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GAUSSIAN HYPERGEOMETRIC EVALUATIONS OF TRACES
OF FROBENIUS FOR ELLIPTIC CURVES

CATHERINE LENNON

(Communicated by Matthew A. Papanikolas)

ABSTRACT. We present here a formula for expressing the trace of the Frobenius
endomorphism of an elliptic curve E over Fy satisfying j(E) # 0,1728 and
g =1 (mod 12) in terms of special values of Gaussian hypergeometric series.
This paper uses methods introduced by Fuselier for one-parameter families of
curves to express the trace of Frobenius of E as a function of its j-invariant and
discriminant instead of a parameter, which are more intrinsic characteristics
of the curve.

1. INTRODUCTION

Gaussian hypergeometric series were first defined by Greene in [4] as finite field
analogues of the classical hypergeometric series. Since then, they have been shown
to possess interesting arithmetic properties; in particular, special values of these
functions can be used to express the number of IF,-points on certain varieties.
For example, results in [§] and [I2] presented formulas expressing the number of
F,,-points of elliptic curves in certain families as special values of Gaussian hyperge-
ometric series. These formulas, however, only used trivial and quadratic characters
as parameters, and the task remained to find some expressions with parameters
that were characters of higher orders [I1].

Recently in [3], Fuselier provided formulas for certain families of elliptic curves
which involved Gaussian hypergeometric series with characters of order 12 as pa-
rameters, under the assumption that p =1 (mod 12) (which is necessary to assure
that characters of order 12 exist). In [I0], we provide a formula for the trace
of Frobenius for curves with 3-torsion and j-invariant not equal to 0, 1728 using
characters of order three. Again, we must assume that p =1 (mod 3).

In all of the previous results, the character parameters in the hypergeometric
series depended on the family of curves considered. In addition, the values at
which the hypergeometric series were evaluated were functions of the coefficients
and so depended on the model used. Here, we give a general formula expressing
the number of Fj,-points of an elliptic curve in terms of more intrinsic properties of
the curve. Consequently, this characterization is coordinate-free and can be used to
describe the number of points on any elliptic curve E(F). ), with j(E) # 0,1728 and
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p¢ =1 (mod 12) without having to put the curve in a specific form. In particular,
the formula holds over 2 for all odd p whenever j # 0,1728.
Let ¢ = p°® be a power of an odd prime and let [F; be the finite field of ¢

elements. Extend each character x € I/F‘E to all of F, by setting x(0) := 0. For any

two characters A, B € E‘\(’; one can define the normalized Jacobi sum by

(1.1) (A> = B > A@)B1-z) = #J(A,B),

B 4 zelF,

where J(A, B) denotes the usual Jacobi sum.

Recall the definition of the Gaussian hypergeometric series over Fy first defined
by Greene in [4]. For any positive integer n and characters Ao, Ay, ..., A, and
By, B,,...,B, € E‘\(’;, the Gaussian hypergeometric series ,1F), is defined to be

(1.2)
9,m i S () (1) (o

\F ( Ao A1 ... A

B, .. B,

See also Katz [7] (in particular Section 8.2) for more information on how these
sums naturally arise as the traces of Frobenius at closed points of certain f-adic
hypergeometric sheaves.

If we let a(E(F,)) denote the trace of the Frobenius endomorphism on E, then

a(E(Fy)) = q+1—|E(F,)|

and the following theorem expresses this value, and therefore also |E(Fy)|, in terms
of Gaussian hypergeometric series.

Theorem 1.1. Let ¢ = p¢, p > 0 a prime and ¢ = 1 (mod 12). In addition, let

E be an elliptic curve over Fy with j(E) # 0,1728 and T € I/Fg a generator of the
character group. The trace of the Frobenius map on E can be expressed as

a1 (1728 %% T% |j(E
(1L3)  a(E(F,))=—q T (—>'2F1< 24-1) ‘1(72;> ’
q

A(E) T s
Remark 1.2. Tt should be noted that the discriminant of the curve, A(E), appears
in the formula for the trace of Frobenius above. Although the discriminant itself
depends on the Weierstrass model, isomorphic curves will differ by a twelfth power
of an element of F,. Since the discriminant only appears as the argument of a
character of order 12, the discriminants of isomorphic curves will output the same
value, so the formula is indeed independent of the Weierstrass model.

where A(E) is the discriminant of E.

Remark 1.3. When p # 1 (mod 12), information about a(E(F,)) can still be gained
from Theorem [Tl Because p? = 1 (mod 12) for all p > 3, Theorem [L] applies
with ¢ = p?. Using the relationship

a(E(Fy))* = a(E(Fy)) + 2p,

one can then determine a(E(F,)) up to a sign. Computations suggest that the
sign is not determined simply by a character. It would be interesting to find a
characterization of this sign and thus determine a(E(F,)) for all primes.
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2. PrRooOF oF THEOREM [L.]]

2.1. Elliptic curves in Weierstrass form. Theorem [[LT] will follow as a con-
sequence of the next proposition after applying transformation laws for Gaussian
hypergeometric series. Recall that in characteristic not 2 or 3 an elliptic curve can
be written in Weierstrass form as

E:y*=a234ax+b.
We prove the following theorem:

Theorem 2.1. Let ¢ = p°®, p > 3 a prime and ¢ =1 (mod 12). Let E(F,) be an
elliptic curve over Fy in Weierstrass form with j(E) # 0,1728. Then the trace of
the Frobenius map on E can be expressed as
27b2
4a®
q

a1 a3 T% T%
oBE) =~ T () 2h ( i

This theorem extends Proposition I11.2.4 of [2] to elliptic curves in the form given
above, and the method of proof follows similarly to that given in [3].

Proof. Let |E(F,)| denote the number of projective points of E in F,. If we let
P(z,y) = 2 + ax + b — ¢,
then |E(F,)| may be expressed as
|B(F,)| — 1= #{(2.y) € F, x F, : P(a,y) = 0}.
Define the additive character 6 : F; — C* by
(2.1) () = ¢
where ¢ = *™/? and tr : F, — F, is the trace map, i.e., tr(a) = a+a® +aP 4.+

o' For any integer m, we may form the Gauss sum associated to the characters
T and 0

(2.2) G =G(T™) =Y T™(2)0(x).
z€F,
As in [3], we begin by repeatedly using the elementary identity from [6],
[ q if P(z,y) =0,
23) Soerean={§ ire 7o

to express the number of points as

q- (#E(F Z Z (zP(z,y))

z€lF, z,y€F,
=¢+ Z 0(zb) + Z 0(20)0(—zy?) + Z 0(z2%)0(zax)0(2b)
z€F3 y,z€F% z,z€F?:
H—/
A B c
+ > 0(zP(z,y)).
z,y,2€Fy
D

We will evaluate each of these labeled terms using the following lemma from [3].
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Lemma 2.2 ([3, Lemma 3.3]). For all a € IF},

ZG T (o

where T is a fized generator of the chamcter group and G_,, is the Gauss sum
defined previously.

q—l

Since Lemma holds only when the parameter is nonzero, we require that
a # 0 and b # 0, or equivalently j(E) # 0,1728. For A we have

A— qu1 zi:G_iTi(b) XZ:TZ‘(Z) — Gy =1,

where the second equality follows from the fact that the innermost sum is 0 unless
1 =0, at which it is q — 1. Similarly,

= G L OO OP D TR ),

and the inner sums here are nonzero only when 25 = 0 and j = —i. Plugging in
these values gives

B=1+qT" (b).
We simply expand C' (because it will cancel soon) to get

_ (q_ 1) ZG G,JG kTJ )Tk(b)zTiJerrk(z)ZT3i+j($)

1,5,k

Finally, we expand D:

= (q_11)4 > GGG G T (a)TH(0)T' (~1)
2,7,k,0

. Z Ti+]+k+l Z) Z T3i+i (x) Z TQZ(y)
z x Yy
Again, the only nonzero terms occur when [ =0 or [ = q%l. The I = 0 term is

5D, G-iG_jG_,GoT? ()T (b) Y T4 (2) Y T+ (x)

(q— 1)? e
and since Gy = —1 this term cancels with the C term in the expression for
q(|E(Fy)| — 1). Assuming now that [ = 9%, both inner sums will be nonzero
only when j = —3i and k = &L +2i. We may erte this term as
(2.4) D% = qTZG_ngzG q—1_ G%;lTigi(a)Tq%+2i(b)T%(_1)7

and we may reduce this equation further by noting that ¢ =1 (mod 4) implies that

Gq1 = /q and T% (=1) = 1. Combining the above results yields the expression
2

(2.5)

gq—1 q —34 =149,
WIBE] - 1) = +0-TF 1)+ Y03 6LGuG s o T @T' ()

Now we expand G3; and G_4-1_,, = G72(q—1+i) using the Davenport-Hasse
2 4
relation from [9].
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Theorem 2.3 (Davenport-Hasse Relation [9]). Let m be a positive integer and let
q = p°© be a prime power such that ¢ =1 (mod m). Let 0 be the additive character
on F, defined by 6(a) = ¢, where ( = e2™/P  For multiplicative characters

X, Y € IAF(’; we have
H G(xy) = —G(p™ H G(x

The cases for m = 3, m = 2 may be restated as follows.

Theorem 2.4 (Davenport-Hasse for ¢ = 1 (mod 3)). Ifk € Z and q satisfies ¢ = 1
(mod 3), then
GkaJr%GkJrz(q;m = qTﬁk(27)G3k.

Theorem 2.5 (Davenport-Hasse for ¢ = 1 (mod 2)). Ifk € Z and q satisfies g =1
(mod 2), then
GG _amr_y = G_ng’“(4)Gq2;1.
We may then write
GiGi+%1Gi+2(‘13—1) T2(27)

Gs; =
q
G_,_a1G_. 36—
G g—1 2‘: 2 _7;_1 4
TEE T LT ()
2

Plugging this into (Z4) gives

q

a=1
Dpr=— 12O
7 qlg- 1T ()
In order to write a(E(]Fq)) as a finite field hypergeometric function, we use the
fact that if T~ " # ¢, then

This is another way of stating the classical identity G(x1)G(x2) =J(x1, x2)G(x1x2),
which holds whenever y1x2 is a primitive character.
Now use ([Z6]) to write

i [ 272
ZG iGiG a1 G200 G0 G s T <4a3).

T+ i+9t
(2.7) Gi+%1G—i—q4;1 = Tit qu_;qu (-1,
TH_?(q 1) s(e=1)
(2.8) Gi+2<q3—1)G_i_s<q‘:1) = <T1+3(q v | G_o 1qTZ+ (=),

and plugging in 27, (Z38) gives
a=1 i as1 i+ 22D ‘ 9
Dg:&Gq 1G q 1ZGG r q?’;l 3(q3 1) TZ 27 .
N CE O e AT da?
Since Gq 1G a-1 qTT(—l) we may write

12

—1 g—1 . g—1 2(q 1)
T (b)) Tz (—1)¢? TH 5 T35 - (27h?
Dgn = 7 () 12 Ja ZGiGﬂ‘ i+; zp(q y | T (—3)
ST TR 4 T J\T a
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Next, we eliminate the G;G_; term. If i # 0, then G;G_; = ¢qT%(
1= 07 then GiG—i =1= qTZ(—l) -
for each i we may write (I?ZI) as

: - (g—1)
T ()T (— q TS\ (THEE\ L 27
Do = (q— )T Z (TH% it 2 T T 4a3

TT(b)TT(—l)qZ 75 (T4
- 1 g—1 3(q—1) .
T (4) T T

By (2.4) we have

T% T% B G%Gi%qu;nGis(a—l) T“%(_DT%(_U
i )\t | T =

GaaG_sg? e (-1

—1), and if
(¢ — 1). Plugging in the appropriate identities

qa—1 g—1
and so the second term reduces to —%{)(71)‘1. Equation (Z4) becomes
T (4

T ()T it (T L 2T
P T Ty Z (T”% ittt | "
e ( g
T (4)
Make the substitution i — i — %1 to get

3 i+ 15t i+ 2t 2
e e N A A W T 13 T i _27b
Dq;l—T 2 (=1)¢"T 7 (—27> _q—lzi:< T ) ( Tit+ 45t >T< 4a3
T (KT (~1)g
T (1)

- o1 [(—d® 7% T | 27
=T (-1)¢’T — | oF R
7 (=) 4(27>21 T4 4a®
q
T ()T*F (~1)g
')
Putting this all together then gives

QUEF,)| = 1) = ¢ + qr'7 (5 — L2 O T (=1)g

T 7 (4)
_ _ 3 g=1 5(g—1) 2 b2
LT ()T (2_6; q2.2F1< e TT;; ——47as> .
q
Equivalently,
q—1
a-1 T (-1)
EF)|=q+1+T = (b)|1—-——7=
B(F,) )( = )
q—1 1 [ —a’ qu;zl T% 27bh2
T ()T (27>q 2F1< e vl B
q
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q g—1

Noting that 7% (—1)T*% (—;f’) = 4 (%) and 77 (~1) = T3 (2) (both

depend only on the congruence of ¢ (mod 8)) reduces the expression to

w1 (aB 7% TR | 2m?
|[E(Fg)|=q+1+T"7 (ﬁ)Q'zFﬁ( | T A
a
Since a(E(Fy)) = ¢+ 1 — |E(F,)|, we have proven that
1 (d % T | 2T
B E) = o7 (5 ) o ( IR
a

2.2. Hypergeometric transformation laws and the proof of Theorem [1.1]
We now prove Theorem [[T] as a consequence of Theorem 2.1l and the following
transformation laws found in [4] given here for the special case of 3 F; functions.

Theorem 2.6 ([4] Theorem 4.4(i)]). For characters A,B,C of F, and x € Fg,

x#0,1,
A B A B
A 2 (i)
Theorem 2.7 ([4, Theorem 4.2(ii)]). For characters A, B,C of F, and x € Fy,
A B A AC |1
F i

LL‘)q = ABC(—l)Z(l‘) . 2F1 ( AE
Proof of Theorem [T We begin by noting that we may apply Theorem to the
expression in Theorem 2] because the parameter — 2417(1’{32 will equal 1 if and only if
the discriminant of E is 0, which we exclude. Similarly, it will equal 0 if and only
if b =0, in which case j = 1728, and we exclude this case as well. So we begin by

applying Theorem to obtain the expression

3 -1 5(a-1) 3 2
a=1 a T= T 1z 4a® + 270
W(EF,) = —q' 7 (L) ,F .l
(BE) = ' (-5 ) o |
q
Applying Theorem [2.7] to this then gives
a=1 [ —a? g—1 4a® qu;21 T% 4a3
EFy)=—q-T 7 (— |T 12 (——)2F - 13 L o2
o(EF)) =4 ( 27 ) (4a3 +27b2> 2 2% | 443 + 27b2
q
s —4q12 n % 1% 403
= — . 12 _—_— [
e 39(4a3 1 2702) ) 2" P2 | g3 4 o7p2
q
L (ﬁ 4333 ) - 7 e 4a3
- 312 T16(dad 1 2m02) ) 2 REICES I P YT
q
Tg( 1728 ) - % T 4a?
= — . 12 _— e —
7 16(4a® + 2m02) ) 2 P2 | g3 4 o7p2
q
a1 (1728 % 1'% | i(E)
=—q- T (—)2F 2-1) | Toos
A(E) p2es | 798
q
. . . . . . 3 .
where A(E) = —16(4a® +27b%) is the discriminant of E and j(E) = jjﬁf_;;w is the

j-invariant of E. O
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