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ABSTRACT. The central issue we are investigating is based on a problem from
The Hong Kong (China) Mathematical Olympiad. It is basically about whether
a cosine ratio is expressible as a sum of rational numbers to powers of recip-
rocals of primes. In our project, we give the generalization of this problem by
using some tricks in elementary Number Theory and Galois Theory.

1. The Contest Problem

The central issue we are investigating is based on a problem from The Hong Kong
(China) Mathematical Olympiad. The problem is about whether a trigonometric
ratio is expressible in a certain form. Studying forms of numbers is indeed an active
research aspect in Number Theory. Being maniacs in Number Theory, we have
been deeply inspired by the elementary solution given by our trainer. Therefore,
we attempted to generalize the problem.

In this chapter, we would state the original problem as well as the generalization we
wish to attain. We also showed how we tackled the small prime cases by elementary
technique and the difficulties of large prime cases through such means.

1.1. The original problem, the case p=7
Here comes the original problem, proposed by Dr. Li Kin Yin from HKUST.

THIS PROJECT IS GENEROUSLY SUPERVISED AND ADVISED BY DR.KOOPA
KOO TAK LUN FROM INTERNATIONAL MATHEMATICAL OLYMPIAD HONG
KONG COMMITTEE. THE CONTEST PROBLEM IS DUE TO DR.LI KIN YIN
FROM HONG KONG UNIVERSITY OF SCIENCE AND TECHNOLOGY.
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2
Problem 1. (CHKMO). Prove that cos 777 is not of the form p+/q+ /r, where

p,q and r are rational numbers.

Proof. ( Due to Dr. Li)

2 2 /1
Letw:cos77r:2cos2§fl. As (30877r > 0, we have cosg = %

dr 3T
Using the fact that cos — + cos — = 0, then transforming it by trigonometric

identity,
T T\ 3 T
:>2C082*71+4<C087) —3cos- =0
7 7 7 ’
by substituting the above terms,

3 1
1 H 1 3
— 2w2—1+4< +“) —3(“’) )

2 2
1
= %(2(1+w)73) =1 — 2w?,
simplifying we have,
== (1 +w)(4w? — 4w +1) =2 — 8w? + 8w
— 8wt — 4w? — 8w? + 3w+ 1 =0

As w =1 is a trivial root, after factorization, we have

(w—1)(8w? +4w? —4w —1) =0

Then we let P(z) = 823 + 422 — 42 — 1, by Rational Root Theorem,
P(1)=8+4—4-1=7#0
P(-1)=-8+4+4+4-1=-1#0

P(%):1+1—2—1:—17é0
P(—%):—1+1+2—1:17é0
P(P=g+g-1-1=—2 #0
1 1 1 1 91
P(ﬁ)_&ll E1_51 1__642;&0
ST I TR TR TR

Therefore, P(z) = 0 has no rational roots.
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Assume w is of the form p+ /g + /7, then w is a root of Q(z) = (x —p—/q)*> — .
The coefficients of Q(x) are in K = {a+ b,/g|a,b € Q}. Since ¢ > 0, the coefficient
of z in Q(x) is 3(p* + ¢ + 2p,/q), which is non-negative and irrational. However,
the coefficient of  in P(x) is —4. Hence P(z) # 8Q(x).

Let R(z) = P(x) —8Q(x). Since R(w) = P(w)—8Q(w) = 0, w is a root of R(x) = 0,
whose degree is 1 or 2, and the coefficients of it are in K.

Case 1. If deg(R(z)) =1, we let R(z) =mz+n. Asm,narein K, w = —% is
also in K. (Here, we used a trivial fact that K is closed under division.)

Case 2. If deg(R(z)) = 2 and R(x) is a factor of P(z) in K|[z], consider G(z) =
Zgg, then we have deg((G(z)) = 1 and G(z) € KJz]. Therefore, the root of
G(z) = 01is in K, which is also a root of P(z) = 0.

Case 3. If deg(R(x)) = 2 and R(z) is not a factor of P(x) in K|x], let r(z) be the
remainder when P(z) is divided by R(z). Since P(w) = R(w) = 0, clearly r(w) = 0.
According to Division Algorithm, deg(r(z)) = 1 and the coefficients of ot are in K.
Therefore, w is again in K.

In all three cases, P(x) has a root in K. Since P(x) does not have rational roots,
P(z) has an irrational root in K. Then P(z) is a product of degree 1 polynomial
and a degree 2 polynomial with both having rational coefficients. The degree 1
factor yields a rational root for P(x), which is absurd. Therefore, w cannot of the
form p+ /g + /7. O

The central idea of this proof is making use of the Rational Root Theorem.
Therefore, we state its statement and the proof here [See reviewer’s comment (3)].

Theorem 2. (Rational Root Theorem). If

f(@) = apa™ + an_12" 4+ +a1x + ag € Zx]

and f (p) =0, where p,q € Z and (p,q) =1, then p divides ay and q divides a,.
q

Proof. As f (p) = 0, multiplying both side by ¢"~!, we have
q

qnilf (p> = an + N = 0,
q q

anp"”

where N € Z. Therefore, € Z. As (p,q) =1, we have q | a,, as desired.
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Then, we consider

q"f (Z) =anp" + an_1p" g+ +a1pg" ' +aog" =0

= aoq" == planp" "+ anp" g+ +arg" ).
Therefore, p | apq™. As (p,q) = 1, we have p | ag. We are done. O

After working on this CHKMO problem, we then doubted whether, in general,

2 . . . . :
cos —, where p is a prime, is expressible as sum of rational numbers to the power

of reciprocal of primes. We first give the statement of our thought mathematically.
2w

Theorem 3. Let p be an odd prime, then cos — = ag+ a1 +as +---+ay for some
p

k € Z, where a; = dil/pi, p; = ith prime, ag,d; € Q, if and only if p =3 or 5.
The final goal of our project is to prove this theorem.

1.2. The case p=3 and p=5

Here we prove the sufficiency of our conjecture, which is relatively easy.

2 1
The case p = 3 is trivial as cos % =5

2 2
When p =5, let w = cos g Substituting 6 = g into

cos 50 = 16 cos® § — 20 cos® 6 + 5 cos 6,
we have

1= 16w’ — 20w + 5w.

As w =1 is a trivial root, factorized we have,

= (w—1)(16w* 4+ 16w> — 4w? — 4w +1) =0

4 1
= 16w” + 16w —4— — + — =0
w w
1\? 1
— do—=) +4(dw——)4+4=0
w w
1 2
= (4w—+2> =0
w
— 40’ 420 —-1=0, asw #0
—1++5
— W= """

4
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-1++5 1 /5
A‘ 1 = ——— = — — —_— S 51 .
s0<w<lw 1 4—|— 16,asdeblred

1.2.1. Failure, the case p =11

We have tackled the cases p = 3,5 and 7. The next one we want to deal with is
p = 11. Without any constructive thoughts, we thus tried to work similarly to the
original solution as follows,

27 T 14w

h :11 1 = —_— h S — = _—.
When p , we let w cosll,tencos11 5 .
s

Using the facts that cos 56 = 16 cos® § — 20 cos® 6 + 5 cos 6 and cos %r +cos — =0,

11
1\2 1\ 2 1
16(“’;) 20(“@) +5<w; >+4w33w—0

1\ 2
(w;—) (4w? — 2w — 1) = 3w — 4w?

(w—1)(32w° 4 16w* — 32w® — 12w + 6w + 1) = 0

we have

I

I

We then similarly let P(z) = 322° + 162* — 3223 — 1222 + 62 + 1.

Assume w is of the form p + /g 4 {/r + /s, then w is a root of

Q@)= (& —p— G- )’ —s.

The coefficients of Q(x) are in

K = {ao+ a1/ + 1+ 27 4 asVr? + as /g + a5 /qVr? - a; € Q).

Unfortunately, this seems to be abysmally complicated.

Therefore, we understand that it is almost impossible to attain the generalization
by elementary means. It is a must to seek alternative, or even advanced methods.
Knowing that we are struggling at this critical point, one of our trainers at IMOHK,
Dr. Koopa Koo Tak-Lun suggested us to study the Field Theory and Galois Theory.
He sensed that theories on those aspects may be a possible path for us to reach the
ultimate goal.

Indeed, we finally proved our conjecture using Galois Theory, without any painful
or tedious calculation.
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2. Essential background

In this chapter, we would go over all the necessary knowledge and theories we need
in attaining the generalization. This includes the Field Theory and Galois Theory.
Proofs of some theorems have been omitted to avoid redundancy.

2.1. Field Theory

In elementary terms, a field is defined as a commutative ring with identity such
that non-zero elements form a group under multiplication.

Example 4. Q,R and C are familiar ezamples of fields. In our project, fields like
Q(¢p) and Q(¢p + Czjl) also appear frequently. (In this project, the notation (,
denotes the primitive n-th roots of unity.)

Definition 5. (Field extension). If F C K are fields, then K is called a field
extension of F'. We denote the degree of K/F by [K : F]. If [K : F] < oo, then
K is called a finite extension of F. In particular, finite field extensions of Q are
called algebraic number fields.

The degree of K/F indeed means the dimension of K as an F-vector space. Also,
it denotes the degree of the minimal polynomial, which is defined as following.

Definition 6. (Minimal Polynomial). The minimal polynomial of an element «
over F is defined as the monic polynomial f € Fx] such that f is irreducible over
F and f(a) =0.

Example 7. Since the minimal polynomial of /2 over Q is x®> —2 =0, it implies

[Q(v2): Q] =2.

Degree consideration plays an important role in our proof. The central theorem
involved is called the Tower Law, which gives the relationship of degree in a series
of field extensions. It is a very convenient way for us to evaluate the degrees of
some sub-extensions along a field diagram.

Theorem 8. (Tower Law). Given M/L and L/K be field extensions, then

[M: K]=[M:L|L: K]

Proof. If either M/L or L/K is an infinite extension, then M contains infinitely
many independent vectors over K. Hence M/K is also an infinite extension, and so
both sides of the equation are infinite and therefore equal.
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M
basis {r;}

L
basis {s;}

K

Otherwise M/L and L/K are both finite extensions. Let r,72,...,7, be a basis
for M/L and let s1,s2,...,54 be a basis for L/K. Then

RHS =[M : L]|[L : K] = pq.
We are going to show that r;s; forms a basis for M /K, since then
[M: K] =pg= RHS.

First, we check that r;s; spans. Pick m € M, since rq,rs,...,7p is a basis for M/L,
we may find ai,as,...ap € L such that

m=air1 + asre + -+ apTp.

On the other hand, as s1,s2,...,8, is a basis for L/K, Va;, € L, we may find
bil, big, ey biq € K such that

a; = bi1s1 + biasa + -+ + bigsq

Then, we have

m :(b1151 + b1282 + 4 blqsq)T'1 + 4 (bplsl + prSQ + 4 bpqu)T'p
=b11(s171) + bi2(s271) + -+ + bpg(Sqrp)-

Therefore, m is a linear combination of r;s; over K, i.e. r;s; spans M/K.

Second, we shall check that r;s; is linearly independent over K. Suppose
bi1(s171) + bia(sar1) + -+ + bpg(sqrp) =0
for some b;; € K. Then
(b1151 + biasa + - -+ bigsq)r1 + - - + (bp1s1 + bpasa + -+ - + bpgsg)rp =0
Since r1,7a,...,7p, are linearly independent over L, we have
bi1s1 + bigs2 + -+ + bigsq =0

foralli=1,2,...,p. By linear independence of 51, s3,...,s, over K again, b;; =0
for all ¢ and j.

Thus, r;s; is a basis for M/K. O
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As mentioned, one of the critical thoughts for us to attain the generalization is to
investigate the field Q(¢, + ¢, ') and its extension Q((,), where p is a prime. The
following is to derive the degrees of these fields over QQ, using some classical tricks
in elementary number theory.

Theorem 9. (Fisenstein’s Irreducibility Criterion). Let
f(x) =ao +a1z+asx®+ -+ apa”
be a polynomial over a commutative unique factorization domain R. If there exists

a prime p € R such that (i) p | an—1,...,a0, (%) ptan and (i) p* { ag, then f(z)
1s irreducible over R.

Proof. Suppose f(z) = (bo+biz+- - -+bya?)(co+crz+- - -+cqx?), where p,q € (0,n).
Since ag = byco, we have p | boco and p? { bocy. Hence, p divides one but not both
of by and ¢g. WLOG, assume p | by and pt ¢g. Since p | ap_1m... a9 and p 1 a,,
there exist b; such that p t b;. Let k be the smallest index such that p f by. Let
m = max{k, ¢q}. Consider ay = bico+bg_1¢1+ -+ bg—mcm is divisible by p. Note
that p divides (bgx—1¢1 + -+ + bg—mCm) but does not divide brcg, which yields a
contradiction. O]

Lemma 10. If p is a prime, then p divides (p> , where 0 < r < p.
r

—1 —1
Proof. Let N = (p) = p(p 1). Therefore, TN = p(p ) =0 (mod p). As

r r\r— r—1
p is a prime and 0 < r < p, (p,r) = 1. The cancellation law asserts that N = 0
(mod p). We are done. O

Theorem 11. If p is a prime, then [Q((p) : Q] =p — 1.

Proof. Consider the polynomial f(z) =P —1 = (z—1)(aP~ L + 2P~ 2+ + 2 +1).
We claim that g(z) = 2P~! + 2P~2 + .-+ + z + 1 is irreducible over Q, and hence
[Q(¢p) : Q] = deg(g(z)) = p— 1. We know that g(z) is irreducible iff g(z + 1) is
irreducible. However,

g+ =(z+1)P 4+ @+ 1)P 2+ (z+1)+1
.-

()7 ()

- p i
= . x
— <z + 1)

2

|
R~

(e}

Using Lemma 10, all coefficients of g(z 4+ 1) except the leading coefficient are
divisible by p, and the constant term is p, which is not divisible by p?. Eisenstein’s
Irreducibility Criterion asserts that g(z + 1) is irreducible over Q. Hence, g(z) is
irreducible over Q. O
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-1
Theorem 12. If p is a prime, then [Q({, + (p_l) Q] = pT

Proof. Clearly, Q((,) is a field extension of Q((, + Cp_l). Consider the following
field diagram.

Q&)

Q(¢p + Cgl)

Q

We know that , is complex while ¢+, * is real, which implies Q(,) # Q(¢+¢, )
and [Q(¢p) : Q(¢p + ¢, 1)) = 2. With [Q((p) : Q] = p — 1, the Tower Law asserts

that [Q(G + G ) 1@ = 201, O

2.2. Galois Theory

Another essential tool in our project is Galois Theory. To define what Galois
extensions are, two important concepts should be introduced, the splitting field
and separable polynomial.

Definition 13. The extension L/F is called o splitting field for f(x) € Flz] if L
is the smallest field that contains all roots of f(x) € F(x).

Example 14. Q(\/2) is the splitting field of f(z) = x> — 2, because it is clearly the
smallest field containing the two roots of f, namely £v/2.

Definition 15. A polynomial over F is called separable if all its roots are distinct.
Otherwise, it is inseparable.

With these definitions, we can now state what Galois extensions are.

Definition 16. A finite field extension E/F is Galois if E is a splitting field of
some separable polynomial f(x) € Flx].

Example 17. Q(v/2)/Q is clearly Galois because Q(\/2) splits over Q. However,
Q(¥/2)/Q is not Galois because (3 ¢ Q(3/2), i.e. Q(V/2) does not split over Q.

Definition 18. (Galois Group). Let K be a field extension of F. The Galois group
Gal(K/F) is the set of all F-automorphisms of K.
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Example 19. Gal(Q(v/2)/Q) contains two functions, namely id and o, where id
denotes the identity map and o denotes the conjugation map, i.e. sending v/2 to
—V/2. Moreover, for all natural numbers n, Gal(Q(¢,)/Q) = {o; : (i,n) = 1},
where o; is defined by o;(a) = ot. [See reviewer’s comment (4)]

Theorem 20. For all natural numbers n,

Gal(Q(¢n)/Q) = (Z/nZ)™ and [Q(Cn) : Q] = ¢(n).

[See reviewer’s comment (5)]

We shall omit the proof of this renowned isomorphism and interpret some useful
results based on it.

Lemma 21. Let p be a prime, then (Z/pZ)* is cyclic.

Proof. Suppose not, let | = be the l.c.m. of the order of a as a runs through
(Z/pZ)*. Then by assumption, we have [ < p — 1. (otherwise, there exists an ele-
ment with order p — 1.) However, we also have a' = 1 (mod p) for all a. Therefore,
the equation z! — 1 = 0 (mod p) has more than [ solutions. This is a contradic-
tion. O

Theorem 22. If p is an odd prime, then Gal(Q((,)/Q) is a cyclic group.

Proof. Using Theorem 20, Gal(Q(¢,)/Q) = (Z/nZ)*. Moreover, since p is an
odd prime, according to the previous lemma, (Z/pZ)* is cyclic. We are done. [J

[See reviewer’s comment (6)]

Theorem 23. A finite normal extension K is cyclic over F if Gal(K/F) is a cyclic
group.

1. If K is cyclic over F and E is a normal extension of F, where ' < E < K,
then E is cyclic over F' and K is cyclic over E.

2. If K is cyclic over F, then there exists unique field E, FF < E < K, of degree
d over F for each divisor d of [K : F].

Proof. ( Due to John B. Fraleigh )

(For 1.) Since K/F is a cyclic extension, by definition, Gal(K/F) is a cyclic group.
As Gal(K/E) < Gal(K/F), it implies Gal(K/E) is also cyclic = K/F is also
cyclic extension. Since E is a normal extension of F', the Third Isomorphism The-
orem asserts that Gal(E/F) = Gal(K/F)/Gal(K/E) so Gal(E/F) is isomorphic
to a factor group of cyclic group, and is thus cyclic. Therefore, E is cyclic over F'.

(For 2.) By Galois Theory, we know that there is a one-to-one correspondence
between subgroups H of Gal(K/F) and fields E = Ky such that FF < E < K.
Because Gal(K/F) is cyclic, it contains precisely one subgroup of each order d that
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divides [Gal(K/F)] = [K : F]. Such a subgroup corresponds to a field E where
F<E<Kand [K:FE]=d,sothat [E: F] = m =n/d. Now as d runs through
all divisors of n, the quotients m = n/d also run through all divisors of n, so we
are done. O

The following theorem illustrates the relationship of a Galois extension and its
sub-extensions.

Theorem 24. If K/F is a Galois and abelian extension, then all the sub-extensions
between them are Galois.

Since (Q(¢p)/Q) = (Z/pZ)* is abelian, Theorem 24 asserts that all the sub-
extensions of Q((,)/Q are Galois.

Another key to attain the generalization is the application of norm. We first give
the definition of norm.

Definition 25. If K/F is Galois with Galois group G, then for all a € K, the

norm is given by N, r(a H o
ceG

Example 26. Consider Q(i)/Q, the norm of z = a + bi € Q(3) is given by
N(a+ bi) = (a+bi)o(a+bi) = (a+bi)(a — bi) = a® + b
Theorem 27. (Properties of norm) The norm is multiplicative, i.e.
foralla,B € E, Np/p(a)Ng/rp(B) = Ng/r(aB).

Moreover, for all a € F', Ng/p(a) = alE:F]

Proof. For the later part since a € F, we have o,(a) = a, for all o, € Gal(E/F).
Thus, Ng/r(a H o glGall E/F)] = alPF!, We are done. O
oG

Theorem 28. Ifo; € Gal(Q((,)/Q), then 0;(Ng/p(a)) = Ng/p(a) for alla € E.

Proof. Let G = Gal(Q((,)/Q). Recall the definition of norm, Nk /p(« H a(
ceG
Therefore, for all 0; € G, 0i(Ng/r ( =o0; H o(a)). Since G is a group, the fac-
ceCG

tors on the right-hand side are permutated under composition of sigma-functions.
ie. if G={o1,...,0,}, then

Ji(G) = {Uioh . UiO'n} ={o1,...,00} =G.

Thus, 0;(Ng/r(a)) = o H ola . We are done. O
oelG
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The above is a rough collection of concepts and theorems which we will use in order
to prove our conjecture. In the following chapter, we would attempt to re-solve the
contest problem by Galois Theory, followed by the proof of our generalization.

3. Success to the generalization

Before we attempt to approach the generalization, we should re-solve the original
problem by Galois Theory to see whether the new theories really work and how
brute calculation can be omitted.

3.1. The case p =7 by Galois Theory

2
Problem. Prove that cos 77r is not of the form p + /g + {/r, where p, ¢ and r are

rational numbers.

Proof. Suppose cos(27/7) = p + /q + {/r, where p,q and 7 are rational numbers.
Then, cos(27/7) € Q(,/q, ¥/r). Noting that , without loss of generality, we assume
V/q and /7 are not rational.

Consider the following field diagram,

/\
\/

Let [Q(\/q, /r) : Q] = n. Since [Q(,/q) : Q] = 2 and [Q({/r) : Q] = 3, both 2 and
3 divide n. Noting that

Q(Va, ¥r) = {a1 + aa/q + az/r + as V12 + a5\ /qT + as/7Vr2|a; € Q}
Therefore, n < 6. Thus, n = 6.

On the other hand, cos(27/7) € Q(¢7 + (') = Q(2cos(2n/7)). Consider the
following field diagram,
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Q(¢r)

:
= Q(cos(27/7))
:
Q
Since [Q(¢7) : Q] = 6 and [Q(¢r) : Q(¢r + ¢ )] = 2, the Tower Law asserts that

[Q(¢r+¢) 1 Q] = 3. Since [Q(¢r+¢71) : Q) # [Q(vA) : Ql, QG +¢7Y) # Q)

Then we consider Q({7 + (7 t V@), using similar argument to the above, we have

[Q(¢r + ¢ Y, /@) : Q] = 6. Therefore, [Q(¢r + ¢, /@) - Q] = [Q(/g, ¥/ : Q] = 6.
Since [Q(¢7 + ¢, /@) : Q] = [Q(/g, /7 : Q] and we suppose that

cos(2m/7) € Q(\/q, V/r),
&+ G va) = QVa, ).

However, it is, indeed, impossible.

Q(y/q, cos(2m/7))

This is because, according to the above diagram, Q(¢7 +¢7 ')/Q is a Galois Exten-
sion, whereas Q(,/q, ¥/7)/Q generally, is not Galois (except ¢ = —3). Contradiction
arises. [See reviewer’s comment (7)]

If ¢ = =3, then Gal(Q(v/-3, ¥/r)/Q) = S3, which is not cyclic. However,
Gal(Q(¢r+¢;1)/Q) is cyclic as it is the subgroup of the cyclic group Gal(Q(¢7)/Q).
Thus, ¢ = —3 is absurd. [See reviewer’s comment (8)] O
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Finally, we have tackled the problem successfully by Galois Theory, without any
brute calculations. Therefore, it gives hope to prove our theorem. The next two
lemmas are essential to our proof.

3.2. The First Lemma

We first recall the statement of the generalization we are working on.

2

Conjecture Let p be an odd prime, then cos i ag+ay +as + - - -+ ay, for some
p

k € Z, where a; = dg/p", p; =1 th prime, ag, d; € Q, if and only if p = 3 or 5.

Suppose cos(2m/p) = ag + a1 + ag + -+ + ax. As cos(2m/p) € Q((p + ¢, ), then
Q¢ + Cp_l) is contained in K = Q(a1,as, ...,ax). Therefore, we can rephrase our
conjecture in algebraic language, as following.

Lemma 29. Let p be an odd prime. Q(¢, + Cp_l) is contained in K if and only if
p=3orbd.

[See reviewer’s comment (9)]

Proof. The sufficiency has been proved in Chapter 1. We now approach the neces-
sity. Consider the following field diagram,

K = Q(a1,az,...,a;)

QG + ¢ 1) = Q(cos(27/p))

Q

Let J = {i|a; ¢ Q}. It is then obvious that n = [K : Q] = I_Ipi7 which is square-
ied
p—1

free. Therefore, by Tower Law, [Q((, + Cp_l) : Q] =
p—1

is also square-free.

Suppose ¢ is a prime factor of

Since the Galois Group of Q(¢,)/Q is isomorphic to the multiplicative group (Z/Z,)*,
it is a cyclic group. Therefore, Q((,)/Q is a cyclic extension. As Q({, + Cgl) is
contained in Q(¢p), Q(¢p + ¢, 1)/Q is also a cyclic extension. Therefore, according
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-1
to Theorem 23, for any prime ¢ dividing pT =[Q(¢{ + ¢ ") : Q). there exists
a field F contained in Q(¢, + ¢, ') such that [F: Q] = ¢. O

After this, we need another lemma, as shown in the next section.

3.3. The Second Lemma

Lemma 30. If FF C Q((, + (p_l) C K, then F = Q(a;), where p; = q.

Proof. Recall the field diagram we have so far,

K =Q(ay,as9,...,ax)

QG + ¢ 1) = Q(cos(27/p))

F

Q
Consider the norm. By Theorem 27, we have dEK:F] = Ngr(af) = (Nk,r(ai))l.
Therefore, NK/F(az) = dgK:F]/q = (dzl/q)[KF] = a?/q. As n € Z, we have

Ni/r(ai) € Q(as). !

n
Since n is square-free and ¢ is a prime, then (, q) = 1. By Bezout’s lemma,
q

there exist integers = and y such that L P~ + qy = 1. Therefore,
q

ai = MV = (af) (@) = (@) (Nigyp(@:))”

As d; € Q, we have a; € Q(Ng/r(ai)).
As a; € Q(Nk,r(a;)) and Nk p(a;) € Q(a;), we have Q(Ng/r(ai)) = Q(a;).

For all o € K, by Theorem 24, we have 0,,(Ng,/p(a)) = Nk p(a), for all o, €
Gal(K/F). [See reviewer’s comment (10)] Thus, we have Nk p(a) € F for all
a € K. Clearly that a; € K. Therefore, Ni,p(a;) € F.
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F

Q(a;)

Since N p(a;) € F, Q(Nk/r(a;)) is contained in F', i.e. Q(a;) is contained in F.
Since ¢ is a prime, degree consideration asserts that Q(a;) = F. [See reviewer’s
comment (11)] The second lemma is thus done. O

3.4. Proof of the generalization

Finally, we turn back to our First Lemma. [See reviewer’s comment (12)] Renew
the field diagram according to the information we have up to this moment,

K:Q(al,CLQ,...,ak)

Q¢ + ¢, 1) = Q(cos(2m/p))

F=Q(a;)

Q

Since Q(¢p)/Q is a Galois and abelian extension, all its sub-extensions are Galois.
It is clear that Q(¥/d;)/Q is a Galois Extension if and only if ¢ = 2. The Second
p—1

Lemma asserts that 2 is the only prime divisor of . [See reviewer’s comment

-1 -1 -1
L is square-free, L =2or pT =1 <= p =3 orb. Noting that

(13)] As

-1
when 2 =1, it means Q(¥/d;) = Q. Thus, the First Lemma is also done.

Our conjecture is a trivial corollary of the First Lemma. If cos(2m/p) € Q(¢,+¢, ),
then Q(¢, + C;l) is contained in K = Q(aq,as,...,ax), which happens if and only
if p=3 or 5. We are done!
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4. Further investigation

After attaining the generalization, we want to investigate a bit further. Therefore,
we modified the statement of our results. Instead of a prime denominator, we want
to know what the situation becomes when it is replaced by a general natural number
n.

Therefore, the problem now becomes what natural numbers n would satisfy
27
cos(g) =ap+a+ay+---+ag
for some k € Z, where a; = di/pi, p; = ith prime and ag, d; € Q7

Unfortunately, we failed to work it out because there are some difficulties to adopt
our proof when we worked on composite denominator. However, we still state some
particular results of the modified problem.

4.1. Hurdles for the general case: composite numbers n

[See reviewer’s comment (14)]

We first recall the essential tricks we used when we proved the generalization with
a prime denominator.

K =Q(ay,as9,...,ax)
Q(Gn + ¢ ") = Q(cos(27/p))

Q

Referring back to the field diagram we had in Section 3.2, there are a few contribu-
tive and important steps, as follows.

2

2. The existence of the subfield F. [See reviewer’s comment (15)]

is square-free.

Therefore, we take these two points as the criteria that a general composite number
n can satisfy our new conjecture.
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To simplify the wording used in the following two sections, we would call those
2

natural numbers n such that cos(i) = ap+a; +as+ -+ ax as "GOOD”,
n

otherwise as "BAD”. For example, in previous chapter, we have proved that 3 and
5 are the only GOOD odd primes.

4.2. First Criterion: Square-free ¢(n)/2
If cos(2m/n) = ap+a1+as+- - -+ag, then clearly cos(2r/n) € K = Q(aq, ag, . .., ax).

K =Q(ay,as,...,a;)

Q¢n + ¢ 1) = Q(cos(2m/n))

Q

Since [Q(cos(27/n)) : Q] = &(n)/2, the Tower Law asserts that ¢(n)/2 divides
[K : Q]. Since [K : Q) is square-free, ¢(n)/2 has to be square-free too. Therefore,
those integers n which do not satisfy this condition would eventually become BAD.

The following is a result from Elementary Number Theory.

Theorem 31. Ifn is a composite and ¢(n)/2 is square-free, thenn € S = {2kpiqI :
k<3,i<2,j <2}, where p and q are distinct odd primes.

Proof. Due to mutiplicativity of ¢(n), we consider ¢(p®)/2 = p®~*(p —1)/2, where
p is an odd prime. If ¢(p®/2) is square-free, then obviously a — 1 < 2 < «a < 3.
[See reviewer’s comment (16)] Since n is composite, o = 2.

When n = 2%, then ¢(2%)/2 = 2¥=2. Using similar argument as above would assert
that k -2 <2 <= k<4

We recall the fact that if d | n, then ¢(d) | ¢(n). Therefore, if n is divisible by
three distinct prime factors p, g and r, then ¢(n) is divisible by ¢(pgr). But then
o(pgr)/2 = (p—1)(g—1)(r — 1)/2 is divisible by 4, implying n is BAD.

Thus, vp(n) < 2, ra(n) < 3 and n is divisible by at most 2 distinct prime factors.
(Here vp(n) denotes the Legendre’s valuation function, denoting the largest power
of p dividing n.) In other words, n € S = {2¥pi¢/ : k < 3,3 < 2,j < 2}, where p
and ¢ are distinct primes. [See reviewer’s comment (17)]

Indeed, we can reduce the size of the set S by observing that ¢(4pq)/2 = (p—1)(¢—1)
and ¢(8p?)/2 = 2p(p — 1), which are both divisible by 4. O
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4.3. Example: the case n =15

In this section, we would illustrate how to use the first criterion to prove that n = 15
is BAD, which is actually quite straightforward.

2
Problem. Prove that cos % is not of the form ag+ay+as+---+ay, where k € Z,

a; = di/pi, p; = ith prime and ag, d; € Q.

Proof. Similar to Section 3.1, we know that cos(27/15) € Q(Ci5 + (15 ), and thus
Q(Ci5 + ¢15') is contained in K = Q(ay, ag, ..., ax).

K =Q(ay,aq9,...,ax)

Q(¢15 + ¢15') = Q(cos(2m/15))

Q

Let J = {ila; ¢ Q}. It is then obvious that n = [K : Q] = [, ; pi, which is square-
free. Therefore, by Tower Law, [Q((15 + C1_51) : Q)] is also square-free. However,
[Q(C15 + ¢15Y) : Q] = ¢(15)/2 = 4 = 22, contradiction arises. O

Performing similar proof, we can show that 16, 18,20 are also BAD since
#(16)/2 =4, $(18)/2 = 9 and ¢(20)/2 = 4. They are obviously not square-free.

4.4. Second Criterion: Cyclicity of (Z/nZ)*

Another key step in our proof is to assert the existence of the field F' in the following
field diagram,
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K =Q(ay,aq9,...,ak)

QG + 6 1) = Q(cos(27/p))

[See reviewer’s comment (18)]

The existence of F' is guaranteed by the cyclicity of the extension Q(cos(27/n))/Q,
which is ensured further by the cyclicity of Q(¢,)/Q. The extension Q(¢,)/Q is
cyclic if and only if Gal(Q((,)/Q) is cyclic. Since Gal(Q(¢,)/Q) = (Z/nZ)*,
we are sufficient to find what natural numbers n would satisfy that (Z/nZ)* is
cyclic. (Z/nZ)* is cyclic if and only if there is an element « € (Z/nZ)* such that
(Z/nZ)* =< a >. In language of elementary number theory, it means that « is a
primitive root modulo n.

Therefore, we can employ a classic result from elementary Number Theory con-
cerning existence of primitive root.

Theorem 32. (Primitive roots). There exists a primitive root modulo n if and
only if n =1,2,4,p", or 2p*, where p is an odd prime.

However, the second criterion is relatively meaningless because the converse of
Theorem 23 may not be correct. But this criteria can be used to justify what
composite numbers n are possible to be investigated along a similar proof given in
Chapter 3. For example, when n = 9, (Z/9Z)* is cyclic. We can show that 9 is
actually bad. We would illustrate it in the following section.

4.5. Example: the case n =9

2
Problem. Prove that cos § is not of the form ag+ay +as+- - -+ay, where k € Z,

a; = dg/pi, p; = ith prime and ag, d; € Q.

Proof. Suppose cos(27/9) = ag+a1+as+- - -+ak, where p, ¢, r are rational numbers.
Since 9 = 2 x 32 | we know that (Z/nZ)* is cyclic. [See reviewer’s comment (19)]
Plus ¢(9) = 6, therefore 3 is a factor of ¢(9). By Lemma 29, there exists a field
F contained in Q((o + ¢5') such that [F : Q] = 3.
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K =Q(ay,aq9,...,ak)

QG + ¢ 1) = Q(cos(2/9))

F =Q(az)

Q

Since p; = 3, we have i = 2. By Lemma 30, F' = Q(az). Clearly Q(+/d2)/Q is not
Galois, contradiction arises. O

In fact, the case of n = 14 and n = 18 can be tackled similarly since (Z/14Z)* and
(Z/18Z)* are both cyclic.

4.6. Summary

In Chapter 3, we have proved that 3 and 5 are the only GOOD odd primes. Al-
though we fail to generalize our theorem for the composite cases, we have given
two criteria to classify some composite numbers to be GOOD or BAD. However,
for those composites which cannot be classified by these two criteria, we have to
give independent proof. To end our project, we list out all the GOOD and BAD
natural numbers up to 20.

All the BAD numbers within this range are 7,9,11,13,14,15,16,17,18,19,20. The
rest are all GOOD, as shown in following,

n = 1,cos <2177) =1;
n = 2,cos (2;) =—-1;
n = 3,cos <237r) = f%;
n = 4,cos <247:T) = 0;
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n = 5,cos =) =71 6
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n ,cos(6> 5
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n—12,cos(12>—\/;.
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Reviewer’s Comments

The paper under review addresses the following problem which was inspired by

one from a math competition: determine the odd primes p such that cos 2—” can

1

be expressed as a sum Z _, aj, where a; are of the form d* with p; being the
i-th prime and d; rational. The authors first set the scene by stating the original
problem of showing that cos 27” is not of the desired form, reproducing a proof by
Prof. Kin Yin Li which involves high school algebra, and pointing out the difficulties
of generalizing the elementary techniques employed in the original proof to the case
p = 11. Prompted by their advisor, the authors tackle the problem using Galois
theory instead, which is reviewed in Chapter 2 of the paper. Their solution, which
is the content of Chapter 3, makes ingenious use of the properties of Galois (in
particular, cyclotomic) extensions and their degrees. In particular, they show that,
if cos 27” is expressible in the desired form, then

1. Q(cos —) C Q(a1,- - ,ax), and if ¢ is a prime divisor of p—;l, which is shown
to be square-free, then there is a field F' C Q(cos 27“) such that [F : Q] = ¢,
2. F=Q(a;) for some 1 <i < nif F C Q(cos —) and

3. Q(cos 2?”) and hence F' are Galois extensions over Q.

They also observe that Q(a;) is Galois over Q if and only if p; = 2. As a result, they
prove that only when p = 3 or 5 can cos 2% be expressed in the desired form. In the
last chapter of their paper they explore the more general case where p is replaced
by a general natural number n, and manage to give partial results by carrying over
the salient points in their proof for the prime case.

In general, the paper is clearly written and well-organized. The authors are able
to formulate their problem and goal precisely, extract the relevant ingredients in
Galois theory they need and give a neat proof of the problem. However, the paper
is still riddled with some issues in presentation and typing, as well as grammatical
mistakes, which are listed below.

1. The reviewer has comments on the wordings, which have been amended in
this paper.

2. Though references are listed in the end of the paper, the authors should also
explicitly cite the references in the body of the paper wherever appropriate.

3. It is better to say ‘give its statement’ rather than ‘state its statement’.

4. ‘functions’ should be changed to ‘automorphisms’. ‘o;(a) = o'’ should be
changed to ‘c;((,) = ¢

5. The Euler totient function ¢ should be defined before stating Theorem 20.

6. It is a good idea to first define normal extension, and state the first sentence
of Theorem 23 (‘A finite normal extension...a cyclic group’) separately as the
definition of cyclic extension before stating Theorem 23.
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7.

10.

11.

12.
13.
14.

15.

16.
17.
18.
19.
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It is better to say something along the line ‘Q(¢7 + ¢; 7, V2)/Q is a Galois
extension because both Q(¢7 + ¢;')/Q and Q(,/g)/Q are, whereas...".
‘Contradiction arises’ should be deleted because at this point, the exceptional
case ¢ = —3 has not been discussed and so we have not reached an absolute
contradiction. Only state this at the end of the proof.
It is not obvious to the reviewer why the first two sentences contradict each
other. The reviewer thinks it is better to replace the second sentence with
something along the line ‘However, Gal(Q(¢7 + ¢ 1, v/=3)/Q) = Zg'.
Lemma 29 should be stated as a theorem (say, Theorem 29) instead because
it is a rephrasing of the main result of the paper. As the proof following
the Lemma 29 is not actually its proof, it is better to state the following as
a lemma immediately proceeding the proof and after the rephrasing of the
main result.

Lemma If Q(¢, + ¢, ') is contained in K, then

(a) % is square-free, and

(b) for any prime ¢ which divides %, there exists a field ' C Q((, + Cp_l)
such that [F': Q] = q.

‘by Theorem 24’ should be changed to ‘by an easy generalization of Theo-

rem 28’. In fact what follows is obviously derived from a generalization of

Theorem 28 instead of Theorem 24 (not exactly Theorem 28 because it is

about the case of cyclotomic extensions only, whereas in the present situation

K may not be a cyclotomic extension). Alternatively, Theorem 28 can be

stated in its more general form which deals with any field extension, and in

this way ‘by Theorem 24’ can be changed to ‘by Theorem 28’.

Change ‘degree consideration asserts that...” to ‘by degree consideration, we

have that...’

Change ‘First Lemma’ to ‘Theorem 29’.

Change ‘The Second Lemma’ to ‘The first two lemmata’.

It is confusing to use n to denote, on the one hand, the denominator as in

cos 27” and, on the other hand, the degree [K : Q] = [];., pi as in the proof

of Lemma 29. Use another alphabet to denote the denominator.

It is a good idea to point out that the first criterion is a necessary condition for

n to be a good number. The second criterion is vague to the reviewer: what

kind of subfield is F'? Is it of the form Q(a;) as in the second lemma, or does

it satisfy [F': Q] is a prime as in the first lemma? The reviewer believes the

authors mean that F' is of the form specified in the second lemma. Besides it

is confusing to see that this second criterion is not the same as the condition

of cyclicity of (Z/nZ)* discussed in Section 4.4, the title of which claims that

the latter condition is the second criterion.

‘¢(p*/2)’ should be changed to ‘¢(p*)/2’.

Insert ‘odd’ between ‘distinct’ and ‘prime’.

The tower diagram: change ‘p’ to ‘n’ or another alphabet.

What are p, ¢ and r? The reviewer thinks the phrase ‘where p, ¢, r are

rational numbers’ should be deleted. Change ‘9 = 2 x 32’ to ‘9 = 32".



