MA 1: SESSION 8

1. SPOT THE MISTAKE

Consider the following answer to a problem from the homework.
Example 1. lim,,o 2(v/z+2—+/z) =0
“Proof”. We first show that

VvV +2—+x=0.
Let € > 0. Set M = max(1, ;%) Then for z > M, we have
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We then show that lim, ooz = 00. Let N > 0. Set M = N. Then for
all z > M, we have z > M = N, as desired.
Finally, since the limits of the terms in the product exist, we have

li_>m r(Vr+2— )= Ii_>m x 1i_>m(\/x—|— —Vz)=00-0=0.

Where does it go wrong?

The problem is with the last part. Limits don’t commute this way as
x — 00. Again, please be careful when you make these kinds of “obvious”
steps, and if in doubt, check the textbook version of the theorem.
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2. TAYLOR SERIES

2.1. Definitions. When we first defined the derivative, recall that it was
supposed to be the “instantaneous rate of change” of a function f(z) at a
given point a. In other words, f’ gives us a linear approximation to f(z)
near a: for small e, we have f(a +¢) = f(a) +f'(a).

Taylor series is just the extension of this idea to higher order derivatives,
giving us a better approximation to f(z).

Definition 2.1. Let f(x) be n-times continuously differentiable on an in-
terval [a,b] and let ¢ € (a,b). Then, the n-th order Taylor polynomial
of f(z) about c is:

(@) = Y P - o

The associated n-th order remainder of f(x) is defined to be

Rn(f) (@) = f(x) = Tu(f)(2)

The following two theorems are the essence of why Taylor series is indeed
a good approximation of f(x).

Theorem 2.2. R,(f)(z) is o((z — c)™).

Note that this really just means that when x is close to ¢, T,,(f)(x) is
close to the real value of f(z).

Theorem 2.3. Suppose f(x) is (n + 1)-times continuously differentiable.
Then,

z r(n+1) c
R e

If instead of stopping at n, we consider infinitely many terms, we call this
a Taylor series or Taylor expansion.

Example 2. Let’s compute the Taylor series for f(x) = e* about 0.
For all n, we know that f(™(z) = e®. Hence, we get

e = fP0) Kk
=2 BT _ZH
k=0 k=0

Note also that the radius of convergence for this series is co.

Example 3. Consider f(z) = % We can’t expand this Taylor series at 0,
because f is not defined there, so let’s try and expand about 1 instead. We
first compute

, 1
fiz) = )
" 1
fi(x) = 25
1
f/"(a:) — _6?
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so the Taylor expansion of f about 1 is

f(a:):1—1(x—1)+%(:6—1)2—33%!2(1:—1)34--~

—1—(z-D+@-12-(z-1)3+ (-1 +--
Let’s see an example of it used as an approximation.

Example 4. We want to determine the “error” of the 5th-degree Taylor
approximation for f(x) = cos(z) centered around 7, in other words, a bound
on the difference |f(x) — T5(x)|. By the remainder formula, the error is
bounded by

(6)
Ry = f 6!(6) (ZL’ _ 7T)6

for some ¢ € (a,), the maximizer of this quantity. We have f©)(z) =
—sin(z) and so we bound the error:

6) (¢
f 6'( )(.%‘—W)G

[f(2) = T5(z)| < [Rs| = < il —m)°

R =

because | — sin(z)| < 1. So the error at 2 = 3 is bounded by — (7 — 3)5 <
1.11x107?. In contrast, the error at x = 1 is bounded by 7710(7r—1)6 < 0.003,
which is much worse.

Obviously, a function needs to be (infinitely) differentiable to have a Tay-
lor expansion. But, surprisingly enough, not all infinitely differentiable func-
tions have a Taylor expansion.

Remark 1. We won’t need this for this class, but a function that equals its
Taylor expansion is called an analytic function.

The classical example of something that is infinitely differentiable but
non-analytic is the following function.

Example 5. Consider the function

_ Jexp(=1/x), ifz>0
f(x)_{o, itz < 0.

It is easy to see that this function has continuous derivatives of all orders
on the entire real line.

But its derivatives at the origin are 0, so its Taylor series does not equal
f(x) for x > 0. In other words, f is not analytic at 0.

However, most of the functions that we’ll consider in this class: e.g.
trigonometric functions, logarithms, exponentials, polynomials, are all ana-
lytic.
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2.2. Approximating Integrals. Now, we will see how Taylor series can
help us approximate integrals. For example, consider the Gaussian integral
J e~ dz. Unfortunately, there is no elementary antiderivative of e~2*. But
using Taylor series, we can approximate the value of this integral.

Example 6. Approximate fol/ % =" dz to within 1076 of its actual value.
From now, instead of writing 7}, (e ~®")(z) and R, (e~*")(z), we will simply
write Tp,(z) and R, (z). Then, for any n, we have =% = Ty (z) + Rn ().

Thus,
/3 1/3 1/3
/ e ¥ dx :/ Tn(:v)dx+/ R, (z)dz
0 0 0

Note that T),(z) is just a polynomial. Therefore, fol/ 3 T, (x)dx is an integral
that we can explicitly compute. On the other hand, we know that R, (z)
goes to 0 as n increases. So the idea is to make | [ R,dz| small by increasing
n: in this case, we want to find n such that |f01/3 Ry (7)dz| < 1076,

By Taylor’s Theorem, we have

Ru(e")(z) = /0 N L

n!

Note that Ry (z) from above is R,(e~*")(z). However, R,(e~*")(z) is pre-
cisely equal to R, (e %)(z?). Hence, we see that

Ro(z) = /0 (—1)" (@2 — 1)

n!
Unfortunately this is not something we can easily integrate. However, we
are not interested in the actual value of this integral. We only need to bound
it by 1076.
First, we see that on the interval [0,22], e~ is always less than or equal
to e = 1. And (2? — )" is bounded from above by (z? — 0)" = 22". Note
also that for all t € [0, 2?], en;,t(wQ —t)™ > 0. Therefore, we get

Ra(z)| = /0 T w2 -y

n!

—t
z2 €

= fo 7,( Q_t)ndt

In our case, we want \f01/3 R, (t)dt| < 1075, Therefore, we need to find a

value of n for which % (%)27”2 < 1075, A little playing around with the
inequality will tell you that when we let n = 3, the inequality is satisfied.
4



This means that fol/?’ Ts(x)dz is within 107 of the real value of f01/3 e dx.
Again, fol/ 3 Ts(x)dx is very easy to compute explicitly:

3 3 PG
/ Ts3(z)de = / 1—a2?+— — dx
0 0 2

6
3 z° 27\ |3

- \"T3 T 42) .

147604

459270

This example shows that Taylor series can be used efficiently to approxi-
mate integrals. However, we should note that Taylor series works well near
the point at which we are writing the series. For example, if we were to
follow the exact same steps in the above example to approximate f02 e~ da

to within 0.1 of the actual value, we would need to compute f02 Ty (z)dx.
In our example, we only needed third order Taylor expansion to get an ap-
proximate value with error less than 10~5. However, as we get farther away
from 0, to get an approximate with similar error bounds, we need to use
higher and higher order Taylor polynomials.

One way to fix this is to divide the interval into several subintervals.
Then, we can write a Taylor series expansion for f(x) for each interval and
approximate the integral over each interval as we did in above example.

3. PROVING FACTS ABOUT FUNCTIONS IN AN OPEN NEIGHBORHOOD.

Example 7. Suppose f is a differentiable function on R with bounded
derivative (say |f/| < M). Fix an € > 0 and define

9(x) =z + ef (z).
Prove that g is one-to-one if € is small enough.

Proof. We observe that if a function p(z) is has positive derivative in an
interval (a,b), then p(z) is strictly increasing on (a, b).

Claim. Any strictly increasing function is one-to-one.

Suppose that f(z) = f(y). Suppose for contradiction that = # y, we
can assume without loss of generality that x > y. But since f is strictly
increasing, we have f(x) > f(y), a contradiction.

When 0 < € < 1/M, we have

f(z)=1+¢€d'(x) >1—eM > 0.
Thus, f is strictly increasing and thus one-to-one. ([

Question 3.1. Let f be a continuous real function on R, of which it is
known that f'(x) exists for all x # 0 and that f'(x) — 3 as © — 0. Does it
follow that f'(0) exists?



Answer. Yes. By the Mean Value Theorem or I.’Hopital’s rule, we see that

— f(0
lim M = lim f’(az)
z—0 x—0 z—0
exists if the last limit exists, no matter if it’s 3 or not. O

Theorem 3.2. (L’Hépital’s Rule) Assume that f and g have derivatives
f'(x) and ¢'(x) at each point x of an open interval (a,b), and suppose that

lim f(z)=0 and lim g(xz)=0.

r—a+ r—a+
Assume also that ¢'(x) # 0 for each x in (a,b). Then if
Fw)
eat g'(x)
it implies that
lim @ = L.
r—a+ g(;p)

Example 8. Suppose that f is defined in a neighborhood of x, and suppose
f"(z) exists. Show that

. f(x—i—h)—i—f(:c—h)—Qf(m)i "
ey h? = @),

Show by an example that the limit may exist even if f”(x) does not.

Solution. Since f”(x) exists, f is continuous near x and so
lim f(x + h)+ f(x —h) —2f(z) = 0.
h—0

By I’Hopital’s rule,

fle+h)+ fle—h)—2f(z) f'@+h) - f'(z—h)

lim = lim

h—0 h2 hb o
~ lim (f @+h) —f'@) | fla—h)— ')
h—0 2h 2(—h)
) )L,
=ttt = ().

As for the example, f(x) = z|z| works. O
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