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In this section, we face the problem of deciding which method to use to test a
series for convergence or divergence. You should start with a firm knowledge of
each test and the ability to recall quickly the details of each test.
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Strategy for testing series

In this section, we face the problem of deciding which method to use to test a
series for convergence or divergence. You should start with a firm knowledge of
each test and the ability to recall quickly the details of each test.

» Divergence Test
If lim,— oo a, does not exist or if lim,_.oc a, # 0, then Y%, a, is divergent.

> Geometric series The geometric series > 00, ar" ' = a+ar+ar’ + -

is convergent if |r| < 1 and its sum is

_ a
Zar"lzﬁ |r‘<1

If |r] > 1, the geometric series is divergent.
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In this section, we face the problem of deciding which method to use to test a
series for convergence or divergence. You should start with a firm knowledge of
each test and the ability to recall quickly the details of each test.

» Divergence Test
If lim,— oo a, does not exist or if lim,_.oc a, # 0, then Y%, a, is divergent.

> Geometric series The geometric series > 00, ar" ' = a+ar+ar’ + -

is convergent if |r| < 1 and its sum is

_ a
Zar"lzﬁ |r‘<1

If |r] > 1, the geometric series is divergent.

» Harmonic Series The following series, known as the harmonic series,
diverges: > 70 1.
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Strategy for testing series

In this section, we face the problem of deciding which method to use to test a
series for convergence or divergence. You should start with a firm knowledge of
each test and the ability to recall quickly the details of each test.

» Divergence Test
If lim,— oo a, does not exist or if lim,_.oc a, # 0, then Y%, a, is divergent.

> Geometric series The geometric series > 00, ar" ' = a+ar+ar’ + -
is convergent if |r| < 1 and its sum is

_ a
Zar"lzﬁ |r‘<1

If |r] > 1, the geometric series is divergent.

» Harmonic Series The following series, known as the harmonic series,
diverges: > 70 1.

> Telescoping Series These are series of the form ) f(n) — f(n+1) or

similar series with a lot of cancellation. It is easy to calculate the partial
sums and take the limit.
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Strategy for testing series

More Tests for convergence (positive terms)

Integral Test Suppose f(x) is a positive decreasing continuous function on
the interval [1,00) and f(n) = a,. Then the series > a, is convergent if and
only if [ f(x)dx converges, that is:

fo’s) oo
If / f(x)dx is convergent, then Z an is convergent.
1

n=1

If / f(x)dx is divergent, then Za,, is divergent.
1

n=1
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More Tests for convergence (positive terms)

Integral Test Suppose f(x) is a positive decreasing continuous function on
the interval [1,00) and f(n) = a,. Then the series > a, is convergent if and
only if [ f(x)dx converges, that is:

fo’s) oo
If / f(x)dx is convergent, then Z an is convergent.
1

n=1

If / f(x)dx is divergent, then Za,, is divergent.
1

n=1

> p-series y . nip converges for p > 1, diverges for p < 1.
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Strategy for testing series

More Tests for convergence (positive terms)

Integral Test Suppose f(x) is a positive decreasing continuous function on
the interval [1,00) and f(n) = a,. Then the series > a, is convergent if and
only if [ f(x)dx converges, that is:

[e%s}

If / f(x)dx is convergent, then Zan is convergent.
1

n=1

If / f(x)dx is divergent, then Za,, is divergent.
1

n=1

> p-series > .°° L converges for p > 1, diverges for p < 1.

n=1 nP
» Comparison Test Suppose that > a, and > b, are series with positive
terms.

(i) 1> b, is convergent and a, < b, for all n, then ) a, is also
convergent.

(i) If > by is divergent and a, > b, for all n, then > a, is divergent.
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Strategy for testing series

Limit Comparison Test

Limit Comparison Test Suppose that > a, and Y b, are series with positive
terms. If
. an
lim —=c
n—oo n

where c is a finite number and ¢ > 0, then either both series converge or both
diverge.
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Alternating series

Alternating series

Alternating Series test If the alternating series

oo

S (-1)" by =bi—by+ b3 — bt ... b, >0

i=1

satisfies
(1) bnyr < b, foralln

(ii) lim by =0

then the series converges.
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Absolute and Conditional C

Absolute Convergence and Conditional Convergence

Definition A series Y a, is called absolutely convergent if the series of
absolute values > |a,| is convergent.

If the terms of the series a, are positive, absolute convergence is the same as
convergence.

Definition A series ) a, is called conditionally convergent if the series is
convergent but not absolutely convergent.

Theorem If a series is absolutely convergent, then it is convergent, that is if
>~ |an| is convergent, then > a, is convergent.
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Ratio and nth Root Test

Ratio test Let ) 7, a, be a series (the terms may be positive or negative).

. a1 | . 0o
> If limp—oo ’;: ' = L < 1, then the series > ° a, converges absolutely
(and hence is convergent).
H antl | H antl | __ H [eS]
> If limy—oo = L>1orlimp—e | = oo, then the series anl an
is divergent.
> If limp— oo “’"a“ =1, then the Ratio test is inconclusive and we cannot

determine if the series converges or diverges using this test.

Annette Pilkington Strategy for testing series



Ratio and nth Root Test

Ratio test Let ) 7, a, be a series (the terms may be positive or negative).

. a1 | . 0o
> If limp—oo ‘ ’;: ' = L < 1, then the series > ° a, converges absolutely
(and hence is convergent).
H antl | H antl | __ H [eS]
> If limy—oo = L>1orlimp—e | = oo, then the series anl an
is divergent.
> If limp— oo “’"a“ =1, then the Ratio test is inconclusive and we cannot

determine if the series converges or diverges using this test.

> Root Test Let > 72, a, be a series (the terms may be positive or
negative).

> If limp—oo {/|an] = L < 1, then the series >~ a, converges
absolutely (and hence is convergent).

> If limp—oo \/|an] = L > 1 or limy—o0 4/]an| = 00, then the series
>°>° . an is divergent.

> If limp—o {/|an| = 1, then the Root test is inconclusive and we
cannot determine if the series converges or diverges using this test.
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Trying To decide which Test to use

It is best to have worked several examples from each of the previous sections to
get a feel for where each of the tests we have learned works best. If > a, is a
series that we wish to test for convergence/divergence we have the following

tests:
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> Divergence test, If lim,_ o a, # 0, the series diverges.
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It is best to have worked several examples from each of the previous sections to
get a feel for where each of the tests we have learned works best. If > a, is a
series that we wish to test for convergence/divergence we have the following

tests:
> Divergence test, If lim,_ o a, # 0, the series diverges.
> We may recognize it as a geometric series Y ar”, a p-series ) nLP or a
telescoping series > f(n) — f(n+1).
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Trying To decide which Test to use

It is best to have worked several examples from each of the previous sections to
get a feel for where each of the tests we have learned works best. If > a, is a
series that we wish to test for convergence/divergence we have the following

tests:
> Divergence test, If lim,_ o a, # 0, the series diverges.
> We may recognize it as a geometric series Y ar”, a p-series ) nLP or a
telescoping series > f(n) — f(n+1).
» It may be the sum or difference of two well known convergent series and
we can break the series into the sum or difference of these two convergent
series.
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Trying To decide which Test to use

It is best to have worked several examples from each of the previous sections to
get a feel for where each of the tests we have learned works best. If > a, is a
series that we wish to test for convergence/divergence we have the following
tests:

> Divergence test, If lim,_ o a, # 0, the series diverges.

> We may recognize it as a geometric series Y ar”, a p-series ) nLP or a
telescoping series > f(n) — f(n+1).

» It may be the sum or difference of two well known convergent series and
we can break the series into the sum or difference of these two convergent
series.

» We may be able to use the integral test, we need a decreasing continuous
function f(x) on the interval [1, c0) with f(n) = a, for which it is easy to
evaluate the integral. This can only be applied to series with positive
terms (but we could use it to prove absolute convergence which would
give convergence). (It is best to consider the comparison test, ratio test
and root test prior to trying the integral test).
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Still Trying To decide which Test to use

>

A series that is roughly of the form ) ni,, can be compared to a p-series
with the limit comparison test. A series that is roughly of the form ) r”
can be compared to a geometric series with the limit comparison test.

» We may be able to use the comparison test directly or the limit
comparison test. This only applies to series with positive terms (but we
could use it to prove absolute convergence which would give convergence).
This is especially useful if the terms a, are rational functions of n. We
divide the highest power of n in the denominator by the highest power of
n in the numerator to determine which p-series to compare to.

> For series with negative terms, keep in mind that absolute convergence
implies convergence.

> We may be able to use the alternating series test, if the terms are
decreasing in absolute value and the lim,— o |an| = 0, then the series
converges. Otherwise the test is inconclusive.
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Still Trying To decide which Test to use

» If the series has factorials or powers of a constant, The Ratio test is
probably going to work. The ratio test will not work for series similar to
p-series.

» If the terms of the series are n-th powers, the root test will probably work.

> if the ratio test is inconclusive, the n th root test will not work and vice
versa. However the alternating series test may work.
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Example 1

Example State whether the following series converges or diverges and why.

S

n=1
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Example 1

Example State whether the following series converges or diverges and why.
]
n=1 \/ﬁ

» This series converges by the Alternating series test.
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Example 1

Example State whether the following series converges or diverges and why.
]
n=1 \/ﬁ

» This series converges by the Alternating series test.

> limp—oc = =0 and
1
vn+l

<%ﬁforalln21.
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Example 2

Example State whether the following series converges or diverges and why.

o0 en
2 1o
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Example 2

Example State whether the following series converges or diverges and why.

o0 en
2 1o

» This series converges since it is a geometric series with
— e
r=q <L
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Example 3

Example State whether the following series converges or diverges and why.

oo

Z n+2
m+2n+1°

n=1
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Example 3

Example State whether the following series converges or diverges and why.

i n+2
m+2n+1°

n=1

» We use the limit comparison test

Annette Pilkington Strategy for testing series



Example 3

Example State whether the following series converges or diverges and why.

oo

Z n+2
m+2n+1°

n=1

» We use the limit comparison test

> to compare this series to the p-series > 2, ,712 which converges.
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Example 3

Example State whether the following series converges or diverges and why.
i n+2
m+2n+1"
n=1
» We use the limit comparison test

> to compare this series to the p-series > 2, ,712 which converges.

>
. n—+2 1 . n® + 2n?
im ——— /= = lim ————
n—oom+2n+1/ n? n—ccnd+2n+1
1+2
= lim +t2/n 4.,

n—oo142/n?+1/n3

Annette Pilkington Strategy for testing series



Example 3

Example State whether the following series converges or diverges and why.
oo

Z n+2
m+2n+1°

n=1

v

We use the limit comparison test

v

to compare this series to the p-series > °°, ,712 which converges.

. n—+2 1 . n® + 2n?
lm ——— /=~ = Im ————
n—oom+2n+1/ n? n—ccnd+2n+1
. 1+2/n
= lim

—————— =1>0.
n—oo142/n?+1/n3 >

n+2
n34+2n+1

v

Therefore the series Y, also converges.
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Example 4

Example State whether the following series converges or diverges and why.
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Example 4

Example State whether the following series converges or diverges and why.

» We use the ratio test.
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Example 4

Example State whether the following series converges or diverges and why.

oo
nl
n2
n=1 e
» We use the ratio test.
>
. an] . (n+1D) Nl
n—oo |ap n—oo e(ntl) en
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Example 4

Example State whether the following series converges or diverges and why.

nl
2
n=1 e”
» We use the ratio test.
g Janial (n+1)
. angr| n+1!/n!
nango anl nILrT;o e(n+1)? e
> 2
(Dt (D) (x4 1)
= im e = M @ =M, e
1
= (L'Hop) lim ———==0<1

X— 00 26(2x+1)
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Example 4

Example State whether the following series converges or diverges and why.

nl
2
n=1 e”
» We use the ratio test.
g Janial (n+1)
. angr| n+1!/n!
nango anl nILrT;o e(n+1)? e
> 2
(Dt (D) (x4 1)
= im e = M @ =M, e
1
= (L'Hop) lim ———==0<1

X— 00 26(2x+1)

> Therefore the series >°°, % converges by the ratio test.
e
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Example 5

Example State whether the following series converges or diverges and why.

i(\"/i— 1)".

n=1
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Example 5

Example State whether the following series converges or diverges and why.

i(\"/i— 1)".

n=1

» We use the root test.
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Example 5

Example State whether the following series converges or diverges and why.

i(\"/i— 1)".

n=1

» We use the root test.
>

lim {/]a,| = lim (V3-1)=0<1.

n— oo
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Example 5

Example State whether the following series converges or diverges and why.

i(\"/i— 1)".

n=1

» We use the root test.
>

lim {/]a,| = lim (V3-1)=0<1.

n— oo

> Therefore the series >°° (v/3 — 1)" converges by the root test.
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Example 6

Example State whether the following series converges or diverges and why.

o0 2'1
>

n=1
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Example 6

Example State whether the following series converges or diverges and why.

o0 2'1
>

n=1

» We use the ratio test.
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Example 6

Example State whether the following series converges or diverges and why.

= n2"
>
n=1
» We use the ratio test.
>
fim 120l (122
n— o0 |an| n— o0 (n+1)' n!
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Example 6

Example State whether the following series converges or diverges and why.

[ee]

>
o nl "
» We use the ratio test.
>
fim 121l iy (12 1)2"“/"2"
n— o0 |an| n— o0 (n+1)' n!
| 4
1)2 2
Cogim PHED2 2 gy

n— o0 n(n —+ 1) n—oo N
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Example 6

Example State whether the following series converges or diverges and why.

o nl "

» We use the ratio test.
>

fim 120l (122

n— o0 |an| n— o0 (n+1)' n!
| 4

1)2 2
Cogim PHED2 2 gy

n— o0 n(n—|— 1) - n—oo N

> Therefore the series Y, %" converges by the ratio test.
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Example 7

Example State whether the following series converges or diverges and why.

n*t+2
2n+1°

n=1
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Example 7

Example State whether the following series converges or diverges and why.

n*t+2
2n+1°

n=1

» We use the divergence test.
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Example 7

Example State whether the following series converges or diverges and why.

n*t+2
—~ 2n+1
» We use the divergence test.
S
n4—|—2_|, n3+2/n_

lim

LU s L R AR
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Example 7

Example State whether the following series converges or diverges and why.

n*t+2
—~ 2n+1
» We use the divergence test.
S
n4—|—2_|, n3+2/n_

lim

LU s L R AR

. 4 . .
> Therefore the series > -, % diverges by the divergence test.
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Example 8

Example State whether the following series converges or diverges and why.

oo

Yoy
o<~
n2 "

n=1
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Example 8

Example State whether the following series converges or diverges and why.

Zlnn Zan

» Here we use the integral test.
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Example 8

Example State whether the following series converges or diverges and why.

Zlnn Zan

» Here we use the integral test.
> Let f(x) = %X, We have f(n) = a, > 0.

Annette Pilkington Strategy for testing series



Example 8

Example State whether the following series converges or diverges and why.
Inn
Z =2 a

» Here we use the integral test.
> Let f(x) = %X, We have f(n) = a, > 0.
> To verify that f(x) is decreasing for all x > M for some M, we check the

derivative f'(x) = XQ/X_an)zx = X(l_jlnx) <0 for x>2.

X
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Example 8

Example State whether the following series converges or diverges and why.

Zlnn Zan

» Here we use the integral test.

> Let f(x) = %X, We have f(n) = a, > 0.

> To verify that f(x) is decreasing for all x > M for some M, we check the
derivative f'(x) = XQ/X_X(J”)zX = X(l_jlnx) <0 for x>2.

> Now we calculate [ X dx = lim¢ oo flt X dx.
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Example 8

Example State whether the following series converges or diverges and why.

Zlnn Zan

» Here we use the integral test.

> Let f(x) = %X, We have f(n) = a, > 0.

> To verify that f(x) is decreasing for all x > M for some M, we check the
derivative f'(x) = XQ/X_an)zx =020 20 for x> 2.

X x4

> Now we calculate [ % dx = lim¢—oo [ 2 dx.
> Using integration by parts, with.u =Inx, dv= X—Q dx, we get
du=1/xdx and v = %1 Our integral becomes:
t
=

t
H —1 t—1 . —Int -1
||mt_,oo (an - fl 2 CIX) = ||mt_>oo ( tn + >

1

iMoo | P24+ (1= 1)) =limeoe =P +1
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Example 8

Example State whether the following series converges or diverges and why.

Zlnn Zan

» Here we use the integral test.

> Let f(x) = %X, We have f(n) = a, > 0.

> To verify that f(x) is decreasing for all x > M for some M, we check the
derivative f'(x) = XQ/X_an)zx =020 20 for x> 2.

X x4

> Now we calculate [ % dx = lim¢—oo [ 2 dx.
> Using integration by parts, with.u =Inx, dv= X—Q dx, we get
du=1/xdx and v = %1 Our integral becomes:
t
=

1 flt %21 dx) =limi oo (Itnt + %1
» Using L'Hospital’s rule, we have that this limit equals 1 and is finite.

t
H —Inx
lim; oo (x

iMoo | P24+ (1= 1)) =limeoe =P +1
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Example 8

Example State whether the following series converges or diverges and why.

Zlnn Zan

» Here we use the integral test.
> Let f(x) = %X, We have f(n) = a, > 0.

> To verify that f(x) is decreasing for all x > M for some M, we check the
x2 /x—(In x)2x x(1—2Inx)

derivative f'(x) = — =<0 for x>2.
> Now we calculate [ X dx = lim¢ oo flt X dx.

> Using integration by parts, with u =Inx, dv = X% dx, we get
du=1/xdx and v = %1 Our integral becomes:
t
=

R
Using L'Hospital’s rule, we have that this limit equals 1 and is finite.

—Inx

Iimt_>oo ™

1

lim— oo (-'t"f +(1- 1)) =limimoo =t + 1

vy

Hence the above series converges.
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Example 9

Example State whether the following series converges or diverges and why.

= n+e"
2y

n=1
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Example 9

Example State whether the following series converges or diverges and why.
S
n? + 10"
n=1

» Here we use the limit comparison test.
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Example 9

Example State whether the following series converges or diverges and why.

S
n? 4+ 10"
n=1

» Here we use the limit comparison test.

n
. . . . n
» We compare the series with the geometric series > °, 5 = > 2, (i)

which converges because r = ¢/10 < 1.
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Example 9

Example State whether the following series converges or diverges and why.
S
n? + 10"
n=1

» Here we use the limit comparison test.

n n
» We compare the series with the geometric series > °, 5 = > 2, (%)
which converges because r = ¢/10 < 1.
>
nte”

. 2107 . n/e")+1 , o

lim 20— jim VT Hopital'srule).

R = 0 (n2/107) + 1 (byL' Hopital'srule)
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Example 9

Example State whether the following series converges or diverges and why.
S
n? + 10"
n=1

» Here we use the limit comparison test.

n n
» We compare the series with the geometric series > °, 5 = > 2, (%)
which converges because r = ¢/10 < 1.
>
nte”

. 2 n . n/en) +1 ’ Y

lim 2% — |im An/e") +1 =1 (byL'Hopital srule).

n— o0 Tom n— oo (n2/10") + 1
> Since 0 < 1 < oo, we have that Both Series Converge.
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Example 10

Example State whether the following series converges or diverges and why.

i (n—r|7—2)n2

n=1
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Example 10

Example State whether the following series converges or diverges and why.

i (n—r|7—2)n2

n=1

» We use the Root Test.

Annette Pilkington Strategy for testing series



Example 10

Example State whether the following series converges or diverges and why.

i (n—r|7—2)n2

n=1

» We use the Root Test.

. . . Ii . | X
> limpoo ¢/Jan] = limpoo | 25| =limeooo [ 25| = &™)
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Example 10

Example State whether the following series converges or diverges and why.

i (n—r|7—2)n2

n=1

» We use the Root Test.

n X
> limp—oo V/]an| = limp—oo "—J’;Q = liMyx—oo x%z — elimx—oo xIn(45)
. W . . « . In(25)
e calculate the limit in the power I|mxﬁooxln(m) = limy—oo T
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Example 10

Example State whether the following series converges or diverges and why.

i (n—r|7—2)n2

n=1

» We use the Root Test.
n X
> I|mn~>oo "/|an‘ — I|mn~>oo <"12> — IImXHOO <X:’2> — e||mX*>()OX|n(X+2)

. . . In( =5
» We calculate the limit in the power I|mxﬁooxln(xxﬁ) = limy—oo n(lx/f)

» By L'Hospital, this equals

o (2l 2) = G +2P (1) = (1 (x+2))

X— 00 —l/X2 X— 00 —1/X2
2 2
. x . =x(x+2)+x . —2x
= lim (- = lim X TETX =2
Jm (x4 ) =m0 Rl
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Example 10

Example State whether the following series converges or diverges and why.

i (n—r|7—2)n2

n=1

» We use the Root Test.
n X
> limp oo /Jan] = limy 0 (H> = lime—oo <XX+2> = emeoe xin(ia)
. . . In(=%5
» We calculate the limit in the power I|mxﬁooxln(xxﬁ) = limy—oo n(lx/f)
» By L'Hospital, this equals

o (2l 2) = G +2P (1) = (1 (x+2))
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o x* L =x(x+2)+x* . —=2x
= Jim (—x+ 7)) = im —= = lim 5 =2
> Therefore
lim {/]a,| =e* <1

and the series converges by the root test.
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