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ON NUMBERS WHICH ARE DIFFERENCES OF
TWO CONJUGATES OVER @ OF AN ALGEBRAIC INTEGER

T. ZAIMI

We continue the investigation started by A. Dubickas of the numbers which are
differences of two conjugates of an algebraic integer over the field Q of rational
numbers. Mainly, we show that the cubic algebraic integers over @ with zero
trace satisfy this property and we give a characterisation for those for which this
property holds in their normal closure. We also prove that if a normal extension
K/Q is of prime degree, then every integer of K with zero trace is a difference of
two conjugates of an algebraic integer in K if and only if there exists an integer
of K with trace 1.

1. INTRODUCTION

Let L be a number field, that is a finite extension of the field Q of rational numbers,
and let K be a subfield of L. Then, the extension L/K is said to be normal if there
exists @ € L all of whose conjugates over K belong to L. In this case the set G(L/K)
of the K—embeddings of L in the complex field has a group structure and is called
the Galois group of the extension L/K. A normal extension is said to be cyclic if its
Galois group is cyclic. '

Let § € L, then the trace of 6 over K, namely r/x(6) = 3  7(),is an

TEG(L/K)
element of K. In particular if # € Zr, where Z;, is the ring of the integers of the field
L, then ’I‘L/K(O) € Zk.

The additive form of Hilbert’s Theorem 90 ([3]), asserts that if the extension L/K
is cyclic, then every element § € L satisfying rp,x(f) = 0, can be written as 6
= a — o(a), where @ € L and o is a generator of G(L/K). A natural question arises
immediately. For which cyclic extensions L/K, can we write every integer S8 of L
satisfying 77 x(8) = 0 in the form f = a — o(a), where a € Z; 7 The next result
gives a partial answer to this question.

THEOREM 1. Let L/K be a normal extension of degree d, where d is inert in
Zx . Then, every integer 3 of the field L satisfying r1,x(B) = 0, is a difference of two
conjugates of an algebraic integer in L if and only if rp/x(Z1) = Zk .
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In fact the question above is in a certain sense due to Smyth [1]. He asks whether
an algebraic integer which is a difference of two conjugates over K of an algebraic
number, is a difference of two conjugates over K of an algebraic integer.

In [2], Dubickas and Smyth, have shown that a number 6 is a difference of two
conjugates over K of an algebraic number if and only if there exists an element T in
the Galois group of the normal closure of the extension K(8)/K (the normal closure of
the extension K(#)/K is the smallest normal extension of K containing @) such that
6+ 7(0)+ -+ 7""1(8) =0, where n is the order of 7.

Recently ([1]), Dubickas proved that an algebraic integer 8 whose minimal poly-
nomial over K, say Irr (8, K), is of the form

Irr (8, K) = P(a™),

where P € Zk[X] and n is a rational integer greater than 1, is a difference of two
conjugates over K of an algebraic integer. He also showed that the same property holds
when

It (B, K) = 2° + pz+ g,

provided p/9 € Zg . For this last case, the next theorem shows that the condition
p/9 € Zk is not necessary when K = Q.

THEOREM 2. Let 3 be a cubic algebraic integer over Q. If rg(gy/q(8) = 0, then
B is a difference of two conjugates of an algebraic integer of degree < 3 over the field
Q(B,B'), where B' is a conjugate of 8 and ' # .

Let v be the 3—adic valuation function on the set Zg := Z (if k € Z, then v(k)
is the greatest rational integer such that k/(3"(®)) € Z). The following result gives
a characterisation of the cubic algebraic integers over @ which are differences of two
conjugates of an integer of the field Q(8, 8').

THEOREM 3. Let B be a cubic algebraic integer over @ and let disc (8) be the
discriminant of Irr (8, Q) := z3 +pz +q. Then, Bis a difference of two conjugates of an
integer of the field Q(B, B’) if and only if v(disc (8)) ¢ {4,5}, provided v(disc (8)) # 3
or there exists ¢ € {—1,1} such that v(m+ 3p+¢€l) > 3 (respectively, such that
v(m + 12p + 8¢l) > 3),where m is a squarefree rational integer, | € Z, I?m = disc (8)
and m = 2,3[4] (respectively and m = 1[4]), when v(disc (8)) = 3.

2. PROOF OF THEOREM 1

Let L/K be acyclic extension of degree d > 2 and let ¢ be a generator of G(L/K).
Set A = {ﬂ € Zy1, ryk(B) = 0} and D = {a—a”‘(a), a€ Zrandm € Z}. It is
clear that D C A and if r(Z.) = Zk (along the proof of Theorem 1, r means r k),
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then there exists an element e € Z, satisfying r(e}) = 1. It follows (as in the proof of
Hilbert’s Theorem [3, p. 215]) that if 8 € A, then

ﬂ= a—o(a),

where

a= Z (Z )k(e € Zr.

0gk<d-2 M0<igk

Conversely, suppose D = A. Note first that r(Zz) is an ideal of Zx and contains
the ideal r(Zx) = dZx . Suppose that r(ZL) # Zx. Then, r(Z,) = dZk, since dZg
is a prime ideal. We shall prove that 8/d € A, whenever 8 € A. This leads to a
contradiction, since in this case 8/d™ € A C Zi, for all positive rational integers n. Let
us now prove the following lemmas.

LEMMA 1. Let B8 € A. Then there exists 8, € A such that 8=, — o(61).

Proor: Let 8 € A. Then, there exist an element o € Z; and a positive rational

integer m such that 8 = a — 0c™(a), since A = D. Set n = Y  o'(a) and
B1=n—(r(n))/d. Then, r(8;) =0, B; € Z;, and Osism-t
ﬁ:n—a(n):n—@—a(n r(n)) ﬂl—U(ﬂl) 0

LEMMA 2. Let 8 € A. Then, for every non-negative rational integer n, there

exists B, € A such that B= (—l)kC','c‘ak(ﬂ,,).
ogkgn

Proor: We apply induction on n. Letting 8¢ = 8, we obtain the result for n = 0.

Assume now that 8=} (,—l)k mg*(Bn), where n is a non-negative rational integer
0<k<n

and B, € A. Then, by Lemma 1, there exists B,+1 € A such that Bn, = Bny1—0(Bn+1)
and

B= 3 (-1)"Cpo*(Bas1 — 0(Ba+1))
0gkgn

=CiBnsr+ Y (1) (CE + Cp_1)0*(Bas1) + ()™ Cro™+ (Bat1)

1<kgn

= T ()FCPeH(Ban).

0<kSn+1 0

LEMMA 3. Let Bc A. Then, Y. (d—1-k)o*(B)edA.

0gk<d-2
PROOF: Let B € A. Then, by Lemma 1, there exits o € A such that 8 = a—o(a)
and Y (d—1-k)oF(B) =da e dA. 1|

0gk<d-2
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Returning to the proof of Theorem 1 and let 2z = (d — 1 — k) + (—l)kC,‘:'z, where
0< k<d-2. Then, zo/d=1, z1/d=0and for k> 2, z;/d € Z, since k < d and
d-—1-k

ok = ——— (K + (-1)* (@~ 2)(d~3)...(d - b)) =

d(d -1 - k)P(d)
k! ’

where P is a polynomial with rational integer coefficients.
Let now B € A. Then, by Lemma 2, there exists & € A such that

B = Z (~-1)*Cci2* ().

0<k<d—2

It follows by Lemma 3, that the number

3 aket@)-B= Y (zk—(—l)kC’,‘:'z)ak(a)

0gk<d-2 0<k<d—2

is an element of the set dA. Furthermore, Y zx0%(a) € dA, as zx/d € Z for all
0gk<d—2

0<k<d-2 and r( > :ckak(a)) = 0. Hence, 8 € dA, since the sum of two
0gk<d—2
elements of the set dA belongs to dA (if { = 8§ — 0™ (f), where § € Z; and m is a

positive rational integer, then { = n—o(n), where n= 5  ¢%(f). Hence, the sum
0gigm—1
of two elements of A = D belongs to A).

REMARK. The proof of Theorem 1 can not be applied for a cyclic extension L/Q
of degree 4, since in this case the condition A = D does not imply rr,o(ZL)
= 4Z. Indeed, Let Q(y/m) (m is a squarefree rational integer), be the unique quadratic
field contained in L. Then, /m = a — ca, where a € Z; and from the equalities
o(vm) = —/m = o(a — 0a) = oa — g%a we obtain /m = a —oca = —(ca — o%a)
and a € Q(v/m), as a = o%a. Hence, m =1[4] and r;,q(ZL) = tZ where t € {1,2},

since 7./g(1 +v/m)/2 = 2.

3. PrROOF OF THEOREM 2 AND THEOREM 3

First we show some results which can be used for the case where § is a cubic
algebraic integer over a number field K. Set Irr (B, K) := z3 + pz + ¢ and let L be
the normal closure of the extension K(8)/K . Then, the group G(L/K) is isomorphic
to the symmetric group on three letters (respectively is cyclic of order 3) when L
# K(B) (respectively when L = K(B)). Fix an element ¢ in G(L/K) of order 3, then
L=K(B,0(8),

i(p)/k(0) =0+ 0(8) + 0*(6),
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where @ is any element of the field K(8),

(1) p= ".'K(ﬁ)/K (0(8)0?(B)) = Bo(B) + a(B)a*(B) + o*(B)B
and
(2) disc (8) = ((B — 0B)(B - 026) (08 — 0%6))* = —4p° — 3%,

Recall by Galois theory, that the field L contains three cubic extensions of K and

only one quadratic extension of K, namely K(y/disc(B)). The field K (+/disc(B))
is the set of elements of L which are fix under the action of the automorphism o

(respectively Recall that the set of the elements of L which are fix under the action of
o is the field K'). Note also that if 8 = 8 — 7(0), where 6 € Z;, and 7 € G(L/K),
then there exists a € Zr such that § = a — ¢(a) and K{a) = L. Indeed, if 7 is
of order 2, then 7(8) = 7(8) — 6 = —f is a conjugate of 8 and if 7 = o2, then
B=0-0%0)=0+0(0) —a(8+c(6)). The equality K(a) = L is clear, since all the
cubic extensions of K in L, namely K(B), K(o(B)) and K(c?(8)), are not normal
over K (respectively since the only subfields of L containing K are L and K).

Let v := B8 —0%(B). Then, v is of degree 6 (respectively of degree 3) over K and

Irr(*y, K (+/disc (ﬂ))) =23+ 3pz — 6,

where 6 = (8- 028)(c8 - B)(s%8 — oB) and satisfies 6% = disc (B) (if L = K(B),
then K (y/disc(B8)) = K ). Hence,

(2, K (Ve (B) ) = 2° + 2o - 3%

and the next result follows.

LEMMA 4. If (disc(B))/3® € Zk, then B is a difference of two conjugates of an
integer of the field L.

Proor: From the last equality and the relation (2), we obtain that v/3 € Zp,
when (disc(8))/3% € Zk. Then, the result is immediate, since (v/3) — o(v/3)

=(B-0%8/3) —o(B—028/3) =8
The proof of Theorem 2 is a trivial corollary of the next two lemmas.

LEMMA 5. Let Nk;q(p) be the norm over Q of the integer p of the field K. If
v(Nk/q(p)) =0, then B is a difference of two conjugates (over K ) of an integer of L.

PROOF: Note first that the algebraic integer (N /o (p))/(p)o(8)a?(8B) belongs to
the field K(83). By (1), we have

rionie (2D 5(107(6)) = LD (o017 B) = Nisralo)
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Set Ny o(p) = +1+ 3k, where k € Z and n = :t((NK/Q(p))/(p)a(ﬂ)az(ﬂ) - k) .
Then, 7 € ZK(ﬂ), TK(ﬁ)/K("?) =1 and

:3 = a_a(a))

where
a=nB+po(n)+a(B)o(n) € Z.

LEMMA 6. If p/3 € Zk, then B is a difference of two conjugates over K of an
algebraic integer with degree < 18 (respectively with degree < 9) over K.

Proor: Consider the polynomial
—27t + 23 + 3pz — 264,

in the two variables ¢t and z and with coefficients in L. This polynomial is ir-
reducible and by Hilbeért’s irreducibility Theorem [4, p. 179|, there exists s € Z
such that the polynomial 3 + 3pr — (260 + 27s) is irreducible over L. Hence, if
63 + 3pf — (266 +27s) = 0, then

Irr (9, L) = z° + 3pz — (266 +27s) = Irr (9, K (y/disc (,3))),

since Irr (8, L) € K (/disc (8))[z]. Furthermore, if a = 7/3+6/3, then (o(¥))/3+6/3
is a conjugate of o over L (and a fortiori over K') and

B=v/3+06/3- (-"g’—7)+§)

From the relation

0\3 ps0 260 + 27s
(3) +3G)-==%—-°
we obtain that « is a root of the polynomial
3 2 ¥ p
2o (§eB)em e

since v+ 3py = 6. Hence, a is an algebraic integer provided v2/3 € Z; . In fact (as in
the proof of [1, Theorem 1)), the condition p/3 € Zx implies ¥?/3 € Z . Indeed, by (2),
we have (disc (8))/27 € Zk and from the relation y(v? + 3p) = §, we obtain that v*/3
is a root of the polynomial z3 + 2pz? + p?z — (disc (8))/27 € Zk[z]. Note finally that
from the relations K(a) C K(v,6) and K(y/disc(8)) C K(v) =L C L(8) = K(v,9),
we deduce that a is of degree < 18 (respectively of degree < 9) over K. 0

https://doi.org/10.1017/5000497270003762X Published online by Cambridge University Press


https://doi.org/10.1017/S000497270003762X

(7] Algebraic integer 239

PROOF OF THEOREM 3: With the notation above and K = @Q, it is clear by the
relation (2) and Lemma 5, that 8 is a difference of two conjugates of an integer of
the field L, when v(disc (8)) = 0. Note also, if v(disc (8)) # 0, then by the relation
(2), we have v(p) > 1 and v(disc(8)) > 3. Hence, if v(disc(B)) ¢ {3,4,5}, then
v(disc (B)) = 6 and by Lemma 4, 8 is a difference of two conjugates of an integer of
the field L.

Conversely (the case v(disc (,B)) = 3 will be treated separately at the end of the
proof), suppose that 8 = a — o(a),where a € Z and set § :=l\/m, where | € Z and
m is a squarefree rational integer (respectively and set m = 1). Then, Q(4/disc(B)

= Q(y/m).
The relation (1) together with the equality 8 = a — o(a), yields

(3) p—3w=1u?

where the algebraic integers w = ao(a) + o{a)o?(a) + 02(a)a and
u=a+o(a)+oi(a)
belong to the field @Q(y/m), since they are fix under the action o. Next we need the

following result.

LEMMA 7. With the notation above and if § = a — o(a), where a € Z and
satisfies (a + o(a) + 0%(@))/3 € Z;, then v(disc (B8)) > 6.

PROOF: Let s = (a+0(a)+o0?())/3. Then, o(s) = s, s € Zo(ym) and B
=0 — o(f), where § = o — s € Z;, and satisfies 6 + o(6) + 0%(8) = 0. Hence,

B-oB=0-0()—0c(0—0c(8) =-30(6)

and v(disc (8)) > 6, since the algebraic integer (90(9)02(0))2 = (disc(8))/3% is a
rational.

Let us continue the proof of Theorem 3 and suppose that v(p) > 1. If v(p)
= 0, then v(disc(8)) = 0. It follows by (3) that u?/3 € Zo(vm) (respectively u2/3
€ Zo(ym) = Z, u/3 € Z and v(disc(B)) > 6, by Lemma 7. This ends the proof of
Theorem 3, since disc (8) is a square of a rational integer). 0

Assume now that m = 2, 3[4] (respectively m = 1[4]). To simplify the computation
in what follows, especially when v(disc (8)) = 3,we shall use the following lemma.

LEmMMA 8. With the notation above. Then, 8 = o — g(a) for some o € Z, if
and only if there exist a and b € {-1,0,1} such that

¥+ a+bym 'y+a+b(l+\/171/2)€ZL)
3 3 ’

€7 (respectively such that
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In this case we can choose a so that a+ o(a) +0%(a) = a+b\/m (respectively so that
a+o(a)+a¥(a)=a+b(1+ /m)/2).
PROOF: Suppose that 8 = o — o(a), where a € Z. Then, the algebraic number
6 = o — v/3 belongs to the field Q(v/m), since 8 = /3 — o(v/3) and 8 = o(8).
Furthermore,
30 =0+0(0) + %8 = a+o(a) + o?(a).

Set (as above) u = a + a(a) + 0%(e). Then, u € ZQ(‘/E) and (y+u)/3
= (y+36)/3 = a € Zy. Writing u = ag+boy/m (respectively u = ag+bo(l + /m)/2),
ap = a + 3a; and by = b + 3b;, where ag, by,a; and b; € Z, and o and
b€ {-1,0,1}, we obtain the first implication. The second one follows from the equali-
ties B = (v/3) —o(v/3) = (v + u)/3— o ((v+ u)/3), where u = a+by/m (respectively,
where u = a + b(1 + y/m)/2), since o(u) = u.

Note that Lemma 8 is also true when the extension Q(8)/Q is normal: 8 = a
—o(a) for some o € Zg(p) if and only if one of the three algebraic numbers (y + u)/3,
where u € {—1,0,1}, is an algebraic integer. At a first glance Theorem 3 seems to be
an easy corollary of Lemma 8, however using only this lemma the proof needs a non
trivial computation.

Let us end the proof of Theorem 3. From the relation ((y+u/3) — 11,/3)3
+p/3((v +u)/3 — u/3) = (I,/m) /33, we obtain

2

e(152 Q) = — s+ (5 4 B)o - HEEELIR

It follows by Lemma 8 that
2
u
(4) 3 € Za(vm)
and

3pu+ud +1\/m
) —m <R

Set u := a+by/m (respectively u = a+b(1 + \/m)/2), where a and b € Z. Then,
the relation (4) can also be written

v(a® + b®m

) > 1 and v(2ab) > 1
(respectively v(A(2a — b) + mb®) > 1 >1

, and v(Ab) > 1, where A = 2a+b).

It follows when v(m) = 0 that v{a) > 1 and v(b) > 1 (respectively v(b) > 1 and
v(a) > 1). Hence, u/3 € Z and by Lemma 7, v(disc(8)) > 6.
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Suppose now v(m) = 1 and write the relation (5)

v(a® + 3amb® + 3pa) > 3
(5.1) (respectively v(A% + 34mb® + 124p — (b®m + 3A%b + 12bp + 81)) > 3)

and

v(b*m + 3ba® + 3bp + 1)

=3
(5.2) (respectively v(b3m + 34%b + 12bp + 81) > 3

).

Then, by (5.1) we have v(a) > 1 (respectively v(A) > 1). Furthermore, by (5.2)
we obtain v(b>m) > 2 and v(b) > 1 (respectively v(b3m) > 2, v(b) > 1 and v(a) > 1),
when v(l) > 2. Hence, u/3 € Z, and by Lemma 7, v(disc (8)) > 6.

It remains now to consider the case where v(l) = v(m) = 1 (or where v{disc(3))
= 3). A short computation shows that the relations (5.1), (4) and v(a) > 1 are all
equivalent (respectively the relations (4) and v(A) > 1 are equivalent. Furthermore,
(5.1) together with (4) implies (5.2)).

Hence, by Lemma 8, 8 = a — o(c) for some o € Zy, if and only if there exist
a and b € {—1,0,1} satisfying the relations v(a) > 1 and (5.2) (respectively, the
relations v(2a+b) = 1 and (5.1)). It follows that a = 0, b = +1 (if b = 0, then
v(l) > 1). (Respectively, it follows that a = b= %1 (if a = =0, then v(l) > 1)) and
B =a—o(a) where a € Z;, if and only if one of the two relations

v(m+3p+l) 23 (respectively v(m + 12p £ 81) > 3),

holds.

Note finally, if Irr (8, Q) = z3 + 3z + 6, then disc (8) = —33235, m = —30, | = +6
and m+3p+l € {—27,—15}. Hence, B is a difference of two conjugates (over Q(v/=30))
of an algebraic integer o € L with Irr(c, @(v/=30)) = 2% — v/=3022 — 9z + /=30 (a
=0, b=1and u = +/-30). However, if Irr (3, Q) = z3+3z+2, then disc (8) = —3323,
m=—6,1 =26, m+3p+! € {-3,9} and B is not a difference of two conjugates of an
integer of the field L. (Respectively, note finally that at least one of these inequalities
holds (respectively, that these inequalities does not hold) infinitely many times. Indeed,
let r be a prime rational integer greater than 3 and let n € {r,2r,4r} and satisfies
(respectively and does not satisfy) n = €,[9], where €, € {—1,1}. Then, v(n) =0 and
n is not a cube of a rational integer. Set Irr (8, Q) := 23 —n. Then, disc (8) = —27n2,

m = =3, | = 3eqn, where g2 € {—1,1}, and v(m + 8¢l) > 3, where ¢ satisfies
ge1€2 = —1 (respectively and v(m + 8el) < 3, where € € {~1,1}). This ends the proof
of Theorem 3. 0

https://doi.org/10.1017/5000497270003762X Published online by Cambridge University Press


https://doi.org/10.1017/S000497270003762X

242 T. Zaimi [10]

REFERENCES

(1] A. Dubickas, ‘On numbers which are differences of two conjugates of an algebraic integer’,
Bull. Austral. Math. Soc. 65 (2002), 439-477.

[2] A. Dubickas and C.J. Smyth, ‘Variations on the theme of Hilbert’s Theorem 90°, Glasgow
Math. J. (to appear).

[8] S. Lang, Algebra (Addison-Wesley Publishing, Reading, MA, 1965).

[4] A. Schinzel, Selected topics on polynomials (University of Michigan, Ann Arbor, MI, 1982).

King Saud University
Deptartment of Mathematics
PO Box 2455

Riyadh 11451

Saudi Arabia

https://doi.org/10.1017/5000497270003762X Published online by Cambridge University Press


https://doi.org/10.1017/S000497270003762X

