JACOBIANS AND A LITTLE MORE: NOTES FOR THE LSGNT

N. I. SHEPHERD-BARRON

Abstract

These are notes for a talk given to the LSGNT. Given the existence
of Hilbert schemes, we construct the Picard scheme Picx of a projective
variety X as the Hilbert scheme that parametrizes the projective spaces of
the appropriate dimension inside the Hilbert scheme of sufficiently positive
effective divisors on X. After constructing it we show that Picx represents
the sheafification of the naive Picard functor. We go on to prove the
Riemann-Roch theorem for curves, following [MM]!. Material in blue is
there either for background or as commentary while material in purple lies,
perhaps, slightly to one side of the main development.

1 Grassmannians and Hilbert schemes

This is just a statement of the results proved in the first half of [LC].

Suppose that V' is an n-dimensional vector space over a field k. Then,
for every r, there is a smooth projective k-variety Gr(V,r) that classifies the r-
dimensional quotients of V. Mumford gives one of the standard constructions of
this in [LC], pp. 32-33, by explicit co-ordinates and equations. He then uses the
Grassmannian to construct Hilbert schemes:

Theorem 1.1 Ifk is a field and X is a projective k-scheme with a fixed ample line
bundle O(1) and if p : Z — 7 is a fixed polynomial, then there is a projective k-
scheme Hilbx , that classifies closed projective subschemes Z of X whose Hilbert
polynomial is p. That is, for any k-scheme T', the morphisms T" — Hilby , are
exactly the closed subschemes Z of X x T that are flat and projective over T
and whose geometric fibres have Hilbert polynomial p.

PROOF: The idea is that for every sufficiently large integer N, depending on X
and p, every Z with Hilbert polynomial p is an intersection of a certain number
M of hypersurfaces of degree N, and then we can construct Hilbx , inside the

Grassmannian Gr(H°(X, Ox(N)),r) where r = h%(X, Ox(N)) — M. O

!They write: “The classical construction of the Jacobian, as well as the abstract construction
by A. Weil, both used the Riemann—Roch theorem in an essential way. On the other hand,
Chow subsequently gave a projective construction of the Jacobian which used only the Riemann
theorem [Lemma 6.1 below|. This exhibited the basic character of the Jacobian in a new way.
It was taken up by Matsusaka and later by Grothendieck in their work on the Picard variety,
and by now it appears that in the study of linear systems of divisors on a variety, the theory
develops most naturally and with the fewest artificialities if the construction of the Picard
variety comes first.”
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In fact, these ideas give the Hilbert scheme Hilby g, for any quasi-projective
morphism X — S: the T-points are the closed subschemes of X xg T which are
flat and projective over T" and whose Hilbert polynomial is p.

For example, Hilbert schemes can make it very easy to construct quotients.
Recall that, given a morphism X — S, an equivalence relation on X is a closed
subscheme R of X xg X satisfying the usual set-theoretical requirements of an
equivalence relation.

Corollary 1.2 Suppose that X — S is quasi-projective and that R C X xXg X
is a closed subscheme that defines an equivalence relation on X and is flat and
projective over X. Then the quotient X/ R exists as a quasi-projective S-scheme
and the quotient morphism X — X/R is flat and projective.

PROOF: The diagram
R—— X x S X

pr2
)

X

exhibits the morphism pry : R — X as an X-valued point of Hilby/s. Take X/R
to be the image of the corresponding morphism X — Hilbx/s. O

Corollary 1.3 Suppose that G — S is a flat projective group scheme that acts
freely on a quasi-projective S-scheme X. Then the quotient X/G exists as a
quasi-projective S-scheme and the quotient morphism X — X /G is a principal
G-bundle.

PROOF: The definition of “acts freely” is the assumption that the morphism
GxsX = X x5X:(g9,2) — (g(x),x) is a closed embedding. Then G xg X is
exhibited as a flat and projective equivalence relation on X. O

Corollary 1.4 If X and Y are S-schemes and X — S is flat and projective
then the functor Mor(X,Y'), whose set of T-points is the set of T-morphisms
Xr — Yr, is representable by a disjoint countable union Mor(X,Y") of quasi-
projective S-schemes.

PROOF: A morphism can be identified with its graph, so Mor(X,Y) is repre-
sented by a subscheme of Hilbx  y/s. O

A Brauer—Severi scheme is a flat projective morphism all of whose geomet-
ric fibres are isomorphic to projective space. Note that if g : ¥ — G is flat and
projective and s is a geometric point of G such that Y, = ]P’Z’(s) then there is an
étale neighbourhood U of s such that Xy — U is a Brauer—Severi scheme. This
is because P" is rigid: H'(P", Tpn) = 0, where T is the tangent sheaf. This is
equivalent to the statement that there is a Zariski neighbourhood V' of s such
that Xy — V is a Brauer—Severi scheme.
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Corollary 1.5 A Brauer—Severi scheme g : Y — G has a dual Brauer—Severi
scheme ¢ : YV — G such that for each geometric point s € G the fibre Y, is
naturally isomorphic to the projective space dual to the projective space Y.

PROOF: Construct g¥ : YV — G as the component of Hilby ¢ that classifies the
hyperplanes in the fibres of g : Y — G. O

The Brauer—Severi scheme g : Y — G is a Zariski bundle if there is a vector
bundle £ on G such that Y = P(E).

Proposition 1.6 The following are equivalent:
(1) g is a Zariski bundle.
(2) g has sections everywhere Zariski locally on G.
(3) X has a line bundle that restricts to O(1) on each geometric fibre of g.
(4) gV is a Zariski bundle.

PROOF: Exercise. O

2 Picard schemes as Hilbert schemes

Suppose that f : X — S is a flat projective morphism whose geometric fibres
are reduced and irreducible and that S is connected. We call such an object a
flat family of projective varieties. We construct the Picard scheme as the Hilbert
scheme that classifies the projective spaces (the complete linear systems) that
lie in the Hilbert scheme that classifies the effective divisors on X. In turn,
this is a re-writing of Chow’s construction [C] (whose review by Segre [S] makes
Chow’s idea very clear) of the Jacobian of a curve in terms of Hilbert schemes and
the sheafification of functors rather than Chow varieties and universal mapping
properties.

Fix a divisor class H on X that is ample relative to S. Fix also a nu-
merical polynomial p : Z — Z and consider divisor classes £ on X such that
X(Xs, O(—E +nH)) = p(n) for all n (equivalently, for all n > 0). We combine
these into a group-valued functor

PicFunc, = PicFuncx/s, : T+ Picy(X xgT)/Pic(T)

of S-schemes, where Pic,(X xgT) is the set of line bundles E on X xg T such
that
X(Xi, O((=E +nH))) = p(n)

for all geometric points ¢t € T and for all n > 0 (equivalently, for all n).

Then there is an integer mg such that for all m > mg and for all divisors
E with x(Xs, O(—E +nH)) = p(n) the linear systems |E + mH]| are very ample
and are of the same dimension. So, if we define g(n) = p(n + myp), we have an
isomorphism PicFunc, = PicFunc, of functors given by £ — £ ® O(myH) and
the representability (or otherwise) of PicFunc, is equivalent to that of PicFunc,.
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In fact, we shall construct a certain quasi-projective S-scheme Pic, =

P

Picx/g, and then observe that it represents the sheafification PicFunc,, in the
big étale site Et(S), of PicFunc,. (This notion will be explained but after we
have constructed Pic,.) That is, there is not always a scheme that represents
PicFuncy/,g, but Pic, is the best possible substitute.

Theorem 2.1 There is a quasi-projective S-scheme Pic, and a morphism of
functors v : PicFunc, — Pic, which is an isomorphism étale locally. That is,
there is an étale cover ' — S such that ~yr is an isomorphism. If f has sections
Zariski locally then v is an isomorphism.

PROOF:  Write Hilb% g, = V. This classifies effective Cartier divisors on X all
of which are very ample and which move in complete linear systems of the same
dimension. There is a morphism of functors 5 : V' — PicFunc, given by mapping
the effective Cartier divisor E to the class of O(F). So, for every T" and every
T-valued point z of PicFunc,, the fibre 37!(x) is a Zariski PP™~!-bundle over 7.

Since V' — S is quasi-projective there is an open subscheme G of Hilby,g
(maybe with a countable infinity of connected components) that classifies the
subschemes of V' that are geometrically isomorphic to PP™~1. So the universal
subscheme € : Y — G of V x g G is a Brauer—Severi scheme.

There is a morphism 7 : PicFunc, — G of functors given by O(F) — |E|.
Consider the commutative diagram

Vv

|

PicFunc, — G

where 6 = yo 8 : V — G. Observe that 0 is, a priori, merely a morphism of
functors; however, it is a morphism of representable functors, and so, by Yoneda’s
lemma, is a morphism of the objects that represent those functors. That is,
is a morphism of S-schemes. The fibres of § are those of €, so we can identify
U=V and 6 =€:V — G is a Brauer—Severi scheme. So V' is a Hilbert scheme
classifying Cartier divisors on X and ¢ collapses V' onto its own Hilbert scheme
(G, the geometric fibres being the complete linear systems of divisors on X.
Observe that the dual Brauer—Severi scheme 0V : VV — G contains a copy
of X xg G consisting of those members of a fibre of § that contain a given point
of X. Therefore, if f: X — S has a section everywhere Zariski locally on S, so
does Y. Therefore § is a Zariski bundle too. So 0 has sections Zariski locally, and
then so does . That is, 7 is Zariski locally an isomorphism, so an isomorphism.
In any case f has sections everywhere locally in the étale topology on S,
since f: X — S is generically smooth. Therefore « is an isomorphism locally in
the étale topology on S and we define Pic, = G. O

We have constructed Pic, by reducing to certain very ample divisors. Now
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that we have constructed it, however, we can consider the Hilbert scheme V' that
classifies arbitrary effective divisors with x(X, O(—E + nH)) = p(n).

Proposition 2.2 For every component V of the Hilbert scheme of divisors on
X the geometric fibres of § : V' — Pic, are projective spaces (as schemes).

PROOF: There is still a commutative diagram

|

PicFunc, — Pic,

and the geometric fibres of [ are projective spaces. Since v is an isomorphism
locally in the étale topology on S the result is proved. O

Proposition 2.3 If f : X — S is also smooth then Pic, — S is projective.

PROOF: We prove that G — S is proper via the valuative criterion.

Suppose that R is a DVR with Frac(R) = K and that x is a K-point of
G lying over an R-point of S. Then x is a Severi-Brauer scheme over K, so
becomes isomorphic to PV, say, over a finite extension L of K. The smoothness
of X — S implies that every specialization of a Cartier divisor is itself a Cartier
divisor, so that complete linear systems of Cartier divisors specialize to complete
linear systems, so this PY extends to P} where B denote the integral closure of
R in L. That is, the K-point x extends to a B-point of G, and this is enough. o

As mentioned previously, (2) of the theorem can be stated as: Pic, repre-
sents the sheafification of PicFunc,, as follows.

The sheafification F of a contravariant set- or group-valued functor F' is
modelled on the sheafification F' of a presheaf F' of sets or groups on a topological
space X, except that the phrase “open cover” is replaced by “étale cover” and
instead of writing X = UU; we take U = UU; and consider the morphism U — X.
Then U xx U = U(U; NU;).

If F' were a representable functor on the category of S-schemes for some
fixed base S then it would be a sheaf. (This is a theorem.) That is, for any
S-scheme T, any étale cover 7" — T and any £ € F(T") such that the the images
& and & of € in F(T" x7T") under the two maps F(T") — F(T" xpT") are equal,
there exists a unique n € F(T') that maps to £ under the map F(T') — F(1").
We sheafify an arbitrary functor (a pre-sheaf) as follows.

First, given an S-morphism 7" — T, define FO(T’ — T, F) to consist of
those elements £ of F/(T") such that there is an étale cover v : 7" — T" xo T" for
which v*¢ = v*&. Then we define F' by F(T) = limTrHTFO(T’ — T, F). Then
F is a sheaf and there is an obvious map of functors (presheaves) F — F'.

Let hef denote “highest common factor”. Then set r(p) = hef,, p(m) =

hef,, 0 p(m).
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Corollary 2.4 (of the proof) The obstruction to the representability of PicFunc,
lies in the r(p)-torsion of the image of the natural map Br(S) — Br(Pic,) of
Brauer groups.

PROOF: ~ is an isomorphism if and only if § is a Zariski bundle, so the ob-
struction Ob, to the representability of PicFunc, lies in Br(Pic,)[p(n)]. On the
other hand, since ¢ is a Zariski bundle étale locally on S, Ob, € im(Br(S) —
Br(Pic,)). Tensoring by O(H) shows that G is independent of n for n > 0, so
Ob, € im(Br(S) — Br(Pic,))[r(p)]. O

Corollary 2.5 Suppose that f : X — S is a flat family of smooth curves of
genus g > 2 and define r(n,g) = hef(n + 1 — g,2g — 2). Then the obstruction
to the representability of PicFunc”" is of order dividing r(n,g). In particular,
PicFunc? and PicFunc?™? are representable. Moreover, if Pic® has an S-point
and PicFunc® is representable then PicFunc®™™¢ is representable for all m € Z.

Corollary 2.6 Suppose that X — S is a torsor under the abelian scheme A =
Autl /s and that © is a divisor on X which defines a principal polarization on A.

Then PicFunc /s 1s representable.

PROOF: Say dim A = g. Then x(X,n0) = nY09/g!, by Hirzebruch-Riemann—
Roch (Ty is trivial, so its Chern classes are trivial), and ©9 = ¢!, so that we can
take p(n) = nY and then r(p) = 1. O

Lemma 2.7 If X is a projective k-scheme the tangent space at the identity to
the Picard functor is naturally isomorphic to H'(X, Ox).

PROOF: We must classify those line bundles £ on X = X ®j, kle] whose re-
striction to X is trivial. Pick an open cover of X which locally trivializes L.
Every open cover of X is of the form {U; ® kle]} where {U;} is an open cover
of X so L is locally generated by s; where s; = ﬁjsj, (ﬁ]) e I'(U;; ® kle], O%).
Then ﬁj = fij + €g;j where f;; € I'(U;;, O*) and and g;; € I'(U;5, O). Moreover,
fij = hi/h; with h; € T'(U;, O*); after replacing s; by h;'s; we can assume that
each f;; = 1, and then (g;;) defines the class in H'(X, Q) that we sought. The
converse argument is similar. O

Proposition 2.8 Suppose that X — S and Y — S are flat families of projective
varieties with projectionsp : X XY — X and q : X XY — Y. Then the morphism

¢ : PicFuncy g x PicFuncy,s — PicFuncx,y/s : (£, M) —= p*L ® ¢*M

of functors induces an isomorphism Pic% /s Xs Picoy/s 5 Pic%,, sv/s of commuta-
tive group schemes over S.

PROOF: Assume that X and Y have S-points xq and vy, respectively. Then we
have homomorphisms

Pic% x Pic}, 4 Pic% ..y LN Pic% x Pic},
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where Y(N) = p*(N|xxiyo1) ® ¢*(N|{morxy, and ¢ o ¢ is the identity. Since ¢
induces an isomorphism on tangent spaces, by Lemma 2.7, the result is proved
in this case.

Since points exist locally in the étale topology, it follows that we get an
isomorphism after sheafifying, which is enough. O

3 The theorem of the cube and its corollaries

The results here are from [AV]. The only difference is that, since we have already
constructed the Picard scheme of a flat family of projective varieties, the theorem
of the cube becomes very easy. S denotes an arbitrary base scheme.

Theorem 3.1 (the theorem of the cube) Suppose that X — S and Y — S
are flat families of projective varieties, that Z is a connected S-scheme and that
xo € X(5),y0 € Y(5) and zy € Z(S) are given. Suppose that L is a line bundle on
the cube X XY X g Z and that L is trivial on each of the three faces {xo} XY x Z
etc. of the cube. Then L is trivial.

PROOF: L defines a morphism r : Z — Picg(XSy. We know that Picg(XSY is
naturally isomorphic to Picg( X s Picgf and the composite morphisms Z — Picg(
and Z — Pic) take Z to 0, since £ is trivial on the faces X x5 {yo} x5 Z and
{z0} xsY XgZ, so that r takes Z to 0 also. Since Picg(XSY represents the Picard
functor there is then a line bundle M on Z that pulls back to £. But L is trivial
on the copy {xo} X5 {yo} X5 Z of Z, so M, and then L itself, is trivial. O

Fix an abelian scheme A — S.

Corollary 3.2 Suppose that Y is a scheme and f,g,h:Y — A are morphisms.

Then for all line bundles £ on A the line bundles (f+g+h)* L& f*"LR g LRR*L
and (f +9)" L& (f+h)*" L. (g+ h)*L on'Y are isomorphic.

PROOF: Let p; : A* — A be the projections, m;; = p; + p; : A> = A and
m=>_p;: A> — A. Define
M=m'Le@QQmyL" @ K)m;L,

a line bundle on A* and denote by ¢ : A> — A3 the face map (a,d’) — (0,a,d’).
Then ¢* M is trivial. By symmetry, M is trivial on each of the other two faces
of A3, so M is trivial on the cube A3. Pulling back M under the morphism
(f,g,h) : Y — A3 gives the result. O

For any n € Z we let [n] : A — A denote multiplication by n.
Corollary 3.3 For any L € Pic(A) we have [n]*L£ = L HD/2 @ [—1]*Lr(n—1)/2,
PROOF: TakeY = A, f =[n|,g = [1] and h = [—1]. Write £ = O(L) and use

additive notation. Then

n+1]"L —2[n|*L+ [n— 1L = L + [-1]"L,
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by Corollary 3.2, and we conclude by induction. O

Corollary 3.4 If S = Speck then [n] is finite and deg[n] = n?dm4,

PROOF: Take any ample divisor class M on A and define L = M+[—1]*M. Then
L is ample? and [n]*L = n*L. So [n]*(something ample) is ample, which shows
that [n] is finite. Taking the top self-intersections then gives deg[n](L)4™4 =

p2dimA(L)dimA, gince (L)4ImA4 £ 0 we are done. =

Fix also a torsor X — S under A — S and a line bundle £ = O(L) on X.

Corollary 3.5 (the theorem of the square) For any S-scheme T', any a,b € A(T)
and any line bundle £ = O(L) on X the line bundle Ox,.(L,+ Ly — Loy, — L) on
X Is trivial in Picy,r. That is, it pulls back from a line bundle on T, locally
in the étale topology. (Here L, denotes the translate t:L.)

PROOF: It is enough to prove this étale locally on S so we can suppose that
X =A

Then apply Corollary 3.2, taking X = A, f and g the constant maps to a
and b, respectively, and h to be the identity. O

Corollary 3.6 For any line bundle O(L) on X there is a homomorphism ¢y, :
A— PicOX/S of abelian schemes over S given at the level of points by ¢ (a) =
t*L — L.

PROOF: For any S-scheme T we have a group homomorphism ¢, : A(T) —
Pic% (T) defined by ¢r(a) = t:L — L. This is functorial in 7" and so defines a
homomorphism of group schemes, as stated. O

Define K (L) = ker ¢y..
Corollary 3.7 If L is ample then K(L) is finite over S.

PROOF: Since A — S is proper we can assume that S = Speck for an alge-
braically closed field k, and then we can also assume that X = A.

If L is ample and K (L) is not finite then there is a non-trivial abelian
subscheme B of A contained in K(L). Put M = L|g. Then M is ample and
¢n = 0. That is, m*M —pi M —p5M is trivial on B x B, where m is the addition
map. Pull this back under j : B — B x B : b+ (b, —b); then M + [—15|*M is
trivial. But M + [—1p]*M is ample, contradiction. O

Remark: We shall prove later that K (L) is flat over S.

Proposition 3.8 If X is smooth and projective over a field k then (Pic%),eq is
an abelian variety over k. (This is not completely obvious if k is not perfect.)

PROOF: Put P = Pic and Q = P ® k, where k is an algebraic closure of k.
Then Q/Q,q is a finite commutative group scheme over k, so that [m] annihilates
it if m is a multiple of its order. That is, (Q,.q contains the image of @ under [m).

2[—1]*M is not the same thing as —M!
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But Q,q is certainly an abelian variety, and so [m] is finite on it, by Corollary
3.4, so that the image of [m] is all of @Q,eq. Then P,q is the image of [m| : P — P,
so that Q,eq = Prea ® k. O

Remark: In fact the same argument proves something more: if f : X — S
is smooth and projective and if S is reduced then there is an abelian scheme
A — S that is a subscheme of Picg(/s and whose closed fibres are the abelian
varieties of the proposition. We shall denote A by (Pic% /s )red- The only further
thing that requires proof is that the abelian varieties in question have the same
dimension, which follows from the fact that the sheaf R!f,Qy is locally constant
on S. I don’t know whether this remains true for arbitrary schemes S.

4 The Picard scheme of an abelian scheme

Suppose that A — S is an abelian scheme of relative dimension g.
Theorem 4.1 The Picard scheme Pic%y — S is smooth of relative dimension g.

PROOF: Assume first that S = Speck where k is an algebraically closed field.
Put Q = (Pic%),eq. We know that the homomorphism ¢p : A — Q is finite when
D is ample, and so dim Q > g¢. Since the tangent space Ty(Pic%) is, by Lemma
2.7, HY (A, O,) it is enough to show that dim H'(A,04) < g.

For any projective k-variety put H(X) = ®@H"(X,Ox). Under cup prod-
uct this is a skew-commutative graded k-algebra and vanishes in all degrees out-
side the range [0,dim X]. Moreover, the group structure of A defines a graded
co-multiplication on H(A); that is, H(A) is a connected graded Hopf algebra,
skew-commutative and finite-dimensional over the perfect field k. Therefore
H(A) = @, klz;] where z; is homogeneous of positive degree [Bo], Th. 6.1.
So dim H'(A, O,) is the number n, say, of x; whose degree is 1. From Borel’s
theorem, [ [ z; # 0 and has degree > n, so n < g and the theorem is proved when
S = Speck.

Now let S be an arbitrary Noetherian scheme. We know that Pic% — S is
projective and its geometric fibres are smooth; we need to show that it is flat.

We know that for any ample L on A the S-morphism ¢ : A — PicY is
finite. Over a geometric point s € S the morphism ¢, : A — (Pic%), of fibres
is a finite morphism between regular schemes of the same dimension, so is flat.
Then the flatness of Picy — S follows from the fibrewise criterion for flatness of
[EGA] 1V3, Cor. 11.3.11: suppose given a commutative diagram

9

X @ S
f h
of morphisms of finite type. Then (g is flat and f, : X, — Y is flat for each

geometric point s € S) if and only if (h is flat at every point of f(X) and f is
flat). O
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Corollary 4.2 (of the proof) If L is ample on A then K (L) is flat over S.

PROOF: By the fibrewise criterion just quoted, ¢, is flat. So K (L) = ¢;*(0) —
{0} is flat. But {0} is just S. O

Corollary 4.3 (of the proof) H(A) = A(H' (A, Oy,)).

PROOF: In the notation of the proof, we have shown that n = ¢g. Moreover,
[Tz #0,s0 > degz; < g =n. Therefore degz; = 1 for all i. O

Put Pic% s = A, the dual of A. Since A" represents the Picard functor
there is a universal divisor class P = Py, the Poincaré class, on A x gAY, which is
unique when normalized by the constraints that P|.0,,} and P|{,}3xav should
both vanish. Note that P4, as a family of classes on AY parametrized by A,
defines a homomorphism ¢4 : A — (AY)Y.

Theorem 4.4 (the duality theorem) 14 is an isomorphism.

PROOF: Write X = AY. Then P4 defines a morphism p : A — XV such that
(p x 1x)*Px = Pa. Say ker p = K. So there is a factorization

p

— >

Say L = (px 1x)*Px, aclass on (A/K) x X, so that (n x 1x)*L = P4. L defines
a morphism a : X — (A/K)Y and the composite X — (A/K)Y — AY is the
isomorphism defined by P4. Therefore (A/K)"Y — AV is an isomorphism. So K
is finite and the dual homomorphism A — A/K is an isomorphism.So K = 0. O

Now fix also a torsor X — S under A and a line bundle £ = O(L) on X.

There is a homomorphism ¢y, : A — Pic% of g-dimensional abelian schemes given
by the theorem of the square.

Proposition 4.5 There is a natural isomorphism Pic% — PicY.

o)

PROOF: The action isomorphism A x X — X x X induces a commutative
diagram

Pic’ x Pic} <—— Pic% x Pic%

e
pry
. 0
Picy.
Taking quotients by prj Pic% induces the desired isomorphism. O

5 Albanese schemes

Suppose that f: X — S is projective and smooth and that S is reduced. Put
A= (PiCOX/S)Ted, an abelian scheme over S.
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Theorem 5.1 There is a torsor Y — S under AY — S and an S-morphism
a : X — Y such that for every abelian torsor Z — S and every S-morphism
h: X — Z there is a unique S-morphism w : Y — Z such that h = 7o a.

PROOF: Return to the construction of the Picard scheme Picy,g = Pic = L Pic,,.
We constructed a Brauer—Severi scheme V' — Pic,, for an appropriate polynomial
p whose geometric fibres are the relevant complete linear systems on X. Moreover,
we identified V' — Pic, with the universal subscheme ¢/ — G of the effective
Cartier divisors £ on X with x(X,Ox(—F + nH)) = p(n), so that there is a
corresponding universal line bundle £ = O(—FE) on V x5 X.

Write Q@ = (Picy)yeq, a torsor under A, as in Remark 3.8. (Without the
assumption that S is reduced we do not know that the torsor Pic, can be reduced
to a torsor under A.)

Put V' =V xpi, @ — Q and let £’ denote the restriction of £ to V' xg X.
Then V' — S is smooth and projective and £’ defines a morphism a : X —
Picyr/s. The image of a lies in some connected component of Picyr/g. Since
V' — Q is a Brauer-Severi scheme the connected components of Picys,g are
isomorphic to those of Picg/g, each of which is a torsor under the abelian scheme
Picg/s = AY. We have now constructed a candidate morphism a : X — YV
where Y is a torsor under AY. Note that Picg,/s — S is an abelian scheme, so
that the pull back morphism a* : Picoy/S — Picg(/s factors through A and the
corresponding morphism Picg),/s — A is an isomorphism. That is, a induces an
isomorphism on reduced Picard schemes. Therefore the smallest abelian sub-
torsor of Y that contains a(X) is Y itself. In other words, a(X) spans Y.

Assume given an S-morphism A : X — Z, where Z is a torsor under some
abelian scheme C' — S. We must show that this factors through a : X — Y.

Suppose that we have a morphism 7" — S and a point zy € X (7). Translate
by a(wo); then we can suppose that Yr = Aj and a(z) = 04y, the origin. After
translating by h(xo) we can suppose that Zr = Cr and h(zg) = O¢,. Then h
is a line bundle M on (X x CV)7, and so defines Cy. — Pic%, s This factors
as C} — (Picg(T/T)Ted = Ap. Dualize this to get 7 : Yr = A} — Cr. By
construction, (h,17) = 7o (a, 17).

Take T' = X and zy = A, the diagonal. Then there is a morphism II :
Y xg X — Z xg X such that I[To (a,1x) = (h,1x). That is, II is a family of
S-morphisms Y — Z parametrized by X, so is a morphism X — Morg(Y, 7).
Write II = (7)) ,ex.

For any geometric point s € S and any two geometric points &, 17 € X we
have m,(a(§)) = h(§). That is, m,(a(€)) is independent of . So II is a family of
morphisms that fix a choice of base points y in Y and z in Z. The tangent space
to the scheme of based morphisms is H°(Y,m,.g*7z). Now Ty is a free sheaf,
since Z is an abelian torsor, so H*(Y,m,.g*Tz) = 0. Therefore II is a constant
family of morphisms. That is, IT = (m, 1x) for some morphism 7 : Q@ — Z, and
the theorem is proved except for the uniqueness of 7.
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The uniqueness of 7 follows from the fact that a(X) spans Y. O

6 Riemann—Roch for curves

Following [MM], we derive the the Riemann—Roch theorem for divisor classes D
on a curve C over a field k from the construction and functorial properties of
the Picard scheme Pic = Pico of C. The theorem itself is just a special case of
Serre duality but, in comparison with the proof of that theorem, the proof given
here exhibits the geometry of the situation more clearly, and leads on (though
not here) to the relationship between the geometry of the curve and that of
its Jacobian (which mostly means the geometry of the theta divisor). In turn,
that leads to the relationship between the moduli space of curves and that of
principally polarized abelian varieties.

Write it = dim H', xy = >_(—1)'h’ and Q} = O(K¢). Define the genus g
of C by g = dim H'(C, O¢).

Lemma 6.1 (1) x(C,O(D)) =deg D + 1 — g for any divisor class D on C.
(2) D is linearly equivalent to an effective divisor if deg D > g.
(3) (Riemann) h°(C,O(D)) = deg D + 1 — g if deg D > 0.

PROOF: (1) is a trivial induction and (2) is an immediate consequence. (3) is
a special case of the cohomology vanishing theorems used in the construction of
Hilbert schemes. O

Fix n € N and let p; : C" — C denote the projection onto the ith factor.
We denote by C™ = C"/@&,, the nth symmetric product and observe that C™
can be identified with Hilbe, where p(r) = rn+1—g. We shall write Pic, = Pic",
so that Pic = U Pic", Pic” is the connected component of the identity in the group
scheme Pic and each Pic” is a torsor under Pic’.

Lemma 6.2 Pic" is smooth of dimension g and Pic’ is an abelian variety.

PROOF: For n > 0 the morphism 6 = 6, : Hilbl, = C™ — Pic" is a Brauer—
Severi scheme, so is smooth. Since C'™ is smooth, Pic" is smooth too. The fibres
of § are the complete linear systems of degree n, so are of dimension n — g, by
Lemma 6.1. So Pic" is smooth of dimension ¢ for all n > 0. Since Pic" is a
torsor under Pic® the same is true of Pic’, and then of Pic" for all n. Pic® is now
a smooth projective group variety, which is the definition of an abelian variety. o

For any variety X write H'*(X) = H°(X, Q%).
Lemma 6.3 There is an isomorphism ¢,, : H'*(C) — H'(C™) that identifies
H°(C) = H°(C™)S", given by ¢,(w) = > piw.
PROOF: H'(C™) naturally embeds into H'9(C™)®", since 7 : C" — C™ is
separable, so each element > piw of H'(C™)®" is a rational 1-form on C™ and
we need to check that >~ piw has no poles on C™,
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If it does have a pole then it does so along the discriminant divisor, so that
as a 1-form on C" it has a pole along each diagonal divisor, which is absurd. ©

Fix m > 0 and an effective divisor D of degree m. Then D defines a
commutative square
cmc__5 ¢nt+m)

6n l i5n+m

PiCn — PiCn+m .

Lemma 6.4 This diagram induces a square of isomorphisms on the spaces H'
that are independent of the choice of D and are compatible with the isomorphisms

Dn-

PROOF: The horizontal maps on H'? are isomorphisms, by Lemma 6.3, so that
it is enough to prove that ¢; is an isomorphism for n > 0. In this case ¢, is a
Brauer—Severi scheme and the result is clear. O

So every H'® that appears can be identified with H'°(C').

Lemma 6.5 For an effective divisor E of degree n let {E} denote the corre-
sponding point of C™. Then H°(C,QL(—F)) is identified with the subspace
Vigy of H'(C™) consisting of sections that vanish at {E}.

PROOF: Suppose first that £ = nx. Take a local co-ordinate ¢t on C' at =x.
Then o4,...,0, are co-ordinates on C™ at {E}, where o; is the ith elementary
symmetric polynomial in copies tq,...,t, of t. Write 0y = 1 and o, = 0 for r > n.
For i > 1 define 0,,(1) = 0,n|1,—0, so that

Om—r = O-m—r(i) + tiam—r—l(i)~

Multiply this by (—1)"t} and take > " ; the result is that

r=0’

S (1) Ot} = o).

r=0
Multiply this by dt; and then take the sum > | to get

m

Z(_l)ram—rer = d0m+1

r=0
for all m € N, where 6, = > | t/dt;. This shows that (6p,...,0,_1) is a local
basis of Qf,,, at {E} and that 6, vanishes at {E} for all r > n.
Expand w € H'(C) as w = Y . a,t"dt; then p(w) =37 - ab,. So

wp=0 < w=)Y at'd < ¢w) =Y ab < dw)E Vig.

r>n r>n

The proof for arbitrary E = > n;z; involves a similar calculation at each x;. ©
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Theorem 6.6 (Riemann-Roch) h’(C,O(D))—h"(C,O(Kc—D)) = deg D+1—g.

PROOF: Suppose that D is an effective divisor of degree n. That is, {D} € C™.
Consider the derivative 6, : T(py(C™) — Tpp)(Pic"). By Proposition 2.2 the
fibre of ¢ through {D} is, as a scheme, exactly |D| and so

dim ker 6, = dim |D| = h°(C,O(D)) — 1.
On the other hand, consider the co-derivative
8" : Topy(Pic")Y = H°(C, Q) — Typy(C™)Y.
Then ker 6* = H°(C,Q'(—D)), by Lemma 6.5. So we have an exact sequence
0 — ker d, — Typy(C™) = To(p)(Pic") — H(C,Q'(—=D))¥ — 0
of vector spaces, from which R—R follows when D is effective. In particular, it is

proved when deg D > g.

Corollary 6.7 (1) h°(C, Q' (—D)) = h'(C,O(D)) when D is effective.
(2) K(C, Q) = g.

PROOF: (1) Apply R-R for effective D and then use Lemma 6.1.
(2) Take D = 0 and apply (1). O
Assume that g > 0; then K is effective, by the Corollary just proved.

Corollary 6.8 deg Ko = 29 — 2.

PROOF: Apply R-R for effective divisors. O
If deg D < g — 2 then deg(K¢ — D) > g, so K¢ — D is effective. Then

W(O(Ke — D)) — W(O(Ko — (Ko — D)) = deg(Ko — D) +1— g

and now R-R is proved whenever g > 0 and deg D # g — 1.

Suppose that ¢ > 0 and degD = g — 1. 1If either h°(O(D)) > 0 or
h°(O(K¢ — D)) > 0 we can apply the result for effective divisors. If both vanish
there is nothing to prove, so R—R is proved in full if g > 0.

Finally, if g = 0 then h°(O(P)) > 2 for any point P, by Lemma 6.1, and
then the complete linear system |P| defines a morphism C' — P! of degree 1, so
that C' = P!. In this case R-R is rather easy! O

7 The principal polarization of the Jacobian

Suppose that f : C' — S is a family of curves of genus g > 2. There is a closed
subfunctor 6 of PicF unc%_/; that is the locus of effective classes; its sheafification

is a divisor © on Pic% ' = Picg/;. We give a proof that © defines a principal
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polarization on the Abelian scheme Pic%, which also equals AutOPng,l /s For this
we can suppose that S = Spec R is strictly local, so that PicFunc isc representable
for all smooth projective S-schemes, and even complete; then we can assume that
C — S is a versal deformation of the closed fibre, so that R is a power series
ring over a Cohen ring. In particular, R is regular and its field of fractions k is
of characteristic zero. Fix an algebraic closure k of k.

For any S-scheme T and any T-point a of Picl, we let ©, denote the trans-
late of © by a.

Put A = Pic}, and P = Pic% .

Theorem 7.1 (Jacobians are principally polarized) The morphism ¢g : A —
PicY defined by a + ©, — © is an isomorphism of abelian S-schemes and © is
relatively ample.

PROOF: Since the locus in S where this is true is closed in S it is enough to
prove this over Speck.
Consider the commutative diagram

CB9—3 _~ 0(3973)
x J/ﬁ

- g—1
Picf,

where a(z1, ..., 235-3) = O 2z — K¢) and (D) = d3,-3(D) — Ke.

We shall use a result due to Klein ([K], vol. 3, p. 429).

For any a € A pick a basis o, = (0,;) of H*(C,2K¢+ a) (whose dimension
is 3¢ — 3, by R-R) and consider the (3g—3) x (3g — 3) determinant D, = det(o,),
so that D,(z) = det(0,,(2;)) and (D)o ~ > pf(2Kc + a). Put A =" A, ;, the
big diagonal in C3973,

Lemma 7.2 (Klein) (D,)o = o 1(0,) + A and a*(0,) ~ Y pi(2Kc +a) — A,
PROOF: Suppose z € C373\ A. Then the following are equivalent:

(1) z € (Da)o;
(2) there exists 0 € H(C,2K¢ + a) such that z C (0)o;
(3) 2K¢ + a — z is effective;
(4) Ko+ a— B(z) € O, by the definition of § and ©;
)

(5) B(z) —a € O, since, by R-R, O is preserved by the involution ¢ : D

Kc — D;

(6) 5(2) € Ba.
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So (Dy)o = a™'0, + nA for some n > 1. By continuity n is independent
of a, so to calculate n we can take a = 0.
The ramification divisor of 7 is A, so that Kgsg-s ~ 7 Kase-s) + A. So

27T*KC(3;;—3) + 2A ~ 2K03g—3 ~ Zp;k(QKc) g Oé*@ + nA\.

So (2K pag— ) ~ a*O + (n — 2)A. But €9~ is a ruled variety, so n < 1. The
second statement follows. O

Since ¢g is a homomorphism, by the theorem of the square, it remains to
show that the kernel K(0) of ¢g is trivial.

If a € ker pg then © ~ O,. Then, via Klein’s lemma 7.2, Y pf(2K¢) ~
> pi(2Ke + a), so that a = 0 and ker ¢pg = 0.

To prove that © is ample it is enough to show that the linear system |20
has no base points and defines a finite morphism X — PV for some N. In fact
we shall prove that |20| defines a finite morphism that is an embedding of the
quotient X/(t) away from those points D such that 2D ~ K.

For any a € A the divisor ©, + O_, is an element of |20|, by the theorem
of the square. For any u € X we can find a € A such that u &+ a € O, and then
u ¢ 0, + 0_,. So |20] has no base points.

Suppose that x,y € X are identified by [20|. That is, if D € 20| and
x € D, then also y € D. So, in particular, if v € ©, + ©_,, then y € 6, + O_,.
So, whenever z € O, either y € ©, or y € ©_,. That is, for every —a € ©_,,
y lies in ©, or ©_,. Since ©_, is irreducible, either y € ©_. for all c € ©_, or
y €0, forall ce ©_,.

(1) ye ©_ forallc € ©_,. Thatis,y+p—x €O forallpe ©. Soy—=x
preserves O, so y — x € ker ¢pg = 0.

2)ye O  forallce ® ,. Theny—p+x € O©foralpe® Soy+ux
preserves ©O. That is, y + © — K¢ € ker ¢pg = 0.

So |20] identifies x and y if and only if y = z or «(z). O

8 The Weil pairing on the Jacobian

Fix a curve C' of genus g > 1. Put P = Pic%_1 and A = Pic,. We have the theta
divisor © in P and we know, by the theorem of the square, that n®, ~ n®© for all
a € A[n|. That is, there is a rational function f on P such that (f) = n®, —n®O.
Define

G, ={(f,a): f € kK(P)*, a € Aln] and (f) =nO, — nO}.
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Theorem 8.1 G, is a group scheme and is a central extension
1—G,, —» G, — Aln] — 0.
Its commutator pairing gives a perfect alternating pairing
en : A[n] x Aln] = G,,.

PROOF: Defining the group law and proving the group axioms is an exercise.
The scheme structure follows from the fact that A[n] is a scheme and the
projection G,, — Aln]| is relatively representable: it is a G,,-bundle.
That e, is perfect follows from the fact that ¢g is an isomorphism. O

Remark: In other words, the cup product pairing
HLICQkZ/I™) x HL(C @k, Z/I™) — H*(C Q@ k,Z/(™) =2 7./{™
is perfect; see Deligne’s article in [SGA4.5].

9 Curves over C as Riemann surfaces

The results here are from [TLT].
Suppose that X is a smooth projective curve of genus g over C.

Proposition 9.1 (Riemann-Hurwitz) (1) If X — P! is a finite morphism of
degree n and ramification divisor R then 2g — 2 = —2n + deg R.
(2) Hi(X,Z) 2 Z*.

PROOF: Exercise. O

The standard orientation on C gives an orientation on X. In turn this gives
an intersection pairing

N=(.):H(X,Z)x Hy(X,Z) > Z

which is symplectic and unimodular. Then we can choose a so-called standard
symplectic basis (Ai,..., Ag; By, ..., By) of Hi(X,Z), so that

(AkAj) = (BkBJ) =0 and (AkB]> = 5kj = —(BJAk)

Now suppose that w, n are closed C-valued C*° 1-forms on C. They define classes
in H'(X,C) whose cup product is given by

MUM:i(/Akw/Bkn—/Akn/Bkw>;

k=1

this is from the duality between homology and cohomology. Moreover,

Lol = [ wan

by definition (or construction).
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Theorem 9.2 (Riemann’s bilinear relations)
(1) H'(X) has a unique basis (wy)kef1,q such that [, w; = dx;.
(2) Define 1;; = ka w;. Then the matrix 7 = (y;) is symmetric.
(3) Its imaginary part Im T is positive definite.

PROOF: (1) Suppose w € H'(X) such that [, w = 0 for all i. Then also
fAk w = 0 for all ¢, while

forepiom- ([ e o f2L.2)

So [y wAwW=0. But if w = f(2)dz in a neighbourhood U and if z = = + iy then

/w/\w:—%/|f(z)|2dx/\dy€iR<0
U U

unless f is identically zero, so that w = 0. (1) follows at once.
(2) Suppose j,k € [1,g]. Then w; A wy = 0, so that

S (fy fyor Lo fys) =0

This gives Y, (dy; ka Wi — Oy ka w;j) =0, so fBj Wy = ka wj, as required.
(3) Suppose that A € RY is a row vector such that A\.Im7.*A < 0. That is,
A7 =T)'A € Reo. Put =37, \jw;. Then

(o fr [ ) ) -wome

Since fAk n=A= fAk 7, ka n= ;N\ and kaﬁ =20, AjTkj, We get

AT —71)'\ €i Re.
So [n] U [7] = 0 and then 1 = 0, as required. O
Corollary 9.3 The homomorphism

H\(X,Z) — HY(X)Y : (w /

embeds Hy(X,Z) as a lattice in H'*(X)V.

PROOF: Suppose that A, € RY such that > A, fAk w+ > ka w = 0 for all
w € H'O(X). Take w = wj; then A\; + >, 7jppp = 0 for all j. Then (Im7)u = 0,
so that ¢ = 0. Then A = 0, so the map is an embedding with discrete image. O

Define J(X) = H'Y(X)Y/H,(X,Z). Pick a standard symplectic basis
of Hi(X,Z) and let w denote the corresponding standard basis (ws,...,w,) of
H'(X). Fix also a base point P € X.
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Theorem 9.4 (Abel’s theorem)
(1) For any n € N the morphism

/:XW—)J(X):(Pl,...,Pn)HZ/Piw (mod Hy(X,Z))

factors through §, : X — Pic%.

(2) The induced morphism Picy — J(X) is an isomorphism.
PROOF: (1) It is enough to show that the fibres of 4,, are mapped to points in
J(X). Each such fibre is P for some m, which is simply connected. So any
holomorphic morphism P™ — J(X) lifts to a morphism P™ — H'°(X)Y so is
constant, since P has only constant global holomorphic functions.

(2) We must show that if

Qk
?/P w=0 (mod H,(X,7Z)) (9.5)

then > Py ~ > Q. That is, there is a meromorphic function f on X such that
(f)o=>_Frand (f)o = > Q. For this, we can assume that no P is a Q).

Lemma 9.6 (1) Given two distinct points P and ) on X there is a unique
dpg € HY (X, Q% (P + Q)) such that fAk ¢pg = 0 for all k, Resp ¢pg = +1 and
Resg ¢pg = —1.
. (P
(2) fBj dpg = 2mi fQ wj.

PROOF: (1) By R-R dim H°(X, Q% (P+Q)) = g+1. The condition that [, =0
for all k£ imposes g conditions, and then we can rescale uniquely to get Resp = +1.
Since the residues sum to 0, we must have Resg = —1.

(2) Cut X into a 4g-polygon X and take small discs Ap,Ag centred at
P, Q, respectively. Put X° = X\ (ApUAg). On X we can write w; = f; where
f; 1s the holomorphic function f;(z) = f;fo wj. Now wj A ¢pg = 0 so that

0 = /)?Owj/\CbPQ: _ fiorq

ax0
= - 6APfj¢PQ_ Mij(?PQJer: (/Akwj Bk(bPQ_/AkaPQ/Bij)
P
= —27Tij(P) —|—27TZf](Q) +/Bj ¢PQ = —27TZ/Q Wj —F/BJ d)pQ.

O

Then define f by f(x) = exp(d_, flfo ®p,0,)- To check the zeroes and poles
is a local matter. However, f is, a priori, a multi-valued function; to show that
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it is single-valued it is enough to check that its value is unchanged if the path of
integration is changed, first by an A-cycle, and then by a B-cycle. In turn, this
requires the assumption 9.5 and Lemma 9.6. O

Stay with the standard bases (A4, B) and (w). Then we identify H'9(X)V =
CY, a vector space of row vectors. The lattice Hy(X,7Z) = A is then generated by
the 2g rows of the matrix *(1,, 7). In these terms we can define the theta function

0(z,7) = Z exp 2mi(n.'z + n7'n)
nez9

as a formal series.

Proposition 9.7 6(z, 1) is absolutely convergent on compact subsets of C9 x ),
and so defines a holomorphic function on C9 x §,,.

PROOF: It is enough to check that, for any positive real constants o and (3, the
series converges absolutely on each region defined by

max | Im z;| < a/7 and Im7 > §/7.1,.

For this, note that in this region

|exp(mi nt'n + 2mi n'z)] < exp(—p. Z ns + 2o Z In;])
J J

g
= Hexp(—ﬁn? + 2ain;|)

j=1

for each vector n, so that

g9
Z |exp(mi nTtn + 2mi n'z)| < 29 Z Hexp(—ﬁn? + 2am;)

n€EZI neNg j=1
g g
= 29 H Z exp(—fn; + 2an;) = 29 (Z exp(—Bm?* + 2am)> :
j=1n;eN m=0
But
S exp(—Bm? + 20m) = exp(~a2/B) x 3 exp(~8(m — a/B)?),
m>0 m>0
which converges like [ /8 exp(—fr?)dzr. O

Lemma 9.8 Ifa,b € Z9 then
0(z +a+br) = (expmi(—2b'z — b7'b))0(z, 7).

PROOF: Manipulate the series. O
So @ is quasi-periodic as a function of z € CY, and therefore its zero locus
(0) is a well defined divisor in C9/A = J(X). We shall write 6(z,7) = 0(z).
Fix a base point Py € X and embed X in J(X) by j: P — [ w.
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Proposition 9.9 Fix z € CY and consider the multi-valued function f = f, on
X defined by f(P) = 0(—z + j(P)). Then f either vanishes identically or has
exactly g zeroes.

PROOF: Cut X into a 4g-polygon X whose edges are Af and B,;t so that A is
identified with A, when we reconstruct X from X and similarly for B; and B; .
Suppose that Y Qy is the zero locus of f and choose a small disc Ay centred at
Qr. Put X0 = X \ (UA). Then

Aﬂ(?)%ﬁf > ﬁ
B Z/A A+ +Z:/ Z/Ak

According to Lemma 9.8 f is invariant under translation by an A-cycle, so df / f
has the same value on BT as on B~. Also df/f increases by —2wiwy, along By,
which joins A, to A}, so that

N o) — 4 o df
O—kz:;/Ak(Qmwk) Z/aAkf—ng Z/aAkf

1 df
Since 27” > 97, is the number of zeroes of f, we are done. O

Define D = DO = ()0, a divisor in J(X). The proposition says that, for
any z € J(X), the curve j(X) (which we identify with X) either lies in D, or
intersects it in g points. Certainly D, does not contain X for general z € J(X),
so we have a rational map v : J(X)— — X@ : 2+ D, N X. This is undefined
exactly on the locus {z € J(X)|X C D.}.

Proposition 9.10 The composite §, 0 : J(X) — J(X) is an isomorphism.

PROOF: To begin, we can translate by a point in J(X) to ensure that Dy does
not contain X and that the divisor Dy N X is the unique effective divisor in its
linear equivalence class. By the theorem of the square,

Dy+z — Do ~ (Dy - DO) + (Dz - D0)7

so that d, 0 7 is a homomorphism of groups. Suppose that r lies in the kernel.
Then the quotient Q(z) = 6(z + r)/60(z), which is a multi-valued meromorphic
function on J(X), restricts to a single-valued rational function ¢ on X. That
is, ¢ is invariant if the path of integration from F, to each P; is changed by an
arbitrary cycle. But the factor of automorphy for ¢ is the same as that for @),
which is non-trivial if  # 0 (check this for a B-cycle). O
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Corollary 9.11 (Riemann) There exists A € C9 such that for every z € CY the
function (A — z + j(P)) on X either vanishes identically or has exactly g zeroes

Q1,...,Q, and in this case z = Zkfgokw.

PROOF: As z varies so the divisor ) Q) of zeroes of the function f, varies, and
we have just proved that z — > j(Qy) is constant. O

Theorem 9.12
(1) 6(e) =04 3Py,..., Py € X such that e = A — Y77 [ Fw.
(2) © is a translate of (0)o.

PROOF: (1) «<:Let Pje X and z =) fPP;k w. Then

o:e(A—i/jwﬂ(m):e(A—i/:w).

=: We can assume that §(e) = 0 and there exists y € X such that G(e—fgo w) # 0.
Then there exist Py,..., P, € X such that e = A — >f PPO’“ w.

Consider the function f(y) = 60(e — f;jo w). This has g zeroes, namely,

> 9 P SinCEIQ(e) = 0 one of these zeroes is I}; we can assume %) = P,. Then
(2) is a re-statement of (1). O
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