ON THE ANALYTIC THEORY OF ISOTROPIC TERNARY
QUADRATIC FORMS II

W. DUKE

ABSTRACT. In the first part of this work [3], a quantitative supplement to the Hasse
principle was given for the count of the number of automorphic orbits of primitive zeros
of a genus of ternary quadratic forms. This sequel contains, for certain special forms,
an independent and elementary proof of this result. When combined with other results
of [3], this proof also leads to a refinement of an asymptotic result of [3] and some
corollaries for these special forms.

1. INTRODUCTION

One of the main results of [3] is that the number of (Z-automorphic) orbits of primitive
integral zeros of a genus of isotropic ternary quadratic forms equals the product, taken
over primes p, of the number of orbits of these zeros under Z,-automorphs. In more
detail, let S be a symmetric 3 x 3 matrix with integral entries and with det.S = D > 0.
Associated to S is the nonsingular ternary quadratic form

ade
S(z):=axSa' = (g ? J;) o' = ax] + bry + cxi + 2dx 79 + 2eT073 + 2f 7173,

where © = (x1,x9,23) and a,b,c,d, e, f € Z. Two forms S, S’ are in the same class if
there is an A € GL3(Z) with

(1.1) A'SA =9

They are in the same genus if for each prime p (and p = oo) there is an A € GL3(Z,)
such that (1.1) holds. The genus G of S consists of finitely many, say h, classes [1, Cor
1, p.139]. The form S is isotropic if S(z) = 0 for some primitive z € Z3. Let C(S) be the
set of all primitive € Z® with S(x) = 0 and O the group of integral automorphs of S,
which is given by

(1.2) 0 = 0(S) = {A € GLy(Z); A'SA =S},

Say x, 2’ € C(S) are in the same Z-orbit if there is an A € O such that z A" = 2’. Let
¢(S) denote the number of Z-orbits. For a prime p or p = oo denote by ¢,(.S) the number
of Z,-orbits, which is defined similarly. Here ¢,(S) # 1 for at most finitely many p. The
following result, which was given as Theorem 2 of [3], is a quantitative supplement to
the Hasse principle for ternary quadratic forms.

Theorem. For S(z) a nonsingular integral ternary quadratic form associated to a matriz
S as above we have

(1.3) > oS =]]elS),
S'eG p

where G 1s the genus containing S.
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Implicit here is the statement that each ¢(S’) is finite. The proof of this theorem
given in [3] combines algebraic and analytic methods. In this companion paper to [3], I
will restrict attention to S that satisfy certain conditions that are special but not overly
restrictive. The goal is twofold. First I give a proof of this result for these S that
is independent of [3] and is more elementary and direct. The idea is to use the extra
conditions on S to extend the reduction process used in §5 of [3] and explicitly classify
the orbits. Second, for such S, I will refine an asymptotic formula of [3] to show that the
solutions are uniformly distributed across the orbits, which is a property that does not
hold for a general S. Also, I deduce from this a simple explicit formula for the number of
orbits. These new results follow easily once we have the elementary proof of the theorem
and can use it in combination with statements from [3].

2. NEW RESULTS FOR SPECIAL FORMS

Suppose that S is primitive and isotropic with D = det S > 0. Let —€2 > 0 be the
GCD of the 2 x 2 minors of S. It is classical, and will be recalled below, that for some
AeZt

D =det S = Q*A.
Note that the sign of ) is chosen to be negative so that is conforms to the classical
convention made in [8] and [2]. The values Q2 and A are genus invariants. For convenience,
in this paper I will use the following terminology.
Definition. Say that S is special if it is primitive, isotropic with D > 0 and if
N :=ged(Q,A), £ and £
are square-free.

In particular, S is special if Q and A are square-free and this certainly holds if D is
square-free. In the next section we will give an elementary and independent proof of the
Theorem of the Introduction for special S(x).

Theorem 1. For special S(x) with odd D we have
(2.1) Yo el =),
S'eG p

where G s the genus containing S.

In fact, the proof yields that for these forms

(2.2) d s =1]5
S'eG pIN

The proof of the theorem given in [3] makes use of an asymptotic formula that counts
primitive points in an orbit. For special S the constant in this asymptotic depends only
on the genus G. Let

S* = (det §)S™*
be the adjugate of S. Choose y € R? such that S*(y) = 4D. It is easy to show that are
at most finitely many x € C(S) with 0 < zy* < T for T > 0. For z € C(S) its orbit is
defined by
C(S,z) = {2’ € C(S);2" = x A" for some A € O(S)},

where O(S) was defined in (1.2).
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Theorem 2. Let S be special and fix y € R® with S*(y) = 4D. Then for any x € C(S)
we have

(2.3) #{2' € C(S,x); 0 <a'y' <T} ~kT,
as T — oo, where k > 0 depends only on the genus G of S.

The value of k can be given explicitly in terms of h, the class number of GG, and the
primes dividing 2D. In case 2 and A are square-free and odd, it is given by

(2.4) - 2mf H p+1 H p—1

p|D p|N

Since for special S the constant & in (2.3) does not depend on x, the following conse-
quence is immediate.

Corollary 1. For special S the distribution of the primitive solutions is uniform across
the orbits. Fxplicitly,

(z) = Ii #{z' €C(S,z); 0 <2’y <T} 1
P e #w eC(S), O<wyt < T} o(S)

This corollary is not true for general S.

Ezample i). 1t will be shown in §4 that the orbits of

(2.5) S(x) = =3%F + a3 — a3,
which is not special, are represented by x,z’, 2" € C(S) where
(26) p(e) = pla’) = L and pla”) = L.

Theorem 2, together with (2.2) and the fact that the constant in the asymptotic of
the full count given in Theorem 3 of [3] is a genus invariant, imply the following simple
formula for the number of orbits of S.

Corollary 2. Let S be special with D = det S odd. Then
sy =n"1]%"
pIN

where h is the class number of the genus of S and N = ged(2,A).

This result leads to different justifications of Examples i) and ii) given in [3] after
Theorem 1 and makes it easy to give more.

Ezample ii). Consider the Legendre equation
S(x) = ¢*al — qu§ — 23 =0,

where ¢ is a product of v distinct primes, each = 1 (mod 8) and each a quadratic residue
of every other. It follows from [6, p.188] that h = 2”. This S is special with N = g.
Thus by Corollary 2 we have that
-1
Sy=1]%"

plg

for any S’ in the genus of S.
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3. ELEMENTARY PROOF OF THEOREM 1

The proof relies on ideas from papers of Eisenstein [4], Smith [9] and especially A.
Meyer [6]. Part of it, specifically i) of Lemma 1, will also be used in the proof of
Theorem 2. In addition, (2.2) comes out automatically. The proof can be simplified if
we assume that Q and A are square-free, but for the statement of Theorem 2 and its
corollaries it is desirable to make as few assumptions as is possible.

Recall that D = det S > 0. The primitive adjugate of S is

sti=q7ls,

which has discriminant Q72D2. The GCD of the 2 x 2 minors of S* is D so the GCD of
the entries of the adjugate of ST is the integer A = DQ~2. Therefore D = Q2A.
We are assuming that

N = gcd(Q, A), %, % are square-free.

Define N5 = ged(N, £), Ny = ged(N, %) and positive integers Ny, Na, N3 through

’ N

(3.1) N = N3Ny;N5, Q=—NNsNy, A= NN,N;.

Then Ny, Ny, N3, Ny, N5 are square-free and relatively prime in pairs. Also,

(3.2) D = N\N;N3N}N2,

which explains the choice of subscripts of the Nis. Note that from (3.1) we have

(3.3) Q= —NZNyN3N, and A = N;NsN3N;.

In case 2 and A are square-free we have that Ny = N5 =1 and N = N3 so
Q=—-NN, and A=NN;.

Lemma 1. Suppose that S is special with D = Q2.
i) To each orbit of primitive solutions x of S(x) = 0 corresponds { € Z such that S is
properly equivalent to

0 0 N3N5;N2ZN,
(34) 53 = 0 —N3NEN, 0 .

N3N5NZN; 0 NyNa!l

Here S3 is uniquely determined up to the value of £.

ii) If D is odd we may assume that 0 < ¢ < N with ged(¢, N) = 1 and then ( is
uniquely determined.

iii) The primitive adjugate of Ss is given by

; —¢N5Ny 0 N3N2N4N1
(3.5) Sy = 0 —N3NjN: 0 :
N3N2N4Ny 0 0

Proof. Choose any primitive x € Z? with S(z) = 0. Completing x* to M; € SL(3,Z) we
have
0 s1 s2
spn] = (3%%).
Suppose a = ged(sy, $2). Choose u, v € Z with us; + vsy = a. Define

1
-t
0_

0
u

ko

) € SL(3,7)

S |Sg°

(%
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so that MM, still has 2? as its first column and
00 a

(3.6) Sy = S[M M) = (o A > ,

a c d

This shows that we may find an equivalent S; of the form (3.6) whose associated orbit
of primitive zeros obviously contains (1,0, 0). It easily follows that a,b > 0 are uniquely
determined, and that ¢ is determined modulo ged(a,b), by the orbit of the solution.

We will show that our conditions on S imply that a and b are determined by 2 and
A and can be written in terms of the N’s. Explicitly, we will show that

(3.7) a = N3NsNiN, and b= N3NZNj.
Recall that —(2 is the ged of the entries of S*, hence of
(35) si= (""" ).
ab 0 0
In particular, Q|a?. Tt follows from (3.3) that the square part of Q is N2, so
(3.9) a = N5 N, N3 Nod
for some o’ € Z. From (3.2)
(3.10) a*b = N;N3sN;N¢.

Hence (N3N5N;)|b. Next we show that N3|b. Otherwise there would be a prime p|Nj
and p|b such that p? { b. But from the divisibility of each entry of S7 in (3.8) by Q
in particular that p?|(—bd — ¢?), we would have that p|d and plc. Also, Ns|a so pla,
contradicting the primitivity of S. Therefore by (3.10) we have

(3.11) b= N3N3Nb?

for some b’ € Z and also @'t/ = Ns. We claim that ¥ = 1 and so a’ = N,. For this, note
that o’ is square-free and

Ny|(=bd — ¢*)
so V'|c. Now U'|Ny and so 02 1 © and from (3.9) we have that ¥|a. It follows that ¥
divides all coefficients of SI, a contradiction. Thus (3.7) follows from (3.9) and (3.11).

Furthermore, from Q|(—bd — ¢?), (N3N5)|Q2 and (N3N5)|b we have for ¢ given in (3.6):
(312) Cc = N3N5C,.
for some ¢ € Z. Next we want to transform S; in (3.6) so that ¢ becomes zero. For
ty € Z and
100 0 0 a
T, = <8(1]t11> we have Sy = S1[T1] = (0 ~b C—btl) ,

a c—bt1 d
where
d = —bt? + 2ct; +d.
From (3.7) and (3.12) we obtain
Cc — btl = N3N5(C/ — N52N1t1)

Choose t; so that NZNy|(¢ — N2Nit;). Then for some a” € Z we have ¢ — bt; = a”a.
Now for

1

1 —a
T2:<0 1
0 0

A calculation shows that

0 . 00 a
?) it holds that S3 = Ss[Ts] = <O—bo>,

a 0 d

—bd" 0 ab

S; = ( 0 —a? 0>
ab 0 O
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so Q|(bd') or (N2NyN3N,)|(N3sN3Nyd'), hence d’ = NyNol for some ¢ € Z. Expressed in
terms of the Nis we have (3.4). This gives the first statement of the lemma.

Suppose now that D is odd. Now for
1 N2N; 1(14+N2ZNZN2Ny)
Ts=1{0 1 N2N, )
0 0 1
which is integral since D is odd, and k € Z we have

i 0 0 N3N5NZN,
S3|15] = 0 ~N3N3N; 0
N3N5NZNo 0 Ny N3 (4+kN)

Thus we can find a k to reduce Ss to the form (3.4) where 0 < ¢ < N. Now S} in (3.5)
is easily computed. Using the primitivity of both S3 and Sg we see that ged(¢, N) = 1.
The value of ¢ is uniquely determined by S3 in (3.4) since the residue class of ¢ modulo

N is preserved under all transformations of S3 that fix all but its (3, 3)-entry.
O

In order to prove (2.1), it is convenient to relate the definition of genus for ternary
quadratic forms given above with that introduced by Eisenstein and further developed
by Smith. Their definition is in terms of characters and was modelled on that of Gauss
for binary quadratic forms. For ternary forms we must consider simultaneously the form
S and its primitive adjugate ST. The definition is based on the identities

S(@)S(y) — (105, 5(y) + 20,5 (y) + 230,,5 (1))
= QST(@Q?’ — T3y, T3Yo — T1Y3, T1Y2 — T2Y1)
St(@)SH(y) — (210,51 (y) + 220,58 (y) + 230,,51 (1))’
= AS(22y3 — T3Y2, T3Yo — T1Y3, T1Y2 — TaY1),

where = = (21,29, 23) and y = (y1,¥2,y3). For odd D, let p,q be primes with p|{) and
q|A. Using these identities we see that for m with p  m represented by S, the value

(%) is independent of the choice of m, as is (%) when n is represented by ST and ¢t n.

In the Eisenstein/Smith definition, the genus of S consists of all S” with invariants 2, A
and these character values for each p,q and where, when p = ¢, we have two character
values.

In [9] Smith showed that, by this definition, S and S’ are in the same genus if and only
if there is a rational transformation A, whose entries have denominators prime to 2QA,
with S” = S[A]. As a consequence, the Eisenstein/Smith definition of genus coincides
with the usual one. For a proof see e.g. Theorem 50 on p.78. of [10] (see also the note
on §5 on p. 138).

Smith [8] also gave explicit conditions for a ternary form to represent zero nontrivially,
which generalize those in Legendre’s theorem. Under our assumptions, S represents zero
nontrivially if and only if

T

(M) — (NstNl), (—SHy)) _ (N3N4N2) and (S(z))(—S*(z)) _ (—N5N4N2N1)

p p q q T T

for all primes p, q,r with p|NyN, and x with p t S(z), ¢|NsN; and y with ¢ 1 ST(y) and
r|N3 and z with r 1 S(2)S7(2).
It follows that the genus characters of S are determined by the values of

() and (=52),
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for primes p|NsNs, q|Ny4N3 and any x with ged (S(,I),NgNg)) = 1 and y for which
ged (ST(y), N3N4) = 1. Referring to Lemma 1 and the (3, 3)-entry of S3, together with

the (1, 1)-entry of S;,, we see that the genus of S is completely determined by the values

of
(F245) and (%)

or, equivalently, by the values of (ﬁ), for p| V.

When another S" with corresponding ¢’ # ¢ is properly equivalent to S, then ¢ and ¢
belong to two different orbits of solutions of the same form. All forms in the genus of S
will be represented. The total number of orbits of solutions from forms of the genus of
S is thus

p|N

where v and ¢ are the usual arithmetic functions. To finish the proof of Theorem 1,
repeat the above reduction argument over Z, for each p|N to show that

cp(S) = =

2

4. PROOF OF THEOREM 2

Theorem 2 is an easy consequence of results of [3] when combined with the argument
above. For special S the values a, b, ¢ of (3.6) are completely determined by the genus
G, as follows from i) of Lemma 1. Then by Lemmas 3 and 4 of [3], we see that the value
0,(S, ) is also determined by G. It is clear that the value o, given in (3.1) of [3] depends
only on G. Thus Theorem 2 follows from Theorem 4 of [3] and its Corollary 2. O

The formula (2.4) can be derived by using computations of §, from [7]' and of 6,(9, z)
from §3 of [3].

Justification of Example 1). 1t is known (see e.g. [2, Thm 47]) that h = 1 for S from
(2.5). It can be checked that inequivalent orbits are represented by

00 3 00 3 00 1
Slz<g—131>, Si:(g?%) and Si’:<07331>.

0 111
From Lemmas 3 and 4 of [3] we have that [ 0,(S1,70) = [],0,(57,20) = 2 - 3* while
[1,0,(S7,w0) = 23, where 2o = (1,0,0). Using [7] and [5] in the verification that

09 = 2, we have that
| | 5 — 8 3
P 3(2) 4°
p

Also, it can be shown easily that
_ 8 5
Lo =5t
p

Now an application of Theorems 2, 3 and 4 of [3] verifies (2.6) and also that all orbits
have been represented.

'In [7] note the corrections: (n, — 1) in (23) should be (n, + 1) and in the formula for z; below (47),
the number 8 should be 3 and 4 should be 2. These corrections were given in [11].
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