Review Session 1 - Linear Algebra

References/suggested reading

(i) Introduction to Linear Algebra, by Gilbert Strang.
(ii) Linear Algebra Done Right, by Sheldon Axler.

(ili) Numerical Linear Algebra, by Trefethen and Bau.

1 Linear dependence, rank, and null space

Recall a (real) vector space V is a set of objects called vectors, equipped with two operations: addition and multiplication by real
scalars. These operations obey standard axioms (e.g., associativity, commutativity, distributivity of scalar multiplication) and
behave as one would expect. The standard example is R¢. Supposing V is a real vector space, let's review some of the basic
terminology:

1. Vectors vy,...,v; € V are said to be linearly independent if ayvi + -+ + agvr, =0 = a1 = --- = a = 0. We can write this
more compactly using matrix notation: the columns of A = (v4,...,v,) are linearly independent if Aa =0 = «a = 0.
Equivalently, A« # 0 for all nonzero a.

2. The dimension of a vector space V is the maximum number of linearly independent vectors in V.

3. The span Span{vi,...,v,} of a set of vectors vy,...,v, € V is the linear subspace {37 | a;v; : a; € R}. For any v €
Span{vi,...,v,}, 3o € R" such thatv = """ | a;v;.

4. The basis of a vector space V is a set of linearly independent vectors vy, . .., v; with Span{vy,..., v} = V.

5. The column rank of a matrix A € R™*™ is the dimension of the span of its columns a.y, ..., a.,. We call this span the column
space of A. The row rank and row space are analogous. We'll see below that for square matrices, row rank = column rank,
and thus in that setting we refer to both of these as just the rank.

6. The null space or kernel of a matrix A € R™*", written Null(A), is the set of vectors that A maps to 0: Null(4) := {v € R™ :
Av = 0}. Null(A) is a linear subspace of R™.

Example 1.1
1 2
Let A= (2 1).

1. We claim rank(A) = 2. We have « G) +8 G) =0 iff « + 28 = 0 and 2a + 8 = 0. Solving the first equation gives
a = —24 and plugging that into the second gives 5 = 0 so that « = 0.

«

()

that is equal to zero. We just showed above this is not the case (see also the rank-nullity theorem below).

2. Null(A) = {0} because if there were any nonzero € Null(A4), then we'd have a linear combination of the columns

( Lemma 1.2

For square matrices, row rank = column rank.
- J
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Proof. Let A be an n x m matrix with column rank r. Letc.1,...,c., be a basis for the column space of A. Each column a.; of A
is a linear combination >, _, c.xby; of the basis vectors. Let C be the matrix with columns ¢.1, ..., ¢, and B be the matrix with
columns b.y,...,b.,,. In terms of these matrices, we have A = CB.

Now consider AT = BTCT. Each column of AT is a linear combination of columns of BT, so each row of A is a linear combination
of rows of B. Since B has r rows, the row rank of A4 is at most r.

Suppose the row rank of A were s < r. Then the column rank of AT is s. Applying the same argument as above in reverse shows
that the column rank of A is at most s. Then, we have r < s < r, a contradiction. Thus, we must have the row rank of Ais». W

Theorem 1.3 (rank-nullity theorem)
If A € R™*", then dim(Null(A4)) + rank(A) = n where rank(A) denotes the column rank.

Proof. Suppose dim(Null(4)) = &k and that Null(4) has basis {u,...,u;t}. Then, we can extend this basis to a basis of R":

{uy, ..., up,v1,...,0h—x}. We claim {Avy,..., Av,_} is a basis for the column space of A (which would complete the proof since
then rank(A4) = n — k). First, we show {Avy, ..., Av,_x} span the column space of A. We have if w € R™ is an arbitrary vector,
then there exist ai,...,ax,b1,...,b,_1 € R such that

w=aiu; + - -+ app +b1vr + -+ by_gUn_g
Aw =a1Auy + -+ + apAug, + b1 Avy + -+ - + b Avpy i
=b1Avy + -+ by_k

Next, we show {Awvy, ..., Av,_} are linearly independent. If ¢c; Avy + -+ - + ¢— g Avp— = 0, then, A(civ1 + -+ cp_gvp—) =0 =
c1v1 + -+ + cp_kvn_k € Null(A). Thus, there exists d, ..., d, € R such that

C1V1 + -+ Cp—kUn—k = dlul 4.+ dkuk:

= U1+ e gUn g — diug — - = dpug = 0
— = =cpp=d = =dp=0.
Thus, {Avy, ..., Av,_1} is a basis for the column space of A meaning rank(A) = n — k. [ ]

2 Invertibility

A matrix A is called right-invertible if there exists a matrix B such that AB = Id and left-invertible if there exists C such that
CA =1d. We call B arightinverse and C a left inverse. We say A is invertible if it is both right and left invertible - in that case,
B=C:

B=(CA)B=C(AB)=_C.

Theorem 2.1

A square matrix A € R™*" s invertible iff it is left or right invertible.

Proof. Using what we've learned so far, it suffices to show that A has a left inverse iff it has linearly independent columns (then,
the same statement can be derived for right-inverses and linearly independent rows). If A has a left inverse, CA = 1d, then for
any vector a # 0, CAa = « so that Aa # 0. Thus, A has linearly independent columns.

Next, we show that if A has linearly independent columns, then it has a left inverse. Let a1, ..., a., be the columns of A. Then,
by virtue of Span{a.1,...,a.,} = R", there is some linear combination of the columns of A that make each basis vector or for
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each k € {1,...,n}, there is a vector o, € R™ such that Aoy = eg, the k-th basis vector. Then, the matrix with k-th row «y is a
left-inverse to A:
o alfa; --- az;oq Aay
(aﬂ a:n) = = =1d,.
any, alTozn .. afan Aay,

Thus, since a square matrix has linearly independent rows iff it has linearly independent columns, then it is right invertible iff it
is left invertible. u

Theorem 2.1 (multiplying by an invertible matrix doesn't change rank)
If Aism x nand B is an n x n invertible matrix, then rank(AB) = rank(A).

Proof. A and AB are both m x n so by rank-nullity it suffices to show dim(Null(4)) = dim(Null(AB)). But, v € Null(A) iff
B~y € Null(4B). So, the dimensions of these null spaces are equal. |

I Remark 2.2. A € R™"*" is invertible if and only if Null(A) = {0,}. More generally, see here for a list of ways to check if a matrix is
invertible.

3 Orthogonality and orthogonalization

Recall an inner product space (V, (-, -)) is a vector space V equipped with an inner product (-,-) : V x V' — R. The standard example
here for V = R" is the Euclidean inner product (v, w) = vTw. The norm of a vector is then defined as |v|| = \/(v,v) = VvTv which
is here the usual 2-norm. Let's run with this standard example for the rest of this section.

One tool that can be very useful when thinking about linear independence is orthogonalization. The Gram-Schmidt process takes
a sequence of vectors vy, ..., v, € R™ and gives you an orthogonal basis uy, ..., u, for Span{v,...,v;}. The idea is to let u; be v;
minus its projection onto uy, ..., u;_1 SO that v; € Span{uy,...,u;} and u; is orthogonal to uy, ..., u;_;. Here is the construction
in a little more detail.

Let proj,,(v) = ﬁ -u. Then, proj,, (v) is the projection of v onto u: i.e., it has the same direction as v and has the same inner

. . . . T 1}
product with u that v does. We can check this easily: u” proj, (v) = TaT? uTu = uTv. Now let's construct our sequence ug, . .., ug.
For ease of bookkeeping we'll construct a sequence 4y, ..., 4 Where some of the @, are zero, then discard all the zero vectors.

Let@; = v, and @; = v; — Zk 1 proj; (v;). We'll show that a4, .. ., @, are pairwise orthogonal and have the same span as vy, ..., v,
using induction. The base case is obwous For the inductive step assume that @4, ..., 4;_; have the same span as vy,...,v;_1.

*+ Orthogonality: We'll show that for j < ¢, 4; is orthogonal to @,. Combining this with our inductive hypothesis gives
pairwise orthogonality of @y, ..., @;. We have

T~ T I T, ~T . N
U Uy = U5 v — E Uj projg, (vi) = 1 v; — Projg, (v;) = 0.

The second equality holds since @; is orthogonal to @, for k # j < i by our inductive hypothesis. The last equality holds
because u® proj, (v) = uTv for any u, v.

+ Span: We'll show that we can express each of vy, ..., v; as linear combinations of the other @y, ..., 4;. By our inductive
hypothesis, it suffices to show that we can express v; as a linear combination of 44, ..., 4; and @; as a linear combination of
a1, ..., U—1,v;. The definition v; = 4; + 22;11 &;ru, Where a;, = vl uy, gives us both.

Some of the @; we computed may have been zero, so we can discard them to compute a new sequence uy, ..., uy = Uk, , - - - , Uk,
where k1, ..., k, are the indices of the nonzero .
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This algorithm gives us more than an orthogonal basis for Span{v1, ..., v, }. It gives us a matrix decomposition A := (vy,...,v,) =
QR where the columns of @ are orthonormal and R is upper triangular (also called the QR decomposition of A). Let a1, ..., a0 =
Qiky s - - - Ok, to Match w.
1 a2 aus Qg
0 1 Q93 Qok
(v1 vg) = (G iy, : .
0 0 0 1
1 o2 a1z -+ g
0 1 ag -+ a
=o)L
0 0 0o .- 1
futll flualloaz  Jlualleas -+ fluallone
w w 0 lul  uzllaes -+ [Juzflozk
= (Hul\l le\) : : : . :
Q1 0 0 0 cee ||U€H
Ry
If k=nanduvy,...,v, span R", then Q is an n x n matrix with orthonormal columns and R; is an n x n upper triangular matrix
with positive entries on the diagonal. If vy, ..., v, don’t span R™, we can get a similar decomposition. Let Qi be an orthogonal
basis for the r-dimensional subspace W orthogonal to Span{vy, ..., v;} (recall this means w € W iff (w, v;) = 0 for all 7). Then,
R
(v1,...,0p) = (Q1 Qf)(o 1).
—_—— rxk
Q \‘/—/
R
We call this the QR decomposition of the matrix A = (v1,...,v;). Q is an n x n matrix with orthonormal columns and R is an

n X k upper triangular matrix. Notice that for full-rank square 4, Q@ = Q; and R = R;.

So far I've been using the phrase ‘an n x n matrix with orthonormal columns’ whereas it is conventional to use the term ‘orthogo-
nal matrix’. The conventional definition of an orthogonal matrix is a matrix @ such that Q7 Q = QQ* = 1d. It's straightforward to
show that these definitions are equivalent. We have (Q7Q);; = ¢’ ¢.; so that Q7 Q = Id iff @ has orthonormal columns. Because
Q7 is a left inverse of Q, itis also a right inverse QQ* = Id. To get another equivalence, observe that QQ” = Id iff the columns
of @7, which are the rows of Q, are orthonormal.

One common application of the QR decomposition is to solve linear systems and least square problems. For a brief summary of
how that works, let's consider the system Az = b where A = QR. Geometrically, we're asking whether b is in the span of the
columns of A. Because Q is invertible with inverse Q7, Az = b iff Rz = QT'b. If Ais not full rank, R will have some zero rows, and
if QT'b is nonzero in those rows, then the equation has no solution. If Q7b is zero in all rows where R is, then we can compute
solution easily through back substitutionl

4 Determinants

Recall the determinant of a set of vectors vy, ..., v, € R™, written det(v1, ..., v,), is the signed volume of the parallelotope with
sides vy, ..., v, (this is a mathematical generalization of the notion of volume of a parallelepiped for n = 3). It's common to talk
about the determinant det(A) of an n x n matrix. This means the determinant det(a.y, ..., a.,) of the columns of A.

The determinant tends to come up in two roles:

1. When we reparametrize, or do a change of variables, in an integral by letting z = ¢(u), we need to know the volume of
»(U) where U is an infinitesimal cube. Linearly approximating ¢, this amounts to finding the volume of a parellelepiped
which means the determinant should come into play. For the core competency exam, two common situations where you
need to do this are (i) when computing the pdf of a transformation of a random vector and (ii) when computing the Fisher
information of a transformation of a parameter.
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2. When we want to know whether a set of vectors vy, ..., v, is linearly independent. The volume of the parallelotope with
columns vy,...,v, is zero iff it is flat in some direction. The direction of flatness is a projection of the columns that is
equal to zero - it indicates linear dependence. In fact, det(vy,...,v,) = 0iffvy,..., v, are linearly dependent, so we're often

interested only in whether det is zero or nonzero. We'll prove this property when we have a definition of det.

4.1 Determinants in R?
Let's start by defining it in R? because the notation is easier. The determinant must satisfy three properties:

1. det is multilinear: det(u, v + aw) = det(u,v) + adet(u, w).
2. det is alternating: det(u,v) = — det(v, u).
3. det(Id) = 1.

In fact, these properties uniquely define the determinant. We'll use them to derive a formula for the determinant, but first we’'ll
need to prove one property.

Lemma 4.1
det(v,v) = 0.

Proof. This follows from the alternating property. det(v,v) = —det(v, v). |

Now, we'll derive a formula for the determinant of a matrix A € R?*2, Let e, e; be the columns of the identity. and let
a1 = ajie; + asies and a.o = ajae; + aszes. Then, we have

det(a.1, a.2) = det(ar1e1 + aziez, ar2e1 + azer)
= a11 det(e1, ar12e1 + asges) + as1 det(eq, arz2e1 + aszes)
= ai11a12 det(el, 61) + a12a22(€1, 62) + a12a12 det(eg, 61) + az1a920 det(eg, 62)

= a11G22 — 021012,

where we use the third and second properties of the determinant to plug in det(es, e3) = 1 = — det(es, e1) and our lemma to plug
in det(el, 61) = det(eg, 62) =0.

Now, let's generalize this to R™.

4.2 Determinantsin R"

The properties of our determinant generalize to:

1. det is multilinear: det(uy, ..., u; + avy, ..., up) = det(ur, ..., u;, ..., uy) + adet(vy, ..., v ..., up).

2. detis alternating: det(u1, ..., Wi—1,Uj, Wig1, .., Uj—1, Uiy Ujg1, - - ., Up) = —det(ug, ..., u,) (in other words, if we swap vectors
u; and u;, we flip the sign of the determinant).

3. det(Id) = 1.

Lemma 4.2

u; =u; = det(u1,...,u,) =0.

Proof. We can imagine swapping the i-th and j-th columnn which does not change the value of the determinant, but at the
same time by the alternating property, flips its sign. Thus, we must have det(uy, ..., u,) = —det(uy, ..., u,) = 0. |
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Lemma 4.3
Fori # j, det(ur, ..., ui—1,u; + auj, wig1, ..., up) = det(uq, ..., up).
Proof.
det(ur, ..., Uim1, Ui + 0Uj, Uig1, - ., Up) = det(ug, ..., up) + adet(wy, ..o Uim 1, Ujy Ui 1y« ooy Uje1, Ugy Ujg 1, -+ -, Up,)
= det(uy,...,u,) +0 (bythe previous lemma)
[ |
Proposition 4.4
If up,...,u, are linearly dependent, then det(uq,...,u,) = 0.
Proof. If us,...,u, are linearly dependent, then 3j such that u; = Z#j a;u;. WLOG, let j = 1. Then, det(u,...,u,) =
Yoy aidet(ug, ug, .., u, . un) = or 4 ;- 0 = 0, where we use the previous two lemmas. [ |
Now, we're ready to work out a formula for the determinant of an n x n matrix. Letey, ..., e, be the columns of the n x n identity
matrix. Then, expanding each a.; into a linear combination of basis vectors, we have:
det(A) = det(a.1,...,a.n)
= det <Z Aj1,1€4,, @2, - - - a:n)
11=1
= Z a;, 1 det(e;,,a:,...,a.n)
ii=1
= Z Z Ajy 1 A4, n det(eua , €4 )
11=1 1n=1
We have that det(e;, , ..., e;,) = 0if i; = iy, for some j # k - in other words, unless i, ..., i, is a permutation of the numbers
1,...,n. So, we just need to sum the above summand over the set S,, of permutations of the n numbers {1,...,n}. Leto € S,
be a permutation. The sign of the permutation, sgn(c), is 1 if the number of interchanges taking o to {1,...,n} is even and —1

if it is odd. Recall here a basic fact of combinatorics that every permutation of n objects can be written as the composition
of interchanges (i.e., swapping consecutive objects one at a time) and that any such composition is always even or odd in
length depending on the permutation. But, this is the same rule we use when interchanging columns in the determinant:
sgn(o) = det(eqy, . - ., €0, ). Thus, our determinant formula is:

det(A) = D sgn(0) - o1+ g, e

cES,

Let's think about why we might expect this formula. First, multilinear functions are products, so we'd expect to have a product of
entires of a;.. Second, we often sum a function over all permutations of its arguments to get a permutation invariant version of
the function. Summing a function times an alternating function of the permutation over all permutations seems like an obvious
way to get an alternating function.

Now, let's work out a few more properties of the determinant:

Proposition 4.5
det(AB) = det(A) det(B).
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Proof. When we derived the formula for det(A) above, we wrote each column of A as a sum of the columns of 1d. We then used
multilinearity and the alternating property to transform this into a sum > ¢ sgn(o)as, 1 -+ a,, ». Here, in a similar manner,
we're going to write each column of AB as a sum of columns of A and use a similar process.

AB = [ZZ:l a;lbl‘hl . Z?n::[ a:,inbin,n}
det(AB) = det (Z a;1bi1,1, cees Z a:,i"bi",n>
i1=1 in=1

i e i bil,l e bin,n det(a;ﬂ-l,. coy a;,in)

i1=1 i1=1

n

Z sgn(o) det(A) H bo,.i

0ESy =1

= det(A) det(B)

Proposition 4.6
det(AT) = det(A).

Proof. This one relies on the property that the set S,, of permutations on n indices is a group under composition. Each element
o € S, has a unique inverse 0! € S, such that o(o; ') = 0~ !(0;) = i. We'll also need the property that sgn(o) = sgn(o ') (which
is clear from writing o as a composition of interchanges and then realizing o~! is the same composition in reverse). So, we have

det(A) = Z sgn(J)Haai,i

oeS,

= > sgn(0) [[ as(o-1(i)).0-1(s) (reordering the product)
=1

g€Sy,

Z sgn(o) Hai,rl(i)
i=1

g€Sy,

Z sgn(o ) H Qj,o=1(i)
=1

g€Sy,

n
> sgn(o’)[J aio; (writing o’ for o~ and reordering the sum)
o’'eS, =1

One consequence of the above proposition is that because the determinant is invariant under the column operation a.; <
a,; + aa.;, the determinant must also be invariant under the row operation a;. < a;. + aa;..

Proposition 4.7
det(A) =0iffa,,...,a., are linearly dependent.

Proof. We already showed the ‘if’ direction earlier, so we just need to show the ‘only if’ part. If A has linearly independent
columns, then these columns span R” so that A has a QR decomposition A = QR where Q is a matrix with orthonormal columns
and R is upper triangular with positive entries on the diagonal. Then, det(A) = det(Q) det(R).

We first compute det(Q). Since Q7 Q = Id, we must have det(Q7) det(Q) = det(Id) = 1. But, we also have det(QT) = det(Q) so
that det(Q)? = 1 and thus det(Q) = +1.
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Next, we compute det(R). Consider the formula det(R) = >° . sgn(o)rs, 175, . Because r;; = 0fori < j,. the term
associated with a permutation o is nonzero only if o; > i for all i € 1,...,n. Only the identity permutation ¢ : o; = i satisfies this
constraint. Can you see why? Thus, det(R) = r11 - - - rnp, the product of the diagonal elements. Because these are all positive,
det(R) > 0.

Using these properties, we have det(A) = +det(R) # 0. Thus, we have shown the contrapositive of det(A) =0 if a.1,...,a., are
linearly dependent. u

Computationally, it's often more efficient to use other methods like QR decomposition to determine whether a set of vectors is
linearly dependent, but the determinant will be a powerful theoretical tool. We'll see it applied to the question of existence of
eigenvalues and eigenvectors in the next section.

5 Eigenvalues and eigenvectors

5.1 Existence of eigenvalues and eigenvectors

Let A € R™*"™ be a square matrix. Suppose there exists a vector v € R™ and A € R such that
Av = .

Then, v is called an eigenvector of A corresponding to eigenvalue ). Typically, we assume the eigenvector v is nonzero.

If A and v are corresponding eigenvalue and eigenvector, then (A — A\1d)v = 0. From the previous section, we know there exists
v such that (4 — AId)v = 0 iff det(A — A1d) = 0. Applying the formula for the determinant, we see that det(4 — A1d) is an n-th
degree polynomial in A and therefore has between 1 and n distinct roots \; by the fundamental theorem of algebra. These are
the eigenvalues of A. Note that they may be complex in general.

It's tempting to ask whether A having exactly k distinct eigenvalues implies it has exactly & distinct eigenvectors. That isn’t
quite the right question. If v; is an eigenvector associated with an eigenvalue );, then so is av; for any scalar «, so there is an
infinite scale-family of eigenvectors associated with every eigenvalue. Even if we constrain all eigenvalues to have unit length,
we still get infinite families in some cases. Consider the identity matrix Id. Idv = 1 - v for all vectors v so every vector in R™ is an
eigenvector of Id associated with the eigenvalue 1. Instead, we can say the following.

Theorem 5.1
If vy, ..., v, are eigenvectors associated with distinct eigenvalues Ay, ..., A\g, then vy, ... v are linearly independent.

Proof. Let j be the maximal j such thatv,,...,v; arelinearly independent. If j < k, then there exists o such that v, 11 = Zle ;.

Mqltiplying both sides by 4, we get \j11vj41 = >.7_; hiv;. Expanding vj41, we get Aj 1 Z{Zl a;v; = Y 1_; Mioyv; and therefore
S (Nj+1—Aj)aiv; = 0, which implies that vy, ..., v; are not linearly independent either, contradicting our assumption. Therefore,
we must have j = k. [ |

This guarantees us a basis of eigenvectors if A € R™*™ has n distinct eigenvalues. Behavior is more complex when it has & < n.

As we saw with the example of the identity matrix, sometimes a matrix with a repeated eigenvalue has a basis of eigenvectors.
Let's look at one that doesn't.
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Example 5.2

=)

We have det(A4 — A1d) = (1 — \)? so A has only one eigenvalue 1. Its eigenvectors satisfy (4 —1-Id)v = 0 or
0 1\ [z
(o) ()=

Then, y must be zero, so the subspace of eigenvectors is spanned by (é)

We call the order of the root X in the polynomial det(A — A1d) the algebraic multiplicity of A. We call the number of linearly
independent eigenvectors with eigenvalue X the geometric multiplicity of .

When considering complex matrices A € C"*™ and complex eigenvectors v € C" and eigenvalues ) € C, by the fundamental
theorem of algebra, det(A4 — A 1d) has n roots in A meaning the sum of algebraic multiplicites Zle a; =n.Ifg1,..., g, are the
geometric multiplicities of the k distinct eigenvalues of 4, then & < Zle gi <n= Zle a;. A stronger relationship 1 < ¢g; < a;
can be proven using an argument like the one in next section’s proof of the spectral theorem for symmetric matrices.

Theorem 5.3
If v1,..., vy are the eigenvectors of the same eigenvalue A, then any vector in Span{vy,...,vx} is also an eigenvector.

Proof. Letw =), a;v;. Then, Aw =Y o Av; = 3. cAv; = Aw. [ ]

For this reason we sometimes refer to the eigenspace or subspace (of eigenvectors) associated with an eigenvalue. In the
next section, we'll look at symmetric matrices, for which it is possible to prove existence of a basis of eigenvectors even when
eigenvalues are repeated. In the remainder of this one, we'll discuss a decomposition that exists for matrices which have a basis
of eigenvectors.

5.2 Diagonalization

Theorem 5.4

Suppose that A € C"*" has a basis of eigenvectors. Then A = VAV ~! where A is a diagonal matrix. We call this a
diagonalization or eigenvalue decomposition of A.

Proof. LetV = (v.1,...,v.,,) Where v.y,..., v, are eigenvectors of A with corresponding eigenvalues \;,...,\,. Let A be a
diagonal matrix whose diagonal elements are the eigenvalues A4, ..., \,. Then,

AV = (Ava, ..., Avy) = (AMv.a, .., Apo) = VAL
Next, since the eigenvectors are linearly independent, V is invertible, so A = VAV L, [ ]

This result and its implication for symmetric matrices is one of the most important results you will use in statistics. This theorem
is at the heart of many different statistical scenarios such as principal component analysis, the analysis of ridge regression,
spectral methods for graph data, etc.. We'll use this decomposition to prove a few results.

Corollary 5.5
Suppose A has a basis of eigenvectors. Then, det(A4) = [T, Ai.
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Proof. A has diagonalization VAV ~1. Then,

det(A) = det(V) det(A) det(V ") = det(VV ") det(A) = 1- [ A,

where we use the product rule for determinants and the simplified formula for the determinant of a diagonal matrix. [ ]

This result is actually true even if A doesn’t have a basis of eigenvectors. There are proofs very similar to the one above using
matrix decompsitions that exist for all A € C**". Two options are the Jordan normal form|and the Schur decomposition. The
second will be discussed briefly in the following section.

Corollary 5.6
Suppose A has a basis of eigenvectors. Then, Tr(A4) = > | \;.

1=

Proof. First, we'll show that Tr(AB) = Tr(BA):

n

Tr(AB) = Z(AB)n' = Z Zaikbki = Z Z briaix = Tr(BA).

=1
Now, we use the diagonalization:
Tr(A) = Te(VA)V™Y = Te(VIVA) = Tr(A) = Z A

Like the previous result, the above corollary is true even if A doesn’t have a basis of eigenvectors, and the proof in that event is
similar to the one above.

Corollary 5.7
Suppose A has a basis of eigenvectors. Then, rank(A) is the number of nonzero eigenvalues ); of A.

Proof. rank(A) = rank(A) because multiplying by an invertible matrix doesn't change rank. The nonzero columns of A are linearly
independent, so rank(A) is the number of columns containing a nonzero eigenvalue. This is the number of nonzero eigenvalues
counted with multiplicity. [ |

6 Eigenvalues and eigenvectors of symmetric matrices

A symmetric matrix is a matrix A € R"*" such that AT = A. A standard example in statistics is a covariance matrix. Symmetric
matrices are nice to work with because they are always diagonalizable with real eigenvalues. We'll prove those properties now.

Theorem 6.1
Symmetric matrices have real eigenvalues.

Proof. Let X and v be a (complex) eigenvalue and eigenvector pair of a symmetric matrix A. Then taking complex conjugates,

Ao = \v = Av = AT because A is real. Thus,
Mv]|?2 = vTNo = vT AT = (ATv) 17 = (Av)T7 = M5 = Ao

Thus, A = XA meaning )\ is real. [ |
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In fact, we will deduce from the next theorem that the eigenvectors can be taken to be real in the sense that there is an
orthogonal basis of real eigenvectors for R™. One slight subtlety here is that a real symmetric matrix could still have complex
eigenvectors when treated as a complex matrix (e.g., any complex vector is an eigenvector of the identity matrix for eigenvalue 1).
It turns out that this difference is essentially ignorable for real symmetric matrices: regardless of whether you work over R or C,
the eigendimensions of real eigenvectors coincide and there is a basis of real eigenvectors of A for C".

Theorem 6.2 (spectral theorem for symmetric matrices)
If A € R™*" is symmetric, then A has an orthogonal basis of eigenvectors.

Proof. First, recall from the last section that A has an orthogonal basis of eigenvectors iff there exists orthogonal @ and diagonal
A such that A = QTAQ. We'll be using this characterization in the proof. We'll prove this result by induction on the dimension n.
The base case n = 1 is trivial.

Assume the result is true for dimension n — 1. Let A € R™*" and let A\, u be an eigenvalue and corresponding (normalized)
eigenvector of A. Let V € R**(»~1) have columns that form an orthogonal basis for the space orthogonal to u. We can compute
the columns v.y,...,v.,,_1 by applying Gram-Schmidt to the sequence of vectors u,ey,...,e,. VT AV is then a symmetric
(n —1) x (n — 1) matrix and thus has a decomposition QAQ? by the induction hypothesis. Then, QTVT AV(Q = A4, the diagonal
matrix of the first n — 1 eigenvalues. Thus,

T _ uT Au uTAVQ (X0
(u VQ) A(u VQ) = (QTVTAU QTvTAVQ> = (0 A1) )
where we use the facts that (1) the column space of V and u are orthogonal and (2) V is orthogonal to establish 7 AV =

(ATu)'V = (Aw)TV = 'V =X-0=0and VT Au = VT u = 0. Therefore, (v VQ) is a basis of eigenvectors for A. All that
remains to check is that it's orthogonal:

T uly uTvVQ 1 0
(u VQ) (u VQ)= (QTVTu QTVTVQ> = (0 Id”_1>'

You may have noticed that the only place the above proof uses symmetry is to show that the top-right block of

ul Au uTAVQ
QTVTAu QTVTAVQ

is zero. If A is not symmetric, you can use the same construction and proof to show that any matrix A € R"*" has a decomposition
QLQT where Q is orthogonal and L is lower triangular. This is known as a Schur decomposition.

There is another way of writing this decomposition that can be useful.

Corollary 6.3
If A e R™*" is symmetric, A = Y7 | \iq..q"; where ¢.; are orthogonal eigenvectors of A with corresponding eigenvalue ;.

Proof.
= (QMQM);; = Z QN Qf; = Z Mein (@ )kj =Y Metinin = > Me(andih)ij
o ¥

7 Eigenvalues and optimization

Many optimization problems have eigenvalues as optima and eigenvectors as solutions. Here is a simple one.
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Theorem 7.1

. . T
Let A be a real symmetric n x n matrix. — sup &A% = Ayax(A).
bER™:bT b0

Proof.
pTAb  BTQTAQL  BTQTAQL  aTAa
Ty oTb  bTQTQb  ala
where a := Qb. Thus, if we define v := \/% we obtain
bT Ab T
= a A ¢ _ vl Av,
b'b vVaTa vVaTa
with vTv = 1. Hence,
bT Ab
sup = sup vl Av.

T
b:bTb£0 b'b vivTyv=1

Now, sup vTAv= sup Y7 A\iv? = Amax(4).

vivTv=1 vivTv=1

In fact, we claim the sup is attained iff v is in the eigenspace of A\,.x(A). This is true since v o< Qb is a weighting of eigenvectors
and the sup is attained iff all the weights are placed on the eigenvectors corresponding to the top eigenvalue(s). Thus, v is in the
eigenspace of A\, (A4). Now let's figure out what that makes b.

Qb Qb b

V== —— —> 7:QT’U.
(@b)T(Qb) vl 161l
Thus, the optimum is attained iff b is in the column span of Q*'V where V is a basis for the eigenspace of Ay.y. [ ]
( N
Corollary 7.2
I AL = D).
~ J
\

K
Corollary 7.3

A matrix A € R**" is called nonnegative definite or positive semidefinite if vI' Av > 0 for all v € R". It is called positive definite if
the inequality is strict for all v € R™\{0}. The previous result implies the following.

1. If a symmetric matrix A is nonnegative definite, then all the eigenvalues of A are nonnegative.

2. If a symmetric matrix A is positive definite, then all the eigenvalues of A are positive.
N J

8 Functions of symmetric matrices

The A = QAQT representation enables us to define and calculate different functions of the matrix A in a natural way. Here are a
few useful examples:

1. Square-root of a nonnegative definite matrix: Let A be a nonnegative definite matrix. We can define and calculate

AY? .= Q- diag(v/ A1, VA, - V) - QT

This matrix has the properties that A'/? is symmetric and nonnegative definite, and that A/2A4/2 = A,
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2. Polynomials of symmetric matrices: applying a polynomial function to a symmetric matrix is equivalent to applying the
polynomial to only the eigenvalues of the matrix, i.e. if p(x) is a polynomial in z, we have

p(A) = Q- diag(p(\),...,p(A\n)) - Q.
3. Exponential of a symmetric matrix: we can also define
et :=Q-diag(eM,...,eM) - Q7.

Again, this definition of the exponential has many nice properties such as the Taylor expansion:

2

A
eA:Id+A+§+~--.

9 Singular value decomposition

There is a more generalized decomposition for non-symmetric matrices called the singular value decomposition (SVD). The
eigendecomposition is a special case of the SVD. This decomposition also appears in many statistical problems, such as principal
component analysis or clustering.

To start, we can recognize a general matrix A € R™*" as a linear transformation of a vector v in its row space to a vector « in
its column space: Av = u. The SVD arises from finding an orthogonal basis for the row space that gets transformed into an
orthogonal basis for the column space: Av = ou. It's not hard to find an orthogonal basis for the row space - the Gram-Schmidt
procedure gives us one right away. But in general, there’s no reason to expect A to transform that basis to another orthogonal
basis. Intuitively, however, the geometric fact that a unit sphere is taken to a hyperellipse by any linear transformation should
guide us.

4 N\
Theorem 9.1 (SVD)

Let A € R™*" be an m x n matrix. Then, it can be decomposed as A = USVT where U € R™*™ and V € R"*" are both

orthogonal, and ¥ € R™*" is diagonal (i.e., has non-zero entries only on the diagonal).

The singular values are the diagonal entries of ¥ with entries o; > o5 > --- > ,, > 0. The left singular vectors of A are the
column vectors of U, while the right singular vectors of A are the column vectors of V.
. J

We will not prove this existence theorem, although it is similar to our proof of the spectral theorem for symmetric matrices
and relies on an induction on the size of A and Gram-Schmidt. The proof may be found in various places, e.g. Lecture 4 of the
textbook “Numerical Linear Algebra” by Trefethen and Bau.

Here are some of the relevant facts about SVD. Note there is a striking similarity with many of the properties we derived for
eigenvalues and the eigendecomposition.

1. Every matrix A € R™*" has an SVD. Furthermore, the singular values {o;} are uniquely determined and, if A is square,
they are all distinct. The left and right singular vectors {u;} and {v;} are uniquely determined up to signs.

2. The eigenvalues are not always real, but the singular values are always nonnegative reals.

3. The SVD is often more conveniently written as AV = UX. or as Av; = u;o; for singular value/vectors o;, v;, u;.

4. The largest singular value o (A) satisfies 01(A) = sup | 4v]2.
vil|vl2=1
5. The nonzero singular values of A are the square roots of the nonzero eigenvalues of AT A (or AAT). If A = AT is symmetric,
then the singular values of A are the absolute values of the eigenvalues of A. Furthermore, the eigenvectors of AAT are
the left singular vectors and the eignvectors of A” A are the right singular vectors.

n

6. If A € R"*™ is a square matrix, then |det(A4)| = [];_, 0.

7. A= Zmin(m’7l) ouvr.

=1 7
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10 Problems

10.1 Previous Core Competency Problems

Problem 1 (2018 Summer Practice Problems, # 18). Suppose X is a nonnegative definite matrix of n x n with real entries and
real eigenvalues. Show that Tr(X?) > n - det(X)%/".

Problem 2 (2020 September Exam, # 8). For everyn > 1, let A,, be an n x n symmetric matrix with non negative entries. Let
R, (i) := >_7_, An(i,j) denote the ith row/column sum of A,,. Assume that

lim max |R,(i) — 1] = 0.

n—o0l<i<n

Let )\, > 0 denote an eigenvalue with the largest absolute value, and let x := (x4, ..., ,) denote its corresponding eigenvector.

(a) Show that £ 577" | A, (i,j) = 1.

(b) Show that A\, |z;| < maxi<;<n || Ry (7).

(c) Using parts (a) and (b), show that \,, — 1.
Problem 3 (2021 May Exam, # 7). Suppose that A = (a;;)1<;,j<2 is @ 2 x 2 symmetric matrix, with a1, = azs = 3 and ajz = a1 = .
1. Find the eigenvalues and eigenvectors of the matrix A.
2. Compute lim,,_, ;. a\?, where aE;‘) denotes the (4, j)'s entry of matrix A™.

Problem 4 (2021 Sept Exam, # 6). Let A € R™*™ denote an m x n matrix with n < m. Suppose that \;, Xo,..., A\, and vy,... v,
denote, respectively, the eigenvalues and eigenvectors of AT A. What can we say about ALL the eigenvalues and eigenvectors of
AAT? Justify your answer.

10.2 Additional Practice

Problem 5. Let A be a 3 x 3 real-valued matrix such that AT A = AAT = 1d; and det(A) = 1. Prove that 1 is an eigenvalue of A.

Problem 6. Let A € R™*" be a symmetric n x n matrix such that Tr(A?) = 0. Show that T' = 0,,..,,. Hint: use the fact that
Tr(ABC) = Tr(CAB) for matrices A, B, C.

Problem 7. Let matrices A, B € R"*" have respective eigendecompositions QD1 QT and Q,D>Q% (recall this means each D; is
a diagonal matrix of eigenvalues and each Q; is an orthogonal matrix). Prove that @, = Q- if and only if AB = BA. You may
assume that A, B do not have any repeated eigenvalues.

Problem 8. Let A = uv? € R"*" be a rank-one matrix, i.e. u,v € R". Suppose u,v # 0,,. Find, with proof, all the eigenvalues of A.

Problem 9 (Heisenberg uncertainty principle). Suppose A, B € R**™ are symmetric matrices satisfying AB + BA = Id,,. Show

that for all vectors v € R"\{0,,},
A B
ax{” vll | Uz} > 1/\/5

[oll2 " vl

Problem 10. Let A = (a; ;) be a n x n real matrix whose diagonal entries a; ; satisfy a;; > 1 for alli € 1,...,n. Suppose also that

Za?’j < 1.

i#j
Prove that the inverse matrix A~! exists.
Problem 11 (Greshgorin circle theorem). Let A € C"*™ with entries a;;. Fori € {1,...,n} let R, be the sum of the absolute
values of the non-diagonal entries in the i-th row:

Ri = Z \aij|.
J#i

Let D(ay, R;) C C be a closed disc centered at a;; with radius R;, called a Gershgorin disc. Show that every eigenvalue of A lies
within at least one of the Gershgorin discs.
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1 0 0
Problem 12. Let A= (1/2 1/2 0 |.Findlim,_ . A™. Hint: the eigenvalues of a lower triangular matrix are its diagonal
1/3 1/3 1/3

entries.
Problem 13. Let A, B be n x n matrices. Show that BA and AB have the same eigenvalues if A is invertible

Problem 14. Let A = (a;;) be a 2 x 2 real matrix such that

1
af) 4 aly + a3, + a3y < 1000°

Prove that Id, 2 +A is invertible.

Problem 15. Let A € R™*" be a real symmetric n x n matrix and let \; > --- > )\, be its eigenvalues in decreasing order. Show
that

A < max

< min  (Az,x).
U:dim(U)=k z€U:||z||2=1

The maximum above is over all k-dimensional subspaces U of R™. Hint: form an orthonormal basis of eigenvectors to make U.

Problem 16. For a vector v € R"\{0,,}, define the map F': R* — R" via F(z) = argmin ||z — z||s. Compute F' explicitly in terms
z€Span(v)
of v. Is F': R® — R" a linear transformation?

Problem 17. Suppose A € R**" and A = AT with all eigenvalues of A being positive. Show there exists a matrix B such that
B? = A.

Problem 18. Let A € R"*" and let {0;}_, be the singular values of A. Show that | det(A)| =[], o:-

Problem 19 (low-rank approximation). Let A € R™*" matrix and for a positive integer p < rank(A), define A, = >V | ou;0]
where o; is the i-th (largest) singular value of 4, and u;, v; are respective left/right singular vectors, i.e. the SVDis A = ULV 7T,
Then, prove that

sup  [|(A — Ap)z(l2 = op41.

a:flzfla=1

Problem 20. Suppose P € R"*" is a symmetric matrix that satisfies P> = P, a so-called idempotent matrix. Find all the
eigenvalues of P with their (algebraic) multiplicities in terms of P.

Problem 21. Suppose that ¥ is the covariance matrix of k zero-mean random variables X1, ..., Xy, i.e. if X = (X1,..., X)) then
¥ = E[X XT]. Prove that if © is singular, then X, ..., X}, are linearly dependent almost everywhere.
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