Math 222, Fall 2016
Steven Sam

Convergence tests for series
[e.e]

Here’s a few useful tests for when a series E aj converges.
k=1

1. ALTERNATING SERIES TEST

Theorem 1 (Alternating series test). Assume that a, are all non-negative, that a; > as >

az > ---, and that lim a, = 0. Then Z(—l)kak converges.

n—oo
k=1
Example 1. Set a, = 1/n. Then all a, are non-negative, 1 > 1/2 > 1/3 > ... and
. B = (—1)*
nh_g)lo 1/n=0. So ; converges.

2. INTEGRAL COMPARISON TEST

Theorem 2 (Integral comparison test). Let f(z) be a decreasing, non-negative contin-

uous function for x > 1. Then Zf(k) converges if and only zf/ f(z)dx converges.
1

k=1
[ee]

Example 2. ° % is a decreasing and non-negative function for x > 1. So Z z diverges
k=1

o
because / — diverges by p-test. This is called the harmonic series.
T
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1
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e Similarly, 4 is also a decreasing and non-negative function for z > 1. So Z

x2
k=1

00 T .
converges because / —, converges (again by p-test).

.
M 11 v~ 1 if and only if 1

e More generally, Z 7 converges if and only if p > 1.
k=1

Remark 1. Let me point out one thing: even though the convergence property of the series

Z f(k) and the convergence property of the integral / f(z)dz are tied to each other,
k=1 1

the values, if they converge, can be very different. In fact, the integral is usually easier to
evaluate!

For example, when f(z) = 1/2?

but



2

I don’t know of any derivations of this identity that are simple enough to include here
unfortunately.

3. COMPARISON TEST

oo o0
Theorem 3. If by > |ax| for all k and Z b, converges, then so does Zak.
k=1 k=1
o0
A special case is when b, = |ag|. If Z lax| converges, then the series is said to be

1

absolutely convergent. So the theorem says that an absolutely convergent series is also
convergent. A convergent series might not be absolutely convergent though. For example,
as we saw above, Z (=1) converges but Z z diverges. A convergent series which is not

k=1 k=1
absolutely convergent is called conditionally convergent.

4. LIMIT COMPARISON TEST

Theorem 4 (Limit comparison test for series). Ifa, > 0 and b, > 0 for alln and lim n _

n—oo n

L where 0 < L < 00, then Z ay converges if and only if Z by converges.

k=1 k=1
Example 3. e Does f: ! converge? Take a, = -~ and b, = 1. Then
k=1 kE+1 ' "o oo
lim o = lim —— = 1.
n—o00 bn n—oo N, + 1

Since > 7, % is the harmonic series and diverges, our original series also diverges.

- = 1 !
e In a similar way, you can show that kz_: 2 4 ] converges since ; 72 converges.
5. RATIO TEST
Qn
Theorem 5 (Ratio test). Let (a,)°%, be a sequence. Assume that lim |—=2| = L.
n—o0 an
o [f L > 1, the series Z ay diverges.
k=1

o [f L <1, the series Z aj COnverges.

k=1
o [f L =1, the ratio test tells you nothing.

Example 4. e Consider > 2, 2%, Set a;, = 2*. Then
lim |8 = fim 2 =2> 1,
n—oo | Ay, n—00

so the series diverges.



e Consider Y 77 =¢. Set a; = 5. Then

1 1
=lm-==-<1
o3 3

. Ap+1
lim

n—oo

Qn

so the series converges.

e Why is the test inconclusive if L = 17 Consider two examples. One is the series
Y pe; 1 which has L = 1 and obviously diverges. Another is the series » -, k—IQ
Then with a, = 1/k?, we get

Any1

L = lim

n—oo

Qn

but this series converges as we saw before.

6. TAYLOR SERIES

The ratio test is very helpful for determining convergence of Taylor series. Let’s work
through the two examples in the book and then we’ll do another one after.

Example 5. e Consider the geometric series > .-, x¥. For which x does it converge?
Use the ratio test with a; = z*. Then

An1

lim

n—oo

= lim |z| = |z|.
n—o0

Qn

So the ratio test tells us that if |z| < 1, the geometric series converges, and if |z| > 1,
the geometric series diverges. How about |z| = 1?7 There are two possibilities, z = 1
and r = —1. It’s clear that ) ;-1 diverges. How about > - (—1)*? The partial
sums are 1,0,1,0,1,0,... which doesn’t converge either.
Conclusion: Yy, z* converges if |z| < 1 and diverges if |z| > 1.
ok
e Consider the Taylor series Z % for e*. For which = does it converge? Again, use

k=0
the ratio test with az = 2*/k!. Then

An+1 |x|

Qn

lim

n—o0

= lim = 0.
n—ﬁw714—1

ok
x :
So E 7 converges for all = by the ratio test.
k=0

One more example:

Example 6. F hich = d i (=3)"a"
X . For which x does —_—
= VE

converge? Again, we’ll use the ratio test with

-3 k ..k
ap = % Then
lim [ = lim |—32y/——| = 3|z lim |/ —— = 3],
n—oo | G, Nn—00 n+1 n—00 n-+1




n

n
For the last equality, note that lim = 1 and then use that 4/ lim = lim

since y/x is continuous at z = 1.
In particular, the ratio test tells us that the series converges for |z| < 1/3 and diverges for
|z| > 1/3. What’s left is to check x = 1/3 and z = —1/3.

[eS) _1 k
When x = 1/3, we get the series Z (=1 . This converges by the alternating series test

= vk

(check this). When o = —1/3, we get the series

M8

This diverges by the integral test
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because —- diverges.
2172
1

In conclusion, the series converges if —% <z < % and otherwise it diverges.

7. CONVERGENCE OF TAYLOR SERIES

If the Taylor series converges, you can ask what the limit is. A natural guess is the
original function. How might you check this? If f(z) is your function and its Taylor series
is > _p2,arz®, then to say that it converges to f(x), you want that

lim (f(m) — Z akxk) = 0.
The left side is familiar: it’s the remainder R, f(x). So T f(z) = f(x) if lim R, f(z) = 0.
n—o0

The book shows that this is true for f(z) = = and f(z) = €”. Let’s look at some more
examples.

Example 7. Consider f(z) = sinz. We don’t have a good formula for R, f(x), but we
can bound it by Taylor’s inequality. To do this, we need to find a bound M for | f"+(z)|.
Depending on n, this is one of sinx, cosx, —sinx, — cosz. In all cases, we can take M = 1.

So Taylor’s inequality tells us

‘l”n—H
R, < .
[Fonf ()] < (n+1)!

’x‘n—i-l

As we saw in class (also in the book), lim
n—oo (n + 1)!

the sandwich theorem. So we can write

= 0 for any z, so lim R, f(x) = 0 by
n—oo

‘ ‘ o0 (_1>n x2n+1
sin sin nZ% 2n 1)
Once you have this, you're free to plug in whatever values of x you like (since we know the
convergence for all ). For example:
— (=) 1 1 1

v

S

sin(1) =y ———2 =1~ 4 —
— (20 +1)! 3l 5Tl

n

In fact, almost all functions you've seen in this class have the property that their Taylor
series converge to it. Here’s one warning example though.



Example 8. Consider

0 ifz =0
In HWS; you showed that f(x) is o(z™) for all n. This means that T, f(z) = 0 for all n (you
have to check that f(x) can be differentiated n times for the Taylor polynomial to make

sense, but let’s not worry about that right now). So T f(x) = 0, which just converges to 0.
But f(z) is not the 0 function, so f(z) # Tw f(x) in this case.

—1/x? i
fla) = {e fx#£0

Here’s a different warning example:

Example 9. Let f(z) = . In the book, it’s shown that f(z) = T f(z) = > 5o, 2" for
|z| < 1. So for example, plugging in = = 1/2, you get

o0

1 1
=1z :Zﬁ’

1
2 k=0

which we’ve already seen before. But we have to make sure we only plug in values x with
|z| < 1. For example, if you plug in = = 2, you get f(2) = —1 on one side and >, ;2" on
the other side, but this series diverges, so it’s not a valid identity.



