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A FUNCTIONAL EQUATION RELATED TO THE PRODUCT
IN A QUADRATIC NUMBER FIELD

LUCIO R. BERRONE AND LUIS DIEULEFAIT

ABSTRACT. The functional equation

f@1,y1) f(2,y2) = f(2122 + ayrye, T1y2 + 2211),  (71,91), (T2,92) € R?

arises from the formula for the product of two numbers in the quadratic field
Q(y/a@). The general solution f: R — R to this equation is determined. More-
over, it is shown that no more general equations arise from a change of basis
in the field.

1. INTRODUCTION
The functional equation in several variables

(1) f(@r, ) f(e,y2) = f(2122 + 1Yo, T1y2 — Tav1), (T1,91), (%2,2) € R?

has deserved recently some attention in connection with the identity

(2) (27 + ) (23 + v3) = (x122 + 192)” + (2192 — 2201)%.
The pair of algebraic identities given by (2) and by
(3) (=} +y) (@3 + y3) = (2122 — 1112)° + (2192 + 2291)°

are known from ancient times. In the mathematical literature they were diversely
named after mathematicians like Diophantus of Alexandria, Brahmagupta and
Leonardo of Pisa who used them in their works (see, for instance, Proposition V
at pg. 18 of [2]). When restricted to integer numbers both identities express the
fact that the product of two sums of two squares is itself a sum of two squares.
After a slight change in notation, (2) corresponds to the case n = 2 in Lagrange’s
identity

(4) (Z fﬂkyk) = (Z xi) (Z yi) - Z (zry; — ijylc)Z,
k=1 k=1 k=1 1<k<j<n
and can be also considered as a particular case of more general identities involving

sums of squares such as the Euler’s four squares identity. Furthermore, denoting
by ¢ the imaginary unit, setting 2z, = xp + iyr, K = 1,2, and Z = z — 1y the
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conjugate of z = x + iy, identities (2) and (3) can be respectively written as
particular instances of the functional relationships

(5) f(21)f(22) = f(Z122), 21,220 € C
and
(6) f(21)f(22) = f(z122), 21,22 € C.

Note that multiplicativity of the norm f(z) = f(x + iy) = |z| = /2? + 32 is
expressed by (6), meanwhile invariance under conjugation is also involved in (5).
Indeed, the solutions to the functional equation (6) are the morphisms of the
multiplicative group (C,-) in the multiplicative group (R, ).

Now, for a square free integer a # 1, consider the quadratic field Q(y/a). In
the basis (1, /), a generic member & € Q(y/a) is represented by & = x + /ay,
x,y € Q, and the product of two numbers &, = x; + /ay;, i = 1,2 is given by
(7) (21 + Vo) (x2 + Vi) = (2122 + aryz) + Valziys + 2oy1);

thus the functional equation

(8)  flz1,y1)f(22,42) = f(x122 + ay1yo, T1Yy2 + Tath), (T1,11), (22,y2) € R?

where « is a given real parameter naturally arises.
In Theorem 1 of [3], the general solution f: R? — R of the equation (1) (or,
equivalently, (5)) is shown to be of the form

(9) f(x,y) = oz, y)M (\/ x? + y2> ,

where M: R — R is a multiplicative function and o: R? — {&1} is a signum
function. Recall that a function M is said to be multiplicative when solves the
multiplicative Cauchy equation

M (zy) = M(z)M(y).
Similarly, every solution A of the additive Cauchy equation
Az +y) = Alx) + Aly)

is said to be an additive function. In the present paper, the following general
result on equation (8) is established:

Theorem 1. The general solution [ of equation (8) depends on the signum of
the parameter o and it is given by

Mi(z + Vay)Ma(z — Vay) if a>0
f(z,y) = f=0orf=1 if a=0 x,y € R.

M(\/x? — ay?) exp <A(atan(\/Wy/a:)> if a<0.

In these expressions, M, My and My are arbitrary multiplicative functions and A
1s an arbitrary additive function from R to R.
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Among other results related to equation (8), a proof of Theorem 1 is devel-
oped along the following section. In the final section 3, several observations
and remarks concerning equation (8) are made; particularly, a brief discussion
is presented of the functional equations derived from the product formula in a
quadratic field when the numbers in the field are expressed in other basis.

2. ANALYSIS OF EQUATION (8)

In solving equation (8), three essentially different cases arise depending on the
signum of the parameter «. In fact, for a = 0,equation (8) becomes

(10) [, yn) f(m2,12) = f(122, 12 + 221),  (21,51), (22,702) € R?.

For o # 0, let us define the transformation

(11) {X -7

Y = /laly;
then, equation (8) expressed in terms of g(X,Y) = f(z,y) becomes

9(X1, Y1)9(X27 Yz) = f($1,y1)f(5€27y2)
= f(z1m9 + Qy1Y2, T1Y2 + T2Y1)

—g <X1X2 +oc\;/|1&—’\}%’ Vial (Xl\;% +X2\;%>>

— g (X1 Xs +sgnaYiYs, X1Ys + X,V7) .

Hence, in order to solve equation (8) it suffices to solve (10) and the following
two equations

(12) f(@r, 1) f(w2,2) = f(x122 + y1y2, T1Y2 + T211),

(13) (o, 1) f(22,2) = f(2122 — Y1Y2, T1Y2 + Tath),

where the domain of the variables is (z1, 1), (72,72) € R?.
Every one of these cases is separately considered in the following three subsec-
tions.

2.1. The case o« = 1. The transformation

_ vy,
14 {X—2(+y)

Y = 2(z —y)
reduces equation (12) to the following one:

(15) 9(331,91)9(95%3/2) = 9(5519027913%2)7 (1’1:?/1), (l’zvyz) € R%
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In fact, setting Xy = o + yg, Yi = xx — yr, k = 1,2, we have

1
X1Xo+ V1Yo = 5 (21 +y1) (w2 +y2) + (21 — Y1) (22 — 112))
= T1Z2 + 1Yo

and, similarly,
X1Ys + XoY1 = 1129 — y1yo;
hence, defining f(X,Y) = g(z,y) we have
9(x1,y1)9(w2,y2) = (X1, Y1) [(Xo, Y2) =
= f(X1Xo +Y1Y5, X1Y5 + X))
= f (2172 + Y192, 1172 — Y1Y2)
= g(z172, Y172)-

In these last equalities, the bijectivity of the transformation (14) ensures that R?
is the domain of the variables (x1, 1), (z2,92).

Proposition 2. The general solution to equation (15) is given by
(16) g<x7y) :M1($)M2(y>, z,y ERJ
where My, My: R — R are two arbitrary multiplicative functions from R to R.

Proof. Let g be a solution to equation (15). Then, it is easily deduced that
the functions M; and My respectively defined by Mj(x) = g(z,1) and My(x) =
g(1,z) are both multiplicative. For example, by setting y; = 1 = yo in (15), for
1, T2 € R we obtain

My (1) Mi(22) = g(w1,1)g(22,1) = g(z122,1) = M (2122);

i.e., M; is a multiplicative function.
Using again equation (15), we see that

g(x,y) = g(x, 1)g(1,y) = Mi(x)My(y), =,y €R.

The argument is completed by observing that equation (15) is solved by every
function of the form (16) with M; and M, two given multiplicative functions. O

Proposition 3. The general solution to equation (12) is given by
(17) f(:c,y) :Ml(x+y>M2(x_y)7 CE,Z/ER,
where My, My: R — R are two arbitrary multiplicative functions from R to R.

Proof. From the previous discussion we see that the general solution to equation

(12) is given by
) = M (?( +y>> M, (% - y))

=cM; (v +y) My (v —y),
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for a certain real constant c¢. Then, by inserting the last member of these equalities

in equation (12) we obtain
2

c=cq
i.e., c =0 or ¢ = 1. The first value gives the trivial solution (also obtained by
setting M7 = 0 in (17)), meanwhile the second one gives (17). O
2.2. The case a = 0. Setting 1 = 0 = x5 in (10) yields

(18) f(0,51)f(0,52) = f(0,0), yeR;

in particular, for y; = y = yo:

(19) f2(0,y) = £(0,0), yeR.

Then

£%(0,0) = £(0,0);
so that f(0,0) =0 or f(0,0) = 1.

Since
£(0,0)f(z,y) = £(0,0), (z,y) € R,
we see that f(x,y) =1 when f(0,0) = 1.
Now, putting aside the case in which f(0,0) = 1, the equality f(0,0) = 0 holds;
then f(0,y) =0 by (19). In this case we have
f(f%y):f(oa?/o)f(f[ay):f(oayox) :07 (x,y) GRQ'
Thus, we have proved the following result.

Proposition 4. The general solution to the equation (10) is composed by the
trivial solutions f =0 or f = 1.

Proof. See the previous discussion. O

It should be noted that the general solution to equation (10) may be a richer
set if solved on different domains for the variables. For example, we will solve it

for the domain (z,y) € R? with x # 0.
Setting y; = 0 = yo in equation (10) yields

(20) f(21,0)f(22,0) = f(2122,0), 21, 29 € R,
Furthermore, the equation
(21) FLy)f(Lya) = (L +12),  v1, y2 € R?

is obtained by setting x; = 1 = x5 in (10). (20) and (21) are Cauchy’s equations
whose general solutions are given respectively by

(22) f(z,0) = M(z), zeR
and
(23) f(l,y) =exp(A(y)), yeER,

with M a multiplicative function and A an additive one.
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Now observe that, for every pair (z,y) € R? with x # 0 is

(24) flzy) = fz,0)f(1,y/x).
Thus, from (22), (23) and (24) we obtain
(25) f(z,y) = M(z)exp (A <%>> , (m,y) €R? x#£0.

That (25) is the general solution to equation (10) for (z,y) € R? x # 0, is seen
by replacing it in the equation.

2.3. The case a = —1. When o = —1, for ( € C of the form ¢ = z + iy let us
define
o(C) = f(z,y), (z,y) e R

In terms of ¢, equation (8) then becomes

(26) ¢(<1)¢(C2) - ¢(C1C2>7

where (;, (, € C =R +iR.

Two simple observations are in order in connection with a solution ¢ to
equation (26). First, by setting ¢; = ¢ = (,, we obtain ¢(¢?) = ¢*(¢) > 0 for
every ¢ € C; and hence ¢ > 0. Moreover, if ¢((,) = 0 for a given (, € C; then
#(CoC) = 0(p)9(¢) = 0 for every ¢ € C. Therefore, if a solution ¢ of equa-
tion (26) vanishes in a point; then it vanishes in every point and therefore it is
the trivial zero solution ¢(¢) = 0.

Now, since (;(y € R when (;, ¢, € R, it is seen that

¢<T1)¢(T2) = ¢(T1T2), T, ™ € R.

The solution to this (multiplicative Cauchy’s) equation is given (cf. for instance
page 31 of [1]) by a multiplicative function

(27) o(r)=M(r), reR.

Now, replacing in (26) the polar decomposition ¢ = /22 + y?exp (if) with
0 = arg (, and taking into account (27), we obtain

6(0) = ¢ (Va2 + P exp (jarg ()
= o (Va7 +1?) dlexp (iarg ) = M (Va2 + 9 ) dlexp (iarg ).

Now, for 01, 5 € R we have
(28)  o(exp(ibh))d(exp(ifz)) = d(exp(ith) exp(ib2)) = ¢(exp(i(61 + 02)));
thus, in terms of

¥(0) = ¢lexp(if)), 0 €R,
the equality between the first and third members of (28) becomes

(29) ?/1(91 + 92) = ¢(91)¢(92), (91, 0, € R.
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The general solution to (exponential Cauchy’s) equation (29) is given (cf. for
instance page 29 of [1]) by an exponential function 1(0) = exp A(#), 6 € R, with
A: R — R an additive function.

In conclusion, ¢ = 0 or

6(Q) = M (Va7 + ) exp(A(arg(())
where M and A are, respectively, a multiplicative and an additive functions.

Proposition 5. The general solution f: R* — R to equation (13) are the trivial
one f =0 and those of the form

(30) [(,y) = M (/a7 + ) exp(A(atan(y/x))

for a pair of arbitrary (non vanishing) multiplicative M and additive A functions
from R to R.

Proof. A substitution of (30) in (13) shows that (30) actually solves equation
(13). After the previous discussion, it is concluded that f given by (30) is the
general solution to (13). O

2.4. Proof of Theorem 1. The proof of Theorem 1 is easily derived from Propo-
sitions (3), (4) and (5) after applying transformation (11) as described at the
beginning of the section.

3. FINAL REMARKS: INTEGRAL BASIS OF QUADRATIC NUMBER FIELDS AND A
SEEMINGLY MORE GENERAL FUNCTIONAL EQUATION

It might be thought that a functional equation more general than (8) can be
suggested by the selection of a different basis for the field Q(y/«). As shown in
the lines that follows, this is not the case.

In fact, take for simplicity the case of a square-free integer av > 0. As it is well-
known, for some values of a the ring of algebraic integers of this number field is
larger than Z[«/, in fact (for some «) it is a free Z-module of rank 2 generated by

1 and %& If we consider algebraic integers in this field it is thus natural to take

the basis (1, 1+2\/a ) and when multiplying two elements we want to consider the

functional equation describing how the coordinates (with respect to this basis)
behave under this product. Explicitly, the product formula is given by

1+ Vo 1+« a—1
(1’1 + \/_Zh) <36’2 + \/_yz> = (361%2 + 31192)

2 2 4
1+ Vo
+ 2\/_

(z1Y2 + T2y1 + y192).
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Then, the functional equation associated to this formula is

(31) fxy,m) f(ze,y2) = f <$1l'2 + “

4

where (z1,y1), (z2,y2) € R% The appearance of this equation differs from that
one of (8) but it will be seen that a simple change of variables reduces one to the
other. In fact, just taking zj = z; + %, y; = y;, setting f(z,y) = f(2’' — %, y') =
g(2',y') and writing the functional equation for g that follows from the one for
f, we obtain

Y1Y2, T1Y2 + T2l1 + y1y2)

(0%
9(,u)g(ah,va) = g (ahah + Tuivh 2ol + 2t )

which coincides with equation (8) with a parameter /4 instead of a. Of course,
the general solution to equation (31) is deduced from the general solution to (8)
by reversing the change of coordinates above. In this way, we obtain the general
solution of the functional equation for f, which, as expected, is the following:

Y RS Y G

where M; and M, are two arbitrary multiplicative functions from R to R.
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