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1 Introduction

Suppose that R is a ring such that its additive group R™ is isomorphic as a group to Z/nZ
for a positive integer n. Then R is isomorphic as a ring to Z/nZ. For every ring R the map
A: R — End(R") given by r — (z + rz) for r € R is an injective ring homomorphism. That
R is isomorphic as a ring to Z/nZ can be proved by noting that A(R) = End((Z/nZ)") is
equivalent to the statement that for every f € End((Z/nZ)") with f(1) = 0, implies f is the
zero map. If f(1) = 0 then f(m) = mf(1) = 0, so indeed we find that R = End((Z/nZ)*) and
Z/nZ = End((Z/nZ)"). Hence we obtain that R = Z/nZ.

This gives rise to the following definition. Let R be a ring and denote its underlying additive group
by RT. We say R is firm if the ring homomorphism A: R — End(R™) given by 7 — (z — 72)
is a ring isomorphism. Equivalently, we say R is firm if and only if A(R) = End(R™). The above
proof generalizes in the context of firm rings. In theorem 2.4 we will see that if R is a firm
ring and F is a ring such that R™ = ET, then E itself is firm and there exists a unique ring
isomorphism ¢: R — E.

In the section firm number rings, we will state one of the main results, theorem 3.19. This
theorem states the following:

Theorem. Let K be a quadratic field extension of Q, and let R be a subring of K such that
R ¢ Q. Then R is either

(a) firm; and moreover, there exists a prime number p such that dimgp, (R/pR) = 1,

(b) or R is not firm; and moreover, for all prime numbers p we have that dimg, (R/pR) € {0, 2},
and R* is a free (RN Q)-module of rank 2.

Another main result is theorem 2.3 in section firm rings, which states:
Theorem. Let R be a ring. Then R is firm if and only if End(R™T) is commutative.

Other results of the section firm rings are: firm rings are commutative and rigid. The term rigid
gives the motivation for the use of the term “firm”. Given a commutative ring R, we find that
if the unique ring homomorphism from Z to R is a ring epimorphism, then R is a firm ring. We
use this to deduce that every subring of the field of rational numbers is firm. Furthermore, we
prove that the ring of p-adic integers Z,, is firm.

Let K be a finite field extension of Q and let R be a subring of K. If dimg,(R/pR) = 1 for
some prime number p then R is firm. This is one of the results of the section firm number
rings. Another result of this section is that if R and R’ are subrings of a number field and
commensurable, then R is firm if and only if R’ is firm. In the context of integral closures, this
gives that if R is a number ring then R is firm if and only if its integral closure is firm. This
particular result might be useful for generalizing theorem 3.19 to arbitrary finite field extensions

of Q.

By convention we assume that a ring R has a multiplicative identity and ring homomorphism send
the multiplicative identity to the multiplicative identity and subrings have the same multiplicative
identity. When R is a ring we denote the group of units by R* and the additive group by R*.



2 Firm rings
2.1 General properties of firm rings

Definition 1 (Firm ring). A ring R is firm if \: R — End(R™) given by r — (z + rz) is a
ring isomorphism.

For every ring R the map A: R — End(R™) is an injective ring homomorphism. So in fact for
a ring R it is only necessary to verify whether the map A: R — End(R™) is surjective in order
to determine whether the ring is firm. Therefore, an equivalent definition would be: R is firm if
and only if A(R) = End(R™).

For example, when we take the ring Z we get a unique ring homomorphism A: Z — End(Z™).
Since every group endomorphism of Z is completely determined by the image of 1, it follows that
A is surjective.

Definition 2 (Rigid ring). A ring R is rigid if Aut(R) = {idg}. In other words a ring is rigid
if the identity is the only ring automorphism.

The name “firm” is motivated by the fact that every firm ring is a rigid ring as well. This we
will prove in the following proposition.

Proposition 2.1. Let R be a ring. Then the following statements hold:
(a) R is firm if and only if every f € End(R™T) with f(1) = 0 is equal to the zero map.
(b) If R is firm then R is a commutative ring.

(c) If R is firm then R is a rigid ring.

Proof. For (a), suppose that R is firm. Then f is of the form z — rz, so it holds that f(1) =r.
This gives that f(1) = 0 if and only if » = 0, so f is the zero map. Suppose that every
f € End(R") with f(1) = 0 is equal to the zero map. Then define evy: End(RT) — R by
f— f(1). Then ev; is a group homomorphism such that ev; oA = idr. Suppose that f € kerevy,
then f(1) = 0, and thus by assumption f is the zero map. This gives that evy is injective and
as evy is clearly surjective we find that ev; is a group isomorphism with inverse A. Now A is a
group isomorphism and a ring homomorphism and thus a ring isomorphism. Therefore our ring
R is firm.

For (b), let 7 € R, then x — 7z and z — xr are endomorphisms of RT. Suppose that R is firm,
then evi(x — r& — xr) = 0. Thus ra —zr = 0 by (a) for all € R. We find that r& = xr for all
z,7 € R and thus R is a commutative ring.

For (c), suppose that R is a firm ring, then A\: R — End(R™) given by 7 +— (z — rz) is a
ring isomorphism. Now suppose that ¢: R — R is a ring automorphism, then ¢ is a group
automorphism as well when we restrict ourselves to addition. So if ¢ is a ring automorphism it
should be of the form z — rx with r € R. A ring automorphism should send the multiplicative
identity to itself, so 1 — r -1 =1 and therefore r = 1. So every ring automorphism is equal to



x +— x and therefore a firm ring R is rigid. |

Let n € Z~o and let f € End(Z/nZ"). Then if f(1) = 0, it follows that f is zero map and thus
Z/nZ is firm with proposition 2.1. Hence for every n € Zsq the ring Z/nZ is firm. In particular
the field F,, := Z/pZ is firm for every prime p.

Thus every firm ring is a commutative ring and as the ring is firm the map A\: R — End(R™)
is a ring isomorphism. It is clear that End(R™") needs to be commutative if R is firm. However,
this condition is not only necessary, it is sufficient as well as we will show in theorem 2.3.

Definition 3 (Centralizer). Let S C R be a subset of a ring R. Then the centralizer of S in R
is

Cr(S):={reR:rs=sr forall s € S}.

One can easily verify that the centralizer of S in R is a subring of R for every subset S C R.

Lemma 2.2. Let R be a ring. Let p: R — End(R™) be the map given by r — (z — ar) and
A: R — End(R™") as usual be given by v — (x — rx). Then the following holds

CEnd(R+)(p(R)) = AMR).

Proof. For the inclusion A(R) C Cgpacr+)(p(R)), we note that the endomorphisms = +— r(xs)
and z +— (rz)s are the same, because of the associativity of the multiplication in the ring R.
Now for the inclusion Cgpa(r+)(p(R)) C A(R), suppose that f € Cgna(r+)(p(R)) then for every
r € R we have

fop(r)=plr)of.

When we evaluate the above in 1 we get that

flp(r)(1)) = p(r)(£(1))
flr) = f(@)r.

Thus f = A(f(1)) which proves our inclusion and therefore we have Cgyq(r+)(p(R)) = A(R). W
Theorem 2.3. Let R be a ring. Then R is firm if and only if End(R™) is commutative.

Proof. Suppose that R is firm so A(R) = End(R™"). Then with proposition 2.1 we have that R
is a commutative ring, and therefore End(R™") is commutative. Now suppose that End(R™) is
commutative. Lemma 2.2 gives that

CEnd(Rﬂ(P(R)) = A(R).

As every two elements in End(R™) commute we get Cgna(r+)(p(R)) = End(R"). Hence we find
that A(R) = End(R") and therefore R is firm. [ ]



Given a non-trivial field extension K of a prime field &, there exists a 2-dimensional subspace of
K over k. Let us denote this subspace as U, then there exists a subspace V' of K over k such that
K =U @ V. Then there exists a natural inclusion of End(U™) x End(V ") into End(K ™) which
is a ring homomorphism. Given a basis for U there exists an inclusion of M(2, k) into End(U™),
where M(2, k) is the 2 x 2 matrix ring with coeflicients in k. As M(2, k) is a non-commutative
ring, so is End(U™). This gives us that End(K ™) is a non-commutative ring and therefore we
find that K cannot be firm.

Thus it follows that if K is a field and firm, then it should be a prime field. We have seen that
F,, is firm for every prime p and in theorem 2.8 we will see that Q is firm (or one directly verifies
that Q is firm). Therefore, we obtain that a field is firm if and only if it is a prime field.

Theorem 2.4. Let R be a firm ring and let E be a ring such that Rt = E+. Then E is firm and
there exists a unique Ting isomorphism 1¢: R — E. Furthermore, if - denotes the multiplication
on R then the multiplication on E denoted by -, is given by r-, s:=71-u-$ for a certain u € R*.
Conversely, if - denotes the multiplication on R then for every u € R* the multiplication -, given

byr-ws:=r-u-s defines a ring with multiplicative identity u="'.

Proof. Suppose that R is a firm ring then End(R™) is commutative by theorem 2.3. As Rt = ET,
we find that End(E™) is commutative and thus is F a firm ring. Furthermore, as RT™ = ET, we
have that End(R*) = End(E™). This gives that R is isomorphic to F as a ring, because they are
both isomorphic as ring to End(R™). Now let ¢: R — E and ¢: E — R be ring isomorphisms.
Then we have by proposition 2.1 that v o ¢ = idg. Therefore, we have that ¢ = ¢~! and this
gives that 1) and ¢ are unique.

Let (R,+,-) be a fixed firm ring and F a ring such that Rt = ET. Then there exists a
ring isomorphism : R — E. Thus 7 is a group automorphism of R*. Now as it holds that

. Aut(RT) we have that 1 = A(u™!) for au=! € R*. Now ¢y o¢p~1: E — E is a group
automorphism. Let s, € R. Then we have

P (s)YH(r)) = Y(usur) = v (usur) = sur.

As 9 is a ring isomorphism we have that (1) = u~! and therefore we have that u~! is the
multiplicative identity for the ring E. Therefore we find that r -, s is the multiplication on F
with r -, s = r - u-s where - is the multiplication on R and v € R*.

Let - denote the multiplication on R then -, defined by 7+, s := r-u-s defines another multiplication
on R for u € R*. With respect to the multiplication - is R a ring. Hence - is distributive and
associative and therefore we have that -, is distributive and associative. Furthermore, we have
that r yut=7r-1=randu'-yr=1-r=r. Thus v ' is indeed the multiplicative identity.
Now we get that (R, +,-,) defines a ring with multiplication given by r -, s for s, € R. [ |

2.2 Firm subrings of Q

We have seen that the ring Z is firm and that for every n € Z~ the ring Z/nZ is firm. In this
section we will show that every subring of Q is firm. We will do this by uniquely identifying each
subring of the field of rational numbers with a set of primes. Then we will use this identification
to show that every subring is firm.



Lemma 2.5. Let & denote the set of prime numbers. Suppose x € Q, then denote the smallest
positive integer ¢ such that cx € 7 by den(x). Then for every set B C &2 we have that Z[% :p € B

is equal to the set of x € Q with the property that every prime number dividing den(x) belongs
to B.

Proof. Let us denote the set of x € Q with the property that every prime number dividing
den(z) belongs to B by Qp. As den(1l) =1 and no prime number divides 1 we get that 1 € Qp.
Furthermore, we have that if z,y € Q then den(xz+y)|den(z)-den(y) and den(zy)|den(x)-den(y).
Hence it follows that Qg is a subring of Q. Let p € B be a prime number. Then den(%) =pand

this gives us that % € Qp. Now we obtain that Z[% :p € B] C Qp. Suppose that z € Qp, then

x = ¢ for a,b € Z such that gcd(a,b) = 1 and for all ¢ € &2 \ B we have that ¢ { b. Hence b is a
product of primes p € B. Thus = € Z[% :p € BJ. |

Theorem 2.6. Let &7 denote the set of prime numbers and denote with P(Z?) the power set of
the set of prime numbers. Then there exists a bijection

{subrings of Q} — P(P)

given by R— {pe £ : ]% € R} with inverse B — Z[% :p € B].

Proof. Denote with S(Q) the set {subrings of Q}. Define ¢: S(Q) — P(Z) by R— {p € £ :
L € R} and define ¢: P(2) — S(Q) by B~ Z[ : p € B]. We will show that ¢ 0 ¢ = idp(o)
and that (;5 o w = ids(@).

Let B € P(Z) then

(Y 0 ¢)(B) = ¢(¢(B))
— (@[} pe B)
z{qEQ:%EZ[%:pEB]}.

It is immediately clear that B C {q € £ : l € Z[l :p € BJ}. Let l € Z[l : p € B]. Suppose
that q ¢ B then ¢ = den(y) ¢ B. Hence w1th lemma 2.5 it follows that & 2[5 :pe B So
5 EZ[; :p € B 1fand0n1y1fq-pf0rsomep€B Hence we find that {qegZ 7 GZ[% ip €
B]} C B and thus (¢ 0 ¢)(B) = B. Let R € S(Q) then

(po¥)(R) = d(Y(R))
=¢({pe Z: L €RY})
=2l qe{peﬂ’ 5 € R}]
=Z[;:; €R

Clearly, we have that Z[l : % € R] C R. Let x € R. Then there exists an a € Z such that x =
Jony and ged(a, den(x )) = 1. Furthermore, there exists a ¢ € Z such that ca = 1 mod den(z).

den
Socxr € Rand x = den(m) + m, where m € Z. This gives us that ( 5 € R. Now if plden(z)
then % € R. Hence z € Z[q 5 € R]. This proves that ¢ o1 = idg(q |



Definition 4 (Ring epimorphism). Suppose that R and E are rings and let ¢): R — E be a
ring homomorphism. Then 1 is a ring epimorphism if for all rings M and ring homomorphisms
¢,p: E — M we have that ¢ o ¢ = ¢ 01 implies that ¢ = .

For every ring R there exists a unique ring homomorphism e: Z — R. Suppose that this ring
homomorphism is an epimorphism. Then we find that for every ring M there exists at most one
ring homomorphism : R — M. This is due to the fact that the condition ¢poe = poe is always
satisfied for ring homomorphisms ¢, ¢ : R — M, as poe,poe: Z — M is unique.

The idea of the following lemma is that under the condition that e: Z — R is an epimorphism
the ring R is firm comes from Martin Brandenburg; see [1].

Lemma 2.7. Suppose that R is a commutative ring. If e: Z — R is a ring epimorphism, then
R is a firm ring.

Proof. Suppose that e: Z — R is aring epimorphism. Let f € End(R™). If we want to show R is
firm it is sufficient to show that f(1)r = f(r) for all r € R. Given R®jz R, defining multiplication
on its generators as (z®y)(z@w) = (zz) ® (yw) makes R®z R a ring with multiplicative identity
1®1. Ase: Z — R is a ring epimorphism we find that the ring homomorphisms x — z ® 1 and
z +— 1 ® x are equal. Thus for every x € R we have that xt ® 1 =1 ® .

We note that as f is an endomorphism, the map Rx R — R given by (z,y) — f(z)y is Z-bilinear.
Thus there exists a unique group homomorphism ¢: R ®z R — R such that for all z,y € R we
have that ¢(z ® y) = f(z)y. Now as x ® 1 =1 ® z for all z € R, we have that

@) =pzel)=pler)=f(1)

Thus we find that f(z) = f(1)z. So for every f € End(R") we get that f = A(f(1)). Therefore,
we have that R is firm. ]

Theorem 2.8. Every subring R C Q is firm. In fact every e: Z — R is a ring epimorphism.

Proof. There exists a unique ring homomorphism e: Z — R. Let M be a ring and ¢, ¢: R —
M be ring homomorphisms. Obviously, we have that for all € Z the following holds ¥ (z) =
¢(z). Theorem 2.6 tells us that R = Z[% :p € B] for a B C & with theorem 2.6. Let p € B.
Then we have that w(%) = ¢(%), as ¢ and 1 coincide on p, they coincide on %, due to the
uniqueness of inverses. Now we have that ¢ and ¢ are the same for all x € Z and all % with

p € B, and since those elements generate Z[-= : p € B], we find that ¢ = ¢.

1
P
So every two ring homomorphisms from R to M are the same and therefore the defining property

in definition 4 is satisfied. As e: Z — R is a ring epimorphism we find using lemma 2.7 that R
is a firm ring. So every subring R C Q is a firm ring. ]

2.3 Firmness of the ring of p-adic integers

Lemma 2.9. Let R be a commutative ring. Let p be a prime number such that

#(R/pR) < p.



Then for all n € Z>o we have that R = (Z - 1g) + p"R.

Although p is not necessarily an element of R, we can always view p as element of R by its image
under the unique ring homomorphism from Z to R.

Proof. Let R be a commutative ring and p a prime such that #(R/pR) < p. We have that R/pR
is a vector space over . Thus the condition #(R/pR) < p is equivalent with dimg, (R/pR) < 1.
Let us first assume that dimg, (R/pR) = 0. Then R = pR and we find for every n € Zx¢ that
R = p"R. Clearly, we obtain that R = (Z - 1g) + p™R.

Let us now assume that dimp, (R/pR) = 1. Thus we have R/pR = F, and therefore we have
that R = (Z-1g) + pR.

Assume it is true for n, then we will prove that it is true for n+1. We have that R = (Z-1)+pR
and R = (Z-1)+p™R, so we can write R = (Z-1)+p ((Z - 1) + p"R). Every element of (Z-1)+p"R
is of the form (k; + p"r;) for k € Z and r € R, so then we get that

p(k +p"r) = (pk +p"r).
Now it follows that p ((Z - 1) + p"R) = p(Z-1)+p™ ™' R. This gives that R = (Z-1)+p(Z-1)+p" 'R
and as p(Z - 1) is a subgroup of (Z - 1) we get that R = (Z-1) +p"T'R. [ |

Theorem 2.10. Let R be a commutative ring. If there exists a prime p such that
#(R/pR) <p, () P"R=1(0),
n=1
then R is firm.

Proof. Suppose that f € End(R™), with f(1) = 0. Then using lemma 2.9 gives that
f(R)=f(Z-1+p"R)=Z-f(1) + f(p" - R) =p" f(R) Cp"R

holds for every n € Z>q. This gives that

and so we get that f(z) = 0 for all z € R. Therefore we find using proposition 2.1 that R is a
firm ring. |

Definition 5 (The ring of p-adic integers). Let p be a prime. Then the ring of p-adic integers
is defined as Z,, := {z € Q, : |z|, < 1}, where Q, is the field of p-adic numbers, which is the
completion of Q with respect to the p-norm.

In [2] we find the definition as above and the statement that Z, is a ring. Moreover, we find
that Q, is the completion of Q with respect to the p-norm. Furthermore, we find that Z, is
commutative and in corollary 3.3.6 of the same book that for n > 1 the following holds

Ly [p"Lp = L/p" L. (1)



Theorem 2.11. Let p be a prime. Then the ring Z, of p-adic integers is firm.

Proof. Let p be a prime and Z, the ring of p-adic integers. Then we apply theorem 2.10 to p.
We obtain using (1) that

Zy/pZy = L] pL.
This gives that #(Z,/pZ,) = p, so the first condition is satisfied. We have that [p"|, = p~"
and therefore we get p"Z, = {z € Q, : |z|, < p~"}. Thus for all x € (), p"Z, we get that

|z|, < p~" for all n € Zs¢. Hence we get that |z|, = 0 and thus z = 0. Then theorem 2.10
implies that Z,, is a firm ring. |

10



3 Firm number rings
3.1 Linear Algebra

Lemma 3.1. Supposen € Z>o and H C Q" is an additive subgroup. Then for every k,m € Zq
it holds that

#(H/kmH) = #(H/kH) - #(H /mH).

Proof. Suppose n € Z>o and H C Q" is an additive subgroup. Let k,m € Z~. Then
#(H/kmH) =#(H/kH) - #(kH/kmH).

Let p: H/mH — kH/kmH be given by h + mH +— kh + kmH. Then if h € ker ¢ it follows
that kh € kmH. However, if kh € kmH, then h € mH as multiplication with k£ # 0 is an
automorphism of Q™ and therefore sends the subgroup mH C Q™ injectively to kmH C Q™.
Thus we conclude that ¢ is injective. Furthermore, ¢ is clearly a surjection. Hence it is a group
isomorphism. This gives that #(H/mH) = #(kH/kmH) and hence we obtain

H(H/kmH) = #(H/KH) - #(H/mH).
|

Corollary 3.1.1. Let K be a finite field extension of Q, and R C K a subring. Let k,l € Z~yg.
Then

#(R/K'R) = (#(R/kR))".
Proof. This follows by induction on [ from lemma 3.1. |

Proposition 3.2. Suppose n € Z>¢ and H C Q" is an additive subgroup. Then for allm € Z~q
the following holds:

#(H/mH)|lm".

Proof. With lemma 3.1 it is sufficient to show that #(H/pH)|p™ for every prime p. Let p be a
prime. Then H/pH is an Fp-vector space. Now let V' be a k-dimensional subspace of H/pH and
let (hy +pH,ho +pH,... hy + pH) be a basis for V.

Suppose that k > n. Let 7: H — H/pH be the quotient map which sends h; to h; + pH. Then
the h; € H are not linearly independent over Q. Therefore, there exist a; € Q not all equal to
zero such that Zle a;h; = 0. Without loss of generality, we can choose the a; € Z as we can
multiply with the product of the denominators. Moreover, we can choose our a; € Z such that
there exists an a; with p { a;, because otherwise all a; are divisible by p. Hence we can divide
by p until there exists an a; with p{a;. We obtain that

k

Zw(aihi) = Z(ai mod p)(h; + pH) = 0.

i=1 i=1

11



Since there exists an a; with p { a; we get that (a; mod p) # 0. Hence we find that (hy +
pH,ha +pH,... hi +pH) cannot be a basis for V. Thus we can conclude that H/pH does not
have any k-dimensional subspaces when k& > n. Hence we obtain that H/pH itself cannot have
a dimension bigger than n. Therefore, we obtain that #(H/pH)|p™. [ |

3.2 Commensurability and integral closures

Definition 6 (Commensurable). Let G be a group. Subgroups H,J C G are commensurable if
both the index (H: HNJ) and (J: H N J) are finite.

Proposition 3.3. Let G be an abelian group. Then commensurablility defines an equivalence
relation on the set of subgroups of G.

Proof. Let G be a group. Then for every subgroup H C G we have that H is commensurable
with H as (H : HNH) = (H : H) = 1. Thus commensurability is reflexive and it is symmetric
as both (H : HNJ) and (J : HNJ) need to be finite if H is commensurable to J.

For the transitivity, assume that H and J are commensurable and that J and K are commen-
surable. Furthermore we have that

(H:HNJNK)=(H:HNnJ)-(HNJ:HNJNK)
=(H:HNJ)-(HNJ)K : K)
<(H:HnJ)-(J:JNK).

Now as (H : HNJ) and (J : JN K) are both finite we find that (H : HNJ N K) is finite. Hence
(H : HNK) is finite. Interchanging the role of H and K gives that (K : H N K) is finite as well.
Thus we obtain that H and K are commensurable. |

Lemma 3.4. Let H and J be commensurable subgroups of a finite dimensional Q-vector space.

Then for all m € Zso we have #(H/mH) = #(J/mJ).

Proof. We can assume that J C H, because if H and J are commensurable then so are H N J
and H commensurable, and similarly H NJ and J are commensurable. Let ¢: H/J — mH/mJ
be given by h + J +— mh +mJ then if I € ker ¢ it follows that mh € m.J. However, if mh € m.J
then h € J and therefore we obtain that ker ¢ = 0. Thus ¢ is injective. Moreover, ¢ is clearly
a surjection and hence ¢ is a group isomorphism. Thus we have that (H : J) = (mH : mJ).
Furthermore, we have that (H : mH)-(mH : mJ) = (H : mJ)and (H : J)-(J : mJ) = (H : mJ).
Hence it follows that (H : mH) = (J : m.J), and this gives that #(H/mH) = #(J/m.J). [ |

Definition 7 (Number ring). A number ring is a subring of a number field K where a number
field is a finite field extension of Q. A firm number ring is a number ring which is also a firm
ring.

Definition 8 (Integral). Let A, B and C be commutative rings such that A C C and B C C are
subrings of C. Then an element b € B is integral (over A) when there exists a monic polynomial
f € A[X] with f(b) = 0. When every element b € B is integral over A, we say that B is integral
over A.

12



Lemma 3.5. Let R be a number ring and K its field of fractions. Then if x,y € K are integral
over R, so are xy, x +y and x — y.

Proof. We refer to proposition 3.17 in [5] for the sum and product. We have —1 is integral over
R as z + 1 is a monic polynomial with coefficients in R. Then with the product we find that —y
is integral over R for y integral over R. Hence we get that x — y is integral over R. |

For every number ring R with field of fractions K we have that R is integral over R. Hence the
previous lemma tells us that the set of all elements € K which are integral over R is a subring
of K which contains R. This subring is called the integral closure and we denote the integral
closure of R with R.

Definition 9 (Dedekind domain). A number ring R that is not a number field is called a
Dedekind domain if for every prime ideal p of R, the local ring R, is a discrete valuation ring.

Theorem 3.6. Let R be a number ring with field of fractions K, and Ok the ring of integers
of K. Then the following statements hold:

(a) Ok ={z € K : f§ € Z[X]};
(b) the integral closure of R equals R = ROg:

(¢) R is Dedekind if and only if it contains Ok .

Proof. We refer to theorem 3.20 in [5)]. |
Lemma 3.7. Every number ring R is of finite index in its integral closure R.

Proof. We refer to theorem 4.9 in [5]. |

Proposition 3.8. Let R and R’ be number rings with field of fractions K. Then the following
statements hold:

(a) R is commensurable with R;

(b) R and R' are commensurable if and only if R = R'.

Proof. For (a), let R be a number ring. Then with lemma 3.7 it follows that R is of finite index
in R. So alongside with RN R = R we conclude that (R : RN R) is finite and (R: RN R) = 1.
Thus indeed we have that R and R are commensurable.

For (b), suppose that ]:% = R'. Due to (a) we have that R and R are commensurable. Similarly,

we have that R’ and R’ are commensurable. Hence it follows with proposition 3.3 that R and
R’ are commensurable.
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Suppose that R and R’ are commensurable. Then there exists an n € Z~o such that (R’ :
RN R') =n. Furthermore, there exist b; € R’ such that

n

R =[J®i + (RNR)).

i=1
Let z € R, then 1,z,22,...,2" cannot all be contained in different cosets. Hence there exist
k,l € Z~g such that k <[ and ¥ = 2! mod (RN R’). Thus there exists an » € RN R’ such that

2! — 2% —r = 0. Therefore, z € R’ is integral over R. Hence R’ is integral over R. This gives

that R € Rand R’ C R = R. Thus R’ C R, and interchanging R and R’ gives that R C R'.
Therefore, we obtain that R = R’. |

Lemma 3.9. Let R be a number ring. Then for every f € End(R™) there ewists a unique
f € End(Q- R™) such that fie =[5 and this [ is Q-linear. Furthermore, the map End(RT) —
Endg(Q- R™) given by f f is an injective ring homomorphism.

Proof. Suppose that z € Q- RT. Then x = Zle qiTi, where ¢; € Q and r; € RT. For every
q; € Q there exists a;,b; € Z such that g; = % we can choose b; € Z~q. Then © = E?Zl % and
hence we can write

k k
izt ai”(Hlstk,j#z‘ bi)
H?:l bi ’

xr=

Since all the b; € Z~q and Zle a;r; <Hf§jgk’j# bi) € RT as Z is a subgroup of R, we see that

we can write every 2 € Q - RT in the form Y for some y € R and n € Zo.

Let us define f )= £W)  We will now show that f is well-defined. Let z € Rt and m € Zwq

n

such that £ = 2. Then my and nz are the same element of R*. This gives that f(my) = f(nz)

o Fw) _ )
m

and because f is Z-linear we get that mf(y) = nf(z). Hence we find that =.* . Clearly,

we have that ﬁ . = fsince f(7) = f(r) for all » € R. We have that f is Z-linear as f is Z-linear
_ R
and f(£) = % and hence an element of Q- R*. Let w € RT and | € Z~(. Then

_ 7 ly+nw
) - f ( ynl )
_ fly+nw)

- nl

f(

Sk

+

~lg

_ W) fw)
St

=JG)+ 1)
Hence f is additive and therefore we find that f is indeed an element of End(Q - R*) such that
Jloe =1

Let ¢ € Q and r € RT. Then there exist a,b € Z such that ¢ = %. Considering fis Z-
linear, we have that bf(qr) = f(ar) and bgf(r) = af(r). Again, f is Z-linear so we obtain that
bf(qr) = bqf(r). Hence, multiplying with % gives that f(qt) = qf(r). Thus we find that fis
indeed Q-linear. Let ¢-Q and r € R™, then f(qr™) = qf(r) = qf(r). Hence f is uniquely

determined by the image of R™.
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Clearly, idg = idg. g+ as idg(gr) = gidg(r) = gr. Furthermore, we have that f + g = f + g and
fog = fog as both sides coincide on RT. Since we have proved that for every f € End(RT)
there exists a unique Q-linear f € End(Q- R"), we note that the map End(R*) — Endg(Q-RT)
given by f + f is an injective ring homomorphism. |

Due to the inclusion stated in lemma 3.9 we can view End(R™) as a subring of Endg(Q - R1).

Lemma 3.10. Let R be a number ring. Then R is firm if and only if End(R™) is commutative;
if and only if Q - End(R™) is commutative.

Proof. The statement R is firm if and only if End(R") is commutative is stated and proved
in theorem 2.3. Hence it is sufficient to prove that End(R™) is commutative if and only if
Q - End(R") is commutative. We embed Q into Endg(Q - R*) by sending every ¢ € Q to
the endomorphism z — ¢x. Hence the elements of Q under the embedding commute with all
the elements of Endg(Q - R*). Thus if End(R") is commutative we get that Q - End(R™) is
commutative. When End(R™) is not commutative then so is Q - End(R™). Therefore, we find
that End(R™) is commutative if and only if Q - End(R") is commutative. |

Lemma 3.11. Let R be a number ring. Then

Q-End(R") ={f €Endg(Q-R"):3n€Zso: f(RY) C 1R}.

Proof. Suppose that h € Q - End(R™), then there exists g € End(R™) such that h = Zg. How-
ever, mg € End(R™), so it follows that h € {f € Endg(Q - R") : 3n € Zso : f(RT) C %R"‘}.

Now suppose that & € {f € Endg(Q- R") : 3n € Zs¢ : f(R') C LRT} then it holds that h(RT) C
LR* for am € Zso. Then it holds that m-h(R") C RT and therefore m - h € End(R™"), which
agam implies that f € Q- End(R™). [ |

Theorem 3.12. Let K be a number field and let R and R’ be subrings of K such that R and R’
are commensurable. Then R is firm if and only if R’ is firm.

Proof. Let R and R’ be subrings of the number field K and let R and R’ be commensurable. Then
there exists an m € Z~q such that R C %R’ and R’ C %R. Hence we have that Q- RC Q- R’
and Q- R’ C Q- R. Therefore, we find that Q- R=Q - R'.

Using Q- R = Q- R, we will show that Q- End(R™) = Q- End(R'"), then by lemma 3.10 it will
follow that R is firm if and only if R’ is firm.

Let f € Q-End(R"), then f € Endg(Q - R™) such that there exists an n € Z~¢ with f(RT) C
LR*. Then from Q- RT = Q- R'" it follows that f E Endg(Q - R’+). Lemma 3.11 lets us
write f (R’+) as there exists an m € Z-g such that R C LR’ and R’ C L R. Hence we find that

f(R™) € —R'". Thus it follows that f € Q- End(R’*). Proving f e Q - End(R'") implies
feqQ- End(R*) goes analogous. This gives Q - End(R%) = Q - End(R'"). Lastly, applying
lemma 3.10 we find that R is firm if and only if R’ is firm. ]
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Corollary 3.12.1. Let R be a number ring, then R is firm if and only if R is firm.

Proof. This follows directly from theorem 3.12 and proposition 3.8. |

3.3 Firm number rings of quadratic extensions

Lemma 3.13. Let K be a finite field extension of Q, and R C K a subring. Suppose I C R is
an ideal with I # (0). Then #(R/I) < oo.

Proof. Let a € I such that o # 0; such an « exists as I # (0). Then there exists n € Z~( and
ag, - - -, ay € Q such that not all a; = 0 and

n
Z aiai =0.
i=0
Without loss of generality, we can assume that ag # 0 and that a; € Z. Therefore we obtain that
n
ap = —Zaio/ €a-Zla] C I
i=1

Hence I N7Z # (0) and because ag € I we obtain that agR C I. With Proposition 3.2 we get
that #(R/aoR) < |ao|®*¥ and thus using agR C I, we find that #(R/I) < |ao/¥¥ < co. W

Lemma 3.14. Let R be a number ring. If there exists a prime p such that
#(R/pR) = p,
then the ring R is firm.

Proof. By theorem 2.10 it is suffices to show that
I:= ﬂ PR = (0).
k=1

For every n € Z~( we know that I C p"R. Now since #(R/p"R) = #(R/pR)" = p" due to
corollary 3.1.1 and the fact that #(R/p™R) < #(R/I) for every n € Z~o we get that p"™ < #(R/I)
for every n € Zso. Hence with lemma 3.13 we get that I = (0). |

For example, the ring R = Z[%ﬂ] is a firm number ring, which is a subring of Q(¢). The minimum
polynomial of 2 + i over Q is given by

=X —4X+5

from this we deduce that i = 2 — 2%_2 and therefore we obtain that Z[i] C R. To show that R is

firm, we will use lemma 3.14. The ring homomorphism Z[X]/(5X? —4X + 1) — Z[z%_z] defined

by X — 2%” and n — n for every n € Z is injective and surjective. Hence it induces a ring

isomorphism Z[X]/(5,5X%?—4X +1) — Z[Q%H]/(E\) Since Z[X]/(5,5X?—4X +1) = Z|X]/(5, X +
1), we have that Z[X]/(5,5X2—4X +1) = Z/5Z. Thus we find that dimp, (R/5R) = 1. Therefore,

we get that R is firm.
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Lemma 3.15. Let K be a quadratic extension of Q, and let R be a subring of K such that
R ¢ Q. Let Z,) denote the subring {§ € Qla,b € Z,b & pZ} of Q. Then for all primes p such
that dimg, (R/pR) = 2 we have that R is integral over Z,).

Proof. Let p be a prime such that dimg, (R/pR) = 2. Then R/pR =F,-1®F, - a for all o with
a & Z+pR. Since a € R\ (Z+pR) and R is a subring of K we have that there exist u,v,w € Z
such that ggd(u,v,w) =1 and

u-a?+v-a+w=0.

Then it holds that

w-a*+v-at+w-1=0
as well, and therefore @ # 0 as @ and 1 form a F,-basis for R/pR. As @ # 0 we obtain that p { u.
Hence we have that

?+2.a4+2=0

with 2, % ¢ Z,y. Thus we have for every o € R\ (Z + pR) that « is integral over Z,). We have
that o ¢ Z + pR if and only if @ ¢ F,,. As dimg, (R/pR) = 2 there exists an a ¢ F,, - 1.

Suppose that 3 € Z + pR then a + 8 ¢ Z + pR and hence integral over Z,. Since a + f3 is
integral over Z,, we have that 8 = (a + ) — a is integral over Z,) using lemma 3.5. |

Lemma 3.16. Let K be a quadratic extension of Q, and let R be a subring of K such that
R ¢ Q. Suppose that for all primes p we have that dimg,(R/pR) € {0,2}. Then R is integral
over RN Q.

Proof. Let us denote with A the ring R N Q. We have that A is a Principal Ideal Domain
(PID) and that every non-zero prime ideal of A is of the form pA for p a prime number and
dimg, (R/pR) = 2. For prime numbers p with dimg, (R/pR) = 0 we have that R = pR and thus
that % € R and hence that % € A. Suppose that for all p we have dimp, (R/pR) = 0. Then
Q C A and it follows that R is integral over A as K is algebraic over Q. So now we can assume
there is at least one prime number p such that dimg, (R/pR) = 2. Now let o € R and let

=0

n—1
deny () := {d €A:In€Zsg:da” € ZA-O/}

then deny(«) is an A-ideal, because d € den () implies that for every r € A we have

n—1 n—1 n—1
r(da™) er (Z/Lo/) = ZTA~0/ = ZA~ozi.
i=0 =0 =0

It is also closed under addition. Namely let d, h € deny(«), then

n—1 k—1
da" €Y A-a', hat e Ao
i=0 =0
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Without loss of generality, we suppose that n > k, then we can write
n—1 n—1
ha™ € ZAwJ/CZA'o/
i=n—k i=0

hence we deduce that d + h € deny (). With lemma 3.15 we know that for every oo € R and for
every prime number p such that dimg, (R/pR) = 2 that « is integral over Z,). So there exists a
monic polynomial f € Z,)[X] with f(a) = 0 for every such prime number. Clearly there exists
a d € Z\ pZ such that d- f € Z[X] and hence d € deng (). Since every deny(«) is an A-ideal
and A is a PID we have that there exists an w € A such that wA = deny4(«). Suppose that
wA C pA, then one has that

kZ =wANZ CpANZ=pZ
for a certain k € Z. Now as there exists d € den(«) such that d € Z \ pZ with the fact that
p | k we get that p should divide d, which gives a contradiction. Hence, for every prime number p
with dimp, (R/pR) = 2 we get that wA ¢ pA, so the ideal is wA is not contained in any non-zero
prime ideal and thus w € A*.

Therefore we have that dena(«) = A, so for every a € R we have that there exists an n € Zs¢
such that

n—1
a” € E A-af
i=0
and hence every « is integral over A. |

Lemma 3.17. Let F be a free R-module, and M an R-submodule with R a PID. Then M is
free and its rank is less than or equal to the rank of F.

Proof. We refer to theorem 7.1 in [3]; part one. |

Lemma 3.18. Let A be a PID, and L be a finite separable extension of its quotient field of
degree n. Let B be the integral closure of A in L. Then B is a free module of rank n over A.

Proof. We refer to theorem 1 in [4]; part one; chapter 2 integral closure. |

Theorem 3.19. Let K be a quadratic field extension of Q, and let R be a subring of K such
that R ¢ Q. Then R is either

(a) firm; and moreover, there erists a prime number p such that dimg, (R/pR) =1,

(b) or R is not firm; and moreover, for all prime numbers p we have that dimg, (R/pR) € {0, 2},
and RT is a free (RN Q)-module of rank 2.
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Proof. Let K be quadratic extension of Q, and let R be a subring of K such that R ¢ Q. If
there exists a prime p such that dimg, (R/pR) = 1, we obtain with lemma 3.14 that R is a firm
number ring.

Suppose that there does not exist a prime p such that dimg,(R/pR) = 1, so the dimension is
either 0 or 2. With lemma 3.16 we have that R is integral over R N Q. Let R be the integral
closure of R in K, where K is a field extension of Q(RN Q) = Q of degree 2. Then with lemma
3.18 we find that R is a free R N Q-module of rank 2. Because RN Q is a PID and R is a
R N Q-submodule of R it follows that R is a free R N Q-module of rank less than or equal to 2
with lemma 3.17. Now as R ¢ Q it cannot be of rank 0 or 1; it has to be of rank 2. Thus R" is
a free (R N Q)-module of rank 2, hence

M(2,RNQ) C End(R").

Hence R is not a firm ring by theorem 2.3. ]
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