Math 350. Spring 2009 Homework 10

Problem 1. (a) Prove, working directly from the definition, that if f(x) = 1/x, then f’"(a) = —1/a% fora # 0.
(b) Prove that the tangent line to the graph of f at (a, 1/a) does not intersect the graph of f, except at (a, 1/a).
Solution.  (a) By definition,

y o J) = fa)
f@ = lim 4
_ ]iml/x—l/a
X—a X—a
x—a ax(x — a)
= lim—
x—a ax
-1
R

(b) The tangent line to the graph of f at (a, 1/a) has equation y = (—1/a?)x + (2/b). If this line intersects the graph
of f ata point P = (x,y), then the coordinates of P must satisfy
y=-
by
and
_Tx, 2
Y22 T
By equating these two identities and simplifying you obtain that x = aand y = 1/a.

Problem 2. Discuss the differentiablility of f : R — R given by

1
3ain o .
f(x):{ X smx, x #0;

0, x=0.
Problem 3. Find f” if f(x) = [x]. (Here [x] is the largest integer less than or equal to x.)

Solution. If a is an integer, then the function f is not differentiable at a.

If n is an integer, then on the interval (n, n + 1), the function f is constant with value f(x) = n for all xin (n,n + 1).
Hence f’(x) for xin (n,n + 1).

Therefore, f’(x) is defined if x is not an integer, and f’(x) = O for all those x. O
Problem 4. Let f(a) = x? if x is rational, and f(x) = 0 if x is not rational. Prove that f is differentiable at 0.
Problem 5. Let f be a function such that |f(x)| < x2 for all x. Prove that f is differentiable at 0.

Solution. Note first that |f(0)| < 0, so in fact £(0) = 0. Moreover, because |f(x)| < x%, if x # 0,
|/

x)| <

0< (— |x],
|x]
hence
@~ fOl _,
-0 |x—=0
Now
Ul f@ _ el
|x] x |x]
so also
[ = fO) _

"(0) = li 0.
f() xl—r>I(l) x—-0
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Problem 6. Prove that if f is even, then f’'(x) = —f’(—x). (A function f is even if f(x) = f(—x).)

Solution. There are two ways of writing up the solution. A straightforward way:

o fEx ) = (=)
1m
h—0 h

i S~ @
= im-———-
h—0 h

Jx=h - f(x)
—h

f'(=x)
(because f is even)

= —lim
h—0

= —f'(-x)

(multiply and divide by —1.)

Another way: If J denotes the function J(x) = —x, then the fact that f is even may be expressed by saying that
(f o J)(x) = f(x). Taking derivatives on both sides, and using the Chain Rule on the left side,

FU@) - I (x) = f(x).
Since J'(x) = —1, the proposed identity —f'(—x) = f’(x) results. m]
Problem 7. Find f’(x) if

1
) = ———5—.

X+ sinx

Solution. m]
Problem 8. Find f’(x) for =1 < x < 1, if f(x) = VI — x2.

Problem 9. Suppose that a and b are two consecutive roots of a polynomial function f, but that a and b are not double
roots. so that we can write f(x) = (x — a)(x — b)g(x) where g(a) # 0 and g(b) # 0.

(a) Prove that g(a) and g(b) have the same sign.
(b) Prove that there is some number x with a < x < b and f’(x) = 0.
(c) Now prove the same fact, even if a and b are multiple roots.

Solution. (a) If g(a) and g(b) have opposite sign, then g(xg) = 0 for some xg in (a,b). Then, for this x, f(x) =
(x0 — a)(xo — b)g(xp) = 0, contradicting that a and b are consecutive roots of f.
(b) Differentiate the expression f(x) = (x — a)(x — b)g(x) to get

f(x) = (x-b)gx) + (x—a)gx) + (x —a)x - b)g'(x)

Then
f'(a) = (a— b)g(b) and f(b) = (b—a)g(a).

By part (a), g(a) and g(b) have the same sign. Thus f’(a) and f’(b) have opposite sign; the mean value theorem implies
that f'(x) = 0 for some x in (a, b). ]

Problem 10. If f is differentiable three times and f’(x) # 0, the Schwarzian derivative of f at x is defined to be

ﬂm_%ﬂmf

I =% T\

(a) Show that
S(fog)=[8fogl (g +8g.
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b
(b) Show that if f(x) = %, with ad — be # 0, then 8 = 0. Consequently, S(f o g) = Sg.
CcX

Solution. Write the chain rule as (f o g)’ = (f’ o g) - g’, and use the rules for derivatives to obtain
(fog)ll = (flog)’-g’+(flog)'g”

((f// og)'g/)'gl+(f,og)'g//

(f"0g)- (&)Y +(f og)-g"

and
(fog)” = ((f"og) @V+(fcg- &)
= (f"og) (&)Y +3(f 0g) g8 +(f og-g”
Thus
(fog)” 3((fog)"\
D (o] = —
To0) = Gooy ~3l(reey)
17 "2 17 ’” 1" 17 ’ ’”
_ U9 (o) +g__§((f °g)g +g_)2
frog flog g 2\ [flog g
f/// 3 f// og 2 o g/// 3 g//2
R v IS

[Df ogl- (&) + Dg.
b
(b) For f(x) = % (with ad — bc # 0) we compute

alcx+d)—clax+d)  ad-bc

feo = (cx +d) T ex+d?
o« —2clad — bc)
fi®= (cx+dp?®
and 62 (ad - b
111 _ c-(aa — bc
fr= (ex +d)?
Therefore
f///(x) ~ i(f//(x))z B 6C2 ~ E( ) )2
) 2\ f(») T (ex+d)? 2\ex+d
= 0.

Problem 11. Let a > 0. Show that the maximum value of the function
1 . 1
Tl+x l+)x—d

is 2+a)/(1+a).

Solution. The function f is differentiable on (—o0, 0), (0, a) and (a, o). We can write

! + ! <0
— —, x
1-x 1+a-x

1 1

fx) = +——, O<x<a

1+x 1+a-x

1 N 1 -
T 5. a X,
l1+x 1+x-a
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SO
1 1
— + —> x<0
(1-x) (I1+a-x)
[0 1 L — 0<r<a
VY T0 02 T Ura—n2
- 1 - l a<Xx
1+x2 (Q+x-a) ’

Thus f is increasing on (—co, 0] and decreasing on [a, o), so the maximum of f on R is the maximum of f on [0, a].
If f/(x) = 0 for x in (0, a), then
1 1

TUr Ava-x2

)

or
1+x*-0+x-a)’=0.

The only solution to this equation in (0, a) is x = a/2.

Now
a 4

2
ﬂ®=ﬂ®=1:a>2+a=ﬂwm

so the maximum value is 2 + a)/(1 + a). ]

Problem 12. A function f is Lipschitz of order « at x is there is a constant C such that

lf () = f®I < Clx =yl *)

for all y in an interval around x. The function f is Lipschitz of order « on an interval if (x) holds for all x and y in the
interval.

(a) If f is Lipschitz of order @ > 0 at x, then f is continuous at x.
(b) If f is differentiable at x, then f is Lipschitz of order 1 at x.
(c) If f is Lipschitz of order @ > 1 at x, then f is differentiable at x and f’(x) = 0.

Solution. (a) Given & > 0, let

NE

If |[x — y| < 6, then
lf(x) = f<Clx—y| < C6 = .

(b) If f is differentiable at x, then

imy — SO 7w
y—x
Thus
fO - fx) Fx| <1
y—x
for all y in an interval around x. Hence
2L <1+ i

) = fGl < L+ 1/ DIy = 1,

so we can choose C = 1 + |f/(x)|.
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(c) Say @ = 1 + g for some 8 > 0. Then the Lipschitz condition
lf ) = fOOl < Cly = " = Cly = xlly -

implies
SO0l <ty f

Taking limits as y — x we obtain

i [FO =S|

yox| y—x
since lim |y — x* = 0 because 8 > 0. This implies that also

y—x
NVOENE I

y~>x y X ’

so that f'(x) =0 ]

Problem 13. [Cauchy’s Mean Value Theorem] Suppose that f and g are continuous on [a, b] and differentiable on
(a, b). Then there is a number x in (a, b) such that

(f) = fl@)g'(x) = (g(b) - g(@) [ (x).
(Cf. Problem 8, pg 108 of textbook for hints.)

Solution. Suppose that f and g are continuous on [a, b] and differentiable on (a, b). Then there is a number x in (a, b)
such that

(f(D) - f@)g' (x) = (g(b) — g(@)f"(x).

Proof. Let h(x) = f(x)(g(b) — g(a)) — g(x)(f(D) — f(a)). Then h is continuous on [a, b] and differentiable on (a, b).
Also h(a) = f(a)g(b) — g(a)f(b) = h(b). Now apply Rolle’s Theorem. m]

Problem 14 (L’Hopital’s Rule). Suppose that lim f(x) = lim g(x) = 0 and that lim f’(x)/g’(x) exists. Then lim f(x)/g(x)
X—a X—a X—a X—a
also exists and

o SO )
x—a g(x) o g’
Solution. Suppose that lim f(x) = lim g(x) = 0 and that lim f’(x)/g"(x) exists. Then lim f(x)/g(x) also exists and

hm@ lim G
—a g(x)  xma g'(x)”

Proof. The hypothesis that lim f”(x)/g’(x) implies
(1) there is an interval I = (a — 8, a + ¢) such that f’(x) and g’(x) exists for all x in 7, expect perhaps for x = a.

(2) in this interval, g’(x) # 0, with the possible exception of x = a.

Define f(a) = g(a) = 0, so that f and g are continuous at a. If a < x < a + §, then both the Mean Value Theorem
and Cauchy’s Mean Value Theorem apply to f and g on [a, x]. By the Mean Value theorem, we see that g(x) # 0, for
if g(x) = 0, then g’(y) = 0 for some y in (a, x). By Cauchy’s Mean Value Theorem, there is b, in (a, x) such that

(f(x) = 0)g"(bx) = (g(x) = 0)f"(bx)

Now b, approaches 0 as x approaches a. Since lim f”(x)/g’(x) exists, it follows that
y—a

lim A = lim AR
x—a g(x)  xoa g'(by)

= lim f ‘Mg’ ).
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Problem 15. What is the largest area of any equilateral triangle enclosed in a unit square?

Problem 16. The lower right-hand corner of a page is folded over so that it just touches the left edge of the paper, as
in the figure below If the width of the paper is very long, show that the minimum length of the crease is 3 V3a/4.

Solution. If x = BC and y = AB

a
29 A
<y
.7 ’
Pid ’
- ’
P /
y - /
-7 ’
- /
Pid /7
e /
-7 ’
/
E \ ’ E’ y
/
/
\ 7
\ ’
\ ’
\X /
\ /
\ /
N ’
N
\
\ X
B
D C

then we have

ﬁ — \/x2 + (O’ — x)z = Vza(x — 0{2 from AEDC
?+(y—EDY =y from AEE’A,

SO

@+ (- V2ax—a2)’ =y

-y V2ax—-a*+ax=0
yz(Za/x - a/z) = *x?

2 a’x? ax

Qax—-a? 2x—-a

The square of the length of the crease is

so the length is smallest when
0= 6x°2x — @) — 4x> = 8x> — 6x%a = ¥*(8x — a),

or x = 3a/4. For this x the length is 3 \/301/4. ]
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