MATRIX ANALYSIS

ACM 204 / Caltech / Winter 2022

Prof. Joel A. Tropp



Typeset on August 22, 2022

Copyright ©2022. All rights reserved.

Cite as:

Joel A. Tropp, ACM 204: Matrix Analysis, Caltech CMS Lecture Notes 2022-01, Pasadena,
Winter 2022. doi:10.7907/nwsv-df59.

These lecture notes are composed using an adaptation of a template designed by
Mathias Legrand, licensed under CC BY-NC-SA 3.0.

Cover image: Sample paths of a randomized block Krylov method for estimating the
largest eigenvalue of a symmetric matrix.

Lecture images: Falling text in the style of The Matrix was created by Jamie Zawinski,
©1999-2003.


doi:10.7907/nwsv-df59
http://creativecommons.org/licenses/by-nc-sa/3.0/

Preface ... ... ... .. . . .. ... ix
Notation ... ... ... .. .. .. . . . .. ... xi
| lectures

1 TensorProducts ........................ ... . .......... 2
11 Tensor product: Motivation 2
1.2 The space of tensor products 4
13 Isomorphism to bilinear forms 5
1.4 Inner products 7
15 Theory of linear operators 8
1.6 Spectral theory 10
2 Multilinear Algebra. ... ......... ... ... ... L. 12
21 Multivariate tensor product 12
2.2 Permutations 14
23 Wedge products 16
2.4 Wedge operators 17
2.5 Spectral theory of wedge operators 18
2.6 Determinants 18
27 Symmetric tensor product 19
3 Majorization . ... ... ... ... ... 21
3.1 Majorization 21
3.2 Doubly stochastic matrices 24
33 T-transforms 25
3.4 Majorization and doubly stochastic matrices 27
3.5 The Schur—Horn theorem 28
4 Isotone Functions ................................... 30
4.1 Recap 30

4.2 Weyl majorant theorem 30



43
4.4

5.1

5.2
53
5.4
5.5

6.1

6.2
6.3
6.4
6.5

74

7.2
73
7.4

8.1

8.2
8.3
8.4
8.5

9.1

9.2
9.3
9.4

10

10.1

10.2
10.3
10.4

Isotonicity
Schur “convexity”

Birkhoffand von Neumann. . . ... ... ... . ... ...

Doubly stochastic matrices

The Birkhoff-von Neumann theorem

The Minkowski theorem on extreme points
Proof of Birkhoff theorem

The Richter trace theorem

Unitarily Invariant Norms . .................. ...

Symmetric gauge functions

Duality for symmetric gauge functions
Unitarily invariant norms

Characterization of unitarily invariant norms
Duality for unitarily invariant norms

Matrix Inequalities via Complex Analysis .........

Motivation: Real analysis is not always enough
The maximum modulus principle
Interpolation: The three-lines theorem
Example: Duality for Schatten norms

Uniform Smoothness and Convexity . . ......... ..

Convexity and smoothness

Uniform smoothness for Schatten norms
Application: Sum of independent random matrices
Proof: Scalar case

Proof: Matrix case

Additive Perturbation Theory . . .................

Variational principles

Weyl monotonicity principle

The Lidskii theorem
Consequences of Lidskii's theorem

Multiplicative Perturbation Theory ....... ... ...

Recap of Lidskii's theorem

The theorem of Li & Mathias
Ostrowski monotonicity

Proof of the Li—Mathias theorem

32
35

38

38
39
40
42
43

46
46
48
49
50

51

54
54
56
58
59

62
62
63
65
67
69

74
74
76
77
78

81
81
81
84
84



1"

1.1

1.2
1.3
1.4

12

1241

12.2
12.3
12.4
12.5
12.6

13

131
13.2
13.3

14

141

14.2
14.3
14.4
14.5

15

15.1

15.2
15.3
15.4
15.5
15.6

16
16.1
16.2
16.3
16.4
16.5

Perturbation of Eigenspaces . . . ........................ 87
Motivation 87
Principle angles between subspaces 88
Sylvester equations 90
Perturbation theory for eigenspaces 92
Positive LinearMaps ................ ... .. ... .. ... ... 95
Positive-semidefinite order 95
Positive linear maps 96
Examples of positive linear maps 96
Properties of positive linear maps 98
Convexity inequalities 99
Russo—Dye theorem 101
Matrix Monotonicity and Convexity ................... 104
Basic definitions and properties 104
Examples 105
The matrix Jensen inequality 108
Monotonicity: Differential Characterization .............. 112
Recap 12
Differential characterizations 12
Derivatives of standard matrix functions 14
Proof of Loewner’s theorem 17
Examples 118
Monotonicity: Integral Characterization ................. 120
Recap 120
Integral representations of matrix monotone functions 120
The geometric approach to Loewner’s theorem 123
Matrix monotone functions on the positive real line 125
Integral representations of matrix convex functions 128
Application: Matrix Jensen and Lyapunov inequalities 130
MatrixMeans . ........ ... ... ... .. .. ... 133
Scalar means 133
Matrix means 134
Representer functions for scalar means 138
Representation of matrix means 139

Matrix means from matrix representers 141



17 Quantum Relative Entropy . ........................... 147

1741 Entropy and relative entropy 147
17.2 Quantum entropy and quantum relative entropy 149
17.3 The matrix perspective transformation 150
17.4  Tensors and logarithms 152
17.5  Convexity of matrix trace functions 153
18  Positive-Definite Functions ........................... 156
18.1 Positive-definite kernels 156
18.2  Positive-definite functions 159
18.3  Examples of positive-definite functions 161
18.4  Bochner's theorem 164
19  Entrywise PSDPreservers . ............................ 170
1941 Families of kernels 170
19.2 Entrywise functions that preserve the psd property 173
19.3 Examples of entrywise psd preservers 175
19.4  Absolutely monotone and completely monotone functions 177
19.5  Vasudeva’s theorem 178
19.6  *Completely monotone functions 181
problem sets
1 Multilinear Algebra & Majorization . .. ............ ... ..., 186
2 Ul Norms & Variational Principles ...................... 190
3 Perturbation Theory & Positive Maps ................... 194
projects

Projects . . ... .. .. .. . ... 199

1 Hiai—KosakiMeans . ................................. 208
by Edoardo Calvello

1.1 A simple proof for the matrix arithmetic—geometric mean inequality 208
1.2 From scalar means to matrix means 209
13 A unified analysis of means for matrices 1
1.4 Norm inequalities 213

1.5 Conclusions 215



21

22
23
24
25

3.1

3.2
33
3.4

4.1

4.2
4.3
4.4

5.1

5.2
53
5.4

6.1

6.2
6.3
6.4
6.5
6.6

7.1

The Eigenvector-Eigenvalue Identity ............ ..

by Ruizhi Cao
Cauchy interlacing theorem
First-order perturbation theorem
Eigenvector—eigenvalue identity
Proof of the identity
Application

Bipartite Ramanujan Graphs . . ... ....... ... ... ...

by Nico Christianson
Bipartite Ramanujan graphs
Reductions
Interlacing polynomials and real stability
Proof of Theorem 3.13

The NC Grothendieck Problem . . ... ..... ... ... ...

by Ethan Epperly
Grothendieck’s inequality
The noncommutative Grothendieck problem
Noncommutative Grothendieck efficient rounding: Proof
Application: Robust PCA

Algebraic Riccati Equations . . . ....................

by Taylan Kargin
Motivation
Metric Geometry of Positive-Definite Cone
Stability of Matrices
Discrete Algebraic Riccati Equations

Hyperbolic Polynomials .........................

by Eitan Levin
Basic definitions and properties
Derivatives and multilinearization

Hyperbolic quadratics and Alexandrov’s mixed discriminant inequality
Semidefinite representability, and additive perturbation theory

Hyperbolicity and convexity of compositions
Euclidean structure

Matrix Laplace Transform Method . .. ........... ...

by Elvira Moreno
The Laplace transform method

227

227
229
232
235

238

238
240
242
244

248

248
250
252
256

263

263
265
267
268
269
271

274

274



7.2
7.3
7.4
7.5

8

8.1

8.2
8.3
8.4

9

9.1

9.2
9.3
9.4

Laplace transform tail bound for sums of random matrices
The matrix Chernoff bound

Application : Sparsification via random sampling
Conclusion

Operator-Valued Kernels .. ......................

by Nicholas H. Nelsen
Scalar kernels and reproducing kernel Hilbert space
Operator-valued kernels
Examples
Vector-valued Gaussian processes

Spectral Radius and Stability . ................. ...

by Jing Yu
System stability and spectral radius
Gersgorin disks
Bounding spectral radius
Notes

IV  back matter

Bibliography .. ... ... .. . ... .. ... ...

276
279
280
284

286

286
287
291
293

298

298
299
303
305



\ Preface

“The Matrix is everywhere. It is all around us. Even now in this very room.”

—Morpheus, The Matrix, 1999

Matrices are a foundational tool in the mathematical sciences, in statistics, in
engineering, and in computer science. The purpose of this course is to develop a
deeper understanding of matrices, their structure, and function using tools from linear
algebra, convexity theory, and analysis.

Course overview
The topics of this course vary from term to term, depending on the audience. This
term, we covered the following material:

* Basics of multilinear algebra

* Majorization and doubly stochastic matrices

e Symmetric and unitarily invariant norms

* Uniform smoothness of matrix spaces

* Complex interpolation methods for matrix inequalities

* Variational principles for eigenvalues

 Perturbation theory for eigenvalues

* Angles between subspaces and perturbation theory for eigenspaces
* Tensor products and matrix equations

* Positive and completely positive linear maps

* Matrix monotonicity and convexity

* Differentiation of standard matrix functions

* Loewner’s theorems on matrix monotone functions

* Matrix means

» Convexity of matrix trace functions

* Positive-definite functions and Bochner’s theorem

* Entrywise positivity preservers and Schoenberg’s theorem

The course had three optional problem sets, which helped to cement some of the
foundational material. The problem sets are attached to the notes.

The primary assignment was a project, where each student read some classic or
modern papers in matrix analysis and wrote a synthetic treatment of the material. A
selection of the projects is attached to the lecture notes.

Prerequisites

ACM 204 is designed for G2 and G3 students in the mathematical sciences. The
prerequisites for this course are differential and integral calculus (e.g., Caltech Ma 1ac),
ordinary differential equations (e.g., Ma 2), and intermediate linear algebra (e.g., Ma
1b and ACM 104). Exposure to linear analysis (e.g., CMS 107), functional analysis (e.g.,
ACM 105), and optimization theory (e.g., CMS 122) is also valuable.



Supplemental textbooks
There is no required textbook for the course. Some recent books that cover related
material include

* [Bhagy] Bhatia, Matrix Analysis, Springer, 1997.

e [Bhaoya] Bhatia, Perturbation Bounds for Matrix Eigenvalues, SIAM, 2007.

e [Bhao7yb] Bhatia, Positive-Definite Matrices, Princeton, 2007.

e [Car10] Carlen, Trace Inequalities and Quantum Entropy, 2010.

* [Hiaio] Hiai, Matrix Analysis: Matrix Monotone Functions, Matrix Means, and
Majorization, 2010.

* [HP14] Hiai & Petz, Introduction to Matrix Analysis and Applications, Springer,
2014.

* [Higo8] Higham, Functions of Matrices, SIAM, 2008.

e [HJ13] Horn & Johnson, Matrix Analysis, 2nd ed., Cambridge, 2013.

* [HJ94] Horn & Johnson, Topics in Matrix Analysis, Cambridge, 1994.

* [Katgs] Kato, Perturbation Theory for Linear Operators, 2nd ed., Springer, 1995.

* [MOA11] Marshall et al., Inequalities: Theory of Majorization and Its Applications,
and ed., Springer 2011.

Bhatia’s books [Bhag7; Bhao7b] are the primary sources for this course.

These notes

These lecture notes document ACM 204 as taught in Winter 2022, and they are primarily
intended as a reference for students who have taken the class. The notes are prepared
by student scribes with feedback from the instructor. The notes have been edited by
the instructor to try to correct his own failures of presentation. All remaining errors
and omissions are the fault of the instructor.

Please be aware that these notes reflect material presented in a classroom, rather
than a formal scholarly publication. In some places, the notes may lack appropriate
citations to the literature. There is no claim that the arrangement or presentation of
the material is primarily due to the instructor.

The notes also contain the projects of students who wished to share their work.
They received feedback and made revisions, but the projects have not been edited.
They represent the students’ individual work.
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\ Notation

I have selected notation that is common in the linear algebra and probability literature.

I have tried to been consistent in using the symbols that are presented below. There
are some minor variations in different lectures, including the letter that indicates the
dimension of a matrix and the indexing of sums. Scribes are expected to use this same
notation!

Set theory
The Pascal notation := and =: generates a definition. Sets without any particular
internal structure are denoted with sans serif capitals: A, B, E. Collections of sets are
written in a calligraphic font: 1, 9%, . The power set (that is, the collection containing
all subsets) of a set E is written as 9 (E).

The symbol 0 is reserved for the empty set. We use braces to denote a set. The
character € (or, rarely, 3) is the member-of relation. The set-builder notation

{xeA:P(x)}

carves out the (unique) set of elements that belong to a set A and that satisfy the
predicate P. Basic set operations include union (U), intersection (N), symmetric

difference (A), set difference (\), and the complement () with respect to a fixed set.

The relations C and D indicate set containment.
The natural numbers N := {1,2,3,...}. Ordered tuples and sequences are written
with parentheses, e.g.,

(a1,az,as,...,a,) or (ay, azas,...)
Alternative notations include things like (a; : i € N) or (a;);en or simply (a;).

Real analysis

We mainly work in the field R of real numbers, equipped with the absolute value
|-|. The extended real numbers R := R U {+co} are defined with the usual rules
of arithmetic and order. In particular, we instate the conventions that 0/0 = 0 and
0 - 00 = 0. We use the standard (American) notation for open and closed intervals;

e.g.,
(a,b) ={xeR:a<x<b} and [a,b] ={xeR:a<x<b}.

Occasionally, we may visit the rational field Q, and we very commonly use the complex
field C. The imaginary unit, i, is written in an upright font.

We use modern conventions for words describing order; these may be slightly
different from what you are used to. In this course, we enforce the definition that positive
means > 0 and negative means < 0. For example, the positive integers compose the set

Z. ={0,1,2,3,...} and the positive reals compose the set R, = {x € R : x > 0}.

When required, we may deploy the phrase strictly positive to mean > 0 and strictly
negative to mean < 0. Similarly, increasing means “never going down” and decreasing
means “never going up.”

I Warning: Positive means > 0! =



Xii

Linear algebra

We work in a real or complex linear space. The letters d and n (and occasionally
others) are used to denote the dimension of this space, which is always finite. For
example, we write R? or C". We may write [ to refer to either field, or we may omit
the field entirely if it is not important.

We use the delta notation for standard basis vectors: &; has a one in the ith
coordinate and zeros elsewhere. The vector 1 has ones in each entry. The dimension
of these vectors is determined by context.

The symbol * denotes the (conjugate) transpose of a vector or a matrix. In particular,
z* is the complex conjugate of a complex number z € C. We may also write T for the
ordinary transpose to emphasize that no conjugation is performed.

We equip F? with the standard inner product (x, y) := x*y. The inner product
generates the Euclidean norm ||x|? := (x, x).

We write Hg(F) for the real-linear space of d X d self-adjoint matrices with entries
in the field . Recall that a matrix is self-adjoint when A = A*. The symbols 0 and
I denote zero matrix and the identity matrix; their dimensions are determined by
context or by an explicit subscript.

We equip the space H; with the trace inner product (X, Y) := tr(XY), which
generates the Frobenius norm || X||2 := (X, X). The map tr(-) returns the trace of
a square matrix; the parentheses are often omitted. We instate the convention that
nonlinear functions bind before the trace.

The spectral theorem states that every self-adjoint matrix A € H,, admits a spectral
resolution:

m m
A= Zi:l AiP; where Zi:l P;=1, and Pl'Pj = 5ijPi-

Here, A4,..., A, are the distinct (real) eigenvalues of A. The range of the orthogonal
projector P; is the invariant subspace associated with A;. In this context, §;; is the
Kronecker delta.
The maps Amin () and Apax(¢) return the minimum and maximum eigenvalues of
a self-adjoint matrix. The ¢5 operator norm ||-|| of a self-adjoint matrix satisfies the
relation
Al = max{|/1maX(A)|r |/lmin<A)|} for A € Hy.

A self-adjoint matrix is positive semidefinite (psd) if its eigenvalues are nonnegative; a
self-adjoint matrix is positive definite (pd) if its eigenvalues are positive. The symbol <
refers to the psd order: A < H if and only if H — A is psd.

We can define a standard matrix function for a self-adjoint matrix using the spectral
resolution. For an interval | € R and for a function f : | = R,

A= Zzl Ai P; implies f(A) = Zz”; f(A) Pi.

Implicitly, we assume that the eigenvalues of the matrix A lie within the domain | of
the function f. When we apply a real function to a self-adjoint matrix, we are always
referring to the associated standard matrix function. In particular, we often encounter
powers, exponentials, and logarithms.

We write M, (F) for the linear space of n X n matrices over the field F. We also
define the linear space M™*" () of m X n matrices over the field F. We can extend
the trace inner-product and Frobenius norm to this setting:

(B, C) =tr(B*C) and |B||z:=(B, B) for A, B € M™".
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A square matrix Q € M, that satisfies Q*Q = I, is called orthogonal (resp. unitary)
in the real (resp. complex) case. A tall, rectangular matrix B € M"*" with n < m that
satisfies B*B = I, is called orthonormal; this terminology is common in the numerical
literature. More generally, a rectangular matrix B € M"™*" is called a partial isometry
if B*B is an orthogonal projector.

Every matrix B € M™*"([F) admits a singular value decomposition:

B=UXV* where U € F™™ and V e F™".

The matrices U and V are orthogonal (or unitary). The rectangular matrix X € F™*"

is diagonal, in the sense that the entries (X);; = O whenever i # j. The diagonal
entries of X are called singular values. They are conventionally arranged in decreasing
order and written with the following notation.

Omax(B) = 01(B) = 02(B) = -+ = 0+(B) = Oqin(B) where r := min{m, n}.

The symbol ||| always refers to the €5 operator norm; it returns the maximum singular
value of its argument.

We write lin(+) for the linear hull of a family of vectors. The operators range(-)
and null(-) extract the range and null space of a matrix. The operator ' extracts the
pseudoinverse.

Probability

The map P {-} returns the probability of an event. The operator [E[-] returns the
expectation of a random variable taking values in a linear space. We only include the
brackets when it is necessary for clarity, and we impose the convention that nonlinear
functions bind before the expectation.

The symbol ~ means “has the distribution.” We abbreviate (statistically) independent
and identically distributed (iid). Named distributions, such as NORMAL and UNIFORM,
are written with small capitals.

We say that a random vector x € " is centered when E[x] = 0. A random vector
is isotropic when E[xx*] = I,,. A random vector that is both centered and isotropic is
standardized.

An important property of the standard normal distribution, which we use heavily, is
the fact that it is rotationally invariant. If x ~ NorRMAL(0, I), then Qx is also standard
normal for every matrix Q that is orthogonal (in the real case) or unitary (in the
complex case).

Order notation
We sometimes use the familiar order notation from computer science. The symbol O(-)
refers to asymptotic equality. The symbol O(-) refers to an asymptotic upper bound.



O 00 N o0 i h W N =

[ T T T S T T T . T Y
© ©® N o0 n A W N = O

lectures

TensorProducts . ....................... 2
Multilinear Algebra ... ......... ... ... ... 12
Majorization . .............. ... .. ... 21
Isotone Functions . .................. .. 30
Birkhoff and von Neumann ..... ... .. .. 38
Unitarily Invariant Norms .. ..... ... .. .. 46

Matrix Inequalities via Complex Analysis .. 54

Uniform Smoothness and Convexity . ... .. 62
Additive Perturbation Theory . . .. ....... .. 74
Multiplicative Perturbation Theory ... ... .. 81
Perturbation of Eigenspaces . . .. .......... 87
Positive LinearMaps . ................... 95
Matrix Monotonicity and Convexity ...... 104

Monotonicity: Differential Characterization 112

Monotonicity: Integral Characterization ... 120

MatrixMeans ............... ... ....... 133
Quantum Relative Entropy . . . ........... 147
Positive-Definite Functions ............. 156

Entrywise PSD Preservers . . .. ........... 170



11

1.1.1

1.1.2

\ 1. Tensor Products

Date: 4 January 2022 Scribe: Rohit Dilip

In this lecture, we develop the theory of tensor products, which provides us with a way
to “multiply” vector spaces. We begin by discussing the axioms that such a construction
should satisfy; then we develop a rigorous way to implement these axioms. We show
that the tensor product of two Hilbert spaces is itself a Hilbert space, equipped with an
induced inner product. By developing an isomorphism with bilinear forms, we show
how to regard tensor products as matrices. Finally, we show that we can construct
linear operators on a tensor product space in a very natural way, and we develop their
spectral theory in a transparent way.

Tensor product: Motivation

We begin with some background and motivation.

Setting

Throughout this chapter, we will assume H is an 7-dimensional Hilbert space over a field
[ (either R or C). A Hilbert space is endowed with an inner product denoted by (-, -).
By convention, we assume the inner product is conjugate linear in the first coordinate
and linear in the second coordinate. We fix an orthonormal basis {e1, e, ..., e,}.
That is, (e}, ex) = 0j. Finally, we denote the space of linear operators acting on H
by £ (H). Since H is finite-dimensional, we can regard every element of £ (H) is as a
matrix with dimension dim(H).

Axioms for the tensor product

Vectors spaces admit scaling and addition, but we do not usually talk about how
to “multiply” two vectors together. Intuitively, this should be a fundamental binary
operation that distributes over addition, and it should return an object living in a larger
vector space. The latter condition can be understood via example: if we multiply two
sides of a rectangle to find its area, we understand that the product lives in a different
space because it has different units. This space is also larger in some sense than either
of the constituent spaces (i.e., 2D instead of 1D).

In this section, we enumerate the axioms that a reasonable interpretation of vector
“multiplication” might satisfy. We call this operation a tensor product.

Definition 1.1 (Tensor product: Axioms). The tensor product operation ® maps a pair of
vectors X, y € H to an object called the tensor product x ® y. We can add tensors
and scale them. The product should satisfy the following properties:

1. Additivity. The product should distribute across the addition operation. For

Agenda:

Tensor product: Motivation
Tensor product spaces
Bilinear forms

Theory of linear operators

AWM -

The Kronecker delta 6;; = 1 for all j,
while §;; = 0 when j # k.



Lecture 1: Tensor Products 3

all x, y, z € H, we require the following two equalities to hold.

(x+y)®z=x®z+yQz;
xQ(y+z2)=xy+x0®z.
2. Homogeneity. We would also like the product operation to behave well with

scalar multiplication in the field F of the Hilbert space. In particular, for all
X,y €H,

ax®y)=(ax) @y =xQ (ay) forala el

3. Interaction with the zero vector. The zero vector 0 is the identity operator over
addition; i.e., x + 0 = x for all x € H. We require that the tensor product
with zero to be absorbing. Thus, for vectors x, y € H,

¥x®0=080=00Qy.

4. Faithfulness. Finally, the tensor product should be faithful, i.e., multiplying
two nonzero vectors produces a nonzero vector. Put differently, for vectors
x,yeH ifx®y=0®0O0, then eitherx =0or y = 0.

In the next section, we will show that there is a construction that is consistent with
the tensor product axioms. First, let us consider some familiar binary vector operations
to see whether these satisfy our desired axioms of a tensor product.

Example 1.2 (Inner product). The inner product does not generally satisfy the axioms
of the tensor product. Consider the case where H = R2. Then the inner product for
vectors x and y is defined by

(x,y): (x,y) = x'y.

However, it is not faithful, since one can easily find vectors x and y that are not equal
to 0, but where (x, y) = 0. For instance, x = (1,1)" and y = (1,-1)". .

Example 1.3 (Schur product). The Schur product between vectors x and y in R” is

denoted by x © y and is defined by elementwise multiplication of the vectors x and y.

That is,

0:R"xR" - R";

O:(x,y) > (x;y;:i=1,...,n).
Similar to the inner product, the Schur product does not satisfy faithfulness. For
instance, when H = R2, one can pick x = (1,0)" and y = (0,1)". Their Hadamard
product is x ® y = (0,0)", but both vectors are nonzero. .
Example 1.4 (Outer product). We will denote the outer product between vectors x and y
in C" by x ® y, for reasons that will be clear in the following discussion. It is defined
by

®:C"'"xC" — C™",

®: (x,y) = xy" = (XiY))ily jor-
We can prove this by checking all four axioms for the tensor product.

1. Additivity. Since the outer product is a particular case of matrix multiplication

(between an n X 1 matrix and a 1 X n matrix) and matrix multiplication is
additive, the outer product is also additive.

The homogeneity property is
independent of the argument index
in the product; that is, there is no
conjugation of the field element a.

Intuitively, faithfulness guarantees
that for a fixed vector y, the mapping
X — X ® y is one-to-one.
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2. Homogeneity. Given a € C, homogeneity follows from explicitly constructing the
outer product using the indices:
x(ay)" = (x; ayp)ity jog = (@xiy))iy o
(ax)y’ = (aXiyj)ity jor

a(xyT) a(xi»J/j)?:Ljﬂ = (axi}/j);l:u:y

3. Interaction with zero. If either x or y is 0, then either x; = 0 for all i or y; = 0 for
all j. Then it must hold that

xy" = ()i = (0}, = 00

4. Faithfulness. If xy" = 0 (the matrix composed entirely of O elements), then
x;yj = 0for all i, j. Fix the index i = 1; then, either x; = 0 or x; # 0.

1. If x; # 0, then y; = O for all j, and y = 0. This satisfies faithfulness.
2. If x; = 0, then proceed to i = 2 and repeat this analysis.

After proceeding in this way, either y = 0, or x; = 0 for all i. In the latter case,
x = 0, and faithfulness is satisfied.

The outer product thus satisfies all four axioms of the tensor product. .

Exercise 1.5 (Extension to different spaces). Let H; and H; be finite-dimensional Hilbert
spaces, perhaps with different dimensions. Describe axioms for a tensor product
operation for vectors x € H; and y € Hs.

Exercise 1.6 (Extension to multiple arguments). Generalize the tensor product to a product
of k vectors from H. Hint: Each of the axioms in Definition 1.1 needs to be adjusted
slightly, but we should still be able to draw on our intuition from multiplying numbers
in C. For instance, when multiplying together a series of numbers x1, Xo, ..., Xk
in C, we expect homogeneity in every argument so that for a« € C, the product
Xy X Xaxj X o X Xp = @(xp X -+ X Xj X+ X Xx). How should we adjust the
other axioms so that we preserve our intuitions from the H = C case?

The space of tensor products

Having defined the tensor product operator ® as a binary operator following the
axioms in Definition 1.1, we will now show how to define the tensor product space, a
linear space that contains the tensor products. We know this is a reasonable object to
examine because the outer product is a valid tensor product, so there is at least one
case where this object exists.

We first define an elementary tensor to be an object of the form x ® y, where x and
y are in a vector space H. We then construct the linear space H ® H by taking all linear
combinations of elementary tensors. We agree that two tensors are the same if we can
reduce their difference to zero by repeatedly applying the axioms.

Mathematically, an element T € H ® H can be expressed as a sum of r € N
elementary tensors weighted by values a; € [F. That is,

.
T:Zizlaixi@)yi

where x; and y; are elements of H. This space is evidently closed under linear

Note that if we had used the
conjugate transpose in our definition
of the outer product, the outer
product would not satisfy
homogeneity, since

(ax)y* # x(ay)”
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combinations, since given tensors Ty = )/, @; X; ® y; and Ty = Zle Bixi®y;,
r P
N+ 7T = Zi:l Naixi®y; + ZFl 72Pjxj ®y;

max{r,p}
= Zi:l Lix;®y;,

where we have concatenated the two sums. Some intuition about non-elementary
tensors can be obtained by considering the specific case of an outer product, as in the
following example.

Example 1.7 (Elementary tensors). As a concrete example of a non-elementary tensor,
consider the standard orthonormal basis {81, 8} in R%. Two elementary tensors are

and 6, ® d, = 0 1

0 o}
where ® specifically references the outer product. Their sum is

61®61+62®62:l(1) ﬂ

In this way, we can view an elementary tensor as a rank-1 matrix, while a non-elementary
tensor is any higher rank matrix. .

However, clearly tensor decompositions are not unique. To impose uniqueness, we
define equivalence classes where two vectors in H ® H are equivalent if and only if
they are related by the axioms of vector multiplication, as can be seen through the
following example.

Example 1.8 (Non-uniqueness of representation). Take the vectors 61, 85, and 1 + é5 in
R2. Then the linear combination

1 0
(61+62)®(61+62)—61@62-62@62: [O 1:| (1.1)
is equal to the sum in the previous example, but has an ostensibly different representa-
tion. We can show that these representations are equivalent by using the axioms in
Definition 1.1 to distribute the sums in the first term of Equation (1.1) and simplify. =

Once these equivalence classes have been established, we can rigorously define a
tensor product space as follows.

Definition 1.9 (Tensor product space). Let H be a finite Hilbert space over a field [F.
The tensor product space H ® H is defined by all linear combinations of expressions
x ® y with x, y € H modulo the axioms presented in Section 1.1.2.

In summary: x®y is an expression formed from two vectors; taking linear combinations
of such expressions forms a new space, which is well defined if we impose equivalence
defined by the axioms in Section 1.1.2.

Exercise 1.10 (Extension to different spaces). Explain how to construct the tensor product
of two different finite-dimensional Hilbert spaces H; and H,.

Isomorphism to bilinear forms

Although we have completely defined a tensor product space, the preceding discussions
are somewhat abstract. In this section, we will present an alternate way to view a

One can view the tensor product as a
generalization of the outer product.
For the particular case of vectors in
C", the tensor product produces
matrices in C"™*".
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tensor product space by describing an isomorphism between tensor product spaces
and bilinear forms. This is particularly useful because bilinear forms are isomorphic to
matrices, so tensor products can be identified with matrices.

Bilinear forms
First, we need the machinery of bilinear forms.

Definition 1.11 (Bilinear forms). A bilinear form on a Hilbert space H is a scalar-valued
function B : H X H — [ that maps two arguments from H to a field [F and satisfies
the following properties.

1. For all x € H, the map B(x, -) is a linear functional on H.
2. For all y € H, the map B(-, y) is a linear functional on H.

We will denote the space of bilinear forms acting on H x H by Bil(H).

Bilinear forms can be viewed more concretely by noting their correspondence with
matrices.

Proposition 1.12 (Bilinear forms are isomorphic to matrices). The linear space Bil(H) is
isomorphic to M, (F).

Proof. Every matrix A € M, (F) has an associated bilinear form defined by
n
Ba(x,y) = Zi,j:l Xiaijyj = X' Ay.

Conversely, every bilinear form B on H has an associated matrix A defined by a;; =
B(e;, ej) fori,j =1,...,n. Abilinear form can thus be viewed as equivalent to a
matrix. .

This observation echoes a connection to tensor product spaces; the outer product
of two vectors is, after all, a matrix. This observation also provides a straightforward
way to see that the linear space Bil(H) of bilinear forms on H has dimension (dim H)?,
since this is the dimension of M, (F).

Connection to tensor product spaces

Having defined bilinear forms, we can present an alternate definition for tensor product
spaces.

Definition 113 (Tensor product space). The tensor product space H ® H is the algebraic
dual space of the space Bil(H) of bilinear forms.

Concretely, we identify each elementary tensor in H ® H as a linear functional on
Bil(H) via the following mapping:

X®y:B B(x,y).
This can be easily extended to all tensors by linearity as follows:
Zi QX ®Yy;: B Zi a; B(xi,yi).

Now, we must show that this construction satisfies the axioms in Definition 1.1.
In the following discussion,? let us consider bilinear forms B with underlying matrix
representations B.

1For brevity, we do not check every case for each axiom, but all the other cases follow similarly.

M, (F) is the linear space of n X n
matrices over the field [.

Recall that the algebraic dual space of
a linear space V is the space of all
linear functionals on V.
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1. Additivity. Additivity follows from the linearity of matrix—vector multiplication.
In particular, the mapping defined by (x + y) ® z acts on B to output

B(x+y,z)=(x"+y")Bz
=x'Bz+y'Bz
= B(x,z) + B(y, 2),

which corresponds to the mapping defined byx ® z+y ® z
2. Homogeneity. Homogeneity follows similarly to additivity. In particular, given a
mapping defined by ax ® y

B(ax,y) = ax"By
=x'B(ay)
= B(x, ay),

which is the mapping defined by x ® ay.
3. Interaction with zero. A zero vector in either argument will make terms like x" By
equal to 0, so
B(x,0) = B(0,y) = B(0,0) =0,

which implies that the mappings defined by x ® 0, and 0 ® y, and 0 ® 0 are all
identical.

4. Faithfulness. If x ® y = 0 ® 0, then every bilinear form is mapped to 0, since
0"BO0 = 0. The only way for every matrix to be mapped to 0 is if for x = 0 or for
y = 0; if x and y were both nonzero, I could always consider B = xy'; then

x'By =x"xy"y
= llxl*lyl? > o,

which would violate the assumption that the tensor maps all bilinear forms to
zero.

Example 1.14 (Matrix associations in ). If H ~ [, then the space of bilinear forms
Bil(H) ~ M,,(F), and H ® H = M, (FF). We can then identify x ® y with xy". Because
bilinear forms are isomorphic to matrices and tensors are isomorphic to the dual of the
space of bilinear forms, tensors are also isomorphic to matrices. .

Inner products

Since the constituent Hilbert spaces have an inner product, it is natural to want an
inner product that acts on vectors from the tensor product space and that interacts
well with the inner products of the underlying Hilbert spaces. We define such an inner
product as follows.

Definition 1.15 (Tensor inner product). Given two elementary tensors X1 ® X, and
Y1 ® ¥, let the inner product between the two elementary tensors be given by

(X1 ® X2, ¥, ®Yy) = (X1, Y1){X2,¥5)-

Extend to all tensors by (semi)linearity.
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Concretely, the inner product between two general tensors in H ® H is required to

obey
' () o (O 57 D) o ()
<Zi:1 aixll ®le ’Zj=1ﬁj.)’1 Y, >
r p N
- Zi=1 Zj:l a; fi(x1 ® X2,y ®Y,)
r p N
- Zi=1 Zj:l aiﬁj<x1’YI><x2) yZ>.

Exercise 1.16 (The tensor inner product is well-defined). Show that the tensor inner product
is well-defined. In this case, this means that two different representatives of the same
equivalence class (i.e., they are related by the axioms in Definition 1.1) should lead to
the same inner product.

Proposition 1.17 (Tensor orthonormal basis). Given an orthonormal basis {eq, e, ..., e,}
for H, the basis {e; ® e; : i,j = 1,...,n} is an orthonormal basis for H ® H. In
particular, the dimension of H ® H is (dim H)?2.

Proof. Using the tensor inner product, we note that
(e;®ej,e;®ej) =(e;e;)ej,ej)=1.
However, for indices k # i and [ # j,
(e;®ej,er®e;) = (e er)eje) =0,

using the orthonormality of the basis on H.

It remains to be shown that this basis is total; that is, there is no tensor linearly
independent from the span of basis vectors. For the finite-dimensional case, this
is straightforward. Any vector in H ® H can definitionally be expressed as a linear
combination of elementary tensors, which can then be decomposed into the underlying
bases. If @, B,y € Fand r € N then

Duaixiey; = ai (3 pepe (Y ver)
= D Dy ik e @ e

where we have applied Definition 1.1 to reduce all the terms to a linear combination
of elements from the tensor orthonormal basis. This shows that H ® H is in the span
of the set of elementary tensors. Every linear combination of elementary tensors is
trivially in H ® H, which completes the proof. [ |

Exercise 1.18 (The tensor orthonormal basis is complete). Repeat the previous proof of
completeness using the equivalence of tensor product spaces with bilinear forms. Hint:
Remember the correspondence between bilinear forms and matrices.

We will often choose to order the orthonormal basis lexicographically; that is, we
say e; ® ey precedes e;, ® e, if and only if j < m or j = m and k < n. In other
words, we sort by the first index, then the second).

Theory of linear operators

Having found that H ® H is a vector space in its own right, a natural further step is to
define linear operators acting on H ® H.
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Definition 1.19 (Elementary tensor operators). Given linear operators A, B € ¥ (H)
acting on H and vectors x, y € H, define a linear operator acting on H ® H by the
following action on the elementary tensor x ® y:

(A® B)(x ® y) = (Ax) ® (By).

We extend the action to a general tensor in H ® H by linearity; that is

(A® B) (Z;l a;ixX; ® yi) = Z::l a; (Ax) ® (By)

A general linear operator can be constructed as a sum of elementary linear operators.

This construction of linear operators interacts smoothly with familiar operations from
linear algebra. The following example on compositions of linear operators is quite
useful to derive further properties of tensored linear operators using properties of the
constituent operators.

Proposition 1.20 (Composition). Given linear operators A, B, C and D acting on a Hilbert
space H and vectors x, y € H, the composition of the linear operators A® B and C ® D
is given by (A ® B)(C ® D) = (AC) ® (BD).

Proof. By considering the action of linear operators on elementary tensors, we have
(A®B)(C®D)(x®y)=(A® B)((Cx) ® (Dy)) = (ACx) ® (BDy),
which implies that (A ® B)(C ® D) = (AC) ® (BD). [

Corollary 1.21 (Identity and inverses). The identity operator on H X H is given by I® I,
where I is the identity operator on the Hilbert space H. Furthermore, the inverse of an
elementary operator is given by (A ® B)™! = (A~} ® B™!) provided that both A and
B are invertible.

Proof. Use Proposition 1.20. |

We can also consider other operations familiar from linear algebra.
Proposition 1.22 (Adjoint). The adjoint of an elementary linear operator A ® B is given
by (A® B)* = A* ® B*.

Proof. Given vectors x;, y j € H, we can express the condition defining the adjoint as

(A®@B)(x1®y1), %28 y,) = (Ax1 ® By, X2 ® y,)
= (Ax1,%2)(By,, )
= (%1, A"%2)(y1, B"y;)
=(x1®y, (A" ®B")(x2® y,)).
Comparing the first and final lines, (A ® B)* = A* @ B*. [

As seen above, this construction of linear operators makes it obvious when a
tensored linear operator preserves properties of linear operators on the constituent
spaces. A particularly important property is persistence.

Proposition 1.23 (Persistence). For all A, B € £ (H), the following statements hold.

1. If A and B are self-adjoint, then A ® B is self-adjoint.
2. If A and B are unitary, then A ® B is unitary.

For the finite dimensional case, every
linear operator can of course be
described by a matrix.

Recall that the adjoint of a linear map
A on a Hilbert space H is the map A*
such that for all x, y € H, the
following is true:

(Ax,y) = (x,A"y).
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3. If A and B are normal, then A ® B is normal.
4. If A and B are positive semidefinite, then A ® B is positive semidefinite.

The converses do not necessarily hold.

Proof. As an example, let us prove the case for normal operators. If A, B are normal,
then
(A®B)(A®B)"' = (A®B)(A* ® B")
= (AA" ® BB")
=(A"A) ® (B"B)
=(A"® B")(A® B).

Therefore, A ® B is also normal. [ ]

Example 1.24 (Quantum computing). Quantum computers, devices that use properties
of quantum states to perform calculations, are studied using a circuit model where
each quantum gate acts on two qubits (the quantum equivalent of a bit). Formally, the
Hilbert space of a quantum circuit is the tensor product of the Hilbert spaces of all the
qubits. For physical reasons, only unitary operations are permitted in quantum circuits.
Because each two-qubit gate is a unitary operation, the unitary case of persistence
shows that the action on the entire space is also unitary. For further references, see
[NCoo]. .

Spectral theory

Results describing the spectra of linear operators are fundamentally important in linear
algebra, so it makes sense to ask about the eigenvalues of a linear operator acting on a
tensor product space. We can use the construction developed in the previous section to
easily answer this question.

Proposition 1.25 (Spectral Theory). If A € £ (H) has eigenvalues A1,...,1, € C and
associated eigenvectors U1, ..., U, € H, then A ® A has eigenvalues {1;1; : i,j =
1,..., n} with associated eigenvectors {u; ® u; :,i,j =1,...,n}.

Proof. We prove the expression for the eigenvalues using the Schur decomposition.

A®A=(QTQ") e (QTQ")
=(QeQ)(TeT)(Q2 Q)"

In moving from the first to the second line, we have applied the Schur decomposition.

The center term is an upper triangular matrix with diagonal elements {A;4; : i, j =
1,..., n} whose ordering is given by the lexicographic ordering of the orthonormal
basis for the tensor product space. Reading off these entries proves the result.

For the eigenvectors, we can simply note that

(A ®A)(uj @ Uy) = (Auj) ® (Aug) = /lj/lk(uj ® Ug),
which proves the result. u

A similar construction holds for singular values.

Proposition 1.26 (Singular value decomposition). If a linear operator A € ¥ (H) has a
singular value decomposition (SVD) given by A = UXZV*, where U and V are unitary
and X = diag(oy,...,0y), then the singular values of A ® A are {o;0; : i,j =
1,...,n}

Recall that a matrix A is normal if it
commutes with its conjugate
transpose; i.e., A*A = AA*.

The Schur decomposition expresses
an arbitrary complex square matrix A
as A = QT Q*, where Q is unitary
and T is an upper triangular matrix
whose diagonal entries are the
eigenvalues of A.
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Proof. The tensor operator A ® A can be written as

ARA=(UZV") @ (UZVY)
=(UU)(Z®X)(VeV),

which has the same form of the SVD. As the center term is diagonal, we can read off
the entries in lexicographic order to prove the result. |

The spectral decomposition and singular value decomposition therefore provide
a method to construct tensor operators based on relations to the underlying linear
operators with particular eigenvalues and eigenvectors.

Notes

Much of the material in the section is discussed briefly in [Bhagy, Chap. I]. The
book [Hal74] contains a more mathematical description of bilinear forms and tensor
products.
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\ 2. Multilinear Algebra

Date: 6 January 2022 Scribe: Edoardo Calvello

In the first lecture, we considered an arbitrary n-dimensional Hilbert space H
equipped with the semilinear inner product (-, -) and a distinguished orthonormal basis
(e1,...,ey,). We defined the bivariate tensor product space H ® H as the algebraic
dual of Bil(H), the space of bilinear forms taking H X H to [, and we characterized the
general form of its elements, called tensors. Extending the definition of & (H) to linear
operators on H ® H leads to the space £ (H ® H) of linear operators on tensors. We
developed a spectral theory for elementary tensor operators.

It is thus natural to ask whether these constructions can be extended to the
multivariate case. In this lecture, we introduce the k-variate multilinear functionals
as a mechanism to construct the k-fold tensor product space ®* H and develop the
relevant theory. Starting from the observation that the tensor product does not
commute, we consider the idea of summing over all permutations of the factors of the
product. After recalling some background material on permutations, we define the
antisymmetric tensor product, more briefly called the wedge product. It holds that
the associated wedge product space AF H forms a linear subspace of ®* H. Drawing
from our discussion on tensor product operators, this leads us to the theory of wedge
operators and their relationship to the determinant function. Finally, we mention the
symmetric tensor product and investigate its relation to the permanent.

Multivariate tensor product

In this section, we aim to extend the discussion on bivariate tensor products from the
previous chapter to the multivariate setting and develop the relevant theory.

Construction of multivariate tensor product

To extend the concept of a bilinear form to a higher-order product space, we appeal to
the following definition.

Definition 2.1 (k-variate multilinear functional). For k € N, a function B : H* > F
that is linear in each coordinate is called a multilinear functional. We denote by
ML (H) the space of k-variate multilinear functionals.

Starting from the algebraic dual of the space ML (H), denoted by (ML (H))*, we
define the k-fold tensor product space ®* H.

Definition 2.2 (Multivariate tensor product space). Given any Hilbert space H, we define
the k-fold tensor product space ®* H as the algebraic dual of the space MLy (H).
Indeed, we identify ®* H = (ML (H))*.

Let us next define a k-variate elementary tensor.

Agenda:

Multivariate tensor product
Permutations

Wedge products

Wedge operators

Spectral theory of wedge
operators

Determinants

7. Symmetric tensor product

VAWM -

o
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Definition 2.3 (k-variate elementary tensor). For any x1,...,X; € H, we call x; ®
-+ @ X\ a k-variate elementary tensor.

Following this definition, we can identify each elementary tensor with a linear
functional on the space MLk (H). Indeed, for any x1,...,x; € H, by defining the
action of X1 ® - - - ® x; on MLy (H) as

(x1®---®xg) (B) =B(x1,...,x;) forany B € MLi(H).

Thus, the elementary tensor X; ® - - - ® Xy determines a linear functional on ML (H).
For any x1,...,X; € H, we have that x; ® -+ ® X € ®%H. Now, since any
linear combination of linear functionals is a linear functional, it holds that any linear
combination of elementary tensors belongs to the space ®* H. The following proposition
completes the description of the k-fold tensor product space ®F H.

Proposition 2.4 (Multivariate tensors). Any element x € ®k H is a linear combination of
elementary tensors. We call an arbitrary element of ® H a k-variate tensor.

Exercise 2.5 (Multivariate tensors). Provide a proof for Proposition 2.4.

The space of multilinear functionals satisfies dim (ML (H)) = (dim(H))*. In the

finite-dimensional setting, the dual space has the same dimension. We may conclude
that dim (®F H) = (dim(H))*.

Inner product

Since H is a Hilbert space with the inner product (-, -), we can equip the k-fold tensor
product space ®* H with its own inner product (-, -) k.

Definition 2.6 (Inner product for multivariate tensor space). The inner product (-, ’>®k is
defined on elementary tensors in ®* H by

k
<xl®"'®xk’y1®"'®yk>®k = l_[l-:1<xiryi>’

for any xX1,..., X, ¥q,..., Y € H.

Exercise 2.7 (Tensor inner product). Verify that the function (-, -)g¢ as introduced in
Definition 2.6 is an inner product.

Indeed, this inner product can be extended to all tensors in ® H by linearity. Given
the inner product (-, -)g«, it is possible to find an orthonormal basis for the space ®F H.

Proposition 2.8 (Orthonormal basis for @ H). The set
(eil ®---®ej : ij =1,...,n; j= 1,...,](7)

forms an orthonormal basis for the space ® H.

Exercise 2.9 (Tensor orthonormal basis). Using the fact that (dim(H))* = n*, prove
Proposition 2.8.

Linear operators on multivariate tensor product
We can also introduce a k-fold tensor product operator as follows.
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Definition 2.10 (k-fold tensor product operator). Given A € ¥(H), we define the
(elementary) tensor product operator ®FA : @ H — ®F H via

(®FA) (x1® - ®x1) = (Ax1) ® - -~ ® (Axy),

for any x1,..., X, € H. We extend this definition to all tensors via linearity.

Similarly to the bivariate case, the k-fold tensor product operator ®*A possesses
the following important properties.

Proposition 2.1 (Tensor operator: Properties). Let A € £ (H). Let ®FA: ®"H — ®FHbe
the k-fold tensor product operator associated to A.

1. Composition. For any A, B € £ (H), it holds that @ (AB) = (®kA) (®kB).

2. Inverses. For any A € £ (H), we have (®kA)_1 =A™l

3. Adjoint. For any A € £ (H), it holds that (®kA)* = kA"

4. Persistence. If A € £ (H) is self-adjoint, unitary, normal, or positive semidefinite,
then ®* A inherits the respective property.

Exercise 2.12 (Tensor product operators). Provide a proof for Proposition 2.11.

Spectral theory

As in the previous chapter, it is possible to generalize to a spectral theory of k-fold
tensor product operators. We thus formulate the following two propositions.

Proposition 2.13 (Spectrum of k-fold tensor product operator). Let A € & (H), and let kA :
®*H — ®F H be the k-fold tensor product operator associated to A. The operator
®FA has eigenvalues (A; -+ A; : 1 <ij<n, j=1,...,k), where A1,..., 1, are
eigenvalues of the linear operator A.

Proof. As before, the proof of Proposition 2.13 follows directly from the Schur decom-
position of A. [ |

Proposition 2.14 (Singular values of k-fold tensor product operator). Let A € £ (H), and
let ®°A : ® H — ®*H be the k-fold tensor product operator associated to A.
The operator ®F A has singular values (Ui1 o 1<ij<n, j=1,..., k), where
oy, ..., 0y are singular values of the linear operator A.

Proof. The proof of Proposition 2.14 again follows directly from the singular value
decomposition of A. u

Exercise 2.15 (Tensor spectral theory). Elaborate on the details of the proofs of Propositions
2.13 and 2.14 by generalizing the arguments of Lecture 1 to the k-fold tensor product
case.

Permutations

Before continuing our discussion on multilinear algebra, we first outline some back-
ground material on permutations which will be of use when defining antisymmetric
and symmetric tensor products. We present the definition of a permutation as follows.

Note that it is sufficient to define the
action of the tensor product operator
on elementary tensors, as the
definition can be extended to general
tensors by linearity.
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Definition 2.16 (Permutation on k symbols). A bijective function 7 : {1,...,k} —
{1,..., k} is called a permutation on k symbols.

Exercise 2.17 (Counting permutations). Argue that there are k! permutations on k symbols.
We next provide two informative examples of permutations.

Example 2.18 (Some permutations). Both of the following functions 71, 75 : {1,2,3} —
{1, 2, 3} represent permutations.

1. Let 1 : {1,2,3} — {1, 2,3} be defined by the tableau
1 2 3
1 3 2

2. Let o : {1,2,3} — {1, 2,3} be defined by
1 2 3
2 31

Each map 4, 75 is a permutation on 3 symbols. .

We can define a particular type of permutation, known as a transposition.

Definition 2.19 (Transposition). A transposition is a permutation that interchanges
two symbols and maps all other symbols to themselves.

Example 2.20 (Transposition). Referring back to Example 2.18, we can observe that the
permutation 7, is a transposition, while 5 is not. .

We proceed by illustrating a well-known result regarding transpositions.

Theorem 2.21 (Representation of permutations by transpositions). Any permutation can
be expressed as a composition of transpositions.

Exercise 2.22 (*Transpositions). Sketch a proof for Theorem 2.21. Hint: For a more intuitive
argument, appeal to a “sorting” scheme. For a more group-theoretic argument, appeal
to the “cycle representation.” First, show that any permutation can be written as
a product of disjoint cycles, and then show that a product of disjoint cycles can be
expressed as a product of 2-cycles.

Furthermore, let us recall the following result.

Theorem 2.23 (Parity of a permutation). Fix a permutation 7. Either every repre-
sentation of 7 as a composition of transpositions contains an even number of
transpositions or else every representation of 7 as a composition of transpositions
contains an odd number of transpositions.

Exercise 2.24 (Parity). Provide a proof for Theorem 2.23.

A permutation is even when it is represented by an even number of transpositions,
and it is odd when it is represented by an odd number of transpositions. As a
consequence of Theorem 2.23, each permutation is either even or odd. Finally, we
define the signature of a permutation.

Definition 2.25 (Signature of a permutation). The signature &, of the a permutation 7
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is defined by
+1 if 7 is even,

Er =
-1 if mis odd.

It is important to note that Theorem 2.23 ensures that the signature of a permutation
is well-defined.

Wedge products

The fact that the tensor product does not commute leads to the observation that it may
be of interest to associate tensors whose factors are the same up to order. This can
be accomplished by summing over all permutations of the factors of the product. In
addition, it turns out to be fruitful to weight each term of the sum by the signature of
the corresponding permutation. This weighting confers to this so-defined product the
significant property of antisymmetry. Considering this idea of a weighted sum over
permutations leads to the definition of the wedge product.

Definition 2.26 (Wedge product). The wedge product x; A --- A x; of vectors
X1,...Xr € His defined as

1
X1 AN AX = ﬁznesk Er - Xz(1) ®-..®xn(k)r

where Si is the symmetric group consisting of all permutations on k symbols and
where €, denotes the signature of 7. As such, X1 A - -+ A X is clearly an element
of the space ®F H.

The purpose of the normalizing the wedge product by (k!)~'/ is to ensure that

the wedge product of orthonormal vectors yields a unit vector. We will turn to this
matter later when we introduce the inner product.

Example 2.27 (Wedge product for k = 2). When n = 1, the wedge product x Ay = 0
always. In case k = 2, the wedge product of x, y € H is the tensor

1

XAYy=—(xQy-yQ®x).
V2

When nn = 3 and F = R, the wedge product is equivalent with the well-known cross-

product. For general n and k = 2, one can find an analogy between the wedge product

and the skew part of a matrix. (Why?) .

We observe that the signature of the permutation in the summand makes the wedge
product antisymmetric. Indeed, for any i, j € {1,..., k} we have that

XIAAXA - AXA AXE ==X A AXjA - AX; A A X

Indeed, exchanging any two vectors introduces an additional transposition into each
permutation in Definition 2.26, which flips the signature. As a consequence, the wedge
product is also known as the antisymmetric tensor product.

The important observation above leads to the conclusion that if x; = x; for some
i #jin{l,...,k}, thenx; A--- A Xy = 0. Exchanging x; and x; does not change
the product, but flips its sign. Therefore, since this product is an element of a vector
space, X1 A --- Axg =0.

IngeneraL x ® y # y ® x!
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This statement has a remarkable generalization to the case in which (x1,...,xXy)
is a linearly dependent set.

Proposition 2.28 (Linear dependence and wedge product). The set (x1,...,Xx) is linearly
dependent if and only if X1 A --- A x; = 0.

Proof. Without loss of generality, by the linear dependence of the set, it is possible
to write x1 = Z;-sz a;x; for some ay, ..., a; € F. This means in particular that by
linearity,

k
x1/\--~/\xk:(ijzajxj)/\xz/\---/\xk

k
:ijzaj (Xj AXa A AX)
=0

The converse is true by a straightforward induction argument. [ |

Exercise 2.29 (Wedge: Linear dependence). Recalling that any permutation can be written
as a composition of transpositions, complete the induction argument in the proof of
Proposition 2.28.

We can now proceed by constructing the wedge product space.

Definition 2.30 (Wedge product space). We define the wedge product space A H by

/\kH:=lin{x1/\---/\xk:xieHandizl,...,k}.

As such, AF H is a linear subspace of the tensor product space ® H.

As a linear subspace of ®* H, the space A¥ H thus inherits the inner product (-, -) g,
from which it is possible to construct an orthonormal basis.

Proposition 2.31 (Orthonormal basis for Ak H). The set
(e Ao Nej :1<ip<--<ix<n

forms an orthonormal basis for the space A H.
Exercise 2.32 (Wedge: Orthonormal basis). Provide a proof for Proposition 2.31.

Since the orthonormal basis for the linear subspace AF H contains (Z) elements,
we conclude that dim (A¥ H) = (}). In particular, we have dim (A" H) = 1.

Wedge operators

We continue our discussion on wedge product spaces by introducing the wedge
operator.

Definition 2.33 (Wedge operator). Given A € £ (H), we define the (elementary)
wedge operator A¥A : AKH — A H via

(AR A) (21 A Axp) = (Ax1) A -+ A (Axg),

for any x1,...,xr € H. We extend to the wedge space by linearity.
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As such, we can identify the wedge operator AFA as the restriction of the tensor
operator ® A to the wedge product space AF H. Indeed, appealing to Definition 2.26
one can conclude that for any x1,..., X € H,

(& A)(x1,...,x1) = En(AXn(1) ® -+ ® (AXn(k))

1
ﬁ Znesk
= (Axq1) A -+ A (Axy)
= (AFA)(x1 A Axp),

where the last equality follows from Definition 2.33. The wedge product space AF H is
thus an invariant subspace of the operator ®* A. As a consequence, the wedge operator
AF A inherits all the properties of ®FA.

Proposition 2.34 (Wedge operator: Properties). Let A € % (H), andlet AKA : AKH — AFH
be the wedge operator associated to A.

1. Composition. For any A, B € £ (H), it holds that A¥(AB) = (A*A) (AFB).

2. Inverses. For any A € £ (H), we have (/\"A)_1 =AkA7L

3. Adjoint. For any A € % (H), it holds that (A¥A)" = AFA*.

4. Persistence. If A € £ (H) is self-adjoint, unitary, normal, or positive semidefinite,
then AFA inherits the respective property.

Proof. Proposition 2.34 is a straightforward consequence of the wedge space AFH
being an invariant subspace of the operator ®*A. |

Spectral theory of wedge operators

Much like in the case of the tensor product operator, it is possible to develop a spectral
theory of wedge product operators. We thus formulate the following two propositions.

Proposition 2.35 (Spectrum of wedge operators). Let A € £(H), and let A¥A : AFH —
AFH be the wedge operator associated to A. The operator AFA has eigenvalues
(Aiy -+ Aip 1 1< iy <--- <ix < n),where Ay, ..., A, are the eigenvalues of the linear
operator A.

Proof. As in the case of the tensor product operator, the proof of Proposition 2.35
follows directly from the Schur decomposition of A. This time, we use the fact that
the orthonormal basis for the wedge space consists of tensors e;, A --- A e;, with no
repeated indices. [ |

Proposition 2.36 (Singular values of wedge operators). Let A € £ (H), and let AkA
A¥H — A¥ H be the wedge operator associated to A. The operator AKA has singular
values ((T,-l o 1< < < £ n), where o1, ..., 0y, are the singular values
of the linear operator A.

Proof. As in the case of the tensor product operator, the proof the proof of Proposition
2.36 follows directly from the singular value decomposition of A. [

Determinants

In this section, we develop the theory of determinants of matrices as an instant
consequence of the theory of wedge products.
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Suppose that dim H = 7. Then we may identify the wedge operator A" A with the de-
terminant of A. Indeed, the operator A" A acts on the space A" H =1lin{e; A --- A ey},
which is a one-dimensional space. Recall that a linear operator on a one-dimensional
space acts by scalar multiplication. In particular, the operator A" A scales by its
own single eigenvalue, A, - - - A,, where A1, ..., A, are the eigenvalues of A. These
considerations lead us to the following definition of the determinant.

Definition 2.37 (Determinant). For any linear operator A € £ (H), the determinant of
A is defined as
det(A) ;= A"A=A1--- Ay,

where A4, ..., 1, are the eigenvalues of A.

With this definition, all properties of the determinant of a matrix follow. In
particular, considering & (H) = M,,(F), we have the following important result.

Proposition 2.38 (Properties of the determinant of a matrix). Given the space M, ([F), the
determinant has the following properties.

1. Multiplicativity. For any A, B € M, (F),
det(AB) = det(A) - det(B).

2. Multilinearity. The determinant is multilinear. Namely, letting A = [a1, ..., a,],
forany @ € Fand b; € F",

det([ay,... ,a-aj+bj,...,a,]) =
a-det([ay,...,aj,...,a,]) +det([as,..., bj,...,a,]),

forallj=1,...,n.
3. Antisymmetry. The determinant reverses the sign if two columns of its argument
are swapped. Namely, letting A = [a4,...,a,], foranyi,j € {1,...,n},

det([aq,...,ai,...,aj,...,a,]) = —det([a1,...,aj,...,ai,...,a,]).

4. Normalization. For the identity I € M, (IF), we have det(I) = 1.

Exercise 2.39 (Determinant). Using Definition 2.37, provide a proof for Proposition 2.38.

Finally, we note the following theorem.

Theorem 2.40 (Uniqueness of the determinant). The determinant is the unique function
from M, (F) to [ with the above properties of multiplicativity, multilinearity,
antisymmetry and normalization.

Proof. For a proof of this statement see the first chapter of [Art11]. [ |

2.7 Symmetric tensor product

We recall that the antisymmetry of the wedge product is given by weighing the sum
over all permutations by each permutation’s signature. We omit the signature to define
the symmetric tensor product.

This definition is a little abusive
because the wedge operator A" A is
actually a scalar operator al acting on
a one-dimensional subspace of ®" H.
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Definition 2.41 (Symmetric tensor product). The symmetric tensor productx; V- - - VX
of vectors x1,...Xx € H is defined as

X1V VXi = Xp(1) @ @ Xy(k)

1
ﬁ Znesk

where Sk is the symmetric group consisting of all permutations on k symbols. As
such, clearly x1 V - - - V X is an element of the space QF H.

Indeed, for any i, j € {1, ..., k} we have that
XV VXV VE Ve VX=X Vs VE Vs VXV VX,

hence the symmetry.
Similarly as for the wedge product, we can define the symmetric tensor product
space.

Exercise 2.42 (Symmetric tensor product space). By using Definition 2.41, define the
symmetric tensor product space V¥ H. Establish that its dimension is ("”,g_l). How
quickly does the dimension grow as k — oo for fixed n?

Furthermore, it is possible to define the symmetric tensor product operator and
develop the relevant theory.

Exercise 2.43 (Symmetric tensor product operator). By using Definition 2.41 and the notion
of symmetric tensor product space VK H, define and develop the theory for the
symmetric tensor product operator.

Let us next define the permanent of a matrix.

Definition 2.44 (Permanent of a matrix). Let A = [a;;] be any matrix in M, ([F). The
permanent of A is defined as

perm(A) := Znesn A1x(1) ** " Ann(n)»

where S, is the symmetric group consisting of all permutations on 7 symbols.

We refer to [Bhagy] for an in depth discussion on the connections between the
symmetric tensor product operator and the permanent of a matrix.

Notes

The material of this chapter can largely be found in [Bhagy], albeit to varying degrees
of detail. In particular, the above discussions represent a more in-depth exploration
of the foundational elements of multilinear algebra. The interested reader can find
a further exploration of these topics in [Bhag7]. For a refresher on topics relating to
linear algebra, we refer to [Arti1].
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\ 3. Majorization

Date: 11 January 2022 Scribe: Matthieu Darcy

This lecture introduces the concept of majorization of vectors, a way of comparing
how “spiky” they are. Next, we explore the space of doubly stochastic matrices and
a particular class of doubly-stochastic matrices, the T-transforms. We relate both
concepts by characterizing majorization via doubly stochastic matrices. We conclude
with an application: the Schur-Horn theorem, which relates the diagonal entries and
the eigenvalues of an Hermitian matrix.

Majorization

In this section, we introduce the concept of majorization for vectors. Informally
speaking, a vector x is majorized by a vector y, written x < y, if y is “spikier” (or
more concentrated) than x.

Setting

In this lecture, we will work in R” equipped with the standard basis (&; : i =
1,2,..., n) and the canonical inner product {(a, b) := a"b. We define the vector of
ones:

1:=(1,1,...1)" e R".

The trace of a vector is

w(x) = (L, x)= > x.

i=1
Much later, when we study positive linear maps, we will see that the trace of a vector
and the trace of a matrix are analogous.

Rearrangements
We now define rearrangements, a key concept in analysis.

Definition 3.1 (Rearrangement). Let x € R”. The decreasing rearrangement x! € R”
of x is a vector with the same entries as x, but placed in weakly decreasing order:
1 ! 1
Xy 2 Xy 22 Xy
Likewise, an increasing rearrangement x € R has the same entries as x, placed in

weakly increasing order:

T T 1
X Xy <000 S Xy

In situations where the order of the entries of a vector is unimportant, it may be
useful to replace the vector by its decreasing rearrangement. More formally, we can
define an equivalence relation between vectors whose decreasing rearrangements are
the same and work with the equivalence classes.

Agenda:

1. Majorization

2. Doubly stochastic matrices

3. Characterization of
majorization

4. Schur-Horn theorem
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Example 3.2 (Rearrangements). If x = (1,3,2) € R, then its decreasing and increasing
rearrangements are

xt=(3,2,1);
xT=(1,2,3).
Observe that the vector y = (2, 3, 1) has the same rearrangements. .

The next proposition provides us with an upper bound and a lower bound on the
inner product of two vectors from the inner products of their rearrangements.

Proposition 3.3 (Chebyshev rearrangement). For all x, y € R”,
@yl < @y < &by
xT, yby < (x, yy < (T, ).

Proof. The proof is left as an exercise to the reader. Hint: Assume that x, y > 0, and
apply summation by parts. Otherwise, see [HLP88, p. 261]. |

Majorization order
Majorization compares two vectors by considering their decreasing rearrangements.

Definition 3.4 (Majorization order). Let x, y € R". We say that y majorizes x, written
X <y, when
Y
n
Zl 1

The second condition can be stated as tr(x) = tr(y).

ll < Z yl foreachk =1,...n, and
)=
l yl

Alternatively, the majorization order can be stated using the increasing rearrangements.
For x,y € R", we have x < y if and only if

Zk ,>Z yT foreachk =1,...n, and
PIEEDINTE

Intuitively, a vector x is majorized by y if x is “flatter”: its mass is more uniformly
distributed over its entries than y.

Example 3.5 (Finite probability distribution). Let x € R} with tr(x) = 1. We can interpret
any such vector as a discrete probability distribution on a finite sample space. The
following relations hold:

11 1
(_’_""'ﬁ) <x<(1,0,...,0).

We can interpret (%, ey %) as the maximally flat vector: its mass is uniformly
distributed and therefore it takes the longest to accumulate to the total. On the other
hand, (1,0,...,0) is the spikiest vector: it is maximally concentrated and therefore
accumulates to the total as quickly as possible. These examples are illustrated in Figure

3.1 with increasing rearrangements. .

We also have the following equivalent definition of majorization:
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Figure 3.1 (Majorization for probability distributions). Illustration of ma-
jorization for increasing rearrangements of probability vectors on R”.

Proposition 3.6 (Majorization without rearrangement). For vectors x,y € R”", we have
x < y if and only if

tr(Jx —t1]) < tr(J]y —t1|) forallt € R. (3.1)

The symbol | - | denotes the entrywise absolute value. Note that (3.1) is exactly the
statement that
lx —t1]l¢, < |ly —t1]le, forallt € R.

Proof. See Problem Set 1. [ |

Remark 3.7 (Partial order). The relation < does not define a partial order because the
relations y < x and x < y do not imply that x = y. It does however define a partial
order on the set of decreasing rearrangements; that is the set of equivalence classes of
vectors where x ~ y if and only if x! = y!.

Remark 3.8 (Notation and conventions). Majorization and rearrangements arise in other
fields, where one may encounter differing notations and conventions:

1. In statistics, rearrangements are called order statistics. They are usually denoted
as Xyj] = )Cil and X(i) = xl.T.

2. In analysis, rearrangements are sometimes written as x; = xil.

3. In some fields, especially physics, y > x means that y is more chaotic than x.
Hence uniform vectors are the highest in the partial order, which is the opposite
of our definition.

When reading papers that use majorization, one must take care to note which conven-
tions are being used!
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Doubly stochastic matrices

In this section, we introduce the class of doubly stochastic matrices. We will see that
these matrices enact the majorization relation.

Definition 3.9 (Doubly stochastic matrices). A matrix S € M), (R) with entries § = [s;;]
is doubly stochastic if it has the following three properties:

1. Positivity. The entries s;; > O forall i,j =1,2,...,n.
2. Rows. The row sums 27:1 sij=1foralli=1,2,...,n.
3. Columns. The column sums Z?zl sij=1 forallj=1,2,..,n.

The set DS,, collects all of the n X n doubly stochastic matrices.

Example 3.10 (Doubly stochastic matrices). The following are examples of doubly stochastic
matrices:

1. The n X n identity matrix I,, is a doubly stochastic matrix.

2. The n X n matrix %11T with constant entries is doubly stochastic.

3. Permutation matrices are doubly stochastic. Recall that P is a permutation matrix
if it is a square matrix with o—1 entries, and there is exactly one 1 per row and
per column.

4. Orthostochastic matrices are doubly stochastic. A matrix S is orthostochastic
when its entries s;; = |u;;|? for a unitary matrix U.

Doubly stochastic matrices naturally arise in a variety of applications, such as the study
of reversible Markov chains. .

Intuitively, we think of doubly stochastic matrices acting on vectors by averaging.
Interpreting each row (and each column) of a doubly stochastic matrix T as a probability
distribution, we can view the entries of Tv as the expectation of the (discrete) function
v with respect to that probability distribution.

The next two propositions present some important properties of doubly stochastic
matrices.

Proposition 3.11 (Doubly stochastic matrices: Characterization). Each matrix § € DS;, has
the following properties:

1. Positive. For all x € R", the relation x > 0 implies that Sx > 0.
2. Trace preserving. For all x € R"”, we have tr(Sx) = tr(x).
3. Unital. We have S1 = 1.

In fact, a matrix is doubly stochastic if and only if it satisfies these three properties.

Proof. The positivity property follows from the positivity of each coordinate (Sx); =
Z}Ll sijxj > 0fori=1,...n.
The unital property follows easily from the observation that (§1); = ), ?:1 sij =1
To prove the trace preservation property, note that S is doubly stochastic if and
only if 8T is also doubly stochastic. Therefore

tr(Sx) = (1, Sx) = (8'1, x) = (1, x) = tr(x),
where we have used properties of the adjoint and the unital property of S'. [ |

The next result describes structural properties of the full set DS;, of doubly stochastic
matrices.
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Proposition 3.12 (Properties of DS;,). The set DS,, has the following properties:

1. Convexity. The set DS,, is a compact, convex set of R™*",
2. Composition. If §, T € DS, then ST € DS,,.

Proof. First, observe that the set DS,, is bounded. Indeed, for all § € DS,,, we have
IS||c = max;; |s;j| < 1. To show that DS, is closed and convex, simply observe that
each row and each column of a doubly stochastic matrix can be defined as a vector
belonging to the intersection of closed halfspaces.

In detail, we can write S = [s1, So,...,S,]| where s1, §o,..., s, are the columns
of §. Then, for each index i = 1, ..., n, the condition (1, s;) = 1 can be expressed as

sie{xeR": (1, x)>1}n{xeR": (1, x) <1}.
Likewise, for each index i = 1, ..., n, the condition §; > 0 can be expressed as
sie{xeR":(6;, x) 20} forj=1,...,n.

The same holds for the rows of S. The set DS,, is therefore the intersection of (a finite
number of) closed and convex sets and hence is itself closed and convex.

To prove the composition property, consider two stochastic matrices S, T, and their
product ST. The entries of the product are clearly positive:

n
(8T);; = Zk:l Siktxj = 0.

The row and column sum are also preserved in the product. For each row and column

index,
n n n n n 1
Zj:l(St)l] B Zj:l Zk:1 Siklkj = Zk:1 (slk Zj:l tk]) o
n n n n n
D50 = Do Y sty = 3 (s 3 ) =1
Therefore, ST is also stochastic. [ ]

Corollary 3.13 (Convex combinations of permutation matrices). Any convex combination of
permutation matrices is a doubly stochastic matrix.

Proof. As was seen in Example 3.10, permutation matrices are doubly stochastic
matrices and, by the previous theorem, the set DS,, is a convex set. [ |

The converse of the corollary above is also true: any doubly stochastic matrix is a
convex combination of permutation matrices. This is the content of the Birkhoff-von
Neumann theorem.

T-transforms

We now introduce a special class of of doubly stochastic matrices, the T-transforms.
T-transforms allow us to take convex combinations of two entries of a vector while
leaving all other coordinates unchanged. In other words, it averages two coordinates.
These matrices will allow us to relate majorization to the space DS,, of doubly stochastic
matrices.
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Definition 3.14 (T-transform). A T-transform is a doubly stochastic matrix T of the
form
T=11+(1-1)P

where 7 € [0,1] and P is a permutation that transposes two coordinates. For
example, if the transposition acts on the coordinates (k, ¢), then

1473 ifi = f,
(Pv); = qvp ifi =k,
V; otherwise.

Thus, T only acts nontrivially on the coordinates (k, £).

By Proposition 3.12, each T-transform is a doubly stochastic matrix because it is
a convex combination of two permutation matrices. The next example shows that
T-transforms and majorization are equivalent in R2.

Example 3.15 (T-transforms and majorization in R2). In R2, T-transforms take a particularly
simple form because they act on both coordinates:

10 +(1-1) 0 1} for a parameter 7 € [0, 1].

T:T[o 1 10

For vectors in R2, we will argue that x < y if and only if x = Ty for some choice of 7.
Indeed, let x = (x1, x2),and y = (31, y2). The majorization relation x < y states

that
x1 <y1 and X1+ X2 =y + ). (3.2)

Hence, y» < X1 < 1. As a consequence, there is a 7 € [0, 1] such that
x1=1)+ (1= 1))

Plugging the last display back in to (3.2), we obtain
Xp=(1—-1)y +1)0.

We conclude that x = Ty for the T-transform with this distinguished parameter 7.
Conversely, we can reverse this chain of argument to see that x = Ty implies that
x < y for vectors in R2. .

Example 3.16 (T-transforms in R3). In R3, we consider the T-transform that acts on the
pair (1, 3) of coordinates. Then the transposition matrix has the form

0 0 1
P=|0 1 0.
1 00
The T-transform becomes
T 0 (1-1)
T = 0 1 0 for some 7 € [0, 1].
(1-7) O T

Observe that (Tx), = X, so that the second coordinate is unchanged by this transfor-
mation.

This observation generalizes to R” for n € N and an arbitrary choice (¢, k) of
coordinates. If T is a T-transform acting nontrivially on coordinates (k, £), then
(Tx); = x; foreach i # k, €. .
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Observe that the action of a T-transform induces a majorization relation.

Exercise 3.17 (T-transforms). Let y € R be a vector, and let T be a T-transform on R”.
ThenTy < y.

Majorization and doubly stochastic matrices

The main theorem of this lecture relates majorization to the set of doubly stochastic
matrices. Recall that a vector x is majorized by a vector y if the vector x is “more
average.” Likewise, doubly stochastic matrices act on a vector by averaging its entries
with respect to discrete probability distributions defined by its rows. The next result
shows that these concepts are equivalent: x < y if and only if x is obtained through a
transformation of y by a doubly stochastic matrix.

Theorem 3.18 (Majorization and DS;,). Fix two vectors X,y € R". The following
statements are equivalent:

LX<y

2. x=T,-- Ty for certain T-transforms T;.

3. x = Sy for some § € DS,,.

4. x € conv{Py : P is a permutation matrix on R"}.

Since each matrix Ty, T, ..., T}, is a T-transform, observe that T',_; - - - Ty and
T, ---T1y only differ in two coordinates.

Proof. (3 & 4). Corollary 3.13 gives the reverse implication. The forward implication
follows from the Birkhoff-von Neumann theorem, which we will establish in Lecture 5.
It can also be established directly; see Exercise 3.19.

(2= 3). Sincex =T, ---T,y = Sy it suffices to show that T}, - - - T; is doubly
stochastic. This point holds because T-transforms are doubly stochastic and the set of
doubly stochastic matrices is stable under products (Proposition 3.12).

(3= 1). Let x = Sy. For each ¢ € R, we may calculate that

lx — 1] = |Sy - t1] = [S(y — 11)| < S(|y —£1)).
We have used the unital property and Jensen’s inequality. Taking the trace,
tr(lx —£1]) < tw(S(ly - £1])) = t(ly — £1)),

since doubly stochastic matrices are trace-preserving. This is the equivalent formulation
of majorization from Proposition 3.6.

(1 = 2). This is the hard part. Assume that x < y. We will construct a sequence of
T-transforms T, T, ..., T, such that

x=T,T,_1---T1y and

Tk+1Tk...T1y < Tley for all k =0,...,n—-1.
Without loss of generality, we may assume that x = x! and y= _yl because reordering
the vectors does not affect the majorization relation.

We proceed by induction on the dimension 7. For the base case n = 2, see Example
3.15. For the induction step, observe that the two conditions

n n
X1 < and Z X; = i
1=n i=1 7" iz Vi
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imply that there is an index k € {1,..., n — 1} such that y; < X7 < yk—1. Thus,

xi=tn+(1-1)¥.

We can find a T-transform T'; on the set of coordinates (1, k) such that (T1y); =
X1, leaving all other coordinates of y unchanged. By the implication (3 = 1) or
Exercise 3.17,
(x1,w) =Ty <y,
where w denotes the last n — 1 coordinates of T1y.
It remains to check that (x, ..., x,) < w. Observe that

Vi ifi #k
i+ (1-1)ty; ifi=k.

where we use the convention that the indices of w range from 2 to n. For n < k, since
x1 <yjfori=1,...,n, we have that

Zn n n
s Y= Y
j=2 " iz2 Y j=2 !

For n > k,

2 :
Xi < -
i=17" =17

Therefore,

Zn < n n
RS
=2t iz Vi T =2 L

because wy = y1 + ¥k — X1 and w; = y; for i # k by definition. Finally,

Z” : :
w; = E i — X = E X;.
=2 ! iz Vi 1 =2 "

As required, (X9, X3,...,%X,) < W.

By our induction hypothesis, there is a T-transform on w satisfying the requirements.
This transformation can be extended to a transformation T on (x;, w) by leaving the
first coordinate unchanged, completing the induction step.

|

The next exercise completes the above proof without resorting to the Birkhoff-von
Neumann theorem.

Exercise 3.19 (Direct proof of majorization and DS;;). Prove that (2 = 4) in Theorem 3.18
by expanding the product of T-transforms.

The Schur—Horn theorem

We now prove the important Schur-Horn theorem on Hermitian matrices. On the one
hand, Schur’s theorem states that the diagonal entries of any Hermitian matrix are
majorized by its eigenvalues. On the other, Horn’s theorem tells us that we can go
in the other direction: from a pair of vectors with a majorization relation there is a
matrix with the corresponding diagonal and eigenvalues.



Lecture 3: Majorization 29

Theorem 3.20 (Schur-Horn). Let A € H,, be a Hermitian matrix. The following two
claims hold.

1. Schur. We have diag(A) < /Il(A).
2. Horn. If u < v, then there exists a Hermitian matrix B such that diag(B) = u
and AY(B) = v!.

The map Al H, +— R” returns the vector of eigenvalues arranged in decreasing
order.

Proof. We present a proof of Schur’s theorem only. For a proof of Horn’s theorem, see
[MOA11, p.302].

By the spectral theorem, we can write A = U*AU where U is unitary and
A is a diagonal matrix whose diagonal entries are listed in Af(A). Write U =
[u1,us,...,u,] where uq, us,...,u, € C" are the columns of U. Then

* *yy % * n 241
aii = 87A8; = 5U°AUS; = (U8 AUS) =uiAu; = ) |uyPAL(A).

Define the orthostochastic matrix § with entries s;; = |u;; |2. The last display tells us
that
aii = (SAY(A));.

In other words, diag(A) = SA!(A) where § is doubly stochastic. By Theorem 3.18, we
may conclude that diag(A) < A(A). [

Notes

Majorization is a foundational topic in analysis. It plays a key role in the classic
book Inequalities by Hardy, Littlewood, and Pdlya [HLP88]. Majorization is also
the core topic in the well-known book Inequalities by Marshall & Olkin, updated by
Arnold [MOA11]. The presentation in this lecture is adapted from Bhatia’s book [Bhagy,
Chap. II], which owes a heavy debt to Ando’s arrangement of the material [And89].
Indeed, Ando understood that similar ideas are also at the heart of the theory of
positive linear maps, which we will explore in the second half of the course.
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\ 4. Isotone Functions

Date: 13 January 2022 Scribe: Anthony (Chi-Fang) Chen

We continue our discussion on majorization. A function f : R — R that respects the
ordering on the real line is called a monotone function. In the same spirit, functions that
respect the majorization order on vectors are called isotone functions. These functions
provide convenient ways to transfer majorization properties from one space to another.
We can identify isotone functions by checking simple properties, such as permutation
invariance and convexity, and we will see plenty of examples.

Recap

For vectors x,y € R", the majorization relation x < y is defined by the following
conditions:

k k
E izlxl.l < E izlyl.l foreachk =1,...,n;
. noL_ N
tr[x] = E X = E Y= tr[y].

In other words, majorization consists of n — 1 inequalities and one equality among the
(sorted) entries of the vectors. Intuitively, this captures the idea that vector y is “spikier”
than vector x, or vector x is “flatter” than vector y. Majorization plays a basic role in
matrix analysis. For example, we saw an important theorem of Schur that relates the
diagonal entries of a matrix to its decreasingly ordered eigenvalues.

Theorem 4.1 (Schur). Consider a self-adjoint matrix A € H,,(C) written in the
standard coordinate basis. The vector of diagonal entries of the matrix is majorized
by the vector of eigenvalues:

diag(A) < A1(A).

The function A! : H, — R” reports the (real) eigenvalues in decreasing order.

Weyl majorant theorem

Today, we begin with another important theorem that establishes a majorization
relationship between the eigenvalues and singular values of a square matrix. To state
this result, we define a function A : M,,(C) — R” that lists the complex eigenvalues
in decreasing order of magnitude, followed by increasing order of phase (modulo 27).
The function ¢ : M, (C) — R” reports the singular values in decreasing order.

Agenda:
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Theorem 4.2 (Weyl majorant theorem). For every matrix A € M, (C), we have

k k
l—li:l |/1f(A)| < l—Lzl al.l(A) foreachk =1,...,n;

[ m@r=]], a.

We can express these relations with the shorthand

log(A}) < log(o).

The proof requires two lemmas.

Lemma 4.3 (Products of eigenvalues and singular values). For every matrix A € M, (C), we

have
1—[?:1 M%(A” = l_[:; oi(A).

Proof. Let us express the determinant in terms of both the eigenvalues and the singular
values.

|det(A)| = |det(QTQ")| = |det(Q)| - |det(T)] - |det(Q")]

=T, @ (4.1)
|det(A)| = |det(UZV*)| = |det(U)] - |det(Z)] - [det(V*)]
= ]—[::1 gi(A). (4.2)

In equation (4.1), we use Schur decomposition and the multiplicativity of the determi-
nant, and then we evaluate the determinant of the upper triangular matrix T. Note
the determinant of any unitary matrix has magnitude one. Equation (4.2) is analogous
but uses the singular value decomposition instead. [ |

Lemma 4.4 (Spectral radius and spectral norm). For every matrix M € M, (C), the maximal
singular value bounds the magnitude of each eigenvalue:

[A;(M)| € Omax(M) for each index i.

Proof. Consider any eigenvalue A;(M) of the matrix with unit-norm eigenvector u;.
Then

|Ai(M)| = |u; Mu;| < max{|u*Mv| : ||lu]ly = ||[v]lz = 1} = Omax(M).
This is the advertised result. [
We are now prepared to establish Theorem 4.2.

Proof of Weyl majorant theorem. The equality is Lemma 4.3; for the inequalities, we
cleverly use multilinear algebra. For any k = 1, ..., n, consider the anti-symmetric
subspace /\k C" and the induced operator /\k A = M. In Lecture 2, we showed that
the eigenvalues of operator M are products of k eigenvalues of A with no repeated
indices. By Lemma 4.4, we can bound the eigenvalues of M above by the maximal
singular value of M. Indeed,

T2, 24| = )] < o) = [ ] ai(a).

This is the advertised result. [ ]

When there are zero eigenvalues and
zero singular values, the product
formulas give a precise meaning to
the log-majorization.

Without invoking multilinear algebra,
the proof gets horrible.
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Isotonicity

Today, we move on to study isotone functions that respect the majorization order.
We will introduce easy-to-check conditions for isotonicity and see that many existing
measures of “inequality” fit into this framework.

Motivation

Let us begin with an economics example. Suppose we wish to summarize how equal
or unequal a society is. Consider a vector x € R” with normalization tr[x] = 1 that
describes the distribution of wealth of each individual in some society x. As we have
already seen, the majorization relation between societies x < y is a way to quantify
that “society y is more unequal than society x”.

Motivated by the above, can we find an even simpler summary of “inequality”? For
example, can we reduce the distribution to a single number? Formally, we may ask if
there is a function @ : R” — R such that

x <y implies ®P(x) < D(y).
In fact, we will see that many familiar functions qualify.
Example 4.5 (Isotone functions). The following functions respect the majorization order:

* k-max. The sum of the largest k entries obviously preserves the majorization

order:
k
P(x) = Zi:l xil’
where 1 < k < n.

* Negative entropy. The negative entropy reflects the amount of randomness or
uniformity in a distribution:

n
®(x) = negent(x) = Z L Xi log(x;).
i=
* Variance. The variance is another measure of dispersion of a distribution:

n -
(xi - x)Z,

@ (x) = Var[x] = % Z

i=1
s . 1yn s
where X = + >;_; X; is the mean.

By the end of this lecture, we will develop new tools to confirm that the negative
entropy and the variance also respect the majorization order. .

Definitions

To prepare for our treatment of isotone functions, we will need some additional
definitions.

Definition 4.6 (Weak majorization). For two vectors x, y € R”, we say that y subma-
jorizes x and write x <;, y when

k k
l ! _
E i X < E i Vi foreachk=1,...,n. (4.3)
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Similarly, we say that y supermajorizes x and write x <" y when

k k
T T _
g i X > E i foreachk=1,...,n. (4.4)

In comparison with majorization, the submajorization and supermajorization conditions
both lack the trace equality constraint. This grants us more flexibility, but it also
renders the two conditions (4.3) and (4.4) inequivalent.

Exercise 4.7 (Majorization and weak majorization). Check the following equivalence.
x <y ifandonlyif x <% yandx <, y.

We now introduce the main concept of this lecture.

Definition 4.8 (Isotone function). We say a vector-valued function @ : R"” — R™ is
isotone if for all x, y € dom(®P),

x <y implies d(x) <, D(y).

One may wonder: Why not demand the full majorization relation ®(x) < ®(y)?
This condition turns out to be too limiting. For example, in the case of scalar-valued
functions (m = 1), the trace constraint in majorization would force the function to be
a constant.

Exercise 4.9 (Majorization on R). For real numbers a, b, verify that

a<b ifandonlyif a=>b,
a<yb ifandonlyif a <b.

In other words, the majorization relation for numbers is very rigid.

Sufficient conditions

To study which functions are isotone, we first introduce some definitions that will be
useful to formulate the sufficient conditions.

Definition 4.10 (Convex function: Vector-valued case). A vector-valued function @ :
R"” — R™ is convex when

P((1-1)x+7y) < (1-7)DP(x)+7P(y) forallte [0,1]

and for all x, y € dom(®). The inequality < acts entrywise.

Definition 4.11 (Permutation covariance). A function ® : R"” — R™ is permutation
covariant if for each vector x € R" and each permutation P on R”, there is a
permutation P’ on R™ such that

®(Px) = P'd(x).

Example 4.12 (The real case). When the output dimension m = 1, the preceding defini-
tions simplify. Permutation covariant functions must be permutation invariant:

®(Px) = d(x) for each permutation P.

Convexity reduces to the familiar notion for real-valued functions. .

In the definition, we also allow for
functions defined only on a convex
subset of vectors (e.g., those with
positive entries).

The permutation P’ may depend on
both x and P.



4.3.4

Lecture 4: Isotone Functions 34

Convexity and permutation covariance give sufficient (but not necessary) conditions
for isotonicity.

Theorem 4.13 (Isotonicity: Sufficient condition). If a function @ : R” — R™ is convex
and permutation covariant, then it is isotone.

Proof. Fix vectors x, y € R” that satisfy the majorization relation x < y. In Lecture 3,
we showed that there exists a doubly stochastic matrix S such that

.
x=8y= Zi:l a;P;y.

The second relation expresses the doubly stochastic matrix as a convex combination of
permutations P; with a; > 0 and er- a; = 1. By convexity of the function @,

D(x) = qD( Zzzl OéiPiy) < Z:zl a;P(P;y)
= Z:=1 a;P/®(y) =z

where the inequality acts entrywise. Since the vector z is a convex combination
of permutations of vector y;, we arrive at the majorization relation z < ®(y).
The combined inequalities ®(x) < z < ®(y) imply the submajorization relation
D (x) <y P(y), which is the advertised result. [

Exercise 4.14 (Submajorization deduction). Check that the following implication holds.

D(x) <z <P(y) implies D(x) <, P(y).

Isotone functions: Vector examples

First, let us give some examples of vector-valued functions that are isotone because of
the condition in Theorem 4.13.

Exercise 4.15 (Isotonicity: Vectorized scalar functions). Consider a scalar convex function
¢ : R — R, and extend it to vectors @ : R” — R by applying the scalar function ¢

entrywise:
q)(xl)"' )xn) = ((p(xl)r"' )(P(xn)) (4.5)

The constructed function @ is convex and permutation covariant. Therefore, it is
isotone.

Example 4.16 (Vectorized scalar functions). Here are some particular cases of the construc-
tion in Exercise 4.15:

* Absolute powers. Convex power functions, applied entrywise, are isotone. For
example,

D(x) = (lxal”, -, [xnl”), forp>1.
* Positive parts. The positive part of a vector is an isotone function:
D(x) = ((x1)+, -+, (Xn)+)-
* Exponential. The entrywise exponential of a vector is an isotone function:

D(x) = (e, ,e™). (4.6)
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Note that each of these scalar functions is already convex. .

Corollary 4.17 (Log majorization). The log-majorization log(x) < log(y) implies the
submajorization x <, y.

Proof. This result follows immediately from the exponential example (4.6). [ |

This corollary connects nicely with the Weyl majorant theorem (Theorem 4.2). We
maintain the same notation for the decreasingly ordered eigenvalues and singular
values.

Corollary 4.18 (Eigenvalue and singular value majorization). For every matrix A € M,,, we
have the submajorization relation Al) <, a(A).

Isotone functions: Scalar examples

Next, let us consider the application of Theorem 4.13 in the special case when the
function is scalar-valued (m = 1).

Corollary 4.19 (Scalar-valued isotone functions: Sufficient conditions). Suppose that the
function @ : R — R is convex and permutation invariant. Then it is isotone. That is,

x <y implies ®(x) < D(y).

Example 4.20 (Isotonicity: Coordinate sums). If a function ¢ : R — R is convex, then
the function ®(x) = .1, ¢(x;) is isotone. Here are some examples.

* Negative entropy. This construction allows us to check that the negative entropy
function is isotone.

x <y implies negent(x) < negent(y),

where negent(x) := ); x; log(x;) is the negative entropy.
* £y-norms. Each ﬁp norm (p > 1) is an isotone function.

x <y implies x|, <yl

These functions can also be viewed as tracing over the entries of the construction (4.5).
Indeed, convexity and permutation covariance remain after taking the trace. .

Unfortunately, all the above examples rely on convexity. In the next section, we
will see that convexity is not required to attain isotonicity.

Schur “convexity”

We present the necessary and sufficient conditions for isotonicity for a real-valued,
differentiable function.

Definition 4.21 (Schur “convex” function). Consider an isotone real-valued function
@ : R" — R. That is, the majorization relation x < y implies the inequality
®(x) < D(y). Then we say the function @ is Schur convex or S-convex.

Theorem 4.22 (Schur “convexity”: Characterization). Suppose that the function @ :
R"™ — R is differentiable on its convex domain. Then the following statements
are equivalent.

1. The function @ is isotone (Schur-convex).

Warning: Despite the name,
Schur “convex” functions need
not be convex!
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2. The function @ is permutation invariant. In addition, for all pairs (i, j) of
coordinate indices and all vectors x € dom(®),

(xi — x;) (0;®(x) — 9;P(x)) > 0. 4.7
For smooth functions, isotonicity is characterized locally by the derivative. This

theorem provides more examples of isotone functions.

Example 4.23 (Schur “convex” functions). The following real-valued functions @ : R" —
R are isotone:

* Product. The negative product of entries of a positive vector is isotone.

D(x) =— n; X;.

e Variance. The variance function is isotone.
1 n

d(x) = — Z x; — X)?

( ) n i=l< 1 ) )

s . 1yn s
where X = - >\, X; is the mean.

These examples are harder to verify directly from the definition of isotonicity, but the
theorem makes short work of them. .

Let us prove the theorem.

Proof of Theorem 4.22. (2 = 1). We begin with the reverse implication. Consider
vectors u, x that satisfy the majorization relation # < x. To check isotonicity of the
function @, we want to prove the inequality ®(u) < ®(x). In Lecture 3, we showed
that majorization can be expressed using a sequence of T-transforms:

u=T,...Tx.
Recall that a T-transform is a convex combination of the identity and a transposition:
T=1I+(1-1)Q fort € [0,1] and Q a transposition.

Therefore, it suffices to obtain the inequality ®(u) < ®(x) for a single transition
u="Tx.

Without loss of generality, permutation invariance allows us to assume that the
T-transform T averages the first two coordinates X1, X, only. We can write explicitly

u= ((1 —8)X1 + SX2,8x1 + (1 — §)xo,.. .,xn) for s € [0,0.5]. (4.8)
The key idea is to interpolate from the vector x to the vector u. Define the function
x(1) = ((1 —T)X1 + TX2, X1 + (1 — T)Xo, .. .,xn) for T € [0, s].

Note that x(0) = x and x(s) = u. By the fundamental theorem of calculus (and the
assumption that the function @ is differentiable),

d

() -0 = [ L@y dr

_ /Os(x2 — 1) (010 (x(1)) - 0D (x()) ) d

=~/ W(m@(x(r))—az@(x(ﬂ))dr

<0.
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The second equality is the chain rule, and the last inequality is an assumption.

(1 = 2). Now we confirm the forward implication. Fix any vector x. Observe that
x is majorized by any permutation Px because they have the identical sorted entries.
Therefore, we can write down the two-sided majorization relation

x < Px <P '(Px)=x.
Apply Schur convexity to obtain permutation invariance of the function ®:
D(x) < D(Px) < D(x).

That is, ®(Px) = ®(x).
To establish the differential condition (4.7), for every vector in the domain x €
dom(®), we consider the vector

u;j(s) = Tl-jx:(...,(1—s)xi+sx]-,...,sx,~+(1—s)xj,...).

This is analogous to (4.8), but the T-transform T'; j acts on the (i, j) pair of indices.
Take the derivative as § — O to obtain

D(uii(s)) -
02 tim DHUENZPE &g, )

= (xj - xi)(aiq)(x) - ajq)(x))-

The first inequality holds because of the majorization relation between the vectors and
the Schur convexity of the function ®. Rearrange to obtain the advertised result. =

Notes

The material in this lecture is adapted from Bhatia [Bhag7, Chap. II], which is based
on Ando’s vision [And89].
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In this lecture, we study the geometry of DS,,, the set of n X n doubly stochastic
matrices. We establish the classic result of Birkhoff & von Neumann, which states
that the set of doubly stochastic matrices can be expressed as the convex hull of the
permutation matrices. We use this result to prove the von Neumann trace theorem,
which plays a basic role in understanding unitary invariant norms and convex trace
functions.

Doubly stochastic matrices

In Lecture 3, we introduced the doubly stochastic matrices. We saw that doubly
stochastic matrices act on a vector by averaging its entries. We also saw that doubly
stochastic matrices arise in connection with majorization.

Definition 5.1 (Doubly stochastic matrices). A matrix § € R"™" is called doubly
stochastic if it satisfies the following properties.

1. Positive. For all x € R”, the relation x > 0 implies Sx > 0. It is equivalent to
say that all the entries of the matrix are positive: s; ;=0 foralli,j=1,...,n.

2. Trace preserving. For all x € R”, we have tr(Sx)= tr(x). This is equivalent to
say that each column adds up to one.

3. Unital. S1 = 1. It is equivalent to say that each row adds up to one.

Definition 5.2 (Birkhoff polytope). The set DS,, collects all of the n X n doubly
stochastic matrices:

DS, = {§ € R™" : § is doubly stochastic} .

As we will discuss, the set DS, is a convex polytope known as the Birkhoff polytope.

The Birkhoff polytope arises in the study of majorization.

Theorem 5.3 (Doubly stochastic matrices: Characterization). If x,y € R”, thenx < y
holds if and only if x = Sy for some § € DS,,.

That is, when x < y, the entries of x are “more average” than the entries of y.

Properties of doubly stochastic matrices

In this section, we are going to explore the geometry of the set of doubly stochastic
matrices DS;, in more detail. We make the following observations.

1. Polyhedron. The set DS,, is a closed polyhedron, i.e., a finite intersection of
closed halfspaces. Indeed, the positivity constraints restrict each entry to be

Agenda:
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positive, which is a halfspace constraint. Each equality constraint in Definition
5.1 can be written as two halfspace constraints. Being a finite intersection of
closed halfspaces, the set DS;, is convex and closed. An example of a polyhedron
appears in Figure 5.1.

2. Bounded. All the entries of a doubly stochastic matrix lie between o and 1. Hence
the set DS, is bounded. In particular, DS,, is compact.

3. Polytope. The set DS, is a polytope, i.e., is the convex hull of finitely many
points. This claim follows from a major result in convex geometry known as
the Weyl-Minkowski theorem, which states that every bounded polyhedron is a
polytope. See Figure 5.2 for an example of a polytope. Please refer to [Bhagy] for
more details on doubly stochastic matrices and the Weyl-Minkowski theorem.

Note that the Birkhoff polytope DS,, contains all the 7 X n permutation matrices.
This observation leads us to explore what role the permutation matrices play in the
structure of DS,,.

Exercise 5.4 (The convex hull of permutations). Deduce that the convex hull of the permu-
tation matrices is a subset of the doubly stochastic matrices:

conv {P € R™" : P is a permutation matrix} C DS,,.

We will prove that this inclusion can be upgraded to a set equality.

The Birkhoff-von Neumann theorem

In this section, we will discuss the Birkhoff-von Neumann theorem which relates
convex hull of permutation matrices to the set of doubly stochastic matrices DS,,. To
prepare for our treatment, we will need some additional definitions.

Definition 5.5 (Extreme point). Let K C R be a (nonempty) convex set. An extreme
point of K is a point x € K such that y,z € Kand x = %( y + z) together imply that
x=y=z.

In other words, we cannot represent an extreme point x as an average of distinct
points in K. See Figure 5.3 for examples of extreme points.

Now, we state the Birkhoff-von Neumann theorem, which originally appeared in
the paper [Bir46].

Theorem 5.6 (Birkhoff 1946; von Neumann 1953). The extreme points (i.e., vertices) of
DS, are precisely the permutation matrices. In particular, DS,, can be written as
convex hull of permutation matrices,

DS,, = conv {P € R™" : P is a permutation matrix}

To prove this theorem, we must demonstrate that the permutation matrices compose
the full set of extreme points of the Birkhoff polytope. First, we will present an important
result from convex geometry that shows that the extreme points play a key role in the
structure of convex sets.

Exercise 5.7 (Number of permutations). How many permutations suffice to express a
doubly stochastic matrix in DS;,? Hint: Use the Carathéodory theorem.

A nice corollary of Theorem 5.6 is an independent proof of the geometric character-
ization of majorization from the last lecture.

Figure 5.1 Example of a polyhedron
formed by finite intersection of closed
halfspaces.

Figure 5.2 Example of a polytope con-
structed as a convex-hull of five points
shown in red.
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Figure 5.3 (Examples of extreme points). Points shown in red are extreme
while the points shown in blue are not extreme.

Corollary 5.8 (Permutation matrix). Let x, y € R". The condition x = Sy for § € DS,, is
equivalent to, x € conv {Py : P is a permutation matrix}.

To understand the meaning of this corollary; it is fruitful to define a new class of
convex polytopes.

Definition 5.9 (Permutahedron). Let y € R”. A permutahedron is a polytope of the
form
conv{Py : P € R"™" a permutation matrix}.

As a consequence, we recognize that the set {x € R" : x < y} of vectors that are
majorized by y forms a convex polytope. This fact assigns a geometric meaning to the
majorization relation.

Exercise 5.10 (Permutahedra). By construction, the permutahedron is a polytope. By
direct argument, show that a permutahedron is also a bounded polyhedron.

In addition to their role in majorization, permutahedra also arise from matching
problems, network science, transportation problems, and convex optimization.

The Minkowski theorem on extreme points

We now present the Minkowski theorem, which explains how to represent a compact,
convex set in terms of its extreme points. We will use this result to prove the Birkhoff
theorem in the next section.

Theorem 5.11 (Minkowski). Let K C R% be a nonempty, compact, and convex set.
Then K is the convex hull of the set of its extreme points:

K = conv(ext(K)),

where ext (K) is the set of extreme of points of K.

Proof. We shall prove this theorem by induction on the dimension of K. If dim(K) = 0,
then K = {x} is a singleton and the result follows. Assume that the result holds true

Figure 5.4 Example of a permutahe-
dron in R3.

The dimension of a convex set K is
defined as dim K := dim aff (K), the
dimension of the smallest affine space
containing the set K.
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Figure 5.5 (Two cases for proof on Minkowski theorem by induction). The
left figure demonstrates the case when x belongs to boundary(K).
The right figure demonstrates the case when x does not belong to
boundary(K).

for all nonempty, compact, convex sets with dimension d — 1.

Now, let us consider a nonempty, compact, convex set K with dimension d. We must
show that every point x € K can be represented as a convex combination of extreme
points of K. There are two cases as shown in Figure 5.5.

First, consider the case when x € boundary(K). Then we can separate x weakly
from K via a hyperplane H. Then the intersection of K and H is a nonempty, compact,
and convex set. Hence, dim(K N H) is less than or equal to d — 1, so induction applies.
We deduce that

x € KNH = convext(KNH) C convext(K).

We have used the fact that the extreme points of a face of a convex set are also extreme
points of the set.

Second, consider the case when x ¢ boundary(K). Choose a line L containing x.
Since K is compact and convex, this line hits the boundary at two points, say y, z.
Therefore, we can write x as a convex combination of y, z:

x=1y+17z wherete [0,1]andT=1-T1.
Thus,
x € conv{y,z} C convext(K).

Indeed, by the induction, each of y, z € conv ext(K). [

Please refer to [Schi4] for more details on this theorem and its context. Let us
discuss a few consequences and generalization of the Minkowski theorem.

Corollary 5.12 (Extreme point). Every nonempty, convex, compact set has an extreme
point.

Exercise 5.13 (Bauer maximum principle). Show that every linear functional on a convex,
compact set attains its maximum at an extreme point. In particular, if the maximizer
is unique, it must be an extreme point of the set.

The Minkowski theorem has a generalization to infinite-dimensional spaces, a result
that has far-reaching implications in mathematical analysis.

Fact 5.14 (Krein—Milman). Suppose X is a locally convex topological vector space (for
example, a normed space). Suppose that K is a compact and convex subset of X. Then
K is equal to the closed convex hull of its extreme points:

K = conv(ext(K)).
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Moreover, if B C K, then K is equal to the closed convex hull of B if and only if
ext(K) C cl(B), where cl(B) is the closure of B. .

Proof of Birkhoff theorem

In this section, we give a proof of the Birkhoff theorem, which states that the extreme
points (that is, the vertices) of DS,, are precisely the permutation matrices. The first
step is an exercise.

Exercise 5.15 (Permutations and DS;). Show that each permutation matrix P € R"™" is
an extreme point of DS,,. Hint: Argue that there is a linear functional that achieves a
unique maximum on DS, at P. Invoke the Bauer maximum principle.

The following notion will be helpful in the proof that the permutation matrices are
the only possible extreme points of the Birkhoff polytope.

Definition 5.16 (Perturbation). Let S € DS,, belong to the set of doubly stochastic
matrices. A perturbation E € R"™" of the matrix S is a matrix with the property
that § + E € DS,,.

Exercise 5.17 (Extreme point and perturbation). Show that § is an extreme point of DS,
if and only if § admits no perturbation E, except the zero matrix. In particular, if S
admits a nontrivial perturbation, then § is not an extreme point.

Proof of Theorem 5.6. We already know that the permutation matrices are extreme
points of the Birkhoff polytope. We will argue that the permutation matrices compose
the full set of extreme points. An application of Minkowski’s theorem completes the
argument.

To that end, let us suppose that § € DS,, is not a permutation. We will produce a
nonzero perturbation E. Therefore, S is not an extreme point of DS,,.

Observe that every doubly stochastic matrix that is not a permutation contains at
least one entry that is not an integer. We will find a “cycle” consisting of nonintegral
entries. First, find an entry in row i; and column j; such that s; j, lies between o and
1. Now, select another entry in row i; such that s; j, lies strictly between o and 1. We
can do this because the entries in the row have to add up to 1. Find another entry in
column jo such that s;, ;, lies strictly between o and 1. We keep moving horizontally
along the rows and vertically along the columns in sequence until we encounter an
index pair that we have already seen. Figure 5.8 illustrates this process. This process
have to terminate because there are only finite number of positions in the matrix.

Among all such sequences, we choose the one with fewest steps. This sequence
must be a cycle:

(i1, j1) = (ir, Jr)-
Note that this cycle must have even number of steps. Indeed, in order to complete a
cycle, we need to move from a row and a column in sequence. An odd number of steps
in a given row or in a given column can be combined to form a shorter connection.

Given the indices in the cycle, we can find € > 0 such that

Siyjo * € € (0,1) for each index a.
We can construct a nontrivial perturbation E whose nonzero entries are

€ij, = &  ejj, = —& ehj, =& ejj, =—E et

Figure 5.6 Example of perturbation.

Figure 5.7 Perturbation matrix E
used in proving Birkhoff theorem.
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Figure 5.8 (Reordering indices to prove Birkhoff theorem). We move from
one index where the entry is nonintegral to other index where the
entry is nonintegral along a row and a column alternatively. We
repeat the process until we end up at the same index. We consider
only the shortest path and discard any indices that attach to the loop
but will not close the loop (indicated in transparent colors).

Then the row sums and column sums of E are equal to zero. We can conclude that
S + E € DS,,.

We can conclude that § is not an extreme point. [ |

The Richter trace theorem

We may now prove the following theorem of Richter on a maximization problem that
arises in the study of matrix traces. This is a close relative of an older result due to von
Neumann (Exercise 5.20). The proof is due to Mirsky [Mir59].

Theorem 5.18 (Richter trace theorem). Let A, B € H,,. Then
* . ; : _\" ! )
max{tr(U"AUB) : U € M, is unitary} = i A (A) A;(B).

In other words, the theorem solves a matching problem. What is the best way we can
rotate A to align it with B? Part of the assertion is that the maximum is attained.

Proof. We prove the theorem by establishing upper and lower bounds on the trace.
First, let us introduce the eigenvalue decompositions of A and B.

A= Q4diag(1)Q,  where A = 14(A);
B = Qpdiag(p)Qy  where p = pl(B).
We can compute the lower bound of the trace by choosing Uy = Q 4Q}. Indeed,
maxy tr(U"AUB) > tr(U,AU,B)
= tr(diag(A) diag(p)) = > Aip.

It remains to show that this lower bound is indeed the largest possible value.
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We can compute the upper bound of the trace as follows.
maxy tr(U*AUB) = maxy tr (U* diag(A)U diag(p))
= maxy Z:l:l 6;U" diag(A)U diag(p)d;
= maxy ). (U8;)" diag(A)(UB;)p

Here, the first equality is obtained by absorbing Q 4, Qp into U. The second equality
comes from the fact that the trace is the sum of diagonal entries. Next, we represent
diag(A) as a sum of rank-one matrices:

diag(A) = Z,- 1;6;8.
Combine the last two displays and simplify:
n
maxy tr(U*AUB) = maxy Zi,-zl pid;(U8;)"6;68(US;)
n
= maxy Zii:l pid;| 850 8; 2.

Note that we have exposed the squared magnitudes of the entries of the unitary matrix,
which compose an orthostochastic matrix § € DS;, with entries s;; = |u; j|2.
We see that the maximum only increases if we pass to the full set of doubly stochastic
matrices: "
maxy tr(U*AUB) < maxgeps,, Zi i1 ui/ljsij.

Invoke Bauer’s maximum principle to see that this linear function attains its maximum
at an extreme point of the set. Then use Birkhoff’s theorem to recognize that the
extreme points of DS, are precisely the permutation matrices P € R™ ", Thus,

maxy tr(U*AUB) < maxp Z?j:l Wiljpij

n n
= max, Zi:l An(iy i = Zi Ai .

We have passed from the permutation matrix to the associated permutation: (i) = j
if and only if p;; = 1. Last, we invoke the Chebyshev rearrangement inequality to see
that the maximum is attained when the two vectors are both arranged in decreasing
order.

Thus, both upper bound and lower bound on the trace are identical, and we have
established the result. [

Here are some related results that often prove useful.

Exercise 5.19 (Richter trace theorem). Let A, B € H,,. Prove that
. * . . n
min{tr(U*AUB) : U € M}, is unitary} = Zi:l )L}(A) AIT(B).
Exercise 5.20 (von Neumann trace theorem). Let A, B € M,,. Prove that

max{tr(U*AVB) : U,V € M, are unitary} = Z?_l Uil(A) Ul.l(B).

Recall that §; is the ith standard
basis vector.
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Notes

Birkhoff and von Neumann independently established the result that shares their
name. There is an influential geometric proof of the result due to Hoffmann &
Wielandt [HW53], which also connects the result with perturbation theory for eigenval-
ues of a normal matrix. The material on convex geometry is adapted from Barvinok’s
book [Baro2] and from Schneider’s treatise [Schi4]. We have extracted this direct
proof of Birkhoff’s theorem from a note by Glenn Hurlbert, which appears in [Hurio].
The proof of Richter’s trace theorem is drawn from Mirsky’s work [Mirs9].
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\ 6. Unitarily Invariant Norms

Date: 20 January 2022 Scribe: Elvira Moreno

In this lecture, we first introduce symmetric gauge functions, an important family of
norms over R” that have the property of being sign and permutation invariant. As part
of our analysis, we develop duality theory for symmetric gauge functions and show
that they satisfy some widely used norm inequalities. We then discuss a closely related
family of matrix norms that are invariant under coordinate changes. By building on
their connection to symmetric gauge functions, we develop duality theory for this
important family of norms and provide a generalization of the well known Holder
inequality.

Symmetric gauge functions

We begin by introducing an important class of norms on R”.

Definition 6.1 (Symmetric gauge function). A symmetric gauge function is a map @ :
R™ — R, that satisfies four properties:

1. Norm: @ is a norm.

2. Permutation invariance: The equation ®(Px) = ®(x) holds for any vector
x € R" and any permutation matrix P € M,,.

3. Sign invariance: The equation ®(Dx) = ®(x) holds for any x € R" and for
any n X n diagonal matrix of the form D = diag(+1,...,+1).

4. Normalization: @ is normalized as ®((1,0,...,0)) = 1.

In lecture 4, we defined the family of isotone functions on R’ as maps that respect
the majorization preorder on R", and we proved that convexity and permutation
invariance are sufficient conditions for isotonicity. It follows from properties (1) and
(2) that symmetric gauge functions are isotone, so they constitute a family of norms on
R™ that preserve the majorization preorder.

Definition 6.2 (Symmetric gauge function on C"). We can extend the concept of a
symmetric gauge function on R” to the complex vector space C" via

D(z) := ®(|z]) for z € C",

where |z| = (|z1],...,|2zx]) is the entry-wise modulus of the vector z.

Let us consider some examples of symmetric gauge functions.

Example 6.3 (¢, norms). For a vector x € R", define

n 1/p
x|l = (Zi:l |xi|p) for each p € [1, c0);

%l :

max; |x,-|.

Agenda:

1. Symmetric gauge functions

2. Duality for symmetric gauge
functions

3. Unitarily invariant norms

4. Duality for unitarily invariant
norms

Recall that a norm on R” is a

function @ : R"” — R satisfying the

following three properties:

1. Positive definiteness. ®(x) > 0
for allx € R", and ®(x) = 0 if
and only if x = 0.

2. Positive homogeneity.

D (ax) = |a|P(x) forallx € R"
and a € R.

3. Triangle inequality.

D(x+y) < DP(x) +D(y) forall
x,y € R™.



Lecture 6: Unitarily Invariant Norms 47

The functions |[|-||,, for p € [1, oo] define norms on R", commonly known as ¢, norms.

It is easy to check that £,, norms are symmetric gauge functions. .

Example 6.4 (Ky Fan norm). Fix k € {1,..., n}. For each vector x € R", define

el = max >, Ll

That is, ||x[[(x) is the sum of the k largest entries of the vector |x|. The functions
IIIl (k) are norms on R", which are known by the name of Ky Fan norms. It is also easy
to check that these norms are symmetric gauge functions. .

There are many other norms on R” that are symmetric gauge functions. For
instance, one could form combinations of ¢, and Ky Fan norms, or one could form
weighted sums of the ordered entries of the vector.

Proposition 6.5 (Monotonicity). If ® : R"” — R, is a symmetric gauge function, then
|x| < |y| implies that ®(x) < ®(y) forall x,y € R".

Proof. Let x,y € R" be such that |x| < |y|. By sign invariance of ®, we can assume
that both x and y are positive and that 0 < x; = ¢;y; for some values t; € [0, 1] for
each i = 1,..., n. By permutation invariance and iteration, it suffices to check the
case where t, = t3 = - - - = f,, = 1. Indeed, if the result holds for the case were x and
y differ by a single entry, it can be obtained for the general case by applying it to one
coordinate at a time. Write x; = ty; for € [0, 1]. Then

D((x1, X2, ..., %)) = P(EY1, Y2, ---» Yn))

(i, 1ot 14t 1ot 141 1t
- 2 yl 2 yl’ 2 J/z 2 J’2,~-~, 2 J’n 2 J/n

1+1¢ 1-1¢
=P (T(J/LJ/z,u.,yn) + T(_y1ry2’-~-’Yn))

1+1¢ 1-1¢
< T(D((yl»yZ) .. -,J/n)) + T‘D((—YLJ’L e ».Vn))
=D((y1, Y2, --rYn))-

The inequality follows from convexity of @, while the last equality uses the fact that @
is sign invariant. |

Next, we prove a theorem that demonstrates that the Ky Fan norms play an essential
role in the theory of symmetric gauge functions.

Theorem 6.6 (Fan dominance: Vector case). Fix x, y € R". The following statements
are equivalent:

L |lxllx) < lyllx) foreach k =1,...,n.

2. ®(x) < D(y) for every symmetric gauge function @ on R”.

Proof. Statement 1 follows immediately from 2, as Ky Fan norms are symmetric gauge
functions. For the other implication, note that 1 is equivalent to the condition that
|x| <w |y|. As a consequence, there exists a vector # € R” such that |x| < u < y.
Therefore,

@ (x) < P(|x]) < P(u) < D(|y]) < D(y).

The first and last inequalities follow from sign invariance of ®. Monotonicity of ®
(Proposition 6.5) yields the second inequality. Finally, the third inequality follows from
the fact that @ is convex and permutation invariant, hence isotone. [ |

Recall thatx < y forx,y € R" is
interpreted entrywise and that

[x| = (|x1],..., |xn|) denotes the
entrywise modulus.
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The Fan dominance theorem has a striking meaning. Given vectors x and y in R”,
we can check ®(x) < ®(y) for every symmetric gauge function @, by checking the
inequality for only n functions, namely the Ky Fan k-norms for k = 1,..., n. In this
sense, the theorem reduces a problem involving an infinite number of inequalities to
the verification of a finite number.

Exercise 6.7 (Submajorization). Given |x| <, |y|, explain how to construct a vector
u € R"suchthat x| <u<y.

Duality for symmetric gauge functions

In this section, we develop the duality theory for symmetric gauge functions. More
specifically, we define the dual norm of a symmetric gauge function and establish a
generalization of the Holder inequality.

Definition 6.8 (Duality). The dual norm ®* of a symmetric gauge function @ is given
by

@ (y) = max{{x, y) : d(x) < 1}.

Exercise 6.9 (Involution). Let d : R” — R be a symmetric gauge function. Prove that
(@*)* = .

Exercise 6.10 (Dual symmetric gauge function). Prove that @™ is a symmetric gauge function
if and only if ® is a symmetric gauge function.

Let us consider the duality pairings for the examples studied in Section 6.1.
Example 6.1 (€, duality pairs). Let p, g € [1, o] be Holder conjugates. Then
lyll, =1lylly forally e R™
In particular, €5 is self-dual, while ¢; and ¢, form a dual pair. .
Example 6.12 (Ky Fan duality pair). For each k = 1...n, the dual norm of the Ky Fan
k-norm is given by
. 1
||x||(k) = max {||x||(1), Ellxll(n)} forall x € R".

Note that the Ky Fan 1-norm ||+|| (1) corresponds to the ¢., norm, while [|-||(,) corre-
sponds to the ¢; norm. .

We now continue with two norm inequalities that hold for all symmetric gauge
functions and specialize to familiar inequalities that frequently appear in analysis.

Proposition 6.13 (Dual norm inequality). For each symmetric gauge function @,
[(x, )| < ®"(x)P(y) forallx,y e R".
Proof. This follows immediately from the definition of the dual norm. |

Notice that when @ = |||, the inequality in Proposition 6.13 corresponds to the
Cauchy-Schwarz inequality.

Theorem 6.14 (Generalized Holder inequality for symmetric gauge functions). Let @ :
R"™ — R, be a symmetric gauge function. Then,

o(x 0 y)) < [@(xP)]"" [@(y19)] ",

Recall that two real numbers

p,q € [1, c0) are said to be Holder
conjugates if + + 1 = 1. Also, recall
that the Holder conjugate of p = 1 is
q = .

Recall that © denotes the entrywise
product, also known as Hadamard

product or Schur product. Also recall
the notation |x| := (|x1],..., |xXn]).
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where p > 1 and g is Holder conjugate to p.

Proof. Refer to [Bhagy, Thm. IV.1.6] for a proof of this theorem. [ ]

When @ is the ¢; norm, the inequality reduces to Holder’s inequality

Z; lxi yil < (Z; Ixi|p)1/p (Z; |J’i|q)1/q-

The theorem has interesting implications when applied to other symmetric gauge
functions.

Unitarily invariant norms

In this section, we introduce an important family of matrix norms, called unitarily
invariant norms, which are intimately related to symmetric gauge functions.

Definition 6.15 (Unitarily invariant norm). A norm ||-|| on My, is unitarily invariant (UI)
if
IUAV| = ||A|| forall A, U,V € M, with U,V unitary.

We also insist that unitarily invariant norms be normalized in an appropriate
fashion: ||diag(1,0,...,0)| = 1.

For the remainder of this lecture, ||-|| will denote an arbitrary unitarily invariant
norm. Next, let us consider some familiar examples.

Example 6.16 (¢; operator norm). The £ operator norm, also known as the spectral norm,
is defined by
lA]l2 = 01(A) for A € M,,.

The ¢, operator norm is unitarily invariant. .

Example 6.17 (Frobenius norm). The Frobenius norm, also known as the Hilbert-Schmidt
norm, is defined by

n 1/2
A|lr = (Zi:l Ui(A)Z) for A € M.

The Frobenius norm is unitarily invariant. .

Example 6.18 (Schatten p-norms). For 1 < p < co, define

n 1/p
lAlls, = (Zi:l Ui(A)p) for A € M,,.

The functions ||'||Sp, commonly known as Schatten norms, define unitarily invariant
norms on the space M;,. The Schatten 1-norm, also known as the trace norm or the
nuclear norm, corresponds to the sum of the singular values of the matrix. The norm
|-||s,, coincides with the spectral norm (Example 6.16). .

Example 6.19 (Ky Fan matrix norm). For each k = 1,..., n, define

k
Al (k) = Zi:l 0;(A) for A € M,.

The functions ||-||(x) define unitarily invariant norms on M", known as the Ky Fan
matrix norms. .

The singular values of a matrix are
numbered in decreasing order; i.e.,

by convention 07 > oy > - - -

> Op.
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Exercise 6.20 (Why unitarily invariant?). Provide an explanation as to why each of the
examples above is unitarily invariant.

As in the case for symmetric gauge functions, combinations of Schatten and Ky Fan
matrix norms are also unitarily invariant.

Characterization of unitarily invariant norms

Observe that all the matrix norms in the examples above are completely determined
by the singular values of the matrix. This is a joint consequence of the singular value
decomposition (SVD) and unitary invariance. Indeed, if A = UZV™* is an SVD of the
matrix A € M,,, then [|A[| = [UZV*|| = || Z||. This observation sets the ground for us
to establish the strong connection that exists between symmetric gauge functions and
unitarily invariant norms.

Theorem 6.21 (Unitarily invariant norms: Characterization). There is a one-to-one cor-
respondence between symmetric gauge functions and unitarily invariant norms.
This correspondence is specified by the following statements:

1. Given a symmetric gauge function ®@ : R"” — R, the function ||-||o : M" —
R, defined by ||A||le := @(0(A)) is a unitarily invariant norm on M”".

2. Given a unitarily invariant norm |[|-|| on M”", the map @ : R"” — R defined
by ®(x) := ||diag(x)]| is a symmetric gauge function on R".

In fact, these operations are mutual inverses.

Proof. (1). Let @ : R" — R be a symmetric gauge function, and let ||| be defined as
in (1). Positive definiteness of ||-||o follows from the facts that @ is positive definite
and the zero matrix is the only matrix whose singular values are all zero. Being a
norm, @ is positive homogeneous, and since multiplying a matrix by a real number «
scales its singular values by |a|, the function ||-||o is also positive homogeneous.

It remains to show that ||-|lo satisfies the triangle inequality and is unitarily
invariant. Let A, B € M,, be n X n real matrices. By Exercise 6.22, we know that
d(A) + 0(B) <, 0(A) + a(B). Since the symmetric gauge function @ is isotone,

$(0(A+B)) <P(0(A)+0(B)) <DP(o(A)) +P(a(B)).

We conclude that ||-||o is a norm. Note that the first and second inequalities above
follow from monotonicity and convexity of @, respectively.

Finally, observe that multiplying any given matrix by a unitary matrix does not alter
its singular values. Indeed, for any A € M, its norm ||A||¢ is completely determined
by its singular values. It follows that ||-||¢ is unitarily invariant.

(2). Let ||-|| be a unitarily invariant norm, and let @ be defined as in (2). It is
immediate that ® inherits all the norm properties from ||-||. To show unitary invariance
of ||-|lo, we first let D = diag(+1, ..., +1). The matrix D is unitary, so we have that

©(Dx) = ||diag(Dx)|| = ||Ddiag(x)| = ||diag(x)]|.
Similarly, since permutation matrices are unitary, we have that
©(Px) = ||Pdiag(x)]| = [|diag(x)]|

for any permutation matrix P € M,. Finally, note that ||-||¢ is normalized, as
o(diag(1,0,...,0)) =(1,0,...,0) and @ is normalized. [
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Problem 6.22 (Singular values of the sum). Let A, B € M,(C). Show that the vectors of
singular values @ (A) and o (B) satisfy the submajorization inequality o (A)+0 (B) <,
o(A) + o(B).

Next, we state the Fan dominance theorem for unitarily invariant matrices, analo-
gous to Theorem 6.6. As in the vector case, this theorem emphasizes the importance
of Ky Fan norms in the theory of unitarily invariant norms.

Theorem 6.23 (Fan dominance: Matrix case). Fix A, B € M,,. The following statements
are equivalent:

. ||Allx) < lIBll(x) foreach k =1,..., n.
2. ||All < ||B]| for every unitarily invariant norm.

Proof. The theorem follows from Theorem 6.6 and from the characterization of unitarily
invariant norms in terms of symmetric gauge functions. |

Duality for unitarily invariant norms

In the last section, we defined unitarily invariant norms and established a characteri-
zation in terms of symmetric gauge functions. Now, we build on this connection to
develop duality theory for unitarily invariant norms and establish a generalization of
the Holder inequality.

Definition 6.24 The dual ||-||* of a unitarily invariant norm ||-|| on M,, is given by

IB|l* := max{(B, A): ||A|| <1} foreach B € M,,.

Exercise 6.25 (Involution). Let ||-|| : R” — R be a unitarily invariant norm. Prove that
(@*)* = D.

Exercise 6.26 (Dual unitarily invariant norms). Prove that ||-||* is unitarily invariant if and
only if ||-]| is unitarily invariant.

Exercise 6.27 (Dual norm inequality). For each unitarily invariant norm ||-||,
(B, A)| < IIB|I" - [lAll for all A, B € M.

Verify this statement.

In Section 6.3 we saw that, given a symmetric gauge function @ on R”, we can
define a unitarily invariant norm on M), via ||A[|¢ := ©(0(A)). The following theorem
describes how the dual of the unitarily invariant norm ||:||¢ relates to the dual ®* of
the symmetric gauge function used to define it.

Theorem 6.28 (Von Neumann duality). The dual ||-[|3, of the unitarily invariant norm
lI-lle associated to a symmetric gauge function @ is the unitarily invariant norm
II-llo+ associated to the dual ®* of the symmetric gauge function. That is,

IBllg = IB]

o+ forall B € M,,.

Proof. To prove this result, we use von Neumann’s trace theorem. Let A, B € M,,.
Then

max{tr(U*AVB) : U,V € M, are unitary} = Z; 0:(A)o;(B).

Recall that (A, B) = Tr(B*A) for
A, B € M,,.
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Exercise 6.29 invites you to prove this result.
As a consequence, we may calculate that
IBllg = max {tr(B*A) : [|Allo < 1}
= max {tr(B*"UAV) : U,V € M,, are unitary, ||Afle < 1}
n
— max {Z,ﬂ 0:(A)0:(B) : ®(0(A)) < 1}
= max {(0(A), 0(B)) : P(c(A)) < 1}
< ®*(0(B))
= [IB|

D>

The second equality above is justified by unitary invariance of ||-|?,.
The inequality || Bllo- < || B||}, follows from a similar line of reasoning and is left
as an exercise for the reader. [

Exercise 6.29 (von Neumann trace theorem: Singular values). Provide a proof for the von
Neumann trace theorem for singular values used in the proof of Theorem 6.28.

In light of the previous theorem, we can easily find expressions for the dual norms
of our examples from section 6.3.

Example 6.30 (Schatten norms). Let p, g € [1, oo] be Holder conjugates. Then
IBlls, = lIBlls,-

Recall that the dual to the £, norm is the £; norm, where g is the Holder conjugate of p.
Therefore, the dual norm to the Schatten p-norm is the Shatten g-norm. Indeed, the
Schatten p- and g-norms coincide with the £, and €4 norms of the vector of singular
values. In particular, the Schatten 2-norm is self dual, while the Schatten norms ||-||s,

and ||-||s,, form a dual pair. .
Example 6.31 (Ky Fan norms). For each k = 1,..., n, the dual norm of the Ky Fan k-norm
is given by

N 1
”B”(k) = max ”B”(l)» EHBH(n) .
Note that the Ky Fan 1-norm ||-|[(1) corresponds to the spectral norm, while || ;)
corresponds to trace norm. .

We end this lecture with a generalization of Holder’s inequality for unitarily
invariant norms.

Theorem 6.32 (Generalized Holder inequality). Let ||-|| be unitarily invariant, and let
P, q > 1 be such that % + % = 1. Then

IABII < NAPIYPHIBI?NY? for all A, B € My,

where |M| = (M*M)'/2.

Proof sketch. Let A, B € M,,. By Exercise 6.33 and isotonicity of symmetric gauge
functions, we have that ®(0(AB)) < ®(0(A) © o(B)) for all symmetric gauge
functions ®. The result then follows from the characterization of unitarily invariant
norms (Theorem 6.21) and Theorem 6.14. ]

Refer to [Bhag7, Cor. IV.2.6] for a more detailed proof.
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Exercise 6.33 (Singular values of the product). Let A, B € M,,. Show that 0(AB) <,
g(A) © o(B).

In this lecture, we discussed two important and closely related families of norms,
symmetric gauge functions on R” and unitarily invariant norms on the space of n X n
real matrices M,,. We established generalizations of Holder-type inequalities for these
two families of norms by exploiting their defining properties and their connection to
each other. These results exemplify how considering families of norms with invariance
properties allows us to prove results for a broad class of norms which can then specialize
into results of interest when applied to particular examples.

Notes
This material is adapted from Bhatia’s book [Bhag7, Chap. IV].
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\ 7. Matrix Inequalities via Complex Analysis

Date: 25 January 2022 Scribe: Yixuan (Roy) Wang

In this lecture, we develop a new approach for proving matrix inequalities based
on the theory of complex interpolation. As motivation, we begin with the duality
theorem for Schatten p-norms, and we recall some of the difficulties that arose in the
proof. We recast the duality theorem as a theorem about interpolation, which suggests
the possibility of deriving this result using general tools for studying interpolation
problems. We develop a powerful approach based on the Hadamard three-lines
theorem, a quantitative version of the maximum principle for analytic functions. As an
illustration of these ideas, we provide an alternative derivation of the duality theorem
for Schatten p-norms.

Motivation: Real analysis is not always enough

To begin, let us present some basic inequalities for Schatten norms, including the main
duality theorem. We will see that this result can be framed as a kind of interpolation
inequality. This observation opens the door to using complex interpolation theory.

Schatten norm inequalities
We first recall the definition of the Schatten p-norms of a complex matrix.

Definition 7.1 (Schatten norms). The Schatten p-norms || - ||, for p € [1, o] are
defined as Y
n p
il = (D oi(a)P) " forl<p<oo;
Alleo = 01(A).

Here, A € M, (C) is an n X n complex matrix. The function o; returns the ith
largest singular value of a matrix.

For powers p € [1, o), we can also write the Schatten p-norm as a trace:
IAll, = (tr|A]P)P for A € M, (C).

As usual, |A| := (A*A)'/? is the matrix absolute value. The pth power of a positive-
semidefinite matrix is defined via the usual functional calculus (i.e., by raising the
eigenvalues to the pth power).

In Lecture 6, we characterized the unitarily invariant norms on the matrix space
M, (C), and we established a one-to-one correspondence with the symmetric gauge
functions on the vector space R”. In particular, the Schatten p-norms are analogous
with the vector [, norms. By the duality for £, vector norms and the von Neumann
duality theorem, we derived a duality relation for Schatten norms: || - [|;, = [| - [lg
where the indices satisfy the conjugacy relation 1/p + 1/q = 1.

Agenda:

Motivation

Interpolation inequalities
Maximum modulus principle
The three-lines theorem
Example: Duality of Schatten
norms

VAWM -

Recall that the power binds before
the trace.
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Theorem 7.2 (Duality relation for Schatten p-norms). For all indices p, g € [1, oo] with
1/p+1/q = 1, the dual norm of the Schatten p-norm is the Schatten g-norm. The
duality is equivalent to a Holder-type inequality.

[tr(A*B)| < ||All, - [|B]l; for all A, B € M, (C). (7.1)

As unspooled in Lecture 6, the proof of the duality of Schatten p-norms involves
Birkhoff’s theorem on doubly stochastic matrices, the von Neumann trace theorem,
the von Neumann duality theorem, and finally duality for £,, vector norms. It is fairly
complicated, and we spent four lectures building up to the theorem.

In addition to its complexity, this type of reasoning does not offer a very flexible
approach to proving matrix inequalities. We may encounter related problems that
we cannot solve directly from these ideas. For example, consider the following
Schwarz-type inequality.

Theorem 7.3 (A Schwarz-type inequality). Fix p > 1. For all B € M,(C) and all
Aj € M,(C) for j=1,2,---, m, we have

||Zm A*fBA-“ <||Zm A*.A-” Bl
= A4 = j= %y, p

Proof. See Problem Set 2. [ |

To prove results of this type, it is valuable to have additional tools. This lecture will
show how to use basic methods from complex analysis to derive matrix inequalities,
including results like Theorem 7.3.

Interpolation inequalities
As a first step, let us rephrase the duality statement (7.1) as an interpolation inequality.

Proposition 7.4 (Schatten duality: Interpolation form). Theorem 7.2 follows from the state-
ment below. For all positive-semidefinite matrices A, B € H},(C), we have

1A°B" |, < lA[¢ - B} foro <6 <1. (7.2)

You can think about |[A°B*~9]|; as the trace norm of a weighted geometric mean
of the two positive-semidefinite matrices. The right-hand side is a weighted geometric
mean of their trace norms.

Proof. We will establish (7.1) for positive-semidefinite matrices A, B € I]-I]Z(C) ; Exer-
cise 7.6 asks you to derive the extension for general matrices.

First, fix p € (1, 00). We show that (7.2) implies (7.1) by a change of variables.
Consider the bijections A — AP and B — BY where § =1/pand1 -6 =1/qg. We
obtain the inequality

|AB|l1 < ||All, - IIBll; forall psd A, B € H}(C).

Exercise 7.5 asks you to check that |tr(AB)| < ||AB||1, which yields the inequality (7.1).
The boundary cases p = 1 and p = oo follow from the last display when we take
limits. [ |

Exercise 7.5 (The trace norm). Prove that the trace is bounded by the trace norm:
trM| < ||M||; forall M € M,(C).

Hint: Among many proofs, the easiest one introduces an SVD of the matrix.
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Exercise 7.6 (Schatten duality: General case). For the general case when A, B € M,,(C),
derive inequality (7.1) from inequality (7.2). Hint: Introduce polar factorizations.

In view of this discussion, we may focus on proving the interpolation inequality
(7.2). A surprising and powerful approach to this problem is to allow the interpolation
parameter 6 to take on complex values. This insight leads us to consider a complex
interpolation inequality, which we can establish using the miracle of complex analysis.
The key tool in this argument is a quantitative extension of the maximum modulus
principle, called the Hadamard three-lines theorem. The rest of this lecture develops
the required background and establishes the interpolation inequality (7.2).

The maximum modulus principle

In this section, we present the definition of a complex analytic function and prove an
essential fact called the mean value formula. Then we establish the simplest version of
the maximum modulus principle.

Domains and analytic functions
We begin with some definitions on domains and analytic functions.

Definition 7.7 (Domain). A domain ) C C is an open and connected set.

Definition 7.8 (Analytic function). A function f : QO — C on a domain Q € C is
(complex) analytic if it has a locally convergent power series expansion at each point
of the domain. More precisely, consider a closed disc inside the domain:

D,(a)={zeC: |z—a|<r}cQ.
Then there exists a convergent Taylor expansion
f(z) = Z:—o ce(z —a)k for all z € D, (a).

The coefficients ¢k € C. In particular, ¢y = f(a).

We can show that the Taylor expansion about each point a € Q is uniquely
determined, and it converges absolutely on the largest (open) disc D,(a) that is
contained in Q. Moreover, when D,(a) C Dg(a) C Q, the coefficients in the
expansion coincide.

From this definition, we can easily confirm that analytic functions are continuous
inside the domain Q. In fact, a complex function is analytic on a domain if and only if
it is differentiable within the domain (also called holomorphic).

Example 7.9 (Exponentials). For any complex number ¢ € C, the function z + e? is
analytic on the complex plane C. Moreover, the familiar Taylor series expansion for
the exponential converges in the whole complex plane C. .

Mean value formula and maximum modulus principle
In this section, we shall establish the maximum modulus principle for analytic functions.
Our key tool is the mean value formula.

Proposition 7.10 (Mean value formula). Let f : Q — C be analytic, and let D,(a) c Q.
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Then we have the formula

1 2n .
f(a) = o f(a+rel?)do. (7.3)

0

Proof. The proof of this proposition is straightforward. We can just integrate the
power series expansion of f at a € C term by term. The constant order (k = 0) term
contributes f(a); the higher monomial terms vanish. [ |

We can apply the mean value formula to prove a special case of the maximum
modulus principle: the version for a disc.

Proposition 7.11 (Maximum modulus principle: Disc). Let f : QO — C be analytic, and
consider a closed disc contained in the domain: D, (a) c Q. If the function z + | f(2)|
achieves its maximum over D, (a) at the point a, then the function f must be constant
on the disc D, (a). That is, f(z) = f(a) for each z € D,(a).

Proof. Fix the center a € Q and the radius r > 0 of the disc. By the triangle inequality
applied to the mean value formula (7.3), we compute

2 . 2m
F@l < 5= [ irtaerdioo < o= [T ir@ieo =1,

Therefore, both inequalities hold with equality. Since |f| is continuous, the value
f(a + re'?) has constant phase for all & € [0,27). Furthermore, the magnitude
|f(a +re'f%)| = |f(a)| for all . In other words, 8 — f(a + re¥) is a constant
function. By the mean value formula, the constant value of f(a + rei?) equals f(a).

Finally, we apply the same argument for each ry < r and its associated disc D, (a).

We conclude that f(z) = f(a) for each z € D, (a), because it is on the boundary of
some disc D, (a) forrp=|z—a| <. [

With the maximum modulus principle for the disc at hand, we are in position to
prove the general maximum modulus principle on bounded domains.

Theorem 7.12 (Maximum modulus principle: Bounded domain). Let Q C C be ahounded
domain. Assume that f : QO — C is analytic on Q and continuous on Q. Then
z — |f(2)| achieves its maximum on the boundary 0Q.

Proof. Since the closure_ﬁ is compact and |f] is continuous on £, we know that |f]|
attains its maximum on Q by the extreme value theorem.
We argue by contradiction. Suppose |f| does not achieve a maximum on 0Q). Let

a € Q be a point where |f(a)| > |f(z)| forall z € Q. Let b € 0 be the closest point
in 0Q to a; such a point exists since Q) is compact.

By assumption, |f(b)| < |f(a)|. Since |f| is continuous on the line segment
[a, b], there must exist a point z € (a, b) C Q in the interior of the domain such that
|f(2)| < |f(a)l; see Figure 7.1 for an illustration.

Consider a disc D, (a) that contains z and sits inside Q. Since |f| achieves its
maximum at a, we have that |f(a)| > |f(w)| for all w € D,(a). By the maximum

modulus principle for a disc, f is a constant on D, (a). But this is a contradiction to
the fact that | f(2)| < |f(a)]. [

Figure 7.11dentifying the disc to apply
maximum modulus principle on a disc.
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Aside: (Maximum modulus principle). In fact, a stronger result is valid. Assume that
f : Q — C is analytic on a bounded domain Q and continuous on Q. If the
function |f| attains maximum at any point inside the domain Q, then the function
[ is constant on the domain.

Interpolation: The three-lines theorem

The maximum modulus principle (Theorem 7.12) applies to general bounded domains.
However, the result can fail for unbounded domains without additional assumptions. For
one thing, we do not even know if | f| attains its maximal value; it could be unbounded.
Nevertheless, for sufficiently regular functions, we can establish a maximum modulus
principle for particular unbounded domains (e.g., strips and wedges).

The next result provides a quantitative version of the maximum modulus principle
on the strip. This theorem is attributed to Hadamard.

Theorem 7.13 (Hadamard three-lines). Let Q = {z : 0 < Re z < 1} be a vertical strip
in the complex plane. Assume that the function f : Q — C is analytic on Q, and
assume that f is bounded and continuous on Q). Define the quantity

M(0) = sup;cp |f (8 +it)| for 6 € [0,1].

Then the function M is log-convex. In particular, we have

M(6) < M(0)*%.M(1)? for6 e 0,1]. (7.4)

Proof. We will only prove the interpolation inequality (7.4); the general log-convexity
statement follows by a scaling argument. Without loss of generality, we can also
assume that M (0) and M(1) are strictly positive; otherwise we can add a small
positive constant 6 to f and take the limit § | 0.

Consider the auxiliary function

F(z) = f(z) - M(0)* M (1)™* forz € Q.

Then F is analytic on ) and continuous on Q. Moreover, for z = 0 + it with 0, € R,
we can compute

|F(6 +ir)| = |f(6 +ir)] - M(0)*'M(1)™°. (7.5)
Therefore F is bounded on Q, and |F(z)| < 1 on Q by construction.
Claim 7.14 (Auxiliary function is bounded). We claim that |F(z)| < 1 for all z € Q.
Granted that Claim 7.14 holds, we may quickly complete the argument:
12 sup; g [F(0 +i0)| = [sup;e |f (0 +if)[] - M(0)* M (1)~
=M(0) - M(0)° 1M (1)7".

The first equality is (7.5). Rearrange to reach the bound (7.4).
To prove Claim 7.14, we will use a regularization argument. For € > 0, consider
the function
Fo(z) = F(z) - @D forzeQ.

Once again, we recognize that F, is analytic on (2 and continuous on Q. Moreover, for
z=0+it with 6 € [0,1] and t € R, we can compute

|Fe(2)| = [F(2)] - @717 < |F(2)| -7 < |F(2)]. (7.6)
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Figure 7.2 Identifying the
bounded domain to apply maxi-
mum modulus principle.

Therefore, F, is bounded on Q, and |F(z)| < 1 on 0Q.
Identify a positive r > 0 such that e®” ‘> sup, g |F(2)l; see Figure 7.2. Consider

the bounded rectangle domain R C Q with sides defined by the lines Rez = 1 and
Rez =0and Im z = r and Im z = —r. By the computation in (7.6), we deduce that

|Fe(2)] < |F(z)|-e ¥ <1 forze Qwith |[Imz| > r.

In other words, |F;| < 1 on the part of the strip outside the rectangle R.

What about the rectangle R itself? By the maximum modulus principle, the
maximum of |F¢| on R must be achieved on the boundary dR. According to the last
display, |F¢| < 1 on the top and bottom of the rectangle. By construction of the
auxiliary function and the regularizer, we have |F,| < |F| < 1 on the left and right
sides of the rectangle.

From the last two paragraphs, we determine that |F,(z)| < 1 on Q. Finally, note
that

1> |Fe(z)| = |F(2)] e (0P 1) |F(z)| pointwise as € | 0.

This observation completes the proof of Claim 7.14. [ |

Exercise 7.15 (Three-lines: Weaker regularity condition). From the proof of Theorem 7.13, we
may infer that the regularity of f plays an important role. The boundedness condition
can be relaxed, however, as long as we have the property that f(z) = o(eczz) for
any positive constant ¢. That is, f should increase more slowly than any quadratic
exponential function. Adapt the proof to address this scenario.

Aside: (Analytic functions on the strip: Integral representations). There is an alternative
proof of the theorem via solving the Poisson equation for the strip [Stes56]. Indeed,
analytic functions are harmonic, satisfying Af = 0. Therefore, we can pass to the
Green’s function kernel of the strip and use an integral of the boundary values to
represent the function f on the whole domain. We can establish the interpolation
inequality by bounding this integral.

7.4 Example: Duality for Schatten norms

Finally, with the Hadamard three-lines theorem at hand, we may give an alternative
proof of the duality for Schatten norms by establishing Proposition 7.4. Observe that



Lecture 7: Matrix Inequalities via Complex Analysis 60

the interpolation inequality in (7.2) resembles the conclusion (7.4) of the three-lines
theorem. This parallel suggests an argument based on complex analysis. As a first
step, we explain what it means to apply a complex power to a positive matrix.

Definition 7.16 (Complex power). For a positive-semidefinite matrix A € M, (C),
consider the spectral resolution A = };; A;P;, where 1; > 0 and the P; are
orthoprojectors. For a complex number z € C, we define the complex power

Z ._ Zp. — zloghip .
A .—Zj)LjP]—Zje iP;.

This is a standard example of the functional calculus (for normal matrices).

The first step in the argument is to establish the duality between the trace norm
(Schatten-1) and the operator norm (Schatten-co).

Exercise 7.17 (Trace norm and operator norm). By an independent argument, prove that
|tr(A*B)| < ||A]l1 - ||Bllc for all A, B € M, (C).

Hint: There are many possible arguments. The easiest approach is to introduce an SVD
of A, cycle the trace, and use the variational definition of the largest singular value.

Proof of Proposition 7.4. Let A, B € H},(C) be positive-semidefinite matrices, and let
6 € (0,1). We intend to bound the quantity

tr(A°B70C) where ||C||o = 1.

By allowing the parameter 0 to take on complex values, we can obtain an analytic
function for input to the Hadamard theorem.
Consider the function

f(z) == tr(A*B*C) for0 <Rez < 1.

By the definition of complex power, we can compute
f(2) =) Ainu(PiQiC),

where we have introduced the spectral resolutions A = }}; 1;Pj and B = Y ui Q.
We see that f is a linear combination of analytic functions on Q = C, Therefore f is
analytic and continuous the closure of the strip Q = {z: 0 <Rez < 1}.

As in the statement of Hadamard’s three-lines theorem, define

M(0) = sup,cg |f(O+if)] for0<0O <1.

We need to check that f is bounded before we invoke the theorem. In fact, each term
of the linear combination in the expression for f(z) is bounded since

Mi,u]l._ﬂ = /lfléezp}_Rez < max; max{A;, u;}.
Therefore, f is indeed bounded. We can apply Theorem 7.13 to obtain the inequality
ltr(A’BY9C)) < M(0) < M(0)*79 - M(1)?. (7.7)

Let us see why this inequality gives us what we need.
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We can easily bound the terms M (0) and M (1). Using Exercise 7.17 and Exercise 7.5,
we see that

[f ()] < [|A*B* ||y - [[Clle = A BB~ || = ||Bl|x.

Indeed, A" and B~ are unitary matrices and the Schatten norms are unitarily invariant.
We recognize that M (0) = sup,cp |f(it)| < ||B]|1. Similarly, we have M (1) < ||A[|;.
Finally, we can introduce these bounds into (7.7):

|A°B' |l = max{tr(A’B'~°C) : ||Cll = 1} < l|AII{ - IIBII; ™"

The first relation follows from Exercise 7.17. This is the required result. [ ]

Notes

The idea of using complex interpolation to prove convexity inequalities is due to
Thorin. Littlewood described this approach as “the most impudent in mathematics,
and brilliantly successful” [Garoy, qtd. p. 135]. The application to proving matrix
inequalities is familiar to operator theorists, but it does not appear in the standard
books on matrix analysis. The presentation here is due to the instructor.

We have given an independent proof of the maximum modulus principle, adapted
to our purpose. The proof of the Hadamard three-lines theorem is also standard; for
example, see [Garoy, Prop. 9.1.1]. You will find more information about maximum
modulus principles on bounded and unbounded domains in any complex analysis text,
such as Ahlfors [Ahl66].

The proof of duality for the Schatten norms is intended as an illustration of these
ideas. Theorem 7.3 is due to Lust-Piquard, and the proof via complex interpolation
is reported by Pisier & Xu [PX97, Lem. 1.1]. There is a beautiful application of
complex interpolation to proving multivariate Golden-Thompson inequalities [SBT17].
The instructor has also used complex interpolation to develop new types of matrix
concentration inequalities [Tro18].
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\ 8. Uniform Smoothness and Convexity

Date: 27 January 2022 Scribe: Ethan Epperly

In the previous two lectures, we studied a class of unitarily invariant norms known as
the Schatten p-norms. Recall that the Schatten p-norm (1 < p < 00) is

Allp := (Z:’zl a,-(A)”)l/p for A € M,,(F).

Today, we will study the geometry of the space of matrices equipped with the Schatten
p-norms. In particular, we shall answer the question “How smooth is the unit ball
of the Schatten p-norm?” In answering this question, we will develop a powerful
uniform smoothness inequality for Schatten p-norms, which has important applications
in random matrix theory and other areas.

Convexity and smoothness

Let (X, ||-||) be a normed linear space. Our first task is to define a concept of smoothness
and a dual concept of convexity for the space X. To gain intuition for these concepts,
consider the pictoral depiction of a unit ball in Figure 8.1. At the point in orange
labeled “very convex”, the ball is more pointed and convex. The ball is more smooth
and flat at the blue point labeled “very smooth”.

As we suggested, the notions of convexity and smoothness are dual to each other.
If a unit ball is very convex, then the dual unit ball will be very smooth. This duality is
particularity apparent for polytopes, where the pointed vertices of polytope correspond
to the flat facets of its dual. See Figure 8.2 for an illustration with the ¢; and ¢, balls.

Let us develop a quantitive notion of convexity for the space X. Consider unit-norm
vectors X, y € X. Then, by convexity of |||,

1 1 1
—(x + < —|lx||+ = =1.
”2< | < Slsl+ Syl

We expect that if X is “very convex”, then this inequality will be far from saturated.
This motivates us to introduce the modulus of continuity:

Ox(s) = inf {1=[|5(x +p)| : lxll = lyll = 1, llx - yll = 25} (8.1

The modulus of convexity is defined for all s € [0, 1]. We illustrate the modulus of
convexity in Figure 8.3.

Now, we turn our attention to defining a modulus of smoothness. For unit-norm
vectors x, y € X, convexity implies

1 1
§||x+ry|| + Ellx— Tyl <1+7.

Once again, we expect this inequality to be far from saturated if the unit ball is “very
smooth” at x. We quantify the discrepancy by the modulus of smoothness:

1 1
ox(7) = SUP{5||x+TJ'II + ol — Tyl =1 flxll = llyll = 1}- (8.2)

Agenda:

1. Convexity and smoothness

2. Uniform smoothness for
Schatten norms

3. Proof: Scalar case

4. Proof: Matrix case

Figure 8.1 The unit ball of a normed
linear space (X, ||-||) and two points
on its boundary where the ball is
smooth and convex.

Figure 8.2 Duality of vertices and
facets for the ¢; and £, unit balls.
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Figure 8.3 (Modulus of convexity). Graphical illustration of dx(s), the
modulus of convexity (8.1).

Figure 8.4 (Modulus of smoothness). Graphical illustration of px(7), the
modulus of smoothness (8.2).

The modulus of smoothness is defined for all T € [0, +0).

The anticipated duality between convexity and smoothness is encapsulated in the
following theorem. The basic qualitative result was obtained by M. M. Day, while the
quantitative form here due to J. Lindenstrauss [Lin63].

Theorem 8.1 (Lindenstrauss). Let X be a normed linear space and X* its dual. Then
ox-(1) =sup{rs — dx(s) : s € [0,1]}.

In other words, the modulus of smoothness of the dual of X is the Legendre-Fenchel
conjugate of the modulus of convexity of X.

Informally, this theorem states that if X is very convex, then its dual X* is very
smooth. The converse is valid as well.

8.2 Uniform smoothness for Schatten norms

The main result of this lecture is an inequality that fully captures the uniform smoothness
properties of matrices equipped with the Schatten p-norm (p > 2). We begin with the
statement and its consequences, and then we outline some applications before turning
to the proof.
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Theorem 8.2 (Tomczak-Jaegermann 1974; Ball-Carlen—Lieb 1994). For X,Y € M,,(F)
and p > 2, we have

2/p
1 1
EIIX +Y||}, + EIIX -Yly| < IXI5+ (@ -DIY|. (8.3)

The constant p — 1 is optimal, even for n = 1.

This result was first established by Tomczak-Jaegermann in the more general setting
of trace-class operators on Hilbert spaces [Tom74]; she obtained the optimal constant
p — 1 for all even integers p. Ball, Carlen, and Lieb [BCL9g4] obtained the optimal
constant of p — 1 for all p > 2. We will present an alternative approach to the theorem,
developed in 2021 by the instructor (unpublished).

Several remarks are in order:

* By considering diagonal matrices, we see that the same inequality holds for
vectors X, y € £, withp > 2.

1 1 2/p ) )
§||x+}’||§+§||x—J’||g < lxll; + (p = DIyl

In fact, all of the other results in this lecture have parallels for £, spaces and for
L, spaces.
* By Lyapunov’s inequality,

1 1
SIX+ Y|+ SIX - Yl < IXI5 + (p = DIYI. (8.4)

Equivalently, invoke the concavity of ¢ t2/P and Jensen’s inequality.
¢ The uniform smoothness bound (8.4) is reversed for p € [1, 2], yielding a uniform
convexity bound:

1 1
SIX+YI2+SIX - YIE = IXIE+ (p - DIV} forpe(12]. @©s)

e For the Schatten 2-norm (i.e., the Frobenius norm), the bounds (8.3) and (8.4)
holds with equality. This is the parallelogram law:

1 1
FIX+YIS+ SIX = YI5 = I1X15 + Y115,

which holds for vectors X and Y in a Hilbert space with norm ||-||. See Figure 8.5
or an illustration.

e For p ~ logn, we have |||, = |||l~. See Exercise 8.5 for a quantitative
statement. Plugging this relation into (8.4),

1 1
SIX +Y 12+ SIX - Y[% £ IXII2 +log n - Y112,

The next set of exercises supports these observations.

Exercise 8.3 (Optimality). Prove that (8.3) cannot be improved by replacing p — 1 by a
smaller constant. (Hint: Consider n = 1. Use a second order expansion for small Y.)

Problem 8.4 (Duality). Deduce that the uniform convexity result (8.5) follows as a formal
consequence of (8.4).

Theorem 8.2, and indeed all of the
results in this lecture, also hold for
rectangular matrices

X,Y € MM (F),

Figure 8.5 Geometry of the parallelo-
gram law.
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Exercise 8.5 (Approximating So). For X € M, (F), show that
Xl < [IX]l, < n'/P||IX||eo forall p > 1.
For all n > 2, conclude that
IXlleo < IX1lp < Vel Xllw for p =2logn. (8.6)

As a corollary of the uniform smoothness bound Theorem 8.2, we obtain the
modulus of smoothness for the Schatten p-norm:

Corollary 8.6 (Modulus of smoothness). For the normed space X = (M, (F), [|-||,) with
p = 2, the modulus of smoothness satisfies the bound

o() < 3 (p - 17,

The result is sharp as 7 | 0 in the sense lim, o %(p -11?/p(1) = 1.

Proof. Fix p > 2 and consider matrices X and Y with || X||, = ||Y||, = 1. By convexity
of the function a + |a|? — 1, we obtain the numeric inequality

1
a—lsg(lalz—l) for a € R.

Applying this inequality for a = || X + Y ||, and a = || X - Y|, gives

IA

1 1
ox(1) < S(IX +7Ylp 1) + S(IX = 7Y, — 1)

1(1 1
—|ZIX+ Y2+ =1 X — 1Y |2 - 1].
2(ZII Y[l + SIX - 7Y, )

Now apply the uniform smoothness bound (8.4):

1 1
ox(7) < 5 (IXIZ + (p = DP2IYIE - 1) = S(p - D7,
This is the promised conclusion. The optimality for small 7 can be proven using a
second-order expansion for small 7, as in Exercise 8.3. [ |

Qualitatively, this result shows that the unit ball of the Schatten p-norm becomes
less smooth as p increases. By analogy to the ¢, spaces, this result is unsurprising

as the ¢, unit ball is round and smooth, whereas the ¢, unit ball has rough corners.

Corollary 8.6 confirms that this intuition carries over to Schatten p-norms. See
Figure 8.6 for a schematic drawing.

Exercise 8.7 (Modulus of convexity). Use Theorem 8.1 and Corollary 8.6 to bound the
modulus of convexity for the Schatten p-norm (1 < p < 2).

Application: Sum of independent random matrices

The uniform smoothness bound Theorem 8.2 has important implications for random
matrix theory and related areas. We shall focus on one application: bounding the
expected spectral norm of a sum of independent random matrices.

Figure 8.6 The unit ball of the Schat-
ten p-norm becomes rougher as p in-
creases.
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First, consider an independent family (Xj,...,Xy) of centered real random
variables. Then, by the additivity of the variance,

X%

This calculation carries over immediately to Hilbert spaces. For instance, for an
independent family (X1, ..., X ) of centered random variables in the space of matrices
M, (F) equipped with the Schatten 2-norm,

(> x

This statement can be verified using the bilinearity of the trace inner product (X, Y :=
tr(X*Y).

Unfortunately, Schatten 2-norm bounds are often uninformative for computational
applications of random matrices [Tro1s, pp. 122—-123]. With the help of the uniform

2 N
=Y EIX
i=1

2 N
_ 12
L= D EIXGlE. (87)

smoothness bound (8.4), we can obtain a Schatten p-norm inequality version of (8.7).

By taking p = log n, the result of Exercise 8.5 yields a Schatten co-norm bound (i.e., a
bound in the spectral norm).

To begin, observe that the uniform smoothness bound (8.4) can be interpreted
in probabilistic language. Introduce a random variable ¢ ~ uNiForM{+1}. The
conclusion of (8.4) can be reformulated as an expectation:

E X +e¥|2 < [XI2+(p - 1) - E||e¥ |2,

We can improve this inequality in the same way that we can upgrade midpoint convexity
to the full statement of Jensen’s inequality. Indeed, the same bound holds if we replace
€Y by a general centered random matrix Z.

Proposition 8.8 (Ricard—Xu 2016). Let X € M, ([F) be a fixed matrix and Z € M, (F) a
centered random matrix. For p > 2,

EIX +ZI2 < IXI3+(p - 1) - E | Z|I2

This result was orginally proven by Ricard and Xu [RX16] in the setting of von
Neumann algebras. An elementary proof appears in the paper [Hua+21, Lem. A.1]. We
present an even simpler proof adapted from [Nao12], which yields a slightly suboptimal
constant of 2(p — 1) in place of p — 1.

Proof. We compute

1
5 (ENIX + Z[[5 + [1X115)

IA

1
S (EIIX +ZI; + E X - Z][5)

IA

IXI2 + (p - 1) - EN|ZII2.

The first inequality is Jensen’s inequality, and the second is uniform smoothness (8.4).

Rearranging gives the advertised result with a suboptimal constant 2(p — 1). [ |

Applying this result iteratively yields inequalities for the expected Schatten norm
of a sum of independent random matrices.

Corollary 8.9 (Sums of independent random matrices). Consider an independent family
(X1,...,Xn) of independent centered random matrices in M, (F). For each p > 2,

e[y %] < -0 Y e, 5.8

Recall that a random variable X is
centered if it has expectation zero:
EX =0.

A random variable
€ ~ UNIFORM {+1} is referred to as a
Rademacher random variable.
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Consequently, for each n > 3,

N N
[E”Zi:lxi LS V2elogn - Zizl[E”Xngo (8.9)

Proof sketch. The first conclusion follows from Proposition 8.8 applied iteratively to
each X, conditional on the realization of (X1,..., X_1). For the second conclusion,
we derive choose p = 2log n to obtain

EIZxl) < el2i =l <2 =,

N N
<(p-1)) ., EIXill} <2elogn- )~ EIXl2.

The first inequality is Jensen, the second and fourth are the norm comparison (8.6),
and the third is (8.8). Taking square roots gives the desired conclusion. [ |

Uniform smoothness can be used to derive matrix concentration inequalities for
other random matrix models, such as products of independent random matrices in
[Hua+21]. See [Trois] for a survey of exponential matrix concentration inequalities,
based on more sophisticated tools from matrix analysis. The /log n prefactor in (8.9)
is known to be necessary [Tro1s, pp. 114-115], but it can sometimes be removed with
still more difficult tools [BBv21].

Aside: (Uniform smoothness and quantum computation). As another application, recent
work has used uniform smoothness improved error bounds for simulating the time-
evolution of quantum systems using Trotter formulas, a workhorse algorithm in
quantum computation [CB21].

Proof: Scalar case

Having discussed applications of the uniform smoothness bound (8.3), we now turn
to the task of proving it. To reduce notational clutter, we shall introduce probabilistic
notation, as we already saw in (8.3). Let X,y € be real numbers, and let € be a
Rademacher random variable. Our task is to prove the following inequality:

(E|x + Eyl”)z/p < |x)*+ (p-1)- |y|2. (8.10)

This is known as the Gross two-point inequality. To simplify, we shall assume p is an
even natural number. Lifting this restriction is left to the reader (Exercise 8.11 and
Problem 8.12).

Our approach will be based on interpolation. The idea is straightforward. We define
a path between a simple object that we understand and a more complicated object.
We obtain inequalities by controlling the derivative along the interpolation path. There
are other simpler ways of proving the Gross two-point inequality (8.10), but the proof
by interpolation generalizes directly to matrices. In this task, the following lemma will
be helpful.

Lemma 8.10 (Mean-value inequality). Let ¢ : R — R be such that ¢’ is convex. Then,
forallb,a € R,

(b -a)(¢(b) - 9(a)) < %(b —a)*(¢'(b) + ¢'(a)).
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Proof. By the fundamental theorem of calculus and convexity,
1
(b-a)(p(b) - ¢(a) =(b- a)z/ ¢'((1-1)b+71a)dr
0
1
<(b- a)2/ [(1-1)¢'(b) +T¢’(a)] dT
0

1
=5~ a)* (¢’ (b) + ¢’ (a)).
This is the desired conclusion. [ |
With this result in hand, we prove the Gross two-point inequality (8.10).

Proof of Theorem 8.2 (scalar case). Assume that p is an even natural number. Define
the interpolant
u(t) :=E|x+eVty|P fort e [0,1]. (8.11)

Observe that
u(0) = |x|P and u(1)=E|x+ey’.

The value u(1) at the endpoint is the left-hand side of Gross’s inequality (8.10), raised
to the p/2 power.
With the help of the mean-value inequality (Lemma 8.10) for the function ¢ : a —
|a|P~!, we compute and bound the derivative of the interpolant u:
1

Vat
=p- VD)

u(t)y=p-—-E [(83/)(x+6y\/?)”‘1

%(x A %(x - y\/?)’“]

< Ip(p -1 S+ VD2 S (x - yx/hp-z]
2 2 2

= %p(p ~1)y* E(x — yVr)P?

< %p(p -1)y*- [[E(x - y\/?)”]l_zm

1
SP(p=1y*: u(t)=2/.

The first inequality is the mean-value inequality Lemma 8.10, and the second inequality

is Lyapunov’s inequality. We have obtained a differential inequality for the function u.

To solve this inequality, define the function v(t) = u(t)*? for t € [0,1]. Then
v(0) = |x|?, while v(1) is the left-hand side of Gross’ inequality (8.10). Finally, we
use the fundamental theorem of calculus to compute

1
(ELx+ ey = = v(1) - v(0) = [ o0y ar
0

1
=/ %u(t)z/”_l-u(t)dt (8.12)

0
1
< (p—l)/o y*de = (p-1)y>

The inequality is transferred from the last display. Rearranging gives the Gross
two-point inequality (8.10). |

Why define the interpolant u as
(8.11) with the square root
dependence V' instead of the more
natural-seeming linear interpolant

u(t) :=E |x+ety|P?

In fact, the linear choice also works,
but it gives a suboptimal constant of
2(p —1) inplace of p — 1.
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Exercise 8.11 (Gross: p > 3). Modify the proof of Gross’ two-point inequality (8.10) to
handle the case p > 3. Hint: This is essentially the same proof; the only change is that
signum functions arise from the derivative.

Problem 8.12 (Gross: p € (2, 3)). Prove Gross’ two-point inequality (8.10) for p € (2, 3).
Hint: The derivative ¢’ is now concave. Modify Lemma 8.10, bounding the integral by
the midpoint rule.

Proof: Matrix case

We shall now extend the proof of Gross’ two-point inequality for scalars (8.10) to prove
the uniform smoothness bound (8.3) for matrices.

Setup

The first step is a standard tool in matrix analysis; we transform possibly non-Hermitian
matrices X, Y to Hermitian matrices by passing to the the Hermitian dilation:

M €M, (F) mapsto (M) = [zv(; Aol}eﬂ-[IZn(F).

As the following exercise shows, this allows us to assume without loss of generality
that X and Y are Hermitian.

Exercise 8.13 (Hermitian dilation). Let A, B € M, (IF). Prove the following properties of
the Hermitian dilation:

1. The mapping # : M,(F) — Hs,(F) is a real-linear function. That is, for
A,B e M, (F) and a, B € R,

% (aA + BB) = a¥ (A) + % (B).

2. The eigenvalues of # (A) are equal to +0;(A) fori =1,2,...,n.
3. Schatten norms of A and % (A) are proportional: ||# (A)||, = 21/’”||A||p.

For a Hermitian matrix M, the Schatten p-norm is given by a trace:
M|, = (tr [M|P)'P where [M| = (M*M)"/>.

For even p and Hermitian M, this expression simplifies further: ||M]|, = (tr M” )1/ P,
This reformulation is useful because it will allow us to leverage the linearity and
cyclicity of the trace in our calculations.

Trace functions and inequalities

The linearity and cyclicity of the trace allow for many scalar inequalities to be “upgraded”
to trace inequalities by systematic arguments. We introduce one such technique, the
generalized Klein inequality, in this section. In order to do this, we begin by defining
matrix functions:

Definition 8.14 (Standard matrix function). Let ¢ : R — R. We extend this function
to Hermitian matrices ¢ : H,, — H, as follows. Let A € H,, be a matrix with

spectral resolution
A=) AP:.
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Then
9(A) = ) 9(A)P; € Hy(F)

We will need the following standard derivative computation.

Proposition 8.15 (Derivative of trace power). For each natural number p € N and all
A)H € Hn([F):

%tr(A +tH)?| =pu[AP'H].

t=0

Proof sketch. The key observation is the identity

-1
B' - A =" B(B-A)A"'* forall A,B € M,.

This formula can be verified by direct algebraic manipulation. |

Exercise 8.16 (Derivative of trace power). Prove Proposition 8.15.

There are a variety of techniques for deriving trace inequalities from scalar inequal-
ities. We shall make use of the following result.

Proposition 8.17 (Generalized Klein inequality). Suppose that f, gr : R — R are functions
such that

> fi(@ g(b) 20 forallabeR.

Then
Zk tr [f(A) ge(B)] > 0 forall A, B € H,,(F).

Proof. Introduce spectral resolutions

A=) APi and B=) 1Q;

Then calculate

Yol aml =Y o3 aar) (3 ame))]
= 2 | D A gt | - e(Pi)).

The bracketed quantity is positive by assumption and tr(P;Q ]-) is positive because the
trace of the product of two positive-semidefinite matrices is positive. Therefore,

> wlfi(4) g(B)] 20,

as claimed. u

Exercise 8.18 (Trace of psd product). Prove that tr(AB) > 0 for positive semidefinite
matrices A and B. Hint: Write B = BY/2B'/2 and cycle the trace.

As a corollary, we obtain a trace version of the mean-value inequality, Lemma 8.10.

Corollary 8.19 (Mean-value trace inequality). Let ¢ : R — R be such that ¢ := ¢’ is
convex. Then for A, B € H,(F),

tr [(B—-A)* (y(B)+y(4))].

w[(B-A)(¢p(4) - p(B)] < 5
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Exercise 8.20 (Mean-value trace inequality). Prove Corollary 8.19 using the mean-value
inequality (Lemma 8.10) and the generalized Klein inequality (Proposition 8.17).

Exercise 8.21 (Derivative of a power). Derive the result in Proposition 8.15 using the
generalized Klein inequality (Proposition 8.17). Extend this argument to compute the
derivative of tr |-|P for all p > 0.

Proof of Theorem 8.2

With these ingredients, we may complete the proof of the uniform smoothness bound
for Schatten p-norms.

Proof of Theorem 8.2. By passing to the Hermitian dilation if necessary, we can assume
that X and Y are Hermitian. We again restrict attention to p an even integer. We leave
the proof for general p > 2 as an exercise.

Define the interpolant

u(t) :==tr [X + EY\/;] fort € [0,1].
We now compute and bound the derivative of u using our computation for the

derivative of the trace power (Proposition 8.15) and the mean-value trace inequality
(Corollary 8.19):

w(t)=p- 2%/; Etr [(eY)(X N EY\/;)p—l]
= %P . 41—ttr [(Z\EY) ((X +Y\/E)p_1 - (X _ Y\/;)p_l)}
= %p o Yz(%(p -1 (w7 %(p 1) (xevve)” ﬂ

= -1 Eu [YZ(X + ng/E)P—Z]

2
< %p(p — 1) (xrY?)PE [tr (X + ng/Z)p] e
< %p(p ~1) (wY?)*P [[E tr (x + er/Z)p]l_Z/p

1 _
= Sp(p = DIYIE - u()'".

The first equality is Proposition 8.15. The three inequalities are Corollary 8.19, the
Holder inequality for Schatten norms, and Lyapunov’s inequality. The remainder of
the proof follows from the same calculation (8.12) as the scalar case. [

Problems

Problem 8.22 (Matrix Khintchine inequality). The uniform smoothness inequalities in this
lecture can be substantially improved using the same method. Consider a self-adjoint
random matrix of the form

n
X=B+ Z . €;A; where ¢g; are i.i.d. Rademacher.
i=

The self-adjoint matrices B, Ay, ..., A, € Hy are fixed.

By convention, the trace binds after
nonlinear operations. For example,
w¥? =w(YP).
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1. For p > 2, prove the matrix Khintchine inequality:
2 2 a2
EIXIZ < IBIE + (- 1)- |20, 4]

2. For even p, show that the constant can be improved to [(p — 1)11]'/7.

Notes

Leonard Gross, for whom the Gross two-point inequality (8.10) is named, is a math-
ematician and mathematical physicist who did foundational work on quantum field
theory and statistical physics. He is among the early developers of logarithmic Sobolev
inequalities, which can be used to prove concentration inequalities for nonlinear
functions of independent random variables [vani4, §3].

Interpolation is a very effective tool. Another relatively accessible application uses
interpolation to prove comparison inequalities for Gaussian processes, which can be
used to prove sharp bounds on the expected spectral norm of a standard Gaussian
random matrix [Ver18, §§7.2—7.3]. An advanced application of these ideas can be
used to develop matrix concentration inequalities which sometimes circumvent the
logarithmic factor we obtained in (8.9); see [BBv21].

The Hermitian dilation has an old history in matrix analysis and operator theory.
Jordan first used the Hermitian dilation in 1874 in his discovery of the singular value
decomposition. (The singular value decomposition was also discovered independently
the year prior by Beltrami.) The Hermitian dilation was popularized by Wielandt
and is often referred to as the Jordan—-Wielandt matrix for this reason. See [SS9o0,
PP- 34-35] for a discussion of this history.
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\ 9. Additive Perturbation Theory

Date: 1 February 2022 Scribe: Salvador Rey Gomez De La Cruz

Matrix perturbation theory studies how a function of a matrix changes as the matrix
changes. In particular, we may ask how the eigenvalues of an Hermitian matrix change
under additive perturbation. That is, for Hermitian matrices A, E of the same size,
how do the eigenvalues of the perturbed matrix A + E compare with the eigenvalues
of A? Today, we will develop Lidskii’s theorem, a result that provides a very detailed
answer to this question. This is one of the most important applications of majorization
theory in matrix analysis.

Variational principles

The first step toward Lidskii’s theorem is a set of variational principles, which describe
the eigenvalues of a matrix as solutions to optimization problems. Our first result is
due to Poincaré. This theorem gives upper and lower bounds on eigenvalues in terms of
quadratic forms. Afterward, we will see that these bounds lead to exact representations
of the eigenvalues.

Theorem 9.1 (Poincaré). Let A € H,,, and let L C C" be a subspace with dimension
k. There are unit vectors x, y € L such that

(x, Ax) < AL(A) and
(¥, Ay) > AL(A).

Proof. The proof relies on dimension counting. Let ()L}, u;) be the eigenpairs of A.
The set (u; : i = 1,...n) comprises an orthonormal basis of C". In other words,
(u,-, uj) = 5ij-

Consider the subspace S = span {u, ..., #,}. Observe that dimL+dimS = n + 1.
Since the total dimension is greater than n, the intersection L N S is a nontrivial
subspace. Since the subspace is nontrivial, it contains a unit-norm vector x € LN S.
We may express this vector in the distinguished basis for the subspace:

n
X = E - Filki where a; € C.
i=
Because x is a unit vector and the basis is orthonormal,

2 n 2
1= xlf? = > el

Because u; are eigenvectors of A, we find that

n
_E b
Ax = - ail;u;.

Agenda:

1. Poincaré theorem

2. Courant-Fischer-Weyl
minimax principle

3. Weyl monotonicity principle

4. Lidskii theorem

The larger the dimension of the
subspace L, the smaller the quadratic
can be. Similarly, the larger the
dimension, the larger the quadratic
form can be.
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We may now evaluate the quadratic form (x, Ax). Indeed,
n n
(x, Ax) = Zi:k Zj:k(ajuj, a,-/lfu,-)
_\N" 1294
B Zj:k lj] /11'
LNV 12— gl
<Al Zj:k a2 = AL

The final inequality comes from the fact that the eigenvalues Ajl. are arranged in

descending order. This proves the first inequality in the statement of the theorem.
In order to prove the second inequality, we simply replace A with —A. This
operation yields a unit vector x € L with the property that

~(x, Ax) < AL(-A) = -7AL(A).

In the first line, we used the fact that the eigenvalues of —A are the negatives eigenvalues
of A. Because of the change in sign, the order reverses. This is the second statement
in the theorem. [ |

Theorem 9.1 yields a corollary that provides a minimax representation for the
ordered eigenvalues.

Corollary 9.2 (Courant—Fischer-Weyl minimax principle). Let A € H,,. Then

/ll A) = max min {(x, Ax) = min max (y, A
k( ) Lccr ||x||2:1< ) . scer ||y||2=1<y y)
dim(L)=k xeL dim(S)=n-k+1 yes

This result represents eigenvalues as quadratic forms. Let us emphasize that these
expressions are linear in the matrix A.

Proof. As before, let (/lf(A), u;) denote the eigenpairs of A. By Theorem 9.1, each
subspace L € C" with dimension k contains a unit vector x € L such that

AL(A) = (x, Ax) > min (v, A4).
yeL

By choosing L = span {u1, ... u;}, we see that equality can obtain.
For the second statement in Theorem 9.2, apply the first statement to the matrix —A

instead of A. Recall that /li(—A) = —/l]ll_kﬂ (A) and that min(a) = — max(a). [

A direct consequence of Corollary 9.2 is the Rayleigh—Ritz theorem, a fundamental
result with wide impact in computational mathematics. In particular, it offers a way of
approaching eigenvalue estimates by means of optimization tools.

Corollary 9.3 (Rayleigh—Ritz). Let A € H,,. Then

A{(A) = ”max (x, Ax), and
x 1

2=

A4(A) = min (y, Ay).
llyll>=1

Proof. To prove this result, simply let k = n and k = 1 in the first and second statement
of Corollary 9.2, respectively. [ |

Corollary 9.3 has some striking implications:
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e The maximum eigenvalue map A + An.x(A) is a convex function on H,,.
¢ The minimum eigenvalue map A — A, (A) is a concave function on H,,.

Indeed, we observe that the maximum eigenvalue is the maximum of linear functions
of the matrix, so is a convex function. Likewise, the minimum eigenvalue is a minimum
of linear functions, so is concave.

Exercise 9.4 (Spectral condition number convex cone). For ¢ > 1, consider the set K(c) :=
{A € H,, : x2(A) < ¢} of matrices whose spectral conditional number is bounded by
c. Show that K(c¢) is a closed convex cone.

Exercise 9.5 (Rayleigh—Ritz via diagonalization). Prove Corollary 9.3 by diagonalizing A
and computing the quadratic form explicitly.

Exercise 9.6 (Rayleigh quotient). Recall that the Rayleigh quotient is defined as
(x, Ax)
(x, x)

Prove Corollary 9.3 by differentiating the Rayleigh quotient with respect to x and
finding the second-order stationary points.

R(A;x) = forx # 0.

Weyl monotonicity principle

The first step toward analyzing additive perturbations is to study a special case where
the perturbation is a positive-semidefinite matrix. This result is called the Weyl
monotonicity principle.

Positive-semidefinite matrices

First, we recall the the definition of a positive-semidefinite matrix and the concept of
the positive-semidefinite order on Hermitian matrices.

Definition 9.7 (Positive semidefinite matrix). A complex Hermitian matrix A € H, (C)
is positive semidefinite (psd) when (x, Ax) > 0 for all x € C".

Definition 9.8 (Positive semidefinite order). For Hermitian matrices A, B € H,,, we
write B > A when B — A is a positive semidefinite matrix.

Weyl monotonicity
With these definitions out of the way, we can give a rigorous statement of the Weyl
monotonicity principle.

Corollary 9.9 (Weyl monotonicity principle). Let A, H € H,,, and assume that H is psd.
Then
Ai(A+H) > /lt(A) foreachk=1,...,n.

Equivalently, B > A implies that Ai (B) = Ai (A) for each index k.

Warning 9.10 (Eigenvalue increase). The converse of the Weyl monotonicity principle
is not true! The conditions )L]lC(B) > )Li (A) do not imply that B > A. .

Recall that the spectral condition
number k3 (A4) = Amax(A)/Amin(4)
for each Hermitian matrix A.
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Proof. Let S;_+1 be the subspace that represents /li (A + H) in the second (minimax)
relation in Corollary 9.2. Then

M(A+H) = max (y, (A+H)y) = mex ((y, Ay)+(y, Hy))

lylI*=1
YE€Sn—k+ YESn_ks1
> max (y, Ay)
llyl?=1
YESn-k+1

>  min max (y, Ay)
sceh iy Y
dimS=n-k+1 "y s

= 1L (4).

The first inequality is valid because H is psd. The second inequality occurs because

S, —k+1 represents JLILC (A + H) via the minimax principle, so the minimum over all
subspaces S C C”" with dimension n — k + 1 has to be smaller. The final equality
follows from Corollary 9.2.

In order to prove the equivalence, simply note that B > A if and only if H :=
B — A > 0. Then invoke the first result. [ |

Exercise 9.11 (Eigenvalue increase). Consider the family of relations A (B) > Ay (A) for
each index k. Show that these relations do not determine a partial order on Hermitian
matrices. Hint: Equality of eigenvalues does not imply equality of matrices.

The Lidskii theorem

Corollary 9.9 states that perturbation of an Hermitian matrix by a psd matrix increases
each of the eigenvalues. Lidskii’s theorem describes how the eigenvalues change under
an arbitrary Hermitian perturbation.

Theorem 9.12 (Lidskii). Let A, E € H,,. Let 1 < i; < iy < --- < ix < n be distinct
indices. Then

Zle A4+ B) - AL ()] < Z; A(E)

We give a simple proof of Lidskii’s theorem due to Li & Mathias [LM9gg]. This
argument reduces the full result to two applications of the Weyl monotonicity principle.
See [Bhag7] for three alternative proofs of Lidskii’s theorem.

Proof. Fix a number k, and choose indeces i; < iy < --- < iy. Without loss of
generality, we may assume that Ai(E) = 0. If not, we simply replace E with
E - A]lc(E)I. Indeed, this transformation reduces the kth eigenvalue of E to zero, and

it shifts both sides of the inequality by an equal amount, namely —klllc(E ).
Next, introduce the Jordan decomposition E = E, — E_, where the summands E,
and E_ are commuting psd matrices. Indeed, E admits a spectral representation

n
_ lp.
E=) NP

The elements E . of the Jordan decomposition are the matrices

n l n l
E,= ijl(/lj)+P j and E_= ijl (A)-P;.
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The two functions (a). := max{+a, 0} return the positive (resp., negative) part of a
number a € R. Notethat E < E, andso A+ E <A+ E,.
We make the following calculation, invoking the Weyl monotonicity principle twice.

Z;“:l A4+ B) - A ()] < Z; (A (a+ B2 -2 ()]

<> [jarE) -2
=tr(A+E,) —tr(A) = tr(E,)

= D (B
= ME)

The first inequality follows from Corollary 9.9 because A + E < A+ E.. The second
inequality introduces the missing indices; it relies on Corollary 9.9 and the fact that
A < A+ E,. Next, we recall that the trace is the sum of eigenvalues, and we rely the

fact that the trace is linear. Finally, note that Ai(E ) = 0. Therefore, /ljl.(EJ,) =0 for

Jj = k. Meanwhile, the largest k eigenvalues of E, and E coincide. This observation
completes the proof. [ |

Consequences of Lidskii’s theorem

Theorem 9.12 has many remarkable applications. In this section, we will explore a few
of the immediate consequences.

Majorization relations

First, let us rewrite Lidskii’s theorem as a majorization relation. If we choose i; = j for
each j =1,..., k, then the following majorization relation arises.

ALA+E) - ALA) < AYE). (9.1)

In the majorization relation, the trace equality follows from the linearity of the trace
and the fact that tr(A + E) = 7:1 Aj(A + E). In particular, we may consider the
k =1 case of the majorization relation:

AHA+E) - At 4) < AH(E).

This gives an elegant additive bound for the largest eigenvalue.
From the majorization relation (9.1), we may perform two changes of variables to
arrive at a pair of relations

ALB) - AL(A) < AL(B-4) < ALB)-AT(A).

The first majorization relation is accomplished by rewriting (9.1) with B = A + E. The
second majorization relation follows upon rearranging (9.1), setting B = E, changing
the sign of A, and noting that A}(—A) = —AT(A). By another change of variables in
the last display, we arrive at the equivalent relation

ALB) +AT(A) < AY(B+A) < AYB) + AL (A).

These two pairs of majorization relations give detailed information about how the
eigenvalues behave when we add or subtract Hermitian matrices.
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Norm comparisons

The appearance of majorization relations allows us to activate tools from our study
of majorization to derive further results. In particular, we may use symmetric gauge
functions to summarize how the eigenvalues change under additive perturbation.

Corollary 9.13 (Eigenvalue norm comparisons). Let @ : R"” — R, be a symmetric gauge
function. Then
(AN A+ E) - A1(4)) < D(AYE))

Proof. Each symmetric gauge function is isotone. For any vectors x, y € R” such that
X <y, we have ®(x) < d(y) because of the isotonicity. Apply this result to (9.1). =

Example 9.14 (Weyl perturbation theorem). Consider the symmetric gauge function ®@(-) =
[|*|lco- One obtains the inequality

max; [1(A + E) = A{(4)| < max; [A:(E)| = ||Ell -

In other words, the maximum change in each eigenvalue is controlled by the spectral-
norm difference between the two matrices. This last relation implies that the eigenvalue
function

Al (Hy, Seo) = (R”, £o0)

is a 1-Lipschitz map between two metric spaces. In particular, Al is a continuous
function on the space of Hermitian matrices.
It is sometimes more convenient to make another change of variables. One obtains

max; |A{(B) = 1;(A)| < [|B - All,

This statement describes how the eigenvalues of two Hermitian matrices reflect the
difference between the two matrices. .
Example 9.15 (Hoffman—Wielandt theorem). Consider the symmetric gauge function
®@(-) = [|-[lz- Then
n l _al 2 n l 2 _ 2

Do W A+E) =[P < ) IAH(E) = |EIl;.

This implies that the eigenvalue map
AL (M, $) — (R”, £)

is 1-Lipschitz between two Euclidean spaces. Equivalently, by a change of variables,
n ) _al 2 a2
D W (B) = AL (A)F < ||B - AJ.
This is the form in which the result is usually presented. .

Beyond norms

By using other isotone functions, we may derive many more results on perturbation of
eigenvalues. Here is a picayune example.

Example 9.16 (Entropy of eigenvalues). Consider two psd matrices A and H with the
same dimension.
ent(AY(A+ H) — 1Y(A)) > ent(AL(H)).

Recall that the entropy of a positive vector is defined as ent(x) = — 2}; x; log x;, and
the negation of the entropy is an isotone function. .

Aside: The eigenvalues of a gen-
eral n X n matrix also change
continuously. Nevertheless, this
statement requires some care be-
cause there is no natural way to
order the eigenvalues. Further-
more, the proofs involve tools
from algebra or complex analysis.

Aside: The Hoffman-Wielandt
theorem can be extended to nor-
mal matrices, but it requires
matching the eigenvalues of the
two matrices more carefully. For
details, see [Bhag7, Sec. VI and
Eqn. VI.36].
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Notes

Variational principles for eigenvalues and perturbation theory for eigenvalues are
perennial topics in matrix analysis. Good references include the books of Bhatia [Bhag7;
Bhaova], Parlett [Parg8], Saad [Saaiib], and Stewart & Sun [SS9o]. The classic
reference is Kato’s magnum opus [Katgs].

Our approach to variational principles is drawn from [Bhag7, Chap. III]. Historically,
Lidskii’s theorem was regarded as a very difficult result, but Li & Mathias [LMgg] have
really cut to the heart of the matter.
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\ 10. Multiplicative Perturbation Theory

Date: 3 February 2022 Scribe: Eitan Levin

In the last lecture, we studied how the eigenvalues of a Hermitian matrix A change

.. . .. . . . . ol Agenda:
under an additive perturbation A + E. This discussion culminated with Lidskii’s g
. T . . 1. Recap of Lidskii’s theorem

theorem. In this lecture, we prove a multiplicative analogue of Lidskii’s theorem AR

due to Li and Mathias. They consider multiplicative perturbations of the form S*AS. 3. Consequences

The proof of the Li-Mathias theorem proceeds in parallel with their proof of Lidskii’s 4. Sylvester inertia theorem

theorem, which we recall below. 5. Ostrowski monotonicity
6. Proof of Li-oMathias

Throughout this lecture, eigenvalues and singular values are always sorted in
decreasing order, so we write A, @ instead of Al ol o lighten our notation.

10.1 Recap of Lidskii's theorem

We begin by recalling Lidskii’s theorem and the proof strategy from Lecture 9. For all
Hermitian matrices A, E € H,, and distinct indices 1 < i} < ... < i} < n, Lidskii’s
theorem states that

k k
Zj:1 [A;,(A+E) - 1;,(4)] < Zj:l A (E). (10.1)

Equivalently, this can be stated in terms of majorization as A(A + E) — A(A) < A(E).
By applying isotone functions to this majorization inequality, one can obtain many
more scalar and vector inequalities.

In Lecture 9, we gave a proof of Lidskii’s theorem that proceeds along the following
lines:

1. Shift the matrix A so that the kth eigenvalue is zero.
2. Extract the positive part E, of E, and reduce to the case E = E, > 0.
. Apply Weyl’s monotonicity theorem, which states that 1;(A+ E) — 1;(A) = 0
foralli=1,...,nif E > 0.
4. Bound the left-hand side of (10.1) by tr(A + E) — tr(A), and invoke the additivity
of the trace.

w

In this lecture, we prove multiplicative analogues of the above results, where differences
are replaced by ratios, positivity is replaced by expansivity, and the additivity of the
trace is replaced by the multiplicativity of the determinant.

10.2 The theorem of Li & Mathias

We consider multiplicative perturbations of a Hermitian matrix A € H,, of the form
S*AS for § € M, in order for the perturbed matrix to also be Hermitian. Our
main goal in this lecture is to prove the following multiplicative analogue of Lidskii’s
theorem (10.1), due to Li and Mathias [LMgg, Thm. 2.3].
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Theorem 10.1 (Li—Mathias). Choose A € H,,, and § € M,,, and k € {1, ..., n}. For
any k distinct indices 1 < i; < ... < iy < n such that Ai; (A) # 0 for all j, we have

k /L'j (S*AS) k .
l_[j:1 W < l—[j:1 Ai;(8°S). (10.2)

Moreover, if kK = n and A is invertible, then (10.2) holds with equality.

If the multiplier S is approximately unitary, i.e., $*S ~ I, then 1;(§*S) ~ 1 for all j.

In this case, Theorem 10.1 shows that 1(S*AS) ~ A(A).

Before proving Theorem 10.1, we will note some of its consequences. First, it would
be desirable to express Theorem 10.1 as a majorization inequality, similarly to Lidskii’s
theorem. To that end, we would like to take the logarithm of both sides of (10.2) to
convert the product into a sum. However, this is only well-defined if each factor in the
product on the left-hand side of (10.2) is positive. To show that this is indeed the case,
at least when S is invertible, we appeal to Sylvester’s law of inertia.

Sylvester's inertia theorem
We proceed to state and prove Sylvester’s law of inertia after two preliminary definitions.

Definition 10.2 (Inertia). The inertia of a Hermitian matrix A € H, is the triplet
of integers inertia(A) = (n.(A), no(A), n_(A)) which equal, respectively, the
number of positive, zero, and negative eigenvalues of A.

Definition 10.3 (Congruence). Two Hermitian matrices A, B € H,, are congruent if
there exists an invertible matrix § € M, satisfying A = S*BS.

Congruence is an equivalence relation on Hj,. It arises from the effect of a change
of basis on the symmetric matrix representing a quadratic form. In particular, note that
A is congruent to B if and only if B is congruent to A, since A = $*BS for invertible
S € M,, holds if and only if B = (S7!)*AS™.

Sylvester’s theorem [Syls2] states that the inertia is invariant under congruence
transformation.

Theorem 10.4 (Sylvester's law of inertia). Two Hermitian matrices A, B € H,, are
congruent if and only if inertia(A) = inertia(B).

In the setting of Theorem 10.1, Theorem 10.4 implies that if § is invertible then
sgn(A;; (8" AS)) = sgn(4;;(A)) for all j, hence each factor on the left-hand side
of (10.2) is positive.

Proof of Theorem 10.4. Suppose A and B are congruent, so A = S*BS for some
invertible § € M,,. Note that Ax = 0 for x € R” if and only if B(Sx) = 0 because
S* is invertible, hence § maps ker(A) isomorphically onto ker(B). In particular,
no(A) = dimker(A) = dimker(B) = ng(B).

Next, let (A, u;) be orthogonal eigenpairs of A, where A; > 0fori =1,..., n.(A)
by definition of n,. Define L, = lin{uy,...,un,a)}. Any nonzero x € L, can be

n.(4)

written as x = 3, *," a;u; where }; la;|? = ||x]|> > 0. Hence,

n.(4)

i1 A,-lai|2 > 0.

((8x), B(Sx)) = (x, S*BS(x)) = (x, Ax) = Z

If S is not invertible, then each factor
on the left-hand side of (10.2) is only
guaranteed to be nonnegative, by
continuity of each such factor in S.
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We conclude that (y, By) > 0 for all nonzero y € SL,. Since S is invertible and the
eigenvectors u; are orthogonal, dim(SL;) = dim L, = n,(A). By the Courant-Fischer-
Weyl minimax principle (see Lecture 9),

An.a)(B) = max min(y, By) > min(y, By) >0,
LCF" yeL yesSL,
dim L=n..(4) [[y||=1 lyll=1

which implies n,(B) > n.(A). Interchanging the roles of A and B, we also get
n+(A) > n.(B) and thus n.(A) = n.(B).

Finally, n_(A) = n — ng(A) — n.(A) = n_(B), so we obtain inertia(A) =
inertia(B).

The converse is not needed for this lecture, and is left as an exercise. [ |

Exercise 10.5 (Sylvester inertia theorem: Converse). Prove the remaining direction in
Theorem 10.4. That is, two Hermitian matrices with the same inertia are congruent.

Consequences of the Li—-Mathias theorem

We may now derive some consequences of Theorem 10.1. First, when § and A are
invertible, then Theorem 10.1 is equivalent to the majorization inequality

1;:(S*AS)\\" L
(log(]/lj'T))j:1 < (log A;(S S))jzl. (10.3)

For a positive-definite matrix A > 0, we can further rewrite this expression in the form
log A(S*AS) — log A(A) < log A(§*S).

Just as in the additive case, we can obtain many scalar inequalities from (10.3) by
applying isotone functions to both sides. For example,

tog A9 llog A;(S*S)| = |IS]>
maxXj=1,..,n |08 /lj(A) < maxj=1,.n |logA; = )
n Aj(S*AS) n
—_— < 2:(S*S) = 2.
Zj:l @A) ) :jzl j(8°8) = [ISII%

Theorem 10.1 also implies multiplicative perturbation bounds for singular values.

Corollary 10.6 (Li—Mathias for singular values). Choose S, T € M,, and k € {1,..., n}. For
any distinct indices 1 < i < ... < i < n such that O'ij(T) > 0 for all j, we have

K 0;(TS) Kk
—F < i(S).
l_[f=1 0y (T) ~ I_[J':l 7i8)
Moreover, if k = n and T is invertible then the above inequality holds with equality.

Proof. Set A = T*T in Theorem 10.1. Take the square roots of both sides of (10.2). =

Once again, Corollary 10.6 can be restated in terms of majorization. This leads to a
classic result from operator theory.

Corollary 10.7 (Gel'fand—Naimark). If §,T € M,, are invertible, then
log o(TS) —log o(T) < loga(S).

As before, we can draw many further consequences by applying isotone functions.
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Ostrowski monotonicity

To prove Theorem 10.1, we need a multiplicative analogue of the Weyl monotonicity
theorem, which played a core role in the proof of Lidskii’s theorem. Weyl monotonicity
shows that additive perturbation by a positive semidefinite matrix increases all the
eigenvalues. Analogously, multiplicative perturbation by an expansive matrix stretches
all the eigenvalues:

Theorem 10.8 (Ostrowski monotonicity). Suppose S € M,, satisfies $*S > I. For any
A € Hy, and any j € {1,..., n} such that A;(A) # 0, we have
1;(S*AS) .
Aj(4)
Proof. The hypothesis §*S > I implies that 1,,(8*S) > 1 and in particular, that § is
invertible.

To begin, note that 1;(A — A;(A)I) = 0. Sylvester’s law of inertia (Theorem 10.4)
then implies

0= th(S*(A - Aj(A)I)S) = Aj(S*AS - Aj(A)S*S).

If 1;(A) > 0, then the upper bound in Weyl’s pertrubation inequality (see Lecture 9)
gives
0=2;(S"AS - 1;(A)S*S) < 1;(S*AS) + 11(-1;(A)S§"S)
=1;(S"AS) — 1;(A)A,(S"S).

Similarly, if A;(A) < 0 then the lower bound in Weyl’s inequality gives
0=2;(S"AS - 1;(A)S*S) > 1;(S"AS) + 1,(-1;(A)S"S)
=1;(S"AS) — 1;(A)A,(S"S).
Dividing by A;(A) and using the fact 1,,(8§*S) > 1, we arrive at the desired result. =

Exercise 10.9 (Ostrowski: Quantitative version). Prove the following strengthening of
Theorem 10.8. For any invertible § € M,, and any A € H,, we have 1;(§*AS) =
0;A;(A) for some 0; € [1,(S*S),1,(8*S)].

This relation can be viewed as a quantitative version of Sylvester’s law of inertia,
which is how Ostrowski originally presented this result in [Ost59].

Proof of the Li-Mathias theorem

We are now ready to prove Theorem 10.1 by substituting multiplicative analogues for
their additive counterparts in the proof of Lidskii’s theorem (after a few reductions
specific to the multiplicative case).

Proof of Theorem 10.1. If k = n and A is invertible, then

= det(S*S),

n Aj(S*AS)  det(S*AS) _ det(S*)det(A) det(S)
njzl Aj(A)  det(A) det(A)

where we used the multiplicativity of the determinant. It remains to prove the
inequality (10.2).
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We begin with a series of reductions. First, we may assume both A and § are
invertible because both sides of the inequality (10.2) are continuous at (A, §) whenever
Ai;(A) # 0 for all j, and any square matrix is a limit of invertible matrices.

Second, let § = UZV™ be an SVD of S, where X = diag(sy, ..., S,) is the diagonal
matrix of singular values of S, arranged in descending order. We may then assume
S = X because eigenvalues are invariant under conjugation by unitary matrices, so

1,(5°4S) A(viz @ av)z)ve) (= rAnz)
Aj(4) 1j(A) ~ 1;(U*AD)

Thus, if we can prove the result for § = X and arbitrary invertible A, then after
changing variables A — U*AU we obtain the result for the original § and arbitrary
invertible A.
Third, we may assume s = 1. Indeed, if we replace S by s,;ls in the inequal-
ity (10.2), then both sides are scaled by s,;Zk. Note that s > 0 because § is invertible.
To summarize, it suffices to prove (10.2) for invertible A and S = diag(s, ..., $x)
where s1 > ... > s =1>--- > s, > 0. To that end, define the matrix

§:diag(31,...,sk, 1,...,1).
——
n — k times

Observe that
1< (S718)"(S71S) = diag(1,..., 1,501, ..., 5,0).
Now, Ostrowski monotonicity gives
1,((8718)°5°48(S719)) 2, (5" 48)
1< = .
- Ai; (S*AS) )Lij(S*AS)

Because 1;,(§"AS)/A;;(A) > 0 by Sylvester’s law of inertia, we deduce that

l_[k A, (8*AS) <l_[k i, (S*AS) ;L,-j(E*AE)_nk A, (S AS)
A4 T L= 4 a80a8) L L= a(4)

Since §' S > I, Ostrowski monotonicity also gives /1j(§*A§) /Aj(A) > 1 for all j.
Therefore,

¢ Ay(8°48) n 4;(5°A8) _ det(S 48)
l—[jzl Ai; (A) ]—ljzl Aj(A)  det(A)

[T =T uss.

where we used the multiplicativity of the determinant similarly to the proof of the
equality case above. This establishes the desired inequality (10.2). [ |

= det(S'S)

Exercise 10.10 (Li—Mathias: Lower bound). In the setting of Theorem 10.1, prove the lower

bound
k /lij(S*AS)

k *
1_[].:1 W = 1—[].:1 An-j+1(87S).

Note that this implies a corresponding lower bound in Corollary 10.6. Hint: First
assume § is invertible and apply Theorem 10.1.

Here we use the continuity of the
eigenvalues, which follows from
Weyl’s perturbation inequality in
Lecture 9.

§ is the “expansive part” of S,
analogous to the positive part E of
an additive perturbation E.
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In Lectures 9-10, we studied the change in the eigenvalues and singular values
under perturbations. In the next lecture, we expand our scope to consider the change
in the eigenspaces of an Hermitian matrix under perturbation.

Notes

This lecture is adapted from the paper [LMogo9] of Li & Mathias. The proofs of Sylvester’s
theorem and Ostrowski’s theorem are drawn from Horn & Johnson [HJ13]. See Bhatia’s
books [Bhag7; Bhaoya] for some additional discussion of multiplicative perturbation.
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\ 11. Perturbation of Eigenspaces

Date: 8 February 2022 Scribe: Taylan Kargin

The last two lectures covered the perturbation theory for eigenvalues of Hermitian
matrices. We will continue our discussion with perturbation of the eigenspaces of
Hermitian matrices, which has a rather different character. We will start out with
the motivation demonstrating the major challenging in understand the behavior of
eigenspaces under perturbation. This observation leads us to study the principle
angles between subspaces and the solutions of Sylvester equations. Finally, we will
use these tools to develop a result on the perturbation of eigenspaces associated with
well-separated eigenvalues.

Motivation

Let A, B € H,, be Hermitian matrices of the same dimension. From Lidskii’s theorem
(Lecture 9), if A and B are close, then the vectors A(A) and A(B) of decreasingly
ordered eigenvalues are also close. One might ask the following question. Are the
eigenspaces of A and B close as well? Let us investigate by posing a simple example.

Example 11.1 (Bad eigenspaces). For small € > 0, consider the matrices

1+¢ 0 1 ¢
A= 0 1_8} and B—L3 1}.

These matrices represent two different perturbations of the identity matrix. Each of
the matrices A, B has eigenvalues 1 + €. Furthermore, the two matrices are close with
respect to every Ul norm.

One might expect that the eigenspace of A associated with the 1 + ¢ eigenvalue
is close to the eigenspace of B associated with the 1 + € eigenvalue and similarly for
eigenspaces associated with 1 — ¢ eigenvalue. The eigenpairs of the matrices are easily

determined.
1 0
off e (-efi])
. . 1
B has eigenpairs (1 +& — [1

1 71
and 1—-¢ — .
Al el
For each eigenvalue, the eigenvectors of A and B are very far apart. This happens in
spite of the fact that the matrices A and B are close to each other in every Ul norm. =

A has eigenpairs (1 + ¢,

As seen from the preceding example, two matrices can be close without having
similar eigenspaces. To appreciate why, observe that 2 X 2 identity matrix has only one
distinct eigenvalue, 1, and the associated eigenspace spans all of C2. Both A and B
are perturbations of the identity matrix, and we are looking at eigenvectors associated
to very close eigenvalues. When their eigenvalues coalesce at € = 0, the 1-dimensional
eigenspaces combine to form a 2-dimensional eigenspace with a continuous family of

Agenda:

1. Motivation

2. Principle angles

3. Sylvester equations

4. Eigenspace perturbation
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eigenvectors. By making perturbations of the identity in different directions, we can
force the two matrices to have strikingly different eigenvectors.

This observations suggest the idea that eigenspaces associated to well-separated
eigenvalues may be insensitive to perturbations. To illustrate this effect, let us consider
the matrices

1+¢ 0 0 1 € 0
A= O 1-¢ O and B=|e 1 O0].
0 0 A 0 0 A

where 1 > 1. In that case, the eigenvector associated with the eigenvalue A is not
affected by the instability of the eigenspaces with eigenvalues 1 + €. Perturbation
theory for eigenspaces builds on this insight.

Principle angles between subspaces

In this section, we introduce the concept of principle angles between subspaces to
quantify what it means for eigenspaces to be similar to each other or different from
each other.

Geometric approach

We start by defining the acute angle between a pair of vectors and then we will build
up from there to notions of closeness between subspaces.

Definition 11.2 (Acute angle between vectors). Let u,v € C" be vectors with unit
¢5-norm. The acute angle 6 € [0, n/2] between u and v is determined by the
relation cos 8(u, v) = |{u, v)|.

Figure 11.1 demonstrates that the acute angle between vectors is simply the smaller
angle between the 1-dimensional subspaces spanned by u# and v. Now, the question
that we have to pose, which goes back to work of [Jor7s], is how to extend this idea of
finding the smallest angle to subspaces.

We begin with a mechanism for parameterizing the subspaces. Let X, ¥ € C™*
be tall matrices, each one with orthonormal columns. We emphasize that the columns
of the concatenation [X, Y] do not need to be orthonormal. We can parameterize unit
vectors in the ranges of these matrices as follows.

(Xu : lull=1} and {Yv: |[v] =1).

These sets parametrize the unit spheres in the range of X and in the range of Y. Now,
the acute angle between two unit vectors from the ranges Xu and Y v satisfies

cos 0(Xu,Yv) = [{Xu, Yv)| = |[u"(XY)v|.

The first principle angle 01 between range(X) and range(Y') is defined as the minimum
acute angle between the unit vectors in range(X) and range(Y'). In order to minimize
the acute angle, we need to maximize the cosine of this angle:

cos 67 (range(X), range(Y)) = lu* (X*Y)v| = 01(X*Y)

max
lull=1lv]l=1
In short, the closest pair of vectors in these two subspaces, range(X) and range(Y), is
obtained by taking the first singular value of X*Y.

To continue, let (11, v1) be a pair of unit vectors where the maximum is achieved
in the definition of 0;. The second principle angle 6, can be defined recursively by

Figure 11.1 Acute angle between vec-
tors
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finding the smallest angle between unit vectors in range(X) and range(Y), excluding
the directions Xu; and Yv;.

cos 05 (range(X),range(Y)) = max |[u"(X'Y)v|= 02(X'Y).
=1, [lv||=1
it

The second relation is a consequence of the Courant-Fischer-Weyl minimax principle.

Algebraic approach

By extending this approach, we arrive at the general definition of principle angles
between a pair of subspaces.

Definition 11.3 (Principle angles). Let E, F C C” be subspaces, possibly with different
dimensions. Let X,Y be orthonormal matrices such that range(X) = E and
range(Y) = F. The ith principle angle 6;(E, F) € [0, /2] between the subspaces E
and F is determined by the relation

cos 0;(E,F) := 0;(X*Y) fori=1,..., min{dimE, dimF}.

The principle angles only depend on the two subspaces, even though the matrices
X and Y in the definition are not uniquely determined. To see why, it is helpful to
rewrite this definition in terms of the orthogonal projectors onto the subspaces, as the
orthogonal projectors are unique.

Definition 11.4 (Principle angles Il). Let E,F c C" be subspaces. Let P, Q € H, be
the orthogonal projectors onto E and F, respectively. Then the ith principle angle
0;(E,F) € [0, /2] is determined by

cos 0;(E,F) = 0;(PQ) fori=1,..., min{dimE, dim F}.

Exercise 11.5 (Principle angles: Equivalence). Check that Definitions 11.3 and 11.4 give the
same result.

Similarity and distance between subspaces

The concept of principle angles allows us to define various notions of the similarity
between a pair of subspaces. Two subspaces are similar when the principle angles are
small. Equivalently, subspaces are similar when the cosines of the principle angles are
large. We can quantify this effect by applying UI norms to the product of projectors.
For example, let P, Q € H,, be orthogonal projectors, and define the subspaces
E = range(P) and F = range(Q). The operator norm of the projector product satisfies

|IPQ||* = cos® 6, (E, F).

When the cosine of the first principle angle is relatively large (that is, cos 8; ~ 1), then
the subspaces are very similar. Conversely, if the cosine of the angle is small (that is,
cos 81 ~ 0), then the subspaces are very different. Thus, the spectral norm ||P Q]| of
the projector product gives one measure of how close the two subspaces are. Other Ul
norms lead to other measures of similarity.

In parallel, we can measure the distance between subspaces by considering the
sines of principle angles. For example, sin? 0; (E, F) is a measure of distance between
E and F. That is, sin 8; = 0 when the subspaces are similar, and sin 6; ~ 1 when the
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subspaces are very different. It turns out that the these distances can also be expressed
in terms of projector products. For subspaces E, F with the same dimension,

(1= P)Q|* = sin” 6, (E, F).
Other UI norms lead to other notions of distance. This insight allows us to develop

metric geometry for subspaces.

Exercise 11.6 (Distances between subspaces). PS3 has some exercises that describe various
ways to measure the distance between subspaces.

Sylvester equations

Before we study perturbation theory for eigenspaces, we need to take another detour to
develop the basic theory of Sylvester equations [Syl84]. For now, this digression might
seem perplexing. By the end of the lecture, you will see the wonderful connection
between these ideas.

Formulation and solvability

We will start with form and solvability properties of Sylvester equation. Let A € Hj,,
and B € H,, be Hermitian matrices, perhaps with different dimension. Fix a matrix
Y € C™*", The Sylvester equation with this data is the linear system

Find X e C"™": AX-XB=Y. (SYL)
It is fruitful to rewrite this linear equation using Kronecker products.

(I® A" — B®1I)vec(X) = vec(Y). (11.1)
This expression converts the matrix equation into an ordinary linear system, which

may be easier to understand.

Exercise 11.7 (Sylvester equation: Tensor form). Check if the equation above is equivalent
to (SYL).

Proposition 11.8 (Solvabililty of (SYL)). Let A € H,,, and B € H,,. The Sylvester equa-
tion (SYL) has a unique solution for all Y € C"™*" if and only if 1;(A) # A;(B) for all
i,j.

Proof. The Sylvester equation (SYL) has a unique solution for each right-hand side Y

if and only if the matrix in the Kronecker product formulation (11.1) is nonsingular.
According to PS1, the eigenvalues of the tensor I ® A" — B ® I are the numbers

Ai(AT) - /1]'(3) = /1,'(A) - Aj(B) for all l,]
Therefore, the tensor is nonsingular if and only if 1;(A) # A;(B) for all i, j. [
Warning 11.9 (Equal coefficients). If A = B, then (SYL) never has a unique solution.

By placing additional assumptions on the solution matrix (e.g., Hermiticity), we
can sometimes recover the unique solvability. -

Exercise 11.10 (General Sylvester equations). Extend this discussion to A € M,, and
B € M,, that may not be Hermitian.
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Integral representation of the solution
In this section, we will develop a remarkable representation for the solution of the
Sylvester equation under a stronger spectral separation condition. This approach gives
a direct path to bound the norm of the solution operator.

For motivation, we begin with the trivial scalar case of (SYL). Suppose that
b < 0 < a. In this case, the equation (SYL) takes the form ax — xb = y, and it has
the unique solution x = y(a — b)~!. We can rewrite this solution in a bizarre way:

x=y/ e_t(“_b)dt=/ e layetbds,
0 0

The power of this formulation is that we can extend it to the matrix case by capitalizing
the letters, which is a surprisingly useful technique in matrix analysis.

Theorem 11.11 (Sylvester with sign conditions). Let A € H;;, and B € H,,. Assume
Ai(A) > 0 and A;(B) < O for all i,j. Then, for an arbitrary ¥ € C"™*", the
solution X to (SYL) can be written as

X :/ e AyelB qr.
0

Proof. For a square matrix M € M, we can use the Taylor series expansion of the
exponential function to see that

ietM =M™ =eMpM.
dr

Introduce this ansatz into (SYL):

AX - XB = / [Ae 7Y e'® — ey e'BB] dr
0

:/ % [—e_tAYetB] dr
0

=Y - lim e "ye'B =Y.
—o00
The limit in the second to the last equality vanishes. Indeed, A has positive eigenvalues,
so e ' is bounded. Since B has strictly negative eigenvalues, e!8 — 0. [ |

Norm of the solution operator

Using Theorem 11.11, we can quickly bound the norm of the solution to the Sylvester
equation (SYL).

Corollary 11.12 (Norm of solution operator). Let A € H,, and B € H,. For s € R and
€ >0, assume 1;(A) > s and 1;(B) < s — ¢ for all i, j. For each UI norm ||-||, the
solution X to (SYL) satisfies the inequality || X|| < e 'Y

Proof. Without loss of generality, we can take s = 0. Indeed, the mappings A +— A —sI,
and B — B - sI, leave the left-hand side of the Sylvester equation (SYL) invariant.
Take the norm of integral representation in Theorem 11.11, and invoke the triangle
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Figure 11.2 (Spectral separation). An &-spectral gap between sp(A) N Sx and sp(B) N Sp

inequality. This step yields the bound

Ix|l < / e Ay '] dt
0
< / et A - Y - B e
0

e _ 1
< ¥ / 1. etedr = L.
0 E

The second inequality holds because each UI norm is an operator ideal norm. The third
inequality depends on the assumptions that the spectra of A and B are separated. =

Let us take a moment to reinterpret this corollary. Fix the data A € H,, and
B € H,, for the Sylvester equation (SYL), and assume that spectral separation criterion
from Corollary 11.12 holds. We can define the linear solution operator @ : Y +— X that
maps the right-hand side Y of the Sylvester equation to the unique solution X. Then
Corollary 11.12 show that

@[] := max{|@¥)| : Y]l <1} < &7

In other words, the norm of the solution operator is controlled by the spectral separation
of the data A, B.

Perturbation theory for eigenspaces

At last, we are prepared to describe how eigenspaces change under perturbation. These
results hinge on the theory of Sylvester equations.

Let A € H,, be an Hermitian matrix with spectral resolution A = )¢, (4) AP
Recall that sp(A) = {1 € R : det(A — AI) = 0} denotes the set of eigenvalues of
A, and P, € H,, is the unique orthogonal projector onto the eigenspace associated
with the eigenvalue A. For a set S C R, define the restricted spectral projector
PA(S) = X)jespiayns P21 which acts as the orthogonal projector onto the invariant
subspace spanned by all the eigenvalues in S.

Our goal is to argue that if S4 and Sp are well-separated sets and A and B are close,
then P4(S,) and Pg(Sp) are nearly orthogonal. The following theorem formalizes
this idea. This result is essentially due to Davis & Kahan [DK7o0].

Theorem 11.13 (Perturbation of eigenspaces). Let A, B € H,. Let S4,Sp C R be
intervals with dist(Sa,Sg) > € > 0 as in Figure 11.2. Introduce the restricted
spectral projectors P4 = P4(S4) and Pg = Pg(Sg). Then

1 1
IPaPgll < ;lllPA(A - B)Pg| < z|||A ~B|
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for any UI norm ||-||.

Let us sketch the idea behind the argument and then give a more rigorous treatment.
Since a matrix commutes with its spectral projectors, observe that

Yo=P4s(A-B)Pg=A(P4Pp) — (P4Pp)B.

Therefore, Xy = P4Pp is the solution to a Sylvester equation. Aside from the zero
eigenvalue, the coefficient matrices have spectral separation because the sets S4 and Sp
are separated. Heuristically, we should be able to invoke Corollary 11.12 to bound the
norm of X. This gives a bound on the similarity between the two spectral subspaces
in terms of the norm of Y, which reflects the discrepancy A — B between the matrices.

Proof. To make this argument solid, we introduce factorizations P4 = Q4Q’, and
P = QgQp where Q4 has orthonormal columns and Q g has orthonormal columns.
Define the matrix

Y = Q4(A-B)Qp.
Since Q4 and Qp are orthonormal matrices, we can write

Y =(Q3Q4)Q,AQ5 - Q;BQg(Q3Qp)
= Q3PaAQg - Q;BPgQyp
=Q,AP,Qp - Q,PpBQyg
= (Q4AQ,4)(Q,Qp) - (Q4,Qp)(QpBQp).

Indeed, the spectral projectors commute with their matrices P4A = AP 4 and PgB =
BPpg. Therefore, the matrix X = Q,Qp solves the Sylvester equation with data
Q;AQA and Q*BBQB-

By construction, all eigenvalues of Q7 AQ 4 belong to Sy, and all eigenvalues of
Q3 BQ g belong to Sp. Therefore, the eigenvalues are separated by €. By Corollary 11.12,
we have that

1 1
1Q4Qsl = IXIl < Y1l = ~1Q4(A - B)Qsgll. (11.2)

Since ||-|| is UL, the left- and right-hand sides of (11.2) do not change if we introduce
the orthonormal matrices Q 4 and Q7. By doing so, the spectral projectors appear, and
we recognize that

1
IPaPgll < EmPA(A - B)Pg]|
1 1
< ZIPall-llA - BJ| - [Pl = _[|A - BJ.
The second inequality depends on the operator ideal property of Ul norms. [ |

The result of Theorem 11.13 verifies our intuition from the beginning of the lecture.
When A and B are close to each other, the spectral projectors for well-separated
eigenvalues are almost orthogonal to each other. Quantitatively, the UI norm of the
projector product P 4Pp is very small, which reflects dissimilarity of the subspaces
range(P,4) and range(Pp). In particular, when A = B, the eigenvectors associated
with different eigenvalues are orthogonal.
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Notes

James Joseph Sylvester (1814-1897) was an English mathematician who made important
contributions in matrix theory, number theory and combinatorics. His work includes
the proof of Sylvester’s law of inertia and the study of Sylvester equations.

The idea of using Sylvester equations to study the perturbation of eigenspaces is
usually attributed to Davis & Kahan, who worked out these ideas in an important
paper [DK7o]. The presentation in this lecture is more modern. It is modeled on
Bhatia’s book [Bhag7, Chap. VII]. We have chosen to emphasize the variational
perspective on principal angles because it seems more intuitive.
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Date: 10 February 2022 Scribe: Ruizhi Cao

In the first half of the course, we discussed majorization and its consequences, and
then we turned to the study of perturbation theory for eigenvalues and eigenspaces.
In the second half of the course, we are going to talk about positive-semidefinite
matrices and operations on positive-semidefinite matrices. This lecture introduces the
positive-semidefinite order, and it defines a class of linear maps that respect the order.
We will study the properties of these positive linear maps.

Positive-semidefinite order

We will first remind the reader of the definition of a positive-semidefinite (psd) matrix.
Then we introduce the psd order, a natural partial order relation on the self-adjoint
matrices.

Definition 12.1 (Positive semidefinite; positive definite). For an 7 X n complex matrix
A € M,,(C), we say that A is positive semidefinite (psd) if we have

(u, Au) >0 forallu € C".

For A € M, (C), we say that A is positive definite (pd) if (u, Au) > 0 for all
nongero vectors u € C".

The most basic fact about psd matrices is the conjugation rule, which states that
conjugation preserves the psd property.

Proposition 12.2 (Conjugation rule). Let A € M,,, and let X € C"™*¥,
1. If A is psd, then the matrix X*AX is also psd.
2. If X*AX is a psd matrix and X is surjective (has rank 7), then A is psd.

Exercise 12.3 (Conjugation rule). Prove Proposition 12.2.

Exercise 12.4 (The psd cone). Show that the set M7, of psd matrices forms a proper cone.
Recall that a proper cone is closed, convex, pointed, and solid.

Definition 12.5 (Semidefinite order). For two self-adjoint matrices A, B € MS?, we
write A < B when B — A is psd. The relation “<” is a partial order on M since
the cone M? is proper. We call this the psd order, also known as the semidefinite
order or Loewner order. Similarly, we write A < B when B — A is pd.

It is natural to ask what kind of functions respect the psd order. That is, we are
interested in functions F : M — M}? for which

A < B implies F(A) < F(B).

Agenda:

Positive-semidefinite order
Positive linear maps
Examples of positive maps
Basic properties

Convexity inequalities
Russo-Dye theorem

oSOV AWN -

Warning: The situation is more
delicate for matrices over the real
field. In that case, the definition
of a psd matrix must also include
a symmetry assumption. .

Recall that a matrix A € M, is
self-adjoint (s.a.) when A* = A.
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A function that satisfies this type of relation is said to be monotone with respect to the
psd order.

We can also ask what kind of functions are “convex” with respect to the psd order.
This amounts to the relation

F(3A+3B) < 3F(A) + 3F(B) forall A, B € M. (12.1)

In other words, the function of an average is bounded by the average of the function
values.

In this lecture, we will consider linear functions on matrices that are monotone
with respect to the psd order. For a linear function F, the convexity relation (12.1) is
always valid, so we will focus on montonicity for now. In the next lecture, we will
study nonlinear functions that are monotone or convex.

Positive linear maps

For today, the key concept is a positive linear map, which is a linear function that maps
each psd matrix to another psd matrix, perhaps with a different dimension.

Definition 12.6 (Positive linear map). A linear map ® : M,, — My is positive when
A > 0 implies that ®(A) > 0 for all A € M,,. We say that ® is strictly positive
when A > 0 implies that ®(A) > 0.

Exercise 12.7 (Positive maps are monotone). Let @ : M,, — My be a linear map. Show
that the following conditions are equivalent.

1. @ is positive.
2. A > B implies ®(A) > ®(B) for all A, B € M.

Definition 12.8 (Unital, trace preserving). A linear map ® : M, — My is unital if
®(I,) = 1. The map is trace preserving (TP) if tr ®(A) = tr A for all A € M,,.

Exercise 12.9 (Unital, trace preserving). Show that a linear map ® : M,, — M is unital if
and only if its adjoint ®* : My — M), is trace preserving.

Compare the definition of a unital linear map and a trace-preserving linear map
with the analogous definitions for linear functions on vectors. Recall that these concepts
arose in our study of majorization.

Examples of positive linear maps

There are numerous examples for positive linear maps. Some of the common positive
linear maps are listed below.

Example 12.10 (Scalar-valued positive linear maps). Here are some examples of positive
linear maps that take numerical values.

1. Trace. The trace functional ¢ : M,, — C given by ¢(A) = tr A is positive and
trace preserving.
2. Normalized trace. The normalized trace functional ¢ : M,, — C is defined as

_ 1
p(A) =trA= - tr A.

The normalized trace is positive and unital.

We equip matrices with the trace
inner product: (A, B) =tr(A*B).
Adjoints of linear maps are defined
with respect to this inner product.
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3. Sum of entries. The linear functional ¢ : M,, — C given by

Pp(A) = Zi,j aij

is positive. As usual, a;; € C are the entries of A. Indeed, we can write
¢(A) = (1, A1), where 1 € C" is the vector of ones. The scalar (1, A1) is
positive whenever A is psd.

4. Linear functionals. Each linear functional ¢ : M;,, — C can be parameterized as

¢(A) = tr(PA) where P € M,,.

The linear functional ¢ is positive if and only if P is psd. It is unital if and only
iftr P =1.

Are there other distinguished positive linear functionals? .

Example 12.11 (Matrix-valued positive linear maps). Next, we consider positive linear maps
from matrices to matrices.

1. Scalar matrices. The linear function ® : M,, — Mj given by
®(A) = (trA) Ix

is positive and unital. It is trace preserving if and only if k = n.
2. Diagonal. The linear function ® : M,, — M given by

®(A) = diag(4) = ) ajjE);

is positive, unital, and trace preserving.
3. Conjugation. Let X € C"™¥. The linear function ® : M,, — My, given by

®(A) = X*AX

is positive. Furthermore, if X is orthonormal, then ® is unital. In this case,
the conjugation operation extracts a principal submatrix (with respect to some
basis).

4. Pinching. Let (P;) be a family of orthogonal projectors on M), that are mutually
orthogonal (P;P i = 0; iPi) and that partition the identity (3} i P;=1,). The
function ® : M,, —» M), given by

®(A) = Z; P;AP;

is called a pinching. The pinching operation ® is positive, unital, and trace
preserving.

Can you think of more examples? .

Example 12.12 (Tensors and positive linear maps). There are also several natural examples
associated with tensor product operations.

1. Tensors. Fix a psd matrix B € M. The function ® : M,, — M, given by
®(A) =B®A

is positive. Likewise, ®(A) := A ® B is positive.

Positive semidefinite matrices with
trace one are called density matrices.

The conjugation map is the primitive
example of a completely positive linear
map. See Problem Set 3 for
definitions and discussion.
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2. Schur products. Let B € M, be psd. The Schur product map ® : M,, — M, given
by
®(A) =BOA

is positive, where © denotes the Schur product (entrywise product). This result
is a consequence of the Schur product theorem, which states that the Schur
product of two psd matrices is a psd matrix. To prove this claim, note that B - A
is a principal submatrix of B ® A.

3. Partial traces. Consider the linear space M,, ® My of tensor products of matrices.
For an elementary tensor B ® A, we define the partial trace with respect to the

first factor:
tr1(B ® A) = (tr B) A.

We extend this map to all tensor products by linearity. The partial trace is a
positive linear map. The partial trace try with respect to the second factor is
defined in an analogous fashion.

Can you think of more examples? .

Exercise 12.13 (Cone of positive linear maps). Show that the class of positive linear maps
® : M,, —» My is a closed convex cone.

Properties of positive linear maps

Positive linear maps satisfy many elegant properties. We begin with some results which
show that positive linear maps preserve basic algebraic properties of matrices.

Proposition 12.14 (Self-adjointness). Let ® be a positive linear map. For each self-adjoint
A, the image ®(A) is also self-adjoint.

Proof. The self-adjoint matrix A has a Jordan decomposition: Recall that if the spectral resolution
of Ais A = Zj AjPj, then

A=A, —A_ where each of A, is psd.
+ +1SPp A+:Z]_(,1j)+pj

By linearity of the map ®, we can decompose ®(A) as A = Zj (A))_P;.
D(A)=D(A,) -D(A) € Mila. As usual, (a); = max{a,0} and
(a)- = max{-a,0} fora € R, P;
Indeed, the difference of two psd matrices is self-adjoint. m  is the spectral projector.

Proposition 12.15 (Adjoints). Let ®@ be a positive linear map. Then ®(A*) = ®(A)* for
each matrix A.

Proof. Each matrix A € M, has a Cartesian decomposition: The s.a. matrices H and § are given
by the expressions

A=H+iS where each H,S € M. 1

H=2 (A+A4);

By linearity of ® and Proposition 12.14, 1

S—Zi(A—A ).

®(A*) = ®(H - iS) = ®(H) — i®(S) = (®(H) +i®(S))" = (®(A))".

This is the required result. [ |
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Convexity inequalities

It is fruitful to think about a unital positive linear map as a generalization of the
expectation of a random variable. Here are several parallels.

Properties | Expectation Unital, positive map

Linearity | E[aX +Y]|=aE[X]|+E[Y] | ®(aA+ B) = a®(A) + ®(B)
Unital E[1] =1 o) =1

Positive X > 0implies E [X] >0 A > 0 implies ®(A) > 0

Similarly, a unital, trace-preserving, positive linear map is an analogous to a doubly
stochastic matrix, which is a particularly nice kind of averaging operation.

The key fact about expectation is Jensen’s inequality, which describes how expecta-
tion interacts with convex functions. Likewise, unital positive linear maps satisfy some
important convexity theorems. This section develops these ideas.

Schur complements

Before we begin, we must remind the reader about the definition of the Schur
complement and the core theorem on Schur complements of psd matrices.

Theorem 12.16 (Schur complements). Assume that A > 0 is pd matrix. Then
A B . . & e
[B* H >0 ifandonlyif H - B*A™'B > 0.

The matrix H — B*A™!B is called the Schur complement of the block matrix with
respect to the block A.

Proof. By block Gaussian elimination, we have

I ol[A B||I -A7'B|]_|[A 0 (12.2)

-B*A™* I1||B* H||0 1 | |0 H-B'A'B|" '
The right hand side of (12.2) is positive semidefinite. Apply the conjugation rule to
complete the proof. [

Schur complements arise from partial Gaussian elimination, from Cholesky decom-
position, and from partial least-squares. They also describe conditioning of jointly
Gaussian random variables.

The Kadison inequality

Our first result describes how the square function interacts with a unital positive linear
map. This result is analogous to the application of Jensen’s inequality to the square
function.

Theorem 12.17 (Kadison inequality). Let @ : M,, — Mj be a unital positive linear
map. Then
®(A)? < ®(A?) foralls.a. A e M,

Note that this result only applies to self-adjoint matrices.
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Warning 12.18 (Larger powers?). The analog of Kadison’s inequality is false for powers
greater than two. On the other hand, there is a version of Lyapunov’s inequality
that holds for higher powers. .

Proof. Each s.a. matrix A admits a spectral resolution:
A= AiP; where 1; € R.
Z It j

As usual, the spectral projectors are mutually orthogonal and decompose the identity.
With this representation, the square A2 satisfies

A% = Z,- A2P;.

By linearity, we have
®(A) = Zj Aj®(P;) and ®(A%) = Zj Ao(P)).

Note that P; > 0 implies that @(P;) > 0. Since ® is unital, we also have

>, o) =0 (Z} Pj) =0 =1

These facts play a key role in the argument.
The key idea is to form a block matrix and to argue that it is psd. By linearity of @
and the preceding displays, we may calculate that

I @A) ®(P;)) A;®(P)) 1 A
[tb(A) (I)(Az)]:Zj [Ajcp(ﬁj) Aécp(pj.)]ZZj [Aj A§]®®(Pj)>0.

Indeed, the matrix formed from the eigenvalues is psd because

b=l

The matrices @ (P;) are also psd, and tensor products preserve positivity.
Now, by the Schur complement theorem, the Schur complement of the block I in
the block matrix is also psd. That is,

*

1

1 >0 forleR.

0 < ®(A%) - B(AI'B(A) = D(A%) - B(A)>.

This is equivalent to the statement of Kadison’s inequality. |

The Choi inequality

Choi’s inequality describes how unital positive linear maps interact with the matrix
inverse. This result is analogous to the application of Jensen’s inequality to the
reciprocal.

Theorem 12.19 (Choi inequality). Let ® : M,, — Mj be a unital, strictly positive
linear map. Then

®(A) ' < @AY forallpd A € M,.

Note that this result only holds for positive definite matrices.
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Warning 12.20 (Smaller powers?). The analog of Choi’s inequality is false for powers
that are less than —1. .

Proof sketch. We form a block matrix and argue that it is psd:

®(A) I
I oAYH|”

The key new observation is that

A1 A2 [AY2
1 2! = A2 | g-L2

The rest of the details are similar to the proof of Kadison’s inequality. [ |

*

>0 forAd>0.

Example 12.21 (Diagonals). Use the theorems above, we have the following results.

1. For a self-adjoint matrix A € M;?, the square of the diagonal entries of A is
entrywise bounded by the diagonal entries of A2. That is, we have

diag (A)? < diag (A%) for each s.a. A.

Indeed, diag : M,, — M, is a positive unital map. Apply Kadison’s inequality.
2. For a pd matrix A € M,,, the inverse of the diagonal entries of A is entrywise
bounded by the diagonal entries of A™!. That is,

diag (A)™* < diag (A™') for pd A.

This result follows from the Choi inequality because diag is strictly positive and
unital.

You may wish to develop analogous results for other unital positive linear maps from
our list of examples. .

Russo—Dye theorem

In the previous section, we studied some basic properties of positive linear maps. Apart
from these properties, we also want to know how much a positive map can dilate a
matrix. This question leads us to equip linear maps with a norm and to find expressions
for the norm of a positive linear map.

Theorem 12.22 (Russo-Dye). Let @ be a unital positive linear map. Then
@l := sup{[[®@(A)]| : lAll <1} =1,
where ||-]| is the spectral norm (Schatten co-norm).

Corollary 12.23 (Russo—Dye). Let @ be a positive linear map. Then ||®|| = ||®(D)]|.

We will prove these results in the upcoming subsections. There are many interesting
applications of these results. See Problem Set 3 for examples.
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Contractions
To begin, we need a basic fact from operator theory.

Proposition 12.24 (Contractions). Each contraction K € M, can be written as an average
of two unitary matrices:

K = %(U+V) where U,V € M, are unitary.

Exercise 12.25 (Contractions). Prove Proposition 12.24. Hint: Each singular value o; of
K satisfies o; € [0,1]. Observe that o; = cos(6;) = 3(e'% + e %) for a number
0; € [0, 27).

Proof of Theorem 12.22

Let us establish the Russo-Dye theorem. We begin with the case of a unitary matrix.
We will show that |®@(U)|| < 1 for each unitary U. Adapting the proof of the Kadison
inequality, we can show that the following block matrix is psd:

[ I o (U)

o(U)* 1 ]>0'

For this purpose, recall that each unitary matrix has a spectral resolution where the
eigenvalues are complex numbers with modulus one. By the Schur complement

theorem, we have
OU)'®(U) <L

This is equivalent to ||®(U)|| < 1.
For a general matrix A € M,, with ||A|| < 1, note that A is a contraction. Thus, we

can write
A=1(U+V)

for some unitary matrices U and V. By linearity of @ and the triangle inequality for
the norm, we have

@A)l = I3@(U) +3@(V)|| < 3@ +3l0(V)] < 1.
We have shown that
@] = sup{[[@(A)[| : lAll <1} < 1.
To finish, note that ®(I) = I because ® is unital. Therefore, we may conclude that

@l = @@ =1.

Proof of Corollary 12.23

We now turn to the proof of the corollary. First, assume that @ is strictly positive. In
this case, the matrix P := ®(I) is positive definite. We can form another linear map ¥
by the expression

Y(A) = P 2@A) P72

By the conjugation rule, the map ¥ is positive and linear. It is also unital because
¥ (1) = P 2P V2 = p2pp2 =1,

Thus, by the Russo-Dye theorem, we conclude that ||¥|| = 1. For any contraction
A € M, with ||A]| < 1, we have

@(4)| = |PY>¥(A)P?| < || < [P = [|l@)].

A contraction is a matrix K € M,
that satisfies | K|| < 1.



Lecture 12: Positive Linear Maps 103

Considering A = I, we realize that ||®|| = ||®(T)||.
To complete the argument, we we assume that ® is positive, but maybe not strictly
positive. Consider the following family of strictly positive linear maps:

®.(A) = ®(A)+e(rA)I for € > 0.
We can apply the result of the last paragraph to see that
@]l = |@ D] = |D(T) + eI
By continuity of the norm, we can let € | 0 to conclude that ||®|| = ||®(I)|| for any

positive linear map ®.

Notes

This lecture is adapted from Bhatia’s book on positive-definite matrices [Bhao7b,
Chap. 2].

Lecture bibliography

[Bhao7b] R. Bhatia. Positive definite matrices. Princeton University Press, Princeton, NJ, 2007.
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\ 13. Matrix Monotonicity and Convexity

Date: 15 February 2022 Scribe: Nico Christianson

In the last lecture, we examined positive linear maps, a class of matrix-valued linear
maps that respect the positive semidefinite order. Now, we go beyond linear maps,
establishing notions of monotonicity and convexity for nonlinear matrix-valued functions
with respect to the semidefinite order. It is found that these properties are more
restrictive than their scalar counterparts. Yet, this restriction brings with it considerable
added structure. In particular, we demonstrate that matrix convex functions satisfy a
remarkable generalization of Jensen’s inequality to non-commutative “matrix convex
combinations.”

Basic definitions and properties

We begin by recalling some notions from previous lectures. Alinear map @ : M,, — M,
is said to be positive if and only if it enjoys the monotonicity property

A < B implies ®(A) < ®(B)

for all A, B € H,,. It follows trivially by linearity that a positive linear map is convex;
ie.,

®(tA+7TB) < T®(A) + T®(B) forall T € [0, 1],
where A, B € H,, and T := 1—7. In this lecture, we examine the class of nonlinear func-
tions that exhibit monotonicity and convexity with respect to the positive semidefinite
order.

Standard matrix functions
We begin with several definitions.

Definition 13.1 Let | C R be an interval of the real line. We define H,,(l) as the set
of Hermitian matrices with all eigenvalues lying in the interval I. That is,

H,() ={AeM, :A=A"and A;(A) € | foreachi =1,...,n}.

With H,, (1) defined, we can provide a definition of standard matrix functions that
extends to functions whose domain is a proper subset of the real line, such as the
inverse, the square root, the logarithm, and entropy.

Definition 13.2 (Standard matrix function). Let f : | — R be a function on an interval
I C R. For each n € N, define a matrix function f : Hj,(I) — H,, via the spectral
resolution. That is, for any n € N and each matrix A € H, (I), we define

f(A) = Z?:l f(A)P; where A= Z?:l AiPj.

Note that standard matrix functions are unitarily equivariant. That is, if U € M, is
unitary, then f(U*AU) =U*f(A)U.

Agenda:

1. Monotonicity and Convexity
2. Examples
3. Matrix Jensen

It follows via Rayleigh-Ritz that
Hy, (1) is convex.
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Monotonicity and Convexity

This broadened definition of standard matrix functions enables a natural generalization
of the properties of monotonicity [Low34] and convexity [Kra36] to matrices.

Definition 13.3 (Matrix monotonicity; Loewner 1934). A function f : | — R is matrix
monotone on | when A < B implies f(A) < f(B) for all A,B € H,(l) and all
n € N.

Definition 13.4 (Matrix convexity; Kraus 1936). A function f : | — R is matrix convex
on | when
f(tA+1B) < tf(A)+7f(B) forall T € [0,1],

for all matrices A, B € H,(l) and all n € N, where T = 1 — 7. We say that a
function g : | — R is matrix concave when —g is matrix convex.

Basic properties
We briefly report some of the properties that are immediate from the definitions of
matrix monotonicity and convexity.

Proposition 13.5 (Matrix monotonicity). The following statements hold true.

1. Scalar case. If f is matrix monotone on |, then f is increasing on I.

2. Convex cone. If f, g are matrix monotone on |, then for all a, 8 > 0, the weighted
combination af + g is matrix monotone on I.

3. Closure. If fi — f pointwise on | and each fi is matrix monotone on |, then the
limit f is also matrix monotone on I.

Proof sketch. The first two properties can be verified easily. The third property requires
use of the fact that the cone of psd matrices is closed. [ |

Exercise 13.6 (Matrix convexity). Verify analogous properties for the class of matrix convex
functions. That is, characterize the scalar case, and check that the class of matrix
convex functions forms a closed, convex cone.

Examples

In this section, we detail a variety of functions that are (or are not) matrix monotone
and convex.

Affine functions

Consider the affine function f(¢) = at + f with a, f € R. The function f is matrix
convex on R regardless of the choice of a, 8. Moreover, f is matrix monotone on R so
long as it is increasing, i.e., if @ > 0.

Square function

Consider the square function f(¢) = 2. This function is not matrix monotone on R,.

To see this, consider the matrices A, B € H,(R,) defined as

1 1 2 1
A—ll 1} and B—ll 1}.

These properties are sometimes called
operator monotonicity and convexity.

The key takeaway of Proposition 13.5
is that the class of matrix monotone
functions forms a closed, convex cone.
As we will see later, matrix monotone
functions are in fact a proper subset
of the cone of scalar monotone
functions.

Increasing affine functions are the
unique examples of matrix monotone
functions on the entire real line!
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2 2] ,[5 3
o=l e e

On the other hand, the square function f is matrix convex on the entire real line.
More generally, positive quadratics f(z) = at? + ft +y with @ > 0 and B,y € R
compose the full class of matrix convex functions on R.

We prove the matrix convexity of the square function in the next proposition.

Clearly A < B. Yet

Proposition 13.7 (Square is matrix convex). The square function ¢ > 2 is matrix convex
on R.

Proof. We establish midpoint matrix convexity, which can be extended in a straightfor-
ward manner to general matrix convexity. Consider arbitrary A, B € H,,, and observe
that

0<(A-B)*=A>+B*-AB-BA (13.1)

since the eigenvalues of a squared matrix are positive. Rearranging (13.1), we obtain
AB + BA < A* + B> (13.2)
Therefore, it holds that
(1A+1B)*=1(A>+B?+AB+BA) < 1A*+ 1B’

where the semidefinite relation follows via (13.2). This calculation establishes midpoint
convexity. [ |

Exercise 13.8 (Square: Matrix convexity). Extend the preceding proof to obtain general
matrix convexity of the square function. That is, establish that

(TA+TB)*> < 1A* + 7B? forall7 € [0,1],

where 7=1-1.

Inverse

The inverse function f(¢) = t~! is matrix convex on R, := (0, o), and its negative
g(t) = —t™! is matrix monotone on R,,. We prove these properties separately in the
next two propositions.

Proposition 13.9 (Inverse: Monotonicity). The negative inverse function ¢ — —¢~! is matrix
monotone on R,,.

Proof. By the conjugation rule, 0 < A < B implies that I < A"Y2BA12, Since
all eigenvalues of the identity are one, the inverse reverses this relation, so that
1> (A"/2BA71/2)~1 = AY2B~1 A2, Applying the conjugation rule once more gives
A™! > B!, Last, negation reverses the positive-semidefinite order. [

Proposition 13.10 (Inverse: Convexity). The inverse function ¢ + ¢! is matrix convex on
R++-

Proof. For positive definite matrices A, B > 0, it follows from the Schur complement

theorem that

B 1
>0 and I B!

A 1
I A

|0
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Convexity of the positive-semidefinite cone implies that, for any 7 € [0, 1] and
T7=1-T1,
TA+ 1B I
= 0. .
1 tA'+iB1| 70 (13.3)

Applying the Schur complement theorem to (13.3), we obtain that

(tA+7B)' < 1A'+ B},

which establishes matrix convexity. [ |

Power functions

We report (without proof) the matrix monotonicity and convexity statuses of the family
of power functions f(t) = t”. Proof sketches for these facts will be presented in a
Lecture 15, on integral representations of matrix monotone and convex functions.

Fact 13.11 (Powers: Monotonicity). The following power functions (and only these) are
matrix monotone.

* The power function f () = t? is matrix monotone on R, for p € [0, 1].
* The power function f(t) = —t” is matrix monotone on R, for p € [-1,0].

The former result is due to Lowner [Low34], though it is sometimes referred to as the
Lowner-Heinz theorem. .

Fact13.12 (Powers: Convexity). The following power functions (and only these) are matrix
convex.

* The power function f(¢) = ¢” is matrix convex on R, for p € [1,2].
* The power function f(#) = —¢” is matrix convex on R, for p € [0, 1].
* The power function f () = P is matrix convex on R, for p € [-1,0].

These results follow as a consequence of Fact 13.11 by general considerations that will
be discussed in Lecture 15. .

Logarithm
The function f(¢) = log f is matrix monotone and concave on R,.. We leave the proof
of this fact as a series of exercises.

Exercise 13.13 (Logarithm: Integral representation). For each a > 0, verify that

loga = /m [+ = (a+ )71 dA.
0

Show that this integral representation extends to positive definite matrices via capital-
ization. For any positive definite A > 0,

logA = /Oo [(A+1)7'T-(A+AD7H] dA.
0

Exercise 13.14 (Inverse: Monotonicity and Convexity). For A > 0, show that the map
f(r) = (A+1)7! is matrix convex on R,,, and that its negative — f is matrix monotone
on R,,. Hint: The arguments follow those for the inverse.

Exercise 13.15 (Logarithm: Monotonicity and Concavity). Show that the logarithm f(¢) =
log t is matrix monotone and matrix concave on R,.. Hint: apply the previous exercises
and the fact that matrix monotone and convex functions compose convex cones that
are closed under pointwise limits.
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Entropy
The negative entropy f(¢) = t logt is matrix convex on R,. We leave the proof of this
fact as an exercise.

Exercise 13.16 (Entropy: Convexity). Prove that the negative entropy is matrix convex on
R;. Hint: Use the identity

tlogt = / [t(1+0) =z + )7 ] dA
0
and follow the route charted by Exercises 13.13, 13.14, and 13.15.

Exponential

The exponential f(t) = e’ is neither matrix monotone nor matrix convex on any
interval. The exponential’s failure to be matrix monotone or convex implies that the
classes of matrix monotone and convex functions are strictly smaller than their scalar
counterparts.

The matrix Jensen inequality
A striking fact about convexity in the scalar setting is that it is a self-improving property.
That is, by simply assuming that

f(ra+1thb) <tf(a)+1f(b) forallte [0,1]

and all @, b € |, where T = 1 — 7, we can obtain Jensen’s inequality. For any collection
of a; € land (p;)!", with 3./, p; = 1 and p; > 0, we have

F(Dompias) < 300 pif (@),

F(EX) < Ef(X)

for all integrable random variables X taking values in I.

As it turns out, and as we shall prove in this section, convexity is self-improving in
the matrix setting. Moreover, this self-improvement is even more dramatic, extend-
ing beyond simple scalar convex combinations to noncommutative “matrix convex
combinations,” which we define as follows.

Even more, it holds that

Definition 13.17 (Matrix convex combination). Let (A;)/"; be a collection of self-adjoint
matrices in H,. Let (K;); consist of general matrices in M, that satisfy
?:l1 K;*K; = 1. In analogy to the scalar case, the sum

m .
. K;"A;K;
i=1

is called a matrix convex combination of the matrices (4;)!";.

The condition Z;Z 1 K"K ; = I on the “coefficients” of a matrix convex combination
is analogous to the normalization condition Z?:ll pi = 1 in the scalar case. Moreover,
scalar convex combinations can be recovered by selecting K; = pl.l/ ’I for each i =
1,..., m. However, matrix convex combinations significantly generalize the scalar

case, as illustrated in the following example.
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Example 13.18 (A matrix convex combination). Consider the matrices

01 0 0
Kl:lO O:| and Kz:ll O:|

Clearly it holds that K1*K1 + K5* K5 = 1. For arbitrary matrices A, B € Hs, it can be
verified that

K*AK; + K,"BK, = [bgz a?l] )

which is obviously not a scalar convex combination of the matrices A and B. .

The remarkable main result of this section is that matrix convexity is self-improving
to an extent far beyond the scalar case. That is, matrix convexity of a function
f : 1 = R implies a more general form of Jensen’s inequality that holds for arbitrary
matrix convex combinations [HP82; HPo3].

Theorem 13.19 (Matrix Jensen inequality; Hansen—Pedersen 1982, 2003). Fix a matrix
convex function f : | — R. Let (A;)["; be a collection of matrices, each residing
in H, (1), and let (K;)[", consist of matrices in M,, that satisfy the normalization
condition ;" K;*K; = 1. Then

f (Zzl K"*AiKi) < ZZI K" f(A)K;.

Proof of Theorem 13.19. We present the proof in the case that m = 2. That is, we will
prove that

f(Ki"A1Kq + K2"A2K,) < K1 f(A1)K1 + K2 f(A2)K,

when K1*K; + K;*K, = 1. The case of general m follows a similar argument, and in
fact follows as a corollary of this case.
To begin, we introduce that block matrix

A= [“:)1 Xz} € Ha, (1).

The key idea in the proof is to lift our attention to this block matrix. We will reinterpret
the matrix convex combinations in the matrix Jensen inequality in terms of operations
on the block matrix that involve simple averages, unitary conjugation, and positive
linear maps. By this mechanism, we can access the definition of matrix convexity and
exploit the unitary equivariance of standard matrix functions.

We preface the proof with four tricks that will be employed in the execution of the
proof. First, note that it is straightforward to apply a standard matrix function to a
block diagonal matrix. If T, M € H,(l) and f : | — R, we simply have

- )

In view of this fact, it is helpful to develop methods for extracting the block-diagonal
part of a block matrix.

Indeed, we can represent the block diagonal pinching of a matrix as a simple
average of unitary conjugates. That is, defining the unitary block diagonal matrix

I 0
U"[o —1}’
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we have the identity

1(T B 1 .|T B T O
where B € M, is an arbitrary matrix.
Third, we shall represent the matrix convex combination via unitary conjugation.
Observe that K1"K; + K2*K = I implies that the block matrix [K1* K»*|" has

orthonormal columns; thus by extending the columns into an orthonormal basis, we
can extend it into a unitary matrix Q:

Q= [2 ij where Q*Q = QQ* =1

Conjugating A with Q, we have

Kl*AlKl + Kz*Asz *

* %

Q"AQ = [ (13.6)

where the asterices indicate blocks of the matrix that are irrelevant to the argument.

Last, recall that the map [-]11 that extracts the top left (1, 1) block of a block matrix
is a positive linear map, and hence it preserves the positive-semidefinite order. For
our purposes, this map extracts the top left block of Q*AQ specified in (13.6). For
example, it holds that

[Q°AQ]11 = Ki"A1K1 + Ky A K 55
[Q*f(A)Q]11 = Ki"f(A1)K1 + K5" f(A2) K.

The second relation exploits the fact that A is a block diagonal matrix so we can
identify f(A).

Armed with these tricks, we may now proceed with the proof. We will maintain
the quantities of interest in the (1, 1) block of the block matrix, while the remaining
blocks remain at our discretion. To begin, observe that

f(Ki"A1K1 + K3y A2K ) = f([Q"AQ] 1)

by the identity (13.6). Since each block matrix in the pinching identity (13.5) has the
same first diagonal block, it then follows that

f(Q*aQl) = f ([3@*4Q + U (@*aQ)U],, ).

The identity (13.5) ensures that %Q*AQ + %U “(Q*AQ)U is block diagonal. Then
using the first identity (13.4), the application of a standard matrix function to a block
diagonal matrix, we can pull the map [-]1; outside f*:

7 ([3eaQ+3u (@ aQ)u],,) = [f (3Q°4Q + U (@ 4Q)U)],,
By matrix convexity of f, it holds that
f(3Q"AQ +3U*(Q"AQ)U) < 3f(Q"AQ) + 3£ (U"(Q"AQ)U).
This inequality transmits through the positive linear map [-]11. Thus,

[f (3Q°AQ + 3U*(Q*AQ)U)|,, < [3(Q*AQ) + : f(U*(Q"AQ)U)] , .
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Since standard matrix functions commute with unitary conjugation, we have
[3/(Q°AQ) + 3 f (U (Q"AQ)V)] ; = [3Q°f(A)Q + 35U Q" f(A)QU],; .

To complete the argument, we reverse our course to undo each of the steps. Once
more, using the fact that each block matrix in the pinching identity (13.5) has the same
first diagonal block, we conclude that

[3Q°f(A)Q+3U"Q f(AQU],, = [Q"f(A)Q]n
=Ki"f(A1)K:1+ K" f(A2)K>.

Sequencing the preceding displays, we have obtained that
f(K1"A1K1 + K" A2K3) < K17 f(A) K + K2' f(A2) Ko,

which is the desired result. [ ]

Notes

This lecture is adapted from Bhatia’s book [Bhag7, Chap. V] and from the instructor’s
monograph [Tro15] on matrix concentration.

The proof of the matrix Jensen inequality is drawn from Hansen & Pedersen’s
second paper [HPo3]. Using a similar type of argument, Davis [Davs7] had long since
proved a weaker version of the matrix Jensen inequality (Theorem 13.19) under the
extra assumptions that 0 € | and f(0) = 0. By bringing in deeper tools, Choi [Cho74]
strengthened the result further by removing the conditions, and he extended it to a
wider class of averaging operations.

The significance of the Hansen—Pedersen result is that it admits a direct (although
clever) proof. They developed this argument as the first step in their proof of Loewner’s
integral theorem, a deep result on matrix monotone and matrix convex convex functions.
In fact, Loewner’s theorem is the key ingredient in the proof of Choi’s generalization.
We will return to these matters in Lecture 15.
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In this lecture, we continue to analyze the monotonicity and convexity of nonlinear
standard matrix functions. Motivated by scalar tests for monotonicity and convexity,
we seek analogous results in the matrix function setting. Loewner’s theorem, the
main result of the lecture, gives a precise characterization of matrix monotonicity; it
is necessary and sufficient to check that a particular kernel matrix—associated with
the nonlinear function in question and its derivatives—is positive semidefinite. The
remainder of the lecture is devoting to proving this result. To that end, we take a detour
to first discuss differentiation in normed vector spaces, explicitly characterize these
derivatives for standard matrix functions, and finally give some concrete examples
where Loewner’s result may be applied.

Recap

The previous two lectures introduced matrix monotonicity and matrix convexity, first
in the context of positive linear maps (i.e., linear functions on matrices) and then in
the context of standard matrix functions (which have a more rigid structure but are
nonlinear). We obtained important convexity inequalities, such as Choi’s inequality for
positive linear maps and the matrix Jensen inequality for matrix convex functions.

To set the stage for this lecture, we next recall the following definitions. For an
interval | C R, we define H,(l) := {A € H,: A;(A) €| for all i}.

Definition 14.1 (Matrix monotonicity; Loewner 1934). A function f: | — R is matrix
monotone on | if
A < B implies f(A) < f(B)

for every A, B € H,(l) and every n € N.

Definition 14.2 (Matrix convexity; Kraus 1936). A function f: | — R is matrix convex

on | if
f(tA+1B) < 1f(A)+Tf(B) forall T € [0,1],

where T := 1 — 7, for every A, B € H, () and every n € N.

Today, we will primarily focus on analyzing matrix monotonicity.

Differential characterizations

Many properties of a differentiable, scalar function may be deduced directly from
its derivative. Motivated by this observation, we first recap scalar derivative tests
for monotonicity and convexity. These tests are generalized to the matrix function
setting, through the machinery of divided differences, in the main results of the lecture:
Loewner’s theorem and the theorem of Aujla & Vasudeva.

Agenda:

Recap

Derivatives and differences
Loewner’s matrix

Fréchet derivatives
Daleckii—Krein theorem
Proof of Loewner theorem
Examples

NOURWN -

This set | usually serves as the
domain of the standard matrix
functions we will consider.

The action of f on a self-adjoint
matrix is interpreted in the sense of
standard matrix functions.
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14.2.1 Scalar case
We begin our study of monotonicity and convexity by drawing intuition from the scalar
setting. Recall that, if f: | — R is differentiable, then
1. f isincreasing on | if and only if f'(¢#) > Oforallt €I,
2. f is convex on | if and only if f(£) — f(s) = f’(s)(t —s) forallt,s €.

These conditions are useful in practice because they can be easily verified, provided the
first derivative exists. However, it turns out that the first (scalar) derivative does not
carry enough information to characterize monotonicity and convexity when univariate
functions are lifted to the space of self-adjoint matrices. It is then natural to ask:

Are there analogous differential characterizations in the matrix setting?

The answer is both remarkable and beautiful.

14.2.2 Divided differences

To answer this question, we turn to an object initiated by Newton that arises frequently
in numerical analysis and approximation theory.

Definition 14.3 (Divided difference). Let f: | — R be continuously differentiable on
the open interval | C R. Then the first divided difference f 1.1 x1 - R is the
bivariate function

fs) - f()
s, r) = =t STh
£, s=1.

Intuitively, the first divided difference records the slopes of secants and tangents to f.
Tabulating the bivariate function f (11 at a set of points produces Loewner’s matrix.

. . . . . This is essentially the “kernel matrix”
Definition 14.4 (Loewner Matrix). Let f: | — R be continuously differentiable on the of the function £11] on the dataset of
open interval | € R. For n € N, let A = diag(A4,...,A,) € H,(l) be any diagonal points (Ag : k =1, ..., n). This
matrix with entries in |. Then the Loewner matrix of f at A is observation leads to connections with

the theory of positive-definite
— fl1 — [l . X .
Lf(A) = f[ ](A) — [f[ ](Ai’ /1].)] el eH,. functions, discussed in Lecture 18.

The first divided difference and Loewner’s matrix play a key role in generalizing scalar
differential characterizations of monotonicity and convexity to the matrix setting.

14.2.3  Matrix setting
We are now ready to present the main results of this lecture.

Theorem 14.5 (Loewner 1934). Assume that f: | — R is continuously differentiable
on an open interval | C R. Then

f is matrix monotone on | if and only if f 1(A) >0

for every diagonal A € H,,(l) and for every n € N.

We see that Ly in the matrix setting plays the same role as does f” in the scalar setting.
We will prove Loewner’s theorem later in Section 14.4.

There is an analogous result [AVgs] for matrix convexity, albeit established much
later than Loewner’s result.
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Theorem 14.6 (Aujla—Vasudeva 1995). Assume that f: | — R is continuously differen-

tiable on an open interval | € R. Then Recall that “@” is the Schur or
Hadamard entrywise product with
f is matrix convex on | ifand only if f(B) — f(A) > fI'/(4) © (B — A) respect to the standard basis.

for every B € Hj,(l), every diagonal A € Hj (1), and every n € N.

This theorem strongly parallels the differential characterization of scalar convexity.

Exercise 14.7 (Convexity: Differential characterization). Prove Theorem 14.6. Hint: Imitate
the proof of Theorem 14.5.

We conclude by stating another result that relates matrix convexity to matrix
monotonicity. This theorem plays an important role in more thorough treatments of
the Loewner theory.

Theorem 14.8 (Bendat-Sherman). Assume that f: | — R is twice continuously
differentiable on the open interval | € R and matrix convex. Then for every p € |,
the function g, : | — R defined by

A gu(A) = F(p, 1)

is matrix monotone.

The proof may be found in [Bhagy, Theorem V.3.10].

Derivatives of standard matrix functions

Standard matrix functions are obtained by lifting a scalar function to matrices. It is
important to understand the differentiability properties of the standard matrix function.
To do this, we first define the Fréchet and Gateaux derivative of maps between spaces
of matrices. The Daleckii—Krein formula (Theorem 14.13) instantiates these derivatives
explicitly for continuously differentiable standard matrix functions, and it will be used
in the proof of Loewner’s theorem in the next section.

Fréchet derivatives

To prove Theorem 14.5, we need to precisely describe what it means to differentiate
functions on spaces of matrices, and more generally, vector-valued maps. The key idea
is that the derivative is a linear approximation.

Definition 14.9 (Fréchet derivative). Let | be an open interval of R, and let F: H, (I) —

H,, be a matrix-valued function on self-adjoint matrices. The Fréchet derivative of Aside: Although specialized to
F at a point A € H,,(l) is the linear map our our self-adjoint matrix set-
ting, the definition of Fréchet

DF(A): H, — H, derivative easily extends to gen-

eral infinite-dimensional Banach

[CP77].
defined by the property spaces [CP77

|IF(A+ H) - F(A) -DF(A)H|| R

0
IH|

as H — 0 in any norm on H,,, provided that such an object DF (A) exists.
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Note that although the Fréchet derivative of F at a point A is linear, the mapping
DF: A+— DF(A)

is nonlinear in general. This parallels the usual notion of scalar derivative from calculus.
Indeed, for f: | — R continuously differentiable, f” is a nonlinear function but the
Fréchet derivative

Df(t): h— f'(t)h
is just the linear operator of scalar multiplication by f’(¢), for ¢t € |, which can be
identified with f’(¢) itself.

Exercise 14.10 (Derivative). Show that, if it exists, the Fréchet derivative is unique.

Exercise 14.11 (Linear map). Show that if F: A +— ®A is linear, that is, ®: H, — H,, is
a linear map, then DF (A) = ® for every A € H,,.

It is useful to relate the Fréchet derivative to another kind of derivative, the Gdteaux
derivative, that generalizes directional derivatives to Banach space. Indeed, if it exists,
the Fréchet derivative of F at A parametrizes all the Gateaux derivatives of F at A in
the sense that

d

DF(A)H = P [

for every H. The right hand side is called the Gdteaux derivative of F at A in the
direction H.

F(A+tH)] LO (14.1)

Warning 14.12 (Directional derivatives). The converse is false. A map can be Gateaux
differentiable in every direction without being Fréchet differentiable. This phe-
nomenon already arises for functions on R2. .

Daleckii—Krein formula

The next result gives a concrete characterization of the Fréchet derivative of a standard
matrix function.

Theorem 14.13 (Daleckii-Krein). Assume that f: | — R is continuously differentiable
on the open interval | C R. For diagonal A € H, (1),

Df(A)H = fIY1(A) o H forevery H € H,,. (14.2)
Moreover, for A € H, (1) with spectral decomposition A = UAU”",

Df(A)H = fH(A) oa H = U[fH(A) o (U"HU)|U". (14.3)

The following lemma gives the derivative of a polynomial standard matrix function
and is used in a limiting argument in the proof of the Daleckii—Krein formula.

Lemma 14.14 (Polynomial: Derivative). Let f: R — R be a polynomial. Then for H € H,,
and diagonal A € H,,,
Df(MH = f'N(A) o H. (14.4)

Proof. Notice that both sides of (14.4) are linear in f since differentiation and point
evaluation are linear operations. Hence, without loss of generality, we may consider
the reduction to the monomial f: x + x” for each p € Z,.

To this end, recall the algebraic identity

-1
BP - CP = ZZ_O B*(B-c)crt*k

Aside: If F is real-valued, this
is usually called the first variation
or variational derivative in the cal-
culus of variations.
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that holds for every B, C € M,,. Using this, for A, H € H,, we compute
(A+tH)? — AP 1 -1 k p-1-k
— =7 Zk:o(A +tH)"(tH)A

= 3 ARHAH

as t | 0. The right hand side of the display is the GAteux derivative of f at A in the
direction H, and it is possible to verify by Taylor’s theorem in Banach space [CP77]
that the Fréchet derivative of f exists and hence must agree with the Gateux derivative
as in (14.1). In particular, this limit is zero when p = 0 (the constant function) since
the left-hand side in the above display is identically equal to the zero matrix in this
case.

Let A = diag(A1...,A,). As fII(A) = 0 for p = 0, we have already verified
(14.4) for p = 0. Now let p € N. Since the diagonal entries of A may repeat, we must
consider two cases, depending on whether the entries are the same or different.

For the first case, consider pairs i, j € {1, ..., n} such that 1; # 1;. We compute

[prnH], = [ Y, AN
= (80 Y, NN
- ZZ:l A¥S;, H(APT55,))
=5 Akhuap ok
- (ZZ_ Ak k)hij

(M,
S\ Y

The last equality follows from an algebraic identity and uses the convention 0° = 1.
Notice that since 1; # A,

P _ P
A7 — /1
A — /1 [ ( )] ij*
We have attained the desired result.
For the second case, consider pairs i, j € {1, ..., n} such that A; = A;. In particular,

this includes the diagonal i = j. If ; = 1; = 0, then f'(A;) = f’(0) = 1(,1}. Using
this observation and continuing from the calculation above,

[Df(WH], = > Ak

- Zk OA? 'h i
= p/li.) l]’l,’j
= f'(A4j)hij
= [f[l](A)]ijhl]
as asserted. [ |

Exercise 14.15 (Power: Divided differences). Verify the algebraic identity

k=0 a->b
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fora # b € R and p € N, with the convention that 0° = 1.

We can now prove Theorem 14.13; a full treatment may be found in [Sim19, Chapter
5] or in [Bhagy, Chapter V].

Proof sketch: Daleckii—Krein Formula. The argument proceeds by approximation. We
focus on the case where the eigenvalues of diagonal A € H,(l) are distinct. By an
extension of the Stone-Weierstrass theorem [Sim19, Proposition 5.4], there exists
a sequence of polynomials (f;, : n € N) that converge to f uniformly on compact
subintervals of |. Furthermore, the sequence (f,, : n € N) of derivatives converges to
f’ uniformly on compact subintervals of I. It follows that

fn[l](/liyﬂj) - f[l](/li,/lj) as n — oo
for each i, j. By Lemma 14.14, for each H € H,,
[Dfn(A)H]ij = fn[l](li»/lj)[H]ij - f[l](/ll-,)tj)[H],-j as n — oo

for each i, j. Since the convergence holds entrywise, it also holds in any UI matrix
norm by a characteristic polynomial argument. By [Sim19, Lemma 5.5(a)], the Gateaux
derivative of f exists and equals the limit of the left-hand side above, which yields
(14.2) if it can be shown that the Fréchet derivative exists. This step is found in the
proof of [Bhag7, Theorem V.3.3].

Equation (14.3) follows from unitary equivariance of standard matrix functions.
More explicitly, it is easy to verify using the definition of polynomial standard matrix
functions and the calculation in the proof of Lemma 14.14 that

Df,(A)H = U[f1(A) o (U*HU)|U".

A similar limiting argument as above concludes the proof sketch. [ |

Proof of Loewner’s theorem

We may now prove Theorem 14.5. Under the hypotheses, let us first assume that f is
matrix monotone on |. We need to show that f[*1(A) > 0 for every diagonal A € H, (1),
where n € N. To this end, consider a specific perturbation matrix H := 11* > 0. Then

A+tH > A fort >0

by definition of the psd order. Since | is open and the eigenvalue map A(-) is continuous,
there exists § > 0 such that A+tH € H,(l) forall 0 < ¢t < §. By matrix monotonicity
of fonl,

f(A+tH) > f(A) when 0<t<39d.

Since the psd cone is closed, we further deduce

J(A+tH) —f(A)
r

’

Df(A)H =i
f(A) im

where we are allowed to equate the Fréchet and Gateaux derivatives of f above because
existence of the Fréchet derivative is guaranteed by Theorem 14.13. Again by the
Daleckii—Krein formula,

0<Df(MH = flYl(A) o H = FI(A).
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The forward implication is valid.

For the reverse implication, we assume f[*(A) > 0 for every diagonal A € H, ().
Let Ag, A1 € H,(I) be arbitrary and satisfy A; > Ag. We need to show that f(A4;) >
f(Ap). The argument proceeds by interpolation. Introduce

A; = (1-1)Ap+TA; € H,(l) forT € [0,1].
By assumption, the 7-derivative satisfies
. d
A, = —A;=A;1—-Ay > 0.
dr

Write the eigenvalue decompositions of the parameterized matrix as A; = U, A, U7.
We use the fundamental theorem of calculus to obtain

f(A1) - f(Ao) = 1 i[f(A,)] dr
0 dr
- [ 'Df (A0, dr
0
= / v, [FM (AL @ (U3A,U,)|U; d7 > 0.
0

The second equality is the chain rule; the third equality is from the Daleckii-Krein
formula (14.3); and the last inequality follows from the Schur product theorem. Indeed,
by hypothesis, fI11(A;) > 0, while U*A,U; > 0 by the conjugation rule. Therefore,
fI(A;) © (U*A,U;) > 0. This is what we needed to show.

Examples
We conclude with two illustrative examples where Loewner’s theorem may be applied.

Example 14.16 (Rational function). For | C R and real coefficients a, b, c,d € R such
that ad — bc > 0 and —d/c ¢ |, define the rational function f: | — R by

at+b
t t) = .
= [ ct+d
Notice that f is continuous on |, and
ad — bc
t fl(t) = ——
F1 @ (ct+d)?
is also continuous on |I. Hence Loewner’s result (Theorem 14.5) applies. For A =
diag(A4,...,A,) and n € N, the Loewner matrix of f is
f[l](A)Z[ ad - bc ]
(C/li + d)(C/lj + d) ij=1,m

This formula agrees with f’(1;) when A; = A;. Introduce the matrix

S = Vad - bc diag((Clk + d)_l)

k=1,..,n

Observe that
FIA) = §7(11%)8 = (1*8)*(1*S) > 0.

We may conclude that the rational function f is matrix monotone on I. .

The set H, () is convex by the
Rayleigh-Ritz representation of
eigenvalues.

Aside: Such rational functions
arise, for example, in the aptly
named Loewner framework for
interpolatory model reduction
of dynamical systems [Ben+17,
Chapter 8].
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Using Loewner’s theorem, by verifying that the Loewner matrix is psd we were
able to conclude matrix monotonicity (in this case, of rational functions). The reverse
direction is also of interest, where monotonicity can be informative about positive
semi-definiteness.

Example 14.17 (Logarithm). Since ¢ +— log? is continuously differentiable and matrix
monotone on (0, o), it follows by Theorem 14.5 that

]]{)Li:/lj} +1og7ti - IOgﬂj

>0
Ailu=ayy +Ai =4 iy
for any {A1,...,1,} C (0,) and n € N. These matrices arises in the study of
logarithmic means, for example. .

Notes

This lecture is adapted from Bhatia’s book [Bhagy, Chap. V] with some elements
from [Bhaoyb, Chap. 5].
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In the last lecture, we showed that smooth matrix monotone functions are characterized
by a differential property. The Loewner matrix, which packages divided differences of
the function, must be a psd matrix. In this lecture, we will discuss a complementary
characterization of matrix monotone functions as those that can be expressed using
a certain integral representation. This approach allows us to identify several new
examples of matrix monotone functions. Moreover, the description yields some general
theorems on matrix convexity, including some matrix Lyapunov inequalities that go
well beyond the Kadison and Choi inequalities.

Recap

Last time, we developed characterizations of continuously differentiable matrix mono-
tone and matrix convex functions in terms of derivative properties. Let | C R be an
open interval. Each continuously differentiable function f : | — R induces a family of
Loewner matrices. For a diagonal matrix A € H,(l) and each n € N, we define

L¢(A) = fm(A) = [f[l](lj”lk)]j,kzl,...,n'

As usual, f[*(a, b) denotes the divided difference of f at the points a, b € .

In the theory of matrix monotonicity and convexity, the Loewner matrix plays
a role similar to the derivative in the scalar setting. Indeed, under the smoothness
assumption on f, we have presented two theorems.

1. Monotonicity. The function f is matrix monotone on | if and only if
Lf(A) > 0 for each diagonal A € H, ().

We require this condition to hold for each n € N. The n = 1 case simply states
that f” is positive on . This result is due Loewner.
2. Convexity. The function f is matrix convex on | if and only if

Lf(A)©(B-A) > B-A forall A, B € H,(I) with A diagonal.

As before, this condition is required for each n € N. The n = 1 case corresponds
with the characterization of convexity for a smooth, scalar function. This result
is due to Aujla & Vasudeva.

Later in this lecture, we will also discuss some other relationships between matrix
monotone and matrix convex functions that do not have scalar counterparts.

Integral representations of matrix monotone functions

In Lecture 13, we established that the logarithm is a matrix monotone function on
R,+ = (0, o0) by the following argument. First, we observed that

loga:/ [(A+1) = (a+A)7'|dA fora >o0.
0

Agenda:

15

w

Integral representation of
matrix monotone functions
Uniqueness

Geometric approach
Monotonicity on the positive
reals

Filtering with a positive linear
map

Integral representation of
matrix convex functions
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We have a similar integral representation for the logarithm of a pd matrix:
logA = / [A+A)7'T- (A+AD)7']dA for A > 0.
0

Since the function ¢ — —(# + A)~! is matrix monotone on R,,, the integral repre-
sentation shows that the logarithm is the limit of positive sums of matrix monotone
functions. Since the cone of matrix monotone functions is closed under pointwise
limits, the logarithm also is matrix monotone.

This argument may seem concocted. In fact, this approach is based on a penetrating
insight that every matrix monotone function admits an integral representation. This
is a famous result of Loewner, which is regarded as one of the deepest theorems in
matrix analysis. We present the result and some immediate consequences.

Loewner’s integral theorem

The form of the integral representation of a matrix monotone function depends
superficially on the interval where it is defined. We begin with the standard open
interval (—1,+1). Later, we will see that results for this interval can be transferred
directly to other intervals.

Theorem 15.1 (Matrix monotonicity: Standard interval; Loewner1934). Let f : (-1,+1) —
R be a nonconstant function.

1. If f is matrix monotone on (-1, +1), then f admits a unique representation

of the form ;
(t)y=a+ / du(l), (15.1)
! p [-141] 1 — AL K

where @ € R and > 0 and u is a Borel probability measure on [—1, +1].
2. Conversely, suppose that f satisfies (15.1). Then f is a matrix monotone
function on (-1, +1).

The claim (2) is called the “easy” direction of Loewner’s theorem. We verify this
result in Section 15.2.2. As we will see, the easy direction already offers a powerful
tool. Section 15.2.3 contains several examples.

Meanwhile, the claim (1) is called the “hard” direction of Loewner’s theorem. In
particular, this result implies that every matrix monotone function f on (-1, +1)
is analytic in the interval (—1,+1). This fact is striking because scalar monotone
functions do not even need to be continuous. Introducing deeper ideas from complex
analysis, one may prove that the function f continues analytically into the upper
half-plane, where it defines a Herglotz function; see [Bhag7y, Chap. V] or [Sim19] for
more discussion about this point.

Simon [Sim19] outlines 11 different proofs (!) of the hard part of Loewner’s theorem.
Each one approaches the summit from a different direction, and each one requires a
long and arduous climb. In Section 15.2.4, we give the easy proof of the uniqueness
statement. The existence claim is the difficult step. In Section 15.3, we will summarize
a geometric existence proof, but there is no space here for all of the details.

Proof of Theorem 15.1: “Easy” direction
Let us supply the short proof of claim (2) in Loewner’s theorem.

Exercise 15.2 (Matrix monotone functions: Elementary examples). For each 1 € [-1,+1],
confirm that f : t — ¢/(1 — Af) is a matrix monotone function on (—1,+1). Hint:

Warning: In this theory, we must
take care about whether the
endpoints of the interval are
included because matrix
monotone functions need not be
continuous at the endpoints. This
result is framed for an open
interval to avoid this problem. =
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Simplify the function algebraically so that you can invoke the fact that the negative
inverse is operator monotone.

The constant function ¢ +— a is matrix monotone on any interval. For each
A € [-1,+1], the function t +— t/(1— Af) is matrix monotone on the interval (-1, +1)
by Exercise 15.2. By the usual limiting arguments (simple functions, dominated
convergence), we see that the integral in (15.1) represents a matrix monotone function.
Indeed, matrix monotone functions are closed under positive linear combinations
and pointwise limits. Altogether, the expression (15.1) represents a matrix monotone
function on the standard open interval (-1, +1).

First examples

Once we recognize that matrix monotone functions admit integral representations of
the type (15.1), we can seek out representations for particular functions. The “easy”
direction of Loewner’s theorem confirms that these integrals describe matrix monotone
functions.

Example 15.3 (Logarithms and friends). Using basic tools from integral calculus, we quickly
confirm that

0
t
log(1+1) = dA fort € (-1,+1).
g4 = [l forre (-1,41)

Theorem 15.1(2) now implies that ¢ +— log(1 + ¢) is matrix monotone on (—1,+1).

A similar calculation reveals that ¢ — —log(1 — ) is matrix monotone on (—1, +1).
From here, we can derive further results of interest:

1 1+t
arctanh(t) = > log (ﬁ) is matrix monotone on (-1, +1).

Indeed, matrix monotone functions compose a convex cone. .

Problem 15.4 (Tangent). Show that the function ¢ + tan(m¢/2) has an integral repre-
sentation of the form (15.1), hence is matrix monotone on (—1,+1). Hint: You can
derive this fact from the definite integral

nt (m) /m A-1 di fort € (—1,+1)
—tan|—| = —— - — for -1, .
2 2 o A-A1 A

This non-obvious statement appears as [GRo7, Formula 3.274(3)]. There are more
elementary ways to prove that the tangent is matrix monotone; cf. Lecture 18.

Proof of Theorem 15.1: Uniqueness
To prove that integral representations are unique, we must argue that the integrands
are rich enough to approximate all continuous functions.

Exercise 15.5 (Elementary monotone functions: Totality). Establish that the collection
A1 U{d=t(1-A)"1 e (-1,+1)}

is total in the space C[—1, +1] of continuous functions, equipped with the supremum
norm. Hint: This is a direct application of the Stone-Weierstrass theorem because the
linear span is an algebra.

To prove the uniqueness claim, let f be a matrix monotone function on (-1, +1)
with a representation of the form (15.1). Since @ = f(0) and § = f’(0) > 0, we can
shift and scale f to make ¢ =0 and § = 1.

In a normed space, a subset is total if
its linear span is dense.
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Suppose that there are two Borel probability measures g, v on [—1, +1] for which

+1 +1
f(t):[l L du(t)—/l ——dv(n) forall € (-1,+1).

If these two measures are different, they can be separated by a continuous function
h:[-1,+1] — R. That is,

+1 +1
/ h(A) du(A) < / h(A) dv(A).
-1 -1

Since u and v are both probability measures, we may shift / to ensure that it has zero
integral (with respect to Lebesgue measure): f_ +11 h(1)dA =o0.

By Exercise 15.5, the functions A + £(1 — Af)~! are total in the space of continuous
functions on [—1, +1] with a zero integral. Therefore, we can approximate h in the
supremum norm by a linear combination. For example, with some real coefficients
ci,...,Ck, we have

thk
-3 T

By choosing ¢ sufficiently small, we find that

D el = /H (Z‘l dp(d)
< Zk 1/ thk dv(/l) = ZZ:l crf ().

This contradiction forces us to conclude that the measures are the same.

<e forallde [-1,+1].

The geometric approach to Loewner’s theorem

Many theorems on integral representation have an elegant geometric interpretation
as averages of extreme points of a compact, convex set. Hansen & Petersen [HP82]
developed a proof of Theorem 15.1 based on this strategy. The argument relies on
a complicated interplay between the smoothness and convexity properties of matrix
monotone functions, so we cannot give all of the details here. See [Bhagy, Chap. V.4]
or [Sim1g, Chap. 28] for complete arguments.

Slicing the cone

As we have discussed, the matrix monotone functions on (—1,+1) compose a convex
cone, closed under pointwise limits. It is convenient to normalize these functions,
which amounts to taking a slice through the cone; see Figure 15.1. It can be shown
(not easy!) that every matrix monotone function is differentiable. Therefore, we may
introduce the set

B:={f:(-1,+1) = R : f is matrix monotone, f(0) =0, and f’(0) = 1}.

Furthermore, one may confirm that each nonconstant matrix monotone function g
satisfies g’(0) > 0. Therefore, the function (g(t) — g(0))/g’(0) € B.

Figure 15.1 (Base of cone). A base B of
the cone of matrix monotone functions
on (—-1,+1).
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As it happens, the set B is compact with respect to the topology of pointwise
convergence. Roughly speaking, this point follows from the fact that matrix monotone
functions in B are bounded above and below:

t
— < f() <0 when -1 <t < 0;
1+1¢ £

t
Osf(t)sl—t when0 <t < 1.
This claim also requires a fair amount of argument.

The Krein—Milman theorem

Since B is a compact and convex set, we can activate a famous representation theorem
that generalizes Minkowski’s theorem on extreme points (Lecture 5).

Theorem 15.6 (Krein—Milman). Let B be a compact, convex subset of a locally convex
topological linear space. Then the set coincides with the closed convex hull of its
extreme points:

B = conv(ext(B)).

In general, the closure is required, and there is a possibility that the extreme points
are uninformative (e.g., the extreme points could be dense in B!). Nevertheless, there
are many settings where we can explicitly identify the extreme points of the set B. The
limit of convex combinations can often be realized as an integral over the extreme
points, which leads to an integral representation of the elements of B.

Elementary monotone functions are extreme

As it happens, the elementary matrix monotone functions we have been studying are
all extreme points of the set B. We will prove this claim directly using an argument
attributed to Boutet de Monvel [Sim19, Thm. 28.12].

Theorem 15.7 (Elementary monotone functions: Extremality). For each A € [-1,+1],
introduce the function

t
(pA(t) = 1_—/“ fort € (—1,+1).

The function ¢, is an extreme point of B.

In fact, the family (¢, : A € [-1,+1]) exhausts the set of extreme points of B.
This claim is significantly harder to prove, so we must take it for granted.

Proof. Fix A € [—1,+1], and note that ¢, € B. The key to the proof is to observe that
the 2 X 2 Loewner matrix associated with ¢, always has rank one:

H(s,t):[(l_i‘g H(l‘ig ] forall s,t € (-1,+1).

Therefore, the Loewner matrix lies in an extreme ray of the psd cone.
. _ 1 1
Suppose now that we can write ¢y = 5f + ;g where f, g € B. The Loewner
matrix is linear in the function, so

oM (s, ) = LM (s, )+ 1l (s,1) foralls, z € (=1,+1).
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But the Loewner matrix (p/{l] (s, t) lies in an extreme ray of the psd cone, so the two
matrices on the right are both positive scalar multiples of it. In particular,

f[l](s, t) = a(s,t) - (p/%l](s, t) for some a(s,t) > 0.

To complete the argument, we select s = 0 and write out the entries of the matrices.
From the normalization f(0) = 0 and f’(0) = 1, it emerges that

1 f@/e| 1 (1-2Ar)71
[f(t)/t /() } =a(0,0)- [(1 —A)1 (1 -Ar)72

Inspecting the top-left entry, we realize that a(0, t) = 1, regardless of the choice of .
As a consequence, the top-right entry yields f(¢) = (1 — At)"! forall t € (=1, +1).
In other terms, f = ¢,, and we conclude that ¢, is an extreme point of B. [ ]

forall t € (—1,+1).

From extreme points to integrals

Granted the claim that (¢, : A € [-1,+1]) is the complete family of extreme points
of B, we can establish the integral representation. Let f € B be a function. The
Krein—Milman theorem yields a sequence of approximations

+1
/ @p(t)duy (1) — f(t) asn — oo foreacht € (—1,+1).
-1

In this expression, (i, is a probability measure supported on 7 points in [—1, +1], so it
describes a convex combination of n functions ¢,, with Ax € [-1,+1]. By weak-*
compactness of the simplex of probability measures on the compact space [—1, +1],
we can extract a subsequence that converges to a probability measure p on [—1, +1].
For this limiting measure,

/H @a(t)du(A) = f(t) foreacht € (—=1,41).
-1

For a nonconstant matrix monotone function g on (—1,+1), we apply this statement
to the function f(¢) = (g(t) — g(0))/g’(0) to complete our sketch of the proof of the
“hard” direction of Theorem 15.1.

Matrix monotone functions on the positive real line

Loewner’s result gives an integral representation of the matrix monotone functions
on the interval (—1,+1). As we will see, integral representations for other classes of
matrix monotone functions follow via simple transformations. We will focus on the
most useful case: matrix monotone functions on the positive real line.

Fractional linear transformations

We can move among open intervals in the real line using fractional linear transfor-
mations. In this section, we will show that fractional linear transformations preserve
matrix monotonicity.

Exercise 15.8 (Fractional linear transformations). A fractional linear transformation is a
function of the form

t
w(t) = jt—i([:‘ for t # —6/y and where a, 8,7, 6 € R.
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When the determinant aé — By > 0, check that v is increasing on the intervals
(=00,—8/y) and (—6/7y, +0).

Show that there is an increasing fractional linear transformation that maps a
finite or semi-infinite interval (¢, d) onto a finite or semi-infinite interval (a, b) for
a,b,c,d e R. We do not allow both endpoints of an interval to be infinite.

Show that an increasing, surjective fractional linear transformation v : (¢, d) —
(a, b) is matrix monotone.

Exercise 15.9 (Matrix monotonicity: Composition). Suppose that f, g are matrix monotone.
Check that h(t) = f(g(t)) is matrix monotone, provided that the domains and
codomains are compatible.

Exercise 15.10 (Matrix monotonicity: Change of domain). Let f : (a,b) — R be a matrix
monotone function on a finite or semi-infinite interval. Let ¥ : (¢, d) — (a, b) be an
increasing fractional linear transformation that is surjective. Confirm that f o v is
matrix monotone on (c, d).

Loewner's theorem for the strictly positive reals

Using these results, we can transfer Theorem 15.1 to obtain a parallel result for matrix
monotone functions on R.,.

Corollary 15.11 (Loewner: Strictly positive reals). Consider a function g : Ry; — R. The
function g is matrix monotone on R, if and only if it admits a (unique) representation
of the form

r-1
(N =a +/ — —~ __dv(d) foralls > 0.
g [0,1] A,+(1_A,)t

In this expression, @ € R and v is a finite, positive Borel measure on [0, 1].

Proof sketch. Let us introduce the fractional linear transformation 1 that maps the
strictly positive real line R, onto the standard open interval (—1,+1). The map ¥
and its inverse w~! are increasing functions of the form

r—1 _ 1+s
1,U(t):t+—1 fort € R,, where WI(S)ZE for s € (—1,+1).

We can construct the matrix monotone function f(s) = g(y~(s)) on (-1, +1). Apply
Theorem 15.1 to f to obtain an integral representation. Then make the change of
variables s = y(t) to transfer this representation back to the function g. Make the
affine change of variables A + 2A — 1 to shift the domain of integration from [—1, +1]
to [0, 1]. The result of this process is quoted above. [

Example 15.12 (Logarithm, again). We can use the “easy” direction of Corollary 15.11 to
verify that particular functions are matrix monotone. As an example, observe that

1

t-1

logt = ——— —dA forallz > 0.
& /0 A+ (1- Ay

Therefore, the logarithm is matrix monotone. The representation of the logarithm that

we saw before is related to this one by a further change of variables in the integral. =

Exercise 15.13 (Loewner: Strictly positive reals). It is sometimes convenient to change
variables in Corollary 15.11. For a matrix monotone function g : R,y — R, show that

g(t)=a+yt+/ %du(&) forall t > 0.

Rv

If the measure v has an atom at 0, it
contributes a pole at zero. If the
measure v has an atom at 1, it
contributes a linear component.
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where @ € R and y > 0 and p is a finite, positive Borel measure on R,,. This is closer
to our original presentation of the logarithm in terms of an integral.

Loewner's theorem for the positive reals

So far, we have studied matrix monotone functions on an open interval. In this setting,
the function need not have a limiting value at the endpoints. This is the case for the
logarithm and the tangent function. When the function does take a limiting value, we
can obtain integral representations that are valid up to and including the endpoint.

Corollary 15.14 (Loewner: Positive reals). Consider a function g : R, — R that is
continuous at t = 0. The function g is matrix monotone on R; if and only if it admits
a (unique) representation of the form

t dv(A)
£) =B+t : forall £ > 0.
S +/<0,1)A+(1—A)r A ot

In this expression, f € R and y > 0, and v is a finite, positive Borel measure on (0, 1).

Proof sketch. By continuity, g(0) = lim;|o g(f). Taking a limit of the integral repre-
sentation in Corollary 15.11, we find that

1
g(O):oc—/0 dVT(M=:ﬁ>—m.

Adding and subtracting this quantity in the representation in Corollary 15.11, we obtain
the statement after some simplification. [

Exercise 15.15 (Loewner: Positive reals). It is often convenient to make another change of
variables in Corollary 15.14. For a continuous matrix monotone function g : Ry — R,
show that

At
g(t) = ﬁ+7t+/ mdu(/l) forall t > 0.

Here, f € R and y > 0 and p is a finite, positive Borel measure on R .

Ryt

Exercise 15.15 suggests that we look for functions that have integral representations
with this form. Here are two examples.

Example 15.16 (Shifted logarithm: Monotonicity). Beginning with Example 15.12, we can
make the change of variables ¢ — 1+ and 1 — A — A~! to obtain the representation

At
log(1+1) = . A72dA.
og( ) /1 A+t

Therefore, the shifted logarithm ¢ +— log(1 + t) is matrix monotone on R,. .

Example 15.17 (Powers: Monotonicity). For r € (0, 1], we can use contour integration to

show that ) -
b sin(7r) / At A2 dA
T 0

A+t

Therefore, the power functions t + " for r € (0, 1] are matrix monotone on R,.
We can deduce that negative powers are matrix monotone using the composition

rule (Exercise 15.9). Indeed, since ¢ — —¢~! is matrix monotone on R,,, the power

function t + —t~" is matrix monotone on R, for each r € (0, 1]. .
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Integral representations of matrix convex functions

Just as we developed integral representations for matrix monotone functions, we can
develop integral representations for matrix convex functions. These results follow from

the representations of matrix monotone functions by means of some general principles.

For brevity, we will only consider matrix convex functions on the positive real line.

Relations between matrix monotonicity and convexity

In the scalar setting, monotone functions and convex functions are independent
concepts. The main connection is that a differentiable convex function has a monotone
derivative. In the matrix setting, however, there is an intricate web of relations between
matrix monotone and matrix convex functions. This section outlines some of the basic
facts, along with direct proofs.

Theorem 15.18 (Matrix monotonicity and concavity). Let f : R, — R be a (continuous)
function on the positive real line.

1. If f is matrix monotone, then f is matrix concave.
2. If f is matrix concave and takes positive values, then f is matrix monotone.

Proof. For the second part, assume that f : R; — R, is matrix concave and positive .

First, suppose that A < B. For scalars 7 € (0,1) and 7 = 1 — 1, since f is concave and
positive,
f(1B) = f(tA+7- (1/7)(B - A))
>7-f(A)+71-f((r/7)(B-A)) > 1 f(A).

Since f is continuous, we may take 7 T 1. We conclude that A < B implies
f(A) < f(B). To handle the case where A < B, observe that f(A) < f(B + €l) for
€ > 0, and take limits as € | O to resolve that f is matrix monotone.

For the first part, the key to this argument is the following claim, which we will
establish in a moment.

Claim 15.19 (Monotonicity: Submatrix). Let f : Ry — R be a continuous matrix monotone
function. For a psd block matrix A, we have f([A]11) = [f(A)]11-

We assume that f : R, — R is matrix monotone. Granted the claim, we introduce
a unitary block matrix that generates convex combinations:

1/2 -1/2
N Bl S At | syo=
U, = [—TI/ZI 172 I] forte [0,1]withT=1-T1.

For psd matrices A1, Ay, construct the psd block diagonal matrix A = A; @ A,. Using
the claim, we calculate that

f(tA1 +74;) = f([U-AU7In) > [f(U.AU})],
= [UTf(A)Uj]u =1f(A1) + Tf(A2).

In other words, f is matrix concave.
To prove Claim 15.19, we introduce another block matrix that helps diagonalize a
block matrix:
[51/ 21 0

T, =

0 _g12 I} for € > 0.

Warning: Some proofs of
Loewner’s theorem (including
the one we have outlined)
depend on the convexity and
concavity results in this section,
so it may be circular to use
integral representations to
establish these statements. "

Recall that [-]11 extracts the top-left
(1, 1) block of a block matrix, and it
is a positive linear map.
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For a psd block matrix A, a short calculation reveals that

(1+¢)-[Aln 0

A< A+T:AT, = 0 (1+e) - [Aln|

Apply the monotone function f to this relation. Since [-]1; is a positive linear map, it
preserves the psd order on self-adjoint matrices. Therefore,

[f(A]in < f((Q+e) - [Aln).
Take the limit as € | 0 using the assumption that f is continuous. |

Next, we point out that a matrix convex function on the positive real line induces
another matrix monotone function.

Proposition 15.20 (Monotonicity from convexity). Let f : R, — R be a matrix convex
function with f(0) < 0. Then g(¢) = f(t)/t is matrix monotone on R,,.

Proof. Assume that 0 < A < B. Since B '2AB7'? < 1, we see that the matrix
K = B'/2A1/2 is a contraction. Let L = (I — K*K)'/2. The matrix Jensen inequality
(Lecture 13) implies that

f(A)=f(K'BK) = f(K'BK + L'OL) < K*"f(B)K + L"f(0)L < K*f(B)K.
Conjugate both sides by A71/2 to see that
g(A) = A2 (M)A < B2 f(B)B7Y? = g (B).
Indeed, standard matrix functions of the same matrix commute. [ ]

Problem 15.21 (Convexity from monotonicity). A converse of Proposition 15.20 also holds.
Assume that f : R, — R is continuous and f(0) < 0. If g(¢) = f(¢)/t is matrix
monotone on R,,, then f : R, — R is matrix convex. Hint: Using a dilation argument,
show that f is matrix convex if and only if f(PAP) < Pf(A)P for all orthoprojectors
P and all psd matrices A. Show that monotonicity of g implies this condition.

Exercise 15.22 (Powers: Convexity). We can identify convexity properties of the power
functions using Proposition 15.20 and Problem 15.21. Determine whether ¢t + ¢ is
matrix convex or matrix concave for each r € [-1, 2].

Integral representation

We are now prepared to give an integral representation of matrix convex functions on
the positive real line. Results of this type are usually attributed to Bendat & Sherman.

Corollary 15.23 (Matrix convexity: Integral representation). Consider a (continuous) matrix
convex function f : Ry — R. Then f admits the representation

f(t):a+/3t+yt2+/ M_tl)

du(A) forallt > 0.
R A

The coefficient y > 0, and the Borel measure p is finite and positive.

Proof. We may shift f so that f(0) = 0. Proposition 15.20 implies that g(t) = f(¢)/t
is matrix monotone on R,.. Exercise 15.13 yields an integral representation for g on
R,;. Multiply through by ¢, and remove the shift from f. Since f is continuous, the
representation is also valid at ¢ = 0. |

Of course, [-]22 extracts the (2,2)
block of a block matrix.
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Exercise 15.24 (Entropy). Using an integral representation for the logarithm, find an
integral representation for the negative entropy function negent(¢) := t logt for ¢ > 0.

Exercise 15.25 (Matrix convexity: Other intervals). Consider a matrix convex function
f : 1 — R on an open interval |. Bendat & Sherman proved that the divided difference
f [11(s,-) : I > R is matrix monotone for each s € I. Use this fact to derive an integral
representation for the matrix convex function f.

Application: Matrix Jensen and Lyapunov inequalities

The integral representations from this lecture have remarkable consequences for matrix
analysis. In this section, we will use them to derive a stronger matrix Jensen inequality.
In turn, this inequality allows us to develop a satisfactory extension of Lyapunov’s
inequality.

Matrix Jensen for a unital, positive linear maps

In Lecture 13, we established the matrix Jensen inequality, which describes how matrix
convex functions interact with matrix convex combinations. Earlier, we argued that
all unital, positive linear maps can be regarded as averaging operators. The integral
representations for matrix convex functions now permit us to derive a Jensen inequality
for any unital, positive map.

Theorem 15.26 (Matrix Jensen: Positive linear maps). Consider a matrix convex function
f: Ry —> R, and let ® : M,, —» My be a unital positive linear map. Then

f(®(A)) < ®(f(A)) forallpsd A € Hj,.

In particular, this inequality is valid when —f is matrix monotone.

We can trace this kind of result to work of Davis [Davs7] and Choi [Cho74]. See
also Ando’s paper [And79].

Proof. Corollary 15.23 implies that

AL +1)

“Adu).
e p(A)

f(t)=a+ﬁt+yt2+/ [t—(/1+1)+

++

The coefficient y > 0. In particular, for a psd matrix A,

f(A):aI+/3A+yA2+/ [A- A+ DI+AA+1)(AT+A)7 ] - Adu(d).
IR++

Kadison’s inequality and Choi’s inequality yield
®(A%) < (®(4))> and @((AI+A4)7}) < (AT+D(4)) .
Apply @ to the integral representation of f(A) to obtain
®(f(A)) < al+ pO(A) +7(D(A))*
+ / [(I)(A) —(A+DI+AA+ 1) (AT + (I)(A))_l] Adu(A)
= f(®(A)).

We have repeatedly used the linearity, the unital property, and the continuity of ®.
The semidefinite inequality follows from Kadison’s and Choi’s inequalities. |
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Exercise 15.27 (Choi’s convexity theorem). Theorem 15.26 holds for every matrix convex
function f, regardless of its domain. Prove it. Hint: Use Exercise 15.25.

Exercise 15.28 (Matrix Jensen). Deduce that the matrix Jensen inequality from Lecture 13
is a special case of Choi’s convexity theorem (Exercise 15.27). Hint: Consider the block
diagonal matrix A = A; ® Ay @ - - - & A,. Show that the matrix convex combination is
a unital, positive linear map on this matrix.

Matrix Lyapunov inequalities

Theorem 15.26 has remarkable consequences when applied to the most common matrix
convex functions [Andyg, Cor. 4.2]. These results give additional credence to the idea
that unital, positive maps are averaging operators.

Corollary 15.29 (Matrix Lyapunov). Let ® : M,, — My be a unital, positive linear map.
Foreach p > 1,

®(A) < [(D(Ap)]l/p for all psd A € H}.

Proof. Forr € (0, 1), the function ¢t +— t" is matrix concave on R,,. This statement
follows when we combine Example 15.17 and Theorem 15.18; alternatively, you can
make a direct inspection of the integral representation for the power. Theorem 15.26
now implies that

®(A") > D(A).

Make the change of variables A — A'/", and select r = 1/p where p > 1. [

Exercise 15.30 (Matrix Lyapunov: Exponential). Let ® : M,, — M), be a unital, strictly
positive linear map. Prove that

®(A) < log(®(exp(A))) forall A e H,.
Hint: Note that ¢ +— log(e + t) is matrix concave for ¢ > 0 and € > 0. Choose an

appropriate value of €; there is no need to take a limit.

Exercise 15.31 (Matrix Lyapunov: More powers). Let @ : M,, — Mj be a unital, positive
linear map. For p € [1/2,1], derive the matrix Lyapunov inequality

[(D(Ap)]l/p < ®(A) forallpsd A € H}.

Exercise 15.32 (Matrix entropy: Filtering). Recall that the entropy ent(t) := —tlogt for
t > 0 is matrix concave. Let ® : M,, — My be a unital positive linear map. Show that

ent(®(A)) > ®(ent(A)). forall psd A € HF.

In other words, entropy decreases when we filter by a unital, positive linear map.

Notes

Loewner’s theorem is a classic result that has attracted a significant amount of attention,
and it has been the subject of several books, notably [Sim19]. Nevertheless, there does
not seem to be a short, accessible treatment of these ideas. Nor does there appear
to be a self-contained proof of Loewner’s theorem that can be presented in a single
lecture. This lecture is the instructor’s attempt to set out the main facts about integral
representation of matrix monotone and matrix convex functions in a way that might

Warning: It is tempting to raise
both sides of this inequality to
the pth power, but the resulting
statement is false for p > 2.
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be independently useful or support further study. It draws heavily on Bhatia [Bhag7,
Chap. V] and Simon [Sim19], but the organization is new.

The proof of uniqueness in Loewner’s theorem is adapted from Simon’s book [Sim19,
Chap. 1]. The geometric proof, via Krein-Milman, is due to Hansen & Pedersen [HP82].
We have sketched some of the ideas from the argument, following Bhatia [Bhag7,
Chap. V] and Simon [Sim19, Chap. 28]. The proof that elementary monotone functions
are monotone is adapted from an argument of Boutet de Monvel, which appears in
Simon’s book.

Simon [Sim19, Chap. 1] makes it clear that Loewner’s theorem can be transferred
from one open interval to another. We have expanded on this point to show how the
formulation for the strictly positive real line relates to the formulation on the standard
open interval. The method of condensing the result for the positive real line appears in
Bhatia’s book [Bhag7, pp. 144-145].

Some of the examples in this lecture appear in Bhatia’s books [Bhag7, Chap. V]
and [Bhao7b, Chaps. 4, 5], while some of them were identified by the instructor to
support the presentation.

The results on filtering with a positive linear map date back to work of Davis [Davs7],
Choi [Cho74], and Ando [And79].
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\ 16. Matrix Means

Date: 24 February 2022 Scribe: Jing Yu

In this lecture, we consider the question about how to “average” a pair of psd matrices.

We introduce a class of matrix means, and we give a complete characterization of these
functions. This topic may seem like a departure from the recent lectures. In fact, the
means that we study are in one-to-one correspondence with a class of matrix monotone
functions.

We begin by formalizing the notion of a scalar mean, which describes an average of
two positive numbers. Following the ideas of Kubo & Ando [KA79], we explain how
to extend this construction to matrices. Then we show that (bivariate) means can be
described by (univariate) representer functions. This observation leads to a satisfying
theory in both the scalar and matrix settings.

Scalar means

What does it mean to “average” two positive numbers? Although the arithmetic mean
is the most widely used notion, you may have encountered several other ways to
compute an average of numbers. To draw a clear distinction with the arithmetic mean,
it is common to call these functions “means” rather than averages.

Example 16.1 (Scalar means). Here are several important means defined for strictly
positive numbers a, b > 0.

* Arithmetic mean: The arithmetic mean is a familiar example that arises in statistics
and probability:
1
(a,b) — 3(a+Db).

The arithmetic mean is the best constant approximation to a random variable
that takes values a, b with equal probability.

* Geometric mean: The formula for the area of a rectangle leads to the notion of
the geometric mean:

(a,b) — Vab.

This mean also appears in the study of inequalities and in functional analysis
because it is connected to the convexity of the exponential function.

* Harmonic mean: The harmonic mean arises in the analysis of electrical circuits
because of Kirchhoff’s law. It computes an average via the rule

1,-1, 13-1\"1
((l, b) = (za + Eb ) .
We can extend from strictly positive numbers to positive numbers by taking
limits.

* Logarithmic mean: The logarithmic mean is a less common example, although it
sometimes arises in the study of heat transfer. It takes the form

_ 1
(a,b) > —— 2 b :/ a'b* " dr.
loga — logb 0

Agenda:

Scalar means

Axioms for matrix means
Representers for scalar means
Representers for matrix means
Matrix perspective
transformations

Matrix means from
representers

7. Integral representations

VAWM -
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The second formula is valid for numbers that are positive, but not necessarily
strictly positive.

Other examples include the family of binomial means and the family of power means.
Have you seen other types of means? .

What are the properties common to these examples that can justify their interpre-
tation as the mean of two numbers? By extracting the key features, we may define a
class of scalar means.

Definition 16.2 (Scalar mean). A function M : R, X R, — R, on pairs of positive
numbers is called a scalar mean if it has the following properties.

1. Strict positivity. The mean M (a, b) > 0 for all a, b > 0.
2. Ordering. The mean lies between the values of its arguments:

<a<b implies a< M(a,b) < b;

<b<a implies b < M(a,b)<a.

3. Monotonicity. The sections of the mean are increasing:

a — M/(a, b) is increasing for each b > 0;
b — M/a, b) is increasing for each a > 0.

4. Positive homogeneity. A positive scalar can pass through the mean:
M(Aa,Ab) =AM (a,b) foreachA > 0Oandalla,b > 0.

5. Continuity. The mean (a, b) — M (a, b) is continuous on R, X R,.

We say that a mean is symmetric if it also satisfies M (a, b) = M (b, a) for all
a, b > 0. This property is typical, but we will not insist on it.

We remark that these properties are interrelated, so they are not fully independent
from each other. For instance, the ordering property already implies strict positivity.
For a symmetric mean, we do not need to make separate hypotheses about the behavior
of the first and second argument. It is also common to define the mean for strictly
positive numbers only, since we can use continuity to obtain the value of the mean
when one of the arguments is zero.

Exercise 16.3 (Scalar mean: Examples). Confirm that each item in Example 16.1 is a
symmetric scalar mean in the sense of Definition 16.2.

Matrix means

We may now define the concept of a matrix mean by generalizing the axioms for a
scalar mean. This approach to matrix means is a hybrid between the classic paper of
Kubo & Ando [KA79] and the presentation in Bhatia [Bhaoyb, Chap. 4.1]. After giving
the definition, we look at some of the most basic examples.

Axioms

We begin with an axiomatization of matrix means. For the most part, this task is
straightforward. Let us emphasize that we only consider means of psd matrices in
the same way that we only consider means of positive numbers. The ordering of real

Aside: This approach is not the
only way to construct a sensi-
ble notion of a matrix mean. In
particular, Hiai & Kosaki [HK99]
have developed another elegant
theory.
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numbers is replaced by the psd order. The only difficulty arises from the generalization
of the positive homogeneity property, which we will discuss after the definition.

Definition 16.4 (Matrix mean). Fix n € N. A function M : Hj, X H}, — H}, on pairs of
psd matrices is called a matrix mean on Hy, if it has the following properties.

1. Strict positivity. The mean M (A, B) > 0 for all A, B > 0.
2. Ordering. The mean lies between the values of its arguments:

M(A,B)<B
M(A,B)< A

)

A < B implies
B <

//\//\
//\//\

A implies
3. Monotonicity. The sections of the mean are increasing:

A; < A, implies M(A;,
B, < B, implies M (A, B;

M (A, B) for each B
M (A, B,) for each A

B) ;
)

=0
>0

VNN

4. Conjugation. For all A, B > 0, conjugation passes through the mean:
M(X*AX,X"BX) = X"M(A,B)X foreach X € M,,.
5. Continuity. The mean (A, B) — M (A, B) is continuous on H}, x HY.

We say that a matrix mean is symmetric if it also satisfies the identity M (A, B) =
M(B,A) forallA,B >0

As in the case of scalar means, we often define a matrix mean for strictly positive
matrices. The continuity requirement allows us to extend the matrix mean to all psd
matrices. For brevity, we will not give any details on these continuity arguments.

We can think about the conjugation axiom for a matrix mean as a counterpart to the
positive homogeneity property of a scalar mean. For each A > 0, the function a — Aa
is a bijection on the positive numbers. Likewise, for each nonsingular X € M,,, the
congruence A — X*AX is a bijection on the psd matrices. Therefore, it is natural to
ask that the mean preserve simultaneous congruence. The extension to all X € M,
follows from a short continuity argument.

The conjugation axiom has some striking implications. For example, it ensures that
the mean of two scalar matrices must also be a scalar matrix (i.e., a multiple of the
identity matrix).

Exercise 16.5 (Matrix mean: Scalar matrices). Let M be a matrix mean on H o, as in
Definition 16.4. For all scalars a, § > 0, prove that

M (al,, p1,) = yI, forsome y = y(a,B) > 0.

Hint: Assume M (al, BI) = A. Apply the congruence property by writing I = Q*Q for
a unitary matrix Q € M,,. Deduce that A must be a scalar matrix by averaging over all
unitary Q.

Definition 16.4 provokes several questions. For example, do matrix means exist?
What are some interesting examples? Are matrix means interpretable as “averages”
of matrices? Can we characterize matrix means? To answer these questions, we first
present some examples of matrix means.
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Basic examples

The most transparent example of a matrix mean is the matrix extension of the arithmetic
mean.

Definition 16.6 (Matrix arithmetic mean). The matrix arithmetic mean is the function

M(A,B) = 1(A+B) forA,B € Hj,.

Exercise 16.7 (Matrix arithmetic mean). Confirm that the matrix arithmetic mean is
symmetric, and it satisfies all the axioms in Definition 16.4.

There are two very basic, but not so obvious, examples of a matrix mean that merit
explicit mention.

Definition 16.8 (Left and right matrix means). The left matrix mean and right matrix
mean are respectively given by the expressions

M(A,B) =A forallA,BecH};
M(A,B) =B forall A,B € Hj.

Exercise 16.9 (Matrix left and right means). Confirm that the left and right matrix means
satisfy the axioms in Definition 16.4, but they are not symmetric.

Matrix harmonic mean
Next, we turn to another example that also turns out to be truly fundamental.

Definition 16.10 (Matrix harmonic mean). The matrix harmonic mean is defined as
M(A,B) = (147" +1B)"" forall A B e H}'.
We extend this definition to all psd matrices by taking limits:

M(A,B) =lim, | M(A+¢l,B+¢l) forall A, B e Hj.

Exercise 16.11 (Harmonic mean: Projectors). Compute the harmonic mean M (P, B) for an
orthogonal projector P € Hj, and a positive-definite matrix B € H;*.

Exercise 16.12 (Matrix harmonic mean). Note that the matrix harmonic mean is symmetric.
Confirm that the matrix harmonic mean satisfies all the axioms in Definition 16.4. Hint:
Assume that the arguments are positive definite, and recall that the matrix inverse is
order reversing. Use continuity to extend the axioms to all psd matrices and to the
case of psd conjugation.

It is valuable to rewrite the harmonic mean using a related function called the
parallel sum [AJD69].

Definition 16.13 (Parallel sum). The parallel sum of two positive-definite matrices is
defined as
(A:B) = (A'+B")"" where A4, B € H}*.

We extend this definition to psd matrices via continuity. It is evident that 2(A : B)
coincides with the harmonic mean of A and B.

The parallel sum is intimately connected to Schur complements. Indeed, for
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positive-definite matrices A, B € H}*,
A:B=(A'+BH'=B(A+B)'A=A-A(A+B)'A.
We can recognize the latter matrix as a Schur complement:

A A

A A+B|/A*D):

A=

This representation extends to psd matrices. By symmetry, we also have the relation
A: B =B - B(A+ B) !B, and we can recognize the Schur complement of another
block matrix.

The representation of the parallel sum as a Schur complement gives an alternative
proof of the fact that the parallel sum is monotone. Indeed, Schur complements of a
psd matrix are increasing with respect to the matrix. We also discover that the parallel
sum is concave.

Exercise 16.14 (Parallel sum: Concavity). For psd matrices A;, B; € [H]; fori =1,2, use
the connection with Schur complements to prove that

(TA] + fAz) : (TBl + fBz) T (A1 : Bl) +7 (Az : Bz) fort € [0, 1]

As usual, 7 := 1 — 7. In other words, the parallel sum is jointly concave on pairs of psd
matrices.

Matrix geometric mean

Beyond the most elementary examples, we may attempt to develop a matrix extension
of the geometric mean. We begin with the special case where the two matrices
commute. In this instance, it is natural to define the geometric mean as

A#B=AY?BY? for commuting A, B € H}.

Indeed, commuting matrices are simultaneously diagonalizable, so this expression
amounts to computing the geometric mean of two diagonal matrices, entry by entry.

To extend this formula to all matrices, we realize that the matrix geometric mean
must satisfy the conjugation axiom. For positive-definite A, B € H}*, this condition
implies that

AﬁB - (Al/ZIAl/Z) ﬁ (Al/zA—l/ZBA—l/ZAl/Z)
— Al/Z(Iﬁ(A—l/ZBA—l/Z))Al/Z — A1/2 (A_l/zBA_l/z)l/zAl/Z.

We have used the fact that the identity matrix commutes with everything. This
expression appears complicated, but we have no choice about it once we accept that
matrix means satisfy the conjugation axiom.

These considerations lead to the following definition of the matrix geometric mean.

Definition 16.15 (Matrix geometric mean). For psd matrices A, B € I]-I];rl, the matrix
geometric mean is defined as

1/2

AfB = A2 . (A7V2BA7Y2)Y2 . AY2 wwhere A, B € HI}.

We extend this definition to all psd matrices by continuity.




16.3

16.3.1

Lecture 16: Matrix Means 138

It is clear that the matrix geometric mean is positive. Using the fact that the
square-root is a matrix monotone function, it is not hard to show that the matrix
geometric mean satisfies the order property. On the other hand, it is not clear that the
matrix geometric mean has the other required properties (congruence, monotonicity).
Although one may prove these results directly, we will instead develop them as a
consequence of a more general theory of matrix means.

Representer functions for scalar means

Our goal is to develop a characterization of matrix means. To that end, we first return
to the scalar case, where we argue that scalar means are in one-to-one correspondence
with a class of univariate functions.

Representers from scalar means

When we fix one of its arguments, each scalar mean yields a univariate function. This
function has attractive properties of its own.

Definition 16.16 (Scalar mean: Representer). Consider a scalar mean M : R, X R, —
R,. The representer of the mean is the function

f:Ry >R, givenby f(t):=M(1,¢t) fort>0.

It is easy to provide examples.

Example 16.17 (Scalar mean: Representers). Here are the representer functions of some
basic scalar means.

* Arithmetic mean. The representer of the arithmetic mean is f(¢) = (1 +¢t)/2.

* Geometric mean. The representer of the geometric mean is f(t) = ¢'/2,

* Harmonic mean. The representer of the harmonic mean is f(¢) = 2¢/(t + 1).

* Logarithmic mean. The representer of the logarithmic mean is the function

f(8) = (£ = 1) /log(t).

You may wish to compute the representer functions for general power means and for
binomial means. .

The axioms for a scalar mean induce several structural constraints on its representer
function.

Exercise 16.18 (Scalar mean: Representer properties). Consider a scalar mean M : R, X
R; — R,. Introduce the representer function f(¢) = M(1,t) for t > 0. Prove that
the representer enjoys the following properties.

. Strict positivity. The representer f(¢) > 0 for ¢ > 0.

. Normalization. The representer take the value f(1) = 1.

. Monotonicity. The representer ¢ — f(t) is increasing.

. Subadditivity. The function ¢ — f(t)/t is decreasing for ¢ > 0.

. Continuity. The representer f is continuous.

. Symmetry. If the mean M is symmetric, then f(t) =t - f(1/t) forall t > 0.

o U1l A WN o

Most of these results are straightforward. The subadditivity and symmetry properties
may take a moment of thought.
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Scalar means from representers

Of course, each scalar mean generates a unique representer function. The central
question is whether we can reverse the process. That is, can we reconstruct a scalar
mean from its representer? The answer is positive, as the next result shows.

Proposition 16.19 (Representers yield scalar means). Let f : R, — R be a function that
satisfies properties (1)—(5) in Exercise 16.18. Define the perspective function of f:

M¢(a,b) =a- f(b/a) foralla,b > 0.

We extend to a function My : Ry X Ry — R, by taking limits.

Then My is a scalar mean with representer f. Indeed, f <> My is a bijection
between representer functions and scalar means.

Moreover, if f satisfies the symmetry property (5), then the mean My is symmetric
in its arguments.

Proof. We can easily verify that My enjoys the properties of a scalar mean directly
from the analogous properties of the representer f. The only technical difficulty arises
in verifying the existence of the limit of My (a, b) asa | 0 and b > 0.

To see that representers and scalar means are in one-to-one correspondence, note
that f(t) = M¢(1,1) for all £ > 0, so that f is the representer of My. [

Representation of matrix means

We would like to undertake the same project in the matrix setting. In other words, we
wish to express matrix means in terms of representer functions. Although the approach
has a lot in common with the scalar setting, the conditions on a matrix representer
function are more stringent.

Representers from matrix means

One might imagine that a matrix mean would have more complicated behavior than a
scalar mean, and so it might not be possible to characterize it so simply. In fact, we
can reduce each matrix mean to a scalar function.

Definition 16.20 (Matrix mean: Representer). Let M : H} x H}, — H} be a matrix
mean on H}, as in Definition 16.4. The representer of the matrix mean is the scalar
function

f:Ry - R, forwhich f(t)-1,=M(,,t-1,) fort>0.

This definition uses Exercise 16.5 to ensure that the mean of two scalar matrices is
itself a scalar matrix.

Exercise 16.21 (Matrix mean: Representers). Compute the representers for the matrix
arithmetic mean, left and right means, the matrix harmonic mean, and the matrix
geometric mean.

The axioms for a matrix mean ensure that the representer has many of the same
properties as in the scalar setting. The next result collects the easy facts.

Exercise 16.22 (Matrix mean: Representer properties). Consider a matrix mean M on
H}. Introduce the representer function f(#)I = M (I, ¢I) for t > 0. Prove that the
representer enjoys the following properties.
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Strict positivity. The representer f(¢) > O for ¢t > 0.

Normalization. The representer take the value f(1) = 1.

Monotonicity. The representer ¢ — f(t) is monotone.

Subadditivity. The function ¢ — f(t)/t is decreasing for ¢ > 0.

Continuity. The representer f is continuous.

Symmetry. If the mean M is symmetric, then f(t) =t - f(1/t) for all t > 0.

oA WN

The arguments are essentially the same as in the scalar case.

Monotonicity of the matrix mean representer

Although we have defined the matrix mean representer in terms of scalar matrices, it
actually captures the action of the mean between the identity and any psd matrix. As
a consequence, we discover that the matrix mean representer is a matrix monotone
function on matrices of an appropriate dimension.

Theorem 16.23 (Matrix mean representer). Consider a matrix mean M on Hj, with
representer f : R, — R,. Then the representer function satisfies

f(B)=M(1,B) forall B €Hj.

In particular, the representer function is matrix monotone on H7, .

As a consequence, a scalar mean representer need not be a matrix mean representer
because scalar monotonicity (n = 1) does not imply matrix monotonicity (n > 1).

We begin with a lemma that describes how matrix means interact with orthogonal
projectors.

Lemma 16.24 (Matrix mean: Commuting projectors). Under the assumptions of Theo-
rem 16.23, let P € H}, be an orthogonal projector that commutes with A, B € H}.
Then

PM(A,B)=M(A,B)P = M(AP,BP)P.

That is, the projector commutes with the mean and satisfies a conjugation property.

Proof. First, we show that P commutes with the mean M (A, B). Indeed, since P
commutes with A, we have the relation AP = AY2pAl? < A. Likewise, BP < B. By
monotonicity of the mean, M (AP, BP) < M (A, B). Conjugate by the projector to
see that

PM (A, B)P = M(PAP, PBP) = M(AP, BP) < M(A, B).

We have used the conjugation property of the mean at the first step.
Equivalently, we have shown that

M(A,B) - PM(A, B)P > 0.

Since M (A, B) is psd, this statement implies that the restriction of the matrix M (A, B)
to range(P) is zero. In particular,

(1-P)M(A,B)P =0=PM(A,B)(I- P).

The last relation is the conjugate transpose of the first. Rearrange this expression to
see that P commutes with M (A, B).

By a similar argument, P also commutes with M (AP, BP). These two facts
complete the proof. [ |

To see what is going on, assume that
range(P) is a subspace spanned by
coordinates. Then we are removing a
“diagonal block” from the psd matrix
M (A, B), and yet we are left with a
psd matrix. This can only happen if
the “off-diagonal blocks” are zero too.
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With this lemma at hand, we may now establish Theorem 16.23.

Proof of Theorem 16.23. Fix a matrix B € H},, and introduce the spectral resolution
B =} ; A;P;. Since the projectors decompose the identity,

M(LB)=) M(L,B)P; =) M(P;AP)P
= D M(PLAP)P;i = ) MLADP;
= > F)P; = [(B).

We have used Lemma 16.24 in the second and third lines. To pass from the second line
to the third, we used the fact that the the range of the projector P; is an eigenspace of
B with eigenvalue A;. Last, we have recognized the matrix mean representer, and we
applied the definition of a standard matrix function.

Finally, consider n X n matrices with 0 < B; < B;. Then

f(B1) = M(L,B1) < M(1, B2) = f(B>).

We have invoked the axiom that the matrix mean is monotone on H,. [

Matrix means from matrix representers

As in the scalar case, our next task is to reverse the process and try to construct a
matrix mean from a matrix representer function.

Matrix perspective transformations

Our goal is to use the univariate matrix mean representer to construct a bivariate matrix
mean. As with the matrix geometric mean, we recognize that the conjugation axiom
forces our hand. Therefore, the structure of the matrix mean is already determined by
its representer.

Definition 16.25 (Matrix perspective transformation). Let f : R, — R be a (continuous)
function. The matrix perspective of f is the bivariate matrix function

M (A, B) = AV . f(A"V2BA™Y?) . AY? for A, B € H*. (16.1)
In particular,
M;(A,B)=A-f(BA™") for commuting A, B € H}.

If f is subadditive, we may extend the perspective to H}, x H}, by taking limits.

Regardless of the choice of the standard matrix function f, the perspective trans-
formation M ¢ interacts nicely with conjugation. When the function f has additional
properties, the perspective My may inherit some of these features. This section
contains some elaboration, and we will continue this discussion in the next lecture.

Although the form (16.1) of the perspective transformation is motivated by the
conjugation axiom, it is not immediate that the perspective satisfies the conjugation
property. The first proposition guarantees that it does.

Proposition 16.26 (Matrix perspective: Conjugation). Let f : R, — R, be a (continuous)
function. Then the perspective transformation M  satisfies the conjugation axiom. For
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all A, B € H}*,
M;(X"AX,X"BX) =X"M;(A,B)X forall X € M,.
If f is subadditive, this expression extends to all psd matrices A, B € H?,.

Proof. Assume that A, B € H}* are positive definite, and fix a nonsingular matrix
X € M,,. The remaining cases will follow from continuity.
The quantity of interest takes the unwieldy form

M/ (X*AX,X"BX)
= (X*AX)'2 . f((X*AX)"V2(X*BX)(X*AX)"'/?) - (X*AX)/2.

To tame this expression, introduce the matrix ¥ = X (X*AX)~'/2. It has the polar
factorization ¥ = PU where P = (YY*)'/2 and U is unitary. After a short calculation,
we find that P = A~1/2, Therefore,

My(X*AX,X*BX) =X'Y " f(Y*BY) - Y 'X
=X*P7'U - f(U*(PBP)U) - U*P"'X
=X*AY2. f(A"V2BAY?) . AY2X = X*M (A, B)X.

We have used the unitary equivariance of the standard matrix function to eliminate
the unitary matrices. [ |

An important corollary of the conjugation invariance property is that the perspective
transformation of a matrix monotone function is monotone in both arguments.

Corollary 16.27 (Matrix perspective: Monotonicity). Let f : R, — R, be a continuous
matrix monotone function. Then each variable of the perspective transformation M ¢
is matrix monotone on H;:

A; <Ay implies M (A1, B) < Mf(Az, B) forall B > 0;
B, < B, implies My(A,B;) < My(A,By) forallA > 0.

Proof. First, we remark that a positive matrix monotone function is always subadditive.
Therefore, we can take limits to extend the perspective M ¢ from positive-definite
matrices to psd matrices.

The matrix monotonicity of B — M ¢(A, B) is an easy consequence of the expres-
sion (16.1) for the perspective M f, the conjugation rule, and the matrix monotonicity
of f.

As for the other variable, we may assume that A, B are positive definite. Then the
conjugation property (Proposition 16.26) ensures that

M¢(A, B) = BY?M¢(B'/?AB™'/2 1)B/2.
From the definition (16.1) of the perspective, we find that
Mf(B_l/ZAB_l/z, I) — (B—I/ZAB—l/Z) . f((B_l/ZAB_l/z)_l).

Since f is matrix monotone, the function t + ¢ - f(1/¢) is also matrix monotone. (See
Problem 16.28.) Therefore, A — Mf(B_l/ZAB_l/Z, I) is matrix monotone. By the
conjugation rule, we conclude that A — M (A, B) is also matrix monotone. |

Indeed, a matrix monotone function
f : Ry — R, is concave, so it must
be subadditive.
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Problem 16.28 (Matrix perspective: Monotonicity property). Suppose that f : R.; — Ry is
matrix monotone. For each contraction K, prove that

K*f(A)K < f(K*AK) for all psd A.

Deduce that g(t) =t - f(1/t) is matrix monotone on R,,. Hint: If you exploit the fact
that f is matrix concave, then the proof is easy. But this argument may be circular, so
you should give an independent proof; see Exercise ??.

In general, the perspective function M f treats its two arguments rather differently.
In the context of matrix means, it is valuable to understand when the perspective is
symmetric in its arguments. The next exercise states the result.

Exercise 16.29 (Matrix perspective: Symmetry). Suppose that f : R, — R, has the
property that f(t) =t - f(1/t) for t > 0. Prove that
M(A,B) =M (B,A) forall A,B € H}".

Hint: This point follows easily from the conjugation property, much like the result of
Corollary 16.27.

Families of matrix means

In this lecture, we will be interested in what happens when we take the perspective
transformation of a matrix mean representer. The next definition collects the properties
that we need.

Definition 16.30 (Matrix mean representer). We say that f : R, — R, is a matrix
mean representer when f is a (continuous) matrix monotone function that satisfies
the normalization f(1) = 1.

Definition 16.31 (Matrix mean family). Let f : R, — R, be a matrix mean representer,
as in Definition 16.30. Using the matrix perspective, we can define a bivariate
function on matrices of any dimension n € N:

Mg (A, B) = AV?. f(A7/2BA7Y?) . AY? forall A, B € H}'.

We extend to psd matrices by continuity. We call M a family of matrix means.

Our main result states that the matrix perspective of a matrix mean representer
generates a family of matrix means. We have already laid most of the groundwork, so
this result will follow quickly.

Theorem 16.32 (Matrix representers yield matrix means). Let f be a matrix mean
representet, as in Definition 16.30, and let M ¢ be the associated family of matrix
means, as in Definition 16.31.

Then the My is a matrix mean on Hj, for each n € N with matrix mean
representer f. Indeed, f <> My is a bijection between matrix representer
functions and families of matrix means.

Moreover, if f(£) =t - f(1/t) for t > 0, then the mean My is symmetric in its
arguments.

Proof. When f is a matrix mean representer, we can argue that My is a matrix mean
on matrices of any dimension n € N.
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Positivity. Strict positivity of My follows from the fact that a matrix monotone
function f : R, — R, with f(1) = 1 is strictly positive.

Order. The order properties are straightforward. For example, to seethat0 < A < B
implies that A < M ¢ (A, B), we just need to check that I < f(A™Y2BA™1/2). But this
is a consequence of the fact that A"Y2BA/2 < 1 and the normalization f()=1.

To check that 0 < A < B implies that M s (A, B) < B, we invoke the conjugation
property (Proposition 16.26) to obtain the equivalent relation f (A12BA7Y?) <1,
which we have already verified. The other cases are essentially the same.

Monotonicity. Corollary 16.27 already establishes the monotonicity property.

Conjugation. The conjugation axiom was obtained in Proposition 16.26.

Continuity. The function M ¢ is continuous on positive-definite matrices since f is
continuous. It is continuous for psd matrices by construction.

Symmetry. Exercise 16.29 requests the proof of the symmetry property.

Bijection. Finally, note that M ¢(I, tI) = f(¢) - Ifor all # > 0. In other words, f is
the matrix mean representer of M s. Since M ¢ is a matrix mean for each dimension
n € N, the function f must be matrix monotone, continuous, and normalized with
f(1) = 1. We conclude that f <> M is a bijection. [ ]

Examples
Examples of families of matrix means include the matrix arithmetic mean, the left and

right matrix mean, the matrix harmonic mean, and the matrix geometric mean. There
are other important examples.

Example 16.33 (Weighted matrix geometric means). For a parameter r € [0, 1], we may
consider the matrix monotone function f(f) = t". This function induces a family of
weighted geometric means:

A, B = AY?. (A72BATV?)" . AY? for A,B e H}F and n € N,

We can extend to all psd matrices by taking limits. The weighted geometric means
interpolate between the left and right mean. With respect to an appropriate geometry
on psd matrices, the weighted geometric means r +— A#f, B trace out a geodesic
between A and B. We recognize that ordinary matrix geometric mean Af B as the
midpoint of this geodesic. .

Example 16.34 (Matrix logarithmic mean). The function f () = /01 t"dr = (t —1)/log(t)
represents the scalar logarithmic mean. This function is matrix monotone and satisfies
the normalization f(1) = 1, so it induces a family of symmetric matrix means, most
easily written using the weighted geometric mean:

1
M (A, B) = / (A4, B)dr forA,B € Hj and n € N.
0
Is there an alternative expression that makes the role of the logarithm clear? .

Integral representations

Theorem 16.32 allows us to draw on Loewner’s theory of matrix monotone functions.
Recall that every (continuous) matrix monotone function f : R, — R, with f(1) =1
has an integral representation:

1A 1+A
A+ A A

f(A)=a+pA+ /0'00 du(1) for all psd A.
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The coefficients @, 8 > 0 and u is a finite, positive Borel measure on R,.. The
normalization ensures that a+ 8+ u(R.4) = 1. This fact has a spectacular consequence
for matrix means.

Exercise 16.35 (Matrix mean: Integral representation). Let f : R, — R, be a continuous
matrix monotone function with f (1) = 1. Then the associated family My of matrix
means takes the form

1+A
21

Mf(A,B):aA+ﬁB+/m2(AA:B)- dp(A)
0

for all psd A, B with the same dimension. Here, A : B denotes the parallel sum.
The coefficients @, 8 > 0 and u is a finite, positive Borel measure on R;;. The
normalization ensures that a + f + p(R;) = 1.

Find a simplification for the symmetric case where M r(A, B) = M (B, A).

Exercise 16.35 has the remarkable interpretation that every family M ¢ of matrix
means consists of a conic combination of the left mean, the right mean, and a family
of harmonic means. We can deduce other significant results as well.

Exercise 16.36 (Minimal and maximal means). The harmonic mean is the minimal matrix
mean, while the arithmetic mean is the maximal matrix mean. That is, for a family
M ¢ of symmetric matrix means,

2(A:B) <Ms(A,B) < i(A+B)

for all psd A, B with the same dimension.
Exercise 16.37 (Matrix means: Concavity). Let M ¢ be a family of matrix means. For all
psd A;, B; with the same dimension (i = 1,2),

Mf (tA1 +TAy, TB1 + TB)) > TMf(A], B) + fo(Az, B,) forall T € [0,1].

As usual, T := 1 — 1. Hint: The parallel sum is matrix concave.

We can strengthen the last exercise substantially.
Problem 16.38 (Matrix means: Filtering). Consider a family M ¢ of matrix means. Let
@ : M,, —» M, be a positive linear map (not necessarily unital!). Prove that

M (®(A), ®(B)) > ®(M (A, B)).

Hint: The parallel sum satisfies the same concavity property. First, show that this claim
holds for a unital, strictly positive linear map by invoking Choi’s inequality. Remove
the extra conditions by emulating the proof of the Russo-Dye theorem (Lecture 12).

Notes

The results in this lecture are drawn from Kubo & Ando [KA79] and from Bhatia’s
book [Bhao7b, Chap. 4]. The arrangement of material is somewhat different from
these sources. It may be conceptually simpler to regard the basic object as a family of
means induced by a function and then to derive the properties from this representation.
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\ 17. Quantum Relative Entropy

Date: 1 March 2022 Scribe: Eray Unsal Atay

In this lecture, we study matrix entropy functions, also known as quantum entropies.
Quantum entropies arise in quantum information theory and quantum statistical
physics. They also have remarkable applications in random matrix theory and data
science. Quantum entries have deep roots in matrix analysis because matrix monotone
and convex functions play an important role in the analysis.

We start with some background from information theory in the scalar setting.
We introduce the (scalar) entropy function and the relative entropy, and we discuss
their basic properties. These definitions extend to the matrix setting, and we will
see that matrix entropies have many properties that parallel those of scalar entropies.
Nevertheless, the properties of matrix entropies are far more difficult to establish. We
show how to develop these results using matrix perspective transformations, combined
with the idea of lifting a matrix problem to tensors.

We will present two major results in this lecture. The first is the convexity of the
matrix perspective transformation of a matrix convex function. The second result is
the convexity of quantum relative entropy, which represents a nontrivial application of
matrix perspectives. This theorem is one of the crown jewels of matrix analysis.

Entropy and relative entropy

This section provides the definitions of entropy and relative entropy in the scalar
setting. The entropy measures the disorder in a probability distribution, while the
relative entropy reflects the difference between two probability distributions.

Probability distributions and entropy
We begin with the definition of the probability simplex.

Definition 17.1 (Probability simplex). Define the probability simplex A, in R" to be the
set of positive vectors whose entries add up to one:

A, ={peR”:p>0andtr(p) =1}.

In this expression, > is the entrywise inequality. Each vector p € A, models a
probability distribution on {1,..., n}.

The entropy is a function on the probability simplex A,, that measures the amount
of randomness in a probability distribution.

Definition 17.2 (Entropy). The entropy of a probability distribution p € A, is

n
ent(p) = — Zi:l pilogp;.

Agenda:

Scalar entropies

Matrix entropies

Matrix perspectives

Tensors and logarithms
Convexity of quantum relative
entropy

VAWM -

The set Ay, is closed and convex in
R". Its extreme points are the
standard basis vectors 8; for
i=1,...,n.
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We instate the convention that 0log 0 = 0.

Recall that negative entropy is an isotone (i.e., Schur convex) function. The theory
of isotone functions implies that

0 < ent(p) <logn foreachp € A,. (17.1)

The minimum in (17.1) is achieved when p = §; for some i € {1,...,n}. These
probability distributions describe constant (i.e., deterministic) random variables. The
maximum is achieved when p = n~'1, which models a uniform random variable.
In other words, the entropy increases as the disorder of a probability distribution
increases .

Let us provide some historical background. The concept of entropy emerged in
statistical physics and thermodynamics, due to work by Gibbs and Boltzmann. Later,
entropy became one of the core tools in information theory after Shannon [Sha48]
found operational interpretations.

Fact 17.3 (Shannon 1948). The entropy ent(p) of a probability distribution p € A, is
(proportional to) the average number of bits per symbol to encode a sequence of iid
random variables that are distributed according to p. "

In other words, assume that we draw an infinite sequence of independent random
variables, each distributed according to p. If the distribution is deterministic, we
can specify the whole sequence by providing its constant value; asymptotically, this
amounts to O bits per element of the sequence. On the other hand, for the uniform
distribution, it takes log, 7 bits on average to represent each value in the sequence.

Relative entropy

The key object in today’s lecture is the relative entropy, which is a measure of the
difference between two probability distributions.

Definition 17.4 (Relative entropy). The relative entropy or Kullback-Leibler (KL) diver-
gence between two probability distributions p, q € A,, is given by the expression

D(p;q) = ). pi(logp; —log ).

Exercise 17.5 (Relative entropy). Verify that the relative entropy has the following basic
properties.

1. Positivity. Explain why D(p; q) > 0 for all p, q € A,,.

2. Unboundedness. Check that D(p; q) can take the value +co.

3. Asymmetry. Show that D(p; q) is not symmetric in its arguments, so it is not a
metric.

Relative entropy also has important operational interpretations in information
theory and statistics.

Fact17.6 (Stein'slemma). Fix a distribution g € A,,. If the relative entropy D(p; q) < +oo,
then D(p; q)! is roughly the number of independent samples we need from the
distribution p in order to decide with high probability that p # q. .

The key fact about relative entropy is that it is a convex function.

Exercise 17.7 (Relative entropy is convex). The function (p; q) — D(p; q) is convex on
Ap X A,. Hint: Interpret (a, b) — alog(a/b), defined on R, X R, as a perspective
transformation of — log.
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The result in Exercise 17.7 is the primary motivation for this lecture. It has important
applications in optimization theory. For example, it plays a key role in the study of
geometric programming and relative entropy programming.

Exercise 17.8 (Information projections). For a closed, convex set C C A, characterize the
solution of the minimization problem min,cc D(p; q). The result is analogous with
the characterization of the Euclidean projection onto the convex set C.

Quantum entropy and quantum relative entropy

In this section, we generalize the notions we introduced in the scalar setting to matrices.

The quantum entropy reflects the variability of the eigenvalues of a (normalized)
psd matrix. The quantum relative entropy describes the discrepancy between two
(normalized) psd matrices.

Density matrices and matrix entropy
We start by defining density matrices, which generalize probability distributions.

Definition 17.9 (Density matrices). An n X n density matrix is a psd matrix g € H,,
with trace one. Define the set A, of n X n density matrices:

A, ={p<cH,:p@>0andtr(g) =1}.

We can think about a density matrix as a “quantum” probability distribution, which
describes the state of a quantum system. The set of density matrices is the quantum
version of the probability simplex.

Exercise 17.10 (Density matrices). If p € A;,, show that Al(g) € A,. Confirm that the

extreme points of A, are the rank-one density matrices, which are called pure states.

Pure states take the form @ = uu*, where ||u|| = 1.

Next, we introduce the entropy of a density matrix.

Definition 17.11 (von Neumann). The quantum entropy of a density matrix @ € A, is

n
ent(g) == —tr(glogp) = — Zi:l Ailog A,

where 14,..., A, are the (decreasingly ordered) eigenvalues of g.

The quantum entropy is given by the eigenvalues of the density matrix, which
compose a probability distribution. Quantum entropy then addresses the question
“How disordered are the eigenvalues of a density matrix?” In other words, quantum
entropy offers a way to measure the disorder in a quantum system with state g.

From our discussion, we immediately obtain the following bounds on the quantum
entropy.

0 < ent(p) <logn foreachpe€ A,,. (17.2)

The minimum occurs if and only if g is a rank-1 matrix (that is, a pure state). The
maximum occurs if and only if o = n71,,.

There are many operational interpretations of the quantum entropy in quantum
information theory, but they are outside the scope of this lecture.

Notice that the bounds on entropy
are the same in the scalar case in
(17.1) and in the matrix case in (17.2).
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Matrix relative entropy

Next, we extend the notion of relative entropy to the matrix setting. The next definition
is due to Umegaki. It describes one way of comparing the discrepancy between two
quantum states.

Definition 17.12 (Umegaki). The (Umegaki) quantum relative entropy of two density
matrices @, v € A, is

S(@; v) = tr[g(log @ — log v)].

Warning 17.13 (Relative entropy and eigenvectors). Unless g and v commute, their
eigenvalues alone do not determine the value of the quantum relative entropy
S(@; v)! The interactions between the eigenvectors also play a role. .

Exercise 17.14 (Quantum relative entropy is positive). For all g, v € A,, prove that
S(@; v) = 0. Hint: Use the generalized Klein inequality (Lecture 8).

Quantum relative entropy also has operational interpretations in quantum informa-
tion theory. For example, we have the quantum extension of Stein’s lemma due to Hiai
& Petz [HP91] and to Ogawa & Nagaoka [ONoo].

Fact 17.15 (Quantum Stein’s lemma). Let v € A, be a density matrix. If S(g; v) < +oo,
then S(p; v)~! is (roughly) the number of unentangled quantum systems, prepared in
state @, that we must measure to determine that @ # v with high probability. .

Having introduced the matrix generalizations of the relative entropy, we can state
a major theorem that extends the convexity property of scalar entropy.

Theorem 17.16 (Convexity of quantum relative entropy). The map (@; v) — S(@; V) is
convex on A, X A,.

Exercise 17.17 (Quantum versus scalar). Show that the convexity of quantum relative
entropy (Theorem 17.16) implies the convexity of scalar relative entropy (Exercise 17.7).
Hint: Consider diagonal density matrices.

Unlike the scalar result in Exercise 17.7, Theorem 17.16 is quite hard to prove. It
was first obtained by Lindblad [Lin73] using results of Lieb [Liey3a]. In this lecture, we
present a proof due to Effros [Effog] that is based on matrix perspective transformations.
A key step in this argument is to lift the problem to tensor products, an idea that
first appeared in Ando’s beautiful paper [And79] of the convexity of quantum relative
entropy and related functions.

Theorem 17.16 has many applications in quantum information theory and quantum
statistical physics. In particular, it plays the starring role in the proof that quantum
entropy is strongly subadditive [LR73]. The convexity of quantum relative entropy is
also the main ingredient in the theory of exponential matrix concentration developed
by the lecturer [Tro11; Trois].

The matrix perspective transformation

In the scalar setting, the convexity of the relative entropy can be established using
perspective transformations (Exercise 17.7). This motivates us to develop a matrix
extension of the perspective transformation and to investigate its properties.

Aside: There are several other
notions of relative entropy in the
quantum setting.
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Definition and examples
We begin with the definition and some examples.

Definition 17.18 (Matrix perspective transformation). Let f : Ry, — R. Let A, H € H}*
be strictly positive-definite matrices. The matrix perspective of f is the bivariate
function

Y, (A;H) = AV f(ATV2PHAT?) A2,

In particular, if A and H commute, then W¢(A; H) = Af (HA™).

Definition 17.18 may look familiar from Lecture 16. Indeed, if we assume that f is
matrix monotone, positive, and satisfies some other inessential properties, then the
construction of ¥ f agrees with the Kubo-Ando matrix mean [KA79].

In this lecture, we study the matrix perspective transformation of a function f that
is matrix convex. Let us take a moment to see what these functions look like.

Example 17.19 (Matrix perspectives). Here are some basic examples of matrix perspective
transformations for several matrix convex functions f : Ry — R.

* Constant. The function f () = 1 yields ¥ (A; H) = A.
* Identity. The function f(¢) = t yields ¥y (A; H) = H.
* Square. The function f(t) = t* yields ¥ (A; H) = HA'H.
* Inverse. The function f(¢) = ¢! yields ¥ (A; H) = AH'A.

We remark that f(¢) = 1 and f(¢) = ¢ are both matrix monotone, and they yield
asymmetric matrix means that Kubo & Ando call the “left mean” and the “right mean.”
The other two examples, f () = t? and f(t) = ™!, are matrix convex but not matrix
monotone. These two functions are the extremal examples of matrix convex functions,
and they yield perspectives that are attractively symmetrical with each other. .

This lecture involves matrix perspective transformations of the negative logarithm
and some matrix convex power functions. We omit explicit expressions for now because
we will apply the perspective in a particular setting where matters are simpler.

Convexity properties

If f : Ryt — R is a scalar convex function, then you may recall that the scalar
perspective (a, h) — af (h/a) is a (jointly) convex function on R, X R,.. This result
extends to matrix perspectives, provided that f is matrix convex. The basic result is
due to Effros [Effog]; we present a generalization due to Ebadian et al. [ENG11].

Theorem 17.20 (Matrix perspectives are matrix convex). Let f : R, — R be a matrix
convex function. Consider strictly positive-definite matrices A;, H; € H}* for
i =1,2. Then, for all T € [0,1] with T := 1 — 7, we have

Wi(TA; +TA2; TH + TH) < TV p(Ay; Hy) + TWf(Ag; Ho). (17.3)

That is, the perspective is (jointly) operator convex on H};" x H;*.

This theorem tells that the perspective of the averages is “smaller” than the average
of the perspectives. It is the key to our proof of Theorem 17.16.

Proof. We will represent the left-hand side of (17.3) as a matrix convex combination,
which allows us to invoke the matrix Jensen inequality. For notational convenience,
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define
A=1A1+TA, and H :=1tH,+ TH>.

Introduce the coefficient matrices
Ky = 1247472 and K, = 724)2A712,
By a short calculation, we find that
KiK,=1A"24,A7Y? and K3K,=7AY24,A71/2

Adding these expressions,
KTKI +K§K2 =1L
Thus, the coefficient matrices model a matrix convex combination.
Invoking the matrix Jensen inequality, we determine that

‘Pf(A, H) — A1/2f(A—1/2HA—1/2)A1/2
_ Al/zf(K’{ (A;V2H,ATVA)KG + K (A;”ZHZA;”Z)KZ)A”2

< Al2 [Iq‘f(A;”ZHIA;W)K1 + Kgf(Agl/szA;”z)Kz] A2
=1V (A1;; H1) + TV (A2 H).
This is just what we wanted to prove. [ |

Example 17.21 (Schwarz inequalities). Applying Theorem 17.20 to the perspective of
f :t +— ¢! already yields an interesting statement. For A;, H; > 0,

(TA1 + 'fAz)(THl + 'sz)_l(TAl + 'fAz)
< 1A H{'A, + TA,H; A, for T € [0, 1].

This type of expression is called a matrix Schwarz inequality. In some sense, this
quadratic over linear function is the extremal example of a matrix convex function. =

Tensors and logarithms

Ando [And79] had the magnificent idea to prove matrix convexity theorems by lifting
formulas involving noncommuting matrices to formulas involving commuting tensors.
This mechanism is easy to implement, and it eliminates most of the difficulty from the
argument.

Tensors and multiplication operators

In this lecture, we take an approach to tensor product operators that is similar to
the abstract approach in Lecture 1. The details are also slightly different from the
concrete approach based on Kronecker products. The tensor product we describe here
is isomorphic to the other constructions.

We will define elementary tensor product operators as multiplication operators
acting on matrices.

Definition 17.22 (Multiplication operators). Let A, H € H,,. We define the tensor
operator A® H : M,, — M), via left-multiplication with A and right-multiplication
with H. That is,

(A H) (M) =AMH for M € M,,.
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The elementary tensor operators of the form A ® H span the real linear space
£ (H,, ® H,) of (self-adjoint) linear operators on M,,.

Regardless of the choice of A, H, it is evident that the tensor operators A ® I and
I ® H commute. That is,

(A)(I®H) = (I H)(A®I) = (A® H).

This commutativity property makes these elementary tensor operators quite pleasant
to work with.

The logarithm of a tensor operator

Since A® H is a self-adjoint matrix acting on a Hilbert space, it has a spectral resolution,
and we can define standard matrix functions in the usual way. In particular, there is
an elegant expression for the logarithm of this tensor.

Exercise 17.23 (Logarithm of an elementary tensor operator). Let A, H € H}* be strictly
positive-definite matrices. Then

log(A® H) = (logA) @ 1+1® (log H).

Hint: Introduce the spectral resolutions of A and H.

This result provides a satisfactory substitute for the familiar properties of the scalar
logarithm. There is an analogous result for exponentials.

Exercise 17.24 (Exponential of a tensor sum). Let A, H € H,, be self-adjoint matrices.
Prove that
exp(AQI+1® H) = exp(A) ® exp(H).

Convexity of matrix trace functions

At this stage, we can provide the proof of Theorem 17.16, which states that the quantum
relative entropy is convex. We will also see that this approach yields other remarkable
convexity theorems.

Proof of Theorem 17.16

We will show that the quantum relative entropy (A, H) — S(A; H) is convex on pairs
of strictly positive-definite matrices. The general result follows from a continuity
argument.

We will condense the convexity of the quantum relative entropy from the matrix
convexity of f(t) := —logt. The perspective theorem implies that

(A H) —» ¥Y;(A®LI®H) is jointly matrix convex.

We need to see what the perspective ¥ looks like. Since A ® I and I ® H commute,
the perspective can be expressed simply as

Yi(A®LI®H)=(A®]) f(I®H)(A®D)™)
=—(A®I)-log(A'® H)
=—(A®D [(-logA)®I1+1Q (logH)]
= (AlogA)®I- AQ (logH).
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We have used basic algebraic properties of tensor product operators, as well as
Exercise 17.23.
Fix an arbitrary matrix X € M,,. Define a (scalar-valued) quadratic form:

ox(A;H) = (X, Y/(A®LI® H)(X)).

You should confirm that @y is a convex function of the pair (A, H). Indeed, observe
that the psd order on £ (H,, ® H,,) corresponds to increases in this type of quadratic
form.

Write out the quadratic form explicitly using the interpretation of the tensor product
operator in terms of left- and right-multiplication. We find that

¢x(A;H) =(X, (AlogA)X — AX log H)
=tr[X"(AlogA)X — X*AX log H| is convex.

Choosing X = I, we may conclude that
(A,H) — tr[Alog A — Alog H] = S(A; H) is convex.

This is the statement of Theorem 17.16.

Exercise 17.25 (Alternative perspectives). Prove Theorem 17.16 by applying the same
argument to the matrix convex function f(t) =t logt.

Joint concavity of powers

The strategy that we used to prove Theorem 17.16 pays further dividends. By changing
the matrix convex function f, we can establish more convexity and concavity theorems.
Here is another important example, obtained by Lieb [Lie73a] using a rather difficult
argument.

Theorem 17.26 (Lieb 1973). Fix an arbitrary matrix X € M,,. For any real r € (0, 1),

the function
(A H) > tr [ X*A’XH""|

is concave on H}, x H¥.

Proof sketch. The function f(¢) = —t" is matrix convex on R,,. Pursue the same
reasoning as in the proof of Theorem 17.16. |
Notes

This lecture is based on the instructor’s monograph [Tro15] with some contributions by
Prof. Richard Kueng that appeared in the lecture notes for a previous version of this
course. Ando [And79] developed the technique of proving matrix convexity inequalities
by lifting to tensor products. We use an implementation of the argument proposed by
Effros [Effog], and extended by Ebadian et al. [ENG11].
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\ 18. Positive-Definite Functions

Date: 3 March 2022 Scribe: Joel A. Tropp

In this lecture, we will turn to another topic involving the analysis of positive-
semidefinite matrices. We will develop the notion of a positive-definite kernel and
make a connection between these kernels and positive-definite matrices. Positive-
definite kernels play an important role in approximation theory, statistics, machine
learning, and physics. Our focus in this lecture is an important class of examples
called translation-invariant kernels, which are associated with convolution operators.
Positive-definite, translation-invariant kernels are generated by positive-definite func-
tions. We will develop some examples of positive-definite functions. Then we will state
and prove Bochner’s theorem, which characterizes the continuous positive-definite
functions.

Positive-definite kernels

As we have seen, positive-semidefinite (psd) matrices are a subject that rewards study.
The psd property for matrices is defined in terms of quadratic forms:

A e M,(C)ispsd ifandonlyif (u, Au) > 0 forall u € C". (18.1)

We would like to generalize these notions to functions. This section presents the
definitions, basic examples, and some applications.

Kernels

A bivariate function is often called a kernel, and we may think about them as acting
on functions via integration. In parallel with the concept of a psd matrix, we can
introduce the concept of a positive-definite kernel.

Definition 18.1 (Positive-definite kernel). A measurable function K : RYxRY — C
is called a kernel on R%. The kernel acts on a (suitable) function h : R4 — C by
integration:

(Kh)(x) = /RdK(x,y)h(y) dy forx e R

We say that K is a positive-definite (pd) kernel if it satisfies the condition

(h, Kh) = / h(x)K(x,y)h(y)dxdy >0 (18.2)
R4xR4

for all (suitable) functions & : R% — C.

Exercise 18.2 (Pd kernels are Hermitian). If K is a pd kernel, prove that the kernel is also
Hermitian: K(x,y) = K(y,x) forall x, y.

Agenda:

Positive-definite kernels
Positive-definite functions
Examples

Bochner’s theorem
Fourier analysis
Extensions

oSOV AWN -

We are being informal in stating this
definition because it does not play a
central role in this lecture. One must
take care to pose appropriate
regularity assumptions on the kernel
function K and the test functions .

In this lecture only, we use the
overline for complex conjugation to
avoid confusion with convolution
operators.



Lecture 18: Positive-Definite Functions 157

Definition 18.3 (Kernel matrix). Let K be a kernel on R¥. For each finite point set
{x1,...,%,} C R we associate a kernel matrix:

K = K(x1,...,%x,) = [K(x;,x))]

i,j=1,.,n"

Under appropriate regularity assumptions, positive-definite kernels induce positive-
semidefinite kernel matrices and vice versa.

Exercise 18.4 (Kernels and matrices). Show that the following claims are equivalent.

1. The kernel K is bounded and continuous and positive definite for continuous test
functions h that are in L; (R%).

2. For each finite point set {x1, ..., X}, the associated kernel matrix K(x1,...,X;)
is positive semidefinite.

Hint: The direction (1 = 2) follows when we choose a sequence of functions that tends
toward a sum of point masses, located as the data points. The direction (2 = 1) follows
when we truncate the integrals to a compact set and approximate by a Riemann sum.

Warning 18.5 (Positive definite?). As with the definition (18.1) of a positive-semidefinite
matrix, the definition (18.2) of a positive-definite kernel involves a weak inequality.
Nevertheless, it is customary to call these kernels positive definite, rather than
“positive semidefinite”. The analog of a strictly positive-definite matrix is called a
strictly positive-definite kernel. .

18.1.2 Examples of positive-definite kernels

It is often helpful to think about the value K (x, y) of a positive-definite kernel as a
measure of the similarity between the points x and y. This heuristic is supported by
the fact that K(x,x) > 0, so a point is always positively similar with itself. The kernel
matrix K defined in the Exercise 18.4 tabulates the similarities among a family of data
points. The next set of examples helps support this point.

Example 18.6 (Positive-definite kernels). Here are a few basic examples of pd kernels that

commonly arise.

1. Inner-product kernel. The inner-product kernel is, perhaps, the simplest positive-
definite kernel on R, It is defined as

K(x,y) = (x, y).
The associated kernel matrix is usually called the Gram matrix of the data points. ~ The Gram matrix G of points
To see that the kernel is positive-definite, note that X1,...,%, € RY takes the form

2 G = [{xj, xx)]jk=1,..n-
> 0.

k= [ iy asay=| [ nyay

The test function & must have sufficient decay to ensure that the integral is
defined.

2. Correlation kernel. The correlation kernel is the positive-definite kernel that
tabulates the correlations between pairs of vectors:

Kixy) = o

]yl
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with the understanding that K(x,0) = K(0,y) = 0. The associated kernel
matrix is the correlation matrix of the data points. The correlation kernel is a
positive-definite kernel on R¢ by the same argument as the inner-product kernel.

3. Gaussian kernel. For a bandwidth parameter a > 0, the Gaussian kernel on R? is
the positive-definite kernel

K(x,y) = e~ Ix-vI*/a

Note the Gaussian kernel K (x, y) only depends on the difference x — y between
its arguments, so it is translation invariant. It is not obvious that this kernel is
positive definite; we will establish this fact a little later (Proposition 18.30). The
Gaussian kernel is widely used in applications.

There are many other examples of kernels. Our discussion here is limited because we
will be focusing on the translation-invariant case. .

Applications of kernels

Kernels arise in a wide variety of settings, including approximation theory, statistics,
and machine learning. Here are a couple basic applications.

Example 18.7 (Interpolation). Consider scattered data (x;, y;) € RIxRfori=1,...,n
where the ordinates x; are distinct. The interpolation problem asks us to identify a
function f : R% — R that satisfies f(x;) = y; for each index i.
Let K be a (real-valued) kernel on R¥. Kernel interpolation poses a model of the
form
f(x)= Zi a;K(x,x;) where each a; € R.

See Figure 18.1 for an illustration. The interpolation problem has a unique solution if
and only if the kernel matrix K = [K(x;, xt)] is nonsingular. In this case, we obtain
the coefficients (a;) for the model by solving a set of linear equations.

Strictly positive-definite kernels play a role here because they guarantee that the
kernel matrix K is strictly positive, hence nonsingular, for every choice of (distinct)
data points. Therefore, the kernel provides a unique interpolant f for any set of
scattered data. The Gaussian kernel is often used for this purpose. .

Example 18.8 (The kernel trick). Suppose that we have a data analysis method for
Euclidean data (x; : i = 1,...,n) in R? that only depends on the Gram matrix. For
example, principal component analysis (PCA) is an unsupervised learning method
that computes features from the data by finding the leading eigenvectors of the Gram
matrix and using these eigenvectors to weight the data points. Related examples of
Euclidean data analysis methods include canonical correlation analysis (CCA), linear
discriminant analysis (LDA), and ridge regression (RR).

The kernel trick posits that we can develop alternative methods for data analysis by
replacing the Gram matrix with a pd kernel matrix associated with the data.

For instance, let us summarize how kernel PCA works. Suppose we use a pd kernel
to compute a kernel matrix. To find features for the data, we can compute the leading
eigenvectors of the kernel matrix. Each eigenvector u € R leads to a feature of the
form ¢(x) = X; u;K(x, x;). This methodology is powerful and widely used.

In summary, we can think about the kernel matrix of a set of data points as a
far-reaching generalization of the Gram matrix. The main criticism of kernel methods
is that the computational cost of the linear algebra can interfere with the application
to large data sets. .

Figure 18.1 (Kernel interpolation). In-
terpolating real data with a Gaus-
sian kernel. As the bandwidth in-
creases, the kernel interpolant be-
comes smoother.
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Generalizations

A few more remarks are in order.

Remark 18.9 (Bounded + continuous). We often assume that the kernel is bounded and
continuous to simplify our exposition. Nevertheless, there are many applications where
we must discard these hypotheses.

In physics, kernels often reflect forces of repulsion between particles. For example,
the Coulomb (electrical potential) kernel takes the form

1 _
K(x,y) = 4—ﬂ||x—y|| 1 forx,y € R3.

This form reflects the fact that two negatively charged particles repel each other, and
the force increases as the charges approach each other. The integral operator

(Ko)) = [ Kexpoly)dy

describes the electrical potential induced at a point x € R® by a distribution o : R® —
R of charge.

Remark 18.10 (Other domains). On an abstract measure space (X, i), a positive-definite
kernel K : X x X — C is a (measurable) function that satisfies

/ h(x)K (x, y)h(y)du(x)du(y) = 0 for all (suitable) h : X — C.
XxX

This generality can be valuable when working with data that may not take vector
values. Using the kernel trick, we can develop methodology for analysis of general
data sets by adapting techniques from the Euclidean setting.

Positive-definite functions

In this lecture, we will make a detailed study of positive-definite, translation-invariant
kernels. These kernels are associated with convolution operators. They lead us to
introduce and investigate the class of positive-definite functions.

Definitions

A translation-invariant kernel depends only on the difference between its arguments,
so it is spatially homogeneous.

Definition 18.11 (Translation-invariant kernel). Consider a measurable function f :
R4 — C. Introduce a kernel Ky on R via the formula

Ke(x,y) = f(x—y) forallx,yce€ R4,

A kernel from this class is called translation-invariant. The associated integral
operator is called a convolution:

(M@ = K@ = [ fx=yhi)dy forx e,

This operator is defined for all suitable functions & : R? — C.
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Exercise 18.12 (Convolution: Eigenfunctions). Let f : R — C be an integrable function.
For each t € R%, show that the wave x — e'* *) is an eigenfunction of the convolution
operator Ky.

The functions that lead to positive-definite, translation-invariant kernels have a
special name. In consonance with the literature, we present this concept in terms of
kernel matrices, rather than kernel functions.

Definition 18.13 (Positive-definite function). A function f : RY — Ciscalled a positive- We do not require a pd function f to
definite (pd) function if it has the following property. For all data x1, ..., %X, € R%, be continuous, but we will typically
he k 1 R . ith th luti . .. enforce this property. We will see
the kernel matrix Ky associated with the convolution operator Ky is positive that boundedness follows as a
semidefinite: consequence of the definition.

Kf = K¢(x1,...,%n) = [f(x] _xk)]j,kzl,...,n > 0.

Exercise 18.14 (Young's inequality). Suppose that f € L;(R%). Fix p € [1, o]. Prove that
If = hll, < |hll, foreach h € L,(R?).

Therefore, the convolution K is a bounded operator on L;,. Hint: This is an application
of Holder’s inequality.

Exercise 18.15 (Positive-definite convolution kernels). Let f : RY — C be a positive-
definite function that is bounded and continuous . Show that the associated convolution
operator Ky is positive definite for all continuous test functions h that are in L; (R).
Hint: Truncate the integral to a compact set, and approximate by a Riemann sum.

Exercise 18.16 (Discontinuous pd functions). Show that the o-1 indicator function 17 of
the integers Z is a pd function on R.

Properties
Individual positive-definite functions have a number of nice features.

Proposition 18.17 (Positive-definite function). Let f : RY — C be a pd function.

1. Positivity. At the origin, f(0) > 0.
2. Symmetry. We have the relation f(—x) = f(x) for each x € R%.
3. Boundedness. The value |f(x)| < f(0) for each x € R%.

Proof. For an arbitrary point x € R, we may form the 2 x 2 kernel matrix K £(0,x).
This matrix is psd:
f(0) f(-x)
Kr(0,x) =
10 [f(x) £(0)
To prove (1), note that the diagonal entries of a psd matrix are positive. To prove (3),

recall that every psd matrix is Hermitian. To obtain (3), we invoke Hadamard’s psd Hadamard’s psd criterion states that

criterion, which ensures that |f(x)|? < f(0)2. We may take the square-root because A > 0 implies |a;;|* < a;;a;; for all
f(O) > 0. - i, j. To prove this, note that each

- 2 X 2 principal submatrix of A is psd,
so its determinant is positive.

# 0.

The next exercise shows that continuity of a pd function at the origin is tantamount
to continuity everywhere.

Problem 18.18 (Continuity). Prove that a pd function f : R — Cis uniformly continuous
if and only if the real part of f is continuous at the origin. Hint: Consider the 3 X 3 psd
kernel matrix K (0, x, y). Compute the quadratic form in the vector u = (z, 1, -1)"
for z € C, and optimize over z.
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The class of positive-definite functions has some important stability properties. The
last one is distinctive.

Proposition 18.19 (Class of positive-definite functions). The class of pd functions on R¢
satisfies the following properties.

1. Convex cone. If f, g are pd functions on R¢, then af + g is pd for all a, f > 0.

2. Closedness. If (f;, : n € N) is a sequence of pd functions on R? that converges
pointwise to f, then f is pd.

3. Multiplication. If f, g are pd functions on R¢, then fg is pd.

Proof. Point (1) holds because the psd cone is convex, and point (2) holds because the
psd cone is closed. To prove (3), we must argue that the entrywise product of two psd
matrices remains psd. But this is the statement of Schur’s product theorem. |

Examples of positive-definite functions

In this section, we will present several examples of pd functions. To lighten notation,
we will restrict our attention to pd functions on the real line, but these examples have
straightforward generalizations to higher dimensions.

Complex exponentials

Recall that the eigenfunctions of a convolution operator are the complex exponentials.
As a consequence, it should not come as a surprise that complex exponentials provide
our first example of a pd function. The theme of our discussion is that the complex
exponentials are the building blocks for designing other pd functions.

Proposition 18.20 (Complex exponentials are pd). For each fixed ¢ € R, the function
x — e for x € R is pd.

Proof. To see that the complex exponential is a pd function, we examine the kernel
matrix associated with arbitrary points X1, ..., x, € R. We find that

K = [e—it(x]'—xk)]j P — e—il’xj e—il’xk > 0. (183)
s yever |

In the penultimate expression, the factors are a column vector and its conjugate
transpose. This outer product is a psd matrix with rank one. [ |

*

j=1,...n | k=1,..,n

Exercise 18.21 (Waves are pd). For each fixed t € R4, show that x e {6 %) for x € R4
is a pd function on R%.

Cosine and sine
Our next example provides a hint about how we can build pd functions from complex
exponentials.

Proposition 18.22 (Cosine is pd). For each t € R, the function x + cos(tx) is pd on R.
Proof. The identity cos(tx) = %(ei“‘+e_”x ) expresses the cosine as a conic combination

of two complex exponentials. The claim follows because each complex exponential is
pd, and the class of pd functions is closed under conic combinations. [ |

Exercise 18.23 (Sine is not pd). Show that x — sin(x) is not pd on R. Hint: Sine is an
odd function.
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18.3.3 The sine cardinal (sinc) function

We can extend the principle behind the cosine example by allowing for more elaborate
combinations, expressed as integrals.

Proposition 18.24 (Sincis pd). The function sinc(x) = sin(x)/x for x € R is pd. We define sinc(0) = 1 to ensure
continuity.
Proof. We can write the sinc function as an integral:

1 +1 .
sinc(x) = 5/ e dr,

1

To conclude that sinc is pd, we write the integral as a limit of Riemann sums. Each
Riemann sum is pd because it is a conic combination of complex exponentials. The
limit is pd because pd functions are stable under pointwise limits. [

As an aside, let us frame an exercise that makes a link between the theory of
positive-definite functions and matrix monotone functions. This is just one of many
such examples; see [Bhao7b, Chap. 5].

Exercise 18.25 (Tangent is matrix monotone). Show that x + tan(x) is matrix monotone on
(=m/2,+m/2) by writing the Loewner matrix of the tangent in terms of a kernel matrix
associated with the sinc function. Hint: sin(a — ) = sin(a) cos(f) — sin(B) cos(a).

18.3.4 Fourier transforms

Now, let us take a massive jump in abstraction before returning to earth. In this section,
we consider fully general conic combinations of complex exponentials.

Definition 18.26 (Fourier transform: Positive). Let f : R — C be an integrable function.
Its Fourier transform f : R — C is the function

f(X) = /e_i”‘f(t) dt forx e R.
R

More generally, let u be a finite, complex Borel measure on R. Its Fourier transform
i : R — C is the function

i(x) ::/e_i”‘ du(t) forx eR.
R

The first definition involves the measure du(t) = f(¢) dt with density f.

For our purposes, the key insight is that Fourier transforms induce pd functions.
This is a natural outcome, but the proof requires a little thought.

Proposition 18.27 (Fourier transforms are pd). Let p be a finite, positive Borel measure on
R. Then its Fourier transform f is a pd function on R.

Proof. We return to the definition of a pd function. For points x1,...,Xx, € R, form
the kernel matrix

K = [B(x = x)] ;. = /R N

We will show that the kernel matrix K is a well-defined psd matrix, so i is a pd
function.
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For each ¢ € R, the matrix in the integrand is psd since the complex exponential is
a pd function. Therefore, for each unit vector v € C",

v Kgv = /Rv* [e—lt(xj—xk)]j’k vdu(t) = 0.

Indeed, the integral of a positive function is positive. The integral is finite because the
integrand is bounded by n. [ |

Positive-definite functions that arise from Fourier transforms enjoy some additional
regularity properties.

Exercise 18.28 (Fourier transforms: Continuity). Let i be a finite, positive Borel measure
on R. Show that its Fourier transform p is a continuous function. Hint: Complex
exponentials are bounded and continuous; truncate the integral to a compact set.

Problem 18.29 (Riemann—Lebesgue lemma). For an integrable function f € L;(R), prove

that f is a continuous function that vanishes at infinity. Hint: Approximate f by simple
functions, and note that the sinc function is a continuous function that vanishes at
infinity.

Gaussians

The Fourier transform provides us with a powerful tool for detecting other examples of
pd functions. Here is a critical example.

Proposition 18.30 (The Gaussian kernel is pd). The function x +— e 2 forx e Ris pd.

This result is a consequence of the following fundamental fact, which expresses the
Gaussian as a Fourier transform. As we will discuss, Gaussians play a central role in
Fourier analysis because they serve as approximate identities.

Fact 18.31 (Gaussian: Fourier transform). The density ¢, of a Gaussian random variable
with mean b € R and variance v > 0 is the function

0 e~ (t=b)%/(2v)
Qpy(t) = ———dtr fort e R.
Y V2nv

The density is normalized: /R @p,y(t)dt = 1. Its Fourier transform is the function

—vx?/2

Ppp(x) = el . e for x € R.

In other words, the Fourier transform of a Gaussian is a twisted Gaussian. .

Proof sketch. By a change of variables, we may assume that b = 0 and v = 1. To
prove that I := /R @o0,1 (1) dt = 1, write I? as a double integral and change to polar
coordinates. To evaluate the Fourier transform @y 1, we expand ¢ > e~/* as a Taylor
series. The integrals of the odd terms vanish. The integrals of the even terms are
the moments of a standard normal density, which may be evaluated with repeated

integration by parts. [ |

Inverse quadratics
As a final example, we consider another Fourier transform that arises in probability
theory.

2)—1

Proposition 18.32 (Inverse quadratic is pd). The function x - (1 + x is pd on R.

A function g : R — R vanishes at
infinity if |g(x)| — 0 as |x| — oo.
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Proof. We confirm that the function is pd by writing it as the Fourier transform of
(twice) the Laplace density:
LIS / e itxe Ml g,
1+ x2 R

For example, use symmetry about # = 0 to pass to a cosine integral, and integrate by
parts twice. |

Bochner's theorem

All our examples of pd functions derive in one way or another from complex exponentials.
This repetition may suggest a lack of creativity, but there is a deeper reason. In fact,
every continuous pd function can be represented as a Fourier transform [Boc33].

Theorem 18.33 (Bochner1933). A continuous function f on the real line is positive
definite if and only if f is the Fourier transform of a finite, positive Borel measure
1 on the real line:

£ =) = [ (o).

Proposition 18.27 establishes the “easy” direction: the Fourier transform of a finite,
positive measure is a pd function. This result has already paid dividends because it
allowed us to identify a number of interesting positive-definite functions.

In this section, we will give a proof the “hard” direction. This result provides a
powerful representation for positive-definite functions. It serves as a building block for
establishing other difficult theorems in matrix analysis and other fields. In particular,
Bochner’s theorem has a consequence for probability theory: The characteristic function
of a random variable is a continuous pd function and vice versa. This can be used (in a
somewhat roundabout way) to prove Lévy’s continuity theorem, which is a key step in
the standard proof of the central limit theorem.

Beyond that, Bochner’s theorem has striking applications in machine learning,
where it serves as the foundation of the method of random Fourier features [RRo8].

Complex exponentials are extreme points

Before we turn to the proof, let us recall the geometric perspective on integral
representations. The pd functions on the real line form a convex cone, closed under
pointwise limits. By normalizing the functions, we obtain a compact, convex base of
this cone:

B:={f:fispdonR and f(0) = 1}.

According to the Krein—-Milman theorem, we can represent every function f € B as a
limit of convex combinations of the extreme points. Bochner’s theorem states that

f(x)=p(x) = / e ™ du(t) for a probability measure .
R

This representation tells us that every extreme point of B must be a complex exponential.
Let us offer an independent proof of the fact that every complex exponential is an
extreme point. We argue in the spirit of Boutet de Monvel [Sim1g, Thm. 28.12].

Proposition 18.34 (Complex exponentials are extreme). For each ¢ € R, the complex
exponential e; : x — e ¥ is an extreme point of B.
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Proof. Fix the frequency t € R. We already know that e; is an element of B. Moreover,
the expression (18.3) shows that the 2 X 2 kernel matrix K, (0, x) has rank one for
each x € R. This observation is the key to the proof.

Suppose that e; = % f+ %g where f, g € B. The kernel matrix is linear in the
kernel function, so

K. (0,x) = %Kf(O, X) + %Kg(O, X).

But this expression represents the rank-one matrix K, (0, x) as an average of two psd
matrices (because f, g are pd functions). Recall that each rank-one matrix lies in an
extreme ray of the psd cone. Therefore, Ky = a(x)K,, for some a(x) > 0. That is,

1 f(=x)
f(x) 1
We deduce that a(x) = 1, and so f(x) = e ¥ for all x € R. Likewise, g(x) = e i

for all x € R. We conclude that e; cannot be written as the average of two distinct
functions in B, so it is an extreme point. |

eitx
Kf(or x) = = a(x) eitx 1 = Of(X)Ket(O, X).

Fourier analysis with Gaussians

To prove Bochner’s theorem, we introduce some rudiments of Fourier analysis. This
task will be easier because we only need to use the main formulas when one of the
functions involved is a Gaussian. _

For an integrable function f : R — C, the Fourier transform f and inverse Fourier

transform f are defined explicitly:

—~

f(x) = /Re-“xf(t) dt and f(1) = %/{Re“"f(x) dx forx e R.

The Riemann-Lebesgue lemma states that f, f € Co(R), the space of continuous
functions on R that vanish at infinity, equipped with the supremum norm.

A few basic properties merit comment. The Fourier transform satisfies an elegant
duality property:

/ F(x)h(x)dx = / f(x)h(x)dx for f,h € Li(R). (18.4)

R R

The Fourier transform also converts convolution into pointwise multiplication:
Feh=f -heC(R) forf,helLi(R). (18.5)

Young’s inequality ensures that the convolution f * h is an integrable function.
Let us introduce the class of twisted Gaussian functions:

G={t— reitae=(t=0)*/(2) ywhere r a b e R and v > 0}.
Using Fact 18.31, we can quickly confirm that
g€G implies g,g€G and §=g.

In particular, the Fourier transform is a bijection on G.
The main result that we require is a precursor of Plancherel’s identity:

/f(r)mdt = i/f(x)%dx when f e Li(R) and g € G.  (18.6)
R 2 Jr

Indeed, we note that g = g, and apply the duality (18.4) to move the Fourier transform
to f. Then we pass the complex conjugate through the inverse Fourier transform to
obtain the complex conjugate of the Fourier transform and a scale factor.

Among several possible definitions,
we have chosen the probabilists’
Fourier transform.
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Approximate identities

The reason that Gaussians suffice for our purposes is that they serve as “approximate
identities”.

Exercise 18.35 (Gaussian: Approximate identity). Consider centered Gaussian densities:

() = e @) fory > 0.

V2mv

Let f : R — C be a bounded, continuous function. Prove that

£(B) =lim (f » ) (b) = lim /R flb—1)- g(r)dr.

That is, Gaussians approximate the identity element for the convolution operation. Thus,
we can isolate the value of a continuous function by integration against increasingly
localized Gaussians. See Figure 18.2. Hint: Truncate the integral to the interval +cvv,
where ¢ depends on sup f. Apply the mean value theorem to f on this interval.

Proof of Bochner’s theorem

Let us turn to the proof of Theorem 18.33. This argument is a significant revision of
the proofs in [Bhao7b, Thm. 5.5.3] and [Sim15, Thm. 6.6.6].

Let f : R — R be the target pd function. Without loss of generality, we may
rescale f so that f(0) = 1. By hypothesis, the function f is continuous, but it may not
be integrable. To repair this defect, we consider a sequence of regularized functions:

Fn(t) = f(t) - e /" fort € R and each n € N.

We will produce the measure p that represents f as the limit of the measures 1, that
represent each Fj,.

Positive definiteness. To begin, note that F, is positive definite and continuous
because it is the product of two pd, continuous functions. The function F, € L;(R)
because f is bounded, and the Gaussian belongs to L; (R).

Let us extract the consequence of the pd property that we will need. Choose a test
function g € G. By Exercise 18.15, the convolution kernel induced by F,, is positive
definite for this class of test functions. Therefore, we calculate that

OS/ %Fn(s—t)g(t)dsdt:/m.(pn*g)(s)ds
1RXR = T o 1 i _ (18.7)
:ﬂ‘/ml’g\(x)’(Fn*g)(x)dx:EA|§(x)|2.Fn(x)dx.

To pass to the second line, we invoked Plancherel’s identity (18.6). The last relation is
the convolution theorem (18.5). _
Positivity. The pd property of F,, implies that its Fourier transform F,, is positive:

Fu(x) >0 forallx € R.

To prove this, recall that F,, is bounded and continuous because of the Riemann—
Lebesgue lemma. Fix a point b € R, and select a twisted Gaussian function g, € G
whose Fourier transform satisfies

—(v_Ph)2
e (x=b)=/2v

g, (%) = —— forv > 0.

4%

As v | 0, the Fourier transform of g,
satisfies

g(x) = e V2

Figure 18.2 (Approximate identity).
Using an approximate identity to iso-
late a function value.
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The function |g,|? is an approximate identity, centered at b, with width 4/v. Introduce
|g,|? into the relation (18.7), and take the limit as v | O using the fact that F, is
continuous. This demonstrates that F,,(b) > 0.

Duality. The rest of the proof depends on the complex conjugate of Plancherel’s
identity (18.6):

/ g(t)F(~1) dr= L / g(x)F,(x)dx for g €G. (18.8)
R 27 Jr

What happened to the complex conjugates? Since Fj, is pd, we know that m =
Fp(—t) and that F,, > 0. To exploit this relation, we can choose g to be an approximate
identity. This allows us to transfer information between F, and I::n

Integrability. The next step is to argue that F,, is integrable, which is not obvious a
priori. More precisely, we show that

1 ~
—/Fn(x)dx=1.
2n R

To do so, we select the test function
1
V2nv

Since F,, is bounded and continuous and g, is an approximate identity localized at the
origin,

e—tz/(ZU) with g, (x) = e—uxz/z.

gv(t) =

i [ (0F(-0)dt = F,(0) = 1.

Since F,, > 0and g, T 1 as v | 0, monotone convergence implies that

1 ~ —~ 1 —~
lim — X)Fp(x)dx = — | F,(x)dx.
im - [ B0Fu0 a5 [ Futo
The last two displays establish the claim because of the identity (18.8).

Measures and limits. Let us introduce a sequence of Borel probability measures on
the real line:

1 ~
du,(x) = an(x) dx foreach n € N.

To verify that y, is a probability measure, we rely on the facts that ﬁn is positive and its
integral is normalized. Passing to a subsequence if needed, the sequence (u, : n € N)
of probability measures has a weak-x* limit y. Therefore,

nll_r)l;)Ah()C) d,un(x)z‘/Rh(x)du(x) for all h € Co(R).

The limit y is a positive Borel measure with u(R) < 1.
Fourier transforms. It remains to show that the function f is the Fourier transform of
the measure p. For fixed b € R, we choose the test functions

1 2@y o a = Sibx _—vi?)2
g, (t) = ——e O** with g,(x)=e -e forv > 0.
V27mv

This claim follows from the
Banach-Alaoglu theorem, applied to
the dual of the space Co(R) of
continuous functions that vanish at
infinity.
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Using the duality identity (18.8) and taking the limit as 7 — oo, we can relate the
function f to the measure y. Indeed,

/ g () (=) dt = lim / g0 (1) Fu(=1) dt
R n—e Jr

- tim [ 800 a0 = [ B0 auco).

The first limit is a consequence of monotone convergence because Fy, T f and g, > 0.
The second limit is a consequence of the weak-* convergence of u, to u because
gy € Co(R). Last, we take limits as v | 0. Indeed,

£(®) = lm /R (1) (-0) de = lim /R % (x) dp(x) = /R e % dpu(x).

The first limit is valid because g, is an approximate identity, localized at —b, and f
is bounded and continuous. The second limit follows from dominated convergence
because g, is bounded and u is a finite measure. We have established Bochner’s
theorem.

Extensions

Bochner’s theorem holds in far more general settings. In particular, it is valid for pd
functions on R%. The proof is essentially the same as the proof of Theorem 18.33.

Theorem 18.36 (Bochner). A continuous function f on R is positive definite if and
only if f is the Fourier transform of a finite, positive Borel measure p on R4, That
is,

£ = [ aue)

More generally, the theorem holds in abstract settings. We give one such result
without proper definitions, and we illustrate it with an example.

Theorem 18.37 (Bochner—Weil). A continuous function f on a locally compact abelian
(LCA) group is positive-definite if and only if f is the Fourier transform of a finite,
positive Borel measure u on the dual group.

See [Rudgo] for the setting of LCA groups, and see [Rudo1] for Raikov’s generaliza-
tion to the setting of commutative Banach algebras.

Example 18.38 (Positive-definite sequences). Consider the LCA group (Z, +), comprising
the integers with addition. A function on Z is called a sequence, and a sequence
(ax : k € Z) is positive definite when

Z ) kﬁjﬂj—kuk >0 foru :Z — C with finite support.
IB

Positive-definite sequences arise from positive-definite convolution operators on the
integers. These operators correspond with (bi-infinite) Toeplitz matrices.

The dual group (T, +) is the torus with modular addition. The Fourier transform
computes the Fourier series of a measure on the torus. Thus, the Bochner-Weil theorem

guarantees that
a=[ e,
[—7m,+7)
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where u is a positive, finite Borel measure on [—7, +7).

This result is called the Carathéodory-Herglotz—Toeplitz theorem. It is actually a
precursor to Bochner’s work, and it can be established with a rather more elementary
argument; for example, see [Bhao7b, Thm. 5.5.2]. .

Notes

This lecture contains a new presentation of this material. Applications of kernels
are extracted from [SSB18]. The procession of examples is drawn from Bhatia’s
book [Bhao7b, Chap. 5]. The proof that complex exponentials are extreme rays of the
cone of pd functions seems to be new. The self-contained proof of Bochner’s theorem is
a significant revision of the proof in Simon’s real analysis text [Sim15]. The material on
Fourier analysis is adapted from Arbogast & Bona [ABo8]. See Rudin’s books [Rudgo;
Rudg1] for generalizations of Bochner’s theorem.
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\ 19. Entrywise PSD Preservers

Date: 8 March 2022 Scribe: Joel A. Tropp

In this lecture, we discuss several classes of kernel functions that are defined on
Euclidean spaces of every dimension: radial kernels and inner-product kernels. In the
first case, Bochner’s theorem leads to a characterization of all radial kernels. To study
the second case, we must investigate a new concept. Suppose that we apply a function
to each entry of a matrix to produce a new matrix. This function is called an entrywise
psd preserver if it maps each psd matrix to another psd matrix. These functions also
enjoy a beautiful theory that complements the Loewner theory of matrix monotone
functions and the Bochner theory of positive-definite functions.

Families of kernels

Our first object is to extend the work from the last lecture to construct a family
of positive-definite convolution kernels that is defined for Euclidean spaces of each
dimension. Then we will turn to another family of kernels, based on inner products,
that also extend to every dimension.

Positive-definite functions
Recall that a function f : RY — C is positive definite (pd) on R? when the matrix

Kp(x1,...,%,) = [f(x] —xk)]jk=1 20 forallxy,...,x, € R,

In other words, we consider the convolution kernel Ky induced by the function f. The
function f is pd when the kernel matrices Ky associated with the convolution kernel
are all psd.

Under mild regularity assumptions, the eigenfunctions of a convolution operator
are complex exponentials. This observation suggests that the complex exponentials will
play a basic role in characterizing convolution kernels. Indeed, we have the following
fundamental result.

Theorem 19.1 (Bochner). A continuous function f : R — Cis positive definite on

R4 if and only if f is the Fourier transform of a finite, positive Borel measure .
That is,

fe)= [ 60 dua).

Bochner’s theorem describes an individual pd function, defined on a Euclidean
space of a particular dimension. One may also wonder whether there is a way to
extend this result to obtain a family of pd convolution kernels in each dimension.

Radial kernels

The key idea is to study a class of convolution kernels that are rotationally invariant.
These kernels are spatially and directionally homogeneous.

Agenda:

Radial kernels
Inner-product kernels
Entrywise psd preservers
Examples

Vasudeva’s theorem
Extensions

oSOV AWN -
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Definition 19.2 (Radial kernel). A (translation-invariant) kernel K : R4 — C is radial
if it takes the form

K(x,y) = o(|lx—-yl) foralx,yeR?

where ¢ : R, — C is a function. We say that the function ¢ is positive-definite
radial on R when the associated kernel matrices

K (1,0 xn) = (@ —xel)] oy =0

for all choices of x4, ...,%x, € R% and each n € N.

A radial kernel is defined on a Euclidean space of a particular dimension d.
Nevertheless, we can also ask when ¢ is positive-definite radial on R¢ for every d € N.

In this case, we simply say that ¢ is “positive-definite radial” without additional
qualification. Schoenberg provided an elegant answer to this question [Sch38].

Theorem 19.3 (Schoenberg 1938). A continuous function ¢ : R, — R, is positive-
definite radial if and only if it is given by the Laplace transform of a finite, positive
Borel measure u on R,. More precisely,

@(t) = / e 2 du(r) fort € R,.
R,

Proof sketch. The reverse direction is simple. We write the Gaussian as a characteristic
function (i.e., a Fourier transform). For x € R,

e IxIP/2 - E[e ™ *)/"] where z ~ NorRMAL(O,1,).

Using dominated convergence,

o(lxl) = /Rd e IXIP2 qu(r) = [/Rd it /1 du(r)}_

The integral is a pd function, and the average of pd functions is pd.

For the forward direction, we assume that the function ¢(||-||) is pd on R4 for each
d € N. Use rotational invariance to average over the unit sphere, and apply Bochner’s
theorem to deduce that

00 = [ Qu(rt)dpar).
R
The measure pgz on R, is positive, with total mass equal to ¢(0). The functions
Qu(s) = E[e¥"] where 6 ~ unir(S%).

In this expression, 6; is the first coordinate of a random vector @ drawn uniformly
from the Euclidean unit sphere S%~! in R9.

Since the first coordinate of a spherical vector is almost a centered Gaussian with
variance d~!, it is not too hard to argue that

limg—e Qa(rvVd) — e 2,

It takes some additional work to show that d g (rVd) has a weak limit du(r) in the
sense of tempered distributions. Schoenberg’s paper [Sch38, Thm. 2] approaches the
problem using hard analysis. See Chafai [Cha13] for a probabilistic argument. |

In this lecture, ||| is the Euclidean
norm.

Every pd radial function must take
positive values! (Why?)

We use random variables and
expectations to simplify some of the
formulas here.
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Inner-product kernels

Are there other families of kernels that operate in any dimension? Here is another
class, based on inner products instead of Euclidean distances.

Definition 19.4 (Inner-product kernel). For a field F = R or F = C, an inner-product
kernel K on F? is a function of the form

Ky(x,y) = @((x, y)) forallx,y € F,

where ¢ : F — Fis a function. The inner-product kernel is positive definite on F*
when the associated kernel matrices are psd:

Ktp(xl! .o -’xn) = [‘P((x]’ xk>)]j,k=l,...,n >0

for every choice of x1,...,%x, € 4 and all n € N.

We can characterize pd inner-product kernels more simply.

Exercise 19.5 (Psd preservers). Show that an inner-product kernel K, on F is positive
definite if and only if

[ajk] > 0 implies [(p(ajk)] >0 for A= [ajir] € My(F).

That is, the function ¢ is an entrywise psd preserver. Hint: A matrix in My ([F) is psd if
and only if it is the Gram matrix of d points in F¢.

This seems a bit perverse: we are always told that entrywise operations on matrices
are unorthodox. Nevertheless, this exercise suggests that entrywise functions that
preserve the psd property may merit study. This is the primary object of this lecture.

Applications

Before turning to our work, let us mention some motivating applications of psd
inner-product kernels and entrywise psd preservers.

Example 19.6 (Kernel methods). As we briefly discussed in Lecture 18, we can use the
kernel trick to design new methods for data analysis. In a method that only uses the
Gram matrix of Euclidean data, we can substitute a psd kernel matrix to try to find
alternative (non-Euclidean) structure in the data. Some commonly used inner-product
kernels include polynomial kernels of the form

K(x,y)=(x, y)Y or K(x,y)=(1+(x, y))’ forpeN.

As we will see, these inner-product kernels are indeed pd. .

Example 19.7 (Covariance regularization). Suppose that we have acquired a psd covariance
matrix A > 0 whose entries tabulate (estimated) covariances among a family of random
variables. In practice, it is common that covariance estimates are inaccurate, so we
may wish to process the matrix to mitigate the effects of noise. In some settings, it is
important to ensure that the procedure respects the psd property so that the processed
matrix is still a covariance matrix.

One class of inexpensive methods applies a scalar function f to each entry of the
covariance matrix to obtain [f(ajx)]. In this context, it is natural to insist that the
function f is an entrywise psd preserver. .



19.2

19.2.1

19.2.2

Lecture 19: Entrywise PSD Preservers 173

Entrywise functions that preserve the psd property

In this section, we initiate our study of scalar functions that act entrywise on a psd
matrix to produce another psd matrix. We begin with basic definitions, and then we
outline some of the main properties.

Entrywise functions
It is valuable to restrict our attention to matrices whose entries lie within specified sets.

Definition 19.8 (Entrywise matrix function). Let E C [F. Define the set of n X n matrices
with entries in E:

My [E] == {A € M, (F) : ajx € Eforall j, k}.

We can extend a scalar function f : E — [F entrywise to matrices:

FIA] = [f ()] € My(F) for each A = [aji] € M, [E].

The definition of an entrywise matrix function should be contrasted with our
previous definition of a standard matrix function. Indeed, standard matrix functions
were defined only for Hermitian matrices, while entrywise functions can be applied
to any square (or even rectangular) matrix. It is, perhaps, surprising that there is
anything interesting to say about these objects.

Entrywise psd preservers
Our main definition concerns entrywise functions that map certain psd matrices to psd
matrices.

Definition 19.9 (Entrywise psd preserver). Let D be an interval (F = R) or a disc
centered on the real line (F = C). We say that f : D — F is an entrywise psd
preserver (epp) on M, [D] if

A >0 implies f[A] >0 forallA e M,[D].

If this claim holds true for all n € N, we simply say that f is an entrywise psd
preserver (epp) on D.

Exercise 19.10 (Epps and positivity). If D N R, = (), show that the definition of an epp on

M, [D] is vacuous. Otherwise, if D N R, # 0, exhibit an example of an epp on M, [D].

As with positive linear maps and standard matrix functions, a differentiable epp is
also monotone with respect to the psd order.

Problem 19.11 (Differentiable epps are monotone). For simplicity, assume that D C [F is an
open set. Suppose that f : D — F is differentiable. Show that f is an epp on M, [D]
if and only if

A < B implies f[A] < f[B] forall A,B € M,[D].

Hint: The proof is essentially the same as the proof that a differentiable function is
matrix monotone if and only if the Loewner matrix is psd. In this case, the argument is
much easier because we have no need of the Daleckii-Krein formula.

In this lecture, we always use brackets
to denote entrywise behavior.
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19.2.3 Properties

Entrywise psd preservers enjoy some of the same properties as positive-definite
functions.

Proposition 19.12 (Entrywise psd preserver). For a disc D C [, let f : D — [ be an epp.

1. Positivity. For a € D N R, the value f(a) > 0. We are using * to denote the complex
2. Symmetry. We have f(z*) = f(z)* for all z € D. conjugate.
3. Bounds. For a, ¢,z € Dwitha,c > 0,

F(DI? < f(@)f(c) when |z < ac,
In particular, |f(z)| < f(a) if |z] < a.
Proof. Consider a psd matrix A € M[D] and its entrywise image f[A]:

f@ f
£z f(C)] >0

Property (1) holds because the diagonal entries of a psd matrix are positive. Property
(2) is a consequence of the symmetry or Hermiticity of a psd matrix. To prove (3), we
invoke the Hadamard psd criterion. [ |

a z

A=
VAR

>0 and f[A]=

Next, we show that epps behave nicely on the strictly positive part of the real line.

Proposition 19.13 (Epp: Restriction to R.;). For adisc D C F, let f : D — [F be an epp.
The restriction of f : DN R;; — R, is increasing and continuous.

Proof. Choose numbers a, c € DNR ., subject to the relation 0 < ¢ < a. The positivity
and boundedness properties ensure that f(c) = |f(c)| < f(a). Thus, f is increasing
onDNR,,.

Define the function g(x) := log f(e*) whenever e* € D N R,.. The boundedness

property guarantees that f(vac) < +/f(a)f(c). Write a = e* and ¢ = . Take the

logarithm, and recognize the function g:

g(3x+3y) < 38(x)+18(y).

In other words, g is midpoint convex, so it is continuous on the interior of its domain.
Thus, f is continuous on D N R,. [ |

Proposition 19.14 (Epp: Stability properties). Let D C [ be a disc.

1. Convex cone. If f, g are epps on D, then af + fg isaneppon D for all &, § > 0.

2. Closedness. If (f;; : n € N) is a sequence of epps on D that converges pointwise
to f, then f is an epp on D.

3. Multiplication. If f, g are epps on D, then the pointwise product f g is also an
epp on D.

Proof. The claims (1) and (2) are valid because the psd matrices form a convex cone
that is closed. Meanwhile, claim (3) is a consequence of the Schur product theorem. =

There is only one setting where epps have been completely characterized: the case
of 2 X 2 matrices with strictly positive entries [Vas79, Thm. 2]. We mention this result
here because we will use this result to prove a weaker characterization theorem.

Exercise 19.15 (Epps: A special characterization). Show that f is an epp on M, [R,,] if and
only if x — log f(e¥) is increasing and midpoint convex.
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Examples of entrywise psd preservers

In this section, we will introduce several examples of epps on various domains. For
simplicity, we restrict our attention to the real setting from now on. Thus, D is either
the whole real line or an interval of the real line.

Monomials
The simplest example of an epp is the function that always returns one.

Proposition 19.16 (Constants are epps). The function f(¢) = 1 is an epp on R.
Proof. For a psd matrix A € M, [R], we see that f[A] = 117, which is psd. [

Next, we turn our attention to the monomials.

Proposition 19.17 (Monomials are epps). For each p € N, the function f(¢) = t? is an epp
on R.

Proof. For a psd matrix A € M,,[R], we can express

flA]=A0---0A>o0.
————
p times

As usual, © denotes the Schur product. Since A > 0, an iterative application of the
Schur product theorem guarantees that the product is psd. [ |

Problem 19.18 (Other powers). Choose a positive number r that is not an integer. Prove
that the function ¢ + ¢ is not an epp on R,. Hint: This is hard. One approach is to
argue that every epp on M, [R,] must have n — 1 continuous derivatives, and choose
n > r. See the proofs of Vasudeva’s theorem and Bernstein’s theorems (below) for
some relevant techniques.

Power series

Let us take a step up in abstraction, which will allow us to produce a wealth of
additional examples.

FropOSition 19.1 9 (Some power ser ieS that are epps). COI‘ISideI‘ a pOVVer Sel’ies
(o]

If D C R is the domain of convergence, then f : D — R is an epp on D.

Proof. The monomials are epps on R, and the class of epps on R is a convex cone.
Therefore, each polynomial with positive coefficients is an epp on R. Within the domain
D of convergence, the partial sums of f are polynomials with positive coefficients that
converge pointwise to f. Since the class of epps on D is closed under pointwise limits,
we see that f is an epp on D. [ |

Later, we will discuss the class of power series with positive coefficients in greater
detail. For the moment, we note a few basic properties.

Exercise 19.20 (Power series with positive coefficients). Suppose that f : D — R has
the form (19.1). Then f € C*(D), the set of infinitely differentiable functions on D.
Furthermore, for each p € N, the derivative fP) is also an epp on D.
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The exponential and friends
To exploit the ideas from the last section, we first consider some power series related
to the exponential function.

Proposition 19.21 (Exponentials are epps). For a > 0, the functions ¢ +— exp(at) and
t — sinh(at) and t +— cosh(at) are all epps on R.

Proof. Scaling a matrix by a > 0 preserves positivity, so we may assume that a = 1.
Recall that the exponential, hyperbolic sine, and hyperbolic cosine are entire functions,
so their power series converge on the real line:

o 1
exp(t) =) o it
1

0 1 o)
cosh(t) = —¢?”, and sinh(¢) = . —
® Zp=0 2p! ®) szo 2p+1)!
Clearly, each of these series has positive coefficients. Invoke Proposition 19.19. [ |

This proposition has an elegant and unexpected outcome. If the matrix [a;i] is
psd, then the matrix [e%*] is also psd. We can actually strengthen the result further.

Problem 19.22 (Exponentials and cpsd matrices). Suppose that u*Au > 0 for all vectors
u with tr[u] = 0. Matrices of this type are called conditionally psd (cpsd). Prove that
exp[A] is psd. This result is valid with F = R or F = C.

The logarithm and the inverse

Next, we consider some important power series that converge only on a subinterval of
the line.

Proposition 19.23 (Logarithms and inverses that are epps). The inverse ¢ — (1 —¢)~! and
the logarithm ¢ — —log(1 — ¢) are epps on (—1,+1).

Proof. We have the power series expansions

[eS] ©0 1
RS p _ ) = E 4P
(1-1)" = E p=0t and log(1-1) = pe pt .

These series have positive coefficients, but they converge only in the open interval
D = (-1,+1). Proposition 19.19 implies that these two functions are epps on the
interval (-1, +1). [

More examples
Several other elementary functions are also epps. We leave these facts as an exercise.

Exercise 19.24 (Elementary functions that are epps). Show that the following functions are
epps by inspection of their power series. Make plots to compare these functions.

. Secant. The function ¢ + sec(2f/m) is an epp on (-1, +1).

. Tangent. The function ¢ + tan(2¢/m) is an epp on (-1, +1).

. Arctanh. The function ¢ +— arctanh(t) is an epp on (-1, +1).

. Arcsine. The function ¢ + arcsin(¢) is an epp on [—1, +1].

. Log gamma. The function ¢ + logI'(1 — ¢) is an epp on (-1, +1).

u A W N

Hint: Use the magisterial Handbook of Mathematical Functions, prepared by Milton
Abramowitz & Irene Stegun [AS64] and updated by Frank Olver et al. [Olv+10]. Or
just turn to Wikipedia if you consider it trustworthy.
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Absolutely monotone and completely monotone functions

All our examples of entrywise psd preservers are based on power series with positive
coefficients. Although this may appear to reflect a lack of inspiration, there is a deeper
reason. In the real setting, it can be shown that every epp is given by such a power
series, at least under some regularity conditions. We will discuss results of this type in
the next section.

As a preliminary, we need to take some time to develop the theory of power
series with positive coefficients. These objects also arise from the study of absolutely
monotone functions, and they have a very long history in analysis. In this subject,
one must pay close attention to differentiability assumptions and the behavior of a
function at the endpoints of its domain. Our exposition is modeled after Widder’s
classic book [Wid41, Chap. IV]. We elaborate on this discussion below in Section 19.6.

Absolute monotonicity

Bernstein introduced the concept of absolutely monotonicity for an infinitely differen-
tiable function.

Definition 19.25 (Absolutely monotone function). An infinitely differentiable function
f : (a,b) — R on an open interval of the real line is called absolutely monotone if
its derivatives are positive:

f(p)(t) >0 forallt € (a,b)andallp € Z,.

For a left-closed, right-open interval, we say that f : [a, b) — R is absolutely
monotone if f is continuous on [a, b) and absolutely monotone on (a, b).

Exercise 19.26 (Absolute monotonicity: Right-hand derivatives). Suppose that f : [a,b) —
R is absolutely monotone. This includes the assumption that f(a) := limy o f(a + h)
exists and is positive. Show that the right-derivative f’(a) := limy o f'(a + h) exists
and is positive. With this choice of f’(a), confirm that f’ is continuous on [a, b). By
induction, deduce that f(P) is a positive, continuous function on [a, b).

Exercise 19.27 (Absolute monotonicity: Properties). An absolutely monotone function is
positive, increasing, and convex.

Exercise 19.28 (Absolute monotonicity: Stability). On an open or half-open interval, the
absolutely monotone functions compose a convex cone. The product of two absolutely
monotone functions is absolutely monotone. The derivatives of an absolutely monotone
are also absolutely monotone.

Absolutely monotone functions are analytic

In general, the existence of derivatives does not imply that a function has a power
series representation. Absolutely monotone functions, however, do enjoy this property.
This is called the “little” Bernstein theorem.

Theorem 19.29 (Bernstein). Suppose that f : [a, b) — R is absolutely monotone on
a half-open interval. Write r := b — a. Then

0o (p)
f(t) = szo %(t —a)P forallte(a-r,a+r). (19.2)

We allow a, b € {£oo} in this
definition.
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Moreover, f extends to an analytic function on the open disc D, (r) centered at a
with radius r.

In particular, if f : Ry — R is absolutely monotone, then it extends to an entire
function whose power series expansion at zero has positive coefficients.

Proof. Exercise 19.26 shows that f has right-derivatives of all orders at ¢ = a. For each
n € N, we may expand f as a Taylor series with an integral remainder:
n-1 f(p ) (a)
= L ir—aP
£(1) szo T (t—a)’ +Ry(t) whena<t<c<bh.

We may express the remainder in the form

/tf(”)(s)(c _ gy (I_—S)H ds.

cC—S

Ry () = m

Since the fraction in the integrand decreases as a function of t and the derivatives f ("
are positive on the interval [a, b),

Ra(2) < (Zii)n_l (n i 1)1 /atf(n)(t)(c ms)ds
< (Z:Z)l ' (nil)! /ucf(n)(t)(c_s)n_l @
Y e =22 0

Indeed, R, (c) < f(c) because absolutely monotonicity ensures that all terms in the
partial Taylor series are all positive. We deduce that R,(t) — 0 for all ¢t € [a,c].
Therefore, the series expansion (19.2) converges for ¢ € [a, c]. Since ¢ < b is arbitrary,
we may extend the interval of definition to [a, b).

Finally, note that each summand in the series (19.2) is positive when t € [a,a +T).
In other words, the series converges absolutely when ¢ € [a, a + ). As a consequence,
the series also converges for every t € (a — r,a + r). In fact, the same conclusion
extends to t € Dy (7). [

Vasudeva’s theorem

We are now prepared to state and prove a partial converse to Proposition 19.19. Every
epp on the strictly positive real line can be written as a power series with positive
coefficients [Vas79].

Theorem 19.30 (Entrywise psd preservers on R,.; Vasudeva1979). A function f : R, —
R is an epp if and only if it is absolutely monotone. That is,

f@) = Z::O cpt?  wherec, > Oforallp € N.

This statement includes the claim that the series converges for all £ > 0.

In Proposition 19.15, we have already seen that an epp on R, is necessarily
continuous. Theorem 19.30 asserts that an epp on R, is actually an analytic function.
In this section, we give a complete proof of Vasudeva’s theorem.

If we add a much stronger differentiability assumption, we can reach a similar
conclusion for the whole real line.
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Corollary 19.31 (Entrywise psd preservers on R). An analytic function f : R — R is an
epp if and only if it its power series expansion at zero has positive coefficients.

Proof. The reverse implication is Proposition 19.19.

For the forward direction, we assume that f is analytic, so it has a power series
expansion about zero that converges on R. Since f is also an epp on the strictly
positive line R, Vasudeva’s theorem guarantees that the coefficients in this power
series are positive. |

Corollary 19.31 is actually true without any regularity assumption, but this claim is
somewhat harder to prove. See Section 19.5.4 for related results of this type.

Smooth epps have positive derivatives

The key to the proof of Vasudeva’s theorem is a calculation for a smooth epp f on R,,.
The idea is to exploit the epp property to deduce that derivatives of f are positive.
This idea dates back to work of Loewner and Horn [Hor69].

Lemma 19.32 (Smooth epp: Positive derivatives). Consider an infinitely differentiable

function f : R;y — R that is an epp on R,,. Then f (P) > 0 for all p E”Z,.

Proof. Fix a point a > 0. Choose a positive integer p € Z, and write d = p + 1. From
the assumption that f is an epp, we may extract a family of inequalities:

w flall* +tec’lu > 0 forallu € R? and ¢ € R%, and small ¢ > 0.

Indeed, when ¢ is sufficiently small, a11" + rcc* is a psd matrix with strictly positive
entries. By the pth order Taylor expansion of f about a with a derivative remainder,
we find that

d
uju
Zj,k:l ik

The scaling coefficients 0 € (0, 1), but they may depend on everything else.
To continue, we require the entries of ¢ € R%, to be distinct. Consider the d x d
Vandermonde matrix

Zi’:: (tC]Ck) f(r)( )+ (tc 919 k) f(p)(a+t9]kc]ck) > 0.

1 ¢ ¢& ... ¢

2 p

1 ¢ ¢ ... ¢
V=1, . . . - (19.3)

1 cg c2 ... ch

Since the entries of ¢ are distinct, the Vandermonde matrix V is nonsingular (Prob-
lem 19.33). Therefore, we can find a vector u € R4 that is orthogonal to the first
p — 1 columns but not orthogonal to the pth column. Equivalently, }’; u; C; =0 for
0 <r < p, while }}; ujc;? #0.

With these choices, the sum in the penultimate display collapses to the form

tP
. ()
o1 Ljk- | Uil - c c <[P (a+t0jkcjcr) = 0.
Clear the leading fraction. Take ¢ | 0 to conclude that f")(a) > 0. [

Problem 19.33 (Vandermonde determinants). Prove that the Vandermonde matrix (19.3)
satisfies det(V) = [];4;(¢ci — ¢;). Hint: Compute the LU factorization of V.
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Smoothing

Next, we show that it is possible to take an arbitrary epp on R,; and smooth it to
obtain an infinitely differentiable epp. This result requires the use of a mollifier, a nice
function that can confer its nice properties onto another function.

Fact 19.34 (Mollifier). Fix 6 € (0, 1). There is a probability density function hs : Ry —
R; that has compact support, is infinitely differentiable, has expectation 1, and has
variance 6. .

Exercise 19.35 (Epp: Smoothing). Let f : R, — R, be a continuous function. For § > 0,
introduce the mollifier /5, and construct the smoothed function

fs(t) = /Ooof(t/x) -hs(x) - d7x fort > 0.

Establish the following properties.

1. Continuity. The function f5 is continuous on R,.

2. Smoothness. The function f; is infinitely differentiable on R.,.
3. Limits. As 0 | 0, the sequence fs — f pointwise.

4. Epp. If f is an epp on R, then f5 is also an epp on R.,.

Hint: The first three parts follow from dominated convergence, perhaps after the change
of variables u = t/x. For the last part, approximate the integral by a Riemann sum.

Proof of Theorem 19.30

We may now establish Vasudeva’s result (Theorem 19.30). The reverse implication is
Proposition 19.19. For the forward implication, the basic idea is to smooth the epp. The
smoothed epp has positive derivatives, so it must be absolutely monotone. Under some
regularity conditions, the limit of absolutely monotone functions remains absolutely
monotone, so we can transfer the power series representation of the smoothed epp
back to the original epp.

Assume that f : R, — R, is an epp on R,,. By Proposition 19.15, the epp f is
continuous and increasing on R,.. Thus, we can extend f to a continuous function on
R, with the limiting value f(0) = inf;.q f(¥).

For each 6 > 0, introduce the smoothed function f5 : R, — R, asin Exercise 19.35.
The function f5 is an infinitely differentiable epp on R,.. Therefore, we may invoke
Lemma 19.32 to determine that fﬁ(p ) > 0on Ry, forall p € Z,. Since f5 is continuous
on R, the “little” Bernstein theorem (Theorem 19.29) implies that f5 is an entire
function whose power series expansion at zero has positive coefficients:

f5(t) = Z::o ¢y (8)tP with ¢,(8) 2 Oforall f € R.

Uniformly in §, the coefficients are absolutely summable because Z;’:O cp(0) =
f5(1) — f(1). We will apply some standard results from complex analysis to complete
the argument.

Exercise 19.35 implies that fs — f pointwise as § | 0. We need to upgrade the
convergence. The family (f5 : 0 < § < 1) is uniformly bounded on each compact
set in C because the coefficients in the power series for f5 are uniformly absolutely
summable. Passing to a subsequence if necessary, fs — f uniformly on each compact
set in C [Ahl66, Thm. 12, p. 217].

This integral can be interpreted as a
convolution of two functions on the
abelian group (R4, X).

This result follows from the
Arzela—Ascoli theorem.
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Finally, if a sequence of analytic functions converges uniformly on each compact
set in C, then the limit is an analytic function [Ahl66, Thm. 1, p. 174]. We deduce that
f is analytic. Therefore,

@)= Z:;O cpt?  withc, > 0forallt € R.

Indeed, the coefficients must be positive because we have taken the limit of series with
positive coefficients. This is the required result.

Variations

Vasudeva’s theorem is, perhaps, the simplest of several results that characterize
entrywise psd preservers. A key feature of these results is that they do not make
strong prior assumptions on the smoothness properties of the epp, but rather extract
smoothness as a consequence of the structural assumption.

The first theorem of this type was derived by Schoenberg [Sch38].

Theorem 19.36 (Schoenberg1938). A continuous function f : [-1,+1] — R is an
epp if and only if it has a representation as a power series about zero with positive
coefficients.

Somewhat later, Rudin [Ruds59] removed the continuity condition from Schoenberg’s
theorem.

Theorem 19.37 (Rudin 1959). A function f : (—-1,+1) — R is an epp if and only if it
has a representation as a power series about zero with positive coefficients.

Rudin conjectured that there was an extension of his result to the complex setting,
and this result was obtained soon after by Herz [Her63].

Theorem 19.38 (Herz 1963). A function f : Dy(1) — C is an epp if and only if it has
a representation of the form

F(2) = Zp,qzo cpq2P(2")? where cpq > 0.

See the survey [Bel+18] for more discussion of these results, as well as recent
advances.

*Completely monotone functions

The rest of this lecture is for general education. Absolutely monotone functions have a
counterpart where the derivatives alternate sign.

Definition 19.39 (Complete monotonicity). An infinitely differentiable function f :
(a, b) — R on an open interval of the real line is called completely monotone if its
derivatives alternate sign:

(-1)?fP) >0 forallt € (a,b) and all p € Z,.

Exercise 19.40 (Absolute versus complete). Show that f is completely monotone on (a, b)
if and only if its reversal ¢ — f(—t) is absolutely monotone on (—b, —a).

In many ways, it is more natural to study completely monotone functions, and we
will see that they enjoy a remarkable integral representation.

This result is an easy consequence of
Morera’s theorem.



19.6.1

19.6.2

Lecture 19: Entrywise PSD Preservers 182

Differences and derivatives

Completely monotone functions also can be defined without continuity assumptions by
using right-difference operators. In this case, it is natural to insist that the domain of
the function is the positive (or strictly positive) real line.

Definition 19.41 (Right difference). For h > 0, the right-difference operator of width &
is defined on functions f : Ry — R via the rule

Apf:aw f(a+h)-f(a) foracR,.

Higher-order differences are defined iteratively:

A fram Al(a+h) - AP(a) foraeR,.

Exercise 19.42 (Higher-order differences). Prove that the iterated differences satisfy

M f(a)=)" (-nrt (Z)f(a +kh).

With this concept, we can give another definition of complete monotonicity that
does not rely on differentiability properties.

Definition 19.43 (Completely monotone function Il). A function f : R, — R is
completely monotone if

(-1)PAVf >0 forallh>Oandallp € Z,.

The definition in terms of differences essentially implies the condition on derivatives
in the original definition.

Exercise 19.44 (Differences and derivatives). Assume that f is infinitely differentiable
on R, and completely monotone in the sense of Definition 19.43. Prove that the
derivatives of f alternate sign: (=1)”f(P) > 0 on R, for each p € Z,.

Exercise 19.45 (Completely monotone function: Properties). Suppose that f : R, — R
is completely monotone in the sense of Definition 19.43. Prove that f is positive,
decreasing, and convex. Therefore, f is continuous on R,.

Exercise 19.46 (Completely monotone function: Transforms). Suppose that f : R, — R
is completely monotone in the sense of Definition 19.43. Establish the following
properties.

1. Scaling. For a > 0, the scaling af is completely monotone.

2. Differences. For h > 0, the negative difference —Ay, f is completely monotone.
3. Translation. For ¢ > 0, the shift ¢ — f (¢ + ¢) is completely monotone.

4. Dilation. For a > 0, the dilation ¢ — f(at) is completely monotone.

Exercise 19.47 (Completely monotone functions: Convex cone). Prove that the completely
monotone functions on R, compose a convex cone that is closed under pointwise
limits.

Bernstein’s theorem on completely monotone functions

As we have mentioned, completely monotone functions have a beautiful integral
representation. This result is called the “big” Bernstein theorem. Our proof is drawn
from Lax [Laxo2, Sec. 14.3].
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Theorem 19.48 (Bernstein). A function f : R, — R is completely monotone as in
Definition 19.43 if and only if it is the Laplace transform of a finite, positive measure
¢ on R;. That is, for some ¢ > 0,

f(¥) = cbo(t) +/ e du(x) forallt e R,.
R

+

A remarkable consequence of Theorem 19.48 is that a completely monotone function
is not just continuous on R, but also analytic on R,.. Therefore, Definition 19.39 is
actually equivalent with Definition 19.43 up to the behavior at ¢ = 0.

It is also rather interesting to compare Bernstein’s theorem with Bochner’s theorem.
The former tells us what happens if we take the Laplace transform of a finite, positive
measure, while the latter tells us what happens if we take the Fourier transform.

Proof sketch. The reverse direction simply asks us to verify that the integral represents
a completely monotone function. This is an easy calculation.
Consider the convex set of normalized completely monotone functions:

B :={f:R; — R with f(0) =1 and f completely monotone}.

Since completely monotone functions are positive and decreasing, every function f € B
satisfies 0 < f () < 1 for t € R,. After some argument, it follows that the set B is
compact in the topology of pointwise convergence.

Let e be an extreme point of B. If e(¢) = 1 for some ¢ > 0, then e(¢) = 1 because
e is convex and decreasing. If e(¢) = 0 for all ¢ > 0, then e(t) = Jo(t).

Let us exclude these two cases. Then e must be continuous on R,. Indeed, a
completely monotone function is continuous on R,.. But e cannot have a discontinuity
at zero, or else it is a convex combination of &y and another function in B.

To continue, observe that there is a point ag > 0 where 0 < e(ag) < 1. Since e is
continuous, we have 0 < e(a) < 1 on the interval 0 < a < ag. Fixa point 0 < a < ay,
and define two functions

(t+a)

_ €
falt) = =

Both functions f;, g, € B, and clearly

e(t)—e(t+a)

for t € R;.
1—e(a) of "

and g,(t) =

e(t)=e(a)- fa(t)+ (1 —e(a)) - g,(t) forallt € R,.
Since e is an extreme point, e = f, = g,. From the definition of f,, we see that
e(t+a)=e(t)e(a) forallt € Ry whenO < a < ap.

The only continuous solution to these equations with e(0) = 1 and 0 < e(t) < 1 takes
the form e(t) = e™** for some x > 0.

The integral representation follows from a routine application of the Krein-Milman
theorem. [

Notes

The presentation in this lecture is new. We have used the survey article [Bel+18] as
a guide to the literature, and we have adapted some of the organization from them.
Widder’s book [Wid41] remains an excellent source for material on Laplace transforms,

This expression can be written more

compactly as an integral over R,
with the understanding that
t— e"""'t = 60(t).
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absolutely monotone functions, and completely monotone functions. We have revised
Vasudeva’s proof to make parts of it more transparent. The simple proof of the “big”
Bernstein theorem via Krein—-Milman is adapted from Lax [Laxo2] with some mistakes
corrected.
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\ 1. Multilinear Algebra & Majorization

Date: 4 January 2022

This assignment covers multilinear algebra and majorization. The problems are
optional, but keep in mind that you have to do mathematics to learn mathematics!

1. Kron Job. Let H be an n-dimensional inner-product space over the field F with
orthonormal basis (e, ..., e,). We write the matrix of a linear operator on H
with respect to this distinguished basis. We arrange the family (e; ® e; : 1 <
i,j < n) of elementary tensors in H ® H in lexicographic order. That is, e; ® e;
precedes ey ® ep wheni < k orelsei = k and j < €.

1. Show that (e; ® e; : i, j) is a basis for H ® H. The easiest way to do this
is via the identification of elementary tensors as linear functionals on the
space of bilinear forms. When are two of these linear functionals linearly
independent?

2. Suppose that x, y, z are linearly independent vectors. Show that
X®y+zw
is an elementary tensor if and only if w = a y for some scalar « € .

3. Let A and B be linear operators on H, so A ® B is a linear operator on
H ® H. Show that the matrix representation of this operator with respect to
the ordered basis for H ® H takes the form

LluB v dlnB
MASB)=| : D | et
aanB ... a,;B
The block matrix is called the Kronecker product of A and B. It gives a

concrete representation of the tensor product A ® B. We typically omit the
A in this notation.

2 . .
4. The operator vec : F*" — """ maps a matrix to a vector by concatenating
the columns in order from left to right. Show that

(A®T) -vec(M) =vec(MA") and (I® B)-vec(M) = vec(BM)

Interpret the tensors A ® I and I ® B as right- and left-multiplication
operators. Without making any further calculations, use this interpretation
to explain why A ® I and I ® B must commute.

5. Assume for concreteness that A and B are Hermitian. Describe the eigen-
values and eigenvectors of A® I, of I® B,of A® B,and of AQI+1® B.

6. Assume that A is Hermitian. What are the eigenvalues of the operator
ARI® - - ®@I+---+1®---®I® A acting on ®" H? Each of the k terms
is a tensor product of k — 1 identity operators and one copy of A.
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7.

(*) The Schur product of A and B is the matrix A - B = [a;;b;;]. Relate
the Schur product to the Kronecker product, and use this fact to establish
Schur’s Product Theorem: If A and B are positive semidefinite, then A - B
is positive semidefinite.

2. Wedgeand vee. Let X1,...,Xx € H,and lety,,...,y, € H.

1.

2.

3.

4,

Verify that the antisymmetric tensor product is related to the determinant:

<x1/\"'/\xk, yl/\.-./\yk>:det[<xi, y]>]

(*) Verify that the symmetric tensor product is related to the permanent:

(X1 V- VX, Yy VooV ) = per [(xi, y)l

Show that x; A - - - Axg = 0if and only if the family {x1, ..., Xy} is linearly
dependent.

The span of each elementary antisymmetric tensor is a one-dimensional
subspace of /\k H. Prove that these one-dimensional subspaces of /\k H are
in one-to-one correspondence with the k-dimensional subspaces of H.

3. Majorization mix. We extend a function ¢ : R — R to a function ¢ : R" — R”"
by the definition [¢(x)]; = @(x;) for each index i = 1,..., n. The function
(a); := max{a, 0}.

1.

Xiaogqi’s problem. Is it true that nl1 <x < (1,0,...,0) for every vector
x € R" with trx = 1? Prove it or provide a counterexample.

. DS. Suppose that the matrix A € R™*" is positive, trace-preserving, and

unital. Prove that A is doubly stochastic.

. k-max. Using duality, show that the function x Zle xl.l is convex.

. Submajorization without rearrangement. Show that x <,, y if and only if

tr(x — te); < tr(y —te), forall t € R.

. Majorization without rearrangement. Using the previous part, show thatx < y

ifand only if tr|x — te| < tr |y — te| for all £ € R.

. Majorization and convexity. Using the previous part and results from class,

show that x < y if and only if tr ¢ (x) < tr ¢ (y) for every convex function
o :R—-R.

. Schur “Convexity” theorem. Suppose that @ : R” — R is a differentiable,

permutation invariant function. Consider the property

0P 0P
Xi—Xxj)|=—(x)—=—(x)] >0 foralx € R"andalll <i<j<n.
(=) (50 - S0 j
Prove that @ is isotone if and only if the condition in the display holds.
Hints: Reduce to showing that the map preserves majorization for vectors
that differ in two coordinates only. Use interpolation, as in class, and the
fundamental theorem of calculus.

4. Ky Fan norms. In this problem, we explore an important class of matrix norms
that will arise later.
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1.

Ky Fan maximum principle. Use Schur’s majorization theorem on the diagonal
of an Hermitian matrix to establish the following identity for an Hermitian

matrix A: . .
l _ , .
Zizl AlA) = maxzi:1<ul, Au;)

where the maximum ranges over all sets {u; : i = 1,..., k} of k orthonor-
mal vectors.

. Use the previous part to prove the following identity for Hermitian matrices

A B e C™" wherel <k < n:

Z; A%(A +B) < Zf:l A}(A) + Zf:l A%(B)

. Let C € C™ " be a general matrix, and consider the Hermitian dilation

0 C
#©=|¢ ¢
Let 0y,..., g, be the first r singular values of C, where r = min{m, n}.
Demonstrate that the eigenvalues of 7 (C) are +o71, ..., =0}, along with

an appropriate number of zeros.

. Use the last two parts to prove the following identity for general matrices

C,F € C™" where k < min{m, n}:

PINICEED AR YT

. Conclude that ||C||x) = Z;C:l oil (C) defines a norm, called the Ky Fan

k-norm.

5. *The cone of convexity. It is often the case that an interesting class of functions
forms a convex cone, and we can understand that class well by analyzing the
geometry of the cone. Here is an important classical example of this phenomenon.
Recall that a convex cone is a subset of a (real) linear space that contains all
positive multiples and (finite) sums of its elements. The conic hull of a set S is
given by

1.

cone(S) = {Z:_l a;x; where a; > 0and x; € Sand r € N} .
Let | = [0, 1]. Consider the class
€ :={p : | > R is convex, continuous, and ¢(0) = 0.}

Show that € is a convex cone in C(l), the Banach space of real-valued,
continuous functions on I, equipped with the supremum norm.

2. Hardy, Littlewood, Pélya. Consider the subset S C C(l) consisting of linear

functions and convex angle functions:

S={p:t—t} U{p:t— -t} U{p:t—> (t —a); fora € |}.

Show that cone(S) is dense in the cone € of convex functions.
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3. Karamata. The dual of C(l) is the Banach space of signed (Radon) measures
on |, equipped with the total variation norm. The dual cone €™ of € is
defined as the set of all measures y that satisfy

1
/ @du >0 foral ¢ €6.
0

Prove that €* contains precisely those measures u that satisfy

1 t
/ xdy =0 and / 1([0,x])dx >0 whenever0 <t < 1.
0 0

4. What are the extreme rays of the cone €?



\ 2. Ul Norms & Variational Principles

Date: 27 January 2022

This assignment covers majorization, rearrangements, symmetric gauge functions,
unitarily invariant norms, complex interpolation, variational principles, and spectral
functions.

1. Majorization cone. Consider the convex cone of ordered positive vectors:

K={xeR":xy>xy>->x, >0}

1. Determine the dual cone K*.

2. Express the condition x € K* in terms of a majorization relation.

3. We say that y dominates x with respect to the K* order if and only if
y —x € K*. Show that a function f : K — R is isotone if and only if
f(x) < f(y) whenever y dominates x with respect to the K* order.

2. Rearrangements. Rearrangements of vectors and functions are a classical part of
the theory of majorization, and they also play an important role in real analysis.
We'll establish some of the basic rearrangement inequalities.

1. Let x, y € R". Prove Chebyshev’s rearrangement inequality:

) T nooll
Zi:l XY < Zm XiYi < Z,-zl X Vi

2. (*) Let f : [0,1] — R be absolutely integrable. Define the function
m(y) = p{t € R : f(¢) > y}, where u is the Lebesgue measure. The
decreasing rearrangement of f is the function

fYx) =sup{y : m(y) >x} for0<x<1.

Show that f and f are equimeasurable:

1 1
/ (p(f(x))dx:/ p(fl(x))dx forallg :R — R

0 0

provided that the integrals exist.
3. (*) For absolutely integrable functions f, g : [0,1] — R, prove that

1 1
/ F(x) g(x) dx < / F100 g4 d.
0 0

3. Fan minimum principles. Let @) (x) = Zle |x|§ be the k-max norm on R”,
where 1 < k < n. Define the Ky Fan matrix norm ||-||(x) = ®) o 0.

1. For x € R", show that ®(;)(x) < ®(x) < ®(,(x) for each symmetric
gauge function .
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2. For each vector x € R", prove that
CD(]C) (x) = min{CD(n) (y) +k CD(l) (Z) X=y+ Z}.

3. Determine the dual norm of ®y,.
4. For each matrix X € C"™" prove that

IX Nl (k) = min {[|Y |(n) + kI Z]|(1) : X =Y + Z}.

5. Determine the dual norm of the Ky Fan matrix norm ||-[| ().

4. More variational principles. Variational principles are powerful tools in analysis.
One way they are useful is to linearize complicated functions. This problem
contains a few additional variational principles.

1. Let A, B € C"™", Use the von Neumann trace theorem and the Hermitian
dilation to demonstrate that

n
max{Re tr(U*AVB) : U,V € C"" are unitary} = Zi_l 0;(A) oi(B).
2. For each Hermitian matrix A,

© k) = U*AU
3 ) =g )

k

Teay = oo "

Zi:l A (A) = min tr(UAU)

where U ranges over all n X k matrices with orthonormal columns. What
is the analog of this result for singular values?
3. For each positive-semidefinite matrix A,

k
l g *
nizl A (A) = max det(U*AU)
k
T AN — s .
1_[1':1 A;(4) = min det(U”AU)

where U ranges over all n X k matrices with orthonormal columns. What
is the analog of this result for singular values?
4. (*) For each positive-definite matrix A € H,,,

(det A)Y" = min{n~' tr(AB) : det B = 1, B > 0}.

This result implies Minkowski’s determinant theorem, problem (6)(c) (iv).
How?

5. Interpolation inequalities. In this problem, we will use complex interpolation to
prove some interesting matrix inequalities that are not necessarily easy to obtain
otherwise. You will also need to use duality to represent a matrix norm as the
supremum of a trace.

1. Let A, B be positive semidefinite. Show that
|A°B*|| < ||AB||® for0 <s < 1.

Deduce that ||AB||* < ||A°B¥|| for s > 1. Compare with [Bhagy, Theorem
IX.2.1].
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2. Let A, B be positive semidefinite. Use part (a) to conclude that
IB°A°B*|| < ||(BAB)®|| for0 <s < 1.

A similar result holds for s > 1.

3. (*) Use anti-symmetric tensor products and majorization techniques to
extend (b) to all unitarily invariant norms. The Schatten 1-norm case is
the Araki-Lieb-Thirring inequality.

4. Let A, B be positive semidefinite, and let X be arbitrary. For t € [0, 1],
prove that

lA’XB™"|| < |AX|"IXB||"™".

This bound holds for every unitarily invariant norm. Explain how to extend
your argument to address this case; this is easier than (c). Compare with
[Bhag7, Corollary IX.5.3].

5. (%) Let Ay,..., A, € M, and let B € M, be positive semidefinite. For
each p > 1, prove

mo o [PVP mo PPV )
(tr|Zi:1AiBAi|) s(tr‘zizlAiA,-| ) (cr B) P

Recall that |[M| := (M*M)'/2, and connect it with the Schatten norm.

6. Lewis'’s approach to spectral functions. Let Hj, be the real linear space of Hermitian
matrices of size n, equipped with the trace inner product (¥, X) = tr(Y*X).
Write A(A) for the decreasingly ordered eigenvalues of an Hermitian matrix
A. Let f : R" —» R U {+co} be permutation-invariant. A spectral function on
Hermitian matrices is map of the form

(f o )(A) = f(A1(A), A2(A), ..., An(A))

Let f : R® — R U {+o00}. The Fenchel conjugate of f is the (closed, convex)
function

fH(¥) = supgern [(y, x) = f(x)] fory e R".
If f is closed and convex, then (f*)* = f. Recall Fenchel’s inequality:
y, x) < f(y)+f(x) foralx,yeR"

The subdifferential of f at the point x is the set

of(x) ={y eR": (y, x) = f*(y) + f (%)}

If f is differentiable at x, then 0f(x) = {Vf(x)}. Similarly, for a function
F : H, — R U {+co}, the Fenchel conjugate is

F*(Y) = supxcy, [(¥, X) - F(X)].

The definition of the subdifferential of F is analogous with the vector definition.

1. Let f : R" — R be permutation invariant. Explain why the conjugate
f*:R" - R U {+00} is convex and permutation invariant.

2. Let f : R" — R be permutation invariant. Use the von Neumann trace
theorem to show

(f o )" (¥) = (f" o A)(Y).
Conclude that if f is closed and convex, then f o A also is closed and
convex.
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3. Consider themap g : x — — i, log x; on RY,.
1. Argue that g is closed and convex. What is its conjugate?
2. What is the spectral function g o A? What is its domain? What is its
conjugate? What does Fenchel’s inequality say?
3. Establish the multiplicative form of the Brunn—-Minkowski inequality
for positive semidefinite A, B € H,;:

det(tA+ (1 - 7)B) > (detA)"(det B)'™" for 7 € [0,1].

4. (*) Derive the Minkowski determinant theorem as a consequence of
(iii):
(det(A + B))Y" > (det A)Y" + (det B)Y/".

4. Let f be permutation invariant and convex. Show that ¥ € 0(f o A)(X) if
and only if A(Y) € (8f)(A(X)) and there exists a unitary matrix U with
U*XU = diag(A(X)) and U*YU = diag(A(Y)).

5. Let X be an Hermitian matrix with an eigenvalue decomposition X =
U diag(A(X))U*. Suppose that f is differentiable at A(X), an interior
point of the domain. Show that

V(f o A)(X) = U diag((Vf)(A(X)))U".

6. Compute the derivative of the map %||||12: = % 2 /l? on Hy,.

7. Compute the subdifferential of the maximum eigenvalue map A; on Hj,.

8. Compute the subdifferential of the Schatten 1-norm ||A[|; = X1, [1i(A)|
on H,,.

9. (*) We can use the same method to study smoothness properties of unitarily
invariant norms. Consider the real linear space C™*"" of complex matrices,
equipped with the real inner product (A, B)ge = Retr(A*B). Let o(B)
denote the vector of singular values of B. Let @ be any symmetric gauge
function. Find an expression for the subdifferential of ® o g. If @ is
differentiable at o (B), what is its derivative V(® o @) (B)?



\ 3. Perturbation Theory & Positive Maps

Date: 15 February 2022

This assignment covers principal angles, Sylvester equations, perturbation of eigenspaces,
pinching, positive linear maps, and completely positive maps.

1. Principal angles. Let E and F be subspaces of C”. Let P and Q be orthogonal
projectors on C" with ranges E and F. Prove the following statements.

1. Suppose E and F have the same dimension. The singular values of PQ
are the cosines of the principal angles between E and F. Then the nonzero
singular values of (I — P)Q are the sines of the nonzero principal angles
between E and F.

2. Suppose E and F have the same dimension. Then the nonzero singular
values of P — Q are the nonzero singular values of (I — P)Q, each counted
twice.

3. Show that ||P — Q|| < 1.

4. If ||P — Q]| < 1, then E and F have the same dimension.

2. Davis—Kahan. In this problem, we will develop the proof of the most famous
perturbation theorem for invariant subspaces. Let A € M,, and B € M, be
normal matrices. Assume that |1;(A)| < p and |1;(B)| > p for all i, j. Consider
the Sylvester equation AX — XB =Y.

1. Prove that the Sylvester equation has a unique solution.
2. Argue that the solution admits the representation

_\"" aryp-r-1
X_Z’FOAYB .

Hint: The spectral radius formula states that |1;(A)| = lim,_, ||A? [|1/P.
3. For each unitarily invariant norm |[|-||, deduce that the solution satisfies

1
X1 < SIY-

4. Now, let A, B be normal matrices of the same dimension. Let S4 and Sg be
subsets of the complex plane, separated by an annulus of width §. Consider
the spectral projector P 4 of A onto the subspace spanned by the eigenvalues
listed in Sy, as well as the analog Pp for B. Prove that

1
IPaPs]l < <[lA - BJ|.

5. Specialize the last result to the case where A, B are Hermitian. Consider
Sa = [a,b] and Sg = (—o0,a — 6] U [b + §, +o0). Interpret the left-hand
side as a measure of the size of the sines of the principal angles between
range(P,) and range(Ppg)= . This is called the sine-theta theorem.
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6. What happens when B = A + E for a small perturbation E? Give bounds
on the change to an “isolated” eigenspace of A after perturbation. “Isolated”
means that we consider an interval in the spectrum, and assume that the
rest of the spectrum is some distance away.

3. Pinch me. Noncommutative averaging operations play an important role in matrix
analysis. This problem gives an overview of the basic results in this direction.
Consider (conformally partitioned) 2 X 2 block matrices of order m + n:

I, O A;n A
U= and A= .
[ 0 —In:| lAZI Azz]

Define the simple pinching operation

Y(A) = % (A+U*AU) = [A“ 0 }

0 Ax

1. For each Hermitian A, show that A(W(A)) < A(A). Pinching flattens out
eigenvalues.

2. For each square matrix A, show that (W (A)) <, o(A).

3. Suppose that {P;} is a family of orthogonal projectors with the property
that P;Pj = 6;jP; and }}; Pj = L. Consider the (general) pinching map

Y(A) = Z]_ P;AP;.

Show that ¥ amounts to a block diagonal restriction in an appropriate
basis. Express W as a product of simple pinchings. Prove that ¥ satisfies
the relations in (a) and (b).

4. Derive Schur’s Theorem for Hermitian matrices, diagA < A(A), as a
consequence.

5. For positive definite A, derive Fischer’s inequality det A < det W(A) as a
consequence. Conclude that detA < []; a;;, a result called Hadamard’s
determinant inequality.

4. Positive linear maps. In this problem, we use ideas from class to explore some
more examples and properties of positive maps.

1. Adapt the proof of Kadison’s Theorem to prove Choi’s Theorem. Let
® : M,, — My be a unital, positive linear map. For a normal matrix A,

D(A)*D(A) < D(A*A)
D(A) P(A)* < D(A*A).

2. (*) It is not always the case that ®(A) is normal, even if A is normal. Use
this observation to construct an example where the two inequalities above
in (a) are different.

3. Let B be positive semidefinite. Consider the Schur multiplication operator
®(A) = A - B. Use the Russo-Dye Theorem to compute || ®@||.

4. Let A be a normal matrix whose eigenvalues are in the (strict) right
half-plane. Consider the Lyapunov equation

A"X +XA=B.
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Extend our discussion about Sylvester equations to find an integral expres-
sion for the solution operator L4 : B +— X. Use this expression to prove
that L4 is a positive linear map. (*) Apply the Russo-Dye Theorem to find
an expression for the norm of the operator.

5. (*) Let @ be a strictly positive linear map. Assume that A is positive definite
and H is Hermitian. Use Kadison’s inequality to show that

®(HA'H) > ®(H)®(A) '®(H)
This is a type of Cauchy-Schwarz inequality. Hint: Use ® and A to construct
a unital, positive linear map.
5. Adjoints. The adjoint ®@* of a linear map ® : M,, — My is defined as the unique
linear map ®* : My — M,, for which

(®*(B), A) = (B, ®(A)) forall A € M, and B € M.

. Show that @ is trace-preserving if and only if ®* is unital.

. Compute the adjoint of ®(A) = X*AX.

. Compute the adjoint of the Schur product map ®(A) = A - B.
. Compute the adjoint of the Lyapunov solution operator Lg.

A W N

6. Doubly stochastic maps. A linear map on matrices is called doubly stochastic if it is
positive, unital, and trace-preserving.

1. Let p; be nonnegative numbers that sum to one, and let U; be unitary.
Show that the following map is doubly stochastic:

N
(I)(A) = Zi:1 plUlAU;k

2. Let A and B be Hermitian matrices of the same size, and suppose that
A = ®(B) for a doubly stochastic map ®. Show that

N *
A= Zizl piU;BU’

where p; are nonnegative numbers that sum to one and U; are unitary.
These objects depend on both @ and B. Hints: Use Birkhoff’s Theorem to
prove the result in case A and B are diagonal matrices. Then introduce
eigenvalue decompositions of A and B.

7. *Complete Positivity. Let @ : M,, — My be a linear map. Consider the extension
@, : M,,(M,,) > M,,,(Mg) defined by

Ann ... A ®(A11) ... @(Aim)

A ... Aum D(Ay) ... ©(Apm)

That is, we obtain ®@,, by applying ® to each block of an m X m block matrix
whose blocks have size n X n. Since M, (M,,) is isomorphic to M, we can
think about ®@,,, as a linear map on matrices. We say that ®@ is completely positive
when @, is a positive map for each m = 1, 2, 3,.... This statement is equivalent
to the condition that ® ® I, is a positive linear map for each m =1, 2,3,....
Completely positive maps play an important role in operator theory.
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1.

Show that every positive linear functional ¢ : M, — C takes the form
¢(A) = 3; u;Au; for some vectors u;.

. Show that every positive linear functional is a completely positive map.

3. Show that every linear map ® : M,, — M of the form ®(A) = X*AX is

completely positive.

4. Show that the completely positive maps form a convex cone.

nk

. Show that every completely positive map has the form ®(A) = .} X;AX;.

Hint: The block matrix [A;;] € M, (M),,) with blocks A;; = E;; is positive
semidefinite.

. Consider the conjugate transpose map ®(A) = A* defined on M,,. Is ®

positive? Compute the norm of ®@,,. Hint: Consider the same block matrix
from the last part.

. Let ® be a positive linear map. For matrices A, B € M,,, define the

covariance function Cov(A, B) = ®(A*B) — ®(A)*®(B). Define the
variance Var(A) = Cov(A, A) > 0. If ®@ is completely positive, show that

Var(A) Cov(A, B) > 0
Cov(A,B)* Vvar(B) |~ ™
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\ Projects

Each student will complete a project on foundations or applications of matrix analysis.
This project will result in a writeup of about 8-10 pages, with content equivalent to
a 9o-minute lecture on the material, prepared in the lecture note template. For the
project, you may select a classic or modern topic in matrix analysis and prepare a new
treatment of the material. The list below may help you identify a topic or papers for
this study. Alternatively, you can describe an application of matrix analysis in your
own field of research or in your own research. There will be some milestones during
the term (project selection, initial summary, etc.) to help keep this work on track. It
would be preferable for each student to choose a slightly different topic.

Numerical linear algebra

Schur complements arise from Gaussian elimination, from partial solution of least-
squares problems, and from conditioning jointly Gaussian random variables. They
enjoy a beautiful and detailed theory. To get started, see the book [Zhaos], especially
the chapter by Ando.

The Lanczos iteration is a remarkable algorithm for reducing a positive-definite
matrix to tridiagonal (Jacobi) form. There are deep connections with Gaussian
quadrature, moment matching, and continued fractions. See Golub & Meurant [GM10]
or Liesen & Strako$ [LS13].

The QR iteration computes the eigenvalues of a real symmetric matrix by repeated
QR factorization. This algorithm has a continuous analog, called the Toda flow, which
can be studied using methods for dynamical systems. A first reference is Lax’s algebra
book [Laxo7, Chap. 18].

Generalized eigenvalue problems involve equations of the form Ax = ABx. These
problems lead to the theory of matrix pencils. When the matrices are not normal,
generalized Schur factorizations arise. For generalized eigenvalue problems of positive-
definite type, there is a very satisfying theory that connects with the generalized
singular value decomposition. The generalized SVD provides a mechanism for solving
regularized least-squares problems. A first reference is Golub & Van Loan [GVL13].

Eigenvalues and perturbations
Given a matrix, one may ask whether it is possible to narrow down the possible
locations of its eigenvalues by examining its entries. The most famous result of this
form is the GerSgorin disc theorem, but there are many variants and extensions. See
Bhatia [Bhag7, Chaps. VI-VIII] or Horn & Johnson [HJ13, Chap. 6] to get started.
Relatedly, one may attempt to use the eigenvalues of the matrix to produce
information about the entries of the eigenvectors. The key result in this area may
be called the eigenvector—eigenvalue identity. It has been repeatedly rediscovered in
various fields of mathematics. For theoretical and historical details, see the recent
paper of Denton et al. [Den+22].
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We may also ask how much the eigenvalues or eigenvectors of a matrix change
under perturbations. This course covers some of the most important results, but this is
just the tip of an iceberg. For more information, see Bhatia’s books [Bhag7; Bhaoya] or
Saad’s book [Saai11b]. The classic reference is Kato [Katgs], which is both wide and
deep.

Matrix nearness problems

A recurring theme in matrix analysis is to characterize the “structured” matrix that
is closest to a specified matrix. Higham’s paper [Hig89] offers a primer on these
problems. See also Dhillon & Tropp [DTo7].

Among the classic results, the most famous is the Eckart—-Young-Mirsky theo-
rem [EY39; Mir6o], which states that the truncated singular value decomposition
provides the best low-rank approximation with respect to each unitarily invariant norm.
Gu proposed a reversed form of the Eckart-Young theorem [Guis]; his result can be
generalized to all unitarily invariant norms using majorization.

The problem of finding a matrix X that minimizes the form ||A — BXC||r arises
quite often in linear algebra. It is quite easy to solve this problem using differential
calculus. The associated problem for the spectral norm, however, is much harder. The
basic solution is given by Parrott’s theorem [Pary8]. This result was generalized and
placed in an appropriate context by Davis et al. [DKW82].

Nonnegative and totally nonnegative matrices

Matrices whose entries are nonnegative arise in a huge number of applications, and
they are closely associated with the theory of Markov chains. There are several books
devoted to the topic of nonnegative matrices [BP94; Sen81; Min88; BRg7].

The Perron-Frobenius theory describes the spectral properties of a nonnegative
matrix. There are many sources for this material, including [HJ13, Chap. 8].

Combinatorial graphs provide another rich source of nonnegative matrices. The
subject of spectral graph theory connects the eigenvalues and eigenvectors of the
graph Laplacian with its metric and combinatorial properties. Good references include
Spielman’s notes [Spi18a] and the books [GRo1; Chug7].

A totally positive matrix has the property that every square minor has a positive
determinant. These matrices are deeply connected with moment problems in anal-
ysis, and they have a long history in matrix analysis. For a recent reference, see
Pinkus [Pinio].

Matrix scaling and balancing

A very interesting class of problems arises when we consider scaling of a nonnegative
matrix A by diagonal matrices D1AD; to ensure that the rows and columns have fixed
sums. An iterative algorithm for this problem was invented by Kruithof [Kruz7] and
rediscovered by Sinkhorn [Sin64]. Recently, this method has achieved new prominence
because of a connection with optimal transport problems. For example, see Altschuler
et al. [AWR17].

Matrix balancing is another matrix scaling problem that requires us to minimize the
¢1 norm of rows by symmetric diagonal scaling. The classic algorithm for this problem
is due to Osborne. Schulman & Sinclair [SS17] provided the first proof that Osborne’s
algorithm succeeds, under appropriate assumptions. Altschuler & Parrilo [AP22] have
developed a streamlined and more general approach. Their balancing algorithms can
also be used as an ingredient in solving min-mean-cycle problems [AP20].

Recall that positive linear maps offer a noncommutative analog of nonnegative
matrices. In particular, positive linear maps that are unital and trace-preserving can be
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viewed as generalizations of doubly stochastic matrices. Gurvits [Guro4] has developed
an astonishing generalization of the Sinkhorn algorithm to this noncommutative setting.
See also his joint paper with Garg et al. [Gar+20] for a complete analysis.

Control and dynamical systems
In the study of dynamical systems, we can use matrix theory to characterize when a
discrete or continuous dynamical system is stable. These results are associated with
Lyapunov and Schur. For example, see Horn & Johnson [HJ94, Chap. 2].

Several types of matrix equations (Riccati, Sylvester) also arise naturally from
problems in control theory. For some discussion of these problems, see Horn &
Johnson [HJ94, Chap. 4] or Bhatia [Bhag7, Chap. VII].

Matrix functions

What does it mean to apply a (scalar) function to a matrix? For normal matrices, we
can simply apply the function to the eigenvalues, leaving the eigenvectors alone. For
general matrices, we can invoke the Cauchy integral formula. These two approaches
coincide whenever they are both valid. This type of spectral function has a beautiful
and rich theory. Higham’s book [Higo8] develops the foundations, focusing especially
on the numerical aspects. Bhatia’s book [Bhagy, Chap. X] discusses perturbation of
matrix functions. There is also a nice series of papers by Lewis on spectral functions,
such as [Lewg6], which forms the basis for a homework problem.

Another possible approach is to apply a scalar function to each entry of the matrix.
Although this approach seems naive, it also has a rich theory that dates back to
Schoenberg’s work [Sch38] on Euclidean distance matrices in the 1930s. See Horn
& Johnson [HJo4, Chap. 6] and Bhatia [Bhao7b] for a smattering of results, plus
additional references. The survey of Belton et al. [Bel+18] also covers this topic.

Integral representations

In analysis, it is often the case that an interesting class of functions can be seen as a
convex cone. Within the cone, the extremal functions play a key role because they
frame the boundary of the cone. As a consequence, every function in the cone can
be expressed as an average of the extremal functions. These averages are typically
written as integrals against a probability measure, and they provide a powerful tool
for understanding the behavior of the class of functions. The key results in this area
include the (strong) Krein—-Milman theorem and the Choquet theory.

Examples of this principle include the theorem of Bochner on positive-definite
functions, the theorem of Bernstein on completely monotone functions, and the
theorem of Loewner on matrix monotone functions. See Simon’s book [Simi1] for an
introduction to this geometric perspective.

Integral representation theorems are also connected with ideas from complex
analysis (e.g., the Herglotz theorem), with interpolation (e.g., Nevanlinna—Pick), and
with the theory of moments (e.g., Stieltjes). For an introduction to these connections,
see the survey of Berg [Bero8]. For a more comprehensive classical treatment, see the
book [BCR84]. Simon [Sim19] has also written an entire book on Loewner’s theorem.

A surprising and beautiful application of integral representations arises in the
theory of matrix means. Kubo & Ando [KA79] develop a family of matrix means
that are induced by matrix monotone functions. Hiai & Kosaki [HK9g] develop a
different type of matrix mean that is induced by a positive-definite function. See also
Bhatia [Bhaoyb, Chap. 4].
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Semidefinite programming

Optimization over the cone of positive-semidefinite matrices plays an central role
in various disciplines, including data science, combinatorial optimization, control
theory, and quantum information. For an introduction to this field, see Boyd &
Vandenberghe [VB96]. For a more in-depth treatment, consider the book of Ben Tal &
Nemirovski [BTNo1].

The Hausdorff-Toeplitz theorem asserts that the field of values of a matrix com-
poses a convex set in the complex plane. This is the simplest example of a class
of “hidden convexity” theorems, which describe convexity that appears in surprising
circumstances. Brickman’s theorem is a significant generalization, which states that
pairs of (positive) quadratic forms always induce a convex set of points in the plane.
Barvinok [Baroz, Sec. I1.14] describes this result, along with some generalizations. See
also the paper [BT10] of Beck & Teboulle.

The results in the last paragraph assert that certain quadratic optimization problems
and their Lagrangian dual exhibit strong duality. The S-Lemma is a manifestation
of this same idea in control theory. In linear algebra, this result means that we can
compute the maximum eigenvalue of an Hermitian matrix, even though the problem is
not convex. See [BVo4, App. B] for this perspective.

Semidefinite programming also plays a key role in algorithms for solving combi-
natorial optimization problems by relaxation and rounding. This idea goes back, at
least, to the work of Lovész [Lovy9], and it became widely known after Goemans &
Williamson [GWo5] developed their method for solving the maxcuT problem. For a
survey with applications in signal processing, see [Luo+10]. Related results appear in
the books [Baro2; BTNo1].

In fact, the idea of relaxation and rounding implicitly appears in Grothendieck’s
work on tensor products, which leads to the famous Grothendieck inequality for
matrices. This result was cast in the language of matrices by Lindenstrauss. This is a
major topic in functional analysis, but most of the references are technical. There is
an elementary treatment of Krivine’s proof of Grothendieck’s inequality in Vershynin’s
book [Ver18, Secs. 3.5-3.7]. For some algorithmic work, see [ANo6; Troo9].

There is a “noncommutative” extension of the Grothendieck inequality due to
Pisier and Haagerup. For an algorithmic proof of this result, see the paper of Naor et
al. [NRV14]. Closely related optimization problems arise in the theory of quantum
optimal transport [Col+21].

Geometry of positive-definite matrices

The positive-definite matrices, equipped with a metric induced by the geometric
mean, compose a Riemannian manifold with remarkable geometric properties. Bha-
tia [Bhaoyb, Chap. 6] offers an introduction to this subject. Optimization over this
manifold has become a topic of contemporary interest in machine learning and related
areas. For example, see Sra’s paper [SHis].

Optimal transport distances between Gaussian distributions lead to a different
geometric structure on the class of positive-semidefinite matrices, namely the Bures—
Wasserstein metric. See Bhatia et al. [BJL19] for a study of this metric space. Opti-
mization with respect to this metric plays an important role in applications of optimal
transport; for example, see [Alt+21].

Quantum information theory
In quantum information theory, a positive-semidefinite matrix with trace one is called
a density matrix. It models the state of a (finite-dimensional) quantum system. As
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a consequence, there are rich interactions between matrix analysis and quantum
information. See Watrous’s book for an introduction [Wat18].

Because of this type of connection, mathematical physics has indeed been a
major driver of research on matrix analysis. The joint convexity of quantum relative
entropy was derived as part of an effort to understand subadditivity properties of
quantum entropy under tensorization. There is also a remarkable duality between
subadditivity of entropy and (noncommutative) Brascamp-Lieb inequalities. See
Carlen’s notes [Car10] for a survey of these ideas.

The joint convexity of quantum relative entropy implies (in fact, is equivalent to)
a concavity property of the trace exponential [Tro12]. De Huang developed some
striking generalizations of this result using techniques from majorization and complex
interpolation; see [Hua19] and the works cited. These results play a key role in the
theory of matrix concentration.

Inequalities of Golden-Thompson type compare the matrix exponential of a sum
with the product of matrix exponentials. Some results of this type appear in [Bhag7,
Chap. IX]. For far reaching generalizations with beautiful proofs, see the paper of
Sutter et al. [SBT17]. These results also have been used to study matrix concentration.

Hyperbolic polynomials

A hyperbolic polynomial p : R” — R has the property that its restrictions ¢ +»
p(x —te) to a fixed direction e have only real roots. This turns out to be a fundamental
concept in the geometry of polynomials, which is becoming a topic of increasing interest
in computational mathematics. For a digestible introduction, see the paper [Bau+o1].
For a classic analysis reference, see the book of Hormander [Horg4].

The Newton inequalities are, perhaps, the most elementary result that stems from
the notion of hyperbolicity. They state that the sequence of elementary symmetric
polynomials compose an ultra-log-concave sequence. This result has many striking
generalizations. In matrix analysis, the deepest theorem of this type is Alexandrov’s
inequality for mixed discriminants. See the paper of Shenfeld and Van Handel [SH19]
for an easy proof of the latter result. For some applications of mixed discriminants in
combinatorics, see Barvinok’s book [Bari6].

The geometry of polynomials also stands at the center of some other recent advances
in operator theory, combinatorics, and other areas. Marcus, Spielman, & Srivastava
used these ideas in their construction of bipartite Ramanujan graphs, their sharp
version of the restricted invertibility theorem, and their solution of the Kadison-Singer
problem. See [MSS14] for an introduction to this circle of ideas and references to the
original work. These results all have implications in matrix analysis.

In a related direction, Anari and collaborators have been using log-concave polyno-
mials for remarkable effect in their work on counting bases of matroids and related
problems. This research has implications for Monte Carlo Markov chain methods
for sampling from determinantal point processes. The first paper in the sequence
is [AGV21].
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\ 1. Means for Matrices and Norm Inequalities

Date: 14 March 2022 Author: Edoardo Calvello

In this project we broadly investigate means of positive matrices and norm inequalities
involving them. We begin with the goal of extending the arithmetic—-geometric mean
inequality Vav < 271 (A + v) for positive reals A, v, to the case of positive semidefinite
matrices and unitarily invariant norms. In the search of a proof for the matrix
arithmetic—-geometric mean inequality, we present a simple method introduced by
Bhatia [Bhao7b]. Yet, a more general analysis of means for matrices due to Hiai and
Kosaki [HK99] leads to a unified framework for comparing norms of these matrix means.
This perspective thus leads to an alternative proof of the matrix arithmetic—geometric
mean inequality and a variety of other notable norm inequalities. In this presentation,
primarily based on the material from [Bhao7b, Chap. 5] and [HK99], we outline this
general analysis and the important consequences that arise.

A simple proof for the matrix arithmetic—geometric mean inequality

Let M,,(C) denote the space of all n X n complex matrices and Hj,(C) the space of
n-dimensional positive semidefinite Hermitian matrices over C.
Our investigation begins with the aim of proving the following theorem.

Theorem 1.1 (Matrix arithmetic—geometric mean inequality). For any H, K € H} (C)
and any X € M, (C) it holds that

1
IH2XKY2) < SIHX + XK ()

for any unitarily invariant norm || - [|.

Before we present a unified analysis of means for matrices and derive norm inequalities,
we discuss a simple proof for the matrix arithmetic—-geometric mean inequality (1.1).

We can prove Theorem 1.1 by establishing the inequality in the special case H = K,
a key insight that appears in Bhatia [Bhao7b]. Indeed, it is enough to prove the
apparently weaker inequality

1
ID"2YD'2| < Z|IDY +Y D], (1.2)
for any D € H},(C),Y € M, (C). In fact, by suitably choosing D and Y in inequality
(1.2) as
_|H 0 _10 X
D = [0 K and Y = [0 0],

one can recover the more general inequality (1.1). Before we present a straightforward
proof of Theorem 1.1, we first note an auxiliary lemma.

Agenda:

1. A simple proof for matrix
arithmetic—geometric mean
inequality

2. From scalar means to matrix
means

3. A unified analysis of means for
matrices

4. Norm inequalities
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Lemma 1.2 (Unitarily invariant norm of a Schur product). If A € Hj,(C), for any unitarily
invariant norm || - || on M, (C)

lAo X[l < max a;; - |X||, foranyX € M,(C),
1<i<n

where © is the Schur product.
Proof. A proof for this lemma can be found in [AHJ87, p.363]. |
The following proof of Theorem 1.1 is drawn from [Bhao7b].

Proof of Theorem 1.1. We consider ||DY/?Y D'/?|| and note that since the norm in
question is unitarily invariant, the expression reduces to the case where D is a diagonal

matrix of the form diag(A4,...,Ay). It is easily checked that in this case
DY +YD
DY2yDY2=pA 0 (T) . (1.3)

Foreachi,j=1,...,n, the (i, j)-th entry of A is given by

2y
" /1i+/1j.

The matrix A is congruent to the matrix C with (i, j)th entry ¢;; == (4; + A;)7%.
Indeed note that A = 2 - diag(VAs,..., VA,) - C - diag(VAs, ..., VA,). Since (C);;

can be represented as
[ee)
Cij = / e_uﬁlj)t dt,
0

we can conclude that C is positive semidefinite. Thus, by Sylvester’s inertia theorem A
is also positive semidefinite. Furthermore, all the diagonal entries of A are 1. Hence,
from Lemma 1.2 we can observe that (1.3) implies (1.2), concluding the proof.

|

From scalar means to matrix means

In this section we will first recall our discussion on scalar means. We will then introduce
a notion of matrix mean due to [HKgg] that is more general than the one due to
[KA79], which was the object of Lecture 16.

Scalar means
We first recall the definition of a scalar mean.

Definition 1.3 (Scalar mean). A map M : R, X R, — R, is a scalar mean if for
any A, v > 0 we have the following properties.

Strict postivity. It holds that M (A, v) > 0.

Ordering. The inequality min{A, v} < M (A, v) < max{A, v} holds.
Symmetry. It holds that M (A, v) = M (v, A).

Monotonicity. The functions A — M (A, v) and v +— M (A, v) are increasing.
Homogeneity. For any ¢ > 0, M (cA, cv) = cM (A, v) forall A, v > 0.
Continuity. It holds that (1, v) — M (A, v) is continuous on R2,.

oA WN -

R4y := (0, 00).
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We denote by It the set of all such scalar means.

We now recall two propositions that establish a bijection between the class of scalar
means I and what we define as representing functions.

Proposition 1.4 (Representing functions for scalar means). Let M € IN. Let the function f
be defined as f(¢) := M(t,1) for t > 0. Note that f(0) can be defined by continuity
and hence by taking limits. The function f then satisfies the following properties.

Strict positivity. For any ¢ > 0 it holds that f(¢) > 0.

Normalization. It holds that f(1) = 1.

Symmetry and homogeneity. For any ¢ > O it holds that f () = ¢ - f(1/t).
Monotonicity. The function f is increasing in ¢, while t — f(t)/t is decreasing
int fort > 0.

5. Continuity. The function f is continuous.

A wN =

We call such a function f a representing function.
Proof. The proof follows from the properties of scalar means. [ |

Proposition 1.5 (Scalar means from representing functions). Let f : R, — R be a function
satisfying properties (1) through (5) of Proposition 1.4. Let My be defined by

M¢(A,v) =A-f(A/v) for A,v>D0.
Then My is a scalar mean and we say that scalar mean My has representation f.

Proof. The proof of this proposition follows from direct application of the properties of
the function f. u

Indeed, together Propositions 1.4 and 1.5 establish a bijection between scalar
means and functions with the properties in Proposition 1.4, which we call representing
functions.

A more general notion of means for matrices

We recall that in Lecture 16 we lifted the definition of scalar mean to the case of n-
dimensional positive semidefinite Hermitian matrices over C, H},(C), thus introducing
the definition of matrix mean due to [KA79] . Just as for scalar means, we showed
that there exists a bijection between this class of matrix means and a matrix notion of
representing functions.

In contrast to our previous discussion, we outline a different construction of a more
general notion of matrix mean, due to Hiai and Kosaki [HK99], which will allow us to
perform an analysis useful for establishing a wide range of matrix norm inequalities.

We endow M, (C) with the trace inner product denoted by (-, -). For M € M and
H, K € H}(C), we consider the mean associated to left multiplication by H and right
multiplication by K, which we denote by M (H, K).

Definition 1.6 (Matrix mean; Hiai & Kosaki 1999). Let M € I and H,K € H}(C).
Let H and K have spectral decompositions H = . ; A;P; and K = Z}Ll viQj,
respectively. We define by the operator M (H, K) : M,,(C) — M, (C) by

M(H,K)X = Zij M(Ai, vj))P;XQ;, for X € M, (C).

This definition leads to the following useful result.

Recall that (X,Y) = tr(XY™).
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Proposition 1.7 (Alternative formulation of the matrix mean). Let M € It and H,K €
H (C). Let H = Udiag(A4, ..., A,)U” for unitary U be an eigenvalue decomposition.
Similarly, let K = Vdiag(vy,...,v,)V" for unitary V. Then

M(H,K)X =U([M(A;,vj)] © (U'XV))V*,

for [M (A;, vj)] the matrix defined (i, j) entrywise and where © denotes the usual
Schur product.

Exercise 1.8 (Alternative formulation of the matrix mean). Starting from Definition 1.6,
provide a proof for Proposition 1.7.

A unified analysis of means for matrices

We now present a unified framework for comparing norms of matrix means which is
summarized by the following theorem, the formulation and proof of which are due to
[HK99].

Theorem 1.9 (Comparison of norms of matrix means). For any M, L € I the following
are equivalent.

1. There exists a symmetric probability measure ¢ on R such that
M(H,K)X = / HS(L(H, K)X)K ™ du(s),

for any n X n matrices H, K, X with H, K > 0.
2. For any n X n matrices H, K, X with H, K > 0 it holds that

IM(H, K)X|| < |IL(H, K)X]|,

for any unitarily invariant norm || - ||.
3. For any n X n matrices H, X with H > 0 it holds that

IM(H, H)X|| < ||L(H, H)X]|,

4. The matrix defined entrywise by

[M(/li, lj)]
L(/li”lj) 1<i,j<n
is positive semidefinite for any A4,...,A, > 0, forall n € N.
5. The function 1)
M(e', 1
h(t) = ——2—2
(®) L(ef, 1)

is positive definite on R.

Proof. We prove the equivalence using a step-by-step approach as presented in [HKgo].
(1)=(2) We can observe that if (1) holds, then we have

IM(H, H)X|| < |||L(H,H)X|||/ I - IK S0 dps)

< [IL(H, H)X],
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for any n X n matrices H, K, X with H, K > 0, where the last inequality follows from
1 being a probability measure. To extend to H, K > 0 it suffices to take the limit of
the inequality for H + eI and K + €I for € — 0.

(2)=(3) By taking K = H, we have that (2) clearly implies (3).

(3)=(4) Consider arbitrary A4, ...,A4, > 0 and the matrix A defined entrywise by
aij = M(A;, Aj)/L(A;, Aj) for any 1 < i, j < n. By the symmetry property of matrix
means M and L, the matrix A is Hermitian with all diagonal entries equal to 1. Hence,
it also holds that tr(A) = n.

Letting H = diag(A4,...,A,) and applying (3), given what we know from Proposi-
tion 1.7, we obtain

M (Ai, A)] © X|| < [[[L(Ai, Aj)] © X ||
for each X € M, (C). This implies
Ao X < [IX]],

for each X € M, (C).

Now, considering that (A © X,Y) = (X, A ©Y), it is possible to show that from
the above it holds that ||A ® X||; < ||X]||1. Since this holds for any X € M, (C), if we
take X to be the matrix with all entries 1, we obtain the inequality ||A||; < .

If a1,...,a, are the real eigenvalues of A, to prove (4) it suffices to show that
ai, ..., a, are all positive. We observe

n
Dy il = lAlh < n,

but n = tr(A) = 1.1 ; a;. Hence X1, |a;| < X1, a; which proves positivity of the
eigenvalues of A and thus (4).
(4)=(5) Forany t;,1; € R, 1 <i,j <n,

M(e%,1)\  (M(e",el)
L(et%,1) |~ \ L(eti,el) |’

h(t; - tj) = (

which by (4) defines a positive semidefinite matrix on R, hence by definition k(¢) is a
positive definite function.

(5)=(1) Since the function h(t) := M (e’,1)/L(e’, 1) is positive definite on R, by
Bochner’s theorem we have that there exists a probability measure p on R such that
h(t) = f_ o; el du(s) for any € R (see Lecture 18). Since by the properties of scalar
means h(t) = h(-t), we have that y is a symmetric measure. Now for any H, K > 0

we compute M (H, K)X. Indeed, using Definition 1.6, we obtain

M(H,K)X = )" M(A,v)PiXQ,
= M (el"g(‘k/m, 1) PLXQ,

- Zk,l viL (elog(lk/m’ 1) (/ (A /vi)* dH(S)) PrXQ,

[ ) D 1, A/ V) LAk, )P X Q dpa(s)

/OOH“(L(H, K)X)K™S du(s),

(o]

where the second equality follows from the properties of scalar means, the third equality
from using the definition of h and the fourth equality again from the properties of
scalar means. [ |

We recall that ||-||; denotes the trace
norm so ||A|; = tr(A*A)Y/2.
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As pointed out in [HK99], Theorem 1.9 suggests that to obtain norm inequalities
between matrix means it is important to establish positive definiteness of the related
function on R. To this end we note the following proposition before we continue our
discussion.

Proposition 1.10 (Some positive definite functions). The functions of ¢,

sinh at cosh at
and ———
sinh bt cosh bt

are positive definite whenever 0 < a < b. The function of ¢,
t
sinh /2
is also positive definite.

Proof. We refer to [Kosg8] and [HK99] for a proof of these facts and in particular to
[Kos98] for a more comprehensive analysis of useful positive definite functions. m

Norm inequalities

In this section we show how we can apply Theorem 1.9 to obtain various norm
inequalities involving means for matrices, and how these lead, for example, to an
alternative proof for the matrix arithmetic—geometric mean inequality in Theorem 1.1.

Definition 1.11 (a-scalar mean). For a € R and A, v > 0 we define My (A, v) by

a-1 AT —y®

a-l _A%v®  pq ,
Ma(/l, V) = {Aa 20-1_,a-1 orA £ v

forA =v.

Exercise 1.12 (a-scalar mean is a scalar mean.). Using Definition 1.3, check that the a-scalar
mean as defined in Definition 1.11 is indeed a scalar mean.

In particular we have the following means.

Example 1.13 (Some a-scalar means). The following are examples of a-scalar means.

1. Arithmetic mean For a = 2, it holds that

My(A,v) = /1-;—1/ for any A, v > 0.
2. Geometric mean For @ = 1/2, it holds that

M) (A, v) = VAv for any 1, v > 0.
3. Harmonic mean For a = —1, it holds that

2
e

T for any A, v > 0.

4. Logarithmic mean Taking the limit as ¢ — 1, it holds that

1
M (A, v) = _ v . forany A,v >0
logA —logv
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5. Zero-scalar mean Taking the limit as @ — 0, it holds that

logA —logv

MO(A» V) = V_l — /«1_1

forany A, v > 0.

Exercise 1.14 (Infinity-scalar mean). Characterize the a-scalar mean as defined in Definition
1.11 when @ — +o00.

The next theorem due to Hiai and Kosaki [HK99] establishes an attractive norm
inequality between matrix means.
Theorem 1.15 (@-matrix mean norm inequality). If —co < a < 8 < oo, then
IMo(H, K)X|| < [IMg(H, K)X]|,
for any unitarily invariant norm || - [|.

Proof. For 1/2 < a < B < oo, by using Definition 1.11 can write

My(e®,1) _(a-1)f (e —1)(*F D —1)
Mp(e,1) ~ a(f=1) (2@ —1)(e2 - 1)
~ (a _ 1),3 (eat _ e—at)(e(ﬁ—l)t _ e—(ﬂ—l)t)
- a(B-1) ) (e(a—l)t _ e—(a—l)t)(eﬁt _ e—ﬁt)
(e —1)p sinh(at)sinh((B - 1)1)
~a(B—1) sinh((a - 1)f)sinh(Br)’

where we set

-1 1 inh - 1)t
,a—z—at(x=1, and m=tatﬁ=1.
sinh((a — 1)t) ¢ B-1

Now, if 1/2 < @ < f < 1, then

Mg(e*,1) (a—1)p sinh(ar) sinh((1-p)r)
Mg(e2,1) ~ a(f-1) sinh(Bt) sinh((1 - a)r)

is positive definite as it is a product of positive definite functions, by Proposition 1.10.
Therefore, by Theorem 1.9, the claim of this theorem holds when 1/2 < @ < § < 1.

We now consider the case 1 < @ < f§ < co. Through some tedious computations,
we observe that

sinh(at) sinh((B — 1)t)
sinh((a — 1)¢) sinh(Bt) B
_ sinh((a — 1)t + £) sinh((B — 1)¢) B sinh((a — 1)¢) sinh((B8 — 1)t +¢)

1

sinh((a — 1)¢) sinh(ft) sinh((a — 1)¢) sinh(ft)
_ sinht cosh((a — 1)¢) sinh((B —1)t) sinh((a — 1)t) cosh((B — 1)t)
~ sinh(Bt) ' sinh((a — 1)1) - sinh((a — 1)f)

_sinhtz  sinh((B — a)r)
" sinh(Bt) sinh((a — 1)1)

fl<a<f<2a-1landso0 < f—a < a-1, then the above computations
show that by Proposition 1.10, My (e*, 1) /Mg(e?, 1) is positive definite. Therefore by

It is interesting to note that the
zero-scalar mean is the reciprocal of
the logarithmic mean of the
reciprocals.
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Theorem 1.9, the claim of this theorem holds. In the general case of 1 < a < f§ < o0,
it is possible to choose a = ap < a1 < -+ < a;, = B that satisfies ax < 2a,-1 — 1
for 1 < k < m, which leads to the conclusion. The special cases 1 = @ < f§ < o0
and 1 < @ < f = oo can be obtained by taking the limitas ¢ — 1 and f — oo
respectively. We refer to [HKg9] for the details on why the inequalities are preserved
under taking limits. Furthermore the results can be extended straightforwardly to
the case —o0 < @ < f < 1/2, an argument for which for conciseness we refer to

[HKo9]. u

Theorem 1.15 allows us to directly obtain a proof for the matrix arithmetic—geometric
mean inequality from Theorem 1.1.

Proof of Theorem 1.1. For any H, K € H} (C) and any X € M, (C), we have
1
Mijo(H,K)X = H/2XK'? and M,(H,K)X = 5 (HX + XK). (1.4)

Therefore by directly applying Theorem 1.15 we obtain that for any H, K € H}(C)
and any X € M, (C),

1
IH X K2 < CIHX + XK,

for any unitarily invariant norm || - ||. [

Exercise 1.16 (Proof of equalities in (1.4)). By using Proposition 1.7 show that the equalities
in (1.4) indeed hold.

Together Theorems 1.9 and 1.15 are very powerful and a plethora of important results
follow from these. We refer the reader to [HK99] for a more in depth investigation of
these topics and derivations of further norm inequalities. We also refer the reader to
[ABY20] for an example of an interesting application of these results.

Conclusions

In this investigation we began with the objective of proving a matrix arithmetic—
geometric mean inequality. This aim led us to systematically constructing a notion
of matrix mean that led to the fundamental Theorem 1.9. This allowed a more
general analysis that makes it possible to derive inequalities between norms of means
for matrices and thus many different norm inequalities. These insights and the
corresponding analysis is due to Hiai and Kosaki [HK99], where the interested reader
can find a further exploration of these topics.
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\ 2. The Eigenvector—Eigenvalue Identity

Date: 7 April 2022 Author: Ruizhi Cao

Eigenvectors and eigenvalues are widely used in simplifying equations, data science,
and are powerful analysis tools. For a n X n Hermitian matrix A € H,(C), one of its
eigenpairs (A,v) is the solution for

Agenda:

1. Cauchy interlacing theorem
2. First order perturbation
theorem

Av = \v. 3. Eigenvector—eigenvalue
identity
Here, A is an eigenvalue of A, and v is an eigenvector associated with A. Moreover, 4. Proof of the identity
the eigenvalues of a Hermitian matrix are real, and its unit-norm eigenvectors form 5. Application

an orthonormal basis for C”. One might ask if there is an intrinsic connection for the
eigenvalues and eigenvectors. And over the past few decades, an identity between
components of eigenvectors for a Hermitian matrix and its eigenvalues is repeatedly
rediscovered in different contexts over many different fields [Den+22]. Although it
is a simple yet extremely important result, it begins to attract boarder interest with
the publication of Wolchover’s article [Wol1g]. In this section, we will establish an
identity between eigenvectors and eigenvalues of a Hermitian matrix. We will write the
eigenvalues in the weak increasing order throughout the following sections: A; = )LI.

Cauchy interlacing theorem

Before we establish the eigenvector-eigenvalue identity for a Hermitian matrix A € H,,,
we will need a theorem on the eigenvalues of a submatrix of A. We will first give
the definition of a principal submatrix of a matrix A. We will then present the
Cauchy interlacing theorem, which tells one the order of the eigenvalues of A and the
eigenvalues of one of its principal submatrices.

Definition 2.1 (Principal submatrix). For a n X n matrix A € C™", let
L={j1Jj2 - Ji}
be a collection of k distinct indices such that
1<ji1<je<...<jr<n

A principal submatrix of A is a submatrix which is obtained by keeping the entry on
the ith row and the i’th column for all i, i’ € L and deleting all other entries.

We know that, based on the conjugation rule on matrix, a principal submatrix of a
positive-semidefinite (psd) matrix is also psd. In other words, the eigenvalues of A and  Recall the conjugation rule tells us
the eigenvalues of a submatrix of A are “correlated”. Here, we will present a stronger  that if A € My, is psd and X € C"™*k,
relation on their eigenvalues. then X*AX is also psd.
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Theorem 2.2 (Cauchy interlacing theorem). Suppose A € H), is a Hermitian matrix. Let
B be a principal m X m submatrix of A. Suppose A has eigenvalues 1; < ... < A,
and B has eigenvalues 1 < ... < B, then

Ak < Bk € Agsn-m for k=1,...,m.

If m = n -1, then

MSPSA<Br<.. <P <Ay

Proof. We can use the Courant-Fischer-Weyl minimax principle to prove the theorem
[Bhag7]. Without loss, assume

B C
rfe 2

where Z € H,,_;;, C € C*™M_ Tetx; € C" (1 < i < n) be the unit-norm
eigenvector of A associated with the ordered eigenvalue A;,andy; € C" (1 < j < m)
be the unit-norm eigenvector of B associated with the ordered eigenvalue f;. Let’s
define the following vector spaces for some k € Nand 1 < k < m:

W = span(y,,...,y) € C",

M:{(Lg) eC”,weW} c Cc".

Fix w € W, we can find an associated vector w € M via

=) em

Thus, we have
w'Aw =w*Bw and w'w =w'w.

Using the Courant-Fischer-Weyl minimax principle, the following inequality holds

w*Bw w'Aw _ w'Aw
B = max = max —— > min max —— = Ag.

wew wrw weM wWw ~ McChdimM=k weM W W

This gives one side of the inequalities in the theorem.
For the other side, we can use the similar technique and apply the minimax principle
to —A and —B. Define the following vector spaces

W’ = span(yy,...,¥,,) € C",

N:{(‘:’)) eC",w’eW’} ccn

We have _
dimN =dimW =m -k + 1.

Then, for each w’ € W’, we can find w’ € N by choosing

’
LTJ':(LS)EN.

Note that B is also a Hermitian
matrix, that is B € Hy,,.
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Same as above, we have
w) (-Aw’ = (w')* (-B)w’ and (w')'w’ = (w')w’.
Note that we have

(~A) = ~Akn-m and Al (-B) = —fy.

m—k+1

AT

m—k+1

Then, apply the minimax principle to —A and —B, we have

(w’)*(-B)w’
—fr = max —————
wew  (w')*w
W) (-Aw’
X —————
weN (w')*w
, (W) (-A)w’
> min — =
N cCrdimN'=m-k+1w'eN (W' )*w

= —Ak+n-m-

That is
/1k+n—m = ,Bky

which gives the desired inequality. [ |

The Cauchy interlacing theorem allows us to bound the eigenvalues of a principal
submatrix of A by the eigenvalues of the original matrix. Here, we derived the Cauchy
interlacing theorem from the Courant-Fischer-Weyl minimax principle. It is also
worthwhile to note that the Cauchy interlacing theorem, the Poincaré inequality and
the Courant-Fischer-Weyl minimax principle have independent proofs and they can
be derived from each other [Bhag7].

First-order perturbation theorem

In this section, we will derive the first-order perturbation theory for a simple eigenvalue
of the Hermitian matrix A € H,(C). For a simple eigenpair (A, v) of A, both the
eigenvalue A and the unit-norm eigenvector v are continuous with respect to entries
of A. Thus, we might expect that the perturbed eigenpair should be “close” to the
original one. In this section, we will develop a rigorous proof [Saaiia; GLO20; Katgs]
for such intuition. The result will also be used to prove the eigenvector—eigenvalue
identity later.

Theorem 2.3 (First-order perturbation theorem). Assume A is Hermitian, and (A, v)
is a simple eigenpair of A, where v is a unit-norm eigenvector. Let E € H,, be a
small perturbation and

A(t) = A+tE

be a family of perturbed matrices. If we write A(f) the eigenvalue of A(t)
associated with v(t), where A(0) = A, and v(0) = v. Then, for small ¢, the
perturbed eigenvalue is given by

A1) = A+ (v, Ev)t +0(t?),

where (-, -) is the conventional Euclidean inner product.

Recall that A; (A) is a simple
eigenvalue of A if the multiplicity of
A; (A) is one.
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Proof. For a Hermitian matrix A € H,,(C), the left and right eigenvectors associated
with the (real) eigenvalue A coincide. That is

A'v =Av = \v.

When t is small, the eigenvalue A(t) is analytic with respect to t. As A(t) is the
eigenvalue of A(t), by definition we have

A(t)v(t) = AMt)v(t).
Let’s calculate the Euclidean inner product of both sides with respect to v, then

(v, A(t)v (1)) = (v, A(1)v(1)).
Write it out more explicitly, we get
(v, (A+1E)v(t)) = Mt){v, v(t)).
We calculate the left-hand side (LHS) of the above equation
(v, (A+tE)v(t)) = (v, Av(2)) + (v, tEV(t))
= (A%v, v(1)) + t{v, Ev(1))
= Muv, v(t)) +t{v, Ev(t)).
So, we have
(A(r) = A)(w, v(t)) = t{(v, Ev(t)).

This is equivalent to
At) - M0) _ (v, Ev(1))
tr-0 (v, v(b))
for a non-zero t. Because (A, v) is a simple eigenpair of A, the eigenvector v and the

eigenvalue A are both continuous with respect to A. Thus, v(t) is continuous with
respect to t. Then, we have

A@) -A0) .. (v, Ev(t)) (v, Ev)
————~ =lim = =
t-0 t—0 (v, v(r)) (v, v)

Thus, the Taylor expansion of A(¢) about O is

A(t) = A(0) + A(0) (¢ — 0) + O(t?) = A+ (v, Ev)t +O(t?),

A(0) = tlg% (v, Ev).

which gives the first-order perturbation theorem. |

Eigenvector—eigenvalue identity

The Cauchy interlacing theorem establishes inequalities for eigenvalues of a Hermitian
matrix A and the eigenvalues of any principal submatrix of A. In this section, we will
establish a theorem that enables us to “find” the component of any eigenvector of A
using the eigenvalues of A and eigenvalues of one principle minor of A [Den+22].

Theorem 2.4 (Eigenvector—eigenvalue identity). Let A € H,, be a n X n Hermitian
matrix and choose j such that 1 < j < n. Let M be the n — 1 X n — 1 principal
submatrix of A formed by deleting the jth row and column of A. We arrange the
eigenvalues of A and M in the weak increasing order, that is

2i(A)=AlA) for 1<i<n,

Recall that v is a right eigenvector of
A associated with A if Av = Av.
Similarily, w is a left eigenvector
associated with A if w*A = Aw™.
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and

Ai(Mj)=Al(Mj) for 1<i<n-1.
Let vq,...,v; be the unit-norm eigenvectors of A associated with the ordered
eigenvalues 11(A), ..., A, (A), respectively. The eigenvector-eigenvalue identity
for A is

Jvij |* nzzl,kii (Ai(4) = A (4)) = HZ: (Ai(4) = 2e(M ),

where v;; is the ith component of v;.

We can also rewrite this identity using characteristic polynomial, as suggested in
[Den+22]. Later, we will provide a proposition which generalizes the identity based
on the same paper.

Definition 2.5 (Characteristic polynomial). The characteristic polynomial of a square
matrix B € C"" is a function py : C — C defined by

A — Ak (B)).

pp(A) = det(Al, — B) = ﬂ:zl (

Let pa : C — C be the characteristic polynomial of A defined in the above theorem.
By definition, we have

pa(d) = det(AL, - 4) = [ [ (A- A(4)).

Similarly, the characteristic polynomial py; : C — C of M is

pat, (1) = ety — M) = [ |1 (A~ A(M)).

Using the chain rule, the derivative of p4(A) is

pA(?L) - 27:1 nzzl,k;&l (/1 B Ak(A))'

When we evaluate this derivative at A = 1;(A), we get

PA(/I,'(A)) = Zln:l HZ:l,k;&l (Ai(A) _ Ak(A))
- l—lzzl,k# (i (A) = 1k (A4)).

Then, the identity (2.4) is equivalent to
vijI*p4 (Ai (A)) = pu;, (A:(A)).

There is an off-diagonal variant of the eigenvector-eigenvalue identity [Den+22].
Apart from the off-diagonal variant, the eigenvector-eigenvalue identity can be further
generalized to obtain relationship between various minors of A and the unitary matrix
Q which diagonalizes A (that is A = QAQ™). These results can also be found in
[Den+22]. It is also possible to extend this identity to normal matrices and even
diagonalizable matrices.

Proposition 2.6 (Off-diagonal characterization of the eigenvetor—eigenvalue identity). Using
the above notation, and let (I,);s; and M j; be the (n — 1) X (n — 1) minors formed by
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deleting the j’th row and jth column of the identity matrix and matrix A, respectively.
Then, we have the following identity

(—1)/*" det (A (A) (1)) — Myrj) = (ﬂn

bt e M (A) = A (A))vijv;

for1<j,j’ <n.

Proof of the identity

The logic of this proof follows from [Den+22] while this is a more elaborate and
self-contained version. As the eigenvectors of A are generally not continuous with
respect to the entries of the matrix A, one needs to be careful when applying the
limiting argument. In the following proof, we are going to establish the identity by
proving it in two cases. In the first part, the case for which A; is a repeated eigenvalue
of A, we will see it is easy to verify the identity, as both sides become zero. In the
second part, we will focus on the case when A; is a simple eigenvalue of A.

Let us first consider the case when A;(A) is a repeated eigenvalue for some i with
1 < i < n. If the eigenvalue 1;(A) of A occurs with multiplicity greater than one,

without loss, we can then assume that
Ais1(A) = Ai(A).
By the Cauchy interlacing theorem, the inequality
Ai(A) £ 4i(M) < Ai41(A)

holds as M j € H1 is a principal minor of A € H,,. Thus, for any j, the ith smallest
eigenvalue of M ; equals 1;(A):

Ai(A) = 1;(M;) = 0.
In this case, the identity is trivial as the left-hand side of the identity (2.4) is
n
LHS = |y | ], .., (i(A) - Ax(4)

= 1 P(As(4) = A () | [

k=1,k#i,i+1 (Ai(A) - Ak (A)) =0,

and the right-hand side (RHS) of the identity (2.4) is
n-1
RHS = | [, (A:(4) - (M)
n-1
= (L) - 1M [ ]

s |
k=1,k+i
Thus the identity holds for i with multiplicity of 1;(A) greater than one.

In the second half of the proof, we will consider the case when A;(A) is a simple
eigenvalue of A. As the eigenvalues are continuous with respect to A, the eigenvalues
of a principal minor of A should also be continuous with respect to A. That is, 1;(A)
and A;(M ) are continuous with respect to A. Because A;(A) is a simple eigenvalue
of A, the eigenprojector P, 4) associated with A;(A) is given by

Ai(A) = Ap(M;)) = 0.

Pj,a) = viv;.

Thus, the eigenvector v; associated with a simple eigenvalue A;(A) is continuous with
respect to A. As the left-hand side and the right-hand side consist of products of the
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eigenvalues and v;j, they are both continuous with respect to A. Then, it suffices
to show that the identity holds for A with simple eigenvalue 1;. Let € be a small
parameter, and consider the rank one perturbation A + £8; 6;, where 81,...,0, is
the standard basis. The characteristic polynomial of A + £8 6; is given by

Pasess;(A) = det (un —(A+eb; 5;)).
For the sake of simplicity, we abbreviate the matrices as
A =11, (A+£8;6]) and A=AL, - A

Furthermore, we write Mf « and Ml-, ¢ the submatrix of A” and A obtained by deleting

the ith row and kth column of A° and A, respectively. Note that §; 6; is a matrix with
only the jth row and jth column is non-zero, so we have

—_  — )
M;;=M;; forany 1<i<n.
Furthermore, the submatrix M jj can be expressed explicitly using M ;. That is,
ij =A,_1 — Mj.
Use cofactor expansion on the jth column, we obtain that

Pases;5;(1) = pa(d) = det(A") — det(A)

n . —_ n . —_
= Zk_l(_l)k+J det(MZj)d]ij - Zk_l(—l)kﬂ det(Mkj)flkj a3, and d; i are entries in the ith
_ j+j —E | ¢ j+j — . row and kth column of A° and 71,
= (-1 det(ij)ajj -(=1) det(Mjf)afj respectively.

= (-1) det(M;)a;; — (-1)7*/ det(M ;) dy;
= det(Al,,—1 — Mj)(d;j - djj)
= det(Al,-1 — M;)(~¢)
= —epm;(A).
In the third line of the above calculation, we use (2.4) and the fact that

d;;=dj; forall i#].

Thus, we have
Pases;o;(A) = pa(A) — epm; ().
On the other hand, based on the first order perturbation theory, the eigenvalue
Ai(A+ed; 6;) can be also expanded as
ﬂi(A + 86]'6;) = /11'(A) + 8(1)5, 61'6;71)5) + 0(82)
= 1i(A) + e|v;j|* + O(&?),

where v;; is the jth component of the ith unit eigenvector v; of A. If we evaluate the
charateristic function of A + €4 6;- at its eigenvalue, we have the following identity

Pases;s; (Ai(A+£8;87)) =0.
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We expand Pases; 5 (1) in a Taylor series about A;(A), which gives

Paves;s:(A) = Paces; s (Ai(A)) + p;1+55].5}f (2:(A4))AL+0((A1)?),
where AL := 1 — 1;(A). As we established (2.4), we have the first order approximation

Pares;5;(A) ® Pares;s;(Ai(A)) + P,;m;j,g; (A:(4)) - AL
= pa(Ai(A)) — epm; (Ai(A)) + p;1+56j5; (Ai(A)) - AL
= —epm; (Li(A)) + P,;J,g,;j(g; (Ai(A)) - AL
= —epm; (Li(4)) + P4 (Li(4)) - AL =~ epyy (A:(A)) - AL

Note that we use (2.4) again in the last step of the above calculation. Based on (2.4),
the quantity pases; 8 (A) is zero when evaluated at A = 1;(A + €6; 6;). Using the

expansion (2.4), we get AL = £|v;;|* + O(&?). Thus, the term £pl’wj (Ai(A)) - ALisa
second order term with respect to €. By matching the linear term in &, we get

0=—¢pm; (YL,'(A)) + £|v,~j|2p;l(/1l.(A))
holds for any sufficiently small e. That is,
|v3j1°P4(A:(A)) = pu; (A:(A)),

which gives the desired result.
Thus, we can conclude that identity holds for every eigenvalue 1; of A. =

It is interesting that both sides of the identity (2.4) equal zero when A;(A) is
a repeated eigenvalue of A. This also matches our intuition that if the eigenspace
associated with A has a dimension that is greater than one, there are infinite number of
orthogonal bases for this eigenspace. Thus, it is impossible to pinpoint each component
of the eigenvector.

Application

The eigenvector-eigenvalue identity allows one to reconstruct the magnitude of each
component of eigenvectors of A € H,, from eigenvalues of A and its principal minor
M (for some j € N, 1 < j < n). However, the phase information of each component
is not given in the identity. Nonetheless, proposition 2.6 shows that the relative phase
Vij U;‘j, can be determined.

As discussed in [Den+22], for a symmetric real matrix, the only ambiguity is the
sign of each component, which may be recovered by direct inspection of the eigenvector
equation Av; = 1;(A)v;. Given the eigenvalues and eigenvectors associated with A,
one can obtain the original matrix A via the spectral decomposition.

Here, we are going to briefly show the application of the eigenvector-eigenvalue
identity in neutrino oscillation [DPZ20]. Here, we will drop a lot of physical background
knowledge needed to understand the physics of neutrino, and simply focus on the
mathematical expression that models the transition among different types of neutrinos.
In neutrino oscillation, the Pontecorvo—-Maki-Nakagawa-Sakata matrix (PMNS matrix)
describes the “probability” of transformation between mass eigenstates (denoted by
1, 2, 3, which tells the mass of the neutrino, and is the basis for neutrinos propagate
in vacuum) and flavor eigenstates (denoted by e, u, T, which tells the species of the
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neutrino, and is basis for neutrinos propagate in matter). Although it is not clear
whether or not the three-neutrino model is correct, we proceed by assuming the PMNS
matrix Upys is a 3 X 3 unitary matrix. In this case, the PMNS matrix has the following
decomposition

Uel Uez Ue3
Upvns = (Ut Uz Ups
Url Urz Ur3
1 ) €13 S13| | C12 S12
= C23 s23el® 1 =812 C12 )
—sp3e70 cpp | [—S13 C13 1

where s;; = sin 0;}, ¢;j = cos 0;;, and Uy; is the probability of i becoming a for
a €{e,u,7}tandi € {1,2,3}. The full solution for entries of the PMNS matrix can be
obtained by solving a hard cubic equation. However, it is possible to obtain the entries
via Uai, for a € {e, u, 7} and i € {1, 2, 3}, which is component of eigenvectors of the
Hamiltonian in flavor basis.

In matter, the oscillation among these three flavors of neutrino is given by the
following matrix H (the Hamiltonian in flavor basis):

Hee Hye Hze
H=|H, Hy Hy
Heq H;n Hy;

1 0

" 2E

2
= Upnns Ams3,

a
U;MNS+( 0 ﬂ’
0

where E, Amy1, Ams;, and a are constant, Hp, denotes the probability of @ becoming
B for a, B € {e, , t}. It is known that U, (@ € {e, y, }) is the eigenvector of H. So,
if the eigenvalues of H and its pricipal minors are given, then entries of Upyns can be
calculated via eigenvector-eigenvalue identity. Let the eigenvalues for H be

A

L for j=1,2,3.
2E

Amg,

For each principal minor of H, let the eigenvalues for the minor obtained by deleting
all columns and rows contain subscript a for a € {e, u, 7} be

a
é—k for k=1,2.

Then, the eigenvector-eigenvalue identity tells us that the square of Uq j is given by

i:l(/lj B 51?)
[Tizj (A = A4)

for @ € {e,u, 7}, and j € {1,2,3}. As one can find the entries of the PMNS matrix
via U, i, the PMNS matrix can be obtained by measuring the eigenvalues of H and its
principal minors. This is often easier than measuring each entries of the PMNS matrix
itself. Furthermore, if experiments show that the three-neutrino theory is incorrect,
the above formula is ready to be applied for Upyns € Hy with trivial modifications.

|chj|2 =
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\ 3. Bipartite Ramanujan Graphs of Any Degree

Date: 14 March 2022 Author: Nico Christianson

We review the work of Marcus, Spielman, and Srivastava on the existence of infinite
families of bipartite Ramanujan graphs of any degree, closely following the arguments
laid forth in the series of works [MSS14; MSSi5a; MSSisb]. In particular, we
present a general perspective that relies on the notion of real stability of multivariate

polynomials and the resulting implications on interlacing of univariate polynomials.

These techniques were successfully applied by the authors of the aforementioned works
to several other problems, including the Kadison-Singer problem. The results highlight
the power of approaching problems in matrix theory via direct consideration of the
characteristic polynomial.

Bipartite Ramanujan graphs

In this section, we provide a very brief overview of the graph-theoretic notions that
are needed to define Ramanujan graphs and to motivate the problem of constructing
them. A reader unfamiliar with graph theory would be well-served by reading a more
thorough introduction to basic graph theory, e.g., the first few chapters of Spielman’s
book [Spi19].

Graph-theoretic preliminaries

We first recall some basic definitions from graph theory. A graph G = (V,E) is a set
of vertices V along with a collection of edges E C V X V /~ between vertices, where
~ is the equivalence relation of symmetry. That is, for vertices u, v € V, the ordered
pairs (u, v) and (v, u) denote the same undirected edge. We will assume that graphs
contain no self-edges, so that (v, v) ¢ E for any vertex v € V. Throughout, we refer
to the cardinality of the vertex set as n := |V| and the cardinality of the edge set as
m = |E|. As the vertex naming is not important, we will simply consider the vertex
setas V ={1,..., n}. We will only consider connected graphs, wherein each vertex is
connected to every other vertex via some sequence of edges.

Given a graph G, its associated adjacency matrix A € M,, is the matrix whose
entries indicate the connection of two vertices via an edge. That is, A has entries

)1 if (i, )) €E
i = 0 otherwise.
Since edges are undirected, the adjacency matrix A is symmetric: if (i, j) € E, then
a;j = aj; = 1. By the spectral theorem, A has n real eigenvalues. For simplicity, we
will also call these the eigenvalues of the graph G.

In this lecture, we pay particularly close attention to the set of d-regular bipartite
graphs. A d-regular graph is one whose adjacency matrix A has the all-ones vector 1 as
an eigenvector, with associated eigenvalue d. More tangibly, each vertex in a d-regular
graph participates in exactly d edges. We call d the trivial eigenvalue of a d-regular
graph, since any graph in this class has d as an eigenvalue.

Agenda:
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A bipartite graph is one whose vertices V can be partitioned into disjoint subsets
S, T C V so that any edge bridges S and T. That is, for any edge (u,v) € E, either
ueSandv eT,orelse u € Tand v € S. The eigenvalues of a bipartite graph are
symmetric about the origin; we leave this fact as an exercise.

Exercise 3.1 (Bipartite graph spectrum). Show that if G = (V, E) is bipartite, its spectrum
is symmetric about the origin. Hint: Argue that there is a vertex ordering under which
the adjacency matrix of a bipartite graph takes the form

5 o

for some matrix B.

It follows from Exercise 3.1 that a d-regular bipartite graph has an eigenvalue of
—d in addition to the eigenvalue d. We call both of these the trivial eigenvalues of a
d-regular bipartite graph.

We conclude by defining an infinite family of graphs having a particular property.

Definition 3.2 (Infinite family). An infinite family of graphs with property P is an
infinite sequence of graphs (G;);2; such that:

e Each graph G; has property P, and
e Each graph G;;; has strictly more vertices than its predecessor G;.

Ramanujan graphs

In theoretical computer science and mathematics, there is great interest in the class
of expander graphs, which are those whose nontrivial eigenvalues are small. The
interested reader can refer to the classic survey of Hoory, Linial, and Widgerson
[HLWo6] or the more recent book of Kowalski [Kow1g] for a more thorough overview
of expanders and their many applications. Of particular note within the broader family
of expanders are Ramanujan graphs, which are defined as follows.

Definition 3.3 (Ramanujan graph). A connected d-regular graph G is called Ramanujan
if all of its nontrivial eigenvalues have magnitude at most 2Vd — 1. In particular, a
bipartite d-regular graph G is Ramanujan if all of its eigenvalues, aside from *d,
are bounded in magnitude by 2Vd — 1.

Ramanujan graphs are notable in that they are the ideal expander graphs. That is,
no infinite family of graphs can have (asymptotically) smaller nontrivial eigenvalues. A
lower bound due to Alon and Boppana [Alo86; Nilg1] establishes that for any € > 0
and any infinite family (G;);2, of d-regular graphs, there exists some N € N for which
G; has a nontrivial eigenvalue of magnitude at least 2Vd — 1 — € when i > N.

For fixed d, it is easy to construct d-regular Ramanujan graphs with few vertices,
as demonstrated in the following example.

Example 3.4 (Complete bipartite graph). Consider the bipartite graph K; 4 with vertex set
V=SUT,whereS={1,...,d}and T={d +1,...,2d}, each vertex s € S has an
edge to every vertex in T, and these are the only edges. This is known as a complete
bipartite graph. Its adjacency matrix A is of the form

01
a-[i o]
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where 1 denotes the d X d matrix of ones. Since A has rank 2, it follows that all of the
nontrivial eigenvalues of K 4 are zero. Thus Kj 4 is Ramanujan. .

In general, it is not known whether there exist d-regular Ramanujan graphs with
arbitrarily many vertices. Our task in this lecture will be to show that this is the case
when we restrict our focus to bipartite Ramanujan graphs. Specifically, we prove the
following result of Marcus, Spielman, and Srivastava, following the works [MSSi5a;
MSSisb].

Theorem 3.5 (Marcus, Spielman, and Srivastava 2015). For every d > 3, there is an
infinite family of d-regular bipartite Ramanujan graphs.

Our treatment of this result draws from the papers [MSS15a; MSSisb], as well as
the survey [MSS14] and Spielman’s course notes [Spi18b].

Reductions

In this section, we present several reductions of Theorem 3.5. We begin by reducing the
existence of infinite families of d-regular bipartite Ramanujan graphs to the existence
of a signed adjacency matrix with a certain eigenvalue bound. Subsequently, we shift
our focus to the characteristic polynomial of this matrix, and we show that we can
equivalently phrase the problem as a bound relating the root of a random characteristic
polynomial with the root of its expectation. In the next section, these reductions enable
us to deploy techniques from [MSS15b] on interlacing families of polynomials.

2-lifts

To prove the existence of infinite families of bipartite Ramanujan graphs, it would
be very useful if, given any bipartite Ramanujan graph on 7 vertices, we could use it
to construct another Ramanujan graph with more than n vertices. To this end, we
introduce the following definitions.

Definition 3.6 (Signing). Let G be a graph with adjacency matrix A € M,,. A signing
S € M,, of G is a matrix of the form

§= Z(i,j)eE o(ij) (8:8;" +8;6:"), (3.1)

where the sign vector & € {+1}™ is indexed by edges. That is, § has the same
nonzero pattern as the adjacency matrix A, but both entries corresponding to an
edge (i, j) are given a sign o(; j) € {+1}.

A signing of a graph is symmetric, and thus its eigenvalues are real.

Definition 3.7 (2-lift). Let S € M), be a signing of a graph G = (V, E). We define the
2-lift GS of G associated with the signing S as follows.

* For every vertex v € V, the 2-lift GS has two vertices, which we denote vy, v;.
e If 5, = 1, then GS has the two edges (uo, Vo) and (11, v1).
* If 5, = —1, then GS has the two edges (1o, v1) and (u1, Vo).

2-lifts give a means of constructing larger graphs out of smaller graphs in a manner
that preserves certain desirable properties. In particular, any 2-lift of a bipartite,

Recall that the indicator vector
6; € R™is 1 inits ith entry, and O
everywhere else.
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d-regular graph is bipartite and d-regular, and the spectrum of a 2-lift GS depends
only on the spectra of G and S. We leave these facts as exercises.

Exercise 3.8 (2-lift: Preservation of properties). Show that the following properties are
preserved by 2-lifts.

* Bipartiteness. Any 2-lift of a bipartite graph is bipartite.
* d-regularity. Any 2-lift of a d-regular graph is d-regular.

Exercise 3.9 (2-lift: Spectrum). Let S be a signing of a graph G. Show that the eigenvalues
of GS are exactly the union of the eigenvalues of G and the eigenvalues of S.

These exercises imply that, if G is a d-regular Ramanujan graph and it has a signing
S satisfying ||S|| < 2Vd — 1, then GS is also Ramanujan. Thus, if it were the case that
any d-regular graph had a signing S with ||S|| < 2Vd — 1, this would immediately
give a means for constructing infinite families of d-regular Ramanujan graphs. It
was conjectured by Bilu and Linial [BLo6] that such a signing can always be found;
however, we will prove the following weaker result from [MSS1sa].

Theorem 3.10 (Existence of signing with spectrum lower bound). Any d-regular graph G
has a signing S whose minimum eigenvalue 1,(8) is at least —2Vd — 1.

Since the eigenvalues of a bipartite graph are symmetric about the origin, Theo-
rem 3.10 immediately implies (via the preceding argument) the existence of infinite
families of d-regular bipartite Ramanujan graphs.

The expected characteristic polynomial

To prove Theorem 3.10, instead of reasoning about the eigenvalues of a signing S
directly, we will instead consider the roots of the characteristic polynomial of a random
signing. In the following, we use A (-) to refer both to the kth largest eigenvalue of a
matrix as well as the kth largest root of a (real-rooted) polynomial. Recall that the
characteristic polynomial of a square matrix M € M), is the univariate polynomial
defined as

x(M;t) = det(tI1- M)

whose roots are exactly the eigenvalues of M. We refer to the polynomial as y (M),
and we use the notation y(M;t) either when we wish to distinguish the name of
its variable ¢, or else to refer to its value at some particular choice of ¢. Consider a
random signing § of a graph G as in (3.1), where the signs are uniformly distributed:
o ~ UNIFORM{*1}". Then Theorem 3.10 is equivalent to the statement that there is
strictly positive probability of the smallest root of y(S) having lower bound

An (x(8)) = —2Vd - 1.

Notably, the expectation of the characteristic polynomial y(S) under a uniformly
random signing § is equal to the matching polynomial of the graph G, which is a
generator function of matchings in a graph; the interested reader can refer to [GG78]
for an introduction and proof of this fact. Moreover, it was shown by Heilmann and
Lieb [HLy2] that the largest root of the matching polynomial of a graph is bounded
above by 2Vd — 1. Thus to prove Theorem 3.10, it suffices to prove the following
result.
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Theorem 3.11 (Roots: Random signing vs. expected characteristic polynomial).  Suppose
G is a d-regular graph and S is a uniformly random signing. Then, with strictly
positive probability,

An (x(8)) = =41 (E[x(S)]).

Sums of rank-one matrices

The definition of graph signings in (3.1) expresses a signing as a sum of rank-two
matrices. It will be convenient for us to instead frame the problem in terms of rank-one
matrices. To achieve this, we take inspiration from the graph Laplacian and consider = The graph Laplacian of a d-regular

Laplacianized signings graph G with adjacency matrix A is
Lo =di—S the matrix Ly = dI — A. The
s = Laplacian is a central object of study
of a d-regular graph G with signing §. Expanding the definition (3.1), we can write in the field of spectral graph theory.

this Laplacianized signing as

Lg = dZieV 0,0;"+ Z(i,j)eE 0(i,j) (61-6]-* + 6]'51'*)
= D iiyee(01 = 01 8) (81 = 01187

which is a sum of rank-one matrices. We introduce the vectors v, = §; — 0(; j) 6;
indexed by edges e = (i, j) € E; Theorem 3.11 can then be reformulated equivalently
as follows.

Theorem 3.12 (Equivalent reformulation of Theorem 3.11). Suppose G is a d-regular
graph and § is a uniformly random signing with decomposition as in (3.1). Let
ve=06; - 0(;j0; for each e = (i, j) € E. Then, with strictly positive probability,

WSt <0 lef(Er)). o

Proof that Theorem 3.12 implies Theorem 3.11. Suppose that the theorem’s conclusion (3.2) We only prove that Theorem 3.12

holds. Since dI — 8 = Y, Vel,*, it follows that implies Theorem 3.11, as this is
sufficient to establish the reduction.
_ However, the reverse implication can
d - An(S) =h (dI - S) be seen by a nearly identical
<M (E[x(d1-S8)]) argument.
=d+ M (E[x (-5)]) (3-3)
=d+M (E[x(9)]). (3.4)

The equality (3.3) holds because the characteristic polynomial y (dI — S; ) is a hori-
zontal translation (by d) of the characteristic polynomial y (—S;t). The equality (3.4)
follows by symmetry of the uniform distribution over signings. Subtracting d and
negating gives the result of Theorem 3.11. [ |

Rather than prove Theorem 3.12, we will instead prove the following more general
result in the case of an arbitrary sum of independent rank-one matrices. Theorem 3.12
then clearly follows as an immediate corollary.

Theorem 3.13 (Roots: Independent rank-one sum vs. expected char. poly.). Suppose that
vy,...,U, € C" are independent random vectors, each with finite support. Then,
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with strictly positive probability,

b1 (Z ) < (€[ (2 vw)])

Theorem 3.13 is significantly more general than Theorem 3.12: in particular, it
relates the largest root of any sum of (finitely-supported) independent rank-one
matrices to the largest root of the expected characteristic polynomial of the sum.
This more general result has numerous implications beyond the existence of bipartite
Ramanujan graphs. Theorem 3.13 was established by Marcus, Spielman, and Srivastava
in [MSS15b] to solve the Kadison-Singer problem, and it was used by the same authors
in [MSS21] to obtain sharpened versions of the restricted invertibility principle. We
focus on this more general setting to highlight the theoretical techniques unifying these
results.

Interlacing polynomials and real stability

Our strategy for proving Theorem 3.13, following [MSS1i5sb], will be to show that the
family comprised of the characteristic polynomials of all realizations of the random
matrix ),; v;v;* has a common interlacing. This property, which we will soon define,
allows us to compare the roots of the average of polynomials with the roots of the
constituents of the average. The argument crucially relies upon the notion of real
stability of polynomials, which generalizes real-rootedness beyond the univariate
setting. In this section, we will introduce the necessary background on polynomial
interlacing and real stability that will be used to prove Theorem 3.13 in the subsequent
section.

Interlacing polynomials
We begin by defining the notion of interlacing of two polynomials.

Definition 3.14 (Interlacing polynomials). Let f be a polynomial of degree n with
real roots (A;)" |, and let g be a polynomial of degree n or n — 1 with real roots
(pi) s "=1 The polynomial g is said to interlace f if their roots are alternating

and those of f are larger; i.e.,
Pn <Ap < ppq << <A,

with the first inequality disregarded when g is of degree nn — 1.

We illustrate an example of a polynomial g interlacing another polynomial f in
Figure 3.1. Next, we define what it means for a family of polynomials to have a common
interlacing.

Definition 3.15 (Common interlacing). Let fi, ..., fi, be a family of real-rooted polyno-
mials, each with degree n. If there is a polynomial g that interlaces each f;, then
the family is said to have a common interlacing.

The existence of a common interlacing is in fact a pairwise property of a family of
polynomials; we leave the proof of this fact as an exercise.

Exercise 3.16 (Pairwise common interlacing implies commoninterlacing of family). Let f1,..., fin
be a family of real-rooted, degree-n polynomials; and suppose that, for any indices

Figure 3.1 An example of inter-
lacing polynomials plotted in
Desmos. Here, the red polynomial
g(x) = (x-2)(x—4)(x-6)
interlaces the blue polynomial
f(x) =(x-3)(x—-5)(x—8), since
their roots are alternating and the
roots of f are larger.
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i,j € {1,..., m}, the polynomials f; and f; have a common interlacing. Show that
fi,..., fm have a common interlacing. Hint: This is an easy consequence of the
combinatorial Helly theorem on the real line, which states that the intersection of a
finite collection of non-pairwise-disjoint intervals in R is nonempty; for example, see
[Pakio, Chapter 1].

If a family of polynomials has a common interlacing, then we can relate each root
of the average with the corresponding root of a member of the family. We provide the
following lemma without proof, though we recommend that the interested reader give
it some thought; its source and proof can be found in [MSS15a, Lemma 4.2].

Lemma 3.17 (Roots of family with common interlacing). Let fi,..., f;; be a family of
real-rooted, degree-n polynomials with positive leading coefficients, and let u be a
probability distribution on {1, ..., m}. If fi, ..., f;;, have a common interlacing, then
there exists some j € {1, ..., m} for which

A (fi) < M (Epep fre) -

It is evident that Lemma 3.17 reduces the proof of Theorem 3.13 to the problem of
showing that the characteristic polynomials )(( 2 viv i*) have a common interlacing
(when considered as a family of polynomials under realizations of the random vectors
v;). To this end, it will be useful to establish a sufficient condition for the existence of
a common interlacing of a family of polynomials. As it turns out, existence of such
an interlacing is equivalent to the real-rootedness of arbitrary convex combinations of
polynomials within the family. This basic idea has appeared in various forms a number
of times, including [Dedg2, Theorem 2.1], [Fel8o, Theorem 2’], and [CSo7, Theorem
3.6]. Our proof follows that of [MSS14].

Theorem 3.18 (Sufficient condition for common interlacing). Let fi, ..., fi; be a family of
degree-n polynomials. Suppose that, for all probability distributions u supported
on {1,..., m}, the polynomial E., fi has real roots. Then the family has a
common interlacing.

Proof. By Exercise 3.16, it suffices to show that any pair of polynomials f;, f; with i # j
has a common interlacing under the given assumptions. Define the polynomial g; as
the convex combination

&(x) = (1-1)fi(x)+tfj(x) wheret € [0,1].

We will proceed under the assumption that f; and f; have no roots in common. If they
do share some root A € R, then A will also be a root of any convex combination g;.
Then it suffices to find a common interlacing h(x) for the polynomials f;(x)/(x — 1)
and fj(x)/(x—A); once we have done this, it is straightforward to see that (x—21)-h(x)
will be a common interlacing for f; and f;.

Let Ax(t) denote the kth largest root of g;. From complex analysis, we know that
the roots of a polynomial are continuous in its coefficients; thus the image of the unit
interval under A is a continuous curve in the complex plane that begins at the kth
largest root of f; at £ = 0, and ends at the kth largest root of f; at £ = 1. In particular,
this curve must reside on the real line, owing to the assumption that expectations (i.e.,
convex combinations) of polynomials in the family have real roots. As such, the image
Ak ([0, 1]) is a closed interval in R. Moreover, for any ¢ € (0, 1), it cannot be the case
that A (¢) is a root of f;, for if this were the case, then the assumption of no common
roots would be violated:

0= g (Ax(2)) = (1 = 1) fi(A (1)) + £ fj (A (1)) = £ fj Ak (2)).

This existential result actually
extends beyond the leading root to all
otherroots A;,i € {2,...,n}; see
[MSS14, Theorem 2.2]. For our
purposes, we only need the stated
result involving the leading root 1.
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Similarly, A () cannot be a root of f; for any ¢ € (0, 1). It follows that the interval

Ak ([0,1]) contains, for each k = 1,..., n, a single root of each of f; and f;. It
immediately follows that the polynomial i whose kth root is the left boundary point
of the interval A4 ([0, 1]) is a common interlacing for f; and f;. [

Real-stable polynomials

In our proof of Theorem 3.13, we will exercise Theorem 3.18 by employing the notion
of real stability, which is defined as follows.

Definition 3.19 (Real stability). An m-variate polynomial p € Rz, ..., 2] is real
stable either if it is identically zero or if none of its roots has all coordinates strictly
in the upper half plane. That is, a nonzero p is real stable if

Im(z;) >0 forall i=1,...,m implies p(zi,...,2m) #O0.

Since roots of a univariate polynomial come in conjugate pairs, a real-stable
univariate polynomial has only real roots.

We will need the following few results on particular real-stable polynomials, as well
as closure of the class under certain operations. We begin with a proposition due to
Borcea and Brédndén [BBo8, Proposition 2.4].

Proposition 3.20 (Determinant of linear combination of psd Hermitian matrices). Suppose that
Ai,..., Ay € I]-I]; are positive-semidefinite Hermitian matrices. Then the m-variate
polynomial p € R[z1,..., z;;] defined as

m
p(z1,...,2m) = det (Zi_l zl-A,-) is real stable.

Proof. We sketch a proof in the case that each matrix A; is strictly positive definite;
the general result then follows from complex-analytic considerations. (See the proof in
[BBo8] for further details.) We consider the restriction of the polynomial p to a line.
Define z(t) = a + t B, where @ € R™ and f € R are arbitrary, and where ¢ € C.
Positive-definite matrices form a convex cone, so the matrix

P,_Zm A i itive defini
= i BiA; is positive definite.
A simple calculation shows that
p(z(1)) = det(P) det (tl +pl2 [Zil a,-Al-] P‘l/z) .

In particular, det(P) is constant and det (tI+P‘1/2 [ pI al-A,-] P‘l/z) is the character-
istic polynomial (in the variable t) of the Hermitian matrix —P /2 [ - aiA,-] P12,
By the spectral theorem, it follows that p(z(t)) has real roots, implying real stabil-
ity. |

We next present two results on the closure of the class of real-stable polynomials
under two operations: the first is the difference of the identity and a partial derivative
operator, and the second is partial evaluation of the polynomial at a real number. We
state these without proof, instead referring the reader to [MSS15b, Corollary 3.8 and
Proposition 3.9] for a more detailed overview.

Lemma 3.21 (Closure: Identity minus derivative). Let p € R[z1, ..., z;;] be real stable. For
any i € {1,..., m}, it is the case that (1 — 0,)p is real stable.
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Lemma 3.22 (Closure: Partial evaluation). Let p € R[zy,..., z;,] be real stable. For any
fixed a € R, the (m — 1)-variate polynomial p(a, 2z, ..., Zm) is real stable.

We now define the mixed characteristic polynomial of a collection of matrices.

Definition 3.23 (Mixed characteristic polynomial). Let A4, ..., A,, € M,, be matrices.
The mixed characteristic polynomial of A1, ..., A,, is the univariate polynomial
1lAs, ..., An] € R[f] defined as

[,L[Al, e ,Am; t]

= (I_IZI 1- (?Zi) det (tI + ZZI ZiAi)

Like with the characteristic polynomial, we refer to the mixed characteristic polynomial
as ul[As,...,Ay), using u[As,..., Ay; t] instead when it is useful to emphasize the
name of its variable ¢.

Finally, we present the following result from [MSS1i5b, Theorem 4.1] relating the
expected characteristic polynomial of the sum of independent rank-one matrices to a
mixed characteristic polynomial of the corresponding covariance matrices.

(3.5)

Z1,02m=0

Theorem 3.24 (Expected char. poly. is a mixed char. poly.). Let vy,...,v,, € C" be
independent random vectors with covariance matrices A; = E v;v;*. Then

E [)( (ZZ] viv;"; t)] = ulAy, ..., Ay t]. (3.6)

Moreover, (t[A1,...,Ay] has real roots.

Proof sketch. For the sake of brevity, we will not prove the equality (3.6); we refer
the reader to [MSSisb, Section 4] for a proof of this result. On the other hand,
real-rootedness of u[Aj,...,Ay;] follows immediately from the definition of the
mixed characteristic polynomial in (3.5), Proposition 3.20, positive semidefiniteness of
covariance matrices, the closure properties in Lemmas 3.21 and 3.22, and the fact that
real stability is equivalent to real-rootedness in the univariate case. |

Proof of Theorem 3.13

Equipped with the tools of the previous section, we are ready to tackle the proof of
Theorem 3.13. We proceed inductively by showing that the collection of “conditional
expectation polynomials” at a certain level have a common interlacing, which establishes
the desired bound at that level.

Define the conditional expectation polynomial at level ¢ with first £ vectors assigned
asvy=uy,...,U¢g =Ug by

[4 * m "
Guryue (X) = vy, [7( (Zizl uiu; + Z Vv, )] '

j=0+1

Write {w1, ..., w,} for the support of v41 (which, by assumption, is finite). Let v
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be an arbitrary distribution on {1,..., r}. Then observe that

|-Ek~v [Qul,...,ue Wi (X)]

_ ¢ * * m *
= Bop iy (X Loy Willis +WiWE+ ) o Vil

=pluww”, . weue”, By wiwi ", Eveoves”, ., Evpvy, "] .

The mixed characteristic polynomial in the last line has real roots, by Theorem 3.24
(which we also employed in the second equality). The distribution v was arbitrary, so
we may invoke Theorem 3.18 to discover that the family of polynomials (qu,...u,wi )
has a common interlacing. Then by Lemma 3.17, there is some k € {1,...,r} for
which

/11 (qul,...,ug,wk) < /11 (qul,...,ug)'

Indeed, qy,,...u, = Ev,.; [Gu,,...u0ve., 1- APplying this argument repeatedly at each level

¢ € {1,..., m} and chaining the inequalities, we eventually obtain an assignment
Ui,..., U,y satisfying
m % m %
M (X (Zizl witti )) <h ([E [X (Zizl viti )]) ’
which is the desired result. u
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\ 4. The Noncommutative Grothendieck Problem

Date: 14 March 2022 Author: Ethan N. Epperly

Grothendieck’s inequality [Gros3] is a foundational result that has important uses in
Banach space theory, C* algebras, quantum information theory, and combinatorial
optimization. A noncommutative analog of the inequality, conjectured by Grothendieck
in 1953, was proved a quarter century later by Pisier [Pis78] and has seen significant
applications in various areas of mathematics. This note will survey these inequalities,
adopting a contemporary perspective centered around semidefinite programming.

Grothendieck’s inequality

Let B € R"" be a matrix. Consider the problem of computing the £,, — 1 operator
norm of B, which can be phrased as the binary integer optimization problem

||B||‘eoo_)21 = max (J’; Bx) (41)
xe{+1}"
ye{x1}"

This is a combinatorial optimization problem over the 2™*" assignments for x and y,
and it is known to be NP-hard [ANo6, Prop. 2.2].

A classical technique to find approximate solutions to combinatorial optimization
problems is to relax the problem to a semidefinite program, which can be tractably
solved. Observe that the objective function of (4.1) can be written as

(Bx, y) = (yx", B).

This formulation suggests we reframe as an optimization problem over the matrix
Z1; = yx*. In fact, to capture the constraint that the entries of x and y are +1, we
shall consider the larger matrix

:

One can verify that a matrix Z € M4+, (R) has the form in (4.2) if and only if Z has
rank one and has all ones on its diagonal. Thus, (4.1) can be exactly reformulated as
the rank-constrained matrix optimization problem

y
x

Z = (4.2)

*:[yy* yx*]_[Zu le]

xy* xx* - Z21 Z22

|Blle.—e, = max (Zi2, B)subjectto rankZ =1, diag(Z) = 1. (4.3)
ZEMrn+n(R)

We have written Z1, for the (1, 2)-block of Z, partitioned as in (4.2). As this is a
reformulation, we have not made the problem any more tractable by phrasing it this
way. To make the problem easier on ourself, we “relax” the rank-one constraint to the
looser restriction that Z is positive semidefinite:

SDP(B) ::Z max (Z13, B) subjectto Z >0, diag(Z) = 1. (4.4)

EMm+n

The equality (4.1) is a consequence of
duality between the £, and ¢; norms
and the Bauer maximum principle:

lzlle, = max (w,z)
wlp, <

= wgg}ﬂ(lv,z).
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Since any feasible solution to (4.3) is also feasible for (4.4), we must have ||B||¢ ¢ <
SDP(B). The content of Grothendieck’s inequality is that SDP(B) is no larger than a
modest multiple of ||B||¢,—¢,. That is, the semidefinite programming relaxation (4.4)
provides a constant-factor approximation to the Grothendieck problem (4.1).

Theorem 4.1 (Grothendieck’s inequality I). There exists a constant KE such that
IBll,—¢, < SDP(B) < Kg * [[Blle.—r,
for all real matrices B of any dimension.

We indulge in one final refomulation. Note that a matrix Z is feasible for (4.4) if
and only if it is the Gram matrix of unit vectors u1,..., %, y,...,¥, in a Hilbert
space (%, (-, -)). That is,

(w1, 1) -+ (U, up) (W1, v1) - (U1, vy)]
4 | ) o G ) G v - G v
(v, w1) - (v1, uy) (v, v1) - (v, vp)
o 1) - O ) O 1) o (s )]

With this observation, another equivalent statement of Grothendieck’s inequality
becomes evident. In premonition of what will come, we shall also generalize to the
field [ of either real or complex numbers.

Theorem 4.2 (Grothendieck’s inequality Il). There exists a constant KE such that

m n F
D Do bij i, v)| <KE- 1Blleer

where T denotes the elements of [F with modulus one , B is an matrix over [ of
any size m X n, and uq,...,U;,,v1,..., U, are unit vectors in a Hilbert space

(%» <') ))

For algorithmic applications, we are not only just interested in the optimal value
of the Grothendieck problem (4.1) but also in the optimal solutions x € {£1}" and
y € {x1}". Fortunately, there are efficient ways for “rounding” the output of the
semidefinite programming relaxation (4.4) to approximate optimal solutions. The
following is a result of Alon and Naor [ANo6].

Theorem 4.3 (Grothendieck efficient rounding). There exists a polynomial-time ran-
domized algorithm to convert an optimal solution to the semidefinite programming
problem (4.4) to random vectors x € {+1}" and y € {+1}"" such that

m n
R
E [Zi:l Z]’:] bl]xly]] = KG,rnd : ||B||£m—>ell

where Ksm d is an absolute constant.

For F = C, we have the following
analog of (4.1):
IBll¢ew—e, = max [(Bx, y}|,
xeT”
yeT”

where T are the complex numbers of
unit modulus.
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The noncommutative Grothendieck problem

We now turn our attention to a noncommutative analog of the Grothendieck problem
(4.1), which we will analyze using a noncommutative analog of Grothendieck’s inequal-
ity (Theorem 4.2). We shall restrict ourselves to the complex field F = C and to the
“square case” m = n to streamline the presentation.

To motivate the use of the term “noncommutative”, observe that we can further
reformulate the Grothendieck problem (4.1) in the field C as an optimization problem
over diagonal matrices X and Y:

1Bll¢—e, = |7 (X, Y)]

max
XY e{diag(z):z€T"}

m m
T(X,Y) = Zi:l Zj:l bijxiiyjj.

Thus the Grothendieck problem can be equivalently formulated as maximizing a
bilinear form over two diagonal (and thus commuting) unitary matrices.

The noncommutative Grothendieck problem relaxes this diagonality assumption to
allow for arbitrary unitary matrices. Let J : M, X M,, — C be a sesquilinear form,
conjugate linear in its first argument. The noncommutative Grothendieck problem for
T is to compute

where

OPT(9)= max ReJ(X,Y), (4.5)
X, YeU,(C)
where U,,(C) denotes the n X n unitary matrices over the field C.

In order to state a noncommutative analog of the Grothendieck inequality (Theo-
rem 4.2), we must introduce some seemingly peculiar notation. Let M, (%) denote
n X n matrices taking values in a Hilbert space #, whose inner product we denote
(-, +). For a matrix C € M, (%), we define the Gram matrices CC*,C*C € H,(C)
with entries

% n * n
(CCY)ij = Zk:1<cik» cjk), (C°C)ij= Zk:1<cki; Ckj)-
The set of matrices U € M, (%) such that U*U = UU™ =1 are called unitary and are
denoted U,,(%). For a sesquilinear form I on M, (C) expressed in coordinates as

TXY)=)"

tiitpXis
ijk,0=1 ijkeXijYie,

we define 5 (U, V) for U,V € M, (%) as
n
J(U,V) = Zi,j,k,k:l tijke(Uij, Vie).

We now state a noncommutative Grothendieck inequality, analogous to our second
formulation of the commutative Grothendieck inequality (Theorem 4.2).

Theorem 4.4 (Noncommutative Grothendieck Inequality I). Let I be a sesquilinear form
on M, (C). There exists an constant KECG such that for any Hilbert space # and
U,V e Uy, (%),

Re T (U, V) < K - OPT(T).

. wC
The optimal value of the constant is Ky, = 2.

A result of this form was conjectured by Grothendieck and proved by Pisier [Pis78].
Haagerup obtained the sharp constant using a more streamlined proof [Haa85], and
Haagerup and Itoh established the optimality of the constant [HIgs].

It leads to an equivalent problem to
replace the real part in (4.5) by the
modulus. We shall prefer the real part
as it is R-linear.
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Semidefinite programming formulation

By running the our argument from the commutative Grothendieck inequality in reverse,
we can reformulate the noncommutative Grothendieck inequality (Theorem 4.4) as an
approximation guarantee for the noncommutative Grothendieck problem (4.5).
Consider a 21 x 2n? Gram matrix G whose entries are populated with the pairwise
inner products of all 2n? vector entries of U,V € M,, (%) for some Hilbert space %.
The unitarity constraints on U and V are all linear equalities in the pairwise inner
products of the entries of U and V, which are the entries of the Gram matrix G. Further,
the objective function is R-linear in the pairwise inner products of the entries of U and
V. Therefore, if one picks a Hilbert space # of large enough dimension (dim # > 2n?
suffices), one can optimize over U and V on the left-hand side of the noncommutative
Grothendieck inequality (Theorem 4.4) to obtain a quantity
SDP(9) := ReJ (U,V)

max (4.6)

U,VeU,(C2"?)

which can be solved (to a specified accuracy) in polynomial time by solving a linear
semidefinite program with O(n*) entries in the matrix variable and O(7n?) linear
equality constraints. This optimization problem is indeed a relaxation of the non-
commutative Grothendieck problem (4.5) because any X, Y feasible for (4.5) can be
converted to a pair U, V feasible for (4.6) by setting u;; = x;;61 and v;; = y;; 6, for
alli,j=1,...,n.

The noncommutative Grothendieck inequality can be interpreted as an approxima-
tion guarantee for this semidefinite programming relaxation:

Theorem 4.5 (Noncommutative Grothendieck Inequality Il). Let 9 be a sesquilinear
form on M, (C). With the optimal constant K%CG =2,

OPT(J) < SDP(J) < K{g - OPT(7).

Efficient rounding algorithm

As with the commutative Grothendieck problem, we are often interested in obtaining
an nearly optimal solution to the noncommutative Grothendieck problem (4.5) from
the semidefinite programming relaxation (4.6). The following (randomized) algorithm
achieves precisely this goal.

Algorithm 4.1 Efficient rounding for noncommutative Grothendieck problem

Input: (Approximate) solutions U,V € [LJn(Cd) to the SDP relaxation (4.6) of the
noncommutative Grothendieck problem (4.5)

Output: Approximate solutions X,V € U, (C) to the noncommutative Grothendieck
problem (4.5)

1 Choose z ~ untForM{1, —1,1, —i}% and ¢ according to a hyperbolic secant distri-
bution:

P{r € [a b]}} = /ab%sech(g) dx;

2 SetU, « (z, U) € M,(C) and V, := (z, V) € M, (C), where the inner product
is taken entrywise.

3 Compute polar decompositions U, = @, |U,|, V, = V.|V .|

4 return X «— @, |U,/V2|L, Y «— W, |V, /V2[!

The dimension 2n? suffices since the
dimension of the Hilbert space #
must only be chosen to be large
enough that all possible 2n? x 2n?
positive semidefinite matrices can be
represented as the Gram matrix of
2n? vectors in %. Cholesky
factorization, for example, shows that

H = Can satisfies this property.

If we solve the relaxation (4.6) using
the approach outlined, we obtain a
Gram matrix G for the entries of a
solution U and V. From this Gram
matrix, we can find

U,V e [Un(CZ”2) that solve (4.6) in
O (n®) time using Cholesky
factorization.
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Amazingly, this somewhat peculiar rounding algorithm produces X and Y which
are, in expectation, nearly (worst-case) optimal. The preceding algorithm and the
following result are due to Naor, Regev, and Vidick [NRV14, Thm. 1.4].

Theorem 4.6 (Noncommutative Grothendieck efficient rounding). Suppose U,V €
[Un(Cd) are e-optimal solutions to (4.6):

ReT (U,V) > (1 €) - SDP(T).

Let X and Y be the outputs of Algorithm 4.1 applied to these inputs. Then

EReT (X,Y) > (% — 8) - OPT(9).

Both (equivalent) versions of the noncommutative Grothendieck inequality follow
directly from this rounding procedure (and the probabilistic method).

Noncommutative Grothendieck efficient rounding: Proof

We shall now work our way up to a proof. Throughout this section, we shall use the
notation from the rounding procedure (Algorithm 4.1). We begin with two technical
lemmas which we shall need for the proof proper.

Supporting lemmas

Our first lemma is an expectation bound for the “projected” matrices U, and V , from
the rounding procedure.

Lemma 4.7 (Projection). With the prevailing notation, we have the bounds
£[v.u;], £ [Uzw,], E[V,vi] E[viv,] <

The proof is a short and rather pedestrian calculation, which we omit. We refer the
interested reader to [NRV14, Lem. 2.2].

For our second lemma, it will be helpful to “upgrade” a pair of vector-valued
matrices B, C € M,,(C%) which are subunitary in the sense that

IB"B||, |IBB"||, [IC*C]|, [CC*|| < 1 (4.7)

to full unitary vector-valued matrices R, S € [Un(C‘?), possibly of a larger dimension
d > d, while preserving the sesquilinear form 9. The next lemma shows this is
possible.

Lemma 4.8 (Subunitary to unitary). Suppose B, C € M,,(C%) satisfy the subunitary
bound (4.7). Then there exist R, S € [Un(Cd*Z"z) such that

J(R,S) = T (B, C).

Proof. Define residuals D =1 — BB* and E =1 — B*B. Define ¢ :=tr D = tr E and
consider spectral decompositions

_ N g, (D), (D N (g (D%
D—Zizl/llu u and E—Zizlu,v v\,

Define R € U, Cd+2”2) with (i, j)th entry
J

A «
rij=bl~j® k_Mugk)Uge) k,=1,...,n|®0, (4.8)
o '
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where & denotes vertical concatenation of column vectors. A short calculation confirms
that R is unitary. Define S analogously, swapping the last two vectors in (4.8). It is
straightforward to verify that 7 (R, S) = (B, C). [ |

4.3.2 Proof of Theorem 4.6

As a final observation before the proof, note that we can identify the sesquilinear form
J on C" with a linear operator on C" ® C" as both spaces are equidimensional and
thus isomorphic. Under this identification, evaluation of J can be computed as an
inner product

J(X,Y)=(X®Y, J) forX,Y € M,(C), (4.9)

where Y denotes the entrywise complex conjugate of ¥. With the preliminaries taken
care of, we proceed with the proof in earnest.

Proof of Theorem 4.6. Let E,, E;, and E; ; denote expectations over the randomness
in z, £, or both z and ¢, respectively. Since J is sesquilinear and z is isotropic in the
sense that F zz* = I, we compute

E,J(U,,V,) =9 (U,V). (4.10)

In anticipation of applying (4.9) to compute E,; 7 (X,Y), we begin by computing
E;[X ® Y]. Recall that X and Y were defined as

x=o, (0.112) ¥ =¥, (v.1/v2)”

where U, = ®,|U,| and V, = ¥,|V,| are polar decompositions. The log-secant
distribution has the property that

E; a" = 2a — E, a®**". (4.11)
Apply this fact to calculate
E X 07| = (@, 0 F)E (Ul 0 Vs)"

= (@, ®F,) [[Uz ® V.| - E; (31U © V.))™"]

(4.12)
=U.9V.-E [% (UM ® ‘levzlz-“] :
Combining this result with (4.9) and (4.10), we conclude
Ezi T(X,Y) =T (U,V) = Bzt T (@ | UL, W |V [7).
By hypothesis, Re T (U,V) > (1 — €) - SDP(9), so it will suffice to show
ReE, T(®,|U,|*", W, |V,|>* ) < 20PT(J) foranyt € R. (4.13)

We shall show precisely this. For the remainder of this proof, fix t € R.
To show (4.13), we “derandomize” the expectation over z by passing from random C1-1i-i denotes the Hilbert
scalar-valued matrices ®, |U |*>", W |V ;|>7 € M,,(C) to deterministic vector-valued ~ space of functions

matrices in B, C € Mn(C{l’_l'i'_i}d), which we define as f:{1,-1i-i}¢ > C.

1 . 1 ~
B(z) := 2—dd>z|Uz|2+“ and C(z) := z—d\llz|vz|2 ir,
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As promised, this allows us to remove the explicit randomness in (4.13) since

1 . .
o _ o 2+it 2-it
T(B,C)= 5 E retiripe T (@alU V27
=E, T (@ |U >, W, |V, |*T).

Further, BB* = E,(U,U;)? and B*B = E,(U;U,)?, with analogous statements
holding for C. By Lemma 4.7, we have

BB*, B'B, CC*, C*C < 2L

Thus, B/V2 and C/ V2 are subunitary in the sense of Lemma 4.8, so there exists
R, S € U, (C%) for some dimension d such that

29(R,S) =J(B,C) =E, T (@,|U >, ¥, |V [*).

But since R and § are unitary, Re 5 (R, S) < SDP(J). Plugging in and rearranging
yields (4.13), completing the proof. [ |

Intuition for rounding procedure

The proof sheds some light on why the rounding procedure (Algorithm 4.1) works.
As shown in (4.10), U,,V, € U,(C) have the same J-value in expectation as
U,V € U,(C%). Were U,V unitary, they would be excellent approximate solutions
to the noncommutative Grothendieck problem (4.5).

We are thus interested in adding additional randomness to obtain random unitary
matrices which agree with U, and V, on average, up to a small error. The forms
X =®,(|U,|/V2)" and Y = W, (|V.|/V2)" with ¢ having the log-secant distribution
are specially engineered to achieve this goal. Specifically, the property (4.11) of the
log-secant distribution shows that, on average, the unitary matrices X and ¥ produced
by the rounding algorithm are close to U, and V, in the sense (4.12).

Application: Robust PCA

We conclude by presenting an application of the noncommutative Grothendieck
inequality to robust principal component analysis (PCA). Our presentation will be
informal and high-level, seeking only to provide a colorful illustration of this machinery
to a “practical” problem.

¢, PCA

Consider a data set encoded in the columns of a matrix B € C™*". The PCA problem
is to find a k-dimensional subspace capturing most of the “energy” or “variance” in the
data matrix B. In classical PCA, this can be formulated as an optimization problem

maximize ||[W*B|lz subjectto W e U™¥(C), (4.14)

where U<k (C) consists of the m x k matrices with orthonormal columns. An optimal
solution to this problem is readily determined by choosing W to consist of the k
dominant left singular vectors of B.

To make this procedure more robust to outliers, we can replace the Frobenius
norm with a different norm in (4.14) For instance, Kwak [Kwao8] proposes using the
following “¢; PCA” problem

maximize ||W*Bl|;, subjectto W e U"™¥(C), (4.15)
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where [|-||¢, is the entrywise ¢; norm

k n
IClle, = Dy Doy il for € e €O

See also [MT1i1, §2.7].

Reformulation

We now reformulate the ¢; PCA problem as a bilinear optimization problem over
suitably defined unitary matrices. First, use the duality of ¢; and ¢, to write the ¢
norm as a maximization:

maximize Re(W*B, Z) subjectto W € U™¥(C), Z € TF",

One can further encode W and Z as unitary matrices U and V with a specific entries
set to zero:

U=[W 0]ecU,(C);

.16
V =diag(z;j: 1<i <k, 1<j<n)eUg,(C). (416)

Thus, one can reformulate the ¢; PCA problem (4.15) as a bilinear optimization
problem over unitary matrices U and V by designing the sesquilinear form such
that optimal solutions U and V take the forms (4.16); see [NRV14, §5.1] for details.
The noncommutative Grothendieck inequality ensures the semidefinite programming
relaxation of this problem is a constant factor approximation. We conclude the that ¢;
PCA problem has a polynomial-time constant-factor approximation algorithm.

Notes

A survey on various Grothendieck inequalities and their applications is given by Pisier
[Pis12].
The optimal (commutative) Grothendieck constants are satisfy bounds

T
2log(1 +\/§)’

Davie established the lower bounds in unpublished work; Krivine showed the upper
bound on K§ [Kri78]; Braverman, Makarychev, Makarychev, and Naor showed the
slight suboptimality of Krivine’s bound [Bra+11]; and Haagerup showed the upper
bound on Kg in [Haa85]. Vershynin provides an accessible exposition on Krivine’s
bound [Ver18, §3.7].

The semidefinite programming interpretation of Grothendieck’s inequality was
popularized by Alon and Naor [ANo6]. Their rounding procedure (Theorem 4.3) is
based on Krivine’s bound for the Grothendieck constant. Thus, in the notation of
Theorem 4.3,

1.67696 < K& <1.7822... = 1.338 < K§ < 1.4049.

Kg | < "
Gmd = 21og(1+V2)
There are many ways to round answers from semidefinite programs to approximate so-
lutions of combinatorial optimization problems; among these, the Goemans-Williamson
algorithm for MaxCur is a distinguished example [GWo95]. Assuming the Unique
Games Conjecture, it is NP-hard to approximate ||B||¢, ¢, to within a factor of KE —€
for any € > 0 [RSo9]; the semidefinite programming relaxation (4.4) provides an
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efficient approximation algorithm with the optimal approximation factor (assuming
the Unique Games Conjecture).

There are real and Hermitian analogs of the noncommutative Grothendieck problem
and inequality. The rounding procedure analyzed in Theorem 4.6 generalizes to
these problems, giving a constructive proof of real and Hermitian noncommutative
Grothendieck inequalities with constant 2V2 [NRV14, §3]. Naor, Regev, and Vidick
also provide a different rounding procedure for the real noncommutative inequality
[NRV14, §4] that was inspired by the proof of Kaijser [Kai83]. Briét, Regev, and
Saket showed [BRS17] that it is NP-hard to approximate the solution to the (complex)
noncommutative Grothendieck problem (4.5) within a factor of KECG — ¢ for any
€ > 0; similar to the commutative case, the semidefinite programming relaxation
(4.6) provides an efficient algorithm with the optimal approximation factor (assuming
P # NP).

Several robust versions of principal component analysis have been proposed,
including the ¢; version we discussed as well as a variant where the Frobenius norm
in (4.14) is replaced by an entrywise mixed ¢;—{; norm [Din+06]. McCoy and
Tropp [MT11] provide a polynomial-time constant-factor approximation algorithm to
the €1 robust PCA problem (4.15) for k = 1 and a polynomial-time O(log m)-factor
approximation algorithm for general k that builds on work of So [Soo9].
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5. Algebraic Riccati Equations

Date: 14 March 2022 Scribe: Taylan Kargin

This manuscript is a brief introduction to algebraic Riccati equations (AREs) named
after Venetian mathematician Jacopo Riccati (1676-1754) for his study of first-order
quadratic differential equations [Ric24]. AREs are a certain group of nonlinear matrix
equations that naturally arise in the context of control theory [Beri2], filtering and
estimation theory [Kal6o; KSHoo]. Given a complex-valued square matrix A € M,,,
and positive-semidefinite (psd) matrices Q, S € Hj,, the quadratic matrix equation

FindX e H,: A'X+XA-XSX+Q =0,
is known as continuous algebraic Riccati equation (CARE) whereas the equation
Find X e H,: X=Q+A*(S+X 174, (DARE)

is known as discrete algebraic Riccati equation (DARE). These equations are classified
as continuous and discrete since they naturally arise from studying continuous-time
and discrete-time dynamical systems in control and filtering problems. This manuscript
omits the continues version and deals with the discrete version, (DARE), only.

The rest of this manuscript is organized as follows. In Section 5.1, a central problem
in control theory is introduced to motivate the study of AREs. Section 5.2 follows
with a digression on the metric geometry of positive-definite (pd) matrices in order
to develop the tools to study AREs later in this manuscript. In Section 5.3, stability
of matrices and a closely related linear matrix equation are studied in the context of
linear dynamical systems. Section 5.4 concludes the manuscript with an analysis of the
solution of (DARE) by applying the tools and techniques developed in the previous
sections.

Motivation

In this section, the Linear-Quadratic Regulator (LQR) problem from optimal control
theory will be introduced. LQR problem is central to optimal control theory due to its
wide applicability in various real-world settings as well as its rich mathematical aspects
including AREs.

Example 5.1 (Discrete-time infinite-horizon LQRs). Consider the following linear dynamical
system,
X1 = Ax; + Buy, fort > 0, D
Xo =2
where {x;},en C C" is the sequence of states, z € C" is the initial state {#; };eny € C™
is the sequence of control inputs, A € M, is the state evolution matrix, and B € C"™*"™
is the input matrix.
At each time step ¢ € N, a controller observes the current state x;, exerts a control
input #; to the dynamics, and then suffers from an instantaneous cost ¢(x;, u;) as
a function of the state and the control input. In many real-world applications, it

Agenda:

1. Motivation

2. Metric Geometry of PSD Cone

3. Stability and Lyapunov Theory

4. Discrete Algebraic Riccati
Equations
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is assumed that the instantaneous cost is a quadratic function of the state and the
control input, that is, c(x;, #;) = X;Qx; + u;Ru; where Q € H;* and R € H;;*
are given positive-definite matrices. The objective of the controller is to reduce the
cumulative cost by deploying a control policy to design control inputs based on past
state observations. One straightforward approach is to deploy a linear state-feedback
controller K € C™*" such that the inputs are designed as u; = Kx; for all r € N.

In fact, the optimal control of the linear dynamical system (LIN) can be achieved
solely by a state-feedback policy as long as the pair (A, B) is stabilizable (see the
definition 5.11) [Beri2]. The optimal state-feedback controller can be found by
minimizing the infinite-horizon cumulative cost among all state-feedback controllers
subject to linear dynamical system (LIN) as formulated below.

min {V(z;K) = ZZO (x;Qx; +ufRut)},

KeCmxn
X141 = Ax; + Buy, fort e N, (OPT 1)
subjectto  u; = Kx;, fort e N,
Xo = ZX.

Here, z € C" is a given initial state and V (z; K) is the value function. The solution to
this problem is known as the infinite-horizon linear-quadratic regulator (LQR). .

The value function gives the total cost of controlling the linear dynamical sys-
tem (LIN) with state-feedback controller K € C"*" starting from an initial state
z € C". Note that the value function is not guaranteed to take a finite value for
all K € C"™*", In fact, a state-feedback controller K € C"*" is called stabilizing if
V(z; K) takes a finite value for any initial state z € C". Assuming that a state-feedback
controller K € C"™*" is stabilizing, the value function can be expressed recursively as

V(z:K) =) {xQu, + (Kx,) R(Kxy)}
= Do ®i (Q+ K°RK)xi,
= x,(Q + K"RK) xo + Z:‘il x' (Q + K*RK) x;,
=z"(Q+K'RK)z+V((A+ BK)z; K), (5.1)
for any z € C" where (5.1) follows from taking the next step at time ¢ = 1 as the new
initial state.

Furthermore, it can be argued that the value function is quadratic in the initial
state z by noting that the current state at time ¢ > 0 is a linear function of the initial
state as x; = (A + BK)'z and the instantaneous cost is quadratic in the current state.
Thus, one can write V (z; K) = 2" Pz where P € H}, is a psd matrix which depends on

the feedback gain matrix, K. Inserting the quadratic form into the recursive relation
in (5.1), one obtains the following condition

z"{P-(Q+K'RK)- (A+BK)"P(A+BK)}z =0, forall z € C",
which can be simplified by removing the z-dependence as
(A+BK)"P(A+BK)-P+Q+K'RK =0. (5.2)

The equation (5.2) is known as the Lypaunov equation with state-feedback controller
K. This relationship makes it possible to rewrite the optimal control problem (OPT 1)
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in the following equivalent form as

min z*Pz,
KeCm<n peH,
(A+BK)"P(A+BK)-P+Q+K*RK =0, (OPT 2)

subject to Pso.

Noticing that the Lyapunov equation (5.2) is quadratic with respect to K and
R + B*PB > 0, one can rewrite the equation (5.2) by completion of squares as

P=Q+A'PA-A*"PB(R+B'PB) 'B*PA (5.3)
+(K-L)"(R+B*PB)(K - L). >3
where L := —(R + B*PB)"'B*PA. The equivalence of (5.2) and (5.3) can be
verified directly by expanding the right-hand side of (5.3). This relationship is further
elaborated in Lemma 5.19 of Section 5.4. Since (K—L)*(R+B*PB)(K—L) > 0, it can
be concluded that a pair (K, P) € C"™" x H}, satisfying the Lyapunov equation (5.2)
satisfies the matrix inequality

P>Q+A"PA-A'PB(R+B*PB) 'B*PA. (5.4)

Conversely, for any P € Hj, satisfying the inequality (5.4), one can find a matrix K €
C™*" such that the equation (5.3) holds. Therefore, the optimization problem (OPT 2)
is equivalent to

min z*Pz,
PeH,

P>Q+A"PA- A'PB(R+B*PB)"'B*PA,

subject to Pso.

It can be argued that an optimal solution P, > 0 to the problem above is attained
when the equality is satisfied, that is,

P,=Q+A'P,A-A'P,B(R+B'P,B)"'B*'P,A

which is a discrete algebraic Riccati equation (DARE).

Attention will be devoted to the analysis of DARE and the related Lyapunov
equations in the rest of this manuscript. For the sake of generality, the complex-valued
case will be considered.

Metric Geometry of Positive-Definite Cone

In this section, the open convex cone of positive-definite matrices, denoted as P,
will be studied from a metric geometry perspective. The concept of geometric mean
of two positive-definite matrices gives rise to a natural way of assigning a metric
distance to P,,. The results developed in this section will be used in Section 5.4 to
characterize the convergence of fixed-point iterations of Riccati operator. The proofs of
theorems and lemmas introduced in this section are omitted for the sake of brevity.
The interested reader is referred to the references [Bhao3],[BHo6], and [LWo4] for
detailed discussion of the subject and the proofs omitted in this manuscript.

Suppose that a symmetric gauge function (sgf) @ : R" — R, is given. Denote by
l|'lle : M,, — R, unitarily invariant matrix norm associated to sgf ®@. The space of
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Hermitian matrices equipped with this norm, (H,, ||-||o), is a real (complete) normed
vector space. The exponential map defined as

exp: H, — P,,

o 1 k
H— Z —H",
k=0 k!
is a diffeomorphism, that is, a smooth bijection with smooth inverse denoted as
log : P, — H,. Thus, the open convex cone of pd matrices constitute a smooth
manifold. It can be shown that the tangent space of P,, at a point X € P, is isomorphic
to the space of Hermitian matrices, that is, Tx[P,, = H,,.

A Riemmannian manifold is defined as a smooth manifold whose tangent space
at every point is equipped with a smooth inner product. Finsler manifolds generalize
Riemmannian manifolds by equipping tangent spaces at every point with a smooth
norm, instead. The following theorem shows that [P,, attains a metric function, called
a Finsler metric, induced by a symmetric gauge function (sgf) defined on its tangent
space.

Theorem 5.2 (Metric induced by an sgf, [BhaO3, p. 216]). Let ® : R” — R, be a
symmetric gauge function (sgf). The nonnegative function defined as

op : P x P, —» R,,
(X, Y) = [log(X2YX "),
is a metric on P,. Equipped with this metric, ([?,,, dp) constitutes a Finsler
manifold where tangent space at any point is equipped with the norm ||-||. Fur-
thermore, dg is invariant under matrix inversion and congruence transformations,

ie.,

So(X LY 1) = 66(A" XA, A'YA) = 60(X,Y),
for X, Y € P, and A € GL(n).

Remark 5.3 The special case of Euclidean sgf results in a Riemmannian manifold
(P, 8-) since Euclidean norm admits an inner product. The metric 6, induced by
Euclidean norm is is called the Thompson metric.

The last part of Theorem 5.2 simply tells that inversion operation and group action
of GL(n) onto [P,, are isometries with respect to . This invariance property will play
a role in the convergence analysis of fixed-point iterations of the Riccati operator.

The metric dg¢ is related to geometric mean of matrices in a natural way. The
following proposition shows that dg is in fact the geodesic distance on [P,, and that
the geodesics can be parameterized by geometric mean of matrices.

Proposition 5.4 (Geodesics, [BhaO3, p. 216]). Let X,Y € P, be pd matrices. Define the
t—weighted geometric mean of two pd matrices as

XﬁtY = X1/2(X_1/2YX_1/2)tX1/2,

for t € [0,1]. The curve y : t — XH,Y starting at X and ending at Y is a geodesic
wrt the metric ¢ for any sgf @ : R” — R, , . In other words,

0o (y(5), y(t)) = b (XH§;Y, XH,Y),
=|s —t]00(X,Y) = |s — t|65(y(0), y(1)),

fors,t € [0,1].

Aside: GL(n) is the general lin-
ear group of invertible square ma-
trices of size n € N.

Aside: A geodesic is a shortest-
distance curve connecting two
points on a smooth manifold.
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This section ends with some key definitions and theorems relevant to the conver-
gence analysis in Section 5.4.

Definition 5.5 (Contractions). Let f : (P, 6¢) — (P, d¢) be a self-map on P, and
denote by

o (f(X), f(Y))

xyep, xzv  Oa(X,Y)

Lo(f) =

the Lipschitz constant of the map f. The map f is called

1. nonexpansive if Lo (f) < 1,

2. a strict contraction if Lo(f) < 1.

The following lemma states a sufficient condition for a self-map to have a unique fixed
point as well as a simple iterative algorithm to approximate it.

Lemma 5.6 (Banach’s fixed-point theorem). Let f : (P, dp) — (P, dp) be a strict
contraction on [P,,. Then, there exists a unique fixed point X, = f(X). Furthermore,
the iterates {X } xen defined recursively as X1 = f(X) converge to the fixed point
X, for any X € P,.

Finally, the next lemma shows that translations do not increase the distance in the
Finsler metric.

Lemma 5.7 (Translations are nonexpansive, [LLO8, Prop. 4.1]). Let P € I]-I];rl be a psd matrix.
For any X,Y € P,, one has that

max(Amax(X), Anax(Y))
Amin(P) + max(lmax(x)r Amax(Y))

bo(P+X,P+Y) < 0o (X,Y).

Stability of Matrices

In this section, a notion of stability of linear dynamical systems will be investigated in
relation to spectral properties of matrices. Stability plays a central role in the theory
of dynamical systems as well as control theory. Since Riccati equations often arise
from studying nonautonomous dynamical systems, stability and related aspects are
recurrent themes in the study of Riccati equations.

This section starts with an introduction to concepts and results fundamental to the
theory of stability and ends with a subsection devoted to Lyapunov equations which lay
the foundations of algebraic Riccati equations as discussed in Section 5.1.

Example 5.8 (Linear autonomous dynamics). Let A € M, be a complex-valued matrix.
Consider the linear dynamical system,

X1 = Ax, fort € N, and xo € C". (5.5)

The state at time ¢ > O can be expressed in closed form as x, = A'x. It is common to
study dynamical systems by investigating whether the trajectory {x;};cn converges
to an equilibrium state x, € C” such that x, = Ax, or otherwise the trajectory
{x:}+en diverges and and the state blows up as time goes to infinity. Due to linearity
of the state transitions, one can take x, = 0 without loss of generality by transforming
X; — x; —x, for all t € N . The dynamical system (5.5) is said to be globally
asymptotically stable (GAS) if the trajectory {x;};en converges to the equilibrium



Project 5: Algebraic Riccati Equations 253

X4 = 0 for any starting point xo € C". A necessary and sufficient condition for this to
happen is lim;_,., A" = 0. .

The limit condition for stability stated in the example above could be impractical
to verify in many settings. Therefore, alternative ways of feasibly certifying stability of
linear dynamical systems is needed.

Definition 5.9 (Spectral radius). For a complex-valued matrix A € M,,, denote by
sp(A) := {1 € C | det(A — Al,;) = 0} the spectrum of it. The spectral radius of A
is defined as p(A) = supyegp(a) IAI-

Spectral radius serves as an equivalent criterion for certifying stability as stated by the
following lemma.

Lemma 5.10 The limit lim;_,., A* = 0 holds if and only if all the eigenvalues of A are
inside the open unit disk of the complex plane, that is, p(A) < 1.

Proof. Taking the Jordan canonical form A = PJP~!, one gets

lim A" = lim (PJ'P™") = P (lim J') P,
It can be shown that the limit lim;_,« J* = 0 holds if and only if for all eigenvalues
A € sp(A), the limit lim; o J 3 = 0 holds for each Jordan block corresponding to
eigenvalue A. Since the elements of J fl consist only of powers of A; upto ¢, the limit
condition is satisfied if and only if all the eigenvalues have modulus less than 1. m

The notion of stability of dynamical systems can be extended to matrices by applying
the spectral radius criterion.

Definition 5.11 (Stable matrices). A matrix A € M, is called (Schur) stable if all the
eigenvalues of A are strictly inside the unit circle, that is, p(A) < 1. A pair of
matrices (A, B) is said to be stabilizable if there exists a matrix K € C™" such
that A + BK is stable.

As discussed earlier in Section 5.1 and at the beginning of this section, Lyapunov
equations are foundational in the analysis of Riccati equations. Lyapunov equations
are named after Russian mathematician Aleksandr Mikhailovich Lyapunov (1857-1918)
who pioneered the mathematical theory of stability of dynamical systems and worked
in the fields of mathematical physics, probability theory and potential theory [SMIg2].
He originally proposed Lyapunov function method to certify stability of equilibrium
points of ordinary differential equations.

When applied to discrete-time linear dynamical systems, Lyapunov function method
leads to Lyapunov stability theorem for certifying stability by showing existence of
solution to a Lyapunov equation as stated in Theorem 5.14. The details of Lyapunov
function method is omitted in this manuscript for the sake of brevity. However, the
interested reader is refereed to [Khag6] for detailed derivations.

The proof of Theorem 5.14 relies on the following lemmas.

Lemma 5.12 (Gelfand'’s formula, [Lax02, Thm. 17.4]). Suppose a consistent matrix norm
[|-]| is given. For any matrix A € M), the spectral radius is bounded from above as
p(A) < ||A*||Y/* for all k € N. Furthermore, ||A*||/* | p(A) as k — oo.

Gelfand’s formula provides a way to approximate spectral radius from matrix
norms.
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Lemma 5.13 (Bounded matrix norm, [H]13, Lem. 5.6.10]). Let A € M,, and € > 0 be given.

There exists a submultiplicative matrix norm [|-|[4 . such that p(A) < [|A®|[4, <
p(A) + €.

Theorem 5.14 (Lyapunov stability theorem). Let A € M, be given. The following are
equivalent.

1. The linear dynamical system x;;; = Ax; is GAS.
2. For every pd matrix Q € P, there exists a unique pd matrix P € P, such
that P — A*PA = Q.

Proof. Suppose that the equation P — A*PA = Q holds for P > 0 and Q > 0.

Multiplying both hand sides with P12 from left and right as
I, — (P—l/ZA*Pl/Z)(Pl/ZAP—l/Z) — P—l/ZQP—l/Z >0,

one obtains the bound ||PY/?AP~'/2||, < 1 on the spectral norm. Since the mapping
A — PY2AP712 js a similarity transformation, the characteristic polynomial of
PY2AP1/2 and its spectrum are unchanged. Thus, one can certify stability of A by
noticing

p(A) = p(P2AP7'?) < |PV2AP7'||; < 1,

where the first inequality is due to Lemma 5.12.

For the converse, suppose p(A) < 1. Consider the sequence {P;};cn generated
by the iterations P,y = Q + A*P,;A with Py = 0 for a given pd matrix Q > 0. The
iterate at time ¢ > O can be expressed in closed form as

. -1 A\ S s
P, = Zs:O(A Y QA® > 0.

Notice that the iterates are nondecreasing, that is, Py > Py > O for all t > 0. Let
€ > 0 be small enough such that p(A) + € < 1. By Lemma 5.12, there exists a constant
T. € N such that p(A) < ||A*||'/* < p(A) + € < 1forall t > T,. Therefore, for any
t > s > T, + 1, the distance between two iterates can be bounded as

_ _ -1 Kk k||
1P = Pollo = Y (a0 @AY,
-1 y
< > l@nkeats,
t-1 kN2
<llQl > _ 14k,
-1 2k
<llQl> ) (p(4) +e)*,

k=
2s _ 2t
_ ||Q||2(p(A) +6) —(p(A) +¢€)

1-(p(4) +€)?

(p(4) +)*
1-(p(4) +€)*

< [lQll2

where the first inequality is due to triangle inequality and the second one is due to
submultiplicative property of spectral norm. Notice that the bound above is independent
of ¢ which leads to the bound

(p(A) +€)*
Stl;I?HPt - Pg||; < ||Q||2m~

Aside: Spectral norm ||A]|5 is
equal to the maximum singular
value.
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The right-hand side converges to zero as s — oo since p(A) + € < 1. Therefore, the
sequence of iterates, {P;}en, is Cauchy in Hj, and there exists a limit lim; ,oo P; =
P € Hj, such that P > P; > 0. The limit can be expressed as an infinite sum as
P =Y.2,(A*)"QA". Substituting this limit in the Lyapunov equation yields

P _A*PA — ZZO(A*)tQA[ _ ZZO(A*)I+1QAI+1,
- thO(A*)tQAL‘ _ thO(A*)t+1QAt+l’
=Y @A -3 (an'Qa' = Q.

In order to show uniqueness of the solution of the Lyapunov equation, suppose
P, P, > 0 are two different solutions. Subtracting the equation P; = A*P1A+ Q
from P, = A*P5A + Q, one obtains

P] - Pz = A*(Pl - PZ)A
Observe that multiplying the equality above repeatedly with A* from left and with A
from right yields
=1
P -Py=) (A)(P1-Py)A’,

for any t > 0. Let € > 0 be given such that p(A) + € < 1. By Lemma 5.13, there
exists a submultiplicative norm ||-||4 ¢ such that [|A°[|4 . < (p(A) + €)°. By triangle
inequality and submultiplicative property, the distance between the two solutions can
be bounded as

-1 9
1Py = Pallae < IP1 = Pallac Y, I4°15,

-1
<Py =Pallac ), (p(A) +6)%,
(p(4) +e)*
1-(p(4) +e)*
which holds for all # > 0. Taking the limit as # — oo, one gets that ||P; — P3[4 . = 0,
which is a contradiction. Hence, the solution must be unique. [ |

=[Py = Psllg.

Lyapunov Equation

Given a matrix A € M,,, the discrete Lyapunov operator £, : H,, — H,, is a linear
operator defined as £4(P) = P — A*PA for any P € H,,. The following proposition
lists some of the equivalent properties of £4.

Proposition 5.15 (Properties of Lyapunov operator). Suppose A € M, is given. The
following statements are equivalent.

A is Schur stable.

%a(P) > O0forall P > 0.

There exists pd matrices P > 0, and Q > 0 such that Z4(P) = Q.
There exists pd matrices P > 0, and Q > 0 such that £4(P) > Q.
5. The inverse operator £, : H, — H, exists.

Sl o

Proof. Equivalence of these statements can be shown following a direction similar to
the proof of Theorem 5.14. [ ]

The unique solution to the Lyapunov equation is constructed in the proof of
Theorem 5.14 for a pd matrix Q > 0. The same form of the solution is valid for any
Hermitian matrix Q € H, as long as A is stable.
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Theorem 5.16 (Solution operator, [Lan70, Thm. 3]). Let A € M, be a stable matrix. The
solution operator 5551 : H;, — H,, can be expressed as

2;1(Q) =) " (a)'eA, (56)

for any Q € Hj,.

Proof. Since A is stable, all of its eigenvalues are inside the open unit disk. Hence, the
series Y10 (A*)"QA' converges for any Q € Hj, (see the proof of Theorem 5.14).
By evaluating the Lyapunov operator at the candidate solution (5.6), one gets

Za (Y Aear)= 3" ayeat-at (Y (a)Qal) 4,
= DoAneA = 3 A)Tiea,
= DAea -y Aned,
= Q.

Uniqueness of the solution operator for stable A can be argued in a similar fashion as
in the proof of Theorem 5.14.
|

Remark 5.17 (Solution in Kronecker product form). The Lyapunov equation can also be
solved for general A, Q € M, by vectorizing and using Kronecker products as

(I’®I-AT @ A%) vec(P) = vec(Q).

If the eigenvalues of matrix A are such that AM; # 1, then the unique solution exists
for any Q and is given by

vec(P) = (IQ1— AT ® A*) ' vec(Q).

Notice that the special case p(A) < 1 satisfies the spectrum condition since all
eigenvalue have modulus less than 1.

Discrete Algebraic Riccati Equations

In the previous sections, several sophisticated tools and techniques were developed.
In this section, existence and uniqueness of the solution of discrete algebraic Riccati
equations (DARE) will be investigated utilizing these tools and techniques.

Let A € M, B € C"™" be complex-valued matrices and Q € P,,, R € P,, be pd
matrices. The Riccati operator & : H}, — H}, is defined as

R(X)=Q+A'XA—-A'XB(R+B'XB) 'B*XA,

for any X € H},. Lemma 5.19 establishes the formal link between Riccati and Lyapunov
equations as hinted in Section 5.1. The following lemma is needed in order to prove
Lemma 5.19.

Lemma 5.18 (Block upper-diagonal-lower (UDL) decomposition). Let A € M,,, B € C"™*",

C € C"™" and D € M, be given complex matrices. The following decomposition is
admitted as long as D is invertible.

A B| |1, BD'||A-BD7'C 0, I, Oun
C D|~ (. D ||D'Cc 1, |

Omn Im
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Proof. The proof follows directly by multiplying the matrices in the right-hand side. =

Lemma 5.19 (A useful upper bound). Consider the function I' : C"™*" x H} — H, defined

as
T'(K,X) := (A+ BK)*X(A+ BK) + Q + K'RK.

For any K € C"™" and X € Hf, it holds that ®(X) < I'(K, X). Furthermore, the
equality R (X) = I'(K«(X), X) holds for
K,.(X) = -(R+B*'XB)"'B'XA.

Proof. Observe that I'(K, X) is quadratic in K and linear in X as it can be expressed
as

_ 1 |A"XA+Q A*XB I,
I(K, X) = [I” K ] [ B*XA R +B*XB] [K} ’
Since R + B*XB > 0, block UDL decomposition can be applied to the middle block

matrix in (5.4) by Lemma 5.18 as

A'XA+Q A*XB B .
[ B*XA R+B*XB] =UuDU,
where
U= I, A*XB(R+B*XB)™!
0, I, ’
and

D |[AXA+Q-AXB(R+B'XB)'B'XA 0,
- 0, R+B'XB|"

Notice that the first block of D is same as & (X) and the upper second block of U is
simply —K . (X)*. Using this decomposition, I'(K, X) can be rewritten as

I'(K,X)=[l, K*|UDU* [Ilg} ,

0, R+B'XB||K-K,X)|’
= R(X) + (K - K+(X))"(R + B'XB)(K - K, (X)).

Thus, I'(K,X) > R(X) for any K € C™" and X € H} with equality only if
K = K4 (X). -

Proposition 5.20 (Properties of Riccati operator). Suppose X, X’ € Hj. Then, we have
that

* Monotone. & (X) < R(X’) whenever X < X',

* Concave. R(tX+(1-1)X') » tR(X)+ (1 —t)R(X’) fort € [0,1],

* Continuous. If {X}ren C HY is a sequence such that lim X = X as k — oo,
then lim & (Xy) = R(X) as k — oo.

Proof. To show monotonicity, suppose X < X’. By Lemma 5.19, one has that
%(X) < I'(K,X) < T'(K,X’) for any K € C™", This holds in particular for
K, (X’). Hence, Z2(X) < T(K«(X"),X) < T(K4(X"),X") = R(X").
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In order to show concavity, Lemma 5.19 and linearity of I'(K, X) wrt X can be
used to write

[K,tX+(1-)X")=tI'(K,X)+ (1 -)['(K, X")
>tR(X)+(1-1)R(X)

for any K € C™" and t € [0,1]. Choosing K = K, (tX + (1 — 1)X’) yields the
desired result.
Continuity of & (-) follows trivially from continuity of matrix inversion, congruence
transformations, translations and matrix multiplication.
[

Characterizing the conditions for existence and uniqueness of the solutions to DARE
lies at the heart of the analysis of Riccati equations. The following theorem gives a
necessary and sufficient condition for the existence and uniqueness of a solution, X,
for which the the closed-loop matrix A + BK (X4 ) is stable.

Theorem 5.21 (Existence and uniqueness of stabilizing fixed point). If the pair (A, B) is
stabilizable, then there exists a unique positive-definite fixed point X, > 0 of the
Riccati operator such that A + BK,(X,) is a stable matrix. Conversely, if there
exists a positive definite fixed-point X, > 0, then it is uniquely determined and
A + BK, (X,) is a stable matrix.

Proof. For the converse direction, suppose X, = R (X4) > 0, that is,
X, =T(K4,Xy)=(A+BK,)"X4+(A+BK,)+Q + K,RK,

where K4 := K, (X4). Notice that the positive-definite matrix X, > 0 satisfies the
Lyapunov equation with parameters A+ BK, and Q + K, RK, > 0. Hence, A+ BK ,,
is a stable matrix by Proposition 5.15 and X, is uniquely determined by the unique
solution to the Lyapunov equation I'(K 4, X«) = X 4. This proves the uniqueness and
the stabilizing property of a positive-definite solution.

Now, suppose that (A, B) is a stabilizable pair, that is, there exists a matrix
Ko € C™" such that A + BK is stable. By Proposition 5.15, there exists a unique
positive-definite matrix Xo > 0 satisfying the Lyapunov equation I'(Kg, Xo) = Xg
with parameters A + BK, and Q + K;RK( > 0. Then, the inequality & (Xo) =
I'(K«(Xp),Xo) <T(Ky,Xp) = Xg holds by Lemma 5.19. Denoting K; := K« (Xp),
the inequality I'(K 1, Xo) < X, implies that A + BK is a stable matrix by the 4™ item
of Proposition 5.15. Hence, there exists a positive-definite matrix X; > 0 satisfying
Lyapunov equation I'(K, X;) = X; with parameters A + BK; and Q + K]RK; > 0.
In addition, the inequality R (X;) = I'(K«(X1),X1) < I'(K1,X71) = X; holds by
Lemma 5.19. Taking the difference I'(K1, Xo) —T'(K1, X1) = 2(Xo) - X1 < Xo— X3,
one obtains

(XQ —X]) - (A+BK])*(X0 —X])(A+BK]) > 0.

By the 2™ item of Proposition 5.15, it can be seen that X, > X; which implies
R (Xg) > 2(X1) by monotonicity.

Recursively repeating this process, a nonincreasing sequence of pd matrices
{X 1 }xen can be constructed such that X > X,1. The stabilizing matrix of the next
step is K41 = K4 (X}) such that A + BK, is stable. Each iterate also satisfies the
Lyapunov equation I'(K, X¢) = X§ > 0.
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Since {X }ren is nonincreasing and bounded below, there exists a limit X, =
lim X such that X > X, > 0 for any k € N. Since the mapping K4 : X — K, (X)
is continuous, the limit lim K = K, (X ) exists. Taking the limit of both hand sides
of the equation I'(K, X) = X leads to the equation I'(K4(X4),X4) = X4. In
other words, X, > 0 is a fixed point & (X,) = X,.

In order to show positivity and uniqueness of X, observe that 0 < Q = Z(0) <
R(X4) = X4 due to monotonicity of the operator R. Therefore, the fact that
X, > 0 together with the converse theorem implies uniqueness of X, and stability of
A+ BK,(X,). ]

Remark 5.22 In fact, any positive-semidefinite fixed point must necessarily be nonsingu-
lar and unique whenever (A, B) is stabilizable and Q > 0. If the condition Q > 0 is
relaxed, then the unique stabilizing fixed-point might be singular.

Convergence Analysis of Fixed-Point Iterates

In this section, strict contraction property of Riccati operator with respect to Finsler
metric 0 will be shown and convergence rate of fixed-point iterations X1 = R(X)
will be analyzed. In order to simplify the analysis, the domain of Riccati operator will
be restricted to the cone of pd matrices, P,. In this case, matrix inversion lemma can
be used to rewrite the Riccati operator as

Z(X)=Q+A" (X -XB(R+ B*XB)_lB*X) A,
=Q+A*(S+x1)'a
where 8 = BR™'B*. For the sake of brevity in analysis, it will be assumed that § > 0

in the rest of this manuscript. However, similar results can be obtained for the case of
invertible A and S > 0. Interested reader is referred to [Boug3], [LLo7], and [LLo8].

Theorem 5.23 (Strict contraction of Riccati map, [LLO8, Thm. 4.4]). Suppose that Q, S >
0 are positive definite. Let A € M,, be a complex-valued matrix. Then, the Riccati
map is a strict contraction with respect to 8¢ with the Lipschitz constant

Amax(A4*S7'4)
Amin(Q) + Amax(A*S_lA)

Lo(R) <

for any sgf ®.

Proof. Assume that A is nonsingular. One has that 0 < (S+X 1) ! < S ! forX e P,
by order-reversing property of matrix inversion. Congruence transformation of both
sides by A leads to 0 < A*(S + X !)7'A < A*S™!A. Weyl’s monotonicity theorem
implies that
0 < Anax(A* (S + X HTA) < Apax(A*S71A)
for any X € P,.
Suppose X, Y € P,,. Define

@ = max(Amax (A" (S + X 1) 7A), dmax (A" (S +Y 1 71A)).

Notice that @ < Apay(A*S™1A). Then, for any sgf @, the Finsler distance between
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two points under the Riccati operation can be bounded as

8o (R(X), R(Y)) < So(A* (S+X 1A, A*(S+Y 1) 14),

_*
a Amin(Q) +a

a
= 5p(S+X L S+YY,
Amin(Q)"’a <I>( )

a
< —— Sp(X7H YY),
B Amin(Q)"'a (I)( )

a
Tm@ a0 T

L Ana(A'STA)
B Amin(Q) + Amax(A*S_lA)

oa(X,Y),

where the first and third lines are due to Lemma 5.7, the second and fourth lines are
due to invariance of 8¢ under congruence transformation and matrix inversion, and
the last line is due to the monotonically increasing map a +— a“Tﬁ, B > 0. This bound
implies that

Amax(A*S™' A) <1
Amin(Q) + Amax(A*SilA)

for nonsingular A € M), where strict inequality is due to positivity Ayi,(Q) > O.

Now, suppose that A is arbitrary. Let {Ax}ren € GL(7) be a sequence of non-
singular matrices converging to A. Define the sequence of Riccati maps Ry (X) =
Q +A;(S+X ') 'Ak. Then, for X,Y € P,, one has that

Lo(R) <

Amax (A;.S™' Ar)
Amin (Q) + Amax (AZS_IAIC)

6d>(9{k(X)v9{k(Y>) < 6¢'<X’ Y)-

Taking the limit of both sides and using the continuity of the metric (X,Y) — d¢p(X,Y)
and the eigenvalue function A > A.x(A*S™1A), one obtains the final bound

Amax(A*S7'A)
Amin(Q) + Amax (A*S_lA)

6®(%(X),Q{(Y)) < 6®(X’ Y)’

where the coefficient is strictly less then 1. [ |

Strict contraction of Riccati operator enables one to approximate the unique fixed point
by fixed-point iterations starting from any initial point. The rate of convergence is
exponential and controlled by the Lipschitz constant of the Riccati map as shown in
the following corollary.

Corollary 5.24 (Convergence rate of Riccati iterates, [LLO8, Thm. 4.6]). Suppose Q,S > 0
and let A € M,, be arbitrary. Given an initial seed X, € P,, define recursions
Xi+1 = R(Xg) for k € N. Then, for any sgf @, the distance of the iterate X to the
unique fixed point X, = R (X, ) is controlled as

k

1-L

6@(X*$Xk) < 5<I>(X17X0))

where
Amax(A*S71A)

= ] <1
Amin(Q)"’/lmax(A N A)
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Proof. From Theorem 5.23, one has that
00 (X, Xi) = 00 (R (X %), R(Xf-1)) < Lo (X, X-1).
Recursively applying the first inequality, the following bound
8o (X, X) < L 60(X 1, X1),
is obtained. In particular, one has that
00 (X4, X1) < Léo(X 4, Xo) < L(00(X«, X1) + 60(X1, X0)),

where the second inequality is due to triangle inequality. Hence,

0 (X4, X1) <

L
8o (X1, Xo),
1_L<1>(1 O)

which implies

k
8o (X s, Xp) < L100(X 4, X1) < 77— 80(X1, Xo).
|
Lecture bibliography
[Beri2] D. Bertsekas. Dynamic Programming and Optimal Control: Volume I. v. 1. Athena

Scientific, 2012. URL: https://books.google.com/books?id=qVBEEAAAQBAJ.

[Bhao3s] R. Bhatia. “On the exponential metric increasing property”. In: Linear Algebra and its
Applications 375 (2003), pages 211—220. po1: https://doi.org/10.1016/50024-
3795(03) 00647 - 5.

[BHo6] R. Bhatia and J. Holbrook. “Riemannian geometry and matrix geometric means”.
In: Linear Algebra and its Applications 413.2 (2006). Special Issue on the 11th
Conference of the International Linear Algebra Society, Coimbra, 2004, pages 594—
618. por: https://doi.org/10.1016/j.1aa.2005.08.025.

[Boug3] P. Bougerol. “Kalman Filtering with Random Coefficients and Contractions”. In:
SIAM Journal on Control and Optimization 31.4 (1993), pages 942—-959. eprint:
https://doi.org/10.1137/0331041. po1: 10.1137/0331041.

[HJ13] R. A. Horn and C. R. Johnson. Matrix analysis. Second. Cambridge University
Press, Cambridge, 2013.

[KSHoo] T. Kailath, A. H. Sayed, and B. Hassibi. Linear estimation. Prentice Hall, 2000.

[Kal6o] R. E. Kalman. “A New Approach to Linear Filtering and Prediction Problems”.
In: Journal of Basic Engineering 82.1 (Mar. 1960), pages 35—45. eprint: https:
//asmedigitalcollection.asme.org/fluidsengineering/article-pdf/
82/1/35/5518977/35\_1.pdf. po1: 10.1115/1.3662552.

[Khag6] H. Khalil. “Nonlinear Systems, Printice-Hall”. In: Upper Saddle River, NJ 3 (1996).

[Lanyo] P. Lancaster. “Explicit Solutions of Linear Matrix Equations”. In: SIAM Review 12.4
(1970), pages 544-566. URL: http://www.jstor.org/stable/2028490.

[LLo7] J. Lawson and Y. Lim. “A Birkhoff Contraction Formula with Applications to
Riccati Equations”. In: SIAM Journal on Control and Optimization 46.3 (2007),
pages 930—951. eprint: https://doi.org/10.1137/050637637. por: 10.1137/
050637637.

[Laxo2] P. D. Lax. Functional analysis. Wiley-Interscience, 2002.


https://books.google.com/books?id=qVBEEAAAQBAJ
https://doi.org/https://doi.org/10.1016/S0024-3795(03)00647-5
https://doi.org/https://doi.org/10.1016/S0024-3795(03)00647-5
https://doi.org/https://doi.org/10.1016/j.laa.2005.08.025
https://doi.org/10.1137/0331041
https://doi.org/10.1137/0331041
https://asmedigitalcollection.asme.org/fluidsengineering/article-pdf/82/1/35/5518977/35\_1.pdf
https://asmedigitalcollection.asme.org/fluidsengineering/article-pdf/82/1/35/5518977/35\_1.pdf
https://asmedigitalcollection.asme.org/fluidsengineering/article-pdf/82/1/35/5518977/35\_1.pdf
https://doi.org/10.1115/1.3662552
http://www.jstor.org/stable/2028490
https://doi.org/10.1137/050637637
https://doi.org/10.1137/050637637
https://doi.org/10.1137/050637637

Project 5: Algebraic Riccati Equations 262

[LLo8]

[LWo4]

[Ric24]

[SMlg2]

H. Lee and Y. Lim. “Invariant metrics, contractions and nonlinear matrix equations”.
In: Nonlinearity 21.4 (2008), pages 857-878. por: 10.1088/0951-7715/21/4/
011.

C. Liverani and M. P. Wojtkowski. “Generalization of the Hilbert metric to the
space of positive definite matrices.” In: Pacific Journal of Mathematics 166.2 (1994),
pages 339 —355. DOIL: pjm/1102621142.

J. Riccati. “Animadversiones in aequationes differentiales secundi gradus”. In:
Actorum Eruditorum quae Lipsiae publicantur Supplementa. Actorum Eruditorum
quae Lipsiae publicantur Supplementa v. 8. prostant apud Joh. Grossii haeredes
& J.F. Gleditschium, 1724. URL: https://books . google. com/books?id=
UjTwlw7tZsEC.

V. I. SMIRNOV. “Biography of A. M. Lyapunov”. In: International Journal of
Control 55.3 (1992), pages 775-784. eprint: https://doi.org/10.1080/
00207179208934258. po1: 10.1080/00207179208934258.


https://doi.org/10.1088/0951-7715/21/4/011
https://doi.org/10.1088/0951-7715/21/4/011
https://doi.org/pjm/1102621142
https://books.google.com/books?id=UjTw1w7tZsEC
https://books.google.com/books?id=UjTw1w7tZsEC
https://doi.org/10.1080/00207179208934258
https://doi.org/10.1080/00207179208934258
https://doi.org/10.1080/00207179208934258

6.1

\ 6. Hyperbolic Polynomials

Date: 14 March 2022 Author: Eitan Levin

In this note, we survey the basic properties of hyperbolic polynomials and their
consequences. These polynomials generalize the determinant, and the roots of their
analogously-defined characteristic polynomials share remarkably many of the properties
of eigenvalues. Hyperbolic polynomials were originally introduced in the study of
(hyperbolic) PDEs by Garding [Gars1], and have since found applications in several
other areas, most famously in the resolution of the Kadison-Singer problem by Marcus,
Spielman, and Srivastava [MSS14].

Basic definitions and properties

Let € be a Euclidean vector space. Denote by R[], the space of polynomial functions
on € which are homogeneous of degree d.

Definition 6.1 (Hyperbolic polynomials). A homogeneous polynomial p € R[€], is
hyperbolic on € with respect to a direction e € € if p(e) # 0 and if the univariate
polynomial  — p(x — te) has only real roots for any x € €. The set of hyperbolic
polynomials of degree d with respect to e is denoted Hyp,(e).

The polynomial ¢ — p(x — te) is called the characteristic polynomial of x, and
its roots (listed with multiplicity) are called the eigenvalues of x and are denoted
by /lmax(x) =Mhx) 2.2 Ad(x) =: Amin ().

Note that the characteristic polynomial always has degree d, and hence has d roots
counting multiplicities, since the leading term of t — p(x — te) is (-1)%p(e)t? and
we assume p(e) # 0. See also Remark 6.8 below.

It is common to normalize hyperbolic polynomials so that p(e) = 1, but we do not
require this.

Example 6.2 The following are three of the most basic examples of hyperbolic polyno-
mials.

(a) The product p(x) = H?:l x; is hyperbolic on R? with respect to 1 = (1,...,1)"

since the roots of p(x — 1) = Hl‘.izl (x; — t) are the coordinates x;. In this case,
Ax) = xt.

(b) The determinant p(X) = det(X) is hyperbolic on H; with respect to I since
the roots of p(X — tI) = det(X — tI) are the eigenvalues of X. In this case
A(X) = A(X)! is the vector of eigenvalues of X sorted in decreasing order.

() We have p(x) = (e, x)? € Hyp,(e), showing that Hyp,(e) # 0 for all d € N
and e € €.

More sophisticated examples are given in Sections 6.3 and 6.5. .

Hyperbolic polynomials unify the analysis of certain families of inequalities and
cones arising in optimization.

Agenda:

ik
23
3.

4.
5%
6.

Hyperbolic polynomials
Differentiation

Quadratics and Alexandrov’s
inequality

SDPs and perturbation theory
Compositions

Euclidean structure

In more detail, 6 is a
finite-dimensional real inner-product
space equipped with the associated
norm topology. The space R[€],
consists of functions that are
homogeneous polynomials of degree
d in the coordinates with respect to
some basis for €. This definition is
independent of the choice of basis.
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Note that the eigenvalues A;(x) are continuous in x, since the roots of a polynomial
are continuous functions of its coefficients (which follows from the argument principle
in complex analysis), and the coefficients of t — p(x — te) are themselves continuous
(in fact, polynomial) functions of x. Note also that

A(sx+te) =sA(x)+tlfors >0andt € R,
Ai(=%x) = Aa-i(x), (6.1)

px) =pe) [ | Ai).

In particular, A(e) = 1.
As usual in this class, we begin by characterizing the geometry of the set of
hyperbolic polynomials.

Proposition 6.3 (Basic geometry). If p € Hyp,(e) then ap € Hyp,(e) for any nonzero
a € R. In particular, Hyp,(e) is a cone, but it is not convex. If p € Hyp,(e) and

q € Hyp,,(e), then pg € Hyp,, ,(e).

Proof. The first and last claims are easy to verify directly from Definition 6.1.
The cone Hyp,(e) is not convex since if p € Hyp,(e) then —p € Hyp,(e) but
(p —p)/2 =0 ¢ Hyp,(e) because the zero polynomial vanishes at e.
[ ]

Next, we introduce the generalization of the psd cone.

Definition 6.4 The hyperbolicity cone for p with respect to e is the cone A, = {x €
6 : Amin(x) > 0}. Its closure is denoted by A,.

Note that A, is indeed a cone, since A;, is positively homogeneous by (6.1). Note
also that
AL ={x €€ : Anin(x) > 0}.

Indeed, the inclusion C follows by continuity of A, while the reverse inclusion follows
since if Apin(x) = 0 then for ¢t > 0 we have x + te € A, by (6.1) and x + fe — x as
t | 0. Equation (6.1) also shows that p/p(e) > 0 on A, and p/p(e) > 0 on A,.
We have A, = [R{f+, A, = Rf in Example 6.2(a) and Ay, = [I-I];", A, = H—I]; in
Example 6.2(b).
We proceed to show that hyperbolicity cones are convex.

Lemmaé.5 The set A, is the connected component containing e in {x € € : p(x) # 0}.
Moreover, it is star-shaped with center e.

Proof. We have e € A, since Apin(e) = 1, and Ay C {x € € : p(x) # 0} since
p/p(e) > 0on Ayy. If x € Ay then Apin(Tx + 7€) = TAgin(x) + T > 0 for all
T € [0,1] and T = 1 — 7. This shows that the line segment between x and e is
contained in A4, and hence A, is connected, and moreover start-shaped with center e.
Therefore, A, is contained in the connected component of e in {x € € : p(x) # 0}.
Conversely, if x is in that connected component, then x € A, because Ay, varies
continuously on any path between x and e contained in {x € € : p(x) # 0} and is
never zero on it. u

The following theorem gives an important property of hyperbolicity cones, from
which their convexity readily follows. The proof below is a slight simplification of
Renegar’s proof in [Reno6, Thm. 3], which in turn is a simplification of Garding’s
original proof in [Gérs1, Lemma 2.7].

In this note, a cone is a set closed
under multiplication by strictly
positive numbers.

We do not get convexity even if we
restrict to polynomials satisfying
p(e) =1, as can be seen from
Proposition 6.13(d) below.

A set S is star-shaped with center
so € S if the line segment between s
and any s € S is contained in S.
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Theorem 6.6 If x € A, then p is hyperbolic with respect to x. The hyperbolicity
cone of p with respect to x is also Ay;.

Proof. Fix arbitrary y € €. For the first claim, we need to show that ¢ + p(y — tx)
has only real roots. Since this is a polynomial with real coefficients, and hence its
complex roots come in conjugate pairs, it is equivalent to show that all of its roots have
nonnegative imaginary parts. Suppose for contradiction that this is not the case.

Define g(a, s,1) = p(iae+sy —tx). All the roots of t — q(1,0,¢) = p(e) [];(i-
tA;(x)) have positive imaginary parts (namely, A;(x)™!), while some root of ¢ +>
q(0, 1, t) has a negative imaginary part. Using the continuous dependence of the roots
on the coefficients, we conclude that there must exist § € (0, 1) such that some root
oft — q(1 -, B, 1) is real, say that root is t’. Then z = By — t'x € € is such that
t — p(z — te) has a purely imaginary root (namely, ¢ = —i(1 — 8)), contradicting the
hyperbolicity of p with respect to e.

The second claim follows from Lemma 6.5. [ ]

Corollary 6.7 The cones A, and A, are convex.

Proof. The cone A, is star-shaped and every x € A, is a center by Lemma 6.5, hence
it is convex. The cone A, is the closure of a convex set, hence convex as well. [ |

Remark 6.8 Corollary 6.7 can fail without the requirement that p(e) # O in Defini-
tion 6.1, see [Reno6].

We can now generalize the convexity of the largest eigenvalue.

Theorem 6.9 The function A,x is convex and A, is concave on all of 6.

Proof. Since A1(—x) = —Anin(x), it suffices to show the second statement.
The superlevel sets of A, are convex, because {x € € : Apnin(x) > a} = A, + ae.
For x, y € € such that A (¥) = Amin(x), define

z=y+ [)Lmin(x) - Amin(y)]e’

and note that Ayjn(X) = Amin(2). Therefore, for any 7 € [0,1] and T = 1 — 7, we have
TX+7TZ2 € {w € € : Apin(W) = Anin(x)}, so

Amin(x) < /lmin(‘[x + fz) = A'min(Tx + fJ/) + f[/lmin(x) - Amin()’)]'

Rearranging gives Amin (TX + TY) = TAmin(x) + TAnin(¥), as desired. [ |

Derivatives and multilinearization

Differentiating a hyperbolic polynomial gives another hyperbolic polynomial. This fact,
which we prove below, ultimately yields Alexandrov’s mixed discriminant inequality
(Corollary 6.16) as an easy consequence of the theory we develop.

Definition 6.10 For a polynomial p on € and vectors y,...,¥; € €, define induc-
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tively the following polynomials:

p(x+ty;) =(Vp(x),y,),
t=0

d
P;? (x) = ar

k _ 4d

(k-1)
pyl""'yk - dt

pyl,...,y,c_1 (x + tJ/k)'
=0

Proposition 6.11 (Derivatives are hyperbolic). Suppose p is hyperbolic on 6 of degree d

with hyperbolicity cone A,,. Then for any y,, ..., y; € A4, the derivative polynomial

p;,’f)yk is hyperbolic of degree d — k with respect to any y € A.

Proof. 1t suffices to prove the case k = 1, since then the general case follows by
induction. If y; € A4, then p is hyperbolic with respect to y; by Theorem 6.6,
so t — p(x —ty,;) has d real roots. By Rolle’s theorem, the roots A (x) of
t— pJ(,i) (x — ty,) are nested between the roots A(x) of ¢ — p(x — ty,), meaning
that

M) = A0 () 2 Aa(x) =02 Aga () 2 A (x) = Aa(w).

In particular, this shows that all d — 1 roots of t p(l) (x —ty,) are real. By Euler’s

homogeneous function theorem, we have pJ(,i)(yl) = p(y,)d # 0. Thus, p}(,i) is
hyperbolic with respect to y,. Moreover, for any y € A.+ we have A4(y) > 0, hence

/1;1_)1( y) > 0 so y is in the hyperbolicity cone of pJ('i)' Theorem 6.6 then shows that
PJ(,? is hyperbolic with respect to y. .

An important special case of derivative polynomials is the multilinearization of a
homogeneous polynomial. If p is a homogeneous polynomial of degree d on €, one
defines polynomials p;, . i, by

d .
p(Zm aixi) - Zh ,,,,, ju Pieda (B0 Xa) O

where the sum is over indices iy, ..., ig € {0,...,d} summing to d. By viewing this
as a polynomial in @ € R and equating coefficients of corresponding monomials, it is
easy to show that p;, ;. (X1,...,%4) is homogeneous of degree i; in x, and that for
any permutation o on d letters, we have

Pitrenia (X (1) -+ 3 X () = Piyor iyt q) (X1 -0 Xat)-

In particular, p = py,. 1 is multilinear and symmetric in its d arguments, and it is
called the multilinearization or full polarization of p. The map p + p defines a linear
isomorphism between R[%],; and symmetric multilinear polynomials on €%, since we
have:

1_
p(x) = ap(x,...,x). (6.2)

This can be seen by noting that p (Z?zl a,-x) = (3 al-)dp(x) and equating the
coefficients of a7 - - - @4. Proposition 6.11 implies the following Corollary.

Corollary 6.12 Suppose p is a hyperbolic polynomial on € of degree d with hyperbolicity
cone A4, and let p be its multilinearization. For any 1 < k < d and any Xk, ..., X4 €
A+, the polynomial x — p(x,...,x,X,...,X,) is hyperbolic with respect to any
Yy € Ayt

Multilinearization realizes the
isomorphism Sym4 () = (€®%)S
briefly discussed in class, where the
symmetric group Sy acts by
permuting the factors.
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Proof. Using (6.2) and the symmetry and multilinearity of p, we have

1 _
p(x+txy) = ap(x +tXg4, ..., X +1Xxg)
1 —
=3 [p(x) +tdp(x,...,x,xq) + O(tz)] .
Therefore, p,ﬁi) (x) = ﬁﬁ(x, ...,X,xg). Continuing inductively, we get

PX, ..., %, %k, ..., xa) = (k= )iyt 50 (),

so the claim follows from Proposition 6.11. |

Hyperbolic quadratics and Alexandrov’s mixed discriminant inequality

In this section, we consider the special case of a quadratic polynomial p(x) = x"Ax.
Its hyperbolicity is characterized by a “reverse Cauchy-Schwarz” inequality satisfied
by its associated symmetric bilinear form. We then instantiate this inequality for
the multilinearization of the determinant, yielding Alexandrov’s mixed discriminant
inequality. The following proposition is based on [SH1g, Lemma 2.9].

Proposition 6.13 (Hyperbolic quadratics). Set € = R” and fix A € H,,. Define Q(x, y) =
x"Ay and p(x) = Q(x, x), and suppose e € R" satisfies p(e) > 0. The following are
equivalent.

(a) p is hyperbolic with respect to e.

() Q(x,y)? = p(x)p(y) for all x, y € € such that p(y) > 0.

(c) A has at most one positive eigenvalue.

(d) There exists w € R" such that Q(x, w) = 0 implies p(x) < 0.

The hyperbolicity cone of p with respect to any such e is
Ay ={x e R": p(x) > 0}.

Proof. We show (@) & (b) = (¢) = (d) = (b). Note that p(x — ty) = p(y)t? -
2tQ(x,y) + p(x), whose roots are (assuming p(y) # 0):

Q(x,y) +/Q(x,y)* - p(x)p(y)
p(¥) '

(6.3)

Suppose (a) holds. If p(y) = O then the inequality in (b) is trivially satisfied. If
p(y) > 0, then the smallest root of ¢ — p(y —te) (given by (6.3) with x = e) is strictly
positive (and conversely, showing the claimed expression for A,), hence y € A, and
p is hyperbolic with respect to y. This implies that both roots in (6.3) are real, and
hence the term inside the square root is positive, giving (b). Conversely, suppose (b)
holds. Setting y = e in the inequality of (b), we obtain Q(x, e)? — p(x)p(e) > 0,
hence (a) holds. Thus, (a) and (b) are equivalent.

Suppose (b) holds. If (c) does not hold, then there exist orthogonal eigenvectors x, y
corresponding to positive eigenvalues, in which case Q(x, y) = 0 but p(x)p(y) > 0.
Hence (b) does not hold, a contradiction, so (b) implies (c). Suppose (c) holds. If
A has no positive eigenvalues, then p < 0 and (d) holds with any w. If A has
exactly one positive eigenvalue, then (d) holds with w equal to the corresponding
eigenvector. Hence (c) implies (d). Suppose (d) holds. We claim (b) holds as well.
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Indeed, if p(y) = O there is nothing to prove, so assume p(y) > 0. Then (d) implies
Q(y,w) # 0. For each x € R", define z = x — ty with t = Q(x,w)/Q(y, w), which
satisfies Q(z, w) = 0. Therefore, (d) gives

Q(x, y)?
02 p(2) = p(x) - 20Q(x,y) + 1*p(y) 2 plx) - =2,
r(y)
where last inequality is obtained by minimizing over ¢. This shows (b) holds. |

Example 6.14 (The second-order cone). Let € = R"*! and p(x) = xg -2 xi2 =x"Ax
for A = diag(1,-1,...,—1). Then p is hyperbolic with respect to e = (1,0,...,0)"
by Proposition 6.13(d), and its corresponding hyperbolicity cone is

Ay = {x e R™: Z; X7 < xé}.
This is the so-called second-order cone, the epigraph of the €3 norm on R”. .

Applying Proposition 6.13 to the multilinearization, we obtain the following re-
sult.

Theorem 6.15 ([Sch14, Thm. 5.5.3]). Let p be hyperbolic on € of degree d with
hyperbolicity cone A,, and let p: €% — R be its multilinearization. Fix
X9,X3,...,Xq € Ay

@ p(z,%x2,%3,...,x5) > 0forallz € A,.
(b) For any y € A, and x € €, we have

P(X,y,%X3,...,%2)> > p(x,%,%3,...,X)P(Y, ¥, X3, ..., Xq).

Proof. Corollary 6.12 shows that x — p(x, X2, X3, ...,Xg) is hyperbolic with respect
to any z € A4, hence in particular, nonnegative on A,. This shows (a).

The same corollary also shows that x — p(x,x,xs3,...,Xxg) is a hyperbolic
quadratic on € with respect to any element in A, so Proposition 6.13 give part
(b). [ ]

Corollary 6.16 (Alexandrov’s mixed discriminant inequality). Let D: (H,)"” — R be the
multilinearization of p = det on H,,.

@ D(Cy,...,Cy) = 0 whenever C; € H}, and C; € H}* for all i > 2.
(b) For any A € H,,, any B € H},, and any C3,...,C, € H}*, we have:

D(A,B,Cs,...,C,)? >D(A,A,Cs,...,C,)D(B,B,Cs,...,Cp). (6.4)

The function D is called the mixed discriminant, and inequality (6.4) is called
Alexandrov’s mixed discriminant inequality. One can also derive the equality cases
for (6.4) from hyperbolicity, see [Schi4, Thm. 5.5.4].

The inequality (6.4) can be used to derive the Alexandrov-Fenchel inequality for
mixed volumes, a fundamental result in convex geometry. See [SH19], who also give a
more elementary proof of (6.4).

Semidefinite representability, and additive perturbation theory

An important subset of Hyp,(e) for e € R” consists of determinants of matrix pencils
p(x) = det (X1, x;A;) with A; € Hg such that }}; e;A; > 0. The corresponding hyper-
bolicity cones are linear slices of the psd cone H*, namely, A, = {x € € : }}; x;A; > 0}.
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Such cones A, are said to be semidefinite-representable, and they are significant be-
cause optimizing a linear function over A, subject to linear equality constraints is
a semidefinite program (SDP), which can be solved efficiently using interior-point
methods. Those same methods can be used to efficiently solve linear optimization
over any hyperbolicity cone [Giilg7] (because log1/p is a self-concordant barrier
function for A,), leading to so-called hyperbolic programs. A natural question is then
whether the class of hyperbolic programs is more expressive than SDPs, that is, can
every hyperbolic program be written as an SDP? This is the content of the general Lax
conjecture [Reno6], which conjectures that for any hyperbolicity cone A, there exists
n € N, a subspace S ¢ Hj,, and a linear isomorphism € -8 sending A, to S N H;.
The special case of hyperbolicity cones in R® (which was the original Lax conjecture)
has been proved in [LPRos] using, according to [Serog], a “deep result about Riemann
surfaces by Helton-Vinnikov [HVo7]”. They show that for any hyperbolic polynomial
p on R® with respect to (1,0,0), there exist A, B € H; (where d = deg p) satisfying

p(&o, &1, &2) = p(1,0,0) det(&oI + &1A + 2B). (6.5)

The corresponding statement for hyperbolic polynomials on R” for n > 4 is false [LPRo5]
(but note that the existence of a representation of the form (6.5) is stronger than the
general Lax conjecture).

The representation (6.5) can be used to show that all the additive perturbation
theory for eigenvalues of matrices extend to eigenvalues of any hyperbolic polynomial.
Indeed, for any x, y € €, consider the polynomial on R® given by q(&) = p(&e +
&x + &y). This is hyperbolic with respect to (1,0, 0)", hence (6.5) yields A, B € Hy
satisfying

p(Soe + §1x + &2y) = det(Sol + §1A + $2B).

This implies that A(x) = A(A), A(y) = A(B), and A(x + y) = A(A + B), giving the
general result:

Theorem 6.17 (Perturbation theory). Let p be a hyperbolic polynomial on € of degree d.
Then any relation satisfied by the eigenvalues of arbitrary matrices A, B, A+ B € Hy
is also satisfied by A(x), A(y), A(x +y), forany x,y € €.

In particular, Lidskii’s theorem holds: A(x +y) — A(x) < A(y).

A more elementary proof of Lidskii’s theorem for hyperbolic polynomials is given
in [Serog]. We give a self-contained proof of the weaker statement A(x + y) <
A(x) + A(y) in Corollary 6.21 in the next section. There, we also use hyperbolicity to
derive inequalities for eigenvalues of matrices, rather than the other way around.

Hyperbolicity and convexity of compositions

In this section, we consider hyperbolicity and convexity of the composition of functions
and the eigenvalue map A. These properties enable us to prove inequalities for
eigenvalues of matrices, in particular a weak form of Lidskii’s theorem and Minkowski’s
determinant inequality.

Recall that the kth elementary symmetric polynomial on R” is defined as

k(%) 1<iy<o<ip<n 1 >

fork =1,...,n,and Ey = 1. The ring of symmetric polynomials on R" is generated
byEo,...,En.
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Lemma 6.18 If p is hyperbolic with respect to e with eigenvalue map A, then Ej o A is
a hyperbolic polynomial of degree k with respect to any y € Ay,.

Proof. Note that

px+te)=p(e) [ [ (L@ +0) =ple) > E(Ax),

1 d—

IOIC=S]] pélg ). The claim follows from Proposition 6.11. [

hence Ex o A =

Corollary 6.19 The following are consequences of Lemma 6.18.

(@) Ej is hyperbolic on R” with respect to any y € R?,.
(b) The sum of all the eigenvalues 1" A is linear.

Proof. For (a), instantiate Lemma 6.18 on Example 6.2(a). For (b), note that 1A =
E; o A which is a polynomial of degree 1 by Lemma 6.18. |

The following theorem, taken from [Bau+o1, Thm. 3.1], shows that compo-
sitions of symmetric hyperbolic polynomials with the eigenvalue map is hyper-
bolic.

Theorem 6.20 (Hyperbolicity of composition). Let p be a hyperbolic polynomial on
€ with respect to e of degree d, with eigenvalue map A. Let g be a symmetric
hyperbolic polynomial on R with respect to 1 of degree k, with eigenvalue map
p. Then g o A is a hyperbolic polynomial on € with respect to e of degree k, with
eigenvalue map p o A.

Proof. Since q is symmetric of degree k, it can be written as a polynomial in Ej, . .., E,
hence g o A is a homogeneous polynomial of degree k by Lemma 6.18. Next, recall
from (6.1) that A(x — te) = A(x) — t1. Since g is hyperbolic with respect to 1, we
have (g o A)(e) = g(1) # 0 and

(goA)(x—te) =q(A(x) —1t1) = q(1) l_[j(uj(/'\(x)) - 1),
whose roots are (g o A)(x), which are all real. [

We can use Theorem 6.20 to prove a weaker form of Lidskii’s theorem:

Corollary 6.21 Let p be a hyperbolic polynomial on € with eigenvalue map A. For any
x,y €6, wehave A(x +y) < A(x) + A(p).

Proof. Foreach1 < k < d let

k
u) = Uj,.
qk( ) l_llsi1<...<iksd Zj:1 lj
Note that g is a symmetric polynomial, hyperbolic with respect to 1 with eigenvalues
k
u) = ( o Ui
ﬂ( ) Zj_l b 1<ip<..<ip<d

with respect to e, and its largest eigenvalue is Z;‘:l A;. By (6.1) and Theorem 6.9, this

. Theorem 6.20 then shows that gx o A is hyperbolic

largest eigenvalue is positively homogeneous and convex. Thus, Zle A; is subadditive
for all k, implying A(x +y) <, A(x)+A(y). Finally, 1"A(x +y) = 17(A(x) + A(y))
by Corollary 6.19(b). ]

Using the above weak form of Lidskii’s theorem, we can prove that the composition
of convex and symmetric functions with the eigenvalue map is also convex, a fact
that yields in particular Minkowski’s determinant inequality. The next result appears
in [Bau+o1, Thm. 3.9].
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Theorem 6.22 (Convexity of compositions). Let p be a hyperbolic polynomial on €
with eigenvalue map A. If f: R? — R is convex and symmetric, then foAis
convex on 6.

Proof. By Corollary 6.21 and the positive homogeneity of A, for any x,y € 6, any
T € [0,1] and T =1 — 7, we have

A(tx +7y) < A(1x) + A(Ty) = TA(X) + TA(Y).
Since f is convex and symmetric, it is isotone, hence

(foA)(ax+7y) < f(TA(x) + TA(y)) S T(f o A)(x) + T(f 2 A)(y),
where for the last inequality we used the convexity of f. [ |

We can now use hyperbolicity to derive inequalities for eigenvalues of matrices.

Corollary 6.23 (Garding's inequality). Let p be a hyperbolic polynomial on € with respect
to e of degree d. If p(e) > 0, then x — p(x)'/¢ is superlinear on A,. In particular,
we have

tr(AY A+ B)V > wr(AYA)V + r(AB)VY, (6.6)

for any A, B € H}, and any n € N.

Setting 1 = d in (6.6), we get Minkowski’s determinant inequality det(A+B)Y/4 >
det(A)'/? + det(B)"/4, valid for any A, B € H.

Proof. Note that p(x) = p(e) [[; Li(x) = p(e)(Eg o A)(x). The function x —
E;(x)'4 is the geometric mean, which is concave on R¢ (exercise) and symmetric.

1/d is concave on A, by Theorem 6.22 (with f = E;/ 4 on IRf and +oo

1/d

Hence, p

otherwise). Since p is homogeneous of degree d, we conclude that p
homogeneous. Thus, it is superlinear on A,.

For the second claim, Lemma 6.18 applied to p = det and € = H,, shows that
E; o A is hyperbolic of degree d with respect to I,,. Therefore, the map X +—

(Eq(AX))N)Y = tr (/\dX)l/d is superlinear on A, = H}, as desired. [

is positively

1/d
Exercise 6.24 Show that x (H?zl x,-) is concave on RY.

Euclidean structure

The eigenvalue map A induces a psd symmetric bilinear form, which is an inner product
for all our examples. It generalizes the Frobenius inner product on symmetric matrices,
and satisfies a sharpened Cauchy-Schwarz inequality generalizing von Neumann’s
trace inequality.

Definition 6.25 Define ||-||: € — R, by ||x|| = ||A(x)]|2, and define (-, -): €2 — R
by the polarization identity

1 2 1 2
YY) = =lx+ - =|lx - yl*.
(w.y) = Zlw+yIP = S lx -yl

Proposition 6.26 ([Bau+O1, Thm. 4.2]). The function || - || is a seminorm on ‘€, and (-, -) is
a positive-semidefinite bilinear form on €.

Recall that R = R U {+c0} is the
extended reals.

A function is superlinear if it is
superadditive and positively
homogeneous.

A seminorm is sublinear but may be
Z€ro On NON-Zero vectors.
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Proof. The function || - || is clearly nonnegative, and it is absolutely homogeneous
by (6.1). It is convex by Theorem 6.22 as it is the composition of the convex and
symmetric ¢, norm on R? with the eigenvalue map A. Thus, || - || is subadditive.
Moreover, ||x||> = 3; Ai(x)? = (E;(A(x)))? — 2E5(A(x)), which is a homogeneous
quadratic polynomial on € by Lemma 6.18. Any quadratic seminorm is induced by a
psd symmetric bilinear form given by the polarization identity. [ |

In order to make || - || a norm and (-, -) an inner-product, we must require an
additional property from p.

Definition 6.27 A hyperbolic polynomial p with respect to e is complete if {x € € :
A(x) =0} = {0}.

Proposition 6.28 The following are equivalent.

(a) p is complete.
(b) A, is pointed.
© [lx]| = [|A(x)]|2 is a norm.

Proof. If A(x) = 0 then A(—x) = 0 as well by (6.1), so x € A, N (—A;). Conversely,
if x € Ay N (=Ay) then Apin(x) = 0 and Apin(—X) = —Apmax(x) = 0, hence 0 <
Amin(X) < Anax(x) < 0 and A(x) = 0. This shows (a) and (b) are equivalent. Finally,
(@) and (c) are equivalent because ||x|| is always a seminorm, and ||x|| = 0 if and only
if A(x) = 0. [ ]

The polynomials in Example 6.2 and Example 6.14 are complete, since R7, H?,, and
the second-order cone are pointed. The above norm is also the Hessian norm used in
interior-point methods with the barrier log 1/p [Bau+o1, Rmk. 4.3].

The inner-product in Definition 6.25 satisfies a sharpened Cauchy-Schwarz inequal-
ity [Bau+o1, Prop. 4.4].

Proposition 6.29 (Refined Cauchy—Schwarz). For any x,y € €,

(x,¥) < (Ax), A(¥))e, < |Ixlllyll.

Proof. Corollary 6.21 shows that A(x +y) < A(x)+ A(y). Since the €5 norm is convex
and symmetric, it is isotone, hence |[A(x + y)l|l¢, < ||A(x) + A(y)||¢,- Squaring both
sides, this is equivalent to

2(A(x), A(¥))e, 2 IA(x + I, = IA@)IE, = 1AW,
= llx+yI? = l1x1” = Iy ll* = 2¢x, ),

giving the first claimed inequality. The second is Cauchy—Schwarz for the ¢; norm. =

In Example 6.2(a), the sharpened Cauchy-Schwarz inequality reduces to Cheby-
shev’s rearrangement inequality, and in Example 6.2(b) it reduces to von Neumann’s
trace inequality. Note also that (x, e) = }; 1;(x), generalizing the trace (X, I;)r on
H; and making its linearity (proved separately in Corollary 6.19(b)) apparent.
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\ 7. The Laplace Transform Method for Matrices

Date: 9 March 2022 Author: Elvira Moreno

In previous lectures, we have observed how mathematical theory concerning scalars
can be extended to the realm of matrices. In this lecture, we explore how concepts in
probability, originally defined to study large-deviation behavior of sequences of random
variables and their sums, can be paralleled to study the behavior of the extremal
eigenvalues of independent sums of random matrices.

We begin our discussion with a matrix version of the Laplace transform method,
which has proven to be an invaluable tool for producing tail bounds for the sums of
random variables. We then present a Laplace-tranform-like bound for the sum of
independent random matrices due to Tropp [Tro11], who builds on Lieb’s [Lie73b]
work on convex trace functions to extend the classical result to the matrix setting. As a
testament to the power of Tropp’s result, we show how it can be employed to prove a
matrix version of the Chernoff bound. Finally, we discuss an application of the matrix
Chernoff bound in spectral graph theory, where it is used to show that any undirected,
connected graph can be well approximated by a sparse graph with high probability.

The Laplace transform method

The Laplace transform method is an invaluable tool for producing bounds on the
tail probabilities of random variables and their sums. In this section, we recall the
statement of the Laplace transform bound and we show an extension of this result to
the matrix setting due to Ahlswede and Winter [AWo1].

The Laplace transform method: Scalar case

We begin by recalling the classical definitions for the moment generating function and
the cumulant generating function of a random variable.

Definition 7.1 (Mgf and cgf). Let X be a real random variable. The moment generating
function (mgf) of X is defined by

myx (0) := Eexp (6X) for each 0 € R.
The cumulant generating function (cgf) of X is defined by

&x(0) :=logEexp (0X) foreach 6 € R.

Next, we state the Laplace transform method, which illustrates how the cgf of a
real random variable can be used to establish bounds on its tail probabilities.

Theorem 7.2 (Laplace transform method). Let X be a real random variable. Then, for

Agenda:

ik
23

3.
4.

The Laplace transform method
The Laplace transform bound
for sums of random matrices
The matrix Chernoff bound
Sparsification via random
sampling
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eacht e R,
P{X >t} < éng exp (=01 + ¢éx(0)) ;
>
P{X <t} < (gngexp (=0t + &x(0)) .
<

Exercise 7.3 Provide a proof for Theorem 7.2. Hint: Markov’s inequality.

The previous result can be readily employed to produce tail bounds for the sum of
independent random variables.

Corollary 7.4 (Laplace transform method for the independent sum). Let {Xi}:le be an
independent family of real random variables in L. Then

p {Z; X2t} < inf exp (~6r S £0(0))
P {Zil X; < t} < érg) exp (—01‘ + Z; fxi(B)) .

Proof. LetY = Zle X;. By independence of the random variables X;, we have that

kv k , k ) k )
log E el Lian Xi = log E ( l_[i:1 eQXl) =log l_[izl Eef%i = Zi:l log E ef%i

forall @ € R. So &y = Zle ¢x;, and the result follows by replacing Y and ¢y in
Theorem 7.2. u

In the next section, we extend these concepts and results to the matrix case.

The Laplace transform method: Matrix case

We begin by defining the concepts of moment generating function and cumulant
generating function of a random matrix in analogy to their classical definitions for real
random variables.

Definition 7.5 (Matrix mgf and cgf). Let X € M, be a random self-adjoint matrix.
Define the moment generating function (mgf) of X by

Mx(0) .= Eexp (60X) for 6 € R.

Define the cumulant generating function (cgf) of X by

Zx(6) :=logEexp (6X) forO eR.

Note that when n = 1, the definitions for the mgf and the cgf of a random matrix
X € M, coincide with their classical definition in the setting of real random variables.

As in the scalar case, the cgf of a random matrix can be employed to provide bounds
on the tail probabilities of its largest eigenvalue. An extension of Theorem 7.2 to the
matrix setting was first provided by Ahlswede and Winter in [AWo1]. We will instead
consider the following variant by Oliveira [Oliio]. The proof we present is that by
Tropp [Tro11].

Theorem 7.6 (Laplace transform method: Matrix case). Let X be a random self-adjoint

Recall from Lecture 13, that the
matrix exponential is neither
monotone nor convex. This means
that, unlike the scalar mgf, the matrix
mgf does not enjoy these properties.
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matrix and let ¢ € R. Then,
P {Anax(X) > 1} < ‘igng e I ErefX,;
>

P {Anin(X) <t} < ('19nf e 9 EtrefX,
<0

Proof. (Upper Bound) For 6 > 0, Markov’s inequality yields

E e/lmax (0X)

P A (X) = £} = P {Aax (0X) > 01} = P {&maxwx) < ef”} <
e

The first identity follows because the eigenvalue map is positively homogeneous. The
second is due to the fact that the scalar exponential function is monotone increasing.
Next, recall from Definition 13.2 in Lecture 13, that matrix functions are defined via

the spectral resolution. This means that the eigenvalues of the matrix e?X correspond
to the exponentials of the eigenvalues of X, and we have that
ehmax (0X) _ /lmax(eex) < trefX,
6x

The inequality is due to the fact that all eigenvalues of the matrix e
positive, so its trace dominates its largest eigenvalue. Hence, for 6 > 0,

are strictly

emax (0X) < E trefX

[FD {Amax(x) 2 t} S eat — eHX

The result is obtained by taking the infimum over all strictly positive 6. |

Exercise 7.7 (Laplace transform method: Lower bound). Provide a proof for the lower bound
of Theorem 7.2.

Paralleling the scalar case, we would like to employ the Laplace transform method
for random matrices, Theorem 7.6, to establish tail bounds for the largest eigenvalue
of the sum of independent random matrices. It is here where we encounter the biggest
challenge. Indeed, as is evidenced in the proof of Corollary 7.4, the natural step from
the Laplace transform bound to a Laplace-transform-like statement regarding the tail
decay of the sum of random variables, strongly depends on the additivity of the cgf.
This property of the scalar cgf is not transferred into the matrix case. The reason for
this is that, unlike the scalar exponential, the matrix exponential function does not
convert sums of matrices into products. That is, the identity

eX1+X2 — eX1X2
does not always hold.

In the next section, we show how a result on the concavity of a particular trace
function can be leveraged to circumvent this issue and establish the desired extension
of Corollary 7.4 to the matrix setting.

Laplace transform tail bound for sums of random matrices

To move forward in our aim of extending the Laplace transform method to the matrix
setting, we require a result by Lieb on the concavity of a particular trace function.
This result is one of his many insights concerning the convexity of trace functions. We
refer the interested reader to [Lie73b], where Theorem 7.8 appears as Theorem 6. We
present a proof of the result by Tropp [Tro12], who derives it from joint convexity of
the quantum relative entropy function.
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Theorem 7.8 (Lieb). Fix a self-adjoint matrix H. The function
A +— trexp(H +log(A))

is concave on the PSD cone.

Before proceeding with the proof of Lieb’s Theorem, it is important to recall the
definition of the quantum relative entropy function.

Definition 7.9 (Quantum relative entropy). Let X and Y be positive-definite matrices.
The quantum relative entropy of X with respect to Y is defined by

D(X;Y) =tr(X1logX — XlogY — (X -Y)).

In Lecture 17, we defined the (Umegaki) quantum relative entropy of two density
matrices g, v € A, as

S(g;v) =tr(glogp — plogv),

and we proved that it is both nonnegative and jointly convex. These two properties
also hold for the quantum relative entropy function as defined by 7.9 and play a central
role in the proof of Theorem 7.8.

Proof. Let X and Y be positive definite. By nonnegativity of the quantum relative
entropy function, we have that

tr(Y) > tr(X logY — Xlog X + X).
Since equality is attained when X =Y, we deduce that

tr(Y) = max tr(XlogY — Xlog X + X).
>

Replacing Y = exp(H + log A) in the identity above yields
tr(exp(H +log A)) = max tr(X logexp(H +1log A) — X log X + X)
>
= max tr(XH) —tr(XlogX - Xtr(A) — X + A) — tr(A)
>
=max tr(XH) - D(X; A) — tr(A).
X>0
Observe that Y > 0, as matrix functions are defined via the spectral resolution and
e! > 0 forall A € R. So the substitution is valid. Furthermore, joint convexity
of D and linearity of the trace imply joint concavity of the function (X,A) +—

tr(XH)—D(X; A)—tr(A). The result follows from the fact that the partial maximization
of a jointly concave function is concave (see Exercise 7.10). [ |

Exercise 7.10 (Partial maximization of a jointly concave function). Let f (-, -) be a jointly
concave function. Then the map y — sup, f(x,y) is concave.

Corollary 7.11 (Expectation of the trace exponential). Let H be a fixed self-adjoint matrix.
Then, for any random self-adjoint matrix X,

Etrexp(H + X) < trexp(H + log(E €X)).
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Exercise 7.12 Provide a proof for Corollary 7.11. Hint: Employ Theorem 7.8 with A = X
and invoke Jensen’s inequality.

Recall from the end of Section 1 that nonadditivity of the cgf was the mayor obstacle
for establishing a matrix parallel to Corollary 7.4. Tropp gives rest to this issue by
proving the following subadditivity result for matrix cgfs [Tro11].

Lemma 7.13 (Subadditivity of Matrix cgfs). Consider an independent sequence {X i}le of
random, self-adjoint matrices. Then

k k
[ trexp (Zil HX,-) < trexp(Z:il logEeHXi) for 6 € R.

Proof. Assume without loss of generality that 8 = 1. For i = 1,..., k, we adopt the
conventions
E; =E[-|X1,...,X;] and E;:=logEeX:.

Using the tower property of the conditional expectation we can write
E © Xi|=EE - E X+ x
tr exp Zi:l il =gty lEg—qtrexp i i+ Xk ]
Invoking Corollary 7.11 with H = Z;:ll X; yields
k-1
Eg---Ex_1 trexp( Zi—l X+ Xk)
k-1 X,
<Ep:---Exotrexp Zi:l X;+logkg_1e
k-1
:E0~--[Ek_2trexp( i X,-+Ek).

k-2 _
=[Ep---Eg_atrexp Zi:l Xi+ X1+ Ek].

Taking H = Z;‘:_lz X + Zf and invoking Corollary 7.11 once more, we obtain

k-2
[Eo---[Ek_ztrexp( i1 Xi+Xk_1+Ek)

k-2
< [EO---[Ek_gtrexp( i1 X, +Zr1 +Ek)

k-3
:[Eo---[Ekgtrexp( . 1Xi+Xk_2+Ek1+Ek).
i=

Repeating this procedure recursively with H = Zf;lz X+ Z}C:m 2k form=k k-

1,...,1 yields
k k
[Etrexp( E ilei) <tr E i:1Ek’

from which the result follows. [ |

Having established subadditivity of the matrix cgf, the following tail bound can be
derived from the first bound in Theorem 7.6 [Tro11].
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Theorem 7.14 (Tail bounds for independent sums of random matrices). Consider an
independent sequence {X i}le of random, self-adjoint matrices. Then, for all
teR,

k 9 1 -0t k GX,' .

[p{/lmax( g ile,) > t} < (19r>1£ {e trexp( E i logEe )},
‘ § X e ] a0t k 0X;

[p{/lmm( i X,) < t} < égg {e tr exp E i logEe .

Proof. Follows directly from subadditivity of matrix cgfs, Lemma 7.13, and Theorem
7.6. | |

We also consider the following Corollary, as it will be useful in the next section
when we prove an extension of the Chernoff bound to the matrix setting. We refer the
reader to [Tro11, Corollary 3.9] for a proof.

Corollary 7.15 Consider an independent sequence {X i}le of random, self-adjoint
matrices in M. Forallt € R,

Kk . 1k g,
[P’{/lmax(zl_:l Xi) > t} < nérigexp(— or + klogxlmax(E Zi:l Ee ))

It is worth mentioning that these results can be generalized to inequalities involving
the singular values of random rectangular matrices by means of their self-adjoint
dilation. Refer to [Tro11] for more details.

The matrix Chernoff bound

Recall Chernoff’s inequality for bounded, positive random variables.

Theorem 7.16 (Chernoff’s inequality). Consider an independent sequence
{Xi}i.“:1 of random variables satisfying X; € [0,1] for i = 1,...,k, and let
U= Zle E X;. Then,
k ed Iz
P {Zi:l X; > (1 + 6)/1} S(W) for 6 > 0;

P> Xi< (-0 s(%)” for 6 € [0,1] .

Next, we establish a similar result for controlling the extremal eigenvalues of the
sum of independent random matrices that satisfy some additional properties. For this
purpose, we first need a simple lemma.

Lemma 7.17 (Chernoff mgf). Let X be a random positive-definite matrix such that
Amax(X) < 1. Then,
Eef* <1+ (e? - 1)(EX).

Exercise 7.18 Provide a proof for Lemma 7.17. Hint: First establish the result for the
scalar case by bounding the exponential on [0, 1] by a straight line.

The following theorem is presented as Corollary 5.2 in [Tro11], where the reader
can find a stronger version of the Chernoff bound [Tro11, Theorem 5.1].
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Theorem 7.19 (Matrix Chernoff bound). Consider an independent sequence {X i}le of
random, self-adjoint matrices in M, satisfying X; > 0 and A, (X;) < R almost
surely, for each i € {1,..., k}. Define

k k
Hmin = Amin( Zi:l [EXl) and Mmax = /lrnax( Zi:l |EXl)

Then,
k e5 ,umax/R
P{/lmax(zizlxl') > (1+6)ﬂmax} Sn(m) for 6 > 0;
k e—§ Hmin/R
P {Amm(Zizl Xl) < (1 - 6),Urnin} Sn(m) for 6 € [0, 1] .

Proof. For each i = 1,...,k, letY; = %X,-. Then Anax(Y;) < 1 for every i €
{1,...,k}, and for t > 0 we have that

P {Amax(Zle Xi) > t} =P {AmaX(Z; Y,-) > f}

where 7 = %. By Lemma 7.17, Ee?i < 1+ (e — 1)(EY;) for all i. So Weyl’s
monotonicity principle implies that Apay(€?Y#) < Anax(I+ (€% = 1)(EY;)) for all i,

and Corollary 7.15 yields
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The last inequality is (_1ue to the fact that log(1 + x) < x for x > —1. The result is

obtained by replacing = (1 + 5)% and selecting 6 = log(1 + 9).

The lower bound follows from a similar argument. [ |

A
S
I
>
o

A
S
I
e}
o

A

3 T

o

o]

o
/_\A/_\/_\\/

It is worth mentioning that the Chernoff bound is only one of many matrix
inequalities that can be deduced from the Laplace transform tail bounds for independent
sums of random matrices, Theorem 7.14. In fact, Theorem 7.14 is used in [Troi1]
to produce matrix versions of the bounds known by the names of Azuma, Bennett,
Bernstein, Chernoff, Hoeffding, and McDiarmid.

Application : Sparsification via random sampling

In this section we show how the matrix Chernoff bound can be employed to prove that
any graph can be well approximated by a sparse graph with high probability. With this
purpose in mind, we recall a couple of key definitions from graph theory.
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Definition 7.20 (Adjacency matrix). Let G = (V, E) be a graph. The adjacency matrix
A of G is the |V| X |V| matrix defined by

A )1 if (u,v) €E
(o) = 0 otherwise.

In words, the adjacency matrix of G is the (0, 1)-matrix whose (u, v)-th entry
indicates whether there is an edge from node u to node v.

Definition 7.21 (Laplacian matrix). Let G = (V,E) be an undirected graph. The
Laplacian matrix of G, denoted by Lg, is defined by

Lg:=D-A,

where D is the diagonal matrix whose entries are the degrees of the nodes in V.
The Laplacian of a graph is often understood as its matrix representation.

An important property of the Laplacian of any graph is that it is positive semidefinite.
Indeed, for x € R", we have that

T _ 2 _ _ _ 2
* Lx = Zu deg(xu)xu Z(u,v)eE YuXv = Z(u,v)eE(xu x,,) ’

So far we have mentioned that any graph can be approximated by a sparse graph
with high probability. Nonetheless, we have not yet specified what we mean by an
approximation. The notion of “closeness" between two graphs that we will consider is
based on the spectrum of their Laplacian matrices.

Definition 7.22 (Spectral c-approximation). Let G = (V, E) be a connected, undirected
graph, and let H be a graph that is defined over the vertex set V. Given € > 0, we
say that H is a spectral e-approximation of G if

(1-¢e)Lg <Ly < (1+¢)Lg.

Our main objective is to show, by means of the probabilistic method, that every
undirected, connected graph has a sparse spectral e-approximation. This result is due
to Spielman and Srivastava [SS11] and the analysis presented in this section was based

on that by Spielman in his lecture notes [Spiig]. The argument consists of two steps.

First, we describe an algorithm that, given £ > 0 and a graph G, produces a sparse
graph H whose Laplacian coincides in expectation to that of G. Then, we invoke the
matrix Chernoff bound, Theorem 7.19, to show that H, the graph resulting from the
algorithm, is a spectral e-approximation of G with high probability.

For the remainder of this section, we denote by G = (V, E) an undirected, connected

graph with |V| = n nodes. We also denote by w(,,,) the weight of the node (u, v) € E.

Finally, for (1, v) € E, we denote by L, ,) the Laplacian matrix of the graph with n
nodes and a single edge connecting u and v. Note that L, can alternatively be
written as (6, — 8,)(8, — 8,)7, where 8, is the standard basis vector associated to
the position of u.

For a set V, we denote by |V| its
cardinality.

In this section we will only be dealing
with undirected graphs G. In this
case, the adjacency matrix A is
always symmetric.

Recall that the degree of node u € V
is the number of edges that are
attached to u.
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The algorithm

We begin by presenting the randomized algorithm that Spielman proposed for the
construction of sparse approximations of a graph [Spiig]. Given G and a parameter
R > 0, the algorithm produces a graph H whose Laplacian matrix coincides in
expectation with Lg, and whose edge density is inversely proportional to R.

Algorithm 7.1

Input: G, R>0
Ouput: H

For each (u, v) € E do:

1. Compute the probability
1 "
Pluw) = 7 W) (8u = 80)'LE(8u = 8),

where Lé denotes the generalized inverse of L.
2. Add the edge (u, v) with weight w(y ) /P(u,v) to H with probability p(y, ;).

Therefore, to create the approximating graph H, we first assign a probability p,,,)
to each edge (u, v) € E of G and then add the edge (u, v) with weight w(, ) /P(u,v)
to H with probability p(,,,). As expressed in the following proposition, this choice of
weights allows for the expectation of Ly to be exactly what we want it to be.

Proposition 7.23 (Expectation of the Ly). Given a graph G and R > 0, the graph H returned
by Algorithm 7.1 is such that E Ly = Lg.

Proof. Computing the expectation of Ly yields

W(u,v)
Fln = Z(u,v)eE Paw) ( Pauw) )L(W/) = Z(u,v)eE W)Ly = Le,

as desired. [ ]

The substance of Algorithm 7.1 lies in the choice of the probabilities p(y,,), which
have been cleverly selected so as to produce a sparse approximator H.

Proposition 7.24 (Sparsity of H). Given a graph G = (V, E), the expected number of edges

. . -1
of the graph H returned by Algorithm 7.1 is *%=.

Proof. The expected number of edges in H is:

— 1 Tyt
Z(u,v)eE Pu,y) = E Z(u,y)eE w(u,v)(‘su - 61/) LG(6u - 61/)

1
= E Z(u,v)eE W(u,v) tl’(LI-,(au - 6v)(6u - 6U)T)
1

= E tr ( Z(u,v)eE ng(u,v)(au -6,)(6, - 6U)T)

1 (.

— f

=R (Lc > J(,0) <E w(u,vﬂ«(v,u))
1 +

= - tr(LglLy)

n-1
7

For (u,v) € E the quantities

Fup) = (8u = 85)TLE (84— 80)
and I(y,») = W(y,v)T(u,v) are called
the effective resistance and the leverage
score of the edge (u, v), respectively,
and are of interest on their own.
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The last identity is due to the fact that G is connected, so Lg has 0 as an eigenvalue
with multiplicity exactly one. For more information on the relationship between
connectivity of a graph and the eigenvalues of its Laplacian matrix we refer the reader
to Chapter 2 of [MP9g3]. ]

Exercise 7.25 (Sparsity with high probability). Show that choosing R = Q(¢72Inn) in
Algorithm 7.1 produces a graph H with expected number of edges O(&~2n In n) with
high probability.

Analysis of the algorithm

We have described an algorithm by Spielman and Srivastava that, given an undirected,
connected graph G, produces a sparse graph H whose Laplacian coincides with the
Laplacian of G in expectation. It remains to show that H is a spectral e-approximation
of G with high probability. We begin with a useful transformation, which will later
allow us to employ the matrix Chernoff bound.

Lemma7.26 Let € > 0 and let G and H be as in Definition 7.22. Then
(1-¢€)Lg < Ly < (1 + ¢)Lg; if and only if
/2 2 /2 2 2 /2
(1- o)L LeLY* < LPLyLY? < (1 + )L LeLY?,

where LI;/ % denotes the square root of the generalized inverse of L¢.
Exercise 7.27 Provide a proof for Lemma 7.26.

We are now ready to prove the main theorem of this section.

Theorem 7.28 (Spielman and Srivastava (2011)). Let G = (V, E) be an undirected,
connected graph with |V| = n, and let € > 0. Then there exists a graph H on V,
with at most 4672 n log n edges, that is a spectral -approximation of G with high
probability.

Proof. LetII := LZ/ ZLng/ % and define

Yo P20 L, if (u,v) is added to H
X(u,v) = P(uv) i
0, otherwise.
By Lemma 7.26, we have that H is a spectral e-approximation of G if and only if the
graph whose Laplacian is Lg/ 2LH Lg/ *isa spectral e-approximation of the graph with
Laplacian I1. Applying the transformation to the identity in the proof of Proposition
7.23, we obtain

/2 w2 W) /2 /2
EL;"LuLg™ = Z(u,v)eEp(u’v) Puw) Lo bwnls

=E (Z(u,v)EEX(u’U))
=1II.

Therefore, it suffices to show that the extremal eigenvalues of the sum 3’ (,, ;) e X (u,0)
stay within a factor of (1 = &) of that of IT with high probability. It is easy to check that

Amax(L Ly LY?) = (8,4 — 8,)'LL(84 - 6,).
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S0 Amax(X (v,u)) < R for all (u, v) € E. Furthermore, the equality above implies that
2

Mmax(X (u,0)) = Mmin(X (4,0)) = 1. Therefore, choosing R = z=7—- and applying the
matrix Chernoff bound yields
ot 1/R
n —_—
( (1 + 6) 1+¢ )

P {Z(M,U)GEX(W) > (1+ g)n}
Inn/(3.5¢%)
n(e—gz/B)

— n—1/6.

IA

IA

The second inequality uses the relation e€(1+¢)717¢ < e Pfore e [0, 1]. Similarly,
applying the matrix Chernoff lower bound and using the fact thate ¢(1—¢)¢™! < e €2
for € € [0, 1] we obtain

_ -3/2
P {Z(u,v)eEX(“’V) < (1 g)]'[} <n .

We conclude that Lg/ 2LHL2/ 2 approximates Il, hence Ly approximates Lg, suffi-
ciently well with high probability. Finally, observe that in light of Proposition 7.24, and
given the choice of R, the expected number of edges of the resulting approximating
graph His 3.5(n — 1) In ne™2. [

To understand the significance of this result, first recall that the spectrum of a graph
contains relevant information about the graph’s connectivity, underlying modularity,
and other invariants. As indicated by their name, spectral approximations of a graph G
have eigenvalues that are similar to those of G, and thus preserve many of G’s structural
properties. Furthermore, the solutions to linear systems of equations associated to the
Laplacian matrices of graphs that approximate each other are similar [Spiig]. This
property allows for more efficient computation of the solutions of Laplacian linear
systems. A well known testament of the utility of graph sparsification are expander
graphs, which are sparse spectral approximations of complete graphs.

The greatest potential of application of matrix sparsification lies in its utility for
reducing the computational burden of otherwise complex tasks. The perspicacious
reader may thus wonder about the computational feasibility of implementing the
algorithm, and particularly of computing the probabilities p(,,, for each (u, v) € E.
In [SS11], Spielman and Srivastava provide an efficient way of estimating the effective
resistances of every edge on a graph, hence the probabilities p(y ).

Conclusion

In this lecture we extended the Laplace transform method for random variables to
the matrix setting, obtaining powerful tail bounds for the extremal eigenvalues of
random matrices and their independent sums. As an example of the results that can be
deduced from the matrix extension of the Laplace transform method, we established a
Chernoff inequality for random matrices and exhibited an application of the latter in
spectral graph theory.
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\ 8. Operator-Valued Kernels

Date: 14 March 2022 Author: Nicholas H. Nelsen

In this lecture, we given an overview of the theory of operator-valued kernels. These
objects generalize scalar-valued kernels to vector-valued output data and underlie statis-
tically analyzable algorithms for vector-valued learning. Motivated by machine learning
considerations, we take a function space perspective and introduce reproducing kernel
Hilbert spaces for scalar- and operator-valued kernels. Both finite-dimensional (matrix-
valued) and infinite-dimensional (operator-valued) examples of positive-definite kernels
are presented. After developing some of the properties of these kernels, we state
vector-valued extensions of Bochner’s and Schoenberg’s characterization theorems. We
conclude with a connection to vector-valued Gaussian processes and regression.

Throughout this lecture, we write & (U; V') for the Banach space of bounded linear
operators taking normed space U to Banach space ¥, £(7) when U = ¥, and
L. (F) C (%) for the set of bounded positive-semidefinite operators on a Hilbert
space #.

Scalar kernels and reproducing kernel Hilbert space

In Lectures 18 and 19, we studied some basic properties of positive-definite kernels
and positive-definite functions. Two characterization theorems were developed for
translation invariant and radial kernels. Bochner’s theorem characterized translation
invariant kernels in terms of the Fourier transform of a measure, and Schoenberg’s
theorem characterized radial kernels in terms of the Laplace transform of a measure.
Some of these ideas will be generalized in today’s lecture.

Recall that a measurable bivariate function k : F? x F? — [ over the field F = R
or C is a positive-definite kernel if it is continuous and satisfies

1. (Symmetry) k(x,x’) = k(x’,x) for all x, x’ € F?,
2. (psd) For all n € N and any set {x;};=1,..n C F?, the matrix

K = [k(x;,xj)]ij > 0.

These kernels naturally model scalar-valued data. Hence, they may be referred to
as scalar-valued kernels. Kernels implicitly define functions from F? into F, and it is
often the goal in machine learning, statistics, and approximation theory to exploit this
space of functions for modeling, inference, prediction, and other tasks. We now briefly
introduce the notion of reproducing kernel Hilbert space in the scalar setting.

Reproducing kernel Hilbert space

The vector space of all functions mapping an input space X to the field F is a messy

infinite-dimensional linear space. Instead of working here, functional analysts often

study smaller infinite-dimensional spaces that have more structure and better properties.
For example, the function space Ly (IF%; F) of all square integrable scalar-valued

functions on F? is a natural generalization of finite-dimensional Euclidean space

Agenda:
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. Operator-valued kernels
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. Vector-valued GPs
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to infinite dimensions. It is a Hilbert space whenever its elements are viewed as
equivalence classes of functions equal Lebesgue almost everywhere. However, this
construction means that evaluation of an element of L,(F%; F) at a single point in F¥ is
not even defined!

Reproducing kernel Hilbert spaces (RKHS) come to the rescue.

Definition 8.1 (Reproducing kernel Hilbert space). A Hilbert space (%, (-, -)) of functions
mapping X to [ is a reproducing kernel Hilbert space if for every x € X, the linear
functional @, : # — [F defined by

f P ®.f = f(x) iscontinuous.

This definition ensures that functions in an RKHS have a pointwise meaning. Intuitively,
it follows that functions in RKHS are smoother than those in L,. However, this abstract
property does not explain the terminology “reproducing” or “kernel” in the name.

The following alternative definition of a RKHS makes clear the connection to
positive-definite kernels.

Definition 8.2 (RKHS). A Hilbert space (%, (-, -)) of functions mapping the input
space X to [F is said to be the reproducing kernel Hilbert space of the positive-definite
kernel k: L X X — Fif

1. (Inclusion) k(-, x) € # for every x € X.
2. (Reproducing property) f(x) = (k(-,x), f) foreveryx € X and f € ¥.

Item (2) in Definition 8.2 shows that the pointwise values of the function are “reproduced”
by the RKHS inner-product of the kernel with the function itself. Since most real-world
data can be modeled as pointwise values of some underlying scalar function, it seems
that RKHSs are natural candidates for hypothesis spaces in learning theory.

Today, we will go beyond the scalar function setting by answering the ques-
tion:

I Can we use kernels to model vector-valued data?

The key idea is to generalize scalar kernels to operator-valued kernels.

Operator-valued kernels

Consider the space of functions mapping F¢ to P, where d, p € N. For example,
vector-valued functions arise as the vector fields of dynamical systems or as the
parameter-to-image map in computer graphics. One could treat a vector-valued
function in this space as a family of p scalar-valued functions and apply the previous
RKHS formulation componentwise. This is commonplace in many fields. However, this
approach may ignore correlations between the p components that could be essential to
fully describe the function. The field of multitask learning [Cap+08; Carg7; Evg+o05]
has developed to explicitly model the correlation in vector-valued output data. At the
core of this effort is the operator-valued kernel.

Kernels valued as linear maps

We consider a setting in which the input space X is a separable Banach space but
now the output space Y is a separable Hilbert space instead of the scalar field F. This

The RKHS inner-product is not easily
expressed in closed form for most
kernels.
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framework is powerful because it allows for both X and % to be infinite-dimensional,
in which case maps between them are often called operators.
The following definition generalizes what it means to be a kernel.

Definition 8.3 (Positive-definite operator-valued kernel). An operator-valued kernel on X
is a Borel-X measurable function K : X XX — £ (% ). The kernel is positive-definite

if
1. (Symmetry) K(x, x’) = K(x’, x)* for all x, x' € X, Here * denotes adjoint with respect
2. (psd) For all n € N and any {X;}i=1,.,n € X and {y;}j=1,..n € Y, the to the Hilbert space %Y.
quadratic form
n
Zij:1<yi’ K(x;,xj)y)y 2 0. (8.1)

That is, an operator-valued kernel takes a pair of vectors in the input space into the
space of bounded linear maps between the output space and itself. Not only does an
operator-valued kernel measure similarity between inputs, but it also accounts for
relationships between the outputs. When ¥ is finite-dimensional, we use the term
matrix-valued kernel.

Notice that the second condition (8.1) in Definition 8.3 generalizes the corresponding
scalar definition condition from n-by-n psd kernel matrices to n-by-n psd block
kernel operators K(X,X) = [K(x;,xj)];; € £(Y%"). Here X := {x1,...,%,} and
Y" =Y x--- xY is the n-fold product of Y (which is itself a Hilbert space).

8.2.2 Vector-valued RKHS

Since scalar-valued kernels on X lead to functions taking X to F, it is reasonable to
expect that operator-valued kernels induce vector-valued functions taking & to Y.
This is indeed the case. The basic theory of vector-valued RKHS can be developed in a
parallel manner to the scalar case, albeit with a few nontrivial generalizations such as
the vector-valued reproducing property.

We begin this endeavor by considering an arbitrary Hilbert space (%, {-, -)s) of
maps taking X to Y.

Definition 8.4 (Vector-valued RKHS [MPO5]). A Hilbert space (%, {-, -)3) of functions
mapping X to Y is a reproducing kernel Hilbert space if for everyx € X and y € ¥,
the linear functional ¢y, : # — [ defined by

f o @y f =(y, f(x))y Iiscontinuous.

While seemingly benign, the implications of Definition 8.4 are quite profound. Indeed,
let # be a vector-valued RKHS. For x € X and y € ¥, the linear functional @y, is
bounded because it is continuous. Hence, the Riesz representation theorem ensures
the existence of a unique element K, € #, parametrized by x and y, such that

Dy f =y, [(x)y =(Kxy, fla forevery fe¥. (8.2)

The left-hand side of (8.2) is linear in y. It follows that K y on the right-hand side is
also linear. We can define a linear operator K : Y — % via the rule

Kiy = Kyy.
Furthermore, we can define an operator-valued kernel K(x,x’): Y — % by

y= K(x,x)y = (Key)(x). (8.3)
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We sometimes write Ky = K (+, x) to emphasize that the first argument of the kernel
is open. Provided that K : Y — % is bounded (which we prove in Proposition 8.5),
it follows from (8.2) and (8.3) that

f(x)=K.f and K(x,x')=K;K, foreach x,x' €X

because ¥ is a Hilbert space. This is a form of the vector-valued reproducing property
(cf. Definition 8.2).

Using some basic functional analysis, it is possible to deduce the following facts
about the kernel K in (8.3).

Proposition 8.5 (Operator-valued kernel: Properties). The operator-valued kernel K on I
from (8.3) satisfies the following properties for all x and x” € X.

1. (Kernel) K(x,x') € £(Y), K(x,x')" € £(¥%), and K(x,x) € Z.(¥).
2. (psd) K is positive-definite.
3. (Kernel sections) K € %(%; %) with ||Kyll(y:) = ||K(x,x)||;£/(2%.

. (Cauchy-Schwarz) ||K (x,x")||% (o) < ||K(x,x)||g(2%||K(x’,x’)||;/(2%.

Proof. The only hard item is (1), which is left as an exercise; see Problem 8.8. We will
prove (3), noting that the remaining items are similar or trivial given (1). Applying the
vector-valued reproducing property and the Cauchy—Schwarz inequality, we obtain

N

IKxll*>= sup [KxyllZ = sup (Kxy, Kiy)u
Iy lly=1 llylly=1

= sup (y, K(x,x)y)y
[y lly=1

< [IK(x, %)l
where all unlabeled norms are the induced operator norms. For the other direction,
(K(x,%)y, K(x,%)y)y = (KK (x,5)y, K}
< 1K NIK (%, ) ylloy [ Ky lloe
< IKxIPNK (6, )yl 1y lly -
These two bounds imply that ||K (x,x)y|loy < ||Kx||*||yl+ as desired. [

Aside: Further assumptions on K (such as tr(K(x,x)) < oo for all x) beyond
just the default properties in Proposition 8.5 are made in the paper [CDVo7] of
Caponnetto and de Vito. They derive optimal convergence rates for the statistical
learning of vector-valued maps taking X to Y using RKHS-penalized least-squares
(i.e., kernel ridge) regression.

Exercise 8.6 (Matrix coordinates). For p € N, let K: XXX — [FP*P be the operator-valued
kernel of RKHS #k. For any x,x’ € X and i,j =1,..., p, show that

[K(x»x/)]ij =(Kxb;, Kx’6f>%1( ’

.....

Exercise 8.7 (Point evaluation). From Proposition 8.5 deduce that the point evaluation
map is a bounded linear operator. For every x € X, there exists Cy > 0 such that

If () lly < Cellfllse forall fed.

Explicitly determine a choice of the constant Cy.

The second equality parallels the well
known scalar identity

k(x,x") =(k(-,x), k(-,x")).
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Problem 8.8 (Kernel bounds). Complete the proof of Proposition 8.5. Hint: For item (1),
use the adjoint and apply the uniform boundedness principle.

Warning 8.9 (Continuity). Although point evaluation is well-defined, functions f: X —
%Y in the RKHS ¥k of a positive-definite operator-valued reproducing kernel K need
not be continuous. To guarantee continuity, that is, f € C(X; %), it is necessary
and sufficient for the kernel to be Mercer [Car+10, Proposition 2]. More precisely,

1. x — K(x, x) is locally bounded,
2. K(,x)y e C(X;Y) forallx e X and all y € Y. .

The following is an alternative definition of vector-valued RKHS that parallels
Definition 8.2 in the scalar case.

Definition 8.10 (Vector-valued RKHS [Kad+16]). A Hilbert space (%, (-, -)) of functions
mapping the input space X to the output Hilbert space (¥, (-, -)s) is said to be the
vector-valued reproducing kernel Hilbert space of the positive-definite operator-valued
kernel K: L X X — L(¥Y) if

1. (Inclusion) K(-,x)y € % foreveryx € X and y € Y,
2. (Reproducing property) (y, f(x))y = (K (-, x)y, f)foreveryx e X,y € Y
and f e %.

We conclude this section with a converse result [Sch64]. In the scalar setting, the
analogous result is called the Moore-Aronszajn theorem [Aroso].

Theorem 8.11 (Schwartz 1964). Every positive-definite operator-valued kernel K is
the reproducing kernel of a uniquely defined RKHS #x .

This one-to-one correspondence between operator-valued kernels and RKHS justifies
our notation of indexing the RKHS by its kernel, K < k.

Vector-valued Bochner and Schoenberg theorems

Last, we present vector-valued extensions of Bochner’s theorem for translation-invariant
kernels and Schoenberg’s theorem for radial kernels as seen in Lectures 18 and
19. We refer the reader to [MPos, Section 5] and [Car+10] for more details and
references.

Theorem 8.12 (Vector-valued Bochner; Berberian 1966, Fillmore 1970). A map K : R x
RY > £ (Y) is a positive-definite operator-valued translation-invariant kernel if
and only if it takes the form

(x, xl) — K(x, xl) — Ad ei(x—x" f)Rd l”’(dz) ,

where ¥ is a separable Hilbert space and g is a £, (¥ ) operator-valued Borel
measure on R¢.

Theorem 8.13 (Vector-valued Schoenberg; Berberian 1966, Fillmore 1970). A function
@: R, — Z(Y) generates a positive-definite radial operator-valued kernel

Item (2) is natural from the
characterization of i as the closure
of the span of K (-, x)y over all x
and y [ARL+12].
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(x,x") — @(|x - x’||§c) on the Hilbert space X if and only if

s @(s) = /Oooe_su v(du),

where % is a separable Hilbert space and v is a &, (%) operator-valued Borel
measure on R,.

Examples

Operator-valued kernels are much more complex than their scalar counterparts. This
abstraction may make it difficult to intuit canonical ways to map vectors into operators
in an expressive way. To build this intuition, we develop examples of operator-valued
kernels that are related to scalar formulations. Catalogs of explicit matrix-valued and
operator-valued kernels may be found in [ARL+12; BHB16; Car+10; MPos].

The most common examples are the separable scalar-type kernels in the next two
examples. This is not surprising given the far-reaching implications of the vector-valued
Bochner and Schoenberg characterization theorems of Section 8.2.3.

Example 8.14 (Separable scalar operator-valued kernel). Consider the function K : XX —

Z£(Y) given by
(x,x") = K(x,x") = k(x,x)T (8.4)

for some scalar-valued kernel k and some self-adjoint T € £, (%). Then K is called
a separable scalar operator-valued kernel. In supervised learning applications, the
map T can be learned jointly as a hyperparameter along with the regression function
[ARL+12]. Alternatively, T can be chosen as the empirical covariance operator of the
labeled data (output space PCA), for example.

Here is a concrete instantiation of (8.4) in infinite dimensions. For any invertible
and self-adjoint C € £, (X), define K by

(x,x') > eXp(%HC_l(x - x/)||§C)T, where
T - —llt=sllpa d
(Ty)(®) /D e It-slay (s) ds

fory € Y and t € D, where Y = L,(D; RP) and D C R4 [Kad+16]. .

Exercise 8.15 (Separable). Show that separable kernels K of the form (8.4) are positive-
definite whenever k is positive-definite.

In Lecture 19 we encountered inner-product kernels on F%. These kernels take the
form

k(x,x") = @((x, x")pa)

for a scalar function ¢: F — F. We saw that these objects played a crucial role in
the theory of entrywise psd preservers. Moreover, ¢ sometimes admits a convergent
power series expansion via Vasudeva’s theorem and its consequences.

We now demonstrate a dramatic extension of inner-product kernels to the operator-
valued setting.

Example 8.16 (Kernel inner-product). Let L = C% for some d € N. Let @ € Zf denote a
multi-index (which is a succinct notation to deal with polynomials in arbitrary input
dimension; for example, see [Evaio]). Let ¢p: C? — £(%) be an operator-valued

Notice that the input space is
decoupled from the output space,
which may be a strong limitation in
practical settings. However, the block
kernel matrix for (8.4) has a simple
tensor product structure that allows
for its efficient inversion.
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entire function, which means that
z @(z) = Zaezd Agz® forsome {Aq} C £.(Y). (8.5)

This series converges everywhere on C% in an appropriate sense ([MPos]). Here

2% = z"z)" - -zsd and ¥ is allowed to be infinite-dimensional. Let d scalar kernels
ki: C%x Cd — C be given. These represent “inner-products. Denote their vectorized
concatenation by k := (ki, ..., kg): C¢x C? — C?. Then the composition
pok:C'xC? - £(¥Y) (8.6)
(,8) 5 > K x) kg (x, 1) Ag
is an operator-valued kernel. .

We now show that such an inner-product kernel is positive-definite.

Proposition 8.17 (Positive-definite inner-product kernel). Let ¢ : C? — %£(%) be an entire
function of the form (8.5), where each A, is self-adjoint. Let {k;};=1,. 4 be a family of
positive-definite scalar kernels. Then K := ¢pok as defined in (8.6) is a positive-definite
operator-valued kernel.

Proof. We must verify Definition 8.3. Clearly K(x,x’) = K(x’,x)* since each k; is
positive-definite and A, = Aj,. It remains to show the psd property. Note

n d
Z Z nkf(xi,xj)“%yp Aey )y

D i K(xi,x)y))y

i,j=1 i,j=1 qezd =1
=> Z (l—[ke(xux]) Vi Aay )y |1
aez? [1j=1

..........

function k, . by entrywise psd preservation of the power function (as seen in Lecture
19). By the Schur product theorem,

d
[n ke(xi,x7)%
=1

Since Agq € £.(Y) is psd, it defines a scalar positive-definite inner-product kernel
(y,¥") = (y, Agy’)ey on Y. Thus, for all multi-indices e,

[y Aa)’j)?,l]ij >0,

One final application of the Schur product theorem shows that all the terms in the first
set of large brackets above are greater than or equal to zero. This yields the desired
result. [ |

>0.

We conclude this example by remarking that there is a converse result to Propo-
sition 8.17 [MPos, Proposition 3] that mimics Vasudeva’s and Schoenberg’s scalar
characterization of entrywise psd preservers (Lecture 19) as everywhere convergent
power series.

The previous two examples concerned separable kernels or sums thereof. It is
possible to go beyond the separable case using special feature map factorizations, as
the next example demonstrates.
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Example 8.18 (Random features). Nonseparable kernels can be constructed with vector-
valued random features. In their most general form [NS21], they are defined as a pair
(¢, ), where : X X © — ¥ is jointly square Bochner integrable and u is a Borel
probability measure on ©. It follows that

(x,x") = K(x,x") = Eg-u[p(x, 0) &y (x', 0)] (8.7)

is a positive-definite operator-valued kernel on X. A key insight is that the expectation
can be approximated empirically with Monte Carlo. For some m € N, this leads to a
low rank approximation K, to K given by

’ ’ 1 m ’ iid
(x,x") > Kp(x,x) = - th=1 p(x,00) ®y @(x’,0;), where 0, <.

One can further exploit the vector-valued Bochner characterization (Theorem 8.12)
to design random Fourier feature [RRo8] approximations to translation-invariant
operator-valued kernels, as demonstrated in [BHB16; Min16]. .

Exercise 8.19 (Random feature). Prove that the operator-valued kernel (8.7) defined in
terms of random features is positive-definite.

Vector-valued Gaussian processes

In the context of learning models from data, kernel methods are closely linked to
Gaussian process (GP) regression in the scalar setting. It should come as no surprise
that this remains true in the vector-valued setting. Indeed, there is a correspondence
between a vector-valued RKHS #x and a vector-valued GP, which is a Gaussian
distribution over vector-valued functions, given by

fx ~€P(m,K), where

Sk (x) ~ NormAL(m(x), K (x,x)) for x € X,

barring some measurability issues in infinite dimensions. GPs are fully specified by
their finite-dimensional distributions. Here, f ~ €%(m, K) signifies that f has
mean function m = E f € #x and covariance function

(x,x") > K(x,x") = E[f (%) @y fr(x)],

which is just the operator-valued kernel! The covariance kernel is in the random
feature form (8.7) with the feature map given by the GP itself. Therefore, the kernel is
positive-definite.

GP examples

We now present some examples of operator-valued kernels defined from a single scalar
kernel [NS21, Example 2.9] and their associated RKHSs. We explicitly make use of the
GP perspective and will see how output space correlations (or lack thereof) influence
sample paths of the corresponding GP. For simplicity in all that follows, the input space
issettoX = (0,1) .

Example 8.21 (Brownian bridge: Scalar). Take % := R and define the function k: X XX —
R by

k(x,x’) == min{x, x'} — xx’. (8.8)

Operator-valued kernel regression in,
say, Y = [FP with p large, using K,
is much more efficient than that using
K, even when m < np is relatively
large. This is because all the linear
algebra is performed in F"” for the
former and in F"’P for the latter,
where n is the sample size of the
dataset.

Warning 8.20 (Sample
inclusion). The GP satisfies
P{fx €%k} =0. .

Although this GP connection is
conceptually useful, it is not
advisable to use such covariance
kernels in practice unless they are
known in closed form or the GP is fast
to sample from and evaluate.
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Clearly k is symmetric. It is positive-definite because k is the covariance function of
the Brownian bridge GP {b(x)}xex C R, which is a Brownian motion constrained to
zero at locations x = 0 and x = 1. That is,

b ~€%(0,k) and b(x) ~ NorMAL(O, k(x,x)) forevery x € X .
The RKHS % is given by the function space
Ho(X;R) = {f € La(X;R): f7 € La(X3R), £(0) = f(1) = 0}.

This is the Hilbert space of real-valued functions on (0, 1) that vanish at the endpoints
with one weak derivative and equipped with the inner-product

1
fr &miam) = s 8w =/0 f(0)g'(r)de.

To see this connection, we perform a direct calculation in the spirit of Definition 8.2.
For any x € X, the function k(-, x) € Ly(X; R) because it is bounded, vanishes at the
endpoints, and has a bounded weak derivative t — k’(t,x) = 1{t < x} — x. Hence
k(-,x) € #}. Last, we verify the reproducing property:

1
k(5 x), ) =/0 K’ (-, x)(0) f7(¢) de

X 1
— ’ _ ’ d
[ rwa-x [ paa
- f ).

Therefore, %) = H(l)(%; R). .

We can lift to a matrix-valued kernel by considering a finite vector of Brownian
bridges.

Example 8.22 (Brownian bridge: Matrix). For some p € N, let % = R” . Define the
function K: L X X — RP*P by

K(x,x") = k(x,x)1,

where k is as in (8.8). Then K is the covariance function of b := (by, ..., b,), where
each b;(-) is an independent Brownian bridge:

b ~%%(0,K) and b(x)~ norMAL(0, K(x,x)) forevery x € X .
This is because the covariance function of the process satisfies
[E[b(x)b(x’)T],-j = [E[bl-(x)bj(x’)] = 6l-jk(x,x/) = [K(x,x’)]l-j .

By an argument similar to the previous example, K is a positive-definite matrix-valued
kernel. Its RKHS %k is

Ho (X3 RP) = {f € La(X;RP): f7 € Lo(X; RP), £(0) = £(1) = 0}.

This is the Hilbert space of RP-valued functions on (0, 1) that vanish component-wise
at the endpoints, with one weak derivative in each component, and equipped with the
inner-product

1 1
(f O = [ 0 g =37 [ g

Aside: Without appealing to the
RKHS formalism, one can deduce
that functions in H(l)(% ;R) are
pointwise well defined by the
Sobolev embedding theorem since
here1>d/2=1/2.
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Indeed, verifying the two defining properties (Definition 8.10) of a vector-valued
RKHS shows that [K (-, x)y]; = k(-,x)y; € Hy(L;R) for all x € L,y € RP, and
i =1,...,p. By the inner-product definition above, we obtain K (-, x)y € Hj(X; RP).
As a consequence, fi(x) = (k(-, x), ﬁ)H(l)(sr;R) so that
P p
W FOer =) yifi(®) = > (k)i fimam)

= > KGOV Pwaw

=(K(-,x)y, f)H(l)(%;[RP) .
This is the required statement. .

Lifting once again, this time to an infinite-dimensional ¥Y, is straightforward given
the last example and corresponds to a function-valued GP.

Example 8.23 (Brownian bridge: Operator). Take % = L,(D; R) for some finite-dimensional,
bounded domain D in Euclidean space. Define the function K: L X X — £(¥) by

K(x,x') = k(xrx,)l! (8.9)

where again k is as in (8.8) and I € £ (%) is the identity operator on Ly(D; R). Then
K is the covariance function of GP b := {bs}scp,

b ~%%(0,K) and b(x)~ norMAL(0, K(x,x)) forevery x € I,

where each by (+) is independent Brownian bridge. This is because for any y € Y and
s € D, the covariance operator satisfies

(EIb(x) &y b(x)]y)(s) = E[(b(x'), y)ybs(x)]
- /D E[bs (0)by ()] (s") ds”

= / k(x,x)6(s —s")y(s")ds’
D
=k(x,x)y(s).

Calculations similar to those in the previous two examples show that K is a positive-
definite operator-valued kernel with RKHS ¥k given by

Ho(X;Y) = {f € La(X;Y): f € La(X;%Y), £(0) = £(1) = 0}. (8.10)

This is the Hilbert space of Ly(D; R)-valued functions on (0, 1) that vanish in the
L,-sense at the endpoints with one weak Fréchet derivative, and equipped with the
inner-product

1
f> &mysy) = /0 (f'(2), g'(1))y dr

1
- /D /O [F/()]1(s)[g’(£)] (s)drds

Exercise 8.24 (Lebesgue-Bochner). Complete the calculations in Example 8.23 that prove
K in (8.9) is positive-definite with RKHS (8.10).

These calculations with white noise,
though formal, can be made rigorous
with the It isometry from stochastic
analysis.

Aside: Lebesgue-Bochner spaces
such as Ly((0,1); Ly) here arise
frequently in the analysis of
time-dependent partial differen-
tial equations.
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Warning 8.25 (Sample path regularity). Using a separable operator-valued kernel with

isotropic output operator such as I € £(%) in (8.9) can be detrimental in infinite

dimensions. Not only does this completely uncorrelate the outputs, but also I

does not have finite trace on % whenever ¥ is infinite-dimensional. Thus, the

function-valued GP associated to the operator-valued kernel does not take its values

in Y with probability one! In the language of GPs, this is a bad prior distribution.
Indeed, following Example 8.23, for x € (0, 1),

b(x) ~ NorMAL(0, K (x, x)) = k(x, x)NorMAL(O,I) .

This is not a Gaussian random function in % but instead Gaussian white noise
on %Y; it belongs to a much “rougher” space than ¥ itself. Instead, taking
K: (x,x") — k(x,x")T with self-adjoint and psd trace-class T € S; (%) addresses
this issue. .

Implications for learning theory

We end this lecture with a brief remark on kernel methods in machine learning. Our
emphasis on the RKHS model stems partly from its role in kernel ridge regression (KRR)
[CDVo7], which is a regularization procedure to recover a vector-valued function from
a finite number of noisy input—output data pairs. The direct link to vector-valued GPs
is the fact that the KRR estimator is the posterior mean of a GP conditioned on these
data pairs.

We now state a core result in this field.

Theorem 8.26 (Kernel ridge regression). Let #k be a vector-valued RKHS with positive-
definite operator-valued kernel K: X X X — ZL(¥). For n € N, let (X,Y) :=
{(xi,¥;)}i=1,...n C X XY be a dataset of n input—output pairs. Write y := (y;); €
Y™ for the vector of concatenated outputs. Then for A > 0, the solution to

(1o A
mlnlmlze{z Zi:l ly; —f(xi)”zcy + ;“f”;f,(’ fe %K}

is attained by
A n
f: § -1 K('rxi)ﬁi’

where p = (B;); € Y" solves the block linear operator equation

(KXX)+AD)B=y. (8.11)

Proof. The proof is a standard exercise in orthogonality, see Problem 8.27. |

Problem 8.27 (Representer). Prove Theorem 8.26.

Notes

The presentation of operator-valued kernels in this lecture is new. The theory of RKHS
is largely drawn from [MPos] while many of the exercises scattered throughout are
original. The examples of separable kernels are from [Kad+16] and [MPos]. The
random feature and GP Brownian bridge examples in the operator-valued setting are
new, as is the characterization of their RKHSs.

A complete theory of operator-valued kernels in a much more general setting than
that presented here was developed in the 1960s [Sch64]. Since then, many refinements

Here S; denotes the Schatten-1 class
operators.

A major shortcoming of vector-valued
kernel ridge regression is its lack of
scalability. Taking % = [F”, the block
kernel matrix K (X, X) requires
0(n?p?) space complexity and the
linear solve in (8.11) has O (n®p?)
time complexity. Yet, there is much
research activity attempting to
improve scalability, e.g., with random
features.



Project 8: Operator-Valued Kernels 297

have been made, especially with learning theoretic considerations in mind [CDVo7;
Cap+o08; Car+10; MPos]. There is a rich but technical literature on universal kernels
in both the scalar- and operator-valued setting [Cap+08; Car+10; MXZo6]. These are
kernels whose associated RKHS is dense in the space of continuous functions equipped
with the topology of uniform convergence over compact subsets. This universal
approximation property is of direct relevance to well-posed learning algorithms. Under
fairly weak assumptions the translation-invariant and radial kernels characterized by
Bochner’s and Schoenberg’s theorems are universal. Random feature developments
along similar lines in the operator-valued setting may be found in [BHB16; Min16].
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\ 9. Spectral Radius Perturbation and Stability

Date: 15 March 2022 Author: Jing Yu

Eigenvalues of a matrix are continuous functions of the entries of the matrix. We
have studied how eigenvalues of a Hermitian matrix change with respect to additive
Hermitian perturbations in Lecture 9. Beyond the Hermitian setting, there are many

perturbation results. The eigenvalue perturbation problem arises in many applications.

In particular, the stability of a linear dynamical system is characterized by the location
of the eigenvalues of the system matrices.

In this project, we introduce an eigenvalue perturbation problem that is intimately
related to the robustness of a given linear controller for a liner dynamical system. We
will survey some perturbation results relevant to our problem setting, and demonstrate
their usage for the control problem at hand.

System stability and spectral radius

A central question in linear control theory is whether a given linear time-invariant (LTI)
control system is stable under a chosen feedback gain. An LTI system is represented as

X1 = AX; + Bug, (9.1)

where x; € R” is the state indexed by discrete time ¢, vector u; € R™ is the control
input, while A € M,, and B € R™™ are called system matrices. Generally, one wants
to design a feedback gain matrix K € R”™*" such that control inputs are chosen as
u; = —Kx; for the system (9.1). In general, feedback gain K is designed with respect
to the system matrices A and B. Under a fixed feedback gain K, the closed-loop
dynamics of (9.1) is

Xi11 = (A - BK)x;. (9.2)

A key property for studying LTI systems is the spectral radius.

Definition 9.1 (Spectral radius). The spectral radius of a matrix A € M}, is denoted as
p(A) and defined as
p(4) i= max |1;(A)

where 1;(A)’s are the eigenvalues of A.

The next definition connects stability of (9.2) with the spectral radius of the system
matrices.

Definition 9.2 (Stability). We say the closed-loop dynamics is stable under feedback
gain K if p(A — BK) < 1.

A natural question in control design is the following.

Agenda:

1. System Stability and Spectral
Radius

2. Gers$gorin Disks

3. Bounding Spectral Radius

Aside: Another common stabil-
ity definition states that (9.2) is
stable if for all xg € R", x; — 0
as t — oo. Using Jordan decom-
position of A, it can be readily
checked that the two definitions
of the stability are equivalent.
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For a feedback gain K designed for A and B, how much can we perturb A with
A € M, such that p(A+ A — BK) < 1?

Depending on how K is synthesized according to A, the answer to this question can
be quite different. The property that a feedback gain K maintains closed-loop stability
when A varies is called robustness in control theory literature. In this project, we
will investigate the robustness of a specific feedback gain that is synthesized from the
discrete-time algebraic Riccati equation (DARE) for a class of LTI systems that has
block diagonal A and B.

Consider dynamics (9.1) with diagonal A and B. A linear quadratic (LQ) optimal
control gain K* is the solution to the following optimization,

minimize g cgmxn Zw |13 + |lue ||
[ =1 t Q tlR
subject to X141 = Ax; + Bu,

u; = —Kx;,

where ||xt||%2 = x;Qx; and ||u;||% = ujRu; with block diagonal matrices Q, R > 0.
Note that the objective is finite if and only if the closed loop is stable.

It is well known that the optimal solution is given by the solution P = PT > 0 to
DARE shown below,

P=A"PA- (A'PB) (R+B'PB)"' (B'PA) +Q. (9.4)
The optimal control gain K* can be computed as
K* = (R+B'PB)”" (B'PA). (9-5)

When A, B, Q, R are all diagonal, it can be shown that the K* is diagonal as well.
These diagonal structures arise when one considers dynamical systems that are made
up of multiple independent scalar subsystems. The generalized setting considers
block-diagonal matrices instead of diagonal matrices. Example of such systems are
networks of swarm robots.

Now suppose that A is not perfectly diagonal but instead is nonzero at the off-
diagonal entries. How much of these nonzero off-diagonal entries can K* tolerate
before the closed-loop stability is lost under K*? This question corresponds to the case
where we design an optimal controller for each subsystem in the network independently,
while in reality the subsystems are dynamically coupled loosely. This type of analysis
quantifies how dynamically coupled the subsystems can be before K* (designed
assuming no dynamical coupling) no longer stabilizes the closed loop.

Gersgorin disks

Given a matrix A € M,,, we can always write A = D + B where D is a diagonal
matrix containing the main diagonal of A and B is a zero-diagonal matrix containing
the off-diagonal entries of A. Now consider the matrix A; = D + ¢tB, then we have
Ay = D and A; = A. The eigenvalues of Ay are immediately the diagonal elements
of the matrix. On the other hand, if ¢ is small enough, the eigenvalues of A; will lie
in a neighborhood of the diagonal entries of A due to continuity. The GerSgorin disk
theorem formalizes this intuition about the locations of the eigenvalues. In particular,
it provides an explicit bound for the eigenvalues using the diagonal entries of a matrix.
Let us first define the GerSgorin discs of a matrix.
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Definition 9.3 (Ger$gorin disc). Let A = [a;;] € Mj,. The Gersgorin discs of A are

Di(4) = {zeCilz—anl < ). layl},

fori=1,...,n.

In other words, the GerSgorin discs are balls in the complex plane with a;; as the
center and 2;; |a;j| as the radius. It turns out the Gergorin discs can be used to
locate the eigenvalues of a matrix.

Theorem 9.4 (Gersgorin [H]13]). The eigenvalues of A € M, are in the union of its
Gersgorin discs | J!' ; D;(A). Furthermore, if the union of k discs is disjoint from
the remaining n — k discs, then the union contains exactly k eigenvalues of A,
counted according to their algebraic multiplicities.

Proof. Let A, v = [vj] € R" be an eigenpair of A where v # 0. Let i € {1,2,...,n}
be an index such that ||v||. = |v;| # 0. Rewriting Av = Av for the ith entry, we have

Zj ajvj = /11),'.

Subtracting a;;v; from both sides,

a;jvj = (A —ay;) v;.
Zj;ti ijvj ( ll) i

Therefore, using triangle inequality and ||v||c = |vi],

A = aiillvi| = [(A = a;i) vi| = 'Z}.# aijvj| < Zjﬂ laijl|vil.

Dividing both sides by |v;|, we conclude A € D;(A).

Now suppose there are k GerSgorin discs such that the union is disjoint from the
rest of the n — k discs. Without loss of generality, we assume the first k Ger$gorin
discs are such discs, and we denote their union as Gi(A) = Uile D;(A). We write
A = D + B where D is a diagonal matrix containing the diagonal entries of A and
B =A-D. Consider A, = D +tB with t € [0,1]. Then Ag = D and A; = A. In

particular, observe that the radii of each GerSgorin disc of A;, tB, and tA are equal.

Therefore, each Gersgorin disc of A; is contained in the corresponding Gersgorin disc
of A. Consequently, the corresponding union of k discs of A;, denoted as G (A;), is
contained in Gi(A). This in turn means that Gy (A;) is disjoint from the rest of n — k
Gersgorin discs of A;. The above argument holds for all ¢ € [0, 1].

Our goal now is to show that the number of eigenvalues contained inside of any
curve surrounding Gy (A;) remains constant for all £ € [0, 1]. This, combined with
the fact that G (Ap) contains exactly k eigenvalues of Ay ( a1, ..., ark) assert that
G (A) contains k eigenvalues of A. Specifically, let T be a simple closed finite-length
curve in the complex plane that surrounds G (A;) and is disjoint from the rest of the

n — k Gersgorin discs of A. Curve I" does not pass through any eigenvalue of any A;.
Let p¢(z) denote the characteristic polynomial of Ay, that is, p;(z) = det(zI — A;).

Observe that the function p;(z) is a polynomial in ¢. Further, p;(z) has no poles and
has zeros that are the eigenvalues of A; inside of I'. Therefore, we apply Cauchy’s
argument principle to p;(z), which states

_ 1 [pl(a)
N = o ﬁé pi(2)

Aside: Both Definition 9.3 and
Theorem 9.4 are valid for com-
plex matrices as well.
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where N (¢) is an integer function of ¢ and denotes the number of the zeros of p;(z)
inside of I'. Since N () is polynomial on ¢ and thus a continuous function of ¢ on the
bounded domain [0, 1], we deduce that N () is a constant function on ¢ € [0, 1] by
Liouville’s theorem. This means that the number of zeros of p;(z) (eigenvalues of A;)
inside of I' remain the same regardless of our choice of ¢. Since N (0) = k, we know
N(1) = k. Therefore, there are k eigenvalues of A inside I'. By the first part of the
theorem, we know that any eigenvalues of A has to lie on a Gersgorin disc. Therefore,
we conclude that there are exactly k eigenvalues of A in Gi(A). [

Theorem 9.4 provides a nice quantitative bound on the eigenvalues. One may
wonder if there are refinement or alternatives that can help improve our estimation of
the locations of the eigenvalues. The answer is affirmative. Below we list a few such
results.

Corollary 9.5 (Transpose discs). The eigenvalues of a matrix A are in the insersections of
the Ger$gorin discs of A".

Proof. Observe that A and A" have the same eigenvalues. Apply Theorem 9.4 to A" to
obtain the result. [

Corollary 9.6 (Scaling discs). Let A = [a;;] € M), and let D € M, be a diagonal matrix
with positive real numbers p1, pa, ..., pn on the main diagonal. The eigenvalues A;
of A are in the union of the Ger$gorin discs of D™'AD, that is,

n 1
Ai(A) € LJL.:1 {Z €C:lz—ail < P Z}.#Pﬂaiﬂ} ,

foralli=1,...,n.

Together, Theorem 9.4, Corollary 9.5, and 9.6 provide three different approxima-
tions of the eigenvalues of A, with 9.6 being especially useful in some cases.

Example 9.7 Consider the matrix

10 5 8
A=|0 -11 1
0 -1 13

The eigenvalues of A are —10, 10, 12.96. The Gersgorin discs of A are plotted in Figure
9.1. In particular, the union of the blue and the yellow disc is disjoint from the red disc.
Corroborating Theorem 9.4, we see that there are exactly 2 eigenvalues of A inside the
union of the blue and the yellow disc.

Now consider a scaling matrix D = diag(13,1,1). The Ger$gorin Disks for the
matrix D"1AD is shown in Figure 9.2. This particular choice of scaling significantly
improves the estimation for eigenvalue 10. For this particular example, we can actually
compute the optimal scaling matrix. To see this, note that the radii of the scaled
discs will be (5p3 + 8ps)/p1, P3/p2, p2/ps. Therefore, the best we could do without
making a worse estimation than the original discs is to set py = p3, and this will mean
that we can scale the radius of the first disc 13p,/p; arbitrarily by making p; large to
improve our estimation of the eigenvalue 10. We can achieve such improvement all
while maintaining the same estimation for the eigenvalue —10 and 12.96. .
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Figure 9.1 The eigenvalues and Ger$gorin Disks of a matrix plotted on the complex plane.
The crosses are the eigenvalues of the matrix while the circles denotes the Gersgorin
Disks of the matrix.

Figure 9.2 The scaled Gersgorin Disks of the same matrix plotted on the complex plane.
The crosses are the eigenvalues of the matrix while the circles are the Ger$gorin Disks
of the matrix. Compared to the original Ger$gorin Disks in Figure 9.1, the estimation
using a scaling matrix significantly improves for the blue circle disc, while maintaining
the same estimation radius for the other circles.
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Bounding spectral radius

Recall our original problem in Section 9.1. We would like to understand how sensitive
the stability of the closed-loop dynamics (9.2) is to the change of the dynamical
coupling among subsystems. With tools from the previous section, we can, for example,
directly apply Theorem 9.4 and conclude the following.

Corollary 9.8 (Sufficient condition for robust stability). Let A = [§;;] be a zero-diagonal
matrix denoting the unaccounted dynamical coupling among subsystems. Given an
LQ optimal feedback gain K* designed for diagonal system matrices A and B, the
closed-loop dynamics under K* applied to A + A and B is stable if the coupling matrix
A satisfies "

Zj:1|5ij|<1—|(A—BK*)ﬁ| fori=1,...,n, (9.6)

where (A — BK™);; denotes the ith diagonal entry of A — BK™*.

From this, we can also see that the more stable (eigenvalues are smaller) the LQ
controller is for the ideal diagonal system matrices A and B, the more margin we have
for the dynamically coupled true dynamics A + A and B to vary. Controllers with more
margin to handle perturbation in the system matrices are said to be more robust.

Example 9.9 (of Corollary 9.8). Consider the following nominal dynamics

1 0 1 0
X1 = 0 1 Xr+ 0 1 U,
A B

for two independently evolving scalar states x; := x,(1) and x> := x,(2) with their
own control input u} := u,(1) and u? := u,(2) respectively. Now suppose that we
02 0 ]

have used the LQ optimal control theory to design the control gain K = [ 0 02

0 «a
B 0
unaccounted dynamics coupling between x' and x? such that the true system matrices
are A+ A, B instead of A, B.

via (9.4) and (9.5) for qudratic cost Q =Iand R =20 1. Let A = [ } be the

02 O

0 0.2
sufficient condition (9.6), as long as @ and f individually does not exceed 0.2, then
K designed for diagonal matrices A and B continues to stabilize A + A and B. We
can numerically check how tight this sufficient condition is in this example for varying
values of @ and B. In Figure 9.3, each horizontal curve on the surface corresponds to
a fixed B value as we sweep over different a values. Any points on the surface that
has y axis value of more than 1 mean that the corresponding closed-loop system is
unstable. Sufficient condition (9.6) is loose, because for the top curve (top boundary
of the surface) which corresponds to § = 0.3, there are clearly a values small enough
such that the spectral radius of the resulting closed loop remains below 1. On the
other hand, the sufficient condition (9.6) is tight in the following sense. Although not
explicitly shown in the plot, when ¢ = 0.2 and = 0.2, i.e., (9.6) holds in equality,
then the spectral radius of the closed loop is 1, which is the cross-over point between
stability and instability. Combined with the plot, we see that if we fix one of the two
variable to be 0.2, then the closed loop system becomes unstable as soon as the other
variable exceeds 0.2. .

A simple calculation reveals that (A — BK) = According to the
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Figure 9.3 The spectral radius of the true closed loop p (A — BK + A) for fixed  values
varying from o to 0.3.

Since stability of a linear dynamical system is entirely characterized by the spectral
radius of the closed-loop system, it is relevant to study various ways to bound the
spectral radius of a matrix. We first present and prove the following variational
characterization of the spectral radius of a generic real matrix.

Lemma 9.10 (Variational characterization of spectral radius). For A € M,,, the following
holds true:
p(A) = infpem,, invertible [ DAD ™! ||,

Proof. Let D € M, be an invertible matrix. Then p(A) = p(DAD™') < ||DAD™!||,,
where the first equality comes from the fact that similarity transformations do
not affect eigenvalues. This equality holds for any D € M, therefore p(A) <
infpem, invertivle |[DAD ™!l

Now suppose A has Jordan decomposition A = T~ JT where J is in the Jordan
normal form with eigenvalues of A on the diagonal and 1’s on the super diagonal. Let
P =diag(1,k, k?,..., k" ') where k > 0. Observe that the matrix PJ P! is a matrix
with eigenvalues of A on the diagonal and % on the super diagonal. Therefore, as
k — 0, PJP™! — diag(A(A)) where A(A) is the vector of eigenvalues of A repeating
with algebraic multiplicity. Therefore, |[PJP™!||; — p(A). Letting D = PT, we have
p(A) = DAD_l 2 infDeMn invertible ||DAD_1”2 u

The variational characterization of the spectral radius reminds us of Corollary 9.6,
where we bounded the eigenvalues of a matrix A with the entries of DAD~! for D a
diagonal matrix with positive real diagonal entries. Indeed, we can bound the spectral
radius of A also using the entries of DAD™!,

Corollary 9.11 (Variational bound on spectral radius via Gersgorin). Let A = [a;;] € M.
Then

1 n
A) < min max — N
p( ) Py pn>01§i§npl. ]lejl l]|
and
. 1 n
p(A) £ min max — i:lpi|aij|' (9.7)

PL-Pn>01<j<n p;

Aside: Here we use ||-||2 to de-
note the spectral norm.
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Proof. By Corollary 9.6, all eigenvalues of A belong to the union of the Ger$gorin
dises, I, {z eC:l|z—-ajl < pli D j#i pj|a,~j|}. For each of the GerS$gorin disc of

the scaled matrix DAD ™! for D = diag(pz, ..., pn) with p1,..., py > 0O, the furthest
point away from the origin on the complex plane is % 27:1 pjlaij|. Therefore, all
eigenvalues of A, including the largest eigenvalue, has to be less than the maximum
furthest point over all Ger§gorin discs of DAD ™. Now apply the same reasoning to A"

using Corollary 9.5, we obtain (9.7). [ ]

Notes

The majority of the results presented here is from chapter 6 of [HJ13]. Some corollaries
are exercises from [HJ13]. The examples are inspired and tweaked from [Mar+16].
The variational characterization of the spectral radius is presented in [Hua+21] as a
fact and proved here by JY.
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