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1 Introduction

These notes are intended for use in the warm-up camp for incoming UNC STOR graduate
students. Welcome to Carolinal

We assume that you have taken a linear algebra course before and that most of the ma-
terial in these notes will be a review of what you've already known. If some of the material
is unfamiliar, do not be intimidated! We hope you find these notes helpful. If not, you
can consult the references listed at the end, or any other textbooks of your choice for more
information or another style of presentation (most of the proofs on linear algebra part have
been adopted from Strang, the proof of F-test from Montgomery et al, and the proof of
bivariate normal density from Bickel and Doksum).

Linear algebra is an important and fundamental math tool for probability, statistics, nu-
merical analysis and operations research. Lots of material in this notes will show up in your
future study and research. There will be 8 algebraic classes in total. In the second week
we may cover some topics in computational linear algebra with applications to statistics
and machine learning (PCA, PageRank, Spectra Clustering, etc). See the notes and course
schedule on the UNC STOR bootcamp webpage.



2 Vector Spaces

A set V is a vector space over R (or any field) with two operations defined on it:

1. Vector addition, that assigns to each pair of vectors vy, v, € V another vector w € V
(we write v1 + v = w)

2. Scalar multiplication, that assigns to each vector v € V' and each scalar r € R (field)
another vector w € V' (we write rv = w)

The elements of V' are called vectors and must satisfy the following 8 conditions V vy, v9, v3 €
Vand V ri,ry € R:

1. Commutativity of vector addition: vy + vy = vy + ¥4

2. Associativity of vector addition: (v + vg) + v3 = vy + (v2 + v3)

3. Identity element of vector addition: 34 vector 0 € V,st. v +0=0v, Vo eV
4. Inverse elements of vector addition: Vv eV 3 —v=w eV st. v+w=0

5. Compatibility of scalar multiplication with (field) multiplication: 7 (rqv) = (r17r2)v, ¥
veV

6. Distributivity of scalar multiplication with respect to (field) addition: (r; + ro)v =
rv+mrv,VoeV

7. Distributivity of scalar multiplication with respect to vector addition: r(v; + ve) =
rvg +rvg, Vr €R

8. Identity element of scalar multiplication: lv =v, Vv eV

Vector spaces over fields other than R are defined similarly, with the multiplicative iden-
tity of the field replacing 1. We won’t concern ourselves with those spaces, except for when
we need complex numbers later on. Also, we’ll be using the symbol 0 to designate both the
number 0 and the vector 0 in V', and you should always be able to tell the difference from the
context. Sometimes, we’ll emphasize that we're dealing with, say, n x 1 vector 0 by writing

0n><1-

Here are some examples of vector spaces

1. R™ with usual operations of element-wise addition and scalar multiplication. An ex-
ample of these operations in R? is illustrated in Figure 2.

2. Vector space Fj_q 1) of all functions defined on interval [—1, 1], where we define (f+g)(z)
= [(x) +g(z) and (rf)(z) = rf(z).



w 2w,

Figure 1: Vector Addition and Scalar Multiplication

2.1 Basic Concepts

Subspace and span We say that S C V is a subspace of V| if S is closed under vector
addition and scalar multiplication, i.e.

1. Vs1,80 €8, 81+s, €8
2.Vse S,VreR, rse S

You can verify that if those conditions hold, S is a vector space in its own right (satisfies the
8 conditions above). Note also that S has to be non-empty; the empty set is not allowed as
a subspace.

Ezamples:
1. A subset {0} is always a subspace of a vectors space V.

2. Given a set of vectors S C V, span(S) ={w:w =Y, rv;,r; € R, and v; € S}, the
set of all linear combinations of elements of S (see below for definition) is a subspace

of V.
3. S ={(z,y) € R? : y =0} is a subspace of R? (x-axis).
4. The set of all continuous functions defined on interval [—1, 1] is a subspace of Fj_; y;.

For all of the above examples, you should check for yourself that they are in fact subspaces.

Given vectors vy, vs,...,v, € V, we say that w € V is a linear combination of
n

U1, Vg, ..., Uy, if for some ry,re,... 1, € R, we have w = ) r;. If every vector in V' is
i=1

a linear combination of S = {vy,vs,...,v,}, we have span(S) =V, then we say S spans V.

Fact: A set S C V is a subspace if and only if it is closed under linear combinations.

Linear independence and dependence Given vectors vy, vs,...,v, € V we say that
n

v1, Vg, ..., U, are linearly independent if > r,v; =0=—=r; =ry = ... =r, =0, i.e. the
i=1

only linear combination of vy, vs,...,v, that produces 0 vector is the trivial one. We say



that vy, v, ..., v, are linearly dependent otherwise.

We now prove two results that will be used later and give some practice with linear al-
gebra proofs.

Theorem: Let I,S C V be such that [ is linearly independent, and .S spans V. Then
for every x € I there exists a y € S such that {y} U I\{z} is linearly independent.

Proof: We prove this result by contradiction. First two two facts that can be easily
verified from the definitions above.

1. If a set J C V is linearly independent, then J U {y} is linearly dependent if and only
if y € span(J).

2. If S,T C V with T C span(S) then span(7") C span(sS).

Assume for the sake of contradiction that the claim does not hold. I.e. suppose there
there exists a x € [ such that for all y € S {y}UI\{z} is linearly dependent. Let I’ = I\{z}.
Since [ is linearly independent it follows that I’ is also linearly independent. Then by the
first fact above, the fact that {y} U I’ is linearly dependent implies y € span(I’). Moreover,
this holds for all y € S so S C span(!’).

By the second fact we then have that span(S) C span(/’). Now since S spans V
it follows that € V = span(S) C span(I’) = span(/\{z}). This means there exists
V1,02, ..., 0, € I\{z} and 71,79,..., 7, € R such that 0 = x — """ | r;u;, contradicting the
assumption that [ linearly independent. [

Corollary: Let I, S C V be such that [ is linearly independent, and S spans V. Then
|| < |S], where |- | denotes the number of elements of a set (possibly infinite).

Proof: If |S| = oo then the claim holds. Additionally, if I C S the claim holds. So
assume |S| =m < oo,and I ¢ S.

Now consider the following algorithm. Select = € I,z ¢ S. By the theorem above, choose
ay € S such that I' = {y} U I\{x} is linearly independent. Note that |I’| = |I| and that
|II'NS| > [INS|. If I’ C S then the claim holds and stop the algorithm, otherwise continue
the algorithm with 1 = I

Now note that the above algorithm must terminate in at most m < oo steps. To see
this, first note that after the m™ iteration S C I'. Next, if the algorithm does not terminate
at this iteration I’ ¢ S, and there would exist a x € I';x ¢ S. But then since S spans V'
there would exist vy,ve...,v, € S C I and r1,79,...,r, € Rsuch that 0 =z — Y"1 rv;
contradicting I’ linearly independent. [J

In the following definitions, the reader might want to look ahead to the section on normed



and metric spaces. We follow Lax, Functional Analysis, for most infinite-dimensional con-
cepts.

Basis and dimension Suppose {v;};c;, where I is an arbitrary index set, are vectors in
a normed space V that are linearly independent and such that the closure (in the norm
topology) of span{v;},cr is V. Then we say that the set {v;};cs is a basis for V' whose
dimension is the cardinality of I.

The span of a finite number of vectors is closed, so if |I| < oo, for example when V' = R",
then we have V' = span{v;}icr.

The following theorem is proved using Zorn’s lemma.
Theorem: Every vector space V has a basis.

Theorem: Let S be a basis for V, and let T be another basis for V. Then |S| = |T].

Proof: This follows directly from the above Corollary since S and T are both linearly
independent, and both span V. [J

We focus on finite-dimensional spaces. The most common infinite-dimensional spaces
have countable bases, rather than uncountable ones.

Ezxamples:
1. S = {0} has dimension 0.
2. Any set of vectors that includes 0 vector is linearly dependent (why?)

3. If V has dimension n, and we're given k < n linearly independent vectors in V', then
we can extend this set of vectors to a basis.

4. Let vy, vq,...,v, be a basis for V. Then if v € V, v = riv; +rova + ... + 1,0, for some
ri,Te, ..., € R. Moreover, these coefficients are unique, because if they weren'’t,
we could also write v = syv1 + Savo + ... + S,v,, and subtracting both sides we get
0=v—v=(r1—s1)v1+(ro—82)va+. ..+ (r, — $p)v,, and since the v;’s form basis and
are therefore linearly independent, we have r; = s; Vi, and the coefficients are indeed
unique.

5. v = { (1) } and vy = [ _05 } both span x-axis, which is the subspace of R?. Moreover,

any one of these two vectors also spans x-axis by itself (thus a basis is not unique,
though dimension is), and they are not linearly independent since 5v; + lvy = 0



1 0 0
6.ec1= |0 |,ea=|1],and es= | 0 | form the standard basis for R3, since every
0 0 1
T
vector | x5 | in R3 can be written as x;e; + x2e9 + x3e3, so the three vectors span R?
T3

and their linear independence is easy to show. In general, R™ has dimension n.

7. Let dim(V) = n, and let vy, vg, ..., v, € V, s.t. m > n. Then vy, vs, ..., v, are linearly
dependent.

8. Suppose that we are interested in defining a basis for C([0, 1]), the space of all con-
tinuous real-valued functions defined on the interval [0,1]. What difficulties might
arise?

2.2 Special Spaces

Inner product space (Real) A real inner product space is a vector space over R equipped
with a function f: V x V' — R (which we denote by f(vi,ve) = (v1,v2)), s.t. Vo, w,z €V,
and Vr € R:

1. (v,w+rz) = (v,w)+r(v, 2) (linearity)
2. (v,w) = (w,v) (symmetry)
3. (v,v) >0 and (v,v) = 0 if and only if v = 0 (positive-definiteness)

Typically, we will consider only real vector spaces. However, complex inner product
spaces are ubiquitous, so we give a definition.

Inner product space (Complex) A complex inner product space is a vector space over
C, the complex numbers, equipped with a function (-,-) : V" x V' — C, with the following
properties

1.

v,w~+ az) = (v,w) + a(v, z) (anti-linearity)

= (w,v) + a(z,v) (linearity)

w

,v) (skew symmetry)

(v,
2. (w+az,v
- (v, w) =

(

4. (v,v) > 0 and (v,v) = 0 if and only if v = 0 (positive-definiteness)
where @& denotes the conjugate of a complex number «. In some texts, the convention
is to make anti-linearity appear in the first argument of the inner product rather than the

second.

Examples:



1. In R" the standard inner product between two vectors is 27 y. Given 2 vectors x,y € R”
T T .
where x = [x1, 29, -+ ,x,]" and y = [y1, Y2, ,Yn] , We define their inner product

(w,y) = 2"y =)z,
i=1
You can check yourself that the 3 properties above are satisfied, and the meaning of

notation x7y will become clear from the next section.

2. Given f,g € C([-1,1]), we define (f,g) = f_ll f(x)g(x)dzx. Once again, verification
that this is indeed an inner product is left as an exercise.

Normed space The norm, or length, of a vector v in the vector space V is a function
g :'V — R (which we denote by g(v) = ||[v]]), s.t. ¥V v,w € V, and Vr € R:

L lroll = lrillvll
2. ||v|| = 0, with equality if and only if v =0
3. [Jv+w|| < |lv|| + |Jw| (triangle inequality)

Ezxamples:

1. In R", let’s define the length of a vector r := ||z|| = \/2} + 23 + ... + 22 = VaTx,
or ||z]|* = z7z. This is called the Euclidian norm, or the Ly norm (denote by ||z]|2).
(verify it by yourself)

2. Again in R", if we define ||z|| = |z1]| + ... + |z,|, it’s also a norm called the L; norm
(denote by ||z||1). (verify it by yourself)

3. Given p > 1 and f € C([—1,1]), we define || f]|, = (f_ll \f(x)\pd:v);, which is also a

norm. It is clear that || - ||, satifies the first two properties of norms, so we will show
the triangle inequality (known as Minkowski’s Inequality) holds as well.

Proof: Let f,g € C([—1,1]) be nonzero, and note that the function x — a? is convex,
so for each t € [0,1] and z € [—1, 1],

(tMHl_t)lg(x)l)p gt(|f<x>|)p+(1—t) (Ig(x)l>p_

£l lgllp £l gllp
In particular, since A = % € [0,1],
|f(z)| |g(~”€)|)p (lf(x)l)p (lg($)|)p
A\ BS A _ o (B
(L ra-mER) < () + - (i



SO

S [ @)+ l@rds = [ (A’f @] (- A>‘9<x>’)pd@»

(NEAIAG 7, ol
A =)
d Pd
S||f||£/'f<3”>' NPT /'9@’)' v
TR T S
= T Ml g, el
=1.

It follows that

/(\f(x)\ +lg(@))Pdz < (I[f1lp + [l9ll»)",

so it is enough for us to observe that

L +allp = / [f(x) + g()["de < /(If(:v)| +g())de = ([|F1lp + [lgllp)"-

O

4. For any inner product space V, ||z|| = y/(z, x) defines a norm.

Again, not all vector spaces have norms defined in them. For those with defined norms,
they are called the normed spaces.

In general, we can naturally obtain a norm from a well defined inner product space. Let
|v|| = /(v,v) for Yo € V, where (-,-) is the inner product on the space V. It’s not hard
to verify all the requirements in the definition of norm (verify it by yourself). Thus, for any
defined inner product, there is a naturally derived norm. However, not all normed spaces
have a norm which is derived from an inner product.

Many normed spaces have norms which are not derived from an inner product (see the
exercises at the end of this chapter).

Metric Space A more general notion of distance on the vector space is the metric. In
fact, metrics do not require the vector space structure and can be defined on many types of
spaces, such as graphs. We limit our focus to vector spaces V' to reduce notation.

A metric is a function d : V x V' — R such that for z,y, 2z € V it satisfies:

L. d(z,y) = d(y, )
2. d(z,y) > 0, with equality if and only if x =y

3. d(z,y) < d(x,z)+ d(y, z) (triangle inequality)

10



A space equipped with a metric is called metric space. We will assume the reader is fa-
miliar with metric spaces and the basic related concepts, such as topology, completeness,
compactness, continuity and separability.

Hilbert and Banach spaces, and separability A complete inner product space is called
Hilbert space. A complete normed space is a Banach space.

We note that a Hilbert space is separable if and only if it has a countable orthonormal
basis (see the definitions below). Also, all finite-dimensional inner product spaces are
Hilbert spaces.

Ezxamples:

1. Define a metric on the vertices of a connected graph as the shortest path length between
them.

2. Let V = [—1,1] and define the discrete metric

d(z,y) = {1 vy

0 z#y
For any normed space, we can naturally derive a metric as d(z,y) = ||z —y||. This metric
is said to be induced by the norm || - ||. However, the opposite is not true: the metric defined

on a vector space need not be derived from a norm.

If a metric d on a vector space V satisfies the properties: Vx,y,z € V and Vr € R,
1. d(z,y) = d(z + z,y + z) (translation invariance)
2. d(rz,ry) = |r|d(z,y) (homogeneity)

then we can define a norm on V' by ||z|| := d(z,0).

To sum up, the relation between the three special spaces is as follows:
inner product — norm — metric.

We mean that every inner product on a vector space induces a norm on that vector space,
and every norm on a vector space induces a metric on that vector space.

Remark: Sometimes you will come across quantities that similar ltke one of these ob-
jects. For example, the Kullback-Leibler divergence (also called relative entropy) is a measure
of how similar two probability distributions are. It is called a distance which is like a metric,
but does not satisfy the triangle inequality. Another example is a Kernel which is a lot like
an inner product, but it allow us to do statistics in more complicated spaces (that might not
even be linear spaces e.g. string, image or graph kernels).

11



2.3 Properties and geometry of inner product spaces

We say that vectors v, w in an inner product space V' are orthogonal if (v,w) = 0. It is
denoted as v L w.

An arbitrary set of vectors {v;};e; in V' is called orthonormal if z; L z; and |z;|| =1
for all 7,5 € I.

Ezxamples:

1. In R™ the notion of orthogonality agrees with our usual perception of it. If x is or-
thogonal to y, then Pythagorean theorem tells us that ||z]|? + ||y||* = ||z — y|*.
Expanding this in terms of inner products we get:

lo+yly=(—y)(x—-y) =22 —yTz—aly+yTyor 22Ty =0

and thus (z,y) = 27y = 0.

2. Nonzero orthogonal vectors are linearly independent. Suppose we have q1, qs, . . ., qp,
a set of nonzero mutually orthogonal vectors in a finite-dimensional space V, i.e.,
(gi,qj) = 0 Vi # j, and suppose that r1q; + raq2 + ... + r,q, = 0. Then taking inner
product of ¢; with both sides, we have (g1, ¢1)+72(q1, @2)+- . .-+ (q1, ¢n) = (q1,0) = 0.
That reduces to 7||g1||* = 0 and since ¢; # 0, we conclude that r; = 0. Similarly,

r; =0V 1 <14 <n, and we conclude that ¢, ¢, ..., q, are linearly independent.

3. Suppose we have a n x 1 vector of observations x = [y, 9, ,xn]T € R". Let

x ]T

n
%Z x; € R be the mean of the observations and ¢ = [v1 — T, 20 — T, -2, — T
i=1
be the vector of mean centered observations. Then ¢ is orthogonal to the vector of ones
T noo
1, =1[1,1,--- ,1]" € R", since
n

1Fe= Zl(xz —I) = imz —nT
i=1

=1
n n
=1 =1

Orthogonal subspace and complement Suppose S, T are subspaces of a possibly infinite-
dimensional inner-product space V. Then we say that they are orthogonal subspaces if

every vector in S is orthogonal to every vector in 7. We say that S is the orthogonal

complement of 7" in V| if S contains ALL vectors orthogonal to vectors in T and we write

S =T+

For example, the x-axis and y-axis are orthogonal subspaces of R3, but they are not
orthogonal complements of each other, since y-axis does not contain [0, 0, 1]T, which is per-
pendicular to every vector in x-axis. However, y-z plane and x-axis ARE orthogonal com-
plements of each other in R3.

12



You should prove as an exercise that if dim(V') = n, and dim(S) = k, then dim(S+) =
n—k.

Cauchy-Schwarz Inequality: for v and w elements of V', the following inequality holds:
<’U,'LU>2 < <U7U> ’ <U),U)>

with equality if and only if v and w are linearly dependent.

Proof 1: Suppose that v and w are nonzero, and consider the second degree polynomial

P(t) = {tw + v, tw + ) = (w, w)t + 2(w, v}t + (v, 0).
Note that p(t) is nonnegative for all ¢, and thus has either one real root or two complex
roots. In the first case the zero occurs at t = —%, so we have

()
= (w, w) ( w’v>> + 2(w, v) (— (w,v)) + (v, v).

(w, w) {(w, w)

Multiplying the expression above by (w,w) and simplifying reveals that

2

(w,v)* = (v,v) - (w, w).

If there are two complex roots, then it must be the case that
(2(w, v))* — 4(w, w) - (v,v) <0,
which can be simplified to show that
(w,v)?* < (v,v) - (w, w).

If v and w are linearly independent, then p(t) is strictly positive for all real ¢ (as tw + v
will be nonzero for all ¢), which means that both roots are complex, and thus that equality
does not hold. If v and w are linearly dependent, then we can find some real ¢ such that
tw +v = 0, which means that p(¢) has one real root, and, as shown above, equality holds. [J

Proof 2: Note that (v,0) = —(v,—0) = —(v,0) = (v,0) = 0,Vv € V. If w = 0, the
equality obviously holds. If w # 0, let A = <> Since

(w,w)”

0 < (v—Aw,v— Aw)
= (v,v) — 2\ (v, W) + A\ (w, w)

= (v, v _(v,w)2
_<7 > <w,w>

13



With Cauchy-Schwarz inequality, we can define the angle between two nonzero vectors

v and w as:
angle(v,w) = arccos (v, w)
(v,0) - {w, w)

The angle is in [0, 7). This generates nice geometry for the inner product space. For
example, the Pythagorean theorem from Euclidean geometry holds in this abstract setting
and is proved by direct computation as shown in the example above for R™.

Pythagorean theorem: Let V' be an inner product space with inner product (-,-). For
each pair of orthogonal vectors x,y € V,

=+ yll* = ll=ll* + [yl
Parallelogram Identity: For each x,y € V', an inner product space,
||z + gyl + [l =yl = 2[]=|* + 2|y||*.
Proof. Calculate

lz+ylP+lz -yl =(c+y.2+y) +{(x—y,z—y)

= (z,2) +2(z,y) + (y,y) + (z,2) — 2{x, %) + (y,9)
= 2||z|]* + 2[Jyl[*.

O

Any norm satisfying the Parallelogram Identity is derived from an inner product. The
proof is straightforward and uses the Polarization Identity, which itself is proven by cal-
culation.

Polarization Identity: Let VV be an inner product space and let || - || be the norm derived
from the inner product.

If Vis over R
(Ilz +ylI> = llz —ylI*) Va,yeV,

Ny

(x,y) =
and if V is over C

(Il +iyll* = |lo —iyl]*)  Va,y €V,

1 |
(.5 = 7 (le -+l = ko = oll?) - §

Law of cosines Thanks to the Cauchy-Schwartz inequality, we may define the following
notion of an angle between x,y € V, a real inner product space, by

(z,9)

ang(x,y) = arccos
[l [[[ly]l

€ [0, 7]

14



Thus z L y has the geometric intepretation that z,y are at right angles to each other.
We also recover the law of cosines by expanding ||z — y||* and using the equality above, as

Iz = ylI* = llzl* + [lylI* = 2ll=[lly]l cos(ang(x, y))

2.4 Gram-Schmidt Process

Suppose we're given linearly independent vectors vy, vs, ..., v, in an inner product space V.
Then we know that vy, vy, ..., v, form a basis for the subspace which they span. Then, the
Gram-Schmidt process can be used to construct an orthogonal basis for this subspace,
as follows:

Let ¢ = v; Suppose vy is not orthogonal to v;. then let rv; be the projection of v,
on vy, i.e. we want to find » € R s.t. go = vy — rqy is orthogonal to ¢;. Well, we should
have (g1, (v —rqy)) = 0, and we get r = ggi’%?. Notice that the span of ¢q, ¢o is the same as
the span of vy, vy, since all we did was to subtract multiples of original vectors from other

original vectors.

Proceeding in similar fashion, we obtain

» Ui i—1, Ui
Qi = V; — <—<q1 > 1 e + —<q ! > %’—1)7
<CI17 C]1> <Qi—17 %—1)

and we thus end up with an orthogonal basis for the subspace. If we furthermore divide each
of the resulting vectors q1, qo, - . ., ¢, by its length, we are left with orthonormal basis, i.e.
(¢i,qj) =0 Vi # jand (g;,¢q;) = 1,Vi (why?). We call these vectors that have length 1 unit
vectors.

Gram-Schmidt is used to prove the following theorem in the finite and countably-infinite-
dimensional cases by induction. In the uncountably infinite-dimensional case one must use
Zorn’s lemma.

Theorem: Every Hilbert space has an orthonormal basis.

You can now construct an orthonormal basis for the subspace of Fj_; ;5 spanned by
f(x) =1,g9(x) = z, and h(z) = x* (Exercise 2.6 (b)). An important point to take away is
that given any basis for finite-dimensional V', if there’s an inner product defined on V', we
can always turn the given basis into an orthonormal basis.

Example Consider the space V = L2(R,~(dz)) where v(dz) = (2r)~"/2e**/2, that is the
space of real-valued functions f such that, if X is a standard normal random variable we
have !

!Tehnicality: Elements in V are not in fact functions but equivalence classes of functions equal to each
other except possibly on a set B such that |, p dr = 0. Equality in this example should be understood in this
sense.
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Ef(X)? = / " f@)Py(de) < o

with inner product
(r9) = | f@glay(do)
Define the set of vectors p;(z) = z%, i = 0,1.... It can be shown that

1. the polynomials (linear combinations of p;) are dense in V' in the norm metric
2. (f,pi) =0 for all ¢ implies f = 0, which implies the closure of span{p;} is V'
3. {p:} are linearly independent and so, using the previous statement, form a basis

4. Gram-Schmidt on {p;} (without the final normalization) gives an orthogonal basis for
V' given by the Hermite polynomials, which can be written succinctly as H,(x) =
(—1)e”* /2 Le=2"/2 for n > 1 and Hy = 1.

2.5 Comments on infinite-dimensional spaces

Much of these notes concerns finite-dimensional spaces. Many results, and the geometric
intuition, from such spaces extend to infinite-dimensional Hilbert spaces. But there are
some important differences. We mention just a few here, in the case where V is an infinite-
dimensional Hilbert space with countable basis {v;}$°.

This first example shows why V' is not the span but the closure of the span of an
orthonormal basis.

Theorem For each infinite sequence of vectors {z;}7° C V, there exists a zy € V which is
not a finite linear combination of the {z;}.

To prove this, we may assume {z;} form an orthonormal for span{z;}, since otherwise
we could just apply Gram-Schmidt without changing the span of the set. If the span of {z;}
is in fact finite-dimensional, then the orthogonal decomposition theorem (see below) and the
fact that dim V' = oo show there must exist x( as claimed.

If the span is infinite-dimensional we consider the closure of span{x;} to give a closed
subspace and therefore a Hilbert space inheriting the same inner product. Any span of a
finite number of x; is a closed subspace, and therefore there must be an xy not contained in
it by the orthogonal decomposition theorem.

To be more constructive, one could consider zo = " 2;/n. This is in V since it is
summable in squared norm. If xy could be written as a finite linear combination z, =
Z]f ;x, say, there would exist an N such that xy is not part of the sum. By orthogonality
(o, xn) = 0. But (zg,z;) =1/j > 0 for all j > 1, a contradiction.
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Theorem The unit ball {z € V' | ||z|| < 1} is not compact.

The proof of this second theorem follows from the fact that if {v;} form an orthonormal
basis, then the Pythagorean theorem says ||v, — vm|| = V2 for all n # m. Therefore, no
subsequence of {v;} can be Cauchy, and therefore it has no convergent subsequence.

This is in contrast to the case of finite-dimensional Fuclidean spaces, where closed and
bounded sets are compact.

Theorem Every separable, infinite-dimensional Hilbert V' space over C is isometrically
isomorphic to the space (> = {z = (;...) | z; € C, > |z;]* < oo}. In other words, there
exists a bijective linear map 7" such that (T'z,Tz),2 = (z,x)y.

Exercises

1
2.1 Let (? = {x = (21,79,...) € RN : ||z]], = (Z ]:ci|p)p < oo}.
i=1

1. Suppose p,q > 1 such that 1/p+1/q¢ = 1. For x = {x;} € (P and y = {y;} € ¢4, show
Yo lzillyil < |lzllpllylly- (Hint: Use Young’s inequality, ab < a?/p+b?/q for a,b > 0 and
P, q as above.)

2. For p>1and z,y € 7, show ||z + yl, < ||z, + |yll,-
3. Prove || - ||, is a norm.

4. Prove that || - ||, is derived from an inner product if and only if p = 2. (Hint: Use the
parallelogram identity and a very simple example).

2.2  Prove: Every separable, infinite-dimensional Hilbert V' space over C is isometrically
isomorphic to the space ¢ = {x = (z1...) | z; € C, >_ |z;]* < oo}. In other words, there
exists a bijective linear map 7" such that (T'z, Tx)pe = (z,z)y.

Hint: Recall that V' is separable if and only if it has a countable orthonormal basis {z; }$°.
Consider the map T'(x) = ((z,z1), (z,x3) . ..).

2.3 Show that the space Fj of all differentiable functions f : R — R with % = 0 defines a
vector space.

1

2.4 Garcia, P.4.27 Let x = | x5 | € R? and let ||z||ap, = a|z1| + Blz2| + 7|23], where
3

@, 3,7 > 0. Show that || - ||a.5~ is @ norm on R? but that it is not derived from an inner

product.

2.5 Let d be a metric on a vector space V' such that
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Lod(z,y) =d(z +z,y + z)
2. d(rx,ry) = |r|d(z,y)

hold for each z,y,z € V and each r € R. Prove that ||z|| = d(z,0) defines a norm on V.

2.6  Verify for yourself that the two conditions for a subspace are independent of each
other, by coming up with 2 subsets of R?: one that is closed under addition and subtraction
but NOT under scalar multiplication, and one that is closed under scalar multiplication but
NOT under addition/subtraction.

2.7 Strang, section 3.5 #17b Let V be the space of all vectors v = [¢; ¢y c3¢4]T € R* with
components adding to 0: ¢; + co + ¢3 + ¢4 = 0. Find the dimension and give a basis for V.

2.8 Let vy, vy, ..., v, be a linearly independent set of vectors in V. Prove that if n = dim(V),
vy, U, ..., U, form a basis for V.

2.9 If F[ 1,1] is the space of all continuous functions defined on the interval [—1, 1], show
that (f,g) f f(x)g(x)dx defines an inner product of Fj_q ).

2.10 Parts (a) and (b) concern the space F{_; 1), with inner product (f, g) f f(x

(a) Show that f(z) =1 and g(x) = x are orthogonal in F|_;

(b) Construct an orthonormal basis for the subspace of Fj_ ;) spanned by f(z) = 1, g(x) = x,
and h(z) = 22

2.11 If a subspace S is contained in a subspace V, prove that S+ contains V*.

2.12 Suppose we have have two sets of paired observations (z1,v1),. .., (Zn,yn) and let
x,y € R"™ be the resulting vectors of observations. The cosine similarity between these two
observations is given by

N )
sim(x,y) := arccos | ———
[l[[1]]]

i.e. sim(z,y) is a measure of the angle between x and y in R™.

(a) Look up the formula for Pearson correlation and write it in terms of the vectors z,y.
What is the difference between Pearson correlation and cosine similarity?

(b) Give a geometric interpretation of Pearson correlation. Hint: see example 3 from Section
2.3.

2.13

1. Show that every finite-dimensional normed space V' over R is topologically isomorphic
with R", i.e. there exists a continuous linear map 7" : V — R" with continuous inverse,
where R™ has the standard Euclidean norm.
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2. Show that all norms on V' as above are equivalent, in the sense that if ||z, ||; — 0 then
|zn]l2 = 0 for any two norms || - ||, || - ||2-
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3 Matrices and Matrix Algebra

An m x n matrix A is a rectangular array of numbers that has m rows and n columns, and
we write:

ai ai12 Ce Q1np

a21 929 ... Qony
A=

Am1 Am2 ... Qmnp

For the time being we’ll restrict ourselves to real matrices, soV1 <:<mandV 1< j <n,
a;; € R. Notice that a familiar vector z = [z, xg, - - xn]T € R is just a n x 1 matrix (we
say z is a column vector.) A 1 x n matrix is referred to as a row vector. If m = n, we
say that A is square.

3.1 Matrix Operations
Matrix addition Matrix addition is defined elementwise, i.e. A+ B := C, where

Cij = aij + b

Note that this implies that A 4+ B is defined only if A and B have the same dimensions.
Also, note that matrix addition is commutative i.e. A+ B =B + A.

Scalar multiplication Scalar multiplication is also defined element-wise. If » € R, then
rA := B, where

bij = raij
Any matrix can be multiplied by a scalar. Multiplication by 0 results in zero matrix, and

multiplication by 1 leaves matrix unchanged, while multiplying A by -1 results in matrix
—A;st. A+ (—A)=A— A= 0nxn

You should check at this point that a set of all m x n matrices is a vector space with
operations of addition and scalar multiplication as defined above.

Matrix multiplication Matrix multiplication is trickier. Given a m x n matrix A and a
p X ¢ matrix B, AB is only defined if n = p. In that case we have AB = C, where

n
Cij = E it brj
k=1

i.e. the i, j-th element of AB is the inner product of the i-th row of A and j-th column of B,
and the resulting product matrix is m x ¢. See http://matrixmultiplication.xyz/ for a nice
visualization of matrix multiplication.
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You should at this point come up with your own examples of A, B s.t both AB and BA
are defined, but AB # BA. Thus matrix multiplication is, in general, non-commutative.

Trace We also introduce another concept here: for a square matrix A, its trace is defined
n

to be the sum of the entries on main diagonal(tr(A) = Z a;;). For example, tr(l,x,) = n.
i=1

You may prove for yourself (by method of entry-by-entry comparison) that tr(AB) = tr(BA),
and tr(ABC) = tr(CAB). Tt’s also immediately obvious that tr(A + B) = tr(A) + tr(B).
Transpose Let A be mxn, then the transpose of A is the n x m matrix A", s.t. a;; = a};.
Now the notation we used to define the inner product on R™ makes sense, since given two
n x 1 column vectors z and y, their inner product {x,y) is just 27y according to matrix
multiplication.

Inverse Let [,.,, denote the n x n identity matrix, i.e. the matrix that has 1’s down its
main diagonal and 0’s everywhere else (in future we might omit the dimensional subscript
and just write I, the dimension should always be clear from the context). You should check
that in that case, I,x,A = Al,x, = A for every n x n A. We say that n x n A, has n xn
inverse, denoted A=, if AA~! = A='A = I,,,.,,. If A hasinverse, we say that A is invertible.

Not every matrix has inverse, as you can easily see by considering the n X n zero matrix.
A square matrix that is not invertible is called singular or degenerate. We will assume
that you are familiar with the use of elimination to calculate inverses of invertible matrices
and will not present this material.

The following are some important results about inverses and transposes:

I. (AB)T = BTAT
Proof: Can be shown directly through entry-by-entry comparison of (AB)T and BT AT.

2. If A is invertible and B is invertible, then AB is invertible, and (AB)™! = B71A~1
Proof: Exercise 3.1(a).

3. If A is invertible, then (A™!)T = (AT)™!
Proof: Exercise 3.1(b).

4. A is invertible if and only if Az =0 = 2 = 0 (we say that N(A) = {0}, where N(A)
is the nullspace of A, to be defined shortly).

Proof: Assume A~! exists. Then,

Ax =0
— AN Az) =470
— x=0.
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Now, assume Az = 0 implies x = 0. Note that mulitplying A by a vector on the right
is a linear combination of the columns of A. By the assumption we get of A are linearly
independent and therefore form a basis for R™ (since there are n of them).

Consider the standard basis vectors e; = [1,0,-- - ,O]T, es = [0,1,--- ,O]T, ey =
0,0, 1]T. Since the columns of A for a basis, for each standard basis vector e; we
can find a vector ¢; such that Ac¢; = e;.

Convince yourself that the matrix C' whose columns are given by these ¢; is a right
inverse of Aie. AC=1.01

Perspectives on matrix-vector multiplication There are a couple different ways to
think of multiplying a matrix times a vector. Suppose we have a matrix A € R™*¢ and a
vector v € R%. The result of multiplying the matrix A by the vector v on the right is a
vector i.e. Av € R".

1. Av gives a linear combination of the columns of A. Let A;,j =1,...,d be the columns
of A. Then Av = Z;lzl VA,

2. Av give the dot product between the rows of A and v. Let a;,7 = 1,...,n be the rows
of A. Then the ith entry (Av); = alv.

We can make similar observations for multiplying A by a vector u € R™ on the left by
switching the words “row” and “column” i.e. uA is a linear combination of the rows of A.

Perspectives on matrix-matrix multiplication Suppose we have two matrices A €
R™* and B € R¥*¥4, Let C' = AB € R™*?. Denote the columns of the matrix A be given by
Ay, ..., Ay where A; € R". Denote the rows of A by a4, ...,a, where a; € R¥. Similarly for
B (i.e. capital letter for columns, lower case letter for rows).

1. The jth column of C is given by A times the jth column of B ie. C; = AB;. We can
apply either of the two matrix-vector interpretations to AB;.

2. The ith row of C' is given by the ith row of A times B i.e. ¢; = a;B. Again we can
apply the above two matrix-vector interpetations.

3. C'is give by the sum of the outer products between the columns of A and the rows of

Bie. C = Abl + .-+ Apbl.

3.2 Special Matrices

Symmetric Matrix A square matrix A is said to be symmetric if A = AT. If A is
symmetric, then A™! is also symmetric (Exercise 3.2).
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Orthogonal Matrix A square matrix ) is said to be orthogonal if Q7 = Q~!. You
should prove that columns of an orthogonal matrix are orthonormal, and so are the rows.
Conversely, any square matrix with orthonormal columns is orthogonal. We note that or-
thogonal matrices preserve lengths and inner products:

(Qz,Qy) =2"Q"Qy = 2" L,y = 2"y.

In particular ||Qz| = /2TQTQx = ||x||, which means that ) is an isometry. Also, if A,
and B are orthogonal, then so are A~! and AB.

Idempotent Matrix We say that a square matrix A is idempotent if A% = A.

Positive Definite Matrix We say that a square matrix A is positive definite if V n x 1
vectors x # 0,x1, we have 7 Ax > 0. We say that A is positive semi-definite (or non-
negative definite if A is symmetric and V n x 1 vectors & # 0,1, we have 27 Az > 0. You
should prove for yourself that every positive definite matrix is invertible (Exercise 3.3)). One
can also show that if A is positive definite, then so is AT (more generally, if A is positive
semi-definite, then so is AT).

These have complex matrix analogs by replacing the transpose with the Hermitian trans-
pose. In the exercises, you will show that if A is a complex matrix, non-negative definiteness
implies the matrix is Hermitian. This is why some definitions of positive definiteness for
complex matrices include the requirement that it be Hermitian. This is not true in the real
case.

Diagonal and Triangular Matrix We say that a square matrix A is diagonal if a;; = 0
Vi # j. We say that A is upper triangular if a;; = 0V i > j. Lower triangular matrices
are defined similarly.

3.3 The Four Fundamental Spaces

Column Space and Row Space Let A be m xn. We will denote by col(A) the subspace
of R™ that is spanned by columns of A, and we’ll call this subspace the column space of
A. Similarly, we define the row space of A to be the subspace of R" spanned by rows of A
and we notice that it is precisely col(AT).

Nullspace and Left Nullspace Now, let N(A) = {x € R" : Az = 0}. You should check
for yourself that this set, which we call kernel or nullspace of A, is indeed subspace of R".

Similary, we define the left nullspace of A to be {z € R™ : 2T A = 0}, and we notice that
this is precisely N(AT).
The fundamental theorem of linear algebra states:

1. dim(col(A)) = r = dim(col(AT)). Dimension of column space is the same as dimension
of row space. This dimension is called the rank of A.
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2. col(A) = (N(AT))" and N(A) = (col(AT))". The columns space is the orthogonal
complement of the left nullspace in R, and the nullspace is the orthogonal complement
of the row space in R". We also conclude that dim(N(A)) = n —r, and dim(N(AT))
=m-—r.

We will not present the proof of the theorem here, but we hope you are familiar with these
results. If not, you should consider taking a course in linear algebra (math 383).

We can see from the theorem, that the columns of A are linearly independent if and
only if the nullspace doesn’t contain any vector other than zero. Similarly, rows are linearly
independent if and only if the left nullspace doesn’t contain any vector other than zero.

Solving Linear Equations We now make some remarks about solving equations of the
form Axr = b, where A is a m X n matrix, x is n X 1 vector, and b is m x 1 vector, and
we are trying to solve for z. First of all, it should be clear at this point that if b ¢ col(A),
then the solution doesn’t exist. If b € col(A), but the columns of A are not linearly inde-
pendent, then the solution will not be unique. That’s because there will be many ways to
combine columns of A to produce b, resulting in many possible x’s. Another way to see
this is to notice that if the columns are dependent, the nullspace contains some non-trivial
vector z*, and if = is some solution to Ax = b, then = + x* is also a solution. Finally we
notice that if = m < n (i.e. if the rows are linearly independent), then the columns MUST
span the whole R™, and therefore a solution exists for every b (though it may not be unique).

We conclude then, that if » = m, the solution to Az = b always exists, and if r = n,
the solution (if it exists) is unique. This leads us to conclude that if n = r = m (i.e. A
is full-rank square matrix), the solution always exists and is unique. The proof based on
elimination techniques (which you should be familiar with) then establishes that a square
matrix A is full-rank if and only if it is invertible.

We now give the following results:

1. rank(ATA) = rank(A). In particular, if rank(A) = n (columns are linearly indepen-
dent), then AT A is invertible. Similarly, rank(AAT) = rank(A), and if the rows are
linearly independent, AA” is invertible.

Proof: Exercise 3.5.

2. N(AB) D N(B)
Proof: Let x € N(B). Then,
(AB)x = A(Bx) = A0 =0,
sox € N(AB). O
3. col(AB) C col(A), the column space of product is subspace of column space of A.

Proof: Note that
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col(AB) = N((AB)T)* = N(BTAT)* ¢ N(A")* = col(A). O

4. col((AB)T) C col(BT), the row space of product is subspace of row space of B.
Proof: Similar to (3).

3.4 Sample Covariance matrix

Suppose we have a data matrix X € R™? with n observations and d variables. Let
Z1,...,T, € R™ be the observations (rows of X). We define the sample covariance ma-
trix matrix S € R4 by

n

Z(% —z)(z; —2)"

i=1

1
n—1

S =

where ¥ = %2?21 z; € R%. Note the ith diagonal entry, S;; is the sample variance of the ith
variable. The off diagonal entry S;; is the sample covariance between the ith variable and
jth variable.

First we state some facts about the sample covariance matrix.

1. S is symmetric.

2. S is positive semi-definite.

proof: Let A € R? be some matrix given by A =" y;yl where y; € R?. Note S is
in this form with y; = 2; — z. Let v € R? by any vector.

vl Av =0T <Z yiyiT> v (1)
Z T (2)

n

Zvyz > 0. (3)

=1
Thus any matrix in the form of A is positive semi definite

3. Let P := span(z; — 7,...,7, — ) C R? subspace spanned by the mean centered
observations and r := dim(P) be the rank of this subspace. Then rank(S) = r <
minn,d. Note if we are in the high dimensional, low sample size setting (i.e. n < d)
the S is automatically not invertible. On the other hand, if n > d and the data are
randomly generated then S is almost surely invertible.

4. We can write S in a couple different ways which may be useful in different contexts.
Let X, € R"™4 be the data matrix after the columns have mean centered (i.e. the ith
row of X, is given by z; — ) and 1,, € R™ be the vector of ones.

25



1 n
S = p— <Zzlxzx;‘r - njjT)

1 1
= (XTX - —XT1n1§X>
n—1 n
1 T
= XX,
n—1

Exercises

3.1 Prove the following results:

(a) If A is invertible and B is invertible, then AB is invertible, and (AB)™! = B~'A~!
(b) If A is invertible, then (A~1)T = (AT)~!

3.2 Let A, B € R™*" be orthogonal matrices. Is A + B orthogonal?
3.3 Show that if A is symmetric, then A~! is also symmetric.
3.4 Show that any positive definite matrix A is invertible (think about nullspaces).

3.5 Horn & Johnson 1.2.2 For A :n x n and invertible S : n x n, show that ¢tr(S71AS) =
tr(A). The matrix S~'AS is called a similarity of A.

3.6 Show that rank(AT A) = rank(A). In particular, if rank(A) = n (columns are linearly
independent), then AT A is invertible. Similarly, show that rank(AA”) = rank(A), and if the
rows are linearly independent, AA” is invertible. (Hint: show that the nullspaces of the two
matrices are the same).

3.7 Linear regression takes a data matrix X € R™*¢ (n observations and d variables) and a
vector of coefficients 8 € R? then outputs a prediction vector V=X £ € R™. Explain what is
happening with the observations/variables of X using the two perspectives on matrix-vector
multiplication.

3.8 Let A € R™ and define the Frobenius norm by ||A||r = v/tr(ATA). Show this is a

norm.
3.9 Show S can be written in the three different ways given in fact 4 in section 3.4.

3.10 Suppose d > n and we have a matrix A € R™>? given by A =" vyl + 8D where
> 01is a constant and D € R%? is a diagonal matrix with strictly positive entries. Show
that A is positive definite (i.e. for all v # 0, vT Av > 0). Argue why this must mean A is
invertible.

Now read Section 4.3.1 on regularized discriminant analysis from Elements of Statisti-
cal Learning (PDF available at https://web.stanford.edu/~hastie/Papers/ESLILpdf). Pay
particular attention to equations 4.13 and 4.14.
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4 Projections and Least Squares Estimation

4.1 Projections

In an inner product space, suppose we have n linearly independent vectors aq,as,...,a,
in R™, and we want to find the projection of a vector b in R™ onto the space spanned
by ai,as,...,a,, i.e. to find some linear combination xia; + weas + ... + x,a, = b*, s.t.
(b*,b—b*) = 0. It’s clear that if b is already in the span of ay, as, ..., a,, then b* = b (vector
just projects to itself), and if b is perpendicular to the space spanned by ay, as, . .., a,, then
b* = 0 (vector projects to the zero vector).

Hilbert Projection Theorem Assume V is a Hilbert space (complete inner product
space) and S is a closed convex subset of V. For any v € V| there exist an unique y in S s.t.

y = argmin [lv — x|
The vector y is called the projection of the vector v onto the subset S.
Proof: Let d = ing [|v — s||, and let {y,} C S be a sequence such that ||y, —v|| — d. In
se

order to see that {y,} is Cauchy, apply the Parallelogram Law to u,, = v—y,, and w,, = y,,—v
to see that
||ym - yn||2 + ||ym + Yn — 2U||2 = 2||ym - UH2 + 2”“ - yn||2'

Rearranging the previous identity,

1 = il = 2 = 01 + 20 = il = s+ 3 — 20
Yty [
=l ol + 20l =l = ] |22 -

Since Y, ¥, € S and S is convex, W € S, and therefore H—ym;yn — v| ‘2 > d?, so
||ym - yﬂ“2 < 2||ym - U||2 + 2||U - anIQ —4d* = 0.

Since V' is complete , {y,} is Cauchy, and S is closed, there is some y € S such that y,, — .
Additionally = — ||z|| is continuous, so

o=yl = tim [Jo = g|| = d.
n—oo

In order to show that the y is unique, suppose that there is some projection, z, of v onto S
such that y # z. Consider the sequence

{Zn} = {y727y727"‘}7

and note that lim ||z, —v|| = d (in particular, ||z, — v|| = d for all n > 1), so {z,} must be
n—oo

Cauchy, which is a contradiction, since {z,} is not convergent. [

Example: If the set S = {z|||z||> < 1} then the projection is given by

T
max(1,[z][) *
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Corollary: Assume that V is as above, and that S is a closed subspace of V. Then s* is
the projection of v € V onto S if and only if (v — s*,s) =0 Vs € S.

Proof: Let v € V| and assume that s* is the projection of v onto S. The result holds
trivialy if s = 0 so assume s # 0. Since S is a subspaces, s* —ts € S. By the Projection
Theorem for all s € S the function f(t) = ||[v— s*+¢s]|* has a minimum at ¢ = 0. Rewriting
this function we see

fs(#) = [l — 5" + ts]?
=(v—s"+ts,v—s" +1s)
= (ts,ts) + 2(v — s*,ts) + (v — s*, v — s¥)
= t*||s]|? + 2t (v — 5*, 5) + [|v — 5¥||°.

Since this is a quadratic function of ¢ with positive quadratic coefficient, the minimum must
occur at the vertex, which implies (v — s*, s) = 0.

For the opposite direction, note first that the function f(¢) will still be minimized at
t =0 for all s € S. Then for any s’ € S take s € S such that s = s* —s’. Then taking t =1
it follows that

lv =5l = fo(0) < fs(1) = [lo = 8" + 5" = 5] = [lo = &'

Thus by s* is the projection of v onto S. [J

The following facts follow from the Projection Theorem and its Corollary.
Fact 1: The projection onto a closed subspace S of V', denoted by Pg, is a linear operator.

Proof: Let x,y € V and a,b € R. Then for any s € S
(a:v + by - CLPS$ - bpsyv S> = <CL({L’ - Psx)v 3> + <b(y - Psy)v S)
= a{r — Psz,s) + by — Psy, s)
=a-0+b6-0=0.
Thus by the Corollary Ps(ax + by) = aPsx + bPsy, and Pg is linear. [J

Fact 2: Let S be a closed subspace of V. Then every v € V' can be written uniquely as the
sum of s; € S and t; € S*.

Proof: That V C S+S* follows from the Corollary and taking s; = Pgv and t; = v— Pgv
for any v € V. To see that this is unique assume that s;,ss € S and t;,t, € S+ are such
that

Sl—f—tl :U=82+t2.

Then s; — sy = ty — t1, with s; — s, € S and t, — t; € S+, since each is a subspace of V.
Therefore s, — 89,1y — t; € SN S+ which implies

$1— 89 =1ty —t; =0 o0r sy = sy and t; = t9. O
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Fact 3: Let S and V be as above. Then for any z,y € V, ||z — y|| > || Psz — Psy]|.

Proof: First for any a,b € V,

lal>=fla —b+b|*> = (a —b+b,a—b+b)
=(a—b,a—b+0b)+ (b,a—b+1)
= (a—b,a —b) + 2{a — b,b) + (b, b)

= lla = blI* + [Ib]I* + 2(a — b,b).

Taking a = x —y and b = Psz — Psy, Fact 1 and the Corollary imply that (a — b, b) = 0 and
thus
lz = ylI* = llal|* = [la = b|* + [[b[I* > [|b]]* = || Psz — Psyl|*. O

Now let us focus on the case when V' = R"™ and S = span{ay,...,a,} where a4,...,a,
are linearly independent and A = [a; .. . a,]

Fact 4: Suppose aq,...,a, are orthonormal (i.e. mutually orthogonal, unit norm). Then
the projection matrix is given by Ps = AAT ="  a;al.

Fact 5: In general (i.e. the a; are linearly independent, but not necessarily orthonormal)
the projection matrix is given by Ps = P = A(ATA)~1AT.

Proof: First S = span{ay,...,a,} = col(A) and b € R™. Then Pb € S implies that
there exists a € R" such that Az = Pb. The Corollary to the Projection Theorem states
that b — Az € col(A)*. The Theorem on fundemental spaces tells us that col(A4)* = N(AT)
and thus

AT(b— Az) =0= AT Az = A"b

The linear independence of {ay,...,a,} implies that rank(A) = n, which by previous exer-
cise means AT A is invertible, so z = (ATA)"'ATb and thus Pb= Az = A(ATA)"'ATh. O

We follow up with some properties of projection matrices P:

1. P is symmetric and idempotent (what should happen to a vector if you project it and
then project it again?).

Proof: Exercise 4.1(a).

2. I — P is the projection onto orthogonal complement of col(A) (i.e. the left nullspace
of A)

Proof: Exercise 4.1(b).
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3. Given any vector b € R™ and any subspace S of R™, b can be written (uniquely) as
the sum of its projections onto S and S+

Proof: Assume dim(S) = q, so dim(S+) = m — q. Let Ag = [a; as...q,] and Ag1 =
[@g+1 --- am] be such that ay, ..., a, form a basis for S and a4+, ..., a,, form a basis for
S+. By 2, if Ps is the projection onto col(Ag) and Pg. is the projection onto col(Ag.),
vb € R™

Ps(b) + Pg1(b) = Ps(b) + (I — Ps)b=1b.

As columns of Ag and Ag. are linearly independent, the vectors aq, as, ..., a,, form a
basis of R™. Hence,

b= Pg(b) + Psr(b) = cra1 + ... + cgaq + Cq410g41 + ... + Cm

for unique ¢y, ..., ¢ O

4. P(I — P) = (I — P)P = 0 (what should happen to a vector when it’s first projected
to S and then S*7)

Proof: Exercise 4.1(c).

5. col(P) = col(A)
Proof: Exercise 4.1(d).

6. Every symmetric and idempotent matrix P is a projection.

Proof: All we need to show is that when we apply P to a vector b, the remaining part
of b is orthogonal to col(P), so P projects onto its column space. Well, PT(b — Pb) =
PI(I-Pb=PI—-Pb=(P-P)b=0=0. 0

7. Let a be a vector in R™. Then a projection matrix onto the line through a is P = a2
and if @ = ¢ is a unit vector, then P = ¢q”.

8. Combining the above result with the fact that we can always come up with an or-
thonormal basis for R™ (Gram-Schmidt) and with the fact about splitting vector into
projections, we see that we can write b € R™ as q1q7b + q2q2 b + ... + ¢nqLb for some
orthonormal basis {q1, q2, ..., Gm}-

9. If A is a matrix of rank r and P is the projection on col(A), then tr(P) = r.
Proof: Exercise 4.1(e).

4.2 Applications to Statistics: Least Squares Estimator

Suppose we have a linear model, where we model some response as

Vi = a1+ xipfe 4+ .. Tipfp + €,
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where x;1, Z;9, . . ., T;, are the values of explanatory variables for observation i, ¢; is the error
term for observaion ¢ that has an expected value of 0, and i, 5, . .., 5, are the coefficients
we're interested in estimating. Suppose we have n > p observations. Then writing the above
system in matrix notation we have Y = X3 + ¢, where X is the n x p matrix of explanatory
variables, Y and e are n x 1 vectors of observations and errors respectively, and p x 1 vector
[ is what we’re interested in. We will furthermore assume that the columns of X are linearly
independent.

Since we don’t actually observe the values of the error terms, we can’t determine the
value of  and have to estimate it. One estimator of 5 that has some nice properties (which
you will learn about) is least squares estimator (LSE) /5 that minimizes

n

Z (yi — 5:)°,

=1

P

where g; = Zﬁ}xzj. This is equivalent to minimizing ||Y — Y||> = || — X §||>. It follows
i=1

that the fitted values associated with the LSE satisfy

Y —arg min ||V —Y|
Y ecol(X)

or that Y is the projection of Y onto col(X). It follows then from Fact 4 that the the fitted
values and LSE are given by

Y = X(XTX)'XTY = HY and = (XTX)"'XTY.

The matrix H = X (X" X)~' X" is called the hat matrix. It is an orthogonal projection that
maps the observed values to the fitted values. The vector of residualse =Y -Y = (I-H)Y

are orthogonal to col(X) by the Corollary to the Projection Theorem, and in particular
elY.

Finally, suppose there’s a column x; in X that is perpendicular to all other columns.
Then because of the results on the separation of projections (x; is the orthogonal comple-
ment in col(X) of the space spanned by the rest of the columns), we can project b onto the
line spanned by z;, then project b onto the space spanned by rest of the columns of X and
add the two projections together to get the overall projected value. What that means is that
if we throw away the column z;, the values of the coefficients in 3 corresponding to other
columns will not change. Thus inserting or deleting from X columns orthogonal to the rest
of the column space has no effect on estimated coefficients in S corresponding to the rest of
the columns.

Recall that the Projection Theorem and its Corollary are stated in the general setting
of Hilbert spaces. One application of these results which uses this generality and arrises in
STOR 635 and possibly 654 is the interpretation of conditional expectations as projections.
Since this application requires a good deal of material covered in the first semester courses,
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i.e measure theory and integration, an example of this type will not be given. Instead an
example on a simpler class of functions will be given.

Example: Let V = C([-1,1]) with ||f||> = (f, f) = fjl f(z)f(x)dx. Let h(z) = 1,
g(x) = z and S = span{h,g} = {all linear functions}. What we will be interested is
calculating Psf where f(z) = 2.

From the Corollary we know that Pgf is the unique linear function that satisfies (f —
Psf,s) = 0 for all linear functions s € S. By previous (in class ) exercise finding Ps f requires
finding constants a and b such that

(2 — (ax +1),1) =0 = (2* — (ax + b), z).

First we solve

3 2 1
:(1_@“wa
32 »
1 a —1
—(==—=b)—(——=+0b
(551 (3 -5+
2 1
=-—-2b=0b=-.
3 3

Next,

O:<m2—(ax+b),x>:/_ (2% —ax —b) - xdv

4 3 o =t

_ (Ll _a_ b\ (1 a b
~\4 3 2 4 3 2
-2

:Taéa:()

Therefore Psf =axr +b= 3 I

1
3

Exercises

4.1 Prove the following properties of projection matrices:

(a) P is symmetric and idempotent.
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(b) I — P is the projection onto orthogonal complement of col(A) (i.e. the left nullspace of
A)

(¢c) PU-—P)=(I—-P)P=0

(d) col(P) = col(A)

(e) If A is a matrix of rank r and P is the projection on col(A), tr(P) =r.

4.2 Show that the best least squares fit to a set of measurements yy, - - - , 4, by a horizontal

line — in other words, by a constant function y = C' — is their average

it Ym
m

C

In statistical terms, the choice § that minimizes the error E? = (y; — y)* + -+ + (ym — y)?
is the mean of the sample, and the resulting £? is the variance o2.
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5 Linear functionals, riesz representation and hyper-
plane separation

5.1 Linear functionals

Linear functionals, dual space of a normed space The dual space of a real normed
space V', denoted V*, is the real vector space of continuous linear functionals, i.e. maps
¢ :V +— R that are linear and continuous in the topology given by the norm metric. In fact,
it can be shown that

V*={l:V—R|3C € (0,00) such that |[l(x)| < C||z|| VxeV}

In other words, every continuous linear functional on a normed space is Lips-
chitz.

Dual spaces can be defined for arbitrary vector spaces endowed with a topology in which
linear operations are continuous. We focus on normed spaces here, and really just on inner
product spaces. Often one will consider complex-valued linear functionals, in which case V*
is a vector space over the complex numbers, but we stick to the real case here. All of the
results presented here still hold in the complex case.

Example: Suppose that V = C([—1,1] : R), the space of real-valued continuous functions
defined on [—1,1]. Then the linear transformation ¢ : V' — R given by

o(f) = » f(@)dz,

is a continuous linear functional. In fact, for any bounded continuous function g

bo(f) = / fla)gla)da,

is a continuous linear functional.

The following theorems show that any linear functional on a Hilbert space can be ex-
pressed in terms of the inner product. We prove the finite-dimensional case and leave the
infinite-dimensional one as an exercise.

The Riesz Representation Theorem (finite dimension): Let V be a finite dimensional
inner product space and let ¢ € V*. Then there is a unique y € V' such that

o(x) = (y, x),

for each x € V. Additionally, if vy, v, ..., v, is an orthonormal basis of V', then

n

y= dvu.

=1

We refer to y as the Riesz vector for ¢.
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Proof. Let x € V and note that there are scalars ry,r,...,r, such that

n

r = E T;U;.

i=1

Using the basic properties of orthornormal bases and inner products we can see that

n n
T = er<vi,vj> = <U¢,ZT]'UJ’> = (v, x),
=1

=1

SO
n

r = Z(vi,x)vi.

i=1

Thus if we define y = > ¢(v;)v;,
i=1

3

¢(f’5) =¢ <Z<Uz’,l’>vi> = Z(Uz’7$>¢(0i) = <Z ¢(Ui)?)i,$> = @7%)-

i=1 =1

Recall that the map (A;...\,) — x = > 7 \z; is one-to-one and onto, i.e. x is uniquely
determined by the coefficients in the basis representation, and every x € V' can be written

this way for some vector of coefficients. Uniqueness of y follows.
O

Theorem: Dual basis Say V' is an inner product space over R of dimension n. If {v;}}
is an orthonormal basis for V,

e There exists a unique set ¢;...¢, € V* such that ¢;(v;) = 0;;, where §;; = 1if i = j
and 0 otherwise.

e /1,...0, is a basis for VV*, so that in particular V and V* have the same dimension.

Proof. Define (;(z) = (v;,x) for all x. These maps are continuous linear functionals by the
Cauchy-Schwartz inequality. The first statement is then a consequence of orthonormality.

We must check that ¢;,7 = 1...n are linearly independent and span V*. That each
¢ € V* is a linear combination of {{;} was shown in the previous proof. To check linear
independence we must show that

Zai&(x) =0 Va2 — oq;=0,i=1...n
1
For such «;, by definition of ¢; we have Y ) a;l;i(z) = (O 7 ayv;, ) = 0 for all . This
implies ) a;v; = 0, which shows «; = 0 for all i since {v;} is a basis. O

In the example above V' is not finite dimensional, so the theorem above does not apply.
However, there is an analogous result for infinite dimensional inner product spaces, proven
as an exercise below.
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5.2 Hyperplane separation

The following results are stated for finite-dimensional vector spaces over the reals. However,
they have analogs in very general linear spaces. See Lax, Functional Analysis, for example.

Theorem (Hyperplane separation V1) Suppose U,V C R™ are non-empty convex sets,
at least one of which is open. There exists a non-zero linear functional ¢ and ¢ € R such that

lz)<c<lly) VeeUyeV

Theorem (Hyperplane separation V2) Suppose U C R" is a non-empty closed convex
set. If xq & U, there exists a non-zero linear functional ¢ and ¢y, ¢y € R such that

lz)<cp <cy<llzg) YaeelU

By the Riesz representation theorem, we could equivalently have written the results above
in terms of ¢(x) = (v, z) for some vector v. There are several other versions of hyperplane
separation theorems, including analogous statements for very general vector spaces. See Lax.

For hyperplanes in R", we note the following facts about the affine space given by the
hyperplane associated with a vector v and constant ¢, denoted here H = {z | (v, z) = ¢}

e [ is a convex set, and vectors along the surface of H are given by z1 —xq for x1,2¢ € H.
If c =0, H is a subspace.

e v/||[v|| is the unit normal to H, that is if xg, 21 € H then (x; — z,v) =0

e To determine the shortest distance d(z, H) from any point = to H, we take an arbi-
trary point o € H and compute the length of the projection of x — xy onto v, which
is perpendicular to H by the previous statement.

Recall the projection of & — xy onto v is (x — xg,v) v/||v||?, and therefore

[{z,v) —c|
[[]]

d(z, H) = [|{x — zo,v) v/||v|*|| =
Notice this does not depend on the point x chosen.

Example: Separating hyperplanes for classification Thisexample comes from Hastie,
chapter 4.

Suppose you have k data vectors 7; € R? and associated two-class labels y; € {—1,1}.

If the data for vectors in each class can be separated by a hyperplane, we may predict the
class label for a new observation x, based on the region it lies in relative to the hyperplane.
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Suppose I C {1...k} is the index set for data with class label 1. We consider the closed
convex hulls of the points z;,% € I and z;,7 € I°. These sets are compact. If they are
disjoint, by adapting the theorems above we can show there exists a hyperplane separating
them. In fact, there could be infinitely many.

Which separating hyperplane do we chose for our classification model? This is the
question resolved by maximal margin (or optimal) separating hyperplane problem.
Specifically, we look for a solution to

Hiaﬁ( . M such that  y;((x;,v) —¢c) > M Vi

As seen above, if v is normalized to length one, (z;,v) — ¢ gives the signed distance of z;
from the hyperplane given by (z,v) = ¢. Thus the problem above seeks a hyperplane such
that data in class 1 are on one side of the plane, data in class —1 are on the other side of
the hyperplane, such that the distance from the data to the plane is maximized. This is a
convex optimization problem solved via Lagrange multipliers.

If, however, the data cannot be separated by a hyperplane, we may use a reformulation
that allows some points to be misclassified up to a level of error. This method is called a
linear Support Vector Machine. See Hastie for details.

Exercises

5.1 Garcia P.5.16 Let V = {p € C([0,1] : R) : p(x) = az®+bx® + cx +d for some a,b, c,d €
R} be the space of polynomials of degree three or less defined on [0,1]. Recall the inner
product on V' given by

1
(p.q) = / p(x)q(z)dz
0
for each p,q € V.

1. Consider the map ¢ : V' — R given by

o(p) = /0 Vap(x)dz

(a) Show that ¢ is a continuous linear functional.

(b) Find the Riesz vector for ¢. You do not need to find the coefficients of the Riesz
vector (polynomial) explicitly. See the hint.

Hint: Find a basis for V', then note you need only show the identity in the riesz
representation theorem for basis elements. Set up a linear system of equations
and show it can be solved, for example using criteria for invertibility given in the
chapters below. You do not need to actually solve it, however.
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5.2 In this question, you will prove the Riesz representation for real Hilbert spaces V.

We may assume the linear functional ¢ # 0, since otherwise we have ¢(z) = (0, z) for all
reV.

1. Let ¢ be a continuous linear functional on V', and write Y = {x € V' | ¢(x) = 0} for its
nullspace.

Show Y is a subspace of V' that is closed, i.e. such that for z,, € Y with ||z, —z| — 0
for some x € V, then z € Y.

2. Show its orthogonal complement Y+ is one-dimensional. (Hint: Use the previous
question and the orthogonal decomposition theorem to show there exists a vector z
such that ¢(z) # 0. Use the linearity of ¢ to find an explicit decomposition for any
xr € V of the form * = z + 25 where z; € Y. Use the uniqueness part of the
decomposition theorem to show z, € Y+ and zy € span(z).

3. Take 2,2, € Y1 as in the previous question. Find a ¢ € R such that < cz,z >= {(z).
Argue that this, and the previos question, give the result.

5.3 Let A be an m x n real matrix and define K = {y € R™ | Az =y, x> 0} where the
statement x > 0 for x € R" is evaluated component-wise.

1. Show K is a closed, convex set.

2. Show that exactly one of the following two statements holds : For fixed y € R™
NON-Zero,

(i) There exists a solution z > 0 to the equation Az =y

(ii) There exists a v € R™ such that v7'4 < 0 and (v,y) > 0.

Hint: Use the hyperplane separation theorem V2.
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6 Matrix Decompositions

We will assume that you are familiar with LU and @) R matrix decompositions. If you are
not, you should look them up, they are easy to master. We will in this section restrict
ourselves to eigenvalue-preserving decompositions.

6.1 Determinants

Often in mathematics it is useful to summarize a multivariate phenomenon with a single
number, and the determinant is an example of this. It is only defined for square matrices. We
will assume that you are familiar with the idea of determinants, and specifically calculating
determinants by the method of cofactor expansion along a row or a column of a square
matrix. Below we list the properties of determinants of real square matrices. The first 3
properties are defining, and the rest are established from those three properties. In fact, the
operation on square matrices which satisfies the first 3 properties must be a determinant.

1. det(A) depends linearly on the first row.

/ / !/
rair + say; raie +sa;, ... ray, +sap,
a21 22 ce QA2n
det | . . ) =
QAn1 Ap2 RN Apn
!/ / !/
all CL12 o .. aln all CL12 .« 0. aln
a91 Q92 ... Q9p 21 Q922 ... Q9n
rdet| . L | + s det
Ap1 Ap2 ... QGpp Ap1 Ap2 ... Qpp

2. Determinant changes sign when two rows are exchanged. This also implies that the
determinant depends linearly on EVERY row, since we can exhange row: with row 1,
split the determinant, and exchange the rows back, restoring the original sign.

3. det(]) =1
4. If two rows of A are equal, det(A) = 0 (why?)

5. Subtracting a multiple of one row from another leaves determinant unchanged.

I T
Proof: SupposeA:[a’l,---,ag,---,a;-,---,aﬂ ,A:[a'l,---,a;—ra;,---,a;,---,a;J )
Then,
¥ l T
det(A) = det([al, - ,af, - ,d}, -+ ap]) —rdet [af, -+ ), d), - al]

=det(A) + 0 = det(A)
0J

6. If a matrix has a zero row, its determinant is 0. (why?)
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7. If a matrix is triangular, its determinant is the product of entries on main diagonal
Proof: Exercise 6.1.

8. det(A) = 0 if and only if A is not invertible (proof involves ideas of elimination)

9. det(AB) = det(A)det(B). In particular, if A is inversible, det(A™") = .
Proof: Suppose det(B) = 0. Then B is not invertible, and AB is not invertible (recall
(AB)™' = B71A™!, therefore det(AB) = 0. If det(B) # 0, let d(A) = LU25)  Then,

det(B)

(1) For A, = [a},,aly, -+ ,a},] € R", let A; be the i*" row of A, r € R, and A* be the
matrix A but with its first row replaced with A,. Then,

rA; + A, rA; + A,
d : = det : B | (det(B))™!
A, A,
[ (rA, + A,)B
det :
A,B
- det(DB)
[ rAB A.B
det : + det :
A,B A,B
- det(B)
r - det (AB) + det (A*B)
B det(D)

= - d(A) + d(A).

Using the same argument for rows 2,3, ..., n we see that d(-) is linear for each row.
(2) Let A" be the matrix A with rows i and j interchanged, and WLOG assume i < j.
Then
[ A ] [ A B ]
A, A;B
det : B det :
A; A;B
. A, A,B det ((AB)H —det(AB
sy Mad )\ aB ) deqany)  —dean) o
det(B) det(B) det(B) det(B)



(3) d(I) = det(IB)/det(B) = det(B)/det(B) = 1.
So conditions 1-3 are satisfied and therefore d(A) = det(A). O
10. det(AT) = det(A). This is true since expanding along the row of A” is the same as

expanding along the corresponding column of A.

6.2 Eigenvalues and Eigenvectors

Eigenvalues and Eigenvectors Given a square n X n matrix A, we say that \ is an
eigenvalue of A, if for some non-zero x € R"” we have Ax = Ax. We then say that = is an
eigenvector of A, with corresponding eigenvalue A € C. Note that even of the entries of A
are real, A may be complex.

Eigenvalue/vectors methods show up all over the place in statistics e.g. see Eigenprob-
lems in Pattern Recognition (http://www.cs.utah.edu/~piyush/teaching/eig book04.pdf).

Note that
Az = M <= (Ml — A)x = 0 <= A\ — A is not invertible <= det(A\] — A) =0

The upshot is: if we write p(A\) = det(A — A) then p is a polynomial whose roots are
the eigenvalues of A. Every polynomial has at least one distinct (possibly complex) root
therefore, every matrix has at least one eigenvalue. This polynomial characterization of
eigenvalues can also be used to show the following theorem.

Theorem:

1. The determinant is the product of the eigenvalues i.e. det(A) = [ \;

2. The trace is the sum of the eigenvalues i.e. tr(A) = >\

3. det(A] — A) = 0 if and only if A is an eigenvalue of A.

Proof. The explanation for 3. is above. Some details will be excluded, but the basic argument
is as follows:

1. Using the cofactor expansion method of calculating p(t) = det(t] — A), note the fol-
lowing;:

(a) p(t) is a degree n polynomial, and the coefficient of ¢™ is 1.
(b) The coefficient of "1 in p(t) is — > ay.
i=1

(c) Use (a) to see that p(0) = 7o, and thus that p(0) = det(0 — A) = (—1)"det(A).
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n

2. Observe that p(t) can be factored as p(t) = [[ (t—\;), where each ); is a (not necessarily
i=1
distinct) eigenvalue of A.

3. Expand the expression in 2. and use 1. (c¢) to show that tr(A) = > A; and det(A) =
=1

1=

n
i

1

U
[l

Let’s consider how to compute the eigenvalues/vectors of a matrix. First compute the
roots of p defined above to find the eigenvalues. Given an eigenvalue \ we can find an eigen-
vector v by finding a basis for the kernel of A — A\I. In other words, computing the eigenval-
ues/vectors of A requires two subroutines: finding the roots of a polynomial and finding the
basis for a kernel. The latter can be solved using row reduction (see standard linear algebra
references). The former, finding the roots of an arbitrary polynomial, is harder. We can find
the roots of a polynomial easily in special cases (e.g. if n = 2 then use the quadratic formula)
however the general case is not so nice. A result from Galois theory (Abel-Ruffini theorem)
says finding the exact roots of an arbitrary polynomial of degree > 5 is essentially impossible.

Theorem 25.1 from Numerical linear algebra, Trefethen: For any m > 5, there is a
polynomial p(z) of degree m with rational coefficients that has a real root p(r) = 0 with the
property that r cannot be written using any expression involving rational numbers, addition,
subtraction, multiplication, division and kth roots.

This theorem implies “there could be no computer program that would produce the exact
roots of an arbitrary polynomial in a finite number of steps.” The same must therefore hold
for eigenvalues since one can show computing eigenvalues is equivalent to finding roots of a
polynomial. The upshot is that any eigenvalue solver must be iterative and approx-
imate. Computing eigenvalues/vectors is an important and well studied problem e.g. see
Numerical linear algebra, by Trefethen for (many) algorithms which solve this problem.

You should be able to see that the eigenvalues of A and A” are the same (why? Do the
eigenvectors have to be the same?), and that if = is an eigenvector of A (Ax = Az), then so
is every multiple rz of z, with same eigenvalue (Arx = Arx). In particular, a unit vector in
the direction of x is an eigenvector.

If Ais an n X n matrix, then its spectrum is the set
o4 ={X:\is an eigenvalue of A}.

We are often interested in determining exactly what the spectrum of a particular matrix
is. However, sometimes it is enough to find a region containing 4. The following result,
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which is stated for matrices with complex entries, provides the means to find a region con-
taining 4.

Theorem: Let A € C"*". Then
O'AQU{ZECS|Z—CLM| SZ’CLU‘}.
i=1 i

Proof. Let A € 04 be an eigenvalue with corresponding eigenvector x. Define another eigen-
vector, y, corresponding to A such that y; = 1 and max ly;| < 1. Since Ay = My,
)7

n n n
A= Z ijlfj = Z aijyj + @iy = Z ijlfj + i,
j=1 i i#i

and

A — aiil =

Z ijY;

JF

<> ayl.

JFi

Thus \ € {zEC: |z — ay| < Z\azﬂ}.

i
[l
O

Recall that if A is an n X n matrix, then it represents a linear transformation from be-
tween two finite dimensional vector spaces, and that A has at least one eigenvalue. The
following example shows that the same does not hold if the spaces are infinite dimensional -
in particular, linear transformations on infinite dimensional vector spaces need not have any
eigenvalues.

Example: Let ¢ : C([0,1] : R) — C([0,1] : R) be given by
o= [

Theorem : Eigenvectors corresponding to distinct eigenvalues are linearly independent.

Proof: Suppose that there are only two distinct eigenvalues (A could be 2 x 2 or it
could have repeated eigenvalues), and let ryz; + roxe = 0. Applying A to both sides we have
riAxy + roAxy = A0 = 0 = Ay + Agrowe = 0. Multiplying first equation by A; and
subtracting it from the second, we get A\;r1x1 + Aaraxs — (A1 + Ai792) = 0—-0=0 =
r9(Ay — A1)xe = 0 and since x9 # 0, and A; # Ay, we conclude that 7o = 0. Similarly, r; =0
as well, and we conclude that z; and x5 are in fact linearly independent. The proof extends
to more than 2 eigenvalues by induction. [J
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Diagonalizable We say a matrix A € R™*" is diagonalizable if there exists some S € R"*"
such that ST'AS = D where D is a diagonal matrix (i.e. if A is similar to a diagonal matrix).
By the proof above, every matrix that has n DISTINCT eigenvalues is diagonalizable by the
proof above. Let S be the matrix whose columns are the eigenvectors, then AS = AS where
A is the matrix with the eigenvalues on the diagonal. By the proof above, S is invertible
(why?) so we get that A is diagonalizable. Note that some matrices that fail to have n
distinct eigenvalues may still be diagonalizable, as we’ll see in a moment.

Now suppose that we have n x n A and for some S, we have S~1AS = A, a diagonal
matrix. Then you can easily see for yourself that the columns of S are eigenvectors of A and
diagonal entries of A are corresponding eigenvalues. So the matrices that can be made into
a diagonal matrix by pre-multiplying by S~ and post-multiplying by S for some invertible
S are precisely those that have n linearly independent eigenvectors (which are, of course,
the columns of S). Clearly, I is diagonalizable (S™'IS = I) V invertible S, but I only has a
single eigenvalue 1. So we have an example of a matrix that has a repeated eigenvalue but
nonetheless has n independent eigenvectors.

If A is diagonalizable, calculation of powers of A becomes very easy, since we can see
that A¥ = SA*S~!, and taking powers of a diagonal matrix is about as easy as it can get.
This is often a very helpful identity when solving recurrent relationships.

Example A classical example is the Fibonacci sequence 1, 1, 2, 3, 5, 8, ..., where each
term (starting with 3rd one) is the sum of the preceding two: F, .o = F,, + F,.1. We want
to find an explicit formula for n-th Fibonacci number, so we start by writing

Fn+1 _ 11 Fn
F, | |10 F,_4
. 11 1 .
or u, = Au,_1, which becomes u,, = A™ugy, where A = [ 10 } , and ug = { 0 } . Diagonal-

1+v5  1-+56

1+v5 0
izing A we find that S = [ ] 2 2 ) ] and A = 0 2 _v5 |- and identifying F, with
2

the second component of u,, = A"uy = SA™S1uy, we obtain F, = \/ig [(%) — (%) ]

We finally note that there’s no relationship between being diagonalizable and being invert-

ible. [ (1) (1) } is both invertible and diagonalizable, [ 8 8 } is diagonalizable (it’s already

] is invertible but not diagonalizable (check this!), and

diagonal) but not invertible, { g :1))

{ 8 é } is neither invertible nor diagonalizable (check this too).
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6.3 Complex Matrices

Complex Matrix We now allow complex entries in vectors and matrices. Scalar multi-
plicaiton now also allows multiplication by complex numbers, so we're going to be dealing
with vectors in C”, and you should check for yourself that dim(C") = dim(R™) = n (IsR™ a
subspace of C"?)? We also note that we need to tweak a bit the earlier definition of transpose
to account for the fact that if 2 = [1,4]" € C2, then

Tr =14+ =0#2=|z|%

Recall that if 2 = a+bi € C then the conjugate of x, is Z = a — bi. The modulus of z € C
is given by /2 - 2 = Va2 + b2.

Returning to vectors/matrices we definite the conjugate-transpose or Hermetian-transpose.
If M € C*™ 9 then the transpose-conjugate, M € C?*" is given by taking the transpose of
M then taking the conjugate of each entry i.e. M = Mj;. We now have 2z = |||, If
x € R?, then 2/ = 27

You should check that (A7)? = A and that (AB)? = B¥ A" (you might want to use
the fact that for complex numbers z,y € C, v +y = Z+ y and Ty = Zy). We say that = and
y in C™ are orthogonal if 27y = 0 (note that this implies that yx = 0, although it is NOT
true in general that 2%y = yfx).

Special Matrices We generalize some of the special matrices for R"*" to C"*".

1. A e Cv™is Hermitian if A = A”. You should check that every real, symmetric real
matrix is Hermitian.

2. A€ C™is unitary if AHA = AA" = [ie. (A" = A7'). You should check that real,
orthogonal matrix is unitary.

3. A € C™" is normal if it commutes with its Hermitian transpose: A7A = AAH" You
should check that Hermitian and unitary matrices are normal.

4. A € C™™ is positive definite if for all x € C*, 21 Az > 0.

6.4 Facts that lead up to the spectral theorem

We next present some very important results about Hermitian and unitary matrices. These
facts will then be used to prove the spectral theorem.

1. If A is Hermitian, then Vo € C*, y = 27 Az € R.

Proof: taking the hermitian transpose we have y = x# AHy = 27 Ax = y, and the
only scalars in C that are equal to their own conjugates are the reals. [J

2We refer to a one dimensional real subspace as a line. Why should we call a one dimensional subspace
of C™ a complex plane?
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. If Ais Hermitian, and ) is an eigenvalue of A, then A € R. In particular, all eigenvalues
of a symmetric real matrix are real (and so are the eigenvectors, since they are found
by elimination on A — A\I, a real matrix).

Proof: suppose Az = Az for some nonzero z, then pre-multiplying both sides by z¥,
we get 8 Az = 2 Az = Maflx = \||z||?, and since the left-hand side is real, and ||z||?
is real and positive, we conclude that A € R. [

. If A is positive definite, and A is an eigenvalue of A, then A > 0.

Proof: Let nonzero x be the eigenvector corresponding to A. Then since A is positive
definite, we have 27 Az > 0 = 27 (\z) >0 = A|z|* >0 = A > 0. O

. If A is Hermitian, and z,y are the eigenvectors of A, corresponding to different eigen-
values (Az = Az, Ay = \py), then zfy = 0.

Proof: Mzfly = (Mx)Hy (since \; is real) = (Ax)fy = 2 (Afly) = 28 (Ay) =
T (\y) = Xzxfly, and get (\; — A)zfly = 0. Since \; # Xy, we conclude that
xHy =0.0

. The above result means that if a real symmetric n x n matrix A has n distinct eigen-
values, then the eigenvectors of A are mutually orthogonal, and if we restrict ourselves
to unit eigenvectors, we can decompose A as QAQ ™!, where @ is orthogonal (why?),
and therefore A = QAQT. We will later present the result that shows that it is true of
EVERY symmetric matrix A (whether or not it has n distinct eigenvalues).

. Unitary matrices preserve inner products and lengths.

Proof: Let U be unitary. Then (Uz)# (Uy) = 22U"Uy = 251y = 2'y. In particular
Uz = |l]|. O

. Let U be unitary, and let A be an eigenvalue of U. Then |\| = 1 (Note that A could

- 1+
be complex, for example 7, or W)

Proof: Suppose Uz = Az for some nonzero x. Then ||z|| = ||Uz| = ||\z| = |A|||=]|,
and since [|z|| > 0, we have |A| = 1. O

. Let U be unitary, and let =,y be eigenvectors of U, corresponding to different eigen-
values (Uz = \jz, Uy = \oy). Then xfly = 0.

Proof : afy = a1y = 2HUHUy = (Uz)" (Uy) = (Mz)" (hay) = M Aaxfy = Moy
(since \; is a scalar). Suppose now that xfly # 0, then A\ = 1. But |[\]| =1 =
M1 = 1, and we conclude that A\; = )9, a contradiction. Therefore, 7y = 0. O

. A schur factorization of a square matrix A is A = QT Q" where () is unitary and T is
upper triangular. Every square matrix has a Schur factorization.

Proof: (borrowed from Numerical Linear Algebra, by Trefethen) We prove the result
by induction. The base case n = 1 is trivial. Assume the result is true for n — 1 > 2.
Let = be an eigenvector of A with corresponding eigenvalue lambda. Assume z is
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normalized. Let U be a unitary matrix whose first column is x (Why can we construct
such a unitary matrix? Hint: Gram-Schmit). We can check that

i [A B
o=} 2

where B € CY"~1 and ¢ € C* =1, By the inductive hypothesis the matrix C' has
a Schur factorization, C = VTV i.e. V is unitary and T is upper triangular. Now let
the matrix ) be given by

10
oot Y],
We can now check that @) is a unitary matrix and

@"aa=y 7.

is a Schur factorization of A. O.

10. If A is normal, and U is unitary, then B = U~ AU is normal.
Proof: BBH = (URAU)(U"AU)? = UHPAUUPARU = UHAARU = UHATAU
(since A is normal) = UXAHUUH AU = (U AU)H (U AU) = BEB. O

11. If n x n A is normal, then Vz € C" we have ||Az| = ||A%z].
Proof: ||Ax|]? = (Az)H Az = 25 AH Az = 28 AAHy = (Af2)H (A z) = || Az And
since || Az|| > 0 < [|[Afz||, we have ||Az| = ||[Az|. O

12. If A is normal and A is upper triangular, then A is diagonal.

Proof: Consider the first row of A. In the preceding result, let x = | . |. Then
0

| Az||* = |a11|*(since the only non-zero entry in first column of A is ay;) and ||A7z|]> =

lay|* + |a* + ... + |a1,]?. It follows immediately from the preceding result that

a2 = a13 = ... = ay, = 0, and the only non-zero entry in the first row of A is a;;. You

can easily supply the proof that the only non-zero entry in the i-th row of A is a;; and
we conclude that A is diagonal. [

6.5 Spectral Theorem
First we state the typical version of the spectral theorem.
Spectral Theorem: If A € C™" is Hermitian then there we can write A = UAU where

U € C"" is unitary and A € R"*" is diagonal with real entries. Equivalently, every Hermi-
tian matrix has n real eigenvalues and with n linearly independent eigenvectors.
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proof: Let A = UTU* where U is unitary and T is upper triangular be the Schur decompo-
sition of A (exists for every matrix by fact 9). Since A is Hermitian it is also normal; thus
fact 10 shows T is normal. Since 7T is normal and upper triangular is is in fact diagonal (by
fact 10).

The Schur decomposition A = UTUT is thus an eigenvalue decomposition i.e. AU = UT
where T is the diagonal matrix of the eigenvalues. Finally, fact 2 says the eigenvalues of A
are real thus T is real. [.

Next we state a special case of the spectral theorem for real, symmetric matrices (this is
the version that we usually use in statistics).

Spectral Theorem (real case): If A € R"" is Symmetric then there we can write
A = QAQT where Q € R™" is orthogonal and A € R™" is diagonal with real entries.
Equivalently, every real symmetric matrix has n real eigenvalues and with n linearly inde-
pendent eigenvectors. The real case follows from the above Spectral theorem plus the second
part of fact 2.

A natural question to ask is: what is the set of matrices which the spectral theorem
applies to? In other words, can we characterize the set of matrices A that are unitary
diagonalizable i.e. there exists a unitary U and (possibly complex) diagonal A such that
A =UAUM? It turns out the answer is exactly the class of normal matrices.

Spectral Theorem (general): A € C™" is normal if and only if there exists unitary
U € C™" and diagonal A € C"*" such that A = UAUY. Equivalently, A is normal if and
only if it as an orthonormal set of (possibly complex) eigenvectors.

Here are some facts that are based on the spectral theorem.

1. If A € R™" is positive definite, it has a square root B, s.t. B2 = A.

Proof: By the spectral theorem we can write A = QAQT, where all diagonal entries
of A are positive and @ is orthogonal. Let B = QA'Y2Q", where AY/? is the diagonal
matrix that has square roots of main diagonal elements of A along its main diagonal,
and calculate B? (more generally if A is positive semi-definite, it has a square root).
You should now prove for yourself that A~ is also positive definite and therefore A~1/2
also exists. [J

2. If A is idempotent, and X is an eigenvalue of A, then A =1 or A = 0.
Proof: Exercise 6.4.
There is another way to think about the result of the Spectral theorem. Let x € R™ and
consider Az = QAQTx. Then (do it as an exercise!) carrying out the matrix multiplication

on QAQT and letting qi,¢qo, ..., g, denote the columns of Q and \i, \a, ..., \, denote the
diagonal entries of A, we have:

QAQT = Miquq! + Maga@s + -+ MGl

and so
Ar = M@iqi @+ M@@a T+ ...+ MGngr @
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We recognize ¢;ql as the projection matrix onto the line spanned by ¢;, and thus every
n X n symmetric matrix is the sum of n 1-dimensional projections. That should come as no
surprise: we have orthonormal basis q1, ¢, . . . ¢, for R", therefore we can write every x € R"
as a unique combination ¢1q; + ¢2q2 + . . . + ¢,q,, Where c1q; is precisely the projection of x
onto line through ¢;. Then applying A to the expression we have Ax = A\jc1q1 + Aacaqe +
.o« + Ancn@n, which of course is just the same thing as we have above.

Variational characterization of eigenvectors The spectral theorem shows that an or-
thonormal eigenbasis exists for Hermitian matrices. The Courant-Fischer theorem charac-
terizes the eigenvectors/values of a Hermitian matrix through an optimization perspective.
In this section we focus on real, symmetric matrices, but the discussion is essentially identical
for complex matrices.

For a symmetric matrix A € R™" let the Rayleigh quotient be R : R™ — R given by

T
Riz) = ' Az

Ty

We set R(0) = 0. In other words, R computes the quadratic form of x then normalizes by
then length of z. If x is an eigenvector with eigenvalue A then we can see R(x) = A.

By the spectral theorem we can create an orthonormal basis, {vy, ..., v,}, of eigenvectors
of A. Suppose we order the eigenvalues as Ay > Ay > --- > \,. For any x € R" we can write
x =Y, a;. Therefore we can rewrite R as (check this yourself)

Do Nia;
R(z) = &5—*~
Zi:l a;

Notice R is now a weighted average of the eigenvalues.

Suppose that Ay > Ay i.e. the leading eigenvalue is strictly larger than the next eigenvalue.
With out loss of generality suppose that  has norm 1 which means Y a7 =1 (why can
we do this?). Then the weighted average (and therefore the Rayleigh quotient) is maximized
when a1 = 1 and a; = 0 for ¢ > 1. In other words, the Rayleigh quotient is maximized
when z is the leading eigenvector v; (really we should say “proportional to” the leading
eigenvector).

We have just shown that the solution to max,. =1 R(z) is given by vy in the case that
A1 > X% In other words, the leading eigenvector gives the direction which maximizes the
quadratic form 7 Az when A\; > X\o. What about if A\; = \,.

If two eigenvectors vy, vo have the same eigenvalue A then any linear combination of those
two eigenvectors gives another eigenvector with the same eigenvalue (since A(ajv; + agve) =
Aa1v1+agvy)). Let Vi(A) C R™ be the subspace corresponding to eigenvectors of the leading
eigenvalue A;. The Rayleigh quotient is maximized by any eigenvector in V;(A) (why?).

The general Courant-Fischer theorem essentially says that if we restrict the x to lie in
the subspace orthogonal to the leading eigenvector (or eigen subsapce Vi) then the Raleigh
quotient is maximized by the eigenvector corresponding to the second largest eigenvalue.
Similarly for the 3rd, 4th, ....

3Restricting = to be norm 1 is an technical detail that makes things a little nicer, but doesn’t really
change the meaning of this result.
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For a statement and discussion of the full Courant-Fischer theorem see wikipedia: https:
//en.wikipedia.org/wiki/Min-max_theorem and https://en.wikipedia.org/wiki/Rayleigh_quotient.

6.6 Examples: Spectral theory

Convergence of Markov chains (Levin, Peres, Wilmer) In this example, we will use
the spectral decomposition to show certain Markov chains reach stability exponentially fast.

A Markov chain, conceptually, models the evolution of some quantity over time, in cases
where the next time step’s outcome depends only on the previous outcome and not on
the entire history. Markov chains, and their continuous-time analogs, are widely used in the
physical and social sciences, operations research and simulation. Markov Chain Monte Carlo
(MCMC) algorithms are one example.

Let’s consider a simple Markov chain: Consider a sequence of random variables X1, X, . ..
each taking one of n possible values, which we can assume without loss of generality are the
integers {1,2,...n}.

Such Markov chains are defined by a transition matriv P = (p;;)i j=1.., defined by the
conditional probabilities

PI’Ob(Xl :] | X() = Z) = pij
We will assume, as is often the case, that

Prob(Xp1 =7 | Xon = 1) m >0
In other words, p;; is the probability the outcome takes value, or ’state’, j tomorrow if it
is in state ¢ today. You should convince yourself that multi-step transition probabilities are
given by matrix powers, i.e.
k . .
P = (PY);; = Prob(Xir = j | X = 9)

If v = (v ...v,) is any probability vector (v; > 0, > v; = 1) representing the distribution
of Xy, which we call the initial distribution, we have by definition of conditional probabilities
Prob(X,, = j) = W' P™);

We will make the following additional assumptions about our matrix P. This guarantees
the chain is irreducible and aperiodic (terms you do not need to know for this course):
Dij > 0 Y i, ]
A fact from Markov chain theory is that

3r=(m...m,) ©P=7" m>0i=1...n

7 is called the stationary distribution. A standard question in Markov chain theory
generally is to ask: How quickly does
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pl(-;n) =, Vi

These types of questions are important if, for example, you are using MCMC to estimate
an unknown ’true’ distribution for model parameters, in which convergence of the MCMC
algorithm implies you have indeed done so.

We make a final assumption (called reversibility):

TiPij = PijTj Vi, ]
We can answer the convergence question in the following sequence of steps, which you
can work out for yourself by computation.
1. Define the matrix A with entries a;; = , /™p;; and check that the assumptions above
J

imply A is a symmetric positive definite matrix. In other words, A = D'/2PD~1/?

2. You can check using the spectral theorem and direct calculation: A\; = 1 > Ay with
¢1 = /7, and A\, > —1. In other words there is one eigenvalue at 1 and the rest are in

(_17 1)

3. Spectral theorem: DY2PD~1/2 = A = ®ADT, where ® is the matrix whose columns
are ¢1, ¢y ... ¢, and A is the diagonal matrix of eigenvalues. This implies

P =D '?QAQ"D'? P™ =D '?QA"TD'?

Note D~Y2¢; = 1); are eigenvectors for P corresponding to the same eigenvalues, and
1y is the vector of ones.

4. Recall that 0 < A, = max(|\2],|\n]) < 1. Using the previous statement, you can

calculate
(m) n
Pij 1@ amaT H-1/2\ M =1/28\ (M—1/2a)
— (D712eAm@T D) =1 ;Ak (D712®) 4 (D720) 4
and therefore by Cauchy-Schwartz
(m) n n
pl m m — — m
1] < ZA (D7Y2@)y,(D™12@) 5] < AL (D=120) 2 Y |(D-1/20) ]2 < CA!
k=2 k=2

for a positive constant C' not dependent on i, j.

In other words, since A, € (0, 1), the Markov chain converges to its stationary distribution
exponentially fast.
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Principal Components Analysis and the Rayleigh quotient The Rayleigh quotient
characterization of eigenvalue/vectors is useful for a lot of statistical applications. For ex-
ample, Principal Components Analysis (PCA) finds directions of maximal variance which
you can write out as a maximizing the Rayleigh quotient of the sample covariance matrix.
Given a data matrix X € R™*? assuming the columns have been mean centered, the first
PCA component can be formulated as the following optimization problem.

min [|1X — Xww||%
weR s.t. ||w||=1

where ||A||% = tr(ATA) is the Frobenius norm (note you can show ||A||% = sum of the
squared entries of A). The term, Xww?, is the projection of the data onto the subspace
spanned by the unit vector w (why?). Therefore X — Xww? is the “residual” of the projection
i.e. how far away the original data are away from the projected data. In other words, the
problem above means: find w that minimizes the residuals of the projected data.

A little bit of matrix algebra (exercise 6.6) shows the minimizing above problem of mini-
mizing the residuals is equivalent to maximizing the Rayleigh quotient of the sample covari-
ance matrix i.e.

max w’ Sw
weR? s.t. [|w||=1
where S := X7 X is the sample covariance matrix (recall variables of X have been centered).
The upshot is: the first PCA component (often referred to as the first loading) is given the
leading eigenvector of the sample covariance matrix. The high PC components are given by
the remaining eigenvectors of the sample covariance matrix.

At lot of algorithms in statistics and machine learning can be understood as as the
eigenvectors/values of various matrices, For example: PCA, least squares/Ridge regression,
Canonical Correlation Analysis, Partial Least Squares, Fisher’s Linear Discrimination, Spec-
tral Clustering, kernel versions of all of these, etc. An excellent survey is given by Eigen-
problems in Pattern Recognition (and can be found at http://citeseerx.ist.psu.edu/viewdoc/
download?doi=10.1.1.128.2674&rep=repl&type=pdf).

Exercises

6.1 Let A € C". We will show that if A is non-negative definite it is Hermitian. This is
not true in the case of real matrices.

Define the bilinear function B(z,y) by (Az,y) = y? Az. Note that "bilinear” in this case
means y — B(x,y) is anti-linear in that B(z,ay + fz) = aB(z,y) + BB(z, 2).

1. By direct calculation, show the following identity holds for all complex numbers «, 3
and vectors x, y:

aBB(z,y) + aBB(y,x) = Blaz + By, azx + By) — |a|*B(z,z) — |B*B(y, y)
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2. Show that B(z,z) = 0 for all x implies A = 0, the matrix of all zeros. Hint: Apply the
identity above twice, first with « = f = 1 then with « =i =+/—1 and § = 1. Recall
that for any vector v, (v, z) = 0 for all x implies v is zero.

3. Show that if B(x,z) is a real number for all z, then A” = A.

This last statement proves the result, since non-negative definiteness implies B(z, x) >
0 is real.

NOTE: In fact you have shown that if (Az,z) is real for all z € C", then A is
hermitian.

4. Find an example of A € R? non-negative definite that is not symmetric.

6.2 Show that if a matrix is triangular, its determinant is the product of the entries on the
main diagonal.

6.3 Let sq,82,...,8, € R" be the set of linearly independent eigenvectors of A, let
A1, A2, - - ., Ap be the corresponding eigenvalues (note that they need not be distinct), and let
S be the n x n matrix such that the j-th column of which is s;. Show that if A is the n x n
diagonal matrix s.t. the ii-th entry on the main diagonal is \;, then AS = SA, and since S
is invertible (why?) we have S™'AS = A.

6.4 Show that if rank(A) = r, then AT A has r non-zero eigenvalues.
6.5 Show that if A is idempotent, and A is an eigenvalue of A, then A =1 or A = 0.

6.6 Show that if A is a real matrix that is orthogonally diagonizable, then it must be
symmetric. Show that a real matrix that is normal but is not symmetric must have at least
one complex eigenvalue.

Hint: Use the spectral decomposition for (complex) normal matrices and the exercise
above, which says if (Az, z) is real for all z € C", then A is Hermitian. But if A € R" then
being Hermitian is the same as being symmetric.

6.7 Recall the Fibonacci diagonalization example above. If you had to compute the nth
(say n = 100) Fibonacci number by hand using the formula F, o = F, + F, ;1 how many
operations would it take? How about using the diagonalization procedure above?

Make some reasonable assumptions about how long it takes a grad student to add two
numbers and look up the nth power of a number on wolfram alpha; based on these assump-
tions, how much time would the grad student save by knowing the diagonalization formula
if his advisor asked him for the 107th Fibonacci number?

6.8
Let X € R**?. Show the following two optimization problems are equivalent (see section
6.5 for context)

min I|X — Xww”||%
weR? s.t. ||w||=1
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max wl Sw
weR? s.t. [|w||=1

Where ||A[|% := tr(AT#) is the Frobenius norm. All you need to do to solve this problem
is expand the objective function in the first problem and use properties of the trace and the
fact that ||w|| = 1. You should eventually get to something that looks like the negative of
the second problem (plus some constants).
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7 Tensors

In the orthogonal decomposition of a Hilbert space V', we showed that if K is a closed sub-
space then each v € V can be written v = ky + ko where ky € K and ky, € K. More
succinctly, V is given as a direct sum of subspaces written V = K @ K*. The dimensions of
these subspaces add to the dimension of V.

In this section we consider a way of putting together two vector spaces V, H such that
the dimension of the new space is dim V' x dim H rather than a sum. In addition, we will
look at operations on pairs of vector spaces that produce such structure.

The word ‘tensor’ recently has become popular in machine learning and statistics. See this
StackExchange post for a discussion of whether that is justified. Tensors have long-standing
use in mathematics and physics. An example from statistics comes from multi-dimensional
smoothing splines (see Hastie ch. 5).

Here all vector spaces considered are finite-dimensional, though the concept of a
tensor can apply to very general spaces. See Lang or Roman, ‘Advanced Linear Algebra.’

Definition: Tensor product Suppose V,U are finite-dimensional vector spaces over the
same field (e.g. real or complex numbers). Suppose {v;}} and {u;}* are bases for V,U.
Suppose ® is a bilinear map on pairs (v;,u;) € V x U = {(v,u) : uwe Uv € V}, that is

v v ®@u; and  uj = v; @u;y  are linear maps

We extend this map to V' x U by linearity, such that if v = )" a;v; and u = ) fu; then

v®u:Za,ﬂjvi®uj

Check {v; ®u;}iz1.nj=1..m are linearly independent. Thus if we define the tensor prod-
uct of V, U as

V@ U = span{v; ® u; izt njet1..m

then V ® U is a vector space of dimension nm whose elements are of the form v ® w.

We note that a tensor product defined in this way is a ‘universal’ bilinear map, in the
sense that if T : V x U — W is another bilinear linear map to a vector space W, then there
is a unique linear map S : V ® U such that T'(v,u) = S(v ® u). This is done by defining
S(v; ® uj) = T(v;,u ) on basis elements and extending it to the entire space.

An alternate definition comes from Halmos, ‘Finite Dimensional Vector Spaces.” First,
note that we may define a direct sum V @ U in cases where U, V' are disjoint (except for the
zero element) and every vector y € V @ U can be written uniquely as v+ u for v € Viu € U.
This space can thus be identified with the pairs (v,u). The space of bilinear maps (v, u) —
l(u,v) is a finite-dimensional vector space and thus has a dual space of continuous linear
functionals.
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Alternate definition Let V,U be as above. Then V ® U is defined as the dual space B*
of B, which is the space of bilinear maps on V & U.

Elements of V' ® U are denoted y = v ® u, where y is such that y(¢) = ¢(v,u) for all
¢ € B. Note that this shows ® is a bilinear map.

If {v;}} and {w;}}* are bases for V, U, then {v; ® u;}i—1. nj=1..m is a basis for V& U.

Examples:
1. Say V =R" and U = R™. v ® u = vu’ is called the outer product and is a tensor
product. V ® U is the space of n x m matrices.
Note (v, u) = tr(v ® u).

2. V. = R™P and U = R™*? the spaces of n x p and m X ¢ real matrices. Define the
Kronecker product of A = {a;;}i—1.nj=1., and B € U as

allB e CLlpB
A® B =
anmB ... apB

Then V ® U is the space of nm x pg matrices.

3. V is an n-dimensional complex vector space and U = V* its dual. Define the functional

vl =1{(v)

Then ® is a tensor product.

4. Suppose V', U are n, m dimensional vector spaces over the same field. Suppose {v;}
and {¢;} are bases for V, U*. We may define V ®U* and ® as in the alternate definition
above.

Now consider the following map on V ® U*:

L(v® 0)(u) = vl(u) VueU

Thus L maps VU™ to the space of linear transformations from U to V', hom(U, V'), also
called homomorphisms as they preserve the vector space structure. In the exercises,
you are asked to show this map is in fact one-to-one and onto. In other words, V ® U*
is isomorphic to the set of linear transformations from U to V.
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7.1 Exercises

7.1 V.U are n,m dimensional vector spaces over C. Show that if {v;}} are linearly
independent, then for u; ...u, € U we have
and conclude that v ® u = 0 if and only if one of the arguments is zero.

7.2 V.U are n,m dimensional vector spaces over C. Show that the map defined above
L :V ®U* +— hom(U,V) is one-to-one and onto. Hint: Recall that there is a bijection
between two finite-dimensional linear spaces if and only if they have the same dimension.
You can characterize the bijection using their respective bases.

7.3 If ® is the Kronecker product given above, show that for real matrices A, B, C, D of
appropriate dimensions

1. (A B)T = AT @ BT

2. (A B)C=A® (B ()

3. (A® B)(C® D) =(AC ® BD)

4. A, B invertible then (A® B)™' = A~' @ B~}
5. tr(A® B) = tr(A)tr(B)

6. rankA ® B = rank(A)rank(B)

8 Singular Value Decomposition

Eigenvalues/vectors tell you a lot about a matrix*, however, the definition only makes sense
for square matrices. The Spectral theorem says every symmetric matrix has an eigenbasis
which turns out to be very useful in many applied and theoretical problems. The singular
value decomposition (SVD) generalizes the notion of eigenvectors/values to any (possibly
non square, symmetric) matrix. For a matrix A € R"*¢ the SVD is essentially the eigenval-
ues/vectors of the square, symmetric matrices ATA € R?>4 and AAT € R™™,

The following notes give a nice summary of SVD http://www. nesu.edu/~ipsen/REU09/
chapter4.pdf.

8.1 Definition

We first give the definition of a singular value decomposition of a matrix. It looks like there
are a lot of parts to the definition, but the important quantities are the matrices U, S, and
V. We then state an existence theorem (every matrix has an SVD) then state a uniqueness

4The prefix eigen means “proper” in German which should give some indication of how important math-
ematicians thinks eigenvalues/vectors are.
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theorem (an SVD of a matrix is unique-ish). In this chapter we focus on real matrices,
however, the story is similar for complex matrices.

Definition: Let A € R™? with m := min(n, d) and r = rank(A). The SVD of A is given
by

S 0|V
AZZ [U Uo} |:0 0:| [%:| = Ufullsfullvfj;ll

=Usv7T (4)

r
E : T

= SkkUK Vg
k=1

The matrices Uy, € R™", Sy € R™<4 Viwi € R4 are known as the full SVD. The
matrices U € R™", S € REXE V€ R&>E are known as the reduced SVD. Most of the time
we focus on the reduced SVD.

The matrices U € R™*", Uy € R™ ("7 gatisfy

o Upy = [U Uo} € R™"™ is an orthogonal matrix

e The columns of U, given by u; € R™ give an orthonormal basis of the the column space
of Ai.e. col(U) = col(A) and are called the left singular vectors

e The columns of Uy span the the left kernel of A i.e. col(Uy) = N(AT)
The matrices V € R, Vy € R&>*(m=7) satisfy
e Vi = [V Vo] € R™? is an orthogonal matrix

e The columns of V, given by v, € R? give an orthonormal basis of the the row space of
Aie. col(V) = col(AT) and are called the right singular vectors

e The columns of Vj span the the right kernel of A i.e. col(Vy) = N(A)

The matrix S € R™" is a diagonal matrix with strictly positive entries given by sgr > 0
which are called the singluar values.

Exercise 1 asks you to verify the three different versions of the SVD decomposition are in
fact equal. The SVD of A is related to the eigen-decomposition of AT A and AA” as follows

1. The left singular vectors, u; € R", are the eigenvectors of AT A.
2. The right singular vectors, v, € RY, are the eigenvectors of AAT.

3. The singular values, sy, are the square roots of the eigenvalues of AT A and AAT (recall
these have the same eigenvalues).
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Theorem (SVD existence): Every matrix has a singular value decomposition.

Proof: First we construct the matrix Vj,; by an eigen-decomposition of ATA. Note
ATA € R4 symmetric and therefore has a set of d real orthonormal eigenvectors. Since
rank(AT A) = rank(A) = r, we can see that AT A has r non-zero (possibly-repeated) eigen-
values (Exercise 6.3). Arrange the eigenvectors vy, vs,...,v4 in such a way that the first
V1,2, ..., v, correspond to non-zero Aj, Ag,..., A, and put vy, ve, ..., v, as columns of V.
Note that as vy41,Vr19,...,2q form a basis for N(A) by Exercise 2.4 as they are linearly
independent, dim(N(A)) =d — r and
v; € N(A)  for i=r+1,..d.

Therefore vy, vy, ..., v, form a basis for the row space of A.

We construct Sy, using the eigenvalues of AT A. Now set s; = /\; for 1 <i < r. Let
Srun € R™*? be the middle matrix with S on the top left and the remaining entries zero.

Finally we construct the matrix Uy,; € R™*". For 1 <i <7, let
B AUi

Sii

e R"

Uy

be the first r columns of Ug,;. You should verify for yourself that u;’s are orthonormal
(ulu; =01if i # j, and u! v; = 1). By Gram-Schmidt, we can extend the set uy, ua, ..., u, to
a complete orthonormal basis for R", wy, us, ..., Up, Upy1, ..y Up. AS up, Usg, ..., u, are each in
the column space of A and linearly independent, they form an orthonormal basis for column

space of A and therefore u, 1, u, o, ..., u, form an orthonormal basis for the left nullspace
of A.

We now verify that A = UsuuSyunVyy by checking that Uf,; AV = Spun. Consider
ij-th entry of Uf,;AVyu. It is equal to u] Av;. For j > r, Av; = 0 (why?), and for j < r
the expression becomes u] s;;u; = s;ulu; = 0(f ¢ # j) or s (if i = j). And therefore
UfTu”AVfu” = Stu, as claimed. O

Theorem (SVD uniqueness-ish): Suppose U, S,V is the reduced SVD of a matrix A and
@ € R™ is an orthogonal matrix. Then UQ, S, UQ is another SVD of A. We can make a
similar statement for the matrices Uy and V. This set of orthogonal transofmations gives
every SVD of A.

Remark: The singular values of a matrix are unique i.e. they are the square root of the
eigenvalues of ATA and AAT.

Remark: The singular vectors of a matrix are not unique. However, the subspaces
spanned by the singular vectors (e.g. span(u,u,,)) are unique.

One of the main applications of SVD is finding a lower rank approximation of A. Note
that we can write A in terms of outer products of its singular vectors by

.

T

A= E 5;U;V;
i=1

59



Note we ordered the singular values in non-increasing order i.e. s; > so.... We might
approximate A by retaining the first £ < r singular vectors i.e.

k

i T

A= E 5;U;V;
i=1

We refer to this approximation as the rank & SVD of A. Exercise 7.2 asks you to justify
the fact that A is rank k. This approximation is at the heart of methods like PCA and is
discussed in more depth in Section 7.2 below.

8.2 Low rank approximation

Suppose we are given a matrix A € R™? and we want to approximate it with a low rank
matrix. Consider the following optimization problem: given an integer K we find a rank K
approximation of A by
maximize |4 — X||%
subject to rank(X) < K.

(5)

where ||M||% = tr(MTM) is the Frobenius norm of a matrix. In other words, we find the
matrix of rank less than or equal to K that is closes to A in the Frobenius norm.
Eckart-Young theorem: The solution to Problem 5 is given by the rank K SVD of A.

Remark: The rank K SVD approximation of A is given by Zfil siuiviT where s;, u;, v; are
as in the definition of the SVD (e.g. u; is the ith left singular vector of A.)

Remark: The discussion in Section 6.5 above on the first Principal Components direction
proves the Eckart-Young theorem in the case k = 1 (why?)

For a matrix A € R"*? denote 2-norm or spectral norm by
[|All2 = v/s1 (i-e. square root the largest singular value of A)

Warning: the 2-norm is not equal to the Frobenius norm. For a discussion of matrix
norms (which will also clarify the naming conventions) see wikipedia https://en.wikipedia.
org/wiki/Matrix norm. Exercise 7.3 asks you to show that the 2-norm is a norm.

For the proof we point of Eckart-Young we point the reader to: https://en.wikipedia.org/
wiki/Low-rank_approximation#Proof of Fckart.E2.80.93Young.F2.80.93Mirsky _theorem_.28for_
Frobenius norm.29. This proof uses some facts about the matrix 2-norm and the Frobenius
norm which are left as exercises at the end of this chapter.

8.3 A few Applications

Pseudoinverse and least squares Suppose we have a matrix A € R"*? and we are
interested in finding some kind of inverse. If n = d and A is full rank then we have an actual
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inverse, however, if A is not full rank or. Even worse, if A is not square, it’s not exactly
clear what an inverse would even mean.
To make this problem a little more concrete consider solving a linear system, given A
and b € R" find € R such that
Axr =0b.

If b ¢ col(A) then there is no solution. If b € col(A4), but the columns of A a linearly
dependent then there is an infinite number of solutions. To rectify both of these situations
let’s relax the problem a little and consider finding x to minimize

|[Az — bl|2
We can show the unique solution, z*, is given using the full SVD of A
Tk = VfUllS;ullUfullb

St 0
0 O
positive entries. It’s a good exercise to show that if A is square an invertible the above
equation gives the normal least squares solution.

The Moore-Penrose pseudoinverse of a matrix A € R™*%, denoted AT € R¥*" is given by
At = Vfu”S}ru”Ufu”. This pseudo inverse always exists since every matrix has an SVD. For a
discussion of it’s properties see https://en.wikipedia.org/wiki/Moore-Penrose_pseudoinverse.

We can now write the minimum norm solution to a linear equation as

where SJTU” = where S—! always exists since S is a diagonal matrix with strictly

k= ATh

which makes A™ suggestive of being an inverse. More suggestively, one can show that A™
solves both

min ||[AX — L,||r
XeRdxn

min || XA — Iy||r
X eRdxn

Remark: The pseudoinverse is an example of the following problem solving principle: if you
can’t solve the problem you are given then try solving a related, easier problem.

Applications with Data We briefly mention a few applications statistics/machine learn-
ing applications of SVD. For a more detailed discussion of these methods see Eigenproblems
in Pattern Recognition (http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.128.2674&
rep=repl&type=pdf), standard statistics references, or Google.

1. The rank k PCA decomposition is equal to the rank k SVD of the data matrix after
centering the variables. If X € R™*¢ whose columns have been centered then the rank
k PCA approximation is given by the rank k£ SVD approximation of X. The resulting
data can be represented by the unnormalizes scores, UyS; where U, € R™F is the
first k left singular vectors (i.e. first k columns of U) and S, € R¥*. The loadings
Vi € R™* (first k right singular vectors) represent the k direction in R? of maximal
variance.

61


https://en.wikipedia.org/wiki/Moore-Penrose_pseudoinverse
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.128.2674&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.128.2674&rep=rep1&type=pdf

2. An n x d pixel, black and white image is given by a matrix X € R"*¢. The rank k
SVD of an image matrix X can be used to compress the image: store an approximate
image that looks almost exactly like the original image, but takes a lot less memory. For
example, the original image requires saving nd numbers (i.e. one number for each pixel).
Suppose we compute a rank k£ SVD of X and store the resulting singular values/vectors;
the SVD approximation requires k(n + d) + k numbers. Suppose n = d = 1000; the
original image takes 1,000,000 numbers while the rank & = 20 SVD approximation
takes 2020 numbers. Low rank image approximations often give remarkably good
approximations of the original image (e.g. google “SVD image compression” to see
some examples).

3. Suppose we have two data sets X € R"™? and Y € R™ P with the same rows but
different columns. For example, consider a study where we have n = 200 patients,
d = 100 clinical variables (e.g. height, weight, etc) and p = 10000 gene expression
measurements. One way of investigating associations between two data matrices is
Partial Least Squares (PLS). Let S,, € R%? be the “cross-covariance matrix” given
by S,y := X'Y (assuming we have mean centered the columns of both data matrices).
One version of PLS® amounts to computing the rank k SVD of S,,.

4. Spectral clustering is a way of incorporating non-linearity into a clustering algorithm.
Suppose we ave given a data set X € R™¢ and we would like to cluster there observa-
tions into K clusters. Spectral clustering amounts the following three steps

(a) Fix a measure of distance between observations, k : R? x R4 where k might be
the standard inner product or more generally any kernel (e.g. radial basis kernel).
Let A € R™™ be given by A;; = k(z;, z;) where z; is the ith observation (ith row
of X). Let D € R™*™ be the diagonal matrix whose ith element, D;; = Z;;l A
Now let L € R™*™ be the laplacian matrix given by L = D — A.

(b) Computing there rank K SVD of the laplacian matrix L resulting in a new matrix
Y € R™¥ which we use to represent the original data.

(c) Apply a standard clustering algorithm such as K-means to the new matrix Y.

Spectral clustering is motivated by community detection for networks which explains
the above naming/notation (Laplacian, A, etc). For a survey on spectral clustering see
A Tutorial on Spectral Clustering (found at https://arxiv.org/pdf/0711.0189.pdf)

8.4 Principal Components Analysis

For an introduction to PCA see pages 373-385 from Introduction to Statistical Learning
(PDF available at http://www-bcfusc.edu/~gareth /ISL/). For some interesting PCA visu-
alizations see http://projector.tensorflow.org/. This section discusses a number of different
perspectives on PCA and connects them using linear algebra.

SUnfortunately there are a number of slightly different algorithms that are all called PLS. The one we
are referring to is called EZ-PLS or PLS-SVD.
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Suppose we have a data matrix X € R™*? with n observations and d variables. Let
x1,...,%, € R™ be the observations (rows of X). PCA can be used for dimensionality
reduction (i.e. find a matrix in R™* k < d that represents the data with fewer variables) or
directly for data analysis. The rank k-PCA returns

1. A scores matrix U € R™* whose columns are uq,...,u; € R"
2. A loadings matrix V € R¥* whose columns are vy,...,v, € R?
3. A diagonal matrix S € R¥** whose diagonal entries are si,...,s; > 0.

The value of k can range between 1 and min(n, d). PCA should remind you of SVD because
it is an SVD.

Fact: The rank k PCA is the rank k SVD of the data matrix after centering the column
means. In other words, let X, € R"™*? be the matrix whose ith row is given by x; — # (where
7 € R? is the sample mean). Then k-PCA(X) = k-SVD(X.).® The scores (loadings) are the
left (right) singular vectors of X..

PCA is computed by an SVD, however, this fact alone does not provide much intuition
into what PCA is doing. We present two more geometric perspectives on the first PCA
component.

Two geometric perspectives of the first PCA component Consider a candidate
loading vector v € R%. Assume ||v|| = 1.

One quantity of interest is the variance of data points after being projected onto the
line spanned by v (i.e. vTxy,...,vTx, which turn out to be the scores). This quantity

is var ({zfv}r,) = -2 (Z?:l aiv— (3200 x?v)) To make life easier for ourselves let’s

n—1 n
assume for the rest of this section that have first centered the dataie. x; — z;,— .
In this case the variance is now given by

var ({afo}y) = 1 Sl

n -
=1

We might decide that a “good” direction maximizes this variance.

Another quantity we are interested in is the residuals of the projections. Recall that
volz; € R? gives the projection of the data point z; onto the line spanned by v. We might
decide a “good” direction minimizes the distance been the original data points x; and their
projections vv” z;. In other words, we might try to minimize the sum of the squared residuals

ri =x; —ovlz; € R?
n
Z || — oo [
=1

Figure 2, borrowed from this discussion https://stats.stackexchange.com/questions/2691/
making-sense-of-principal-component-analysis-eigenvectors-eigenvalues, visualizes the two

60One can of course compute k-SVD(X). PCA(X) is an affine approximation of a data cloud while SVD(X)
is a subspace approximation of a data cloud. Think the difference between linear regression with an intercept
(affine) vs. with no intercept (subspace).
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Figure 2: Two geometric perspectives of first PCA direction.

geometric quantities of interest. This image shows a number of two dimensional data points
(in blue). The line spanned by the vector v is shown in black. The projections of the voTzT
are the red points lying on the black line. The residuals are the red lines connecting the blue
data points to their red projections.

To summarize, we consider two objectives. The first component v € R?, [|v]| = 1 that

1. maximizes the variance of the projects

n

ol < (7 v)* (= var({zj v}iL,))

2. minimizes the squared residuals of the projected data

n
- T . (12
min x; — v T
i Dl =
You can show that both of these formulations are related to the quadratic form v’ Sv

where S € R%*? is the sample covariance matrix (S = Y i z;x] e.g. see section 3.4).

Exercise 7.8 asks you to show that these two perspectives are give the same problem which
is solved by SVD.

Other PCA components The higher order loadings, vs, v3,... can be understood using
the above geometric perspectives plus an additional orthogonality constraint. In other words,
we let v, be the direction in R? orthogonal to v; that minimizes the residuals of the projected
data points (or equivalently maximizes the variance of the projected data). Similarly for
V3, UVqy. ...

The scores are u; are given by u; = X.v;. You can show u; L u; which means the new
variables derived from PCA are uncorrelated.
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8.5 The $25,000,000,000 Eigenvector: the Linear Algebra Behind
Google

See this paper for a linear algebra perspective on PageRank: https://www.rose-hulman.edu/
~bryan/googleFinalVersionFixed.pdf

Exercises

8.1  Verify the three different versions of the SVD decomposition are equivalent (e.g.

8.2 Letu; € R* and u; € R? for i = 1,...,r. Assume the u; and the v; are orthonormal
(e.g. ulu; =0ifi# j). Let s1,...,5, € R be scalars. Show that

n
o T
A= E SiU;V;
i=1

is a has rank R.
8.3 Show the matrix 2-norm ||A||]y = /51 is a norm on the set of R"*¢ matrices.

8.4 Show the matrix 2-norm is given by the following optimization problem

1Al = max —||Aull
u€R? s.t. ||ull2=1

where ||u||, above is the usual Euclidean vector norm. This property is where the matrix
2-norm get its (possibly confusing) name. In general, we can define a matrix p-norm for
p > 1 by [[All, = max,cpd gy, |ju),=1 ||Au||, where the p norm of a vector is given by

1
. 1
fully, = (X0 wf) "
8.5 Prove the left inequality and right equality of the following

n d %
A2 < (ZZMUF) = |[Allr

i=1 j=1

8.6 Prove the Frobenius norm squared is equal to the of the sum of the squared singular
values i.e.

1A% =

This this should make the inequality ||A||]2 < ||A||F immediate.
8.7 Show that xx = A®b is the solution to

min ||Az — b||2
xT
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where A7 is the psueudoinverse (defined in section 7.3).

8.8 Show the two perspectives of the first PCA component give the same result i.e. show

n
min Z |2; — vl ;][5
=1 =

n
max » (27 v)?

1

have the same solution.

8.9 Show the two the above two problems are both solved by the first right eigenvector of
X, (Hint: think about the Rayleigh quotient of the sample covariance matrix).

8.10 Let A € R™*?. Show that the solution to the following problem is given by the leading
left and right singular vectors. Minimize 27 Ay over x € R™ and y € R? with ||z|| = ||y|| = 1.
Hint: start with the SVD of A.
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9 Matrix functions and differentiation

9.1 Basics

Here we just list the results on taking derivatives of expressions with respect to a vector
of variables (as opposed to a single variable). We start out by defining what that actually
means: Let x = [z1, 29, - ,xk]T be a vector of variables, and let f be some real-valued
function of x (for example f(x) = sin(zy) + x4 or f(x) = 21"+ x11log(x3)). Then we define

of _ |of of .. Of i
55 = | Das? Doy , 69%] . Below are the extensions

1. Let a € R*, and let y = a”x = a121 + asxs + ... + arri,. Then % =a

Proof: Follows immediately from definition.

2. Let y = 27, then % =2

Proof: Exercise 5.1(a).

3. Let Abe k x k, and a be k x 1, and y = a” Az. Then % = Alq

Proof: Note that a’ A is 1 x k. Writing y = a? Az = (ATa)Tz it’s then clear from 1
that 2% = ATq. O

4. Let y = 27 Az, then % = Az + ATz and if A is symmetric % = 2Az. We call the
kook

expression a7 Az = E g a;jz;xj, a quadratic form with corresponding matrix A.
i=1 j=1

Proof: Exercise 5.1(b).

9.2 Jacobian and Chain Rule

A function f : R® — R™ is said to be differentiable at x if there exists a linear function
L : R™ — R™ such that

o) = )~ L 1)

' —x,x'#x H.CL’/ — I”

= 0.

It is not hard to see that such a linear function L, if any, is uniquely defined by the above
equation. It is called the differential of f at x. Moreover, if f is differentiable at z, then all
of its partial derivatives exist, and we write the Jacobian matrix of f at x by arranging its
partial derivatives into a m X n matrix,

D) - ()
Df(z) = : ;
o (z) o Un(x)

It is not hard to see that the differential L is exactly represented by the Jacobian matrix

Df(x). Hence,
I~ (@)~ DI )

' —x,x'#x H;L’/ — ,’1}”

=0
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whenever f is differentiable at x.
In particular, if f is of the form f(z) = Mz + b, then Df(z) = M.

Now consider the case where f is a function from R™ to R. The Jacobian matrix D f(z)
is a n-dimensional row vector, whose transpose is the gradient. That is, Df(x) = V f(x)T.
Moreover, if f is twice differentiable and we define g(z) = V f(x), then Jacobian matrix of
g is the Hessian matrix of f. That is,

Dg(x) = V*f(x).

Suppose that f : R® — R™ and h : R¥ — R” are two differentiable functions. The
chain rule of differentiability says that the function g defined by g(z) = f(h(x)) is also
differentiable, with

Dg(x) = D f(h(z))Dh(z).

For the case k = m = 1, where h is from R to R"™ and f is from R" to R, the equation
above becomes

g'(x) = Df(h(z))Dh(z) = (V f(h(x)), Dh(x)) = Y 0:f(h(x))h(x)
i=1
where 0, f(h(z)) is the ¢th partial derivative of f at h(x) and hj(x) is the derivative of the

1th component of h at z.

Finally, suppose that f : R® — R™ and h : R® — R™ are two differentiable functions,
then the function g defined by g(x) = (f(z), h(z)) is also differentiable, with

Dg(x) = f(x)" Dh(x) + h(z)" D f(z).
Taking transposes on both sides, we get
Vg(z) = Dh(x)" f(z) + Df(z)" h().
Example 1. Let f : R® — R be a differentiable function. Let z* € R" and d € R™ be

fixed. Define a function g : R — R by ¢(t) = f(a* + td). If we write h(t) = z* + td, then
g(t) = f(h(t)). We have

g (t) =(Vf(x*+td), Dh(t)) = (Vf(a* +td),d).

In particular,
g'(0) =(V[f(z"),d).

Suppose in addition that f is twice differentiable. Write F(z) = Vf(z). Then ¢'(t) =
(d, F(x* +td)) = (d, F(h(t))) = d'F(h(t)). We have

g'(t) = d"DF(h(t))Dh(t) = d"V?f(h(t))d = (d, V*f(z* + td)d).
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In particular,

g"(0) = (d, V*f(2")d).
Example 2. Let M be an n X n matrix and let b € R"”, and define a function f : R* — R
by f(z) = 2" Mx + b"x. Because f(z) = (z, Mz + b), we have
Vf(x)=M"2+ Mz +b=(M"+ M)z +b,

and
V2f(x) = M" + M.

In particular, if M is symmetric then V f(z) = 2Mx + b and V2 f(z) = 2M.

9.3 Matrix functions

We may define matrix-valued functions for sufficiently smooth functions f using Taylor
expansions. We will focus on f : R — R such that f is analytic, i.e. it has Taylor series
expansion

F) =S et /H, = 19(0)
0

Then for a matrix A € R"*", we define

F(A) = apA*/E!

Whether this function exists depends on the radius of convergence of the Taylor expansion
of f relative to ||A||, where || - || is some matrix norm satisfying [|AB|| < ||A||||B]|, such as
the Frobenius norm defined elsewhere in these notes.

If A is diagonizable and the series above exists, we have the following much simpler
characterization

A=UANU" = f(A)=UfNU"
Since A is diagonal with entries \;...\,, we see from the power series expansion that
f(A) is diagonal with entries f(A1) ... f(\n).

Generalizations to infinite-dimensional settings also exist and rely on the spectral theo-
rem. See Lax.

Example: Solution to linear ODE Solutions z : [0, 00) — R"™ to the ODE

d

Eac(t) = Az (t) z(0) = z¢

are given by
z(t) = g

where the matrix exponential is defined as above for the function f(z) = e'.
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Example: Markov processes The matrix function e = P, is important in the theory
of Markov processes on finite state spaces, where the ij term of P; gives the probability of
the process being in state j after ¢ time given that it started in state . The matrix A is, in
this case, is called the infinitessimal generator of the process.

Exercises

9.1 Prove the following properties of vector derivatives:
(a) Let y = 27a, then & = 2z
(b) Let y = 27 Az, then & = Az + ATz and if A is symmetric 2 = 2A4x.

9.2 The inverse function theorem states that for a function f : R™ — R"”, the inverse
of the Jacobian matrix for f is the Jacobian of f~!:

(D)~ = D).

Now consider the function f : R?* — R? that maps from polar (r,0) to cartesian coordinates

(z,y):
o[ ][]

Find Df, then invert the two-by-two matrix to find %, g—;, %, and %.

9.3 Show that if P, = e for A € R™", then {P,};>0 forms a semigroup. That is, check
o PLP,=P,  forallt,s >0
e Py = I the identity

Such objects are important in the theory of linear evolution equations and in Markov
processes.
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10 Computation

This chapter discussions some computational algorithms that are relevant to problems we
often encounter in statistics (e.g eigenvector decomposition).

10.1 Power method

Let A € R™" be a matrix with eigenvalues |[A;| > |Xo| > ..., > |\,;| and corresponding
eigenvectors vq,...,U,. In other words A has a leading eigenvalue/vector. The goal of this
section is to compute the leading eigenvector v; € R™.

One way to do this would be to solve for the eigenvalues of A by computing the roots
of the polynomial p(A) = det(A — AI) then finding the eigenvectors. From the discussion in
Section 6.2 we know this a bad idea since finding the roots of a polynomial is a very hard
problem to solve in general.

One of the most straightforward methods find the leading eigenvector of a matrix is
called the power method. The power method essentially consists of repeatedly multiplying a
random vector wy by the matrix A i.e. computing A¥wy. It turns out that as k — oo the
resulting vector will converge to v;.

Let wy € R be our starting point (typically selected randomly). Iterate the following for
a while

fork=1,2,...
W1 = Awy,
Wiy = Wi+1
= —
T lwka ]

We stop after some finite (hopefully small) number of iterations and the let the resulting
wy be our estimate of v;. Most of the action is in the first line, Aw,. The second line just
normalizes the magnitude of wy (for example, if wy, = v; and A; > 1 then AFw = )\’fvl has
a really large magnitude which our computer will not be happy about).

Theorem: Suppose A has a strictly largest eigenvalue and is diagonalizable. Addition-
ally, suppose wy is not orthogonal to v;. Then as k — oo, wyp — +v; (i.e. we get either vy

k
or —vyp). Additionally, ||wy — v1]| = O ( )

Remark: This theorem not only says the power method converges (under some assumptions)
it also gives a convergence rate. We prove this theorem under the assumption that A is
diagonalizable (e.g. if A is symmetric we can apply the spectral theorem). The same theorem
holds without the diagonalizable assumption; this proof is similar, but uses Jordan canonical
form.

Proof: Since A is diagonalizable there exists an orthonormal basis of eigenvectors
Vi,..., Uy Let wg = D" a;v; (note a; # 0). The core of the proof is the following

A2

A1
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calculation

n
k k
A wy = E A\ v;
i=1

= )\’faﬂ)l + /\If ;ai (/\—1> V;

We are essentially done since the the second term in the above expression dies since <1
by assumption. Note that the power method re-normalizes wy each time so we only need to
show convergence up to a constant times A*wy.

Ai
A1

||CL1’01 — FA w0||2 = ||a11)1 — a1y — Zai )\— UZH
1 i=2 !

= a; - Vi
152 () v

k

where @ = max;—o__, |a;|. O|.

The power method is the basis of more sophisticated Krylov subspace methods for com-
puting eigenvectors. In many cases the power method converges very quickly. Notice, how-
ever, the convergence rate is related to the quantity i—j i.e. if Ay >> Ay the power method
will converge faster.

Squeezing the power method to get more eigenvectors We can use the power
method to compute larger eigenvectors. Let f(A) be any algorithm (e.g. the power method)
that returns the leading eigenvector of a matrix. Suppose we have a matrix A such that
the eigenvalues are strictly decreasing i.e. |A;| > [Aa] > --- > |A,]. We can find the eigen-
vectors by repeatedly computing f(A) then projecting the columns A onto the orthogonal
complement of each new eigenvector.

Let A; := A then compute vy,...,v, by

fork=1,2,....n
vp = f(Ax)
Ak+1 = A(] — vkv;{)

This is not the state of the art way to compute SVD, but it works. For a recent analysis
of this particular method see LazySVD: Even Faster SVD Decomposition Yet Without Ag-

onizing Pain (pdf can be found at https://arxiv.org/abs/1607.03463). For a more general
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treatment of the power method see Chapter 7 from http://people.inf.ethz.ch/arbenz/ewp/
Lnotes/lsevp.pdf.

10.2 Gradient Descent

Let F: RY — R be a function and consider the problem of unconstrained minimization i.e.
find z*R? that minimizes F'
T )

For example, if F'(z) = x*+bx+c you can solve this problem easily. If F(3) = || X8 —yl|2
where now SR? is the variable and X € R™*? y € R" then 8* = (XTX)" !XTy is a solution
if X7 X is invertible (this is linear regression).

In general, if we make no assumptions about F' then minimizing it is really hard.
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11 Statistics: Random Variables

This sections covers some basic properties of random variables. While this material is not
necessarily tied directly to linear algebra, it is essential background for graduate level Statis-
tics, O.R., and Biostatistics. For further review of these concepts, see Casella and Berger,
sections 2.1, 2.2, 2.3, 3.1, 3.2, 3.3, 4.1, 4.2, 4.5, and 4.6.

Much of this section is gratefully adapted from Andrew Nobel’s lecture notes.

11.1 Expectation, Variance and Covariance

Expectation The expected value of a continuous random variable X, with probability
density function f, is defined by

EX = /Z o f(z)da.

The expected value of a discrete random variable X, with probability mass function p, is
defined by

EX = Z xp(x).

z€R,p(x)#0

The expected value is well-defined if E|X| < co.

We now list some basic properties of E(-):

1. X <Y imples EX <EY
Proof: Follows directly from properties of [ and >_.

2. For a,b € R, E(aX +bY) =aEX + DEY.
Proof: Follows directly from properties of [ and Y.

3. |EX| < E|X]
Proof: Note that X, —X < |X|. Hence, EX, —EX < E|X| and therefore |[EX| < E|X]|.
U

4. If X and Y are independent (X L Y), then E(XY)=EX -EY.
Proof: See Theorem 4.2.10 in Casella and Berger.

5. If X is a non-negative continuous random variable, then

EX = /Oo P(X > t)dt = /OO(1 — F(t))dt.
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Proof: Suppose X ~ f. Then,

/OOO P(X > t)dt

x)dx]dt

| rwy
/f I(z > t)dz]dt
/f

I(z > t)dtde (Fubini)

)[/ I(z > t)dt]dz
xf(z)de = EX O

J
I
-
J,
J

6. If X ~ f, then Eg(X) = [ g(z)f(z)dx
If X ~p, then Eg(X) = > g(z)p(x).

Proof: Follows from definition of Eg(X).

Variance and Corvariance The variance of a random variable X is defined by

Var(X) = E(X —EX)?
= EX? - (EX)%

Note that Var(X) is finite (and therefore well-defined) if EX? < oo. The covariance of two
random variables X and Y is defined by

Cov(X,Y) = E[(X —EX)(Y —EY)]
E(XY) — EXEY.

Note that Cov(X,Y) is finite if EX? EY? < cc.

We now list some general properties, that follow from the definition of variance and covari-
ance:

1. Var(X) > 0, with “=” if and only if X is constant with probability 1.

2. For a,b € R, Var(aX + b) = a*Var(X).

3. If X LY, then Cov(X,Y) = 0. The converse, however, is not true in general.
4. Cov(aX +b,cY +d) = acCov(X,Y).

5. If X1,..., X, satisfy EX? < oo, then

Var( Z X;) Z Var(X;) +2)  Cov(X;, X;).

i=1 1<j
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11.2 Distribution of Functions of Random Variables

Here we describe various methods to calculate the distribution of a function of one or more
random variables.

CDF method For the single variable case, given X ~ fx and g : R — R we would like to
find the density of Y = ¢g(X), if it exists. A straightforward approach is the CDF method:

e Find Fy in terms of Fx

e Differentiate Fy to get fy
Example 1: Location and scale. Let X ~ fy and Y = aX + b, with a > 0. Then,
—b

)

a

Fy(y) = P(Y<y)=PlaX+b<y)=PX <?

— Pe(? ; b).

Thus, fy(y) = Fy(y) = o™ fx(130).

If a < 0, a similar argument shows fy (y) = |a|*1f(y7_b).

Example 2 If X ~N(0,1) and Y = aX + b, then

frw) = lae(X =0

Example 3 Suppose X ~ N(0, ) Let Z = X?. Then,

Fy(z) = P(Z<2)=P(X*<z)=P(-V2<X <V2)
= (\/_) O(—vz) =1-28(—V2).
Thus, fz(2) = 272¢(—+/2) = \/—272_1/26_2/2.

Convolutions The convolution f = f; *x fy of two densities f; and f, is defined by

— [ fia -ty
Note that f(x) >0, and

/:fmd :/ V filz =) faly )dy]da:
- [ [ e -vnwa.
— /_oo fa(y) [/_OO fl(x—y)dx} dy = /_: foly)dy = 1.

76



So, f = f1 % fo is a density.
Theorem: If X ~ fx, and Y ~ fy and X and Y are independent, then X + Y ~ fx x fy.

Proof: Note that

PX+Y <v) = /Z/fo (){(2,y) : 7 +y < v}dedy
N
-] yfx( >d:c} Fo )y
=/Z/ el )t frlo)dy (= +2)
= /_OO _/_OO fx(u—y)fy(y)dy} du
~ [ (s pi@an. O

Corollary: Convolutions are commutative and associative. If fi, fo, f3 are densities, then

fix fo=fox fi
(fr* f2) * fa = fu* (fa* f3).

Change of Variables We now consider functions of more than one random variable. In
particular, let U,V be open subsets in R¥, and H : U — V. Then, if ¥ is a vector in U,

H(Z) = (ha(Z), ..., hi(Z))".

is a vector in V. The functions A (), ..., hy(-) are the coordinate functions of H. If X is
a continuous random vector, we would like to find the density of H(X). First, some further
assumptions:

(A1) H:U — V is one-to-one and onto.
(A2) H is continuous.
(A3) For every 1 <i,j <k, the partial derivatives

, _ Ol
g 8xj

exist and are continuous.
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Let Dy (%) be the matrix of partial derivatives of H:
Dy (Z) = [hi;(Z) : 1 <, < k.
Then, the Jacobian (or Jacobian determinant’) of H at 7 is the determinant of Dy (Z):
Ju(7) = det(Dy (7).
The assumptions A1-3 imply that H~!: V — U exists and is differentiable on V with
Tu-1(y) = (Ju(H ' (y))) ™"

Theorem: Suppose Jg(Z) # 0 on U. If X ~ fx is a k-dimensional random vector such
that P(X € U) =1, then Y = H(X) has density
@) = fx(HG) - | Tu- ()]
= feH ) Tu(H ()
Example: Suppose X;, Xy are jointly continuous with density fx, x,. Let Y7 = X; + X,
Yo = X; — Xy, and find fy, y,.

Here
= h1($1,$2) = X1+ 22
Y2 = h2(I17$2) = I1 — X2
1
v = g1(y1,12) = 5(91 + 12)
1
Ty = 92(y17 92) = 5(1/1 - y2)a
and
oy om 1 1
Ju(z,z0) = | 35 952 | = L |="2#0.
o o 1 -1
X1 xro

So, applying the theorem, we get

Y1 +Y2 Y1 —yz)

1
le,Yg(yh?JQ) = §fX1,X2< 9 ) 9

As a special case, assume X, Xy are N(0, 1) and independent. Then,

fY1,Y2(y1ay2) = 1¢(y1+y2)¢(y1—y2)

2 2 2
1 2 _ 2
— exp (it (i —w)
47 8 8
1 2% + 2y3
= —e —
47 8

"The partial derivative matrix D is sometimes called the Jacobain matrix (see Section 9.2).
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So, both Y7 and Y3 are N(0, 2), and they are independent!

11.3 Derivation of Common Univariate Distributions

Double Exponential If X;, X ~ Exp(\) and X; 1 X, then X; — X5 has a double
exponential (or Laplace) distribution: X; — Xy ~ DE(A). The density of DE()),

flz) = %e_)‘“” — 00 <z < 00,

can be derived through the convolution formula.

Gamma and Beta Distributions The gamma function, a component in several prob-
ability distributions, is defined by

I'(t) = / o le tdx,  t>0.
0

Here are some basic properties of I'(+) :

1. T'(¢) is well-defined for ¢ > 0.
Proof: For t > 0,

1 o)
0<TI(t) < / ' da +/ e dr < co. O
0 1
2. T(1) = 1.

Proof: Clear.

3. Vo >0, [z + 1) = 2'(2).
Proof: Exercise 7.4.

4. '(n+1)=n!forn=0,1,2,....
Proof: Follows from 2, 3.

5. log I'(+) is convex on [0, c0).

The gamma distribution with parameters a, 8 > 0, ['(«, §), has density
ﬁaxaflefﬁx
o = > 0.
Note: A basic change of variables shows that for s > 0,
s
X~T(,p) < sX~T|a,—]).
s

So, 3 acts as a scale parameter of the I'(«, -) family. The parameter « controls shape:
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o If 0 < a <1, then g,4(-) is convex and g, g T 0o as z — 0.

a—1

e If a> 1, then gup(-) is unimodal, with maximum at z = “5=.

If X ~T(a, B), then EX = 5, Var(X) = 4 .
We now use convolutions to show that if X ~ I'(a1,3),Y ~ I'(ag, f) are independent
then X +Y ~ T'(a1 + ag, §):

Theorem: The family of distributions {I'(-, 5)} is closed under convolutions. In particular

['(aq, B) * T(ag, B) = T'(aq + aw, B).
Proof: For x > 0,

f(:L‘) = (gal,ﬁ * ga2,5)<x)
:/0 Gar,3(T — U)Gay g(u)du

BOQ ‘a2

= _f ’ r—u) ye gy
a F(Oé1>r(042) /0 ( ) I (6)

= const - e Prpatas—l

Thus, f(z) and ga, +a,.8(x) agree up to constants. As both integrate to 1, they are the same
function. UJ

Corollary: Note if @ = 1, then I'(1, 8) = Exp(8). Hence, If X,..., X, are iid ~ Exp(}),
then
Y=Xi4+...+ X, ~T(n,N),

with density
)\nyn— 1 e—)\y

This is also known as an Erlang distribution with parameters n and .

It follow from equation (6), with = 1 that

ﬁa1+a2 675 /1(1 . u)mfluazfldu
I'(an)l(az) 0
5a1+a26*5
= Ya1+a )= 77— —.
Gai+ 2,5( ) F(a1+a2>

Rearranging terms shows that for r,s > 0,

I(r)(s) ' R )
F(r+s)_/0(1 u) du.

Here B(-,-) is known as the beta function with parameters r, s. The beta distribution
Beta(r, s) has density

B(r,s) =

bos(x)=B(r,s) " -a" (1 —-2)", O<z<l.
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The parameters r, s play symmetric roles. If » = s then Beta(r, s) is symmetric about 1/2.
Beta(r,r) is u-shaped if r < 1, uniform if » = 1, and unimodal (bell shaped) if r > 1. If
r > s > 0 then Beta(r, s) is skewed to the right, if 0 < s < r then Beta(r, s) is skewed left.
The random variable X ~ Beta(r, s) has expection and variance

r rs

EX = Var(X) = ,
r+s’ ar(X) (r+s)?2(r+s+1)

Chi-square distributions Fix an integer k£ > 1. Then, the chi-square distribution with
k degrees of freedom, written x3, is T'(k/2,1/2). Thus, x; has density

1k >0
— €T (& y X .
T (E)

NIE)

fr(z)

Theorem: If X,..., X} are iid N(0,1), then X7 + ... + X7 ~ x2.

Proof: Recall that if X ~ N(0,1) then X* ~ f(z) = 52=e"2 = I'(3,1). Thus, X? ~ x3.
Furthermore,

N0
O]

k1

Y =X?+...+ X2~ 2, then
EY = E(X] +...+ X?) = kEX? = k.

Var(Y) = kVar(X7) = k(EX] — (EX?)?)
=k(3—1) =2k

F and t-distributions The F-distribution with with m,n degrees of freedom, F(m,n),
is the distribution of the ratio

X/m
Y/n’
where X ~ x2,Y ~ X2, and X LY.
The density of F'(m,n) is
() () et (1 )
fon(x) =B (2,2 ) I 1—|—nm .

The t-distribution with n degrees of freedom, t,, is the distribution of the ratio

X

VY2 n'
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where X ~ N(0,1),Y% ~ x? are independent. Equivalently, ¢, is the distribution of VZ
where Z ~ F(1,n). The density of ¢, is

] 42\ ~(n+1)/2

fult) = — -(1+—) |
nB (3 3)

Some other properties of the t-distribution:

1. t; is the Cauchy distribution.

2. If X ~ t, then EX = 0 for n > 2, undefined for n = 1; Var(X) = =5 for n > 3,
undefined for n =1, 2.

3. The density f,(t) converges to the density of a standard normal, ¢(t), as n — oc.

11.4 Random Vectors: Expectation and Variance

A random vector is a vector X = [X; XQ...Xk]T whose components X, X, ..., X; are
real-valued random variables defined on the same probability space. The expectation of a
random vector E(X), if it exists, is given by the expected value of each component:

E(X) = [EX;EX,..EX,]".

The covariance matrix of a random vector Cov(X) is given by

Cov(X) =E[(X —EX)(X -EX)'] =E(XXT) - EXEXT.

We now give some general results on expectations and variances. We supply reasonings
for some of them, and you should verify the rest (usually by the method of entry-by-entry
comparison). We assume in what follows that & x k A and k x 1 a are constant, and we let

kx1lp=EX)and k xkV =Cov(X) (v;; = Cov(X;, Xj)):

1. E(AX) = AE(X)
Proof: Exercise 7.5(a).

2. Var(a”X) = a"Va.
Proof: Note that

var(a’X) = wvar(aX; + asXo + ... + ap Xy)

kook
= Z Z a;a;Cov(X;X;)

i=1 j=1

Ek
_ _ T O
= vija;a; = a' Va

i=1 j=1

3. Cov(AX) = AV AT
Proof Exercise 7.5(b).
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4. E(XTAX) = tr(AV) + ut Ap

Proof: Let A; be the ith row of A and a;; be the ijth entry of A.

Note that tr(AV) = tr(A(E(X XT) - EXEXT)) = tr(AE(X XT)) — tr(AEXEXT).
AE(XXT)
tr(AE(XXT)) = tr :
AE(XXT)

- Z Z az]]E(X]XZ)

i=1 j=1

—- E (i i ainin>

i=1 j=1

k
= E (Z AZ-XXZ)
=1

{(En)

= E(XTAX)
Meanwhile,
tr(AEXEXT) = tr(EXTAEX) = EXTAEX = p” Ap.
So we have E(XTAX) = tr(AV) + pFAp. O

5. Covariance matrix V' is positive semi-definite.
Proof: y"Vy = Var(y*X) > 0 Yy # 0. Since V is symmetric (why?), it follows that
V1/2 — (V1/2)T. H

6. Cov(a® X, 0" X) =a" Vb
Proof: Exercise 7.5(c).

7. If X,Y are two k x 1 vectors of random variables, we define their cross-covariance
matrix C' as follows : ¢;; = Cov(X;,Y;). Notice that unlike usual covariance matrices, a
cross-covariance matrix is not (usually) symmetric. We still use the notation Cov(X,Y)

and the meaning should be clear from the context. Now, suppose A, B are k x k. Then
Cov(AX,BX) = AVBT.

Proof: Let ¢;; be the ijth entry of Cov(AX, BX). Denote the ith row vectors of A
and B as A; and B;, respectively. By the result above,

cij = AV Bj = ijth entry of AVBT. O
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Exercises
11.1 Show that if X ~ f and g(-) is non-negative, then Eg(X) = [~ g(z)f(z)dx.
[Hint: Recall that EX = [[° P(X > t)dt if X >0.]

11.2 Let X be a continuous random variable with density fx. Find the density of Y = | X|
in terms of fx.

11.3 Let Xj ~ I'(ag, 1) and X3 ~ I'(cwe, 1) be indepedent. Use the two-dimensional change
of variables formula to show that Y; = X; + X5 and Ys = X;/(X; + X5) are independent
with Y; ~ I'(ay + e, 1) and Y3 ~ Beta(aq, as).

11.4 Using integration by parts, show that the gamma function I'(¢t) = [z~ le "dx

satisfies the relation I'(t + 1) = ¢I'(¢) for t > 0. ’
11.5 Prove the following results about vector expectations and variance:

(a) E(Az) = AE(x)

(b) Cov(Ax) = AV AT

(c) Cov(a®x,bTz) = a’Vb
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12 Further Applications to Statistics: Normal Theory
and F-test

12.1 Bivariate Normal Distribution

Suppose X is a vector of continuous random variables and Y = AX + ¢, where A is an
invertible matrix and c is a constant vector. If X has probability density function fx, then
the probability density function of Y is given by

fr(y) = ldet(A)| " fx (A7H(Y = 0)).

The proof of this result can be found in appendix B.2.1 of Bickel and Doksum.

Xl has a bivariate normal distribution if 4 7, Z,
2

LID N(0,1), s.t. X = AZ+ . In what follows we will moreover assume that A is invertible.
You should check at this point for yourself that X; ~ N(u1,0%) and Xy ~ N(us,03), where
01 = Va2 + a12? and 09 = Vag? + ag?, and that Cov(Xy, Xo) = ajja9 + a12a22. We then
say that X ~ N(u,Y), where

We say that 2 x 1 vector X =

z=AAT = { or P }

pPO102 0'%
and p = % (you should verify that the entries of ¥ = AAT are as we claim). The
meaning behind this definition is made explicit by the following theorem:

Theorem: Suppose o1 # 0 # 09 and |p| < 1. Then

fx(x) = m exp{—%(;g —)TS Yz — ,u)}

Proof Note first of all that if A is invertible, then it follows directly that o1 # 0 # o9
and |p| < 1 (why?). Also,

Vdet(X) = \/det(AAT) = \/det(A)? = |det(A)| = o1091/1 — p?

(you should verify the last step). We know that fz(2) = 5t exp (—1272) and since X =

AZ + p we have by the result above:

1 —1 T -1
Fe(o) = gy o0 (~5 (7@ = W) (A7 = )

- 27|det

N 27rydelt(A)| exp <—1(:c — ) (AT (AT (@ - u))

~ ey o (e~ W4T e - )

1 1 Tv—1
:mexp <—§(x—/i) 2 (x—u))



which proves the theorem. The symmetric matrix ¥ is the covariance matrix of X. [

You should prove for yourself (Exercise 8.1) that if X has a bivariate normal distribution
N(p, V), and B is invertible, then Y = BX + d has a bivariate normal distribution N(Bu +
d, BV BT).

These results generalize to more than two variables and lead to multivariate normal
distributions. You can familiarize yourself with some of the extensions in appendix B.6 of
Bickel and Doksum. In particular,we note here that if x is a k x 1 vector of IID N(0, 0?)
random variables, then Az is distributed as a multivariate N(0,02AA”) random vector.

12.2 F-test

We will need a couple more results about quadratic forms:

1. Suppose k x k A is symmetric and idempotent and k x 1 & ~ N(Ogx1,0%Irxx). Then

w ~ X2, where r = rank(A).

Proof: We write xo# = ET—QAM Lz N(O,U—l2 x 2QTQ) =
N(0,1), i.e. j is a vector of IID N(0, 1) random variables. We also know that the A
is diagonal and its main diagonal consist of r 1’s and k — r 0’s, where r = rank(A).
You can then easily see from matrix multiplication that %A%x =22+ 2 +. .+ 22,

where the z;’s are IID N(0,1). Therefore £5* A“T ~x.2. O

2. The above result generalizes further: suppose k x 1 x ~ N(0,V), and k x k symmetric
Ais s.t. V is positive definite and either AV or V A is idempotent. Then 2’/ Az ~ .2,
where r = rank(AV') or rank(V A), respectively.

Proof: We will prove it for the case of idempotent AV and the proof for idempotent V' A
is essentially the same. We know that x ~ V12 where z ~ N(0, Ixxk), and we know
that V1/2 = (V1/2) so we have: 2'Ax = 2/(VY2)YAV/2z = 2'V1/2AV1/2%. Consider
B = VY2AVY2. Bissymmetric, and B? = VY/2AVI2V12AVY2 = VIPAVAVV-1/2 =
VIRAVV-12 = V1/2AVY?2 = B, so B is also idempotent. Then from the previ-
ous result (with ¢ = 1), we have 2’Bz ~ x.,?, and therefore 2/Axz ~ x,?, where
rrank(B) = rank(VY2AV/?). 1t is a good exercise (Exercise 8.2) to show that
rank(B) = rank(AV). O

3. Let U = 2’ Az and V = 2’ Bz. Then the two quadratic forms are independent (in the
probabilistic sense of the word) if AV B = 0. We will not prove this result, but we will
use it.

Recall (Section 4.2) that we had a model Y = X + ¢, where Y is n x 1 vector of
observations, X is n X p matrix of explanatory variables (with linearly independent columns),
[ is p x 1 vector of coefficients that we’re interested in estimating, and € is n x 1 vector of
error terms with E(e) = 0. Recall that we estimate B = (X'X)"'X"Y, and we denote fitted
values Y = X = HY, where the hat matrix H = X(X'X)~'X" is the projection matrix
onto columns of X, and e=Y —Y = (I — H)Y is the vector of residuals. Recall also that
X'e = 0. Suppose now that € ~ N(0,021), i.e. the errors are IID N(0, 0?) random variables.
Then we can derive some very useful distributional results:
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1. Y ~ N(XB,0%H).
Proof: Clearly, Y ~ N(XB,0%I), and Y = HY = Y ~ N(HXp,Ho?IH') =
N(X(X'X)'X'XB,02HH') = N(X3,0%H). O

2. e ~ N(0,0%(I — H)).
Proof: Analagous to 1.

3. Y and e are independent (in probabilistic sense of the word).

Proof: Cov(Y,e) = Cov(HY,(I — H)Y) = H(var(Y))(I — H) = Ho?I(I — H) =
0?H(I — H) = 0. And since both vectors were normally distributed, zero correlation

implies independence. Notice that C'ov above referred to the cross-covariance matrix.
O

[le]? 2
4 e,

o2

Proof: First notice that e = (I — H)Y = (I — H)(Xf +¢€) = (I — H)e (why?). Now,

1> ee (I —H)I—H)e _ (Il —H)e

- - 2 2

o? o o
Since (I — H) is symmetric and idempotent, and € ~ N(0,02), by one of the above

EI(I_QH)E ~ Xr27 where r = rank([ — H) But we know (Why7) that

[

results we have

rank(I — H) =tr(I — H) = tr(l — X(X'X)'X")
=tr(I) —tr(X (X' X)7'X') = n — tr(X' X (X' X))
=n—tr(lx,) =n—p
e

So we have "5 ~ XQn,p, and in particular E(H;) =02 O

Before we introduce the F-test, we are going to establish one fact about partitioned ma-
trices. Suppose we partition X = [X; X,]. Then [X; X5 = X(X'X) ' X'[X; Xp] =
X = X(X'X)'X'X;, and X, = X(X'X)X'X, (by straightforward matrix multiplicaiton)
or HX, = X; and HX, = X,. Taking transposes we also obtain X7 = X7 X (X7X)~1X7T
and XI' = XTX(XTX)"1X'. Now suppose we want to test a theory that the last p, coeffi-
cients of § are actually zero (note that if we’re interested in coefficients scattered throught
B, we can just re-arrange the columns of X). In other words, splitting our system into
Y = X101+ Xofs + €, with n x p; X and n X py X (p1 4+ p2 = p), we want to see if Sy = 0.

We consider the test statistic

Y517 = Y YTX(XTX) X" - X (X X)) XY

2 o 2 ’

o o

where Y/f is the vector of fitted values when we regress with respect to all columns of X (full
system), and Y, is the vector of fited values when we regress with respect to only first p;
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columns of X (restricted system). Under null hypothesis (S = 0), we have Y = X5, + ¢,
and expanding the numerator of the expression above, we get

YOX(XTX) ' XT - Xy (XTX)' XY

= (X(XTX)'XT = X0 (X7 X)X e+ AT XT(X(XTX)T'XT — X (X7 X)) 7' XT) X4 81

We recognize the second summand as
(BT XT X (XTX) T XT = BYXV X (X X0) T X) X0y = (B XT — B X[ ) X1 By = 0.

So, letting A = X(X7X)' X7 — X;(X{ X;)"'X{, under null hypothesis our test statistic
is %. You should prove for yourself (Exercise 8.3) that A is symmetric and idempotent of
rank ps, and therefore % ~ X2p2’ That doesn’t help us all that much yet since we don’t
know the value of 2.

We have already established above that ”%l? ~ X%, where |lef]|* = €"(I — H)e. We
proceed to show now that the two quadratic forms ¢ (I — H)e and ¢’ Ae are independent,
by showing that (I — H)o?*IA = o*(I — H)A = 0. The proof is left as an exercise for you.

We will now denote w by M Sges, and we conclude that under the null hypothesis

n—

p2,n—p-

e’ Ae /ET(I— H)e _|Y|* — Y2

— ~F
p202 (n - p)O-Q pQMSRes

We can now test our null hypothesis B = 0, using this statistic, and we would reject for

large values of F'.

Exercises

12.1 Show that if X has a bivariate normal distribution N(u, V'), and B is invertible, then
Y = BX + d has a bivariate normal distribution N(Bu + d, BV BT).

12.2 Assume V is positive definite, AV, and B = VIAV? is idempotent. Show that
rank(B) = rank(AV') (hint: consider the nullspaces, and invertible transformation v =
V12w).

12.3 Let X = [X; Xo]T for n x p; X; and n x py Xo, and A = X(XTX) !XT —
X1 (XTX;)7'XT. Show that A is symmetric and idempotent of rank py (use trace to deter-
mine rank of A).
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