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Abstract

In this supplement it is assumed you have a complete and working knowledge of both basic
antidifferentiation theory and the Fundamental Theorems of Calculus parts I and II. You must
know the basic integrals as a reflex, if you have to look them up then you are not really ready.
In addition, it is assumed you have mastered all the elementary u-substitutions and are ready,
willing and able to solve definite and indefinite integrals which require u-subsitution. If this is
not the case then you need to review.

We study the major techniques of integration in this article. First we study Integration by
Parts (IBP) which is the analog of the product rule for integrals. We’'ll see IBP allows us to
solve integrals of inverse functions as well as a number of expressions which were insolvable
by wu-substitution alone. Then we turn to review and extend our knowledge of integrals of
trigonometric and hyperbolic functions. I'll introduce you to the imaginary exponentials which
can be wielded against a vast array of symbolic trigonometric problems. Having established a
mastery of trigonometric and hyperbolic integrals we turn to implicit substitutions known as
trigonometric or hyperbolic substitution. These implicit substitutions allow integration of many
expressions involving radicals. Finally, we turn to our final technique of integration known as
the method of partial fractions. This method allows us to take any rational function and rewrite
it as a sum of basic rational functions for which integrals are known.

The material in this supplement is challenging and it will stretch your knowledge of algebra,
trigonometry and calculus. To master this material is to level-up.



1 Integration by Parts (IBP)

I’'m breaking from tradition a little here. I've decided to use U and V' as opposed to u and v for
integration by parts. Of course you could use other letters if you don’t like these.

Theorem 1.1. integration by parts.

Suppose that U,V are differentiable functions on some connected subset J C R. Then,
d
(1) /Ud‘;dx—UV /de
Moreover, if a,b € J then

()AUgVM_U@wm—m@wwjévwﬁﬁﬂ

Notice that is more common to use the following notation to put this theorem into practice:

/UdV:UV—/VdU.

here we mean for the expressions to be evaluated at « € J once the integrations are complete.

Proof: Consider that by linearity of differentiation we find
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The rightmost term simplifies to VdU by the definition of the indefinite integral and the other term
gives - d V] = dUV + Udv by the product rule. Thus,

d dU dU dV dU dv
dm[UV_/Vdd] d—V U%—V%—U%.
On the other hand, by the definition of the indefinite integral,
d dv dV
& Vg =G

Therefore, we find the derivatives of the l.h.s and r.h.s. of (1.) agree hence by the definition of
indefinite integration the equality is justified (recall indefinite integration is a shorthand for a whole
class of antiderivative functions which differ by at most a constant). The proof of (2.) follows im-
mediately from (1.) together with FTC part II. O

Example 1.2.

/xsin(@dﬂs:/ x sin(x)dr = UV—/VdU
U

dv
= —zcos(x) — /(— cos(x))dx

= ‘ —x cos(x) +sin(x) + c. ‘




I observed that V = [dV = [sin(z)dz = —cos(z) + ¢ and dU = dzx. You might wonder why I
didn’t have to add a constant to V. Let’s discuss this in general:

Suppose you replace V with V = V + ¢ for some constant ¢ then the formula for IBP changes to:

/Udf/:Uf/—/f/dU
UV +¢)— /(v+c)
—UV+cU—c/dU /VdU

:UV—/VdU.

Therefore, either V' or V 4 ¢ will yield the same answer under IBP so we are free to choose ¢
however we do so desire. For example, in the first example I just took ¢ = 0 for convenience. It
is very likely I will continue to do so for the forseaable future. Another way of stating this result
is to comment that when we find V' from dV we just need an antiderivative, not the indefinite
integral. We take account of the indefinite integral at the end of the calculation when we add ¢
in the final step. You may recall from calculus I that the indefinite integral is technically a whole
family of functions whereas the antiderivative is a specific function. Since some of you didn’t have
me for calculus I, I will elaborate a little further: if we were more technical and less traditional
we’d have to write something like [zdz = {%xz + ¢ | ¢ € R}. But, to be less notationally obtuse
we have agreed to write [ zdz = %a:2 + ¢ to indicate the set of functions. Ok, now that I have you
all properly confused, let’s do some more examples. Come back to this paragraph later if at first it
doesn’t make sense.

Example 1.3.
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0
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Example 1.4. In the calculation below we use IBP twice.

/x2 sin(z)dx :/ 22 sin(z)de = —x? cos(z) — /(—cos(x))2xd:c
N~ e —
Ui aw
= —2? cos(z —i—/ 2z cos(z) dx
() + | 2z cos(x)

Uz dVs

= —2? cos(z) + 2z sin(z) — /sin(x)de

=| 2% cos(z) + 2z sin(x) + 2 cos(z) + c.

The basic idea is that each application of IBP can reduce z" to "~ !. If we know how to calculate
[ f(z)dz then the integral [ 2" f(z)dz is solvable by repeated application of IBP.
Challenge: show that

/x3 sin(z)dz = —2° cos(z) + 3x? sin(z) + 6z cos(x) — 6sin(z) + c.

IBP often allows us to integrate inverse functions: in this type of example there is only one reason-
able choice for dV, it must be dx hence V = .

Example 1.5.

/sinl(x)d:c:/siii(_xl\df/:xsinl(x) —/\/%

e av

dw

T
1

= rsin(z )—l—f£+c

2 3

:xsin_l(x)—l—f (here w =1 — z?)

=|zsin () + V1 —22 +e

Challenge: follow the method of the example above to find integrals of cos™!(x) and tan~!(z).
What about zsin~!(x) ? Could you integrate that function? You may not have seen the hyperbolic
trig. functions in calculus I. If that is the case then you should probably ask me in office hours.

Example 1.6.
cosh™H(z)dz = /cosh_ dr = zcosh™! /
[ ol (a) U XS —

dw

\/>

= rcosh™!(z) — EL +c

=|zcosh™! -V 1+c.

Challenge: follow the method of the example above to find integrals of sinh™!(x) and tanh~*(z).

= rcosh™(z) — (here w = 2% — 1)




Example 1.7.

/ln(x)dx:/w\;l%:xln(a:)— %
U
:‘xln(x)fxqtc.‘

The pattern we’'ve observed in the last couple examples is something like this:

[sterta [ o= [ [Liaol o2 ac=ag - [ 220

It’s good to remember that all IBP does is to use the product rule. If you forget the formula it
should be easy to find it again from the product rule. The examples that follow here are probably
more like your homework.

Example 1.8. [ encourage the use of brackets to eliminate careless sign errors.

/ sin(In(z))dx = / sin(In(x)) dz, = xsin(In(z)) - / peos(in(x))dz

X
o dvi

= wsin(in(a)) - | / cos(In(z)) da, ]

Us dVsa

= wsin(ln(x)) — |z cos(In(x)) — / w<—smmxwx>]

T

= zsin(In(z)) — |z cos(In(z)) + / sin(ln(as))das]

= zsin(In(z)) — z cos(In(zx)) — /sin(ln(m))dm.

Ok, what’s the answer? You tell me. Hint: let I = [sin(In(z))dz and solve for I. Don’t forget to
add c to the final result since we’re calculating an indefinite integral.

This pattern of looping back to where we start is found in a number of common integrals.

Example 1.9. I could switch and use the sin(3x + 1)dz as the dV', but I think it’s easier to choose
dV = e*dx since e* is trivial to integrate.

/ez sin(3z + 1)dz = /sin(Sx +1)e"dx = e"sin(3x + 1) — 3/cos(3x + 1)e*dx
; dv;
U 1

=esin(3x +1) — 3 {/ Cos(3x +1)ed m]
dVs

:exsin(3x—|—1)—3[e cos(3z + 1) 3/—5111 (3z + 1)e"dx
=e"sin(3x +1) —3e“cos(3x + 1) —9 [ €*sin(3z + 1)dx

=e"sin(3x + 1) — 3e” cos(3x + 1) /e sin(3z + 1)dx.



Therefore,

1
/el’ sin(3z + 1)dz = 1—06“”3 [sin(3z 4+ 1) — cos(3z + 1)] + c.

I’'m not sure what will happen in the next example. This is an experiment.

Example 1.10.

/sin2(az)d:p = /Eii(’:_clsin(x)dx = —sin(z) cos(x) + /cos(x) cos(x)dx

U1 av
= —sin(x) cos(z) + /(1 — sin®(z))dx

= —sin(x) cos(x) + = — /Sin2(37)dx

Therefore, by algebral

. 1 .
/s1n2(a;)d:c = 5(:6 —sin(z) cos(z)) + c.

I usually integrate sin?(z) via the trigonmetric identity sin(z) = 1(1 — cos(2x)) from which it is

obvious that [ sin®(x)dzr = 5 — Lsin(2x) + ¢. Can you see the answer we just found from IBP is

the same answer?

A formula which is defined by showing how one step goes to the next step is called a recursive
formula. There are a number of interesting recursive formulas which allow us to integrate arbitrarily
high powers of trigonmetric functions through a simple step-by-step procedure. I don’t expect you
memorize these, but I do expect you could re-derive them if asked. In other words, you should
understand the next example.

Example 1.11. Let k € N and consider:

/sink(az)dx = /sink_l(as) sin(z)dz = —sin®~1(z) cos(z) + /cos(a:)(k' — 1) sin*2(z) cos(z)dx
——— —

Uy A%

= —sin®* () cos(z) + (k — 1) /sink_2(:p) [1- sin2(x)]da:
= —sin®* () cos(z) + (k — 1) /sinkZ(x)dx —(k—1) /sink(x)dx

Solve for [ sin®(x)dx (note k # 0 since k € N)

/sink(m)daz = _?1 sin*~1(z) cos(z) + % sin*~2(z)dz + c.

We already have integrals for sin®(z) in the cases k = 1,2 so we can use the recursive formula above
to calculate the cases k = 3, 4.



Example 1.12. Use Example to find for the k = 4 case,

-1
/sin4(a§)dm = Tsm ~H(z) cos(z + /sm x)dx + ¢

-1 3

= sin®(z) cos(z) + 1 (2 (x — sin(z) cos(z ))) +c
3 3 . ..

=133 sin(x) cos(x) — i sin®(z) cos(x) + c.

Example 1.13. Again, use Example in the k = 3 case,

-1
/sing(x)da: =3 sin®~1(z) cos(z + — /sm z)dx + ¢
-1 2
=5 sin?(z) cos(z) — 3 cos(z) + ¢

= 211~ cos? (@) cos(a) — 2 cos(e) + ¢

=3 cos®(z) — cos(x) + c.

2 Integrals of Trigonometric Functions

In this section we return to the problem of integrating trigonometric functions. The tools used
here are a combination of basic u-substitution, judiciously chosen trigonometric identities and as a
last resort IBP. I'll begin by attacking the problem of sin®(x) which we just solved by IBP in the
previous section. This is an easier way:

Example 2.1.
/Sing(az)daz = /sin2($) sin(z)dx
= /[1 — u?](—du) (where v = cos(x))
Y
=—utgute
1

= —cos(x) + B cos®(z) + ¢

The integral of sin(z) is not as easy in my view.



Example 2.2.

[Sin2 (2)] *dz

/ sin?(z)dx

2
%(1 - cos(2x))} dz

| —

I
R OERIR R S S~

[1 - 2cos(2z) + cos?(27)]dx

1 1
=171 sin(2zx) + 3 /(1 + cos(4z))dx
1. x 1 .
=11 sin(2z) + 3 + 3 sin(4z) + ¢
3z 1 . 1.
=5 "1 sin(2x) + 3 sin(4x) + c.

I invite the reader to verify that Example and the example above are consistent. Actually,
would you know where to start in comparing these answers?

If you ponder the methods we just used to integrate sin” (z) you should be able to integrate any sum
or product of sin(z) and cos(z). For example, see if you can calculate the integrals [ sin(x) cos(z)dz
or [sin?(z) cos?(x)dr. Sums of products and reciprocals of sine and cosine require more thought
but, many are not too difficult.

Example 2.3. Let let u = cos(z) in the calculation below:

dr = —du
cos(z) u

:‘—ln]cos(x)\ —i—c.‘

Therefore, [ tan(xz)dz = In|sec(x)|+ c.

I hope you can figure out [ cot(z)dz with ease. It is important to remember tan?(z) + 1 = sec?(x)
and [ sec?(x)dz = tan(z) + ¢ in the examples that follow.

Example 2.4.

/tanZ(:c)dx = /(secQ(:U) — 1)dz

:‘tan(:zr)—x—kc.‘

Example 2.5. We let u = tan(z) so du = sec?(z)dz,

/ sec?(z) tan®(z)dz = / W2du

1
=-ud+c

3

1
=|3 tan®(x) + c.




Example 2.6.

tan®(z)(sec?(x) — 1)dx

/ tan?(z)dx

tan?(z) sec?(x)dx — /tanZ(x)da:

Il
Wi T— T T

tan?(z)d(tan(z)) — /tanQ(w)dx

tan®(z) + tan(z) — z + c.

The notation used in the third line of the calculation above is a slick implicit notation for indicating
a u = tan(x) substitution. Every so often I make use of this notation. In any event, you should
be able to integrals of expressions like [secS(z)dz or [cot?(z)dz or [ cot?(z)csc?(x)dz using
arguments paralelling the previous triple of examples. What lies beneath is scarier.

Example 2.7. Observe that if u = sec(z) + tan(zx) then %“ = sec(x)dx (work it out for yourself!).
With this bit of trivia in mind note:

/sec(x)da? = du

u
=Inju| +¢

= ‘ In|sec(z) + tan(z)| + c. ‘

Ok, by now you should expect me to ask if you can integrate [ csc(z)dz given the patterns above.
Given our work thus far it ought to be clear that integrating even powers of secant is actully pretty
easy. On the other hand, the first odd power above required a stroke of genious. If you try to
convert to a sine/cosine integral it does not help much if you were wondering. Maybe we’ll return
to secant in a future section and I’ll show you a less clever way of calculating the integral. For now
we move on to the dreaded sec?(x).

Example 2.8. I use the result of the previous example to go from the 4" to the 5" line of the
calculation below.

/sec?’(x)dx = /@@seg(:p)dzx

Uy A%

~ sec(z) tan(z) — / tan(z) sec(z) tan(z)dz

_ sec(x) tan(z) — / (sec?(z) — 1) sec(z)dz

— sec(a) tan(z) — / sec®(z)dz + / sec(z)dz

— sec(x) tan(z) + In | sec(x) + tan(z)| — / sec? () da.

Therefore,

1 1
/sec?’(az)dm =3 sec(z) tan(z) + 3 In | sec(x) + tan(z)| + c.

Given the example above you ought to have a shot at completing integrals like [ sec’(x)dx or
il csc3(z)dz. The integrals that follow in this section require a review of further trigonometry.



2.1 how to derive trigonometric formulas in a few easy steps

We study two methods to derive identities in trigonometry. Let us begin with the less elegant
method. With a little trouble and ingenuity you can use the Law of cosines applied to certain
pictures to deduce the fundamental identities which I refer to as the adding angles identities

‘cos(@—&—ﬂ) :cosﬁcosﬁ—sinﬁsinﬂ‘

‘sin(H—i—B) = sin@cosﬁ—i—cos@sinﬁ‘

With these two identities we can derive most anything we want. The examples that follow are in
no particular order. I only use the adding angle identities and the definitions of tangent plus a
little algebra.

Example 2.9.

sin(0 + )
cos(6 + )
sin @ cos 8 + cos fsin 3

cos B cos 5 — sinfsin 3

tan(6 + ) =

sin @ cos 3 cos fsin B
_ et Teotens [ gy tendttang
" cosfcos B sin 0 sin 3 1

cosfcosB ~ cos@cosf 1 tan@tanﬁ

While we are on this example, note if 0 = B then we find

2tan 6

tan(20) = T 7 g

Example 2.10. The case 8 = 8 gives interesting formulas for sine and cosine,

cos(f 4 0) = cosfcos —sinfsinfd = |cos(20) = cos? O — sin? 4.

Likewise,

sin(f + ) =sinf cosf + cosfsinf = ’ sin(260) = 2sinf cos 6.

Since cos? § 4 sin? @ = 1 thus sin? = 1 — cos? @ it follows that cos(20) = 2cos? — 1 hence

1
cos? 0 = B <1 + cos(29)>

Similarly we can solve for sin? @ to obtain,

1
sin? 9 = 3 <1 - cos(29)>

Naturally, we can continue in this fashion to derive a great variety of trigonometric identities. There
is something somewhat unsatisfying about this method. The calculation is indirect. Suppose we
wanted to simplify the expression sin(6)cos(46). How would we do it? To be fair, there are
identities for sin(#)sin(3),cos(#) cos() and sin(f) cos(f) so we could just look those up and go
from there. But, is there a better way to remember all these facts? Is there some elegant formula
which encapsulates all these trigonometric identities and reduces these problems to little more than
algebra? In fact, yes. However, it comes at the price of understanding a bit of basic complex
variables. I would argue that this is a worthy price since most students need to learn more about
complex numbers anyway.

10



Definition 2.11. imaginary exponential.

Let 6 be a real number then we define the imaginary exponential to be the complex
number e given by e = cosf + isin6.

I invite the reader to verify the following identity hold for the imaginary exponential:

o018 — Li(0+5)

The above identity simultaneously contains both the adding angles formula for sine and cosine.

Using cos(—6) = cos(f) and sin(—6) = —sin(#) we can calculate:
i0 —i0 . .. L/ —i0
eV +e =cosf +isinf + cosf —isinf = 2cosf = cos@zi(e +e )
and
i0 —i0 . . . . L /0 —i0
eV —e =cosO+isinf —cosf +isinf = 2isinf = sm&z;(e —e )
7

The boxed formulas above show we can trade sine and cosine for imaginary exponentials. This is
of great algebraic advantage since imaginary exponentials obey simple rules of algebra much like
real exponential

Example 2.12. Suppose you want to derive a nice formula for the square of cosine. Just plug in
the bozxed formula and use the laws of exponents for imaginary exponentials:

()]

COS |:

i( 0,10 | 00,0 | o0 i9>
1< 2164—24—6 219)
4
1+
2
1
2

< 220+ —2i0>

— cos 20
2

= ;(1+cos29>.

Naturally, we could also apply the method to calculate formulas for higher powers or products of
sine and cosine. Just for a flavor:

3
cos® 0 = { <ei9 + ew)]

_ <€3i9 1 3610 4 gm0 4 6—31'9)

Example 2.13.

—_
N —

w o

1
= —sin(6) + 1 sin(30).

e

'not exactly the same, the one-to-one property does not hold for the imaginary exponential, instead e = ¢

implies 0 — B € 27Z

11



Example 2.14. Suppose you want to derive a nice formula for the square of sine. Just plug in the
boxed formula and use the laws of exponents for imaginary exponentials

1/ . 2\ 12
sin® 0 = [ (ew — 67’9)]
21

—1 L ) . . )
_ T 619610 _ 26106719 + 67196710

—1 . )
— T <6219 —24 e—229>

11 ; ;
. 55 (6210 4+ 6—219)

1
—3 cos 20

= <1—cos20>.

The identities above you should have memorized anyway, but I don’t have to memorize them since
I can derive them in a pinch. In contrast, the next example is not one for which I could typically
quote the answer off the top of my head:

=N = DN =

[\

Example 2.15. Same method again. Covert given functions to imaginary exponentials and do
algebra until you see sines and cosines again. Simple as that.

1/ . N\ 1 . .
cos(z)sin(4r) = = e — 7@ | — [ e¥® — ¢~ i®
2 21

1 . Y . e
= — eSm —e iz eSzx te 5ix
43

_ 111 5ix —b5ix 1 3ix —3iz
2 [22‘ (e € t\¢

1 1
=35 sin(bx) + 5 sin(3z)

You could calculate identities for cos(ax) cos(bx), sin(ax) sin(bx) by much the same calculation and
you’d find a sum of cosines for each:

cos(ax) cos(bx) = %cos[(a +b)z] + % cos[(a — b)x]

sin(ax) sin(bz) = %cos[(a +b)z] — % cos[(a — b)x]

On the other hand, generally cos(ax) sin(bx) yields a sum of sines,

cos(ax) sin(bx) = % sinf[(a 4+ b)x] + %sin[(a —b)x]

The product formulas are very important to the study of constructive and destructive inteference
in waves. They explain where beats come from among other things. Also, it is worth mentioning
that if you remember one of these carefully then you can get others from differentiating. Try dif-
ferentiating sin(a + ) to derive the adding angles formula for cos(a + ).

12



DeMoivres’ theorem in complex notation is simply (ew)” = ¢, When you unfold this into sines
and cosines the result is amazing:

(cos @ +isinf)" = cos(nh) + i sin(nbh)

You can try plugging in n = 2 or n = 3 and you’ll find yet more identities which are less than
obvious from other approaches.

Example 2.16.
1 1
/COS(?)HZ) sin(5z)dx = /[2 sin(8z) + 3 sin(—2a:)] dx
1 [ . L[
= 2/sm(8:n)dx— 2/81n(2x)d3:

-1 1
=|— - - 2z) +c.
16 cos(8z) 1 cos(2z) + ¢

Example 2.17.

/cos(?mv) cos(bz)dr = /B cos(8z) + ;COS(Q.T)] dx

1 1
= 2/003(8:c)d37+ 2/Cos(2a:)dw

1 1
=16 sin(8x) + i sin(2zx) + c.

Example 2.18.
. . 1 1
/sm(Bx) sin(bx)dx = /[2 cos(8z) — 5 cos(—2x)] dz
1 1
= 2/cos(8x)dx— 2/005(2x)dm

1 1
=16 sin(8z) — 1 sin(2x) + c.

What about [ sin(z) cos(3z) cos(6z)dz? How would you attack such a problem?
Example 2.19. Here we use the adding angles identity for tangent followed by a u = cos(4x)

substitution.
/ tan(z) + tan(3z) dr — /tan(4x)da:
1 — tan(x) tan(3x)
_ / sin(4x) de
cos(4x)

—du
4u

-1
=\ In | cos(4x)| + c.

Finally, I would just comment that there are many integrations of the hyperbolic trigonometric
functions which follow arguments paralell to those given in this section. I'll illustrate a few such
calculations in the next subsection.

13



2.2 hyperbolic functions: calculus and algebra

Hyperbolic sine and cosine are defined by coshz = 1 (e” +e7%) and sinhz =  (e® —e™®) thus

2
e” = cosh z+sinh z and as cosh(—x) = cosh z and sinh(—xz) = —sinh 2 we find e=* = coshz—sinh z
and observe

1 = e ® = (coshz + sinh z)(cosh z — sinh ) = cosh? z — sinh? 2
which is the analog of the Pythagorean identity for sine and cosine.

Example 2.20. Let u = sinhz in what follows:

/cosh3 xdx = /(cosh2x) coshzdr = /(1 + sinh? z) cosh zdx

= /(1 + u?)du

1 3
—u+§u

1
= |sinhx 4+ 3 sinh®(z) + ¢

Also, we find an analog of the double-angle formula for cosine:

1 ! 1
cosh? z = (2 (e” + e_x)> =1 (e +2+e %) = 3 (1 + cosh(2z)) .
Differentiate with respect to z to find 2 cosh x sinh z = sinh(2z).

Example 2.21.

1
/2cosh2x = /(1 + cosh(2z))dx = |z + 5 sinh(2z) + ¢

Also, since cosh? z — sinh? z = 1 we find
sinh? z = cosh?z — 1 = % (14 cosh(2z)) — 1 = % (cosh(2z) —1).
Moreover, dividing cosh? 2 — sinh? z = 1 by cosh? z reveals 1 — tanh? z = sech?z. Note
cosh(A + B) = % <€A+B + 6—(A+B))

= A (BB 4 (e ) (e

= cosh(A) cosh(B) + sinh(A) sinh(B).
Differentiate with respect to A to derive
sinh(A + B) = sinh(A) cosh(B) + cosh(A) sinh(B).
Divide the identities above and derive the addiing angles formula for hyperbolic tangent:

tanh(A + B) = sinh(A) cosh(B) + cosh(A) sinh(B) _ tanhA + tanh B
cosh(A) cosh(B) + sinh(A) sinh(B) 1+ tanhAtanhB
T'll stop here, but it should be apparent by now that to every calculation in trigonometry there is
a dual calculation in hyperbolic trigonometry. They’re not exactly the same, but if we understand
the analogies at play here we understand both trigonometry and hyperbolic trigonometry more
deeply. This dualism plays out more powerfully in its application in the next section.

14



3 implicit substitutions

All of the substitutions made thus far have been explicit. This means the new substituted variable
is defined explicitly as a function of the given variable of integration. An implicit substitution may
give the change of variables in many other forms. Most common among these is the so-called trig-
substitution where we usually either use x = a cos() or x = asin(f) or x = asec(f) or x = atan(6).
In each of these cases the new variable which is analogous to the u of our earlier work is played by
the variable §. We’ll also look at substitutions based on the inverse hyperbolic functions. We will
need the techniques of the previous section to properly complete many of these problems. It really
is a beautiful chapter in the theory of calculation, an art which is slowly but surely being lost to
the ever encroaching hob-goblin of mediocrity in the calculus sequence.

Let me begin by collecting three main trigonometric substitutions:

(1.) If z = Rsin@ then dr = Rcosfdf and R? — 22 = R% cos? 0 hence vV R? — 12 = Rcosf.

R
xr
0
R2 _ 21]2
) x R? — 22
From the diagram above we see tan § = ——— and cos) = ——.
R2 — ;2 R

(2.) If z = Rtan@ then dr = Rsec?§df and 2% + R? = R?sec? 0 hence V22 + R2 = Rsecl

Va2 + R?

R
From the diagram above we observe sin ) = % andcosf =

22 + R? ViZ+ R?
(3.) If x = Rsec® then dz = Rsecftandf and 2> — R? = R?tan? 0 hence V22 — R?2 = Rtan{

T
22— k2
0
R
/22 — R2 V2 — R2
From the diagram above we find tanf = xT and sinf = Y2 — 1
x

The key concept behind all the substitions is that we wish to use cos? 8 +sin?6 =1 or tan?6 +1 =
sec? in order to consolidate two terms into a single term. Let’s see how the trigonometry and
calculus aids our solution to a number of tricky integrals.
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Example 3.1. We wish to calculate [ 4 — x? dx. The squareroot is trouble. One sneaky way to
eliminate it is to let x = 2sin(f) thus 4 — 2% = 4 —4sin?(0) = 4 cos?(0) and dx = 2 cos(0)df. Hence,

/@dwz/MQcos(&)dG
= / 4 cos®(0)db
_ / [2 4+ cos(26)]d0

1
=260+ 5 sin(20) + ¢

1
=|2sin* (g) + 251n<2sin1 [g}) + c.

The careful student will have questioned how I knew that /4 cos?(f) = 2cos(6). After all, alge-
braically we ought to have /4 cos?(0) = 2| cos(f)|. The answer is simply that we insist 6 be chosen
such that cos(20) > 0, otherwise we’d have to introduce a sign in that step. Similar comments
apply to future examples, but I will not belabor this point further.

Example 3.2. We wish to calculate [ Vx> —9 dx. The squareroot is trouble. One sneaky way to
eliminate it is to let x = 3sec(0) thus 2% —9 = 9sec?(0) —9 = 9tan?(0) and dx = 3sec(d) tan(6)d6.

Hence,
/ Va2 —9dz = / \/ 9 tan?(6)3 sec(0) tan(h)df
= /9sec(9) tan?(0)d6
= /95ec(9)(se(32(0) —1)de
= 9/sec3(0)d9—9/se0(9)d9
9 9
=3 sec(6) tan(0) + B In |sec(f) + tan(f)| — 91n |sec(d) + tan(0)| + ¢
9 9
=3 sec(f) tan(6) — B In | sec(f) + tan(0)| + ¢
We can simplify this answer nicely if we think about the substitution in terms of a triangle. Note
that if x = 3sec(0) then sec(f) = § = hp hence opp = Va2 — 9 and so tan(0) = Y==Y. We find,

adj 3
vz -9

3

/\/332—9d$:;:n\/x2—9—21n

c 4 +
- C.
3

Example 3.3. The fundamental identity for hyperbolic trigonometry is cosh?(¢) — sinh?(¢) = 1.
We can rearrange this to give cosh?(¢) — 1 = sinh?(¢). This suggests we might be able to work the
previous example by making a x = 3 cosh(¢) substitution. If x = 3cosh(¢) then dx = 3sinh(¢)do
and x> — 9 = 9sinh?(¢). Hence,

/m dr = /9sinh2(¢)d¢.
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I need an identity for sinh2(¢), let’s derive it from scratch,

2
sinh?(¢) = [; (€¢ - 6_(75)} = % [e% -2+ 6_2¢:| = %cosh(2gb) — %

Returning to our integration with this new-found insight,
/\/ 2?2 —9 dx = /<2 cosh(2¢) — g)dgb = %sinh(Qqﬁ) - % +c.

Note that 2sinh(¢) cosh(¢) = L(e? — e7?)(e? + e7?) = §(e?® — e72?) = sinh(2¢). Furthermore, we
began by supposing that x = 3cosh(p) hence cosh(¢) = £ and sinh(¢) = Va2 —9. We find that
%sinh(&b) = %% ””?2)_9 = %1‘\/1}2 — 9. On the other hand, in our current formalism we are led to

write % = %cosh_l(g). Thus,

1
/\/x2—9dm:2x\/x2—9—gcosh_1(§> +ec.

I should mention there are fascinating expressions which recast the inverse hyperbolic functions as
the composite of a logarithm and an algebraic function. In particular:

cosh™(z) = In (x +Va?— 1) for x > 1. (1)

sinh~!(z) =1In (x + Va2 + 1) for z € R.

1+=x
l1—=z

1
tanh~!(z) = 2ln< > for |x| < 1.

We can understand the previous pair of examples are in agreement if we sort through how the
identity above for inverse hyperbolic cosine connects to the log of an algebraic function.

Example 3.4. We wish to calculate f Vax? +9 dx. The squareroot is trouble. One sneaky way to
eliminate it is to let 2z = 3tan(f) thus 42 + 9 = 9tan?(0) + 9 = 9sec?(0) and 2dx = 3sec?(H)d6.
Hence,

/\/4$2+9 da::/\/9se(:2(9) 386022(9”9
= Z/sec3(9)d9

= %see(ﬁ) tan(d) + Zln | sec(f) + tan(0)| + ¢

We can simplify this answer nicely if we think about the substitution in terms of a triangle. Note
thha; if 2z = 3tan(f) then tan(f) = % = Z%? hence hyp = V422 +9 and so sec(f) = 7“4;‘32”. We
n )

+ c.

1 VAax? 2
/\/4x2+9 dat:ia; 4x2+9+iln‘x3+9+;

Notice, we can simplify this answer by factoring out a 1/3 in the natural log argument,

/\/4;1:2+9 dwz%x 4x2+9+%1n‘\/4332+9—|—2x‘+c.

17



Example 3.5. Another way to calculate [/4z?+9 dx is to make a hyperbolic substitution. Ob-
serve that cosh?(¢) — sinh?(¢) = 1 gives cosh?(¢) = sinh?(¢) + 1. This suggests we can make a
22 = 3sinh(¢) substitution. If 2z = 3sinh(¢p) then 4z> + 9 = 9sinh?(¢) + 9 = 9cosh?(¢) and

2dx = 3 cosh(¢)d¢.
/\/4:U2 +9dr = / \/ 9 cosh?(o) SCOS};W

9

= 2/cosh2(¢)dd>

I need an identity for cosh2(¢), let’s derive it from scratch,

1 2 1 1
cosh?(¢) = [2 (e¢ + e_¢)] =1 [ew +2+ e_%’] =3 cosh(2¢) + 5
Returning to our integration with this new-found insight,

/\/ 422 + 9 dx = 9/(Cosh(2¢) +1)d¢

4
= %sinh(ng)) + %(;5 +c.

92z 42249 9
IV S
43 3 4
1 9 2
=57 4332+9+Zsinh_1 <;> +c.

I used the identity sinh(2¢) = 2sinh(¢) cosh(¢) to help simplify the answer.

Again, you can consult Equation [I| to help see why the last two examples are in fact consistent.
Also, by now you should start to appreciate that both the hyperbolic and the trig. substitutions
have pros and cons. I believe a healthy approach is to be ready to apply either approach to a given
problem. Knowledge of this mathematics will also aid you in interpreting Mathemtatica or other
C.A.S. outputs. Mathematica might give the answer in terms of hyperbolics whereas you know the
answer for other reasons in terms of logarithms. Hopefully as you work the problems in this section
you’ll start to understand that hyperbolic functions and trigonmetric functions are intrically linked.
The explicit connection and ultimate synthesis for these functions is largely covered in the complex
variables course. The following triple of examples all invoke a bit of algebra which is commonly
called ”completing the squareEf’.

Example 3.6. To begin I simplify the quadratic by completing the square:
/ dx B / dx
w2 +dx+5 ) (z+2)2+1

Remember that tan?(0) + 1 = sec(6) so this makes me think a x + 2 = tan(f) substitution will
simplify this problem. If z+2 = tan(f) then (x+2)%2+1 = tan?(0) +1 = sec?(0) and dx = sec?(0)d#.

2if you don’t already know this algebra, now is the time to learn it
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Thus,

/ dx B / sec?(0)df
2 +4x+5 sec?(0)

=0+c

=|tan" (2 +2) +c

Example 3.7. To begin I simplify the quadratic:
/ dx B / dx
422 +8x+9 ) 4x+1)2+5

Remember that tan?(0) + 1 = sec?(6) so this makes me think a 4(x 4+ 1)? = 5tan?(0) substitution
will simplify this problem. If 2(x + 1) = v/5tan(0) then 4(x + 1)2 +5 = 5tan?(0) + 5 = 5sec?(0)
and 2dx = \/5sec?(0)dh. Thus,

/ dx [ V5sec?(8)dd
402 +82+9 ) 2(5sec?(9))
! 0+
=——0+c
2v/5
1, 2(x+1)>
=|—t 22T ) v
25 < N

Example 3.8. To begin I simplify the quadratic by completing the square:
/ dz B / dx
22 +6x+5 ) (v+3)2-4

Remember that tan?(6) = sec?(0) — 1 so this makes me think a (x + 3)% = 4sec?(0) substitution
will simplify this problem. If x + 3 = 2sec(f) then (x + 3)? — 4 = 4sec®(f) — 4 = 4tan®(0) and
dx = 2sec(0) tan(0)df. Thus,

/ dx B / 2sec(f) tan(6)do
12 +6x+5 4 tan?(6)

[ sec(0)do
N / 2 tan(6)

= ;/csc(ﬂ)dG

-1
=5 du let u = csc(f) + cot(0) hence —du/u = csc(0)db
u

-1
=5 In | csc(f) + cot(0)| + ¢

We let © + 3 = 2sec(6) thus sec(d) = Z3 = Z—%?. The other side of the substitution triangle is

found by the pythagorean theorem; opp = +/(x + 3)2 — 4. Observe that cot(f) = g?d; = ﬁ
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and csc() = M2 — 283 Therefore,

opp (z+3)2—4
/ dx -1 | z+3 n 2 n
— = | —1n C.
z? + 6z +5 2 VE+3)2—4 J(x+3)2-

Let’s attack the preceding example once more, but this time from the angle of a hyperbolic substi-
tution.

Example 3.9. If cosh?(¢) — sinh?(¢) = 1 then dividing by sinh?(¢) reveals the hyperbolic cotan-

gent/cosecant identity: coth?(¢)—1 = csch?(¢) where by definition coth(¢) = Z?Sﬁég)) and csch(¢) =
m In view of the identity above, the integral [ 2+6x+5 =/ (w+§’)”2_4 is likely simplified by an

(z+3)% = 4 coth?(¢) substitution. If 43 = 2coth(p) then (x+3)2—4 = 4coth?(¢) —4 = desch?(¢)

andlﬂ dx = —2csch?(¢)de.
/ dz B / dx
2?2+6x+5 ) (z+3)2—

_/—2csch2(¢)d¢
B desch?(¢)

I show how [ 2+6$+5 = tanhfl(”%r?’) + ¢ in the next example.

Example 3.10. If cosh?(¢) — sinh?(¢) = 1 then dividing by cosh?(¢) reveals the hyperbolic cotan-

gent/cosecant identity: 1—tanh?(¢) = sech?(¢) where by definition tanh(gb) = ELI:Q((?) and sech(¢) =
7(305}1( o) In view of the identity above, the integral [ m —f (92 1s likely simplified by an

(z+3)? = 4tanh?(¢) substitution. If t+3 = 2tanh(¢) then 4— ($+3) = 4 4tanh?(¢) = 4sech?(p)

and] dz = 2sech?(¢)d¢.
/ dz B _/ dx
2 +6x+5 4—(z+3)%

2sech?(¢p)de
4sech?(¢p)
-1
= —¢+c
5 ¢
-1 z+3
=|— tanh™! + c.
2 2
3just use the quotient rule; coth(¢)’ = Zf:ﬁ((i))/ = g'”hzif’n)h;(‘;g)hz(‘ﬁ) = Sm;}(d)) = —csch?(¢)
just use the quotient rule; tanh(¢)’ = Z;:;Ei))/ = cosh 521125(;‘)112(“5) = Cosh12(¢) = sech?(¢)
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Example 3.11. We wish to calculate [ f;ﬁl% dx. The squareroot is trouble. One sneaky way to

eliminate it is to let x = 3sin() thus 9—2% = 9—9sin?(A) = 9cos?(0) and dx = 3cos(0)dh. Hence,

Py / 27sin3(0)(3 cos(0)d0)
Vo —22 3 cos()
= / 27sin%(0)do
= /27(1 — cos?(0)) sin(6)df

= /[27u2 — 27]du let uw = cos(0)

=9cos?(h) — 27 cos(h) + ¢

Note that x = 3sin(0) gives sin(f) = § = % where we have in mind a triangle which represents

the subsitution. Applying the pythagorean theorem we calculate adj = 9 — x? hence cos(f) =

Z—% =Y 9;’”2 and we can simplify our answer nicely: 9 cos3(0) = 9V9=a")" W =1(9—2?)V9 — 22 and

9cos?(#) — 27 cos(0) = 3(9 — 2?)V9 — 2% — 1279 — a2,

-1
— (18 +2%)V9 — 22 +c.

/ x3dx B
v9—22 3

Remark 3.12.

If we have an integral with bounds then we change the integrand, measure and the bounds
under an implicit substitution. We have not faced that difficulty in this section so far
because I have focused on indefinite integration. Also, once bounds enter in then one may
hope for an explicit geometric interpretation of the substitution. I have emphasized an
algebraic understanding in this section because I believe it will lead less students astray.
In my experience, few students understand geometry well enough to appropriately modify
it for the solution of nonstandard problems. That said, I will invoke a geometry-based
substitution in the final example that follows.

Example 3.13. Find the area bounded by b*(x — h)? + a?(y — k)% = a?b? where a,b, h,k € R and
it is given that a,b > 0. This is an ellipse. Note if (x,y) is a solution to the given equation then it

is also a solution to ) )
—h —k
ek ok,
a b2
and we identify that the area is an ellipse centered at (h,k). We can view this ellipse as two graphs

pasted together; note (y — k)* = b*[1 — (x_h)z] = 2—2 [a® — (z — h)?] has solutions

a2

b b
yr =k + —+/a?> — (x — h)? and  yp=k— —+/a®>— (x — h)2.
a a

These solutions have domains which are governed by the inequality a®> — (x — h)? > 0 hence a® >
|z — h|? and as a > 0 we find |x — h| < a which is equivalent to h —a < x < h + a.
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(h,k+b)

bin(6)

(h, k) (h+a.k)

At each x € [h—a, h+a] we can envision an infinitesimal rectangle of width dz and height yr—yp =

22\/a2 — (z — h)2 hence the typical infinitesimal area is given by dA = 22\/a2 — (z — h)? dz (T'll

let you draw in the dA) and we can calculate the total area by integration:

h+a

A:/ dA = 29\/a2—(w—h)2 dx
ellipse h—a a

This is a nontrivial integration. However, we can do it. We let x = h + acos(f) hence x — h =
acos(f) and a® — (v —h)? = a® — a? cos(0) = a?sin(0) and dz = —asin(0)df. Consider the bounds:

(1.) ifx =h+a=h+acos(f) then we find cos(§) =1 hence § =0 (our choice)
(2.) ifx =h—a=h+acos(f) then we find cos(d) = —1 hence = 7 (our choice)

I say ”our choice” because once I state these bounds I am clarifying that we made the substitution
for 0 < 0 < m. Other intervals are possible, however this one will suffice. We calculate,

A= /022\/a2 sin?(0) (—asin(0)do)

Now, our choice of 0 < 0 < 7 indicates the sine function is non-negative and as a > 0 was given it
follows \/a?sin?(0) = asin(0). Flipping the bounds to remove the minus we find,

™

A= / " 2ab sin?(6)df = / ' ab[1 — cos(26)]d = ab[f — %sin(%)] =
0 0

0

In the case a = b we usually say a = r and we find A = wr?. Only in that special case is the “angle”
0 technically an angle in the geometric sense. For a # b the quantity 6 is simply a parameter which
does not match the polar angle as measured from the center of the ellipse.

There are more exotic trigonometric substitutions. For example, there is a well-known substitution
that allows one to integrate a fraction of sines and cosines: [ ggg:((;c))j:s:ﬁggi; dz. The fact that this
is solvable means that there are corresponding algebraic functions which become solvable under
a substitution which brings the integral to the fraction of sines and cosines. I may assign such a

problem concerning the Weierstrauss substitution in homework as a challenge.

Remark 3.14. To conclude this section I illustrate the hyperbolic substitutions using a triangle on
hyperbolic space which satisfies a®> — b> = ¢ where a is adjacent the hyperbolic angle ¢ and b is
opposite and ¢ serves as the hypotenuse. There is a whole theory of hyperbolic trigonometry where
the triangles have less than 180° because the space has negative curvature. This is an example of a
non-Euclidean geometry. Ask me more in office hours if you wish.
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(1.) If z = Rtanhyp then dz = sech?p df and R? — 22 = R?sech?p hence vV R? — 22 = Rsechep.

R

X

Here we have cosh p = ——= and sinh ¢ = . As a check on my claims, notice

R2 _ 22 R2 _ 22
R? x?

SO:RQ—xQ_R?—xQ:l'

cosh? ¢ — sinh?

(2.) If = Rsinh g then dz = Rcosh pdy and 22 + R?> = R? cosh? ¢ hence v/z2 + R? = Rcosh .

T R
Va2 + R2?
H have tanh x d sech R As a check lai ti
ere we nave tan — ———— and sec = —. S a check on my clalms, notice
i r? + R? V= Y
2 R2

=1.

tanh? h? o =
anh” ¢ 4+ sech” ¢ x2+R2+1‘2—|—R2

(3.) If x = Rcosh then dr = Rsinh ¢ dy and 22 — R? = R%sinh? ¢ hence V22 — RZ = Rsinh .

2 — R2 %
x
. x? — R? R . .
Identify tanh ¢ = ——— and sech ¢ = —. As a check on my claims, notice
T T
2 2 2
z*— R R
tanh? o + sech? ¢ = —a + g 1

The key concept behind all the substitions is that we wish to use cosh? ¢ —sinh? ¢ = 1 or

tanh?p — 1 = sech?¢ in order to consolidate two terms into a single term. Of course, in application
it’s a bit more tricky since we also have to face various multipliers and it may be necessary to
complete the square to see clearly the correct course of action.
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4 partial fractions

If we can find a formula in terms of finitely many elementary functions for [ f(z) dz then I say the
integral is solvable. In constrast, I would say f is integrable if there exists an antiderivative function
F'(xz) = f(z) for all z € dom(f). This criteria of integrable is much weaker than solvable. You
should recall that the FTC part I proves that any continuous function is integrable. However, the
FTC just provides the existence of the antiderivative, it does not explain how to find its formula.
While it is not at all an easy thing to prove, there are many continuous functions which have
insolvable integrals. For example, [e 2y or i sin m) dx cannot be solved in terms of elementary
functions aloneﬂ Given all of this, you might be surprlsed by the following claim:

’THE INTEGRAL OF ANY RATIONAL FUNCTION IS SOLVABLE. ‘

I will attempt to illustrate a partial proof of this claim in this section. After many examples I’ll
outline the general procedure which proves the claim above.

Example 4.1. The calculation of f 18 greatly simplified by the algebra below:

x2+6m+5

1 1 _ 4, B
22 +6x+5 (z+1)(z+5) x+1 z+5

= 1=A(z+5)+B(x+1)
evaluating at vt = -1 = 1=-4B = B=-1/4
evaluating at v = =5 = 1=44 = A=1/4
1 14 14
z2+6x+5 z4+1 45

We say the algebraic technique above is performing the partial fractal decomposition of the rational
function. In other words, I take the given rational function and try to write it as a sum of more
basic rational functions which happen to have nice integrals. Observe that

/ dzx _1/ dzx 1/ dzx
2+6x+5 4) x+1 4) z+5

dx

=

Therefore,

Remark 4.2.

Why is it ok to plug in x = —1 and = —5?7 Shouldn’t this lead to an error since the
integrand is not even defined at those values? But, there is no error, the algebra is correct,
why?

A rational function f is by definition the quotient of two polynomials p and ¢; f is rational iff there
exist polynomials p, ¢ such that f = p/q. Moreover, we say f = % is proper iff deg(p) < deg(q).
On the other hand, we say f = % is improper iff deg(p) > deg(q). In the case f is improper we can
always find a proper rational function r and a polynomial g such that f = p = g+ The polynomial

Sthere are techniques to find approximations for the antiderivatives, this is one of the reasons we cover power
series expansions later in this course.
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r is sometimes called the remainder and it is calculated in general by long-division of polynomials.
If you can do long-division for integers then you should be able to do it for polynomials. I do
not use synthetic division because it is neither necessary or general. The algorithm and logic for
polynomial long-division is essentially the same as the process we were taught as children. We
systematically subtract multiples of the divisor from the numerator until we can no longer subtract
whole copy from what remains. For example,

222 —5x+ 18
r+3) 2z% 42 43z +5
— 273 — 622
— 522 +3x
522 + 15z
18x +5
— 18z — 54
— 49

The example below makes use of the division above.

Example 4.3.
223 + 22 + 32+ 5 49 2 5
/ vyt ord d:l::/ 202 — 524+ 18 — —— |do = | -2® — Sz + 182 — 491n |z + 3| + ¢
T+ 3 r+3 3 2

We can have higher degree polynomials in the denominator and still perform long-division.

20 — 7
? +4r+3) 22 +2® +3z +5
— 223 — 822 — 6z

— 72 —3x 45
T2 + 28x + 21
251 + 26

Again, I use this long-division to begin the next example.

Example 4.4.
203 + 22 + 32+ 5 25x + 26 9 25x + 26
de = [ (22 -7+ " )de =22 -7 e da.
/ 2 +ar+3 /( o +$2+4x+3> o +/$2+4x+3 o

Calculation of the remaining integral is accomplished with the partial fractions idea once more:

25x + 26 257 + 26 A B

332+493+3:(x+1)(x+3) 1:+1+x+3

= 252 +26 = A(x +3) + B(z + 1)
evaluating at x = -3 = —75+4+26=-2B = B =49/2
evaluating at t = =1 = —25+4+26=24 = A=1/2

25¢+26  1/2 49/2
2+4x+3 z+1 x+3

=
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Hence,

/ 25x + 26 d 1/ dz +49 dz 11 ‘ +1|+491 | +3|+
— " drx== = =—Inlz —Inlzx c.
2 +4x+3 2] z+1 2 z+3 2 2

Therefore,

1 49
dz :$2—7:U—|—§1n|x+1|+?ln|x—|—3|—|—c.

/2$3+x2+3x+5
x2 4+ 4z + 3

Example 4.5. Some problems are sufficiently simple that I don’t have to do the long-division.
1-—2x 3—2x—2
dr = | ———dx.
/ 53— 22" / 3—20

= /(1 - 3_22x)dx.

:‘x+ln|3—2w\+c.‘

Again, I avoid long division with an appropriately added zero:

32 3(x2+1)—3
/xdx:/(:c—i-)dz
2 +1 x2 41

- /(3_ ).

=3z — 3tan"'(z) +c.

Example 4.6.

What if we have denominators of larger degree than two? I'll begin with a long division just to
emphasize once more it’s importance.

3 —42? +13x — 38
x3—|—4x2—|—3x) 0 + 223 +2x +7
— 20 —42® — 324
— 425 —32% 4223
4z° 4+ 162* + 1223

13z* + 1423
—132%* — 5223 — 3922

— 3823 — 3922 + 2
3823 + 15222 + 114«

11322 + 1162 +7

Example 4.7. We wish to calculate [ 20200 L2047 g0 Note from the long-division above,

3+4x2+3x
20+ 223 + 20 4+ 7 11322 + 1162
dx = 3 42?4132 -38+ - \|d
/ B+ 42+ 3z /(gj v +$3+4x2+3x) v
1, 44 13, /113x2+116x
== - 2?38 e
TR T Bty
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The denominator factors into three linear factors x® + 4x? + 3z = x(x + 1)(z + 3). This factoring
1s what leads us to the decomposition beneath:

11322 + 1162 A B C

a3+ 422 + 3¢ x+x+1+:p—|—3

Multiply by the denominator, nice cancellations occur:
1132% 4+ 1162 = A(x + 1)(z + 3) + Bx(z + 3) + Ca(x + 1)

Now, since all three linear factors correspond to distinct roots we can plug in the roots to obtain
solutions for A, B, C, if we had repeated roots then we’ll see this system breaks down, but let’s finish
this example for now,

r=0 = 0=34

r=-1 = 113—-116=-2B
r=-3 = 113(9) — 3(116) = 6C
Hence, A =0, B=3/2 and C = 223/2 (the fact that A = 0 was obvious from the outset)

/m6+2x3+2x+7d 1 4+4 3+13 2 ag +/113x2+116x
r=-1" +-r° + 2" — 38 —— v
a3 4+ 4x? 4 3z 4 3 2 a3 4+ 4x? 4 3z
14 45 13 4 3/ dz 223 dx
= - 5 —x° —38 = —
15 +3x+2x x—|-2 x+1+2 13
14 45 13 4 3 223
=|— = —x° - -1 1+ —1 .
18 T3 g 38x+2n|x—|— | + 5 nlr+3l+c

Ok, I think we’ve seen enough long-division examples for this section. Keep in mind that we could
add that wrinkel to the examples that follow, but it just adds one extra step at the beginning of
the calculation.

Example 4.8. We wish to calculate the integral below:

/ 202 4+ 3z -9 J
X
x4 + 423 + 522 4 922 + 362 + 45

This is a proper rational function so we don’t have to do any long division. QOur first task is to
factor the denominator. Note z* 4 423 + 52% + 922 4 362 + 45 = 22(2% + 42 + 5) + 9(2% + 42 +5)
hence

/ 222 + 3z — 9 p / 20% + 3z — 9 p
T = T
zt + 4x3 + 522 + 922 + 362 + 45 (24 9)(2? + 4z +5)
I cannot factor further over the real numbers because these quadratic factors have complex roots.
The partial fractions requires two unknown coefficients for each quadratic factor:

202 4+3x -9 _AZL'+B Cz+ D

(22 +9)(22 +4x+5) 2249 +a:2+4a:+5

= 2¢% 4+ 32 — 9 = (Az + B)(2* + 42 +5) + (Cz + D)(z* +9)
= 222 + 3x — 9 = Ax® + Bx? + 4Ax? + 4Bz + 5Ax + 5B + Cx® + Dx? + 9Cz + 9D
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= 202 + 32 —9=a3(A+C) +2*(B+4A+ D)+ z(4B +5A +9C) + 5B + 9D

2 0

Two polynomials are equal iff they have matching coefficients. We equate coefficients of x>, 2, x'andx®:
(i) 0=A+C (ii.) 2=B+4A+ D (7ii.) 3=4B +5A+9C (iv.) —9=5B+9D

We have four linear equations and four unknowns. We procede by elimination: using i. and ii.,

A=-C, A=(2-B-D)/4,=> 2-B-D)/A=-C = 2-B-D+4C=0 (v.)

Next eliminate A from ii. and iii.
A= (2—B-D)/4, A= (3-4B-9C)/5 = (2—B-D)/4=(3—4B-9C)/5 = 5(2—B—D) = 4(3—4B-9C)

Simplifying gives 11B + 36C — 5D —2 =10 (vi.) so equations iv.,v and vi. involve only the vari-
ables B,C,D. We have reduced the problem to 8 equations and 3 unknowns:

5B +9D = -9, —-B+4C - D = -2, 11B + 36C — 5D =2

We can finish by elimination, but for a change of pace I'll use Kramer’s rule from high-school
algebra I1I, we write the system as a matriz problem:

5 0 9 B -9
-1 4 -1 cC | =\ -2
11 36 -5 D 2
Then, Kramer’s rule says:
-9 0 9]
det | =2 4 -1
B | 2 3 -5 ] —9(-20+36)+9(-72—-8) 864 27
5 0 9] 5(—20 4+ 36) + 9(—36 — 44)  —640 20
det | =1 4 -1
| 11 36 —5 |

At which point finding D is easy from iv.,

D:_1_§B:_1_§.§:i
9 9 20 4
Find C' with ease from v. next,
1 1 27 =T -3
=—(-24+B+D)=-(-24+—4+—)=—
04( ++)4( +20+4) 5

Hence, returning to i., clearly A = % As a check on the algebra, I'll solve the problem again from
the start using technology: the row reduced echelon form of the augmented coefficient matriz will
reveal the solution (if it exists) of any linear system: the first row comes from A+ C = 0 then

1 0 0 1] O 1 000 3/5
rref 0 5 0 9/-9]_ rref 0 1 0 0)27/20
0 -1 4 —-1|-2 001 2| -=3/5
0 11 36 —-5| 2 000 1 -7/4
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Which confirms the algebra of the last page. Pragmatically speaking, if you are not taking a test

and don’t need to practice your algebra then the reduced row echelon form (a.k.a. Gaussian elimi-

nation) is hard to beat. We examine the logical underpinnings of both Kramers rule and Gaussian

elimination in the linear algebra courseﬁ (Math 321). Let’s collect our thoughts. We have shown
that )

222 +3x — 9 _%x—i—% %533—1

zt + 423 + 522 + 922 + 36 +45  22+9  2?2+4x+5

Observe we can integrate using u-substitution on the A-term and trig. substitution on the B—ternﬂ

/ Sp4+ Z 3 [ 2xdr 27/ da
3T T W gy = 2 + 2

z2 49 10/ 2249 20/ 22+9
3 [du 27 3sec?(0)do

10/ w 20 9sec?(0)

_ 3 In |u| + %0 +a (where u = x> + 9 and x = 3tan(d))

10
= % In |22 + 9| + %tauﬁf1 (:‘;) +c

*

Next, turn to the C' and D terms, a little creative algebra from the outset makes life easier,

=3 7 -3 6 7
/5”3_4 d:c:/5(x+2)+5_4dx
x24+4x+5 x24+4x+5

_ -3 (x+2)dz 11 dx
5 ) (@x+2)2+1 20/ (z+2)2+1
=3 [du 11/ dw
10 w20 w?+1
-3 11 1 2
:Toln\u]—%tan (w) + 2 (where u=(x+2)*+1 and w = x + 2)
e et 5 S tan (x4 2) +
=—1Inlz x — —tan " (z c
10 20 >
222 4+33—9

dx is

Therefore, using * and «x we find [ P s e T

10 20 20 3

3 -3 11 9
—In|z?+ 9| + 1—01n|:1:2 + 4z 45 — —tan"'(z 4 2) + — tan™* <a:> +ec.

At this point, we have seen examples of how to integrate rational functions with denominators
that consist of a linear factor, a pair of linear factors, a triple of linear factors or a pair irreducible
quadratic factors. I know consider an example where we have a mixture of linear and irreducible
quadratic terms. Again, the heart of the solution is the partial fractal decomposition.

Showever, linear algebra is about a lot more than just solving linear equations, you are really supposed to know
what I’ve shown here from highschool. Granted many of you have forgotten. Now is time to remember. As you work
the homework you should not use technology to solve all the algebra, instead, use technology to check your answers.
I have links on my website to free online calculators which will do partial fractions and/or the rref calculation. Make
use of them wisely.

I do not expect you to memorize these formulas, I expect you to be able to derive them!
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Example 4.9. We wish to calculate [ Cc?’xtﬁdaﬁ. Note that 23 —32? + 1 —3 = (v — 3)(2® + 1)

3—3z2+2—3
hence we propose the following decomposition:
322 — 3z — 8 A  Bzx+C

w3 —3x2 4+ -3 x73+ x?+1
Multiply by the demominator, nice cancellations occur:
322 — 3z — 8 = A(2* + 1) + (Bz + O)(x — 3)
I’ll plug in the real root and one of the complex rootﬁ to obtain:
r=3 = 39)-33)—-8=104 = A=1.
r=i=+v—-1 = 3*-3i-8=(iB+C)(i—-3) = —11-3i=-B-3C+i(C—3B)

The beautiful thing about complex equations is they do twice the work of real equations. This is
due to the fact that the real and imaginary parts of a complex equation must separately balance. In
particular,

—-11-3i=-B-3C+iC—-3B) = —-11=-B-3C and —3=C-3B

Multiply —11 = —B — 3C by —3 to find 33 = 3B + 9C' then add this to —3 = C' — 3B to obtain
30 = 10C hence C = 3 and it follows B = 11 — 3C = 2. In summary, A =1, B+ 2 and C = 3.

Finish it.
/ 322 — 3z — 8 d / dx +/ 2xdx +3/ dx
T = —_ —_
3 —322+2—3 x—3 241 2 +1

=|In|z — 3| +1In|2z® + 1| + tan"'(z) + c.

Example 4.10. We wish to calculate [ ﬁdaz. Well, this is easy to factor: z*—1 = (z2+1)(2?—1).
The partial fractions decomposition with respect to this factoring is
2  Ar+B Cr+D
-1 2241 2 —1

Multiply by the denominator, nice cancellations occur:
2= (Az+ B)(2®> = 1) + (Cx + D)(2* + 1)
I’ll plug in the real roots and one of the complex roots to obtain:
xr=1 = 2=2C+2D.
r=-1 = 2=-2C0+2D.
r=i=+v—-1 = 2=(Ai+B)(i*-1) = 2=-2B-24i
The real and imaginary parts of a complex equation must separately balance. In particular,
2=-2B—-2Ai = 2=-2B and 0=-2A

Therefore, A = 0 and B = —1. Adding and subtracting the x = +1 equations yields C = 0 and

D=1
2 dx dx 1 1
/$4_1dw—/x2_1—/$2+1——tanh (x) —tan™ " (x) + c.

8yes, you could also multiply the polynomials out and equate coefficients as we did in a previous example.
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In the preceding example I made use of the inverse hyperbolic tangent integral. If you don’t like
the inverse hyperbolic function then you could just as well break the 1/(2? — 1) term into a sum of
reciprocals of (x — 1) and (x 4+ 1). You can show that

11 1
22—-1 2|z—-1 =x+1]
Or, you could at least check that I am correct by making a common denominator of the RHS to
recover the LHS. In any event, integration will yield natural logs from this algebraic approach:

/d$ _1/ dx _1/ dx
2-1 2) z—1 2) z+1

1 1
:iln]aj—ll—iln]m—i—l]—i—c.

There are identities which connect this expression and — tanhfl(x). If nothing else, we know they
have to be different formulas for the same function since

1. L—tanh '(z)]= Lllmjz -1 - Lilnjz+ 1) =

=

1
x2—1

2. tanh *(0) =0 and $In[0— 1| — i[04+ 1] =0

Recall that if f'(z) = ¢/(x) for all z € J (a connected interval) then f(z) = g(x) + ¢ on J. If we
also know f(0) = ¢(0) then it follows ¢ = 0 hence f = g, provided the domain of both functions
is J. Now perhaps my argument is less than satisfying, after all I didn’t really explain how these
rather different looking formulas are the same. See Stewart around page 466 for more on how to
connect these algebraically.

Example 4.11. We wish to calculate [ %dm. This integral contains a new difficulty, it has

a irreducible quadratic repeated in the denominator since x* + 822 + 16 = (x? + 4)2. The partial
fractions decomposition for a repeated quadratic is as follows:
22 +5 _Az+B  Cx+D
2t + 822 +16 a22+4 (22 +4)2
I invite the reader to verify that the usual algebra yields A=0,B=1,C =0 and D = 1. I know
this will happen since the following algebra leads to the same conclusion:

2?+5 2?4441 1 L1
ri 4822 +16 (22 +4)2 2244 (22 +4)2
If v = 2tan(0) then x® + 4 = 4tan?(0) + 4 = 4sec?(0) and dx = 2sec?(0)df. We will make use of
this substitution in the integral below:

/de :/ ! + ! }dw
x* + 822 4 16 |22 4+4 (22 +4)2
[ 1 1
| 4sec?(0) + (4sec?(0))?

Il
— — —

] (2sec?(6)d6)
1 1
513 0052(9)] do

|2
1 1 1
S — o+ cos(2
P + 16 + 16008( 9)]d9

9 1 .
=1 + 55111(29) +c
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Recall that sin(20) = 2sin(0) cos(d) and note tan(f) = % hence sin(0) = ——~— and cos(f) = ——=

V244 244
thus, sin(260) = ;—Ll. Therefore,

/ 45 d 9ta Rl (= ° +
——————dr=—tan | = — tc
x* + 822 4 16 16 2 8(z2 4 4)

Example 4.12. We wish to calculate [ %dw. To begin we need to work out the partial

fractions decomposition. Given the factoring of the denominator we propose:

20° + 3z —x+1 A ., B, Cc D
(z-2)(z+1)3  2-2 24+1 (z+1)2 (z+1)3

Multiply by the denominator to find:
203 + 322 —24+1=Ax+ 13+ Bz -2)(z+1)2+C(z —2)(x+ 1) + D(z — 2)

We can evaluate at x = —1 to find that —2+3+ 141 = —3D hence . Likewise, evaluate
at x = 2 to obtain that 16 +12 — 2+ 1 = 27A hence . To find B and C we need additional
equations. One easy choice is to evaluate at x = 0 which gives 1 = A—2B—-2C'—-2D =1-2B-2C'+2
hence =2 = —2B — 2C'. Next, 1 evaluateﬂ atx=1toobtain2+3—-14+1=84A—-4B—-2C - D
hence 5 =8 —4B — 2C + 1 thus 4 = 4B + 2C' and dividing by two gives 2 =2B + C. Collecting
our thoughts,

—2=-2B-2C addedto 2=2B+C = 0=-C = |C=0|and|B=1]

Therefore,
203 + 322 —x + 1 1 1 1
do = — d
/<x—2><x+1>3 ! /[:c—2+x+1 <x+1>3}‘”
d dw
:/u+/ /letu—x—Qandw—$+1
u

1
= ln\x—2|+ln|x+1]+m+c

Example 4.13. We wish to calculate [ (12+6d++13)3. Note that x> + 6z + 13 = (z + 3)? + 4 hence
the denominator cannot be further reduced. This is already a basic rational function. We make a
x + 3 = 2tan(0) substitution hence (x + 3) + 4 = 4sec?(6) and dx = 2sec*(0)dh. Observe

dx [ 2sec?(0)d

/ (x2 + 62 4+ 13)3 / 64 secb(0)
1

B 33

cos*(0)db (the next step is nontrivial)

30 1 3 1.3 1 1.
=2 [ 3 + 3 sin(6) cos®(0) — g sin (0) cos(0) + 5 sin(6) cos(0) | + ¢

9because the arithmetic is easy and multiplying out to equate coefficients looks like more work here
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We know tan(f) = £E2 hence sin(f) = ——2— and cos(d) = ——2—. Thus,

(z43)2+4 (z+3)2+4
/(m2+6d::+ 13)? :?)12[380+;sin(0)cos3(0)—;sin3(9)cos(0)+;sin(H)cos(é’) +c
_ 1 3 -1 r+3
—32<8tan ( 5 >
+1 z+3 [ 2 r’
8 /(x+3)2+4l/(x+3)?2+4
_1[ x+3 r 2
8lv(@+3)2+4] V(@+3)2+4
1 r+3 2 ) .
2/(x+3)2+4/(z+3)2+4

After a some algebra the expressions above ought to simply to the following:

/ du 2824202z + 54a° + 627 3 tan—1 (372 L.
(24 61 +13)3 (13 + 62 + 2)2 256 2 '

Remark 4.14.

I think we’ve seen enough. At this point we can make a few observations:

(1.) when integrating a rational function we can always reduce the problem to
integrating a proper rational function and a polynomial because we know
long division for polynomials.

(2.) any proper rational function can be decomposed into a sum of basic rational
functions which either have the form G for k=1,2,...

1 1
@—a)F ' [—a)2+5”
(3.) we can integrate any basic rational function, we have the methods, we just

need paper and perservance.

(4.) the partial fractions decomposition of a proper rational function with de-
nominator of degree N will have N-unknown coefficients in its decomposi-
tion.

I seek to sketch a proof of (2.) and (4.) in the section that follows. The proofs of (1.) and
(3.) are left to the reader.

Beyond these comments, we also observed that the inverse hyperbolic functions allow us to treat
reducible reciprocal quadratic factors in much the same way as we treat the irreducible reciprocals.
This led to a great diversity in the appearance of answers.
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4.1 existence of partial fractions decomposition

Remark 4.15.

Read if interested. Ask me questions if want further detail. Pragmatically speaking, if you
understand the examples before this subsection you should do just fine. This section does
contain useful comments about algebra in general and a few complex calculations that all
electrical engineers should be eager to master.

Suppose we have a rational function f(x) = %. Suppose further that deg(Q) = N and deg(P) =n
and n < NN so this rational function is proper. A fundamental theorem of algebra states that any
polynomial with real coefficients can be written as a product of linear factors which may be repeated
and/or correspond to complex roots. However, the complex roots must come in complex conjugate
pairs which once multiplied give irreducible quadratic factors. That said, I will give an argument

which allows complex notation. We know that @ factors as
Qx) = A(x —a)" (z —ax)k2 - (x — a,)*

where A # 0 and a; € C and ky + ko + --- + k. = N. We claim that f can be written as a sum of

the reciprocals (z — a1)*, (z — a9)*2,--- , (z — a,)*. That is, we claim that the following equation
has a solution for some A4, As,..., A, € C,

P(z A A A An_ An_ A
f(g;): ()— 1 + 2 +...+$+...+ Nk”_|_ NkT+;_|_..._|_ N

Q) r—a (x—a1)? (x — ay)kr

Multiply both sides by Q(z) to obtain *:

(x —ay)k r—ar (r—ay)

P(z) = A1 [(z —a)" Yz —a)® - (z — a)f] +- -
“'+Ak1[(l‘—a2)k2"'(JT—CLr)kT] R
o4+ ANk, [(x _ al)k1—1<m _ a2)k2 e (x _ ar)kr—l] 4o

oo+ An_p, [(I _ al)kl_l(a: _ az)’@ s (- ar_l)qu}
Observe that if we plug in x = a; into * then we find

P(a1)

P — A —ag)® - (ag — a, )k Ap, =
(a1) = Ap, (a1 — a2)™ -+ (a1 — ay) = = o —aa) - (ar — )

Next, we can plug in x = ag into * and all terms drop to zero except one

P(ag)
P(as) = Ap, (ag—aq k1 as—as ks ... as—a kr = A, =
( ) 2( ) ( ) ( ’f‘) 2 (a2_a/l)kl(a,2_a/3>k3"'(a/2_a7~)kT
Continue in this fashion and we find solutions for Ay, for j = 3,4,...,r. However, this is only a
subset of the coefficients since we allow k; > 1 since we want to treat the case of repeated roots.

Differentiate * and call it %. Plug z = a; into % and note that just one term remains. The

derivative of the term with coefficient Ay, _; produces many terms, however only one remains after
the evaluation. The term that remains is the one which (x — a1) was differentiated hence

P'(ay)

P — A, —ao)ke ... — a,)kr A, =
(a1) = Ap,—1(a1 — az)™ -+~ (a1 — ar) = Bl o —a) (ar — )

Then, if we differentiate twice then evaluate more we find a formula for Ay, _». Continuing in this
fashion we find formulas for Ay, Ag, ..., Ag,. To complete the argument simply apply the procedure
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for the first root to the remaining roots as, as, . ..a,. Finally, note in the case of complex roots we
must have a conjugate pair. Observe that for such a pair we can reproduce the form we’ve used in
this section:

A B Az -a+if)+ Bz —a—if) (A+B)z—a(A+ B)+iB(A— B)
x—a—iﬁ+x—a+z’ﬂ_ (r—a—if)(xr—a+iB) (x —a)? + 32
This is precisely the form we used, just written with ugly coefficients. You might worry that the
rational function is complex so that will not match the manifestly real partial fractions decompo-
sition. However, the fact that f = P/Q is real implies certain reality conditions on A and B hence
the imaginary term will vanish. Rather than work this out in general let me illustrate how the real
and complex form of the partial fractions work out in a specific case:

2r+6 z+3 B A B
2 +4r+5  (x+2)2—-42 x+2—1 T
Multiply both sides by the denominator to find 2z + 6 = A(z +2 +¢) + B(x + 2 —i). Thus,
2e4+6=(A+B)x+2(A+ B)+i(A— B)
Equating coefficients gives 2 = A+ B and 6 = 2(A + B) + i(A — B) which yields 6 =4 +i(A — B).
It follows that 2 = i(A — B) thus A— B =2/i = —2i. Add A— B = —2i and A+ B = 2 to find
2A =2 — 24 thus A =1 —i. Likewise, subtract A — B = —2¢ from A+ B =2 to find 2B =2+ 2i
thus B = 1 + 7. We have derived the complex partial fractions decomposition
2e+6  1—1 141
Pt drt+5 wrt+2—i et2+i

In general, one can prove that if A+ B € R and A — B € iR and it follows that expression on the
far right below is manifestly real once the imaginary terms are cancelled

A B (A+ Bz —a(A+ B) +if(A-B)

— + — =
r—a—if x—a+if (x —a)? + 32
In any event, I include these general comments for those students who wonder about why this
method works in general. The algebraic technique of partial fractions extends beyond calculus, but
it is seldom proved in any course. It is doubtful I lecture on this stretch of the notes.

Lemma 4.16. equating coefficients.

Suppose F,G and @ are continuous functions and Q(z) = 0 has finitely many solutions. If

ggg = ggg for all € R such that Q(z) # 0 then F(z) = G(x).

Proof: Note that if € R such that Q(z) # 0 then it is clear that F(z) = G(x). Suppose z, € R
such that Q(z,) = 0 and consider that F(z) = G(z) for all x € Bs(x,), ( a deleted nbhd of radius
d > 0 must exist on which Q(z) # 0 throughout since the zeros of @ are finite in number so we can
separate them) but then

lim F(z) = lim G(x)

T—To T—To

since the limit considers only points near the limit point. But, F' and G are continuous hence

gclgrxlo G(z) = G(z,) and zl;n;g F(x) = F(x,).

Therefore, F(x,) = G(z,) and as this was an arbitrary zero of @ the lemma follows. O

This was ~ exercise 69 of page 519 of Stewart’s Ed. 6, however I proved it in more generality. Note
that polynomials have finitely many zeros so they are covered by the lemma.
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