A HIGHER-ORDER GENERALIZATION OF JACOBI’'S
DERIVATIVE FORMULA AND ITS ALGEBRAIC
GEOMETRIC ANALOGUE

DAVID GRANT

ABSTRACT. We generalize Jacobi’s derivative formula for odd m
by writing an m x m determinant of higher order derivatives at
0 of theta functions in 1 variable with characteristic vectors with

entries in ﬁZ as an explicit constant times a power of Dedekind’s

n-function. We do so by deriving it from an algebraic geometric
version that holds in characteristic not dividing 6m.

INTRODUCTION

In the vast pantheon of theta function identities, a central position is
held by Jacobi’s derivative formula. Recall that for 7 € h = {x+iyly >
0}, and a,b € R, we define the theta function in one variable z € C
with characteristic vector [7] by

0[5](z 1) = Z miln+a)?r+2mi(n+a)(z+b) )

nez
A characteristic vector [;] with a,b € %Z is called a theta character-
istic, which is called odd or even depending on whether 6[;](z, 7) is an
odd or even function of z. Modulo 1 there is a unique odd theta charac-

teristic d := [%;], and three even ones, € 1= [(], &2 = [162], €3 = [1(/)2].
Jacobi’s formula states that
3
d
2, (O01(z,7))|:=0 = —m [ [6[e)(0.7) = —2mn(7)?, (2)
i=1

where for ¢ = 2™,

1/24
n(r)=q¢"* [ -q")
n>1
is Dedekind’s n-function ([M1] I, pp 64, 72).
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Jacobi’s formula has been generalized in a number of directions: see
the references in [G2], [GS], and [I] for information on what is known
about generalizations to theta functions in several variables. One main
goal of the paper is to prove for any odd m a generalization of (2) for
higher derivatives in z of 0[}](z,7) at z =0 and a,b € 5-Z.

We note that first derivatives in z of 8[}](2,7) at 2 =0 for a,b € Q
were studied in [BG1],[BG2|, and [G4], where their vanishing was re-
lated to the existence of “singular torsion” on the elliptic curve whose
complex points are parameterized by C/(Z + Zt), and a genus 1 ana-
logue of the Manin-Mumford conjecture. For higher-order derivatives
we have:

Theorem I. Let m be odd. Then

et _vseg (G012 L el

0<k<m—2,k=m dz

m—2
_ ,i(3m+1)/2(2ﬂ_/m)(m27m+2)/2m!(H ﬁ!)??(T)szFQ.
/=1

Note that when m = 1 we recover (2). The reason that k =m — 1
is excluded as an index is explained in the Remark at the end of the
Introduction.

Theorem I takes a more attractive form if for any characteristic vec-
tor ¢ = [}] and integer j, we set f.;(z,7) = H[Hi/m](mz,mT) and let

[';-](0, ) denote its k*"-Hasse derivative with respect to z at 0. (Recall

¢,
(k]

this means that f;(0,7) is the coefficient of 2* in the Taylor expan-

sion of f.j(z,7) at z = 0.) Then recalling that 6 = [ig], Theorem I is

equivalent to:

det  osiem  [f11(0,7)] = i@/ (o)t mmi D) 2y (rymi2 (1)

0<k<m—2,k=m

We ask in advance for the reader’s forbearance: we believe the com-
putation of the constant in Theorem I is new, but inasmuch as the
objects have been studied for the last two centuries, we cannot provide
a guarantee of this fact. We note that using the transformation formula
for theta functions ([FK], p. 81), Lemma 13 in the next section of this
paper, and ([M1] I p. 124, Prop 1.3), one can show that the left hand
side of (I.1) is a level-one modular form with character that doesn’t
vanish on b, so is a constant times a power of 7(7) (this also follows by
combining the results on p. 270 and in Remark 1.1 on p. 272 of [FK],
obtained with rather more work via the heat equation and a study of



HIGHER-ORDER JACOBI DERIVATIVE FORMULA 3

Weierstrass points on modular curves). This means one could calculate
the constant via g-expansions, but it would be unenlightening to do so.

More important perhaps then is the algebraic geometry that under-
lies the statement of Theorem I, and indeed, we will prove it by deriving
it from results (Theorem II and IIT of the next section) that hold for
any elliptic curve E defined over a field K of any characteristic not
dividing 6m.

To describe this, let E, be the complex elliptic curve

y? =23 + A(T)x + B(7)

whose points (z,y) are parameterized by (p(z, 7), %@’(2, 7)) for z € C,
where p(z,7) is the Weierstrass p-function for the lattice L, = Z +
Zt. Let O denote its origin, t(z) = —x(2)/y(z) = z + ... be a local
parameter at O, and let L(mQO) denote the m-dimensional vector space
of functions on E.,. with poles bounded by mO. Then the starting point
of Mumford’s theory of algebraic theta functions ([M1] I, Chpt. I §3,
Chpt. II, §1, IIT §§1-5) is the fact that the functions on E. defined by

f(;,j(za 7-)
0[0)(z, 7)™’
0 < j <m — 1, are eigenfunctions of Heisenberg operators on L(mO)

with different eigenvalues, so they form a canonical basis for L(mO).
The eigenfunctions are only determined up to constant, and if we let

ri(z,7) =

e27m]/m

gj(zuT) :( o )(mil)/er(Z?T)ﬂ

then we will prove in Proposition 22 of section 2 that if we also set
T(r):=det _osiem (2"g;)"(0,7), (3)

then (I.1) is equivalent to

T(r) = 1/2m* ()™ . (1.2)
In other words,

T(7) = A7)~ =0/, (1.3)
(up to a choice of cube-root of the righthand side when 3 divides m),
where A(1) = —16(4A(7)? + 27B(7)?) = (27)?n(7)* is Dedekind’s
discriminant modular form. Once we note using Lemma 21(c) of section

2 that
T(r) =det  ocjem  (t™g;)H(0,7),
0

<k<m-—2,k=m
where (t™g;)* (2, 7) denotes the k*"-Hasse derivative of t™g;(z, T) with
respect to t, (I.3) has an algebraic meaning for elliptic curves over any
field.
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Indeed, let K be any field of characteristic not dividing 6m, and E be
any elliptic curve over K given by a Weierstrass model, y? = 234+ Az+B
over K, with t = —x/y a local parameter at the origin O. In the
next section we will develop what we need of the theory of Heisenberg
operators for £/ and K. Then in Theorem II we will use this to calculate
the determinant of the 0,...,m — 2, and m!-Hasse derivatives with
respect to ¢ of ¢™ times a basis for L(mO) of normalized eigenfunctions
for the Heisenberg operators, and then in Theorem III express this
determinant as in (1.3), in terms of the discriminant of the Weierstrass
model.

Then in section 2, we will show that when K = C and £ = E., this
normalized basis of eigenfunctions for L(mO) is precisely the g;(z,7),
0 <j<m—1, and derive Theorem I from Theorems II and III.

We remark that some analogous but more complicated results should
hold for m even and in the case that K has characteristic 2 or 3. Also it
would be nice to know what the appropriate generalization of Theorem
I is for higher derivatives of theta functions in several variables.

I would like to thank Clifford Blakestad, Harold Stark, and Paul
Voutier for helpful discussions on this material. I would also like to
thank the referee for a bevy of sagacious suggestions.

Remark 1. If for any theta characteristic ¢, we let W, ,,,(z, 7) denote the
Wronskian with respect to z of f.o(2,7),..., fom—1(2,7), then Lemma
13 of the next section will show that Wj,,(0,7) vanishes, and we will
see in Lemma 21 of section 2 that therefore we can rewrite Theorem I
as

d 2 2 2 2
2 Wom(2))]o0 = i(gm“)ﬂ(%)(m _m+2)/2m!(£H1 Mn(r)™ 2 (14)
We note that the lefthand side of (I1.4) is a “lacunary Wronskian” in
the language of Anderson [A]. See also [MMO].

On the other hand, recalling that {e, €2, €3} is a set representing the
even theta characteristics modulo 1, similar reasoning to that in the
discussion above shows that

3
[[Wem(0.7)
=1

is a non-vanishing modular form of level one and weight 3m?/2 with
character on b, and so is a constant times n(7)3m2, which gives a sup-
plemental generalization of (2). Presumedly the constant can be de-
termined along the lines of this paper but we have not tried to do
SO.
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1. ALGEBRAIC GEOMETRIC VERSION OF THEOREM I

Let m be an odd integer, K a field of characteristic not dividing 6m,
and E/K an elliptic curve over K. Let E be given by a Weierstrass
model,

y* =2°+ Az + B. (4)

Let w = dx/2y be a choice of invariant differential for £, and t = —x/y
be a parameter at the origin O of E. We let D be the derivation on
the function field K (FE) given by D = d/w, i.e. the unique derivation
determined by Dx = 2y. Since w is translation-invariant, so is D.

Let L(mO) denote the m-dimensional K-vector space of functions
on E whose poles are bounded by mO (along with the zero function),
where K is an algebraic closure of K. Let E[m] denote the m-torsion
in B(K). For any R € E(K) and ¢ € Z, we let [(] R denote the image of
R under the multiplication-by-¢ endomorphism of E. For f € K(E)*
we let (f) denote its divisor. For any R € E(K) we let Ty denote the
translation-by-R map on E, and T}, its pullback to K (E).

For a point R € E(K), let vg denote the valuation of the local ring
Og of E at R. Let Div(E) denote the group of divisors of E over
K. If f is a non-zero function and D = Y, . ngR is a divisor on
E whose support is disjoint from the support of (f), we let f(D) =

[gep f(R)".
Identifying E with its jacobian, if D is a divisor of degree 0 linearly

equivalent to S — O for some S € E(K), we will say that D sums to S.
For every u,v € E[m], let e,,(u,v) denote their Weil pairing. For
lack of a suitable reference, we give a lemma expressing the Weil pairing

in terms of local contributions.

Lemma 2. For non-zero functions ¢, € K(E) whose divisors are in

mDiv(E), we define for every R € E(K),
(6,9 m. = (—1)PR@VRW)/m(grr(¥)/m [vr(@)/my(R).

Let u,v € E[m|. Then if functions p, and p, have divisors mD, and
mD, such that D, sums to u and D, sums to v, we have

em(uv U) = H (pU7 pv)m,R-

ReE

Proof. 1f D,, and D, have distinct support, Ex. 3.16 in [Si] gives
that e, (u,v) = pu(Dy)/pu(Dy). It is clear from the definitions that
pu(Dy)/pv(Dy) = T1rep(Pus Po)m,r, which gives the Lemma in this
case.
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More generally, recall for any non-zero functions ¢, and point R €

E(K), we have the local symbol

(¢7 ¢)R _ (_1)vR(¢)vR(¢)(gva(w)/va((ﬁ))(R)’
which is bilinear, and satisfies the product formula [], 5(¢,%)r = 1
([Sel] pp 34-5). For ¢, which have divisors in mDiv(E), (¢,9)m.r is
also bilinear, and for any function p, (¢, p)r = (¢, P")m.r- S0 if (pu) =
mD,, and (p,) = mD,, and D, and D, do not have disjoint support, we
can find linearly equivalent divisors D! and D! with disjoint support,
so there are functions ), v, with divisors D! — D,, and D) — D,,, such
that ¢, := p, " and ¢, := p,l", have divisors mD!, and mD.. Then

em(u, U) = HReE(gbua gbv)m,R -
H (pu: pv)m,R<pU7 wv>R(wU7 pv)R<wua w’v)}g = H (pu, pv)nz,Ra

REE REE
which gives the Lemma . O

Following Mumford ([M1] ITI, p. 43, [M2], p. 289) we now define:

Definition 3. The group H = H,, of Heisenberg linear operators on
L(mO) consists of pairs h,, of the form (u, f,) where v € E[m] and
(fu) = mu — mO, with the group composition of h, = (u, f,) and
hy, = (v, f,) given by hy, o h, = (u+ v, f,T*, f»)-

It is straightforward to verify that H is indeed a group with (O, 1) as
its identity, and that H acts on L(mQO) by setting for any g € L(mO),
and h, = (u, f,) € H,

hu(g) = T2, (9) fu- (5)

Definition 4. i) For any u € E[m] there is a distinguished choice F,
for f,, given as follows: Using that m is odd, let d,, be any function with
divisor 7" ![iju—mO. Then let F, = d,,/T*,d,, which is independent
of the choice of d,,.

ii) We let H, denote (u, F,).
Lemma 5. Let u € E[m].

a) [-1]*F, = F_,.

b) Hy'=H_,.
Proof. Any choice of d, is an even function, so [—1]*d, = d, an
can take d_,, = d,. Hence [—1|*F, = [—1]*d,/[-1]*T* d
F_,, which gives (a).

Likewise,

HyoH_,=(0,F,T* F_) = (0, F,(T* du/dy)) = (O, 1),

which gives (b). O
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We now recall Mumford’s definition of algebraic theta functions.

Definition 6. For any s € L(mO), and u € E[m], we define the
algebraic theta function

Ou(u) =t"H," ()|i—o = t" Hou (5)],— -
When s = 1, we will let ©(u) denote O1(u) = t™ F_,|,_,

Remark 7. Let L(mO) be the invertible sheaf attached to the divisor
mQO. Mumford defines elements of the Heisenberg group attached to
L(mO) as pairs (u,1)) where u € E[m] and ¢ : L(mO) — T;(L(mO))
is an isomorphism of invertible sheaves, which as in [H], II, Prop 6.13, is
given by multiplication by a function whose divisor is mO —T¥(mO) =
mO —m([—1]u). Since we are studying functions in L(mQO), we found it
more natural to replace his elements (u, 1) by the pair (u, 7" 1) in the
definition of H, since T* 4 € L(mQO). This gives us different formulas
for the group law of H and its action on L(mQ), but the group and
the action are the same that Mumford uses.

In Mumford’s definition of algebraic theta function (see the versions
on p. 76 of [M1] III and p. 300 of [M2]) we are simplifying by consider-
ing the theta function directly as a function of torsion points of E, ob-
viating the need to pick a “theta structure,” and are using s — t"s|;—o
as the required choice of linear functional on L(mO). Also it is an
exercise to show that since m is odd, our map u — H(u) agrees with
the map 7 defined on p. 58 of [M1] III that is needed in his definition
of algebraic theta function.

Let {P, @} be an ordered basis for E[m] as a Z/mZ-module, and let
¢ = en(P,Q), which is a primitive m!"—root of unity.

Definition 8. Let S = Z?:Ol ¢ be the quadratic Gauss sum.
a) Set 1 to be (—1)(m~1/2/S times any chosen m*-root of

b) Let gp = vo [T\ V(@ — 2([K]P)).
c¢) Forany 0 < j < m, set g; = H_[jjo (g9p) (so in particular, go = gp).

The definition of 14 is perhaps overly perspicacious: it is chosen to
simplify the later statement of Theorem II. Note that gp is a specific
choice for dp.
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Definition 9. Identifying the completed local ring at the origin 0o
with the power series ring K[[t]], for 0 < j < m and n > 0, define
0;» € K as the coefficients in the expansions

tmgj = Z ng,ntn.

n>0
Remark 10. From Definition 2 we have

O4r (J]Q) = 1" H_piq (gp) lt=0 = 1" gjli=0 = ;0.
Therefore it makes sense to think of the 9;, as analogous to Hasse
derivatives in ¢ of an algebraic theta function (see also §2.2 of [BK]).

The goal of this section is to compute

T(P,Q)=det o<j<m [19]'719], (6)

0<k<m—2,k=m
which we relate in the next section to 7'(7) when K = C and F = E;
for a particular choice of P and (). We will need a squence of lemmas.
Most of the following Lemma comes directly from the definitions
and is standard (see e.g., [M1] I p. 2, and III p. 44, Prop 3.6(c)). We
provide proofs to keep the paper self-contained.

Lemma 11. Let u,v € E[m], and let e,,(u,v) denote their Weil pair-
mng.

a) O(—u) = —O(u).

b) H,o H, = c¢(u,v)Hy 4y, where c(u,v) =1 if u= O orif u= —v,
and c(u,v) = F,(—u)O(u)/O(u + v) otherwise.

¢) H,o H, = ey (u,v)H, o H,.

d) c(u,v) = ep(u,v)™Y2 e c(u,v)? = en(u,v).

e) Hyp(gp) = gp for all k > 1.

f) For each 0 < j < m, g; is an eigenfunction of Hyjp with eigen-
value (IF.

g) The set g;, 0 < j < m, forms a basis for L(mO).

h) For every 1 <k < m,

1 1
= 2y([k] P z([k]P) — z([K']P)) = —D k| P).
ok P) y([K1P) 1<k/<1;[_1)/2( ([K1P) = 2((W]P)) = —-D(gr)([k]P)
Tk Ak,m—k
Proof. a)Using Lemma 5(a), O(—u) = t"™F,|i=o = [—1]*(t"Fy|i=0) =
(—t)mF_u|t:0 = _th—u|t:O = —@(U)
b) This is trivial if u = O or follows from Lemma 5(b) if u = —v, so

assume not. From (5), for any f € L(mO),
H,o H,(f)=H, (va(f)Fv) =1, . (HT*, (F,) F,

—Uu—v
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= (Tju (Fv) Fu/Fu+v) Hu-‘rv(f)

Then comparing divisors shows T* (F,)F,/F,., is a constant, which
we find by multiplying numerator and denominator by ¢ and evaluat-
ing at O to be F,(—u)O(—u)/O(—u — v), and the result follows from
(a).
c¢) By (b), we need to show that c(u,v)/c(v,u) = ep(u,v). This is
trivial if u = O, v = O, or v = —u, so assume not. In all other cases,
by (a), and Lemma 5(a), we get from (b) and then Definition 6 that
c(u,v)/e(v,u) =
Fy(—u)O(u)  —F,(—u)O(u)
Fu(-v)O(v) — F_u(v)O(-v)

_ H (Fy, Fou)m.r = em(v, —u),

ReFE

by Lemma 2, which since the Weil pairing is bilinear and antisymmetric

is e, (u, v).
d) We first claim c(u,v) = ¢(—u,—wv). This is trivial if u = O or
v =0 or v = —u, so assume not. Using Lemma 5(a), we have by (a)

and (b), that
F_,(u)O(—u) _ Fo(—u)O(u)
O(—u —v) O(u+v)

Also, taking inverses of ¢(v,u)H,+, = H, o H, gives by Lemma 5(b)
that c(v,u)"H_,_,=H_,0 H_,, so

c(—u, —v) = = c(u,v). (7)

c(—u, —v) = c(v,u) ™ = em(u, v)e(u,v) ™,

by (c). Combining this with (7) gives c(u,v)? = e, (u, v).

e) We will show this by induction. First of all, by the definition of Fp,
Hp(gp) = T7 p(9p)Fp = gp. Now assume Hp,_11p(gp) = gp for some
k > 2. Using (b) we get Hyyp(gp) = c([k—1]P, P)"'Hy_ypoHp(gp) =
gp since ey, ([k — 1]P, P) = 1 implies ¢([k — 1]P, P) = 1 by (d).

f) Using (c) again and (e), Hyp (9;) = Hwr (H-jj10(gr)) =

em([k]P, —[j]Q)H_;0 (Hwp(gp)) = ¢C7"H_j0 (9p) = (*y;.

g) The Riemann-Roch Theorem gives that the dimension of L(mO)
over K is m, and the g;, 0 < j < m, are m eigenfunctions for Hp with
different eigenvalues.

h) For all k > 1, (e) and Lemma 5(a) gives F_yp = gp/T}}pgp. So

since gp = vy H,S?:llm(x — z([K'|P)), we have for 1 <k <m —1,

(Tiypyr)/t
__4—m —1 _ [k]P
VO(kP) =1 Fyp| | = =

t=0
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_ Tiyp(z — z([+1P)) o H (z([k]P) — z([K']P)).

t
1<k <(m—1)/2,k' #£k,m—k

Now since D is translation-invariant and dt/w is 1 at the origin, we
have by L’Hopital’s rule,

Tiyp(e = 2([FI1P)/ tlzo = D (Tiyp(z — x([KI1P))) / Dt],_, =
Tiyp D(x = 2([k]P))],—o = 2y([K]P).

This also shows 1/0([k]P) = D(gp)([k]P)/vo. .

Definition 12. For any function f € L(mO) we write the expansion
of t™f in terms of ¢t over K as Y. o, aynt".

a) We define a linear transformation ¢ : L(mO) — K™ by ¢(f) =
(aﬁo, ceey af7(m,2), CLLm).

b) If B = {by, ..., by, } is any ordered basis for L(mO), we let det(¢(B))
denote the determinant of the matrix whose rows are ¢(by), ..., ¢(by,).

By Definition 9, (b(gj) = (’19]'70, -‘-779j,m—2779j.m>7 for 0 S j S m — 1.
Note that in (6) we have already defined T'(P, Q) = det(¢(G)), where
G is the ordered basis {go, ..., gm—1}-

Lemma 13. Let B = {by,...,b,,} be an ordered basis for L(mO),
thought of as a column vector in K(E)™.
a) The map ¢ is an isomorphism. Hence ¢(B) is non-vanishing.

b) If M is an invertible m x m matriz with entries in K, so B' = M B
is another ordered basis for L(mO), then det(¢(B')) = det(M) det(4(B)).
c) If for f € L(mO) we set p(f) = (afo,....@fm—2,afm-1), then

det(p(B)) = 0, where p(B) is the matriz whose rows are p(by), ..., p(by,).

Proof. a) If ay; = 0 for all 0 < i <m—2, then f has a pole of at worst
order 1 at the origin, so is constant. Then ay,, = 0 means that this
constant is 0. Hence ¢ is injective, and the Riemann-Roch Theorem
gives that the dimension of L(mQO) over K is m, so ¢ is an isomorphism.
(b) This is clear.
(c) It is enough to note that 1 € L(mO) and p(1) = 0.
O

We have one ordered basis for L(mO), namely G. We will compute
T(P,Q) by writing down another ordered basis, and comparing the
two.

Definition 14. a) Set wy = 1, and for 2 < j < m set w; = 29/ if j

is even, and w; = 2U=3/2(—y) if j is odd. Let W = {wq, wa, ..., wn, },
which is an ordered basis for L(mO).
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b) Let L denote the change of basis matrix with entries in K ex-
pressing GG in terms of W, so G = LW.

¢) For 0 < k < m, applying operations entry-by-entry to elements of
a vector, let Gy, = Hyp(G), and Wy, = Hyyp(W).

d) Let I' and €2 be the matrices which respectively have k-th column
G and Wy, so I' = LA).

We note that since x = t% + .,y = ;—31 + ..., by design the Laurent
expansion of w; at the origin in ¢ has lead term 1/#/. Hence the first
non-zero entry of ¢(w;) is a 1 in the (m+1— j) entry for 2 < j < m,
and the first non-zero entry of ¢(wy) is a 1 in the m! entry. Therefore
det(¢(W)) = (=1)™=D/2 since reversing the columns of ¢(W) yields
an upper-triangular matrix with 1s on the diagonal.

Hence by Lemma 13(b),

T(P,Q) = det(¢(G)) = (=1)" D/ det(L). (8)

So we concentrate now on computing det(L), which by Definition
14(d) satisfies

det I" = det L det €. (9)

Proposition 15. Let Z = deto<;pm [¢PF], 1o be as in Definition 8,
and I' and Q) be as in Definition 14.
a) t™ " det T|,_, =

m—1 (m—1)/2
(0" 2zyp [T oW [ @) — (K P))>.
j=1 Jk=1

b) t™ 1 det Qf,_, = (=)™ VS T V2 0([k) P).
Proof. a) Note that T'j; = Hyp(g;) = (7*g; by Lemma 11(f), so
det ' = (—1)(m=1/2 (HT:_Ol gj> Z, since reversing the 2nd through the

m™ rows of [(7*|o<; k<m yields [¢**]o<jr<m. Hence det T has a pole of

order m? — 1 at the origin, and letting m denote the maximal ideal of
Op, we have

m—1
" ldetT = (—1)™ V22 [[v; modm,
=0

where for 1 < j <m — 1, we set v; = g;t™|;—¢, using from Definition 8
that vy = got™ !]4=. So for 1 < j < m — 1, using (5) and Definitions
6 and 8 we have

vi = H_10(9p)t"1=0 = Tjj (9p) F-pi@ 1"l
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(m—1)/2
=n0([1Q) 1] @([1Q) —=(kP)).
Hence t™*~1detT = )
m—1 (m—1)/2
(—1)(m_1)/QZV6”H@([j]Q) H (x([/)Q) — x([k]P))*  mod m,

since z is an even function.
b) Since Qj;, = Hyp(w;) = <T[*_k]ij) Fiyyp, we have that

0<k<m

m—1
det €2 = det j=02<j<m [T[*—k]ij} H F[k}P,
k=0

so since Fjgp = 1 and Fjp has a pole of order m at O for 1 < k < m,
we see from (a) and (9) that det[T}" ;;pw;] has a pole of order m —1 at

the origin. Hence if we let C; denote the cofactor of w; in [T[*_ . Pw]},
we have that C\,, vanishes at O. Therefore since det [1]" ;, pw;] = woCo+
> o w;Cy, we have from w; = & + ..., that

#m°=1 Jet Ql,_, = (ﬁ 6(—[k]P)) (D(Cy) + Crz1) |4 -

Applying a derivation to a determinant yields a sum of the deter-
minants of the derivation applied to each column. Since for j = 0
and 2 < j < m — 2, D(w;) is in the span of {wy, ..., w;_1,w;+1},
all summands in D(C,,) vanish except for the one with the deriva-
tion applied to the last column. Then since Dw,,_; = Dz(mD/?2 =
mLgp(m=3/2(2y) = —(m — 1)wy,, and D is translation invariant, ac-
counting for the signs attached to the two cofactors we have that
D(Cp) = (m—1)Cp_1.

Hence by Lemma 11(a),

" det Q,_, = (nﬁ @([k]P)) MCn1,_g - (10)

k=1
Now
Crn-tlimg = (1) detj—o23.. m-2mir<h<m—1 [wi([=K]P)]. - (11)
Applying ZEZ‘;‘E’)/% = (m — 5)(m — 3)/8 transpositions to the rows of
the matrix in the righthand side of (11) gives the matrix
O = [u,([-H)P)

§=0,2,4,...,m—3,3,5,....m;1<k<m—1"
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so if € = (—1)Mm=3)(m=5)/8 "since m is odd, (11) can be rewritten as
Om—1|t:0 = —edet Q,. (12)
Subtracting the jth-column of €' from the (m — j)th-column for j =

1,...,(m — 1)/2, yields a block lower-diagonal matrix, whose upper-
lefthand block is the Vandermonde matrix

V = [z([k]P)]

0<j<(m—3)/2,k=1,...,(m—1)/2"
and whose lower-righthand-block is
V= [2y<[k]P>x<[k]P>j]0§j§(m—3)/2,k:(m+1)/2 ..... m’

since —y([—k]P) = y([k]P). Note that det V" is T[}L,.,1)/2 2y([k]P)
times the determinant of [a:([k:]P)j]Ogjg(mfg)/?’k:(mﬂ)/2 which is
the determinant of the matrix V' with its columns reversed. Hence

det () =det VdetV' =

(m—1)/2

_ VG VN CEERGE

1<k7ék’<(m—1)/2
(m 1)/2

= H o([k (13)

by Lemma 11(h), using that y is odd. Putting together (10), (12), and
(13) gives t™ 1 det Q|,_, =

m—1 (m—1)/2
(H G)([k]P)) m(—e)(—1)m=1/2 H o(|

and the result follows from Lemma 5(a) since —e = (—1)(m*~1/8,

O
Corollary 16. With notation as in Proposition 15,

) 15 ey)Q)
(m 1)/8 m 2 j
Y ll AP 2Ok P)

Proof. By (9), det L = det '/ det €2, which by Proposition 15 is
2 [175 e(iQ)

LS s I/
(=1) = 7 —ug (2([]Q) — 2([*K]P))* =7 :
m 1<j,k<1;7[11)/2 I(c:1 / O([k]P)

T(pQ) = (-

The result follows from (8).
U



14 D. GRANT

Theorem II. Recall S = Zm_ol ¢ is the quadratic Gauss sum and

that we set 1 to be (—1)™=1/2/§ times any m*-root of [[\""/* O([k] P)?.
Then

T(P,Q) = AP, Q)/m
where A\(P, Q) =

m—1 m—1

(e I @) ? [T ewio) T e

1<5,k<(m—1)/2 j=1 k:l

Proof. It follows from work of Schur ([Sc|, see also [L] Chapter 6, Ap-
pendix §2), that (—1)™*=D/8+(m=1)/27 — §m (to show this holds in
any K, it suffices to show it holds in Z[(], and for that it suffices to
show it holds in any complex embedding of Z[(], which is what Schur

does). Hence with this choice of vy, Corollary 16 can be rewritten as
T(P,Q) = A(P,Q)/m, where A(P, Q) =

m—1 (m—1)/2
I[I @ -=wmr)* 1T el H o
1<), k< (m—1)/2 j=1 =
The result now follows from Lemma 5(a). O

Theorem II gives the formula for T'(P, () we will use in the next
section to derive (I.2). We will finish the section by relating A(P, Q) to
the discriminant of the curve as we do in (1.3), though the best we can
do when 3|m is to determine A(P, Q) up to a third root of unity.

Lemma 17. Let m be odd and K be of characteristic not dividing 6m.
Let n be any non-zero integer not divisible by the characteristic of K,
and let 1, be the n-division polynomial with divisor ZueE[n] u — n?0
normalized by "V, |i—o = n (IMT], Appendiz 1), and let E[n]*
denote Eln| — O.

a) Suppose n +m, and n —m are not divisible by the characteristic
of K. Then [n|*z — [m|*x = %

b) For independent generic points o and 3 of E,

z([nJa) —x([n]B) _ ¥n(B+ a)thn(B — )

(w(@) —2(@))™  Yul@)u(B)?
c¢) For a generic point « of F,
ey 20(n)a) — n((2)a)
T R T )
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d) Let A = —16 (4A3 + 27B?) be the discriminant of the Weierstrass
model (4) for E. Let ¢, = ([n|*z) - ¢2. Then

H (bn(u) _ n72n2An2(n271)/6.

u€E[n]*
e) We have
H wQ _ 2m H ,(/}m _ )(m 1) /QA
wEE[m]* ceE[2]*

f) [fn 1s not a multiple of 3, then

H wg _3n271 H wn _ ) 271)/3A2(n2—1)/3'

u€En ecE[3]*

Proof. a) This is a special case of Proposition 1 of Appendix I of [MT].
b) Both sides are functions on E x E, with divisor

" (D+D —2(ExO+0xE))—n* (D+D —2(Ex0O+0 x E)),

where D and D’ are respectively the diagonal and antidiagonal on E x
E. So the formula holds up to a multiplicative constant. Now let
to = t(a). Then the lead term in the Laurent expansion of both sides
in the neighborhood of a@ = O is #ti’ﬁ”, so the constant is 1.

¢) By the chain rule for division polynomials, Proposition 2 of Ap-
pendix I of [MT], [n]*1hy = than /0% = ([2]*9,)005" /1. The result follows
since 1y = —2y.

d) We will only need this for n = 2 and n = 3 for which it can be
verified by direct computation. More generally, since ¢, is a monic
polynomial in z of degree n?, for n odd this follows from standard
properties of resultants using any of a number of people’s proof that the
resultant in z of ¢, and ¥2 is A" (¥ ~D/6 (see [H], [C] Lemma 1.7.11(b),
[Ay1l] Lemme 2). For n even, this same result is stated without proof
n ([Ay2] (1.3)), and proven in [G3].

e) The first equality comes from the product formula for local sym-
bols as in the proof of Lemma 2. The second equality comes from
induction on m. Clearly when m = —1 and m = 1 the value of
€m = [lccppp ¥m(e) is respectively —1 and 1. Now take m > 3 to
be odd. From (a) we have 1,90, _2/¥2, = ¥3([2]*x — [m]*z), which
is ¢ minus a function that vanishes at 2-torsion points. From (d) we
have [ [ cppy- ¢2(€) = 27%A% and hence €40 = 27 %A%}, /€2, and the
result follows inductively for m > 0. That suffices since ¥_,,, = —,,.

f) Again, the first equality comes from the product formula for local
symbols as in the proof Lemma 2. The second inequality comes by
induction on n. Now let €, := [] c g ¥n(e). We have trivially that
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€1 =€ = 1, and from (e), that ¢ 5 = €5 = (—1/27)A%. As in (e),
from (a) we have 1,31, _3/%? is ¢3 minus a function that vanishes at
3-torsion points. So from (d), we have for n not a multiple of 3, that
€ny3 = 3 BA2e2 /e, 5. The result follows by a two-step induction for

n > 0, which as in (e) suffices for the result.
U

Theorem III. Let T'(P, Q) be as in (6) and A be the discriminant of
the Weierstrass model (4). Then for all odd m we have

T(P,Q) = A0V,

If in addition m is not a multiple of 3, then

(P Q) m? 1)/12

Proof. Theorem 1II gives T'(P,Q) = A P,Q)/m, and we will get the
result by applying Lemma 17 to each factor in A(P,Q) Let ¢ > 0 be
not divisible by the characteristic of K and prime to m. Lemma 11(h)
with @) playing the role of P gives

m—1

m—1 . B 1 1
o= 1l coe—mer L sge 9

T
1<j'#j<(m—1)/2 J=1

which for ¢ prime to m is also H;n:_ll O([7)Q). Hence [[72," O([j Q)1
= H;":_ll O([j1Q)¢ /6([j0Q), which by (14) and Lemma 17(b) and (c)
taking n =/ is

m—1

i '+ Q1) ~ 5107
U smer M e
[ o)

since 97 is an even function, and (—1)®~Dm=1) —= 1 By the same
. m— 2 m
reasoning, [Ti=, O([KP)“ " = [[}2, we((K]P)™
Finally, again since £ is prime to m, [}, x<(n_1y,2(2([j]Q)—2([k] P))?
to the £> — 1 power is by Lemma 17(b),

(m—1)/2

1 Ye([K]1P) e([1)Q)* (T el P)ee([51Q)™
22 Gl[KIP + [71Q)*0e((HP ~ [1]Q)? ocpp- Gelu)

since 1)y is even or odd.
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Hence
AMP,QF ™ = (—1)"T @) T welw)™ (15)
u€E[m]*

When ¢ = 2, by Lemma 17(e), (15) gives us
)\(P, Q)S _ 77,L3A—(m2—1)/47

which when m is a multiple of 3 is the best we can do, and determines
AP, Q) up to a third-root of unity. Hence by Theorem II,

T(P,Q)° = A~/

When m is not a multiple of 3, we can also take ¢ = 3 in (15), and
now by Lemma 17(f) with n = m,

)\(P, Q)S _ mSA—Q(m2—1>/3’

since when m is odd, (—1)(™*~1/3 = 1. Combining this with the above
gives
)\(P, Q) — mAf(m271)/12’ T(P, Q) _ A—(m2_1)/12’

which we note is independent of the choice of P and ().
O

Remark 18. The obstruction to calculating T'(P, Q) when 3|m is that it
depends on the choice of P and () and not just upon their Weil pairing
(or, from another point of view, A'/3 is a modular form of level one
with a non-trivial character). When m = 3, Theorem III gives that
AP, Q)A/3 is a cube root of A. We note that it is well-known that a
cube root of A can be expressed in terms of coordinates of E[3]: see
e.g. [Se2] p. 305.

2. THEOREM I FROM THEOREMS II AND III

Our discussion of the complex theta function will be aided by gather-
ing some of the basic properties that follow directly from its definition
(1). For any 7 € b, let L, = Z + Zr.

Lemma 19. Let z € C and 7 € . For any a,b,c,d € R and p,q € Z
we have:

a) 037 0)(z,7) = (=1)*™0[}](z, 7).

B) 0[2](= + c7,7) = & im0 [ 7)

c) 031z +d,7) =0[,7,1(z7).

d) For any A € L., define the factor of automorphy pla
b

0151+ A7) = oy, VOIS,

],z,T()\) by
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Then p[tg (pT -+ q) — e—?rinT—QTrip(z-‘rb)—&-?Triaq.

Lz

e) 0[] (=2,7) = 0[3](2, 7).

Proof. Proofs of (a), (b), and (c) can be found in [M1] I, pp 5-11. Then
(d) follows from (a)-(c). Note (e) follows by replacing a, b, z, and n by
their negatives in (1). O

Let E, : y*> = 23+ A(7)z + B(7) be the complex elliptic curve whose
complex points can be parameterized by z = p(z,7), y = %p’(z,T),
for z € C, where p(z, ) is the Weierstrass p-function attached to L.,
and ¢'(z,7) denotes its derivative with respect to z. Note that since
t(z) = —2p(z,7)/¢'(2,7), we have

t(z) =2+ .. (16)

for the beginning of its Taylor expansion at z = 0.

The first goal of this section is to specialize the quantities discussed
in the last section for general E over general fields to the case of E;
over C.

As in section 1, let m denote an odd integer. Now define charac-
teristic vectors top; = [1/21—;]2'/171]7 and bot; = [1/21@/7”], for any j € Z,
and set 0 = top, = boty. One sees readily from Lemma 19(d) that
ptoprmsz()\) = Pbot;z,r/m(A) = ps-r(A)™, for all A € L;. There-
fore since 0[0](z,7) is analytic in z and its zeroes consists of just a
simple zero at points of L, ([M1] p. 1 and p. 11), for 0 < j < m
the functions r;(z,7) = 0[top,;|(mz,m7)/0[0](z, 7)™ and s;(z,7) =
fbot;|(z,7/m)/0[0](z, 7)™ are functions on E; and are in L(mO). Note
that our definition here of r;(z, 7) agrees with the one given in the In-
troduction.

From now on let us fix P = %mod L:, Q= ~modL,, and (,, =
e?™/™ Note unlike the last section, we have the luxury of fixing choices
for P and @ with representatives in C and not just £(C) (which is why
Mumford’s full theory of algebraic theta functions is an adelic one.) It
is standard that e,,(P, Q) = (u ([Si], p. 352).

Let us now take the F,, O([k]P), ©([7]Q), v, g;, and T (P, Q) from
Definitions 4, 6, 8 and equation (6) defined in the last section for a
general elliptic curve over a general field, and specify these for the
elliptic curve E; over C and our choices of P and (), and denote these
by writing them as a function of 7 € b, or where appropriate, z € C
and 7 € b.

Proposition 20. Given our choices for P and () on E., we have:
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Ol o b ) (27
a) For 1 <k<m—1, Fiyp(z,7) = (—1) 172 - :

0[1/2}(277—)"1

1/2
o]
b) For 1<k <m—1, O(KP)(r) = (~1)k —L2km
0[1/2]/(0’7)m
o2 A
c) For1<j<m—1, Fyo(z,7)= }g—
0[1/2](2,7')’"
o U2+ /m
d) For 1 <j<m—1, 0([jlQ)(T) = 11//22—
AL
e) We can take vo(7) to be i/ 2mn(m7)3 /(27)3m=D/ 2y (1)3m,

1(0,m)™

J(0,7)™

1
. ) N 0[5l (mz,mT)

F) With vo(7) as in (e), gp(z,7) = (2mi)~(m=1/2 9;{22]( -
1/2 z,T)™

g) With vy(7) as in (e), for 0 <j<m—1, g;(2,7) =

. (/25 (mz, mT) 4
(2mig; 7y~ mD2 2 = (2miG,7) "D 2 (2, 1),
0[1)3)(z, 7)™

which agrees with the definition given in the Introduction.

Proof. a) It is easy to check that the divisor of ro(z,7) is S_p—y' [k]P —
mO, so in the notation of Definition 4, we can take dp(z,7) = 1o(2, 7).
It follows from Lemma 11(e) that

F[k]p(z,r) = dP(Z>T) _ (0[53](2 - k/mﬂ')/e[ig](z’r)>m
T pdp(2,7) 0[%;](7717: — k, mr)/@[ig](mz, mr)

1/2 z, 7)™
_ oyl e7)

01)3)(z, 7)™

1/2

by Lemma 19(a) and (c).
b) From (a), using (16) and Definition 6 we have

01 0Lk (0, 7)™
O([k|P)(T) = 2™ F_yp(z, T (1) 2Hk/m
([k]P)(7) wmp( 7],y = (=1) S 0.

1/2

c¢) Similar to (a), one can check that we can take dg(z,7) = so(z, 7).
Hence applying Lemma 11(e) with P replaced by @, we have

Foo(er) - tal) (6121 — gm0 2) )
M Mgl n) 0L = g /) L)z m)
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01)5) (2, 7)™

1/2

by Lemma 19(a) and (b).
d) From (c), as in (b),

O[1/2+5/m) (0, 7y
0150 (0, 7)™

1/2

O(J1Q)(r) = 2" Fpo(z7)|,_, =

e) Recall that S = Y7 ' ¢ the quadratic Gauss sum, and Def-
inition 8 defines 1y(7) to be (—1)""V/2/S times any m'™ root of
,(2;1)/2 O([k]P)?. From (b) and (2), one choice of m-th-root is

(1) D/ (2 (7)o V2,

where

(m—1)/2 .

H 01 £ 100,7).
Now from Lemma 19 one gets that:
1 1 1 1
0L, 2 l0.7)=06[_,2 ,](0,7) =6[, %](0,7) =0[, >, ](0,7).
2+ m 2 m 2 m 2+m
Hence we also have
(m—1)/2
1
K(T) = H 8[1/2+/22k/m}<077-)
k=1

Now taking the coefficient of u in both sides of formula (7) on p. 84 of
[W] and accounting for the fact that Weber’s definition of 6;;(z) is the

negative of our 9[1?3](2, 7), k(7)3 is seen to be!

(1) (D2 m ()3 2 (),

Hence v(7) = (—1)0* /S m=0/2y (mr ) /i /5 (2 )20 D/ 2 ()
The proof of (e) now follows the standard fact (see e.g., [Land], Chapter
6, Appendix) that S = i(1=™/2(—1)m*~1)/8, /.

f) By Definition 8 we have gp(z, 7) = vo(7) ,(EID/Z(@(Z, T)—p([k]P, 7)),
which has a Laurent expansion at the origin whose lead term is vo(7) /2™

1One can also derive this expression for (7) from the product expansion for
theta functions: one plugs in z =0, a = 1/2, and b = 1/2 + k/m into [FK] p. 141,
(2.53) and takes the product over 1 < k < (m — 1)/2 to verify the formula.
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Hence comparing divisors as in (a), and expansions at the origin, we
also have that gp(z,7) is

0l5)5)(mz,mr) /61)3] (2, 7)™

vo(T 1/2 1/2
mé[}/3)/(0,m7) /6[}/3]/(0, 7)™

So by (e) and (2),

9[%3] (mz, mT)

013)(z, 7)™

gp(z,7) = (2mi) "D/

g) From (f) and Definition 8, we can now calculate g;(z,7) = H_[jjo (gp(2,7)) =
Tiq (9p) Fopjlo(z,7) =

03] (mz + jr,m7) 0125 (2 7)™

N —(— 1/2 1/2
= (2mi)~ (=172 ,
0151z + g7 /m, 7)™ 03] (z, 7)m
(25 (mz,mr)

— (2mi) D2 m=1)/2
Olija) (= )
by (c¢) and Lemma 19(b).
U

We will need a lemma in Proposition 22 to verify the claim in the
Introduction that the version in (I.1) of Theorem I is equivalent to the
version in (1.2).

Lemma 21. Let f, fo, ..., fma—1 be any functions analytic at the origin,
and let W,(fo, ..., fm—1)(2) denote the Wronskian

detog;, k<m( ) fi(2).
CL) dilZWZ(fo, fm 1) Z) det 0<j<m (E> fj(Z).

0<k<m—2,k=m

(

b) IfWZ(fo,.. fm—1)(0) =0 then

det oo (P FRfEc = det_san (D)o fO)"
(

0<k<m—2,k=m 0<k<m—2,k=m
c) If W.(fo, ... fm 1)(0) =0 and t is a local parameter at the origin,
then
d dZ m2—m+2
det  osjcm Fi(2)mo = det  ozjem | dz) fi(2)]zm0 (0)72 =,

0<k<m—2,k= m(dt) 0<k<m—2,k=m

Proof. a) The derivative with respect to z of deto<; ke (4= )" f;(2) is the
sum over 1 < ¢ < m of deto<jpem(2L)FOER £(2), where §(¢, k) is the
Kronecker delta. These summands all vanish unless ¢ =m
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b) Using the product formula for derivatives and properties of deter-
minants, it is elementary that

W.(f fos s [ fmn=1)(2) = Wl fo, o fm1)(2) f(2)™,

in a neighborhood of the origin. Suppose that W, (fo, ..., fin—1)(2) van-
ishes at the origin. Then differentiating with respect to z gives

d

d m
@WZ(ff()? "'7ffm—1)(0) = EWZ(an 7fm—1)(0)f(0) .

The result now follows from (a).
¢) Using the chain rule for derivatives and properties of determinants,
it is elementary that

dz
Wi fosoos fm-1)(2) = W.(fo, .., fmf1)(2)(%)m(m*1)/2,
in a neighborhood of the origin. Suppose that W, ( fo, ..., fm-1)(2) (and
hence Wi (fo, ..., fm—1)(2)) vanishes at the origin. Then differentiating

with respect to t gives

d d dZ m2—m+2
2 Velfos s fm-1)(0) = Wl fo, ooy fin-1)(0) - (0) :
The result now follows from two applications of (a). O

Using this we now get:

Proposition 22. a) Given our choices for P and Q on E,, we have
I(r)=T(P,Q).

b) The version of Theorem I in (I.1) is equivalent to the version in
(1.2).

c) If m is not a multiple of 3, Theorem I follows from Theorem III,
and if 3|m, we have established Theorem I up to a third root of unity.

Proof. a) We get from part (g) of Proposition 20 that g; for £, matches
with g;(z,7) as given in the Introduction. The only difference then in
the definitions in (3) and (6) of T'(7) and T(P,Q) and is that the
expansions of the g; in the former are taken with respect to z and the
latter are taken with respect to t. Because of Lemma 13(c), we can
apply Lemma 21(c) and then (16) to see that we get T'(7) = T'(P, Q).

b) By the definition of g;(z,7) in the Introduction,

2

eQﬂ'ij/m
(m=1)/2 2 m
) fé,](Z’T)<9[§](Z’7_)) :
Hence because of Lemma 13(c), it follows from Lemma 21(b) that

T(r)= detogkggKm (zmg;)) %0, 1) =

<m-—-2,k=m

i) = (s
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(H;n:—ll e27rij/m)(m—1)/2 .
i) D@0, 7y osa i Vs (O T

Since m is Odd Hm 1 27m]/m _ 1 i —m(m—1)/2 _ Z3’m(m /2 _ Z'(3—3m)/2’

and (— )m2 = —1, so using Jacobi’s formula (2), we get that
((—=1—-3m)/2 , (]
T(r) = ' detosé%ff;k:m[ 5, (0,7)]

(27T)(3m27m)/277<7->3m2 ’

so (I.1) is equivalent to (1.2).
¢) This follows from (a), (I.2), and (1.3).
U

If 3 divides m, we will now determine the ambiguous (or better,
triguous?) cube root of 1 in Theorem III by applying Theorem II to
E,.

Proposition 23. For E., and our choices of P and @,
T(r) = T(P,Q) = 1/(2mn(r)*)"™" ",

Hence Theorem II implies Theorem 1.

Proof. We start by specializing the formula for A(P, @) given in Theo-
rem II to E..

Let o(z,7) denote the Weierstrass sigma-function (see e.g., [Lang]
p-239), which is an odd function of z, whose second logarithmic deriva-
tive with respect to z is the negative of the Weierstrass p(z, 7)-function,
and is normailized by ¢’(0,7) = 1. It is well-known (see e.g., the argu-
ment on p. 25 of [M1] coupled with the fact that 9[};3]( 7) is an odd
functions of z) that

o(z,7) = e G[13) (z,7) /01151 (0,7),

1/2 1/2

for a well-studied function ¢(7) we needn’t specify here®. We get imme-
diately from this that the well-known analytic statement of the Theo-
rem of the Square (see e.g., [Lang] p. 243)

olu+v,7)o(u—v,T)

p(v,7) — plu, ) = o?(u,1)o?(v,T)

2Coined by Sydney Lamb for when something can be interpreted three ways:
Linguistic Data Processing, in The use of computers in anthropology, de Gruyter
(2011), 159-188.

3The argument in Theorem 3 on p. 246 of [Lang] shows that ¢(7) is —1/2 times
a quasi-period of the Weierstrass (-function. [W] also shows on p. 95 that ¢(7) is

—9[%;]’”(0 7')/9[%3]’(0,7)/6. For its life as a quasimodular form, see [Z].
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can be rewritten as

9}/3 U+U77'91/§ uU—v,T
o(v.7) — plu,7) = 27 (0, pyrn o Tt = v )

0117212 (u, m)O L2 (0, 7)

If we now write u = uyT4+us, v = v17+vy for arbitrary uq, us, vy, v9 € R,
then by Lemma 19(b) and (c), using that 0[};3](—z,7) —9[}@](7: T)
we have

OLL/al 0.0 )0 PP A ] 0.7)

0151 (0, 7)20[ 7510t 1(0, )65t (0, 7)

1/24wus 1/24v2 1/2—v2

Usmgthlswegeth 1/21_[ ( ([711Q,7) — p([k]P, 7)) =

mH/mH 0L17a) (0 70155 )0, 1)L 1m0, 7)
o1 0y L (0,261 20 (0,760 2™ (0, 7)

p(”? T) - @(uﬂ-) = -

From Lemma 19 we get

01 ] (0,7) = 0[5m0, ) = 6] {527 1(0,7) =

€2m<1/2+j/m)(2)g[1/211?;{/3/771](0, ) = (¥0[, /211?2{/13 ) (0,7). (17

Hence applying (17) three times (once as is, once with j = 0, and once
with £ = 0), we get [ [I75 (0([71Q. 7) — o((k P, 7)) =

011500, 7) " VT3 2, 05 5 (0, 7)

0 0o (0, (T 015 )0, 70 5 0, 7)

(m—-1)/2"
1/24+k/m Jj=1 1/2 3/2 )

1/2 m—1)2Tpm—1 1/245/m
_ 9[1?2]/(077)( 2 Hj,k:o,(j,k);é(o,ﬂ) Q[l;QI%m](OJ) (18)

L 10, T TS 60, Ty
using Lemma 19(a).
Hence, using the result from [G1] that
m—1
j/m m2—
I OlHmI0,m) = m-(r),
3:k=0,(j,k)#(0,0)

Theorem II, Proposition 20(b) and (d), and (18), we get A(P, Q) =

—1

3

Tokr.) [T eile.-

1 ]=1 k=1 Jj=1

= 0031 0, 7)™ g (r)™ = 051 (0, 7)Y

N ‘
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m2—1

—m ()01 0.7)" = m/@mn(r))

by (2). Hence by Theorem II,

T(P,Q) = \(P,Q)/m = 1/(2mn(r)*)™ .

By Proposition 22(a) this gives (I.2) and then Proposition 22(b) gives
Theorem I. l
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