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Introduction

Throughout history, sums of squares were often in the focus of mathematicians.
For number fields, the main question was resolved by Siegel [Sil] in 1921, when
he proved Hilbert’s conjecture that in every number field, every totally positive
number can be represented as the sum of four square elements of the field.

For rings of integers in number fields, we have the well-known result by La-
grange (1770) that every positive rational integer is the sum of four squares. The
fact that all totally positive integers can be represented as the sum of squares was
later shown to be quite exceptional. While Maafl [Ma] showed that it is also true
for Q(v/5), Siegel [Si2] proved that Q and Q(/5) are the only totally positive
number fields where this can hold.

The focus of this thesis is on quadratic fields Q(v/D) and their totally positive
integers O. In 1973, Peters [Pet] proved that the Pythagoras number of rings of
integers R in quadratic fields is at most 5, meaning by definition that an element
of R is the sum of any number of squares in R if and only if it is the sum of
5 squares in R. For D < 7, the Pythagoras number is even smaller, e.g. 3 for
D € {2,3,5}. Summary of these result can be found in [KRS, Sec. 3|, where
the authors also study a similar question in biquadratic fields. Considering the
simplest cubic fields, Tinkové [Ti] showed Pythagoras number to be often 6.

However, as we mentioned above, in quadratic fields, all elements of OT are
sums of squares only for D = 5. The natural continuation is further question
when all elements of mO™ (i.e. all m-multiples of totally positive integers) can
be represented as the sum of squares for a fixed positive rational integer m.
Recently, Kala and Yatsyna [KY] proved that every element of 207 is the sum
of squares if and only if D € {2,3,5}. In the general case mO™, they obtained
the following theorem, which gives necessary and sufficient bounds for this to
happen.

Theorem 1. [KY, Theorem 4] Let K = Q(v/'D) with D > 2 squarefree. Let
k=14 D=1 (mod4) and k=2 if D =2,3 (mod 4).

a) If m < ”‘4D, then not all elements of mO™ are represented as the sum of

squares in O.
D .
b) If m > 5, then all elements of kmO" are sums of five squares in O.

¢) If m is odd and D = 2,3 (mod 4), then there exist elements of mO™T that
are not sums of squares in Q.

This thesis improves these results for general m. In Chapter 2, the main goal
is to further restrict the possibilities for D in terms of m, which results in the
following theorem:



Theorem 2. Let K = Q(v/D) with D > 2 squarefree and m positive integer. If
VD lies in one of the following intervals, then not all elements of mO* can be
represented as the sum of squares:

5 +4, OO), [% +iv40, 55t — (1 — 1)\/70} for integer i > 1 and D = 2,3

5 +38, oo) [%%—22’\/4_0,% —2(1 — 1)\/%} for integer i > 1, D = 1

mod 4) and even m,

(c) [m+4,00), [21+1 (4i + 2)v/40, 52 — (4i — 2)\/%} forintegeri >0, D =
1 (mod 4) and odd m.

It should be noted that for fixed m, only finitely many of these intervals
are non-empty (for further details, see Chapter 2). This not only improves the
necessary upper bounds given by Theorem 1 but also gives better insight into the
overall structure of the problem.

At the beginning of Chapter 3, we present a proof of Theorem 7 by Peters,
which will prove useful in Chapters 3, 4 and 5. These, on the other hand, focus
on proving that for specific fields, all elements of mO™ are sums of squares in O.
For example, Theorem 9 gives a detailed proof that all elements of 407 are sums
of squares if and only if D € {2,3,5,6,7,10,11, 13}.

Conversely, if D is of the form of t* — 1 or (2t 4+ 1)*> — 4, Theorems 10 and
11 provide a full characterization of all m that satisfy the given condition. One
could give similar results for D in other quadratic families.

In Chapter 5, we provide a general algorithm that completely determines all of
these fields satisfying this property for arbitrary m. The algorithm uses the struc-
ture of indecomposable elements of O and, for fixed m and D, it proves the state-
ment or finds a counterexample with time complexity O(v/D(log(D))?). The time
complexity for finding all such D for a fixed m turns out to be O(m?(log(m))?).
An implementation of this algorithm is available at https://github.com/ras
kama/number-theory/tree/main/quadratic. Specific results computed for
m < 5000 and generated graphs can be found at https://www2.karlin.mff.cu
ni.cz/“raskam/research/quad/.

Results in Chapters 2, 4, 5 are original results of the author which are currently
submitted [Ra].


https://github.com/raskama/number-theory/tree/main/quadratic
https://github.com/raskama/number-theory/tree/main/quadratic
https://www2.karlin.mff.cuni.cz/~raskam/research/quad/
https://www2.karlin.mff.cuni.cz/~raskam/research/quad/

1. Basic definitions and facts

1.1 Quadratic fields

Throughout the work, D > 2 will denote a squarefree rational integer.
We will work with real quadratic fields K = Q(v/D) = {a + bv/D;a,b € Q}.

An element o € K is said to be integral (over Z) if it is a root of a monic
polynomial over Z. All integral elements of K form the ring of integers denoted
by Ok or simply O. For quadratic fields, it is well known that the basis of O is
{1,wp}, where wp = VD if D = 2,3 (mod 4) and wp = (1+vD)/2if D=1
(mod 4).

An algebraic integer o = x4+ yv/D € O is totally positive if o > 0 and o > 0,
where o = z — yv/D is the Galois conjugate of a. We denote by O the set of
all totally positive algebraic integers.

1.2 Indecomposable elements

The totally positive integers O can be viewed as an additive semigroup. In
Chapter 4, the notion of indecomposable elements in this semigroup will be useful.
They are by definition such elements o € O that cannot be written as sum of
two other elements o = § + v and 3,y € OF. It is clear that indecomposable
elements generate this whole semigroup.

Indecomposable elements in quadratic cases are closely tied to the continued
fractions. The continued fractions of quadratic integers, their recurrence relations
and structure were studied by Perron [Pe]. The structure of indecomposable ele-
ments was later described by Dress and Scharlau [DS]. In the following paragraph,
we state these well-known facts, adopting the notation used by [HK].

Denote wp = [ug, Ug, -, Us] the continued fraction of wp and p;/¢; its con-
vergents. The sequences (p;) and (g;) then satisfy the recurrence relation

XH-? = ui+2Xi+1 + Xz for ¢ Z -1 (11)

with the initial conditions ¢ 1 =0, p_; = go = 1 and py = ug [Pe, §1]. Further,
denote a; = p; — qiw)y (where W), = (1 —v/D)/2 if D = 1 (mod 4) and —v/D
otherwise), a;, = o; + ra;41 and let € > 1 be the fundamental unit of O. Then
the following facts are true (see e.g. [DS]):

e The indecomposable elements in O are exactly «;, with odd ¢ > —1 and
0 <r < w9 — 1, together with their conjugates.

e The sequence (o) satisfies the recurrence relation (1.1).
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e The equality a;,,,, = @120 holds.
e The fundamental unit satisfies € = as_1 and a;, s = eqy; for all ¢ > —1.

e For the smallest totally positive unit e™ > 1, we have e™ = ¢ if s is even
and €T = €2 = ay,_ if s is odd.

Ezample. Consider D = 6 with continued fraction v/6 = [2,2, 4], therefore s = 2.
Using the recurrence relations above, we get the following values.

i [ =1 0 1 2 3 4

i || 1 2 5 22 49 218

¢ |l 0 1 2 9 20 89

a |l 1 24v6 54+2v6 22+9v6 494206 218+ 8916

In this case, we get exactly two indecomposables for each odd i, since always
Uipo = 2. Fori = —1 we get a_19 =1, 11 = 3+ V6, for i = 1 we have
Q10 = 5+ 2\/6, 11 = 27 + 1]_\/6, etc.

It can be seen that ¢ = a3 = 5+ 2v/6 is indeed the smallest totally positive
unit and, for example, cay = (5 + 2\/6)(22 + 9\/6) = 218 + 89v/6 = .

1.3 Quadratic forms
We define an n-ary quadratic form f over a ring R as a degree 2 homogeneous
polynomial f(z1,...,%n) = Xi<icjcn @ijTiT; Where n € Zxy, a;; € R.

A quadratic form f can be associated with uniquely determined symmetric
matrix A such that x” Ax = f for x = (z1,...,7,)T . Specifically,

apy 42
a1z
5 Q22
A= 7
al
2n QAnn

For binary quadratic form f(xy,73) = ax? + bxizs + cx3 we define its deter-

2

minant D as D = ac — bZ.
We say that a quadratic form f represents a number N over R if there exist

x1,...,%T, € R such that f(xy,...,z,) = N.

We say that a quadratic form f(x1,...,z,) represents another quadratic form
9(Y1, ..., ym) if there exists coefficients t;; € R,1 <1i < n,1 < j < m such that
SO gy - 2 tngyy) = g1, - -+ yn)- If we denote T' = (t;;) € R™*™ and
A, resp. B, is the matrix associated with f, resp. ¢, then this transformation
can be written as TTAT = B.



An easy consequence is that if f represents g and ¢ represents some x € R,
then f represents x as well.

Ezample. The ternary quadratic form 23 +x3+ 33 represents the binary quadratic
form 5y? + 4y, y2 + Ty3 through substitution z; = y; + 2ys, T2 = 2y; and z3 = ys.
Using matrices, this can be written as

12 0 1 0 0\ /1 2 5 9
9 0 1 0102 0= 5 7]
00 3/\0 1

Ezxample. Another useful observation is that our problem of representation of
elements by the sum of squares can be reformulated using quadratic forms. Since
the Pythagoras number of quadratic rings of integers is at most 5 (the proof
by Peters will be shown in Chapter 3), we are interested in which numbers are
represented by the quadratic form 22 + 22 + 22 + 22 4 22 over Q(v/D).



2. Bounds on m and D

If we look at all elements of the form x + kv/D for some fixed k, there exists
minimal z = 1+ |kv/D] for which the element is still totally positive. As we are
interested in sums of squares and Y (a; + bi\/ﬁ)2 = Y (a? + Db?) + 3 2a;b;V/D,
it is therefore useful to study the minimum of ¥ a? + b?D for some fixed value
of £ = Y a;b;. If this minimum is larger than 1 + [kv/D], we obtain a totally
positive element which can’t be represented as the sum of squares.

These ideas will be properly formulated in the proofs later. We will also see
that we can impose on a;, b; further restrictions that they are non-negative and
sometimes congruent modulo 2. As can be seen in the following lemmata, this
minimization question can be more easily answered if we know how large is D
in comparison to m. To simplify our future formulations, it is convenient to
introduce the following sets of intervals depending on m:

(a) I(m _{ %51 ’)ct = EZ:

s ] it >2
m00) ifte{1,2}

Here, m and t are positive rational integers and we will use just [I;, J; if the
value of m is clear from the context. It should be also noted that Uy, [;(m) =
Uis1 Jot(m) = Uis1 Jor—1(m) = (0, 00) for arbitrary fixed m.

Lemma 3. Let a;, b;, 1 < i < n be non-negative integers satisfying >, a;b; = m

for a fixed positive integer m. Let D be a real number and t a positive integer
such that D € I, = I;(m). Then

n 2
S a2+ Db? > mTthD.

i=1
Proof. Let k =3 b?. By Cauchy-Schwarz inequality

(X a; z) _m?

Now Y a?+Db? > m +kD, so it is enough to prove - —l—kD > m——i—tD which
is equivalent to (m? — tkD)(t — k) > 0. This inequality holds by our assumption
on D — since Dt(t — 1) < m? < Dt(t + 1), both factors always have the same
sign. O

In other words, the function %Q—I—xD attains its minimum over positive integers

at x = t. The value 2m+/ D, the minimum of this function over positive reals,
turns out to be too weak in the context of the following proofs.
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For the case of equality, one only needs the equality in the Cauchy-Schwarz
inequality (if and only if a; = rb; for some fixed r) and " 0? = t. Together they
imply rt = Y rb? = Y a;b; = m, sor = %, Since a; = rb; is integer, t | bym.
Using t 302 = ¢ | b?m?, we get that ¢ must divide m? and it can be easily seen
that this condition is also sufficient for the existence of suitable a;, b;. As an
example, if m is divisible by ¢, the case of equality can be achieved for all D (one

simply uses a; = 7, b; = 1 for i <t).

We will also need a version of the previous lemma with an extra condition on
the parity of a;, b;. Then the inequalities can be refined in the following way:

Lemma 4. Let a; = b; (mod 2), 1 < i < n be non-negative integers satisfying
> ab; =m for a fived positive integer m. Let D be a real number and t = m
(mod 2) a positive integer such that D € J, = J(m). Then

n 2
S a?+ DB > m7+tD.

i=1

Proof. Let k = Y. b?. The additional condition implies m = > a;b; = Y07 =

(mod 2). In the same fashion as in the proof of the previous lemma, it is sufficient
to look at the minimum of the function f(z) = 7”72 + D over positive integers
congruent to m modulo 2. We already know the minimum over all positive
integers is equal to f(t) if and only if D € I;. If t = m (mod 2) we are almost
done since I; C J;. In the case t Z m (mod 2), the minimum of this function
over positive integers congruent to m modulo 2 must be either f(t—1) or f(t+1)
since this function has only one local minimum over positive reals. It can be
easily seen that f(t —1) < f(t+1) if and only if D > %, which concludes

D(t+1
the proof. O

Given the conditions of the first lemma, if D > m;, then 3" a?+ Db? > m?+D.
If we add the parity condition, the minimum is m? + D for D > %2 and odd m,
resp. ’””72 + 2D for D > %2 and even m. Even though we won’t use these special
cases explicitly, they will give rise to the general necessary bounds for D in terms
of m.

Both of these lemmata can be utilized to greatly restrict possible values of
D for which all elements of mO™ are represented as the sum of squares in O.
For fixed k, one could simply consider the smallest totally positive element « of
the form a 4+ kv/D and look when ma can be represented as the sum of squares.
Combining these results for all possible k& and I;, J; gives rise to the following
proposition.

Proposition 5. Let K = Q(v/D) with D > 2 squarefree and a positive integer
m.

(a) If D=2,3 (mod 4), t,k € Z=o, D > m and

mk /m  mk LD
De|—
vD 2t+\/E’2(t—l) t—1|’

8



then not all elements of mO™ are represented as the sum of squares in O.
This interval is non-empty only for

. At (t—1) (2t—1+2,/t(t—1))‘

= 12

(b) If D=1 (mod 4), t,k € Z~g, t =mk (mod 2), D > 4m and

@E[mk‘ o /m mhk zm]

+ ) - )
t VETt—=2  \t—2

then not all elements of mO™ are represented as the sum of squares in O.
This interval is non-empty only for

Jt=2) (2t—2+21/t(t—2)>.

= 12

m

Fort=114f D =23 (mod 4), resp. t € {1,2} if D =1 (mod 4), we define the
right bound of the intervals to be oo and they are therefore always non-empty.

Proof. Let’s start with the case D = 2,3 (mod 4).

For an arbitrary positive integer k, consider a = V{:\/EJ + 1+ kvVD and

suppose ma = > (a;)? for some «o; = a; + V' Db; € ©. Without loss of generality,
we can choose a; > 0 for all 72 and b; > 0 if a; = 0. For the sake of contradiction,
suppose there exists some ¢ such that b; < 0 and a; > 0. We then have ma’ >
(a))? = a? + 02D + 2a;(=b;)v'D > 1+ D +2v/D > m for D > m, which is
impossible because o’ < 1. Therefore, we can assume b; > 0 for all .

If we compare the irrational parts in the expression of ma, we get mk =
2> a;b;. The choice of £ = 1 immediately eliminates all odd m, so we can consider
only even m. If we also compare the rational parts, we can apply Lemma 3 to

get
m2k?

+tD,

mk\/ﬁ+m>m({k\/ﬁJ +1)=>"a’+bD >

for D € I, (%k) This is impossible if /D > m—’“ + T or if VD < ";—f — ‘/7?

Combining these constraints for D € I; (%) and Del, ( 5 ), we get that if

L ym _mk ﬁ}
\/' 20t—1) VEi—1|’

ma can not be represented as the sum of squares. For this interval to be non-
empty, inequalities

mk \/m mk vm
(t— 1)t 2(t—1) Vi1

vDe |Z




4t(t—1) (2#1+2M)

must hold, which happens for m > 2 . The above interval is
not well-defined for t = 1, for which we immediately get the right bound to be
oo just from considering a single inequality for D € I; (%"”)

Now let’s look at the case D =1 (mod 4).

This time o = [@J + 1+ %@ and again ma = Y ;(«a;)?. However, this
time a; = % + @ with a; = b; (mod 2). We can again assume a; > 0 and

b; > 0 since % + @ > m for D > 4m. By comparing irrational parts, we get
> a;b; = mk. Analogously, comparing rational parts and using Lemma 4, we get

kv D kvD —k k 24+ 02D k2 tD
”+m>m<MJ+1+ )=z“l > T

2 2 1 = T T

for D € Jy(mk), where t = m (mod 2). The rest of the proof is identical, except
this time we obtain intervals

ARl =l

which are non-empty for m > t(t_Q)(Qt_if Vi=2), Again, cases t = 1 and ¢t = 2
have to be considered separately. O]

The proof of Proposition 5 has a similar structure as the one used by [KY]
to prove that if D > 4m? for D = 2,3 (mod 4), resp. D > 16m? for D = 1
(mod 4), then not all elements of mO™ are sums of squares. Proposition 5 shows
that the bound is actually around ’”72, resp m? (simply consider the proposition
for k =1 and t the lowest possible).

The benefit of Proposition 5 is that not only it gives better bounds, it also gives
quite good insight into the structure of the problem and dependence of D on m.
For example, if D = 2,3 (mod 4), these solutions can be only “clustered” around
values m?/4, m?/16, ..., m?/4i*> and with increasing m, we get more accurate
approximations for how large these clusters can be. The basic restrictions can be
seen just by simply considering £ = 1. An interesting follow-up question is what
is the intersection of all these intervals for given m. As we will show in the next
theorem, for parameters k, t with ratio k : ¢ close to a fixed value, these intervals
can be typically grouped together to create one large interval between m/2i and
m/2(i — 1). This behaviour can be seen in Figure 2.1, containing computed data
as well as these summarized bounds obtained by Theorem 2. It is important to
note that there are only finitely many interesting intervals for fixed m —if k and ¢
are large enough, then the interval is empty or it only affects D > m?, for which
we already know the conditions are not satisfied.

Theorem 2. Let K = Q(v/D) with D > 2 squarefree and a positive integer m.
If /D lies in one of the following intervals, then not all elements of mOt can
be represented as the sum of squares:

10
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Figure 2.1: Case D = 2,3 (mod 4). Red dots represent pairs (m, D) such that
all elements of mO™ are sums of squares.

2 48,00), [5+2iVa0, 5% — 2(i — )VT0| for integer i > 1, D = 1
mod 4) and even m,

(c) [m+4,00), [ﬁrl + (4i + 2)V40, 57 — (4i — 2)\/%] forintegeri >0, D =
1 (mod 4) and odd m.

Proof. We will prove only the case D = 2,3 (mod 4), the other cases can be
handled analogously.

By Proposition 5, we have intervals

|mk | /m mk vm
S(t.k) = 2_t+ﬂ’2(t—1)_\/m'

We want to look at these restrictions in intervals 5; < v D < ﬁ

y—

First, let’s handle the case i = 1 when the upper bound of the interval is
infinity and lower bound is around %. Intervals S(t, k) are a part of this inter-
val exactly when k > t, however, the cases k > t are uninteresting since they

11



are subintervals of some other intervals for smaller k. Therefore, we are only
interested in intervals S(¢,t). The lower bounds of these intervals get lower with
increasing t, so if we want to unite them without problems, we need to check
there are no gaps between them — meaning the upper bound of S(t + 1,¢ + 1) is
larger than the lower bound of S(¢,t). This is equivalent to the inequality

mt /m _m(t+1) /m
- + S _ ,
2t W\t 2t Vit
which is true for m > 16¢. Since we consider fixed value of m and t is integer we

get a bound ¢ < [{%|. When the above inequality holds, the intervals are also all
non-empty, so in total

g1 m m
U sto= 5+ /mrm=) =[5

In the case i > 1, interval 2 < /D < 30Ty contains S(t, k) for k(i—1) <t <
ki, so there are exactly k 1ntervals for fixed k. We are again interested only in the
ones closest to the boundaries — S(k(i—1)+1, k) and S(ki, k) since the other ones
lie between these two and are typically contained in some S(¢, k) for smaller k. We
again need S(k(i—1)+1,k) = S(t1, k1) and S((k+1)(i—1)+1,k+1) = S(to, ko)
to intersect and the same for S(ki, k) and S((k + 1)i,k + 1). For the first pair to
intersect it is sufficient if m > t(i — 1)24(3 + 2v/2), which gives upper estimate
T (i — 1)y/70. For the other pair, it can be estimated to be sufficient if

m > t5i?4(2 + 1/6), which gives lower estimate 2 +i/40. Altogether, if VD is
in interval

—H\/_( 5 — (i — 1)V70]

then not all elements can be represented as sum of squares.

For completeness of the proof, it is easy to see by AM — GM inequality that
in any of these intervals v/ D > min(g; 4 iv/40, 3 4 4) > 2v/2m, which complies
to the necessary condition D > m in Proposition 5. [

Again, it is important to note that for a fixed m, only finitely many of these
intervals are non-empty. Constants V40 and /70 used in the previous theorem
are deliberately inaccurate so the theorem can be stated for all m simultaneously.
Asymptotically for m — oo these constants can be improved to 4 as for D = 2,3
(mod 4) the optimal ¢ is around 16m - i2.

To conclude this chapter, let’s summarize all the known necessary and suffi-
cient bounds for D in terms of m.

Corollary 6. Let K = Q(v/D) with D > 2 squarefree.

(a) If D=2,3 (mod 4) and D > (% + 4)2, then not all elements of mO™ are
represented as the sum of squares in Q.

12



2
(b) If D=1 (mod 4), m is even and D > (% - 8) , then not all elements of
mO™ are represented as the sum of squares in O.

(c) If D =1 (mod 4), m is odd and D > (m +4), then not all elements of
mQO™ are represented as the sum of squares in O.

(d) If D < m for D = 2,3 (mod 4) and even m or if D < 2m for D = 1
(mod 4), all elements of mO™ are represented as the sum of squares in O.

(e) If m is odd and D = 2,3 (mod 4), then not all elements of mO™ are
represented as the sum of squares in O.

Proof. Parts (a) — (c) are direct consequences of Theorem 2. Parts (d), (e) has
already been proven by [KY] in Theorem 1. Proof of the part (d) will be outlined
in the next section, whilst the part (e) is a consequence of the comparison of irra-

tional parts in the sum of squares, which can be seen in the proof of Proposition
5. m

In Chapter 4, we will look closely at some specific values of D to show that
these restrictions are in some sense accurate.

13



3. Peters theorem

In this chapter, we will try to look at the other side of the problem, which is
showing that for chosen D and m all elements of mO™ are represented as the
sum of squares. The key element of the following work will be a result proved by
Peters [Pet], which characterises when an element is the sum of squares. Since the
proof in the original paper is written in German, we provide an English version
for the benefit of the reader.

Theorem 7. [Pet, Satz 2] Let K = Q(v/'D) with D > 0 squarefree. Then o € OF
of the form

_{a+wg@ if D=1 (mod 4),

| a+20v/D ifD=2,3 (mod4),
is the sum of 5 squares if and only if there exist rational integer ¢, with additional
condition ¢ = b (mod 2) if D =1 (mod 4), such that

2a+b—24/N(a) 2a+b+2
D ) D

Mﬂ ifD=1 (mod 4),
cE

a—/N(a) a++/N(a) . o
[ 2D 2D ] if D=2,3 (mod 4).

Before showing the proof, we will need the following technical lemma.

Lemma 8. The quadratic form x3+x3+a3+x5+x2 represents all binary quadratic
forms ay? + by1ys + cy2 for a,b,c € Z, a >0, ¢ >0 and D = ac — b* > 0.

Sketch of the proof. This is not a full proof, since we do not define some of the
used terms and notions.

The quadratic form f = x? + x5 + 22 + 2 + 22 is the only form in its genus.
Therefore, by [OMe, 102:5], if we prove that the form ay? + by,ys + cy3 can be
represented locally (over p-adic integers Z, and R), they it can also be represented
globally (over Z), which is what we want.

Assume p # 2. Then by [Jo, Theorem 32], our binary form ay? + by,ys + cy2
is (p-adically) equivalent to a diagonal form g = ny? + my3, n,m € Z,. By
[Jo, Corollary 34a, 34b], the binary form x? + x3 represents a squarefree integer

N €Z,ifand only if pt N or p | N with (%) = 1, and ternary form z? + z3 + 23
represents all N. Therefore, if p  n we can find 2;’s and w;’s such that 27 +23 = n,
w? + w35 + w3 = m, so that the following substitution proves that f represents g

(and thus ay? + by1ys + cys as well)

1 000 0\ /2 0
sz 0 0 0 01 00O0|]z: 0 -
00w we w0000 O W=

725800001 0110 w

0000 1/\0 ws



If p 4 m, similar representation can be constructed. In the case p | n and p | m,
we get that 27 4+ 23 = n — 1 is solvable over Z,. Further, at least one of the
relations pfm — 1 — 22 and ptm — 1 — 22 holds. Then, for example in the first
case, we get m — 1 — 23 = w? + w} for some wy, wy € Z, and f represents g using

transformation matrix
21 R9 1 0 0
0 1 —Z9 W2 W3 .

The case p = 2 has to be handled separately. Theorems 9a and 9b from
[Jo] (which basically show a correspondence between the solutions of X7 AX =
B in Z, and the solutions of XTAX = B (mod p') for matrices A, B and a
sufficiently large ¢) in conjunction with the characterization of binary forms over
Z,, can be used to show that all the binary forms above are indeed represented
by 22 + 23 + 2% + 22 + 2% in Z,.

Over R, the representation is trivial [Jo, Theorem 6]. O

Proof of the Theorem 7. Consider D = 1 (mod 4) and x € OF; of the form z =
2

r1 + a@% and suppose r = a + 217”#5 +c (%) for some a, b, c € Z. By

comparing the coefficients, we get z; = c% + a and x5 = 2b+ c. From there,

it can be easily seen that for every choice of ¢ = x5 (mod 2), there exists exactly
one pair of suitable (a, b).

One way to look at this is that z is represented by quadratic form ay? +
201y + cys evaluated at y; = 1 and yp = 1%@. The determinant D(c) of this
form is equal to

D—-1 Tp—c)? 1
) (e a4 2 ).

Viewing this as a quadratic function in ¢, this determinant is nonnegative if

2z14+22—24/ N(z) 2x1+x2+2 N(a:)]

5 , 5 , which is the interval from the

and only if ¢ €

theorem statement.

Therefore, if we assume that such a ¢ = x5 (mod 2) in this interval exists, we
can accordingly find integers a, b and semipositive quadratic form ay?+2by,y»+cys
which represents x. By Lemma 8, this form is represented by z% +3+z3+ 13+ 22,
therefore, x is represented by this form as well.

On the other hand, if we assume

2
5 1+vD
T = Zai (mi—I—niJr) ,
i=1 2
for some a; > 0, a;, m;,n; € Z, we get

D -1

xr = Zai (m? +n224> s

i=1
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Ty = 28: a; <2mmi + nf) .

1=

1
For the choice ¢ = Y°7_; ain? = x5 (mod 2),

4D(c) = (Zl ai(2m; + ni)2> (Zl am?) — (2 a;in;(2m; + ni)>2 >0

by the Cauchy-Schwarz inequality. Therefore, this integer ¢ also must be in the
chosen interval.

In the case D = 2,3 (mod 4), the situation can be handled analogously.
2
Consider € O of the form x = x, + 2297V D = a + 2bvV/D + ¢ (\/D) . This

time,
D(c) = ac — b* = (x; — cD)c — 25 = —Dc* + cxy — 13,

|:a:1—\/N(x) a;1+\/N(:v)]
2D ) 2D :

which is non-negative for ¢ €

2
For the other implications, given x = 7 ; a; (mi + n;V D) , the choice ¢ =
_, a;n? provides the desired inequality

D) = o1~ cD)e - 43 = (L )(zn)_(zmn)zo 0

Remark. Peters proved Theorem 7 not only for the quadratic form % + 22 + 22 +
23+ 22 but also for quadratic forms x% + a3+ 23 + 23 + 222, 23+ 23+ 23 + 23 + 322,
x4 23+ x5+ 205 4 222 and 27 + 23 + 23 + 227 + 322, These forms satisfy the same
local-global conditions needed in the proof of Lemma 8, which can be accordingly
adjusted to handle all of these forms at the same time (in addition, the case p = 3
must be handled separately).

One direct consequence of this theorem is Corollary 6 (d). The norm of every
element in mO™ is at least m?; therefore, if m is large enough, the interval has
the length of at least 1, resp. 2, so it must contain the desired integer.

Using the acquired necessary bounds and this theorem, we have a method for
determining all D such that all elements of mO™" are represented as the sum of 5
squares. For example, for m = 4 we get

Theorem 9. Let K = Q(v/D) with D > 2 squarefree. Then every element of
407" s the sum of squares in O if and only if D € {2,3,5,6,7,10,11,13}.

Proof. =" Assume all elements of 407 can be represented as the sum of squares

in O.

At first, consider D = 2,3 (mod 4). Using Proposition 5 for ¢t = 1, k = 1,
we get the bound D < 16. Furthermore, it can be easily verified that for D €

16



{14, 15}, the element 4(|v/D|+1++/D) does not satisfy the condition in Theorem
7.

If D=1 (mod 4), we obtain the bound D < 23 similarly. However, the values
D € {17,21} can be again excluded using the element 4 QHQ/EJ + H;/E).

7<” Consider D = 2,3 (mod 4) and first, let’s look at the general idea of the
proof. Consider any element o = a + byv/D € OF. Using Theorem 7, 4a is the
sum of squares if and only if there exists a rational integer in the interval

{2(1 —2,/N(a) 2a+ 2,/N(a)}
D ’ D '

If 4,/N(«) > D, this is clearly true. It is, therefore, enough to consider only the
elements of small norm (which can be, in general, done by solving finitely many
generalized Pell equations).

(a) D =2,3. In this case, 4,/ N(«) > D is always true.

(b) D = 6. In this case, the interval [a_ V3N(a), s ”3N(a) always contains an
integer since N(a) > 1.

(c) D = 7. It can be seen that the only potentially problematic case is a =

+2 (mod 7) (otherwise, 2* is at most 2 away from the nearest integer).
However, in that case, we get N(a) = a*> = 4 (mod D) and N(«a) > 4 is

indeed enough.

(d) D = 10. In this case, only a # +1 (mod 5) and N(a) < 3 would cause a
problem. Analogously, @ # +1 (mod 5) implies a®> = N(a) = —1 (mod 5),
which results in N(a) > 4.

(e) D = 11. In this case a = £2 (mod 11) causes a problem for N(a) < 3,
a =43 for N(a) < 6, a = +4 for N(a) < 2. All these cases can be dealt
with in the same fashion as above.

Consider D =1 (mod 4), « = a + bwp € OF. By Theorem 7, we need to prove
there is an even integer in the interval

4(2a + b) — 4/AN(a) 4(2a + b) + 4, /4N(a)]

D ’ D

which is equivalent to the existence of an integer in the interval

2(2a + b) — 2,/4N (o) 2(2a + b) + 2, /4N(a)]

D ’ D

For D =5, this is clear. The only remaining case is D = 13.

17



Here, 4N (o) = 4(a + 2)? — 4(

<5

)2 =(2a+b)? = v*D = (2a + b)* (mod D).

The only problematic residues are:

(a) (2a+b) = +£3 (mod 13) and 4N («) < 8 — not possible using the congruence
above,

(b) (2a+b) = +4 (mod 13) and 4N («) < 6 — not possible using the congruence
above and the fact that N(«) is an integer.

O

In the second part of the proof, we dealt with the bad cases by clever manipu-
lations with congruences and inequalities. This option might not be viable in the
general case, but we can always solve corresponding Pell equations to get the ele-
ments of the given norm and get the desired congruences using their well-known
structure and recurrence relations. On the other hand, if D does not meet the
conditions, we will inevitably find a counterexample during this process.

Using this technique, one can verify the given statement for arbitrarily chosen
mO* and D. However, it gets progressively more tedious with increasing D and
heavily relies on the ability to quickly solve the generalized Pell equation. In the
next section, we will introduce an improved algorithm that uses indecomposable
elements of O" to avoid this issue.

18



4. The indecomposables

The characterization of indecomposable elements of O in quadratic fields can
be used to show a few concrete results and also a general algorithm for solving
the given problem.

The main idea is that instead of considering all elements of OF, we can just
look at the indecomposables since if @ and b can be both represented as the sum
of squares, so can a +b. For D of a specific form, the indecomposables have
such a nice structure that it can be used in combination with Theorem 7 to fully
characterise which m satisfy the given statement. One easy consequence of the
following theorems is that bounds in Corollary 6 are, in some sense, optimal.

Theorem 10. Let K = Q(\/ﬁ) with squarefree D = t*> —1 for some even integer
t > 1. For a positive rational integer m, the following are equivalent:

(a) All elements of 2mO™ are represented as the sum of squares in O.

(b) m=(t—1)k+1 for some k>0 and 0 <1 < 2k.

Proof. In all cases, D = 3 (mod 4). If we prove that for all indecomposable
elements o € OF, 2ma can be represented as sum of squares in @, then obviously
all elements of 2m@O™* can be represented.

The continued fraction representation of v/t — 1 is [t — 1,1,2(¢t — 1)]. For
i > —1, define a sequence (o) by a1 =1, ag =t — 1+ VD, Qo = i1 + o
for odd ¢ > —1 and ;42 = 2(t — 1)ay41 + o, for even i > 0.
Using the facts mentioned in Section 1.2, all indecomposable elements in O are
in this case a; with odd ¢« > —1, together with their conjugates. If «; can be
represented as the sum of squares, then its conjugate can be represented as well
(just replace all the squared numbers by their conjugates), so we can consider
only «;.
It can be easily proven by induction that agpy; = af™ = (¢ + /12 — 1)#*1 either
using the recurrence relations above or using facts from Section 1.2 (o = e,
it = 5%)

The important consequence it that 2masi, 1 can be represented as the sum
of squares for all £ > —1 if and only if 2ma; can be represented as the sum of

squares. One implication is trivial and the other one comes from the following
k1 2
facts. If k£ is odd, then asgpi1 = (a;? | , so its is already a square in O. If k

is even 2maoi1 = 2may - agg_1, both factors can be represented as the sum of
squares in O so the product can be represented as well.

By Theorem 7, 2ma; = 2m(t + +/t2 — 1) can be represented as the sum of
squares if and only if there is a rational integer in the interval

2mt — /N (2may) 2mt + /N(2may) m  m
2D ’ 2D { } '

T lir1t—1

19



By substituing m = (t — 1)k + [ for some integers k > 0, 0 < [ < t — 1, it can
be seen that this is true if and only if [ = 0 or % < k, which is equivalent to

[ < 2k. [l

The biggest m not satisfying the condition (b) is m = (t—1)52 41 -2 = £53%

meaning that there exist infinitely many pairs (D, m) = (t* — 1, t2;3t) such that
not all elements of 2mO™ are represented as the sum of squares. This shows the

sufficient bound D < % in Corollary 6(d) is quite precise.

On the other hand, the smallest non-zero m satisfying the condition is m =
t — 1, therefore all elements of 2m@O™ are represented as the sum of squares for
D = (m+1)?+1 (if this D is squarefree to be precise). This, again, shows that
the necessary bound D < (m + 4)? from Corollary 6(a) is somewhat accurate.

Theorem 11. Let K = Q(v/D) with squarefree D = (2t+1)>—4 for some integer
t > 1. For positive rational integer m, all elements of mO™ are represented as
the sum of squares in O if and only if m is one of the following form.:

(a) m = (4t —2)k + 1 for some k >0 and 0 <1 < 8k for [ even,
(b) m = (4t —2)k +1 for some k >0 and 0 <[ < 8k — 2t — 3 for | odd,

(c) m= (4t —2)k + 1 for some k >0 and 2t — 1 <[ < 8k + 2t + 3 for [ odd.

Proof. The proof is quite similar to the proof of the previous theorem.
This time, D =1 (mod 4) and wp = # = [t, 1,2t — 1] and again it holds that
indecomposable elements are exactly powers of fundamental unit oy =t + wp, =
t+ —14+vVD

5

So it is equivalent to looking at when ma; is the sum of squares, which, using
Theorem 7, is exactly if and only if there is an integer n = m (mod 2) in the
interval

{2mt—|—m—2m 2mt+m+2m}_{ m m }
D ’ D 2t +32t—1]°
Let m = k(4t —2) + [ for k> 0 and 4t — 2 > 1 > 0. Then

{m m }_ m o + l
2 +3"2t—1] |20 +3 2% —1|°

If I is even, so is m, and the condition is satisfied if and only if 3735 < 2k, which
is equivalent to [ < 8k.

If [ is odd and I < 2t —1, one needs 5 < 2k —1, equivalently [ < 8% —2¢—3.

Ifl>2t—1, only a3 < 2k+1is needed, which is equivalent to | < 8k + 2t + 3.

One can see that m = k(4t — 2) + [ with the discussed restrictions satisfy the
interval condition even if we omit [ < 4t — 2. This concludes the proof. O
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The biggest even m and the biggest odd m not satisfying the conditions are
both in the set {2t —t — 2, 2t — 3t — 1}. This, again, shows that the bound
D < 2m in 6(d) is quite sharp.

Regarding the smallest even m satisfying the conditions, we get m = 4t — 2,
while the smallest odd m is m = 2t — 1. These arein close agreement with the
necessary condition D < (% +8)%, resp. D < (m +4)?, from Corollary 6(b, ¢).

A similar approach could be naturally extended to other quadratic families,
resulting in a system of (in)equalities that characterize all suitable m.
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5. Algorithmic solution

The methods used in the previous chapter can be generalized to construct an
algorithm that determines if all elements of mO™ are represented as the sum
of squares. As was mentioned, one only needs to consider m-multiples of the
indecomposables. If s is the period of the continued fraction of D, then ¢ =
a1 is the fundamental unit and a;,, = €a;. Therefore, there are only finitely
many indecomposable elements (resp. their m-multiples) up to conjugation and
multiplication by 2. If and only if all of them are represented, so are all elements
of mO™. And we can easily check each of the elements using Theorem 7.

Unique indecomposable elements in O (uniqueness in the sense of the previ-
ous paragraph) are exactly «;, with odd —1 <i<2s—3 and 0 <7 < wu;9 — 1.
Therefore, the number of unique indecomposables is -7 | uq;—;. Kala and Blomer
[BK, Theorem 2] showed this sum to be O(v/D(log(D))?), which is therefore also
the time complexity of this algorithm for single m and D.

Let’s look at the time complexity for determining all D satisfying the condi-
tions for fixed m. At first, consider only D = 2,3 (mod 4) and assume D satisfies

the conditions. Necessary bounds in Theorem 2 imply D < (% + 4)2 and also
D ¢ [(727; + 1V 40)2 , ( T (i—1)v 70)2} . We consider this interval only for

2(i—1)

finitely many ¢ satisfying 77 + iv/40 < ﬁ — (i — 1)4/70 — the largest one

being ime =< m3 (here notation f = ¢ means C|g(z)| < |f(z)] < D|g(z)|
for some positive constants C, D and all sufficiently large ). Therefore, the
smallest D excluded by the intervals is D,,;,, < mi. As a consequece, if D
satisfies the conditions, then either D < D,,;, or D lies in one of the intervals

[(g’: — i\/7_0)2, (% +@\/@)Q] for ¢ < 4. In the first case we can estimate
O(VD(log(D))?) = O(m5 - mi (log(m3))?) =
O(m2(log(m))?). In the second case, we have O(m3) intervals and the length of

each interval is O(m). Therefore, the estimation of time complexity in the second
case 1s

the time complexity as > p.p

min

> O(m) (;TZ + Z\/E) (2 log(% + Z\/4_0)>2 =

1 ‘
= O(m’(log(m))?) ( > ) +O(m(log(m))?) ( ) %) = O(m?(log(m))?).
i<imaz i<imaz
In the last equality we used Y1, + = O(log(n)) (see e.g. [Apo, Theorem 3.2]).
Overall, the time complexity for D = 2,3 (mod 4) is O(m?(log(m))?) and
analogous argument can be made for D = 1 (mod 4). Hence, the time complexity

of this algorithm (that for fixed m determines for which D all elements of mO™
can be represented as the sum of squares) is also O(m?(log(m))?).

The table below shows results for a few small m. The implementation in C++
(available at https://github.com/raskama/number-theory/tree/main/quadr
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atic) was used to obtain results for m < 5000. These data as well as generated
graphs can be found at https://www2.karlin.mff.cuni.cz/ raskam/resear
ch/quad/.

D such that all elements of mO™ are sums of squares

E
1 5
2 2,3, 5
3 5,13, 17, 21
4 2.3,5,6, 7,10, 11, 13
5 5,13, 17, 21, 29, 37
6 2,3,5,6, 7,10, 11, 13, 14, 15, 17, 21, 26, 29, 33
7 5, 13, 17, 21, 29, 33, 37, 41, 53, 61, 65, 77
8 12,3,5,6,7 10, 11, 13, 14, 15, 17, 19, 21, 22, 23, 26, 29, 31, 37, 38, 53
9 5,13, 17, 21, 29, 33, 37, 41, 53, 57, 61, 65, 69, 77, 85, 93, 101
10 2.3,5,6, 710, 11, 13, 14, 15, 17, 19, 21, 22,
23, 26, 29, 30, 33, 34, 35, 37, 38, 41, 43, 53, 65, 85
11 5,13, 17, 21, 29, 33, 37, 53, 57, 65, 73, 77, 85, 101, 145, 165
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