Chapter 5

Sequences and series

5.1 Sequences

Definition 5.1 (Sequence). A sequence is a function which is defined on the set N of natural
numbers. Since such a function is uniquely determined by its values f(1), f(2) and so on, it is
usually denoted by writing a,, = f(n) for each n € N.

Definition 5.2 (Convergence). A sequence {a,} is called convergent, if lim a,, exists.

Lemma 5.3 (A useful limit). Given any real number z, one has
lim (1 + E) =e".
n—oo n
Notation (Factorial). We denote by n! = 1-2-...-n the product of the first n positive

integers, and we also use the convention that 0! = 1.

Definition 5.4 (Monotonic). A sequence {a,} is called monotonic, if it is either increasing,
in which case a, < a,; for all n € N, or decreasing, in which case a,, > a,,1 for all n € N.

_n_

Example 5.5. To check that the sequence a,, = is increasing, we define the function

n+1
x

- > 1

f)= e, w2
and we check that f is increasing, instead. Using the quotient rule, we easily find that
l-(z+1) -1 -2 1
"(x) = = > 0.
TO=—%y  “wew

Thus, f(x) is increasing for all x > 1, and this forces a,, to be increasing for all n > 1.

Example 5.6. To check that the sequence a, = i—T,L is decreasing, we cannot really follow our

previous approach since n! is only defined when n is a non-negative integer. In this case, it is
better to look at the ratio of two consecutive terms, namely at the ratio

4y 2770l 2

an 2 (n+1) n+1
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If this ratio is less than 1, then a,11 < a, and so the sequence is decreasing. In our case,

Intl o] e <1 e 2<n+1
an n+1

and so the sequence is decreasing for each n > 1.
Theorem 5.7 (Convergent implies bounded). Every convergent sequence is bounded.

Theorem 5.8 (Monotonic and bounded). If a sequence is both monotonic and bounded,
then it must necessarily converge.

Example 5.9. Consider the sequence {a,} which is defined by setting a; = 1 and
Uni1 = V20, for each n > 1.
To show that this sequence converges, we shall first show that
1<a, <apyr <2 for each n > 1. ()

When n = 1, this statement asserts that 1 < 1 < V2 < 2, so it is clearly true. Suppose the
statement holds for some n. Multiplying by 2 and taking square roots, we then find that

\/§§V2an§\/2an+1§2 —  V2<ap1 <apyg <2

- 1< An+1 < Apt2 <2

In particular, our statement (x) holds for n + 1 as well, so it actually holds for all n € N. This
shows that the given sequence is monotonic and bounded, hence also convergent; denote its
limit by L. Using the definition of the sequence, we then find that

ny1 = V2a, — lim a,y; = lim v2a, = L =+V2L.

This gives L? = 2L, so either L = 0 or else L = 2. On the other hand, we must also have

1<, <2 — 1<lima, <2 — 1<L<2

n—oo

because of the statement (x) we just proved. Thus, the limit of the sequence is L = 2.

Lemma 5.10. Given any real number = with |z| < 1, one has lim 2™ = 0.

n—o0

Lemma 5.11. Every sequence has a monotonic subsequence.

Theorem 5.12 (Bolzano-Weierstrass). Every bounded sequence has a convergent subse-
quence.
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5.2 Infinite series

Definition 5.13 (Partial sums). Given a sequence {a,}, we define the sequence {s,} of its
partial sums by setting s, = a; + as + ...+ a, for each n € N.

Definition 5.14 (Infinite series). Let {a,} be a given sequence and {s, } the sequence of its
partial sums. In the case that {s,} happens to converge, we introduce the series

o0 N
E a, = lim E a, = lim sy
N—o0 N—oo
n=1 n=1
and we say that this series converges. Otherwise, we say that the series diverges.

Proposition 5.15 (Properties of series). Let {a,}, {b,} be sequences and let ¢ € R.

(a) Omne has > (a, +b,) = > a,+ > b, as long as the two series on the right converge.
n=1 n=1 n=1

o0 o0
(b) One has ) ca, = c¢ Y a, as long as the series on the right converges.
n=1 n=1

Theorem 5.16 (nth term test). If the series ) a, converges, then it must be the case that
n=1

lim a, = 0.

n—oo

In other words, the series diverges whenever its nth term fails to approach zero as n — oo.

Example 5.17. As one can easily see, each of the following series is divergent:

;_1), Zn Z”n ;(Hﬁ),

n

Theorem 5.18 (Geometric series). Let z € R be fixed. Then the geometric series Y >«
converges if and only if |x| < 1, in which case we have

[o@) . 1
S ety

Example 5.19. We use the last formula to explicitly compute the sum

e 2n+2
S - Z 327’L+1 :
n=1

Let us first isolate the part of the exponents which does not depend on n; we get

Zom4 4 X2 4 N2\
S‘;yn.g‘é'nﬂg—n‘g';@ -

Since the rightmost sum is a geometric series without its first term, this actually gives

S=§-[§Z(§)n—1]:g'{l_lz/g‘l}:?{%‘l}:%

n=0
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5.3 Tests for convergence

Lemma 5.20 (Non-negative series). Let {a,} be a sequence of non-negative terms. Then
the series > 7 | a,, converges if and only if the sequence of partial sums is bounded.

Lemma 5.21 (Integral Test). Suppose f is non-negative and decreasing on [1,00). Then the
series > -, f(n) converges if and only if the integral

/1n f(x) dx

is bounded for all n € N. We shall only use this test in order to prove the following theorem.
Theorem 5.22 (p-series). The series Y ° | - converges if and only if p > 1.

Theorem 5.23 (Comparison Test). Suppose that {a,} and {b,} are non-negative with
0<a, <b, for all n € N.

If the series >~ b, happens to converge, then the series ) ° , a, must also converge. And
if the series ), a, happens to diverge, then the series y b, must also diverge. In short,
smaller than convergent implies convergent and bigger than divergent implies divergent.

Example 5.24. We use the comparison test to show that the series

o0

1
2212"+n

n—

is convergent. Since the denominator is at least as large as 2", it is clear that

Sy ia-2(3)

n=1 n=1 n=1

Being smaller than a convergent geometric series, the given series must thus be convergent by
the comparison test. Needless to say, one could also argue that

=1 > 1
Z2”+n§;ﬁ’

however this inequality does not help because the rightmost series is a divergent p-series.

Theorem 5.25 (Limit Comparison Test). Suppose {a,} and {b,} are non-negative with

Then the series > 7 | a, converges if and only if the series Y~ | b, converges.
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Remark. The limit comparison test is especially useful when a,, is a rational function. In that
case, ignoring the lower-order terms in both the numerator and the denominator of a, gives
rise to a simple rational function b, for which the limit comparison test applies.

Example 5.26. We use the limit comparison test to check the series

ian—l—n—l—l
— n3 + 2

for convergence. Let a, denote its nth term, which we are going to compare with

b, = 2n? 2

ndon
To see that a, and b, are roughly the same thing when n is large, we compute

. ap 22 +n+1 n o234+ n?+n
Ilm —=lim ——  — = lim —— =

By the limit comparison test, the series corresponding to a, converges if and only if the one
corresponding to b,, does. Since the latter is a divergent p-series, they must both diverge.

Theorem 5.27 (Ratio Test). Let >~ | a, be a given series and consider the limit

An+1
a, |

L = lim

n—oo

If L < 1, then the given series converges. And if L > 1, then the given series diverges.

Remark. The ratio test provides no conclusions for the remaining case L = 1. Should that
case arise, one has to apply some other test for convergence. The ratio test is especially useful
when a,, involves either exponents or factorials.

Example 5.28. We use the ratio test to check the series

oo
n

on

n=1
for convergence. In this case, the ratio of two consecutive terms has limit

.on+1 27 . n+1
:llm = —=

An+1 1
n—oo N o2+l poee 2 2

L = lim

n—oo

an
Since this is strictly smaller than 1, the given series converges by the ratio test.

Definition 5.29 (Absolute convergence). A series Y > a, is called absolutely convergent,
if the series >~ | |a,| is convergent.
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Theorem 5.30 (Absolute convergence). Absolute convergence implies convergence: if the
series with the absolute values converges, then the series without them converges as well.

Example 5.31. Consider the alternating series

o) _1 n—1
>

n=1
If we replace the nth term by its absolute value, then we end up with the p-series
>
o
n=1 n

which is known to converge. This shows that the given series converges absolutely. Using the
last theorem, we conclude that the original series converges as well.

Theorem 5.32 (Limits and inequalities). Suppose {a,} and {b,} are convergent with
a, <b, for all n > 1.
Then one may take limits of both sides to conclude that

lim a, < lim b,.

n—o0 n—oo

Theorem 5.33 (Alternating Series Test). Suppose {a,} is non-negative, decreasing with

lim a,, = 0.

n—oo

o
Then the alternating series Y (—1)""'a, must necessarily converge.
n=1

Example 5.34. To show that > (_711)27_:11 © converges, we need only check that the function
n=1

x
J@ =% 22

is decreasing to zero. Now, the fact that f is decreasing follows by the quotient rule since

2 . ) 2
_z +1—-2x-x _ 1—=x <0
(5132 + 1)2 (.T2 + 1)2 —

f'()
whenever x > 1. As for the fact that f is decreasing to zero, this follows by the computation

1
lim f(z) = lim L~ lim g0

= =0.
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5.4 Power series

Definition 5.35 (Power series). A power series is a sum of powers of = such as
flz) = Zan:r;" = ag + ayz + asx® + . ..
n=0

for some coefficients a,, € R. As a function of z, this may only be defined for the values of x
for which the series converges; one always uses the ratio test to determine those values.

Definition 5.36 (Radius of convergence). If a power series converges when |z| < R and
diverges when |z| > R, then we call R the radius of convergence.

Example 5.37. Consider the power series >~ n’”—J:Ll In this case, we have
a "t n+1 n+1
L= lim |2 = lim =1 . = |z| - lim = |z].
n—oo | Gy, n—00 |[L‘|n n-+2 n—oo M, + 2

In view of the ratio test then, the series converges when |z| < 1 and it diverges when |z| > 1.
In particular, its radius of convergence is equal to R = 1.

Example 5.38. Consider the power series >~ % In this case, we have

n+1 |
T L PR | I

On+1 Bl
n—oo |z|®  (n4+1)! n-oson+1

Qn

L = lim

n—oo

Since this is smaller than 1, the series converges by the ratio test (for any = whatsoever).

Theorem 5.39 (Differentiation of power series). Suppose that the power series

@)= a”

n=0

converges when |z| < R. Then the power series

g(z) = Znanm”_l
n=0

converges when |z| < R as well, and we also have f’(z) = g(x) for all such z. In other words,
one may differentiate a power series by differentiating it term by term.

Notation (Higher derivatives). The nth derivative of a given function f(x) is usually de-
noted by f(™(z). In particular, one has f)(z) = f/(z) and f©(z) = f(z) by convention.
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Definition 5.40 (Taylor series and polynomials). Suppose f is differentiable an infinite
number of times. Then its Taylor series (around the point z = 0) is defined to be the series

>, fn)
T(z) = Z /(0) -z

n!

n=0

The Nth Taylor polynomial of f is defined as a truncated version of this series, namely

N £
Ty(z) = Z /(0) sz

n!

Theorem 5.41 (Taylor’s theorem, integral form). Suppose f is differentiable an infinite
number of times. Then the difference between f and its Nth Taylor polynomial is given by

z r£(N+1)
R R R N

Theorem 5.42 (Taylor’s theorem, differential form). Suppose f is differentiable an infi-
nite number of times. Then there exists a number ¢ between 0 and x such that

f(NH)(C) N+1
(N+1)!

Remark. To show that a function f(x) is equal to its Taylor series, one has to show that

0= f(z) - T(a) = lim [f(z) - ()]

N—o0

flx) = Tn(z) =

The last two theorems are useful because they allow us to simplify the right hand side.
Theorem 5.43 (sin and cos). There exists a unique pair of functions sin x, cos z such that
(sinz)" = cosx, (cosz) = —sinz, sin0 = 0, cos0 = 1.
Moreover, these functions are defined for all x € R and they have the following properties:
(a) sinz is an odd function in the sense that sin(—z) = —sinz for all = € R;
(b) cosx is an even function in the sense that cos(—xz) = cosz for all x € R;
(c) sin?z + cos?x = 1 for all € R, hence |sinz| < 1 and |cosz| < 1 for all z € R.
Theorem 5.44 (Known Taylor series). One has the formulas

. 0 " ‘ B o (_1>nx2n+1 B 0 (_1)711,271,
e —Zm, Smx_;}—@n—i—l)! : cosx—Z—(zn)!

n=0 n=0
for all x € R, as well as the formula
& —1)71 pn
log(1+x) = Z()—x whenever |z| < 1.

n
n=1
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Application 5.45 (Other Taylor series). Using the formulas above, one can also compute
the Taylor series for related functions. For instance, the Taylor series of f(x) = x?sin(2z) is

3 Z 21’, 2n+1 _ i (_l)n 92n+1 x2n+4
2n—|— 1)! — (2n 4+ 1)!
and the Taylor series of g(z) = e'™% is
B e o0 (_ n o0 6(— n en
g(x) =ee ™ = e% .y 2

Remark (Shifting indices). A series can be written in many different ways using the sigma
notation. For instance, it should be easy to see that the expressions

9] ) oS
§ Qp, E Ap—1, E Ap—3
n=1 n=2 n=4

are all equal. As a general rule for shifting the index of summation, one gets to increase the
values of n in the index while decreasing the values of n in the summand (and vice versa).

Example 5.46. Using the formula for a geometric series, one easily finds that

o0 [ee] oo T
E " = E " =g E " = T whenever |z] < 1.
n=1 n=0 n=0 -t

Application 5.47 (Computing sums). Several infinite series can be computed explicitly by
reducing them to the Taylor series of a known function. For instance, we can compute

n

4n > = (—4 _
Z :Zl n! :Z(n!) “l=etol

n=1 n=0

using the Taylor series for the exponential function, and we can similarly compute
0 4n+1 0 (_1)71 22n+2 21
= —————— =2(sin2—- — | =2sin2 — 4.

Theorem 5.48 (Binomial series). Given any real number «, one has the formula

ala—=1) 5, ala=1)(a—2) ,
TQ} + 3] T+ ...

whenever |z| < 1. In the special case that o = n is a positive integer, this formula reads

—1 —1 -2
n<n2| ) 1,2 + n(” 3>'(n ) 1,3 4o _|_n$n—l + :L,n

and it actually holds for any x € R whatsoever.

I+2)*=14azx+

(I+2)"=14nx+
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Application 5.49 (Approximations). The Taylor series around the point z = 0 expresses a
given function as a sum of powers of . When =z is sufficiently small, however, the higher-order
powers of x are negligible and can thus be ignored when seeking an approximation to a given
function. For instance, the Taylor series for the sine function is

Z i T

0 (_1)n 2n+1 3 5

and this leads to the approximation sinz ~ z — 23/6 for all small enough .

Example 5.50. We use the 3rd Taylor polynomial for the sine function to show that sin1 is
positive. By above, the 3rd Taylor polynomial of f(x) = sinx is

x3 1 5
T: =—rz—-—— —= T(1)=1—--==-=.
3(1’) T 6 3() 6 6

The value T3(1) = 5/6 is not really the actual value of f(1) = sin 1, however we do have

fWe) [

fy - =19 - LA
for some ¢ € (0,1) by Taylor’s theorem. Since f®*(x) = sinz for all z, this gives
51 SFO =T < o7
Recalling the values of f(1) and T3(1), we may thus conclude that
——<sm1—@ 1 - §<sm1 2
4 — 24 — 24 24 - 24

5.5 Trigonometric functions

Theorem 5.51 (Definition of 7). The sine function has at least one positive root, and we
shall denote by 7 the smallest such root. Then we have 0 < m < 4, and we also have

sinz >0 forall xz € (0,7).
Theorem 5.52 (Trigonometric formulas). Given any real numbers x and y, one has
sin(z + y) = sinz cosy + siny cos z, cos(z +y) = cosxcosy — sinxsin y.
Using these two identities, it is now easy to verify that

1-— 2 1 2
CZS( x) ’ cos? 1 — + C;S( x) .

In addition, both sinx and cos x are periodic functions in the sense that

sin(2x) = 2sinz cos x, sin®z =

sin(z + 27) = sinz, cos(x + 2m) = cos x.
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Theorem 5.53 (Euler’s formula). Letting i = y/—1 be the imaginary root of —1, one has
e =cosx +ising for all x € R.

Example 5.54. We use the previous theorem to establish a simple formula for sin(3z). Here,
the key idea is to replace the sine function by an exponential function and then use the main
properties of the latter. More precisely, sin(3x) is the imaginary part of

¥ = ()3 = (cosx +isinz)?
= cos® z + 3cos” z(isinx) + 3cos z(isinx)® + (isinz)’.
Using the fact that > = —1 and i® = —4, we may thus conclude that

3

3 = cos® & + 3i cos?

zrsinz — 3coszsin® x — isin® z.
Since sin(3z) is given by the imaginary part of €3, this also implies that
sin(3x) = 3 cos® sinx — sin® z.

Theorem 5.55 (Polar coordinates). Let (x,y) be a point on the plane other than the origin.
Then there exist a unique r > 0 and a unique 6 € [0, 27) such that x = rcosf and y = rsin#.

5.6 Area and volume

Definition 5.56 (Area below a graph). Suppose f is continuous and non-negative on [a, b].
Then the area that lies between the graph of f and the z-axis is given by the formula

b
Area :/ f(z) dx.
Definition 5.57 (Area between two graphs). Suppose f, g are continuous on [a, b] with

fla) = g(a), f(0) = g(b), f(z) > g(x) for all z.

Then the area that lies between the graphs of the two functions is given by the formula

Area = /ab [f(x) - g(a:)] dx.

Example 5.58. Let f(z) = z? and g(x) = 8/x. To find the area that lies between the graphs
of these two functions, we first note that the graphs intersect when

?=8Vr = a'=64r = z(@*-64)=0 = =04

Moreover, a quick sketch shows that the graph of g lies above the graph of f between these two
points, so the desired area is given by

4 4 1623/2 374 4
Area = / [8\/5 - xﬂ dr = / [8x1/2 — x2] dx = [ 62 _ :p_} — 6_
0 0 0
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Theorem 5.59 (Area of a circle). A circle of radius 7 has area mr?.

Definition 5.60 (Volume). Suppose f is continuous on [a, b] and let R be the region that lies
between the graph of f and the z-axis. Then the volume generated upon rotation of R around
the x-axis is given by the formula

b
Volume :/ mf(z)? dx.

Example 5.61. We compute the volume of a sphere of radius r. Since such a sphere can be
obtained by rotating the graph of f(z) = v/r?2 — 2?2 around the z-axis, its volume is

s T 31T 4 3
Volume:/ Wf($)2dl‘:/ 7r(r2—m2)dx:7rlr2aj—%} = ﬂ; ,

Example 5.62. We compute the volume of a cone of radius r and height h. Since such a cone
can be obtained by rotating the graph of f(z) = rz/h around the z-axis, its volume is

h h 2.2 2,.37h 2y,
Vol _ 2 g0 mriat |ttt _mrth
olume /0 wf(z)° dx /0 e de TR ) 3




