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AVERAGE NORMALISATIONS OF ELLIPTIC CURVES

WiLLIAM D. BANKS AND IGOR E. SHPARLINSKI

Ciet, Quisquater, and Sica have recently shown that every elliptic curve E over a finite
field F, is isomorphic to a curve y? = z3 + az + b with a and b of size O(p*/%). In
this paper, we show that almost all elliptic curves satisfy the stronger bound O(p?/3).
The problem is motivated by cryptographic considerations.

1. INTRODUCTION

Let p > 3 be a prime number, and let F, be the finite field with p elements, which
we identify with the set {0,1,2,...,p — 1}. For any a,b € F, with 4a3 + 27b% # 0, let
E(a,b) be the elliptic curve over F, given by the equation y? = z3 + az + b. Since every
elliptic curve E is isomorphic to some E(a,b), the invariant

p(E) = min { max{a,b} |a,b € F,, E(a,b) = E},

is a positive integer that is well-defined on isomorphism classes of elliptic curves over ;.

For many cryptographic applications, or when performing other calculations on ellip-
tic curves where efficiency is an issue, it is often desirable to work with curves E = E(a, b)
where the coefficients a and b are very small relative to the prime p. Since every elliptic
curve E is isomorphic to some E(a,b) with 0 € a,b < u(E), this leads naturally to the
problem of estimating the size of 4(E). This question has been recently considered in [2],
where it is shown that p(E) = O(p*/*) for all elliptic curves E over F,, with an effectively
computable constant. A very similar result has also been obtained in [4]. In this paper,
we shall show that for a “randomly chosen” elliptic curve E, one can improve this to
u(E) = O(p*?); for a precise statement, see Theorem 1 in Section 3 below.

Aein [2], we use exponential sums, but our scheme is somewhat different. For ex-
ample, our proof does not use the Weil bound and can therefore be extended to “elliptic
curves” over arbitrary residue rings. In our estimates, we give explicit constants which
hold for any prime p > 2%. By using more sophisticated techniques and better (known)
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bounds, one can easily both improve the constants and lower the limit 23%; this is par-
ticularly true for primes in certain congruence classes modulo 4 or 6. In any case, the
condition p > 2% is irrelevant for most cryptographic applications, since primes used in
such constructions are typically several hundred bits long.

2. GENERAL ESTIMATES

Throughout this section, let p > 3 be a fixed prime number, and define e(z) = e?"i=/?
for all z € F,. Then

1 ifx=0
(1) p' ) e(h)= { . .
AcFy 0 ifzxe IF'p.

LEMMA 1. For every integer n > 2 and all a € F,, the following inequality holds:

Z e(au™)

< (ged(n,p—1) — l)pl/z.

uef,
PROOF: See (7, Exercise 11b in Chapter VI]. 0
LEMMA 2. For every positive integer h, the following inequality holds:
h—1
Z Ze()\u) < plnp.
A€F, 1 v=0
PROOF: See [7, Exercise 11c in Chapter III]. 0

LEMMA 3. ForallbeF,,de€F,, and1 < h<p,let
Upap = {u€TF; | 0 bu’ +d < h}.

Then
|#Up,an — h| < 6p'2Inp.

PRrOOF: Using (1), we have

#ubdh'-zzp > e(Ad +d-v))

ueFy v=0  AcF,
h-1
=h(l-p YY) +p! Z (Ad) Z (Abu®) Ze (=)
A€F; u€F; v=0

Since 1 £ h < p, it follows that

h-1
(2) |#Upap —B| < 1+p7! Z Y e(bu®)| > e(av)|.
A€F; lueF; v=0
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By Lemma 1, we have for all A € F;:

> e(abuf)

ueck;

<1+ <1+ 5p'2

Z e(Abu®)

uekFp

Using this inequality in (2) and applying Lemma 2, we have
[#Us g — h| < 1+p7(1 4 5p"*)(pInp) < 6p/* Inp,
and the lemma is proved. 0
LEMMA 4. Foralla,b€ F;,c,de€F,, and1 < h<p,let
Vapedn = {u€F; | 0< au® +¢, bu® +d < h}.

Ifc, d and h are fixed, then for any 0 < § < 1, Vg pca is empty for fewer than ép(p— 1)
pairs (a,b) € F; x F; provided that p > 2% and h > 46~%3p*/3.

PROOF: Let b € F;, and note that for every a € I},
Va,b,c,d,h = {u € L{,,,d,,, I 0< au? +c <.h},

where U, 4, is defined as in Lemma 3. Put k = |h/2], and let A4 .4 be the number of
solutions to the relation au+¢ = k+ v, — vy with u € Uy 4 and 0 < v, 15 < k. Clearly,
Nabedn > 0 implies that V, 5 .44 is non-empty.

Using (1), we have

abcdh Z Z _IZ au +C—I€—I/1+V2))

u€lp g 5 ¥1,v2=0 reF,

k-1 2
= #lUygpk*p~t +p! Z e(Ac—k)) Y e(rauf) > e(w)
z\EF; uEub'd'h v=0
Thus,
k-1 T2
[Napean — #lUsan-kp™!| < p™! Z Z e(Aau’) Ze(/\’/)
z\EF; ueub'd',, v=0
Summing over all a € F}, we have
k- 2
Y [Nabean = #oank’™ [ <7 3 ST ST e(raut) Z
GEF;, AEF;, GEF; u€Up a.n v=0
k-1 2
= Y| S et T[S et
aEF,', u€lly g5 AEF; v=0
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Using the Cauchy inequality, we estimate

(2] X eto ) <Y

a€Fy ' u€lpa,n ack,

=py, >, efalu}-u})

a€Fp uy u2€Up g1

= p? Z _12 uj ~ u3))

ul,ugeu,,'d h aEF,,
= p? #{u1,u2 € Upap | ui = uj}
< 4p°#Us an.

2

2 e

u€lp g

Also,
k-1 2 k-1 2
YD ew)| < DD e(w)
AeFslv=0 A€F, ! v=0
k-1
=3 Y e(An—w))
A€F, v1,v2=0
k-1
=p Z Z (r — 1/2 = pk.
v1,v2=0 A€F,
Consequently,
(3) Z ,Na,b,c,d,h - #ub,d,h‘kzp_ll < 2pk(#ub,d,h)1/2.
’ a€F;

Now let B; be the set of elements a € T} such that
[Napean — #Usan-k?p7"| = 267 k(F#Upan) />
From (3), it follows that #B; < dp. On the other hand, for all a € F;\Bs, we have
Nopean > #Usank’p™" — 267 k(#Uyan)'?,
hence My pcan > 0 (and V,pc 45 is non-empty) provided that
(4) H#lUpap > 4672k 2
Since A is an integer, we have
k=1h/2) > (h—1)/2>2672p%3 _1/2 > 31/2572/3,%3,
Hence the right hand side of (4) is less than
4572(326-213p23) 2% = (4/3)6~23p < h/3.

On the other hand, by Lemma 3, the left hand side of (4) is greater than h — 6p'/2Inp,
and this is at least h/3 provided that h > 9p"/2Inp. Since § < 1, this condition holds
whenever 4p*3 > 9p'/2Inp, hence for all primes p > 23%. The result now follows. D
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3. MaIN RESULT

We are now able to prove our main result.

We say that an elliptic curve E is typical if E = E(a,b) with a,b € F;; otherwise
(that is, if ab = 0) we say that E is atypical. It is well-known that there are precisely
(2p — 4) distinct isomorphism classes of typical elliptic curves over F,, while the number

of atypical isomorphism classes is
ged(4,p— 1) +ged(6,p — 1) < 10.

THEOREM 1. Ifp > 235, then for any 0 < & < 1, the bound p(FE) > 46~ 3p?/3
holds for fewer than 26p distinct isomorphism classes of typical elliptic curves.

PrOOF: The isomorphism classes of typical elliptic curves over Fp, collectively de-
noted here by A, are in bijection with the set

S = {(a,b) € F} x F; | 4a® + 276% # 0}

modulo the equivalence relation on S defined by: (a,b) ~ (a’,¥) if and only if @' = au*

and b = buS for some u € F;. The correspondence between S / ~ and A is given by
{a,b) & E(a,b). ‘
In the notation of Lemma 4, take ¢ = d = 0, let 0 < § < 1, and put h = |46~2/3p%/3|
+ 1. Observe that
#Vopedh = #F Vo pcdh

for all (a, b), (o', ') € S with (a,b) ~ (a’,¥'). Thus, the function F given by
F(E) = #Vapedh if £ = E(a,b),
is well-defined on A. Note that F(E) # 0 implies u(E) < h — 1 < 467%/3p?/3,
Now by Lemma 4, V, b4, is empty for fewer than dp(p—1) elements of § C F, x T,

Since every equivalence class in S contains precisely (p — 1)/2 elements, F(E) = 0 for
fewer than 20p classes F € A. 0

4. REMARKS

It is easy to see that for any v > 16!/3 = 2.519.. .. and all sufficiently large p (depend-
ing on ), the bound u(E) > vd~%/3p?*3 holds for fewer than 26p distinct isomorphism
classes of typical elliptic curves.

One can also identify F, with the set {O, +1,+2,...,+(p—- 1)/2} and define

po(E) = min{max{lal, o]} | a,b € F, B(a,b) = E}.

Then the result of Theorem 1 extends to po(E) with slightly better values for the con-
stants.
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The arguments of [2] show that the bounds u(E) = o(p'/?) and po(E) = o(p'/?)
cannot be valid for almost all typical elliptic curves. It would be very interesting to
narrow the gap between this lower bound of order p1/? and our upper bound of order
p?3.

We also remark that in the case of atypical curves much stronger results can be
obtained with the help of character sums. Indeed, the Burgess bound on character sums
implies that u(E) = O(p*/*). In fact, using the results of [3] or [5] one can easily derive
that for such curves u(E) = O(p'/*~°) for some non-negative ¢ > 0. Also, from the bound
of multiplicative character sums in Chapter 13 of [6], which holds under the assumption
of the Extended Riemann Hypothesis, one can derive that u(E) = o(1/(p) log? p) for any
function ¥(p) — oo.

Finally, it would be very interesting to see whether our arguments could be combined
with the methods of [4] to improve the error term in the asymptotic formula given in [4].
We recall that the results of [4] are also based on studying “small” representatives in the
same family of curves that we consider in this paper. Although the obvious attack on
this question fails, we hope that by further developing our arguments, such a goal might
be attained.
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