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Theory of Numbers
Math 356, Rutgers
Claire Burrin
These are notes prepared for the course Theory of Numbers, taught at Rutgers in
Spring 2019. We follow the organization of Davenport’s Higher Arithmetic (Cambridge
University Press, 8th Ed.) with some additional supplements. In particular, the ma-
terial on Farey fractions is based on Rademacher’s Lectures on Elementary Number
Theory.

[-..] the subject matter is so attractive that only extravagant incompetence
could make it dull.
— G.H. Hardy, E.M. Wright, Introduction to the Theory of Numbers






CHAPTER 1

Numbers and primes

1.1. The elementary operations

Arithmetic (from the Greek, arithmos, number, tike, art) is the study of numbers
and their properties under the elementary operations of adding, subtracting, multiply-
ing, and dividing.

The set of (natural) numbers' is

N =1{0,1,2,...}.

This set is infinite countable, and totally ordered (i.e. for any two elements a,b € N,
either a < b or b < a). We take for granted the following ‘laws of arithmetic’: for any
a,b,c e N,

(1) addition and multiplication are commutative: a + b = b+ a, ab = ba,

(2) addition and multiplication are associative: a + (b+c¢) = (a +b) + ¢, a(bc) =

(ab)e,

(3) multiplication is distributive with respect to addition: a(b+ ¢) = ab+ ac.
If a,b € N, then a — b € N if and only if a — b > 0. That is, N is not closed under
subtraction (1 —2 = —1 ¢ N). For this, we have the ring of integers

Z=1{.,-2-1,01,2 .}

Similarly, 7 € N if and only if a is a multiple of 0. For this, we have the field of
fractions

Q={}:a€Zbc N}

We won’t introduce here the algebraic terminology of rings and fields. Just think that
a ring is a set closed under addition, multiplication, and subtraction, such that each
element has an additive inverse a + (—a) = 0, while a field is a set closed under all four
operations, and such that each element has an additive and a multiplicative inverse
a-a ! = 1. Other examples of fields are R and C. These are successively larger than
Q as R is also closed under taking the square root of positive integers, and C is closed
under taking all square roots (since v/—1 € C).

1.2. Divisibility
We write a|b to say a divides b.
Example 1. 1,2,3,4,6,12, 18, 36|36, 5 /36.

1 Here, we will work in the French tradition of considering 0 as a number.
5



6 1. NUMBERS AND PRIMES

Note that if a,b € N and alb, there exists n € N such that b = an. If a,b € Z and
alb, there exists n € Z such that b = an.

Proposition 2. Take note of the following basic properties of division.

(1) If alb, b # 0, then a <b
(2) If alb and b|c then alc
(3) If alb and alc, then for any u,v € Z, a|ub + vc.

PROOF. (1) Since b=an forn >1,b > a.
(2) If b = an, ¢ = bm, then ¢ = (an)m = a(nm), i.e. alc.
(3) If b = an, ¢ = am, then for any u,v € Z,

ub 4+ ve = u(an) + v(am) = a(un + vm).

O

If b > a but a /b, then the division of b by a leaves a remainder/rest r, which is
smaller than a. This remainder is unique:

THEOREM 1 (Euclid’s division algorithm). Let a,b € N, with b > a. Then there
exists exactly two numbers q,r € N such thatb=aq+1r and 0 <r < a.

PROOF. Let r € N be the smallest number of the form b — aq. Suppose for contra-
diction that r» > a, then

r>r—a=b—a(g+1)>0

contradicts the minimality of 7. 0

1.3. Even and odd

Definition 3. We say that n is even if 2|n and odd otherwise.

In particular, any even number is of the form 2k (for some k& € N) and any odd
number is of the form 2k + 1. E.g. 3=2+1,17=2-8+ 1,14 =2-7. Of course, k is
then itself either even or odd... Here are some warm-up exercises.

Proposition 4. Any odd number is either of the form 4k + 1 or 4k — 1.

PROOF. Let n = 2k 4+ 1. Then k is either odd, k = 25 — 1, or even k& = 2j. Hence
eithern =45 —1orn=45+1. U

Proposition 5. If n € N is odd, then n? is odd.
PROOF. Since n is odd, n = 2k + 1 for some k£ € N. Then
n®=(2k+1)> =4k* + 4k + 1 = 2(2k* + 2k) + 1.

Proposition 6. The sum of the first n odd numbers is = n?.
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PROOF. The statement is formalized by the equation

3

1
(2k + 1) = n?
k=0

and easily proven by induction. First, it clearly holds for n = 1. Assume it is true for
n. Then

i
L

n

D RE+1)=> 2k+1)+2n+1=n"+2n+1=(n+1)"
k=0 0

x>
I

1.4. Prime numbers

Any n € N has at least two divisors: 1 and itself. We refer to those as the trivial
divisors of n.

Definition 7. If n > 2 is only divisible by 1 and n, it is prime. Otherwise we say
that n is composite.

In particular, if n is composite, there exist 1 < u,v < n such that n = uv.
THEOREM 2. Any n > 2 is either prime or factorizes as a product of primes, i.e.
n=Dp1---Pk-

PROOF. Suppose that the statement is true up to n — 1. Suppose further that n is
composite. There exist 1 < u,v < n such that n = wv. By our induction hypothesis,
both u and v factor into a product of primes: v = p;---p;j, v = q1---q. Hence
n = uv = py - - - q also factorizes as a product of primes. O

Example 8. 1000 = 23 - 53, 999 = 3 - 37.

The prime factorization of any number is unique (up to rearrangements); this is
called the fundamental theorem of arithmetic. We will prove this soon.

Example 9. Here are all the primes below 100:
2,3,5,7,11,13,17,19, 23,29, 31,37,41,43,47,53,59,61,67,71,73,79, 83,89, 97

How do we check that a given number is prime 7 Is there a smarter way to proceed
than just by brute force, i.e. checking that no smaller number is a divisor ? For the
moment, we only record the following observation.

THEOREM 3. If n has no prime divisors < \/n then n is prime.

PROOF. Suppose for contradiction that n is composite. In particular, n has at
least two distinct prime factors p, ¢ and there is a m > 1 such that n = pgm. By
assumption, p,q > /n, hence n > nm > n, which is absurd. 0]

Example 10. Since 2,3,5 [37, it is prime.
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Another question is whether we can determine efficiently the prime factorization
of a given large number. Here we present a trick of Fermat for factorizing using the
‘difference of squares.” Suppose you are given n € N. Pick the smallest number a such
that a® > n. At some point in the sequence

a>—mn,(a+1)*>=n,(a+2)?*—n,...
there is a perfect square b%, i.e. for some k € N, (a + k)?> —n = b?, or equivalently
n=(a+k—>0)(a+k+b).

Let’s now see a numerical example. Let n = 10'001. It is easy to see that 100? =
10’000 < n < 1012, Hence a = 101. Now we can quickly compute

101> — n = 200,102% — n = 403,...,105% — n = 1024 = 32°
leading to the factorization 10’001 = (105 — 32)(105 + 32) = 73 - 137. These factors are
small enough that we can very quickly check that 73 and 137 are both primes.
1.5. The set of primes

THEOREM 4 (Euclid). There are infinitely many primes.

PROOF. Suppose for contradiction that there are only finitely many primes: 2, 3,5, ...

Consider
N=2-3---p+1
By assumption, NNV is not prime since N > p. Since it is odd, it must have an odd prime
factor g|N. Then ¢ is an element of our finite list of primes 2,3,...,p. In particular,
q|(2-3---p), hence
(N —2-3-p) =1,
which is absurd. U

Now that we know that the set of primes is infinite, we may want to know how it is
distributed in N. This is not well understood, and relates to the famous (yet unproven)
Riemann hypothesis. Let us explore a first question in this direction. Apart from 2, all
prime numbers are odd. Now, we have seen that an odd number is either of the form
4k 4+ 1 or of the form 4k — 1. Are there infinitely many primes of both forms ?

THEOREM 5. There are infinitely many primes of the form 4k — 1.

PROOF. We mimic Euclid’s argument: suppose that there are only finitely many
primes of the form 4k — 1: 3,7,11, ..., p, and consider

N=4(3-7---p)—1.

By assumption N is not prime and odd. We show that not all prime divisors of N can
be of the form 4k + 1. In fact, since

4k +1)(4l+1) =44kl + E+ 1) + 1,

if all prime divisors of N were of the form 4k 4 1, then N would also be of the form
4k + 1. Hence N has a prime divisor ¢ of the form 4k — 1. Hence ¢|(3-7---p) also and
q|(3:-7---p— N) =1, which is absurd. O
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Remark that the same argument can not be used to prove that there are infinitely
many primes of the form 4k + 1 (why 7). This is nonetheless also true, as we will
see later. Actually, a much stronger result is known; this is Dirichlet’s theorem on
arithmetic progressions.

THEOREM 6 (Dirichlet). Any arithmetic progressions contains infinitely many primes.
In other words, there are infinitely many primes of the form ax + b.

The proof of Dirichlet’s theorem is unfortunately outside of the scope of this course,
but should be studied by anyone who wants to delve deeper in number theory !

1.6. Diophantine equations

If we know that every arithmetic progressions contains infinitely many primes, we
can think of a more general question: given a polynomial f(z) = a,2™+- -+ a1z +ag
with integer coefficients ag, a1, ..., a, € Z, are there infinitely many primes in its image
f(Z) 7 Well, currently, as soon as n > 1, nothing is known ! A reasonable guess is
that things would be easier if we have instead a polynomial with several variables,
flx1, 2o, ..., p)...

A Diophantine equation is a polynomial equation with at least two unknowns.
For example:

Example 11. (1) axz +by = c. In general, a polynomial equation where all terms
have degree 1 is called a linear Diophantine equation.
(2) 22 + y*> = 2. The integer solutions to this equation are called Pythagorean
triples and have been completely described by Euclid.
(3) 2" +y" = 2", for n > 3. Fermat’s last theorem (proven by Wiles in 1994)
states that these have no integer solutions.
(4) 22 —ny? =1, (n # k?), is called Pell’s equation.

Cracking a nut with a sledgehammer:
THEOREM 7. /2 is irrational for n > 3.

PROOF. Suppose for contradiction that /2 = 7. This is equivalent to 2b" =

b™ + b™ = o™, which contradicts Fermat’s last theorem. [l

Definition 12. We say that a,b € N are coprime if they have no common prime
factor.

Example 13. 15 =35 and 4 = 2 -2 are coprime.
THEOREM 8. Ifa,b € N are coprime, then the linear Diophantine equation
ar + by =c
has integer solutions.
PROOF. Let d > 1 be the smallest positive number of the form ax + by:

d = axqy + byp.
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We will show that d|a and d|b. Since a and b are coprime, we must have d = 1. Then
a(zoc) + b(yoc) = c is a solution. To show that d|a, we divide a by d: there are two
numbers ¢, 7 such that a = qd +r and 0 < r < d. Then

r=a—qd=a—q(axro+byo) = a(l — qzo) + b(—qyo)
is either 0 or contradicts the minimality of d. This proves that d|a. We can make the

exact same argument to prove d|b. 0

A moment of consideration should convince you that there are solvable equations
ar + by = ¢ where a and b are not coprime; for example, 2x + 4y = 6. You will also
notice in this example that all coefficients have 2 as a common divisor.

1.7. gcd and lem

Definition 14 (gcd). Let a,b € Z. The greatest common divisor of a and b is the
positive integer d such that
(1) dla and d|b and
(2) for any other common divisor ¢ of a and b, ¢ < d. The shorthand notation for
the ged is d = (a,b).

THEOREM 9. The linear Diophantine equation ax + by = ¢ has integer solutions if
and only if (a,b)]c.

PROOF. Choose d as previously; let it be the smallest positive number of the form
ax + by. Then we have seen that d|a and d|b. Moreover, for any m such that m|a, b,
then m|ax + by = d. Hence d = (a,b).

If d|c, there is a k such that ¢ = dk, and a(xzk) 4+ b(yk) = dk = ¢ is an example of
solution. Conversely, if az + by = ¢, we have that d|c since d|a and d|b. O

A very useful representation of the ged for practical manipulations is given by the
following corollary.

Corollary 15 (Bézout’s Lemma). For any a,b € Z, there exist u,v € Z such that
au+bv = (a,b).

Exercise 16. Use Bézout’s lemma to show that if c|a and c|b, then c|(a,b).

To compute the ged of two numbers one can rely on their unique prime factorization
or on the Euclidean division algorithm.

Example 17. (36,45) = (22-32,32.5) = 32 = 9, (422, 7491) = (2-211,3-11-227) = 1.

THEOREM 10. The gcd (a,b) is the last nonzero remainder when running the divi-
ston algorithm.

PROOF. We may assume that a > b. by the division algorithm, a = bq + ¢ with
0 <c<b. If dla and d|b, then d|r = a — bq. Conversely if d|r and d|b then d|a. Hence
(a,b) = (b, c). Repeating this process a finite number of time, we have

(a,b) = (b,c) =--- = (I, m) = (m,n)
with [ = ¢m +n, 0 <n <m, and m = ¢"n. Hence (a,b) = (m,n) =n. O
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Example 18. 7491 = 17-422 + 317 — 422 = 317+ 105 — 317 = 3 - 105 + 2 — 105 =
92-2+1.

Definition 19. The least common multiplier {a,b} is the number such that
(1) al{a,b} and bl{a,b}, and
(2) for any other common multiple alc, blc, {a,b} < c.
THEOREM 11. ab = {a,b}(a,b).

_ab
PROOF. Set z = (b

a,b|z. Let ¢ such that a|c and b|c, and represent (a,b) as (a,b) = au + bv. Then

Note that alaﬁ since (a,b)|b, and similarly b|ﬁb; S0,

c_ (ab)  autbv ¢ L
: Tab T a T d

and since a,blc, this is an integer, call it n. We thus conclude that ¢ = nx, i.e. zlc.
This goes to show that x = {a, b}. O

Exercise 20. Show that if a|c and b|c, then {a,b}|c.

1.8. The fundamental theorem of arithmetic
THEOREM 12 (Euclid’s lemma). If a,b are coprime and al|bc, then alc.

PROOF. By Bézout’s lemma, there exist u, v € Z such that au+bv = 1. Multiplying
both sides by c¢ yields

auc + bev = auc + anv = a(uc + nv) = c.

O

Euclid’s lemma is actually equivalent to the fundamental theorem of arithmetic. In
fact, we will prove the latter using Euclid’s lemma in the next section, but we can also
prove Euclid’s lemma with the fundamental theorem of arithmetic:

PROOF OF EUCLID’S LEMMA USING THE FUND. THM. OF ARITHMETIC. Consider
the prime factorizations b = py - - - pg, ¢ = qq - - - ;. Since a and b have no common prime
factors, none of py,...,py appear in the prime factorization of a. Hence alc. [l

Two neat consequences of Euclid’s lemma.

THEOREM 13. Let (x,yo) be a solution of the linear Diophantine equation ax+by =
1 with a,b coprime. Then the set of all solutions to ax + by =1 s

{(z,y) 12 =29 —bn, y=1yo+an, n € Z}.
PROOF. If (xg, 1) is a solution, then
a(xg —bn) + b(yo + an) = axg + byy = 1

for each n € Z. Conversely, suppose that ax + by = 1. Then subtracting this equation
to axg + byg = 1, we have

a(zo —2) +b(yo —y) =1-1=0,
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hence a|b(y — yo) and by Euclid’s lemma, a|(y — yo). Say y — yo = an. Then
a(xg —x) —ban =0
and ¢ = g — bn. ]
THEOREM 14. A number n > 2 is prime if and only if nlab implies that n|a or n|b.

PROOF. Suppose that n = p is prime. Then the claim follows directly by Euclid’s
lemma. Conversely, assume for contradiction that n is composite, i.e. n = wv for
1 < w,v < n. Then by assumption, either n|u or n|v. But since u,v < n, this is
absurd. 0

THEOREM 15 (Fund. theorem of arithmetic). Each n > 2 is either a prime or can
be uniquely (up to rearrangement of the factors) factorized as a product of primes.

PROOF. Suppose that n > 2 has two prime factorizations: n = p;---p, and n =
¢ -+ q. Thenp;|g, - - ¢. By Euclid’s lemma, p;|g; for some i. In fact, up to rearranging
the terms, we can suppose that pi|q;. Since ¢; is prime, we conclude that p; = ¢; and
our original equality reduces to ps---pr = ¢1---q. Repeating this argument a finite
number of times, we can conclude that £ = [ and primes on both sides agree. O

Observe that the argument above motivates the convention of excluding 1 from the
list of prime numbers. We note the following application of the fundamental theorem
of arithmetic, due to Euclid.

THEOREM 16. Let p be prime, then \/p is irrational.

PROOF. Suppose for contradiction that /p = §. Then pb? = a®. Consider the
prime decomposition b = p;---py. Then 0> = p?---pi has twice as many prime
factors, and in particular, has an even number of prime factors. Hence if we look at
the equation pb?> = a?, the left hand side has an odd number of prime factors, while
the right hand side has an even number of prime factors, which is absurd. O

Exercise 21. Generalize the proof above to show that if n is not a perfect square, then
\/n is irrational.



CHAPTER 2

Congruences

From the fundamental theorem of arithmetic, we see that the most natural (and
interesting) properties of numbers are multiplicative. In this way, we understand small
numbers very well, yet N is infinite. In fact, given very large numbers a and b

(1) How to check that n|m ?
(2) How to compute the prime factorization of m ?
(3) How to check whether n is prime 7

The latter two questions are difficult computationally. The first one is more accessible
for the reason that the Euclidean division algorithm is very fast and efficient. Of course
a|b if and only if the rest after division is r = 0. Recall that the rest must be an element
of the finite set {0, 1,...,n — 1}. In this chapter, by studying systematically the finite
set of remainders, or residues of division by n, we will get some more insight on these
three essentially questions about the structures of numbers.

Fix n > 1. We know that each a € Z can be written (in a unique way) as a = qgn—+r,
where ¢ € Z, and r € {0,...,n — 1}. In other words, when divided by n, any number
has its remainder (or residue) in the (finite) set {0,1,...,n—1}. We call two numbers
a, b that have the same residue congruent. We call n the modulus.

For illustration, order all integers as follows

—n—1
-n —n+1 —n+2 ... -2 -2
0 1 2 ... n—2 n-—1
n n+1 n+2 ... 2n—2 2n-1
2n 2n+1 2n+2 ... 3n—2 3n-—1

3n

then all members of a column are congruent.

2.1. Gauss’ notation for congruences

Definition 22. Letn > 1. We say that a is congruent to b modulo n, written a = b
(mod n), or even shorter, a =b (n), if a and b differ by a multiple of n.

In other words, a = b (n) if n|(b — a). Notice that n|(b— a) if and only if n|(a — b):
the equation b — a = kn is equivalent to a — b = (—k)n.
Example 23. 63=0 (3),64=1 (3), 7= -1 (8), 5> = —1 (13).

Exercise 24. Show that if a,b € N have the same parity (i.e. are either both odd, or
both even), then a = b (2).

13
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THEOREM 17. Being congruent to modulus n is an equivalence relation.

PROOF. Recall that ~ is an equivalence relation on a set S if it is reflexive (a ~ a for
all a € S), symmetric (a ~ bif and only if b ~ a for all a,b € S), and transitive (if a ~ b
and b ~ ¢ then a ~ ¢). We only check that being congruent is transitive, and leave the
rest to the reader. Suppose a = b (n) and b = ¢ (n). By definition, there exist &k, € Z
such that kn = (a—b) and In = (b—c¢). Hence a—c = a—b+b—c = kn+In = (k+1)n.
Thus nla — c. O

As a result, congruences to same modulus behave (mostly) like equations.

THEOREM 18. Fiz n > 1. Suppose that a =b (n) and ¢ = d (n). Then
(1) a+c=b+d(n) anda—c=b—d (n),
(2) am =bm (n) for allm € Z,
(3) ac=bd (n).

PROOF. By assumption nk = a — b and nl = ¢ — d, for some k,l € Z. Then
a+c—(b+d) = (a—>b)+ (c—d) = (k+l)n, which proves the first assertion in (1).
The second assertion is proven similarly. For (2), n|(b — a) and hence n|m(b — a) for
all m € Z. For (3), we note that by by (2), ac = bc (n) and also bc = bd (n). Hence by
transitivity, ac = bd (n). O

2.2. Applications

Gauss’ congruence notation is useful in devising obstructions on a number being
of a certain form. For example,

Proposition 25. If n =2 (4) or n =3 (4) then n is not a perfect square.

PROOF. Let n = a®. If a = 2k, then n = 4k* = 0 (4). Id a = 2k + 1, then
n=4k*+k)+1=1 (4). O

Proposition 26. Ifn > 3 is odd, then n? + 1 is not a prime.
PROOF. n is odd, hence n = 1 (2), hence n? =1 (2) and n> +1 =0 (2). O
Another application: divisibility tests. For example,

Proposition 27. Let n € N. If the sum of the digits of n is divisible by 3, then n is
divisible by 3.

PRrROOF. Consider the decimal expansion of n; n = ag+a;-104as-100+. .. ay - 10¥,

or,
n=ay+a;-(3*+1)+a(3* +1)+...ap- (3% +1)
=ag+a+ay+ - +a (3).
If the sum of the digits ag + a3 +...a; =0 (3), then n =0 (3). O

Remark 28. The same argument works with 9 instead of 3.

Proposition 29. If the last two digits of n are divisible by 4, then n is divisible by 4.
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PROOF. Consider the decimal expansion of n;
n=ap+ay-10+as 10>+ ...ay - 10*
=ap+a;-(2-5) +ay-(22-5%) + .. ap- (2759
=ap+a;-104+ay-(4-5%) +...ap-(4-2"2.55)
=ag+a;-10 mod 4.
[

Exercise 30. Show that if the alternating sum of the digits of n is a multiple of 11,
then n is a multiple of 11.

2.3. Arithmetic properties

One can generalize Theorem 18 to show that given a; = b; (n), i =1,...,k, then
aj+-ta=c 4+ (n), a-ap=cp-cx (n).

However the cancellation law (ab = ac = b = ¢) does not always hold in congru-
ence equations.

Example 31. 12=24 (10) and 2-6 =12, 7-6 = 42, but 2 £ 7 (10).
Proposition 32. If ab = ac (n) and (a,n) =1 then b = ¢ (n).
PrROOF. We will see that this is really only a reformulation of Euclid’s lemma.

Indeed, ab = ac (n) <= mnla(b — ¢) and since (a,n) = 1, n|(b — ¢) and this is
equivalent to b = ¢ (n). O

And in general,

Proposition 33. If ab = ac (n) then b= c (+).

(a,n)

PROOF. Let d := (a,n) and n = kd, a = ld. Then (k) = 1. (Why is this
true 7) With these new variables, ab = ac (n) becomes ldb = ldc (kd). Observe
that this is equivalent to Ib = lc (k). Since (k,l) = 1, the statement follows from
Proposition 32. U

We will denote by Z,, the set of distinct congruences z =0,1,...,n —1 (n). (This
notation, as the discussion about to follows, will be familiar to anyone who took abstract
algebra.) We now have seen that Z, is closed under addition and multiplication. It is

easy to see that a+x = 0 (n) has a solution — take x = —a (n)) — and that all solutions
are congruent to it mod n. What about az = 1 (n) ? If z is a solution, then it is
necessarily congruent to one of 1,2,...,n — 1. So we only have finitely many options
to check.

Example 34. Consider the following two examples.
(1) 3z. =1 (5). Then 3-2=6=1 (5) is a solution.
(2) 3z = 1 (6). Here there are no solutions. Indeed, 3 # 1 (6), 3-2 =0 (6),
3.3=3(6),3-4=12=0(6),3-5=3 (6).

Proposition 35. axr =1 (n) has a (unique) solution if and only if (a,n) = 1.
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PROOF. Suppose that z is a solution to ax = 1 (n), and suppose for contradiction
that d := (a,n) > 1. Then since d|n and n|(ax — 1), ax =1 (d). Since d|a also holds,
ar =0 (d), and we are left with 0 = 1 (d), which is absurd.

Conversely, suppose that (a,n) = 1. By Corollary 15 (Bézout’ Lemma), there exist
u,v € Z such that au +nv = 1. Then au =1 (n) and u is a solution to az = 1 (n).
Suppose u’ were another solution. That is, av’ = 1 (n). Then au = au’ (n). Since
(a,m) = 1, we may apply cancellation, and obtain that «w = ' (n). This proves that
the solution is unique. O

Exercise 36. Show that more generally, ax = b (n) has a solution if and only if
(a,m)|b.

The only a € Z having a multiplicative inverse, i.e. for which axz = 1 has a so-
lution, are a = +1. And in particular, these are self-reciprocal (their own inverses).
Proposition 35 above tells us that in Z,, there are

on)=#{1<a<n:(a,n) =1}

elements that admit a multiplicative inverse. (The function ¢(n) is called Euler’s
totient function, and we will meet it again...)

Example 37. Check that (4) =2, ¢(17) = 16, and that in general (p) =p — 1.

Question: How many elements in Z,, are self-reciprocal ? For the moment, we will
answer this for n = p prime. That is, how many a € Z, satisfy a®* =1 (p) ? Observe

a’=1(p) <= a*—-1=(a—1Da+1)=0(p) = a=1(p)anda=—1 (p),

hence there are only two self-reciprocal elements mod p: 1 and p — 1. Using this, we
can present Gauss’ proof of Wilson’s theorem:

THEOREM 19 (Wilson’s theorem). p is a prime if and only if (p — 1) = —1 (p).

PRrROOF. If p = 2, this is clear. Suppose that p > 2. Suppose that p is prime. By
the discussion above, each of 1,2,...,p—1 has a (unique) multiplicative inverse among
1,.....p — 1. Moreover, in this set, only 1 and p — 1 are self-reciprocal. Consider the

product 2-3---(p —2). This is a product of p — 2 — 1 = p — 3, i,e, an even number of
factors. If we pair each factor with its reciprocal, we obtain that

(p—2)!=2-3---(p—2)=1(p).

And so multiplying both sidesby p—1: (p—1)!=p—-1=—1 (p).

Conversely, assume for contradiction that p has a non-trivial divisor, d|p. Then
(p—1)!=—1(d), but since d < p, (p—1)! =0 (d). We are left with 0 = —1 (d) which
is absurd for d > 2. OJ

We have a new primality test ! ...but considering it requires computing a factorial,
this is rather only of theoretical value. In the next section, we see another similar
primality test — via Fermat’s little theorem — that as practical significance.
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2.4. Fermat and Euler theorems

THEOREM 20 (Fermat’s little theorem (1640)). Let p be a prime, and (a,p) = 1.
Then

a’ ' =1 (p).
PROOF. We present a proof of Ivory (1806): a,2a, 3a, ..., (p—1)a are congruent (in
some order) to 1,2, ...,p—1. In fact this is a one-to-one correspondence: if ja = ka (p)

then since (a,p) =1, j =k (p), but 1 < 5,k <p—1, hence j = k.) Then

a(2a)(3a)--- ((p—1a) = (p—1)! (p)
and

a(20)(3a) - ((p — L)a) = (p — 1la*""
Thus (p — 1)la?~! = (p — 1)! (p) and since (p, (p — 1)!), we may divide (p — 1)! from
both sides. 0

Remark 38. For applications (as we will see an example below), it is sometimes useful
to keep in mind that a? ' =1 (p) < da? =a (p).

We next discuss two applications of Fermat’s little theorem.

(1) Primality testing. We can rule out that a large number is prime using Fermat’s
Little Theorem (how?). Conversely, a number n for which (a,n) =1 and "' =1 (n)
has a good chance to be prime, but this is not sufficient. An example is 561 = 3-11-17.
We test with Fermat using repeated squaring to reduce the power to compute. First
note 560 = 2-280 = 2-2-140 = 23 .70 = 2* - 35. Good enough, 2% is computable. In
fact,

2% = 263 (561).
Squaring both sides,

270 =166 (561),
and repeating the process enough many times: 20 = 67 (561), 228 = 1 (561), and
from here it follows that

2700 =1 (561).
Hence 561 is a ‘false positive’. We call such numbers pseudo-primes (or Carmichael
numbers) — 561 is the smallest pseudo-prime.

(2) Solving linear congruence equations. Earlier, we have seen that the equation
ax = b (p), for p prime, has a solution. Fermat’s Little Theorem gives us a simple way
of finding this solution: multiply both sides of the congruence equation by a?~2, then
using that a?~! =1,

ar =b (p) = x=a""% (p).

Example 39. Let’s solve 5o = 2 mod 17. Applying Fermat, = 5°2 mod 17 is a
solution. We now want to find the remainder of 5'°2 when divided by 17:

5% =257 . 5=8".5=64%-40=(-4)>- 6 =-16-24=1-7=7 mod 17
hence x = 5% -2 =14 mod 17.
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From this, can we infer the case of general modulus n ? This is Euler’s generalization
of Fermat’s theorem:

THEOREM 21 (Euler’s theorem, 1760). If (z,n) =1, then
¢ =1 (n),
where p(n) = #{0 <m <n:(m,n) =1} is Euler’s totient function.

Remark 40. We have already met Fuler’s totient function once. For now, let’s simply
observe that if p is prime, p(p) = p — 1. So this indeed generalizes Fermat’s theorem.

PROOF. We apply the same argument we applied to prove Fermat’s Little Theorem.
We first list all 1 < a < n satistying (a,n) = 1 as follows:

ai,as,...,aq

where k = ¢(n), since this is by definition the number of positive integers below n that
are coprime to it. We now consider

ay - a,az - a,...,a0 - Q.
These are congruent (in some order) to aj, as, ..., ax such that
(ap---ap)a” = (a;-a)(ag-a)---(ax-a) = a;---a; mod n.

To cancel (ay - --ax) on both sides, we only need to show that (aj---ag,n) = 1 and
this follows by repeated applications of Euclid’s lemma. 0]

The latter point in the proof is sufficiently important and general to stand as a
Lemma on its own.

Lemma 41. Let ay,...,a, € Z such that (a;,n) = 1 for each i = 1,...,k. Then
(ay---ag,n) =1.

PRrOOF. Exercise. O

2.5. Chinese remainder theorem

As we have just seen with the Fermat—FEuler theorem, solving an equation of
the form ax = b (mod n) reduces to finding the smallest residue = such that = =
a¥M=1p (mod n), and an efficient way of doing division by hand is using the method
of repeated squaring. As is clear from Example 112, the smaller the modulus is, the
quickest the operation. Let’s see a numerical example with a larger modulus: What is
the remainder of (102" + 55)37 divided by 111 ? In other words, we want the smallest
positive residue r such that r = (1027 + 55)37 (mod 111). An efficient way of treat-
ing such a problem is to break it into several congruence equations of smaller prime
modulus. Here, 111 = 3 - 37. Observe that if r = (1027 + 55)37 (mod 111), then

r = (102" +55)*" (mod 3)
r = (102" + 55)*" (mod 37)

and vice versa. Let us formalize this observation:
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Proposition 42. Fizn > 2 and consider its prime factorization n = p’fl x -pfl, where
P1y ..., 0 are distinct primes. Then X is a solution of ax = b (mod n) if and only if
X is a solution of

ax = b (mod pt*)

ax = b (mod p}")
PROOF. Exercise.. U
Coming back to our numerical example, we note that
102=0(3), 55=1(3)
hence (1027 + 55)37 =1 (3) and by Fermat’s Little Theorem,
1027 = (102%%)% - 102 = 102 = -9 (37)
hence 1027 + 55 = 9 (37) and applying Fermat’s Little Theorem once more,
(102" + 55)%7 = 9 (37)

In summary, we have the system of equation

r =1 (mod 3)
r=9 (mod 37)
THEOREM 22 (Chinese remainder theorem). Let ny,no, ..., ny be pairwise coprime.

Then the system of congruence equations
r=a; (n)

T = ay (ngy)

T = ag (ng)
admits a unique solution X (mod ny -ng---ny).

PROOF. The proof is by induction over k. Suppose k = 2. Then we have a system
of two congruence equations

r=a (m)

r=0b(n)
Since (m,n) = 1, there exist u,v € Z such that mu 4+ nv = 1 (Bézout’s Corollary 15).
Note that mu = 1 (mod n) and nv = 1 (mod m), hence x = anv (mod m) and

x = bmu (mod n). Thus, X = anv + bmu is a solution. Suppose there were another
solution X’. Then X = X’ (mod m) and X = X’ (mod n). Hence there exists j € Z
such that X — X’ = jn and m|jn. Then since (m,n) = 1, by Euclid’s Lemma, we
conclude that m|j, and hence X = X’ (mod mn).

Suppose now the claim holds for systems of < k equations, and consider the system
above with k equations. By assumption, the first £ — 1 congruence equations have a
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simultaneous solution a (mod nq -+ ng_1). Set m :=mny---ng_1, n:=ny, b:= a;. Our
system therefore reduces to

a (m)
r=0b(n)

If we can show that (m,n) = 1, then we’re done. Hence, suppose that p is a common
prime factor to m and n. Since p|m = ny - - - ni_1, by Euclid’s lemma, p|n; for some i.
Hence p is a common prime factor to n; and n = ny. This is absurd since (n;, ny) = 1.
Hence (m,n) = 1. O

Let’s conclude with a numerical application: what is the remainder of (1027 +55)37
divided by 111 ? That is, we want to find x = (102" + 55)37 (111). First note the
prime factorization 111 = 3 - 37. Applying Fermat,

(1027 +55)*" = 102" + 55 = 102™ + 18 (37)
where
1027 = 102%37-1 = 102%7! = 28 (37),
hence
(1027 4 55)37 = 28 + 18 = 9 (37).
The same process mod 3 yields
(1027 4 55)*" = 2 (3).

Hence the remainder is the solution to the system of equation

=9 (37)

r=2(3).

Exercise 43. Show using the Chinese remainder theorem that v =7 (111).

2.6. Euler’s totient function
Recall Euler’s totient function
on)=#{1<a<n:(a,n) =1}
This is our first example of a multiplicative function.
THEOREM 23. If (m,n) =1, then p(mn) = p(m)p(n).
PRrROOF. Consider the sets
A={l1<a<mn: (a,mn) =1},
B={l<a<m:(a,m)=1}, C={l1<a<n:(an)=1}
Note that |p(mn) = |A|, p(m) = |B|, p(n) = |C|. Define
F:A— BxC

by
F(a) = (a (mod m),a (mod n)).
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Our claim is that this function is a bijection (or, one-to-one correspondence). But
first we need to make sure that this map is well defined: if 1 < a < mn satisfies
(a,mn) = 1, then a’ = a (mod m) satisfies (a/,m) = 1, and b = a (mod n) satisfies
(b,n) = 1. Let us check the latter claim. First, suppose that «” =0 (mod n) then nla
and this contradicts (a,mn) = 1. Second, let d be a common divisor to b and n, then
since n|(b — a), d is also a common divisor to a and mn. Since (a,mn) = 1, the only
possible common divisor is d = 1, hence (b,n) = 1.

By the Chinese Remainder Theorem, for every pair (a (mod m), b (mod n)) € BxC
with (a,m) = (b,n) = 1 there exists a unique 1 < 2 < mn such that

x = a (mod m)
x =b (mod n).
Since (a,m) = (a,n) = 1, it follows that (z,m) = (z,n) = 1, and hence (x,mn) =
1. This shows that F' is a one-to-one correspondence, and therefore its domain and
codomain must have the same cardinality: ¢(mn) = @(m)p(n). O
Hence, to compute ¢(n), we need

(1) to know the prime factorization n = ph -pfl of n, and
(2) to know the value of ¢(p*) for k € N.

Proposition 44. Let p be a prime. For k € N, o(p*) = p* — pF~1L.

PROOF. We count 1 < a < p* such that (a,p*) # 1: these are a = m - p, for
m=1,...,p" 1, hence p(p*) = p& — p*~1, O

Combining these results,
o) =l g =P —p ) (U =p ) =n ] -p "),
pn

where the product is taken over all prime divisors of n. This is Euler’s formula.
Finally, we take note of the beautiful identity noted by Gauss: for every n,

n= ng(d).

dln

2.7. Higher order congruences
In this section
flx) = apx® + ap 12"V + o aga® + a4 ag

is a polynomial of degree k (in particular, a; # 0) and with integer coefficients
ag,ai,...,ar € Z. We say call f(z) = 0 (mod n) a congruence equation of order
k. So far, we have studied congruence equations of order 1, also called linear congru-
ence equations. Just as was the case then, solving higher order congruence equations
boils down to solving system of equations to prime moduli; this is the cumulative
content of the next two propositions.
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Proposition 45. Fizn > 2 and consider its prime factorization n = p’fl x -pfl, where
P1y .-, o are distinct primes. Then X is a solution to f(x) =0 (mod n) if and only if
X is a solution to

f(x) =0 (mod p")

f(x) =0 (mod pr")
PROOF. Adapt the proof of Proposition 42. O

Proposition 46. Let k > 1, and let p be a prime. Then,
(1) if X is a solution to f(x) =0 (mod p*)
(2) if Y is a solution to f'(X)z + L0 =0 (mod p),

p
then X + p*Y s a solution to f(x) =0 (mod p**1).

PRrROOF. By Taylor expansion,

FX +p"Y) = f(X) + Y f(X) +m - p"t!

(X))

& + m' - p for some integer m’.

for some integer m. By assumption f'(X) Y = —
Plugging this in the formula above:

f(X +p"Y) = (m/ +m)p*™ =0 (mod p*t1).

O

We will study in depth quadratic congruence equations next chapter.

Exercise 47. Prove that if (4a,n) = 1, solving ax® + bx + ¢ = 0 (mod n) can be
reduced to solving a congruence equation of the form y* = q (mod n). (Hint: multiply
ax? + bx + ¢ by 4a and complete the square.)



CHAPTER 3

Quadratic reciprocity

In this chapter, p will always denote an odd prime. The set of non-zero residues
mod p is Zy = {1,2,...,p — 1}. This set has the algebraic structure of a group.

Definition 48. A set G equipped with an operation o : G X G — G, (g,h) > goh is
called a group if

(1) (G 1s closed under o) for every g,h € G, goh € G,
(2) (existence of identity) there exists (a unique) e € G such that goe = eog =g,
(3) (existence of inverse) for each g € G, there exists (a unique) g € G such that

99 = g9 = e.
Proposition 49. Z; is a group with respect to multiplication mod p:
(k1) € Z, x Zy — Kkl (mod p) € Z;,.

PROOF. We check that (1)-(3) hold. First we show (1); that &kl (mod p) € {1,...,p—
1}. The remainder of kl divided by p is in {0,...,p — 1}. If kl = 0 (p) then either
k =0 (p) or I = 0 p, which are impossible since k,I € Z5. We now show (2);
k-1=1-k=kfor each k € Z;, and we claim that this holds only with 1. Indeed,
using cancellation, ak = k (p) reduces to a = 1 (p). Finally, consider the equation
kx = 1 (p). This equation has a unique solution (cf. Proposition 35). This proves

(3). O
3.1. Quadratic residues
Let p > 3.

Definition 50. An integer a is called a quadratic residue mod p (QR) if

2* = a (mod p)

has a solution, and it is called a quadratic nonresidue (QNR) otherwise.
Example 51. What is the set of QR mod 5 ? First we note that the answers depends
only on a (mod p). Then
1?=1(5), 2°=4(5), 3¥=4(5), 4*=1(5
that 1s, 1 and 4 are QR mod 5, 2 and 3 are QNR mod 5.

In this chapter, we will seek to answer the following questions.
(1) Given p, determine the set of QR mod p
(2) Given a and p, determine quickly whether a is a QR mod p.
(3) Given a, determine the set of odd primes p such that a is a QR mod p
23
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For a number theorist, task (3) is particularly alluring because it would provide
new information about primes. Is it at all feasible? Clearly a =1 is a QR for all p.

THEOREM 24. a = —1 is a QR (mod p) if and only if p=1 (mod 4).

PROOF. Suppose that 22 = —1 (mod p) has a solution. (In particular, this implies
that © #Z 0 (mod p).) Assume for contradiction that p = 4k + 3. Then
gL = g2 20 — (265 — ] (mod p),

and this contradicts Fermat’s theorem. This shows that our assumption is absurd, and
since p is odd, we must therefore have p =1 (mod 4).

For the converse, we present an argument of Lagrange. Let p = 4k+1. By Wilson’s
theorem, (p — 1)! = (4k)! = —1 (p). On the other hand, 4k = —1 (mod p), and so,
4k — 1= —2 (mod p), 4k — 2 = —3 (mod p), etc. Thus

(AE) = 1-2--(2k) - 2k +1) -~ (dk — 1) - (4k) = 1-2--- (2k) - (—2k) - - (=2) - (—1)
= (—=1)%((2k)1)? = ((2k)!).
0

In the coming section, we deduce from this that there are infinitely many primes
of the form 4k + 1 (recall the discussion in Section 1.5).

Exercise 52. Why can’t the proof given to show that there are infinitely many primes
of the form 4k — 1 be also used to show that there are infinitely many primes of the
form 4k +1 2

3.2. Primes of the form 4k + 1
THEOREM 25. There are infinitely many primes of the form 4k + 1.
PROOF. Suppose for contradiction there are only finitely many such primes:
5,9,13,...,p.

Let
N=4(5-9---p)*+1.

Thus N =1 (mod 4), and since N > p, it is by assumption not a prime. In particular,
it must have an odd prime factor ¢|N = (2-5---p)> + 1. Then

(2-5---p)* = —1 (mod q).

Thus by Theorem 24, ¢ = 1 (mod 4). Therefore ¢ is in our list of primes of the form
4k + 1, hence ¢|(5-9---p). But then

gl(N—4(5-9---p)*) =1,
which is absurd. [l
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Let’s see the first few examples of primes of the form 4k + 1 and 4k — 1.
p=1(4) p=-14)

5=22+1 7
13 =3%+42? 11
17=4*4+1 19
29 = 5% + 2° 23
3T=62+1 31
Exercise 53. Show that no prime of the form p = —1 (mod 4) can be written as a

sum of two squares.

Lemma 54 (Fibonacci).
(a® + b*)(* + d*) = (ac + bd)? + (ad — bc)?
PROOF. Direct computation. 0
Exercise 55. Check Euler’s identity
(> + 0>+ +d*) (A% + B>+ C* + D?) = (aA + bB + cC + dD)*+
(aB — bA — ¢D + dC)*+(aC + bD — cA — dB)* 4 (aD — bC + cB — dA)*.
With this identity, one can Lagrange showed that to show that every number can be

written as the sum of four squares, it suffices to show that every prime can be written
as the sum of four squares. This is Lagrange’s theorem.

THEOREM 26 (Fermat). Every prime of the form p =1 (mod 4) can be written as
a sum of two squares, in a unique way.

PROOF. Since p =1 (mod 4), —1 is a quadratic residue, and p|(z? + 1). Choose m
to be the smallest positive integer such that mp can be represented, as the sum of two
squares, i.e.

mp = 2 + ¢
for some x, y. Such m exists since for some n, pn = 22 + 1.

For contradiction, we will assume that m > 2. Then we may choose —%m <a,b<
im such that a = z, b=y (m). Then a® +b? = 2?4+ 4?0 (mod m); in particular, there
exists k € Z such that

km = a® + b*.
Multiplying the above two equations, and applying Fibonacci’s identity,
km?p = (a* + b*)(2* + y*) = (ax + by)* + (ay — bx)*. (3.1)

The right hand side is divisible by m?: recall that a = z,b =y (m);
ax +by = a* +b* =0 (m)

and
ay —bxr = ab—ba =0 (m).



26 3. QUADRATIC RECIPROCITY

hp = <a$+by>2+ (ay—ba:)z.
m m

2 m2

km=a?+pt< 0
ma+_4—|—4

and hence k < 7 < m, contradicting the minimality of m.

We now prove the uniqueness of the representation. Let p = 22 + y? = a? + b2
Since p is prime, (z,y) = (a,b) = 1.

Mod p, 22 = —y%. Then

P = (2 + ") (@ + 1) = (za+ yb)” + (xb — ay)’. (3.2)

Since p = 1 (mod 4), —1 is a QR mod p. Let h be a solution to 2> = —1 (mod p). Then
2?2 = —y? = (hy)? (mod p) and a® = (hb)? (mod p) have solutions z = hy, a = hb, and

xa + yb = h*yb+ yb= —yb+ yb =0 (mod p), xb — ya = hyb — hyb = 0 (mod p).
In particular, both terms on the RHS of (3.2) are divisible by p?. We thus have

2 2
- (xa—i—yb) N (xb—ya) .
p p

There are only two ways to represent 1 as a sum of two squares, either (a) 1 = 0% + 12
or (b) 1 =12+ 02

Hence

Now recall that

Let’s consider case (a) first. Then xa = —yb. Since (x,y) = 1, x|b, and since
(a,b) = 1, blz. Thus b = z. Similarly, one shows that a = y. Case (b) is left as an
exercise. U

More generally,

THEOREM 27. A positive integer n > 1 is a sum of two squares if and only if it is
of the formn = d?-2' - py - pr, where d > 1,1 € {0,1} and py, ..., px are distinct odd
primes of the form 4k + 1.

3.3. Legendre symbol

Recall our list of tasks

(1) Given p, determine (efficiently) the set of QR mod p
(2) Given p, determine (efficiently) whether a is a QR mod p
(3) Given a, determine (completely) the set of prime moduli p such that a is a

QR mod p

In this section, we address (1) and (2).

Proposition 56. There are exactly ’%1 QR (mod p), and ’%1 QNR (mod p).
PROOF. We have to count the number of distinct residues a?

ranges over 1,...,p — 1. Since

(mod p) where a

a* = (p —a)® (mod p)
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there are at most ;%1 distinct residues. We now show that there are exactly that many
QRs. Let a,b € {1,..., 21}, and suppose that a> = b* (mod p). Then

a>—b*=0(p) = (a—bla+b)=0(p) = a==b(p).
Since a and b are both in {1,...,’%1}, a="b. d

Example 57. We determine the set of QR mod 17. There will be 8, and since a®> =
(17 —a)? (mod 17), we only need to compute the first 8 squares to find the QR. These
are

1, 22=4,3=9,42=16, 3*°=8, 6°=2, ? =15, 82 =13.

Lemma 58. We note the following multiplicativity behavior.

(1) If a and b are QR mod p, then ab is a QR mod p,
(2) Ifa is a QR and b is a QNR, then ab is a QNR,
(3) If a and b are QNRs, then ab is a QR.

PROOF. The first statement is easy: if 22 = a (p) and y* = b (p) then (zy)* = ab (p).
For the next two statements, we list all residues mod p in function of whether they
are QRs,

T, Tk
or QNRs,

ni,...,Ng,
where k = ;%1' Let a be a QR mod p. Then

ary, ...,arg, ANy, . . ., QNg

are all distinct. By (1), the first half, namely ar,...,ar, are QRs, and this implies,
by Proposition 56, that the second half are QNR’s. In particular, each product of a
QR and a QNR is a QNR. This proves (2). The same argument can be used to prove
(3) (exercise). O

Thus QR behave like +1, QNR like —1; this motivates the following definition.

Definition 59 (Legendre symbol). For a € Z, p an odd prime, the Legendre symbol is

a +1 aisa QR modp
(5) N {—1 a is a QNR mod p

and (2) =0 ifa=0 (p).

P
Proposition 60. We record the following desired properties.

(1) (%) depends only on a (p),

@ (3)=6)6)

(3) (Euler’s criterium) ( ) = ap%l (p).

a
p
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PROOF. For (1): Suppose that b = a (p). Then if a is a QR, there exists X € Z7
such that X? = a = b (p), hence b is also a QR. Similarly, if a is a QNR, then b is a
QNR. And if a =0 (p), then b= 0 (p).

The second point is simply a reformulation of Lemma 58.

To prove Euler’s criterium, suppose first that a is a QR: 2 = a (mod p). By
Fermat’s Little Theorem,

p—1

a2 =a27' =1 (mod p)
Suppose instead that a is a QNR. For each b € {1,...,p — 1}, we know that bz = a

(mod p) has a unique solution b, and b # b since otherwise a would be a QR. Therefore,
we can pair each residue below with its multiplicative inverse:

(p—l)!:1-2---(])—1)5@"’01:@}%1 (mod p)

and Wilson’s theorem states that (p — 1)! = —1 (mod p). O
Example 61.

BROIOROIONG

3.4. Gauss’s Lemma

2% =1 (mod 97)

Example 62. By Fuler’s criterion,
1 p—1
— | =(=1) 2 (mod p).
p
This is +1 pr%l = 2k for some k € Z, and —1 pr%l =2k + 1 for some k € Z. In
other words, —1 is a QR ezactly when p is of the form 4k + 1.
Proposition 63. 2 is a quadratic residue mod p if and only if p = +1 (mod 8).

p—1
PROOF. By Euler’s criterium, (%) =2 2 (mod p). Observe

A
L
A
L

22 (5N = 277 - [1-2 (25 - 1)(55Y)]
— 2.4...(p—3)(p_1)7
3

and notice that p—1= —1 (p), p—
we conclude that

= —3 (p), etc: regrouping even and odd numbers,

2°7 (24 = (=1)(2)! (mod p)
and hence

N
|
Il

(=1)” (mod p)
for

v=#{ke{l,. . B} Bl <2k <p-1}=4#{ke{l,... .} L <k <1}
Let p =4j +r, where r € {1,3}. Then
v=#{j+F <k<2j+ 5}
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Nowifr=1,v=j,andifr=3, v=#{j<k<2j+1} =7+ 1.
If jis even, p = r (8), and v is even if and only if » = 1. If j is odd, then
p=4+r(8). and v is even if and only if » = 3. This establishes the claim. O

) -7 &)= () () =)

since 97 =1 (mod 8).

Example 64.

Lemma 65 (Gauss’s lemma). Let a € Z;. Then

()

where v is the number of residues ka (mod p), fork =1,..., ’%1 that lie in the interval
(5.p).

PROOF. First recall that the a,2a, ..., ’%la have distinct residues mod p. Define

ai,...,ap—1 such that ka = a; (mod p) and —% < a; < §. Let
2

=#{ke{l,... .2} : - <q <}.
Then
7 (2! = a(2a) - (%5ta) = (1) (55! (mod p).
Dividing both sides by (5~ )' together with Euclid’s criterion concludes. 0

The application of Gauss’s lemma to the following proof is perhaps more instructive.
Proposition 66. 3 is a QR mod p if and only if p = +1 (mod 12).

PROOF. Let p = 12k + r. We need to count the number n of integers b in the
interval

p—1 p—1 p 1
— < 3b = —— <b< = = 2k —<b 4k + —
2 <P 6 3 * % = +3

Since we only care whether n is even or odd, we may remove 2k and 4k from both

sides:
r—1 < T
6 3

fr=+1,n=0 Ifr=57n=1 0

5. Quadratic reciprocity law

Proposition 67. If p,q are primes such that p = +q (mod 4a) then

(0)-6)
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PROOF. Let p = ¢ + 4ar, and a € Z;. Let n be the number of integers b in the
interval . )
P p<l = ot L
2a a 2a a
Let n’ be the number of integers b in the interval

—1
=7 p< &
2a a

Then n and n’ have the same parity (namely, n is even if and only if n’ is even). This,

together with Gauss’ lemma, implies that (%) = (%) The same argument applies when

p = —q (mod 4a). O

THEOREM 28 (Quadratic reciprocity law). If p and q are odd primes, then

(0) - TR (e

JONCNERCIENCN
(-0 (- (IE G)-o )
<

Since p = ¢ (4), by Proposition 67,

and as such, if p = ¢ (4),

Otherwise, p = —q (mod 4). Let p + ¢ = 4a. Then
(0)-(=29)-(5)-().
0)- (=)~ (&)

and again by Proposition 67, <§) = (5)

3.6. Applications

p—lg—1
In the applications below, we use that for two odd primes (2)(1) = (=1) 2 2

and (_71) = 1 if and only if p =1 (mod 4), and (%) = 1 if and only if p = +1 (mod 8).
Exercise 68. Show that for all odd primes p,q (’5’) = (%) except when p = q =3 (mod

4), in which case, (2) = —(%)
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Example 69.

(352) - () = (o) - () - (&) - () - (5) - (7)) -

Example 70.

BN _ (2 (1T _ (1T _ (97N _ (12 _ 2\ (3N _(3)__,
(s0) = () ()= (57) - () - () - (&) () - () -
Example 71. We determine the set of odd primes p for which (%) = 1. By the
Quadratic Reciprocity Law, (g) = (&), which depends only on p (mod 5). We quickly

check that
(5) =)= ()-()-~
5 5 ’ 5 5
Hence (g) =1 if and only if p = £1 (mod 5) and since p is odd, this is really p = +1
(mod 10).

Exercise 72. Let p be an odd prime. Explain why (%) = (—=1) 2 (%). The first factor

on the right hand side depends on p (mod 4) and the second on p (mod 7). Hence the
right hand side depends on p (mod 28). Determine the set of odd primes p such that

(=1
Proposition 73. There are infinitely many primes of the form bk + 1.

PROOF. To complete We give a “Euclidean proof” of this statement. Assume for
contradiction that there are only finitely many primes, p; < ..., < p, of the form
5k + 1, and set

N = (p1---pn)® = 5.
Then N > p, and N = 1 (mod 5). Then N is not prime, and factors as a product
of primes. Let ¢ be an odd prime divisor of N. Then (p;---p,)* = 5 (mod ¢). By
the example above, ¢ = +1 (mod 5). Hence ¢|(p; - - - pn)? — N = 5, which implies that
q = 5, which is absurd. 0]






CHAPTER 4

Farey fractions

The field of fractions is
Q={}:a€Zbc N}

and addition and multiplication are given by, respectively

a ¢ ad+bc ab ac
b d  bd cd  bd
Every fraction ¢ € Q has an additive and a multiplicative inverse:
a —a a b
-+ — = —-—=1
A

Exercise 74. Prove the following statements.

(1) Q is a field

(2) Q is an infinite countable set

(3) Q is a totally ordered set with respect to the following order:
a

C
5<3 <~ ad < be.

(4) Show that this order would not be well-defined if bd < 0. (This is why we
impose that the denominator of each fraction in Q be positive!)

4.1. Farey sequence

Two observations:

(1) Each real number x can be written as the sum = = |z| + {z}, where |z
(the integral part of z) is the largest integer < z, and {z} := x — |z] (the
fractional part of x). Note that {z} € [0,1). In particular each fraction in
Q is the sum of an integer and a fraction in [0, 1).

(2) Fractions are not unique in the following sense:
3 15 12

4720 16
A fraction { is called reduced if (a,b) = 1.
Exercise 75. Show that each fraction has a unique reduced form.
Definition 76. The Farey sequence F, of order n is the ordered set of all fractions
0<% <1inQ such that 0 <b<n.

33
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Example 77.
Fi={0,1}, F={0,3,1}, F={0,5,3.2,1}, F={0,13,3.5 3,1},
Proposition 78. For each n € N*,
Fo=Fu1U{%: (a,n) = 1}.
PROOF. By definition,
Fo=1{5€0,1]:0<b<n}={3€0,1]:0<b<n—-1}U{2:(a,n) =1}

O
Corollary 79.
Fal = 14> o(k).
k=1
PROOF. By recursion,
[Fol = | Faal +0(n) = |Fi[+ > olk) =14 (k)
k=2 k=1
for the convention (1) = 1. O
Proposition 80. If 3 < 5 are fractions in Q, then we call ZT+§ the mediant, and
a - a-+c < c
b b+d d
PROOF. e o
T d <5 = (a+c)d < (b+d)c < ad < bc
and this is true by assumption. The other inequality is proven the same way. U

Definition 81. Two consecutive fractions ¢ < § in a Farey sequence are called Farey
neighbors.

Example 82. 1 and % are Farey neighbors in Fy, 0

i are Farey neighbors in F3 but
not in Fy.

1
’3

THEOREM 29. If § < 5 are Farey neighbors, then cb — ad = 1.

PROOF. We prove the statement by induction over n, the order of the Farey se-
quence. For n =1, % < % are the only Farey neighbors, and 1 — 0 = 1. Suppose the
assertion holds for all Farey neighbors in F,,. Let % be a reduced fraction that is not
in F,,. Then one can find two Farey neighbors in F,, such that

a T C

b "y d
Let
a =xb— ay, b =cy—dzx.
By the inequalities above, o, 5 > 1. We now solve this linear system of equations.

r=1 <= ad+ady =cby — fb <= y = ad+ (b,



4.2. GEOMETRY OF FAREY FRACTIONS 35

where we used that ¢b — ad = 1 (our induction hypothesis). Similarly, we show that

x = Pa+ ac.

Hence every reduced fraction between ¢ and § can be written as
T _ Ba + ac
y ad+ b

The next reduced fraction to appear between § and § in the Farey sequence is, by

defintion, the one with smallest denominator, and this happens for « = g =1, i.e.
r a-+c

y b+d
the mediant of ¥, <. Since all other % have higher denominator, they will only appear

in later Farey sequences, and our new Farey neighbors are § < ‘;T*g < 5. We now easily
check that they satisfy

(a+c)b—alb+d)=cb—ad=1, c¢(b+d)—d(a+c)=cb—ad=1.
U

Corollary 83. The fractions that belong to F, 11 but not F,, are mediants of fractions
m Fn.

Exercise 84. Show that if |cb — ad| = 1, then ¢, § must be Farey neighbors in some

d
Farey sequence.

4.2. Geometry of Farey fractions

Definition 85 (Ford circle). The Ford circle Ca associated to the reduced fraction §
b

a 1
b’ 2b2

Hence each Ford circle Ca "lies on" the r-axis, and is tangent to it exactly at z = £.

1s the circle with center at

and radius 1/2b.

b
Below we see the Ford circles for all Farey fractions in 5.

THEOREM 30. The interiors of two distinct Ford circles are disjoint. Moreover, two
distinct Ford circles Ca and Cﬁ are tangent if and only if 3 and 5 are Farey neighbors

b
(in some Farey sequence).

PROOF. Let D denote the distance between the centers of Ca and Cc, that is
d

b
2 1 1\?
D= ($-2) +(55-52) -
b d + 202 2d?
Let R denote the sum of the radii of Ca and Cc, that is
b d
1 1

22 242
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0 /514 1/3 2/5 1/2  3/5 2/3 3/44/5 1

FIGURE 1. From Wikimedia Commons

The interiors of the two circles intersect if D < R, they are disjoint if D > R. This is
easily checked:

s e (a2 1 (ad—bc)* -1
D=1 = (b d) b2d? b2d? '
Since C% # chl, & # £ hence ad — bc # 0. Therefore (ad —bc)* =1 >1—-1 = 0.

Moreover, D = R if and only if the two circles are tangent if and only if |ad — bc| =1
if and only if they are Farey neighbors in some Farey sequence (see Exercise 84). [

Exercise 86. Let Ca, Cc be two tangent Ford circle. Then their point of tangency is
b d

ab+ cd 1
V4+d? b2 +d2)

4.3. Some simple proofs using fractions

Proposition 87. Let a,b € N* such that (a,b) = 1. There exist u,v € Z such that
au —bv =1.

given by

PROOF. Suppose that a < b. Then § is a Farey fraction in F,. Let = < 7 be its
Farey neighbor, then by Theorem 29, au — bv = 1. U

n=> ()

dln

Proposition 88 (Gauss).
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PROOF. Consider the set S = %, e "T’l, 2}. Among the n fractions of this set
¢(n) are reduced. Suppose £ is not reduced. Then there is a divisor d|n such that
= % and (k',d) = 1. There are ¢(d) fractions in S that, in reduced form, have

k
genominator k'. Hence
n=|Sl=pmn)+> o).

din
d#n






CHAPTER 5

Continued fractions

5.1. Rationals and finite continued fractions

We expand % in a continued fraction. First note % ~ 2.79. Hence L%J = 2 and
{S—Z} = g—z —2. We can express the fractional part more precisely using Euclid’s division
algorithm:

67 224419 _, 19 1, 1,01, 1

o1~ o4 o1 24 11945 T = 1L _1 -

24 24 24 2 95 1+ 4 T
4

The right hand side is called a continued fraction expansion, its terms 2,1,3,1,4 are
called its partial quotients. These are precisely the quotients appearing in the Eu-
clidean division algorithm. In fact, compare the latter continued fraction expansion
to

67=2-244+19

24=1-1945

19=3-5+4
5=1-4+1
4=4-1.

We call 27717 %, %, 2 the complete quotients. However, the partial quotients determine

the continued fraction expansion, and this motivates the following notation

1
ap + T = [ag,ay, ..., a,).
o+ T

.. 1
'+ﬁ

Here are a few additional facts about the partial quotients we can deduce from
Theorem 1 and Theorem 10 that

(1) ap € N, ay,...,a, € N*.

(2) If we expand using the division algorithm as above § = [ag, a1, ..., a,] then
a, > (a,b) > 1, ie. a, > 1.

(3) However note that

lag,ay, ... a,) = |ag,a1,...,a, —1,1]
39
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Example 89.

U S L ori04—
24 1+ﬁ 1—|—3++’ 2
1+1 Hﬁ

I

THEOREM 31. A rational § € Q has a unique continued fraction expansion whose
last partial quotient is > 1.

PROOF. Suppose that ¢ had two continued fraction expansions:
lag, a1, ... an] = [bo, b1, ..., by

Taking the integral part of ¢, we see that |{] = ap = by. Hence canceling aq out on
both sides, we are left with

[al,...,am] = [bl,...,bn].
Repeating this argument, we see that m = n, and a; = b; for i =0, ..., n. 0

Our convention will be to use the continued fraction whose last partial quotient
is > 1.

Examples 90. Some examples:
(1) 7 =[1,1,1,5]

(2) 4 =100,2,1,4,2]

31

B)V2=1+KW2-1) =1+ 1+1ﬁ = [1,2,2,...]. Here there is obviously a

convergence issue we need to take care of, but we will see that this infinite
continued fraction expansions does indeed represent v/2.

5.2. Convergents
Consider a continued fraction, finite or infinite, [ag, a1, ...].
Definition 91. Its k™ convergent is [aq, . . ., ax].

Example 92. We already computed that

67
— =12,1,3,1,4].
24 [ 9 Y Y 7 ]

Its convergents are
2] =2

1
21=2+7=3

1 3 11

213 =24+ —"—— =924+°" ="
2,1,3] +1+§ 1T
2,1,3,1] =2+ L —2+4—14
A 1+ 5 5
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and, finally, [2,1,3,1,4] = %. So the successive convergents are

5 11 14 67
Y ) 4 Y 5 J 24 *
And if we order them by size,
11 67 14
2< - << — <3
< 1 < Y < 5 <3

In fact, each further convergent is closer to %, with even convergents on its left, and
odd convergents on the right. We will later see that this phenomenon is always true.

Following the definition, the first few convergents of [ag, a1, as, as, .. .| are given by
the formulas

[ao] = ag
1 apgay —|— 1
[a07a1] =aq)+ —=——
ai aq
1 as apa1as + ag + as
lao, ay, az] = ag + = ap + = ap + =
L 1 1
ap + = la1, as] ajas + ajag +
[a @ . ] - aoa3 + 1 apa1a2a3 + Apga1 + Ggas + aoa3 + 1
0, a1, 02, 3] = QAo =
’ ’ ’ ajaqa3 + ai; + as aiasa3 + ai + as

etc. Looking at these (and further) computations, you can observe that there is a
discernable, recursive pattern in the determination of the convergents. Of course, this
only works in the above fractions are already in reduced forms. We settle these two
points at once with the following lemma.

Lemma 93. Given a continued fraction (finite or infinite) [ag, a1, ...]|, define p_q =
17q—1 = O; Po ‘= @o, o ‘= 17 and

Pk ‘= QgPr—1 + Pr—2
Gk ‘= Okqk—1 + Qr—2

for k> 1. Then prqr—1 — pr—1qr = (—1)F.

PROOF. We can immediately check that pog_1 — p_1go = —1. Suppose that the
relation holds for k. Then

Ph+1Qk — PeQr41 = (@k1Pk + Dk—1)T — Pk(Cht1Qk + Qr—1)
= —(prr—1 — Pe1q) = —(—D)F = (=D~

Corollary 94. For each k >0, (pg,qx) = 1.

PROOF. If d is a positive divisor of both p; and g, then by the previous lemma, it
also divides (—1)**1. Hence d = 1. O
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Corollary 95. Given a continued fraction (finite or infinite) ag, a1, .. .|, its conver-
gents are
Dk
lag, ... ax] = —
dk

with px, qx defined as in Lemma 93.

PROOF. We again proceed by induction. Suppose this holds for k" convergents.
Formally,

(ap—1+ i)pk—z + Dk—3
(ap—1 + i)Qk—Q + k-3
akAk—1Pk—2 + ApPk—3 + Pk—2
AkAk—1qk—2 T Qkqr—3 + qr—2

[ao,...,ak_l,ak] = [ao,...,ak—l + a] =

_ @kPr—1+ Pr—2
pqr—1 + qr—2
OJ
Exercise 96. Compute the convergents o % using the recursion formulas given by
Lemma 93.
Corollary 97. Given a (finite or infinite) continued fraction |ag, a1, ...] where ay > 1

for k > 1, then the convergent’s denominators (qi) form a strictly increasing sequence
from k >1 on, and
QG >k

for each k > 0.

PROOF. We immediately note that gqg =1, g1 = a1 > 1, ¢ = asa; +1 > 2. Suppose
that the statements hold for all denominators of convergents up to k, with £ > 3. Then

Gk = QpQr—1 + Qr—2 = Qr—1 + Q-2 = Qr—1 +1 > g1
and
G > Q1+ 2>k —1+k—-2>F.

5.3. Solutions to ax + by =1

Recall that by Bézout’s lemma, for any two coprime numbers a, b, there exist x,y €
Z such that
ar + by = 1.

We saw two proofs of this result. The first one used a minimality argument that did not
provide us with a construction of the solutions. The second one used Farey fractions
and showed that the solution can be constructed with Farey neighbors. Here, we use
continued fractions to construct solutions even more quickly : Since a,b are coprime,
¢ is in reduced form, and let [aq, ..., a,] be its continued fraction expansion. The last
convergent is

P a
G b
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and since ag,_1 — bp,_1 = (—1)"*1, the second to last convergent provides an explicit
solution to the equation ax + by = 1!

Example 98. If a = 67 and b = 24, then the second to last convergent is Z—Z’ =4 gnd

5
aqz — bps = —1, hence
67(—5) + 24(14) = 1.

We can also use this to compute the multiplicative inverse of an integer a (mod n)
(where (a,n) = 1). In fact, if (a,n) = 1, then there exist x,y € Z such that az+by = 1.
If & =lag,...,ax, then agy_y — npp_1 = (—1)¥*1 and thus

a((=1)*'g_1) =1 (mod n).

Example 99. To find the multiplicative inverse of 13 (mod 76 ), we solve the congruence
equation 13x =1 (mod 76). We first compute the continued fraction expansion

13
— =10,5,1,5,2].
76 [7 Y Y ) ]
Its convergents are
0 11 6 13
"5767 35776

Then
13(—35) = 13(41) = 1 (mod 76).
5.4. Irrationals and infinite continued fractions

Recall that we saw

1 1 1
V2 =1+ =1t =11,2,2,...,2,1 + V2],
1+V2 2+ S ——

o
iz

but does the infinite continued fraction [1,2] eventually converge to v/2 ? Let £2 denote
the last rational convergent in the finite expansion above, i.e. zﬁ =11,2,2,...,2]. Then

1+vV2)gn+ 1 n

_ ’ Pn—19n — Pndn—1

1
((1 + \/§)Qn + Qn—l)Qn
1
< o
From this, we conclude that
V2 = lim Zﬁ,
n—oo qn

where £ are the convergents of the infinite continued fraction [1, 2].
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More generally, let o be an irrational number. We can decompose « into its integral
and fractional parts, « = |a| + {a}. Let

o] 1 1
ap = |« = — =
0 ) 1 {O{} o — ag
Note that ag € Z, oy > 1, and oy ¢ Q (prove these facts!). Then
1
oa=ag+ —.
031

Now let
1 1

B {al} B 041—01'

a; = |oy], Qg

Here, a1 € N*, as > 1, and as € Q. Then

1
a = Qg + .
aq + 0%2
[terating this process over n steps yields
a=lag, a1, ..., 0,1, ),
where
e ay € Z
eq, N fork=1...,n—1,
e a, >1and o, ¢ Q,
e the first n convergents fl’—: = lag,...,ar] € Q,
[ ]
ApPn—1 + Pn—2
lag, ..., an) = .
OnQn—1 + qn—2
Exercise 100. Prove these statements, and conclude that
. Dn
a= lim —.
n—oo qn

THEOREM 32. Let (%) be the sequence of convergents of a (finite or infinite) con-

tinued fraction x = [ag,ay,...]. Then all even convergents lie in increasing order to
the left of the final value § and all odd convergents lie in decreasing order to its right,

G 42 4 Q1
Moreover, each convergent is closer to the final value x than the previous one, that is
&—x’< pnl—m‘.
dn qn—1

ProOOF. Consider
Prt2 P _ Gni2Pnti +Pn Pn_ o1 (Prs1@n — Pdnr1) _ Qnga(—1)

gn+2 dn An+2Qn+1 + dn dn qn+24n dn+24n

n+1
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The RHS is positive if n is odd, and negative if n is even. This shows that even
convergents form an increasing sequence, and odd convergents, a decreasing one. Write
xr = |ag,...] =[ag,...,an, Y with y = [ant1, ... ]

Here note that y > 1. Then
. YPn + Pn-1
= —
Yan + qn—1
which is equivalent to
Y(TGn — Pn) = Pu—1 — TGp1-
Dividing both sides by yq,,

Pn Pn—1 — T4p—1 dn—1 <pn—1 )
x _——_— = = - l’ .

an Yn Ydn \4n-1
Since
Gn—1 < n—1 <1,
Y4n dn
taking absolute values on both sides yields the last assertion. 0
THEOREM 33. Let |ag, a1, ...] be an infinite continued fraction, where ay € Z and

a; € N* for allt > 1. Then

. Pn .
lim —  exists
n—0o0 qn

and 1s irrational.

PROOF. Note that for each convergent Zﬁ, n >0,

Po_Po D1

qo qn q1

()
an n even

is increasing and bounded by above, while the subsequence

(%)
4n / p odd

is decreasing and bounded below. Hence both subsequences have a limit, and since

Moreover, the subsequence

1 1 1
= < <——0
nni1 ~ n(n+1) = n?

DPnt+1 Pn

qn+1 dn

as n — 00, these two limits coincide. O
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5.5. Quadratic irrationals
Quadratic irrationals are irrational solutions of a quadratic polynomial
ar? +bxr+c¢ =0,

with a,b,c € Z. Let d = b*> — 4ac denote the discriminant of this equation, recall that
for d > 0, the equation has two solutions, explicitly given by
~b++Vd _ —b—d
= - a s —
2a 2a

where @ is called the conjugate of a.

«

Exercise 101. /2,1 4+ /2 are quadratic irrationals. Find the polynomials for which
they are roots.
We already have seen that v/2 = [1,2]. Or in other words,
1
V2=1+—

2]
and this is equivalent to v/2 + 1 = [2]. Such a continued fraction is called purely
periodic, while the continued fraction expansion of /2 is eventually periodic.
Examples 102. (1)

v19=1[4,2,1,3,1,2,8]
(2)

=7 =1+ 5= anfu - 2211
and this is equivalent to
20% — 20 —1=0.
Solving this equation, we find the positive solution

IRRVE

We will see a special case of the following theorem of Lagrange: every quadratic
irrational has an eventually periodic continued fraction expansion.

Definition 103. We call a quadratic irrational o is reduced if a« > 1 and —1 <@ < 0.

Examples 104. (1) =3+ \/7§ is a reduced quadratic irrational.
(2) @ = \/n is a quadratic irrational (a®*—n = 0) but not reduced: @ = —/n < —1.
(3) However a = \/n+|/n] is a reduced quadratic irrational. In fact, « > 141 =
2, and

a=—vn+|vn] =—{Vn} € (-1,0).

THEOREM 34 (Galois). A quadratic irrational « is reduced if and only if o has a
purely periodic continued fraction expansion o = [ag, a, .., p)-
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PROOF. Suppose that « is reduced. Let a = %Z. Observe that since « is
reduced,
0<a<VvVA,  —VA<b<O.

(Exercise.) More generally, this shows that there are only finitely many reduced qua-
dratic irrationals to discriminant A.
Consider o in

1
a=aqay+ —.

631

Since v > 1, ag > 1, and «; > 1 is also a quadratic irrational to discriminant d. Indeed,
1 2a 2a(b + 2aay + VA)
1 = = = .
"a—ag —(b+ 2aag) + VA A — (b+ 2aa)?
Set
b1 = —b — 2@@0,
and A (b )
— 2
a; = (4‘; aay) = —c—ay—aa #0.

Then oy is written
b+ VA

aq
2(11

and its conjugate is

== VA 1
a1 = = — .
2aq o — ag

In particular, since @ € (—1,0), a5 € (—1,0). Hence, every new quadratic irrational
arising in the continued fraction expansion of « is itself a reduced quadratic irrational
to discriminant d. Since there are only finitely many reduced quadratic irrationals to
discriminant d, the continued fraction expansion must be eventually periodic. That is,

a=lag,...,an, Q1]

and there is some m < n for which o, 11 = a,,. Since a,, 11 = au,, their conjugates are
also equal: @&, 1 = @,,. Set

1
571 =——>1.
O
Then
ay = Gp + ﬁﬁn—i—l:an—i__
Qnt1 Bn
We conclude that a, = [Bny1]. In particular, if 8,11 = 5, then a,.1 = a, and

Bn = Pm—1. This in turns implies that «,, = «,,,_1. This shows that
a=lag,...,0n—m,a] =[G, -, Gnm)-

Suppose now that o has the completely periodic continued fraction expansion

1
o = ag+

a; +

an+4&
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Then n
(8] _
a=EnT Pl 0%t (Gut — Pu)a — Pat = 0.
adp + dn—1

The discriminant of this equation is

d = (qn-1 — Pn)* + 4GuPu—1 = (Pn + ¢u—1)* + 4(=1)".

In particular, d > 0 and is not a perfect square. Hence « is a quadratic irrational.
We still have to check that it is reduced. Since the expansion is purely periodic,

ao, .. .,a, > 1, and since ag = |« |, we have that a > 1. Then we note that
CY_i_a:pn_Qn71> aa:_pnfl'
dn qn

The second equation establishes that a and its conjugate have opposite signs. From

the first one, we get

@:&—a—qn_l >&—oz—1

an an Qn
and this converges to —1 as n — oo. 0

We do not know anything about the structure of continued fraction expansions for
other algebraic irrational than the quadratic ones.

Example 105. We compute the value of o = [1]. We first note the recurrence relation
1
a=1+—.
«

This is equivalent to the quadratic equation a® —a — 1 = 0. The positive solution is

1++5

2 )

o =
the golden mean.

5.6. Pell’s equation
Let N > 1. Then
> —Ny*=1
is called a Pell’s equation. We wish to find integer solutions x,y € Z to this equation.
If N is a perfect square, meaning that N = k? for some k& € N, then

#? = Ny* = (v — ky)(z + ky) = 1
and this has integer solutions if and only if
r—ky=x+ky ==l

But this only holds for y =0, z = +1.
From here on, we will assume that N is not a perfect square. We nonetheless have
the factorization

2’ = Ny’ = (z = VNy)(z + VNy) = 1.

The continued fraction expansion of v/ N is of the form
VN = [ag,ay,...,ax, 2a0).
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(Exercise.) Let
VN = [ag, ar, .. ., a, agss] = SREPEEPEL (5.1)
Qk41Gk + qr—1
Note that here

Qg1 = [2a0, a1, ..., a) = ao + VN.
Plugging this in (5.1), we obtain
VN (aogi + qe1) + Ny = aopr + pe1 + VNp.
and this implies
Pr-1 = Nax, — aopr,
dk—1 = Pk — QoGk-
Exercise 106. Prove that if a +bvV/N = ¢+ dv/'N. then a = ¢ and b = d.
Recall that the k-th (k — 1)-th convergents are related by
Pedi-1 — Praqr = (—1)*%.
Plugging (5.2) in :
pr(Pe — aogr) — (Nax — aopr)qe = Pi - qu = (—1)k_1'
Hence if k is odd, then
pi — Ngi = 1.
If k is even instead, we have p; — Ng? = —1. Squaring both sides of the equation
yields
(P2 + Ng})? — N(2prar)* = 1.
Example 107. Let N = 21. Then
V21l = [4,1,1,2,1,1,8].
The first few convergents are
2
475797_37g7§ = IE'
25712 ¢
Hence
p:—21g3 =55 —21-12° = 1.
Example 108. Let N =29. Then
V29 = [5,2,1,1,2,10].

The convergents are
11 16 27 70  py
27375713 ¢4
Hence
(p +29¢3)? — 29(2p4q4)? = 98012 — 29(1820)% = 1.
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The parity of ”k” in the continued fraction expansion of v/ N is rather mysterious.
In fact, we do not have a characterization of N for which % is even (or odd).
The equation

v — Ny* = —1

is called the negative Pell’s equation. Note that if N is such that k is even, then
the negative Pell’s equation is soluble. Otherwise this is not necessarily the case.

Example 109. We show that 2> — 21y?> = —1 is not soluble. In fact, if it were, then
2 = —1 (mod 21) would be soluble and in particular * = —1 (mod 3) would be soluble.
But this is not the case.

The next fact are not harder to prove but we will omit its proof.

Fact 110. All solutions to the Pell equations x> — Ny? = 1 arise from the convergents
of VN. In particular,

22 — Ny* = —1 is soluble <= k is even.

Moreover, (pr,qr) (rec. (pz + Ng2,2prqr)) is the smallest solution to x> — Ny? = 1,
and every other solutions is given by

(ili'n, yn) = (pk+n(k+1)a Qk—i-n(k—i-l))
[TO FIGURE OUT]J

5.7. On the shape of VN

Proposition 111. Let a = [ag, - - -, Gy) and B = [ay, .-, o). Then
1
5=
Example 112. Consider o = [1,2]. Then
S

and this is equivalent to
20° — 20— 1 =0,
which has solution

1++3

o = .

2
Similarly B = [2,1] leads to the quadratic equation

B*—26-2=0,

which has solution

B=1+/3.
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PROOF. Let
QPp + Pn—1
o = [a07"‘7anaa] -
Qdn + qn—1
which yields the quadratic equation
qn&Q + <Qn71 - pn)a — DPn-1= 0. (54)
Similarly
Bpl, + Pra
/6: I:a/TLa"'7a07/6] :#
Ba, + a5,
yields
03+ (@yy — 13)B = Dy = 0.

Given Lemma 113 below, the LHS here is equal to
pn—162 + <Qn—1 - pn)ﬂ — Q4n = 0.

Comparing (5.4) and (5.5), we remark that there is a symmetry in the coefficients of
the two quadratic equations. In fact, if we divide both sides of (5.5) by —é, we obtain

~Pn1— (@u1 — pn)/B+q,/B* =0

(5.5)

which is equivalent to

(-5) ~t = () -per =

n |\ —75 — Gn-1 — Pn —— ) = Pn-1=VU.
6 ' 6 1

Hence the equation ¢,2* + (¢n—1 — pn)T — pn_1 = 0 has two solutions: « and —1/4.
O

Since a # —1/3, we must have that —1/5 = @.

Lemma 113. Let
Pn Ph
— =lag,...,a,], = =lan,...,a
dn I
Then
Pn Do o Pa
Pt @ a1 Gn
PROOF. Recall the recurrence relation p, = a,p,_1 + pn_2. Applying it repeatedly,
we can write
; 1 1 1 /
b =ty =yt —————— = .. =a, + :p—jl.
Pn—1 P Up—1 + 73 ap-1 + In
Pn—-3 . .+p70
P—1
Similarly,
dn 1 1 pizfl
= a, + =..=a,+ = |Qp,...,01] = .
It "+ | ! Tn—1

In—1 qn—2
Cpa
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Let VN = lag, ai, ..., ag, 2ao]. Note that
a=+VN +ay= [2a9, a4, ..., a]
is purely periodic. Hence by Proposition 111,
-1

lak, ..., a1,2a0]

o=

On the other hand @ = ag — V/N. If we compare both expressions,
- 1 1 -
lag, ..., a1,2a0] = = = ay, ..., a 2a0].

\/N—ao [07@1’---,%,2@0]

Since continued fraction expansions are unique, we conclude that

aj = ay, ax_1 = G, Ax_o = asz, . ...
This proves that if k£ is even, then

VN = [ag, a1, ., Gm, Gm, - - -, a1, 2a0),
and if k£ is odd, then

VN = [ag, a1, ..., am;m,...,a1,2a0]

where the single term a,, is called the central term.

Examples 114.

VT=12 11,11
V14 = [3,1,2,1,6]
V21 =[4T 12113
V29 = [5,2,1,1,2,10]

5.8. Back to sums of squares

Suppose that the continued fraction expansion of v/ N has no central term. In other
words, it is of the form

lag, at, ..., Qm, G, - - ., (1, 2a0)].
Let us write it formally as a finite continued fraction,
VN = [ao,al,...,am,a],

where « is necessarily irrational and has continued fraction expansion

a=[am,...,a1,200,01,. .., 0y

Observe the symmetry: not only is a0 purely periodic, but it is also a palindrome with a
central term. Gathering what we have learned so far, & must be a reducible quadratic
irrational, hence is of the form
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for some integers a,b € Z, b # 0, and its algebraic conjugate, then

_ a—+VN
oa=—,

b

must satisfy o = —é

Exercise 115. Why does it need to be of the form %ﬁ?

Hence

a—i—\/Na—\/N a?— N

o = = :—1
@ b b b2 ’

which is equivalent to
N =a? + b,
that is V can be written as the sum of two (explicitly computable) squares. Of course,

this construction is conditional on the continued fraction expansion of v/ /N having no
central part. Recall from the previous two sections that

v/N has no central part <= z*— Ny? = —1 is soluble.

Hence we have just proven that

THEOREM 35. If 22 — Ny?> = —1 is soluble, then N can be written as a sum of
(explicitly computable) squares, N = a? + b.

We know that every prime p = 1 (mod 4) can be represented as a sum of two
squares. Thanks to the following proof of Legendre, we now have an explicit way of
constructing this representation. (Skip the proof to see numerical examples.)

THEOREM 36 (Legendre). If p =1 (mod 4), then x* — py? = —1 is soluble.

PROOF. Let (a,b) be the smallest solution to Pell’s equation 2% — py? = +1. Then
a’ —pb* =a®> —b* =1 (mod 4). (5.6)

Recall that a square mod 4 can only satisfy a®* = 0,1 (mod 4) (depending on whether
a is even or odd). Hence (5.6) implies that @ must be odd and b must be even. Write
b = 2k. Then (@—1)(a+1)
9 a— a—+

pk® = 5 7
We leave the following general fact as exercise: Let m,a,b € N. If n? = ab and
(a,b) =1, then a = u? and b = v? for some u,v € Z.

Since

a+1 a-1
— =1, 5.7
5 5 (5.7)
the two terms are coprime, and hence by the general fact cited above, one of two things
is true:
(1) either %5t = pu? and =02,

(2) or %5t =u? and 2 = pv?.
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Let’s consider case (1) first. Equation (5.7) implies that

1 —1
a—;— _a2 =02 —pu?® =1.
That is, (v,u) is a solution to Pell’s equation. Note that a? = pb? + 1 > 1 and hence
a+1

2
v = < §:ﬁ<a.

2

This is absurd since a is the minimal z-solution to Pell’s equation 22 — py? = 1. Hence
case (1) can not occur.
Instead, in case (2),

1 -1
ot =pv? —u? =1,
2 2
and this is equivalent to u? — pv? = —1. We have thus found a solution to the negative
Pell equation. O

Example 116. Toke p = 677. This is very easy to represent as a sum of two squares
if you observe that 26% = 676, but let’s pretend we didn’t notice this. The continued
fraction expansion of \/67T is [26,52]. Hence the purely periodic palindrome part is here

simply oo = [52], which we need to write down as a quadratic irrational. The quadratic
equation « satisfies is

=B =524 e 0?52 —1=0.
[52] «
Computing the positive solution to x?> —52x — 1 = 0, we find that
a =26+ V6TT.
Hence 677 = 262 + 1.

Example 117. Take this time p = 1009. This prime is = 1 (mod 4); how can we write
it as a sum of two squares? We proceed exactly as above:

V1009 = [31,1, 3,3, 1,62],
and we find that

28 + /1009

a=[31,621,3 = =

Hence
1009 = 282 + 152,



CHAPTER 6

Diophantine approximation

THEOREM 37. The set Q s e-dense in R. That s, for any « € R and € > 0, there
erists ¢ € Q such that

o3l <
a——| <e.
b
PROOF. Pick b large enough such that % < ¢. There exists a € Z such that
a ca< a+1
-<a .
b b
Then
’ a < ! <e
a——| < - .
b b

O

You can see this quite easily knowing continued fractions: let Z—" be the convergents
of a, in particular,

. Dn
a= lim —.
n—oo qn
By the definition of a limit, for any € > 0, there exists N > 0 such that for all n > N,
a2l <o
dn

Diophantine approximation studies the approximation of irrationals by rationals. For
instance, given «, what is the best rational approximation of @ in F,, and how good is
it 7

6.1. Dirichlet’s theorem and best approximants

We denote by R\ Q the set of all irrational numbers in R. Recall Dirichlet’s box
principle: given N boxes and N + 1 objects that are randomly distributed among the
boxes, there is one box that will contain at least 2 objects.

THEOREM 38 (Dirichlet’s approximation theorem). Let « € R\ Q, N € N*. Then
there exists 3 € Fy such that

Remark 118. If ¥, 5 € Fy are distinct Farey fractions, then
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PROOF. Consider the fractional parts
0 <{a},{2a},...,{Na} <1,

and the intervals
N—
0, %), [%: %), - 55 1)
One of two things can happen: either one of the fractional parts above, say {ma}, is
in the first subinterval [0, %), or [0, &) contains none of the N fractional parts above.
In the first case, we have

{ma} = ma — |ma] < N

and dividing both sides of this equation: o — Lm—nfj < ﬁ
a = |ma] yields the inequality we wanted.
If instead, [0,+) contains none of {a},{2a},...,{ma}, then by Dirichlet’s box

principle, one of the other subintervals, say [%, ££1) | contains {ma}, {na} with m # n.
Then

. In this case, b = m and

N’ N

{na} — {ma}| = |(n — m)a — (|na) ~ [ma])| < 1.
In this case, take b =n —m, a = |na] — |ma]. O

Corollary 119. Let o € R\ Q. Then there exists an infinite sequence > €Qof
rational approximants such that

1

Qn
< —.
b

a _— —
bn
PROOF. For each N > 1, Dirichlet’s approximation theorem states that there exists

7 € Q such that

) a‘ - 1 < 1
a——| < —< .
b bN — b?
O
In the rest of this section, we will examine how the most effective rational approx-

imations are provided by convergents to c. First recall that

Lemma 120. )

qndn+1

Pn
a —_——
dn
PROOF. Consider the following formal finite continued fraction expansion for a:

Qpi1Pn + Pn-1

<

a = |Qgy...,0n,0p11| = .
[ * ] OCnJrIQn + dn—1
Then
‘a Pl _|nniPnt Pao1 Pa| _ IPac1Gn — Putni]
Gn Ont1Gn + Gn-1 Gn| (100 + 1)
1 1
= <

(an+IQn + Qn—l)Qn Gn+14n
since Opy1 = Apt1 + {an—i-l} > Qp+1 and p+19n + Gn—-1 = Qn+1- O
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We can use this bound to give effective proofs of the two results we have seen so
far.
Proof that Q is e-dense in R. Choose n large enough such that -5 < e. Using that
Gn > n, we see that
1 1 1

< < < —=<e.
Gndn+1 n(n + 1) ’fl2

DPn
o — —

an

0J
Proof of Dirichlet’s approximation theorem. Choose n such that ¢, < N < ¢,11.
Then

Dn 1 1
a——| < < .
dn qndn+1 QnN
O
Example 121. We wish to find a rational number § such that |t —¢| < 0.01. Consider
_ 22 _ 333
the first two convergents of m, % =, ’;—j = i55- Then
22 < ! < 0.01.
ﬂ' —_—— —
7 742

In fact, the convergents of a € R\ Q provide the best possible approximants to a:

THEOREM 39 (Best approximation theorem). Let n > 2, o € R\ Q. Let (%) be
the convergents to . Then for any § # Z—: with b < qp,

Dn )
a——| < |la——|.
In b

PROOF. Suppose first that 0 < b < g,,. We can find two integers u, v such that

a = ppUt + Pp—1v
b= qnu+ gn_1v (6.1)
Then
ba — a = u(gua — pn) + V(gn-100 — pp1).

Since convergents approximate « from below and above alternatively (see Theorem 32),
we know that

gn® — Pn = _(Qn—la - pn—1>'
On the other hand, it follows from (6.1) and the assumption that 0 < b < ¢, that if
u > 0, thenv<0and1fu<0 then v > 0. Notethatlfu—Othen—fZ" L and the
inequality to prove holds by Theorem 32. We will suppose henceforth that u # 0. We
conclude that u(g,o — p,,) and v(g,—1a0 — p,—1) have the same sign, therefore:

|ba - a| = |u||Qna - pn| + |U||QH—1a - pn—1| > |u||Qna - pn| > |Qna - pn|'
To conclude, we use that 0 < b < ¢, and divide both sides of the latter inequality by b:

o — —

b

‘ a

1
< _IQHOJ _pn’ < q_‘Qna _pnl =
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The remaining case to prove, namely b = ¢, is proved using the triangle inequality.
Indeed, observe that

’ ‘ ‘ DPn - |Cl - pn| ‘ Pn 1 ‘ DPn 1 1
a——_——— Oa——|=——|ja——| 2 ——|la——| > — — .
qn Gn An Gn Gn Adn gndn+1
Since n > 2, ¢,+1 > q1 > ¢o = 1, hence
1 1 11 1 1 Pn
—_— = _— = — > > la— —
dn dndn+1 qn QQn QQn qnQn+1 dn
]

Example 122. The first few convergents of m are 3, 272, i’g’g, i’i’g, 13053190923 They have,
respectively, the same 0,2,4,6,9 digits as .

6.2. Hurwitz’s theorem
1+v5
2

Proposition 123. Let ¢ =
such that

, and 0 < ¢ < 1. There exist only finitely many § € Q

‘SO \/_ b2’
PROOF. Suppose that § satisfies the inequality above. We will show that there is

only a finite number of choices for the integer parameter b. Recall that

vP—r—1=(r—¢)(r—-P)

Plugging in § and taking the absolute value gives us the relation

2

a a a

2 b b “0‘ f b2
Multiplying both sides by b and applying the triangle inequality,

? ab—bzr<ﬁ<\——<,o Tl fw\) <7(fb2+f)

The LHS is a non-zero integer, hence implies the inequality

2 2

C C
1< — < bQ -_— .
e 51— ¢)

Since c is fixed, there are only finitely many integers b that satisfy this inequality. [

-

THEOREM 40 (Hurwitz, 1891). For any o € R\ Q, there exists an infinite sequence
3= € Q such that

1
= VAR

One can prove this theorem using that among a triplet of successive convergents

({;—",Z’”—E,Z"—ﬁ), at least one satisfies the inequality above. Instead, we will give a

geometric proof.

a?’l
a__
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PROOF. Fix @ € R\ Q. Let L, be the vertical line in the plane passing through
(a,0). Thatis, L = {(a,t) : t € R}. Then L intersects infinitely many of the triangular
interstices in the Farey-Ford packing, see Figure 1 in Section 4.2.

Each triangular region is completely determined by its three vertices, and these are
the tangency points of neighboring Ford circles. The coordinates of these tangency
points are rational (see Exercise 86). For instance, the tangency point of the Ford

circles Ca and Cec is
b d
ab + cd 1
. 6.2
(b2+d2’b2+d2) (6.2)

In particular, if T is a triangular interstice through which L, passes, then L, must
pass through the interior of T', since the xz-coordinates of the vertices are rational, but
aeR\Q.

Let T be the triangular region between the Ford circles Cf = C%, Cy = chl and

C3 = Cagc. Its vertices are then

b+d
ab+ cd 1
AZOIOCQ:(GI’GQ):(b2+d2’b2+d2) (63)
ab+ (a+c)(b+d) 1
B=C1NC5=(b,by) = 6.4
1N Cs = by, b2) ( B2+ (b+d)? b+ (b+d)? (64)
C =CyNC3 = (c1,02) = exercise. (6.5)
WLOG, we assume that () is the largest circle, or in other word, that
d<b.
Using the computations above, one may check that ¢; > by, ¢; > a;, and
. 251 (s = )5~ )
— a1 = =
T RS2+ 1282 +25+1) (2 +1)(2s2 + 25+ 1)
where s := %, and ¢ = 1+2\/5 is the golden ratio. Since by assumption s = g > 1, we
easily see that
by —a; = (s — ) - (something positive).
We will consider the following two cases separately:
(1) by <a) <= s<p <= b <a<c
(2) by >a <= s>p <= sy <a<c
In Case (1), we will approximate « by Z%;. Since by assumption, Cy is larger than
(', we have that ¢y > by and hence that
a+c by > a+c
— = c — .
b+d T b+d
(A drawing helps figuring this out.) Then
a+c a+c 1 s(s+1) 1
a———| < |b — = 5 5 < .
b+d b+d|  (b+d)? 24 (s+1)2  VB(b+d)?

We leave it to the reader to check the steps of this computation.
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In Case (2), the shape of T' (draw it!) indicates that the circle Cy must be rather
large, and hence that a must be closed to the fraction . Then

c c ¢ ab+cd s 1
——a<-=-—m =

=- - = < :
d d d V+d d*(s*>+1) /52
In fact, for the last inequality, we need to show that s> — v/bs 4+ 1 > 0. Factoring it,
= Vos+1=(s—p)(s+7P).

The second factor is always positive, and by assumption (Case (2)), the first factor is
as well.

Since L, intersects infinitely many triangles such as T, and we have just seen that
for each such triangle, we can find a fraction ¥ such that |a — %! < ——. the statement

l V512
is proved. 0]




CHAPTER 7

Applications and Outlook

7.1. Billards

In our model, our billiard table is a square, with unit area, our ball is a point, and
there is no friction. In particular, once the ball rolls, it never slows down. We start
with an initial position on the table and an initial direction in which we shoot. We will
call this data the initial vector. Once shot, the ball will eventually hit an edge of the
square table, at which point it bounces back with angle of reflection equal to angle of
incidence. (For simplicity, we ignore here the case where one shoots directly in one of
the four corners.) And so on, and so on, ad nauseam.

We call the trajectory periodic if after some (finite) time, it starts repeating itself
exactly. If it never does, we say that the trajectory is chaotic.

THEOREM 41. If the line passing through the initial vector has rational slope, then
the trajectory is periodic. If instead the slope is irrational, then the trajectory is chaotic.

PROOF. “Unfold” the billiard: namely, instead of bouncing back against the “walls”
of the table, develop the ball’s trajectory into a straight line in the plane, and consider
the plane as a union of identical copies of the unit square glued side by side.

The ball’s trajectory now has a line equation

L: y=axr+b.
We may assume that b < 0,a > 0. Under this identification, record z,, for which
2n+1=ax, + b,

for each n > 0. Set b, = {z,} = {Z*1=L} for each n > 0. The sequence b, parametrizes
exactly the consecutive places of the table’s edge [(0,1), (1,1)] where the ball bounces.
Suppose that the slope of L is rational, i.e. a = Z—; € Q. Then b, is periodic.

Indeed, b,, = {%{b)} = bo, ba,+1 = b1, etc. Dynamically, this means that the ball
keeps bouncing against the top edge at exactly the same points over and over again.

The trajectory must then be periodic. Conversely, if (b,,) is periodic, say b,, = b,,, then
for some [ € Z,

2m+1—-b 2n+1-b 2(m —n)
= +l<:>a:f
a a

€ Q.

To approximate a chaotic trajectory, approximate the “irrational angle”!
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7.2. Public key cryptography — RSA

We describe here the RSA algorithm, named after Rivest, Shamir, Adlemann
(1977). This algorithm concerns one-way secure transmission of messages, and uses
a public key, openly available, and a secret, private key.

For the public key, take two primes p, ¢, large (~ 2°!?) and chosen at “random”;
the security of the algorithm relies of n = p - ¢ being hard to factor. Then choose a
number e such that (e, p(n)) = 1. Recall that ¢(n) = ¢(pq) = (p — 1)(¢ — 1) and note
that the computation of ¢(n) relies on the factorization of n. Then find d such that
de =1 (mod ¢(n)).

Definition 124. The data (n,e) is called the public key. The data (n,d) is called the
private key.

Remark 125. (1) Hint: e stands for “encryption”, d for “decryption’.
(2) Even though (n,e) is public, one needs to know the factorization of n to com-
pute d. Hence, (n,d) is indeed “private”.
(3) The arithmetic condition (e, p(n)) = 1 ensures that the equation de =1 (mod
©(n)) has a unique solution.

To understand how this works, let’s say that Bob wants to send Alice the message
HELLO. Bob first encodes his message according to some agreed upon protocol. For
example, using the ASCII standard, where H = 072, F = 101, L = 108, O = 111, so
that his message is

a = 07210110811.
The message needs to be shorter that the public key’s modulus n. Hence Bob might
need to chop up a in smaller blocks aq,as,...,ax, each < n. For additional security,
Bob might also use some prescribed permutation on the digits of each block to make
sure his message is not too easy to decode. Henceforth, Bob’s message is encoded as
a < n. To encrypt his message, Bob computes

b= a (mod n)

using Alice’s public key, and then sends Alice the encrypted message b.
Using her private key, Alice will decrypt b by computing

z = b? (mod n).
In fact, de = 1 + kp(n) for some integer k and
r=b=(a%) = a- (a?™)" = a (mod n)

by Euler’s theorem. Since a < n, r = a.
The security of the algorithm therefore relies essentially on the following two prob-
lems being hard: factoring large numbers and taking large modular roots.

7.3. The distribution of primes

The larger a number n is, the more possible divisors it can have. We thus expect
that primes become sparser as we consider sets of large numbers. Fix x > 0, and let

m(x) = #{p < x : p is prime}
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count the number of primes below z. E.g. w(10) = 4, 7(1000) = 168, etc.
THEOREM 42 (Prime Number Theorem (PNT) (1896)). As z — oo,

x
~ : 7.1
) ~ s ()
The asymptotic notation above means the following. Given two functions f(z),
g(x), we say that f(x) ~ g(z) if

lim M = 1.

z—o0 g(x)
In words, f(x) and g(x) have the same order of growth. The asymptotic (7.1) was
conjectured by Gauss, Legendre, Riemann,... but finally proved, independently, by
Hadamard and de la Vallée-Poussin in 1896. The proof uses complex analysis, so

instead we will see Chebyshev’s proof (1850) of the following weaker statement.

THEOREM 43 (Weak PNT (1850)). For x sufficiently large,

0.66—— < w(z) < 1.7T——.
log x

log

Remark 126. Actually, with some more careful analysis, Chebyshev proved the above
with 0.89 instead of 0.66 and 1.11 instead of 1.7, thus proving the PNT correct with a
relative error of 11%.

PROOF. The proof argues by using divisibility properties of binomial coefficients

(1) = e

By the fundamental theorem of arithmetic,

R

p<n

where p™ is the largest power of the prime p dividing (Z)

For the lower bound, we rely on the following lemma

Lemma 127. Let p be a prime, and p™ the largest power of p that divides (Z) Then
p" < n.

Then

(Z) < H n=n"".

p<n
On the other hand, by the binomial theorem,

(1+1)" = k; (Z)

hence 2" < (n 4 1)n™™. Since log is monotonic increasing, we have

nlog(2) <log(n + 1) + m(n)log(n).
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Here, log 2 ~ 0.69, and we can show that for n > 200,

1 1 2
m(n) > log2 n__logln+ )>— .
logn logn 3logn

For the upper bound, we will use that m(z) < 1.7@ is true for x < 1200 and

proceed by induction to prove that for n > 1200, both 7(2n) and 7(2n + 1) have the
correct upper bound. Again by the binomial theorem,

(2:) < i (%?) = (1+1)* = 4",

Each prime n < p < 2n appears in the numerator of

(2n) _ (n+1)-(n+2)---2n

and never appears in the denominator. Hence each prime n < p < 2n divides (25), and

therefore
2n
II » :
n
n<p<2n
Then
2n
w(2n)—m(n) < < n
n < H p< <n> <4
n<p<2n

and (m(2n) — 7(n))logn < log4n =~ 1.39n. By our induction hypothesis,

n n
2n) < 1.39—— < 3.09
™(2n) logn +ln) logn
and, as above, we can show for n > 1200 that
n 2n
2n) < 3.09 < 1.7 .
m(2n) logn log(2n)
For m(2n + 1), we note that 7(2n + 1) < w(2n) + 1, and similarly,
n 2n + 1
2 H<309—— +1<1.7————
m(2n+1) logn - log(2n + 1)
for n > 1200. O

z
log z

probability for a large number n to be prime is roughly m.

The PNT suggest that we can use to approximate 7(x). This tells us that the

Exercise 128. Ezplain why the probability that a large number with 2n digits is prime
is 1/2 the probability that a large number with n digits is prime.

In fact, there are better approximations of 7(x). Observe first for any constant c,

m(x) ~ o= as r — oo. In turns out that taking ¢ = 1 yields a consistently better
ogxr—c
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approximation of 7(z) than ¢ = 0. For illustration, here are a (very) few values.

x m(x) @ logﬁ R(z)
103 168 145 169 168
10° 9592 8686 9512 9’587
108 | 5'761/455 5428681 5'740'304 5761552

The function on the very right, which gives the better approximation, was intro-
duced by Riemann and can be expressed as

B 1 (log z)"
R(z) = 1+;ng(n+1) n!

where ( is the Riemann (-function

1 1 1
= — =1 — —
¢(s) ~ +2S+3s—|-

n>1

Here s € C is a parameter controlling the convergence of the infinite series. If s is a
positive integer > 2, then clearly ((s) converges, while if s = 1, this is the harmonic
series, which diverges. More generally,

U DIET SRR

n>1 n>1

if and only if o > 1, where n® = n+# = np7¢’l°8" Riemann could prove that ((s) has
an analytic continuation to all of s € C, which we also denote ((s). To understand
why it is not so surprising to see the Riemann (-function appear in relation to primes,

one needs only to look at Euler’s proof of the infinitude of primes.

Euler’s proof that there are infinitely many primes. Let us consider the following
formal manipulation using the fundamental theorem of arithmetic:

DO g | O S I Fers
n>1 n>1 1 P k>0

If there are only finitely many primes, then this product is necessarily finite, and hence
the harmonic series converges, which is absurd. 0

Remark 129. The product expansion above, called an Euler product, also holds for
the C-function, namely

=3 =Tlo -
n>1 p

whenever o > 1. In particular, since ( can be expressed as an infinite product, the
function has no zeros in the part of the plane where o > 1.
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Instead of ((s), we can consider the completed (-function

[ 3s(s = DEPL(5)C(s)  ifo >0
§(s) = {5(1_3) ifo <0

where the I'-function is defined by

F(s):/ et ldt
0

for o > 0.

Exercise 130. Show that the I'-function extends the classical notion of factorial:
['(n)=(n-1)L

This is a nicer function: the Riemann &-function is entire, which means that it
is complex-analytic (and in particular well-defined) for all s € C. Moreover, it has not
only no zeros for o > 1, but also by symmetry for o < 0. The vertical strip 0 < o < 1
of the complex plane where £ can have zeros is called the critical strip. In the critical
strip, the zeros of ¢ are exactly the zeros of (.

Although Riemann couldn’t prove the PNT, he stated the following exact formula

m(x) = R(x) = > _ R(a"),

where the sum is taken over the set of all zeros of the Riemann ¢-function. This means
that the fluctuations of 7(x) depend on the location of the zeros of £&. The Riemann
Hypothesis states that all of them lie exactly on the vertical line passing through
o = 1/2. In turns, this implies that primes have the nicest distribution one can hope
for.

7.4. Gaussian integers

A Gaussian integer is a complex number of the form a+ib where a,b € Z. (Recall
here that 4 is the imaginary unit, namely it is the solution to the equation 22 + 1 = 0,
and so 72 = —1.) The set of all Gaussian integers,

Ziil|={u=a+ib:a,be Z},

can be thought of as a square grid in the complex plane C. To understand Gaussian
integers, let’s compare them to integers in Z. An integer a in Z has “size” |a|, this is
the natural number that measures it’s difference/distance to 0. Similarly, the norm of
a Gaussian integer,
N(a+ib) = a*® + b

is the natural number that measures the distance of a 4 ib to the origin of the complex
plane. Also similarly to the absolute value, the norm is multiplicative, i.e. for any
complex numbers u,v € C,

N(uv) = N(u)N(v).

Exercise 131. Use polar coordinates to prove the multiplicativity of the norm. Show
also that N(z) > 0 and that N(z) = 0 if and only if z = 0.
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In Z, we write a|b to say that there exists an integer m € Z such that b = ma.
In Z[i], we write u|v to say that there exists a Gaussian integer w € Z[i] such that
v = wu. Further,

THEOREM 44. Let u,v € Z[i]. There exists q,r € Z[i] such that v = qu + r with
0 < N(r) < N(u).

PROOF. For each point p of the square grid Z[i], place a unit square (that is, a
square whose sides have length 1) on the complex plane such that its center is at p. In
this way, the complex plane is covered by unit squares whose interiors are disjoint and
who are connected at their sides. (Draw the picture.) Consider the 2 € C. Then ¥ lies
in at least one unit square (two if it is on a side, four if it is on a corner). Let g € Z[i]
be the Gaussian integer closest to 7. (Note that if 2 is on a side, there might be two
choices for ¢, and if * is on a corner, there will be four choices for ¢.) The distance of
2 to ¢ is maximized if £ lies on a corner; in that case, by Pythagoras theorem

1

Set r := v — qu. Then
N(r) = N(v—qu) = N(u(j —q)) = N(w)N(} —q) < N(u).
O

With the Division Theorem in hand, one can prove all results of Chapter 1 for Z[i].
In particular, any Gaussian integer factors in an ‘essentially’ unique way as a product
of Gaussian primes.

Definition 132. A Gaussian integer u € Z[i| is called a Gaussian prime if it can not
be written as a product w = v - w of two Gaussian integers v,w € Z[i] with N(v),
N(w) < N(u).

Proposition 133. Let u € Z[i]. If N(u) is prime, then u is a Gaussian prime.

PROOF. Suppose instead that u factors as a non-trivial product, u = vw, then
N(u) = N(v)N(w) also factors as a product of smaller numbers. O

Each prime p € Z can also be seen as an element of Z[i], since Z C Z[i]. Not every
prime is a Gaussian prime however. For instance,

2=(144)(1—1)
and if p =1 (mod 4), then p can be written as a sum of two squares, and
p=a*+b*=(a+ib)(a—ib).

However, primes that are = 3 (mod 4) are never sums of squares, and therefore also
primes in Z[i].

Example 134. Consider u = 10 + 7i. Then N(u) = 100 4+ 49 = 149 is prime, hence
u 1s a Gaussian prime.
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Example 135. Consider u =9+ 7i. Then N(u) =130 =2-5-13. We have seen that
2= (1414)(1 —1) and in particular, N(1 £1i) = 2. Since 5 and 13 =1 (mod 4), these
primes also “split” over Zl[i):

5=224+12=(2+14)(2 —1)
13 =23%42% = (3+2i)(3 — 20)

Hence N(u) = N(1 £4¢)N(2+4)N(3+2i). To find the correct factorization of u, one
needs to figure the correct signs out. We end up seeing that

(1+)(2+0)(3=20)=9+7i =u.

Gauss studied the arithmetic of Z[i] in connection to the study of quartic residues,
and stated a quartic reciprocity law for Z[i].

THEOREM 45 (Quartic reciprocity). Let u, v be distinct Gaussian primes, and
(%)a = 1 4f ' = u (mod v) has a solution in the Gaussian integers, and = —1,41i

otherwise. Then
(3), (), =cv T
v/a\u/4
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