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Chapter 10

Power Series

In discussing power series it is good to recall a nursery rhyme:
“There was a little girl
Who had a little curl
Right in the middle of her forehead
When she was good
She was very, very good
But when she was bad
She was horrid.”
(Robert Strichartz [14])

Power series are one of the most useful type of series in analysis. For example,
we can use them to define transcendental functions such as the exponential and
trigonometric functions (as well as many other less familiar functions).

10.1. Introduction

A power series (centered at 0) is a series of the form

o0
g ant™ =ag+ a1z 4+ az® + -+ anz” + .. ..

n=0

where the constants a,, are some coefficients. If all but finitely many of the a,, are
zero, then the power series is a polynomial function, but if infinitely many of the
an are nonzero, then we need to consider the convergence of the power series.

The basic facts are these: Every power series has a radius of convergence 0 <
R < 00, which depends on the coefficients a,,. The power series converges absolutely
in |z| < R and diverges in |z| > R. Moreover, the convergence is uniform on every
interval |z| < p where 0 < p < R. If R > 0, then the sum of the power series is
infinitely differentiable in || < R, and its derivatives are given by differentiating
the original power series term-by-term.

181



182 10. Power Series

Power series work just as well for complex numbers as real numbers, and are
in fact best viewed from that perspective. We will consider here only real-valued
power series, although many of the results extend immediately to complex-valued
power series.

Definition 10.1. Let (a,)%2, be a sequence of real numbers and ¢ € R. The power
series centered at ¢ with coefficients a,, is the series

Z an(z —c)™.
n=0

Example 10.2. The following are power series centered at 0:

o]
Zm”:1+x+x2+x3+x4+...,

n=0
o~ 1 n o_ Lo 13 1 4
;::Omx —1+x+§x —1—6:3 +ﬂm + .,

Z(n!)m":1+x+2x2+6x3+24m4+...,

n=0

Z(—l)"a:yl =r—a? ot —aS 4.
n=0

An example of a power series centered at 1 is

X 1\yn+1 .
Z%(xfl)”:(a?f1)*%(3771)2+é(5€*1)3*i(x*1)4+-“'

The power series in Definition [10.1]is a formal, algebraic expression, since we
haven’t said anything yet about its convergence. By changing variables (x —c¢) +— z,
we can assume without loss of generality that a power series is centered at 0, and
we will do so whenever it’s convenient.

10.2. Radius of convergence

First, we prove that every power series has a radius of convergence.

Theorem 10.3. Let
Z an(z — )"
n=0

be a power series. There is a non-negative, extended real number 0 < R < oo
such that the series converges absolutely for 0 < |z — ¢| < R and diverges for
|z — ¢| > R. Furthermore, if 0 < p < R, then the power series converges uniformly
on the interval |z — ¢| < p, and the sum of the series is continuous in |z — ¢| < R.

Proof. We assume without loss of generality that ¢ = 0. Suppose the power series

oo
E an Ty
n=0
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converges for some zg € R with zg # 0. Then its terms converge to zero, so they
are bounded and there exists M > 0 such that

lanzg| < M forn=0,1,2,....

If |z| < |zol, then

<1

Lo

n
lanz™| = |anzy] ;—O < Mr™, r =

Comparing the power series with the convergent geometric series Y Mr™, we see
that > a,x™ is absolutely convergent. Thus, if the power series converges for some
xo € R, then it converges absolutely for every x € R with |z| < |zg].

Let
R =sup {|:c\ >0: Zanz" converges} .

If R = 0, then the series converges only for x = 0. If R > 0, then the series
converges absolutely for every x € R with |z| < R, since it converges for some
xo € R with |z| < |xg| < R. Moreover, the definition of R implies that the series
diverges for every z € R with |z| > R. If R = oo, then the series converges for all
rz e R

Finally, let 0 < p < R and suppose |z| < p. Choose o > 0 such that p < o < R.
Then Y’ |ano™| converges, so |a,o™| < M, and therefore
p" n
- S M’I" )
o

"

lanz™| = |ano™| E‘n <lano
n - n o — n

where r = p/o < 1. Since > Mr™ < oo, the M-test (Theorem implies that
the series converges uniformly on |z| < p, and then it follows from Theorem m
that the sum is continuous on |z| < p. Since this holds for every 0 < p < R, the
sum is continuous in |z| < R. O

The following definition therefore makes sense for every power series.

Definition 10.4. If the power series

Z an(x —c)"
n=0

converges for |z — ¢| < R and diverges for |z — ¢| > R, then 0 < R < oo is called
the radius of convergence of the power series.

Theorem does not say what happens at the endpoints x = ¢ £ R, and in
general the power series may converge or diverge there. We refer to the set of all
points where the power series converges as its interval of convergence, which is one
of

(¢c—R,c+R), (¢c—R,c+R], [c—R,c+R), [c—R,c+R]
We won’t discuss here any general theorems about the convergence of power series
at the endpoints (e.g., the Abel theorem). Also note that a power series need not
converge uniformly on |z — ¢| < R.

Theorem does not give an explicit expression for the radius of convergence
of a power series in terms of its coefficients. The ratio test gives a simple, but useful,
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way to compute the radius of convergence, although it doesn’t apply to every power
series.

Theorem 10.5. Suppose that a,, # 0 for all sufficiently large n and the limit

R = lim an

n—oo

An+1

exists or diverges to infinity. Then the power series

Z an(x —c)"
n=0

has radius of convergence R.

Proof. Let
ant1(T — C)nJrl

an(z — o)

an+1
Qn

r = lim

= |z —¢| lim
n—oo

n—0o0

By the ratio test, the power series converges if 0 < r < 1, or |z — ¢|] < R, and
diverges if 1 < r < o0, or |z — ¢| > R, which proves the result. O

The root test gives an expression for the radius of convergence of a general
power series.

Theorem 10.6 (Hadamard). The radius of convergence R of the power series

Z an(x — )"
n=0

is given by
1

lim sup,,_, o, |an|

R =

1/n

where R = 0 if the limsup diverges to oo, and R = oo if the limsup is 0.

Proof. Let

r = limsup |a, (x — c)"|1/n

= |z — ¢|limsup |a, |"/" .
n—oo n—oo

By the root test, the series converges if 0 < r < 1, or | — ¢| < R, and diverges if
1 <r <oo,or |z —c|l> R, which proves the result. O

This theorem provides an alternate proof of Theorem from the root test;
in fact, our proof of Theorem [10.3]is more-or-less a proof of the root test.

10.3. Examples of power series

We consider a number of examples of power series and their radii of convergence.

Example 10.7. The geometric series

o0
Zx":1+m+:c2+...

n=0
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has radius of convergence
1
R=lim - =1

n—oo 1
It converges to

1 oo
= Zm" for |z| < 1,

-z
n=0
and diverges for |z| > 1. At z = 1, the series becomes
1+1+1+1+...

and at x = —1 it becomes
1-14+1—-141—...,

so the series diverges at both endpoints x = £1. Thus, the interval of convergence
of the power series is (—1,1). The series converges uniformly on [—p, p] for every
0 < p < 1 but does not converge uniformly on (—1,1) (see Example . Note
that although the function 1/(1 — ) is well-defined for all z # 1, the power series
only converges when |z| < 1.

Example 10.8. The series

oo
1 1 1 1
Zﬁx":x+§x2+§x3+1x4+...

n=1

has radius of convergence

1/n 1
= lim ——— = 1i 1+—-) =1
Rt gty = (1)

At x = 1, the series becomes the harmonic series

i RS L S
—n o2 3 4 777
which diverges, and at x = —1 it is minus the alternating harmonic series
i ()™ - 11 N 1
no 2 3 4 7

n=1
which converges, but not absolutely. Thus the interval of convergence of the power
series is [—1,1). The series converges uniformly on [—p, p] for every 0 < p < 1 but
does not converge uniformly on (—1,1).

Example 10.9. The power series

oo

1 ., 1 1 4
Z—'x =l4+oz+ 4+ 2+ ...
= n! 2! 3!
has radius of convergence
. 1/n! . (n+ 1) :
Sy T

so it converges for all z € R. The sum is the exponential function

oo

T ln
(& :me

n=0
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In fact, this power series may be used to define the exponential function. (See
Section M)

Example 10.10. The power series

oo
(_1)77. 2n 1 2 1 4
Z(Qn)!m —l—am —|—aa: +...

n=0

has radius of convergence R = oo, and it converges for all x € R. Its sum coszx
provides an analytic definition of the cosine function.

Example 10.11. The power series

(_1)n 2n+1 1 3 1 5
nZ%(%ﬁ&ﬂx TR

has radius of convergence R = oo, and it converges for all z € R. Its sum sinz
provides an analytic definition of the sine function.

Example 10.12. The power series

i(n')x" =1+ax+ 20z + (32 + (42t + ...

n=0
has radius of convergence

1
R= lim —— = lim —— =
b (n+ 1)1 miseon 4 1

)

so it converges only for z = 0. If x # 0, its terms grow larger once n > 1/|z| and
|(n)z™| — 0o as n — oo.

Example 10.13. The series
e (_1)n+1

D

n=1

(.%'—1)":(:E—1)—7($—1)2+%($L’—1)3—...

has radius of convergence

. (=1)"*t1/n , n _ 1
R=1 = lim —— =1 -1
nooo | (1) 2/ (n+1)|  nocontl noeeltl/m

so it converges if |z — 1| < 1 and diverges if |z — 1| > 1. At the endpoint & = 2, the
power series becomes the alternating harmonic series

1 1+1 1+
2 3 4 7

which converges. At the endpoint & = 0, the power series becomes the harmonic
series

R
23 4

which diverges. Thus, the interval of convergence is (0, 2].
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0.6

0.2 1

0.1p 1

Figure 1. Graph of the lacunary power series y = zzozo(—l)":cyl on [0,1).
It appears relatively well-behaved; however, the small oscillations visible near
z = 1 are not a numerical artifact.

Example 10.14. The power series

o0
Z(—l)”xQn —r—a?+at—a® 10— 34 .
n=0
with
(—1)F if n = 2%,
0 if n # 2F,
has radius of convergence R = 1. To prove this, note that the series converges for
|z] < 1 by comparison with the convergent geometric series Y |z|™, since

[

|z|™ if n =2k

anz"| = < |z|™.

lana™1 =10 ifnyézk*' |

If |x] > 1, then the terms do not approach 0 as n — oo, so the series diverges.
Alternatively, we have

i _ 1 ifn=2"
0 if n#2F,

lan

SO

lim sup |a,|"/" = 1
n— oo

and the Hadamard formula (Theorem [10.6) gives R = 1. The series does not
converge at either endpoint = +1, so its interval of convergence is (—1,1).

In this series, there are successively longer gaps (or “lacuna”) between the
powers with non-zero coefficients. Such series are called lacunary power series, and
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0.508 -

0.506 -

0.504 -

0.502

0.498

0.496 -

0.494

0.492 -

0.46 ; ; ; ; 0.49 - - - -
09 0.92 094 0.96 098 1 0.99 0992 0.994 0.996 0.998 1

X X

Figure 2. Details of the lacunary power series z:f,lo:o(fl)”avy1

showing its oscillatory behavior and the nonexistence of a limit as x — 1.

near r = 1,

they have many interesting properties. For example, although the series does not
converge at x = 1, one can ask if

o0
. n, 2"
Jim. [Z< 0"z ]
exists. In a plot of this sum on [0,1), shown in Figure |1} the function appears
relatively well-behaved near © = 1. However, Hardy (1907) proved that the function
has infinitely many, very small oscillations as x — 17, as illustrated in Figure
and the limit does not exist. Subsequent results by Hardy and Littlewood (1926)
showed, under suitable assumptions on the growth of the “gaps” between non-zero
coefficients, that if the limit of a lacunary power series as x — 1~ exists, then the
series must converge at x = 1. Since the lacunary power series considered here
does not converge at 1, its limit as £ — 1~ cannot exist. For further discussion of
lacunary power series, see [4].

10.4. Algebraic operations on power series

We can add, multiply, and divide power series in a standard way. For simplicity,
we consider power series centered at 0.

Proposition 10.15. If R, S > 0 and the functions
flx)= Zanx" in |z| < R, g(x) = Z bpz™ in x| < S
n=0 n=0

are sums of convergent power series, then

o0

(f—i—g)(m):Z(an—l—bn)x" in [z <T,

n=0

(fg)(@) = cna” in |z < T,
n=0
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where T' = min(R, S) and

n
Cp = E an_kbk.
k=0

Proof. The power series expansion of f + g follows immediately from the linear-
ity of limits. The power series expansion of fg follows from the Cauchy product
(Theorem7 since power series converge absolutely inside their intervals of con-
vergence, and

(5 ) () -5 (S s ) - S

n=0 n=0 n=0 \k=0 n=0
O

It may happen that the radius of convergence of the power series for f+g or fg
is larger than the radius of convergence of the power series for f, g. For example,
if g = —f, then the radius of convergence of the power series for f + g = 0 is c©
whatever the radius of convergence of the power series for f.

The reciprocal of a convergent power series that is nonzero at its center also
has a power series expansion.

Proposition 10.16. If R > 0 and
flz) = Z anz" in |z| < R,
n=0

is the sum of a power series with ag # 0, then there exists S > 0 such that

1 o0
— = bpx™ in |z] < S.
)~ 2 g

The coefficients b,, are determined recursively by

n—1

1 1
bo=—, b'rL:_*ZCLn_kbk, forn > 1.
o a0 15

Proof. First, we look for a formal power series expansion (i.e., without regard to
its convergence)

g(z) = Z bnx"
n=0

such that the formal Cauchy product fg is equal to 1. This condition is satisfied if

<i anm”> <i bnx"> = i < " an_kbk> " =1.
n=0 n=0 n=0 \k=0

Matching the coefficients of ™, we find that
n—1
apbg = 1, agb,, + Z Ap—rbr, =0 forn > 1,
k=0
which gives the stated recursion relation.
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To complete the proof, we need to show that the formal power series for g has
a nonzero radius of convergence. In that case, Proposition shows that fg =1
inside the common interval of convergence of f and g, so 1/f = g has a power series
expansion. We assume without loss of generality that ay = 1; otherwise replace f

by f/ao.

The power series for f converges absolutely and uniformly on compact sets
inside its interval of convergence, so the function

o0
> lan] 2l
n=1
is continuous in |z| < R and vanishes at x = 0. It follows that there exists § > 0

such that -
> lanllz” <1 for |z| <4,

Then f(z) # 0 for |z| < d, since
@)= 1= Janl|2|" >0,
n=1

so 1/f(x) is well defined.
We claim that 1
|bn] < — forn=0,1,2,....
5n

The proof is by induction. Since by = 1, this inequality is true for n =0. If n > 1
and the inequality holds for by with 0 < k < n — 1, then by taking the absolute
value of the recursion relation for bn, we get

ak
b \<Z|ak||bn €53 ol _5n2\a <

so the inequality holds for b, with 0 S k: < n, and the claim follows.
We then get that

limsup|bn|1/” < -,

n—oo 6
so the Hadamard formula in Theorem implies that the radius of convergence
of > b,a™ is greater than or equal to 6 > 0, which completes the proof. d

An immediate consequence of these results for products and reciprocals of power
series is that quotients of convergent power series are given by convergent power
series, provided that the denominator is nonzero.

Proposition 10.17. If R, S > 0 and

oo o0
x) = Zanm" in |z| < R, g(x) = Z by in |x| < S
n=0 n=0

are the sums of power series with by # 0, then there exists 7' > 0 and coefficients
¢, such that

kh
&

Z ez in |z| <T.

A
H
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The previous results do not give an explicit expression for the coefficients in
the power series expansion of f/g or a sharp estimate for its radius of convergence.
Using complex analysis, one can show that radius of convergence of the power
series for f/g centered at 0 is equal to the distance from the origin of the nearest
singularity of f/g in the complex plane. We will not discuss complex analysis here,
but we consider two examples.

Example 10.18. Replacing by —22 in the geometric power series from Exam-
ple we get the following power series centered at 0

1 00
m =1 — 2 +$4 — 0 4= Z(—1)7l+1$2n,
n=0

which has radius of convergence R = 1. From the point of view of real functions, it
may appear strange that the radius of convergence is 1, since the function 1/(1+22)
is well-defined on R, has continuous derivatives of all orders, and has power series
expansions with nonzero radius of convergence centered at every ¢ € R. However,
when 1/(1 + 22) is regarded as a function of a complex variable z € C, one sees
that it has singularities at z = +4, where the denominator vanishes, and | +i| = 1,
which explains why R = 1.

Example 10.19. The function f: R — R defined by f(0) =1 and

v
f(z) = ¢ ) for z #0
x
has the power series expansion
fla) =30
B =+

with infinite radius of convergence. The reciprocal function g : R — R of f is given
by g(0) =1 and

x
g(x)—ew_l, for z # 0.
Proposition implies that
(o]
g(z) = Z bpx™

n=0

has a convergent power series expansion at 0, with by = 1 and

3
|
-

bi
bh=-5S —*  forp>L
-kt 0T

=
Il

The numbers B,, = n!b, are called Bernoulli numbers. They may be defined
as the coefficients in the power series expansion

T > B,
exflzzﬁxn'

n=0

The function z/(e” — 1) is called the generating function of the Bernoulli numbers,
where we adopt the convention that z/(e* —1) =1 at x = 0.
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A number of properties of the Bernoulli numbers follow from their generating
function. First, we observe that

x 1 1 (ez/z—l—e_mm)

v 1 2" T\ @ e

is an even function of z. It follows that
By =1, B, =——

and B,, = 0 for all odd n > 3. Thus, the power series expansion of x/(e* — 1) has
the form
> B2n

(2n)!
n=1
The recursion formula for b,, can be written in terms of B,, as

i(n;—l)Bk:m

X

— :L,Qn
et —1

11+
293

k=0
which implies that the Bernoulli numbers are rational. For example, one finds that
1 1 1 1 5 691
2 6’ 4 307 6 427 8 307 10 66’ 12 2730

As the sudden appearance of the large irregular prime number 691 in the numer-
ator of Biy suggests, there is no simple pattern for the values of Bs,, although
they continue to alternate in Signﬂ The Bernoulli numbers have many surprising
connections with number theory and other areas of mathematics; for example, as
noted in Section [L.5] they give the values of the Riemann zeta function at even
natural numbers.

Using complex analysis, one can show that the radius of convergence of the
power series for z/(e* — 1) at z = 0 is equal to 2, since the closest zeros of the
denominator e* — 1 to the origin in the complex plane occur at z = +27i, where
|z| = 27. Given this fact, the Hadamard formula (Theorem implies that

B,|"" 1
o’

n!
which shows that at least some of the Bernoulli numbers B,, grow very rapidly
(factorially) as n — oo.

lim sup
n—oo

Finally, we remark that we have proved that algebraic operations on convergent
power series lead to convergent power series. If one is interested only in the formal
algebraic properties of power series, and not their convergence, one can introduce
a purely algebraic structure called the ring of formal power series (over the field R)

in a variable x,
R[[z]] = {Zanx" Cay € R} ,
n=0

I prime number p is said to be irregular if it divides the numerator of B, , expressed in lowest
terms, for some 2 < 2n < p — 3; otherwise it is regular. The smallest irregular prime number is 37,
which divides the numerator of B3y = —7709321041217/5100, since 7709321041217 = 37-683-305065927.
There are infinitely many irregular primes, and it is conjectured that there are infinitely many regular
primes. A proof of this conjecture is, however, an open problem.
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with sums and products on R[[z]] defined in the obvious way:

i anx’ + i bz = i (an + bp) 2™,

n:(())o n=0 . n=0 . .

(Z anJ:") (Z b,ﬁ&") = Z (Z an_kbk> z".
n=0 n=0 n=0 \k=0

10.5. Differentiation of power series

We saw in Section that, in general, one cannot differentiate a uniformly con-
vergent sequence or series. We can, however, differentiate power series, and they
behaves as nicely as one can imagine in this respect. The sum of a power series

f(z) = ag + a1z + azx® + azz® + aszt + ...
is infinitely differentiable inside its interval of convergence, and its derivative
f'(x) = a1 + 2asx + 3azz? + dasa® + ...

is given by term-by-term differentiation. To prove this result, we first show that
the term-by-term derivative of a power series has the same radius of convergence
as the original power series. The idea is that the geometrical decay of the terms of
the power series inside its radius of convergence dominates the algebraic growth of
the factor n that comes from taking the derivative.

Theorem 10.20. Suppose that the power series

Z an(x —c)"
n=0

has radius of convergence R. Then the power series

oo
Z nap(x —c)" !
n=1

also has radius of convergence R.

Proof. Assume without loss of generality that ¢ = 0, and suppose || < R. Choose
p such that |z| < p < R, and let

_ lel
p

To estimate the terms in the differentiated power series by the terms in the original
series, we rewrite their absolute values as follows:

1 n ( |z n=l nrnl
[nane™ ! = = () lanp"| = |anp"|.
p\p p

The ratio test shows that the series >_ nr"~! converges, since

1)r™ 1
lim {W} = lim {(1—1—) r} =r<l,
n—o0 nrn— n—oo n

, 0<r<l.
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so the sequence (nr"~1) is bounded, by M say. It follows that
M
|nanx”*1{ < —lanp”| for all n € N.
p

The series > |a,p™| converges, since p < R, so the comparison test implies that
ST na,z™~! converges absolutely.

Conversely, suppose |z| > R. Then >_ |a,z™| diverges (since Y a,a™ diverges)

and .
|nanz""' > = lanz"|
Ed
for n > 1, so the comparison test implies that > na,z" ! diverges. Thus the series
have the same radius of convergence. O

Theorem 10.21. Suppose that the power series
o0
f(m)zZan(x—c)" for |t —c/ < R
n=0

has radius of convergence R > 0 and sum f. Then f is differentiable in |z — ¢| < R
and

o0
f(z) = Z nan(x —c)" ! for |z —¢| < R.
n=1

Proof. The term-by-term differentiated power series converges in |z — ¢| < R by
Theorem [I0.20] We denote its sum by

g(z) = Z nay,(r —c)" .
n=1

Let 0 < p < R. Then, by Theorem [10.3} the power series for f and g both converge
uniformly in |z —c¢| < p. Applying Theoremto their partial sums, we conclude
that f is differentiable in |z — ¢| < p and f* = g. Since this holds for every
0 < p < R, it follows that f is differentiable in |z —¢| < R and f’ = g, which proves
the result. (]

Repeated application of Theorem implies that the sum of a power series
is infinitely differentiable inside its interval of convergence and its derivatives are
given by term-by-term differentiation of the power series. Furthermore, we can get
an expression for the coefficients a,, in terms of the function f; they are simply the
Taylor coefficients of f at c.

Theorem 10.22. If the power series
o0
f@) =3 anle — o)
n=0

has radius of convergence R > 0, then f is infinitely differentiable in |z —¢| < R

and
_ f(e)

n!

Qn
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Proof. We assume ¢ = 0 without loss of generality. Applying Theorem [10.22] to
the power series

f(x) = ap + a1x + axx® + azax® + - + apa™ + ...
k times, we find that f has derivatives of every order in |x| < R, and
f'(x) = a1 + 2a02 + 3azz? + - + naz" 4.,
f(x) = 2a9 + (3-2)azz + -+ +n(n — Dapa™ 2 +...,
f(x)=3-2-Daz+ - +nn—1)(n—2az" > +...,

n!
(n—k)!
where all of these power series have radius of convergence R. Setting x = 0 in these
series, we get

f(k)(x):(k!)akJr"‘JF x"’k+...,

(k)
ao = f(0), a1 =/f'0), ... ax= d k!(O),

which proves the result (after replacing 0 by ¢). O

One consequence of this result is that power series with different coefficients
cannot converge to the same sum.

Corollary 10.23. If two power series

Zan(x—c)”, an(:ﬂ—c)”
n=0

n=0
have nonzero-radius of convergence and are equal in some neighborhood of 0, then
an = by for every n =0,1,2,....

Proof. If the common sum in |z — ¢| < § is f(z), we have

9, e

an | I n — | ’
n! n!
since the derivatives of f at ¢ are determined by the values of f in an arbitrarily
small open interval about ¢, so the coefficients are equal. ([l

10.6. The exponential function
We showed in Example that the power series
_ 1 2 1 3 1 n
E(x)f1+x+5x +ax +~--+Ex +....

has radius of convergence co. It therefore defines an infinitely differentiable function
E:R—R.

Term-by-term differentiation of the power series, which is justified by Theo-

rem [10.21} implies that

1 1
E@=1+z+ 2+ + ——a V4

2! (n—1)!
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so B/ = E. Moreover E(0) = 1. As we show below, there is a unique function
with these properties, which are shared by the exponential function e”. Thus,
this power series provides an analytical definition of e* = F(z). All of the other
familiar properties of the exponential follow from its power-series definition, and
we will prove a few of them here

First, we show that e¥e¥ = e*T¥. For the moment, we continue to write the
function e* as E(x) to emphasise that we use nothing beyond its power series
definition.

Proposition 10.24. For every z,y € R,
E(z)E(y) = E(z +y).

Proof. We have

B =3 % Ew=Y
=0 k=0

Multiplying these series term-by-term and rearranging the sum as a Cauchy prod-
uct, which is justified by Theorem [4.38 we get

E@)E@y) =YY jf‘;!

§=0 k=0
- EFATEA
n=0 k=0 (n—k)lk
From the binomial theorem,
n n—k, k n |
"y 1 n! A | n
D T w2 Y )"
k=0 k=0
Hence,
z+y)"
BB =3 T gy y)
n=0 :
which proves the result. ([

In particular, since E(0) = 1, it follows that

We have E(x) > 0 for all z > 0, since all of the terms in its power series are positive,
so E(x) > 0 for all z € R.

Next, we prove that the exponential is characterized by the properties E' = E
and E(0) = 1. This is a simple uniqueness result for an initial value problem for a
linear ordinary differential equation.

Proposition 10.25. Suppose that f : R — R is a differentiable function such that
ff=f  fo)=1
Then f = F.
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Proof. Suppose that f/ = f. Using the equation E' = E, the fact that F is
nonzero on R, and the quotient rule, we get

I\ _fE-Bf _fE-Ef

E)  E2 E2 7
It follows from Theorem that f/E is constant on R. Since f(0) = E(0) =1,
we have f/FE = 1, which implies that f = E. O

In view of this result, we now write E(z) = e*. The following proposition,
which we use below in Section [10.7.2] shows that e* grows faster than any power
of x as * — 0.

Proposition 10.26. Suppose that n is a non-negative integer. Then

:Cn

lim — =0.
rz—o00 et

Proof. The terms in the power series of e” are positive for x > 0, so for every
keN

- i B
e:Zﬁ>ﬂ for all z > 0.
=0

Taking k = n + 1, we get for > 0 that

0 < z" < " _ (n41)!
er " xt)/(n+ 1) oz
Since 1/x — 0 as x — 00, the result follows. O

The logarithm log : (0,00) — R can be defined as the inverse of the exponential
function exp : R — (0, 00), which is strictly increasing on R since its derivative is
strictly positive. Having the logarithm and the exponential, we can define the power
function for all exponents p € R by

xP = ePlos e, x> 0.

Other transcendental functions, such as the trigonometric functions, can be defined
in terms of their power series, and these can be used to prove their usual properties.
We will not carry all this out in detail; we just want to emphasize that, once we
have developed the theory of power series, we can define all of the functions arising
in elementary calculus from the first principles of analysis.

10.7. * Smooth versus analytic functions

The power series theorem, Theorem looks similar to Taylor’s theorem, The-
orem but there is a fundamental difference. Taylor’s theorem gives an ex-
pression for the error between a function and its Taylor polynomials. No question
of convergence is involved. On the other hand, Theorem [10.22] asserts the conver-
gence of an infinite power series to a function f. The coefficients of the Taylor
polynomials and the power series are the same in both cases, but Taylor’s theorem
approximates f by its Taylor polynomials P, (z) of degree n at ¢ in the limit  — ¢
with n fixed, while the power series theorem approximates f by P,(z) in the limit
n — oo with z fixed.
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10.7.1. Taylor’'s theorem and power series. To explain the difference between
Taylor’s theorem and power series in more detail, we introduce an important dis-
tinction between smooth and analytic functions: smooth functions have continuous
derivatives of all orders, while analytic functions are sums of power series.

Definition 10.27. Let k € N. A function f : (a,b) — R is C* on (a,b), written
f € C*(a,b), if it has continuous derivatives f\) : (a,b) — R of orders 1 < j < k.
A function f is smooth (or C'*°, or infinitely differentiable) on (a,b), written f €
C*>(a,b), if it has continuous derivatives of all orders on (a, b).

In fact, if f has derivatives of all orders, then they are automatically continuous,
since the differentiability of f(*) implies its continuity; on the other hand, the
existence of k derivatives of f does not imply the continuity of f*). The statement
“f is smooth” is sometimes used rather loosely to mean “f has as many continuous
derivatives as we want,” but we will use it to mean that f is C'>°.

Definition 10.28. A function f : (a,b) — R is analytic on (a,b) if for every
¢ € (a,b) the function f is the sum in a neighborhood of ¢ of a power series
centered at ¢ with nonzero radius of convergence.

Strictly speaking, this is the definition of a real analytic function, and analytic
functions are complex functions that are sums of power series. Since we consider
only real functions here, we abbreviate “real analytic” to “analytic.”

Theorem [10.22) implies that an analytic function is smooth: If f is analytic on
(a,b) and ¢ € (a,b), then there is an R > 0 and coefficients (ay,) such that

flx)= ian(x—c)" for |z — ¢| < R.
n=0

Then Theorem implies that f has derivatives of all orders in |z —¢| < R, and
since ¢ € (a,b) is arbitrary, f has derivatives of all orders in (a,b). Moreover, it
follows that the coefficients a,, in the power series expansion of f at ¢ are given by
Taylor’s formula.

What is less obvious is that a smooth function need not be analytic. If f is
smooth, then we can define its Taylor coefficients a,, = f(™(c)/n! at ¢ for every
n > 0, and write down the corresponding Taylor series > a,,(z — ¢)™. The problem
is that the Taylor series may have zero radius of convergence if the derivatives of f
grow too rapidly as n — oo, in which case it diverges for every = # ¢, or the Taylor
series may converge, but not to f.

10.7.2. A smooth, non-analytic function. In this section, we give an example
of a smooth function that is not the sum of its Taylor series.

It follows from Proposition [10.26| that if
p(x) = Z apx®
k=0

is any polynomial function, then

lim P(7) = Zak lim r_ 0.

r—oo et
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Figure 3. Left: Plot y = ¢(x) of the smooth, non-analytic function defined
in Proposition [I0.29] Right: A detail of the function near z = 0. The dotted
line is the power-function y = x6/50. The graph of ¢ near 0 is “flatter’ than
the graph of the power-function, illustrating that ¢(z) goes to zero faster than
any power of x as z — 0.

We will use this limit to exhibit a non-zero function that approaches zero faster
than every power of x as © — 0. As a result, all of its derivatives at 0 vanish, even
though the function itself does not vanish in any neighborhood of 0. (See Figure )

Proposition 10.29. Define ¢ : R — R by

~ Jexp(=1/x) ifx >0,
) = {o if 2 < 0.

Then ¢ has derivatives of all orders on R and
¢™©0)=0  foralln>0.

Proof. The infinite differentiability of ¢(x) at  # 0 follows from the chain rule.
Moreover, its nth derivative has the form

() () — pn(l/z)exp(—=1/z) if x>0,
o) = {0 if z <0,

where p,,(1/x) is a polynomial of degree 2n in 1/x. This follows, for example, by
induction, since differentiation of ¢(™ shows that p,, satisfies the recursion relation

Pnt1(z) = 2 [pn(2) — Pl (2)], po(z) = 1.

Thus, we just have to show that ¢ has derivatives of all orders at 0, and that these
derivatives are equal to zero.

First, consider ¢/(0). The left derivative ¢'(07) of ¢ at 0 is 0 since ¢(0) = 0
and ¢(h) = 0 for all h < 0. To find the right derivative, we write 1/h = x and use
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Proposition which gives
o107) = sy [0

h—0t h
_ o SR/
h—0+ h
= lim —
r—o0 €T

Since both the left and right derivatives equal zero, we have ¢’(0) = 0.

To show that all the derivatives of ¢ at 0 exist and are zero, we use a proof
by induction. Suppose that ¢(™(0) = 0, which we have verified for n = 1. The
left derivative ¢("*1(07) is clearly zero, so we just need to prove that the right
derivative is zero. Using the form of ¢(™ (h) for h > 0 and Proposition [10.26] we
get that

D (0F) = lim ¢ (h) — ¢ (0)

h—0t h
— lim Pn(1/h) exp(—1/h)
h—0t h
— lim ZPr (z)
T—00 e’
which proves the result. ([

Corollary 10.30. The function ¢ : R — R defined by

_ Jexp(=1/x) ifz>0,
gzs(x)_{o if 2 <0,

is smooth but not analytic on R.

Proof. From Proposition the function ¢ is smooth, and the nth Taylor
coefficient of ¢ at 0 is a,, = 0. The Taylor series of ¢ at 0 therefore converges to
0, so its sum is not equal to ¢ in any neighborhood of 0, meaning that ¢ is not
analytic at 0. O

The fact that the Taylor polynomial of ¢ at 0 is zero for every degree n € N
does not contradict Taylor’s theorem, which says that for for every n € Nand x > 0
there exists 0 < £ < x such that

o),

z".
n!

¢(x)

Since the derivatives of ¢ are bounded, it follows that there is a constant C,,
depending on n, such that

|p(x)| < Cpa™ for all 0 < z < oo.
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Thus, ¢(x) — 0 as x — 0 faster than any power of x. But this inequality does not
imply that ¢(z) = 0 for = > 0 since C,, grows rapidly as n increases, and C,xz™ 4 0
as n — oo for any x > 0, however small.

We can construct other smooth, non-analytic functions from ¢.

Example 10.31. The function

xp(— 2y i
e o

is infinitely differentiable on R, since ¥(z) = ¢(z?) is a composition of smooth
functions.

The function in the next example is useful in many parts of analysis. Before
giving the example, we introduce some terminology.

Definition 10.32. A function f : R — R has compact support if there exists R > 0
such that f(x) =0 for all x € R with |z| > R.

It isn’t hard to construct continuous functions with compact support; one ex-
ample that vanishes for |z| > 1 is the piecewise-linear, triangular (or ‘tent’) function

1] iffz <1,
f(x)_{o if |2] > 1.

By matching left and right derivatives of piecewise-polynomial functions, we can
similarly construct C' or C* functions with compact support. Using ¢, however,
we can construct a smooth (C°°) function with compact support, which might seem
unexpected at first sight.

Example 10.33. The function

~Jexp[-1/(1—2?)] if |z <1,
nlw) = {o if 2| > 1,

is infinitely differentiable on R, since n(z) = ¢(1 — 2?) is a composition of smooth
functions. Moreover, it vanishes for |z| > 1, so it is a smooth function with compact
support. Figure [4 shows its graph. This function is sometimes called a ‘bump’
function.

The function ¢ defined in Proposition illustrates that knowing the values
of a smooth function and all of its derivatives at one point does not tell us anything
about the values of the function at nearby points. This behavior contrasts with,
and highlights, the remarkable property of analytic functions that the values of an
analytic function and all of its derivatives at a single point of an interval determine
the function on the whole interval.

We make this principle of analytic continuation precise in the following propo-
sition. The proof uses a common trick of going from a local result (equality of
functions in a neighborhood of a point) to a global result (equality of functions
on the whole of their connected domain) by proving that an appropriate subset is
open, closed, and non-empty.
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Figure 4. Plot of the smooth, compactly supported “bump” function defined

in Example @

Proposition 10.34. Suppose that f,g : (a,b) — R are analytic functions on an
open interval (a,b). If f(™)(c) = g (c) for all n > 0 at some point ¢ € (a,b), then
f=gon (a,b).

Proof. Let

E={z € (a,b): f™(z) =g (z)all n >0} .
The continuity of the derivatives £, ¢(™) implies that E is closed in (a,b): If
zp € E and 2, — x € (a,b), then

F(@) = Jim fO(ay) = lim g™ (22) = g (@),
k—o0 k— o0
sox € E, and F is closed.

The analyticity of f, g implies that E is open in (a,b): If z € E, then f =g
in some open interval (x —r, x + r) with r > 0, since both functions have the same
Taylor coefficients and convergent power series centered at z, so f(" = ¢ in
(x —r,x + ), meaning that (x — r,x +r) C E, and E is open.

From Theorem [5.63] the interval (a,b) is connected, meaning that the only

subsets that are open and closed in (a, b) are the empty set and the entire interval.
But E # @ since ¢ € E, so E = (a,b), which proves the result. O

It is worth noting the choice of the set F in the preceding proof. For example,
the proof would not work if we try to use the set

E={z¢€(ab): f(z) = g(z)}
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instead of E. The continuity of f, g implies that F is closed, but E is not, in
general, open.

One particular consequence of Proposition is that a non-zero analytic
function on R cannot have compact support, since an analytic function on R that
is equal to zero on any interval (a,b) C R must equal zero on R. Thus, the non-
analyticity of the ‘bump’-function 7 in Example [10.33]is essential.
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