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\begin{document}
\maketitle

\setcounter {section} {4} %% chapter 5 limit setcounter

\tableofcontents
\newpage
\section{Limit (p.91)}
\subsection {Context}
\begin{enumerate}

\item The concept of a limit is surely the most important, and probably the most
difficult one in all calculus.

\item The goal of this chapter is \bluecenter {the definition of limits,} but we are, once
more, going to begin with a provisional definition;

\bull{what we shall define is not the word ""limit" but the notion of a function
approaching a limit.}

\begin {framed}

$\textbf {PROVISIONAL DEFINITION} $\\ \\

The function $f$ approaches the limit $1$ near $a$, if we can make $f(x)$ as close as
we like to $1$ by requiring that $x$ be

\bull{sufficiently close to, but no equal to, $a$}

\end {framed}

\item Of the six functions graphed in Figure 1, only the first three approach $1$ at $a$.

\begin{center}
\includegraphics[scale=0.4]{figure/chapter5/1.jpg}\\
\end {center}

\item Notice that although $g(a)$ is not defined and $h(a)$ is defined *"the wrong
way", it is still true that $g$ and $h$ approach $1$ near $a$.

\item This is because we explicitly ruled out, in our definition, the necessity of ever
considering the value of the function at a

\bull {--- it is only necessary that $f(x)$ should be close to $1$ for $x$ close to $a$,
but unequal to $a$.}

\item We are simply not interested in the value of $f(a)$, or even in the question of
whether $f(a)$ is defined.

\divides

\item One convenient way of picturing the assertion that $f$ approaches / near $a$ is
provided by a method of drawing functions that was not mentioned in Chapter 4.
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\item In this method, we draw two straight lines, each representing $\mathbb{R}$,
and arrows from a point $x$ in one, to $f(x)$ in the other.

\item Figure 2 illustrates such a picture for two different functions.

\begin {center}

\includegraphics[scale=0.7]{figure/chapter5/2.jpg}\\

\end{center}

\item Now consider a function $f$ whose drawing looks like Figure 3.
\begin{center}

\includegraphics[scale=0.8]{figure/chapter5/3.jpg}\\

\end {center}

\item Suppose we ask that $f(x)$ be close to $1$, say within the open interval
$B$ which has been drawn in Figure 3.

\item This can be guaranteed if we consider only the numbers $x§ in the interval
$AS of Figure 3.

\item (In this diagram we have chosen the largest interval which will work; any
smaller interval containing a could have been chosen instead.)

\item If we choose a smaller interval $B'S$ (Figure 4) we will, usually, have to choose
a smaller $A'$,\bull{ but no matter how small we choose the open interval $B$,}
there is always supposed to be some open interval $A$ which works.

\begin {center}

\includegraphics[scale=0.8]{figure/chapter5/4.jpg}\\

\end {center}

\item A similar pictorial interpretation is possible in terms of the graph of $f$, but in
this case

\begin {itemize}

\item the interval $B$ must be drawn on the vertical axis, and

\item the set $A$ on the horizontal axis.

\end {itemize}

\item The fact that $f(x)$ is in B when $x$ is in $A$ means that

\bull{ the part of the graph lying over $AS$ is contained in the region which is
bounded by the horizontal lines through the end points of $BS;}

\begin {itemize}

\item compare Figure 5(a), where a valid interval $A$ has been chosen, with Figure
5(b), where $AS is too large.

\end {itemize}

\begin{center}

\includegraphics[scale=0.4]{figure/chapter5/5.jpg}\\

\end{center}

\item In order to apply our definition to a particular function, let us consider
\begin {equation}

f(x) = x\sin\bigg(\dfrac {1} {x}\bigg)

\end {equation}

(Figure 6).

3/87
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\begin{center}
\includegraphics[scale=0.6]{figure/chapter5/6.jpg }\\

\end {center}

\item Despite the erratic behavior of this function near 0 it is clear, at least intuitively,
that $f$ approaches 0 near 0, and it is certainly to be hoped that our definition will
allow us to reach the same conclusion.

\item In the case we are considering, both $a$ and $1$ of the definition are 0, so we
must ask if we can get

\begin{equation}

f(x) = x\sin\dfrac {1} {x}

\end {equation}

as close to 0 as desired if we require that $x$ be sufficiently close to 0, but $\neq$ 0.
\item To be specific, suppose we wish to get

\begin{equation}

x\sin\dfrac{1} {x} \text{ within } \dfrac{1} {10} \text{ of } 0.

\end {equation}

\item This means we want

\begin{equation}

“\frac{1} {10} <x \sin \frac{1} {x}<\frac{l} {10}

\end {equation}

or, more sufficiently,

\begin{equation}

\bigg|\sin\bigg(\dfrac {1} {x}\bigg)\bigg|\leq\frac{1}{10}.
\end {equation}

\item Now this is easy.

\item Since

\begin{equation}

\bigg|\sin\frac {1} {x}\bigg|\leq 1\text{, }\forall x \neq O
\end{equation}

we have

\begin {equation}

\bigg|x\sin\frac {1} {x}\bigg|\leq|x|\text{, }\forall x\neq0
\end {equation}

\item This means that if

\begin{equation}

x<\dfrac{l}{10}\text{ and }x\neq0,
\end{equation}

then \begin {equation}

\bigg|x\sin\dfrac{1} {x}\bigg|<\frac{1} {10};
\end {equation}

\begin {itemize}

\item in other words,

\begin{equation}

x\sin\dfrac {1} {x}\text{ is within }\frac{1} {10} \text{ of 0 }
\end{equation}

4/87
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\item provided that $x$ is within
\begin{equation}

\frac{1} {10} \text{ of }0,\text{ but }\neq 0.
\end {equation}

\end {itemize}
\item There is nothing special about the number $\dfrac{1} {10}$;

\begin {itemize}

\item it is just as easy to guarantee that
\begin{equation}

[f(x)-0|<\frac{1} {100}

\end {equation}

\item simply require that
\begin{equation}

\dfrac{1} {100} \text{, but } x \neq 0.
\end {equation}

\end {itemize}

\item In fact, if we take any positive number $\varepsilon$ we can make
\begin{equation}

[f(x)-0|<\varepsilon

\end {equation}

simply by requiring that $|x|<\varepsilon$, and $x\neq0$

\item For the function $$ f(x) = x"{2}\sin\dfrac{1} {x}$$ (Figure 7) it seems even
clearer that $f$ approaches 0 near 0.

\begin{center}

\includegraphics[scale=0.6]{figure/chapter5/7.jpg}\\

\end {center}

\item If, for example, we want

\begin{equation}
|x{2}\sin\frac {1} {x}|<\frac{1} {10}
\end{equation}

then we certainly need only require that

\begin {equation}

[x|<\frac{1} {10}\text{ and }x\neqO,

\end {equation}

since this implies that $|x"{2}|<\dfrac{1} {100}$ and consequently

\begin{equation}[x"*{2}\sin\dfrac{1} {x}|\leq|x" {2} |<\dfrac{1} {100}<\frac{1}{10}\en

d{equation}

5/87
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\item (We could do even better, and allow
\begin{equation}

x| <\dfrac{1} {\sqrt{10} }\text{ and }x\neqO,
\end {equation}

but there is no particular virtue in being as economical as possible.)
\item In general, if $\varepsilon>$ 0, to ensure that
\begin{equation}

[x*{2}\sin\dfrac {1} {x}|<\varepsilon

\end {equation}

we need only require that

\begin{equation} |x|<\varepsilon\text{ and }x\neq0,\end{equation}

provided that $\varepsilon\leq1$.

\item If we are given an $\varepsilon$ which is greater than 1

\begin {itemize}

\item (it might be, even thought it is “small” $\varepsilon$'s which are of interest),
\item then it does not suffice to require that $[x|<\varepsilon$,

\item but it certainly suffices to require that $|x| < 1$ and $x\neq0$.

\end {itemize}

\item As a third example, consider the function
\begin{equation}

f(x) = \sqrt{|x|}\sin\bigg(\dfrac {1} {x}\bigg)\text{ (Figure 8).}
\end {equation}

\begin{center}
\includegraphics[scale=0.7]{figure/chapter5/8.jpg}\\
\end{center}

\item In order to make

\begin{equation}

\bigg|\sqrt{|x|}\sin\dfrac {1} {x}\bigg| < \varepsilon
\end{equation}

we can require that

\begin{equation}|x|<\varepsilon™{2} \text{ and } x\neqO\end{equation}(the algebra is
left to you).

\item Finally, let us consider the function $f(x) = \sin \dfrac{1} {x}$ (Figure 9).
\begin{center}

\includegraphics[scale=0.4]{figure/chapter5/9.jpg}\\

\end {center}

\item For this function it is $false$ that $f$ approaches 0 near 0.

\item This amounts to saying that it is not true for every number $\varepsilon>0$ that
we can get

\begin {equation}

[f(x)-0| < \varepsilon

\end {equation}

by choosing $x$ sufficiently small, and $\neq08$.
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\item To show this we simply have to find one $\varepsilon>0$ for which the
condition

\begin{equation}

[f(x)-0| < \varepsilon

\end {equation}

cannot be guaranteed, no matter how small we require $|x|$ to be.

\item In fact, $\varepsilon = \frac{1}{2}$ will do:

\begin {itemize}

\item it is impossible to ensure that $|f(x)|<\frac{1} {2} $ no matter how small we
require $[x|$ to be;

\item for if $AS is any interval containing 0, there is some number $x =
\dfrac{1} {(90+360n)}$ which is in this interval, and for this $x$ we have $f(x) = 18.
\end {itemize}

\item This same argument can be used (Figure 10) to show that $f$ does not approach
any number near 0.

\begin{center}

\includegraphics[scale=0.7]{figure/chapter5/10.jpg}\\

\end{center}

\item To show this we must again find, for any particular number $1$, some number
$\varepsilon>0$ so that

\begin{equation}

[f(x)-1]<\varepsilon

\end {equation}

is $not$ true, no matter how small x is required to be.

\item The choice $\varepsilon = \frac{1}{2}$ works for any number $1$; that is, no
matter how small we require $|x|$ to be, we cannot ensure that
\begin{equation}

[f(x)-1|<\frac{1} {2} .

\end{equation}

\item The reason is, that for any interval $A$ containing 0 there is some
\begin{equation}

x_{1} =\dfrac{1} {(90+360n)}

\end{equation}

in this interval, so that

\begin{equation}

fix_{1})=1

\end {equation}

and also some

\begin{equation}

x_{2} =\dfrac{1} {(270+360m)}

\end{equation}

in this interval, so that

\begin{equation}

fix_{2})=-1

\end{equation}
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\item But the interval from $l-\frac{1} {2} $ to $l+\frac{1} {2} $ cannot contain both —1

and 1, since its total length is only 1; so we cannot have
\begin{equation}|1-1|[<\frac{1} {2}\text{ and also }|-1-I|<\frac{1} {2}\end {equation}
no mater what $ 18 is

\item The phenomenon exhibited by $f(x)=\sin\dfrac{1} {x}$ near 0 can occur in
many ways.

\item If we consider the function

\begin{equation } f(x)=

\begin{cases}

O\text{, }x \text{ irrational }\\

I\text{, }x \text{ rational},

\end{cases}

\end {equation}

then no matter what $a$ is, $f$ does not approach any number $1$ near $a$.
\item In fact, we cannot make

\begin{equation}

If(x)-1[<\frac{1} {4}

\end {equation}

no matter how close we bring $x$ to $a$,

\begin {itemize}

\item because in any interval around $a$ there are numbers $x$ with $f(x)=08$,
\item and also numbers $x$ with $f(x)=18, so that we would need
\begin{equation}

|0-1|<\frac{1} {4}\text{ and also }|1-1|<\frac{1} {4}.

\end {equation}

\end {itemize}

\item An amusing variation on this behavior is presented by the function shown in
Figure 11:

\begin{equation} f(x)=

\begin{cases}

x,\text{ }x \text{ rational}\\

I,\text{ }x \text{ irrational},

\end{cases}\end{equation}

\begin{center}
\includegraphics[scale=0.7]{figure/chapter5/11.jpg}\\
\end{center}

\item The behavior of this function is *“opposite” to that of

\begin {equation}

g(x) = \sin \dfrac{1} {x}

\end {equation}

it approaches 0 at 0, but does not approach any number at $a$, if $a\neq$ 0.
\item By now you should have no difficulty convincing yourself that this is true.

8/87
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\item As a contrast to the functions considered so far, which have been quite
pathological, we will now examine some of the simplest functions.

\item If $f(x) = c$, then $f$ approaches $c$ near $a$, for every number $a$.

\item In fact, to ensure that

\begin{equation}

[f(x)-c|<\varepsilon

\end {equation}

one does not need to restrict $x$ to be near $a$ at all; the condition is automatically
satisfied\\ (Figure 12).

\begin {center}
\includegraphics {figure/chapter5/12.jpg}\\
\end {center}

\item As a slight variation, let $f$ be the function shown in Figure 13:
\begin{equation}f(x)=

\begin{cases}

-1,\text{ }x<O\\

\text{ } I\text{ },\text{ }x>0\\

\end {cases}

\end {equation}

\begin{center}
\includegraphics[scale=0.7]{figure/chapter5/13.jpg}\\
\end {center}

\item If $a>083, then $f$ approaches $1$ near $a$: indeed, to ensure that
\begin{equation}
[f(x)-l|<\varepsilon
\end{equation}

it certainly suffices to require that
\begin{equation}

[x-a|<a,

\end{equation} since this implies
\begin{equation}

-a<x-a

\end {equation}

\begin{equation}

\text{or }0<x

\end{equation}

so that $f(x) = 1$.

\item Similarly, if $b < 08, then $f$ approaches -1 near $b$: to ensure that
\begin{equation}

[f(x)—(-1)|<\varepsilon

\end{equation}

it suffices to require that $[x-b|<-b$.

\item Finally, as you may easily check, $f$ does not approach any number near 0.
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\item The function $f(x) = x$ is easily dealt with.

\item Clearly $f$ approaches $a$ near $a$: to ensure that
\begin{equation}

|[f(x)-a|<\varepsilon

\end {equation}

we just have to require that

\begin{equation}

|x—a|<\varepsilon.

\end {equation}

\item The function $f(x)=x"2§ requires a little more work.

\item To show that $f$ approaches $a"2$ near a , we must decide how to ensure that
\begin{equation}

|x"2-a2|<\varepsilon.

\end {equation}

\item Factoring looks like the most promissing procedure: we want
\begin{equation}

|x-a|\cdot|x+a|<\varepsilon

\end {equation}

\item Obviously the factor §|x+a|$ is the one that will cause trouble.

\item On the other hand, there is no need to make $|x + a|$ particularly small;\bull{ as
long as we know some bound on the values of $[x + a|$ we will be in good shape.}
\item For example, if

\begin {equation}

|x+a| < 1,000,000,

\end {equation}

then we will just need to require that

\begin {equation}

|x-a| <\dfrac{\varepsilon} {10000000}.

\end {equation}

\item Therefore, to begin with, let us require that $|x-a|<1$

\bull{(any positive number other than I would do just as well);}

\bull{ presumably this will ensure that $x$ is not too large, and consequently that $|x+
al$ is not too large.}

\item As a matter of fact, Problem 1-12 shows that

\begin{equation}

[X|-[a\\leq[x-al<1,

\end{equation}

SO

\begin{equation}

[X[<1+al,

\end{equation}

and consequently
\begin{equation}|x+a|\leq|x|+|a|<2|a+1\end {equation}.
\item Now we need only the additional requirement that
\begin{equation}

10/87



0 A

|x-a|<\dfrac{\varepsilon} {(2|a+1)}.

\end {equation}

\item In other words, if

\begin{equation}

|x-a][<\min\left(1,\frac {\varepsilon} {2|a|+1}\right),
\end {equation}

then

\begin{equation}

|x"2-a2|<\varepsilon.

\end {equation}

\item Naturally,

\begin{equation}

\min\left(1,\dfrac {\varepsilon} {(2|a|+1)}\right)
\end {equation}

will just be

\begin{equation}

\dfrac {\varepsilon} {(2]a|+1)}

\end {equation}

for small $\varepsilon$.

\item Precisely the same sort of trick will show that if
\begin{equation}

f(x)=x"3,

\end {equation}

then $f$ approaches $a*3$ near $a$.

\item In fact, if

\begin {equation}

|x-a|<\min\left(1,\frac {\varepsilon} {(1+[a|)"{2}+|a|(1+|a|)+|a|* {2} } \right),
\end {equation}

then

\begin {equation}

|x"3-a"3|<\varepsilon.

\end {equation}

\item The proof of this assertion will show where the weird denominator comes from:

\item If $|x-a|]<1$, then $|x|<[a|+1$, and consequently

\begin{equation}

\begin{aligned}

|x"2+ax+a2| &\leq [x|"2+|a\cdot|x|+|a]*2 \\
&<(1+a])"2+a|(1+a[)+a]2

\end{aligned}

\end {equation}

\item Therefore
\begin {equation}

\begin{aligned}
|x"3-a"3|&=|x-a|\cdot|[x"2+ax+a"2\\

11/87
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&<\frac {\varepsilon} {(1+]a|)"2-+]a|(1+]a])+|a|*2 } \cdot\left[(1+]|a])2+|a|(1+]a|)+|a] 2\ri
ght]\\

&=\varepsilon

\end {aligned}

\end {equation}

\item The time has now come to point out that of the many demonstrations about
limits which we have given, not one has been a real proof.

\item The fault lies not with our reasoning, but with our definition.

\item If our provisional definition of a function was open to criticism, our provisional
definition of approaching a limit is even more vulnerable.

\item This definition is simply not sufficiently precise to be used in proofs.

\item It is hardly clear how one “makes" $f(x)$ close to $1$ \bull{(whatever *"close"
means) } by ‘requiring" $x$ to be sufficiently close to $a$ \bull{(however close
““sufficiently" close is supposed to be).}

\item Despite the criticisms of our definition you may feel \bull{(I certainly hope you
do)} that our arguments were nevertheless quite convincing.

\item In order to present any sort of argument at all, we have been practically forced
to invent the real definition.

\item It is possible to arrive at this definition in several steps, each one clarifying
some obscure phrase which still remains.

\item Let us begin, once again, with the provisional definition:

\begin {itemize}

\item The function $f$ approaches the limit $1$ near $a$, if we can make $f(x)$ as
close as we like to $1$ by requiring that $x$ be sufficiently close to, but unequal to,
$as.

\end {itemize}

\item The very first change which we made in this definition was to note that making
$f(x)$ close to $1$ meant making

\begin {equation}

[fC0-1|

\end{equation} small, and similarly for $x$ and $a$:

\begin {itemize}

\item The function $f$ approaches the limit $I$ near $a$, if we can make $|f(x)-1|$ as
small as we like by requiring that $[x - a|$ be sufficiently small, and $x\neq a$.

\end {itemize}

\item The second, more crucial, change was to note that making
\begin{equation}

[£(x)-1]

\end{equation}

““as small as we like" means making

\begin{equation}

[f(x)-l|<\varepsilon

\end{equation}

for any $\varepsilon>0$ that happens to be given us:

\begin {itemize}

\item The function $f$ approaches the limit $I$ near $a$, if for every number
$\varepsilon > 0$ we can make

12/87
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\begin{equation}

[f(x)-1|<\varepsilon

\end {equation}

by requiring that $|x - a|$ be sufficiently small, and $x\neq a$.
\end {itemize}

\item There is a common pattern to all the demonstrations about limits which we have
given.

\item For each number $\varepsilon > 0$ we found some other positive number,
$\delta$ say, with the property that if

\begin{equation}

x\neq a\text{ and }|x-a|<\delta,

\end {equation}

then

\begin{equation}

[f(x)-1|<\varepsilon.

\end {equation}

\item For the function

\begin{equation}

f(x) = x \sin \bigg(\dfrac{1} {x}\bigg)

\end {equation}

\bull{

(with $a = 08, $1=08%), the number $\delta$ was just the number $\varepsilon$;}
\bull{ for

\begin{equation}

f(x) = \sqrt{|x|}\sin\bigg(\dfrac {1} {x}\bigg),

\end{equation} it was $\varepsilon"2$ for

\begin{equation}

f(x) =x"2

\end{equation}

it was the minimum of

\begin{equation}

I\text{ and }\dfrac{\varepsilon} {2|a|+1}.

\end{equation}

}

\item In general, it may not be at all clear how to find the number $\delta$, given
$\varepsilon$, but it is the condition

\begin{equation}

|x-a| <\delta

\end{equation}

which expresses how small "“sufficiently”" small must be:

\begin {itemize}

\item The function $f$ approaches the limit $I$ near $a$, if for every $\varepsilon >
0%

\item there is some $\delta >0$ such that, for all $x$, if §|x-a| <\delta$ and $x\neq a$,
then $|f(x)-1| <\varepsilon$.

\end {itemize}

\item This is practically the definition we will adopt.
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\item We will make only one trivial change, nothing that *"$|x-a|<\delta$ and $x \neq
a$" can just as well be expressed " $0<[x-a|<\delta$".

\begin {framed}
DEFINITION

The function $f$ approaches the limit $1$ near $a$ means:

\bull{ for every $\varepsilon > 0$ there is some $\delta >0$ such that, for all $x$, if
\begin{equation}

0 < [x - a| <\delta,

\end {equation}

then

\begin{equation}

[f(x)-1|<\varepsilon.

\end {equation}

}

\end {framed}

\item This definition is so important \bull{(everything we do from now on depends on
it)} that proceeding any further without knowing it is hopeless.

\item If necessary memorize it, like a poem!

\item That, at least, is better than stating it incorrectly;

\bull{ if you do this you are doomed to give incorrect proofs.}

\item A good exercise in giving correct proofs is to review every fact already
demonstrated about functions approaching limits, giving real proofs of each.

\item This requires writing down the correct definition of what you are proving, but
not much more-all the algebraic work has been done already.

\item When proving that $f$ does not approach $1$ at $a$, be sure to negate the
definition correctly:

\item If it is not true that

\begin {itemize}

\item for every $\varepsilon>0$

\item there is some $\delta>0$ such that, for all $x$ if
\begin{equation}

0<[x-a|<\delta,

\end {equation}

then

\begin {equation}

[f(x)-1|<\varepsilon

\end {equation}

\end {itemize}

\begin {itemize}

\item then there is some $\varepsilon>0$ such that for every $\delta>0$
\item there is some $x$ which satisfies
\begin{equation}

0<[x-aj<\delta

\end{equation}
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but not
\begin{equation}
[f(x)-1|<\varepsilon
\end {equation}
\end {itemize}

\item Thus, to show that the function

\begin{equation}

f(x) = \sin \dfrac{1} {x}

\end {equation}

does not approach 0 near 0, we consider $\varepsilon = \frac{1}{2}$ and note that for
every $\varepsilon> 0§ there is some $x$ with

\begin{equation}

0< [x -0] <\delta

\end {equation}

but not

\begin{equation}

\bigg|\sin\dfrac {1} {x}- O\bigg|<\frac{1} {2}

\end {equation}

-namely, an $x$ of the form

\begin{equation}

\dfrac{1} {(90+360n)},

\end {equation}

where $n$ is so large that

\begin{equation}

\dfrac{1}{(90 + 360n)} <\delta.

\end {equation}

\item As an illustration of the use of the definition of a function approaching a limit,
we have reserved the function shown in Figure 14, a standard example, but one of the
most complicated:

\begin {equation}

f(x)=

\begin{cases}

O\text{ , }x\text{ irrational, }O<x<I\\

\dfrac{1} {q},\text{ }x=\dfrac{p} {q}\text{ in lowest terms, } 0<x<1

\end{cases}

\end {equation}

\begin{center}

\includegraphics[scale=0.7]{figure/chapter5/14.jpg}\\

\end{center}

\item (Recall that $\dfrac{p} {q}$ is in lowest terms if $p$ and $q$ are integers with
no common factor and $q > 08$. )

For any number $a$, with $0 <a < 18, the function $f$ approaches 0 at $a$.

\item To prove this, consider any number $\varepsilon > 08.

\item Let $n$ be a natural number so large that $\dfrac{1} {n} \leq \varepsilon$.
\item Notice that the only numbers $x$ for which $|f(x) - 0] <\varepsilon$ could be
false are:

\begin{quote}
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\begin{equation}

\frac{1}{2};\frac{1} {3} \frac{2}{3};\frac{1} {4} \frac{3}{4};\frac{1} {5} \frac{2} {5
p \frac{3} {5} \frac{4} {5};...;\frac{1} {n},...,\frac{n-1} {n}

\end {equation}

\end{quote}

\item(If a is rational, then a might be one of these numbers.)

\item However many of these numbers there may be, there are, at any rate, only
finitely many.

\item Therefore, of all these numbers, one is closest to a; that is,
\begin{equation}

\bigg|\dfrac{p} {q}- a\bigg|

\end {equation}

is smallest for one $\dfrac{p} {q}$ among these numbers.

\item (If a happens to be one of these numbers, then consider only the values
$ \left\dfrac{p} {q}- a\right|$ for $\dfrac{p}{q}\neq a$.)

\item This closest distance may be chosen as the $\delta$.

\item For if

\begin{equation}

0<|x-al<\delta,

\end {equation}

then $x§ is not one of

\begin{quote}
\begin{equation}\frac{1} {2},...,\frac{n-1} {n}\end {equation}
\end {quote}

and therefore $|f(x) - 0| <\varepsilon$ is true.

\item This completes the proof.

\item Note that our description of the $\delta$ which works for a given

$\varepsilon$ is completely adequate---there is no reason why we must give a formula
for $\delta$ in terms of $\varepsilon$.

\item Armed with our definition, we are now prepared to prove our first theorem;
\bull{ you have probably assumed the result all along, which is a very reasonable
thing to do.}

\item This theorem is really a test case for our definition:\bull{ if the theorem could
not be proved, our definition would be useless.}

\begin{framed}
THEOREM 1

A function cannot approach two different limit near $a$.

\bull{ In other words, if $f$ approaches $1$ near $a$, and $f$ approaches $m$ near
$a$, then $l=m$.}

\end {framed}

PROOF
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\item Since this is our first theorem about limits it will certainly be necessary to
translate the hypotheses according to the definition.

\item Since $f$ approaches $1$ near $a$, we know that for any $\varepsilon > 0$ there
is some number $\delta 1>0$ such that, for all $x$, if

\begin{equation}

0 <|x-a| <\delta 1,

\end {equation}

then

\begin{equation}

[f(x) -1| <\varepsilon.

\end {equation}

\item We also know, since $f$ approaches $m$ near $a$, that there is some
$\delta_2 > 0$ such that, for all $x$, if

\begin{equation}

0 < |x-a|] <\delta 2,

\end {equation}

then

\begin{equation}

[f(x) - m| < \varepsilon.

\end {equation}

\item We have had to use two numbers, $\delta 1$ and $\delta 2$, since there is no
guarantee that the $\delta$ which works in one definition will work in the other.
\item But, in fact, it is now easy to conclude that for any $\varepsilon > 0$ there is
some $\delta >0$ such that, for all $x$, if

\begin{equation}

0 < [x - a| <\delta,

\end {equation}

then

\begin {equation}

[f(x) -1] <\varepsilon \text{ and } |f(x)-m| < \varepsilon;

\end {equation}

we simply choose

\begin {equation}

\delta =\min(\delta_1, \delta 2).

\end {equation}

\item To complete the proof we just have to pick a particular $\varepsilon > 0$ for
which the two conditions

\begin{equation}|f(x) -1| <\varepsilon \text{ and } [f(x) - m|

<\varepsilon\end {equation}

cannot both hold, if $1 \neq mS$.

\item The proper choice is suggested by Figure 15.

\begin{center}

\includegraphics[scale=0.6]{figure/chapter5/15.jpg}\\

\end{center}

\item If $1 \neq m$, so that

\begin{equation}

[1-m[>0,

\end{equation}

we can choose $\dfrac{|l - m|} {2} $ as our $\varepsilon$.

\item It follows that there is a $\delta >0$ such that, for all $x$, if
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\begin{equation}

0<|x-al<\delta,

\end {equation}

then

\begin{equation}

[f(x)-1|<\frac{|l-m|} {2} \text{ and }|f(x)-m|<\frac{|l-m|} {2}.
\end {equation}

\item This implies that for $0<[x-a|<\delta$ we have

\begin{equation}

\begin{aligned}

[1-m|

&=|1-f(x)+f(x)-m|\\

&\leq [1-f(x)|+|f(x)-m[\\
&<\frac{|l-m|} {2} +\frac{|l-m|} {2 }\\
&=|1-m|

\end {aligned}

\end {equation}

a contradiction. $\blacksquare$

\item The number $1$ which $f$ approaches near $a$ is denoted by
$\displaystyle\lim_{x \to a}f(x)$ \bull{(read: the limit of $f(x)$ as $x$ approaches
$a$).}

\item This definition is possible only because of Theorem 1, which ensures that
$\displaystyle\lim_{x \to a}f(x)$ never has to stand for two different numbers.

\item The equation

\begin{equation}\displaystyle\lim_{x \to a}f(x) = [\end{equation}

has exactly the same meaning as the phrase

\begin{equation}fitext{ approaches } | \text{ near }a.\end {equation}

\item The possibility still remains that $f$ does not approach $1$ near $a$, for any
$18, so that $\displaystyle\lim_{x \to a}f(x)=I$ is false for every number $IS.

\item This is usually expressed by saying that "$\displaystyle\lim_{x \to a} f(x)$ does
not exist."

\item Notice that our new notation introduces an extra, utterly irrelevant letter $x$,
\bull{ which could be replaced by $t$, $y$, or any other letter which does not already
appear — the symbols}

\begin{equation}\displaystyle\lim_{x \to a}f(x),\hspace{1cm}\displaystyle\lim {t \to
a}f(t),\hspace{lcm}\displaystyle\lim_{y \to a}f(y),\end {equation}

\bull{all denote precisely the same number, which depends on f and a, and has
nothing to do with $x$, $t$, or $y$.}

\bull{(these letters, in fact, do not denote anything at all).}

\item A more logical symbol would be something like $\displaystyle\lim_{a}f$, but
this notation, despite its brevity, is so infuriatingly rigid that almost no one has
seriously tried to use it.

\item The notation $\displaystyle\lim {x \to a} f(x)$ is much more useful because a
function f often has no simple name, even though it might be possible to express
$f(x)$ by a simple formula involving $x$.

\item Thus, the short symbol
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\begin{equation}\displaystyle\lim_{x \to a}(x"2+\sin x)\end{equation}

could be paraphrased only by the standard symbolism is illustrated by the expressions
\begin{equation}

\begin{aligned}

\displaystyle\lim_{x \to a}x+t"3\\

\displaystyle\lim {t \to a}x+t"3

\end{aligned}

\end {equation}

\item The first means the number which $f$ approaches near $a$ when
\begin{equation} f(x)=x+t"3,\hspace {0.5cm}\text {for all }x\end{equation}

the second mean the number which $f$ approaches near $a$ when

\begin {equation}f(t)=x+t"3,\hspace{0.5cm}\text{for all }t\end{equation}

\item You should have little difficult (especially if you consult Theorem 2) proving
that

\begin{equation}

\begin{aligned}

\displaystyle\lim_{x \to a}x+t"3 = a+t"3\\

\displaystyle\lim_{t \to a}x+t"3 = x+a"3

\end{aligned}

\end {equation}

\item These examples illustrate the main advantage of our notation, which is its
flexibility.

\item In fact, the notation $\displaystyle\lim {x \to a}f(x)$ is so flexible that there is
some danger of forgetting what it really means.

\item Here is a simple exercise in the use of this notation, which will be important
later: first interpret precisely, and then prove the equality of the expressions
\begin{equation}

\displaystyle\lim_{x \to
a}f(x)\hspace{0.3cm}\text{and}\hspace{0.3cm}\displaystyle\lim_{h \to 0} f(a+h)
\end {equation}

\item An important part of this chapter is the proof of a theorem which will make it
easy to find many limits.

\item The proof depends upon certain properties of inequalities and absolute values,
hardly surprising when one considers the definition of limit.

\item

\begin {itemize}

\item Although these facts have already been stated in Problems 1-20, 1-21, and 1-22,
because of their importance they will be presented once again,

\item in the form of a lemma (a lemma is an auxiliary theorem, a result that justifies
its existence only by virtue of its prominent role in the proof of another theorem).
\end {itemize}

\item

The lemma says, roughly, that if $x$ is close to $x_0$, and $y$ is close to $y 08,
then $x + y$ will be close to $x_0 +y 03, and $xy$ will be close to $x_ 0y 0$, and
$\dfrac{1} {y}$ will be close to $\dfrac{1}{y 0}$.

\item This intuitive statement is much easier to remember than the precise estimates
of the lemma,
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\bull{ and it is not unreasonable to read the proof of Theorem 2 first, }
\bull{ in order to see just how these estimates are used.}

\begin {framed}
LEMMA

\begin{enumerate}

\item If

\begin {equation}

x-x_0|<\frac{\varepsilon}{2}\text{ and }[y-y_O|<\frac{\varepsilon} {2}
\end{equation}

then

\begin {equation}

|(x+y)-(x_0+y_0)|<\varepsilon

\end{equation}

\item If

\begin{equation}

|x-x_0|<\min\left(1,\frac {\varepsilon} {2(]y_O[+1)}\right)\text{ and }|y-
y_O|<\frac{\varepsilon} {2(|x_0[+1)},

\end {equation}

then

\begin{equation}

|xy-x_0y O|<\varepsilon.

\end {equation}

\item If

\begin{equation}

y_0O\neq 0 \text{ and }|y-

y_0[<\min\left(\frac{|y 0|} {2},\frac{\varepsilon|y 0|"2}{2}\right),
\end {equation}

then

\begin {equation}

y\neq 0 \text{ and }\left|\frac{1} {y}-\frac{1} {y 0}\right|<\varepsilon.
\end {equation}

\end {enumerate}

\end {framed}

PROOF

\begin{enumerate}

\item

\begin {equation}

\begin{aligned}
|(xt+y)-(x_0+y_0)|&=|(x-x_0)+(y-y_0)[\

&\leq [x-x_O[+|y-y_O]\\

&<\frac{\varepsilon} {2}+\frac {\varepsilon} {2 }\\
&=\varepsilon.

\end{aligned}

\end{equation}
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\item

\begin{enumerate}[1.]

\item Since $|x-x_0] < 1$ we have
\begin{equation}

Ix|-|x_0|\leq [x-x_0|<I,

\end {equation}

so that

\begin{equation}

[x|<1+x_0|.

\end {equation}

\item Thus

\begin{equation}

\begin{aligned}

Ixy-x_0y 0|&=[x(y-y_0)+ty 0(x-x_0)\\
&\leq [x|\cdot|y-y_O|+|y_O[\cdot|x-x_O]\\
&<(1+x_0|)\cdot\frac {\varepsilon} {2(]x_0]+1)}+|y_O|\cdot\frac{\varepsilon} {2(|y O
+1) 3\

&<\frac{\varepsilon} {2}+\frac {\varepsilon} {2 }\\
&=\varepsilon.

\end{aligned}

\end {equation}

\end {enumerate}

\item

\begin{enumerate}[1.]

\item We have

\begin{equation}

ly_O[-ly| \leq |y-y_O[<\frac{y_0}{2},

\end{equation}

so $ly/>\dfrac{ly 0|} {2}8$.

\item In particular, $y \neq 0$,and

\begin {equation}

\frac {1} {[y|}<\frac{2} {|y_0O[}.

\end {equation}

\item Thus

\begin{equation}

\left|\frac{1} {y}-\frac{1} {y O}\right| =\frac{|y 0-y|} {|y|\cdotly 0|} <\frac{2}{|y O}
\cdot \frac{1} {|y_O|} \cdot \frac{\varepsilon|y 0|"2} {2} = \varepsilon.\blacksquare
\end{equation}

\end {enumerate }

\end {enumerate }

\begin{framed}

THEOREM 2

\begin{enumerate}[1.]

\item If $\displaystyle\lim {x \to a}f(x)=I$ and $\displaystyle\lim_{x \to a}g(x)=m$,
then

\begin {equation}

\begin{aligned}
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&(1)\hspace{0.5cm} \displaystyle\lim {x \to a}(f+g)(x)=l+m;\\
&(2)\hspace {0.5cm} \displaystyle\lim {x \to a}(f \cdot g)(x)=I \cdot m.
\end{aligned}

\end {equation}

\item Moreover, if $m \neq 08, then

\begin{equation}

(3)\hspace{0.5cm} \displaystyle\lim {x \to a}\left(\frac{1} {g}\right)(x) =
\dfrac{1}{m}.

\end {equation}

\end {enumerate}

\end {framed}

PROOF:

\begin{enumerate}[1.]

\item The hypothesis means that for every $\varepsilon>0$ there are
$\delta 1,\delta 2>08$ such that, for all $x$, if
\begin{equation}

0<|x-a| <\delta 1,

\end {equation}

then

\begin{equation}

[f(x)-1|<\varepsilon

\end {equation}

and if

\begin{equation}

0<|x-a| <\delta 2

\end {equation}

then

\begin {equation}

lg(x)-m|<\varepsilon

\end {equation}

\item This means (since, after all, $\frac{\varepsilon} {2}$ is also a positive number)
that there are $\delta_1,\delta_2>0§ such that, for all $x$, if
\begin{equation}

0<|x-a|] <\delta 1

\end{equation}

then

\begin{equation}

[f(x)-1|<\frac {\varepsilon} {2}

\end{equation}

and if

\begin{equation}

0<|x-a| <\delta 2,

\end{equation}

then

\begin{equation}

lg(x)-m|<\frac{\varepsilon} {2}.
\end{equation}

\item Now let

\begin{equation}
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\delta=\min(\delta_1,\delta_2).

\end {equation}

\item If

\begin{equation}

0<[|x-al<\delta,

\end {equation}

then

\begin{equation}

0<|x-al<\delta 1

\end {equation}

and

\begin{equation}

0<[x-al<\delta-2

\end {equation}

are both true, so both

\begin{equation}

[f(x)-1|<\frac {\varepsilon} {2}\text{ and }|g(x)-m|<\frac{\varepsilon} {2}.
\end {equation}

are true.

\item But by part (1) of the lemma this implies that
\begin{equation}

|(f+g)(x)-(I-m)|<\varepsilon.

\end {equation}

\item This proves (1).

\item To prove (2) we proceed similarly, after consulting part (2) of the lemma,
$\varepsilon>0$

\bull{ there are $\delta_1,\delta_2>0§ such that, for all $x$,}
if

\begin {equation}

O<[x-a|<\delta 1,

\end {equation}

then

\begin {equation}

[f(x)-1|<\min\left(1,\dfrac {\varepsilon} {2(jm|+1)} \right),
\end {equation}

and if

\begin{equation}

0<[x-a|<\delta 2,

\end {equation}

then

\begin {equation}

lg(x)-m|<\frac{\varepsilon} {2(|1]+1)}.

\end {equation}

\item Again let

\begin {equation}

\delta = \min(\delta_1,\delta 2).

\end {equation}

\item If $0<|x-a|<\delta$, then

\begin {equation}
[f(x)-1|<\min\left(1,\frac{\varepsilon} {2(|m|+1)} \right)
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\end {equation}

and

\begin{equation}
lg(x)-m|<\frac{\varepsilon} {2(|l|+1)}.
\end {equation}

\item So, by the lemma,
\begin{equation}

|(f \cdot g)(x)-1 \cdot m|<\varepsilon,
\end {equation}

and this proves (2).

\item Finally, if $\varepsilon>08$ there is a $\delta>0$ such that, for all $x$, if
\begin{equation}

0<|x-al<\delta,

\end {equation}

then

\begin{equation}

|g(x)-m|<\min\left(\frac {|m|} {2} \frac {\varepsilon/m|*2} {2} \right).

\end {equation}

\end {enumerate}

\item But according to part (3) of the lemma this means, first, that $g(x)\neq 08, so
$\dfrac{1} {g}(x)$ makes sense, and second that

\begin{equation}

\frac{1}{g}(x)-\frac{l} {m}|<\varepsilon.

\end{equation}

\item This proves (3).

\begin{framed}

THEOREM 2

\begin{enumerate}[1.]

\item If $\displaystyle\lim_{x \to a}f(x)=I$ and $\displaystyle\lim_{x \to a}g(x)=mS$,
then

\begin {equation}

\begin{aligned}

&(1)\hspace{0.5cm} \displaystyle\lim {x \to a}(f+g)(x)=l+m;\\
&(2)\hspace{0.5cm} \displaystyle\lim {x \to a}(f\cdot g)(x)=I \cdot m.
\end{aligned}

\end{equation}

\item Moreover, if $m \neq 08, then

\begin{equation}

(3)\hspace{0.5cm} \displaystyle\lim_{x \to a}\left(\frac{1} {g}\right)(x) =
\frac{1}{m}.

\end {equation}

\end {enumerate}

\end {framed}

\item Using Theorem 2 we can prove, trivially, such facts as
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\begin{equation} \lim_{x \to a} \frac{x"3+7x"5} {x"2+1} =
\frac{a"3+7a"5} {a"2+1},\end{equation}

without going through the laborious process of finding a $\delta$, given an
$\varepsilon$.

\item We must begin with

\begin{equation} \lim {x \to a} 7 =7, \end{equation}

\begin{equation} \lim {x \to a} 1 =1, \end{equation}

\begin{equation} \lim {x \to a} x = a, \end{equation}

but these are easy to prove directly.

\item If we want to find the $\delta$, however, the proof of Theorem 2 amounts to a
prescription for doing this.

\item Suppose, to take a simpler example, that we \textit{want} to find a $\delta$ such
that, for all $x$, if

\begin{equation}

0<[x-al<\delta

\end {equation}

then

\begin{equation}

|x"2+x-(a"2+a)|<\varepsilon.

\end {equation}

\begin{framed}

THEOREM 2

\begin{enumerate}[1.]

\item If $\displaystyle\lim_{x \to a}f(x)=I$ and $\displaystyle\lim {x \to a}g(x)=m$,
then

\begin{equation}

\begin{aligned}

&(1)\hspace{0.5cm} \displaystyle\lim {x \to a}(f+g)(x)=l+m;\
&(2)\hspace{0.5cm} \displaystyle\lim {x \to a}(f\cdot g)(x)=I \cdot m
\end{aligned}

\end {equation}

\item Moreover, if $m \neq 0$, then

\begin{equation}

(3)\hspace{0.5cm} \displaystyle\lim_{x \to a}\left(\frac{1} {g}\right)(x) =
\frac{1} {m}

\end{equation}

\end {enumerate }

\end {framed}

\item Consulting the proof of Theorem 2(1), we see that we must first find
$\delta_1$ and $\delta 2>$ 0 such that, for all $x8$, if
\begin{equation}

O<|x-aj<\delta 1,

\end{equation}

then

\begin{equation}

|x"2-a"2|<\frac{\varepsilon} {2}

\end{equation}

if

\begin{equation}
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O<[|x-al<\delta 2,

\end {equation}

then

\begin{equation}

|x-a|<\frac {\varepsilon} {2}.
\end {equation}

\item Since we have already given proofs that $\displaystyle\lim_{x \to

a} {x"2}=a"2$ and $\displaystyle\lim_{x \to a} {x}=a$, we know how to do this:
\begin{equation}\delta 1\text{ =

min}\left(1,\frac {\frac {\varepsilon} {2} } {2|a]+1 }\right),\text{ }

\delta 2 =\frac{\varepsilon} {2}\end{equation}

\item Thus we can take

\begin{equation}

\begin{aligned}

\delta &= \text{min }(\delta 1,\delta 2)\\

&=\text{min}\left(\text {min}\left(1,\frac {\frac {\varepsilon} {2} } {2|a]+1 } \right),\frac{
\varepsilon} {2} \right).

\end{aligned}

\end {equation}

\item If a $\neq$ 0, the same method can be used to find a $\delta>$ 0 such that, for
all $x$, if

\begin{equation}

0<|x-al<\delta,

\end {equation}

then

\begin {equation}

\left|\frac {1} {x"2}-\frac{1} {a"2}\right|<\varepsilon.

\end {equation}

\begin{framed}

THEOREM 2

\begin{enumerate}[1.]

\item If $\displaystyle\lim {x \to a}f(x)=I$ and $\displaystyle\lim_{x \to a}g(x)=mS,
then

\begin {equation}

\begin{aligned}

&(1)\hspace{0.5cm} \displaystyle\lim {x \to a}(f+g)(x)=l+m;\\
&(2)\hspace{0.5cm} \displaystyle\lim {x \to a}(f\cdot g)(x)=I \cdot m.
\end{aligned}

\end{equation}

\item Moreover, if $m \neq 08, then

\begin{equation}

(3)\hspace{0.5cm} \displaystyle\lim_{x \to a}\left(\frac{1} {g}\right)(x) =
\frac{1}{m}.

\end {equation}

\end {enumerate}

\end {framed}

\item The proof of Theorem 2(3) shows that the second condition will follow if we
find a $\delta >$ 0 such that, for all $x$, if
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\begin{equation}

0<|x-al<\delta,

\end {equation}

\begin{equation}

|x"2-

a™2[<\text{min}\left(\frac{|a|*2} {2} \frac{\varepsilon|a|*4} {2} \right).\end {equation}
\item Thus we can take

\begin{equation}\delta=\min\left(1,\frac {\min(\frac {|a|"2} {2} ,\frac {\varepsilon|a|*4} {
2})}{2|a+1}\right)\end {equation}

\item Naturally, these complicated expressions for $\delta$ can be simplified
considerably, after they have been derived.

\begin {framed}

THEOREM 2

\begin{enumerate}[1.]

\item If $\displaystyle\lim_{x \to a}f(x)=I$ and $\displaystyle\lim_{x \to a}g(x)=mS$,
then

\begin{equation}

\begin{aligned}

&(1)\hspace{0.5cm} \displaystyle\lim {x \to a}(f+g)(x)=l+m;\\

&(2)\hspace{0.5cm} \displaystyle\lim {x \to a}(f \cdot g)(x)=I \cdot m.
\end{aligned}

\end {equation}

\item Moreover, if $m \neq 0$, then

\begin{equation}

(3)\hspace{0.5cm} \displaystyle\lim {x \to a}\left(\frac{1} {g}\right)(x) =
\frac{1}{m}.

\end {equation}

\end {enumerate}

\end {framed}

\item

One technical detail in the proof of Theorem 2 deserves some discussion.

\item In order for $\displaystyle\lim_{x \to a} {f(x)}$ to be defined it is, as we know,
not necessary for $f$ to be defined at $a$, nor is it necessary for $f$ to be defined at
all points $x\neq a$.

\item However, there must be some $\delta>$ 0 such that $f(x)$ is defined for

$x$ satisfying

\begin{equation}

0<[x-a|<\delta.

\end{equation}

\item Otherwise the clause "'if

\begin{equation}

0<[x-a|<\delta,

\end{equation}

then

\begin{equation}

[f(x)-l|<\varepsilon"

\end{equation}

would make no sense at all, since the symbol $f(x)$ would make no sense for some

$x$'s.
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\item If $f$ and $g$ are two functions for which the definition makes sense, it is easy
to see that the same is true for $f + g$ and $f \cdot g$

\item But this is not so clear for $\dfrac{1} {g}$, since $\dfrac{1}{g}$ is undefined
for $x$ with $g(x) = 08.

\item However, this fact gets established in the proof of Theorem 2(3).

\item There are times when we would like to speak of the limit which $f$ approaches
at $a$, even though there is no $\delta >$ 0 such that $f(x)$ is defined for

$x$ satisfying

\begin{equation}

0 < [x - a|] <\delta.

\end {equation}

\item For example, we want to distinguish the behavior of the two functions shown in
Figure 16, even though they are not defined for numbers less than a.

\item For the function of Figure 16(a) we write

\begin{equation}

\lim_ {x \to a*{+} } {f(x)=1}\text{ or }\lim {x \downarrow a"{-}} {f(x)=1}.
\end {equation}

\begin{center}

\includegraphics {figure/chapter5/16.png}

\end{center}

\item (The symbols on the left are read: the limit of $f(x)$ as $x$ approaches
$a$ from above.)

\item These "'limits from above” are obviously closely related to ordinary limits, and
the definition is very similar:

\bull{ $\displaystyle\lim {x \to a*{+}} {f(x)=1}$ means that for every
$\varepsilon>$ 0 there is a $\delta>$ 0 such that, for all $x$, if }
\begin{equation}

O<x-a<\delta,

\end{equation}

then

\begin{equation}

[f(x)-l|<\varepsilon.\end {equation}

\item (The condition ** $0< x-a <\delta$" is equivalent to **$ 0<|x-a|<\delta$ and $x >
a$".)

\item "'Limits from below" (Figure 17) are defined similarly:

\begin {itemize}

\item $\displaystyle\lim {x \to a*{+}} {f(x)=1}$

\item (or $\displaystyle\lim_{x \uparrow a™{+} } {f(x)=1}$) means that for every
$\varepsilon >$ 0 there is a $\delta>$ 0 such that, for all $x$, if

\end {itemize}

\begin{equation}

O<a-x<\delta,

\end{equation}

then

\begin{equation}

[f(x)-1|<\varepsilon.

\end {equation}

\begin{center}

\includegraphics {figure/chapter5/17.png}
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\end{center}

\item It is quite possible to consider limits from above and below even if $f$ is
defined for numbers both greater and less than $a$.

\begin {center}

\includegraphics[scale=0.7]{figure/chapter5/13.jpg}\\

\end {center}

\item Thus, for the function $f$ of Figure 13, we have

\begin{equation}\lim_{x \to 0"{+}} {f(x)}=I\text{ and }\displaystyle\lim {x \to

0" {-}} {f(x)}=-1.\end {equation}

\item It is an easy exercise (Problem 29) to show that \bull{$\displaystyle\lim_{x \to
a} {f(x)}$ exists if and only if $\displaystyle\lim_{x \to a"{+}} {f(x)}$ and
$\displaystyle\lim_{x \to a*{-}} {f(x)}$ both exist and are equal.}

\item Like the definitions of limits from above and below, which have been smuggled
into the text informally, there are other modifications of the limit concept which will
be found useful.

\item In Chapter 4 it was claimed that if $x$ is large, then $\sin \frac{1} {x}$ is close
to 0.

\item This assertion is usually written

\begin{equation}\displaystyle\lim_{x\to \infty} \sin \frac{1} {x} = 0 \end{equation}
\begin {center}

\includegraphics {figure/chapter5/18.png}

\end {center}

\item The symbol $\displaystyle\lim {x\to \infty} {f(x)}$ is read *"the limit of
$1(x)$ as $x$ approaches $\infty$ ," or “‘as $x$ becomes infinite," and a limit of the
form $\displaystyle\lim_{x\to \infty} {f(x)}$ is often called a limit at infinity.

\item Figure 18 illustrates a general situation where $\displaystyle\lim_{x\to

\infty} {f(x)} =18% .

\item Formally, $\displaystyle\lim_{x\to \infty} {f(x)} = I$ means that for every
$\varepsilon > 0$ there is a number $N$ such that, for all $x$, if

\begin{equation}

x>N,

\end{equation}

then

\begin{equation}

[f(x)-1|<\varepsilon.

\end{equation}

\item The analogy with the definition of ordinary limits should be clear:

\begin {itemize}

\item whereas the condition '*$0<|x-a|<\delta$" expresses the fact that $x$ is close to
$a$,

\item the condition "$x > N$" expresses the fact that $x$ is large.

\end {itemize}

\item We have spent so little time on limits from above and below, and at infinity,
\begin {itemize}

\item because the general philosophy behind the definitions should be clear if you
understand the definition of ordinary limits

\item (which are by far the most important).

\end {itemize}
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\item Many exercises on these definitions are provided in the Problems, which also
contain several other types of limits which are occasionally useful.

\end {enumerate}

\subsection{Problem}

\begin {enumerate}

\item Find the following limits.

\begin {itemize}

\item (These limits all follow, after some algebraic manipulations, from the various
parts of \\ Theorem 2;

\item be sure you know which ones are used in each case, but don't bother listing
them.)

\end {itemize}

\begin {enumerate}

\item $\displaystyle\lim_{x\to 1}\frac{x"2-1}{x+1}.$

\item $\displaystyle\lim_{x\to 2}\frac {x"3-8} {x-2}.$

\item $\displaystyle\lim_{x\to 3}\frac{x"3-8} {x-2}.$

\item $\displaystyle\lim_{x\to y}\frac{x"n-y"n} {x-y}.$

\item $\displaystyle\lim_{y\to x}\frac{x"n-y"n} {x-y}.$

\item $\displaystyle\lim_{h\to O}\frac{\sqrt{a+h}-\sqrt{a}}{h}.$

\end {enumerate}

\item Find the following limits.

\begin{enumerate}

\item $\displaystyle\lim_{x\to 1}\frac{l-\sqrt{x}}{1-x}.$

\item $\displaystyle\lim {x\to O}\frac{1-\sqrt{1-x"2}}{x}.$

\item $\displaystyle\lim_{x\to O}\frac{l-\sqrt{1-x"2}} {x"2}.$

\end {enumerate }

\item In each of the following cases, find a $\delta$ such that $|f(x)-1| <\varepsilon
$ for all $x$ satisfying $0 < |x -a| <\delta$.

\begin{enumerate}

\itemseplem

\item $f(x) = x"4;1=a"4.$

\item $f(x) = \frac{1} {x};a=1, [=1.$

\item $f(x) = x4+\frac{1} {x};a=1,1=2.$

\item $f(x) = \frac{x} {1+sin"2{x} };a=0, 1=0.$

\item $f(x) = \sqrt{|x|}; a=0, 1=0.$

\item $f(x) = \sqrt{x};a=1, I=1.$

\end {enumerate}

\item For each of the functions in Problem 4-17, decide for which numbers $a$ the
limit $\displaystyle\lim_{x\to a} {f(x)}$ exists.

\item

\begin{enumerate}

\item Do the same for each of the functions in Problem 4-19.

\item Same problem, if we use infinite decimals ending in a string of O's instead of
those ending in a string of 9's.

\end {enumerate}

\item Suppose the functions $f$ and $g$ have the following property: for all
$\varepsilon>0$ and all $x$,
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\begin{equation}\text{if } 0<|x-

2|<\sin"2 {\Bigg(\frac {\varepsilon"2} {9} \Bigg)+\varepsilon},\text{ then }|f(x)-
2|<\varepsilon\end {equation}

\begin{equation}\text{if }0<|x-2|<\varepsilon”2,\text{ then }|g(x)-
4|<\varepsilon\end {equation}

\bull {For each $\varepsilon>0$ find a $\delta>0$ such that, for all $x$,}
\begin{enumerate}

\item if $0<|x-2|<\delta$, then $|f(x)+g(x)-6|<\varepsilon$

\item if $0<[x-2|<\delta$, then $|f(x)g(x)-8|<\varepsilon$

\item if $0<[x-2|<\delta$, then $\left|\frac {1} {g(x)}-\frac{1} {4} \right/<\varepsilon$
\item if $0<[x-2|<\delta$, then $\left|\frac {f(x)} {g(x)}-\frac{1} {2} \right/<\varepsilon$
\end {enumerate}

\item Give an example of a function f for which the following assertion is $false$:
\bull{

If §|f(x)-1|<\varepsilon$ when $0<|x-a|<\delta$, then $|f(x)-

1|<\frac {\varepsilon} {2}$ when $0<[x-a|<\frac{\delta} {2}.$}

\item

\begin {enumerate}

\item If $\displaystyle\lim_{x\to a} {f(x)}$ and $\displaystyle\lim {x\to a} {g(x)}$ do
not exist, can $\displaystyle\lim_{x\to a} {[f(x)+g(x)]}$ or $\displaystyle\lim {x\to
a} {f(x)\cdot g(x)}$ exist?

\item If $\displaystyle\lim_{x\to a} {f(x)}$ exist and $\displaystyle\lim {x\to

a} {[f(x)+g(x)]}$ exist, must $\displaystyle\lim {x\to a} {g(x)}$ exist?

\item If $\displaystyle\lim_{x\to a} {f(x)}$ exist and $\displaystyle\lim {x\to
a}{g(x)}$ does not exist, can $\displaystyle\lim_{x\to a} {[f(x)+g(x)]}$ exist?
\item If $\displaystyle\lim_{x\to a} {f(x)}$ exist and $\displaystyle\lim {x\to

a} {f(x)g(x)}$ exist, does it follow that $\displaystyle\lim_{x\to a} {g(x)}$ exists?
\end {enumerate}

\item Prove that $\displaystyle\lim {x\to a} {f(x)} = \displaystyle\lim_{h\to

0} {f(ath)}$.

\begin {itemize}

\item (This is mainly an exercise in understanding what the terms mean.)

\end {itemize}

\item

\begin{enumerate}

\item Prove that $\displaystyle\lim_{x\to a} {f(x)} =1$ if and only if
$\displaystyle\lim_{x\to a} {[f(x)-1]=0}$.

\begin {itemize}

\item First see why the assertion is obvious; then provide a rigorous proof.

\item In this chapter most problems which ask for proofs should be treated in the same
way.)

\end {itemize}

\item Prove that $\displaystyle\lim_{x\to 0} {f(x)} = \displaystyle\lim_{x\to a} {f(x-
a)}$.

\item Prove that $\displaystyle\lim_{x\to 0} {f(x)} = \displaystyle\lim {x\to

0} {f(x"3)}8$.

\item Give an example where $\displaystyle\lim_{x\to 0} {f(x"2)}$ exists, but
$\displaystyle\lim_{x\to 0} {f(x)}$ does not.

\end {enumerate}
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\item

\begin {itemize}

\item

Suppose there is a $\delta>0$ such that $f(x) = g(x)$ when $0 < [x-a| <\delta$.
\item Prove that $\displaystyle\lim_{x\to a} {f(x)} = \displaystyle\lim_{x\to
aj{g(x)}$.

\item In other words, $\displaystyle\lim {x\to a} {f(x)}$ depends only on the values
of $f(x)$ for $x§ near $a$.

\item This fact is often expressed by saying that limits are a *"local property".

\item (It will clearly help to use $\delta"{'}$, or some other letter, instead of $\delta$,
in the definition of limits.

\end {itemize}

\item

\begin {enumerate}

\item Suppose that $f(x) = g(x)$ for all $x$.\bull{ Prove that $\displaystyle\lim_{x\to
a} {f(x)} \leq \displaystyle\lim_{x\to a} {g(x)}$, provided that these limits exist.}
\item How can the hypotheses by weakened?

\item If $f(x) < g(x)$ for all $x§, does it necessarily follow that
$\displaystyle\lim_{x\to a} {f(x)} <\displaystyle\lim {x\to a}{g(x)}$

\end {enumerate}

\item Suppose that $f(x) \leq g(x) \leq h(x)$ and that $\displaystyle\lim_{x\to a} {f(x)}
= \displaystyle\lim {x\to a} {h(x)}$.

\bull{ Prove that $\displaystyle\lim {x\to a} {f(x)} = \displaystyle\lim {x\to

a} {h(x)}$, and exist $\displaystyle\lim_{x\to a} {f(x)} = \displaystyle\lim_{x\to
a}{g(x)} = \displaystyle\lim_{x\to a} {h(x)}$ (Draw a picture!)}

\item

\begin{enumerate}

\item Prove that if and $\displaystyle\lim_{x\to a} {\frac{f(x)} {x}} =1$ and $b \neq
0$,then $\displaystyle\lim_{x\to a} {\frac{f(bx)} {x}} = bl$. \bull{Hint: write

$\frac {f(x)} {x}=b[\frac{f(bx)} {bx}]$.}

\item What happens if b =0?

\item Part (a) enable us to find $\displaystyle\lim_{x\to 0} {\frac{\sin(2x)} {x} }$ in
terms of $\displaystyle\lim_{x \to a} {\frac{\sin(x)} {x}}$.

\item Find this limit in another way.

\end {enumerate }

\item Evaluate the following limits in terms of the number $\alpha =
\displaystyle\lim_{x \to 0} {\frac{\sin(x)} {x}}$

\begin{enumerate}

\item $\displaystyle\lim_{x \to 0} {\frac{\sin(2x)} {x}}$.

\item $\displaystyle\lim_{x \to 0} {\frac{\sin(ax)} {\sin(bx)}}$.

\item $\displaystyle\lim_{x \to 0} {\frac{\sin"2(2x)} {x}}$.

\item $\displaystyle\lim_{x \to 0} {\frac {\sin"2(2x)} {x"2}}8$.

\item $\displaystyle\lim_{x \to 0} {\frac{1-\cos(x)} {x"2}}$.

\item $\displaystyle\lim_{x \to 0} {\frac {\tan"2(x)+2x} {x+x"2}}$§.

\item $\displaystyle\lim_{x \to 0} {\frac {x\sin(x)} {1-\cos(x)} }§.

\item $\displaystyle\lim_{x \to 0} {\frac {\sin(x+h)-\sin(x)} {h}}$.

\item $\displaystyle\lim_{x \to 1} {\frac{\sin(x"2-1)} {x-1}}$.

\item $\displaystyle\lim_{x \to 0} {\frac{x"2 (3+\sin(x))} {1-\cos(x)}}$.

\item $\displaystyle\lim {x \to 1} {(x*2-1)"3\sin(\frac{1} {x-1})"3}$.

\end {enumerate}
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\item

\begin {enumerate}

\item Prove that if $\displaystyle\lim_{x \to a } {f(x)}=I1$, then $\displaystyle\lim {x
\to a § {[f](x)}=[1[$.

\item Prove that if $\displaystyle\lim_{x \to a } {f(x)}=1$ and $\displaystyle\lim {x \to
a } {g(x)}=mS$, then $\displaystyle\lim {x \to a } {\max(f,g)(x)}=\max(l,m)$ and
similarly for min.

\end {enumerate}

\item

\begin {enumerate}

\item Prove that $\dislim_{x \to 0} {\frac{1} {x}}$ does not exist, i.c., show that
$\dislim_{x \to 0} {\frac{1} {x} }=I$ is false for every number 1.

\item Prove that $\dislim_{x \to 1} {\frac{1}{(x-1)}}$ does not exist.

\end {enumerate}

\item

\begin {itemize}

\item Prove that if $\dislim_{x \to a } {f(x)}=I$, then there is a number $\delta >

0$ and a number $MS$ such that $|[f(x)|[<M$ if $0<[x-a|<\delta$.

\item What does this mean pictorially?

\item Hint: Why does it suffice to prove that $1-1<f(x)<I+1$ for $0 < |x-a| <\delta$?
\end {itemize}

\item Prove that if $f(x) = 0$ for irrational $x$ and $f(x) = 1$ for rational $x$,

then $\dislim_{x \to a} {f(x)}$ does not exist for any $a$.

\item Prove that if $f(x) = x$ for rational $x§, and $f(x) = -x$ for irrational $x§, then
$\dislim_{x \to a} {f(x)}$ does not exist if $a \neq 0$.

\item

\begin{enumerate}

\item Prove that if $\dislim_{x \to 0} {g(x)}=08, then $\dislim_{x \to

0} {g(x)}\sin\left(\frac {1} {x}\right) =0 $.

\item

\begin {itemize}

\item Generalize this fact as follows: If $\dislim_{x \to 0} {g(x)}=0$ and $|h(x)| \leq
MS$ for all $x$, \\then $\dislim_{x \to 0} {g(x)h(x)} = 08.

\item (Naturally it is unnecessary to do part (a) if you succeed in doing part (b);)
\item actually the statement of part (b) may make it easier than (a)--that's one of the
values of generalization.

\end {itemize}

\end {enumerate }

\item

\begin {itemize}

\item Consider a function $f$ with the following property: if $g$ is any function for
which $\dislim_{x \to 0} {g(x)}$ does not exist, then $\dislim_{x \to

0} {[g(x)*+{(x)]}$ also does not exist.

\item Prove that this happens if and only if $\dislim_{x \to 0} {f(x)}$ does exist.
\item Hint: This is actually very easy: the assumption that $\dislim_{x \to

0} {f(x)}$ does not exist leads to an immediate contradiction if you consider the right
$g$.

\end {itemize}
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\item

\begin {itemize}

\item This problem is the analogue of Problem 22 when $f +g$ is replaced by $f \cdot
gs.

\item In this case the situation is considerably more complex, and the analysis requires
several steps (those in search of an especially challenging problem can attempt an
independent solution).

\item Suppose that $\dislim_{x \to 0} {f(x)}$ exists and is $\neq 0$.Prove that if
$\dislim_{x \to 0} {g(x)}$ does not exist, then $\dislim_{x \to 0} {f(x)g(x)}$ also does
not exist.

\item Prove the same result if $\dislim_{x \to 0} {|f(x)|} = \inftyS$.(The precise
definition of this sort of limit is given in Problem 37.

\item

\begin {itemize}

\item Prove that if neither of these two conditions holds, then there is a function

$g$ such that $\dislim_{x \to 0} {g(x)}$ does not exist, but $\dislim_{x \to

0} { f(x)g(x)}$ does exist.

\item Hint: Consider separately the following two cases:

\begin{enumerate}[1.]

\item for some $\varepsilon>0$ we have $|f(x)|<\varepsilon$ for all sufficiently small
$x$.

\item For every $\varepsilon > 0§ , there are arbitrarily small $x$ with $|f(x)| <
\varepsilon$. In the second case, begin by choosing points $x n$ with $|x_n| <
\frac{1}{n}$ and $|f(x_n) <\frac{1}{n}|$.

\end {enumerate}

\end {itemize}

\end {itemize}

\item Suppose that $A_n$ is, for each natural number $n$, some finite set of numbers
in [0, 1], and that $A n$ and $A_m$ have no members in common if $m \neq n$.
\bull{ Define $f$ as follow: }

\begin{equation}

f(x) = \begin{cases}

Mfrac{l}{n}, x \text{ in } A n\\

0, x \text{ notin } A n \text{ for any } n. \\

\end {cases}

\end {equation}

prove that $\dislim_{x \to a} {f(x)} = 0$ for all $a$ in [0,1].

\item Explain why the following definitions of $\dislim_{x \to a} {f(x)} =18 are all
correct:

\bull{ For every $\delta > 0$ there is an $\varepsilon > 0$ such that, for all x,}
\begin{enumerate}

\item if $0<|x-a|<\varepsilon$, then $|f(x)-1|<\delta$.

\item if $0<[x-a|<\varepsilon$, then $|f(x)-1|\leq\delta$.

\item if $0<[x-a|<\varepsilon$, then $|f(x)-1|<5\delta$.

\item if $0<[x-a|<\frac{\varepsilon} {10} $, then $|f(x)-1|<\delta$.

\end {enumerate}

\item Give examples to show that the following definitions of $\dislim_{x \to

a} {f(x)}=I1$ are not correct.
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\begin{enumerate}

\item For all $\delta>0$ there is an $\varepsilon>0$ such that if $0 < |x-a| <\delta$,
then $|f(x)-1|<\varepsilonS$.

\item For all $\varepsilon>08$ there is a $\delta>0$ such that if $|f(x)-1|<\varepsilon$,
then $0 < |x-a| <\delta$.

\end {enumerate}

\item For each of the functions in Problem 4-17 indicate for which numbers $a$ the
one-sided limits $\dislim_{x \to a"+} {f(x)}$ and $\dislim_{x \to a”-} {f(x)}$ exist.
\item

\begin {enumerate}

\item Do the same for each of the functions in Problem 4-19.

\item Also consider what happens if decimals ending in O's are used instead of
decimals ending in 9's.

\end {enumerate}

\item Prove that $\dislim_{x \to a} {f(x)}$ exist if $\dislim_{x \to a™+} {f(x)} =
\dislim_{x \to a"-} {f(x)}$

\item Prove that

\begin{enumerate}

\item $\dislim_{x \to 0"+} {f(x)} =\dislim_{x \to 0"-} {f(-x)}$.

\item $\dislim_ {x \to 0} {f(|x|)} = \dislim_ {x \to 0"+} {f(x)}$.

\item $\dislim_ {x \to 0} {f(x"2)} =\dislim_{x \to 0"+} {f(x)}$.

\end {enumerate}

\begin {itemize}

\item (These equations, and others like them, are open to several interpretations.
\item They might mean only that the two limits are equal if they both exist;

\item or that if a certain one of the limits exists, the other also exists and is equal to it;
\item or that if either limit exists, then the other exists and is equal to it.

\item Decide for yourself which interpretations are suitable.)

\end{itemize}

\item

\begin {itemize}

\item Suppose that $\dislim_{x \to a"-} {f(x)}<\dislim_{x \to a"+} {f(x)}$.

\item (Draw a picture to illustrate this assertion.)

\item Prove that there is some $\delta>0$ such that $f(x) < f(y)$ whenever $x <a <
y$ and $[x-aj<\delta$ and $|y-a|<\delta$.

\item Is the converse true?

\end {itemize}

\item

\begin {itemize}

\item Prove that $\dislim_{x \to

\infty} {\frac{(a_nx"n+\cdots+a 0)}{(b_mx"m+\cdotsta 0)}}$ exists if and only if
$m \geq n$.

\item What is the limit when $m = n$? When $m > n$?

\item Hint: the one easy limit is $\dislim_{x \to \infty} {\frac{1} {x"k}} =0$;

\item do some algebra so that this is the only information you need.

\end {itemize}

\item Find the following limits.
\begin{enumerate}
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\item $\dislim_ {x \to \infty} {\frac {x+\sin"3(x)} {5x+6}}$.

\item $\dislim_ {x \to \infty} {\frac {x+\sin(x)} {x"2+5}}$.

\item $\dislim_ {x \to \infty} {\sqrt{x"2+x}-x}$.

\item $\dislim_ {x \to \infty} {\frac {x"2(1+\sin"2(x))} {(x+\sin(x))"2} } §.

\end {enumerate}

\item Prove that $\dislim_{x \to 0"} {f(\Mfrac{1}{x})} =\dislim {x \to \infty} {f(x)}$
\item Find the following limits in terms of the number $\alpha = \dislim_{x \to

0} {\frac{\sin(x)} {x}}$

\begin{enumerate}

\item $\dislim_{x \to \infty} {\frac {\sin(x)} {x}}$.

\item $\dislim_ {x \to \infty} {x\sin(\frac{1} {x})}$.

\end {enumerate}

\item Define "$\dislim_{x \to -\infty} {f(x)}=1$."

\begin {enumerate}

\item Find $\dislim {x \to -

\infty} {\frac{(a_nx”n+\cdotsta 0)} {(b_mx"m+\cdots+a 0)}}$

\item Prove that $\dislim_{x \to \infty} {f(x)} = \dislim_{x \to -\infty} {f(-x)}$.
\item Prove that $\dislim_{x \to 0"-} {f(\frac{1} {x})} = \dislim_{x \to -\infty} {f(x)}$.
\end {enumerate}

\item

\begin {itemize}

\item We define $\dislim_{x \to a} {f(x)} = \infty $ to mean that for all N

\item there is a $\delta>0$ such that, for all $x$, if $0 < |x-a| <\delta$, then $f(x) >
N§.

\item (Draw an appropriate picture!)

\end {itemize}

\begin{enumerate}

\item Show that $\dislim_{x \to 3} {\frac{1} {(x-3)"2} }=\infty$.

\item Prove that if $f(x)>\varepsilon>0$ for all $x$, and $\dislim_{x \to a} {g(x)} =
0%, then

\begin{equation}\dislim {x \to a} {\frac{f(x)} {|g(x)|} } = \infty.\end{equation}
\end {enumerate}

\item

\begin{enumerate}

\item Define $\dislim_{x \to a"+} {f(x)}=\infty$,$\dislim_{x \to a"-} {f(x)}=\infty$,
and $\dislim_ {x \to a} {f(x)}=\infty$.\bull{ (Or at least convince yourself that you
could write down the definitions if you had the energy.\item How many other such
symbols can you define?)}

\item Prove that $\dislim_{x \to 0"+} {\frac{1} {x}} = \infty$.

\item Prove that $\dislim_{x \to 0"+} {f(x)}=\infty$ if and only if $\dislim_{x \to
\infty } {f(\frac{1} {x})} = \infty$.

\end {enumerate}

\item Find the following limits, when they exist.
\begin{enumerate}

\item $\dislim_ {x \to \infty} {\frac {x"3+4x-7} {7x"2-x+1}}$
\item $\dislim_ {x \to \infty} {x(1+\sin"2(x))}$

\item $\dislim_ {x \to \infty} {x\sin"2(x)}$

\item $\dislim_ {x \to \infty} {x"2\sin(\frac{1} {x})}$

\item $\dislim_ {x \to \infty} {\sqrt{x"2+2x}-x}$
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\item $\dislim_ {x \to \infty} {x(\sqrt{x+2}-\sqrt{x})}$

\item $\dislim_{x \to \infty} {\frac {\sqrt{|x|}} {x} } $

\end {enumerate}

\item

\begin{enumerate}

\item Find the perimeter of a regular n-gon inscribed in a circle of radius $r$; use
radian measure for any trigonometric functions involved.[Answer: $2rn
\sin(\frac {\pi} {n})$.]

\item What value does this perimeter approach as n becomes very large?

\end {enumerate}

\item

\begin {itemize}

\item After sending the manuscript for the first edition of this book off to the printer,
\item I thought of a much simpler way to prove that $\dislim {x \to a} {x"2} =
a™2$ and $\dislim_{x \to a} {x"3} = a"3$, without going through all the factoring
tricks on page 95.

\item Suppose, for example, that we want to prove that $\dislim_{x \to a} {x"2} =
a”2$, where $a > 0S.

\item Given $\varepsilon>0$, we simply let $\delta$ be the minimum of
\begin{equation}

\sqrt{a”"2+\varepsilon}-a

\end {equation}

and

\begin{equation}

a - \sqrt{a"2-\varepsilon}

\end {equation}

(see Figure 19); then

\begin{equation}

|x-a]<\delta

\end{equation}

implies that

\begin{equation}

\sqrt{a"2-\varepsilon} < x <\sqrt{a"2+\varepsilon},

\end{equation}

SO

\begin{equation}

a’2-\varepsilon < x"2 < a”2+\varepsilon,

\end{equation}

or

\begin{equation}

|x"2-a"2|<\varepsilon.

\end{equation}

\item It is fortunate that these pages had already been set, so that I couldn't make these
changes, because this ** Proof ” is completely fallacious.

\item Wherein lies the fallacy?



0 A

38/87

\end {itemize}

\end {enumerate}

\newpage
%%0%%%%%%%%%%0%6%6%%%%%%6%6%%%0%6%%%%%%%%%%0%6%6%% %%
%%0%0%0%%%%%%%%0%6%6%6%%%%%6%%%:%0%6%6%%%%:%6%%%%0%0%%%%%
%%0%%0%%%%%6%%%0%6%6%%%%%%6%%%%0%0%%%%%%%%%%0%6%%% %%
%%%%%

\section{Continuous Function (p.113)}

\subsection {Context}

\begin {enumerate}

\item If $f$ is an arbitrary function, it is not necessarily true that
\begin{equation}\dislim {x \to a} {f(x)} = f(a)\end{equation}

\item In fact, there are many ways this can fail to be true.

\item For example, $f$ might not even be defined at $a$, in which case the equation
makes no sense (Figure 1).

\begin {center}

\includegraphics[scale=0.4]{figure/chapter6/1.jpg}\\

\end {center}

\item Again, $\dislim_{x \to a} {f(x)}$ might not exist (Figure 2).

\begin {center}

\includegraphics[scale=0.4]{figure/chapter6/2.jpg}\\

\end {center}

\item Finally, as illustrated in Figure 3, even if $f$ is defined at $a$ and $\dislim_{x
\to a} {f(x)}$ exists, the limit might not equal $f(a)$.

\begin {center}

\includegraphics[scale=0.6]{figure/chapter6/3.jpg}\\

\end{center}

\item We would like to regard all behavior of this type as abnormal and honor, with
some complimentary designation, functions which do not exhibit such peculiarities.
\item The term which has been adopted is *"continuous".

\item Intuitively, a function $f$ is continuous if the graph contains no breaks, jumps,
or wild oscillations.

\item Although this description will usually enable you to decide whether a function is
continuous simply by looking at its graph (a skill well worth cultivating)

\bull{ it is easy to be fooled, and the precise definition is \textit{very} important.}

\begin {framed}

DEFINITION \\

The function $f$ is continuous at $a$ if

\begin{equation}\dislim {x \to a} {f(x)} = f(a).\end {equation}

\end {framed}

\item We will have no difficulty finding many examples of functions which are, or are
not, continuous at some number $a$

\bull{--- every example involving limits provides an example about continuity, and
Chapter 5 certainly provides enough of these. }

\item The function $f(x) = \sin\left(\frac {1} {x}\right)$ is not continuous at 0, because
it is not even defined at 0, and the same is true of the function $g(x) = x

\sin\left(\frac {1} {x}\right)$.
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\item On the other hand, if we are willing to extend the second of these functions, that
is, if we wish to define a new function $G$ by

\begin{equation}

\begin{aligned}

G(x) = \begin{cases}

x\sin\left(\frac {1} {x}\right) &x\neqO\\

a&x = 0,\\

\end {cases}

\end{aligned}

\end {equation}

\item then the choice of $a = G(0)$ can be made in such a way that $G$ will be
continuous at 0

\bull {--- to do this we can (if fact, we must) define $G(0)= 0$ (Figure 4).}

\begin {center}

\includegraphics[scale=0.4]{figure/chapter6/4.jpg}\\

\end {center}

\item This sort of extension is not possible for $f$;

\bull{ if we define

\begin{equation}

\begin{aligned}

f(x) = \begin{cases}

\sin\left(\frac {1} {x}\right) & x\neqO\\

a&x = 0,\\

\end {cases}

\end{aligned}

\end {equation}

then $f$ will not be continuous at 0, no matter what $a$ is, because $\dislim_{x \to
a} {f(x)}$ does not exist.}

\item The function

\begin{equation}

f(x) = \begin{cases}

X &\text{x rational }\\

0 &\text{x irrational, }\\

\end{cases}

\end {equation}

is not continuous at $a$, if $a\neq 08, since $\dislim_{x \to a} {f(x)}$ does not exist.
\item However, $\dislim_{x \to a} {f(x)} = 0 = f(0)$, so $f$ is continuous at precisely
one point 0.

\item The functions $f(x) = c$, $g(x) = x$, and $h(x) = x"2$ are continuous at all
numbers $a$, since

\begin{equation} \lim_{x \to a} {f(x)} =\lim_{x \to a} {c} =c ={f(a), \end{equation}
\begin{equation} \lim_{x \to a} {g(x)} =\lim_{x \to a} {x} =a=g(a),

\end {equation}

\begin{equation} \lim_{x \to a} {h(x)} =\lim_{x \to a} {x"2} =a”2 =h(a),

\end {equation}

\item Finally, consider the function

\begin {equation}

f(x) = \begin{cases}

0 &\text{x irrational }\\

\dfrac{1} {q} &x=\dfrac{p}{q} \text{ in lower terms.}\\
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\end{cases}

\end {equation}

\item In Chapter 5 we showed that $\dislim_{x \to a} {f(x)} =0$ for all $a$.

\item Since $0 = f(a)$ only when $a$ is irrational, this function is continuous at $a$ if
$a$ is irrational, but not if $a$ is rational.

\item It is even easier to give examples of continuity if we prove two simple theorems.

\begin {framed}

THEOREM 1\\

If $f$ and $g$ are continuous at $a$, then

\begin{enumerate}[1.]

\item $f+g$ is continuous at $a$.

\item $f \cdot g$ is continuous at $a$.

\item Moreover, if $g(a) \neq 03, then $\frac{1} {g}$ is continuous at $a$.

\end {enumerate}

\end {framed}

Proof:\\

\item Since $f$ and $g$ are continuous at $a$,

\begin{equation}\dislim {x \to a} {f(x)} =f(a) \text{ and } \dislim {x \to a} {g(x)} =
g(a)\end {equation}

\item By Theorem 2(1) of Chapter 5 this implies that

\begin{equation}\dislim_{x \to a} {f(x)+g(x)} = f(a)+g(a) = (f+g)(a),\end {equation}
which is just the assertion that $f+g$ is continuous at $a$.

\item The proofs of parts (2) and (3) are left to you.$\blacksquare$

\item Starting with the functions $f(x) = c¢$ and $f(x) = x$, which are continuous at
$a$, for every $a$, we can use Theorem 1 to conclude that a function
\begin{equation}f(x) = \dfrac{b_nx"n+b_{n-1}x"{n-

1}+\cdots+tb 0} {c mx*m+c {m-1}x"{m-1}+\cdots+c_0}\end{equation}

is continuous at every point in its domain.

\item But it is harder to get much further than that.

\item When we discuss the sine function in detail it will be easy to prove that $\sin$ is
continuous at $a$ for all $a$; let us assume this fact meanwhile.

\item A function like

\begin{equation}f(x) =

\dfrac {\sin"2(x)+x"2+x \sin(x)} {\sin" {27} (x)+4x"2\sin"2(x) } \end {equation}

can now be proved continuous at every point in its domain.

\item But we are still unable to prove the continuity of a function like
$(x)=\sin(x"2)$;

\bull{ we obviously need a theorem about the composition of continuous functions.}
\item Before stating this theorem, the following point about the composition of
continuous functions.

\item If we translate the equation $\dislim_{x \to a } {f(x)} = f(a)$ according to the
definition of limits, we obtain for every $\varepsilon>0$ there is $\delta>0$ such that,
for all $x$, if

\begin {equation}

0<[x-a|<\delta,

\end {equation}

then
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\begin{equation}

[f(x)-f(a)|<\varepsilon.

\end {equation}

\item But in this case, where the limit is $f(a)$, the phrase

\begin{equation } 0<|x-a|<\delta\end {equation }

may be change to the simpler condition

\begin{equation}|x-a|<\delta.\end {equation}

\item Since if $x=a$ it is certainly true that

\begin{equation}

[f(x)-f(a)[<\varepsilon.

\end {equation}

\begin {framed}

THEOREM 2\\

If $g$ is continuous at $a$, and $f$ is continuous at $g(a)$, then $f \circ g $ is
continuous at $a$. (Notice that $f$ is required to be continuous at $g(a)$, not at $a$.)
\end {framed}

\begin{proof}\ \\

\begin{enumerate} [a.]

\item Let $\varepsilon > 0$.

\item We wish to find a $\delta > 0$ such that for all $x$.

\item If $|x-a]<\delta$, then $| (f \circ g)(x)-(f \circ g)(a) |[<\varepsilon$.
\item i.e., $|f(g(x))-f(g(a))|<\varepsilon$

\end {enumerate}

\end {proof}

\item We first use continuity of $f$ to estimate how close $g(x)$ must be to $g(a)$ in
order for this inequality to hold.

\item Since $f$ is continuous at $g(a)$, there is a $\delta ' > 0$ such that for all $y§, if
\begin{equation}

[y-g(a)|<\delta’,

\end{equation}

then

\begin{equation}

[f(y)-f(g(a))|<\varepsilon

\end{equation}

\item In particular, this mean that if

\begin{equation}

2(0)-g(a)|<\delta,

\end{equation}

then

\begin{equation}

[f(g(x))-f(g(a))|<\varepsilon.

\end{equation}

\item We now use continuity of $g$ to estimate how close $x$ must be to $a$ in order
for the inequality

\begin {equation}

|g(x) - g(a)| <\delta

\end {equation}

to hold.

41/87
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\item The number $\delta$ is a positive number just like any other positive number;
\bull{we can therefore take $\delta'$ as the $\varepsilon$(!) in the definition of
continuity of $g$ at $a$.}

\item We conclude that there is a $\delta >08$ such that, for all $x$, if
\begin{equation}

|x-a|<\delta,

\end {equation}

then

\begin{equation}

lg(x)-g(a)|<\delta'.

\end {equation}

\item Combining (2.19) and (2.20) we see that for all $x§, if

\begin{equation}

|x-a|<\delta,

\end {equation}

then

\begin{equation}

[f(g(x))-f(g(a))|< \varepsilon

\end {equation}

\item We can now reconsider the function

\begin{equation}

f(x) = \begin{cases}

\sin\left(\frac {1} {x}\right) &x\neqO\\

0&x = 0,\\

\end{cases}

\end {equation}

\item We have already noted that $f$ is continuous at 0.

\item A few applications of Theorems 1 and 2, together with the continuity of $\sin$,
show that $f$ is also continuous at $a$, for $a \neq 0S.

\item Functions like

\begin {equation}

f(x) = \sin(x2+\sin(x+\sin"2(x"3)))

\end {equation}

should be equally easy for you to analyze.

\item

\begin {itemize}

\item The few theorems of this chapter have all been related to continuity of functions
at a single point,

\item but the concept of continuity doesn't begin to be really interesting

\item until we focus our attention on functions which are continuous at all points of
some interval.

\end {itemize}

\item If $f$ is continuous at $x$ for all $x$ in $(a, b)$, then $f$ is called continuous
on $(a, b)$.

\item Continuity on a closed interval must be defined a little differently; a function
$f$ is called continuous on $[a,b]$ if

\begin{enumerate}[1.]
\item $f$ is continuous at $x$ for all $x$ in $(a,b)$,
\item $\dislim_ {x \to a*+} {f(x)} = f(a)$ and $\dislim_{x \to b"-} {f(x)} = f(b).$

42/87
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\end {enumerate}

\item Functions which are continuous on an interval are usually regarded as especially
well behaved;

\bull{ indeed continuity might be specified as the first condition which a "‘reasonable"
function ought to satisfy.}

\item A continuous function is sometimes described, intuitively, as one whose graph
can be drawn without lifting your pencil from the paper.

\item Consideration of the function

\begin{equation}

f(x) = \begin{cases}

\sin\left(\frac {1} {x}\right) &x\neqO\\

0&x = 0,\\

\end {cases}

\end {equation}

shows that this description is a little too optimistic,

\bull{ but it is nevertheless true that there are many important results involving
functions which are continuous on an interval.}

\item There theorems are generally much harder than the ones in this chapter, but
there is a simple theorem which forms a bridge between the two kinds of results.
\item The hypothesis of this theorem requires continuity at only a single point, but the
conclusion describes the behavior of the function on some interval containing the
point.

\item Although this theorem is really a lemma for later arguments, it is included here
as a preview of things to come.

\begin {framed}

THEOREM 3

\begin{enumerate}[1.]

\item Suppose $f$ is continuous at $a$, and $f(a) > 03.

\item Then there is a number $\delta >0$ such that $f(x) > 0$ for all $x$ satisfying
$[x-a| < \delta$.

\item Similarly, if $f(a) <0$, then there is a number $\delta >0$ such that $f(x) <
0$ for all $x$ satisfying $|x-a| <\delta$.

\end {enumerate }

\end {framed}

\begin {proof}
\begin{enumerate}[1.]

\item Consider the case $f(a) > 0.$
\item Since $f$ is continuous at $a$, if $\varepsilon > 0§ there is a $\delta > 0 § such
that, for all $x$, if

\begin {equation}

|x-a|<\delta,

\end {equation}

then

\begin {equation}
|[f(x)-f(a)|<\varepsilon.

\end {equation}
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\item Since $f(a) > 0$ we can take $f(a)$ as the $\varepsilon$.
\item Thus there is $\delta >0$ so that for all $x$, if
\begin{equation}

|x-a|<\delta,

\end {equation}

then

\begin{equation}

|f(x)-f(a)|<f(a),

\end {equation}

and this last inequality implies $f(x)>08.

\item A similar proof can be given in the case $f(a) < 0S;
\bull{ take $\varepsilon = -f(a)$.}

\item Or one can apply the first case to the function -$f$.
\end {enumerate}

\end {proof}

\end {enumerate}

\subsection{Problem}

\begin{enumerate}

\item For which of the following functions $f$ is there $a$ continuous function
$F$ with domain $\mathbb{R}$ such that $F(x)=f(x)$ for all $x$ in the domain of
$1$

\begin{enumerate}

\item $f(x) =\dfrac{x"2-4}{x-2}$

\item $f(x) =\dfrac{|x|} {x}$

\item $£(x) =03, $x$ irrational.

\item $f(x)=\dfrac{1}{q},x=\dfrac{p} {q}$ rational in lowest terms.

\end {enumerate}

\item At which points are the functions of Problems 4-17 and 4-19 continuous?
\item

\begin {enumerate}

\item Suppose that $f$ is a function satisfying $|f(x)| \leq [x| $ for all $x$.

\begin {itemize}

\item Show that $f$ is continuous at 0. (Notice that $f(0)$ must equal 0.)

\end {itemize}

\item Give an example of such a function $f$ which is not continuous at any $a \neq
0S.

\item Suppose that $g$ is continuous at 0 and $g(0)$ = 0, and $|f(x)| \leq |g(x)|$.
\begin {itemize}

\item Prove that $f$ is continuous at 0.

\end {itemize}

\end {enumerate}

\item Give an example of a function $f$ such that $f$ is continuous nowhere, but
$|f]$ is continuous everywhere.

\item For each number $a$, find a function which is continuous at $a$, but not at any

other points.
\item
\begin{enumerate}
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\item Find a function $f$ which is discontinuous at 1, $\dfrac{1}{2}§,
$\dfrac{1}{3}$, $\dfrac{1} {4}$, $\cdots$ but continuous at all other points.

\item Find a function $f$ which is discontinuous at 1, $\dfrac{1}{2}§,
$\dfrac{1}{3}8$, $\dfrac{1}{4}$, $\cdots$, and at 0, but continuous at all other points.
\end {enumerate}

\item Suppose that $f$ satisfies $f (x + y) = f(x) + f(y)$, and that $f$ is continuous
at 0.

\begin {itemize}

\item Prove that $f$ is continuous at $a$ for all $a$.

\end {itemize}

\item Suppose that $f$ is continuous at $a$ and $f(a) = 0$.

\begin {itemize}

\item Prove that if $a \neq 08, then $f+\alpha$ is nonzero in some open interval
containing $a$.

\end {itemize}

\item

\begin{enumerate}

\item Suppose $f$ is not continuous at $a$.

\begin {itemize}

\item Prove that for some number $\varepsilon > 0 $ there are numbers $x$ arbitrarily
close to $a$ with \\$f(x) - f(a) > \varepsilon$. \item Illustrate graphically.

\end {itemize}

\item Conclude that for some number $\varepsilon>0$ either there are numbers
$x$ arbitrarily close to $a$ with $f(x) < f(a) - \varepsilon $ or there are numbers
$x$ arbitrarily close to $a$ with $f(x) > f(a) + \varepsilon$.

\end {enumerate }

\item

\begin {enumerate}

\item Prove that if $f$ is continuous at $a$, then so is $|f]$.

\item Prove that every continuous $f$ can be written $f = E + OS, where E is even and
continuous and O is odd and continuous.

\item Prove that if $f$ and $g$ are continuous, then so are $\max(f,g)$ and
$\min(f,g)$

\item Prove that every continuous $f$ can be written $f=g-h$, where $g$ and $h$ are
non-negative and continuous.

\end {enumerate }

\item Prove Theorem 1(3) by using Theorem 2 and continuity of the function
$f(x)=\dfrac{1} {x}.$

\item

\begin{enumerate}

\item Prove that $f$ is continuous at $I$ and $\dislim_{x \to a} {g(x)} = 1§, then
$\dislim_ {x \to a} {f(g(x))}=f()$.

\begin {itemize}

\item (You can go right back to the definitions,

\item but it is easier to consider the function $G$ with $G(x)=g(x)$ for $x \neq a$,
and $G(a)=1$.)

\end {itemize}
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\item Show that if continuity of $f$ at $1$ is not assumed, then it is not generally true
that

\begin{equation}

\dislim_{x \to a} {f(g(x))} = f(\dislim_{x \to a} {g(x)}).

\end {equation}

\bull{ Hint: Try $f(x)=0$ for $x \neq 1$, and $f(1)=18.}

\end {enumerate}

\item

\begin {enumerate}

\item Prove that if $f$ is continuous on $[a,b]$, then there is a function $g$ which is
continuous on $\mathbb{R}$, and which satisfies $g(x)=f(x)$ for all $x$ in $[a,b]$.
\bull {Hint: Since you obviously have a great deal of choice, try making $g$ constant
in $(-\infty,a]$ and $[b,\infty)$.}

\item Give an example to show that this assertion is false if $[a,b]$ is replaced by
$(a,b)s.

\end {enumerate}

\item

\begin{enumerate}

\item

\begin {itemize}

\item Suppose that $g$ and $h$ are continuous at $a$, and that $g(a)=h(a)$.

\item Define $f(x)$ to be $g(x)$ if $x \geq a$ and $h(x)$ if $x \leq a$.

\item Prove that $f§ is continuous at $a$.

\end {itemize}

\item

\begin {itemize}

\item Suppose $g$ is continuous on $[a,b]$ and $h$ us continuous in $[b,c]$ and
$g(b) = h(b)S.

\item Let $f(x)$ be $g(x)$ for $x$ in $[a,b]$ and $h(x)$ for $x$ in $[b,c]S.

\item Show that $f$ is continuous on $[a,c]$.

\item (Thus, continuous functions can be *“pasted together"".)

\end {itemize}

\end {enumerate }

\item

\begin{enumerate}

\item

\begin {itemize}

\item Prove that following version of Theorem 3 for *right-hand continuity"":

\item Suppose that $\dislim_{x \to a*+} {f(x)} =f(a)$, and $f(a)>083. \item Then there
is a number $\delta>0$ such that $f(x)>0$ for all $x$ satisfying $0\leq x-a < \delta$.
\item Similarly, if $f(x)<0$ for all $x$ satisfying $0 \leq x-a < \delta$.

\end {itemize}

\item Prove a version of Theorem 3 when $\dislim_{x \to b"-} {f(x)}=f(b)S.

\end {enumerate }

\item if $\dislim_{x \to a} {f(x)}$ exists, but is $\neq f(a)$, then $f$ is said to have a
\textbf{removable dis-continuity} at $a$.

\begin{enumerate}
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\item

\begin {itemize}

\item If $f(x)= \sin\left(\dfrac{1} {x}\right)$ for $x \neq 0 $ and $f(0)=18$, does
$f$ have a removable discontinuity at 0?

\item What if $f(x)=x\sin\left(\dfrac{1} {x}\right)$ for $x \neq 0$, and ${(0)=15$?
\end {itemize}

\item

\begin {itemize}

\item Suppose $f$ has a removable discontinuity at $a$.

\item Let $g(x)=f(x)$ for $x \neq a$, and let $g(a)=\dislim_{x \to a } {f(x)}$.
\item Prove that $g$ is continuous at a.

\item (Don't work very hard; this is quite easy.)

\end {itemize}

\item

\begin {itemize}

\item Let $f(x)=08 if x is irrational, and let

$f\left(\dfrac{p} {q} \right)=\dfrac{1} {q}$ if $\dfrac{p} {q}$ is in the lowest terms.
\item What is the function $g$ defined by $g(x) = \dislim_{y \to x} {f(y)}$?

\end {itemize}

\item

\begin {itemize}

\item Let $$ be a function with the property that every point of discontinuity is a
removable discontinuity.

\item This means that $\dislim_{y \to x} {f(y))}$ exists for all $x$, but $f$ may be
discontinuous at some (even infinitely many) number $x$.

\item Define $g(x)=\dislim_{y \to x} {f(y)}$.

\item Prove that $g$ is continuous.

\item (This is not quite so easy as part(b).)

\end {itemize}

\item

\begin {itemize}

\item Is there a function which is discontinuous at every point, and which has only
removable discontinuities?

\item (It is worth thinking about this problem now, but mainly as a test of intuition;
\item even if you suspect the correct answer, you will almost certainly be unable to
prove it at the present time.

\item See Problem 22-33.)

\end {itemize}

\end {enumerate}

\item Now that we have discovered the fallacy, it is almost obvious what additional
property of the real numbers we need.

\item All we must do is say it properly and use it.

\item That is the business of the next chapter.

\end {enumerate }

\newpage



0 A

48/87

\section{Three Hard Theorems (p.120)}

\subsection {Context}

\begin {enumerate}

\item This chapter is devoted to three theorems about continuous functions, and some
of their consequences.

\item The proofs of the three theorems themselves will not be given until the next
chapter, for reasons which are explained at the end of this chapter.

\begin {framed}

THEOREM 1 \\

If $f$ is continuous on $[a,b]$ and
\begin{equation}

f(a)<0<f(b),

\end {equation}

then there is some $x$ in $[a,b]$ such that \\
\begin{equation}

f(x)=0.

\end {equation}

\end {framed}

\item (Geometrically, this means that the graph of a continuous function which starts
below the horizontal axis and ends above it must cross this axis at some point, as in
Figure 1.)

\begin{center}

\includegraphics[scale=0.7]{figure/chapter7/1.jpg}\\

\end {center}

\begin{framed}

THEOREM 2 \\

If $£$ is continuous on $[a,b]$, then $f$ is bounded above on $[a,b]$, that is, there is
some number $N$ such that

\begin{equation}

f(x)<=N

\end{equation}

for all $x$ in $[a,b]$.

\end {framed}

\item (Geometrically, this theorem means that the graph of $f$ lies below some line
parallel to the horizontal axis, as in Figure 2.)

\begin{center}

\includegraphics[scale=0.6]{figure/chapter7/2.jpg}\\

\end{center}

\begin{framed}

THEOREM 3 \\

If $£3 is continuous on $[a,b]$, then there is some number $y$ in $[a,b]$ such that
\begin {equation}

f(y)>=t(x)
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\end {equation}

for all $x$ in $[a,b]$ (Figure 3).

\end {framed}

\begin {center}

\includegraphics[scale=0.8]{figure/chapter7/3.jpg}\\

\end {center}

\item These three theorems differ markedly from the theorems of Chapter 6.

\item The hypotheses of those theorems always involved continuity at a single point,
while the hypotheses of the present theorems require continuity on a whole interval

$[a,b]$

\item If continuity fails to hold at a single point, the conclusions may fail.
\item For example, let $f$ be the function shown in Figure 4,

\begin{equation}

f(x) = \begin{cases}

-1 &0\leq x <\sqrt{2}\\

1 &\sqrt{2}\leq x\leq 2.\\

\end {cases}

\end {equation}

\begin {center}

\includegraphics[scale=0.8]{figure/chapter7/4.jpg}\\

\end {center}

\item Then $f$ is continuous at every point of $[0,2]$ except $\sqrt{2}$, and
\begin{equation}

f(0)<0<f(2),

\end{equation}

but there is no point $x$ in $[0,2]$ such that ${(x)=08$;

\bull{ the discontinuity at the single point $\sqrt{2}$ is sufficient to destroy the
conclusion of Theorem 1.}

\item Similarly, suppose that $f$ is the function shown in Figure 5,

\begin{equation}

f(x) = \begin{cases}

\frac{1} {x} &x\neqO\\

0 &x =0,\\

\end{cases}

\end {equation}

\begin{center}
\includegraphics[scale=0.8]{figure/chapter7/5.jpg}\\
\end{center}

\item Then $f$ is continuous at every point of $[0,1]$ except 0, but $f$ is not bounded

above on $[0,1]$.

\item In fact, for any number $N>0$ we have
\begin {equation}

f\bigg(\dfrac{1} {2N}\bigg)=2N>N.
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\end {equation}

\item This example also shows that the closed interval $[a,b]$ in Theorem 2 cannot be
replaced by the open interval $(a,b)$, for the function $f$ is continuous on $(0,1)$,
but is not bounded there.

\item Finally, consider the function shown in Figure 6,

\begin{equation}

f(x) = \begin{cases}

X2 &x<1\\

0 &x\geq 1.\\

\end{cases}

\end {equation}

\begin{center}

\includegraphics[scale=0.4]{figure/chapter7/6.jpg}\\

\end{center}

\begin{framed}

THEOREM 1 \\

If $£$ is continuous on $[a,b]$ and
\begin{equation}

f(a)<0<f(b),

\end {equation}

then there is some $x$ in $[a,b]$ such that \\
\begin{equation}

f(x)=0.

\end {equation}

\end {framed}

\begin {framed}

THEOREM 2 \\

If $£$ is continuous on $[a,b]$, then $f$ is bounded above on $[a,b]$, that is, there is
some number $N$ such that

\begin {equation}

f(x)<=N

\end {equation}

for all $x$ in $[a,b]$.

\end {framed}

\begin {framed}

THEOREM 3 \\

If $£$ is continuous on $[a,b]$, then there is some number $y$ in $[a,b]$ such that
\begin{equation}

f(y)>=f(x)

\end{equation}

for all $x$ in $[a,b]$ (Figure 3).

\end{framed}

\item On the interval $[0,1]$ the function $f$ is bounded above, so $f$ does satisfy
the conclusion of Theorem 2
\item Even though $f$ is not continuous on $[0,1]$.
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\item But $f$ does not satisfy the conclusion of Theorem 3

\begin {itemize}

\item ---there is no $y$ in $[0,1]$ such that $f(y)>=f(x)$ for all $x$ in $[0,1]$;
\item In fact, it is certainly not true that

\begin{equation}

f(1)>=f(x)

\end {equation}

for all $x$ in $[0,1]$ so we cannot choose $y=18$, nor can we choose $0\leq
y<1$ because $f(y)<f(x)$ if $x$ is any number with $y<x<18§.

\end {itemize}

\item This example shows that Theorem 3 is considerably stronger than Theorem 2.
\item Theorem 3 is often paraphrased by saying that a continuous function on a closed
interval "“takes on its maximum value" on that interval.

\item As a compensation for the stringency of the hypotheses of our three theorems,
the conclusions are of a totally different order than those of previous theorems.

\item They describe the behavior of a function, not just near a point, but on a whole
interval;

\bull{ such ""global" properties of a function are always significantly more difficult to
prove than "'local" properties, and are correspondingly of much greater power. }
\item To illustrate the usefulness of Theorems 1, 2, and 3, we will soon deduce some
important consequences, but it will help to first mention some simple generalizations
of these theorems.

\begin{framed}

THEOREM 4 \\

If $f% is continuous on $[a,b]$ and

\begin {equation}

f(a)<c<f(b),

\end {equation}

then there is some $x$ in $[a,b]$ such that
\begin {equation}

f(x)=c.

\end {equation}

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item Let $g=f-c§.

\item Then $g$ is continuous, and g$(a)<0<g(b)$.

\item By Theorem 1, there is some $x$ in $[a,b]$ such that $g(x)=0$. But this means
that $f(x)=c$.

\end {enumerate }

\end {proof}

\begin{framed}
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THEOREM 5 \\

If $f$ is continuous on $[a,b]$ and
\begin{equation}

f(a)>c>f(b),

\end {equation}

then there is some $x$ in $[a,b]$ such that
\begin{equation}

f(x)=c.

\end {equation}

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item The function $-f$ is continuous on $[a,b]$ and $-f(a) < -c < -f(b)$.

\item By Theorem 4 there is some $x$ in $[a,b]$ such that $-f(x) = -c$, which means
that $f(x) = c$.

\end {enumerate}

\end {proof}

\item Theorems 4 and 5 together show that $f$ takes on any value between $f(a)$ and
$f(b)$. We can do even better than this: if $¢$ and $d$ are in $[a,b]$, then $f$ takes
on any value between $f(c)$ and $£(d)$.

\item The proof is simple: if, for example, $c < d$, then just apply Theorems 4 and 5
to the interval $[c,d]S$.

\item Summarizing, if a continuous function on an interval takes on two values, it
takes on every value in between;

\bull{ this slight generalization of Theorem 1 is often called the Intermediate Value
Theorem.}

\begin{framed}

THEOREM 6 \\

If $£$ is continuous on $[a,b]$, then $f$ is bounded below on $[a,b]$, that is, there is
some number $N§ such that $f(x)\leq N$ for all $x$ in $[a,b]$.

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item The function $-f$ is continuous on $[a,b]$, so by Theorem 2 there is a number
$MS$ such that $-f(x) \leq M$ for all $x$ in $[a,b]$.

\item But this means that $f(x) \leq -MS$ for all $x$ in $[a,b]$, so we can let
\begin{equation}

N=-M.

\end{equation}

\end {enumerate }

\end {proof}

\begin{framed}
THEOREM 2 \\

52/87



0 A

53/87

If $f$ is continuous on $[a,b]$, then $f$ is bounded above on $[a,b]$, that is, there is
some number $N§ such that

\begin{equation}

f(x)<=N

\end {equation}

for all $x$ in $[a,b]$.

\end {framed}

\item

\begin {itemize}

\item Theorems 2 and 6 together show that a continuous function $f$ on $[a,b]$ is
bounded on $[a,b]$, that is, there is a number $N$ such that

\begin{equation}

[f(x)| \leq N

\end {equation}

for all $x$ in $[a,b]$.

\item In fact, since Theorem 2 ensures the existence of a number $N 1§ such that
\begin{equation}

f(x)\leq N _1

\end {equation}

for all $x$ in $[a,b]$, and Theorem 6 ensures the existence of a number $N_2$ such
that

\begin{equation}

f(x)\leq N 2

\end {equation}

for all $x$ in $[a,b]$, we can take

\end {itemize}

\begin {equation}

N =\max(|]N_1|, |N_2|)

\end {equation}

\begin {framed}

THEOREM 7 \\

If $£$ is continuous on $[a,b]$, then there is some $y$ in $[a,b]$ such that $f(y) \leq
f(x)$ for all $x$ in $[a,b]$.

(A continuous function on a closed interval takes on its minimum value on that
interval.)

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item The function $-f$ is continuous on $[a,b]$;
\bull{

by Theorem 3 there is some $y$ in $[a,b]$ such that }
\begin{equation}

-f(y) \geq -f(x)

\end{equation}

for all $x§ in $[a,b]$, which means that $f(y) \leq f(x)$ for all $x$ in $[a,b]S$.
\end {enumerate}

\end {proof}



|:| |:| A 54/87

\begin{framed}

THEOREM 8§ \\

\begin{enumerate}[1.]

\item Every positive number has a square root.

\item In other words, if $\alpha > 08, then there is some number $x$ such that $x"2 =
\alpha$.

\end {enumerate}

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item Consider the function

\begin{equation}

f(x) =x"2,

\end {equation}

which is certainly continuous.

\item Notice that the statement of the theorem can be expressed in terms of $£$:
\bull{ *"the number $\alpha$ has a square root" means that $f$ takes on the value
$\alpha$.}

\item The proof of this fact about $f$ will be an easy consequence of Theorem 4.
\item There is obviously a number $b > 0$ such that $f(b) > \alpha$ (as illustrated in
Figure 7);

\begin{center}

\includegraphics[scale=0.4]{figure/chapter7/7.jpg}\\

\end{center}

\item In fact, if $\alpha > 1$ we can take $b = \alpha$, while if $\alpha < 1$ we can
take $b = 18§.

\item Since

\begin {equation}

f(0) <\alpha < f(b),

\end {equation}

Theorem 4 applied to $[0, b]$ implies that for some $x$ (in $[0, b]$ ), we have
\begin {equation}

f(x) = \alpha,

\end {equation}

1.e.,

\begin{equation}

x"2 =\alpha.

\end {equation}

\end {enumerate}

\end {proof}

\item Precisely the same argument can be used to prove that a positive number has an
nth root, for any natural number $n$.

\item If $n$ happens to be odd, one can do better: every number has an nth root.
\item To prove this we just note that if the positive number alpha has the nth root $x$,
ie., if

\begin{equation}

x”n = \alpha,

\end{equation}
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then

\begin{equation}

(-x)"n = - \alpha

\end {equation}

(since $n$ is odd), so $- \alpha$ has the nth root $-x$. \item The assertion, that for
odd $n$ any number alpha has an nth root, is equivalent to the statement that the
equation

\begin{equation}

x”n - \alpha =0

\end {equation}

has a root if $n$ is odd.

\item Expressed in this way the result is susceptible of great generalization.

\begin {framed}

THEOREM 9 \\

If $n$ is odd, then any equation
\begin{equation}
x*n+a_{n-1}x"{n-1}+\dots+ta 0=0
\end {equation}

has a root.

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item We obviously want to consider the function

\begin{equation}

f(x)=x"n+a_{n-1}x"{n-1} +\cdots +a_0;

\end{equation}

we would like to prove that $f$ is sometimes positive and sometimes negative.

\item The intuitive idea is that for large $|x|$, the function is very much like

\begin {equation}

g(x) =x"n

\end {equation}

and, since $n$ is odd, this function is positive for large positive $x$ and negative for
large negative $x8$.

\item A little algebra is all we need to make this intuitive idea work.

\item The proper analysis of the function $f$ depends on writing

\begin{equation}

f(x)=x"n+a_{n-1}xMn-1} +\cdots +a_0=x"n\left(1 + \frac{a {n-1}}{x} + \cdots
+\frac{a_ 0} {x"n}\right).

\end {equation}

\item Note that

\begin{equation}

\left| \frac{a {n-1}}{x}+\frac{a {n-2}} {x"{2}}+\cdots +\frac{a 0} {x"n}\right| \leq
\frac{a_{n-1}}{x}+\cdots+\frac{a {0}}{x"{n}}

\end {equation}
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\item Consequently, if we choose $x§ satisfying

\begin{equation}

(*) \quad |x[>1,2n|a_{n-1}|,\cdots,2nla_0|,

\end {equation}

then

\begin{equation}

x| > [x|

\end {equation}

and

\begin{equation}

\frac{a_{n-k}}{x"k} <\frac{a {n-k}}{x} <\frac{a {n-k}}{2nja_{n-k}|} =
\frac{1} {2n},

\end {equation}

SO

\begin{equation}

\left\frac{a {n-1}}{x} +\frac{a {n-2}}{x"2} + \cdots + \frac{a 0} {x"n}\right| \leq
\frac{1}{2n} + \cdots + \frac{1} {2n} = \frac{1}{2}.

\end {equation}

\item In other words,

\begin{equation}

-\Mfrac{1}{2} \leq \frac{a {n-1}}{x} + \cdots + \frac{a 0} {x"n} \leq \frac{1}{2},
\end {equation}

which implies that

\begin{equation}

\frac{1}{2} \leq 1 +\frac{a {n-1}}{x} + \cdots + \frac{a O} {x"n}.
\end {equation}

\item Therefore, if we choose an $x_1>0$ which satisfies (*),then
\begin{equation}

\Mfrac{(x_1)"n}{2} \leq (x_1)"n(1 +\frac{a {n-1}}{x_1} + \cdots +
\frac{a 0} {(x_1)"n})=1f(x_1),

\end {equation}

so that $f(x_1)>0$.

\item On the other hand, if $x_2<0$ satisfies (*), then $(x_2)"n < 0$ and
\begin{equation}

\frac{(x_2)"n}{2} \leq (x_2)"n(1 +\frac{a {n-1}}{x 2} + \cdots +
\frac{a_ 0} {(x_2)"n}) =1f(x_2),

\end {equation}

so that $f(x_2) < 08.

\item Now applying Theorem 1 to the interval §[x_2,x 1]$ we conclude that there is
an $x$ in $[x_2,x_1]$ such that $f(x) = 08.

\end {enumerate }

\end {proof}

\begin{framed}

THEOREM 9 \\

If $n$ is odd, then any equation
\begin {equation}
x*n+a_{n-1}x"{n-1}+\dots+ta 0 =0
\end {equation}

has a root.
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\end {framed}

\item Theorem 9 disposes of the problem of odd degree equations so happily that it
would be frustrating to leave the problem of even degree equations completely
undiscussed.

\item At first sight, however, the problem seems insuperable.

\item Some equations, like $x"2 - 1 = 0$, have a solution, and some, like $x"2 + 1 =
0$, do not---what more is there to say?

\item If we are willing to consider a more general question, however, something
interesting can be said.

\item Instead of trying to solve the equation

\begin{equation}

x*n+a {n-1}x*n-1} +\cdots +a 0=0,

\end {equation}

let us ask about the possibility of solving the equation
\begin{equation}

x*n+a {n-1}x*{n-1} +\cdots +a 0 =c,

\end {equation}

\item for all possible numbers $c$.

\item This amount to allowing the constant term $a_0$ to vary.

\item The information which can be given concerning the solution of these equations
depends on a fact which is illustrated in Figure 8.

\begin{center}

\includegraphics[scale=0.4]{figure/chapter7/8.jpg}\\

\end {center}

\item The graph of the function

\begin {equation}

f(x)=x"n+a_{n-1}x*{n-1} +\cdots +a_0,

\end {equation}

with $n$ even, contains, at least the way awe have drawn it, a lowest point.

\item In other words, there is a number $y$ such that

\begin{equation}

f(y) \leg f(x)

\end{equation}

for all numbers $x§$ \bull{ --- the function $f$ takes on a minimum value, not just on
each closed interval, but on the whole line.}

\item (Notice that this is false if $n$ is odd.)

\item The proof depends on Theorem 7, but a tricky application will be required.
\item

\begin {itemize}

\item We can apply Theorem 7 to any interval $[a,b]$, and obtain a point $y 0$ such
that $f(y_0)$ is the minimum value of $f$ on $[a,b]$;

\item but if $[a,b]$ happens to be the interval shown in Figure 8, for example, then the
point $y _0$ will not be the place where $f$ has its minimum value for the whole line.
\end {itemize}

\item In the next theorem the entire point of the proof is to choose an interval
$[a,b]$ in such a way that this cannot happen.
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\begin{framed}

THEOREM 10 \\

If $n$ is even and

\begin{equation}

f(x)=x"n+a {n-1}x*{n-1} +\cdots +a 0
\end {equation}

then there is a number $y$ such that
\begin{equation}

f(y) \leq f(x)

\end {equation}

for all $x8$.

\end {framed}

\begin {proof}
\begin{enumerate}[1.]\
\begin{framed}

THEOREM 9 \\

If $n$ is odd, then any equation
\begin{equation}
x"nt+a_{n-1}x"{n-1}+\dotsta 0=0
\end {equation}

has a root.

\end {framed}

\item As in the proof of Theorem 9, if

\begin {equation}

M =\max(1, 2nla_{n-1}|, \cdots, 2nja_0|),

\end {equation}

then for all $x$ with $|x| \geq M$, we have

\begin {equation}

\frac{1} {2} \leq 1 +\frac{a_ {n-1}}{x} + \cdots + \frac{a 0} {x"n}.
\end {equation}

\item Since $n$ is even, $x"n \geq 08 for all $x$, so

\begin {equation}

\frac{x"n} {2} \leq x"n\left(1 + \frac{a {n-1}}{x} + \cdots + \frac{a 0} {x"n}\right)
= f(x),

\end{equation}

provided that $|x| > MS.

\item Now consider the number $(0)$.

\item Let $b>0$ be a number such that
\begin{equation}

b”n > 21(0) \text{ and also } b>M.
\end{equation}

\item Then, if $x \geq b$, we have (Figure 9)
\begin{center}
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\includegraphics[scale=0.4]{figure/chapter7/9.jpg}\\
\end {center}

\begin{equation}

f(x) \geq \frac{x"n} {2} \geq \frac{b"n} {2} \geq f(0).
\end {equation}

\item Similarly, if $x \leq -b$, then

\begin{equation}

f(x) \geq \frac{x"n} {2} \geq \frac{(-b)"*n} {2} =\frac{b*n} {2} \geq f(0).

\end {equation}

\item Summarizing: if
\begin{equation}

x \geq b \text{ or } x \leq -b
\end {equation}

then

\begin{equation}

f(x) \geq f(0).

\end {equation}

\item Now apply Theorem 7 to the function $f$ on the interval $[-b,b]$.
\item We conclude that there is a number $y$ such that (1) if
\begin{equation}

-b\leq x \leq b,

\end {equation}

then

\begin{equation}

f(x) \leq f(x).

\end {equation}

\item In particular,
\begin{equation}

f(y) \leq f(0).
\end{equation}

\item Thus (2) if
\begin{equation}

x \leq -b \text{ or } x \geq b
\end{equation}

then

\begin{equation}

£(x) \geq f(0) \geq f(y).
\end{equation}

\item Combining (1) and (2) we see that
\begin{equation}

f(y) \leq f(x)
\end{equation}

for all $x8§.

\end {enumerate }
\end {proof}

\item Theorem 10 now allows us to prove thaw following result.

\begin{framed}
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Theorem 11 \\

\begin{enumerate}[1.]

\item consider the equation

\begin{equation}

(*)\quad x*n+a_{n-1}x"{n-1} +\cdots+a 0=c,
\end {equation}

and suppose $n§ is even.

\item Then there is a number $m$ such that (*) has a solution for $c \geq m$ and has
no solution for $c<mS$.

\end {enumerate}

\end {framed}

\begin{proof}\

\begin{enumerate}[1.]

\item Let

\begin{equation}

f(x)=x"n+a_ {n-1}x*{n-1} +\cdots + a_ 0 \text{ (Figure 10)}.
\end {equation}

\begin {center}
\includegraphics[scale=0.4]{figure/chapter7/10.jpg}\\

\end {center}

\item According to Theorem 10 there is a number $y$ such that
\begin{equation}

f(y) \leg f(x)

\end {equation}

for all $x8§.

\item Let $m = f(y)$.

\item If $¢ < m$, then the equation (*) obviously has no solution, since the left since
the side always has a value $\geq m$.

\item If $¢ = m§, then (*) has $y$ as a solution.

\item Finally, suppose $¢>m$.

\item Let $b$ be a number such that $b>y$ and $f(b)>c$.

\item Then

\begin {equation}

f(y) = m < c <f(b).

\end {equation}

\item Consequently, by Theorem 4, there is some number $x$ in $[y,b]$ such that
$f(x) = c$, so $x$ is a solution of (*).

\end {enumerate }

\end {proof}

\item These consequences of Theorems 1, 2, and 3 are the only ones we will derive
now \bull{(these theorems will play a fundamental role in everything we do later,
however).}

\item Only one task remains--to prove Theorems 1, 2, and 3.

\item Unfortunately, we cannot hope to do this\bull{ --- on the basis of our present
knowledge about the real numbers (namely, P1-P12) a proof is impossible. }
\begin{framed}
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THEOREM 8§ \\

\begin{enumerate}[1.]

\item Every positive number has a square root.

\item In other words, if $\alpha > 03, then there is some number $x$ such that $x"2 =
\alpha$.

\end {enumerate}

\end {framed}

\item There are several ways of convincing ourselves that this gloomy conclusion is
actually the case.

\item For example, the proof of Theorem 8 relies only on the proof of Theorem 1;

\item If we could prove Theorem 1, then the proof of Theorem 8 would be complete,
and we would have a proof that every positive number has s square root.

\item As pointed out in Part I, it is impossible to prove this on the basis of P1-P12.
Again, suppose we consider the function

\begin{equation}

f(x) = \frac{1} {x"2-2}.

\end {equation}

\item If there were no number $x$ with
\begin{equation}

X2 -2,

\end {equation}

then $£$ would be continuous, since the denominator would never $= 0$. But $f$ is
not bounded on $[0,2]8$.

\begin {framed}

THEOREM 1 \\

If $f$ is continuous on $[a,b]$ and
\begin{equation}

f(a)<0<f(b),

\end{equation}

then there is some $x$ in $[a,b]$ such that \\
\begin{equation}

f(x)=0.

\end{equation}

\end {framed}

\begin {framed}

THEOREM 2 \\

If $£$ is continuous on $[a,b]$, then $f$ is bounded above on $[a,b]$, that is, there is
some number $N$ such that

\begin {equation}

f(x)<=N

\end {equation}

for all $x$ in $[a,b]$.

\end {framed}

\begin {framed}
THEOREM 3 \\
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If $£3 is continuous on $[a,b]$, then there is some number $y$ in $[a,b]$ such that
\begin{equation}

f(y)>=f(x)

\end {equation}

for all $x$ in $[a,b]$ (Figure 3).

\end {framed}

\item So Theorem 2 depends essentially on the existence of numbers other than
rational numbers, and therefore on some property of the real numbers other than P1-
P12.

\item Despite our inability to prove Theorems 1, 2, and 3, they are certainly results
which we want to be true,

\item If the pictures we have been drawing have any connection with the mathematics
we are doing, if our notion of continuous function corresponds to any degree with our
intuitive notion,

\item Theorems 1, 2, and 3 have got to be true.

\item Since a proof of any of these theorems must require some new property of
$\mathbb{R}$ which has so far been overlooked, our present difficulties suggest a
way to discover that property:\bull{ let us try to construct a proof of Theorem 1, for
example, and see what goes wrong. }

\item One idea which seems promising is to locate the first point where $f(x) = 08,
that is, the smallest $x$ in [a,b] such that $f(x) = 0$.

\item To find this point, first consider the set $A$ which contains all numbers $x$ in
$[a,b]$ such that $f$ is negative on $[a,x]$.

\item In Figure 11, $x$ is such a point, while $x'$ is not.

\item The set $AS itself is indicated by a heavy line.

\item Since $f$ is negative at $a$, and positive at $b$, the set $A$ contains some
points greater than $a$, while all points sufficiently close to $b$ are not in $AS.
\begin{center}

\includegraphics[scale=0.8]{figure/chapter7/11.jpg}\\

\end{center}

\item(We are here using the continuity of $f$ on $[a,b]$, as well as Problem 6-15.)

\item Now suppose alpha is the smallest number which is greater than all members of
$AS; clearly

\begin {equation}

a <\alpha <b.

\end {equation}

\item We claim that $f(\alpha) = 0§, and to prove this we only have to eliminate the
possibilities $f(\alpha) < 0$ and $f(\alpha) > 0§.

\item Suppose first that $f(\alpha) < 0$.

\item Then, by Theorem 6-2, $f(x)$ would be less than 0 for all $x$ in a small interval
containing $\alpha$,

\begin {itemize}

\item in particular for some numbers bigger than $\alpha$ (Figure 12); \item but this
contradicts the fact that $\alpha$ is bigger than every member of $AS,

\item since the larger numbers would also be in $AS.
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\end {itemize}

\item Consequently, $f(\alpha) < 0§ is false.

\begin{center}

\includegraphics[scale=0.5]{figure/chapter7/12.jpg}\\

\end{center}

\item On the other hand, suppose $f(\alpha) > 0S.

\item Again applying Theorem 6-2, we see that $f(x)$ would be positive for all $x$ in
a small interval containing $\alpha$,

\bull{ in particular for some numbers smaller than alpha (Figure 13).}

\begin {center}

\includegraphics[scale=0.5]{figure/chapter7/13.jpg}\\

\end {center}

\item This means that these smaller numbers are all not in $AS.

\item Consequently, one could have chosen an even smaller $\alpha$ which would be
greater than all members of $AS.

\item Once again we have a contradiction; $f(\alpha) > 08 is also false.

\item Hence $f(\alpha) = 0$ and, we are tempted to say, Q.E.D.

\item We know, however, that something must be wrong, since no new properties of
$\mathbb{R}$ were ever used, and it does not require much scrutiny to find the
dubious point.

\item It is clear that we can choose a number alpha which is greater than all members
of $AS

\bull{ (for example, we can choose $\alpha = b$), but it is not so clear that we can
choose a smallest one.}

\item In fact, suppose $AS$ consists of all numbers $x \geq 0$ such that $x"{2} < 28$.
\item If the number $\sqrt{2}$ did not exist, there would not be a least number greater
than all the members of $AS;\bull{ for any $y > \sqrt{2}$ we chose, we could always
choose a still smaller one.}

\end {enumerate}

\subsection {Problem}

\begin {enumerate}

\item

\begin {itemize}

\item For each of the following functions, decide which are bounded above or below
on the indicated interval, and which take on their maximum or minimum value.
\item (Notice that $f$ might have these properties even if $$ is not continuous, and
even if the interval is not a closed interval.)

\end {itemize}

\begin{enumerate}

\item $f(x) = x"2$ on $(-1,1)$.

\item $f(x) = x"3$ on $(-1,1)$.

\item $f(x) = x"2$ on $\mathbb{R}$.

\item $f(x) = x"2$ on $[0,\infty)$.

\item $f(x) =

\begin{cases}

x"2 &x \leq a\\

at+2 &x >a,

\end {cases} $
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on $(-a-1,a+1)$.\bull{(It will be necessary to consider several possibilities for $a$.)}
\item $f(x) =

\begin{cases}

x"2 &x \leq a\\

at2 &x>a,

\end{cases} $

on $[-a-1,a+1]$.

\item $f(x) =

\begin{cases}

0 &x \text{ irrational} \\

\dfrac{1}{q} &x =\frac{p}{q} \text{ in lowest terms}
\end {cases}$

on $[0,1].%

\item $f(x) =

\begin{cases}

1 &x \text{ irrational} \\

\dfrac{1}{q} &x =\dfrac{p}{q} \text{ in lowest terms}
\end {cases}$

on $[0,1]$.

\item $f(x) =

\begin{cases}

1 &x \text{ irrational} \\

\dfrac{1}{q} &x =\dfrac{p}{q} \text{ in lowest terms}
\end {cases}$

on $[0,1]$.

\item $f(x) =

\begin{cases}

1, &x \text{ irrational } \\

\dfrac{1}{q} &x =\dfrac{p}{q} \text{ in lowest terms}
\end {cases}$

on $[0,1]$.

\item $f(x) =

\begin{cases}

X &x \text{ rational} \\

0 &x \text{ irrational }

\end {cases}$

on $[0,a]$.

\item $f(x) = \sin* {2 }\left(\cos x+H\sqrt{a+a” {2} }\right)$ on $[0,a"3]$.
\item $f(x) = [x]$ on $[0,a]$.

\end {enumerate}

\item For each of the following polynomial functions $f$, find an integer $n$ such
that $f(x) = 03 for some $x$ between $n$ and $n+1§.

\begin{enumerate}

\item $f(x) = x*{3}-x+38.

\item $f(x) = x5} +5x"{4}+2x+18.

\item $f(x) = x*{5}+x+18$.

\item $f(x) = 4x"{2}-4x+18.

\end {enumerate }
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\item Prove that there is some number $x$ such that
\begin {enumerate}

\item $x"{179}+\frac {163} {1+x"{2}+\sin{2}x} = 1198.
\item $\sin x = x-18$.

\end {enumerate}

\item This problem is a continuation of Problem 3-7.

\begin {enumerate}

\item If $n-k$ is even, and $\geq 08, find a polynomial function of degree $n$ with
exactly $k$ roots.

\item

\begin {itemize}

\item A root $a$ of the polynomial function $f$ is said to have multiplicity $m$ if
\begin{equation}

£(x) = (x-a)" {m} g(x),

\end {equation}

where $g$ is a polynomial function that does not have $a$ as a root.

\item Let $$ be a polynomial function of degree $n$.

\item Suppose that $f$ has $k$ roots, counting multiplicities, i.e., suppose that $kS$ is
the sum of the multiplicities of all the roots.

\item Show that $n-k$ is even.

\end {itemize}

\end {enumerate}

\item

\begin {itemize}

\item Suppose that $f$ is continuous on $[a,b]$ and that $f(x)$ is always rational.
\item What can be said about $£$ ?

\end {itemize}

\item

\begin {itemize}

\item Suppose that $f$ is a continuous function on $[-1,1]$ such that
\begin {equation}

XM2IHECYM2) = 1

\end {equation}

for all $x$.

\item (This means that $(x,f(x))$ always lies on the unit circle.)
\item Show that either

\begin {equation}

f(x)=\sqrt{1-x"{2}}

\end {equation}

for all $x$, or else

\begin {equation}

f(x)=-\sqrt{1-x"{2}}

\end {equation}

for all $x$.

\end {itemize}
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\item How many continuous function $f$ are there which satisty
\begin{equation}

(f(x)"{2} =x"{2}

\end {equation}

for all $x$?

\end {enumerate}

%%%%%%%%

%benson%

%%%%%%%%

\newpage

\section {Least Upper Bound (p.131)}

\subsection {Context}

\begin{enumerate}

\item This chapter reveals the most important property of the real numbers.
\item Nevertheless, it is merely a sequel to Chapter 7,

\bull{ the path which must be followed has already been indicated, and further
discussion would be useless delay.}

\begin {framed}

\textbf{Definition}

\begin {itemize}

\item A set $AS of real numbers is \textbf{bounded above} if there is a number
$x$ such that

\begin{equation}

x \geq a \text{ for every } a \text{ in } A.

\end {equation}

\item Such a number $x$ is called an \textbf{upper bound} for $AS.

\end {itemize}

\end {framed}

\item Obviously $AS is bounded above if and only if

\begin {itemize}

\item there is a number $x$ which is an upper bound for $A$

\item(and in this case there will be lots of upper bounds for $AS);

\item we often say, as a concession to idiomatic English, that

\begin{center}

“'$AS has an upper bound"

\end {center}

\item when we mean that there is a number which is an upper bound for $AS.
\end {itemize}

\item Notice that the term "‘bounded above" has now been used in two ways
\bull {

---first, in Chapter 7, in reference to functions, and now in reference to sets.}
\item This dual usage should cause no confusion, since it will always be clear whether
we are talking about a set of numbers or a function.

\item Moreover, the two definitions are closely connected:

\item if $AS is the set

\begin {equation}

W{f(x): a<x <b\},
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\end {equation}
then the function $f$ is bounded above on $[a, b]$ if and only if the set $AS is
bounded above.

\item The entire collection $\mathbb{R}$ of real numbers, and the natural numbers
$\mathbb {N}$§, are both examples of sets which are not bounded above.

\item An example of a set which is bounded above is

\begin{equation}

A=\{x: 0<x<1\}

\end {equation}

\item To show that $AS$ is bounded above we need only name some upper bound for
$AS, which is easy enough;\bull{ for example, 138 is an upper bound for $AS$, and so
are 2, 1$\dfrac{1}{2}$, 1$\dfrac{1}{4}$, and 1.}

\item Clearly, 1 is the least upper bound of $AS;

\begin {itemize}

\item although the phrase just introduced is self-explanatory,

\item in order to avoid any possible confusion

\item (in particular, to ensure that we all know what the superlative of "'less" means),
\item we define this explicitly.

\end {itemize}

\begin {framed}

A number $x8$ is a least upper bound of $AS if

\begin{enumerate}[1.]

\item $x$ is an upper bound of $AS

\item if $y$ is an upper bound of $AS$, then $x \leq y$.

\end {enumerate }

\end {framed}

\item The use of the indefinite article "*a" in this definition was merely a concession
to temporary ignorance.

\item Now that we have made a precise definition, it is easily seen that if x and y are
both least upper bounds of $AS$, then $x = y$.

\item Indeed, in this case

\begin {itemize}

\item $x \leq y$, since $y$ is an upper bound, and $x$ is a least upper bound.

\item $y \leq x$, since $x$ is am upper bound, and $y$ is a least upper bound.

\end {itemize}

\item It follows that $x=y$.

\item For this reason we speak of $\mathbf{the}$ the least upper bound of $AS.
\item The term $\mathbf{supermum}$ of $AS$ is synonymous and has one advantage.
\item It abbreviates quite nicely to

\begin{center}

sup A ( pronounced ““soup A").

\end{center}

\item and saves us from the abbreviation

\begin{center}

lub A

\end{center}

(which is nevertheless used by some authors).
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\item There is a series of important definitions, analogous to those just given, which
can now be treated more briefly.

\item A set $AS of real numbers is $\mathbf{bounded below}$ if there is a number
$x$ such that

\begin{equation}

x \leq a \text{ for every $a$ in $AS}.

\end {equation}

\item Such a number $x$ is called a lower bound for $AS.
\item A number $x$ is the greatest lower bound of $AS if
\begin {itemize}

\item $x$ is a lower bound of $A$

\item if $y$ is a lower bound of $AS, then $x \geq y$.
\end {itemize}

\item The greatest lower bound of $AS$ is also called the $\textbf{infimum}$ of A,
abbreviated

\begin {center}

inf A;

\end {center}

some authors use the abbreviation

\begin {center}

glb A.

\end {center}

\item One detail has been omitted from our discussion so far

\bull{ --- the question of which sets have at least one, and hence exactly one, least
upper bound or greatest lower bound. }

\item We will consider only least upper bounds, since the question for greatest lower
bounds can then be answered easily (Problem 2).

\item If $AS$ is not bounded above, then $A$ has no upper bound at all, so

$AS certainly cannot be expected to have a least upper bound.

\item It is tempting to say that $A$ does have a least upper bound if it has
$\textit{some}$ upper bound, but, like the principle of mathematical induction, this
assertion can fail to be true in a rather special way.

\item If $A = \emptyset$, then $AS is bounded above.

\item Indeed, any number $x$ is an upper bound for $\emptyset$:

\begin{equation}
x \geq y \text{ for every } y \text{ in } \emptyset.
\end{equation}

\item simply because there is no y in $\emptyset$.

\item Since every number is an upper bound for $\emptyset$, there is surely no least
upper bound for $\emptyset$.

\item With this trivial exception however, our assertion is true---and very important,
definitely important enough to warrant consideration of details.

\item We are finally ready to state the last property of the real numbers which we
need.

\begin {framed}

(Prop 13)\\
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(The least upper bound property) \\

If $AS is a set of real numbers,

\begin{equation}

A \neq \emptyset,

\end {equation}

and $AS is bounded above, then $A$ has a least upper bound.

\end {framed}

\item Property P13 may strike you as anticlimactic, but that is actually one of its
virtues.

\item To complete our list of basic properties for the real numbers we require no
particularly abstruse proposition, but only a property so simple that we might feel
foolish for having overlooked it.

\item Of course, the least upper bound property is not really so innocent as all that;
\bull{ after all, it does not hold for the rational numbers $QS.}

\item For example, if $AS is the set of all rational numbers $x$ satisfying
\begin{equation}

X2 <2,

\end {equation}

then there is no rational number $y$ which is an upper bound for $A$ and which is
less than or equal to every other rational number which is an upper bond for $AS.
\item It will become clear only gradually how significant P13 is, but we are already in
a position to demonstrate its power, by supplying the proofs which were omitted in
Chapter 7.

\begin {framed}

Theorem 7-1 (IVT)\\

If $f$ is continuous on $[a, b]$ and
\begin{equation}

f(a) <0 <f(b),

\end{equation}

then there is some number $x$ in $[a, b]$ such that
\begin{equation}

f(x) =0.

\end{equation}

\end {framed}

\begin{proof}\

\begin{enumerate}[1.]

\item Our proof is merely a rigorous version of the outline developed at the end of
Chapter 7 \bull{ ---we will locate the smallest number $x$ in $[a, b]$ with
\begin{equation}

f(x) =0.

\end{equation}

}

\item Define the set $AS, shown in Figure 1, as follows:
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\begin{equation}

A =\{x:a<x<b, \text{ and } f\text{ is negative on the interval }[a, x]\}
\end {equation}

\begin {center}

\includegraphics[scale=0.6]{figure/chapter8/1.jpg}\\

\end {center}

\item Clearly $A \neq \emptyset$, since $a$ is in $AS;

\begin {itemize}

\item in fact, there is some $\delta >0$ such that $AS$ contains all points
$x$ satisfying

\begin{equation}

a <x <at\delta;

\end {equation}

\item this follows from Problem 6-15, since $f$ is continuous on $[a, b]$ and $f(a)
<0§.

\end {itemize}

\item

\begin {itemize}

\item Similarly, $b$ is an upper bound for $AS and,

\item in fact, there is a $\delta > 0$ such that all points $x$ satisfying
\begin{equation}

b-\delta<x <b

\end {equation}

are upper bounds for $AS;

\item this also follows from Problem 6-15, since $f(b) > 0S$.

\end {itemize}

\item From these remarks it follows that $AS$ has a least upper bound $\alpha$ and
that

\begin {equation}

a <\alpha <b.

\end {equation}

\item We now wish to show that $f(a) = 0$, by eliminating the possibilities

\begin {equation}

f(a) < O\text{ and }f(a) > 0.

\end {equation}

\item Suppose first that $f(\alpha) < 0$.

\item By Theorem 6-3, there is a $ \delta > 0$ such that $f(x) < 0$ for
\begin {equation}

\alpha-\delta <x<\alpha +\delta

\end {equation}

(Figure 2).

\begin{center}
\includegraphics[scale=0.8]{figure/chapter8/2.jpg}\\

\end {center}

\item Now there is some number $x_0$ in $AS$ which satisfies
\begin {equation}

\alpha -\delta < x 0 <\alpha
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\end {equation}

\bull{ (because otherwise $\alpha$ would not be the least upper bound of $A$).}
\item This means that $f$ is negative on the whole interval $[a, x_0]$.

\item But if $x_18$ is a number between $\alpha$ and $\alpha +\delta$, then $£$ is also
negative on the whole interval $[x 0, x_1]$.

\item Therefore $f$ is negative on the interval $[a, x_1]$, so $x$ is in $AS.

\item But this contradicts the fact that $\alpha$ is an upper bound for $AS;

\bull{ our original assumption that $f(\alpha) <0$ must be false.}

\item Suppose, on the other hand, that $f(\alpha) > 08.

\item Then there is a number $\delta >0$ such that $f(x) > 0$ for $\alpha -\delta
<x<\alpha +\delta$ (Figure 3).

\begin{center}

\includegraphics[scale=0.7]{figure/chapter8/3.jpg}\\

\end{center}

\item Once again we know that there is an $x 0% in $A$ satisfying
\begin{equation}

\alpha - \delta <x 0 <\alpha;

\end {equation}

but this means that $f$ is negative on $[a, x_0]$, which is impossible, since
$f(x_0)>0$

\item Thus the assumption $f(\alpha) > 0$ also leads to a contradiction, leaving
$f(\alpha) = 0 as the only possible alternative.

\end {enumerate}

\end {proof}

\item The proofs of Theorems 2 and 3 of Chapter 7 require a simple preliminary
result, which will play much the same role as Theorem 6-3 played in the previous
proof.

\begin {framed}

Theorem 1 \\

If $£3 is continuous at $a$, then there is a number $\delta >0$ such that $£$ is
bounded above on the interval

\begin {equation}

(a -\delta, a +\delta)

\end {equation}

(see Figure 4).

\end {framed}

\begin{center}

\includegraphics[scale=0.5]{figure/chapter8/4.jpg}\\

\end{center}

\begin {proof}\

\begin{enumerate}[1.]

\item Since $\dislim_{x \to a} {f(x)}=f(a)$, there is, for every $\varepsilon>08$, a
$\delta>0$ such that, for all $x$, if

\begin {equation}

|x-a|<\delta,

\end {equation}

then
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\begin{equation}

[f(x)-f(a)|<\varepsilon.

\end {equation}

\item It is only necessary to apply this statement to some particular $\varepsilon$ (any
one will do), for example,

\begin{equation}

\varepsilon =1 .

\end {equation}

\item We conclude that there is a $\delta>0$ such that, for all $x$, if
\begin{equation}

|x-a|<\delta,

\end {equation}

then

\begin{equation}

1F)-F(a)|<]

\end {equation}

\item It follows, in particular, that if

\begin{equation}

|x-a|<\delta,

\end {equation}

then

\begin{equation}

[f(x)-f(a)|<\varepsilon.

\end {equation}

\item This completes the proof:

\bull{ on the interval

\begin {equation}

(a-\delta,a+\delta)

\end {equation}

the function $f$ is bounded above by $f(a) +18$.}

\end {enumerate }

\end {proof}

\item It should hardly be necessary to add that we can now also prove that $f$ is
bounded below on some interval

\begin {equation}

(a-\delta,a+\delta),

\end {equation}

and, finally, that $f$ is bounded on some open interval containing $a$.
\item A more significant point is the observation that if
\begin{equation}

\dislim_ {x \to a"+} {f(x)}=f(a),

\end{equation}

then there is a $\delta > 0$ such that $f$ is bounded on the set
\begin{equation}

\{x: a\leq x < at\delta\},

\end{equation}

and a similar observation holds if

\begin{equation}

\dislim_ {x \to b"-} {f(x)}=f(b).

\end{equation}
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\item Having made these observations (and assuming that you will supply the proofs),
we tackle our second major theorem.

\begin {framed}

Theorem 7-2 \\

If $f$ is continuous on $[a,b]$, then $f$ is bounded above on $[a,b]$.

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item Let

\begin{equation}

A =\{x:a\leq x \leq b \text{ and } f\text{ is bounded above on } [a,x]\}

\end {equation}

\item Clearly $A \neq \emptyset$ (since $af is in $AS), and $AS is bounded above
(by $b$), so $AS has a least upper bound $\alphaS$.

\item Notice that we are here applying the term *“bounded above" both to the set $AS,
\begin {itemize}

\item which can be visualized as lying on the horizontal axis, and to $f$,

\item i.e., to the sets

\begin{equation}

\{f(y):a\leq y \leq x \},

\end {equation}

which can be visualized as lying on the vertical axis (Figure 5).

\end {itemize}

\begin{center}
\includegraphics[scale=0.8]{figure/chapter8/5.jpg}\\
\end{center}

\item Our first step is to prove that we actually have
\begin{equation}

a=b.

\end{equation}

\item Suppose, instead, that

\begin{equation}

\alpha<b.

\end {equation}

\item By Theorem 1 there is $\delta > 0$ such that $f$ is bounded on
\begin{equation}

(\alpha-\delta,\alpha+\delta).

\end{equation}

\item Since $\alpha$ is the least upper bound of $AS there is some $x 08 in
$AS satisfying

\begin {equation}

\alpha-\delta < x 0 <\alpha.

\end {equation}

\item This means that $f$ is bounded on $[a, x_0]$.
\item But if $x 13 is any number with
\begin{equation}
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\alpha-\delta < x 1 <\alpha,

\end {equation}

then $f$ is also bounded on $[x 0, x_1]8.

\item Therefore $f$ is bounded on $[a, x_1]$, so $x 18 is in $AS, contradicting the
fact that $\alpha$ is an upper bound for $AS.

\item This contradiction shows that

\begin{equation}

a=b.

\end {equation}

\item One detail should be mentioned:

\begin {itemize}

\item this demonstration implicitly assumed that $a <\alpha$ [ so that $f$ would be
defined on some interval

\begin{equation}

(\alpha-\delta,\alpha+\delta);

\end {equation}

the possibility a = $\alpha$ can be ruled out similarly, using the existence of a
$\delta > 0$ such that f is bounded on

\begin{equation}

\{x:a\leq x < at+\delta \}.

\end {equation}

\end {itemize}

\item The proof is not quite complete\bull{---we only know that $f$ is bounded on
$[a, x]$ for every $x <b$, not necessarily that $f$ is bounded on $[a, b]$.}
\item However, only one small argument needs to be added.

\item There is a $\delta > 0§ such that $f$ is bounded on

\begin{equation}

\{x: b-\delta < x \leq b\}.

\end {equation}

\item There is $x_0$ in $A$ such that

\begin {equation}

b-\delta <x_0 <b.

\end {equation}

\item Thus $f$ is bounded on $[a, x_0]$ and also on $[x 0, b]$, so $f$ is bounded on

$[a, b]$.
\end {enumerate}
\end {proof}

\item To prove that third important theorem we resort a trick.

\begin{framed}

Theorem 7-3 \\

If $f$ is continuity on $[a,b]$, then there is a number y in $[a,b]$ such that $f(y)\geq
f(x)$ for all $x§ in $[a,b]$.

\end {framed}

\begin{proof}\

\begin{enumerate}[1.]

\item We already know that $f$ is bounded on $[a, b]$, which means that the set
\begin {equation}

\W{f(x): x \text{ in } [a, b]\}
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\end {equation}

is bounded.

\item This set is obviously not $\emptyset$, so it has a least upper bound $\alpha$.
\item Since

\begin{equation}

\alpha \geq f(x)

\end {equation}

for $x$ in $[a, b]$ it suffices to show that

\begin{equation}

a=1(y)

\end {equation}

for some $y$ in $[a, b]$.

\item Suppose instead that

\begin{equation}

\alpha \neq f(y)

\end {equation}

for all $y$ in $[a, b]$.

\item Then the function g defined by

\begin{equation}

g(x) =\dfrac{1} {\alpha-f(x)}\text{, } x \text{ in } [a,b]

\end {equation}

is continuous on $[a,b]$, since the denominator of the right side is never 0.
\item On the other hand, $\alpha$ is the least upper bound of
\begin{equation}

\{f(x):x \text{ in }[a,b]\};

\end {equation}

this means that for every $\varepsilon>0$ there is $x§ in $[a,b]$ with
\begin{equation}

\alpha-f(x)<\varepsilon

\end{equation}

\item This, in turn, means that for every $\varepsilon>0$ there is $x$ in $[a,b]$ with
\begin{equation}

g(x)>\dfrac{1} {\varepsilon}.

\end{equation}

\item But \textit{this} means that $g$ is not bounded on $[a,b]$, contradiction the
previous theorem.

\end {enumerate }

\end {proof}

\item At the beginning of this chapter the set of natural numbers $\mathbb{N}$ was
given as an example of an unbounded set.

\item We are now going to prove that $\mathbb{N}$ is unbounded.

\item After the difficult theorems proved in this chapter you may be startled to find
such an “‘obvious" theorem winding up our proceedings.

\item If so, you are, perhaps, allowing the geometrical picture of $\mathbb{R}$ to
influence you too strongly.

\item *"Look, "you may say, " the real numbers
\begin{center}
\includegraphics[scale=0.7]{figure/chapter8/untitlel.jpg}\\
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\end{center}

\begin {center}

Figure

\end {center}

so every number $x$ is between two integers $n, n+1$ (unless $x$ is itself an
integer).

\item Basing the argument on a geometric picture is not a proof, however, and even
the geometric picture contains an assumption:

\bull{ that if you place unit segments end-to-end you will eventually get a segment
larger than any given segment. }

\item This axiom, often omitted from a first introduction to geometry, is usually
attributed (not quite justly) to Archimedes, and the corresponding property for
numbers, that $\mathbb{N}$ is not bounded, is called the \textit{ Archimedian
property} of the real numbers.

\item This property is not a consequence of P1-P12 (see reference [17] of the
Suggested Reading), although it does hold for $\mathbb{Q}$, of course.

\item Once we have P13 however, there are no longer any problems.

\begin {framed}

Theorem 2 \\

$\mathbb {N}$ is not bounded above.
\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item Suppose $\mathbb{N}$ were bounded above.

\item Since

\begin {equation}

\mathbb{N} \neq \emptyset,

\end {equation}

there would be a least upper bound $\alpha$ for $\mathbb {N}§.
\item Then

\begin{equation}

\alpha \geq n \text{ for all } n \text{ in } \mathbb{N}
\end{equation}

\item Consequently,

\begin{equation}

\alpha \geq n \text{ for all } n \text{ in } \mathbb{N}
\end{equation}

since $n + 1§ is in $imathbb {N}$ if $n$ is in $\mathbb {N}§.
\item But this means that

\begin {equation}

\alpha -1 \geq n \text{ for all } n \text{ in } \mathbb{N}
\end {equation}

and this means that $\alpha-18$ is also an upper bound for $\mathbb {N}§,
contradicting the fact that $\alpha$ is the least upper bound.

\end {enumerate }
\end {proof}
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\item There is a consequence of Theorem 2 (actually an equivalent formulation)
which we have very often assumed implicitly.

\begin{framed}

For every $\varepsilon>0$ there is a natural number $n$ with

$\dfrac {1} {n}<\varepsilon$.

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item Suppose not; then

\begin{equation}

\dfrac{1} {n} \geq \varepsilon

\end {equation}

for all $n$ in $\mathbb{N}§.

\item Thus

\begin{equation}

n \leq \dfrac{1} {\varepsilon}

\end {equation}

for all $n$ in $\mathbb{N}§.

\item But this means that $\dfrac{1} {\varepsilon}$ is an upper bound for

$\mathbb {N}$§, contradicting Theorem 2.

\end {enumerate}

\end {proof}

\item A brief glance through Chapter 6 will show you that the result of Theorem 3
was used in the discussion of many examples.

\item Of course, Theorem 3 was not available at the time, but the examples were so
important that in order to give them some cheating was tolerated.

\item As partial justification for this dishonesty we can claim that this result was never
used in the proof of a theorem, but if your faith has been shaken, a review of all the
proofs given so far is in order.

\item Fortunately, such deception will not be necessary again.

\item We have now stated every property of the real numbers that we will ever need.
\item Henceforth, no more lies.

\end {enumerate}

\subsection{Problem}

\begin{enumerate}

\item

\begin {itemize}

\item Find the least upper bound and the greatest lower bound (if they exist) of the
following sets.

\item Also decide which sets have greatest and least elements (i.e., decide when the
least upper bound and greatest lower bound and greatest lower bound happens to
belong to the set)

\end {itemize}

\begin{enumerate}
\item $\bigg\{\dfrac{1} {n}:n \text{ in }\mathbb{N}\bigg\}$.
\item $\bigg\{\dfrac{1} {n}:n \text{ in }\mathbb{Z} \text{ and } n \neq 0. \bigg\}$.
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\item $\{x:x=0 \text{ or } x =\dfrac{1}{n} \text{ for some } n

\text{ in }\mathbb{N}\}$.

\item $\{x:0\leq x \leq \sqrt{2} \text{ and } x \text{ is rational}\}$.

\item $\{x:x"2+x+1 \geq 0\}$.

\item $\{x:x"2+x-1 < 0\}$.

\item $\{x:x<0 \text{ and } x"2+x-1 <0 \}$.

\item $\bigg\{\dfrac{1} {n}+(-1)"n:n \text{ in }\mathbb{N}\bigg\}§.

\end {enumerate}

\item

\begin {enumerate}

\item

\begin {itemize}

\item Suppose $A\neq\emptyset$ is bounded below.

\item Let $-A$ denote the set of all $-x$ for $x$ in $AS.

\item Prove that $-A \neq \emptyset$ is bounded above, and that $-\sup(-A)$ is the
greatest lower bound of $AS.

\end {itemize}

\item

\begin {itemize}

\item If $A \neq \emptyset$ is bounded below, let $B$ be the set of all lower bounds
of $AS.

\item Show that $B\neq\emptyset$, that $B$ is bounded above, and that $\sup B$ is
the greatest lower bound of $AS.

\end {itemize}
\end {enumerate}

\item Let $f$ be a continuous function on [a,b] with $f(a)<0<f(b)$.

\begin {enumerate}

\item

\begin {itemize}

\item The proof of the Theorem 1 showed that there is a smallest $x$ in $[a,b]$ with
$f(x)= 08.

\item Is there necessarily a second smallest $x$ in $[a,b]$ with$f(x)=0$?

\item Shoe that there is a largest $x$ in $[a,b]$ with $f(x)=08.

\item (Try to give an easy proof by considering a new function closely related to $£3$.)
\end {itemize}

\item

\begin {itemize}

\item The proof of Theorem 1 depend upon consideration of

\begin {equation}

A=\{x:a\leq x \leq b \text{ and } f\text{ is negative on }[a,b] \}.

\end {equation}

\item Give another proof of Theorem 1, which depends on consideration of

\begin {equation}

A=\{x:a\leq x \leq b \text{ and } f(x) <0 \}.

\end {equation}

\item Which point $x$ in $[a,b]$ with $f(x)=0$ will this proof locate? \item Give an
example where the sets $A$ and $B§ are not the same.

\end {itemize}
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\end {enumerate}

\item Suppose that $f$ is continuous on $[a, b]$ and that $f(a) = f(b) = 08.
\begin {enumerate}

\item

\begin {itemize}

\item Suppose also that $f(x_0) > 0$ for some $x_0$ in $[a, b]$.
\item Prove that there are numbers $c$ and $d$ with a
\begin{equation}

allegc<x 0<d\legb

\end {equation}

such that

\begin{equation}

f(0) =1(d) =0,

\end {equation}

but $f(x) > 08 for all $x$ in $(c,d)$.

\item Hint: The previous problem can be used to good advantage.
\end {itemize}

\item

\begin {itemize}

\item Suppose that $f$ is continuous on $[a, b]$ and that
\begin{equation}

f(a) < f(b).

\end {equation}

\item Prove that

there are numbers $c$ and $d$ with
\begin{equation}

a\leqc<d\leqgb

\end{equation}

such that $f(c) = f(a)$ and $f(d) = f(b)$ and
\begin{equation}

f(a) < f(x) < f(d)

\end{equation}

for all $x$ in $(c,d)$.

\end {itemize}

\end {enumerate}

\item \begin {enumerate}

\item

\begin {itemize}

\item Suppose that $y - x > 18§.

\item Prove that there is an integer $k$ such that $x <k <yS$.

\item Hint: Let $I$ by the largest integer satisfying $1 < x$, and consider $1 + 1 §.

\end {itemize}

\item
\begin {itemize}
\item Suppose $x < y$.
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\item Prove that there is a rational number $r$ such that $x < r<y8$. \item Hint: If
\begin{equation}

\dfrac{l}{n} <y - x,

\end {equation}

then

\begin{equation}

ny-nx > 1.

\end {equation}

\item (Query: Why have parts (a) and (b) been postponed until this problem set?)
\end {itemize}

\item

\begin {itemize}

\item Suppose that $r < s$ are rational numbers.

\item Prove that there is an irrational number between $r$ and $s$. \item Hint: As a
start, you know that there is an irrational number between $0$ and $185.

\end {itemize}

\item

\begin {itemize}

\item Suppose that $x <yS$.

\item Prove that there is an irrational number between $x$ and $y$. \item Hint: It is
unnecessary to do any more work; this follows from (b) and (c).

\end {itemize}

\end {enumerate}
\end {enumerate }

\newpage

\begin{appendices}

\section {Uniform Continuity}

\begin{enumerate}

\item Now that we've come to the end of the *“foundations," it might be appropriate to
slip in one further fundamental concept.

\item This notion is not used crucially in the rest of the book, but it can help clarify
many points later on.

\item We know that the function

\begin{equation}

f(x) =x"2

\end{equation}

is continuous at $a$ for all $a$.

\item In other words, if $a$ is any number, then for every $\varepsilon > 0$ there is
some

$\delta > 0$ such that, for all $x$, if

\begin {equation}

x - a] <\delta,

\end {equation}

then

\begin{equation}

|x"2 -a”2| <\varepsilon.
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\end {equation}

\item Of course, $\delta$ depends on $\varepsilon$.

\item But $\delta$ also depends on $a$\bull{--- the $\delta$ that works at $a$ might
not work at $b$ (Figure 1).}

\item Indeed, it's clear that given $\varepsilon$ there is no one $\delta>0$ that works
for all $a$, or even for all positive $a$.

\item In fact, the number $a + \dfrac{\delta} {2}$ will certainly satisfy
\begin{equation}

|x-a| <\delta,

\end {equation}

but if $a > 0%, then

\begin{equation}

\bigg|(a+t\dfrac{\delta} {2})"2 - a"2 \bigg| = \bigg|a\delta+\dfrac {\delta"2} {4} \bigg|
\geq a \delta

\end {equation}

and this won't be $<\varepsilon$ once $a > \dfrac {\varepsilon} {\delta}$.

\item (This is just an admittedly confusing computational way of saying that $f$ is
growing faster and faster!

\item On the other hand, for any $\varepsilon>0$ there will be one $\delta > 0$ that
works for all $a$ in any interval $[-N, N)$.

\item In fact, the $\delta$ which works at $N$ or $-N$ will also work everywhere else
in the interval.

\item As a final example, consider the function

\begin{equation}

f(x) = \sin\bigg(\dfrac{1} {x}\bigg),

\end {equation}

or the function whose graph appears in Figure 18 on page 62.

\item It is easy to see that, so long as $\varepsilon < 18§, there will not be one

$\delta >0$ that works for these functions at all points a in the open interval $(0, 1)$.
\item These examples illustrate important distinctions between the behavior of various
continuous functions on certain intervals, and there is a special term to signal this
distinction.

\begin{framed}

\textbf{ DEFINITION }\\

The function $f$ is uniformly continuous on an interval $AS if for every
$\varepsilon > 0$ there is some $\delta >0$ such that, for all $x$ and $y$ in $AS, if
\begin{equation}

X - y| <\delta,

\end{equation}

then

\begin{equation}

[f(x) - f(y)|< \varepsilon.

\end{equation}

\end {framed}

\item We've seen that a function can be continuous on the whole line, or on an open
interval, without being uniformly continuous there.

\item On the other hand, the function

\begin{equation}
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f(x) =x"2

\end {equation}

did turn out to be uniformly continuous on any closed interval.

\item This shouldn't be too surprising it's the same sort of thing that occurs when we
ask whether a function is bounded on an interval\bull {--- and we would be led to
suspect that any continuous function on a closed interval is also uniformly continuous
on that interval.}

\item In order to prove this, we'll need to deal first with one subtle point.

\item Suppose that we have two intervals $[a, b]$ and $[b, ¢)$ with the common
endpoint $b$, and a function $f$ that is continuous on $(a,c)$. \item Let
$\varepsilon > 0$ and suppose that the following two statements hold:
\begin{enumerate}[I.]

\item if $x§ and $y$ are in $[a, b]$ and $|x-y| <\delta 18§, then $|f(x) - f(y)| <
\varepsilon$,

\item if $x§ and $y§ are in $[b, c]$ and §|x — y| <\delta 2§, then $|f(x) - f(y)|<
\varepsilon$.

\end {enumerate}

\item We'd like to know if there is some $\delta >0$ such that

\begin{equation}

[f(x) - f(y)|< \varepsilon

\end {equation}

whenever $x$ and $y$ are points in $[a, c]$ with §|x - y| <\delta$.

\item Our first inclination might be to choose $\delta$ as the minimum of
$\delta 1$ and $\delta 2$.

\item But it is easy to see what goes wrong (Figure 2):\bull{ we might have $x$ in
$[a, b]$ and $y$ in $[b, ¢)$, and then neither (1) nor (II) tells us anything about
\begin {equation}

F(x) - fy)-

\end {equation}

}

\item So we have to be a little more cagey, and also use continuity of $f$ at $b$.

\begin {framed}

LEMMA \\\

\begin{enumerate}[1.]

\item Let $a<b<c$ and let $f$ be continuous on the interval $[a,c]$.
\item Let $\varepsilon > 0$, and suppose that statement (I) and (II) hold.
\item Then there is a $\delta > 0$ such that, if

\begin {equation}

|x-b| <\delta {3}

\end {equation}

then

\begin {equation}

[f(x) - f(y)| < \varepsilon.

\end {equation}

\end {enumerate}

\end {framed}

\begin {proof}\
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\begin{enumerate}[1.]

\item Since $f$ is continuous at $b$, there is a $\delta {3} > 08 such that, if
\begin{equation}

|x-bj<\delta {3},

\end {equation}

then

\begin{equation}

[f(x)-f(y)|< \dfrac{\varepsilon} {2}.

\end {equation}

\item It follows that (III) if

\begin{equation}

|x-bj<\delta {3} \text{ and } |y-b|<\delta {3}
\end {equation}

then

\begin{equation}

[f(x)-f(y)|<\varepsilon .

\end {equation}

\item Choose $\delta$ to be the minimum of $\delta {1}$, $\delta {2}$ , and
$\delta {3}8$.

\item We claim that this $\delta$ works.

\item In fact, suppose that $x$ and $y$ are both in $[b,c]$, then
\begin{equation}

[f(x)-f(y)<\varepsilon|

\end {equation}

by (1I).

\item The only other possibility is that

\begin {equation}

x<b<y \quad y<b<x.

\end {equation}

\item In either case, since
\begin{equation}

|x-y|<\delta,

\end{equation}

we also have

\begin{equation}

|x-b|<\delta \text{ and } |y-b|<\delta.
\end{equation}

\item So

\begin {equation}
[f(x)-f(y)|<\varepsilon
\end {equation}
by(III)

\end {enumerate}

\end {proof}



|:| |:| A 84/87

\begin{framed}

THEOREM 1 \\

If $£$ is continuous on $[a,b]$, then $f$ is uniformly continuous on $[a,b]$.

\end {framed}

\begin {proof}\

\begin{enumerate}[1.]

\item It's the usual trick, but we've got to be a little bit careful about the mechanism of
the proof.

\item For $\varepsilon > 0$ let's say that $f$ is $\varepsilon-good$ on $[a,b]$ if there
is some $\delta>0$ such that, for all $y$ and $z$ in $[a,b]$, if

\begin{equation}
ly-z|<\delta,

\end {equation}

then

\begin{equation}
|f(y)-f(z)|<\varepsilon.
\end {equation}

\item Then we're trying to prove that $f$ is $\varepsilon-good$ on $[a,b]$ for all
$\varepsilon>08.

\item Consider any particular $\varepsilon > 08$.

\item Let

\begin{equation}

A = {x:a\leq x \leq b \text{ and } f\text{ is }\varepsilon-good \text{ on } [a,x]}.
\end {equation}

\item Then $A\neq \emptyset$ (since $a$ is in $AS$), and $AS is bounded above (by
$b%), so $AS$ has a least upper bound $\alpha$.

\item We really should write $\alpha {\varepsilon}$, since $A$ and $\alpha$ might
depend on $\varepsilon$.

\item But we won't since we intend to prove that $\alpha = b$, no matte what
$\varepsilon$ is.

\item Suppose that we had $\alpha < b$.

\item Since $f$ is continuous at $\alpha$, there is some $\delta {0} > 0$ such that, if
\begin {equation}

ly-\alpha|<\delta {0},

\end {equation}

then

\begin {equation}

[f(y)-f(\alpha)| <\dfrac{\varepsilon} {2}.

\end {equation}

\item Consequently, if

\begin {equation}

ly-\alpha| <\delta {0} \text{ and }|z-\alpha| <\delta {0},

\end {equation}

then

\begin{equation}

[f(y)-f(z)|< \varepsilon.
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\end {equation}

\item So $f$ is surely $\varepsilon - good$ on the interval
\begin{equation}

[\alpha - \delta {0},\alpha + \delta {0}].

\end {equation}

\item On the other hand, since $\alpha$ is the least upper bound of $AS, it
$\varepsilon - good$ on

\begin{equation}

[a,a+\delta {0}],

\end {equation}

so $a +\delta {0}$ is in $AS, contradiction the fact that $\alpha$ is an upper bound.

\item To complete the proof we just have to show that $\alpha = b§ is actually in $AS.
\item The argument for this is practically the same:

\item Since $f$ is continuous at $b$, there is some $\delta {0} > 08 such that, if
\begin{equation}

|b-y|<\delta {0},

\end {equation}

then

\begin{equation}

[f(y)-f(b)| <\dfrac{\varepsilon}{2}.

\end {equation}

\item So $f$ is $\varepsilon - good$ on

\begin{equation}

[b-\delta {0},b].

\end{equation}

\item But $f$ is also $\varepsilon - good$ on

\begin{equation}

[a,b- \delta {0}],

\end{equation}

so the Lemma implies that $f$ is $\varepsilon - good$ on $[a,b]S$.
\end {enumerate}

\end {proof}

\end {enumerate }
\end {appendices}

\end {document}
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FIGURE 2

LEMMA

Let a <b <c and let f be continuous on the interval (a, c). Let € > 0, and suppose that
statements (i) and (i1) hold. Then there is a d > 0 such that,

if x and y are in [a, ¢) and (x - y < &, then if(x) - f(y)< €.

%%0%0%0%%%%%%%%%:%0%6%%%%%%

(d) Suppose that x <y. Prove that there is an irrational number between x

and y. Hint: It is unnecessary to do any more work; this follows from

(b) and (c). *6. A set A of real numbers is said to be dense if every open interval
contains a

point of A. For example, Problem 5 shows that the set of rational numbers and the set
of irrational numbers are each dense. (a) Prove that if f is continuous and f(x) = 0 for
all numbers x in a dense

set A, then f(x) = 0 for all x. (b) Prove that if f and g are continuous and f(x) = g(x)
for all x in a dense

set A, then f(x) = g(x) for all x. (c) If we assume instead that f(x) > 8(x) for all x in A,
show that f(x) >

8(x) for all x. Can > be replaced by > throughout?

Prove that if f is continuous and f(x +y) = f(x) + f(y) for all x and y, then there is a
number ¢ such that f(x) = cx for all x. (This conclusion can be demonstrated simply
by combining the results of two previous problems.) Point of information: There do
exist noncontinuous functions f satisfying f(x +y) = f(x) + f(y) for all x and y, but we
cannot prove this now; in fact, this simple question involves ideas that are usually
never mentioned in any undergraduate course. The Suggested Reading contains
references.

7.

86/87
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8. Least Upper Bounds 139

*8.

Suppose that f'is a function such that f(a) = f(b) whenever a <b (Figure 6).

ra"

X-at

(a) Prove that lim f(x) and lim f(x) both exist. Hint: Why is this prob

lem in this chapter? (b) Prove that f never has a removable discontinuity (this
terminology comes

from Problem 6-16). (c) Prove that if f satisfies the conclusions of the Intermediate
Value The

orem, then f is continuous.

*9.

If fis a bounded function on [0, 1], let III ||| = sup{if(x) : x in [0, Prove analogues of
the properties of || || in Problem 7-14.

10. Suppose a > 0. Prove that every number x can be written uniquely in the

form x = ka + x', where k is an integer, and 0 < x <a.

FIGURE 6

one side of PLAN

sides of P

T

11. (a) Suppose that aj, aj, a3, ... is a sequence of positive numbers with

Antl <an/2. Prove that for any € > Othere is some n with an <€. (b) Suppose P is a
regular polygon inscribed inside a circle. If p' is the

inscribed regular polygon with twice as many sides, show that the difference between
the area of the circle and the area of p' is less than half the

difference between the area of the circle and the area of P (use Figure 7). (c) Prove
that there is a regular polygon P inscribed in a circle with area

as close as desired to the area of the circle. In order to do part (C) you will need part
(a). This was clear to the Greeks, who used part (a) as the basis for their entire
treatment of proportion and area. By calculating the areas of polygons, this method
("the method of exhaustion") allows computations of a to any desired accuracy,
Archimedes used it to show

that 273 <1 <27. But it has far greater theoretical importance: *d) Using the fact that
the areas of two regular polygons with the same num

ber of sides have the same ratio as the square of their sides, prove that the areas of two
circles have the same ratios as the square of their radii. Hint: Deduce a contradiction
from the assumption that the ratio of the areas is greater, or less, than the ratio of the
square of the radii by inscribing appropriate polygons.

FIGURE 7

12. Suppose that A and B are two nonempty sets of numbers such that x =y

for all x in A and all y in B.

(a) Prove that sup A Sy for all y in B. (b) Prove that sup A sinf B.

13. Let A and B be two nonempty sets of numbers which are bounded above, and
let A+B denote the set of all numbers x+y with x in A and y in B. Prove that
sup(A+B) = sup A+sup B. Hint: The inequality sup(A+B) < sup Atsup B is easy.
Why? To prove that sup A +sup B 5 sup(A + B) it suffices to prove that sup A + sup
B <sup(A+B) + ¢ for all € > 0; begin by choosing x in A

87/87
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5 Limit (p.91)

5.1

1.

Context

The concept of a limit is surely the most important, and probably the most difficult one in all
calculus.

. The goal of this chapter is

“the definition of limits,”

but we are, once more, going to begin with a provisional definition;

e what we shall define is not the word “limit” but the notion of a function approaching a limit.

PROVISIONAL DEFINITION

The function f approaches the limit [ near a, if we can make f(z) as close as we like to
[ by requiring that = be

e sufficiently close to, but no equal to, a

3. Of the six functions graphed in Figure 1, only the first three approach [ at a.

| !

J

Notice that although g(a) is not defined and h(a) is defined “the wrong way”, it is still true that g
and h approach [ near a.

FIGURE 1

. This is because we explicitly ruled out, in our definition, the necessity of ever considering the value

of the function at a

e — it is only necessary that f(z) should be close to [ for z close to a, but unequal to a.

. We are simply not interested in the value of f(a), or even in the question of whether f(a) is defined.

One convenient way of picturing the assertion that f approaches / near a is provided by a method
of drawing functions that was not mentioned in Chapter 4.

. In this method, we draw two straight lines, each representing R, and arrows from a point x in one,

to f(x) in the other.
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9. Figure 2 illustrates such a picture for two different functions.

¢
(a) f(x) =¢
5, e 0 1 >
(b) f(x) = »*

FIGURE 2

10. Now consider a function f whose drawing looks like Figure 3.

T

FIGURE 3

11. Suppose we ask that f(x) be close to [, say within the open interval B which has been drawn in
Figure 3.

12. This can be guaranteed if we consider only the numbers x in the interval A of Figure 3.

13. (In this diagram we have chosen the largest interval which will work; any smaller interval containing
a could have been chosen instead.)

14. If we choose a smaller interval B’ (Figure 4) we will, usually, have to choose a smaller A’
e but no matter how small we choose the open interval B,

there is always supposed to be some open interval A which works.
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a \vA’

FIGURE 4

15. A similar pictorial interpretation is possible in terms of the graph of f, but in this case

e the interval B must be drawn on the vertical axis, and

o the set A on the horizontal axis.
16. The fact that f(x) is in B when x is in A means that

e the part of the graph lying over A is contained in the region which is bounded by the horizontal
lines through the end points of B;

e compare Figure 5(a), where a valid interval A has been chosen, with Figure 5(b), where A is
too large.

(a) (b)

FIGURE 5

17. In order to apply our definition to a particular function, let us consider

(@) = wsin (1) (5.1)

X

(Figure 6).



1L B

18.

19.

20.

21.

22.
23.

24.

/

FIGURE 6

Despite the erratic behavior of this function near 0 it is clear, at least intuitively, that f approaches 0
near 0, and it is certainly to be hoped that our definition will allow us to reach the same conclusion.

In the case we are considering, both a and [ of the definition are 0, so we must ask if we can get

1
f(x) = sin —

as close to 0 as desired if we require that x be sufficiently close to 0, but # 0.

To be specific, suppose we wish to get

1 1
in — within — of 0.
x sin — within 10 of 0

T

This means we want

1
10 x 10

sin l <i
/|~ 10

or, more sufficiently,

Now this is easy.

Since .
sin‘ <1, Vx#0
T
we have )
xsin‘ < |z|, YV #0
x
This means that if

1
x<ﬁanda:7é0,

then

. 1‘ 1
xsin —
x

(5.2)

5/85
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e in other words,

xsini is within 1—10 of 0 (5.10)
e provided that x is within
% of 0, but # 0. (5.11)

1
25. There is nothing special about the number 10’

e it is just as easy to guarantee that

1
|f(z) —0] < 100 (5.12)
e simply require that .
100° but = # 0. (5.13)
26. In fact, if we take any positive number € we can make
|f(x) -0 <e (5.14)

simply by requiring that |z| < &, and z # 0

27. For the function ]
f(z) = 2% sin —
T

(Figure 7) it seems even clearer that f approaches 0 near 0.

28. If, for example, we want

1 1
92 .

e — 5.15
| smgc]<10 (5.15)
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29.

30.

31.

32.

then we certainly need only require that

1
|m\<1—0andx750,

1
since this implies that \x2| < 100 and consequently

|xZSinl\ <|2?| < L < L
z = 100 10

(We could do even better, and allow

1
r| < —— and x # 0,
|| T #

but there is no particular virtue in being as economical as possible.)
In general, if € > 0, to ensure that
1
|z%sin ~| < e
x

we need only require that
|z] < eand z #0,

provided that ¢ < 1.

If we are given an ¢ which is greater than 1

e (it might be, even thought it is “small” &’s which are of interest),

e then it does not suffice to require that |z| < ¢,

e but it certainly suffices to require that |z| < 1 and z # 0.

As a third example, consider the function

(@) = /o sin CC) (Figure 8).

S

\ﬂim
I

rd

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

7185
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33.

34.

35.
36.

37.

38.

39.

In order to make )
’ || sin ' <e (5.22)
T

we can require that
2] < e?and 2 # 0 (5.23)
(the algebra is left to you).

1
Finally, let us consider the function f(z) = sin — (Figure 9).
x

For this function it is false that f approaches 0 near 0.

This amounts to saying that it is not true for every number € > 0 that we can get

|f(z) -0l <e (5.24)
by choosing z sufficiently small, and # 0.
To show this we simply have to find one € > 0 for which the condition

|f(z) -0 <e (5.25)
cannot be guaranteed, no matter how small we require |z| to be.

In fact, € = % will do:

1
e it is impossible to ensure that |f(x)| < 5 bo matter how small we require |x| to be;

e for if A is any interval containing 0, there is some number x = m which is in this

interval, and for this « we have f(x) = 1.

This same argument can be used (Figure 10) to show that f does not approach any number near 0.

8/85
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40.

41.

42.

43.

44.

45.

To show this we must again find, for any particular number [/, some number £ > 0 so that
|f(z) =1l <e (5.26)
is not true, no matter how small x is required to be.

1
The choice ¢ = 3 works for any number [; that is, no matter how small we require |z| to be, we

cannot ensure that 1

|f(x) =1 < 3 (5.27)
The reason is, that for any interval A containing 0 there is some
1
x] = 190 1 360n) (5.28)
in this interval, so that
fla) =1 (5.29)
and also some )
To = m (5.30)
in this interval, so that
flaz) = 1 (5.31)

1 1
But the interval from [ — 3 to [ + 3 cannot contain both —1 and 1, since its total length is only 1;
so we cannot have 1 ]
]1—l\<§andalsol—1—l]<§ (5.32)

no mater what [ is

1
The phenomenon exhibited by f(z) = sin — near 0 can occur in many ways.
x

If we consider the function

0, = irrational
fla) = . (5.33)
1, x rational,

then no matter what a is, f does not approach any number [ near a.

9/85
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46. In fact, we cannot make
1
[f(z) =1l < (5.34)
no matter how close we bring x to a,
e because in any interval around a there are numbers = with f(z) = 0,
e and also numbers x with f(x) = 1, so that we would need
1 1
|O—l|<1and also|1—l|<1. (5.35)
47. An amusing variation on this behavior is presented by the function shown in Figure 11:
x, x rational
flz) = o (5.36)
1, x irrational,
g " _ | x, x rational
. fz) = 0, x ir:ra?iocrl:al
FIGURE 11
48. The behavior of this function is “opposite” to that of
g(x) =sin — (5.37)
x

49.
50.

ol.

52.

it approaches 0 at 0, but does not approach any number

at a, if a # 0.

By now you should have no difficulty convincing yourself that this is true.

As a contrast to the functions considered so far, which have been quite pathological, we will now

examine some of the simplest functions.

If f(z) = ¢, then f approaches ¢ near a, for every number a.

In fact, to ensure that
[f(z) —d <e

(5.38)

one does not need to restrict x to be near a at all; the condition is automatically satisfied

(Figure 12).

10

10/85
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.......... ol | ~f(x) = (=== =—m
Tttt T ST T T

FIGURE 12

53. As a slight variation, let f be the function shown in Figure 13:

fla) = {_1’ vy (5.39)

1,2>0

fix)=1 x>0

4 X
y :
b a

J)=—-1x<0

FIGURE 13

54. If a > 0, then f approaches [ near a: indeed, to ensure that

[flx) =1 <e (5.40)
it certainly suffices to require that
|z —al <a, (5.41)
since this implies
—a<zxr—a (5.42)
or0 <z (5.43)

so that f(x) = 1.

55. Similarly, if b < 0, then f approaches -1 near b: to ensure that
|fz)-(-1)] <e (5.44)

it suffices to require that |z — b| < —b.

11
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56.
o7.
58.

99.
60.

61.

62.

63.

64.

65.

66.

Finally, as you may easily check, f does not approach any number near 0.
The function f(z) = x is easily dealt with.
Clearly f approaches a near a: to ensure that
|f(x) —a] <e (5.45)

we just have to require that
|z—a| <e. (5.46)

The function f(x) = z? requires a little more work.
To show that f approaches a near a , we must decide how to ensure that

|2® —a?| < e. (5.47)

Factoring looks like the most promissing procedure: we want

|z —al-|lz+al <e (5.48)

Obviously the factor |z + a| is the one that will cause trouble.
On the other hand, there is no need to make |z + a| particularly small;
e as long as we know some bound on the values of |z + a| we will be in good shape.

For example, if

|z + a|] < 1,000,000, (5.49)
then we will just need to require that
€
—al < ———. 5.50
[ = al < {50000 (5:50)

Therefore, to begin with, let us require that |z — a| < 1

e (any positive number other than I would do just as well);

e presumably this will ensure that z is not too large, and consequently that |z + a| is not too
large.

As a matter of fact, Problem 1-12 shows that

|z| —|a| < |z —al <1, (5.51)
SO
2| <1+ al, (5.52)
and consequently
|z +a| < |z|+ |a] < 2la| +1 (5.53)

12
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67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

Now we need only the additional requirement that

3

r—al < —m—mm.
v al < G

In other words, if

|z — a| < min I,L ,
2al +1

then
2% — a?| < e.
Naturally,
€
min (1, ———
( (2lal + 1))
will just be
<
(2lal +1)
for small €.
Precisely the same sort of trick will show that if
fla) =,
then f approaches a® near a.
In fact, if
€
Tz —a| <min (1, ,
o=l <min (4 {r o )
then

l2® —a®| <e.

The proof of this assertion will show where the weird denominator comes from:

If |z — a|] < 1, then |z| < |a|] 4+ 1, and consequently

0% + az + a®| < |a* +|al - || + |af?
< (1+a)? + lal(1 + la]) + |af?

Therefore

3 a3 = |z —a|-|2® + ax + d?|
5

<
(1+lal)? + |al (1 + |a]) + [af?
=c

|z

[+ laD)? + lal (1 + la]) + |al?]

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

The time has now come to point out that of the many demonstrations about limits which we have

given, not one has been a real proof.

The fault lies not with our reasoning, but with our definition.

13
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77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

If our provisional definition of a function was open to criticism, our provisional definition of ap-
proaching a limit is even more vulnerable.

This definition is simply not sufficiently precise to be used in proofs.
It is hardly clear how one “makes” f(x) close to 1
e (whatever “close” means)
by “requiring” x to be sufficiently close to a
e (however close “sufficiently” close is supposed to be).
Despite the criticisms of our definition you may feel
e (I certainly hope you do)
that our arguments were nevertheless quite convincing.

In order to present any sort of argument at all, we have been practically forced to invent the real
definition.

It is possible to arrive at this definition in several steps, each one clarifying some obscure phrase
which still remains.

Let us begin, once again, with the provisional definition:

e The function f approaches the limit [ near a, if we can make f(z) as close as we like to [ by
requiring that x be sufficiently close to, but unequal to, a.

The very first change which we made in this definition was to note that making f(z) close to [ meant
making

|f(z) =1 (5.64)

small, and similarly for = and a:

e The function f approaches the limit [ near a, if we can make |f(z) — [| as small as we like by
requiring that |z — a| be sufficiently small, and z # a.

The second, more crucial, change was to note that making
|f(z) =1 (5.65)

“as small as we like” means making

Iflx) =1 <e (5.66)
for any € > 0 that happens to be given us:
e The function f approaches the limit [ near a, if for every number € > 0 we can make
Iflx) =1 <e (5.67)
by requiring that |x — a| be sufficiently small, and x # a.

There is a common pattern to all the demonstrations about limits which we have given.

14
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87. For each number € > 0 we found some other positive number, § say, with the property that if
x #aand |z —a| <0, (5.68)

then
If(x) =1 <e. (5.69)

88. For the function .
f(x) = zsin <3:> (5.70)

e (with a =0, [ =0), the number § was just the number ¢;

e for

fla) = Vielsin () 5.7

it was &2 for
f(z) = 2? (5.72)

it was the minimum of

1 and (5.73)

_c
2al + 1
89. In general, it may not be at all clear how to find the number J, given ¢, but it is the condition
[z —al <§ (5.74)
which expresses how small “sufficiently” small must be:

e The function f approaches the limit [ near a, if for every € > 0

e there is some § > 0 such that, for all z, if |z — a| < § and = # a, then |f(z) — 1| < e.
90. This is practically the definition we will adopt.

91. We will make only one trivial change, nothing that “|z — a| < § and = # a” can just as well be
expressed “0 < |z —a| < 0”.

DEFINITION

The function f approaches the limit [ near ¢ means:
e for every € > 0 there is some § > 0 such that, for all z, if
0<|z—al <9, (5.75)

then
If(x) =1 <e. (5.76)

92. This definition is so important

e (everything we do from now on depends on it)

15
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93.
94.

95.

96.

97.
98.

99.

that proceeding any further without knowing it is hopeless.
If necessary memorize it, like a poem!
That, at least, is better than stating it incorrectly;

e if you do this you are doomed to give incorrect proofs.

A good exercise in giving correct proofs is to review every fact already demonstrated about functions
approaching limits, giving real proofs of each.

This requires writing down the correct definition of what you are proving, but not much more-all
the algebraic work has been done already.

When proving that f does not approach [ at a, be sure to negate the definition correctly:
If it is not true that

e for every € > 0

e there is some ¢ > 0 such that, for all x if
0<|z—al <, (5.77)
then
|f(z) =1 <e (5.78)
e then there is some £ > 0 such that for every é > 0
e there is some x which satisfies
0<|z—a|l<d (5.79)
but not
If(x) =1 <e (5.80)
Thus, to show that the function
1
f(z) = sin - (5.81)

1
does not approach 0 near 0, we consider € = 3 and note that for every € > 0 there is some z with

0<|z—0]<$§ (5.82)
but not
inL —of <2 (5.83)
sin — — = .
T 2
-namely, an z of the form
1
o L arn’ 5.84
(90 + 360n) ( )
where n is so large that
LI (5.85)
(90 + 360n) ’ '

16
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100.

101.

102.
103.

104.

105.
106.
107.

108.

109.

17/85

As an illustration of the use of the definition of a function approaching a limit, we have reserved the
function shown in Figure 14, a standard example, but one of the most complicated:

0, x irrational, 0 <z < 1
fl@)=41 (5.86)
q’

¢ = 2 in lowest terms, 0 <z <1

&+ °
0, x irrational
fx) = %r x= 2 in lowest terms

i L] ®
1+ ® [
1 ° . ° ®
- ° ®
++ . ° . ° . .

o--dli-ia-d- ol 4 il bt 4 il i L

i 0+t ¥ + ¥ 1t 1
FIGURE 14

(Recall that b is in lowest terms if p and ¢ are integers with no common factor and ¢ > 0. )
q

For any number a, with 0 < a < 1, the function f approaches 0 at a.

To prove this, consider any number € > 0.

1
Let n be a natural number so large that — < e.
n

Notice that the only numbers x for which |f(x) — 0] < € could be false are:

(5.87)

1
273737474757575757"'7%7"'7 n
f

(If a is rational, then a might be one of these numbers.)
However many of these numbers there may be, there are, at any rate, only finitely many.

Therefore, of all these numbers, one is closest to a; that is,

(5.88)

is smallest, for one 2 among these numbers.

p
- —a

for 2 #a.)
q

(If a happens to be one of these numbers, then consider only the values
q

This closest distance may be chosen as the 4.

17
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110.

111.

112.

113.

114.

For if
0<|z—al <, (5.89)
then x is not one of
1 n—1

and therefore |f(z) — 0| < ¢ is true.
This completes the proof.

Note that our description of the ¢ which works for a given e is completely adequate—there is no
reason why we must give a formula for § in terms of ¢.

Armed with our definition, we are now prepared to prove our first theorem;
e you have probably assumed the result all along, which is a very reasonable thing to do.
This theorem is really a test case for our definition:

e if the theorem could not be proved, our definition would be useless.

THEOREM 1

A function cannot approach two different limit near a.

e In other words, if f approaches [ near a, and f approaches m near a, then [ = m.

115.

116.

117.

118.

PROOF

Since this is our first theorem about limits it will certainly be necessary to translate the hypotheses
according to the definition.

Since f approaches [ near a, we know that for any € > 0 there is some number §; > 0 such that, for
all x, if
0<|z—al <d, (5.91)

then
|f(x) —1] <e. (5.92)

We also know, since f approaches m near a, that there is some d9 > 0 such that, for all z, if
0 < |z —a| < d2, (5.93)

then
|f(z) —m]| <e. (5.94)

We have had to use two numbers, d; and do, since there is no guarantee that the § which works in
one definition will work in the other.

18
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119.

120.

121.

122.

123.

124.

125.

But, in fact, it is now easy to conclude that for any € > 0 there is some d > 0 such that, for all z, if

0<|z—al <9, (5.95)
then
|f(z) =1 <eand |f(z) —m| <¢; (5.96)
we simply choose
d = min(dy, d2). (5.97)

To complete the proof we just have to pick a particular € > 0 for which the two conditions
|f(x) =1l <eand |f(z) —m|<e (5.98)
cannot both hold, if I # m.

The proper choice is suggested by Figure 15.

N J\ e

It =n I~ nl
length 5 lergth )

FIGURE 15

If I # m, so that
|l —m| >0, (5.99)

we can choose as our €.

|l —m|
2

It follows that there is a § > 0 such that, for all z, if

0<l|z—a|l <o, (5.100)

then l l
Fz)—1] < —2my and | f(z) — m]| < | _Qm‘ (5.101)
This implies that for 0 < |z — a| < § we have
L=m| =l - f(x)+ f(z) —m]|
<= f@)+[f (@) —m]
- |l —m]| N |l —m]| (5.102)
2 2
=l —m)|

a contradiction. W

The number [ which f approaches near a is denoted by 111>n f(x)

e (read: the limit of f(x) as = approaches a).

19
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126.

127.

128.

129.

130.

131.

132.

133.

134.

This definition is possible only because of Theorem 1, which ensures that liin f(x) never has to
r—a

stand for two different numbers.
The equation

lim f(x) =1 (5.103)

T—ra

has exactly the same meaning as the phrase

f approaches [ near a. (5.104)
The possibility still remains that f does not approach [ near a, for any [, so that lim f(z) = [ is
r—a
false for every number .

This is usually expressed by saying that ”lim f(x) does not exist.”
Tr—a

Notice that our new notation introduces an extra, utterly irrelevant letter x,

e which could be replaced by t, y, or any other letter which does not already appear — the
symbols

lim f(x), lim f(t), lim f(y), (5.105)

r—a t—a y—ra

e all denote precisely the same number, which depends on f and a, and has nothing to do with
x, t, or y.

e (these letters, in fact, do not denote anything at all).

A more logical symbol would be something like lim f, but this notation, despite its brevity, is so
a

infuriatingly rigid that almost no one has seriously tried to use it.

The notation lim f(x) is much more useful because a function f often has no simple name, even
r—a
though it might be possible to express f(z) by a simple formula involving x.
Thus, the short symbol
lim (2% + sin x) (5.106)

Tr—a
could be paraphrased only by the standard symbolism is illustrated by the expressions
lim 2 + ¢3
oa (5.107)

limz + ¢
t—a

The first means the number which f approaches near a when
f(z)=x+1t3, forallz (5.108)
the second mean the number which f approaches near a when

f)=x 413, forallt (5.109)

20
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135.

136.
137.

138.

139.

140.

141.

142.

143.

You should have little difficult (especially if you consult Theorem 2) proving that

limz+6 =a+t3
r—a

5.110
limz + 2 =z +a® ( )
t—a

These examples illustrate the main advantage of our notation, which is its flexibility.

In fact, the notation lim f(z) is so flexible that there is some danger of forgetting what it really
T—a
means.

Here is a simple exercise in the use of this notation, which will be important later: first interpret
precisely, and then prove the equality of the expressions

lim f(z) and }llii%f(a—i—h) (5.111)

T—ra

An important part of this chapter is the proof of a theorem which will make it easy to find many
limits.

The proof depends upon certain properties of inequalities and absolute values, hardly surprising
when one considers the definition of limit.

e Although these facts have already been stated in Problems 1-20, 1-21, and 1-22, because of
their importance they will be presented once again,
e in the form of a lemma (a lemma is an auxiliary theorem, a result that justifies its existence
only by virtue of its prominent role in the proof of another theorem).
The lemma says, roughly, that if = is close to xg, and y is close to ygy, then x 4+ y will be close to

1
o + yo, and zy will be close to xgyg, and — will be close to —.
) Yo

This intuitive statement is much easier to remember than the precise estimates of the lemma,

e and it is not unreasonable to read the proof of Theorem 2 first,

e in order to see just how these estimates are used.

LEMMA
(a) If
5 £
|z — z0] < 3 and |y — yo| < 5 (5.112)
then
[(x+y) — (o +yo)| <e (5.113)
(b) If
J:—x|<min<1 6) and |y — |<78 (5.114)
' 2l + 1)) T (el 1) |
then
|2y — woyol < e. (5.115)

21
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(c) If
2
yo # 0 and |y — yo| < min <|y2o|’ €|y20\ > , (5.116)
then
1 1
y#0and |- - —|<e. (5.117)
Yy Yo
PROOF
(a)
[(z +y) — (w0 + 50)| = [(z — x0) + (¥ — v0)]|
< |z = ol + |y — o
<8¢ (5.118)
2 2
=e.
(b) 1. Since |x — zg| < 1 we have
|z| — |xo| < |z — 20| < 1, (5.119)
so that
2] < 1+ |zol. (5.120)
2. Thus
2y — 2oyo| = |2(y — yo) + yo(x — 20)|
< |zl |y = yol + |yol - [z — 0|
< (o) - g5 + ol - 5
2ol + 1) T 2(fgol + 1) (5.121)
£ €
2 2
=e.
(c) 1. We have
Yo
[yl = Iyl < ly — ol < T (5.122)
so |y| > |y20|.
2. In particular, y # 0,and
1 2
— <= (5.123)
vl lyol
3. Thus )
1 1 — 2 1
‘ A oyl 21 el g (5.124)
vy vl lyl-lwol ~lwol lwol 2
THEOREM 2

22
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1. If lim f(z) =1 and liin g(x) = m, then

T—ra

(1) Lm(f+g)(x)=1+m;

v (5.125)
@ lm(f-g)@) =-m.
2. Moreover, if m # 0, then
i 1 1
(3) il_rg (g) (z) = o (5.126)

PROOF:

1. The hypothesis means that for every € > 0 there are 1, d2 > 0 such that, for all z, if

0<|z—al <d, (5.127)
then
Iflx) =1 <e (5.128)
and if
0<|z—al <d (5.129)
then
l9(z) —m[ <e (5.130)
2. This means (since, after all, % is also a positive number) that there are d1,d2 > 0 such that, for
all x, if
0<|z—al<h (5.131)
then _
[flz) =1l <3 (5.132)
and if
0 < |z —a| < d2, (5.133)
then .
l9(@) —m| < 3. (5.134)
3. Now let
5 = min((Sl, 52) (5135)
4. If
0<|z—al <9, (5.136)
then
0<|z—al <& (5.137)
and
O0<l|r—a|l<d—2 (5.138)
are both true, so both
1f(x) — 1| < g and |g(z) — m| < % (5.139)

are true.

23
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5. But by part (1) of the lemma this implies that
((f+9)(x) — (I —m)| <e. (5.140)

6. This proves (1).
7. To prove (2) we proceed similarly, after consulting part (2) of the lemma, € > 0

e there are d1,d2 > 0 such that, for all x,

if
0<|z—al <d, (5.141)
then
€
—1 in(1l, —— 142
) = 1] < min (1,55 ). (5.142)
and if
0 < |z —a| < d2, (5.143)
then -
— _—. 5.144
9(e) =l < 3y (5.144)
8. Again let
6= min(51,52). (5145)
9. If 0 < |x — a|] < 9, then
€
— in|{l, ——— .14
) = 1) < min (1,55 (5.146)
and .
— _ 14
9(e) = m| < 5 (5.147)
10. So, by the lemma,
[(f-g)(x) —1-m| <e, (5.148)
and this proves (2).
11. Finally, if € > 0 there is a § > 0 such that, for all x, if
0<|z—a|l <o, (5.149)
then ,
lg(z) — m| < min <‘7;’ 6’72”‘ ) . (5.150)

1
144. But according to part (3) of the lemma this means, first, that g(z) # 0, so —(x) makes sense, and
g

second that
1 1
- - —|<e. 5.151
@)=l <e (5.151)
145. This proves (3).
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THEOREM 2

1. If lim f(z) = and lim g(x) = m, then
r—a r—a

(1) lm(f+g)(z)=1+m;

ra (5.152)
(2)  lim(f-g)@)=1-m.
T—a
2. Moreover, if m # 0, then
. 1 1
146. Using Theorem 2 we can prove, trivially, such facts as
23+ T ad +T7d°
:};l—rgz 22+1 a®+1’ (5.154)
without going through the laborious process of finding a J, given an e.
147. We must begin with
lim7=7, (5.155)
Tr—a
lim1=1, (5.156)
Tr—a
lim z = a, (5.157)
T—a
but these are easy to prove directly.
148. If we want to find the §, however, the proof of Theorem 2 amounts to a prescription for doing this.
149. Suppose, to take a simpler example, that we want to find a § such that, for all z, if
0<|z—a|l<d (5.158)
then
2% + 2 — (a® +a)| < e. (5.159)
THEOREM 2
1. If lim f(z) = and lim g(z) = m, then
Tr—a r—a
(1)  lm(f+g)(x)=101+m;
ea (5.160)
(2)  lim(f g)x) =1-m
Tr—a
2. Moreover, if m # 0, then
. 1 1
(3) :ll_rgll <g> ($) = a (5161)
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150. Consulting the proof of Theorem 2(1), we see that we must first find d; and d2 > 0 such that, for

all x, if

then

if

then

151. Since we have already given proofs that lim x

152. Thus we can take

0<|z—al <d, (5.162)
2 2 €
|z —a’| < 3 (5.163)
0<|z—al <o, (5.164)
€
|lx —a| < 7 (5.165)
2 — 42 and lim 2 = a, we know how to do this:
r—a r—a
z €
§p=min (1,—2— ), 3=~ 5.166
p=min (L) = (5.160)

0 = min (01, d2)

) ) s € (5.167)
=min {min (1, —=— ], = | .
2lal+1) 72
153. If a # 0, the same method can be used to find a § > 0 such that, for all x, if
0<|z—al <o, (5.168)
then
1 1
THEOREM 2

Tr—ra r—a

2. Moreover, if m # 0, then
(3)

1. If lim f(z) = and lim g(z) = m, then

lim(f + g)(z) =1+ m;

(- ) = (>170)
AV
;I_If‘ll (g) (x) = —. (5.171)

154. The proof of Theorem 2(3) shows that the second condition will follow if we find a 6 > 0 such that,

for all x, if

0<|z—al <9, (5.172)
2 4
2% — a?| < min (@, 8|;’ ) . (5.173)
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155. Thus we can take

min(% 6“21'4)
0 = mi ], —=2 2~ 5.174
il TP (5.174)
156. Naturally, these complicated expressions for § can be simplified considerably, after they have been
derived.
THEOREM 2

1. If lim f(z) = and lim g(z) = m, then

U lm(f +g)(x) =+ m;
. (5.175)
(2) lim(f-g)(x) =1 m.

T—a

2. Moreover, if m # 0, then
1 1
3 li - =—. 5.176
® In(C)@- (5.176)

T—ra g

157. One technical detail in the proof of Theorem 2 deserves some discussion.

158. In order for li_1)"ﬂ f(x) to be defined it is, as we know, not necessary for f to be defined at a, nor is
a

T
it necessary for f to be defined at all points x # a.

159. However, there must be some § > 0 such that f(z) is defined for x satisfying

0<|z—al <d. (5.177)
160. Otherwise the clause “if
0<|z—a|l <o, (5.178)
then
|f(x) =1 <¢&” (5.179)

would make no sense at all, since the symbol f(z) would make no sense for some ’s.

161. If f and g are two functions for which the definition makes sense, it is easy to see that the same is
true for f+gand f-g

1 1
162. But this is not so clear for —, since — is undefined for z with g(x) = 0.
g g

163. However, this fact gets established in the proof of Theorem 2(3).

164. There are times when we would like to speak of the limit which f approaches at a, even though
there is no 6 > 0 such that f(z) is defined for z satisfying

0<l|z—a|<o. (5.180)

165. For example, we want to distinguish the behavior of the two functions shown in Figure 16, even
though they are not defined for numbers less than a.
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166. For the function of Figure 16(a) we write

167.
168.

169.
170.

lim f(z)=1lor lim f(x)=1. (5.181)

z—at rla—

L

(a)

T W

i
-
i

(k)

FIGURE 1A

(The symbols on the left are read: the limit of f(x) as x approaches a from above.)

These “limits from above” are obviously closely related to ordinary limits, and the definition is very
similar:

e lim f(z) =1 means that for every € > 0 there is a § > 0 such that, for all z, if

z—at

0<z—a<y, (5.182)

then
[f(z) =1 <e. (5.183)

(The condition “ 0 < x —a < 0” is equivalent to “0 < |z —a|] < 0 and = > a”.)

“Limits from below” (Figure 17) are defined similarly:

e lim f(z)=1
z—at
e (or I%Hi f(x) = 1) means that for every ¢ > 0 there is a 6 > 0 such that, for all z, if
0<a—z<§, (5.184)
then
f(z) 1] <e. (5.185)
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FIGURE 17

171. It is quite possible to consider limits from above and below even if f is defined for numbers both
greater and less than a.

flx)=1,x>0

4 i
y =
b a

[ =—1x<0

FIGURE 13

172. Thus, for the function f of Figure 13, we have
lim f(z)=1and lim f(x)=—-1. (5.186)

z—0t x—0~
173. It is an easy exercise (Problem 29) to show that

o liin f(z) exists if and only if lim+ f(z) and lim f(x) both exist and are equal.
r—a r—a r—a~

174. Like the definitions of limits from above and below, which have been smuggled into the text infor-
mally, there are other modifications of the limit concept which will be found useful.

1
175. In Chapter 4 it was claimed that if x is large, then sin — is close to 0.
x

176. This assertion is usually written

1
lim sin— =0 (5.187)

T—00 €T

FIGURE IE
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177.

178.

179.

180.

181.

182.

5.2

30/85

The symbol lim f(z) is read “the limit of f(x) as x approaches co ,” or “as x becomes infinite,”
T—r00

and a limit of the form lim f(z) is often called a limit at infinity.
T—r00

Figure 18 illustrates a general situation where lim f(z)=1.
Tr—00

Formally, li_)m f(x) =1 means that for every ¢ > 0 there is a number N such that, for all z, if
xr oo

x> N, (5.188)

then
If(z) =] <e. (5.189)

The analogy with the definition of ordinary limits should be clear:

e whereas the condition “0 < |z — a|] < 0” expresses the fact that x is close to a,

e the condition "z > N” expresses the fact that x is large.
We have spent so little time on limits from above and below, and at infinity,

e because the general philosophy behind the definitions should be clear if you understand the
definition of ordinary limits

o (which are by far the most important).

Many exercises on these definitions are provided in the Problems, which also contain several other
types of limits which are occasionally useful.

Problem

. Find the following limits.

e (These limits all follow, after some algebraic manipulations, from the various parts of
Theorem 2;

e be sure you know which ones are used in each case, but don’t bother listing them.)

2 -1
(2) i1—>ml r+1°
3
-8
b) lim 2
=2 r — 2
3 —8
I
(C a;l—rg) .Z'—2
n__,n
(d) lim =7
=Yy T — Y
n__,mn
(e lim =7

2. Find the following limits.
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1—
(a) lim \/E
=1 1 —2
1—+v1— 22
(b) lim — Y- %"
x—0 €T
1l —1—22
(c) lim ————-.
x—0 xT

3. In each of the following cases, find a ¢ such that |f(x) — | < € for all x satisfying 0 < |z — a| < .

(c) f(:c)z:z:4+l;a:1,l:2
x
x
(@) f() = gy =0,1=0

4. For each of the functions in Problem 4-17, decide for which numbers a the limit lim f(z) exists.
r—a

5. (a) Do the same for each of the functions in Problem 4-19.

(b) Same problem, if we use infinite decimals ending in a string of O’s instead of those ending in a
string of 9’s.

6. Suppose the functions f and g have the following property: for all € > 0 and all x,

2

if 0 < |z — 2| < sin® <€9> +¢e, then |f(z) — 2| <e (5.190)

if 0 < |z — 2| <&?, then |g(z) —4] < ¢ (5.191)
e For each € > 0 find a § > 0 such that, for all z,

(a) if 0 < |z —2| < 4, then |f(z) + g(x) — 6] < ¢
(b) if 0 < |z —2| < 9, then |f(z)g(z) — 8| < ¢

. 1
(c) if 0 < |z —2| < 9, then g(x)_4‘<5
, f(x) 1‘
d) if 0 < |x —2| <9, then - =
(Waro<ie=2 2

7. Give an example of a function f for which the following assertion is false:

5
o If |f(z) —I| < e when 0 < |x —al <9, then |f(z) — ] < % when 0 < |z —al < 7
8. (a) If liLn f(z) and li_r>n g(x) do not exist, can liin [f(z) + g(x)] or li_r)n f(x) - g(z) exist?
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(b) If lim f(x) exist and lim [f(z) + g(z)] exist, must ligl g(x) exist?

T—a r—ra

(c¢) If lim f(x) exist and lim g(z) does not exist, can lim [f(z) + g(z)] exist?
Tr—a Tr—a Tr—a

(d) If lim f(x) exist and liLn f(x)g(x) exist, does it follow that ligﬂ g(z) exists?

r—ra

. P that i =1 h).
9. Prove amll)I(lzf(:E) hlg})f(a—k)

e (This is mainly an exercise in understanding what the terms mean.)

10. (a) Prove that liin f(z) =1 if and only if h_r)n [f(x)—=1]=0.

e First see why the assertion is obvious; then provide a rigorous proof.
e In this chapter most problems which ask for proofs should be treated in the same way.)

(b) Prove that ilg[l) f(z) = ilg(ll f(z —a).
(¢) Prove that lim f(z) = lim f(z%).
z—0 z—0

(d) Give an example where lirr(l) f(2?) exists, but lir% f(x) does not.
T T

11. e Suppose there is a § > 0 such that f(z) = g(z) when 0 < |z — a| < 0.
e Prove that lim f(x) = lim g(z).
Tr—a T—a
e In other words, lim f(x) depends only on the values of f(x) for x near a.
Tr—a

e This fact is often expressed by saying that limits are a “local property”.

e (It will clearly help to use 5,, or some other letter, instead of J, in the definition of limits.

12. (a) Suppose that f(x) = g(x) for all .

e Prove that lim f(x) < lim g(z), provided that these limits exist.
r—a T—a

(b) How can the hypotheses by weakened?
(c) If f(z) < g(x) for all x, does it necessarily follow that lim f(z) < lim g(x)

T—ra Tr—a

13. Suppose that f(z) < g(x) < h(z) and that lim f(z) = lim h(z).

Tr—a T—a

e Prove that lim f(x) = lim h(x), and exist lig1 flx) = ligl g(x) = lim h(z) (Draw a picture!)

r—a T—a T—a
b
14. (a) Prove that if and lim f@) = [ and b # 0,then lim f(bz) = bl.
r—a X r—a I
b
e Hint: write /(@) = b[f( x)]
x bz
(b) What happens if b = 07
(2 .
(c) Part (a) enable us to find lim sin(2z) in terms of lim M
—0 x r—a x
(d) Find this limit in another way.
15. Evaluate the following limits in terms of the number a = lim0 sin(z)
T—> T
in(2
(a) lim sin a:)
z—0 X
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16.

17.

18.

19.

20.

21.

sin(ax)

(b) lim

z—0 SlH(b(L’) '

(¢) lim sin?(2z)

z—0 x '

. sin?(2z)

(d) Jim —5—
1 — cos(x)

() ilg%) x?

tan?(x) + 2z

() ilg%) x+ x2
x sin(x)
lim ————.
() 2001 — cos(x)
. sin(z + h) — sin(z)
(h) Jimg h '
(i) lim sin(x? — 1)
z—1 rz—1
i) Tim (3 + sin(x))'

=0 1 — cos(z)

1
. 2 1\3.
(k) iLml (z*—1) sm(w —

.

(a) Prove that if lim f(z) =1, then lign |f(z) = 1.

T—ra

(b) Prove that if lim f(x) =1 and lim g(z) = m, then lim max(f, g)(z) = max(l,m) and similarly
T—a T—a T—a

for min.

1 1
(a) Prove that lim — does not exist, i.e., show that lim — = [ is false for every number 1.
z—=0 I z—=0 X

1
(b) Prove that lim ———— does not exist.
z—1 (SU — 1)

e Prove that if 21:13111 f(z) =1, then there is a number 6 > 0 and a number M such that |f(z)| < M
if 0 < |z —a|] <.

e What does this mean pictorially?

e Hint: Why does it suffice to prove that I —1 < f(z) <l+1 for 0 < |x — a| < 67

Prove that if f(z) = 0 for irrational x and f(x) =1 for rational z, then ligl f(x) does not exist for
any a.

Prove that if f(x) = x for rational z, and f(z) = —x for irrational z, then liga f(z) does not exist
r—a
if a # 0.
- . (1
(a) Prove that if lim g(x) = 0, then lim g(z) sin <) = 0.
z—0 z—0 X

(b) e Generalize this fact as follows: If lir%g(x) =0 and |h(z)| < M for all z,
T
then lim g(x)h(z) = 0.
z—0

e (Naturally it is unnecessary to do part (a) if you succeed in doing part (b);)
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22.

23.

24.

25.

26.

34/85

e actually the statement of part (b) may make it easier than (a)-that’s one of the values of
generalization.
e Consider a function f with the following property: if g is any function for which lir% g(z) does
T—

not exist, then lin%] [g(x) + f(x)] also does not exist.
T—
e Prove that this happens if and only if lin% f(z) does exist.
r—r

e Hint: This is actually very easy: the assumption that liH(l) f(z) does not exist leads to an
T—

immediate contradiction if you consider the right g.

e This problem is the analogue of Problem 22 when f + g is replaced by f - g.

e In this case the situation is considerably more complex, and the analysis requires several steps
(those in search of an especially challenging problem can attempt an independent solution).

e Suppose that lim f(x) exists and is # 0.Prove that if lim g(x) does not exist, then lim f(z)g(x)
z—0 z—0 z—0
also does not exist.
e Prove the same result if lin% |f(2)| = 0o.(The precise definition of this sort of limit is given in
T—
Problem 37.
e — Prove that if neither of these two conditions holds, then there is a function g such that
lin%) g(z) does not exist, but lin%) f(x)g(x) does exist.
r—r r—r

— Hint: Consider separately the following two cases:
1. for some £ > 0 we have |f(x)| < e for all sufficiently small x.
2. For every ¢ > 0 , there are arbitrarily small x with |f(z)| < . In the second case,

1
begin by choosing points x,, with |z,| < — and |f(z,) < —|.
n n

Suppose that A, is, for each natural number n, some finite set of numbers in [0, 1], and that A,
and A,, have no members in common if m # n.

e Define f as follow:

1 .
)=t A (5.192)

0,z not in A,, for any n.

prove that ligl f(z) =0 for all a in [0,1].
Explain why the following definitions of liin f(x) =1 are all correct:

e For every § > 0 there is an € > 0 such that, for all x,

(a) if 0 < |z —al| <e, then |f(x) — 1] <.

(b) if 0 < |z —a| <e, then |f(z) — 1| < 0.
) if 0 < |x —a|] < e, then |f(x) — 1] < 54.
) if0<|:n—a|<1%, then |f(z) — 1| < 0.

Give examples to show that the following definitions of li_r)n f(x) =1 are not correct.
r—a

(a) For all 6 > 0 there is an € > 0 such that if 0 < | — a| < J, then |f(z) — | <e.
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27.

28.

29.

30.

31.

32.

33.
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(b) For all £ > 0 there is a 6 > 0 such that if |f(z) — | < e, then 0 < |x — a| < 4.

For each of the functions in Problem 4-17 indicate for which numbers a the one-sided limits lim+ f(z)
r—a

and lim f(z) exist.
Tr—a—

(a) Do the same for each of the functions in Problem 4-19.

(b) Also consider what happens if decimals ending in O’s are used instead of decimals ending in

9’s.
Prove that ;13% f(z) exist if gcl_lglJr f(z) = xl_lglﬁ f(z)
Prove that
(a) lim f(z)= lim f(—=z).

r—0t z—0—

(b) lim f(Jo)) = lim_f(2)

() lim f(a*) = lim_f(z).

x—0t

e (These equations, and others like them, are open to several interpretations.

e They might mean only that the two limits are equal if they both exist;

e or that if a certain one of the limits exists, the other also exists and is equal to it;
e or that if either limit exists, then the other exists and is equal to it.

e Decide for yourself which interpretations are suitable.)

e Suppose that lim f(z) < lim f(x).
r—a—

z—at

e (Draw a picture to illustrate this assertion.)
e Prove that there is some ¢ > 0 such that f(z) < f(y) whenever z < a < y and |z —a| < ¢ and
ly —al < 0.
e [s the converse true?
e Prove that lim (ana" + -+ ao)
=00 (b ™ + - - + ap)
e What is the limit when m =n? When m > n?

exists if and only if m > n.

1
e Hint: the one easy limit is lim — =0;
Tr—00 I

e do some algebra so that this is the only information you need.

Find the following limits.

x + sin®(x)
(&) Bim — %
x + sin(x)

®) = s

(¢) lim Va?+z—x.

Tr—00
22(1 + sin?(z))
im —————~.
z—oo (x + sin(x))?

(d)
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1
34. Prove that lim f(—)= lim f(x)
x

x—0t T—00

sin(z)

35. Find the following limits in terms of the number o = lin%
xr—r x

sin(z) .

(a) r—00 I

(b) lim x sin(%).

T—r00

36. Define EIP flx)=1"
(a) Find lim (@& F =+ 00)
z——00 (bpx™ + -+ + ap)
(b) Prove that le f(z) = EIP f(=x).

(c) Prove that lim f(l): lim f(x).

z—0~ T T——00
37. e We define lim f(z) = oo to mean that for all N
Tr—a
e there is a 6 > 0 such that, for all z, if 0 < |z — a| < J, then f(x) > N.
e (Draw an appropriate picture!)
(a) Show that lim ———
Y ROW I S (e —3)2
(b) Prove that if f(z) > e > 0 for all z, and lim g(z) = 0, then

r—a

= OQ.

T
lim e (5.193)

38. (a) Define lim f(x)= oo, lim f(x) = oo, and lim f(x) = co.
z—at z—a~ T—a

e (Or at least convince yourself that you could write down the definitions if you had the
energy.
e How many other such symbols can you define?)

1
(b) Prove that lim — = co.
z—0t T

1
(c) Prove that lim f(z) = oo if and only if lim f(—) = oc.

z—0t o0’

39. Find the following limits, when they exist.

(a) 1i x4 d4x—T7
a, —
xlﬂnol07:c27z+1

(b) lim z(1 + sin®(z))

T—00

. . 9
(c) mlgngox81n (2)

(d) lim z? sin(i)

T—>00
(e) lim a2+ 2z —=x
T—00
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41.

(f)
(2)

lim z(Vz + 2 — /)

T—00

=

|

lim
T—00 I

Find the perimeter of a regular n-gon inscribed in a circle of radius r; use radian measure for

™
any trigonometric functions involved.[Answer: 2rnsin(—).]
n

What value does this perimeter approach as n becomes very large?

After sending the manuscript for the first edition of this book off to the printer,

I thought of a much simpler way to prove that lim 22 = a® and lim 23 = @3, without going

T—ra r—a

through all the factoring tricks on page 95.

Suppose, for example, that we want to prove that lim 2? = a?, where a > 0.
Tr—a

Given € > 0, we simply let § be the minimum of

Va?+e—a (5.194)
and
a—+Va®?—¢ (5.195)
(see Figure 19); then
|z —al] <§ (5.196)
implies that

Va2 —e <z < Va?+e, (5.197)

SO
a® —e<x? <ad®+e, (5.198)

or
2% —a?| < e. (5.199)

It is fortunate that these pages had already been set, so that I couldn’t make these changes,
because this “ Proof ” is completely fallacious.

Wherein lies the fallacy?
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6 Continuous Function (p.113)

6.1 Context

1. If f is an arbitrary function, it is not necessarily true that

lim f(z) = f(a) (6.1)

r—a
2. In fact, there are many ways this can fail to be true.

3. For example, f might not even be defined at a, in which case the equation makes no sense (Figure

1).

FIGURE 1

4. Again, li_r>n f(z) might not exist (Figure 2).
r—a

i

FIGURE 2

5. Finally, as illustrated in Figure 3, even if f is defined at a and ligﬂ f(x) exists, the limit might not
r—a
equal f(a).

/

o a

FIGURE 3

6. We would like to regard all behavior of this type as abnormal and honor, with some complimentary
designation, functions which do not exhibit such peculiarities.
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The term which has been adopted is “continuous”.
Intuitively, a function f is continuous if the graph contains no breaks, jumps, or wild oscillations.

Although this description will usually enable you to decide whether a function is continuous simply
by looking at its graph (a skill well worth cultivating)

e it is easy to be fooled, and the precise definition is very important.

DEFINITION
The function f is continuous at a if

lim f(z) = f(a). (6.2)

r—a

10.

11.

12.

13.

We will have no difficulty finding many examples of functions which are, or are not, continuous at
some number a

e — every example involving limits provides an example about continuity, and Chapter 5 certainly
provides enough of these.

1
The function f(x) = sin <) is not continuous at 0, because it is not even defined at 0, and the
x

1
same is true of the function g(z) = zsin <)
x

On the other hand, if we are willing to extend the second of these functions, that is, if we wish to

define a new function G by
1
in|— 0
Gy =" (x) v# (6.3)

a z =0,
then the choice of a = G(0) can be made in such a way that G will be continuous at 0

e — to do this we can (if fact, we must) define G(0) = 0 (Figure 4).
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14.

15.

16.

17.

18.

19.

(a)

(b)

FIGURE 4

This sort of extension is not possible for f;

o if we define )
sin{—) x#0
o= {(2)
a z =0,

then f will not be continuous at 0, no matter what a is, because lim f(x) does not exist.
Tr—a

The function

@) = {:1: x rational

0 x irrational,

is not continuous at a, if a # 0, since li_H>1 f(z) does not exist.
r—a
However, lim f(z) = 0= f(0), so f is continuous at precisely one point 0.
r—a

The functions f(z) = ¢, g(z) = x, and h(z) = z? are continuous at all numbers a, since

lim f(z) = lim ¢ = ¢ = f(a),
lim g(z) = lim z = a = g(a),
: 1 2 _ 2 __
Jljl_r)réh(x) = il_rgx = a” = h(a),
Finally, consider the function
0 x irrational
flx)=31  p.
— = = in lower terms.
q q

In Chapter 5 we showed that lim f(z) = 0 for all a.

Tr—a

40
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20. Since 0 = f(a) only when a is irrational, this function is continuous at a if a is irrational, but not if

21.

a is rational.

It is even easier to give examples of continuity if we prove two simple theorems.

THEOREM 1
If f and g are continuous at a, then

1. f+ g is continuous at a.

2. f - g is continuous at a.

1
3. Moreover, if g(a) # 0, then — is continuous at a.
g

22.

23.

24.
25.

26.
27.

28.

29.

30.

Proof:

Since f and g are continuous at a,

lim f(z) = f(a) and lim g(x) = g(a) (6.10)

z—a T—a
By Theorem 2(1) of Chapter 5 this implies that

lim f(z) + g(z) = f(a) + g(a) = (f + g)(a), (6.11)

Tr—a

which is just the assertion that f + ¢ is continuous at a.
The proofs of parts (2) and (3) are left to you.l

Starting with the functions f(z) = ¢ and f(z) = z, which are continuous at a, for every a, we can
use Theorem 1 to conclude that a function
b,x™ + b, _1z" L4+ b
fla) = 2 Tt T TR (6.12)

CmT™ + Cp_1x™ 4+

is continuous at every point in its domain.
But it is harder to get much further than that.

When we discuss the sine function in detail it will be easy to prove that sin is continuous at a for
all a; let us assume this fact meanwhile.

A function like
sin?(z) + 22 + 2% sin(x)

sin??(x) + 422 sin?(z)

fz) =

(6.13)

can now be proved continuous at every point in its domain.
But we are still unable to prove the continuity of a function like f(z) = sin(z?);
e we obviously need a theorem about the composition of continuous functions.

Before stating this theorem, the following point about the composition of continuous functions.
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31.

32.

33.

If we translate the equation ligl f(x) = f(a) according to the definition of limits, we obtain for every
r—a

€ > 0 there is 0 > 0 such that, for all x, if

0<|z—al <9, (6.14)
then
|f(z) = fla)] <e. (6.15)
But in this case, where the limit is f(a), the phrase
0<|xr—al<d (6.16)
may be change to the simpler condition
|z —al < 4. (6.17)
Since if = a it is certainly true that
[f(z) = fa)] <. (6.18)

THEOREM 2
If g is continuous at a, and f is continuous at g(a), then f o g is continuous at a. (Notice that
f is required to be continuous at g(a), not at a.)

34.

35.

36.

Proof.

a. Let € > 0.

b. We wish to find a § > 0 such that for all z.

c. If |z —a|] <4, then [(fog)(x)— (fog)(a)| <e.
d. ie, |f(g9(x)) — f(g(a))] <e

O]

We first use continuity of f to estimate how close g(z) must be to g(a) in order for this inequality
to hold.

Since f is continuous at g(a), there is a & > 0 such that for all y, if

ly —g(a)| <&, (6.19)
then
[f(y) = flg(a))| <e (6.20)
In particular, this mean that if
l9(x) — g(a)| <&, (6.21)
then
[f(g(x)) — f(g(a))| <e. (6.22)
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37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

We now use continuity of g to estimate how close  must be to a in order for the inequality
lg(x) —g(a)| <6 (6.23)
to hold.
The number § is a positive number just like any other positive number;
e we can therefore take &' as the £(!) in the definition of continuity of g at a.
We conclude that there is a § > 0 such that, for all z, if
|z —a|] <6, (6.24)
then
l9(x) — gla)] < & (6.25)
Combining (2.19) and (2.20) we see that for all z, if
|z —a| <6, (6.26)
then
[f(9(z)) — flg(a))| <& (6.27)
We can now reconsider the function
(1
flay=3"" (w> w70 (6.28)
0 z =0,

We have already noted that f is continuous at 0.

A few applications of Theorems 1 and 2, together with the continuity of sin, show that f is also
continuous at a, for a # 0.

Functions like
f(z) = sin(2? + sin(z + sin?(2?))) (6.29)

should be equally easy for you to analyze.

e The few theorems of this chapter have all been related to continuity of functions at a single
point,

e but the concept of continuity doesn’t begin to be really interesting

e until we focus our attention on functions which are continuous at all points of some interval.
If f is continuous at z for all  in (a,b), then f is called continuous on (a, b).

Continuity on a closed interval must be defined a little differently; a function f is called continuous
on [a,b] if

1. f is continuous at z for all x in (a,b),

2. lim+ f(z) = f(a) and hr?— f(z) = f(b).
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48.

49.

50.

ol.

92.

93.

Functions which are continuous on an interval are usually regarded as especially well behaved;

e indeed continuity might be specified as the first condition which a “reasonable” function ought
to satisfy.

A continuous function is sometimes described, intuitively, as one whose graph can be drawn without
lifting your pencil from the paper.

Consideration of the function .
sin | — x#0
flw) = (3) (6.30)
0 z =0,
shows that this description is a little too optimistic,

e but it is nevertheless true that there are many important results involving functions which are
continuous on an interval.

There theorems are generally much harder than the ones in this chapter, but there is a simple
theorem which forms a bridge between the two kinds of results.

The hypothesis of this theorem requires continuity at only a single point, but the conclusion describes
the behavior of the function on some interval containing the point.

Although this theorem is really a lemma for later arguments, it is included here as a preview of
things to come.

THEOREM 3

1. Suppose f is continuous at a, and f(a) > 0.
2. Then there is a number § > 0 such that f(z) > 0 for all = satisfying |z — a| < 0.

3. Similarly, if f(a) < 0, then there is a number 6 > 0 such that f(x) < 0 for all z satisfying
|z —a| < 6.

Proof. 1. Consider the case f(a) > 0.

2. Since f is continuous at a, if € > 0 there is a § > 0 such that, for all z, if

[z —al <4, (6.31)
then
[f(z) = fa)] <e. (6.32)
3. Since f(a) > 0 we can take f(a) as the ¢.
4. Thus there is § > 0 so that for all x, if
|z —a| <9, (6.33)
then
[f(z) = fla)| < f(a), (6.34)

and this last inequality implies f(z) > 0.
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5. A similar proof can be given in the case f(a) < 0;
o take ¢ = —f(a).
6. Or one can apply the first case to the function - f.

6.2 Problem

1. For which of the following functions f is there a continuous function F' with domain R such that
F(z) = f(x) for all z in the domain of f

2 _
() fa) ="
() f(a) =12
(¢) f(z) =0, z irrational.
(d) f(z) = 2 2 = P rational in lowest terms.

2. At which points are the functions of Problems 4-17 and 4-19 continuous?

3. (a) Suppose that f is a function satisfying |f(z)| < |z| for all .
e Show that f is continuous at 0. (Notice that f(0) must equal 0.)
(b) Give an example of such a function f which is not continuous at any a # 0.
(c) Suppose that g is continuous at 0 and ¢g(0) = 0, and |f(z)| < |g(x)|.

e Prove that f is continuous at 0.
4. Give an example of a function f such that f is continuous nowhere, but | f| is continuous everywhere.

5. For each number a, find a function which is continuous at a, but not at any other points.

11
6. (a) Find a function f which is discontinuous at 1, 3D
17 17 17 1') :

23 4

-+« but continuous at all other points.

(b) Find a function f which is discontinuous at -+, and at 0, but continuous at all

other points.
7. Suppose that f satisfies f(z +y) = f(z) + f(y), and that f is continuous at 0.

e Prove that f is continuous at a for all a.

8. Suppose that f is continuous at a and f(a) = 0.
e Prove that if @ # 0, then f + « is nonzero in some open interval containing a.
9. (a) Suppose f is not continuous at a.

e Prove that for some number ¢ > 0 there are numbers x arbitrarily close to a with
f(x) = fla) > e.
e [llustrate graphically.

(b) Conclude that for some number ¢ > 0 either there are numbers x arbitrarily close to a with
f(z) < f(a) — € or there are numbers x arbitrarily close to a with f(z) > f(a) + €.
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14.

15.

16.
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(a) Prove that if f is continuous at a, then so is | f].

(b) Prove that every continuous f can be written f = E + O, where E is even and continuous and
O is odd and continuous.

(c) Prove that if f and g are continuous, then so are max(f,g) and min(f, g)

(d) Prove that every continuous f can be written f = g — h, where g and h are non-negative and
continuous.

1
Prove Theorem 1(3) by using Theorem 2 and continuity of the function f(z) = —.
x

(a) Prove that f is continuous at [ and lim g(x) = [, then lim f(g(z)) = f(1).
Tr—a T—a
e (You can go right back to the definitions,
e but it is easier to consider the function G with G(z) = g(x) for = # a, and G(a) =1.)
(b) Show that if continuity of f at [ is not assumed, then it is not generally true that

lim f(g(z)) = f(lim g(x)). (6.35)

T—a Tr—a
e Hint: Try f(x) =0 for x #{, and f(I) = 1.
(a) Prove that if f is continuous on [a, b], then there is a function g which is continuous on R, and
which satisfies g(x) = f(z) for all z in [a, b].

e Hint: Since you obviously have a great deal of choice, try making g constant in (—oo, a
and [b, 00).

(b) Give an example to show that this assertion is false if [a, b] is replaced by (a,b).

(a) e Suppose that g and h are continuous at a, and that g(a) = h(a).
e Define f(x) to be g(z) if x > a and h(z) if z < a.
e Prove that f is continuous at a.
(b) e Suppose g is continuous on [a,b] and h us continuous in [b, ¢] and g(b) = h(b).
e Let f(x) be g(x) for z in [a,b] and h(x) for = in [b, c|.
e Show that f is continuous on [a, c|.
e (Thus, continuous functions can be “pasted together””.)

9999,

(a) e Prove that following version of Theorem 3 for “right-hand continuity””:
e Suppose that lilfn+ f(z) = f(a), and f(a) > 0.
Tr—a

e Then there is a number § > 0 such that f(z) > 0 for all x satisfying 0 < x —a < 4.
e Similarly, if f(x) < 0 for all x satisfying 0 <z —a < 4.

(b) Prove a version of Theorem 3 when 1irlrjl f(z) = f(b).
z—b—

if lim f(x) exists, but is # f(a), then f is said to have a removable dis-continuity at a.
r—a

1
(a) o If f(x) =sin <$> for  # 0 and f(0) = 1, does f have a removable discontinuity at 07
1
e What if f(z) = xsin (a:) for x # 0, and f(0) =17

(b) e Suppose f has a removable discontinuity at a.
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17.

18.

19.

Let g(z) = f(z) for z # a, and let g(a) = ligl f(x).
r—a

Prove that g is continuous at a.

(Don’t work very hard; this is quite easy.)

1
Let f(x) =0 if x is irrational, and let f <p) =~ if ¥ is in the lowest terms.
q qa q

What is the function g defined by g(x) = liin f(y)?
y—

Let f be a function with the property that every point of discontinuity is a removable

discontinuity.

This means that lim f(y)) exists for all z, but f may be discontinuous at some (even
Yy—x

infinitely many) number z.
Define g(z) = lim f(y).
Yy—x

Prove that g is continuous.

(This is not quite so easy as part(b).)

Is there a function which is discontinuous at every point, and which has only removable
discontinuities?

(It is worth thinking about this problem now, but mainly as a test of intuition;

even if you suspect the correct answer, you will almost certainly be unable to prove it at
the present time.

See Problem 22-33.)

Now that we have discovered the fallacy, it is almost obvious what additional property of the real
numbers we need.

All we must do is say it properly and use it.

That is the business of the next chapter.
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7 Three Hard Theorems (p.120)

7.1 Context

1. This chapter is devoted to three theorems about continuous functions, and some of their conse-
quences.

2. The proofs of the three theorems themselves will not be given until the next chapter, for reasons
which are explained at the end of this chapter.

THEOREM 1
If f is continuous on [a, b] and
fla) <0< f(b), (7.1)
then there is some z in [a, b] such that
f(z)=0. (7.2)

3. (Geometrically, this means that the graph of a continuous function which starts below the horizontal
axis and ends above it must cross this axis at some point, as in Figure 1.)

b

T
a

we.y
WA

FIGURE 1
THEOREM 2
If f is continuous on [a,b], then f is bounded above on [a, b], that is, there is some number N
such that
flx) <= N (7.3)
for all z in [a, b].

4. (Geometrically, this theorem means that the graph of f lies below some line parallel to the horizontal
axis, as in Figure 2.)
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N+~-————— - - -k - - —_———
\ ,
a J b
FIGURE 2
THEOREM 3
If f is continuous on [a, b], then there is some number y in [a, b] such that
fly) >= f(x) (7.4)
for all = in [a, b] (Figure 3).
I
1
b
FIGURE 3

5. These three theorems differ markedly from the theorems of Chapter 6.

6. The hypotheses of those theorems always involved continuity at a single point, while the hypotheses
of the present theorems require continuity on a whole interval [a, b]
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7. If continuity fails to hold at a single point, the conclusions may fail.

8. For example, let f be the function shown in Figure 4,

f(x):{—l 0<z<V2

1 V2<z<2. (7.5)
——
} f
V2 2
— e

FIGURE 4

9. Then f is continuous at every point of [0, 2] except v/2, and

f(0) <0< f(2),

(7.6)
but there is no point z in [0, 2] such that f(z) = 0;

e the discontinuity at the single point v/2 is sufficient to destroy the conclusion of Theorem 1.

10. Similarly, suppose that f is the function shown in Figure 5,

1
fay={z “7° (7.7)
0 z=0,

20
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11.

12.

13.

14.

FIGURE 5

Then f is continuous at every point of [0, 1] except 0, but f is not bounded above on [0, 1].

In fact, for any number N > 0 we have

f(;\f) _ N> N (7.8)

This example also shows that the closed interval [a, b] in Theorem 2 cannot be replaced by the open
interval (a,b), for the function f is continuous on (0, 1), but is not bounded there.

Finally, consider the function shown in Figure 6,

22 <1
f(w)={0 L (7.9

FIGURE 6
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THEOREM 1
If f is continuous on [a, b] and
Fla) <0 < £b), (7.10)
then there is some z in [a, b] such that
f(z)=0. (7.11)

THEOREM 2
If f is continuous on [a,b], then f is bounded above on [a, b], that is, there is some number N
such that

f(z) <=N (7.12)
for all x in [a, b].
THEOREM 3
If f is continuous on [a, b], then there is some number y in [a, b] such that
fly) >= f(x) (7.13)

for all = in [a, b] (Figure 3).

15.
16.

17.

18.

19.

20.

21.

On the interval [0, 1] the function f is bounded above, so f does satisfy the conclusion of Theorem 2
Even though f is not continuous on [0, 1].
But f does not satisfy the conclusion of Theorem 3

e —there is no y in [0, 1] such that f(y) >= f(x) for all z in [0, 1];

e In fact, it is certainly not true that
f(1) >= f(z) (7.14)

for all  in [0, 1] so we cannot choose y = 1, nor can we choose 0 < y < 1 because f(y) < f(z)
if x is any number with y < z < 1.

This example shows that Theorem 3 is considerably stronger than Theorem 2.

Theorem 3 is often paraphrased by saying that a continuous function on a closed interval “takes on
its maximum value” on that interval.

As a compensation for the stringency of the hypotheses of our three theorems, the conclusions are
of a totally different order than those of previous theorems.

They describe the behavior of a function, not just near a point, but on a whole interval;

e such “global” properties of a function are always significantly more difficult to prove than
“local” properties, and are correspondingly of much greater power.
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22. To illustrate the usefulness of Theorems 1, 2, and 3, we will soon deduce some important conse-
quences, but it will help to first mention some simple generalizations of these theorems.

THEOREM 4
If f is continuous on [a, b] and
fa) < e < fD), (7.15)
then there is some z in [a, b] such that
f(z) =c. (7.16)

Proof.

1. Let g= f —c.
2. Then g is continuous, and g(a) < 0 < g(b).
3. By Theorem 1, there is some z in [a, b] such that g(z) = 0. But this means that f(z) = c.

O
THEOREM 5
If f is continuous on [a, b] and
f(a) > c> f(b), (7.17)
then there is some z in [a, b] such that
f(z) =c (7.18)
Proof.
1. The function —f is continuous on [a,b] and —f(a) < —c < —f(b).
2. By Theorem 4 there is some z in [a, b] such that —f(z) = —¢, which means that f(z) = c.
O

23. Theorems 4 and 5 together show that f takes on any value between f(a) and f(b). We can do even
better than this: if ¢ and d are in [a, b], then f takes on any value between f(c) and f(d).

24. The proof is simple: if, for example, ¢ < d, then just apply Theorems 4 and 5 to the interval [c, d].

25. Summarizing, if a continuous function on an interval takes on two values, it takes on every value in
between;

e this slight generalization of Theorem 1 is often called the Intermediate Value Theorem.

THEOREM 6
If f is continuous on [a,b], then f is bounded below on [a, b], that is, there is some number N
such that f(z) < N for all z in [a, b].
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Proof.

1. The function — f is continuous on [a, b], so by Theorem 2 there is a number M such that —f(x) <
M for all x in [a, b].

2. But this means that f(x) < —M for all = in [a, b], so we can let

N=—M. (7.19)
]
THEOREM 2
If f is continuous on [a,b], then f is bounded above on [a, b], that is, there is some number N
such that
f(z) <=N (7.20)
for all z in [a, b].
26. e Theorems 2 and 6 together show that a continuous function f on [a, b] is bounded on [a, b], that
is, there is a number NV such that
|f(@) <N (7.21)

for all z in [a, b].

e In fact, since Theorem 2 ensures the existence of a number N; such that
fz) <N (7.22)
for all z in [a, b], and Theorem 6 ensures the existence of a number Ny such that
f(z) < Ny (7.23)

for all z in [a, b], we can take

N = max(| N1, | Vo) (7.24)

THEOREM 7
If f is continuous on [a, b], then there is some y in [a, b] such that f(y) < f(z) for all  in [a, b].
(A continuous function on a closed interval takes on its minimum value on that interval.)

Proof.

1. The function — f is continuous on [a, b];

e by Theorem 3 there is some y in [a, b] such that

—fly) =2 —f(x) (7.25)
for all  in [a, b], which means that f(y) < f(z) for all z in [a, b].
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THEOREM 8

1. Every positive number has a square root.

2. In other words, if a > 0, then there is some number z such that z? = a.

Proof.

1. Consider the function
f(z) = 22, (7.26)
which is certainly continuous.
2. Notice that the statement of the theorem can be expressed in terms of f:
e “the number « has a square root” means that f takes on the value «.
3. The proof of this fact about f will be an easy consequence of Theorem 4.

4. There is obviously a number b > 0 such that f(b) > « (as illustrated in Figure 7);

f6)+
fix) = x?,

o>~

FIGURE 7

5. In fact, if & > 1 we can take b = «, while if o < 1 we can take b = 1.
6. Since

f(0) <a < f(b), (7.27)
Theorem 4 applied to [0, b] implies that for some z (in [0,0] ), we have

f(@) =a, (7.28)
- 2 =a. (7.29)
O

27. Precisely the same argument can be used to prove that a positive number has an nth root, for any
natural number n.

28. If n happens to be odd, one can do better: every number has an nth root.
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29. To prove this we just note that if the positive number alpha has the nth root z, i.e., if
" = a, (7.30)

then
(—2)" = -« (7.31)

(since n is odd), so —« has the nth root —z.

30. The assertion, that for odd n any number alpha has an nth root, is equivalent to the statement that

the equation
2" —a=0 (7.32)

has a root if n is odd.

31. Expressed in this way the result is susceptible of great generalization.

THEOREM 9
If n is odd, then any equation
2"+ ap_ 12"+ ag=0 (7.33)
has a root.
Proof.
1. We obviously want to consider the function
f(x) =" 4 apn_12" ' + - 4 ag; (7.34)

we would like to prove that f is sometimes positive and sometimes negative.

2. The intuitive idea is that for large |z|, the function is very much like
g(x) =" (7.35)

and, since n is odd, this function is positive for large positive £ and negative for large negative x.
3. A little algebra is all we need to make this intuitive idea work.

4. The proper analysis of the function f depends on writing

fla) =a" +an_12" " 4 tag =a" (1 + a%) (7.36)
x
5. Note that
ap—1 Ap—2 ao ap—1 ago

T P o4 29 737
x x2 Tt A Tt " (7.37)

6. Consequently, if we choose z satisfying
(x) |z| > 1,2n|ap—1|, - ,2n|aol, (7.38)

then

j*| > x| (7.39)
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and 1
Apn—k Qp—k Ap—k
< < = — 7.40
xk x 2nlan_g|  2n’ (7.40)
% 1 11
Gp—1 Gp—2 ao
e O p = A1
T +x2 + +x"_2n+ +2n 2 (741)
7. In other words,
1 ap—q ag 1
< ey D 2 7.42
2=y T TSy (7.42)
which implies that
1 Ap—1 ap
- <1 e — 7.43
5 S1+ +o (7.43)
8. Therefore, if we choose an z1 > 0 which satisfies (*),then
(z1)" n an-1 ao
>~ (xl) ( + 71 + + (xl)n) f(x1)7 ( )
so that f(xz1) > 0.
9. On the other hand, if zo < 0 satisfies (*), then (z2)" < 0 and
(z2)" an-1 ao
< "+ —4--- = 7.45
5 = (z2)"(1+ o= +oo-+ (:):2)”) f(z2), (7.45)

so that f(z2) < 0.

10. Now applying Theorem 1 to the interval [z2,x1] we conclude that there is an x in [z2,x1] such
that f(z) = 0.

O]

THEOREM 9
If n is odd, then any equation

2"+ ap 12"+ tag =0 (7.46)

has a root.

32.

33.
34.

35.
36.

Theorem 9 disposes of the problem of odd degree equations so happily that it would be frustrating
to leave the problem of even degree equations completely undiscussed.

At first sight, however, the problem seems insuperable.

Some equations, like 22 — 1 = 0, have a solution, and some, like 22 + 1 = 0, do not—what more is
there to say?

If we are willing to consider a more general question, however, something interesting can be said.

Instead of trying to solve the equation

"4 ap_1z" o dag =0, (7.47)
let us ask about the possibility of solving the equation

"4 ap_12" V4 Fag =c, (7.48)

o7
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37. for all possible numbers c.
38. This amount to allowing the constant term ag to vary.

39. The information which can be given concerning the solution of these equations depends on a fact
which is illustrated in Figure 8.

FIGURE 8

40. The graph of the function
f(z) =a" + an_12" " + - + a, (7.49)

with n even, contains, at least the way awe have drawn it, a lowest point.

41. In other words, there is a number y such that

fly) < f(=) (7.50)

for all numbers z

e — the function f takes on a minimum value, not just on each closed interval, but on the whole
line.

42. (Notice that this is false if n is odd.)
43. The proof depends on Theorem 7, but a tricky application will be required.

44. e We can apply Theorem 7 to any interval [a,b], and obtain a point yo such that f(yg) is the
minimum value of f on [a, b];
e but if [a,b] happens to be the interval shown in Figure 8, for example, then the point yo will
not be the place where f has its minimum value for the whole line.

45. In the next theorem the entire point of the proof is to choose an interval [a,b] in such a way that
this cannot happen.

THEOREM 10
If n is even and
fx)=a" 4 ap_12" '+ 4 ag (7.51)

then there is a number y such that

fly) < f(2) (7.52)

for all z.
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Proof.
THEOREM 9
If n is odd, then any equation
" ap 12" - ag =0 (7.53)
has a root.
As in the proof of Theorem 9, if
M = max(1,2n|ap—1],- - ,2n|aog|), (7.54)
then for all z with |z| > M, we have
L i ST (7.55)
2~ T " )
2. Since n is even, " > 0 for all z, so
A "(1+a”‘1+ +a°> (@) (7.56)
2~ xn ’
provided that |z| > M.
3. Now consider the number f(0).
4. Let b > 0 be a number such that
b" > 2£(0) and also b > M. (7.57)
5. Then, if > b, we have (Figure 9)
5 3
FIGURE 9
AN
f@)= >0 1) (7.59)
6. Similarly, if x < —b, then
n —_p)" pn
fay = 2= EE s p) (7.59)

29
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7. Summarizing: if
x>borx<—b (7.60)
then
f(z) = £(0). (7.61)
8. Now apply Theorem 7 to the function f on the interval [—b, b].
9. We conclude that there is a number y such that (1) if
—b <z <, (7.62)
then
f(z) < f(x) (7.63)
10. In particular,
fy) < f(0) (7.64)
11. Thus (2) if
x<-—-borx>b (7.65)
then
f(x) = £(0) = f(y). (7.66)
12. Combining (1) and (2) we see that
fly) < flx) (7.67)
for all z.
O
46. Theorem 10 now allows us to prove thaw following result.
Theorem 11
1. consider the equation
(*) 2"+ ap 12" - Fag=c, (7.68)

and suppose n is even.

2. Then there is a number m such that (*) has a solution for ¢ > m and has no solution for

c<m.

Proof.

1.

Let

flz) =2™ + Cln—wn_l + -+ ap (Figure 10).

60

(7.69)
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Jo+

FIGURE 10

. According to Theorem 10 there is a number y such that

fly) < f(z) (7.70)

for all z.
Let m = f(y).

4. If ¢ < m, then the equation (*) obviously has no solution, since the left since the side always has

e R

a value > m.

If ¢ = m, then (*) has y as a solution.
Finally, suppose ¢ > m.
Let b be a number such that b > y and f(b) > c.
Then
fly) =m < c< f(b). (7.71)
Consequently, by Theorem 4, there is some number z in [y, b] such that f(z) = ¢, so z is a solution

of (¥).
O

47. These consequences of Theorems 1, 2, and 3 are the only ones we will derive now

e (these theorems will play a fundamental role in everything we do later, however).

48. Only one task remains—to prove Theorems 1, 2, and 3.

49. Unfortunately, we cannot hope to do this

e — on the basis of our present knowledge about the real numbers (namely, P1-P12) a proof is
impossible.

THEOREM 8

1. Every positive number has a square root.

2. In other words, if a > 0, then there is some number z such that z? = a.

50. There are several ways of convincing ourselves that this gloomy conclusion is actually the case.
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ol.
92.

93.

54.

For example, the proof of Theorem 8 relies only on the proof of Theorem 1;

If we could prove Theorem 1, then the proof of Theorem 8 would be complete, and we would have
a proof that every positive number has s square root.

As pointed out in Part I, it is impossible to prove this on the basis of P1-P12. Again, suppose we
consider the function

f(z) = : (7.72)

If there were no number z with

2 -2, (7.73)

then f would be continuous, since the denominator would never = 0. But f is not bounded on [0, 2].

THEOREM 1
If f is continuous on [a, b] and

fla) <0< f(b), (7.74)

then there is some z in [a, b] such that

f(z)=0. (7.75)

THEOREM 2
If f is continuous on [a,b], then f is bounded above on [a,b], that is, there is some number N
such that

flz) <= N (7.76)
for all z in [a, b].
THEOREM 3
If f is continuous on [a, b], then there is some number y in [a, b] such that
fly) >= f(x) (7.77)

for all z in [a, b] (Figure 3).

95.

56.

o7.

o8.

So Theorem 2 depends essentially on the existence of numbers other than rational numbers, and
therefore on some property of the real numbers other than P1-P12.

Despite our inability to prove Theorems 1, 2, and 3, they are certainly results which we want to be
true,

If the pictures we have been drawing have any connection with the mathematics we are doing, if our
notion of continuous function corresponds to any degree with our intuitive notion,

Theorems 1, 2, and 3 have got to be true.
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99.

60.

61.

62.
63.

64.

65.
66.

67.

68.
69.

Since a proof of any of these theorems must require some new property of R which has so far been
overlooked, our present difficulties suggest a way to discover that property:

e let us try to construct a proof of Theorem 1, for example, and see what goes wrong.

One idea which seems promising is to locate the first point where f(z) = 0, that is, the smallest x
in [a,b] such that f(z) = 0.

To find this point, first consider the set A which contains all numbers z in [a,b] such that f is
negative on [a, x].

In Figure 11, z is such a point, while 2’ is not.
The set A itself is indicated by a heavy line.

Since f is negative at a, and positive at b, the set A contains some points greater than a, while all
points sufficiently close to b are not in A.

FIGURE 11

(We are here using the continuity of f on [a,b], as well as Problem 6-15.)

Now suppose alpha is the smallest number which is greater than all members of A; clearly

a<a<b. (7.78)

We claim that f(a) =0, and to prove this we only have to eliminate the possibilities f(a) < 0 and
f(a) > 0.

Suppose first that f(a) < 0.
Then, by Theorem 6-2, f(z) would be less than 0 for all z in a small interval containing «,

e in particular for some numbers bigger than a (Figure 12);

e but this contradicts the fact that « is bigger than every member of A,
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e since the larger numbers would also be in A.

70. Consequently, f(a) < 0 is false.

f(x) < 0 for all x in this interval

A would also contain
all these points

FIGURE 12

71. On the other hand, suppose f(a) > 0.

72. Again applying Theorem 6-2, we see that f(z) would be positive for all  in a small interval containing
a?

e in particular for some numbers smaller than alpha (Figure 13).

A could really be
only this big

f(x) > 0 for all x
in this interval

FIGURE 13

73. This means that these smaller numbers are all not in A.

74. Consequently, one could have chosen an even smaller o which would be greater than all members of

A.
75. Once again we have a contradiction; f(«) > 0 is also false.
76. Hence f(«) =0 and, we are tempted to say, Q.E.D.

77. We know, however, that something must be wrong, since no new properties of R were ever used,
and it does not require much scrutiny to find the dubious point.

78. It is clear that we can choose a number alpha which is greater than all members of A
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e (for example, we can choose a = b), but it is not so clear that we can choose a smallest one.
79. In fact, suppose A consists of all numbers > 0 such that 22 < 2.

80. If the number v/2 did not exist, there would not be a least number greater than all the members of
A;

e for any y > v/2 we chose, we could always choose a still smaller one.

7.2 Problem
1. e For each of the following functions, decide which are bounded above or below on the indicated
interval, and which take on their maximum or minimum value.

e (Notice that f might have these properties even if f is not continuous, and even if the interval
is not a closed interval.)

(a) f(x) =2 on (—1,1).
(b) f(z) =2* on (~1,1)
(¢) f(z) =2*on R.
(d) f(z)=2* on [0,00)
2
T r<a
e T) = -~ on(—a-—1,a+1).
(@) f(@) {GH o n )
o (It will be necessary to consider several possibilities for a.)
2
x r<a
f xT) = - on[-a-—1,a+1].
(0 7 {Hz ool |
0 z irrational
(&) f)=91  »p. on [0,1].
— x = = in lowest terms
q q
1 x irrational
(h) flz)=<1 _p. on [0,1].
— x = = in lowest terms
q q
1 x irrational
(i) fle)=4q1 D on [0,1].
— x = = in lowest terms
q
1, =« irrational
G fl@)=4¢1  p. on [0, 1].
6 T = 5 in lowest terms
x x rational
(k) f(z) = L on [0, al.
0 z irrational
(1) f(z) = sin® (cosx +Va+ aQ) on [0, a?].

2. For each of the following polynomial functions f, find an integer n such that f(z) = 0 for some z
between n and n + 1.
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(a) flz) =2 -z +3.

(b) f(x) = 2° + 52t + 22 + 1.
(©) flz)=2"+z+1

(d) f(x) =42® —4x+1

3. Prove that there is some number x such that
163

1+ 22 +sin’z

(b) sinz =z — 1.

(a) 2™ + = 119.

4. This problem is a continuation of Problem 3-7.

(a) If n — k is even, and > 0, find a polynomial function of degree n with exactly k roots.

(b) e A root a of the polynomial function f is said to have multiplicity m if

f(@) = (@ - a)"g(a), (7.79)

where ¢ is a polynomial function that does not have a as a root.
e Let f be a polynomial function of degree n.

e Suppose that f has k roots, counting multiplicities, i.e., suppose that & is the sum of the
multiplicities of all the roots.

e Show that n — k is even.

ot
°

Suppose that f is continuous on [a, b] and that f(z) is always rational.
What can be said about f ?

&
°

Suppose that f is a continuous function on [—1, 1] such that
224 (f(z)? =1 (7.80)

for all .

(This means that (z, f(x)) always lies on the unit circle.)

Show that either
flx)=+vV1—a? (7.81)

f(z) =—V1—2? (7.82)

for all z, or else

for all z.

7. How many continuous function f are there which satisfy

(f(2))? = ° (7.83)

for all z?
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8 Least Upper Bound (p.131)

8.1 Context

1. This chapter reveals the most important property of the real numbers.
2. Nevertheless, it is merely a sequel to Chapter 7;

e the path which must be followed has already been indicated, and further discussion would be
useless delay.

Definition

o A set A of real numbers is bounded above if there is a number x such that

x > a for every a in A. (8.1)

e Such a number z is called an upper bound for A.

3. Obviously A is bounded above if and only if

e there is a number x which is an upper bound for A
e (and in this case there will be lots of upper bounds for A);

e we often say, as a concession to idiomatic English, that
“A has an upper bound”

e when we mean that there is a number which is an upper bound for A.
4. Notice that the term “bounded above” has now been used in two ways
e —first, in Chapter 7, in reference to functions, and now in reference to sets.

5. This dual usage should cause no confusion, since it will always be clear whether we are talking about
a set of numbers or a function.

6. Moreover, the two definitions are closely connected:

7. if A is the set
{f(z) :a <z < b}, (8.2)

then the function f is bounded above on [a,b] if and only if the set A is bounded above.

8. The entire collection R of real numbers, and the natural numbers N, are both examples of sets which
are not bounded above.

9. An example of a set which is bounded above is

A={z:0<z <1} (8.3)
10. To show that A is bounded above we need only name some upper bound for A, which is easy enough;

e for example, 138 is an upper bound for A, and so are 2, 15, 11, and 1.
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11. Clearly, 1 is the least upper bound of A;

e although the phrase just introduced is self-explanatory,
e in order to avoid any possible confusion
e (in particular, to ensure that we all know what the superlative of “less” means),

e we define this explicitly.

A number z is a least upper bound of A if

1. x is an upper bound of A

2. if y is an upper bound of A, then x < y.

12. The use of the indefinite article “a” in this definition was merely a concession to temporary ignorance.

13. Now that we have made a precise definition, it is easily seen that if x and y are both least upper
bounds of A, then x = y.

14. Indeed, in this case

e 1 <y, since y is an upper bound, and z is a least upper bound.

e y < x, since x is am upper bound, and y is a least upper bound.
15. It follows that x = y.
16. For this reason we speak of the the least upper bound of A.
17. The term supermum of A is synonymous and has one advantage.

18. It abbreviates quite nicely to
sup A ( pronounced “soup A”).
19. and saves us from the abbreviation

Iub A

(which is nevertheless used by some authors).

20. There is a series of important definitions, analogous to those just given, which can now be treated
more briefly.

21. A set A of real numbers is boundedbelow if there is a number x such that

x < a for every a in A. (8.4)

22. Such a number z is called a lower bound for A.
23. A number z is the greatest lower bound of A if

e 7 is a lower bound of A
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e if y is a lower bound of A, then z > y.

24. The greatest lower bound of A is also called the infimum of A, abbreviated
inf A;
some authors use the abbreviation
glb A.

25. One detail has been omitted from our discussion so far

e — the question of which sets have at least one, and hence exactly one, least upper bound or
greatest lower bound.

26. We will consider only least upper bounds, since the question for greatest lower bounds can then be
answered easily (Problem 2).

27. If A is not bounded above, then A has no upper bound at all, so A certainly cannot be expected to
have a least upper bound.

28. It is tempting to say that A does have a least upper bound if it has some upper bound, but, like the
principle of mathematical induction, this assertion can fail to be true in a rather special way.

29. If A = (), then A is bounded above.

30. Indeed, any number z is an upper bound for §:

x >y for every y in (). (8.5)
31. simply because there is no y in ).
32. Since every number is an upper bound for (), there is surely no least upper bound for ().

33. With this trivial exception however, our assertion is true—and very important, definitely important
enough to warrant consideration of details.

34. We are finally ready to state the last property of the real numbers which we need.

(Prop 13)
(The least upper bound property)
If A is a set of real numbers,

A #0, (8.6)
and A is bounded above, then A has a least upper bound.

35. Property P13 may strike you as anticlimactic, but that is actually one of its virtues.

36. To complete our list of basic properties for the real numbers we require no particularly abstruse
proposition, but only a property so simple that we might feel foolish for having overlooked it.

37. Of course, the least upper bound property is not really so innocent as all that;
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e after all, it does not hold for the rational numbers Q.

38. For example, if A is the set of all rational numbers x satisfying

22 <2, (8.7)

then there is no rational number y which is an upper bound for A and which is less than or equal
to every other rational number which is an upper bond for A.

39. It will become clear only gradually how significant P13 is, but we are already in a position to
demonstrate its power, by supplying the proofs which were omitted in Chapter 7.

Theorem 7-1 (IVT)
If f is continuous on [a, b] and

fla) <0< f(b), (8.8)

then there is some number z in [a, b] such that

f(z)=0. (8.9)

Proof.

1. Our proof is merely a rigorous version of the outline developed at the end of Chapter 7

e —we will locate the smallest number z in [a, b] with
f(z)=0. (8.10)
2. Define the set A, shown in Figure 1, as follows:

A={z:a <z <b, and f is negative on the interval [a, z]} (8.11)

a b

_a Jh
e \SY

FIGURE 1

3. Clearly A # 0, since a is in A;

e in fact, there is some ¢ > 0 such that A contains all points z satisfying
a<z<a+d; (8.12)

e this follows from Problem 6-15, since f is continuous on [a,b] and f(a) < 0.
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4.

e Similarly, b is an upper bound for A and,
e in fact, there is a § > 0 such that all points x satisfying

b—d<z<bd

are upper bounds for A;
e this also follows from Problem 6-15, since f(b) > 0.

From these remarks it follows that A has a least upper bound « and that
a<a<b.

We now wish to show that f(a) = 0, by eliminating the possibilities
fla) <0 and f(a) > 0.

Suppose first that f(a) < 0.

8. By Theorem 6-3, there is a ¢ > 0 such that f(z) < 0 for

10.
11.
12.
13.

a—d<zx<a+d

(Figure 2).

-f(x) < 0O for all x
in this interval

FIGURE 2
Now there is some number zg in A which satisfies
a—0<zy <«

e (because otherwise o would not be the least upper bound of A).

This means that f is negative on the whole interval [a, x¢].

(8.13)

(8.14)

(8.15)

(8.16)

(8.17)

But if 21 is a number between « and « + §, then f is also negative on the whole interval [xg, x1].

Therefore f is negative on the interval [a,z1], so z is in A.
But this contradicts the fact that « is an upper bound for A;

e our original assumption that f(a) < 0 must be false.
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14. Suppose, on the other hand, that f(a) > 0.
15. Then there is a number § > 0 such that f(z) >0 for « — 6 < z < a+ § (Figure 3).

_a- \i:x b
J(x) > 0 for all x

in this interval

FIGURE 3
16. Once again we know that there is an xy in A satisfying
a—0 <z <o (8.18)

but this means that f is negative on [a, o], which is impossible, since f(xp) > 0

17. Thus the assumption f(«) > 0 also leads to a contradiction, leaving f(a) = 0 as the only possible
alternative.

O]

40. The proofs of Theorems 2 and 3 of Chapter 7 require a simple preliminary result, which will play
much the same role as Theorem 6-3 played in the previous proof.

Theorem 1
If f is continuous at a, then there is a number § > 0 such that f is bounded above on the interval

(a—3,a+9) (5.19)

(see Figure 4).
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S

| pm———————————— =

=1

FIGURE 4

Proof.

1. Since lim f(x) = f(a), there is, for every € > 0, a § > 0 such that, for all z, if

Tr—a
|z —al <4,

then

[f(z) = fla)| <e.

(8.20)

(8.21)

2. It is only necessary to apply this statement to some particular ¢ (any one will do), for example,

e=1.
3. We conclude that there is a § > 0 such that, for all z, if
|z —a| <6,

then
|f(x) = fla)] <1

4. It follows, in particular, that if
|z —a| <6,

then

[f(z) = fla)| <e.

5. This completes the proof:

e on the interval
(a —d,a+9)

the function f is bounded above by f(a) + 1.
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(8.25)
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O]

41. It should hardly be necessary to add that we can now also prove that f is bounded below on some
interval

(a —d,a+9), (8.28)
and, finally, that f is bounded on some open interval containing a.

42. A more significant point is the observation that if

lim f(x) = f(a), (8.29)

z—at

then there is a § > 0 such that f is bounded on the set

{z:a<z<a+ 6}, (8.30)
and a similar observation holds if
linlr)l f(z) = f(b). (8.31)
z—b—

43. Having made these observations (and assuming that you will supply the proofs), we tackle our second
major theorem.

Theorem 7-2
If f is continuous on [a, b], then f is bounded above on [a, b].

Proof.

1. Let

A={x:a <z <band f is bounded above on [a,z]} (8.32)
2. Clearly A # () (since a is in A), and A is bounded above (by b), so A has a least upper bound a.
3. Notice that we are here applying the term “bounded above” both to the set A,

e which can be visualized as lying on the horizontal axis, and to f,

e ie., to the sets
{f(y):a<y <z}, (8.33)

which can be visualized as lying on the vertical axis (Figure 5).
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/0):a <y <}

FIGURE 5

Our first step is to prove that we actually have
a="b.

Suppose, instead, that
a < b.

By Theorem 1 there is 6 > 0 such that f is bounded on
(a—d,a+9).
Since « is the least upper bound of A there is some g in A satisfying

a—0 <z <a.

8. This means that f is bounded on [a, xo].

9. But if x; is any number with

10.

11.

12.

a—0<uz<a,

then f is also bounded on [xg, z1].

(8.34)

(8.35)

(8.36)

(8.37)

(8.38)

Therefore f is bounded on [a, z1], so x; is in A, contradicting the fact that « is an upper bound

for A.

This contradiction shows that

One detail should be mentioned:
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e this demonstration implicitly assumed that a < « [ so that f would be defined on some
interval
(o — 0, +9); (8.40)

the possibility a = « can be ruled out similarly, using the existence of a § > 0 such that f is
bounded on

{r:a<z<a+d}. (8.41)
13. The proof is not quite complete
e —we only know that f is bounded on [a, z] for every x < b, not necessarily that f is bounded
on [a,b].
14. However, only one small argument needs to be added.
15. There is a 6 > 0 such that f is bounded on
{r:b—90 <z <b}. (8.42)
16. There is zg in A such that
b—9d <zp<b. (8.43)
17. Thus f is bounded on [a, zo] and also on [zg,b], so f is bounded on [a, b].
O
44. To prove that third important theorem we resort a trick.
Theorem 7-3
If f is continuity on [a,b], then there is a number y in [a,b] such that f(y) > f(x) for all z in
[a, b].
Proof.
1. We already know that f is bounded on [a, b], which means that the set
{f(z) : z in [a,b]} (8.44)
is bounded.
2. This set is obviously not (), so it has a least upper bound a.
3. Since
o> f(z) (8.45)
for x in [a, b] it suffices to show that
a=f(y) (8.46)
for some y in [a, b].
4. Suppose instead that
a# f(y) (8.47)

for all y in [a, b)].
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45.

46.
47.

48.
49.

50.

ol.

5. Then the function g defined by

1

g(z) = o ) x in [a, b] (8.48)

is continuous on [a, b], since the denominator of the right side is never 0.

6. On the other hand, « is the least upper bound of
[f(@) s @ in [0} (8.49)
this means that for every € > 0 there is z in [a, b] with
a— f(z) <e (8.50)

7. This, in turn, means that for every € > 0 there is x in [a, b] with

g(x) > é (8.51)

8. But this means that g is not bounded on [a, b], contradiction the previous theorem.

O]

At the beginning of this chapter the set of natural numbers N was given as an example of an
unbounded set.

We are now going to prove that N is unbounded.

After the difficult theorems proved in this chapter you may be startled to find such an “obvious”
theorem winding up our proceedings.

If so, you are, perhaps, allowing the geometrical picture of R to influence you too strongly.

“Look, ”you may say,“ the real numbers

1 — } +—+
1 2 n x

— }
0 n+1

Figure

so every number x is between two integers n,n + 1 (unless z is itself an integer).

Basing the argument on a geometric picture is not a proof, however, and even the geometric picture
contains an assumption:

e that if you place unit segments end-to-end you will eventually get a segment larger than any
given segment.

This axiom, often omitted from a first introduction to geometry, is usually attributed (not quite
justly) to Archimedes, and the corresponding property for numbers, that N is not bounded, is called
the Archimedian property of the real numbers.

7
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92.

This property is not a consequence of P1-P12 (see reference [17] of the Suggested Reading), although
it does hold for Q, of course.

53. Once we have P13 however, there are no longer any problems.
Theorem 2
N is not bounded above.
Proof.
1. Suppose N were bounded above.
2. Since
N # 0, (8.52)
there would be a least upper bound « for N.
3. Then
a>nforallnin N (8.53)
4. Consequently,
a>nforall nin N (8.54)
since n + 1 is in N if n is in N.
5. But this means that
a—1>nforallnin N (8.55)

o4.

and this means that a — 1 is also an upper bound for N, contradicting the fact that « is the least
upper bound.

O

There is a consequence of Theorem 2 (actually an equivalent formulation) which we have very often
assumed implicitly.

1
For every € > 0 there is a natural number n with — < ¢.
n

Proof.
1. Suppose not; then
1
- > 8.56
> (8.56)
for all n in N.
2. Thus 1
n < z (8.57)

for all n in N.

1
3. But this means that — is an upper bound for N, contradicting Theorem 2.
€
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O]

55. A brief glance through Chapter 6 will show you that the result of Theorem 3 was used in the
discussion of many examples.

56. Of course, Theorem 3 was not available at the time, but the examples were so important that in
order to give them some cheating was tolerated.

57. As partial justification for this dishonesty we can claim that this result was never used in the proof
of a theorem, but if your faith has been shaken, a review of all the proofs given so far is in order.

58. Fortunately, such deception will not be necessary again.
59. We have now stated every property of the real numbers that we will ever need.

60. Henceforth, no more lies.

8.2 Problem

1. e Find the least upper bound and the greatest lower bound (if they exist) of the following sets.

e Also decide which sets have greatest and least elements (i.e., decide when the least upper bound
and greatest lower bound and greatest lower bound happens to belong to the set)

(a) {i:ninN}.

(b) {1:ninZandn5£0.}.

d) {z:0 <z <+V2and z is rational}.
{z:2®+2+1>0}
{z:2°+2—-1<0}.

g) {z:z<0and 2® + = —1 < 0}.

1

—+(=1)":nin N}.

n

[\
—

54
N2

[}

Suppose A # () is bounded below.

Let —A denote the set of all —x for x in A.

Prove that —A # () is bounded above, and that —sup(—A) is the greatest lower bound of
A.

If A # () is bounded below, let B be the set of all lower bounds of A.

Show that B # (), that B is bounded above, and that sup B is the greatest lower bound of
A.

(b)

3. Let f be a continuous function on [a,b] with f(a) < 0 < f(b).

(a) e The proof of the Theorem 1 showed that there is a smallest x in [a, b] with f(z) = 0.
e Is there necessarily a second smallest z in [a, b] withf(x) = 07
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Shoe that there is a largest x in [a, b] with f(x) = 0.
(Try to give an easy proof by considering a new function closely related to f.)
The proof of Theorem 1 depend upon consideration of

A={z:a <z <band f is negative on [a,b]}.
Give another proof of Theorem 1, which depends on consideration of
A={z:a<z<band f(r) <0}.

Which point z in [a, b] with f(x) = 0 will this proof locate?
Give an example where the sets A and B are not the same.

4. Suppose that f is continuous on [a,b] and that f(a) = f(b) = 0.

(a)

Suppose also that f(zg) > 0 for some xg in [a, b].
Prove that there are numbers ¢ and d with a

a<c<zg<d<b
such that

but f(z) > 0 for all z in (¢, d).
Hint: The previous problem can be used to good advantage.
Suppose that f is continuous on [a, b] and that

fa) < f(b).
Prove that there are numbers ¢ and d with
a<ece<d<b
such that f(c) = f(a) and f(d) = f(b) and
fla) < f(x) < f(d)

for all z in (¢, d).

Suppose that y — x > 1.
Prove that there is an integer k such that z < k < y.
Hint: Let [ by the largest integer satisfying [ < x, and consider [ + 1.
Suppose = < y.
Prove that there is a rational number r such that x <r < y.
Hint: If

= <Yy-—x,

n
then

ny —nx > 1.

(Query: Why have parts (a) and (b) been postponed until this problem set?)
Suppose that r < s are rational numbers.
Prove that there is an irrational number between r and s.
Hint: As a start, you know that there is an irrational number between 0 and 1.
Suppose that < y.
Prove that there is an irrational number between z and y.
Hint: It is unnecessary to do any more work; this follows from (b) and (c).
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Appendices

A

10.
11.

12.

Uniform Continuity

. Now that we’ve come to the end of the “foundations,” it might be appropriate to slip in one further

fundamental concept.

. This notion is not used crucially in the rest of the book, but it can help clarify many points later

on.

We know that the function
f(z) = 2? (A1)

is continuous at a for all a.

. In other words, if a is any number, then for every € > 0 there is some § > 0 such that, for all z, if

[z —al <4, (A.2)

then
2% — a?| < e. (A.3)

. Of course, § depends on €.

. But § also depends on a

e — the J that works at a might not work at b (Figure 1).

Indeed, it’s clear that given € there is no one § > 0 that works for all a, or even for all positive a.

0
. In fact, the number a + 3 will certainly satisfy

’I‘ - a’ < 67 (A4)

but if @ > 0, then
2

0
a(5+z

(a+ 5)2 — (12

> ad (A.5)

. €
and this won’t be < ¢ once a > —.

J

(This is just an admittedly confusing computational way of saying that f is growing faster and
faster!

On the other hand, for any € > 0 there will be one ¢ > 0 that works for all a in any interval [-N, N).
In fact, the 6 which works at N or —N will also work everywhere else in the interval.

As a final example, consider the function

1
f(z) =sin <), (A.6)
x
or the function whose graph appears in Figure 18 on page 62.
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13.

14.

It is easy to see that, so long as € < 1, there will not be one § > 0 that works for these functions at
all points a in the open interval (0,1).

These examples illustrate important distinctions between the behavior of various continuous func-
tions on certain intervals, and there is a special term to signal this distinction.

DEFINITION
The function f is uniformly continuous on an interval A if for every € > 0 there is some § > 0
such that, for all x and y in A, if

|z —y| <4, (A.7)

then
|f(x) = fy)] <e. (A.8)

15.

16.

17.

18.

19.

20.

21.

22.

23.

We’ve seen that a function can be continuous on the whole line, or on an open interval, without
being uniformly continuous there.

On the other hand, the function
f(z) =a? (A.9)

did turn out to be uniformly continuous on any closed interval.

This shouldn’t be too surprising it’s the same sort of thing that occurs when we ask whether a
function is bounded on an interval

e — and we would be led to suspect that any continuous function on a closed interval is also
uniformly continuous on that interval.

In order to prove this, we’ll need to deal first with one subtle point.

Suppose that we have two intervals [a,b] and [b, ¢) with the common endpoint b, and a function f
that is continuous on (a, c).

Let € > 0 and suppose that the following two statements hold:

I. if z and y are in [a,b] and |z — y| < 01, then |f(x) — f(y)| <e,
II. if x and y are in [b, ] and |z—y| < d2, then |f(z) — f(y)| < e.

We’d like to know if there is some § > 0 such that

[f(x) = fly)l <e (A.10)
whenever = and y are points in [a, ¢] with |z — y| < ¢.
Our first inclination might be to choose § as the minimum of d; and §s.
But it is easy to see what goes wrong (Figure 2):

e we might have z in [a,b] and y in [b, ¢), and then neither (I) nor (II) tells us anything about

[f (@) = f(y)l- (A.11)
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24. So we have to be a little more cagey, and also use continuity of f at b.

LEMMA

1. Let a < b < c and let f be continuous on the interval [a, c].
2. Let € > 0, and suppose that statement (I) and (II) hold.
3. Then there is a § > 0 such that, if
|a; — b’ < 03 (A.12)

then
[f(z) = fly) <e. (A.13)

Proof.

1. Since f is continuous at b, there is a d3 > 0 such that, if

’3? — b‘ < 03, (A.14)
then .
|[f(z) = fFu)l < 5 (A.15)
2. It follows that (III) if
|x —b] < d3 and |y — b| < d3 (A.16)
then
[f(z) = fly)l <e. (A.17)

3. Choose 0 to be the minimum of d; , d2 , and J3.
4. We claim that this § works.
5. In fact, suppose that = and y are both in [b, ¢], then

[f(z) = f(y) <el (A.18)
by (II).
6. The only other possibility is that
r<b<y y<b<u (A.19)
7. In either case, since
|z —y| <6, (A.20)
we also have
|x —b] < d and |y — b| < 4. (A.21)
8. So
[f(z) = fly) <e (A.22)
by (I1T)
O
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THEOREM 1

If f is continuous on [a, b], then f is uniformly continuous on [a, b].

Proof.

1. It’s the usual trick, but we’ve got to be a little bit careful about the mechanism of the proof.

2. For € > 0 let’s say that f is e — good on [a, b] if there is some § > 0 such that, for all y and z in
[a, b], if
ly — z| < 0, (A.23)

then
1fly) = f(2) <e. (A.24)

3. Then we're trying to prove that f is e — good on [a, b] for all ¢ > 0.

4. Consider any particular € > 0.

5. Let

A=z:a<zxz<band fise— good on [a,x]. (A.25)
6. Then A # () (since a is in A), and A is bounded above (by b), so A has a least upper bound a.
7. We really should write ., since A and « might depend on €.
8. But we won’t since we intend to prove that o = b, no matte what ¢ is.
9. Suppose that we had o < b.

10. Since f is continuous at «, there is some dg > 0 such that, if

ly — af < do, (A.26)
then .
F) — Fla)| < & (A27)
11. Consequently, if
ly —a| < dp and |z — a| < do, (A.28)
then
1f(y) = f(2)] <e. (A.29)
12. So f is surely € — good on the interval
[Oz — g, 0 + (50] (A.30)

13. On the other hand, since « is the least upper bound of A, it € — good on
[a, a + o], (A.31)

S0 a + dg is in A, contradiction the fact that a is an upper bound.
14. To complete the proof we just have to show that o = b is actually in A.

15. The argument for this is practically the same:

84
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16.

17.

18.

Since f is continuous at b, there is some dg > 0 such that, if

then

So f is € — good on

But f is also € — good on

’b - y‘ < 507
)~ F®)l < .
b — o, b].

[a, b — o],

so the Lemma implies that f is ¢ — good on [a, b].
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Advanced Calculus: Fall 2018

Xiang Fang
Phone: 65115. Office: M419.
Email: xfang@math.ncu.edu.tw
Office Hour: Tuesday 2pm-2:50pm

e References: Books of Zhang, Spivak, Cinlar, and Rudin, and the problem book of Fang.
e Grading: HW 30%, Quizzes 30%, Exams 40%.

e TA: Kuo Li-Feng 0926020285, d0955466322@Qgmail.com

Calculus starts with a new look at zero!

1. If a real number is such that its absolute value is smaller than any positive number,
then it must be zero.

2. What is the Dirichlet function, and what is the area under its graph?

1 c 1
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3. What is an upper bound? And lower bound?

4. The Least Upper Bound and its existence
Setting:
It is defined by two conditions:

oldl1.

2.

Existence:

5. What are the three hard theorems according to the yellow book?

1 c 2
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What is a sequence?

What is a bounded sequence?

1. Important Definition: Infinitesimal sequence. B

2. In words:

3. In symbols:

4. Geometric meaning:

Write “a sequence is not infinitesimal” in four ways:

1. (Def)

2. (In words)

3. (In symbols)

4. (Geometric meaning)

1 c 3
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Example =z, = @ is an infinitesimal sequence.
Proof.
1. For any € > 0, we want to choose 777 such that

2. To achieve this, it is sufficient to ask ...

In particular, we choose

3. Now the important step: To verify that “The above choice of N will do the job!”

Example let a € Rs.t. a > 1. Then s, = ain is infinitesimal.

Proof.

1. For any € > 0, we want to choose 777 such that

2. To achieve this, it is sufficient to ask ...

In particular, we choose

3. Now the important step: To verify that “The above choice of N will do the job!”

1 c 4
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Three Important Questions Before Calculus ¥ %o %o

1. What is very small?
2. What is very large?

e Or, what is infinity?

e Or, how to define a number called “infinity”?

3. What is “very close to a number”?

Now, please write a mathematical definition for each of the above!

1.

Now give your own examples for the above three!

1 c 5
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HW: (Due on Sept. 18) (Recall that you need to do at least four problems from below.)

1. Define “inf”. Moreover,

e What is its other name?
e Then show that it is unique if existing.

e Then give an example such that it does not exist.
(Note that you need to give a complete definition. A complete definition includes set-up!)

2. e Write “a sequence is unbounded” in terms of symbols!

e Write “a sequence is not infinitesimal” in terms of symbols!
3. Show that

e ¢, =n+ (—1)"n is unbounded.

" .. . .
° a, = % is infinitesimal.
4. Show that a, = 228 _ s infinitesimal.
To7 1 —n—+1

5. Theorem (p. 51):

(A) If both {@,}22, and {5,}52, are infinitesimal, then so is {a, + £,}5° .

(B) If {a,}22, is infinitesimal and {f,}>°, is bounded, then {a,5,}5°, is infinitesimal.

After having done at least four problems above, choose any problems from Chapter 2 of the problem
book.
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(107-09-18) Important definition

1. Definition: The limit of a sequence (p. 55) &

lim x, = a,
n—o0

that is, we say that the limit of a sequence is a real number a if
e For any ....
e there exists ... such that

e for any n ...

Equivalent Defintion: In terms of z, — a:

2. In words:

3. In symbol:

4. Geometric interpretation

Theorem 1 (p. 57) The limit of a sequence, if existing, is unique.

1 c 7
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Example 3 (p. 59) Let a > 1. Show that {/a = 1.

Example 4 (p. 60) Show that /n = 1.

1 c 8
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Basic Properties of Convergent Sequences

Theorem 4 (p. 61) A convergent sequence is bounded.

Before the proof, we introduce the set-up:

Theorem 5 (pp. 61-62) (1) If limz,, = a, then lim|z,| = |a|.

(2) If limz,, = a,limy, = b, then limz,, +y, = a £ b.

(3) If lim x,, = a,limy,, = b, then lim z,,y,, = ab.

1 c 9
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(4) If lim z,, = a, then lim i = L (But what conditions we are missing?)

Please write a complete statement for the above result:

Proof.

Now please do the same for f(z) = \/x.

1 c 10
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Theorem 6. (p. 68) If limx, < limy,, then there is an N € N s.t. for all n > N, we have

T < Yn-

Show that the converse is not true!

Theorem 7. (p. 69) If both z,, and y,, are convergent, and there is an Ny s.t.
Tn < Yn, VN > Ny,
then limz,, < limy,.

Proof. By contraction.

10 ¢ 11
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HW: (Due on Sept. 25) (Recall that you need to do at least four problems from below.)

1. If {a,}5°, is infinitesimal, then so is

g, =t g

2. If {o, > 0}22, is infinitesimal, then so is

ﬂn:n&l"'ana n:1727"'

3. The sequence z, = /L is infinitesimal.
n n!

4. Write a complete statement for “if lim x,, = a, then /x,, = \/a”; then prove it.
5. Do the same for f(z) = /.
6. Do the same for f(x) = sinz.

7. Let a € (0,1). Show that {/a = 1 without using the case a > 1.

After having done at least four problems above, choose any problems from Chapter 2 of the problem
book.

10 ¢ 12
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(107-09-25, Tuesday) Chapter 2, Section 3: Convergence Principles

Increasing Sequence:
Decreasing Sequence:
Strictly increasing Sequence:

Strictly decreasing Sequence:

Important assumption on sup and inf:

Theorem 1. The necessary and sufficient condition for an increasing sequence to be convergent is
that it is bounded above.

In symbols:

Corollary (the easy-to-remember version): A bounded, monotone sequence is 777

Proof of Theorem 1. We need to treat “necessity” and “sufficiency” separately.

& Necessity:

& Sufficiency:

1 c 13
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Example 1. (p. 72) Let @ > 0. Find the limit

aTL

lim —.
n!

IMPORTANT:
e We do not know whether the limit exists.

e To find the limit includes to find out whether it exists. This is usually more difficult than
find the numerical answer.

e But for now, this is usually easy since we only have one good tool. (Q: What is it?)

Proof. We have three steps. (Often you may want to switch the first two steps.)

1. The sequence is bounded (above or below?).

2. the sequence is monotone.

3. Now we know that the limit exists. So we can assume
limzx, = a.

Next is the easy & fun step:

1 c 14
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Example 2. (p. 73) Let z1 = V2, 25 = V24+V2,---, 2, = \/2+\/2+---+\/§,--- . Find

lim z,,.

Example: Show that limsin(n) DNE. (Q: What is DNE?) (Then do the same for 777)

1 c 15
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Theorem 2 (Nested Invervals, p. 76) Let

[n - [ana bn] D In—l—l = [an—i-la bn—i—l]y n Z 1
be a sequence of nested closed intervals in R.

If
lim (b, — a,) = 0,

then
ngIIn 7é ¢

In particular,
e We necessarily have the intersection to be a singleton. Let it be c.

e We necessarily have
lima,, = ¢ = limb,,.

e c is the only real number satisfying the following:

a, <c<b,, VneN.

Proof.

1. Claim A: {a,} is increasing and bounded above.

2. Similarly, {b,} is decreasing and bounded below.

3. By ... we have ...

4. Moreover, these two limits are the same because ...

5. Also recall that the above is limit can also be written as

6. Now we can conclude that the intersection is nonempty because

7. The intersection is a singleton because

1 c 16
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Theorem 4 (Bolzano-Weierstrass, p. 79) A bounded equence has a convergence subsequence.

In symbols:

Proof.

1. We regard [a, b] as the 0 generation and we bisect it to obtain the next generation.

2nd

2. We get the even next generation, that is, the generation similarly:

3. In general, we obtain the k' generation by

4. Summary so far: We have a sequence of nested intervals:

5. Now we apply ...... to get

6. Claim: {z,,} has a subsequence convergent to c.

7. We pick z,, by
8. We pick z,, by

9. Claim:
lim z,, =c. (&)

k—o0

10. This is simple:

11. In more details via e — N:

1 c 17
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HW: (Due on Oct. 2) (Recall that you need to do at least four problems from below.)

1. Show that {/n = 1.

2. Let a > 0,29 > 0. The sequence {z,} is defined iteratively:

1
xn:—<xn1—|— ¢ ) n=1,2,---.

2 Tn—1

Please find lim z,,. (Hint: Two parts!)

3. Show that the limit of following sequence exists:

1 n
xn:<1+—) ,n=12,---.
n

4. State and prove the nested interval theorem.
5. State and prove the Bolzano-Weierstrass theorem.

6. Show that limtan(n) DNE.

After having done at least four problems above, choose any problems from pp. 15-18 of Chapter 2
of the problem book.
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Warm-up exercises:

1. How to describe a subsequence in symbols?

2. Show that if a sequence is convergent, then any of its subsequence converges to the same limit.
(Please set up the notations carefully.)

Set-up:

Proof.

& Cauchy sequence (important):

Non-Cauchy in symbols:

Fact: A Cauchy sequence is bounded.

1 c 19
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& Cauchy’s convergence principle:

Convergence = Cauchy.

A complete statement:

The advantage of being Cauchy:

Proof: It has two directions. Which is easier?

1 c 20
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Determine whether the following sequences are Cauchy:

1. 2, = (—1)

It is clearly non-Cauchy, which means, in symbols:

[\
8
3

Il
[ L
+
N[
+
+
3=

10 ¢ 21
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5. x, = sin(n)

10 ¢ 22
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Definition: We say that lim,, ., x,, = 400 if

In this case we also say that {x,} is divergent to +o0, or simply occ.

Converse:

Definition: We say that lim,,_,, x,, = —oc if

Theorem: An increasing sequence is either congvergent or divergent to oo.

State in symbols: An non-increasing sequence.

Exercise: Show that if z,, = 0o, then 2] — oc.

1 c 23
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Arithmetics of infinities: (Q: What does this mean?)

We analyze 2. How?

This is how: oo is not a number; instead, it is represented by a sequence.

That is, we assume that lim x,, = limy,, = oo, and we consider

Tn .
lim — = Everything can happen!
Yn

For “everything”, how many situations can you think of ?

Seven indefinite forms: (also called indeterminate forms)

e There is no need to do addition.
e Subtraction:

e Multiplication:

e Division-1:

e Division-2:

e Power-1:

e Power-2:

e Power-3:

1 c 24
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Exercise: If f(z) < g(x), Vo € D, then

sup f(z) < sup g(z).
zeD zeD

Exercise: If f(z) < g(x), Vo € D, then

sup f(x) + g(x) < sup f(x) + sup g(x).
zeD zeD xeD

Exercise: Let f(z) be defined on D. Then

sup{—f(z)} = — inf f(z).

xeD zeD

1 c 25
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HW: (Due on Oct. 9) (Recall that you need to do at least four problems from below.)

e Please latex one of your homework problems, and it will be counted as two problems this
week. (You need to print out both your latex code and the pdf file.)

e Please remember to use A4 paper, and switch to a new page for a new problem. (We have
add enough sub-problems so you cannot write two problems in one page.

1. Use the Cauchy criteron to determine convergence/divergence for
1
D1k
1
i
2. e Let x,, > 0 for each n > 1. Prove that lim x,, = oo iff lim xi =0.

Show that z,, — 0 iff |z,| — 0.

Show that z,, — 0 iff 22 — 0.

3. Explain the following in symbols:

lim,, oo x, = 00.

lim,, oo T, = —00.

e 1, has a finite limit, or

e 1, has no finite limit.

But you are suggested not to give your solution case by case, but to give just one condition.
You can start with lim,, ., , = oo and find its opposite.)

4. Use two methods to show that if a sequence is not bounded, then it has a subsequence convergent
to oo or —oo. (Hint: One direct proof and one by contradiction.)
5. (a) What are the seven indefinite forms?

(b) Then use your own examples to show that each of them can be nontrivial. (When grading,
we will ask you to modify your examples on the spot.)

After having done at least four problems above, choose any problems from pp. 15-24 of Chapter 2
of the problem book.

1 c 26
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(Important) Limits of a function:

lim f(z) = A

T—a

If A= f(a), i.e.,
lim f(z) = f(a),

T—ra

then we say that f(x) is continuous at a.

We divide the implication of “continuity” into two parts:

There are two ways to define the limit of a function: Heine & Cauchy.

& Heine’s sequential definition:

& Cauchy’s € — § definition: If g € R, > 0, then let

U(zo,n) =

U(zo,n) =

Now the definition:

What is a neighborhood of co?

Then, —c0?

Practice: Define lim, ., f(z) = A. (In general there are nine possibilities.)

1 c 27
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A: Use Cauchy’s definition to show lim,_,, sin(x) = sin(a).

B: Use Cauchy’s definition to show lim,_,4 /2 = 2.

1 c 28
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Two basic lemmas:

& Lemma (p. 104) Let a, A € R. If

lim f(z) = A,

T—ra
then there is an 7 > 0 such that f is bounded on U(a, 7).

Proof.

& & Lemma (p. 104) Let a, A(#0) € R. If

lim f(z) = A,

T—a

then there is an 7 > 0 such that [f[ is bounded below on U(a,n). Indeed, we can have for any
z € Ula,n),
> A

F@) > 5

Proof.

1 c 29
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Now we prove Theorem 5 (p. 103):

Heine = Cauchy

& Heine = Cauchy: First set-up, which I consider to be an important part of the problem.

Given:

Want:

By contradiction (in warm-up), we want:

For Vn € N, we choose

1
0=10,=—.
n
Then by our contradiction assumption, we have
& & Heine <« Cauchy:
Given:
Want:
Our goal is
f(x,) — A.

So for any € > 0, we need to find an N s.t. ---

10 ¢ 30
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Set-up: A continuous function on a closed interval.

Theorem 1 (Intermediate Value Theorem: special case) Suppose that f(x) is continuous
on [a,b]. If f(a)f(b) <0, then there exists

c€ (a,b) st. f(c)=0.

Proof. WLOG, we assume that f(a) <0 < f(b).

1. Consider the middle point “T*b
If , then
If not, then ...

2. Now we choose [ay, b] with the following property:

3. In general, we can choose |ay, b such that

4. Now we continue the process. There are two possibilities:

5. By the nested interval theorem,

6. Because f(x) is continuous,
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HW: (Due on Oct. 16) (Recall that you need to do at least four problems from below.)

1. Show that a decreasing sequence is either convergent or divergent to —oo.

2.

3.

e Define uniform convergence;

e then give an interesting example and verify it;

e then give an example with escape of mass and non-uniform convegence. (Verify it of

course. )

State the converse of the following six:

(1) the convergence of sequence,

(2) bounded sequence,

(3) Heine on the limit of a function,

(4) Cauchy on the limit of a function,

(5) Heine on the continuity of a function at a point, and
(6) Cauchy on the continuity of a function at a point.

. Use at least three methods to show that

sup{—f(z)} = — inf f(z),

xeD zeD

here f(z) is defined on D.

. Use € — 4 to define the nine possibilities of lim, A f(z) = #.

. Use € — ¢ to show lim,_.q Smﬂjﬂ =1.

Use € — § to show

e lim, .= tan(x) = 1

o lim, . i = —1.

After having done at least four problems above, choose any problems from p. 20, or afterwards, of

the problem book.

1 c
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In this page we discuss a few consequences of IVT.

Example 1 (Brouwer’s Fixed Point Theorem) If f : [a,b] — [a,b] is continuous, then f has
a fixed point. That is, 3¢ € [a, b], such that

Proof. Consider a new function

Example 2 The equation 3 — 2z — 5 = 0 has a root in (2, 3).

Theorem 2 (The Intermediate Value Theorem, or IVT) A continuous function on a closed
interval assumes any values between its endpoint values.

& Please translate the above into symbols!

Proof. So easy!

Fact: Let n € N be odd. Then the equation
a2 tag=0

has at least a root. (Hint: Go yellow)
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Theorem 3 A continuous function on a closed interval is bounded.

& Translate please!

Proof. By contradiction. So we assume that 7777

1. We obtain I; = [aq, by] as follows:

2. Continue, and we get

3. By the nested interval theorem, we get

4. Because f(z) is continous at ¢, apply our easy lemma on p. 104 (which one?),

5. Now we apply the definition of sequential convergence to lima,, = ¢ and limb,, = c.

Example 3. Does f(x) = 1/x violate the above theorem?

Example 4. Does f(z) = *2Z violate the above theorem?
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The max-min theorem (p. 125) A continuous function on a closed interval achieves its sup and

inf.

Translate!

Proof.
L. Let M = sup,cp f(z), m =infocpay f(z). Then
m, M € R.

Why?

2. Claim #: We can find a sequence {z,}>°, C [a,b] such that
1

Why?

3. Bolzano-Weierstrass says that ...

4. Claim &: The above z’ does the job!

Important little thing: What is the difference between sup and max?

Now please reformulate the above theorem in terms of max and min:
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Exercise A: Let f,(v) = 5 _f::n Determine whether it is uniformly convergent on [0, 1].
Exercise B: Let f,(z) = % Determine whether it is uniformly convergent on [0,1/2].
Exercise C: Let f,(z) = 1 f;n Determine whether it is uniformly convergent on [2, o).
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(107-10-18) Recall the definition of continuous functions

i. Set-up:

ii. f(x) is a continuous function if

iii. This means the key formula:

iv. The above formula indeed contains three statements:

& Define the continuity of a function at a point via € — §:

& Important observation: The § above may depend on the point xg.

Q: What does this mean?

i Define uniform continuity in two ways:
Set-up: Let £ C R be a subset. Let f be defined on E.

1. e—6:

2. Sequential:

The uniform continuity theorem:
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Example 5 (p. 126) Let £ =R, f(z) = z. Yes or No? Please try both definitions.

Example 6 (p. 127) Let £ = R, f(x) = 2°. Yes or No? Please try both definitions.

& How about F =R, f(x)=sin(x)?
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The uniform continuity theorem:

Proof. By contradiction. we assume 777

1. We assume that

2. As before, we choose § = % for all n € N. Then we get

3. Apply B-W to {«] }:

4. Claim: z;, — g also!

5. Apply continuity of f(x) at xo:
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Theorem 6 (p. 128) Let f(x) be defined on £ C R. Then f(x) is uniformly continuous iff for

any
lim(z, —y,) =0,

where {z,} C FE and {y,} C E, we have

lim[f (zn) = f(yn)] = 0. (%)

Proof. We need to prove both “necessity” and “sufficiency”.

1. First, necessity. That is, we assume

and we consider

and we want (é):

2. Apply the definition of
lim(z, — y,) =0,

3. Then we recall the definition of our goal: lim[f(z,) — f(y.)] = 0.

4. Second, sufficiency. That is,

e We assume the sequential condition (&) is satisfied already.

e We want the € — § condition to be satisfied also.

5. By contradiction, we assume

6. But by ¢, = %, we know that
lim(z, — y,) = 0.

So the sequential condition (&) ...
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Example: Show that f(z) =1 on (0,1) is not uniformly continuous.

Method 1:

Method 2:

Example: Show that f(z) = 2% is not uniformly continuous on [0, c0) by any method.

2

Then use one of the two definitions to show that f(x) = 2 is uniformly continuous on [1, 3].
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HW: (Due on Oct. 23) (Recall that you need to do at least four problems from below.)

1. e Define one-sided limits.

e Prove that the limit of a function exists at a point iff both one-sided limits exist at that
point and the two one-sided limits are indeed equal.

2. e Let fu(zr) = Z be defined on [0,100000000000000000000] for each n > 1. Prove that
{f»}>2, is uniformly convergent.

o Let g,(z) = % be defined on [0, 00). Prove that {g,}>%, is not uniformly convergent.

3. Any two exercises between # 2.5.7 and #2.5.14. (So if you do all these eight exercises, it will
be counted as four problems.)

4. Is y = ¥/x uniformly continuous on [0,00)? Justify your answer please.

After having done at least four problems above, choose any problems on uniform continuity in the
problem book.
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(107-10-23) Next HW (Due on October 30)

o #2.4.1, #24.2, #2.4.3, and any exercises between # 2.5.7 and #2.5.14 which you haven’t
done.

Derivative and differentiability

Derivative: This is so easy! But the set-up first please!

Differentiability:

Here we recall the definition of o(h):

Theorem 3 (p. 162) A function f has a derivative at a point x iff it is differentiable at that
point.

Proof. Sufficiency first. That is, we assume ...

and we want:

Necessity now. That is, we assume ...

and we want:
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Theorem 4 (p. 163) If f is differentiable at z, then it is also continuous at x.

Proof.

Remark: Give an example to show that the converse is not true.

Differentials: Suppose that f(z) is differentiable at z5. Then we introduce two notations:

o dr =

o dy =

Two ways to interpret the Leibnitz notation Z—g:

Write the base rules of differentiability in terms of differentials:

o +

Exercise: Find d(e“ sin(2x)) =
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(107-10-25) Parametric equations

The best example for parametric equations is for the circle:
2+ =1

Exercise: Re-write it in a parametric form.

The general form of a parametric equation:

Exercise: Write the equation of a straight line in parametric form.
But first ask yourself: What is a straight line?

Method 1:

Method 2:

Do the same for the parabola.

Do the same for the hyperbola.
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Q: What is the composition rule for derivatives?

Q: What is the composition rule for derivatives in terms of differentials?

Derivatives of parametric equations:

Set-up:

Want:

Equation of tangent lines for parametric equations:

Parametric form of the equation of tangent lines for parametric equations:

Example: z = cos®(t), y = sin®(t) for ¢t = .
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Polar curve: Find the derivative formula for a polar curve.

Set-up:

Want:

Exercise: Let
xza(lntan%—i—cost), Yy = asint, (a>0,0<t<m).
e Let A be any point on the curve,
e let L be the tangent line at A, and

e let B be the intersection between L and the z-axis.

Find the length of the segment |AB)|.
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Find the quations for the following curves, and then find an example of tangent line for each of

them.

Hint: https://www.intmath.com /plane-analytic-geometry /8-curves-polar-coordinates.php
https://tpenguinltg.wordpress.com/2014/02/15 /representing-the-heart-shape-precisely /

Exercise: Analyze the curve to see why r = sin(2?) — 1.7 matches one of the above curve.

Hard work: Try to figure out what the following curves look like!
1. r =1—sin(0)

2. (22442 + 1) = 2% + 1

3 (P +y* =12 —a2* =0

Plot them if you know how to use a software!

10 ¢ 48



49/140
3.a Infinitesimal increment formula (p187)

Differentiability: Recall what does it mean for f(z) to be differentiable at (7

Interval:

Interior point:

Local max:

Strict local max:

Extrema:

Extreme points:

Lemma: Let A € R and A # 0. If we have
o(h) = Ah+o(h), (h—0),

then for sufficiently small h # 0, ¢(h) and Ah have the same sign.

We explain the fine points carefully:
e o(h):
e sufficiently small i # 0:

e the same sign:

Proof.
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Fermat’s theorem: If f has an extreme value at z, then f’'(z¢) = 0.

Rigorous statement:

Proof. By contradiction.

Critical points:

Example: Extrema but not critical.

Example: Critical but not extremal.

Theorem 2 (p. 189) The closed interval method.

Example: Use the CIM to find the absolute max and min of f(x) = 3?;11 over R.
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Rolle’s theorem: Let f(x) be continuous over [a,b] and differentiable over (a,b), and satisfy

Then there exists ¢ € (a,b) such that f'(¢) = 0.

Proof.

e

—-h-—x

(Y S
O b ————

Lagrange’s theorem: (Also know as the “mean value theorem”, or MVT.)
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Applications of MVT:

Theorem 5: f' =0 iff

Corollary:

Example 1: If f”(z) = 0 over R, then

Q: Does the above conclusion hold if R is replaced by an interval?

Example 2: if f™(x) =0 over R, then

Theorem 6. If f(z) is continuous on an interval I, and differentiable on I°, then

“f(x) is increasing on [ iff f/'(x) >0 on °.”
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The first sufficient condition for extrema.

Recall U(xy,n) and U(xg,n):

Statement: If f(z) is increasing but not strictly increasing on an interval, then

Suppose f(z) is continuous on a neighborhood U(zg,7) and differentiable on U (z, n).

(1) If f'(2)(z — o) > 0 for all z € U(zg,7), then f has a strict ? at xo.
(2) If f/(2)(z — z0) < 0 for all z € U(zg,7), then f has a strict ? at xo.
Proof.

The second sufficient condition for extrema.

Suppose that f(z) is defined on an interval I, xy € I° is an interior point, f”(xq) exists, and

f’(l’o) =0.
(1) If f"(x¢) > 0, then f has a strict ? at xg.
(2) If f"(xp) > 0, then f has a strict ? at xg.
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HW: (Due on Nov. 13) (Recall that you need to do at least four problems from below.)

1.

fa(z) = y/xIn(x) is uniformly continuous on (0, c0).
fs(z) = xIn(z) is not uniformly continuous on (0, co.

Show that e® = az? + bz + ¢ has at most three roots.

. Let f(x) be differentiable on R. Show that between two roots of f(z) there is a root for

f(x) + f'(z).

. Let 2o + % + -+ a, = 0. Then prove that the equation apz™ + a;2" ' +--- 4+ a, = 0 has

n+1
at least one root in (0,1).

Show that the Legendre polynomial

o 1oa
—onpl dgn

Bu(x) (a* —1)"

has n roots in [—1, 1].

What is the Hermite polynomial H,(x)? Show that it has n distinct roots.

After having done at least four problems above, choose any problems on or after p. 40 in the
problem book.
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Chapter 8, Section 1: Cauchy’s MVT and L’hopital’s rule

Theorem (Cauchy’s MVT)
e Let f(x),g(x) € Cla,b], and assume that they are differentiable on (a, b).
e Moreover, we assume that ¢'(x) # 0 for all x € (a,b).

e Then we claim that there exists £ € (a,b) such that

f) = fla)  f(§)
g(b) —g(a) g€

Proof 1: Geometry

1. Consider the curve given (f,g). What does this mean?

2. Now use the idea of the standard MVT to find a tangent such that ...

Proof 2: Reduce to Rolle’s by an auxillary function

1. In order to use Rolle’s/MVT, we construct a new, auxillary function by

2. It is well defined because

3. Now we use Rolle’s
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L’Hopital’s rule for 3 (Version 1):

o Let a,L € R.

e Let f(x),g(x) be defined on some (punctured) neighborhood U(a,n) of a, such that

f(a) = g(a) = 0.
e Assume that .
lim f/ (z) = L.
za g'(1)
e Then we claim that
G
z—a g(x)

Proof. Very easy by Cauchy’s MVT.

sin(ac.)—a:

Example: lim,_, (@) and lim, g .

T

L’Hopital’s rule for 3 (Version 2): Let a = co and L € R,

L’Hopital’s rule for 3 (Version 3): Let L = oo and a € R.

L’Hopital’s rule for 3 (Version 4): Let a = co and L = co.
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L’Hopital’s rule for 22 (Version 1): Let a,L € R.

e Let f(x),g(x) be defined on some (punctured) neighborhood U(a,n) of a, such that

e Then lim,_,,

Proof. Not very easy, but still by Cauchy’s MVT. KEY: We want to represent the target L@) iy

9(z)
x)—f(z0)

terms of J; Em)fg(xo), so we can use Cauchy’s MVT. But how? (Hard or easy?)

1@ e\ F©) | o)
g<w>‘<1 g<w>>g'<a> o) *

Reduction: We claim that it is sufficient to assume L = 0. This is indeed easy.

1. For any € > 0, choose ¢; > 0 such that

Q] €
9’(5)‘ el

V‘f - CL‘ < 51.

2. Fixxoza—i—%.

3. Observe that

i =0,
v=a g(z)  2oa g(w)
so there exists a do > 0 such that
1
9(xo) < = and f(xo) < E, V|x — al < ds.
g(z) | 2 g(x) | 2
4. Now we choose 5
0= min{é, 9o}
We can use € — ¢ to show lim,_,, % = 0.
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Easy but important examples:

1. lim, o ’e”—:, here k € N.

. xﬂ'
2. hmx_mo eﬁ .

3. lim, lz—f, here a > 0.

4. lim,_, (h;—f)b, here a,b > 0.

More examples, recommended for memorization.

sinx
T

L hma:—)()

In(1+x)
T

hmm—)()

sinz—x
73

hma:—)[)

cosx—1

lim, o 2

. In(14+z)—x
limg 0 =7 —
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Streamelined proof of the L’Hopital’s rule for 2 (Version 1): Let a,L € R.

e Let f(x),g(x) be defined on some (punctured) neighborhood U(a,n) of a, such that

e Then lim,_,,

a. [Proof.] We claim that it is sufficient to assume L = 0.

b. So our goal now is to show that

c. For any € > 0, choose 9; > 0 such that

/'(€)
<e, YO<I|[£—al <.
g'(€) £=al <o
d. Now we choose an auxiliary point
o
To = —=.
0—2a 5

e. Pause and draw a pic please!

f. Observe that
lim _g(xo) = lim _f(xo) =

r—a g(m) —$—)a g(x)
because ...

so there exists a do > 0 such that

9(wo)

<€ YO<|xr—al <ds.
g(x)

<1 and ‘f

(Better another pic.)

g. Now we choose
§= min{%, 02}

We can use € — § to show lim,_,,+ % = 0. Indeed, we shall show that

f(z)

< 3e, Va<zx<a+d.
9(x)

h. Now the two complicated formulas show up finally:
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HW: (Due on Nov. 20) (Recall that you need to do at least four problems from below.)

1.

State and prove another version of L’Hopital’s rule of 2 type.
State the two definitions of continuity of a function at a point and prove their equivalence.
State the two definitions of convergence of a sequence and prove their equivalence.
State the two definitions of u.c. and prove their equivalence.
Show that the following function

1 =0

e w x
flx) = (1)
0 <0

has derivatives of any order on R.

After having done at least four problems above, choose any problems on or after p. 50 in the
problem book.
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Applications of L’Hopital’s rule:

A: Recall the infinitesimal increment formula and prove it by the L’Hopital’s rule.

B: Suppose that ¢(z) is defined on U(a,n), and

Then

C: Write an f, g version of the above (B).

D: Important exercise: for any f, find an example of a polynomial for g.
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From L’Hopital’s to Maclaurin

We start with sin(x), and we know
sin(z) ~x asx — 0.

We express this as a limit:

Now we consider sin(z) — z, and we know by the above

sin(x) —x = o(z) (Q : Why?)

Now we examine whether we have

sin(z) —x ~2® or sin(x) —x ~ 2%
Important observation:

e We should ask the first case for z2 first.

e We ask the case of 23 because we already know its answer.

Now write down the corresponding limits and the o(-) expressions!

Time to push it to 2* and z°!

Time to push it to infinity! The answer is called ‘Maclaurin”. Or, the more precise statement is ...

1 c 62



63/140
Do everything over from the previous page for cos(x)

How to find the Maclaurin series of a function, suppose we know that it exists!
This is by L’Hopital’s again!
Assume f(x) ~co+ c1x + cox® + -+ T+

Now to find c¢y?

Now to find ¢;?

Now to find ¢y?

Now to find ¢,,?
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Examples of Maclaurin series

1. The general formula

flz) = +o(z™t1).

Set-up:

2. In(1 + z) (Important)

3. In(1 + 2x)

4. In(2 + x)

5. In(2 + 2?)
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Q: Why does the Maclaurin series of an odd function have only odd powers?

Rigorous formulation:

Proof.

Q: Why can we expand f’(x) when f(z) is hard, like for

f(z) = arctan(z) ~ 777

Rigorous formulation:

Proof.
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HW: (Due on Nov. 27) (Recall that you need to do at least four problems from below.)

1. State and prove any version of L'Hopital’s rule for .

2. State and prove the Taylor expansion formula with Peano remainders.
3. State and prove any version of the monotone convergence principle.

4. State and prove the intermediate value theorem.

5. True or false, and why? (Hint: It is hard.)

e Let f(x) be differentiable at each point in (0, 1), that is, f'(x) exists for each = € (0, 1).
e Let f/(0.1) > 0 and f/(0.9) < 0.
e Q: Can we always find ¢ € (0.1,0,9) such that

f(e) =07
6. The above continued:

e [s the above problem in contradiction with IVT?

e Please write a general version of the above problem.

After having done at least four problems above, choose any problems on or after p. 50 in the
problem book.
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Shortcoming of the Peano remainder:

The general remainder: R, (z) =

The Lagrange remainder:

(n+1)
R (2) = %@: _a, %)

We re-write in terms of ¢
—a

xr—a

The complete statement:

Lemma: Please invent your lemma here!

Proof.
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Integral remainder and Cauchy remainder:

1. Start with .
vV =0(0)+ [ o
0

Now apply IBP to see what you can get:

2. We hope to obtain X
v =00 + 0 + [ W=

Now we try to obtain a similar formula for ¢".

3. The general formula is:

4. Proof by induction:

5 (The integral remainder) Now apply to f(z), a good time to test yourself!

6 (The Cauchy remainder)

10 ¢ 68



69/140
Examples: three remainders

A. f(x)=¢€"

The general formula for the first remainder:

The general formula for the second remainder:

The general formula for the third remainder:

B. f(x) = sin(x)

The first remainder:

The second remainder:

The third remainder:
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Taylor series vs. Taylor polynomials

Lemma
1. Let I be an open interval and f(x) € C*°(I) and a € I.
2. Recall that
Rn-i-l(x) =
3. If there are positive numbers H, () and N € N such that
|f™(z)| < HQ",  Vz €I, n> N,
then
lim R,.1(x) =0, Vo e l.
n—oo
4. That is,
flz) =
Proof. We use remainder:

1 c
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A. Find the interval of convergence for the Maclaurin series of f(z) = e”.

B. Find the interval of convergence for the Maclaurin series of f(x) = sin(z).

C. Find the interval of convergence for the Maclaurin series of f(z) = In(1 + z).
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HW: (Due on Nov. 27 777) (Recall that you need to do at least four problems from below.)

1.

10.

. Find the interval of convergence of the Maclaurin series for f(z) =

Show that e is irrational.
State and prove the Taylor expansion formula with integral remainders.

er.

Explain how to deduce the three remainder formulas for f(z)

. Explain how to deduce the three remainder formulas for f(z) = cos(z).

. Explain how to deduce the three remainder formulas for f(z) = In(x).

1
14+x°

Find the interval of convergence of the Maclaurin series for f(z) = (1 + z)".

. Find the interval of convergence of the Maclaurin series for f(z) = tan(z).
. True or false, and why? (Hint: It is hard.)

e Let f(x) be differentiable at each point in (0, 1), that is, f'(x) exists for each = € (0, 1).

e Let f/(0.1) > 0 and f/(0.9) < 0.
e QQ: Can we always find ¢ € (0.1,0,9) such that

f'(e) =07
The above continued:

e Is the above problem in contradiction with IVT?

e Please write a general version of the above problem.

After having done at least four problems above, choose any problems on or after p. 50 in the

problem book.

1 c
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Practice: Find the Maclaurin series up to given order:

Lm(Eg) @)

2 e @)
3 (@)
4. In(1 4 x + 22 + 23) (x9) [Practice: If you get it done quickly, then the same for

n(l1+z+2*+2°+2%) and In(1+z+2*+2° +2* +2°).

Then, is it meaningful to keep going up? How about going down?
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—x

Six Steps to graph a function: Take f(x) = e as an example.

1. Domain

2. Even, odd, or periodic?

3. Asymptotes

4. Solve f'(x) = 0 and determines the signs of f'(z) in between. Draw a table!

1
x (-7-?, 0) 0 (0, :l._/-]—?) VI-? ('}/l—-"z—: +m).
y!
y*
Y
& i

5. Solve f”(x) = 0 and determines the signs of f”(x) in between. Draw in the table!

6. Plot the intersections with z, y-axises, and plot other important points.
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Example 4 (p. 59) f(x) = 132

1. Domain

2. Even, odd, or periodic?

3. Asymptotes

4. Solve f'(x) = 0 and determines the signs of f’(z) in between. Draw a table here!

s |-, 0 o Ko, 1 1 (1, v V3 (13, +e0)

— ———

|
__ l
, .

5. Solve f”(x) = 0 and determines the signs of f”(z) in between. Draw in the table above!

6. Plot the intersections with z, y-axises, and plot other important points.

2

Example 5 (p. 60) f(x) = T
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Example 6 (p. 62) f(z) = -

z2—1

1. Domain

2. Even, odd, or periodic?

3. Asymptotes

4. Solve f'(x) = 0 and determines the signs of f’(z) in between. Draw a table here!

(0, 1) [ (1, v3)

1

r ] |

#% | |

5. Solve f”(x) = 0 and determines the signs of f”(z) in between. Draw in the table above!

6. Plot the intersections with z, y-axises, and plot other important points.
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(107-12-06 Thursday) Riemann sums & Definite integrals

Partition:

Refinement:

Modulus of P:

Sample points &:

The Riemann sum o(f, P,£) It has three arguments!

Upper and Lower (Darboux) sums L(f, P) and U(f, P):

Key Fact: Suppose that a partition () refines P, then

L(f,P) < L(f,Q) <U(f,Q) < U(f, P).
Proof.

In particular, when we keep refining the partitions,

e [ is increasing and

e [ is decreasing.
Moreover, if P, P, are any two partitions, what can we say about

PLUPRy?
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Three Definitions of Riemann Integrals

Goal: To take the limit of Riemann sums.
Infinitely fine: We say that a sequence of partitions {P™} is infinitely fine if |P(™| — 0.
Set-up: Given f(x) defined on [a, b].

1. Sequential: We say that a real number I € R is the definite integral of f(z) on [a, b] if

2. € —0: We say that a real number I € R is the definite integral of f(z) on [a, ] if

3. We recall that L is inceasing and U is decreasing when refining. So we define the upper and
lower integrals to be

TZf(x)dx =

[P f(z)de =

—a

If they agree, then ...
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The most famous example:

Solution I:

Solution II:

Solution III:
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Example: Show that f(z) = 22 on [0, 1] is Riemann integrable and find its integral.

Property: Suppose that f and g are integrable on [a, b], then prove that

f+g

is also integrable. Then find its integral. (Hint: Try to use three methods!)
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Lemma: If f(x) on [a,b] is Riemann integrable, then f is bounded.

Proof by contradiction.

1. We choose € = 1. Then we can find 6 such that

2. Given a partition P, if f on [a, b] is unbounded, then

3. Now we choose our £ = {&,---,&,} by

Fact: If f(x) on [a,b] is integrable, and g(x) differs from f(z) at finitely many points, then g(x) is
also integrable.
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Easy properties/questions:

1. If f on [a,b] is integrable, and A € R, then

Proof.

2. If f(z) is integrable on [1, 5], then so is it on [2,4]. But is it obvious? In particular, can we
use the additivity of integrals?

3. We define f; f(z)dz to be

4. Does it make sense to define fll f(z)dx? What does this say about open integrals like (0,1)?

5. State and prove the monotonicity of integrals. (So you need to figure out what is the statement!)

6. State and prove the squeezing principle for integrals.

7. State and prove the mean value theorem for integrals.
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Theorem 2 Let a < b < c. If f(z) is integrable on both [a,b] and [b, ¢|, then f(x) is integral on

[a, c]. Moreover, ......

Proof.

1. First by the above Lemma, we have

2. If we use the sequential definition, we start with 777

3. Now we choose a new partition P and the associated sample points 5 such that

be P.

4. Now we compare o(f, P,¢) and o(f,P,§). (This is the heart of the matter!)

5. The only different term is about
S (&) 2k — 2p1),
which is replaced by

6. Now the partition P induces two partitions on [a, b] and [b, ¢], respectively, and we have

o(f,P,§) =

Now we look at the limit on each side!
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§ 6.2(p236) Newton-Leibniz formula, a.k.a. the “Fundamental Theorem of Calculus.”

Theorem: Suppose that f € C[a,b]. If there exists another function F'(x) such that
e F e (Cla,b], and
e F' is differentiable on (a,b), and
o F'(z) = f(x) for all x € (a,b),

then f(x) is integrable on [a, b], and

b
/ f(x)dx = F(b) — F(a).

Proof. The proof uses MVT and the uniform continuity theorem. Recall them now please!

1. To show the integrability, we need to start with an arbitrary ...

2. We apply MVT to F(b) — F(a) =>_" | |F(x;) — F(l’i—l)]

3. Now what is the difference between the above, and our target in the Riemann sum?

4. By the uniform continuity theorem, we choose J to be ...

5. The last step by the € — ¢ definition of integrals:

1 c 84



HW: (Due on December 18) (Recall that you need to do at least four problems from below.)

1. Show two of the three definitions of integrals are equivalent.
2. Show another two of the three definitions of integrals are equivalent.

3. Use three methods to show that if f and g are integrable on [a, b], then prove that

f+y
is also integrable.

4. Use two definitions to show that if f(z) on [a,b] is integrable, and g(z) differs from f(x) at
finitely many points, then g(z) is also integrable.

5. Show that if f and g are integrable on [a, b], then prove that f - g is also integrable. (Hint:
hard)

6. Explain how to deduce the three remainder formulas for f(x) = tan(z).

7. Let a < b < c. If f(z) is integrable on both [a,b] and [b, ¢], then show that f(z) is integral
on [a,c|]. Then, what is the “moreover” statement?

8. Show that f(z) € Cla,b] is Riemann integrable.
9. Show that an increasing function on a closed interval is Riemann integrable.

10. If f(x) on [a,b] is integrable, and g(x) differs from f(z) at finitely many points, then g(z) is
also integrable.

11. If f(x) is integrable on [1, 5], then so is it on [2,4].

12. State and prove FTC.

After having done at least four problems above, choose any problems on or after p. 75 in the
problem book.
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Practice for integrals:

A: Deduce the formula for the lateral surface area of a conical frustum. You need to set up all
notations carefully!

B: Find the surface area of an ellipsoid. You need to set up all notations carefully!

C: Find the arc length of y = e” over [0, 2018].

D: Find the arc length of y = 23 over [0,107].

E: Find the volume enclosed by the cylinder 2 + y* = 1 and two planes z = 0 and z = 2(z + 1).
F: Use two methods to obtain a recursive formula for I,, = 01 lw_F—"zd:B.

G: Find the surface area of a sphere between two parallel planes. You need to set up all notations

carefully.
H: Use a third method to obtain a recursive formula for I,, = 01 ﬁr—nxda:.
I:

(a) Write a formula for area under a function, but assum that the function is given by the
parametric form.

(b) Write a general formula for area enclosed by a closed curve given by the parametric form.

(c) Find the area enclosed by x = 2t — t2,y = 2t% — 3.

J: Show that
Var
/ sin(z?)dz > 0.
0

K: Let f € Cla,b] be increasing. Use three methods to show that

/abxf(x)dx > “‘QH’ /abf(:v)d:v.

L: Suppose that f(z) on R is bounded and differentiable, and it satisfies
[f(@)+ f(2)] <1, z€R,

then show that
|f(z)] < 1.

M: Let f(z) on [0,00) be differentiable, and satisfy
0 < fi(z) < f(z), f(0)=0.
Show that f(x) = 0.

N: Show that
n+2018 sin(z)

dr = 0.

lim
n—oo [ i
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A useful characterization of integrability

Theorem &: A function f(x) on [a,b] is integrable if and only if for any ¢ > 0, there exists a
partial P such that
U(f,P)-L(f,P) <€

Proof of Sufficiency:

Proof of Necessity:

Application: If f(z) is integrable on [1, 5], then it is integrable on [2, 3].
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Classes of integrable functions

Definition: M (p), m(y) and w(p)

Lemma &é:
sup () — ¢(2')| = w(yp).
zeJx'ed
Proof: Quiz.
wi(f):
Qf, P):
Re-write Theorem & in terms of Q(f, P): (This will be important!)

Exercise: Compare w(f) and w(|f]).

Hint: Use Lemma deéb.

Fact: If f is integrable on [a, b], then so is |f].
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Two applications of w; and (2:

A. If f, g are integrable on [a, ], then so is fg.

Hint: Estimate w;(fg).

B. If f is integrable on [a, b], and m(f) > 0, then 1/f is integrable on |[a, b].

Hint: Estimate w;(1/f).
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Lemma-C: A continuous function on a closed interval is integrable.

Hint: Estimate Q(f, P).

Lemma-I: An increasing function on a closed interval is integrable.

Hint: Estimate Q(f, P).

10 ¢ 90
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FTC revisited (p. 84)

Rla, b]:

Theorem 1 (p. 85) Let f € RJa, b], and introduce

(z) = / " Ft.
Then ® € Cla, b].

Proof. It is indeed easy. The point is to be flexible with notations:

O(z) — B(y) =

Theorem 2 (p. 85) Let f € R[a,b], and and xy € (a,b). If f(z) is continuous at g, then

is differentiable at xy and
CI)/(Z'()) = f(ill'o)

Proof. A nice example of using def and € — §.

Def of continuity:

Def of &'(zy):

1 c 91
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A favorite type of problems: Let

v(z)
Flz) = /( gt

Then

Practice A: Find f’ for f(z) = foQ e~ dt.

Practice B: Find f' for f(z) = ['2 T+ 2dt.

Practice C: Find f for f(z) = [ In(t + tan(t))dt.

nx

1 c 92
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Three ways to approximate an definite integral:

Set-up: The point is to choose the samples ¢!

A: Rectangle R,,.

B: Trapezoid T,,.

C: Parabola S,,. This is hard to guess

2 1
Sp==R,+ -T,.
3 * 3

Task: Write it in a form similar to a Riemann sum.

Example: f(z) = z? on [0,4] with a general n.
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Three ways to approximate an definite integral: An example

Example: f(z) = z? on [0,4] with a general n = 4.

A: Rectangle R,,.

B: Trapezoid T,,.

C: Simpson S,,.
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Strategy for the parabola approximation (also called Simpson’s formula):

Over each I, = , we choose a parabola to pass the two endpoints and the middle
point. What does this mean?

Now the very beautiful calculation:

T, + X1

f ) +45( )+ f(@i)] Az

[ =

/ (N2 4 piw+v;)da = 777 =
Ti 1
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HW: (Due on December 25) (Recall that you need to do at least four problems from below.)

1.

Theorem 5 in p. 82 of the textbook.
Show two of the three definitions of integrals are equivalent.

If f(z) is integrable on [1, 5], then so is it on [2,4].

. State and prove FTC.
. Let f € R[a,b] and f > 0.1. Show that In(f) € R[a,b]. (Q: What is R][a,b]?)

. Write a one-page thesis on [ %dw.

Complete the three approximations of f(x) = z? on [0,4] with a general n. Then decide
which is the best.

After having done at least four problems above, choose any problems on or after p. 79 in the
problem book.

1 c
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Error estimate for R, (Theorem 1, p. 102)

1. The error term over I; =

2. Introduce
c= and h = ,

and

ctu
vl = [ (o
3. Calculate

e (0) =

4. Now a key formula:

The error term over

5. Taylor, with the integral remainder:

6. Now happy estimates:
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Wallis formula for = (p. 105)

In 1655 J. Wallis deduce the following formula for 7:

11 (2n27—L 1 QnQZ 1) B g (%)

n=1

This can be easily deduced from the Euler’s product formula:

2

sin(x):ﬁ<1_ x ) (&8)

T n2m?

Another obvious payoff of the Euler formula is
= 1
d = ddd =
n

n=1

Now your chance to find it by yourself!!!

(Hint for left: Taylor expand sin(x); hint for right: multiply it out!)

Unfortunately, we won’t prove Euler’s formula now, but we can still prove Wallis’ formula.

We introduce .
I, = / * sin"(2)dz. (BAhS)
0

Then we find its recursive formula by 777
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Now we have

[ ] ]0:
[ ] [1::
L ]én::

o o1 =

Notation: n!!

Now we can rewrite [,, succinctly as

Now we write down the consequence of

2n—1(

sin? ™ (z) < sin?"(x) < sin ).

This will squeeze out the conclusion!
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Friendly version of the Stirling formula (p. 107)

It is said that the following is familiar:

(1+%)k<e< <1+%>k+1 (%)

Assume so, then we proceed to prove the friendly version of the Stirling formula:
n n
Vnl~ = ()

Here A, ~ By, if limy, o 52 = 1.

The Stirling formula:

nl ~V2mn - (E) )
e
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The Stirling formula:

Easy start: Use just one rectangle and one trapezoid to estimate the integral

n+1
1
/ — dx.
n T

We can re-write the above easy estimate as

O<(n+%)ln(1+%)—1<1(l— ! ).

Introduce a,, = nl__ and we want lima, =a= 777
vir(2)

o3

In 42 =

An+41

Now we have
ap

1<
an+1

Summary so far:

® qa, is

_1 .,
® q,e in i3

. 1
o lim, ,a, —a,e in =

& Happy nest intervals:
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There are many ways to evaluate the number a and we use

e 1’
(2n — 1)!!] ()

T . 1
— = lim
2 2n+1

Now your fun to complete one of the most famous formulas in mathematics!
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Generalized Integrals and Improper Integrals

A. fooo L_dz.

1422

It is “generalized” because we only defined integrals on closed intervals like [a, b].

It is a small operation to extend it to [0, c0):

Sl | o 4
dzr = lim dr =
0o 142 Asoo Jo 1422

Another method: Change of variable by z = tan(t):

1
B. fO \/1;_7(11'

It is “improper” because we only defined integrals for bounded functions.

It is a small operation to extend it to [0, 1] or (0,1) or 777 :

dr = lim

1 1
1 1
_— —dx:
/o V1—a2 n—>0+/77 V1 — a2

Another method: Change of variable by = =777

10 ¢ 103
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C. (HW) [{ e **sin(bz)dx, where a > 0.

E. (HW) folxln(x)dx

D. fol In(z)dx We try two ways:

(a) by definition

(b) pretend that it is integrable.

10 ¢ 104
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(Important) Consider [ Ldx.

Q: What are reasonable ranges of a and p?

Now we assume a = 1 and p > 0.

(Still important) Consider [ —dz.

Now we assume a = 1 and p > 0.

10 ¢ 105
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Convergence test for generalized integrals

/000 f(x)dx

O(H) = /OH f(x)dz.

Counsider

and define

Practice: The e — ¢ formulation of the convergence of [ f(x)dx.

Practice: The Cauchy formulation of the convergence of [ f(x)dz.

The test:
e Given f(x),g(x) on [a,00) for some a € R.
e Suppose that both are integrable for all [a, H|, where H > a.

e Moreover, for some (large) A, we have

e Then the convergence of

/O " g(2)de

/000 f(z)dz

. . 2
Examples/HW: Analyze the convegence of [ Smx("”) dx and I (Sm(m)> dx

implies the convergence of

Proof.

10 ¢ 106
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The first mean value theorem for integration: For some ¢ € [a, b], we have

/a  f@)ge)dz = £(0 / gy

Q: What are the conditions for f,¢?
e For f € Cla,b]
e For g € Cla,bl and g > 0

Q: Given an example to show that the condition g > 0 cannot be dropped.

Proof.

Application: Show that [ —l—dx is divergent. (Q: What about [ ——dx?)

rzlnz

Hint: Use the Cauchy condition. (Q: What is it?)
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The second mean value theorem for integration: For some ¢ € [a, b], we have

/ ' Falgla)de = f(a [ stz ) [ ' (e)de.

Good practice: What are the conditions for f,g?
e For f: increasing/decreasing and 777

e For ¢:

Proof by IBP:

Example: Show that fooo mnxﬂ is convergent. (Hint: Cauchy.)

10 ¢ 108
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The Dirichlet test: Let f,g € Cla, 00).

Assume that f is decreasing, with
lim f(x)=0.

T—00

Moreover, we assume that there is a K > 0 such that
H
‘/ g(:v)dx‘ <K, VH > a.

Then we claim that the integral
| sy

is convergent.

Q: What is a good example?

The improper integral version:

Proof.
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Example: [~ - —dx (Try a few different methods)

z(lnz)P

Example 9: Study the convergence and absolute convergence of

Lgin L
/ Ldx (0<p<2).
0

xP

Hint: Divide into many cases.

10 ¢ 110



Quiz 2 (2018-09-20)  Name(Print) 111/140

Lemma (p. 50) Let {«,} and {f,} be two real number sequences.

Suppose that there exists Ny € N such that

If {8,} is infinitesimal, then so is {a,}.

Lemma (p. 50) If {«,} is infinitesimal, then it is also bounded.

1 c



Theorem (p. 51): 112/140
(A) If both {a,}°°, and {5, }5°, are infinitesimal, then so is {a,, + £} .

(B) If {ev,}>2 is infinitesimal and {3, }:2, is bounded, then {«,3,}%  is infinitesimal.

1 c



Quiz 2 (2018-09-20)  Name(Print) 113/140

Lemma (p. 50) Let {«,} and {f,} be two real number sequences.

Suppose that there exists Ny € N such that

If {8,} is infinitesimal, then so is {a,}.

Lemma (p. 50) If {«,} is infinitesimal, then it is also bounded.

1 c



Theorem (p. 51): 114/140
(A) If both {a,}°°, and {5, }5°, are infinitesimal, then so is {a,, + £} .

(B) If {ev,}>2 is infinitesimal and {3, }:2, is bounded, then {«,3,}% is infinitesimal.

1 c



Quiz 3 (2018-10-01)  Name(Print) 115/140

1. Give two ways to say that a sequence is not infinitesimal; then prove that they are
equivalent.

Proof.

2. If {a, }22, is infinitesimal, then so is §, = 4=+ =12 ...

1 c



3. Show that if lim z,, = a, then limsin(z,) = sin(a). 116/140

4. Show that if lim z, = a, then lim ¥/z, = /a.

5. Show that if lim z,, = a,lim y,, = b, then lim x,,3,, = ab.

1 c



Quiz 3 (2018-10-01)  Name(Print) 117/140

1. State and prove the Cauchy convergence principle.

2. State and prove the nested interval theorem.

1 c



3. What is B-W? State and prove the B-W theorem. 118/140

4. Give an example of a non-convergent sequence, and use the Cauchy criteria to justify
your example.
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Quiz 5 (2018-10-11)  Name(Print) 119/140

1. State and prove the two basic lemmas from page 104.

L)

& &

2. First write a complete statement for

1 1
lim —— =

voa fz) A
Then prove it by € — 4.

1 c



3. Use two methods to show that 120/140

sup{—f(z)} = — inf f(z),

zeD zeD

here f(z) is defined on D.

4. Use € — 6 to define the nine possibilities of lim, A f(x) = #.
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Quiz 6 (2018-10-18)  Name(Print) 121/140

1. Suppose that f(x) is continuous at x = 0, and for any =,y € (—o0,00), we have

flx+y) = f(x)+ f(y).

Show that f(z) = cx for some c.

2. Let f(z) € [a,b], and assume that |f(x)| is monotone. Show that f(x) is monotone.
Is the converse true?

1 c



3. Let f(x) € C(—00,00), and suppose that 122/140
lim f(z) and lim f(x)

T—00 T——00

exist. Then prove that f(x) is u.c.

4. Use function transform y = tan z to simplify the equation

2(1 +y) dy?
=14 2 12/)<_y.
1+ y* \dx

1 c



Quiz 7 (2018-10-25)  Name(Print) 123/140

1. State the two definitions of uniform continuity and prove their equivalence.

2. State and prove the uniform continuity theorem.

1 c



3. Is y = /z uniformly continuous on [0, 00)? Justify your answer please. 124/140

4. True or false: If f(z) is uniformly continuous on (0, 1), then f(z) is bounded on
(0,1). Justify your answer.

1 c



Quiz 8 (2018-11-01)  Name(Print) 125/140

1. State and prove the first important theorem for Cfa, b].

2. State and prove the second important theorem for C|a, b].

1 c



3. State and prove the third important theorem for C|a, b]. 126/140

4. State and prove the fourth important theorem for C/|a, b].

1 c



Quiz 9 (2018-11-08)  Name(Print) 127/140

1. Suppose that f(x) is continuous at x = 0, and for any =,y € (—o0,00), we have

flx+y) = f(x)+ f(y).

Show that f(z) = cx for some c.

2. Let f(x) € C(—00,00), and suppose that lim, ,, f(z) and lim, .,  f(z) exist.
Then prove that f(x) is u.c.

1 c



3. Let f(x) € [a,b], and assume that | f(z)| is monotone. Show that f(z) is monotone:28/140
Is the converse true?

4. Use function transform y = tan z to simplify the equation

2(1+y) (d_y)2

i
=1
i * 1+y?> \dzx

5. Use variable transform x = tant to simplify the equation

2x Y

/
S —)
27 T U272

yll +

1 c



Quiz 10 (2018-11-15)  Name(Print) 129/140

1. Is f(z) = v/ In(z) uniformly continous on (0, 00)? Please explain why.

2. Is g(x) = zIn(x) uniformly continous on (0,00)? Please explain why.

1 c



3. Let f(x) € C(a,b) and zy € (a,b). Assume that we know that f'(x) exists oh30/140
(a,b) \ {x0}, and we know that lim,_,,, f'(z) = A for some A € R. Then show that
f'(zp) exists and is indeed equal to A.

4. Assume that f(x) is differentiable on R and assume that lim,_,,, = co. Show that
f(x) is not uniformly continuous.

5. Assume that f(x) is differentiable on (0,a) and lim, o+ /2 f'(x) exists. Show that
f(x) is u.c. on (0,a).

1 c



Quiz 11 (2018-11-22)  Name(Print) 131/140

1. Show that the following function

f(z) = { v 1)

0 z <0

has derivatives of any order on R.

1 c



o Let f(x),g(x) be defined on some (punctured) neighborhood U(a,n) of a, such that

Streamelined proof of the L’Hopital’s rule for < (Version 1): Let a, L € R.

lim g(x) = oo.

r—a

f(z
g(z)

N

LG} — L implies lim, o £ = L.

e Then lim,_,,

132/140

. [Proof.] We claim that it is sufficient to assume L = 0.

. So our goal now is to show that

f(x)

lim —+

z—a g(x) -

. For any € > 0, choose d; > 0 such that

. Now we choose an auxiliary point

. Pause and draw a pic please!

. Observe that

because ...

so there exists a do > 0 such that

0.

<e, VO<|E—al <.

9(xo) <1 and (o) <€ VY0<|x—al<ds.
9() g(@)
(Better another pic.)
. Now we choose § (please use a different one from our class)
= 777

()

We can use € — 9 to show lim,_,,+ g(—z) = 0. Indeed, we shall show that

f(z)

9()

h. Now the two complicated formulas show up finally:

1 c

< e,

Va<x<a+d.



Quiz 12 (2018-11-29)  Name(Print) 133/140

1. Explain carefully that if f(x) is u.c. on [1,3] and [2,00), then f is u.c. on [1, c0].

2. Prove/disprove that if f(z) is u.c. on [1,2] and [2,00), then f(z) is u.c. on [1,00).

3. Show that if f(x) is Lipschitz on R, then f is u.c. (But you need to google what is
“Lipschitz”!)

4. True or false, and why: If f(z) on R satisfies the Holder condition with exponent %,
then f(z) is u.c. (But you need to google what is “Holder condition”!)

1 c



5. Find the Maclaurin series of In(sin(z) + cos(z)) up to the fourth order. 134/140

6. Write down the Maclaurin series of

sin(z) ~

cos(z) ~

In(1+2x) ~

In(2+z) ~

(1+2)2 ~

arctan x ~

1 c



Quiz 13 (2018-12-13)  Name(Print) 135/140

Hint: Everything is about Taylor & hidden somewhere in the problem book.

1. Show that e is irrational.

2. Show that the Euler constant ~ is well defined.

1 c



3. Let f(z) € C*([0,1]) and f(0) = f(1) = 0. Assume that |f”(z)| < 1. Show that 136/140

Vo € [0,1].

oo | —

|f(2)] <

(Optional: Is the constant optimal?)

4. Assume that f(z) € C®(R) and |f(z)| < 1 and |f”(z)| < 1 for all z. Show that
f'(2) < V2, Vz € R.

(Optional: Is the constant optimal?)

1 c



Quiz 14 (2018-12-20)  Name(Print) 137/140
1. State and prove FTC

2. A continuous function on a closed interval is integrable.

1 c



3. An increasing function on a closed interval is integrable. 138/140

4. Define w(¢p) for a function ¢ on a closed interval J. Then show that

sup  Jo(x) — p(2')] = w(p).

zeJx'eJ

5. Use €(+) to show that if f is integable on [1, 5], then so is it on [2, 3].
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Quiz 15 (2018-12-27)  Name(Print) 139/140

1. State and deduce the error estimate for R,,. (Hint: Theorem 1 in page 102.)

Theorem 1.

Proof. Recall the integral remainder formula:

Rn+1 —

1 c



2. Show that 140/140
1\ % 1\ k+1
<1+—) <e< (1+—)

3. Show the friendly version of the Stirling formula:
il ~ 2
e

Here A, ~ B, if lim,,_ % = 1.

1 c
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Advanced Calculus: Spring 2019

Xiang Fang
Phone: 65115. Office: M419.
Email: xfang@math.ncu.edu.tw
Office Hour: Tuesday 2pm-2:50pm

e Textbook: Books of Zhang and the problem book of Fang.
e Grading: HW 30%, Quizzes 30%, Exams 40%.
e TA: Kuo Li-Feng 0926020285, d0955466322@Qgmail.com

(108-02-19 Tuesday)

Q: How to represent a point, or a vector in R"?

Q: How to represent a sequence of points in R™?

Q: What is the norm, then modulus, and the length of a vector = = (z1, -+ ,2,,)?

What is the triangle inequality and the Cauchy inequality?

Q: Are they equivalent?

HENE» 1



2/155
The convergence of a sequence of points in R"?

Notation: U(a,n) = Ula,n) =

Theorem. Let {x,} be a sequence in R™ and a € R™. Show that z, — a iff 2!, — a' for each
i=1,---,m.

Cauchy sequence in R™:

Cauchy convergence principle in R™:

HENE» 2



3/155
Cluster point (p.149): We say that a point a is a cluster point of a set D if

Equivalent formulation:

Definition: We say that as x approaches a in D, the limit of the function f(x) is A if

Set-up:
e Domain D:
e The target point a:
e The function f:

o A:

Draw a pic please!

The € — § version:

HENE» 3



Example 4 (p. 151) Consider the limit of

IL‘2y2

[, y) =

as (x,y) — (0,0).

1. Sequential

x? + y?

((z,y) # (0,0))

2. e—90

Example 5 (p. 152) Consider the limit of

fa,y) =

x? + y?

as (x,y) — (0,0).

((z,y) # (0,0))

Example 6 (p. 152) Consider the limit of

2

fla,y) =

xt + y?

as (x,y) — (0,0).

HENE»

((z,y) # (0,0))

4/155



5/155
Definition of continuity: Sequential version

e Domain D:
e Target point a:
e Function f:

Definition: We say that f(z) is continous at a in D if

Definition of continuity: ¢ — § version

Isolated point:

Q: What does it mean if a point a is in D but not a cluster point of D?

Claim: A function is automatically continuous at any of its isolated points.

Practice: Find the domain of f(z,y) = arcsin £ and determine its continuity at each point in the
domain.

Practice: Find the domain of f(x,y) = In(z + y) and determine its continuity at each point in
the domain.
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State and prove the Bolzano-Weierstrass theorem in R"

HW I: (Due on February 26) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from p. 139 to p. 156 at least twice and I read it
carefully.”

2. State and prove the Cauchy convergence principle in R™.

3. Any problem from 15.1.1 to 15.2.17 in the problem book.

HENE» 6
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Closed set:

Open set:

Another definition of open set:

Proof of equivalence:

Theorem 2 (p. 158) State and prove the boundedness theorem in R™.

Statement:

Proof. It is indeed similar to that in R and the method is by 777

HENE» 7
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Recall the definition of sup:

Recall the definition of inf:

Theorem 3 (p. 158) State and prove the max-min theorem in R™.

Statement:

Proof.

1. Let M = sup,cx f(z); then by the definition of sup, we can find

2. Now Bolzano-Weierstrass:

3. Now closed set:

4. Now continuity:

HENE» 8
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Recall the definition of uniform continuity:

Another equivalent definition of UC:

Proof of equivalence:

Theorem 4 (p. 159) State and prove the UC theorem in R™.

Statement:

Proof.

1. Proof by contradiction. This means that there exists some 777

2. Now Bolzano-Weierstrass:

3. Now continuity:

HENE» 9
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The general defintion of norm on R™:

Q: Given a point x, or a vector x in R™, what is the correct definition of the length of x?

A: The familiar ||z|| = is just one way to do it. It is not the unique
way.

Three other ways to define the length of x:

The general definition of a norm on R™:

e It is a function on R™, that is,

e it is positive, that is,

e it is scaling invariant, that is,

e it is reasonable, that is,

Now we repeat and give the rigorous definition.

Definition:

We say that two norms are equivalent if

From norm to metric:

HENE» 10
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Theorem 1 (p. 165) Equivalent norms determine the same convergence.

Reformulation in symbols:

Proof:

Theorem 1 again (p. 165) Equivalent norms determine the same continuity.

Reformulation in symbols:

Proof:

Example or counter-example:

HENE» 11
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Claim: Any norm on R™ is continuous w.r.t. the Euclidean norm.

Reformulation:

Proof:

Claim: The Euclidean sphere is a closed set. (?7)
Proof:

Theorem 2 (important, p. 166) Any two norms on R™ are equivalent.

Proof.

1. Max-min for N(-) on the sphere:

2. Now please fill in the rest of the proof by yourself!

HENE» 12
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HW II: (Due on March 12) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 156-179 at least twice and I read it carefully.”
2. True or false: Any two metrics on R" are equivalent?

3. State and prove Theorem 2 in p. 174.

4. Any problem from 15.1.1 to 15.3.8 in the problem book.

Cartesian product E x F: (After Rene Descartes (1596-1650) 777)
e Latinized form of the name of French philosopher and mathematician Ren Descartes.

The educated way to describe it:

Recall the definition of a metric space

Set-up:

Three axioms:

Exercise: Draw two different examples of “unit ball” in R? other than the familiar one!
So when we write U(a,n), strictly speaking, we should write

U(a,n).

Example 1:

Example 2:

HENE» 13
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True or false: Any two metrics on R" are equivalent???

Fundamental definitions in a metric space (X, d)

Interior points: (Similarly, exterior points)

Boundary points:

Q: Is a boundary point p of the set F in the set E7

Partition: E=

Closed sets:

Q: How about X and (?

open sets:

Q: How about X and (?

Theorem 2 (p. 174) The complement of an open set is a closed set; the complement of a closed
set is an open set.

Remark: The proof is similar to that in R™. So, homework and quiz.

Exercise 1: U(a,n) is always open.

Exercise 2: The interior E™ is always open.

Exercise 3: The exterior £™ is always open.
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Thm 3 (p. 175) Let (X, d) be a metric space and let £ C X be any subset.

Let £ = EUOE, and we call it the closure of E. Then
(1) E is closed.
(2) Any point ¢ € E is the limit of a sequence in E. (We allow the dummy sequence here.)
(3) E is the smallest closed set containing E.

Warning: When we write the words “the smallest closed set”, we are facing a danger ...

Proof. (1) This follows from the partition ...

(2) Two cases. First the dummy case, that is, ¢ € 7

Now assume that ¢ € 0F.

Exercise/homework/quiz: Show that

OF = O(E°).

Exercise/homework/quiz:
e Open sets: Finite intersections and countable unions are still open.

e Closed sets: Finite unions and countable intersections are still closed.
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Cauchy sequence in a metric space (Sometimes called “fundamental sequence”.)

Easy theorem (p. 176) Any convergent sequence is Cauchy.

Important Definition: (complete metric space)

Q: Is R™ complete? (Warning: Don’t give a quick answer!)

Write your own examples, complete or not

& In particular, find a space X with d; and ds, such that (X, d;) is complete but (X, ds) is not.
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Banach’s fixed-point theorem (Also known also the contraction mapping principle)

Theorem: Any contractive mapping on a complete metric space has a unique fixed point.

Contractive:

Exercise: Any contractive mapping is continuous.

Fixed point:

The proof of uniqueness is easy!

Proof of existence:

1. Start with any xq € X. We get a sequence z,, by iteration:

2. x, and x,,1 are very close to each other!

3. Claim: {z,} is Cauchy.

4. Wrap up:

HENE» 17
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Applications: Picard-Lindelof Theorem in ODE

Theorem: Consider the initial value problem

y'(t) = f(t,y(t),  ylto) = yo.

Assume that f is defined in a neighborhood of (%, .3o) and is uniformly Lipschitz in y and continuous
in ?.

Then there exists an € > 0 such that there exists a unique solution y(¢) to the initial value problem
on the interval
[to — €,to + €.

1. Assume that f is defined on
Cop = [to — a,to +a] X [yo — b, yo + V]
and let

M = sup |f].

Ca,b

2. We introduce X by

X:C([to—a,tO‘i‘a]a[?Jo—b,?JO‘i‘b]),

with the sup norm.
3. X is complete. This is hard, and depends on uniform continuity, and is not really very hard.

4. Let L be the Lipschitz constant of f w.r.t. the second variable.
This means that for any ¢, v,y in domain, we have
1f(ty) = 6y < Lly —|.

5. Here we choose (how?)

6. We define a (contractive) mapping
X —X

by t
L(p)(t) = yo + /t f(s,p(s))ds.

7. The hard work is to justify the above sentence.

8. Now the easy part: Apply Banach.
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HW III: (Due on March 19) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 179-195 at least twice and I read it carefully.”
2. Show that the p-norm on R™ satisfies the triangle inequality iff p > 1.

3. Let U C R™ be a bounded open set such that 0 € U. Show that one can find a norm N(-)
on R™ such that U is the unit ball under N iff U is convex.

4. Let £ C [0, 1] be the collections all z such that its decimal expansion contains only the digits
1 and 3. Then find the closure of E.

5. Show that any open subset of R! is the union of at most countably many disjoint open
intervals.

6. Any problem from 15.1.1 to 15.3.8 in the problem book.

Definition 1 (p. 179) Sequential compactness of K C X:

Most Important Examples:

Open Cover of £ C X:

Definition 4 (p. 180) Compactness of C' C X:

Important Theorem: In R™, the following three classes of subsets are the same:
(1) Compact subsets;
(2) Sequential compact subsets;

(3) Bounded closed subsets.

Rectangles in R” with [(]) =
e Closed:

e Other:
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Observation (Lemma 1 in p. 181): How to bisect a rectangle in R™?

Draw a pic!

Lemma 2 (Nested rectangle theore, p. 182) Please formulate and prove by yourself!

Proof of the important theorem. Now please recall it so you can get familiar with it.

(1) = (2)

Given: K and {z,}.

Want: a € K s.t.

By contradiction:
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(2) — (3) By contradiction again.

The easy part:

The still easy part:

(3) = (1) The key direction, by contradiction again.

1. Suppose K C Iy and there exists V s.t.

2. Bisect to get I:

3. Iterating:

4. The nested rectangle theorem:

5. Claim: c € K.

6. Observation: c€ V € V.
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Now some easy geometry:

Draw ¢ € V € V first.

Theorem 2 (pp. 185-186) Let (X,d) be a metric space, let K C X be compact, and let
feCK).

(1) f is bounded.

Hint: (a) We produce an open set around each point a € K/
(b) For each open set in the cover, we bound f.

HENE»
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Theorem 2 (pp. 185-186) Let (X,d) be a metric space, let K C X be compact, and let

feC(K).
(2) f is uniformly continuous.

Proof of (2).

(a) For any € > 0 and any b € K, there exists an n > 0 such that for any z, 2’ € U(b,n), we have

() = fa)] <e

(b) Now we form an open cover of K by

n

(c) Let 06 = min{%Z ... T}

Claim: This ¢ will do the job. (Q: what job?)

(d) For any z, 2’ € K with d(z,2’) <4, ...

Draw a pic to illustrate the situation!
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Lebesgue number § of (K,V). Set-up: Let (X,d) be a metric space, and let K C X be

sequentially compact., and let V = {V'} be an open cover of K.
Lemma/Claim: There is a number 6 such that if a subset S C X satisfies
e SNK #0, and diam(S) < 4,
then S C V for some V € V.
Proof by contradiction:
(i) If the above § does not exist, then there exists a sequence of subsets
S, C X, n=12---,
such that

(ii) To use the sequential compactness, we choose z,, ...

(iii) Now we get a limit point

lim z,, = a.
k—o0

(iv) For this a, we cover it!

Theorem (p. 188) For any metric space, compactness is the same as sequential compactness.

Proof.

1. We only need to assume that K is sequentially compact.
2. Now to show compactness, we assume that we are given an open cover V = {V}.

3. Let § be the Lebesgue number of (K, V) and let
K

€= —.
2
4. Claim: It is sufficient to show that
U={U(x,€)}rex

admits a finite cover of K.

5. Now argue by contradiction. That is, we assume ...

6. Clearly, pick any x; € K and U(z1,€) cannot cover K. So we can find x5 € K \ U(xy,€).
7. Then U(z,€) and U(xq,€) cannot cover K. So ...
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Chapter 12. Section 1. Partial derivative and total differential

Set-up: f(x,y) defined in a neighborhood of (z, yo).
Purpose: To study the change of f near that point. How?

A: We study the change along a direction.

So, what is a direction? Let e =

L: z= VY =

What does it mean if we travel a distance ¢ along this direction?

What is the change of f along this traveling?

Definition: The directional derivative of f at (z¢,yo) along e:

Partial derivatives:

Example Calculate the partial derivatives of f(x,y) = 2%y + e* 7.

Example Calculate % for any e:

flay) = g @9 #00

0 (x,y) = (0,0).
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Total differential: Recall the one variable case, and then try to define df (xg, yo) =

Differentiable What is this for one variable?

Another way to write o(y/(Az)? + (Ay)?).

Theorem 1. Differentiability implies continuity.

Re-state:

Proof.

Theorem 2. Differentiability implies the existence of directional derivatives.

Re-state:

Proof.

Summary: The formula for the directional derivative.
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Theorem 3. Suppose that f has partial derivatives in a neighborhood of (x¢, 3)-

Suppose that these partial derivatives are continuous at (zg, o).
Then f is differentiable at (g, o). In particular, it is continuous at the point.

Proof.

1. Consider f(xg+ h,yo + k) — f(zo,y0) =

2. Now we use one-variable calculus:

3. Now continuity of partial derivatives:

4. Consider f(xg+ h,yo + k) — f(x0,y0) again

5. Now we recall the definition of being differentiable, and then we check that we are done.

Co(9):

C(9Q):

Copy the diagram from the book here!
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Composition (pp. 206-207)

Counsider F' =

Set-up:

Important strategy: We find the total differential, then the derivative formulas follow.

(a) The differential formula of f:

(b) Plug ¢ into above

(c) The differential formula of ¢':

(e) The end is here:

The general case:
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Challenging Example (p. 211): Find f,,(0,0) and f,,(0,0) for

22 — o

fag) =] Ve (09 F00)

0 (x,y) = (0,0).

Important observation: To get f,,(0,0), we need to find first

f2(0,y)

But this one requires us to treat two cases separately!

&  f.(0,y) with y # 0

& /(0,0

Now f,,(0,0)

HENE»
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Important Theorem (p. 212). Suppose f(z,y) is defined in a neighborhood of (x¢, yo).

Suppose fy, and fy, exist in a neighborhood of (zg, yo).
Suppose that f,, and f,, are continuous at (xo, o).
Then we have

fﬂcy(x07 yO) = fy;r(xm yO)'

Proof.

1. Introduce
p(x) = flz,y0 + k) — f(2,90)

and

U(y) = f(zo+h,y) — f(z0,y).

2. Claim:
@(ro +h) — p(xo) = V(Yo + k) — ¥(yo)-

3. The left by one variable calculus, twice!

4. The right by one variable calculus, twice!

5. Happy merging:

6. Continuity of f,, and f,, concludes the proof.
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Notations: (a,b) and [a,b] where a,b € R™

Q: What is MVT and what is the m-dimensional version of MVT?

Target: f(b) — f(a)

Strategy: Write it as ¢(1) — ¢(0) so we can apply MVT.

Theorem 2 (p. 221)

Set-up: We use C''(D)!

Easy application: Recall that “a function is constant iff its derivative is zero.” Now, please
formulate and prove its m-dimensional version.

Domain:

Function:
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(p. 226) Implicit differentiation: Let F(z,y) = 0 on some domain and this determines y as a
function of x: y = y(x). Now we need to find Z—g.

This is not hard by the chain rule:

Formula:

Q: Why y = y(z)? exists (and is differentiable)?

& This is an important and difficult theorem in theory.

Definition:
1. Let D C R and F C R be open intervals.
2. Let F(z,y) be defined on D x E.
3. If for each z € D, there exists a unique y € F such that
F(z,y) =0,

then we say that F' determines an implicit function y = f(z) from D to E.

Example: 22 + y? = 1. Then what is D and E?
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(p. 228) The implicit function theorem

1. Let (wo,%0) € © be a point in an open set  C R
2. Assume that F' € C1(Q).
3. Assume that
oF
F(z9,50) =0 and a—y(xo;yo) # 0.

4. Then there exists an open rectangle
Dx ECQ

with (xg,yo) as the center, such that

e For any x € D, there exists a unique y € E such
F(z,y) =0.

So we obtain a function y = f(z) from D to E.
e y= f(x) € C'(D) and
e the derivative is given by the formula

dy _
dr

Proof. This is long, so be patient please. Regard it as a test of your tenacity.
1. We assume that on a rectangle

[0 — v, 20 + 7] X [yo — 10,90 + 1] C Q

where v,n > 0, we have
oF

a—y(x,y) > 0.

2. We claim that
F(zo,90 — 1) <0 < F(x,y0 + 7).

We show this by considering a new function in y:

V(y) = F(z0,y).

Then ¢'(y) = ...
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3. We claim that we can find § € (0,7) s.t.

F(xvyo_n)<0<F($7y0+n)7 V$€($0—57$0+5)-

We show this by considering two new functions in x:

F('Iayo_n) and F($7yo+77)

ol —

.'fo --ﬁ B -

- A 1 _:--.!_-!._ 5 | P,

OL x,-y.fxo-S .xg.vx‘ X+ 0 xg_'l“y X)

4. We claim that the following choice of D and E work: (Q: What does it mean?)
D= (xg—0,z0+9) and FE = (yo—1n,90 +n).
5. Our next task is to show that for any x; € D, the equation
F(z1,y) =0 (1)

has a unique solution in F.

6. To show (1) we consider a function in y

F(z1,y)
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7. Now we have the function f from D to E:

y = f(z) such that F(z, f(x))=0.

8. Our next task is to show that

fec(p) (%2)
9. To show (#2), we look at any z; € D and let y; = f(x1).
Y| |
yo.'-ﬂ = .:—_-j.? , . 1
' ' ’ l

i

- - '-'.";""H‘ .-——.ﬂ'.ﬂ',

lll_-';-t-!——oa—g
= —
l

Yo—0r —J. ‘-——-J
2 ! ! R .
o] %,-0 %5t X)

10. Want: For any small € > 0, there exists ¢ > 0 s.t.

11. We can (trivially) assume
(Yo — €90 +€) C (Yo —m, 90 +1)-
Then we claim that

F(zy,y1 —€) <0< F(x1,y1 +e).

e There exists o > 0 such that
F(z,;h —€) <0< F(x,y1 +¢), r € (ry — 0,11+ 0).

e Now we observe that for any x € (x1 — 0,21 + 0), we have
f(l’) < (y1> —6€ Y1+ 6)'
This proves (&2).
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12. Our next task is to show that

“f(x) is differentiable on D.” (3)

That is,

13. For convenience, for any € D and h € R with small |h|, we denote
k= f(x+h)— f(z).
14. Consider the two variable MVT for

?=F(x+h, ) — F(z,y) =

15. Now we have

S|

16. Happy ending with h — 0.
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HW VI: (Due on April 9) (Recall that you need to do at least four problems from below.)

1.

2.

State that “I have read the textbook from pp. 226-238 at least twice and I read it carefully.”

(Optional) State that “I have read the textbook from pp. 239-262 at least twice and I read
it carefully.” Note that this part requires much linear algebra.

State that “I have read the textbook from pp. 263-268 at least twice and I read it carefully.”

. Any problems from the handout on 03-21.

. Any problems from HW V.

Give the necessary definitions to show that [? is a Hilbert space.

Give the necessary definitions to show that C]0, 1] is a Banach space. (Hint: You may use
theorems on uniform convergence directly. We will prove them later. Yes, use them first!)

. Any problem from 16.1.1 to 17.6 in the problem book.

Give a complete statement for the implicit function theorem that F(xy,29, - ,2,) =0
determines a function x,, = f(xy, - ,x,_1). In particular, give a formula for

Or,

8[Ei N

Set-up: That is, the domain and the function.

Assumption:

Conclusion and formula:

Re-write: F(zy, - ,z,,y) =0.

HENE»
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Another situation: What is the implicit function theorem for

Fi(z,y1,2) = 0, Fy(z,y1,2) =07
This is a beautiful combination of calculus and linear algebra.

Hint: Find the formula for derivatives first, and then you can guess what is the condition.

Now you can guess a complete statement:

Exercise: Generalize it further (Theorem 3, p. 236) and further (Theorem 4, p. 237).

The key is the concept of Jacobian (p. 236):

8(F1,~~ , P .
a(y1>"' 7yp)

(A related notion is D(F).)
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§ 9 Inverse Function Theorem (p. 263)

Definition (Homeomorphism)

C'-homeomorphism:

Local homeomorphism:

Theorem 1 (Inverse Function Theorem/Inverse Mapping Theorem)
e Let 2 C R™ be open and let a € ).
e Let f € CHQ,R™).
o If det Df(a) # 0, then f is locally C''-homeomorphic.

Here D f is just a shorthand for the Jacobi matrix, or Jacobian for short.

In other words, if f(a) = b, then there exists a € U and b € V s.t.

Proof.

i. Consider a function
F:QOxR™ s R™

defined by
F([E,y) = f([E) - Y.

Why bother? Check the implicit function theorem. But note that we want to solve out x.
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ii. By the implicit function theorem, we claim that there exists an open rectangle W C () with

center a and an open rectangle V' C R™ with center b, such that (pic?)

(1) For any y € V,

(2) Themapg:V - W CR™is and

Dg(y) =

iii. It is sufficient to show that g : V' — ¢g(V') is a homeomorphism.

iv. Consider the set
gV)=U={zeW : f(z)eV}

It is sufficient to show that U is open. To show this, we look at any z¢ € U,

e by the continuity of f at x(, we can find € > 0, and then 6 > 0, such that

(1)
(2)
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HW VII: (Due on April 16) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 263-284 at least twice and I read it carefully.”
State and prove the implicit function theorem.
State and prove the inverse function theorem.

State and prove the Sylverster theorem.

AN

Give an example of a function in three variables with a local max at (1,2,3) and you need to
verify it by checking that the Hessian is negative definite.

6. Graph the level curves of F(x,y) = 2* + 3* — 3zy.

7. Any problem starting from p. 221 of the problem book.

(§ 10 Extreme Values of Multi-variable Functions (p. 268)

Local max/min:

Theorem 1 (p. 269) (Easy first derivative test)

Set-up:

Conclusion: If f has an extreme value at a, then we necessarily have

Proof.

Critical points:

Next in order to derive sufficient conditions, we need to expand f(z) = f(x1, -+ ,2,,) at a point
a = (ay, -+ ,ay,) up to the second order in the Taylor expansion.

Challenge: Expand f(a + h) = f(a)+ 777
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Quadratic forms: Q(§) = > ¢;;&&;

Positive definite:

Example:

Another example:

Sylverster Theorem:

Proof for m = 2:
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Lemma (p. 273) Positivity implies lower bound. (Q: Isn’t it trivial?)

Statement:

Proof.

Theorem 2 (p. 274) The second derivative (Hessian) being positive implies local min.

Set-up:

Claim:

Proof. f(a+h) — f(a) =
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This page includes some small practices on level curves of F(z,y) = 0:

Q: How to find the tangent of a level curve?

Q: How to find the tangent of a curve?

Q: How to graph the gradient of F(x,y)?

Exercise: Graph one level curve for each of F(z,y) = 22 + 3? and G(z,y) = zy such that they
are tangent to each other.

Then find the normal lines at the tangent point.
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Lagrange multiplier Example: Find the maximal value of

flz,y) =y

subject to the constraint
glz,y) =2 +y* —4=0.

Naive method: Pick a value of f and try to see whether it is a max!!!
For example, pick 10 and ask ourself the question:

Q: Is f = 10 the maximum value? Why?

Q: Is f =1 the maximum value? Why?

The general problem (Version 1) f = f(z,y)

The general problem (Version 2) f = f(z) = f(@1, * , Zm, Tmt1s - Tinep) -
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A bare-hand solution (p. 276): We try to solve @11, - , Zpy, from the p equations

Example: f = xy with g = 2% + y? = 4.

The general case (p. 276):

Target:

Constrain:

KEY: Conditions to solve 41, , Tymp

Summary so far: We now have a free extreme value problem.
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The practical version of Lagrange multiplier: Theorem 3 with p = ? (p. 277)

e Given a target function f(z) = f(x1, -+, Tm, Tmt1)
e Given a constraint g(x) = g(x1, -+, Tpm, Tmi1) = C.
e Assume that f achieves an extreme value at a = (aq, -, Gpmyi1)

e Then there exists A € R, called the lagrange multiplier, such that
Vf(a) = AVg(a). (#)

In other words, this equation (&) will tell us the candidates for extreme points.

Important observation: We have m + 1 equations to solve m + 1 unknown variables.

Proof by picture:

Proof by calculus:
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A discussion of what assumptions we need to put:

Important strategy: If we want the formula
Vf(a) = AVg(a)

to be meaningful, then we need to ask

Q: Is this condition sufficient? That is, can we solve x,, 17

Copy Theorem 3 in p. 277 and Theorem 4 in p. 280 here. Then prove them in HW/quiz.

HENE» 48



49/155
Example 2 (p. 281) Find the largest area among all triangles with perimeter 2p. (Hint: Heron)

No Lagrange:

Lagrange:
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Example 3 (p. 282) Find the max of f(zy,--- ,2,) = 21 - - - T, where xy, - - - , ,, are non-negative

numbers such that z; +---+z, = C > 0.

Example 4 (p. 283) Let A be a (symmetric) matrix. Find the max and min of f(z) = (Az, z)
over the unit sphere.
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HW VIII: (Due on April 23) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 285-307 at least twice and I read it carefully.”
(But this time it is ok if you skip the proofs.)

2. State definition 1 of integrals in p. 290 and Corollary 1 in p. 301 of the book.
3. Prove the 1 + 1 case of Theorem 1 in p. 299.

4. Example 5 in p. 329.

5. Example 6 in p. 330.

6. Any problem starting from p. 221 of the problem book.

(p. 287) Closed Rectangle in R™:

Partition P = {P',-..  P™}

Sample points £ = {{,}:

Riemann sum:

Defintion 1 (¢ — ¢, p. 290)

Iterated Integral (p. 298)

Rectangle in R"*7:
R=VxW

Three ways to integrate over f(z,y) over Q:

HENE» 51



52/155
Corollary 1 (p. 301)

e Assume that a n + p-variable function f(z,y) is integrable over a closed cube Q@ =V x W.

e Assume that for each x € V', f(z,y), as a function in y, is integrable over .

/Q f(a,y)d(z,y) = /V ( /W f(x,y)dy)dq;.

e Then

e An important special case is when f € C'(Q), then we have

Re-state the above special case for R™:
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The secret of Jacobian (pp. 340-341): dxdy = gggg dudv

1. Interpretation: Given ¢ : D — E we can integrate to get
O(z,y)
x,y)dxdy = / *, * L dudwv.
/Df( y)dzdy Ef( )a(u,v)

2. It is sufficient to consider f = 1.

3. It is sufficient to consider F to be a small uv-rectangle.

4. What is a small uv-rectangle?

5. Q: What is D if E is a small uv-rectangle?

("o;&’o)

6. What are the four vertices of E?

7. What is the linear approximation a?
¢ T —To~ Y — Yo~
Now a = 777

8 Now b= 777

9. area(E) = |a x b| = 777
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Quiz 09 for May 02: Two problems randomly chosen from 18.4.5- 18.4.9 in the problem book.

Plus Example 6 in pp. 330-331. of the textbook. So three problems in total.

Q: Where does the r come from in the formula
dxdy = rdrdf ?

1. What is a polar rectangle?

2. What is its area?

3. What is the corresponding region in the xy-plane?

4. What is the corresponding area in the xy-plane?

5. Now, why does it tell us that
dxdy = rdrdf ?

A magic calculation:
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HW X: (Due on May 7) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 1-16 at least twice and I read it carefully.”

2. State that “I have read the textbook from pp. 32-48 at least twice and I read it carefully.”

3. Prove x = Il directly (without using N and B).

(11

4. Any problem starting from 18.1.1 to 18.2.7 of the problem book.

5. Any problem starting from pp. 277 - 288 of the problem book.

(p. 4) Tangent line of a curve in R3:
Three ways to represent a curve in R3:

1. Parametric

2. Cartesian

3. Implicit
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(p. 8) Tangent plane of a surface in R?:

Three ways to represent a surface in R3:

1. Parametric

2. Cartesian

3. Implicit
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Lemma 1 (p. 11) Let r(¢) and r2(t) be two vector-valued functions. What is the product rule

for differentiation?

Lemma 2 (p. 11) Let r(¢) a vector-valued function. Then we apply the above lemma to study
when it has constant length?

Lemma 3 (p. 12) Now we study the geometric meaning of ||r/(¢)|| when r(t) is on the unit sphere.
(Guess you answer first, please!)

r(t+Qt)

r(t)
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Arc length parameter (p. 13)

Derivative w.r.t. ds

What is the meaning of ||7(s)||?

Curvature x(s) and its reciprocal: (With another formula in HW!)
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Example 1 (p. 15) Find the curvature of a circle.

Example 2 Show that a curve is a straight line iff its curvature is zero.

Practice: Show that the sum of the length of the three segments cut by the tangent plane of
VT + /Y + /2 = y/a on the three axes is a constant.
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Line integral: the first kind

Q: How to find the mass of an un-even metal line?

The standard procedure of calculus:

Am; =

J

The definition of the line integral: the first kind

The practical formula: From ds to dt.

Line integral: the second kind
Q: How to integrate a vector field along a curve, and why bother?

Q: How to find the work done by a force along a curve?
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Line integrals of the second type (p. 77)

61/155
Set-up:

e A vector field, such as ...

e A moving particle, such as ...

Want: The work done by the force.

Standard calculus business: This means we cut ...

The work done by the force during the ;' small segment is

where

Riemann sum:

Important: In terms of components instead of the inner product

Definition of the second type line integral:

/F-dr:/de+Qdy+Rdz,
N

”
where

In parametric form: That is,

HENE»
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Two important examples:

A: Find fc xdy over a circle.

Find [, ydx over a circle.

A trick:

Practice: Do something similar for a triangle!

B:Find [, % over the unit circle.
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HW XI: (Due on May 14) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 1-16 at least twice and I read it carefully.”

2. State that “I have read the textbook from pp. 39-48 at least twice and I read it carefully.”
3. State and prove how to calculate the area of a parallelogram by the cross product of vectors.
4. Show the identity: ||r, X ro||* + (ru, 70)% = ||7ul|?[|70|]?-

5. Find the area of a sphere and the volume of a ball.

6. Any problem starting from 18.1.1 to 18.2.7 of the problem book.

7. Any problem starting from pp. 277 - 288 of the problem book.

8. Any problem starting from 22.2.1 to 22.3.8 of the problem book.

(p. 39) The area of a small patch on a surface:

Formula for the area of a surface:

Differential do = Wdudv

Surface integral of the first kind:

/S F(Q)do -
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Formula: A, B, C form

Cartesian formula: p, ¢ form
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Example 1 (p. 44) Surface area of a sphere.

Set-up: spherical coordinates and their 777

Method I: (Hint: Either p,q or A, B,C)

Method II: (Hint: Use [|ry X 7||? + (ru, 70)% = |Iru||?]|70]]%)
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Example 2 (p. 44) Surface area of a sphere 2 + 3> + 2% = a? inside of a cylinder 22 + 3> = ax.

Example 3 (p. 45) z = zy inside z° + y? = a*. (Q: What does it look like?)
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(May 09, Thursday) § 3.a Green’s formula (p. 74)

We call the following region “Type-A” and we calculate 558 p Pdr =

1] D ﬁ
L?o/~
o a %

Summary: We convert the line integral into a double integral:

Q: How to patch two type-A regions together?

Q: How to patch a disk by type-A regions?

Practice: Draw a strange region and divide it into type-A regions!
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Type-B region and [ Qdy:

non-simply connected domains: (Q: what is an educated way to say it?)

|

-z-r-\
——
o

| re——

/!
-

=i

#
i/
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(p. 77) Green’s Formula:

e Let Q C R? be a bounded region such that its boundary consists of

e We specify the orietation of 92 by

— Qutside:

— Inside:

e Let P,Q € CHQ).

e Then

Example 3 (p. 80) Use Green’s theorem to find the area of an ellipse.

Example 4 (p. 80) Use Green’s theorem to find the area enclosed by
T =acos’t, y:asin3t, 0<t< 2.

(Q: Do you remember what is its shape?)
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Important Example (pp. 81-82) Show that

/ xdy — ydx
r 2?4y

is invariant with respect to any simply connected curve around the origin.

Important Example: Show that
/ xdy + ydx

”
is independent of path.
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(May 16, Thursday) Fluid through a surface

Surface S given by r =

do =

Fluid through a small patch d© =

v in components:

n in components:

Fluid through a small patch again:

e 40 =
e O =

Key calculuation: [ [ P cos(a)do =
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Summary/Definition: flux

The second type surface integral of a vector field
F=(P,Q,R)

through a surface S given by r = r(u,v) is called the flux:

// F-ndo = // Pdydz + Qdzdx + Qdxdy
s s

Example 4:

3

where the surface S is the exterior of the sphere 22 + y? + 2% = a2

1
I=- // xdydz + ydzdz + zdxdy,
S

Example 5: The same integral over a rectangular box.
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HW XIII: (Due on May 28) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 105-117 at least twice and I read it carefully.”

2. Any problem starting from p. 285 of the problem book.

(p. 105) Independence of path:
Let G C R? be

Let P,Q € CY@G) be

Let My, M; € G be

Let v C G be

Definition:

Definition: We say that G is simply connected if

Theorem 1 (p. 107) Let G and P, @ be as above. Then TFAE:

1. (closed loops)

2. (indepent of paths)

3. (potential)

4. (partial derivative test)
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Proof. (1) — (2). Just draw a pic!

(2) — (3). We define a new function

U($7y> =

We need to check

(4) — (1). Easy if C is a simple loop. Troublesome if C' has infinitely many loops.

HENE»
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(p- 111) Theorem 2 for multiply-connected planar doman
Let G C R? be a domain, which means ...

Let P,Q € C(G). Then TFAE:
(a) [ Pdx + Qdy is independent of paths in G;

(b) the differential form Pdx 4 Qdy has a potential function U(x,y). That is,

Proof. We only need to prove (b) — (a). (Why?)

Consider v C G to be piecewise C'-curve in G. We can parametrize it as

Now we write f7 Pdz + Qdy =

(p. 114) Theorem 3 State the above theorem in 3d.

(p. 112) Example 1 Consider again

/—ydx+xdy B
22 4 12 -

Q: What is the question?
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(p. 115) Theorem 4 (But only for 2d)

Let D C R? be a star-like domain. That is,

Let P,Q € C}(D). Then TFAE

e [ Pdx + Qdy is independent of paths.
e Pdx + (QQdy has a potential function.

e We have the derivative test:

Proof.

1. We only prove that (3) — (2). That is, we find a potential explicitly. (Why?)

2. Assume that D is star-like w.r.t. A. For any point M =

U(M) =
Want:
3. Consider any point
My =
and its neighbor
M =

We claim that for small A, the triangle

AAMyM C D.

4. By Green’s theorem,

5. Now we have

/ Pdz + Qdy =

A
That is, by the definition of U,

U(xo+ h, yo, 20) =

6. We are ready to wrap up the proof:
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(Thursday, May 23, 2019) Ch. 18: Sequence and Series

Sequence:

Series:

Convergence of sequence:

Convergence of series:

Theorem 2 (p. 157) If ) a, converges, then lima, = 0.

Divergence test:

Example 1 (p. 157) Analyze the convergence of geometric series.

oo 1

Example 2 (p. 157) Analyze the convergence of > >~ Ty
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(p. 158) Convergence principle for positive series:

Example 1 (p. 158) Analyze the convergence of  »° | -

Example 2 (p. 159) Analyze the convergence of >, \/%7
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Theorem 1 (Baby comparison of positive series) (p. 159)

Let > a, and ) b, be two positive series.

e If > b, converges, and

o If > b, diverges, and

Example 3 (p. 160) Analyze the convergence of > ° | sin % for € (0, ).

Example 4 (p. 160) Analyze the convergence of > 7 \/ﬁ.
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(Limit comparison theorem, p. 161) Let ) a, and )b, be two positive series. If

lim% =7 € (0,00),

then > a, converges iff Y b, converges.

Proof.

Q: What if v =07

Q: What if v = 00?

Example 5 (p. 161) Let x € (0, 7). Test the convergence of
(a) > (I —cos?)
(b) >_2"sin g7

Example 6 (p. 162) Analyze the following three series:

Zln(l%—%), Z%, and Zsin(%).
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(Cauchy’s root test, version 1, p. 163) Let Y a, be a positive series.

o If
Van, <,
then > a, converges.
o If
Va, > 1,

then > a,, diverges.

(Cauchy’s root test, version 2) Let Y a, be a positive series. Assume that the limit exists:

n/an =q.

e If ¢ <1, then ) a, converges.

e If ¢ > 1, then ) a, diverges.
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(Cauchy’s integral test, p. 165) Let f(x) be positive and decreasing on [1,00). Then

Zf(n) and /100 f(x)dx

converge or diverge at the same time.

Important applications (p. 167)

L
npP

Z n(lnln)p (HOW about Z nln n(lillnn)p ?)
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D’Alembert’s ratio test: Let > a, be a strictly positive series. Assume that the limit exists

. An41
lim
an

o If g <1, then

o I[f ¢ > 1, then

11.2.7  FIRHESHR BN TS NG a, BT, TR F 5

2R B W B
(1) iE"sin Z, (2) 5_—1———-5;1—
A=} 3 =1 In(z+1) "’

&1
(3) Em, (4) Z(\/n+1— fn)"ln 1,

ares +ca
(5) Z]n”cos-%—; (6) D> (Vr+ta—¥nt +n+b);
r=3 n=1

® Sle-(2)T
=1
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11.2.8 E‘?ﬁﬁzan (a,>>0) KA, W Sn RARE AT P

Ty

n=1"""

11.2.9 LIETR B D e B, a0y <Kan(n =1,
na=1

iimn-a,=0.
R=r-m=

11.2.10 %

2y -0, Rk

= — R#ktﬁk:; 1,2, e

1
g ﬂkzz‘;‘:-__;s k=1,2, e
R
oo
(1) Dla, dsks
=1

(2) lim na,>0
¥

11.2.11  {% O<CP <TP,<++e<{P,<C-+. KiL

TERFH AR K

ﬁ=1P'+P2+'.._}-P“

Kegx.
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HW XIV: (Due on June 4) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 155-170 at least twice and I read it carefully.”
2. State that “I have read the textbook from pp. 184-193 at least twice and I read it carefully.”
3. Prove Theorems 3, 4, 5 in pp. 178-179 of the textbook.

4. Any problem from Ch. 11 of the problem book.

(p. 184) §4: Any series (i.e., not necessarily positive series)

Cauchy’s test: This is merely a re-writing!

Example 1: Y 7 (—1)*!

I =

Theorem 1 (p. 184) Absolute convergence implies convergence.

Example 1 again:
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(p. 176) §3 limsupz,, & liminfz,

For any sequence {z,} we define two new sequences:

Yo = inf 2, and z, = sup xy.
kzn k>n

Important but easy observation:
® Yy is
e 2, 1S

In particular,
“limy, and lim z, exist if we allow infinity as a limit.”

Moreover we have
oy, <x, <z,

It follows that

Theorem 1(p. 177) Let E be the collection of limit points of S = {z,}.

e Show that F is closed.

e Show that
liminfx, =inf ¥ and limsupz, =supFE.

Proof.

1. If £ € E, then

2. Now we can squeeze x,, by y; and z:

It follows that

3. Next we show liminf x, € E. Then limsup z, € F will follow also (why?)
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4. Case I: {x,} is not lower bounded. In this case, we can find

5. Case II: We assume that {z,} is lower bounded.

6. Claim: We shall choose two increasing subsequences
my, and ny
such that
Ymp < Tny < Ymy, + T
7. Choose ng = 0.

8. Choose m; = ng + 1 =1 and ny such that

9. Suppose that ng_; is chose already. We choose
my = ng_1 + 1

and we choose ny by

10. Wrap up:

Theorem 2 (p. 178) Let {z,} be a sequence. TFAE:
e liminfz, = limsup = ¢;
e limzx, = ¢

o £ ={¢}. (Q: What is E?)

Proof. We only prove (7) — (7).

HENE» 87



88/155
Example 2 (p. 186) Let

limsup v/|a,| = q.

o If ¢ <1, then

o If ¢ > 1, then

Example 3 (p. 186) Let

Qn
lim sup aay e q.
Qn
o If g <1, then
o If g > 1, then
Let
lim inf |+ | =
a,

o If ¢ <1, then

o I[f ¢ > 1, then
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(108-05-30 Thursday)

Quiz 14 on June 6 will be randomly chosen from pp. 83-84 of notes.

(Lemma, p. 187) Abel summation: A powerful way to sum

p
Z a; 3.
i=1

Let i
Bk:Zﬁzu ]{7:1,2,"',]9.
=1

le a;f; =

Theorem 2 (Dirichlet Test, p. 189 ) Consider Y a,b,. If
e a, decreases to 0;
e B, is bounded,

then > a,b, is convergent.

Proof. We apply Abel in Cauchy:
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Example 7 (pp. 191-192) Let a,, \, 0. Show that

g a,cosnxr and E a, sinnzx

both converge.

Example 8 (p. 192) Let > by be convergent. Show that

RN
dim 7 2 kb =0

k=1

Proof. We use Abel and choose ...
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85 Properties of convergence

Theorem 1 (p. 193, grouping) Let > a, be convergent. Then
(al+"'+an1)+(an1+1+"'+an2)+"'+(ank+1+"'+a’nk+1)+"'
is also convergent.

Easy proof by considering 777

Counterexample for the converse:

Distribution: If > a, and >_ b, are both absolutely convergent, then so is > a,, + b,.

Moreover, ...

Proof by considering 777

Riemann’s theorem (Theorems 3 + 4, pp. 196-198)
Let > a, be conditionally convergent.
Consider its re-arrangement.

Then wild things happen!
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Theorem 2 (p. 194, re-ordering)

Let > a, be absolutely convergent.
Let a], be a re-ordering of > a,. (Q: What does this mean?)

Then ) a!, is also absolutely convergent to the same sum. That is,

Proof. The case of positive series is easy!

The case of arbitrary series: We use a nice trick:
An = Pn — qn
where p,,, g, satisfy
e 0<py,q, < |an‘

L ‘an‘ = Pn + Qn.

Task: Show that p, and ¢, are unique.
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Theorem 5 (Product of two series, p. 200)

Let > a, and > b, be two absolutely convergent series.
Then (> a,)(> by) is defined.

Moreover,

Proof. What is a partial sum of (> a,)(d_ b,)?

Now we know that it is a.c., so we can arrange it according to square summation:

Example 1 (p. 201) Prove that eV = e” - V. (Hint: You need to recall what is y = €*7)
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§6 Infinite products (p. 206)

Definition: We say that [[>2, p, is convergent if

Theorem 1 (p. 207) The convergence/divergence test says that

Re-writing:

Examples: [] (1 — %) and I1 (1 - #)

Observation with In (Theorem 2, p. 208)

Theorem 3 (p. 209) Let a,, > 0. Then [[~,(1 + a,) is convergent iff )" a,, is convergent.
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HW XYV: (Due on June 11) (Recall that you need to do at least four problems from below.)

1. State that “I have read the textbook from pp. 184-211 at least twice and I read it carefully.”
2. State that “I have read the textbook from pp. 212-225 at least twice and I read it carefully.”
3. Any problem from Ch. 11 of the problem book

4. Any problem from Ch. 12 of the problem book.

(p. 212) §19.1: Function sequences and series

o0 x" ?

Example 1. What is the domain of convergence of " /&

Example 2. What is the domain of convergence of 7 | e"*?

Example 3. What is the domain of convergence of f,(x) = 2™?
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© 14
n=1 gn *

Example 4. What is the domain of convergence of >

Example 5. What is the domain of convergence of )" >, (n!)z"?

Example 6. What is the domain of convergence of > en®’?
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(p. 214) §2. Uniform convergence: f,(z) = f(z)

C(I):

Metric on C(I):

fo(z) = f(x) on I:

fu(x) = f(z) on I:

Example 1 (p. 215) f,(xz) = 2", but what is the domain?
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Example 7. (p. 213) Analyze the convergence of

:L.Zn

- 1+ 20’

1. What is the domain?

2. Convergence

3. at the discontinuity points

4. Uniform convergence
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(June 06, Thursday)

Example 2. (p. 216) Consider the sequence

Q: What is the domain?

Q: What is the limit function?

Q: Now when is it uniformly convergent?

Uniform Convergence. I f,(z) = f(z)

Converse:

Uniform Convergence. I > u,(x)
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Example 3. (p. 218) On the interval [0, 1], consider
T

T 1t nZ?

o 1 X

Q: What about other domains?
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Example 4. (p. 219) On the interval [0, 1], consider
nw

T 1t nZ?

Q: What about other domains?
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Theorem 1 (p. 219) Suppose that

fa(z) = f(2) re k.
We define
d(fmf) = Slelg ‘fn(m) - f($)‘
TFAE:

(1) falz) = f(2)
(2) Timy o d(f, f) = 0

(3) For any sequence {x,} C F, we have

lim (fo(2n) = f(2n)) = 0.

n—oo

Proof.
1. The equivalence between (1) and (2) are clear.
2. “(2) implies (3)” is also clear.

3. So we only prove (3) — (1) by contradiction.

W

. So, if (1) does not hold, then

1

nz- Then it is not uniformly convergent on (0,1).

Example 5. Consider f,(x) =
Solution. By (3) in the above Theorem 1, we only need to choose

Ty ="
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Theorem 2. (Cauchy convergence principle, UC version) Indeed two versions. First seqe-

unce

Now the series version:

Theorem 3 (Weierstrass test, p. 222)
1. Suppose that u,(x) is defined on E for each n;

2. Suppose that there exists M,, such that

3. Moreover, we have
Z M, < oo.

4. Then we conclude that > wu,(z) is uniformly convergent.

Proof. We use Cauchy ...

Example 8 (p. 223) Consider

COSNIT CcOS NI
E and E R
n n
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12.3.2 W3 T%Uqﬁﬁlﬁﬁﬁauﬂl.}_ BhCar, MOMeRBAE AL S

(1) 21 (2) Zr';‘f—;
(3) Zﬂ{:ﬂn:r’ (4) Zsmﬂx
(3) E(l E)n

12.3.3 % f. (ﬂ):;zjjimﬁ,ﬂéxiél. RIE: EHI{E
fif 15 PIERAS - Pl &%,

E Y
12.3.4  kiE. z: z"(1 1) = W L
RIE: R
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(06-11, Tuesday)

Recall the def of u.c.

In terms of C(/):

The a,, method:

Weierstrass test:

The converse:

Example:
e Easy: fu(z) = ymz over [0,1].

e Hard: f,(x)= 5 over [0, 1].

=z
x2+(1—nz)
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(p. 225) Theorem 1

e Let I be an (closed) interval.
o Let f,(z) € C(1)
e Assume that f, = f(z) for some f(z)
Then f(x) € C(I).
Proof. It is helpful to draw a picture!
1. For any xg € I and any € > 0, we hope to find  such that ..

2. For the given € > 0, we first find N such that

3. For N + 1, we look at fy.1(-) near zo: We find ¢ such that

An educated way to reformulate the above theorem:

Theorem 4 (Cluster point version)

e Let £ C R be any set.

e Let xg, not necessarily in E, be a cluster point of E.
e Let f,(x) = f(x) on E.

e Assume that

rzeEFE—xg

exists!
Then
e The following limit exists

lima, =a € R;
n

e We have
lim lim f,(z) = lim lim f,(z).

T—To N—00 n—o0 T—xQ
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Switch limit and integration: (Sequence version)

Theorem 2 (p. 226)

Proof. Want:

Theorem 2’ (series version)

Switch limit and differentiation (Sequence version, Theorem 3, p. 227)
e Let f, € C'a,b)].
o Let f/(z) = ¢(x) for some p(x).
o Let f,(zg) — yo for some g, yp.

Then we have

o f.(x) = f(x) for some f(x).
o f(x) € C'a,b] and
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§4 Power series (p. 232)

Theorem 1 (Cauchy-Hadamard formula) Consider the power series

Z an(x — )",
n=0
Let

1
P lim sup {/|an|

Then

e The power series is absolutely convergent for any x with

|z — 20| < p.

e The power series is divergent for any x with

|z — 20| > p.

Easy proof. We use test for 777

Example: Consider the convergence radii of

n

x
°* T

n

[ ]
g
zl\)l &3

X n<§’i+'1>

z_
n!
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§4.b (p. 234) If > a,(x — x)™ converges over a domain D, then it defines a function f(z) on D

Now we study the properties of this function f(x).

Lemma 1 (p. 235, easy but important)
e Let > a,z™ have a convergence radius p.

o Let 0 < r<p.

Then ) a,x™ is uniformly convergent on [—r,7].

In particular, the summation, denoted by f(x) is continuous on [—7,7].
e Consequently, the summation f(x) is continuous on (—p, p).

Easy proof. Just choose 777 test!

Recall Able’s summation: (and for Cauchy principle)

Lemma 2 (p. 235, Abel’s second theorem)
e Let > a,z™ have a convergence radius p.
e Assume that it is convergent at = p.

e Then the series is uniformly convergent on
[0, p].

e In particular, 77
Proof. Without loss of generality we assume p = 1.
1. So we assume that > a, is convergent.

2. We apply the Abel summation to

3. That is,
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Theorem 2’ (p. 236, easy and useful)

e Suppose that the power series
S o

is convergent at a point r > 0.

e Then its convergence radius
p=>.

e Moreover, we can perform the integration by terms over [0,7]. (Q: What does this mean?)

Lemma 3 (p. 236) The formal derivative of a power series has the same convergence radius as
the original power series!

Re-state:

Easy proof.

Theorem 3 (p. 237)
e Let xy be an interior point of the convergence domain of a power series f(z) = > a,a™.
e Then f(x) has derivative of any order at x.
e Moreover, its derivative can be computed by diff the series term by term.

Easy proof. By induction, we only need to prove the statement for the first derivative.

For this, we just need to check 777
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Example 4’ (p. 238) Show that we can integrate
1 .
1—2 % *

over 777 term by term, and the result is

Example 5 (p. 238) Show that we can integrate

1 oo
= 777
1+ 22 nz;

over 777 term by term, and the result is

Example 6 (p. 238, a different type) Show that we can differentiate

1 = .
1—x:;)$

over 77?7 term by term, and the result is

HENE» 111
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§5 Approximation by polynomials

Theorem 1 (p. 246, Weierstrass) Any continuous function on a closed interval [a,b] can
uniformly approximated by polynomials.

In other words, in terms of Cla, b],

Algebra:

Show that C|[a,b] is an algebra!

Example:

Observation: An way to say that a subset S C Cla, b] contains many functions is that
“S separates points.”

This means

(p. 256) Stone-Weierstrass Theorem for C'(K) : We choose K = [a, b].

Assume that S C Cla, b] satisfies
e 15,

e S is an algebra;

e S separates points.

Then S is dense in Cla, b].

That is,

That is,

HENE» 112
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Positive
direction

FIGURE 16.49 Smooth closed surfaces
in space are orientable. The outward unit
normal vector defines the positive

direction at each point.

T |

a * b
Finish i

"‘Iiy

FIGURE 16.50 To make a Mébius band,
take a rectangular strip of paper abcd, give
the end be a single twist, and paste the
ends of the strip together to match a with ¢
and b with d. The Mdbius band is a
nonorientable or one-sided surface.

HEEE»

Chapter 16: Integration in Vector Fields

These calculations give the surface integral

= _ 2 a2 i —
ﬂVl—xz—y2d0=/ f [sinu|cosu'\/l+sin2ududv
0 —w/2
5

2
—Zf / sinucos u V1 + sin® u du dv
Whenu = 0,w = 1

1 + sin® u,
= / f Vw dw dv
0 1 Whenu = 7/2,w = 2.

dw = 2 sin u cos u du
2 3ﬂ2 47 .\/_
=2m- 3w ]1= 3 12va~1) "

Orientation

We call a smooth surface S orientable or two-sided if it is possible to define a field n of
unit normal vectors on S that varies continuously with position. Any patch or subportion of
an orientable surface is orientable. Spheres and other smooth closed surfaces in space
(smooth surfaces that enclose solids) are orientable. By convention, we choose n on a
closed surface to point outward.

Once n has been chosen, we say that we have oriented the surface, and we call the
surface together with its normal field an oriented surface. The vector n at any point is
called the positive direction at that point (Figure 16.49).

The Mabius band in Figure 16.50 is not orientable. No matter where you start to con-
struct a continuous unit normal field (shown as the shaft of a thumbtack in the figure),
moving the vector continuously around the surface in the manner shown will return it to
the starting point with a direction opposite to the one it had when it started out. The vector
at that point cannot point both ways and yet it must if the field is to be continuous. We con-
clude that no such field exists.

Surface Integral for Flux

Suppose that F is a continuous vector field defined over an oriented surface S and that n is
the chosen unit normal field on the surface. We call the integral of F - n over S the flux of
F across S in the positive direction. Thus, the flux is the integral over S of the scalar com-
ponent of F in the direction of m.

DEFINITION  The flux of a three-dimensional vector field F across an oriented
surface S in the direction of n is

Flux = [/F-ndo. (5)
s

The definition is analogous to the flux of a two-dimensional field F across a plane
curve C. In the plane (Section 16.2), the flux is

f F-nds,
c

the integral of the scalar component of F normal to the curve.

If F is the velocity field of a three-dimensional fluid flow, the flux of F across § is the
net rate at which fluid is crossing S in the chosen positive direction. We discuss such flows
in more detail in Section 16.7.
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16.6 Surface Integrals 957

z EXAMPLE 4 Find the flux of F = yzi + xj — z°k through the parabolic cylinder
] y=x%0<x = 1,0 < z < 4, in the direction n indicated in Figure 16.51.

'r =
|

Lo 4 @i Solution On the surface we have x = x, y = x% and z = z, so we automatically have the
( ) y=x? parametrization r(x, z) = xi + xzj +zk,0 =x = 1,0 = z = 4. The cross product of
tangent vectors is
i j k
- Xr=|1 2x 0f=2i-—]j.
0 0 1
] /_\ i The unit normal vectors pointing outward from the surface as indicated in Figure 16.51 are

x.,f"" ' L mXE i
|tz X | Viax? + 1

P asys Tt Botiol  Gudhe surface, y = x2, so the vector field there is

the surface of a parabolic cylinder

(Example 4). F = yzi + xj — 2%k = x%i + xj — 2%k
Thus,
R 1 2 _ _,2
F'n= Va1 ((x 2)(2x) + (x)(—1) + (—=z°)(0))
_ 2.1:32 b 21
\/4x +1

The flux of F outward through the surface is

[[roase- [ 2 s

X \/4x? + 1 dx dz
f.[ \/4x +1

o moman [ e oi e

—lgy_1ly=

If § is part of a level surface g(x, y, z) = ¢, then n may be taken to be one of the two
fields

Vg
n== % 6
| Vgl ©)

depending on which one gives the preferred direction. The corresponding flux is

Flux=]]F-nda
5
ng) |Vel
= dA Egs. (6) and (3)
/R/( Vgl / [Vg-pl ;
+Vg
= F' M. 7
jR] |Vg-p| W

HEEE»
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958 Chapter 16: Integration in Vector Fields
EXAMPLE 5  Find the flux of F = yzj + z’k outward through the surface S cut from
the cylinder y2 + z2 = 1,z = 0, by the planes x = Oand x = 1.

Solution The outward normal field on S (Figure 16.52) may be calculated from the gradi-
ent of g(x, y,z) = y* + z% tobe

1 Vg 2yj + 2zk 2yj + 2zk k.
."“ﬂ-—_ n= { = — = — =}’J z
.y Vel Vayr+42 21
/ 1,1,0) With p = Kk, we also have
b 4
| Vgl 2 1
do=codd =2 dd="1da

FIGURE 16,52 Calculating the flux of a | Vg k| | 22| &

vector field outward through the surface 5. e ¢an drop the absolute value bars because z = 0 on .

The area of the shadow region Ry is 2 The value of F - n on the surface is

(Example 5).

F-n = (yzj + z%k) * (yj + zk)

=y% + 23 = z(y? + z?)
=z '1;"1 T Z"' =]lon§

The surface projects onto the shadow region R,,, which is the rectangle in the xy-plane
shown in Figure 16.52. Therefore, the flux of F outward through S is

j]F.uda=fo(z)(}—,dA)=g¢4=area(xxy)=2. -

5

Moments and Masses of Thin Shells

Thin shells of material like bowls, metal drums, and domes are modeled with surfaces.
Their moments and masses are calculated with the formulas in Table 16.3. The derivations
are similar to those in Section 6.6. The formulas are like those for line integrals in Table 16.1,
Section 16.1.

TABLE 16.3 Mass and moment formulas for very thin shells

Mass: M= ﬂ ddo & = 8(x, y,z) = density at (x, y, z) as mass per unit area
s
First moments about the coordinate planes:

Myzz-/]xﬁda-, Mx,:]]yada, M,,,=f/zsda
s S

Coordinates of center of mass:
x =M, [M, y =M /M, z=My/M

Moments of inertia about coordinate axes:

I;=j](y2+zz)6da', Iy=ﬂ(x2+zz)8d0, Iz=ﬂ(x2+y2)8d0,
3 3 3

I = [[!’25 do r(x, ¥, z) = distance from point (x, y, z) to line L

HEEE»



Quiz 1 (2019-02-21)  Name(Print) 126/155

1. State and prove the Bolzano-Weierstrass theorem in R.

HENE»



2. State the triangle inequality and the Cauchy inequality in R and prove that they27/155
are equivalent.
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Quiz 2 (2019-03-07)  Name(Print) 128/155

1. Def of limit in R™, with set-up.

2. Def of continuity in R™, with set-up.

3. State and prove the max-min theorem in R"™.

HENE»



4. A complete statement and proof that any two norms on R™ are equivalent. 129/155

Statement:

Proof. (Including the reduction to the Euclidean norm and the continuity of a
general norm.)

HENE»



Quiz 3 (2019-03-14)  Name(Print) 130/155

1. Def of a norm and a metric (including setup and axioms).

e Norm setup:

e Norm Axioms:

e Metric setup:

e Metric Axioms:

Disclaimer: For the rest of the quiz, we live in a metric space.

2. Show that the complement of an open set is a closed set and the complement of a
closed set is open.

HENE»



3. State and prove Theorem 3 in p. 175 on E. 131/155

4. Show that OF = 9(E°).

5. Open sets: Finite intersections and countable unions are still open.

6. Closed sets: Finite unions and countable intersections are still closed.

HENE»



Quiz 4 (2019-03-21)  Name(Print) 132/155

1. Let (X, d) be a metric space, and let E C X be a subset. Show that E™ is open.

2. Show that the union of open sets is open, and the finite intersection of open sets
is still open. Is the conclusion true for infinite intersection? Then state the corre-
sponding statement for closed sets.

HENE»



3. State and prove THE important theorem on compactness in R"”. That is, TFAE: 133/155
(1)
(2)
(3)

(1) = (2)

HENE»



Quiz 5 (2019-03-28)  Name(Print) 134/155

1. Let (X, d) be a metric space, let K C X be compact, and let f € C(K).
(1) f is bounded.

(2) f is uniformly continuous.

2. Let H ={c= (c1,c,-++) ER®: 377, 7 < oo} with metric d(c,é) = /> pey(ck — @)%
Show that (a) H is complete; (b) its closed unit ball is not compact.

HENE»



3. State and prove the theorem which says that continuous partial derivatives imply35/155
differentiability:.

Statement:

Proof.

HENE»



Quiz 6 (2019-04-11)  Name(Print) 136/155

1. State and prove the Clairaut’s theorem.

The technical version:

The sleek version:

Proof.

HENE»



2. State and prove the implicit function theorem. Use an extra sheet since you need i#37/155

Statement:

Proof.

e At least one pic is required.

e [t is strongly suggested that you enumerate your steps.
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Quiz 7 (2019-04-18)  Name(Print) 138/155

1. (a) State and prove the lemma for positive definite quadratic form (p. 273).

(b) State the conditions for

Flath) — f(@) = 5 3 Ayhiby + of[[1])

and prove it (p. 270).

(c) State and prove the theorem on strict local min (Theorem 2, p. 274).

HENE»



2. State the full version of the Lagrange multiplier theorem (Theorem 3, p. 277).  139/155

Then prove the case p = 1.

HENE»
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5“_?.,:(3-'5 5’) dr.

-]

7 [;dy



20.4.8 i B Dirvichlet £33%:

j:dx_:f(:r, y)dy = _[Zdy‘

20.4.9 X—ICRE g ) A0, 1]W L, BT

['ij'lg(r)ds: | tgCtyae,
0 - L\

20.4.10 Drm i ERREN, HE DT~ R, IEH
'. "y dzdy =10.

", y) dz(a>0).

20.4.11 iEmfine LR, HEEBE EH
H ™y drdy :4Hx’"y“d1dy.
‘;“-rj—:f’l ﬁ—i;g—i-il,
=, yz==0

20.4.12 HRTHZEHRAS:
(1) 2 Jet o= 2pe(p>0) .0 = ZHRAE R, H5

{ -[:r”’y""d«;r dy (m, k=>0);

(2) Qhg=0,g=sin (27 , z=0 Flz—~/ZHK, 1}
”xdxa‘g;

4]

(3) O={(z, 9 |0<Ca<ty’, 0y <242, 252}, B

j‘-xzygdxdy;

L,

(1) 2 y=~/T=4%, y=0 B, WH([+ 3057 dray;

Y

L8]

(53) L g=e™y=1,2=0f r=1 Bk, i} &
l'[(:cﬂf)dﬂriy;

* w

141/155



05-02 BoREHRG

21.3.1 ﬁf%ﬁ'ﬁ:ﬁﬂdﬂ?ﬁﬁl%];—Eydﬁ—rdy,A(l,1),3(2,4),
HRM A F B:
(1) ABhish A5 B Sy 43P AB;

———
(2) ABAi%ss AL B iR y=2 (1<<e<2);

(3) AB WHFREE: AC+TF, K €(2,1), HEMh A5 C,
MM CF B,

21.3.2 i+ﬁ:[ﬁm —ady, A, BAUNREAB &

2131

21.3.3 K hip F 3HE M a0 S FitER D), el ALl
R C M A SBE T B AL

(1) F=(x—22¢i+ (y—22*9)j, C 4 F W ph 2% y=2%
A(0,0), B(1, 1);

(2) F=(x+tyiteyi, CHFEHEH@E y=1—]|1—z],
A(0,0), B(2,0);

(3) F=(z—p)i+(y—2)j+ (z-2)k, CHCY ZH XA
r(t)=2i+¢%j +¢°k, A(0,0,0), B(1,1,1);

(1) F=¢*1+z2*j+ 2%k, C 9254 2=dcost, y=Psin i,
a=vi(a, B,y HEH), A(«,0,0), B(a, 0,22y),

21.3.4 HETI#EERS
'.c (¥ =2V da+ (ZP—a¥)dy+ (2P —y*)dz.

(1) C AR =M 22y +2°=1,220, 90,20 FaR
£, MERBUSMRIE 2:, C 175 W ks b 45 i

(2) C ki & -9+ = e+ ¢ = ax(a>0) R £
frF 2y FHE TR, M a5l bk (5,0,0) (0>a) 5FZ,C WD
fied o M e 2 g Bl

Quiz 10 on 05-09 will be three randomly chosen problems from this page.
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21.3.5 cREldizk © ki ss “Eh kB

fre—zd

x4y

o

(1) € S 2"+ = a%, 405
(2) ¢ DI+ =1, Jis o7

(3) C &L, 0) AU A a B HE, Wk shh m;
(4 C BEL(—1, —1), (1, —1), (0, 1) 24 T0i S = F 785, JGIRF
BT,
21.3.8 :RK[AgheR C Lo T Tdh 2Ry
§adat vy

xt + y'd ’

C % C A 21.3.5.

21.3.7 B P,QRERAL FES LANIGHE, KK LIE
K

v
”Lp.iq:+0dy+ﬂ’dz <,

Hrp M=max {~/P*+Q '+ R

(v ¥s2)EL

21.3.8. &L BRI L+ ¥=RLIIR

E LAATZ‘-‘*].QBI'?]—{‘CyZ

(A, C HTEL, AC— B*>0), L BE], °




Quiz 10 (May 09) Name: W%

21.3.3 K Hip FH@Esh Wi i AR ERSSh, IR A Bl
R C I A sisah® B g

(1) F=(x—2xyi+ (y—22°9j, C HF M th £k y=725
A4(0,0), B(1, 1);

(2) F=(z+ypiteyj, CHFE@MEAE y=1—[1-2],
A(0,0), B(2,0);

HREE»



21.3.4 l‘l“}%—F ;I‘I ﬂi! é&*jlﬁ} 145/155
| G+ =Dyt =g

(1) C%Jﬁkﬁlf.ﬁ!% -’-—"2"5"?24*22:—‘1;1‘}0; y=0,220 H’ﬁijlﬁ'
£, MERBIIMUIE 25, C 175 W AnEE Bk il

(2) C Lk -+ =l -y =ax(a>0) IR ER
{2y SFmE LTS, el EG,0,0) (0>a) 5EFEZ,C KA
i) R MGE B 5 el

HREE»



Quiz 11 (May 16) Name 146/155

jr (@ y*)de — (2" —y") dy, D; &+ ¢'<1;
20

ilq (e*sinadr--e “sinydy), D; a<e<h, e<Sy<ld;

qu*
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fﬁf(:-H y*) (zdz -+ ydy) =

21.4.6 1t O CHr Ml i 2%, a SHIE—Bi%E i A7 0 &, T
9§ cos(a, m)ds=0, 3 m 2 C MENELIT,



QlliZ 12 on May 23 Name- 148/155

EXAMPLE 4  Find the flux of F = yzi + xj — z?k through the parabolic cylinder
y=1x%0=<x =< 1,0 < z < 4, in the direction n indicated in Figure 16.51.

Solution On the surface we have x = x, y = x? and z = z, so we automatically have the

parametrization r(x, z) = xi + x%j + zk,0 = x = 1,0 =< z < 4, The cross product of
tangent vectors is

The unit normal vectors pointing outward from the surface as indicated in Figure 16.51 are

On the surface, y = xZ, so the vector field there is

F —1
Thus,

The flux of F outward through the surface is

fE/F..]dh



Gl7 RiFE L =Ij x2dydz + y?dzdx + z2dxdy,
S

X S AERE «* + ¥+ 28 =a® I,
B RUITH 4 pIeE, RITREB

pls Rit®E

M = ”j (x)dydz + g(y)d=zdx + A (2)dxdy,

r

KB RUTRKEHRNSRE.
(x[<<e,  |yi<h, |zi<e,

¥ DEBI S thiyEEk, BATRE

HREE»
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Quiz 13 (2019-05-30)  Name(Print) 150/155
1. Q: What is the Stokes theorem?

2. Give the complete statement of an example of Stokes’ theorem. (Hint: Green)

3. Give the complete statement of another example of Stokes” theorem. (Hint: Gauss)

4. Explain that FTC is also an example of Stokes!

HEEE»



5. Find the surface area: x = rcosp,y =rsinp, z = @, where 0 < r < a,0 < @ < 27151/155
Roughly explain the shape of the surface.

6. Find the flux of the vector field F' = yi + zzj + xyk through the boundary of
Q=A(x,y,2): |z| <1,|y| <1,|z| <1}}, with interior normal.

7. Find the flux of the vector field F' = zi+ yj+ zk through the surface S = {(z,y, 2) :
r>0,y>0,2>0,x+y+ 2z =1}, with downward normal.

HEEE»



Quiz 14 (June 6) Name:

10,27 FURE SR B RSN an B, MTTEISF 5 28 5 i e 24 b

aorn T e 1 ‘
(1) uzn;l? sin 3::!' (2) Eln(ﬂ+1) s1n*‘;,
+ 2 . ] 4 oo n 1
- i 1o o F o -
® 3 777 () S FI=m) I
- o + e3
(5) Z]Il”cos"':*:*; (6) E(V"ﬁ"!-ﬂ““ynz -I-ﬂ-f--f‘;);
" =239 A=1

7) 2|e——(1f~ )}

n=]

152/155
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11.2.8 FHH Sa. (a,>>0) K, KIE: B> TR

n=1""1

11.2.9 EHMRE D e, 2,00, (n=1,2,---), KRiF: limn-a,=0.
=1

R¥-m

11.2.11  {R O<CP (<CPy <o oo TPy <Coee, KIS Z%&ﬁtﬁ’aﬁﬁ%ﬁ%é&&
B=l W

. n .
2P, T F 5T F, M




(Last) Quiz 15 (2019-06-13)  Name(Print) 154/155

1. State three definitions of lim sup x,, and show that they are all equivalent.

e Def I:

o Def II:

e Def III:

Proof.

HENE»
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12.3.2 W*TﬂﬁﬁEH&EMLHﬁWﬁ
(1) 21 ?, ok

(3) Zﬂﬂiﬂ.’r

(5) g?rf_m?‘

12.8.3 1% fu (@)= 0<<a<1, RIT; BT

A <~ F BB A B 8,

—nx)??

HENE»
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