1 Some Substitution Samples

Here are some additional examples of solving differential equations by means of judicious’
substitutions.

A lot will depend on your familiarity with “usual” algebra: if you can recognize that a*b> +
3a’ch® + 3ac*b + ¢ = (ab + ¢)*, whatever a,b and c are, substituting the left-hand side by the
right-hand side does simplify things. Similarly, knowing that %(y(x) z(x)) = 1'(x) z(x) + y(x) 2’ (x)
will help simplifying:

Example 1:
Consider:
sin(3x) v/ (x) + 3 cos(3x) y(x) = x* . (1.1)
Seeing that the left-hand side is in fact %( sin(3x) y(x)), so Eq. (1.1) becomes
d, . A
a( sin(3x) y(x)) = x*, (1.2)

helps. Just multiply through by dx and integrate:
f d( sin(3x) y(x)) = | dxx*

sin(Bx) y(x) + C =1 = y(x) = (32" = C) csc(3x), (1.3)

1
5
or

y(x) = 1 x° cse(3x) — Cese(3x) , (1.4)
where it is evident that the first, C’-independent term is the particular solution, and the second,

C’-dependent term is the complementary solution. Of course, C is the integration constant.

Note that Eq. (1.1) could have been recast into another suggestive form if one divided through
by sin(3x):
y'(x) + 3 cot(3x) y(x) = x* csc(3x) . (1.1)
This now is of the form y’(x) + p(x) y(x) = g(x), with p(x) = 3 cot(3x) and g(x) = x* csc(3x); to this,
the solution (6) on p. 45 applies. But, don’t trust me; try it out yourself.

Example 2:
Consider now the differential equation:

2
~ \/3 + (x — y(x))
o x—y
The admittedly ugly expression on the right-hand side persistently has x — y(x) and—this is

crucial—y(x) occurs in no other way in this differential equation. This last fact ensures that we
may trade in y(x) for

(1.5)

y'(x)

z(x) = x—yx), or y(x) =x—z(x) . (1.6)

IThis is the key word: judicious! And, it’s you who has to get to a point of starting to see what is and what isn’t
judicious. Unfortunately, there is no recipe for this, except practice, practice, and then practice. . .
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From this, d
) = (r-2w) =1-2(), (17)
which we substitute in the left-hand side of (1.5), whereas (1.6) is substituted in the right-hand

side of same. This produces:

V3 + Z2(x)
z(x)
where I used the convention that z?(x) denotes the square of the function z(x). The differential
equation (1.8) now in fact separates:

V3 + Z2(x)

1-2'(x) = (1.8)

Z(x)=1- =) ,
dz  _ 1(.3 2\3/2) _
fl_—?)m—fdx = —g(z +(3+Z) )—X+C, (19)

where C is the constant of integration. Remembering the substitution (1.6), we now have:
x+C+ Y-y’ + G+ -y =0. (1.10)

This actually can be solved, either as y in terms of x or the other way around, but it is quite
hilariously complicated. For giggles, we get:

y-C VA+B 1 E

xi,i( ) = i i oy D - B - 7 (1.].1)
J 2 2 2 VA+B
where
A = (C+y—2)(C+y+2), B=(6(C+y)?*+8)",

D=2(C-yP+8Cy-1), E=2C+y((C+y?+12).

The explicit, closed-form solutions for y in terms of x are much, much more complicated expres-
sions. That’s why, not infrequently, we content ourselves with the implicit solution (1.10).
— %k —

Between these two (admittedly simple) examples provided to complement Example 1 on
pages 57-58, this idea of seeking out patterns that you know how to simplify and then doing so
should start sinking in. It is of course possible to iterate this, and keep simplifying until, after
several steps, the differential equation becomes something you know how to solve. ...or you
get stuck with a differential equation that cannot be solved by substitutions (alone).

Practice will help.



2 Partial Derivatives

For the benefit of the students who have not seen “partial derivatives” before, here’s a little
introduction?: WORK through it!

Consider a functional expression, f(x, y), involving two distinct variables, x and y, and where

2

the latter is regarded as a function of x. This is not at all outlandish; Let f(x, y(x)) = x° (y(x)) .
Then,

2

df  dx d (y()

dy()
- - = 2 3\ _ 2 2 3
1o = gy WP+ == = 32 (yw)’ + 2 (20— ),

where the first equality follows on applying the product rule, and the second uses the chain rule.

2.1)

Note that in the two parts of the calculation, we have temporarily treated x and y as if they
were independent variables. The first term in (2.1) was obtained by pretending that y(x) was in
fact independent of x; the second, by ignoring the x* factor, and considering the derivative of
only the y? factor.

This temporary independence is precisely the feature that is formalized by the notion of partial
derivatives. Let’s then define a partial derivative of f(x,y) by x to mean the derivative of f by x
while holding y constant—and the other way around, with x < y. To distinguish this notion of a
derivative from the “ordinary” one, we’ll write this as:

% d
fe ) =2 (y) a—f =32 (y)’ 8—j; =2y,  (22)
so that
df Jf Jdfdy dy
=3t Sy dx = (3 x? (y(x))2) + <x32 y(x))(a) . (2.3)

A more general use of partial derivatives (one that you have actually already used, but have
not called it so) is the use of the chain rule in a calculation such as:

dfaw,be) _ df da  of db
dx “dadx oJbdx’

such as in the example:

sin(x) d ir;(x))( cos3(x)) + (sinz(x))(3 cos?(x)

d sin® (x) cos® (x) ( )

B d cos(x))
dx

dx

also follows from (2.3), by identifying a(x) = sin(x) and b(x) = cos(x), so that we abbreviate
f(a,b) = a* b

(2.4)

= (2 a b3)<%) + (3 a? bZ)(%) ,  which fully agrees with (2.4), (2.5)

and where we used that
da? b® da? b3
oa db

?This is by no means a substitute for the relevant parts of the calculus I, II, IIl sequence, which will have
properly introduced the subject and with all the necessary rigor and precision!

3

=2ab®, and =2a*1*. (2.6)




For a scientist, perhaps, a reasonable way of thinking of partial derivatives is in trying to
evaluate the original question: how does a compound function vary:
d d
df(x, yx) = a—j:dx + a—]ycdy (2.7)
saying simply that the function f(x,y) changes (a) through its direct dependence on x—and
ignoring the dependence on y(x), and (b) through its dependence on y(x)—while ignoring the
direct dependence on x. Of course, we then note that dy = y’(x) dx, and obtain the standard

expression:
of of

dflxyw) = 5-dx + @y’(x) dx (2.8)

While you may not heave written this out in this particular way, you must have encountered this
notion before.

A few more examples should clarify the matter; the key point is that while calculating the
partial derivative of f by x, you ignore all other, implicit dependences of f on x through some other
function(s). Thus:

I ;). 1 02x-3y 1 ~ 1
ox ( 2 3y(x)) B ox 2 \2x =3y 2= \2x = 3y(x) '

24/2x =3y
J — _ 1 d(2x — 3y) _ 1 _ay = _;
J ( > 3y(x))—2 2x—-3y 9y 2 2x—3y( ) 2 2x—3y(x)’
9, 1-yx) _ 9, 1-y\_ox [1-y_ [1-yx
ox z(x)+3 ) ox z+3) dx Vz+3 \z(x)+3’
i(x 1—y(x))_g(x 1—1/)_ x dyl-y  «x 1 d1-y)
dy\" Nz +3 ) dy\"Nz+3) 233 dy  Vz+321-y 9y
__ X 1 (—y) = -x y(x)
Vz+3241-y V) +3)(1 - yw) '
d (sin(y(x))\ 2 (sin(y)\ . i 1 . 1 d cos(x)
dx ( cos(x) ) T ox (cos(x)) = sin(y) ox (cos(x)) Bl sm(y)( cos?(x) Jx )
. . sin(y(x)) sin(x)
= sin(y) (  cos?(x) ( B sm(x))) - cos?(x)

~cos(x) dy  cos(x)

=2y

i (sin(y(x))) _d (sin(y)) 1 dsin(y) _ cos(y(x))
dy \ cos(x) cos(x)

Got it?



3 Matrices, Determinants and Linear Systems

For the benefit of the students who have not seen “matrices” and “determinants” before, here’s
a little introduction®: WORK through it!

Matrices are rectangular lists or tables of numbers or functions, such as

13 -1 3 8
A:BZZ], B=|5 2|, C:B Zl D=|5 2 -7|. (3.1)
46 4 -6 9

Two matrices, A and B, can be multiplied if the number of columns of the left factor equals to
number of rows of the right factor. In that case, the multiplication goes as follows:

an A bir b (@111 + aboy +--+) (anbia +anbn +---)
a1 Ay by by | = [(anbu +anby +--+) (a2bi + axnbyn +---) (3.2)
So,
_[@1+35+54) (1-3+32+56)] [36 39
AB = (21+45+64) (23+42+66)| |46 50|’ (33)
AD — (1-(-1) +3-5+54) (13+32+5(=6)) (1-8+3(-7)+59)] [34 -21 32 (3.4
T@(-1) +45+64) (23+42+6(=6)) 28+4(-7)+69)| (42 -22 42|’
[(1-1+32) (1-3+34) (15+36)] [7 15 23
BA = [(51+22) (53+24) (55+26)|=|9 23 37/, (3.5)
(41+62) (43+64) (45+66) |16 36 56
(111+32) (13+34)] [7 15
BC = |(51+22) (53+24)|=|9 23], (3.6)
(41+62) 43+64)] [16 36
_[@1+32) (13+34) 15+36)] [7 15 23
CA= (21 +42) (23+44) (25+46)| [10 22 34|’ (37)
C[@1+32) 13+34)] [7 15]aef
cc= (21+42) (23+44)| |10 22| ~ c (38)
[(-1)1+35+84) ((-1)3+32+86)] [46 51
DB = [(5-1 4+ 2:5 + (=7)4) (53 +22+ (-7)6)|=|-13 -23|, (3.9)
(41 + (—6)5+94) (43+(-6)02+96)] |10 54
[(-1)1+35+84) (-1)3+32+86)] [48 -45 43
DD = |(5-1 + 25+ (=7)-4) (5:3+22+(-7)6)|=|-23 61 -37|. (3.10)
(41 +(—6)5+94) (43+(—6)2+96)] | 2 -54 155

3This is by no means a substitute for the relevant parts of linear algebra, which will have properly
introduced the subject and with all the necessary rigor and precision!
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Furthermore, the products not displayed above, A?, AC, B?, BD, CB, CD, DA and DC, do not
in fact exist.

It is useful to note the special matrices:

00 10
0=|0 0 -, and 1=(0 1T ---f, (3.11)
which satisfy the usual properties
1A=A=A1, and OA=0=A0, VA. (3.12)

Caution: the matrix-multiplication is not commutative: AB # BA, above. Also:

1 -2 -8 10 -3 -5
= = = |
E [_3 4] ,  then CE [_10 12] + EC [5 7] | (3.13)

Matrices also can square to O, without being equal to O:

2

1
03| =0. (3.14)
0

o O O
S W iN

That means, you can’t (necessarily) divide by matrices. There is, however, such a concept as an
inverse matrix. That is, some matrices have them, others don’t. Also, for non-square matrices, the
left-inverse and the right-inverse may be very different. For example, A above does not have a left

inverse:
There existsno [F, suchthat FA=1. (3.15)

But,

(3.16)

for arbitrary a, B! We’d say that A has no left-inverse, but has two parameters worth of right-
inverses.

The determinant of a square matrix is defined by the following recursive pair of definitions:

a1 a4
det = dq1dp — Aqpd71 , (317&)
a»n A4y

and expanding by the first row:

a1 a1z 413
a1 dzp a3 - azi dzp a3 - a1 apy azz - dp1 dzp Aaps -
det| %1 @285 = | = g4 - det| % @243 | —qgq,-det|® 283 | +gq5-det| B @203 | — ...

Zzz Z'zs 221 ‘1;.23 221 Zzz - .
:all.det[?z ” ]—alz-detl?1 ® +a13.det[?1 z ]_ (3.17b)
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Note the alternating signs in this “expansion by the first row” (so it ends when you run out of
elements in the first row). Notice also that the resulting determinants are all smaller. So, after
iterating this, you’ll end up with determinants of 2X2 matrices, for which you use (3.17a), and
you're done.

For example

1 2 3
det|4 5 6|=1-det > 6 —2-det 46 + 3-det 45
7 8 9 8 9 7 9 7 8

=1(59 — 6:8) — 2(4:9 — 6:7) + 3(4-8 — 5.7)

=1(-3)-2(-6)+3(-3) =-3+12-9=0, (3.18)
but
1 2 3
det|4 5 6|=1-det > 6 — 2-det 46 + 3-det 45
7 8 _9 8 -9 7 -9 7 8

= 1(5(=9) — 6-8) — 2(4(=9) — 6-7) + 3(4-8 — 5-7)
=1(-93) - 2(-78) +3(-3) = -3+ 12 -9 =54 (3.19)

In fact, for square matrices, the condition for an inverse matrix to exist is that its determinant

. [123 ) 12 3
should be nonzero. Therefore the matrix [% g 8] has no inverse, whereas [% g g] has:

12 3 % 5
G=[45 6|, then G'=| % -2 (3.20)

7 8 -9 ~1 1 _1

18 9 18

Indeed, check by explicit matrix multiplication that G'G =1=GG™.
OK, so what does this have to do with the price of beans in China?
I don’t know. But I know that it helps solving systems of algebraic equations. Suppose we
have the system of algebraic equations:
ax + by + cz=1,
dx + ey + fz=m, (3.21)
gx + hy + kz=n.
That’s three linear equations for three unknown variables, x, i, z, and depending on the twelve

coefficients: a,b,c,d,e, f, g, h,k and I, m,n. Using the above matrix notation, we can also rewrite
this as a matrix equation:

a b c|[x [
d e fllyl=|m]|. (3.22)
g h k||z n



abc
Moreover, if we can find the inverse matrix to the square matrix [d ¢ {], called the matrix of the
g

system (3.21), we can even solve the system (3.21):

x] [a b ][I
yl=1|4 e f| |m|. (3.23)
z g h k| |n

For example,

x+ 2y +3z=18, 1 2 31[x 18
4x + 5y + 6z=18, ie. 4 5 o||lyl=|18 (3.24)
7x + 8y — 9z=18. 7 8 -9]lz] |18
is solved by
x -3 I —-%1[18 -31+14-1 -18 x = —18,
yl=| ¥ -2 5||18|=|13-10+2|=| 18|, = y = 18, (3.25)
z| |[-& § -&][18 ~1+2-1 0 z = 0.
Now, look at the special case of (3.21), when ! =m =n = 0:
ax + by + cz=0, a b cllx
dx + ey + fz=0, ie. d e flly|=0. (3.26)
gx + hy + kz=0. g h kl|z
abc
If the square matrix [d ¢ {] has an inverse, then we obtain that
g
x| [a b c] [0 x=0,
yl=1d4 e f| |0 = y=0, (3.27)
z g h k| 10 z=0.

abc
So, the only hope for non-trivial x, y, z to solve the system (3.26) is for the matrix [d ¢ {] to have
g

no inverse, which can only happen if its determinant is zero.

A homogeneous system of 7 linear equations in 7 variables has a
non-trivial solution only if the determinant of the system vanishes.

Indeed:
x+ 2y +3z=0, 1 2 31[x 0
4x + 5y + 6z=0, ie. 4 5 6|lyl=|0 (3.28)
7x + 8y +9z=0. 7 8 9]z 0

is solved by y = —2x and z = x. That is, instead of a single solution such as (3.25), we now have
a 1-parameter family of solutions: (x,y,z) = (x, —2x, x), with x arbitrary and parametrizing the
continuum of solutions.



