves the Poisson
equation

u = —div(uVyg). (14)
This allows us to identify the tangent space with functions up to additive constant.
Thus, for any given u we denote the solution of (14) by g¢,. Then given, uy,ug €
T, D, we can define the inner product

(1, w2}y 2= / VG - V. (15)

An integration by parts argument, shows that this inner product will exactly induce
the Wasserstein distance given by Equation (13). Note also that

(), = / Vg0 - Vg

== /gudiv(quu) (integration by parts) = /ugu. (16)
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6. Linear heat equation

We now describe a beautiful connection Boltzmann entropy and the linear heat
equation [12]. As in Section 2, we define the following:

S::—/,ulogu.

Also as above, we evaluate S along a 1-parameter family in D, u(t) (we drop the
dependence on the spatial variables x in the notation), and take the derivative
with respect to t:

‘;f _ —/(/,Ltlog,u-i-lit) = —/(utlogu), (17)

since [p = 1. Now noting the characterization of the Wasserstein norm from
Equation (16), we see that the steepest gradient direction (with respect to the
Wasserstein metric) is given by

pe = div(pVlog p) = Ap,

which is the linear heat equation. The diffusivity coefficient here is normalized
to 1.
If we substitute u; = Ap into Equation (17), and integrate by parts, we get

ds [V
p— 1
- / " (18)

which is the Fisher information metric.

7. Transportation geometry and power spectra

In an analogous manner we explore implications of using the Wasserstein geometry
on the space of power spectra of stochastic processes that, for the purposes of this
paper, are typically normalized to have integral 1. The principal reason for our
use of the Wasserstein geometry is that the corresponding metrics are weak*-
continuous and thus capable of quantifying distances between spectral lines as
well as absolutely continuous power spectra equally well [8]. In view of this fact,
similarities that emerge between this and a metric derived in [7] that is not weak*-
continuous, appear quite intriguing.

In this section, p represents a spectral density of a discrete-time random
process, though extension to being a non-absolutely-continuous spectral measure
is straightforward. Thus, p is taken to be non-negative on the unit circle — herein
identified with [0, 1). Therefore, 1(0) = p(1). The integral [ p which is the variance
of the random process is normalized to be 1. In this context, we consider the
(differential) entropy on D:

Sq = — /log,u. (19)
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As before, we evaluate Sy along a 1-parameter family and take the derivative

dSa _ —/“t. (20)

dt W
The steepest gradient direction with respect to the Wasserstein metric is now
given by
1 v A Vul?
ut:—div<,uV )zdiv( ”): w_ | ’“2”” . (21)
I I ju ju

This is a nonlinear heat equation. We specialize to one dimension and we can write
Equation (21) explicitly using partials with respect to this one dimension

_ HHzz — (Nw)z
12
Upon substitution into (20), and integration by parts we obtain that

ds Vpll? BE
it :/“ ugl :/(A:L?’) ' (22)

Thus, equation (22) defines yet another statistical metric derived from the spectral
entropy Sy via Wasserstein.

Turning to time-series and their respective power spectra, we choose to view
o, p1 as power spectral distributions (hence, possibly unnormalized). Metrics be-
tween statistical models are essential in signal processing, system identification,
and control. A classical theory for statistical models goes back to the work of C.R.
Rao, R.A. Fisher and more recently Amari [1] and is known as “information ge-
ometry”. In this, a possible starting point for the Fisher metric is the comparison
of two probability distributions in the context of source coding where their dis-
similarity quantifies the degradation of coding efficiency for a code based on one
and then applied to source following the other. In a completely analogous man-
ner [7] we compare power spectra in the context of optimal estimation: if we let
{u(k), k € Z} be a discrete-time, zero-mean, weakly stationary stochastic process
taking values in C, the least-variance linear prediction

Mt

min {5{|p(0)|2} :p(0) = u(0) = 3 Pru(~k), P € cc} : (23)
k>0

where £ denotes expectation, can be expressed in terms of the power spectrum p
of the stochastic process via the Szeg6-Kolmogorov formula [14, p. 369]

exp ( / log u) = exp(—Sa), (24)

with Sy the differential entropy in (19).

We compare two power spectra by selecting prediction coefficients optimizing
(23) based on one of the two spectra, and then evaluating the variance of the
prediction error on the other. Considering that the two spectra differ little from
one another, e.g., 1 = po + p6z the degradation of prediction-error variance is
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quadratic in the perturbation and gives rise to a Riemannian metric. This metric,
about the point pg =: p, takes the form

[i-()

Aside from a normalization this can be written as

I

This exact same expression (26) can also be obtained as a measure of dissimilarity
by comparing how close the power spectrum of the innovation process p(k) (k € Z)
is from being constant across frequencies (see [11]). The analogy between (26), (25),
(21) and the Fisher information metric

2

is rather evident. Yet, their qualitative differences remain to be studied.

8. Porous medium equation and image processing

Following the earlier recipe, one can define alternative “information quantities”

Sy == [ 1o,

where f is a suitable differentiable increasing function. Then the exact computation
given earlier in Sections 5 and 6 shows that the corresponding gradient flow with
respect to the Wasserstein metric is

pre = div(uV f'(p)). (28)
Moreover, we get then that

ds
e O

As in [17], if we take f(z) = ' 2", n >0, then equation (28) becomes

e = Agem. (20)
In one spatial variable this reduces to

e = (1" )aa-
Now we can turn this into an equation of the form

up = (Ugg)" (30)

as follows. Simply apply —A~! to both sides, and set © = —A. Interestingly, for
n = 1/3, we get the one-dimensional affine invariant heat equation [3] of great
popularity in image processing. While this equation is known not to be derivable
via any L2-based gradient flow, we have just shown that it can be derived as such
via the Wasserstein geometric structure.
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9. Unbalanced densities

General distributions (histograms, power spectra, spatio-temporal energy densi-
ties, images) may not necessarily be normalized to have the same integral. Thus,
it is imperative to devise appropriate metrics and theory. The purpose of such a
theory is to provide ways for “interpolating” data in the form of distributions,
viewed as points in a suitable metric space. The first candidate is the space of
L2-integrable functions. However, as we will note next, geodesics are simply linear
intervals and fail to have a number of desirable properties [8, 10]. In particular,
the “linear average” of two unimodal distributions is typically bimodal. Thus, im-
portant features are typically “written over”. It is instructive for us to consider
this first.
One can show that

1
iz o =it [ [ 0te,0) dtda (31)
H,v 0
over all time varying densities p and vector fields v satisfying
%LZ + div(pv) =0, (32)

1(0,-) = po, p(1,-) = pa.
The optimality condition for the path is then given by
O p(t,x) =0,
which gives as optimal path the “interval” (¢ € [0, 1])
plts ) = [pa () — po()]t + po()-

Our claim about bi-modality of a mix of two unimodal distributions is evident. On
the other hand, OMT geodesics represent nonlinear mixing and have a considerably
different character [10].

Yet, the L? problem can be used in conjunction with OMT in case of unbal-
anced mass distributions. Indeed, given the two unbalanced densities po and p; it
is natural to seek a distribution fi; the closest density to 1 in the L? sense, which
minimizes the Wasserstein distance dyags (10, fi1)%. The L? perturbation can be in-
terpreted as “noise.” One can then show that this problem amounts to minimizing

1
it [ [ i)l dtde +a/2 [ (o) - (@) do (33)
IRZCRY 20 0

over all time varying densities p and vector fields v satisfying

op

ot + div(uv) =0, (34)

w(0,-) = po, p(l,") = fir .

This idea has been taken further in [8, 10] where the two end points ug, u1 are
allowed to be perturbed slightly into fig, f17 while the perturbation equalizes their
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integrals and is accounted for in the metric. This leads to a modified Monge—
Kantorovich problem which is best expressed in terms of its dual. Recall that the
original OMT-problem of transferring (balanced) pg into pq has the following dual
(see, e.g., [17])

¢(I)+$ya)}§p(z,y)/ p(x)po (z)dz + / Y(y)p (y)dy, (35)

which for the case p(x,y) = | — y| can be shown to be

\|¢\|L,p<1/¢ Ho = )
lg(z)—g(y)

with ||¢||Lip = sup —y| | the Lipschitz norm. Replacing po, 1 by fio, i1 in the
OMT problem while penalizing the magnitude of the errors ||u; — fi;|| leads to the
following metric:

2

ﬁomg 1<Q§ll (dfio, diin) + & ; drv (dpi, dfi;). (36)
This metric in fact “interpolates” the total variation (which is not weak® con-
tinuous) and the Wasserstein distance. The above expression has the interesting
physical interpretation where pu;’s are noisy version of the fi;’s. It has also a con-
siderable practical significance since it allows comparing distributions of unequal
mass in a natural manner. Further, it is weak* continuous in contrast to most
“distances” used in the signal processing literature (Itakura—Saito, logarithmic
spectral deviation, and Kullback—Leibler distance; see [9]). The dual formulation
(36) is particularly simple:

dunb'lhnced(,uOv /1/1 max /¢ Ho — /”'1 (37)
\|¢\|pr<1

I¢llec <c

The constant ¢ depends on the penalty x. Interestingly, geodesics of this metric
average nicely several of the features of the end points [8, 10]. We also note par-
allel work on the geometry for unbalanced mass distributions using substantially
different tools in [5, 6].

10. Conclusions

The optimal mass transport problem has wide ranging ramifications for statistical
estimation, image analysis, information geometry, and control. The span of ideas
presented here draws together natural metrics in probability, statistical prediction
theory, and physics. Several new metrics may be derived in a similar manner.
Indeed, following [4] again, we can devise geodesic distances analogous to action
integrals (for pressureless fluid flow). Such integrals may be taken in the form:

inf / / (t, 2)h(v(t, 2)) dt dz (38)
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over all time-varying densities p and vector fields v satisfying

o | . _
ot + div(puv) = 0, (39)
1(0,-) = po, p(1,-) = pa.

Here h is a strictly convex even function. (In the present paper and in [4], h(v) =
|v]|?/2.) One can show that this leads to the flow

pe = div(uVh* (V' (1)),

where h* is the Legendre transform of h. It will be interesting to further unify the
study of the earlier fundamental concepts of information and prediction theory
along the above lines.
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1. Introduction

Semidefinite programming (SDP) is probably the most important new develop-
ment in optimization in the last two decades. The (primal) semidefinite programme
is to minimize an affine linear functional ¢ on R? subject to a linear matrix in-
equality (LMI) constraint

Ao+ x1A1 + -+ + 2944 > 0;

here Ag, Ai1,...,Aq € SR™™ (real symmetric n X n matrices) for some n and
Y > 0 means that Y € SR"*" ig positive semidefinite (has nonnegative eigenval-
ues or equivalently satisfies y ' Yy > 0 for all y € R™). This can be solved efficiently,
both theoretically (finding an approximate solution with a given accuracy € in a
time that is polynomial in log(1/¢) and in the input size of the problem) and in
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many concrete situations, using interior point methods. Notice that semidefinite
programming is a far reaching extension of linear programming (LP) which corre-
sponds to the case when the real symmetric matrices Ao, A1, ..., Aq commute (i.e.,
are simultaneously diagonalizable). The literature on the subject is quite vast, and
we only mention the pioneering book [40], the surveys [52] and [39], and the book
[51] for applications to systems and control.

One very basic mathematical question is which convex sets arise as feasibility

sets for SDP? In other words, given a convex set C, do there exist Ag, A1,...,Aq €
SR™*™ for some n such that
C = {x =(21,...,24) € RY: Ay + 2141 4 -+ + 244y > 0}? (1)

We refer to (1) as a LMI representation of C!. Sets having a LMI representation
are also called spectrahedra. This notion was introduced and studied in [49], and
the above question — which convex sets admit a LMI representation, i.e., are spec-
trahedra — was formally posed in [45]. A complete answer for d = 2 was obtained
in [28], though there are still outstanding computational questions, see [29, 46, 47];
for d > 2, no answer is known, though the recent results of [6, 43, 42] shed some
additional light on the problem. It is the purpose of this paper to survey some
aspects of the current state of the affairs.

Since a real symmetric matrix is positive semidefinite if and only if all of its
principal minors are nonnegative, the set on the right-hand side of (1) coincides
with the set where all the principal minors of Ao + 141 + -+ z4A4 are nonneg-
ative. Therefore if a convex set C admits a LMI representation then C is a basic
closed semialgebraic set (i.e., a set defined by finitely many nonstrict polynomial
inequalities). However, as shown in [28], C is in fact much more special: it is a
rigidly convez algebraic interior, i.e., an algebraic interior whose minimal defining
polynomial satisfies the real zero (RZ) condition with respect to any point in the
interior of C. Furthermore, LMI representations are (essentially) positive real sym-
metric determinantal representations of certain multiples of the minimal defining
polynomial of C. This reduces the question of the existence (and a construction)
of LMI representations to an old problem of algebraic geometry — we only mention
here the classical paper [12] and refer to [5], [13, Chapter 4], and [32] for a detailed
bibliography — but with two additional twists: first, we require positivity; second,
there is a freedom provided by allowing multiples of the given polynomial.

This paper is organized as follows. In Section 2 we define rigidly convex
sets and RZ polynomials, and explain why LMI representations are determinan-
tal representations. In Section 3 we discuss some of what is currently known and

1We can also consider a (complex) self-adjoint LMI representation of C, meaning that
Ao, A1,...,Ag € HC™*™ (complex hermitian n x n matrices) for some n. If A = B+iC € HC"*"

with B,C € R"X" and we set A = [g *BC] € SR27%2n then A > 0 if and only A > 0 and

det A = (det A)2. So a self-adjoint LMI representation gives a real symmetric LMI representation
as defined in the main text with the size of matrices doubled and the determinant of the linear
matrix polynomial squared, see [49, Section 1.4] and [43, Lemma 2.14].
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unknown about determinantal representations, with a special emphasis on posi-
tive real symmetric determinantal representations. In Section 4 we review some of
the ways to (re)construct a determinantal representation starting from its kernel
sheaf, especially the construction of the adjoint matrix of a determinantal repre-
sentation that goes back to [12] and was further developed in [53, 3, 32]. In Section
5 we show how this construction yields positive self-adjoint determinantal repre-
sentations in the case d = 2 by using a RZ polynomial that interlaces the given
RZ polynomial. This provides an alternative proof of the main result of [28] (in
a slightly weaker form since we obtain a representation that is self-adjoint rather
than real symmetric) which is constructive algebraic in that it avoids the use of
theta functions.

We have concentrated in this paper on the non-homogenous setting (con-
vex sets) rather than on the homogeneous setting (convex cones). In the ho-
mogeneous setting, RZ polynomials correspond to hyperbolic polynomials and
rigidly convex algebraic interiors correspond to their hyperbolicity cones, see, e.g.,
[17, 18, 36, 44, 21, 7, 50]. Theorem 3 then provides a solution the Lax conjec-
ture concerning homogeneous hyperbolic polynomials in three variables, see [38],
whereas Conjecture 5, which may be called the generalized Lax conjecture, states
that any hyperbolicity cone is a semidefinite slice, i.e., equals the intersection of
the cone of positive semidefinite matrices with a linear subspace.

Finally, the LMI representation problem considered here is but one of the
several important problems of this kind arising from SDP. Other major problems
have to do with lifted LMI representations (see [35, 25, 26]) and with the free
noncommutative setting (see [24, 23]).

2. From LMI representations of convex sets to determinantal
representations of polynomials

2.1. A closed set C in R? is called an algebraic interior [28, Section 2.2] if there
is a polynomial p € R[zy,...,x4] such that C equals the closure of a connected
component of

{z e R%: p(z) > 0}.

In other words, there is a p € Rz, ..., 4] which vanishes on the boundary 9C of
C and such that {x € C: p(x) > 0} is connected with closure equal to C. (Notice
that in general p may vanish also at some points in the interior of C; for example,
look at p(z1,72) = x3 — 23(x1 — 1).) We call p a defining polynomial of C. It is
not hard to show that if C is an algebraic interior then a minimal degree defining
polynomial p of C is unique (up to a multiplication by a positive constant); we
call it a minimal defining polynomial of C, and it is simply a reduced (i.e., without
multiple irreducible factors) polynomial such that the real affine hypersurface

V,(R) = {a € R: p(z) = 0} (2)
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equals the Zariski closure ac™ of the boundary dC in R? (normalized to be
positive at an interior point of C). Any other defining polynomial ¢ of C is given
by ¢ = ph where h is an arbitrary polynomial which is strictly positive on a dense
connected subset of C. An algebraic interior is a semialgebraic set (i.e., a set defined
by a finite boolean combination of polynomial inequalities) since it is the closure
of a connected component of a semialgebraic set.

Let now C be a convex set in R? that admits a LMI representation (1). We
will assume that Int C # (J; it turns out that by restricting the LMI representation
(i.e., the matrices Ag, A1,...,Aq4) to a subspace of R™, one can assume without
loss of generality that Ag + x1 A1 + -+ + x4A44 > 0 for one and then every point
of IntC (Y > 0 means that Y € SR™*™ is positive definite, i.e., Y has strictly
positive eigenvalues or equivalently satisfies y' Yy > 0 for all y € R™, y # 0).
It is then easy to see that C is an algebraic interior with defining polynomial
det(Ag + 21 A1+ -+ x444). Conversely, if C is an algebraic interior with defining
polynomial det(Ap + z1 A1 + -+ 24Aq4), and Ag +x1A; + -+ - + 2444 > 0 for one
point of Int C, then it follows easily that (1) is a LMI representation of C. (See [28,
Section 2.3] for details.)

Let q(z) = det(Ao+x1 41+ +x444), let 2° = (29,...,29) € IntC, and let
us normalize the LMI representation by Ag + 29A; + -+ + mgAd = I. We restrict
the polynomial ¢ to a straight line through 20, i.e., for any 2 € R¢ we consider the
univariate polynomial q,(t) = q(2° + tx). Because of our normalization, we can
write

Gz (t) = det(I +t(x1 A1 + - + 2444)),

and since all the eigenvalues of the real symmetric matrix x1 A; + -+ + x4A4 are
real, we conclude that ¢, € R[¢] has only real zeroes.

A polynomial p € R[zq, ..., x4] is said to satisfy the real zero (RZ) condition
with respect to 2° € R, or to be a RZ,0 polynomial, if for all 2 € R¢ the univariate
polynomial p,(t) = p(x° + tx) has only real zeroes. It is clear that a divisor of a
RZ 0 polynomial is again a RZ,0 polynomial. We have thus arrived at the following
result of [28].

Theorem 1. If a convex set C with 2° € IntC admits a LMI representation, then C
s an algebraic interior whose minimal defining polynomial p is a RZ 0 polynomial.
(1) is a LMI representation of C (that is positive definite on IntC) if and only if
Ao+ 2941+ -+ 2954, > 0 and

det(Ap + 21 A1 + - - + z4Aq) = p(x)h(x),
where h € R[z1,...,z4] satisfies h > 0 on IntC.
2.2. The definition of a RZ,0 polynomial has a simple geometric meaning ([28,
Section 3]). Assume for simplicity that p is reduced (i.e., without multiple irre-

ducible factors) of degree m. Then p is a RZ,0o polynomial if and only if a general
straight line through 2° in R intersects the corresponding real affine hypersurface
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V,(R) (see (2)) in m distinct points. Alternatively, every straight line through z°
in the real projective space P4(R) intersects the projective closure Vp(R) of V,(R),

Vp(R) = {[X] € R?: P(X) =0}, (3)

in exactly m points counting multiplicities. Here we identify as usual the d-
dimensional real projective space P%(R) with the union of R? and of the hyperplane
at infinity Xy = 0, so that the affine coordinates x = (z1, ..., xq) and the projective
coordinates X = (Xg, X1,...,Xy) are related by x1 = X1/ Xy, ..., 24 = Xa/Xo;
we denote by [X] € P4(R) the point with the projective coordinates X ; and we let
P € R[Xp, X1,...,Xq4] be the homogenization of p,

P(Xo,Xl,...,Xd):Xénp(Xl/Xo,...,Xd/Xo). (4)
Notice that if X = (1,7) and X° = (1,2°),
P(X +5X°% = (s + 1)™p(zo + (s + 1)~z — 29)). (5)

It turns out that if p is a RZ,0 polynomial with p(z°) > 0, and if 2’ belongs to
the interior of the closure of the connected component of z° in {x € R?: p(z) > 0},
then p(z’) > 0 and p is also a RZ,s polynomial ([28, Section 5.3]). We call an
algebraic interior C whose minimal defining polynomial satisfies the RZ condition
with respect to one and then every point of Int C a rigidly convex algebraic interior.

As simple examples, we see that the circle {(x1,72): 22 + 23 < 1} is a rigidly
convex algebraic interior, while the “flat TV screen” {(z1,x2): x] +x3 < 1} is not.
Theorem 1 tells us that a necessary condition for C to admit a LMI representation
is that C is a rigidly convex algebraic interior, and the size n of the matrices in a
LMI representation is greater than or equal to the degree m of a minimal defining
polynomial p of C.

Rigidly convex algebraic interiors are always convex sets ([28, Section 5.3]).
They are also basic closed semialgebraic sets, as follows ([41, Remark 2.6] following
[50]). Let p be a minimal defining polynomial of a rigidly convex algebraic interior
C, of degree m, and let 2° € IntC. We set

dk
dsk
where P is the homogenization of p (see (4)) and X% = (1,z%); p
i’f,) is a RZ,0 polynomial

with p'*) (2°) > 0 for all K = 1,...,m — 1. The rigidly convex algebraic interiors

x

PP (x) P(X +sXY)| P (@) = PP (1,21, ..., 24), (6)

s=0"
i’f)) is called the

kth Renegar derivative of p with respect to z°. Then p

C*) containing #° with minimal defining polynomials pgz) (i.e., the closures of the
(k) (z) > 0}) are increasing: C = C(?) C

connected components of 20 in {z € R%: P,o

cWH c...cclm=1 and

C={zeR% p(x) > 0,p{(z) > 0,....p5% Y (z) > 0}. (7)

20
RZ polynomials can be also characterized by a very simple global topology of
the corresponding real projective hypersurface Vp(R) (see (3); readers who prefer
can assume that the corresponding real affine hypersurface V,(R) is compact in R?
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— this implies that the degree m of p is even — and replace in the following the real
projective space P4(R) by the affine space R?). We call W C P4(R) an ovaloid if W
is isotopic in P4(R) to a sphere S C R™ C P™(R), i.e., there is a homeomorphism
F of P4(R) with F(S) = W, and furthermore F is homotopic to the identity, i.e.,
there is a homeomorphism H of [0,1] x P4(R) such that H; = H|yxpar) is a
homeomorphism of P4(R) for every t, Hy = Idpa(g), and Hy = F. Notice that
P4(R) \ S consists of two connected components only one of which is contractible,
hence the same is true of P4(R) \ W; we call the contractible component the
interior of the ovaloid W, and the non-contractible component the exterior. We
call W C P4(R) a pseudo-hyperplane if W is isotopic in P4(R) to a (projective)
hyperplane H C P?(R). In the case d = 2 we say oval and pseudo-line instead of
ovaloid and pseudo-hyperplane. We then have the following result; we refer to [28,
Sections 5 and 7] for proof, discussion, and implications.

Proposition 2. Let p € R[z1,...,z4] be reduced of degree m and assume that the
corresponding real projective hypersurface Vp(R) is smooth. Then p satisfies RZ o
with p(z°) # 0 if and only if

a. if m = 2k is even, Vp(R) is a disjoint union of k ovaloids Wh, ..., Wy, with
W; contained in the interior of Wii1, i = 1,...,k — 1, and 2° lying in the
interior of Wy;

b. if m = 2k + 1 is odd, Vp(R) is a disjoint union of k ovaloids W1,..., W,

with W; contained in the interior of Wi 1, i =1,...,k — 1, and 2° lying in
the interior of W1, and a pseudo-hyperplane Wi1 contained in the exterior
Of Wk

Let us denote by Z the interior of W7y, let us normalize p by p(z°) > 0, and
let Hy, = {Xo = 0} be the hyperplane at infinity in P4(R). If Z N Hy, = 0, then
the closure of 7 in R? is a rigidly convex algebraic interior with a minimal defining
polynomial p. If ZNH o, # 0, then Z\ZN H, consists of two connected components,
the closure of each one of them in R? being a rigidly convex algebraic interior with
a minimal defining polynomial p (if m is even) or p for one component and —p for
the other component (if m is odd).

3. Determinantal representations of polynomials: some of the
known and of the unknown

3.1. The following is proved in [28, Section 5] (based on the results of [54] and
[4], see also [14]).

Theorem 3. Let p € R[x1,22] be a RZ,0 polynomial of degree m with p(z°) = 1.
Then there exist Ag, A1, Ay € SR™*™ with Ay + 29 A; +29As = I such that

det(Ao + 1A + $2A2) = p($) (8)
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We will review the proof of Theorem 3 given in [28] in Section 4 below,
and then present in Section 5 an alternate proof for positive self-adjoint (rather
than real symmetric) determinantal representations that avoids the transcendental
machinery of Jacobian varieties and theta functions (though it still involves, to a
certain extent, meromorphic differentials on a compact Riemann surface).

Theorem 3 tells us that a necessary and sufficient condition for C C R? to
admit a LMI representation is that C is a rigidly convex algebraic interior, and the
size of the matrices in a LMI representation can be taken equal to be the degree m
of a minimal defining polynomial p of C.

There can be no exact analogue of Theorem 3 for d > 2. Indeed, we have

Proposition 4. A general polynomial p € Clx1,...,z4] of degree m does not admit
a determinantal representation
det(Ag + 1 A1 + - +2444) = p(2), 9)

with Ag, Ay,...,Ag € C™*™_ for d > 3 and for d =3, m > 4.

Since for any fixed 20 € R? the set of RZ,0 polynomials of degree m with
p(x%) > 0 such that the corresponding real projective hypersurface Vp(R) is
smooth is an open subset of the vector space of polynomials over R of degree
m (see [28, Sections 5 and 7] following [44]), it follows that a general RZ 0 polyno-
mial p € R[x1,...,24) of degree m with p(2°) > 0 does not admit a determinantal
representation (9) with m x m matrices — even without requiring real symmetry or
positivity — for d > 3 and for d = 3, m > 4. (For the remaining cases when d = 3,
the case m = 2 is straightforward and the case m = 3 is treated in details in [§]
when the corresponding complex projective cubic surface Vp in P3(C) is smooth;
in both cases there are no positive real symmetric determinantal representations
of size m as in Theorem 3, but there are positive self-adjoint determinantal rep-
resentations of size m, i.e., representations (9) with m x m self-adjoint matrices
such that Ag + 29 A1 + 2942 + 2345 =1.)

Proposition 4 follows by a simple count of parameters, see [11]. It also follows
from Theorem 11 below using the Noether—Lefschetz theory [37, 22, 20], since for
a general homogeneous polynomial P € C[Xy, X1, ..., X4] of degree m with d > 3
or with d = 3, m > 4, the only line bundles on Vp are of the form Oy, (j) and
these obviously fail the conditions of the theorem.

The following is therefore the “best possible” generalization of Theorem 3 to
the case d > 2.

Conjecture 5. Letp € R[z1,...,x4) be a RZ 0 polynomial of degree m with p(z°)
1. Then there exists a RZ o polynomial h € R[z1,. .., x4) of degree £ with h(x®) =
and with the closure of the connected component of z° in {x € RY: h(x) > 0
containing the closure of the connected component of x° in {x € R%: p(z) > 0},
and Ag, A1,..., Ag € SR™" n >m+ £, with Ag + 29 A, +~-~+x2Ad =1, such
that

—— =

det(Ag + 1 A1 + - - + xqAq) = p(x)h(x). (10)
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Notice that is enough to require that h is a polynomial that is strictly positive
on the connected component of 2° in {x € R?: h(z) > 0}, since it then follows
from (10) that h is a RZ,0 polynomial with h(z°) = 1 and with the closure of the
connected component of ¥ in {z € R%: h(z) > 0} containing the closure of the
connected component of z° in {z € R%: p(z) > 0}.

Congjecture 5 tells us that a necessary and sufficient condition for C C R? to
admit a LMI representation is that C is a rigidly convex algebraic interior.

We can also homogenize (10),

det(XoAo + X141 + -+ Xq4aq) :P(X)fI(X), (11)

where H(X) = H(X)Xgy~™ " and P and H are the homogenizations of P and H
respectively (see (4)).

3.2. The easiest way to establish Conjecture 5 would be to try taking h = 1 in
(10) bringing us back to (9); in the homogeneous version, H = X5~™ in (11). This
was the form of the conjecture stated in [28]. It was given further credence by the
existence of real symmetric determinantal representations without the requirement
of positivity.

Theorem 6. Let p € Rlxy,...,x4). Then there exist Ao, A1, ..., Aq € SR™*™ for
some n > m such that p admits the determinantal representation (9).

Theorem 6 was first established in [27] using free noncommutative techniques.
More precisely, the method was to take a lifting of p to the free algebra and to ap-
ply results of noncommutative realization theory to first produce a determinantal
representation with Ag, Ay, ..., Ag € R™*™ and then to show that it is symmetriz-
able; see [27, Section 14] for details and references. An alternate proof of Theorem
(6) that uses more elementary arguments was given in [48]. As it turns out, de-
terminantal representations also appear naturally in algebraic complexity theory,
and a proof of Theorem (6) from this perspective was given in [19].

Unfortunately, the analogue of Theorem 6 for positive real symmetric (or
positive self-adjoint) determinantal representations fails. Counterexamples were
first established in [6], and subsequently in [43]. Indeed we have

Proposition 7. A general RZ,o polynomial p € Rlxy,...,zq4] of degree m with
p(2°) = 1 does not admit a determinantal representation (9), where Ag, Ay, ...,
Ay € HC™ ™ for some n > m with Ao + 2941 + -+ + 29544 = I, for any fized
m >4 and d large enough or for any fired d > 3 and m large enough.

Here “large enough” means that d®m? < (m;:d) — 1. We refer to [43, Section

3] for details and numerous examples of RZ polynomials that do not admit a

positive self-adjoint determinantal representation as in Proposition 7. One simple
example is

p=(a+1)2—a}—-—2} (12)

for d > 5 (for d = 4 this polynomial admits a positive self-adjoint determinantal

representation but does not admit a positive real symmetric determinantal repre-

sentation). The proofs are based on the fact that a positive self-adjoint (or real
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symmetric) determinantal representation of size n always contains, after a unitary
(or orthogonal) transformation of the matrices Ay, A1, ..., A4, a direct summand
Iy +210,_p +- -+ 240,_, — yielding a determinantal representation of size n’
— for relatively small n’: one can always take n’ < md and in many instances one
can actually take n’ = m, see [43, Theorems 2.4 and 2.7]. It would be interesting
to compare these results with the various general conditions for decomposability
of determinantal representations obtained in [33, 32].

3.3. The next easiest way to establish Conjecture 5 is to try taking h in (10) to
be a power of p, h = p" !, so that we are looking for a positive real symmetric
determinantal representation of p”,

det(Ao + $1A1 + -+ $dAd) = p($)r; (13)
in the homogeneous version, H = P"~1 - X7~ ™" in (11). If we do not require posi-
tivity or real symmetry, then at least for p irreducible, p” admits a determinantal
representation (13) with Ag, A1,..., Ag € C**" n = mr, for some r € N; this
follows by the theory of matrix factorizations [16], since pI, can be written as a
product of matrices with linear entries, see [2, 30] (and also the references in [43]).

As established in [6], the answer for positive real symmetric determinantal
representations is again no. Namely, let p be a polynomial of degree 4 in 8 variables
labeled x4, Ty, Tc, T4, T, Ty, Ter, Tqr, defined by

p=> [l@+. (14)

SEB(Vg) €S

where B(V3) is the set consisting of all 4-element subsets of {a,b,c,d,a’, v, ¢, d'}
except for

{a,d’,b,b'}, {b,V,c,c}, {c,c,d,d'}, {d,d' a,a’}, {a,d’,c,c}.

B(Vg) is the set of bases of a certain matroid Vg on the set {a,b,c,d,a’,v’,c',d'}
called the Vamos cube. Then

Theorem 8. p is RZ with respect to 0, and for all r € N, the polynomial p" does
not admit a determinantal representation (13) where Ag, A1, ..., Aq € SR™*™ for
some n > mr with Ag = I.

This follows since on the one hand, Vg is a half-plane property matroid, and
on the other hand, it is not representable over any field, more precisely its rank
function does not satisfy Ingleton inequalities. See [6, Section 3] for details. Notice
that it turns out that one can take without loss of generality n = mr in Theorem
8, see the paragraph following Proposition 7 above. Notice also that because of
the footnote on page 326, it does not matter here whether we are considering real
symmetric or self-adjoint determinantal representations.



334 V. Vinnikov

The polynomial (14) remains so far the only example of a RZ polynomial no
power of which admits a positive real symmetric determinantal representation?.
For instance, we have

Theorem 9. Letp € Rlxy,...,24] be a RZ,0 polynomial of degree 2 with p(x°) = 1.
Then there exists r € N and Ag, Ay, ..., Ag € SR™" n = mr, with Ay + 2{A; +
oo+ 2944 = I, such that p" admits the determinantal representation (13).

Theorem 9 has been established in [43] using Clifford algebra techniques.

More precisely, one associates to a polynomial p € R[z1, ..., z4] of degree m a uni-
tal *-algebra as follows. Let C(z1, ..., zq4) be the free *-algebra on d generators, i.e.,
Z1, - - -, zq are noncommuting self-adjoint indeterminates. For the homogenization
P of p, we can write
P(—x121 — -+ — 424, T1,- .., Tq) = Z qr(2)z",
k:EZ‘_f_, |k|=m

for some g € C(z1,...,24), where k = (k1,...,kq), |k| = k1 + -+ + kaq, and
k= x’fl ~-~x§d. We define the generalized Clifford algebra associated with p to

be the quotient of C(z1,...,z4) by the two-sided ideal generated by {qx}x/=m-
It can then be shown that at least if p is irreducible, p” admits a self-adjoint
determinantal representation (13) of size mr with Ag = I for some r € N if
and only if the generalized Clifford algebra associated with p admits a finite-
dimensional unital *-representation. In case m = 2 and p is an irreducible RZ
polynomial, the generalized Clifford algebra associated with p turns out to be
“almost” the usual Clifford algebra, yielding the proof of Theorem 9. For details
and references, see [43, Sections 4 and 5]. It would be interesting to investigate the
generalized Clifford algebra associated with the polynomial (14).3

A new obstruction to powers of p admitting a positive real symmetric determi-
nantal representation has been recently discovered in [42]. It is closely related to the
question of how to test a polynomial for the RZ condition, see [29]. For any monic
polynomial f € R[t] of degree m with zeroes A1, ..., Ap, let us define the matrix
H(f) = [hijl; jo1. o bY hij = 22:1 AF772: notice that hyj are actually polyno-
mials in the coefficients of f. H(f) is called the Hermite matrix of f, and it is pos-
itive semidefinite if and only if all the zeroes of f are real. Given p € Rz, ..., 4]
of degree m with p(x°) = 1, we now consider H(p,) where p,(t) = t"p(z° +t'x);
it is a polynomial matrix that we call the Hermite matriz of p with respect to
2% and denote H(p;2°). p is a RZ,0 polynomial if and only if H(p;z°)(z) > 0

2 Added in proof.

Peter Brandén noticed (see http://www-e.uni-magdeburg.de/ragc/talks/branden.pdf) that
one can use the symmetry of the polynomial (14) to produce from it a RZ polynomial in 4
variables no power of which admits a positive real symmetric determinantal representation.

3 Added in proof.

Tim Netzer recently reported (see http://www-e.uni-magdeburg.de/ragc/talks/netzer.pdf)
that for an irreducible RZy polynomial p with p(0) = 1, Conjecture 5 holds (with 2% = 0) if and
only if —1 is not a sum of hermitian squares in the generalized Clifford algebra associated with p.


http://www-e.uni-magdeburg.de/ragc/talks/branden.pdf
http://www-e.uni-magdeburg.de/ragc/talks/netzer.pdf
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for all 2 € R?. Now, it turns out that if there exists 7 € N such that p” admits
a determinantal representation (13) with Ag, A1,..., A4 € SR™*™ n = mr, and
Ao+ 2YA; + -+ 294, = I, then H(p;2°) can be factored: H(p;2z°) = QTQ
for some polynomial matrix @, i.e., H(p;2°) is a sum of squares. We notice that
H (p; z°) can be reduced by homogeneity to a polynomial matrix in d — 1 variables,
implying that the sum of squares decomposition (factorization) is not an obstruc-
tion in the case d = 2, but it is in the case d > 2. In particular, there is numerical
evidence that for the polynomial p of (14) the Hermite matrix (with respect to 0)
is not a sum of squares. We refer to [42] for details. It would be very interesting
to use these ideas in the case d = 2 to obtain a new proof of a weakened version
of Theorem 3 that gives a positive real symmetric determinantal representation of
p" (of size mr) for some r € N.

3.4. There have been so far no attempts to pursue Conjecture 5 with other choices
of h than 1 or a power of p. Two natural candidates are products of (not neces-
sarily distinct) linear forms (that are nonnegative on the closure of the connected
component of z° in {z € R%: p(z) > 0}), and products of powers of Renegar
derivatives of p with respect to 20 (see (6)).

Conjecture 5 is a reasonable generalization of Theorem 3 for the purposes of
LMI representations of convex sets (provided the solution gives a good hold of the
extra factor h and of the size n). It is less satisfactory as a means of describing
or generating RZ polynomials. The following alternative conjecture, that was pro-
posed informally by L. Gurvits, might be more useful for that purpose. It is based
on the fact that we have two systematic ways of generating RZ polynomials: pos-
itive real symmetric (or self-adjoint) determinantal representations and Renegar
derivatives.

Conjecture 10. Let p € Rxy,...,24] be a RZ,0 polynomial of degree m with
p(x®) = 1. Then there evist k € Zy, a RZ,0 polynomial q¢ € Rlx1,...,24] of
degree m + k such that p = qgg), and Ay, Ay,..., Ay € SROMFR)X(m+R) yyitp
Ao +28A; + -+ :EgAd =1, such that

det(Ao + 2141 + - +2qAa) = q().

4. Determinantal representations of homogeneous polynomials and
sheaves on projective hypersurfaces

The kernel of a determinantal representation of a homogeneous polynomial is a
sheaf on the corresponding projective hypersurface from which the representation
itself can be reconstructed. We consider here the ways to do so that use the duality
between the kernel and the left kernel; this gives the only known approaches to
the proof of Theorem 3. For a different way using the resolution of the kernel sheaf
see [5]; we refer also to the bibliography in [5, 32] and to [13, Chapter 4] and the
references therein for more about this old topic in algebraic geometry.
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4.1. Let P € C[Xo,X1,...,X4] (d > 1) be a reduced (i.e., without multiple
irreducible factors) homogeneous polynomial of degree m, and let

Vp ={[X]€C? P(X)=0} (15)

be the corresponding complex projective hypersurface. Notice that when P is a
polynomial over R, Vp is naturally endowed with an antiholomorphic involution 7
(the complex conjugation or the Galois action of Gal(C/R)) and the set of fixed
points of 7 is exactly the real projective hypersurface Vp(R) as in (3). Let

det(Xvo + XA+ -+ XdAd) = P(X),
A = (Ao

W3 le,9=1,..., m

eC™™ a=0,1,...,d, (16)
be a determinantal representation of P, and let

U:X0A0+X1A1+"'+XdAd, V= [V;j} =adjU, (17)

t,j=1,....m
where adjY denotes the adjoint matrix of a m x m matrix Y, i.e., the matrix
whose (i, j) entry is (—1)**/ times the determinant of the matrix obtained from Y
by removing the jth row and the ith column, so that Y -adjY = detY - I. Notice
that

detV = pm=1, (18)
adjV =Pm2.U. (19)

Notice also that using the formula for the differentiation of a determinant and row
expansion,

ap n
g Aa . 2
0X.. Z 1 Vi (20)
Lk=1
In particular, V(X) is not zero for a smooth point [X] of the hypersurface Vp, so
that V(X)) has rank 1 there and U(X) has rank m — 1.

4.2. We restrict our attention now to the case d = 2, i.e., Vp is a projective plane
curve. Let us assume for a starter that P is irreducible and that Vp is smooth — we
will explain how to relax this assumption in Section 4.7 below. Then we conclude
that £([X]) = ker U(X) is a one-dimensional subspace of C™ for all points [X]
on Vp, and these subspaces glue together to form a line bundle £ on Vp; more
precisely, L is a subbundle of the trivial rank m vector bundle Vp x C™ whose fiber
at the point [X] equals £([X]). It is convenient to twist and define & = L(m —1).
More algebraically, £ is determined by the exact sequence of sheaves on Vp

0— & — OF"(m —1) L OF™(m) — coker(U) — 0, (21)
where U denotes the operator of right multiplication by the matrix acting on
columns. The following are some of the properties of the kernel line bundle.

1. The determinantal representation is determined up to a natural equivalence
(multiplication on the left and on the right by constant invertible matrices)
by the isomorphism class of the line bundle £.
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2. The columns F; = [Vj;]._,  of the adjoint matrix V' form a basis for the

space H°(€,Vp) of global sections of £.
3. € satisfies h9(E(—1)) = R (E(-1)) = 0.
See [9, 53, 5] for details. By the Riemann—Roch theorem, £(—1) is a line bundle of
degree g — 1 on Vp (where g denotes the genus), and it is general in that it has no
global sections, i.e., it lies on the complement of the theta divisor in the Jacobian
of VP.

There is a similarly defined line bundle £, on Vp with fibres £,([X]) =
ker, U(X), where ker, denotes the left kernel of a matrix (a subspace of C1*™);
we set, analogously, £, = L¢(m —1). €, is defined by an exact sequence similar to
(21) except that U is now acting as the operator of left multiplication by the matrix
on rows. The rows G; = [Vij]j:1 _____ ., of the adjoint matrix V' form a basis for the
space HY(Ey,Vp) of global sections of £,. There is furthermore a nondegenerate
pairing € x £, — KKy, (2) (here ICy,, = Oy, (m — 3) is the canonical line bundle
on Vp), i.e., Ey(—1) is isomorphic to the Serre dual (E(—1))* @ Ky, of E(—1),
which is key to the reconstruction of the determinantal representation from the
corresponding line bundle.

Notice that if P is a polynomial over R and the determinantal representation
is self-adjoint then £, = £7, whereas if the determinantal representation is real
symmetric, then £, = €7 = £. (In fact, in the real symmetric case the line bundle
& is defined over R which is a somewhat stronger condition than €™ = £ but the
two actually coincide if Vp(R) # 0, see [54] and the references there.)

4.3. There are two ways to define the pairing € x £, — Ky, (2). One way, origi-
nating in multivariable operator theory and multidimensional system theory, sim-
ply pairs the right and left kernels of the matrix U(X) against appropriate lin-
ear combinations of the coefficient matrices Ay, A1, As; see [3]. This leads to
explicit formulae for the coefficient matrices in terms of theta functions, given
a line bundle £(—1) on Vp with h%(E(-1)) = hY(E(-1)) = 0, see [4, Theo-
rems 4.1 and 5.1]. It is obvious from these formulae that choosing £(—1) with
(E(-1)* @Ky, =2 E(-1)" = £(—-1) (i.e, E(—1) is a real theta characteristic
on Vp) yields a real symmetric determinantal representation (at least in the case
Vp(R) # (). [28, Section 4] verifies (using the tools developed in [54]) that in
case the dehomogenization p(z1,...,24) = P(1,x1,...,24) of the original poly-
nomial P is RZ, appropriate choices of £(—1) will yield a positive determinantal
representation (to be more precise, the positivity is “built in” [28, (4.1)—(4.3)]).
“Appropriate choices” means that the line bundle £(—1) of degree g — 1 (more
precisely, its image under the Abel-Jacobi map) has to belong to a certain distin-
guished real g-dimensional torus Ty in the Jacobian of Vp, see [54, Sections 3 and
4]; accidentally, this already forces £(—1) to be in the complement of the theta
divisor, i.e., the condition h°(E(—1)) = h'(E(—1)) = 0 becomes automatic. It is
interesting to notice that recent computational advances in theta functions on Rie-
mann surfaces make this approach possibly suitable for computational purposes,
see [47].
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4.4. Another way to define the pairing € x £, — Ky, (2) is more algebraic and
goes back to the classical paper [12]; it uses the adjoint matrix V of the determi-
nantal representation. This leads to the following construction of the determinantal
representation given a line bundle £(—1) on Vp with h°(E(—-1)) = h(E(-1)) = 0,
see [12, 53, 3]. Take bases {F1,..., Fi,} and {Gq,...,Gy,} for the spaces of global
sections of € and of &y, respectively, where £,(—1) := (E(—1))* ® Ky, is the
Serre dual. Then Vj; := (F},G;) is a global section of Ky, (2) =2 Oy,(m — 1),
hence a homogeneous polynomial in Xy, X1, X5 of degree m — 1. It can be shown
that the matrix V' = [V;]; .., , has rank 1 on Vp, implying that (18) holds,
up to a constant factor ¢, and that every entry of adjV is divisible by P™~2. We
can now define a matrix U of linear homogeneous forms by (19), and it will be
a determinantal representation of P, up to the constant factor ¢™!. It remains
only to show that the constant factor is not zero, i.e., that det V is not identically
zero. This follows by choosing the bases for the spaces of global sections adapted
to a straight line, so that V' becomes diagonal along that line, and uses essentially
the condition h°(€(—1)) = h1(E(-1)) = 0.

It is quite straightforward that if € satisfies (E(—1))* @ Ky, = (E(-1))" &
E(—1) we obtain a real symmetric determinantal representation (at least in the
case Vp(R) # (), since we really need € to be defined over R), whereas if (£(—1))*®
Ky, =2 E(—1)" we obtain a self-adjoint determinantal representation.

4.5. The above procedure can be written down more explicitly in terms of divisors
and linear systems. We recall that for a homogeneous polynomial F' € C[X,, X1,
Xs), the divisor (F') of F on Vp is the formal sum of the zeroes of F' on Vp with the
orders of the zeroes as coefficients (the order of the zero equals also the intersection
multiplicity of the curves Vg and Vp — here () can have multiple irreducible factors
so that the curve Vg can have multiple components, i.e., it may be a non-reduced
subscheme of P2 over C).

Let Q@ € C[Xp, X1, X2] be an auxiliary homogeneous polynomial of degree
m—1, together with a decomposition (Q) = D+ Dy, deg D = deg Dy = m(m—1)/2.
We assume that D and D, satisfy the condition that D — (L) or equivalently
Dy — (L) is not linearly equivalent to an effective divisor on Vp, where L is a linear
form.

Take a basis {V11,..., Viy1} of the vector space of homogeneous polynomials
of degree m — 1 that vanish on D, with Vj; = @, and a basis {Vi1,..., Vi, } of
the vector space of homogeneous polynomials of degree m — 1 that vanish on D,.
Write (Vi1) = D + Dy, and (Vi;) = D; + Dy, where D1 = D and Dy1 = Dy.
Define homogeneous polynomials V;; of degree m — 1 for ¢ > 1 and j > 1 by
(Vij) = Dj + Dyi. We then set V = [Vj;], . and obtain a determinantal
representation U of P by (19).

To be able to obtain a real symmetric determinantal representation of a
polynomial P over R, we need Vg to be a real contact curve of Vp, i.e., to be
defined by a polynomial @ over R and to have even intersection multiplicity at all
points of intersection (in this case D = D, is uniquely determined). To be able to
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obtain a self-adjoint determinantal representation we need Vg to be a real curve
that is contact to Vp at all real points of intersection (in this case the real points
of D and of Dy = D7 are uniquely determined whereas the non-real points can be
shuffled between the two).

4.6. Unlike the approach of Section 4.3, the approach of Sections 4.4—4.5 does not
produce directly the coefficient matrices of the determinantal representation, so it
is not clear a priori how to obtain a real symmetric or self-adjoint representation
that is positive. A delicate calculation with differentials carried out in [54, Sections
4-6] shows that this will happen exactly in case the original polynomial p is RZ
and £(—1) (more precisely, its image under the Abel-Jacobi map) belongs to the
distinguished real g-dimensional torus Ty in the Jacobian of Vp. We will obtain
a corresponding result in terms of the auxiliary curve Vg in Section 5 below by
elementary methods.

4.7. We consider now how to relax the assumption that Vp is irreducible and
smooth. A full analysis of determinantal representations for a general reduced
polynomial P involves torsion free sheaves of rank 1 on a possibly reducible and
singular curve; see [32] and the references therein. However one can get far enough
to obtain a full proof of Theorem 3 by considering a restricted class of determi-
nantal representations.

 Letw: 1~)p — Vp be the normalization or equivalently the desingularization.
Vp is a disjoint union of smooth complex projective curves (or compact Riemann
surfaces) corresponding to the irreducible factors of P (the irreducible components
of Vp) and

VAP \v=1((Vp)sing) * ﬁP \ V_l((VP)sing) — Vp \ (VP)sing

is a (biregular or complex analytic) isomorphism, where (Vp)sing denotes the set
of singular points of Vp. Let A € (Vp)sing; we assume that A lies in the affine
plane C? C P?(C) (otherwise we just choose different affine coordinates near \).
For every pn € v~ 1()) (i.e., for every branch of Vp at \), the differential

l/* dml o —I/* d$2
op/dxy ) Op/0x,

on ]7p has a pole at u; we denote the order of the pole by m,. We define
Ay = Z myp
neEVTL(A)
(the adjoint divisor of A), and
A= > A, (22)
)\G(Vp)sing

(the adjoint divisor, or the divisor of singularities, of Vp); see, e.g., [1, Appen-
dix A2].
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A determinantal representation U of P is called fully saturated (or Vp /Vp
saturated) if all the entries of the adjoint matrix V' vanish on the adjoint divisor:
(v*Vij) > A for all 4,j = 1,...,m. This is a somewhat stronger condition than
being a mazimal (or maximally generated) determinantal representation, which
means that for every A € (Vp)sing, dimker U(A) has the maximal possible dimen-
sion equal to the multiplicity of A on Vp. We refer to [32, 33| for details. If P
is reducible than a fully saturated determinantal representation always decom-
poses, up to equivalence, as a direct sum of determinantal representations of the
irreducible factors of P; hence we can assume that P is irreducible.

For a fully saturated determinantal representation U of P, we can define
a line bundle £ on Vp \ v ((Vp)sing) with fibres [,([ ]) = kerU(X) and then
extend it uniquely to all of Vp; we then define € = £L(m — 1)(—A), see [3] — here
Lm—1) = L®v*Oy,(m — 1). Alternatively, we can define £ = v*&, where
the sheaf £ on Vp is still deﬁned by (21), see [32]. We introduce similarly the left
kernel line bundle ;. Most of Sections 4.2-4.4 and 4.6 now carry over for a fully
saturated determinantal representation U of P and line bundles £ and € ¢ on Vp,
notice that the canonical line bundle on Vp is given by Ky, 2 v 0y, (m=3)(-A).

In Section 4.5, we have to take the auxiliary polynomial @ to vanish on
the adjoint divisor: (¢*Q) > A, with a decomposition (v*Q) = D + D, + A. We
then take a basis {V11, ..., Vin1} of the vector space of homogeneous polynomials of
degree m—1 that vanish on D and on the adjoint divisor, with V3; = @, and a basis
{Vi1,...,Vim} of the vector space of homogeneous polynomials of degree m — 1
that vanish on Dy and on the adjoint divisor; we write (V;1) = D + Dy ; + A and
(Vij) =Dj + D¢+ A, where Dy = D and Dy ; = Dy; and we define homogeneous
polynomials V;; of degree m — 1 for ¢ > 1 and j > 1 by (V;;) = D; + Dp; + A.

4.8. The recent work [32] extends the construction of the adjoint matrix of a
determinantal representation outlined in Section 4.4 to the most general higher-
dimensional situation. Let P = P/* --- P,* € C[Xo, X1, ..., X4], where Pi,..., Py
are (distinct) irreducible polynomials, and let

Vp = ProjC[Xo, X1, ..., Xa]/(P) (23)

be the corresponding closed subscheme of P™ over C; of course Vp is in general
highly non-reduced. Let U be a determinantal representation of P as in (16)—
(17); we define the kernel sheaf € on Vp by the exact sequence (21), as before. £
is a torsion-free sheaf on Vp of multirank (rq,...,7) (these notions have to be
somewhat carefully defined), and we have

R(E(-1) =h"HEQ-d) =0, R(EG)=0,i=1,....,d—2,j€Z (24)
Conversely,

Theorem 11. Let € be a torsion-free sheaf on Vp of multirank (r1,...,r) satis-
fying the vanishing conditions (24); then &€ is the kernel sheaf of a determmantal
representation of P.
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As in Section 4.4, Theorem 11 is proved by taking bases of H(€,Vp) and
of HO(E,Vp), Er = E" @ wy,(d) (here wy, = Oy, (m —d — 1) is the dualizing
sheaf), pairing these bases to construct a matrix V' of homogeneous polynomials
of degree m — 1, and then defining the determinantal representation U by (19);
there are quite a few technicalities, especially because the scheme is non-reduced.
For P a polynomial over R, the determinantal representation can be taken to be
self-adjoint if (and only if) €™ = £* ® wy, (d) where T is again the complex con-
jugation. It should be also possible to characterize real symmetric determinantal
representations. (Complex symmetric determinantal representations correspond to
= 5* ® Wyp (d))

Theorem 11 provides a new venue for pursuing Conjecture 5. To make it
effective requires progress in two directions:

1. Given a reduced homogeneous polynomial P, characterize large classes of
homogeneous polynomials H such that the scheme V5 admits torsion free
sheaves of correct multirank satisfying the vanishing conditions (24).

2. If pis RZ, characterize positive real symmetric or self-adjoint determinantal
representations of P in terms of the kernel sheaf €. This is interesting not
only for the general conjecture but also for special cases, compare the recent
paper [10] dealing with singular nodal quartic surfaces in P2. It could be that
the results of Section 5 below admit some kind of a generalization.

5. Interlacing RZ polynomials and positive self-adjoint
determinantal representations

5.1. Let p € Rz1,...,24] be a reduced (i.e., without multiple factors) RZ,o
polynomial of degree m with p(z°) # 0, and let P be the homogenization of
p (see (4)). Let Q € R[Xg, X1,...,X4] be a homogeneous polynomial of degree
m — 1 that is relatively prime with P. We say that @ interlaces P if for a general
X € R there is a zero of the univariate polynomial Q(X + sX°) in the open
interval between any two zeroes of the univariate polynomial P(X + sX°), where
X0 = (1,2°). Alternatively, for any X € RI*!

51 <) <s9< <51 < 8h 1 < S, (25)

where s1,...,s, are the zeroes of P(X + sX°) and s,...,s!, , are zeroes of
Q(X +5X?), counting multiplicities. Notice (see (5)) that we can consider instead
the zeroes of the univariate polynomials p,(t) = t"p(xo + t~'x) and () =
tm=1G(xo +t'x) for a general or for any x € R?, where §(z) = Q(1, 1, ...,24). It
follows that G is a RZ,0 polynomial with §(z°) # 0, and (upon normalizing p(2°) >
0, G(z°) > 0) the closure of the connected component of 2° in {z € R¢: §(x) > 0}
contains the closure of the connected component of z° in {z € R%: p(x) > 0}. The
degree of ¢ is either m — 1 (in which case @ is the homogenization of §) or m — 2
(in which case @ is the homogenization of ¢ times Xj).

Geometrically, let £ be a general straight line through [X°] in P4(R). Then Q
interlaces P if and only if any there is an intersection of £ with the real projective
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hypersurface Vg(R) in any open interval on £\ [X°] between two intersections
of £ with the real projective hypersurface Vp(R). If @ does not contain X, as a
factor, we can consider instead of £\ [X°] the two open rays £ starting at ° of
a general straight line through z° in R? and their intersections with the real affine
hypersurfaces V3(R) and V,(R).

An example of a polynomi?l) Q interlacing P is the first directional derivative
1

.o is the first Renegar derivative).

Pé(l)), see (6) (in this case § = p

It is not hard to see that (upon normalizing p(z°) > 0) the definition of
interlacing is independent of the choice of a point 2° in a rigidly convex algebraic
interior with a minimal defining polynomial p. In case the real projective hyper-
surfaces Vp(R) and Vg(R) are both smooth, the interlacing of polynomials simply
means the interlacing of ovaloids, see Proposition 2. More precisely, in this case @

interlaces P if and only if
a. If m =2k iseven and Vp(R) = Wi [[--- [ Wi and Vo(R) = W{ [ --[IW,
are the decompositions into connected components, then the ovaloid W/ is
contained in the “shell” obtained by removing the interior of the ovaloid W;

from the closure of the interior of the ovaloid W;yq, ¢ = 1,...,k — 1, and
the pseudo-hyperplane W) is contained in the closure of the exterior of the
ovaloid Wy;

b. If m = 2k + 1 is odd and Vp(R) = Wi ][I Wk ][] Wiks1 and Vo(R) =
W{TI--- 11 W/ are the decompositions into connected components, then the
ovaloid W/ is contained in the “shell” obtained by removing the interior of the
ovaloid W; from the closure of the interior of the ovaloid W;;1,i=1,...,k—1,
and the ovaloid W,é is contained in the closure of the exterior of the ovaloid W,

and the pseudo-hyperplane Wy is contained in the closure of the exterior
of WJ.

Interlacing can be tested via the Bezoutiant, similarly to testing the RZ
condition via the Hermite matrix. For polynomials f,g € R[t] with f of degree
m and g of degree at most m, we define the Bezoutiant of f and g, B(f,g) =
[bij]; j—1.....m» by the identity

m—1
090 = 160000 %2,

i,j=0
notice that the entries of B(f, g) are polynomials in the coefficients of f and of g.
The nullity of B(f, g) equals the number of common zeroes of f and of g (counting
multiplicities), and (assuming that the degree of g is at most m — 1), B(f,g) > 0
if and only if f has only real and distinct zeroes and there is a zero of g in the
open interval between any two zeroes of f; see, e.g., [34]. Given p € Rz, ..., 4]
a reduced polynomial of degree m with p(2°) # 0, with homogenization P, and
Q € R[Xo, X1,...,X4] a homogeneous polynomial of degree m — 1 that is rela-
tively prime with P, we now consider B(p., (fgc)7 where p,, ¢, are as before; it is a
polynomial matrix that we call the Bezoutiant of P and Q with respect to z° and
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denote B(P,Q;x°). We see that p is a RZ,0 polynomial and @ interlaces P if and
only if B(P,Q;x°)(z) > 0 for all z € R%.

5.2. Before stating and proving the main result of this section, we make some
preliminary observations.

Let P € C[Xy, X1,...,X4] be a reduced homogeneous polynomial of degree
m with the corresponding complex projective hypersurface Vp (see (15), and let U
be a determinantal representation of P with the adjoint matrix V" as in (17). Since
dimker U(X) = 1 for a general point [X] of any irreducible component of Vp,
the rows of V' are proportional along Vp and so are the columns. An immediate
consequence is that no element of V' can vanish along Vp: otherwise, because of
the proportionality of the rows, a whole row or a whole column of V' would vanish
along Vp, hence be divisible by P, hence be identically 0 (since all the elements
have degree m — 1 which is less than the degree of P), implying that detV is
identically 0, a contradiction. Another consequence is that every minor of order 2
in V, V33V — Vi; Vi, vanishes along Vp.

Lemma 12. Let Iy = [Vijl,_y .7 =1....,m, and G; = [Vy3],_, .1 =
1,...,m, be the columns and the rows of the adjomt matriz V, respectwely, let
X0 = (X8, X9,...,X9) € CHL\ {0}, and let

d
Po(X) = P(X +sX") ZXQ aX (26)

be the directional derivative. Then
GiU(X°) Fj = Vi Pio (27)
along Vp.

The result follows immediately by substituting (20) into (26) to calculate
the directional derivative in terms of the entries of the adjoint matrix and of the
coefficient matrices of the determinantal representation, and using the vanishing
of the minors of order 2 in V along Vp. A version of (27) was established in
[54, Corollary 5.8] in case d = 2 and Vp is smooth (the proof given there works
verbatim for fully saturated determinantal representations, see Section 4.7, when
Vp is possibly singular and/or reducible) using essentially the pairing between the
kernel and the left kernel alluded to in Section 4.3.

Assume now that the dehomogenization p(z1,...,zq4) = P(l,x1,...,24) is
a RZ,0 polynomial with p(x°) # 0, let X° = (1,2°), and let U be a self-adjoint
determinantal representation. Let £ be a straight line through [X°] in P4(R) in-
tersecting Vp(R) in m distinct points [X1],...,[X™]. Then we have

Lemma 13. U(X°) > 0 if and only if the compression of U(XY) to ker U(X?) is
positive definite for i =1,...,m

This is just a special case of [54, Proposition 5.5]: the statement there is for
d = 2 but the proof for general d is exactly the same (it amounts to restricting the
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determinantal representation U to the straight line £, and looking at the canonical
form of the resulting hermitian matrix pencil). We give a direct argument in our
situation.

Proof of Lemma 13. Choose X € R4+ 50 that £\ [X°] = {X — sX}ser. Then
X=X —-5X" where s;, i =1,...,m, are the zeroes of the univariate polynomial
P(X — sXY), i.e., the eigenvalues of the generalized eigenvalue problem

(U(X) = sU(X%))v=0.

The corresponding eigenspaces are precisely ker U(X?); since there are m distinct
eigenvalues, these eigenspaces span all of C™,

C™ =kerU(X")+---+kerUX™).

The lemma now follows since the different eigenspaces are orthogonal with respect
to U(X?): if v; € ker U(X?), v; € ker U(X7), i # j, then

siv;U(XO)vi = v;U(X)v; = s;v] (X%,
(since s; € R), implying that v}‘U(XO)vi =0 (since s; # s;). O

We notice that Lemma 13 remains true for non-reduced polynomials P pro-
vided the determinantal representation U is generically maximal (or generically
mazimally generated) [32]: if P = P/* --- P,*, where Py,..., P, are distinct irre-
ducible polynomials, this means that dimker U(X) = r; at a general point [X]
of Vp,, i = 1,...,k. Since positive self-adjoint determinantal representations are
always generically maximal, this may open the possibility of generalizing Theorem
14 below to the non-reduced setting.

Theorem 14. Let p € R[xy,...,z4] be an irreducible RZ 0 polynomial of degree m
with p(x) # 0, let P be the homogenization of p, and let X° = (1,2°). Let U be a
self-adjoint determinantal representation of P with adjoint matriz V, as in (17).
Then U(X") is either positive or negative definite if and only if the polynomial V;
interlaces P; here j is any integer between 1 and m.

Proof. The fact that U(X?) > 0 implies the interlacing follows immediately from
Cauchy’s interlace theorem for eigenvalues of Hermitian matrices, see, e.g., [31].
We provide a unified proof for both directions.

Let £ be a straight line through [X°] in P(R) intersecting Vp(R) in m
distinct points X', ..., X™ none of which is a zero of V;j. Lemma 12 implies that
for any [X] € Vp(R),

Fj(X)* U(X®) F3(X) = Pyo(X) Vi;(X).
Lemma 13 then shows that U(X") is positive or negative definite if and only if
P}, V;; has the same sign (positive or negative, respectively) at X* fori = 1,...,m.

Similarly to the proof of Lemma 13, let us choose X € R*! so that £\
[XO] = {X + sX}seR, so that X = X + 5,X°, where 51 < --- < s, are the
zeroes of the univariate polynomial P(X + sX?). It follows from Rolle’s Theorem
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d
that d P(X + sX") = P (X + sX") has exactly one zero in each open interval

s
(si,8i+1), @ = 1,...,m — 1, hence has opposite signs at s; and at s;1+1. Therefore
U(X?) is positive or negative definite if and only if V;;(X + sX°) has opposite
signs at s; and at s;11, i.e., if and only if V}; interlaces P. O

It would be interesting to find an analogue of Theorem 14 for other signatures
of a self-adjoint determinantal representation, similarly to [54, Section 5].

Combining Theorem 14 with the construction of determinantal representa-
tions that was sketched in Section 4.5 (see also Section 4.7 for the extension of the
construction to the singular case) then yields the following result.

Theorem 15. Let p € Rlzy, x2] be an irreducible RZ o0 polynomial of degree m with
p(x°) =1, let P be the homogenization of p, let v: ]7p — Vp be the desingulariza-
tion of the corresponding complex projective curve, and let A be the adjoint divisor
on Vp. Let Q € R[Xo, X1, X2] be a homogeneous polynomial of degree m — 1 that
interlaces P and that vanishes on the adjoint divisor: (v*Q) > A. Then there exist
Ag, A1, Ay € HC™*™ with A0+ZE(1)A1+$8A2 = I such that det(A0+£E1A1+$2A2) =
p(x) and such that the first principal minor of Ag+x1A1+x245 equals Q(1, x1,x2).

We emphasize that the determinantal representation Ag+x1 A1 +x2As is given
by an explicit algebraic construction starting with P and @. Theorem 15 implies a
version of Theorem 3 for positive self-adjoint determinantal representations since
there certainly exist interlacing polynomials vanishing on the adjoint divisor: we
can take the directional derivative Q = PI(,1 ) for any interior point 2’ of the rigidly
convex algebraic interior containing z° with a minimal defining polynomial p. The
two basic open questions here are:
1. “How many” positive self-adjoint determinantal representations does one ob-
tain starting with directional derivatives as above?
2. What other methods are there to produce interlacing polynomials (vanishing
on the adjoint divisor)?

Proof of Theorem 15. It is not hard to see that @ interlacing P implies that Vg
is contact to Vp at real points of intersection, and that we can write (v*Q) =
D+ D7 + A. It only remains to show that D — (L) is not linearly equivalent to an
effective divisor, where L is a linear form.

Notice that 7 lifts to an antiholomorphic involution on the desingularization
(this was already implied when we wrote, e.g., D7). Furthermore, the fact that p
is a RZ polynomial, implies that Vpisa compact real Riemann surface of dividing
type, i.e., Vp \ Vp(R) consists of two connected components interchanged by 7,
where ]}p(R) is the fixed point set of 7, see [54] and the references therein and
[28]. We orient IN)p(]R) as the boundary of one of these two connected components.

It is now convenient to change projective coordinates so that [X°] = [1,2")
becomes [0, 0, 1]. It is not hard to see that in the new coordinates, both the mero-
QL x1, w2)

morphic differential v*dx; and the function v* have constant sign (are

3]3/8;102
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either everywhere nonnegative or everywhere nonpositive) on ]}p(R). It follows
Q1 1, z2)dzy
Op/Oxa
[1, Appendix A2]) (w) = (Q) — A —2(Xo) = D+ D™ — 2(Xy). If there existed a
rational function f and an effective divisor E on Vp so that (f) + D — (Xo) = E,
we would have obtained that (fwf™) = E + E7, i.e., fwf" is a nonzero holo-
morphic differential that is everywhere nonnegative or everywhere nonpositive on
Vp(R), a contradiction since its integral over Vp(R) has to vanish by Cauchy’s
Theorem. O

that so is the meromorphic differential w = v* . We have (see, e.g.,

Notice that this proof is essentially an adaptation of [54, Proposition 4.2]
which is itself an adaptation of [15]; it would be interesting to find a more elemen-
tary argument.
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Some Analysable Instances of p-synthesis
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Abstract. I describe a verifiable criterion for the solvability of the 2x 2 spectral
Nevanlinna-Pick problem with two interpolation points, and likewise for three
other special cases of the p-synthesis problem. The problem is to construct an
analytic 2 x 2 matrix function F' on the unit disc subject to a finite number of
interpolation constraints and a bound on the cost function sup,cp p(F(X)),
where 1 is an instance of the structured singular value.
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secondary: 32F45, 30E05, 93B50, 47A57.
Keywords. Robust control, stabilization, analytic interpolation, symmetrized
bidisc, tetrablock, Carathéodory distance, Lempert function.

1. Introduction

It is a pleasure to be able to speak at a meeting in San Diego in honour of Bill
Helton, through whose early papers, especially [31], I first became interested in ap-
plications of operator theory to engineering. I shall discuss a problem of Heltonian
character: a hard problem in pure analysis, with immediate applications in control
engineering, which can be addressed by operator-theoretic methods. Furthermore,
the main advances I shall describe are based on some highly original ideas of Jim
Agler, so that San Diego is the ideal place for my talk.

The p-synthesis problem is an interpolation problem for analytic matrix func-
tions, a generalization of the classical problems of Nevanlinna-Pick, Carathéodory-
Fejér and Nehari. The symbol p denotes a type of cost function that generalizes
the operator and H*° norms, and the u-synthesis problem is to construct an ana-
lytic matrix function F' on the unit disc satisfying a finite number of interpolation
conditions and such that p(F' (X)) < 1 for |A| < 1. The precise definition of y is
in Section 4 below, but for most of the paper we need only a familiar special case
of p — the spectral radius of a square matrix A, which we denote by r(A).
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The purpose of this lecture is to present some cases of the p-synthesis problem
that are amenable to analysis. I shall summarize some results that are scattered
through a number of papers, mainly by Jim Agler and me but also several others
of my collaborators, without attempting to survey all the literature on the topic.
I shall also say a little about recent results of some specialists in several complex
variables which bear on the matter and may lead to progress on other instances
of p-synthesis.

Although the cases to be described here are too special to have significant
practical applications, they do throw some light on the u-synthesis problem. More
concretely, the results below could be used to provide test data for existing nu-
merical methods and to illuminate the phenomenon (known to engineers) of the
numerical instability of some p-synthesis problems.

We are interested in citeria for p-synthesis problems to be solvable. Here is an
example. We denote by D and T the open unit disc and the unit circle respectively
in the complex plane C.

Theorem 1. Let A1, Ao € D be distinct points, let W1, Wy be nonscalar 2x2 matrices
of spectral radius less than 1 and let s; = trWj, p; = det W for j = 1,2. The
following three statements are equivalent:

(1) there exists an analytic function F : D — C?*2 such that
FM)=Wi, F)=Wy and r(F(\) <1 forall A €D

AL — Ao
1— Ao\

(2) max (s2p1 — s1p2)w? + 2(p2 — p1)w + 51 — S2
(s1— §2p1)w2 —2(1 = p1p2)w + 52 — 8172

weT

J

S ‘

(3)

>0 forallweT.

(2~ wsi) (2 = ws;) — (2epi — ) (20p; s»] 2
1- X\

i,j=1

The paper is organised as follows. Section 2 contains the definition of the
spectral Nevanlinna-Pick problem, sketches the ideas that led to Theorem 1 —
reduction to the complex geommetry of the symmetrized bidisc G, the associated
“magic functions” @, and the calculation of the Carathéodory distance on G —
and fills in the final details of the proof of Theorem 1 using the results of [11].
It also discusses ill-conditioning and the possibility of generalization of Theorem
1. In Section 3 there is an analogous solvability criterion for a variant of the
spectral Nevanlinna-Pick problem in which the two interpolation points coalesce
(Theorem 10). In Section 4, besides the definition of u and p-synthesis, there is
some motivation and history. Important work by H. Bercovici, C. Foiag and A.
Tannenbaum is briefly described, as is Bill Helton’s alternative approach to robust
stabilization problems. In Section 5 we consider an instance of p-synthesis other
than the spectral radius. Here we can only obtain a solvability criterion in two
very special circumstances (Theorems 11 and 12). The paper concludes with some
speculations in Section 6.

We shall denote the closed unit disc in the complex plane by A.
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2. The spectral Nevanlinna-Pick problem

A particularly appealing special case of the u-synthesis problem is the spectral
Nevanlinna-Pick problem:

Problem SNP Given distinct points A1, ..., A, € D and kxk matrices Wy, ..., Wy,
construct an analytic k X k matriz function F' on D such that

F(/\j):Wj forj:l,...,n (1)

and
r(F(A\) <1 forall A €D. (2)

When k = 1 this is just the classical Nevanlinna-Pick problem, and it is well
known that a suitable F' exists if and only if a certain n x n matrix formed from
the A; and W is positive (this is Pick’s Theorem). We should very much like to
have a similarly elegant solvability criterion for the case that k > 1, but strenuous
efforts by numerous mathematicians over three decades have failed to find one.

About 15 years ago Jim Agler and I devised a new approach to the problem
in the case k = 2 based on operator theory and a dash of several complex variables
([5] to [13]). Since interpolation of the eigenvalues fails, how about interpolation of
the coefficients of the characteristic polynomials of the W, or in other words of the
elementary symmetric functions of the eigenvalues? This thought brought us to the
study of the complex geometry of a certain set I' C C2, defined below. By this route
we were able to analyse quite fully the simplest then-unsolved case of the spectral
Nevanlinna-Pick problem: the case n = k = 2. For the purpose of engineering
application this is a modest achievement, but it nevertheless constituted progress.
It had the merit of revealing some unsuspected intricacies of the problem, and may
yet lead to further discoveries.

2.1. The symmetrized bidisc T’

We introduce the notation
F={(z+w,zw):z,we A}, (3)
G={(z4+w,zw) : z,w € D}.

I' and G are called the closed and open symmetrized bidiscs respectively. Their
importance lies in their relation to the sets

5 E (4 eC?p(4) <1},
se A e 22 p(A) < 1}

> and its interior %¢ are sometines called “spectral unit balls”, though the termi-
nology is misleading since they are not remotely ball-like, being unbounded and
non-convex. Observe that, for a 2 x 2 matrix A,

A€ XY & the zeros of the polynomial A> — tr A\ 4 det A lie in A
StrA=z+w, det A= zw for some z, w € A.
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We thus have the following simple assertion.

Proposition 2. For any A € C?*?

A € X if and only if (tr A,det A) € T,
A € X if and only if (tr A,det A) € G.

Consequently, if F': D — ¥ is analytic and satisfies the equations (1) above,

where k = 2, then h et (tr F,det F) is an analytic map from D to ' satisfying the
interpolation conditions

h(A;) = (tr Wj,det Wj) for j =1,...,n. 4)

Let us assume that none of the target matrices W; is a scalar multiple of the
identity. On this hypothesis it is simple to show the converse [16] by similarity
transformation of the W, to companion form.

Proposition 3. Let \i,..., \, be distinct points in D and let Wq,..., W, be non-
scalar 2 x 2 matrices. There exists an analytic map F : D — C?*2 such that
equations (1) and (2) hold if and only if there exists an analytic map h : D — T’
that satisfies the conditions (4).

We have therefore (in the case k = 2) reduced the given analytic interpolation
problem for X-valued functions to one for I'-valued functions (the assumption on
the W; is harmless, since any constraint for which W is scalar may be removed
by the standard process of Schur reduction).

Why is it an advance to replace ¥ by I'? For one thing, of the two sets, the
geometry of I' is considerably the less rebarbative. X is an unbounded, non-smooth
4-complex-dimensional set with spikes shooting off to infinity in many directions. I
is somewhat better: it is compact and only 2-complex-dimensional, though I" too is
non-convex and not smoothly bounded. But the true reason that I' is amenable to
analysis is that there is a 1-parameter family of linear fractional functions, analytic
on G, that has special properties vis-a-vis I'. For w in the unit circle T we define

Dy (s,p) = ()

We use the variables s and p to suggest “sum” and “product”. The ®,, determine
G in the following sense.

2wp — s
2 —ws

Proposition 4. For every w € T, ®, maps G analytically into . Conversely, if
(s,p) € C? is such that |®,(s,p)| <1 for allw € T, then (s,p) € G.

Both statements can be derived from the identity
12—z —w? — 22w — 2z — w|* =2(1 — |2]*)[1 —w|* + 2(1 — |w]?)|1 — 2|

See [11, Theorem 2.1] for details.
There is an analogous statement for I', but there are some subtleties. For one
thing @,, is undefined at (20,0?) € I' when w € T.
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Proposition 5. For every w € T, ®, maps I'\ {(20,@%)} analytically into A.
Conversely, if (s,p) € C? is such that |®,(rs,m?p)| <1 for allw € T and 0 < r < 1
then (s,p) €T

In the second statement of the proposition the parameter r is needed: it does
not suffice that |®,(s,p)| < 1 for all w € T (in the case that p = 1 the last
statement is true if and only if s € R, whereas for (s,p) € I, of course |s| < 2).

We found the functions ®,, by applying Agler’s theory of families of operator
tuples [5, 6]. We studied the family F of commuting pairs of operators for which
' is a spectral set, and its dual cone F= (that is, the collection of hereditary
polynomials that are positive on F). Agler had previously done the analogous
analysis for the bidisc, and shown that the dual cone was generated by just two
hereditary polynomials; this led to his celebrated realization theorem for bounded
analytic functions on the bidisc. On incorporating symmetry into the analysis we
found that the cone F* had the 1-parameter family of generators 1 —®Y®,,, w € T.
From this fact many conclusions follow: see [13] for more on these ideas.

Operator theory played an essential role in our discovery of the functions ®,,.
Once they are known, however, the geometry of G and I' can be developed without
the use of operator theory.

2.2. A necessary condition

Suppose that F is a solution of the spectral Nevanlinna-Pick problem (1), (2) with
k = 2. Let us write s; = trWj, p; = detW; for j =1,...,n. For any w € T and
0 <t < 1 the composition

D 5 50 (259 g 2y
is an analytic self-map of D under which

2
2wt“p; — ts;

)\jn—><1>w(tsj,t2pj): forj=1,...,n.

2 — wts;
Thus, by Pick’s Theorem,
1— N el

On conjugating this matrix inequality by diag{2 — wts;} and letting o = tw we
obtain the following necessary condition for the solvability of a 2 x 2 spectral
Nevanlinna-Pick condition [5, Theorem 5.2].

Theorem 6. If there exists an analytic map F : D — X satisfying the equations
F\) =W, forj=1,...,n

and
r(F(A) <1 forallAeD
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then, for every a such that |a| <1,

n

(2— as,)(2 — as;) — ol (2ap; — ,)(2ap; — 5,)
1= i1
where
s; =tr Wj, p; =detW; forj=1,...,n.

In the case that the W; all have spectral radius strictly less than one, the
condition (7) holds for all @ € A if and only if it holds for all « € T, and hence
the condition only needs to be checked for a one-parameter pencil of matrices.
It is of course less simple than the classical Pick condition in that it comprises
an infinite collection of algebraic inequalities, but it is nevertheless checkable in

practice with the aid of standard numerical packages. Its major drawback is that
it is not sufficient for solvability of the 2 x 2 spectral Nevanlinna-Pick problem.

Example 7. Let 0 <7 < 1 and let

h(A)=<2(1_7~) A2 /\(/\3+r)>

L+7A37 1+47rX3
Let A1, A2, A3 be any three distinct points in D and let h()\;) = (s;,p;) for j =
1,2,3. We can prove [3] that, in any neighbourhood of (s1, s2, s3) in (2DD)3, there
exists a point (sq, s3,s3) such that (s},p;) € G, the Nevanlinna-Pick data

Aj e @u(sy,pg), J=1,2,3,
are solvable for all w € T, but the Nevanlinna-Pick data

Aj = @) (85,05), 7 =1,2,3,
are unsolvable for some Blaschke factor m. It follows that the interpolation data
Aj e (sh,pi), 3 =1,2,3,

satisfy the necessary condition of Theorem 6 for solvability, and yet there is no
analytic function h : D — T such that h()\;) = (s;.,pj) for j =1,2,3.
Hence, if we choose nonscalar 2 x 2 matrices Wy, Wy, W3 such that

(tI‘ Wj,det Wj) = (Sj,pj),

then the spectral Nevanlinna-Pick problem with data A\; — W, satisfies the nec-
essary condition of Theorem 6 and yet has no solution.

See also [22] for another example.
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2.3. Two points and two-by-two matrices

When n = k = 2 the condition in Theorem 6 is sufficient for the solvability of the
spectral Nevanlinna-Pick problem.

We shall now prove the main theorem from Section 1. Recall the statement:
Theorem 1.1. Let A1, Ay € D be distinct points, let Wy, Wy be nonscalar 2 x 2

matrices of spectral radius less than 1 and let s; = tr W, p; = det W for j =1,2.
The following three statements are equivalent:

(1) there exists an analytic function F : D — C?*2 such that
F(\) =Wn, F(A) =W,

and
r(F(\) <1 for all X € D

(2)

(s2p1 — s1p2)w® + 2(p2 — p1)w + 51— 52 A= X2 |
max _ ) _ _ 1< < ; (8)
weT | (51 — 52p1)w? — 2(1 — p1P2)w + 52 — $1P2 1— 2o
(3) ,
(2 —wsi) (2 — wsj) — (2wps — s:1)(2wp; — s5) >0 (9)
1= XA N
3,7=1

for allw € T.

The proof depends on some elementary notions from the theory of invariant
distances. A good source for the general theory is [35], but here we only need the
following rudiments.

We denote by d the pseudohyperbolic distance on the unit disc D:

A1 — A2
d(A1,Ae) = . for A1, A2 € D.
(A1, A2) ’1_/\2/\1 OI' A1, A2
For any domain Q € C" we define the Lempert function dg : Q x Q — RT by
(59(21, 2’2) = inf d()\l, )\2) (10)

over all A1, Ay € D such that there exists an analytic map h : D — € such that
h(\1) = z1 and h(\2) = 2o. We define! the Carathéodory distance Cq : QxQ — RT
by

Cal(z1,22) = supd(f(z1), f(22)) (11)
over all analytic maps f : Q — D. If Q is bounded then Cg is a metric on 2.

It is not hard to see (by the Schwarz-Pick Lemma) that Co < dq for any
domain 2. The two quantities Cq, dq are not always equal — the punctured disc
provides an example of inequality. The question of determining the domains € for
which Cq = dq is one of the concerns of invariant distance theory.

1Conventionally the definition of the Carathéodory distance contains a tanh™! on the right-hand
side of (11). For present purposes it is convenient to omit the tanh ™1,
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Proof. Let zj = (sj,p;) € G.

(1)<(2) In view of Proposition 3 we must show that the inequality (8) is equivalent
to the existence of an analytic h : D — T" such that h();) = z; for j = 1,2. By
definition of the Lempert function dg, such an h exists if and only if

5(;(2’1, 22) S d(Zl, Zz).

By [11, Corollary 5.7] we have dg = Cg, and by [11, Theorem 1.1 and Corollary 3.4],

Ce (21, 22) = max d(@u (1), Ba(22)) (12)
. (s2p1 — s1p2)w? + 2(p2 — p1)w + s1 — S2
= max

weT | (51— Fap1)w? — 2(1 — prp2)w + 52 — s1p2 |
Thus the desired function h exists if and only if the inequality (8) holds.
(2)<(3) By equation (12), the inequality (8) is equivalent to
d(Dy,(21), Pu(22)) < d(A1,A2)  for allw e T.

By the Schwarz-Pick Lemma, this inequality holds if and only if, for all w € T,
there exists a function f,, in the Schur class such that f,(\;) = ®,(z;) for j = 1,2.
By Pick’s Theorem this in turn is equivalent to the relation

1— By, (2:)®0(2) ]

i >0.
1— X -

ig=1
Conjugate by diag{2 — ws1,2 — wsa} to obtain (2)<(3). O

Remark 8. If one removes the hypothesis that W7, W5 be nonscalar from Theorem
1 one can still give a solvability criterion. If both of the W; are scalar matrices
then the problem reduces to a scalar Nevanlinna-Pick problem. If W; = ¢l and W5
is nonscalar then the corresponding spectral Nevanlinna-Pick problem is solvable
if and only if

(W — eI)(I — eWa) ™) < d(\i, Ao)

(see [7, Theorem 2.4]). This inequality can also be expressed as a somewhat cum-
bersome algebraic inequality in ¢, s2, p2 and d(A1, A2) [7, Theorem 2.5(2)].

2.4. Ill-conditioned problems

The results of the preceding subsection suggest that solvability of spectral Nevan-
linna-Pick problems depends on the derogatory structure of the target matrices —
that is, in the case of 2 x 2 matrices, on whether or not they are scalar matrices.
It is indeed so, and in consequence problems in which a target matrix is close to
scalar can be very ill-conditioned.

Example 9. [7, Example 2.3] Let 5 € D\ {0} and, for o € C let

me=[o 5] w4 ]
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Consider the spectral Nevanlinna-Pick problem with data 0 — Wi («a), 8 — Wa.
If @ = 0 then the problem is not solvable. If a # 0, however, by Proposition 3 the
problem is solvable if and only if there exists an analytic function f : D — I' such

that
£0) = 0.0 and (5 = % .

It may be checked [8] that

_(20=8)A A(A=5)
f(A)—< 1—-8) "7 1—&)

is such a function. Thus the problem has a solution F, for any « # 0. Consider
a sequence (a,) of nonzero complex numbers tending to zero: the functions F,
cannot be locally bounded, else they would have a cluster point, which would
solve the problem for o = 0. If « is, say, 1071%° then any numerical method for the
spectral Nevanlinna-Pick problem is liable to run into difficulty in this example.

2.5. Uniqueness and the construction of interpolating functions

Problem SNP never has a unique solution. If F' is a solution of Problem SNP then
so is P™LF P for any analytic function P : D — C*** such that P()\) is nonsingular
for every A € D and P(};) is a scalar matrix for each interpolation point A;. There
are always many such P that do not commute with F', save in the trivial case that
F is scalar. Nevertheless, the solution of the corresponding interpolation problem
for I' can be unique. Consider again the case n = k = 2 with Wy, W5 nonscalar.
By Theorem 1, the problem is solvable if and only if inequality (8) holds. In fact it
is solvable uniquely if and only if inequality (8) holds with equality. This amounts
to saying that each pair of distinct points of G lies on a unique complex geodesic
of G, which is true by [12, Theorem 0.3]. (An analytic function A : D — G is a
complex geodesic of G if h has an analytic left-inverse). Moreover, in this case the
unique analytic function h : D — G such that h(\;) = (sj,p;) for j = 1,2 can be
calculated explicitly as follows [11, Theorem 5.6].

Choose an wy € T such that the maximum on the left-hand side of (8) is
attained at wp. Since equality holds in (8), we have

d(q)wo (Zl)v q)wo (Z2)) = d()‘lv /\2)a

where z; = (s;,p;). Thus ®,, is a Carathéodory extremal function for the pair of
points z1, 29 in G. It is easy (for example, by Schur reduction) to find the unique
Blaschke product p of degree at most 2 such that

p(A) =p1, p(A2)=p2 and p(@o) = &p).
Define s by

wop(A) —

A
for A € D.
1 — wol or A €

s(A) =2

Then h % (s,p) is the required complex geodesic.
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Note that h is a rational function of degree at most 2. It can also be expressed
in the form of a realization: h(\) = (tr H(X),det H(\)) where H is a 2 x 2 function
in the Schur class given by

H(\) =D+ CAX1—A\N"'B

c g ] given by explicit formulae

for a suitable unitary 3 x 3 or 4 x 4 matrix {

(see [4], [12, Theorem 1.7]).

2.6. More points and bigger matrices

Our hope in addressing the case n = k = 2 of the spectral Nevanlinna-Pick problem
was of course that we could progress to the general case. Alas, we have not so far
managed to do so. We have some hope of giving a good solvability criterion for
the case k = 2, n = 3, but even the case n = 4 appears to be too complicated for
our present methods.

The case of two points and k x k matrices, for any k, looks at first sight more
promising. There is an obvious way to generalize the symmetrized bidisc: we define
the open symmetrized polydisc Gy to be the domain

Gr = {(01(2),...,0%(2)) : z € D*} c C*

where 0, denotes the elementary symmetric polynomial in z = (z',...,z¥) for
1 < m < k. Similarly one defines the closed symmetrized polydisc I'y. As in the
case k = 2, one can reduce Problem SNP to an interpolation problem for functions
from D to I'y under mild hypotheses on the target matrices W; (specifically, that
they be nonderogatory). However, the connection between Problem SNP and the
corresponding interpolation problems for I'y are more complicated for & > 2,
because there are more possibilities for the rational canonical forms of the target
matrices [37]. The analogues for I'y, of the ®,, were described by D.J. Ogle [39] and
subsequently other authors, e.g., [23, 29]. Ogle generalized to higher dimensions
the operator-theoretic method of [6] and thereby obtained a necessary condition
for solvability analogous to Theorem 6.

The solvability of Problem SNP when n = 2 is generically equivalent to the
inequality

0G,, (21, 22) < d(A1, A2)

where z; is the k-tuple of coefficients in the characteristic polynomial of W;. All
we need is an effective formula for dg, . It turns out that this is a much harder
problem for k& > 2. In particular, it is false that dg, = Cg, when k > 2. This
discovery [38] was disappointing, but not altogether surprising.

There is another type of solvability criterion for the 2 x 2 spectral Nevanlinna-
Pick problem with general n [10, 14], but it involves a search over a nonconvex
set, and so does not count for the purpose of this paper as an analytic solution of
the problem. Another paper on the topic is [24].

It is heartening that the study of the complex geometry and analysis of the
symmetrized polydisc has been taken up by a number of specialists in several
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complex variables, including G. Bharali, C. Costara, A. Edigarian, M. Jarnicki, L.
Kosinski, N. Nikolov, P. Pflug, P. Thomas and W. Zwonek. Between them they
have made many interesting discoveries about these and related domains. There
is every hope that some of their results will throw further light on the spectral
Nevanlinna-Pick problem.

3. The spectral Carathéodory-Fejér problem

This is the problem that arises from the spectral Nevanlinna-Pick problem when
the interpolation points coalesce at 0.

Problem SCF. Given k x k matrices Vo, Vi,...,Vy, find an analytic function F :
D — CF*k such that
FO0)=V; forj=0,....n (13)
and
r(F(A\) <1 forall A € D. (14)

This problem also can be converted to an interpolation problem for analytic
functions from D into I'y [34, Theorem 2.1], [37]. However, the resulting problem
is again hard when k > 2, and the only truly explicit solution we have is in the
case k =2,n =1 [34, Theorem 1.1].

Theorem 10. Let
Vi = [U::?]?,jﬂ form=0,1
and suppose that Vi is nonscalar. There exists an analytic function F : D — C2*2
such that
F)=Vy, F 0=V, and r(F\)<1foralXeD (15)
if and only if

(s1p0 — sop1)w? + 2wp1 — 1

_ _ _ 1 <1, 16
w?(s0 — Sopo) — 2w(1 — [po|?) + 30 — s0Po (16)

lw|=1
where

so =trVy, po = detVp,

0 1 1 0
—tr V; _ | Y11 Y12 V11 V12
S1 =1V, p1= 0 1 1 0
U1 V29 U1 U2g

The proof of this theorem in [34] again depends on the calculation in [11] of
the Carathéodory metric on G, but this time on the infinitesimal version cg of the
metric: the left-hand side of inequality (16) is the value of ¢g at (sg,po) in the
direction (s1,p1). This fact is [11, Corollary 4.4], but unfortunately there is an w
missing in the statement of Corollary 4.4. The proof shows that the correct formula
is as in (16). An important step is the proof that the infinitesimal Carathéodory
and Kobayashi metrics on G coincide.
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The ideas behind Theorem 10 can be used to find solutions of Problem SCEF":
see [34, Section 6]. The ideas can also be used to derive a necessary condition for
the spectral Carathéodory-Fejér problem (13), (14) in the case that n = 1 and
k > 2 [34, Theorem 4.1], but there is no reason to expect this condition to be
sufficient.

4. The structured singular value

The structured singular value of a matrix relative to a space of matrices was in-
troduced by J.C. Doyle and G. Stein in the early 1980s [25, 26] and was denoted
by p. It is a refinement of the usual operator norm of a matrix and is motivated
by the problem of the robust stabilization of a plant that is subject to structured
uncertainty. Initially, in the H°® approach to robustness, the uncertainty of a plant
was modelled by a meromorphic matrix function (on a disc or half-plane) that is
subject to an L°° bound but is otherwise completely unknown. The problem of the
simultaneous stabilization of the resulting collection of plant models could then be
reduced to some classical analysis and operator theory, notably to the far-reaching
results of Adamyan, Arov and Krein from the 1970s [30].

In practice one may have some structural information about the uncertainty
in a plant — for example, that certain entries are zero. By incorporating such
structural information one should be able to achieve a less conservative stabilizing
controller. The structured singular value was devised for this purpose. A good
account of these notions is in [27, Chapter 8]. Unfortunately, the behaviour of u
differs radically from that of the operator norm — for one thing, u is not in general
a norm at all, and none of the relevant classical theorems (such as Pick’s theorem)
or methods appear to extend to the corresponding questions for p. This provides
a challenge for mathematicians: we should help out our colleagues in engineering
by creating an AAK-type theory for p.

For any A € CF*¢ and any subspace E of C*** we define the structured
singular value pg(A4) by

/JEl(A) =inf{||X|: X € E, 1 — AX is singular} (17)
with the understanding that pg(A) =0 if 1 — AX is always nonsingular.

Two instances of the structured singular value are the operator norm |.||
(relative to the Euclidean norms on C¥ and C’) and the spectral radius r. If we
take E = C*** then we find that pg(A) = ||Al|. On the other hand, if & = ¢ and we
choose E to be the space of scalar multiples of the identity matrix, then pgp(A4) =
r(A). These two special us are in a sense extremal: it is always the case, for any
E, that ug(A) < ||A||. If k = ¢ and E contains the identity matrix, then pug(A) >
r(A). A comprehensive discussion of the properties of u can be found in [40].

Here is a formulation of the p-synthesis problem [26, 27].
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Given positive integers k,l, a subspace E of C*™** and analytic functions
A, B,C on D of types k x £,k x k and £ x £ respectively, construct an analytic
function F : D — CF*¢ of the form

F=A+BQC for some analytic —Q : D — CF** (18)

such that
ue(F(N) <1  forall XeD. (19)

The condition (18), that F' be expressible in the form A + BQC for some
analytic @), can be regarded as an interpolation condition on F'. In the event that
k = £, B is the scalar polynomial

BO) == A) e (A=)

with distinct zeros A\; € D and C' is constant and equal to the identity, then F' is
expressible in the form A 4+ BQC if and only if

F(/\l) = A()\l)v“'vF()\n) = A(/\n)

With this choice of B and C, if we take E to be the space of scalar matrices, we
obtain precisely the spectral Nevanlinna-Pick problem. If we now replace B by the
polynomial A", we get the spectral Carathéodory-Fejér problem.

In engineering applications p-synthesis problems arise after some analysis is
carried out on the plant model to produce the A, B and C in condition (18), and
the resulting B and C' will not usually be scalar functions. Nevertheless, explicit
pointwise interpolation conditions provide a class of easily-formulated test cases,
and it is arguable that such problems are the hardest cases of p-synthesis.

Conditions of the form (18) are said to be of model matching type [30].

The most sustained attempt to develop an AAK-type theory for the struc-
tured singular value in full generality is due to H. Bercovici, C. Foiag and A.
Tannenbaum ([15] to[21]). They have a far-reaching theory: inter alia they have
constructed many illuminating examples, found properties of extremal solutions
and obtained a type of solvability criterion for p-synthesis problems. The cri-
terion results from a combination of the Commutant Lifting Theorem with the
application of similarity transformations. To apply the criterion to a concrete
spectral Nevanlinna-Pick problem one must solve an optimization problem over
a high-dimensional unbounded and non-convex set. We can certainly hope that
this is not the last word on the subject of solvability. Despite the achievements of
Bercovici, Foiag and Tannenbaum, there is still plenty of room for further study
of p-synthesis.

One of their examples [18, Section 7, Example 5] exhibits an important fact
about the spectral Nevanlinna-Pick problem: diagonalization does not work. It
shows that diagonalization of the target matrices W; in Problem SNP by similarity
transformations, even when possible, does not help solve the problem. One could
hope that if the W} were diagonal one might be able to decouple the problem into
a series of scalar interpolation problems, but they show that such a hope is vain.
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Bill Helton himself, along with collaborators, has developed an alternative ap-
proach to the refinement of H> control; his viewpoint is set out in [32]. His part
in the introduction of the results of Adamyan, Arov, Krein and other operator-
theorists into robust control theory in the early 1980s is well known. He subse-
quently worked extensively (with Orlando Merino, Trent Walker and others) during
the 1990s on the more delicate optimization problems that arise from refinements
of the basic H* picture of modelling uncertainty. As in the p approach, the aim is
to incorporate more subtle specifications and robustness conditions into methods
for controller design. He developed a very flexible formulation of such problems as
optimization problems over spaces of vector-valued analytic functions on the disc,
and devised an algorithm for their numerical solution — see [33] and several other
papers. The authors proved convergence results and described numerical trials.
However, the spectral Nevanlinna-Pick problem cannot be satisfactorily treated
by the Helton scheme. Although it can be cast in the basic problem formulation
[32, Chapter 2], solution algorithms require smoothness properties (of the function
“I'”) which the spectral radius does not possess.

5. The next case of u

After the two extremes u = ||.|| g~ and p = r the next natural case to consider is
the one in which, in (17), k = ¢ and FE is the space Diag(k) of diagonal matrices.
For the rest of this section p will denote pipjag(2) and we shall study the following
problem:

Given distinct points A1, ..., A, € D and 2x2 matrices Wy, ..., Wy, construct
an analytic function F : D — C2*2 such that
F\) =W, forj=1,...,n (20)
and
w(F(A) <1 forall X € D. (21)

For the 2 x 2 spectral Nevanlinna-Pick problem we had some modest suc-
cess through reduction to an interpolation problem for I'-valued functions. In
the present case we tried an analogous approach, with still more modest success
[1, 2, 41]. The following result is [2, Theorem 9.4 and Remark 9.5(iii)].

Theorem 11. Let A\g € D, A # 0, let ( € C and let

le{gg}, WQ:{: ’H (22)

Suppose that |b| < |a| and let p = det Wy. There exists an analytic function F :
D — C?*2 such that

FM)=Wi, F)=Ws and p(FN) <1 forallreD (23)
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if and only if |p| <1 and

a— bp| + |lab — )
| e Pl <l ifC£0

[Aol* = (lal? + [b” + 2|ab — pl)|Xo|* +[pI* >0 if ¢=0.

The stars in the formula for W5 in (22) denote arbitrary complex numbers.

What is the analog of ' for this case of u? To determine whether a 2 x 2
matrix A = [a;;] satisfies r(4) < 1 one needs to know only the two numbers
tr A and det A; this fact means that the spectral Nevanlinna-Pick problem can
generically be reduced to an interpolation problem for I'. To determine whether
1(A) < 1 one needs to know the three numbers a1, as2,det A. This led us to
introduce a domain E which we call the tetrablock:

E={reC®:1-a'2—2*w+ 22w # 0 whenever |z| <1, |w| < 1}. (24)

Its closure is denoted by E. The name reflects the fact that the intersection of E
with R3 is a regular tetrahedron. The domain E is relevant because u(A) < 1 if
and only if (a11, ase,det A) € E. There exists a solution of the 2-point p-synthesis
problem (23) if and only if the corresponding interpolation problem for analytic
functions from D to E is solvable [2, Theorem 9.2], and accordingly the solvability
problem for this p-synthesis problem is equivalent to the calculation of the Lempert
function dg. As far as I know no one has yet computed ég for a general pair of
points of E, but we did calculate it in the case that one of the points is the origin
in C3, that is, we proved a Schwarz lemma for E. The result is Theorem 11.

Observe that ill-conditioning appears in this instance of p-synthesis too [2,
Remark 9.5(iv)]. If, in Theorem 11, a =b=p= é then there exists a solution F¢
of the problem if and only if

A>{ 2 if¢#£0
0] =

Sy C=0

Thus if :2,’ < |Ao] < \}2, the Fy are not locally bounded as ( — 0, and so are
sensitive to small changes in ¢ near 0.

The complex geometry of E has also proved to be of interest to researchers
in several complex variables. To my surprise, it was recently shown [28] that the
Lempert function and the Carathéodory distance on E coincide. This might be a
step on the way to the derivation of a formula for dg. It would suffice to compute
g in the case that one of the two points is of the form (0,0, A) for some A € [0,1),
since every point of E is the image of such a point under an automorphism of E
[41, Theorem 5.2].

The fourth and final special case of u-synthesis in this paper is the p-analog
of the 2 x 2 Carathéodory-Fejér problem:

Given 2 x 2 matrices Vy, . .., Vy, construct an analytic function F : D — C2x2
such that

F9(0) = Vj for j=0,...,n and p(F(X)<1 forall X eD.



366 N.J. Young

Again the problem can be reduced to an interpolation problem for E, but the
resulting problem has only been solved in an exceedingly special case.

Theorem 12. Let Vy, Vi be 2 X 2 matrices such that
_ 10 ¢
o-[a 5]
for some ¢ € C and Vi = [v;;] is nondiagonal. There exists an analytic function
F:D — C?*? such that

F0)=Vy,, F(0)=Vi, and u(FN)<1foralleD

if and only if
max{|vi1], [vaz|} + [Cva1| < 1.

This result follows from [41, Theorem 2.1].

6. Conclusion

Although p-analysis remains a useful tool, it is fair to say that p-synthesis, as a
major technique for robust control system design, has been something of a disap-
pointment up to now. The trouble is that the p-synthesis problem is difficult. It is
a highly non-convex problem. There do exist heuristic numerical methods for ad-
dressing particular p-synthesis problems, notably a Matlab toolbox [36] based on
the “DK algorithm” [27, Section 9.3], but there is no practical solvability criterion,
no fast algorithm nor any convergence theorem for any known algorithm. For these
reasons engineers have largely turned to other approaches to robust stabilization
over the past 20 years. If, however, a satisfactory analytic theory of the problem is
developed, engineers’ attention may well return to p-synthesis as a promising de-
sign tool. We are still far from having such a theory, but perhaps these special cases
and the interest of the several complex variables community may yet lead to one.
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