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1. INTRODUCTION

With four parameters I can fit an elephant, and with five I can make him wiggle
his trunk.

Date: August 6, 2019 © 2019 Steven Heilman, All Rights Reserved.



John von Neumann

In Statistical Learning Theory, i.e. the statistical theory of machine learning, we will focus
on the following questions:

e How do we choose a model that fits the data? (This is the one basic question in
statistics.)

e How do we find the best model parameter? (This is the another basic question in
statistics.)

e What algorithm for solving a given problem is most efficient? (Here “most efficient”
can have several meanings, such as run time or memory usage, in the worst case or
average case.)

e Even if we can efficiently find the best model parameter in a statistical problem, is
that parameter meaningful? (As the quote of von Neumann points out, it may not
be meaningful to fit a model with too many parameters to data. Moreover, finding
correlations in data in not often meaningful. For example, the number of Nobel prizes
awarded to a country is highly correlated with that country’s chocolate consumption,
but this correlation is not at all meaningful. See also Exercise 1.1.)

e Can we design algorithms that function when data arrives in a stream? (That is,
suppose we only have access to a small amount of a larger group of data at any time,
e.g. due to memory constraints on a computer. Can we still find good algorithms in
this case?)

When answering these questions, we should also consider the following dichotomies for
algorithms:

e Deterministic algorithms vs. randomized algorithms (i.e. those that use randomness)

e Exact vs. approximation approximation algorithms. (Sometimes an exact efficient
algorithm does not exist, while an efficient algorithm that is approximately correct
does exist.)

e Theoretical vs. practical algorithms. (Some algorithms work well in theory, but im-
plied constants in their run times can be so large that such algorithms are impractical.
Also, some algorithms work well according to practitioners, but there is no known
theoretical guarantee that they work well for an arbitrary data set.)

e Supervised vs. unsupervised learning. (Supervised learning uses labelled data, unsu-
pervised learning does not.)

In practice it is also important to consider when an algorithm can run in parallel on different
computers, but we will not focus on this topic in this course.

Landau’s Asymptotic Notation. Let f,g: R — C. We use the notation f(t) = o(g(t)),
vV t € R to denote limy; ‘%‘ = 0. We use the notation f(¢) = O(g(t)) to denote that
3 ¢ > 0 such that |f(t)| < clg(t)| for all t € R. We write f(t) = Q(g(t)) when 3 ¢ > 0
such that |f(t)] > clg(t)| for all £ € R. We write f(t) = ©(g(t)) when f(t) = O(g(t)) and
g(t) = O(f(t)).

Standard Norm/Inner Product Notation. For any x = (xy,...,2,),y = (Y1,...,Yn) €
R", define the standard inner product (z,y) := 37" x;4;. We also denote ||z = (321, 27)1/2
as the standard norm on R".

For more notation see Section 12.



Exercise 1.1. Let 2, ..., 2™ be m vectors in R™ with Hw(Z)H =1forall 1 <i<m. Let
e > 0. Assume that m > (1 4 2/¢)". Show that there exists i,j € {1,...,m} such that
Hx(i) — l‘(j)” <e.

Consequently, the vectors £ and ) are highly correlated, so that (2, z0)) > 1 —¢£2/2.
That is, if you have enough vectors on a unit sphere, at least two of them will be correlated
with each other.

(If you want a big hint, look ahead to Proposition 4.3.)

To better understand our basic questions and dichotomies, we consider them for several
specific examples.

Example 1.2 (Computing Determinants). Let n > 0 be an integer. Suppose we want
to compute the determinant of a real n x n matrix A with entries A;;, 7,5 € {1,...,n}. An
inefficient but straightforward way to do this is to directly use a definition of the determinant.
Let S, denote the set of all permutations on n elements. For any o € S, let sign(o) := (—1)7,
where ¢ can be written as a composition of j transpositions (Exercise: this quantity is well-
defined). (A transposition o € S, satisfies o (i) = ¢ for at least n — 2 elements of {1,...,n}.)
Then

n
det(A) = Z sign(o) HAZ-U(Z-).

0ESH =1
This sum has |S,,| = n! terms. So, if we use this formula to directly compute the determinant
of A, in the worst case we will need to perform at least (n + 1) - n! arithmetic operations.
This is quite inefficient. We know a better algorithm from linear algebra class. We first
perform row operations on A to make it upper triangular. Suppose B is an n X n real matrix
such that BA represents one single row operation on A (i.e. adding a multiple of one row to

another row). Then there are real n x n matrices By, ..., B, such that
B;---B,A ()
is an upper triangular matrix. The matrices By, ..., B,, can be chosen to first eliminate the

left-most column of A under the diagonal, then the second left-most column entries under
the diagonal, and so on. That is, we can choose m < n(n — 1)/2, and each row operation
involves at most 3n arithmetic operations. So, the multiplication of (x) uses at most

3mn < 2n?

arithmetic operations. The determinant of the upper diagonal matrix (x) is then the product
of its diagonal elements, and

det(By -+ B, A) = det(By) - - - det(B,,) det(A).
That is,
~ det(By---BpA)
~ det(By) - --det(B,,)’
So, det(A) can be computed with at most 2n*+m+n < 4n® = O(n?) arithmetic operations.
Can we do any better?
It turns out that this is possible. Indeed, if it is possible to multiply two n x n real

matrices with O(n?) arithmetic operations for some a > 0, then it is possible to compute
the determinant of an n x n matrix with O(n®) arithmetic operations. The naive way to

det(A)



multiply two real n X n matrices requires O(n3) arithmetic operations, so that a = 3 is
achievable. However a < 2.3728639 is the best known upper bound | | (building upon
Coppersmith-Winograd, Stothers, and Williams.) T do not think the algorithm with such a
value of a has been implemented in practice, since the implied constants in its analysis are
quite large, and apparently the algorithm does not parallelize. On the other hand, Strassen’s
algorithm has been implemented, and it has a = log 7/ log 2 ~ 2.807.

What if we only have access to the matrix in the streaming setting? That is, suppose n
is so large or the memory of the computer is so limited that we can only store a few of the
rows of the matrix at one time. In this case, it is impossible to know the determinant of the
whole matrix. For example, suppose the first n — 1 rows of the matrix A are known linearly
independent vectors, and the last row of the matrix is known, except its last entry. If the
last row is identical to the first row (except for their last entries), then changing the last
entry could make the determinant of A zero or nonzero. So, it seems like we need to know
essentially the whole matrix to even approximately know the determinant of the matrix, or
even more fundamentally, the rank of the matrix. Indeed this is the case | ].

All of the above algorithms are deterministic, and they compute the determinant exactly
(up to machine precision).

Remark 1.3. Interestingly, computing the permanent of a matrix

per(A) = Z HAw(i)

oS, i=1

is #P-complete. However, for any ¢ > 0, there is a (1 + €) polynomial time approximation
algorithm for computing the permanent.

Example 1.4 (Least Squares). Suppose we want to solve a least squares minimization
problem. Suppose x € R™ is an unknown vector, and A is a known m x n real matrix.
Let Z € R™ be a vector of i.i.d. standard Gaussian random variables. Our observation is
y = Aw + Z, and the goal is to recover the unknown vector w. In linear least squares
regression, we try to determine the best linear relationship w between the rows of A and
the observation y. Assume that n < m and the matrix A has full rank (so that ATA is
invertible). The vector x € R™ that minimizes the quantity
n
ly = Azl i= > (i~ (Aw),)?
i=1
is then
x = (ATA)TATy. (%)
Equivalently, x minimizes
2
Ely— =

over all choices of vectors x € R™ such that x = By for some n x m real matrix B, and such
that Ex = w. (Since Z is the only random variable here, E denotes expected value with
respect to Z.)

So, solving the linear least squares minimization problem could “just” use equation (k).
However, inverting a matrix directly is inefficient and could introduce numerical error. Below
are some alternative ways of computing x. From (x), we first write

AT Ax = ATy,



and we then do any one of the following.

e Compute the Cholesky decomposition of ATA. That is, we write ATA = RTR
where R is an upper triangular n x n matrix with positive diagonal elements. Then,
RTRx = ATy, and solve the following simpler problems: (1) solve RTz = ATy for
the unknown z € R”, then (2) solve Rz = z for x € R™. This is our desired z, since

RTRx = RT2z = ATy.

e Compute the QR decomposition of the matrix A. That is, we write A = QR where
@ is an m x n rectangular matrix with Q7Q = I,,, where I,, denotes the n x n identity
matrix, and R is an upper triangular n X n matrix with positive diagonal elements.
Then (ATA)™ = (RTQTQR)™ = (RTR)™!, so (ATA)'AT = (RTR)"'RTQT, and
(RTR)™'RT = R™!, so we have
x © R'Q%y.
e Compute the singular value decomposition of the matrix A. (That is, we write
A = USV, where U is an m X m orthogonal matrix, V is an n X n orthogonal
matrix, and S is an n x n diagonal matrix with nonnegative entries.) Then AT Az =
VTS2Vx = ATy, and solve the following simpler problems: (1) solve VTz = ATy for
the unknown z € R™, then (2) solve S*Vz = 2z for x € R™. This is our desired z,
since
ATAz = VISV =VTz = ATy,
These algorithms all use O(n?) arithmetic operations, and they assume we have access to
the whole matrix A.

What if we only have streaming access to A? Put another way, is there an algorithm that
only needs to access a small amount of A at any single time? The answer is yes. Recall
that A is an m x n matrix with m > n. In some cases, m will be much larger than n. The
recursive algorithm described below only needs to store an n x n matrix of A at any given

time, and it is given access to one row of A at a time.
For a more modern view of this problem, see e.g. | .

Exercise 1.5. Let A be an m x n real matrix with m > n. Then A has rank n if and only
if AT A is positive definite.
(Hint: AT A is always positive semidefinite.)

Algorithm 1.6 (Recursive Least Squares/ Online Learning). Let m > n, let A be an
m x n real matrix. Let a(V,... a™ € R" be row vectors which are the rows of A (data),
and let b € R™. For any j > n, let

aD b
A] = s b(j) = :
a® b
Assume that A,, has rank n (so that AL A, is invertible). Define
= (ATA)TTATY™ e R P, = (AT AL
For any j > n, define



P (a(j+1))Ta(j+1)pJT
14+ qU+D P, (a(]+1))T
20D — 4.0) + ijrl( 3+ ))T(ij _ a(j+1)x(j)).

Pig =P —

The vectors 2™, ..., 2™ recursively minimize the quantity || Az — bH2 in the following
sense.

Proposition 1.7. Let A > 0. Let ™, ..., 2™ be the output of Algorithm 1.6. Letn < j <
m. Define f;: R" = R by

fi(z) = %Z((w a > bi)?, xr eR".

Then 29 minimizes f; on R™. In particular, when j =m, ™ minimizes || Az — b||>.

Proof. We induct on j. The case j = n follows by definition of 2™ and by (x). We now
complete the inductive step. Assume the Proposition holds for j, and consider the case 7+ 1.
Define G; := (AT A;).
First, note that
G = (AT (aU™)7) ( A ) AT Ay + (@) a0 = G + (@)D, (3)
By the inductive hypothesis and (), we have zU) = =G; 1ATb 7). So,

; _ . 5 (%) : : :
A;Fb(J) = G,;G; 1A§(’b(3) — ij(]) = (G — (a(]-i‘l))Ta(H-l))x(J)' (%)
From (), the minimum of f;;; on R™ occurs when
A\ /p) A
r= G =it () (5),) = G b )
= GJ+1 (Gj+1x(j) — (a(j+1))Ta(j+1)x(j) + bj+1(a(j+1))T>
— 20 4 ijil(a(j“))T(ij — aUtD g0y,

Comparing this formula to the definition of zU*+Y in Algorithm 1.6, it remains to manip-
ulate the Gj_jl term. Applying Exercise 1.8 to (x),
G HaUt N Tq j+1)G—1

, G+INT G+ =1 _ =1 _
(G + (a ) ) G 14 a(3+1)G (a(J+1))T

1

G]-‘rl

Finally, note that P, = G,;!, and since the matrices P; and Gj satisfy the same recursion,
we get P = Gj_l, completing the proof.

O

Exercise 1.8. Show the following identity. Let A be an r x r real matrix, let U be an
r X s real matrix, and let V' be an s x r real matrix. Assume that A is invertible and that
I +V A~U is invertible, where I is the s x s identity matrix. Then A+ UV is invertible and

(A+UV) ' =A" — (AU + VAU (VAT

6



In particular, if s = 1, we get the Sherman-Morrison formula:

AUV A
A Vytl=agt-———~—
(4+0V) 14+ VAU
Example 1.9 (Minimum Vertex Cover). Suppose we have a set of vertices V := {1,...,n}

and a set of undirected edges E C {{i,j}: i,7 € V'}. The goal of the minimum vertex cover
problem is to find the smallest vertex cover of the graph G = (V| E). A vertex cover is a
subset S C V such that every {i,j} € E satisfies i € S or j € S. More generally, for any
1€V, let ¢; € R, ¢; > 0. We are asked to minimize the weighted sum

S
ics

over all S C V such that every {7, j} € E satisfies € S or j € S. (To recover the unweighted
minimum vertex cover problem, let ¢; :== 1 for all 1 < ¢ < n.) For a somewhat contrived
example, we could think of the vertices as cities, and the set S as a subset of cities where cell
phone towers are placed. And each cell phone tower is designed to cover the city in which it
resides, and any adjacent cities.

There is a simple polynomial time algorithm that, given G = (V| E) whose minimum
vertex cover has size a > 0, finds a vertex cover S C V such that

a <|S| < 2a.

This algorithm is therefore called a 2-approximation algorithm for the minimum vertex cover
problem.

It is known that there exists an o > 1 such that finding an a-approximation to the
minimum vertex cover problem is NP-complete. So, it seems impossible to efficiently solve
the minimum vertex cover problem. More specifically, if we were given G = (V, E') whose
minimum vertex cover has size ¢ > 0, and we could finds a vertex cover S C V in polynomial
time such that

¢ <[5 < ac,

then P = NP, and we would solve one of the Millennium Prize Problems. Since it is widely
believed that P # N P, it is doubtful that the Minimum Vertex Cover problem can be solved
in time polynomial in n. In fact, the constant o = 2 is believed to be the best possible
approximation. That is, it is conjectured that it is NP-hard to find a 1.9999-approximation
to the minimum vertex cover problem | .

Let us describe the deterministic algorithm.

Algorithm 1.10 (Greedy Algorithm for Unweighted Min-Vertex Cover). Given a
graph G = (V, E), begin with S := (). Iterate the following procedure until F is empty.

e Choose some edge {i,j} € E.
e Redefine S := SU{i} U{j}, and remove from E any edge whose endpoint is either 4
or j.
When FE is empty, output S.

Proposition 1.11. Algorithm 1.10 is a 2-approximation algorithm for the unweighted min-
imum vertex cover problem.



Proof. Let a be the size of the minimum vertex cover of a graph G = (V, E). Let E' be the
set of edges that is found in the first step of all iterations of Algorithm 1.10. By step two
of the iteration, each edge in £’ is encountered exactly once in step one, and the vertices of
each edge in E’ are all disjoint from each other. Moreover, steps one and two of the iteration
imply that S is a vertex cover. Also, step two implies that the minimum vertex cover must
contain at least one endpoint of each edge in E’, otherwise some edge would be not covered
by the minimum vertex cover. So, |E’| < a. In summary,

15| = 2|E'| < 2a.
Lastly, |S| > a by definition of c. O

There is also a randomized 2-approximation algorithm for the general (weighted) minimum
vertex problem using linear programming. The Minimum Vertex Cover problem is:

minimize (c,z) subject to the constraints
x; € {0,1}, VieV
ri+x; >1, V{i,j}€E
We then solve the following linear program and try to relate its solution to the above problem.
minimize (c,z) subject to the constraints
zr; €[0,1], VieV
ri+x;>1, V{i,jlekl
Recall that an n x n matrix A is symmetric if A = AT. We denote the n x n identity

matrix as I or I,,. Recall that an n x n matrix A is orthogonal if A is a real matrix such
that ATA = AAT = I.

Theorem 1.12 (Spectral Theorem for Real Symmetric Matrices). Let A be a real
n x n symmetric matriz. Then there exists an n X n orthogonal matriz () and a real diagonal
matriz D such that
A=QTDQ.
Equivalently, there exists an orthonormal basis of R™ consisting of eigenvectors of A with
real eigenvalues.

Example 1.13 (Singular Value Decomposition (SVD) and Principal Component
Analysis (PCA)). Suppose A is an m X n real matrix. We think of each row of A as a
vector of data. The matrix AT A is then an n x n real symmetric matrix. By the Spectral
Theorem 1.12, there exists an n X n orthogonal matrix ) and a real diagonal matrix D such
that

ATA = QT DQ.
Similarly, the matrix AA” is an m x m real symmetric matrix. The Spectral Theorem 1.12
implies that there exists an m x m orthogonal matrix R and a real diagonal matrix G such
that

AA" = RTGR.
Note that all entries of D are nonnegative, since if v € R" is an eigenvector of AT A with
eigenvalue A € R, then

Aloll® = Mo, v) = (v, AT Av) = (Av, Av) = || Av|>.



That is, we must have A > 0. So, the square root of D (i.e. the diagonal matrix all of whose
entries are the square roots of the entries of D) is well-defined. We denote the square root
of D as v/D, so that (v/D)? = D. Note that we can then write

A= R"VDQ.

This factorization of A is called a singular value decomposition of A. (In general, the
matrices RT, /D, Q are not uniquely determined by A, though the entries of v/D are uniquely
determined by A.) The entries of v/D are called the singular values of A.

So, at least theoretically, a singular value decomposition exists. How can we find it on
a computer? If the matrix A is relatively small, then we can compute AT A and find its
eigenvalues and eigenvectors by the Power Method (see Exercise 1.18 below). The matrix D
then consists of the eigenvalues and @ contains the eigenvectors of AT A. The power method
is especially efficient when A has very few nonzero entries.

If the matrix A is fairly large, we can instead randomly sample a small number of the rows
and columns of A, perform a singular value decomposition on this smaller matrix, and use
it to approximate the SVD of A itself | , , ].

SVD is used widely in practice. Note that since each data vector is a vector in R", and
each eigenvector of AT A is also a vector in R™, any vector x € R" can be written unlquely as
a linear combination of eigenvectors of AT A (since these eigenvectors form an orthonormal
basis of R™.) In many applications, it is generally expected that AT A has low rank or
“approximately low rank.” In such cases, the matrix A7 A is well understood by examining
its eigenvectors with largest eigenvalues. For example, if AT A has rank k, then only k of
its eigenvectors are needed to understand AT A. Similarly, if AT A has k large eigenvalues
with the rest of them being close to zero, then only the first k eigenvectors are needed to
approximately understand AT A, and hence A.

PCA is designed with this observation in mind. In PCA, one uses the SVD of A (or of
A with each row of A subtracted by the average of all rows of A), and we examine the
eigenvectors of ATA (and AAT) with the largest eigenvalues. In particular, the eigenvectors
of AT A with largest eigenvalues are judged to be the “principal components” of any data
vector x € R™. PCA is used e.g. when Netflix tries to find recommendations for movies or
shows you might enjoy. We consider each row of A to contain the preferences of one user,
e.g. containing their ratings for various movies (say entry A;; € {1,2,3,4,5} is the rating
of user i for movie j). Suppose the eigenvectors of AT A with the k largest eigenvalues are
yM, ..., y®. We can then e.g. examine the k" spectral embedding f;: {1,...,n} — R”
that maps each movie to its vector of values on these eigenvectors:

fr(i) == (yi(l), . ,yi(k)>, Vie{l,...,n}.

In practice, one observes that “similar” movies appear in clusters in the spectral embedding
set {fx(i)}, € R¥. We can then infer that someone who enjoys one movie in one cluster
will enjoy other movies in the same cluster. The actual application is a bit more complicated
since users do not rank all movies, so extra steps are made to fill or infer the missing entries
of A. Since the initial data vectors are in R™ but the set {fx(i)}", is in R* with k < n,
PCA is considered a dimension reduction method.

PCA is also used in facial recognition with the so-called “eigenfaces” method. In this
case, each row of A is a vector (say of bitmap image values) of the front view of someone’s



face. PCA is then performed on a standard large data set. Given a new face image x € R",
we associate x to its “feature vector” gp(z) := ((x,yM),..., (z,y™)). We can then guess
if two different faces z,y € R™ are the same or not the same by computing the distance
|lgr(z) — gr(y)||. Alternatively, if we want to compare x to the set of images in the initial data
set (on which the original PCA was performed), we can try to find min,—y__, ||gx(x) — fe(?)]],
and then associate x with the value of ¢ € {1,...,n} achieving this minimum. The actual
application is more complicated. Images in practice do not often show the front of a face,
so extra steps can be made to infer the front view of a face from the image of a non-frontal
view of a face.

Since PCA and SVD use unlabelled data, they are considered methods in unsupervised
learning.

Example 1.14 (k-means Clustering). Let k,m,n be positive integers. Given m vectors

M, . 2™ € R™ the k-means clustering problem asks for the partition S, ..., S of
{1,...,m} into k sets which minimizes
. 1 2
99 KERID P T
=1 jESi | Z| pESi

For each 1 <4 < £k, the term Fi' > pes; 2™ is the center of mass (or barycenter) of the
points in S;, so each term in the sum is the squared distance of some point in S; from
the barycenter of S;. So, k-means clustering can be seen as a kind of geometric version of
least-squares regression. We emphasize that k is fixed.

How can we solve this problem? The most basic algorithm is a “gradient-descent” proce-
dure known as Lloyd’s Algorithm.

Algorithm 1.15 (LLoyd’s Algorithm). Let 2, ... 2™ ¢ R". Begin by choosing
yM, ..., y® € R (randomly or deterministically), and define T; := ) for all 1 < i < k.
Repeat the following procedure:

e For each 1 <1 < k, re-define
RS @ — D = mi () _ @
Ti={je{l,....m}: ||z y | pirlunka y® ||}
(If more than one p achieves this minimum, assign j to an arbitrary such minimal

p.) (The sets Ty, ..., T, are called Voronoi regions.)
e For cach 1 < i < k, re-define y) := ﬁ > pel z(®),

Once this procedure is iterated a specified number of times, output S; := T;.

Algorithm 1.15 can be considered a “gradient-descent” procedure since the first step of
the iteration always decreases the quantity (x) by the definition of (x), and the second step
of the iteration always decreases (x) by Exercise 1.16.

Exercise 1.16. Let (M, ... 2™ ¢ R". Let y € R”. Show that
2 m , 2
oo
j=1

That is, the barycenter is the point in R™ that minimizes the sum of squared distances.

m

H O_ 15 o
z; T m;x

1=

10



While Lloyd’s Algorithm 1.15 decreases the value of the quantity (x), iterating this algo-
rithm many times does not guarantee that a global minimum of (k) is found. To see why,
recall that the local minimum of a function f: R — R may not be the same as a global
minimum. So, while Lloyd’s Algorithm 1.15 is simple and it might work well in certain
situations, it has no general theoretical guarantees. Some work has been done to make a
“wise” choice of the initial points y, ... y*).

So, are there any efficient algorithms with theoretical guarantees? For any € > 0, there
is a 9 + ¢ factor approximation algorithm for the k-means clustering problem | ]
with a polynomial running time (that does not depend on k). This algorithm is based upon
[ |. It was shown | ] that there exists some ¢ > 0 such that approximating the
k-means clustering problem with a multiplicative factor of 1+« for all k& is NP-hard. So, there
is a rather large gap between the best general purpose algorithm, and the hardness result.
Many algorithms can approximately solve the k-means clustering problem to a multiplicative
factor of 1 4 ¢, but these algorithms always have an exponential dependence on k for their
run times [ ]. So, if we try to use k = 100, which occurs in many applications, these
algorithms seem to be impractical.

It is possible to combine dimension-reduction techniques (such as PCA or the Johnson-
Lindenstrass Lemma, Theorem 5.6) with the above algorithms | ) ], thereby
saving time by working in lower dimensions. However, these techniques do not seem to
improve the exponential run times in k.

Some streaming algorithms are known for k-means clustering [ , |. For exam-
ple, the algorithm of | ] uses memory of size O(d*k?c2(logn)®) to approximately solve
the k-means problem within a multiplicative factor of 14 ¢. Note that the points themselves
are not actually stored in this algorithm, otherwise the memory requirement would be at
least ©2(n). In fact, only the barycenters of the clusters are typically stored in these streaming
algorithms, which drastically reduces the memory requirement.

Since k-means clustering uses unlabelled data (despite the fact that & needs to be speci-
fied), it is considered a method in unsupervised learning.

Exercise 1.17. Let n > 2 be a positive integer. Let x = (z1,...,x,) € R". For any
z,y € R", define (z,y) := Y0 zy; and ||z|| :== (z,2)Y/2. Let S"' == {z € R": ||z| =1}
be the sphere of radius 1 centered at the origin. Let # € S"~! be fixed. Let v be a random
vector that is uniformly distributed in S™"~!. Prove:

1
10y/n”

Exercise 1.18 (The Power Method). This exercise gives an algorithm for finding the
eigenvectors and eigenvalues of a symmetric matrix. In modern statistics, this is often a
useful thing to do. The Power Method described below is not the best algorithm for this
task, but it is perhaps the easiest to describe and analyze.

Let A be an n X n real symmetric matrix. Let A; > --- > )\, be the (unknown) eigenvalues
of A, and let vy,...,v, € R™ be the corresponding (unknown) eigenvectors of A such that
|v;]] = 1 and such that Av; = A\, for all 1 <@ < n.

Given A, our first goal is to find v; and A;. For simplicity, assume that 1/2 < A\; < 1, and
0 <A, <--- < Ay < 1/4. Suppose we have found a vector v € R™ such that ||[v|| = 1 and
|{(v,v1)| > 1/n. (From Exercise 1.17, a randomly chosen v satisfies this property.) Let k be

E[(z,v)] >

11



a positive integer. Show that
Aky

approximates v; well as k& becomes large. More specifically, show that for all £ > 1,
n—1

16k
(Hint: use the spectral theorem for symmetric matrices.)

Since (v, v1)| \¥ > 27% /. this inequality implies that A*v is approximately an eigenvector

of A with eigenvalue \;. That is, by the triangle inequality,

40 — (o, s <

HA(AI“U) — Al(AkU)H < HA’“HU — <v,vl>/\]f+1U1H + N\ ||<v,vl))\lfv1 — Aka <2 T;k_ 1.

Moreover, by the reverse triangle inequality,

vn—1

4k -

In conclusion, if we take k to be large (say & > 10logn), and if we define z := A*v, then
z is approximately an eigenvector of A, that is

|A*|| = || A% = (v, v1)Afor + (v, ) AT || > %2’“ -

ARy ARy ‘
A -\ < 4nd227kF < 4qn~t,
| A*vl] | A*vl]
And to approximately find the first eigenvalue \;, we simply compute
2T Az
2Tz

That is, we have approximately found the first eigenvector and eigenvalue of A.

Remarks. To find the second eigenvector and eigenvalue, we can repeat the above proce-
dure, where we start by choosing v such that (v,v1) =0, |[v|| =1 and [(v,v5)| > 1/(104/n).
To find the third eigenvector and eigenvalue, we can repeat the above procedure, where we
start by choosing v such that (v,v1) = (v,v2) =0, [Jv]| = 1 and |[{v,v3)| > 1/(104/n). And
SO on.

Google’s PageRank algorithm uses the power method to rank websites very rapidly. In
particular, they let n be the number of websites on the internet (so that n is roughly 10?).
They then define an n x n matrix C' where C;; = 1 if there is a hyperlink between websites
¢ and j, and C;; = 0 otherwise. Then, they let B be an n X n matrix such that B;; is 1
divided by the number of 1’s in the i*" row of C, if C;; = 1, and B;; = 0 otherwise. Finally,
they define

A= (.85)B+ (.15)D/n
where D is an n x n matrix all of whose entries are 1.

The power method finds the eigenvector v; of A, and the size of the i** entry of v; is
proportional to the “rank” of website i.

Exercise 1.19. Run PCA on a “planted” data set on a computer, consisting of 100 samples
in R of the random variable (X,Y, Zs,..., Z15) € R!Y where X,Y are standard Gaussian
random variables, Z; is a mean ¢ Gaussian random variable with variance 1072, for all
3<i<10,and X,Y, Zs,..., Zy are all independent. (You can use your favorite computer
program to simulate the random variables.)
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Then, run PCA on Airline Safety Information, and try to find out something interesting
(this part of the question is intentionally open ended). The data is here, with accompanying
article here. (See also here.)

Exercise 1.20. Run a k-means clustering algorithm (e.g. Lloyd’s algorithm) on a “planted”
data set in R? consisting of 50 samples from (X,Y) and another 50 samples from (Z, W)
where X,Y, Z, W are all independent Gaussians with variance 1, X, W have mean zero, Y
has mean 1 and Z has mean 2. Try at least the values k = 2, 3,4, 5.

Then, run a k-means clustering algorithm on Airline Safety Information, and try to find
out something interesting (this part of the question is intentionally open ended).

2. A GENERAL SUPERVISED LEARNING PROBLEM

In this course, one main focus is the following.

Problem 2.1 (Supervised Learning Problem). Let A, B be sets. Let f: A — B be
an unknown function. The goal of the learning problem is to determine the function f on

all of A using a small number of known values of f on A. Let 2, ... 2® € A and let
yW .. y®) € B. It is known that
f(z@) =y, V1<i<k.

We then want to exactly or approximately determine f on all of A.

The set of ordered pairs {(z®, y)}_ is sometimes called the training set. The function
f is sometimes called a predictor, hypothesis or classifier.

Without some assumptions on f, this problem is impossible to solve, since we could just
arbitrarily define f on inputs other than ™, ..., 2®). So, one must add some assumptions on
a class of functions f under consideration. One of the most basic and well studied examples
is the following subset of Boolean functions f: {—1,1}" — {—1,1}.

Definition 2.2 (Linear Threshold Functions). A function f: {—1,1}" — {—1,1} is
called a linear threshold function if there exists w € R™ and ¢t € R such that

f(z) = sign({(w, x) — t), Voe{-1,1}"

Here
1 ,ifs >0
s
sign(s) = ] =<0 ifs=0
-1 ,ifs<O.

A linear threshold function could also be called a single-layer neural network.

Here we are assuming that f defined in this way never takes the value 0, and we will
always make this assumption unless otherwise stated.

Linear threshold functions can be understood geometrically as two sets of points on either
side of a hyperplane.

Definition 2.3 (Hyperplane). Let w € R",t € R. A hyperplane in R" is a set of the
form

{z e R": (w,z) =t}.
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That is, if f: {—1,1}" — {—1, 1} is a linear threshold function, then {x € {—1,1}": f(z) =
1} lies on one side of the hyperplane, and {z € {—1,1}": f(x) = —1} lies on the other side
of the hyperplane. For this reason, linear threshold functions are sometimes called half
spaces.

If we add the constraint that the unknown function f in Problem 2.1 is a linear threshold
function, we arrive at the following problem.

Problem 2.4 (Supervised Learning Problem for Linear Threshold Functions).
Let f: {—1,1}" — {—1,1} be an unknown linear threshold function. Let 2" ... 2% ¢
{=1,1}" and let yy,...,yx € {—1,1}. It is known that

fa@) =y, VI<i<k
The goal of the problem is to find w € R™ and t € R such that
sign((w, V) — ) = y;, V1<i<k.

Remark 2.5 (Reduction to Homogeneous t = 0 Case). For all 1 < i < n, let 200 :=
(1) € {=1,1}"" and let w’ := (w,t) € R™"! in Problem 2.4. The goal of Problem 2.4
can then be restated as: find w’ € R"™! such that

sign((w', 29)) = 1, V1<i<k.
For this reason, we will often assume ¢ = 0 below when discussing Problem 2.4.

Remark 2.6. Problem 2.4 can be understood geometrically as trying to find a hyperplane
that separates the points {z € {—1,1}": f(z) = 1} from {z € {-1,1}": f(z) = —1}.

This problem is ill-posed as stated already when n = 2 and k = 4, since it is impossible
to separate pairs of opposite corners of {—1,1}? using a hyperplane.

Example 2.7. If f(1,1) = f(—=1,—1) = 1 and f(1,—1) = f(—1,1) = —1, then there does
not exist w € R? and ¢ € R such that sign({(w,z®) —¢) = y; ¥ 1 < i < 4. To see this, we
can look at the “partial derivatives” of f as follows. Let w = (wy,ws) € R? and suppose
(w, (1,1)) > ¢, (w, (—1,-1)) > t and (w, (1,—1)) < t, (w,(—1,1)) <t. Then

2wy = (w, (1,1) — (1,-1)) > 0, 2wy = (w, (1,1) — (=1,1)) > 0,
So,

<w7 (17 1)> =W + Wy > —wW; — Wy = <U), (_17 _1)>

Therefore, f(1,1) > f(—1,—1), a contradiction.

So, in order for the learning problem 2.4 to be exactly solvable, we must assume that there

exists some w € R™,t € R such that
sign((w, V) — t) = y;, V1<i<k.

If we only want to find a w € R™, ¢ € R such that this equality holds for 99% of 1 < i < k,
then that becomes a much different problem. We will discuss that problem in Section 3.

For a real world example of Problem 2.4, we can think of x as some sequence of letters
(encoded in binary) from an email, so that f takes value 1 on a spam email, and f takes
value —1 on non-spam emails. The goal is then to find the classifier f that can classify any
given email as spam or non-spam, using the “training data” =), ... z® ¢ {—11}" and
yi, - € {=1,1}
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2.1. The Perceptron Algorithm. The Perceptron Algorithm is a basic algorithm for solv-
ing Problem 2.4 from the 1960’s. In this section, we will consider the homogeneous version
of Problem 2.4. Let (M ... 2® ¢ {—1,1}" and let y1,...,yr € {—1,1} be given. It is
known that
f(z9) =y, V1<i<k.
The goal of the problem is to find w € R™ such that
sign((w, V)) = y;, V1<i<k.

It is assumed that such a w exists.

Algorithm 2.8 (Perceptron Algorithm).

e Define w" :=0 € R™ and let s := 1
o If there exists some 1 < i < k such that y; # sign((w®), ™)), i.e. a mis-classification
occurs, define

WD = ) g0

e Increase the value of s by one. Repeat the previous step until no such 7 exists.
e Output w := w®.

After the first step of the algorithm, we have w® = y;2(), so we know that (w®, z®) = y;.
That is, after one step of the algorithm, there is some 1 < i < k that is classified correctly.
Unfortunately, after obtaining w® in the next step of the algorithm, if (¥ was the vector
obtained from the first step of the algorithm, then (w®, z(®) and 3; may not have the same
sign. That is, the second step of the algorithm could mis-classify the point we obtained in the
first step. So, a priori, Algorithm 2.8 may never terminate. Or at very least, the Algorithm
may take a very large number of steps until it terminates. Either situation would be quite
bad.

Note that the algorithm can be updated as it receives new data. For this reason, Algorithm
2.8 is called an online learning algorithm. However, the algorithm must keep all vectors
M ..., 2® in memory, so it is not a streaming algorithm.

Theorem 2.9 (Perceptron Algorithm Run Time). Let 2™, ... 2®) € R" and let
Y1, .-, Uk € {—1,1} be given. Assume that there exists w € R™ such that

sign((w, V)) = y;, V1<i<k.
Define

B = max Hx(i) , 0= min{ |w| : V1 <i<k, ylw,zD) > 1}.

i=1,....k

Let w € R™ achieve the minimum value in the definition of 0. Then the Perceptron Algorithm
2.8 terminates with a value of s satisfying

s < (BO)%

Proof. We first show that the weight vector w® “moves towards” w at each iteration of the
algorithm:

(wt) ) > (w® w) +1, Vs>1.  (x)
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To see this, let 1 < i < k such that 2 is selected during step two in iteration s of the
algorithm. By definition of w, note that y;(w,z®) > 1. And by definition of w ") and w,

(w(SH), ’LU> _ <w(8), 'LU> + yi<$(i)> 'LU> > <w(8)7 w> + 1.

We now show that the weight vector w(® does not increase too much in length at each
iteration:

e < o 48 ez e

Since 1 < i < k was selected in step two of the algorithm, we have y; # sign((w®), 2®)), i.e.
yi(w®, 2y < 0. Using this and the definition of w(+Y),

ot = [+ ya O] = 9+ 20009, + 9]
< [l + =20 < [ + 57
We now conclude the proof. Let s > 1. Induction and () imply that (w®) w) > s.

Induction and (%) imply that Hw(S)HZ < s3%. By definition of w, ||w|| = 6. So, the cosine
of the angle between w and w'® satisfies

(s)
1> ww) s _ Vs
lw@ lwll — 0y/s8 65

That is, /s < 86. 0

Remark 2.10. Instead of going through all points in Algorithm 2.8 until the separating
hyperplane is found, one could simply run through all points ™, ..., 2® in order. Doing
so would speed up the algorithm, but the resulting weight vector w may not separate the
points correctly. One might call this effect underfitting.

When 6 is large, there are some data vectors ), ... ) close to the separating hyper-
plane {x € R™: (w,x) = 0}. More specifically,

Lemma 2.11. Let 2, ... 2® € R™ and let yy,...,yx € {—1,1} be given. Assume that
there exists w € R™ such that

sign((w, V)) = y;, V1<i<k.
Let w € R™ achieve the minimum in min{ |w]:V1<i<k, yi{w,z@) > 1}. Then w/ ||w||

achieves the maximum
G
DX | min, (v, 2") (*)
Proof. Let v achieve the maximum value a > 0 in (x). Then y;{(v/a),z®) > 1 by (). So,
by definition of w, ||w] < ||v/al = 1/a. If 1 <i <k, by definition of w,

yil(w/ w]), ™) = myi<w,x( )y > T 2%

So, w also achieves the maximum value in (x). (Consequently, when we take min;_; _j, all
inequalities on the previous line must be equalities, so that a = 1/ [Jw]|.) O
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When ||v|| = 1, 3 (v, 2) is the distance from 2 to the hyperplane {z € R": (z,v) = 0}.
So, in Theorem 2.9, the quantity

0= min{ |w] : V1 <i<k yw,z®) > 1}.

produces a vector w whose perpendicular hyperplane has the largest uniform distance a to
the vectors (1), ... 2" Since a = 1/ ||w|| = 1/6, the quantity 1/6 is sometimes called the
margin of the vectors (), ..., 2®) as it represents the “widest” symmetric slab through
the origin that can fit between all of the vectors.

2.1.1. Variants of Learning Linear Threshold Functions. In the case that the points cannot
be separated by a hyperplane, suppose we try to find a hyperplane that correctly classifies
the largest number of points. Unfortunately, this problem is known to be NP-hard | ]
[ , Theorem 4]. In the literature, this problem is called the Open Hemisphere Problem,
or Densest Hemisphere Problem.

Also, given that there is some half space that correctly classifies 99% of data points, it is
NP-hard to find a half space that correctly classifies 51% of data points | |. Note
that correctly classifying 50% of data points is easy by just choosing any half space and
deciding which side to label +1. In fact, if NP C TIME(2(°¢™°™) no polynomial time
algorithm can distinguish between the following cases for learning half spaces with k input
points: (i) 1 — 27918k fraction of points can be correctly classified by some halfspace,
or (ii) no more than (1/2) + 2?18 fraction of points can be correctly classified by any
halfspace | , Theorem 4].

On the other hand, variants of the Perceptron algorithm do still learn linear threshold
functions efficiently when we start with a separating hyperplane and then change each label
independently with fixed probability less than 1/2 | ]. Under these assumptions,
efficient learning can then occur in the PAC model (discussed in Section 3) and in the Sta-
tistical Query Model. Also, when a small fraction of labels can be arbitrarily corrupted (the
so-called agnostic learning model) and some assumptions are made on allowable random
samples of inputs, linear threshold functions can be learned efficiently | . With
access to Gaussian samples, where a fraction of both samples and labels can be arbitrar-
ily corrupted (the so-called nasty noise model), linear threshold functions can be learned
efficiently | ].

Instead of returning the final vector w that is output by the Perceptron algorithm, prac-
titioners use an average of all weight vectors w over all time steps. Supposedly this works
better than the Perceptron itself, and it is called the averaged perceptron.

Logistic regression is also said to work well in practice for classification tasks.

Remark 2.12 (Linear Programming). Let (V... 2®) € {—1,1}" and let y1,...,yx €
{—1,1} be given. Let A be the k x n matrix whose i’ row is (Y. We can rewrite the goal
of Problem 2.4 (with ¢t = 0) as finding w € R”

(w, zD)y; > 0, V1<i<k.

Since the yy,...,yr € {—1, 1} are fixed, this is a set of linear inequalities in w, i.e. finding the
existence of such a w is a linear program in n dimensions with k constraints. It is conceivable
to use a linear programming algorithm (such as the ellipsoid method or interior point method)
to solve Problem 2.4, however it would most likely be slower than the Perceptron Algorithm.
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On the other hand, the run time of the linear program would not depend on the geometry
of the points (), ..., ™) while our run time guarantee in Theorem 2.9 does depend on the
geometry of the points (and this worst-case guarantee can increase exponentially with n).

Exercise 2.13. Let n be a positive integer. Let ¢, be the number of boolean functions
f:{-=1,1}" — {—1, 1} that are linear threshold functions. This quantity is of interest since
it roughly quantifies the “expressive power” of linear threshold functions for the supervised
learning problem. It is known that

¢, — 9n*(i+o(1)

So, Problem 2.4 asks for the linear threshold function that fits the given data among a family

of functions of super-exponential size. For another perspective on the “expressive power” of

linear threshold functions, we will look into the VC-dimension in e.g. Proposition 4.11.
Using an inductive argument prove the weaker lower bound

Cp > 2n(n—1)/2.

(Hint: induct on n. If f: {—1,1}" — {~1,1}, consider f: {—1,1}"*! — {—1,1} defined
(partially for now) so that f(x1,...,7,, —1) := f(x1,...,3,) for all (z1,...,2,) € {—1,1}"
How many ways can we define f on the remaining “half” of the hypercube {—1,1}"*! such
that f is a linear threshold function?)

As we will discuss in Section 8, it is of interest to state the general learning problem for
compositions of linear threshold functions (i.e. neural networks). In this case, asymptotics for
the number of such functions were recently found in https://arxiv.org/pdf/1901.00434.pdf.

Exercise 2.14. Let a > 0. Let XM ... X®) € R” be independent identically distributed
samples from a Gaussian random vector with mean (a,0,...,0) and identity covariance
matrix). Let X*+D X®+2) Xk ¢ R" be independent identically distributed samples
from a Gaussian random vector with mean (—a,0,...,0), where a > 0 is known. As in our
analysis of the perceptron algorithm, define

B := max HX“W
i=1,...,2k

O := max{ |w] : V1 <i <2k y;(w, XDy > 1}.
Give some reasonable estimates for EB and E© as a function of a.

2.2. Embeddings and the “Kernel Trick”. In Remark 2.6, we noticed that exactly
learning a linear threshold function amounts to separating data points into two sets by a
separating hyperplane. However, some natural data sets may be sortable into two categories
that cannot be separated by a hyperplane. For this reason, practitioners using the Perceptron
Algorithm often “preprocess” their data so that it is sensibly separable by a hyperplane. The
preprocessing can be described as a function ¢: A — C, where A, C are sets. (Recall that
we phrased Problem 2.1 as determining an unkonwn function f: A — B.) The function
¢: A — C is sometimes called a feature map.

Problem 2.15 (Supervised Learning Problem for Linear Threshold Functions,
with Kernel Trick). Let f: {—1,1}" — {—1,1} be an unknown linear threshold function.
Let 20, ... 2® € {—1,1}" and let y1,...,yr € {—1,1}. It is known that

f@) =y, VI<i<k
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The goal of the problem is to find an inner product space C' with inner product (-, )¢, an
embedding ¢: {—1,1}" — C, t € R and w € C such that

sign((w, (D))o — t) = yi, V1<i<k.

As above, we assume that Problem 2.15 can be solved when we apply the following modified
Perceptron Algorithm.

Algorithm 2.16 (Kernel Perceptron Algorithm, Version 1).
e Define w") :=0 € C and let s :=1

o If there exists some 1 < i < k such that y; # sign({w®,¢(x™)), i.e. a mis-
classification occurs, define

e Increase the value of s by one. Repeat the previous step until no such ¢ exists.
e Output w := w'®.

Sometimes the embedding ¢ may be difficult to compute or write explicitly. In such cases,
it might be desirable to only define ¢ implicitly. In such a case, for all 1 < i < k we
only need to define ¢(zV) to be an element of some inner product space. And if we can
rewrite the algorithm so that it only uses the values of the inner products, (¢(z®), ¢(z)))¢
V1< 14,7 <k, then we need only specify the values of these inner products. We then use
the following equivalence.

Exercise 2.17. Let M be a k x k real symmetric matrix. Then M is positive semidefinite
if and only if there exists a real £ x k£ matrix R such that

M = RR".
In either case, if 7V denotes the i row of R, we have
my; = (r® r)y, V1<i,j<k.

That is, the values of the inner products (¢p(x™), #(z()))¢ can be equivalently specified
as the values m;; of a real symmetric positive semidefinite matrix. More generally, we have
the following infinite-dimensional result from 19009.

Theorem 2.18 (Mercer’s Theorem). Let j1 be a Borel measure on R"™ such that the mea-
sure of any open set in R™ is positive. We denote Ly(p) :={f: R* = R : [5, |f(z) du(z) <
oo}, and we equip Lo(p) with the standard inner product [, f(x)g(x)du(x) defined for any
f,9 € La(p). Let m: R™ x R™ — [0,00) be a continuous symmetric function (m(z,y) =
m(y,z) for all z,y € R™) such that, for all p > 1, for all 2V, ... 2 ¢ R™ for all

Bi,. .., By € R we have the positive semi-definiteness condition
p
> im0 20, [ el duta)duty) < .
i,j=1 "R

Then there ezists an orthonormal basis {1;}32, of Lo(u) and a sequence of nonnegative real
numbers {\;}2, such that m is equal to the following series, which converges absolutely
pointwise:

m(x,y) = Z Aii(x)abi(y), Vr,ye R".
i=1
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Exercise 2.19. Let u be a Borel measure on R” such that the measure of any open set in
R™ is positive. Let m: R™ x R" — R be continuous with [p, [p. [m(z, Y|P dp(z)dp(y) < oo.
Show that the following two positive semidefinite conditions on m are equivalent:

eVp>1, forall 2 ... 2 eR" forall By,...,3, € R we have

p
Z BiB;m (29, 29) > 0.

1,7=1

o V f € Ly(p), we have
/n Rnf(a:)f(y)m(m,y)du(x)du(y) > 0.

From either condition, we should see that the converse of Mercer’s Theorem holds. We
should also be able to deduce various properties of positive semidefinite (PSD) kernels. For
example, a nonnegative linear combination of PSD kernels is PSD.

So, define €y := {(8;)2,: Y oo, B < oo} with the standard inner product ((3;)24, (7:)52,) ==
> ey Bivi and ¢: R™ — 45 by

o(z) = {VNvi(2)}2,,  VzeR
then

(d(r),0(y)) = Z Nivi(x)vi(y) = m(z,y), Va,y e R

That is, Theorem 2.18 is an infinite-dimensional generalization of Exercise 2.17. Note that
each 1; can be nonlinear, and in general the ¢ maps we use will be nonlinear maps.

Recall also that the Spectral Theorem 1.12 for real symmetric matrices £ X k matrices M
says there exists a real diagonal D and an orthogonal () such that

M =Q"DQ

We can write this in vector form to more closely match Theorem 2.18. For any 1 < p < k,
let )\, denote the p'* diagonal entry of D and let ) € R¥ denote the k™ row of (). Then

k
my = APuP . v1<ij <k
p=1

The function m(z,y) (or the matrix m;;) is called a kernel.

Also, since all countable Hilbert spaces are isometric, we can and will assume that C' = /5
with the standard inner product, which we denote as (-,-). In order to rewrite Algorithm
2.16, we need to express the algorithm using only (¢(z), ¢(2"))) terms. To this end, for
all 1 < i <k, let a; be the number of times that i € {1,...,k} is selected in step two of
the algorithm. That is, a; is the number of times that 2 is “mis-classified” within the
algorithm.

Let s > 1. Suppose at step s of the algorithm, 7*) € {z™, ... 2"} is selected. For
any s > 1, induction implies that w®*V is a linear combination of ¢(zV),..., (™)) in
Algorithm 2.16:

W = 3 o). (o
j=1
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So, at the next step of the algorithm, we can compute
s k
sign({w Y, ¢(FH))) = sign( D y;(0(@), 6(F)) ) = sign( D y;m (@, 79)).
Jj=1 Jj=1

Suppose the algorithm terminates after s steps. As mentioned above, for all 1 < j <k, let
a; be the number of times that ¢(z)) appears in the sum (x). Then we can rewrite (*) as

k
w = wtY = Z ajngb(x(j)).
=1
We then plug in any  in the span of (... 2*) so that

sign(wY, ¢(a) 1= sign(y_ asyym(a, ).

In summary, we can rewrite Algorithm 2.16 in the following way.

Algorithm 2.20 (Kernel Perceptron Algorithm, Version 2).
Let m: R*xR" — [0, c0) be a positive-definite function (kernel) satisfying the assumptions
of Mercer’s Theorem 2.18.
e Define ay :=0,...,qa; := 0 and let s := 1.
o If there exists some 1 < ¢ < k such that y; # Sigﬂ(Zle ajyjm(f(j)’g(i))>, ie. a
mis-classification occurs, then increase the value of «; by one.
e Increase the value of s by one. Repeat the previous step until no such 7 exists.

e Output the function f(x) := sign(Z?zl a;yym(z9) ), valid for any x € R™,

For some rigorous guarantees of a “kernel trick” in the context of a clustering-type problem,
see [ ].

Exercise 2.21. For each kernel function m: R" x R" — [0, c0) below, find an inner product
space C' and a map ¢: R™ — C such that

m(z,y) = (p(z), d(y))c, Va,yeR™

Conclude that each such m is a positive semidefinite function, in the sense stated in Mercer’s
Theorem.

e m(z,y) =1+ (z,y) Vx,y € R"

o m(z,y) == (1+ (z,y))? V xz,y € R", where d is a fixed positive integer.

o m(z,y) = exp(= [z = yl).
Hint: it might be helpful to consider d-fold iterated tensor products of the form z%? =
rR®r®--- Xz, along with their corresponding inner products.

2.3. Optional: Proof of Mercer’s Theorem.
Proof of Mercer’s Theorem 2.18. Consider the operator on Ly() defined by

T(f)(z) = . fy)ym(z,y)du(y), VxR, Vfe Ly(n)

By the Cauchy-Schwarz inequality and by assumption on m, if f € Lo(p), then T'(f) € Lo(p),
so that T: Lo(p) — La(p), with || T < Jan \m(z, y)|* dp(x)dpu(y), where ||T|| denotes the
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operator norm. We will show that T is a compact operator, i.e. T(B(0,1)) has compact
closure in Ly(u) with respect to the norm topology, where B(0,1) := {f € La(u): ||f|l < 1},
and || f]| == (Jgn |f(2)” du(x))/2. When f,g € Ly(p), we denote f ® g: R* x R* — R as
the function (f ® g)(z,y) = f(x)g(y). Let {¢;}2, be an orthonormal basis of Ly(u). Then
{6 @ ¢;}75-, is an orthonormal basis of Ly (% ). Since m € Lo(p x 1), m can be expressed
as a linear combination of this orthonormal basis, in the sense that

lim
p—o0

m— Y (m,¢; @ ;) @

i+j<p

=0. (%)

So, for any p > 1, define the following operator on Lo (u)

L@ = [ S0 3 0060 6)(6:0 6)(0.0))duty). Y RV € L)

i+j<p
By (x), T is the limit of 7}, in the sense that
lim —sup  (T(f) =TI =0. (+)

P00 feLa(p): |IfII<1

Also, by its definition, each 7}, has finite-dimensional range, hence it is a compact operator.
The operator T' is compact if: given any norm-bounded sequence {f;}2, € La(u), the
sequence {T'f;}°, has a convergent subsequence. So, (*x) implies that 7" itself is compact by
the following diagonalization argument. Since 7T} is compact, there is a subsequence { f;1}52,
of {fi}32, such that {71f;1}2, converges. Since T3 is compact, there is a subsequence
{fio}s2, of {fi1}52, such that {T5f;2}°, converges. And so on. Then let g; := f;; for all
1> 1. Fix 7,7 > 1 and then let p > 1.

1T(g:) = T(g)l < WT(g:) = Tp(g) | + 1T (9:) — To(gi) Il + 1 Tp(g5) — T(g5)ll -

The first and third terms become small when p is large by (x%). The middle term can be
made small by choosing p to be the minimum of ¢ and j. In conclusion for all € > 0, there
exists ¢ > 1 such that, for all 7, j > ¢, we have ||T'(¢g;) — T(g;)|| < e. That is, {T'(g;)}2; is a
Cauchy sequence, hence convergent.

So, T itself is a compact operator, and it is positive semidefinite by Exercise 2.19. The
Riesz Theory of Compact operators then applies (Theorem 10.38(4),(6).) That is, there exists
a sequence of nonnegative eigenvalues {\;}22, and an orthonormal system of eigenfunctions
{1;}52, such that

Tf=> N{fv)s,  VfE€Ln).
i=1

We now note that m is nonnegative on its diagonal. We show this by contradiction. Sup-
pose m(x,x) < 0 for some x € R™. Since m is continuous, there exists an open neighborhood
U of = such that m is negative on U x U. By assumption, u(U) > 0. So, if f := 1y, we
would have

0< (TF. f) = / / (e, y)du(x)duly) <0,

a contradiction. For any p > 1, define
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=D Nlfvas V€ La(p)

And define the corresponding kernel
p
- Z Aiti(@)i(y), Vaz,y € R™
i=1

Then T' — S, is also a positive semidefinite operator, so the corresponding kernel m — m,,
also has a nonnegative diagonal. That is, for all p > 1,

ZAiwi(x))? < m(z,x).

The series on the left is therefore absolutely convergent as p — oco. By the Cauchy-Schwarz
inequality, the series defining m,, is also absolutely convergent as p — oo, for all z,y € R".
Denote

m(z,y) = phrn my(T,y) Z Aithi () ( Vz,y e R"

It remains to show that m = m. To see thls, note that the operator with kernel m has
the same eigenvalues and eigenfunctions as T'. Therefore T has kernel m, as desired. 0

3. PROBABLY APPROXIMATELY CORRECT (PAC) LEARNING

Learning involves data from the real world, and real world data is noisy. To account for
this, Valiant introduced the PAC learning model in 1984.

Problem 3.1 (Supervised PAC Learning Problem). Let A, B be sets. Let f: A — B
be an unknown function. The goal of the learning problem is to determine the function f on
all of A using a small number of randomly drawn values of f on A. Let 0 < ¢, < 1/2 and
let P be a probability law on A. We are given access to €,6 and to random samples from
P. (The distribution P may or may not be known, depending on the problem at hand.) If
x € A is a random sample from P, the pair (z, f(x)) is also known.

The goal of the problem is the following. With probability at least 1 — § (with respect to
randomly drawn samples, drawn according to P), output a function g: A — B such that

P(f(z) # g(z)) <e

That is, the hypothesis g is probably (with probability at least 1 — §) approximately (up to
error €) correct.

We say a subset of functions F C {f: A — B} is PAC Learnable if there exists an
algorithm such that, for any probability distribution P on A, for any 0 < ¢,0 < 1/2, the
algorithm achieves the above goal.

In the case A = {—1,1}" and B = {—1, 1}, we say that F is efficiently PAC Learnable
if F is PAC Learnable, and the algorithm has a run time that is polynomial in n,1/e, 1/4.
When every f € F has a positive integer “size” associated to it, we require the algorithm
to have run time polynomial in n,1/e, 1/§ and in the size of the f, where f € F is the
unknown function being learned by the algorithm.
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As discussed in Section 2, Problem 3.1 is too general to be tractable for arbitrary F. In
the literature, the family of functions F is often called a concept class.

We include the number of samples of P in the run time of a PAC learning algorithm. So,
being efficiently PAC Learnable requires not taking too many samples from P.

One criticism of PAC learning is that it cannot account for adversarial noise. That is,
samples are assumed to independent and identically distributed, so any noise in the data is
modeled as i.i.d. noise. On the other hand, one could imagine an adversary corrupts some
fraction of the samples arbitrarily. Such noise be outside the scope of the PAC learning model.
For this reason, some contemporary investigations in machine learning have investigated
more general adversarial noise models.

3.1. Learning Boolean Conjunctions. Our first example of a class of PAC learnable
functions is boolean conjunctions. For convenience, we use {0, 1} instead of {—1,1} in this
subsection.

Definition 3.2 (Boolean Conjunctions). Let I, J C {1,...,n}. A boolean conjunction
is a function f: {0,1}" — {0, 1} of the form

flxy, ..., 2,) = HIZH(l — xj), V(xy,...,x,) € {0,1}"

iel  jeJ

Example 3.3. The function f where f = 1 only when 1y = 1,23 = 0 and 24 = 1 can be
written as

flxe, .. x) =2 (1 — 23)2y, V(zy,...,x,) € {—1,1}"

When f is a boolean conjunction, the set {x € {0,1}": f(x) = 1} can be understood
geometrically as an intersection of coordinate halfspaces. Alternatively, if we think of 0
as logical “false” and 1 as “true,” a conjunction f is then a combination of logical AND
operations on a set of variables together with their negations.

Theorem 3.4. The class of boolean conjunctions is efficiently PAC learnable.

Proof. Let f be an unknown boolean conjunction of the form f(z1, ..., 2,) = [[;c; zi [[;c,(1—
x;), for some I, J C {1,...,n}. We first “guess” a hypothesis g where I = J = {1,...,n},
so that

g(T1, .. my) = H%(l — ;).
i=1

Initially, g = 0 on {—1,1}". Suppose we sample y = (y1,...,yn) € {—1,1}" from P, and we
find that f(y) = 1. In such a case, we update g to agree with f. That is, for each 1 <i <n,
if y; = 0, delete the z; term from g, and if y; = 1, delete the (1 — z;) term from g. We
repeat this procedure. For any k£ > 1, let g, denote the hypothesis gy after k iterations of
the algorithm, and let gy := g. Note that each deleted term does not appear in the formula
for f (e.g. if y; = 0 and f(y) = 1, then y; cannot appear in the formula of f). So, for any
k > 1, any term in f will be contained in g;. Let us then try to find the probability that
there is a term in g, not appearing in f.

Let 1 <7 <n, and consider a term of the form z := z; or z := 1 — x;. Suppose z appears
in g, but not in f. The term z will be deleted from g; only when we have a sample where
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z=0and f = 1. So, the probability that term z is deleted from g in one iteration of the
algorithm is

p(z) =P(f(y) =1 and z =0).
For any k > 1, define

ex '=P(f(y) # a())-
Since f # gi only when f = 1, the union bound gives

er = P(f(y) =1 and gi(y) = 0)
= P(f(y) =1 and some term in g is zero) < Z p(2). (%)

terms z in gy,

Let € > 0. Suppose p(z) < ¢/(2n) for all terms z in gx. Since g, has at most 2n terms,
we would then have ¢ < 2ne/(2n) = . Let Cy be the event that 3 a term z in g5 with
p(2z) > €/(2n) and such that z does not appear in f. It remains to bound P(Cy).

Let z be a term in g, that is not in f. The probability that z appears in gy is at most
(1 — p(2))*, since each iteration of the algorithm gives us an independent sample from P.
Then by the union bound (since at most 2n terms appear in gi)

e \k
P(C,) < 2n<1 %> L (k%)
So, if 6 > 0, we choose k such that
ek
2n(1 - %) <.
Using 1 —t < et for all t € [0,1], we choose k so that 2ne=s¥/®") < § ie. —ck <
2nlog(d/(2n)), i.e.

k> 2?” log(2n/5).

In summary, if the algorithm uses more than 2% log(2n/d) samples, then with probability
at least 1 — ¢ by (), the hypothesis gy of the algorithm satisfies P(f # gx) < e by (x). O

Exercise 3.5. Show that the set of conjunctions is contained in the set of linear threshold
functions. That is, given a boolean conjunction f: {0,1}" — {0, 1}, find w € R",t € R such
that

f(z) = sign({w, x) — ), Vo= (xy,...,x,) € {0,1}".

3.2. Learning DNF Formulas. Surprisingly, the following slightly larger class of natural
functions that contains boolean conjunctions is not efficiently PAC learnable, in its own
function class.

Definition 3.6 (3-Term DNF Formula). Let fi, fo, f3: {0,1}" — {0, 1} be boolean con-
junctions. A 3-Term DNF Formula is a function f: {0,1}" — {0,1} of the form

f(@) = max(fi(x), fax), fs(x)),  Vae{-11}"

When f is a 3-term DNF formula, the set {x € {0,1}": f(z) = 1} can be understood
geometrically as a union of 3 conjunctions (which are themselves intersections of coordinate
half spaces). Alternatively, if we think of 0 as logical “false” and 1 as “true,” f is then a
3-term logical OR operation applied to AND operations, on a set of variables together with
their negations.
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Theorem 3.7. If RP # NP, then the class of 3-term DNF formulae is not efficiently PAC

learnable, in its own function class.

Remark 3.8. P C RP C NP, so it could technically occur that P # NP while RP = NP.
However it is widely believed that P = RP.

The above Theorem in | , Section 1.4] says that learning 3-term DNF formulae is not
possible to do efficiently, in the class of 3-term DNF formula. However, it is still possible to
learn 3-term DNF formulae, when we consider them in a larger class of functions. In fact,
this is possible, as we now outline.

Let a,b,c,d € {0,1}. Using the distributive property

max(ab, cd) = max(a, ¢) max(a, d) max(b, c) max(b, d),

we can rewrite any 3-term DNF formula as a 3-term CNF formula:

max(fi(), fola), fo(e) =[]  max(e, 20, 2).

terms z1 in fi

terms zg in fa

terms z3 in f3
(A 3-term CNF formula is a function on n variables of the form on the right.) Each term in
this large product is treated as its own variable (among (2n)3 possible variables), so that the
formula on the right is then interpreted as a conjunction on 8n? variables. We then apply
the algorithm of Theorem 3.4 to learn the conjunction, and then rewrite the conjunction as
a 3-term CNF formula. For more details see | , Section 1.5]. This argument implies the
following two things:

Theorem 3.9. The class of 3-term CNF formulae is efficiently PAC learnable.

Corollary 3.10. The class of 3-term DNF' formulae is efficiently PAC' learnable when rep-
resented as 3-term CNF formulae. That is, the DNF function class is considered as a subset
of the larger class of 3-term CNF' formulae.

This corollary is loosely analogous to the discussion of the Minimum Vertex Cover Problem
after 1.11. Even though it might be hard to optimize a function on a small domain, enlarging
the domain can make it easier to optimize the function (while changing our interpretation
of the meaning of the optimum).

Remark 3.11. In the PAC learning framework, we always assume that the hypothesis class
F is polynomially evaluatable. That is, there is an algorithm such that, for any f € F
and for any x € {0,1}", the value f(x) is output in time polynomial in n and in the size of

f.

It turns out the above argument can be generalized, so that, for any k£ > 2, k-term DNF
formulae are efficiently PAC learnable within the class of k-CNF formulae. Though, as we
can imagine, the number of variables involved in passing between DNF and CNF formula
seems to be (2n)*. So, if k itself depends on n (e.g. k is a polynomial in n), then the above
argument no longer gives an efficient algorithm.

The following is a well-known open problem since the introduction of PAC learning in
1984: are DNF formula of polynomial size (i.e. with n®®) terms) PAC learnable (within
some larger function class)?
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It is possible to PAC learn linear threshold functions, but we will postpone this discussion
to Section 4. The story for more general learning models of halfspaces is more complicated.
In the agnostic learning model, the learner has access to a random sample from A x B,
i.e. there is no a priori functional relationship that is assumed between A and B. The goal
is then to find a ¢ € F minimizing P(g(X) # Y), where (X,Y) is the random sample from
A x B. (We can think intuitively think of this model as having a target function f with
a fraction of its labels randomly corrupted.) In this setting, which is slightly more general
than PAC learning, the agnostic learning of linear threshold functions is possible under some
assumptions on the distribution P, when the functions are considered in the larger class of
polynomial threshold functions | |. However, agnostic learning of linear threshold
functions in the class of linear threshold functions is hard | ]. Moreover, (recalling
Exercise 3.5), agnostic learning of conjunctions in the class of linear threshold functions
is hard | ]. With access to Gaussian samples, where a fraction of both samples
and labels can be arbitrarily corrupted (the so-called nasty noise model), linear threshold
functions can be learned efficiently | .

Remark 3.12. When a PAC learning algorithm for a class of functions F outputs a function
in the class F, the algorithm is called proper. Otherwise, the algorithm is called improper.

3.3. Boosting. In this section, we investigate a modification of the PAC learning model,
where with high probability the algorithm is only guaranteed to classify slightly more than
50% of examples correctly. The main question is: can we somehow “boost” the performance
of a “weak” learning algorithm like this to get “stronger” PAC learning algorithm.

Problem 3.13 (Supervised Weak Learning Problem). Let A, B be sets. Let f: A — B
be an unknown function. The goal of the learning problem is to determine the function f on
all of A using a small number of randomly drawn values of f on A. Let 0 < ¢,6 < 1/2 and
let P be a probability law on A. We are given access to €,6 and to random samples from
P. (The distribution P may or may not be known, depending on the problem at hand.) If
x € A is a random sample from P, the pair (z, f(x)) is also known.

The goal of the problem is the following. With probability at least 1 — § (with respect to
randomly drawn samples, drawn according to P), output a function g: A — B such that

Pz e A: f(z)#g(x)) < % — €.

That is, the hypothesis g is probably (with probability at least 1 — 0) slightly better than
random guessing (since a random assignment g would have probability of mis-classification
at most 1/2). We emphasize that the function g can depend on the random sample.

We say a subset of functions F C {f: A — B} is e-weak learnable if there exists ¢ > 0
and an algorithm such that, for any probability distribution P on A, there exists € > 0 such
that, for any 0 < 6 < 1/2, the algorithm achieves the above goal.

In the case A ={—1,1}" and B = {—1,1}, we say that F is efficiently weak learnable
if F is weak learnable, and the algorithm has a run time that is polynomial in n,1/¢ and

1/5.

In the literature, the family of functions F is often called a concept class.
As noted in Section 2.1.1, given that there is some half space that correctly classifies 99%
of data points with B = {—1,1}, it is hard to find a half space that correctly classifies
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51% of data points [ ]. Note that correctly classifying 50% of data points is easy
by just choosing any half space and deciding which side to label +1. However, this result
is not directly relevant in the PAC model, since if we are finding an approximation to a
target function (such as a linear threshold function), then it is assumed that all points can
be correctly classified. In the case that B has k > 2 values, random guessing only correctly
classifies 1/k sample points, so an e-weak learning algorithm with e small is a rather strong
assumption when compared to the case k = 2.

Suppose that we can weakly learn some concept class. Using our intuition from e.g. the
Law of Large Numbers, we know that if we can double our money by betting on a game that
has a 51% chance of success, then we can earn money with high probability by betting on
independent repetitions of the game. Similarly, we can try to sample the weak learner many
times and then take a majority vote of the output, thereby “boosting” the weak learner to
a much “stronger” (PAC) learning | ]. For an exposition of this argument, see [ :
Chapter 4], where a nested sequence of majority votes is used, rather than a single majority
function. Here we instead focus on a simpler and more practical boosting procedure, albeit
without an explicit guarantee of PAC learning.

In this proof, we denote

k
Ak::{vERk: Zvizl,wZO,V1§i§k}.
i=1
Given the samples (), ... 2 € A labels yi,...,yx € {—1,1}, and given v € Ay,
consider the probability law P, on A defined so that P, (z®) = v; for all 1 <i < k.
Algorithm 3.14 (Adaptive Boosting (AdaBoost) | ]). The input is 0 < € < 1/2,
an e-weak learning algorithm, a number of iterations ¢, samples ), ..., z®) € A, and labels

Y1, ..., ur € {—1,1}. Initialize v € A, with v := %(1, 1)
For each 1 < s <t, do the following.

e Using the e-weak learning algorithm on input P, get hypothesis g;: A — {—1,1}.
(We assume the random samples given to the weak learning algorithm are indepen-

dent of each other for all 1 < s <t.)

o Let vy, := Zle v§5)1 {95 (2)2y}- (This is the P, probability that the weak learner mis-

classifies its input, so it is at most 1/2 — ¢ with P,, probability close to 1. Similarly,
the following quantity is typically less than one.)

o Let B, = 1157 - (We may assume v > 0 since if v, = 0, the learner makes no
mistakes, so that v; = 0, so we do not need to apply the boosting algorithm at all.)
(So, B is the ratio of the P, probability of correct classification and the probability

of mis-classification.)

(5) aM (g5 =)=y}
e Define p*+1 = Ui B ,V1<i<k.

’ k (s)ﬁ[l{gs(m(j))=yj}]
Zj:l UV " Ps

Output the hypothesis g that is the “weighted majority vote” of each round of hypothesis:
: 1
o) = sien( D log (5-)au(0)).
s=1 s
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If the weak learner makes few mistakes, then ~, is close to 0, as is S, so log(1/f;) is large.
So the “weight” of each “voter” is directly related to its number of correct classifications.
Also, if the weak learner makes many mistakes, then -, is close to 1, 3, is much larger than
1, so log(1/5;) is negative, i.e. g makes the opposite recommendation of g;. That is, the
boosting algorithm still gains something when the weak learner is very wrong, and this is
reflected in the bound below.

Theorem 3.15. Let g be the output of Algorithm 3.14. Define e, := %—fys foralll <s<t.
Then the average number of mis-classifications of g satisfies

1 , ¢
z |{1 <i<k: g(x(z)) + yz}} < e 2Tl

Exercise 3.16. Explain why taking the expected value of this inequality does not guarantee
PAC learning.

Proof. For any 8 > 0 and for any a € [0, 1], we have f* < 1 — (1 — #)a. (To see this, note
that the second derivative in a is positive on the left, so that a — (5 is convex, and both
quantities agree when a = 0 and when a = 1. So convexity implies the inequality.) Now, let

k
o Miae @)=y )]
Zs ::Zvj(- )55{95( " yj}, V1<s<t.

j=1

Using this inequality and the definition of v, we have

k
2s < Zvj(.s)[l — (1= B) g @iny=y,} = 1 — (1 = Bo) (1 — 7). (1)
j=1

By induction, note that, for all 1 < <k,

t oM es@t))=y)

UZ@H) _ UZQ) H ﬁs— (%)

zZ
s=1 s

If the output g mis-classifies 2@ for some 1 < i < k, then

! t
1 ‘ —yige (2
vi ) los (5 o) <0 e [sree <
s=1 S

s=1
b on—2a : ]
& 115 tose=m}!
s=1
T o)) T4\
<~ Hﬁs ° vz (Hﬁs) . (**)
s=1 s=1
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Using that wtD) € A,

t t k t k t
H 2 = Zw (t+1) H *) Z Hﬁ[l{gsw)):yi}] — %Z H/Bil{gs(z(i)>:yi}]
s=1 s=1 =1 s=1 i

i=1 s=1
1 () ] ( *) ] ¢ 1/2
ZE Z Hﬁ{g( )=v;} . Z <H55>
i: g(z(D)#y; 5= 1 i g(x(D)#y; s=1
1 @ ! /
=2 lr<i<kig@®) 24} (T]4)
s=1

That is,

Substituting 8s = /[l —~s] (which happens to minimize the right side over all such choices
of ;) concludes the proof since the s term is then

BV = (1= 290)] = B2y, = 2¢/7%(1 — %) =2/ ((1/2) — €,)((1/2) + &5) = /1 — 4e2,
The final inequality follows since 1 —a < e™® for all a € R. O

Remark 3.17. At each iteration of Algorithm 3.14, the weak learner fails with probability
at most 0. So,the weak learner succeeds in all ¢ iterations with probability at least 1 — dt,
by the union bound.

In Theorem 3.15, the quantity

1 . 1 b
T {1 <i<k:g(z?) #y}| = EX_: g(=)y;}

is called the empirical risk, since it gives the average error on the given sample. We would
ideally like to bound P(g(X) # f(X)), but since we do not have access directly to the random
variable X that generates the samples (... 2® we cannot compute P(g(X) # f(X))
exactly. We will discuss this issue in more detail In Section 6.

In the case that f: A — B is the unknown function with B finite and |B| > 2, there are
a few ways we can modify Algorithm 3.14; here is one way.

Algorithm 3.18 (Multi-Class Adaptive Boosting (AdaBoost.M1) | ])- The input
is0 < € < 1/2, an e-weak learning algorithm, a number of iterations ¢, samples (1), ... ) ¢
A, and labels y1, ...,y € {1,...,p}. Initialize v € A, with v := t(l, 1.

For each 1 < s < ¢, do the following.

e Using the e-weak learning algorithm on input P, get hypothesis g;: A — {1,...,p}.
(We assume the random samples given to the weak learning algorithm are indepen-
dent of each other for all 1 < s <1t.)

o Let v, 1= Zl 1 E )1{95(1‘(’ NFAyi}
[ ] Let /Bs =

_'Ys ’
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(s) D{gs(z(i)):yi}]

! k (s) [l{gs(w(j))=yj}}
Zj:l ;" Bs

Output the hypothesis g that is the “weighted plurality vote” of each round of hypothesis:

e Define v

3.4. Occam’s Razor. Let A = U2, A, be a set, let F = U;2 | F, be a set of functions from
A to B, and let G = U2 ,G,, be a set of functions from A to B.

Let f € F. A labelled sample S with cardinality m > 0 sampled according to f is a set
of ordered pairs

{@®, f@M),..., @™, fat™): 2@ € A, V1 <i <m}.

We assume in this section that the size of g € G and f € F, denoted size(-), is well-defined
to be the bit-length of an encoding of these functions (e.g. 3 a function ¢x: F — {0, 1}V
such that [¢7(f)]size(r)+x = 0 for all & > 1. That is, the binary encoding of f only uses
the coordinates from 1 to size(f).) We say that g € G is consistent with f € F on S if
() = g(z®) for all 1 <i < m.

Definition 3.19 (Occam Algorithm). Let & > 0 and let 0 < 3 < 1 be constants. We
say that L is an (a, f)-Occam algorithm for F using G if, for n > 1 and for any input
sample S of cardinality m labelled according to f € F,, L outputs a hypothesis g € G such
that

e ¢ is consistent with f, and

o size(g) < (n - size(f))*m”.
We say that L is an efficient («, 3)-Occam algorithm if its run time is at most a polynomial
in n,m and size(f).

Theorem 3.20 (Occam’s Razor). Let L be an efficient («, 5)-Occam algorithm for F
using G. Let 0 < e,0 <1, let f € F,, and let P be a probability law on A. Then there is a
constant a > 0 such that, if L is given as input a random sample S of m examples sampled
according to f (and P ), with

ol (20

Then with probability at least 1 — &, the output g of L satisfies P(f(x) # g(x)) < &, and the
run time of L is at most polynomial in n, size(f), 1/ and 1/6.

In the following result, we assume that G, = Uy_,G,, ., and when the algorithm L has
input a sample S of cardinality m, the output is g € G, ..

Theorem 3.21 (Occam’s Razor, Cardinality Version). Let L be an algorithm such
that, for any n > 1 and for any f € F,, if L is given as input a random sample S of m
examples drawn according to f, then L runs in time at most polynomial in n, m and size(f),
and outputs g € G, that is consistent with f on S. Then there is a constant b > 0 such
that, for any n, for any probability law P on A, and for any f € F,, if L is given as input
a random sample of m examples drawn according to f (and P ), where |G, .| satisfies

log |Gnm| < bem — log(1/6),

31



(or equivalently m satisfies m > (1/(be))(log |Gy m| +10g(1/6))), then L is guaranteed to find
g € Gnm that with probability at least 1 — ¢ satisfies P(f(z) # g(x)) < e.

Proof. We say g € G is bad if P(f(x) # g(x)) > €. Since the random samples of S are
each independent, the probability that a fixed bad hypothesis ¢ is consistent with f on a
random sample of cardinality m is at most (1 —&)™. Let G’ C G, be the subset of all bad
hypotheses in G, ,,. By the union bound, the probability that there exists ¢ € G’ that is
consistent with f on a random sample of cardinality m is at most |G| (1 — ¢)™. We want
this quantity to be at most 0. Since G’ C G, ,,,, it suffices to show that |G, .| (1 — &)™ < 0.
Taking logarithms and using log(1/(1 —¢)) = ©(e) concludes the proof. O

Proof of Theorem 3.20. Let G, ., be the set of hypotheses that can be output when the input
has cardinality m. Since L is an (a, )-Occam algorithm, every such hypothesis g has bit-
length at most size(g) < (n - size(f))*m?, so that |G, | < 257e@<(vsize(N)*m” "By Theorem
3.21, the output g of L satisfies P(f # g) < € with probability at least 1 — 4, if

log |Gp.m| < bem —log(1/6).
That is, we want m to satisfy
m > b e og|Gum| + b e log(1/6).

i.e. it suffices to choose m so that m > 2b~'e~! max(log |G, .| ,1og(1/d)). Choosing a = 2/b
concludes the proof. O

3.5. Additional Comments. A slightly different version of the Perceptron Algorithm can
be stated as follows

Algorithm 3.22 (Perceptron Algorithm, Version 2).

e Define w :=0 € R” and let s := 1
e If there exists some 1 < i < k such that y; # sign((w®), (")), i.e. a mis-classification
occurs, define
WD — ) 4 yﬂ
[ @]
e Increase the value of s by one. Repeat the previous step until no such 7 exists.
e Output w := w®.

We can then state a version of Theorem 2.9 for Algorithm 3.22.

Theorem 3.23 (Perceptron Algorithm Run Time, Version 2). Let 2V . .. k) ¢ R®
and let yi, ...,y € {—1,1} be given. Assume that there exists w € R™ such that

sign((w, z)) = y;, V1<i<k.

Assume ||w|| = 1. Define
| 20
g = 1%1219 <w, W>

Then the Perceptron Algorithm 3.22 terminates with a value of s satisfying

s <o 2
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The Winnow Algorithm is similar to the Perceptron Algorithm, though the data is usually
assumed to be vectors from {0, 1}", and multiplicative updates are made to the weight vector
w, rather than additive updates.

In our analysis of the Perceptron Algorithm 2.8, we defined

g = max, Hx(’)H , 0= min{ Jw| : V1 <i<E, y{w,z@) > 1}.

i=1,...,

We remarked after Lemma 2.11 that the margin 1/6 measures how wide a symmetric “slab”
through the origin can separate the vectors (1), ..., z®) into their two classes. The support
vector machine is another linear classifier that takes this analysis into account as follows.
Let A > 0 and suppose we want to find the w € R™ and zy, ..., zx € R minimizing

k
1
2
Awll* + T Zzz
i=1
subject to the linear constraints
yi<w,x(i)>21—zi, >0, V1<i<k.

This is a quadratic minimization problem subject to linear constraints.

4. VAPNIS-CHERVONENKIS (VC) THEORY

Definition 4.1 (Metric Space). Let A be a set and let d: A x A — [0,00). We say that
A is a metric on A if:

e d(z,y) >0 for all z,y € A, and d(x,y) = 0 only when x = y.
e d(z,y) =d(y,z) for all z,y € A.
o d(z,y) <d(z,z)+d(z,y) for all z,y,z € A.

When d is a metric on A, we refer to (A, d) as a metric space. For any x € A and for any
€ > 0, we denote the open ball with radius ¢ centered at z as

B(z,e) = By(x,e) :={y € A: d(x,y) < }.

Definition 4.2 (¢-net). Let A be a set and let d: A x A — [0,00) be a metric on A. An
e-net is a subset {x(V};c; of A such that

B@",e) = A

iel
Proposition 4.3. Let ||-|| be a norm on R™. Let ¢ > 0. Then there exists an e-net N in the
unit ball B :={z € R": ||z|| < 1} such that

V| < (1+2/e)"
Proof. Let {x(}*_ be a set of maximal cardinality such that Hx(i) — a:(j)H >eforalll <
i,j < ksuch that i # j. It follows that {z}*_| is an e-net in B (if BN (UleB(x(i), 5)) # B,
then there exists x € B such that H:L'(i) — xH > e forall 1 <14 <k, contradicting the maximal
cardinality of {z("}%_.) By definition of {x("}¥_, the open balls { B(z®,£/2)}%_, are disjoint
and their union is contained in B(0,1 + £/2). So, comparing the volumes of these two sets,
we have

k(e/2)" < (1+¢€/2)".
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That is, & < (14 2/¢e)™. O
Exercise 4.4. Let ||-|| be a norm on R™. Let ¢ > 0. Then any e-net A/ in the unit ball
B :={z € R": ||z|| < 1} satisfies

(1/e)" < IN| < (1+2/e)".

Definition 4.5 (Covering Number). Let (A,d) be a matric space and let € > 0. The
e-covering number of (4,d), denoted N(A,d,¢) is the smallest cardinality of an e-net in

A.

Exercise 4.6. Let ||-|| be the standard norm on R". Let ¢ > 0. Let B := {x € R": ||z| < 1}.
Then
(/)" < INT(B, |11l e) < (1+2/¢)".

Definition 4.7 (VC Dimension). Let A be a set and let F C {—1,1}* be a class of
Boolean functions on A. We say a set B C A is shattered by F if, for any g: B — {—1,1},
there exists f € F such that f(z) = g(z) for all x € B. The VC-dimension of F, denoted
VCdim(F) is the largest cardinality of a subset that is shattered by F.

Note that by definition of VCdim(F), we have | F| > 2V0dm(#) S0 VCdim(F) is somewhat
analogous to the log of the cardinality of F. Let F be the set of all boolean functions
f:{-1,1}" — {—1,1}. Then |F| = 22" and VCdim(F) = 2, so in this case the trivial
lower bound on |F| is sharp. However, this lower bound can be quite far from exact, as we
discuss below.

Lemma 4.8 (Pajor’s Lemma). Let A be a finite set and let F C {—1,1}* be a class of
Boolean functions on A. Then

|F| < {0 € A" C A: A is shattered by F}|.

Proof. We induct on the size of A. The case |A| = 1 is clear (e.g. if F = 1, then the right
side is also 1 since @) is counted). Suppose then that the Lemma holds when |[A| =n > 1
and consider the case |A| = n + 1. Write A = {a} U Ay, where |Ag| = n. Let F, = {f €
F: fla) =1}, F1 :={f € F: f(a) = —1}. By the inductive hypothesis,

|F1] < {0 C A" C Ag: A is shattered by Fi|a,} =: c1.

|F 1| < {0 C A" C Ag: A’ is shattered by F_1|4,} =: c_1.

So, it remains to show that

c1+cq<cop:=]{0 C A CA: A is shattered by F}|.

If a set A" C Ay is shattered by Fi|4,, then A’ is also shattered by F, since F; C F. The
same goes for F_;. Suppose now that A’ C Ay is in the intersection of the sets defined by ¢,
and c_;. Then ¢; + ¢_; will count the set A’ twice, while ¢q only counts it once. However,
the set {a} U A’ shattered by F, since A’ is in both sets corresponding to ¢; and c¢_1, so this
set is also counted by ¢q (but not by ¢; or ¢_1). The inequality ¢; + c_1 < ¢ follows. O

Lemma 4.9 (Sauer-Shelah). Let A be a finite set with |A] = n, and let F C {—1,1}4 be
a class of Boolean functions on A. Let v := VCdim(F). Then

7 < Z (7) < tcnsar
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Proof. By Pajor’s Lemma 4.8,
|FI| < {0 C A" C A: A’ is shattered by F}|.
By the definition of VCdim(F), each set counted on the right has cardinality at most d. So,

d
Fllocacaaiza=Y ().
=0

The last inequality follows by the binomial theorem since d < n, so

> ;) <Z(>d/” <3 () = 0 @y <t

=0

O

Exercise 4.10. Show that Sauer-Shelah lemma is sharp for all n,d. That is, find F with
d := VCdim(F) such that

\]—“|<Z< ) < (en/d)".

(Hint: consider the set of x € {0,1}" such that = has at most d entries equal to 1.)

Proposition 4.11. Let F be the set of linear threshold functions
F={f:R"—>{-1,1} cJweR" teR, f(x)=sign({(w,z) —t), Vo € R"}.
Then VCdim(F) =n + 1.

Proof. Consider the set of vectors B := {0,ey,...,e,} with exactly n — 1 entries equal to
0, together with the zero vector. Then |B| = n + 1. We claim that B is shattered by F.
Indeed, if g: B — {—1,1} is given, denote w := (g(e1) — ¢(0),...,g(e,) — g(0)) € {0,1}",
then define f(z) := sign({w, x) 4+ ¢(0)). Then for any 1 < i < n, (w,e;) + g(0) = g(e;), and
f(0) = g(0), so f(z) = g(x) for all z € B. We conclude that VCdim(F) > n + 1.

We now show that VCdim(F) < n + 1. We argue by contradiction. Suppose B C R™ is
a set of n + 2 vectors that is shattered by F. By Remark 2.5, there is a set B’ C R"*! of
n + 2 vectors that is shattered by the set of homogeneous linear threshold functions

F={f:R"" = {-1,1} :Jw e R, f(x) = sign({w, ), Vo € R"T}.

Suppose B’ = {x L,z C R Then there exist constants as,...,a,42 € R such
that 312 a;z® —O Let] ={1<i<n+2:a; >0} J:={1 <z<n+2 a; < 0}. Then
Zaix’ :—Zaixl. ()

i€l ieJ

Since B’ is shattered by F', there is a w € R™"! such that (w,z®) > 0 for all i € I and
(w,2) < 0 for all s € J. So, if I is nonempty,

0<Zazwx’) < Zozxz)> < Zozx >:—Zai<w,x(i)><0

el

So, we have a contradiction when I is nonempty. Smce either I or J must be nonempty, the
proof is complete. O
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The following concept, sometimes simply called an e-net in the literature, is quite different
from the e-nets we discussed for metric spaces.

Definition 4.12 (Measure-Theoretic c-net). Let 0 < e < 1. Let Q be a set and let P be
a probability law on Q. Let A C Q). A measure theoretic e-net for A is a set of points S C A
such that, for every A" C A with P(A") > ¢, there exists s € S such that {s} N A" # (.

That is, every region with large measure contains some point in .S. Since no reference to
any metric is made in this definition, it is quite different that an e-net for metric spaces.

Example 4.13. Let © be the set of closed intervals in [0, 1], and for any w € Q, let P(w)

be the usual length of w. Let € > 0. Then the points {ia}}i{fJ is an e-net for 2, since any
closed interval in [0, 1] of width larger than € must intersect this set of points.

If on the other hand ©Q = [0, 1] with the same P, then no finite e-net exists, since the
complement of any finite set has measure 1. However, if [0, 1] has the usual metric on it,
then a metric e-net certainly exists.

Exercise 4.14. Show that both our notions of e-net agree (up to changing the constant ) in
the following case: € is a metric space, P is a probability law on Q, A = {B(z,r): z € Q,r >
0} and there exist a, b, ¢y, co > 0 such that c;7% < P(B(z,7)) < cpr? for all z € Q, 7 > 0.

Below, we consider F to be a subset of {0, 1}-valued functions on A. Let P be a probability
law on A. Let f,g € F. Since f = 1ly;—1, we can identify f with the set where it is
1 and extend set operations to functions in F. For example, f Mg = ly—13n14=1} and
fAg = 1gr—13afg=1}, Where A denotes symmetric difference. Then fNg = g N f and
fAg = gAf. Also, we can define P(f) := P(f = 1) = Ef, so that P can be extended
to a probability law on {0,1}*. The notion of measure-theoretic e-net for a set of boolean
functions is then well-defined using this probability law P. Define now

D(f) :={fAg: g€ F}.
Exercise 4.15. For any f € F,
VCdim(F) = VCdim(D(f)).

Lemma 4.16. Let € > 0. Suppose f € F is a function to be learned by an algorithm and S
is a (measure-theoretic) e-net for D(f). Suppose the algorithm outputs a hypothesis g € F
such that f(s) = g(s) for all s € S. Then

P(f #g) <e.

Proof. Since f(s) = g(s) for all s € S, (gAf)(s) =0 for all s € S, so (gAf)N{s} =0 for
all s € S. Since gAf € D(f), and S is an e-net for D(f), we conclude by the definition of
e-net that P(gAf) <e. That is, P(f # g) <e. O

So, if f € F is the function to be learned, the above lemma shows that creating an e-net
for D(f) with high probability is sufficient to PAC learn F. In retrospect, the Occam’s
Razor bound in Theorem 3.20 used this fact implicitly.

Proposition 4.17. Let P be a probability law on A. Let F C {0, 1}A. Let d :== VCdim(F).
Let 0 <e,6 < 1. Let S be a random sample from A of size m where

m > 100(e " log(1/8) + de~*log(1/¢)).
Then with probability at least 1 —§, S is a (measure-theoretic) e-net in F.
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Proof. Let S; be a random sample of size m from A. Let C' be the event that S; does not
form an e-net in F. Our goal is to upper bound P(C'). If C occurs, then there exists h € F
with Ph > ¢ and such that hNS; = 0. Let Sy be a random size of size m from A that is
independent of S;. Since Ph > ¢, if X is the number of times that Sy intersects h, then

P(X <em/2) < P(IX —em| < em/2) < 4e*m *mathrmVar(X)
=4e?m *me(l —¢e) =4 'm (1 — ).
So, if e < 1/2 and m > 10/e, P(X < em/2) < 1/2. Let C’ be the event that C' occurs (so
there exists h € F with Ph > ¢, hN Sy = 0) and [Sy N h| > em/2. We have shown that
P(C'|C) > 1/2, and since C" C C, we have P(C'|C) = P(C")/P(C), so
P(C") > (1/2)P(C).

So, in order to upper bound P(C) it suffices to upper bound P(C").

Let S be a random sample from A of size 2m and let h € F with Ph > . Suppose
|SNh| > em/2. Then, choose two disjoint 77,75 C S each of cardinality m, uniformly at

random among all such partitions of S into two equal sized sets. Then since (77, T5) is equal
in distribution to (57, S2), we have

P(C”) —PEheF:Ph)>e hnT, =0).

The probability P = ()) only depends on E|T1. From the union bound and Lemma 4.9,

(h0
P(C') < Z PhNT, =0) < (em/d)'P(hNT, =0). (%)
heF|T, : P(h)>e
The probability P(hNT; = ) can be computed from the following combinatorial problem.
Suppose we have 2m cubes sorted into piles Uy, Us each of size m, and we label ¢ > em/2

cubes red, uniformly at random. then P(hNT; = () is the probability that all red cubes are
in Ty. If ¢ is fixed, this probability is

()  ml2m—0)! o om—
ey~ 2mim =01~ L =5 =

So,
P(h N1y = @) < ZZ*j < 276+1 < zlfsm/Q. (**)

Combining (x) and (%) gives

em
U < —Em/2‘
P(C) <2 (¢ ) 2
That is,
log P(C') <log4 + d[1 + log(m/d)] — log(2)em/2

So, choosing m > 10e™!log(1/8) + 10de " log(1/¢) means log P(C) < log 4, as desired. [

Combining Exercise 4.15 with Propositions 4.16 and 4.17 proves the following Theorem,
sometimes called the Fundamental Theorem of Statistical Learning or the Fundamental
Theorem of Machine Learning
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Theorem 4.18 (Fundamental Theorem of Statistical Learning, Version 1). Let A
be a set. Let F C {0,1}* be a class of boolean functions. Let d := VCdim(F). Suppose
f € F is a function to be learned by an algorithm. Let S be a random sample from A of size
m where

m > 100(e " log(1/8) + de~*log(1/¢)).

Then with probability at least 1 — 0, S is a (measure-theoretic) e-net for D(f). Suppose the
algorithm outputs a hypothesis g € F such that f(s) = g(s) for all s € S. Then

P(f#9) <e.
That is, the algorithm can PAC learn F.

Theorem 4.18 immediately implies that, if an algorithm can output a hypothesis g that
agrees with the values of f on the random sample of sufficiently large size, then this algorithm
can PAC learn. So, knowing that a function class has a relatively small VC-dimension
immediately implies that it can be PAC learned. One major caveat of Theorem 4.18 is
that it does not guarantee efficient PAC learnability. In fact, the task of finding the
hypothesis g € F that agrees with f might be computationally hard. For example, if F is the
class of 3-term DNF formulae on n variables, then VCdim(F) < log, | F| < log,(3*") < 6n,

but we know from Theorem 3.7 that F is not efficiently PAC learnable (in its own function
class).

Theorem 4.19 (Fundamental Theorem of Statistical Learning, Version 2). Let A be
a set. Let F,G C {0,1}4 be two classes of boolean functions. Let d :== VCdim(G). Suppose
f € F is a function to be learned by an algorithm. Let S be a random sample from A of size
m where

m > 100(c " log(1/0) + de~'log(1/e)).

Then with probability at least 1 — 0, S is a (measure-theoretic) e-net for D(f). Suppose the
algorithm outputs a hypothesis g € G such that f(s) = g(s) for all s € S. Then

P(f#g) <e.
That is, the algorithm can PAC learn F, viewed as a subset of G.

4.1. Applications of the Fundamental Theorem.
Proposition 4.20. Let G be a class of functions on a set A. Let n > 3. Let F be the set of
linear threshold functions in n elements of G:

Fi={ftR"={-1,1} JweR" teR, f(zx)=sign()_ wigi(z)—1t),Vzec A}
i=1

Then VCdim(F) < (---).

Proof. O
Proposition 4.21. (sample complexity of boosting, with VC-dimension bounds)

Proof. O
Theorem 4.22 (PAC Learning Linear Threshold Functions).
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5. SOME CONCENTRATION OF MEASURE

The mathematical tools contained in this section will be used in Section 6.

5.1. Concentration for Independent Sums. In certain cases, we can make rather strong
conclusions about the distribution of sums of i.i.d. random variables, improving upon the
laws of large numbers.

Theorem 5.1 (Hoeffding Inequality/ Large Deviation Estimate). Let X, Xs, ... be
independent identically distributed random variables with P(X; =1) = P(X; = —1) = 1/2.
Let aq,as,... € R. Then, for anyn > 1,
n +2
P(ZaiXiZQ <e Tl V>0,

=1

P(‘iai

Proof. By dividing as, ..., a, by a constant, we may assume » ., a7 = 1. Let @ > 0. Using
the (exponential) moment method as in Markov s inequality, and at > 0,

Consequently,

e
X, 275) <92 WL Wi

P(ZaZX’L Z t) — ( aZ’L 10’1 % > e ) atEea21 1a2 a— —=e OétHEeaaz z

=1

The last equality used independence of X, Xs,.... Using an explicit computation and Ex-
ercise 5.2,

Ec®Xi = (1/2)(e*% 4 %) = cosh(aa;) < e* /2, Vi> 1.

In summary, for any ¢ > 0
Z%X >t) e—0te0? i a3 /2 _ —at+a?/2

Since o > 0 is arbitrary, we choose o to minimize the right side. This minimum occurs when
a =t, so that —at + a?/2 = —t%/2, giving the first desired bound. The final bound follows
by writing P([>_ 72, ;X[ > t) = P(3_1L; ailXy > 1)+ P(= 31, a;,X; > t) and then applying
the first inequality twice. O

Exercise 5.2. Show that cosh(z) < e”/2 V1 e R.

In particular, Hoeffding’s inequality implies that

1
P(
n
This inequality is much stronger than either Markov’s or Cheyshev’s inequality, since they
only respectively imply that

(3= < b Pl
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Note also that Hoeffding’s inequality gives a quantitative bound for any fixed n > 1, unlike
the (non-quantitative) limit theorems which only hold as n — oc.

Exercise 5.3 (Chernoff Inequality). Let 0 < p < 1. Let Xj, Xs,... be independent
identically distributed random variables with P(X; = 1) = p and P(X; = 0) = 1 —p for any
1> 1. Then for any n > 1

1 & ep\tn
P(— Xi>t>< *"p<—> Vi

Prove the same estimate for P(£ 3" | X; < t) for any ¢t < p. (Hint: 1+ 2 < e* for any
TER, 501+ (e —1)p < el"~1p)

Exercise 5.4. For any natural number n and a parameter 0 < p < 1, define an Erdos-Renyi
graph on n vertices with parameter p to be a random graph (V, E') on a (deterministic) vertex
set V' of n vertices (thus (V, E) is a random variable taking values in the discrete space of

all 2(3) possible undirected graphs one can place on V') such that the events {i,j} € F for
unordered pairs with 7, 7 € V' are independent and each occur with probability p.

Suppose we have an Erdds-Renyi random graph G = (V, E') on n vertices with parameter
0 < p < 1. Define d := p(n — 1).

e Show that d is the expected degree of each vertex in G. (The degree of a vertex
v € V is the number of vertices connected to v by an edge in E.)

e Show that there exists a constant ¢ > 0 such that the following holds. Assume
p> CIO%. Then with probability larger than .9, all vertices of G have degrees in the
range (.9d, 1.1d). (Hint: first consider a single vertex, then use the union bound over
all vertices.)

5.2. Concentration for Lipschitz Functions. One way to phrase the general question
in the subject of concentration of measure is: how far is a random variable from its mean
value? Hoeffding’s Inequality says that linear functions of mean zero +1 valued independent
random variables are exponentially close to their mean value. A similar statement can be
made for bounded random variables (see Theorem 5.8 below). In order to answer the general
question, we next consider Lipschitz functions of i.i.d. random variables. We focus on the
Gaussian setting for simplicity.
For any = = (21,...,2,) € R", we denote ||z := (22 4 -+ + 22)1/2.

Theorem 5.5 (Concentration of measure for Gaussians, Lipschitz function form)).
Let f: R™ — R. Suppose that for all x,y € R, |f(z) — f(y)| < ||lx —yl||, so that f is 1-
Lipschitz. Let X = (Xi,...,X,) be a mean zero Gaussian random vector with identity
convariance matriz. Then for allt > 0,

P(z e R": |f(z) — Ef(X)| >t) <2e72/7

Proof. We assume that f all partial derivatives of f exist and are continuous. Let YV =
(Y1,...,Y,) be another mean zero Gaussian random vector with identity convariance matrix,
such that Y and X are independent. Let 0 < 6 < 7/2 and define

Zg:=Xsinf + Y cosb.

By rotation invariance of a Gaussian random vector, Z; and d%Zg = X cosf — Y sinf have
the same joint distribution as X and Y (since the vectors (sin 6, cos6) and (cosf, —sin6) are
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orthogonal in R%) Let ¢: R — [0, 00) be a convex function. Using then Jensen’s Inequality,
then the Chain Rule, then Jensen’s inequality and Fubini’s Theorem,

/2 g
Bo(/(X) ~ Bf(¥)) < Ba(f(X) — (V) = Bo( [ 1(z0)as)

_ E¢</OW/2<(Vf)(Zg),d%Zg>d9> _ E¢(Wi/2 /Oﬂﬂg((Vf)(Zg),d%Z,g)d@)

<w s [ o(5uwnia. pam)an= s [ B30, g5 20 )ao

= " Bo( (v 00 7)) = Bo (T HX).Y)

Let a € R and let ¢(z) := e** for all € R. Then using independence in Y and Fubini’s
Theorem,

Eexp(alf(X) — Ef(Y)]) < Eexp (a— gf (X)Y) EXHEyexp< ;Tgf (X)Y).

=1

Using an explicit computation, for any s € R and for any 1 < i <mn,

oo V2 V2T
So, applying this inequality with s = af g (X) for each 1 < i < n,

Bexp(alf(X) ~ BA(Y)]) < Bexp (* Z (8£00)") <o (22).

(Since f is 1-Lipschitz, |(V f(z),y)| < 1 for all z,y € R™ with |ly|| < 1. In particular, using
y =V @)/ V@), we get [[Vf(z)] <1.) S

P(f(X) = Ef(Y) >t) = P(exp(a [f( ) —Ef(Y)]) > e™)

—at 27T_2 _ _ 27T_2
<e “expla 3 = exp at + « 3)

The minimum « occurs when o = 4¢/7%, so making this choice of «, we get
P(f(X) - Ef(Y) > t) < exp(-2t*/7%).
Similarly, P(f(X) — Ef(Y) < —t) < exp(—2t?/7?), so that
P(If(X) — Bf(Y)| > 1) = P(f(X) — Bf(Y) > ) + P(f(X) - Ef(Y) < 1)
< 2exp(—2t*/7?%).

U
Theorem 5.6 (Johnson-Lindenstrauss Lemma). Let 2V, ... 2" € R™. Let ¢ > 0.
Then there exists a linear function h: R™ — ROE?lgn) gych that
|z — 29| < [|W(zD) — h(zD)]] < (1 +¢) ||z — 2], V1<i,j<n.

One proves this via the probabilistic method. By concentration of measure, a random
projection does what we require.
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Proof. Fix 1 < k <m. Let II: R™ — R™ be the orthogonal projection such that
M(z1,. .y 2m) == (21, .., 2k, 0,...,0), YV (z1,...,2m) € R™.
Let X = (X3,...,X,,) be a standard m-dimensional Gaussian random vector. Define
a:=E|IX]|.
We will eventually show that a > 1072vk. Observe

k
E|IX|P=E) X} =kEX]. =k (¥
i=1
Now, by Theorem 5.5 for the 1-Lipschitz function = — ||I1z||,

BIILY) = [ 0 P(IIX] 2 wdu
0

2a [e¢)

:/ 4% P (|| TIX || 2u)du+/ 40°P(|IIX || > w)du
0 2a
2a o)

g/ 4u3du+/ LPP(| |TIX | = a| > u/2)du
0 2a

< 16a* + 8 / We P du = 16a* + 8(272) (24 + 72)e 2 /™ < 16a* + 27
2

2
< 16a* + 200k < 216 (/ ]|Hx|]2fym(x)dx) , using Jensen’s inequality and (x).
RrRm

So, if Z = ||IIX|| is a random variable, we have shown that EZ* < ¢(EZ?)? where
¢ 1= 216. So, using Holder’s Inequality, for p = 3/2, ¢ = 3,
EZ2 — E(22/3z4/3) < (Ez)2/3(Ez4)1/3 < (EZ)2/301/3<EZ2)2/3.
Using this inequality and (x),
EZ > ¢ V2VEZ2 > 2167 2VE (x%)

In summary, a > 24k for a defined above.

Let A be an m x m matrix of i.i.d. standard Gaussian random variables. Fix z(¥ €
R™ with ||z|] = 1. By rotation invariance of the Gaussian measure, A and A(Q) have the
same distribution where @) is a fixed m x m orthogonal matrix, so if we choose @) so that

Q(1,0,...,0)" = 20 we get
P (AeR™™: } HHA:U(O) — a‘ >ea) =P (A e R™™: | HHA(LO, . ,O)TH2 — a’ > ea)

=P (X e R"|||ILX|| — a| > €a).

[P

So, by Theorem 5.5 applied to the 1-Lipschitz function z +— ||IIz||, and using a > 2-*V/k,
for any € > 0, and for any

P (A e Rm™ ™. } HHA:L'(O)HQ - a’ > ea) < Qe m < 9270k

Let 2, ..., 2™ be n points in R™. If k > 212 ~2]og n, the union bound shows that

2@ —
P A c Rme: =P ;& ] l) -T > ca ) < n 26—2*10]@52 <1
[ — 2 || 2
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For any 1 < i < n, define y; := ITA2® /(a(1 — ¢)). Then 3 A € R™™ such that

y@
H (@)
So, our required embedding is h := a(lf—i_), so that h(z®) = 3@ for all 1 < i < n. Note
that A is linear and its nonzero entries form a rectangular matrix of i.i.d. Gaussians. Also,
we can choose k := [2'2¢72logn]. (In fact, if we choose k to be slightly larger, then the
probability becomes exponentially small, so essentially all A satisfies our desired property,
hence essentially all linear projections h: R" — RO logn) satisfy our desired property.) O

1
1+6§1+35, V1<i,j<n.
— &

¥

— @)
)
=~ <

Exercise 5.7. High-dimensional geometry is much different than low-dimensional geometry,
as this exercise demonstrates.

e Show that “most” of the mass of an n-dimensional Gaussian is concentrated on the
sphere of radius \/n centered at the origin. That is, if X1,..., X, are n i.i.d. standard
Gaussian random variables, then

lim P(\/X2+ -+ X2 € (n+v3n,n—v/3n) > 2/3.

n—o0

In fact, you should be able to compute the limit exactly.

e Generally, “most” of the mass of a high-dimensional convex body is concentrated
near the surface of the body. Let Vol, denote the usual volume in R™ (so that the
volume of a unit square [0, 1]" is 1.) For example, show that, for any € > 0,

1 1
lim vO1n<[——(1 ), 2 (1 5)]”> — 0.
o Let B, :=={x € R": ||z|| <1} be the unit ball centered at the origin. Show that

lim Vol,(B,) = 0.
n—oo

o Let C, ={x e {[-1/2,1/2]": Jy € {—1/2,1/2}" such that ||z —y| < 1/2}} be the
union of balls of radius 1/2 centered at the corners of the hypercube [—1/2,1/2]".
Let D, = {x € R": ||z|| < r} be a ball of radius r centered at the origin, where r
is chosen to be as large as possible so that D,, does not intersect the interior of C),.
(Put another way, D, is tangent to the balls C,,.) Find

lim Vol,,(D,,).
n—oo
Before you do the computation, try to guess what the answer should be.

5.3. Additional Comments. Hoeffding’s inequality in Theorem 5.1 can be generalized to
the following statement.

Theorem 5.8 (Hoeffding Inequality/ Large Deviation Estimate). For all i > 1,
let a; < b; be real numbers. Let X1, Xo, ... be independent random variables with P(X; €
la;,b;]) = 1. Then, for anyn > 1,

2t2

P(Y X —E(Y X)) >t) <e TR0 vi>0
i=1 j=1

43



Consequently,

2t2

> t) <2 TG >0,

P(’iXi—E(in)

The proof of Theorem 5.8 imitates that of Theorem 5.1, while using the following Lemma.

Lemma 5.9 (Hoeffding’s Lemma). Let a < b be real numbers. Let X be a random variable
with P(X € [a,b]) = 1. Then for any a € R,

Ee(X-EX) < eéaz(b—a)2‘

Proof. By replacing X with X — EX, we may assume that EX = 0 and instead prove that
E@aX < e§a2(b—a)2.

Since a < X < b with probability one, there is a random Y € [0,1] such that X =:
aY +b(1 —Y). That is, this equality holds when Y := (X — b)/(a — b). By convexity of
T — e,
eaX _ ea(aYer(lfY)) < Vet 4 (1 . Y)eab _ X — beaa 4 a — Xeab.
a—>b a—>b
Let v := —=b/(a —b), c := a(a —b), f(c) ;= —yc+ log(1l — v + ~e). Taking expectations of
both sides and using EX = 0 we get

EeocX < — b e 4 a ab _ 6f(c)‘

a—1>b a—b"

Note that f(0) =0, f'(c) = —v + #f%c, f(0) =0, and
[ P e e (1 e )
L—y+vyee (I—7y+vye)? 1 —y+yee 1 —y+ e

So, if s 1= l_szc, we have f”(c) = s(1 —s) < 1/4. So, by Taylor’s Theorem (with error
term), for any ¢ € R, there exists ¢y between 0 and ¢ such that

! Cz " C2 " 62

F(6) = F0) +ef'(0) + S (o) = S17eo) < &

In conclusion Ee®X < /8, O

Theorem 5.5 can be generalized to uniformly log-concave densities on Euclidean space (see
Ledoux, “The Concentration of Measure Phenomenon,” Proposition 2.18)

Theorem 5.10 (Concentration of measure for Log-Concave Measures, Lipschitz
function form)). Let f: R™ — R. Suppose that for all z,y € R™, |f(z) — f(y)] < ||z =y,
so that f is 1-Lipschitz. Let u: R™ — R be a function such that e~ is a probability density
on R". Assume there exists ¢ > 0 such that the Hessian of u satisfies Hess(u)(x) > cI, in

the matriz sense. (That is, all eigenvalues of the Hessian of u are bounded below by c, for
all x € R™.) Let X have distribution e~ *. Then, for all t > 0,

P(zeR": |f(z) —Ef(X)] >1t) <2/
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Note that Hoeffding’s Inequality 5.8 provides the same bound when P(X; = 1) = P(X; =
—1) =1, or when P(X; = 1) = ,P(X; = —1) = 1 —¢ with 0 < ¢ < 1 arbitrary. In
the latter case, former case, Hoeffding’s inequality is fairly sharp, but in the latter case,
Hoeffding’s inequality is not quite sharp. Put another way, Hoeffding’s inequality does not
account for the variance of the random variables. Bennett’s inequality below does account
for the variance of the random variables, with a potentially worse decay than Hoeffding’s
inequality for large values of ¢.

Theorem 5.11 (Bennett’s Inequality). Let ¢ > 0. Let Xy, Xs, ... be independent random
variables with X; < c¢. For any s > 0, define h(s) = (1 + s)log(l + s) — s. Define
o?:=>""  VarX? and assume 0 < o0 < oo. Then, for anyn > 1,

+2

P(ZXi ~E()_X;) > t) <o =h(@) <o, v
i=1 j=1

Consequently, if | X;| < c for all 1 <i<nmn,

P<‘iXi—E(i1Xj)

Proof. Without loss of generality, we may assume that EX; =0 and X; < 1forall1 <i <n.
For any s € R, define ¢(s) := e* — s — 1. Note that

d(a) < a?/2, if s <0, P(ax) < a’¢(x), ifz >0, a €[0,1]. (%)

The second inequality follows e.g. from the power series expansion of ¢. Using the definition
of g and EX; =0 for all 1 <i < n, for any o € [0, 1],

Ee" = 1+ aEX; + E¢(aX;) = 1 + E¢(aX;)

_ 2t2
> t) <2 TLtrw® yi> 0.

%) 1 + E¢(amax(X;,0)) + (o?/2)E[max(—X;, 0)]?

Using now (*) and the bound X; <1 for all 1 < i < n, and also ¥ (a) > a?/2 for a > 0,

Ec®Y < 1+ ¢(a)E[max(X;,0)]? + (o /2)E[max(—X;,0)]? < 1+ ¢(0)EX2 < ?@BXT
The proof now proceeds as in Hoeffding’s inequality, Theorem 5.1. For any ¢t > 0

P(Z X, > t) < e MEet X1 Xi L ematHo(@) T BXP _ g-attd(a)o?
i=1
Since a > 0 is arbitrary, we choose o to minimize the right side. This minimum occurs when
L = ¢'(a) = e* — 1, so that
t
a = log (1 + F)
At this value of a, ¢(a) = & — a, so
t t t
—at + o*¢(a) = —tlog (1 + ;) 4+t —o?log (1 + ;) = ;h(t/aQ).

, giving the first desired bound. The final bound follows by writing P(|>_" , a;X;| > t) =

PO X, >t)+P(=>"  a;X; >t) and then applying the first inequality twice.
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h(s) > s?/(2 +2s/3) O

6. EMPIRICAL Risk MINIMIZATION (ERM) AND CONCENTRATION

Problem 6.1 (Statistical Supervised Learning Problem). Let A, B be sets. Let
f: A — B be an unknown function. Let P be an unknown probability distribution on
A. The goal of the learning problem is to approximately determine the function f on all of
A using a small number of sample values of f on A. Let XM ... X% be a random sample
of size k (i.e. a sequence of independent random variables in A distributed according to P)
and let YV . Y®) ¢ B. It is known that

fFXD)=v®  v1<i<k
The goal is to output a deterministic function g: A — B that minimizes the prediction error
P(f(XW) # g(x1)).

Since the probability distribution P is unknown, it is generally impossible to exactly
minimize the prediction error. So, the goal is often restated as minimizing the empirical
risk or empirical error defined as

%yie{1,...,k};g<x<i>>7éy<”}. (+)

The task of minimizing the quantity (x) is called empirical risk minimization (ERM).
We can equivalently write the empirical error as

k

1

z D Lyxyevo.
=1

A basic question is then: how close is the empirical error to the true error? For example,
given t > 0, can we bound

P

>t>?

k

1

k Z Lyxypy — P(g(XW) #yW)
i=1

Since
L&
EE Z Lyx@yzye = P(g(X(l)) o Y(l))
i—1
. we get a bound from Hoeffding’s Inequality 5.8, namely

P

k
1
S 1y — Plg(XW) £ Y0)
i=1

> t) < Qe 2k

Therefore:

Proposition 6.2. For any € > 0 and for any g: A — B, with probability at least 1 — ¢, we
have

k
Z Ly xoyere — P(g(XW) # v M)
=1

< %\/log@/é‘)-

T =
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This Proposition is however unsatisfactory. If G minimizes the empirical risk, then G is
in fact a random function (since it depends on the random variables XV ... X®) On the
other hand, if § minimizes the actual risk, then g is deterministic. So, in order to compare
the minimizers of the empirical and actual risk, we need a bound as in Proposition 6.2 that
is uniform over all possible minimizers of the empirical risk. For example, suppose that ¢
comes from a class of functions G. In order to compare the empirical and actual risk, we
need to bound

1)

If we can show this probability is small, then we can in fact conclude that the empirical risk
minimum is close to the actual risk minimum. For example:

P<sup

geg

k

1

k Z Lyxypv — P(g(XW) #£yW)
=1

Proposition 6.3. Suppose G is a finite class of functions from A to B. Let f: A — B. Let
XD X® be a random sample of size k and for any 1 < i < k, let YO := X Let
G be a random element of G that minimizes the empirical risk ER(g) := %Zle Lyx@)zy®

among all g € G. Let § minimize the risk P(g(X™M) # Y1) among all g € G. Let ¢ > 0.
Then, with probability at least 1 — ¢,

|[ER(g) ~ PG(X" £ YD) < .
Proof. O

6.1. Gaussian Processes.

Theorem 6.4. (Slepian’s Lemma) Let (X1,...,X,) and (Y1,...,Y,) be n-dimensional

Gaussian random vectors such that EX; = EY; =0 fori=1,...,n, EX? = EY? =1 for

i=1,...,n. Assume that EX;X; < EY}Y; fori,j € {1,...,n}, i # j. Then
P(X,>0,...,X,>0) < P(Y; >0,...,Y, > 0)

More generally, for any aq,...,a, € R,

P<X1>@1,...,Xn>&n)§P(Yi>CK1,...,Yn>Oén)

Proof. Let {r;;}};=; be a symmetric positive definite matrix. Define

(2m) ™% | det r]_1/2/ / e~ = w2y 23/ / g(x,r)dx =: f(r)
0 0 0 0

In the special case that r;; = EX;X;, we have from the definition of the mulvariate normal,
P(X;>0,...,X,>0)=(2r) "% |det 7"|1/2/ / et T e/2 g0,
0 0
From Theorem 6.5,

/ e TV ot p| Y2 (2 )26 012
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So, g(z,r) = (27r)”fe*i<y"”>e*yT’”y/2dy. And for ¢ # j, dg/0r;; = 0%*g/0x;0x;. So, by
differentiating under the integral sign and then integrating by parts,

7”12 / / 8x18x2
:/ / 9(0,0,23,...,2,)dzs - -dx, >0 (%)
0 0

For A € [0,1] and € > 0, let ;; = AEY;Y; — (1 — \)EX,;X; + €d;;. Then r is symmetric
positive semidefinite, so (*) and our assumption implies that

of 67“,]
Y. — X)) >
g 87"1] B E (973] (EY;Y; — EX;X;) >0

Integrating this inequality for A € [0, 1] and then letting ¢ — 0 concludes the theorem. [J

Theorem 6.5. (Gaussian Fourier Transform) Flemal*y = e=mlél

Proof. Tt sufﬁces to prove the one dimensional identity [, e (@*+2izy) 17 — =™ n this case

we write f e~ (@ +2izy) o — o=y f e~™(@+)* 12 and then shift the contour. O

Theorem 6.6. (Slepian’s Inequality) Let (X1,...,X,) and (Yl, ..., Y,) be n-dimensional
Gaussian random vectors such that EX; = EY; =0 fori=1,...,n, and EX}? = EY> =
fori=1,...,n. Assume that E(X; — X;)* < E(Y; = Y;)? fori,j € {1 .,n}, i # j. Then
for all « € R,

In particular, E sup,_,

..........

Proof. By our assumption, EX;X; > EY;Y; for i,j € {1,...,n}, i # j. Fori=1,...,n
let fi: R — [0,00) be a non-increasing smooth bounded function. Let h(z) =[], fi(z:).
For i # j, 0°h/0x;0x; = fi(x;)fi(x;) > 0. Let (Z1,...,Z,) be a mean zero Gaussian
random vector with unit variances, and with positive definite covariance matrix r. Let
f(r)y=FEh(Zy,...,%Z,). As in the proof of Slepian’s Lemma, Theorem 6.4, for i # j,

of g 82h
= >
(97"2-3- /h( )8rmd 6’%8%9 - 0

We therefore conclude that ET[ | fi(X;) > ET[, fi(Y;). Fix A € R. Let f; approach

I(—oo); 80 that P(sup;; , Xi < A) > P(sup,—; _,Y; < A), proving the theorem. O
Theorem 6.7. (Sudakov-Fernique Inequality | ) Let X = (Xq,...,X,) and Y =
(Y1,...,Y,) be n-dimensional Gaussian random vectors such that EX; = EY; = 0 for i =

1,...,n. Assume that E(X; — X;)* < E(Y; = Y;)? fori,j € {1,...,n}, i #j. Then

EsupX<E squ;
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Proof. Let g, X1, ..., X, be Gaussians with E¢? = 7°.
1 2 2 7'2 d 2 2
EgF(g) = te /T RP(#)dt = /(——) e /CTI R () dt
g (g) \/%7’/]1{ ( ) 2T Jr dt ( )

2
— / F'(t)e /™) qt = Eq?EF'(g)
2T JR

X!) is independent of

Let X! := X, — g%’X Then EX/g=0fori=1,...,n,s0 (Xj,...,

-
g. So, conditioned on (X71,...,X]), we have

dF
BlaFOIX .. X)) = BPE (X, 1)
oF Ox;
=Y mr (G
oF
= ZEgXZ-E (—|X;, L ,X,;)
i=1 Oz;

So, by integrating out the conditioning,

EgF(X Z EgX.E <8F)

|X X;)

In particular,
oF
E(X,;F(X zZ;EX X,E (ax > (%)

Let F(z) = Fy(z) == % log(zn L €%). We may assume that X and Y are independent. For
0<t<1,let Z:= \/1 —tX + /1Y, and let f(t) := E(F3(Z)). By the chain rule, we have

son L oxe OF v, X

=1

Using (%) and the chain rule,

E (gi: (Z)XZ) = mi E(X;X;)E <aijanj (Z))

OF . O*F
E 2)Y; | =Vt EY,Y)E Z
(aﬂfz’( ) Z) \/—; %3) (3%’8%’( ))
So, combining these equalities,

1 =3 3 8 (5o (2)) [B00) - BC6X)

i,7=1
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Now, by the definition of F', 0F /0z; =: p;(x) = €% /(31 €%). So, for fixed z, the numbers

pi(z), i = 1,...,n are nonnegative and sum to 1. Observe that

82F (x) _ ﬁ(pz($) - pi($)2) 7i = .7
Ox;0x; —Bpi(z)p;(x) I F ]
So,

Z axlax] E(Y;Y;) — E(XiXj;)]
=f Zpi(fﬂ)[E(ﬁK‘) — BE(XiXi)] - B Z pi(x)p;(2)[E(YY;) — E(X;X))]

Also, since Y | pi(x) = 1, we have
sz'(x)[E(Yin‘) — BE(X;X;)]
= 2 2 p@pEEY) — BGX) + BGY;) ~ BOXX,)]

ij=1

So, combining these equalities,

Z &cﬁx] E(Y;Y)) — E(XiX;)]

= S n@ @B + E3Y) — 28(5))

ij=1

— (B(X: X)) + EX; X; — 2EX;X;)]

= 3 @B - Y2 — (X - X))
That is, f/(t) > 0 for all 0 <t < 1. So,
B(E(Y)) = £(1) 2 f(0) = B(F(X)) (=)

Now,

i=1,...,
.....

.....

That is, max;—,
concludes the theorem
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Theorem 6.8. (Talagrand’s Majorizing Measures Theorem) Suppose (Y1,...,Y,) is
a Gaussian random vector. Let X = {1,...,n}. Fori,j € X, defined(i,j) := \/E(Y; — Y;)%
Let Px be the set of Borel probability measures on X. Define

X,d) := inf | d
= i s [ o (ot Y

Then c¢yo(X,d) < Esup;cx Y: < Cy(X, d).

6.2. Sub-Gaussian Processes.

Definition 6.9 (Sub-Gaussian Random Variable). A real-valued random variable X is
said to be sub-Gaussian if there exist ¢y, ca > 0 such that

P(|X|>t) <ce ™, Vi>0.

Exercise 6.10. Let X be a real-valued random variable with mean zero. Then the following
are equivalent

e 3 > 0 such that, for all ¢ > 0, Ee!X < ef*@*/2,
e 3b > 0 such that, for all t > 0, P(|X| > t) < 2e"’.
e J ¢ > 0 such that Ee*X” < 2.

For all t € R, define
Wo(t) =€ — 1.

For a random variable X define
||X||w = inf{t > 0: Eyo(|X]|/t) < 1}.
6.3. General Empirical Processes.

6.4. Additional Comments.

7. CONCENTRATION OF EMPIRICAL PROCESSES
8. DEEP LEARNING

Theorem 8.1 (PAC Learning Neural Networks).

9. APPENDIX: BAsics oF COMPLEXITY THEORY

A Turing machine is a standard model of computation introduced by Turing in 1937.
Informally, a one-tape Turing machine is a computing device with a finite state control
device, a tape (with cells indexed by the positive integers), and a tape head that points to
(or scans) a given cell on the tape. At a given time (indexed by the positive integers), the
machine changes its state, writes a symbol on the cell to which is currently pointing, and
then moves the tape head one cell to the left or one cell to the right. Time is then increased
by one. The action of the machine at a given time is a function of its current state and of
the symbol that is currently scanned by the tape head. More formally:

Definition 9.1 (Turing Machine). A one-tape Turing machine is defined by

e ) := a finite set (“alphabet”), together with a blank symbol {{(J}.
e () := a finite set of “control states” U {qaccepts Greject s Gstart } -
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e 0: XX Q —XxQX{,—}, the “transition function.”
A configuration of a Turing machine consists of

e the symbols on the tape up to and including its rightmost non-blank symbol,
e the current state of the control device (an element of ), and
e the position of the tape head (an element of the positive integers).

So, if i + 1, n are positive integers, if oy,...,0, € X, and if ¢ € @), the string
0102 0i40i+1044+2 " " Op

represents the configuration of the Turing machine where the finite state control is in state
q, the tape head is currently scanning position ¢ + 1 on the tape, and the contents of the
tape are oy -+ -0y

Let x1,...,z, € ¥~ {0} and let x = z125- - - z,, be the corresponding string. A Turing
machine then computes on the input x by doing the following.

e The Turing machine is initialized to the initial configuration Cy 1= @startT1T2 - - Tp-

e At any time step ¢ > 1, the Turing machine applies the transition function § to
the previous configuration C;_; to obtain the next configuration C;. So, if C;_; =
0109+ 0;q0;410442 - - 0p, We have 6(oi41,q) =: (0/,¢,a) for some 0’ € X, ¢ € Q
and a € {<—,—}. We then define

/ / :
O — 0102+ 014 0;0' 0120430, i a =<
(] 3 . o
0109+ 0;_10;0 ¢ 0;190;4 3 0, ,if a=—.

e If at any time step k& > 1 the Turing machine enters a halting state (gaccept OT Greject )
we say the machine halts and accepts (or rejects) input z in k steps.

If the machine halts in k steps, the computation of the machine on input = can be described
as a sequence of configurations Cy, C4, ..., Cy.

Remark 9.2. Modern computers do not directly implement Turing machines. Modern
computers more closely resemble RAM machines, or von Neumann machines.

Remark 9.3. A multi-tape Turing Machine is defined similarly to the above, except it has
one single input tape (where only the input state is written), one single output tape, a
constant number of other (“work”) tapes, the function ¢ is then a function of all of the tapes
and the current state of the finite control. When the configuration changes, each work tape
head overwrites the cell it is currently scanning, and each work tape head moves left or right
one cell.

Let ¥ be a finite set (or “alphabet”) and let ¥* denote the set of finite strings of elements
of Y.

Definition 9.4 (Decided). A set (or “language”) S C ¥* is recognized (or decided) by
a Turing Machine M if:

o If x € S, then M (x) accepts.

o If x ¢ S, then M (x) rejects.
Definition 9.5 (Accepted). A set (or “language”) S C X* is accepted by a Turing
Machine M if:

o If x € S, then M (x) accepts.
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o If z ¢ S, then M(z) does not accept.
Let N:={0,1,2,...}. For any « € ¥*, let |x| denote the length of the string .

Definition 9.6 (Time Complexity). Let f: N — N. We say a set S C X* satisfies
S € TIME(f(n)) if there exists a multitape Turing Machine M such that

e M recognizes S, and
e For all x € S, M(x) halts within f(|z|) steps.

Definition 9.7 (Space Complexity). Let f: N — N. We say a set S C X* satisfies
S € SPACE(f(n)) if there exists a multitape Turing Machine M such that
e M recognizes S, and
e For all x € S, M(x) uses no more than f(|x|) squares of its work tapes. That is,
M (z) scans at most f(|z|) cells of its work tapes.

Definition 9.8 (Time Complexity for Functions). Let f: N — N. We say a function
g: X% — ¥* satisfies g € FTIME(f(n)) if there exists a multitape Turing Machine M such
that

e For all x € ¥* M (z) writes g(x) on its output tape, and
e VM (x) halts within f(|z|) steps.

Definition 9.9 (Space Complexity for Functions). Let f: N — N. We say a function
g: X* — X* satisfies g € FSPACE(f(n)) if there exists a multitape Turing Machine M such
that

e For all x € ¥*, M(x) writes g(x) on its output tape, and
e M (x) uses no more than f(|z|) squares of its work tapes.
Definition 9.10 (Complexity Class P). We define
P := U1 TIME(n").

Definition 9.11 (Complexity Class NP). NP is the class of sets S C ¥* such that there
exists a Turing Machine V' (a “verifier”) and a polynomial p: N — N such that x € S if and
only if: 3 a string y € ¥* of length at most p(|z|) such that V(x,y) accepts in time at most

p(lz]).
Definition 9.12 (NP-hard and NP-complete). A set S C ¥* is NP-hard if for all

T € NP, there exists a logspace function g: ¥* — >* such that x € S if and only if
g(x) € T. And S is NP-complete if S € NP and S is NP-hard.

The SAT problem is the following. Let n

Definition 9.13 (Satisfiability Problem SAT). Let f: {—1,1}" — {—1,1} be an un-
known function with query access . Decide whether or not there exists z,...,z, € {—1,1}
such that f(z1,...,z,) = 1.

Theorem 9.14 (Cook-Levin, 1971). SAT is NP-complete.

NP can be equivalently defined using non-deterministic Turing Machines. A non-deterministic
Turing machine is defined by repeating the definition of a Turing machine, except the func-
tion ¢ is allowed to take multiple values. Then the computation of a non-deterministic Turing
machine can be viewed as a tree of configurations, rather than a sequence of configurations,
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since one configuration can transition to multiple different configurations. More specifically,
we associate a directed edge from configuration C' to configuration C” if § maps configura-
tion C' to configuration C’. A non-deterministic Turing machine accepts z € ¥* in time
t > 0,t € Z if there exists a path from the initial configuration to an accepting configuration
of length at most ¢. A non-deterministic Turing machine M accepts a set S C ¥* if: x € S
if and only if M accepts x.

Intuitively, a non-deterministic Turing machine is a Turing machine that is allowed to
make arbitrary choices at each step of its computation.

A nondeterministic Turing machine can solve SAT is linear time using a binary tree of
configurations (Exercise).

Definition 9.15 (Non-deterministic Time Complexity). Let f: N — N. We say a set
S C ¥* satisfies S € NTIME(f(n)) if there exists a nondeterministic Turing Machine M
such that

e M recognizes S, and
e For all x € S, when M has input x, the computation of M has no path longer than

f(l2))-
An equivalent definition of NP is then
NP := U NTIME(n").
Definition 9.16 (Complexity Class #P). A function f: {0,1}* — N is in #P if 3 a
polynomial p: N — N and a polynomial time Turing Machine M such that, for all z € {0, 1}*,

f(z) = {y e {0, 13700 M(z,y) = 1}‘

Equivalently, f is in #P if there is a polynomial time non-deterministic Turing machine M
such that, for all z € {0,1}*, f(x) is equal to the number of accepting paths of M on input
x.

Informally, #P problems count the number of solutions to problems in NP.

Definition 9.17 (Complexity Class RP). RP is the class of sets S C ¥* such that there
exists a non-deterministic polynomial time Turing Machine M such that

e M accepts S, and

e If x € S, then at least 1/2 of all computation paths of M (x) accept.

Informally, RP is a Turing machine that can use randomness at each of its computation
steps.

10. APPENDIX: SOME FUNCTIONAL ANALYSIS

Below, we consider either R or C as scalars. That is, we will be dealing with vector spaces
over the fields R or C, and we will only distinguish them where necessary. A topological
vector space is a Hausdorff topological space X that is also a vector space, such that:
the map (z,y) — = —y from X x X — X is continuous , and the map («,z) — az from
{scalars} x X — X is continuous.

A normed linear space X is a vector space (over R or C) with a norm ||-||. A norm
is a function [|-||: X — [0,00) such that ||z|| > 0 with equality if and only if x = 0,
lax| = |a|||z| for « a scalar, and ||z +y|| < ||z]| + ||y||. Using the norm, we see that
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d(x,y) := ||z — y|| is a metric, whose open balls define the metric topology on X. We refer
to this topology as the norm topology, or strong topology. Using the triangle inequality, one
can show that a normed linear space is also a topological vector space. A Banach space is
a normed linear space that is complete with respect to the norm topology. A vector subspace
Y C X is simply called a subspace, and will be closed unless otherwise stated. Also, unless
otherwise stated, A denotes the closure of A with respect to the norm topology.

An inner product is a function (-,-): X x X — {scalars} that is linear in the first argu-
ment, conjugate linear in the second argument, Hermitian symmetric, and positive definite.
An inner product space is a vector space with an inner product. Defining ||z| = (z,z)"/?
shows that an inner product space is a normed linear space (using the Cauchy-Schwarz
inequality). A Hilbert space is an inner product space that is complete in the norm topol-
ogy. Cauchy-Schwartz shows that the inner product is continuous with respect to the norm
topology, since

|(u, v) = (o, vo)| < [(u = o, V)| + |(uo, v = v0)| < [lu—wol[f|v]| + [[v = vol| [[uoll

One can show that ||z —y|* = ||z]|* — 2R(z,y) + ||ly||°. In Hilbert space we have the par-
allelogram law ||u+ v||* + ||u —v||* = 2|ju|® + 2||v||>, and the polarization identity
(u,v) = }sz i* Hu—i—ikaz, where k£ = 0,2 for X over R, and & = 0,1,2,3 for X over C.
Actually, polarization holds in a Banach space if and only if it is a Hilbert space.

A continuous linear function L: (X, |-[[x) = (Y,]]]ly) is called a linear operator. One
can show that L is uniformly continuous if and only if it is continuous if and only if it contin-
uous at zero if and only if it is bounded, i.e. ||L(z)|y, < M ||z||y. Showing that continuity
at zero implies boundedness involves a scaling argument. Showing that boundedness implies
uniform continuity follows by linearity.

The least such M such that ||L(z)||,, < M ||z||y is called the operator norm of L, and
it is denoted by ||L||. Note that the set of bounded linear maps B(X,Y) from X to Y is
a normed linear space with respect to the operator norm topology. If Y is complete, then
B(X,Y) is a Banach space. (Fix x € X, observe L,(z) — L(x), L achieves linearity using
subsequential arguments, etc.) Essentially by definition, we have || L[| := sup,<; [ L(z)]]. If
X, Y are Hilbert spaces, ||L| = supy, <1 yy<1 [(L(2),y)|. For L: H — H a linear operator
on a Hilbert space H, we can apply Thm. 10.2 to define the adjoint L*. Here L*(u) = v is
the unique v such that (L(w),u) = (w, L*(u)). Moreover, ||L|| = ||L*|| (using the formula for
|L|| from a few previous lines). More directly, we can observe that ||A*y||* = (AA*y,y) <
AN 1 A*y]| lyl, so ||A*]] < ||A||. Then, using that A** = A (take complex conjugates of the
definition of A*) we see that ||A| < ||A*].

A linear functional on X is a bounded map from X to scalars (C or R). The space
of linear functionals is called the dual space of X, and is denoted by X*. The norm of
z* € X* is given by [|z*[| := sup, < |2 (z)].

A semi-norm N on a vector space X is a function N: X — R such that: V oz € X,
N(z) >0, N(az) = |a| N(x), and N(z +y) < N(x) + N(y). A collection N of seminorms
is called separating if N(z) =0V N € N if and only if = 0. For a seminorm N, define
Sn(a,p) :={x € X: N(x—a) < p}. Sn(a,p) is called the open N ball of radius p centered
at a. A set of the form S = Sy, (a,p1) N--- N Sy, (a, p;) is called an open A ball centered
at a. Given X and NV, let X* denote X with the topology given by open A balls. One can
check that X is Hausdorff if and only if A is separating, and X* is a topological vector
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space when N is separating. Sometimes, X is called a Fréchet space. For example,
consider the Schwartz class, S(R) = {f € C®: 2"f®) € L., Vn,k > 0}, equipped with
the seminorms || f[[, . = sup,er 2" f®)(x)|. Here N is separating since [ fllo,0 = 0 implies
f=0.

A topological vector space is called locally convex if X has a neighborhood base at
zero consisting of convex sets. That is, for any neighborhood U of 0, 3 V' convex such that
0 €V CU. It takes some work to show: if X is a topological vector space, and N is a family
of seminorms, then X" = X if and only if X is locally convex. As an example of the above
we define the weak topology of X, denoted by o(X, X*), as the topology on X induced by
the seminorms = +— ||L(z)||, L € X*. In particular, we can form a basis of neighborhoods of
Zo using the seminorms:

U(‘/BO;IOVITJ"’? n) T {I‘GX

zi () —x;(xoﬂ <eforj=1,...,n}

Note that z,, — x weakly (i.e. with respect to o(X, X*)) if and only if V 2* € X* z*(z,) —
x*(z). A sequence {x,},>1 such that z*(x,) converges for all z* € X* is called weakly
Cauchy.

Analogously, we can define the weak* topology on X* denoted by o(X*, X). Here a
basis of neighborhoods of zf; € X* is given by

Uz, e, 1, .., x,) = {2" € X*: [2"(x;) —ai(z;)| <eforj=1,...,n}

For X a normed linear space, define the canonical map ¢: X — X** by «(x)(z*) = 2*(z).
One can check that ¢ is linear, and Thm. 10.5 shows that ¢ is an isometry:

[e(x)l = sup |u(z)(z")| = sup [z*(x)] = [l]]
[lz||<1 llz[|<1

In particular, ¢: (X, 0(X, X*)) = (¢(X),o(X*, X*)) is a homeomorphism, from X with the
weak topology, to ¢«(X) C X** with the weak* topology (of X** acting on X*). A Banach
space is said to be reflexive if : X — X™** is onto.

Let K C X with X a topological vector space. A point x € K is called an extreme point
if it is not contained in the interior of any segment {ty+ (1 —t)z: t € [0,1],y,2 € K} C K.
By interior we mean {ty + (1 —t)z: t € (0,1),y,z € K}. If K is compact and convex, then
a face F' C K is a subset such that: if y € K is in the interior of a segment in K, then
the whole segment is in F. Let K be a nonempty compact, convex set. Denote the set
of extreme points of K by £(K). Define K as the intersection of all compact, convex sets

containing £(K'). By definition, K C K and K # (). An extreme face F of K is a face of
K where the only faces of F' are () and F.

Let p be a probability measure. A subset H C Li(u) is called uniformly integrable if,
foralle > 0,37 >0 with sup { [, |f|dp: p(A) <n, f € H} <e. (Uniform integrability has
a slightly different definition in the probability literature.)

An associative algebra A over a field F' is a vector space over F' with a bilinear, asso-
ciative multiplication: (ab)c = a(bc), a(b+ ¢) = ab + ac, (a + b)c = ac + be, and a(Ac) =
(Aa)c = A(ac). A Banach algebra is a real or complex Banach space that is an associative
algebra such that [|ab|| < ||al]| ||b]|. Examples include: (C'(X),C) for X a topological space,
B(V,V), and L;(R"™) with convolution. Note that the latter has no identity. However, given
a (complex) Banach algebra without identity, if we let B := {(a,a): a € A,a € C} = AGC,
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and we define (a, )(b, B) := (ab+ab+ pa,af) and ||(a, )| := ||a|| + ||, then B has identity
=(0,1).

Let A be a Banach algebra with identity. Using power series (and that ||a"| < |a|" )
see: if [la]| <1, then 1 — a is invertible (let (1 —a)™' =37 . a" so [[(1—a)7'| < = IIaII)
Using similar arguments, we see that: the invertible elements I/ form an open set, and
the inverse map is continuous from U to itself. For a € U and ||z — a|| < [Ja™|| ", note that
la™tz —1|| = |la(z —a)|| < |la7 |||l —al| < 1,50 1 — (1 —a 'z) =a 'z has inverse b, so
1= (ba Yz and a tzb=1,s0 b = a, z(ba ') =1, i.e. (ba™!)=2"1.

From now on, we assume that all Banach algebras A are complex and have an identity.
Let x € A, and for convenience, A denotes A -1 € A. The spectrum of z is o(x) := {\ €
C: x — X is not invertible}. The resolvent set of z is p(z) := {\ € C: & — A is invertible}.
The resolvent of z is the function R(\) = (z — \)~!, defined for A € p(z). The spectral
radius is r(x) ;= sup{|\| : A € o(z)}.

From our analysis of the invertible elements, we see that r(a) < ||a||. Thus, o(a) is
bounded. In fact, it is compact, since p(a) is open (A € C — a — X € A is continuous, and
pla) ={X:a— X e U}), so o(a) = pla) is closed. Also, o(a) # 0. To see this, define a
weakly analytic function as a function ¢ from an open set V' C C to a complex Banach
space A such that £ o ¢ is analytic for every ¢ € A*. Using power series, one can show:
R(\) = (a — A)7! is weakly analytic on p(a) and ||[R(A\)|| — 0 as A — oo. So, if o(a) is
empty, Liouville’s Theorem (for bounded analytic functions) says that £((a — A)™1) = 0, so
(a — A\)~! =0 V), which is a contradiction.

For the power series argument, let )\0 € p(a). Write a— X = (1—Xg)(a—(a—Xg) "L (A= Xg)).
Then a — A is invertible if ||(a — X\g) "1(A — Ag)|| < 1. Choose A so the latter condition holds.
Then (a— A" = Y0008 — 20) (A — 20)"(a — Ag) L. S0 &((a — A)1) = $,m0&l(a
o) H(N = Xo)?, i E(R(N)) is analytic (in particular, for A € p(a).) Now, (a — \)~! =
DA ta—D] P =AM a—1D) P and [Ala— D)7 < Q=N la) 7t = 1 as A — oo,
so |[R(N)|| — 0 as A — oo.

Below, B denotes a commutative Banach algebra with identity. A character a of B is
a nonzero multiplicative linear function on B, i.e. «a(ab) = a(a)a(b). (A character is not
assumed to be bounded a priori, but this can be proven. See Thm. 10.23(9).) The spectrum
of B is the set B of all characters of B. For a € B, a € B define a(a) := a(a). The map
a s @ from B into C(B) is called the Gelfand map or canonical map.

An ideal I C B is closed under addition (within I') and multiplication by elements of B.
An ideal is called maximal if [ # B and [ is not contained in any larger proper ideal. Define
the singular elements § as the union of all maximal ideals in B. Define the radical of B
as the intersection of all maximal ideals in B. Since I C I C S is a proper ideal, we see that
maximal ideals are closed, so the radical is closed. B is called semisimple if its radical is
{0}.

An involution on a Banach algebra B is a map B — B written a — a* such that: ™ = a,
(a +b)* = a* +b*, (Aa)* = Aa*, and (ab)* = b*a*. Note that 1* = 1, since applying * to
1-1" =1" gives 1™ - 1* = 1", so since 1™ =1, we get 1-1* =1, s0 1" = 1. We say a is
Hermitian if a = o, strongly positive if a = 0*b for some b, positive if o(a) C [0, 00)
and real if o(a) C R. An involution is symmetric if 1 + a*a is invertible for all a € B.

A Banach x algebra B is called * multiplicative if ||a*a| = ||a*| ||a||, * isometric if
|a*|| = ||la||, and % quadratic if ||a*a|| = ||a]|>. One can show that the first two together
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are equivalent to the third. The forward direction is clear. For the reverse, observe that
lal* = lla*a|l < [la*|/l|all, so [la]| < [la*|| (and also for a = b%), so [la]| = |[la*||. Also,
la*a|| = ||a||* = ||a*|| ||a]|. A B* algebra is a quadratic * algebra. (In modern terminology
a C* algebra is a multiplicative * algebra. From the equivalences just shown, a B* algebra
is also a C* algebra, and no one uses the term B* algebra anymore).

Let A, B € B(H), i.e. let A, B be bounded linear operators on a Hilbert space H. Let
denote the adjoint operation. Summarizing some properties of B(H), we have: A* is linear
and bounded with [|A*|| = ||A]|, A* = A, (A + 8B)* = aA* + 3B*, |AB| < ||A|| | B||, and
(AB)* = B*A*. Also note that ||A*A|| = ||A||*>. This follows since ||A*A|| < ||A*]|||A] =
|A|]?, and ||Az|]> = (A*Az, z) < ||A*A| ||z||>. From above, we saw that B(X) is a Banach
algebra whenever X is a Banach space. Thus, B(H) is a B* algebra.

In these notes, a C*-algebra on a Hilbert space H is a subalgebra A of B(H) which is
closed in norm and such that A € A implies A* € A. A subalgebra closed under taking
adjoints is called a * subalgebra of B(H). Note that B(H) is a C*-algebra. A maximal
abelian self-adjoint (m.a.s.a.) algebra on H is a commutative algebra A C B(H) which
is not contained in any larger commutative subalgebra, and such that A is a x-subalgebra.
Let S C B(H). Define 8" ={A € B(H): AB = BA,VB € S}. 5 is then a subalgebra of
B(H) for any set .S, and we call S” the commutor algebra of S.

Let (X, p) be a measure space. Let f € Lo(p). Define My: Lo(p) — Lo(p) by My(g) :=
fg. Since fg € Ly for g € Ly, My is everywhere defined, and ||Mfg||§ < A2 g3
Therefore, || M;|| < ||f|l,.. Note also that My, = MyM,, My, = aMy + BMy, M} = M.

Unless otherwise specified, in this Section for a measure space (X, i), we assume: every
measurable set in X of positive measure contains a subset of finite strictly positive measure.
(That is, p has no infinite atoms). Under this assumption, ||[M/|| = |/f||.,, which can be
proven by considering the indicator function where |f| = a for ||f||,, > @ > 0 (if such an
a exists). The multiplication algebra, denoted by M(X, i), of (X, u) is the algebra of
operators on Ly(X, p1) consisting of all My, f € Lu.

Let D(w,e) ={z € C: |z —w| <e}. If f € Loo(X, p), define the essential range of f as
{we C: u(f~(D(w,e))) > 0 for all € > 0}. For (X, u) with no infinite atoms, an exercise
shows: o(M;) = essential range of f. Let A be a subalgebra of B(H). A vector z € H is
called a cyclic vector for A if Az := {Ax: A € A} is dense in H. A unitary operator
U: H — K between two Hilbert spaces is a linear surjective operator such that |Uz|| = ||z||
Vz € H. To emphasize the surjectivity, we write U: H — K.

A bounded operator A: H — H is called: normal if A*A = AA*, Hermitian if A = A*,
unitary if A is onto and ||Az|| = ||z|| Vo € H, and orthogonal if H is real and A is unitary.
Suppose H is a Hilbert space, A: H — H is linear, and (Az,z) = 0 for all x € H. Then
(a) if H is complex, then A = 0 (b) if H is real and A* = A then A = 0. To prove this, we
observe:

(Alz +y), 2 +y) — (Alz —y), (v —y)) = 2(Az,y) + 2(Ay, )
So (Az,y) + (Ay,z) = 0. If H is real and A = A*, this yields (Az,y) = 0 for all z,y, so
A = 0. For H complex, we can get the same conclusion by writing (Az,y) + (Ay,z) = 0 and
substituting x — iz to get i(Az,y) — i(Ay,x) = 0, etc.

Using the above we see: a linear function is unitary if and only if U is bounded and
UU* = U*U = id. If the latter holds, then ||Uz|]* = (U*Uz,z) = ||z||*, and U(U*z) = z, so
U is onto. In the reverse direction, if U is unitary, then ((U*U —id)z, z) = |Uz|*—|jz|* = 0,
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so from the above we see that U*U — id = 0. Using surjectivity of U (given z, let y such
that Uy = z) we have UU*x = UU*Uy = Uy = z, so UU* = id.

Let (X, ) be a o-finite measure space, and let f € L. Using that M} = M, one can see
that: (1) My is normal, (2) M} is Hermitian if and only if f is real a.e. (i.e. f = f a.e.), and
(3) M; is unitary if and only if |f| = 1 a.e. (i.e. ff =1 a.e.). A sequence A, of operators
on a Banach space B converges strongly to a bounded operator A if A,z — Ax for each
x € B. A, converges weakly if (A,z,y) — (Az,y) Vo € B,y € B*. If B is a Hilbert
space, weak convergence is therefore: (A,z,y) — (Az,y) Va,y € H.

Let X be a set and let S be a o-field in X. A projection valued measure on § is a function
E(-) from S to projections on a Hilbert space H such that: (1) E(0) = 0, (2) E(X) = id,
(3) E(ANB)=E(A)E(B), A,B € S and (4) If A, As, ... is a disjoint sequence in S then

EUX A,) = Z E(A,) , astrongly convergent sum
n=1

Let (X,S) be a measurable space and E(-) a projection valued measure on & with values
in B(H). If f = 2?21 ajXxp; is a simple complex valued measurable function on X, define
the integral with respect to F as

/de = i@jE(Bj)

We now consider unbounded functions on Banach spaces. Let T: X — Y be a (possibly
unbounded) function. If D C X is dense, and T: D — Y, we say that T is densely defined.
If T is a function from X to Y with domain D, the graph of T is Gy := {(x,Tz): x« € D}.
We say that T is closed if G+ C X x Y is closed.

Let H be a Hilbert space. Let T: H — H be linear and densely defined with domain D.
Define Dy« as follows: y € Dy« if and only if the map = — (T'z,y) is continuous from D to
C. For such a y, 3 a unique y* € H such that (Tz,y) = (z,y*) (by Riesz representation,
Thm. 10.2). We define T*y := y*. Thus,

(Tl’, y) = (I,T*y) V$ € DTv Yy € DT*

Write A C B if A = B on their common domains, and D4 C Dg. An important property
is: if A C B, then B* C A*. (Since B O A, there are more x’s to check that z — (Bz,y) is
continuous, so less y’s will satisfy this condition, so D« C Dy-).

Let A be densely defined in H. A is symmetric if A C A* (ie. (Az,y) = (z, Ay)
Va,y € Dy). A is called self-adjoint if A = A* (i.e. Dy = Da-, and the operators agree on
this domain.) A linear operator A: H — K between Banach spaces H, K is compact if the
image of every bounded set has compact closure.

A semigroup of operators on a Banach space B is a function s — T} from [0, 00) to
bounded operators on B such that: Ty = id and T;,s = T,Ts for s,t > 0. A semigroup is
called strongly continuous if for each x € B, the function t — T,x is continuous from
[0,00) into B. Note that norm continuity of a semigroup (i.e. continuity of |73 — Ts||)
is stronger than strong continuity, since ||Tyx — Tiz| < |1y — Ts|| |lz|| — 0 as t — s. A
semigroup of operators is called a contraction semigroup if ||73|| < 1 for all ¢ > 0. If

Ti,: B — B is a semigroup of linear operators, define Af := limyo Th; “f with domain
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Dy :={f € B: Af exists}. Then A is called the infinitesimal generator of the semigroup
T;. From the definition, we can see that A is a linear function on Dy4.

For a <t < b let w;: [a,b] — B. We say u, is strongly continuous at the point ¢ if
limp o Uprn = up. If limy,_o “4=—* = f, then u, is strongly differentiable at the point
t and f =: dug/dt. Let a =ty < t; < -+ < t, = b and § := maxy<p<y [tp — tp_1].
lims_y ZZ:O uy, (t — ty—1) exists, then the function v, is said to be strongly integrable on
the interval [a,b], and the limit is denoted by [*u,dt.

If u; is strongly continuous on [a,b], then by mimicking the theory of the Riemann in-
tegral, u; is strongly integrable on [a,b]. Let T: B — C, ut [a b| — B. If u; is strongly
Tut =T (d“t) If u, is strongly

integrable on [a, b], then Ty, is also strongly integrable on [a, b| and fa Tuydt = T( fa wdt).
If u; is strongly integrable on the interval [a,a + h| and strongly continuous from the right

differentiable, then T'u; is also strongly differentiable and

at a, then limy o % faa+h wpdt = uy,.

If duy/dt is strongly continuous on [a, b], then fab st = uy — u,. To see this, let € be a
linear functional. One of our properties above shows that d(§u;)/dt is Riemann integrable.
So, using our other properties and the fundamental theorem of calculus for Riemann integrals,

5(/ %dt) /s(fwd —/j@#(ub)—&(ua)

Since the weak topology is Hausdorff, we conclude that f b d“t dt = up — u,, as desired.
If w, is strongly integrable on [a,b] then u;_, is strongly 1ntegrable on [a + h,b+ h| and
f;:: Up_pdt = fab wpdt.

Let A: B — B be a bounded operator. Define the exponential function by e? :=
Hmpy e SN L A", Since ||[A"/nl|| < ||A]|" /n!, the limit in the definition of e# exists, and
HeAH < el Note that e“™® = e¢-id. Also, if AA’ = A’A, then e/e?’ = A4 (using the same
proof as in the case of the usual exponential function). We now show that ||6tAT’Zd — Al =0
id tA|| <350, |fl|!|nt” = et —1 —¢||Al|. So, dividing by ¢ and
letting ¢t — 0 gives H —A|l < 6t”A” =L —||A|l = 0ast— 0. Now, if AA’ = A’A, and if
for t >0 ||| <1, HetBH < 1, then for any f € B, ||ef —eBf|| <t|Af — Bf|. To see
this, note that

eAf— e f = (et’?) J = e e "f <Ze StA, ktB) (e%f—e%f)

So, ||t f — et f|| < netAf — A f||. But etA//n_Zd ~ Aand ¢¥ //n_ld — A’ asn — 00, so

n(etA/m —etA'm) 5 t(A—B) asn — 0o. So, letting n — oo gives |[e!df —e! f|| < t||A — B,
as desired.

Theorem 10.1. (Hilbert space projections) Let H be a Hilbert space, W C H a closed
convex set, u € H, M C H a closed subspace. Define M+ :={h € H: (h,m) = 0,Ym € M}.
(a) Jve W with ||u —v| = infyew ||u— w].
(b) Everyu € H can be uniquely written asu =m+v, m € M, v € M+. (We therefore
write H = M & M*)
(c) (M)t =M
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Proof of (a): Let a := inf,cw ||u — w|. Let {w,} € W be a minimizing sequence. The
parallelogram law says

2 2 2 2
126 = (wn + W) 7 + [wn = winl” = 2(|fu — wn|” + [lu — wn||") — 4a* ()

as m,n — oo. But 1(w, 4+ w,) € M, so 4|ju— i(w, —I—wm)”2 > 4a?, by definition of a.
Then from the left side of (%), ||w, — wy||* — 0, so {w,} is Cauchy, i.e. v := limw, exists,
and continuity of the norm gives ||u — v|| = a.

(b): First observe that M* is closed and M N M+ = 0 by definition of M*. Uniqueness
follows since M N M+ = 0. To get existence, use part (a) to find v € M with ||ju —v| =
inf,,cnr [|u —ml|. Let m € M with |[m|| = 1. Then v+ (u — v,m)m € M, and by definition
of v,

lu = ol* < Jlu —v = (u—v,m)m|* = [lu—ol* = |(u — v,m)|"
Thus (v —v,m) =0, i.e. u—v € ML sou=v+ (u—wv).

(c): By definition, M C M*+. For u € M*+, apply part (b) to get u = m + m™, so
0 =mt+(m—u), mt € M+, m—u € M. Apply part (b) again to M+, so H = M+@ M+,
By uniqueness of this decomposition for 0 € H, we conclude m* = 0, m — u = 0, so
u=mé¢€M,ie M+ =M. [

Theorem 10.2. (Riesz Representation Theorem, Hilbert space version) Let { be a
continuous linear functional on a Hilbert space H. Then 3 unique v € H with {(u) = (u,v).
Also, [[]| = [Jv]].

Proof. Uniqueness is clear. For existence, if £ = 0 take v = 0. Otherwise let M = {u: {(u) =
0}. Observe that M is a closed subspace and M # H. So we can let w # 0, w € M+, via

Thm. 10.1(b). Then £(w) # 0. Let v = (f(w)/ ||w||*)w. Then £(u — (£(u)/¢(w))w) = 0, so
u— (U(u)/l(w))w € M, and v € M+ so

Finally, Cauchy-Schwarz shows |[£(u)| = |(u,v)| < ||ul| ||v]| and |(v,v)| = [€(v)] < [|€||||v]]. O

Theorem 10.3. (Hahn-Banach, Abstract Form) Let X be a real vector space, and let
p: X — R be a function such that p(x +2') < p(z) + p(z’) and p(tx) = tp(z) (v,2' € X, t >
0,t € R). Let f be a linear functional on a subspace Y of X with f(y) < p(y) for ally €Y.
Then 3 a linear functional F on X with F(y) = f(y) Vy €Y, and such that F(x) < p(x)
VaoelX.

(Hahn-Banach, Functional Form) Let Y C X be a vector subspace of the normed
linear space X. Let y* € Y*. Then 3 x* € X* with ||z*|| = ||y*|| and z*(y) = y*(y), Vy € Y.

Proof of Abstract Form: Trick: use Zorn’s Lemma, and then extend by one dimension.
For any two linear functionals (fi, Dom(f)), (f2, Dom(fs)) that are dominated by p, write
f1 S f2 if fl = f2 on Dom(fl)ﬂDom(fg), and Dom(fl) Q DOIﬂ(fQ) Thus, fl S f2 if and OIlly
if fo extends fi. Any chain of such extensions has an upper bound F. (For x € U,Dom(f,),
x € Dom(f,,) for some g, so define F(x) := f,,(x).) By construction, F' is then linear,
since z,y € Dom(F) implies z,y € Dom(f,,) for some «a;. By Zorn’s Lemma, we can let
(fo,Yp) be a maximal extension. It remains to prove Yy = X, by contradiction.
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Assume y; € X, y; ¢ Yo. Let Y7 = span{y;, Yo}. A simple argument shows: every
x € Y; can be written uniquely as = y 4+ cy1, y € Yp,c € R. Define f; on Y; by
fily + cy1) == fo(y) + ck for some k € R, chosen below. It remains to show that f; < p on
Y. Let y,9' € Yy and observe:

o) = foly) = foly' =) <p(y" = y) <p(y' + 1) + p(=y1 — y)
That is,
—p(=n —y) = fow) <p(y +y) = foly) (%)
Let k be any number between: the sup of the left side of (x) over y € Yj, and the inf of the

right side of (%) over ¥/ € Y. We need three cases. If ¢ = 0, then fi(z) = fo(z) < p(z). If
¢ > 0, then for z = y + cyy, the choice of k for y/ = ¢y gives

fi(x) = foly) + ck < foly) + c(plc™y) +y1 = folc™'y)) = ply + 1) = p(x)
If ¢ < 0, then for x = y + cy;, the choice of k for 3y = ¢~y gives

fi(@) = foly) + ck < foly) + c(=p(yr — ¢ 'y) — folc™y)) = p(y + cn) = p(a)

So, fi(x) < p(x), contradicting the maximality of fj.

Proof of Functional Form: If the scalars are real, apply part (a) to p(z) = ||ly*|| ||zl
f = y*. If the scalars are complex, extend R(y*) to F': X — R via part (a), then define
x*(z) := F(x) —iF(iz). One can check that z* is complex linear. Also, for y € Y

(Ry")(iy) +i(Sy")(iy) = y™(iy) = iy*(y) = —(Sy")(y) +i(Ry")(y)
so (Ry*)(iy) = —(Sy*)(y), implying that
™ (y) = Ry")(y) — iRy )(iy) = Ry")(y) + 1Sy )(y) = v*(y)
so that z* extends y*. If 2*(z) = re?, then S(2* (e ?z)) = 0 = —F(ie"?x), so
|2 (2)] = 2* (e x) = Fle " x) < |ly*|| lez|l = [ly*| |z
O

Theorem 10.4. (Hahn-Banach, Geometric form, a) Let Y be a closed subspace of a
normed linear space X. Let xg € X, g ¢ Y. Then 3 x* € X* such that x*(Y) = 0 and
*(xg) = 1, with ||z*|| = d(xo,Y) L.

(Hahn-Banach, Geometric form, b) Let X be a real normed linear space, C' C X
a convex open set containing 0. If g € X, g ¢ C, then 3 ¢: X — R continuous with
d(zo) =1 and p(C) < 1

(Hahn-Banach, Geometric form, c) Let X be a locally convex linear space (that is,
0 has a neighborhood basis of convez sets), A, B C X disjoint, convez, with A open. Then 3
a continuous linear functional f on X and o € R such that R(f(A)) < o and R(f(B)) > a.

(Hahn-Banach, Geometric form, d) Let X be a locally conver space, A,B C X
disjoint closed conver sets, A compact. Then 3 a continuous linear functional f on X and
a € R such that R(f(A)) < a and R(f(B)) > a.

Proof of (a): Let d = d(xo,Y), Z = span{xz,Y}. As above, every x € Z can be
written uniquely as x = y + cxo. Define z*(z) := ¢. Then 2* is linear and for ¢ # 0,
and ||z]| = |¢||[cty + ol > |¢|d = d|z*(x)]. Thus, ||2*]] < d~'. Letting ||zo — yal| — d,
{yn} € Y shows 1 = z*(zg — yn) < ||2*||[|zo — yull = d]|2*||, so ||z*]] > d~'. Finally, apply
Thm. 10.3(b) to extend z*.
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Proof of (b): (Sketch) On the one-dimensional space span{zg}, define ¢(txy) = t. Ob-
serve that ¢ is dominated by the norm induced by C (||y||, := inf{r > 0: y € rC}). Apply
Thrm. 10.3(a).

Proof of (c): (Sketch) Assume scalars are real. Let ag € A,by € B, g = by — aq,
C := A— B+ xy. Then C is convex, open, and it contains zero. Also, xq ¢ C. Apply part
(b) to C' and xg. Observe ¢(by) = ¢(ag)+1 and ¢(a) < ¢(b) +¢(ag) —d(bo)+1,a € A, b € B,
so ¢(a) < ¢(b). Let a = infrep ¢(b), so ¢(a) < a < ¢(b). Since A is open, ¢(a) = a cannot
occur, so ¢(a) < a.

Proof of (d): We claim that C':= B — A is closed. Given the claim, note that 0 ¢ C, so
C*° contains an open neighborhood U of 0. So apply part (¢) to U and B — A to get some
real nonconstant continuous linear functional with f(B — A) > cand f(U) <e¢. Let z € X
such that f(z) = 1. For @ > 0 small, ax € U. Since f(azx) = a, f(U) 2 [0,¢) for some
small €. Therefore, f(B) — f(A) = f(B — A) > ¢, as desired.

We now prove that C' = B — A is closed. Let d € B — A, U a neighborhood of d,
Ay :={a€ A:a € B—U}. Note that Ay # () sinced € B— A. (Let d, — d, d,, € B— A.
Without loss of generality, d,, € U. Then d,, = b, — a,, so a, = b, — d,, d, € U. Since A is
compact, after taking a subsequence we may assume that a, — a, a € A, so b, — b as well.
Since B is closed, b € B. Now d = lim(b, —a,) =b—a, b€ B,a€ A,soa=b—d € Ay, as
desired.)

Observe U C V implies Ay C Ay. So, any finite subset of the sets { Ay} has the nonempty
intersection. So, the compact sets {A_U} have a common element ag. (If not, then Ny Ay is
empty. Write Ay =: A\ By. Since NgAy = Ny(A N By) = AN (UyBy), UyBy = A. But
By is open and A is compact, so A = U!" | By,, implying N?_; Ay, = (), a contradiction.)

Let N be a neighborhood of 0. Then U = N + d is a neighborhood of d, so ag € B—U =
B— N —d,so (N +ag)N(B— N —d)# 0. Shifting an N from the right to the left, we get
(N+ N +ap)N(B—d)# 0. Let M be a neighborhood of 0. By continuity of addition, there
exists an open neighborhood N of 0 such that N + N C M. So, any neighborhood of ag
intersects B — d. Since B is closed, B — d is closed. Therefore, by the limit point definition

of closedness, ag € B—d,sod € B—ay C B — A, as desired. O
Theorem 10.5. (Hahn-Banach Corollaries) Let X be a normed linear space. If xg € X,
xog # 0, then 3 x* € X* with ||z*|| = 1 and 2*(xo) = ||xo||. Thus, setting xo = x — ', we see

that the weak topology is Hausdorff. Also, ||zol| = supj,<; [7*(2o)|-

Proof. First, use Thm. 10.4(a) with Y = 0. The formula for ||z || follows, since sup <1 [#*(20)| <
SUP|z*|<1 [z ([ l|lzoll = [|oll-

Theorem 10.6. (Uniform Boundedness Principle/ Banach-Steinhaus) Let {L,}
be a set of bounded linear operators from a Banach space X into a normed linear space Y .
Assume the L, are pointwise bounded, i.e. ||Lo(x)|| < Cy for all . Then 3 C with || L, || < C
for all a (C independent of x).

Proof. Let F,, :={x € X: ||Ly(x)|| < n,Va}. Since F,, = Ny (||| © Lo) [0, n], F), is closed.
By assumption, U, F,, = X. Since X is a complete metric space, Baire’s Category Theorem
shows that some Fly contains a nonempty open ball B = B(b,2r) C X. Then ||L,(z)|]| < N
for all « and for all x € B. Dilating and translating B gives our result. Specifically, for
|z|| <1 we have rz +b € B, so

ILa(@)[| = 7 | La(ra)]| < 77 ([ La(rz + D)]| + [ La(B)]]) < 77 (N + C)
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Le. |Lal <7 Y (N +Cy). O

Theorem 10.7. (Interior Mapping (Open Mapping) Principle)

(a) Let L: X — 'Y be a continuous linear operator between Banach spaces, which is onto.
Then L is open (i.e. its inverse is continuous, if it exists).

(b) Suppose L(Bx) contains an open ball. (Bx = {z: ||z|| < 1} = B(0,1)). Then
Ir > 0 with L(Bx) D r- By, and (by scaling) L(X) =Y.

Proof of (a): Trick: Baire, show L is open at zero by approximations, then translate.
Let B(0,n) = {z: [|z]| <n}. Write Y = L(X) = L(U,,>1B(0,n)) = Up,>1 L(B(0,n)). Thus
Y = Up>1L(B(0,n)). Baire’s Category Theorem says some L(B(0,n)) contains an open
ball. By scaling (and using continuity) L(B(0,n)) = (2n)L(B(0,1/2)), so L(B(0,1/2)) also
contains an open ball V. A continuity argument shows that V' —V C L(B(0,1)). (Let v,v" €
L(B(0,1/2)), let v,,v), € L(B(0,1/2)) with v, — v,v, = v'. Then v, — v}, € L(B(0,1)),
v, — v, > v—1v" € L(B(0,1)).) Since V' —V is open, it is also a neighborhood containing
zero. Thus, L(B(0,1)) D B(0,s

L(B(0,1))

) for some s > 0. Using continuity again,
(0,t)) 2 B(0,st) Vt>0 (%)
We now show that L(B(0,¢)) D B(0,sc/2) for all ¢ > 0. Let y € B(0,sc/2). Using ()

with t = ¢/2 gives z; € B(0,¢/2) with ||y — L(z1)|| < 272sc. Suppose z1,..., T, 1 satisfy
ly — L(z1 + -+ xp—1)|| < 27"sc. Then y — L(a:l + -4 x,1) € B(0,27"sc), so (x) with
t =27"c gives x,, € B(0,2"¢) with ||y — L(z; + -+ + )| < 2~ ™+Ysc. Since the norms of
the x, decrease exponentially, z = >~  x, exists and |z|| < ¢. By definition of the z; and
since L is continuous we get y = L(z), = € B(0, ¢), as desired.

So, L(B(0,2¢)) 2 B(0, sc/2). By translating this result, we see: for U open, each w € L(U)
has a neighborhood contained in L(U), as desired.

Proof of (b): Argue as in part (a). O

Theorem 10.8. (Closed graph theorem) Let L: X — Y be a linear function between
Banach spaces. Suppose the graph G = {(z,L(z)): x € X} of L is closed in X x Y. (If
xn, — x and f(x,) =y, then v € Dom(L) and f(x) =vy). Then L is bounded.

Proof. Trick: Use a projection. Define the Banach space X @Y via the norm |[|(z,y)| =
lz||x + |lylly. By assumption, G € X &Y is closed. In particular, G is a Banach space.
Define P: G — X by P((z,L(x))) = z, and observe that P is linear, continuous and
bijective. Therefore, P~!(x) = (x, L(x)) is continuous, from the Interior Mapping Principle
(Thm. 10.7(a)). Finally, note that the projection II: X @Y — Y defined by Il(z,y) =y is
bounded, so II|¢ is bounded, so (IT|g) o P! = L is bounded. O

Theorem 10.9. (Choquet) Let X be a metrizable, compact, conver subset of a locally
convez space E. Let xo € X. Then 3 a probability measure p = p,,, on X that is supported
on the extreme points E(X) of X, and such that xq = fg(x xdu(x) weakly. (That is, for any

continuous linear functional F on X, F(x) fS(X wu(x)).

Proof. Strategy: consider X* C C(X), construct a strictly convex function, apply Hahn-
Banach. By Thm. 10.10, C(X) is separable. Let A C C(X) be the set of continuous affine
functions. Let {h,};2; € A be dense on the unit sphere of A. Observe that f =7 ., 27"h;,
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converges uniformly and is strictly convex and nonnegative. Let B = span{A, f}. For
g € C(X), define g(z) := inf{h(z): h € A,h > g} (this is the upper concave envelope of the
graph of ¢). Since g +u <G+, p(g) :=g(xp) is a subadditive function on C'(X), which is
also homogeneous. Define £: B — R by {(h+7f) = h(xo) + rf(x0). On B, note that £ < p.
(Forr >0, h+rf=h+rf,and for r <0, h+rf is concave, so h+7rf = h+rf > h+rf).

Since ¢ < p on B, Hahn-Banach (Thm. 10.3(a)) gives m € C(X)* which extends ¢ and
remains dominated by p. Since m < p, m is nonpositive on nonpositive functions, and
Riesz’s Representation Theorem shows m(f) = [ fdu for pu a regular Borel (probability)
measure (using 1 € A, so m(1) = 1). Now, f < f so u(f) < u(f). Conversely, if h € A
and h > f, then h > f, so h(zg) = m(h) = p(h) > u(f). So, taking the infimum over
heAh = f, weget f(zo) = p(f). But u(f) = m(f) = f(zo), so u(f) = p(f). Thus,
w(f) = u(f), i.e. p vanishes outside E := {z: f(x) = f(x)}. Finally, E is supported
on the extreme points of X, since if + = (1/2)(y + 2), then strict convexity of f implies
fla) < (1/2)(f(y) + f(2)) < (1/2)(f(y) + f(2)) < f(2). (And actually, E is equal to the
extreme points). O

Theorem 10.10. (Separability Conditions) Let X be a locally compact separable metric
space, with p a Borel measure on X. For 1 < p < oo we have

(&) (Ce(X), |ll,0p) is a separable normed linear space
(b) L,(X,n) is separable

Theorem 10.11. (Characterization of Locally Convex Spaces) Let X be a topological
linear space. Let N be the family of continuous semi-norms on X. Let X* be the Fréchet
space formed by X and N'. Then XN = X iff X is locally convex

Theorem 10.12. (Alaoglu Theorem/ Banach-Alaoglu) Let X be a normed linear
space. Then the unit ball Bx- = {z*: ||2*|| < 1} of X* is weak* compact.

Proof. Let A be the set of scalar valued functions £ on X with [|{(z)|| < ||z]| for all z € X.
Equivalently, A = J[,.¢{\ € {scalars}: |A| < |z|/}. Then A with the product topology is
compact by Tychonoft’s Theorem. By the definition of the product topology, a basic open
neighborhood of some & is {€: |£(x;) — &o(zj)] < e,j = 1,...,n}. Now for fixed z € X,
the projection map & — £(z) is continuous, from A (with the product topology) to scalars.
(Given ¢ in the inverse image of a small open interval, £ is contained in an open set in A).
Consider the natural embedding Bx- C A. By the definition of the weak* topology, the
topology induced by Bx- C A is exactly the weak* topology.

Putting everything together, let z,y € X, «, 8 scalars, and observe: &(ax + fy) — a&(x) —
B€(y) is a continuous function of &, from A to scalars (since it is a composition of continuous
functions). Therefore, {¢: &(ax + By) — a&(x) — BE(y) = 0} is closed in A (being an inverse
image of zero). Therefore,

Bx+ = Nayas{s: Elax + By) — ag(z) — BE(y) = 0}
is closed in the compact set A. O
Remark 10.13. If X is separable then (Bx«, o(X*, X)) is metrizable. Using the homeomor-
phism ¢: (X, 0(X, X*)) — (X**, 0(X*™, X*)), we see: if X* is separable then (Bx, o(X, X*))
is metrizable. To prove the first assertion, let {x,},>1 be dense in Byx. Then, define
plzt,x3) = >, 512 " |2i(x,) — 23(z,)|. Essentially by definition (using open balls), p is
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o(X*, X) continuous. That is, a point z in an open p ball U has x € V C U, V a basic
open set in the weak* topology. And the reverse inclusion of open sets holds by scaling
appropriately. So, for X separable, Bx- is sequentially compact.

Theorem 10.14. (Properties of Faces)

(a) N{faces} = face

(b) A face of a face is a face.

(¢) For A: H — H continuous and linear, if K is compact and convezx, then A(K) is
too.

(d) If F is a face of K := A(K), then F := KN A Y(F) is a face of K.

(e) If FG K :=A(K), then F:== KNA™'(F) # K.

(f) Let X be a topological vector space such that X* separates points of X (e.g. X 1is
normed linear, using Thm. 10.5, or X s locally convex, using Thm. 10.11). Then a
nonempty extreme face is an extreme point.

Proof of (f): (Properties (a),(b),(c) and (e) are routine. For (d), apply A to a segment
containing a point of F.). View X as a vector space over R. Let £ € X* be real valued.
Let ' C K be an extreme face. By definition of a face, F' is compact, convex. Since {(F)
is compact, convex from (c), £(F) = [a,b]. Now, {a} is a face of £(F), so FN&a) is a
nonempty face of F'. Since F is extreme, FF = F N Ya), ie. £(F) = {a}. If F had two
distinct points, we could choose ¢ which separates them, by assumption on X*. Therefore,
F" has only one point. 0

Theorem 10.15. (Krein-Milman) Let X be a locally convex topological vector space. If
K is compact and convez, then K = K.

Proof. We will use Thm. 10.14 multiple times, without further note. Recall that K is
the intersection of all compact, convex sets containing the extreme points of K. So, by
definition, K C K. We will see below that K # (). For £ a real continuous linear functional,
E(K) C &(K) = [a,b]. Now, K N&a) is a face of K. Let T be the set of non-empty
faces of K N&7Y(a). For ty,ty € T, write t; < to if t5 C t; (i.e. we reverse the inclusion).
Every chain has a nonempty upper bound, since the intersection of nested compact sets is
nonempty. (Recall: we take the definition of compactness, take the contrapositive, and then
take complements and apply de Morgan’s law. Finally, use the finite intersection property.)
By Zorn’s Lemma, 3 a nonempty extreme face in K N¢!(a), which is therefore an extreme
point. Thus, (K N¢1(a))N K+#0,s0a¢c f([?), so the endpoints of £(K) are in 5(.7?), SO
(by convexity of [A(), E(K) C 5([?) Thus, £(K) = 6([?) for all real linear functionals &, so

o~

K = K from Hahn-Banach in Geometric Form (Thm. 10.4(d)). (If K CK,letx € K~ [A(,
so Hahn-Banach gives ¢ with {(K) < o, &(z) > «.) O

Remark 10.16. Given X,Y, we consider whether or not Y = X*. If so, then By = Bx-
is compact and convex, so this theorem says L/?; = By. Thus, analyzing the extreme points
of By (existence, nonexistence, finiteness, etc.) can tell us whether not not ¥ = X* for
any X. For example, the unit ball of C([0,1],R) only has extreme points £1, and that of
L1([0,1],R) has no extreme points.

Theorem 10.17. (Weak Topology Equivalence)
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(a) The o(X, X*) topology on X is the weakest topology such that all norm-continuous
linear functionals are still continuous. Similarly, the o(X*, X) topology on X* is the
weakest topology which makes all functionals in «(X) C X** continuous.

(b) The space of all continuous linear functionals on (X,o(X, X*)) equals X*.

(c) Let ¢q,...,Pn be linear forms on a linear space X (i.e. ignore any topology). Then
the following are equivalent: (i) ¢o € span{¢;}i_,, and (i) ker ¢y 2 Nf_, ker ¢;

(d) The space of all continuous linear functionals on (X*,0(X*, X)) equals X .

Proof of (a): Apply definitions.

(b): The forward direction follows since the weak topology is weaker than the strong
topology. The reverse is part (a).

(c): (i) easily implies (ii). For the reverse, define 7: X — K" by n(z) = {¢;(z)}7_,
(K = scalars). Then kerm = M7_, ker¢;, so (ii) implies that ¢y induces a linear form
A K" — K ie. ¢g = Am. (For z = {¢;(r)}}_;, 2z is in the linear space 7(X), so define
A(2) = ¢o(z). By (ii), A is well-defined. A is linear on m(X), so extend A linearly to K™.)
From linear algebra, ¢o(z) = > 7, a;d;(z).

(d): Let ¢ be a linear functional on X* continuous in o(X*, X). Then {z* € X*: |p(x*)| <
1} D {z* € X*: |z;(z")| <e,j=1,...,n} for some € > 0, zy,...,2; € X*. In particular,
viewing z; € X, ker ¢ D m{zl ker(z;). Finally, apply part (c). O

Theorem 10.18. (Goldstine) The closed unit ball of X is o(X**, X*)-dense in the closed
unit ball of X**. (Here we identify Bx with 1«(Bx) C X**)

Proof. Trick: use X***, Hahn-Banach, contradiction. Let V = B_XJ(X**’X*). Assume for the

sake of contradiction 3 ™ € X** with ||z**|| < 1, 2™ ¢ V. Alaoglu (Thm. 10.12) says V'
is o(X**, X*)-compact. So, Hahn-Banach, geometric form (Thm. 10.4(d)) gives ¢ a linear
functional on (X**,o(X**, X*)) with ¢(z**) > sup{¢(v): v € V}. Theorem 10.17(d) says
o(x™) = o™ (x7), for some zf € X*. But then

|zpll = sup |zg(z)] < sup [v(zg)| = sup [p(v)| < @(x™) = 2™ (x5) < ||l
reX veV veV
lzl<1
which is a contradiction. O

Theorem 10.19. (Reflexive equivalences) Let X be a Banach space. The following are
equivalent:

(a) X is reflexive (1(X) = X**)

(b) X* is reflexive

(¢) Bx is o(X, X*) compact

(d) Ewvery subspace of X is reflexive

(e) Every quotient space of X is reflexive

Proof: (a) implies (c): Using ¢, we know that (Bx,o(X, X)) is homeomorphic to
(Bxsr,0(X*, X*)) so apply Alaoglu (Thm. 10.12).

(c) implies (a): «(Bx) is compact, so apply Goldstine (Thm. 10.18).

(d) implies (a): True by definition.

(a) implies (d): Let Y C X be a norm-closed subspace. By, say, Hahn-Banach (Thm.
10.5), Y is (X, X*) closed. By (c), By C Bx is (X, X*) compact. By restriction of X*,
By is o(Y,Y™*) compact, so Y is reflexive, since (c) implies (a).
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(a) implies (b): By reflexivity, (X*, o(X* X)) = (X*, o(X*, X**)), so Alaoglu (Thm.
10.12) shows By is o(X*, X**) compact, so use: (c¢) implies (a).

(b) implies (a): X* reflexive implies X** is reflexive (since (a) implies (b)) so X is
reflexive, using ¢(X) C X** and that (a) implies (d).

(e)<=(a): (X/Y)* C X* from Hahn-Banach, so use: (a)<=(b)<=(d). O

Remark 10.20. Let (S, 1) be a o-finite measure space with infinitely many disjoint sets of
positive measure. Then L;, L., are not reflexive. Since (L1)* = L, the previous theorem
says, it suffices to show that L, is not reflexive. So it suffices to find ¢ € (Lo)* with ¢ & ¢(Ly).
Let { £, }22 , be disjoint sets of positive measure. Let Y C L, be the set of functions that are
constant on each E,,, with y € Y satisfying: lim,, ,o, y(E,) exists. Let y*(y) = lim,, o y(E,).
Then y* has norm 1, and Hahn-Banach (Thm. 10.3) gives an extension z* € (Lo)*. For
the sake of contradiction, assume 3 g € L; such that z*(f) = fs fgdu. In particular,
z*(f) = [4 fgdp for all f € Y. Then 2*(1g,) = y*(1g,) = 0, but

9(luz m,) = Z/ g=> a"(1g) =0
n=1 n n=1

a contradiction. So, no such g exists, i.e. * ¢ 1(Ly).

1=y (lue B, =2 (lux 5,) = /

S

Theorem 10.21. (Principle of Local Reflexivity) Let X be a Banach space and let
EC X* and F C X* be finite dimensional subspaces. Given € > 0 there exists an operator
T: E— X such that

(D) |1TNNT el <1+e
(2) T|pnx =1id
(3) f(Te)=e(f) forall f € F ande € E

Proof. We begin with the following Lemma: .
Let {A;}7, be bounded, norm-open convex subsets of X and let A; be the norm interior
of the o(X**, X*)-closure of A; in X**.

(a) If NI A; # 0 then MY, A; # 0
(b) If we have a map 7: X — Y with Y a finite dimensional Banach space then
T (ML 4)) = T(NiL,4).

Proof of Lemma, (a): We prove the contrapositive statement. Let Xy = &Y, (X) and let
A= {{z;}}, € Xn:x; € Aj,j=1,...,N}. Then A C Xy is bounded, norm-open and
convex. If N | A; = 0 then ANV =0 for V = {{z;}}L, € Xy:a; =a for j=1,... N}
Let A= {{ay}, € Xyrap* € Aj,j =1,..., N} and let V** = {{z3*}¥, € X3 25" =
x¥forj=1,...,N}.

If ANV = () then since V is a closed subspace, Hahn-Banach, Thm. 10.4(a) says there
exists ¢ = (¢1,...,0n) € X3 with ¢|y = 0 and ¢(a) > 0 for all a € A. By Goldstine, Thm.
10.18, A is o(X**, X*) dense in A, so ¢(a**) > 0 for all a** € A. But A is open so ¢(A) is
open, so ¢(a*) > 0 for all a** € A. But By is o(X**, X*) dense in By, so ¢(V**) = 0, so
ANV =0, ie MM A; = 0.
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Proof of Lemma, (b): Note that 7**(NX, A;) and T(N}., A;) are open, convex sets and
since 1(A;) C A;, we have T(NY_,A;) C T**(ﬂé\f:lflj). Suppose this containment is strict. Us-
ing Hahn-Banach, Thm. 10.4(d), there exists p € T**(ﬂé-v:lflj) and there exists a functional
¢ on Y** and o > f such that ¢(p) > a > > ¢(T(NJL, Aj)).

Let 2™ € X** with 2% = T"*(¢). Let A = A;N{z € X: 2™ (2) > a}, flj =
/Nlj N{z™ € X**: 2**(«*) > a}. By definition of ¢, z***, T*, we have ﬂéV:lAj = (). However,
ﬂévzlflj # (), contradicting (a) and proving (b). To verify the nonempty intersection, write
p =T%"(2), so that 2***(z) = T"™*(¢)(z) = ¢(T**(2)) = ¢(p) > a, i.e. z € ﬂ;vzlflj.

Proof of Theorem: Let dim(E) = n and dim(£ N X) = n — k. Let {z}*,e;}7_, be a
biorthogonal system in £ x E* such that span{xj* ik = ENX and Hx;“* ’ = 1. From
biorthogonality, the identity id: £ — X** can be written as id(e) = >_7_, e;(e)z}*. We will
find 1, ..., 2, € X such that T: E — X defined by T'(e) = Z?Zl es(e)z;+ >0 i ei(e)xs”
satisfies the conclusion of the theorem. Note that property (2) is already satisfied by this
T. Let Z = @}_;(X) and let § > 0. Fix the following three sets: {f;}}Z, a basis of F,
{3}, C Bx- aset such that for every e € E, [le]| < (146)sup{|z}(e)|: j =1,..., R}, and
{e;}IL, a d-net in Bp.

Write e; = > " Ma*. For j =1,..., N, define C; C Z by

k n
Z)\gfvs+ Z M
s=1 s=k+1
and ||zs|| <1+0,s=1,...,k}

Cj = {{z}i < (1+9) el

Note that the C; are norm-open, bounded and convex. Let éj denote the norm interior of
the o(X**, X*)-closure of C; in X**. Since {a**}}_| € ﬂj»vzlé’j C Z**, part (a) of the Lemma
gives {z,}i_, e NI, C; # 0.

Let K = {scalars} and define S: Z — KM* @ K&* by

From part (b) of the Lemma, there exists {z,}f_, € NN, C; with S({z}5_)) = S*({z5*}o,).
By the last equality, from our formula for id, by choice of {f;} and by definition of T,
property (3) follows. It remains to show that property (1) holds. Using again the equality
S({zs}hy) = S™({2*}5,), we see that 2%(Te) = x}(e). So, by the defining properties of

{‘T;}7

zi(e)| = (1+6)"" el (%)

| Tel| > 4supR}x§(T6)\ = sup |z

7j=1,..., 7j=1,..,R

Given e € Bg, fix e; with |le — ¢;]| < §. Recall the formula e; = > Ma**. Since M =

er(e;) and since {z,}% | C C;, the definitions of 7" and C; show that ||Te;|| < (1+0)|¢;.
Therefore |[Tel| < |[Te;l| + |T(e — e;)|| < (1+0) llej ||+ [ T1] < ([lell +0)(1+6) + 5 | T]| , so

| Tell < llell + 25 +&* + 0 [Tl ()
We crudely estimate ||T'| by |T']| < (1+6) >0, ||ej|| < 2227, ||ej|| for 0 < 1. So, for §
sufficiently small, (x) and (*x) give condition (1), proving the theorem. O
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Theorem 10.22. (Spectral Mapping theorem) Let a € A, A a complex Banach algebra
with identity. Recall: o(a) = {\ € C: x — X\ -1 is not invertible}, and o(a) is compact and
nonempty. If p is a polynomial, then p(o(a)) = o(p(a)).

Proof. See Thm. 10.26(4). O

Theorem 10.23. (Facts about ideals, etc.) An ideal I C B is closed under addition
(within I) and multiplication by elements of B. An ideal is called mazimal if I # B and I
s not contained in any larger proper ideal. Define the singular elements S as the union
of all maximal ideals in B.

(1) If {0} is the only proper ideal in B, then B is a field.

(2) If I is a maximal ideal in B, then B/I is a field.

(3) Fora € B, a is invertible if and only if a does not belong to any mazimal ideal.

(4) If a € B, then o(1) = 1. (Use a(l) = a(1)a(1).)

(5) If I is a proper ideal in B, then I is a proper ideal. (Let a, — a, a,,b € I, a € I.
Then ba = limba, € I. Also, [ CS,1¢S.)

(6) If I is a mazimal ideal then I = 1. (Follows from (5)).

(7) Let B be a Banach space, and let K be a closed subspace of B. Then B/K with
|z + K| = inf{||y|| : v € v + K} is a Banach space. Moreover, if B is a Banach
algebra with identity and K is a closed proper two sided ideal in B, then B/K is a
Banach algebra, with the norm as before.

(8) For & a linear function on a Banach space B, £ is continuous if and only if ker £ is
closed. _

(9) Any character « (i.e. o € B) is continuous.

(10) (Gelfand-Mazur) The only complex Banach algebra with unit which is a division al-
gebra is C.

(11) There is a one to one correspondence between characters and mazimal ideals given

by o — ker v

1
2
3

Proof of (7): The triangle inequality is mostly routine. Without loss of generality,
suppose {, + K},>1 is Cauchy with |z, — z,, + K| < 2-™®®™) By definition of the
norm, we may take {k,},>1 C K with ||z, — 201 — kn1]] < 27" Let 2, = 2, + Z?zl k,,.
Then {z,},>1 is Cauchy, so z, — x for some z € B. We claim that z, + K — =z + K in
B/K. This follows since

[ =2+ K| < [lon = 20 + K[| + [[20 — 2 + K| = |[2n — 2 + K[| < |20 — 2|

The second assertion is mostly routine.

Proof of (8): If £ is continuous, £71(0) = ker¢ is closed. Conversely, if K := ker¢ is
closed, then from (7), B/K is a Banach space. Define (: B/K — {scalars} by ((z + K) =
&(x) (this is well defined and linear with trivial kernel). For y,z € B/K,y,z # 0 we

therefore have ((¢(z)y — 2¢(y)) = 0, so z = %y, i.e. B/K is one-dimensional. So, ( is

clearly continuous. Also, I1: B — B/K defined by II(z) = x + K is also easily continuous,
so & = ( oIl is continuous.

Proof of (9): For « a character, I := {a € B: a(a) = 0} = kera is an ideal that is
proper, since a(1) = 1. For any a € B, write a = (a — a(a)l) + a(a)l. This shows that
dim¢(B/1I) =1, so I is maximal, hence closed (by (6)), so « is continuous by (8).
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Proof of (10): Let a € A, A € o(a). Then a — Al is not invertible, so a — A1 = 0, so
a = A1, i.e. A is scalar multiples of 1.

Proof of (11): From the proof of (9), we see that ker v is a maximal ideal. Now, let I
be a maximal ideal. [ is closed from (6), so B/I is a field from (2) and a complex Banach
algebra from (7). From (10), this means B/I is isomorphic to C. Let g: B — B/I ~ C be
the natural (projection) homomorphism. By definition, 5 is a character, and I = ker 3, so
any maximal ideal is the kernel of some character. This shows surjectivity. For injectivity,
if keraw = ker 3 = I, then 1 ¢ I, and from the proof of (9), we may write any a € B as
a=c+Al,cel,Xe€C. Then a(a) = X = 5(a). O

Theorem 10.24. (Characterization of Characters) Let B be a commutative Banach
algebra with identity. Then the set of characters B is a closed subset of the unit ball of B*
in the weak® topology. In particular, B is a compact Hausdorff space in this topology.

Proof. Let a € B. We first show that ||a| < 1. Let a € B, |ja]| < 1. Then ||a"|| < 1,
so {a"} is a bounded set. Since |a(a™)| = |a(a)]” we must have |a(a)| < 1, via Thm.
10.23(9). Therefore, B is contained in the unit ball of B*. Now, using the same reasoning
as in Alaoglu’s Theorem (Thm. 10.12), {{ € B*: £(ab) = £(a)é(b)} (for a,b € B fixed) is
closed in the weak* topology. Therefore, N, pep{é € B*: £(ab) = £(a){(b)} is weak* closed.
Simiarly, {£ € B*: £(1) = 1} is weak® closed, so B is weak* closed (recall that we defined
characters to be nonzero). O

Theorem 10.25. (Gelfand) The canonical map is a homomorphism from B into C(B)
with norm at most one. (Recall the definition: a — a, where a(a) = «a(a).)

Proof. @(a) = afab) = a(a)a(b) = 6(04)/13\(5). So, the Gelfand map is a homomorphism. For
all o € B we have |a(«o)| = |a(a)| < |la|| from Thm. 10.24, so ||a]|, < ||al|. O

Theorem 10.26. (Facts about the Gelfand map, etc.)

(1) The kernel of the canonical map is the radical of B (i.e. the intersection of mazi-
mal ideals). So, the canonical map is injective if and only if the radical is trivial.
(Surjectivity will be dealt with below.)

(2) (a) =a(l) =1 for allo € B (Use Thm. 10.23(4))

(3) A € a(a) if and only if X € range of @, i.e. o(a) = R(a)

(4) The Spectral mapping theorem (Thm. 10.22) follows from (3).

(5) r(a) = |all, < ||al|, from (3) and Thm. 10.25. Therefore, r(a+b) < r(a)+r(b) and
r(ab) < r(a)r(d).

(6) The following are equivalent: a € radical, @ = 0, |jal|, = 0, and r(a) = 0. (Apply
(1) and (5)).

(7) r(a™) = r(a)", and r(a) = lim, . ||la”|""

(8) |[all, = lla|| for all a € B if and only if ||a?|| = ||a||® for all a € B.

(9) Let B be a symmetric Banach algebra (1 + a*a is invertible). If a is Hermitian, then

a 1s real. If a is strongly positive, then a is positive.
(10) Let B be a commutative x algebra with unit. Then the following are equivalent: (i)

B is symmetric, (ii) Hermitian implies real, (iii) (/a*\)(a) = a(a), and (iv) Every
maximal ideal is closed under *.
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Proof of (1): If a = 0 then a(a) = 0 for all a. So a € ker & Ve, so a is in every maximal
ideal by Thm. 10.23(11). We can reverse this argument to see that the radical is in the
kernel of the canonical map.

Proof of (3): a is invertible, if and only if @ is not in a maximal ideal, if and only if
a(a) # 0 for each a (from (1)). So, by negation, A € o(a), if and only if a — Al is in
some maximal ideal, if and only if there exists some o with a(a — A1) = 0, if and only if
(o) — M(a) = 0, if and only if a(a) = A, from (2).

Proof of (4): Using (3) and Thm. 10.25,

a(p((a))) = R(p(a)) = R(p(a)) = p(a(a))

Proof of (7): From the remarks at the beginning of this Section, o(a) is compact, so 3
A € o(a) with |[A| = r(a). So, A" € o(a™) by (4) (Thm. 10.22), so r(a™) > |\"| = r(a)".
Conversely, 3 A\g € o(a™) with r(a™) = |[\|. By (4), 3 X € o(a) with A" = Xg, so r(a)"* >
A" = [Ao| = r(a").

To prove the second assertion, we use power series. Let £ be a linear functional. For A small
enough, (1 —Xa)™' =3 o, a"\", and £((1 — Aa)™) = X, 5, &(a™)A™. From the discussion
near the beginning of this Section, £((1 — a))™!) is analytic for (1/\) ¢ o(a), so the infinite
sum converges for |A\| < 1/r(a). For fixed £ and A as above, {|A\"||{(a™)| : n=10,1,2,...} is
therefore a bounded set. So, the Uniform boundedness principle (Thm. 10.6) says {A\"a"}
is a bounded set, i.e. [[A\"a"|| < K, K > 0. So, limsup ||a”||"/" < 1/|A| for r(a) < 1/ |}, so
limsup [|a”||"'™ < r(a). But r(a)* = r(a™) < ||a”| from (5), so r(a) < liminf ||a”||*/"

Proof of (8): From (5), ||@||,, = ||a|| if and only if 7(a) = ||a||. Now, if ||a*| = ||a|* for
all a, then |la|| = ||a2"Hl/2n, so |la]| = lim,, Haanl/Zn =r(a) from (7). If r(a) = ||a|| for all a,
then ||a2|| = r(a?) = r(a)? = ||a|’, from (7).

Proof of (9): Let a = a*. By scaling, it suffices to show a — i is invertible. But
(a—i)(a+1i)(1+a*a)™' =1and (1+a*a)(a+1i)(a—1i) =1, so a —i is invertible. For the
second assertion, let a = b*b. Then a = a*, so by the first assertion, a is real. Finally, for

a < 0 we write b*b — a = —« ((ﬁ) (ﬁ) + 1), which is invertible, so o(a) C [0, 00).

Proof of (10): (i) implies (iz) follows from (9). To show (éi) implies (7ii), let f = a+a*,
g = i(a —a*). Then f,g are Hermitian, so o(f),0(g9) € R. Using the Gelfand map and
(3), a(f),a(g) € R for a character o, i.e. a(f) = a(f),alg) = alg). So a(a) + ala*) =
ala) + a(a) and i(a(a) — aa*)) = —i(ala) — ala*)), ie. —a(a) + ala*) = a(a) — ala*).
Adding the first and third equality, a(a) = a(a*).

To show (7i7) implies (iv), let I be a maximal ideal. By Thm. 10.23(11), I = ker a for
some character . For a € I, 0 = a(a) = a(a) = a(a*), so a* € I. To show (iv) implies
(1), first observe that (iv) implies (ii7). For a a character, let b = ¢ — a(c)1, so a(b) = 0.
Then b,b* € ker v, i.e. a(b*) = a(c*) — a((a(c)1)*) = a(c*) — alc) = 0, proving (iii). Now,
alcre) = a(c)a(c) = |a(c)]?, so a(l4c*c) = 14 |a(c)|* # 0, so 1+ c*c is not in any maximal
ideal by Thm. 10.23(11), i.e. it is invertible. O

Theorem 10.27. (Gelfand Map for a B* algebra) If B is a commutative B* alge-
bra with identity, then the canonical map (Gelfand map) is an isometric isomorphism onto

C(B). So, using Thm. 10.24, B is isometrically isomorphic to the algebra of complex valued
functions on a compact Hausdorff space.
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Proof. Claim 1: If B is a commutative x-multiplicative Banach algebra with identity, then
la|l = r(a) for all @ € B. (From the remarks at the beginning of this Section, a B* algebra
is x-multiplicative. By Thm. 10.26(3), r(a) = ||a|| if and only if ||a|| = ||a||, so the Gelfand
map is an isometry with complete image.)

Claim 2: A commutative B* algebra with identity is symmetric and semisimple. (In
particular, via Thm. 10.26(1), the Gelfand map is injective).

Claim 3: If B is commutative, and symmetric (with unit), the image of B under the
canonical map is dense in C(g) (Combining this with the first claim gives surjectivity,
proving the theorem).

Proof of Claim 1: Let b be Hermitian. Then [[b?|| = [|b*b]| = [|6*| [|b]] = [[b]%, ||o*"]| =

161>, so r(b) = ||b]| from Thm. 10.26(7). For a arbitrary, a*a is Hermitian, so ||a*| ||a|| =
la*al| = r(a*a) < r(a*)r(a) < ||a*||r(a), using Thm. 10.26(5) twice. So, ||la]| < r(a), and
Thm. 10.26(5) says r(a) < ||a||, so ||a]| = r(a).

Proof of Claim 2: Semisimplicity (radical = 0) follows from Thm. 10.26(6) and Claim 1.
Now, using Thm. 10.26(10), it suffices to show: if a = a*, then a is real. By scaling, if suffices
to show a — i is invertible, i.e. 1+ ia is invertible, i.e. 1 ¢ o(—ia),i.e. A+ 1 ¢ o(A—ia) (for
some A € R). If A+ 1 € o(A —ia) for all A € R, then since sup. ¢, |7 =: 7(b) < ||b]| from
Thm. 10.26(5), we have

A+ 1)2 < [\ —ial* = [|(A +ia) (A — ia)]| = ||A2 + a?|| < A2+ ||a?]|

using *-multiplicativity and the triangle inequality. But then 2\ + 1 < ||a?||, which is a
contradiction for A large. Therefore, A + 1 ¢ (A — ia) for some A € R.

Proof of Claim 3: Let oy # g € B, 1,82 € C. Let a € B such that a;(a) # as(a).
Choose (using basic linear algebra) A, p such that Aaq(a) + p = f1, Aag(a) + p = Po. Let
b := Aa + p. Then Z(al) = [y, Z(Oéz) = 5. The claim then follows by Stone-Weierstrass
Theorem. Note that B is a compact Hausdorff space from Thm. 10.24, the image of the
Gelfand map clearly contains constants, and Thm. 10.26(10)(i7¢) shows that this image is
closed under conjugation. 0

Theorem 10.28. (Facts about maximal abelian self adjoint (m.a.s.a.) algebras,
etc.) (Recall A’ is a set of commutators, and M denotes the multiplication algebra on Ls.)

(1) AC B(H) is mazimal abelian if and only if A= A". If AC B(H) is m.a.s.a. then
A=A

(2) A m.a.s.a algebra A is a C* algebra (and a B* algebra).

(3) Let (X, ) be a o-finite measure space. Then M(X, ) is a m.a.s.a. algebra.

(4) Let A be any * subalgebra of B(H). Suppose K is a closed subspace of H and P is
the projection on K. Then K is invariant under A if and only if P € A’

(5) If H is separable and A is m.a.s.a. on H then A has a cyclic vector. (3 z with Az
dense in H.)

Proof of (1): Let A be maximal abelian and let B € A’. We first note that id,0 € A,
since the set of operators of the form A or A + id, with A € A or A = 0, contains A and is
abelian. Also, the set of operators of the form Ay + A; B+ ---+ A, B" is an abelian algebra
containing A, so B € A, ie. A C A, so A= A". Conversely, if C D A is an abelian algebra,
then C C A=A, so C = A, ie. A is maximal abelian.
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Let A be m.a.s.a., and let B € A’. We first note that id, 0 € A, since the set of operators of
the form A or A+1id, with A € A or A = 0, contains A and is abelian and self adjoint. Now,
for Ae A, A* € A, s0o AB = BA, A*B = BA*, so B*A* = A*B* B*A = AB*, s0o B* € A'.
Write A = (A + A*)/2 +i(—i(A — A*)/2) = X +iY. Then X,Y € A, X* = X,Y* = Y.
The set of operators of the form Ay + A, X + --- + A, X", A; € A is a commutative self
adjoint algebra containing A, so it is A. This set of operators also contains X, since 1 € A.
Therefore, X € A. Similarly, Y € A, so B € A, ie. A C A. By commutativity of A,
A C A". Therefore A = A'.

Proof of (2): Let A, € A, A, — A. For any B € A we have AB — BA = lim(A,,B —
BA,) =0,s0 Ae A = A, from (1). Also, by definition of m.a.s.a., A € A implies A* € A.
Finally, || A*A|| = ||A|”, from the remarks at the beginning of this Section.

Proof of (3): Assume u(X) < oo. Let T' € (M(X,pn)). Let g = T(1). If f € L
then TM;1l = MT1, so T(f) = fg, ie. Tf = M,f for f € Ly. By approximating
appropriate level sets with indicator functions (as in the proof that || My|| = || f]|.), we see
that ||g||, < ||7]|. Since My and T are both bounded on L,, the equation 7|, = M,|r_,
extends by continuity to Le. Thus, T € M(X, u) and M(X, p) is maximal abelian from (1).
Since M; = Mg, M(X, ) is self-adjoint. The general o-finite case follows the usual “piecing
together” argument. Write X = U2, X;, u(X;) < oo, Xj disjoint. If "€ (M(X, ), T
commutes with My ,s0T leaves the subspace {f € La(X): f xe = 0} (= Ly(X;)) invariant,
etc.

Proof of (4): If P € A,z € K then Az = APx = PAx € K. Conversely, if AK C K
with € H, then APx € K, so APx = PAPz. Since A* € A, we similarly have A*P =
PA*P. So, PA = P*A = (A*P)* = (PA*P)* = PAP = AP, so P € A'. (A projection
satisfies P = P* by Thm. 10.1(b)).

Proof of (5): Let + € H, and let Az be the smallest closed subspace containing Ax.
Note that id € A so z € Az. Since Az is invariant under A, so is Az (via a limiting
argument). Suppose y L Ax. Since (Ay, Bx) = (y,A*Bx) =0, Ay L Ax. Let E = {z,}
be an orthonormal set such that Az, L Azgz for a # 5. These sets exists (consider e.g.
singletons), so Zorn’s lemma gives a maximal such set, F. Note that H = closed span,{Az,}
(for if not, this would contradict maximality of E). Since H is separable, E = {z}aen is
countable. Set z =) _ 2 "x,. This is our desired cyclic vector. To see this, let P, project
onto Az,. From (4), P, € A, s0o P, € A= A" by (1), so Az D AP,z = A2 "z, = Az, s0
Az D closed span, {Az,} = H. O

Theorem 10.29. (Unitary Diagonalization of m.a.s.a algebra) Let A be a m.a.s.a.
algebra on a separable Hilbert space H. Then 3 a finite measure space (X, p) and a unitary
operator U: H — L*(X, u) such that UAU™!' = M(X, 1)

Proof. 1dea: Take “Rayleigh quotient” of (unit) cyclic vector (separating vector), use inverse

Gelfand map. Using the Gelfand map again, define UyAz = A

Let z be a unit cyclic vector for A (using Thm. 10.28(5)). Then z is also a separating
vector for A (ie. if A € A and Az = 0 then A = 0) since if Az = 0 then V B € A,
ABz = BAz =0, so AAz =0, but Az is dense, so A = 0. From Thm. 10.28(2), A is a B*
algebra (with identity). Let X = spectrum(A) = A. From Thm. 10.27, the Gelfand map

A — A is an isometric isomorphism A — C'(X).
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Define A: C(X) — C by

A(A) := (Az, 2)
A is a bounded linear functional, as it is the composition of bounded linear functionals. In
fact, |[A(A)] < [|A|| = ||Al|s (using that the Gelfand map is an isometry). A is positive since

A(AA) = A(A*A) = A(A*A) = (A" Az, 2) = || Az]* > 0

(using Claim 2 of Thm. 10.27, Thm.10.26(10)(¢4i), and Thm. 10.25). So, by Riesz’s Repre-
sentation Theorem and recalling that X is compact, 3 a unique regular Borel measure 4 on X
such that A(A) = [ Adu. Using Thm. 10.26(2), note that u(X) = [ 1du = A(1) = ||2||* = 1,
so p is a probability measure. Define Uy: Az — Lo(X, 1) by

UgAz = A

Uy is well defined since Az = 0 implies A = 0. Uy is also linear and densely defined by Thm.
10.28(5). Moreover,

—
*

|UpA2|? = / Aldy = A(EA) = (Az, Az) = [ A=)

So, Uy is an isometry, which extends by continuity to U: H — Lo(X, ), with ||Uz|| = ||z||
V x € H. Since U is an isometry and H is a Hilbert space, the range of U is a complete
(hence closed) subspace of Lo(p) (which contains C'(X) by definition of the Gelfand map),
so the range of U is all of of Ly(u), by the proof of Thm. 10.10(b). Thus, U is unitary.
Now, if A,B € A, UAU™'B = UABz = AB = M;B, so UAU~ = M; on a dense set
{B: B e A} C Ly(X, ), so UAU™ = Mz on all of Ly(X, ). Let N := UAU, and let
M = M(X, u). We just showed NV C M. Now, if T € M, then T € N’, so U"'TU € A'.
But A" = A (Thm. 10.28(1)), so U'TU € A, i.e. T € N, therefore M = N, O

Theorem 10.30. (Spectral theorem, Multiplication Operator Form) Let {A,} be
a family of bounded normal operators on a complex separable Hilbert space H. Assume the
family is commuting: A,Aps = AgAa Va, B, and A Ay = AjA, Ya,B. Then 3 a finite
measure space (X, i) and a unitary operator U: H — Lo(X, ) and for each a 3 a function
fa € Lo such that UAL U = My,

Proof. Let Ag be the algebra generated by the {A,, A%}. Note that Ay is a commutative
algebra. Using Zorn’s lemma, 3 a largest such * algebra A. We then claim that A = A’. If
B e A then B* € A, so C := B+ B* € A'. Then the algebra generated by A and C' is
commutative and self-adjoint, so C' € A. Similarly, i(B — B*) € A,so B € A,so A = A, so
A is m.a.s.a., so we may apply Thm. 10.29. O

Theorem 10.31. (Spectral theorem, Projection Valued Measure Form) Let A be
a bounded normal operator on a separable Hilbert space H. There exists a unique projection
valued Borel measure E on C with compact support such that

A:/sz
C

Moreover, if D is any bounded operator on H, then D commutes with A and A* if and only
if D commutes with E(B) for all Borel sets B.
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Proof idea: From the previous theorem, UAU! = M;. Now, G(B) := My, _, ., is a
projection valued measure. Define E(B) := U~'G(B)U.

Theorem 10.32. (Spectral theorem for a bounded Hermitian operator) If A is a
bounded Hermitian operator on a separable Hilbert space H, then 3 a unique projection-valued
Borel measure E(-) on the line with compact support such that

fh:[%AﬂﬂM

[e.9]

And for all real Borel sets B, E(B) C o(A)

Theorem 10.33. (Spectral theorem for a unitary operator) Let U be a unitary op-
erator on a separable Hilbert space. Then 3 a unique projection-valued Borel measure E(-)
on [0,27) such that

2m
U= / e?dE(9)
0
And E(B) C o(U) for all Borel sets B.

Theorem 10.34. (von Neumann’s criteria for self adjointness) Let T be a sym-
metric operator on a Hilbert space H. Then the following three statements are equivalent:
(a) T is self-adjoint
(b) T is closed and ker(T* + i) = ker(T™ — i) = {0}
(¢) Range(T +i)=Range(T —i)= H

Theorem 10.35. (Spectral Theorem, Unbounded case, Multiplication operator
form) Let T be a self-adjoint operator on a separable Hilbert space H. Then 3 a finite
measure space (X, ), a unitary operator U: H — Lo(X, 1) and a real valued measurable
function f on X such that

UTU ' = M;

Proof. (Sketch) From Thm. 10.34, T + i is bijective from Dr to H, so its inverse (T + )"
exists. One can also check that |[(T+i)¢|> = (T + )¢, (T +4)¢) = |[To|]*> + ||6]* >
o[, so (T +i)~! is bounded, and we can apply the bounded spectral theorem and write
U(T +i)~'U = M,. Since (T +14)~" is bijective, so is M,. In particular, g can be zero only
on a set of measure zero. Therefore f := (1/g) — ¢ is well-defined. This is our desired f. O

Theorem 10.36. (Spectral Theorem, Unbounded case, Projection valued measure
form) Let T be a self-adjoint operator on a separable complex Hilbert space H. Then 3 a
projection valued measure FE(-) on the Borel sets of the line such that

T:/ AE(N)
Theorem 10.37. (Facts about Compact Operators, etc.) Let A: H — K be a linear
map between two Banach spaces.
(1) If A is compact then A is bounded.
(2) Let A be compact and let B(0,n) = {z: ||z|| < n}. Then A(B(0,n)) is compact
and therefore separable. Since the range of A is U,>1A(B(0,n)), the range of A is
separable.
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(3) Let {A,} be a sequence of compact operators such that ||A, — Al — 0. Then A is
compact.
(4) Define a,,(A) = inf{||[A — A,|| : An: H — K, rank(A,) < n}, where n = 1,2,... .
For n,m > 1 and for all operators A, B:
nim-1(A+ B) < an(A) + am(B)
Unim-1(A o B) < an(A) - am(B)

(5) For 0 < p < oo define AP(X,Y') as the set of all operators A: X — Y with ay(A) :=
> ozn(A)p)% < 00. The quantity a,(A) is a quasi-norm that makes AP(X,Y) a
quasi-Banach operator ideal.

(6) If Ae AP(X,Y) and B € AYY,Z) then BA € A*(X,Z) with 1/s =1/p+1/q.

(7) If A: X — Y is compact then o, (A) = a,,(A*). In particular, A* is also compact, by

(3)-

Proof of (3): Let {z,} with ||z,]| < 1. A diagonalization argument gives a subsequence
{yn} C {x,} such that for all j, A;y, converges as n — oco. Then

Ay, — Ayell < [[Aye — Aigill + [ Aigne — Asyell + [[ Aige + Ay
< 2[JA = Al + [[Aiyr — Asyel|
So lim supy, ;o [[Ayr — Ayel| < 2[|A — A;|| which can be made arbitrarily small. Therefore,
A(B(0,1)) is a compact set, as desired.

Proof of (4): Given A, B,, of rank less than n, m respectively, consider (A+ B) — (A, +
By,). The first inequality follows. For the second inequality, note that

So, using that rank(A, B + AB,, — A, B,,) < rank(A, (B — B,,)) + rank(AB,,) <n+m — 1,
we get

G 1 (AB) < inf [ A= 4| [|B = Bull = an(A)an(B)

Proof of (5): Using that the a,,’s are decreasing in n, (4), and the L, (quasi)-triangle
inequality,

A

»(A+B) = <ZanA+B> <2ia2n_1(A+B)p>

1

< 2¢ (Z(an(A> + an(B>>p> p < Cplap(A) 4 ay(B))

n=1

Since also a,(AA) = || a,(A), we see that a,(A) is a quasi-norm and AP(X,Y) is a linear
subspace of L(X,Y). Since a,(A) = 0 if rank(A) < n, AP(X,Y) contains finite rank
operators.

Since a1 (A) = ||A|| and the sequence {a,(A)} is decreasing in n, (4) shows a,,(CBA) <
a,(C)an(B)an(A) < [|C] an(B) ||A]l, so a,(CBA) < ||C]|ay(B) ||A]|. In particular, if B €
AP(X)Y), A € AP(Z,X) and C € AP(Y,V), then CBA € AP(Z,V). For any rank-one
operator A: X — Y of the form A(z) = 2*(x) -y, ap,(A) = a1 (A) = || A]| = ||z*]] ||ly]]-
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It remains to show that (AP(X,Y),a,(:)) is complete. This procedure is mostly routine.
Starting with a Cauchy sequence, take a rapidly convergent subsequence, use a4 (-) = ||-|| to
get a limit, use the (quasi)-triangle inequality for £,, and so on.

Proof of (6): From (4) and Holder’s inequality,

1 1
s s

_ (i an(BA)S> <2t (i a%l(BA)s)'

(Z an(A)° - >S>S < 2%a,(A)ay(B)

Proof of (7): If A, has rank(A4,) < n with [|[A—A,| < a,(A) + ¢ then A} has
rank(Af) < n (if S is a finite independent spanning set for A,(X), then A’ (y*) is de-
termined by evaluating y* on S, so apply Thm. 10.17(c)). So, a,(A4*) < ||A* = A =
|A— A, < an(A) + ¢, so an(A*) < a,(A). It remains to show that a,(A*) > a,(A).
It suffices to show «a,(A**) > «,(A), since combining this with our first inequality gives
an(A*) > o, (A™) > a,(A).

Fix n, e > 0, and V a finite e-net in T'(Bx). Since T' is compact, Goldstine, Thm. 10.18,
and Hahn-Banach, Thm. 10.4(d) show that «(7(Bx)) is norm-dense in 7**(Bx+), so ¢(V)
is also an e-net in 7T**(Bxs+). Let T,,: X** — Y™ with rank(7,,) < n and [|[T* — T, || <
an(T*) +e. Let E = span{«(V)UT,(X*™)}. From the principle of local reflexivity, Thm.
10.21, there exists ¢: E — Y with [|¢|| <1+ ¢ and ¢|gryy) = id, so @[,y =id. For z € X
with [|z]] <1 fix v € V with ||T2x — v|| <e. Then

IT2 — ¢Toal| < &+ ||o — $Toeal| < & + (1+€) [lo(v) — Toeal|
<e+ (L+e)(ll(v) = oTo)|| + [|(Tx) = Toe]])
<e+4 (1+e)e+ || T — Thex|)

<e+(1+e)e+e+a,(T))

) =

using that ¢ is a linear isometry, that «(T'x) = T**(z), and the definition of T,,. Since ¢T,¢
has rank less than n and ¢ is arbitrary, we conclude that «a,(7") < a,,(T*"). O

Theorem 10.38. (Riesz Theory for Compact Operators) Let C: H — H be a com-
pact operator on a Banach space H. Let B =id — C and B* = id — C*.

(1) ker(B) is finite dimensional.

(2) If B is injective then B is surjective.

(3) dimker(B) = dimker(B*).

(4) Every nonzero point A of the spectrum of C' is an eigenvalue of finite multiplicity.
(That is dimker(\ — C') is finite.) Moreover, the multiplicity of X for C' is the same
as for C*. The only possible cluster point of the spectrum of C' is zero.

(5) If C has an infinite number of eigenvalues then 0 is a cluster point of eigenvalues.
So, the eigenvalues can be arranged in a sequence converging to zero. (Just apply
(4).)

(6) If C is a compact normal operator on a separable complex Hilbert space H, then there
18 a finite or infinite sequence P, of mutually orthogonal finite dimensional projections
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such that
00 k
C=> MP  (orC=> AP
n=1 n=1

where {\,} are the nonzero eigenvalues of C' and the series converges in the operator
norm. Moreover, H has an orthonormal basis consisting of eigenvectors of C'.

Proof of (1): We begin with a few claims.

Claim 1: A finite dimensional subspace F' C H is closed in H.

Claim 2: Let Hy C H be a closed proper subspace. For any ¢ > 0, 3 2o € H with ||zg]| =1
and ||z — x|l > 1 —¢ for all z € Hy.

Claim 3: Any locally compact Banach space is finite dimensional.

To prove Claim 1, recall that any two norms on a finite dimensional linear space are
equivalent, so the norm on F' is equivalent to any Euclidean norm on F'. Therefore F' is
complete in its own norm. Let {x,}:2, C F be such that x, — = € H. Then {z,} is
Cauchy in F', but F'is complete, so x,, — y € F. By uniqueness of limits in H, z = y. So
x € F and F is closed in H.

To prove Claim 2, let € < 1, 29 ¢ Hy, d = inf,ep, ||© — 20||. For any § > 0, 3 2z € Hy with
|z — 20]] < d+6. Let 6 :=ed/(1 — ¢€), so that z is determined from the previous sentence,
and let zo := (2 — 29)/ ||z — 20||. Then ||zo|| = 1 and if 2 € Hy, then (||z — zo||)x — 2z € H,,
S0)

Iz —zol)z 2tz 4 d

= > =1-—¢
|2 — 2ol |2 — 2l — d+4d

[l = ol =

To prove Claim 3, we instead prove its contrapositive. Assume H is infinite dimensional.
We construct a sequence z1,%q,... C H with ||@,| = 1, |l&; — x| > 1/2, i # j. Let x4
with ||z1|| = 1. Given xy,...,z,, let Hy = span{zy,...,x,}. By Claim 1, Hy is closed. By
Claim 2, 3 2,41 such that ||z; — x,11]] > 1/2 for i = 1,...,n. The sequence {x,} has no
Cauchy subsequence, so the closed unit ball of H is not compact. By scaling, the closed ball
of radius r > 0 is also not compact.

We can now finally prove (1). Let Hy = ker(B). Then = € Hy if and only if Cz = z, i.e.
Clg, = id. But C' maps the unit ball of Hy into a totally bounded set, i.e. the unit ball of
Hy is locally compact. Therefore Hy is finite dimensional by Claim 3.

Proof of (2): We first claim that B = id—C satisfies || Bz|| > m ||z|| for all x € H. If not,
then there exists a sequence {y,} with ||y,| =1 and By, — 0. Since C' is compact, we may
take a subsequence {y,,} so that Cy,, converges. Since By,, = (id — C')y,, converges also,
(B+C)yn, = yn, converges. Let y = limy, . Since ||y,| = 1, [|y|| = 1, but By = lim By,, = 0
so B is not injective. Since we have arrived at a contradiction, the claim follows.

Let M C H be a closed subspace. Then B(M) is closed. To see this, suppose Bz, — y.
Then {z,} is bounded since ||Bw,| > m||z,||. We may take a subsequence so that Cz,,
converges, so (B + C’)xnj = Ty, converges. Let ¥ = limx,,, so that Br = lim Bx,, =y, i.e.
y € B(M) as desired.

Suppose for the sake of contradiction that Range(B) # H. Let Hy = H, H = BHy, Hy =
BH;, and so on. Then H,, . is a closed and proper subspace of H,,. (If E,F C H are
closed with F = BH,E = BF = B?H and f € F then Bf =: e ¢ F implies B*f = Be
with B?f € E and Be ¢ FE by injectivity, a contradiction. So £ C F.) By Claim 2 of (1), 3
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x, € H, with ||z,|| =1 and d(z,, H,11) > 1/2. If n > m,
Cx,, — Cx, = x,, — Bxy, — v, + Bzr, = x,, — x, with x € H,, 4

So ||Cxp, — Cxy|| > d(2m, Hpy1) > 1/2. So the sequence {Cx,} contains no Cauchy subse-
quence, contradicting compactness of C. Therefore Range(B) = H.

Proof of (3): Using (1) and Thm. 10.37(7), let xy,...,x, be a basis for ker(B) and
let m1,...,m, be a basis for ker(B*). By Hahn-Banach (Thm. 10.4(a)) 3 & € H* with
&i(z) = 6, 4,7 = 1,...,n. Let K = ker B* C H* and let R: H — H** be such that
R(x) = u(x)|x. We claim that R: H — K* is surjective. If not, 3 u € K, u # 0 such that,
for all z € H, u(x) = R(z)(u) = 0. But then u = 0, a contradiction. Therefore R: H — K*
is surjective. So using Hahn-Banach again and the surjectivity of R, 3 y1,...,v, in H such
that T]J(yl) = 52‘]‘, Z,] = 1, NN T

Suppose for the sake of contradiction that n < v and define

C'r:=Cx+ Zﬁj(x)y]
=1

Since C’ is the sum of two compact operators, C” is compact. Let B’ = id—C". We claim that
B’ is injective. To see this, suppose B'zy = 0. Since B— B’ = (id—C) — (id—C") = C' - C,
we see that Bxg = Z?Zl &i(xo)y;. Using n; € ker B*, the previous sentence, and the choice
of the y;,

0=DB" 772(550 - 771 on Zgj ZL'() ;i y] fz(Io)

Therefore Bxy = 0, so z¢g = 27;:1 a;x; by deﬁnltlon of the x;. But then 0 = &(x¢) = o by
definition of the &;, so xg = 0. We conclude that ker B’ = 0.
By (2), B’ is also surjective. So 3 x € H with y,,1 = B'z. Since B— B' =" - C,

1= 0nt1(Ynt1) = N1 (B'2) = 01 (BT) — Dt (Z & )

= B (Nn+1)( ny T)n41(y;) =0—-0=0

Since 7,41 € ker B* and using the deﬁmtlon of N,11. Since we have achieved a contradiction,
we conclude that n > v.

Since n > v, dimker B > dim ker B*. Since C* is compact by Thm. 10.37(7), we conclude
that dimker B* > dimker B**. Since B** 1z = «(Bx), dimker B** > dimker B. Combining
these inequalities concludes the proof.

Proof of (4): Suppose A # 0 is in ¢(C). Then id — A~'C' is not invertible. Since A™*C is
compact, 1 — A7'C may not be invertible due to either a lack of injectivity (in which case A
is an eigenvalue, of finite multiplicity by (1)), or due to a lack of surjectivity (in which case
1 — A71C is also not injective by (2), so the first case applies). If 1 — A\~!C is bijective, then
it is also invertible by the Open Mapping Theorem, Thm. 10.7 (or by the proof of (2)). By
(3), dimker(A — C) = dimker(A — C*) for X # 0, using ker(A — C') = ker(1 — A7'C).

We now prove by contradiction that zero is the only possible cluster point of o(C'). Let
Ap € 0(C) with A\, = X\ # 0. Without loss of generality, \,, # A, for n # m and 3 & > 0 with
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|An| > € for all n. By the part of the theorem already proven, 3 x,, # 0 with C'z,, = A\, z,. We
claim that {z,} is linearly independent. If not, let N be the smallest integer such that a linear

relation holds: zx = Zjvjl ajz; with some a] # 0. Then Ayzy = Caxy = Zj\;l AT,
ie. Ay Zj\;l QT = Z g, de. Z . aj()\N Aj)xz; = 0. By minimality of N and

the distinctness of the /\J, a; =0 for j = 1 ,n — 1, a contradiction. Therefore, {z,} is
linearly independent.
Let H, := span{zi,...,z,}. Then H, is a strictly increasing sequence of subspaces. By

Claim 2 of (1), 3y, € H with ||y,|| =1 and ||y, —z|| > 1/2 for all x € H,_;. Let y € H,,
so that y = 77 ayaj and Cy — Ay = 37, (N — A\n)xj € Hy, oy Let n > m. Then

1CYn = Cymll = [(CYn — A¥n) + Aatn — A + A — Cyim) ||
= [|Anyn — 2||, with z € H,,_4
s [l e
-2 T2
using the choice of y,, and the definition of . Therefore, {C'y,,} contains no Cauchy subse-

quence, a contradiction. We conclude that A = 0, as desired.
Proof of (6), sketch: From the Spectral Theorem, Thm. 10.31, we may write

C= / AE(N)
o(C)

Let A1, Ag, ... be the nonzero eigenvalues of C. Let P, := E({\,}). O

Theorem 10.39. (Facts about Semigroups of Operators, etc.) Let T,: H — H
be a strongly continuous contraction semigroup. Define Hy as the set of f € H such that
limy o T3 f = f.

(1) Hy is closed

(2) Ty leaves the subspace Hy invariant. For f € Hy, Tif is strongly continuous on t > 0

(hms—m_ﬂf-‘rsf = T;ff) For f € Da, Af € Hy.
(3) Hy="Da
(4) If f € Da, then T,f is strongly differentiable, and thf = AT,f = T,Af. Also,

T.f - f = [, T.Afds
(5) The operator A is closed. (If f, € Da, if fn — f and if Af, — g then f € Dy and

Af=g)
(6) Let g € Hy, A > 0. The equation A — Af = g has exactly one solution f € Dy.
Moreover, f satisfies f = Ry(g) = fo e MT,gdt. The operator Ry is linear and

IRxgll < 5 1lgll. (So, (X — A): DA — Hy is bijective, and (A — A)™' = Ry. Ry is
called the resolvent of A. Note also that Ry\(Hy) = Da. Moreover, the proof shows
that Ry(H) C Hy.)

(7) Let U be a linear operator that extends A. Suppose D satisfies: (i) Da € D C Hy,
(i1) D C Dy and U(D) C Hy, (iii) IfUf = f and f € D then f = 0. Given such D,
we conclude that D = Dy.

Proof of (1): Let f, € Hy with f,, — f. Then

ITef = fI < NTef = Tefall + 1T fn = full + 1o = SIS 2010 = £+ Tefn = ful
Now choose n so that || f, — f|| is small, and then choose t so that ||T;f, — f,|| is small.
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Proof of (2): Let f € Ho. If b 1 0, then || Ty f — T f[| = |T(Tnf — f)I < |T0f = fll =
0. A 10, [|Tosn — Tof || = 1 Ten(f — T-n )l < | = T-nfll = 0. Therefore, limy o Toinf =
T, f. The first two assertions follow. Now, let f € H. If lim;)o 7} f is not equal to f, or this
limit does not exist, then Af is undefined. Therefore, Dy C Hy. Let f € Dy so that f € H,.
Then the third assertion follows by the definition A(f) := limyo T’”;:f and from (1).

Proof of (3): Asshown in (2), D4 C H,. It is therefore sufficient to show that any f € Hy
can be approximated by elements of Dy. If f € Dy, then T;f is strongly continuous for
t > 0by (2), so T, f is strongly integrable on any finite interval in [0, 00). Let g, := [ T} fdt.
Observe

a a h+a a+h h
Tyga = / T, fdt = / Ty fdt = / T fdt = g, + / T,fdt - / T,fdi
0 0 h a 0

Therefore . X
. Thga — Ga T 1 ot 1 o
%%‘—z———%ﬁ(zl i“”"@ATW“ =TS =1

S0, ga € D,. Finally, by definition of g,, limyj0 gn/h = f, as desired.
Proof of (4): For t,h > 0,

g (T =1\ _ LTS =T TS —Tf _TTS-TS
' h h h h
If f € Dy, then limyg Thfﬁ_f = Af, so limy o T} (T“;L_f) :+TtAf. So, using (), we conclude
that limy,o 221 — 40 with T, f € Dy, and with “I = AT, f = T, Af.

dt
We now need to show that limyo Li-Tinf _ &S For ¢ > b > 0, we have

A dt
[BL=Ed — gag| <o (BLL - ap) |+ s - T
< ‘ Thfh_f _Af’ + |Af — T Af||

By (2), Af € H,y, so, limhww = T,Af = d+d::tf, as desired. Finally, f; T,Afds =

g drg;fds =T,f — f, as desired.

Proof of (5): From (4), Tif, — fu = fot T;Afnds. Letting n — oo, (noting that
| JATAL — Tl < ST AL, — gl we get Tof — f = Ji Togds. So limyp =t =
limy g % fot T,gds =g. So f € Dy and Af = g, as desired.

Proof of (6): First note that [;* e *T,g is well-defined since the integrand is strongly

continuous by (2), with norm bounded by e~ ||g||. Linearity of Ry follows by its definition.
Note that || [ e M Tigdt|| < [ e [lg||dt = 1 ||g]l. Also,

Tif = / e My pgdt = / e MM, gt
0 h

0 h
— 6)\}1/ e—AtEgdt — 6>\h (f o / e—AtEgdt>
h 0

by definition of f. So, % = &h_lf — %e’\h foh e MT,gdt. Letting h | 0, the right side of
this equality goes to Af — g. Therefore, f € D4, with Af = Af — g, as desired.
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We now treat uniqueness. Let g such that the equation \f — Af = ¢ has two solutions. By
subtracting these solutions, 3 ¢ € D4 with A¢p — A¢ = 0. Since d(T;¢)/dt = AT, = T, Ad =
ATié by (4), we conclude that d(e MTy¢)/dt = e XNy + Tyd(—N)e ™ = 0. Integrating this
in s, we get fo T“b)ds =e MTip— ¢ = 0. So, [|¢]| < e |¢| for all t >0, i.e. ¢=0.

Proof of (7): LethD Then f—Uf =:g € Hy. By (6 ), 3 feDywith f— Af =g.
Since A C U, we conclude that f — Uf = ¢ as well. Therefore, h := f — f € D satisfies
Uh=h,s0h=0,ic. f=feDa. O

Theorem 10.40. (Characterization of Semigroups) Let T,: H — H be a strongly
continuous semigroup of bounded linear operators (so H = Hy). Then its infinitesimal
generator A is a closed densely defined linear function. T, is uniquely determined by A in
the sense that distinct semigroups have distinct infinitesimal generators. Moreover, if f € Dy
then u(t) == T, f solves the differential equation

du
)=
Proof. Closedness of A follows from Thm. 10.39(5), and the density of D, in Hy follows
from Thm. 10.39(3). We now prove two claims
Claim 1: Let ¢(t) be a Borel function such that for all A > 0, [~ e ¢(t)dt = 0. Then
o(t) = 0 for almost all .
Claim 2: Let u;: [0,00) — H be a strongly continuous function such that for all A > 0,
fooo e Mu,dt = 0. Then u, = 0 for all .
Proof of Claim 1: Letting A = n = 1,2, ..., and substituting z = e~ gives fol 2l (2)dz =
0 with ¥(z) = qb(— log(2)). (In particular, ) € L;.) Applying Weierstrass’s Approximation

Au(t), t>0,u(0)=f

Theorem fol Ji(z)dz = 0 for all continuous functions f. Arguing as in Thm. 10.10,
fo z)dz = 0 for all bounded measurable functions f. In particular, letting m > 0
and f( ) Y(2)1jp|<m gives fo 2)*1iy)<m(2)dz = 0. Letting m — oo by the Monotome

Convergence Theorem, fo )de =0, ie ¥ =0,1ie. ¢ =0 as desired.

Proof of Claim 2: Let & be a linear functional. Then [ e &(u,)dt = 0, so &(uy) = 0 for
almost all ¢ by Claim 1. Since &(u;) is continuous, &(u;) = 0 for all ¢. By Hausdorfness of
the weak topology, u; = 0.

We now prove our uniqueness statement. Suppose two semigroups 73,7} have the same
infinitesimal generator A. We will show that T;f = T/ f for all f € Hy (with Hy identical
for both 7; and 7}). First, recall from Thm. 10.39(3) that Hy is the strong closure of
the domain of the infinitesimal generator. Therefore, Hy is in fact the same for both T;
and 7). By Thm. 10.39(6), R, is identical for T3, 7/. As a result, V f € Hy V A > 0,
fooo e N fdt = fooo e NT!fdt. By Claim 2, Tyf —T{f =0V f € Hy ¥V X\ > 0, giving our
desired uniqueness.

Let f € Da. We now show that u, := T, f is the unique solution of the equation du;/dt =
Auy such that (i) u, is strongly differentiable and its derivative is strongly continuous for
t >0, (i) ||ue|| is bounded, and (iii) ug = limgjous = f.

Thm. 10.39(4) shows that u, satisfies du;/dt = Au; and (i) holds (using also Af € Hy by
Thm. 10.39(2)). Then (ii) follows from (i) since ||T;f|| < || f||. Also, using Thm. 10.39(3),
f € D4 C Hy, so (iii) holds. We now prove uniqueness. Suppose u; is a solution of du,/dt
satisfying (i),(ii) and such that ug = limyou; = 0. We will show that u; = 0. Define
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v; := e Mu,. By definition of u;, dv;/dt = —Xe Muy + e Mdu,/dt = — vy + Av,. So, by Thm.
10.39(6), v¢ = —Ry(dv:/dt).

Now, dv;/dt is strongly continuous, and R, is bounded by Thm. 10.39(6), so fot vsds =
—Ry fot(dvs/ds)ds = —Ry\(v —vy) = —Ryvy. By (ii), [|ve]] — 0 as t — o0, so ||Ryve| <
IRl [|ve]l = 0 as ¢ = oo. So, for all A >0, [~ vsds = [ e *uyds = 0. Applying Claim 2
shows u; = 0 for all £ > 0, as desired. O

11. APPENDIX: ISOPERIMETRIC INEQUALITIES

Theorem 11.1. (Prékopa-Leindler Inequality) Let f,g,m: R™ — [0,00) be integrable.
Suppose Vr,y € R* m(Az + (1 — N)y) > f(z) g(y)'~*. Then

Proof. We induct on n. Let p,, denote Lebesgue measure. Note that py(A + B) > ui(A) +
u1(B) for A, B C R. (To prove this, by approximation we may assume compactness, and
then translation with max(A) = 0 = min(B) shows A+ B D AUB, etc.) By scaling, we may
assume ||f]| ., = llgll, = 1. Let A:={x: f(z) > t}, B :={z: g(z) > t}, C = {z: m(z) >
t}. Let z € A,y € B. Then m(Ax+(1—N)y) > f(z) g(y)'"* > t. Thus, \A+(1-\)B C C.
Applying our claim, we have p;(C) > pu(AA + (1 — XN)B) > Aur(A) + (1 — N ui(B). So,
applying the definitions of A, B, C, integrating with respect to t, and applying AMGM gives

[mtrte = [ gwe+ @ [ gagin > ([ @) [ g

Now, let (¢,5) € R x R"™'. We can check that f;,(s) = f(to,s), g, (5) = g(t1, s), myu(s) =
m(t, s) satisfy the hypotheses of the theorem, for t = Aty + (1 — A\)t;. So, we can apply the
inductive hypothesis (for the case n — 1). But the result is the n = 1 hypotheses, viewed as
functions of the t’s. Thus applying the n = 1 case of the theorem gives the desired result. [J

Theorem 11.2. (Brunn-Minkowski Inequality) Let A, B C R" measurable, nonempty.

(1) V X € [0,1] vol(AA + (1 — A\)B) > vol(A)*vol(B)**
(2) VO](A + B)l/n > VOl(A)l/” + VOl(B)l/n

Proof. To prove (1), let m = laata-np), f = 1la, g = 1p, and apply Prékopa-Leindler
1 D Vo 1/n

(Thm. 11.1). To prove (2), let A = vol(j)l/n’ B = ﬁ, A= Vol(A)l/lT(Li)vol(B)l/n’ and apply

(1). O

Theorem 11.3. (The Isoperimetric Inequality) Let A C R"™ as above. Let B = rBj}
be the Euclidean ball, scaled so that vol(A) = vol(B) = r"vol(B}). Then vol,_1(0B) <
vol,_1(0A).
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n

Proof. We show that vol(A.) > vol(B.). Observe that r = (L(A)> . So,

vol(BE)
vol(A.)w = vol(A + eB2)» , definition of A,
> VOI(A)% + Vol(eBg)% , Brunn-Minkowski, Thm. 11.2
= rvol(B})n + evol(BY)= , definition of
= vol((r + &) B})»
= vol(B.)«
as desired. O

Theorem 11.4 (Spherical Isoperimetric Inequality). Among all domains of fized vol-
ume on the sphere, one with minimal boundary volume is the geodesic ball.

Proof due to Figiel-Lindenstrauss-Milman-1977. Idea: if we start with an optimal set that
is not a geodesic ball, we can apply a finite number of symmetrizations to it so that its
interior is squished into a smaller region. This gives a contradiction, so we had a ball at the
beginning. The technical device of outer radius allows the argument to proceed rigorously.

Let S"~1 C R" be the unit sphere centered at the origin, and let A C S™~! be closed. Given
two antipodal points a,b € S 1, let ¥ C S"! be a geodesic joining a and b. We define the
symmetrization o.,(A) as follows. For each y € v, let 11, be the plane containing y, such that
I1, is perpendicular to the line in R™ connecting a and b. Note that I, N S™~! is a dilation
and translation of S"72, so let [n—24 be the normalized Haar measure on II, N Sn=1 We let
0., (A)NII, be a geodesic ball in S"~2 with center y, such that p, o, (0 (A)NIL,) = piy—2, (AN
I1,). From Fubini’s Theorem, we have p,,_1(B) = p1,,—1(A), where p,,_1 is normalized Haar
measure on S,

We say o,(A) is the symmetrization of A with respect to 7. Let r(A) := min{r >

0: 3z € S"', A C B(x,r)} be the (outer) radius of A. Here B(z,r) := {y € S"': d(z,y) <
r} is the open ball of radius r centered at y on S"~! and d is the usual metric on S"7!, so
that d(x,y) = cos™}((x,y)) for all z,y € S"~!. The minimum in the definition of r(A) exists
by closedness of A and B(x,r). We claim that o,(A) is closed.

To show this, we use the Hausdorff distance on closed sets in S"7', §(4, B) := min{r >
0: A, 2 B,B, 2 A}. (Here A, :== {z € S"': d(z,A) <r}.) Let B := 0,(A). Recall that
the set of closed sets is a complete metric space with respect to the metric . Note that the
function y — pty—2,(A) = pn—2,(B) is upper semicontinuous in y € 7, i.e. flp_2,,(A) >
limsup,, ., fn—24(A) when y,yo € . This follows by the definition of the product topology
and by the closedness of A. Now, writing S"! as S" % x [—1,1]/ ~ where (z,1) ~ (2/,1)
and (x,—1) ~ (2/,—1) V x,2’ € S" 2 we can treat A C S"! as a closed set in the product
topology of S"2 x [—1,1]. Given (z,y) € B® C S"! x [~1,1], we wish to find a box
Fx G C 8" 2 x [-1,1] with F,G open, so that (z,y) € F x G and F x G is disjoint from
B. Since BN1I, is a geodesic ball (which is not all of S"7?), we can find F' X G as required,
by the upper semicontinuity of y — j,_2,(B). (Specifically, our inability to find such a box
F x G would violate this upper semicontinuity.)

Below we also use that p,_1(-) is upper semi-continuous with respect to J, that is if
AW AR C S satisfy limg_,oe 6(AR)| A) = 0, then p,_1(A) > limsupy, ., ftn_1(A®).
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To see this, let 2, € A® for any k > 1. Since d(xy, A) < §(A®) A) — 0 as k — oo, any
limit point of the set {z;}72, must be contained in A. Therefore, for any fixed € > 0, there
exists K > 0 such that k& > K implies A® C A.. Let A > p,,_1(A). Since p,_; is a Borel
measure, there exists an open set U such that A C U and p,_1(U) < A. Since A is compact,
d(A,U¢) > 0, and there exists ¢ > 0 such that A. C U. Combining these observations,
lim supy,_,.. tn-1(A®) < g 1(A2) < ppa(U) < Ao Therefore, limsupy,_, ptn1(A®) <
tn—1(A), as desired.

We are now ready to proceed by inducting on n. For the case n = 1, the theorem is clear.
We require the following claims, which are proven by induction.

Claim 1: Let A C 8™ ! be closed, and define

M(A) :={C C S"': C is closed,
tn—1(C) = pn—1(A), ptn-1(C:) < pp-1(A:) Ve > 0}

Then there is a B € M(A) with minimal radius, i.e. min{r(C): C' C M(A)} exists.

Claim 2: Let A C 5" ! be closed. Then for every half circle v, o, (A) € M(A).

Claim 3: Let B C S™! be a closed set that is not a geodesic ball. There exists a finite
family of half circles {v;}1; C S"! so that r(o., (0, (-0, (B)--+))) < r(B).

We prove the theorem assuming these claims. By definition of M(A), B € M(A) and
C € M(B) implies C' € M(A). So, using Claim 2, B € M(A) and o,,(B) € M(B) implies
0., (B) € M(A), 0,,(04(B)) € M(A), etc. Using Claim 3, we therefore see that an element
of minimal (outer) radius in M (A) must be a geodesic ball. Claim 1 says that this minimal
element must exist, so M (A) must contain a geodesic ball. The theorem is therefore proven.
We now prove the claims.

Proof of Claim 1: B+ r(B) is continuous (with respect to the Hausdorff metric for
B C S™71), so it suffices to show that M(A) is a closed subset in the space of closed subsets
of S"~! (since the latter space is compact with respect to §). Let BM, B® ... € M(A) with
limy 00 6(B®, B) = 0 for some B C S™!, and let ¢ > 0. We will show B € M(A). For any

fixed n > 0, there exists K > 0 such that, if £ > K, then B C Bf,k), so B, C Bg_?n. So, for

all k> K, jtn_1(B2) < pn1(B) < pin_1(Aciy), since BM B® e M(A). Therefore,

e+n

pin—1(B:) < }gg Mn—l(Aa—Fn) = ,un—l(mn>0Aa+n) = fin-1(Ac)

So, letting ¢ = 0, we get ji,_1(B) < fin_1(A). Moreover, ju,_1(B) > limsup,,_, . ftn_1(B®) =
tn—1(A), using the upper semicontinuity of u,_1(-) mentioned above, and the definition of
BW B®@ .. € M(A). So B € M(A), as desired.

Proof of Claim 2: Let A C S" ! be closed and let y be a half circle on S"~! joining z €
S"1 with —z. Let u be the midpoint of 7. As usual, identify "% := S"~1NII, with S"~2.
For any y € v,y # £, define a map 7,: S"2¥ — S"~2 by letting 7,(z) := v N S"~2* for
any z € S"2¥. (Note that this intersection is a single point). By applying polar coordinates,
we see that there exists a function f such that, if y;,ys € v and if x; € S"=2% 1, € S 292,
we have

d(x1,72) = f(y1, Yo, d(7y, (71), Ty (72))).

Moreover, for y,ys fixed, f is monotonically increasing with respect to its third argument,
d(Tyl (371), Ty2(1’2)) <.
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For every y1,y2 € v, > 0 (with d(y1,y2) < ) there is an n(y;,ys,€) so that, for every
C C 8" 29 we have

C.NS" 2% = Tﬁl((7y10)n(y1,y2,e)) (%)

Y2
To see this, it suffices to consider the case that C'= {z1}. Then

C.NS"2¥ = g5 € S" 2% d(x1,19) < €}
= {22 € 5" f(yr, o, d(7y, (11), Ty, (22))) < €}
= {22 € " d(7, (1), Ty (2)) < 0}

Here 7 is determined by the existence and monotonicity of f. (If d(y;,y2) > &, then
C. NS %% = ().) Note that the subscript € on the left of (x) denotes an e neighborhood in
S™~1 whereas the subscript 7 on the right of (x) denotes an 1 neighborhood in S" 2. Let
AY := AN S"%¥. By fixing y, = y and varying y; = z in (*), we have

Ty((Aa)y) = Ufzey: d(z,y)<5}(TZ(AZ))W(Z,y,E) ()
Substituting B := o0, (A) gives

Ty<<BE)y) = Ulzey: d(zy)<e} (TZ(BZ))n(z,y,e) (T)
By definition of B, 7,(B?) is a geodesic ball in S"2* V 2z € ~, and p,_9.,(7.(B?)) =
fn—2.4(T2(A?)). So, the induction hypothesis (i.e. the full theorem) says

:un—Z,u(<7-Z(Bz>)n(z7y,a)) < pn—2.u((T2 (Az))n(Z,y,s)) (1)

for admissible y, z,e. Since the sets on the right side of (f) are all (n — 2)-dimensional
geodesic balls with the same center, we have

fin—2,u(Ty(Be)Y) = sup Mn—&u((Tz(Bz))n(Z,y,E))
z€vy: d(z,y)<e

< sup Nn—?,u((Tz(Az))n(Z,y,s)) , from (1)
z€vy: d(z,y)<e

§ Nn72,u(Ty(A€)y) ’ from (**)
Re-writing this inequality, we see that for every y € v,y # +x we have

fin—2y((B:)") < pin—2,4((Ac))
So by Fubini’s Theorem, we can integrate this inequality to get p,—1(B:) < pn—1(Ae), so
that B € M(A) as desired.

Proof of Claim 3: Let B C S™ ! be closed, and suppose B is not a geodesic ball. Let
r = r(B) as above, and let u € S"~! be such that B C B(u,r). Let v be a half circle with
midpoint u, so that we will symmetrize with respect to v, leaving B(u,r) fixed. Since B is
not a geodesic ball, F := BN JB(u,r) # 0.

We need two observations. First, any symmetrization 0., does not decrease the set £. That
is, E C (0,(B))°N0B(u,r). Second, we can find symmetrizations that increase £. To see the
second claim, let G C 9B(u,r) be a relatively open set. Given any = € dB(u,r) \ G, there
exists a relatively open set G, C dB(u,r) and v, such that z € G,, and G, N0, (B) =0. To
construct ., consider the straight line ¢ (in R™) between x and some point y € B‘NIB(u,r)
(which exists since B is not a ball). Let P reflect 0B(u,r) across a hyperplane perpendicular
to £ and intersecting ¢ at its midpoint. Then, let G, be a small ball (in 0B(u,)) around
x disjoint from G, such that PG, C B°N dB(u,r) (which is possible since B is closed).
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Observe that G, does what we claimed above. Also note that G,~, depend on z and G,
but not on B.

Now, apply the above observations to B and G := BN dB(u,r) to produce v, G,,.
Then, apply these same observations to ., (B) and G := o0,,(B)° N dB(u,r) to produce 7,
and G,,, and so on. By compactness of S"! (using a cover by {G,.};>1), after a finite
number of symmetrizations we have o, (---0,,(B)---) disjoint from 0B(u,r). Therefore,
H(o (e 0y (B) ) < 1(B). .

As an application, we prove the following concentration of measure result. Note that the
exponential dependence on n implies that almost all of a high dimensional sphere is close to
any given set of Haar measure 1/2. Put another way, a high dimensional sphere has a “large
waist.”

Theorem 11.5 (Concentration of measure on the sphere). Let pu be the normalized
Haar measure on S™™. Let A C S™ et € > 0, and define A, == {x € S Jy €
S with dgni (z,y) < e}, If p(A) > 1/2 then p(Al) > 1 — ge*g”ﬂ-

Proof. By Theorem. 11.4, it suffices to prove this claim for geodesic balls, i.e. it suffices to
analyze the quantity

ffn/2 cos™(t)dt

wB(/2+e)) = fWﬁQ cos™(£)dt

For any n > 1, let I, := fow/2 cos”(t)dt. Changing variables and using cos(t) < e~**/2, valid
for any 0 < ¢ < /2 (which follows since f(t) := logcost satisfies f”(t) = —1/cos?(t) < —1
for all 0 <t <m/2),

/2 dt 1 (m/2)v/n dt
1 — u(B(r/2 4 2)) :/5 cos"(t)E:%/aﬁ cos" (1)) 3

[T el ¢ L [T o
evn 0

1

< —

=/n o1, = vn o1,
1 2 o° 2 dt 1 2

< —e?n/2 —t?/2 20 —e?n/2 2.

= /0 “ aon, T 2valL,© ™/

Integration by parts shows that I, = %=1, 5. Since (n —1)/y/n(n —2) > 1 for any n > 3,
we get \/nl, > +/n —2I, 5 for any n > 3, so that

vnl, > min(I;, V2I) = min(1, V27 /4) = 1, Vn>1
In summary, 1 — u(B(7/2 +¢€)) < e=<""2 /7 /8. O

Theorem 11.5 implies a corresponding statement for Lipschitz functions. That is, Lipschitz
functions on high-dimensional spheres are typically close to their average value.
For any = = (71, ...,2,) € R", we denote ||z| := (22 +--- + 22)1/2.

Theorem 11.6 (Concentration of measure, Lipschitz function form)). Let f: S"*1 —
R. Suppose that for all x,y € S"™' | f(x) — f(y)| < ||z —yl|, so that f is 1-Lipschitz. Let p
denote normalized Haar measure on S™*1. Then for all € > 0,

p (x €5 | f(z) - - f(y)du(y)’ > e) < \/gemz/‘*.
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Proof. Let m € R such that u(z € S™™': f(z) < m) > 1/2 and p(z € S"™: f(z) > m) >
1/2. Let C:={x € S"™: f(z) <m}. Thenz € C. ifand only if Iy € C with ||z — y|, < e.
Since f is 1-Lipschitz, |f(z) — f(y)| < e, so that f(x) < m + e. Taking the contrapositive,

{x e S": f(z) >m+e} C ST AL
So, from Thm. 11.5, since pu(C') > 1/2, we have
(e S f(z) >m+e) < /m/8e /2
Similarly, u (z € S™*': f(z) < m —¢) < \/7/8"=*/2. In conclusion,
p(ze S [f(z) —m|>¢e) <2 m/8e /2, (%)
It remains to replace m with [g,., f(y)du(y). Consider pu x pon S™*! x S"*1. Observe

(1> p) ((2,y) € 8™ x S™0 [ f(z) = fy)| > ¢)
< (ux p) ({If(x) =ml| = /2y U{[f(y) —m| = £/2})
<2u(|f(z) —m| > £/2) <4y/7/8e /% from (x)

Let A > 0. Then from Theorem 11.5, if \? := n/4,

[ U ey
S"+1><S"+1

= /OOO 2NN (¢ ) ((w,y) € S™x ST |f(x) — fly)] > t) dt

< 4\/71‘/8/ N2t e 2 = \/7‘(‘/8/ tne™" /4t = 2/7/8 = \/7/2.
0 0

So, for this A, Jensen’s inequality in y implies that

,/71—/22/ N (F (@)= f())? dp(x )du(y)Z/ 2(f(@) = [snt1 FW)du(y) du( ).
Sn+1

Sn+l XSTH»I

Finally, by Chebyshev’s inequality,

u(z € S™ | f(x) — fdu| > ¢) = plz € S™ A @)= [snr J@dn@)I? > e>‘2€2)

Sn+1
< e / W@ Ssnes SOBOL () < /262,
Sn+1

O

Theorem 11.7. (Spheres and Gaussians, Strong Version) Let v, be the standard
Gaussian measure on R™, and let A C R™ be a Borel set. Let 0% denote the normalized

Haar measure on VN - SN. Let Pyy1, (for N > n) be the standard linear projection from
RN+ onto R", i.e. Pyyin(T1,...,2N41) = (@1,...,2,). Then

dim o5 (P o (A) N (VN - 57) = 7,(4)
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Proof. Let {g;} be iid standard Gaussian random variables, and define R% := g+ - -+g%. By

rotation invariance, %(gl, ..., gn+1) has the same distribution as O‘N So, by projecting
both sides, L(gl, ..., gn) has the same distribution as PNH,n(U%) \ﬁ(P];Jrl . (+)) (for

N >n). In the previous sentence, we calculated both mentioned measures as pushforward
measures, under the map Pyyq,: RN+ 5 R™.

R% /N — 1 a.s. by the Strong Law of Large Numbers, giving a weak convergence result.
However, we need to be more precise. Note that R? R?V 1 — R? and (g1,...,90)/ Ry are
independent of each other. The first two are mdependent by definition, and the third is
independent from the others by, say, invoking polar coordinates. (The third term is the
“angular” part of the Gaussian vector, and the first is the “radial” part.) Therefore, R2 /R3, .,
is independent of (g1, ..., 9n)/Rn.

Now, write R%/R%,, =1/(1 4 (92,1 + - + 9x41)/ (91 + -+ + ¢g2)) and observe that the
ratio of g;’s is a ratio of two independent chi squared distributions. A computation then
shows that R>/R3 ., has beta distribution with parameters n/2 and (N + 1 —n)/2. The
corresponding distribution function is therefore

r (&)

2

T ()

N—n+41__
5 1

371 —x)

Combining our results and using the definition of the pushforward, we have

o (Prip(A) N (VN - 5Y)) = P(Pyy1a(olz) € A)

VN ( R2 )1/2 1
=P v gn) EA| =P | N== —(g1,---,9,) €A
( RNH(gl In) 2., R (91 In)
N+1
/Nitz)ts 1
:F(%)F = n+1 N [gn 1/ <1_N> dudo" ™ (z)

In the last line we used the change of variables u = v/ Nt. Applying the Dominated Conver-
gence Theorem and letting N — oo, the last quantity converges to

1 00 n—1_—u?/2 n—1
5E-ip (%) /Sn_l/o La(uz)u™ e dudo" " (x)

which is 7,(A) in polar coordinates, as desired. (We used the formula I'(n + 1) = nl'(n) to
get the correct constant in front of the integral.) O

_ldtd n— 1( )

We can now verify Gaussian isoperimetry via Thms. 11.7 and 11.4.

Theorem 11.8. (Gaussian Isoperimetric inequality) For A C R" define dv,(z) :=
e 11272 /(27)7/2 . Define v(DA) := liminf._q+ (v(A:) — y(A))/e. Then among all sets with
the same (Gaussian) volume, one with minimal (Gaussian) boundary measure is the half
space.
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Proof. | ] Define ®(¢) := \ﬁf
for some a € R. It suffices to show that

Yn(Ap) > ®(a+71)

That is, we want ®~1(y,(4,)) > & (7,(A))+7r. Now, let b € R, b < a. Since ®(a) = v,(A),
we have

e 2dz, t € R. We may assume that ,(A4) = ®(a)

n(A) = ®(a) > @(b) = 71 ((—00,b])
So, for N large enough (N > n), Thm. 11.7 gives

0Pyt n(A) N (VN)SY) > oo (Prgy (00, B) N (VN)SY) (%)

Note that PJQ_le(AT) N(VN)SN D (PJQHn(A) N (V/N)SN),, where the subscript on the
left denotes a neighborhood in R™, and the subscript on the right denotes a neighborhood
on (v/N)SY with respect to geodesic distance. This set containment follows since the map
P, increases distances. Note also that Py, ((—o0,b]) N (V/N)SY is a geodesic ball on

(\/N )S™N. This gives us two things. First, we can apply the spherical isoperimetric inequality.
Second, we have (P ;((—00,b]) N (VN)SN), = Pyli1((=00,b+r(N)]), where

r(N) = —V/N cos(cos ' (b/v/N) +r/VN) +b, b<0

with a similar equality for b > 0. In either case, the cosine addition formula shows that
limy 00 7(N) = r. Combining all of these observations, we have

o (Priia(4,) N (VN)SY)
> U\/N((PN—IH,TL(A) N (VN)SN),) , by set containment
> o (Pydyn((—00,8]) N (VN)SY),) by Thm. 11.4, and (x)
= ol (Prira((=00, b+ r(N)]) N (VN)S™)
So, letting N — oo and applying Thm. 11.7, we get
Ya(Ar) = @(b+T)
And since b < a is arbitrary, we get 7, (A,) > ®(a + ) as desired. O

Proof. | ] Instead of using the isoperimetric inequality on the sphere, we argue more
directly, as in Thm. 11.3, and we use Brunn-Minkowski (for Gaussian space, Thm. 11.9). Let
A € (0,1) and let B C R™ be the Euclidean ball with radius /(1 —X), so B = (r/(1—\))Bj.
From Gaussian Brunn-Minkowski (Thm. 11.9) we have

O (m(AA),) = @7 (W(AA +7B3)) = 7 (1a(AA + (1 = N)B))
> AT (7 (A)) + (1 - ) H((B))
= A7 (7a(A)) + (1 = N)e(A, 1)@~ (1a(—00,7/(1 = N)])
= A0 (A) + e\, 7r)r
where e(\,7) — 1 as A — 1, for fixed 7. So, letting A — 1 gives 7! (v, (A4,)) > @71 (7, (A4)) +

r, as desired. ]
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Proof. | | We begin with a functional form of the isoperimetric inequality. We prove
this via a “two-point” inequality, which is leveraged to the whole Gaussian space, via the
central limit theorem. With ® as above, and ¢(t) := \/%e_tzm, define I := ¢ o ®~1. We

want to prove
104) 2 1(v(4)) (%)
This inequality is equivalent to y(4,) > ®(®~*(y(A)) + r). To see this, differentiate the
latter inequality to get (x). Conversely, if v(0A) > I(y(A)), for all A, we can conclude that
Y(A,) > ®(@(y(A)) +7) —e¢, for all small € > 0, with € independent of A, but with r small
and dependent on A. Now, let p € [0,1],7 € R, and consider R,(p) :== ®(®'(p) + r). Note
that Ry, 4, (p) = Ry, (R (p)) and A, 4, = (As)r,. Thus, we can improve the inequality to
v(A,) > ®(®71(y(A)) + r) — € with 7, ¢ both independent of A, since r small implies (via
addition), the same inequality for r large. Letting € — 0 then gives our result.
Now, we will deduce (%) from the following functional inequality

1 i < [Vipr9star o

where f: R" — [0, 1]. Surprisingly, we can deduce (%) from the following inequality (which

we will not prove)
a+b 1 a—bl* 1 a—bl?
I < =/ (I(a))? =1/ (I(b))?
(] )_2\/< @) +| % +2\/<<>> i
where 0 < a,b < 1. For f: {—1,1} — [0,1], write f(—1) = a and f(1) = b, so that we
re-write this inequality as

IES <EJUE?+ IV ()
Here the expected value is taken with respect to the Bernoulli measure p = (1/2)0_1 +
(1/2)01, and |V f| = |f(1) — f(—=1)] /2. To get (xx) from (1), we apply the Central Limit
Theorem.
We first show that (}) tensorizes. That is, () holds for f: {—1,1}" — [0, 1] with measure

i on {—1, 13", and [V £ () > = L0 F() — Fls;(0)) s with s5(2) = (21, oo 2j1, —25, 2501,

Let z € {—1,1}", and now let f: {—1,1}""" — [0,1]. Let fo(z) := f(z,—1), fi(z) :=

f(x,1), po = p({=1}), pr = p({1}), a0 == [ fodu™, a1 := [ frdp®. Then [ fdu"* =
Poao + prai. Also,

V£, =D = Vo) + (1/4) [folz) - fila)]
V(@ DI =V fil@)] + (1/4) [ fole) = fil2)]’

/ VI + VP = po / \/ Io2 +19 ol + 5 1o = fuld”

T R AT

By applying (the proof of) Jensen’s inequality twice, we have

W //\/7/\/7 (v
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Specifically, we use that ¢(z,y) := /22 + y? is convex in one argument, when the other
argument is fixed. Now, let £,(u) = au + b be a linear function such that £,(u) < ¢(u, [ v)
and 0,([u) = ¢([ u, [v). Then

qb(/u,/v):&,(/u):a/u—i-b:/fv(u)§/¢(u,/U)

Now, let £,(v) = av+0b be a linear function such that £,(v) < ¢(u,v) and £,( [ v) = ¢(u, [v).

Then
(u,/v):fu(/v):a/v—i—b:/ﬁu(v)S/qb(u,v)

We now use (x * %) twice, with ug = \/](f0)2+|Vf0|2, v = (fo— f1)/2, and u; =
\/](f1)2 + |V£1|°. Then (1) implies

/\/mdmﬂ ZPO\/</ udp™)? + (/vdu”V
+P1\/(/ urdp™)? + (/vd/ﬂl)2

By the inductive assumption of (1), [wodp™ > I(ag), [widu™ > I(ay). By definition of v,
Jodp™ = (ap — ar) /2. Therefore

/\/ 24 |VfPdu™t > pov/I(a)? + (1/4)(ap — ay)?

+p1\/1 (a1)? + (1/4)(ao — a1)?

By the n =1 case of (1),

pov/1(ao)? + (1/4)(ag — a1)? + p1v/1(a1)? + (1/4)(ag — a1)?

> I(poao + pray) = I(/ fdpt)

So, the inductive step is complete, and (1) is proven.
We now show how to get Gaussian isoperimetry from (f). Let f: R™ — [0, 1] be a smooth

function. Let zy,...,2; € {—1,1}", and define fi(zy,...,2%) = f((x1 + - + 21)/VE). By
the Central Limit Theorem, as £k — oo,

/ fedp™ — | fdy,
{ 11}nk Rn
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Also,

n k
IV fr(zr, x| = EZZ \fe(me, . om) = fulme, .o silay), oo )|

i=1 j=1

1 n k

:ZZZ‘f((x1+"'+xk)/\/E)_f((xl+"'+Si($]’)+---—|—xk)/\/E)2

i=1 j=1

= [IVf (@ + - +a) [VE)5 + O(1/VE)

Since f is smooth, the error O(1/v/k) is uniform over all (zy,...,2;). So, using the Central
Limit Theorem again, as k — 00,

/{ o VG + 19 felPdp™ = /R 1V,

So, we have the analogue of (1) for the Gaussian measure. To finally get Gaussian
isoperimetry, let f approximate 14 for a set A, and note that 1(0) = I(1) = 0. O

Theorem 11.9. (Gaussian Brunn-Minkowski, | |) As above, let B(t) == = [ e dx,

let v = 7, be the standard Gaussian measure on R™, let A, B C R" be Borel sets, and let
A€ (0,1). Then

O (1A + (1= A)B)) 2 A7 (7,(A)) + (1 = )P (1 (B))
(Compare to Euclidean Brunn-Minkowski, Thm. 11.2.)

Proof. We use a method of heat flows, together with the maximum principle. Let v = T} f
be a solution of the heat equation du/dt = %Au. Suppose u has range [0, 1]. Note that

d®/dt = ¢ := e /2 /\/271. Define U := &~ '(u). Straightforward calculations show that

% - ¢(U)%—(j7 Vu=oU)VU,  Au=g¢U)VU-U|VU[)

ou 1 1 9
AU - =
% = 3 U 2U IVU| (%)
Let A, B C R"™ be compact subsets, and let ¢ € (0,1), 6 € (0,¢). Let F be a smooth
bump function adapted to an epsilon neighborhood of A. Let f := § 4+ (1 — ¢)F, so that

)< f<a:=0d+1—¢e < 1. Similarly define g for B. Define
k= max{®AP ! (a) + (1 = NP (4)), (AP (0) + (1 — NP L (a))}

Crucially, K — 0 as § — 0 (since 71(0) = —o0). Now, let i such that x < h < «, such that
h =aon A, + (1 — \)B: and h = k off an e-neighborhood of AA. + (1 — A)B.. Observe
that the following inequality holds pointwise for x,y € R™.

e (A(Az + (1= Ny)) 2 A7 (f(2)) + (1= NP7 (g(y)  (+x)

This inequality is clear for x € A,y € B and for x ¢ A,y ¢ B, since we reduce to o > «
or k > d. For x € Ay ¢ B, the inequality holds by definition of k. (And similarly for
¢ Ay € B).
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Now, by letting 6 — 0 and then ¢ — 0 in the following inequality, we will complete the
theorem.

o1 [ h) 2 207 ([ gany+ -0 ([ o) @
We prove (I) via the more general inequality

O HTh(Ax + (1= A)y)) = AT HTof(2)) + (1 = N2 (Tig(y)) ()

where 7} is the heat semigroup operator.
Surprisingly, the inequality (&) is almost a symbolic exercise. Define

C(t,z,y) = @~ (Th(he + (1= Ny)) = AT f () + (1 = \)2~ (Tig(y))

)
Then (xx) expresses C(0,z,y) > 0 and our desired inequality () corresponds to C'(1,0,0) >
0. Moreover, by construction, C' vanishes as |z|,|y| — oo. Since we know C(0,z,y) > 0,
in order to prove (&) it suffices to show via a maximum principle that C'(¢,z,y) > 0 for all
r,y € R" t>0.
Let £ := (t,x), n:= (t,y) and ¢ := (t, \z + (1 — A\y)). Then

V.0 = A(V(@(T:h)))(C) -
V,C = (1= N)[(V(®(T:h)))
A,C = N(A(@(Tih))

A,C = (1= N2(A(®!

(V(@HT)))(E)]
(€)= (V (‘P 1(7}9)))( )]
)

A~ (T,g))(n)
Also,

3 TC 31— MA@ T))(C)

1<i<n O 8%

A, + ZZKK” 5 8y +A } Then, using (),

Let & —%

L

[(A@™HT)))(C) = MA@THT))(E) — (1 = MA@ (Tig))) (n)]

1
2

Now, write

(V@ N TANE) = (V@ HTh))(Q)|

. [8®a£?tf) (S)Jr@‘bag?h) (C)] {0498(711’) ) - 09~ (T;h)

(€)

1<i<n
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(V@ H(Tg)) )| = |(V(@ Y T)))(Q)[

1<ien ZT; 3:1:1 €T; 0;1:1 (C)

Then by these equalities and the definition of ¥, we can write (¢, z,y) =: 1 |(V(®~(T3h)))(¢) > C—
b(t,x,y) - V(s C. In summary,

ECHb(t,z,y) - V(g C ———i— ‘ ’ C (% * )
Note that £ is elliptic, since it can be written as £ = §(Vm, Vy)TA(V,E, V,), where A is a
block matrix of the form (zg zg), and each id is an n X n identity matrix.

We now argue by contradiction. By the definitions of f, g, h, we know that info<;<7 C(¢, x, y)
is non-negative as |z| + |y| — oco. We make the contrary assumption that C'(¢,x,y) < 0 for
some (¢, z,y) € [0, 7] x R"xR". Then there exists € > 0 such that et+C(t, x, y) has a strictly
negative minimum in [0,7] x R™ x R™. Suppose this minimum occurs at P = (to, xo, yo)
with ¢ty > 0. Note that ¢y > 0, since ¢, = 0 cannot occur, since (&) reduces to (x*) at t = 0.
Then, using that P is a minimum and & is an elliptic operator,

C(P) <0, %(P) +e<0, Vg yCP)=0, EC(P)>0
However, these inequalities contradict (% ). We conclude that C(¢,z,y) > 0, so (&) holds,
as desired. O

We begin with Gross’ Log-Sobolev inequality. Let p be a probability measure on some
measure space (2. Given a non-negative measurable function f on Q with [ flog(1+f) < oo,
define the entropy of f as

Ent,(f) == /flogfdu— (/ fdu)-log(/ fdu) = /flog (ﬁ) dp

Note that Ent,(f) > 0 by Jensen’s inequality (since g(x) = zlogx, x > 0 is convex). Also, a
short calculation shows that Ent,(Af) = AEnt,(f), i.e. the entropy is homogeneous of order
1.

Theorem 11.10. (Log-Sobolev Inequality, Gross, | ]) Let f: R™ — R be smooth.

As usual, let v = (1/(2m)"2)e121/2dg be the standard Gaussian measure on R™, and let
V51 i= [V fll. Then

Ent,(f?) < 2/|Vf|2dv

Proof. Recall that that the operator L := A — x - V on R” has the associated semigroup
{P,}+>0 with representation

= /f(@‘trc + (1= e 2)dy(y), t>0,7€R"

This semigroup is known as the Ornstein-Uhlenbeck semigroup. Now, let f be smooth
and non-negative with ¢ < f < 1/e for some ¢ > 0. Via abstract semigroup theory or
direct verification with the above formula for P, we have: P, = e', (0/0t)P,f = LP,f,
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Pof = f, Puof = limy oo Pf = [ fdy. Also, recall the Gaussian integration by parts
formula [ f(—Lg)dy = [ V[ -Vgdy, via real variable integration by parts.
Lastly, we need the formula [ P,f(x)dvy(z) = [ fdvy. This follows immediately from the

fact that, if X, Y are independent standard Gaussmns then a X ++1/1 — @?Y is also a standard
Gaussian. Thus,

[ Pr@)dr@) = Bfe X + VT=emY) = BAX) = [ sy
where X’ is another standard Gaussian. Alternately,

Ptfzfgptf:/mf:—/af«vn=

In either case, we are ready to begin the proof.

buts ()= [ f1oaf — ([ ftog( [ 1

:/(Poflogpof)_PooflogPOOf

:/ (—/ g(Pt log P,)dt)dy , integrating by parts

/ / —Pt log P;ddt

/ ( LP, flog Ptfd'y—l—/LPtfd”y) dt , chain rule
/ < /VPtf Viog P, f —/VPtf-(Vl)) dt , L int. by parts

IVP.f|?
= dvydt
/0 s

Now, from the formula for P, we see that VP, f = e *P,(Vf). So, using the formula for P,
and Minkowski’s inequality we have |[VP, f| < e "P,(|Vf]). Note that we may apply Cauchy-
Schwarz to P;(fg)(z) for fixed z on Ly(7), so that P,(fg) < /Pi(f?)\/Pi(g*). Therefore

IVEf| < e 'P(|Vf]) = e " PV VIV < eWPtNPt(Wf% /f)

VPP V[
B/ Seﬂpt( i )

So, combining this with our above equality for entropy gives

a1 < [ /%Wﬂ)ddt /wfﬂ

using that [ Pgdy = [ gdv, and then integrating in ¢. Letting f = ¢g* and applying the
chain rule completes the proof. U

that is,
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Remark 11.11. The above applies equally well to measures du = e~Ydx where HessU (z) >
cld. The result is then

Eu, (1) < ¢ [ 197 da
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12. APPENDIX: NOTATION
Let n,m be a positive integers. Let A, B be sets contained in a universal set €.
N = {1,2,...} denotes the set of natural numbers
Z=A...,-2,-1,0,1,2,...} denotes the set of integers
Q ={a/b: a,b,€ Z,b # 0} denotes the set of rational numbers
R denotes the set of real numbers
C = {a+bv/—1: a,b € R} denotes the set of complex numbers

€ means “is an element of.” For example, 2 € R is read as “2 is an element of R.”
YV means “for all”

3 means “there exists”
R™ = {(x1,29,...,2,): z; E RV1 < i <n}
f: A — B means f is a function with domain A and range B. For example,

f: R? — R means that f is a function with domain R? and range R
() denotes the empty set

A C BmeansVa € A, we have a € B, so A is contained in B
ANB:={a€A:a¢ B}
A= Q A, the complement of Ain 2
AN B denotes the intersection of A and B
AU B denotes the union of A and B
AAB = (AN B)U(B\ A)
P denotes a probability law on €2

Let n > m > 0 be integers. We define
ny\ n! ~nm—1)--(n-m+1)
= s )

m m)m!  m(m—1)---(2)(1)
...,a, be real numbers. Let n be a positive integer.

Let aq,

Zai:al+a2+"'+an—l+an-
i=1

||ai:a1~a2---an_1-an.
i=1

min(ay, az) denotes the minimum of a; and as.

max(aq, ag) denotes the maximum of a; and as.

The min of a set of nonnegative real numbers is the smallest element of that set. We also
define min()) := oc.
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Let A C R.
sup A denotes the supremum of A, i.e. the least upper bound of A.

inf A denotes the infimum of A, i.e. the greatest lower bound of A.

Let X: Q — R be a random variable on a probability space (2, F, u).
E(X) denotes the expected value of X
X, = (E |X|P)1/P, denotes the L,-norm of X when 1 < p < 0o
| X, :=inf{c > 0: P(|X| < ¢) =1}, denotes the Lo-norm of X
var(X) = E(X — E(X))?, the variance of X
ox = \/m , the standard deviation of X

Let A C Q.
E(X|A) := E(X14)/P(A) denotes the expected value of X conditioned on the event A.

14: Q — {0, 1}, denotes the indicator function of A, so that

1 ,ifweA
1A(w)={

0 , otherwise.

Let (-,-) : R" x R® — R be the standard inner product on R™, so that for any x =
(z1,...,20),y = (Y1,-..,yn) € R", we have (z,y) = > x;y;. We also denote ||z| :=
(3" 23)Y? as the standard norm on R™.

Let X be a random variable on a sample space €2, so that X: Q2 — R. Let P be a
probability law on Q. Let z,t € R.

Fx(z)=P(X <z)=PHw e Q: X(w) <z})
the Cumulative Distibution Function of X.

Mx (t) = Ee'* denotes the Moment Generating Function of X at t € R

Let g,h: R — R. Let t € R.

(gxh)(t) = / g(z)h(t — x)dz denotes the convolution of g and h at t € R

o0

Let f,g: R — C. We use the notation f(t) = o(g(t)), V¢t € R to denote lim;_,, ‘@‘ =0.

g(t)
We use the notation f(t) = O(g(t)) to denote that 3 ¢ > 0 such that |f(t)| < c|g(t)| for all
t € R. We write f(t) = Q(g(¢)) when 3 ¢ > 0 such that |f(t)| > c|g(t)| for all t € R. We

write (1) = ©(g(t)) when [(t) = O(g(t)) and g(t) = O(f(t)).
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