Homework 8 Solutions MATH-GA.2111-001 Linear Algebra

1. Let (-,-) be a complex inner product on a linear space X and ||z| = /(x,z). Show the
following results.

(a) |z, 9)| < l=llllyll, Vz,y € X.
Answer: Let t € C, by the definition of || - ||, we know that
0< |z +ty|* = (z +ty, o +ty) = (2,2) + {(z,y) + t(z,y) + [t (y,)
= |l2l® + 2R(z, y) + [t |yl
If we suppose that y # 0, and let t = — (=, y)/||y||?, then we have
20 ( I/ yl® < =l + |G ) Plyl/ Iyl

= (@ 9)l/yll* < [l
= (I, )I* < ll=]Pllyll*.

Noting that y = 0 implies that both sides are 0, we have proved the Cauchy-Schwarz
inequality for all =,y € X.

(b) [l +yll < llzll + llyll, Vz,y € X.
Answer: For any x,y € X we have that
[z +yl? = (z +y,z +y) = 2] + 2R(z,y) + |yl
applying the Cauchy-Schwarz inequality
Iz +ylI* < ll2[* + 2[(z, v)| + [yl* < l2l® + 2llz [yl + lyl* < Azl + yl)?.
Taking square roots gives the desired result.

2. Let X be the space of polynomials on the interval [—1, 1] with real coefficients and of degree
< n. We define the inner product

1
)= [ ple)ate)dn, pgeX.
For 1 =0,1,2,... define the polynomial of degree [

1 d o,

_ l
= oqiga @ Y

Fi(z)

te P/s are called Legendre polynomials. Set

ale) =\ 252 Re).

(a) Show that ¢;, { =0,...,n is an orthonormal basis for X.

Answer: Letting g;(z) = (22 — 1)}, we have that

Dg(z) =1(2* — 1) 12z
= (2% = 1)Dgi(z) = 2lzg,
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Taking [ + 1 derivatives of both sides gives
(2 —1)D"*2g 4+ 22(1+1)D" g, + (I + 1) D'g; = 20xD' g, + 21(1 + 1) D'y,
= (2> - 1)D*q +2xDg = 1(I +1)q
= (@2 = 1)g))’ = (I + Dar (1)
Multiplying (1) by g and subtracting the equivalent expression with [ and k swapped
gives
[+ Dagr — k(k + Dagr = ((2* = g)'ax — (2 = V)gi)
1+ 1) = k(k + D] agr, = (2% = Dgjar)’ — (2° = Vgt — ((2° = Dgpar)’ + (2* — Daa,
= ((952 - 1)(@2% - qzqé))/
Integrating from x = —1 to 1, we have that
Ll+1) = k(k+ )] (g, qx) = /11 ((2® = 1)(djar, — @igp)) dz = (a* — 1)(qjqr — qzqz)\i:,l =0,
thus if [ # k, we have that (¢, qx) = 0.
To finish our proof, we compute

1
() = [ (D'(a = D) (Da® = 1)
_ Cl2 |:(Dl+1(x2 . 1)l)(Dl(I2 . 1)[)‘1 o /I(Dl+1(x2 . 1)l)(Dl71(l,2 . 1)l)dﬂj

1 )

1

c? [0—0+---+(—1)l/_

Noting that (22 — 1) is a polynomial of degree 2I, we have that D% (2% — 1) = (20)!.
This gives that

(D% (2? — 1)) (2? - 1)%[4
1

(20)! 20 +1

1
(@, @) = 221(“)22/1(1 - x2)ldx

et 241 2 ,
— /ﬂ/2(1 — sin?(9))! cos(6)db

| /2
@) 2l+1/ cos? 1 (0)a0

22l(l!)2 2 —7/2
@) 2a+1 . 2t 4|2 /”/2 o, a1
=" — —21 0 6do
202 2 sin f cos™ g —7r/2( ) sin“ 6§ cos
2)! 2041 /7r/2 201 P
=——"=—2110 6db — 6de | .
221(“)2 5 + i cos e cos

Letting I; = f/ 2 cos2tl(g df, we have shown that
w/2

I, = 20, 4 — 21,
P B o T
Tl T Ty 1 —1 3

o (2npn /7f/2 222
== I cosbdf = oy >

= I

Iy
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Plugging this in, we find that

(@) = @)l 20+1 22?2 0 20+1 2
W =@z 2 @+ 0”2 2+1

Thus {¢;} forms an orthonormal system. Since there are n of them, they form a basis
for X.

(b) Write the Legendre polynomials { P;} in the standard basis.

Answer: Direct computation gives that

l
P(x) = D'(z?* — 1)1 _ Dlz <Ii) $2172k(_1)k
11/2]
= Z (_l)k <]i> (21 —2k)--- (I — 2k + 1)$l—2k

Eor() (%)

(c) Show that {¢;} is the orthonormal basis for polynomials of degree with complex coeffi-
cients and inner product on [—1,1]

1
(p,q) = / p(x)q(x)dz.

-1

Answer: Since the g;’s have real coefficients, the result (g, qx) = ;1 still holds. As we
have n vectors, we still have that {¢;} form an orthonormal basis.

3. Let T),(x) = cos(narccosz), n = 0,1,... be the Chebyshev polynomials defined on [—1, 1].

(a) Show that the T},’s are polynomials.

Answer: Note that

T+1(z) = cos((n + 1) arccos x) = cos(n arccos x + arccos x)

= cos(arccos z) cos(n arccos x) — sin(arccos x) sin(n arccos )

= 2T, (z) — sin(arccos x)(sin((n — 1) arccos z) cos(arccos x)
+ cos((n — 1) arccos x) sin(arccos x)

= 2T, () — sin?(arccos x) cos((n — 1) arccos )
— sin(arccos z) cos(arccos x) sin((n — 1) arccos x)

= 2Ty (x) — Th,—1(x) 4 cos(arccos z)(cos(arccos x) cos((n — 1) arccos x)
— sin(arccos z) sin((n — 1) arccos z))

= 2T, (x) — Th—1(x) + x cos((n — 1) arccos x)

= 22T, (x) — Tp—1(x).

Noting that Tp(xz) = 1 and T (z) = z, this recursion relation gives that the Chebyshev
polynomials are indeed polynomials.
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(b) Let X be the space of real polynomials of degree < N on (—1, 1) with inner products

1 xT
(p,q) = /_11?(3?)(1(35)\/17-

2
=T, >0
Let t, = \{; no . Show that tg,...,%, is an orthonormal basis for X.
ﬁTD n=2~0

Answer: First note that

! x /2 —sin
(T, T)n) :/ Tn(x)Tm(w)di / cos(nb) cos(m@)ﬂ

1 V1—22 - —r/2 sin 6
w/2
= % / cos((m — n)@) + cos((m + n)o)do.
—7/2

If n # m, we have that the inner product is

(Tanm) -5

2 =0.

1 {sin((m —n)0) N sin((m + n)e)} /2

m-—-n m-+n —

If n =m > 0, we have that

1 [7/? T
(T, Ty) —2/ﬂ/2d0+0— )

= (tn,tn) = 1.

Finally, if n = m = 0, we have that

w/2
(to, to) = 1/ do="—1.
™

T J—n/2

Combining these results and noting that dimX = N + 1 = [{t,}}_,|, we have that
{t,})_, is an orthonormal basis for X.

4. Let (X, (+,-)) be a real inner product space with an induced norm ||z|| = /(z, z).

(a) Show that if || - || arises from an inner product, then the parallelogram law holds:

2|z + 2llyll* = Il + ylI* + ll= -yl

Answer: We proceed by direct computation:

lz+ylP+lz—y|>=(@+y.2+y)+ (@ —y,z—y)
= (z,2) +2(z,y) + (y,y) + (z,2) — 2(z,y) + (y,y) = 2||z|* + 2||y||*.

(b) Conversely, show that if the parallelogram law holds for (X, || - ||), then

lz + ylI* — [l — yl”

(l’,y) = 4
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is an inner product on X and ||z|| = /(z, x).

_ llz+yl>~llz—yl?
1

Answer: First note that (z,y) = (y,z), so (-,-) is symmetric.

To show that (-, ) is linear, note that, since the parallelogram law holds for || - ||, we have
lz+y + 2|
1 2 o1, 1 2 97 1 2 1 2
=gllz+y+ 2" +llz —y+ 2T+ Slllz +y+ 27+ lly 2+ 217 = Slla —y + 2" = Slly — 2 + 2|
1 1
=z + 20+ lyl* + lly + 211" + l2l* = S le =y + 21 = Slly -2 + 2]
Similarly,
lz +y — =

1 1
=l —2* + llyl* + lly = 2" + Nl = Slle —y = 27 = Slly — = — 2]

2
1 1
=l = 2* + llyl* + lly = 21" + lall* = Sy + 2 =2 = Sz + 2 = yl?

Subtracting these expressions gives that

lz+y+z)*—llz+y— 2> =llz+z2|*— |z — 2> + [ly + 21> — [ly — 2|
lz+y+z|?—llz+y—=z> lz+z)?—lz—z2*  lly+=z>—ly—=|?
= 1 = 1 + 1

= (z+y,2) = (z,2) + (y,2),

so () is linear.

To show that (-,-) is homogeneous, we start by noting that for any n € Z, we have

(nz,y) = ((n — Dz,y) + (z,y) = (n — 2)z,y) + 2(z,y) = - = n(z,y).
Also
(Be0) = (Go0)
= (:Lfcy) = %(m,y)
= (Zay) = @),

so (Az,y) = A(z,y) for all A € QT.
Also note that

(l’ - .f,y) = (.’E,y) + (_‘T;ay)

0+yl|2 =0 —yl?
= Wy 0290 oy 4 ()

= 0= (CC,y) + (_xay)
= (_337y) = _(xvy)a

so (Ax,y) = A(z,y) for all A € Q. Noting that (-,-) is a difference between continuous
functions, so we may take limits to show homogeneity over all real numbers.
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Finally note that

I22]% — JoJ?
() = = =

so (+,-) induces the desired norm. This also shows that (z,z) > 0 for all x # 0 and if
(z,z) =0, then ||z|| =0, so x = 0.

For X = R", set
HfIJHm = m?X‘miL x:(wl,...,xn).

Show that || - ||, is a norm on X, which does not arise from an inner product on X.

Answer: Note |||, > 0 for all z € X. If ||z||,, = 0, then we have that x; = 0 for all ¢,
soxz = 0.

Also
lo]lm = max aw;| = max|af|zi| = [of max|a;| = |all|z]|n.
Finally note that

2+ ylln = maoe o+ ] < max o] + ] < mae |+ mace ;| = el + 1y

because the absolute value satisfies the triangle inequality. Thus || - ||, satisfies all of the
requirements of a norm.

To show that || - || does not arise from an inner product, we show that it does not obey
the parallelogram law.

Let x = (1,0,...,0) and y = (0,1,0,...,0). Then

[2llm = yllm = [l + yllm = 2 = yllm =1
= llz +yllm +llz = ylhn =1+1=2# 4 =2|z|7, + 2]yl

50 || - ||m does not obey the parallelogram law, which by a), means it does not come from
an inner product.

Let X be the linear space of continuous functions on [0, 1] and set

1
1l = /0 1 (8)dt.

Show that || f]|;1 is a norm on X, which does not come from an inner product.

Answer: For any || f|l;1 = fol |f(t)|dt > 0. Also, if ||f||;r = 0, then we know that
f = 0 almost everywhere. Since we only working with continuous functions, we have
that f = 0.

We also compute

1 1
lef 21 :/0 IOéf(t)!dt:IOél/0 [F(®)ldt = |afl[ f]l -
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Finally we note that

1 1
1f + 9l :/0 |£(t) + g(t)|dt S/O IF@1+ lg@®)ldt < | f I+ llgllr,

since the absolute value satisfies the inner product.

Thus || - || ;1 satisfies the definition of a norm on X. It is good to note that in both ¢) and
d), the hardest part of checking that we had a norm was proving the triangle inequality.
Homogeneity and non-negativity could be checked directly, but proving the triangle
inequality required knowing that some other function satisfied the triangle inequality.
While the proof of the triangle inequality is sometimes done differently, it is generally
true that it is the hardest part of checking that something is a norm.

To show that ||-||z1 is not induced by any inner product, let f(¢) = ¢ and g(t) = 2. Then

£ = [ it = 5 gl = [ 2ae=2.
0 0

Also, since |f(t) + g(t)| = f(t) + g(t) and |g(t) — f(¢t)| = g(t) — f(t), we have that

17+ gl = 1flles + gl = 2.l = Fllx = lglles = 171z = 5.
Thus
17+ gli3s + g — £ = 5 # 2 = 2071 +
0 || - |1 does not obey the parallelogram law, so cannot come from an inner product.
5. Let (X, -||) be a finite dimensional normed vector space as in problem 4, dim X = n < oo.

For [ € X!, the dual space of X, define

12l = sup [i(z)].

[l=f|<1

(a) Show that ||| is a norm on X".

Answer: Tt is clear that ||l|| > 0 for all [ € X'. If ||I|| = 0, then I(z) = 0 for all z € X,
sol =0x.
We also see that

ladll = sup [(ad)(z)| = [a| sup [I(z)] = |af[lZ]-
llzll<1 llzll<1

Finally, if 11,15 € X', then

1+ b2l = sup [lh(z) +l2(x)] < sup |li(z)|+ sup |la(z)] = [[La]l + [[l2]].
]| <1 [lz]|<1 ll=l|<1

So [|1]| is indeed a norm on X'.
(b) Show that there is a basis x1,..., 2, for X and a basis ly,...,[,. For X’ such that
o |zi]|=1,i=1,...,n.

o L|=1,i=1,...,n
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® lz(xj) = (51'7]', 1 S i,j S n.

Answer: Let {y;} be a basis for X. Define z; = y;/||yi|| for i = 1,...,n, then {z;} is a
normalized basis for X.

Define a multi-linear functional H, which satisfies
H(z1,...,2n) =0, if z; = z; for any i # j
and
H(zy,...,zy) = 1.

We note that if we map all vectors to their coordinate vectors under the basis {x;}, then
H is mapped to the determinant on R”.

For any j, we will define
Li(z) =H(x1,...,2j—1,2,Tj41,- -, Tp)-

We see that 1j(x;) = d; ;.
Using the fact that the determinant can be interpreted as the signed volume of a hyper-
parallelepiped formed by the involved vectors, we have that

(@) = [H (@1, xjon, s wn)| el - llagallllz gl - el = [l
so ||l;]] < 1. Also noting that ||l;(x;)|| = 1 = ||z}, we have equality ||/;]| = 1.

6. Let (X, ||-]|) be a normed linear space and let A be a linear mapping from X to X. In analogy
to the above norm, set

|A]l = sup [[Az].
<1

(a) Show that || Al is a norm on £(X).

Answer: Clearly ||A]| < 0 for all A. If ||A]| = 0, then ||Az| = 0 for all x € X, and so
Az =0forall x € X, and so A = 0x).

We also see that

laAll = sup [Jadz]| = |a| sup [[Az] = |af[|Al|.
el <1 el <1

We also have that for any A, B € meL(X),

A+ B[ = sup [[(A+B)z| < sup (|Az||+ [[Bz[]) < sup [|Az||+ sup ||Bz| = [lA] +[|Bl,
[lz]|<1 [[=]I<1 [lz]|<1 [Jz]|<1

so ||A]l is a norm on L£(X).

(b) Let (X, || -]|) be a finite dimensional inner product space, dim X = n < co and Y be a
subspace of X. Show that there is a projection Py of X onto Y such that ||Py| < n.

Answer: Let {x;} be a normalized basis for X, where x1,...,z; € Y and the rest are
not.
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Let {l;} be the corresponding dual basis described in 5b). Then we shall define

k
Py(x) =) lLi(z)z;
=1
We see that
k k
)= (Z lz‘(w)l’i> zj= Y L@@z =Y lij(@)z; = Py(x),
7=1 =1 1<4,5<k 7j=1

so Py is indeed a projection. The definition of {z;} gives that it is a projection onto Y.
Finally, for any x € X we have

k
1Py (@)l < D Ilts()ail| = Z i)l < Z 2]l < Z ]l = Kl < nll]],
i=1

so || Py || < n, as desired.

7. Find the adjoint of the differential operator

L)) = 2 ()

in the space of smooth periodic function on (0, 27) with the inner product

21
(f,9) = ; f(x)g(z)(2 + sinz)dz.

Answer: We proceed by direct calculation. let f, g be smooth periodic functions on (0, 27).
Then

2T
(L(f),9) = /0 Z‘i( )g(z)(2 + sinzx)dx

2T
= f(z)g(z)(2 + sinz) 8’7 — ; f(x)%[g(:c)@ + sinz)|dz

2 d
= —/ fx) [dg(2 +sinx) + g(x) cos x} dz, since f, g, and sin are periodic.
0 X

(f, (2 +sinz) + g(x )cos:v)
Thus the adjoint of L is

L'(g)(x) = %(2 +sinx) + g(x) cos .
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