SOLUTIONS: REVIEW FOR FINAL EXAM - MATH 401/501 - Fall 2014
Instructor: C. Pereyra

1. (a) SHOW THAT EVERY BOUNDED SEQUENCE IN R HAS AT LEAST A CONVERGENT SUBSEQUENCE.

SOLUTION: Let {ay},>1 be a bounded sequence of real numbers. Let L = limsup{a,} (could have
chosen L to be the liminf{a,}). There is M > 0 such that for all n > 1 then —M < a, < M,
necessarily —M < L < M (why?!) . In particular L is a finite real number and it is a limit point of the
sequence {an }n>1 if and only if L is a subsequential limit of {a,, },>1 (Proposition 6.6.6), that is there
is subsequence {ay, }r>1 such that L = limy_,co ap, . (This result is known as the Bolzano-Weiertrass
Theorem.)

(b) SHOW THAT GIVEN NON-EMPTY SUBSET A OF REAL NUMBERS THE FOLLOWING ARE EQUIVALENT:
(i) A 1S BOUNDED AND CLOSED,
(ii) EVERY SEQUENCE IN A HAS A CONVERGENT SUBSEQUENCE CONVERGING TO A POINT IN A.

SOLUTION: (i)=-(ii) Assume the non-empty set A C R is bounded and closed, so there exists M > 0
such that for all z € A we have |z| < M and A contains all its adherent points, that is A = A. Given
a sequence {x,},>1 in A it is necessarily bounded, because x,, € A for all n > 1 therefore |z, | < M
for all n > 1. By part (a) there is a convergent subsequence {z,, }x>1 to L, that means that L is an
adherent point of A because given € > 0 there is N > 0 such that for all kK > N we have |z,, — L| <€
and z,, € A. Finally L € A because A is closed and therefore contains all its adherent points.

(ii)=(i) Assume now that every sequence in A has a convergent subsequence converging to a point in
A. We will proceed by contradiction, assume (i) doesn’t hold, that is either A is not bounded or A is
not closed.

If A is not bounded then given n > 0 there is z,, € A such that |z, | > n otherwise n will be a bound
for A. We now have a sequence {z,},>1 in A that cannot have a convergent subsequence why?? )
contradicting (ii).

If A is bounded but not closed, then there is an adherent point xy of A that is not an element of A. In
that case o must be a limit point of A, that is there is a sequence {x,},>1 in A that converges to o,
but all subsequences of this convergent sequence must converge to xg which is not in A, contradicting
(ii). (This result is known as the Heine-Borel Theorem in R. Sets that have property (ii) are called
“compact sets”, and the Heine-Borel Theorem says: the compact sets in R are the closed and bounded
sets. In other settings compact sets will be closed and bounded but not all closed and bounded sets
will be compact.)

2. SHOW THAT ANY FUNCTION f WITH DOMAIN THE INTEGERS 7Z WILL NECESSARILY BE CONTINUOUS
AT EVERY POINT ON ITS DOMAIN. MORE GENERALLY, SHOW THAT IF f : X — R, AND x( IS AN
ISOLATED POINT OF X C R, THEN f IS CONTINUOUS AT xg.

SOLUTION: f : Z — R, given and integer ng € Z, given ¢ > 0 let § = 1/2. If n € Z and
In —ng| <8 =1/2 then n = ng (why??), therefore

|f(n) = f(no)| = [f(no) — f(no)| =0 <e
for all |n —ng| <6 = 1/2. Thus f is continuous at ng for all ny € Z.

More generally if xg is an isolated point of X C R, then there is a g > 0 such that if x € X and
| — o] < g then = xg. Therefore if f: X — R and given ¢ > 0 let § = dg, then

|[f(2) = f(zo)| = [f(20) = f(wo)| =0 <€

for all z € X and |z — 29| < dg = J. Thus f is continuous at zq for all z( isolated points of X.

1By comparison principle Lemma 6.4.13 in the book we have —M = limsup (—M) < limsup{an} = L < limsup M = M.

2Indeed, suppose there is a convergent subsequence limy_, oo Zn, = L to a point L € A then given € = 1 there is N > 0 such
that |zn, — L| <1 for all k > N. Apply the reverse triangle inequality to get |, | < |L| 4 1, but by construction |zn, | > ng
and the sequence {ny}r>1 is a strictly increasing sequence of natural numbers increasing towards infinity, so there is K > N
such that |L| +1 < ng r_eaching the contradiction @n, < Tng .

31f n # no then 1 < |n —ng| < 1/2 and 1 < 1/2, this is a contradiction.



3. FOR EACH CHOICE OF SUBSETS A; OF THE REAL NUMBERS: IS THE SET BOUNDED OR NOT? DOES
IT HAVE A LEAST UPPER BOUND OR A GREATEST LOWER BOUND? FIND THEM. IS THE SET CLOSED
OR NOT? FIND ITS CLOSURE.

(a) A, =[0,1], (b)) Ao =(0,1], (c) A3 ={1/n:neN\{0}}, (d) Ay =2

SOLUTION: Recall that a set A is closed if it equals its closure A, the set of all adherent points of
A. A set A is always a subset of its closure A (why??). Recall also that a point x¢ is NOT an adherent
point of A if there is a 6 > 0 such that for all z € A we have |z — z¢| > 4.

(a) The set A; is bounded above by 1 and below by 0, since z € A; iff 0 <z <1,

The set A; has both a least upper bound, sup A; = 1, and a greatest lower bound, inf A; = 0. Since
both the lower bound x = 0 and the upper bound x = 1 are in A;, any lower bound has to be less than
or equal to 0 and any upper bound has to be larger or equal to 1, therefore inf A; = 0 and sup 4; = 1.

The set A; equals to its closure: A; = A;. Indeed, A; C A; and it remains to be shown that if
zo € R\A; then zq is NOT an adherent point of Ay, that is zg is not in A;. Now let § = |zg|/2 > 0 if
o < 0 and let 6 = (1 —x0)/2 > 0 if xp > 1, in both cases if v € A; = [0,1] then |z — x| > § (why?
draw a picture), therefore z( is not an adherent point of A;, and we are done.

(b) The set Az is bounded above by 1 and below by 0. Since z € Ay iff 0 < & <1,

The set Ay has both a least upper bound, sup A; = 1, and a greatest lower bound, inf A, = 0. Since
the upper bound z = 1 is in A any upper bound has to be larger or equal to 1, so sup As = 1. If m > 0
let z =m/2 > 0 then x € Ay and & < m, so m cannot be a lower bound for As, hence inf A = 0.

The set Ay is not closed. Its closure is Ay = Ay U {0} = A;. By part (a) A is closed, so all we need
to verify is that xo = 0 is an adherent point for A;. Given § > 0 let x = min{d/2,1} > 0 then x € A,
since by definition 0 < z < 1, and also by definition |z — xg| = |z| < §/2 < 4, therefore zy is an
adherent point for As.

(c) The set Aj is bounded above by 1 and below by 0. Since if 0 < 1/n <1 for all 0 < n € N.

The set Az has both a least upper bound, sup Az = 1, and a greatest lower bound, inf A3 = 0. Since
x = 11is in As any upper bound has to be larger or equal to 1, so sup A3 = 1. Given any 0 < m by
Archimedean Principle there is n € N such that 0 < 1/n < m, since 1/n € As, then m > 0 cannot be
a lower bound for A3, hence inf A3 = 0.

The set Aj is not closed. Its closure is A3 = A3U{0}. We know A3 C As. we need to show that the only
point not in Az that is adherent is zg = 0. First, given § > 0 by Archimedean Principle there is n € N
such that 0 < 1/n < 4, since x = 1/n € Az and |z — xg| = 1/n < § then zy = 0 is an adherent point of
As. Second, we must show that any other point zo € Az U {0} is NOT an adherent point. There are
three cases: (1) 29 <0, (2) 2o > 1, (3) zg # 1/n for all 0 <n € N and 0 < zp < 1. In the third case
there is a unique 0 < N € N such that 1/(N +1) < 2o < 1/N (why?%). In all three cases, there is room
separating xo from A3 U{0}. More precisely, in the first two cases, let § := min{|zo|/2, |zo — 1|/2} > 0,
if | — 2| < § then if 25 < 0 we have z < 0 and if 2o > 1 we have x > 1, in either case z is not in As,
this takes care of cases (1) and (2). In case (3), let § := min{(xg —1/(N +1))/2, (1/N —x0)/2} > 0, if
|z — xo| <6 then 1/(N +1) <2 < 1/N. In all three cases we are showing that z¢ is not an adherent
point unless it belongs to As U {0}, therefore the closure of As is A3 U {0}.

(d) The set A4 is neither bounded above nor bounded below. Given M € R by Archimedean property
there is N € N such that M < N, so no M can be an upper bound for Z. Likewise, no L € R can be
a lower bound for Z.

The set A4 doesn’t have a least upper bound or a greatest lower bound. In the extended real numbers
we have sup A4 = oo (this means precisely that the set is not bounded above) and inf A4 = —co (this
means precisely that the set is not bounded below).

The set Ay is closed therefore is equal to its closure Ay = A4. Given any xy € R\Z, there is unique
N € Z (by interspersing reals by integers) such that N < zg < N + 1, let 6 = min{(zg — N)/2,(N +

4Because if x9 € A then given any § > 0 there is 2 = xg € A such that |z — x¢| = |ro — xo| = 0 < §, in other words zo is an
adherent point of A.

5 Apply interspersing of positive reals by naturals to yo = 1/xo > 1, there is unique 1 < N € N such that N < yp = 1/xp <
N + 1, take reciprocals, and since z¢ is not in Ag get strict inequalities.



1—m0)/2} >0, if |x — 29| <0 then N <2 < N +1, that is = is not in Z. This means that if zo € R\Z
then it is NOT adherent to Z, so Z = Z.

4. FOR EACH CHOICE OF SUBSETS A; OF THE REAL NUMBERS IN EXERCISE 2, CONSTRUCT A FUNCTION
fi : R — R THAT HAS DISCONTINUITIES AT EVERY POINT x € A; AND IS CONTINUOUS ON ITS
COMPLEMENT R\ A;. EXPLAIN.

SOLUTION:
1 if zeQnlo,1]

(a) Let fi(z) = { 0 otherwise

f1 is discontinuous at every point x € [0, 1] because there are rationals 0 < p,, < 1 converging to x
and there are irrationals 0 < ¢, < 1 converging to = (why?%), so that lim, . fi(pn) = 1 # 0 =
limy, o0 f1 (Qn)

f1 is continuous at every point o < 0 or g > 1. Because for such an zy there is § > 0 (just take
0 = |zo|/2 > 0 when 2y < 0, or § = (xg — 1)/2 > 0 when z > 1), such that if |z — 2| < 0 then z is
not in Ay = [0,1]. Therefore |f1(z) — fi(xo)| =|0—0] =0 < € for all |z — 20| < ¢ and for all € > 0.
Thus f; is continuous at zg not in A; = [0, 1], and discontinuous at every point in A; as requested.

(b) Let fao(z) := xfi(x), then fy is still continuous for all x < 0 and for all x > 1 (why?7), is still
discontinuous for all 0 < z < 1 by similar argument to the one we used for f; (really?®). It remains
to be checked that fs is continuous at x = 0. But that we deduce from the squeeze theorem as z — 0
since 0 < fo(x) = xfi(z) < z.

11

(c) Let f3 be an infinite staircase with steps on the intervals [ =5, ), steps decreasing in height to
zero as n goes to infinity. More precisely:

0 if <0
fg(l’) = %—}-1 if v e [n-l‘r17%)
1

ifz>1

f3 is discontinuous at 1/n for each n > 0, n € N. Simply notice that the right and left limits are
different (coming from different steps). If x > 1 then f3(x) =1 so lim,_,;+ f3(x) = 1 = f3(1), however
when 1/2 <z < 1 then f3(z) = 1/2 so lim, ;- f3(x) =1/2 # f(1), so f3 is not continuous at x = 1.
When n > 2 and 1/n <z < 1/(n —1) then f3(x) = 1/n so that:

lim f3(z)= lim 1 % = f3(1/n).

a—(1/n)*+ e (1/n)+ N

Similarly, when 1/(n 4+ 1) < z < 1/n then f3(z) =1/(n + 1), therefore

= A 1),

li = 1
wﬂ(llr?n)_ fS(:E) w%(llr}ln)_ n+1

If 29 < 0 (or 1/(n+1) < 29 < 1/n, or zo > 1) then one can find § = [zo|/2 > 0 (or § =  min{zo —
%_H,%fxo}, or § = Z2-1) 50 that if [z — 29| < § then 2 < 0 (or 1/(n+1) <z < 1/norz >1). Inall
three cases, for the appropriate § > 0, if |z — xo| < § then f3(x) = f3(xo) because z,xz( are both on
the same step. That is for all € > 0 there is § > 0 so that |f3(z) — f3(xo)| =0 < € for all |z — | < 9,

thus f3 is continuous at such xg.

If 9 = 0 then for all € > 0 there is N > 0 such that 1/N < e (Archimedian Principle), let § := 1/N > 0,
and by definition if |z| < 1/N then |fs(z)] < 1/N < e. That is f3 is continuous at xy = 0 since
f3(0) = 0.

6Take your favorite irrational positive number, say /2, and given § > 0 there is N > 0 by the Arquimedian property such
that v/2/N < §/2. The numbers m+/2/n with m,n € Z are all irrationals (otherwise v/2 will be rational) and if x,y are real
numbers and |z — y| = § there is m € Z such that m+/2/N is in between x and y.

"Because f2 is the product of two continuous functions (g(x) = = and f1(x)) at such points z.

8Except that this time the images of the sequence of rationals p, converging to z will be p, instead of 1, so that
limy— oo f2(pn) = limy,— o0 pr, = 2, and the images of the irrationals g, converging to = will still be zero, but since z # 0. We
conclude that fs is not continuous at z, for any 0 < x < 1.




(d) Let f4 be another infinite staircase defined by fs(x) =n foralln <ax <n+ 1 and n € Z. This
function has jump discontinuities at each integer, indeed, lim,_,,,— fa(z) =n—1#n = lim,_,,+ fa(z).
If 2y € R\Z then we can find N € Z such that N < zp < N + 1 by interspersing of reals by integers
and if we let § = 2 min{zg — N,N 4+ 1 — 20} > 0, then for all z € R such that |z — zo| < § we have
N <x < N+1 (why??), so fi(z) = N therefore |f4(x) — f4(xo)| = |[N — N| = 0 < € for all € > 0. This

means f; is continuous at all points in R\Z.

5. LET f:[0,1] — [0,1] BE A CONTINUOUS FUNCTION. SHOW THAT THERE EXISTS A REAL NUMBER &
IN [0,1] SUCH THAT f(x) =, A “FIXED POINT” (EXERCISE 9.7.2 P.241-242 2ND EDITION).

SOLUTION: Consider the function g(z) = f(z) — z, g is the difference of two continuous functions,
f and the identity function h(z) = =z, hence g is continuous on [0, 1]. Evaluating g at the endpoints
we observe that g(0) = f(0) by hypothesis on f, 0 < ¢g(0) < 1; similarly, g(1) = f(1) — 1 and since
0< f(r) <1forall xz €]0,1] then —1 < g(1) < 0. If g(0) = 0 then f(0) = 0 and we can set the fixed
point to be = 0. If g(1) = 0 then f(1) = 1 and we can set the fixed point to be x = 1. Assume
now that ¢g(0) # 0 and g(1) # 0 then g(1) < 0 < ¢(0), and since g is continuous on [0, 1], by the
intermediate value theorem, there must be a point ¢ € [0, 1] such that g(¢) = 0, but then f(¢) = ¢ and
we can set the fixed point to be z = c.

6. LET a < b BE REAL NUMBERS, AND LET f : [a,b] — R BE A FUNCTION WHICH IS BOTH CONTINUOUS
AND ONE-TO-ONE. SHOW THAT f IS STRICTLY MONOTONE. (SEE HINT IN EXERCISE 9.8.3 p. 241
2ND ED).

SOLUTION: Since f is continuous on [a, b] it will reach its maximum and minimum somewhere in
the interval [a, b], that is there are points a < Zymin, Tmaz < b such that

f(@min) < f(2) < f(Xmaz), forall z € [a,b].

If Zpmin is in the open interval (a,b) then both f(a) and f(b) must be strictly larger than f(zmin)
(otherwise there will be two different points mapped to the same value violating the fact that f was
assumed to be one-to-one), and either f(z:n) < f(b) < f(a) or f(@min) < f(a) < f(b) (equality is
forbidden beacuse of the injectivity of f). In the first case, by intermediate value theorem applied to
the continuous function f on the interval [a, Z,m:m], there will be a point = such that @ < & < Xy, < b
and f(z) = f(b), which is not possible because f is one-to-one. In the second case there is a point z
such that a < Ty < < b and f(x) = f(a) which is impossible for the same reason. We conclude
that z,,;, must be a or b, and by a similar argument that x,,,, must be b or a.

Case 1: f(a) < f(x) < f(b) for all x € (a,b) (that iS Zyin, = a and Tpe, = b). In this case f must
be strictly increasing. Suppose not, then there are a < x <y < b such that f(x) > f(y), equality can
not happen because of injectivity, so that in fact f(z) > f(y) > f(a). Apply now the Intermediate
Value Theorem to the continuous function f on the interval [a, x], there is a point a < z < x such that
f(z) = f(y), but f is one-to-one therefore z = y, and z < x < y so that z # y, we have reached a
contradiction, therefore in this case, f must be strictly increasing.

Case 2: f(b) < f(z) < f(a) for all x € (a,b) (that is Tymin = b and Tyme, = a). A similar argument
shows that in this case f must be strictly decreasing.

9We have N < 20 < N+ 1, —(zo — N)/2 < —§ and § < (N + 1 — x0)/2, and we have 2o — § < x < zo + J, together we get

N N =z N 20— N N+l-2z9 2 N+1 N+1 N+1
N — + — — + — = — < —i<z< )< _ — =N+1
<2-i-2<2+2 o 5 < To Sz<zo+0 < 20+ 2 <2+ 2 < 2 + 2 +1,

thus N <x < N+ 1.



7. LET f : R — R THAT SATISFIES THE MULTIPLICATIVE PROPERTY f(x + y) = f(z)f(y) FOR ALL
x,y € R. ASSUME f IS NOT IDENTICALLY EQUAL TO ZERO.

(i) SHow THAT f(0) =1, f(z) # 0 FOR ALL x € R, AND f(—2) = ﬁ FOR ALL € R. SHOW THAT

f(x) >0 FOR ALL z € R.

SOLUTION: By hypothesis there is 2y € R such that f(zg) # 0, apply multiplicative property to
xo = 0+ x0 to get f(xg) = f(0+x0) = f(0)f(x0), use multiplicative cancellation (since f(zq) # 0) to
conclude f(0) = 1.

Assume there is ¢y € R such that f(zp) = 0 then f is identically equal to zero contradicting the
fact that it is not. More precisely, given x € R then using the multiplicative property we get f(x) =
f(zo + (& — xg)) = f(zo) f(x — z9) = 0. We conclude that f(z) # 0 for all z € R.

Apply multiplicative property again to get 1 = f(0) = f(x 4+ (—x)) = f(z)f(—z) (which also implies
f(x) #£0) for all z € R and since f(x) # 0 then f(—z) =1/f(x).

Finally, since for all z € R we have © = /2 + /2 then f(x) = f(z/2)f(x/2) = f(x/2)? > 0, since
F(w/2) £0.

(ii) LET a = f(1) (BY (1) @ > 0). SHOW THAT f(n) = a™ FOR ALL n € N. USE (i) TO SHOW THAT
f(z) = a* FOR ALL z € Z.

SOLUTION: By definition f(1) = a, we will show that f(n) = a™ for all n € N by induction.
Base case: n = 0, we showed in part (I) that f(0) =1 = a°.
Inductive step: assume f(n) = a" show that f(n + 1) = a™*!. First by multiplicative formula, then
by inductive hypothesis we get
fn+1) = f(n)f(1) = a"a=a""".

By part (i) for all n € N, f(—n) = 1/f(n) = 1/a™ = a=". Together we conclude that for all z € Z
f(z) =d*.

(iii) SHOW THAT f(r) = a” FOR ALL r € Q.

SOLUTION: First note we can show by induction that the following multiplicative property for n
summands holds:

fler+aa+ - dan) = f(z)f(x2) .. f(2n). (%)

Base case: is n = 2 the given multiplicative property.

Inductive step: assume (x) show that f(x1 + o+ -+ zp + ng1) = f(x1) f(z2) ... f(zn) f(zn +1).
Now using first associative property for addition, then the multiplicative property for two summands,
then the inductive hypothesis we get want we want:

J((x1+z2+ -+ 2n) +Tng1) = flor + 22+ +20) f(Tng1) = f(z1) f(22) - - f(20) f (200 + 1).
Note that 1 =n/n =1/n+---+1/n where we added n times 1/n, then by the multiplicative property

for n summands we get a = f(1) = f(1/n)", taking nth root (a > 0) we get, f(1/n) = a'/™.

Next we observe that for all m > 0, m/n = 1/n+ .-+ 1/n where we have added m times 1/n, by
multiplicative property we get f(m/n) = f(1/n)™ = (a'/™)™ = a™/™. Finally by part (I), f(—m/n) =
1/f(m/n) =1/a™/™ = a=™/™. We have shown that for all rationals r € Q, f(r) = a".

(iv) SHOW THAT IF f IS CONTINUOUS AT z = 0, THEN f IS CONTINUOUS AT EVERY POINT IN R.
MOREOVER f(z) = a® FOR ALL x € R.

SOLUTION: We are given that f is continuous at xg = 0. This means that lim,_.¢ f(z) = f(0) = 1.
We need to show that f is continuous at any o € R, that is we need to show that lim,_,,, f(z) = f(zo).



By multiplicative property, f(z) = f(zo+ (x —x0)) = f(z0)f(x —xo) and if x — x¢ then (z —x¢) — 0,
substituting in the limit, and using the continuity of f at zero, we get

lin f(z) = lim f(z0)f(z —20) = f(wo) Tim flw—0) = f(z0)f(0) = f(zo)

T—xT0 (x—z0)—0

Now we know that under the assumption of continuity at 0, f is continuous everywhere on R. In
particular given any real number x there is a sequence of rationals {p,},>0 that converges to z,
hence by continuity their images will converge to f(z), that is lim,—. f(pn) = f(x). But we proved
in part (iii) that f(p,) = aP~ for any p, € Q, and the exponential is continuous by definition, so
lim, oo f(prn) = lim, o0 aPm = @liMn—oe Pn — g%, Finally, since limits are unique we conclude that
f(z) =a® for all z € R.

8. DECIDE WHETHER THE FUNCTIONS fl : X; - R ARE UNIFORMLY CONTINUOUS OR NOT ON THEIR

DOMAIN.

(a) fi(z) = 2 — 82° + 7 + 2% with X; = [-3,14], (b) fo(z) = 22 with X3 = [1,0),
(c) f3(x) =1/x with X3 = (0, 2], (d) fa(x) = v/x with X4 = [0, 00),
SOLUTION:

(a) fi is a continuous function since it it the sum of two continuous functions: a polynomial '3 —8x°+7
and and exponential function 2*. Continuous functions on a closed and bounded interval (such as
[—3,14]) are uniformly continuous. Hence f; is uniformly continuous.

(b) f2 is a continuous function being a monomial. However it fails to be uniformly continuous and
the problem arises as = goes to infinity. Consider the sequences x,, = n and y, = n + 1/n, these
are equivalent sequences (why?'%) however their images fa(x,) = n? and fo(y,) = n? +2 + 1/n? are
NOT equivalent sequences (why?!!). Since uniformly continuous functions take equivalent sequences
to equivalent sequences this shows that f; is not uniformly continuous on Xo.

(c) fs is continuous on its domain since it is the reciprocal of the continuous function x that never
vanishes on the domain X3. However f3 is not uniformly continuous and the problem arises as x goes
to zero. Consider the Cauchy sequence x,, = 1/n, its image f3(x,) = n is NOT a Cauchy sequence
(why?12). Since uniformly continuous functions take Cauchy sequences to Cauchy sequences this shows
that f3 is not uniformly continuous on Xj.

(d) f4 is continuous on [0,00) since it is a positive power fy(x) = x'/2. Moreover, f4 is uniformly
continuous on any closed and bounded interval of the form [0,b] (notice that the same can be said
about fo which is NOT uniformly continuous on [0,00)), but in this case the slow growth of the
function at infinity ensures that f4 is uniformly continuous on X,. More precisely, if z,y > 1 then
WV — /Yyl < o —y| (why?'3), so given € > 0let § =€ > 0 if 2,y > 1 then |z — /Y| <6 =€ s0 fy is
uniformly continuous on [1,00). Now use Part (a) in Exercise 10 with intervals determined by a = 0,
b=1, and ¢ = oo to deduce that fy is uniformly continuous on [0, 00).

9. SHOW THAT IF f : [a,b] — R IS CONTINUOUS THEN IT IS UNIFORMLY CONTINUOUS.

SOLUTION: We will proceed by contradiction, assume f is not uniformly continuous this means
(negating the sequential characterization of uniform continuity) that there are two equivalent sequences
{zn} ~ {yn} in [a, b] whose images { f(z,)} and {f(yn)} are not equivalent sequences. In particular this
means that there is an € > 0 such that for each NV > 0 there is ny > N such that | f(2, ) — f(yny )| > €
We can always find among the labels {ny}n>1 a strictly increasing sequence of labels ny, < ny, <

10Because |Tn, — yn| = 1/n — 0 as n — oco.

HUBecause |fo(zn) — f2(yn)| =2+ 1/n2 > 2 for all n € N.

2Because |f3(xn) — f3(xm)| = |m —n| > 1 for all n # m, n,m € N.

13Because if z,y > 1 then /z,/y > 1 and m < ﬁll = % Finally

WE— VIIVE+ Vil _ o=yl _ ey
IVz =/l We+vyl = 2

Vz - vyl =

< |z —yl.



N, < o0 < nny, < ANy, < ... (why?') such that |f(@ny, ) = f(yny, )| > € As a consequence,
we can assume, if necessary relabeling our sequence, that {z,, }n>1 and {y,, }n>1 are sequences in
the closed and bounded set [a,b]. So by Exercise 1(b) (Heine-Borel Theorem) there is a convergent
subsequence {anj }j>1 to a point xg € [a,b]. Since f is continuous on [a, b] it is continuous at zo and
therefore lim;_, o f (anj) = f(xo). On the other hand the sequences {z,} and {y,} are equivalent
which means that lim, (2, — yn) = 0, and the same must hold for any subsequences, namely
limn_,oo(a:an — yan) = 0. Since lim,_ s Tny, = To then the limit laws imply lim,,_, Ynn, = To-
Now continuity of f implies that lim;_. f (yan) = f(xg). Once again limit laws imply now that
Hm; oo (f(@ny,) = f(Yny,)) = 0 but on the other hand |f(2ny, — f(yny, )| > € for all j > 1, this is a
contradiction. It must be that the function f is uniformly continuous on [a, b].

10. (a) ASSUME g IS DEFINED ON AN OPEN INTERVAL (a,c¢) AND IT IS KNOWN TO BE UNIFORMLY
CONTINUOUS ON (a,b] AND ON [b,¢) WHERE a < b < ¢. PROVE THAT ¢ IS UNIFORMLY CONTINUOUS
ON (a,c).

SOLUTION: Given € > 0, by hypothesis for ¢g = €¢/2 > 0 there are §; > 0 and d5 > 0 such that

|f(z1) — f(z2)| <€, ifa<axi,zo <band |z —x2| <4y, (1)

If(y1) = fy2)| < €0, ifb<y1,y2 < cand |y; — ya| < da. (2)
Let 6 = min{dq,d2} > 0, and assume a < z1, 22 < ¢ and |z; — 23| < §. Three configurations are possible:
1) a < 21,22 < b in which case let 1 = z; and x5 = 2z in (?7), since § < d1, then |f(z1) — f(22)| <
€g < €.
2) b < z1,29 < cin which case let y; = 21 and yo = 2o in (?7?), since § < dq, then |f(z1)— f(22)] < € < €.
3)a<z <b<z<c, then |b— 21| <0 and |z2 — b| < J, and can use respectively (??) with z1 = 21,
x2 = b, and (??) with y1 = b, y2 = 22, to conclude that |f(z2) — f(b)] < g and |f(b) — f(z1)| < €o.
Finally using the triangle inequality we get that:

1f(22) = f(z0)] < [f(z2) = FO) +[f(b) = f(21)] < 260 = €.

3’) the case a < z3 < b < z1 < b is exactly the same as case 3).

In all cases as long as |z; — 22| < & we conclude that |f(z2) — f(z1)| < e. That is, f is uniformly
continuous on the interval (a, ¢).

Note that the interval (a,c) is not required to be bounded, it is possible for a = —oo or ¢ = 400 (or
both).

(b) SHOW THAT IF f IS UNIFORMLY CONTINUOUS ON (a,b) AND (b,c), FOR SOME b € (a,c), THEN f
IS UNIFORMLY CONTINUOUS ON (a,c¢) IF AND ONLY IF f IS CONTINUOUS AT b.

SOLUTION: [=] If f is uniformly continuous on (a, c) then it is continuous at b.

[«<] Assume now that f is continuous at b and it is uniformly continuous on the smaller intervals (a, b)
and (b, ¢). If we can show that f is uniformly continuous on (a, b] and on [b, ¢) then by part (a) we will
conclude that f is uniformly continuous on (a,c) as required.

We will show that under the hypothesis f is uniformly continuous on (a, b], a similar argument will take
care of [b,c). Given € > 0 there are §; > 0 and d2 > 0 such that if |x — b| < d; then |f(z) — f(b)| <e
(continuity of f at b), and if @ < z,y < b and |z — y| < d3 then | f(z) — f(y)| < e (uniform continuity
of f on (a,b)). Given € > 0 let 6 = min{dy,d2} > 0, then if a < z,y < b and |z — y| < § then either
x,y < b or one of them coincides with b, for example y = b, in both cases | f(z) — f(y)| < €. Therefore
f is uniformly continuous on (a, b].

14Let N1 = 1, define recursively Ny, for k > 1, given Ny, such that nn,_, <nn, let Ngi1:=np, + 1 then by construction
NNy 2 Ne41 > ng, -



11. LET f : R — R BE A DIFFERENTIABLE FUNCTION SUCH THAT f’ IS BOUNDED. SHOW THAT f IS
UNIFORMLY CONTINUOUS.
SOLUTION: Given € > 0 we must find 6 > 0 such that for all z,y € R with |z — y| < § then
[f(@) = fy)l < e

Since f is assumed differentiable on R it is continuous on R, and the Mean Value Theorem holds on
any closed and bounded interval. Assume z < y consider the interval [z,y] (if y < x then consider
the interval [y, x]), then by the Mean Value Theorem there is a point ¢ in between x and y such that

flle) = %}J;(‘y), but we are also told the derivative is bounded say by M > 0, we get

[f (@) = f)l = 1f' ()l le -yl < Mz —y| (%)-

Given € > 0let 6 =¢/M > 0, if |z — y| < 6 then |f(x) — f(y)| < Md = Me/M = e. We have shown
f is uniformly continuous. (Notice that (x) is saying that such functions satisfy a Lipschitz condition
introduced in Problem 13).

12. VERIFY THE CHAIN RULE (SEE EXERCISE 10.1.7. P. 256 2ND ED).

SOLUTION: Check Erik’s notes from 11/26/14 recitation.
13. A FUNCTION f : R — R SATISFIES A LIPSCHITZ CONDITION WITH CONSTANT M > 0 IF FOR ALL
z,y € R,
|f(z) = f(y)| < M|z —yl.
ASSUME h, g : R — R EACH SATISFY A LIPSCHITZ CONDITION WITH CONSTANT M; AND My RESPEC-
TIVELY.

(a) SHOW THAT (h + g) SATISFIES A LIPSCHITZ CONDITION WITH CONSTANT (Mj + My).

SOLUTION: Use the triangle inequality and the Lipschitz conditions for h, g to get,

[(g+h)(z)—(g+h)(y)| = [(9(x)+h(x))—(9(y)+h(y))| < |g(z)—g(y)|+|h(z)=h(y)| < Ma|z—y|+M:i|z—yl|.

Therefore |(g + h)(z) — (g + h)(y)| < (M1 + Ms)|z — y| for all x,y € R, that is (h + g) satisfies a
Lipschitz condition with constant (M; + My).

(b) SHOW THAT THE COMPOSITION (h o g) SATISFIES A LIPSCHITZ CONDITION. WITH WHAT CON-
STANT?

SOLUTION: Apply first the Lipschitz condition of h then the Lipschitz condition of g to get,
h(g(x)) = h(g(y))| < Milg(x) — g(y)| < MiMy|x — y].

Hence h o g satisfies a Lipschitz condition with constant M Ms.

(c) SHOW THAT THE PRODUCT (hg) DOES NOT NECESSARILY SATISFY A LIPSCHITZ CONDITION. HOw-
EVER IF BOTH FUNCTIONS ARE BOUNDED THEN THE PRODUCT SATISFIES A LIPSCHITZ CONDITION.

SOLUTION: Consider h(z) = g(z) = x these are Lipschitz functions with constant 1 (why?!%).
Suppose (hg) satisfies a Lipschitz condition, then there is an M > 0 such that |(hg)(z) — (hg)(y)| =
|22 —y?| = |z —y||lz +y| < M|z —y| for all z,y € R. Let z = M + 1, y = 0 then we will conclude
that (M + 1) < M which is false. Thus (hg)(x) = 22 does not satisfy a Lipschitz condition. In this
example neither i nor g are bounded functions.

Assume now that g, h are Lipschitz and bounded functions, so that there exists B; > 0 and By > 0
such that |h(x)| < Bz, and |g(z)| < Bs for all z € R. We will add and subtract 0 = g(z)h(y) — g(z)h(y)
and use the triangle inequality to conclude that:

lg(x)h(z) — g(y)h(y)| < |g(z)||h(x) — h(y)| + |g9(x) — g(y)| [~(y)| < B2Mi|x — y| + Bi Ma|z — yl.

Therefore |g(z)h(z) —g(y)h(y)| < (Bo M+ B Ms)|x —y| for all z,y € R. Hence hg satisfies a Lipschitz
condition with constant (BsM; + By Ms).

15The identity function f(x) = 2 then |f(x) — f(y)| = |x —y| < |z —y] for all 2,y € R. Therefore the identity function satisfies
a Lipschitz condition with constant 1.



14. ASSUME KNOWN THAT THE DERIVATIVE OF f(z) = sinz EQUALS cos x, THAT IS, f IS DIFFERENTIABLE
ON R AND f/(z) = cosz. SHOW THAT f : [0,7/2) — [0,1) IS INVERTIBLE, AND THAT ITS INVERSE
f71:[0,1) — [0,7/2) IS DIFFERENTIABLE. FIND THE DERIVATIVE OF THE INVERSE FUNCTION.

SOLUTION: Since f is differentiable on its domain then f is continuous. Moreover, for 0 < z < 7/2,
f'(x) = cosz > 0, this implies that the function f(z) is strictly increasing and since f(7/2) =1 > f(z)
forall 0 < 2 < /2, then f is strictly increasing and continuous on the closed interval [0, 7/2]. Therefore
f:00,7/2] — [f(0), f(7/2)] = [0,1] is invertible and its inverse f~! : [0,1] — [0,7/2] is continuous
and strictly increasing by Proposition 9.8.3. Finally to apply the Inverse Function theorem we need
not only that f is differentiable at x and f~! is continuous at f(x) we also need f’(x) # 0, that is
why the endpoint 7/2 has been removed, since f'(z) = cosz = 0 for € [0,7/2] iff x = n/2. For
f:[0,7/2) — [0,1) all the hypothesis of the Inverse Function theorem apply and we conclude that f~!
is differentiable, furthermore the formula for the derivative of the inverse holds for any 0 < y < 1:

1y _ 1 _ 1 _ 1
) = f(f~Yy))  cos(arcsin(y)) /1—y2

15. AS IN THE PREVIOUS EXERCISE WE KNOW THAT THE FUNCTION sin x IS DIFFERENTIABLE, AND YOU
CAN USE KNOWN PROPERTIES SUCH AS limg . z#0 ®-* = 1 IF NEED BE. LET G : R — R BE DEFINED

BY )
xr°sin(1l/x IF x#0
(e = (1/2) #
0 IF x=0.
SHOW THAT G 1S DIFFERENTIABLE ON R BUT G’ IS NOT CONTINUOUS AT ZERO.

SOLUTION: The function G is continuous and differentiable at all z # 0 (why?'6), the derivative at
those points can be calculated using the product and the chain rule:

G'(z) = 2zsin(1/z) + 2% cos(1/z)(—1/2%) = 22 sin (1/z) — cos(1/z) ifx#0.
At £ = 0 we must calculate the derivate by definition,

lim Glz) = GO) = lim M = lim zsin (1/z).

x—0 x—0 x—0 x x—0

The limit on the right-hand-side exists and equals zero (here we are using that the function sin (1/z)
is bounded by one and the squeeze theorem: since —x < xsin(1/z) < x). We conclude that G is
differentiable at zero and G’(0) = 0.

The derivative is not continuous at x = 0, because
lim G'(z) = lim (2zsin (1/z) — cos(1/x)),

and this limit does not exist (the first term does go to zero by the squeeze theorem, but the second
oscillates wildly between +1).

16. GIVE AN EXAMPLE OF A FUNCTION ON R THAT HAS THE INTERMEDIATE VALUE PROPERTY FOR
EVERY INTERVAL (THAT IS IT TAKES ON ALL VALUES BETWEEN f(a) AND f(b) ON a < z < b FOR
ALL a < b), BUT FAILS TO BE CONTINUOUS AT A POINT. CAN SUCH FUNCTION HAVE A JUMP
DISCONTINUITY?

SOLUTION: f(x) =sin(1/z) (a cousin of G in the previous Exercise). The function f is continuous
except at © = 0 where the function oscillates wildly between +1. On any interval that does not contain
x = 0 the function is continuous and therefore it has the intermediate value property on that interval.
On an interval [a,b] such that a < 0 < b, for each value y in between f(a) and f(b) there will be

16 The function G is the product of functions f(z) = x2 and g(x) = sin(h(zx)) where h(x) = 1/x. The function f is a polynomial
hence continuous and differentiable in R, the function g is the composition of the sine function, a continuous and differentiable
function in R, and the function A which is continuous and differentiable when x # 0. Continuity and differentiability at a point
are preserved by composition and product. All together G is continuous and differentiable at = # 0.
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infinitely many points @ < x < b such that f(z) = y, so that the intermediate value property holds
there too. More precisely, we know that sin z is a continuous periodic function of period 27w. For any
—1 <y <1 there is 0 < z < 27 such that sin z = y, periodicity implies now that sin(z + 27n) = y
for all n € Z. This means that f(1/(z 4+ 2mn)) = y for all n € Z. Now one can find N > 0 such that
xn =1/(z+27wn) € (a,b) for all |n| > N, z, — 0 as n — oo, and f(z,) =y for all n € Z.

If you prefer not to use the sine function, you can try to define a piecewise continuous linear function
that mimics the behaviour of sin(1/x).

Such a function cannot have a jump discontinuity. Suppose on the contrary that f has a jump discon-
tinuity at xo and it has the intermediate value property on every interval. Then both limits on the
right and on the left of zy exist but they are different, say,

lim f(r)=A, lim f(z)=B, |B-A[>0.

fL’—?fL‘+ r—x
0 0
From definition of limit, given € = |B — A|/3 > 0 there are §; > 0 and 3 > 0 such that
|[flz) —Al<eif zog<ax<a0+61; |f(x)—B|<eif zo—0d <z <o

Let § = min{dy,d2} > 0, the function f does not have the intermediate value property on the interval
[zo — 0,9 + §]. Without loss of generality we can assume A < B so that e = (B — A)/3 > 0, note
that for all xg — 6 < a < =g, f(z) > B — BT’A, similarly, for all g < z < 2o+, f(z) < A+ BT’A,
therefore all values A+ BSLA <y< B- % except perhaps one (if f(z) is one of them) will never
be reached by images of points on [zg — 0, zg + 6]. Therefore if f has the intermediate value property
on all intervals then it cannot have jump discontinuities.

(L’HopiTAL’S RULE). LET f,g : X — R, g € X IS A LIMIT POINT OF X SUCH THAT f(xzg) =
g(xo) =0, f,g ARE DIFFERENTIABLE AT xg, AND ¢'(zg) # 0.

(i) SHOW THAT THERE IS SOME d > 0 SUCH THAT g¢(x) # 0 FOR ALL x € X N (zg — 0,29 + 0) \ {x0}.
Hint: USE NEWTON’S APPROXIMATION THEOREM.

SOLUTION: Let us proceed by contradiction. Suppose that for all § > 0 there is an x5 # x( such
that 0 < |x — xo| < ¢ and g(xs5) = 0. Newton’s approximation theorem says that for all € > 0 there is
0 > 0 such that for all |z — zo| < § then, since g(xo) = 0, it follows that,

lg(x) — g(x0) — ¢’ (o) (z — 20)| = |g9(x) — ¢’ (20)(x — 20)| < €|z — xol.
In particular this holds for x = x4, that is,

l9(xzs) = ' (x0)(xs — z0)| = |g' (wo) |5 — w0l < €lws — ol

since |zs — x| > 0 we can divide through to conclude that for all € > 0 |¢’(zg)| < € but this is
equivalent to ¢’(z¢) = 0 which is a contradiction. Therefore there is some ¢ > 0 such that g(z) # 0 for
all z € X N (zg — J, 20 + 9).

f(x) _ f(xo)

ii) SHOW THAT lim —= = .
(i) 22, 5@~ o)

SOLUTION: By part (i) it is safe to write f(x)/g(z) provided 0 < |z — z¢| < §. We are given that
f and g are differentiable at 2o and that ¢'(z) # 0 so both limits on the right exist and we can use
limit laws, below all limits are taken over z such that 0 < |z — o] < 4,

f(z) . f(x) = flwo) x—m0 f(z) = f(zo) T — To J' (o)

lim —= = lim = lim lim = .
z—zo g(x) x>0 T — Zo 9(x) — g(xo)  a—mo T — X0 z—wo g(x) — g(z0) g' (o)

(iii) SHOW THAT THE FOLLOWING VERSION OF L’HOPITAL'S RULE IS NOT CORRECT. UNDER THE
ABOVE HYPOTHESIS THEN,
fla) . (=)

lim —= = lim .
5o g(z)  ewo (@)

10
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Hint: CONSIDER f(x) = G(z) (AS IN EXERCISE 10), AND g(z) =z AT 29 = 0.

SOLUTION: Consider f(z) = G(z) in Exercise 15 and g(x) = z, then f'(z)/¢'(z) = G’'(x) which we
showed did not have a limit as  — 0, so the limit on the right of (iii) doesn’t exist. However G is
differentiable at = 0 with f'(0) = G'(x) =0, and ¢'(0) = 1, and one can verify that

f(z) _  @sin(l/x) f'(0)

m ) T dm = i esin(l/2) =0 =7

(The one before last equality by the squeeze theorem).

LET f : [1,00] — R BE A MONOTONE DECREASING NON-NEGATIVE FUNCTION. THEN THE SUM
N
> 21 f(n) 1S CONVERGENT IF AND ONLY IF Supy~q [, f(2)dz IS FINITE.

SHOW BY CONSTRUCTING COUNTEREXAMPLES THAT IF THE HYPOTHESIS OF MONOTONE DECREASING
IS REPLACED BY RIEMANN INTEGRABLE ON INTERVALS [1, N] FOR ALL N > 0 THEN BOTH DIRECTIONS
OF THE IF AND ONLY IF ABOVE ARE FALSE.

SOLUTION: This is the integral test for series. Note that the sequence by = le f(z)dz is an

increasing sequence because f(z) > 0, and byy1 = by + f]s]“ f(z)dz. Therefore supy<obn =
limy_oo by and it is either a non-negative real number or +oo. Define floo f(x)dx := supyqbn.

With this understanding the statement reads: the series of non-negative terms Y -, f(n) and the
“improper integral” floo f(x)dx converge or diverge simultaneously when f is monotone decreasing
and non-negative. We have used here the fact that monotone and bounded functions are Riemann
integrable on closed and bounded intervals (Section 11.6).

Because the function f is monotone decreasing on an interval [a,b] the minimum value is f(b) and
the maximum value is f(a). Consider the partition Py of the interval [1, N] given by the natural
numbers 1 < n < N. On each subinterval I,, := [n,n + 1) of the partition (with the last one
being Iy_1 := [N — 1,N]) then sup,.; f(z) = f(n) and inf,cy, f(xz) = f(n + 1), therefore the
lower and upper Riemann sums corresponding to Py are given by L(f, Py) = 27127:—11 f(n+1), and
U(f,Pn) = Zg;ll f(n). SInce f is Riemann integrable on [1, N] then

LS Py) = Y fln+1) < /[0 | J@de < 3500 = U P).

The sums are also increasing because the terms are non-negative, so we can take limits as N — oo to

conclude that - - -
S fn+1) =3 fn) < / f@)dz <3 f(n),
n=1 n=2 0 n=1

understanding that some of these limits can be infinity. In fact if the series diverges then the left most
limit is co and it forces the integral to be co. Similarly if the integral is oo it will push the sum on the
right-hand side to be co. So integral and series diverge to infinity simultaneously. As for convergence,
if the series converges it means the partial sums are bounded and so are the finite integrals by, by
monotone sequence theorem the limy_ o by exists. Similarly if the limit exists then the increasing
sequence {by} is bounded but so are the partial sums on the righ-hand-side hence it is a convergent
series (starting at n = 2). Noting that >~ , f(n) = f(1)+ > .~ , f(n) then the original series starting
at n = 1 must be convergent. Integral and series converge simultaneously.

As for the examples consider first a function that takes values f(z) = 1/n for n <z < n+ 1/n for
all 1 <n €N, and f(z) = 0 otherwise, then the series >, f(n) = >~ 1/n will be the divergent
harmonic series, however the supremum of the integrals will correspond to the convergent p-series with
p=2,> " ,1/n% Second consider now a function that a function that takes values f(z) = 1 for all

zN, f(xz) = 0 for all z = n € N, this time the series > -, f(n) = 0 however the le f(z)dz = N so
the supremum over N > 0 is infinity.
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