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Chapter 1 (Introductory)

Notes on the text

An example differential identity

The suggested differential identity can be obtained as follows. We first recall the identity

dy dx
2. 1
dx dy (1)

Then taking the y derivative of this expression and using the product rule gives

4 (dy)do  dyde
dy \dz ) dy = dxdy®

__dx d

= Qs on the first term we get

Py (d\' dydr
dz? \ dy dx dy?

Now taking the x derivative of this expression gives four terms

By (dx\® Py d | [(dz\?| Pydz dy d [Pz
— =] +S—1l=) |+5555+ |55 ) =0
dz3 \ dy dz?dz |\ dy dz? dy? = dxdx \ dy?

If we consider the second term on the left-hand-side we get

Py a [(a\T] _ iy (ar) vy
dz?dx |\ dy C Tde? \dy ) dy?dx’

Using Equation 1 this becomes

Using %

d*y d*x
dx? dy?’
and we finally get after combining terms

3 2 2, 72 3 2
o (dy\® | gdydw  dy (de)\™_
dy3 \ dx dz? dy?  dx® \ dy

which is the quoted expression.

Notes on classification of differential equations

To classify the differential equation given by

3/2
dx T dx?”



we need to make sure it is polynomial in all of the differential coefficients. We can do this
by by squaring both sides to remove the square root and we get

3
e ()L g (Y
dx 7\ da?
Since the highest differential coefficient is the one corresponding to d22, this equation is

second order and since it is “squared” in the above expression the degree of this equation is
two.

Notes on the Genesis of an Ordinary Differential Equation

When the constraint on z and y is given by the following constraint

f(xayaclac%"')cn):o' (2)

We can derive an ordinary differential equation that is satisfied for every possible settings of
the coefficients ¢; as follows. We taking the first x derivative of this expression to get
af  of ,

%jLB_y =0. (3)

A z derivatives of this equation using the chain rule gives

an 82f / an / 82f 12 af "o
Ox? + ayaxy + 8x8yy + 8y2y + 8_yy =0,

or combining terms we have
82f / 82f 12 af "

02 f
Ox? * 8x8yy * 8y2y * 0yy 0 4)

We would continue taking = derivatives until we had evaluated n derivatives. Then using all
n + 1 equations (the n derivatives) plus the original constraint f(z,y,c1,co, -+ ,c,) = 0 we
can eliminate the coefficients ¢; and obtain an expression of the form

F("L‘ayaylay,la"' 7y(N)) =0.

In some cases the primitive Equation 2 is reducible and while it looks like there may be n
coefficients requiring n derivatives in the ordinary differential equation in the case when the
primitive is reducible this is not true. For example the primitive

y* — (a+b)y +abz® =0,

can be factored as

(y —az)(y —bx) =0.

Thus the original primitive is really two primitives y — ax = 0 or y — bz = 0. For each
primitive we have a constraint function f like f(z,y,¢) = y — cx and thus Equation 3 is
—c+y =0orsince c =¥ Thus ' —a =0 or y = a = ¥ is the differential equation for y

(note is is of first order).



Notes on the Differential Equation for Confocal Conics

As an example of obtaining the differential equation from a primitive consider the equation

2 2

v y
~1.
@IA T EA (5)

We assume that a and b are fixed (given say) and that A is a parameter used to index or
specify solutions y = y(z) and we wish to derive the differential equation for y(x). Since
there is only one parameter we expect the differential equation to be of first order. Taking
the x derivative of the primitive gives

/

2x n 2yy _
a’?+ X b+ A

0.

_1
b2+

1 _ (4 y? i
a2+ N YRS

R S SR SR
B2+ N a?+ M) y?’

Next we solve for a% and in the primitive Equation 5 to get

+A

First put ﬁ in the derivative of the primitive as
2l v ) 2
2 B+ P+ '
or ) /
1y 1w
x x4+ 24+ '
or
Ay
=— Yy,
x x
or
b4+ X =9y* — zyy (6)
when we solve for b2 + \. Next put ﬁ into the derived primitive to get
x vy’ x?
= 11— =0
a2+)\+y2{ a2+)\}
or 2 / !
(x_ﬂf_yy/) L _w_
)+ P y’
or 2 2,
Y Y Y

Subtracting Equation 7 from Equation 6 to eliminate \ gives

2,/



multiply this expression by ¥’ to get
wyy” + (= + B —a’)y + 2y —wy = 0.

or
zyy'” + (2 —y? —a®+ )y —ay=0.

Which is an equation of the first order (and second degree).

Notes on the Formation of Partial Differential Equations

The first derivative of f (1, xe, -, Tm; 2;¢1,Co, - -+, ¢,) = 0 with respect to the independent
variable z,. is given by

of n of 0z

or, 0z 0x,

Taking the x derivative of the above assuming x, # x, and using the chain rule gives

0.

0 f N 0 f 6z+ 0 f 6z+82f 0z 6z+g 0%z B
0r,0r, 020x, Ors Or,0z0r, 022 \0x,) 0r, 0z 0r,0r,

Notes on the Partial Differential Equations of the most general sphere

Consider the primitive for the most general sphere
(x—a)’+ -0+ (2 -0 =17, (8)

where we consider z a function of x and y. Then taking the x and y derivatives and recalling
the following derivative shorthands

p= ©
¢ = g—y (10)
r = % (11)
2
° = aiazy (12)
;= 27 (13)
we have
(x—a)+(z—c)p = 0 (14



Taking the x derivative of Equation 14 gives

0z dp
14+ — —c)=—=0
or
1+p°+(z—c)r=0. (16)
Taking the y derivative of Equation 14 one gets
0z op
1+ — —c)=— =0.
+ ayp +(z—c¢) o
or
pg+(z—c)s=0. (17)
Taking the y derivative of Equation 15 one gets
0z dq
14+ — —c)—=0.
+ By +(z—c¢) a
or
14+¢*+(z—c)t=0. (18)

Solving for z — ¢ in Equations 16, 17, and 18 and let the common expression be A and we

find

14 pg 144
st
is the differential equation for z. Solving for r, s, and ¢ in terms of A gives

7’—1+p2 3—@ and t—1+q2
N oA N
so the expression \?(rt — s?) is given by
1+p°)(1+¢%) p’¢
A2 DY

Thus if z is to be real valued then we must have rt — s> > 0 or

A

)

N (rt — s*) = \? ( =1+p*+¢>0.

rt > s? ,
true.
Notes on a property of Jacobians
In part of this proof we assume that ¢(uy,us,---,u,) = 0 holds while all determinants of
a higher order p + 1 or greater vanish. Take the 1,29, -, x, derivatives of this functional
relationship using the chain rule to get
0 0p 0 0¢ 0 0p 0
¢ _ 000w  0p0ur . 090w _,
Ory Oui0x;  Oug 01y Ou,, 014
0 0p 0 0¢ 0 0p 0
¢ _ 000w  0p0ur 090w _,
Ory  Oup0xy  Oug Oxo Ou,, 0z
0 0¢ 0 dp 0 dp 0
¢ _0¢0u 09 Oup +_¢ﬂ20’

Oz,  Ouydz, Ouy Oz, o Ou,, Oz,



or as a matrix expression this is

dup  dug . Oup ¢
oxr1 ox1 ox1 Ous
dup  Quy . Ouwp aa%l
8$2 8$2 8$2 8_11,2 — O
Qui  Qua ., Oup §—¢
Oxzp  Oxp Oxyp Up

Since we assume that % # 0 for all i (otherwise ¢ is identically the zero function) we must
have the determinant of the matrix of leading coefficients zero, which is in contrast to the
hypothesis that the determinant is nonzero.

Notes on partial differential equations through elimination of a function

This section presents a method for deriving a partial differential equation for a function z
if we assume that each function wu; is implicitly a function of all the independent variables

x1,T9, -+ ,x, and the dependent variable z, and a constraint (primitive) on the set of w;. If
we think of each u; with z replaced by its expression in terms of z(xq,xo, -+ ,z,) we have
U/i('rla L2y, Tn, Z) = U/i(xlv'r?a Ty Ty, Z(.Tl,.TQ, e 73:11)) .

Then given the constraint
F(u17u27”' 7un) :07

we can use the same logic as in the previous section to obtain that

Dyuy Dyuy -+ Dyuy,
Dnul DnUZ U Dnun

Viewing each function u; above as composed of two terms, one that depend on z, directly
and one that depends on x, thought z we can write the partial derivatives D,us needed in

the above determinant as
Ou, n Ous 0z

ox, 0z Oz,

Taking the transpose of the determinant expression and using the previous derivative identity
we find

Drus -

Ouy | 0wy 0z Qw4 0w Oz Ow | Ouy Oz
oz 0z Oz Ox2 0z Oxa Ozn 0z Oxn
Ouy | Oug 0z Oupy y Oup 0z Oup | Oup Oz
Oz 0z O0x1  Oxa 0z Ox2 Oxn 0z Oxn | __ 0
Qun | Qun Dz Oun | Quy Dz ... Oun | Oun Dz
o1 + 0z Ox1 0x2 + 0z Ox2 OTn + 0z Oxn

This later expression gives the partial differential equation desired.



The partial differential equation of a surface of revolution

For a surface of revolution we start with the constraint F(z, 2 + 3*) = 0 and we can derive
a partial differential equation for z by considering this to be in the form of F'(uy,us), where
u; = z and uy = 22 + y? and z; = z and x5, = y. In that case Equation 19 gives

D1U1 Dgul _ % g—; -0
Diuz  Daug 2 2y '
or when we simplify
0z 0z 0
— —x— =0.
Y ou dy

Notes on Euler’s theorem on homogeneous functions

We can apply the results form the previous section to derive the differential equation satisfied
by a function z that his homogeneous of degree n. In that case the function z = ¢(x, y) must
satisfy

2= ola,y) =2 (1)

zx"—zﬁ(g) =0.

X

or

Which is of the form F'(uy,us) = 0 if we take u; = za™, ug = ¢ (%) and ' = u; — uy. With
x1 = x and xo = y we apply the results from above to get

n—1 —n 0z —n 0z

Z+x

D1U1 Dgul _ —nT— Bz dy | — 0.
Dyugy Dous — L 2q/
or when we simplify this
0z 0z
T—+y— =nz. 20
o Vg, (20)
As an extension to this, if a function is homogeneous of degree n in the variables x1, zo, - - ,

it satisfies the following partial differential equation

Notes on the formulation of a total differential equation of three variables

We start with the constraint on z, y, and z given by ¢(z,y, z) = ¢ which represents a surface
in three dimensions. We then increment z, y, and z slightly such that we remain on the
given surface. Since ¢ = ¢ at both the point (z,y, z) and (z + dz,y + dy, z + §z) when we



subtract ¢ at both these points we get 0. In addition, Taylor’s theorem on this difference
Oz + 0z, y + 9y, 2z + 02) — ¢(z,y, z) for infinitesimal steps gives

99 ¢ ¢
—dx d =0. 21
9 g, (21)
In the case where each of these derivatives is related to a scale factor u as
99 99 o¢
o M g, pQ, 5, — M

then Equation 21 becomes
Pdz + Qdy + Rdz = 0.

Consider the analogous relationship for two variables as (x,y). In this case ¢(z,y) =y —
f(x) = ¢, and the needed partial derivatives for Equation 21 are

0
_(b:_f/(x)v a_y:

So Equation 21 becomes

which is a standard way of writing the differential of y — f(x).
As an example, of these manipulations lets find the total derivative of the primitive

(z+2)y+2) _
(z+y)

The needed partial derivatives are

99 _y+z (@+z)y+2)  (y+2)(y—2)

oxr x4y (x +y)? (x +y)?
06 st: twts (-2
dy wty  (v+yP (vt
dp y+z+r+z x+y+2z

9z T4y x4y

When we put these into Equation 21 and cancel (z + y)? we get
(y+2)(y — 2)dz + (z + 2)(x — 2)dy + (v +y + 22)(z + y)dz =0,

the same expression as in the book.

Notes on the solutions of an ordinary differential equation

In this section the book makes the statement 7It must not, however, be concluded that no
solution exists which is not a mere particular case of the general solution”. What I take this



to mean is that even after one has the general solution to the differential equation of order n
i.e. a solution that depends on n arbitrary constants there is still the chance that a solution
exists that is not constructable from this general solution. That is, there may still be work
to do in looking for solutions to the given equation. These additional solutions are called
singular solutions. As an example of this consider the constraint (primitive)

A+ 2cy+a*—2*=0, (22)
then the derived equation holding ¢ as a constant is given by

2cdy — 2xdx =0 or cdy —xdr =0.

dz

Thusc:xd
y

. Before we use this information we add and subtract y? to Equation 22 as

EF2ey+ 1yt —yP —a*+a* =0,
or
(c+y)?—y*—2°+a>=0.

dy

7. into this form of the primitive we get

dx 2
(x—+y) —y? =2’ +a*=0.
dy

When we put in c =z

or
dx
ar (0?4 2 — g2
Sy =P = ),
or
xdr + ydy = £(3 + 22 — a®)Y2dy,
or

[y + 2% — a®)V? — y|dy — xdz =0 (23)

which is the equation quoted in the book if we take the positive sign. Now lets turn the
situation around, consider the situation where we are given the differential equation specified
by Equation 23 and are asked about its solutions. Since in this case we know the differential
equation originated from the primitive Equation 22 we might conclude that we have all the
solutions and remark that y(x) given via Equation 22 namely

y(r) = 5 (7 —a? = &) (24)

2c ’

represents all of the solutions. To show that we are in fact missing a singular solution consider
varying z, y, and ¢ simultaneously in Equation 22. We then get

2cde + 2ydce + 2cdy — 2xdx = 0.

or
(c+y)dc+ cdy — xdr =0,
the quoted expression. When we eliminate ¢ using ¢ = xj—z we get

(xd—x+y) dc+xd—xdy—xdx =0.
dy dy



Using Equation 23 to solve for xj—z we have xj—; =4 (y? + 22 - a2)1/2 — vy, which when we
put this into the above we get
(£(y? +2° — a®)'P)de + (£(y* + 2% — a®)? — y)dy — xdz = 0, (25)

1/2

the last two terms are zero since (+(y* + 2% — a?)/? — y)dy — zdx = 0, by Equation 23 so

we end with
(£ + 2% — a®>)YHdc = 0.

This can be made true if there exists a function y(z) that satisfies y* + 2% = a?, or
y(x) =£va? —a2. (26)

Notice that an expression y(z) that satisfies y> + 2? = a® is not a member of the general
solution Equation 24. However by considering the function y(z) that satisfies y? + 2% = a?
by putting it into the differential Equation 23 or (&(y? + 2> — a®)'/? — 4)dy — xdx = 0 we
have

—ydy — xdr =0,

which is the first differential of 2% + y? = a?.

Main Point: It can sometimes be hard to see the forest from the trees which is why it can
be good to recap what we are trying to show. The point of this section is that when given a
differential equation we would like to solve (in this case Equation 23) we may work hard and
find a general solution (in this case Equation 24). Even though we have a general solution
we cannot then conclude that we have all solutions. Certain solutions not obtainable from
the general solution (in this case Equation 26) may still exist.

Exercises
Exercise 1 (from primitives to differential equations)

Note we will work the first few of these problems in some detail and then automate this
procedure for additional problems using Mathematica. Once the general idea has been
understood there seems no reason to perform the tedious calculations by hand.

Part (i): Consider the primitive f defined as
f(z,y; A,B)=y — Ax™ — Bx" = 0. (27)

Then to eliminate the two constants A and B we will need to take two derivatives of this
expression and then use all three expressions (the primitive itself and its two derivatives) to
eliminate A and B. The first and second derivative are given by

y — Ama™ ' — Bnz"! = 0 (28)
y' — Am(m — 1)a™* — Bn(n — 1)2"% = 0. (29)



Now using Equations 27, 28, and 29, we mean to eliminate A and B. To do that we can take
Equations 27 and 28, solve them for A and B and then put the resulting expressions into
Equation 29 and derive our differential equation. Putting Equations 27 and 28, in matrix
form, which can make solving for A and B easier we have

—z™ —z" Al | —y
_mxmfl _nxnfl B - _y/ )
To solve this system for A and B using Crammer’s rule we need to compute the determinant
of the coefficient matrix

D= ‘ _xm,l _xn,l = g™ —ma™ T = (p— m)a™
—mzx —nx
Then A and B are given by
A = 1| -y =2 | na"ly—ay
D=y —na™ | (n—m)aminl
B — 1 —xm —y B :L,my/ _ m$m71y
e D _mxm—l _y/ (’[’L . m)xm+n_1 .

When we put these two expressions for A and B into Equation 29 we get

n—1 n,,!

" m—2 | T y—xy n—2 xmy/ B mxm—ly o
y' —m(m— 1)z {(n—m):pmﬂL”l} —n(n—1)x {(n—m):ﬂ”*”l} =0.

Next multiplying by (n — m)az™""! gives
(n—m)z™" 1y +(m(m—1)—n(n—1))z™" %y + (—=mn(m—1)+mn(n—1))z™" 2y =0,
or simplifying some
(n —m)a™ "y — (n —m)(n +m+ )™ 2y + nm(n — m)z™ " 3y =0,

On dividing by (n — m)z™ =3 gives

22y — (n+m+ 1)zy +nmy =0. (30)
Part (ii): Consider the primitive

y = Ae™" 4 Be™" . (31)

Taking the first two x derivatives gives

y = Ame™ + Bne™ (32)
y' = Am*e™ + Bn?e™. (33)

We next solve for A and B in Equations 31 and 32 using Cramer’s rule. Thus we need

en:v

ne

_ ne(ern):v . me(n+m)m _ (’I’L _ m)e(m+n)x )

eme
D = ’ mx nx
me




Then

nT

1 Yy € nYy—Y _mz
A= 5)y’ ne |~ n—m©
1 max r_
B = — emm y/ :we—na"
D | me Y n—m

When we put these two expressions into Equation 33 we obtain

ny — ' "—m
< Y Y e—mx) mZGmm + (y ye—nx> n26nx )
n—m n—m

On simplifying some we get

Y+ (m+n)y +mny=0.

Part (iii): Since the given primitive has two constants we will need two take two derivatives

of it. We find

y = Acos(nx)+ Bsin(nz)

/

y = —Ansin(nz) + Bncos(nz)

y'" = —An®cos(nz) — Bn*sin(nz).

(34)
(35)
(36)

Solving for A and B using Cramer’s rule using Equations 34 and 35 we need to compute

cos(nzx) sin(nx)
—nsin(nx) ncos(n)

= ncos?(nx) + nsin’(nz) = n.

Then A and B are given by

sin(nz) |  ncos(nz)y — sin(nz)y’
ncos(nx) |

n
cos(nx)y’ + nsin(nx)y

D ‘
11 cos(nz) y
D | —nsin(nz) vy

n

We then take these expressions for A and B and put them in Equation 36 to get

"

y —=

Thus we get

—n? cos?(nx)y + n cos(nz) sin(nx)y’ — nsin(nr) cos(nx)y’ — n?sin?(nx)y

2
-ny,

n cos(nx)y — sin(nx)y’

n n

2

y”+n2y:O.

) n? cos(nz) — (cos(m:)y’ + nsin(n:c)y) 2ain

(nz)

Part (iv): Since this primitive has two constants we will need it and two derivatives. We

find

+

e™*(Acos(nx) + Bsin(nz))

" cos(nx) — nAe™ sin(nx) + mBe™ sin(nx) + nBe™" cos(nz)

mA+ nB)e™
m?A + mnB)e™ cos(nz) — (mnA + n?B)e™ sin(nz)

—nmA +m?B)e™ sin(nx) + (—n?A + mnB)e™ cos(nz)

—n?)A + 2mnBle™ cos(nx) + [-2mnA + (m? — n?) Ble™ sin(nx) .

?cos(nz) + (—nA + mB)e™ sin(nx)

(37)

(38)

(39)



We will solve for A and B using Equations 37 and 38. To do this we write ' as

y' = (mcos(nx) — nsin(nz))e™ A + (msin(nz) + ncos(nz))e™ B.

Then to use Cramer’s rule for this problem we need to compute
cos(nz)e™® sin(nz)e™®

(mcos(nx) — nsin(nz))e™®  (msin(nx) 4+ ncos(nz))e

2ma [

D =

mx

msin(nx) cos(nx) + n cos?(nx) — msin(nz) cos(nx) + nsin?(nw)]

2mx

= €

= ne

Then A is given by

s 11y sin(nx)e™®
D |y (msin(nz) + ncos(nx))e™
1
= s—[(msin(nz) + ncos(nz))e™y — sin(nz)y'e™”]
ne mx

—mx

= %[(m sin(nz) + ncos(nx))y — sin(nx)y'le™™

and B is given by

1 cos(nzx)e™® y
B = — : mx /
D | (mcos(nz) —nsin(nx))e™ vy
1
= s—cos(nz)y'e™ — (m cos(nx) — nsin(nx))ye™]
ne mx

= E[cos(nx)y’ — (mcos(nz) — nsin(nx))yle” ™.

When we put these into Equation 39 written as
y" = [(m?* —n?) cos(nx) — 2mnsin(nz)]e™ A + [(m? — n?) sin(nz) + 2mn cos(nz)]e™ B ,

we get
y// — 2my/ o <n2 4 mQ)y.

Part (v): We find the first two derivatives of y given by

y = Acosh (%) (40)
y = Asinh (%) % — sinh (%) (41)
Y = %cosh (%) . (42)
From these we see that
yy" = cosh? (%) = 1+ sinh? (%) = 1+y?,

is a differential equation satisfied by y.



Part (vi): We find the first two derivatives of y given by

y = x"(A+ Blog(x)) = Az" + Bx"log(x) (43)
y = nAz" '+ Bna" log(z) + 2" (44)
y' = nn—1)A2""2+ Bn(n — 12" ?log(x) + nz" 2+ (n — 1)z" . (45)

Considering Equations 44 and 45 as a system we have

n nlog(z) + 1 HA}:{;{I}_

n(n—1) n(n—1)log(x) +2n —1 B

When we solve fore A and B and then put these two expression into Equation 43 we get

22y + (1 —2n)xy’ +n*y=0.

Part (vii): We find the first two derivatives of y are given by

Yy = Ame™ + Be™ + Bmaxe™ = Ame™ + B(1 + max)e™ (47)
y// — Aermm 4 B(2m 4 mQx)em:r ) (48)

When we consider Equations 47 and 48 as a system we get

g [4]-[]

m2 2m+ m2x B

When we solve for A and B in this last system and then put the resulting expressions into
Equation 46 we get
Yy —2my +m’y=0.

ax+b

Exercise 2 (a differential equation for y = © -

Part (a): First we write the given expression for y(z) as
(cx+d)y=ax+b,

and take several derivatives with respect to x of this expression. The first derivative gives
cy+ (cx+d)y =a. (49)

The next derivative gives
cy +cy + (cx+d)y" =0,

or combining terms
2cy’ + (cx +d)y" =0. (50)

The x derivative of this gives

2cy" + ¢y’ + (cx +d)y" =0,



or combining terms

3¢y’ + (cx +d)y" =0. (51)
We can solve this last equation for y” and we get
m_ 3cy”
cr+d’
If we solve for the expression cx + d in Equation 50 we find cx + d = —2;,?{/. Putting that in
the expression for y” above gives
3 "2
y/// _ 2y .
2y
or
2y/y/l/ — 3yl/ 7

the desired equation.

Part (b): If a + d = 0 then d = —a and y given above becomes y = %fs or
(cx —a)y=ax +b. (52)
The first derivative of this expression gives
dy
—a)2L =a. 53
cy + (cx a)d:c a (53)
Taking another derivative gives
dy  dy d*y dy d*y
c%+c%+(c:p—a)@:0:>20%+(cx—a)@:(). (54)

If we write the three Equations 52, 53, and 54 at a linear system in terms of a, b, c we have

—r—y —1 Ty a
—1—-y 0 y+uzy b |=0.
_y// 0 2y’+:cy” c

In order for this system to have a nontrivial solution for a, b, and ¢ the determinant of the
leading coefficients matrix must be zero or

—r—y —1 Ty
—1-y 0 y+azy |=0.
_y// 0 2y/ + :cy”
Evaluating this determinant we find

/

y+zy’
!

—1 —y
_(_1> —y 2y’+xy”

= (-1-9)2y +zy") +y"(y + zvy)

/.1

=2y —xy" — 2 — ay'y" + yy + 2y
-2y’ (1 +y) + (y —2)y".

When we set this equal to zero we get

(y—a)y" =2y/(1+9).

Note that this is different from the result in the book in that the right-hand-side has a 2y’
factor rather than a 2y factor. If anyone sees anything wrong with what I have done please
contact me.



Exercise 3 (from primitive to differential equation)

Consider the primitive

y® —3ar* +2° =0. (55)
We first take the x derivative of this expression
dy dy 2ax — 2?
2 2 _ _
By%—6a:p+3x =0 or AT (56)
Taking a second derivative gives
Py 2a—2x 2(2ax —2?) (dy
de? 2 Y3 dx
~ 2a—2x  2(2ax —2?) (2ax — 2?
Y v
~ 2(a—2)(3aa® — 2%) — 2(4a’2® — daz® + 2*)  2a%2?
- y° oy

when we simplify. From the primitive Equation 55 we see that
y® = 3ax® — 2° = (3a — 1)z’

Thus if x < 3a we have that y > 0 and if x > 3a we have y < 0. From the above expression
for the second derivative 32732’ we see that if x < 3a then 327% < 0 and if x > 3a then 32732’ > 0.
Thus across the point x = 3a the sign of the second derivative changes. This is the definition
of a point on inflection.

Exercise 4 (recursive calculation of derivatives)

Given the equation

d*y dy d"y
l—2z)— —(4—-122)— — 36— =0
z( 7) dx? ( 7) daxt dxm ’
we want to show
dn+2y dnJrly dn’y
(1 — x)dx"” —{4—-n—- (12— Qn)x}dx"“ —(4-n)(9-— n)% =0. (57)

If we take n = 0 in this last equation we get the initial equation. We consider the truth
of Equation 57 when n = 0 as the initial condition for an induction proof. Assume that
Equation 57 holds for all n up to some point. Then taking an x derivative of Equation 57
we get

dn+2y dn+2y dn+3y
(1- x)dxn—i—Z T2 +a(l - x)dxn+3
dn+1y d”+2y dnJrl’y
+ {12 - 2n}dxn+1 —{4-n—-(12—- 2n)x}dm"+2 —(4—n)(9— n)—d%wrl =0.



Or grouping terms

nt3y 42y

x(l—x)dxwrs + [1—x—x—(4—n)+(12—2n)x]dxn+2
n+1y

— [(4—n)(9—n)—(12—2n)]W:0.

If we consider the coefficient of d" =y we find

(=3+n)+(10—-2n)z=—(4—-(n+1))+12—-2(n+1)
=—{4-(n+1)—(12—-2(n+1))x}.

Now consider the coefficient of % we find
36— 13n+n” —12+2n =24 — 1ln +n’.

While if we consider the expression (4 — (n+1))(9 — (n + 1)) we see that it expands to

4—(n+1)O9—-(n+1)=3-n)(8—n)

=24 —1ln+n>.
the same expression. Thus we have
dn+3y 2
z(1 —SL’)W — {4—(n+1)—(12-2(n+ 1))z } n+2
n+1
— (4= (n+1)O—(n+ 1)))# =0.

Which is Equation 57 with n — n + 1 completing the inductive proof.

Exercise 7 (some derivative identities)

For z = 32y — y? + (y* — 22)%/? we find the 2 and y partial derivatives of z given by

0 3
g = Byt - 20)"(=2) = 3y — 37 — 20)
0 3
6‘_; = 3u—2y+ (" — 20)*(2y) = 3w — 2y + 3y(y” — 20)'°
0? 3
0y6zx = 350" —20) " (2) =3 - 3y(y® — 20) 72
0%z 9 1o (1
= — -2 [ Z(_ _ 9 _ 2 _ —-1/2
900y 3+ 3y(y” — 27z) (2( 2)) 3 —3y(y* — 2x)
0%z 3 _ _
02 e = 87— 2w
0%z 3
gz, 2_9\1/2 2 02 9 -1/2(9
ay? +3(y" = 22)"7 4 Sy(y” — 22)7 7 (2y)
= —243(y% — 22)/% + 3% (y? — 22) V2.
Note that 8 = = 9z a5 we were to show.

T Oyox



Chapter 2 (Elementary Methods of Integration)

Notes on the text
Exact Equations of First Order and Degree

Consider the equation

P(x,y)dz + Q(z,y)dy = 0. (58)
We want to show that the condition %—5 = % is sufficient for integrability. Define u as
u= [ Pagdes o). (59)
x0
Then 9 9
U U
— =P d —=0Q.
ox an y ¢
ou ou *OP(x,y) ,
s =P and G= [ B () = QL)

If %—P = Z—Q then this becomes
y T

u " oQ(z,y) /
oy /xo o7 dz + ¢'(y)

= Qz,y) — Qzo,y) + ' () -

Thus to have this equal Q(z,y) exactly we must take ¢'(y) = Q(zo,y) so

by) = / " o, y)dy.

Thus with the form of u given by Equation 59 and the above computed value of ¢(y) we
have

u = /:v P(z,y)dz + /y Q(zo,y)dy = c. (60)

For the general solution to the exact equation Pdx+ Qdy = 0 we can pick xq and y, to make
the specified initial conditions on y(z) correct.

As an example, consider the equation

20 —y 2y +x
x
$2+y2 $2+y2

dy=0.

We first check if this problem is exact. That is if

2 2 — vy _2 2y+x
oy \22+y2) Ox \z2+y2)’




is true. Now evaluate the left-hand-side of this expression where we get

1 (20 —y)(2y)  —a?—y? —day+27  —a® —day+y?

_:c2+y2 (a:2+y2)2 - (a:2+y2)2 - (a:2+y2)2

Now evaluate the right-hand-side of this expression where we get

1 202y +x)  a® 4y’ —dwy— 227 —a® —day+y?

72 +y2 (:1:2 +y2)2 (:c2 +y2)2 o (:1:2 +y2)2

Since these two are equal the given expression is an exact differential. The solution is then

1‘2 _ y2
u:/ v yder/ y+x0dy—c (61)
@ Y

o TP+ Y 0 Lo+ Y2

As discussed in the text there are not three arbitrary constant zg, 3o and ¢ but in fact only
one. Thus we can still find solutions by specifying some of these. If we take xqg = 0 then the
second integral in Equation 61 becomes

Y2 y
—dy = 2log(y)|” =2log (—) .
e W)y "

Lets take yo = 1 and this becomes 2log(y). The first integral in Equation 61 becomes

T 2r—vy T2 T odr
2 gdr = 2 7dr —y 2 2
0 xXr +y 0 a +y 0 xXr +y

T dx
= log(x? + )" — —_—.
og(x* + 17|, y/o e

dzx

The integral of the expression fox PR

is given by % arctan (5) and thus we are left with

u(z,y) = log(z® +y*) —log(y*) —y G arctan G)) +2log(y)

= log(2® + y*) — arctan (E) =c.
Y

Notes on Separation of Variables

As an example of an exact equation where P is a function of only x and () is a function of
only y consider the differential equation

(> +1)(y* — )dz + zydy = 0. (62)

Dividing by x(y? — 1) we get

2

1

Yy = 0.
x yc—1



If we integrate this expression we find
2?1
log(x) + ) + 5 log(y? — 1) =c.

On multiplying by 2 and combining logarithms gives

log(c(z?(y* — 1)) = —a”,

or

22

cr’ (P —1) =e”

Solving for y? we get
2

y2:1+£e_$ )
x

From Equation 62 we see when we divided by the expression z(y* — 1), we lost the constant
solutions = 0 and y = £1. When ever one divides by a function F(z,y) say, one must go
back and verify that it is never the case that F'(x,y) = 0.

Notes on Homogeneous Equations

In case the functions P(z,y) and Q(z,y) found in the first order and first degree equation
P(z,y)dz + Q(z,y)dy =0,
are homogeneous meaning that if we let y = va then P(z,y) and Q(z,y) transform as

P(z,y) = P(x,vz)=2z"P(1,v)
Q(l‘, y) = Q(l‘, Ul‘) = an(lv U) .

and we can obtain a reducible equation (one that can be solved by quadrature or integration)
in terms of the variable v. Considering v as a function of x we have dy = xdv + vdx and the
original equation P(z,y)dz + Q(x,y)dy = 0 in terms of z and v becomes

2" P(1,v)dz + 2"Q(1,v)(xzdv + vdx) = 0.
Assuming that x # 0 and grouping by the differentials dz and dv we have

(P(1,v) +vQ(1,v))dx + zQ(1,v)dv =0.
Assuming P(1,v) + vQ(1,v) # 0 so that we can divide by it we get

dx Q(1,v) B
" (P(l,v)+vQ(1,v)> dv=0. (63)

dx n dv 0
_ P(ly) "
Tt G

Xz

This can be written as




P(1,v)

When we define the function ¢(v) as ¢(v) = v + o)

this last expression is

d_a:+ dv
z  ¢v)

This is a separable equation and has a solution given by

=0.

log(x) + v c

¢(v)

or

log (;) = szz) . (64)

As an example of a homogeneous equation consider
(y* — 22°%y)dz + (2" — 229°)dy = 0.

From the standard form for first order first degree equations given by Equation 58 and
the definitions of P(z,y) and Q(z,y) we see that both functions P(x,y) and Q(x,y) are
homogeneous of degree 4. Let y = vx then

P(1,v) =v*—2v with Q(1,v) =1—20*,
and ¢ introduced above becomes

vt — 2 v—20+ vt — 2 —v =0t

o) =v+ 55 = 1— 203 DY

Then from Equation 64 we have

x 1 — 203
log(z) _/ v+ vt dv.

Note that the fraction in the integral can be written as

1— 203 11—2v3_11+v3—v3—2v3_11+v3—3v3
v 4+ vt v1+v3 W 14903 v 148

1 3v3 1 3v?
v 1403 v 1403

Thus by integrating these two expressions we have

log (%) = log(v) — log(1 4+ v*),

g (2 oo

x(1+v3)
c

or

or



Using v = £ this gives
3
o(145) -2,
x x

x3+y3:cxy,

Multiplying by 22 we get

for the solution.

A particular special case and one that is very easy to solve happens when the equation we
are considering Pdx + Qdy = 0 is both homogeneous and exact. In that case this equation is
immediately integrable without quadratures (assuming that P and () are not homogeneous
of degree —1) and the solution is given by

Pr+Qy=c. (65)

To show this consider the proposed solution u given by u = Px + QQy then the x derivative
is given by

ou OP 0Q

— =P+ — —.

Ox - oz " Ty Ox
But our original Equation 58 is exact which means that g—g = %—Iy) so that replacing the second
term in the above we get

ou P oP n oP

- — —2x J—

Ox Ox Y y

Now P is homogeneous of degree n # —1 thus by Euler’s theorem 20 we have xg—fz +y%—1; =nP
and the = derivative of u becomes

ou
— = HP.
Ox (n+1)
In the same way we have for the y derivative of u
ou 0P oQ . 0Q oQ B
o 8y$+ 8yy+Q—xax +y8y +Q=Mn+1)Q.

Thus the total differential of u is given by

du = %dm + g—Zdy = (n+1)Pdx + (n+1)Qdy = (n + 1)(Pdx + Qdy) .

Thus recalling what v is and solving for Pdx + QQdy this last expression is
1
Pd dy = ——d(P :
T+ Qdy = (Pz+Qy)

This assumes n # —1. If we take Px + QQy = ¢ a constant, the right-hand-side of this
expression is zero and we have a solution.

As an example of an exact homogeneous equation consider

z(x* + 3y*)dz + y(y* + 32%)dy = 0.



We first check that this equation is exact. To do that consider

8—y(az3 + 321?) = 6y

3 2
—(y° 4+ 3yx”) = 6zy.

5 (Y + 3yz”) = by

since these two derivatives are equal this equation is exact. Next we check that P and @
are homogeneous. This is true since they are polynomials of degree 3. The solution to this
problem is then P + Qy = ¢ or

ot + 32%y% + vt + 3y = ¢,

or by grouping terms we get
oty 6%yt =0.

We now consider the special case excluded in the above derivation. That is the case where
P and ) are homogeneous of degree —1. We widen our discussion at this point to not
necessarily require Pdxr + Qdy = 0 to be exact as we did in the previous section. To solve
our differential equation in this case consider the original differential Equation 58 divided by

Px+ Qy or
Pd d P
v Qdy ot —9 _ay—o. (66)
Pz + Qy Pz + Qy Px +Qy
We now show that this new equation is exact and can therefore be integrated by the methods

on Page 19. For this equation to be exact we must show that

B P\ 0 )
8_?/<Px+Qy) _5’_96(Pa:+62y) '

The left-hand-side of this expression is given by

9 ( P ) o P {8]3 oQ +Q] 1 or
oy \Px+Qy)  (Pr+Qy)? |0y Pz + Qy Oy
1 0P 8@ 0P 0P
=——|-P—2x—P—y—P P—
(Pz 4 Qy)? { oy~ "oy O+ Py Ty
1 oP oP
=——— — |—Py— — — PQ| .
(Pz 4 Qy)> { oy Ty Q}
While the right-hand-side of this expression is given by
0 Q Q oP oQ 1 oQ
% V- x P12 -=
Ox <Px+Qy)  (Pz+ Qy)? { S Ox y} +Px+Qy Ox
1 oP oQ oQ Q
R —OP — O=—24y + Pr—=
(Px+Qy)2[ Copt— QP - Qg ut Peg, TyQ5,
1 0P oQ
= — — P—-—-P
(P + Qy)? { ot 0 Q}
Setting these two expressions equal would require
—Q:ca—P + PaQ 8Q

ox 8y 8y



or moving things around

oP oP oQ oQ
— — | =P |lx— — .
Q{yaijx&x] {xﬁx—i_y@y]
Since P and @) are homogeneous of degree —1 using Fuler’s theorem 20 we get Q(—1)P =
P(—1)Q which is an exact equality verifying that our equation is indeed exact which we

know how to solve using methods discussed on Page 19.

We should note that this transformation (dividing our equation by the expression P + y(Q))
results in a new differential equation that is also homogeneous of degree —1. To show this
recall that if P(x,y) and Q(z,y) are homogeneous of the same degree n, this means that
when we take y = vx we get

P(z,y) =2"P(l,v) and Q(z,y)=2z"Q(1,v).

Note when we let y = vx in the coefficients of dx and dy in our new Equation 66 we get

P B 2" P(1,v) 1 P(1,v)
Pr+Qy 2"1P(1,0) + 2" wQ(1,v) z P(1,v)+ vQ(1,v)
Q z"Q(1,v) 1 Q(1,v)

Pr+Qy 2"1P(1,0)+2"twQ(1,v)  z P(1,v)+vQ(1,v)’

showing both are homogeneous of degree —1. Thus this transform did not change the
homogeneity of the equation but only made it exact.

As another equation that we can solve consider % equal to a function of a rational expression

of x and y or
@—F Ax 4+ By +C
dr ar +by+c )

Let x = h+¢ and y = k+n with £ and 7 the new independent and dependent variables and
h and k constants chosen to satisfy

(67)

Ah+Bk+C = 0
ah+bk+c = 0. (68)
That this last equation is solvable requires that Ab — Ba # 0 (the above equations must be
linearly independent). When we make this substitution Equation 67 becomes

dg . (Ah+AS+Bk+Bn+C\ _  (AS+ By
dn ah +af+bk+bn+c ) a+bn )

Note that the right-hand-side of this equation is homogeneous of degree zero. That is, if we
let n = v€ we get
7 A€ + Buvé _r A+ Bv ’
aé + bvé a+bv

a constant. We know how to integrate homogeneous equation, see Page 21. In order to solve
Equation 67 in the case where Ab — aB = 0 not that in that case




and we introduce a new dependent variable n as

B
n=a+y=r4oy.

This transformation gives for y in terms of  and =

yz%(n—%)z%(n—%)-

dy

With this transformation we have dn = dx + gﬁdx SO 3—2 becomes

@:1+9@:1+§ Az + A(n—xz)+C
dz adx a ar +b(n —x) +c
a2y b (AT O
adx a bn +c

which is a separable equation. That is one can write it as
dn

b An+C
1+5F<bz+c)

=dx,

and integrate both sides to get the solution.

As an example of this technique consider the differential equation
By —Tx+T7)dx + (Ty — 3z + 3)dy =0, (69)
or
dy  —Tx+3y+7
dv  —3x+Ty+3°

When we compare to Equation 67 we have A = =7, B =3, C =7, a= -3, b =7, and
¢ =3. Then
Ab—aB = (=7)(7) — (=3)(3) #0.

We need to solve for h and k in Equation 68 or

Th4+3k+T7=0
—3h+Tk+3=0,

where we find h =1 and £k = 0. We then let x = £ + 1 and y = n in Equation 69 to get
(3n — 7§)d§ + (Tn = 3&)dn = 0,
which is a homogeneous equation of degree 1. Let n = v€ where dn = £dv + vd€ to get
(Bv€ — 7€)dé + (Tv€ — 3€)(Edv +vd€) =0,

or when we simplify
7(v? — 1)dé + (Tv — 3)dv = 0,



which is a separable equation. To integrate this we write it as

zd§+(7v_3) dv =0,

13 v?2—1
and use partial fractions on the expression Z;’::f we find
Tv—3 A B
= + ,
-1 ov—1 wv+1
where 3 o3
A== —92 and B= " =5.
v+1 |, v—1/|,_,
In this case we have
! + 2 + > d 0
— v=0.
19 v—1 wv+1

Integrating gives
7log(&) +2log(v — 1) + 5log(v+ 1) = ¢,
or combining terms we get
Ev—-1)72*w+1)7° =c.

g:%andgwithx—lweget

(:c—1)7{L—1]2{ i —i—lrzc.

z—1 r—1

When we replace v with v =

Finally combining everything gives (y — x + 1)*(y + x — 1)° = ¢ as our primitive.

Linear Equations of First Order

The most common differential equation is the linear equation of first order given by

dy B

where ¢ and 1) are arbitrary functions of x. The homogeneous problem given by taking the
right-hand-side of the above equation equal to zero and we get

d
L

which can be integrated to give
(o)) = - [ odo.

This later expression can be solved for y

y = ce S (71)



Motivated by the homogeneous solution we consider y = ve™ /%% where v is a function of
x yet to be determined. This procedure is generally called variation of parameters. The
derivative of this expression we have

y/:vle—f¢dx_v¢e—f¢d$.

Replacing Z—z in the non-homogeneous Equation 70 we get

v'e S ypem Ot | gy [P — o

or v'e” /94T = q) or

dv
T Ye . (72)

Integrating this to compute the function v we get
v = C—i—/z/}e”’d:”dx.
When we use this in y = ve™/ ?* we find the general solution for y of

y = Ce [l 4 o= [ode / el ¥y (73)

A general function, y, that is linearly dependent on a constant C' as y = C'f(x) + g(z) has
the derivative y' = C'f'(z) + ¢'(z). If we next eliminate the constant C' in the derivative
expression by replacing C' with C' = ﬁ(y —g(x)) we get

y = %@ — g(@)f'(z) + ¢ (),

f@)y — f(x)y = —g(x)f'(x) + f'(x)g(x) .

which is a linear differential equation for y.

If we assume we know one particular solution say y; to Equation 70 that is y; satisfies
%+¢y1 = 1), then subtracting the differential equation for the general solution y of Z—zjt(by =
1 we get a homogeneous equation for the difference y — y; of

d
%(y—y1)+¢>(y—y1)=0,

SO
Yy = Ce‘f¢d$+y1.

which gives the general solution y in terms of the one solution y; we know.

Since the general solution to Equation 70 is of the form y = C f(z) + g(x) for two functions
f and g if we know two particular solutions y; and ys then we can write them in terms of f
and g as

= Cif(z) +g(o)
yo = Cof(v) +g(x),



from which we see that y —y; = (C' — Cy) f(z) and ya — y1 = (Cy — C1) f(x) thus

Yy—u1 _ C-C
Y2 — 1 Co—Cy

Since the right-hand-side of this is another constant say D, our general solution in the case
we know two particular solutions y; and y, is given by solving the above for y

y=D(yo—y1) +y1.

Linear Equations of First Order: Examples

For the differential equation 3y’ — ay = €™* the homogeneous solution is y = ce® and to find
the non-homogeneous solution we take y = ve®® to find from Equation 72 that v must satisfy

dv
v omx,—ar _ (m—a)z )
o e"e e
Thus when m # a we have
(m—a)x
w(z)=C+ & ,
m—a

so the general solution y(x) is given by

1
y(x) = Ce™ + et
m-—a

If m = a then the homogeneous solution is the same but the equation for v(z) becomes

4 =1, so v(z) = x4+ C which gives the total solution of y(z) = Ce® + ze®.

For the differential equation

2
2+ 1

/

Y

y =2z(x* +1).

Then the homogeneous equation has the solution

y<x> — Ce*ffzgildzv — Celn(x2+1) — C(:L’2 + 1) )
The total solution is given by y(z) = v(z)(z* + 1) where v satisfies Equation 72 or

d 2x(z? + 1
dx 24+ 1
or v = x%2 + C. Thus the total solution is

y(x) = C@®+1)+22@*+1)=C@@*+ 1)+ (@*+1-1)(2*+1)
(C—D(@*+ 1)+ (2 +1)2=C"(2® + 1) + (2* + 1)%.

For the differential equation
y cos(x) + ysin(x) =1,



to use the results from this section we first have to write it in the same form as Equation 70
meaning it has a leading coefficient of 3’ of 1. That is as

, sin(x)y: 1

cos () cos(z)

The homogeneous solution then is given by

cos(x)|

y(z) = ce” [ tan@dz _ . phnl ) = ¢| cos(z)] .

Note that y = cos(z) satisfies the homogeneous equation and thus we can drop the abso-
lute values. Then let y = v(x)cos(z) be the total solution and we see that v(z) satisfies

Equation 72 or
dv 1( )
ev _ coslz) _ 2 .
dxr  cos(x) sec”()

Thus integrating this we find v(x) = tan(z) + C and the total solution for y is given by

y(x) = v(z) cos(z) = C cos(z) + sin(x) .

The Equations of Bernoulli and Jacobi

The differential equation

d
% + oy = Yy", (74)

where ¢ and v are arbitrary functions of x is known as a Bernoulli equation. It is nonlinear
due to the y" term but can be transformed into a linear equation with the transformation

5 = ylfn
In this case we find
dz (1 Yy dy
J— —n -
dx Y dr
which when we replace % with the expression from Equation 74 we get

Z_; = (1 - n)y_n(wyn - ¢y) = (1 — TL)@/) - (1 — n)gbyl_" — (1 — n)w _ (1 _ n)¢z’

Z_; +(1=n)pz=(1—n)p, (75)

which is a linear equation and is solvable via the methods discussed earlier.

The Jacobi equation is defined as
J = (a1 + iz + cry)(xdy — ydzx) — (az + bex + coy)dy + (as + bsx + c3y)de = 0.  (76)

Here a, b, and c are constants. We next transform this equation into a Bernoulli equation.
The algebra in this section is a bit long and can be quickly skimmed if the reader is uninter-
ested. The point of such a detailed treatment is to be able to “read” the resulting text and



quickly verify the truthfulness of the final statements and also to shed light on any trans-
formations that need to be performed and may not be clear from the text. In the Jacobi
Equation 76 we begin by letting x = X + a and y = Y + ( for constant values of a and 3
and then grouping the resulting expression by dX, dY and XdY — YdX. To begin when
r=X+4+aand y=Y + [ we get
J = (m+uX+ab+aY +Ba)(X+a)dY — (Y + 5)dX)
— (CLQ -+ b2X -+ Oébg -+ C2Y -+ /BCQ>dY -+ (a3 —+ ng —+ Oébg —+ CgY —+ 603)dX .

Extracting the adY and the SdX from the first term gives
j = (CLl +b1X+Oéb1 —FClY—'—BCl)(XdY —YdX)
+ (CLl + b1X -+ Oébl —+ 01Y —+ 601)06dY — (a1 —+ le —+ Oébl -+ C1Y -+ ﬁCl)ﬁdX
— ((1,2 + bQX + Ozbg + CQY + 502)dY + ((13 + ng + Ozbg + CgY + ﬁCg)dX .
Grouping by dX, dY and XdY — YdX and changing the order of some terms gives
j = (b1X+01Y+a,1+Oéb1+501)(XdY—YdX)
4+ (aa; + o®by + aBe; — ay — aby — ey + (aby — by) X + (acy — ¢2)Y)dY
+ (=Bay — Paby — 1% + asz + abs + Bes — (Bby — b3) X — (Bep — ¢3)Y)dX =0.
Factoring these terms in a slightly different manner we have
j = <b1X —+ Cly “+ a; + Oébl —+ 601)<XdY — YdX)
+  (afay + aby + Ber) = (ag + aby + feg) + (aby — b2) X + (e — ¢2)Y)dY
+ (=B(ar + ab; + Ber) + (a3 + abs + Bez) — (Bby — b3) X — (Ber —¢3)Y)dX = 0.
Based on these expressions define some new variables A; as
Ai =a; + Oébi + BCZ' s (77)
for i = 1,2,3. Then in terms of the A; variables we get

J = (X +aY +A)(XdY —YdX)
+ (OzAl — AQ + (Ozbl — bg)X + (OéCl — CQ)Y)dY
+ (—6141 + Ag — (6()1 — bg)X — (501 — Cg)Y)dX = O,

or moving the term A;(XdY — YdX) into the dX and dY terms gives

J = (X +aY)(XdY —YdX)
(AQ + bQX + C2Y - Oé(Al + b1X + 61Y) - A1X)dY
+ (Ag + b3X + C3Y — 6(141 + b1X —+ 61Y) — A1Y)dX = 0 .
Note that the coefficient of XdY — Y dX is homogeneous. We can make the coefficients of
dY and dX become homogeneous if we take Ay —aA; =0 and A3 — fA; = 0. Another way

to say this is to take A; = A (a new unknown) and then from the previous two equations A,
and As are determined. In this view these expressions become

A = A
AQ = al\
A3 - 6)\ .



In terms of the original variables a,, b,, ¢, o, and 3 these equations are
a;+aby + B =X = 0
as + aby + feg —aX = 0
az + abs + fes — A = 0,
Warning: I'm not sure how to show that this requires that
a; — A by 1

a9 bg—)\ Co =0.
as bg Co - A

That is that the solution for A is given by the above cubic equation. If anyone know the logic
behind this statement please contact me. Once we pick A to satisfy the above determinant
and « and 3 accordingly then the differential equation becomes

J = (hX+aY)(XdY —YdX)
— (b X+ Y —a> X +cY)— A X)dY
+ (X +aY - X +aY)—AY)dX =0.
If we divide by b1 X + 1Y we get
by X + oY A X bs X + c3Y AY
m‘a‘m}‘” {m‘ ThX oy

Lets write this equation as

XdY-YdX— dX =0.

XdY — YdX — ®dY +WdX =0,

where we have defined ® and ¥ in the expression above. Namely we have that ® and U are

functions of the fraction % as

o (X) _ by + 2 (%) e Ay
X b+ 2 (%) b+ e (X)
q)(z) _btey) o, A
X b+ (%) (%) e

or

Y Y
XdY —YdX —® (= |dYy + ¥ (= | dX =
() en ()=

Based on the ratios of % as the arguments of the functions ® and W let Y = Xu then
dY = Xdu + udX and we get

X(Xdu+ udX) — XudX — ®(u)(Xdu+udX) + V(u)dX =0.
or canceling uXdX and dividing by du to get

dX dX
X2 -0 X — U(u)— =0.
(u) ( —l—udU) + U (u) T
or changing the order of some terms we have
dX O (u) 1

X2=0,

Tu T Uw) — b)) (W) — ud(w)

which is a Bernoulli equation in the dependent variable X.



The Riccati Equation

The generalized Riccati equation is defined as

dy
%+wy2+¢y+><=0, (78)

where 1, ¢, and y are arbitrary functions of x. To begin lets assume that we have a solution
(denoted as y1) to Equation 78. This can be gotten in several ways. One way is simply trial
and error. Another method that might work in some problems is too look for a constant
solution to the above equation, that is a solution y such that Z—i = (0 and thus must satisfy

VyP+ gy +x =0.

This last technique will work if v, ¢, and x are not really functions of x but are in fact
constants. Now assuming we have y; a solution to Equation 78 then lets look for another
solution y to Equation 78 this time defined as

Y=y +=z. (79)

Then since j—i’ = % + j—; and when we put this into Equation 78 we get

dy, | dz 2 2
2 =
dx+dx+w(y1+ iz +27) + oy +2)+x =0,

or since ¥ is a solution to Equation 78 we find that the function z satisfies

Tt @on+ o)zt =0,

This later equation can be transformed into a Bernoulli equation for another function wu(z)
when we define u(z) in terms of z(x) as

With this definition of z(z) we have that 2/ = —5/, and so the Bernoulli equation above
becomes
Y

1 1
_ugu, + (277Z)y1 + gb)a + w2 = 07
or when we multiply by —u? we find

u' = Uy + PJut =0, (80)

as the linear equation to be solved for u(z). After we have solved for u(x) we can then use
Equation 79 since z = 1/u to get another solution to the generalized Riccati Equation 78
namely y; + %

If we now solve for u as a function of y in that relationship we note that

1 1
Y=ty +— or u= .
u Yy—hn




We can now replace the general solution y in the above expression with two other particular
solutions ¥y, and y3 and introduce two new functions u; and us as

1 1
= and uy = .
Y2 — U1 Ys — W

Uy

Each of these three functions u, u;, and us must satisfy the first order differential Equation 80.
Thus they must be linearly dependent or satisfy

u—uy = C(ug —uy).

for some constant C'. If we isolate the constant C, we see that this last equation is equivalent

to
U — Uy

—C,

U2 — U1

which when we use the above expressions for u in terms of y (that is u = ﬁ) we find the
left-hand-side of the above given by

1 1 Y2—y1—(y—y1)
U—U1 _ oy oy (mu)e—y) <y2 —y) (y3 —yl)

Uy — U - 1 1 - yg—y1—(y3—y1) y — yl y2 — ys

y3—y Yy2=Y1 (y—y1)(y2—y1)

or
Y=Y _ ~Ys— Y
Y-y Y-y
Solving this last equation for y we find that the general solution to Riccati’s equation can
be expressed as

y= ¢ (zi:ﬁ) it _ Clyz —ys)yr + ya(ys — 1)
C <y2—y3> 1 C(y2 - y3) - <y3 - yl) .

Yz—y1

This expression is important in several ways. First it shows that the general solution to
the Riccati equation is expressible rationally in terms of three particular solutions. Thus if
when confronted with a Riccati equation if we can find three solutions, we are done as far
as solving our differential equation is concerned, we can construct the general solution as
expressed above. Motivated by this expression we hypothesize that an expression for y of

the form o
Yy = # , (81)
fs+ fa
with C' a constant and f; are arbitrary functions of x might be a solution to a Riccati type
equation. The proof of this will now be shown. When we solve for C' in terms of y in the
above expression for y in terms of f; we get

= Jay+ fo
¢= +fay — fi

Next, taking the first derivative of y(z) we find

r Cf{+fé_ Cf1+f2 / !
- Cf3+f4 (Cf3+f4)2(0f3+f4)

(82)




We next check what the value of the right-hand-side of this expression simplifies to a Riccati
form when we use the expression for C' in terms of y given by Equation 82. Since there
is a lot of algebra in this calculation, we verify that 3’ can be written in the form given
by Equation 78 in the Mathematica file fractional f is a Riccati_solution.nb. The
summary of these calculations is that an expression for y(x) given by Equation 81 satisfies
the Riccati Equation 78 with

v = fa(2) f3(x) — fs(2) fi(x)
fi(x) fa(w) = fa(2) fa(x)
6 = fa() f1(x) — fa(x) fo(x) + fow) f3(x) — fi(e) fa(x)
fi(@) fa(x) = fa(2) fa(x)
v = fa(w) f1(x) — fi(x) fo(x)
fi(w) fa(x) = fal) f3(x)

These equations can now be used to solve a given Riccati equation. For example, given a
differential equation of the form given by Equation 78 the three equations above provide
three constraints on the functions f;(z). One could use the above equations to guide the
selection of f;(z). Once suitable values for f;(z) are found that satisfy all the above equations
by using Equation 81 gives the general solution to 78.

We next show that the solution to the generalized Riccati Equation 78 can be expressed as
the solution of a second order linear equation. We assume that 1) # 0 (otherwise we are
dealing with a linear equation) and let

v
y=—, 83
v (83)
for some yet to be determined function v. We find the first derivative of y is given by
dy ldv v dy
de  de  Y2dx’
so that Equation 78 in term of the unknown function v becomes
ldv v dy v? v
— - —— — — =0.
s () e ()
or multiplying by ¢ we have
dv 5, vdy
%+v —@%+gbv+x@/}—0.
On grouping terms we have
dv 1dy
@@ _ - = 4
dx+v +<¢> wdx)v+xw 0 (84)
To simplify the following notation define the functions P(x) and Q(z) as
1 dy
P = ¢p— ——

O

—

\a¥
Il

XY -



Now introduce a function u(z) derived from v(z) as

~

Uu
v =

S |

From this expression we find
d’U u// ul2
dr  u  u?’

so that when we put this into equation 84 we find

u// u/2 12 u/
z —§+§+P(l‘)z+@(l‘) =0.
or on canceling terms
u" 4+ P(x)u + Q(z)u =0, (85)

which is the second order linear equation quoted in the book.

The equation originally studied by Riccati or

d
Y ay® = ba™
dz

has ¢ = a, ¢ = 0, and y = —bx™, so that P(x) = 0 — i() =0, and Q(z) = —abxz™. Our
second order Equation 85 for u in this case becomes
' —abx™u =0,

as claimed in the book.

Exercises
Exercise 1 (differential equations to integrate)

Part (i): For the equation
(1 - 2%)"2dz + (1 — ) V2dy = 0.

considered of the form in Equation 58 we have P(z,y) = (1 — 2?)Y/2 which is a function of x
only and Q(z,y) = (1 —4?)Y/? which is a function of y only. This equation is exact trivially.

The solution is then
/\/1 —deer/\/l—dey:c,

or
1 1
3 [ZL‘\/ 1—22+ arcsin(x)} + 5 [ 1—9y2+ arcsin(y)} =c.

Part (ii): For the equation

w(1 4y 2dx + y(1 + 2*)Y2dy =0,



this is separable since we can write it as

x )
12" T T

dy=0.

This later equation can be integrated to give
(1+ )2+ (14 ¢ =c,

as its primitive.



Chapter 7 (The Solution of Linear Differential Equa-
tions In An Infinte Form)

Notes on the text

y" + (a — 20 cos(2z))y =0,
with p(x) = a — 20 cos(2z) of period m. The y(z) is even then y'(z =0) =0

i ((2r+1)x),
r=0

is periodic of period 27.
o= i —(2r 4+ 1)*cos((2r + 1)x).
when we put these in we get
i —(2r +1)?cos((2r + 1)z) +a i ¢y cos((2r +1)x) — 26 i ¢ cos(2x) cos((2r +1)x) = 0.

r=0 r=0 r=0

but
cos(2x) cos((2r + 1)x) = %[cos((% + 3)z) + cos((2r — 1)z)],

using
cos(a) cos(B) = %[cos(a + B) + cos(a — B)].
Then -
Z ¢ (—(2r +1)* 4 a) cos((2r + 1))
r=0



Chapter 10 (The Sturmian Theory and its Later Devel-
opments)

Notes on the text

Regular Sturmian theor 10.2 a < x,, < b for all n by the Bolzano-Weirstrass theorm. Thus
there exists a limit poitn y(x,) = 0 for all n. Why y(c) =0 and not y(c) = e < 1

y(c+h) =y(c) + hy' (c+ 0h) = hy'(c + 6h)

for 0 < 6 < 1. Continuity of y gives us that y(c¢) = 0 and existance gives one continious
solution with one continious deriative y'(c + 0h) = 0 h small h < 1.

If yo vanished at y;(z1) with L(y) = 0 and for ys y(z1) =0, ¥/'(x1) = 71 and for yo L(y) =0
with y(z2) = 0 and y'(x1) = 72 implys that y; and y, are multplies of each other. Thus

Y1
y2’

vanishes x; and xo for all points in (z;, z2). Consider

d <y1) YL Y 1Y — iy

dr\y:) w ¥ B
Y1 Y2
0.
‘ v |7
Now
yi1 y2 | | Asin(z) + Bceos(xz) Csin(z)+ D cos(z)
(AT Acos(x) — Bsin(z) Ccos(z) — Dsin(x)
)

= AC'sin(w) cos(x) — DAsin®(x) + BC cos®(z) — DB cos(z) sin(z)
— (AC'sin(x) cos(z) + AD cos*(x) — BC'sin*(x) — BD sin(z) cos(x))
= —DA+BC#0.

k(x) > 0 and a < 2 < b with x; and x5 consecutive zeros of u and assume that v has no zero
between u. We hope to reach a contradiction. Without loss of generality we assume that u
and v are greater than zero on (x1, z5) and G; — G2 > 0. Then the left-hand-side LHS gives

LHS = k(zo)[u/ (z2)v(m2) — 0] — k(1) [t/ (z1)v(21)]
= k(z)[W (z1)v(21)]
= k(z2)u'(v2)v(22) — k(21)u(21)v(21) -

Now u/(x9) < 0 and u/(z1) > 0 therefore the left-hand-side is a negative minus a postive
number and thus is negative quantitie.



Where as the right-hand-side is postive. This is a contradiction. If v and v(z;) = 0 and x5
is the next zero of u then the left-hand-side is given by

k(z2)[u'(z2)v(@2) — w(@2)] = —k(z1)u'(z1) = 0,

therefore k(z2)u'(z2)v(xe) < 0 which is a contradiction. Therefore there exists a zero of v
before the next zero of u(x).

Solution to the example problem is

u = Acos(mzx)+ Bsin(mz)
= A'cos(nz) + B'sin(nz).

If m > n then u osscilates more rappidly than v. I wanted something like if G1(x) > Ga(z)
then u(z) will osscilate less rapidly than v(x) or v(z) will osscilate more rapidly than wu(z).
Multiply by v in the first and u(x) in the second an integrate from x; to xs to get the given
expression. Now z; and x5 are consectutive zero of u(z). Now u(z) and v(z) can both be
positive because if they are negative then —u(x) is postive and also a solution to the ODE.
Integral is positive. If u9x) looks like the picture to the right then «'(z;) > 0 and u’(x2) < 0.
Also if v(x) does not have a zero between z; and x5 then it looks like the following and both
v(z1) and v(xs) are postive. The left-hand-side becomes

k(o) (' (z2)v(22)) — k(1)0 (201)0 (1)

which is a negative number from which we subtract an postive number, the result must be
a negative number and we have a contradiction if v(z) does not cross the x-axis between z;
and xo. Thus v(z) must vanish between z; and z5 if both u(x) and v(z) vanish before x5
therefore v(z) osscilates more than u(x). As P, satisfies

(=) +nlnt 1)y =0,

and P, satisfies

(=) + 0+ D +2)y =0,

we see that P, ,; must osscilate more rapidly than P,. This can be verified by looking at
plots of P,(z) and P, 1(x) for n = 10 say We see that Pjg(x) crosses the x-axis 10 times
while Py;(x) crosses the x-axis 11 times.



Chapter 15 (Linear Equations in the Complex Domain)

Notes on the text

Why want solution to u(z 4+ 2w) = su(z).

repeated u1(2), uz(2), - -+, u,u(2) such that

u1(z + 2w)
us(z +2w) =

uu(z +2w) =

Then

e—a(z—l—Zw) = s1uy (Z)e—aze—Zaw —

therefore e~ %u,(z) if s; = e*™¥

With wu,(z) = e**v,(z) we have
e (z+2w)v1 (Z + 211})
ea1(z+2w)v2<z + 211))
e T2y (2 + 2w)

with e?¥® = s; then we have

No loss in general assuming that w € R. If s

s1uq(2)
s1(uz(z) +u1(2))

Sl(uu(z) + uu—l(z)) .

—2aw]

[s1e e uy(2).

if the n roots of characteristic are equal.

vi(z+2w) = wvi(z)
ve(z +2w) = wvi(z) +va(2)
bl +20) = 0,(2) + 0 (2).
SO
va(z +2w)  wy(2) +1
vi(z+2w)  v(2)
. v2(z) 2
Consider #(Z) — 5, then
vo(z +2w) 242w v9(2) z
. - 1o
v1(z + 2w) 2w v1(2) 2w
o owm(z) oz
() 2w

distinct n solution u,(x) = e*



d*w
dz?

ain — S a12
a21 Q22 — S

=p(2)w.

=0.

or
(a1 — 8)(age — s) — ajpas; = 0.
or
ar1a22 — (a1 + ag)s + 8% — araas = 0.
or

§% — (a11 + ag)s + s? + (a11a92 — ajpa9;) = 0.

as |A| # 0 we can scale |A] =1 to get

s$2—As+1=0.

Idea. Given

d"w i )d”*w + o )d”*2w
dzn PN e TP
with p; periodic with period 2w. What type of solutions do we get. Is the solution periodic?

The anwser depends on the n characteristic number of the equations

ui(2) = e**¢i(2) .

with ¢; periodic with period 2w if all charteristic number are distinct. If not. Write a code
to calculate these Floquet multipliers. Compute the Floquet exponentials for

+ o+ pa(z)w =0.

d*w
e =p(2)w.

There exist two numbers which are the solution to
2 —As+1=0.

If p(z) > 0 for all z € R the characteristic exponents are real then the system is unstable.
Therefor p(z) must be negative. Try p(z) = sin(z) not negative for all values, i.e. solve

d?w

@ = Sin(Z)U} .

then w = 7 in this case. Lets solve for A

A

f(2w) + ¢'(2w)

= 2+ (ful2m) + g, (2m)

n=1

Approximate mode in MMA. Sum to just 10.



If
F2A) = T+ Ma) + N fal2) + =D X' ful2)
n=0

g(z,\) = z+)\g1(z)—|—~-~+>\"gn(z)+-~-:Z)\"gn(z).

with f(z, ) the solution to

e Ap(z)w,
g(0) =0 and ¢’(0) = 1. Then
L= ()
a2z~ 7

gives since n = ( is a constant

SN = Ap(2) Y AN fal2)

= SN fu(2)

= SN fana2).

n=1

fa(2) = p(2) far(2) -

or

g(z) is similar.

w” +pw' +quw=0.
Let )
w=We z/piz (86)
Then

1
w = Wealri 4 yyemaSpd (—529)
W = W//eféfpdz + W (_%p) eféfpdz + W (_%p> eféfpdz

1 1 1 1
+ W <—§p'> ez /Pl yema Srde (ZPQ)
1 1 1
= <” " —pW' + (—5,’0/ + ZP2> W) e 2 iz

Thus adding together and dividing by ¢35 [P gives

W ) P p? , D _
— W (G )W = TW gl =0,

or

2 !
W//+(q_%_%)wz()'



