Notes for Lecture 1 Tue, 8/18/2020

A crash course in linear algebra

: .. 1123
E lel. A | 2 .
xample typical 2 x 3 matrix is [ 15 6 }

? ] and row vectors like [ 1 2 3 ].

It is composed of column vectors like [
Matrices (and vectors) of the same dimensions can be added and multiplied by a scalar:
. 123 10 2 2 25 123 3 6 9
F°“"Stance’{4 5 6}4_[ 23 —1 }_[6 8 5}“3'[4 5 6 ]_{ 12 15 18]'

Remark. More generally, a vector space is an abstraction of a collection of objects that can be
added and scaled: numbers, lists of numbers (like the above row and column vectors), arrays of
numbers (like the above matrices), arrows, functions, polynomials, differential operators, solutions
to homogeneous linear differential equations, ...

Example 2. The transpose A” of A is obtained by interchanging roles of rows and columns.

T
For instance. | ! 2 31 =]25
4 5 6 3 6

Example 3. Matrices of appropriate dimensions can also be multiplied.

x
This is based on the multiplication [a b ¢ ]| y | =axz+by+ cz of row and column vectors.
z
1 0
. 1 -1 1 _[4 -3
For instance. {2 1 3}[ -1 1 }—[ - _5}
2 -2
In general, we can multiply a m X n matrix A with a n X r matrix B to get a m X r matrix AB.
i . . . . column
Its entry in row ¢ and column j is defined to be (AB);; = (row i of A) j
of B

Comment. One way to think about the multiplication Ax is that the resulting vector is a linear combination of
the columns of A with coefficients from @. Similarly, we can think of 2T A as a combination of the rows of A.

Some nice properties of matrix multiplication are:

e There is an n X n identity matrix I (all entries are zero except the diagonal ones which are 1). It satisfies
Al=Aand TA=A.

e The associative law A(BC') = (AB)C holds. Hence, we can write A BC' without ambiguity.

e The distributive laws including A(B+ C)=AB+ AC hold.
1 2 20
3 4 01

31 1 -1 10
ExampIeS.[2 1H2 3 }—{0 1]

On the RHS we have the identity matrix, usually denoted I or I3 (since it's the 2 X 2 identity matrix here).

, SO we have no commutative law.

20 1 2
Example 4. [0 IM?’ 4}7&

. . 31171 1 -1 1 —1171 3 1
Hence, the two matrices on the left are inverses of each other: [ 51 } :{ 5 3 }, [ 5 3 } :{ 51 }
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The inverse A~ of a matrix A is characterized by A='A=1 and AA~'=1.

Example 6. The following formula immediately gives us the inverse of a 2 x 2 matrix (if it exists).
It is worth remembering!

—1
a b 1 d —b
— rovided that ad —bc#0
[ c d] ad—bc[ —c a g ’
' 1 d —b a b | _ 1 ad—bc 0 _
Let's check that! adfbc|:fc B HC d]_adfbc[ o 7cb+adi|_12

In particular, a 2 X 2 matrix { i Z } is invertible <= ad — bc+£0.

Recall that this is the determinant: det([ Z Z D =ad —be.

| det(A)=0 <= A is not invertible

7371—2372:3. . 7T =2 Ty | 3 .

Example 7. The system 921 + 19 — 4 is equivalent to l 5 1 o | =] 4| Solve it.
2
7

-1
Solution. Multiplying (from the left!) by [ ; 712 } :i[ 712 3 } produces [ z; } :i[ j2 M Z } = [ ; ],

which gives the solution of the original equations.

11

The determinant of A, written as det(A) or |A|, is a number with the property that:

det(A) #0 <= A is invertible
<= Ax=0> has a (unique) solution x for all b
<= Axz =0 is only solved by =0

Example 8. det([ z Z D =ad — bc, which appeared in the formula for the inverse.
1 1 12 3
Example 9. (extra) [1 2 3| 2 [=[14 | whereas| 2 |[1 2 3]=| 2 4 6
3 3 369
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Notes for Lecture 2 Thu, 8/20/2020

Review: Examples of differential equations we can solve

Let's start with one of the simplest (and most fundamental) differential equation (DE). It is first-
order (only a first derivative) and linear (with constant coefficients).

Example 10. Solve y’ = 3y.

Solution. y(z)=Ce3®
Check. Indeed, if y(z) = Ce3?, then y/(z) =3Ce3* =3y(x).
Comment. Recall we can always easily check whether a function solves a differential equation. This means that

(although you might be unfamiliar with the techniques for solving) you can use computer algebra systems like
Sage to solve differential equations without trust issues.

To describe a unique solution, additional constraints need to be imposed.

Example 11. Solve the initial value problem (IVP) 3y’ =3y, y(0) =5.

Solution. This has the unique solution y(z) =5e37.

The following is a non-linear differential equation. In general, such equations are much more
complicated than linear ones. We can solve this particular one because it is separable.

Example 12. Solve 3’ = x>

Solution. This DE is separable: %dy =axdx. Integrating, we find ,é = éwQ +C.

Hence, y = 1 ___2
Y= r s Ty
sz2+C D—xz
[Here, D = —2C but that relationship doesn’'t matter; it only matters that the solution has a free parameter.]

Note. Note that we did not find the solution 3 =0 (lost when dividing by %?). It is called a singular solution
because it is not part of the general solution (the one-parameter family found above). [Although, we can obtain
it from the general solution by letting D — 00.]

Check. Compute 3’ and verify that the DE is indeed satisfied.

| Excursion: Euler’s identity

| Theorem 13. (Euler’s identity) ¢'® = cos(z) + i sin(z)

Proof. Observe that both sides are the (unique) solution to the IVP y’' =1y, y(0) =1.
[Check that by computing the derivatives and verifying the initial condition! As we did in class.] (I

On lots of T-shirts. In particular, with z = 7, we get ore™+1=0 (which connects the five

fundamental constants).
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Example 14. Where do trig identities like sin(2x) = 2cos(z)sin(z) or sin?(x) :1_%5(2@ (and

infinitely many others you have never heard of!) come from?
Short answer: they all come from the simple exponential law e*TY = e%e¥.
Let us illustrate this in the simple case ()% =¢e?®. Observe that

e = cos(2x) +isin(2x)
e'Te’ = [cos(x) +isin(x)]? = cos?(x) — sin?(z) + 2i cos(x)sin(z).

Comparing imaginary parts (the “stuff with an ¢"), we conclude that sin(2z) = 2cos(z)sin(z).
Likewise, comparing real parts, we read off cos(2z) = cos?(x) — sin?(x).
(Use cos?(z) +sin?(z) =1 to derive sin®(z) =1=22%) from the last equation.)
Challenge. Can you find a triple-angle trig identity for cos(3x) and sin(3z) using (e®)3 = €377
Or, use €'(*H¥) = ¢i%¢i¥ 1o derive cos(z + y) = cos(x)cos(y) — sin(x)sin(y) and sin(z + y) = ... (that’s what

we actually did in class).

Realize that the complex number ¢ = cos(6) +isin(f) corresponds to the point (cos(f),sin(6)).

These are precisely the points on the unit circle!

Recall that a point (z, y) can be represented using polar coordinates (r, 0), where r is the
distance to the origin and 6 is the angle with the z-axis.

Then, =17 cosf and y =r sinf.

Every complex number z can be written in polar form as z =re’, with r =|z|.

Why? By comparing with the usual polar coordinates (x =r cosf and y =r sinf), we can write

z=a+iy=rcosl +irsind =re'?.

In the final step, we used Euler's identity.

Review: Linear DEs

The most general first-order linear DE is v/ =a(x)y + f(x).
We will recall next time that we can always solve it.

The corresponding homogeneous linear DE is y' = a(z)y.
Important comment. Write D:di;. Then we can write y' — a(z)y = f(x) as Ly = f(x) where L= D — a(x).
The corresponding homogeneous DE is simply Ly =0.

More next time!
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Notes for Lecture 3 Tue, 8/25/2020

Review: Linear DEs

A linear DE of order 7 is of the form 4™ + p, _1(x) 4"~V + ..+ pi(x)y’ + po(z)y = f(x).

In terms of D:%, the DE becomes: Ly = f(z) with L=D"+p,, _1(z)D" '+ ... 4+ p1(z) D + po(x).

Comment. L is called a (linear) differential operator.
The inclusion of the f(z) term makes Ly = f(z) an inhomogeneous linear DE.
Ly =0 is the corresponding homogeneous DE.
o If y1 and y2 are solutions to the homogeneous DE, then so is any linear combination C1y1 + Caoyo.

o (general solution of the homogeneous DE) There are n solutions y1, y2, ..., Yn, such that every
solution is of the form C1y1 + ... + Cy, yn. [These n solutions necessarily are independent.]

To find the general solution of the inhomogeneous DE, we only need to find a single solution y,, (called
a particular solution). Then the general solution is y, + yp, where yj, is the general solution of the
homogeneous DE.

‘ Linear first-order DEs

The following DE is linear and first-order (but not with constant coefficients).

Example 15. Solve y’ = z2%y.

Solution. This DE is separable as well: édy =2 dx (note that we just lost the solution y =0).

Integrating gives In|y| =

1 L2 3
1234+ C, so that |y| =e3” ¢

1.3 1 .3
3 . Since the RHS is never zero, y = +eCe3” = De3”

(with D =+e%). Note that D = 0 corresponds to the singular solution y = 0.

1.3
In summary, the general solution is y = De3" (with D any real number).
Check. Compute 3’ and verify that the DE is indeed satisfied.

As in the previous example, we can immediately solve any homogeneous linear first-order DE:

Example 16. Solve ' =a(x)y.

Solution. Proceeding as in the previous example, we find y(z) = Dela@)de,
Check. Compute 3’ and verify that the DE is indeed satisfied.

Recall that, to find the general solution of the inhomogeneous DE vy’ = a(x)y + f(x), we only
need to find a particular solution y,,.

Then the general solution is y;, + yp, where yy, is the general solution of the homogeneous DE y’ = a(z)y.

Theorem 17. (variation of constants) y'=a(z)y + f(z) has the particular solution

o) = yn(2) / %d

where y,(2) = e/ “®9 is any solution to the homogeneous equation y’ = a(x)y.
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Praof. y(z) = 94 (¢) [ L dat @) [ Lo = a@imnta) [ L dot f@) = a@y+ 1) O

yn() yn(z

f(=z)
yp(@)

f(z)

Comment. Note that the formula for y,(z) gives the general solution if we let / dm be the general

antiderivative. (Think about the effect of the constant of integration!)

Recall. The formula for y,(x) can be found using variation of constants (sometimes called variation of para-
meters): that is, we look for solutions of the form y(x) =c(z)yp(x).

If we plug y(z) = c(z)yn(x) into the DE, we find c'yp, + cyj, = acyn + f. Since yj, = ayp, this simplifies to

c’yp, = f or, equivalently, o =1 Hence, ¢(z)= [ f(=) dx, which is the formula in the theorem.
Yh yn(z)

Example 18. Solve 2%y’ =1—xy + 2, y(1)=3.
Solution. Write as %:a(x)y—l— f(z) with a(z) = —% and f(x) :$+%

Ja(@)dz _ o —Inz :%. (Why can we write In z instead of In|z|?!) Hence:

yp(x)zyh(a:)/fh(( __/( +2)d 1H$+29€+C

In(z) +2x+1

x

yn(z)=e

Using y(1) =3, we find C'=1. In summary, the solution is y =

Comment. Observe how the general solution (with parameter C') is indeed obtained from any particular solution

(say, M—Jrh) plus the general solution to the homogeneous equation, which is —.
xT xT

\ Homogeneous linear DEs with constant coefficients

Example 19. Find the general solution to y” — 3’ — 2y =0.

Solution. We recall from Differential Equations | that e”* solves this DE for the right choice of r.
Plugging e"® into the DE, we get 72" — re”® — 2e"% = (.
Equivalently, 72— —2=0. This is called the characteristic equation. lts solutions are r =2, —1.
This means we found the two solutions 1 = 2%, yo =e~ 7.

Since this a homogeneous linear DE, the general solution is y = C1e?? + Coe 7.

Next time. A useful way to look at these kinds of differential equations through differential operators.
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Notes for Lecture 4 Thu, 8/27/2020

\ Homogeneous linear DEs with constant coefficients

Example 20. Find the general solution to y” — 3’ — 2y =0.

Solution. (again) We recall from Differential Equations | that e"® solves this DE for the right choice of 7.
Plugging e”® into the DE, we get r2e™ — re”® — 2¢"% = (.
Equivalently, 72 —r —2=0. This is called the characteristic equation. Its solutions are r =2, —1.

This means we found the two solutions y; = e, ya=e *.

Since this a homogeneous linear DE, the general solution is y = C1e%% 4 Che 7.

Solution. (operators) v’/ — y’ — 2y =0 is equivalent to (D? — D —2)y =0.

Note that D? — D —2= (D —2)(D + 1) is the characteristic polynomial.

It follows that we get solutions to (D —2)(D 4+ 1)y =0 from (D —2)y =0 and (D + 1)y =0.

(D —2)y =0 is solved by y; = €%, and (D + 1)y =0 is solved by y2 =e~7; as in the previous solution.

Example 21. Solve y"" — 3y’ — 2y =0 with initial conditions y(0) =4, y/(0) =5.
Solution. From the previous example, we know that y(z) = C1e2* 4+ Cae ™.
To match the initial conditions, we need to solve C1 + Cy =4, 2C1 — Cy=5. We find C; =3, Cy=1.

Hence the solution is y(x) = 3e2% 4 e~ 2.

Set D = di Every homogeneous linear DE with constant coefficients can be written as

= .

p(D)y =0, where p(D) is a polynomial in D, called the characteristic polynomial.

For instance. y" —y’ — 2y =0 is equivalent to Ly =0 with L =D — D — 2.

Example 22. Find the general solution of 4"+ 7y + 14y’ + 8y =0.

Solution. This DE is of the form p(D) y = 0 with characteristic polynomial p(D) = D3+ 7D? 4+ 14D + 8.
The characteristic polynomial factors as p(D)= (D + 1)(D +2)(D +4).

Hence, we found the solutions 31 = e ™%, yo = e~ 2%, y3 =e~**. That's enough (independent!) solutions for a

third-order DE. The general solution therefore is y(z) = C1 e~ %+ Coe 2% + C3e 4%,

Example 23. Find the general solution of 3" + v =0.

Solution. The characteristic equation is 72+ 1 =0 which has no solutions over the reals.
Over the complex numbers, by definition, the roots are ¢ and —i.

So the general solution is y(z) = C1 e'® + Cye ™%,

Solution. On the other hand, we easily check that y; = cos(z) and y =sin(z) are two solutions.

Hence, the general solution can also be written as y(z) = D1 cos(x) + Dasin(z).

Important comment. That we have these two different representations is a consequence of Euler’s identity
e’ = cos(x) + i sin(x).

Note that e ~** = cos(z) — i sin(z).

On the other hand, cos(z) = %(e" + e %) and sin(x) :%(em —e7i?),

[Recall that the first formula is an instance of Re(z) = %(z + Z) and the second of Im(z) :i(z —Zz).]
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Example 24. Find the general solution of 3"/ — 4y’ + 13y =0.
Solution. The characteristic polynomial p(D) = D? — 4D + 13 has roots 2 + 3i,2 — 3i.
Hence, the general solution is y(z) = C1e?*cos(3x) + C2e?*sin(3x).

Note. e(?130)% — ¢22¢3i — 27 (co5(3x) + 4 sin(3x))

This approach applies to any homogeneous linear DE with constant coefficients!

One issue is that roots might be repeated. In that case, we are currently missing solutions. The following result
provides the missing solutions.

Theorem 25. Consider the homogeneous linear DE with constant coefficients p(D)y =0.

e If ris a root of the characteristic polynomial and if & is its multiplicity, then & (inde-
pendent) solutions of the DE are given by z7¢"* for j=0,1,...,k — 1.

e Combining these solutions for all roots, gives the general solution.

This is because the order of the DE equals the degree of p(D), and a polynomial of degree n has (counting
with multiplicity) exactly n (possibly complex) roots.

In the complex case. Likewise, if = a & b7 are roots of the characteristic polynomial and if k is its multiplicity,
then 2k (independent) solutions of the DE are given by x7e®*cos(bx) and z’/e**sin(bx) for j=0,1, ...,k — 1.

Proof. Let r be a root of the characteristic polynomial of multiplicity k. Then p(D) = q(D) (D —r)*.
We need to find k solutions to the simpler DE (D — r)*y = 0.
It is natural to look for solutions of the form y=c(x)e"™".
[We know that c¢(z) =1 provides a solution. Note that this is the same idea as for variation of constants.]
Note that (D —r)[c(z)e"*] = (¢'(x)e"® + c(z)re"™®) —re(x)e™ =c/(z)e"™.
Repeating, we get (D — r)%[c(z)e"™®] = (D — r)[c/(z)e"™] = ¢"(x)e"™ and, eventually, (D — 7)*[c(x)e"™] =
B (z)er®,
In particular, (D —r)*y =0 is solved by y = c(z)e"® if and only if ¢*)(z) =0.
The DE c(k)(w) =0 is clearly solved by 27 for =0, 1,...,k — 1, and it follows that z:7e"? solves the original DE. O

Example 26. Find the general solution of 3"/ =0.

Solution. We know from Calculus that the general solution is y(x) = C7 + Co z + C3 2.

Sqution._ The characteristic polynomial p(D) = D3 has roots 0, 0, 0. By Theorem 25, we have the solutions
y(x) =27 e’ =17 for j=0,1,2, so that the general solution is y(z) = C7 + Cyx + C3 x>

Example 27. Find the general solution of y"' — 3y’ + 2y =0.
Solution. The characteristic polynomial p(D)= D3 —3D +2= (D —1)?(D +2) has roots 1,1, —2.
By Theorem 25, the general solution is y(x) = (C + Cax)e® + Coe 2%,

\ Inhomogeneous linear DEs with constant coefficients

Example 28. Find the general solution of y” + 4y =12x. Hint: 3z is a solution.

Solution. Here, p(D) = D?+4. We already know one solution v, = 3z.
The homogeneous DE p(D)y = 0 has solutions y1 = cos(2x) and y2 = sin(2x). [Make sure this is clear!]
Therefore, the general solution to the original DE is yp, + C1 y1 + Coya = 3z + Cicos(2x) + Casin(2z).

Next time. How to find the particular solution y,, = 3x ourselves.
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