FAMILIES OF ZERO-CYCLES AND DIVIDED POWERS: II.
THE UNIVERSAL FAMILY

DAVID RYDH

ABSTRACT. In this paper, we continue the study of the scheme of divided
powers I'4(X/S). In particular, we construct the universal family of I'*(X/S)
as a family of cycles supported on T'%~1(X/S) x g X and discuss the “Hilbert-
Chow” morphism. We also give a description of the k-points of I'*(X/S) as
effective zero-cycles with certain rational coefficients and give an alternative
description of families of zero-cycles as multivalued morphisms. Finally, we
construct sheaves of divided powers and a generalized norm functor.

INTRODUCTION

Let X/S be a separated algebraic space. In [I], a natural functor £§(/S from
S-schemes to sets parameterizing effective zero-cycles of degree d was introduced
and shown to be an algebraic space — the space of divided powers I'*(X/S). This is
a globalization of the algebra of divided powers and the “correct” Chow scheme of
points on X/S. Indeed, the space of divided powers commutes with base change and
coincides with the symmetric product Sym?(X/S) in characteristic zero or when
X/S is flat, e.g., when X = P%. In particular, we obtain a functorial description of
Sym?(X/S) in the flat case.

We let T'{(X/S) = I'""1(X/S) xs X. A geometric point of I'{(X/S) is a zero-
cycle of degree d with one marked point. It is thus expected that the addition
morphism ®y,s : I'{(X/S) — I'(X/S), which forgets the marked point, should
be related to the universal family of I'(X/S). When the addition morphism ® x5
is flat, then it has a tautological family of cycles given by the norm. Iversen [Ive70,
Thm. I1.3.4] showed that if ®y g is flat, then ®x,g together with the norm family
is the universal family. It should be noted that ®x,g is rarely flat, the notable
exception being when X/S is a smooth curve. The main result of this paper is a
generalization of Iversen’s result to arbitrary X /.S for which ® x5 need not be flat.
More precisely, we construct a family of zero-cycles on ®x,g, that is, a morphism
ox/s : TYX/S) — ITHT{(X/S)), and show that it is the universal family.
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Multiplicative polynomial laws. To define the universal family, we need a cou-
ple of results on multiplicative laws. Firstly, we show in §1 that it is enough to
consider the category of polynomial A-algebras in the definition of a multiplicative
law B — C of A-algebras. Secondly, we define the norm law of a locally free alge-
bra in §3. Thirdly, we construct universal shuffle laws in §4. These are canonical
multiplicative laws T4 (B) ® T%(B) — T4 %2(B) of degrees ((d,ds)) for positive
integers dy and dy. Apparently, it is difficult to directly define these laws. It is how-
ever easy to define canonical multiplicative laws TS% (B)® TS® (B) — TS} t%(B)
and we use these laws to define the universal shuffle laws. The universal shuffle law
with dy = d—1 and dy = 1 will be of particular interest as this law gives a descrip-
tion of the universal family of T'% (B), cf. Proposition (4.10).

The universal family. From the functorial description of I'“(X/S) we have that
the identity on T'%(X/S) corresponds to a family of cycles on X parameterized by
I'*Y(X/S) — the universal family. The image of the universal family is a closed
subspace Zyniy of I'Y(X/S) xg X which is integral over I'Y(X/S). The nilpotent
structure of this subspace is difficult to describe and we do not accomplish this.
However, in §5 we show that Z,,;, is contained in the closed subscheme I'{(X/S) :=
I4=1(X/S)x s X — I'Y(X/S)x 5 X which has the same underlying topological space
as Zuniv- In fact, we construct a family of cycles on I'{(X/S) — I'*(X/S) and show
that this induces the identity on I'Y(X/S). This result is a globalization of the
universal shuffle law in §4 described above. When I'{(X/S) — I'*(X/S9) is flat and
generically étale then the scheme I'{(X/S) completely determines the universal
family.

Relation with the Hilbert scheme. In §6 we briefly mention the natural mor-
phism from the Hilbert scheme of d points on X to I'*(X/S). This morphism takes a
flat family to its determinant law and is known as the Grothendieck-Deligne norm
map. When T'¢(X/S) is flat and generically étale over I'*(X/S), the morphism
Hilb?(X/S) — T'%X/S) is an isomorphism. In particular, it is an isomorphism
over the non-degeneracy locus I''(X/S Jnondeg and an isomorphism when X/S is a
family of smooth curves.

Composition and products of families. In Sections 7 and 8 we define and
give the basic properties of compositions and products of families. To define the
product we have to pass to the flat case and use symmetric products, similarly as
when defining the multiplicative shuffle laws.

Points of T¢(X/S). In §9 we describe the k-points of T'4(X/S). If k is a perfect
field, then the k-points of T%(X/S) correspond to effective zero-cycles of degree d
on X with integral coefficients. For an arbitrary field k there is a similar corre-
spondence if we also allow certain rational coefficients. The denominators of these
coefficients are powers of the characteristic of k and the maximal exponent allowed
is explicitly determined. This result also follows from [Kol96, Thm. 1.4.5], using
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that the k-points of the space of divided powers and the Chow variety coincide, but
our proof is more direct.

Multi-morphisms. Let X be a scheme such that any set of d points is contained in
an affine open subset, e.g., let X be quasi-projective. There is then another striking
description of families of zero-cycles of degree d on X parameterized by any space
T, that is, of morphisms T — T'%(X/S). We show that a family can be described
as a multi-morphism f : T — X of degree d. This consists of a multivalued map
f T — X together with a semi-local multiplicative law 0 : Ox — f.Or. The
formalism is very close to that of ordinary morphisms of schemes. The condition
on X is used to ensure that for every point ¢t € T the set f(t) C X is contained
in an affine subset. Similarly, a morphism of algebraic spaces f : T — X cannot
be described as a morphism of locally ringed spaces unless every point in X has an
affine neighborhood, that is, unless X is a scheme.

Norm functor and Weil restriction. Let f : X — Y be a morphism. The
Weil restriction Ry/y is a functor from X-schemes to Y-schemes defined by the
property Homy (T, Rx/y(W)) = Homx (T xy X,W). The existence of the Weil
restriction of W, under suitable conditions on f and W, can be established using
Hilbert schemes [FGA, BLR90, Ryd08]. The norm functor Nx y is a closely related
functor which can be defined not only for X-schemes but also for sheaves on X.
The existence of the norm functor is shown using a space or a sheaf of divided
powers. The classical setting is when X/Y is flat of constant rank d and £ is an
invertible sheaf on X [EGAp, §6.5]. For affine schemes and X/Y flat, the norm
functor has been studied intensively by Ferrand [Fer98] and we generalize some of
these results.

Notation and conventions. We denote a closed immersion of schemes or alge-
braic spaces with X — Y. When A and B are rings or modules we use A — B
for an injective homomorphism. We let N denote the set of non-negative integers

0,1,2,... and use the notation ((a,b)) = (“Ib) for binomial coefficients.
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1. DETERMINATION OF A MULTIPLICATIVE LAW

Recall [Rob63] that a polynomial law F' : M — N is a set of maps Fa
Mos A — N®y A for every A-algebra A’ which are natural with respect to
A-algebra homomorphisms. The law F' is homogeneous of degree d if Fa/(a'z') =
a'?Far(2') for every A-algebra A’ and elements o’ € A’ and 2/ € M @4 A'. If
M and N are A-algebras, then we say that F' is multiplicative if Fi4/(1) = 1 and
Fa(2'y") = Far(2')Far (y') for every A-algebra A’ and every o',y € M @4 A'.

In some cases, cf. §§3-4, it is not clear that a natural map M — N extends
functorially to any base change. The following proposition shows that it is enough

to consider polynomial base changes.

Proposition (1.1). Let M and N be A-modules.

(i) In the definition of polynomial laws we can replace the category A-Alg
of A-algebras with the full subcategory of polynomial rings over A. To
be precise, there is a one-to-one correspondence between polynomial laws
F : M — N and sets of maps

Fn ZM[thtg,...,tn]HN[tth,...,tn], n €N

such that Fr,o(idpr @) = (Idy ®¢) o Fy, for any A-algebra homomorphism
@ o Altr,ta, ... ty] — Alti,to, ..., ty]. This correspondence is given by
F (FA[t17t2,...7tn])n€N'

(ii) If (F,) is homogeneous of degree d, that is, if Fy,(az) = a®F,(z) for every
n>0,a€ Alty,ta,...,t,] and z € M[t1,ta,...,t,], then the corresponding
polynomial law F is homogeneous of degree d.

In particular, in the definition of (homogeneous) polynomial laws, it is enough to
consider smooth A-algebras.

Proof. (i) It is immediately seen that to give a set of maps {F, }, for n € N com-
muting with A-algebra homomorphisms ¢ as in the proposition is equivalent to give
a single map F’ : M[t1,ta,...] — NJ[t1,t2,...] such that for every endomorphism
@ of Alty,ta,...] the diagram

Mty ta, . ..] =222 Mty to, . .]
(1.1.1) lp, lp,
Nlt1,to,...] —2%2 0 Nt b,

commutes. A map F’ such that (1.1.1) commutes, gives a unique polynomial law
F : M — N such that I’ = Fyp, 4,,...] [Rob63, Prop. IV.4, p. 271]. Moreover, if
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f: Ta(M) — N is the corresponding homomorphism, then f(y% (1) x v%2(z3) x
N (xn)) is the coefficient of tilltg2 cotdnin P @ty + oty + -+ Toty).

(ii) Let z = x1t1 + @ato + - -+ + Tpty € M[t1,ta,. .., ty] be a homogeneous poly-
nomial of degree one. If F), is homogeneous of degree d then we have that

th 1 F'(2) = F'(tn12) = (F' o (idy ® 9))(2) = (idy © 9)(F'(2))
where ¢ is given by t; — t,1t;. It follows that F'(z) € N[t,t,...,t,] is homo-

geneous of degree d and thus that f : I'4(M) — N factors through the projection
La(M) — T%(M). In particular, we have that F is homogeneous of degree d. [

Proposition (1.2). Let B and C be A-algebras. In the correspondence between
polynomial laws F : B — C and sets of maps (F,) as in Proposition (1.1), mul-
tiplicative polynomial laws correspond to multiplicative maps, i.e., maps (Fy,) such
that

(i) Fn(1p) =1¢.

(ii) Fn(zy) = Fn(x)Fo(y), Vz,y € Blti,ta,...,ts].
In particular, in the definition of a multiplicative polynomial law it is enough to
consider smooth A-algebras.

Proof. If F is a multiplicative law, then F,, = Fyp, 1,,..+,) is multiplicative by
definition. Conversely, assume that we are given a set (F,) of multiplicative
maps. This set of maps corresponds to a polynomial law F' : B — C such that
Fn = Faj, t,,....t,) by Proposition (1.1). It is clear that F(1p) = 1¢. Let A’ be
an A-algebra and z,y € B ®4 A’. Then there is a positive integer n, a homo-
morphism Alty,to,...,t,] — A" and x,,y, € Blt1,t2,...,t,] such that x, and
Y, are mapped to x and y respectively. The multiplicativity of F, implies that
Fa(zy) = Fa(z)Far(y). O

2. INHOMOGENEOUS FAMILIES

It is sometimes convenient to work with families which do not have constant
degree. We therefore make the following definition:

Definition (2.1). Let X/S be a separated algebraic space. We let I'*(X/S) =
[T450T4X/S) and let I'y/s(—) = Homg(—,T*(X/S)) be the corresponding func-
tor.

Thus, by definition, a morphism « : T'— I'*(X/S) corresponds to an open and
closed partition 7' = [[ ;5 7u and families oy : Ty — r'4(X/S). We let

Image(o) = H Image(ay) — H XXxsTyg=XxsT
d>0 d>0
and Supp(a) = Image()req. We say that the degree of v at t € T is d if a(t) €
r{(x/9).

Proposition (2.2) ([Zip86, Prop. 1.7.9 a)]). Let F' : B — C be a multiplicative law
of A-algebras. Then there is an integer n, a complete set of orthogonal idempotents
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€0,€1,-..,6n in C and a canonical decomposition F' = Fy+ Fy + Fy+- - -+ F,, where
Fy : B — Ceq is a homogeneous multiplicative law of degree d. Note that eq = 0
is possible.

Note that conversely if eg, eq, ..., e, is a complete set of orthogonal idempotents
and (Fd : B — Ced)d:O,l,...,n are multiplicative laws of degrees 0,1,...,n, then
F = Fy+ Fy +--- + F, is a multiplicative law. In fact, F(1) = > .e; = 1 and
F(z)F(y) = 3, Fi(x)Fi(y) = F(xy).

Theorem (2.3). Let S = Spec(A), X = Spec(B) be affine schemes and let T =
Spec(A’) be an affine S-scheme. Then there is a one-to-one correspondence between
multiplicative laws B — A’ and inhomogeneous families T — T*(X/S). This
correspondence takes f : T — T'*(X/8S) onto T'(f) o (/°,7%,72,...) : B — A’.
The expression T'(f) is the induced map T'(I'*(X/S)) = [[5o 4 (B) — I(T) = A’
on global sections. B

Proof. As T is quasi-compact, any morphism f : T — I'*(X/S) factors through
r<"(x/S) =1l <, T%X/S). The theorem thus follows from Proposition (2.2). O

3. DETERMINANT LAWS AND ETALE FAMILIES

Let A be a ring, B an A-algebra and M a B-module which is free of rank d as
an A-module. We then have the determinant or norm map

Np/a : B — Enda(M) — Enda(A*M) = A

where the first map takes b to the endomorphism on M which is multiplication by
B. This map extends to a homogeneous multiplicative polynomial law which we
denote the determinant law. We can also extend this definition to B-modules M
which are locally free of rank d over A taking an open cover of Spec(A). Similarly,
if M is locally free but not of constant rank, then we obtain an inhomogeneous
multiplicative law Ng,4 : B — A.

Assume now that A is an integral domain with fraction field K, that B is an
A-algebra and that M is a B-module which is of finite type as an A-module but
not necessarily flat. If we let d be the generic rank of M then we have the norm
map

Np/a : B — Enda(M) — Endg (M @4 K) — Endg (A (M @4 K)) = K

and according to [EGAyy, Prop. 6.4.3] the elements N, 4(b) are integral over A. In
particular, if A is in addition integrally closed then Np,4 has image A. Under this
assumption this map extends to a determinant law as it is enough to define the mul-
tiplicative polynomial law over the integrally closed polynomial rings A[ty,. .., t,]
by Proposition (1.2).

Definition (3.1). Let S be an algebraic space and f : X — S affine. Let F be
a quasi-coherent sheaf on X such that f.F is a finite Og-module and one of the
following conditions holds:

(i) f«F is a locally free Og-module.
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(ii) S is normal.

To F we associate the canonical family Nz : S — I'*(X/S) given by the determi-
nant law. To abbreviate, we let Nx = Np, when this is defined.

Proposition (3.2). Let S be an algebraic space and let X/S be finite and étale.
Then Nx is the unique morphism S — T'*(X/S) such that Supp(Nx) = Xyeq and
such that the degree of Nx at a point s € S is the rank of X/S at s. Furthermore
we have that Image(Nx) = X. In particular, the image of Nx commutes with
arbitrary base change.

Proof. The question is local on S so we can assume that X/S is of constant rank
d. Let S — S be an étale cover such that X’ = X xg S’ — S’ trivializes, i.e.,
such that X’ = S"™M?, It is clear that the only family S’ — I'*(X’/S’) with support
X 4 is the family with multiplicity one on each component. This is given by the
morphism $" 2 Tk, (9")*s'? — TI'Y(X’). The corresponding multiplicative law is
the multiplication map (Og/)¢ — Qg which coincides with the determinant law.
Thus N/ is the unique family with support X] ;. As the image commutes with
étale base change, the last statement of the proposition follows. (I

4. UNIVERSAL SHUFFLE LAWS

Recall that the A-algebra I'%(B) represents multiplicative polynomial laws of
degree d [Fer98, Prop. 2.5.1]. We thus have a canonical bijection

Hom_a1g (T4 (B), A’) — Poly (B, A') = Pol%y, (A’ @4 B, A')

and under this correspondence, the identity on l’“j (B) corresponds to the universal
law U : T%4(B) ®a B — TI'Y(B). There is a natural surjection, the canonical
homomorphism of Iversen,

w:T4B)®sB—-TY (B)®4 B
and we will show that U factors through w. For this purpose, we first construct the

multiplicative shuffle law SL : T41(B) ®4 B — I'4(B).

(4.1) We recall [I, 1.2.14] that the universal multiplication of laws
Pdy,dy - FilerQ (M) - Fil (M) ®a I—‘dA2 (M)

is the homomorphism corresponding to the law 2 +— 7% (z) ® ¥%2(z). In particular,
we have that

(4.1.1) paa (V@)= D (@) @97 (a).
v1+rvoe=v
‘Vllzdl, ‘l/2|:d2

(4.2) The shuffle product — For any A-module M, the product of I'4 (M) gives
A-module homomorphisms

x : T (M) @4 T% (M) — T9T2(0r).
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The composition of the universal multiplication of laws pg, 4, followed by X is
multiplication by ((d1, dz2)). In particular, if ((d1, d2)) is invertible in A, then z®y —
((dy,d2)) "2 x y is a retraction of pg, 4,. If B is an A-algebra, then x is T4 T2 (B)-
linear.

(4.3) The multiplicative shuffle law — Let M be a flat A-module. The product
on I'y (M) is then identified with the shuffle product:

x : TS (M) @4 TS% (M) — TS% T2 (M)

which is given by

rxy= Y ooy

€64, ,d,

where the sum is taken in T%%2(M). If B = M is a flat A-algebra we can replace
the sum with a product. This gives a multiplicative map

(4:3.1) SL + TS{ (B) @4 TS} (B) — TS (B)
defined by

J€6d11d2

Indeed, the set &g, 4, is a set of representatives of the left cosets of the subgroup
G4y, X gy, — Gy pa,. If 2 € TSY(B) ®4 TS%(B) then o(z) = o'(z) if ¢ and
o’ belongs to the same left coset. As left multiplication on &4, 4, permutes the
cosets, it is clear that SL(z) is invariant under &g, 44, .

The composition of pg, 4, followed by SL is taking ((d1,d2))"™ powers and SL
extends to a multiplicative law which is homogeneous of degree ((d1,ds)). In fact,
by Proposition (1.2) it is enough to show that SL extends functorially to

SL,, : TS (B) @4 TSR (B)[t1,ta, ... tn] — TSLT®(B)[t1, ta, ..., tn]
which is easily seen.

Definition (4.4). Let B be a flat A-algebra. The shuffle homomorphism is the
homomorphism

At TR (DR (B) @aTE(B)) — T4 (B)

which corresponds to the shuffle law constructed in (4.3).

Proposition (4.5). Let di,dy be integers and N = ((d1,ds)). The shuffle homo-
morphism, defined in (4.4) for flat A-algebras B, extends uniquely to a homomor-
phism

At s TNy (T (B) 4 TE(B)) - TEH(B).
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for every A-algebra B such that for any homomorphism B — C of A-algebras the
following diagram is commutative

Adl,dz
E s gy (T (B) @4 TS (B)) =5 T4 72(B)
N d J d A Jl
r (M9 (C) ©a TR (C)) T4+ (C).

d d
o)

Proof. If C is an arbitrary A-algebra and B is a flat A-algebra with a surjection
B — C then the vertical arrows of the square are surjective and the upper arrow
A%l’d"’ is given by Definition (4.4). We will verify that the composition of the
upper and right arrows factors through the left arrow and thus induces a unique
homomorphism Aél’dQ. As the diagram is commutative for flat A-algebras, it is then
easily seen that this definition of Adc1 2 gy independent on the choice of flat resolution
B — (' and that the diagram becomes commutative for any homomorphism B — C.
Let I be the kernel of B — C. The kernel of the left arrow in the diagram
I (T (B) ®a % (B)) — I (T2 (C) @4 TE(C))

i1+d2 (B) 11‘*"’2(0)
is the T% 7% (B)-module generated by the elements
V() x f)® (172(7) x 9)) x h

with @ > 1, by +by > 1, 4,5 € I, f € T9 "(B), g € T "(B) and h ¢

Fé\%jﬂdz(B) (FdA1 (B)®Affl42 (B)) by [I, 1.2.10]. Furthermore, replacing A with a faith-

fully flat extension we can assume that f,g and h are of the form f = y1 =01 (z),
g=7%"2(y) and h = yN~%(2) where z,y € B and z € T} (B) ®4 T'%*(B) [Fer98,
Lem. 2.3.1]. Finally, replacing A with A[t,u,v], it is enough to show that the
elements

YN (i ta) @ 7 + uy) + vz)
7N (v (tx) @ " (uy) + vz)
(B) (F‘il (B)®a F%(B)) have the same image in T4 7%2(C). This follows

by an easy computation. (|

N
of Frdﬁdz
A

Corollary (4.6). There exists a canonical multiplicative law F : T%(B) — I'4(B),
homogeneous of degree d!, such that the composition T4 (B) — T'4(B) — T4 (B)
maps z € T4 (B) onto [les,o(2)

Proof. Let SL™% . I'%(B) @ T'?(B) — I (B) be the multiplicative law
corresponding to A4%. Let Fp : T4 (B) — I'Y(B) be the composition of the
laws SL*! ®4 T4 2(B), SL*' @4 T4 3(B), ..., SL™"!. This is a multiplica-
tive law of degree d!. Let P be a flat A-algebra with a surjection P — B. Let
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Fp : T4 (P) — T4 (P) be the multiplicative law constructed similarly. Then there
is a commutative diagram

T4 (P) —» T4(B)

L% (P) —»T4(B).

As Fp(2) = [l e, 0(2) € TS%(P) =2 % (P) for any z € T%(P) by construction, it
follows that for any z € T%(B), the image of Fg(z) in T4 (B) is [loes,0(2). O

Corollary (4.7). Let ¢ : T%(B) — TS%(B) be the canonical homomorphism.
There is a canonical multiplicative law F : TS%4(B) — T4 (B) of degree d! such
that ¢ o F and F o ¢ are the trivial laws of degree d\. In particular, if x € ker(p)
then x® = 0 and if y € TS%(B) then y* € im(p).

(4.8) Iversen’s canonical homomorphism — Next, we consider the canonical ho-
momorphism defined by Iversen in [Ive70, Prop. I.1.5]. This is the homomorphism

w:T4B)®sB—TY(B)®4 B
given by pg_11 ® idp followed by the multiplication map. In particular w(y?4(f) ®
g) =¥ Y(f) ® fg. Furthermore, we let

u ng(B) (T%(B) ®4 B) — T4(B) ®4 T'%(B) — I'%(B)

be the composition of the canonical base-change isomorphism followed by the mul-

tiplication map. This is the homomorphism corresponding to the universal law U
given in the beginning of this section.

Proposition (4.9) ([Ive70, Prop. 1.1.5]). The homomorphism w is surjective.

Proof. 1t is enough to show that elements of the form (y*~17%(1) x ) ® 1, where
0<k<d-1and x € T%(B), are in the image of w. When k = 0 this is clear.
We proceed by induction on k. The element (y?7%(1) x ) ® 1 € T'4(B) ®4 B is
mapped onto an element of the form

(vd_l_k(l) xz)®1+ Z(’yd_k(l) X Ya) ® Za

by the formula (4.1.1). By the induction hypothesis it follows that the second term
belongs to the image of w and hence so does the first term. Il

The following Proposition generalizes [Ive70, Prop. 1.3.1].

Proposition (4.10). We have that u = A4~ 11 o T (w).

Proof. Let u' = A9~ b1 oT%(w). As u and « are I'% (B)-algebra homomorphisms,
it is enough to show that v and u’ coincides on elements of the form %1 (1 ® by) x
- xy%(1®by,). Replacing A with the polynomial ring A[ty, ts,. .., 3], it is further
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enough to show that v and u’ coincides on the element v¢(1 ® b') = ’yd(l ® (t1b1 +
toby + -+ + tgbg)). This is clear as w(1 ® V) = 1@ b and A M (1@ b)) =
yb). U

5. THE UNIVERSAL FAMILY

To abbreviate, we use the notation
r4(x/8) =1%4Xx/S) x5 X.

as in the introduction. This should be thought of as the space parameterizing zero-
cycles of degree d with one marked point. The addition morphism I'¢(X/S) —
I'‘(X/S), which we will denote by ®% /g corresponds to forgetting the marking
of the point. We will denote the projection on the marked point T'¢(X/S) — X
by mg. When X/S is affine, we let px,g be the family of zero-cycles of degree d
on I'¢(X/S) parameterized by I'(X/S) given by the shuffie homomorphism A4~1:!
of Proposition (4.5). If a geometric point a € T%(X/S) corresponds to the cycle
r1 + T2 + - + x4 then (px/s)a corresponds to the cycle (o + -+ +xq_1,21) +
"+($1+"'+xd71,xd)'

(5.1) Let X/S and U/T be separated algebraic spaces. For any commutative
diagram

U*>XT*>X

(5.1.1) \ J

T— 5

there is a natural commutative diagram

r4(U/T) — (f.)*T¢(X7/T) —— T¢(X7/T)

(5.1.2) \ J O J(@ws)T
Py,

U/ T) — 5 T4(X7/T)
Proposition (5.2). Let X/S be a separated algebraic space. There is a unique
Jamily of cycles px,s of degree d on <I>§(/S such that for any commutative dia-
gram (5.1.1) with T and U affine, the pull-back of the family px,g to T4(U/T)
coincides with the push-forward of oy along n.

Proof. In what follows, all spaces are over T'. If f : U — Xy is any étale morphism
then we let T(U)reg := D(U/T)]|req(s) be the regular locus [I, Cor. 3.3.11]. When
f : U — X is étale then the morphism 7 of diagram (5.1.2) is an isomorphism over
T9(U)yeg by [T, Cor. 3.3.11]. We let T4(U)seg = @5 (TUU)reg). TF [, Ua — X i
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an étale cover, then in the diagram

Ha,g T(Ua X xp Up)reg —= I1. T (Uq)reg — I (X7)

d d d
J((I)UQ XxpUg Ireg J‘DU& [reg J(DXT

o P Us X x40 Ug)reg =—=3 1, T(Un)reg — T4(X7)

the natural squares are cartesian [I, Cor. 3.3.11] and the horizontal sequences are
étale equivalence relations [I, Cor. 3.3.16]. If we choose a covering such that the
U,’s are affine, then we have families gp‘é,axUﬂ |reg and <p{‘l]a lreg ON each component

of the two leftmost vertical arrows. By étale descent, we obtain a family gog(T on

the rightmost arrow. From the compatibility of ¢ with respect to base change and
morphisms stated in Proposition (4.5), we can glue the families <p‘)i(T for every T to
a family ¢% with the ascribed properties. O

Proposition (5.3). The morphism (®x/s,7a) : TH(X/S) — I'Y(X/S) x5 X is a
closed immersion.

Proof. Follows from Proposition (4.9). O

Proposition (5.4). Let X/S be a separated algebraic space. The family of zero-
cycles (IH(X/S), ox/s) is a representative for the universal family of T(X/S).

Proof. We have to prove that the composition of the maps
pxss  TUX/8) — TU(T{(X/8)/T(X/S))
I'(®x/s,ma) : THI{(X/S)) — I (I4X/S) x5 X)
7 :THIYX/S) xs X) =TX/S) xs T4(X/S) — I'(X/S)
is the identity. This follows from Proposition (4.10). O

Remark (5.5). In general, we do not have that I'{(X/S) = Image(px/s). It is
casily seen however that I'{(X/S)rea = Supp(¢x/s).

Proposition (5.6). The universal family @g(/s : TH(X/S) — T'(X/S) is étale of
rank d over I‘d(X/S)nondeg.

Proof. This is a special case of [I, Prop. 4.1.8]. O

Corollary (5.7). Let X/S be a separated algebraic space, T an S-space and o €
£§(/S(T) a family of cycles. If « is non-degenerate at t € T then there is an open
neighborhood U > t such that Image(a|y) — U is étale of degree d. In particular,
the non-degeneracy locus of « is open in T. Moreover, a|y is given by the canonical
family Nimage(aly) and the image of a|y commutes with arbitrary base change.

Proof. Follows immediately from Propositions (3.2) and (5.6). O
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Proposition (5.8). Let X/S be a separated family of smooth curves, i.e., X/S is
a separated algebraic space, smooth of relative dimension one. Then the universal
family (I)dx/s 18 locally free of rank d and generically étale.

Proof. The spaces I'{(X/S) and I'Y(X/S) are smooth of relative dimension d over
S [I, Prop. 4.3.3]. In particular, they are flat over S and we can check the statements
about @i/s on the fibers. Replacing S with a point s we can thus assume that S is a
point. Then T'4(X/S) and T'¢(X/S) are regular and in particular Cohen-Macaulay.
As @gl(/s is finite it follows that @gl(/s is flat, cf. [EGApy, Prop. 15.4.2], and hence
locally free. Moreover the connected components of (X/S)¢ are irreducible and their
generic points are outside the diagonals. Thus <I>§( /s is generically étale of rank d,

cf. Proposition (5.6). It follows that <I>§l</s is locally free of constant rank d. O

6. THE GROTHENDIECK-DELIGNE NORM MAP

In this section we briefly discuss the natural morphism Hilb%(X/S) — I'¢(X/S)
taking a flat subscheme to its norm family. We will call this map the Grothendieck-
Deligne norm map as it is introduced in [FGA, No. 221, §6] and [Del73, 6.3.4].
This morphism is closely related to the Hilbert-Chow morphism [GIT, 5.4] and the
Hilbert-Sym morphism [Nee91] as discussed in [IIT].

Definition (6.1). Let f : X — S be a separated algebraic space and T an S-
space. Let Qcohpf(X/S)(T) be the set of isomorphism classes of quasi-coherent
finitely presented Ox-modules which are flat and have proper support over T. We
let Qcohpf?(X/S)(T) be the subset of Qcohpf(X/S)(T) consisting of modules G
with support finite over T such that f,G is locally free of constant rank d.

The usual pull-back makes Qcohpf(X/S) and Qcohpf?(X/S) into contravariant
functors. It can be shown that Qcohpf(X/S) is the coarse functor to an algebraic
stack [LMBO00, Thm. 4.6.2.1] but we will not use this.

We have natural transformations

Hilb?(X/S) — Qcohpf(X/S)
Quot?(F/X/S) — Qcohpf?(X/5S)

Qcohpf?(X/S) — T4 (X/S)

where the first two are forgetful morphisms and the last is given by G — Ng. Here
N is the canonical family determined by G defined in (3.1). This gives morphisms
Hilb%(X/S) — I'“(X/S) and Quot?(F/X/S) — T'4(X/S).

When the canonical family is flat of rank d and generically étale, the morphism
Hilb%(X/S) — T%(X/S) is an isomorphism [Ive70, Thm. I1.3.4]. In particular
Hilb%(X/S) — I'%(X/S) is an isomorphism over I'(X/S) uondeg and an isomorphism
if X/S is a family of smooth curves, cf. Propositions (5.6) and (5.8)



14 DAVID RYDH

7. COMPOSITION OF FAMILIES AND ETALE PROJECTIONS

(7.1) Universal composition of laws — Consider the law M + ' (I'4 (M)) given
by x +— 7¢(y¥(x)). This law is homogeneous of degree de and thus gives a homo-
morphism

Kae @ T (M) — TG4 (M)).

Let M, N and P be A-modules. Given polynomial laws ' : M — Nand G : N —
P homogeneous of degrees d and e respectively, we form the composite polynomial
law GoF : M — P. If f : T%9(M) — N, g : I'%(N) — Pand g« f : T9%(M) — P
are the corresponding homomorphisms, we have that g * f = g o I'°(f) 0 Kqe.

When M, N and P are A-algebras, then k4. is an algebra homomorphism as
the polynomial law defining k4 . is multiplicative. When B is an A-algebra and C
a B-algebra, it is also convenient to let k4. be the natural map

Pi(C) = (T4 (C)) — T4(TE(0)).

This is the universal composition of a multiplicative law F' : C — B over B
which is homogeneous of degree d and a multiplicative law G : B — A which is
homogeneous of degree e.

Definition (7.2). Let X/Y and Y/S be separated algebraic spaces. Let T be
an S-space and «a € £§(/Y(Y xgT) and 8 € L'y, g(T) be families of cycles. Let
Zy = Image(a) — X xg T and Zg = Image(f) — Y xgT. Composing the
corresponding laws, we obtain a morphism

T— Fde(Zoz Xy xsT Zﬁ/T) — Fde(X Xg T/T)

and we let B xa € le;’/ 5(T') be the corresponding family. By definition Image(S3 *
) — Image(a) Xy x o7 Image(8). It is clear that the composition («, 5) — B *« is
functorial in 7" and hence we obtain a natural transformation

0 I56(—) x Ty (Y x5 =) = D¥/s(-).

of functors from S-schemes to sets. We define 3 * o for inhomogeneous families
similarly.

Proposition (7.3). Let X/Y, Y/S be separated algebraic spaces. Let T be an
S-space and let o € Tx /)y (Y x5 T) and 3 € LY, 5(T) be families of cycles.
(i) If f : X — X' is a Y-morphism, then
fu(Bxa) =B fa.

(ii) Let g : Y/ — Y be an S-morphism and g’ : X' — X be the pull-back of g
along X/Y . Let ' € Iy ,5(T) be a family of cycles. Then

(9:8") ¥ = g.(B x g")
(ili) If o' € Lk )y (Y xsT) and B' € L'y 5(T) are families of cycles, then
B+p)xa=pFra+f *a



FAMILIES OF ZERO-CYCLES II 15

Bx(a+ad)=Fxa+pxd.
Proof. (i) and (ii) are easily verified and (iii) follows from (i) and (ii). O

Remark (7.4). Let S = Spec(k) where k is an algebraically closed field. Let X/Y
and Y/S be algebraic spaces with families of cycles @ and 8 of degrees d and e
respectively. Then 8 =y1 +y2 + -+ ye and B*x a = ay, + 0oy, + -+ + 0y,

The following proposition also follows from the existence of product families in
Section 8.

Proposition (7.5). Let f : X — S be a separated morphism, let g : ¥ — S be
a finite and étale morphism and let o : S — T'*(X/S) be a family of zero-cycles.
Then Ny/s *g'a =« *NXXSY/X'

Proof. Tt is enough to show the equality after a faithfully flat base change. We
can thus assume that Y = S"" is a trivial cover. Then both sides of the identity
are equal to a; + as + - -+ + a,, where «; is the family « on the i*® component of
X xgY = X", O

Proposition (7.6). Let Y — S be a finite étale morphism and X — Y a separated
morphism. Then the morphism of presheaves

DXy (Y xs =) = Lk )5(-)

given by o — Ny o _*a, is an isomorphism. In particular, if Y and S are connected
then the degree of any family o € E}/S(T) is a multiple of the rank of Y — S.

Proof. As the presheaves are sheaves in the étale topology, we can replace S with
an étale cover and assume that Y = S is a trivial étale cover. We then have a
corresponding decomposition X = [[;; X; and any family o’ € I’y 5(T") decom-
poses as asum o’ = Y | o} where o is supported on X; x g 7. This gives a family
a = (aj) € Iy )y (Y xs T) which composed with the canonical family Ny x 7 is

o O
For completeness, we mention the globalization of (7.1).

Definition (7.7) (Universal composition of families). Let X/Y and Y/S be sep-
arated algebraic spaces and let d and e be positive integers. Consider the natural
projection morphisms

re(r(X/Y)/S) xs T X/Y) xy X
—TT4X/Y)/S) xs TYX/Y) — T4THX/Y)/S).
On the first morphism, we have the family idpea(x/v)/s) Xs @g(/y and on the

second we have the family <I>l‘id(
morphism

X/Y)/S" The composition of these families gives a

K TTUX/Y)/S) - TT4UX/Y) xy X/S).
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We let
Kyys @ TOY(X/Y)/S) — T (X/S)

be k' followed by the push-forward along the projection on the second factor.

Proposition (7.8). Let X/Y, Y/S be separated algebraic spaces, T an S-space
and let a € Egl(/y(Y xsT) and B € L'y 5(T) be families of cycles. Then

Bxa=r®oTa)o (8,idr).

Proof. Replacing X and Y with X xg7 and Y xg T we can assume that 7' = S.
Let 0 be the pull-back of the universal family @?d(x/y)/s along I'¢(a) o 5. Note

that k' o () o 8 corresponds to the family 5 * @g(/y. As B is the szh—forward
of 3 along the closed immersion a : Y — T9(X/Y), we have that 3 * @;l(/y is
the push-forward of 8 x a along a xy idy : X — T4X/Y) xy X. As x%€ is

the push-forward of ' along the projection I'*(X/Y) xy X — X, this ends the
demonstration. O

8. PRODUCTS OF FAMILIES
Given two families a : T — I'*(X/S) and 8 : T — I'*(Y/S) we construct a
product family a x 8 : T — I'*(X xgY/S). If a« = Y, ; and 3 = Zj B; then
ax =37 a;x B Moreover, a x f=ax (8 xsX)=px(axgY).

Lemma (8.1). Let X/S and Y/S be separated algebraic spaces. There is a natural
action of G4 x &, on (X/S)* x5 (Y/S)® permuting the factors. Let Sym®¢(X,Y)
be the geometric quotient [Ryd0T7]. If either both X/S and Y/S are flat or S is a
Q-scheme, then

Sym®¢(X,Y) = Sym?(X/S) xg Sym®(Y/S) = T4(X/S) x5 [*(Y/S).

Proof. Let n = d 4+ e and consider the action of &,, on (X I Y/S)". For any
decomposition n = d’ + €' there is an open and closed subset (X4 x Y¢')l((d:e))
which is invariant under the action of &,,. The quotient of this subset is the quotient
of X4 xY*® by gy xS, If X/S and Y/S are flat or S is a Q-scheme, then T’ = Sym
and we have that
Sym"(x 1Y) =[] Sym?(X/S) xsSym* (Y/S).
d' +e’'=n
The identity of the lemma then follows. O

Consider the morphism
71 (X)) x (Y/S)® — (X xgY)%

given by (m;,7;)1<i<d, 1<j<e- The composition of 7 with the quotient map (X xg
Y)4 — Sym®(X x5Y) is invariant under the action of G4 x &,. Thus, under the
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assumptions of the lemma, there is an induced morphism
p : Sym?(X/S) xg Sym®(Y/S) — Sym?(X xgY/S).

Proposition (8.2). The morphism p takes a pair of families (o, 3) to the family
a*(ﬁ XsX) :ﬁ*(a ><5Y).

Proof. Working étale-locally, we can assume that S = Spec(A), X = Spec(B) and
Y = Spec(C) are affine. As TS%(B)®4TSG(C) — T4 (B)®4T4(C) is injective by
the lemma, it is enough to show that the description of the morphism p is correct for
families factoring through (X/S)¢ — Sym?(X/S) and (Y/S)¢ — Sym®(Y/S). Let a
and b be T-points of (X/S)? and (Y/S)¢. Then a (resp. b) corresponds to sections
X1,%2,...,xq (resp. y1,Y2,...,Ye) of X xg T/T (resp. Y xg T/T). The image
by 7 of (a,b) is a T-point of (X xg Y)? corresponding to the sections (z;,;)i;-
Passing to the quotient, (a,b) is mapped to the pair of families (3, x;, >, y;) and
the image of this pair under p is Zij (xi,y;). As the composition commutes with
addition of cycles, it is now enough to show the equality for d = e = 1 and this case
is trivial. (]

Theorem (8.3). There is a canonical morphism I'4(X/S)xsT¢(Y/S) — I'**(X x5
Y/S) taking (o, 8) to a x f:=a*x (B xsX)=0x(axgY).

Proof. Working étale-locally, we can assume that S, X and Y are affine. Let
X — X' and Y — Y’ be closed immersions into schemes which are flat over
S. We have two morphisms I'Y(X/S) xg I'¢(Y/S) — TI'‘*(X x5 Y/S) given by
(o, 8) — ax (8 xgX) and («, 8) — B * (a xg Y) respectively. To show that these
coincide, it is enough to show that the compositions of these two morphisms with
(X xgY/S) — I'¢(X’ x5 Y’/S) coincide. This follows from Proposition (8.2)
as the composition commutes with push-forward. O

9. FAMILIES OF ZERO-CYCLES OVER REDUCED PARAMETER SPACES

The geometric points of I'“(X/.S) correspond to cycles of degree d. To be pre-
cise, if k is an algebraically closed field and s is a k-point of S, then the k-points of
I'Y(X/S) over s corresponds to the effective zero-cycles of degree d on (Xg)rea [,
Cor. 3.1.9]. To determine the k-points for an arbitrary field k, we have to charac-
terize the k-points which descends to k. If k is perfect, these points are the ones
corresponding to cycles invariant under the action of the Galois group Gal(k/k).
The k-points of I'*(X/.9) are thus effective zero-cycles of degree d on (X ) eqa Where
the degree is counted with multiplicity. The inseparable case is slightly more com-
plicated.

Definition (9.1). Let £ — K be a finite algebraic extension. There is then a
canonical factorization into a separable extension k — k, and a purely inseparable
extension ks — K. The separable degree of K/k is [ks : k] and the inseparable
degree is [K : k;]. The exponent of K/k is the smallest positive integer n such that
K™k is separable over k, i.e., the smallest positive integer n such that K™ C k.
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We let the quasi-degree of K/k be the product of the separable degree and the
exponent. We let the inseparable discrepancy be the quotient of the inseparable
degree with the exponent.

Remark (9.2). If k is of characteristic zero, then the inseparable degree, the expo-
nent and the inseparable discrepancy are all one. If k is of characteristic p, then
the inseparable degree, the exponent and the inseparable discrepancy are powers
of p. Let ds be the separable degree, d; the inseparable degree, p° the exponent,
d = [K : k] the degree, d, the quasi-degree and ¢ the inseparable discrepancy. Then

d=dyd;, d;=p°, d,=dp°, d=dg.

The inseparable discrepancy is one if and only if ks — K is generated by one
element, or equivalently, if and only if k£ <— K is generated by one element.

Example (9.3). The standard example of a field extension with exponent different
from the inseparable degree is the following: Let k = F,(s,t) and K = k'/P =
k(s'/P,t1/P). Then K/k has inseparable degree p? and exponent p.

Lemma (9.4). Let k — K be a finite algebraic extension of fields of characteristic
— kP K s

e

p. The exponent of K/k is the smallest power p® such that kP
separable.

Proof. Standard results on p-bases, cf. [Mat86, Thm. 26.7], show that if & — &’
is a separable algebraic extension then kP k' = k' °. Thus k¥ — kP "K is
separable if and only if ké’fs — k{EK is separable. This is equivalent to K7 C k;,
i.e., that K/k has exponent at most p°. O

The following proposition is a reinterpretation of [Kol96, Thm. 1.4.5] as will be
seen in Proposition (9.13).

Proposition (9.5). Let k — K be a finite algebraic extension with quasi-degree d.
Then k is equal to the intersection of all purely inseparable extensions k'/k such
that k' — Kk’ has degree at most d.

Proof. Let ds and p° be the separable degree and exponent of K/k. Let ky be the
intersection of all fields &’ such that k’'/k is purely inseparable and k¥ <— Kk’ has
degree at most d = dgp®. If k # ki we can find an element x € k; \ k such that
aP € k. Let k' be a maximal purely inseparable extension of k such that ¢ k'
Then kP k' C k/(«P ") by [Kol96, Main Lemma 1.4.5.5]. In particular the degree
of kP “k’/k' is at most p°. Note that by Lemma (9.4) we have that k7"~ < kP K
is separable and hence has degree ds. Thus Kk'/k’ has degree at most dgsp®. This
implies that x ¢ k; which is a contradiction. O

Proposition (9.6). Let k — K be a finite field extension. Then I'*(K/k) has at
most one k-point. It has a k-point if and only if the quasi-degree of K/k divides d.
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This k-point corresponds to the composition of the polynomial laws
Fisep : K — ks, b b/
F‘sep D kg — ka b Nks/k(b)

where d; is the separable degree of K/k and Ny_/i, : ks — k is the norm, cf. §3. In
particular, there is a k-point if [K : k] | d.

Proof. Let ds and p® be the separable degree and the exponent of K/k and k;
its separable closure. By Proposition (7.6) there is a one-to-one correspondence
between k-points of I'*(K/k) and ks-points of I'%% (K /k,). Replacing k with k,
and d with d/ds; we can thus assume that K/k is separably closed.

Let F : K — k be a polynomial law, homogeneous of degree d. Then K?° C k
and as F' is multiplicative we have that F(b)P" = F (b¥") = (bpe)d for any b € K.
As p'* roots are unique in k it follows that F(b) = b% € k. As K/k is purely
inseparable, it follows that p® | d. (Il

Definition (9.7). Let X/S be a separated algebraic space. Given a family of zero-
cycles « on X /S parameterized by an S-space T, we define the multiplicity of « at
a point € X xgT, denoted mult, («), as follows. Let ¢t € T be the image of z in 7.
The pull-back of the family to k(t) is then supported at Image(a;) = Supp(ay) =
{z1,29,...,2,} and given by the morphism

oy @ Spec(k(t)) — Fd(Supp(at)) = H Q rd: (Spec(k(z;))).
d1+d2+-~~+dn:dZ:1
As each of the schemes I'% (Spec(k(z;))) has at most one k(t)-point by Propo-
sition (9.6), the morphism «; is uniquely determined by the decomposition d =
dy +d2 + -+ - + d,. The multiplicity at x; is defined to be d;/[k(z;) : k(t)] and zero
at points outside Supp(«). As the support commutes with base change we have
that

Supp(a) = {z € X xg T : mult,(a) > 0}.
Definition (9.8). Let X/S be a separated algebraic space and let T be a S-space.

Given a family of zero-cycles a on X /S parameterized by T, we let its fundamental
cycle [a] be the cycle on X xg T with coefficients in Q given by

[a] = Z mult, (a) [m}
2€X X 5(Tmax)

where Ti,ax is the set of generic points of T

Proposition (9.9). Let X/S be a separated algebraic space and T a reduced S-
space. A family of zero-cycles o € Eg(/S(T) is then uniquely determined by its
fundamental cycle [o]. Moreover Supp(cr) = Supp([a]).

Proof. As every component of Z = Supp(a) dominates a component of T [I,
Thm. 2.4.6], the support of [« coincides with the support of a. As T is reduced,
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the morphism o : T — I'Y(X/S) is determined by its restriction to the generic
points of T. If € € Tiax then ag : k(§) — T'4(Supp(ag)) is determined by the
multiplicities at the points of Supp(ae) by Proposition (9.6). O

Definition (9.10). Let & be a field and X /k a separated algebraic space. Let Z be
a zero-cycle on X with coefficients in Q. The degree of Z at a point z € Supp(Z2)
is the product of the multiplicity of £ at z and [k(z) : k]. We say that Z is
quasi-integral if for any z € Supp(Z) the following two equivalent conditions are
satisfied
(i) The product of mult,(Z) and the inseparable discrepancy of k(z)/k is an
integer.
(ii) The degree of Z at z is an integer multiple of the quasi-degree of k(z)/k.
Note that if k is perfect then Z is quasi-integral if and only if it has integral
coefficients.

Proposition (9.11). Let k be a field and X/k a separated algebraic space. There is
a one-to-one correspondence between k-points of T*(X/k) and quasi-integral effec-
tive zero-cycles on X of degree d. This correspondence takes a family of zero-cycles
a onto its fundamental cycle [a].

Proof. Follows from the definitions and Proposition (9.6). O

Definition (9.12). Let k£ be a field and X/k a separated algebraic space. Let
Z =31, ai[Zi] be a zero-cycle on X with coefficients in Q. For a field extension
k' /k we define the cycle Zj on Xy = X X}, Spec(k’) as

Zpr = Z a;[Z; X, Spec(k')]
i=1
where [Z; X, Spec(k’)] is the fundamental cycle of Z; x Spec(k’), i.e., the sum of
the irreducible components of Z; X Spec(k’) weighted by the lengths of the local
rings at their generic points.

If @ € T9(X/k) and k' /k is a field extension, then [a]g = [ax/].

Proposition (9.13) ([Kol96, Thm. 1.4.5]). Let k be a field and X/k a separated
algebraic space. Let Z be a zero-cycle on X with coefficients in Q. Then Z is quasi-
integral if and only if k is the intersection of all purely inseparable field extensions
k' D k such that 2 has integral coefficients.

Proof. Follows immediately from Proposition (9.5). O

Remark (9.14). It is reasonable that an effective zero-cycle on X with integral
coefficients should give a family of zero-cycles on X/k. The above proposition
explains why fractional coefficients are also sometimes allowed. Indeed, let Z be an
effective zero-cycle on Xz with integral coefficients and let « be the corresponding
point in T4(X/k). If k' /k is a field extensions such that Z decends to X x Spec(k’)
with integral coefficients, then « is defined over k’. Thus the residue field of «



FAMILIES OF ZERO-CYCLES II 21

has at least to be small enough to be contained in all such field extensions k'.
Proposition (9.13) states that the residue field is not smaller than this.

10. FAMILIES OF ZERO-CYCLES AS MULTIVALUED MORPHISMS

In this section, we give an alternative description of families of zero-cycles on
AF-schemes as “multi-morphisms”.

Definition (10.1). A multivalued map f : X — Y is a map which to every z € X
assigns a finite subset f(z) C Y. The inverse image of W C'Y with respect to f is

W) ={zeX : f(z) S W}

A multivalued map f : X — Y of topological spaces is continuous if f~1(U) is
open for every open subset U C Y. A multivalued map f : X — Y is of degree at
most d if |f(x)| < d for every z € X.

Note that it is allowed for f(z) to be the empty set.

Definition (10.2). Let X be a topological space. A d-cover of X is an open cover
{U4} of X such that any set of at most d points of X is contained in one of the
U,’s. A d-sheaf on X is a presheaf F on X such that

FU)—— 11, FUs) == 11, s F(Ua NUp)

is exact for any open subset U C X and every d-cover {U,} of U. In other words, a
d-sheaf is a sheaf in the Grothendieck topology on X where the covers are d-covers.
A 1-sheaf is an ordinary sheaf.

Definition (10.3). Let f : X — Y be a continuous multivalued map of degree at
most d. If F is a presheaf of sets on X we let f.F be the presheaf U — F(f~1(U))
for every open subset U C Y. If F is a k-sheaf then f,F is a dk-sheaf. If F
is a dk-sheaf of sets on Y we let f*F be the associated k-sheaf to the presheaf

Uw— h_H)lVQf(U) F(V), where U C X is open and the limit is over all open subsets

V CY containing f(U). If F is a presheaf on X and Z C X is a finite subset, we
denote by
Fz = lim F(V)
V27
the stalk at Z.

It is not difficult to see, as in the single-valued case, that if f : X — Y is a
continuous multivalued map of degree at most d, then f* and f, are adjoint functors
between the categories of k-sheaves on X and kd-sheaves on Y and (f*F)z = Fy(q)-

Definition (10.4). Let X and Y be ringed spaces. A multi-morphism from X to
Y is a pair (f,6) consisting of a multivalued continuous map f : X — Y and a
multiplicative law (of presheaves) 6 : Oy — f.Ox over Z. We say that (f,8) is of
degree d if 6 is homogeneous of degree d.
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Remark (10.5). An ordinary morphism of ringed spaces is a multi-morphism of
degree 1. Given multi-morphisms f : X — Y and g : Y — Z we can form the
composition go f : X — Z. If f and g has degrees d and e respectively, then go f
has degree de.

Proposition (10.6). Let (f,0) : X — Y be a multi-morphism of ringed spaces.
There is a canonical partition X = Hdzo X4 of open and closed subsets Xq C X
such that f|x, is a multi-morphism of degree d.

Proof. This follows easily from Proposition (2.2). O

Definition (10.7). Let A be a semi-local ring and B be a local ring. A mul-
tiplicative Z-law A — B is called semi-local if the kernel of the composite law
A — B — B/mp is the Jacobson radical of A.

Note that if ¥ is an AF-scheme and Z C Y is finite, then the stalk Oy z is
semi-local.

Definition (10.8). Let X and Y be schemes. A multi-morphism from X to Y is a
multi-morphism of ringed spaces (f,#) such that Oy, (,) is semi-local and the law
0% - Oy, f(2) — Ox . is semi-local for every x € X.

Remark (10.9). If f : X - Y and ¢ : ¥ — Z are multi-morphisms of schemes,
then go f : X — Z is a multi-morphism of schemes if Oz ;(y(,)) is semi-local for
every r € X.

Proposition (10.10). Let (f,0) : X — Y be a multi-morphism of schemes. If
(f,0) has degree d, then the multivalued map f is of degree at most d. In particular,
there is a one-to-one correspondence between multi-morphisms of degree one and
ordinary morphisms of schemes.

Proof. If 6 is of degree d then so is 6%. The kernel of Oy.f(@) — Ox.o/my is by
assumption the Jacobson radical t of Oy f(;). Let B = Oy, f(;)/t. We thus have a
non-degenerate multiplicative law B — k(x) of degree d. This law factors through
a homomorphism B — B®g k(x) — B’ where B’ is a product of at most d fields [I,
Thm. 2.4.6]. As B — k(x) is non-degenerate, we have by definition that B — B’
is injective and thus B is a product of at most d fields. O

Definition (10.11). Let f = (f,0) : X — Y be a multi-morphism of schemes
and let n be a positive integer. We denote by n - f the multi-morphism (f,0")
from X to Y where " is the homomorphism 6 followed by taking the n'" power.
If f has degree d then n - f has degree nd. More generally, if f1,fs : X — Y are
multi-morphisms, we can define their sum f; 4+ fo : X — Y as the multi-morphism
(f1U f2,0102). If Oy, ¢, (2)ufs(2) Is semi-local, this is a multi-morphism of schemes.
If f1 and fo have degrees d; and dy respectively, then f; + fo has degree dy + ds.

Definition (10.12). Let X and Y be S-schemes with structure morphisms ¢x :
X — Sand oy : Y — S. We say that a multi-morphism (f,0) : X — Y
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is an S-multi-morphism if ¢y o f = ¢x as multivalued maps and 6 : Oy —
f+Ox is a ¢}, Og-law. Here the i Og-algebra structure on f.Ox is given by the
homomorphism Og — (¢x)«Ox = (¢y )« f«Ox and adjointness.

Proposition (10.13). Let ox : X — S and oy : Y — S be S-schemes. If
[+ X =Y is an S-multi-morphism of degree d, then oy o f =d - px.

Proof. The law defining ¢y o f is ¥ : Os — (py):Oyv — (py)«fOx. As
(0y)«Oy — (py)«f+Ox is an Og-law, it follows that 1/ is the d'" power of
O — (px).0x. 0

It is not true, unless X is reduced, that if f : X — Y is a multi-morphism
of S-schemes such that ¢y o f = d - ¢x, then f is a S-multi-morphism. This is
demonstrated by the following example.

Example (10.14). Let A = Z[x], B = Aly], C = A[e]/€%. Then it can be shown
that

Z]Zp, Ty Yps Ys, T X Y]
(# X y)? = 2ys(@ X y) + 2pyg + 23Yp — 4TpYp
where z, = y?(z), s =z x 1, y, = ¥*(y) and ys =y x 1. Let F : B — C be
a multiplicative Z-law of degree 2 and let f : I'2(B) — C be the corresponding
homomorphism. That the composite law A — B — C'is a — a? - 1¢ is equivalent
to f(7%(z)) = 2% and f(z4) = 22. This implies that

2
(f(zxy) —zf(ys))” =0.
In particular, f(y,) = f(ys) = 0 and f(x x y) = € defines a homomorphism such
that A — B — (' is taking squares. It is clear that F' is not an A-law as this would
imply that f(z x y) = zf(ys) = 0.

Theorem (10.15). Let X/S be any scheme and Y/S be an AF-scheme. There is
a one-to-one correspondence between S-multi-morphisms f : X — Y and families
of zero-cycles, i.e., morphisms a : X — I'*(Y/S). In this correspondence a family
of cycles a corresponds to the multi-morphism (f,0) such that

I%(B) =

(i) For everyx € X, the image f(x) is the projection of the support Supp(ax x
Spec(k(x))) — Y xg Spec(k(x)) onto Y.
(ii) For any affine open subsets VC S and U CY xgV, the law
o(U) : Oy(U) — Ox(f~1(U))
corresponds to the morphism
Al : 0 (THU/VY) = T (U/V).

Proof. To begin with, note that for any open U C Y, we have that f~1(U) =
a Y T2Y(U/9)). In particular, f is continuous. It is further clear that 6 is a
morphism of presheaves and that 6% is the law corresponding to Spec(Ox ) —
I'*(Spec(Oy, f(z))) where d is the degree of o at x. This law is semi-local by the
definition of f.
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We will now construct an inverse to the mapping o — (f,6). For this, we can
assume that S is affine and that 6 is homogeneous of degree d. As Y is an AF-
scheme, there is an open affine cover {Ug} of Y such that any d points of ¥ lie in
some Ug. This induces an open affine cover {I'4(Ug/S)} of I'(Y/S) [I, Prop. 3.1.10].
The laws 6(Ug) correspond to morphisms ag : f~1(Ug) — I'Y(Us/S). The semi-
locality of @ ensures that if z € f~!(Up) then the projection of Supp(ag), onto Ug
is f(x). In particular, oz[;l (T4 (Ug/S)) = f~(Us N Ug). Thus the ag’s glue to a
morphism a : X — T'%(Y/S) which corresponds to (f,6). O

Remark (10.16). Let X/S, Y/S and T'/S be schemes. Given two multi-morphisms
f:T—Xandg: T — Y over S, there is an induced multi-morphism (f,g) :
T — X xg Y. This is given by taking the product a x g of the corresponding
families @ and §. If f and g have degrees d and e, then (f,g) has degree de and
the composition of (f,g) and the first (resp. second) projection is e f (resp. d-g).
In particular, m1 o (f,g) = f and 73 o (f, g) = g as topological maps.

11. SHEAVES OF DIVIDED POWERS

Let X/S be a separated algebraic space and let F be a quasi-coherent Ox-
module. In this section we construct a canonical quasi-coherent sheaf I'*(F) on
I'Y(X/S). This is a globalization of the construction of the I'4 (B)-module I'4 (M)
for an A-algebra B and a B-module M. The sheaf T'Y(F) has been constructed by
Deligne when X/S is flat [Del73, 5.5.29].

Proposition (11.1). Let X/S be a separated algebraic space and let F be a quasi-
coherent Ox-module. There is then a canonical quasi-coherent sheaf T4(F) on
IYX/8S). If f : X' — X is étale, then there is a canonical isomorphism

P Flves(s) = (felves) ™ TU(F).
If X/S is affine, then T'(F) is canonically isomorphic to T'é_(F).

Proof. We will construct T'(F) through étale descent via the étale equivalence
relation

Hrd(Ua Xx Ug/S)|reg —= Hrd(Ua/S”reg ——T9(X/S)
a,B a

for an étale covering {U, — X} [I, 3.3.16.1]. If the U,’s are affine then so are the
U xx Ug’s. The proposition thus follows after we have showed that

(11.1.1) Los(F 7 F)lrestry = (filveg) ' Th, (F)

is an isomorphism for any étale morphism f : X’ — X of affine schemes. Let
Y = V(F) = Spec(S(F)). Then

(11.1.2) PUY xx X'/S)|reg(r) = (fulreg) ' TU(Y/S)

is an isomorphism [I, Cor. 3.3.11]. As F is a direct summand of Oy, it follows
from (11.1.2) that (11.1.1) is an isomorphism. O
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12. WEIL RESTRICTION AND THE NORM FUNCTOR

In this section, we globalize and generalize the results of Ferrand on the norm
functor [Fer98]. Let Spec(B) — Spec(A) be a finite faithfully flat and finitely
presented morphism of constant rank d. In this situation Ferrand constructs a
norm functor Ng,4 from B-modules to A-modules which is uniquely determined
by the following properties:

(i) Npsa(B) = A and the image of the multiplication by b in B is the multi-
plication by Npg/4(b) in A, cf. §3.

(ii) The norm functor commutes with base change, i.e., for any A-algebra A’,
denoting B’ = B®4 A’, we have that the functors

MHNB/A(M)(X)AA/ and MHNB//A/(M@)BBI)

are isomorphic.

The functoriality gives a polynomial law v : M — Np/4(M), homogeneous of
degree d, which is compatible with the polynomial law Np, 4. If C is a B-algebra
then Np,4(C) is an A-algebra. Ferrand constructs Ng,4(M) as the tensor product
e (M) ®ra 3y A where the 'Y (B)-algebra structure of A is given by the determi-
nant law Np/4 : B — A.

Given algebraic spaces X/S and Y/S together with a family of cycles a : ¥ —
I'*(X/S) we will construct a norm functor N, : Cx — Cy. Here C is one of the
following fibered categories over the category of algebraic spaces:

e The category of quasi-coherent modules QCoh.

e The category of affine schemes Aff.
e The category of separated algebraic spaces AlgSp.

In Ferrand’s setting, S = Y is affine, X/S is finite flat of constant rank d and
a = Nx/g is the canonical family given by the determinant, cf. Definition (3.1).
We construct the generalized norm functor in the obvious way:

Definition (12.1). With notation as above, we let N, (W) = o*I™*(W/S) where
W e Cx. If W is an algebraic space, we let v, (W) be the induced family of cycles
Vo(W) : No(W) — T*(W/S) as in the diagram below:

rw/s) £ N o)

| =]
I*(X/S) +—— Y.

When W is a quasi-coherent Ox-module, we let v, (W) be the induced homomor-
phism I'™ (W) — a,No (W) on T*(X/S).

Remark (12.2). When W/X is étale (or unramified) it is possible to define a “reg-
ular norm functor” using No (W )ieg = o (I*(W/S)1eg)-
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Remark (12.3). If Z/S is a third space and 8 : Z — I'®(Y/S) is a family of cycles,
there is a functorial morphism Ng(No(W)) — Naog(W) but this is not always an
isomorphism, cf. [Fer98, Ex. 4.4].

When W/X is a space, it is useful to think of N, (W) as the pull-back of W
along the multi-morphism « as in the following diagram:

w <= DN, )
X+ -~ -V

Proposition (12.4). With notation as above, let W/X be a space and Y' be a
Y -scheme. The Y'-points of No(W) corresponds to the set of liftings of the family
of cycles axy Y’ to a family of cycles B : Y' — T*(W/S). In other words, it is the
set of liftings of the multi-morphism o Xy Y’ to a multi-morphism 3 in the diagram

W "N (W) e Na (W) xy Y

Lo

X¢ % oYe— =y

If « is non-degenerate, the lifting B is non-degenerate and the Y'-points of No (W)
correspond to sections of W — X over Image(a) xy Y/ — X xgY'. If W/X
is unramified, the Y'-points of No(W)ieg correspond to sections of W — X over
Image(a xy Y').

Proof. The correspondence follows from the construction of N, (W). The last two
assertions are immediate consequences of the definitions of non-degenerate families
and regular families [I, Defs. 4.1.6 and 3.3.3] taking into account that Image(a xy
Y’) = Image(a) Xy Y’ when « is non-degenerate, cf. Corollary (5.7). O

Definition (12.5). Let X — Y and W — X be morphism of algebraic spaces.
The Weil restriction Rx,y (W) is the functor from Y-schemes to sets that takes
an Y-scheme Y’ to the set of sections of W xy Y/’ — X xy Y.

Corollary (12.6) ([Fer98, Prop. 6.2.2]). Let X — Y be a morphism and o : Y —
I'*(X/Y) a family of cycles. Let W be an algebraic space separated over X. There is
then a canonical morphism Rx y (W) — No(W) which is functorial in W. Assume
that X —Y is finite and étale and that o = Nxy is the canonical family given by
the determinant. Then the above functor is an isomorphism.

Proof. Follows immediately from Proposition (12.4) as « is non-degenerate and
hence Image(a xy Y') = Image(a) Xy Y/ = X xy Y. O

Corollary (12.7). Let f : X — Y be a finitely presented morphism such that
there exists a family of zero-cycles a : Y — I (X/Y') with Supp(a) = Xred, €.9., f
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finite and flat, or Y normal and f finite and open. If W is an étale and separated
scheme over X, then No(W)ieg coincides with the Weil restriction Rx,y (W). In
particular, the canonical morphism Rx /vy (W) — No(W) is an open immersion.

Proof. Note that Image(a xy Y') has the same support as X Xy Y’. As W/X is
étale, any section of W/X over Supp(a Xy Y’) thus lifts to a unique section over
X xy Y. 0

Example (12.8). The following counter-example, due to Ferrand [Fer98, 6.4],
shows that even if W/X is finite and étale and X/Y is finite and flat, but not
étale, it may happen that Nu(W)ee € No(W) is not an isomorphism and that
N, (W) =Y is not étale.

Let X = Spec(L) — Y = Spec(K) correspond to an inseparable field extension
K C L of degree d. Let W = X"4  Then there is a closed point in N, (W)
with residue field L. This point corresponds to the family s; + so + - -+ + s; where
s; : Spec(L) — W is the inclusion of the i*® copy. Thus N, (W) — Y is not étale
and as No(W),eg — Y is étale the subset No(W)iee € No(W) is proper.
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