Exercise 1.1 Let 0 be the zero vector, and let a be a scalar. Show that a0 = 0.

Solution. By definiton, a vector space has the property that v — v = 0 for any vector v. In particular, 0 — 0 = 0.

a0 = a(0 — 0)
=a0 — a0
=0

We distributed scalar multiplication then used the v — v = 0 property again.

Exercise 1.2 Let v be a vector, and let 0 be the zero scalar. Show that Ov equals the zero vector.

Solution. The zero scalar satisfies a — a = 0 for every a in the scalar field; in particular, 0 — 0 = 0. We make this
substitution, then distribute and invoke the fact that v — v equals the zero vector 0 for any vector v.

Ov=(0-0)v
=0v—-0v
=0
Exercise 1.3 Show that the span of vq,...,v,, is a subspace.
Solution. Consider two vectors in the span, say [vi -+ Vp|by and [vi -+ vp]bs. For a pair of scalars
ai, as the linear combination
ai [Vl Vm]bl +a [Vl Vm}b2 = [Vl Vm} (a1by + azby)

is also in the span, so the span satisfies the definition of a subspace.

Exercise 1.4 Show that the span of vq,...,v,, is the same as the span of vi + a1V, ..., Vin_1 + Gm_1Vm, Vo, for
any scalars ay,...,Qm—1-
Solution. We’ll show that an arbitrary linear combination of vq,...,v,, can also be represented as a linear combi-

nation of the altered vectors by adding and subtracting the appropriately scaled versions of v,,,.
b1V1 + ...+ bmflvmfl + mem = bl(Vl + alvm) + ...+ bmfl(vmfl + am,lvm) —+ (bm — b1a1 i bm,lam,l)vm

Similarly, an arbitrary linear combination of the altered vectors becomes a linear combination of vi,...,v,, by
distributing the coefficients and regrouping the terms.

bl(Vl + alvl) +...+ bm—l(vm—l + am_lvm) + bmvm = b1V1 +...+ bm_lvm_l + (bm + b1a1 +...+ bm_lam_l)vm




Exercise 1.5 Let F be a field, and suppose T is a linear operator from F™ to V. Show that T can be represented
as a mapping of b € F™ to [V1 vm]b for some vi,..., V.

Solution. First, consider that T and [V1 Vm] would have to agree on where to map the standard basis
vectors. We see that [V1 vm] maps e := (1,0,...,0) to vy, so vi must be Te;. Likewise vy would need to
Te,, and so on. Let’s check that this proposal [']I‘el o ’]I‘em] b is the same as Tb for an arbitrary vector b.

[Tel Tem] b= [Tel Tem] (brer + ...+ bmen)
=b [Te1 Tem} er+...+bn [Tel Tem] emn
=b,Te; +...+b,Te,,
=T(bie1 + ...+ bpen)
=Tb

Exercise 1.6 Prove that the null space of T is a subspace.

Solution. Let by and by be in the null space. Given any scalars aq, as, consider the vector of scalars a1by + asbs.

T(albl + agbg) = al Tbl —|—a2 Tbg
~—~ ~—~
0 0
=0

Since a1b; + asbs is also mapped to 0, it’s in the null space as well; the null space therefore satisfies the definition
of a subspace.

Exercise 1.7 Show that if vy,..., Vv, are linearly independent then (by,...,b,) = (0,...,0) is the only vector of
scalars for which byvy + ...+ b, v, = 0.

Solution. Assume there exist scalars by, ..., by, for which byvy + ... 4 by, vy, = 0 with by # 0 (without loss of
generality). Then the rearranged equation

vy = (—%)Vg—i—...—i—(—%)vm

shows that v; is a linear combination of the other vectors, contradicting the assumption of linear independence.

Exercise 1.8 Show that if (b1,...,b,) = (0,...,0) is the only vector of scalars for which byvy + ...+ bypv,, =0,
then vq,...,v,, are linearly independent.

Solution. Assume that vq,...,v,, aren’t linearly independent; in particular, and without loss of generality, as-
sume v,, = ¢1vy + ...+ ¢m_1Vy_1 for some scalars c¢q,...,¢n_1. Then subtracting v,, from both sides, we see
that

O0=cvi+...+cm-1Vm-1+ (=Dvy,

provides a linear combination of zero in which not all of the scalar coefficients are zeros.




Exercise 1.9 Let z be in the null space of [vl vm]. Given any vector of scalars b, show that the linear
combination of vy,...,v,, produced by the entries of b + z is exactly the same as that produced by b.

Solution. With z in the null space, the b + z linear combination results in

vi o vm](b4+z)=[vi -+ Vp]b+[vi - vplz
—_———
0
= [Vl . Vm] b.
Exercise 1.10 Show that if [vl vm]b = [vl Vm]c then ¢ must equal b + z for some z in the null

space of [vl vm].
Solution. Trivially ¢ = b + (c — b); we show that the second term is in the null space.

[vl vm](c—b):[vl Vm]c—[vl vm]b
=0

because the two linear combinations are equal.

Exercise 1.11 Show that vq,...,v,, are linearly independent if and only if b # ¢ implies [Vl Vm]b =+
[Vl e Vm}c, that is, every vector in the span corresponds to a unique vector of scalar coefficients.
Solution. With N representing the null space of [vl e vm], the set of coefficient vectors producing [vl e vm} b

is exactly {b + z : z € N'}; this set has a single element (b) if and only if the null space has only the zero vector.
We'’ve already established that this condition is equivalent to linear independence.

Exercise 1.12 Let {vy,...,v,,} be a basis for V. How do you know that {vs,...,v,,} is not also a basis for V?

Solution. By linear independence, no linear combination of vo,...,v,, equals vi € V. Therefore, va,..., vy,
do not span V and thus do not satisfy the definition of a basis.

Exercise 1.13 Let {vy,...,v;,} be a basis for V, and let S be a proper subspace of V. Explain why at least one
of vi,...,v,, is not in S.

Solution. Any w in V has a unique representation as byvy + ...b,, vy, for some scalar coefficients. Assume ev-
ery one of the basis vectors were in §. Because S is a subspace it contains all linear combinations of its vectors
which would include w. Therefore, if S is a subspace of V that includes an entire basis for V, then it would have
to be equal to V.

Exercise 1.14 Suppose {v1,...,Vy,} is a basis for V. Prove that every basis for V has exactly m vectors.

Solution. Suppose that {w1,...,wy} is also a basis for V and that k¥ < m. The set {va,...,Vv,,} doesn’t span V, so
there must be some vector in {w, ..., wy} that isn’t in the span of {va,...,v,,}. Assume without loss of generality
that wy isn’t in the span of {va,...,v,;,}. Then {wy,va,...,v;,} is linearly independent. By repeating this logic
with vo and continuing through v, we end up claiming that {w1,..., Wk, Vi41,..., Vs } is a linearly independent
set. However, since {w,...,w} is a basis for V, the remaining vectors {vii1,...,v;,} C V have to be in their
span which is a contradiction. This proves that one basis for V can’t be larger than another.



Exercise 1.15 Let V be an m-dimensional vector space. Prove that any set of m linearly independent vectors in
VY must be basis for V.

Solution. Let V := {v1,...,vim} be a set of linearly independent vectors in V, and let W := {wy,...,wy,}
be a basis for V. Assume that the span of V' is not V. From Exercise 1.13 there exists at least one vector in W that
isn’t in the span of V; without loss of generality, let it be w;. By continuing to add one vector at a time from V to
W in this way, you would maintain linear independence and you would eventually produce a set that does have V
as its span. But that set will have more than m vectors, which contradicts the fact from Exercise 1.14 that every
basis for V has m vectors.

Exercise 1.16 Let S be a subspace of an n-dimensional vector space V. Prove that a basis for S exists.

Solution. We’ll describe a constructive proof. Take any vector of S and call it vi. If S equals the span of
vi, then vy is a basis. Otherwise, take a vector from S that is outside of the span of v; and call it vo. If S equals
the span of {v1,vs}, then they form a basis. Otherwise, continue to repeat this process of adding one more linearly
independent vector at a time until the vectors span S. The algorithm is guaranteed to terminate with no more than
n vectors, because any set of n linearly independent vectors is a basis for V according to Exercise 1.15.

Exercise 1.17 Let F be a field. Find the dimension of F™ as defined in Section 1.2.

Solution. Consider the n vectors e; := (1,0,...,0),...,e, := (0,...,0,1). A given vector (c1,...,¢y) € F™
has the unique representation cie; + ...+ ¢pe, with respect to these vectors, so they comprise a basis (known as
the standard basis). This tells us that the dimension of F™ is m.

Exercise 1.18 Suppose [vl Vm] and [wl Wm} have the exact same behavior on a basis B =
{by,...,b,} for the vector space of scalar coefficients, that is, [vl vm]bj = [wl Wm] b; for ev-
ery j € {1,...,m}. Show that v; must equal w; for every j € {1,...,m}.

Solution. We'll first show that [vi -+ V] and [wi -+ Wy,] must have the exact same behavior on ev-
ery vector in F™ (where F is the scalar field) by representing an arbitrary vector x with respect to U. Letting
X =aib; +...+ anbm,,

[vl vm]x: [vl vm](albl—i—...—i—ambm)
:al[vl vm]bl—i—...—i—am[vl Vm]bm
:al[wl wm]b1+...+am[w1 wm]bm
= [wl wm] (a1b1 4+ ...+ ambp)
— w1 o walx.
In particular, the fact that [Vl e vm} and [wl e wm] map (1,0,...,0) to the same vector means that vq

must equal wi. Such an argument holds for every column in turn.

Exercise 1.19 Let A be an eigenvalue for T. Show that the eigenspace of X is a subspace.

Solution. Suppose that q; and qo are both in the eigenspace. For any scalars a1, as,

T(ai1qi + a2q2) = a1 Tqi + azTqz
= a1Aq1 + a2Aqo
= AMaiq1 + a2q2)

which confirms that a;q; + a2qs is also an eigenvector for T with eigenvalue A.



Exercise 1.20 Suppose T has eigenvalues A1, ..., A, with corresponding eigenvectors qu, ..., qm,. Let a be a non-
zero scalar. Identify eigenvalues and eigenvectors of aT, i.e. the function that maps any vector v to a times Tv.

Solution. Consider the action of aT on q;.
[aT](q;) = a(Tq;)
= al;jq,

So qi,. .., remain eigenvectors, and their eigenvalues are al, ..., a\,,. Furthermore, no additional eigenvectors
for aT are introduced because clearly they would also have been eigenvectors for T.

Exercise 1.21 Explain why any linear operator that has 0 as an eigenvalue doesn’t have an inverse function.

Solution. The corresponding eigenspace is a subspace (with dimension at least 1) that the linear operator maps to
0. Because it maps multiple elements of its domain to the same value, it can’t be invertible.

Exercise 1.22 Let T~! be the inverse of a linear operator T, that is, T~!Tv = v for every v in the domain of T.
Show that T is also the inverse of T, that is, TT~'w = w for every w in the domain of T~! (which we’ve defined
to be the range of T).

Solution. We know that w = Tv for some v; by making this substitution,
TT 'w =TT 'Tv
=Tv

= W.

Exercise 1.23 Suppose a linear operator T has an inverse T~!. Show that T~! is also linear:
T_l(alwl + GQWQ) = alT_lwl + GQT_1W2

for all vectors wy, wy and scalars aq, as.

Solution. As an inverse function, T~! maps from T’s range to its domain. w; and wy are in the range of T,
so we know that they can be represented by wi; = Tv; and wy = Tv, for some vectors vy and vs.

’]I‘fl(alwl + G,QWQ) = ’]I‘fl(al’]I‘vl + (IQTVQ)
=T 'T(a1vi + azvs)
= a1Vy + a2Vvso

= a1T71W1 + 02T71W2

Exercise 1.24 Let T be a linear operator that has non-zero eigenvalues \A1,...,\, with eigenvectors qi,...,qy,.
Suppose T is invertible. Show that T~! also has qy, ..., q, as eigenvectors, and find the corresponding eigenvalues.

Solution. Consider the behavior of the inverse on q;. We know that the inverse is supposed to undo the be-
havior of T, so T_quj should equal q;.

T 'Tq; = T~ '()\;q;)
= )\jTilq]‘

For \;T~'q; to equal q;, we can see that q; must be an eigenvector of T~! with eigenvalue 1/)X;. Thus T~! has
eigenvalues 1/Aq,...,1/\, with eigenvectors qu, ..., qn.



Exercise 1.25 Show that inner products are also additive in their second argument:

(viw+x) = (v,w) + (v,x).

Solution. The complex conjugate of a sum is equal to the sum of the complex conjugates, so

(viw+x) =(w+x,V)

Exercise 1.26 Show that inner products are also homogeneous in their second argument when the scalar is real:
for every a € R,

(v,aw) = a{v,w).

Solution. The complex conjugate of a product is equal to the product of the complex conjugates, and the complex
conjugate of a real number is itself, so

~

(v,aw) = (aw,Vv

a{w, V)

(w,v

~

I
2 9

=<
E

Exercise 1.27 Show that if y is orthogonal to every one of vi,...,v,,, then it is also orthogonal to every vector
in their span.

Solution. Let byvy + ...by,Vy, represent an arbitrary vector in the span. By linearity of inner products, its
inner product with y is

b1vi+ . b Vi, Y)Y = b1 (V,Y) o b (Vi )
0 0
=0

because y is orthogonal to each of the basis vectors.

Exercise 1.28 Show that |lav]|| = |a|||v]|| for any scalar a.

Solution. From steps in our solution to Exercise 1.26, we can realize that (x,ay) = @(x,y). Using the defini-
tion of norm,

lav]] = V/{av, av)

:\/Cﬁ\/ <V,V>

= lal[[v]-

Note that with a = b + ic, the squared absolute value |a|? is defined to be b + c2.



Exercise 1.29 Suppose vy,...,Vv,, are orthogonal to each other and none of them is the zero vector. Show that
they must be linearly independent.

Solution. Without loss of generality, we will consider whether or not v,, can be equal to some linear combina-
tion byvi 4+ ...+ by—1Vym—1. The inner product of this linear combination with v, equals
<b1V1 +...+ bm—lvm—la Vm> = bl <V17 Vm> +...+ bm—l <Vm—17 Vm>
—— —
0 0
=0.

But the inner product of v,, with itself is equal to its squared length, which must be greater than zero by the
assumption that v, isn’t the zero vector. Therefore, no such linear combination can be equal to v,,.

Exercise 1.30 Suppose (x,v) = (y,v) for all v. Show that x and y must be the same vector.

Solution. Subtracting, (y,v) from both sides of the assumption,
0=(x,v)—(y,v)
= <X -y V>

for all v. In particular, substitute x —y for v to see that ||x — y||? = 0 which implies that x —y = 0, i.e. x = y.

Exercise 1.31 Justify the Pythagorean identity extended to m orthogonal vectors vy, ..., v,,:

Vi Vil = a2 e vl

Solution. vy is orthogonal to vo + ...+ v,,, so by the Pythagorean identity
Vi + . vl = vill> + [[ve + ... + vl %

This logic can be applied repeatedly to bring out one vector at a time leading to the desired result. (For a more
formal argument, one can invoke induction.)

Exercise 1.32 Given a non-zero vector v, find the norm of ”Tlﬂv.

Solution. Using Exercise 1.28 and the fact that norms are non-negative,

1 1
WVH = WHVH

=1

Exercise 1.33 Given a unit vector u, find a unique representation of the vector y as the sum of a vector in the
span of u and a vector orthogonal to the span of u.

Solution. We’'ll explicitly construct the desired vector in the span of u. The vector we seek must equal lA)Au for
some scalar b. Based on the trivial identity y = bu + (y — bu), we see that we need the second vector y — bu to
be orthogonal to u. Its inner product with u is
<y_buau> = <y7u> -b <u7u>

——

llull2=1
which is zero precisely when b= (y,u). Therefore, y can be represented as the sum of (y,u)u which is in the span
of u and (y — (y,u)u) which is orthogonal to the span of u.



Exercise 1.34 Given a non-zero vector v, find a unique representation of the vector y as the sum of a vector in
the span of v and a vector orthogonal to the span of v.

Solution. A vector is in the span of v if and only if it’s in the span of the unit vector HX—” Likewise, a vector
is orthogonal to the span of v if and only if it’s orthogonal to the unit vector ﬁ Based on our solution to Exercise

v
1.33 the part in the span of v must be
<y V> vl
A Wan 2 I Y

o= (v- ).

Thus the desired representation of y is

[[v]]?
espan{v} Lspan{v}
Exercise 1.35 Let {uy,...,u,,} be an orthonormal basis for V. Find a unique representation of y € V as a linear

combination of the basis vectors.

Solution. The correct coefficients can be readily determined thanks to the orthogonality of the terms:

y = I;lul +BQUQ+...+Bmum.
~—

espan{u; } Lspan{u }

By comparison to Exercise 1.33, the first term has to be (y,u;)uy, so its coefficient has to be by = (y,u1). By
reasoning similarly for each of the basis vectors, we conclude that y must have the unique representation

y = (y,unu + ...+ (y, upn) .

Exercise 1.36 Let {uy,...,u,} be an orthonormal basis for a real vector space V. Show that the inner product
between x and y equals the sum of the product of their squared coordinates with respect to uy,...,u,,:

(x,y) = > _((x,w){y,ui)).

i

Solution. We'll use the orthonormal basis representation (Exercise 1.35) to expand y use linearity of inner products.

<X7 Y> = <X7 <Ya 111>ll1 +.+ <Ya an>um>
= (x,(y,un)ur) + ... + (%, (y, um)um)
= (y,u)(x,u1) + ...+ (¥, um){X, up).




Exercise 1.37 Let {uy,...,u,} be an orthonormal basis for a real vector space V, and let y € V. Consider the
approzimation § := (y,u;)u; + ...+ (y, ug)ug with & < m. Use Parseval’s identity to derive a simple formula for
the squared norm of y — §, which we might call the squared approzimation error.

Solution. Representing y with respect to the orthonormal basis, we find that the difference between the vectors is

y =¥ =y, upu + ... +{y, wn)uy) — ({(y,ur)ug + ... + (y, up)ug)
= (Y, W 1)Ukg 1 + -+ (Y, U ) Uy
Its squared norm is the sum of its squared coordinates, so

||y - y”? = <Y7 uk+1>2 +...+ <Ya um>2~

Exercise 1.38 Let {uy,...,u,,} be an orthonormal basis for a real vector space V, and let y € V. Explain which
term in the representation (y,u;)u; + ...+ (y,u,)u,, best approximates y in the sense that it results in the
smallest approximation error ||y — (y, u;)u,||.

Solution. Based on Exercise 1.37, the squared approximation error ||y — (y,u;)u;||? is equal to the sum of the
squares of the other coefficients >, . (y, u;)2. Therefore, the approximation error is minimized if we use the term
with the largest squared coefficient.

Exercise 1.39 Given a subspace S, show that St is also a subspace.

Solution. Let vi, vy € S*, and let by and by be scalars. We need to show that the linear combination by vy + bavy
is also in S*. Letting w be an arbitrary vector in S,

(b1vy + bava, W) = by (v, W) +bg (va, W)
—— ——

0 0
= 0.

Exercise 1.40 Let § be the orthogonal projection of y onto §. Use the Pythagorean identity to show that the
vector in S that is closest to y is §.

Solution. Let v be an arbitrary vector in §. Realizing that § — v is in S and that y — ¥ is orthogonal to S,
we observe a right triangle (Figure 1.3) with sides y — v, § — v, and y — §. By the Pythagorean identity,

Iy = I =lly = 31” + g — vI*

The first term on the right doesn’t depend on the choice of v, so the quantity is uniquely minimized by choosing v
equal to ¥ to make the second term zero.




Exercise 1.41 Let S and Ss be subspaces that are orthogonal to each other, and let S be the span of their union.
If §1 and o are the orthogonal projections of y onto &1 and S, show that the orthogonal projection of y onto S

is §1 + ¥o-
Solution. For an arbitrary v € S, we need to establish that
y—F1+92) Lv

Every vector in the span of §; USs can be represented as the sum of a vector in §; and a vector in S;. Making use
of this fact, we let v = vy + vy with vi € §; and v, € Ss.

v,y = (F1+92)) = (vi + V2, y = 1 — J2)
=(vi,y =91 —F2) + (v2,y = J1 — J2)
= (v, y = J1) +(v2,y — J2)
0 0

=0

Exercise 1.42 Let S be a subspace of V, and let uy,...,u,, comprise an orthonormal basis for S. Given any
y € V, show that ¥ := (y,uj)u; + ...+ (y, u)u,, is the orthogonal projection of y onto S.

Solution. From Exercise 1.41, we understand that the orthogonal projection of y onto S equals the sum of its
orthogonal projections onto the spans of the orthonormal basis vectors. The representations of these orthogonal
projections as (y,ujjuy, ..., (y, Un)u, comes from Exercise 1.33.

Exercise 1.43 Suppose y1 and yo are the orthogonal projections of y; and ys onto S. With scalars a; and as,
find the orthogonal projection of a1y; + asy2 onto S.

Solution. We can write out each vector in terms of its orthogonal projections onto S and S+, then regroup
the terms.

a1y1 + agy2 = a1[y1 + (y1 — 1) + a2[§2 + (y2 — §2)]
= (1§14 a2¥2) + [a1(y1 — ¥1) + az2(y2 — §2)]
€s s

This shows that a1¥1 + as¥2 is the orthogonal projection of a1y + asys onto S. In other words, the orthogonal
projection of a linear combination is the linear combination of the orthogonal projections.

Exercise 1.44 Let ¥ be the orthogonal projection of y onto . How do we know that y — ¥ is the orthogonal
projection of y onto S*+?

Solution. We know that y = § + (y — ) with § € S and y — § € S* by definition of orthogonal projection.
Of course, by definition of orthogonal complement, ¥ L S+, so that same representation shows that y — ¥ is the
orthogonal projection of y onto S+.

Exercise 1.45 Let S be an m-dimensional subspace of a d-dimensional vector space V. Verify that the dimension
of St is d —m.

Solution. Let B be a basis for §; it contains m vectors. Suppose there exist more than d — m linearly inde-
pendent vectors in S*. All of them are also linearly independent of B, so the two bases taken together would



contain a total of more than d linearly independent vectors in V' which is impossible. On the other hand, suppose
ST has a basis of fewer than d —m vectors. Then that basis, taken together with B would have fewer than d vectors,
so it wouldn’t span V. However, this can’t be true because we’ve seen than any vector in V can be represented as
the sum of a vector in S and a vector in S+.

Exercise 1.46 Let H be an orthogonal projection operator onto S. Show that every vector in S is an eigenvector
of H.

Solution. If v is in S, then clearly v . = v 4+ 0 is the unique representation of v as the sum of a vector in S
and a vector orthogonal to S. Therefore Hv = v, which means that v is an eigenvector with eigenvalue 1.

Exercise 1.47 Let H be the orthogonal projection operator onto S. Show that every vector in S* is an eigenvector
of H.

Solution. If v 1L S, then clearly v = 0 + v is the unique representation of v as the sum of a vector in § and
a vector orthogonal to S. Therefore Hiv = 0, which means that v is an eigenvector with eigenvalue 0.

Exercise 1.48 Show that every orthogonal projection operator is idempotent.

Solution. Let H be the orthogonal projection operator onto S, and let ¥ be the orthogonal projection of y onto S.
Because ¥y is in S, H maps it to itself.

[ o H]y = H(Hy)

The action of H o H is exactly the same as that of H on every vector, so they’re the same operator.

Exercise 1.49 Let H; be the orthogonal projection operator onto &1, and let Hy be the orthogonal projection op-
erator onto Sg C S1. Explain why H; — Hy is the orthogonal projection operator onto the orthogonal complement
of SO within 81.

Solution. The operator H; — Hj evaluated at y has the value Hyy — Hyy. From our discussion regarding Equation
1.4, we know that this is precisely the orthogonal projection of y onto the orthogonal complement of Sy within S;.

Exercise 1.50 Let Sy C S; be subspaces, and let Hy and H; be orthogonal projection operators onto Sy and S
respectively. Explain why Hy o Hy = H; o Hy = H.

Solution. In our discussion regarding Equation 1.4, we realized that the orthogonal projection of y onto &y is
the same as the orthogonal projection of Hyy onto Sy. In other words, it doesn’t matter which order you compose
the operators, you end up at Hyy either way.




Exercise 1.51 Let M € F™*™ and L € F™*™. Show that the trace of ML is equal to the trace of LM.

Solution. The ith diagonal entry of ML is Z;"Zl M ;IL; ;. We express the trace as the sum of these diagonals
then reverse the order of the summations.

tr ML = i i Mi,j]Lj,i

i=1 j=1

=> 3 LM,

j=11i=1

=trLM

Exercise 1.52 Let M and L. be matrices such that the product ML is well-defined. Show that (ML)T = LTM™.

Solution. The (i,7) entry of (ML)T is the (j,i) entry of ML, which is >, M; ;L ;. The (i,;) entry of LTM”
works out to be the same:

S W)k M)y = LeiMjix.
k

k

Exercise 1.53 If the columns of U are orthonormal, show that UTU equals the identity matrix I.

Solution. Letting uy, ..., u,, denote the columns,
I |
UTu = : u ... u,

— w, | LI |
M T T

uju; - uju,

T T
lu,u; -0 uyu,
(1
1

with every off-diagonal entry equal to zero.

Exercise 1.54 Show that M7 M is symmetric.

Solution. The transpose of a product of matrices is equal to the product of their transposes multiplied in the
reverse order (Exercise 1.52). Thus

M™™M)" = (M) (M)
=M"M.




Exercise 1.55 Show that a square matrix is invertible if and only if its columns are linearly independent.

Solution. Let M be a square matrix. First, assume it’s invertible. Then what linear combinations satisfy Mb = 07
Multiplying both sides by the inverse, we see that the coefficients b = M~10 must be the zero vector.

Next, suppose the n columns of M are linearly independent. Then for each canonical basis vector e;, there is some
coefficient vector b; such that Mb; = e;. The matrix with these coefficient vectors as its columns is the inverse of
M.

| | [ |
M|b; -+ b,|=|Mb; --- Mb,

| | . |

| |

= [€e1 €n

| |

| —
In
Exercise 1.56 Suppose M € R"*" has orthonormal eigenvectors qy, . .., q, with eigenvalues A1, ..., A, Show that

M can’t have any other eigenvalues.

Solution. Let us check what would be required for an arbitrary vector w to be an eigenvector for M. We can
express w with respect to the eigenvector basis:

Mw = M((w,q1)q1 + ... + (W, qn)qn)
= (w,q1)Maq; + ... + (w,q,)Mq,
= <W,Q1>)\1q1 +...+ <W7qn>)\nqn

This is only proportional to w = (w,q1)q1 + ... + (W, q,)q, if all of the non-zero terms share the same eigenvalue
coefficient. That coefficient, which is one of Aq,..., A, would be the eigenvalue of w.

Exercise 1.57 Let q1,...,q, be an orthonormal basis for R". Show that M has the spectral decomposition
M= XNaiq] + ...+ A\anql

if and only if qq,...,q, are eigenvectors for M with eigenvalues Aq,..., \,.
Solution. Let’s figure out the behavior of \yqiqf + ...+ A\,q,ql on the basis vectors.

(Mara] + .. Awana)ar = Mar qf g+ Anan i@
—— ——
llall?=1 0
=AM
meaning q is also an eigenvector of this matrix with eigenvalue \;. Likewise for qo,...,q,. By establishing that

M and A\1qi1q? + ...+ \a,ql behave the same on a basis, we see that they must be the same matrix by Exercise
1.18.




Exercise 1.58 Let M € R"™" be a symmetric matrix with non-negative eigenvalues A1, .., \, and corresponding
orthonormal eigenvectors qi,...,q,. Show that the symmetric matrix that has eigenvalues \/Aq,..., VA, with
eigenvectors qy, . .., qy is the square root of M (denoted Ml/g) in the sense that M'/2M"'/2 = M.

Solution. Using a spectral decomposition, we multiply the proposed square root matrix by itself:

MY2MY2 — Ml/Q(\/qulqlT +...+ \/Eanz;)
= VA M Pqral + ./ M g, qf
—— e

VAtai VAndn
=Ma1q! + .. 4 Anang?

=M.

Exercise 1.59 Let M be a symmetric and invertible real matrix. Show that M~ is also a symmetric real matrix.

Solution. Let A1,...,A, and qi,...,q, be eigenvalues and orthonormal eigenvectors of M. Based on Exercise
1.24, we can deduce that M~! has the spectral decomposition

M~ = aqiqf +...+ s-anq,.

Because M~ is a linear combination of symmetric real matrices (see Exercise 1.54), it’s clearly a symmetric real
matrix as well.

Exercise 1.60 Let M be a symmetric real matrix. Show that the trace of M equals the sum of its eigenvalues.

Solution. We’ll use the matrix form of spectral decomposition M = Q Q7 and the cyclic permutation property of
trace (Exercise 1.51).

trM = tr (Q Q7)
=tr(Q'Q )
T

=tr

Exercise 1.61 Let M be an n X m real matrix. How do you know that the number of terms in a singular value
decomposition of M can’t be more than min(n, m).

Solution. The vectors uy,...,ugy € R" are linearly independent, so there can’t be more than n of them. Like-
wise, the vectors vyq,...,vq € R™ are linearly independent, so there can’t be more than m of them.

Exercise 1.62 Use a singular value decomposition for M € R™*™ to find a spectral decomposition of M” M.

Solution. Writing Ml = USV7T,
MTM = (USVT)T (Usv?)
=vsTuTusv?
N——
I
= VST,

By comparison to the matrix form of spectral decomposition, we see that M” M has eigenvalues equal to the squares
of the singular values of M, and the corresponding eigenvectors are the columns of V.



Exercise 1.63 Explain why M”M is invertible if and only if the columns of M € R™"*™ are linearly independent.

Solution. The columns of M are linearly independent if and only if C(M) is m-dimensional; that’s what we’ll
check.
First, suppose m < n, and let V have the singular value decomposition

T T
V=owivy +... +opnupv;,.

Then VTV has the spectral decomposition

VIV = o?vivi + ...+ o2 vave.
We know that VTV is invertible if and only if its eigenvalues o?,... 02, are positive. The column space of V
is a linear combination of all of uy,...,u,, if and only if none of the singular values o1, ...,0,, are zero. These

conditions are the same.

Otherwise, if n < m, then the singular decomposition can’t possibly represent a linear combination of m column
vectors, so M can’t have linearly independent. Similarly, the squared singular values can’t account for the m positive
eigenvalues that V7'V would need to be invertible.

Exercise 1.64 Let M € R"*". Prove that M is symmetric if and only if (v, Mw) = (Mv,w) for every v,w € R".

Solution. First, assume that M is symmetric. For an arbitrary v,w € R", we can use a spectral decomposi-
tion of M to see that
(v,Mw) = v Mw

=vT(naiaf + ...+ Aaual)w

= (v a)(ai w) + ..+ A (vian) (4, w)

=M(whan)(@fv) +... + Aa(whan) (g, v)

=wlOuaia! + ...+ \anal)v

=w'Mv

= (w,Mv).
Next, suppose (v, Mw) = (Mv,w) for every v,w € R". In particular, apply two canonical basis vectors e; and e;.

The vector Me; is the jth column of M, so (e;,Me;) is the (i, j)-entry of M. By our assumption, it is equal to
(ej,Me;) which is the (j,)-entry of M which shows that M must be symmetric.

Exercise 1.65 Let H be a real matrix. Use Exercise 1.64 to show that if H is an orthogonal projection matrix then
it must be symmetric.

Solution.
(Hv,w) = (Hv,Hw + (w — Hw))
= (Hv,Hw) + (Hv, w — Hw)
Because Hw is in the space that H projects onto while w —Hw is orthogonal to it, the second term is zero. Similarly,
(v,Hw) = (Hv + (v — Hv), Hw)
= (Hv,Hw) + (v — Hv, Hw) .
[ —
0

Both (v,Hw) and (Hv,w) simplify to (Hv,Hw), so they are equal to each other.
It’s also clear from the formula derived in Exercise 1.71 that orthogonal projection matrices are symmetric. However,
I prefer the argument used here because it’s more readily extended to orthogonal projection operators.



Exercise 1.66 Provide a formula for the matrix that maps y to its orthogonal projection onto the span of the unit
vector u € R".

Solution. The orthogonal projection of y onto the span of u is (y,u)u. By rewriting this as uu’y, we realize
that the matrix uu” maps any vector to its orthogonal projection onto the span of u.

Exercise 1.67 Show that the trace of an orthogonal projection matrix equals the dimension of the subspace that
it projects onto.

Solution. From Exercise 1.60, we know that the trace of H equals the sum of its eigenvalues Aq,...,\,. Fur-
thermore, because it’s is an orthogonal projection matrix, we know that it yields the spectral decomposition

H= (1)q1q1T +...+ (1)qmq,Tn + (O)qmﬂqﬁﬂ +...+ (O)qnquL

where qi, ..., q, are in the subspace that H projects onto and the rest are necessarily orthogonal to it. We see m
terms with the eigenvalue 1 and the remaining terms with the eigenvalue 0, so their sum is m which is the dimension
of the subspace that H projects onto.

Exercise 1.68 Let M be a matrix. Explain why the rank of the orthogonal projection matrix onto C(M) must be
exactly the same as the rank of M.

Solution. The equality of ranks follows from the stronger observation that the orthogonal projection matrix must
have the exact same column space as M. Every vector in C(M) gets mapped to itself by the orthogonal projection
matrix, so its column space is at least as large as C'(M). However, the orthogonal projection of any vector onto
C(M) must by definition be in C'(M), so the orthogonal projection matrix cannot map any vector to a result outside
of C(M).

Exercise 1.69 Let M € R"*™ and y € R". Explain why the Normal equation
M Mb =My
is satisfied by the coefficient vector b € R™ if and only if Mb is the orthogonal projection of y onto C(M).

Solution. The orthogonal projectionAMB is the unique vector in C'(M) with the property that y — Mb L C(M).
It is equivalent to check that y — Mb is orthogonal to every column vy, ..., v,, of M. Equivalently the following
quantity should be equal to the zero vector:

~ ~

M7 (y — Mb) = ; (y — Mb)

Setting this vector M” (y — MB) equal to the zero vector results in the Normal equation.




Exercise 1.70 Suppose M € R™ ™ has linearly independent columns. Provide a formula for the coefficient vector
b for which Mb equals the orthogonal projection of y € R™ onto C(M).

Solution. Because the columns are linearly independent, we know that M”M is invertible and thus the Normal
equation

M Mb =My

is uniquely solved by b = (M7M)~'M”y.

Exercise 1.71 Suppose M € R"™™ has linearly independent columns. Provide a formula for the orthogonal pro-
jection matrix onto C'(M).

Solution. We've already derived in Exercise 1.70 a formula for the desired coefficient vector b = (MTM)~ 1My, so
we simply plug this into Mb to find the orthogonal projection of y onto C'(M).
$ = Mb
=MM M) 'MTy

Therefore, we see that y is mapped to its orthogonal projection onto C(M) by the matrix M(M? M)~ M”.

Exercise 1.72 Show that M™M equals the orthogonal projection matrix onto the row space of M.

Solution. Let M = USV” be a singular value decomposition for which S is square and has only positive values along
its diagonal.

M~M = VS~'UTUSV”
= Vv’
Exercise 1.71 indicates that the orthogonal projection matrix onto C(V) is V(VTV)~1VT which simplifies to VVT
because V'V is the identity.

It only remains to establish that C(V) is the row space of M. Letting the entries of w be the coefficients of the
linear combination,

wIM = wl (oyuvl + ... oqugvl)
= o (w, )Vl + ...+ oglw,ug)v7.
Any linear combination of v7,... ,vg can be produced by the appropriate choice of w, but no vector outside of
their span can be produced.

Exercise 1.73 Explain why the Moore-Penrose inverse of an invertible matrix must be its inverse.

Solution. If M € R™ ™ is invertible, then its row space is R". Exercise 1.72 implies that M—Mw = w for
every w € R". M~ must be the inverse according to Exercise 1.22.

Exercise 1.74 Of all coefficient vectors that satisfy the Normal equation, show that b = (MTM)~MT§y has the
smallest norm.

Solution. From Section 1.5, we know that every solution can be represented as b + w for some w in the null
space of MTM. Let MTM have spectral decomposition
MM = o3viv] + ...+ 05vavy + (0)Var1Va + ...+ (0)vvi.

with positive o2, ... ,03. It’s clear that the null space is exactly the span of {vgi1,...,v;}. On the other hand,
by definition of generalized inverse, b is in the span of {vy,...,v4}. The squared norm of any solution b + w is
|b]|? + ||w]|?, so the solution of smallest norm is b.



Exercise 1.75 Show that MMM = M.

Solution. Let M have singular value decomposition USV? where S is a square matrix with strictly positive di-
agonals. Then
MM™M = USV VSt ufusv’
~—~ ~—
i I
= USV”
=M.

Exercise 1.76 For a unit vector u, express the quadratic form u’Mu as a weighted average of the eigenvalues of
M c Rnxn.

Solution. Let qi,...,q, be an orthonormal basis of eigenvectors for M with eigenvalues A1,...,A,. We can
represent u with respect to the eigenvector basis as (u,q1)q; + ... + (4, q,)dn-
u'Mu = u"M((u,q1)qi + .. + (0, qn)d)
=u”((w,q1)Maq, + ... + (u,q,) Ma,
N~ ~——

Ai1aa Andn
= <u7 q1>2A1 +... 4+ <11, qn>2>\n

)

(u,q1),...,{(u,q,) provide the coordinates of u with respect to the basis q, ..., q,. Because u is a unit vector, the
sum of these squared coordinates has to be 1. Additionally, the squared coordinates are non-negative. Consequently,
we've expressed u’ Mu as a weighted average of the eigenvalues; the weights are the squared coordinates of u with
respect to the eigenvector basis.

Exercise 1.77 Identify a unit vector u that maximizes the quadratic form u” Mu.

Solution. From Exercise 1.76, we know that the quadratic form equals a weighted average of the eigenvalues.
This weighted average is maximized by placing all of the weight on the largest eigenvalue, that is, by letting u be
a principal eigenvector. Such a choice of u makes u”Mu equal to the largest eigenvalue.

Exercise 1.78 Given any real matrix M, show that M7 M is positive semi-definite.

Solution. Exercise 1.54 established that the matrix in question is symmetric. The quadratic form
vIiMTM)v = (vIMT)(Mv)
= (Mv)" (Mv)

equals the squared norm of the vector Mlv which is non-negative.

Exercise 1.79 Let M be a symmetric real matrix. Show that M is positive semi-definite if and only if its eigenvalues
are all non-negative.

Solution. From our work in Exercise 1.77, we’ve seen how to express the quadratic form as a linear combina-
tion of the eigenvalues

vIMv = (v,q1)?\1 + ... + (v, qn)? A

If every eigenvalue is at least zero, then every term in this sum is non-negative so the quadratic form must be
non-negative. Conversely, if A; is negative, then the quadratic form arising from v = q; is negative, as it equals
Aj.



Exercise 1.80 Let H € R™*" be an orthogonal projection matrix, and let v € R". Show that the squared length
of Hv equals the quadratic form vT Hv.

Solution. Because H is symmetric and idempotent,

[Hv(|* = (Hv)" (Hv)

= vIH"Hv

= v Hv.
Exercise 1.81 Let x1,...,X;, be the rows of a real matrix X. Show that the quadratic form u” (1XTX)u is equal
to the average of the squares of the coefficients of x1,...,x, with respect to u.

Solution. We'll first express the quadratic form in terms of the squared norm of a vector.

u” (2X"X)u = 1 (Xu)” (Xu)
= |[Xul?
n
The entries of the vector Xu are the coefficients of xq,...,x, with respect to u. Its squared norm is the sum of its

squared entries, so +||Xul|? is the average of the squared coefficients.

Exercise 1.82 Let x1,...,x, be the rows of the matrix X. Show that %XTX is the matrix whose (j, k)-entry is
the average of the product of the jth and kth coordinates of the vectors x1,...,Xy.

Solution. The product of the matrices

XT'X = |x; -+ xp

| -«

has as its (j, k)-entry the inner product of the jth row of XT and the kth column of X. With x; ; denoting the jth
coordinate of x;, this inner product equals ) . ; jx; ;. When multiplied by 1/n, this entry is indeed the average of

the products of the coordinates. By thinking about summing over the observations, %XTX can also be understood

T

as an average of rank-1 matrices %XiXi .

Exercise 1.83 Let x1,...,X;, be the rows of a real matrix X. Show that the average squared length 1 3. |[x;||?
equals the sum of the eigenvalues of %XTX.

Solution. By Parseval’s identity, the squared norm equals the sum of the squared coordinates using any basis;
let’s consider the orthonormal eigenvectors q, ..., q, of %XTX, with A1, ..., A\, denoting their eigenvalues. Recall
that Exercise 1.81 allows us to rewrite the average of squared coefficients as a quadratic form.

%Z il = %Z«Xz’,QOQ + ot (%0, Am)?)
= % Z(Xi, q1>2 + e + % Z<Xi’qm>2
i i

=al EX"X)qi +... +a (2XTX)qpm
N—_—— —— ~——_— —
A1 Am

Exercise 1.76 demonstrated that a quadratic form evaluated at a unit eigenvector equals the corresponding eigen-
value.



Exercise 2.1 Show that the entries of v = (vy, ..., v,) have mean zero if and only if v is orthogonal to 1 = (1,...,1).

Solution. The average of the entries is proportional to the inner product of v with 1.
% Z Vi = %(Va 1>
i

So the average is zero if and only if the inner product is zero.

Exercise 2.2 Use the Pythagorean identity to decompose the average of the squared differences between the re-

sponse values and a € R, that is % > (yi — a)?, into two terms, one of which is the empirical variance of y1, ..., Yp.

Solution. We can write Y_,(y1 — a)? as the squared norm ||y — al||?>. The vector y — al is the hypotenuse of
the right triangle whose other two sides are y — y1 and y1 — al. By the Pythagorean identity,

LY - = Ay - a1l
%
= Llly — 1+ 2 — a1’

> (i — 5)? + (G — a)?

S

=32 wi—9)’+@-a)’

Exercise 2.3 Is it possible for the least-squares line’s sum of squared residuals to be greater than the least-squares
point’s sum of squared residuals?

Solution. The set of possible prediction functions corresponding to lines {f(z) = a + bz : a,b € R} is strictly
larger than the set of possible prediction functions corresponding to points {f(z) = a : a € R}. A line predicts
every response value by the same number if its slope is zero. By definition, the least-squares line will use a slope
of zero if and only if that leads to the smallest possible sum of squared residuals, in which case its sum of squared
residuals would be equal to that of the least-squares point.

Exercise 2.4 The variables picture provides us with a more specific answer to the question posed in Exercise 2.3.
Use the Pythagorean identity to quantify the difference between the least-squares point’s sum of squared residuals
and the least-squares line’s sum of squared residuals.

Solution. Because g1 is in the span of 1 and x, we see that the least-squares line’s residual vector y — § must be
orthogonal to ¥ — y1. Invoking the Pythagorean identity,

ly = 711> = Iy — g11* + lly - 3>

The least-squares point’s sum of squared residuals is larger than the least-squares line’s sum of squared residuals
by Iy — y1]*.




Exercise 2.5 Show that the correlation between two vectors equals the empirical covariance of their standardized
versions.

Solution.

Ox,y

Px,y =
R% X0y

_ (Umx—aLy-gY)
(V1/nllx = 21])(+/1/nlly — 71)
(x —zl,y — gy1)
[x —z1]|lly — g1

Exercise 2.6 Let y € R" be a response variable and x € R" be an explanatory variable. Consider fitting the
response variable using quadratic functions of the explanatory variable:

{fape(x) =a+bx+cx?:a,bceR}.

Show that the set of possible prediction vectors is a subspace of R".

Solution. Let fap.(x) denote the vector of predictions (fup.c(%1),- -, fap.c(n)). With x? representing the vector
of squared explanatory values, an arbitrary linear combination of two arbitrary vectors of predicted values is

1 fay by er (X) + 02 fag byeo (X) = a1(ar1l + bix + €1x7) + az(azl + box + c2x7)
= (a1a1 —+ 012(12)1 —+ (Oélbl + Olng)X + (04101 + CYQCQ)X2

= fa1a1 +agaz,a1b1+azba,a1c1+azcs (X)

which is another possible vector of predicted values that can be achieved using a quadratic function. In fact, we
can see that the set of possible predictions is exactly the span of 1, x, and x2.

Exercise 2.7 Let y € R" be a response variable vector and x € R" be an explanatory variable vector. Consider
predicting the response variable by using quadratic functions of the explanatory variable:

{fapc(x) =a+bx+ cx? i a,b,c € R}.
Explain how to find the coefficients (@, l;, ¢) of the quadratic function that minimizes the sum of squared residuals.

Solution. With x? representing the vector of squared explanatory values, we can use the design matrix

I
M:= |1 x x2
|

According to Theorem 2.4, the least-squares coefficients are (@, b, ¢) = (MTM)~MTy.

Exercise 2.8 Let ¥ be the orthogonal projection of y onto C'(M). Explain why (M”M)~M”§ must be equal to
(MTM) My,

Solution. There’s an intuitive explanation for this. You can think of (MTM)~M” as the matrix that maps any
vector in R™ to the (minimum norm) coefficients of the columns of M that lead to the orthogonal projection of
that vector onto C(M). Because the orthogonal projection of § onto C'(M) is exactly the same as the orthogonal
projection of y onto C'(M) (namely, both are §), the coefficients leading to this orthogonal projection must be the
same.



Exercise 2.9 Suppose ¥ is the orthogonal projection of y onto S, ¥ is the orthogonal projection of y onto Sy C S,
and that 1 € §y. Explain why

15 = g1 = Iy — g11* + Iy — 3>

Solution. The vector ¥ is defined to be the orthogonal projection of y onto Sy. However, it’s also the orthogonal
projection of ¥ onto Sy because according to Exercise 1.50, orthogonal projection onto S followed by orthogonal
projection onto Sy lands you at the exact same vector that a single orthogonal projection onto Sy does. Likewise, 71
is the orthogonal projection of ¥ onto 1. Invoke the ANOVA decomposition with § playing the role of the response
variable.

Exercise 3.1 Explain why the sum of the probabilities of £ and Es is no greater than the probability of their union.

Solution. The union of F; and Fs is the same as the union of the disjoint sets E; and Es/FE; (the part of Es
that isn’t in F). With P mapping each event to its probability,
P(E; U Ey) = P[E; U (Ey/Ey)]
=PE, + P(Fy/E,)
< PE; +PE;

To understand the last step, realize that Eo can be represented as the disjoint union Es = (E/E7) U (E2 N Ey).

Exercise 3.2 Let X be a random vector mapping to the complex plane with the representation X =Y +¢Z where
Y and Z are random variables. Verify that EY + iEZ is the expectation of X by checking property (ii), assuming
that property (iii) holds for random variables.

Solution. Let X =Y 4+ ¢Z with random variables Y and Z, and let a = b + ic be a complex number.

E(X,a) = E(Y +iZ,b+ ic)
[(Y,ic) + (Y,b) + (iZ,b) + (iZ,ic)]
[(=0)(Y,c) + (Y, b) +i(Z,b) + (i)(—1)(Z, )]
T
=E(Y,b) +(Z,c)) +iE({Z,b) — (Y. )
= (EY,b) + (EZ, ¢) +i(EZ, b) — i(EY, c)
N—— ~——
(iEZ,ic) —(EY,ic)
= (EY +EZ,b) + (EY +iEZ, ic)
= (EY +iEZ, a)

& &




Exercise 3.3 Suppose x satisfies E(X, v) = (x,v) and y satisfies E(Y,v) = (y,v) for all v. In order to justify an
implicit claim in our definition of expectation for random vectors, verify that

EX+Y,v)=(x+y,v)

for all v. In other words, verify that the expectation of a sum is indeed the sum of the expectations when all
expectations are defined by property (ii), assuming that property (iii) holds for random wvariables.

Solution. First, let’s verify the claim in question when X and Y map to the complex plane; we’ll represent
them by X7 +¢Xs and Y; + ¢Y5 respectively. Based on Exercise 3.2,

E(X +Y) =E(X; +iXy + Y; +iY3)
=E[(X1 + Y1) +i(X2 + Y2)]
= E(X, + Y1) +iE(Xs + Ya)
=EX; +EY; +EX, +iEY;
= (EX, + iEX3) + (EY; +iEYa)
EX EY

Using this result, we can prove the general case.

E(X +Y,v) =E[(X,v) + (Y,v)]
=EX,v) +E(Y,v)
= (xv)+ V)
=(x+y,v)

Exercise 3.4 For a random vector X and scalar a, show that EaX = aEX.

Solution. If X is a random vector taking values in the complex plane, then inner product is the ordinary product,
so property (ii) of our definition of expectation says that EaX = aEX.
Now we’ll use that fact to establish the more general result for random vectors.

E(aX,v) = Ea(X, Vv
=aE(X,Vv
= a(EX,v

)
)
)
= (aEX, V)

Exercise 3.5 Suppose the random vector X maps every point in the sample space to w. Show that EX = w.

Solution.

where () represents the whole sample space and therefore has probability 1.




Exercise 3.6 Let X be a random vector and v be a non-random vector. Explain why E(X +v) = EX + v.

Solution. The random vector X + v maps any w to X(w) + v; we're justified in treating v as if it’s the ran-
dom vector that maps every element of the sample space to the vector v. By property (iii), E(X 4+ v) = EX + Ev,
and by Exercise 3.5, Ev = v.

Exercise 3.7 Suppose EX = 0. Show that the coordinate of X with respect to u has expectation 0.

Solution.

E(X,u)

I
8
£

Exercise 3.8 Let X be a random vector that maps to a real vector space with an inner product. Show that the
expected squared length of X equals sum of the expected squares of its coordinates with respect to any orthonormal
basis uy, ..., uy,.

Solution. This is a simple consequence of Parseval’s identity.

E[X[? = E[(X,w)? + ... + (X, u)?]
=E(X,u;)? +... + E(X, u,,)?

Exercise 3.9 Let X = (X4,...,X,,) be a random vector, v = (vq,...,v,) be a non-random vector, and M be an
n X m matrix. Show that

E(v + MX) = v + MEX.

Solution. From Exercise 3.6, E(v + MX) = v + EMX. Let my,...,m, be the rows of M. Putting the expectation
into each coordinate of the vector,
m?'X
EMX =E :
mZX

[Em? X

[Em; X |
(mTEX]

' m!EX |
= MEX.




Exercise 3.10 Suppose X is a discrete random vector with probability mass function p on {x1,...,x,}. Show that
EX =37 xip(x;).

Solution. The random vector can be represented by the sum
X(w) = Xllx(w):xl +...+ anx(w):xn
Taking the expectation,

EX = E[Xl 1X:x1 + ...+ Xn]-X:xn]
= X1 E]-X:xl + ...+ X, ElX:xn
N—_—— ——

p(xl) P(Xn)

by property (i) of the definition of expectation.

Exercise 3.11 Let X be a discrete random variable whose possible values are the positive integers. In particular,
suppose that P{X = k} is proportional to 1/k? for k € {1,2,...}. What’s the expectation of X?

Solution. Recall that >3-, 7% = 72/6, so this distribution is well-defined. However, its expectation is

EX = ik]P’{X =k}

Il
kR
i
e
:‘m“”
T

E
Il

Il
ﬁw‘@
—
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>
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—

Exercise 3.12 Suppose X is uncorrelated with each of Yi,...,Y,. Show that X is also uncorrelated with
a Y1 +...+a,Y,.

Solution.

E(X —EX)[a1Y1+... 4+ a Yo —E(@aY1+...+a,Y,)] =E(X —EX)[a1 Y1 + ...+ a0, Y — (1 EY] + ... 4+ a, EY},)]
— 0w E(X —EX)(Yi —EY1) +... + anE(X — EX)(Y, — EY,)

0 0

=0

Exercise 3.13 If events Ey,. .., E,, are independent (meaning that their indicator functions are independent ran-
dom variables) and each has probability ¢, what’s the probability that at least one of them occurs?

Solution. Each event has probability 1 — ¢ of not occurring. The probability of an intersection of independent
events equals the product of their probabilities, so the probability that none of the events occur is (1 — ¢)™. The
probability that at least one occurs is 1 — (1 — ¢)™ since it’s the complement of the event that none of them occur.




Exercise 3.14 Let X be a random vector and v be a non-random vector. Show that if E(X, v) is real, then it’s
equal to E(v, X).

Solution. We can express the first inner product as (X, v) =Y +4Z for some random variables Y and Z. If its ex-
pectation EY +¢EZ is real, then EZ must be 0. The other inner product is the complex conjugate (v,X) =Y —iZ.
Its expectation EY — {EZ simplifies to EY as well.

Exercise 3.15 Let Y be a random vector with expectation pu. Find the non-random vector v that minimizes
E[Y — v|.

Solution. By the bias-variance decomposition, the objective function equals |[v — p||> + E||Y — p||?>. The sec-
ond term doesn’t depend on v, so we can minimize the sum by taking v to be pu which makes the first term
Zero.

Exercise 3.16 Explain how Exercise 2.2 is an instance of the bias-variance decomposition.

Solution. If the distribution of the random variable Y is the empirical distribution defined by y = (y1,...,yn), then
its expectation is 4. By the bias-variance decomposition,

E(Y —a)? = (a —EY)? + E(Y — EY)?
T
- Z(yi —a)?=(-9%+ Z(yi - 7)°

%

Exercise 3.17 Let Y be a random vector that is an unbiased estimator for 8, that is EY = 0. If A € R, express
IE(XY) — 6||? (which can be thought of as the squared bias of the estimator AY) in terms of A and ||6||>.

Solution.

[E(\Y) - 6| = [A\EY -6
<~
]
=[x = 1)0]
=(1=N?[0l

Note that the factor (A — 1)? is equal to (1 — \)? which is a bit more intuitive when A € [0, 1].

Exercise 3.18 Let Y be a random vector, and let A € R. Express E[|[AY —E(AXY)||? in terms of A and E[|Y —EY||%.

Solution. Factoring out A,

E[XY — E(XY)|* = E[A(Y — EY)|?
= ME|Y - EY|2




Exercise 3.19 Let Y be a random vector that is an unbiased estimator for @ € R". Use the bias-variance decom-
position along with your results from Exercises 3.17 and 3.18 to find an expression for A € R (in terms of [|8]|? and
E[Y — 6]|?) for which E||@ — \Y||? is as small as possible.

Solution. By the bias-variance decomposition and our previous results,
E|lo - AY[* = [E(\Y) - 8] + E[AY — E(\Y)||?
= (1-X1)?|0]* + NE[lY —EY|.
Taking the derivative with respect to A\, and setting it to zero, we get the critical \*:
=96l = NE|Y —EY]|?
e

is solved by \* = ORI —EYT? Realize of course that when estimating an unknown parameter 6, we can’t
actually calculate this optimal value.

Exercise 3.20 Let X be a random matrix whose entries have finite expectations, and let M be a non-random
matrix. Assuming MX is well-defined, show that EMX = MEX. Alternatively, assuming XM is well-defined, show
that EXM = (EX)M.

Solution. The (i, j) entry of EMX is Em! X; = m! EX; where m; represents the ith row of M and X; represents
the jth column of X. This is also the (i, ) entry of MEX. Similarly, the (i, ) entry of EXM is EXTm; = (EX;)"'m,
where X; represents the ith row of X and my; represents the jth column of M

Exercise 3.21 Show that an alternative expression for the covariance matrix of Y is E[(Y — EY)(Y — EY)7T].

Solution. We’ll work out the matrix resulting from the multiplication then move the expectation into the ma-
trix entries.

Y, —EY;
E(Y -EY)(Y -EY)'|=E ; Vi—-EY; -+ Y, —EY,]
Y, —EY,
-(H—EH)(YI —EYI) (Yl _]Eyl)(yn_EYn)
=E : )
_(Yn - EYn)(YI - EYl) e (Yn - EYH)(YH - ]EYn)
E[(Y1 —EY1)(Y1 —EY)] -+ E[(Y1 - EV1)(Ys — EY,)]
|B(Y, — BV — Y] - (Y, — EY.)(Y, — EY,)

The empirical covariance matrix expression in Equation 1.7 can be understood as an empirical version of this.

Exercise 3.22 Let Y be an R"-valued random vector, and let v € R"™. Use Exercise 3.21 to show that the covari-
ance of v+ Y has the same covariance matrix as Y.
Solution.
cov(v+Y)=E[v+Y-E~v+Y)(v+Y -E(v+Y)7T
=E[(Y -EY)(Y - EY)7]

=covY



Exercise 3.23 Let Y be a random vector with covariance matrix C. Let v be a non-random vector, and let M be
a real matrix. Show that the covariance of v + MY is MCMT.

Solution. By Exercise 3.22, cov (v +MY) = covMY.

covMY = E[(MY — EMY)(MY — EMY)?]
E[(MY — MEY)(MY — MEY)7]
E[(M(Y —EY))(M(Y —EY))”]
=M(E[(Y —-EY)(Y - EY)"))M"

= McM7T

Exercise 3.24 Show that every covariance matrix is positive semi-definite.

Solution. To satisfy the definition, we need to show that every quadratic form is non-negative. We’ll use the
covariance expression from Exercise 3.21 and consider its quadratic form for an arbitrary vector v,

VIE(Y —EY)(Y —EY) v =EvT(Y —EY)(Y —-EY)"]v
=E[NT(Y -EY)(Y -EY)Tv]
=E(Y - EY,v)2

The expectation of a non-negative random variable has to be non-negative.

Exercise 3.25 Show that E||X — EX||? = tr (cov X).

Solution.

E||X — EX|? = E[(X; —EX;)* + ... + (X, — EX,,)?]
=E(X; -EX;)*+... +E(X, - EX,)?

These variances are the diagonals of the covariance matrix, so its trace is their sum.

Exercise 3.26 Suppose X1, ..., X, are uncorrelated random variables. Show that the variance of their sum equals
the sum of their variances.

Solution. Let X := (X1,...,X,), and let 0%,...,02 represent the variances. Using Exercise 3.23,

var Z X; =var1TX




Exercise 3.27 Let € be a random vector with expectation 0 and covariance matrix ¢2I. Let v be a non-random
vector, and let H be an orthogonal projection matrix. Find the covariance matrix of H(v + €).

Solution. Distribute the matrix multiplication to get Hv + He. According to Exercise 3.23, the covariance is

H(o’DH? = ¢*HHT
=o’H

by symmetry and idempotence of orthogonal projection matrices.

Exercise 3.28 Let X have expectation pux and Y have expectation p+ . Show that the expected inner product
between the centered vectors X — pux and Y — p+ is the same as the expected inner product when only one of
them is centered.

Solution.

E(X - px, Y — py) =EX — px,Y) = E(X — px, pry)
=EX —px,Y) — (EX — px, py)
N——
0

= E<X - IJ’XvY>

The same argument works for Y — pv if you keep Exercise 3.14 in mind.

Exercise 3.29 Use Exercise 3.28 to observe that

Solution. Let the joint distribution of (X,Y") be the empirical distribution of (z1,y1), ..., (Zn, Yn)-
(x —zl,y) =ny Z[(ﬂfi — z)yi
i

= nE[(X — EX)Y]
= nE[(X — EX)(Y — EY)]

=ny Z[(wi —7)(yi — )]

= <X7"f13y7g1>

Exercise 3.30 Let X be a random vector mapping to a real vector space, and let v be a non-random vector. Show
that the variance of the coordinate of X with respect to u is the same as the variance of the coordinate of X + v
with respect to u.

Solution. The difference between (X + v,u) and (X,u) is (v,u) which is non-random. By Exercise 3.23, we
can conclude that they must therefore have the same variance.




Exercise 3.31 If X has expectation u, find the expectation of the centered version X — p.

Solution.

Exercise 3.32 Let M be a positive definite matrix. Based on Exercises 1.24 and 1.58, explain why the inverse of
the square root of M is the same as the square root of the inverse of M.

Solution. To find the square root of a positive semi-definite matrix, you replace the eigenvalues by their square
roots. To find the inverse of an invertible symmetric matrix, you replace the eigenvalues by their reciprocals. No
matter which order you do these two operations in, you end up with the same matrix:

1 T 1 T
where qi, ..., q, are eigenvectors of M with eigenvalues A1, ..., A,.

Exercise 3.33 Let Y have expectation p and covariance matrix C. Find the expectation and covariance of
CY2(Y — p).

Solution. The random vector Y — p has expectation zero, so based on Exercise 3.9, C~1/ 2(Y — p) has expec-
tation C~1/20 = 0. For the covariance, we apply the formula from Exercise 3.23 to get

cov [CTYV2(Y — p)] = C~V2c(Cc V3T
—_ C_1/2C1/2 Cl/Qc—l/Q

I I
=1

Exercise 3.34 If Y has expectation p and a positive definite covariance matrix C, find the expected squared
Mahalanobis distance from Y to its own distribution.

Solution. Let Z := C~Y2(Y — p) represent the standardized version of Y, and let (Zi,...,Z,) represent its
coordinates. Notice that the squared Mahalanobis distance from Y to its distribution is exactly the squared norm
of the standardized version.

E|CT?[Y — p]|* = E||Z))?
=REZ?+...+EZ?
=varZy+...+varZ,

S~ N——

1 1

=n

The expected squared Mahalanobis distance is the dimension of the vector space that Y inhabits.




Exercise 3.35 Let H be the orthogonal projection matrix onto a d-dimensional subspace S C R", and let Y be a
random vector with covariance matrix o?I. Show that

E|HY|* = do® + |[Hp|.

Solution. By comparison to Equation 3.1, all that remains is to verify that the trace of Ho?l is do?.
tr [Ho?l) = otr H
= do?

because according to Exercise 1.67 the trace of an orthogonal projection matrix equals the dimension of the subspace
that it projects onto.

Exercise 3.36 Let Xi,...,X, all have expectation gy, and let Y7,...,Y, all have expectation py. Suppose
cov(X;,Y;) equals ox y if i = j and zero otherwise. Find the expectation of

S (X, - X)(Y - F).

K2

Solution. Let Y := (Y7,...,Y,) and X := (Xq,...,X,,). The matrix

(X1 —px) Y1 —py) - (X —px)(Ya— py)
(X = px1)(Y — py1)" = : :
(Xn —px) Y1 —py) - (X —px)(Yo —py)
has expectation ox ylI.
Let J be the orthogonal projection matrix onto the span of {1}. We’ll use the same trace cyclic permutation trick
that was advantageous for evaluating expected quadratic forms.

EY (X, — X)(Y; - YV) =E(Y - Y1)"(X - X1)

(I=D)Y]'[(I-1)X]
(I = (Y = py DT [I = D)X~ pux1)]

—_ — —

=tr[([—J)E(X — px1)(Y — py1)7]

O'X’yH

= (n — l)O'X’y

Exercise 4.1 Suppose that Y7, ...,Y,, satisfy a location model
Y;; =+ €.

Show that the least-squares point (Theorem 2.1) is an unbiased estimator for a.

Solution. Remember that the least-squares point is simply the average of the response values. The expectation is

EY =E(1) V)
=1 EY;
R

= .



Exercise 4.2 Suppose that Y7,...,Y,, are uncorrelated and all have the same variance o2. What’s the variance of
the least-squares point?

Solution. The variance of a constant times a random variable equals the square of that constant times the variance

of the random variable (Exercise 3.23). Furthermore, the variance of a sum of uncorrelated random variables equals
the sum of the variances (Exercise 3.26).

varY = var(%ZYi)
i
= #ZvarYi
i g

Exercise 4.3 Let z1,...,2, € R be values of an explanatory variable, and suppose that the response variable
Y1,...,Y, satisfies a simple linear model

Yi=a+p(x; — )+ ¢.

Assuming z1,..., %, are all the same number, show that the coefficients & and /3’ in the least-squares line y =
& + B(x — T) are unbiased estimators for « and .

Solution. The least-squares line has & = Y, and its expectation is
EY =E(+) V)

=1 EY;

'y

! atB(wi—1)
a+pL Z(xl —I)

—_———
0

The other coefficient’s expectation is

(x—-21,Y -Y1)

B P
_ (x—71,EY —EY1)
[x — 21|
 (x—z1,[01 + B(x —71)] — al)
[x — 21|
o (x—71,x—121)
[x — z1]]?




Exercise 4.4 Suppose Yi,...,Y, are uncorrelated and all have the same variance 02; If 1,...,2, are values
of an explanatory variable, what’s the covariance matrix of the coefficients & and 3 in the least-squares line
y=a+px—12)?

. . ~ 2 . . . 7 .
Solution. The variance of @ works out to be Z-, exactly as in Exercise 4.2. The variance of b is

. Lix—z1,Y)
varb=var >———

0%
= Frcov(x—21)"Y
= - (x—21)To%I(x — 71)

2

= 2t Ix — z1|?
not
o2
 no

unless 02 = 0 in which case 3 = 0 has variance 0. These two variances are the diagonals of the covariance matrix.
The off-diagonals are equal to the covariance between a and b. It will be important to realize that the average of
the entries of EY is
LITEY = 11701 — B(x — 21)]

—a— Bz —2)

=a.
Thus Y — a can be rewritten as 217(Y —EY).

1 X—I
EY - a) (n< 021’Y>> —E- 1, 17(Y ~EY)Y” (x — 71)

252
n2oZ

LATE(Y -EY)YT)(x — #1)

n2o2

Exercise 4.5 Suppose that a response variable satisfies a simple linear model of an explanatory variable and that
it is predicted by the least-squares line. Which is larger: the sum of squared errors or the sum of squared residuals?
Base your answer on the definition of the least-squares line, and explain.

Solution. The sum of squared errors is the sum of squared differences between the response values and the true
line, while the sum of squared residuals is the sum of squared differences between the points and the least-squares
line. The least-squares line is, by definition, the one with the smallest possible sum of squared differences from the
points, so the sum of squared residuals can’t possibly be larger than the sum of squared errors.

Exercise 4.6 The variables picture provides us with a more specific answer to the question posed in Exercise 4.5.
Use the Pythagorean identity to quantify the difference between the sum of squared errors and the sum of squared
residuals.

Solution. The error vector forms the hypotenuse of a right triangle whose other sides are Y — EY and the residual
vector Y — Y. Invoking the Pythagorean identity,

lel* = 'Y = Y|* + Y ~EY|*.

The sum of squared errors is larger than the sum of squared residuals by H? —~EY|J2.



Exercise 4.7 Let (a:gl), e ,xgm)), R (x%l), . ,x%m)) € R™ be n observations of m explanatory variables, and
suppose that the response variable Y7y, ...,Y,, satisfies a multiple linear model

Y =a+Bi(z® —zW) 4+ 4 B (a™ — M) 4 ¢

Assuming the explanatory variables’ empirical covariance matrix X is full rank, show that the coefficients &, 31, ey Bm
in the least-squares hyperplane y = a+3; (™) —zM) 4. . . +8,, (™ —z(™)) are unbiased estimators for a, f1, . . . , Bum.

Solution. The least-squares hyperplane has & = Y, which can be expressed as
V=i v
=23 a4 Bi(al) = 2W) + . B (@™ — ) €]

LR R DGR L) FUNE- NS o L) S ) g

0 0
=a+ % Z €;-
i
Its expectation is

EY =a+1) Ee
N L~
v 0

=a.
The vector of empirical covariances of Y with x(*), ..., x(™) can be expressed as %XTY where X is the centered
version of the explanatory data matrix. Substituting this representation into the formula from Theorem 2.3,
EG =Ex1XTY
=2 'IXTEY
=27 11X"(a1 +XB)
=37(2 &? +aXX0)

b
=1y
= 16.
Exercise 4.8 Suppose Y71, ..., Y, are uncorrelated and all have the same variance 02. With (mgl), . ,xim)), ey (xg), e

]RAm as n_observations of m explanatory variables, what’s the variance of & and the covariance matrix of B8 =
(B, .., Pm) in the least-squares hyperplane y = & + By (™M) — M) 4 ... + B, (™) — 2(m))?

Solution. Remember that & = Y has the representation o + %ZZ €;. Its variance once again works out to be
%2. The covariance matrix of B is
covB =covX %XTY
= 271X (%) [8 7 LXT]T
= Ty (IXTX)n-
——
b3

2

= Z 3"

3|9

by Exercise 1.75.

L2y e



Exercise 4.9 Suppose Y1, ..., Y, are uncorrelated and all have the same variance 0. With (xgl), . ,xgm)), o M

R™ as n observations of m explanatory variables, show that & is uncorrelated with every Bl, . ,Bm in the least-
squares hyperplane.

Solution. Let X be the centered version of the explanatory data matrix, and let X;° be the jth row of the generalized
inverse of its empirical covariance matrix (as a column vector). Borrowing tricks from Exercise 4.4, the covariance

between & and Bj is

E(Y - a)((2;)7iXTY) = EL17(Y ~EY)Y X3,
14T TIv s —
= L1T[E(Y - EY)Y7IXY;

covY=c2l

o L1TX S

l —
n J

{

or
=0.

Exercise 4.10 Let x1,...,%x, € R™ be n observations of m explanatory variables, and suppose that the response
variable Y7,...,Y,, satisfies a linear model

Yi=m91(x:) + ... +7a94(x:) + €.

Assuming the columns of the design matrix are linearly independent, show that the coefficients 41,...,44 in the
least-squares linear fit y = 4191(x) + ... + J494(x) are unbiased estimators for v, ...,vq4.

Solution. Let M represent the design matrix

gi(x1) -+ ga(x1)

M := .
91(xn) -+ galxn)

The expectation of Y = M~ + € is M. Using the formula for the least-squares coefficients provided in Theorem
2.4,

E4 = E(MTM)'MTY
= M'M)"'MT EY
~~
M~y
= (MTM) " (M M)y

(We know that MM is invertible because the columns of M are assumed to be linearly independent — see Exercise
1.63.)

Tn’, ...

,zi™) e



Exercise 4.11 Suppose Y71,...,Y,, are uncorrelated and all have the same variance o2. With x;,...,x, € R™ asn
observations of m explanatory variables, what’s the covariance matrix of 4 = (41, ...,94) in the least-squares linear

fit y = 4191(x) + ... + Faga(x)?
Solution. The covariance matrix of 4 is
covd = cov(MTM)"M*Y
= (M"™M)"M" (¢’T)[(M"M)"M"]"
= o (MTM)~MTM(MT M)~
=o?(MTM)~

by Exercise 1.75.

Exercise 4.12 Assume the columns of M are linearly independent. Suppose Y = M~y + € where € is a random vector
with mean 0 and covariance o2I. Let 4 := (MTM)~!M?Y denote the least-squares estimator for the coefficients.
Suppose an alternative estimator 4 := LY is also unbiased for . Use the Gauss-Markov theorem to show that
E(& — ) TL(H — ) <E(F —4)TL(¥ — «) for every positive semi-definite matrix L.

Solution. First, consider the claim of the Gauss-Markov theorem: the variance of 47 v is no greater than the
variance of #7v. An alternative expression for the squared deviation of 47 v from its mean is

(37v —EATV) = (4Tv = "v)?

and likewise for 4. The expected squared deviation is the variance, so Gauss-Markov tells us that E(4 —~)TvvT (4 —
) is no greater than (¥ — v)Tvv (¥ —«) for every v.
With a spectral decomposition for L,

A -NTLE —v) = F—7"(Mara] +... + Xagaal) (¥ —7)
=M -N"adl =)+ A3 =) aaqy)(F — ).

Each eigenvalue is non-negative, so each term is no greater than the corresponding expression with 4 in place of

.




Exercise 4.13 Suppose Y = M~ + € with Ee = 0, and let 4 be coefficients of least-squares linear regression
estimators for the correctly specified model. If a new explanatory observation v,; is in the row space of M|
and Y41 = VTTL_H’y + €nt1 with Ee,11 = 0, show that the expectation of the predictor ?m-l = VZ_H’y equals the
expectation of Y11 regardless of whether or not M has full rank.

Solution. Let vi,, = w'M. The expectation of the new response value can be represented as the w linear
combination of the expectations of previous response values:
EYn1 = Vg—&-l'y
= wl M~y
=w'EY.

The predictor can be written as the same linear combination of the previous predicted values:

~

Yo = VZ+1'$’
=w M4
—w'Y.

Because Y is unbiased for EY, we have

EY,.1 = w'EY
=w/EY

which is the same expectation we found for EY,, ;.

Exercise 4.14 Let x = (x1,...,2,) and 2 = (z1, ..., z,) be explanatory variables such that x = az for some ¢ € R.
Assume Y = (Y3,...,Y,,) satisfy Y = byix + boz + € for some b1,bs € R and Ee = 0. Argue that the derived
parameter ¢ := ab; + by can be estimated.

Solution. The expectation of the response variable is

EY = b1X + b2Z
= b1 az + b2Z
= (ab1 + b2)Z
= cz.
Every possible value of a implies a different expectation for the response variable, so it can be estimated. In fact

<H:|"z2> is unbiased based on Exercise 4.10.

the orthogonal projection’s coefficient

Exercise 4.15 Suppose Y = M3 + € with cove = 021, and let Y be the orthogonal projection of Y onto C(M).
Find E||Y — Y2, the expected sum of squared residuals.

Solution. We'll let H be the orthogonal projection matrix onto M, and use Exercise 3.35 along with Exercises
1.67 and 1.68.
E[lY - Y|* = ||(I - H)el?
= tr [(I — H)o?T]
= 0%(n — rank M)




Exercise 4.16 Suppose the predictor i}n+1 is a function of Y7, ...,Y,, which are independent of Y,,; 1. Show that

E(Ypp1 — Yng1)? = var Y + E(Y,pq — EY,p)2

Solution.
E(Yps1 — Yni1)? = E[(Yigp1 — EYig1) — (Yops — EY,p)]?
=E(Yns1 — EYi1)? = 2E(Vo1 — EVi1) Yot — EYnpa) + E(Vayr — EVipr)?
=var Y1 — 2E(Ypy1 — EYy 1) E(Yyi1 — EYpy) + E(Yiq — EY,yq)?

0
=var Y1 + E(Ypi1 — EY,p1)?

Exercise 4.17 Suppose Y7,...,Y, are uncorrelated and all have the same variance o2. Let x1,...,%X, € R™ be
n observations of m explanatory variables, and assume their empirical covariance matrix ¥ has full rank. Let
,@ = (Bl, ceey Bm) be the coefficients of the explanatory variables in the least-squares hyperplane y = & + Bl (x(l) —
W) 4. 4 B (@™ — 2(™). Find E||8 — EB||? in terms of 62, n, and the eigenvalues of 3.

Solution. The “variance” of any random vector is the trace of its covariance matrix (Exercise 3.25).
E|| ~ EB|* = trcov 3
= Zgrn!
n
2
=D

where Ay, ..., A, are the eigenvalues of X.

Exercise 4.18 Based on Exercise 4.12, the Gauss-Markov theorem implies that the least-squares coefficient vector
has the smallest possible expected squared estimation error among all random vectors that are both linear func-
tions of the response and unbiased for its expectation. However, Equation 4.1 identified a < 1 such that a times
the least-squares coefficients of the explanatory variables has smaller expected squared estimation error than the
least-squares coefficient vector do; explain why this doesn’t contradict the Gauss-Markov theorem.

Solution. Let’s check the conditions of the Gauss-Markov theorem. It applies to linear functions of the response Y
that are unbiased for EY. Because ,8 is linear in Y, so is aﬂ However, it’s biased; its expectation is a3 # 3, so
Gauss-Markov doesn’t apply.

Exercise 5.1 Find the probability density function for a standard Normal random vector on R".

Solution. Let Z be an R"-valued standard Normal random vector. By independence, its pdf equals the prod-
uct of the individual pdfs of its coordinates (Z1, ..., Z,).

2
Z):H\/%?e ’L/2
7

( ; - ef(zf+...+zi)/2
271- n

—ll=l?/2

(2 )n/2 €



Exercise 5.2 For standard Normal random vectors Z, and Zs, suppose M;Z; and MsZs have the same covariance.
Show that they have the same distribution.

Solution. From Exercise 3.23, we calculate the covariances to be MyM? and MyMZ'.

Suppose M has the singular value decomposition USVY. Then the spectral decomposition of M;M? is USU?. By
the assumption that the covariances are equal, we see that MyMZ must also be equal to USU”. Thus, a singular
value decomposition of My has the same matrix U on the left and the same matrix of singular values; we’ll write
M, = USVTY.

We need to compare the distributions of USV? Z; and USVZ Z,. The entries of V¥'Z; are the coordinates of Z; with
respect to the orthonormal columns of V, so they’re iid standard Normal according to our discussion in Section 5.1.
Likewise, the entries of VIZ, are standard Normal, so we can conclude that the two random vectors in question
have the same distribution.

Exercise 5.3 Show that if X is a Normal random vector, then so is MX+v where M is a real matrix and v is a vector.

Solution. With p and C representing the expectation and covariance of X, the transformed random vector is

MX +v =M(CY2Z 4+ p) +v
= MC"*|Z + Mp + v]

with Z standard Normal. This fits the definition of a Normal random vector.

Exercise 5.4 Show that if X; and X, are Normal random vectors, then so is X; + Xs.

Solution. Let X1 ~ N(pq,Cq) and Xg ~ N(py,Cs). With standard Normal Z; and Zj, we can represent the
sum as

X1+ Xo = (C°Z1 + ) + (C3°Z + puy)

Z
~[e ][]+ o+

Zs
of Zs. We can’t assume that the entries of Z; are independent of the entries of Zs, so the stacked vector isn’t

We’re almost finished, but consider carefully the vector [Zl that has the entries of Z; stacked on top of the entries

. . . . . Z .
necessarily standard Normal. However, with C representing the covariance matrix of [Zl} and with Z a standard
2
. Z, . .
Normal random vector of the same size as 7.1 then we can rewrite the expression as
2

[Ci/Q Cé/z} CY2Z+ [y + po)

which fits the definition of a Normal random vector.




Exercise 5.5 If two random variables are multivariate Normal and are uncorrelated with each other, then they
are independent; one can verify that their joint density factors into a product of their marginal densities. However,
without multivariate Normality, uncorrelated doesn’t necessarily imply independent. Construct a pair of Normal
random variables that are uncorrelated but not independent.

Solution. Let Z ~ N(0,1). Independently of Z, let B take values —1 and 1 each with probability. Finally,
define Y := BZ. By inspecting the cdf of Y,

B=-1)P(Z > —t)
B=-1)P(Z > —t)
———
P(Z<t)
[P(B=1)+P(B=-1)]P(Z<t)

1

we see that it is also standard Normal as it has the same cdf as Z. If you learn that Z = z, you know that Y is
either z or —z, so Z and Y clearly aren’t independent. However, their correlation is

EZY =EZ(BZ)

— (EB)(EZ?)
0

=0.

Exercise 5.6 Find the expectation of W ~ x3.

Solution. W can be represented as the squared norm of a standard Normal random vector. Its expectation is
the same as the expected squared norm of any standardized random vector Z on R":
E|Z||> =E(Z] +...+ Z})
=RZ?+...+EZ}
=varZj + ...+ var Z
~—— S~~~

1 1
=k.

Exercise 5.7 If Y ~ N(u,C) is an R"-valued random vector, what’s the distribution of the squared Mahalanobis
distance of Y from its own distribution?

Solution. Allow for degenerate distributions by using the approach described at the end of Section 3.5. Let
Z := CY2(Y — p) ~ N(0,I) represent the standardized version in R™*€. The squared Mahalanobis distance
from Y to N(u,C) is
IC™21Y = p]|* = |CV2(CPZ + p) —
= |zZ|?

2
~ XrankC-




Exercise 5.8 Let Z be an R"-valued random vector with the standard Normal distribution, and let H be an
orthogonal projection matrix. Find the distribution of ||HZ||?.

Solution. Let uy,...,u, be an orthonormal basis with uy,..., Uankm spanning the space that H projects onto.
Because the orthogonal projection is
HZ = (Z,u1)uy + ...+ (Z, Uank i) Urank B
its squared length is the sum of its squared coordinates
IHZ||? = (Z,w1)* + ... + (Z, Wanin)>.

These coordinates are independent standard Normal random variables, according to the discussion in Section 5.1,
so their sum of squares has distribution x2,_, 4.

Exercise 5.9 Let € ~ N(0,02]). If H is an orthogonal projection matrix and u is a unit vector orthogonal to C(H),
find the distribution of

(€, u)

|He|| /v/rank H

Solution. First, we’ll divide the numerator and the denominator by o to connect this ratio to the standard Normal
random vector €/o.

(e,u) _ ((e/o),u)
|He|/vrankH  |[H(e/o)||/v/rank H

Let uy,...,u, be an orthonormal basis with uy, . .., Upank g spanning C(H) and uyankm+1 equal to u. The numerator
is simply the coordinate of €/ with respect to u, so it’s a standard Normal random variable. From Exercise 5.8,
|H(e/o)||?> ~ X2, Because the numerator and the denominator are functions of distinct coordinates, they’re
independent of each other, so the random variable has the t..nx g distribution.

Exercise 5.10 Let € ~ N(0,0%I). If H is an orthogonal projection matrix and u is a unit vector orthogonal to
C(H), and a € R, find the distribution of
a+ (e, u)

|He|| /vrank H

Solution. First, we’ll divide the numerator and the denominator by o.
at{ew)  ajo+((€/o)u)
|Hel||/vrankH  ||H(e/o)||/Vrank H

As in Exercise 5.9, the second term in the numerator is standard Normal, the denominator is x?2, | i divided by
its degrees of freedom, and the numerator and denominator are independent. By the definition of non-central
t-distributions, the ratio’s distribution is t;ankm,q /0

Exercise 5.11 Let T ~ t;. What’s the distribution of 727

Solution. From the definition of ¢, we can represent T using independent Z ~ N(0,1) and V ~ 3.

e (Z)
NG
Z2/1
V/k

Because Z2 ~ x?, this expression matches the definition of the f  distribution.




Exercise 5.12 Let € ~ N(0,02I), and let H; and Hy be orthogonal projection matrices onto two subspaces that
2

are orthogonal to each other. Find the distribution of W?e\lz/iranlwﬁh.

2€||? /rank Ha

Solution. We can divide both the numerator and the denominator by o2 to produce random variables whose
distributions we know from Exercise 5.8.

|H€||?/rank H;  ||H;(e/o)||? /rank H;

|Hsel|? /rank Hy o |H(e/0)]|? /rank Hy

The numerator is a Xfank m, ~distributed random variable divided by its degrees of freedom, while the denominator
isa X?a.nk p,-distributed random variable divided by its degrees of freedom. Because the subspaces are orthogonal,
we know that the two orthogonal projections are independent of each other, allowing us to conclude that the ratio
matches the definition of frankm,, rankHs,-

Exercise 5.13 Let € ~ N(0,02I), and let H; and Hy be orthogonal projection matrices onto two subspaces that
£ ||lv+H; €| /rank Hy

el rank ;O where v is a non-random vector.

are orthogonal to each other. Find the distribution o

Solution. Divide both the numerator and the denominator by 2.

|v + Hye|?/rank H; || 1v + Hi(e/o)||? /rank Hy

|Hoe||2/rankHy, — ||Ha(e/0)]|2/rank Hy

As in Exercise 5.12, the denominator is XfankHZ—distributed and is independent of the numerator. This time the
numerator is a non-central 2 random variable divided by its degrees of freedom with non-centrality parameter
|Lv]|? = ||v]|?/o?. Thus the ratio’s distribution matches the definition of frank, rank Ha,|jv|2/02-

Exercise 6.1 Let x; represent the explanatory value(s) of the ith observation. Consider modeling the response
variable by

Yi = fo(xi) + e
with €1,..., €, i N(0,02) and 6 € © indexing a set of possible functions. (Notice that this form is far more general
than the linear model with iid Normal errors.) Show that the maximum likelihood estimator for # is precisely the
parameter value that minimizes the sum of squared residuals.

Solution. The response values have distribution Y; ~ N(fg(x;),0?) and are independent of each other. Because of
independence, the overall likelihood L(6;Y) is the product of the individual observations’ likelihoods.

i 1 1 2
L0;Y) = e~ 7.7 Yi=fo(xs))
( ) 1;[1 V2mo?

n/2
( ! 2) 6720L2 Z?:1(Yi*fg(xi))2
2o

<

The parameter ¢ only appears in the sum of squared residuals Y ., (Y; — fo(x;))%. The smaller the sum of
squared residuals is, the larger the likelihood is, so the “least-squares parameter” is exactly the maximum likelihood
estimator. Notice that this equivalence doesn’t depend on the value of ¢ and that it holds even if o is unknown.




Exercise 6.2 Suppose Y = M~ + € with error vector € ~ N(0,0%I). If Y is the least-squares linear regression’s
prediction vector for design matrix M, what’s the distribution of |[Y — Y||?/02?

Solution. We saw in Chapter 4 that the least-squares residual vector Y — Y is the orthogonal projection of €
onto C'(M)* which has dimension n — rank M. The standardized version €/o is standard Normal, so according to
Exercise 5.8,

Y=Y = myefo)?

2
™~ Xn—rankM

g

where H represents the orthogonal projection matrix onto C(M).

Exercise 6.3 Let X € R"™ ™ be a centered explanatory data matrix with full rank. Assume
Y=a+ §~§ﬁ + €

with €1,..., ¢, N (0,0%). Write the standardized version of the least-squares slope Bj. What is its distribution?

Solution. The distribution of Bj is Normal because its a linear transformation of Y which is Normal. Its ex-

pectation equals the jth entry of IE,@ = 3, and its variance equals the jth diagonal of covﬁ = %2 -1

o? -
Bi ~ N (B, % i)
The standardized version is

BB N

Exercise 6.4 Let X € R™™ be a centered explanatory data matrix with full rank. Assume
Y=a+ X,@ +e€

with €1,...,¢€, o (0,0%). Devise a t-distributed random variable involving the least-squares slope Bj.

Solution. From Exercise 6.3, the standardized version is ﬁ;\/ﬁ% ~ N(0,1). Exercise 2.8 implies that B is a
VnV i

function of He, so the ratio trick allows us to substitute ¢ for o to derive

Bj — By y
5 — ~ln—-m-1-
vn'\l Ji




Exercise 6.5 Let X € R"™™ be a centered explanatory data matrix with full rank. Assume
Y=o+ §~§,8 + €

iid

with €1,...,€6, ~ N(0,0%). Devise a 95% confidence interval for 3;.
Solution. From Exercise 6.4, % ~tp—m—1, SO
vV i
P{ -7t 1(.975) < fj — le <7l (975) % = .95
v\ i

The event can be rewritten as

5 -1 & -1 5 -1 & -1

ﬂj - Tnfmfl(‘975)ﬁ i S Bj S 7 + Tnfmfl('975)ﬁ ij

which means that 3; + 7, ! (.975)%./ ;jl is a 95% confidence interval for f;.

—m—1

Exercise 6.6 Let X € R™*™ be a centered explanatory data matrix with full rank. Assume
Y=a+ X,@ +e€

with €1,..., €, d N(0,0?). Devise a test statistic 7 for the null hypothesis that 3; = 0.

Solution. From Exercise 6.4, f#ﬁll ~ tp—m—1. The assumption that 8; = 0 leads to the test statistic
vnV i
B
T = ——— J
& —1
vn\ i

~tp—m-1-

The significance probability is 27, _,—1(—|T}])-




Exercise 6.7 Section 6.3.7.2 described a test statistic (Equation 6.1) for the null hypothesis that all of the slopes
in a multiple linear model are 0. Is it the same as the test statistic prescribed by Equation 6.37

Solution. The null hypothesis is that EY is in the span of 1, so the general approach (Equation 6.3) uses the
test statistic

Y ~Y1|?/m
2~ Jmn—m-1,

while Section 6.3.7.2 derived the test statistic

nl| 2B /m

52 ~ fm,n—m—l-

Let’s analyze the factor in which they appear to differ. Recall that for multiple linear regression the least-squares
prediction vector can be expressed as

Y=Y1+X3
where X is the centered explanatory data matrix. Therefore,
IY - Y1|* = X8>
_ 4XTRB.
And in the other test statistic,

~ AT ~
nl| V28| =np B
1

n

- F%%5

XTX

so they turn out to be exactly the same.

Exercise 6.8 Let Y = al + X,B + € with X € R™™ representing a centered data matrix. If Y is the least-squares
prediction vector that comes from multiple linear regression, find the distribution of

1Y — V1?2

5—2

Solution. Based on the preceding discussion, the statistic in question has non-central f-distribution. Y is the
projection onto an (m + 1)-dimensional subspace, while Y'1 is the projection onto a I1-dimensional subspace. Thus
the numerator has m degrees of freedom, and the denominator has n—m —1 degrees of freedom. The non-centrality
parameter is

(a1 +XB) — (a)[*/0? = [|XB|1* /o,



