GROUP THEORY AND THE LAW OF QUADRATIC
RECIPROCITY

CHAOFAN CHEN

ABSTRACT. This paper explores the role of group theory in providing a proof
for the Law of Quadratic Reciprocity, which states that for distinct odd primes
pand ¢, g is a quadratic residue mod p if and only if p is a quadratic residue
mod ¢, unless p and g are both congruent to 3 mod 4. The Law of Quadratic
Reciprocity is an important result in number theory; it provides us with a
simple method to determine whether a number is a quadratic residue modulo
an odd prime number.
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1. FUNDAMENTALS OF GROUP THEORY

In this Section, we will state the definitions of some basic concepts in group
theory.

Definition 1.1. Let G be a set, together with a binary operation *, satisfying the
following axioms:

(a) for all @, bin G, a*b is in G (closure);

(b) for all a, b, and ¢ in G, (a *b) * ¢ = a * (b * ¢) (associativity);

(c) there is an identity element e in G such that for all ¢ in G, axe=exa=a
(identity);

(d) for each a in G, there is an element b in G such that a xb =b*a = e, where
e is the identity element in G (inverses).
Then we say that the set G forms a group under the binary operation .

Definition 1.2. Let G be a group. A non-empty subset H of G is a subgroup if
H is a group under the same operation as G.

Definition 1.3. We say that a group G is abelian if its elements commute, i.e.
gxh=hxgforall g, hin G.
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Definition 1.4. The order of a group G, denoted by |G|, is the number of elements
in G.

Definition 1.5. Let g be an element of the group G with the binary operation .
The order of the element g is the least positive integer i such that g° = e, where ¢
denotes the product g % g * ... x g with ¢ factors and e is the identity element in G.

Definition 1.6. A group G is cyclic if there exists an element ¢ in G such that
every element g in G has the form g = ¢* for some integer i. The element c is also
called a generator for G.

Theorem 1.7. The order of a generator for a finite cyclic group is equal to the
order of the group. Conversely, if the order of an element is equal to the order of
the group, that element must be a generator for the group.

Proof. Let G be a finite cyclic group with the binary operation %, and ¢ be the
generator for G.

Let i be the order of c. By definition, we have ¢! = e, where e is the identity element
in G.

By division algorithm, each j € Z can be written j = gi¢ + r for some unique pair
of integers g and r where 0 < r < 4.

Thus, for each j € Z, we have ¢/ = c?+" = % xc" = (¢')9x¢" = ¢" for some unique
integer r with 0 < r <.

This means that the value of ¢/ must come from the list ¢, ¢?, ..., ¢’
Now, we will show that the above list contains ¢ distinct elements.

Suppose that ¢™ = ¢” for some integers m, n with0 <n <m <i,;s00 < m—n <.
We have ™™™ = ex ™™ = ¢ k™M =k (M) =M =
c"xc" =e.

If m # n, then m—n would be a positive integer less than i and satisfying c
contradicting that 7 is the order of c.

Hence, we have m = n, which means that the list ¢, c?,...,c* contains i distinct
values.

Now, since c is the generator for G, every element of G can be written ¢/ for
some integer j. This means that every element of G can be found in the set
C= {c, 2, ...,ci}, ie. GCC.

At the same time, since G is a group, any product ¢/ = c* ¢ ... * ¢ with j factors
must be in G, so C C G.

Thus, G = C, which means that |G| = |C| = i.

Conversely, suppose that ¢ is any element in G such that the order of ¢ (call it 7) is
equal to |G|. By the same argument, the list ¢, c?, ..., c¢* contains i distinct values.
Let C = {c, 02,...701}. Then C C G because G is a group, and any product

m—n __
= e’

¢ =cxc*..xc with j factors must be in G.
Now, |C| = i = |G| implies that C = G, so every element of G can be written as
some power of c. ([

2. THE GROUP OF UNITS

Now, we will apply the group theory to the study of units in Z,. The goal of
this Section is to prove that the set of units in Z, for some prime number p forms
a cyclic group under multiplication mod p.

Before we proceed any further, we will first introduce the idea of congruence
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classes, the number system Z,,, and the operations defined in Z,,.

For some fixed integer n, the division algorithm allows us to express each integer
a as a = gn+r for some unique pair of integers ¢ and r with 0 < r < n. The number
r is known as the remainder of @ when divided by n. Replacing each integer with its
remainder when divided by n partitions the set Z into n congruence classes, namely
[0],[1],...,[n — 1], where [a] = {b € Z : b = a mod n} (we say that b is congruent to
a modulo n and denote by b = a mod n if b and a leave the same remainder when
divided by n), thereby forming a number system Z,, with the above n congruence
classes as its elements. If [a] and [b] are elements of Z,, we can define their sum
and product as

[a] + [b] = [a +b]
[a] [b] = [ab]

It is easy to show that the above operations are well-defined, and [0] is the additive
identity and [1] is the multiplicative identity in Z,.

Definition 2.1. A congruence class [a] € Z, is a unit if it has a multiplicative
inverse in Z,, that is, if there exists a class [b] € Z,, such that [a] [b] = [1].

The following lemma allows us to determine whether an integer is a unit mod n
easily:

Lemma 2.2. [a] is a unit in Z,, if and only if a and n are coprime.

Proof. If [a] is a unit, then there exist some integers b and ¢ such that ab =1+ gn.
This implies that any common divisor of a and n must divide 1, so ged(a,n) | 1.
Since the only integer which divides 1 is 1, we have ged(a,n) = 1.

On the other hand, if a and n are coprime, i.e. ged(a,n) = 1, by Bezout’s identity,
there exist some integers u and v such that 1 = ged(a,n) = au+nv, so au = 1 mod
n. This means that [u] is the multiplicative inverse of [a] in Z,,. O

Let U, denote the set of units in Z,,. The following corollary is a direct conse-
quence of the above lemma:

Corollary 2.3. U, = {[1],[2],....[p — 1]} = Z,\ {[0]}.

Proof. We know that the congruence classes in Z, are [0], [1], [2], ..., [p — 1].
Since for all integers ¢ with 1 < ¢ < p — 1, ¢ and p are coprime, it follows from
Lemma 2.2 that [1], [2], ..., [p — 1] are units in Z,. ([0] is not a unit in Z, because
gcd(0,p) =p # 1)

Thus, U, = {[1], 2], ..., [p — 1]} = Z,\ {[0]}. O

We will now show that the set U,, forms an abelian group under multiplication
mod n.

Theorem 2.4. For each positive integer n, the set U,, forms an abelian group under
multiplication mod n, with identity element [1].

Proof. To prove commutativity, simply note that [a][b] = [ab] = [ba] = [b][a] for all
units [a] and [b].

Now, we will show that the set U, satisfies the group axioms listed in Definition
1.1.

To prove closure, we need to show that if [a] and [b] are units, then [a][b] = [ad] is
also a unit.
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If [a] and [b] are units, then there exist [u] and [v] such that [a][u] = [au] = [1] and

[b][v] = [bv] = [1].

Thus, we have [ab][uv] = [abuv] = [(auw)(bv)] = [au][bv] = [1][1] = [1]. This means
that [ab] has inverse [uv], so [ab] is a unit.

To prove associativity, we need to show that ([a][b])[c] = [a]([b][c]) for all units [a],
[b] and [c].

It is clear that ([a][b])[c] = [ab][¢] = [(ab)e)] = la(be)] = |a][be] = [a]([b][c])-

There exists the identity element [1] in U,, because [1][a] = [a] = [a][1] for all
[a] € U,.

If [a] is a unit, then by definition there exists [u] € Z,, such that [a][u] = [1].

Now, [u] is also a unit, because [u][a] = [a][u] = [1]. This means that [u] is the
inverse of [a] in U,,.

Thus, U, is an abelian group. [

The order of the group U, is given by the Euler’s function.
Definition 2.5. The Euler’s function, ¢ : N — N, is defined as ¢(n) = |Uy|.

The value of ¢(n) is given by the equation below, which we will not prove here:

k k b
(26) ¢(n) _ H(piei, _piei—l) — Hpi€¢—1(pi - 1) = nH<1 - plz)

i=1

if n has prime-power factorization n = p;°*...p;°*.

Theorem 2.7. Ifn > 1 then Z¢(d) =n.
d|n

Proof. Let S ={1,2,...,n}, and for each d dividing n let Sg = {a € S : ged(a,n) = n/d}.

These sets S, partitions the set S into disjoint subsets, because:

(i) For all a € S, there exists some d dividing n such that a € Sy:

If a shares some prime factors py,...,pr with n, then ged(a,n) = pil...pfj where

i1, ...i;, are the smaller powers of py, ..., pr in the prime factorizations of a and n.

It is clear that ged(a,n) = pzf...pfc’c divides n, i.e. there exists some positive integer

d dividing n such that ged(a,n) =n/d, so a is in Sy for such d.

If a shares no prime factors with n , then ged(a,n) =1 =n/n, so a is in S,.

(ii) No single a € S can be found in two distinct S4 because for each a € S, ged(a, n)

is unique.

Therefore, Z |Sa| = |S| = n, so it is sufficient to show that |Sy| = ¢(d) for each d.
d|n

Now, we know that

a€Syifandonlyifa€Z,1<a<mn,and ged(a,n) =n/d. (%)

If we define ¢’ = a/(n/d) for each a € Sy, then o’ is an integer because n/d =
gcd(a,n) divides a, and the statement () is equivalent to:

a € Sy if and only if @ = (n/d) - o/, where ¢’ € Z, 1 < a’ < d and ged(a’,d) = 1.
Thus, |Sg| is the number of integers a’ such that o’ is between 1 and d inclusive,
and o’ is coprime to d.

It follows from Lemma 2.2 that |Sy| is the number of units in Z4, which, by defini-
tion, is equal to ¢(d). O
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Both the theorem above and a corollary of Lagrange’s Theorem are useful in
proving that the group U, for some prime number p is cyclic, a result which follows
from the next theorem:

Theorem 2.8. If p is prime, then the group U, has ¢(d) elements of order d for
each d dividing p — 1.

Proof. For each d dividing p—1, let Qg = {a € Uy, : a has order d} and w(d) = |Q4].
We need to show that w(d) = ¢(d) for all such d.

A corollary of Lagrange’s Theorem states that the order of any element of a finite
group divides the order of the group, so the order of each element of U, divides
Uyl = [Z,\ ([0} = p— 1.

Thus, the sets {2q form a partition of U, and

> wld) =10, =p-1.

d|p—1
By Theorem 2.7, we have
d|lp—1
S0
> (8(d) — w(d)) = 0.
dlp—1

Now we are going to show that for each d dividing p — 1, w(d) < ¢(d).

The inequality w(d) < ¢(d) is obvious if £, is empty, so we may assume that Qg

contains an element a.

It is clear that the powers a* = a,a?, ...,ad(: 1) are all distinct, and they satisfy

(a")® =1 so they are the d distinct roots of the polynomial f(x) = z% — 1 in Z,.

Since f(z) has at most d distinct roots in Z,, the powers a' = a,d?,...,a’(= 1)

form a complete set of roots of f(x).

We will now show that any element b of Q; can be written b = a’ where i is an

integer such that 1 <i < d and ged(i,d) = 1.

If b € g, then bis a root of f(z), so b = a* where i is an integer such that 1 < i < d.

Let j = gcd(i,d). Then b%7 = a7 = (a?)¥/7 = 1/7 = 1 in U,

Since d is the order of b, no lower power of b than b can be equal to 1, so j = 1.

Thus, every element b of Q4 has the form a* where 7 is an integer such that 1 < i < d

and i is coprime to d.

The number of such integer ¢ is ¢(d), so the number of elements b in 4, which is

equal to w(d), is at most ¢(d), i.e. w(d) < ¢(d) for each d dividing p — 1.

This means that ¢(d) —w(d) > 0 for each d dividing p — 1.

Thus, Z (¢(d) —w(d)) = 0 implies that ¢(d) —w(d) = 0 for each d dividing p — 1,
dlp—1

so w(d) = ¢(d), and the proof is complete. O

Corollary 2.9. If p is prime then the group U, is cyclic.

Proof. By Theorem 2.8, the group U, has ¢(p — 1) elements of order p — 1. Since
¢(p—1) > 1, the group U, has at least one element (call it a) of order p — 1. Now,
p — 1 =|Upl|, so the order of a is equal to the order of the group U,. By Theorem
1.7, a is a generator for the group U, i.e. the group U, is cyclic. O

If U, is cyclic, any generator g for U, is called a primitive root mod n.
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3. THE GROUP OF QUADRATIC RESIDUES AND THE LEGENDRE SYMBOL

In this Section, we will discuss the group of quadratic residues and the Legendre
symbol.

Definition 3.1. An element a € U, is a quadratic residue mod n if a = s for
some s € U,,. The set of such quadratic residues is denoted by Q..

For small n, we can find @,, by squaring all the elements of U,,. For example, in
Ur = {1,2,3,4,5,6}, we have 12 = 1,22 = 4,3% = 2,42 = 2,52 = 4,6 = 1; thus, 1,
2 and 4 are quadratic residues mod 7 and Q7 = {1,2,4} C Uy.

Lemma 3.2. Q,, is a subgroup of U,.

Proof. We need to show that @,, contains the identity element of U,,, and is closed
under taking products and inverses.

Firstly, 1 € Q,, because 1 = 12 with 1 € U,,.

If a, b € Q,, then a = s? and b = ¢ for some s, t € Uy, so ab = s*t?> = (st)? with
st e Uy, ie. abe€ Q@Q,.

Finally, if @ € Q,,, then a = s? for some s € U,,. Since s is a unit mod n, it has
inverse s7! in U,,. Now, a(s71)? = s?(s71)? = (ss71)2 = 12 = 1, i.e. a has inverse
al=(s1H2? withs ' €U,,s0a ! €Q,. O

When U, is cyclic, the following lemma describes Q.,:

Lemma 3.3. Let n > 2, and suppose that there is a primitive root g mod n. Then
Q.. is a cyclic group of order ¢(n)/2, generated by g2, consisting of the even powers
of g.

Proof. We will first show that when n > 2, ¢(n) is even. There are two cases:

(i) If » has some odd prime factor p, then p—1 is even. Hence, Equation 2.6 implies
that ¢(n) is even.

(ii) If » has no odd prime factors, we have n = 2™ for some integer m; since n > 2,
we have m > 1, i.e.m — 1 > 0. By Equation 2.6, ¢(n) = 2m"1(2 — 1) = 2™~ must
be even.

Now, any element a € U, can be written a = ¢* for some integer i, and U,, =
{g,gQ, ...,g¢(”)}, with ¢¢(") = 1.

If i is even, then a = ¢* = (¢"/?)? € Q.

If a € Qp, then a = (¢7)% = g?/ for some 7, so i = 2j mod ¢(n); since ¢(n) is even,
7 must be even.

Hence, Q,, consists of even powers of g. This means that Q,, = {g°, ¢*, ..., g?™} =

{g% (¢®)2, ..., (g2)¢(”)/2}, with |Q,| = ¢(n)/2. O

We will now introduce the Legendre symbol, a useful notation whose value de-
notes whether an integer is a quadratic residue mod p.

Definition 3.4. For an odd prime p, the Legendre symbol of any integer a is
a 0 ifpla

<) = 1 ifac@,
p -1 ifaclU,\Q,

The Legendre symbol depends only on the congruence class of ¢ mod p, and is
clearly well-defined on Z or Z,,.
We have proven that the group U, is cyclic for any prime number p (See Corollary
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2.9), and this guarantees the existence of a primitive root ¢ mod p. The following
corollary is a direct consequence of Lemma 3.3:
Corollary 3.5. Ifp is an odd prime number, and g is a primitive root mod p, then
(-
P
Proof. By Lemma 3.3, when i is even, ¢’ is in @, so (—) =1=(-1)". When i is

odd, ¢' is in U,\Q,, so (g—i) =—1=(-1). O

P
The following theorem is very useful for calculations involving the Legendre
symbol:

Theorem 3.6. If p is an odd prime, then (%’) = <%> (%) for all integers a and
b.

Proof. If p divides a or b, then (%) =0or (%) =0, so (%) (%) = 0; at the same

time, p divides ab, so (%’) = 0.

If p divides neither a nor b, then a, b € U,. Let g be a primitive root mod p. Then
a =g’ and b = ¢’ for some integers i and j, so ab = g'g’ = ¢**7. By Corollary 3.5,
we have

(5)- () o =over=(5)(5)-(G) G)

4. EULER’S CRITERION AND GAUSS’S LEMMA

In this Section, we will introduce two more effective methods for determining
quadratic residues. The first is known as Euler’s Criterion:

Theorem 4.1. (Euler’s Criterion) If p is an odd prime, then for all integers a we
have (%) = aP=1/2 mod p.

Proof. If p divides a, then (%) = 0; at the same time, p divides a?~1/2 so

0=a?"1/2 mod p, i.e. % = a®1/2 mod p.

If p does not divide a, then a € U,. Let g be a primitive root mod p. It is clear
that the order of g is equal to |U,| =p — 1.

Now, a = g* for some integer i. Define h = g®»=1/2. Then h? = g?~! = 1 in U,
so h? =1 mod p. This means that p divides h? — 1 = (h + 1)(h — 1), so p divides
h+1or h—1. Thus, h = £1 in U,,.

Since ¢ has order p — 1 > (p —1)/2, so h = g®=1/2 - 1. Hence, we have h = —1.
By Corollary 3.5, we have

i

aP=D/2 = (g P=D/2 = (o(=1)/2)i — pi = (_1)F = (9> = (“)

p p
in Z,, and the proof is complete. O

Before stating the next result, let us use the set {£1,+2,...,+(p —1)/2} as a
reduced set of residues mod p (a set of integers such that each integer is coprime
to p, i.e. is a unit mod p, and no two are congruent mod p). Then we can partition
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U, into two subsets P = {1,2,...,(p—1)/2} and N = {—1,-2,...,—(p — 1)/2}. For
each a € U, we define aP = {azx : © € P}.

Theorem 4.2. (Gauss’s Lemma) If p is an odd prime and a € U,, then (%) =
(=1)* where p = |aP N NJ|.

Proof. If x and y are distinct elements of P, then ax # Zay in Up, because if
axr = +ay mod p, then p divides ax F ay = a(x F y), so p divides z F y, i.e.
r = 4y mod p, which is impossible because x and y are distinct elements of
P={1,2,...(p—1)/2}.
Now, it is impossible for both k and —k (k is any integer between 1 and (p — 1)/2
inclusive) to be in aP at the same time; otherwise, there would exist distinct z,
y € P such that ax = k and ay = —k in U,, so ax = —ay in U, (contradiction).
Thus, the elements of aP lie in distinct sets {1}, {£2}, ..., {(p — 1)/2} (each set
contains at most one element of aP). There are (p — 1)/2 such sets, and there are
(p — 1)/2 elements of aP, so each set contains exactly one element of aP. Hence,
we have
aP={egi:i=1,2,...,(p—1)/2}
where each e; = +1. It is clear that ¢; = 1 if and only if €;72 € P, and ¢; = —1 if
and only if ;2 € N.
Since aP is contained in the abelian group U,, we can multiply all its elements
together in any order, and obtain the same result, so
(r—1)/2
a2 (-2 = ] | (-1/2!'=D"((p-1)/2)!
i=1

in Uy, where p is the number of i such that ¢; = —1, which is the number of €;i
such that ;¢ € N. This means u = |aP N N|.
Hence, we have a?~1/2 = (=1)* in U, so a®?~1/2 = (—1)* mod p.

Now, Euler’s Criterion (Theorem 4.1) gives (%) = aP=1/2 mod p.

Thus, we have (%) = (—=1)* mod p.

Both sides of this congruence are equal to £1, so they must be equal to each other

since p > 2. (]
The following corollary of Gauss’s Lemma allows us to decide whether 2 is a

quadratic residue modulo any odd prime number:

Corollary 4.3. If p is an odd prime then

(;) — (_1)(1)2—1)/8_

Thus, 2 is a quadratic residue mod p if and only if p = +1 mod 8.

Proof. Let P ={1,2,...,(p—1)/2} C U, and N = (—1)P as before.
Then we have 2P = {2,4,...,p — 1}.

Suppose first that p = 1 mod 4. Then we have 2P = {2,4,...,(p —1)/2,(p +3)/2, ...,p —

It is clear that the first (p — 1)/4 elements 2,4, ...,(p — 1)/2 are in P, while the re-
maining (p — 1)/4 elements (p + 3)/2,...,p — 1 are in N. Thus, Gauss’s Lemma
gives

2\ =D/ _ oy er)/2y -1/ _ (_\@P—1)/8
(—1) (=1 ) (—1) ,
p

1.
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where we have used the fact that (p + 1)/2 is odd.

Now suppose that p = —1 mod 4. Then we have 2P = {2,4,...,(p —3)/2,(p+1)/2,...,p —

It is clear that the first (p — 3)/4 elements 2,4, ..., (p — 3)/2 are in P, while the re-
maining (p + 1)/4 elements (p + 1)/2,...,p — 1 are in N. Thus, Gauss’s Lemma
gives
<2> (—1)PHD/A (1) D200/ ()R-,
p

where we have used the fact that (p — 1)/2 is odd.
This proves (%) = (=1)@*-1/8,

Now, 2 is a quadratic residue mod p if and only if (%) =1,ie (p*—1)/8is

even; (p? —1)/8 is even if and only if 16 divides p*> — 1 = (p+ 1)(p — 1); 16 divides
p?—1= (p+1)(p—1) if and only if 8 divides p+1or p—1,ie. p=+1 mod 8. [

5. THE LAW OF QUADRATIC RECIPROCITY

We are now ready to prove an important theorem in number theory, the Law
of Quadratic Reciprocity, which states that for distinct odd primes p and ¢, ¢ is a
quadratic residue mod p if and only if p is a quadratic residue mod g, unless p and
q are both congruent to 3 mod 4. This theorem can be elegantly expressed using
the Legendre symbol:

Theorem 5.1. (The Law of Quadratic Reciprocity) If p and q are distinct odd
primes, then (%) = (g), except when p = q = 3 mod 4, in which case (%) =

_ (e

(5):

Proof. First, we will show that p = ¢ = 3 mod 4 if and only if (p — 1)(¢ — 1)/4 is
odd.

When p = ¢ = 3 mod 4, we have p = 4k + 3 and g = 4t + 3 for some integers k and
t. Then (p —1)(q — 1)/4 = (4k + 2)(4t + 2)/4 = 4kt + 2k + 2t + 1 is odd.

When (p — 1)(¢ — 1)/4 is odd, (p — 1)/2 and (¢ — 1)/2 must both be odd, so
(p—1)/2=2k+1and (¢ —1)/2 = 2t + 1 for some integers k and t. Solving the
two equations for p and ¢, we have p = 4k+3 and ¢ = 4t + 3, i.e. p = ¢ =3 mod 4.
It is clear that (%) = (%) is equivalent to (%) . (%) =1, and (%) = - (%) is

equivalent to (%) . % = -1

Hence, we can rewrite the above theorem in the following way:

If p and ¢ are distinct odd primes, then (%) . (%) = (=1)p=Dla=1)/4,
Now, let P = {1,2,...,(p—1)/2} C U, and N = (—1)P as before, and similarly

define Q@ = {1,2,...,(¢ — 1)/2} C U,. By Gauss’s Lemma (Theorem 4.2), we have

()

where = |¢P N N| is the number of elements 2 € P such that gz = n mod p for
some n € N; this congruence is equivalent to gz — py € N for some integer y, i.e.

fg<qa?fpy<0

1.
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for some integer y. Given any x € P, the values of gz — py for y € Z differ by
multiples of p, so —p/2 < gz — py < 0 for at most one integer y. If such a y exists,
then
0< ¥ - y < KL 1.
p p 2
Since z < (p — 1)/2, we have

gr 1 _q(p—1) 1 qg+1
< —+-<—- < .
Vs, tes g, 2579
Thus, y is an integer strictly between 0 and (¢+1)/2, ie. y € {1,2,...,(¢ —1)/2} =
Q. Hence, we have shown that p is the number of pairs (z,y) € P x @ such that

—§<qx—py<0.

(0)-r

where v is the number of pairs (y,z) € @ x P such that

Similarly, we also have

fg<pyfq:c<0,

2
i.e. v is the number of pairs (z,y) € P x @ such that
O0<qgr—py< g

It follows that

(©)-()-1or

where p + v is the number of pairs (x,y) € P X @ such that

—§<qx—py<0 or 0<qx—py<g.

There are no pair (z,y) € P x @ satisfying gz — py = 0, since p and ¢ are coprime,
so the above condition can be simplified as

p q
—s <qr—py< .
5 <4T—pY <y

Now, let

~1 —1
R=P><Q={(w7y)r$€P7y6Q}={(w,y):%yeZ,leSpQ,1§y§q2}7

S = {(x,y):LyEZ,—g <qr—py< g}

A= {(z7y)xayezvqx_py<_§}7

and

B= {(m,y):w7yeZ,qac—py> %}

Thus, we have u+v = |RNS|. Now, it is clear that |[R| = |P x Q| = |P||Q| =
(p—1)(g—1)/4, s0
(P—1)(g—-1)

=) (a+p)

ptv=



GROUP THEORY AND THE LAW OF QUADRATIC RECIPROCITY 11

where @« = |[RNA| and 8 = |RN B|. If we can show that o = 8, then p+ v =
(p—1)(¢g —1)/4 mod 2, and hence

(q) . (p) = (—1)P~Da-1)/4
p q
as required.

We will prove that & = 8 by introducing the function p given by

plean) = @) = (P32~ Tt )

z7
2 2
It is clear that p is injective: If p(z1,y1) = p(x2, y2), then pT'H —r = p—;l — x5 and
Tl — gy = T — gy 50 21 = 22 and y1 = yo, Le.(v1,y1) = (T2, 92).

It is also straightforward to check that if z, y are integers satisfying 1 < z <
(p—1)/2,1 <y <(¢g—1)/2, and qx — py < —p/2, then ', 3/ are integers satisfying
1</ <(p-1)/2,1 <y <(q—1)/2, and gz’ —py’ > q/2, and if x, y are integers
satisfying 1 <z < (p—1)/2,1 <y < (¢—1)/2, and qz — py > q/2, then z’, ¢ are
integers satisfying 1 <z’ < (p—1)/2,1 <y’ < (¢—1)/2, and ¢z’ —py’ < —p/2.

This means that p injects elements of RN A to some elements of RN B, and injects
elements of RN B to some elements of RN A. Hence, p forms a bijection between
RN A and RN B, so a = 3 and the proof is complete. O

The Law of Quadratic Reciprocity provides us with a simple method to determine
whether a number is a quadratic residue modulo an odd prime number:

Example 5.2. Is 219 a quadratic residue mod 3837
Since 219 = 3 x 73 and 383 is an odd prime, we have

219 3\ (73
20N (2 (B Th .
(383) (383> (383) (by Theorem 3.6)

(3
3

383
(73) (by Theorem 5.1, since 383 = 3 mod 4)

I

\
A~
Wl o

> (since 383 = 2 mod 3 and 383 = 18 mod 73)

2
3
) () (by Theorem 3.6, since 18 = 2 x 3%)

2 e () =20
(

I Il

I |
7 N T N
Wi Wl
— —

so 219 is a quadratic residue mod 383.

As we can see, group theory is useful in proving certain fundamental results in
number theory, such as Euler’s Criterion and Gauss’s Lemma, which can then be
used to prove more complex theorems, such as the Law of Quadratic Reciprocity.

Acknowledgments. It is a pleasure to thank my mentor, Daniele Rosso, for his
guidance and support.
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