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Abstract

We give an algorithm for computing an inseparable endomorphism of a supersingular elliptic curve E
defined over F,2, which, conditional on GRH, runs in expected O(p*/?(log p)?(log log p)?) bit operations
and requires O((log p)?) storage. This matches the time and storage complexity of the best conditional al-
gorithms for computing a nontrivial supersingular endomorphism, such as those of Eisentrager—Hallgren—
Leonardi—-Morrison—Park and Delfs—Galbraith. Unlike these prior algorithms, which require two paths
from E to a curve defined over [Fp,, the algorithm we introduce only requires one; thus when combined
with the algorithm of Corte-Real Santos—Costello—Shi, our algorithm will be faster in practice. Moreover,
our algorithm produces endomorphisms with predictable discriminants, enabling us to prove properties
about the orders they generate. With two calls to our algorithm, we can provably compute a Bass subor-
der of End(FE). This result is then used in an algorithm for computing a basis for End(E) with the same
time complexity, assuming GRH. We also argue that End(E) can be computed using O(1) calls to our
algorithm along with polynomial overhead, conditional on a heuristic assumption about the distribution
of the discriminants of these endomorphisms. Conditional on GRH and this additional heuristic, this
yields a O(p'/?(log p)?(loglog p)*) algorithm for computing End(E) requiring O((log p)?) storage.

1 Introduction

Let E be an elliptic curve defined over a finite field Iy, where ¢ is a power of a prime p. If E is ordinary, in order
to compute the (geometric) endomorphism ring End(E) of E, one must determine the index [End(E) : Z[rg]]
where Z[rg] is the order generated by the Frobenius endomorphism 7 of E. This problem has been well-
studied, and there exist algorithms for computing the endomorphism ring of an ordinary elliptic curve due
to Bisson and Sutherland [BS11] which run in expected subexponential time, conditional on reasonable
heuristics including the Generalized Riemann Hypothesis (GRH). Recently, Robert [Rob22] showed that,
given access to a factoring oracle, there is a polynomial-time algorithm for computing the endomorphism
ring of an ordinary elliptic curve.

When E is supersingular, its endomorphism algebra End’(E) := End(E) ® Q is a quaternion algebra,
and End(FE) is a maximal order of End’(E). In this case, there is no canonical imaginary quadratic order
which embeds in End(FE). Even worse, if we have a suborder A C End(F), there can be exponentially (in
log(disc(A))) many pairwise non-isomorphic maximal orders which contain A. This stands in contrast to the
ordinary case where we have a canonical embedding of a finite-index suborder and there is a unique maximal
order containing both this suborder and End(FE): this maximal order is the ring of integers of the imaginary
quadratic number field Q(7z) = End"(E).

This suggests that computing the endomorphism ring of a supersingular elliptic curve is a hard problem.
More precisely, there are no known efficient algorithms for solving the endomorphism ring problem:



Problem 1. Given a supersingular elliptic curve E defined over Fpz2, compute the endomorphism ring
End(E) of E, that is, compute a basis of the mazimal order O in the quaternion algebra B, oo such that
End(F) = O.

The assumption that Problem [1|is hard is central to the security of isogeny-based cryptography. Indeed,
in isogeny-based cryptosystems, a secret key is an isogeny of large, smooth degree between two supersingular
elliptic curves — a path in the supersingular isogeny graph — and the problem of path-finding in supersingular
isogeny graphs has been proven to be equivalent to the problem of computing supersingular endomorphism
rings, assuming GRH (see Eisentriger, Hallgren, Lauter, Morrison, and Petit [EHL™18], Wesolowski [Wes22]
and Page and Wesolowski [PW23]).

There are two approaches to computing the endomorphism ring of a supersingular elliptic curve E. One
approach uses the reduction of [EHL™18| to path-finding in isogeny graphs, and the second, perhaps more
straightforward approach, involves computing endomorphisms of F until computing a generating set for
End(FE). In the first approach, one computes a supersingular curve Ey with known or easily computable
endomorphism ring, which can be done efficiently assuming GRH with Broker’s algorithm [Bro09], and then
computes an isogeny Fy — E. With the isogeny Ey — E and End(Ep), one can efficiently compute End(E)
via the reduction in [EHL™18|. However, in isogeny-based cryptosystems such as SQIsign [DFKL™"20|, there
is a curve Ey with known endomorphism ring as a public parameter for the cryptosystem, a user’s public key
is another supersingular elliptic curve E, and their corresponding private key is a secret isogeny Ey — E.
Thus the reduction to path-finding gives a roundabout attack: any isogeny Ey — E is (at least functionally)
the secret key that an attacker wishes to compute, so an attacker would not need End(E) after having
computed any isogeny Ey — E. This motivates an investigation into the second approach to computing
End(E) and hence into the design of algorithms for computing a single endomorphism of E. This paper
focuses on the design of such an algorithm and an investigation into what can be proved about an order
generated by the endomorphisms output by a few calls to that algorithm.

The first algorithm for computing nontrivial endomorphisms of a supersingular elliptic curve E is due to
Kohel [Koh96] and runs in time O(p'*¢) for any € > 0; in Kohel’s strategy one first computes a spanning
tree of the f-isogeny graph rooted at E and then adds two edges to produce two cycles and thus two
endomorphisms of E. These two cycles generate a suborder. Delfs and Galbraith [DG16] compute an
endomorphism of F by finding two distinct isogenies ;: £ — FE; to two distinct F,-rational curves Ej,
i = 1,2, solve the easier problem of path-finding in the F,-rational isogeny graph of F,-rational supersingular

elliptic curves to compute an isogeny ¢: Ey — E», and return the endomorphism {ﬁ; o¢pory. The complexity
of finding an isogeny v;: £ — E; with F; defined over I, is O(p'/?), conditional on GRH, while the
complexity of the algorithm of [DG16] for pathfinding in the F,-subgraph is 6(1)1/4). Eisentrager, Hallgren,
Leonardi, Morrison, and Park [EHL™20] give an algorithm for computing a cycle, based at E, in the f-isogeny
graph G(p,¢) by finding two distinct isogenies ¢;: E — E® i =1,2, where E® is the codomain of the
p-power Frobenius isogeny 7: E — E® . Then @ o ¢ is an endomorphism of E. An isogeny E — E®)
is computed by first using ra/niiom walks in the /-isogeny graph to find an isogeny ,: E — FE; where

E, is defined over F,; then z/;ﬁ” ) o t is an isogeny E — E®) where 1) is the isogeny obtained by the
action of the Frobenius automorphism on 1 (see Section . The latter two algorithms for computing
a nontrivial endomorphism have the same asymptotic complexity, since both require two paths from E to
the F,-subgraph, but the algorithm of [EHL™20) is strictly faster since the overhead is polynomial in log p
compared to the exponential overhead O(p'/4) required to find a path in the F,-subgraph in the algorithm
of [DGI6].

In this paper we introduce an algorithm, Algorithm [1} for computing certain inseparable endomorphisms
of E which we define as inseparable reflections in Section [3] The idea is simple: to compute an inseparable
endomorphism of E, compute an isogeny v: E — E®) as described above, and return 7 o 1) where 7 is the
p-power Frobenius. Assuming the Generalized Riemann Hypothesis, it terminates in expected O(pl/ 2) bit
operations, it is low storage and easy to parallelize (unlike a generic low-storage collision algorithm such as
Pollard’s p). Algorithm (1| is twice as fast as the algorithms in [DGI16], [EHL. 20| since it requires only one
isogeny to a F,-rational curve, rather than 2. Thus Algorithm [I| reflects the state-of-the-art in conditional
algorithms for computing a nontrivial endomorphism of a supersingular elliptic curve (when combined with
the algorithm of Santos—Costello-Shi [CSCS22] for fast subfield detection). One might suspect that the fact
that the output is always an inseparable endomorphism of the input curve E might be an obstacle if one



was trying to use this algorithm to compute a generating set for End(E). To the contrary, we show that
Algorithm [1| improves on all previous algorithms for computing endomorphisms in a second way: we are able
to control the arithmetic properties of orders generated by endomorphisms output by Algorithm More
precisely, Algorithm (I has auxiliary inputs ¢ (a prime) and d (a positive square-free integer) that can be
chosen so that the output endomorphism generates an imaginary quadratic order that is maximal at every
prime except at £. As a consequence, with an appropriate choice of the auxiliary inputs, two endomorphisms
output by the algorithm will generate a Gorenstein order (Proposition and, with slightly more care, a
Bass order .

We give two algorithms for computing End(F) using Algorithm [} a rigorous (assuming GRH) algorithm
and a simple but heuristic algorithm. Let us first outline the rigorous version of the algorithm. First,
Algorithm [2| calls Algorithm [1| twice to produce a basis for a Bass suborder of End(E):

Theorem (Theorem. On input a supersingular elliptic curve E defined over F2, Algorithm computes a
basis of a Bass suborder of End(E). Assuming the Generalized Riemann Hypothesis, the algorithm terminates
in an expected O(p*/?(logp)?(loglogp)?) number of bit operations.

From a theoretical viewpoint, it suffices to compute a Bass suborder O of End(E): by [EHL™20, Propo-
sition 5.2], the number of maximal overorders containing a given Bass order A is bounded by a quantity
growing subexponentially in the size of AEL and one can efficiently enumerate these maximal overorders.
Using algorithms from [KLPT14, [EHL ™18, [Wes22], one can efficiently decide whether a given maximal order
O D A is isomorphic to End(E). Building on ideas in [EHL™20], Algorithm |3|computes End(FE) by comput-
ing a Bass suborder A of End(F), and then enumerates maximal orders O 2 A until finding O = End(FE).
In Section [4] we show that one can remove the heuristic assumptions needed in [EHL™20| and we prove the
following theorem:

Theorem (Theorem [5.5). There exists an algorithm (Algorithm @ which takes as input a supersingular
elliptic curve E defined over Fp2 and returns a basis of a mazimal order O contained in the quaternion algebra
ramified at {p,00} such that End(E) =2 O. Assuming the Generalized Riemann Hypothesis, Algorithm @
terminates in an expected O(p'/?(logp)?(loglogp)?) number of bit operations.

Summarizing the above theorems, two endomorphisms produced by Algorithm [I] generate a Bass suborder
of End(FE), and with subexponential overhead, we compute a basis for End(FE).

A more straightforward approach to computing End(F) is to compute several endomorphisms until finding
a generating set. Suppose we have an algorithm which generates a random endomorphism of a supersingular
elliptic curve E defined over IF,». What is the expected number of calls to that algorithm before finding a
set of endomorphisms which generate End(FE) as an order? In [GPS17], Galbraith, Petit, and Silva give a
heuristic argument that this expectation is O(logp). Our work in Section suggests that this estimate is
pessimistic: the expected number of calls is bounded by a constant, assuming a reasonable heuristic on the
distribution of the discriminants of random endomorphisms.

In this paper, we focus on computing End(F) with endomorphisms output by Algorithm We first
remark that no collection of inseparable endomorphisms can generate End(E): the endomorphisms produced
by Algorithm [I] are inseparable and hence belong to P, the 2-sided ideal of inseparable endomorphisms of E.
We show in Proposition that Z + P is the unique suborder of End(FE) of index p, and the only maximal
order containing Z+ P is End(E). In Section we show that the expected number of calls to Algorithm
before finding a generating set for Z + P is bounded by a positive constant that is not dependent on either p
or E, assuming Heuristic [6.1] which concerns the distribution of discriminants of endomorphisms produced by
Algorithm [1} Finally, with a basis of Z 4+ P, one can efficiently compute a basis of End(E) using algorithms
due to Voight [Voil3]. While this approach is no faster than the enumeration-style approach in Algorithm
it is simpler to implement: it requires only an implementation of Algorithm an implementation of a
generalization [BCNE™19] of Schoof’s algorithm [Sch95], and linear algebra to compute a basis for an order
in the quaternion algebra isomorphic to End(E). Our implementation of this algorithm and all necessary
subroutines in SageMath [The22| is available at https://github.com/travismo/inseparables.

In conclusion, we prove that two calls to Algorithm [1| produce a Bass order unconditionally, and, assum-
ing Heuristic only O(1) calls to Algorithm [I| (along with subexponential overhead) produce End(E).

L Actually, this is proven in [EHLT20] under the additional assumption that A is hereditary (i.e. its reduced discriminant is
square-free), but this assumption is not necessary; see the proof of Theorem
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Alternatively, by Theorem 1.1 of [ES24], two calls to Algorithm [I} the factorization of the discriminant of
the order generated by the output, and polynomial overhead will produce End(FE).

Note that by Theorem 8.8 of [PW23], there is an algorithm for computing End(E) in O(p'/2) bit oper-
ations unconditionally, but the algorithm also requires 6(p1/ 2) storage. On the other hand, the heuristic
algorithm for computing End(E) we provide in Section — compute inseparable endomorphisms with Al-
gorithm [1| until finding a basis for Z + P and then recover a basis for End(FE) with linear algebra — requires
only polylog(p) storage and terminates in expected O(p'/?(logp)?(loglogp)?) bit operations. Our provable
variant has the same asymptotic time complexity, and the storage complexity is determined by the storage
used to factor a single integer of magnitude O(p*).

The paper is organized as follows. In Section [2] we review the mathematical background of the paper
and fix our notation. In Section |3, we study the properties of the suborder Z + P C End(E), where P is the
ideal of inseparable endomorphisms of E. We also define inseparable reflections, building on the definition
of (d, €)-structures of Chenu and Smith [CS21], and study the structure of quaternionic orders generated by
inseparable reflections. In particular we determine when they generate Gorenstein (Proposition and
Bass (Theorem orders in End(FE). Section 4| makes the ideas in Section [3| effective. First, we analyze
Algorithm [T} which computes inseparable endomorphisms of E. Next, we use Algorithm [I]in Algorithm [2]
to compute a Bass suborder of End(FE). In Section |5, we introduce Algorithm [3] which provably computes
End(E) and, conditional on GRH but no further heuristics, terminates in O(p/2) time. Algorithm [3{ calls
Algorithm [2] along with algorithms of [EHL ™18, [EHL™20, [Wes22], to compute a basis for End(F). Finally,
in Section [6} we propose a heuristic algorithm to compute End(F) in which we first find enough inseparable
reflections to generate Z + P and then use linear algebra to compute a basis for End(F) from a basis for
Z + P. In Appendix [A] we discuss some of the algorithmic aspects of this approach.
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2 Notation and background

In this section we fix our notation and recall some definitions and facts about elliptic curves and quaternion
algebras. We refer the reader to Silverman [Sil09, Chapters III and V] and Voight [Voi21] for details.

2.1 Elliptic curves

Let ¢ be a positive power of a prime p > 3, and let I be an elliptic curve defined over the finite field F,. Since
isomorphic elliptic curves have isomorphic endomorphism rings, we may always assume that E is defined by
a short Weierstrass affine form E : y? = 2% + az + b, with a,b € F,, such that 4a® + 27b% # 0. An isogeny
¢: E — E' between two elliptic curves is a non-constant rational map inducing a group homomorphism

E(F,) — E'(F,). An endomorphism of E is either an isogeny E — E or the zero-map on E. We define the
elliptic curve E®) : ¢ = 2% + aPz + b, and we denote by 7 the p-power Frobenius isogeny m: E — E®)
defined by 7(z,y) = (aP,yP). We use the same notation 7 for every such Frobenius isogeny, independent

of the choice of the starting elliptic curve. We let mg denote the Frobenius endomorphism which sends



(z,y) — (2%,y?). For an integer n, we denote by E[n] the n-torsion subgroup of E, consisting of points of F
of order dividing n. The elliptic curve E is supersingular if and only if E[p] = {0}.

For elliptic curves E, E’ defined over F, we use the notation Hom(E, E’) for the set of isogenies from E to
E’ defined over F, together with the zero map. If L/FF, is an algebraic extension, we let E, denote the base
change of E from F, to L and let Homp (E, E') :== Hom(Ey, E}). Finally we call End(E) = Homﬂ(E7 E)

the (geometric) endomorphism ring of E and End’(E) = End(E) ®z Q the (geometric) endomorphism
algebra of E. When E is a supersingular elliptic curve defined over F,, E has a model defined over F,> since
its j-invariant is in IF,,>. Moreover, we can choose a model of I so that all of its isogenies are defined over
F,2 as well: indeed we can choose a model so that the trace of mg of E is 2p, in which case 7 = [p], the
multiplication-by-p map. If ¢»: E — FE’ is an isogeny between any two such models of elliptic curves E and
E’, then Y7 = mg)p and so ¢ is defined over F 2 as desired.

In this paper, we focus on supersingular elliptic curves over Iz, although some of the results are stated
for elliptic curves over F,. If E/F,. is a supersingular elliptic curve, then EndO(E) is isomorphic to the
definite quaternion algebra B, -, over Q ramified exactly at p and oo, and End(F) is a maximal order in
End’(E). Computing End(E) entails finding a basis of a maximal order @ in B, ,, such that End(E) ~ O.

2.1.1 TIsogeny graphs

We now define supersingular isogeny graphs; see [Mes86], [Koh96, Chapter 7], and [BCC™23| Section 3| for
additional details. Let p > 3 and ¢ be distinct primes. The supersingular £-isogeny graph in characteristic
p, denoted by G(p, ), is a directed multigraph, consisting of supersingular elliptic curves over IF?, and their
(-isogenies. More precisely, the vertex set of G(p,¢) is V. = V(p), a complete set of representatives of
isomorphism classes of supersingular elliptic curves over F,2. For E, E’ € V, the arrows in G(p,¢) from E to
E’ are a complete set of representatives of equivalence classes of f-isogenies £ — E’, where two /-isogenies
¢,: E — E' are equivalent if ¢ = wy) for some automorphism v € Aut(E). This graph is finite, with
approximately (p — 1)/12 many vertices: indeed, by [Sil09, V.4.1(c)], the number of vertices in G(p, ¢) is

1 :p=1 (mod 12)
#V(p) = Vl?J +4¢1 :p=5,7 (mod 12)
2 :p=11 (mod 12)

and the out-degree at each vertex is constant, equal to £ + 1.

Consider the C-vector space H with basis V. Let ag_, g denote the number of cyclic subgroups C < E[/)
of order ¢ such that E/C ~ E'. Define the adjacency operator A = A({,p) on H by AE =5 ., ap—pF'.
Define wg = # Aut(E)/2. The vector space H is equipped with an inner product defined by (E, E') = wg
if £ = E’ and 0 otherwise. Define & =} 5, wglE. Then

_ _1_p—1
(€.6) =) wp'="7—

EcV

and & is an eigenvector for A with eigenvalue £+ 1. The adjacency operator A is self-adjoint as an operator
on H with respect to (-,-). Thus A has all real eigenvalues. Moreover, G(p,{) is a (directed) Ramanujan
graph: the magnitude of the second largest eigenvalue of A is bounded by 2v/7.

This implies that the random walk in G(p,f) mixes rapidly, a fact that we exploit in our algorithms
for computing endomorphisms of supersingular elliptic curves. More precisely, a probability distribution on
G(p,?) is a vector v = > p_, vgE € H such that ), ., vg = 1 and vg > 0 for all £ € V. The random

walk on G(p,¥) is the Markov chain defined by the transition matrix P = 64%1‘4' Then s = £/(E,E) is the

stationary distribution for the random walk. Let v be any probability distribution on G(p, ¢) and v®) = Pty,
the probability distribution obtained by sampling according to v and then taking ¢ many random steps in
G(p,¢). The Ramanujan property guarantees that as ¢ — oo, the sequence of distributions v® rapidly
converges to s: for example, we have that the total variation distance between v(¥) and s is O(p_l/ ) if
t = Q(logp), where the implied constants depend on ¢ but not on p or t.

We can compute random walks in G(p, ) using the £th classical modular polynomial ®,(X,Y) € Z[X,Y],
which over a field k with char(k) # ¢ parameterizes k-isomorphism classes of elliptic curves connected by an



¢-isogeny with cyclic kernel. Given a supersingular elliptic curve, by selecting a random root j of ®¢(j(E),Y)
(weighted according to its multiplicity as a root), we can effectively take a random step from F to one of its
neighbors in G(p, ).

2.2 Quaternion algebras

Let F be a field. A quaternion algebra B over F' is a central simple F-algebra of dimension 4. Let a,b € F'*,
and let H(a,b) .= F ® Fi® Fj® Fij be the F-algebra with F-basis {1,4, j,4j} subject to the multiplication
rules i = a, j2 = b, and ij = —ji. Then, H(a,b) is a quaternion algebra. Moreover, assuming that
the characteristic of F' is not 2, for any quaternion algebra B over F', there exist a,b € F' such that B is
isomorphic to H(a,b).

2.2.1 The canonical involution

Let B = H(a,b) be a quaternion algebra over F' with basis {1,4, j,ij}. The standard involution of B is the
F-linear map = B — B such that if « = w + xi + yj + zij € B, then @ = w — xi — yj — 2zij. Note that
it satisfies 1 = 1, @ = a, and af = Ba for every a, 3 € B. We define the reduced trace of & € B to be
Trd o := a4+ @ and the reduced norm of o to be Nrd o :== aa. Both Trd @ and Nrd « are in F' for any o € B.
Note that a and @& are roots of their characteristic polynomial #? — (Trd )z + Nrd a.

The reduced trace defines a pairing (-,-): B x B — F defined by (o, 3) + Trd(e,3). The corresponding
quadratic form @ : B — F is defined by Q(a) = Nrd(«), for o € B. Now, let B = {e1, e2,e3,¢e4} be a basis
of B. We define the Gram matriz of Q with respect to the basis B as the matrix

G = ((€i,€)))1<i jea = (Trd(ei€)) 1 <; i<y -
Then, for o = z1e1 4+ x2es + x3€3 + 1464 and § = y1e1 + Yoo + yses + yaeq, with x;,y; € F, we have
(o, B) = Trd(aB) = Gy,
where © = (21, 2,23, 24) and y = (Y1, Y2, Y3, Y1)

2.2.2 Completions, splitting, and ramification

Let Q, denote the completion at a place v of Q. Here, Q, = Q, for some prime p if v is a finite place, and
Q, = R if v is the infinite place. If B is a quaternion algebra over Q, then B ® Q, is a quaternion algebra
over Q,. A quaternion algebra over Q, is either the unique division algebra of dimension 4 over Q, or is
isomorphic to M2(Q,). If B® Q, ~ M5(Q,), we say that B is split at v. If B® Q, is a division algebra, we
say that B is ramified at v. The set of places of Q where B is ramified is a finite set of even cardinality. If B
is not ramified at any place, then B ~ M5(Q). The discriminant disc(B) of B is the product of all primes
p at which B is ramified.

2.2.3 Quaternionic ideals and orders

Let B be a quaternion algebra over Q. A Z-lattice I in B is a finitely generated Z-submodule of B such that
QI = B. A Z-order O C B is a Z-lattice in B which is also a subring. Analogously, one defines a Z,-order
in the quaternion algebra B ® Q,,. Given a lattice I in B, the left order of I is Op(I) :={a € B:al C I},
and we similarly define its right order Og(I) := {a € B : Iao C I'}. A lattice I C B is a left (vesp. right)
fractional O-ideal it O C Or(I) (resp. O C Or(I)), and a fractional left O-ideal I is an integral left O-ideal
(or simply a left ideal of O) if I C O. If I is both a left and right O-ideal, we say that I is a two-sided ideal
of O. For a left (or right) O-ideal I, define the reduced norm of I to be Nrd(I) := ged({Nrd(e) : « € T}).

An order O C B is mazimal if it is not properly contained in any other order. There can exist distinct
maximal orders in B which can even be non-isomorphic.

The situation is a little simpler for B ® Q,. Indeed, if B is split at p, there are infinitely many maximal
orders in B ® Qp, but they are all conjugate to Ma(Z,). If B® Q, is a division algebra, then one can extend
the valuation on Q, to B ® Q,, and the unique maximal order is the valuation ring. A Z-order O C B is



maximal if and only if O ® Z, is a maximal Z,-order in B ® Q, for every prime p [Voi2ll, Lemma 10.4.3].
Thus, maximality of an order in B is a local property.

We can define the notion of discriminant also for an order O C B. Let oy, as, ag, ay be a Z-basis of O,
then the discriminant disc(O) is defined as

diSC(O) = det((ai,aj>)1§i7jg4 = det(Trd(aidj)))1Si7jS4 € 7.

It is possible to show that disc(O) is always a square, so we define the reduced discriminant discrd(O) of
O to be the positive integer satisfying discrd(0)? = disc(O). A Z-order O is maximal in B if and only if
discrd(O) = disc(B) [Voi2ll, Theorem 15.5.5]. Moreover, if O C @', then discrd(O) = [O': O] discrd(O’),
where [O: O] denotes the index of O in O’ as abelian groups [Voi2l, Lemma 15.2.15].

We recall some of the properties of orders in a quaternion algebra B over Q. We say that a Z-order
O C B is Gorenstein if every left ideal I of O satisfying Op(I) = O is invertible. The order O is Bass
if every overorder @' O O is Gorenstein. An order O is Bass if and only if it is basic, meaning that O
contains a maximal order in a commutative subalgebra of B, and being basic is a local property [Voi2ll
Proposition 24.5.10]: this fact was originally proved by Eichler [Eic36, Satz 8] for quaternion algebras over
Q, and generalized in [CSV21]. This allows us to prove that an order is Bass by producing, for each prime
£, an imaginary quadratic order R in O whose conductor is coprime to £.

2.3 Computing in finite fields and quaternion algebras
2.3.1 Algebraic operations over .

We will state the complexity of our algorithms in terms of bit operations. Let lloga denote loglogx.
Because supersingular elliptic curves and their isogenies may all be defined over F,>, we record here the bit
complexity of various algebraic operations over Fp 2. Let M(n) denote the bit-complexity of multiplying two
n-bit integers. Then M(n) = O(nlogn) [HvdH21]. Let a,b € F)2. We can compute the sum a+b, the product
ab, and (when a # 0) the inverse a~! in O(logp), O(M(logp)) = O(log p(llog p)), and O(M(log p)llog p) =
O(log p(llog p)?) bit operations respectively, see [vzGG13, Corollary 9.9, Theorem 8.27, Corollary 11.11].
For a polynomial f € F,2[z] we can compute the irreducible factors of f in Fj2[z] and their multiplicities
in expected O(dM(d) log(pd)M(log p)) = O(d?(log d)(log pd)(log p)(llog p)) bit operations [vzGG13, Theorem
14.14].

2.3.2 Computing in quaternion algebras

We will often require algorithms to take an order in a quaternion algebra as an input, or provide one
as an output. We represent a quaternion algebra H(a,b) by the rational numbers a,b. The size of a
rational number m/n with ged(m, n) = 1 is the number of bits required to specify the integers m and n and
therefore size(m/n) = O(max{log,(m),logy(n)}). We represent elements of H(a,b) as Q-linear combinations
of the symbols 1,4, j,ij and use the multiplication rules i* = a,j? = b, ij = —ji. The size of H(a,b) is
the number of bits required to represent the multiplication table for the basis 1,1, j,4j, so size(H/(a,b)) =
O(max{size(a), size(b) }). Given a vector v € Q*, define size(v) be to be the sum of the sizes of its coefficients.
We represent an order in O by four vectors vy, vo, v3,v4 € Q* which are the coefficient vectors of a basis of O
in terms of the basis 1,1, j,7j. The size of a Z-basis {v1, va, vs,v4} for O is the size of H(a,b) plus ) size(v;).
We will often abuse notation and write O as the input or output to an algorithm; by this we mean a basis
of O is the input or output. In this context we will also write size(Q) for the size of the input or output
basis. Various other integer quantities capturing the size of O, such as its (reduced) discriminant, have size
polynomial in the size of a suitable basis of O.

3 Inseparable endomorphisms

Let E be a supersingular elliptic curve defined over )2 and let o € End(E). We say that « is inseparable if
a = mo¢, where ¢ € Hom(F, E®). The set of inseparable endomorphisms P := 7 Hom(F, E®) is a 2-sided
ideal of End(FE) and we refer to it as the ideal of inseparable endomorphisms of E.



In this section, we first study the arithmetic properties of Z + P C End(F). Then in Subsection 3.2, we
focus our attention on a particular kind of inseparable endomorphisms that we call inseparable reflections.

3.1 Properties of Z+ P

For completeness, we present the results of this subsection in the more general setting where B is a quaternion
algebra over QQ ramified at a prime p.

Proposition 3.1. Let B be a quaternion algebra over Q ramified at a prime p. Let O be a mazximal order
in B and let P be the 2-sided ideal in O of reduced norm p. Then Z + P is a suborder of O of index p, and
O is the unique mazximal order of B containing Z + P.

Proof. We begin by showing that Z + P is an order. First, it is a lattice since it is finitely generated and
B =PQ C (Z+ P)Q. Second, since P is an ideal, Z + P is closed under multiplication and contains 1 € B
so Z + P is a subring of B. Therefore Z + P is a suborder of O.

We now calculate the index of Z + P in O. Let D = disc(B). Since P is invertible (as it is an integral
ideal of a maximal order, see [Voi21l, Proposition 16.1.2]), by [Voi21l Proposition 16.7.7(iv)], we conclude
[O : P] = Nrd(P)? = p?. Since Z N P = pZ by [Voi2l, 18.2.7(b)], as Z-modules we have (Z + P)/P =
Z/(Z N P) 2 Z/pZ. Therefore, [Z + P : P] = p. By multiplicativity of the index, we have [0 : Z + P] = p,
so [Voi2ll Lemma 15.2.15] implies

disc(Z + P) = [0 : Z + P)* disc(O) = p*>D? = (pD)>.

Now we show that O is the only maximal order containing Z + P. First, an order A in B is maximal at
a prime ¢ # p if and only if vy(discrd(A)) = v¢(D)[Voi2ll, Lemma 15.5.3, Example 15.5.4]. Since the reduced
discriminant of Z 4+ P is pD, we have v¢(discrd(Z + P)) = ve(p) + ve(D) = ve(D), so the order Z + P is
maximal at any prime ¢ # p. This implies O ® Zy = (Z + P) ® Z, for any ¢ # p. Moreover, since B is
ramified at p, by [Voi21l, Lemmas 10.4.3, 13.3.4], O ® Z,, is the unique maximal order of B® Q, and contains
(Z+ P) ® Zy. Therefore, for every prime ¢, O ® Z; is the unique maximal Z,-order containing (Z + P) ® Z,.
By [Voi2ll Corollary 9.4.7, Theorem 9.4.9, Lemma 9.5.3], we conclude that O is the unique maximal order
containing Z + P. O

Remark 3.2. The order Z + P is not hereditary [Voi21l Definition 21.4.1], since its reduced discriminant is
divisible by p? and therefore is not square-free [Voi2ll Lemma 23.3.18]. It is not Eichler [Voi21, Definition
23.4.1], since it fails to be Eichler at p (it is not maximal at p, and the only Eichler order in a local division
quaternion algebra is the unique maximal order). The order Z + P is Bass, as its reduced discriminant is
pD and thus cubefree [Voi21l Exercise 24.6.7(a)]. However, the order Z + P is residually ramified at p since
(Z+ P)/P = Z/pZ (see [Voi2l], 24.3.2] for a definition of residually ramified). Finally, the order Z + P is the
order of level p* in its unique maximal overorder (see [Piz80b, Definition 3.5]).

Remark 3.3. Let E/F,: be a supersingular elliptic curve. To compute a basis of End(E), one can first
compute a basis of Z + P C End(E) and then use Algorithms 7.9 and 3.12 in [Voil3] to recover a basis of
the unique maximal order O containing Z + P. In fact Proposition implies O = End(F). We refer the
reader to section of the Appendix for algorithmic aspects of recovering End(FE) from Z + P.

3.2 Inseparable reflections

We now define, inside the ideal of inseparable endomorphisms of E, the inseparable reflections. These are
inseparable endomorphisms whose construction is based on a symmetry of the supersingular /-isogeny graph
G(p,£) given by the Galois involution (see Subsection for a formal definition).

3.2.1 The Galois involution of G(p,{)

Let 0p: F,2 — Fp2 be the p-power Frobenius automorphism such that o, (o) = o?, for o € Fj2. The Galois
group Gal(F,:/F,) = (0,) acts on the set of elliptic curves defined over F 2 sending F to E(®). Note that
(E®)®) = E and that E®») = E if and only if E is defined over F,,.



Similarly we can define an action of Gal(F 2 /FF,) on separable isogenies defined over IF,2. Given a rational
function f € Fp2(z,y), let f (P) denote the rational function obtained by raising the coefficients of f to the
p-th power. Given a separable isogeny ¢: Fy — Eo defined over F 2, let us choose representative coordinate
functions f,g € Fj2(E,), defined on E; — ker ¢, so that ¢(z,y) = (f(z,y),9(x,y)). Therefore, o, maps ¢ to

the isogeny ¢ E§p) — Eép) such that ¢® (z,y) = (f®)(z,y),g® (x,y)). Tt is easy to see that the kernel
of ¢P) is 7(ker ¢). Moreover, we have (¢(P))P) = ¢,

Lemma 3.4. Let Ey, Ey, and E3 be elliptic curves defined over Fp2, and let ¢y : By — Ey and ¢3 : By — E3
be separable isogenies defined over Fp2. The following hold.

(a) (¢pz0¢1)P) = ngp) o QSgp)
(b) ngp) oM =Tmo ¢1.

(c) (qﬁgp))(p) = Q/f)\l Equivalently, g/b\l(p) = gp)'

Proof. Part (E[) follows from the calculation that for functions f,g,h € Fp2(x,y), we have

(f(g(,), b, y)) P = P (P (2, ), AP (2, y)).

Next, we prove (]ED Let us choose representative coordinate functions f, g so that ¢1(z,y) = (f(z,v), g9(x,y)).
Then, 6" (z,y) = (f®(2,y), 9% (x,y)). This implies

(6" o m)(w,y) = o1 (2, ")
f(p)(xp yp)’g(p)(wp ?))

= ((f(z,9))", (g(z,y))")

= (mo¢1)(z,y).

We now prove . We compute

@) 01 = ()P 0 (6) = (o) 0 61")®
= ([deg 6] )@ = ([deg ¢1] )P
= [deg ¢1]E1 )

where the first equality follows since ¢, is defined over IF,2, in the second equality we used part , and in the

fourth one we used deg ¢, = deg (;Sgp ). The last equality follows from the fact that coordinate functions for

the multiplication-by-m map on a curve E are determined by g ,,,, the mth division polynomial of E [Sil09]
(p)

Exercise 3.7], along with the observation that the recursive definition of ¢ g ,, implies VEm = YE®) m-
Therefore E = ((bgp))(p). O

Because every F,-isomorphism class of supersingular elliptic curves contains a model defined over Fp2 such
that all the isogenies are also defined over F,2, the Frobenius automorphism o, € Gal(IF,2/F,) induces an
automorphism of order 2, i.e. an involution, of G(p, £). In particular, for every ¢-isogeny ¢ : E1 — FE5 there is
the (-isogeny ¢®) : Eip ) Eép ). The fixed vertices of this automorphism correspond to supersingular curves
defined over F,, and following the terminology of [ACNL™ 23], this action can be visualized as a reflection of
G(p,?) over the spine consisting of curves defined over F,. Going forward, in order to lighten the notation,
we write 1 ¢, instead of ¢ o ¢, for the composition of two (or more) isogenies.

3.2.2 Arithmetic properties of inseparable reflections

In order to define inseparable reflections we introduce the concept of (d, €)-structures, defined by Chenu and
Smith in [CS21] (see also the notion of d-admissable curves in [MSS16]).



Definition 3.5. Let d be a positive integer coprime to p. A (d,€)-structure is a pair (E,1) where F is an
elliptic curve defined over Fj» and ¢: E — E®) is a degree d-isogeny satisfying ¢/(®) = e with € € {£1}.
We say that (E,d) is supersingular if E is supersingular.

A (d, €)-structure (F, ) yields an endomorphism p = 7 of E, which Chenu and Smith call its associated
endomorphism. When d is square-free, a supersingular (d, €)-structure (E, 1) yields an associated endomor-
phism pu = 7 of E such that Z[u] = Z[\/—dp], [CS21), Proposition 2]. In fact, this holds for arbitrary d
coprime to p, assuming p > 3.

Proposition 3.6. Let d be an integer coprime to a prime p > 3, and let (E, ) be a (d,€)-structure. If
w = m is the associated endomorphism of E, then u*> = [—dp| and mg = —ep.

Proof. The argument is similar to those in Propositions 1 and 2 of [CS21]. First, since (E, %) is a (d, €)-
structure, we have )®) = e, Therefore,

p? = mpmp = arpPlyp = wEaZz/; =edng.

Let 22 — ax + dp be the characteristic polynomial of z. We now show a = 0. Suppose toward a contradiction
that @ is nonzero. We have au = 2 + dp = edrg + dp. Taking traces, we have

a® = Trd(ap) = Trd(ednp + dp) = ed Trd g + 2dp.

We first observe that this implies d|a®. Since F is supersingular, we have p| Trd 7z, so we conclude p|a?, and
since p is prime, p?|a? as well. Since p and d are coprime, dp? divides a®. Since we assume a is nonzero, we
obtain dp? < a?. On the other hand, Z[u] must have non-positive discriminant, so a? — 4dp < 0. Thus

dp® < a® < 4dp,

which implies p < 4. This is our desired contradiction, so we conclude a = 0 and p? = —dp. Finally, we
have 0 = ed Trd 7 + 2dp, which implies Trd 7y = —2ep. This implies 71p = —ep. O

We now discuss a construction of a (d, €)-structure for d which is not necessarily square-free.

Proposition 3.7. Let E; be a supersingular elliptic curve. If ¢: Ey — Es is a di-isogeny and (Es,v) is a
(d, €)-structure, then (E1,¢®)v¢) is a (d3d,€)-structure.

—

Proof. We must show (@wqb)@) = 65(;)1%)1

(6PY§) ) = ()PP by Lemma B4} part (3)
= gy g®) by Lemma [3.4] part
= dethp®) (E,%) is a (d, €) — structure
— e@z/;qﬁ.

O

Below, we define a special type of associated endomorphism to a (d, €)-structure. We call these endomor-
phisms inseparable reflections since they arise from paths in isogeny graphs whose image under the Galois
involution is the same path, traversed in the opposite direction.

Definition 3.8. Let p be a prime, and let di,d be coprime integers, with d square-free, which are both
coprime to p. An inseparable reflection of degree d3dp of a supersingular elliptic curve E; defined over Fp2
is an endomorphism

o =m1Pye

such that ¢: F1 — FEs is a cyclic di-isogeny, (Fa,v) is a (d, €)-structure, and ¢ does not factor nontrivially
through an isogeny ¢': E; — E} such that E} has a (d, €)-structure (Ej,v').
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We now study the arithmetic of orders generated by inseparable reflections. First, we determine the
imaginary quadratic order generated by a single inseparable reflection, then we study orders generated
by two or more inseparable reflections. In particular, we give sufficient conditions for when two inseparable
reflections do not commute and hence generate a quaternionic suborder of End(E). The following proposition
follows immediately from Propositions and

—

Proposition 3.9. Let E be a supersingular elliptic curve defined over Fp2, and let « = 7w¢p®P)p¢ be an
inseparable reflection of degree d3dp. Then o? = [—d3dp| and in particular o has trace zero.

We show in Lemma [3.17] that the kernel of an inseparable reflection is cyclic. For this, we need the
following lemma. This will be needed in when we study orders generated by two or more inseparable
reflections.

Lemma 3.10. Let E1, Es, and E3 be elliptic curves defined over Fy and let ¢1: E1 — Es and ¢o: Ey — Es
be separable, cyclic isogenies. Then ker(pap1) is cyclic if and only if ker ¢1 Nker ¢o is trivial.

Proof. If kera Nker ¢po = G is nontrivial, let 7: E5 — E’ be a separable isogeny with kernel G, where E’ is
an elliptic curve defined over F,. Then, both ¢; and ¢, factor through 7: there exist isogenies 11,9 such

that ¢1 = 117 and ¢s = YT

E14>E *>E3

N

Then,
P21 = Y2171 = hath1 [#G]
does not have cyclic kernel. o
Now assume that ker(¢a¢1) is not cyclic. Let S € Ey(F,) such that ker¢o = (S), the cyclic group
generated by S, and let Q € E1(F,) such that ¢1(Q) = S. Also let P € E;(F,) such that (P) = ker ¢1.

First, we claim that ker(¢2¢1) = (P) + (Q). Let P’ € ker(¢a¢p1). Then, ¢1(P’) = [a]S for some a.
Therefore, P’ — [a]Q € ker ¢;. Thus,

P'=(P'—a]Q) + [a]Q € ker ¢1 + (Q) = (P) +(Q),

i.e. ker(go¢1) C (P) + (Q). Since ¢1 ((P) + (Q)) C ker ¢, we also have that ker(¢ap1) 2 (P) + (Q). Thus,
ker(¢2¢1) = (P) +(Q).

Since we assume that ker(¢2¢1) is not cyclic, (P) + (Q) contains F;[d] for some d > 1. Note that d
and deg ¢ are not coprime, since otherwise ¢1(FE1[d]) = Es[d] and thus Es[d] C ker ¢o, contradicting the
assumption that ker ¢ is cyclic. Let g = ged(d,deg¢y). Then, Ei[g] C FEi[d] and Ei[g] C Fi[deg¢1].
Now we have that ¢1(E1[g]) C ker ¢ and also ¢1(E1[g]) C ker ¢, = ¢1(E1[deg ¢1]), therefore ¢1(FEn[g]) C
kerg/b: Nker ¢o. Since ¢y is cyclic and g > 1, ¢1(FE1[g]) # 0, so kerg/bz Nker ¢o # 0. O

Lemma 3.11. Let E be a supersingular elliptic curve defined over IFp2 and let o = 7rgz5 Jip¢ be an inseparable
reflection of degree d2dp. Then the kernel of o is cyclic.

Proof. Tt suffices to show that 50-7)1/@ E, - E(p ) has cyclic kernel. Assume that ker (¢pPahe) is not cyclic.
Let E5 be the codomain of ¢. We show that there is an 1sogeny T: E2 — FE3 such that ker 7 C kergb and Fj3
has a (d, €)-structure. By Lemma | we have that G = ker¢ N ker qb(l’ 1 # 0. Note that G is defined over

IFp2, since it is contained in kergb Wthh is defined over IF,2. Let 7: 3 — E3 be an isogeny defined over IF)2
with kernel G.
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We show that E5 has an (d, €)-structure. By [CS21] Lemma 1], it suffices to show that End(FEs) contains
a quadratic order isomorphic to Z[v/—dp].

First, we claim that 7 (G) = G. Since G C ker(qﬁp\)w), we have that
P(G) C ker@ = (ker §).

Since ged(dy,d) = 1, we see that 1 induces an isomorphism Es[di] — E(p) [d1]. Thus, since G C FEs[dy],
we have #¢(G) = _#G. Moreover, ker ¢ is cyclic, so m(ker qb) is also cyclic. Therefore, ¥(@G) is the unique
subgroup of 7 (ker qS) of order #G. Since the unique subgroup of ker(;S of order #G is also G, we have

P(G) =m(G).

From this we conclude that
™)(G) = n(7(G)) = G,

where the last equality holds since 7 is defined over Fj2. Therefore the proof of the claim is complete.

Now consider the endomorphism
p =TmYT € End(E3).

We claim that p(Es3[deg7]) = 0. Indeed,

p(Es[deg 7)) = pT(Esldeg 7]) = mrp(ker 7) = 7p(G) = 7(G) = 0.

ThUS o= 7[) is an endomorphlsm of E3 Observe that
1 1 —dp
2 ~ ~ ~
no = ( )2T7T’(/)TT7T1pT = Tﬂw w TT = —dp,

so Z[u] = Z[\/—dp]. As mentioned above, by Lemma 1 of [CS21], it follows that E5 has a (d, €)-structure
(indeed, pp = my)’ for an isogeny ¢’: F3 — Eép), and (Es3,1") is the desired (d, €)-structure).
O

3.3 Quaternionic suborders of End(E) generated by inseparable reflections

In this section we study orders generated in End(F) by two inseparable reflections. The main result in
this section, Theorem shows that assuming some mild restrictions on their degrees, two inseparable
reflections generate a Bass suborder of End(FE). First, we use Lemma Lemma and Lemma to
give sufficient conditions for two inseparable endormophisms to not commute and therefore to generate a
quaternionic suborder of End(F).

Theorem 3.12. Let E be a supersingular elliptic curve defined over F,2, and let oy = qu(p)wlqbl and

= ﬂ¢(p)w2¢g be inseparable reflections of degree didp and d3dp. If ker ¢1 # ker ¢, then oy and as do
not commute.

Proof. Assume that «; and as commute. Then, Q(a1) = Q(aw2), so there exist integers k,m,n such that
[k]ay = [m] + [n]ae. By Lemma we have Trd(a;) = Trd(az) = 0, so m = 0 and [k]ay = [n]as.
We claim that kln. Write n = kg + r with 0 < r < k. Note that since [n|(az(E[k])) = 0, we also have

[7](a2(E[k])) = 0. This implies o (E {ﬁkr)}) = 0. The kernel of ay is cyclic by Lemma [3.11} so we

12



must have that k/ged(k,r) = 1 and hence ged(k,r) = k implying » = 0. Thus k|n. Therefore a; = [n/k]as.
Now, since a; has cyclic kernel by Lemma [3.11} we conclude n/k = £1. Thus a3 = tas so ker ag = ker ag
and deg ¢1 = deg ¢o. Therefore, using the property that ker c; is cyclic for ¢ = 1,2, we obtain ker ¢; =
ker ¢o. O

We now show that we can control arithmetic properties of an order generated by two inseparable reflec-
tions with mild assumptions on their degrees.

Proposition 3.13. Let E be a supersingular elliptic curve defined over Fp2, and let dy,ds, d be three pairwise

coprime integers, with d square-free. For i = 1,2, let a; = 7T¢§p)’t/)i(]57; € End(E) be an inseparable reflection
of degree d3dp.

(i) The endomorphisms 1, a1, aa, a1aa generate an order
ANoyar = Z+ Zag + Zag + Zaras € End(E).

(ii) The endomorphism aiag factors through the multiplication-by-p map, so

—Q1Q
p

is an endomorphism of E. The discriminant of Ao, a, 18
disc(Aayap) = p* - ((Trd p)? — 4deg p)? = p* - (disc p)?.
(i1i) The order Ay, q, is Gorenstein.
Proof. Lemma (3.9 implies that oy and as are non-scalar endomorphisms. Since d; # da, we have that
ker g1 # ker¢o so ajas # asa; by Theorem [3.12] The endomorphisms «; and ao are noncommuting,
nonscalar elements of End”(E), s0 Ag, a, is a lattice in End’(E). Since a1, az, ajay are integral, the lattice

An, o, is a ring containing 1, so it is an order, completing the proof of part .
To prove part we compute discrd(Aq, o, ). Since Trd o; = 0, we have &; = —a;, S0

-1 1~ e — VD
p=—aaz= ]—Jaslwmm&%é”)wm = 919168 6 s

The Gram matrix of the basis 1, ay, as, ajas is

2 0 0 —pTrd p
G 0 2pdd?  pTrdp 0
0 pTrdp 2pdd3 0
—pTrdp 0 0 2(pdydad)?

A calculation shows that its determinant, and therefore the discriminant of Ao, is
det(G) = p* - ((Trd p)® — 4deg p)® = p* - (disc p)?.
Finally we prove part . We claim that the ternary quadratic form attached to Ay, q, is
Q(x,y, 2) = pdd52” + pddiy® + 2* — tpry,

where ¢t = Trdp. A calculation shows the basis 1,4 = a1, = ag,k = asay of Ay e, 1S a good basis in
the sense of [Voi2ll 22.4.7], i.e., there exist integers a,b,c,u,v,w satisfying i2 = wi — be, j2> = vj — ac,
k? = wk — ab and jk = aa ki = b}'\7 and ij = ck. Given a good basis, the corresponding ternary quadratic
form is az? + by? + c2? + uyz + vz + way (see the proof of [Voi2ll, Proposition 22.4.12]). In the case of the
basis 1, a1, ag, agag for A, we have a = pdd3, b = pd3, c =1, u = v =0, and w = —tp. The quadratic form
@ is primitive since its coefficients are coprime, so A is Gorenstein by [Voi21l Theorem 24.2.10]. O
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Remark 3.14. The lattice A, := Z + Zay + Zoy + Zp in End(E) is also a suborder of End(FE) and clearly
Aoias © Ay, The order Ay, o, is non-maximal precisely at p and the primes dividing the discriminant of p.
Assuming that p t disc(p), the order A, is the unique p-maximal order containing Ay, , whose localizations

at all £ # p agree with those of Ay, q,-

Theorem 3.15. Let E be a supersingular elliptic curve defined over F,2, and let dy,ds,d be three pairwise

coprime integers, with d square-free. Fori=1,2, let

p?s

a; = m,¢Phigy; € End(E)

be an inseparable reflection of degree dZdp. Finally, assume that —dp # 1 (mod 4). Then the order Ay, a, is
Bass.

Proof. Propositionimplies that Ay, q, is an order. We show that Ay, o, is locally basic, and hence locally
Bass by [Brz90, Proposition 1.11] at every prime ¢. This suffices, since being Bass is a local property [Voi21l
Proposition 24.5.10].

Consider the quadratic order R; = Z|a;| = Z[d;\/—dp| in Ay, 0, € End(E). Since —dp is square-free and
not congruent to 1 modulo 4, the maximal order in the fraction field of R; is isomorphic to Z[/—dp], so the
conductor of R; is d;. Then, for any prime ¢, at least one of Ry or Ry is maximal at ¢ since R; is maximal
at every prime ¢ which does not divide d;, and Ry is maximal at every prime ¢ which does not divide ds.
This shows Aq,a, is locally basic at each prime /. O

4 Computing an order in End(F) with inseparable endomorphisms

By Proposition one inseparable reflection o of degree didp of a supersingular elliptic curve E defined
over 2 generates an imaginary quadratic order of discriminant —4d3dp. If ds is another integer coprime to
dy, if we assume d is coprime to both d; and do, and let ap be a d3dp-inseparable reflection, then a; and
ao generate an order Ay qa, = (a1,a2) in End(E) which is Gorenstein by Proposition If we assume
—dp £ 1 (mod 4) then A,,,, is Bass by Theorem Therefore, if we can compute inseparable reflections
of E for certain values of dy,ds, and d, then we can compute orders with certain desirable arithmetic
properties in End(E). We will make the results in Section [3| effective by giving an algorithm for computing
one inseparable reflection and then another algorithm which uses inseparable reflections for computing a
Bass order A in End(E).

Computing a d?dp-inseparable reflection requires a d;-isogeny ¢;: E — E; where E; has a d-isogeny
P By — Ei(p ). Computing such a d;-isogeny will be easiest when d; is smooth: if d; = E?’ where /; is a

small prime, then we can take random walks of length ¢; in the £;-isogeny graph until finding a supersingular
(p)

curve I; which is d-isogenous to E;”’. The simplest choice for d is d = 2: in this case we have that —dp # 1

(mod 4) and it is easy to check whether E; is 2-isogenous to EZ(P ). We follow this strategy in Algorithm
We show that it correctly computes an inseparable reflection and analyze its complexity in Proposition [4.5]
We conclude with Algorithm [2| which computes a Bass order in End(E) according to Theorem 4.8

4.1 Computing inseparable reflections

We compute an inseparable reflection of degree £2*dp by taking random non-backtracking walks beginning at
E of length ¢, which correspond to cyclic ¢! isogenies ¢: £ — E’, until finding a (d, €)-structure (E’, ). The

resulting inseparable reflection of E is 7¢(P)1¢. In order to bound the expected runtime of this approach, we
must consider the probability that a random non-backtracking walk of length ¢ terminates at a supersingular
curve F’ with a (d, €)-structure.

Let p > 3 be a prime. We recall some notation for the supersingular ¢-isogeny graph G(p, ) from
Section [2[ and [BCCT23, Section 3]. Let V denote a complete set of representatives of isomorphism classes
of supersingular elliptic curves over 2. Let H be the C-vector space H with basis V, let (-,-) be the inner
product such that for E, E' € V, we have (E,E’) = wg if E = E’ and 0 otherwise. Let A denote the
adjacency operator for G(p, £). A walk in the graph G(p, ¢) is defined to be a sequence of edges ¢1, ¢a, ..., bk
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such that the codomain of ¢; is isomorphic to the domain of ¢;;11. A walk has no backtracking, or is non-
backtracking, if ¢;11 # ug; for any automorphism u. Thus, non-backtracking walks in G(p,¢) beginning at
E €V are in bijection with cyclic subgroups of E[(™]. Let £ = 3" poy wy E, s0 s = ﬁé is the stationary
distribution for the random walk in G(p,f). For a distribution v = ., vgE and a subset X C V, let
v(X) =) pex vE denote the probability that a vertex sampled according to v is an element of X. For two
distributions v, v’ on G(p,£), let

1

dry (v,v") = sup |v(X) — v (X)| = §|’u -’y
XCVv

denote the total variation distance between v and v/. Let P®) be the transition matrix for the non-

backtracking random walk in G(p,¢) of length t; we remark that P®) and P! are not the same matrix

for ¢ > 1. Holding ¢ constant, the following proposition states that a non-backtracking walk of length
O(logp) will land in a set X C V with probability proportional to #X/#V .

Proposition 4.1. Let Ey € V and let X CV be nonempty. If

(-1 (p—1)3/2
t/2—log, (t+— ) >1 ],
/ ng( é+1> = 08¢ (24ZEewal

then a non-backtracking random walk of length t beginning at Ey lands in X with probability at least
6 1
e wg
Pl i

Proof. Let v®® = P® Ey be the probability distribution on V resulting from a random non-backtracking
walk of length ¢ beginning at Ey. Then, by Theorem 11 of [BCCT23],

—1)1/2 (-1
®(X) — s(X)| < dpy (v, 5) < % . (t + E—&—l) -t
We have o
S0 = 1 3 wy!
P=1 pex
We see that if
/-1 —1)3/2
t/2 —log, (tJr ) > log, @7)_1 )
41 24 pex W
then .
(p—l)/-(t_’_ H).g—t/2< 6 wol
= E >
4 {+1 p—1 Eest
o)
(t) 6 -1
v (X) > — E >
p—1
EeX
as desired. O

We now bound the expected number of random walks beginning at E which we take before finding a
(d, €)-structure. Let llogx denote loglogx.

Proposition 4.2 (GRH). Assume GRH. Let p > 3 be a prime, and let Ey be a supersingular elliptic curve
defined over F 2 such that #Ey(F,2) = (p+¢€)? for e = £1. Let £ # p be a prime, and let d =1 or 2. Let X
be a complete set of representatives for the collection of isomorphism classes of supersingular elliptic curves

with a (d, €)-structure. If
(-1 (p—1)3/72
2-1 — ] >1 _—
t/ Oge(t+€+1>_0ge< 3 ;

then a non-backtracking walk in G(p,£) beginning at Eo of length t lands in X with probability at least
2Tt
vpllogp | *
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Proof. The set X is nonempty because [CS21], Corollary 1] implies that the number of isomorphism classes
of (d, €)-structures is at least the class number of Z[v/—dp]. Since X is nonempty, we may apply the trivial
lower bound #X > 1 to get

> 2 oy /3.
#Aut(E) —
For t satisfying the hypothesis in the proposition, we conclude

-1 (p—l)?’/2
_ _ ) > 7
t/2 —log, <t—|— 7 1) logg( 3

(p—1)%2
Z IOgZ 242 2 :
EeX # Aut(E)

By Proposition [£.I] a non-backtracking walk beginning at Ey lands in X with probability at least

6 2 6
=1 ) © -1 T

Let K = Q(v/—pd). By [CS21, Corollary 1], there are at least hx many (d, €)-structures, up to F-
isomorphism. Since any given E has at most d + 1 d-isogenies, and since the number of distinct Fp2-
isomorphism classes of curves with the same j-invariant is at most 6, we have that

1
X>-——hg.
# “6d+1) ©

Assuming the Generalized Riemann Hypothesis,

hi = Q(y/pd/ llog(pd)) = Q(,/p/ log(p))

by [Lit28, Theorem 1]. We conclude that a non-backtracking walk of length ¢ lands in X with probability

Q ((/pliog(p))~1). O

Remark 4.3. We required a lower bound on the class group of an imaginary quadratic order in two places in
the proof of Proposition [4.2} once to determine the length ¢ of a walk to guarantee good mixing, and once to
extract a lower bound on the probability that a random walk ends in a given set. Since our later algorithms
require an effective upper bound on t, we need effective lower bounds on the class group for the first part of
the argument. One could use non-trivial effective lower bounds, but these would only yield sub-logarithmic
improvements to the size of t. For simplicity we just use 1. In the second part of the argument, we do not
need an effective lower bound, since the constant is hidden in the big-2.

Next, we show that if d < p/4, a curve E has a (d, €)-structure if and only if E is d-isogenous to EP).
This holds if and only if ®4(j(E),j(E)?) = 0, giving us an efficient method for testing whether E has a
(d, €)-structure. The following lemma is an adaptation of [CGL09, Lemma 6], and we include a proof for
convenience.

Lemma 4.4. Let E be a supersingular elliptic curve over Fp2, and let 1 < d < p/4 be square-free and
coprime to p. Then E has a (d,€)-structure (E, 1)) for e € {£1} if and only if E is d-isogenous to E®).

Proof. If (E,4) is a (d, €)-structure, then ¢: E — E®) is a d-isogeny. Assume now that E is d-isogenous to
E® andlet 1p: E — E® be a d-isogeny. We show that the characteristic polynomial of = m) is 2 + dp:
if this holds, then we have an embedding Z[/—dp] — End(F) defined by sending /—dp to p = w1, and
[CS21 Lemma 1] then implies that (E,) is a (d, €)-structure. Since the degree of p is (degm)(degv) = pd,
we only need to show that Trd p is zero. The ring Z[u] must be an imaginary quadratic order since deg p is
not a square, and p does split in Z[u] since E is supersingular. Thus the characteristic polynomial

22 — (Trd p)z + pd = z(x — Trdp)  (mod p)
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of pu cannot have distinct roots modulo p, so we must have Trd u = 0 (mod p). Since the discriminant of
is negative and using our assumption that d < p/4, we have

| Trd p| < 24/pd < p.
Thus Trd o = 0. O

We now introduce our algorithm for computing inseparable reflections, Algorithm We only need

Algorithm 1: Compute an inseparable reflection

Input: A supersingular elliptic curve E/F, 2 with p > 3, a prime ¢, and an integer d, with d < p/4
square-free and coprime to £. .
Output: An inseparable reflection a = 7¢(P))¢ € End(E) where ¢: E — E’ is an (*-isogeny
(represented by a sequence of (-isogenies) and 1p: E' — E'(®) is a d-isogeny such that
(E',v) is a (d, €)-structure.
1 Compute the least integer ¢ such that ¢/2 — log, (t + i%) > log, <(p7§)3/2);
2 repeat
Compute a random, non-backtracking walk W = {¢1: E = E1,...,¢:: E;_1 — E;} in G(p,£) of
length t;

4 until E; is d-isogenous to Et(p);

5 Let k = miny<;<{i : B; is d-isogenous to E"'};
6 Compute a (d, €)-structure (Ej,1);
—~(p)

—(p)
7return{¢1a"'a¢kvwv¢k 7'~'a¢1 aﬂ—}

to run Algorithm [1| on inputs of the form (E,¢,2) (to compute Bass orders) and inputs (E,¢,1) (for our
heuristic algorithm described in Section , where /¢ is a fixed small prime, such as 2,3, or 5. Thus in
our complexity analysis below, we are treating ¢ and d as constants. Similar results hold for square-free
d = O(logp) and prime ¢ = O(logp). Let M(n) denote the cost of multiplying two n-bit integers (we may
take M(n) = O(nlogn) by [HvdH21]). Below, we analyze the complexity of Algorithm

Proposition 4.5 (GRH). Algorithm (1] is correct. Assuming GRH, for any prime ¢ € {2,3,5}, integer
d € {1,2}, prime p > 4d, and supersingular elliptic curve E defined over F 2, Algom'thm on input (E, ¢, d)
terminates in expected O(p'/?(log p)?(llog p)*) bit operations.

Proof. First, we argue that Algorithm [1| is correct. Let a = 7¢®P)p¢ with deg¢p = ¢* be the output
of Algorithm [If on input (E,¥,d). We claim that « satisfies the hypotheses of Theorem Because
Algorithm [I| uses non-backtracking walks, the £*-isogeny ¢ is cyclic. Because the walk is truncated so that
the final vertex is the first curve in the walk with a (d, €)-structure, ¢ does not factor nontrivially through
an isogeny to another curve with a (d, €) structure. We conclude that « is an inseparable reflection.

We now bound the expected number of bit operations performed by the algorithm. We can do Step
with Newton’s method, for example, and the magnitude of the solution ¢ will be in O(logp). We compute
®y and Pq, if d = 2, and store these polynomials. Since we treat £ and d as constants, we ignore these costs,
and in any case this computation can be done in O(¢3 log® ¢1log ¢) expected time assuming GRH [BLS12|
Theorem 1]. We can take one step in G(p, ) using the modular polynomial ®,. Let Fy = E and jo = j(Ep).
Suppose we are at vertex j;. The neighbors of j; are the roots of ®4(j;,Y). We can evaluate ®,(X,Y)
at (j;,Y) in O(¢*) = O(1) many multiplications and additions in F,2, the cost of which is dominated by
the O(M(¢logp)(llogp)) bit operations needed to compute a random root of ®,(j;,Y) using the randomized
algorithm of [Rab80]. To take a non-backtracking step, we compute a random root of ®,(j;, Y)/(Y — ji—1)
where j;_; is the previous vertex of the walk. Let X denote the set of supersingular j-invariants in F»
which are d-isogenous to their Galois conjugate. By Lemma[f.4] we can test if j; is in X by testing whether
D4(jt,77) = 0 when d > 1 and simply whether j¥ = j; when d = 1, both of which we can do with O(log p)
multiplications in F,2. Since the length of the walk is O(logp), and since we treat ¢ as a constant, Step
takes O(M(log p)(logp)(llogp)) time.
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We now calculate the expected number of iterations of Step Assuming GRH, by Proposition a
non-backtracking walk beginning at F lands in X with probability (m). Thus the expected number

of non-backtracking walks we must take is O(/pllogp). Multiplying the expected number of walks by the
expected number of bit operations per walk and using M(n) = O(nlogn) by [HvdH21| yields the cost

O(M(log p)(log p)(llog p) - \/B(llog p)) = O(p*/?(log p)*(llog p)*).

Let jo = j(F), j1,- - -, j: be a sequence of adjacent j-invariants in G(p, £) with j; € X. We next obtain the
sequence of isogenies ¢;: F; — E;,q for i = 0,...,t — 1 and the (d, ¢)-structure (E;, 1) with O((logp)°™)
bit operations: for example, if p is sufficiently large and if j;41 is a simple root of ®y(j;,Y), given an
equation for E; with j-invariant j;, we can compute a short Weierstrass equation for an elliptic curve E;;4
and a normalized (-isogeny ¢;: E; — E;i1 with O(¢?) operations in F,2 using Elkies algorithm [EIk98]
(see [Gall2, Algorithm 28] for an explicit description of the algorithm). The time to compute the sequence
of isogenies associated to the path jg,...,j; is therefore dominated by the time required to complete the
while-loop, since ¢ is a constant. Similarly, the time required to truncate the path and to compute the
(d, €)-structure is also dominated by the time required to complete the while-loop. O

Remark 4.6. There are some natural optimizations which we do not explore here, such as testing more
vertices along the path for the presence of (d, €)-structures, or, more generally, testing whether a given curve
E}, along the path is #-isogenous to a curve defined over F,, with the algorithm of [CSCS22].

4.2 Computing a Bass suborder of End(FE)

In [EHL™20], the authors give a subexponential algorithm for computing a basis for End(E) from a Bass
suborder of End(FE) but only give a heuristic algorithm for computing the Bass suborder. Theorems
and suggest the following approach to compute a Bass suborder of End(E): run Algorithm [1| twice, first

on the input (E,3,2) and then on the input (E,5,2), to produce two inseparable reflections «; = ﬂ'qﬁl(p)wigb,;
of E/ and the Bass order Ay, ., generated by a; and as.

Remark 4.7. The same heuristic the authors make in [EHL™20] to argue that the expectation of the
number of calls to their algorithm for computing an endomorphism of a supersingular elliptic curve E before
producing a generating for a Bass order will be used in Section to argue that the expected number of
calls to Algorithm [I] before producing a generating set for Z 4+ P. This approach to computing a basis for
End(E) is taken up in the next section.

Algorithm 2: Compute a Bass order contained in End(E)

Input: A supersingular elliptic curve E/F 2, two distinct primes ¢, > # p, and an integer d, with d
square-free, d < p/4, and —dp Z 1 (mod 4).
Output: A compact representation of a Bass order contained in End(FE).
1 Use Algorithm 1| twice, on input respectively (F, ¢1,d) and (F,{3,d), to compute two inseparable
reflections oy, ag of F;
2 return A = (1, a1, a9, )

Theorem 4.8 (GRH). Algorithm is correct. Assuming GRH, if p > 8 and E is a supersingular elliptic
curve over Fp2 then on input (E,3,5,2) Algorithm@ terminates in expected O(p'/?(loglog p)?(loglog p)?) bit
operations.

Proof. By Proposition the two endomorphisms constructed in Step [I| are inseparable reflections. Write

o = msgp)m@ where ¢;: E — F; is an isogeny of degree Kf Since ¢ # {5, the kernels of ¢; and ¢o are
distinct. Therefore Theorem implies A is an order in End(E), and Theorem implies A is Bass.
Thus, Algorithm [2is correct. By Proposition Step [1| terminates in expected O(p'/?(logp)?(loglog p)?)
time. O

18



5 Computing End(F) from a Bass suborder

In this section, we combine Algorithm and the algorithms in [EHL™ 20} [Wes22] to produce an algorithm for
computing a basis for the endomorphism ring of a supersingular elliptic curve E over I, in expected time
O(p*/?(log p)(loglog p)?), conditional only on GRH. We begin with a high-level overview of the approach in
[EHL 20| for computing a basis for End(E). First, compute a Bass suborder A C End(E). This can be done
with Algorithm in expected O(p*/?(log p)?(loglog p)?) bit operations conditional on GRH by Theorem
Next, enumerate maximal orders @ C End’(E) containing the Bass order A until @ = End(E) using
algorithms from |[EHLT20]. We can efficiently check whether a given maximal order O is isomorphic to
End(FE) using the algorithms and reductions in [EHLT18, [Wes22]. This approach results in Algorithm

In Theorem [5.5] we show that Algorithm [3| correctly computes End(F), and, conditional only on GRH,
terminates in expected O(p'/2(log p)?(loglog p)?) bit operations.

Remark 5.1. We ask A to be Bass because, under this assumption, we can prove that the number of maximal
overorders of A is subexponential in the size of A. In general, there exists an order of size polynomial in log p
contained in End(E) which is contained in £(p) many distinct, pairwise non-isomorphic maximal orders.
For example, choose e = O(logp) such that every supersingular E’ defined over F,» is connected by a
24 isogeny to E for some d < e, and consider the order Z + 2¢ End(E). We claim that this order has size
polynomial in log p and embeds into the endomorphism ring of each supersingular elliptic curve over Iz, and
therefore into a representative of each conjugacy class of maximal orders in EndO(E). For any supersingular
E’ there is an ideal I C End(E) such that Og(I) = End(E’) and Nrd(I) = 2¢ for some d < e. Then
Z+2°End(F) CZ+ I C Ogr(I). Since E' was arbitrary, we conclude that Z + 2° End(E) is contained in a
representative of each conjugacy class of maximal orders, and there are Q(p) many conjugacy classes. Despite
being contained in an exponentially large number of maximal orders, there is a basis for Z+2°¢ End(E) whose
size is polynomial in logp since e = O(logp) and End(FE) has a basis whose size is polynomial in log p.

Remark 5.2. In [ES24], Eisentriager and Scullard give an algorithm for computing End(E) in polynomial
time given a suborder A of End(E) of polynomial size and a factorization of disc A. Running Algorithm [2|to
compute a Bass order A = A, q,, factoring | disc(ay a2 /p)|, and then using Algorithm 8.1 of [ES24] yields a
faster algorithm for computing a basis for End(FE) than the one outlined here, but with the same (conditional
GRH) run time of O(p*/?(log p)?(loglog p)?).

Algorithm 3: Compute End(E)

Input: A supersingular elliptic curve £/Fp2, where p > 8.

Output: A maximal order O C By, o, isomorphic to End(E).

Run Algorithm |2/ on input (F,3,5,2) to compute a Bass order A contained in End(FE);
Compute a,b € Q* and an isomorphism f: A ® Q — H(a,b);

Enumerate the maximal orders O 2 f(A) until O = End(E);

return O

B W N

We require an efficient algorithm for testing whether a maximal order O is isomorphic to End(FE).
To do this, we will make use of an efficient algorithm for computing a supersingular curve E’ such that
End(E') =2 O. If j(E') € {j(E),j(E)P}, then O = End(F). An algorithm for producing a curve with
endomorphism ring isomorphic to a given maximal order appears in [EHL™ 18|, which is efficient conditional
on heuristics including GRH. The work of Wesolowski [Wes22] allows one to remove the heuristic assumptions
(except for GRH). We state that such an efficient algorithm exists here for completeness, noting that this
algorithm is due to results and algorithms in [Bro09, [GPSI7, [EHL ™18, Wes22| [CKMZ22]. See [EPSV23] for
a discussion of an efficient implementation of an algorithm addressing this problem.

Lemma 5.3. There is an algorithm which, on input a basis for a mazimal order O of a quaternion algebra

B over Q ramified at p, oo, outputs a supersingular elliptic curve E defined over Fp2 such that End(E) = O.
Conditional on GRH, the algorithm runs in time polynomial in the size of O.

Proof. This follows by combining algorithms and results in [Piz80al, Bro09, [KLPT14, [GPS17, [EHL ™18,
CKMZ22| [Wes22|. First, we compute a quaternion algebra B, o, ramified at p and oo, a supersingular elliptic
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curve Fy, and a maximal order Op in By o such that Oy = End(Ep) under some explicit isomorphism.
This can be done in time polynomial in logp, conditional on GRH [EHLT18| Proposition 3]. Next, we
compute an isomorphism f: O ® Q =+ B) o of quaternion algebras, which can be done in time polynomial
in logp [CKMZ22, Proposition 4.1].

We now compute a supersingular elliptic curve E such that End(E) = O. First, we compute a connecting
ideal J between Oy and f(O). By Theorem 6.4 of [Wes22], assuming GRH, we can, in expected polynomial
time, compute an equivalent ideal I to J such that the norm of I is B-powersmooth for some B = O((log p)©)
for some constant ¢, meaning that if p¢ exactly divides Nrd(I) then p¢ < B. Since the norm of I is B-
powersmooth, we can efficiently compute the corresponding isogeny ¢;: Fq — E |[EHL™18, Proposition 4].
The codomain E of ¢ is a curve whose endomorphism ring is isomorphic to O, since

End(E) = Og(I) = Or(J) = f(0) = 0.
Thus the algorithm is correct. O

We require a bound on the number of maximal orders containing a given Bass order A. Below we show
that that we may bound this quantity in terms of the number of divisors of the reduced discriminant of the
order. Assuming A has size polynomial in log p, this implies that the number of maximal orders containing
A grows at most subexponentially in log p.

Lemma 5.4. Let A C By be a Bass order. The number of mazimal orders in B, o containing A is
O((discrd(A))€), for every e > 0.

Proof. By Proposition 4.2 of [EHL™20] and the local-global dictionary for orders [Voil3, Theorem 9.1.1], the
number of maximal overorders of A is bounded by

H vg(discrd(A)) + 1,
q prime
a7#p
and this quantity is equal to the number of divisors of discrd(A)/p?»(diserd(A) " The number of divisors of an
integer n is O(n) for every e > 0 [HWO8, Theorem 315]. The claim of the lemma follows.
O

We now prove the main theorem of this section, which states that our algorithm computes the endomor-
phism ring of a supersingular elliptic curve E defined over F,2 in O(p'/?(logp)?(loglog p)?) bit operations,
conditional on GRH (and assuming no further heuristics).

Theorem 5.5 (GRH). Algorithm[3 is correct. Assuming GRH, Algorithm [3 terminates in expected
O(p*"*(log p)* (log log p)°)

bit operations.

Proof. By Theorem Step 1| runs in expected time O(p'/?(logp)?(loglogp)?). Moreover, A is Bass. We
now discuss Step [2] First, compute the Gram matrix G under the trace pairing of the basis 1, ay, ag, ajas
for A: by the discussion in Section 4, we need to compute a single trace, namely Trd(—aqas/p). This trace
can be computed in time polynomial in log p with a generalization of Schoof’s algorithm [Koh96, BCNE™19],
since p == —ajaz/p is a cyclic isogeny of degree 223%%152%2 and ki, ks = O(logp). With G, compute a,b € Q*
such that A ® Q is isomorphic to H(a,b) with the Gram-Schmidt process.

We now outline how to do Step [3] We factor disc(p) to obtain a factorization of discrd(A) = p*|disc(p)|.
Since p is the product of 2 + 2k; + 2ky = O(logp) isogenies of degree at most 5, the degree of p is O(p)
for some C. This implies — disc(p) = O(p®) as well. Therefore we can factor disc(p) in time subexponential
in logp [LP92, Theorem 1]. For each ¢|discrd(A) such that ¢ # p, we can enumerate maximal Z,-orders
containing f(A)®Z, efficiently using Algorithm 4.3 of [EHL™20] and then enumerate the Z-orders containing
f(A); see Steps 1(a) and 3(a) in Algorithm 5.4 of [EHL™20]. For each maximal order O containing f(A),
compute an elliptic curve £’ with End(E’) 2 O. This can be done in polynomial time in log p by Lemma
If j(E') € {j(E),j(E)P}, we return O. Thus the algorithm is correct.

By Lemma the number of maximal overorders of f(A) is O(p) for every € > 0. We conclude that
Step [3| takes O(p€) time for any € > 0. In particular, the expected time required to complete Step 3| is
dominated by the expected time required to complete Step [T} O
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6 The number of inseparable reflections needed to generate End(FE)

Let E be a supersingular elliptic curve E over Fje. Let P = mHom(E,E®) C End(E) be the ideal
of inseparable endomorphisms of E. Theorem implies that for an appropriate choice of parameters,
with two calls to Algorithm [I| we compute a generating set for a Bass order A contained in Z + P. If
one had a basis for Z + P, rather than just a Bass suborder, then the algorithms of Voight [Voil3| can
compute a basis for End(FE) efficiently, since End(F) is the unique maximal order containing Z + P by
Proposition [3.1] This raises the following question: how many calls to Algorithm [I] does one expect to
make before computing a generating set for Z + P? In this section, we give a heuristic argument showing
that the number of inseparable endomorphisms required to generate Z + P is bounded above by a constant,
independent of the field; empirically, four inseparable reflections do the trick more often than not. This
results in a second algorithm for computing End(E): compute inseparable reflections with Algorithm until
finding a generating set for Z + P, and then compute a basis for the maximal order containing Z + P using
the algorithms of [Voil3|]. This algorithm will be slower than Algorithm [3| but is simpler to implement; we
discuss further implementation details in the Appendix.

6.1 The expected number of inseparable reflections in a generating set for Z+ P

Suppose we run Algorithm [2] twice on input F, a supersingular elliptic curve defined over IF,2, producing
two orders Ay, q, and Ag,q, in Z+ P C End(E) spanned respectively by 1, aq, as, a1 and 1, ag, oy, ez,
where «; is an inseparable reflection for every i = 1,...,4. Let A be the order in End(E) generated by
ay, 02,3, (4.

End(E)

A(Jél a2 AOés Qg

Then
discrd(A) = discrd(Z + P) - [Z+ P: A =p* - [Z + P : A},

and discrd(A) divides both discrd(Aq,a,) and discrd(Aa,a,). Defining py = #4222 and p; = “2*, we have

discrd Ay, o, = p?|disc(ps)| and discrd Ag, o, = p?| disc(p1)].
In particular, [Z+P : A] = diﬁ%ﬁ(") divides ged(disc(py), disc(p2)). If ged(disc p1, disc p2) = 1, then A = Z+P
and the four inseparable endomorphisms a7, as, az, ay generate Z + P. If the distribution of the integers
disc(p1) and disc(p2) follow the same distribution as two random integers, then disc(p;) and disc(p2) are
coprime with probability 6/72. Assuming this, four calls to Algorithm [1| produce a generating set for Z + P
with at least 6/72 ~ 0.6 probability.

Unfortunately, the integers D; = disc(p;) are not distributed like random integers. First of all, the
integer D; is a discriminant, which imposes congruency conditions on D;. Second, the prime p is not split
in Z[p;], imposing another congruence condition. Finally, the fact that p; is an endomorphism of smooth
degree enforces relations in the ideal class group of Z[p;]. In any case, the following heuristic suffices for our
purposes:

Heuristic 6.1. Let p > 3 be a prime and let ¢ < p/4 be a prime. Let E be a supersingular elliptic curve
over [, There exists a constant ¢ > 0, independent of p, such that if p; = —a;1042/p where a5, 1 < 4,5 <2
are the outputs of four calls to Algorithm |Ifon input (E/F 2, /¢, 1), then Pr[ged(disc py,disc p2) = 1] > c.
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The following theorem follows from the above discussion:

Theorem 6.2. Assume Heuristic . Let p > 3 and ¢ < p/4 be primes, and let E be a supersingular
elliptic curve defined over Fp2. Then the expected number of calls to Algorithm on input (E,£,1) in order
to produce a generating set for Z + P is bounded from above by a constant, independent of p.

Heuristic|6.1is [EHL ™20, Heuristic 5.2] which is assumed in [EHL™ 18, Theorem 5.3] to prove that [EHL™20,
Algorithm 5.1] produces a Bass order in End(E) and terminates in expected O(p'/?*) time. We use the
heuristic in a new way.

Remark 6.3. This heuristic argument applies to any pair of orders generated by two pairs of of two
non-commuting elements of a maximal order in B », the quaternion algebra ramified at p and oco. Let
a1,y be two arbitrary non-commuting elements of a quaternion order O C B, , and let A = (o, ag) =
Z + Zay + Zag + Zajas be the order they generate, and let T; := Trd(«;), N; := Nrd(«;) for i = 1,2, and
let T72 = Trd(aya2). Then the discriminant of A is

2 T Ty T 9
Tl 2N1 T1T2 — T12 N1T2 - 1 .
det Ty TuTy - Tiy ON, T | = (4 disc(Toay + Thag — 201 c9) .
Tio T5N1 TiNo 2N1No

Suppose now that we sample a1, @12, @21, age uniformly (in some reasonable sense - for example, uni-
formly from the elements of @ whose norm is bounded by some fixed polynomial in p) and that ;e #
a1 for i = 1,2. Define A; and As to be the orders generated by ai1,a12 and asi, agg, respectively, let

pi = (Trd ciio)ain + (Trd a1) iz — 201 2,
let D; = disc p;,, and let A denote the order generated by the a;; for 1 <i,5 < 2. Then

_ discrd A
" diserd ©’

_diserd Ay |Dy

(O A] ~ discrd O 4discrd O

and [O : A] divides

gcd([@:Aﬂ,[(’):Aﬂ):gcd( Dy D: )

4 discrd O’ 4 discrd O
Therefore the o;; will generate O with probability at least the probability that

ged(Dy, Do) = 4 diserd O.

A reasonable heuristic would then be that this probability is bounded from below by a constant, independent
of p. We will explore this experimentally in the next section as well.

6.2 Computational experiments

We implemented Algorithm [1] along with the various algorithms discussed in this section in order to empiri-
cally determine the expected value of the number of inseparable reflections of E required before generating
End(E). We believe this expectation is bounded by a constant, independent of p or E. We restricted our at-
tention to elliptic curves E defined over > but not over I, since there are asymptotically faster algorithms
for computing the endomorphism ring of such curves.

To experimentally test Heuristic [6.1] and to understand the expected number of inseparable reflections
in a generating set for Z + P, we conducted the following experiment. For n € {16,17,...,32}, we repeated
the following procedure 100 times: we chose the first prime p after 2" and computed a pseudorandom
supersingular j-invariant in Fp2 — F, by taking a random walk in G(p,2) of length [log,p|. We then
generated four inseparable reflections oy, 1 < i < 4, of degree 22!p for ¢ = 1,3 and 32p for i = 2,4. Next,

we tested whether ged (disc (%) , disc (%)) = 1 and whether 1, a1, as, ag, ay generate Z + P. We
report the sample mean for the random variable which is 1 when ged (disc (%) , disc (%)) =1and0
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Figure 1: Collected data for testing Heuristic Orange bars represent the experimental probability that
ged (disc (%) , disc (%)) = 1, blue bars represent the experimental probability that 1, oy, as, as, ay

generate Z + P, where «; are inseparable reflections of a supersingular elliptic curve. Averages of the two
frequencies are plotted as well.
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Figure 2: Collected data for testing heuristic in Remark[6.3] Orange bars represent the experimental probabil-
ity that ged (disc (D1, D2)) = 4p?, blue bars represent the experimental probability that 1, a1, 12, o1, oo
generate Z + P where o;; are random elements of Z + P in a random maximal order in B, o and Dj; is the

discriminant of p; = (Trd cye)ay1 + (Trd a1 ) e — 21 2. Averages of the two frequencies are plotted as
well.
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otherwise, and the sample mean of the random variable which is 1 when 1, aq, aso, a3, ay generate Z + P and
0 otherwise in Table [I1

The data does not seem to invalidate Heuristic but it also does not illuminate what the actual
probability is that two inseparable reflections have coprime discriminants. The data does support our
desired conclusion, namely that on average, the number of inseparable reflections needed to generate Z + P
is bounded from above by a constant, independent of p. In particular, that constant appears to be bounded
from above by four! In any case, the coprimality of the discriminants is not a necessary condition for the
inseparable reflections to generate Z + P.

An idealized version of the algorithm sketched in Section [ would generate random endomorphisms in
Z + P of bounded norm, rather than “structured” endomorphisms such as the inseparable reflections output
by Algorithm One might wonder whether the heuristic suggested in holds, and how many random
elements of Z + P are required to generate Z + P. We conducted the following numerical experiment. For
n € {16,17,...,32}, we repeated the following procedure 100 times: we chose the first prime p after 2™ and
computed a pseudorandom maximal order O in the quaternion algebra B, ., ramified at p and co. We then
computed Z + P, where P is the unique 2-sided ideal of O of reduced norm p and sampled four random
elements a1, 12, a1, aae € Z + P. We compute

pi = (TI‘d OliQ)Oéil + (TI‘d 041‘1)041'2 — 205149

and D; = disc p; and then tested whether ged (Dy, Do) = 4discrd(Z + P) = 4p? and whether 1, a1, ag, s, ay
generate Z + P. The sample means are reported in Table 2l The probabilities that ged(Dy, Ds) = 4p? and
that {1, 11, a12, @21, ana} generate Z + P do not appear to decay as p increases in the range [216,232].

A Appendix

In this appendix, we discuss an algorithm following the idea suggested in Section [6 that is, to com-
pute a basis for the endomorphism ring of a supersingular elliptic curve E by making repeated calls to
Algorithm [I] to produce inseparable endomorphisms. The extra ingredients include a generalization of
Schoof’s algorithm for computing the trace of an endomorphism, some algorithms of Voight [Voil3] for
local and global quaternion orders, and linear algebra. Below, we provide the details regarding the lin-
ear algebra necessary to complete the algorithm. Our implementation in SageMath is available at https:
//github.com/travismo/inseparables!

The algorithm goes as follows: we first compute three inseparable reflections v1,v2,v3 of E. Let P =
Hom(E(p), E)7 be the ideal of inseparble endomorhisms of E; then P is the unique 2-sided ideal of reduced
norm p in End(E). Defining 79 = 1, we next compute the Gram matrix G = (Trd(v;7;)) for the sequence
I = (v0,71,72,73); this is where we require a generalization of Schoof’s algorithm [BCNE™19]. Then T is a
basis for End”(E) as a Q-vector space if and only if det(G) # 0, which we now assume. At this point, we have
computed End’(E) as a quadratic module: if we let Q(x) = 7Gx denote the quadratic form induced by
G on Q*, then (End"(E),deg) = (Q*, Q). Having computed End”(E) as a quadratic module, we determine
its structure as a quaternion algebra: we compute a multiplication table for the basis I'. We then compute
the order O C End(E) generated by ~o,71,72,73. Finally, we enlarge the order O by computing additional
inseperable reflections until O = Z+ P. As mentioned above, a basis for End(F) is efficiently recovered from
a basis for Z + P using algorithms of Voight [Voi21].

A.1 Computing a quadratic submodule of Z + P

Recall that the output of Algorithm [I]on input F is a trace-zero endomorphism of F belonging to P. We
assume that, by running Algorithm [I| three times (with d = 1 for simplicity) we have computed three
inseparable reflections 1,72, 7v3 of E and we define y9 = 1 € End(F). Since d =1, for ¢ = 1,2,3 we have

—

Vi = 7Tp¢¢(‘p) oi,

where ¢,: E — E; is a separable isogeny.
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Let A := Zvyo + Zvy1 + Zy2 + Zry3 be the Z-span of vy,7v1,72 and 3. Let G := (Trd(v;7;)) be the Gram
matrix for g, Y1, 72, 3. First, by Proposition we have Trd(y;) =0 for i =1,2,3. For 1 <i< j <3
define

pij = 00" ¢\ ;.
Then Trd(v;7;) = p Trd(p;;) and the Gram matrix of the basis o, v1, 72, v3 is

2 0 0 0

0 2pdeg(¢1)? pTrd(pi2)  pTrd(pis)
0 pTrd(pis) 2pdeg(¢2)® pTrd(pas)
0 pTrd(pis) pTrd(pas) 2pdeg(es)?

We can compute the entries of G with an algorithm for computing the trace of an endomorphism represented
as a sequence of low degree isogenies with a generalization of Schoof’s algorithm [BCNE™19)]. If det(G) # 0,
then A is a lattice in Z + P C End(FE), which we now assume. Therefore, as quadratic Z-modules, we have
(A, deg) = (Z*, G) under the isomorphism which sends «; to the ith standard basis vector in Z*.

G = (Trd(vi7;))o<ij<3 =

A.2 From a quadratic module to an order in a quaternion algebra

With the Gram matrix G of the basis vy, 71, 72,73 in hand, we move on to determining the structure of
A ® Q as a quaternion algebra. We discuss two approaches: the first involves computing an embedding
of A = Zno + Zy1 + Zrya + Z~y3 into a quaternion algebra H(a,b) such that (Z* G) = (H(a,b),Nrd) are
isomorphic as quadratic spaces. A second approach is to directly compute a multiplication table for 71, v, 3,
i.e. computing rational numbers m,s; such that ~v,.vs = Zt Mesty:- We discuss both in detail. In the first,
we compute the LDLT-decomposition of G and read off @ and b from the second and third entries of D. In
the other, we solve for m,s by setting up a system of equations using G.

A.2.1 Computing an isomorphism of quaternion algebras using the Gram—Schmidt process

Let G == (Grs)o<r,s<3 = (Trd(7,9s))o<rs<3 be the Gram matrix for the basis {vo,71,7v2,7v3} of a lattice
A in End(FE). One approach to giving A ® Q the structure of a quaternion algebra is as follows. First, we
diagonalize the quadratic form induced by G (to be precise, we compute the LDLT-decomposition of G). We
obtain a lower-triangular matrix L with 1’s on the diagonal and a diagonal matrix D such that G = LDLT.
Denote the diagonal entries of D by dy = 2,d;,d2,ds and define a,b € Q by di = —2a, do = —2b. Define
H(a,b) to be the quaternion algebra with basis 1,4, j,ij such that i = a, j% = b, and ij = —ji. Define
R=1L" and ¥; = Zj(R_l)ij’yj for i = 0,1,2,3. Then {vo,71, 72,73} is the result of the application of the
Gram—Schmidt process to the basis {yo, 71, 72,73} of A ® Q. Since Trd(v;) = 0, we have

—d
2

- | Lo
M= = — Trd(mim)) = =a.
Similarly, (72)? = b. Since 3 and ¥;7» are both orthogonal to each of 1,71, 72, there exists ¢ € Q such that
v3 = c¢y172. Taking reduced norms, we obtain

ds Adyds

? = Nrd(’fg) = Nrd(cﬂ’fg) = 4 .

Define ¢’ :== 4/ ;1’3‘2. We therefore obtain an isomorphism of quadratic spaces

(End’(E), deg) — (H(a,b), Nrd)
To + T1V1 + TaVa + T3V > To + T1i + Toj + 23 1]

This map factors through the map of quadratic modules f: End’(E) — (Q*, G) which sends 7, to e,, the
r-th standard basis vector of Q*, via the map g: (Q*,G) — (H(a,b),Nrd) obtained from sending the rows
of (LT)~! to the basis 1,4, j,ij. The isomorphism (End’(E),deg) = (H(a,b), Nrd) induces an isomorphism
of quaternion algebras between End®(E) with either H(a,b) (in the case that ¢ = ¢/) or H(a,b)°? (in the
case that ¢ = —¢/).
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A.2.2 Computing a multiplication table using linear algebra

An alternative method for representing End’ (E) using the basis {70, 71,72, 73} is to compute a multiplication
table, i.e. rational numbers m,.¢, for 0 < 7, s,¢t < 3, such that

3
TrYs = Z MystVt-
t=0

We sketch this approach, although we do not use it in our implementation.
To compute the multiplication table {m,.s }, we use G = (G,s)o<rs<3 and linear algebra. In particular,
we use G to set up a system of linear equations whose solutions are the {m..s:} we seek.

Proposition A.1. Let vy = 1,71,72,73 be as above. Define

—Gg'” t=0and1<r<3
mooo = 1, My =
0 0<r<3andl <t<3.

Let {m12g,...,m123}, {Mmi30,...,m133}, and {maso,...,ma33} respectively solve the following three systems
of linear equations:

g —G12 ) —G13 g —Ga3
al@] = %GHGQI al@] = %G11G31A al® ZTlrd(’Yﬂﬂ?,)

Z9 §G22011 ’ To 2Trd(’}/1’)/2’}/3) ’ T9 *G22G31

x3 2 Trd(y17273) T3 $G33G11 x3 5G33Ga1

Finally, for 0 <s<r <3, let

— Trd(v,ys) —meso =0
TET ) —mya 1<t<3

Then (2Trd(v17273))? = det G, and for 0 <r < s < 3, we have

3
TrYs = Z MystVt-
t=0

In particular, the matriz G determines an isomorphism between the quaternion algebra over Q with multipli-
cation table given by {m,s} with either EndO(E) or its opposite algebra depending on a choice for a square
root of det G.

Proof. We have 72 = 1, and for r # 0, we have Trd(y,) = 0 so 742 = Trd(v,)y. — Nrd(y,) = — deg(7,.).
Therefore

—Gz” :t=0and1<r <3
mooo = 1, My =
0 :0<r<3and1<t<3.

Also, note that
VrYs = s Tr = V¥ = Trd(vsy) — ¥s¥rs
so if vy = Zt M5ty then

3
YsVr = Trd(’)/r"}/s) — Mypso — Z MystVt-
t=1

Therefore
Trd(vys) —meso :t=0
Mert =
—Myst 1<t S 3.

We conclude that it suffices to calculate m,.q for 1 <r < s < 3.
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By pairing both sides of ~,vs = Z?:o Mmystye against y, for k = 0,1,2,3, we obtain for each pair (r,s)
satisfying 1 < r < s < 3 a system of four equations in the indeterminates m,sq, Mys1, Myrs2, Myrs3:

3

Trd(vvs7%) = Z Mgt Trd(vYE)- (A1)
t=0

We will show that the entries of G determine the left-hand side of Equation (A.1)) uniquely (up to a
choice of a square root of det(G)). We compute the left hand side of Equation (A.1]) for each 0 < r < s < 3,
0 < k < 3. We have that

~ 1 N ~ 1
Trd(’Y?”Vs'Yr) = deg(’yr) Trd(’YS) = ) Trd(%"%“) Trd('Ysl) = §GT‘TG317

and similarly Trd(v,7s9;) = Trd(v,) deg(vs) = $GssGr1, for 1 < r < s < 3. Finally, since 7o = 1,

Trd(vrvs70) = Trd(v7s) = — Trd(v,9s) = —Ghrs.

We are left with the case that {r, s, k} is a permutation of {1, 2, 3}. First, we calculate Trd(~17v273). For that,
we recall the following trilinear form on the quaternion algebra End’(E): for elements o, az, s € End’(E),
define

m(a1, g, ag) = Trd((ay s — agaq)ag).

Using the fact that 4; = —~; and that for elements «, 8 € B we have Trd(af) = Trd(Ba) and Trd(@) =
Trd(«), a calculation shows

m(y1,72,73) = Trd((y172 — v271)73) = 2 Trd(117273).

The proof of Lemma 15.4.7 in [Voi21] shows that, for any elements g = 1, a1, a2, 3 in a quaternion algebra
B, we have
m(ai, az, a3)? = det((Trd(@iaj))o<i,j<a)-

We conclude that m(7y1,v2,73)? = det(G). We have that M(Yo(1)s Vo(2)> Vo(3)) = sgn(o)m(y1,72,73) for any
o € S3, e.g. by checking this for the three transpositions of S3. The upshot is that we can make a consistent
choice of values for Trd(7V,(1)Vo(2)7o(3)) by choosing, for example, Trd(y17293) = 3+/det(G) and then setting

. sgn(o)
Trd(Vo 1)V (2) Vo (3)) = > det(G).
With linear algebra over @, we solve the above three systems of four equations to compute all coefficients
myse With 1 < r < s < 3. With our earlier calculations, this determines a complete multiplication table

which gives A ® Q the structure of a quaternion algebra whose underlying quadratic space is isomorphic to
(Q*,G) = (End’(E), Nrd). O

Remark A.2. We encounter the same phenomenon we observed in Section[A:2.T} we must choose a sign for a
square root to determine the multiplication table. The choice of sign of a square root of det(G) corresponds
to the choice of an isomorphism of the quaternion algebra A ® Q equipped with the multiplication table
{mys} with either End’(E) or (End®(E))°P.

Remark A.3. We could eliminate this ambiguity by computing Trd(;17273) directly via Schoof’s algorithm.

A.2.3 Gram—Schmidt versus multiplication tables

One may ask if the approaches in Sections and for obtaining a quaternion algebra from the basis
{Y0,71,72, 73} with Gram matrix G are compatible. This is the case: first of all, G determines the structure
of End’(E) as a quadratic space, and by [Voi21l Proposition 5.2.4], there are only two (up to isomorphism)
quaternion algebras with underlying quadratic spaces isomorphic to (End’(E),Nrd) = (Q* G). We can
make this explicit, and in fact the choices of square root in each approach are consistent with one another.
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Let LDLT = G with D diagonal and L lower-triangular with 1’s on its diagonal. Let {9, 71,72, V3} and
a,b,c,dq,ds,ds € Q be defined as in Section Then by [Voi21l 15.4.5],

m(V1, %2, ¥3) = det(L)m(v1,7v2,7v3) = m(y1,72,73)-

On the other hand, we have 73 = ¢y172, so
m(717’}72a ')73) = 4Cle,

and 4ab > 0, so the sign of m(y1,72,73) and the sign of ¢ are equal. The choice of sign for a square root of
det(G) = m(y1,v2,73)? is therefore consistent with a choice of sign of the square root of

2d;  det(G) 1

= oo )2
d1d2 - 16a2b2 - (4ab)2 (m('Yl,’YQa’Y?,)) .

A.3 Computing an order O in Z + P

We assume that we have computed three inseparable endomorphisms 1, 72, 3 such that vy := 1 and 1, 2, ¥3
generate a lattice A inside End(E), along with the Gram matrix G = (Trd(vi7;))o<i,j<3 and isomorphisms
of quadratic spaces f: (Q* G) — H(a,b) and g: (End’(E),Nrd) — (Q* G), where g(v,) = e,, the rth
standard basis vector of Q*. For 0 < r,s,t < 3, let m,.s; € Q be the elements of the multiplication table for
the basis B = {y0,71,72,73}: for 0 < r, s < 3, we have

3
YrYs = Z MystVt-
t=0

Let M, be the matrix M, = (myst)o<s,i<3. From this data, we can compute a basis for O, the minimal order
in End(FE) containing A. The order O is generated as a Z-module by vop,71, 72, and 3 and their products.

We compute a basis for O in which basis elements are represented as linear combinations of the ~; as
follows. Let M, denote the sth row of M,. Define the 12 x 4 matrix A to have rows given by the rows of
My, i.e. the 4 x 4 identity matrix, followed by M, for 0 < r < s < 3. Let H be the Hermite normal form
of A. Let B = (bij)o<i j<3 € Mi(Z) be the matrix whose rows are the top four rows of H. The rows of B
form a lattice L in Q* such that g=!(L) = O. In particular, if we define 3; = Z?:o bi;7v; for 0 < ¢ < 3, then
{Bo =1, 51, 52,03} is a Z-basis for O.

A.4 Computing Z + P

We now assume that we have computed a suborder O of Z + P generated by 7 = 1 and three inseparable
endomorphisms 71,72, 73, where O is represented by four vectors {(b;;)o<;j<3}to<i<3 in Q* such that g; =
Z?:o bi;v; form a Z-basis for O. We proceed to compute Z + P by iteratively computing an additional
inseparable endomorphism + and the order O[y], defined to be the smallest order containing both O and ~.

It suffices to compute a basis for the Z lattice spanned by S, ..., 53, 507, ., 837y. The approach is similar
to how we computed an order generated by a lattice basis in the previous subsection. We first compute

(co,...,c3) € Q* such that
3
Y= Z Cs7s
s=0

by computing the traces t, := Trd(v,7) for 0 < r < 3 and then solving the system of equations

3
t, = Z csGors.
s=0

Define M., := Zi:o ¢, M,.. Then the matrix

M, =H 'MH
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gives the action of left multiplication of 7 on the basis elements b, = > . Hys7v, for O. Let A be the matrix
whose rows are the rows of H and the rows of M,,. The top four rows of the Hermite normal form of A yield
a basis for a lattice Lo, in Q* such that g_l(LOM) = (0. We then define B to be the top four rows of H.

We remark that we can check whether the order O given by the matrix B is equal to Z 4+ P by simply
computing its discriminant and checking if the discriminant is p*. The discriminant of O is the determinant
of the Gram matrix BTGB.

A.5 From Z+ P to End(E)

Assume that we have computed three inseparable endomorphisms ; for 1 < ¢ < 3, the Gram matrix
G = (Trd(v:7;)), and a matrix B = (b;;) € M4(Q) so that 3; == Z?:o bi;7y; form the Z-basis for Z+ P. Then
we have so far computed a basis for the unique order of index p in End(F), according to Proposition
Using results and algorithms in [Voi21], we only need a little linear algebra to efficiently compute a basis
for End(E). We recall the notion of a p-saturated order from [Voi2I] below, and show that in our case, a
p-saturated order containing Z + P is End(F).

Definition A.4. Let p be an odd prime. An order O C B is said to be p-saturated if O, = O ® Z,, has a
basis 1,2, 3, x4 such that the quadratic form Nrd: O, — Q, is diagonal with respect to that basis and
such that v,(Nrd(z;)) < 1for all 1 < ¢ < 4. An order O C B is said to be p-mazimal for a prime p if
Op = 0 ®Z, is maximal in B ® Q,.

The following proposition shows that for quaternion algebras over Q ramified at p, orders that are p-
saturated must also be p-maximal.

Proposition A.5. Let B be a quaternion algebra over Q ramified at p. If O C B is a Z-order which is
p-saturated, then O is p-mazimal.

Proof. Let zg = 1,1, 22,23 be a normalized basis of O, := O ® Z,, with respect to the quadratic form Nrd
such that e; == v,(Nrd(z;)) <1fori=1,2,3 and e; < ez < e3.
Then

disc(Op) = det(Trd(z;T;))Zy

2 0 0 0

. 0 wup* 0 0

= det 0 0 s 0 Ly,
0 0 0 uzp®?

_ p€1+62+€32p D) p3Zp,

where uy,uz,uz € Z,. The discriminant of O, is the square of an ideal in Z,, so e1 + ez + ez has to be
even and therefore is either 0 or 2. The first case is not possible since B is ramified at p. This implies that
vp(diserd(Op)) = 1 = vp(disc(B)), so we conclude O C B is p-maximal. O

Corollary A.6. Let O C End’(E) be a p-saturated order such that 7+ P C O. Then O = End(E).

Proof. By Proposition the order Z + P is locally maximal at all primes £ # p. Since Z+ P C O C
End(FE), the order O is also ¢-maximal for all £ # p. Moreover O is p-saturated, so O is p-maximal by
Proposition This implies that O is maximal in EndO(E) and, since Z + P C O, by Proposition we
have O = End(E). O

Therefore given the order Z + P, we can recover the maximal order containing Z + P by computing
the p-saturated order that contains Z + P. This is done efficiently with Algorithm 3.12 and Algorithm 7.9
in [Voi2d].
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