3. SERIES AND LIMITS

3.1 Finite and Infinite Series

3.1.1 Finite Series of Natural Numbers and Little GauB, the Genius

n

Zk:1+2+3+...—|—n:
k=1

n(n+1)
—

First Proof (C. F. GauB) for n = 100:

100
> k= (1+100) + (2+99) + (3+ 98) + ... + (50 + 51) = 50 - 101 = 5050. (3.2)
k=1

General proof by induction:
1. Induction Start (n = 1):

1

1141
Sk=1-= (;)WOK. (3.3)
k=1

2. Induction Step (n — n + 1): Assume Eq.(3.1) is true for n, then show that it is
true for n 4 1:

n+1

(n+1) (4 1D(n+2)
Z/{—Zk—l- (n+1) st == OK.  (34)
k=1
3.1.2 Finite Geometric Progression
1—z" n+1
Zx ——— #0. (3.5)
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Proof: Write

S, = 2 = 1+z+22+ ... +2"

= l+z(l+z+2?+.. +2" 1 +2") — 2"t

= 1428, — 2"~
1__xn+l

1—=x

Alternative proof by induction: home exercise.

3.1.3 Binomial

(z+y)" = En: < . > a Rk, (3.7)

k=0

Here, we defined the binomial coefficient

n\ n! Cnn—-1)-..(n—k+1)
<k>_k!(n—k)!_ 1.2k : (3.8)

The proof of Eq.(??) goes again via induction n — n+1. Not shown here. Examples:

(z+y)? = 2%+ 2zy+y°
(z+y)? = 23+ 32%+32y° + 45 (3.9)
3.1.4 Infinite Series
Definition
A series
o0 n
S::Zak:a0+a1+a2+...:n11_>1205n, S ::Zak (3.10)
k=0 k=0

is called infinite series. It is the limit of the sequence of finite series S,, where the
upper limit n tends toward infinity. In contrast to the finite series S,, the infinite
series S can diverge. S is said to be convergent is .S,, approaches a finite limit as
n — oo.
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Example: constant ay

o0
ap =1~ ag=1+1+1+1+.. (3.11)
k=0

is divergent because the result is not a finite number.

Example: geometric series

> 1
k
§ - 1. 12
ot =1, |z < (3.12)
k=0

LEARN THIS ONE BY HEART. This series converges for arbitrary (real or
complex) numbers x with |z| < 1.

EXERCISE: Sketch the condition |z| < 1 for complex z as an an area in the complex
plane.

Proof of Eq.(3.33):

o0
S = Y at=14a+2"+2°+  =1+a(l+a+a’+.)=1+z-5~
k

=0
1
§ = (3.13)

The problem with infinite series is that often it is not easy to decide if or if not they
converge, e.g. for which values of x in the above example.

NECESSARY for convergence of S = Y2 ay is that ay — 0 as k — oc.
SUFFICIENT for convergence: ratio test with positive result:

Ratio test: Consider the series S := Z?’:O ar and assume ay, 7 0 for all & > k.
Define the ratio

Q41
—_—| ™
ay

R = lim
k—infty

Rj1 series is convergent

R;1 series is divergent. (3.14)

For R = 1, the ratio test can’t decide whether the series is convergent or divergent.
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3.2 Taylor—Series

One of the main motivations to investigate infinite series is the desired to write
arbitrary functions f(x) as polynomials of infinite degree, i.e.

fx) = ag+arx+ asz? + azzt + ...

= Z apz®. (3.15)
k=0

For each fixed x, this is an infinite series of the form § := Z?’:O by with by, 1= apz®.

An important question is, e.g., how to determine the coefficients aj for a given
function f(z), and to decide for which values of = the series for f(z) does converge.

3.2.1 The Exponential Function

We already know one example for such a series which is the exponential function

o0 n

exp(z) = Z % (3.16)

n=0

You have to remember this formula throughout your whole life. This series
converges for arbitrary values of (complex or real) x since (ratio test!)

n+1 1)
Riz tim | L0 DY T (3.17)
" /n! n

n—~o0

By use of the this exponential series one defines the famous Euler number
1
e:= Z = exp(1). (3.18)
n=0

3.2.2  Power Series for sin(x) and cos(x)

We repeat our result for the series that define sin and cos:

o0
; ._ (=pra?rt o ad ab at
sin(z) = ZW—:U—a-I-E—W—F...
=0
o0
._ (=pra® o a®  at af
cos(x) = Z I 1- TR o + ... (3.19)

n=0
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3.2.3 General Case

Now we treat the case of an arbitrary function
o
f(x) = ap+a1x+ asz? + a3x4 + .= Z akajk. (3.20)
k=0

The above equation means that we try to represent the function by an ‘infinite’
polynomial. In the following, we assume that all derivatives of f(z), i.e. f'(x) =:
fO (), f(x) = fO(x), f"(x) = fO(x), ... etc. exist. We write

flx=0) = ao+a1x+a2m2+a3x3+...‘x:0:ao

f(x=0) = a1+ 2ax+ 3asz? + dagz® + ”":c:O =a

f'(x=0) = 2a3+2 3agz +3-dagz” + .| _ =120,
fA@=0 = 2-3a3+2-3-dayz+ .|,y =1-2-3az

fM(z=0) = 1-2-...-n-a, =nlay,

) (r =0
N i_ﬁ%_l, (3.21)
n!

Collecting all terms, we find the

Taylor expansion of f(x) around z =0,

=0)  fl(x=0 "(z=0 ~ fM(z =0
fla) = f(xO! )/ (”31! L (‘”2! L2y = 2_:07‘7( (s! Lon (3:22)
We define the truncated Taylor series
N () (p —
) =3 L= ) = ), (3.23)
n=0 ’

The truncated Taylor series for finite IV is used as an approximation for the function
f(x), i.e. the infinite Taylor series. For larger and larger N, we expect that this
approximation of the function f(z) by a polynomial of degree N becomes better and
better. Let us look at an example how this works:
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3.2.4 Example: The Exponential Function exp(z)

We calculate the Taylor series of f(z) = exp(x) around x = 0. To do so, we have to
calculate the derivatives

fO=0=flz=0) = ¢,_,=1
fO@=0 = e,_o=1
fAa@=0 = e |pmg =1

(3.24)

This is particularily simple because all the derivatives of e® are e”. This means that

fx) = lim fy(x)= lim Zf

N—o0 N—oo

. z™ z™
= lim Z = Z — (3.25)
n=0 n=0

N—oo

We recognise that the Taylor expansion of f(z) = exp(x) just reproduces our old
defining Eq. (3.16).

25

20 fB(X) ..............

15 -

fa(x)

10

Fig. 3.1:
Approximation of the function f(z) = exp(x) by the truncated Taylor Series fx(x),
Eq. (3.25), for N = 2,4,6. For the interval x € [—3, 3] shown here, the approxima-
tion of exp(z) by f¢(x) is already very good.
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3.3 Taylor—Expansion of Functions

3.3.1 Convergence: Expansion of f(x) = In(1 + x)

The derivatives of this function are

flx) = In(l+2x)~ f(0)=1In(1)=0
fll@) = (42!
) = () +a)7?
fO) = 201+2)7?
O () —6(1+ )™

f(")(:;:5 = '(”—1)"“(71 DL +a) "~ [z =0) = (=1)"" (n — 1)!(3.26)

We use this to expand f(x) around x = 0,

gy S0 S TS e

n=0 n=1 n=1

Now we ask: for which values of x does this Taylor series actually converge? We use
the ratio test and write

n+1 n e ( 1)n+1 n
SN e
n=1 n=1 n
R = lim |2 = lim " || = |2 (3.28)
n—0oo | Ap n—oo n 1
From Eq. (3.14), we recognise that the series
e converges for |z| < 1.
e diverges for |z| > 1.
At x = —1 we don’t expect the series to converge because In(1 4+ (—1)) = In(0) is

undefined (minus infinity). To decide what happens at = 1, we have to invoke an
additional convergence test:

Leibnitz’ test for alternating series: The alternating series

[e.e]

> (=1 ax] (3.29)

k=0
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converges, if |ag11| < |ag| for all k, and limy_,o, ar = 0.

We apply this rule to the case z = 1 of our series Eq. (?7) for In(1+z): Atz =1,
lant+1] =1/(n+1) < lan| = 1/n and lim,,_, |a,| = 0, that means the Leibnitz’ test
tells us that the series converges at x = 1. The result gives us a famous formula for
In 2,

2 (=1t 1 1 1 1
m2=) ~——~2—=1—-4-——4-—.. :
n nz::l . s5t3—1ts (3.30)

and we summarise our results for f(x) =In(1 + z) as

n+1 n
n(l+ ) Z .zl < 1. (3.31)

We say that the radius of convergence R of this series is R = 1. Beyond that
radius, the series diverges and does no longer represent the function In(1 4+ z). In
other words, the Taylor series Eq. (3.31) is only useful for ‘small’

3.3.2 A Feynman-like, clever trick to generate a Taylor Series is a different way

Let us write In(1 + z) in a ‘complicated way’, i.e. as an integral:

Todt
In(1 = — .32
n(l+z) e (3.32)
Now, we use our result for the geometric series, Eq.(3.33),
> 1
doat=—r, zl<L (3.33)
11—z
n=0
(‘LEARN THIS ONE BY HEART") with t = —z, which leads to
In(l+z) = / dt— :/ dtz
0
= / dt(l —t+t* -3+ ..) (3.34)
0
We integrate this term by term, which is easy,
1 d 24 dt( z
1 = (1-— =r——4+—— .=
n(1+ ) /t t+t2—t Z/t -t



3.4. Further Examples for Series and Limits 33

which is the same as Eq. (3.31)

3.3.3 Taylor expansion of f(x) around an arbitrary z = a

So far we have always expanded our functions f(x) in the vicinity of z = 0, i.e.
‘around’ = = O:

Taylor expansion of f(x) around x = 0,
— / _ " _
fe=0) [e=0) =0,

! ! ! !
ol 1! 2! sl

flz) =

_ i fM@=0) . (3.36)

The Taylor expansion of a function f(z) near x = a is performed in an analogous
way, but with £ = 0 replaced by x = a, and x = x — 0 replaced by = — a:

Taylor expansion of f(x) around z = a,

a "(a "(a > r(n)(q
f(x):—f(()') +f1(')(a:—a)+f2(' )(:r—a)2+...:zf n'( )(:r—a)”. (3.37)
[ [ [ ~ ol

In some books, the special case of a Taylor series around z = 0 is called Maclau-
rin Series .

3.4 Further Examples for Series and Limits

3.4.1 Newtonian Limit of Relativistic Energy

According to Einstein, the total energy of a particle of rest mass mg and velocity v
is

2
L (3.38)

L= (@)

where c is the speed of light on vacuum. We would like to find an approximation of
this formula for small velocities v < ¢, in order to compare to Newton’s expression
for the kinetic energy, Eyin, = (1/2)mgv?. Defining 3 := v/c, we recognise that our
mathematical task is to (z := (3?)
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Expand f(z) = \/11_7 around z = 0:

We write f(z) = (1 —z)~/2 and
f0) =1
FO) = (D120 -]
f1(0) = (—1)(—1/2)(—1)(—3/2)(1—96)_3/2‘ =3/4

=0

=1/2

(3.39)

With our

Taylor expansion of f(z) around x = 0,

Fz) = f(x=0) +f/(mzo)m+f”(l’zo)x2+m:iwmﬂ (3.40)

| | | |
0! 1! 2! ~ n!
we find the first terms as
1 3 5
flz)=14+ -+ -z + ... (3.41)

2 8

(note that 2! = 2). Therefore, with z = 3% = (v/c)?, we obtain

E = moc? [1+%(9)2+g (%)4+O(9)6]. (3.42)

C C

Here, we introduced the O—symbol (speak ‘order of’), i.e. O(x)% means ‘terms of
order z% or higher powers’ like 27, 28 etc. This is a convenient way to express that in
a Taylor expansion with the first few terms written down as above, there are higher
order terms to follow that one does not care to write down explicitely here. These
higher order terms in fact become smaller and smaller for |z| < 1.

We can take use of the O—symbol to write

1 v\ 4
B = moc® + Smov* + O (E) . (3.43)
This shows that the first term in the total energy is a velocity—independent rest
energy of the particle, and the second term is the lowest order approximation to its
kinetic energy. The relativistic correction to the kinetic energy if of order (v/c)?,
i.e. very small for velocities small compared to the speed of light.
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3.4.2 Limits
Expressions of the type '0/0’
Often we have to discuss and sketch functions like

sin(z)

fla) = (3.44)

x
with a seemingly complicated behaviour at x = 0. It looks like an expression 0/0,
i.e. not well defined. However, a closer look shows that this is not the case: we
expand the sin by its Taylor series near x = 0, i.e.

Fa) = sinx(ﬂc) % ;L o) _ | _ :;_T 0@, (3.45)

This means, that if  approaches z = 0 we have the finite value f(x =0) =1, i.e.

lim f(z) = 1. (3.46)
z—0
The deviation from f(x = 0) = 1 close to = 0 is described by the second term,
—x2/6, i.e. a quadratic decrease of the function for small values of z. This kind of
analysis helps a lot when sketching functions.



