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AN ALTERNATIVE PROOF OF THE CATALAN
CONJECTURE

Chang LIU*! and Preda MIHAILESCU?

Abstract

The original proof [8] of Catalan’s conjecture uses real binomial power
series expansions and annihilation of real class groups, based on a Theorem
of Thaine. In this paper we provide a simplified approach to this proof, which
uses Stickelberger annihilation of the minus part of the class group, and thus
does not require the Theorem of Thaine.
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1 Introduction
Catalan’s equation is
X"-Y"=1;, X,YeN, m,n>2, (1)

and it was proved to have no solutions except for (X,Y,m,n) = (3,2,2,3), [8].
We recommend the reader interested in more historical details about the progress
towards the proof of this fact, to read the books like [10], [2] or [9] written on the
subject.

The purpose of the present paper is to provide a new proof of the above fact,
based on a simplification brought to the arguments in [8]. First, we shall consider
integer solutions X,Y € Z, and due to early results — see [9] — we may assume
that m,n > 3 in (1). It will thus suffice to show that the equation

aP —y?=1;  with primes p,q > 3 and integers z,y € Z\ {0,+1} (2)

has no solutions. Allowing integer solutions has the advantage that if (z,y;p, q)
is a solution to (2), then so is (—y, —z, g, p): if there is a solution to the pair (p, q)
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of exponents, there is one also for the exponents in switched order, (¢q,p). This
remark allows us to impose the condition ¢ > p, without restriction of generality.

The work of Cassels [3] allows one to assume that if there are solutions to (2),
then the following necessary conditions hold, among others:

=pz%; z—1=pT" 1 y=pbz. (3)

Based on this result, Hyyrd proved the following lower bound: |z| > p?~!1.(¢—1)P.
We shall use in this paper the stronger lower bound

3
|z > p2P?, (4)

proved in [6]. We shall show that (3) has no solutions with = € Z \ {0,+1}, and
odd primes p, g > 3, thus proving:

Theorem 1. The equation (3) has no non-trivial solutions with ¢ > p > 3.

By the above, this implies the truth of the Catalan Conjecture, thus offering
a new proof of the same.

1.1 Notations and overview of the approach

Let K = Q[¢] = Q[¢] = Q[X]/(®,(X)) be the p—th cyclotomic extension
with, ®,(X) = ))((P_—117 the p—th cyclotomic polynomial and (, a root thereof.
Denote by G = Gal (K/Q) the Galois group of K/Q. We denote by P :=
{0,1,2,...,p — 1} the set of least non-negative representatives of F,, and by
P* := P\ {0} those of F,’. Similarly, we set Q = {0,1,2,...,¢q — 1}, and
Q* = Q\ {0}, for F, and F7, respectively. Let the automorphisms of G be
denoted by o, € G : ( — (¢, for ¢ € P*. We write, in multiplicative notation,
a’ = o(a) for all « € K and 0 € G. We let y € G be the complex conjugation
and A = (1 — (), which is an algebraic integer generating the unique totally ram-
ified prime ideal above @ D p in K. The fractional and principal ideals of K are
F(K), P(K), respectively and the class group is C(K) = F/P. The Stickelberger
Ideal I C Z|G] annihilates the class group; it is introduced in more detail in
subsection 2.2 below.

Assuming that (3) has a non-trivial solution, we show that the G-orbit of
o = % € Z[¢] is built of mutually coprime algebraic integers and the ideal
2 = (v, z) has order dividing ¢q. By applying some 6 € I to 20 we obtain identities

of the type
yp ) N
/Ay =0 (22) e

with 8 € Z[(] being an integral element that depends on x and 6. If Gy € K][T]]
is the formal binomial series Go(T) = (1 4 ¢T)%/4, it is absolutely convergent for
|T| < 1, in particular at T = —1/z. Fixing some primitive g—th root of unity
¢ € C, there is thus a galois exponent k() € Z/(q - Z), such that

B/B =" Gy_p(—1/z), for some n € (—C).
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The approach of our proof is essentially based on linear algebra of power series,
and will be described in more detail in the introduction of section 3, after we recall
some classical results in the next chapter. We let K’ = Q[¢] and L = K’ - K, the
galois group being H = Gal (K'/Q) =& Gal (L/K).

2 Cyclotomy, classical and elementary facts.

We assume in the sequel that (z, z) is a solution to equation (3), for the prime
exponents p < q.

2.1 Characteristic numbers and characteristic ideals

Lemma 1. Let o = %_é and A = (a, z): the characteristic number and ideal,
respectively.

1. Then a € Z[¢];oe = 1 mod A2,
2. The conjugates of the characteristic number are mutually coprime:

(oc(),04(a)) = (1), forl<ec<d<p-1

3. The conjugates of the characteristic ideal 2l are mutually coprime and

29 = (a), and Ngp() = (2). (5)

Proof. For point 1: since p = Hf;ll(l — (Y and p|(z—1), 1=z —1+1-),
soa=1+ %_é = 1 mod )2 is integral and verifies the claimed congruence.

For point 2, let I(c,d) = (oc(@), 04()) = (%EZ’ %) We note that for any
1—¢k
=G 18
field K — e.g. [11], Proposition 8.1. Therefore, f:gc : i:gd = f:gd € I(c¢,d). Then
c d
<1—_ng € I(c,d). The ideal I(c,d) thus contains a unit, and it must be I(¢,d) = (1).

For point 3, 27 = [[ .cp- oc(a) by (3), so alz?, and 27/a = [[.cps 5. 20,, Te(@).
Hence, by point 2, we know («,2?/a) = (1). For the characteristic ideal, this

implies:

integers k and j not divisible by p, the number is a cyclotomic unit of the

A7 = (ozq,aq_lz, ozt (zq/a)) =(a)- (a?,..., 2771 2 a) = (a),

hence 2A? = () which means that the characteristic ideal is either principal or
has order g. The norm N(2) = [[cp+(a”, z) = (N(a), z,2%,..., 2P~ 1) by point
2. Since N(a) = 29, we get the relation N(2() = (2). O



134 C. Liu and P. Mihailescu

2.2 The Stickelberger’s ideal

As mentioned above, the Stickelberger ideal is a subideal of the group ring Z[G]
with the property of annihilating the class group. It is defined as the intersection
of a fractional, principal ideal, with Z[G], as follows:

Definition 1. The Stickelberger element is defined by

V==Y co.t e -7[G 6
) ; ’ G] (6)

and Stickelberger’s ideal is defined as
I = 9Z|G) N Z[G]. (7)

We note that N = Ng g € I and I C (1 —)Z[G] ® (N). There exists a base
for I= = (1 — 7)1 made of (p — 1)/2 elements, called Fueter elements, e.g. [6],
which are

¢n:19(1+0'n*0-n+1)
_ch € Z>o[G], fornE{l,Q,...,p_l} (8)

2
ceP*
with n,= (| "ERE) - )
p p
and ne+np_e =1, (9)

From ne+np—c. =1 and n. > 0, we note ne =0 orne, =1, and (1+ ) - ¢, =
Ny q, which means for every ideal B C Z[(], PUIHDYn = N(P). Note also that

wp—(n-‘rl) —n =91+ g0p41 —gon — 1 =0+ 0ny1) =N -N =0, (10)

which confirms the choice of indices n < % for the base of Fueter elements.

We define I, := VZ|G] N Z4+[G]. Combining the property of Stickelberger’s
ideal and the property of Fueter elements, we note that for every ideal 3 C Z[(]
and each 0 € I, the ideal B° C Z[(] is generated by some v € Z[C], which satisfies
v-7 =N(EB)%, for an integer ¢9 € Z, which we call the relative weight of 6. Note
that the relative weight of each Fueter element is 1. Furthermore, we denote by
the absolute weight of § = 3" . p. nco. ' € Z[G] the sum w(f) = Y, |nel.

We define the Fermat quotient map ¢ : Z|G] — F, such that (¢ = o),
Ezxplicitly,

o (Z ncacl> = Z nefc € Fp. (11)

ceEP* ceEP*

We identify the value ¢(0) € F,, with its natural lift to N, under the least non-
negative remainder representation of F,,. The Fermat ideal is In = I N Ker (¢):
this is the module of all Stickelberger elements @ such that ¢? = 1.
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We note the following useful property of the action of I on A:
Lemma 2. Let M, := (1 — ()", for some p € I, then M, = n<W) . (¢)?W)/2]
where Q(7) C K is the quadratic subfield of K and 7% = p - (%)5 Moreover,
M,‘jfl = 4¢le-1om)/2 ¢ pop, for o € G.

Proof. Since N g(1—¢) = p, then M, M, = (1—¢)*1+2) = ps(W) | Furthermore,
M,/M, = (1=5)» = (=¢)* and from the definition of the Fermat quotient map

1-¢
(1) (1)
¢, Ca — Cd)(@) , then lt is equal to <_?1>§ . Cqs()u')’ SO M/% — pC(lu’) . <_?1>§ . . C¢(H)
Hence, M, = 7€) . ¢#(1)/2_ The last statement follows from o.(7) = (;%) w. O

2.2.1 The [y-map

Stickelberger’s theorem implies that for § € I, there is a principal ideal
a(f) = AY, and the principal ideal arising from the action of the elements of
the Stickelberger ideal is generated by Jacobi numbers, which are products of
Jacobi sums[6]. The product of Jacobi numbers by their complex conjugates is a
rational integer, which is equal to the norm of 2 raised to the relative weight of
0, ie. |Z[C]/A|0 = |z|.

Remark 1. Let r = 1 (mod p) be a rational prime which is totally split in K,
and let R C Z[C] be a prime above r. By the above, for 0 € I, with relative weight
¢(0) = 1, we have

" =(8), BeZ], Ngg®=0), Bf=r

Moreover, B, is a product of Jacobi sums of conductor r, and its norm implies
that it is in fact a single Jacobi sum j(x%, x?) for suitable a,b.
More precisely, if

e B ([0 [2])

(T(x*x")) = Rt

Iwasawa proved in [5] that every Jacobi number J verifies

then one has

J =1mod (1-¢)?% (12)

Let By € Z[(] be the Jacobi number that generates the ideal. By the identity
(%) = A = a(h)?, we obtain

of =n- B, (13)

3Here (;) denotes the Legendre symbol modulo p.
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where 7 is a unit in Z[¢]. Multiplying their complex conjugates on both sides of
equation (13) and since

o0+ — N o) = 29 = 561(14-])

we get 1-7] = 1. It follows from Kronecker’s Unit Theorem that n € p2,. Combined
with the congruence in Point 1. of Lemma 1 and (12), we obtain that in fact n = 1.
Hence of = .

We herewith define the maps 5y : I, — Z[(] as follows. For 0 € I, we let
Bo(6) be the unique Jacobi number defined above by the identity o = B

2.3 Formal binomial power series

This section basically follows the original paper proving the Catalan conjecture
in Part 4.1 [8], except for the subscripts, which are slightly different. Therefore,
some proofs will be omitted here.

2.3.1 Definition

The identity o = By(#)? leads to a binomial series expansion which converges
absolutely. In this section, we consider this series in detail.

For i1 = Y .cpsneog ! € Z[G], we let G,(T) € K[[T]] be the formal binomial
power series

Gu(T) = 1+ =[] (0 +o1(QT)"/

ceEP*

L (13 () = S o

ceP* n>1 n>1

and the coefficients a}, (1) arise from the multiplication and rearrangement of the
terms in the product in (14). In particular, denoting 1, := q-aj = > ¢ p- ne(7V/°,
we obtain

Gu(T) =1+nT/q+ Y a,(WT" (15)

n>2

2.3.2 Coefficients

We investigate some properties of these coefficients on base of the coefficients in
the binomial series. Note that al,(u)” = a,(uo), (n=0,1,2,...), by definition,
as formal power series. In addition, the common domain of convergence in C is
D = {|T] < 1} C C, so the evaluations of the two power series are equal in this
domain.

Lemma 3. The coefficients a,, (i) € Z[C,1/q] are g-integers, which means a,, :=
al, - q* € Z[(] for some k. More precisely, k > E(n) = n + vy(n!). In particular,
E(n) =n+wvg(nl) <n- L.
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See [8] for a proof.

Now, we investigate upper bounds for the coefficients. A power series f(7')=
S22 o b T* with complex coefficients is dominated by the series g(T) = 7, A T"
with non-negative real coefficients if |a;| < Ay holds for £ = 0,1, .. .; if this is the
case, we write g > f. The relation of dominance is preserved by the addition and
multiplication of power series.

Let r be a real number and s a complex number satisfying |s| < 1. Then, for
the binomial series, we have

(14 sT)" = ki;o <;) sk
1-1)" = i(—l)k<_lLT>Tk.

k=0

The coefficients of the latter series are positive and }(£)| < ‘(_,Lﬂ)‘. Since

(| = 1, it follows that G,(T) < (1 — T)~"/7 where h is the absolute weight of ..
Combining with the previous result, we obtain the following bounds:

1., where al, is the coefficients of G,(T) and E(n) =
n+vg(n!), h is the absolute weight of pu, k' = [h/q] Then

Gl < o (V) < (M),

— / —_—
|an| < qE(n)(_l)n< Z/Q> < (h +n 1>qE(n)’

n

Lemma 4. Let a, = ¢%™d/

Finally, we consider the convergence of these binomial power series.
Lemma 5. The series G, (t) are absolutely convergent in C when |t| < 1.

Proof. Tt follows that G ,(t) is dominated by (1 — T)~"/4. For every non-negative
integer m, we define the m -th partial sum by

Gl = 1+ 3 ()t

Using the common remainder estimates for Taylor series, the remainder |R,,|
is given by
h 4 m) ’t|m+1

Gt = G0l = (05 70) -

as a consequence of Lemma 4. ]
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Remark 2. Let 0§ = 01 + 02 € I have non-negative coefficients in Z and assume
that <(61) = <(02) = k > 1. We shall write in this particular case, which is the
most frequent in the sequel,

(1+CT)%/a

(L5 Tl (16)

Go(T) =
With this, we note that

B(9) = 2" -n- ¢ OGy(~1/x).

Here n = n(0) € (¢). We override the initial definition by twisting 5 by an
adequate p—th root of unity — namely 1, so that we now have

B(9) = 24 - & OGy(~1/x); 5B =" (17)
Let 0; =) cp- nmac_l. We note that the value of n,, in (15), for p = 61 — 362
18

N = Z (nl,c - n2,p70)<1/c- (18)

ceP*

Consequently, the coefficient vector of n, in the normal power base of Z[(]
verifies

1ullo0 < & = (). (19)

3 Main proofs

Now, we assume 53 < p < q. Let I'(m) C I be the set of sums of m conjugates
of Fueter elements, thus 6 € I'(m) if 6 = Y . p. nco, ! with ne + np—. = m and
ne > 0; then

I'(m) N (14 9)Z[G] = (m/2)(N) for m = 0 mod 2 and () otherwise.

We thus let I(m) = I'(m)/(I'(m) N (N)) be the relevant minus part of I'(m).
Then the Fueter elements verify

-1
= ¢p—(n+1) = 19(0-1 +on + U—(n+1)) -N, I<n< pT (20)

We shall be interested in an estimate of the number of distinct elements in
I(2). The precise number of distinct elements in /(2) is an involved combinatorial
problem, solved in subsection 3.1; for the solution of this problem, we made
interesting use of Al, which are detailed in the Outlook.

In the main Proposition 3 we show that if J C I(2) is such that |«(J)| = 1,
then the size of J is upper bounded by |J| < @ + 1. An application of the
pigeonhole principle to the formula (31) for distinct elements in 1(2) implies that
there are subsets J C I(2) with |J| > p, say. This contradicts the Proposition 3
and completes the proof.
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3.1 Estimating the number of distinct elements in /(n)

For t € J, let 5(t), G¢(—1/x) have the usual meaning introduced in Remark 2.
We shall index various vectors by the elements in J, for instance (8(t))tc..

Definition 2. We say a pair (0,7) € G? is complementary, if T = jo. Accord-
ingly, (oq,0p) is complementary, if a + b = 0 mod p. Note that complementary
pairs (oq,0p) have the property that 9(o, + op) = N.

For our purpose, it will be sufficient to find estimates for n < 2. The next
simple lemmata will explain the approach taken.

Lemma 6. Let 0 € I(1). Then there is a 0 € G and n € P*,n < % such that
0 = oiby, with ¥, = V(1 + oy — opt1) the respective Fueter element.

Proof. In view of Remark 1, letting R be like in the Remark and fixing a primitive
character y : FX — (¢), we have a one-to-one correspondence between 6 € I(1)
and Jacobi sums of conductor r with |j(x%, x)| = 7(¥)/2. Then

R0 = j(x, XV) = R¥e,
This holds for all totally split primes r and we conclude that 0 = o4ty/q. U
We shall recalibrate elements 6 € I(m) as follows; since
VYo =01+ 0p —0n1) =91 +0n+0_ny1)) — N,
we conclude that
0 =1-Sg—mN, with Sy € Z>o[G]. (21)

Lemma 7. Let m € Z~q and 0; = ¥Sp, —mIN € I(m),i = 1,2, with Sy like above.
Then 01 = 05 if and only if there exists an integer n > 0 such that, after deleting
exactly the same number n of complementary pairs {oj,0p—;} from Sy, and from
S, (the specific j’s may differ), the reduced sums must coincide.

Proof. Define the difference

A= 591 - 592 = Z v(k)ak.
keP*

We shall use the spectral decomposition in orthogonal idempotents over C in
order to prove that A only depends on the odd and the trivial characters. This
implies the claim.

Let 1 : G — C be a primitive character of order p—1 and x € (u). By classical
results in cyclotomy — see for instance [11], subsection 6.3 for local versions — we
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have the following decomposition of unity and relation between the Stickelberger
element and the generalized Bernoulli numbers:

1 _
ex = @Zx(g N9, exor = x(k)ey;
geG
1 = Zex; and (22)
X
dey = DBigey,

where By are the generalized Bernoulli numbers — [11] p. 31-32. In particular,
e, = 0 for even characters except for the trivial one for which e, = 1.N.

2
We apply these facts to 9A, finding

1
A = D eBigA= > exBixA + 5NA.
X X odd

Plainly, YA = 0 if and only if e, A = 0 for all odd characters, and in addition
Y(1 + 7)A = 0: indeed, the contribution of even characters reduces to that of
the trivial character, which vanishes if and only if ¥(1 + 7)A = 0. The last
relation implies A vanishes in all odd eigenspaces, and 61 = 6, after eventually
removing on both sides the same number of complementary pairs. Removal of
the complementary pairs thus cleans the plus part contribution in both elements,
reducing them to 6; € I~;¢ = 1,2. This completes the proof. O

3.1.1 Counting the elements in /(1)

Given the limited size of the Latin alphabet and of printed indices, we shall
use only in this subsection the letters x, y as indices — thus with a deeply different
meaning from the main variables x, y connected by the Catalan equation. Suppose
Oythy = 0y, where z,b € {1,2,..., %} and y,a € P*. Then, the norms cancel
in the representation (21) and thus:

oy + 0yz + 0_y@+1)) = V(00 + 0ab + 0—a(p41))-

One verifies, using the ranges of z,y, that none of the three possible pairs in
the triple {0y, oy, O _y(a +1)} is a complementary pair. Hence, the two sets

{O-ya Oyx, U—y(ac+1)} and {Uaa Oab, U—a(b-l—l)}

must coincide. After investigating all permutations, we see that only three de-
scribe elements in I(1), and these are

0 = oytr = 0ya1 /e = O—y(ar1)V—1/(2+1)5 (23)

with all subscripts taken in F). If 1/z ¢ {1,2,...,%}, we replace 1/x by
p — 1 — 1/x; the same adjustment applies to —1/(xz + 1). Consequently, each
6 € I(1) can be expressed in at most three ways, as a conjugate of some Fueter
elements.
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Lemma 8. For every element oy, € I(1), there are three distinct expressions

as above, except when x =1 or x = %.

Proof. We have already observed that each 6 € I(1) admits at most three ex-
pressions as a conjugate of a Fueter element. If fewer than three occur, then the
subscripts in one expression coincide with those in another one. A short veri-
fication shows that this may happen precisely when £ = 1 or =z = %,
both cases there are exactly two expressions. Moreover, for all y € G one has
oy = 09y (p—1)/2 and the triple {0y, oyz, 0_y(»41)} has two identical elements

and in

whenleorx:p%l. O

We now count the size of I(1). There are

p-1_ (-1

M=(p-1) — 5

pairs (y,z). By Lemma 8, the map & : P* x P* — I(1) given by (y,x) — oy, is

threefold for = ¢ {1, 25*} and twofold otherwise. Therefore,

p’-1
e

|I<1>|=M2(p‘12> -1 (p—1)= (24)

We herewith have proved:

Lemma 9. For any 6 € I(1) = 9S9—N, Sy is invariant under the transformations
(Y, 2) = (y,1/x), (y,2) = (—y(z + 1), -1/(z + 1)) and (y,2) = (y,p — 1 - z).
Hence, 61 = 0y <= Sy, = Sp,. Moreover, the number of elements in I(1) is
given by (24).

3.1.2 Counting the elements in (2)

The elements of I(2) are conjugates of some element of the form v, + ;1.
We investigate when two elements of I(2) are identical. Assume 0,19, + o5, =
0z + 0ythg, so that

79(0'1" + Orq + 0—r(a+1) +0s+ 05+ J—s(b-‘rl)) (25)
= ?9(0'2 + Ozc + 0 —x(c+1) +oy+0oyd+ G—y(d+1))

Let 51,59 denote the cofactors of ¢ on the left and on the right hand side in
the above identity. By Lemma 7, we have S; — Sy € (1 + ) Z[G].

If S; = Sy, then we focus on the first three terms S| = o, + 0pq + T_r(a+1)
in Sq: they must correspond to three terms in Sz, which we also split in S} =
O + Ope + 0_g(cq1) and S = 0y + 0yq + 0_y(a+1)- If two of the terms of S} are
in S}, then so must be the third, because the sum of the indices in S adds up
to 0, and the same must hold for S} in relation to S2. So in this case, we have
0rthe = oztbe. If however, two of the terms of S} are in S, the same argument
shows that 0,1, = 0y1q, so in the case 51 = S, the two terms on the left and
right hand side are identical.
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We claim that S;;7 = 1, 2 contain at most one pair of complementary elements.
Indeed, if there are two complementary pairs in S7 and So, then S; must contain
three complementary pairs, because the sum of the subscripts of these six terms
is zero. Hence 0,1, + 059, = N. This confirms the claim.

The sums S} and Sf = 05 + 0g, + 0_5(541) contain no pairs of complementary
elements, so assuming there is one such pair in S, it is built of one term in each of
the two partial sums. Choose one element from X} = {0, 0ra, 0 (q+1)} and one
element from X} = {O’S,O'sb,d_s(b+1)} so that these two form a complementary
pair. Using Lemma 8 and (23), one verifies with a case by case investigation, that
any choice (u,v) € ¥} x X as a complementary pair leads, under application of
the three representations in (23) to one and the same solution, by redefining the
indices. We conclude:

Lemma 10. Notations being like above, if S1 = So, the two sums are equal
termwise. Otherwise, there is at most one pair of complementary elements in
S1, and for each possible choice of this pair (u,v) € ¥} x XY, we obtain various
representations of one and the same element in I1(2). The same holds for the right
hand side.

The next lemma investigates the various ways in which the sum .19, + s
can be represented as a sum of two elements in /(1) — thus the various possibilities
for So — in the case when there is one complementary pair in S;. By Lemma 10,
we can choose complementary pairs on both sides arbitrarily. For convenience,
apply a ~1 to both sides of the equahty in the assumption prior to (25). Setting
i:=r"1s, j:=r~ 'z and k := r~'y, we obtain v, + oy = ojthe + optpg. We
deduce in the followmg all the poss1ble representations of 8 = 1, + o1, as a sum
of two elements in I(1), under the additional assumption that ¥; contains a pair

of complementary elements.

Lemma 11. Let a,b € {1,2,...,p — 2}. Define i := 3i5. Then the following
tdentity holds:

, (26)

Vatoihy =0_ip)¥_ bt +Oip1Y_a = 0_p1¥_ b1 FOip1t e
with all subscripts taken modulo p. Moreover, these are the only possible rep-
resentations of 0 = g + oiby as sum of two elements in I1(1), with a pair of
complementary elements in X' x 3.

Proof. We assume that (25) holds and use the notation introduced above. The
choice of a complementary pair on each side in (25) leaves out on either side four
additional terms which are identical, as a set. In view of Lemma 10, we may
choose any pair of complementary values in X' x XY. Let the complementary
pairs be (04,0_;41)) and (0, 0x). We are left to compare two sets of 4 elements

If {0jc,0_j(c+1)} = {01,0_(a+1)}, then it follows that o, = 0}, by completing
the triples belonging to the respective elements in I(1), hence v, = ;1. It also
holds that if {oxd, o_p(a4+1)} = {01, 0_(a41)} then 1, = o413y, for the same reason.
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If {0je,0_j(c+1)} = {o1,0i}, then, by completing the triples, we obtain o; =
0_(1+4i)- Consequently,

b+1

_oHl ey
a
T S
a+rbr1 ST
Since Y, = Yp_1—g, it follows that
w_ai-lt-lkl - w‘aﬁﬂ'

Moreover, because (o;,0%) is a complementary pair, we have k = 1 + ¢ and
the remaining pair forces kd = ib. Therefore,

L_db b b ab

- - P atb+l T :

ko 1+ 9o at b+1

Hence, this yields precisely the second identity in (26).
If instead {okd,0_ka+1)} = {01,0:}, the same identity follows upon inter-
changing the summand:

O_)¥_ b1+ Tit1Y_a = 0ir1¥_ab  + ()P by .
a1 atbr1 aTbtT P

The remaining case {0jc,0_jc41)} = {01,0m} or {oka, 0_p@ar1y} = {01, 0}
is treated analogously and gives the third identity in (26). O

We now estimate the size of 1(2). Without accounting for duplications, there

P2—1+1 . . .. .
are M = ("6, ") pairs, with repetition, of elements in I(1), as follows from (24).

First, exactly U := % = |I(1)|/2 of these add up to N: this happens precisely
for pairs of conjugate elements in I(1), and each pair is counting only once; the
total number is thus equal to |I(1)/{1, 7}|.

The remaining duplications are governed by Lemma 11. From now on we thus
require ¥, + 0;10 # N. Assume first that the three representations in Lemma 11
are pairwise distinct. Then the six terms in (26) are mutually distinct. Under

these assumptions, for a,b € {1, 2,...,p— 2},

b {1, a1, (a-1)7!, 2l ) (a4 1)7 ~(a+1)} and a#p-2

the entries of

L:={1, 4, ib, —(a+1)}, i:=

are pairwise distinct, and moreover —1,0 ¢ L.
We claim that the G-orbit of ¥, + g;4, has p — 1 distinct elements. Suppose
that there exists o, # o1 such that

Or (1% + inb) = Yo + Ty,
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then {1,—(a + 1),4,ib} = {r,—r(a + 1),7i,7ib}. Taking the product of the four
elements on each side yields 7* = 1 mod p. Hence, 7 = —1 mod p or r? = —1 mod
p. If r = —1 mod p, then

2(Ya + oithp) = (01 + 0-1) (Yo + o3thp) = (01 + 0-1)Ya + (01 + 0-1)0i1hy = 2N,

hence 1, + o1, = N, contradicting our assumption. If 7> = —1 mod p, the set
identity
{1,—(a+1),i,ib} = {r,—r(a+1),ri,rib}

implies that {1, —(a+1),i,ib} = {r?, —r?(a+1),r%,r%b} = {-1, (a+1), —i, —ib},
so o_1 stabilizes ¢, + 045, again a contradiction. Therefore, for all o; € G\ o1,

0j (Ya + oithy) # a + oite. (27)

For counting purposes, we therefore declare two ordered pairs (a, b) and (a’, )
to represent the same G-orbit in (2), if there exists » € P* such that

/
) a
{01, iy Oib, U—(a+1)} = {Um Ori’s Ori'd/, U—r(a’—l—l)}a ii= V1 (28)

The counting problem reduces to a combinatorial orbit problem as follows.
We consider the scaling action of F; on 4-sets by

r-{a,b,c,d} = {ra,rb,rc,rd} (reF,).

For z,y € D :=F, \ {-1,0,1};r € F;, we let Q(z,y;7) = {r,rz,ry, —r(1 +
x+y)} and let Q be the set of all possible 4-sets arising in this way. The scaling
by r defines an equivalence relation on 9, and we want to determine the number
of equivalence classes. Equivalently, we are counting the [ -orbits of the sets

Q(z,y).

Definition 3. A representative T' = {u,x,y, z} € Q is called normalized if 1 € T

Lemma 12. Fiz (x,y) as above and let z = —(1 + x +y). Then the only scalars
r e IE‘; that send the orbit of Q(x,y;1) to a normalized representative are

1 1 1
reV.= {17 N 7}7
oy oz

and these four choices are distinct. Consequently, each orbit contains exactly
four normalized representatives. Moreover, these four representatives are mutually
distinct.

Proof. If Q(z,y;r) € Q is normalized, then 1 € Q(x,y;r) = {r,rz,ry,rz}. Thus
1 € {r,rz,ry,rz}, which forces r € {1,1/x,1/y,1/z}. Since x,y,z € D are
pairwise distinct and not in {—1,0,1}, these four scalars are distinct. Hence,
there are exactly four normalized representatives in the orbit.
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For the second statement, consider that for two distinct r, 7' € {1,1/2,1/y,1/z}
we have

{7", rT,ry, _T(l +r+ y)} = {Tla ’I”/l', T,yv _T/(l + T+ y)} (29)
By dividing by 7’ # 0 on both sides and setting s = r/r’ we obtain the identity
{87 ST, sy, _8(1 + T+ y)} - {17$7y7 _(1 + T+ y)}7

in which the right hand side is normalized. The element 1 on the right must equal
one of s, sx, sy, sz, thus s € V. We have thus reduced the problem to the case in
which ' =1 in (29), so

{Lz,y, =+ z+y)} = {rre,ry, —r(l + 2 +y)}.

In view of (27), the G-orbit of v, + 041, has p — 1 distinct elements, so the
above identity cannot hold under the conditions on a, b. O

As a consequence, we find:

p? —12p+ 35

Proposition 1. There are o

_pP—12p+35
N 24

Proof. Count ordered triples (x,y,z) € IFZ’ with x +y + 2+ 1 = 0. Since z is
determined by z = —1 — 2 — y, it suffices to count ordered pairs (z,y) € IE‘?,. Let
T:={-1,0,1} CF,and D :=F,\ T (p > 5).

Imposing z,y,z € D and applying inclusion—exclusion to the events x € T,
y €T, zeT yields

equivalence classes of {1,x,y, z}. Thus,

W .

(p — 1) elements of 1(2) admit three distinct expressions.

p2—3-3p+(|x,yET|+|$,z€T\+]y,zET|) —|z,y,z € T|

Since |z,y € T| =9, and for fixed x € T and z € T the value y = -1 —z — 2
is uniquely determined, so |z,z € T| = |y,z € T| = 9. Moreover |z,y,z € T| =
#{(v,y) €T?: -1—x—yeT}=6.

Next, we exclude collisions among z,y, 2. If x =y, then z = —1 — 2x. There
are p — 3 choices with z € D , and exactly one value x = —% gives z € T', hence
there are p — 4 admissible pairs with x = y and x,¥y,z € D. Similarly, there are
p — 4 admissible pairs with x = z and with y = z. Any two collision conditions
force x = y = z, which has one solution in [F,. Therefore

Hr=ylU{z=z}U{y=2}=3(p—4) —-3-1+1=3p—14.
Subtracting gives
Weora = p> —9p+21 — (3p — 14) = p* — 12p + 35.
Each unordered triple corresponds to 3! = 6 ordered ones, so

p?> —12p+ 35

Wunord = 6
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By Lemma 12, each orbit contains exactly four pairwise distinct normalized
representatives, hence dividing by 4 yields the claimed equivalence classes count.
Therefore, the number of equivalence classes equals

Wunord _ p2 - 12]9 +35
4 24 '

O

The next step is to count the cases in Lemma 11 with exactly two coinciding
representations, which arise when two of the three expressions in (26) agree. In
order to avoid confusion with the previous case, we simplify the subscripts. The
result is as follows.

Proposition 2. Let a,b € {1,2,..., %} and r € P*. Then
Ortha + 0pPar1 = op1 + 02, (30)
with all subscripts taken modulo p, where

ac{2,3,...,(p—3)/2}, b= (mod p).

B IR

Hence there are R := % (p — 1) elements of 1(2) that admit exactly two

distinct expressions.

Proof. Comparing the supports S of the two sides in (30), and deleting the unique
complementary pair, we see that the same four terms remain, which are

{Ur; Oras Or(a+1)s J—1”((1—i—2)}'

Since these are distinct expressions, the equality ¥ # 1, forces a # 1. If

a = %, then .11 = 141, which has already been counted at a = %. One
checks that for every o; € G\ {01}, 0j(¢q + Yat1) # Vo + Yat1. Varying r € IE‘;
therefore yields R = 252 (p — 1). O

Finally, we can determine |I(2)|. By the inclusion—exclusion principle,

Theorem 2.

pt—6p3 +40p* —66p+31  (p—1)*((p—2)? +27)

o)

3.2 Linear systems

We assume that (x,y;p,q) is a non-trivial solution to (2). Recall the power
series defined for sums of totally positive elements ¢t = ¢ + ta, with ¢(t1) = ¢(t2):

an(t)
qE(n)

Gy =(1+ CT)(t1—Jt2)/q — 14+ Z

n>1

T" = Sn(t;T)+ Rny(t;T), N € N,
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for which the map G; — Gy acts by o € G on the coefficients a,(t), but not on
the sum of the series evaluated at —1/z. For ¢(t) = 2, the remainders verify, by
Lemma (5), the uniform bound

1 .
(|| = )N+17

Lemma 13. Let J C I(2) be a subset with n = |J| < p — 1 and consider the
infinite vectors A(t) = (ar(t))il,, in which the ay(t) are related to the power
series G(t) = (1 + ¢T)N/4, Then the system {A(t) : t € J} is K-linear
independent.

|Rn(t; —1/x)| < VN > 0. (32)

Proof. Since J C I(2), it follows from (16) that ¥ = 1 in the sequel. Assuming
that the claim is false, there are z; € K such that ), ; z;A(t) = 0. Since

B 2L A(t)y,
t _
(14N =%" s vt € J,
k=0
we conclude that
D(T) =), (1+¢T) N/ =0, (33)

teJ

as a formal power series I'(T") € K][[T]]; the evaluations converge in C for all
complex T' with |T| < 1. Let @ = {w; :i = 1,2,...,n} be an enumeration of
the functions ((1+¢T)"™/7) _ . Embedding K in L = K[¢] makes F := L()
into an abelian Kummer extension over L(T"). Let m = vy ([F : L(T")) < n be the
number of multiplicatively independent elements of €2; after eventual renumbering,
we may assume that wi,ws,...,w, are multiplicatively independent and their
adjunction to L(T") generates the field F. We may also assume without loss of
generality that I'(T') is the shortest vanishing linear combination of elements in
Q over L, so in particular, all z; # 0. We suppose first that m > 1 and let
7 € Gal (F/L(T));i=1,2,...,m be the automorphism defined by w; = &%iw;,
with 6; ; the Kronecker §-symbol. For all 7 € Gal (F/L(T")), it follows from (33)
that

Z x;7(w;) = 0, (34)
i=1

under the map of subscripts t ~— i if (14 ¢T)¢~N)/4 = ;. In particular,

q n

Z Z :L'ﬂ'f(wz) =0.

j=1 i=1

In the above sum, the coefficient of w; vanishes, while w;; j = 2,...,m being fixed
by 71. The sum can be rewritten as

m n
Z qriw; + Z zjcjwj = 0;  ¢j € Z[¢].
j=2 j=m+1
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Since m > 1, the first sum above contains at least one term, and we thus ob-
tained a shorter non trivial vanishing linear combination, in contradiction with
our assumption.

If m = 1, then all w; are multiplicatively dependent on a single radical and,
by Kummer theory, there is for each i = 2,3,...,n an ¢; € Z\ ¢Z and w; € L(T),
such that w; = w;w(’; we also let w; = e; = 1. Then e; # e; mod ¢ for i # j.
Otherwise, w;/w; € L(T) and consequently ¢; = t; mod ¢. Since J C I(2), the
coefficients in t = Y . p« nc(t)o; b, for t € J, are n(t) € {0,1,2} so t; = ¢; mod ¢
is impossible for ¢ > 3. The e; being pairwise different, the w; are part of an
L(T)-base for the vector space F/LL(T'). In particular, in this case, we should have
n < q. This completes the proof (see also [1], Prop 2.1.8, page 56) O

Proposition 3. Let J C 1(2) be a subset on which k is constant; say k(J) = {u}.
Then |J| < (@}

Proof. Let J C I(2), withp—1 > |J| =n > % be such that x(J) = {u}
and consider the indeterminate vector £ = (£);c; € (Z[¢])))7]. We use the power
series in subsection 2.3 and the strategy described in Remark 2 to raise a contra-
diction to the assumption that |J| > (@1 + 1. The vector £ will produce a
linear combination of 3(¢) : t € J with vanishing leading coefficients, leading to

contradictory bounds on x. For this, we set up the linear system:

. Ztejgtﬁ(t) = A, and
Sn Sieslia(t) = 0, k=0,1,...,n—2. (35)

We assume first that the linear system is regular and A € Z[(] is the determi-
nant of the system matrix M. By the Cramer rule, the solutions are ¢; = %,
where the matrices M; are obtained by replacing in M the column of index ¢ be
the column of constants, which is (A4,0,...,0). Since the entries of M are inte-
gral, developing det(M;) along the replaced column, we see that M; € A - Z[(]
and thus ¢; € Z[(]. More precisely, we have ¢, = det(M/), with M] the minor of
M obtained by removing the first line and the column of index ¢. By Lemma (4),
lag(t)] < ¢Fe®) | with e(k) = vy(k!). We use the Hadamard bound for estimating
first |Al:

n—2
Al <V oz T d = va" 2 ) < itz B =B (36)

k=0

Using the same bounds, we see that

|det(M])| < A :==vn—1"" (37)

so we may conclude that S, has a solution with HfH < A, where the infinite norm
used here is ||Z|| = max;(|z;]).

The bounds above have been derived using uniform rational bounds on the
absolute values of the entries in M. It follows that they are Galois invariant, and
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we may state that |cA| < B for all 0 € G. For 0 = 1, however, the power series
development offers much stronger bounds. We deduce from the system (35), that
the linear combination identified with A by the second equation, has vanishing
leading terms, and thus:

zAn 2B+/n

(ol — 17T < JapT o

Al = > 2Ry ot —1/z)| <

teJ
Since complex conjugation is continuous on C, we also deduce from (38), that

2B\/n

Al =jA )
Al = Al < 2T

We assumed that S, is regular, so A # 0 and thus [N(A)| > 1. Assembling the
results, we find

AnBP—1

Inserting the inequality 29 < |z|[P~!, rearranging factors above, we find

4 n
220 D=0=Da < g 5 g0 DG) < an 0™ g Sj) (39)

by using equation 4 and also ¢ < (p — 1)? proved in [7]. Comparing exponents of
. n(p—1) np o .o
z and since dn-n" 2 <n'? < |z|3%, we find after dividing by n — 1:

(p—1)2 n 2n
2 < + + —.
g(n—1) 3q(n—1) 3q
. o n—1 .
Since ¢ > p is prime, we have ¢ > p + 2. Set y := 1 € (0,1], ie.
p_

n=(p—1)y+1. Then
(p-1°_ p-1
qgn—1) = (p+2)y’

n :i(l—i— 1 ) < 1 L+ l
3g(n—1) 3¢ (p—1y/ = 3(p+2) 3p+2)p—-1) ¥y

2n 2 2 p—-1 2
<2 _(p-1y+1)==. + .
3q_3(p+2)((p Al =3, 3(p+2)
Based on these estimates, we obtain
—1)2 n 2n —-1/1 2 1 1 1
b-1) §p<+y)+ + .=, (40)
qgin—1) 3q(n—=1) 3¢~ p+2\y 3 p+2 3p+2)(p-1) y

< 3 and the function

For y € [2,1] (ie. n > 2(p — 1) + 1), we have 5

3
1 2
g(y) == —+ 3V is decreasing with ¢(2/3) = i’—g. Hence, for all such y,
Y

1
Y
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p_1(1+2>+ 1 N 1 1
[ — J— 7y PR—
p+2\y 3 p+2 3(p+2)(p-1) y
~1 35 1 1
<P Py
p+2 18 p+2 2p+2)(p-1)

< 2,
which leads to a contradiction. Therefore (39) cannot hold whenever
2
n > g(p —-1)+ 1.

For discussing the singular case, we introduce the following notations:

A = (ap(t))tes; k>0, Ay = (B(1))ees; (41)
V = [Aik=0,1,...,n—2]k. (42)

Let rtk(M) = r < n, for M the same matrix as above. We assume first that
A_1 ¢V and let*

Ajo :A07Aj1 :Al,AjQ,...,Aijz; 2<jo<)3...<jr—2<n—2

form a base for the vector space V. We build a regular matrix M; € GL (K,r)
by setting the row vectors A_1;A;,% = 0,1,...,7 — 2 and extracting r linear
independent columns; let these columns correspond to the subset J’ C J of indices.
The choice is possible since row and column ranks are equal in M and M; will
be a square submatrix of maximal rank. Let A = det(M;) # 0 and define the
vector of constants Y = (A4,0,...,0) € K". Let 7 be the unique solution of the
system Ml =Y. Since A € V for every k=0,1,...,n — 2, we deduce from the
construction that

> Ut)ar(t) = 0; k=0,1,...,n—2, while (43)
teJ’

> up) = A

teJ’

We use the Hadamard inequalities to compute the bounds on |A| and ||¢]|.
Leaving details to the reader, the results are

Al < B:=1"2¢" b= <Z>,

1] < A=(r—1)7q0).
Like before, we compare bounds on the norm of A, finding

4rBr~!

1<INA)| < —
< [N(@)| < o

4One verifies from the definition that Ao and A; are always linear independent.
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The bound B being in this case slightly better than in the regular case, we
obtain in this case too, a contradiction, showing that the premise implies n <

(Q(P:; 1) ‘| .
Assuming now that A_; € V, we build a regular matrix M> € GL (K,r + 1)
as follows. Let j;;4 =0,1,...,7 — 1 be the smallest indices < n — 2, in ascending

order, such that A;;i = 0,1,...,7 — 1 span V. By Lemma 13, there are some
N > n — 1 such that Ay ¢ V: otherwise, the infinite vectors of the coefficients
span a space of dimension r < n, which contradicts the Lemma. Choose the least
N such that Ay ¢ V. Using these vectors as rows, extract a set of r + 1 linear
independent columns and build thus the matrix M>. The linear system will be

D Utar(t) = 0; for k=j;,i=0,1,...,r —1, and
D tt)an(t) = A=det(My).

The bounds are now different in size from the previous cases, since the row
A_1 — of high absolute value — does not occur in M. One verifies that

- T = N(—L n—1\ (n—-r+1),
4 < B=r+)Td b_N(q—1>+1+< 2 > ( 2 >
||ZH < A = T%q1+(7lg1)7(n7;+2)‘

The norm double estimates are now

42A2Br=3 gl
2N S (N

1 <|IN(4)| <

Notice in this case that the power of x in the denominator depends on N
rather than n, thus improving our upper bound. Since r <n—1and N >n —1,
the above inequality fails when n > %(p — 1) + 1, so we reach a contradiction
again, thus completing the proof. O

For some J C I(2), we let supp (u) = {t € J : k(t) = u}, for u € @, the
support of u € @, among the elements of J. Let U = {u € Q : supp (u) # 0}
and h = |U| < q. The supp (u) are random sets, being determined by the random
behavior of x(t). However, since I(2) is large enough, the Proposition 3 allows us
to complete the proof of Theorem 1:

Proof. Let J C I(2) and hy, = |~ (u)|. We have |J| =}, <y hu; by Proposition
3, hy < 2271 41 and thus |J| < 242%2) —. N. This holds for all J C I(2),
leading to a contradiction to the estimate for |I(2)| in (31), when p > 53.

For smaller values of p, one can check the double Wieferich criterion — Theorem
I in Schoof’s [10] — for p < 59 and all ¢ < (p — 1)2. The PARI GP program in the
Listing 1° of the footnote counts the number of pairs in this range, which verifies

the double Wieferich criterion. The number is zero. This completes the proof. [

5The following PARI GP program does the verification of the double Wieferich condition:
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4 Outlook

The result of this paper is not a new one. It is however valuable, in as much as
it responds positively to a question that was frequently asked 20 years ago, about
the original proof of the Catalan conjecture: Can one provide a proof using only
Stickelberger annihilation and avoiding the use of the class field theoretic more
intricate Theorem of Thaine and its consequences for q-primary units?. The fact
that the question was not easy, even decades later, is confirmed by the fact that
our first attempt underestimated the old known obstruction, thus containing an
error. We apologize to the readers of the first published version for this mishap!

4.1 Using AI

The combinatorics required for the estimate of the number of distinct elements
in I(1) and I(2) were quite involved, and they were first surprising before becoming
simpler, step by step. Even programming in PARI GP was not evident, due to
counter-intuitive stack rules in the call of nested functions. So we tried the use of
Al a new experience for us, about which we wish to share some of our experiences.

The first attempt consisted in a direct question: we defined Stickelberger
elements as vectors of explicit coefficients over the group ring and asked for a
count. The Al did provide a result, and it took some tricks to realize it was
blatantly false! We then decided to sketch in detail the program we wished to
write in PARI, with data description, input and output — and ask the AI to
produce it. The jump in quality was unexpected. One of the Als (we tested
several systems available on line), produced the following perfect program. The
program can be immediately run in PARI GP. It produces a list of the elements
Y(m,a) = o4(m) € I(1), expressed by their vectors of coefficients in the Z[G]-
expansion

Y(m,a) = Z ne(m,a)o, b,

ceP*

The last four columns contain the pair (m, a) and a further pair which is (0, 0)
if this is the first occurrence of the element in the list; if the second pair is not
trivial, it then indicates that the present element collides with one previously
appearing in the list; the pair then indicates the labeling pair of that element.

doubleWif( p, q ) = {
rs=1; if( component( Mod(p, q°2 )~(g-1), 2 ) == 1, if( component(
Mod(q, p"2 )" (p-1), 2 ) == 1, rs = 0)); rs
3
{ t=0;
forprime( p = 47, 53, s = 0; forprime( q = nextprime( p+1), (p-1)
"2, s = s + (1-doubleWif( p, q ))); t = t+s); t}

Listing 1: PARI/GP: Double Wieferich Check
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jacobi_data_with_selective_counts(p) = {
my (half = (p-1)\2, jlvecs = vector(half), fplvecs = vector(half),
fps_map, jDat, v, fp_v, found, a, c, r, m, fps);

\\ Precompute base vectors j(1, m) and their fingerprints
for(m = 1, half,

v = vector(p-1, c,

my(yc = (m * ¢) % p);

if((c + yc) >=p, 1, 0)

)5

jlvecs[m] = v;

fplvecs[m] = sum(c = 1, p-1, vlc] * 27(c-1));

)5

fps_map = Map(); \\ Map: fingerprint -> index m
jDat = matrix(half, 4); \\ Result matrix

\\ Store all unique vectors from first-occurrence orbits with their
source information

my (all_vectors_info = List()); \\ List of [vector_str, n, al]

my (orbit_unique_vectors = vector(half));

for(n = 1, half,

my(jin = jlvecs[n]); \\ Vector for j(1, n)

fps = vector(p-1); \\ Fingerprints for the orbit j(a, a*n)
found = 0; \\ Collision flag

\\ Store unique vectors in current orbit with their source information

my (orbit_vecs_set = Set());

my (orbit_vecs_info = List()); \\ Store [vector_str, n, al for current
orbit

for(a = 1, p-1,
\\ Build vector j(a, a*n) by permuting jln
v = vector(p-1, c,

r = lift(Mod(a*c, p)); \\ Residue in [1, p-1]

jin[r] \\ Permuted component

)3

fp_v = sum(c = 1, p-1, v[c] * 2°(c-1)); \\ Fingerprint

fpslal = fp_v;

\\ Convert vector to string for storage
my (vec_str = concat(vector(p-1, c, Str(v[c]))));

\\ Check if this vector is new in the orbit

if ('setsearch(orbit_vecs_set, vec_str),
orbit_vecs_set = setunion(orbit_vecs_set, [vec_str]);
listput (orbit_vecs_info, [vec_str, n, al);

)
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\\ Check collision with j(1, m) for m < n
if(!found & & n > 1,

if (mapisdefined (fps_map, fp_v, &m),
jDat[n, 3] = m;

jDat[n, 4] = a;

found = 1;

);

);

);

orbit_unique_vectors[n] = Vec(orbit_vecs_info);

jDat[n, 1] = n; \\ Store n
jDat[n, 2] = #orbit_vecs_set; \\ Orbit length (number of unique
vectors)

if (!found, \\ No collision

jDat[n, 3] = 0;

jDat[n, 4] 0;

\\ If it’s a first-occurrence orbit, add all its unique vectors to the
total list

for(i = 1, #orbit_unique_vectors([n],

listput(all_vectors_info, orbit_unique_vectors[n][i]);

);

);

mapput (fps_map, fplvecs[n], n); \\ Add j(1, n) to map

’

\\ Calculate the sum of the second column for rows where the third
column is O

my (total_unique_vectors = 0);

for(n = 1, half,

if(jDat[n, 3] == O,
total_unique_vectors += jDat[n, 2];
)3

)3

print ("Number of unique vectors in first-occurrence orbits: ",

total_unique_vectors);

\\ Output all unique vectors from first-occurrence orbits with source
information

print ("\nAll unique vectors from first-occurrence orbits:");

for(i = 1, #all_vectors_info,

my (info = all_vectors_info[i]);

print("Vector ", i, ": ", info[1], " (", info[2], ",", info[3], ")");

)3

\\ Compute pairwise sums of all unique vectors from first-occurrence
orbits
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\\ Use lists to store sum vectors, their counts, and the pairs that
generate them

my (sum_vectors = List());

my (sum_counts = List());

my (sum_pairs = List());

for(i 1, #all_vectors_info,
for(j = i, #all_vectors_info,

\\ Get vector information

my (info_i = all_vectors_infol[i]);
my(vec_i_str = info_i[1]);

my(n_i = info_i[2]);

my(a_i = info_i[3]);

my (info_j = all_vectors_infol[jl);
my(vec_j_str = info_j[1]1);

my(n_j = info_j[2]);

my(a_j = info_j[3]);

\\ Compute the sum of two vectors (component-wise addition)
my (sum_vec = vector(p-1, c,

digit_i = eval(Strchr(Vecsmall(vec_i_str) [c]));

digit_j = eval(Strchr(Vecsmall(vec_j_str) [c]));

digit_i + digit_j

)5

\\ Convert the sum vector to a string for comparison
my (sum_str = concat(vector(p-1, c, Str(sum_vec[c]))));

\\ Create a description of the pair that generated this sum using (n,a
) format
my(pair_desc = Str("((", n_i, ",", a_i, ")+(", n_j, ",", a_j, "))"));

\\ Check if this sum vector is already in our list
my (found_sum = 0);

for(k = 1, #sum_vectors,

if (sum_vectors[k] == sum_str,

sum_counts[k] = sum_counts[k] + 1;

listput (sum_pairs[k], pair_desc);

found_sum = 1;

break;

);

);

if (! found_sum,

listput (sum_vectors, sum_str);
listput (sum_counts, 1);

my (new_pair_list = List());
listput(new_pair_list, pair_desc);
listput(sum_pairs, new_pair_list);

)
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)
)

print ("\nNumber of distinct sums of two Jacobi sums: ", #sum_vectors);

\\ Output all distinct sum vectors with their counts and generating
pairs

print ("\nAll distinct sum vectors:");

for(i = 1, #sum_vectors,

if (sum_counts[i] > 1,

print("Sum vector ", i, ": ", sum_vectors[i], " (count: ", sum_counts[
il, "m"™);

print (" Generated by: ", Vec(sum_pairs[i]));

print("Sum vector ", i, ": ", sum_vectors[i]);

print(" Generated by: ", Vec(sum_pairs[i]));

);

);

\\ Automatically print the jDat matrix at the end
print("\njDat matrix:");
print(jDat);

return(jDat) ;
}

\\ Example usage with automatic execution:

P = 5; \\ Replace with your prime
print("Starting computation for p = ", p);
jDat = jacobi_data_with_selective_counts(p);

Listing 2: PARI/GP: jacobi_data_with_selective_counts

This immediately confirmed our results for I(1) for small primes p, and allowed
deducing the formula (24). We even received some valuable indications for a
possible proof, which could be worked out to a correct validation of the formula
found. Only after completing this proof, we found the simpler proof provided
above. Also for I(2), asking the AI to list the collisions occurring for fixed p,
we received indicative numerical confirmation of the analysis that then led to the
final proof of the formula (31). In conclusion, our experience suggests that Al is a
new step beyond programming of symbolic computation software, as support for
mathematical research. Unlike programming, where the result only depends on
writing a correct software, with Al, the programming is spared at the expense of
some trial and error, verification of results, and improvement of questions. But
in the case of success, one obtains a powerful aid that in the end avoids the work
of improving and extending the software: Once the AI has produced the first
working program, asking more complex questions along the same lines becomes
easier, and the extended program is ready in seconds!
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