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Abstract. The set of Weierstrass points for pluricanonical linear systems on an algebraic
curve C have been extensively studied from a geometric viewpoint. If the curve is defined
over a number field k, then these n th order Weierstrass points are defined over an algebraic
extension k, of k, and it is an interesting question to ask for the arithmetic properties of the
points and the extension that they generate. In this paper we begin the study of the arithmetic
properties of higher order Weierstrass points in the special case of hyperelliptic curves. We
give an upper bound for the average height of these points, and we show that for sufficiently
large primes p, the first order Weierstrass points and the n th order Weierstrass points remain
distinct modulo p. This limits to some extent the ramification that can occur in the extension
kn/k. We also present two numerical examples which indicate that a complete description of
the ramification is likely to be complicated.

0. Introduction

Let C be a smooth projective curve of genus g > 2 defined over a field k of
characteristic 0. If P is any point of C, then the Riemann-Roch theorem [[4],
IV.1.3] says that there exists a non-constant function on C which has a polé of
order at most g + 1 at P and no other poles. For most points, the pole of such
a function will have order exactly g + 1. The few remaining points are called
Weierstrass points. Equivalently, by the Riemann-Roch theorem, a point P € C
is a Weierstrass point if
t(Kc —-g(P)) 21,
where K is a canonical divisor on C.

A curve has only finitely many Weierstrass points. More precisely, it is
possible to assign weights to the Weierstrass points; and then the total weight of
the Weierstrass points is g3 — g. The set of Weierstrass points is defined over
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the field k, and it is an interesting arithmetic question to study the field generated
by these points. Some computations have been done for some special families of
curves, such as Fermat curves and modular curves (cf. [11],) but in general little
seems to be known.

One can also define higher order Weierstrass points by replacing K¢ with
some other divisor D, choosing s > 1 so that for most points £(D — s(P)) =0,
and then asking for which points is #(D —s(P)) > 1? Classically, one takes D =
nK¢ for n =1,2,... and defines the set of n** order Weierstrass points of C
to be the set

Cn|={Pe&C : {nKc —s(P)) >1},

where
{ g ifn=1,
§= .
(2n—-1)(g—1) ifn>2.
Again one can assign weights (cf. Sections 1, 3) in such a way that (for n > 2)
the total weight of the n** order Weierstrass points is s%g.

Mumford [[8], page 11] has suggested that the sets C[n] are the analogue, for
curves of genus g > 2, of the sets E[n] of points of order n on curves of genus 1
(elliptic curves.) For example, one can use Weierstrass points to rigidify the
space of curves and construct moduli spaces [[8], Appendix 7C], much as is done
with torsion points on elliptic curves and abelian varieties. Further, generalizing
an unpublished result of Mumford, Neeman [9] has shown that the sets C|n]
as n — oo are uniformly distributed in C(C) relative to the Bergman measure
on C.

On the other hand, in characteristic p the sets C|n] do not seem to behave
as nicely as the corresponding E[n|’s. (See, e.g., [6],[10],(12].) This indicates
that the arithmetic theory of the C[n]’s is likely to be complicated. However,
in view of the vast richness of the arithmetic theory of torsion points on elliptic
curves, it seems worthwhile to pursue Mumford’s analogy and study the arithmetic
theory of higher order Weierstrass points. The purposé of this article is to begin
such a study, concentrating principally on hyperelliptic curves and using mostly
elementary, but computationally rather intricate, methods. Our hope is that this
will provide a foundation on which to build a general theory.

We now briefly summarize the sorts of results we obtain. All results are for
hyperelliptic curves C defined over a number field k. For precise statements of
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the main theorems and some numerical examples, see Sections 1 and 2.

The arithmetic complexity of an algebraic point on C' is measured by its height,
say relative to a rational function z : C — Pl. We show (Theorem 1.1) that the
average of the heights h(z(P)) for P € C[n] is bounded above by Oc¢(logn)
as n — oo. Using our height estimate, we give a weak lower bound for the
degree of the field generated by C|[n] (Corollary 1.2). Unfortunately, for a fixed
curve C, this lower bound does not go to infinity with n.

For general curves (of genus > 4), the C|[n|’s for differing n’s are undoubtedly
disjoint; but for hyperelliptic curves one always has C[1] € C[n]. Let v be a
place of k of characteristic p. Suppose that p > 2n(g — 1) and that C has good
reduction at v. We then show that if P € C|[n] and if the reduction P (mod v)
lies in C[1] (mod v), then P € C[1]. This limits (to some extent) the ramification
in k(C|n]).

Of course, the question one really wants to answer is for which v does the
reduction map C[n] — C (mod v) fail to be injective. In Section 2 we present
some numerical data for the curves y* = z® + 1 and y* = z° + 1 which shows
that the set of such v behaves rather irregularly, but at the same time consists only
of comparatively small primes. At present, we are unable to give a theoretical
explanation for this behavior.

1. The main theorems

We begin by setting some notation, which will remain fixed throughout this paper.

k a number field.

C/k a hyperelliptic curve defined by y? = f(z), where f(z) € k[z] is a
monic polynomial with Disc(f) # 0.

g > 2 the genus of C.

n > 2 an integer.

s =(2n-1)(g-1).
I =n(g-1)+1L
J =n-1)g-1)-1=s-1L
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Cln] the set of n*® order Weierstrass points of C, defined as
Cln]={PeC : {nK¢c - s(P)) 2 1}.

We note that for hyperelliptic curves one always has the inclusion
C[1} c C[n]. The set C[1] consists of the points with y = 0, to-
gether with one point “at infinity” if deg(f) is odd.

wt(P) the weight of a Weierstrass point P € C[n]. See Section 3 for the
definition of wt(P). We note that the total weight 3pec(, Wt(P)
equals s%g, while the total weight excluding the points in C[1] is
Y wi(P) =4g1J.

PeCln]

P¢cly
Our first result gives an upper bound for the average height of the points

in C|[n].

Theorem 1.1. Let h: Q@ — [0, oo] be the absolute logarithmic height function.
(See, e.g., [5].) Let h(f) denote the height of the projective point defined by
the coefficients of the polynomial f(z). Then

1 ) h(f)+3logn
wE, Pezc%n] wt(P) - h(z(P)) < — o(1).
p¢cly

The O(1) is an absolute constant.

We can use Theorem 1.1 to give a weak estimate for the degree of the field
generated by C|n).

Corollary 1.2.

log ng + O(1)
h(f) +1logn +O(1).
g

[k(CIn]Cl1]) : k] >

The >> constant and the O(1) constants are absolute.
As a particular example of Corollary 1.2, consider the curves
Ci:y*=z(z—1)(z-2)-(z - d).
Then

logn
dlogd

[Q(Ciln]) : @] > ll%g as n — oo subject to <1
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Next we look at the behavior of the Weierstrass points “modulo p.” We set a
bit more notation:

v aplace of k of characteristic p > 0.

ord, the extension to k* of the usual valuation ord, : @* — Z.

Bu(z) = [[ (z-=(P)" O
PeCln]
P¢cCi]

Notice that in the definition of ®,(z) we have used half the weight in the
exponent. We do this because for the hyperelliptic curve y? = f(z), if P = (z,y)
is in C|n], then (z, —y) is also in C|n]. So as P runs over C[n|\C[1], the z(P)’s
each appear twice. So ®,,(z) will be a polynomial in k[z].

Theorem 1.3. Assume that deg f = 2g + 1 is odd.

(a) Resultant(®,, f) = + Disc(f)!.

(b) Assume that p > 2n(g — 1) and that the coefficients of f are v-integral.
Then the coefficients of ®n(z) are v-integral.

We can use this estimate to limit when points of C|[n] and C[1] come together
mod v.

Corollary 1.4. Assume that p > 2n(g — 1) and that C has good reduction
at v. If P € C|n] has the property that
P (mod v) € C”H] (mod v),
then P € C[1].
A fancier way to restate Corollary 1.4 is as follows. First embed C in its Ja-
cobian u : C — J by sending one of the points in C[1] to the origin. As usual,

let J (k,) be the kernel of the reduction map J(k) — J (mod v). Corollary 1.4
says that if p > 2n(g — 1) and if C has good reduction at v, then

#(C[n]) N J1(k,) = {0}. B¢

Notice that (1) remains true if we replace C|n] by J[n], the set of n-torsion
points of J, provided C has good reduction and ptn. This fact, of course, is
central to the arithmetic study of Jacobians and abelian varieties. For example,
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it is one of the crucial facts needed for the proof of the Mordell-Weil theorem.
However, since J[n] is a group, equation (1) for J{n] tells us that J[n] injects into
the reduction J (mod v). Unfortunately, C|[n] is not a group; so what we should
really look at is the extent to which the map C[n] — C (mod v) fails to be
one-to-one. Ignoring the points in C[1], which we already understand, this means
we want to know which primes divide the discriminant of the polynomial ®,,. In
the next section we present two examples which show that the answer must be
fairly complicated.

2. Some Numerical Examples

In this section we present some numerical data. We begin with the curve
C:yf=2%+1 2

From the definition of Weierstrass points it is clear that the set C[n] is invariant
under any automorphism of C. In particular, for the curve (2), any point P =
(z,y) € C|n] with zy # 0 gives rise to twelve points (¢z,+y), where ¢ is any
sixth root of unity. It follows that up to a power of z, the polynomial ®,(z)
defined in Section 1 is actually a polynomial in z®. So we will work instead with
the polynomial

B, (21/%) t(P
L= T o),
PeCn)/Aut(C)
P¢C1],z(P)0
Here a = ordp ®n(z), and ¢ € Z is chosen so that ¥,(z) has relatively prime
integral coefficients. (I.e. ¥,(z) is a primitive polynomial in Z[z].)

Our first table (Table 2.1) gives the Weierstrass polynomial ¥,(z) for the
curve (2) and 3 < n < 6. Note that for curves of genus 2 such as (2), one
has C[2] = C[1], which explains why our table starts with n = 3.

A glance at Table 2.1 shows that the polynomials are “palindromic.” This
is easily explained by the fact that the curve (2) has the additional automor-
phism (z,y) — (z71,27%y). So if P = (z,y) € C[n], then C[n] also contains

a point whose first coordinate is z~1.

It is also worth mentioning that in all cases listed in Table 2.1, the polyno-
mial ¥,(z) is irreducible in Q[z].
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n  Yu(z)

4 — 19z + 422

224 + 14952z — 52827 4 10726923 — 528z* + 149522° + 22445

2048 — 1841664z + 6125452822 + 866502560z° — 136067400z* —
2150998344z° — 8234360583z% — 215099834427 — 13606740028 +

866502560z° + 61254528210 — 1841664211 + 2048712
6 524288 — 38338560z + 1263329280022 + 207906816023 +

2278700043264z% + 14040133779456z° + 1133038452000026 +
21378405927600z7 + 88533623365668z% + 171597510043663z° +
88533623365668z10 + 21378405927600z11 +

11330384520000z12 + 14040133779456z13 + 2278700043264z14
+ 2079068160215 + 1263329280026 — 38338560217 + 524288718

The Polynomial ¥, (z) for y? = z® + 1

Table 2.1

Corollary 1.4 characterizes those primes for which points of C[n] and points
of C[1] may coalesce modulo p. We now address the question of when two points
in C[n] not in C[1] may come together modulo p. Equivalently, we ask which
primes divide the discriminant of ¥,,(z)? As one expects, this often happens for
primes p < 2n(g — 1). However, Table 2 shows that there are also larger primes
which occur. At present we have no simple way to describe these primes, but that
will not prevent us from giving them a name.

Definition. Let C/k be a smooth curve of genus ¢ > 2. A prime p is called
anomalous for C[n] if p > 2n(g — 1), and if there is some prime v of & lying
over p such that C has good reduction at v and the reduction map C(I?:) —
C (mod v) is not one-to-one on the set of n-Weierstrass points C|n].

Although the anomalous primes appear somewhat irregular, one feature im-
mediately apparent from Table 2.2 is that they seem to be fairly small. If one
were to take a random polynomial whose coefficients were roughly the same size
as those of W5 or ¥g, one would not expect the discriminant to factor with such
small primes,
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Disc(¥) Factorization of Disc(¥)
297 3.1
~ 2.07 - 1046 220.345.53.73.11.13-17%2.232.191-1932
~ 3.11 - 10190 2104 3221 511 ,116.13.172.232.29.412.59.
191-1932%.2712 . 4212 . 21612 - 2579
~ 1.52 - 10417 2296 3467 . 514 73 . 935 99.313.41%.
432 . 472 .59 -71% . 832 .
1272 - 1572 . 1672 - 2712 - 4212 .
433% . 6012 - 8872 - 21612 - 2579 -
4057 - 54492
The Discriminant of ¥,,(z) for y% = 28+ 1
Table 2.2
m n Resultant(¥,,,¥,) Factorization of Resultant
3 4 ~ 7.68 - 1014 gl4.318 . 142
3 5 ~ 1.12-10%° 222 . 336 . 4912
3 6 ~ 1.13 - 1043 240 . 354 . 4912
4 5 ~ 5.11 - 10100 976.3108 . 132174 .23%.1012.
1934
4 6 ~ 7.91- 10147 094 . 3162 . 56 172 . 472 . .+

~ 1.23 - 1028

2214 X 3324 _524 A 292 . 414 3 592 .
2714 - 4214 - 21614 - 25792

*k=203558536134798796850303533660249 is

composite, but is not divisible by “small” primes.

The Resultant of ¥,(z) and ¥, (z) for y* = 28+ 1

Table 2.3
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A closer look at Table 2.2 reveals another surprising fact. It appears that
an anomalous prime for C|[n| is always also anomalous for either C[n — 1] or
for C[n + 1]. This suggests that we look for primes such that points in C[n]
and C[n + 1] come together modulo p; or, equivalently, primes dividing the
resultant of ¥,, and ¥, ;. The results are compiled in Table 2.3.

Table 2.3 confirms what we half expected. If p is anomalous for n and n+4 1,
then it seems to divide the resultant of ¥,, and ¥,,. This suggests that if p is
anomalous for n, then at least one of the double roots of ¥,, (mod p) will also
be a double root of either ¥,,_; (mod p) or of ¥, (mod p).

To describe this more intrinsically, we define
An(p) = {P € C(Fp) : C[n] — € (mod p) is not one-to-one over P}.
Then Table 2.3 leads us to ask if

An(p) € An_1(p) U Ant1(p). 3)

Note this is much stronger than merely saying that the anomalous primes match
up.

Table 2.4 verifies (3) for the curve (2) and integers 3 < n < 5. In all cases

the quantities

Y,
_ d
ng(\pm\I’n+1) (mo p)

and
‘I’n+1

ng(‘I’fh \Iln+1)
are square-free in Fp[z]. Note that the variable z used in Table 2.4 is really the

(mod p)

quantity z® on the curve y? = z® + 1.
We next give some numerical data gathered for the curve
C:y2::1:5+1. @)

As above, any point P = (z,y) € C[n] with z # O gives rise to ten points
(sz,£y), where ¢ is any fifth root of unity. It follows that the polynomial ®,,(z)
defined in Section 1 is essentially a polynomial in z®, at least if we ignore powers
of z. So for the remainder of this section we let

B(1/5 w
U,(z) =c ia/s ), I (-=zP)"
PeCln]/Aut(C)
P¢C[1],z(P)7i0
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Again a = ordp ®(z), and ¢ € Z is chosen so that ¥,(z) has relatively prime

integral coefficients.

n n+1 P gcd(¥n, ¥py1) (mod p)
3 4 11 (z-1)%

4 5 13 (z-1)%

4 5 17 (zt-z+1)?

4 5 23 (z+2)%(z+12)2

4 5 191 (z-—1)*

4 5 193 (z+50)%(z ~ 27)?

5 6 29 (z—1)?

5 6 41 (2% — 4z +1)?

5 6 59  (z-1)%

5 6 271 (z +117)%(z — 44)?
5 6 421  (z+142)%(z + 169)2
5 6 2161 (= + 498)%(z + 959)?
5 6 2579 (z—1)%

Points Common to A,(p) and A,11(p)

Table 2.4

The first table (Table 2.5) gives the Weierstrass polynomial ¥, (z) for the
curve (4) and 3 < n < 6. Notice that the points with = 4 have weight 2
when n = 5,6. (Remember these are the points with z8 =40nC.) Also, z = 4
gives 37¢ order Weierstrass points on C, although only with weight 1; but the
points with & = 4 are not 4** order Weierstrass points.

Since ¥ and ¥g have a multiple root, their discriminants are zero. So in
Table 2.6 we have computed their discriminants after dividing by (4 — z)%. We
again see in Table 2.6 that the anomalous primes reappear for consecutive n’s,
and that they are not too large (although for n = 6 they are considerably larger
than the anomalous primes for the curve y? = z® + 1.)
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n Yy(z)

(4 — z)(16 — 108z + z?)
—32768 — 4767744z — 327270422 — 57028608z> + 170240z* — 9451008z +

2248962° — 22344127 + 748
5 (4 - z)%(—25165824 + 956301312z + 2063440281622 —

317718528023 — 137167994880z¢ — 471787716608z° —
345653886976z° — 157336670208z — 1819890688028 —

16585932802° — 445838420 — 3668821 + %)
6 (4—z)%(12094627905536 + 2585226714808320z — 9399793625333760z2 +

581389708311920640z3 + 4975917911056056320z* +
6825760756013727744z° 4 24139882138079068160z° +
104480531283884113920z7 + 2157707507528839987202% +
192921432429963509760z° + 105048907680124502016z10 +
44163514993394319360z 1 + 19543192767179653120z1% +
4633662928140779520z1% 4+ 539433596351938560z14 +
831897819272294421° — 228260548980480z16 —
473640375456027 — 4687088560218 — 2849880z!° + 112%°)

The Polynomial ¥, (z) for y% = 2% + 1

Table 2.5
n Disc(¥)* Factorization of Disc(¥)
3 ~ 1.86 - 10° 212 .56 .99
4 ~ —4.80 - 1093 2112 . 34 . 571 .76 . 99.79
5 A~ 4.58 - 10214 2264 . 312 . 5168 . 192 . 992 . 59.79 . 769
6 ~~ 1.14 - 10543 2768 . 312 . 5479 . 17116 . 192 . 293 . 503 .

479-769-1019-2879 - 6841 - 36479 -
42839 - 144899 - 443701 - 3508619

*For n="5,6, this is the discriminant of W /(4—z)>.
The Discriminant of ¥,(z) for y> =25+ 1
Table 2.6
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3. Preliminaries

For any curve C of genus ¢ > 2, the Riemann-Roch theorem tells us that
(nKg) = s = (2n — 1)(g — 1) provided n > 2. Choose a basis wy,... ,ws
for H°(C, L(nK¢)). Let z € k(C) be a non-constant function on C, and
write w;(z) = ¢i(2) (dz)", where the ¢;’s are regular functions on the Zariski
open set

U,={Pe€C : zisregular at P and ordp(z — z(P)) = 1}

The n**-order Wronskian matrix relative 10 the basis {w;} and the parameter 2
is

fi f20 0 s

af af2 ... dfs

W,,(z) — d.z dz . d.z
ds—'lt a1y, ’ a8-1 fs
dz3—-1 dzs~1 T dz8—1

Then one easily checks that a point P € U, is an n**-order Weierstrass point if
and only if (det W,(2))(P) = 0. Further, the order of vanishing of det Wy(z)
at P is independent of the choice of the basis {w;} and the parameter 2, subject
of course to P being in U,. We define the (n*-order) weight of P to be

wt(P) = wtp(P) = ordp det Wy (2) (5)

for any z such that z— z(P) is a uniformizer at P. Thus P is in C|n] if wt,,(P) >
1. The following facts are well-known, but for the convenience of the reader we
will sketch the proof of one of them.

Proposition 3.1. Let C be a smooth projective curve of genus g > 2 (not
necessarily hyperelliptic.)

(@) The total weight of the n*"*-order Weierstrass points is

Z wt,(P) = s%g.

PeCln]
(b) For every P € C,
wtn(P) < 3g(g +1).

Further, equality holds if and only if C is hyperelliptic and P is a branch
point of the double cover C — PL. (L.e. P € C[1].)
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(c) Suppose C is hyperelliptic. Then C(1] C Cln] for all n, and

z wt(P) = 441J.
PeCln]
P¢cly]

Proof. (a) See [3] or [6].

(b) The idea of this proof is due to Segre. For a generalization, see [[1], Theo-
rem 3.1].

Fix apoit P € C. Let1 < b < by < -+ < by < 54 ¢ be the
uniquely determined integers & in the indicated interval such that the divisor class
of 5(P) — (n — 1)K is effective. Let 1 < a3 < ag < --- < a, < s + g be the
remaining integers in that interval. (The a;’s are classically called the gap values
for P.) Then an alternative description of the weight of P is

wt(P) = Za.- —1.
i=1
(See [3] or [6].) Since {a;} U {b;} = {1,2,...,s+ g}, this gives the formula
9
wHP) =) s+i-b. (6)
i=1
Next, the definition of the b;’s implies that the divisors b;(P) — (n — 1) K¢
are special, so Clifford’s theorem [[4], IV.5.4] says that

£(b:i(P)—(n—1)Kc) < § deg(b;(P)— (n—1)K¢)+1= 1(b;—s+g+1). (7)

Further, from the definition of the b;’s, the dimension £(b;(P) — (n — 1)K¢) is
strictly increasing with ¢, so

Lbi(P)—(n—1)K¢) >4 forall1<: <g. 8)
Combining (7) and (8), we find

b >s—¢g—14+2¢ andso s4+t1—-b<g+1-—1. ©)
Now substituting (9) into (6) gives the desired bound
g
wi(P) < ) g+1—i=4g(g+1). (10)
i=1

Finally, Clifford’s theorem (7) is a strict inequality unless the divisor is 0, K¢,
or a multiple of the g1 on a hyperelliptic curve. If C is not hyperelliptic, then g >
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3, so there are at least three b;’s. It follows that (7) cannot be an equality for
every b;, so the inequality (10) is strict. On the other hand, if C is hyperelliptic,
then Ko = (g — 1) - g3 is a multiple of the g3 on C. So in order for (10) to be
an equality, we see that b;(P) is a multiple of the g1 for every b;. In particular,
the b;’s are all even, and 2(P) is a g3.

(c) From (b) the weight of any point P € C[1] satisfies wtn,(P) = g(g+1)/2 >
0, so P € C|n]. Since the set C[1] on a hyperelliptic curve consists of 2g + 2
distinct points, the desired result follows immediately from (a), (b), and a little
algebra. O

We now turn to the case that C is a hyperelliptic curve given by an equation
C: ¢’ =f(z)

as described in Section 1. To compute C[n]| we use the following collection of
differential forms.

Lemma 3.2. Let (z)o be the polar divisor of z, so K¢ = (g9 — 1)(z) is a
canonical divisor on C. Then the set of differentials

{flﬁﬂﬁ:ogi<n(g—1)+1}u

U{ELdz): :0§j<(n—1)(g—1)—1}

yn—l

is a basis for H°(C, L(nK¢)). (If n = g = 2, the second set should be
omitted.)

Proof. Riemann-Roch tells us that £(nKc) = s = (2n — 1)(g — 1) (remember
we assume n > 2,) so the indicated set has the correct number of elements.
Further, the indicated differentials are clearly linearly independent. It remains to
check that they are all holomorphic on C, an exercise which we will leave for the
reader. OJ

The Wronskian matrix relative to the parameter = and the basis described in
Lemma 3.2 is thus

(11)

dlxiy—n dlxjy—(n—l) )
‘ dxt ’
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where 1, 7, £ run over the intervals
0<i<I=n(g-1)+1,
0<j<J=(Mm-1)(g-1)-1, (12)
0<l<s=(2n—1)(g - 1).
Since z — z(P) is a uniformizer at P for every point of C except for the branch
points (i.e. points in C[1]) and the point(s) at infinity, the zeros of det W,(z)
describe the set C[n]\C|[1]. (Except possibly for the points at infinity if deg(f)

is even. We will generally ignore this issue without further comment.) We now
give a polynomial in z whose zeros match those of det W, (z).

Theorem 3.3. Define a doubly indexed sequence of polynomials L}*(z) by

the recursion
m

L
m=1, and LP,=2-f L —(m +2e) L.

Let Wy, (z) be the matrix

(e (e

where 0 <1 < I and 0 < j < J index the columns on the left and right sides
respectively, and 0 < £ < s indexes the rows. Then
I-1

det W (z) = (242)~ 7 .y~ -(n-1)J (H ) (H J ) - det W, (z).

=0

In particular, if P € C is a point with y(P) # 0,00, then

wtn(P) = ordp det Wy (z) = ordp det Wy (z).

Proof. To ease notation, we will use D to denote differentiation with respect
to z. In particular, differentiating the relation y2 = f(z), we find 2y- Dy = Df.
So for any polynomial F'(z) € k[z] and any integer k > 1, a quick calculation
shows that
F(z) y*DF — FkyDy _2f-DF —k-Df-F
y* ykt2 - 2yk+2
Using (13) and the definition of the L7*’s, an easy induction on £ yields

1 r
¢ _ ¢
D (y_m) = 2Lym+2t” (14)

(13)
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In order to simplify the Wronskian matrix, we begin by proving the following
formula, valid for any rational function z = z(z):

D(zz) = 1! (f) D"z + (-1)*! ii(—l)" (;c) #~*DY(z*z).  (15)
k=0

There are two key points to note about the sum in (15). First, it is a lin-
ear combination of D‘(x"z)’s with k strictly less than i. Second, the coeffi-
cients (—1)¥(})2*~* are in Z[] and are independent of £.

To prove (15), we start with the sum
S( l)k( ) .'—th(x'kz) S( l)k( ) i-kzk: (3) D'zk. DT
r=0 \"
e) De_rzi_zl(fl)k (’) xi—kDra:k
r k

¢!

X £ - : i—r
-2 ()

|
)

S (Jen(. ) o
)

5K

r=

'i

Dl Ty ( 1)t+1Dr t
Therefore the quantity on the right-hand side of (15) is
e -1 .
( )Dl— Z-I-( 1)l+1 Z( l)k( ) t—le(zkz)
e AN
()Dt 1 D‘“'z+Z()D'z’-D"'z

1

r=0
= Z ( )D'z‘ D"z
r=0
= DYz'2).

For the last equality, note that D"z* = 0 for r > 1, and (f) =0 for r > ¢, so the
sum in the penultimate line may be replaced by the sum from r = O to r = £
This completes the proof of the formula (15).
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Recall from above that the Wronskian matrix is given by

Wn(z):‘(MI(y—n) | MJ(y_(""l)))’

where in general we write Mg(2) to denote the rectangular matrix

Ma(e) = (D) -
05_r<R

We are going to perform elementary column operations on Mg(z), and then
do these operations on each half of W, (z), thereby simplifying W,(z) without
altering its determinant.

Let us denote the r** column of Mg(z) by m,, 0 < r < R. We form a new
matrix Mp (z) with columns /. by replacing the r** column of Mp(z) with

r—1
m; = m,‘ + (—l)r Z (;) Ir_kmk.
k=0

Note the m"’’s are computed successively starting with r = 1 and increasing
to r = R — 1. Using (15), we find the £** entry in the r** column of M} is

D(z"2) + (-1)" rz—:l(—l)k (;) %D (z*2) = #! (Z) D%z,

k=0 r
Since these column operations will not change the determinant of Wy(z), we
conclude that

det Wy, (z) = det (M}(y_") ‘ M,'l(y—(n—l)))

= det (i! (f) D (y™) ‘ 3! (f) D*i (y—(n—l))) :

Above we derived a formula (14) for D%(y~™) in terms of L}*. Using this
formula, we find that

det W,(z) = det ( i L7 : ’ j!(ﬁ)L?—_J:l )
(2y2)%(2y%)*y" (2y2)4(2y?) 7yt
It remains to pull out common factors from rows and columns. We can pull out
a (2y?)~¢ from the £* row, giving (2y%)~*(*~1)/2. We can pull out i!(2y?)iy~"
from the ** colurnn on the left-hand-side, giving ([]s!) (24%)7U-1/2y~In And
we can pull out j1(2y?)7y~("~1) from the j** column on the right-hand-side,
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giving (T] 5!) (2y?)?V~1/2y~7(n~1)| Looking again at the definition of W(z),
we find that

I-1 J-1
det W,,(:z:) — (2y2)(somepowex)y(somep0w) H sl H 7!+ det Wn(z).
1=0 3=0

A little bit of algebra to compute the powers of 2y* and y then completes the
proof of Theorem 3.3. O -

4. Degree and height estimates

In view of Theorem 3.3, the polynomials Lj* described in that theorem tell us a
great deal about the Weierstrass points of C. Our first result in this section begins
our description of the L7*’s.

Proposition 4.1. For any polynomial F(z) € k[z], let \(F') denote the leading
coefficient of F.
(@)

deg Ly* = (deg f — 1)¢.

(b)
ML) = (-1)(md)(md + 2)(md + 4) - -+ (md + 2(¢£ - 1)).

Proof. Let d = deg f. We prove (a) and (b) simultaneously by induction on .
For £ = 0 we have LT = 1, so both parts are clearly true. Assume now that they
are true for £.

The recursive definition of Lj* given in Theorem 3.3 says that
L;’;lzz-f-DL;"—(m+2£)-Df-L;", (16)

where as usual we are writing D for differentiation with respect to z. By the
induction hypothesis we have

deg(2- f+-DL}) =d+degLy — 1= (d—1)(£+1)
and
deg((m+28)-Df - L7) =d—1+deg L7 = (d — 1)(£+ 1).

So assuming that the leading coefficients of the two terms in (16) do not cancel,
we will have proven (a). We now check that the difference of those leading
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coefficients is as given in (b), which will simultaneously complete the proofs
of (a) and (b).

We recall that the polynomial f(z) defining C is assumed to be monic. Using
the induction hypothesis, we compute
A2 f-DL7)— AX(m+28)- Df - L)
= {2(deg LY*) — (m + 2£)d}A(LT)
= {2(d - 1)¢ - (m + 2£)d} - (-1)(md)(md + 2) - - - (md + 2(£ — 1))
= (-1)"*Y(md)(md + 2) - -- (md + 2¢).
This completes the proof of Proposition 4.1. O

Next we estimate the size of the L7*’s. We recall that the height of a poly-
nomial, such as L}*, is defined to be the height of the projective point defined by
its coefficients.

Proposition 4.2.
-1

h(L7) < £(h(f) + 2logdeg f) + > _ log(4k + m).
k=0

Proof. Asabove, we let d = deg f. Also, it is convenient to use the multiplicative
height H, where h = log H. Note that H has the elementary properties:
H(FG) < (deg F +1)H(F)H(G) and H(DF) < (deg F)H(F).

Using these properties, the recursive definition of L}*, and Proposition 4.1, we
compute
H(L,) = H(2- f - DL — (m+26)- Df - L)
<2H(f-DL7*)+ (m+20)H(Df - L})
<2(d+1)H(f)H(DL}) + (m+2¢)dH(Df)H(LY)
<2(d+1)H(f)(d - 1)EH(L]) + (m + 20)d*H(f)H(L})
< d*(4¢+m)H(f)H(L).
Using this formula repeatedly gives the upper bound
H(L}) < dH(f)m(m +4)--- (m+ 4(£ — 1)) H(L).
Since LF* = 1, taking logarithms gives the desired result. O

We are now ready to begin estimating the degree and the height of the poly-
nomial det W,(z) whose roots include C|n].
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Theorem 4.3.
(a)
degdet W, (z) < (deg f — 1)1J.

(Later we will be able to show that the degree is exactly equal to 2g1J;
but for now this rough estimate will suffice.)

(b)
h(det Wy(z)) < 2IJ(h(f) +log(gs) + O(1)).

Proof. Looking at Theorem 3.3, we see that det Wy, is a sum of s! terms of the

form

I-‘l e‘ J—l el. 1

_ n ] n—
tU(O')—— H (‘)Ll'—tx H (j) ["7,_]‘) (17)

1=0 3=0

where
o= (,bl,...,0-1,8,...,85_1)

is some permutation of 0,1,... ,s — 1. As usual, we let d = deg f.

(a) Using (17) and Proposition 4.1(a), we find
degdet W,, < max, deg w(o)

I-1 J-1
= maxa{z deg L;",_,- + jzz;) deg %—_lj}

1=0

I-1 J-1
- max,,{z:(d_ DICEDEDMCERIE -}

s—1 I-1 J-1
=d-D{>e-3i-Y i}

£=0 =0 =0
=(d-1)1J.

(b) For any polynomials Fi, ..., Fn € Q|[z], the height satisfies the elementary
estimate:

N
H(F\Fz---Fy) < H {(1 + deg F;)H(F;)}.

i=1
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We use this and Propositions 4.1 and 4.2 to estimate the height of w(o).

I-1 l.
H(w(0)) < [I(1+deg L7._))H ((‘> L'g’,_,-)

izg 1 el‘
x JI(1+deg Lyt )H (( ?) L;‘,_‘_lj)
7=0 J E)
< H {(1+ (d—-1)(& - :))( )H(f)‘ -t H d2(4k+n)}
k=1
J-1 e E' -3
x [[{@+(d-1)& —J))( >H(f) = H d*(4k +n — 1)

In this last estimate we can pull out H( f) raised to the power

1

SZ—:‘ Ii‘“ZJ—-S(s—l) iiI-1)-Yyu-1y=1s

=0 =0

We will also use the fact that in the innermost products we always have k < s,
s0 4k + n < 5s. This gives

I-1

H(w(0)) < H(f)T2°0-0/2 H(l +de) x [] (d?55)5~
s e' o' i=0
x [ (@957 (18)

< H(f)Ist(a-l)/Z(zds)s(stS)IJ
1
< (e19?sH(f))" (c2gs™)’,
where ¢y, ¢z are absolute constants, and we have used that s? >< IJ and d <
29+ 2.

Since det W, is a sum of s! of the w(c)’s, we would like to say that
H(det Wy,) is no larger than s! times the maximum of the heights of the w(o)’s.
This would be true if the w(o)’s had integral coordinates, but unfortunately for
general polynomials Fy,... , Fy we only have H(3_ F;) < N [[ H(F;). So we
need to be a bit more careful about the denominators of the coefficients.

For any polynomial F(z) € Q[z], we let §(F) denote the smallest positive
integer such that §(F)F(x) has integral coefficients. (I.e. Its coefficients are in



32 ) JOSEPH H. SILVERMAN

the integral closure of Z in Q.) We claim that

§(w(o)) divides 5(f)7. (19)
To see this, we note that the recursive definition of L7*, the fact that §( D F') always
divides 6(F), and induction on ¢ immediately imply that 5(L7*) divides 6(f)%.
Then the definition of w(e) as a product of L*’s gives (19).

We resume the proof of Theorem 4.3(b). Note that if Fy,...,Fy € Q[z]
have integral coefficients, then it is true that H(3" F;) < N max H(F;). So if
we let § = §(Fy,... , Fn) denote the least common multiple of the §(F;)’s, then
for arbitrary polynomials we have

H(Y F)<6-H(Y 6F) < 6N max H(F).

We apply this to det W, which is a sum of s! terms of the form w(¢). From (19)
we know that every w(o’) has denominator §(w(c)) dividing 6(f)!7, so we find

H(detW,) < 6(f)" - s! - max H(w(0)).

Note that §(f) < H(f) and s! < s°. Since (18) provides a bound for
H(w(o)), we obtain

H(det Wn) < (erg”s H(/)") (ca95®)* < (eagsH (1))

Taking logarithms completes the proof of Theorem 4.3(b). O
It is a standard matter to relate the height of a polynomial to the height of its

roots. We will use the following estimate, which follows from [[5], Chapter 3,
Proposition 2.1 and Theorem 2.8].

Lemma 4.4. Let

d d
F(z) =) air* = aq[[(z - &) € Q).
i=1

i=0
Then
d
> h(ai) < h(F) + Llog(d + 1).
i=1
We apply this lemma to the polynomial det Wy (z) to complete the proof of
Theorem 1.1. ‘

Proof (of Theorem 1.1.). From Theorem 3.3, the points in C[n| that are not
in C[1] are precisely the points P such that z(P) is a root of det W,(z); and
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further, the weight of P is the multiplicity of z(P) as a root. Of course, for every
root of det W, (z) there are two points in C{n], corresponding to the two values
for y. So if we factor det W, (z) as

N

det Wy(z) = c [[(z — o),
=1

then Lemma 4.4 and Theorem 4.3 allow us to estimate

N
> wt(P)-h(z(P)) = 2> k() <
PeClin) i=1
P¢ch] < 2h(det Wy(z)) + log(deg det W, (z) + 1)
< 4IJ(h(f) + log(gs) + O(1)) + log((d — 1)IJ + 1)
< 4IJh(f)+ 121Jlog(s) + O(1J).
Finally, we divide by 4¢J and note that log(s)/g = log(n)/g + O(1), which
completes the proof of Theorem 1.1. O

The proof of Corollary 1.2 depends on the well-known fact that there are
only finitely many algebraic numbers of bounded degree and height. In principle,
Theorem 1.1 says that many of the points in C[n] have small height, from which
we can deduce that they generate a field of large degree. To quantify these ideas,
we start by estimating the number of algebraic numbers of bounded degree and
height.

Lemma 4.5. For all real numbers B,D > 1,
#{a€Q: H(e)<B and [Q(a):Q]< D}< (3B)P".

Proof. Let S(B, D) be the set in question. For a € S(B, D), let {c, ... ,ap}
be the conjugates of a. (If there are fewer than D of them, fill in the set with
zeros.) Consider the map
¢:S(B,D) — PP(Q)
a —  [1,01(c,... ,ap),... ,0p(ay,...,ap)
where o; is the i** elementary symmetric polynomial. Notice that ¢ is at most D-
to-1, since

¢ '([1,a1,... ,ap]) C {roots of TP + ¢, TP~ ... 4+ ap =0.}.
Further, H(¢(c)) < 2P H(a)P, so
H(a) < B = H($(a)) < (2B)".
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Hence
#S(B,D) < D-#{PePP(Q) : H(P) < (2B)?}
< D(2(2B)P +1)P
< (3B)P’.
O
Theorem 1.1 gives an upper bound for a weighted sum of heights, while
Proposition 3.1 gives us the sum of the weights and an upper bound for the

individuai weights. We want to conclude that there are many points of small
height. The following elementary counting lemma is what is needed.

Lemma 4.6. Let wy,... ,w, > 1 and hy,... ,h, > 0 be real numbers, and
let

r
W = maxlS;S,{w.-}, N = Ew,-, Ew, g -

1=1 |—1

Then for any 0 < e <1,
N
#{i: h;<e A} > (1 - E)W

For example, taking € = % there are at least N/2W of the h;’s which are
larger than half the weighted average of the h;’s.

Proof. First we bound how many h;’s can be large.

h; e 1 Ns
L. -1 — t = .= -/=
#ichi>eTlAb= 30 1< 30— WAE <
h|'>A/€ h'>A/ A
On the other hand,
.
N
N=Zw,~§rW, SO TZW'
s=1
Hence
N
# b <A 2 - 22> (1)
W
O

Proof (of Corollary 1.2.). Let C[n|\C{l} = {P,...,P}. We apply
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Lemma 4.6 with € = } and

w; = Wt(Pc'), h; = h(x(Pt))’

glg +1)

W = maxjcicr{wi} < 2

,
N =Y w =4glJ,
=1

AI%Z’-:w;h;S

=1

h(f) +3logn +o()
————-—g .

(The bound for W and the value for N come from Proposition 3.1(b,c), and the
bound for A is Theorem 1.1.) We obtain the estimate
. 2h(f) + 6logn 4917
447 : h(a(Py)) < 2+ Slogn A917_
g glg +1)
So there are at least O(gn?) points in C[n]\C[1] with height bounded by some
fixed multiple of 1 + (h(f) + logn)/g.

Let K[n] be the field generated by C{n|<C[1], and let d[n] be the degree
of K[n]. We apply Lemma 4.5 with

D=dn] and B:O(l—{—m——;ﬂ).

We have just shown that K [n] has O(gn?) elements with height less than B, and
of course every element of K [n] has degree at most d[n}, so we find

+0(1)} > > gn?.

O(gn?) < (3¢B)4nL’.

[Note Lemma 4.5 uses the multiplicative height, whence e in place of B.] Taking
logarithms and solving for d[n| gives the desired result

log gn + O(1) log gn + O(1)

> =550 R +logn

S. A Resultant Computation

In this section we ask for which primes v is it true that points in C[n]\C[1] and
points in C[1] can coincide modulo v. In essence, we want to determine which
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primes divide the resultant of f(z) and ®,(z), where ®,(z) is the polynomial

Su(x)= [ (- 2(P)" P
PeCln]
P¢C1]

defined in Section 1. Of course, this reasoning is only valid for primes v such
that ®,, has v-integral coefficients.

Our plan is as follows. First we compute the related quantity
Resultant(f(z),det W, (z)).

Second we show that det Wy,(z) = ¢®,,(z) for some scalar ¢. Third we com-
pute ¢. Since the coefficients of det W,, are v-integral if the coefficients of f are,
this will provide enough information to prove Theorem 1.3.

Aside from the usual binomial coefficients (:;)’ the following quantity will
appear frequently, so we give it a special symbol:

[:1] =a-(a+2)-(a+4)-..(a+2m—2)=2mm!(%a+:_1).

. . . . . a
Here m > 0 is an integer, and a is arbitrary. By convention, we set [0] =1

In order to compute the resultant of f(z) and det Wy (z), we will use the
following determinant calculation. The elementary, but heavily computational
proof will be postponed until later.

Proposition 5.1. Let I > J > O be integers, let L =1+ J, and let A,B,T
be arbitrary quantities. Then

(G T Ok )1

Here the rows of the matrix are indexed by 0 < £ < L, the columns on the left-
hand-side are indexed by 0 < 1 < I, and the columns on the right-hand-side
are indexed by 0 < 3 < J.

Proof. See Section 6.

Proposition 5.2.
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Proof. Recall the polynomials L3* of Theorem 3.3 are defined recursively by the
rule

Li,=2-f-DLy —(m+2¢)-Df - L.
Since L' = 1, an easy induction on £ shows that

Ly = [r;] (=Df)* (mod fClz]). (20)

Substituting (20) into the definition of Wy, (z), we see that
_ 2 n —i \[n-1 B i
detW,,(z):det((i) [e_‘.](—Df) (J) [Z—j]( Df) J)

(mod fC[z]).
This last determinant is of exactly the right form to apply Proposition 5.1 with

A=n, B=n-1, T=-Df.

We obtain the formula

det W,(z) = (-Df)VY Jf[1 [_1 ; 23

§=0

] (mod fC[z]). (21)

For any polynomials P(z),Q(z), R(z) € C[z] and any constant ¢, the fol-
lowing elementary properties of resultants and determinants are well known [[13],
Sections 5.8,5.9]:

Resultant(P,Q + RP) = Resultant(P,Q),
Resultant(P, cQ) = c4°€F Resultant(P, Q),
Resultant(P, Q™) = Resultant(P, Q)",
Resultant(P, DP) = A(P) Disc(P),
where A(P) is the leading coefficient of P.

Using these properties and (21), we let ¢ denote the product on the right-hand-
side of (21) and compute '

Resultant(f,det W,,) = Resultant(f, ¢(— Df)"”)
= +¢%°8/ Resultant(f, Df)!’
= +c%8/(Disc f)17.
(Note we have taken f to be monic.) This completes the proof of Proposition 5.2.0
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We are now going to make the assumption that
deg f = 2g + 1 is odd.
Equivalently, this means that there is only one “point at infinity” on v=f (=),
and necessarily that point is in C[1].

Notice that the polynomial $,, is characterized up by the fact that it is monic
and satisfies

wtn(P) if P ¢ C|1]

°rd”q"‘:{o if PeC[l], P# oo

Now we observe that Theorem 3.3 implies ordp det W,, = ordp ®,, for
all P ¢ C[1]. On the other hand, Proposition 5.2 shows that det W,, and f have
no common zeros, so ordp det W, = 0 for P € C[1], P # oo. This proves
that det W,, = ¢®,, for some scalar ¢. We now begin an alternative proof of this
fact which has the advantage of determining the constant c.

Proposition 5.3. As above, we assume that deg f = 29 + 1 is odd.
(a)
degdet W, = 2g1J.

(b) The leading coefficient of det Wy (z) is

i

§=0
©
J-1[ { o
det Wy (z) = (H [ II 2‘7])@“(1).
7=0

Proof. For any polynomial F(z), we let A(F) denote the leading coefficient
of F. Proposition 4.1 tells us that

deg L7* = 2g¢ and A(L}) = (—1)* [m(?g + 1)] )

2
m(2g + 1)

L
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Then the definition of W,, (Theorem 3.3) shows that

det W, =
£\ |n(29 + 1) \|(n—-1)(2¢+1)  2gve-j
o ()27 () [ D 9] o
+ lower order terms. (22)

We now take the determinant of the matrix in (22). If that determinant turns
out to be non-zero, then its value will give us both the degree and the leading
coefficient of det W,,.

(_ZZg)Z—i

The matrix in (22) is of exactly the right form to apply Proposition 5.1 with
A=n(2g9+1), B=(n—-1)(29+1), T=—g%
The result is
-2 -1-25
det W, = (-1)7/ H [ 7 ‘7] z217 4 lower order terms.
=0
The product is clearly non-zero, which prove (a).
To prove (b), we rearrange the product as follows:

J-1 29_1_21 J-1I-1
(—1)”1—[[ ] I TI(20 + 1+ 25 — 2i)

j=0 §=0i=0

= H H -1-2k+2(I ~1~1))

k=I-J—-g~11i=0
where k=I1—-g¢g—2- 7,
I

3 ‘ﬁ“z [—1 - 2k]
- k=I-J-g-1 I .
Since one easily checks that
I-J—-g—-1=0 and I-g—-2=J-1,
This proves (b).

(c) As observed above, Theorem 3.3 and the definition of ®,, imply that &,
divides det W,, in k[z]. Further, Proposition 3.1(c) tells us the

deg @p.(z) = % > wta(P) =291
rid
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But we have just shown in (a) that degdet Wy (z) = 2¢IJ, from which we
conclude that det Wy, (z) = ¢c®,(z) for some ¢ € k. Finally, we note that
since ®,, is monic, the constant ¢ equals the leading coefficient of det W,,, which
we determined in (b). O

Remark. If we had assumed instead that dég f = 2g¢ + 2, then the determinant
in (22) tums out to vanish. So for even v/alues of deg f, it is somewhat more
difficult to compute the degree and leading coefficient of det Wy,.

We now have all the tools needed to prove Theorem 1.3.

Proof (of Theorem 1.3). Let
J-1 :
-1-2
i=0
be the constant appearing in Propositions 5.2 and 5.3.

(a) From Proposition 5.2 and 5.3(c) we have
+¢%€f Disc(f)7 = Resultant(f,det W,,) = Resultant(f, c®,).

By a standard property of the resultant, we can pull c¢#¢6/ out of the right-hand-
side, which gives the desired result.

(b) Let Z; denote the ring generated over Z by the coefficients of f. By assump-
tion, every element of Z; is v-integral. From the recursive definition of the L7*’s,
it is then clear that every L}*(z) € Zy[z]. Then the definition of Wy, in terms
of the L*’s shows that det W,,(z) € Zf[z]. So the coefficients of det Wy, (z)
are v-integral.

From Proposition 5.3(c) we have ®, = ¢~! det Wy, so it remains to show
that if p > 2n(g — 1), then p does not divide the integer c. We expand ¢ as a
double product

J-1 12 J-11-1
c= ]:[ [ I ] = ]:[ H(—1—2j+2i).
7=0 7=0 =0
By inspection, the smallest (most negative) integer appearing in the double product
is —2J+1 = —2(n—1)(g—1)+3, and the largest integer appearing in the double
product is 2] — 8 = 2n(g — 1) — 1 Hence if p > 2n(g — 1), then ord,(c) = 0,
which completes the proof of (b). O
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Proof (of Corollary 1.4.). Taking a finite extension of k if necessary, we
may assume that C[1] is contained in C(k). Let Py € C|1}, and let {1,z}
be a basis for T'(2(Po)), so we have a model for C of the form y? = f(z).
(Note p > 3.) f(z) will have degree 2g + 1. Replacing (z,y) by (a’z,a?d*1y),
we may assume that f(z) has v-integral coordinates and v(Disc f) = 0. This is
possible since we have assumed that C has good reduction at v.

Now we can apply Theorem 1.3. Let P € C[n|\C[1]. Then &®,(z(P)) = 0.
From Theorem 1.3(b) the coefficients of ®,,(z) are v-integral, so

$,(z(P)) =0 (mod v).
On the other hand, Disc f # 0 (mod v), so from Theorem 1.3(a) we see that
Resultant(®y, f) #0 (mod v).
Therefore f (:z:’(\f’,)) # 0 (mod v).

The roots of f(z) are the z-coordinates of the points in C[1] (other than Py.)
Hence for any P; € C[1], Py # Po, we have shown that

2(P) # z(P) (mod v),
so P# P (mod v).
Finally we observe that the choice of Py € C[1] was arbitrary, so

P (mod v) ¢ é’Ti] (mod v)  for all P € C[n]\C[1].

6. A Messy Determinant

In this section we give the proof of Proposition 5.1, which we restate for the
convenience of the reader.

Proposition 5.1. Let I > J > 0 be integers, let L = I+ J, and let A,B,T
be arbitrary quantities. Then

] i ] g B

Note the rows of the matrix are indexed by 0 < £ < L, the columns on the left-
hand-side are indexed by 0 < 1 < I, and the columns on the right-hand-side
are indexed by 0 < 7 < J.



42 JOSEPH H. SILVERMAN

Remark. Our proof of Proposition 5.1 is a straightforward, but lengthy computa-
tion. Ira Gessel has indicated an alternative approach which involves reinterpreting
the determinant as the number of non-intersecting paths in a certain diagram. For
details of similar computations, see the paper of Gessel and Viennot [2].

Proof. We can pull 7' out of the £* row of the matrix, 7~* out of the #** column
on the left-hand-side, and T—7 out of the 7** column on the right-hand-side. This
contributes

TIL(L-1)-}I(I-1)-}J(T-1) _ pIJ
to the determinant. So it suffices to prove Proposition 5.1 for T' = 1.

We begin by proving the elementary formula

U OLA =L

To prove (23), we observe that

[275] —_ zC+m(_2D)m(z—C)’_

where as usual D™ = d™/dz™. Hence

! [2B-24](e\] 24
ignglble
— E (') {IB—A+|'(_2D)£(IA—B)} ) {IA+Z—|'(_2D)£—£(I—A)}
=0
— zB+t(_2)tZt: (f) Di(IA—B) . Dt—i(z—A)
= zB+t(—2)‘;£o(z_B)

_|2B
=17
Replacing A and B by 34 and 1B gives (23).

We are going to perform column operations to simplify the matrix in Propo-
sition 5.1. Let us write

V:(E". | T,’j>, 0<i<I,0<j<J,
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—
for the L x L matrix whose column vectors a’; and b ; are given by

(@)e= (e) [e‘f,]’ (¥5)e= (f) [ei]'

Taking successively 1 = 0,1, ..., I — 2, we replace the £** column of V' by

I-1-i /.
k\([B-A
Ti=a+ Y ('+ )[ k ]?iﬂc-
k=1

$

This gives a new matrix V' whose t** column on the left has as its £t* entry

2 ()] e
G

Notice that all terms in the last sum with k > £ — ¢ are zero. So if £ < I,
then the sum runs from k = 0 to k = £ — ¢, and we can directly apply (23) to
obtain

(E’;)t:(f)[zﬁi], forO<si<Tand0<£f< I

Notice that (@), = (b ) for 0< i< Jand0< £< I.

When £ > I, the sum in (24) does not have enough terms to apply (23)
directly. But we can add and subtract the necessary terms, leading to the formula

o ¢ B ) -1 B—A -1 A
e (2O B2 () 1) oo

for0<t<Iand I<¢< L.
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So the new matrix V'’ looks like

— J —e—]-J— — J —
10 .. 0O0.:. 0 10 --- 0
T 1 Dol : 1 :
.0 0
I 190 1
(@)e 1 (55)e
l 0
1
IR E: * % * * *
L T
l\*' ¥ % eer % % *)

In particular, since (@), = (5)efor 0 <i < Jand 0 < £< I, the J x I
block in the upper right-hand corner is identical to the J x I block in the upper
left-hand corner. So if we subtract the first J columns from the corresponding
last J columns, we get a matrix that looks like

— I —— J —

t1{f10 .00 - 0)
1 Do :
0
! 10 0
T X e *
e o (B,
IR * J

Hence det V"' is equal to the determinant of the matrix (_I;;) Using (25), we
find that

o oy _ [N B-4 L—j A
(bf)‘:(bf)‘_(a")‘—(j)kz:lI—j+k](I—j—Jl—k)l£—I—k]"

=0

We relabel by setting £ = m + I. Then det V' is equal to the determinant of
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the J x J matrix X = (Zpm;) whose (mjz)™ eniry is
(m+1 Z B-a](I-j+m\[ 4
A I—j+k|\I—j+k]|m-k
Z I+m k B-A I+m\|A
2 I+m—k—-3|\ k J|k|

We are going to simplify det X by row operations, so we let Z ,, be the row

veclor T m = (Tm0; Tmis--- »Tm,J—1). We form a new matrix X' by setting
— — —> — ~ (I+m)|A —
T)= To, and Im:Im_Z Tk
= k k

Then we claim that the 5** entry of the row vector '/, is
— I+m B-A
Iinj:(zf'n)j=(  Nrame sl (26)
We prove (26) by induction on m. For m = 0 we have

== (B0

Next, assume (26) is true for z'4,...,z ! ;. Using this and the definition
of z,,;, we find

g (s
S0
ST 2

k=0
_ I4+m B -
a 7 I+m—j|

This proves (26).

We now know that detV = detV’ = det X = det X', where X' is the

I ( ( ‘;‘ ) { e .] ) ’
0<m,j<J
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B-A | [B-A4 B—A+2(I-j)
I+m-j| |I-j m ]’

B-A . . .
we can factor [ I—j ] out of the 7** column of the matrix X". So if we define

Since

a new matrix Y = Yg by

o= (50,

then
J-1
B-A
det X' = .l)det Yy 5_ . ¢41))
(g["_]]) $(B-A)+1
We claim that
J-1 .
=0 J

Assuming for the moment that (28) is true, we can complete the proof of
Proposition 5.1. Thus using (27) and (28) (with E = %(B — A)+ 1), we
compute

J-1 . J-1 .
dtv=dax =] |° H|IP A ¥ =T|°P 2%
o LT3 J §=0 I

This completes the proof of Proposition 5.1, subject to our proving (28), which
we now restate and prove.

Lemma 6.1.

N I
J m 0g<mj<J  j=0 J

Proof. As above, we let Yg denote the matrix whose determinant we are trying
to compute. Notice that

(ZD)m(xE+m—l) — [25] a:E_l.

We are going to introduce variables zg,... ,zs-1, S0 we will write D; to denote
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differentiation with respect to z;. Then the matrix

o= (1))
_ ((I -I; m) (2Dm)m(x£—-j+m—l))

has the property that Yg (T) = Yg. (Here we write 1 for the vector
(1,1,...,1).) We can rewrite det Yg(Z') as
det YE(?) =

= = I4+m :
(I @)™ {(H zh 1) det (( j )xf;“"") } (29)

We now claim that the rightmost determinant in (29) has a Taylor expansion
around 1 that looks like

det ((I—:m) :vf,:f"‘_") =1+ (z0 — 1)Py(7)

+ (2:1 - ]_)ZPI(?) + e+ (:BJ_I - 1)JP]_1(?).

(30)

Here Py, ..., Py_; are polynomials in Z[z']. So when we apply the differential
operator [](Dy,)™ on the right-hand-side of (29) and evaluate at 7 = 1, the

only term which is not zero arises when the entire operator is applied to [] zZ-T-1

and none of it is applied to the determinant. So assuming the expansion (30), we
find the desired result,

det Vg = det Y5 (1)

J-1
= [I @Dm)™(zn ")
m=0

:,Jﬁl [2(13— I- m)}.

m=0 m

—
z=1

It remains to verify (30). Since we are interested in the Taylor series
around T, we will make a change of variables and define

F(7Z)= F(2,...,25-1) = det ((I +, m) 1+ zm)I+m_j)
J o<m,j<J

We begin by showing that F(?) = 1. (Thanks to Ira Gessel for showing me
this quick proof.)
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Let p;(T) be any polynomial of degree j with leading coefficient a;. Then
it is easy to see using elementary column operations that

det(p;(t,)) = det(a;t?,).

This is a Vandermonde determinant after we pull out the a;’s. Now let p;(T) =
(f) € Q[T), so p;(T) has degree j and leading coefficient 1/5!. Then we can
compute

~ I+m . ) m)) = de i m)i
F(O‘)—det(( i ))_det(p,(IJr ) dt(J,!(I-F ))
J-1 1

:(H?) H (k-m)=1.

§=0 0<m<k<J~1
Next, foreach 0 <t < J we let
Ft = F(0,0,.‘. ,O,Zt,... ,ZJ_]_).

Since Fy_q = F(_O—’) we can write F(Z) as a telescoping sum
J-2
F(Z)=1+) (F — Fp1).
t=0

So the proof of (30) will be complete if we can show that

F,—F €227 foralo<t<J -2 (31)

Fix some 0 < t < J — 2, and to ease notation write
G(Zt) = Ft — Ft+1 = F(O,. N ,O,Zt,2t+1,...) - F(O,... ,O,Zt+1,. )

Here we think of G(z) as a polynomial in z with coefficients in
Z[2t41,. .. ,25-1). Clearly G(0) = 0, so G(z) is in the ideal generated by z.
We want to show it is actually in the ideal (z)**!. To verify this, we will now
show that (D"G)(0) = O for every integer 1 < r < t. (Here D = d/dz;.)

The point is that z; appears only in the t** row of the matrix defining F,
and does not appear at all in Fyy1. So for r > 1, D"G is the determinant of the
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matrix whose m*? row is given by the rules
I +. m)) fm<ti
J 0<i<d
I+t .
m** row = J + )D'(l + Zt)I+t°’) ifm=t
J 0<i<d
I : .
+. m) (1+ zm)””'") ifm>t
| J 0<ji<d

In particular, evaluating the derivative in the t** row and substituting z; = 0, we

find
{tth row } _ ((Iﬂ)r!(ﬁ-h]’)(l | )i )
for z;=0 J r =0
3 (r'(I+t) (I+t-r)>
=|n" ;
= r!(I:’ t) {(t - r)t* row}.

Thus as long as 1 < r < ¢, we see that (D"G)(0) is the determinant of a
matrix whose t** row is a multiple of its (¢ — r)** row, so (D"G)(0) = 0. This
proves that G(z;) is in the ideal (2 )**1, which completes the proof of Lemma
6.1. O
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