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CHAPTER I

Introduction

An arc on an algebraic variety X is a bit of a curve on X. The arcs on X have
a parameter space, called the arc scheme of X. The study of the variety X through
understanding its arcs began with Nash’s 1968 preprint [26], and has attracted special
interest since Kontsevich’s 1995 lecture at Orsay, in which he introduced a theory
of integration on spaces of arcs, called motivic integration, and the successes it
generated.

Our study here concerns the development of the theory of arcs in the context
of logarithmic algebraic geometry. Log geometry is a subject with many inroads:
sometimes it is used as an algebraic analogue of manifolds with boundary, sometimes
it is used to study controlled degenerations on varieties, sometimes it brings to a given
variety an analogue of the combinatorial structure of a toric variety. Kazuya Kato
[19] showed how this geometric theory can be founded by equipping a variety X
with a monoid sheaf M, called a log structure. In geometric cases, often the log
structure is essentially merely the multiplicative semigroup of monomials in some
chosen regular functions on X. The category of log schemes consists of such pairs,
a scheme X together with the log structure M, and the log algebro-geometer works

in this context. As there are log curves — ordinary curves C' with additional log



structure at some of their points — so there are log arcs as well.

There is for each log scheme a log arc scheme as well, which parametrises its log
arcs. We develop this theory here, building on prior work on log jet schemes [11], [16].
A classical fact about (ordinary) arc schemes is that the arc scheme of an irreducible
variety X, over a field of characteristic zero, is irreducible itself. This is a theorem
of Kolchin [21]. This means that an arc on the singular locus of X can be deformed
into the smooth locus of X; or put the other way, an arc on the singular locus of X is
a limit of arcs in the smooth locus of X. For log arcs, such a deformation determines
not only a limiting arc but some data about the “trajectory” of the deformation as
well. For combinatorially reasonable irreducible log varieties, we show that the log
arc scheme is irreducible: all the log arcs are such limits. Specifically, we establish

the following result.

Theorem 1.1. (111.44) Let k be a field of characteristic zero. Let (X, M) be a fine
log scheme over (Speck, k*), with X irreducible of finite type, and let Joo(X, M) be
its log arc scheme. Let X; be the rank j stratum of (X, M) and let r be the minimum
rank of M on X. Then J(X, M) is irreducible if and only if codimyx X; = j —r

for all non-empty X;.

What else in the study of arc schemes carries over to an analogue in the study
of log arc schemes? Certainly it would be attractive to have a theory of log motivic
integration as well, meaning a theory of integration on log arc schemes. For such
a theory one needs to provide certain ingredients: some kind of measure on log arc
schemes, functions to integrate, values for these to take on. From these, to get any
work from the theory, the recipe must supply a comparison result between log motivic
integrals, as Kontsevich’s key change-of-variables formula compares motivic integrals

on a variety with motivic integrals on a proper birational model. Steps toward such



a theory we offer in Chapter IV.

1.0.1 Logarithmic algebraic geometry

A log structure on an algebraic variety X is “a magic by which a degenerate
scheme begins to behave as being non-degenerate,” writes Kato [18]. Toric varieties
Xy, for example, are smooth objects in the category of log schemes — they are “log
smooth” — and enjoy good regularity properties under maps Xy, — Xy that come
from morphisms of their fans ¥ — ¥/ — which are “log scheme morphisms.”

In the generality introduced by Kato [19], a log scheme is an algebraic variety
X together with a sheaf of monoids M on X and a morphism M — Ox to the
multiplicative monoid of the structure sheaf Ox which induces an isomorphism on
units M* — O%. The sheaf M is called a log structure on X and the pair (X, M) is
called a log scheme. An important classical example is when M is locally generated
as a monoid by local equations for the components of a chosen normal crossing divisor
D on X. Sometimes one thinks of D as a “boundary” or “divisor at infinity” for the
space X — D C X.

For Kato and those who followed, this was the road to fruitful applications in arith-
metic, including the construction of log crystalline cohomology [14] and Mochizuki’s
proof of Grothendieck’s conjecture on anabelian geometry for curves over number
fields [24]. Here if X — SpecV is a scheme over a discrete valuation ring V' with
semistable reduction, which just means that the fibre of X over the closed point
of SpecV is a normal crossing divisor, one can treat it with the formalism of log
geometry.

For others, as it will largely be for us, log geometry remained a more geometric
theory, with X to be a variety over a field k. One then studies the geometry of X

when it is paired with an appropriate log structure M, or the geometry of an open



subset U C X of a complete variety X with log structure along the complement
“at infinity” X — U (which now is not required to be a normal crossing divisor
in general). For example, the moduli space of stable curves, a compactification of
the moduli space of smooth curves, arises this way by considering curves X, not
necessarily smooth, with fine saturated log structure at their singular points. Toric
varieties as compactifications of algebraic tori may also be viewed in this way.
Spherical varieties, which generalise toric varieties by replacing the torus with an
algebraic group G, also naturally have such a description. Recently in [5] the arc
spaces of spherical varieties were investigated; see Remark IV.57. It may be quite

interesting to study these log geometrically as well.

1.0.2 Motivic integration

Motivic integration is a proven technique for extracting information about an
algebraic variety X from its arc scheme J,(X). Kontsevich [22] introduced this
theory of integration by analogy with certain p-adic integrals used by Batyrev [1],
strengthening and generalising Batyrev’s result to work over any algebraically closed
field k. The key property that motivic integrals enjoy is the so-called change-of-
variables formula for proper birational maps Y — X of varieties over k, which
relates an integral on X to an integral on Y involving the pullback of the integrand
on X and the relative canonical class Ky, x of the morphism.

Kontsevich’s original application was to show that birational smooth Calabi-Yau
varieties have the same Deligne-Hodge polynomial, and hence the same Hodge num-
bers. This only required constructing the motivic integral on smooth varieties X.
Denef and Loeser [8] undertook the task of making precise Kontsevich’s proposed
theory, at the same time showing how to define motivic integrals for singular va-

rieties, which present significant additional technical difficulties, especially in the



construction of the motivic volume on a suitable algebra of subsets of Jo.(X). Nu-
merous further applications have followed. Among others, we might mention further
work of Batyrev on stringy Hodge numbers [3] and Reid’s conjecture on the McKay
correspondence [2], further work of Denef and Loeser on Igusa zeta functions [9], and
Mustata’s work on some birational invariants by relation to jet schemes [25]. For

more on the development and use of the technique, we refer to [23], [7].

1.0.3 Terminology

In this note we are often concerned with terms and concepts (jets and arcs,
smoothness and étaleness, and so forth) which appear in both the usual setting
of the category of schemes and in the setting of the category of log schemes. Wher-
ever a term is used in the log scheme sense we will indicate this by including “log” in
its name (so, log jets and log arcs, log smoothness and log étaleness, and so forth).
Sometimes when a term is used in its usual scheme-theoretic sense we will emphasise
the distinction by calling it “ordinary” (so, ordinary jets and ordinary arcs, and so

forth).



CHAPTER II

Monoids and logarithmic algebraic geometry

We give an exposition, essentially self-contained, of some elements of log geometry.
A log scheme, after Kato [19], is a pair (X, M) where M is a sheaf of monoids with
a multiplicative map M — Ox which restricts to an isomorphism M* — O% on
units.

In practice, the log structure M is often specified by way of a map P — Ox
from a finitely generated monoid P, which then generates M in a categorical sense
by sheafifying and adding in units. For example, a toric variety is a log scheme in a
natural way, with log structure locally generated by cones in the lattice of characters
of the torus. This gives a combinatorial interpretation to the data of a log structure.
Such a map P — Oy is called a chart for the log structure it generates, and in many
cases it reflects or controls the behaviour of the map M — Ox.

Our first task then will be to recall some of the basic language and behaviour
of monoids. Later we extract some information about the geometry of log schemes
from them. Especially important to us is the view of a fine log scheme (X, M) as
being stratified by locally closed subsets on which M “does not vary.” In the case of
a toric variety, the stratification consists of the torus-invariant orbits, understanding

of which of course contributes greatly to understanding the geometry of the toric



variety. In general the strata are determined from the quotient M /O%, which is a
sheaf of finitely generated monoids and another important object. In good cases,
but not quite all cases, this sheaf M /QO% gives charts for the log structure M in the
sense above at every point. This means that there is a section M/O% — M of the
projection. In these cases such a chart gives an additional measure of control on the

log structure.

2.1 Monoids

By a monoid we mean always a commutative semigroup with an identity element.
Most often we will write the monoid operation multiplicatively, but sometimes addi-
tive notation will be apt. In particular we will use the natural numbers (N, 4) under
addition, where N = {0,1,2,...}, to stand for the free monoid on one generator.
When the generator is specified to be some element x of a ring R, we write by abuse

of notation Nz = {1, z, 22, ...} to stand for the set of powers of z.

2.1.1 Monoid algebras

To a multiplicative monoid P we associate the monoid algebra k[P], which by
definition is the quotient of the polynomial ring on the set P by the relations between
monomials in the variables which hold of them in the monoid P (and by identifying
the neutral elements 1 € P and 1 € k). Equivalently, one may take construct k[P]
as the quotient of the polynomial ring on a set of generators of the monoid P by
the relations which hold among the monomials in these generators. Thus k[P] is a
quotient of a polynomial ring by a pure binomial ideal; we also sometimes say that

it is a quotient given by monomial relations. Conversely such a presentation

R = k[{xi}iet]/J



with a pure binomial ideal J determines a monoid P, generated by the symbols z;,
for which R = k[P].

By abuse of terminology we also call the affine scheme Spec k[P] a monoid algebra,
(partly to avoid conflation with the notion of “monoidal space” which has been used

by other authors to refer to something different).

2.1.2 Basic notions and properties

A map P — @ of monoids induces a k-algebra map k[P] — k[Q].

A monoid P is finitely generated if there is a surjection N” — P for some integer
r > 0. Equivalently, all the elements of P may be written as monomials in some
finite generating set of elements of P. Such a description gives Spec k[P] as a closed
subscheme of affine space A" = Spec k[N"].

A monoid P has a group completion P, that is, a group P with a map P — P9
with the universal property that a monoid morphism P — G to any group G factors
through P9%. One may construct P% as the set of fractions pg~! with p,q € P,
where pg~! = rs! in P if there is t € P such that tps = trq.

A monoid P is called integral if whenever an equation pg = pr holds in P one has
q = r. Equivalently, P is integral if and only if the map P — P9 is an inclusion.
This gives also an inclusion k[P] — k[P9]. If in addition P9 is torsion-free then
k[P9] is a domain, according to a classical result for group rings, so that k[P] is then
also a domain. (But P being integral, or integral and torsion-free, is not sufficient
for k[P] being a domain in general; see for instance Example I1.3 below.)

A monoid both integral and finitely generated is called fine.

An integral monoid P is called saturated if whenever some power ¢g" lies in P,
where g € P and n > 1, one has g € P also.

To a monoid P there is associated a universal integral monoid P, which may be



realised as the image of P — P9. This in turn has a universal saturation P** C P9,
consisting of all the elements of P9 for which some positive power lies in P,

When X = Spec k[P] is the algebra of a specified monoid P, we write for conve-
nience X9 = Spec k[P%] for the monoid algebra of P%. If P is fine, then X ig
a dense open subset of X, consisting of a finite union of tori, one for each torsion
element of P9 each having dimension rank P9,

Sometimes we wish to view P9%/(torsion) as a lattice inside a rational vector
space P2 = P9 ®, Q. If P is finitely generated then the image of P — P9 is a

(possibly nonsaturated) rational polyhedral cone.

Example II.1. A rational cone in an integer lattice is a fine, saturated, torsion-free
monoid. Conversely, if P is a fine saturated torsion-free monoid, then furthermore
P9 is torsion-free, for the saturation of any submonoid of P includes all the torsion
elements of P9%?. Then P is free and P is a rational cone in P9?. The monoid algebra

Spec k[P] is a (normal) affine toric variety.

Example II.2. The subset P = N — {1} = {0,2,3,4,....} of the natural numbers
under addition is a monoid. Writing this multiplicatively as powers of a variable ¢,

its monoid algebra is
k[P] = K[t*, '] = klz,y] /(2" — ),

the co-ordinate ring of a cuspidal plane cubic curve. The inclusion P C N gives
P9 C N9 = 7Z. In fact P% = Z, for example because 1 = 3 — 2 is a difference
of elements of P (in other words, because P% is a subgroup of Z containing 2, 3).
We see that P is integral and finitely generated, so is fine, but is not saturated. Its
saturation is N, and the natural map k[P] — k[P*"] = k[t] is the normalisation map

of the cuspidal curve.
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Example I1.3. Let ) be generated by two elements x, y subject to the single relation
2?2 = y%. Then Q is integral and torsion-free. The spectrum of the monoid algebra
k|Q] = k[x,y]/(x* — y*) consists of two lines meeting at the point z = y = 0. One

has

Q7 ~ (Z)272)w X Lz

by identifying the generator y with w - x, and
0t = (7.)27)w x Nx C Q.

So k[Q**] = k[z,w]/(w? — 1). The map Spec k[Q*"] — Spec k[Q] glues the two lines
of Spec k[Q**] with w = +1 together at x = 0, while Spec k[Q%] — Spec k[Q] just

includes the complement of the node of Spec k[Q)].

2.1.3 Ideals, faces, and quotients

An ideal I of P is a submonoid of P closed under multiplication by elements of
the monoid, /P C I. An ideal [ is called prime if whenever pq € I one of p, q lies in
I. Equivalently, an ideal I is prime if the complementary set P — [ is a submonoid
of P (in fact, a face of P: see below).

For an ideal I of P, there is a quotient monoid P — P/I which may be realised
as the set P — I together with a “zero element,” corresponding to the subset I. If a
product of elements in P — [ lies in I then in P/I the product is zero (i.e., it is the
class of I). If I is prime then this does not happen, and P/I may be realised as the
monoid P — I together with a zero element, (where zero times P — I is zero).

A face F of a monoid P is a submonoid of P such that whenever p,q € P have
pq € F, then in fact both p,q lie in F. The complementary set P — F of a face F
is a prime ideal of P, and vice versa. The group P* of invertible elements of P is a

face of P, in fact the minimum face of P.
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A monoid P with P* = 1 is called sharp. A monoid P has a universal map to a
sharp monoid, namely to the quotient P/P*. By this we mean the set of cosets of
P* in P with the induced monoid operation. This is a different kind of quotient of P
than those by ideals of P. When F' is a face of a fine monoid P, we will write P/F

for the sharp quotient

FP/(FP),

where F'~!P C P9 is the smallest monoid containing both P and the inverses of the

elements of F'.

Example I1.4. The usual group quotient Z/27Z is a monoid of two elements, as is
the monoid quotient N/{1,2, ...}, but they are not the same monoid: the latter has a
non-trivial idempotent 1+ 1 = 1. One might write it instead as the set {0, 0o}, with
oo being the additive version of what the zero element is for multiplicative monoids.

Put another way, Z/27 and N/{1,2, ...} have operation tables

+10 1 + 10 oo

0l0 1 and 0| 0 oo

111 0 o0 | 0o 00

respectively, and these are not isomorphic.

Example I1.5. View the monoid N? as the set of integer lattice points
N? = {(a,b) such that a,b > 0}

of the first quadrant of the plane. Any point p € N? generates an ideal p + N2, a
translated cone in the plane. The ideals of N? are unions of such cones (which may
then be realised as finite unions of such cones). Equivalently, an ideal of N? is the

set of points above a descending staircase in the first quadrant.
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The monoid N? has three prime ideals, being the sets
(1,0) + N? = {(a, b) such that a # 0}

and

(0,1) + N? = {(a, b) such that b # 0}

and their union
((1,0) + N*) U ((0,1) + N?) = {(a,b) such that (a,b) # 0}.

The complements of these are the three proper faces of N?, namely the two copies of

N where one co-ordinate or another is zero, and the origin {(0,0)}.

Example II1.6. A field k, considered as a multiplicative monoid, has unit group
k*, and the quotient monoid k/k* is the (sharp) two-element multiplicative monoid
{0,1}. Here there is an asymmetry between the two points of k/k* in that the unit

group acts freely on the orbit k* C k of 1 € k but trivially on the orbit {0} C k.

2.2 Log schemes

A log scheme, as introduced by Kato [19], will be a scheme X together with some
combinatorial data encoded in a sheaf of monoids M on X. Any scheme may become
a log scheme in many different ways, including trivially, so in complete generality
M does not provide much control. There are various conditions on the pair (X, M)
one may ask for to provide some. For example one commonly works in the category
of log schemes with fine and saturated log structure, which can avoid many possible
pathologies in both M and X. Fine and saturated log smooth varieties are modelled
in a strong sense on toric varieties [20]. Like toric varieties they are normal and

Cohen-Macaulay. But the general local model for a log scheme is just of an arbitrary
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map X — Spec k[P] of a scheme X to a monoid algebra, where the map on structure
sheaves is induced by a monoid morphism P — (Ox,-) that “generates” the log

structure on X.

2.2.1 Log structures and charts

A log scheme over k is a pair (X, Mx), where X is a scheme over k and Mx
is a sheaf of monoids on X with a monoid morphism ayx : Mx — Ox to the
multiplicative monoid (Oy,-) that induces an isomorphism M¥% = ay'O% — O%
on units. The sheaf M is called a log structure on X. The map ax need not be
injective, although in many examples Mx will be a subsheaf of Ox. The category
of log structures on X has an initial object, which is O% (as a sub-monoid sheaf of
Ox), also called the trivial log structure on X, and a final object, which is Oy, since
by definition a log structure sheaf M on X comes with maps a~! : O% — M and
a: M — Ox.

Any sheaf of monoids Py on X with a monoid morphism « : Px — Ox (this
much data is called a pre-log structure) generates an associated log structure P,
which may be realised as the fibred sum (in the category of sheaves of monoids) of

the diagram

Px

!

O%x<—a '0%

In particular if one specifies a monoid P and a map P — Ox(X) one obtains a
log structure on X generated by P, namely, that associated to the constant sheaf P
determines. A monoid P is called a chart for the log structure it generates.

A log structure on X is called coherent if it has, Zariski-locally, charts by finitely

generated monoids. Likewise the log scheme (X, M) is called fine or saturated if it
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has, Zariski-locally, charts by fine or saturated monoids. A map P — Mx(U) over
an open set U C X is a chart if and only if it induces isomorphisms P} — Mx , at
stalks for z € U. In any case, a map P — Ox(U) determines a map U — Spec k[P]
to the monoid algebra of P. Sometimes this map to Spec k[P], rather than from the

monoid P, is called a chart on U.

Example II.7. A monoid algebra k[P] naturally gives a log scheme, with the log
structure given by the chart P. We call this the standard structure of Spec k[P] as a

log scheme.

Example I1.8. One of the principal motivating examples for logarithmic geometry
arises from a scheme X together with a (Cartier) normal crossing divisor D on X.
This is realised in Kato’s formalism of log structure sheaves as follows. For a point
x € X let Dy, ..., D, be the prime components of D passing through z and take a chart
N" near z, with the standard generators of N” mapping to local equations for the
components D;. Since the choice of equations is not canonical these charts typically
will not glue together by themselves, hence one expands them as monoids to include
the units near z. Now various constructions one makes from the log structure, like
the sheaf of log differentials, are interpreted as objects with logarithmic (i.e., order
one) poles along D. The dual objects, like the sheaf of log tangent vectors (and, we
shall see, log jets in general) are thereby interpreted as objects with zeroes of order
one along D.

More generally, let U be an open set in X, and take M to be the subsheaf of Ox

of functions invertible on U. That is, for V' C X open put

M(V) = {f S Ox(V) such that f|U S Ox(U N V)*}

This is a monoid sheaf under multiplication, and is a log structure on X. When
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X —U is anormal crossing divisor D, this M is the same log structure as constructed
above. In general, this M is the pushforward (see Section 2.2.2 below) of the trivial

log structure on U along the inclusion U — X.

Example I1.9. The affine plane X = Speck[N?| = Spec k[z, y] with its standard
log structure M, generated as a submonoid sheaf of Ox by the monomials x and y
together with O%, is a special case of the last two examples.

One may go from the chart P = N? to the associated log structure M as follows.
On the open subset U = Speck[z,y|, of X the monomial x is a unit, so that in
the fibred sum of P and Ox(U)* the element x € P is identified with the unit
x € Ox(U)*. Consequently on U the monoid M is generated just by the monomial
y together with O%. Likewise on the open set V' = Spec k[z, y], the log structure M
is generated by . On U NV = Speck[z, y,, the log structure is trivial, M|yny =
O
Example I1.10. Consider the affine line Spec k[x] with log structure M given by a
chart N — k[z] taking the generator of N to the polynomial xz(z — 1). That is, the
chart is given by the inclusion of algebras k[x(z — 1)] — k[z]. The global sections
of M are not just the monoid sum k[z|* @ N. In fact, thinking of M as a subsheaf
of Ox, both x and x — 1 are global sections. For example, away from x = 0 the

function x is a unit, so is a section of M, while away from x = 1 the function
r=(x—-1"" 2(x—1)

is a unit (z — 1)~ times a section x(z — 1), so is a section of M. So z is a global
section of M; and similar for x — 1.
In this example one has two global charts, by Nz(z—1) and by N> = Nz®N(z—1),

whose (abstract) group completions have different rank. The latter is closer to the
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global structure of M, in the sense that M(X) ~ N? & k[z]*, while the former is
closer to the local structure of M at the points x = 0, 1, in the sense that the induced
map

Nz(z — 1) = M, /0%,
is an isomorphism at these two points p.

Remark 11.11. A chart P — My of a fine log scheme (X, Mx) which induces an
isomorphism P — My ,/O%, is called good at x. Good charts do not always exist.

The next proposition gives some simple cases where they do.

Proposition I1.12. Let (X, M) be a fine log scheme, x a point of X, and P =

M, /O% . Then:
(1) If P9 is torsion-free there is a chart P — M near x.
(2) If X is normal near x then there is a chart P — M near .

(3) If chark = 0, or chark = p and P has no p-torsion, then there is a chart
P — h*M in an étale neighbourhood h : V- — X of x, where h* M is the log

structure on V' generated by M.

Proof. By ([31], 11.2.3.6) there is an isomorphism
MU)/Ox(U)" = M,/O%,

in some neighbourhood U of z. So P would be made into a chart by a section of
the monoid morphism M(U) - M(U)/Ox(U)*. To study this map we consider the

induced map on group completions,

M(U) MU)/Ox(U)

| |

M(U)?P ——— (M(U)/Ox (U)")*.
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Since M(U) and M(U)/Ox(U)* are integral monoids, the vertical arrows are injec-
tions, and a splitting of the bottom arrow splits the top arrow by restriction.

Now in case (1) it is assumed that P% = (M(U)/Ox(U)*)% is free abelian, so a
splitting of the bottom arrow exists in this case.

Otherwise, P9 has some torsion part, and the problem becomes to determine
that torsion elements of P come from torsion elements of M(U)%. Let fg~! € P%
be a torsion element, with f,g € M(U) and f™ = ug™ for some u € Ox(U)*. If X is
normal on U, then u = (a(f)/a(g))™ has an n'" root v = a(f)/a(g) in Ox(U). Then
"= (vg)" in M(U), so f(vg)~! is torsion in M(U)%. Choosing a decomposition of
the torsion part of P9 as a sum of cyclic groups and lifting generators fg—' for each
now gives (2). Finally, we have at the same time (3), with the morphism U — X

1/n

given by extracting the roots v = u*/™ near x. O

Example I1.13. Let X = Speck[z,y, 2, w]/(z*2 — y*w) with its standard structure
as a monoid algebra. On the open subset zw # 0, there are not Zariski-local good
charts along the locus z = 0,y = 0. The obstruction is that z/w = (z/y)? is a unit

here but x/y is not a regular function.

2.2.2 The category of log schemes

A morphism of log schemes (X, Mx) — (Y, My) is a morphism of schemes
f X — Y with a morphism of sheaves of monoids My — f,Mx compatible

with Oy — f.Ox; that is, making a commutative diagram

My 4>f*MX

L

Oy —1.0x

Given a map of schemes f: X — Y and a (pre-)log structure My on Y, there is

a pullback log structure Mx = f*My on X, which is the log structure associated to
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the set-theoretic pullback f~!My with the monoid map f~'My — 10y — Ox.
Given instead a (pre-)log structure Mx on X there is a pushforward log structure
My on Y. Writing still f, for the usual set-theoretic pushforward of sheaves, this
is the log structure associated to the fibre product (in the category of sheaves of

monoids on Y') of the diagram

f*MX

Oy — /0%

In either case, there is an induced map of log schemes (X, Myx) — (Y, My).
Pullback and pushforward are functorial, and they are adjoint functors in the usual
way. Formation of the associated log structure from a chart or other pre-log structure
commutes with pullback.

A map of log schemes f : (X, Mx) — (Y, My) such that Mx ~ f*My is
called strict. A monoid P mapping to Oy is a chart on Y if and only if the map
Y — Spec k[P] is strict. Since strictness is preserved by composition, if (X, Mx) —
(Y, My) is strict then P pulls back to a chart on X by X — Y — Spec k[P].

If (X, Mx) and (Y, My) are log schemes over a base (S, Mg), they have a fibre
product log scheme

(X xgY,(Mx ®pg My)?)

with underlying ordinary scheme X xg Y and log structure generated by the fibred

sum of the diagram

Mx

|

My% MS

of sheaves of monoids on X xg Y, where we have written just My, etc. for the

pullbacks of Mx, etc. to X xg Y.
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2.2.3 Stratification of fine log schemes

Let (X, M) be a fine log scheme. At any point x of X there is a stalk M, of the

log structure sheaf, which is a monoid in the natural way. Consider the group
MO » = (Ma/Ox )"

This is a finitely-generated abelian group, as one may see by taking a finitely-
generated chart of M near x. Its rank we call the rank of M at z.

The rank of M is an upper-semicontinuous function on X. Consequently there is
a (finite) stratification of X by locally closed subsets X; on which M has rank j. In
this stratification, if Z is a component of X; and Z’ is a component of X}, such that
the closure Z meets Z’, then Z’ is contained in Z, and j < k.

If X is irreducible, there is some minimum rank r of M on X, and X, is open

and dense in X. The complement

X-x.=J X
j>r4l

is a divisor on X, which we might call the locus Z(M) of the log structure on X.
We have r > 0 only if some elements of M map to the nilradical of Ox.

For elaboration, see ([31], 11.2.3).

Example I1.14. In the notation of Example I1.9, the rank zero stratum of the affine
plane X with its standard structure is the complement U NV of the co-ordinate
axes. On U — V the rank of M is one, since the quotients M9 /O% , at each point
p € U—V are copies of Z, generated by the monomial y. Likewise on V — U the rank
of M is one. These punctured lines together form the rank one stratum of (X, M).
At the origin o, which is the single point of X — (U UV), one has M% /0% , ~ 7,
generated by the image of the standard chart N2. So the origin is the rank two

stratum of (X, M).
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Example I1.15. We might instead give the plane X = Spec k[x, y] a non-standard
log structure M’ C Ox generated by the monomial xy. That is, the log structure
is given by the chart k[zy] — k[z,y]. The difference from the standard structure
M is at the origin, where now the log structure M’ has rank one. So it is the two
co-ordinate axes together, including the origin of the plane, which are the rank one

locus of (X, M'). In particular this stratum is singular as a subscheme of X.

Example I1.16. Consider the affine cone X = Spec k[x,y, z, w]/(xw — yz) over the

quadric surface, with (non-standard) chart given by the projection
f : Spec kla, y, =z wl/ (ww — yz) — Spec kfz, y]

to the plane. The rank zero stratum of X is the inverse image of the rank zero
stratum zy # 0 of the plane, and the inverse image of the rank one stratum (z =
0,y # 0) U (z # 0,y = 0) of the plane is a line bundle consisting of two components
Z,7' of the rank one stratum X; of X. Over the origin (x,y) = (0,0) the fibre
f750) of f is the plane Spec k[z,w]. The lines zw = 0, which are the closure of the
components Z, Z', are the rank two stratum X,. The complement of X, in f~1(0) is
another component Z” of Xj, for on the locus zw # 0 in X the monomials x and y

are related by units.

2.2.4 Cospecialisation

A point z of a fine log scheme (X, M) which is in the closure of every component
of every stratum is called a central point for the log scheme. When there is such, the
stratum to which z belongs consists of central points. A monoid algebra Spec k[P)]

has a central point, namely the point corresponding to its maximal ideal P — P*.

Remark 11.17. A point x always has a neighbourhood of which it is a central point:

delete the closures Z of components of strata of X such that # ¢ Z. This notion can
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simplify the local picture of the stratification of X, and appears in some basic local
results. For example, the restriction map M(U)/O(U)* — M, /O%, is an isomor-

phism if x is a central point of U, as we recalled in the proof of Proposition 11.12.

Suppose X has a central stratum, with generic point z. Let & be the generic point
of a stratum of X. Then z lies in the closure of &, and there is a cospecialisation
map on stalks of the sheaf M

Mz—>./\/l§

which induces a surjection
P=M,/O%, — Q= M:/O%;

modulo units of fine monoids. (See ([31], 11.2.3.2).) In particular, there is a face

F C P, consisting of the images of elements of M, that map to units under
Mx — OX,z — Oxyg

which maps to the identity class in ). Then Q = P/F. Recall this means that the
map P — @ then factors as

P F'P=Q

where P — F~1P is an inclusion inside P% and F~'P — Q is the quotient of F~1P
by its unit group.

Suppose there are sections P, () — M, that is, P,() are made into good charts
(in the sense of Remark II.11), compatibly with the map P — @. This amounts to
assigning values in O, for the elements of F'. Conversely a chart P — M, sending

F into O%, induces a chart Q — M.

Example 11.18. This discussion generalises the situation in Example I1.9. The chart

N? = Nz @ Ny is good at the origin of A% = Spec k[z,y], and Nz is good on the open



22

set y # 0. The maps

Nz @ Ny - No ¢ Zy — Nx

on charts take y to the identity 1 € Nz. Different source charts Nz ¢ Nu='y (with
their obvious maps to k[z,y]) with the same quotient specialise y to different values

u.

2.2.5 Closed log subschemes

In the category of ordinary schemes, Z becomes a closed subscheme of X through
amap i : Z — X of schemes for which i*Ox — Oy surjects.

In the category of log schemes, one takes the following definition. A log scheme
(Z, Mz) becomes a closed log subscheme of (X, Mx) through a map i : (Z, Mz) —
(X, Mx) it i : Z — X makes Z a closed subscheme of X in the ordinary sense,
and the map on log structures i* My — My surjects. Geometrically this second
condition means that the locus of the log structure on Z becomes a closed subscheme
of the locus of the log structure on X. There is a largest such locus on Z, namely the
restriction of the locus on X. This is the case that i* My — M is an isomorphism;
that is, that the morphism of log schemes i is strict. Following Kato [19], we will say
that the closed log subscheme i : (Z, Mz) = (X, Mx) is a closed embedding if i is

strict.



CHAPTER III

Logarithmic jets and arcs

We develop the theory of the log arc scheme J.. (X, M), of a log scheme (X, M)
over a field (Speck, k*). This builds upon the existing theory of log jet schemes
I (X, M).

The ordinary jet schemes J,,(X) parametrise the infinitesimally thickened points
Speck[t]/(t") — X

of X, while the ordinary arc scheme J,(X) parametrises the formal curves at points
of X. If an arc

Speck[t] = X

is a bit of a curve on X, then the m-jets are like sketches of bits of curves up to
m™ order derivatives, possessing specified velocity, acceleration, etc., but not their
derivatives of all orders. An interpretation of the log jet schemes J,,(X, M) as
analogous parameter spaces in the category of log schemes was given by Karu and
Staal [16].

Log jet bundles were studied by Noguchi [30] in the normal crossing case, before
Kato’s formalism for log structures appeared, and work has continued in this con-

text, e.g. in [10]. The suggestion to found a general theory of log jet schemes using

23
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Kato’s log structures was offered by Vojta [33]. Taking up this proposal, the exis-
tence of the log jet schemes J,,(X, M), with (X, M) a log scheme over an arbitrary
base log scheme, was proved by his student Dutter [11], who constructed their co-
ordinate algebras by developing the theory of log Hasse-Schmidt differentials. This
was patterned after Vojta’s presentation [33] of ordinary jet schemes J,,(X) through
ordinary Hasse-Schmidt differentials. These differentials give co-ordinates on, and
explicit equations for, jet schemes. Looking at the strata of a fine log scheme gives
another important computational approach to log jet schemes.

We also elaborate on the theory of log smooth and log étale maps as they per-
tain to log jet scehemes. These morphisms were studied first by Kato [19]. Like
their counterparts for ordinary schemes, these maps behave well with respect to our
infinitesimal objects. The fundamental result on log smooth and log étale maps is
Kato’s Theorem III.18 characterising when a map of monoids induces a log smooth
or log étale map on monoid algebras. As the log geometry category has more smooth
objects than the ordinary category of schemes, so does it have more smooth or étale
morphisms, whose degeneracies as maps of ordinary schemes will be controlled by
the maps on log structures. For example, an equivariant blowup of a toric variety
is a log étale morphism. The general characterisation Corollary I11.21 of log smooth
and log étale maps on log schemes follows from this study of maps of their charts,
that is, of monoid algebras.

We end this chapter with an application to log arc schemes. For ordinary arc
schemes there is a classical result of Kolchin [21] that the arc scheme of an irreducible
variety X over a field of characteristic zero is irreducible. For the log arc scheme of a
fine log scheme (X, M), (still in characteristic zero), an irreducibility result cannot

be expected without a non-degeneracy condition on the stratification of X, in view
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of our prior calculations. We introduce such a condition under the name dimensional

regularity, which is an “expected rank” condition on the strata of (X, M):

Definition IIL.1. (Definition I11.47) Let X; be the rank j stratum of an irreducible
fine log scheme (X, M). We say that (X, M) is dimensionally regular if codim X+ j

is constant, for all j for which X is nonempty.
We then show that this is necessary and sufficient:

Theorem II1.2. (Theorem II1.44) Let (X, M) be a fine log scheme, with X ir-
reducible. Then Joo(X, M) is irreducible if and only if (X, M) is dimensionally

reqular.

The proof uses Kolchin’s theorem for ordinary arc schemes to deform a log arc
on (X, M) into general position in its stratum. Then we can deform it into the next

strata level, and repeat until it is in the minimum rank locus of (X, M).

3.1 Log jets and log differentials

We begin with the functorial characterisation of log jet schemes and follow with

their concrete realisation in terms of log Hasse-Schmidt differentials.

3.1.1 Ordinary jets and arcs

Let

Jm = Spec k[t]/ (™),

for m > 0. An ordinary k-valued m-jet on X is a map j,, — X. That is, if X is
given over k by some equations fi, ..., f, = 0 in variables 1, ..., x4, then an m-jet on
X is an assignment of truncated series x(t), ..., xs(t), defined up to order t", with

co-efficients in k, to the variables such that the equations f;(x1(t),...,xs(t)) = 0 are
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satisfied up to order t™. If we think of z;(¢) as being given through its co-efficients
zi(t) = aig + aiit + aiot® + ... + appt™

then these equations for the x; turn on substitution into equations for the co-efficients

a; 4. The m-jets then have as parameter space the quotient of
kla;q:1<i<s,0<d<m]

given by these equations. This quotient is the Hasse-Schmidt algebra of the affine
scheme X [33], and its spectrum is the scheme J,,(X) of m-jets of X.

More generally, an ordinary S-valued m-jet on X is a map S Xj j,, — X. The
functor

S +— Hom(S X jm, X)

is representable, and we write J,,(X) for the (ordinary) jet scheme that represents
it. There are natural maps J,,(X) — J,(X) for m > n induced by the truncation
EIe)/ () — K[e] /().

An ordinary k-valued arc on X is a map
Joo = Speck[t] — X

and an ordinary S-valued arc on X is a map S Xj joo — X. Concretely, such a
map has co-ordinates like as an m-jet does, but now the series z;(t) involved are not
truncated to any order. There is again a scheme of such maps, denoted J(X). It
is the projective limit of the spaces J,,(X) with their truncation maps.

For a detailed construction of these schemes and some of their basic machinery,

one might see [12].
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3.1.2 Log jets and arcs

Now let us give j,, its trivial log structure, which as a sheaf is just a copy
E[t]/ ™ = {ag + ait + - - - a,,t™ mod ™! such that ag # 0}

of the units in k[t]/(t™*") at the sole point of j,,. Let S be a scheme, made into a
log scheme through its final log structure Og. Recall from Section 2.2.2 that there
is a product log scheme of S and j,, in the category of log schemes over (Spec k, k*),

whose underlying ordinary scheme is S Xy, j,, and whose log structure is the pushout
Os G- O = O =~ Ost] /(™)

of the respective log structures fibred over k*. An S-valued log m-jet on (X, Mx) is

then a map of log schemes
(S Xk Jmy Og Bp O;m) — (X,./\/lx)

The functor

S — Homlog(S ijm,X)

(where we have left the log structures out of the notation on the right side) is repre-
sentable, and we write J,,(X, Mx) for the log jet scheme that represents it. Again
there are truncation maps J,,(X, Mx) — J,(X, Mx) where m > n.

Replacing everywhere j,,, by js = Spec k[t], one has the definition of an S-valued
log arc. The space of such is denoted J..(X, Mx), and it is the projective limit of

the schemes J,,,(X, Mx) with their truncation maps.

Example II1.3. It is worth writing down explicitly the data of a k-valued log jet on
a log scheme (X, M). Working locally near the image of Spec k[t]/(t™™!) — X, we

may take X = Spec A with a chart P. Note that although with S = Spec k we have
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S X1 Jm = Jm as schemes, the specified log structure on Spec k Xy, j,, comes from the

product as log schemes; in fact it is the sum
k@i K[L)/(¢") ™0, = Kt/ (")

of multiplicative monoids fibred over the units k*, with log structure map given by
taking products in O;,.. (In particular, the log structure on Speck Xy, j, is not any
of the “obvious” choices, is not integral, and does not inject into Oj,,.)

This log structure may be described, by shifting multiplicative constants to the

left factor, as the (non-fibred) product
ko (RIEL/(70)" /B o ko (1 + tk[e] /(£71))

of k and the principal units of k[t]/(¢™"'), with the map to O;, being just the

multiplication map
kox (1+tk[t]/(¢™h) — k[e] /(™).

We note that the image of this multiplication map consists only of the units of
E[t]/(t™1) together with zero.

Altogether, a map of log schemes
Speck Xy jm — (Spec A, P?)

is equivalent to a commutative diagram

kx (14 tk[t] /(™)) P
(31) lmult
k[eD /() A.

Here the bottom row is the map of the underlying ordinary jet and the top row is
the map on log structures. We will have occasion to refer to this diagram a number

of times.
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Example II1.4. There is a similar description to Example II1.3 for S-valued log m-
jets when S = Spec B is an affine scheme. Namely, such a log jet on the log scheme
(Spec A, P?) is equivalent to a commutative diagram

B* &p- Bt]/(t" ) ~—

p
(3.2) lmult L
Ble]/(tm+) A.

The monoid top left is the global sections of the log structure on the product log
scheme Spec B X}, j,,. The appearance of the unit group B[t]/(t™!)* in place of
E[t]/(#™1)* is due to the presence of the units on Spec B X}, j,,, in the log structure.

See also [11], Definition 3.6 and following.

Remark 111.5. One might also ask after (S, Mg)-valued log m-jets (or arcs), with
different log structures Mg on S than Og. For given m, this functor on the category
of log schemes over (Speck, k*) is representable, say by log schemes (Y., My,,).
Here the underlying scheme Y, is just the scheme J,,(X, My) described above,
considering only the structure Og on S, because S +— (S5,Og) is right adjoint to
the forgetful functor from log schemes to schemes (because (5, Og) is initial in the
category of log schemes underlain by .5).

Further, the log structure My, one obtains on J,,(X, Mx) from this construc-
tion in the category of log schemes is just that pulled back from X via the map
In(X, Mx) — X. Indeed, any map f : (Z,Mz) — (X, Mx) factors through
(Z, f*Mx), so alog S-jet v on (X, Mx) factors through (S X jm,7*Mx), hence
an S-point of J,,,(X, Mx) factors through (S, (ym,,)*Mx). It is for this reason, that
the log structure on J,,,(X, Mx) in this sense introduces no new information, that

we generally study J,,(X, Mx) as an ordinary scheme and not a log scheme.
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3.1.3 Log Hasse-Schmidt differentials.

The existence of log jet schemes relative to arbitrary morphisms (X, Mx) —
(Y, My) was proven in [11] by construction in terms of log Hasse-Schmidt differen-
tials. This was modelled on the construction in [33] of ordinary jet schemes in terms
of ordinary Hasse-Schmidt differentials. For each m > 0, one constructs locally the
m™ (log) Hasse-Schmidt algebra, the spectrum of which is the scheme of (log) m-jets.

Locally, for X = Spec A affine, one has the log Hasse-Schmidt algebra HS'¢(M),
relative to the base log scheme (Speck, k*), as follows. Start with the polynomial
ring over A on symbols d;f and 0,p, for every f € A,p € M(X), and 1 <i,j < m.
It is convenient to introduce notation dof = f for every f € A and dyp = 1 for every

p € M(X). Then take the quotient by the relations
(1) di(f +g) = dif +dig for f,g € A,
(2) dic=0for c€ kand i > 1,
(3) dia(p) = a(p)dip for p € M(X), and

(4) the ordinary and “logarithmic” Leibniz rules

di(fg) = ) difd;g
0<i,j<k
it+j=k
for f,g € A and
I(pq) = Z 9ipd;q
0<i,j<k
i+y=k
for p,q € M(X).

Note that in the logarithmic Leibniz rule the terms Oyp and Orq appear on the

right side with co-efficients 1 = 0yq = Jyp. In particular the case k = 1 asserts that

01(pq) = Ovp + Ovgq.
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1 .
One thinks of d; as like a divided differential ,—|dz, and 0; as the logarithmic differential
i!
dlog, where
df
dlog f = —=-.
f

For i > 2, the differential J; is not repeated logarithmic differentiation, but rather

the differential

with a pole along the locus a(p) = 0.

One sees, using the ordinary and “logarthmic” quotient rules, that this construc-
tion localises properly, so that the spectra of the locally constructed m!™ log Hasse-
Schmidt algebras on some (X, M) glue to a global object, which is the space of log

m-jets.

Example II1.6. Continuing Example III.3, in terms of the k-valued log jets on
(X, M), the connection between the points HS¥(M) — k of the log Hasse-Schmidt
algebra and morphisms

P =k x 1+tk[t]/ ")

is that in the latter the first component corresponds to values for the elements a(p) =
doa(p), and the co-efficients of the series in the second component correspond to

values for 0;p.

Remark I11.7. One sees easily from the description by Hasse-Schmidt algebras that
the truncation maps J,,(X, M) — J,,(X, M) are affine morphisms: for locally on X
they just correspond to the maps HS% (M) — HSE(M) induced by identifying a
symbol d; f or 0;p in HS% (M) with the same in HS(M). The existence of the log
arc scheme J (X, M), given the existence of the log jet schemes J,,,(X, M), is then

immediate.
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Remark 111.8. As above, one has

0 (HP;J) = Z €;O1D;-

For k > 2 one does not have the same identity, but may still write

o ([197) =D s + G

for some universal polynomial G, in the lower-order differentials d;p; with i < k and

the exponents e;.

Remark 111.9. In general one may not replace M(X) by an arbitrary chart for M
in the construction of HS¢(M). For instance, in Example I1.10 when m = 1 the
chart N? gives both log differentials 9,2 and 9;(x — 1), while the chart N gives only
their sum 0y (x(x — 1)) = 012+ 01 (z — 1). However, charts will do for computing the

Hasse-Schmidt algebra locally on X.

Remark T11.10. So far we have preferred multiplicative notation for our monoids,
since in many cases we think of them just as sub-monoid sheaves of (Ox,-). The
log derivative 0 = 0y gives an isomorphism from an integral monoid written multi-
plicatively to the same monoid written additively. Where we interpret the monoid
written multiplicatively in terms of monomials, this interprets the monoid written

additively as a monoid of first-order log differentials.

3.1.4 Log jets on strata

Every log jet on (X, M) has an underlying ordinary jet, obtained by “forgetting”

the map on log structures. That is, there is a natural map
I (X, M) = T (X)

of schemes over X. It is also the map induced on log jet spaces by the canonical log

scheme morphism (X, M) — (X, 0%). Typically this map is neither surjective nor
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injective: not every ordinary jet underlies a log jet, and those that do may become
log jets in more than one way.

With some minor hypotheses on a fine log scheme (X, M), there is a simple
abstract description of the natural map J,,,(X, M) — J,,,(X) in terms of the strat-
ification of X introduced in Section 2.2.3; namely, on each stratum it is an affine
bundle map. To see this, let us study the log jets on (X, M) extending a given
ordinary jet . For convenience of notation let us suppose that ~ is k-valued, i.e.
that it gives a jet at a closed point x of X. But really the following discussion makes
sense for the generic point £ of the stratum to which x belongs, replacing k& with the

residue field of &.

Example III.11. Here is the gist of the following in terms of a “good-enough” chart
on X. Suppose (X, M) = (Spec A, P?) is affine, and v : j,, — X is a jet at the point
x of X. Considering a log jet underlain by =, according to (3.1) the map on log

structures is a monoid morphism
¢ P—kx1+t[k]/").

The first component of this map is evaluation at the point x. There is a prime ideal
I of P which maps to non-units under ¢, that is, to elements with first component
zero. These then map to zero in k[t]/t™!. We see that the underlying ordinary
jet 7 lies generically in the locus a(I) C A. This is the condition v must satisfy to
underlie a log jet.

Let F = P — I be the complementary face of the prime ideal I. These are the
elements which map to units. Suppose now that the projection P% — P9 /F to the
quotient generated by F' in P% admits a section. For example, if P is a good chart

at x, then F' = {1} and this is trivial. Then the second component of the morphism
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¢ is uniquely determined by an arbitrary group morphism
P /F — 1+ t[k] /(™).

Note that the source group P9 /F has rank equal to the rank of the log structure at

x. This computes the fibre of the map J,,,(X, M) — J,,(X) at z. O

So, we consider the maps of log schemes j,, — X with given underlying ordinary

jet v : 7, — X. The map on log structure sheaves is a monoid morphism
¢ My — kx (K[t] /(™) /k*

with the following properties. First, on composition with the multiplication to
E[¢]/(#™*1), the non-units of M, map to zero, because the image of the multi-
plication map consists only of units and zero. So ¢ annihilates the maximal proper
ideal M, — M* of M, on composition with the map to k[t]/(t™*'). In particular,
the underlying ordinary jet v lies in the locus a(M, — M%) = 0 in X. Second,
the map ¢ is O% ,-equivariant, where O% , acts on the second factor of the target
through ~.

Let us write ¢ = a x # as a product of two monoid morphisms. Note that « is

the evaluation map at z. For as a sends M, — M7 to zero and agrees with
v M:; = O}k(@ — k — OX,ac/mzvv

it factors through the map Ox — Ox . /m,. In particular, this « is compatible with
the log structure morphism ax, : M; — Ox ;.

We are interested then in characterising the possible monoid morphisms
B My — (R[] /(™))" [k = 1+ t[k]/ (")

which are O% ,-equivariant. Since the target of 3 is a group it is the same to replace

M, by M. Assume either that £ has characteristic zero, or that k has characteristic
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p > 0 and MJ/O% , has no p-torsion. Then the torsion part T' of M%/O% , has

order relatively prime to the order of the torsion part of 1+ t[k]/(t™*1), so a map
B MP[O%, — L+ k] /(")

factors through the quotient by 7', hence uniquely determines a map [ given a chosen
splitting of M% — (M2 /0% ,)/T. Therefore the possible § are parametrised by

affine space A™, where j = rank M%/O% , is the rank of M at z.

Proposition II1.12. ([16] 3.2) Let (X, M) be a fine log scheme and, for m > 0
orm = oo, write J,,(X, M); for the space of log m-jets or log arcs over the rank j

stratum X;. Then:

(1) If chark = 0 or chark = p and M9 /O% has no p-torsion on X;, the natural

map Jp (X, M); = Jn(X;) is an affine bundle map with fibre A™ .

(2) The natural map Joo (X, M); = Joo(X;) is an affine bundle map with fibre the

space of maps 70 — 1 + tk[t].

Proof. The above discussion, which is the case m > 0, applies with the usual nota-
tional changes to the case m = oo. In this case 1+ tk[t] has no torsion, independent

of the characteristic of k, so we do not need an additional hypothesis in (2). ]

Corollary II1.13. Assume the notation and hypotheses of Proposition II1.12(1).
Then

dim J,,, (X, M); = dim J,,,(X;) + my,

and, writing dim J,,,( X, ./\/l)jm for the log m-jets over the smooth locus of X,

dim J,, (X, M)3™ = (m + 1)(j + dim Xj) — j.
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Remark 111.14. In the case where chark = p and MJ/O% , has a p-power-torsion

subgroup T, there is in addition to the map
B (MP/OY,)/T = L+ t[K] /(")

some data to a log m-jet given by a map T, — 1 + tk[¢]/(¢t™"). When m is large
enough compared to n the truncation map J,,,(X, M); — J,(X, M); has in its image

only log n-jets corresponding to the trivial map on 7},, because under the map
1+ tk[t] /(™) — 1+ tk[t] /(")

if m —n > p an element not 1 has its torsion order decreased. This gives an alternate

explanation of Proposition I11.12(2) in the case of positive characteristic.

Example II1.15. Here is an illustration of this in terms of differentials in a simple
case. Let (X, M) be the affine line Spec k[z] with its standard structure, generated
by x. Both J;(X, M) and J;(X) are trivial A'-bundles over X. The former we may
give co-ordinates dpx = x and 0z, and the latter, dyx and dix = dpx - O1x. In other

words, the map J; (X, Mx) — J;(X) here is one chart
k[dgﬂ?, dlx] = k[do.’ﬂ, do.ﬁE . (9133] — k[dox, (91[[']

of the blowup of an affine plane, at the zero jet in J;(X). All of the log jets at
x = 0 map to the zero jet in J;1(X), and otherwise their co-ordinate oz is an
arbitrary element of k. An ordinary jet at x = 0 which is non-zero (that is, does not

generically lie in the stratum x = 0) underlies no log jet.

3.2 Log smooth and étale maps

The notions of unramified, smooth, and étale maps in the log scheme category

may be defined by infinitesimal lifting properties in the same way as in the ordinary
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scheme-theoretic sense. That is, (X, Mx) — (Y, My) is log unramified, resp. log

smooth, resp. log étale if whenever one has a diagram

(T,7 MT’) 4>(X7 MX)

7

(T, Mr) —(Y, My)
where (77, M) — (T, Mr) is an infinitesimal thickening, locally on 7" there is at

most one, resp. at least one, resp. exactly one lift (T, M) — (X, M) making
a commutative diagram. Many basic properties of differentials on log schemes will

then follow formally in the usual way; see for example [19] or [31].

Remark I11.16. What one must supply to make this work precisely is to say what “in-
finitesimal thickening” means in the log scheme category. Certainly i : (7", Mp/) —
(T, M) should be underlain by an infinitesimal thickening, so that Z = ker(Or —
O7+) is nilpotent, and i should be a strict morphism, so that it is a closed embedding
in the log scheme sense.

However, with only this much still much degeneracy is possible in the log struc-

tures My, My, Following ([31], IV.2.1.1) we also require that the subgroup
14+Z =ker(O} — OF,) C O}

act freely on M. The significance of this technical condition is in the details, but
among its implications are: (1) that ¢ is an ezxact morphism, meaning that a map to
Moy is determined by its composite maps to My and M¥| (2) that 1 + Z injects
into M¥’, and is the kernel of the induced map M — M9, and (3) that 1 +Z
behaves like a kernel of the map Mp — M in that if t1,t5 € My have the same
image in My then t; = uty in My for some u € 1+ Z. For these facts see ([31],
IV.2.1.2). None of these very mild consequences are automatic of a strict morphism

underlain by an ordinary infinitesimal thickening: many pathologies are possible in
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the category of monoids. But, crucially, they will allow us to have the important
Theorem II1.18 characterising when maps of monoid algebras are log étale or log

smooth.

One observation is that the log smooth or log étale maps which are also smooth

or étale in the ordinary sense are the strict ones:

Proposition II1.17. (/19] 3.8) Let f : (X, Mx) — (Y, My) be a morphism of fine
log schemes whose underlying map X — Y 1is smooth, resp. étale. Then f is log

smooth, resp. log étale if and only if f is strict (i.e., f*My ~ Myx).

Proof. In an infinitesimal lifting situation one has a lift, resp. unique lift, of the
underlying map on schemes, and therefore a lift, resp. unique lift as log schemes if
and only if there is a map, resp. a unique map, on log structures compatible with

the underlying map of schemes. This happens if and only if f is strict. O]

Here is the important characterisation of when a map of monoid algebras is log

smooth or étale.

Theorem II1.18. ([19] 5.4; [31] IV.3.1.9) Let ¢ : Q — P be a morphism of finitely
generated monoids, f : Speck|P] — Speck|Q)] its induced map on monoid algebras,

and ¢ : QI — PIP its induced map on group completions. Then:

(1) f is log étale if and only if 9P has finite kernel and cokernel, of orders prime to

p if chark = p > 0. In particular, if ¢ is an isomorphism then f is log étale.

(2) f is log smooth if and only if $97 has finite kernel, and the kernel and the torsion
subgroup of the cokernel have orders prime to p if chark = p > 0. In particular,

when char k = 0, if ¢9 injects then f is log smooth.
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Proof. We fill out the proof sketch of ([19], 3.4), wherein Kato works only étale-
locally. To conclude the argument in the more difficult Zariski-local case, see ([31],
IV.3.1.9).

Let an infinitesimal lifting diagram be given. We may assume that Z? = 0. A
map (T, Mr) — (X, Mx) = (Speck[P], P*) is completely determined by the map
P — Mqy. Since (T',Mp)) — (T, Mr) is exact, such a P — My is equivalent
to the given map P — My together with a map P — M lifting Q@ — M.
Since the targets of these last are groups, it is the same to replace P, by their
group completions. Hence the infinitesimal lifting problem is equivalent to the lifting

problem for the diagram

Moy <—— pop

]

MT - QQP

of monoids.

First, ker 9?7 maps to ker(My — Mp) =1+Z in Mr. But 1 +Z =1+ Z/7?
does not have torsion elements if char k = 0, or torsion elements of order prime to
char k = p, so actually the finite group ker ¢%? maps to 1 € My. We get an induced
map from Im ¢9% C P% to Mr.

Second, choose a minimal generating set pi,...,p. € P9 for the finite abelian
group coker ¢9” and lift their images in My to some elements ¢; in My. If p; has
finite order e;, so that pjj = ¢; € Im ¢, then t;j = ujq;j for some unit u; € 1+ 7.

Hence we get our required lift P9? — M by taking p; to v;q; if OF has a e}h

root v;
of u;, (and lifting p; arbitrarily in the case it does not have finite order). Under the

hypothesis on coker ¢, this can be arranged by passing to an étale neighbourhood

in T". The conclusions follow. O
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Example II1.19. The monoid algebra Spec k[P] with its standard structure is log
smooth over k if the torsion part of P9 is annihilated on tensoring with k. In

particular, in characteristic zero every monoid algebra is log smooth over k.

Example II1.20. The normalisation map of the plane cuspidal cubic with its stan-
dard structure as a monoid algebra (see Example 11.2) is log étale, because the
saturation map P** — P of an integral monoid induces an isomorphism on their
group completions. More generally, every log scheme (X, Mx) has a universal map

from a saturated log scheme (X% M ysat), and this is log étale ([31] IV.3.1.12).

Corollary II1.21. ([19] 3.5, [31] IV.3.1.14) Let [ : (X,Mx) — (Y, My) be a
map of log schemes, with finitely generated charts P,Q) on X,Y such that the map

My = fuMx on log structures is induced by some ¢ : QQ — P. Then

(1) f is log étale if ¢9 has finite kernel and cokernel, of orders primes to p if
chark = p > 0, and the map X — Y Xgpeck|q) SpeC k[P] is étale in the ordinary

Sense.

(2) [ is log smooth if 9 has finite kernel, and the kernel and the torsion subgroup
of the cokernel have orders prime to p if chark = p > 0, and the map X —

Y Xspeck[q) Spec k[P] is smooth in the ordinary sense.

Proof. Follows from Theorem III.18, the formal fact that log smoothness and log
étaleness is preserved by base change, and the fact that X — Y Xgpecriq) Spec k[P

is strict (with Proposition II1.17). O

Remark 111.22. In fact, there is a converse to the criterion Corollary I11.21: if f
is log smooth or log étale, then there exists a chart () — P for f satisfying the
given conditions. In this case, in (2) one can even take a chart ) — P such that

X = Y Xgpeckg) Spec k[P] is étale. For one may enlarge a given chart P by units
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u,u” € O%, thickening Spec k[P] by a factor (A')*, until X — Y Xgpec kg Spec k[P
is smooth of relative dimension zero.

Remark 111.23. (]20] 11.6, [29] 2.6) For fine saturated log smooth schemes, the log
structure is necessarily the pushforward of the trivial structure on its rank zero

stratum.

3.2.1 Log arcs and log étale maps

Having introduced log jet and log arc schemes, our special interest in log étale
maps arises from the following proposition, which is a formal analogue of the same

fact for ordinary étale maps and ordinary jet and arc spaces.

Proposition IT1.24. Let f : (X, Mx) — (Y, My) be a log étale map of log schemes.
Then the induced maps fp, © Jn(X, Mx) = Jn(Y, My) for m >0 or m = oo make

the diagram

a fibre square.

Proof. For m > 0 this follows from the functorial characterisation of log jet spaces
and the definition of log étale maps. More precisely, an S-point of X Xy J,, (Y, My)

is naturally a diagram of log schemes

S Xpjo—=X

L

SijmHY

(where we have omitted the log structures from the notation) because of the natural

correspondences

Hom(S, X') = Hom(S, Jo(X, Mx)) = Homy,y (S Xy, jo, X)



42

and

Hom(S, J (Y, My)) = Homyog (S Xg Jm, Y).

Now S X jm — S Xk Jo is a log thickening, by Proposition II1.25 following. So
if X — Y is log étale then such diagrams biject naturally with log scheme lifts
S X jm — X, which are the same things as S-points of J,,(X, Mx).

Given this, the assertion of the proposition in the case m = oo follows on taking

the projective limit of the maps on log jet spaces. O]
Proposition I11.25. For all 0 < n < m the truncation maps

0" 1 (S Xk Jin, Os @px O ) = (S X Jimy Os = O )
are log infinitesimal thickenings.

Proof. Obviously the underlying morphism S X j, — S X Jj., is an infinitesimal
thickening in the usual sense. Next, 7" is strict if Og @+ O} as a monoid sheaf on
S Xy Jn generates the log structure Og @y~ (’);‘n. This is true because the sheaf O;m
on j, generates the trivial structure O .

One sees easily that the group 1+ " k[t]/(t™) acts freely on the log structure
Os®p-Ek[t]/(t™1)*, because it does on (k[t] /(™)) /k* ~ 1+tk[t]/(t™T!), satisfying

the further condition of Remark II1.16. OJ

Example III.26. Consider one chart f : Speck[z,y|] — Spec k[z, xy| of the blowup
of the plane at the origin, with their standard log structures. The map f is log étale,
by Theorem III.18. For the map f is the monoid algebra morphism induced by the
inclusion

¢ : Nx @ Noey — No @ Ny

of monoids, and ¢% is an isomorphism (it is a unimodular linear transformation on

Zx ® Zy). Of course, the map of schemes underlying f is far from étale at the origin.
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According to Proposition I11.24, the induced maps f,, on log m-jet spaces are
base changes of f. That is, along the exceptional divisor E = (z = 0) C Spec k|x, y]
the map f,, is just an Al-bundle. So f,, gives an isomorphism from the log jets at
any point of E to the log jets at the origin of Spec k[z, zy]!

We can describe this isomorphism in co-ordinates. At the point y = 0 on E, a
k-valued log jet 7 is a pair of principal series x(t),y(t) € 1+ tk[t]/(t™'), and the
image f,,7 is the pair x(t), zy(t) = z(t)y(t). Away from y = 0, a k-valued log jet ~y

on F is a principal series x(t) and a series
y(t) = dgy + dlyt + dgth + .= (doy)(l + 01yt + 82yt2 + )

with doy # 0, and the image f,,7 is the pair

z(t), z(t)y(t)/ (doy),

or z(t), z(t)y(t) mod k*, of principal series. In any case the series z(t) is a unit of
E[t]/(t™*1), so that the data of f,,y conversely determine v, by associating the pair
x(t), zy(t)/x(t) to a given jet x(t), zy(t). In additive notation, this is the more famil-
iar statement that, for a group (G, +), the map (x,y) — (z, x+y) is an automorphism
of G%.

This behaviour is very different from that of the maps f induces on ordinary jets
[23], where the jets v on E break into piecewise A°-bundles over jets at the origin of

Spec k|x, zy] according to the contact order e = ord; z(t) of v with E. O

Several times so far in calculating with log jet or arc schemes we have replaced
a monoid P with its group completion P%. The following lemma gives a precise
sense in which the log jets or arcs of a fine log scheme typically depend only on the

group completion of the log structure. According to Proposition II1.17, the map f



44

appearing in it is not a log étale map (it is étale in the ordinary sense but not strict),

although the hypothesis on ¢ is the same as in Theorem I11.18(1).

Lemma II1.27. Let ¢ : M — M’ be a map of fine log structures on X, with f :
(X, M) = (X, M) the corresponding map of log schemes. (That is, the underlying

map on schemes is the identity on X.) Assume that the induced map
¢9p : Mgp — M’gp
at some point x has finite kernel and cokernel, of orders prime to p if chark = p.

Then near x, for m > 0 or m = oo the maps
Jm : In(X, M) = T (X, M)
are 1somorphisms.

Proof. The map ¢% has the same kernel and cokernel as the group completion of the
map

by P=M,;/O%, = Q =M, /O%,,
since ¢, is an isomorphism on the units O% , at the stalks of the two log structure
sheaves. So by hypotheses we have a map P — () such that the induced map
P% Qg k — Q% ®z k is an isomorphism. In particular the map P% ®z k — Q% Qz k
is given by an integer matrix invertible over k.

It follows that the log Hasse-Schmidt algebras H S (M) and H S (M) calculated
from P and from () are equal. For as the first-order log differential 0; is a monoid
morphism from P or ) to PP ®z k or Q% ®z k, we see that we get the same first
log Hasse-Schmidt algebra HS% (M) = HSY(M’'). In view of Remark II1.8, we
then have HS¢(M) = HSP(M') for m > 1 by induction, because the map on log
differentials 9,, P — 0,,Q is given, up to a polynomial in lower-order differentials, by

the same matrix as the map on lattices 01 P — 0,Q) inside P9 ®Qy Z — Q% @ Z. [
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3.2.2 Log blowups

Let P be a fine saturated monoid, Spec k[P] its monoid algebra. (We could also
work over Z instead of a field k.) Let I be an ideal of P. It generates an ideal (I) of
k[P], and the blowup

Bl;(P) = Proj®,(I)"

has a covering by affine open sets
Spec k[P(q~'1)],

for ¢ € I running over a generating set, where P(S) denotes the saturation of the
monoid generated by P and a fractional ideal S C P9 inside P%. Each chart comes
with a dominant map

Spec k[P (g 'I)] — Spec k[P]

induced by P < P{q~'I). This morphism is not strict: the standard log structure
on the source is generated by the chart P{(g~'I) and not just P. Hence the standard
log structure on Bl;(P) is not that pulled back from P.

Since the ideal I becomes principal in P{q~'I), generated by ¢, we see that these
affine charts construct the log blowup in the sense of the universal fine saturated log
scheme wherein I becomes principal.

The notion of log blowups was introduced by Kato in his unpublished paper [18].

See also [17] for an exposition on which ours is based.

Example ITI1.28. Let P = N? have monoid algebra Spec k[z,y] with its standard
structure. Its blowup at the maximal ideal (z,y) of P is covered by two charts,
namely those given by the fractional ideals (z,yz~!) and (y,xy~'). We get the usual

toric blowup of the origin with standard structures.
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Remark T11.29. Spec k[P{(pg)~'I)] is an open subset of Spec k[P(q~*I)] if both p, q €
I, since then P{(pq)~'I) is generated by P,p~! ¢~'. This explains how the affine
charts glue, as well as why it’s enough to consider only generators of I in our affine

cover.

Remark T11.30. Suppose that p € P — P* becomes a unit in P(¢g~'I), i.e. that
p~t € P{q 'I). This means that some power p~" lies in the (possibly unsaturated)
monoid generated by P,¢ 1. So p™™ = p1q'q; for some p; € P,q, € I. This means
that ¢ = p"p1q1 in P. Since p & P*, we see that q is properly divisble as an element
of I (by an element of P).

It follows that Bl;(P) is covered by mazimal charts Spec k[P{q~'I)] where g ranges
over indivisible elements of I as an ideal (meaning that ¢ is not properly divisible in

P by an element of I), and further that
Plg 'y NP = P

Example II1.31. If P is not saturated, the monoids P(¢'I) for ¢ irreducible in T
need not be maximal. For example, let P = {0,2,3,...} C N. The log blowup at its
maximal ideal I = {2,3,...} C P corresponds to the normalisation map Spec k[t| —
Spec k[t?,t*] = Spec k[P]. Here the chart P(t~2I) is the whole blowup, and P{t™*I)

is the open subset Spec k[t t™1].

Example II1.32. It is possible to have P* = 1 and still have P(¢~'I) not sharp. For
example, let P be generated by monomials vy, zy, 2%y, let I = P — 1 be its maximal

1

ideal. Then ¢> =y -2y?, s0 1 = ¢ 'y - ¢ tay® So both ¢y = 27! and ¢ tay® = 2

are units in P(q~*I).

Remark 111.33. The blowup we have defined stays inside the category of fine satu-

rated log schemes. There is also a notion of unsaturated blowup. Compare Proposi-
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tion II1.36.

Remark I11.34. Let us consider how strata behave under a blowup chart
Y = Speck[P{q 'I)] = X = Speck[P].

Recall that the strata components of a fine sharp monoid algebra Spec k[Q)] biject
with the faces of the monoid ). Under this bijection a face F' of () corresponds to
the stratum component of Spec k[@)] on which F' is invertible. This correspondence
is inclusion-preserving in the sense that if one has a containment of faces then the
closures of the corresponding strata components have the same containment.

For a face F of P, let the extension F® of Fin P(q 'I) denote the smallest face
(not necessarily proper) in P(g~'I) which contains it. We say that F' appears in
P{q7!I) if F, F® have the same dimension; equivalently, if F is not contained in the
relative interior of a face of P{q~'I) of larger dimension. We say that a face F’ of
P{q~'I) is a new face if it is not the extension of a face of P; equivalently, if F' N P
has smaller dimension than F’.

With this terminology we have the following description of the strata of the log
blowup chart Y — X. The stratum component Z in X corresponding to F' is in
the image of the blowup chart Y — X if F' appears in P(¢~'I), and not if not.
In the case that it does, the extension F€ is the face of P(q~'I) corresponding to
smallest stratum of the fibre over Z. If F’ is a new face of P(q'I) containing F¢,
then the stratum component Z’ in Y corresponding to F” is part of the exceptional
locus of the map Y — X, and maps to Z C X. (Faces containing F° which are
not new correspond to the transforms of strata components in X which contain Z
in their closure.) In particular, in a log blowup strata map generically onto strata,

and furthermore the fiber over Z in Y is constant; for this description depends only
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on the face F' corresponding to Z, and not to any point x € Z.

For a fine saturated log scheme (X, M) one constructs the blowup of X along an
ideal sheaf Z C M as follows. Take local charts U — Speck[P] and blow up the
preimage I of Z in P. Then fibre U over this, U Xgpecrp] Blr(P). Local universality
for blowups of monoid algebras implies that the resulting pieces glue together to a
log scheme Blz(X, M), with a standard structure given by the chart morphisms to
the pieces Bl;(P).

Unlike ordinary blowups for ordinary schemes:
Proposition II1.35. Log blowups are log étale.

Proof. Log blowups are modelled locally on chart morphisms that induce isomor-

phisms on groups, which are log étale by Theorem II1.18. O
We note a few basic facts about log blowups to place them in some context.

Proposition IT1.36. (/29] 4.3) Let (X, M) be fine saturated log regular, I a coherent
ideal of M. The log blowup (X, M) — (X, M) is underlain by a map of schemes
that factors as X — Z — X, where Z — X is the blowup along IOx and X — Z is

normalisation.

Proof. We note that the proof in the reference uses Kato’s characterisation of log

regularity in terms of the vanishing of certain Tor groups ([20] 6.1.iii). O

Proposition II1.37. (/17], 3.8) The log blowup Blz(X, M) — X is universal among

fine saturated log schemes over X for which the ideal Z of M s locally principal. [

This universality means that log blowups of fine saturated log schemes behave
like their ordinary counterparts, despite the normalisation step in Proposition I11.36.

One gets formally many similar results. For example, given two ideals Z,Z" of M,
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the blowup along Z and then along (the pullback of) Z’ and the blowup along Z’ and
then Z are equal. In fact, both are equal to the blowup along the ideal generated by
Z,T' together in M ([17], 3.10).

The next proposition characterises, in view of Theorem III.18, the log étale maps

on monoid algebras which are log blowups.

Proposition I11.38. ([17], 8.12) For a map QQ — P of fine saturated monoids
inducing an isomorphism Q% — P9 the morphism Speck[P] — Speck[Q)] is an

open subset of a log blowup.

Proof. Let P be generated in P = Q% by () and fractions a;b~" with a;,b € Q.

The required blowup is along the ideal generated by a;’s and b. O

3.3 Log arcs for monoid algebras

The log jet and log arc spaces of a monoid algebra Spec k[P] are simple to describe,
because a map of log schemes S Xy, j,, — Spec k[P] is completely determined by the

map on log structures P — Og Py~ (9;f

m

The map to the first factor (defined up to
scaling by k*) is the evaluation map of an S-point of Spec k[P], and the map to the

second factor (defined up to scaling by k*) is typically parametrised by affine space.

Proposition II1.39. Let P be a monoid, not necessarily finitely generated or inte-
gral, X = Spec k[P] its monoid algebra, with the standard log structure M generated

by P, and P9 the group completion of P. Then:

(1) Form >0 or m = oo, the k-rational points of J,,(X, M) are the trivial bundle

over X with fiber the space of maps P9 — 1 + tk[t]/(t™").

(2) Assume m = oo, or else m > 0 and either chark = 0 or chark = p and P is

p-power-saturated, (that is, if f € P9 has fP € P™ then in fact f € P™). If
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P9 has finite rank, the fiber of J,,(X, M) — X is irreducible, hence J,,(X, M)

1s irreducible if X 1is.

Proof. The data of a k-valued log jet or arc on X consists of a diagram

ko (1+ k1] () 22 p

| |

k[ ) k[ P]

Such a diagram is completely determined by the top arrow a x 8. Now o : P — k

is a point of X and 8 is a map P — 1+ tk[t]/(t™*!), equivalently a map
B: PP — 1+ tk[t]/(™).

So Jp (X, M) is the bundle of such maps 3. This gives the claim (1).

For the second, the maps [ factor through the quotient of P by its torsion in
every case except when chark = p, m > 0, and P9 has p-torsion. But the presence
of p-torsion in this case is what is ruled out by the saturation assumption on P. So

the maps [ are just from a free group, and the claim follows. O

Remark 111.40. That the log jet spaces are locally affine bundles over Speck|[P]
when chark = 0 or chark = p and P9 has no p-torsion, as follows from Proposi-
tion I11.39(1), is another expression of the fact that Spec k[P] is log smooth over k

with these hypotheses (Example I11.19).

Remark 111.41. Here is an interpretation of the triviality of the bundle
Joo(X, M) — X = Spec k[P]

over the monoid algebra X. The canonical forgetful map Joo(X, M) — J(X)
induces a map

T(Joo(X, M)) = T(Js(X))
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on their corresponding total tangent spaces. Concretely, a k-point of T'(Jo. (X, M))
is a collection of principal series

Plog(s,t) =1+ Z(aomp + O1p s)t"

n>1

and values dop = doop + di gp s satisfying some conditions (the series pjoq(0,t) define

a log arc on X, etc.), and the map to T'(Jw (X)) multiplies these to give series

p(s,t) = Z do,0p0onpt" + (do,0pO1,np + di1,0pdo np)st™.

n>0

Here the series
p(0,t) = doopdon t"

give an ordinary arc on X at the point p = dy op, and the co-efficient series

Z(do,0p81,np + dy op0o np)st”

of s gives a tangent direction in T'(J, (X)) at that arc. What we wish to observe is
that if do op = 0, that is, if the arc (log or ordinary) lies in a stratum with p = 0, then
the co-efficient of s does not depend on the numbers 9, ,,p, but only the numbers 0 ,,p
and the scaling factor d; gp. In other words, it depends only on the log arc pjo,(0,t)
and not on the tangent direction normal to p = 0 for pi,,(0,t). Geometrically this

means that the map

T(Joo(X, M)) = T(Js(X))
factors through piecewise morphisms (on strata)
Joo (X, M) = T(Joo(X)).

This interprets a log arc (pi,y(t)) alone as specifying an ordinary arc inside a stratum
X, of X together with a deformation of that arc into the rank zero stratum X9 of

X (where all dygp # 0).
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Remark 111.42. Continuing the last Remark, it may be interesting to further study
the natural map Joo(X, M) — Jo(X) through its induced maps on (ordinary) jet

or arc schemes, particularly the map
Joo(Joo (X, M) = Joo (oo (X))

This expectation is based in part on the above picture of the map Joo(X, M) —
Joo(X) as a kind of blowup, and the usefulness of motivic integration and arc schemes
in general for proper birational maps of varieties. For another part, the “wedge
scheme” Jy (X) = Joo(Joo(X)) of X is less well understood than the arc scheme
Joo(X) of X, especially in regard of its behaviour under proper birational maps, but

when (X', M’) — (X, M) is log étale the induced map
Joo(Joo (X', M) = Joo(Joo (X, M)

should be simpler to analyse. O]

In the case that the monoid P is finitely generated, but Speck[P] has a non-
standard log structure generated by only a subset of its elements, in general the

fibers of its log jet and log arc spaces will vary.

Proposition I11.43. Let P be a fine monoid, X = Speck|P] its monoid algebra
over a perfect field k. Let B = {x1,...,x, 21, ..., 25} be a generating set for P, and
let the (typically non-standard) log structure M on X be generated by the elements
T1y ey Ty Assume that X is irreducible and that the open set U = (212925 # 0)

meets every component of every stratum X; of X. Then Jo(X, M) is irreducible.

Proof. By hypothesis, U N X is dense in X for each j. By Kolchin’s theorem, the
ordinary arcs on X; N U are then dense in the ordinary arc space of X;. In view of

Proposition II1.12, it is now enough to show that the log arcs over U are irreducible.
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But after deleting the locus 225 - - - z; = 0 what remains is isomorphic to X with its

standard structure as a monoid algebra, so this follows from the last proposition. [J

This situation can occur for example when Spec k[P] is given a non-standard log

structure arising from a face F' of P generated by elements x4, ...,z, € F.

3.4 Irreducibility over fine log schemes

As an illustration of the theory we have been developing, we consider the question
of irreducibility for log arc schemes. For ordinary arc schemes in characteristic zero, a
theorem of Kolchin in differential algebra [21] gives the answer: the arc scheme J(X)
of an irreducible variety X is irreducible. The theorem Kolchin proved concerns the
prime ideals of differential algebras; for a modern algebro-geometric retelling of this
see [13]. But for the special case of the arc scheme of a variety there are simpler proofs.
Essentially, to show that every arc on X is a limit of arcs on the smooth locus of X,
one begins by deforming a given arc into general position in a proper closed subset,
perhaps the singular locus of X, and then uses some strong result in characteristic
zero, like resolution of singularities (as in [12]), or Zariski’s uniformisation theorem
that a valuation ring is an inductive limit of formally smooth algebras (as in [27]),
to see that it then deforms all the way into the smooth locus of X.

The irreducibility theorem for arc schemes contrasts the behaviour of jet schemes,
where the singular locus of the base scheme X frequently gives rise to “extra” irre-
ducible components in the jet scheme J,,(X). Given a fine log scheme (X, M) there
is an additional elementary way to find “extra” components in the log jet scheme
Jm (X, M): if the rank of the log structure M is too large along some stratum of X
compared to the codimension of the stratum then the log jet scheme J,, (X, M) is

thickened by an affine bundle along that stratum. There is no obstruction to lifting
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the bundle to higher order, so this carries over to the log arc scheme J (X, M),
which then has the same “extra” component. What we show is that avoiding this
situation is sufficient: when the log structure M has the expected rank everywhere

for its stratification, if X is irreducible then so is J (X, M).

Theorem I11.44. Let k be a field of characteristic zero. Let (X, M) be a fine log
scheme over (Spec k, k*), with X irreducible of finite type, and let Jo.(X, M) be its log
arc scheme. Let X; be the rank j stratum of (X, M) and let r be the minimum rank of
M on X. Then Joo(X, M) is irreducible if and only if codimyx X; = j—r for all non-

empty X; (that is, (X, M) is dimensionally regular in the sense of Definition I11.47).

Our proof does not parallel any of the proofs we mentioned of Kolchin’s theorem
for arc schemes, but instead makes use of the irreducibility theorem for ordinary arcs
on the strata of (X, M).

Below we introduce first our condition of dimensional reqularity and give it some
context in log geometry. It is automatic, for example, when a fine saturated log
scheme (X, M) is log smooth, but is much weaker than this; it is just a combinatorial
condition on the the stratification of X by the rank of M (see Proposition II1.49).
We then prove Theorem II1.44. The plan is to show that the closure of the space of
log arcs at one level of the stratification includes the log arcs on the smooth locus of
the next level down, and then use Kolchin’s theorem for ordinary arc schemes to see
that the log arcs on the smooth locus of each stratum are dense in the log arc space

of the whole stratum.

Remark 111.45. We stated Kolchin’s theorem and our Theorem I111.44 for an irre-
ducible scheme X. Another version of these is the statement that the irreducible
components of the arc space Joo(X) = Joo (X, O%) or log arc space Jo. (X, M) biject

with the irreducible components of X through the projection maps 7 : Jo(X, ) = X,
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assuming each component of X is separately dimensionally regular. This statement
with X allowed reducible implies a fortiori Theorem II1.44, but the two are in fact
equivalent (and we will pass between them as convenient). The reason for this is
that an arc, ordinary or log, on X is contained inside some irreducible component Z
of X. That is to say, a map Spec k[[t] — X factors through an inclusion i : Z — X,
because Spec k[t] is integral. It follows that the preimage 7~ Z of Z is simply J..(Z)
or Joo(Z,1*M). (This does not occur with jets in place of arcs.)

The same observation shows that an arc, ordinary or log, on X factors through
the reduced structure X,.; of X, so that it makes no difference whether we assume

X to be reduced or not. (Again for jets it certainly makes a difference.)

Remark 111.46. Arc schemes have been studied in positive characteristic as well (see
for example [27]). In Section 3.4.4 we briefly consider how much of our argument
for Theorem II1.44 carries over to perfect fields of positive characteristic. There
the condition of dimensional regularity is not sufficient for the log arc scheme to be
irreducible, even when the underlying variety is smooth. We do not attempt to give
a necessary and sufficient condition in this case.

Of course, since every ordinary arc scheme is also a log arc scheme (for the triv-
ial log structure), the counterexamples to Kolchin’s theorem over fields of positive

characteristic apply also to the irreducibility theorem for log arc schemes.

3.4.1 Dimensional regularity

The following condition will appear in our discussion of reducibility and irre-
ducibility for log arc spaces. Recall that the strata X; of a fine log scheme (X, M)

were introduced in Section 2.2.3.

Definition IT1.47. We call a fine log scheme (X, M) of pure dimension dimension-
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ally regular if there is a number r, necessarily r > 0, such that for all non-empty
strata X; of X one has codimyx X; = j — r. The number r is then the smallest j

such that X; is non-empty.

A toric variety X with its standard structure, for example, is dimensionally regu-
lar, with » = 0: the strata components of X are its torus orbits, and the rank of each
orbit is the orbit’s codimension in X. On the other hand, if say the log structure M
on a variety X comes from a reduced divisor D with n > dim X components passing
through a single point x, so that the rank of M at x is n while the rank of M at
a general point of X is zero, then (X, M) will not be dimensionally regular; see for
instance Example I11.53, wherein D is three lines in the affine plane X all meeting

at a point.

Remark 111.48. If X is reducible, there is an induced log structure on any component
1: Z — X by pulling back M to Z. Now if X is connected and has pure dimension,
then (X, M) is dimensionally regular if and only if (Z,i* M) is dimensionally regular
for each component Z of X.

Assume for now that X is integral. The sheaf Z of sections of M that map to
zero in Oy forms a sheaf of prime ideals of M. The map M — Ox factors through
the quotient M /Z, which may be identified with the monoid M — Z together with
a zero element corresponding to the class Z. Now X, is open and dense in X, where
r is the minimum rank of M on X, and M — 7 has rank zero on X,. So if X is
dimensionally regular the number r is just the height of the zero ideal Z (in the sense
of the height of prime ideals of a monoid, i.e., the codimension of the complementary
face M — I) at every point.

So when X is integral there would not any loss from our point of view in just

asking for r = 0, in other words working with M —Z rather than M, since according
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to (the proof of) Proposition II1.12 the difference is just the multiplication of the
log jet spaces J,,(X, M) everywhere by affine factors A™". On the other hand it is
convenient to allow r» > 0 in general, because of the easy induction it allows. For

example:

Proposition I11.49. Let (X, M) be a fine log scheme, let r be the minimum rank
of M on X, and let Z(M) = Ujs, X; # 0 be the locus in X where the log structure

has rank greater than r. Then the following are equivalent:

(1) (X, M) is dimensionally reqular;

(2) (Z(M),i* M) is dimensionally reqular and X,11 is non-empty;

(3) (Z(M),i* M) is dimensionally reqular and Z(M) is the closure of X,.1;

(4) the set of indices j for which the strata X; are non-empty is an interval [a,b] in

N, and for all a < j < < b the stratum X, is contained in the closure of X;.

Proof. The rank of ©*M on Z(M) is the same as the rank of M on Z(M) as a
subset of X. Since Z(M) is not empty, it has (pure) codimension one, and X is
dimensionally regular with minimum rank r if and only if Z(M) is dimensionally
regular with minimum rank r+ 1 along all its strata components of codimension one.
This gives the equivalence of (1) with (2) and (3). The characterisation (4) follows

from the equivalence of (1) and (3) by induction. O

In addition to the conditions here, which are essentially in terms of the combina-
torial relationships of the strata, we give another, more geometric characterisation

in Proposition I11.54.
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3.4.2 Dimensional regularity in log geometry

Before proceeding we briefly place our condition of dimensional regularity in con-
text. Essentially the same condition appears in ([16], 2.5), and for essentially the
same reason as it appears here, namely, to control the size of the log jet schemes
on strata. Thinking of log geometry in general, previously we noted that a toric
variety with its standard log structure is dimensionally regular, with » = 0, because
the strata of a toric variety are its torus orbits and the rank along each orbit is the
orbit’s codimension.

More than this, after ([20], 2.1) one may define the strata of (X, Mx) locally
scheme-theoretically at point = by taking the ideal (M, x) generated by the ele-
ments of a(Mx ) which vanish at z. Then one says that (X, Mx) is log regular if
it is dimensionally regular with constant » = 0 and the strata, so defined scheme-
theoretically, are regular.

If (X, M) is a fine saturated log smooth scheme then it is log regular. Kato

showed that over a perfect field the converse holds.

Proposition II1.50. (/20] 8.3) Let (X, Mx) be a fine and saturated scheme over
(Speck, k*), where k is a perfect field. Then X is log smooth if and only if it is log

reqular. [

This obviously subsumes the fact that toric varieties are dimensionally regular.

Dimensional regularity, however, is a much weaker condition than log smoothness.

Example III.51. Let X be the affine plane with non-standard log structure given
by the chart k[xy] — k[z,y] (see Example I1.15). Then X; = Speck[z,y]/(zy) is

singular. So X is not log smooth. But it is dimensionally regular.

Example II1.52. Consider the affine line X = Spec k[t] with log structure given by
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the map k[z,y] — k[t] which takes both generators x,y to ¢t. This is the induced
structure on the diagonal x = y of the plane Speck[z,y]. The rank of the log
structure on X is zero away from the origin but jumps to two at ¢t = 0, so this log

scheme is not dimensionally regular.

Example IT1.53. Take Spec k[z, y] with log structure generated by z,y, and = — y.
So the log structure is supported on the three lines + = 0,y = 0, x = y, on which it
has rank one, except at the origin, where it has rank three. Similar to the previous
example, this can be realised as the induced structure on the plane z = z — y in

Spec k[x, y, z] with its standard structure.

Proposition I11.54. Let (X, M) be an irreducible fine log scheme with a sharp chart
P near a point x. For each irreducible component Z of the stratification of X which
contains x, choose units uy, ..., Ugmz € Ox . which are algebraically independent in
the residue field Ox z/my of Ox z. Let Q = P & NY™Z be the chart P expanded to
include these units. This Q is also a chart for (X, M) over a neighbourhood U of x
over which uy, ..., Ugim z are defined.

Then X is dimensionally reqular near x of minimum rank r = 0 if and only if
the chart morphisms U — Speck[Q)] for the various components Z through x are

dominant.

Proof. Let j be the rank of M along Z, and let z4,...,z; € mz be the images of
generators in P for the log structure on Z.

If 7 > codimx Z then the elements uy, ..., Ugim z, ©1, ..., 7; € Ox z number more
than the transcendence degree dim X of the fraction field of Ox z over k, so satisfy
a polynomial equation G = 0 with coefficients in k. The image of U — Spec k[Q)] is

then contained in the proper locus G = 0.
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On the other hand if j < codimyx Z then there is no such polynomial equation
G = 0 over k. For supposing there were, let d be the smallest number such that
every term of G lies in m%, and consider the equation G = 0 modulo m%“. Writing

the monomials in zy,...,z; that appear in G modulo m%“ in terms of a basis of

mg /m%™ over the residue field Ox, z/myz, we obtain a polynomial with co-efficients

in Oy z/my satisfied by the units wy, ..., 4qim z, contrary to assumption. O

3.4.3 The irreducibility theorem for log arc schemes

The necessity of dimensional regularity in Theorem I11.44 is a straight-forward
consequence of Proposition I11.12. Recall that for a fine log scheme (X, M) we write

I (X, M); and Joo(X, M); for the log m-jets and log arcs over the stratum X.

Proposition I11.55. Let (X, M) be a fine log scheme with X irreducible. If (X, M)

is not dimensionally reqular then Jo(X, M) is reducible.

Proof. We may assume that X is reduced. Let r be the minimum rank of M on X
and let j > r be such that X; has codimension less than j —r.
Write J,,,(X, M);™ for the log m-jets of X over the smooth locus of a stratum

Xy. According to Corollary II1.13, for m large enough we have
dim J,, (X, M)™ > dim J,, (X, M);™.

Let Cy, C Jn(X, M) be the image of Joo(X, M) under the natural projection. It
is the constructible subset of log m-jets which extend to log arcs. If J (X, M) is
irreducible then so is C,, (as a topological space), and further C,, has J,, (X, M)

as a dense subset. But C,, also contains J,,(X, M);™, a contradiction. ]

We turn to establishing the converse implication. We will make use of the following

observation:
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Proposition II1.56. Let X, be a stratum of a fine log scheme (X, M). The irre-
ducible components of Jo(X, M), biject with the irreducible components of X;, and

the log arcs over the smooth locus X:™ of X; are dense in Joo (X, M);.

Proof. This follows from Kolchin’s theorem for the ordinary jets on the stratum Xj,
together with the characterisation of the natural map Jo (X, M); — J(X;) as a

bundle map. |

Perhaps tendentiously, this suggests the strategy of describing the components
of Joo(X, M) by comparing the arcs on one level of the stratification with the arcs
on the smooth locus of the next. The simplest situation (apart from the base case
X = X,, where the result is just Kolchin’s theorem) is in the following lemma. It

will be the inductive step of our argument.

Lemma IIL.57. Let (X, M) be a fine log scheme with X irreducible and such that
X = X, UXj for some s > r, (with X,, Xy non-empty). Then Jo(X, M) is irre-

ducible if and only if s =r + 1.

Proof. The necessity of the condition s = r+1 is a special case of Proposition I11.55.
We consider the converse implication. We may assume that X is reduced.

We may replace X by an open subset which meets X, and does not meet the
singular loci of X, and X, and thereby assume first that the singular locus of X lies
inside X, and second that X is smooth. For by Proposition II1.56 the arcs over this
open subset are dense in Jo.(X, M). We may further replace the sheaf M by the
complementary face of its zero ideal, and hence assume that r =0 and s = 1.

By assumption, either X is smooth or it is singular along X;. Consider the
normalisation X — X, with log structure M pulled back from X. This is an isomor-

phism over the smooth locus X, and after deleting from X a (positive-codimension)
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subset of X; we may assume that X, which was non-singular in codimension one,
is in fact smooth, and that the normalisation is unramified, hence étale, over Xj.
In particular, the map Joo(X, M) — Joo(X, M) surjects. Thus in any case we are
reduced to the situation where X is smooth.

Now let M’ be the log structure on X generated by local equations for the divisor
Xj. Near a component Z of X; with generic point § this has a chart Ox¢/O%  ~ N

and the local valuation maps
Mg — M&/O},g — OX,g/O;(g

determine a morphism M — M’ of log structures on X. Lemma III.27 applies to
this morphism, and we may replace M by M’.

In particular we now are reduced to having (X, M) fine, saturated, and log regular.
According to Proposition II1.50 this means that X is log smooth, which as one may
expect is sufficient for the conclusion we seek for abstract reasons. However, a short
calculation finishes the argument in any case. For now locally near Z C X there is
the chart X — Spec k[x], where z is a local equation for Z, a smooth morphism. So
there is locally an étale map from X to some affine space Y = Spec k[z, 21, ..., z5] over
Spec k[x], with log structure generated by x. By Proposition I11.43, or else by an
easy direct computation, the log arc (and log jet) spaces of Y with this log structure
are irreducible, and the log arcs over the complement of the hyperplane x = 0 are
dense. An étale map of schemes which is strict is log étale, so the induced map on

log arc spaces is also étale. According to the follow lemma, the claim follows. n

Lemma II1.58. Let f : (X, Mx) — (Y, My) be a log étale map of log schemes,
fm o In(X,Mx) — (Y, My) the induced map on log jet or log arc spaces for

m €N orm =o00. Then:
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(1) If f is étale (in the ordinary sense) then so is each f,.

(2) If X and Y are irreducible, and f is étale and surjective, then Jn,(X, Mx) is

irreducible if and only if J,,(Y, My) is.

Proof. (1) follows from Proposition I11.24, which says that f,, is a base change of
f. In (2), the base changes f,, are likewise étale and surjective. It’s immediate that
I (Y, My ) is irreducible if J,,(X, Mx) is. Conversely if J,,(X, Mx) is reducible
then it has a component Z lying over some proper closed subset X; C X. The image
of an open subset U of Z is then open in J, (Y, My) and lying over the proper
closed subset Y; = f(X;) C Y. But if J, (Y, My) is irreducible it has no open

subsets contained in the fibre over Y;. So J,,(Y, My ) is reducible. O
We are ready to argue for Theorem I11.44. We re-state the Theorem now.

Proposition II1.59. Let (X, M) be a fine log scheme with X irreducible. Then

Joo (X, M) is irreducible if and only if (X, M) is dimensionally regular.

Proof. After Proposition I11.55 it remains to show that if (X, M) is dimensionally
regular then J, (X, M) is irreducible.
Let r be the minimum rank of M on X. By Lemma II1.57 applied to the compo-

nents of

Xr U Xr+1 = X - Uj>r+1Xj7

the log arcs Joo (X, M), are dense in J(X, M),41. Since Uj~,11X; is contained in
the closure of X,.1, by Proposition I11.49, by induction J (X, M),;; is dense in
Ujsrt2J00(X, M);. Therefore the irreducible J (X, M), is dense in Joo (X, M). So

Joo (X, M) is irreducible. O
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3.4.4 Remarks on positive characteristic.

Let us consider briefly the case where k has chark = p > 0. For ordinary arc
schemes, given an irreducible variety X with non-smooth locus Y C X, the scheme
Joo(X) = Jso(Y) is irreducible ([27], 3.15). In other words, if J.(X) is reducible, it is
because there are arcs lying generically in the non-smooth locus of X which are not
limits of arcs on the smooth locus of X. This can occur over any field k of positive
characteristic.

Considering fine log schemes, we easily see that the conditions of Theorem III1.44
are no longer sufficient even when the underlying variety is smooth in the ordinary

sense:

Example II1.60. Let X = Spec k[z] with log structure M generated by x?. Away
from x = 0 the k-valued log arcs are the ordinary arcs z(t) = doz + dyzt + ... with

dox # 0, which then have

z(t)? = (dox)? + (d1z)Pt? + ... = (dox)P(1 + (O12)PtP + ...).

The limits of these at = 0 are log arcs, underlain by the zero ordinary arc, in which
only powers of #¥ appear in the principal series aP(t). But a log arc at the origin
corresponds to an arbitrary principal series zP(t) = 1 + 0y (aP)t + .... So the log arcs

over the locus = # 0 are not dense in J (X, M).
Remark 111.61. Here is one way to look at this example. There is the map
g : (Speck[z],z) — (Spec k[z], z")

to X from the affine line with its standard structure. This is modelled on the map
pN — N on charts, whose corresponding map on monoid algebras is the inseparable

map Spec k[x] — Spec k[zP]. Now the induced map pZ — Z on group completions
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does not become an isomorphism on tensoring with k. So although ¢ is an isomor-
phism away from the origin z = 0, it does not induce a surjection of log arc spaces

at the origin.

Aside from this obstruction, our proof of Theorem II1.44 fails in general in positive
characteristic at the normalisation step in Lemma II1.57. Again the issue is of having
log structure on a locus that gives rise to an inseparable map.

Of course one may give a sufficient criterion just by assuming the conclusions

these steps were meant to obtain. So let (X, M) be a fine log scheme over a perfect

field k with char k = p. Assume
(1) (X, M) is dimensionally regular of minimum rank r,
(2) for each j > r, the arc scheme J(X;) is irreducible,

(3) for each j > r, for each generic point ¢ of the scheme X; in the codimension
one locus X;11 = X; — Xj o, the local ring Oij@ is regular and the valuation
map

¢ . Mg/@}’g -1 — ijjé/o;—jé ~ N

(where I is the zero ideal of M¢/O% ) is such that ¢ ® k is an isomorphism;
that is, /\/lgp / O% ¢ — I has rank one as an abelian group and no p-torsion part,

and the image of ¢ is not contained in the submonoid pN of multiples of p.

Then Joo(X, M) is irreducible if X is. That a log smooth scheme, whose log arc
scheme is necessarily irreducible, need not satisfy (3) illustrates that this criterion is

not necessary.

Example IT1.62. Nor is condition (2) here necessary in general. Consider the affine

space X = Speck[x,y, z| over a field of characteristic p with log structure M given
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by the inclusion

klxP — y2P] — klz,y, 2].

That is, X has log structure along the locus X; given by the equation x? — y2z? = 0.
It is observed in (28], Rmq. 1) that J.(X;) is reducible, because in X; along the
nonsmooth locus z = 0 there are arcs with dyy # 0, but on the open set z # 0 every
arc has dy = 0.

Now let z(t), y(t), z(t) be any arc in Jo(X7). That is, x(t)?—y(t)z(t)? = 0. The log
arcs Joo(X, M); are pairs consisting of these ordinary arcs together with arbitrary
principal series f(t) € 1 + tk[t]. Given such data, we may choose deformations
xs(t),ys(t), zs(t), giving an ordinary arc in X, for any s # 0 and specialising to the

given arc in X; at s = 0, such that the principal series defined by

x5 ()P — ys(t)2s(t)?
z5(0)P — y5(0)25(0)”

fS(t) =

for s # 0 is a deformation of the series fo(t) = f(¢f). Then when s is specialised
to zero the deformation arc in J.(Xj) has limit the chosen log arc in J (X, M);.

Since Jo(Xp) is irreducible it follows therefore that J.(X, M) is irreducible.



CHAPTER IV

Integration on log arc schemes

We develop a motivic integral on log arc schemes J, (X, M). Our approach will be
to construct integrals and make calculations in a way that is modelled on analogous
calculations for motivic integration on ordinary arc schemes J(X).

We work over a field k of characteristic zero. Recall that if (X, M) is a fine
log scheme with a good chart P at a stratum component Z there is locally an
isomorphism

Joo(X, M)z ~ Joo(Z) x Hom(P, 1 + tk[t])

describing the log arcs on Z. Since log motivic integration should restrict to ordinary
motivic integration in trivialising cases, what will happen with J.(Z) here should
just be induced by the ordinary theory. From this point of view, it is the second
factor Hom(P, 1+ tk[t]) that we need to study. This is the first task we will take up.
The analogy here begins with the basic case of ordinary motivic integration on the
power series ring k[t] (which geometrically is the space of arcs on the affine line), or
p-adic integration on the complete ring Z, of p-adic integers — and now to log motivic
integration on the group A = 1 + tk[t]. Once we have a measure p on Hom(P, A)

we may define a log motivic integral on the stratum component Z by

/ ¢Z dlLL = / (bZ dﬂ?
Joo (X, M) z Joo (Z)xHom(P,A)

67



68

integrating a suitable function ¢, defined on J. (X, M) against the product mea-
sure on Joo(Z) x Hom(P, A). Summing such pieces over the strata of (X, M) gives
our log motivic integral on (X, M).

There is also a geometric interpretation of the group Hom(P, 1 + tk[t]) in terms
of the chart morphism X — Spec k[P]. As we shall see, in characteristic zero there
is an isomorphism

(1 +tk[t],-) =~ (tk[t], +)

of A and the additive group of the maximal ideal of k[t]. Now morphisms P — tk[t]
may be viewed as ordinary arcs on the log tangent space T'(P) to Spec k[P].

There is one more thing which a theory of integration must provide to deserve the
name, which is a way to compare various integrals, for example under certain mor-
phisms (Y, N) — (X, M), which amount to the calculation of integrals by parametri-
sations. For ordinary motivic integration the fundamental result is the change-of-
variables formula for a proper birational morphism Y — X, which encodes how
the measure on the arc spaces Jo(Y), Joo(X) changes under such a map. Such a
comparison formula is the basis for applying the integration method in practice.

In the log case it is less obvious what the “admissible” morphisms (Y, N) —
(X, M) should be that are to have a transformation formula. For one thing, most
proper birational maps Y — X do not behave very well with respect to the strata of
log schemes; even the blowup of the affine plane at a rank one point (which has the
non-standard structure on A? of Example I1.15) introduces over the point’s stratum
the projection map Speck|x,y]/(xy) — Speck[z] with an exceptional line x = 0.
This projection induces a map on arc schemes which, from the point of view of
motivic integration, is rather pathological. For example, the arcs at the points of the

exceptional locus x = 0 with y # 0 all map to the zero arc on Spec k[z], which is a
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set of measure zero.

Log blowups, which are the log geometric version of equivariant blowups of toric
varieties, do not have such pathology. On the contrary, they are all log étale, even,
and induce very simple behaviour on maps of log arc schemes. Despite this they have
some good utility. For example, W. Niziol [29] showed that fine saturated log smooth
schemes have resolution of singularities (of the underlying ordinary scheme) by log
blowups, generalising the fact that toric varieties have resolution of singularities by
equivariant blowups. See also [17] for a “flattening” theorem for morphisms of fine
saturated log smooth schemes using log blowups.

For the log blowup 7 : (Y,N) — (X, M) along an ideal Z C M, we have the

transformation rule:

Theorem IV.1. (Theorem IV.25) Let € be the generic point of a stratum Z = X
of X, and E the locus of Y mapping to X¢. Then

[Z] d .
Gdp == A T o dy,
/JOO(X,/\/I)5 [E] Z Joo (Y:N )

nek

where the sum 1 € E ranges over the generic points of strata of Y contained in F,

and d(n) = rank £ — rank 7).

The quantity A which appears in this statement is the measure of A = Hom(N, A);
see Section 4.2.1 for more on this. Note that, in contrast to the transformation rule
for proper birational maps for ordinary motivic integrals, no Jacobian factor appears
in this formula. The reason is that a log blowup 7 : ¥ — X induces isomorphisms
of the log arc spaces at y € Y and = = w(y) € X that preserve measure up to factors
of the normalisation \.

Another task is to try to compare some ordinary integrals with log integrals, or,

more generally, to compare log integrals under maps (X, M’) — (X, M) that only
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change the log structure. We shall see that log motivic integrals on varieties which
are both smooth and log smooth essentially are ordinary integrals. So applying
Niziol’s resolution algorithm will give a comparison theorem for integrals on fine
saturated log smooth schemes, in terms of the combinatorics of the resolution. We
study another approach based on characterising suitable ordinary integrals in terms
of data less extensive than that of a full resolution. For toric varieties X, this turns

out to mean passing to the Nash modification X’ — X [6].
4.1 Ordinary motivic integration

Let us briefly recall how to construct motivic integrals on ordinary (not log) arc
schemes. For a quite readable introduction to this circle of ideas at more length, we

might suggest [4].

Recall that the jet scheme J,,(X) of X, for m > 0, parametrises maps
Spec k[t] /(™) — X.

There are canonical maps J,,,(X) — J,(X) for m > n corresponding to truncation

of series, and the arc scheme Jo.(X) of X, which parametrises maps
Spec k[t] — X,

is the projective limit of the jet schemes J,,,(X) with respect to the truncation maps.
When X is smooth of dimension d, one defines a “measure” u, called the motivic

volume, on the jet schemes of X by setting
wZz) = [z]L™

for Z C J,,(X) locally closed. Here [Z] is the class of Z in the Grothendieck ring of
varieties

Ko(var/k)
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and L = [A!] is the class of the affine line. Thus u takes values in the localisation
V = Ky(var/k)[L™]

of the Grothendieck ring where LL is inverted. The normalisation factor L~™¢ makes
the definition of u compatible with the truncation maps, which are just affine bundle
maps when X is smooth. Hence we get a motivic volume function p = px on the
arc scheme J,(X), at least for subsets of J,,(X) which are fibres of a projection
to some J,,(X). When X is not smooth, Denef and Loeser [8] showed how to
construct a suitable g on Jo(X). This construction presents significant further
technical difficulties which we will not discuss here.

Now consider a function ¢ : Joo(X) — Ky(var/k) which takes on only countably

many values. A typical example may be to consider a function

oy (y) = LoD

defined using the contact order ordy () of an arc v with a fixed closed subscheme

Y C X. In any case one defines the integral of ¢ by the formula

/J o P = > v p({y such that ¢(y) = v})

veKo(var/k)

if the level sets appearing on the right side of this equation are measurable. In the
example ¢ = ¢y, the expression on the right side is a series in L.=! with coefficients in
Ko(var/k). This makes sense in the completion V of V wherein a sequence (v;) C V
converges to zero if limdimv; = —oco. It is in this ring V where at last the motivic
integral itself takes values.

The fundamental change-of-variables formula for a proper birational map ¥ — X

is the formula

[ edn=[ 6o dn
Joo (X) Joo (Y)
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which captures how the induced map J(Y) = Jx(X) behaves with respect to the

measures on the two arc schemes. In fact, the factor

o fordKY X
¢KY/X - IL’ /

is the contact order function of the divisor Ky, x of the Jacobian of the morphism
Y — X, (hence the formula’s name). See [8], [23] for more on this. This formula
allows one to compare integrals on X with integrals on, say, a resolution of singluar-
ities of X, or a log resolution of a pair (X, Z), where calculations may be much more
tractable.

All this we would like to have an analogue in the log scheme category.

4.2 The group A =1+ tk[t]

Let k be a field of characteristic zero. We consider the group A = A(k) = 1+tk[t]
of principal series in one variable over k& under multiplication. Abstractly, A is
isomorphic to the direct product [[,(k,+) of countably many copies of the additive
group of k. A realisation of this is given by an isomorphism to the additive group of

the ideal tk[t] through the logarithmic series. That is, the series

1 1
log(1+s)=1s5— 552 + 533 F ...

defines a map

log : 1+ tk[t] — tk[t]
with inverse
exp : tk[t] — 1+ tk[t]

given by

1 1
exp(s) =1+s+ 532 + 653 + ...
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These series converge t-adically on the given domains. For a series z(t) = 1 +
> =1 at’, we might refer to the co-efficients b; in loga(t) = >, bit" as its “loga-

Y

rithmic co-ordinates,” and refer to them as the co-ordinates (by, bs,...) of z(t) in the

direct product of countably many copies of (k,+). One has

x(t) = exp(z bit") = exp(bit) - exp(bat?) - ...

with the product on the right side converging t-adically. Since

, b2,
exp(bit") =1+ bit' + Elt%...

starts in degree ' (after the initial term 1), we see that the first m logarithmic co-
ordinates by, ..., b,, determine and are determined by the first m co-efficients a4, ..., a,,

of x(t). In other words, we have the same isomorphism modulo ™.

Remark 1V.2. If we write a monoid P multiplicatively with elements p as the monoid
(P,-), let us write it additively with elements dp = dlog p (and identity 0 = 9(1)) as

the monoid (0P, +). The logarithm induces an isomorphism
Hom(P, A) ~ Hom(OP, tk[t]),

where the left side involves monoids under multiplication and the right side involves
monoids under addition.

Let k[P] be the monoid algebra of P and let T'(P) be the log tangent space to
Spec k[P] at its origin. The origin of Speck[P] is the point corresponding to the
maximal ideal P — P*, and the log tangent space there is the affine space with co-
ordinates dp = 0ip for p € P — P* modulo relations ) a;0p; = > b;0p;, where
[1p" =11 p?j in P written multiplicatively. In other words, the log tangent space
T(P) is the k-algebra on the set OP with the same (additive) relations. Now an

element of Hom(JP, tk[t]) is nothing other than an ordinary arc on T'(P) whose
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closed point lies at the origin 0 € T'(P) (as all the series in tk[[t] have constant term
Z€ero).

Let us write J(T'(P))o for this set of arcs, the fiber over the origin of T'(P) of
the projection J(T(P)) — T'(P). What we have said altogether is that the log arc
space Joo(X, M) decomposes over a stratum component Z with a good chart P as
a product

To(X, M)y =~ Joo(Z) % Joo(T(P))s.

As both factors in this product have motivic volume functions on them, this suggests
that we can integrate functions piecewise on strata by integrating with respect to

the product measure.

Remark 1V.3. There is an additional algebraic interpretation of the logarithm map
through Witt vectors, as follows. Write a series z(t) € 1 + tk[t] as
x(t) = H 1 — agt'.
i>1
The product here converges t-adically. The numbers «; are determined by the series
z(t) and may be computed successively by considering the equality modulo ¢

There is an isomorphism
(W(k),+) = (1 +tk[t], )

with the additive group of the Witt ring over k by identifying x(¢) with the sequence
a = (o;). Now the Witt polynomials w,(«) which give the operations on the ring
W (k) have the generating series
—tdlogz(t) = Z wy (a)t".
n>1

See [32] for a survey on Witt vectors, and ([32], 3.4) for this last formula in particular.
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4.2.1 Measure on A

As integration over ordinary arc schemes gives a motivic volume to the ring k[t],
being the set of ordinary arcs on the affine line, and its ideals, with values in the

localised Grothendieck ring
V = Ky(var/k)[L],

so do we wish to give a motivic volume on the group A = 1 + tk[t]. One option is
simply to pull back the usual measure through the logarithm A — tk[t]. Geometri-
cally this just corresponds to working with the log tangent space interpretation for

log arcs of Remark IV.2. For concreteness, we will use this definition.

Definition IV.4. Our measure p on A is the pullback of the motivic volume on
tk[t] through the isomorphism log : A — tk[t], renormalised to have total volume
1(A) = X an indeterminate A. In other words, for A C A, we set u(A) = A u(log A),
if the set log A = {logz : x € A} is measureable.

So, our measure takes values
e A= VA

in a polynomial ring over V. Geometrically, A = Hom(N, 1 + ¢k[t]) is the space of
log arcs at the origin of the line Spec k[N] with its standard log structure, and this

means that this point on Spec k[N] has volume .

As another justification for this definition, let us describe an alternate, more
naive approach to constructing a measure on A, which we shall see is just another
description of the same p. Start with a tautological normalisation p(A) = A, and
beyond this ask for p to be homogeneous with respect to the group structure of A.

For us this means in particular
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(1) for u € A and A C A a measureable set, pu(uA) = pu(A); and

(2) if a finite subgroup G ~ (k,+)™ of A acts on A, then a coset of G has measure

L-"u(A) = L™\,

Of course, p should be finitely additive on disjoint measureable sets of A as well.
Let us compute the motivic volumes of some important subsets of A as a conse-

quence of these requirements.

Example IV.5. For e > 1 the sets
Aze = {1 + Clete -+ ae+1te+1 —+ .. a; € ]i]}

have measure

M(AZG) = L_€+1/\.

This is because As. is a coset of the action of
G = {exp(at) exp(ast?) - - - exp(ae_1t°1) : a1, ..., a1 € k}.

In other words, the set As. just corresponds to the subgroup {(0,...,0, b, bet1,...) }
of series having logarithmic co-ordinates zero before index e, and this is a coset of
G ={(a1, ..., Ge-1,0,...)} Ctk[t]. More generally, the same is true if we replace A>,
by any set of principal series whose terms in degrees 1, ...,e — 1 are specified, and left
arbitrary after, since this is a translate uA>. by an element u € A whose first e — 1

co-efficients are the specified values.

In terms of the logarithm isomorphism, this means that we have assigned the
ideals of tk[t] and their cosets the “correct” values. It follows that the usual basic
measureable sets constructed from these sets also are given measures compatible with

the usual motivic volume on tk[t].
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Example IV.6. The set
Ae={1+act+..:a.#0}
is the set difference As. — A>.y1, so has measure
p(Ae) = L7(L = 1A,

Multiplying by u € A, we see that a translate uA., being a set of series whose
co-efficients in degree up to e — 1 are specified and whose co-efficient in degree e
avoids any given value, likewise has measure L™¢(L — 1)A. One way to intrepret this
calculation is to say that principle (2) above is also compatible with action by factors

(k*,-) of the multiplicative group of k, each one scaling measure by a factor L — 1.

Example IV.7. The intersection of two translates uA, N vA. whose co-efficients in

degree e avoid specified, distinct values a, b € k respectively has measure
p(ule NvA) = L7¢(L — 2)A\.
For the union uA, UvA, is just a set wA>., so that uA, NvA, has measure
p(ule) + p(vAe) — p(ude UvA,) = CLT4(L — 1) = L™°L)A =L 4(L — 2)A.
We record some of the equivalent guises of our measure p on A.

Proposition IV.8. Let P be a fine monoid, and r be the rank of P%. Then:

(1) There is a canonical measure on Hom(P, A) = Hom(P%, A), which may be given
by choosing a basis of P9 and pulling back the product measure on A" through
the induced isomorphism Hom(P% A) ~ Hom(Z",A) = A". In other words, the
measure induced on Hom(P% A) by choosing a basis of P does not depend on

the choice of basis.
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(2) Pullback of sets through Hom(P%, A) = Joo(T(P))o multiplies measure by \".

(3) Pullback of sets through Hom(P, k[t]*) — Hom(P, k[t]*/k*) ~ Hom(P, A) mul-

tiplies measure by (L — 1)"A7".
(4) The n'™ power automorphisms x(t) — x(t)" on A preserve measure.

Proof. Since p is translation invariant on A, an automorphism A" — A" given by
the action of an invertible integer matrix preserves measure. For example, for maps
given by elementary matrices like (z,y) — (z,xy) we have seen this before. This
gives (1).

Claim (2) is the assertion that the exponential tk[t] — A multiplies measure by
A. This can be checked modulo t™!. Likewise (3) is the statement that our measure
on A agrees with the ordinary measure induced by inclusion 1+ tk[[t] C k[t]* C k[t]
up to a factor of .

Finally, one way to see (4) is that after taking logarithms the automorphism on

tk[t] is multiplication by n, which preserves measure. ]

4.2.2 A valuation function on A

A theory of integration needs functions to integrate. The basic example in ordi-
nary motivic integration is to attach a valuation ¢ : J(X) — N U {occ} to the arcs
on a variety X and try to integrate L.=¢. For example, ¢(7) could be the contact
order ordy () of an arc v with a fixed closed subscheme Y of X. If Y is defined by
the ideal Z, this means that ordy () is the t-adic valuation in k[t] of v*Z. In other
words, the contact order is given by the vanishing of co-efficients in the equations
defining Y in X on evaluation at the arc 7.

For a series z(t) = 1 + a.t® + ... with a. # 0, we set

val(x) = e.
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In other words, val(x) is the t-adic valuation of log z(t). We also write
|.T’ — L~ val(:v).

The sets A, are the level sets val(z) = e and the sets As. are the sets val(z) > e. We
note that val(zy) = min(val(z), val(y)) if val(z) # val(y), or if val(z) = val(y) = e
and O.(ry) = Oex + Joy # 0. On the other hand if val(x) = val(y) = e and
0ot + 0oy = 0 then val(xy) > val(x), val(y).

The function val(x) measures agreement of x with the unit series 1. If we can
interpret the map P — A as giving the data of a deformation for some arcs, then this
means measuring the agreement with a given deformation. A translate u - val(z) =
val(u~'z) measures agreement with a series u € A instead. If we integrate each of
val and u - val against a translation-invariant measure p the result is the same, since
one integral is a change-of-coordinates of the other. In the context of integrating
over log arc spaces Joo(X, M) with a good chart P ~ M,/O% , at a point z, this
means that the integral over morphisms Hom(P, A) at a point will be the same for

any section P — M. That is:

Proposition IV.9. Let Z be a stratum of (X, M) which has a good chart P. Then

the integral

/ by = / by
Joo (X,M) z Joo(Z)xHom(P,A)

of a function ¢ on P does not depend on the choice of the chart morphism P —

MX,Z- O]

This justifies our use of good charts to define and compute integrals on fine log
schemes. We note that although the valuation of a series p(t) under a map P — A
for p € P depends on the chart morphism, the valuation of a log arc M, — A

(underlain by a given ordinary arc) does not.
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Remark TV.10. Continuing from Remark IV.2, when P — (@) is a cospecialisation
map, there is a corresponding closed embedding 7'(Q)) — T'(P) of log tangent spaces
induced by the same map 0P — 0Q. If P — @ is the quotient by a face F', then T'(Q)
is included in T'(P) as the locus OF = 0. In this embedding, 7'(Q) passes through
the origin of T'(P). So the map 0P — 0@ induces on the one hand an inclusion
Jo(T(@))o — Joo(T(P))o and on the other a restriction of closed subschemes of
T(P) that pass through the origin to T(Q). Both maps are determined by the
equations 0F = 0. What results is that an integrand on one stratum of X naturally

cospecialises to an integrand on any stratum containing it.

Remark TV.11. Continuing from Remark IV.3, we see that for 2(t) = [[,5; 1—aut’ the
quantity val(x) is also the minimum index n for which w,(c) # 0. More generally,

the ring £ has a map

N — P(N)

to the power set of N, taking a vector (f3,,) to its set of non-zero indices,
B — {n such that j, # 0}.
This even is a monoid morphism
(k") = (P(N),n)

from the multiplicative monoid of kY (which models a convolution operation on
series) to the power set of N with the intersection operation. The map val is then

composition with the map

P(N) - N

sending a non-empty subset S to its minimum element. The composite kN — N is

not a monoid morphism, though. (Rather, the “complementary” structure (P(N), U)
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has a monoid morphism to (N U {oo}, min), with the convention that the empty set
has minimum oo.)

Obviously this produces some other functions one could imagine integrating, by
taking other maps from P(N). The geometric significance of these, if any, is not

clear.

4.2.3 Integration on A

We perform a few simple calculations to illustrate integration over groups
Hom(P, A) ~ Ak P

as we have developed so far, and to provide some examples for future reference. Here
our integrands arise from the functions |p| = L="*?® for p € P mapping to series

p(t) € A.

Example IV.12. Consider the affine line X = Spec k[z] with its standard log struc-
ture (that is, (X, M) = (Speck[N],N?)). We compute [, L~ dy, which is the
contribution of the origin of X to the integral of the divisor x = 0 over J. (X, M).

The sets A, for e > 1 partition A, and L™"*®) =1L~¢ on A.. So,

/L_Val(g;) d,u _ )\ZL—GL—e(]L_ 1) _ (L— 1))\21[4—2@ _ (]L — 1)1[‘,_2)\ _ 1 A\
N 1—-L-2 L+1

e>1 e>1

We get the same result as for integrating the same divisor = 0 on the ordinary arc
scheme Jo.(X), essentially because val(x) = ord;(log ), except that the appearance

of A remembers that the origin of X as a log scheme has rank one.

Example IV.13. Consider the affine plane with log structure along one line, say

X = Speck[z,y] with log structure generated by z. We consider

/ L~ val(z) d,LL,
Axtk[t]
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which is the contribution of one point on the line x = 0 to the integral of the divisor
x =0 over Joo(X, M). Since tk[t] has volume 1, and the integrand is constant on

this factor, we get the same result as above, ]L——i-l)\'

Example IV.14. Consider the affine plane X = Spec k[z, y| with its standard log

structure. We consider

/ L~ val(zy) du’
A2

the contribution of the origin of X to the integral of the divisor xy = 0 over
Joo (X, M).

There are easy ways to compute this integral and less-easy ways. One easy way
is with a suitable change of co-ordinates on the multiplicative group A2, say from

(x,y) to (u,w) = (z,zy). Then

1
L~ val(zy) du = / L~ val(w) du = )\2’
//\2 a A2 a L+1

because like in the previous example the integrand L~ *(®) is constant on one factor
of the domain A%. Note that the “blowup formula” (x,y) — (z,zy) on an algebra
k[x,y] is merely an invertible linear transformation on the group Az x Ay.

Another “easy” way, given prior knowledge of some basic ordinary motivic inte-
grals, is to use the compatibility of the integral with the logarithm map on A to write

this as an integral on A? = T'(N?) = Spec k[0x, dy]. We have

/ |lzy| dp = )\2/ |0z + Oy| du = )\2/ I~ ord@2+9v) g,
A2 o0 (A%)o Joo (A)o

The integral in the latter expression we recognise as the contribution of a point on
a line to the integral of that line on A2, and one can apply a well-known formula
for integrating normal crossing divisors ([4], 2.6) to compute this ordinary motivic
integral. Note that the co-ordinates (u,w) on A? correspond to co-ordinates du = Ox

and Ow = dz + Oy on A2
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A rather more involved way is to decompose A? into cells where val(x), val(y) are
specified quantities, try to compute the integral on each of these, and sum these
contributions up. The difficulty, compared to the previous examples, is that val(zy)
is not determined by just val(x) and val(y). That is, val(xy) is not constant on some
of these cells, so those will have to be decomposed further. For practice, perhaps,
and to make the distinction from integrating a divisor xy = 0 on the ordinary arc
scheme Jo. (X)), we record this calculation following.

We compute the contribution from the following subsets of A?%:

(1) {(x,y) € A? : val(xz) # val(y)}. Suppose first that val(z) = e < val(y). So,
r €A, and y € Ascy1, and val(zy) = e. We get a contribution of

L—1_,
I

XY L L L-1DL = ML-1)) L=

e>1 e>1

We get the same calculation in the case that val(y) = e < val(x), for another

-1 2(L-1
- ﬁ)@ altogether from integrating

over this subset of A2.

contribution of A2 So we get

(2) {(z,y) € A? : val(z) = val(y) = val(zy)}. Let val(z) = val(y) = e > 1. Given
x(t), this means that the series y(t) avoids two values for its co-efficient of ¢,
namely 0.y # 0,—0.z. So for given e we integrate |zy| = L™° on a set of
measure L™¢(L — 1)L =¢(IL — 2)A\?. We get a contribution

Y L LL-1DL(L-2) = L-1L-2A) L™

e>1 e>1

_ L-=-DHET-2),,
B L3—1 A

to the integral from these terms.

(3) {(z,y) € A? : val(z) = val(y) < val(zy)}. Let val(z) = val(y) = e > 1

and suppose, given z(t), that y(t) agrees with z71(¢) for exactly ;7 > 1 places
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starting at the co-efficient of %; so, y(t) agrees with z71(¢) up to and including
the term t“™~! and 0.4y # —0ey;z. Given e and j, the set of such z,y has
measure L™¢(L—1)L=¢77 (L — 1)\?. With this notation, we have val(xy) = e+j.
Altogether we get a contribution

NI N LVL L - 1) = (L1 Ly LY

e>1 j>1 e>1 j=1
(L —1) 2
L2 - 1)(ILP - 1)

from this case.

Taken together, we have computed

e {AL-DFL-DL-D . L1\,
/AzL d“‘( -1 +<1L42—1><1Ls"’—1>)A

L24+L+1)L—-1),
L+1)L3—1)

as we found before.

Remark TV.15. We get the same result with zy replaced by any x%°, with (a,b) €
Z? — {(0,0)}. For any non-zero (a,b) where a,b have no common factor extends to
an integral basis of Z2, while if they have a common factor d, the map z — 2% is a
measure-preserving automorphism of A. Hence a change of co-ordinates computes

1
a,b - —Val(:r:ayb) . 2
T dy = L dyp = ——\°.

Note that when a, b # 0 this is not the same as integrating

)

|£L’a| |yb| — L val(z®)—val(y®)

and neither of these is the same as integrating

|x|a|y|b _ L—aval(w)—bval(y) )
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That is, the value |- | = L™"() is not multiplicative on A, because val : A — N is
not a homomorphism. In terms of integration on the log tangent space T'(N?), these

three integrands correspond respectively to
ladz + bOy|, |adz||bdy|, and |0z + dy|*T®,
which are distinct in general. This is because 0 : P — JP is a morphism:
val(zy) = val(dxy) = val(dz + Jy),

because of the compatibility of the valuation map with the logarithm A — tk[t].

Remark TV.16. After Example V.14 we should consider the integral

[ eyl de
JOO(X,M)()

on X = Spec k[z,y]. Now the “easy way” does not avail: there is no basis u, v of A
with respect to which the integrand is constant on the sets of fixed val u, valv. The

reason is that after taking logarithms we have the integral on T'(N?) = Spec k[0, Oy]

/ 92]|0yl|0z + dy)| du.
JOO(AZ)O

Let us write z,y again for co-ordinates on T'(N?) in place of dz,0y to have this
ordinary motivic integral in more standard notation. The integrand here does not
define a normal crossing divisor: ord z(t) and ord y(¢) do not determine ord(x+y)(%).

Computationally this may be handled as follows, which is nothing but the “less-
easy” way of Example V.14 repeated in different terms. If ord z(¢) < ordy(t), we
may write y(t) = z(t)z(t) for some series z(t) € tk[t]. Now ord(z + y)(t) = ord x(t),
and integration with these variables x, z should handle this case. The complication

is only that the multiplication map

E[t]* — k[t]?
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sending (z,z) — (z,2z) = (z,y) does not preserve measure, so the integral with
respect to x, z should be adjusted to account for this. The case ordy(t) < ord x(t)
is obviously the same, letting say z(¢) = y(t)w(t). In the remaining case ord x(t) =
ordy(t) either substitution will do. Say if y(t) = x(t)z(t) with z(¢) € k[t]* then
ord(z + y)(t) is ordx(t) = ordy(t) if 2(0) # —1 or ordz(t) + ord(z(t) — 2(0)) if
2(0) = —1. Geometrically what we have described are two charts y = zz, © = yw of
the blowup of A2 at the origin. The cases ord z # ord y correspond to the geometric
points z,z = 0 and y,w = 0 of the exceptional divisor E. The case ordxz = ordy
corresponds to the rest of £, with the special case z(0) = —1 being where E meets the
proper transform of the line x +y = 0. In other words, this co-ordinate substitution
has replaced our original divisor with one with normal crossings, at the computational
cost of introducing the Jacobian of the multiplication (x, z) — (z,zz). This is the
meaning and strength of Kontsevich’s change-of-variables formula in this example.
But what of the log motivic integral? Returning to the old notation, the changes
of variables y = dz-0z and dz = dy-Ow give the blowup of T'(N?). The importation
into the log scheme category is not the blowup y = xz,z = yw of Spec k[x, y] at the
origin. That does not induce a blowup on log tangent spaces: it is only a co-ordinate
change on A%, with trivial Jacobian. Instead we would want a map P — @ of
monoids such that the map Spec k[Q)] — Spec k[P] gives T'(Q) — T(P) as part of a
blowup of affine space. But this is not possible: the map on log tangent spaces is

just the map P — @ written additively as 0P — 0Q), so is a linear transformation.

Example IV.17. Consider the plane Speck|x,y| with non-standard log structure
given by the chart k[zy] — k[z,y], as in Example 11.15. Integration of a monomial
in z,y at the origin is integration over two disjoint (up to measure zero sets) copies

of A x tk[t], one for each component of the arc space of the rank one stratum zy = 0
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at the origin. So if we integrate |zy|, say, then at the origin we get a contribution

2\
L+1

4.3 Integration

Here is our log motivic integral:

Definition IV.18. Using the piecewise splitting
Joo(Xy-/\/l)& ~ Joo(Xg) X HOHl(ng,A)

for a fine log scheme (X, M) with £ the generic point of a stratum component and

P a good chart at &, we consider integrals

¢dp =
/JOO(X,M) Xg:

/ le dp
Joo (X¢) xHom(P,A)

with respect to the product measure on J (X, M), for chosen integrands ¢|¢ on

each stratum.

Example IV.19. For a fine log scheme (X, M) with smooth strata X, of rank j,

the motivic volume of J (X, M) is

pXM = [ tdu= Y.

Joo (X, M) r

If we evaluate at A =1 we get the ordinary motivic volume p(X) = [X] = > [X;].
Otherwise in general the grade by A remembers the rank of the log structure on the

strata of X.

Remark TV.20. This motivic volume respects taking disjoint unions, and also respects
taking products of fine log schemes, because the strata of (X, M) x (Y, N) are the
products X; x Y, along which M & N has rank j + ¢. More generally, one has the

formula

/ Ox du/ ¢y dp = / Ox oy dp
Joo (X, M) Joo (Y,N) Joo (X XY, MEN)
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for the same reason.

Example IV.21. For X = Speck[z, y] with its standard log structure M, we com-
pute a few integrals using our calculations in Section 4.2.3. First, this log scheme
has motivic volume
[L(X,M)Z/ Ldp =N +2(L—1)A+1.
Joo (X, M)
One way to make sense of this is that the affine line Y = Speck[N] has volume
A+ (L — 1), and Spec k[N?] = Spec k[N] x Spec k[N] as log schemes.

Let us try another, say,

/ |z| dps.
Joo (X, M)

We compute the contributions on strata and sum. On the rank zero stratum (A —0)?
we are integrating the value of a unit z over (k[[t]*)?, i.e. as an ordinary motivic
integral. We have |z| = 1, so we get a contribution (L — 1)

On the stratum component with generic point (z), according to Example IV.13

we get a contribution A from each point. This stratum component is a torus

L+1
point (y), we get (L — 1)\: we are integrating the value of a unit over A x k[t]*.

A! — 0, so from it we get A. From the other rank one component, with generic

1
Finally, the rank two component, the origin, contributes n 1)\2, like as in Ex-

ample IV.12. Altogether we have found

1 1
dp= ——XN+ (L - 11+ —)A+ (L — 1)~
/Jw(x,ml“%"” o1 TE-DA+ A+ L)

More, we get the same result on integrating |z?| or, symmetrically, |y°| instead for
any a,b # 0, (but not the same on integrating |z|* > 2).

In the same way, except recalling Example IV.14 to compute the contribution of
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the origin, we find

/ \zy| dp = ! A 2<L_1)A+(L—1)2.

T (X, M) L+1 L+1

Note that on the rank one strata here the monomial xy is a unit times a (non-unit)
element of the log structure, so that the calculation of Example IV.13 still applies
after a co-ordinate change on A x k[t]*. Put another way, the monoid Nzy is a chart

on these strata, and we are computing with it.

Like before,

1 2L — 1)
a, b 2 2
T du = AT+ A+ (L -1
/JOO(X,M)| v'ldy L+1 L+1 ( )

if a,b > 0.

4.3.1 Integration for strict étale maps

A strict étale morphism f : (Y,N) — (X, M) is log étale, preserves the rank
of M under pullback, and induces isomorphisms J,,(Y, M), — J,,(X, M), for

m > 0 or m = oo, of log jet or log arc spaces at points. Therefore:

Proposition IV.22. Let f : (Y,N) — (X, M) be a strict étale morphism. Let

A C Jo(X, M) be measureable and let f*A be its inverse image in Joo(Y,N). Then

£4(8) du = degf/Acbdu

frA

for any integrand ¢ on A. O

We note two useful consequences of this fact.

Remark IV.23. For a fine log scheme (X, M) in this Chapter, typically we suppose
we have a good chart P at any chosen point x. Recall that this means that the

composite

P— M, — M,/O%,
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is an isomorphism; in other words, the chart P is given by a section
M, /0%, — M,.

This assumption costs little, for according to Proposition I1.12 a fine log scheme in
characteristic zero has good charts étale locally. That is, in general there is a strict
étale morphism f : U — X near x such that the chart P on (X, M) pulls back to
a good chart on U near a point y with f(y) = x. Now Proposition 1V.22 lets us

compute integrals on X by passing to the étale neighbourhoods U.

Remark 1V.24. Recall from Corollary I11.21 and following that if (X, M) is log
smooth then it has, locally on X, a strict étale morphism X — Speck[P] to a
monoid algebra. Consequently Proposition IV.22 essentially reduces the calculation

of log integrals on log smooth varieties to their calculation on monoid algebras.

4.3.2 Integration for log blowups of monoid algebras

Our main result for log motivic integrals is the following transformation rule for

integrals under a log blowup.

Theorem IV.25. Let 7 : P — @Q be a log blowup, and ¢ an integrand on X =
Spec k[P]. Let & be the generic point of a stratum Z = X, of X, and E the locus of

Y = Spec k[Q] mapping to X¢. Then

Z *
/ du= 3 Rl
Joo (X, M) Bl = Toa(YN),

where the sum n € E ranges over the generic points of strata of Y contained in E

and d(n) = rank £ — rank 7).

Proof. A log blowup induces isomorphisms Joo(Y,N), — Joo(X, M), on log arc

spaces at points y mapping to x. Pullback of sets along this map multiplies measures
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by A=%"_ So, integration along the fibre E’ of the blowup over ¢ contributes

, E]
E dy = — du.
| ]/Jw(x,mf =17 /Joo(X,M)f H

Summing over strata, the claim follows. m

See also Remark II1.34 describing the strata appearing in a log blowup of monoid

algebras.

Example IV.26. Consider the blowup of X = Speck|z,y] with its standard log

structure at the ideal I = (z,y). From Example IV.13, we have

1
ly| dp = —— X2
/JOO(X,M)O L+1

One chart of this blowup is the map Y = Spec k[z, w| — Spec k[z,y] with w = 2™ 1y.
Here Spec k[z, w| has its standard structure, generated by x,w at its origin and by
x at the other points of the exceptional divisor # = 0. The integrand |y| pulls back

to |zw|. Now Example IV.14 says that

1
|.CE’LU’ d:u = —)‘27
/Joo(YvN)O L _'_ 1

and likewise for the point of the exceptional divisor £ C Bl;(N?) not in this chart.
Finally, Example IV.13 shows, after the co-ordinate substitution =,y = xw on A x

E[t]*, that

1
/v;oo(yv/\/)(o,c) L + 1

for a point (z,w) = (0, c) on the exceptional divisor with ¢ # 0.

In other words, every point on F contributes A2, if we re-weigh the rank

L+1
one points of ' with an extra factor of A. Adding these up, and then dividing by

1
the class [E] = L + 1 of the exceptional divisor, we get LT 1)\2 again. This is the

claim of the transformation formula in this case.
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Remark TV.27. Let Y = Spec k[Q] — X = Spec k[P] be log étale. If ¢ : P9 — Q9P
is an isomorphism, then ¥ — X factors as an open immersion into a log blowup
of X, according to Proposition I11.38. If ker 9 # 0, then the map ¥ — X is not
dominant. The case coker ¢ = 0 corresponds to ramified (in the ordinary sense)

covers.

4.4 Ordinary arcs on monoid algebras

We study ordinary integration on monoid algebras Spec k[P]. The main result,

also introducing some of our notation, can be summarised as follows.

Theorem IV.28. There is a canonical decomposition of the space of arcs
J5(P) € Jeo(Spec k[P])

of a monoid algebra Spec k| P| which lie generically in no stratum (of positive rank)
of Spec k[P] into cells

J2(P), forv € Hom(P,N).

Furthermore, there ezists a function ¢pp on Hom(P,N), conewise linear on some

subdivision Xp of the cone Hom(P,N), such that the cells’ measure is given by
WL (P)) = [Spec KPP L7
for allv € Hom(P,N). In fact, ¢pp(v) is given by the minimum
¢p(v) = min{v(p)) + v(p2) + ...v(pa) : P1, P2, ..., pa € P is a rational basis for P9}

of v(py + pa... + pa) over bases py,pa, ...,pa € P of P2 = PP 2, Q.

Remark TV.29. The dual monoid Hom(P,N) = Hom(P**,N) is a (saturated) poly-

hedral cone in Hom (P9 7Z) = Hom(P% /(torsion),Z).
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Remark IV.30. The decomposition J2 (P) for arcs on a toric variety was given by
Ishii [15]. The motivic classes pu(J% (P)) were calculated in [6] in terms of the Newton
polyhedra of “logarithmic Jacobian ideals” of P. Our approach in Section 4.4.2 below

is essentially the same.

Corollary IV.31. Let F: J* (P) — V be an integrand on Spec k[P] for which F(~)
depends only on the cell J° (P) to which y belongs. We then write the integrand also
as F': Hom(P,N) — V. Then
[ FQian= Y F(LP) = [SpecklPm) 3 F@)Lr.
Joo (P) veHom(P,N) veHom(P,N)

Proof. Note that the complement of J% (P) in J.(P) has measure zero, since it
consists of arcs generically contained in proper strata of Speck[P]. This explains
the domain of F' and of the integral. The formula then follows from the above

Theorem IV.28 and the definition of the motivic integral. n

This means that one may compute the integral of any such F' as the given formal
sum, given knowledge of the function ¢p, which encodes the relevant information
about the motivic volume on Spec k[P].

In this subsection we describe the decomposition of the arc scheme of Spec k[P].
In those following we compute the motivic volumes u(J%(P)), and discuss some
simple integrals on monoid algebras.

Let P be a fine monoid. The set of arcs
Joo(P) = Hom(k[P], k[t])
on Spec k[P] bijects naturally with the set of monoid morphisms

Hom(P, (k[t],-))
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from P to the multiplicative monoid of power series, by the universal property of
monoid algebras. In particular, it has a natural monoid structure itself, given by
multiplication of series. Concretely, this is the observation that if two maps v, =
(21(t)), 72 = (wo(t)) satisfy some monomial relations then so does the product 7,7,
(and conversely, if the series z;(t) are non-zero). Viewing the monoid (k[t],-) as the

zero element together with the product

(k[t], ) 2 Nx k[t]* ¥~ N x k* x A

through the decomposition

Qet1

x<t) = te(ae + ae+1t + ) = €. Ge - (1 + -

t+..)

where a. # 0, we obtain the following description of the ordinary arcs of X =
Spec k[P]. They are first stratified by the prime ideal I C P which maps to zero in
E[t]. The ideal I C k[P] defines the stratum of X in which the arc generically lies.
We are interested in the set J* (P) of arcs with [ = P — P*, that generically lie in no
proper stratum of Spec k[P]. (One can study the arcs which generically lie in proper
strata by passing to the quotients P/F, where F' = P — [ is the complementary face
of I, and considering J* (P/F).)

In terms of the above decomposition of k[t], this is the set

J% (P) ~ Hom(P,N) x X% x Hom(P, A),

where X9 = Spec k[P%] is the rank zero stratum of X. (So X is a disjoint union

of tori of dimension rank P%.) We grade J* (P) by v € Hom(P,N), writing

J2(P) =v x X% x Hom(P, A)

for such v. These are the arcs where x(t) has order v(z). That is, these arcs are
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given by equations

z(t) = zot" @ (1 + Oyt + ...),

for x € P, with the zy # 0 the co-ordinates of a point in X9%. They have a

multiplication

JL(P) x JL(P) = J5(P)

as subsets of J(X). Obviously the fibre of this map is just the set X9 x Hom(P, A)
of ordinary arcs on X9 over any point of the target. This grading and multiplication

descend to

To(P) X Iy (P) = Jot(P),

where

I (P) = Tn J(P) © Jm(Spec k[P]),

but the fibres of the product maps on jets are harder to determine, even when one of
v,v’ is zero and the multiplication is just the action by the jets of X9. The JY (P)
have additional structure as well. For example, let 6 = min(v+v’) < min(v)+min(v’),
with minima taken over P — P* = P — 1. Then there is a well-defined, surjective
multiplication map

ns(P) % Jo_s(P) = Jo " (P),

m—s
which in general still has a nontrivial fibre.
This illustrates the difficulty in computing the motivic volume of the cells JZ (P),
for it is the images JY (P) under the projection 7, : Joo(P) — J(P) that determine

the classes p(JY (P)). Indeed,

W% (P)) = lim [m,, J2(P)L7" = lim [J5,(P)| L™,

m—00 m—0o0

where d = rank(P9), according to [8].
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4.4.1 Support functions

As an illustration, we consider the case where v is zero on a non-trivial face F' of
P.

In general, a map v € Hom(P,N) determines a face F' of P mapping to the
identity 0 € N (which is the minimal face of N). Here F' C P is the dual to the face
of Hom(P,N) in whose relative interior v lies, and the closed point (not the generic
point) of the arcs J2 (P) lies in the stratum of X determined by F. Let us call v
a support function for the face ' of P. For fixed F', the set of such is naturally
Hom(P/F,N).

The simplest case is when a face F' has codimension one, that is, when the quotient
P/F has rank one. Since the target N is saturated, the support functions of facets
F are then just maps N — N, although if P is not saturated then the image v(P)

may not be a saturated submonoid of N.

Proposition IV.32. Let v be a support function of a facet FF C P. Then
HTL(P)) = (X L mimmeror )

Proof. An arc vy in JY (P) is determined by a point of X9 together with an element
of Hom(P, A). This in turn is determined by a monoid morphism in Hom(F, A) and
the series x(t) € k[t]* for a chosen x € P — F. Any single x will do in characteristic
zero, since it completes a basis of F9 to a Q-basis of P9 and we can take n'" roots
in A. But the series x(t) are determined by v(z), their leading co-efficients z,, and
the image

7 € Hom(N, A) = Hom(P/F, A),

by taking a splitting P/F — P. That is, there is a series, call it z(t) € A, correspond-

ing to the image 7(1) € A, such that for any x € P— F we have x(t) = xot*® z(¢)"®).
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Modulo #™*1, then, for m large enough (depending only on v), we have the follow-
ing description of the image m,,J% (P) in J,,(X). A truncated arc corresponds to a
point of X9 an arbitrary map in Hom(F9, A/t™ 1) ~ (A /gmt1yrankPP=1 and series
z(t) = xot”(“f)w(x). This last part modulo t™! is determined by the truncation of
z(t) up to the power t™@) hence all these series at once are determined by the
truncation of z(¢) up to the power t™ — mingep_pv(z). Obviously different such

truncated series z(t) give different m-jets. Hence we have computed the class
[T 2 (P)] = [X 9] Am(rank P9P—1)+m—mingep—r v(z)
The motivic volume of JZ (P) is the limit of the normalised classes
lim [m,,J2 (P)] L~ dim X
where dim X = rank P%. So u(J% (P)) = [X 9] L~ miteer-rv() a5 claimed. O

More generally, for any face F' of P, the same argument, with the single series

z(t) replaced by a rational basis for (P/F)%, shows the following.

Proposition IV.33. If v is a support function of a face F' of P, not necessarily a

facet, then
[Spec k[ P9P]]

HJoo(P)) = o Ri P o7

p(J(P/E)).
O

Example IV.34. Let P be a non-singular simplicial cone of dimension d. Its dual
cone Hom( P, N) is also non-singular and simplicial, say with a generating set vy, ..., vg,
which is a basis of Hom(P%,Z), the dual basis to z1,...,z4 € P. The function v; is
a support functions for the facet F; of P generated by the z; with ¢ # j, and the

minimum value of v; on P — F; is one (for example, attained at the point z; € P).
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In fact, for v =) a;v; € Hom(P,N), we have
p(Jo(P)) =T [ L~ = TL- =,
where T = IL — 1 is the class of the torus A' — {0}, although we have not yet proven
this.

Example IV.35. For X = k[t?,#}] and v(t") = n, the minimum of v on P —
F = {3t ..} is two. So u(J%(P)) = TL™2. More, the motivic volume of the
cuspidal singularity is the sum of the classes p(J<(P)) = TL™2¢ for e > 1, which is

T/(L? —1) = 1/(L + 1).

Remark 1V.36. It is not the case that every v € Hom(P,N) is a sum of support
functions (for example, consider Hom(P,N) a singular simplicial cone). Nor is

w(JZ(P))/[X9] additive on all of Hom(P, N) in general.

4.4.2 Min sequences

We finish the calculation of the motivic volumes p(J% (P)). Recall that our claim
is that there is a function ¢p on Hom(P,N), continuous and conewise linear on some

subdivision ¥p of Hom(P, N), such that
HIL(P)) = (X Loor

for all v € Hom(P,N). This ¢p will be given in terms of combinatorial or convex

geometric data of P. It suffices to show that
[T (P)] = [T (P)] = [XoP] Lme—ort)

for m large enough, depending on v, and some constant ¢p(v) depending only on v

(and not m).
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The determination of the jets J (P), and hence their motivic classes [J}, (P)] €
Ky(var/k), is more complicated than that of the arcs JY (P), because m-jets corre-

spond to maps

P — (k[t]/ (™), )

rather than maps P — (k[t], ), and (k[t]/(t™"), ) has a more complicated structure
than (k[t], ). Namely, it is graded by N/(m+1) = {0, 1,2, ..., m, 00}, with the grade

n < m piece isomorphic to k* x A/(t™ 1) where we write
A/ = (L k] /(7). ).
This isomorphism is given by writing a truncated series z(t) mod t™*! as
t"ag(1 4+ a1t + ... + apnt™ ).

The grade oo piece is the zero element, which formally agrees with this if we take the

notational convention that > = 0. As a result, when describing the possible maps
P — (k[t]/ "), )

we will need to keep track of which graded piece of the target various elements of P
map to.

Let us call a set of elements py, ...,pqg € P a Q-basis of P if the images of pq, ..., pg
are a basis for the rational vector space P? = P% ®; Q, and a Z-basis of P if further

they generate the lattice P9 /(torsion) C PY.

Proposition IV.37. 1. There is a surjection
Hom(P,N/(m + 1)) x X% x Hom(P,A/(t™*)) — J* (P)
of monoids, given by multiplication, with the identification

N/(m+1)={0,1,...,m,00} = {1,¢,....,t™,0}.
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2. Let chark = 0. Let py,...,pq be a Q-basis of P, and let v € Hom(P,N). Then
the above map induces a surjection

X [ A/t = Jo(P).

1<j<d

Proof. The first claim is a restatement of the previous discussion. For the second, a
map P — A/(t™!) is determined by the images of the elements p;, which are series
p; in the grade v(p;) piece of A/(t™*1). That is, the choice of Q-basis followed by
truncation of series gives a morphism

Hom(P, A /(™)) — [ A/ — T A/ (v

J J

which gives a factorisation of the surjection

v X X% x Hom(P,A/(t™*1)) — J°(P).

In particular, it follows that if our function ¢p exists, then
op(v) <Y o(py)
J

for any Q-basis py, ..., pg of P. Our claim is that in fact ¢p(v) is the minimum over
Q-bases of P of such sums. To establish this we will construct, given v € Hom(P, N),
a Q-basis sy, ..., 54 of P with minimum sum and show that J} (P) is a torsor under
the induced action by X9 x [T, A/(tm—()+1),

In fact, a suitable basis can be chosen greedily. For v € Hom(P,N) we construct
a min sequence s = (s1,...,84) € P for v on P as follows. First we write sy = 1,
the identity of P. Obviously v(sg) = 0. Inductively, for 1 < j < d in succession we
take s; to minimise v on P — L;, where L; is the linear subspace of PQ generated

by the elements sg, s1, ..., 5;_1. Sometimes s; is not uniquely determined, because v
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may be simultaneously minimised at more than one point of P — L;. In any case,
the elements of a min sequence s are in linearly general position in P2, so form a
Q-basis of P.

If s = (s1,...,8¢) is a min sequence for some v € Hom(P,N), we call it a min
sequence of P. If further v(s;) > 0 for j > 1 we call s a non-degenerate min
sequence of P. If v is a support function of a non-trivial face F' of P then a min

sequence for v is equivalent to a choice of a Q-basis of F' followed by a min sequence

for P/F.

Remark IV.38. We make some basic observations about min sequences.

1. A non-degenerate min sequence consists of irreducible elements of P. For sup-
pose s; is reducible with j minimal, s; = pg for some p,q € P — P*. If
v witnesses that s is non-degenerate, then as v(s;) = v(p) + v(q) we have
1 < v(p),v(q) < v(s;j). Since p,q were not chosen in the construction in place

of s, they must both be in L;. But then so is s;, a contradiction.
2. In particular, a fine monoid P has finitely many non-degenerate min sequences.

3. A non-degenerate min sequence need not lie in a face of the convex hull of
the irreducible elements of P in P?, but may contain interior elements of this

polytope.

4. A support function v still has a non-degenerate min sequence. Start with a
Q-basis of F' which has minimum volume in F'% and extend to a min sequence
s of P using the ordering induced by v. Now a perturbation v’ of v into the
interior of Hom(P, N) ®7 Q has min sequence s, where the beginning segment
of ¢’ is some ordering of the chosen Q-basis of F', and thereafter s, s’ agree.

Then s’ is non-degenerate, and is also a min sequence for v. This observation
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amounts to noting that the conewise linear function ¢p on Hom(P,N) we will

give is continuous at the boundary of Hom(P,N).

Remark 1V.39. If s = (s1,...,84) is a min sequence for v, then v(sy),...,v(sq) is
the smallest sequence in dominance order of values of v on d linearly independent

elements of P. That is, if py, ..., pg is another Q-basis of P, then
v(s1) + ... Fu(sk) <ov(pr) + ... +v(pr)

for all 1 < k < d. For suppose py, ..., pq is a counterexample with £ > 2 minimum.

Thus
v(s1) + ... +v(sp_1) <o(pr) + ... + v(pe_1),
but

v(s1) + ... Fo(sg—1) +v(sg) > v(p1) + ... +0(Pr-1) + v(px).

In particular, v(px) < v(sk). Since px was not chosen in the construction of s, it must
lie in the linear span of s1, ..., sy_1. Note now that if ¢q, ..., ¢; is any permutation of the
elements py, ..., pg, then the ordered basis qi, ..., gk, Pri1, ---, Pa also gives a minimal
counterexample. In particular, all of py,...,px lie in the linear span of sq,...,s5_1.
This contradicts that p, ..., py are linearly independent in P®. One might compare
([6], 5.1).

To emphasise the convex geometry of P, let us consider the polytope A(s) C PQ
which is the convex hull of the elements of a min sequence s, or Ag(s) the convex
hull of A(s) and sy = 1. We also consider the point p; = ZPGS p, the far corner of a
parallelotope of which Ag(s) is one half. Note that if s is non-degenerate then Ag(s)
has no points of P in its interior, (as such a point p would be in linearly general
position with respect to any d — 1 elements of s and would have v(p) < v(s;) for

some j, contradicting the construction). In particular, if P is saturated then Ay(s)
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has no points of P% in its interior, so s actually gives a Z-basis of P%, (because
every element of P has a translate which is a lattice point in a fundamental domain
for P9%/(s1, ..., Sa).)

We are ready to prove our claim:

Theorem IV.40. Let
dp(v) = v(ps) = Y v(s;),
J

with s = (s1,...,84) a min sequence for v. Then J'(P) is a torsor for X9 x

[T, A/ (=)%Y In particular, p(J2(P)) = [X9] L7,

Proof. We need to show that, for v € JY (P), the multiplication map
yx X x [T A/ = Jp (P
1<j<d
after Proposition IV.37 injects. If there is a non-trivial relation among the series
s1(t), ..., sj(t), with j taken minimal, then there is a relation of their principal trun-
cated series modulo #™~U()+1 hecause v(sy), ..., v(s;) is a nondecreasing sequence.
But the submonoid P; generated by sy, ..., s; has rank j, with Q-basis s1, ..., s;, and

the group Hom(P;, A/(t™~vP)*1)) is free, a contradiction. O

Remark IV .41. It follows that a min sequence s for v does minimise the sum Zj s;(v)
over Q-bases of P, and that this minimum value is ¢p(v). In particular, we have
¢p(v) = ming v(ps), with minimum taken over all the min sequences of P, or just
over all the non-degenerate min sequences of P. Such a minimum, over a finite
set of linear functions, is continuous and conewise linear on the subdivision ¥p of
Hom(P, N) which is the normal fan in Hom(P, N) of the polytope Ap in P2 generated
by the “evaluation points” pg, for various min sequences s. This > p is the Nash

modification of P [6].



104

This construction of ¢p also shows that if v, v" have min sequences s, s’ which are
permutations of each other then ¢p(v)+ ¢p(v') = ¢pp(v+v'). That is, ¢p is linear on
cones corresponding to unordered min sequences. To see this, we only need re-order
the factors A/ (tm_v(p59 )H) to agree with the A/(t™ *®=)™) and observe that then
the multiplication map

T (P) X T (P) = I (P)

has constant fibre X9 and hence

H(T% (P)(J%(P)) = [ X (I (P)).

Consequently, in general the subdivision Xp of Hom (P, N) is coarser than the subdi-
vision into cones of constant (ordered) min sequences, because the evaluation points

ps are unchanged by permutation of the elements of s.

Example IV.42. Let P = (y, zy, 2%y) be generated by monomials y, ry, z?y. Then
the dual cone Hom(P,N) has rays generated by e, —e + 2f, where e, f is the dual
basis to x,y. The non-degenerate min sequences of P are (y, zy) and (z%y, zy), which
have evaluation points zy? and z®y?. These are equal on the ray z = 0 of Hom(P, N).
This ray consists of those v € Hom(P, N) for which v(y) = v(xy) = v(2?y), so that v
takes its minimum on P — {1} at all these points simultaneously. Two of the choices
of ordered min sequences for v give min sequences for different perturbations of v
away from the ray x = 0.

We get ¢p(ae + bf) = min(a + 2b,3a + 2b), conewise linear on the subdivision
by the ray = 0. In particular, this gives the correct weights to the points on
the boundary of Hom(P,N), which correspond to the support functions of proper
faces of P. Note that the primitive point f on the ray z = 0 has ¢p(f) = 2, and

not ¢p = 1, like the primitive points on the other rays. (If P is saturated then



105

the primitive codimension one support functions always have ¢p = 1, according to

Proposition 1V.32).

Example IV.43. Similarly to the last example, taking Q = (y, zy, 2%y, z3y) we have
¢qo(ae+bf) = min(5a+2b, a+2b), conewise linear after subdividing at the ray « = 0.

The primitive point f of this ray still has ¢q(f) = 2.

Example 1V.44. Let us consider the case of the quadric cone,
P={(x,y,z,w:zw=yz).
For example, we can realise P by identifying variables x,y, z, w as vectors
(1,0,0),(0,1,0),(1,0,1),(0,1,1)

in N3, The non-degenerate min sequences (which now have length 3) are two of
x,y,z,w (but not z,w or y, z) followed by xw = yz. Hence ¢p will be conewise
linear on a star subdivision of Hom(P,N). In the example, the cone Hom(P,N) C
(N3)* has rays generated by (1,0,0),(0,1,0),(0,0,1), and (1,1,—1). The “middle”
point v = (1,1,0), which generates the star subdivision Xp of Hom(P,N), takes its
minimum on P — {1} simultaneously on the four points z,y, z, w.

In terms of the multiplication of jets, it has an isomorphism ~ X JSL)’&O)(P) —
Jy(r}’l’o)(P) for any v € JY (P), for example the jet z(t) = y(t) = 2(t) = w(t) = t. This
map gives an alternate explanation of the exceptional value ¢p(v) = 3 (compared to
¢p = 1 at the primitive points of the rays of Hom(P,N)).

In terms of the variables x, ¥, z, w, here is how this sort of calculation plays out.
Take for example u = (2,1, —1). Then u(z) = 2,u(y) = 1L,u(z) = 1,u(w) = 0.
We parametrise the possible m-jets by X9 times three principal series, with m

coefficients for w, m — 1 for y, and m — 1 for z. The series z(t) is then determined
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by x = yzw™!. We get 3m — 2 parameters, giving ¢p(u) = 2 after the normalisation
by the factor L™>™. For ' = (1,1,1) = (0,0,1) + v, say, we have v/(z) = 1,u/(y) =
L' (2) = 2,u(w) = 2. We get 3m — 4 parameters by choosing series for x,y, z, say.
Now we cannot write w = yzax~!, but it is the case that the principal series part
of w, which we might denote w/(wyt?), is determined by w/t* = (y/t)(z/t*)(x/t)~,
with the same notational convention, modulo ™72, So we find ¢p(u’) = 4.

We note that here the function ¢p is not conewise linear on an arbitrary resolution
of Hom(P,N) (that is, an arbitrary subdivision into nonsingular simplicial cones).
For example, Hom(P,N) has a “small” resolution by adding in either of the two-
dimension cones generated by (1,0,0),(0,1,0) or (0,0,1),(1,1,—1). Instead ¢p is

only conewise linear after subdividing at their intersection, generated by v = (1,1,0).

Remark IV.45. The polytopes A(s), and the subdivision of Hom (P, N), depend on P
and not just P**. The subdivisions ¥p and X pse: need not be comparable, essentially
because the irreducible elements of P and P** need not bear much relation. For
example, let P*% = (y, zy, 2%y), with P consisting of the elements 2%y € P with
a+b > n for some fixed n, say n = 3. Here Hom(P, N) is the saturated cone generated
by vectors (—1,2) and (1,0). Now P** and P both have two non-degenerate min
sequences, namely (y, xy) and (z%y, zy) for P**, and (y", zy" 1) and (2%°, 22~ 1y"+1),
with a + b = n and a maximal, for P. We see that X psat is obtained by subdividing
Hom(P,N) by the ray through (0, 1), while ¥p is obtained by subdividing by the ray
through (1, 1) instead.

Remark IV.46. The subdivsion ¥p of Hom(P, N) need not be nonsingular, or even
simplicial, even if P is saturated. The same holds for the refinement of this subdivi-

sion into cones corresponding to the different ordered min sequences of P.

For example, consider P = (z,y,z,z%y*271) C Z3. Then P is the union of two
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simplicial cones (z,y,z) and (z,y,z*y3271), so is saturated, with exactly the four

irreducible elements x, v, z, 2%y%2 1.

Let us consider the ordered or unordered min
sequence (x,y,z). Let (a,b,c) be co-ordinates on Hom(P,N)% corresponding to
x,y,z. The cone corresponding to the ordered min sequence (x,y,z) is given by

inequalities

0<a<b<e<2a+3b—c
or, equivalently, by inequalities
0<a<b<c0<2a+ 30— 2c.

The cone for the unordered min sequence, which is the largest cone on which

¢p(a,b,c) =a+b+c,
is given by inequalities

0<a,byc<2a+3b—c.
In this case one sees easily that the relations a,b < 2a + 3b — ¢ are implied by
¢ < 2a+ 3b — ¢, so that the cone is also given by the inequalities

0<a,b,c,2a+ 3b—2c.

Now neither of these cones is simplicial. The point is that the plane 2a +3b—2¢ = 0
in each case meets two faces of the simplicial cone given by the other inequalities
a,b,c > 0 in the relative interior of two of its facets, so that the part 0 < 2a+ 3b— 2c¢

of it has four facets. In particular these cones are not simplicial, as claimed.

Remark 1V.47. Even in dimension 2, the subdivision > p need not be a resolution.
For example, consider P the saturated cone generated by y,z°y~!. There are 2

unordered non-degenerate min sequences on P, but one subdivision is not enough to

resolve Hom(P,N) = ((1,0), (1,5)).
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4.4.3 Ordinary integration on monoid algebras.

We consider integrands F'(y) on J% (P), with values in V = Ky(var/k)[L~'], which
are invariant under the action of the arcs Jo,(X9). That is, F' is constant on the
orbits of this action, and hence the value F() depends only on the v € Hom(P,N)
for which v € JY (P). Sometimes we will speak instead of integrating functions F'(v)
on Hom(P, N).

Recall from Theorem IV.40 that u(J2(P)) = [X%]L=%*(") with ¢p conewise
linear on a subdivision ¥p of Hom(P,N). We then have the formula

[ Foyde= ¥ FeUnE) =X 3 F@L
J%(P) veHom(P,N) veHom(P,N)
whenever the sum on the right converges in V.

A special case of interest is when F(v) = L™P(") with p € P, or sometimes p € P,
a linear function on Hom(P,N). The sum converges if p lies in the interior of P,
so that F(v) > 0 for any v # 0, and for some other choices of p as well, due
to the presence of the factor L=?(). The study of these sums generalises to the
consideration of functions F'(v) conewise linear on some subdivision ¥ of Hom(P, N).
Now if o € ¥ is a maximal cone of ¥ in general the element p € P or P% for which
F(v) = LP™ on ¢ need not lie in ¢*, but instead (o*)% = P9P.

Altogether, these integrals appear as sums of the form ZveHom( PN) L™ for ¢
conewise linear on some subdivision of Hom (P, N) on which both F, ¢p are conewise
linear. Separating this sum by cones ¢ of this subdivision, we are left to consider

sums of form

Z 1,—P®)

veo

for p € P9 = (0*)% linear on o. Consequently, we think of the theory of motivic

integration for equivariant integrands on X = Spec k[P] as equivalent to the theory
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of certain formal sums on Hom(P, N).
The following observation relates integrals for unsaturated monoids to integrals for
their saturation. Note that ¢p(v) > ¢psat(v) for any v € Hom(P,N) = Hom(P** N),

since the construction of ¢p by min sequences takes minima over smaller sets.

Proposition IV.48. Let A C Hom(P,N) and an integrand F(v) on A be given.

Then

/ F(v) =P T0rsat dyypoar = / F(v)dup.
A A

Proof. Both integrals equal

> Fu)Lr.

vEA
0
Thus it is essentially sufficient to develop motivic integration on saturated monoids

in order to understand integration on general fine monoids P.

Example IV.49. Let 0 = Hom(P,N) ~ N? be nonsingular, with primitive elements
V1, ..., Vg ON its rays, and let xy, ..., 24 € 0* = P be the dual basis. Writing v = ) a;v;
and p = ) b;z;, we have a sum
Z L—P( ;) — Z L~ 2 aib — H Z Laib
(a;j)eN (a;)EN Jj aj;eN
This sum converges if each b; > 0, that is, if p lies in the interior of o, to

b
H 1—1b

J

Example IV.50. Let o0 be a (possibly singular) simplicial cone, with primitive
elements vy, ...,v4 on its rays. Let 7 C o be the cone generated by the v;. Then o

is a finite union of translates of 7, by the points t1,...,¢, of ¢ in the fundamental



110

parallelogram spanned by the v;. Indeed, 0% /79 is finite of this order, and ¢y, ..., ,
is a system of coset representatives. Let p € (¢*)% have p(v;) = b;, p(t;) = ¢;. Then

SO ( S L ) HL}I}’

veEo 1<i<n

as we may see by re-writing the sum over v € o as a sum over cosets t; + 7 for

1 <17 < n, and using the previous example to compute the sum for 7.

Example IV.51. Other explicit calculations are possible. For example, let o be
generated by vectors (—1,2),(0,1), and (1,0). This is the cone Hom(P, N) of Exam-
ple IV.42. The function ¢ = ¢p giving the weights for the measure on o takes values
#(—1,2) = ¢(1,0) = 1,¢(0,1) = 2 and is conewise linear on the subdivision of o by

the ray through (0, 1). Let us compute S =) —¢(). Decompose o into its inte-

'UEU'
rior (0,1) + o and the two rays N(—1,2) and N(1,0), and the origin (0,0). Summing
L=*™) over these four parts gives contributions L=2S,L/(1 — LL),L/(1 — L), and 1.
(For the first of these we have used that the point (0,1) lies in both the maximal

cones on which ¢ is linear.) That is,

2L 1+ L
S=L25+-" +1=1L728
+ L + + — T
so that
1+ L L2
S = + = = T2L2%

(1-L)(1-0L-?) (L-1)
Multiplying by T? gives the motivic volume L% of the toric variety X,. Actually,
every point of X, has measure 1. For example, the torus-invariant point of X, has

measure

T2 Z L% — Z %@ T2L¢0Dg — 1.
vEgint ve(0,1)+o

The calculation of the previous example does not apply to this one directly because

¢ is not linear on all of o (it has ¢(0,2) = 4). The sense of this calculation is that in
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general if v is an irreducible element of ¢ then v + ¢ is a finite union of translates of

faces of o, allowing one to compute the sums by induction on dimension.

Example IV.52. If a simplicial subdivision X of ¢ is given, a sum ) __F(v) over
the points of ¢ can be computed in terms of sums over the cones of . If F' is
conewise linear on Y then these are all of elementary type, as in Example IV.49.

Looking in the opposite direction, one can try to put ¢ inside a larger simplicial
cone 7 on which » __ F(v) still converges, then subdivide the region between ¢ and
7 as a fan T, and compute ) F(v) = > F(v) — >, F(v). Here is an example
of this type. Write co-ordinates on N*® as triples (a,b,c), let F(v) = L=?® for a
linear functional ¢ on N? strictly positive away from the origin, and let o be the
cone a,b,c,b+c—a > 0. Its complement in N? is the simplicial cone 7 given by
b,c>0,b+ c < a. Then

Y Fw) =Y F)=> F)+ > F(v),

vET vEN3 veT! vEoNT!

and the three sums on the right side of this equation are of elementary type. We will
see that this type of construction, with ¢ inside a nonsingular cone 7 can interpret

the sum ) as a certain log motivic integral on X, .

veoF(v)

4.5 Integration on monoid algebras

We describe here a simple type of log integrand which leads to a comparison
with the formal sums over cones that we considered previously in studying ordinary
motivic integrals on monoid algebras. Subsequently we will describe how the two

may be related.

Remark IV.53. Recall from Proposition II1.39 that the log arc scheme on (X, M) is

a trivial affine bundle (of infinite dimension). More, we see easily from the proof that
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the isomorphism of the log arcs J,(X, M), at point € X; in the rank j stratum
X; with a point y € X, respects the measure u after scaling by a factor A7, In
view of this, generally it is more convenient to study log integrals at a single point

of X, which (when P is sharp) we may suppose is the central point 0 of X.

Let 21, ...,24 € P be a basis for P? and consider an integral

/ " - || - - [al * dpa
JOO(X7M)0

for some aq, ...,aqy > 0. Recall that this equals the integral

/ |(01)* (Oz2)™ - - - (D)™ | dp
T(P)

on the log tangent space T'(P) ~ A% to X at the origin. The integrand is equivariant
on T(P) with the log structure induced by P ~ 9P, which is the standard structure
on A? ~ Spec k[N?|, so corresponds to a lattice sum on Hom(N¢, N) ~ N%.

Here is another way to view this integral. Consider the monoid N¢ with genera-
tors labelled valz,val zy, ... valz4. We think of valz; > 1 as giving the order of a
principal series z;(t) in some log arc, in the sense of Section 4.2.2. Now let ¢ be the

linear function on N? with ¢(valz;) = a; + 1. Then

(4.1) / 21| | - gl dp = TN Y T L),
JOO(XaM)O

(61,...,64)EN‘;0

This follows simply on decomposing the group
Hom(P,A) = Az x Azg X -+ X Azg ~ A?

into sets

Aey X Agy X --- XA

€d
where A, C A is the set of series {1+ c.t®+ ... : ¢ # 0} with valuation e. According

to Example IV.6, we have p(A.) = L7¢TA\, so that

II"L(Ael X AGQ X oo X Aed) — ']I‘dAdL—(el—‘,—eQJ'-_“J’_ed).
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Since the integrand |a1|%|zo|2 - - - |24]% takes value LL~(@1ertazeat+aaca) on this set,

Equation 4.1 follows immediately from the definition of ¢.

4.5.1 Ordinary integrals as log integrals

We describe a kind of transformation rule for ordinary integrals on monoid alge-
bras X = Spec k[P]. Ultimately this gives a comparison to log integrals on a certain
affine bundle X’ — X over X.

Let P be a fine monoid, Hom(P,N) its dual. Let vy,...,v, be the irreducible
elements of Hom(P,N), and consider the map (N")* — Hom(P,N) taking standard
generators e}, ...,e on (N")* to these points. This induces a surjection (Z")* —
Hom(P,N)% = Hom(P,Z) on group completions. Dual to this is an inclusion P% —
Z™. Write IC*, IC for the kernel and cokernel of these respective maps. We have dual

exact sequences

(4.2) 0— K*— (Z")" — Hom(P,N) — 0,

(4.3) 0 K+ Z" + PP 0.

For w € (N")*, consider the coset w + KC* C (Z")*. Write A(w) for its intersection
(w+ K*) N (N™)* with the first orthant. Obviously A(w) and A(u) are congruent if
w,u map to the same point in Hom (P, N), and the number of such points v € (N")*
is the number #A(w) of lattice points in A(w). Considering a general A(w) as a
subset of K£*, it determines an ample line bundle on a toric variety X, whose fan is

the normal fan in K of such A(w).

Remark IV.54. There is a related construction, say with Hom(P, N) simplicial, taking
generators of (N9)* to the primitive points vy, ...,v4 on the rays of Hom(P,N). In

general the corresponding sequences (4.2), (4.3) are only exact after tensoring with
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Q. This is because this map (N%)* — Hom(P,N) has non-trivial, finite cokernel
if Hom(P,N) is singular. After Example IV.50, though, from the point of view of
integration having such a cokernel only amounts to multiplication by a constant. So

in such a case one might work with this map instead. The toric variety Xy is then

the Gale dual of X = Speck[P].

Let an integral 3 cyom(pyy £'(v) on Hom(P, N) be given. Pulling back along the
map (N")* — Hom(P,N) gives on the one hand
DRRACID P
v€Hom(P,N) we (N7 )*
or, put the other way,
>, #AWFE)= >, Flw
v€Hom(P,N) we(N™)*

where by A(v) we mean any of the polytopes A(w) where w € (N")* maps to v.

Example IV.55. Let Q = Hom(P,N) be generated by elements vy, vy, v3,v4 with
v1 + vg = vy + v3, and consider an integral ZveQ F(v) for some F. We have the
surjection 7 : N* — @ taking standard generators of N* to these elements. Then

IOEDY

vEQR ueN4

#A
where A(u) = (u+ker 7) NN* counts the number of points of 77 !7u. In co-ordinates
u = (a,b,c,d) on N* we have

#A(u) =14 min(b, ¢) + min(a, d).

Suppose for instance that F(ru) = L~¢@*¢d) with ¢(a,b,c,d) = a + b+ ¢+ d,
say. (This is the smallest linear function ¢ on N* for which the formal sum above

converges.) Splitting the domain N* into cones according to which of its co-ordinates
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are larger, we get contributions like

S = Z 1 Lf(a+b+c+d)’

a>d,b>c 1 et d

and so forth. We can evaluate this sum explicitly by standard manipulations with

formal series. For fixed ¢, d we have in this sum the term

1 L2,
- —2(c+d)
S(e.d) = 1+c+d (ZL ><ZL ) 1+c+d’]I‘2L '

a>d b>c
To sum these pieces over ¢, d > 0, consider the formal series identity
& et L -
dz° 1+c+ d (1-— x)2
c,d c,d>0

Re-arranging this gives

1 1
l+c+d 2(1—2)

c,d>0

so that on letting z = L2 we find

L4 L*
S = Z S(c.d) ']I‘2 ]LZ( ) - T3[P]’

The rationality of this expression (in L) is not an accident: the sum comes from
an integral on ) which must have a rational form. (For example it is computable
by taking a toric resolution of singularities; in other words, by taking a simplicial

subdivision of Hom(P,N).) This rationality is not automatic from the form of the

1
sum Z A )IL ¢w) hut says something about the polynomials A(w) and the
we(Nn)*

integrand L—?“)_ It might be interesting to know what this rationality means for

the numbers #A(w).

Remark IV.56. Here is one way to interpret this construction. Choose a nonsingular
simplicial cone o* in Hom(P, N)% containing Hom(P, N), equivalently a nonsingular

simplicial cone o in P lying inside P**. Summation on ¢* may be interpreted
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as giving a log integral on X by viewing ¢* ~ @&;Nval(z;), where the z; are the
generators of the dual cone o in P%. But, given an integral on X, we only have an
integrand defined on the cone Hom(P,N) C ¢*. This cone, in these co-ordinates, is
defined by some inequalities in the symbols val ;. Unfortunately such a subset does
not have a good (better) interpretation in terms of the structure of Hom(P, A). To
try to correct this, we take an injective map P — @ for some monoid () — in this
case, Q = N" — for which the cone Hom(P,N) pulls back to a “better” subset of

Hom(@Q, N) — in this case, the whole monoid of valuations N of a given basis of Q9.

If F(v) = L=*" with ¢ linear on Hom(P,N), we can view these as integrals on
(N™)* C (Z")*. In other words, they are integrals on affine space A™: let xy, ..., z,, be
the dual basis in N, and consider the integrand [ |z;|®*)~* on Spec k[N"]. These
sums have the shape of the log integral on A" we saw in Section 4.5, with a scalar
factor #A;(w) included in the one case. Consequently we can interpret these sums
as log integrals on A" up to scaling factors.

Now the map P — N" gives a log smooth map A™ — X = Spec k[P], because
the corresponding map on group completions has no kernel. (Recall Theorem I11.18
characterising log smooth or étale morphisms on monoid algebras.) Further, the

map A" — X factors as a log étale map to affine space X' = X x An—dimX

over
X. We can give an explicit such factorisation: start with a Q-basis of P and add in
standard generators of N to get a Q-basis of N". Let P’ C N” be generated by this
Q-basis. The inclusion P — P’ induces an affine bundle map X’ = Spec k[P'] — X,

and the inclusion P’ — N" induces an open chart A" — X’ of a log blowup, by

Proposition II1.38. The log integrand on A" is given in terms of the variables

L1,y Ty € 7" = (Nn)gp - (P,)gp7
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so it makes sense as an integrand on X’ as well. Theorem IV.25 applies in this case,

transforming our log integral into a log integral on X”.

Remark TV.57. The map A" — X we constructed above appears in a similar role in
the interesting recent preprint [5]. There the authors compute an arithmetic invariant
which they define of the toric variety X, now over a finite field k, the “intersection
complex function,” as what in our language we might call an l-adic integral on X.

Specifically, they view this function as a formal series

ICx =Y myv€Q[Hom(P,N)]

v€Hom(P,N)

over Q; with a variable for each element of the cocharacter cone Hom(P,N) of X.
They show that this series is the pushforward of the sum

> weZ[N]

weNn?

on A", and hence that the co-efficient m, is nothing other than what we previously
called #A(v). Thus these co-efficients track the number of decompositions of v into
combinations of irreducible elements of Hom(P, N).

Their larger interest consists in working with certain spherical varieties X, which
are analogues of toric varieties with the torus 7% replaced by an algebraic group
G, say. In other words, there is a dense open embedding G — X such that the
multiplication G x G — G induces a multiplication X x X — X. Thus the variety
X becomes an algebraic monoid. For example, one might have X the space of n x n
matrices with G = GL,, embedded as the matrices with non-zero determinant. In
general X is not commutative, because usually G is not. The authors prove some
results in this setting analogous to the toric case. For example, they show that the
arc space of X generically has a “finite-dimensional model,” which in the toric case

corresponds to the fact that every arc is, up to the action of the arcs on the torus
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T? represented by an actual toric morphism A' — X. It might be very interesting

to try to analyse this situation from the log geometric viewpoint.
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