Part of Paper that Use Field Theory
by
William Gasarch
Auguste Gezalyan

1 deg(cos(vm/n)) & deg (sin(vw/n)): Field Theory

1.1 Background Needed

We state well known facts from field theory and use them to prove our results. All fields are
subsets of C.

Definition 1.1 Let F and E be fields. E is a field extension of F if
e FCE.

e The operations +, X in F are +, X in E restricted to F.

Fact 1.2

1. IfE s a field extension of F then E is a vector space over F. We denote the dimension
of this vector space by [E : F|.

2. If D is a field extension of E and E is a field extension of F then [D : F] = [D : EJ[E : F].

Definition 1.3 Let F C C be a field and let « € C — F.

_ [ple), x] an o
F() = {29 g Flo] and a(e) 0.

Definition 1.4 Let E be a field extension of F. Let o € E. The degree of a over F is the
smallest d € N such that « is the root of a degree-d polynomial in F[z]. We denote this by
degg (). If F = Q then we just use deg which matches the definition of deg we have been
using.

Fact 1.5 F(«a) is a field extension of F and [F(«) : F] = degg(a).

Proof:
Clearly F(«) is a field extension of F.
Let degp(a) = d.
We show that The set {1,a,a?,...,a%" 1} forms a basis for [F(«) : F].
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e Every element of F(«) is a polynomial in o with coefficients in F. Since degy(«) = d,
the polynomials can be made to be of degree < d.

e Let ag,...,aq_1 € F be such that Zf:_ol a;o = 0. Since degp(a) = d, all of the a; are
0.

Note 1.6 Lets say you prove that [Q(«) : Q] = d, so deg(a) = d. Can Fact ?? help find a
polynomial of degree d that has a as a root. No. All you find out is that {1,q,...,a?} is
linearly dependent over Q, hence there exists such a polynomial. But the proof of Fact 77
does not say how to find the polynomial.

BEGINNING OF COMMENTS TO AUGUSTE
(I DO NOT KNOW IF THE NOTE ABOVE IS CORRECT.)
We just proved [F(a) : F| = degg(a)] but for us for now lets just consider [Q(«a) : F] =

degq(a)]
1) The proof is contructive in one direction: Given a we can get a basis, namely

{1,a,...,0% '}

(Note- not clear what given means since « is irrational.)

2) Can the following be done: Given a and d where one is told that there is a poly
p € Z]x] of degree d that has « as a root, find that poly?

Actually the answer is yes for a stupid way: enumerate all polys and test each one until
you find one. But even this is not really right since « is irrational so this would need perfect
real arithmetic.

It may be that for our case of cos(vm/n) this can be dealt with.

So the question is, is there a SANE algorithm.

3) In Lemma ?7? below we prove the following:

Let 1 < v <n—1 be such that ged(v,n) = 1.

[Q(cos(2mv/n)) - Q] = p(n)/2.

Hence deg(cos(2mv/n)) = ¢(n)/2.

SO here are my questions:

From the proof of this one can one, given v, n (that is an input you CAN be given) find
poly p € Z[x] of degree ¢(n)/2 that has « as a root.

If so, then (a) is the algorithm SANE, and (b) does the algorithm need perfect arithmetic
for reals?

Much like Maya’s personal statement, I don’t want our final paper to dwell on this point.
I want to BRIEFLY talk about how the proof using Field theory can or cannot be used to



find he poly, and if yes then does or does not use real arithmetic. I will then also state this
as probably one of the CONS when I discuss PROS and CONS early in the paper
END OF COMMENTS TO AUGUSTE

Notation 1.7 ¢, = ¢*/™. ({ is the Greek letter zeta.)

Definition 1.8 Let n € N. « is an nth root of unity if o™ = 1. « is a primitive root of unity
if (1) o™ = 1, and (2) for every n’ < n, o™ # 1.

Fact 1.9
1. There are n nth roots of unity: ¢}, ... ("
2. There are ¢(n) primitive nth roots of unity: {¢¥: ged(v,n) = 1}.

3. If o is a primitive nth root of unity then deg(a) = ¢(n).

1.2 deg(cos(vm/n)) Via Field Theory
Lemma 1.10 Let 1 < v < n — 1 be such that ged(v, n) = 1.
1. [Q(¢) : Q] = ¢(n).
2 Ifn >3 then [Q(CY) : Q(cos(2mv/n))] = 2.
3. [Q(cos(2mv/n)) : Q] = ¢(n)/2.
4. deg(cos(2mv/n)) = ¢(n)/2.

Proof:
1) [Q(¢}) - Q] = ¢(n) follows from Fact 7?7 and Fact 77.3.

2) [Q(¢)) : Q(eos(2mv/n))] = degqcos(2ru/m)) (Gr)- Hence we need to find degqcos(zro/ny) (Gh)-
degq(cos(amu/my) (Gr) < 2 since ¢ is a root of 2* — 2 cos(2vm/n)z + 1.

degQ(COS(27T’U/TL))(§:‘L)) > 2

Assume, by way of contradiction, that ¢, is the root of a linear polynomial with co-
efficients in Q(cos(2wv/n)). Then (¥ € Q(cos(2wv/n)) and hence ¢! € R. Since n > 3,
(n € C—R. This is a contradiction.

3) By Fact 7?7.2

[Q(¢) : Q) = [Q(CE) : Qleos(2mv/n))][Q(cos(2mv/n)) : Q]
By Part 1 and Part 2 we have



o(n) = 2[Q(cos(2mv/n)) : Q.
Hence [Q(cos(2mv/n)) : Q] = ¢(n)/2.

4) By Part 3 [Q(cos(2mv/n)) : Q] = ¢(n)/2. By Fact 7?7

deg(cos(2mv/n))) = [Q(cos(2mv/n)) : Q] = ¢(n)/2.

Theorem 1.11 Let 1 < v < n such that ged(v,n) = 1.
1. If n is odd then deg(cos(vm/n)) = ¢(n)/2.

2. If n is even then deg(cos(vm/n)) = ¢(n).

Proof:
1) n is odd. There are two cases

Case 0: v is even. Then v = 2v'. Hence deg(cos(vm/n)) = deg(cos(2v'w/n)).
Since ged(v,n) = 1, ged(v',n) = 1. Hence, by Lemma ?7.4, deg(cos(2v'm/n)) = ¢(n)/2,
so deg(cos(vm/n)) = ¢(n)/2.
Case 1: v is odd. Note that deg(cos(vm/n)) = deg(cos(2vm/2n)).
Since v is odd and ged (v, n) = 1, ged(v, 2n) = 1. Hence, by Lemma ??.4, deg(cos(2vm/2n)) =
¢#(2n)/2. Since n is odd, ¢(2n) = ¢(n) so deg(cos(vr/n)) = ¢(n)/2.

2) n is even. Note that deg(cos(vr/n)) = deg(cos(2vm/2n)).
Since n is even and ged (v, n) = 1, ged(v, 2n) = 1. Hence, by Lemma ?7?.4, deg(cos(2vm/2n)) =
®(2n)/2, Since n is even, ¢(2n) = 2¢(n) so deg(cos(vr/n)) = ¢p(n). 1

1.3 deg(sin(vm/n)) Via Field Theory
Lemma 1.12 Ifn = 4m then [Q(Cum) : Q(Gn)] = 2.

Proof:
C4m — eﬂ'i/Zm
Cm — e27ri/m
BILL: NEED TO PROVE THIS
|

Lemma 1.13 Let m > 5 be such that m = 1 (mod 4) (NOTE- WE MAY NOT NEED
THIS). Then [Q((m) : Q(cos(m/m)] = 2.



Proof:

By Lemma ?7.2 [Q(() : Q(cos(2m/m)] = 2.

CAN WE USE THIS?

ACTUALLY LEMMA ?7?7.2 SAYS THAT IF ged(v,m) = 1 THEN [Q(CY) : Q(cos(2mv/m)] =
2. MIGHT THAT HELP? 1

Theorem 1.14 Let n =4 (mod 16) and n > 20. Then
[Q(¢n) : Q(sin(27/n))] = 4.

Proof: Let n =16k +4 = 4(4k +1). Let m = 4k + 1. Note that m =1 (mod 4). Let
r=(m —1)/4. Then

2r 2mr 2w 2mr 7T 4drr T (m—1)mr =«

n m  4m | m  2m  2m  2m 2m 2
Hence sin(27w/n) = cos(2wr/m). (We are using the high school fact that cos(f) =
sin(m/2 — 6).) So
[Q(¢n) : Qsin(2m/n)] = [Q(¢n) = Q(cos(2mr/m)].
So we need to find [Q((,) : Q(cos(2mr/m)]. We first look at the angle

2rr  2(m— )7 _ (m—1)m

So

[Q(Gn) = Q(eos(2mr/m)] = [Q(G) = Q= cos(m/m)] = [Q(Cn) = Q(cos(m/m)]

= [Q(¢n) : QUGm)IQ(Gm) = Qlcos(m/m))].
By Lemma 77, [Q((,) : Q(Gn) = 2. By Lemma ??, [Q((n) : Q(cos(m/m)] = 2. Hence we

have
[Q(¢n) = Q(eos(2mr/m)] = [Q(¢n) : Q(— cos(m/m)] = [Q(En) : Q(cos(m/m)] =2 x 2 = 4.

i
IGNORE WHATS BELOW- NOT SURE IF I NEED IT

Lemma 1.15 Let 1 < v <n — 1 be such that gcd(v,n) = 1. Let ¢, = e*™/",
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1. [Q(Gn) : Q] = ¢(n).
2. [Q(sin(2vm/n, 1)) : Q(sin(2vm/n))] = 2.

Proof:
1) By Fact 7?7 [Q((,) : Q] = deg((,). By Fact 7?7, deg((,,) = ¢(n). Hence [Q((,) : Q] = ¢(n).

2) By Fact 77,

[Q(Sil’l(2ﬂﬂ'/n7 Z)) : Q(Sln(Z’Uﬂ'/n))] = degQ(sin(Qwr/n))@)]'

Since i ¢ Q(sin(2vm/n)),
degQ(sin(2v7r/n))<i)} > 2.

Since i is a root of % + 1,
degQ(sin(2vﬂ'/n)) (Z)} <2

Hence
degqsin(2um/ny) (1) = 2.

|

Lemma 1.16 Let 1 < v < n — 1 be such that n = 0 (mod 4) and ged(v,n) = 1. Let
Cn — 6271'1'/71,'

1. If n is a power of 2 then [Q((,) : Q(sin(2vm/n,i))] = 1.

2. If n is not a power of 2 then [Q((,) : Q(sin(2vm/n,7))] = 2.

Proof:
1) BILL: NEED PROOF

2) BILL: NEED PROOF
i

Lemma 1.17 Let 1 < v < n — 1 be such that n = 0 (mod 4) and ged(v,n) = 1. Let
Cn — eQTri/n'

1. If n is a power of 2 then deg(sin(2vm/n) = ¢(n)/2.

2. If n is not a power of 2 then deg(sin(2vm/n) = ¢(n)/4.

Proof:
1)
[Q(Gn) = Q] = [Q(¢n) = Qlsin(2vm/n,4))][Q(sin(2v7/n, 7)) : Q(2v7/n)][Q(2v7/n) : Q).
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e By Lemma ?7.1[Q(¢,) : Q] = 6(n).
e By Lemma ?7.1 [Q(,) : Q(sin(2v/n, 4))] = 1.

e By Lemma ??.2 [Q(sin(2vr/n, 1)) : Q(2vr/n)][Q(2vr/n) : Q] = 2.
Hence we have

o(n) =1x2x[Q2ur/n): Q]
So

[Q(2um/n) : Q] = é(n)/2.

2)
Q Q(¢n) : Q] = [Q(¢n) = Q(sin(2vm/n, 1))][Q(sin(2vm /n, 1)) : Q(sin(2v7/n))][Q(sin(2v7/n)) :

e By Lemma ??7.1[Q((,) : Q] = é(n).
e By Lemma ?7?7.2 [Q((,) : Q(sin(2v7/n,1))] = 2.
e By Lemma ??7.2 [Q(sin(2un/n, 1) : Q(sin(2v7/n))]|[Q(sin(2v7/n)) : Q] = 2.
Hence we have
d(n) =2 x 2 x [Q(sin(2vr/n)) : Q]
So

[Q(sin(2v7/n)) : Q] = iqﬁ(n)

Lemma 1.18 Let 0 < v < n such that ged(v,n) = 1.
1. If n is even then

(a) If n is a power of 2 then deg(sin(vm/n) = ¢(n).
(b) If n is not a power of 2 then deg(sin(vrw/n) = ¢(n)/2.

2. If n 1s odd then BILL FILL IN.



Proof:

1) Since n = 0 (mod 4), 2n = 0 (mod 4). Since ged(v,n) = 1, v is odd, so ged(n,2n) = 1.

Note that

sin(vr/n) = sin(2v7/2n).

If n is a power of 2 then 2n is a power of 2 so, by Lemma ??.1,

deg(sin(vm/n)) = %gb(?n)

a) Let n = 2. Then

1

1 k+1y
S0(2n) = o) =

%2’“ =21 = ¢(n).

If n is not a power of 2 then 2n is not a power of 2 so, by Lemma ?7.2.

1
deg(sin(vm/n)) = qu(Qn).
b) Let n = 2¥m where m is odd. Then

}m(zn) = ieﬁ@’f“m) = ?%(m) =2"76(m)

1
2

2) sin(vm/n) = sin(2 x 2vuw/4n).

BILL: T don’t see how to get this in the form sin(2v'7/n’) where n

ged(v',n')y=1. 1

= 5270(m) = 20(2)0(m) = 56(2'm) = 6(n),

J—

(mod 4) and



