Refined Humbert Invariants in Supersingular
Isogeny Degree Analysis

Eda Kirimh"?3 and Gaurish Korpal*

! University of Bristol, UK
2 Université de Neuchatel, Switzerland
3 University of Birmingham, UK
eda.kirimli@bristol.ac.uk
4 University of Arizona, USA
gkorpal@arizona.edu

Abstract. In this paper, we discuss refined Humbert invariants of prin-
cipally polarized superspecial abelian surfaces. Kani introduced the re-
fined Humbert invariant of a principally polarized abelian surface in 1994.
The main contribution of this paper is to calculate the refined Hum-
bert invariant of a principally polarized superspecial abelian surface. We
present three applications of computing this invariant in the context
of isogeny-based cryptography. First, we discuss the maximum of the
minimum degrees of isogenies between two uniformly random supersin-
gular elliptic curves independent of their endomorphism ring structures.
Second, we provide a different perspective on the fixed isogeny degree
problem using refined Humbert invariants, and analyze this problem on
average without endomorphism rings. Third, we give experimental evi-
dence for the proven upper bounds that the minimum distance is ~ ,/p;
our work verifies this claim up to p = 727.
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1 Introduction

Isogeny-based cryptography is an active area of post-quantum cryptography that
uses computing isogenies between given elliptic curves (or abelian varieties) over
finite fields as the underlying mathematical hard problem. This work builds on
and contributes to the computation of refined Humbert invariants of principally
polarized superspecial surfaces to understand some heuristic assumptions related
to the degree of an isogeny between two supersingular elliptic curves.

In our work, we compute refined Humbert invariants of principally polarized
superspecial surfaces and then deploy three applications of these invariants to
analyze isogeny degrees. To the best of our knowledge, this work presents the first
computation of these invariants for principally polarized superspecial surfaces.

First, we show that the maximum of all the minimum distances between su-
persingular elliptic curves is ~ 1.224/fp for a generic prime p, and ~ 1.31,/p



where p = 3 (mod 4) without any knowledge of endomorphism rings. Without
the machinery of refined Humbert invariants, of which we take advantage in this
work, the most natural approaches to verifying this heuristic for small examples
are to either brute-force compute all the isogenies or brute-force compute all
the quaternion orders. In both cases, the most natural algorithm would look like
listing every pair of vertices, then finding the minimum isogeny degree and the
norm of the connecting ideal linking the two vertices. Our approach is concep-
tually simpler: the only computations required are simple checks on quadratic
forms.

Secondly, we give a different approach to examine the fixed-degree isogeny
problem. Lack of a security reduction between the general isogeny problem and
the fixed-degree isogeny problem affects several isogeny schemes, for instance,
KLPT-based SQIsign [I3IT4/4]. The verification step of SQIsign is not determin-
istic because SigningKLPT does not guarantee a specific isogeny degree, and this
slows down the protocol, thereby affecting the performance [13, §5], [14, §4], [3
§6.2]. The improved algorithms for the fixed degree isogeny problem were given
in [2], given the knowledge of endomorphism rings of Fy and Es. We, on the
other hand, obtain the degree maps without depending on any given informa-
tion End(E;) for i = 1,2, and we can test the average distribution of isogeny
degree between supersingular elliptic curves over a finite field of characteristic
p. Our method is not based on any knowledge of the endomorphism rings.

Thirdly, we run experiments on the average distribution of isogeny degrees
between supersingular elliptic curves defined over F,>. We run these experiments
directly on the degree maps themselves, without needing any computations of
isogenies or endomorphism rings. Our experiments verify that the complexity of
a minimum isogeny between two supersingular elliptic curves is around =~ ,/p, as
was previously known by [18, §4.2], and also by the proven bound is 2+/2p/7 by
[0, Lemma 12]. To the best of the authors, this is the first experimental evidence
of this kind. We discuss these proven bounds and validate their correctness with
experiments by assuming less information.

Let A be an abelian surface over a finite field F,» for £ > 2 and let NS(A)
be its Néron-Severi group. The intersection product (D; - D) of divisors Dy and
D5 on A defines an integral quadratic form g4 on NS(A), Definition [3| Since
NS(A) = Z* where p = p(A) is the Picard number of A, the quadratic fornﬁ
q4 is equivalent to an integral quadratic form ¢ in p variables, so it leads to an
isomorphism (NS(.A), g4) = (Z?, q) of quadratic modules.

Let A be an abelian surface and let 6 be a principal polarization on A, see
Definition [2} Then the integral quadratic form g4 9) on NS(A) is defined as

Ga0) (D) = (D-0)*> —2(D - D) for D € NS(A).
It follows that Ga,g)(D + n0) = a0 (D) for all n € Z, therefore we have
a quadratic form g4 ) defined on the quotient module NS(A, #) = NS(A)/Z6,

called polarized Néron-Severi group. The form ¢ 4 ¢) is a positive-definite quadratic

5 Throughout the paper, a quadratic form means always an integral quadratic form.



form on polarized Néron-Severi group NS(A, #) = Z°~1, and it is called a refined
Humbert invariant, see Section for details.

The computation of refined Humbert invariants is a challenging problem; this
has been thoroughly examined in Kani’s research [2612829130/3T32] and recently
in Kir’s thesis [38/39/37]. Fortunately, the determination of a refined Humbert
invariant is comparatively easier when A = F x Ey for elliptic curves Fy, Fs. In
this case, there exists a close relation between divisors in the Néron-Severi group
and isogenies between E; and Es. By using the isomorphism Theorem [I] below,
we can represent divisors on NS(E; x Es) as D = D(a,b, ) with two integers
a,b and an isogeny . This representation allows us to compute the intersection
number of divisors in an easier way. The relation between the refined Humbert
invariant and the degree map, Definition [4] is given by Lemma [2] that

U(B1x B2 05, x5,) 1S Z-equivalent to % + 49E, B,

where 0g, g, is a canonical product polarization and qg, g, € Z[yi1,...,Yn] is
the degree map, see Definition

1.1 Contribution

The main strategy is to start with a supersingular product surface A = Fy X Fs.
Then, we choose a principal polarization 6§ and a random divisor D on NS(F; x
Es) to calculate the refined Humbert invariant, see Definition @ Thus, we apply
the irreducibility criteria, see Proposition [2] of the refined Humbert invariant
q(4,0) of a principally polarized superspecial abelian surface to decide whether
it is a product of two elliptic curves or not. Later, we use the relation of the
refined Humbert invariant with the degree map, see Equation , then pull out
the degree map and check the minimum value represented by it.

In terms of computational assumptions on the degrees of isogenies between
supersingular elliptic curves, we want to investigate the minimal integer rep-
resented by such degree maps for different choices of principal polarizations 6,
as they are exactly the minimum isogenies between two supersingular elliptic
curves. Then, we aim to find the largest possible minimal degree that allows us
to find a bound on the maximum value of the minimum isogeny degree reached
by every pair of two supersingular elliptic curves. That is, for a fixed prime p,
we aim to understand the value

d:= Inax {min{N : ¢g, g, (t1,t2,t3,ts) = N for some t1,ts,t3,ts € Z}}.
Ey,E2

This set ranges over different unknown supersingular curves E; and Ey over IF..

The contributions of this paper are as follows. First, our experiments, see
Section show that the upper bound on the minimum degree of isogeny be-
tween two random supersingular elliptic curves is on average ~ 1.22,/fp for a
generic prime p, and ~ 1.31p'/? for primes p = 3 (mod 4). Second, we give a
different approach to the fixed degree isogeny problem by computing the degree
maps on average from the intersection theory, unlike known methods the pre-
sumed knowledge of the endomorphism rings, and use the KLPT algorithm. We



directly compute degree maps from refined Humbert invariants, and our input
does not depend on the chosen elliptic curves E; and F>. That is, we can test
the degree maps seen on average by varying over different elliptic curves. Third,
we verify with our experiments that the minimum isogeny between two supersin-
gular elliptic curves over [Fp2 is roughly ~ ,/p as shown previously in [18] §4.2],
henceforth validating the proven upper bound given in [0, Lemma 12|, and we
demonstrate experiments up to p = 727.

1.2 Outline

In terms of organization, the paper is divided into preliminaries, computations
of refined Humbert invariants and degree maps, and applications for supersingu-
lar isogeny degrees. In Section 2, we summarize the theory of refined Humbert
invariants and superspecial abelian varieties. In Section 3, we develop various al-
gorithms to compute refined Humbert invariants and degree maps, and present
how computations were performed. In Section 4, we discuss the applications of
our method and its impact on various isogeny-related problems, especially to
analyze the supersingular isogeny degrees.

2 Preliminaries

2.1 Refined Humbert invariant

A refined Humbert invariant g4,y of a principally polarized abelian surface
(A, 6) is the main tool of this paper. In this section, we introduce the theory of
refined Humbert invariants defined by Kani [26] in 1994. This invariant is very
beneficial in the interplay between geometric and arithmetic problems. Many
applications of these invariants can be found in [28[29]. This section mainly
follows from Kani [30/31]. We only present essential facts of refined Humbert
invariants here. For more details, see the PhD thesis [37] and the [41] §3] on the
topic.

Definition 1. [20, p.357| Let A be an abelian surface over a field K. Let Div(.A)
be the set of divisors of A. If D1 and Do € Div(A), then we say that Dy is
numerically equivalent to Dy, denoted by D1 = Ds, and if for all D € Div(A)
we have that

(D1 - D) = (Dy- D),
where (-) denotes the intersection number.

The intersection theory of an abelian variety is an immense topic, and not pos-
sible to define the topic properly here due to space constraints. We refer the
reader to Chapter 4.1 of [58] and Chapter V.1 of [20] for technical details. For-
tunately, we utilize a simple formula for the intersection formula in the case of
A = E; X F5 given by Theorem [I] below, and it is sufficient for our calculations.



Neéron-Severi group. Let A/K be an abelian surface. We define the Néron-
Severi group NS(A) of A to be

NS(A) = Div(A4)/ =,

where = is the equivalence defined in Definition [I] This definition agrees with
the usual definition of NS(A) in [45, p.101] since the Pic”(A)-equivalence and
the numerical equivalence coincide by the Corollary of Theorem V.1 in [45].

Definition 2. Let A/K be an abelian surface. We define
P(A) = {cl(D) € NS(A) : D € Div(A) is ample and (D - D) = 2}.
to be the set of principal polarizations of A.

By using Nakai-Moishezon criterion [20, Theorem V.1.10], we see that if D €
NS(A) is ample, then D’ € cl(D) is ample.

Definition 3. The intersection product (D - D3) of divisors Dy, Dy on an
abelian surface A defines an integral quadratic form g4 on NS(A), called inter-
section form:

qa(D) = %(D - D) for all D € Div(A).

Since NS(A) = Zf where p = p(A) is the Picard number of A, the form g4
is equivalent to an integral quadratic form ¢ in p variables, so we obtain an
isomorphism (NS(A), g4) = (Z?, q) of quadratic modules.

Definition 4. [60, Corollary 111.6.3] We define the degree map (or degree
quadratic form)

qE, B, (p) = deg(p) for ¢ € Hom(Ey, Es).

The degree map qg, g, is a positive definite quadratic form on Hom(E, Es) in
r variables, where r = rank(Hom(F;, Fy)) = dimg(End’(E;)).

For a fixed basis of Hom(E1, E3), the degree map ¢g, g, is an explicit positive
definite quadratic form in r variables.

Definition 5. [I7, Corollary of Section 6.4] Let X and Y be varieties. If h :
X — Y is a morphism of varieties, the graph of h, denoted by I}, is defined to
be {(z,y) e X xY| y=h(z)}.

We now specialize in the case of products of two elliptic curves.

Theorem 1. [29] Proposition 22| Let A = E; X E5 be a product of two elliptic
curves. Then we have a group isomorphism

D .= 'DE]’E'2 ZZ@Z@HOm(El,Eg) —)NS(.A) (1)
D(a,b, ) = (a — 1)01 + (b — deg(p))02 + ', (2)



where §; = p;(0g,), and I'_, is the graph of —p. Then the rule (a,b,¢) —
D(a,b,p) € NS(A) defines a group isomorphism Moreover, for two divisors
Dy = D(a,b,p) and Dy = D(a',V,¢") in NS(A), the intersection number of
the divisors is given by

(D1 Dz) = ab' +a'b— Ba(p, ¢') (3)

where B4 is the bilinear form associated to the qg, g, on Hom(E1, Es). Thusﬁ

(D(a,b,¢)-D(a, b, ¢)) = 2(ab—deg(p)), (D(a,b,p)-(x61+ybs)) = br+ay. (4)
Recall that a bilinear form Sy is defined by

Bd(‘pa (pl) = 4E.,E» (‘P + 90/) — 4E,,E, (()0) — 4E,,E» (‘Pl)

Using the above, we can easily calculate the intersection numbers of divisors
on abelian product surfaces. Moreover, we can numerically characterize principal
polarizations as follows.

Corollary 1. |29, Corollary 25| Let A/K be an abelian surface and let D =
D(a,b,) € NS(A), using the notation of Theorem [ Then D € P(A) if and
only if a > 0 and ab—deg(y) = 1. Thus, every principal polarization of A has the
form D(ny,ng, p) with ¢ € Hom(FE1, Ey) and ni,ns > 0 with nyng — (deg(p)) =
1.

The relation between the intersection form (Definition [3) and the degree map
(Definition [4)) is given by

q_,4(337 Y, 90) =TY — 4Ey B, ((P) (5>

where zy denotes the quadratic form defined by the hyperbolic plane. Note that
g4 is an indefinite integral quadratic form in p = r 4+ 2 variables where p is the
Picard number of A, and r is the rank of Hom(FE1, E»).

Lemma 1. [31) Lemma 28] The determinant of the Néron-Severi group of Ey x
FE5 with respect to the intersection form is given by

det(NS(E; x Ey)) = (—1)?" ! det(Hom(FE1, Es), f4),

where p = rank(NS(E; x E3)) = rank(Hom(E1, E»)) + 2.

Polarized Néron-Severi group. Let A/K be an abelian surface and let 6 €
P(A) be a principal polarization of .A. We define the polarized Néron-Severi
group of (A, 0) to be

NS(A, 0) :=NS(A)/Z6.

5 We would like to emphasize that there is no isogeny computation needed in the
intersection formulas, and only the degrees of the isogenies are involved. This gives
a different approach to the isogeny problem without computing an isogeny.



Kani discusses in [26, §3] that there is a well-defined map on NS(A, §), and this
defines a positive-definite quadratic form on NS(A,6). Suppose that A has a
principal polarization 6 € P(A). Then the quadratic form G4 9) on NS(A) is

Ga0)(D) = (D-0)*> —2(D - D), for D € NS(A). (6)

It is clear to see that §(4,9)(D +n0) = §4,0)(D) for all n € Z. As a consequence,
(4,0 actually leads to a quadratic form g( 4,9y on the quotient module NS(A, ).

Definition 6. Let (A,0) be a principally polarized abelian surface. A refined
Humbert invarianiﬂ 44,0y of (A,0) is a positive-definite quadratic form on NS(A,0),
or more precisely the quadratic module (NS(A, 0), qca,0)), satisfying, for all cl(D) €
NS(A,6)

qa0)(D) = (D-0)*>—2(D- D).

Proposition 1. [31, Lemma 30] Let p = rank(NS(A)). Then the determinant
of the quadratic module (NS(A,0),q4,0)) is related to that of the Néron—Severi
group by the formula

det (NS(A, 0), gu0)) = %(—4)0—1 det(NS(A), g.4).

Irreducibility criterion. One of the useful properties of a refined Humbert
invariant g(4,9) of (A, ) is the following irreducibility criterion.

Definition 7. [66, Satz 2| A polarization 6 € P(A) is called reducible (or
decomposable) if 8 = cl(Ey + Es) for some elliptic curves Ey and Ey on A. The
set of all reducible polarizations is denoted by P(A)ed.

Proposition 2. [29, Proposition 6] Let q(4,9) the refined Humbert invariant of
the principally polarized abelian surface (A, ), then we have that

0 is reducible if and only if q(4,9) represents 1. (7)

The Proposition [2| above allows us to decide whether a principally polarized
abelian surface A is Jacobian of a curve (J(C),0c), or a product of two elliptic
curves (E1 X E2, 05, «5,)-

A necessary condition. For a generic principally polarized abelian surface
(A, 0), there exists a necessary condition for an integral quadratic form appearing
as a refined Humbert invariant as follows.

Theorem 2. [37, Theorem 3.1.1 ] If an integral quadratic form f is equivalent to
a refined Humbert invariant q4,9y for some principally polarized abelian surface
(A, 0)/K, then f =0,1 (mod 4).

" A refined Humbert invariant is considered up to equivalences, so mostly we refer it
as the refined Humbert invariant up to isometries for a fixed principally polarized
abelian surface (A, 6)



An equivalent definition. Later, Kani generalized the definition of a refined
Humbert invariant in [3I, Remark 16] as follows.

Definition 8. Let A be an abelian surface over a field K. If A has a principal
polarization 0 : A — A defined over K, then we define the additive subgroup
Endg(A) of the ring End(A) = Endk (A) of K-endomorphisms of A by:

Endg(A) ={pn € End(A) : o =0opu} ={uecEnd(A):pu=p},

where ' = ro(pu) =07 Lofiof. Thus, Endy(A) consists of those endomorphisms
which are symmetric with respect to the Rosati involution rg defined by 0.

Proposition 3. [3I], Proposition 14, Remark 16] Let (A, 0) be a principally po-
larized abelian surface over a field K and let q 4,0y be a refined Humbert invariant

of (A,0). Then for every p € Endg(A), we have that

1
a0 (1) = (i) = 7 (tr())?
where tr is the usual rational trace of an endomorphism as defined in [48, p.182].

There exists a close relation between the refined Humbert invariant g(4,¢) of
a principally polarized abelian surface (\A,6) and the degree map ¢g, g, when
A = Eq X Es is the product surface, as follows.

Lemma 2. [30, Lemma 21| Let E;/K and E3/K be elliptic curves over an
arbitrary field K, and let A = Ey x Ey be the product surface with the product
polarization 04 = 0p, ® 0g,. For a,b € Z, and ¢ € Hom(FE1, E3), then

G(A,0.4) (D(a7 ba 90)) = (a’ - b)2 + 4QE1,E2 (QD), (8)

qE, B, denotes the degree map on Hom(E, E2).

More general statements can be given related to refined Humbert invariants by
using elliptic subcovers and isogeny defects as follows.

Definition 9. Let C/K be a curve of genus 2. The presentation of C/K of degree
N is the triple (E, E’, 1) which arises from a given elliptic subcover F : C — E
of degree N. This triple consists of E, another (isogenous) elliptic curve E'/ K,
and an isomorphism ¢ : E[N] — E'[N] which is an anti-isometry with respect
to the Weil pairing en .

Definition 10. Attached to 1, an invariant the isogeny defect my, is defined as
my i=min{m > 1: [m] o) = @|gn] for some ¢ € Hom(E, E')}.

Theorem 3. |31, Theorem 3| If C/K has a presentation (E,E’ 1) of degree N
with char(K) { N and isogeny defect m = my,, and if r = rank(Hom(E, E")) > 1,
then the refined Humbert invariant qc is a positive definite quadratic form of rank
n =r + 1, which satisfies properties



(i) det(gc) = 2% Tim? det(qp g ).

(ii) qc primitively represents N2.
(iii) ge(z1,...,2r41) =0,1 (mod 4), for all x1,..., 2,41 € Z.
(iv) qc(x1,-- - 2ry1) # 1 for any 1,..., 2041 € Z.

Theorem 4. [31] Theorem 4] If (E,E’ 1)) is a presentation of degree N of a
curve C/K of genus 2 with char(K) { N, then my = 1 if and only if J(C) =
ExE.

The set P(A, q) is defined as all the principal polarizations 6 € P(A) which are
equivalent to the refined Humbert invariant g4 g)

P(A,q) ={0 € P(A) : qa,0) ~ ¢}

The set of reducible polarizations, as in Definition [7] can be written as the union
of several sets of the form P(A, ¢;) by varying ¢;’s in the following way.

Proposition 4. [33| Proposition 6] If A = Ex E’ is an abelian product surface,
then
PA = J[ PA2®L4g)

q€Gen(gp, g/)

where Gen(q) is the set of isomorphism classes of integral quadratic forms q
which are genus-equivalent to the integral quadratic form qg g .

2.2 Superspecial abelian varieties

First, we shortly summarize elliptic curves for the sake of completeness.

An elliptic curve is an abelian variety of dimension 1. The isogenies of el-
liptic curves are non-trivial homomorphisms between them. Isogenies from an
elliptic curve to itself are called endomorphisms. The set of all endomorphisms
of an elliptic curve F together with the trivial map forms the endomorphism
ring End(F). Let F; and E5 be two elliptic curves over K. Two elliptic curves
FE4,E5 are isogenous E; ~ FEy if and only if EndO(El) ~ End° (E2). An elliptic
curve E defined over a finite field F,» is said to be supersingular if the endomor-
phism algebra, End%p (E), is isomorphic to definite quaternion algebra B, over
Q ramified at p and co. Here, B, = Q + Qi + Qj + Qjij for i? = a, j2 = b, and
ij = —ji with

(_17_1) p=2
a.b) = (=1,-p) p=3 (mod 4)
(a,0) (—2,—p) p=5 (mod 8)
(=0,—p), £=3 (mod4), (])=-1 p=1 (mod 8)

for some prime ¢ = O(log®p), see [I1, Proposition 1]. Note that there are in-
finitely many (a,b) values that can be used, but we will use B, = (—¢, —p|Q)
where ¢ is the smallest possible integer as stated above for p > 3.



We now give an overview of supersingular abelian varieties, mostly following
[24232T]. We refer to the survey [22] on the correspondence between quaternion
hermitian lattices and supersingular abelian varieties.

An abelian variety over Fp- is said to be supersingular if it is isogenous to
a product of supersingular elliptic curves over F, [52], and it is said to be su-
perspecial if it is isomorphic to a product of supersingular elliptic curves over
F, (as an unpolarizedabelian variety). A curve C is called supersingular (re-
spectively, superspecial) if its Jacobian A = J(C) is supersingular (respectively,
superspecial).

Theorem 5. (Deligne, Ogus, Shioda) If A/F, is a superspecial abelian variety
with dim A = g > 1, then A ~ E9 for any supersingular elliptic curve E.

For proof, see [51, Theorem 6.2],[59, Theorem 3.5], and [46], Section 1.6].

In the case of dimension g = 1, there are many superspecial abelian varieties
(i.e., supersingular elliptic curves), each with one principal polarization, but in
the case of g > 1, there is one superspecial abelian variety with many principal
polarizations.

From Theorem (1} it follows that the divisors D € NS(E; X E3) can be seen
of the form

(Iyet

NS(Eleg):{(aU>:u,v€Z>0,ae(’)ng}. (9)

where O is a maximal order of B,. The map in Theorem (1| (or using Corollary
2.9 of [24]) induces a bijection between principal polarizations § € P(E; X Es)
and positive definite quaternion hermitian matrices with determinant 1

u

P(Eleg)—{(Oég):uméZw,a€O7 uv—aa—l} (10)

where we vary over all maximal orders O of B,,.

The natural question is how to choose a representative in the conjugacy
(isomorphism) classes of principal polarizations on superspecial abelian surfaces,
as there are too many of them to use in the computations. This issue has been
considered by Hashimoto and Ibukiyama [2I]. Let O be a maximal order of B,,
L(O) be the set of all maximal O-lattices, and £(O;0) be the principal genus.
Then any O-lattice in B can be written as A = (O, 0)G for G € GLy(B)).

Proposition 5. [2I], Proposition 22] A = (O, O)T belongs to L(O;0) if and only
if G satisfies the condition

GG"=r (g 3) i uw,v€lsy, a€O, w-—nrd(a)=1, reQf. (11)

Any maximal O-lattice in £(O,0) is equivalent to a maximal O-lattice with
norm Q. Therefore, one can reduce the problem of finding all representatives of
the classes in the £(O;0), to the problem of finding all (u,v, «) satisfying

up to the equivalence by GLy(O).

10



Lemma 3. [2I, Lemma 13| With the same notation as above, we have the fol-
lowing information regarding the conjugacy classes of any lattice A € L(O,0).

(i) The equivalence class of (Z j) only depends on o (mod v) for fized v.

(i) If 8,8 € O, then (Z 3) and (ﬁsﬁ’ ,60;}6) are equivalent.

(i) (u a) and (u a> are equivalent.
Qv Qv

We apply Lemma [3] to find representatives in the conjugacy classes of principal
polarizations. By using the basis of O over Z, we can give an algorithm as in
[21] find all triples (u, v, a) satisfying the condition in as follows:

1. Let v=1,2,3,...
2. For each v, find all & € O/(vO) such that nrd(a) + 1 =0 (mod v)
3. Compute u = (nrd(a) + 1) /v.

This is incorporated in Algorithm
Furthermore, Lemma [3] allows us to choose the representative of principal

polarizations in the special form (Z ?j) where v € Zsgand o € O =Z + Zi+

Zj+7Zij € O. This crucial fact lets us bypass working with « € O\ O as we can
instead choose different values of v and then compute o € O accordingly.

3 Computation of refined Humbert invariants and degree
maps

A refined Humbert invariant g4 ) corresponding to a principally polarized su-
perspecial abelian surface (A, 60) is an integral quadratic form in 5 variables,
called quintic refined Humbert invariant

Unless stated otherwise, let p be an odd prime and let A = E; X E5 be a super-
singular product surface with principal polarization 6, where E7, E5 are super-
singular elliptic curves defined over F,. Recall that End%p (Ey) = End%p(Eg) =

B, = (—¢,—p|Q) where B, = Q + Qi + Qj + Qij with i> = —¢ and j*> = —p.

Remark 1. The isogeny defect (Deﬁnition my, = 1 if and only if 9 is induced
by an isogeny, see [3I, Remark 21]. We are interested in the product surface
A = Fy x Ey where Fy and Fs are supersingular elliptic curves over Fp, and
such curves are always isogenous to each other [43] Corollary 77|, hence the
isogeny defect is my, = 1 in this case (also see Theorem .

8 Kani refers to them as quintic quadratic forms, although many people in the litera-
ture use quinary integral form. We prefer to use quintic integral forms by following
Kani’s terminology.

11



3.1 Quintic integral quadratic forms as refined Humbert invariants

First, we will walk through the two methods available for computing the quintic
refined Humbert invariant q( 4 ¢) for a principally polarized superspecial abelian
surface (A, ) where A = F; x E5 for unknown supersingular elliptic curves F;
and EQ.

Method 1: using Definition [6]

1. As in , fix the principal polarization 6 on the abelian surface F; x Fs
represented by a positive definite hermitian matrix of determinant 1

_ ug wo + Toi + yoj + 201\ _ (w0 o
wo — Tol — Yoj — 20ij Vo Qg Vo

for fixed values of ug, vy and g = wo+xoi+yoj+20ij € Z+7Zi+7Zj+7Zij such
that ug > 0, vg > 0, and ugvg—nrd(ag) = 1, i.e. ugvo—w3 —laxd—pyd —Ipz2 =
1 (i-e. self-intersection number of 6 is 2) |24, Corollary 2.9].

2. Choose a random divisor D on F; X Es using @

- u w2+ g + 2]
D = <w—xi—yj — Zij v ) € NS(E; x E3) C Ms(By)

for u,v,w,z,y, 2z € Z.
3. Compute the intersection of the divisors § and D as in [I9, §7.5].

(D -0) = vou + ugv + 2(¢pzoz — wow — Lxox — PYoy)
(D -0)? = v2u? + 2uguouv — 4vowouw — 4lvgroux — 4pvoyouy + 4lpvozouz
+ ugvz — dugwovw — dlupzove — dpugyovy + 4lpugzovz
+ 4w8w2 + 8lwozrowz + 8pwoyowy — 8lpwozowz
+ 4€2x(2)x2 + 8lpxoyoxy — 8 prozorz
+ 4p*yy? — 8Ep*zoyoy=
+ 40%p? 22 22

4. Compute the self-intersection of the divisor D as in [19} (7.8)].
(D - D) = 2(uv — w? — lx® — py* — lpz?)
5. Compute (g, x£,,0)(D) = (D -0)? —2(D - D) as in ().

4By x B2,0)(D) = vau? + 2(uguy — 2)uv — dvgwouw — 4lvoTouz — Apvoyouy + 4pvgzouz
+ ugv2 — dugwovw — ugzovr — dpugyovy + 4lpugzovz
+ 4(w(2) + 1) w? 4 8lwozowz + Spwoyowy — Slpwozowz
+ 40(0x 4 1)2? + 8lproyory — 80 prozoT2
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+ 4p(pys + 1)y° — 86p” 2090y =
+ 4lp(bpz2 +1)2°

1
= -X'AX
2
where X = (;’) and A is the coefficient matrix given by
y

208 2(ugvg — 2) —4dvowy  —4lvoxg  —4pvoyo 4fpugzo
2(uovg — 2) 2u? —dugwg  —4lugry  —4pugyo 4fpugzg
—4vgwy —dugwy  8(1+w3)  8lworg 8pwoyo —8lpwozo
—4lvorg  —4lugzg  Slwoxrg 80(1+Lx3)  8lpxoyo —802pxo 2o
—dpvoyo  —4puwoyo  Spwoyo  8lpzoyo 8p(l+pyi) —8p*yozo
4lpvg 2o Alpugzg  —8lpwozo —80*prozo —80p*yozo 8¢p(1 + Ipzd)

A=

with det(A) = 216¢2p? (ugvy — nrd(ag) — 1) = 0.

. Find a 6 x5 matrix T" whose entries are integers such that the GCD of its 5x5
minors is 1 and T AT is the coefficient matrix of the positive-definite quintic
form (refined Humbert invariant q(z, x z,,9)) by using [37, Proposition 2.1.3].

ty
(to t1 ta ts ta)" (T'AT) | t2

DN =

Q(EleQ,e)(D) =

Moreover, since the Picard numbelﬂ p(A) = 6, using Proposition |1 we get
1 1
det(T*AT) = 5(—4)“1 det(qp, xp,) = 5(—4)6*1(—24621)2) = 21302p?

where the intersection form ¢4 = qp,xg, = 3(D - D) = wv — w? — (2 —
py? — ¢pz? by Definition

Remark 2. In step [} we choose ag = wo + xoi + yoj + 201j € O where O =
Z+7Zi+Zj+1Zij C O C B, = (—4,—p|Q), and O is a maximal order in B,,.
Consider the integral quadratic form f(wo, o, Yo, 20) = nrd(wo + zoi + yoj +
20 0 0
20ij) = w3 + lxd + py3 + lpzE with det(f) = det<8 4 20p 3 > = 2402p%. Then ag
00 0 20p
above is a solution of f such that f(wo,zo,yo,20) = ugvo — 1 for fixed ug, vy €

Zwo.

On the other hand, for p = 3 (mod 4) and B, = (-1, —p|Q), as in [2 §4],

NN
we can fix O = Z(1, 81, 2, 83) = Z <1,i, i ;J),;]> Then choosing ag =

9 As NS(A) = Z* where p = p(A) is the Picard number of A by [48, p.60], and we
obtain NS(A,0) 2 Z°~", and q(g, x5,,6) is a quintic quadratic form [26] p.200].
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wo + b1 + yolb2 + 2003 € O as in , we get the integral quadratic form
g(wo, To, Yo, z0) = nrd(wo + o1 + yoﬁz% 2%53) = wj + wozo + 2§ + Toyo +

(=)
[N~}
-

) = p?. Then oy would be

a solution of g such that g(wo, zo, Yo, 20) = upvo — 1 for fixed ug, vy € Z~yp.

Therefore, for £ = 1, we get det(f) = 16det(g) as expected, because of
normalization. Moreover, in general, disc(O) = 16/?p? = 16/2 disc(O) and [O :
O] = 4¢ see [63], §15.1].

Ezample 1. Let p = 3 (mod 4), leading to ¢ = 1, and fix § := ( % }) then the
above method will lead to

(B x E2,0) = u? — duz + 40 — 8z + 4w? 4 822 + dpy? + 4p2?
= (u—22)* +4(v — 2)% + 4w? + 4py® + 4p2*

2 00-400 U
0 80-800 v

L vways) 08000]||w

T3 Y2l -4-80160 0 || =
0 000380 Y
0 000 08p) \=

10000

01000

Then we get T= [ 89499 |, leading to
00010
00001

UBxE2,0) (D) =t + 45 + 13 + pt3 + pt3).

Note that the quintic refined Humbert invariant q(g,xg,,) satisfies the re-
ducibility criteria stated in . Therefore, as per Lemma the degree map
is qmy,m, = 1 + 13 + pt3 + pti.

Method 2: using Proposition
1. Let A = E; x E5 be the abelian surface and take a principal polarization 6
on F{ x Es.
2. As in Definition [8] let

. U w ~+ xi + yj + zij
B= w— i — yj — zij v

) S EIldg(El X EQ) Q MQ(BP)

for u,v,w,x,y,z € Z.
3. Compute (g, x p,,0)(D) = tr(u?) — § (tr(u))?, where tr is the sum of reduced
trace of quaternion elements along the diagonal of the matrix representation.

o (u? 4w+ lx? + py? + lpz? (u+ v)(w + xi + yj + zij)
He= (u+v)(w—xi—yj — 2ij) v? 4+ w? + 0x? + py? + lp2?
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tr(p?) = trd(u? 4+ w? + 2 4 py? + €pz?) + trd(v? + w? + la? + py? + p2?)
= 2(u? 4 v? + 2w? + 202? + 2py? + 20p2?)

Moreover, tr(u) = trd(u) 4+ trd(v) = 2(u + v). Therefore, we have

1
4By x Bz,0) (D) = 2(u2 + 02 4 2w? + 2022 4 2py® + 2€pz2) ~1 (2(u + v))2
= (u —v)? + 4w?* + 40x? + dpy® + 4lp2>

1
= -X'AX
2
w 2 —200 0 0
by —2200 0 0
where X = [ Jand A= | § § 8§ § | is the coefficient matrix with
y 0 0008p 0
z 0 000 0 8p

det(A) = 0.

4. Find a 6 x 5 matrix T" whose entries are integers such that the GCD of its
5 x 5 minors is 1 and T* AT is the coefficient matrix of the positive-definite
quintic form [37, Proposition 2.1.3]

to

1 b

Uy x B2,0) (D) = 3 (to t1tatsts) (T'AT) | to
t3

ty

, such that det(T*AT) = 213¢?p?, leading to

00
00
Here we get T' = 10
01
00

[elelelelely
[elelel el
elelelele]

A(By % 10,0)(D) = 5 + A5 + 045 + pt3 + (pt3).

Note that q(g, x i, 9) satisfies the reducibility condition stated in . There-
fore, as per Lemma [2| the degree map (degree form) is qp, g, = t5 + 0t3 +
pts + lpt3.

Remark 3. Method 2 is a special case of Method 1, with 6§ = <(1) (1)), ie.
nrd(ag) = 0.

We observe that ¢(g, x i,,0) above is a positive semi-definite form and apply-
in@ Simon’s indefinitelLL algorithm [61I65] quickly gives us positive definite
quintic form g, x g,,0).- Moreover, we can ensure with the irreducibility crite-
ria, Proposition [2] above, that the quintic form we obtained corresponds to a
superspecial abelian surface A = FE; X Fs over E, with a reducible principal

9 Ours is a very special case: https://github.com/Nemocas/Nemo.jl/pull/2011.
" https://github.com/thofma/Hecke.jl/blob/master /src/QuadForm /indefiniteLLL.jl
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polarization § € P*4(E; x E) by using Kannan-Fincke-Pohst minVectorE algo-
rithm [35/T656] to check that 1 is the minimum value it represents. Therefore,
the Algorithm [I] below lets us compute the quintic refined Humbert invariants
for principally polarized superspecial abelian surfaces.

Algorithm 1 RHI(p, ¢, 0)
Input: odd prime p with ¢ such that B, = (—¢, —p|Q) and polarization 6 = (42 )
where ag = wo + ol + yoj + 20ij € Z + Zi + Zj + Zij
Output: coefficient matrix of quintic refined Humbert invariant ¢z, x g,,0)-
202 2(uovo —2) —4dwvowo  —4lvoxo —4puoyo 4lpvozo

2(uovo — 2) 22 —duowo —4luoxo  —4puoyo 4lpupzo
L Ae —4vowo —dupwo  8(14+wd)  8lwozo 8pwoyo —8pwozo
’ —4lvoxo —4luozo  8lwoxzo 80(1+ Em%) 8¢pxoyo —80%pxozo

—dpvoyo  —4puoyo  8pwoyo  8lproyo 8p(1+pyd) —8p°yozo
4epvo 2o 4lpuozo  —8lpwozo —80%pxozo —8p*yozo Sp(l + Lpz3)

2: // the coefficient matrix of §a,¢) with det(A) = 2'°¢*p? (uovo — nrd(c) — 1) =0

3: A’ + indefiniteLLL(A)

4: // Ais 6 x 6 positive semidefinite and A’ is 5 x 5 positive definite.

5: if det(A’) = 2"3¢2p? then

6: // Proposition |I|for p = 6 and g4 = uv — w? — £z? — py* — Ipz>

7: L <+ Integer lattice with Gram matrix A’/2

8:  if minVector(L) = 1 then

9: // (@) and [16] §2]

10: return A’

11: return 0

3.2 Principal polarizations

We aim to determine all possible quintic refined Humbert invariants that are
unique up to isometry. However, as per Proposition [ above, for a given prime p,
two distinct principal polarizations can lead to the same quintic refined Humbert
invariant.

The discussion following Lemma [3] suggests that one can get all product
polarizations (ge 5o ) by varying ug, vo € Zsq and taking g = wo + Zoi + yoj +
zoij € Z(1,i,j,ij) such that 0 < wo,x0,y0,20 < vo — 1 and nrd(wy + i +
yoj + z0ij) = wovg — 1. Therefore, any representation of 1 by the intersection
form g4 = g, xp, = ww — w? — fx? — py? — Ipz? will correspond to a principal
polarization (g2 o0 ) with ag = wo+zoi+yoj+20ij and ugvo—nrd(ap) = 1. Hence,
we must carefully choose the principal polarizations to improve the chances of
obtaining distinct non-isometric quintic refined Humbert invariants.

We begin by analyzing the symmetries in the coefficient matrix of (g, x g, )

in Algorithm 1| In general, § = (42 37) and 0/ = (42 5?) will lead to the

12 https://github.com/thofma/Hecke.jl/blob/master /src/QuadForm/Enumeration.jl
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same quintic refined Humbert invariant. That is, it is enough to consider the
principal polarizations with ug = vg = m and vary the value of m such that
ptnrd(ag) = m? — 1.

Therefore, the Algorithm [2] below gives us a finite list of principal polariza-
tions that will lead to a distinct coefficient matrix of §(g, x £, 0)-

Algorithm 2 polz(p, ¢, m)

Input: odd prime p with ¢ such that B, = (—¢, —p|Q) and positive integer m such
that m? # 1 (mod p).

Output: polarizations 6§ = (z—g C;S) where up = vo = m and ap = wo+zoi+yoj+z2oij €
7+ Zi+ Zj + 7ij with 0 < wo, xo, Yo, 20 < m — 1.

1: P <+ []1 // initialize an empty list

2 M+—m?-1

3 N«m-1

4: for z=0to N do

5. if ¢pz*> > M then

6: break

7. fory=0to N do

8: 5+ p(y? + £27)

9: if s > M then

10: break

11: ri < M —s

12: for x =0 to N do

13: if ¢z > r, then

14: break

15: ro < 11 — 02

16: w = |/rz2]

17: if w? =7y and w < N then
18: P.append([m, m,w, z,y, z])

19: return P

Special case: p = 3 (mod 4). Note that in SQIsign and other isogeny-
based schemes we work with primes p = 3 (mod 4) with B, = (-1, —p|Q).
Then ¢ = 1 leads to further symmetries in the coefficient matrix of ¢(g, x g,,0)

in Algorithm In particular, 6 = ( m w°+w°i;y°j+zoij) and 0’ =

wo—oi—Yoj—2zoij

( m zo+woitzoj+yoij

o —woi—20j—voij " ) will lead to the same quintic refined Humbert

invariant. Therefore, it is sufficient to consider ag = wg + zoi + yoj + 2o0ij such
that 0 <wg < xg <m—1and 0 < yg < 29 < m — 1. This specialized version is
given in Algorithm [3]

3.3 Counting distinct forms

Knowing the expected number of unique (non-isometric) refined Humbert in-
variants will significantly speed up the process of finding all the quintic forms
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Algorithm 3 polzSQI(p, m)
Input: prime p =3 (mod 4) and positive integer m such that m? #Z 1 (mod p)

Output: polarizations 0 = (Z—g 33) where up = vo = m and ap = wo+xoi+yoj+20ij €

Z4+Zi+Zj+7Zijwith 0 <wo<axp<m—1land 0<yo<zp<m-—1.

1: P« [1 // initialize an empty list
2: M« m?—1

3 N+m-—1

4: for z =0 to N do

5:  if pz? > M then

6: break

7. fory=0to zdo

8: s+ p(y® + 2%)

9: if s > M then
10: break
11: ri < M —s
12: for x =0 to N do
13: if 22 > r1 then
14: break
15: To — 11 — z?
16: w = |/r2]
17: if w? =7y and w < z then
18: P.append([m, m,w, z,y, z])

19: return P

of interest, since it will allow us to stop computing new refined Humbert invari-
ants once the target number of non-isometric quintic integral quadratic forms
has been found. Therefore, here we discuss our attempt to get a bound on this
number.

When A is a supersingular elliptic curve, Deuring showed that A has a model
defined over > and the class number h of Endg (A) was calculated by Eichler

[10], Deuring [8], and Igusa [25].

- G)H-E) W

The calculation of the number of isomorphism classes of principal polarizations
on an abelian surface A, especially the number of isomorphism classes of smooth
genus 2 curves lying on A were calculated by Ibukiyama, Katsura and Oort [24]
in 1986 when A = E x E’, where E and E’ are supersingular elliptic curves.

Theorem 6. [24] Theorem 2.10] Let B% be a left B,-vector space. The number

of principal polarizations on A = E X E up to automorphisms of A is equal

to the class number Ho(p,1) of the principal genus of the quaternion Hermitian
B2

space By.

The class number H;(p,1) was explicitly computed by Eichler [T0]. The class
number Hy(p, 1) is calculated by Hashimoto and Ibukiyama [2I]. By following
the notation of [24], we set h = Hy(p,1) and H = H(p, 1). Deuring [8] showed
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that the number h is equal to the number of isomorphism classes of supersingular
elliptic curves over I, as in .

Corollary 2. [24, Corollary 2.12] The number of isomorphism classes of non-

singular irreducible curves of genus 2 whose Jacobian is isomorphic to a product
: - . h(h+1)

of two supersingular elliptic curves is equal to H — ==—*.

Hashimoto and Ibukiyama [21], p.1] gave a formula for H.
Later, Katsura and Oort gave |36, Theorem 3.3] simpler version of the formula
for H as follows:

o O 2020 I3 (2] pell () (25))

SO -GNER)

L 0 p=1,2,3 (mod5)
2 p=4 (mod5).
(13)
h(h+1)

However, neither H nor === is an asymptotically tight bound for the number
of unique refined Humbert invariants (up to isometry). The H serves as an upper
bound on the number of all quintic refined Humbert invariants of a principally
polarized superspecial surface, while % is an upper bound on the the refined
Humbert invariants constructed with reducible polarizations, see Definition [7} If
we take two supersingular product surfaces A = E; X Ey and A’ = E{ x E}, then
notice that two different principally polarized superspecial abelian surfaces (A, )
and (A’,0") can end up having the same refined Humbert invariants q(4,9) ~
q(ar,6r) (up to equivalence). This means that the number of principally polarized
superspecial abelian surfaces over F, given in Corollary 2| is not equal to the
number of refined Humbert invariants. In fact, we obtain less refined Humbert
invariants in our experiments (see Section . The number of genus 2 curves
with a given refined Humbert invariant is counted in the case of a CM product
surface, which has a ternary refined Humbert invariant, see [34]. Unfortunately,
there are no similar closed formulas for quintic refined Humbert invariants.

Remark 4. Notice that the cardinality | Aut(A) \ P(A)*4| of [33] is exactly
% in [24]. Kani examines the nature of principal polarizations by posi-
tive definite integral quadratic forms, while Ibukiyama does the same with the
quaternion hermitian forms. Therefore, genera, class numbers, type numbers,
and similar notions have to be taken in the correct language, and they should

be carefully translated into another one.

We use the Plesken-Souvignier islsometriﬂ algorithm [55] to collect the
unique (up to isometry) refined Humbert invariants obtained from Algorithm

13 lhttps://github.com/thofma/Hecke.jl/blob/master /src/QuadForm/Morphism.jl
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for various polarizations obtained from Algorithm [2] or Algorithm [3] That is,
we fix bounds a and b, run RHI(p, ¢,6) for all 6’s produced by polz(p, £, m) for
a<m <band pt (m?—1), and save the non-isometric quintic forms which
represent 1 (see Algorithm .

Algorithm 4 allRHI(p, ¢, a,b)

Input: odd prime p with £ such that B, = (—¢, —p|Q), and a,b € Z>;.

Output: coefficient matrices of all unique refined Humbert for polarizations 6 =
(wg ) witha<m <b

1: @ < [1 // initialize the list of unique refined Humbert invariants

2: for m = a to b do

3:  if m* #1 (mod p) then

4: if /=1 then

5: Om <+ polzSQI(p, m)

6: else

7 Om < polz(p, £, m)

8: for 6 € ©,, do

9: A+ RHI(p, ¢, 0)

10: if A# 0 then

11: $ < true // assume unique

12: for A’ € Q do

13: if A= A’ then

14: s + false // not unique

15: break

16: L 4 < Integer lattice with Gram matrix A/2
17: if s = true then

18: for A’ € Q do

19: L4/ < Integer lattice with Gram matrix A’/2
20: if islsometric(La, L 4/) = true then
21: s <+ false // not unique
22: break
23: if s = true then
24: Q.append(A)
25: return Q

Observation. Recall that in our notation, ¢ is the smallest positive integer
such that B, = (—¢, —p|Q). Also, note that the number of isometry classes in
the genus of integer quadratic forms is finite [57, Theorem 6.10]. Moreover, we
can use Kneser’s neighbor methodlﬂ [42[64] to obtain the representatives of all
the isometry classes.

Table [I] below supports the choice of executing Algorithm [ for 2/p < m <
20p + p such that p{ (m? — 1), because:

1 https:/ /github.com/thofma/Hecke.jl/blob/master /src/QuadForm/Quad /
ZGenusRep.jl
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1. #6 > H: That is, we are checking a lot more polarizations than the total
possible, up to isomorphism. Furthermore, consistently, about 10% of po-
larizations @ lead to a quintic refined Humbert invariant which represents
1.

2. #RHI = #Gen(q5) = # GGH(Q4)S Here Q5(t0, tl, tg, t37 t4) = t% + 4(t% + Kt% +

150 red
pt2 + Ipt?) is the diagonal form we obtained using Method 2 above, with

T AN |
det(gs) = det 88%@ 8(; 0 = 219¢%p?. We can then obtain all the repre-
000 0 8p
sentatives of the isometry classes in the genus of quadratic form g5, which

represent 1.
Next, using Lemma [2| we also obtain the degree map q4(ti,ta,ts,t4) =
200 0

nrd (¢ +toittsjtaij) = 203 4+pt24+-Lpt3 with det(qy) = det(g ¥ 9 ) =
00 0 2p

2402p2. We can then obtain the representatives of the isometry classes in the
genus of quadratic form g¢y4.
Therefore, for our choice of a = 2¢p and b = 2¢p+ p, we obtain all the quintic
form representatives with determinant 2'3¢?p? and minimum value 1.

3. #RHI > hthtl) . That is, we have computed a superset of the desired quintic

2
1S0
refined Humbert invariants, as in Proposition [

Table 1. Comparing the results of allRHI(p, ¢, 2¢p, 2¢p+p) for the first 9 primes p > 20,
with the isometry class representatives found using Kneser’s neighbor method. Here &
is the set of polarizations checked, RI—dH is the set of quintic refined Humbert invariants

which represent 1, and RHI C RHI is the set of isometry class representatives which

iso red
represent 1.

p ¢ H #6 #RHI#RHI #Cen(qs) # Gen(qs) "5

red

231 16 986 108 13 13 13 6
292 24 8714 953 22 22 22 6
311 26 1737 187 19 19 19 6
372 37 13595 1383 36 36 36 6
413 50 29995 2901 129 129 129 10
431 55 3384 374 25 25 25 10
471 72 3967 397 39 39 39 15
53 2 93 28091 2887 60 60 60 15
591125 6153 642 47 47 47 21

Complexity analysis. We consider the simplest case p = 3 (mod 4), and study
the time complexity of allRHI(p, 1, 2p, 3p). It makes O(p) calls to polzSQI leading
to the set of polarizations ©,,, and #6,, = O(p*) calls to RHI.
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— polzSQI(p,m). This essentially uses modular arithmetic to solve w? + 2% +
py?4+pz? = m over Z/mZ. Since there are three nested loops of size O(m), the
overall complexity is O(m?). However, since 2p < m < p, we get m = O(p)
and overall runtime complexity of O(p®). However, on average, the break
statements lead to a runtime complexity of O(m?) = O(p?).

— RHI(p, 1,0). It starts by constructing a 6 x 6 matrix A with entries of size
O(p*). Then it makes at most one call to each of indefiniteLLL and minVector.

e indefiniteLLL(A). The input is a 6-dimensional positive semi-definite Gram
matrix A. First, it uses Hermite normal form to remove the kernel from
A and obtain a 5-dimensional positive definite Gram matrix A [5, §2.4.3].
Next it applies the Lenstra-Lenstra-Lovasz (LLL) algorithm to A to out-
put A’ [5, §2.6]. Due to the fixed dimension of the input matrices, the
overall computation complexity is dominated by the size of the entries
of the input matrix. Therefore, the runtime of this step is O(log"(N))
where k is some constant and N = O(p*) is the size of the entries, i.e.,
overall time complexity is O(log"(p)).

e minVector(L4/). The input is the LLL-reduced 5-dimensional positive
definite lattice L 4/. The lattice enumeration step dominates overall com-
plexity with exponential time complexity O(c"™) where ¢ > 1 depends on
the lattice geometry and n = 5 is the dimension of the lattice [5], §2.7.3].

— islsometric(L 4, L a/). The first step requires the enumeration of (many) short
lattice vectors. For small dimensions, this is made practical by considering
(geometric) invariants to improve the search [68, §9.4]. We can say that it
has exponential time complexity O(exp(f(a,b))) in the worst case, where
f is a function of a (the number of short vectors) and b (the size of the
automorphism group of the lattices).

Therefore, our algorithm has a complicated exponential time complexity, which
is dominated by islsometric that is called O(p®) times.

3.4 Experiment

We start with a supersingular product surface A = Fy x E5 where Fy and Fs are
unknown supersingular elliptic curves. We choose a principal (canonical) product
polarization 0g, xg,, and a random divisor D on E; x E,. We then calculate
the refined Humbert invariant by using Algorithm [I] with the use of intersection
formulas for various principal polarizations from Algorithm [2]or Algorithm[3] and
then use Equation to extract the degree map. Hence, checking the existence
of N-isogenies between two supersingular elliptic curves F; and E» over F,, is
equivalent to checking the existence of a solution of the degree map for a given
fixed p and varying N, and no explicit solution is needed.

Thus, in terms of the bound on the maximum of minimum degrees of su-
persingular isogenies, we would like to find the minimum values represented by
such degree maps, as they are exactly the minimum degree isogenies between two
supersingular elliptic curves. That is, we seek to understand how the following
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value varies as we vary p:

d:= nax {min{N : ¢g, g, (t1,t2,t3,ts) = N for some t1,t9,t3,ts € Z}}. (14)
E1,E2
Here, we directly compute the degree maps from refined Humbert invariants
without KLPT, and our input does not depend on the chosen elliptic curves Ey
and Es. Hence, we can test the degree maps (see Deﬁnition on average varying
over different elliptic curves.
We implemented all the algorithms from Section [3| using a Julia package
called 0SCAR [62]7], especially using its dependency package Nemo/Hecke [17].
The code and data are available at:

https: //github.com /gkorpal /humbert-degree.

Our experiment involves running Algorithm [ for a = 2¢p and b = 2¢p+ p, which
serve as the lower and upper bounds on the m values in the principal polarization
0= (% ?,(L’) We then use to extract the degree map and compute the value
of d defined in .

Table [2] below summarizes our findings for all primes 20 < p < 200. We
observe that d? ~ ¢p, which is illustrated by the plot in Figure

T T T T T T T T
40| | ® Data points
....... 1.5\/@)
— 1.22/fp — 1.18 R °
0l Vip _L
d
20 |~
10 -
I

| | | | | | |
0 100 200 300 400 500 600 700
Lp

Fig. 1. Visualizing the data collected in Table [2 for all primes up to 200 (except
p =193).

Special case: p = 3 (mod 4). Note that in SQIsign-variants and other
isogeny schemes, we mostly work with primes p = 3 (mod 4) with B, = (-1, —p|Q).
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Table 2. We get the following results for allRHI(p, £, 2¢p, 2¢p + p) for primes 20 < p <
200. Here, d is the maximum of all minimum degrees. The primes marked with * are the
ones for which a new quintic refined Humbert invariant was obtained for m = 2¢p + p.

p ¢ H #0O #f}gl#%ﬂ% d p ¢ H H#6 #fggl#gglw d
23 116 98 108 13 6 5 107 1 581 19811 1999 116 55 11
20 2 24 8714 953 22 6 7 109 2 600 116970 12245 218 45 16
31126 1737 187 19 6 7 113 3 668 227036 21225 871 55 22
37 2 37 13595 1383 36 6 8 127 1 918 27928 2703 165 66 15
41 3 50 29995 2901 129 10 11 131 1 1008 29643 2952 182 78 13
43 155 3384 374 25 10 7 137 3 1134331472 30693 1255 78 24
A7T¥1 72 3967 397 39 15 8 139% 1 1179 33245 3263 187 78 12
53 2 93 28091 2887 60 15 10 149 2 1433 217553 21793 394 91 18
59 1125 6153 642 47 21 8 151 1 1484 39203 3817 228 91 15
61 2128 37004 3893 80 15 13 157 2 1648 240719 24759 464 91 21
67 1166 8066 841 52 21 9 163 1 1838 45867 4542 246 105 13
71*1198 8939 892 75 28 11 167 1 1978 47627 45838 307 120 16
73 7204 186550 16889 1451 21 28 173 2 2176 292760 30318 524 120 19
79 1256 10909 1086 75 28 9 179 1 2404 54447 5304 305 136 16
83 1296 12023 1223 79 36 9 181 2 2461 318911 32417 578 120 23
89 3352 139886 12898 546 36 18 191 1 2886 62475 5947 397 153 17
97 7436 327338 29563 2514 36 32 193 112952 —  — 2519 136 55
101 2 493 100944 10092 196 45 15 197 2 3141 377338 37975 662 153 22
1031518 18476 1827 123 45 12 199 1 3230 67288 6515 389 153 16

Our second experiment involves running Algorithm [4] for a = 2p and b = 3p,
which serve as the lower and upper bounds on the m values in the principal
polarization 6 = (% ff,f) Table [3| below summarizes our findings for all primes
200 < p < 730 such that p = 3 (mod 4). We observe that the minimum isogeny

degree d has an average complexity of p'/2 (see Figure .

Furthermore, we can use our data to study the minimum degree distribution
for a given prime. For example, Figure [3] contains the frequency bar graph for
p = 647.

Remark 5. Most of the data in this paper was obtained using a high-performance
computing cluster, as there were a lot of computations involved. This is because
we wanted to push the computational limits for finding all refined Humbert
invariants up to different bounds. We tried to find all integral quadratic forms
satisfying the conditions, but there were simply too many of them that couldn’t
be handled by a classical computer.
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Table 3. We get the following results for allRHI(p, 1, 2p, 3p) where p is one of the 43
primes p > 200 and p = 3 (mod 4). The primes marked with * are the ones for which
a new quintic refined Humbert invariant was obtained for m = 3p.

P H  #6 #RHIRHI®MZD g p  H 46 #RHI#RHI M g

211 3814 75944 7378 390 171 16 467 38024 366216 34548 1846 820 25
223 4466 84610 8163 475 190 17 479 40958 384495 36110 2181 861 28
227 4712 87649 8418 468 210 18 487 42966 399110 37537 1986 861 27
239 5460 96478 9251 594 231 20 491 44037 404169 38187 2046 903 27
251* 6281 106861 10337 589 253 19 499 46146 417908 39560 2047 903 28
263 7182 116991 11195 667 276 19 503 47268 423320 39858 2281 946 29
271 7812 125139 11921 690 276 21 523 52967 459780 43388 2294 990 27
283 8851 135598 13039 704 300 21 547 60430 502191 47454 2445 1081 28
307 11198 158914 15200 825 351 20 563 65808 530513 50238 2661 1176 29
311 11644 162544 15507 985 378 21 571 68563 545586 51682 2665 1176 31
331 13927 185313 17682 928 406 23 587 74405 577500 54265 2857 1275 28
347 15993 203905 19309 1020 465 23 599 78972 600362 56507 3204 1326 30
359 17654 217351 20594 1243 496 24 607 82082 616645 57955 3098 1326 30
367 18800 227167 21443 1193 496 24 619 86955 641079 60539 3164 1378 29
379 20647 242478 23050 1201 528 24 631 92016 666927 62661 3324 1431 32

383 21310 246557 23088 1362 561 24 643 97270 — — 3435 1485 33
419 27692 294345 27909 1528 666 25 647 99102 699249 65693 3650 1540 35
431 30072 311390 29520 1735 703 25 659 104620 — — 3623 1596 32
439 37052 323986 30569 1693 703 27 683 116261 — — 3778 1711 31
443 32585 329752 31172 1633 741 27 691 120286 — — 3896 1711 32
463 37052 359620 34194 1815 780 25 719 135296 — — 4612 1891 36

727139748 — — 4418 1891 33

4 Applications to supersingular isogeny degrees

The efficient computation of refined Humbert invariants is an open avenue to
work on a variety of isogeny problems. The first appearance of refined Humbert
invariants in isogeny-based cryptography appeared in [4I], where it was shown
that the computational refined Humbert invariant problem is equivalent to the
computational isogeny problem (for SQIsign and CSIDH). Another application
of refined Humbert invariants is developed in [40] to understand the splitting
behaviors of principally polarized superspecial abelian surfaces.

We would like to stress that the efficient computation of refined Humbert
invariants of principally polarized abelian surfaces is very effective in detecting
the product polarizations, as done above by using irreducibility criteria. Proposi-
tion[2} This might have a great potential for certain applications in isogeny-based
schemes of abelian surfaces. Unfortunately, there is no direct algorithm to com-
pute these invariants starting from the elliptic curve equations in the literature
yet.

25



I
sl 1.5 \/13
® Data points

___ \/:B . :

——1.31/p — 1.63
30 .
d
20| .
10 .

| | | | | | |
0 100 200 300 400 500 600 700
p

Fig. 2. Visualizing the data collected in Table [2] and Table [3] for first 63 primes p > 20
and p =3 (mod 4).

The potential advantage that we expect from a refined Humbert invariant
q(A,9) of a principally polarized abelian surface (A, ) is that it allows us to use
the intersection theory of divisors on surfaces, see [20, §V.1] and [58] §4.1], and
only the degrees of isogenies are used rather than isogenies themselves in the
intersection formulas. At first sight, it might appear that we are just considering
the degree map ¢g, g, on Hom(E1, E3) by the equivalence given in . However,
to the best of our knowledge, there is no generic method to understand degree
maps on ¢g, g, on Hom(E1, E2) without knowing the equations defining E; and
Es.

What is known about the degrees of isogenies can be summarized as follows.
The output of the KLPT algorithm [44] gives an equivalent ideal of norm too
big, i.e., an isogeny of big degree, which is roughly around ~ p'®/4. Later, it was
improved to ~ p? in [54]. This issue was reconsidered in SQIsign [I3] by designing
a new algorithm with a slightly bigger output, the Generalized KLPT algorithm,
and tailoring it for their new signature scheme [3] §2.5]. In KLPT-based SQlsign,
signature isogenies are required to have smooth degrees. However, the isogeny
of the smallest degree between two supersingular elliptic curves typically does
not meet this smoothness requirement. As a result, small isogeny degrees cannot
be directly used for generating signatures. To eliminate this problem, signature
schemes including isogenies between abelian surfaces are designed [6J49I19] by
using a technical result [27, Theorem 2.3] due to Kani.
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Fig. 3. For p = 647 and ¢ = 1, we checked 699,249 polarizations leading to 65,693
quintic refined Humbert invariants belonging to one of the 3,650 isometry classes of
the form tg +4qE, B, (t1,t2,t3,t4). Here we see the distribution of minimum values of
all the degree maps gg,,r, we obtained.

Assumption on the upper bound on minimum isogeny degrees without
endomorphism rings. We show that the upper bound on the minimum degree
of an isogeny that is attained by any pair of supersingular elliptic curves is as
small as ~ 1.22/fp. If one can compute the refined Humbert invariant qa,0) of
a principally polarized superspecial abelian surface A = E; x E5 without the
knowledge of either End(E;) for ¢ = 1,2, then it is possible to find the smallest
degree of an isogeny between F; and FE5. The advantage of refined Humbert
invariants is that this problem can be worked on in average. Our experiments,
see Section [3.4] show that the maximum of all the minimum degree isogenies
attained with every pair of supersingular elliptic curves for the primes of the
form p =3 (mod 4), it is upper bounded on average by ~ 1.31p'/2.

Our approach to studying degree forms using refined Humbert invariants
enables us to obtain the minimum degree frequency distribution, as shown in
the histogram in Figure [3] for p = 647. Such frequency distributions illustrate
the well-known results, like:
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1. random pairs of supersingular elliptic curves over F,. are unlikely to be
connected by isogenies of degrees significantly smaller than /p [18, §4.2];
and

2. there is always a minimum isogeny degree value smaller than ~ 0.9,/p [6]
Lemma 12|, [12 §2.1].

The fixed degree isogeny problem. In isogeny-based cryptography, two key
computational problems are the pure isogeny problem and the endomorphism
ring problem. Wesolowski [67] established a security reduction between com-
puting an isogeny between supersingular elliptic curves and determining their
endomorphism ring. Later, it was shown that finding non-scalar endomorphisms
is equivalent to solving the endomorphism ring problem [53].

In certain applications, specialization of isogeny problems with extra infor-
mation is utilized, such as fixing the degree of the isogeny. We aim to understand
the so-called fized degree isogeny problem in detail. The problem says that given
supersingular elliptic curves E; and Ey defined over the finite field F,2, and
given a positive integer IV, find an isogeny ¢ : 1 — F5 of degree N if it exists.
In [I8], it was mentioned that finding a fixed-degree isogeny is only known to be
equivalent to endomorphism ring computations if the isogeny degree is smaller
than ,/p, where p is the characteristic of the finite field.

We address the problem of identifying isogenies of fixed degree between two
random supersingular elliptic curves, which is a significant problem in isogeny-
based cryptography. For isogenies of large degree, this can be efficiently solved
by the KLPT algorithm [44] or the generalized KLPT algorithm [I3]. For small
isogeny degrees, usual lattice reduction techniques are sufficient. The interme-
diate range of isogeny degrees was recently investigated in [2]; the improved
algorithms for the fixed degree isogeny problem with the given endomorphism
rings were worked out in detail. Furthermore, a heuristic algorithm is provided
in [I2] that operates in polynomial time for any degree d, under the condition
that both orders are oriented and possess a small class number.

Heuristically, it is believed that an isogeny of smooth degree = p exists, yet
no efficient algorithm is currently known for finding such an isogeny. The best-
known classical methods, including exhaustive search and meet-in-the-middle
strategies, all remain exponential in cost. The improved algorithms using tech-
niques such as Cornacchia’s algorithm and multivariate Coppersmith methods
were introduced in [2], which offer better performance for certain ranges of de-
grees; especially when the degree is sufficiently smooth, they focus on the “mid-
dle” isogeny degree cases, i.e, isogenies of degrees between p'/2? and p?, see the
discussion in [2, §3]. Nonetheless, these approaches still rely on heuristics or par-
tial guessing of variables and do not yield a general polynomial-time solution.

The difference of our technique is no assumption on the endomorphism rings.
We compute all the degree maps that can appear over a fixed field; this is
done by the intersection theory of abelian surfaces. We first calculate quintic
refined Humbert invariants of principally polarized superspecial abelian surfaces
and then the degree maps (quaternary integral quadratic forms). Then, we can
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use known methods to work out the existence of a solution of the degree map
4E, E,, like p-adic methods. Different from [2], here we do not compute an isogeny
between two given supersingular elliptic curves by using a variant of KLPT or
any endomorphism ring of elliptic curves.

We just compute a random (candidate) refined Humbert invariant corre-
sponding to a principally polarized superspecial surface (A, §) where A = E x E’
with a product polarization . Then calculate the degree map on Hom(E, Es).
As we find a random degree map, we just need the existence of a solution rather
than finding a solution. The isogeny degrees between p'/2 and p* can be worked
out easily with our method.

The minimum isogeny degree complexity. The minimum isogeny com-
plexity is around ~ p'/2, and this was proved by different methods as follows.
Galbraith, Petit, Shani, and Ti demonstrated that if the degree of an isogeny
~ p'/? or shorter, the isogeny is mostly the shortest isogeny between the two
supersingular curves [I8, §4.2]. Therein, they use the property of Ramanujan
graphs and give a counting argument to achieve this bound; however, the colli-
sions are not considered in their approach; but, it is known that there are very
few collisions for degrees < ,/p as worked out in [47].

Another proven bound is established in [6, Lemma 12]; the minimum degree of
isogenies between two supersingular elliptic curves is bounded above by 2,/2p/.
Here, this was achieved by lattice reduction and successive minima, and given
the endomorphism ring. It was also mentioned with a different perspective in
[47, Theorem 1.3(a)] by using non-scalar endomorphisms.

However, there is currently no proof about the sharpness of these proven
bounds. This is precisely where our experiments, based on degree maps derived
from refined Humbert invariants, become relevant. We provide strong evidence
supporting the validity of the above bounds, while also highlighting the need
for further work to sharpen the established bounds. We demonstrate evidence
on this complexity by calculating the refined Humbert invariant g 4 ¢y and then
extracting degree maps gg, r,, and we compute this invariant without using any
information related to endomorphism rings.

Our data list all the possible degree maps qg, g, over a finite field of charac-
teristic p. For a fixed finite field, we listed all possible refined Humbert invariants
of a principally polarized superspecial abelian surface (A, 0) = (Ey X Es, 05, xE,),
then we list all the possible degree maps g, g, which can appear over the pre-
scribed field. We reduce all the degree maps obtained using LLLred uctiorﬂ and
their first coefficient is the smallest integer represented by this form, namely the
minimum isogeny degree between F; and E5. We apply the same procedure for
all the degree maps for each prime in our data. The data of all the degree maps
can be used to understand the frequency of the minimum isogeny, and there are
mostly repetitions. For instance, the distribution for p = 647 and £ = 1 is demon-
strated in Figure [3] For every prime up to p = 727, we computed all the degree

15 This is equivalent to Minkowski reduced form, see [50, Theorem 2.2.2|, as the degree
map has 4 variables in our computations.
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maps, and we can verify these bounds with a distribution of minimum isogenies,
similar to the case of p = 647 as in Figure [3] To the best of our knowledge, this
is the first time that experimental data has been used to support these bounds.
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