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Exercise 1 (8 points).

Let us consider the trigonometric functions sin,cos : R — R. In this exercise you might use all the
properties of these functions, which were derived during the lectures or showed in homework exercises.
We define tan : R\ {(k+1/2)7r: k € Z} — R as

sin(x)

tan(z) := cos(@)”

Notice that this function is well-defined, since cos is vanishing only at points of the form (k 4 1/2)m,
ke Z.

(1) Show that tan is 7-periodic and differentiable on its domain of definition. Give a formula for its
derivative as welll

(2) Show the identity cos?(x) = 1/(1 + tan?(z)) for all z € (—m/2,7/2).
(3) Show that tan is strictly increasing on (—m/2,7/2). Compute

lim tan(z) and lim tan(z).
r——7/2 z—/2

(4) Argue why is arctan differentiable. Derive the formula for its derivative. Hint¢: you might use
tan(arctan(x)) = x for all x € R and (2).

(5) Show that tan is a bijective map from (—=/2,7/2) onto R, hence tan™! : R — (—7/2,7/2) exists.
We denote tan~! as arctan.

(6) Using eventually the geometric series, write the power series expansion for arctan’ (the derivative
of arctan) with center 0 for all = such that |x| < 1.

(7) Using the appropriate theorem for power series, deduce a power series expansion for arctan on
(—1,1). Argue why is arctan is real analytic on (—1,1). Hint: you might use a homework exercise
to justify the last question.

(8) Using Abel’s theorem and (7), show that arctan is continuous at « = 1, (although we know that
the function is differentiable by (5), show the continuity of it at x = 1, as it is asked, using Abel’s
theorem). Hint: you have to discuss the convergence of an alternating series.

(9) Using the fact that tan(w/4) = 1 and (8), write 7/4 as the sum of a convergent series.

Solution
(1) From the definition of Trigonometric functions, we have

i(z+m) —i(z+m) _ iz _ iz
cos(z +m) = c te S—— < - cos(z) (1)
2 2
i(z+m) _ —i(z+m7) iz —iz
sin(z +m) = ¢ 2: S — ;; IR sin(z) (2)

Using the properties above, we conclude that

tan(z + m) = Z:((j _—:: 773 = :Z?jg)) = tan(z) (3)

Note that tan(z) is well defined on the domain. Moreover, it is differentiable since sin and cos are
differentiable on the domain. Use Theorem 4.7.2 in the textbook and differentiation formula for fractions
to conclude that

sin(z))’ cos(z) — sin(2)(cos(z))’  sin®(z) + cos?(2) 1

(tam(2)) = - - (4)

cos?(z) cos?(z) cos?(z)




? () *(x) (z)
an?(z) — sin?(x _ cos™(x + sin?(x _ 1
L+ tan(z) =1+ cos?(x) cos?(x) cos?(x) 5)

(3) Let f(x) := tan(x). From part (1), we get

1

/ = >0 6
F'@) = a3 (©
Thus, tan is strictly increasing on (—m/2,7/2).
i -1 S —7/2
Note that s?n(x) — and cos(z) — 40 as x — —7/
sin(z) — 1 and cos(z) — +0 as x — /2
From this, we conclude that
lim tan(z) = —oo, lim tan(z) = 400 (7)
r——7/2 /2

(4) arctan is differentiable since (tan(x)) = COS%(I) is non-vanishing on the domain. Use the Chain
rule and part (2) to get

1

1 = (z)" = (tan(arctan(x))" = cos?(arctan(z))

(arctan(z))’ (8)

1 1
1+ tan®(arctan(z)) 1+ a2

(arctan(z))’ = cos?(arctan(z))

(9)
(5) In part (3), we showed that

lim tan(z) = —oo, lim tan(z) = 400 (10)
z——7/2 z—mw/2
Note that tan is differentiable, in particular, it is continuous. Thus by mean value theorem, tan is a
surjective (onto) map. On the other hand, tan is strictly increasing, and so it is injective (one to one).
Therefore, tan is a bijective map from (—n/2,7/2) onto R

(6)

(arctan(z)) = . —|—1x2 =1 (1—x2) - Z(_xZ)n _ Z(_l)ann, (1)

n=0 n=0
This formula is valid for | — 2%| < 1, i.e. |z| < 1, by geometric series.

(7) The radius of convergence of power series is preserved by differentiation and integration. Moreover,
for each r < 1, Y07, 2*" converges uniformly on (—r,r). It follows that

o0 o0 o0 1
n_ 2n __ n_ 2n __ n 2n+1
/2(71) =" /(71) 2= (-1) O LAY (12)
n=0 n=0 n=0
Note that arctan(0) = 0. This implies C = 0, arctan(z) = Zfzo(—l)”ﬁx%“ for z € (—r,r). Since
r < 1 is arbitrary, this is true for any x € (—1,1). In particular, arctan is real analytic on (—1,1).

(8) At x =1, we have

oo oo

1 1
_1)n 2n+1 _ 1" 13
St = Sy ®
n=0 n=0
Let a,, = ﬁ Note that {a,}32,, is positive, decreasing, and lim,_, a, = 0. By alternating series

test, Z:Zc’:()(—l)”#_s_1 converges. Thus, Abel’s theorem implies arctan is continuous at z = 1.

(9)

m/4 = arctan(l) = » (1) ! (14)
n=0



Exercise 2 (Fourier series — 9 points).

Let us consider the function f : R — R defined as f(x) = z for all z € [0,1), and then we extend it
periodically to the whole real line. For a given metric space (X, d), we denote by C(R/Z; X) the space
of continuous functions defined on R with values in X that are Z-periodic.

(1)
(2)

Is f an element of C'(R/Z;R)? Justify your answer!

Find the Fourier coefficients of f and the Fourier series associated to f. Hint: you might use either
the definition with the complex valued characters, or the equivalent definition with sin and cos.

Is it possible to study the uniform convergence of the series found in (2), by Weierstrass’ M-test?
Justify your answer!

Study the pointwise convergence of the series found in (2) at z = 0 and = 1. What do you
observe? Is the Fourier series of f converging uniformly to f on R? Justify your answers!

Show the pointwise convergence of the series at + = 1/2 and z = 1/4 to f(1/2) and f(1/4)
respectively. Hint: for the latter one, you might use Exercise 1(9).

Show that the Fourier series found in (2) is converging in the L? sense to f, meaning that the
sequence of partial sums is converging w.r.t. the dy2 metric to f. Recall that for two complex
valued Z-periodic square integrable functions g, h , we define the dj2 metric as

dp2(g,h) : (/ |lg(x Qdm)

Hint: compute the integral by hand. You might use the fact that 27@1 % =72/6.

1/2

Solution

(1) No. lim,—1— f(z) =1# 0= f(0) = f(1)
(2) Note that e*™™ =1 When n # 0,

1
n)z/ f(z)e 2™ dy;
0
1 .
:/ xe—QTrznxdx
0

1 —2ming |1 ! 1 —2minx
—r.— ¢ |0 — 1. ———e dz
0

—2min —2min
1 ) 1 ol
—(1- —2min __ _ —2minx
( —2min ) (2min)? 0
_ 1
-~ 27in

For n =0, f(O) = fol rdr = % Thus, the Fourier series associated to f is

S, . 1 1 , 1 1
2mwinr 2mwinr __
n;oo f(n)e =5 + nz#o%me =5= nX::l P sin(2mnx) (15)
(3) No.
‘ 1 27rinm| _ 1 (16)
2min " 2mn

which is not summable. Therefore, we cannot apply the Weierstrass’ M-test to study the uniform con-
vergence of the series.



(4) At z = 0 and x = 1, sin(2mnz) = 0. Thus, the series converges pointwisely to %. If the Fourier
series of f were converging uniformly to f on R, the function f should be contmuous On the other
hand, in part (1), we observed that f is not continuous. Thus, the Fourier series of f does not converge
uniformly to f on R.

(5) At z = 3, sin(2rnx) = 0 for all n > 1. Thus, the series converges to .

1)k if n=2k+1
At z = 1, sin(2mnz) = (=1) 1n *
0 if n =2k
I &1 I, 1 & (=1)F 1 1 7 1
-y —sin@2mns) =) L =- .- = 17
2 ;mm( ™y =5 ’;(Qkﬂ)w 2 711 (17)

(6) Use (a+b+c)? = a? + b% + ¢ + 2ab + 2ac + 2bc to conclude

k k k k
1 1 1 1
(x_§+n§: %sin(Zﬂ'mﬁ)) =2? + + ngzl—n sin(27nx))? — 242 gz %sin(?mm E — sin(27ne)

—
(18)
It is easy to check that
1 1
1 fn=
/ sin(2mnz) sin(2rma)de = | 2 1 nem (19)
0 0 ifn#m
! 1

in(2 de = —— 0 20
/0 zsin(2mnz)dx 5 (n #0) (20)

1
/ sin(2rnx)de =0 (n#0) (21)

0

A combination of the equalities yields

Lo &
/O|x—2+z_:msin(27rnx)|2dx
1
1 1 1
/Ox Ty $+72:2 ™ St Zﬂn( 27771)
1 1 1
—ﬁ‘ﬁ;ﬁ
1 1 72

-+ —=—=——=0 k—
12 2226 as 0o



Exercise 3 (A generalization of the Arzela-Ascoli theorem and its applications - 6+2.5+3.5=12 points).

Let (X, dx) be a metric space. Let us recall the following notions. We say that a set E C X is dense
in X, if for any » > 0 and any « € X, B(z;r) N E # . Equivalently, E C X is dense if, for any 29 € X
there exists a sequence from E that converges to xg. We say that the metric space (X, d) is separable, if
it contains a countable dense set.

Let (X,dx) be a compact separable metric space and (Y, dy) be a compact metric space. We consider
a sequence (fn)nen of equicontinuous functions, i.e. f, : X = Y for all n € N and for any € > 0, there
exists 6. > 0 s.t.

dY(fﬁ(x)7fn(y)> < g, Vl‘,y € X: dx(l‘,y) < 687 Vn € N.
Part 1

(1) Show that the sequence (fy)nen is uniformly bounded. Hint: what do you know about the metric
space (Y,dy)?

(2) Show that the sequence (f,,)nen has a subsequence which is uniformly converging to some continuous
function f: X — Y. Hint: you should consider breaking the proof into several steps. Notice first
that (X,dx) is separable, hence it has a countable dense set E C X. Study the convergence of
the sequences {(f,(x))nen : © € E}, pass to subsequences. Use a diagonal argument to construct a
subsequence of the original sequence of functions which is converging at every element of . Then
use the fact that (X,d) is compact and that F is dense in X, to show that this subsequence is
Cauchy. Lastly, is the space of continuous functions between X and Y complete? Why? Conclude!

Solution

(1) Since the space (Y,dy) is compact, hence it is (totally) bounded in particular. This means that
there exists C' > 0 and yg € Y s.t. Y C B(yo; C). In particular f,(z) € B(yo;C) for all z € X and for
all n € N. This means that the sequence (f,), is uniformly bounded.

(2) We proceed by a diagonal argument as follows. Let us denote the countable dense set E of X by
the sequence (z,,)nen, such that z; € X for all ¢ € N. Since (f,,(x1))n is a sequence in a compact space, it
has a convergent subsequence, that we denote by (fn, (21))n,. Similarly (fy, (z2))n, is a sequence in the
same compact space, it has a convergent subsequence that we denote by (fn,(22))n,en. Using the same
procedure, after k steps, we have a subsequence (fy,, )n, Which is converging at the points {1, x2, ..., Tk}
Let us define a subsequence of (f,), by a diagonal procedure,

gi = fviw Vi € N,

meaning that we take the i*" element of the sequence indexed by n; (that we obtained at the i* step).
By this construction, (g;);en is converging pointwisely on the dense set E. This implies in particular
that for any z; € E, (gn(x;))n is a Cauchy sequence in (Y, dy), so for any € > 0 there exists an index
N¢ 2, € N such that

dy (gn (i), gm(x:)) <€, Yn,m > N, .. (22)

Since the sequence is equicontinuous, one has that for any € > 0 there is a §. > 0 such that
dy (gn(2),9n(y)) <€, Vo € X,y € B(x;0:),n € N. (23)
Now, clearly X C |J,x B(;0:), which is an open cover of X. By the fact that X is compact, there is

a number m € N and {y1,...,yn} C X such that

X C B(yuéa)

—:

Il
-

K2



Since the set F is dense, for each i € {1,...,m}, there exists z; € EN B(y;; 0. ), moreover, for any y € X,
there exists ¢ € {1,...,m} such that y € B(y;;d.). Now fix any y € X and take the corresponding y; and
z;. We have

dy (9n(¥); 9m(y)) < dy (9n(y), gn(2i)) + (gn (i), gm (%)) + dy (gm (i), gm(y)) < € + €+ € =3¢,

where the first and the third € is coming from (23) and the second inequality is due to (22), provided
n,m > max{N. ., : ¢ € {1,...,m}}. Thus, taking the supremum w.r.t. y € X the sequence (g,), is
Cauchy w.r.t. the uniform convergence of continuous functions. Last, the space of continuous functions
is complete, provided the image space is complete. (Y, dy) is compact, so in particular complete, hence
the sequence (g, )n converges uniformly to some continuous function.



Part 2

(1) Let us consider a sequence (1, )nen of continuously differentiable functions with values in [—5, 5],
i.e. there is a T' > 0 given and r, : [0,7] — [—5,5] are continuously differentiable functions for all
n € N. We suppose that there exists M > 0 such that

T
/ |r! (t)]?dt < M, Vn € N.
0

Show that this sequence of functions has a subsequence that is converging uniformly to some contin-
uous r : [0,T] — [—5,5]. Hint: show that the sequence is equicontinuous by using the fundamental
theorem of calculus and a Cauchy-Schwarz inequality, then conclude by Part 1.

Solution
Take s,t € [0,7], s < ¢, then we have r,(t) — r,(s) = f; r
Schwarz inequality, we get

/:r;m)dr < / (7)) dr

< (/t <1T)1/2 (/t |r;(7)|2d7>1/

The last inequality implies that the sequence is equicontinuous. Indeed, for any € > 0, by choosing
e := 2/M, we have that

(1) dr, from where using the Cauchy-

[rn(t) = 7n(s)| =

2

- 1/2
< |t — |12 (/ r;,(T)2dT> < VIt — 8|2
0

‘Tn(t) - T’n(S)‘ S &, Vn € Na

whenever |t — s| < d.. Since both [0,T] and [—5, 5] equipped with the standard metric are compact and
separable spaces, we can conclude by Part 1.
Part 3

(1) Let X be a nonempty set and let dx = dgjsc. Let (Y, dy) be an arbitrary metric space. Show that
any function f: X — Y is uniformly continuous.

(2) Let X be a finite set i.e. X = {z1,...,2,} for some n € N and dx any metric on X. Let
(Y,dy) be a compact metric space. Show that any sequence of functions (fy,)nen, fn: X — Y is
equicontinuous. Can you say that any sequence of functions like this has a uniformly convergent
subsequence? Justify your answer! Draw an analogy between these sequences of functions and
bounded sequences in (R™, dyz).

Solution
(1) Take an arbitrary function f : X — Y, take any € > 0 and set § := 1/2. By this choice one has
that
dy (f(z), f(y)) <e,

for all z,y € X such that dx(z,y) < §. Indeed, the only pairs that satisfy dx(z,y) < § are such that
x =y, for which f(x) = f(y), hence dy (f(z), f(y)) = 0. This shows that any function is uniformly
continuous.

(2) For any function f: X — Y and for any € > 0, set ¢ := min{dx(x,y) : x,y € X}/2, which is a
well-defined positive number since X is a finite set. Now, similarly as in (1), one has that dx (z,y) < §
implies = y, thus dy (f(x), f(y)) = 0 < e. Since the choice of § is independent of f and the points
z,y € X (and actually of ¢ as well), we have that any sequence in this setting is equicontinuous. Since
any finite metric space is compact and separable, we are in the framework of Part 1, so we can conclude.

This last scenario is analogous to the Bolzano-Weierstrass theorem in (R™, dyz). Indeed, any function
that maps X to Y, it basically creates n—tuples in Y (because we have to describe its values at n different
point only). So the whole space of function between X and Y behaves exactly as Y x Y x ...V =: Y™
Since Y is compact, Y is also compact, so any sequence in Y" has a convergent subsequence. This
means that any function sequence between X and Y has a pointwise convergent subsequence. But all
these functions are uniformly continuous and any sequence is equicontinuous, hence the convergence is
uniform as well.



Exercise 4 (5+10=15 points).

Let (X, d) be a metric space and E C X. We say that z¢ € E is an isolated point of E, if there exists
r > 0 such that B(zo;r) N E = {x}, i.e. the ball B(xzg;r) does not contain any other points from E, but
. If E has only isolated points, we call it a discrete set.

Part 1

(1) Let us consider (X, dgisc). Show that any point of X is an isolated point, hence X is a discrete set
(so the name of the metric is justified).

(2) Give an example (with justification) of a compact metric space and a discrete subset of it, which
has infinitely many elements.

(3) Show that any discrete subset of the real line equipped with the standard metric has countably
many elements! Hint: you may assume that there are countably many rationals and the rationals
are dense in R.

(4) Let (X,d) be an arbitrary metric space and let z¢ be an isolated point of X. Show that the set
{zo} is both open and closed.

Solution.

(1) Clearly, for any x € X, B(x;1/2) N X = {z}, thus x is isolated.

(2) Let X = {1/n:n € N}U{0} and d the standard metric on R This is clearly a compact space. Let
E = X\ {0}. Then F is discrete and has infinitely many elements.

(3) Let E be a discrete set of R. By definition for any z € E, 3r > 0 such that B(z;r) N E = {z}.
We know also that B(z;r) contains at least one rational, by density. By this fact, to any « € E one can
associate a rational. Since the rationals are countable, E' is countable.

(4) By definition of isolated point, there exists r > 0, such that B(zo;r) N X = {z¢}. Thus, {xo} is
open in X, since B(zo;7) C {x0}. Any singleton is a closed set. Therefore, {xo} is both open and closed.



Part 2
Let us consider a metric space (X, d) and a nonempty subset E C X. Let us consider a family F of
subsets of X with the following properties

e if A€ F, then int(A) # 0;
e for each B C X nonempty and open there exists A € F such that A C B.
Two players P, and P, play the following game: they alternatively choose sets F; D F D F3 D ... from

the family F. P, wins if and only if
EN (ﬂ Fn> 20,

otherwise P, wins. Notice that this game might not end in finitely many moves.

(1) Let X = {x1, 22,23} be a set with 3 distinct elements, let d = dgisc and let E = {z1}. Write down
the family F associated to this configuration.

(2) Show that in the case of (1), P; has a winning strategy, i.e. there is a set of moves for P; such that
no matter what P, does, P; wins using this set of moves.

(3) Show that for an arbitrary metric space (X, d) with an isolated point z¢ € X, and for a subset E of
X containing g, P, has a winning strategy. In how many moves does the game end in this case?

(4) Showthatfor-an-arbitrarymetric-space (X d)and E X —nonempty—and
strategy. Give an example of a metric space and an open subset of it F s.t.
strategy.

(5) Let (X,d) be an arbitrary metric space and let U C X be a nonempty open set and let g € U.
Show that U \ {zo} is an open set.

(6) Let (X,d) be an arbitrary metric space that has no isolated points. Let E be a nonempty countable
subset of X. Show that in this case P, has a winning strategy. Describe this strategy. Hint: notice
that the objective of P; is to choose sets which contain as many elements from E as possible, while
the objective of Py if to choose sets which contain as few elements as possible from E.

(7) In the situation as in (6), what changes if E is a finite set? Can P, win in less moves?

Solution.
(1) A possible choice for the family F is to consider all possible subsets of X, i.e.

F = {ai b {za} {zs ), {z, w2}, {on, 23}, {22, 3}, {21, 22, 231}

Another choice that satisfies the properties is for instance F := {{z1}, {z2}, {z3}, {z1,x3}}. Other correct
choices are also possible

(2) Py choses {x1}, then P, cannot choose anything, moreover E N {z1} = {z1}, so P; wins.

(3) Since zg is an isolated point of X, {z¢} is open. By the second property, it will be an element of
F. The winning strategy for P, as in (2), is to choose {z(} at the first step. Then the game ends in one
move.

(4) Let us consider (Q,d) as a metric space where d is a standard metric on R restricted to Q. Let
E = Q, then P, has a winning strategy. Indeed, whatever P, choses, P> removes at least one element
in the next step, so that the consider set is in F. Since the rationals are countable, by this procedure
eventually after infinitely many steps P, wins the game. Actually this strategy is the same as in (6).

(5) Notice that X \ (U \ {zo}) = (X \ U) U {20}, moreover this last set is closed since it is the union
of two closed sets. Thus the complement of U \ {z¢} is closed, so this set it open.

(6) Let us denote E = {x1,x9,...}. Suppose that P; chooses the set F, which has U; as its nonempty
interior. Then U; \ {z1} is an open set, and P, chooses a set from F that is contained in U; \ {z1} (this
is possible by the second point). After, whatever P; does, P» behaves as described before, and after each
move of Ps, at least one element of E is excluded from the chain of chosen sets. Thus, this is the winning
strategy of Ps.

(7) Yes. Py can win in a finite number of steps.
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