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Abstract. We describe an algorithm, AGM-X,(N), for point counting
on elliptic curves of small characteristic p using p-adic lifts of their in-
variants associated to modular curves Xo (V). The algorithm generalizes
the contruction of Satoh [10], SST [11], and Mestre [9]. We describe this
method and give details of its implementation for characteristics 2, 3, 5,
7, and 13.
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1 Introduction

Elliptic curve cryptosystems can be designed using the reduction of precom-
puted CM curves or using randomly selected curves over a finite field. In the
former case, the curve can be assumed to be drawn from a prespecified list of
curves having many endomorphisms, on which an adversary can perform pre-
computations or exploit the existence of endomorphisms of small degree. On the
general randomly selected curve, the only endomorphisms of small degree are
scalar multiplication by a small integer. Such curves are believed to have higher
security, but to implement an elliptic curve cryptosystem using randomly gen-
erated curves, it is imperative to have an efficient algorithm to determine the
number of points on arbitrary elliptic curves.

The first theoretically polynomial time algorithm for point counting was
due to Schoof [13]. Atkin and Elkies (see [3]) introduced the use of modular
parametrizations of the torsion subgroups of elliptic curves to turn Schoof’s
algorithm into a practical one. Couveignes introduced an extension of this al-
gorithm to curves over finite fields of small characteristic, and independently
Lercier designed an efficient algorithm specific to characteristic 2.

In 1999, Satoh [10] introduced a novel idea of p-adically lifting the j-invariants
of the cycle of curves which are related by the Frobenius isogeny (z,y) —
(«P,yP) over a finite field Fy = Fpm of small characteristic p. The j-invariants
70,71, - - - Jm = Jo can be lifted efficiently to a degree m extension of the p-adic
field @, even though to lift the j-invariants to an extension of Q would in gen-
eral require an extension of degree O(,/q). The classical modular polynomial
$,(X,Y) provides the algebraic lifting condition. The unique p-adic lifts j; are



those for which the equations @,(7;, 7;+1) = 0 continue to hold. This was followed
by the exposition of extensions to characteristic 2 in [4] and [11]. Subsequently,
in 2001, Mestre [9] introduced the use of the arithmetic—geometric mean, or
AGM, to obtain elementary convergent recursion relations for the invariants of
the p-adic lift of an elliptic curve.

In this work, we introduce a family of algorithms AGM-Xy(N) given by
convergent p-adic recursions for determining the p-adic lifts of Heegner points
on modular curves Xo(N). Heegner points are special points on modular curves
which correspond to exceptional elliptic curves with CM, and are invariants
from which we can “read off” the data for the trace of Frobenius, determining
its number of points over F,. Specifically, we describe how the univariate version
of Mestre’s method as described in Gaudry [5] and Satoh [12] relates to the
AGM-X(8), and present essentially new generalizations AGM-X((2), AGM-
Xo(4), and AGM-X,(16) which apply to point counting on elliptic curves in
characteristic 2. In general this method is applicable to point counting on elliptic
curves of any small characteristic p, with complete details described here for
characteristics 2, 3, 5, 7, and 13.

The present work creates a general framework for point counting on elliptic
curves over fields of small characteristic. While the AGM point counting method
for even characteristic fields had outpaced comparable algorithms for curves
over fields of other small characteristics, as well as the SEA for prime fields, the
present AGM-X(N) variants of the algorithm place all small characteristic base
fields on an equal footing. Exploitation of the AGM for cryptographic construc-
tions or any potential cryptanalytic attacks should therefore extend naturally
to any small characteristic base field. The main elliptic curve standards admit
only extensions of the binary field or large prime fields, but the omission of odd
characteristic extension fields is not based on security considerations. Crypto-
graphic standards for odd characteristic extension fields have been proposed [6],
in part to permit efficient software implementations of curves over medium-sized
characteristic [1]. A generic framework for odd characteristic extension fields
also applies to fields of small characteristic, and makes it imperative to advance
the theory of applicable algorithms and cryptographic characteristics of elliptic
curves over arbitrary finite fields.

2 Modular curves and parametrizations

A modular curve X (V) parametrizes elliptic curves together with some cyclic
N-torsion subgroup. The simplest case is the modular curve Xg(1) which clas-
sifies elliptic curves up to isomorphism via their j-invariants. Associated to any
j other than 0 or 123, we can write down a curve
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with associated invariant j. The curve Xy(1) is identified with the line of j-
values, each point corresponding to the class of curves with invariant j. The



next simplest case is the curve X(2), which is described by a function sq, and
which classifies an elliptic curve together with a 2-torsion subgroup.
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The j-invariant of this curve is j = (256s1 +1)3/s; and the 2-torsion subgroup is
specified by P = (—1/4,1/8). The quotient of the curve E; by this group gives
a new curve

32768057 + 3136s1 + 5

16(64s; + 1)
. (51251 + 1)(262144s% + 1984571 + 3)
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with j-invariant (16s; + 1)3/s2. If we try to put the curve F} into the form
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for some sy, then we necessarily have an equality of their j-invariants
J(F1) = (1651 +1)°/s7 = (25652 + 1)* /52 = j(Ea),

which gives rise to an relation s% — 40963133 — 485159 — s9 = 0 between the
s-invariants on E; and FEs, where we discard the trivial factor 4096s1s5 — 1,
determining the parametrized dual isogeny

B —— % B J(0,0)=F
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Fy = E2/<(070>> —— FEs.

For the former equation, the resulting composition ¢; : By — F; = FEs, which
may only exist over a quadratic extension of the field generated by s; and so,
can be shown to induce the pullback ¢ws = m(s1, s2)w; where

(51, 59) = (25651 + 1)(51255(64s5 + 1) — 85y +1) | /2
D220 2\ (25655 + 1)(—25652(25655 + 1) + 1651 +1) )

and where w; and wq are the invariant differentials dz /2y on the respective curves
F7 and FE5. Since the reduction of the relation between the s-invariants of the
curves F; and Ey gives so = s% mod 2, and the kernel is defined by to be those
points (x,y) for which 42 — 1 = 0, we conclude that ¢; defines a parametrized
lift of the Frobenius isogeny.

The isogeny ¢1 can be extended similarly by an isogeny ¢q,

E1—>F12E2%F22E3—>”~



and the corresponding cycle of invariants si,ss,...,Sm, linked by a chain of
isogeny relations, the product of the m; = 7(s;, s;+1) determines the action of
Frobenius on the space of differentials of F; and we can read off its trace, which
determines the number of points on the curve. This is the basis of the algorithm
of Satoh [10] using the j-invariant and the algorithm of Mestre [9] using mod-
ular parametrizations of elliptic curves by the curve X(8). The above example
provides the equations necessary to use the curve Xy(2) in an analogous manner.

2.1 Modular correspondences

The equation &(s1, s2) = s% —40965153 —48s1589 — s9 = 0, derived in the previous
section, is an example of a modular correspondence. The function s on Xy(2)
generates the function field, and the relation between s; and so determines the
image of the modular curve Xy(4) in the product Xo(2) x Xo(2).

At a high level we extend this construction as follows. A point on a modular
curve Xo(N) corresponds to the isomorphism class of a point (E,G), where E
is an elliptic curve and G is a subgroup isomorphic to Z/NZ. For any such
pair (E,G) we may associate the quotient curve F = E/G together with the
quotient isogeny ¢ : E — F. Conversely, to any isogeny ¢ : E — F with cyclic
kernel of order N, we can associate the pair (E,ker(¢)). We say that a map
of curves Xo(pN) — Xo(N) x Xo(N) is an oriented modular correspondence if
the image of each point representing a pair (F, G) maps to ((E1,G1), (E2,G2))
where F; = E and (G, is the unique subgroup of index p in G, and where
E; = E/H and G2 = G/H, where H is the unique subgroup of order p. Since
the composition

¢2E:E1—>E2—>E2/G2:E/G,

recovers the pair (E, G), one considers the point (E3, G2) as an extension of the
degree N isogeny ¢y : E1 — F;/G; determined by (E;,G1) to the isogeny of
degree pN determined by (F,G). When the curve Xo(N) has genus zero, there
exists a single function z which generates its function field, and the correspon-
dence can be expressed as a binary equation @(z,y) = 0 in Xo(N) x Xo(N)
cutting out Xo(pN) inside of the product.

At a more basic level, the construction is determined as follows. Let z = z(q)
be a suitable modular function generating the function field of a genus zero curve
Xo(N), represented as a power series. Then y = z(¢?) is a modular function on
Xo(pN), and an algebraic relation @(z,y) = 0 determines an oriented modular
correspondence as above. The application of modular correspondences to the
lifting problem for elliptic curves is based on the following theorem.

Theorem 1. Let p be a prime dividing N and let ®(x,y) = 0 be the equation
defining an oriented modular correspondence Xo(pN) — Xo(N) x Xo(N) on
a modular curve Xo(N) of genus zero such that ®(z,y) = y? — x mod p. Let
X1, T2y oy Ty, Tyl = X1 be a sequence of m > 2 distinct algebraic integers in
some unramified extension of Q, such that &(z;,x;+1) = 0. Then the z; form a
Galois conjugacy class of invariants of CM curves.



The above theorem describes the relation between cycles of points on modu-
lar curves and CM curves. A sequence of points satisfying the conditions of the
theorem are examples of Heegner points on Xo(N). After an initial precompu-
tation to determine the equations as presented in this article, it is sufficient to
dispense with the elliptic curves and compute only with their modular invari-
ants. The defining functions and relations for the family determine the particular
algorithm AGM-X, (V) to be used for p-adic lifting. Each is denoted accord-
ing to the modular curve Xo(N) on which we lift points. In each instance we
have an initial condition of the form z; = 1/j mod p and a recursion for com-
puting the function z;y; in terms of z;, which arises from the correspondence
Xo(2N) — Xo(N) x Xo(NN) given by the equations &(x;,z;11) = 0 as below.

X()(Q) : 8% — 16(25682 + 3)8182 — So9 = 0, X()(8) : U%(4UQ + 1)2 — Uy = 0,
c 2
- Y1

X0(4) : t% — 16(16t1t2 + 1t + tg)tz — 1ty =0, Xo(lﬁ) v (41)% + 1) —v9 = 0.

The relations between the above functions are given by the identities

jl = (25681 + 1)3/31, t1 = ul/(f4u% + 1),
S1 :t1(16t1 +1), Ul :Ul/(1+4’U%)

Each function can be expressed in terms of the classical modular functions from
which their relations were derived.

Families of p-adic liftings exist for odd characteristic, and in particular, when
the genus of X((N) is zero ! we obtain a simple relation for the correspondence
Xo(pN) — Xo(N) x Xo(N). For instance, if p = 3 and N is 3 or 9 we give the
correspondences defining algorithms AGM-X((3) and AGM-X;(9) below.

X0(3) : 53 —9(59049s1 53 + 29165152 + 8155 + 3081 + 4)s182 — 53 =0
Xo0(9) : t3 —9((27t2 + 9t + 1)(3ta + 1)ta + (3ty + 1)t1)ta —ta = 0

The relations between these functions and the j-invariant is given by the equa-
tions:

J1= (2781 + 1)(24381 + 1)3/81,

s1= (2713 + 91 + 1)t;.

2.2 Power series developments

Each of the selected functions are p-adically convergent away from the super-
singular point j; = Omod p when p = 2 or 3. The equations of the form
®(x;, ;1) = 0 allow us to find a general solution for x;y; as a power series

! The genus of Xo(N) is zero if and only if N is one of the values 1, 2, 3, 4, 5, 6,
7, 8,9, 10, 12, 13, 16, 18, or 25. In this case, there exists a single function which
parametrizes Xo(NN). In the general case we would need multiple functions and the
polynomial relations they satisfy. Here we will only be interested in the subset of
these N which are powers of the characteristic p.



in x;. We note that for all functions given above, j; ! is an initial approximation
to the p-adic value of .

X0(2) :
Siv1= 57 — 4853 + 23045} — 11468857 + 5898240s¢ + - - -
= 52(1 — 48s;)(1 + 230452)(1 — 409653) (1 + 5701632s2) - - -
X0(4) :
tiy1 = t2 — 1613 4 240t} — 3584¢5 + 53760t9 — 811008t + - - -
=12(1 — 16(t; — 15t7))(1 — 3584(t3 + t1))(1 4 1302937659)(1 — 81925s7) - - -
X0(8) :
Uir1= u? + 8u} + 80uf + 896uf + 10752u 0 + 135168u}? + - -
= u2(1 + 8u?)(1 + 80u})(1 + 256uf)(1 + 8704us) - - -
X0(16) :
Vip1= 07 + 408 + 32019 + 3200} + 35840} + 4300822 + - - -
= v2(1 + 4v) (1 + 320%) (1 + 1920}2)(1 + 2816v.5)(1 + 2560002°) - - -

Similarly the first few classes of algorithms on X(3™) give rise to the following
p-adic analytic recursions.

X0(3> :

sip1= 87 — 365} + 102657 — 272165 + 70202757 — 1789840855 + - - -
= s3(1 — 36s;)(1 + 102657)(1 + 9720s3)-
_ 3

s3(1 — 365;)(1 + 102657)(1 + 9720s3)-
(1 +1051947s3)(1 + 999896457 + 939272765%) - - -
X0(9) :
tiy1 =t — 9t} + 5417 — 252t% + 891¢7 — 17015 — 6426t + - - -
= t3(1 — 9t; — 252t3)(1 + 54t? + 649674¢5)(1 + 5265¢t%)-
(1 4 486t3 + 3304812 + 292523417 + 98492517)) - - -

The above power series give explicit convergent series for the action of the Frobe-
nius automorphism on ordinary CM points on the modular curves X, (p™) for
those particular values of p and n. The power product representations have the
property that all but finitely many terms equal one to any fixed precision p’.
Note that the iteration z; — ;41 is of the form x;41 = ¥ f(z;) for some power
series f(x;) in z;, and that the p-th powering gains relative precision. Thus in
the initial phase we iterate the initial terms of the power product representation
mod p® to lift an approximation to the CM point as described in Table 1.

2.3 Action of Verschiebung

In order to apply the Heegner point constructions to the determination of the
trace of Frobenius, we need to pullback of Frobenius between the differentials of
parametrized curves specified by a modular correspondence. In Table 2 below we
give the value of this scalar action of Verschiebung, the dual to Frobenius, in the
left hand column. Using the identity N(z1) = N(z2) for any Galois conjugates



Table 1. HeegnerPointAnalyticLift

Input: The modular polynomial @(z,y); the precomputed product decomposi-
tion for the analytic power series

y(z) = 2P fi(x) f2(x) - - - such that &(z,y(x)) =0

and fi(z) = 1 mod p’; a finite field element o such that &(zo,z}) = 0; and a
target precision w.

Output: An unramified p-adic lift z1 of a Galois conjugate of xo such that
(z1,27) is a zero of @ to precision p*.

Set x1 to be any p-adic lift of xo.
for (1<k<w-1){

w1 =} [[I, fi(w1) mod p**!
}

return i

x1 and xo, we are able to simplify the expressions by eliminating terms whose
norm reduces to 1. In the final column we indicate with a 1 or 2 whether the
expression is for the Verschiebung itself, or its square. In the latter case, we must
extract a square root in the course of computing the norm.

Table 2. Modular Action of Verschiebung

m-th power of Verschiebung Norm-equivalent expression m
Xo(?) :

(25655 + 1)(—25652(25655 + 1) + 1651 + 1) (—25652(25652 + 1) + 1651 + 1)

2
(25651 + 1)(51252(64s2 + 1) — 851 + 1) (512s2(6452 + 1) — 851 + 1)
Xo(4)
32ty + 1 32t + 1 5
8t1 +1 8t +1
Xo(8)
(—4U1 —|— 1)(4UQ + 1) 1 + 4u1 1
4U2 -1
Xo(16)
(—4vi 4+ 1)(403 + 1) 9
1+4 1
402 —1 + e
Xo0(3)
(351 4+ 1)(—19683s7 — 48651 + 1) )
(24351 + 1)(—27s% + 1851 + 1)
Xo(g) :

(3t1 + 1)(27t7 + 1)(—243(81(27¢F + 9t1 + 1)¢5 + 2(27t7 + 9t + 1)t1 + 1)
(—27t2 + 1)(243(27t2 + 9t1 + 1)1 + 1)(729t% + 48613 + 162t2 + 18t; + 1)

3 Algorithm and performance

In order to construct the initial lifting of a finite field element to a p-adic element
with precision w, we make use of the power series for z;y; in terms of z; as



described in Table 1. Since the power series is approximated mod p by the
congruence x;+1 = x! mod p, each application of this p-adic analytic function
gains one coefficient of precision.

The analytic method, using a precomputed power product representation of
the Hensel lifting of the power series appears to be more efficient than a naive
linear Hensel lifting to compute the canonical lift to a precision of one 32-bit
computer word. This is in part explained by the observation that a significant
number of steps of the f;(x)’s are in fact equal to 1, and so can be omitted from
the product. Finally, we note that this product expression structures the Hensel
lifting to use only multiplications.

The second phase of the lifting mirrors Algorithm 1 of SST [11], expressed
here in terms of the Frobenius automorphism o rather than its inverse. The al-
gorithm of SST refers to the classical modular polynomial @,(j1,j2) relating
the j-invariants of two p-isogenous curves, but in fact applies in great gen-
erality 2 to find p-adic solutions to a bivariate polynomial @(x,y) for which
(a? —y) | &(z,y) mod p.

Here we apply it to our modular correspondences @(z,y) on the curves
Xo(N). We define &x(z,y) and Py (x,y) be the derivatives with respect to
the first and second variable, respectively, of the modular correspondence. The
algorithm is given in Table 3.

Table 3. HeegnerPointBlockLift

Input: The modular polynomial @, integers m and w, and a p-adic element x
such that (z,z7) is a zero of @ to precision p*.
Output: A lift of z such that (x,z7) is a zero to precision p™*.
Dx = &x(x,2%) mod p¥
Dy = &y (z,27) mod p*
for (1 <i<m){
R, = (@(x,w") div p“”) mod p"
for (1<j<w){
Ax = (RI mod p)l/p lifted to precision p*
R, = (Rs + DxAx + Dy A%)/p
T 4= piw+jAX
}
}

return x

The final step is to make use of the precomputed form of the action Frobe-
nius on the differentials for an elliptic curve parametrization by Xo(NN). This
action will be a rational function 71 = 7(x1) in the value x; of the lifted point.
The Frobenius endomorphism is the product of the Galois conjugate Frobenius
isogenies, so the norm N(mq) of this value gives the action of the Frobenius en-
domorphism on the differentials. Since the minimal polynomial X2 — tX + ¢ for
this element it congruent to X (X — ¢) modulo ¢, we see that N(m1) mod ¢ =0

2 This observation was already used by Gaudry [5] in extending this algorithm to a
modified AGM modular equation.



and (g div N(m1)) = t mod ¢. In a now standard trick, the norm is computed
using the identity N(71) = exp(Tr(log(m))), using the efficiency of trace com-
putation [11].

Table 4. Timing Data for AGM-Xo(N)

p=2: m |log,(q)| Xo(2) Xo(4) Xo(8) Xo(16)
163{163.00| 0.48s 0.46s 0.45s 0.55s
193|193.00| 0.61s 0.59s 0.60s 0.72s
239(239.00| 0.91s 0.88s 0.91s 1.08s
p=3: Xo0(3) Xo(9)
103]163.25| 8.95s 10.8s
1211191.78| 19.7s  19.8s
127|201.29| 21.1s 21.2s
151/239.33| 43.5s 46.6s
p = 5: X0(5) X0(25)
71|164.86| 8.06s 8.75s
83 1192.72] 12.6s 13.5s
103/239.16| 30.5s  30.9s
p="T: Xo(7)
59 (165.63| 5.13s
69 1193.70| 10.9s
711199.32| 11.3s
83233.01| 19.8s
851238.63| 21.6s
p = 13: Xo(13)
43 1159.12| 4.18s
53|196.12| 8.66s
61 |225.73| 14.3s
65 |240.53| 19.1s

An generic implementation [7] of the method in Magma [8] yields the fol-
lowing timing data of Table 4 on an 1.4GHz AMD machine. The algorithm
makes use of the internal Magma implementation of an efficient Galois action
on unramified cyclotomic extensions when p = 2, and otherwise falls back on
Hensel lifting to determine Galois images when the residue characteristic is odd.
The timings listed are independent of the one-time setup costs for initializing
the p-adic lifing rings. Further specific optimizations for p = 2 make this case
comparatively faster than for odd residue characteristic.

4 Relations with other algorithms

The chosen model curve for X((8) is the equation u?(4us + 1)? = us, which
has the property that its reduction modulo 2 takes the form u? = us, so that
ug is the Galois image of u;. Over a field of characteristic zero, this equation
becomes isomorphic to the equation arising in the “univariate” version of the



AGM recursion 4xy? = (z + 1)? via the change of variables?

. 1+ 4uy

1+ 4us
e —— -~ “
1—4U1

and y = 1 du,

Thus the use of 2-adic Heegner point lifts on X((8) to determine the number
of points on an elliptic curve over Fom could fall under a purported patent
application on the AGM point counting method.*

In contrast, the modular curves Xy(1), Xo(2), Xo(4), Xo(8), or Xo(16) are
nonisomorphic as moduli spaces, and only the modular correspondence for X (8)
transforms by change of variables into the univariate AGM method. In fact if j
is a root of the polynomial 23 + 2 + 1 in Fy, then the canonical lift of j on X(1)
is a root of the polynomial:

o3 + 349175022 — 5151296875z + 12771880859375.

The original method of Satoh, extended to characteristic 2 as in [4] or [11] finds
some 2-adic approximation to a root of this polynomial. In contrast, in terms of
the functions s, ¢, u, and v, the minimal polynomials over QQ of a canonical lift
are respectively:

23646 1 2258345 4 143514214402 + 41249329523 + 350376522 + 1662 + 1,
22426 4 2175925 + 15618562* + 14300723 + 610122 + 118z + 1,
2646 4+ 241725 + 57224 + 20323 4+ 1322 + 22 + 1,
2325 — 42° + 182% 4+ 1323 + 922 + 42 4 1.

The above polynomials are examples of class invariants obtained by modular
correspondences on Xo(1), Xo(2), Xo(4), X0(8), and X(16), the latter examples
naturally generalizing the construction of Couveignes and Henocq [2] for X(1).
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Appendix of equations of higher level

In this appendix we give the equations for the modular correspondences and
action of Verschiebung necessary to implement the AGM-X,(N) for N =5, 25,
7, and 13. The modular correspondences on X¢(5), Xo(25), Xo(7), and Xo(13)
with respect to a degree one function on the curve are as follows.

X0(5)1

s7 — 244140625553 — 58593750554 — 49218755453 — 16250057 52

—157551s5 — 195312557355 — 4687505753 — 393755352 — 13005759
—156255253 — 37505252 — 3155259 — 1255153 — 305182 — 50 = 0

X0(25)Z

] — 625t1t5 — 625t1t5 — 375t1ts — 125¢1t2 — 25t1ty — 625¢5t5 — 625¢5t5

—375t3t3 — 125313 — 25t3ty — 3T5t3t5 — 375t5t5 — 225¢3t5 — T5t3t3
—15t3ty — 125t1t5 — 125t1t5 — Tt t3 — 25t1t3 — St1ty — 25t5 — 25¢5
—15t3 —5t3 —ty = 0

The functions s on X(5) and ¢ on X((25) are linked by the relation

s = 25t° + 25¢% + 15¢3 + 5t% + ¢.



X0(7)Z

s — 1384128720155 — 790930697257 s§ — 18562659225%s5 — 22400369659 53
—14201915s$s3 — 4225765553 — 40185Ys5 — 2824752495755 — 16141442857 53
—37882978s7s5 — 45715045555 — 2898355752 — 86245752 — 57648015755
—3294172s1s3 — 7731225153 — 932965753 — 59155755 — 1176495355
—67228s353 — 157785353 — 19045359 — 24015753 — 13725753 — 3225255
—495155 — 285189 — 59 =0

X0(13)2

513 — 23298085122481512533 — 46596170244962512532 — 44804009850925512 531
—27020264402404512s30 — 11283187332872s1%55 — 3409754413780512 55
—7583785764625125] — 12385591894051255 — 1454800232612 53
—11749995405125% — 5991658451253 — 162307651253 — 1514551255
—1792160394037s11 542 — 3584320788074511 53! — 344646229622551 ' 510
—2078481877108s11 s — 86793748714451's5 — 2622888010605} 5]
—58336813574511s5 — 952737838051 53 — 11190771025} 55
—90384580s1' 53 — 46089685152 — 12485251155 — 13785849184951051!
—275716983698510530 — 26511248432551%59 — 1598832213165153
—6676442208851"s5 — 2017606162059 — 448744719851053
— 7328752605155 — 8608285451053 — 695266051°52 — 35453651%s9
—1060449937357 530 — 2120899874657 55 — 2039326802559 s5
—12298709332s7s% — 5135724776575 — 155200474059 55
3451882465755 — 563750205755 — 66217585753 — 5348205755
—815730721s555 — 163146144255 55 — 156871292555 5% — 9460545645555
—395055752s5 55 — 11938498058 53 — 2655294255 55 — 433654055 53
—50936655 55 — 62748517575 — 1254970345757 — 12067022557 5§

— 727734285753 — 3038890457 55 — 91834605 53 — 20425345] 53
—3335805] 50 — 48268095857 — 96536185555 — 92823255%s3 — 559795655 54
—23376085% 53 — 7064205952 — 157118555 — 3712935755 — 7425865753
—71402557 55 — 4306125753 — 1798165352 — 543405755 — 285615753
—57122s1s5 — 54925s1s3 — 331245753 — 138325152 — 219753 55

—439453 53 — 42255353 — 25485350 — 1695753 — 3385753

—3253%52 — 13818% — 268182 — 59 =0

We note that a canonical lift only exists for the invariants of ordinary curves.
The supersingular points, in contrast, fail to converge, and are in fact poles of
each the chosen functions for the lifting process. In characteristics 2 and 3 the
j-invariant 0 is supersingular, which explains why we take as starting point of
our canonical lifting algorithm 1/j = s1 = t1--- mod p. For p equal to 5 the
j-invariant of a supersingular curve is also 0, and the starting point of lifting is
therefore also 1/j = s; = t; mod 5. However for 7 and 13 the starting points
of the lifing algorithms are 1/(j + 1) = sy mod 7 and 1/(j — 5) = s; mod 13,
corresponding to the supersingular j-invariants 6 and 5, respectively.

To complete the specification of the algorithms for X(5), Xo(7), and X (13),
it remains to give the action of Verschiebung on the differentials of a generic curve



as in Table 2. In terms of a special value s; which is the canonical lift of the
invariants of an ordinary elliptic curve, we find the following form for square of
the action of pullback by the Verschiebung on two parametrized curves.

Gs(s1,1)Hs (5351, 1) G5(X,Y) =5X2 + 10XY + Y2
X = h ’ ’
0(®) Gs(52s1, VHy(L,s1)" 00 | Hs(X,Y) = —X2 —4XY + V2.

F7(8171)(—778411+G7(728171)+1)
Xo(7): — h
o(7) Fr(72s1, 1) (—7st + 7Gr(Lsy) +1) ¢

Fr(X,Y)=X2+5XY + Y2,
G7(X,Y) = (2X2 + 9XY + 10Y2)XY.

G13(1,s1)H13(13s1,1)

— , where
G13(13s1,1)Hy3(1, 51)

XQ(].?))

G13(X,Y) = X4 +7X3Y +20X%Y2 +19XY3 + Y4,
Hi3(X,Y) = X5+ 10X°Y +46X*Y? + 108X3Y3 + 122X?Y* 4 38XY® — Y.
The action of Frobenius with respect to t; on X(25) is determined by means

of the expression for the function s; = 25t + 25t + 15¢5 + 53 +t1 on Xo(5) in
terms of the function ¢; on X¢(25).



