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ABSTRACT. We show that for each algebraic space that is separated and of finite
type over a field, and whose affinization is connected and reduced, there is a uni-
versal morphism to a para-abelian variety. The latter are schemes that acquire
the structure of an abelian variety after some ground field extension. This gener-
alizes classical results of Serre on universal morphisms from algebraic varieties to
abelian varieties. Our proof relies on corresponding facts for the proper case, to-
gether with the structural properties of group schemes, removal of singularities by
alterations, and ind-objects. It turns out that the formation of the Albanese vari-
ety commutes with base-change up to universal homeomorphisms. We also give a
detailed analysis of Albanese maps for algebraic curves and algebraic groups, with
special emphasis on imperfect ground fields.
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INTRODUCTION

The Albanese variety and the Albanese map are fundamental objects in algebraic
geometry. Originally, the construction was purely transcendental, depending on
path integrals over closed holomorphic one-forms. In the form given by Blanchard
8], it is the universal holomorphic map f : X — Alb(X) from a compact connected
complex space X endowed with a base-point z to a complex torus A = Alb(X),
where the image of xq € X is the zero element 0 € A.

Over arbitrary ground fields k, Albanese maps for proper varieties and schemes
were constructed by Matsusaka [42] and Grothendieck [33], by using the Picard
scheme. In the absence of rational points xq € X, however, notorious complications
arise. These problems are particularly severe over imperfect fields k of characteristic
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p > 0, when X may become geometrically non-reduced. From my perspective, it is
important to have the Albanese map in full generality, over imperfect fields and for
geometrically non-reduced schemes, and without the troublesome burden of base-
points, to apply it in the theory of group schemes and their torsors, and also for
questions on generic fibers in Mori fibrations, for example related to [13] or [28].

To circumvent these issues, and to clarify the classical situation as well, one has
to replace abelian varieties by the so-called para-abelian varieties. The latter are
schemes P such that for some field extension k& C k', the base-change P’ = P ®, k’
admits the structure of an abelian variety. Apparently, the name was coined by
Grothendieck, but did not gain widespread use ([33], Theorem 3.3). Roughly speak-
ing, these schemes are like abelian varieties, but may lack rational points and group
laws. This notion, which I find very clarifying, was in the above form introduced
and analyzed in [40], where we constructed for any proper algebraic space X with
h°(Ox) = 1 a universal morphism f : X — Alby/, to a para-abelian variety. The
defining property of this Albanese map is that it induces an isomorphism between
mazimal abelian subvarieties inside the Picard schemes. These Albanese maps have
excellent properties: They are functorial in X, commute with ground field exten-
sions k C k’, and are equivariant with respect to the action of the group scheme
Autx/k.

After the completion of the present work, I learned that Albanese maps where
also constructed in the setting of algebraic stacks by Brochard ([14], Section 7 and
8). They take values in commutative group stacks that combine abelian varieties
and finite group schemes, and exist under the condition that Pic’ , is proper (loc.
cit. Theorem 8.1).

The goal of this paper is to extend the theory of Albanese maps by removing the
assumption that X is universally closed. In other words, given a scheme or more
generally an algebraic space U that is separated and of finite type, we seek a universal
morphism to a para-abelian variety. The first main result of this paper gives a rather
comprehensive answer:

Theorem. (See Thm. 5.4) Let k be an arbitrary ground field, and U be an al-
gebraic space that is separated and of finite type. Suppose the affinization UM =
Spec (U, Oy) is connected and reduced, and that k coincides with the essential field
of constants for U. Then there is a universal morphism f : U — Alby, to a
para-abelian variety, which is functorial in U.

This extends results of Matsusaka [42] and Serre [59] on universal maps from al-
gebraic varieties to abelian varieties, obtained in classical language, compare also
the discussion of Esnault, Srinivas and Viehweg [26]. It also generalizes more re-
cent results of Wittenberg ([63], Appendix) and Achter, Casalaina-Martin and Vial
([1], Appendix in the first arXiv version), where geometrically reduced schemes are
treated. The latter had in the mean time also obtained further results [2], which
also show that our assumption on the affinization U and k are inevitable. Also
note that there are numerous generalizations in connection with Albanese maps, for
example involving a modulus (for example Serre [60], Onsiper [50], Russell [54]), or
in relation to cycles (I just mention Samuel [56], Murre [47], Bloch [9] and Kahn
[34]), but such matters are beyond the scope of this paper.
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Our assumption on the essential fields of constants, a concept introduced in Sec-
tion 5 that appears to be of independent interest, ensures that for all compactifica-
tions U C X we have h’(0x) = 1. Note that this automatically holds after passing
to a finite field extension inside the ring I'(U, Oy ).

The main idea for the proof of the theorem is conceptual and direct: We consider
compactifications i) : U — X, and the resulting mazimal abelian subvarieties Ay
inside the Picard schemes Picy, ;. The existence of compactifications goes back
to Nagata [48]; for algebraic spaces this was more recently established by Conrad,
Lieblich and Olsson [20]. The collection (X}, iy)xer of all compactifications is, up
to isomorphism, a filtered ordered set, and we get an ind-object of abelian varieties
(Ax)rer. Note that the concept of ind-objects plays a crucial role in several category-
theoretic constructions of Grothendieck. We then use results of de Jong [22] on
removal of singularities by alterations, together with other results on the behavior
of Picard schemes, to show that (Ay)xer is essentially constant. It follows that
for sufficiently large A, the Albanese varieties Albx, /; do not depend on the index.
These give the desired Albanese variety Alby/;, whose universal property easily
follows from the theory of rational maps.

Recall that in differential topology, an open manifold is a manifold without bound-
ary whose connected components are non-compact. In analogy, one may call an al-
gebraic space that is separated and of finite type but not proper an “open algebraic
space”, as occurring in the title.

There is a crucial difference between the proper and the open situation: In the lat-
ter case, the category Cpt(U) of all compactifications usually changes under ground
field extension k C k' in a significant way, for lack of initial object. It is therefore
a priori unclear how the Albanese map behaves under ground field extension. Our
second main result clarifies this:

Theorem. (See Thm. 6.1) For arbitrary k C k', the comparison map Albygp /i —
Alby i, @K' is a finite universal homeomorphism. It is an isomorphism provided that
the extension k C k' is separable.

We shall see that over imperfect fields k, the Albanese variety may indeed change
upon inseparable extensions. This phenomenon already appears for algebraic curves
C, if the canonical compactification C by regular points at infinity is not geometri-
cally regular at infinity, as we show in Theorem 7.5.

Our theory of Albanese maps also has consequences for algebraic groups, that
is, group schemes G of finite type. For smooth G the existence of an Albanese
map is a classical result, obtained in various degrees of generality by Barsotti [6],
Rosenlicht [53] and Chevalley [17]. Modern accounts are given by Conrad [18] and
Brion [12], but the general case was apparently not covered so far. FEach algebraic
group @ sits in a central extension 0 = N — G — G* — 1, where the kernel N of
the affinization map is anti-affine, a notion introduced and analyzed by Brion [11].
Our theory of Albanese varieties applies provided that G* and equivalently G are
reduced and connected.

Theorem. (See Thm. 8.5) Suppose that G is reduced and connected. Then Albg, =
N/N', where N C N s the smallest subgroup scheme such that N/N' is proper and
the induced projection G/N' — G*T admits a section.
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Note that the section, if it exists, does not necessarily respect the group laws.
So the group scheme GG/N’ has as underlying scheme N/N’ x G* and the group
law arises from the product group law by modifying it with a Hochschild cocy-
cle from Z?(G* G/N'). The result seems to be relevant in connection with the
pseudo-abelian varieties. These are certain extensions of smooth connected unipo-
tent group schemes by abelian varieties, introduced and studied by Totaro [62]. Us-
ing reduced connected unipotent group schemes U, supersingular abelian varieties
N, and Hochschild cohomology we construct in Proposition 8.7 algebraic groups
whose Albanese map does not respect the group law.

The paper is structured as follows: In Section 1 we recall generalities on compact-
ifications, Macaulayfications, and resolution of singularities by alterations, as well as
the theory of para-abelian varieties. Section 2 contains an analysis of the cokernels
of Picard schemes for modifications f : X — Y, in particular if Y is regular. This is
used in Section 3, to understand the effect on the abelian part of the Picard scheme.
In Section 4 we briefly recall the notion of ind-objects, and give a characterization
of ind-objects of abelian varieties that are essentially constant. Using this, we con-
struct in Section 5 the Albanese map for an algebraic space U that is separated and
of finite type, in terms of the system of its compactifications (Xy,7,). In Section 6
we study the behavior of the Albanese variety under ground field extensions. The
last two sections study algebraic curves and algebraic groups, respectively.

Acknowledgement. I wish to thank Brian Conrad and the referee for careful read-
ing and many valuable remarks, which helped to improve the paper, and Sandor
Kovécs for pointing out a gap in my application of his results in [39]. This research
was conducted in the framework of the research training group GRK 2240: Algebro-
Geometric Methods in Algebra, Arithmetic and Topology, which is funded by the
Deutsche Forschungsgemeinschaft.

1. RECOLLECTIONS AND GENERALITIES

Let S be a base scheme, and write (Aff/S) for the category of S-schemes that are
affine. Recall that an algebraic space is a contravariant functor X : (Aff/S) — (Set)
that satisfies the sheaf axiom with respect to the étale topology, for which the
diagonal monomorphism X — X x X is relatively representable by schemes, and
such that there is an étale surjection U — X from some scheme U. Algebraic
spaces are important generalizations of schemes that in many situations allow more
freely the formation of quotients. Those that are representable by schemes are called
schematic. We refer to the monographs of Artin [4], Knutson [37], Olsson [49] and
the stacks project [61] for a comprehensive treatment.

Let X be an algebraic space. Although not immediate from the definition, it
comes with a topological space, and I want to discuss this matter first: A point is
an equivalence class of some morphism a : Spec(K) — X, where K is a field, and
the equivalence relation is generated by the factorization relation. The set of all
points is denoted by | X|. It is endowed with the Zariski topology, which is the finest
topology that renders all maps |U| — |X| continuous, where U — X runs through
the étale maps from schemes U. If our algebraic space is schematic, each a € | X|
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has via the image x € X a canonical representation by Spec k(z) — X, so the above
| X| can be identified with the usual underlying topological space of X.

A geometric point is a morphism a : Spec(f2) — X for some algebraically closed
field €2. Note that here we do not pass to equivalence classes. Such morphisms
lift through every given étale surjection U — X from a scheme U. The lift is not
unique, in general, but gives a point u € U, and the relative separable closure for the
inclusion k(u) C €2 depends only on the point a € |X| represented by the geometric
point a. We denote this by x(a)*P. Likewise, we write ﬁ%a for the resulting strictly
henselian local ring, where the residue field k(a)*P is separably closed.

Let Y be a noetherian algebraic space. Then there is a dense open subspace
U C X that is isomorphic to a scheme ([49], Theorem 6.4.1). As explained above,
we may regard the generic points n € | X| as generic points n € X. A modification is
a proper morphism f : X — Y such that f~!1(V) — V is an isomorphism for some
dense open set V' C Y, and that f induces a bijection between the sets of generic
points. These are just the proper birational morphisms, in case Y is integral. An
alteration is a proper morphism f : X — Y such that f~'(V) — V is a finite
surjection for some dense open set V' C Y, and that f induces a bijection between
the sets of generic points. Let us now recall and collect three deep and fundamental
results:

Theorem 1.1. Suppose the base scheme S = Spec(R) is the spectrum of a noe-
therian ring. Let' Y be an algebraic space that is separated and of finite type over

S.

(i) There is an open embedding of algebraic spaces Y C'Y with Y proper.
(ii) If the ring R admits a dualizing complex, there is a modification f : X — Y
with X Cohen—Macaulay.
(iii) If R is excellent of dimension < 2 and Y is reduced, there is an alteration
f: X =Y with X regular.

In the above, one moreover may choose X with an ample invertible sheaf.

The embedding in statement (i) is usually called Nagata compactification. The
above general form is due to Conrad, Lieblich and Olsson (]20], Theorem 1.2.1).
Note that the case of schemes was already treated by Liitkebohmert [41]. The other
two statements are reduced to the case where Y is a scheme with Chow’s Lemma,
which was established by Rydh for algebraic spaces ([55], Theorem 8.8). Morphisms
f X — Y as in (ii) are called Macaulayfications. Under certain assumptions,
such maps where first constructed by Faltings [27]. The above general form was
established by Kawasaki [36]. Further generalizations, without assumptions on the
dualizing complex of R, were recently obtained by Cesnavicius [15]. Result (iii)
is due to de Jong ([22], Corollary 5.15). The case of ground fields was already
established earlier ([21], Theorem 4.1). Throughout the paper, we will freely use the
above facts.

A scheme P over some field k is called a para-abelian variety if some base-change
P’ = P® k" admits the structure of an abelian variety. This notion seems to go back
to Grothendieck ([33], Theorem 3.3), in somewhat different but equivalent form, and
was thoroughly studied in [40]. It turns out that the para-abelian varieties P are
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precisely the torsors over abelian varieties G, which is the more traditional point
of view. The crucial fact here is this additional structure of G and its action on
P can be reconstructed, in an intrinsic way, from the para-abelian variety: Inside
Autpy,, the group scheme G is the inertia subgroup scheme with respect to Picp
(loc. cit. Theorem 5.3, which actually works in a relative setting). Note that the
para-abelian varieties P are projective, smooth, and connected, but may lack group
laws and rational points. In fact, the group laws on base-changes P’ correspond to
the elements €’ € P(k’) (loc. cit. Proposition 4.3). Also note that Pic(])g/k = Picp,
according to [46], Corollary 2 on page 178.

Let X be an algebraic space over some base scheme S whose structure morphism
X — S'is proper, flat, of finite presentation and cohomologically flat in degree d = 0.
The latter means that f.(Ox) is locally free of finite rank, and that its formation
commutes with base-change. Then the sheafification of the functor R — Pic(X ® R)
with respect to the fppf topology is representable by an algebraic space Picy,g, which
is locally of finite presentation ([3], Theorem 7.3). Moreover, the subsheaf Pic’/q
stemming from fiberwise numerically trivial sheaves is representable by an algebraic
space that is of finite presentation, and the inclusion is an open embedding ([40],
Theorem 2.1). This subsheaf is stable with respect to the action of the relative
automorphism group scheme.

A family of para-abelian varieties is a proper, flat morphism P — S of finite
presentation, where the total space P is an algebraic space, and all fibers are para-
abelian varieties. Then the subgroup scheme GG C Autp,g that acts trivially on
Picpg is a family of abelian varieties (also known as abelian schemes), its action on
P is free and transitive, and we have an identification Picp, g = Picg,/g ([40], Section
5). Here Autp/g denotes the relative automorphism group scheme for P over the
base scheme S. A morphism f : X — P to a family of para-abelian varieties is
called an Albanese map if the resulting f* : Picp ¢ — Pick /g is a monomorphism
and identifies the abelian varieties A, = Picp g ®k(s) with the mazimal abelian
subvarieties ([40], Section 7) inside the group schemes Gy = Pick g ®k(s), for all
points s € S. If it exists, it is universal for morphisms into families of para-abelian
varieties. We then set Alby,s = P and call it the family of Albanese varieties. Over
ground fields, the existence is automatic ([40], Corollary 10.5, compare also [14]
Theorem 8.1):

Theorem 1.2. If S = Spec(k) is the spectrum of a field, then every proper algebraic
space X with h°(Ox) =1 has an Albanese map X — Albx /. Moreover, the forma-
tion of the Albanese variety Albx, is functorial in X, equivariant with respect to
the action of the group scheme Autx,, and commutes with ground field extensions.

Note that indeed the group scheme Autyx/;, which in positive characteristics could
be non-regular and even non-reduced, and not only its group of rational points
acts on the Albanese variety, thanks to our treatment of the relative setting ([40],
Corollary 10.3).

Before we proceed, recall that a group scheme U over a ground field k is called
unipotent if the base change U ® k8 admits a composition series whose quotients
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embed into the additive group G, yaz. For more details, we refer to [25], Exposé
XVII, Section 1.

Now let A : P, — P, be a morphism between para-abelian varieties over a ground
field k. Write G; C Autp,, for the subgroup schemes that act trivially on Picp, Ik
Then there is a unique homomorphism h, : G; — G5 between these abelian varieties
that makes h equivariant with respect to the resulting Gi-actions ([40], Proposition
5.4). Let A; = Picg, ), be the dual abelian varieties, and h* : Ay — A; be the
induced homomorphism. These maps are related as follows:

Proposition 1.3. In the above situation, the following equivalences holds:
(i) h is surjective < h, is surjective < h* is finite.
(ii) h is finite < h, is finite < h* is surjective.
(iii) h has geometrically connected fibers < Ker(h,)™ is local < Ker(h*)*T is
unipotent.

Proof. Tt suffices to treat the case that k is algebraically closed. Then there is a
rational point a; € P, giving identifications P; = G;. So h, = h, and we thus may
start with a homomorphism h : G; — G2 of abelian varieties. Moreover, Im(h) and
Coker(h) are abelian varieties, and N = Ker(h) is proper. These are related by
three short exact sequences:

0—G—N-— N/G—0,
0 — Im(h) — G — Coker(h) — 0,
0— N — Gy — Im(h) — 0.

The kernel G of the affinization map N — N2 is connected and smooth ([23],
Chapter 11, 8.2). It is also proper because N is proper. Thus N is an extension of the
finite group scheme N/G by the abelian variety G. Now recall that for any abelian
variety B, the dual abelian variety B* = Picp, represents the sheaf Ext! (B, G,,),
as explained in [44], Appendix, and that Hom(B, G,,) = 0. Moreover, for any finite
group scheme H, the Cartier dual H" represents the sheaf Hom(H, G,,).

Applying the contravariant functor Hom(+, G,,) to the above short exact sequences
and using Lemma 1.4 below, we obtain identifications Ext'(N,G,,) = G* and
Hom(N,G,,) = (N/G)Y, together with exact sequences 0 < Im(h)* < G} <«
Coker(h)* < 0 and 0 <+ Ext'(N,G,,) + G} < Im(h)* + Hom(N,G,,) + 0. In

turn, we get a commutative diagram where the sequences with kinks are exact:

0 G* — GT D ]1* ________ G; — Coker(h)* +— 0

0 (N/G)Y +— 0

Using the Snake Lemma, we see that Ker(h*) is an extension of the abelian variety
Coker(h)* by the finite group scheme (N/G)Y. Consequently h is surjective if and
only if Ker(h*) is finite, which gives (i). Assertion (ii) follows from biduality ([46],
Corollary on page 132). Equivalently, one may argue that h is finite if and only if
G* = 0, which means that h* is surjective.
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It remains to check (iii). First observe that h : G; — G2 has geometrically
connected fibers if and only if the finite group scheme H = N/G is connected. De-
compose H = H,, ® H, into its multiplicative and unipotent parts, and furthermore

H, =H’ ®H and H,=H® Hf

into connected and étale parts. Such decompositions indeed exist since k is al-
gebraically closed ([23], Chapter IV, §3, Theorem 1.1). The Cartier duals of the
connected group schemes H° and H? are unipotent, whereas the étale parts HE,
and H¢ have multiplicative Cartier duals. This gives (iii). O

In the above proof, we have used the following fact:

Lemma 1.4. For each inclusion of abelian varieties A C B over a ground field k,
the induced map Ext'(B,G,,) — Ext'(A,G,,) is surjective. For each finite group
scheme H, the sheaf Ext'(H,G,,) vanishes.

Proof. Note that for both statements one may replace the ground field £ by any finite
field extension. So by Poincare’s Complete Reducibility Theorem ([46], Theorem 1
on page 173), we may assume that there is another abelian subvariety A’ such that
A® A" — B is surjective, with finite kernel N. Choose an integer n > 1 that
annihilates the group scheme N. In the long exact sequence

... — Ext'(B,G,,) — Ext'(4,G,,) ® Ext'(4",G,,) — Ext(N,G,,) — ...,

the term on the right is annihilated by n, whereas the cokernel for the map on the
left is an abelian variety. It follows that the map on the right is zero, thus the map
on the left is surjective. Actually, the group Ext'(N,G,,) vanishes, as we are about
to show.

Concerning H, we have to show that each 0 — G,, g =+ E — Hr — 0 over
some ring R splits after base-change with respect to an fppf extension R C R'.
According to [23], Chapter IV, §3, Theorem 1.1 there is a short exact sequence
0 — H — H — H” — 0 where H' is unipotent and H” is multiplicative. The
arguments for [40], Proposition 6.1 show that Ext'(H” G,,) = 0. It remains to
treat the case that H is unipotent. In characteristic p = 0 the finite group scheme
H must be trivial, so we assume p > 0. After enlarging the ground field k, we
may assume that H admits a composition series whose quotients are isomorphic to
(Z/pZ), or ay,, which reduces the problem to these two particular cases. In both
cases, the Kummer sequence yields a long exact sequence

... — Ext'(H, u,) — Ext'(H,G,,) 2 Ext'(H,G,,) — ...,

where the map on the right is zero. It thus suffices to verify that each extension 0 —
pp.r — E — Hp — 0 splits over some fppf extension R C R'. For H = (Z/pZ),
this happens if we trivialize the fiber of & — Hpg over the 1-section, which is a
fp, r-torsor. For H = oy, we pass to the extension 0 — a, p — E' — (Z/pZ)r — 0
of Cartier duals, and argue in the same way. O

2. MODIFICATIONS AND REGULARITY

Let k be a ground field of arbitrary characteristic p > 0, and f : X — Y be a
proper morphism between algebraic spaces that are separated and of finite type over



ALBANESE MAPS 9

the ground field k, with 0y = f.(Ox). By the projection formula, the induced map
on Picard groups is injective, giving an inclusion Pic(Y) C Pic(X). The goal of this
section is to study the resulting quotient.

Throughout, we are mainly interested in the case that Y is reqular. In other
words, the Krull dimension of Oy, coincides with the dimension of the cotangent
space m/m?, for all points b € Y. But note that ¥ may fail to be geometrically
regular, and it actually may be geometrically non-reduced. We start with a simple
observation:

Proposition 2.1. If f : X — Y is a modification with Y reqular and X normal,
then the group Pic(X)/ Pic(Y') is finitely generated.

Proof. The exceptional locus E = Supp(Q5 /Y) has codimension at least one, and
its image Z = f(F) has codimension at least two. In turn, the inclusion Pic(Y) C
Pic(X) comes with a canonical retraction, sending an invertible sheaf £ to the
bidual f,(Z)"V. It follows that Pic(Y) has a canonical complement inside Pic(X),
given by the isomorphism classes of invertible sheaves of the form . = Ox (D),
where D is a Cartier divisor supported by E.

Write Divg(X) for the group of Cartier divisors supported on E. Then the image
of Divg(X) — Pic(X) is the complement for Pic(Y). Since X is normal, the map
Div(X) — Z'(X) sending a Cartier divisor to the resulting Weil divisor is injective.
This gives an inclusion Divg(X) C @._, ZE;, where E\, ..., E, are the irreducible
components of codimension one contained in the exceptional locus E. Thus Divg(X)
is free and finitely generated, so its image in Pic(X) is at least finitely generated. [J

For Y proper we now consider the group schemes Picy, /x> Which are of finite type,
and likewise for X. The formation of f.(0x) commutes with flat base-change. It
follows that for each k-algebra R, the map Oygr — (f ® idg).(Oxgr) is bijective
as well, and the same holds for the multiplicative sheaf of units. In turn, the map
on Picard groups Pic(Y ® R) — Pic(X ® R) is injective. Consequently, the map
I : Picyr, — Picx, between sheafifications is a monomorphism. It is thus a closed
embedding by [24], Exposé VIg, Corollary 1.4.2. The short exact sequence

0 — Picy ), — Pick, — Q@ — 0
defines another group scheme @) of finite type.

Theorem 2.2. If f: X — Y is a modification with Y proper and reqular, then the
group scheme @) defined above is affine.

Proof. Tt suffices to check this after some ground field extension k& C k' for which
Y ® k' remains regular. So from now on, we assume that k is separably closed.
Seeking a contradiction, we assume that @) is not affine. Then the kernel of the
affinization map Q — Q' is non-zero. We now use the functorial three-step filtration
Q D Q1 D @y D Q3 introduced in [40], Section 7, which in turn is based on work
of Brion ([11], [12]). Here @ is the kernel of the affinization map, and Q. is a
smooth connected affine group scheme. Moreover, (), is anti-affine, which means
h%(0g,) = 1, and the quotient )1/Q2 is an abelian variety. In our situation, the
latter is non-trivial, because () is non-trivial and anti-affine, and ()5 is affine.
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We seek to relate this information on the quotient to the Picard scheme. The
cartesian square
P — Ql

| !

Pick ), — @

defines another group scheme P, which is of finite type and comes with an epimor-
phism A : P — Q;. This P is not affine, because otherwise all its quotients, and
in particular (); must be affine. As in the preceding paragraph we infer that the
anti-affine group scheme P, = Ker(P — P) is non-trivial. If the composition
P, — Q1/Q; vanishes, we get an induced epimorphism P = P/P; — Q,/Q, from
an affine group scheme to an abelian variety, thus Q;/Q2 = 0, contradiction. Since
P, is smooth, connected and affine, it belongs to the kernel of P, — (1/Q2, and
the image of the latter must be a non-zero abelian variety B, arising as a quotient
of the abelian variety P;/P,. Setting A = P;/P, we get a short exact sequence

0—PFP —P —A—0,

where the abelian variety A surjects onto B C Q/Qs.

To proceed, we now fix some prime number ¢ different from the characteristic
exponent of the ground field k. For each commutative group scheme H of finite
type, the multiplication maps ¢ : H — H, n > 0 induce multiplication by ¢" on
the Lie algebra Lie(H). If H is furthermore smooth and connected, it follows that
the kernel H[¢"] is finite and reduced, hence (" : H — H is surjective, and thus
an epimorphism. Furthermore, for each rational point a € H the fiber is an H[("]-
torsor. The torsor is trivial because k = k°P, so the fiber contains a rational point,
and we infer that ¢" : H(k) — H (k) is surjective. Applying these facts to our group
schemes H = P, and H = A, we see that the terms in

0 — B["] — P[] — A[("]

are finite and étale. Since k = k*P, they are actually constant. Furthermore, the
map on the right is surjective, because (" : Py(k) — P»(k) is surjective.

Let T, be the group of rational points in P;[¢"]. Their union T' = |, 7T} is
some /(-divisible group, whose image in A is Zariski dense. In turn, its image in
B C Q/Qs is Zariski dense as well. Since k is separably closed, we have Br(k) = 0,
and hence the canonical map Pic(X) — Picy/x(k) is bijective. We thus have an
inclusion 7" C Pic(X), and this subgroup is not contained in Pic(Y’), because its
image in (/@2 is non-zero.

Suppose for the moment that X is normal. By Proposition 2.1, the quotient
Pic(X)/ Pic(Y) must be finitely generated, so the projection " — Pic(X)/ Pic(Y)
factors over the torsion part, because T is (-divisible. The kernel 7" C T belongs
to Pic(Y'), and has finite index in 7. We thus conclude that 7" — B factors over
the finite group T'/T" C B. Thus the abelian variety B # 0 contains a finite set of
rational points that is Zariski dense, a contradiction.

It remains to reduce the general situation to this special case. Let g : X' — X
be the normalization of X,.q and set f' = fog. The map Oy — f.(Ox/) is
bijective, by Zariski’s Main Theorem, and our assertion applies to f': X’ — Y. The
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morphism ¢ : X’ — X is proper and surjective, and we write K for the kernel of the
induced homomorphism ¢* : Pick, — Pick, . Applying the Snake Lemma to the
commutative diagram

0 — Picy, — Pick/ Q' 0

we see that () is an extension of some subgroup scheme inside @)’ by the kernel K,
so we have to verify that K is affine. If X and Y are schematic, this follows from
[7], Exposé XII, Corollary 1.5, and the reasoning immediately extends to algebraic
spaces. ]

If both Y and X are regular, I suspect that ¢ = 0, but I do not know if this is
always the case. Although not needed in what follows, I like to state the following
general fact:

Proposition 2.3. Suppose Y is proper and f : X — 'Y satisfies Oy = f.(Ox) and
HO(Y,R'f.(Ox)) = 0. Then the group scheme Q is finite.

Proof. We may assume that k is algebraically closed. Furthermore, the Leray—Serre
spectral sequence yields the five-term exact sequence

(1) 0— Hl(ﬁy) — H%ﬁx) — HO(Y, le*(ﬁx)) — HQ(ﬁy) — HQ(ﬁx),

giving an identification H (Y, 0y) = H'(X,Ox) and an inclusion H*(Y,Oy) C
H*(X, 0%).

Set H = Picg//k and G = Picg(/k. We have an inclusion H C G, and our task
is to show that dim(G) = dim(H). The Lie algebras h = Lie(H) and g = Lie(G)
are given by the cohomology groups H'(Y, Oy) and H'(X, Ox), respectively. Hence
f X — Y induces a bijection between the Lie algebras. In characteristic zero, we
then have h'(0y) = dim(H), and likewise for X, so the result follows.

Suppose p > 0. Here we need additional arguments, which rely on Mumford’s
theory of Bockstein operations ([45], Lecture 27). Since k is perfect, the reduced
part Greq C G is a subgroup scheme, which must be smooth, and dim(G) coincides
with the vector space dimension of Lie(Greq).

Write W,, = W,,(0Oy) for the sheaf of Witt vectors of length n. This sheaf of
rings comes with an additive map V : W,, — W,, called Verschiebung. The image
of its m-fold iteration is denoted by V,» C W,. As explained in [29], Section 2
the combination of the short exact sequences 0 — V', — W,.; — W, — 0 and

0— V=W, = 0y 5 0 yields W,(k)-linear maps

2) Im(H'(W,) %5 Hi(6y)) -5 Coker(HI(VD) 'S HIF(V,,,)),

where the image on the left is formed with respect to the canonical projection
pr, W, — W) = Oy, and the cokernel on the right comes from a composite map
Vr=t . V1 — V", The above 3, are called Bockstein operators. The kernel of 3,
comprises those cohomology classes in H' (Y, Oy) that lift to H(Y,W,,1), and we
write H'(Y, Oy)[f] for their intersection (-, Ker(53,). This vector subspace has a
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geometric meaning: According to [45], Theorem on page 196 we have Lie(Greq) =
H(Y, Oy)[B]. Tt can also be seen as the intersection of the images for H (Y, W,) —
HI(Y, ﬁy), r 2 1.

Our remaining task is to verify that the latter images in the cohomology groups
HY(Y,O0y) = HY(X, Ox) are the same, whether computed on Y or X. For this,
it suffices to check that the canonical maps H*(Y,W,) — HY(X,W,), r > 1 are
bijective. We proceed by induction on » > 1. The case r = 1 is trivial. Suppose
now r > 2, and that the assertion holds for » — 1. Consider the short exact sequence
0— V't — W, — W,y — 0onY. First note that H*(Y,W,) — H°(Y,W,_;) is
surjective, because the map of set-valued sheaves W, — W,._; admits a section, and
the same holds on X. In turn, we get a commutative diagram

0 —— H(Y, V'Y —— HY(Y,W,) —— HY(Y,W,_1) —— H(Y,V' 1)

l | l l

0 — HY(X,V'Y) —— HYX,W,) — HY(X,W,_;) — H*(X, V')

with exact rows. The Verschiebung V' : W,, — W, is additive, and its (r — 1)-fold
composition induces identifications & = W, /V! — V=1 /V" = V"1 on both Y and
X. Consequently, the vertical map on the left is bijective, and the vertical map on
the right is injective. By induction, H (Y, W,_;) — HY(X,W,_,) is bijective, and
we conclude with the Five Lemma ([43], Chapter I, Proposition 21.1). O

In the first version of this paper, I claimed that () is finite for any modification
f X — Y with Y proper and regular, but the arguments contained a gap. The
statement holds if R'f,(0x) = 0, by the above, and this indeed is true if X is
Macaulay and also normal, according to the work of Kovécs [39]. The existence of
a modification X’ — X that is both Macaulay and normal seems to be an open
problem.

3. THE ABELIAN PART OF THE PICARD SCHEME

Let k£ be a ground field of characteristic p > 0. As explained in [40], Section 7
any group scheme G of finite type contains a mazimal abelian subvariety A C G,
which is functorial in G and compatible with ground field extensions k C k’. Let Y
be a proper algebraic space. Recall from Section 1 that Picy, is a group scheme of
finite type. The following analogous notation seems useful:

Definition 3.1. We write Picy, for the maximal abelian subvariety inside Picy
and call it the abelian part of the Picard scheme.

Each proper morphism f : X — Y induces a homomorphism f* : Picy . — Pick
of abelian varieties. We need the following:

Proposition 3.2. Suppose Y is regular and that f : X — 'Y s a modification. Then
the homomorphism f* : Picy, — Pick, of abelian varieties is an isomorphism.

Proof. Regard P’ = Picy ;. as a subgroup scheme of PP = Pick, giving an inclusion
Picy, C Pick ;. According to Theorem 2.2, the quotient P/P’ is affine. Set A =
Pic% ), and A" = ANP'. The subgroup scheme A/A" C P/P"is likewise affine. Being
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the quotient of an abelian variety, it has h°(04/4/) = 1. Thus A/A’ is trivial, hence
A C P'. The maximality of Picy/, yields Pick,, = A C Picy),, inside P’, and the
assertion follows. O

The main observation in this section is the following boundedness result on the
abelian part for modifications:

Proposition 3.3. There are constants d > 0 and | > 1 depending on our proper
algebraic space Y such that for every modification f : X — Y, the following holds:

(i) The abelian variety Pick . has dimension < d.
(ii) The kernel for the induced map f* : Picy, — Pick ), has order <.

Proof. The idea is to reduce the problem to the case that Y is regular. Let Y’ be an
alteration of Y,.q such that Y is regular, and let X’ be the reduction for X xy Y.
This gives a commutative diagram

X ¢— Xiqg ¢—— X'

L A

Y ¢«—— Yiqg «— Y

where the vertical maps are modifications. According to Proposition 3.2, the induced
map Picy,, — Pic%, ), is an isomorphism. Since X " — X is surjective, the kernel
K for Picy/, — Picy/y is affine, according to [7], Exposé XII, Corollary 1.5. So the
same holds for the induced map A — A’ on maximal abelian subvarieties. Its kernel
K N A is proper and affine, hence finite. Consequently dim(A) < dim(A’). Thus the
dimension d > 0 for the abelian parts Pic%, , = Picy. , is the desired bound.

Now set B = Picy, and B’ = Picy, . As in the preceding paragraph, the
kernel N for the induced map B — B’ is finite. In light of the above commutative
diagram and the identification Picy. , = Pick ), we see that N contains the kernel
for Picy;, — Pic% ;. Thus [ = [N/ is the desired bound for the kernel orders. [

4. IND-OBJECTS OF ABELIAN VARIETIES

Throughout this section C denotes some category. Let us briefly discuss the nota-
tion of ind-objects, which was introduced by Grothendieck ([5], Exposé 1, Section 8,
compare also [35], Section 6.1). These are nothing but covariant functors A : L — C
defined on some filtered category L. Recall that if the category L is just an ordered
set, filtered means that for all A\, \" € L there is some p € L with A\, N < pu. For
simplicity one often writes an ind-object as (Ay)aer, and calls L the index category.
The morphisms t,, : Ay — A, for A = p are usually called transition maps.

Each ind-object defines a presheaf “ligrl”A,\ on the category C, via the formula
Hom(X, “1;113”14,\) = lingom(X, A,). Hence a morphism “lim” Ay — “lim” By, is a

natural transformation

limg Hom(X, Ay) % lim Hom(X, B,).
A M
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By the universal property of direct limits and the Yoneda Lemma, this is a compat-
ible collection of morphisms f : hﬂu Hom(A,, B,,). This shows

(3) Hom(“lim” Ay, “limy” B,,) = lim lim Hom (A, B,,).
A o A

The collection of all ind-objects, together with the above Hom sets, form the category
Ind(C). Each B € C can be seen as an ind-object, with a singleton as index category,
and this gives a fully faithful inclusion ¥ C Ind(%). By the above, a morphism
(A))rer — B is a compatible collection of morphisms fy : Ay — B. This morphism
is an isomorphism if for some index \g, there is a morphism g : B — A,, so that for
all arrows A\g — A, the composition

t
B -4 Ay, 223 4, 2 B

coincides with the identity map for B. An ind-object (Ay)aer is called constant if
all transition maps are isomorphisms. More generally, it is called essentially constant
if there is an index )¢ such that for all A\ — A the transition maps ¢, ) : Ay, = Aa
are isomorphisms. By abuse of notation we say that B = A, is the essential value.
Choosing for each A" some diagram A" — X < )\, the compositions f) = t)_\ol,A ot
define compatible morphisms f) : Ay — B that do not depend on the choices, and
yield an isomorphism f : “lig”A,\ — B. Thus each essentially constant ind-object
belongs to the essential image of C C Ind(C).
We need the following criterion for abelian varieties:

Lemma 4.1. Let (A))aer be an ind-object of abelian varieties over some ground
field k. Suppose for each index X\, there are constants d > 0 and | > 1 such that for
each arrow X — p we have

dim(A,) <d and |Ker(Ay— A4,) <L
Then the ind-object (Ax)xer is essentially constant.

Proof. We may replace L by any cofinal subcategory. It thus suffices to treat the
case that the filtered category L is just a directed ordered set, having some smallest
element A. Since the dimensions of the A, are bounded, there is some N € L
where dim(A,/) takes the largest value. Replacing A by X, we may assume that
this already happens for Ay. Given A < p, the transition map Ay, — A, has finite
kernel, and hence dim(A,) = dim(A4,). Thus the dimensions are constant. In turn,
the transition maps Ay — A, are surjective.

Set A = A,, and consider the kernels K, = Ker(4 — A,). The Isomorphism
Theorem gives A, = A/K,. The orders [, = |K,| satisty [, < [, whenever pu < 1.
On the other hand we have [, < [. Passing to some cofinal subset, we may assume
that the orders [,, are constant for all A < p, so the inclusions K, C K, are equalities.
Hence the transition maps A, = A/K,, — A/K, = A, are isomorphisms. O

5. COMPACTIFICATIONS AND ALBANESE MAPS

Throughout this section, k is a ground field of arbitrary characteristic p > 0, and
U be an algebraic space that is separated and of finite type over our ground field &.
We also assume that the ring of global sections H(U, ) is indecomposable and has
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trivial nil-radical. Equivalently, the affine hull U*® = Spec H°(U, 0};) is connected
and reduced. Recall that if U is proper with h°(&0y) = 1, there is a universal map
to a para-abelian variety ([40], Corollary 10.5, confer also [14], Theorem 8.1). The
ultimate goal of this section is to remove the properness assumption.

Recall that a compactification is a pair (X, i) where X is a proper algebraic space,
and 7 : U — X is an open embedding such that X is the smallest closed subspace
through which 7 factors. If X is a scheme, this means that U C X is dense and
contains the finite set Ass(0x). One also says that U C X is schematically dense.
We will apply the same locution for algebraic spaces.

The compactifications of U form a non-empty category Cpt(U), where an arrow
(X,7) — (Y,j) is a morphism f : X — Y with foi = j. We then say that X
dominates Y. The schematic density of U ensures that the Hom sets are empty or
singletons, in other words, the category Cpt(U) is equivalent to an ordered set.

Given compactifications (X7, ;) and (Xa, i2), the smallest closed subspace through
which the diagonal (i1,45) : U — X; X X5 factors defines another compactification,
and we see that the opposite category Cpt(V)°P is filtered. For each cofinal L C
Cpt(V)°P, we thus get ind-objects

(Hj(X/\,ﬁX)\)))\GL and (PiCTX)\/k))\eL and (Picgé()\/k))\GL

taking respective values in finite-dimensional vector spaces, group schemes of finite
type, and abelian varieties. These ind-objects should be seen as invariants of interest
for the algebraic space U. Before we proceed we have to address the problem of so-
called constant field extensions.

Lemma 5.1. For each compactification (Y,7) the finite k-algebra H(Y, Oy) is a
field. Moreover, the ind-object of fields (HY(Xy, Ox,))er is essentially constant.

Proof. The morphism j : U — Y induces an inclusion H(Y, Oy) C H(U, Oy).
Since Y is proper, the k-algebra F' = H°(Y, Oy) is finite. Hence each point in
Spec(F') is generic, so the dominant map Y — Spec(F') is surjective. Since the ring
H°(U, Oy) is reduced, the same holds for the subring F. Using that U is connected,
and also dense in Y, we infer that Y and hence its image Spec(F’) is connected. This
proves the first assertion.

Before we come to the second assertion, we make a little observation: Let Y/ — Y
be the normalization of Y;.q. Consider the finite k-algebra H°(Y’, Oy+), which is a
finite product of finite field extensions of k. Let f : (X,i) — (Y,7) be a morphism
from another compactification, and set X' = (Y' Xy X ),eq. We obtain a commutative
diagram

X — X

LD

Y — Y.
The first projection X’ — Y’ is a modification of the normal algebraic space Y,
and Zariski’s Main theorem implies that H°(Y’, Oy,) = HY(X', Ox:). The second
projection X’ — X induces a homomorphism H°(X, Ox) — HY(X', Ox:), which
must be injective because F' = H%(X, Ox) is a field. It follows that h?(Ox) <
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h°(Oy+). Summing up, the integers h°(O) are bounded above by some number
that depends only on Y.

This easily gives the second assertion: By passing to a cofinal set, we may assume
that L has a smallest member (Y, j). According to the preceding paragraph, the
numbers h°(COx,) are bounded. It follows that the ind-object (H°(Xy, Ox,))er, of
fields is essentially constant. 0

Let us call k' = “hgq” H°(Xy, Ox,) the essential field of constants for the algebraic
space U. The morphism U C Xy — (X,)*f = Spec(k’), with sufficiently large index
A, endows the algebraic space U over k with a canonical k’-structure. After replacing
k by k', the ground field and the essential field of constants coincide. In what follows,
we usually make this assumption, because the theory of Albanese maps for proper
algebraic spaces was developed in [40] under this condition.

Proposition 5.2. Suppose the ground field k equals the essential field of constants
for U. Then the ind-object (Pick, jx)xer of abelian varieties is essentially constant.

Proof. By passing to a cofinal subset, we may assume that L contains a smallest
member (Y,7). Combining Proposition 3.3 and Lemma 4.1, we see that our ind-
object is essentially constant. O

Corollary 5.3. Suppose the ground field k equals the essential field of constants
for U. Then there is an index A € L such that for all n > X\ the transition map
[+ X, — Xy induces an isomorphism f. : Albx, . — Albx, . of para-abelian
varieties.

Proof. In light of the Proposition, we may pass to a cofinal index set and assume
that the homomorphisms f* : Pick, ,, — Pick /. are isomorphisms, for all p > A
in L. Let Py, = Alby,,; be the Albanese varieties, and g\ : X, — P\ be the
Albanese maps. By our definition of Albanese maps ([40], Section 8), the induced
map g3 : Picp, ,, — Pick, ) of abelian varieties is an isomorphism. It follows that
[« Py — Py induces an isomorphism Picp, ,, — Picp .. According to Proposition
1.3, the former is an isomorphism as well. O

We now come to the main result of the paper:

Theorem 5.4. Suppose the ground field k equals the essential field of constants for
U. Then there is a para-abelian variety P and a morphism f : U — P such that
for each other para-abelian variety QQ with a morphism g : U — @, there is a unique
morphism h : P — @ such that g = ho f.

Proof. Choose a cofinal index set L C Cpt(V)°? such that f, : Albx,  — Albx, /i
are isomorphisms for all transition maps f : X,, — X with A\, u € L, and that there
is a smallest member (Y, j). Let P = Alby/, be the Albanese variety of the proper
algebraic space Y. We obtain a morphism f : U — P as the composition of the
Albanese map a : Y — P with the inclusion j : U — Y.

We have to verify the universal property. Let g : U — ) be a morphism to some
other para-abelian variety. It can be seen as a rational map ¢g : Y --» (). Taking
the closure of the graph Iy C Y x () we obtain another compactification (X, ). The
projection pr : X — Y is a morphism of compactifications, and the rational map
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g:Y --» @ extends to a morphism g : X — ). We have the following commutative
diagram:

J pr
U > ¢ X

~

—
s

e

h

Q

By construction, a : Y — P is the Albanese map, and pr : X — Y induces an
isomorphism between Albanese varieties. Consequently, the composition a o pr :
X — P is the Albanese map for the proper algebraic space X, hence there is a
unique morphism h : P — @) with hoaopr = g. We then also have hoaoj =
hoaoproi = goi =g, sothe whole diagram is commutative.

It remains to verify uniqueness: Suppose there is another morphism A’ : P — Q)
with W' o a o j = ¢g. Again the corresponding diagram with A’ instead of h is
commutative, and hoao j = h'oaoj. The compactification j : U — Y is an
epimorphism by schematic density. To see this, choose an étale surjection U — U
from some scheme U’, and apply [51], Lemma 2.1.1 to the resulting morphisms of
schemes U — Y. Tt follows hoa = k' o a, and in particular hoaopr = h' o a o pr.
Now recall that a opr : X — P is the Albanese map for X. Its universal property
ensures h = h'. O

N

By the Yoneda Lemma, the pair (P, f) is unique up to unique isomorphism. We
then write P = Alby/, and call it the Albanese variety of the algebraic space U.
Moreover, the morphism f : X — Alby;, is called the Albanese map. Note that if U
is already proper, the category Cpt(U) is equivalent to a singleton, hence our new
construction for algebraic spaces that are separated and of finite type coincides with
the old construction for proper algebraic spaces.

Proposition 5.5. Let g : U' — U be a morphism between algebraic spaces that
are separated and of finite type over the ground field k. Suppose k coincides with
the essential field of constants for both U and U’, and that their affine hulls are
connected and reduced. Then there is a unique morphism g, : Alby , — Albyy,
making the diagram

U 2= U
f’l lf
AlbU//k T AlbU/k
commutative, where the vertical arrows are the Albanese maps.

Proof. This is an immediate consequence of the universal property for Albanese
maps. Note that the assumptions are made to ensure the existence of the Albanese
varieties for U and U’. OJ
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In particular, the action of the automorphism group Aut(U) induces an action
on Alby, such that the Albanese map is equivariant. It would be interesting to
understand to what extend this holds true for group scheme actions. Let us close
the section with the following observation:

Proposition 5.6. Suppose that U is connected and reduced, and that all its irre-
ducible components are geometrically integral. Then the ground field k coincides
with the essential field of constants for U.

Proof. Choose a sequence of irreducible components U; C U, 1 < ¢ < r so that
the successive intersections U; N U, are non-empty, and U = U; U ... U U,, with
repetitions allowed. Then the base-changes U; ® k*% remain integral, and it follows
that U is geometrically connected and geometrically reduced. So the k-algebra
R = H°(U, 0y) is geometrically indecomposable and geometrically reduced.

We proceed by showing that k& C R is integrally closed. Suppose there is some
intermediate field k C &’ C R. Then R ® k& contains k' ® k8. If [/ : k] > 1, the
ring k' ® k¥ contains idempotent elements e # 0, 1 or nilpotent elements f # 0, so
the same holds for the over-ring R ® k8, contradiction. Thus k is integrally closed
in R, and thus must coincide with the essential ground field for U. O

6. BEHAVIOR UNDER BASE CHANGE

Let ko be a ground field of characteristic p > 0, and Uy be an algebraic space that
is separated and of finite type over ky. Given a field extension kg C k, we consider
the base-change U = Uy ® k. Suppose that U is reduced and connected, and that
k is the essential field of constants for U. Then the same properties hold for Uy, and
we have Albanese maps

f() Uy — Alon/ko and f U — AlbU/k,

and also the base-change of the Albanese map fo : U — Alby,/x, ®k. The universal
property of f gives a comparison map

(4) C: AlbU/k — Alon/ko ®/{7,

such that co f = fo ;. This is an isomorphism, provided Uy = X, is proper, according
o [40], Corollary 10.5. In general, the situation is more complicated, because the
base-change functor Cpt(Uy) — Cpt(U) usually is not an equivalence of categories.
In fact, we shall see in the next section examples of algebraic curves over imperfect
fields where the comparison map fails to be an isomorphism.

In this section we want to establish a positive result. Recall that the field extension
ko C k is called separable if for each reduced kg-algebra Ay, the base-change A =
Ay ® k remains reduced.

Theorem 6.1. In the above setting, the comparison map (4) is a finite universal
homeomorphism. It is actually an isomorphism provided the field extension ko C k
18 separable.

Before entering the proof, let us simplify notation and examine the assertions
from various angles. Set

Po = AlbUO/k and P = AlbU/k and Po,k = Alon/ko ®k’
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So our Albanese maps are fo: Uy — Fy and f : U — P, and the comparison map
becomes ¢ : P — Fyy. Let G C Autpy, be the subgroup scheme that acts trivially
on Picp k- Then (G is an abelian variety, its action on P is free and transitive, and
we have an identification Picf;, = Picp )y, according to [40], Section 5. Similarly,
we form Gy C Picp, /i, and its base-change Gy = Go ® k. Then there is a unique
homomorphism ¢, : G — Gy making the comparison map ¢ : P — Fy, equivariant,
by loc. cit. Proposition 5.4. We see that the assertion holds for ¢ if and only if the
corresponding statement holds for c¢,. The latter respects the group laws, so the as-
sertion of the theorem means that ¢, is surjective and has local kernel. Furthermore,
c and ¢, induce the same homomorphism

Pich, i, ©k = Pich, @k ~ Pich, = Pich, .

In light of Proposition 1.3, the assertion of the theorem means that ¢* is surjective
and has unipotent kernel.

Suppose we have a compactification ig : Uy — Xy over kg, and another compact-
ification ¢ : U — X over k that dominates the base-change of i;. We then get a
commutative diagram

f>P

U Ly X
9 NNl [

XO,k: —_— P()’k
Jo,k

of k-algebraic spaces, where f; : X, — P, is the Albanese map for the proper
algebraic space Xy, such that fy = fy oo, and likewise for f : X — P. The vertical
map to the right is the comparison map. By definition of Albanese maps in the
proper case, the pull-back maps fi and f* give identifications Pic%, ko = Pic%, Jko
and Pick, = Picp/,. So the assertion of the theorem means that

is surjective with unipotent kernel.

Proof of Theorem 6.1. We proceed in six steps. Note that we may replace X, by
any other compactification X, of Uy that dominates Xy, and simultaneously replace
X by some X that dominates the schematic closure of U inside the fiber product
X Xx, X,. We call this process passing to dominating compactifications, and do this
several times throughout to improve the situation.

Step 1: The comparison map ¢ : P — By, is surjective. In light of Lemma 1.3,
this equivalently means that the kernel of (6) is finite. By construction, g : X — X
is surjective. According to [7], Exposé XII, Corollary 1.5 the induced map on Picard
schemes has affine kernel. Its intersection with the maximal abelian subvariety is
proper. In turn, Ker(g*) is finite.

Step 2: Reduction to the case that the field extension kg C k is finitely generated.
Choose an intermediate field ky C k; C k that is finitely generated over kg, and
such that there is a proper algebraic space X; and a para-abelian variety P, over kq,
together with morphisms i, : U; — X; and f; : X; — P, inducing the upper row in
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the diagram (7), where we set U; = Uy ® k;. By enlarging k; if necessary, we may
assume that there are morphisms that make the diagram

f

U —— X y P
I
(7) U, 42— x, 5 p
[
Up — Xo — K
%0 fo

commutative. According to [40], Proposition 8.2 the morphism f; : X; — Pj is an
Albanese map for the proper kj-algebraic space X;. We claim that the composite
map f1 : Uy — P; is an Albanese map for the ki-algebraic space U;. It suffices to
check that each morphism h; : Uy — ()1 to some para-abelian variety, viewed as
a rational map X; --» (), is defined everywhere. In other words, the schematic
closure of the graph I'j, inside X; x ) remains a graph. By construction, this
holds after base-changing along k; C k. Since the formation of schematic closure
commutes with flat base-change, we infer that X; --» () is defined everywhere.

Step 3: The case that the extension kg C k is finite and separable. This is
well-known, and we give the arguments for the sake of completeness: One uses the
universal property of Albanese maps to deduce that the comparison map (4) is an
isomorphism. There is a finite extension & C k' such that &’ is Galois over both
ko and k. Thus it suffices to treat the case that kg C k is finite and Galois. Write

= Gal(k/ko) for the Galois group, and let s : P — Spec(k) be the structure
morphism. Fix some o € I'; and consider the commutative diagram

Uo®k Uo®k5

l/l

Spec(k) Speed) Spec(k).
We now observe that the upper diagonal arrow f o (idy, ® ) is a k-morphism to the
para-abelian variety P, provided that the latter is endowed with the lower diagonal
arrow Spec(c)~! o s as new structure morphism. By the universal property of the
Albanese map f, there is a unique dashed arrow 1, : P — P making the triangles
on the left commutative. It follows that the whole diagram is commutative. The
uniqueness of 1, ensures that the map I' — Autg,(P) given by o — 1), respects
the group laws, and that the structure morphism s : U — Spec(k) is equivariant.
Since P is a projective kg-scheme, the quotient P/T" exists as a projective ky-scheme.
We then have a canonical identification P = (P/I') ®g, k. In particular, P/I" is a
para-abelian variety over kq. By the above commutative diagram, the Albanese map
f U — P over k descends to a kop-morphism Uy — P/I". Arguing as above, one
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sees that the latter has the universal property of the Albanese map, and infer that
the comparison map must be an isomorphism.

Step 4: Reduction to the cases k = ko(t) and k = ko(A\'/?). In light of step 2, it
suffices to treat the case that ky C k is finitely generated. Choose a transcendence

basis t1,...,t,. Set ki = ko(t1,...,t,) and let ko be its relative separable closure in
k. The extension ks C k is an equality in characteristic zero. For p > 0, it can be
written as the successive adjunction of certain elements )\}/ LoD AP , according to

[10], Chapter V, §7, No. 7, Proposition 13. Using inductions on n > 0 and m > 0,
together with step 3, we get the desired reduction.

Step 5: The case k = ko(t). This involves the passage to a relative setting.
For the sake of exposition, we write F' for the field & = ko(t), and regard it as
the function field of the affine line A} . Choose a localization koft] C R by a
non-zero polynomial so that X extends to a proper morphism s : X — Spec(R).
Localizing further, we may assume that s is flat, and also cohomologically flat in
degree zero. In turn, the numerically trivial part Pick,p exists ([40], Theorem 2.1).
Doing another localization, we may assume that P extends to a family of para-
abelian varieties 8 — Spec(R), and that the morphism f : X — P extends to a
morphism fr : X — 8. Localizing further, we may assume that the diagram (5)
spreads out to a commutative diagram

Up® R —2 LN

x
(8) X g‘*l lcR

XQ@R_—>P0®R,
fo,r

where all tensor products are over ky. Moreover, we may assume that for each prime
ideal p C R, the fiberwise morphisms Uy ®4, k(p) = X @p k(p) are compactifications
that dominate Uy ®, k(p) — Xo ®g, £(p). Making a final localization, we can
achieve that the cokernel of cg is a family of abelian varieties, and that the kernel
is an extension of a family of finite group schemes by a family of abelian varieties.

Now recall that R is a localization of the polynomial ring. Write S = Spec(R).
Then the closed points o € S whose residue field x = k(o) is separable over ky form
a Zariski dense set. For such points, the morphisms ¢, : P g kK — Fy ® Kk are
isomorphisms by step 3. Using flatness, we infer that cg is an isomorphism, and in
particular ¢ = ¢ is an isomorphism.

Step 6: The case k = ko(A\Y/P) in characteristic p > 0. This is the most inter-
esting and most challenging part. Recall that by step 1 we already know that the
comparison map c : P — Fp is surjective. It remains to check that it is injective.

First, consider the finitely many codimension-one points (1, ..., (. € X that do
not belong to Uy. Passing to dominating compactifications, stemming from the
semi-normalizations of the local rings Ox, ., we may assume that the local rings
Ox,; and Ox ., are unibranch. In other words, their henselizations have integral
reductions. Here we regard (; as points in both Xy and X, which indeed have the
same underlying topological space. Since ky C k is purely inseparable, it follows
that the modification g : X — Xy is a universal homeomorphism over some open
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set Vo C Xo that contains UyU{(1, ..., }. Making a further passage to dominating
compactifications, we may assume that Py = Alby, /., = Alby, /i, = Albx k-

Next, consider the sheaf of &x-algebras o7 given by I'(Wy, &) = ['(WyN Vg, Ox,).
This is a coherent sheaf, by [31], Proposition 5.11.1 and coincides with O, on V4.
Now pass to dominating compactifications, where X is replaced by the relative spec-
trum of 7. It then follows that the local rings R = O, , satisfy Serre’s condition
(S2), at each boundary point a € Xy ~\ Up. In other words, the local cohomology
group H!(R) vanishes for i < 1. Thus the restriction map k = HY(X,, Ox,) —
H°(Vj, Oy,) is bijective.

We now consider the finite universal homeomorphisms g : ¢~ '(Vox) — Vor. Ac-
cording to [38], Proposition 6.6 there is an integer n > 0 so that the iterated relative
Frobenius map F" : g~ (Vox) — gil(VOJﬁ)(pn) factors over V; ;. Consider the kernel
G' = G[F"] for the corresponding Frobenius map F™ : G — G®"). The quotient
P’ = P/@G" is para-abelian, being a torsor for the abelian variety G/G’. We claim
that the diagram

can be completed by a dashed arrow f’. Since the vertical arrows are homeomor-
phisms, f’ clearly exists as a continuous map. By the very definition of morphisms of
locally ringed spaces, we have to check, for a given point a € g~*(Vp ) with images
b= f(a) and b' = q(b), that the composite map ¢ : Opy — Oy-1(v; .0 factors over
the subring Oy ) 4a)- The elements of Opry =k - ﬁﬁfb are sums of \ - h?", with
A € k and h € Opy. By our choice of n > 0, the image @(A - h?") = X - p(h)?"
belongs to Oy, ,),4(a)- Thus the desired f’: Vg, — P exists.

To proceed we use the existence of Weil restrictions along Spec(k) — Spec(ko).
Indeed, for each k-scheme Y of finite type, the functor

(Aff/k) — (Set), Ro+—— Y (Ry ®p, k)

is representable by a kg-scheme Resy, /5, (Y') of finite type. We refer to the monograph
of Conrad, Gabber and Prasad [19], Appendix A.5 for a comprehensive treatment of
WEeil restrictions. The functor respects products and closed embeddings, and there-
fore also group structures, torsor structures with respect to smooth group schemes,
and being separated. In particular Resy 4, (') is a torsor with respect to the group
scheme Resy,(G"). Moreover, the morphism f’ : V; ® kK — P’ corresponds to a
morphism fj : Vo — Resy/i, (F').

We already saw that h°(&y,) = 1, whence the image of V; in the affine hull of
the Weil restriction is a rational point. According to Proposition 6.2 below, the
kernel of the affinization map of the group scheme Resy i, (G’) is an abelian variety.
It follows that f; factors over some para-abelian variety inside Resy, (P’). It thus
also uniquely factors over a morphism Py = Alby; ik, — Resy /i, (P’), by the universal
property of Albanese maps. In turn, g~'(Vyx) — P’ factors over some morphism
Py ® k — P’. Passing to some dominating compactifications, we may assume that
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the composition X — P — P’ factors over Alby, i, ®k. Summing up, we have a
commutative diagram of para-abelian varieties

P
/ lcan
Py — P

Recall that the vertical arrow P — P’ is the quotient map with respect to the
infinitesimal group scheme G’ = G[F"|, and therefore a bijection for the underlying
topological spaces. It follows that the comparison map ¢ : P — Fy, is injective. [

In the above proof we have used the following fact:

Proposition 6.2. Suppose p > 0. Let kg ; k be a purely inseparable finite field
extension, A # 0 be an abelian variety over k, and Gy = Resyy,(A) the Weil
restriction. Then the affinization G3T is a smooth connected unipotent group scheme
of dimension n > 1, and the kernel of Go — G&% is an abelian variety of dimension

g = dim(A).

Proof. By descent, it suffices to check the properties for F = Gy ®y, k. According to
[19], Proposition A.5.11 the canonical homomorphism f : £ = Resy /i, (A) @k bk — A
is smooth and surjective, with geometrically connected fibers, and U = Ker(f) is
unipotent and non-zero. It follows that £ and whence also its affinization are smooth
and connected. Write h : E — E*T for the affinization map. Its kernel N is smooth
with h%(Ox) = 1, according to [23], Chapter III, §3, 8.2. It must be an extension
of some abelian variety by a torus, by [11], Proposition 2.2. In our situation, the
torus is trivial, so N is an abelian variety. The cokernel for U — E*% is affine (loc.
cit., Chapter 111, §3, Theorem 5.6). This cokernel is also the quotient of the abelian
variety A = E/U. Tt follows that U — E*! is surjective, whence E*? is unipotent,
of some dimension n > 1. The kernel for U — E*" is affine and belongs to N, hence
is proper, and therefore finite. In turn, dim(N) = dim(A). O

7. THE CASE OF ALGEBRAIC CURVES

Let k& be a ground field of characteristic p > 0. In this section, C' denotes an
algebraic curve, that is, a scheme that is separated, of finite type, equi-dimensional,
and of dimension d = 1. Write (Y, ..., C, for the irreducible components. We regard
each C; as the schematic images of the local Artin schemes Spec(0¢,),), where n; € C
denote the generic points. Note that we do not assume that C'is proper, or reduced.
However, each C; is either proper or affine. We start by describing the affinization
map for C"

Proposition 7.1. The k-algebra U'(C, O¢) is of finite type, the affinization map f :
C — C* s projective with f.(Oc) = Opas, and the exceptional locus Exc(C/C) =
Supp(Qlc/CaH) is the union of the irreducible components C; that are proper.

Proof. Choose some compactification X = C. By definition, all embedded points
lie inside the open set C', so the local rings for the points at infinity are Cohen—
Macaualay. Thus there is some effective Cartier divisor D C X whose support is
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the closed set X ~. C. The ensuing short exact sequence 0 — £®"~1 — ¥&n
Z5" — 0 induces a long exact sequence

HY(X, %) — HY(X, Z5") — H' (X, 2°" ") — HY(X, Z*") — 0.

We conclude that h'(£®") is decreasing in n, hence becomes constant for n > 0.
Then the map on the left must be surjective, and it follows that .% is semi-ample.
Passing to a multiple we may assume that .Z is globally generated. The homoge-
neous spectrum Y = P(X,.Z) of the graded ring R(X, %) = @, -, (X, Z*") is a
projective scheme and defines a morphism f : X — Y with 0y = f.(Ox). More-
over, .Z is the preimage of the ample invertible sheaf &y (1). The map contracts
the irreducible components X; = C; that are disjoint from D; these are exactly
the C; that are proper. Let s € I'(Y, Oy (1)) be the global section whose preimage
f*(s) € I'(X,.Z) vanishes precisely at D. Then the non-zero locus Y; is an affine
open set, with preimage C' = X \ D = f~1(Y}). Using Oy = f.(Ox) we infer that
Y, must be the affinization Cf. O

Suppose that the affine irreducible components C; are generically reduced. Ap-
plying [30], Corollary 7.4.11 to the normalization of Cieq, we see that there is a

compactification C' such that for each point at infinity a € C' the local ring Ocais
a discrete valuation ring. We call it the canonical compactification.

Proposition 7.2. Assumptions as above. Then the canonical compactification C
is an initial object in the category Cpt(C') of all compactifications. Moreover, the
formation of C' commutes with separable ground field extensions k C k.

Proof. Let C' C X be any compactification. By assumption, the finite set Z = X \C
admits an open neighborhood U such that U ~\ Z is regular. It then follows that
the canonical compactification C' arises from X by normalization on the open set U,
and making no change on the open set X ~\ Z. In particular, there is a morphism
C — X between compactifications, so C' yields an initial object in Cpt(C).

For the second assertion, write the locus at infinity as C \ C' = {ay,...,a,}, and
consider the residue fields k; = k(a;). Suppose the field extension k C &’ has the
property that the finite &’-algebra k; ® k' is regular, that is, a product of fields. Then
C ® k' remains regular over each a; € C, hence must coincide with the canonical
compactification of C'® k’. This happens in particular if £ C £ is separable. O

We see that the canonical compactification Xy = C'is a final object in the opposite
category Cpt(C)°P. Choosing the singleton L = {\} as a cofinal index set, the proof
for Theorem 5.4 immediately gives:

Proposition 7.3. Assumptions as in the previous proposition. Suppose C* is con-
nected and reduced, and k = H°(C, Og). Then the composition C C C — Albe )y, is
the Albanese map for the algebraic curve C.

Note that there is no final object in Cpt(C)°P for more general curves C. For
example, the infinitesimal extensions P! @& Opi(n) of the projective line, with n
arbitrary, can be seen as compactifications of the non-reduced curve C' = A,lf[ﬁ],

where €2 = 0.
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Let us unravel the condition that C?% is connected and reduced. Write T'(C')
for the dual graph of the scheme C. Recall that its vertices correspond to the
irreducible components C;, and two vertices are joined by an edge if C; N Cj is non-
empty (compare for example [58], discussion before Proposition 1.2). Let C' C C
be the union of the proper irreducible components, and C” C C be the union of the
affine irreducible components. We regard these closed sets as closed subschemes, by
declaring C” as the schematic image of the morphism Spec([[ O¢,) — C, where
the product runs over the generic points n € C”, and likewise for C’. These closed
subschemes correspond to coherent sheaves of ideals ¢ C Oy and " C O,
respectively. Under the assumption that C' has no embedded components, we have
Supp(-#”) = €', and may regard the sheaf of ideals .#” also as abelian sheaf on ",
sitting in a short exact sequence 0 — ' N ¥" — " — 9"0c — 0, where the
outer terms are O¢-modules.

Proposition 7.4. Notation as above. Suppose that the algebraic curve C is not
proper. Then the affine hull C* is connected and reduced if and only if the following
conditions hold:

(i) The dual graph T'(C) is connected.

(ii) The scheme C has no embedded components.

(iii) The affine curve C" is generically reduced.

(iv) The group of global sections H°(C', #") vanishes.

Proof. First, suppose that that C*T is connected and reduced. Then the noetherian
scheme C' must be connected, so the same holds for the dual graph I'(C'). Moreover,
the structure sheaf 0c has no global sections whose support is zero-dimensional.
Since dim(C') = 1 we infer that C' has no embedded components. According to
Proposition 7.1, the induced map C” — C*% is a modification, and it follows that
C" is generically reduced. The short exact sequence 0 — " — Og — Ocn — 0
gives an exact sequence

0 — H°(C,#") — H"(C, Op) — H°(C", Ocn),

hence the term on the left vanishes. The latter can be written as H°(C’, .#"), in
light of our chosen scheme structure on C”.

Conversely, suppose that conditions (i)—(iv) hold. The scheme C' is connected
by (i). The map C — C*T is surjective, according to Proposition 7.1, so C*f
is connected as well. In the above exact sequence, the term on the left vanishes
by (iv), and the ring on the right is reduced by (iii). Consequently H°(C, O¢) is
reduced. OJ

Let k C k' be a field extension, and set C' = C ®k’. Suppose that C” is connected
and reduced, and k' = H°(C’, O¢/), and consider the resulting comparison map

(9) Cl . Albc"l/k/ — Albc/k ®k/

We shall see now that this may fail to be an isomorphism. As in [29], Section 2
we write Sing(C'/k) for the locus of non-smoothness. It carries a scheme structure,
defined by the first Fitting ideal Fitt;(Q5 /k). Note that it contains the singular
locus Sing(C), but over imperfect fields may be much larger.
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Theorem 7.5. In the above setting, suppose that for the curve C and the extension
k C k' the following holds:

(i) The locus of non-smoothness Sing(C'/k) is non-empty and contained in the
locus at infinity C ~. C.

(ii) The normalization X for the base-change Y = C ® k' is a smooth curve of
genus g > 1.

Then the comparison map (9) is not an isomorphism.

Proof. Our assumptions ensure that X is the canonical compactification of C’, and
we have a commutative diagram

Yy «+“— X

| |7

Alby/k/ — Albx/k/

By definition, Alby s is the base-change of Alb¢/;, whereas Albx/, = Alber /. The
Albanese map f : X — Albx/y is a closed embedding, in light of (ii).

Seeking a contradiction, we assume that the comparison map is an isomorphism.
Then the composition gor = co f is affine, and the same holds for the normalization
map v : X — Y. Using the Leray—Serre spectral sequence and Serre’s Criterion ([30],
Corollary 5.2.2), we infer that g : Y — Alby, is affine. Since the composition

Oalby 0 = 9:(Oy) = (g o v).(Ox)

is surjective, it follows that v : X — Y is a closed embedding. Hence this is an
isomorphism, consequently C'is smooth, in contradiction to (i). O

Let us discuss explicit examples. Suppose the ground field £ is imperfect of
characteristic p > 0, and consider inside A? = Spec k[z, y| the affine plane curve

Z: oy =] =N,
i=1

where [ > 2 is prime to the characteristic, and ¢; = p”* > 1 are powers of the
characteristic, and \; € k are pairwise different scalars that are not p-powers in k,
and n > 3 is some integer. The right-hand side of the equation is an inseparable
square-free polynomial of degree ¢ = ¢; + ... + ¢,, and we see with Eisenstein’s
Criterion that Z is integral. Note that such curves where used by Totaro to construct
pseudo-abelian varieties that are not abelian varieties ([62], Example 3.1).

To simplify the exposition, we now also assume that [ = ¢+1. Then the projection
7 — A' = Spec k[r] immediately gives the canonical compactification h : Z — P!,
via the equation 3! = 2’ - [J(1 — \i2z’%) in the new indeterminates 2’ = 1/z and
y' = y/x. One sees that h~!(c0) contains only the rational point given by ' =3/ = 0
and that Z is regular there, and hence also smooth ([28], Corollary 2.6).

The ideal a C k[, y] for the locus of non-smoothness Sing(Z/k) C A? is generated
by the defining equation and its partial derivatives. One easily computes that the
underlying closed set is given by y = 0 and [[(z% — X;) = 0. The equation y = 0
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defines an effective Cartier divisor D C Z whose coordinate ring is the product of
the residue fields k(A / %), and it follows that the affine plane curve Z is regular.

Let k C k' be an extension field that contains the roots A, /% and set C' = C QK.

At each singularity a; € C’, the complete local ring becomes R = k'[[u,v]]/(u’! —

v™), where u = x and v = y — )xil/‘“ and m = ¢;. Its normalization is k[[t]],
with normalization map determined by u = t™ and v = t!. We conclude that
the normalization X of the base-change Y = Z ® Kk’ is smooth, of certain genus
g = h(Ox). Tt comes with a branched covering X — P}, of degree [. In the
Riemann-Hurwitz Formula 29 — 2 =1-(=2)+ " (I — 1), the term on the right is

l-(—2)+i(l—1)_(n+1)(l—1)—2124(l—1)—2l_2l—420,

and it follows that X is a curve of genus g > 1. Now consider the affine curve
C = Z \Sing(Z/k). Then C' = Z, and the two conditions in Theorem 7.5 are
satisfied. We see that the comparison map (9) is not an isomorphism.

8. THE CASE OF ALGEBRAIC GROUPS

Let k£ be a ground field of characteristic p > 0. Throughout this section, G denotes
a group scheme of finite type, which are also called algebraic groups in the literature.
First note that G is connected and reduced if and only if the respective properties
hold for the affinization G** = SpecI'(G, 0g). Throughout, we will assume that
these equivalent conditions hold.

Since the neutral element e € G is a rational point, the ground field £ coincides
with the essential field of constants for G. By Theorem 5.4, there is an Albanese
map f : G — Albg/,. The Albanese variety is a para-abelian variety endowed with
a rational point f(e). The latter becomes the zero element 0 € Albg/; for a unique
group law, according to [40], Proposition 4.3. In what follows we regard Albg/;, as
an abelian variety.

The goal of this section is to analyze how the various group laws interact with
the Albanese map. We shall see that f does not necessarily respect the group laws.
However, the following key fact ([12], Proposition 4.1.4) ensures that it does so on
many subgroup schemes:

Lemma 8.1. The restriction of the Albanese map f : G — Albgy, to any smooth
connected subgroup scheme H C G respects the group laws.

If k is perfect, then the reduced group scheme G itself is smooth, so the Albanese
map is the universal homomorphism to an abelian variety.

The following terminology, which applies to any closed subscheme E C G con-
taining the origin e € G, will be useful: We say that f|F is trivial if it factors over
the zero element 0 € Albg i, viewed as a reduced closed subscheme. More generally,
we say that f|E is set-theoretically trivial if f(g) = 0 for every point g € E. In this
case, the schematic image Z C Albg/;, is some closed subscheme supported by the
zero element. In turn, Z = Spec(R) for some finite local k-algebra R with residue

field R/mp = k.
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Proposition 8.2. The restriction f|H to any reduced connected affine subgroup
scheme H C G 1is trivial.

Proof. We start with the case that f|H respects the group law. According to [23],
Chapter II, Proposition 5.1 the set-theoretical image of f|H is a closed set. It must
be connected, because H is connected. Write F for this closed set, endowed with
the reduced scheme structure. Since H is reduced, f : H — Albg/;, factors over FE.
By loc. cit. F is a subgroup scheme, and the homomorphism f : H — F is faithfully
flat. In turn, we have E = H/H' where H' = Ker(f|H), and the quotient must be
affine, according to [23], Chapter III, Theorem in 7.2. Since the Albanese variety is
proper, the same holds for E. Being proper and affine, the group scheme E must
be finite. Since it is connected it must be a singleton, thus f|H is trivial.

In light of Lemma 8.1, our assertion holds if H is smooth. Suppose now that
H is not smooth. Then we are in characteristic p > 0. Consider the Frobenius
kernels H[F™] for the iterated relative Frobenius maps F" : H — H®"). According
o [23], Chapter III, Lemma 6.10 the quotient H/H[F™] is smooth for sufficiently
large n > 0. Set A = Albg/; and consider the induced morphism f,, : G®") — A®").
Its restriction to the subgroup scheme H/H[F"] inside H®") ¢ G®") is trivial, by
the preceding paragraph, and we infer that f|H is at least set-theoretically trivial.
Let Z = Spec(R) be its schematic image. Then R is a finite local k-algebra with
residue field R/mp = k, and the canonical map R — I'(H, Oy) is injective. Since
H is reduced, the same holds for R, and thus R = k. O

Note that the above arguments also give the fact that each subscheme H C G
that inherits a group law must be a closed subscheme. Each such H C G acts via
translations on G, from both sides. If f|H respects the group law, H likewise acts
on Albg/;, via translations, also from both sides.

Proposition 8.3. Let H C G be a smooth connected subgroup scheme. Then the
Albanese map f : G — Albgy, is equivariant with respect to the H-actions.

Proof. We have to verify that the graph I'y C G x Albg/;, is H-stable, where H acts
diagonally. In light of Theorem 6.1, it suffices to treat the case that k is separably
closed. Let H' C H be the stabilizer of the graph. Each element o € H (k) defines
a translation automorphism ¢ : G — G. From the universal property of Albanese
maps, it induces a compatible automorphism of the Albanese variety; it follows that
the inclusion H'(k) C H (k) is an equality. Since H is smooth, the set H (k) is dense,
and thus the inclusion of the closed set H' is an equality. O

Note that for reduced but non-smooth H, the regular locus Reg(H) is open and
dense, but contains no rational point ([28], Corollary 2.6), and it can easily happen
that the group H (k) is trivial ([57], Section 8).

Corollary 8.4. Let H C G be a smooth connected subgroup scheme that is also
affine. Then the Albanese map f : G — Albg, uniquely factors over G /H.

Proof. By Proposition 8.2, the homomorphism f|H is trivial, hence the H-action on
the Albanese variety is trivial. Passing to quotients we get G/H — Albg/x. Such a
factorization is unique because the projection G — G/H is an epimorphism. O
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Since affinization of schemes that are separated and of finite type commutes with
products, G* inherits a group law, and the affinization map p : G — G* is a
homomorphism. Let N be its kernel and write ¢ : N — G for the inclusion map. By
the Affinization Theorem ([23], Chapter III, 8.2), we get a central extension

(10) 0— N-5G-2 a1,

Furthermore, N is smooth and connected, with h°(&y) = 1. Such group schemes
are called anti-affine. Their structure was analyzed by Brion [11]. Note that on
G and G*, the group laws are written in a multiplicative way, whereas for N we
choose additive notation. Let us say that the group scheme G weakly splits if there
is a morphism of schemes s : G* — G with p o s = idgas. Then

(11) NxGT— G, (2,y) —i(z) - s(y)

is an isomorphism of schemes. If the section s additionally respects the group laws,
we say that G strongly splits; then the above is actually an isomorphism of group
schemes.

We now can formulate our main result on the Albanese variety of group schemes
G of finite type that are reduced and connected. It unravels how the Albanese map
[+ G — Albgy is related to the central extension 0 — N — G — G* — 0.
Note that by Proposition 8.2, the restriction f|N respects the group law, and we
set N/ = Ker(f|N).

Theorem 8.5. In the above situation, the kernel N' C N inside the anti-affine
group scheme N is the smallest subgroup scheme such that N/N' is proper and
G/N' weakly splits. Moreover, for any section s : G* — G /N', the composition

G q/N YL NN x Get P NN
1s an Albanese map for G.

Proof. Let B be the cokernel of f|N, which is an abelian variety. According to
Proposition 8.3, the Albanese map f : G — Albg, induces a morphism G =
G/N — B. The latter is trivial, by Proposition 8.2, and the universal property
of f reveals that B = 0. Thus f|N is surjective, and we get Albg/, = N/N'. In
particular, N/N' is proper.

Set A = Albg ;. The Albanese map f : G — A factors over G/N'. The induced
morphism ¢ : G/N' — A is equivariant with respect to the actions of N/N’ and
the restriction of g to N/N’ is an isomorphism of abelian varieties. In turn, r =
(g|N/N")"L o g is an equivariant retraction for the inclusion j : N/N' — G/N'. Tt
follows that the composition

G — {e} x G — N/N' x T 2L

is a section for the projection G/N’ — G*. Thus G /N’ weakly splits.

Next, we describe the Albanese map in the special case that G is weakly split.
Since Albanese maps depend only on the underlying scheme, it suffices to treat the
case that G is strongly split. Let Ny C N be the maximal smooth connected affine
subgroup scheme. Using that the Albanese map factors over N/N;, we reduce to
the case Ny = 0. Then N is an abelian variety, (this depends on Brion’s result [11],
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see also [40], Proposition 7.1). We now have to verify that pr; : N x G*T — N is an
Albanese map. Consider the commutative diagram

N —“ s N x Gatt

A

Ale/k T> N,

where g comes from the universal property of the Albanese map. The left diagonal
arrow f o1 is surjective, by the preceding paragraph, and has trivial kernel, because
go foi=idy. It follows that g is an isomorphism, whence pr; is an Albanese map.
We come back to the general case. Let H C N be any subgroup scheme with
G/H weakly split and N/H proper. It only remains to check that N C H. Choose
a section s for the projection G/H — G* and consider the commutative diagram

Nt gy g/ Y N« oo

] | Jm

N/N’—)Albg/k > N/H,

g

where g comes from the universal property of the Albanese map f. We see that
the composite map N — N/H is equivariant with respect to the action of N, and
factors over N/N', which ensures N C H. O

Suppose G is weakly split, and choose a section s for the projection p. Then the
identification i - s : N x G* — G from (11) is an isomorphism of schemes, and
the group law on G arises from the product group law by a modification with a
Hochschild two-cocycle ¢ : (G*1)? — N. In fact, the isomorphism classes of central
extensions 0 = N — E — G* — 0 where the projection F — G*T admits a section
correspond to classes in the Hochschild cohomology group HZ(G*T, N), where N is
viewed as a module over G*T with trivial action, see the discussion in [23], Chapter
IT, §3. This yields the following:

Corollary 8.6. Suppose our group scheme G is weakly split and that N s proper.
Then the Albanese map f : G — Albg, respects the group law if and only if G
strongly splits.

Proof. We may assume that G = N x G* as schemes, and choose the two-cocycle
¢ : (G*M2 — N so that the inclusion i : N — G is given by z — (x,e). The
projection pr; : G — N is an Albanese map, by the theorem.

Suppose now that pr; : G — N respects the group law. Then the identity mor-
phism G — N x G* respects the group laws, hence G is strongly split. Conversely,
if G is strongly split, then pr; respects the group law. 0

We now construct examples where the Albanese map does not respect the group
laws. Recall that a group scheme U is unipotent if it is of finite type, and the
base-change U ® k*& admits a composition series whose quotients can be embedded
into the additive group G, ya:. We refer to [25], Exposé XVII for a comprehensive
treatment. Note that if U is connected, at least one composition series is already
defined over k (loc. cit. Theorem 3.5).
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Proposition 8.7. Let U be a reduced connected unipotent group scheme, and N
be an abelian variety. Suppose we are in characteristic p > 0, and that there is an
epimorphism U ® k& — Q,, pae and a monomorphism o, gz — N & k¥&. Then the
following holds:

(i) The Hochschild cohomology group H3(U, N) is non-zero.
(ii) For all v € HE(U, N) the resulting extension G is reduced and connected.
(iii) If v # 0, the Albanese map G — Albg, does not respect the group law.

Proof. To see (ii), observe that in the extension 0 - N — G — U — 1 the
projection G — U has the structure of a principal N-bundle. By our assumptions,
all fibers are smooth and connected, and the base is reduced and connected. So the
latter also holds for the total space G. This gives (ii). Assertion (iii) is a direct
consequence of Corollary 8.6.

It remains to verify (i). For this we first recall the computation of the cocycle
group Z*(G,,G,) for Hochschild cohomology. The cochains are just morphisms
G2 — G,. These correspond to homomorphisms k[Z] — k[X] ® k[Y] of k-algebras.
The latter are determined by the images of Z, hence are given by a polynomial in X
and Y. By the computation in [23], Chapter II, §3, Subsection 4.6 the polynomials

p—1

QX,Y)=>" (? ) XV and XY?  (r>1)
i—1 \!

satisfy the cocycle condition. We remark in passing that these freely generate a

complement for B> C Z?, viewed as modules over the skew polynomial ring k[F],

where F'A = APF holds. The polynomial Q(X,Y") induces a non-zero homomorphism

k[2]/(27) — KIX]/(XP) @ k[Y]/(Y?),

giving a non-trivial element in Z%(c,, a,). Using the epimorphism U ® k& — Q) pale
over k™8 and applying descent, we conclude that Z2(U, o) is non-zero.

Now let us examine the group of one-cochains C'(U, «,), whose elements are
morphism of schemes h : U — «,,. Since U is reduced, any such morphism factors
over e € a,, viewed as a reduced closed subscheme. Thus the coboundary operator
CY(U,a,) = Z*(U, ) is the zero map, and we conclude H§ (U, i) # 0.

Now consider the abelian variety N. Its Lie algebra Lie(/N) has trivial brack-
ets, and comes with an additional structure given by the p-map = — z!. By the
Demazure-Gabriel Correspondence ([23], Chapter II, §7, Theorem 3.5) the homo-
morphisms a, — N correspond to the vectors x € Lie(N) with zP) = 0. Since the
brackets are trivial, the p-map is additive. Our assumption on N ® k*® ensures
that there is a non-zero homomorphism «, — N. In turn, we get an inclusion
Z2(U, ap) = Z*(U, N), so these groups are non-zero. Again we consider C''(U, N).
Fix an element h : U — N. By Proposition 8.2, this morphisms factors over a
rational point @ € N. In turn, the coboundary map C'(U, N) — Z?(U, N) is trivial,
and we conclude again that HZ(U, N) # 0. O

It is easy to make this concrete, over any imperfect field & of characteristic p > 0:
Choose an element ¢t € k that is not a p-power, and let U be the kernel of the
homomorphism G2 — G, given by (z,y) — xP — ty?. Then U is integral, pr, |U is
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surjective, and the kernel is isomorphic to a,. Over the field extension k' = k(t'/?),
the section given by 2 — (z,t'/Pz) defines the desired splitting U®k" ~ (G, x o)) @K'
Furthermore, there is a supersingular elliptic curve N over k (well-known, see for
example [52], Lemma 3.1), which indeed contains a copy of .

[1]

REFERENCES

J. Achter, S. Casalaina-Martin, C. Vial: A functorial approach to regular homomorphisms.
Algebr. Geom. 10 (2023), 87-129.

J. Achter, S. Casalaina-Martin, C. Vial: A complete answer to Albanese base change for
incomplete varieties Preprint, arXiv:2210.05017.

M. Artin: Algebraization of formal moduli I. In: D. Spencer, S. Iyanaga (eds.), Global
Analysis, pp. 21-71. Univ. Tokyo Press, Tokyo, 1969.

M. Artin: Théoremes de représentabilité pour les espaces algébriques. Les Presses de
I’Université de Montréal, Montreal, Que., 1973.

M. Artin, A. Grothendieck, J.-L. Verdier (eds.): Théorie des topos et cohomologie étale
des schémas (SGA 4) Tome 1. Springer, Berlin, 1972.

I. Barsotti: Un teorema di struttura per le varieta gruppali. Atti Accad. Naz. Lincei Rend.
ClL. Sci. Fis. Mat. Nat. 18 (1955), 43-50.

P. Berthelot, A. Grothendieck, L. Illusie (eds.): Théorie des intersections et théoréeme de
Riemann—Roch (SGA 6). Springer, Berlin, 1971.

A. Blanchard: Sur les variétés analytiques complexes. Ann. Sci. Ecole Norm. Sup. 73 (1956),
157-202.

S. Bloch: Some elementary theorems about algebraic cycles on Abelian varieties. Invent.
Math. 37 (1976), 215-228.

N. Bourbaki: Algebra II. Chapters 4-7. Springer, Berlin, 1990.

M. Brion: Anti-affine algebraic groups. J. Algebra 321 (2009), 934-952.

M. Brion: Some structure theorems for algebraic groups. In: M. Can (ed.), Algebraic
groups: structure and actions, pp. 53—126. Amer. Math. Soc., Providence, RI, 2017.

M. Brion, S. Schréer: The inverse Galois problem for connected algebraic groups. Preprint,
arXiv:2205.08117.

S. Brochard: Duality for commutative group stacks. Int. Math. Res. Not. IMRN 2021, no.
3, 2321-2388.

K. Cesnavicius: Macaulayfication of Noetherian schemes. Duke Math. J. 170 (2021), 1419~
1455.

A. Chatzistamatiou, K. Riilling: Vanishing of the higher direct images of the structure
sheaf. Compos. Math. 151 (2015), 2131-2144.

C. Chevalley: Une déonstration d’un théoreme sur les groupes algébriques. J. Math. Pures
Appl. 39 (1960), 307-317.

B. Conrad: A modern proof of Chevalley’s theorem on algebraic groups. J. Ramanujan
Math. Soc. 17 (2002), 1-18.

B. Conrad, O. Gabber, G. Prasad: Pseudo-reductive groups. Cambridge University Press,
Cambridge, 2010.

B. Conrad, M. Lieblich, M. Olsson: Nagata compactification for algebraic spaces. J. Inst.
Math. Jussieu 11 (2012), 747-814.

A. de Jong: Smoothness, semi-stability and alterations. Publ. Math., Inst. Hautes Etud.
Sci. 83 (1996), 51-93.

A. de Jong: Families of curves and alterations. Ann. Inst. Fourier (Grenoble) 47 (1997),
599-621.

M. Demazure, P. Gabriel: Groupes algébriques. Masson, Paris, 1970.

M. Demazure, A. Grothendieck (eds.): Schémas en groupes I (SGA 3 Tome 1). Springer,
Berlin, 1970.



[25]
[26]

[27]
[28]

[29]

[48]
[49]
[50]

[51]

ALBANESE MAPS 33

M. Demazure, A. Grothendieck (eds.): Schémas en groupes II (SGA 3 Tome 2). Springer,
Berlin, 1970.

H. Esnault, V. Srinivas, E. Viehweg: The universal regular quotient of the Chow group of
points on projective varieties. Invent. Math. 135 (1999), 595-664.

G. Faltings: Uber Macaulayfizierung. Math. Ann. 238 (1978), 175-192.

A. Fanelli, S. Schroer: Del Pezzo surfaces and Mori fiber spaces in positive characteristic.
Trans. Amer. Math. Soc. 373 (2020), 1775-1843.

A. Fanelli, S. Schréer: The maximal unipotent finite quotient, unusual torsion in Fano
threefolds, and exceptional Enriques surfaces. Epijournal Geom. Algébrique 4 (2020), Art.
11.

A. Grothendieck: Eléments de géométrie algébrique II: Etude globale élémentaire de
quelques classes de morphismes. Publ. Math., Inst. Hautes Etud. Sci. 8 (1961).

A. Grothendieck: Eléments de géométrie algébrique IV: Etude locale des schémas et des
morphismes de schémas. Publ. Math., Inst. Hautes Etud. Sci. 24 (1965).

A. Grothendieck: Eléments de géométrie algébrique IV: Etude locale des schémas et des
morphismes de schémas. Publ. Math., Inst. Hautes Etud. Sci. 28 (1966).

A. Grothendieck: Technique de descente et théorémes d’existence en géométrie algébrique.
VI. Les schémas de Picard: propriétés générales. Séminaire Bourbaki, Vol. 7, Exp. 236,
221-243. Soc. Math. France, Paris, 1995.

B. Kahn: On the universal regular homomorphism in codimension 2. Ann. Inst. Fourier
(Grenoble) 71 (2021), 843-848.

M. Kashiwara, P. Schapira: Categories and sheaves. Springer, Berlin, 2006.

T. Kawasaki: On Macaulayfication of noetherian schemes. Trans. Amer. Math. Soc. 352
(2000), 2517-2552.

D. Knutson: Algebraic spaces. Springer, Berlin, 1971.

J. Kolldr: Quotient spaces modulo algebraic groups. Ann. of Math. 145 (1997), 33-79.

S. Kovacs: Rational singularities. Preprint, arXiv:1703.02269.

B. Laurent, S. Schroer: Para-abelian varieties and Albanese maps. Preprint, arXiv:2101.
10829.

W. Liitkebohmert: On compactification of schemes. Manuscr. Math. 80 (1993), 95-111.
T. Matsusaka: On the algebraic construction of the Picard variety. II. Jpn. J. Math. 22
(1952), 51-62 (1953).

B. Mitchell: Theory of categories. Academic Press, New York-London, 1965.

L. Moret-Bailly: Familles de courbes et de varietes abeliennes sur P!. T Descente des
polarizations. In: L. Szpiro (ed.), Séminaire sur les pinceaux de courbes de genre au moins
deux, pp. 109-124. Astérisque 86 (1981).

D. Mumford: Lectures on curves on an algebraic surface. Princeton University Press,
Princeton, 1966.

D. Mumford: Abelian varieties. Tata Institute of Fundamental Research Studies in Math-
ematics 5. Oxford University Press, London, 1970.

J. Murre: Applications of algebraic K-theory to the theory of algebraic cycles. In: E. Casas-
Alvero, G. Welters and S. Xambé-Descamps (eds.), Algebraic geometry, Sitges (Barcelona),
pp- 216-261. Springer, Berlin, 1985.

M. Nagata: Imbedding of an abstract variety in a complete variety. J. Math. Kyoto Univ.
2 (1962), 1-10.

M. Olsson: Algebraic spaces and stacks. American Mathematical Society, Providence, RI,
2016.

H. Onsiper: Generalized Albanese varieties for surfaces in characteristic p > 0. Duke Math.
J. 59 (1989), 359-364.

M. Romagny, D. Rydh, G. Zalamansky: The complexity of a flat groupoid. Doc. Math. 23
(2018), 1157-1196.



ALBANESE MAPS 34

[52] D. Rossler, S. Schroer: Moret-Bailly families and non-liftable schemes. Algebr. Geom. 9
(2022), 93-121.

[53] M. Rosenlicht: Some basic theorems on algebraic groups. Am. J. Math. 78 (1956), 401-443.

[54] H. Russell: Albanese varieties with modulus over a perfect field. Algebra Number Theory
7 (2013), 853-892.

[55] D. Rydh: Noetherian approximation of algebraic spaces and stacks. J. Algebra 422 (2015),
105-147.

[56] P. Samuel: Relations d’équivalence en géométrie algébrique. In: J. Todd (ed.), Proceedings
of the International Congress of Mathematicians, pp. 470-487. Cambridge University Press,
New York, 1960.

[57] S. Schréer, N. Tziolas: The structure of Frobenius kernels for automorphism group schemes.

arXiv:2105.07860, to appear in Algebra Number Theory.

] S. Schréer: There is no Enriques surface over the integers. Ann. of Math. 197 (2023), 1-63.

| J.-P. Serre: Morphismes universels et variétés d’Albanese. Sém. C. Chevalley 3, 1960.

| J.-P. Serre: Groupes algébriques et corps de classes. Hermann, Paris, 1975.

] Stacks project authors: Stacks project. https://stacks.math.columbia.edu, 2018.

] B. Totaro: Pseudo-abelian varieties. Ann. Sci. Ec. Norm. Supér. 46 (2013), 693-721.

] O. Wittenberg: On Albanese torsors and the elementary obstruction. Math. Ann. 340

(2008), 805-838.

MATHEMATISCHES INSTITUT, HEINRICH-HEINE-UNIVERSITAT, 40204 DUSSELDORF, GER-
MANY
Email address: schroeer@math.uni-duesseldorf.de


https://stacks.math.columbia.edu

	Introduction
	1. Recollections and generalities
	2. Modifications and regularity
	3. The abelian part of the Picard scheme
	4. Ind-objects of abelian varieties
	5. Compactifications and Albanese maps
	6. Behavior under base change
	7. The case of algebraic curves
	8. The case of algebraic groups
	References

