Homework 5 Solutions MATH-GA.2111-001 Linear Algebra

1. Let X be the linear space of lower tirangular matrixes. Show that the space of symmetric
matrices S is (isomorphic to) the dual space X’ of X.

Answer: It is possible to show that all finite dimensional vector spaces of the same dimension
n are isomorphic through showing they are all isomorphic to R™. To apply it to this problem
we may construct a basis {E; ;} for X (e.g. (Ej )k = 0x,i01;) and then note that {E; ; —|—EZTJ}
is a basis for S, and so they have the same dimension. I will not pursue this approach because
the hint indicates that we are looking for an explicit, natural isomorphism between S and X'.

We claim that this isomorphism is the map [ : S — X', where [4(E) = tr[AE]. Clearly 14
is linear for any A € S by the linearity of the trace (so [y € X' VA € S), and [ is a linear
map by the linearity of the trace. We also know that dim S = dim X = dim X', so [ is an
isomorphism if and only if it is one-to-one.

To see this, we note that if we let E;; € X be as defined above, then [4(E; ;) = A;j, so
if A,A" € S are such that [4 = L4/, then A4;; = A . for every j < i. By the fact that A
and A’ are symmetric, we have that A = A’, thus [ 1s one-to-one, and so we have found our
isomorphism.

Note: This is the natural isomorphism in this situation because it is defined through the
usual inner product defined on matrix spaces (4, B) = tr[ATB] =", ;AijBij

2. Show that the equation [A, B] = I has no solutions A, B, in the space of n x n matrices.

Answer: We know that tr[AB] = tr[BA], thus the trace of any commutator must be zero:
tr[A, B] = tr[AB] — tr[BA]| = 0. Since tr[I] = n # 0, we have that there are no A and B such
that [A, B] = I.

3. How many multiplications does it take to evauate det A by using Guassian elimination to
bring it into upper triangular form? How many multiplications does it take to evaluate det A
by the formula

det A = E DP)ap, 1 Appn?
PESH

Answer: At each step of Guassian elimination, we must perform one multiplication for every
entry that is modified. At the ith step, we must modify n — i rows and n — 7 + 1 entries in
each of these rows, so the number of multiplications to perform the Gaussian elimination is

n—1 n—1
1
Z;(n—i)(n—i+1):z;zz+1 Zz +i== n—l) n(2n = 1)+ 5(n —1)n
1= 1=
1 1 1 1 5, 1
:fn?’—an—i-ﬁ—i-—nQ—ﬁ:fnj—fn.

3 2 6 2 2 3 3

Once the matrix is in upper triangular form, it takes n - 1 multiplications to compute the
determinant, so the total number of multiplications is - . %” -

Computing det A through the Leibniz formula requires n multiplications (or n — 1 depending
on how you do it) for each term in the sum. Since we are summing over all permutations of
n numbers, and we know that there are n! distinct permutations of n elements, we have that
this method requires n(n!) multiplications, which is much larger than the above approach.

Page 1 of 6



Homework 5 Solutions MATH-GA.2111-001 Linear Algebra

4. Show that the n X n matrix

o 1 .- 1
1 0 1 1
A=
1 ... 1 0

has a complete set of eigenvectors. What are it’s eigenvalues? Compute det A.

Answer: To find the eigenvalues of A, we must compute

Ao =1 - -1

-1 X -1 -1
det(A — A) = det

1 .. —1 A

Using the formula we derived on the last assignment for this kind of determinant gives that
det(AM — A) = (A + 1)" Y\ — (n — 1)). This formula tells us a few things. First, we clearly
have that if A = 0, then det A = (—1)"det(—A) = (=1)""*(n — 1).

Next, we see that det(A] — A) = 0 if A = —1 or n — 1, so the eigenvalues of —1 and n — 1.
The fact that n — 1 is an eigenvalue tells us that it has at least one eigenvector, and that
eigenvector will be linearly independent from the eigenvectors of eigenvalue —1. Since the
multiplicity of the root is 1, we also know that there can only be one eigenvector of eigenvalue
n — 1.

For A = —1, we see that

-1 ... =1
M—-A=|: I
-1 .. =1

is a matrix with all rows being the same, so rank(—I — A) = 1. The rank nullity theorem then
tells us that null(—7 — A) = n — 1, so there exists a set of n — 1 linearly independent vectors
v, ...Up, such that Av; = —v; for j = 2,...n. Since, these will be linearly independent from
v1, we have that {vy,...,v,} will be a basis of eigenvectors.

Note: At this point we have completely answered the question. Sometimes all we need to
is that there exists a basis of eigenvectors (this will tell us that our matrix is similar to a
diagonal matrix, which tells us a lot about A). While it is possible to find an explicit basis of
eigenvectors, it can be quite tedious, making the above approach more favorable in the (fairly
common) case that we don’t actually need the eigenvectors.

For illustrative purposes, I shall compute the eigenvectors here. For A = n— 1, we are looking
for vectors such that

n-1 -1 - -1
-1 n-1 -1 -1

-1 . -1 n-1

Writing this another way;, Zi# z; = (n — 1)z for j = 1,...,n. This is clearly satisfied by
taking z; = c for all j, for some constant c. Since we know that there is only one linearly
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independent eigenvector for this eigenvalue, we have that that these are the only solution to

this equation and we may take vy = (1,...,1)7 is our eigenvector.
For A = —1. We are looking for vectors such that
-1 -1 )
: =0.
—1 -1 Tp

=z1+---+x,=0.
The set of vectors in this hyperplane is n — 1-dimensional. A convenient basis is

1

1 1
N :

vo=1| 0 [,u3= o |,andv, = | |,
: : 0
0 0 -1

though there are many other choice of bases.

5. A Cauchy matrix is a matrix with entries

Q5 = )
—Yj

where x and y are vectors with now shared elements and no repeated elements. Show that,
if z,y € R™, then

T T (i — ) (y; — i) |

det A = o =
| Hj:l(xi — ¥i)

Answer: As with most of these kinds of problems, there are two main ways to do this, a
polynomial-based approach, or a Guassian elimination-based approach.

Polynomial-based: Let

n n
P(z1,...,TniY1,- - Yn) = HH —y;)det A

1=1j5=1
[o(@i-y) o (e—y;)
z1—y1 T1—Yn
= det : : , by multilinearity
H}‘:l(wn—yj) L H;'L:1(In—yj)
Tn—Y1 Tn—Yn
[Lai—y) o ILza(z —y)
= det : :
Hj;él(xn —y) Hj;én(‘rn )
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Written in this form, we can see that P is a polynomial of {x;} and {y;}. The Leibniz
formula tells us that it will be a polynomial of degree at most n(n — 1). We see that P must
zero if x; = x; or y; = y;, because then A has two equal rows/columns, which will imply
that det A = 0. Thus P = Q(z1,...,&n;¥1, .-+, Yn) [[=o H;;ll(xl — xj)(yi — y;), for some
polynomial Q). Counting degrees tells us that @ is a constant.

To find the value of the constant () we may plug in a specific choice of x and y. One nice
choice is z; = % + it and y; = —% +jt. Then A;; = m As t — oo, A will approach the
identity, and so det A — 1. Plugging these values into our formula for P tells us that

lim Hz 11_[] 1z —y;)det A
t=00 15y T2 (20 — 25) (i — v5)
~ lim ITi- 1HJ 1(1+(2_J))
t=oo 0 QHJ 1 — 5)22
_ Huq( ) gn?=n
= IT- QH_] 1(@—3)215" o
I IT (G-
H] 21_[] 1(1—3)

2

= (-

Q=

If we now isolate det A from P, we have that

(D" I T @ =) =) T [T — a0 — w)

det A = n n - n n
| Hj:1(95i —Y5) | Hj:1(95i )
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Guassian elimination-based:

—_— .« .. 1
r1—Y1 T1—Yn
det A = det :
1 ... 1
Tn—Y1 Tn—Yn
1 &=y .. 1Ty
n T1—Y2 T1=Yn
=11 det : :
T —
i1 i 1 To=yi .. ZTayi
Tn—Y2 ITn—Yn
co—cC1 Cn—C1
1 Y2—y1 - Yn—Y1
n T1—Y2 T1—Yn
=11 det D :
T —
=1 Ti T U 1 v wmew
Tn—Y2 Tn—Yn
1 1 1
n n Tr1—Y2 T1—Yn
T T - e
1=1 Ti = ]22 1 1 . 1
Tn—Y2 Tn—Yn
1 L .. L
T1—Y2 T1—Yn
n n _ __T1=%n ., __ T1—x2
1 ol 0 ) 2=y (w1=5m)
I T —wae " |
i—1 Ut U1 j=2 . e o
_ __Ti=%n ., ____ X1=Tn
=T 0 ($n_y2)($1_2-12) (xn_yn)($1_yn)
c2(z1—y2) en(21=Yn)
n n n n 0 1 L 1
rz/(xz_l) T2—Y2 T2—Yn
=115 =, -l -]l - -
Tq — xr1 — :
TZ/(xn_l) O Tn—Y2 o Tn—Yn
1 .. 1
n T2—Y2 r2—Y
[[i—a(y1 — yj)(z; — 1) _ o
Hi:l(xi - yl)(@"l - y]) 1 1
Tn—Y2 ITn—Yn

inductively applying the same argument gives

_ = T152 (s — ) (y; — wi)
B H;L:1($i ) .

6. Consider the n x n matrix

a/l a2 PEEEEY an

Gp ap -+ Gp-1
A=

a2 a3 PEEEEY al

Show that the eigenvalues of A are the form

Apt1 = a1+ +apwp L 0<k<n—1,
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where wy, = e2mik/n

Answer: We note that wy’ = e2™k =1, so

-1
a az - Qn W0 01W2‘+“'+'anwg
an a1 - ape1 k arwp, + -+ + apwy 0 -
- . = (a1wy + -+ apwy )
n—1 : n—1

w _ _ w
ay az - ai k a1w21+'--+anwz”2 k
Thus v, = (1,... ,w};_l) is an eigenvector with eigenvalue A\g11 = ajwp + -+ + anwz_l for
every k. These are all of the eigenvalues because we have found n eigenvectors. If ay,...,a,
are all different, then the eigenvalues will all be distinct, and so the the eigenvectors will be
linearly independent. Since the eigenvectors are independent of ai,...,a,, we have found n

linearly independent eigenvectors, and so have all of the eigenvalues, even in the case that A
is degenerate.

We may also show that the eigenvectors are linearly independent explicitly by taking the dot
product of any pair of eigenvectors

" k-1
(g, vp) = Z 2
j=1

If k # [, then we are summing n distinct nth roots of unity, which gives zero. (There is a
very nice geometric proof of this fact that you can look up if you have not seen it already.)
Thus if we assemble the eigenvectors into a matrix

1 1

U= S
n—1 n—1
wy wyy

we have that U*U = nl. Thus det U # 0, and so the eigenvectors are linearly independent.
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