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Conjugacy classes
of special automorphisms of
the affine spaces

Jérémy Blanc

In the group of polynomial automorphisms of the plane, the conjugacy class
of an element is closed if and only if the element is diagonalisable. In this
article, we show that this does not hold for the group of special automorphisms,
giving a first step in the direction of showing that this group is not simple, as an
infinite-dimensional algebraic group.

1. Introduction

In this article, k will always denote an algebraically closed field. The conjugacy
classes of the algebraic groups GL(n, k) and SL(n, k) are well known. In particular,
the following observation is classical:

An element is diagonalisable if and only if its conjugacy class is Zariski-closed.

As observed in [Furter and Maubach 2010], the same holds for the group Aut(Aé)
of complex polynomial automorphisms of the affine plane. Here, the topology cor-
responds to the topology of Aut(A}) induced by families parametrised by algebraic
varieties A, called morphisms A — Aut(A}) and corresponding to elements of
Aut(&f([ 47) (see Section 2A).

In fact, there is one easy direction in the result of [Furter and Maubach 2010],
which corresponds to showing that if the conjugacy class is closed, then the element
is diagonalisable. This works over any algebraically closed field k and follows from
the following observation: If f € Aut(A}) is an element that fixes the origin, the
conjugation of f by

(X1, ..., %) —> (%xl,...,%xn>
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940 Jérémy Blanc

yields an element of Aut(A} ) whose value at 7 = 0 is the linear part of f, which
is an element of GL(7, k). Moreover elements of Aut(Az) which do not have fixed
points are easy to handle (these are conjugate to (x1, x2) — (x; + 1, axy + P(x2))
for some polynomial P € k[x;] and a € k¥).

In this article, we focus on the closed normal subgroup SAut(A}) of Aut(A}) of
elements of Jacobian 1. We will show that the conjugacy classes of the two groups
SAut(A}) and Aut(A}) have a very different behaviour.

We say that an element f € Aut(AY) is dynamically regular if the extensions of
fand f~'to P} have disjoint indeterminacy loci (see Section 2B). We will also say
that f is algebraic if {deg(f")},en is bounded. The dynamically regular elements
are never algebraic, and in dimension 2, nonalgebraic elements are conjugate to
dynamically regular elements (see Remark 4.3).

The first result that we obtain is to show that there is no degeneration of conjugates
of dynamically regular elements in SAut(A}), contrary to the case of Aut(Ay).

Theorem 1.1. Let ' € SAut(A}) be a dynamically regular element.

(1) Ifx € SAut(A?} ((t))) is such that afo~ U has a value at t = 0, then this value is
conjugate to f by a(0) in SAut(AY) (in particular o is defined at t = 0).

(2) For each integer d, the set {gfg™' | g € SAut(A}), deg(g) < d} is closed.
(3) If n =2, the conjugacy class of f in SAut(AY}) is closed.

(4) If k is uncountable, the following holds: for each morphism A — SAut(Ay}),
where A is an algebraic variety, the preimage of the conjugacy class of f
contains the closure of each locally closed subset B C A that it contains.

Remark 1.2. The proof of this result is given in Section 3. As we will show, part
(1) implies the others.

In the notation of [Furter and Kraft > 2016], assertion (4) can be reinterpreted
by saying that the conjugacy class C(f) of a dynamically regular element f is
weakly closed in SAut(AY}).

In dimension 2, an easy consequence of Theorem 1.1 and of the Jung—van der
Kulk theorem is the fact the conjugacy class of nonalgebraic elements of SAut(A )
is in fact closed, contrary to the case of Aut(A ). In fact, we can be much more
precise: we describe in Section 4 the conjugacy classes of elements in SAut(A ),
and decide which ones are closed. In particular, we obtain the following complete
description.

Theorem 1.3. Let f € SAut(A ). Then:

(1) If f is diagonalisable, its conjugacy class is closed.
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(2) If f is algebraic but not diagonalisable, its conjugacy class is not closed. More
precisely, there exists an element F € SAut(A ) such that for each t # 0,
F@) e SAut(A ) is conjugate to f, and F(0) € SAut(A ) is diagonalisable.

(3) If f is not algebraic, its conjugacy class is closed.

Remark 1.4. Since the set SAut(A? 1alg of algebraic elements of SAut(A ) is closed
(Corollary 4.4), we can decompose SAut(Az) as an infinite union of disjoint closed
sets, one being SAut(Ai)alg and the others being conjugacy classes of nonalgebraic
elements. The group SAut(Alz() is however irreducible, by the simple observation
made above.

Remark 1.5. Note that these results show that the group SAut(A ) is more rigid
than the group Aut(A ), in the sense that there are less possible degenerations of
conjugates.

One can check, using the conjugations around fixed points as above, that every
normal closed subgroup of Aut(& ) is either trivial, SAut(A ) or Aut(A ). The
interesting question is then to know whether SAut(A ) contains nontrivial closed
normal subgroups (by [Furter and Lamy 2010], it contains many nontrivial normal
subgroups which contain only nonalgebraic elements, and the identity).

The fact that the conjugacy classes of nonalgebraic elements are closed suggests
that SAut(A ) could contain nontrivial closed normal subgroups. This text can then
be viewed as a first step towards the study of the simplicity of SAut(A}), viewed
as an infinite-dimensional algebraic group (ind-group). In [Shafarevich 1966], it is
claimed that this one is simple, but the proof contains serious gaps.

2. Preliminaries

As we said, in the sequel k will always be an algebraically closed field. We will
sometimes also work on a general field (most of the time with an extension of k),
and will denote it by K.

In this section, we introduce the terminology and give some basic results (most
of them classical, maybe in alternate formulations) on the topology of Aut(AY})
(Section 2A), the relation between the iterations of a map and the indeterminacy
sets at infinity (Section 2B) and the families of automorphisms parametrised by
formal series (Section 2C), that we will need in Sections 3 and 4.

2A. Topology on Aut(A}).
Notation 2.1. Let R be any commutative unitary ring.

(1) We denote by End(A%) the set of algebraic endomorphisms of A%. An element
f € End(A%) is given by

frxy, oo x)— (A, X)), ey (X1, o0y X))
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for some polynomials f1, ..., fu € R[x1, ..., x,]. The degree of f is by definition
the maximal degree of the f;, and we will use the notation

= o)
This corresponds to a natural bijection End(A%) — (R[x1, ..., x,])".

(2) The group Aut(AY) is equal to the group of automorphisms of A%, i.e., to the
elements of End(A%) that admit an inverse in this set.

(3) For each f € End(A%), we denote by

Jac(f) = det( ﬁ) € R[xy,...,x,]
Xj /i j=1

the Jacobian of f, and denote by SAut(A’% ), the normal subgroup of Aut(A%) given
by {f € Aut(A%) | Jac(f) = 1}.

(4) We denote by End(A%) <4 and Aut(A'%) <4 the subsets of End(A'%) and Aut(AY)
respectively, given by elements of degree < d.

Example 2.2. For each p| € R[x1], p» € R[x1,x2], ..., pr—1 € R[x1, ..., Xn—1]
and ay, ..., a, € R* the element

(a1x1, axxa + p1, azxz + p2, - - -, nXn + Pp—1)
belongs to Aut(A%). Such elements are usually called triangular, or de Jonquiéres.

Remark 2.3. Suppose that R is a field K. Extending the scalars to an algebraically
closed field, we observe that the Jacobian matrix of every element of Aut(A% ) is
invertible everywhere, so Jac(f) € K*. In particular,

Aut(A%) C {f € End(A%) | Jac(f) € K*},

and the equality, when K is of characteristic zero, is the classical Jacobian conjecture,
open for any n > 2.

If Z is an algebraic variety defined over k, where k is algebraically closed as
before, there is a natural way to endow the group Bir(Z) of birational transformations
of Z with a topology (see for example [Demazure 1970; Serre 2010; Blanc 2010;
Blanc and Furter 2013]). When restricted to the subgroup Aut(Z) of automorphisms,
we obtain the following:

Definition 2.4. Let A, Z be two algebraic varieties defined over k. We say that a
morphism f: A — Aut(Z) is a map given by an A-automorphism of A x Z.

The Zariski topology on Aut(Z) is defined as follows: a set F C Aut(Z) is closed
if and only if f~'(F) C A is closed for any algebraic variety A and any morphism
f:A— Aut(2).
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Remark 2.5. When the group Aut(Z) has a natural structure of an algebraic group
(for example when Z = P"), the topology defined above agrees with the classi-
cal topology of the algebraic group, and morphisms A — Aut(Z) correspond to
morphisms of algebraic varieties.

However, in general the group Aut(Z) is too big to be an algebraic variety, for
instance for Z = A", n > 2 (see Example 2.2).

We will observe (in Lemma 2.7 below) that this topology, when restricted to
Aut(AY}), gives the one introduced by Shafarevich in [Shafarevich 1966], i.e., the
inductive limit topology given by the inclusion of affine algebraic varieties

Aff(A}) = Aut(A}) <1 C Aut(Ay) <o C Aut(Af) <3 C -

and corresponds in fact to an infinite-dimensional algebraic group. In order to do
this, we recall how one obtains natural structures of affine varieties for Aut(A})<y
and SAut(A})<g.

Lemma 2.6. Let us fix some integers d,n > 1, and see End(A}) <4 as an affine
space, via the bijection End(Ay) — (k[x1, ..., x,1<q)". Then, the following hold:

(1) Ji» = {f € End(A}) <y | Jac(f) € k*} is locally closed in End(A}) <4, and
inherits from it the structure of an affine variety.

(2) Ji ={f € End(A})<q | Jac(f) = 1} is closed in End(A}) <g.
(3) Aut(A})<q is a closed subset of Jyx.
(4) SAut(A})<q is a closed subset of J;.

Proof. The Jacobian being a morphism End(A})<q — k[x1, ..., X,]<n@—1), the
sets
Je ={f € End(A}) <4 | Jac(f) €k} and J;

are closed in End(A})<; and are thus affine algebraic varieties. Since Jy =
{f € End(A})<q | Jac(f) = 0} is given by one equation in Jy, the set Jy= = Ji \ Jo
is affine (and locally closed in End(A})<4). This yields assertions (1) and (2).

In order to show (3) and (4), we define W to be the set of nonzero (n 4+ 1)-tuples
(ho, ..., h,) of homogeneous polynomials %; € k[xg, ..., x,] of degree d, where
ho = ,uxg, w €k, up to linear equivalence: (ho, ..., h,) ~ (Aho, ..., Lh,) for any
A €k*. The equivalence class of (hy, ..., h,) will be denoted by [h¢:- - -: h,]. Since
the set of homogeneous polynomials of degree d in n + 1 variables is a k-vector
space, this gives to W, a canonical projective space structure. We then denote by
B4 C W, the hyperplane given by sp = 0 and obtain a canonical isomorphism of
affine spaces

Wi\ By = End(Aﬁ)Sd,
[x(c]l:hl : ”':hl’l]r_) (h1(19x19"'7xn)’"'7hn(19x19"'7xn))‘
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We denote by ¥ € W;—1 x (Wy \ By) the set consisting of elements (g, f),
such that & := (go(fo, .-, fu)s---» & (fo, ..., fn)) is a multiple (maybe 0) of
the identity, i.e., h;x; = h;x; for all i, j. The description of Y shows that it is
closed in W1 x (W4 \ By). Since Wya-1 is a complete variety, the projection
p2: Wat X (Wg\ Bg) — (W \ By) is a Zariski-closed morphism, so p>(Y) is
closed in (W, \ By) ~ End(A}) <4.

In order to show (3) and (4), we only need to show that p> (Y)NJyx = Aut(A}) <4,
which implies that p,(Y) N J; = SAut(A}) <. We then show both inclusions.

(i) If f € Aut(A})<q, there exists g € Aut(A}) . 4n-1 such that go f =id ([Bass et al.
1982, Theorem 1.5, page 292]). In consequence, we obtain (g, f) €Y, so f € po(Y).
The fact that f belongs to Jy+ is given by Remark 2.3, so Aut(A}) <y € p2(Y) N Jy=.

(ii) Let (g, f) € Y, with f € Jy+. By definition of Y, the element (go(fo, ..., fr)»

..s 8n(fo, ..., fu)) is a multiple of the identity. There exists some j such that
gj # 0. The fact that f € Jy» implies that f: A} — A} is dominant. Hence,
gi(fo(l, x0, ..., xn), ..., fu(l,x0,...,x,)) is not equal to zero. This implies that
g € End(A”_1)<dn 1 and that g o f = id. Hence, f € Aut(A})<,. This yields
p2(Y) N Jier C Aut(AY) <q- U

Lemma 2.7. Let us fix some integers d, n > 1, and see Aut(A}) <4 and SAut(A}) <y
as affine varieties, via their inclusion in End(A})<q >~ (k[x1, ..., x,]<q)" (see
Lemma 2.6). Then, the following hold:

(1) Morphisms A — Aut(A}) correspond to elements of Aut(ﬂ\k[ A])
(2) For each k-algebraic variety A, the morphisms A — Aut(A}) that have image

in Aut(A}) <4 correspond to morphisms of algebraic varieties A — Aut(A}) <g.
(3) The set Aut(A}) <y is closed in Aut(AY), and the restriction of the topology of
Aut(A}) on it yields the topology of its algebraic variety structure.

(4) A subset of Aut(AY) is closed if and only if its intersection with Aut(A}) <y is
closed, for each integer d > 1.

Moreover, everything works the same replacing Aut with SAut.

Proof. We do the proof with Aut, the same proof works replacing Aut with SAut.
The map

End(A}Y) <4 x Af —> End(AY)<q X AL, (f, x) — (f, f(x))

is a morphism of algebraic varieties, so every morphism of algebraic varieties
A — Aut(A}) <y yields an A-automorphism of A x A}, and thus a morphism
A — Aut(A}) with image in Aut(A}) 4.

Conversely, let f: A— Aut(A}) be amorphism. By definition, this is given by an
A-automorphism of A x A}. Composing with the projection A x A} — A} and then
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with the function x; on A}, we obtain an element f; e k[A x AY]=k[A][x1, ..., x,].
Hence, (f1, ..., fu) is an element of Aut(Ak[ A]) Such an element yields a mor-
phism of algebralc varieties A — End(A}) <, for some m € N, having image in
Aut(Ay). This yields (1) and (2). Assertion (3) also follows, after observing that
the preimage of Aut(A})<; is a closed subset of A, for each i > 0.

It remains to show (4). Let ¥ C Aut(A}) be any subset. If Y is closed in
Aut(A}), then Y N Aut(A}) <4 is closed (in Aut(A}) or Aut(A}) <) for each d, by
(3). Suppose conversely that ¥ N Aut(A}) <y is closed for each d. In order to show
that Y is closed in Aut(A}), we take any morphism A — Aut(A}), and show that
the preimage of Y is closed. As we observed before, we can see this morphism as a
morphism of algebraic varieties A — Aut(A}) <, for some m. Since Y NAut(A}) <,
is closed, the preimage of Y is closed. (I

2B. Dynamical properties and the behaviour at infinity. In the sequel, we fix a
canonical open embedding A} — P} given by

X1y ooy x)—>[1ixy e x,]

and denote by H,, C P} the complement Hy, = P} \ A}, which is a hyperplane.
Once this is fixed, we have a canonical extension of any element of End(A}) to a
rational map P} --» P} In particular, this yields inclusions

Aut(A}) — Bir(A}) = Bir(P}).

The automorphisms of degree 1 (affine automorphisms) correspond to those which
extend to elements of Aut(P}). The others extend to birational maps which are not
automorphisms, and we can associate to them two sets, which are classical objects
in dynamics (see for example [Sibony 1999; Guedj and Sibony 2002; Bisi 2008]):

Definition 2.8. For each f € Aut(A}) of degree > 2, we define Iy C PP} to be the
indeterminacy locus of the extension of f to P}, and Xy C P} to be the image of

Hoo\(Iy).

In order to see the sets Iy, Xy explicitly, we use the following definition.

Definition 2.9. If f = (f1, ..., fu) € Aut(A}) is an element of degree d and g; is
the homogeneous part of f; of degree d,fori=1,...,n,wesaythat (aj,...,a,) €
End(AY) is the highest homogeneous part of f.

Remark 2.10. If (ay, ..., a,) is the highest homogeneous part of f € Aut(A}),
the set Iy C P} is given by

)CO=O’ a1=...=an:0’

and is a proper closed subset of the hyperplane at infinity Ho, (given by xo = 0).
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Moreover, the set Xy is equal to

{[O:a1(xy, ..., x5) i ran(xy, .o, x)] [0 xy - -t x] € Hoo\If ).

Remark 2.11 (regular terminology). In dynamics, the elements f € Aut(A}) such
that Iy N [y-1 = & are called “regular” and elements such that Xy N Iy = & are
called “weakly regular” in [Guedj and Sibony 2002] or “quasiregular” in [Bisi
2008]. The use of this terminology in algebraic geometry can be confusing, because
of the common use of the word regular for maps (in fact all elements of Aut(AY})
are morphisms, hence biregular). This is why we will say “dynamically regular” if
Iy N [y = &; we will not use the words “quasiregular” or “weakly regular”.

Remark 2.12. Fixing the degree d, we obtain an algebraic variety Aut(A}),. It
follows from the definition that the set of dynamically regular elements of Aut(A})y
is an open subset (in general not dense). However, the set of dynamically regular
elements of Aut(A})<y (and thus of Aut(A})) is not open in general. For n =2,
this can be seen by taking for example

f=(=x,x;+x3) € SAU(A}), &= (x; +1x3, x,) € SAut(Af,),
and considering the family 8 =afa~! € SAut(Alz(m). Then, B(t) is not dynamically
regular for ¢ € k* but $(0) = f is dynamically regular.

Remark 2.13. If n = 2, we find Xy = If_u. Indeed, the extension of an element
f e Aut(&i) of degree > 1 is an element of Bir([P’]z() which contracts the line at
infinity onto one point Xy. The inverse of this birational map is then defined at any
other point of Hy,, so we find Xy = L.

We now show that the degree of a composition is determined by the sets Iy and
X defined above. The following results are classical in the world of dynamics, we
recall the easy proofs for self-containedness.

Lemma 2.14. Let f, g € Aut(A}) be of degree > 2. Then, the following are
equivalent:

(1) deg(gf) = deg(g) - deg(f).
(2) The set Xy is not contained in 1.

Moreover, if both conditions hold, then Xqr C X,.

Proof. Denoting by (ay, ..., a,) and (b1, ..., b,) the highest homogeneous parts
of f and g respectively, the equality deg(gf) = deg(g) - deg(f) is equivalent to the
fact that one of the polynomials

bl(ala"'7al’l)""7bn(a19"'aal’l)

is not equal to zero.
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By definition, the sets I, Xy C Hy are given respectively by

Le={[0:y1:--tyul € Hoo | D1(Y1,s - s Y0) =+ - =Du (1, ..., yu) =0},

Xp={[0:a1(yt,....y0) - :any1, ...,y [0 yr -+ yul € Hoo\ 7).

If Xy ¢ I, then there exists a point [0 : y; : --- : y,] € Hx\ Iy such that
(0:a1(y1,-...yn) i - an(y1, ..., yu)] & I,, which corresponds to the existence

of anindexi € {l,...,n}suchthat b;(a1(y1,--->Yn)s---»an(V1, ..., ¥n)) 0. In
particular, the polynomial b;(ay, ..., a,) is not zero, so deg(gf) = deg(g) deg(f).

Conversely, if b; (ay, . .., a,) is a nonzero polynomial, the open subset U; C Hy
corresponding to the nonvanishing of this polynomial is nonempty. Intersecting this
open set with Hoo\Ir yields a nonempty open subset of points in Hy, which have
image in Xy and not in /.

Now that the equivalence between (1) and (2) is shown, we show that these
imply that X, C X,. Since deg(gf) = deg(g) deg(f), the homogeneous part of
highest degree of gf is (b1(ay, ..., as), ..., by(ay, ..., a,)). This implies that the
points of X, are in the image by g (or more precisely of its extension to P}) of

the set X ¢ \ I, and thus lie in X,. O
Corollary 2.15. Let f, g € Aut(A}) be of degree > 2. Then, the following hold.:
() Xy C L1

(2) If IgN 11 = &, then deg(gf) = deg(g) - deg(f).

(3) Xy ¢ Iy < deg(f?) = deg(f)*.
Proof. Since deg(f~! f) < deg(f~") deg(f), part (1) follows from Lemma 2.14.
If I, NI = &, then Xy ¢ I, by (1), so the equality deg(gf) = deg(g) deg(f)
follows again from Lemma 2.14. Part (3) corresponds to Lemma 2.14, in the case
f=g O
Corollary 2.16. If f € Aut(A}) is an element such that Xy N Iy = @, then

deg(f™) =deg(f)" and X C Xy

for eachm > 1.

Proof. We prove the result by induction on m, the case m = 1 being obvious.
For m > 2, we use the facts that Xy N Iy = @ and Xpm-1 C Xy, which imply
that X¢n-1 ¢ Ir. Applying Lemma 2.14 to the composition f o f m=1we obtain
that deg( ™) = deg(f™!)deg(f), which is equal to deg(f)” by the induction
hypothesis, and also that X» C Xy. ]

Restricting to dimension 2, we obtain the following result.

Corollary 2.17. Let f € Aut(Ai) be of degree > 1. The following are equivalent:
(1) Iy # Ip-1;
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Q2 Nl =a;
(3) deg(f?) = deg(f)*;
(4) deg(f™) =deg(f)" for eachm > 1.
Proof. As we are in dimension 2, we have Xy =1 -1 and X 1= Ir, which are two
points of Hs,, which can be distinct or not (see Remark 2.13).
The equality deg( f2) = deg(f)? is equivalent to X + ¢ Iy (Corollary 2.15), which
is here equivalent to 11 # Iy or I;-1N1Iy =&. Hence, (1), (2), and (3) are equivalent,

and of course implied by (4). It remains to see that (2) corresponds to Xy NIy = &,
which implies that deg(f™) = deg(f)™ for each m > 1 by Corollary 2.16. (]

Remark 2.18. The most interesting implication of this corollary is (3) = (4), i.e.,
that deg(fZ) = deg(f)2 implies that deg(f™) = deg(f)™ for m > 1, a fact already
observed by Jean-Philippe Furter [1999] (at least when char(k) = 0).

Looking at the proof, this result has no reason to be true in dimension n > 3, and
is in fact false on the easiest nontrivial example, that we describe now.

Example 2.19. Let f = (x; + x22, Xy + x32, X3) € SAut(Ai), which has highest
homogeneous part a = (x%, x32, 0) e End(Ai). Then,

Iy =[0:1:0:0], Xf={[0:x1:x2:0]|[x1:x2]€|]3’1}.

Since Xy ¢ Iy, we have deg(f?) = deg(f)?> =4 and Xy2 C Xy. More precisely,
the homogeneous part of f Zisa?= ()cgt ,0,0), so

Ifz=If=sz=[0:1:O:O].

In particular, X;> C Ir, so deg(f3) < deg(fz) -deg(f).
In fact, one easily checks with the formulas that deg(f") < 4 for each n, and
that deg( f") = 4 for each n > 2 if char(k) = 0. Indeed

"= (x; + nx3+n(n— Dxyxi + (Z?:_ll i%)x3, X, + nx3, x3),
for each n > 0.

2C. Families of automorphisms and valuations. In the sequel, we will study fam-
ilies of elements of Aut(AY}), which correspond to elements of Aut(Aﬁ((Z»).
It is then natural to use the valuation

v kK(O)xL, - - .y Xn] — Z U {—00}

associated to r. We define precisely this valuation here, as we will use it often
afterwards.
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Definition 2.20. Every element f € k((¢))[x1, ..., x,] \ {0} can be written as

f= iaktk

k=m
where m € 7, a; € K[xy, ..., x,] fori > m, and a,, # 0. We then define v(f) = m.
Choosing v(0) = —o0o, we obtain a valuation

v K(O)[XL, -+ -y Xn] — ZU [—00).

(1) Ifv(f) =0, we define f(0) = ao.
(2) If v(f) > 0, we define f(0) =0.
3) If v(f) <0, we say that f has a pole at t =0 and that f(0) is not defined.

Definition 2.21. Let f = (f1,..., fa) € Aut(&ﬁ«t»). We define

v(f) =minfv(f;) |i=1,...,n}.
(1) Ifv(f) = 0, we say that f is defined at the origin (or has a value), and define

S0) = (f1(0), ..., fu(0)),
to be its value, which is an element of End(Ay}).
(2) Ifv(f) <0, we say that f has a pole at t =0, and say that f(0) is not defined.

Remark 2.22. In the above definition, it is possible that the element f(0) is defined,
but does not belong to Aut(A}). This is for example the case when one of the
components becomes 0, or for f = (1x; + x5, x,, ..., x,). This phenomenon is
however impossible for SAut(AY), as the following result shows.

Lemma 2.23. Let o € SAut(Aﬁ«t») be an element which has no pole at t = 0.

Then, a~" has no pole at t =0, and replacing t with 0 yields two automorphisms
B,y € SAut(A}),

B=a(0), y=a"'(0)
such that By =id.

Proof. Since « has no pole at r =0, it sends (0, ...,0) € Aﬁ((t)) onto an element
having coordinates in k[[#]. We can thus replace « by its composition with a
translation and assume that o (and thus ') fixes the origin. Its linear part is then
equal to an element of SL(n, k[[#]]), whose inverse also belongs to SL(n, k[#]]).
Replacing with the composition by this inverse, we can assume that « has a trivial
linear part. We denote by m the ideal of k((¢))[xy, ..., x,] generated by the x;, and
can then write

a:(fl""’fn)
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for some fi, ..., fu € klltllx1, ..., x], fi =x; (mod m?). We write then
d d
a = (xl +Zgi,1, e X +Zgi,n>
i=2 i=2
where the g; ; € k((t))[x1, ..., x,] are homogeneous polynomials of degree i and
d; is the degree of g. Assume for contradiction that one of the g, ; does not belong
to k[[#Q[x1, ..., x,], and choose k to be minimal for this. Then, the j-th coordinate

of a ! ow is equal to

dy
xj=fi+ Y8 (f1s s o),

i=2

which implies that Zf.i:k &.j(f1, ..., fn) €Kkltlllx1, ..., x,]. But the part of de-
gree k of this sum is in fact equal to g; j(x1, ..., x,), which does not belong to
klelxt, - ., xul.

We have proved that @ ~! does not have any pole at the origin. We then denote by
dy, d> the degrees of o and ~! (which are the maximal degree of their components),
and denote by End,, the set of endomorphisms of A" of degree < d;, which is
naturally isomorphic to an affine space. Observe that (o, «~!) corresponds to a
k((2))-point of the algebraic variety

{(f.,8) €Endy, xEndy, | fog=id}.

Since neither o neither @~! has a pole at r = 0, all coefficients are defined at the
origin. Replacing ¢ with O gives then the result. (]

Remark 2.24. The result of Lemma 2.23 can also be obtained from the fact that
each SAut(A}) <y is closed in End(A}) <4 (Lemma 2.6).

We will apply a classical valuative result (Lemma 2.25 below), and recall the
argument of the proof, given in [Furter 2009, §1.2] (the version that we need here
is slightly more general, but the proof is analogous).

Lemma 2.25. Let Y, Z be two quasiprojective k-algebraic varieties, let o: Y — Z
be a morphism and let 7 € Z be a (closed) point of Z. The following assertions are
equivalent:

(1) The point z belongs to the closure ¢(Y) of the image.

(2) There is an irreducible k-curve I, a smooth closed point p € I" and a rational
map t: ' --» Y such that pov: ' --» Z is defined at p and sends it onto z.

(3) There is a k((t))-point y € Y (k((2))) such that (y) € Z(k((t))) has no pole at
t =0and ¢(y)(0) =z
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Proof. (1) = (2): Replacing Y with one of its irreducible components, we can
assume that Y is irreducible. Putting Z into a projective variety, we can assume that
Z is projective. Then, replacing Z with ¢(Y) we can assume that ¢ is dominant.
Since ¢(Y) is an irreducible constructible subset of Z, it contains a dense open
subset U of Z. If Z is a point, then ¢(Y) = Z, in which case (2) is obvious, so
we can assume that dim Z > 1, and can take a closed irreducible curve C C Z
containing z and meeting U (through every two points passes at least one irreducible
closed curve, see [Mumford 1970, §11.6, Lemma, page 56]).

We then denote by Y’ C Y an irreducible component of ¢~ 1(C) such that the
restriction of ¢ yields a dominant morphism Y — C. We choose two points
P1, p2 € Y’ such that ¢(p;1) # ¢(p2) and take an irreducible curve I’y C Y’ passing
through p;, p» (using again the lemma from [Mumford 1970]). The restriction of
@ to I'g yields a dominant morphism 'y — C. We can take an open embedding
v: Ty — T, where T'p is an irreducible projective, and denote by n: I' — Ty the
normalisation. Then, ¢ ov~! o7 yields a rational map I' --» C, which is a surjective
morphism. It remains to choose for t: I' ==+ 'y C Y/ C Y the rational map v—' o 7.

(2) = (3): The rational maps I' --+ ¥ — Z correspond to field homomorphisms
k(Z) — k(Y) — k(I'), sending the local ring O, 7 to O, r.

Denote by 6,:,1“ the completion of O, r, with respect to its maximal ideal.
Because O, r is a Noetherian regular local ring of dimension 1 with residue field k,
its completion is a complete Noetherian regular local ring with the same properties,
and by the Cohen theorem, it must be isomorphic to a ring of formal power series.
The dimension being 1, one has a k-isomorphism @) p.r = K[[7]l, which induces a
field homomorphism k(I") — k((¢)).

The composition k(Y) — k(I") — k((¢)) corresponds to the k((¢))-point y that we
want, and its image corresponds to the composition k(Z) — k(¥Y) — k(I") — k((?)).

(3) = (1): View Z as a locally closed subset of P” and take a polynomial
equation F € k[xo, ..., x,] that vanishes on ¢(Y). Since ¢(y) is a k((¢))-point of
@(Y), we have F(¢(y)) = 0. Replacing ¢ with O we obtain F'(z) = 0. This shows
that z belongs to the closure of Z. (I

Corollary 2.26. Let f € SAut(A}), let d > 1 be an integer and let Y be the k-
algebraic variety SAut(A}) <4. The following assertions are equivalent:

(1) The set {gfg™' | g €Y} is closed in SAut(A}).

(2) If T is an irreducible k-curve T and 1: I" --+ Y is a rational map such that
pot: I' --» Z is defined at a smooth point p € I', the image of p belongs to

{gfg ' 1geY).

(3) If € Y(k((t))) is an element that has poles att =0 and h = ¢f ¢~ has no
poles at t =0, then h(0) belongs to {gfg~ ' | g e Y}.
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Proof. The degree of the inverse of an element g € Y is at most d" ! (see [Bass et al.
1982, Theorem 1.5, page 292]). Hence, the map ¥ — SAut(A}) that sends g onto
gfg~" corresponds to a morphism of algebraic varieties ¢: ¥ — SAut(A}) <, for
some m. The result follows then from Lemma 2.25 applied to ¢, and Lemma 2.7. [J

3. Conjugacy classes of dynamically regular automorphisms of A}

3A. Image at infinity of elements of Aut(A{’(((t))). In Section 2B, we explained
how the set Xy C Hy is defined, for each element f € Aut(A}), by extending the
map to P} and looking at the image of the hyperplane H, at infinity.

We now associate similarly a subset X, C Hy, to an element o« € Aut(Aﬁ(([»)
which has a pole at t = 0, by taking the limit of the image of «(¢), when ¢ goes
towards 0. The formal definition of X, is the following:

Definition 3.1. Let a € Aut(&ﬁ«t») be an element of valuation v(x) = —m < 0,
that we write
(1 1
o = t—mal,...,t—man ,
where «y, ..., o, € k[t][x1, ..., x,] are such that

a=(1(0), ...,,(0) = (a1, ..., a,) € End(A}Y) \ {0}.
We then define

X(X:{[O:&l(yl’ ] yn):' ’ '35ln()71, ey J’n)]|()71, ] yn)EAﬁ\&_l({o})}CHoo

This definition can be geometrically understood:

Remark 3.2. In the above definition, « is not defined at r = 0, but extending « to
P" we obtain the element of Bir(Py ) given by

[x0 -+ ] == [ X8 - F1(x0, .o, Xn, 1) -2 Fu(Xo, ., X, D],

where d is the degree of « and each F;(xo, ..., X, t) € k[[t][xo, - . ., x,] is the ho-
mogenisation of «;. This corresponds to a family of rational maps of [}, parametrised
by ¢, which has a value at t = 0, corresponding to

[xo: - :x,]-—>[0: Fi(xp, ..., %,0) -2 Fy(xg, ..., X, 0)].

The set X, C Hy is then the image of this map by points of A} which are well-
defined under this map.

Writing such a point as [1:x; : - - - : x,], its image by the extension of « is
" Fi, .. x,,t) - Fy (1,000, xp, 1)]

=[" a1 (g, o X, ) (X, ., Xy, D]
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and corresponds to a curve in P whose point, when ¢t = 0, belongs to X,.
The set X, corresponds then to the limit, viewed in P?, of the image of points
of A} under a(¢) when t goes towards 0.

Proposition 3.3. Let f € SAut(A}) be an element of degree d > 1, and let o €
SAut(Aﬁ«t))) be an element that has a pole at t = 0. If

Xo € I,
then o' fa has a pole at t = 0.
Proof. We write
f=U o)
for some f1, ..., fn €klx1, ..., x,] and denote by (ay, ..., a,) the highest homo-

geneous part of f (which is of degree d). In particular, the indeterminacy locus
Iy C P of the extension of f to Py is given by

x=0, a=---=a,=0.
Because o has a pole at r = 0, we have v(e) = —m < 0 and can write o =
¢t "oy, ..., t 7 "ay), where ay, ..., o, € k[¢][x1, ..., x,] are such that

a = (a1(0),...,2,(0) = (&1, ...,a,) € End(A}) \ {0},
and so the subset X, C Ho, is described by

Xo={[0:61(y1, oyt 1@ Y] Ons -0 y) €AT\ @' (0D}
The fact that X,, is not included in I yields a point (y1, ..., y,) € A’l’(\&_l({O})
and an integer i € {1, ..., n} such that
al(&l(yl7 LECILR ] yn)v LIRS ’&n(ylv ceey yl’l)) #0

In particular, we have
ai(@n, ..., an) =ai(1(0), ..., a,(0)) €klxi, ..., x, ]\ {0}.

Thus a;(t "y, ..., t "a,) = t "™a;(ay, ..., o,) has valuation —md, and
hence f« has also valuation —md.

It remains to show that this implies that 8 = «~! fo has a pole at = 0. Indeed,
if B had no pole, we would have v(ef) > v(«) = —m, which is impossible since
fa=aof and v(fa) = —md. [l

Corollary 3.4. Let f € SAut(A}) be a dynamically regular element.

) Ifx e SAut(Aﬁ((t))) is such that g = a~' fa has no pole at t =0, then o and
a~! have no pole at t = 0. In particular, g(0) is an element of SAut(Ai) that
is conjugate to f.
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(2) Foreachd > 1, the set {gfg_1 | & € SAut(A}) <y} is closed in SAut(Ay).

Proof. (1) We suppose that « has a pole at r = 0, which is equivalent to the fact
that «~! has a pole at = 0 (Lemma 2.23), and show that «~! fo has a pole at
1 =0.1If Xo Z Iy, this is given by Proposition 3.3. Otherwise, we have Xo & I7-1,
(because Iy N I;-1 = & by hypothesis) and apply the proposition to f —1. This
implies that o f ~'a~! has a pole at = 0. Hence, afa~! has also a pole at t =0
by Lemma 2.23.

(2) This follows from (1) and Corollary 2.26. O
We obtain thus the following two results.

Proposition 3.5. Let f € SAut(A}) be a dynamically regular element having the
following property: there exists a function T : N — N such that for each conjugate
g € SAut(AY) of f, there exists h € SAut(A}) of degree < t(deg(g)) such that

g=hfh"l.
Then, the conjugacy class of f in SAut(AY) is closed.

Proof. Let us denote by C C SAut(Ay}) the conjugacy class of f in SAut(A}). Note
that C is closed (in SAut(AY)) if and only if

Cq={geC|deg(g) =d}

is closed in SAut(A}) <4 for each d € N.
By Corollary 3.4, the set

Cl={hfh™" | h € SAut(A}) -y}

is closed in SAut(Ay) for each d.
By hypothesis, we have C; C C ;( ) for each d € N, which implies that

is closed in SAut(A}) <4 for each d. O

The additional hypothesis of Proposition 3.5 is fulfilled for all dynamically regular
elements of SAut(A ), so we obtain that the conjugacy classes of all dynamically
regular elements of SAut(Az) are closed:

Proposition 3.6. Let f € SAut(A ) be a dynamically regular element. Then:

(D) Ifge SAut(A ) is conjugate to f, there exists h € SAut(A ), such that

g=hfh™' and deg(h)® < deg(g).
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(2) The conjugacy class of f in SAut(A%) is closed.

Remark 3.7. The bound of (1) also exists for Bir(Ai), but is much higher [Blanc
and Cantat 2016].

Proof. Proposition 3.5 yields (1) = (2), so we only need to prove (1).
Recall that, for each g € Aut(Ai) of degree greater than one, I, = X, -1 consists
of one point (Remark 2.13).
Let g = hfh~' be an element of degree d. Replacing & with if’, | € Z, we can
assume that
deg(h) < deg(hf’), foreach [ € Z.

We can also assume that deg(/) > 2. This implies, since deg(h) < deg(hf) deg(f_l),
that Iy = Xy-1 = Ijy (Lemma 2.14). Similarly, we have deg(h) < deg(hf_l) deg(f),
SO [p-1 = Xp = Ijp-1.

Because the two points /¢, Ip-1 € Hy are distinct, we have Ij, # Iy or 1), # L. If
Iy # Iy = Iy, we have deg(hfh~') =deg(hf) deg(h™!) > deg(h) deg(h™1). If I), #
Ir-1 = Is-1, we have deg(hf ~'h~') = deg(hf~") deg(h™') > deg(h) deg(h ™).

The degree of an element of Aut(Ai) and its inverse being the same, we find
deg(g) > deg(h)>. O

Proof of Theorem 1.1. Part (1) and (2) correspond to the statements of Corollary 3.4.
Part (3) is provided by Proposition 3.6.
It remains to show (4). For each d € N, the set

Ca=1gfg ™" | g € SAut(A}) 4}

is closed in SAut(AY}), and the conjugacy class of f is the infinite union C = J, Cq.
Let A be an algebraic variety, F': A — SAut(A}) be a morphism, and let B C A
be a locally closed subset which is contained in F —10). Writing By = F “L(Cy),
the set B, is closed in B for each d and B = | J,; B;. Since k is uncountable and
By C B4 foreach d, we obtain B = B,, for some integer m. Hence, B is contained
in F~1(C,,), which is closed in A, so the closure of B in A is also contained in
F~(Cy), and thus in F~'(C). a

4. Conjugacy classes of elements in SAut(Aﬁ)

4A. Overview of the Jung—van der Kulk theorem and its applications. For each
field K, the Jung—van der Kulk theorem [Jung 1942; van der Kulk 1953] asserts
that the group Aut(A%() is generated by the groups

Aff(A%() = {(ax1+bxz+e, cx1+dx+ f) ‘ (i Z) €eGL(2,K), e, f € K},

J(A%() ={(ax1+ P(x2),bxp+c) |a,be K* ce€ K, P<cK[x]}.
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Multiplying the decomposition of an element of SAut(A ) with homotheties we
can assume that each one has determinant 1. This implies that the group SAut(A )
is generated by the groups

SAff(A )= {(ax1+bx2+e cx1+dxo+ f) ‘ < )GSL(Z, K), e,feK},

SJ(AK) ={(ax;+ P(x2),a 'xa+¢c) |ae K* ceK, PeK[x]})

The Jung—van der Kulk theorem implies that we have an amalgamated product
structure on SAut(A%(). It also yields the following classical result. We recall here
the simple proof.

Lemma 4.1. Every element f € SAut(A%() is conjugate either to an element of
SJ(A ) or to an element of the form

f=anjm---ajr,
where m > 1 and each a; € SAff(A ) \SJ(A ) and each j; € SJ(A ) \SAff(A ).
Proof. We write f as a product of elements of A = SAff(A2 %) and J =SJ (A2 %)

f =amjmam-1---aijiao,

where each aq; € A and each j; € J. By merging elements we can moreover assume
that jy € Afori=1,...,m,andthata; ¢ J fori=1,...,m—1.

Suppose first that m = 0, which implies that f = ap € A, so it extends to an
element of Aut([P’I%). The action at infinity has a fixed point, and conjugating by
an element of SL(2, K), we can assume that this point corresponds to [0 : 1 : O],
which implies that f preserves the pencil of lines through the point, so f € J.

Suppose now that m > 1, which implies that j; € J \ A. We conjugate f by ag
and assume that ap =id. If m =1 and a,, =a, € J,then f € J. [f m > 2 and
an € J, we conjugate by ji and decrease m by 1. This reduces to the case m > 1,
a;=id, a, € J. g

Remark 4.2. Elements of the form f = a,j, ---a1ji, where m > 1 and each
a; € SAff(A%)\SI(A%) and each j; € SI(A%)\ SAff(A%) are usually called Hénon
automorphisms. Note that each element j; satisfies X;; = I;, =[0: 1: 0], and that
each a; extends to an automorphism of [P’,% that moves [0 : 1:0]. By Lemma 2.14,
this implies that

m
deg(f) = Hdeg(ji), Iy =[0:1:0], Xy=Ir-1=a,(0:1:0]).
i=1
In particular, Iy N Ip-1 = &, deg(f) > 1 and deg(f™) = deg(f)™ for each m > 1
(Corollary 2.17). Moreover, the conjugacy class of f in SAut(A2 ) is closed, where
K is the algebraic closure of K (Proposition 3.6).
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Remark 4.3. Elements of SJ (A ) are algebraic since they are contained in an
algebraic subgroup of Aut(A2 %) (or equivalently have a bounded degree sequence).
Hénon automorphisms are not algebraic as their degree sequence is not bounded.
Hence, Lemma 4.1 corresponds to saying that nonalgebraic elements are conjugate
to Hénon automorphisms, and algebraic automorphisms to elements of SJ (A%().

The following corollary follows from Lemma 4.1, and also holds (with the same
proof) for Aut(A ). This was already observed in [Furter 1999].

Corollary 4.4. (1) An element f € SAut(A ) is algebraic if and only if

deg(f?) <deg(f).

(2) The subset SAut(A ).., of algebraic elements of SAut(A ) is closed.

k’alg

Proof. (1)(a) If f is algebraic it is conjugate to an element jesSl (A ) (Lemma 4.1,
or more prec:lsely Remark 4.3). We can thus write f =« ~ Ja where o € SAut(A ).
Then « =ayj; - - -, where each a; € SAff(A ) \SJ(A2 ) and each j; € SJ(A ) (if
starts with an element of SJ(A 1() \ SAff(A ) we can merge this element with j).
If j ¢ SAFFAL), then deg(/) = [] deg(j)? deg() = deg(a—") deg(j) deg(@) (sce
Remark 4.2) and thus

deg(f?) = deg(a™" j?a) < deg(a™") deg(j%) deg(er) < deg(f),

since deg(j%) < deg(j). If j € SAff(A%) N SI(A%), then we can replace j with
al_ ja; and continue like this to obtain either the previous case or f = o~ laa,
where a € SAff(A ), @« = jia;---,each aq; € SAff(A )\SJ(A ) and each j; €

SJ (A )\ SAff(A ). We obtain s1m11ar1y deg(f?) < deg(f).

(1)(b) If f is not algebraic, then f is conjugate to a Hénon map h = a,,, ji, - - - a1 ji1,
where each a; € SAff(A ) \SJ(A ) and each j; € SJ(A ) \SAff(A ) (Lemma 4.1,
or more precisely Remark 4.3). Writing f = o~ 'ha, where a € SAut(A K) we can
write as before « as a product of elements of SAff(A ) and SJ (A ), replace h if
starts with an element j| € SJ (A ) such that Jiji € SAff(A ) or if it starts with an
element a1 € SAff(A ) such that (al) oy, €SJ (A ) and finish with a simplified
writing where we can directly read that deg( /) > deg(f).

(2) It follows from (1) that the set of algebraic elements of SAut(A )<a is closed
for each d > 1, which implies the second assertion. |

4B. Conjugacy classes of elements of SJ (A%(). It is easy to decide whether two
Hénon automorphisms are conjugate, using the amalgamated product structure. The
writing of such an element is unique up to cycling permutation of the elements and
up to inserting elements of SJ (Az )n SAff(A2 ). The classification of conjugacy
classes of SAut(A ) thus reduces to the study of elements of SJ (A ).
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Lemma4.5. Let f € S] (A%() be some element. After conjugation in this group, the
element belongs to one of the following families:

i) (ax;,a 'x,), aeK\{0,1},
(i) x4+ P(xy), x5), P € K[x,],
(i) (Cx,+x7'P(3). ¢y, CeK\{0, 1}, PeK[x,]\{0},
¢ a primitive m-th root of unity,
(iv) {(xl, xy+1), char(K) =0,
x;+x7' PPy, x,+1), P eKlx,), char(K)=p.

Proof. An element f € SJ (A%() is equal to (ax; + P(x,), a_lx2 + ¢) for some
acK* ceK, PeKlx,].

If a # 1, we conjugate by (x;,x, +ac/(1 —a)) and can assume that ¢ = 0.
Conjugating by (x; — Axj, x,) yields (ax, + P(x,) + A(a —a™")xj, a_lxz). We
can then kill the coefficient of degree n of P, if a # a™". This gives (i) or (iii).

If a=1and ¢ =0, we get (ii). If a = 1 and ¢ # 0, we conjugate by (cx,, c‘lxz)
and can assume that ¢ = 1. Conjugating (x; + P(x,), x, +1) by (x; — )\x;H, x,5)
yields (x; 4+ P (x,) + A (3T = (xy + 1)"F1), x, +1). We can thus kil the coefficient
of degree n if n + 1 is not a multiple of char(K). This gives (iv). O

The most complicated case corresponds to family (iv), in the case of a field of
characteristic p > 0. In order to describe the conjugacy classes in this family, we
will need the following lemma.

Lemma 4.6. Let K be a field of characteristic p > 0. Let V C K [x] be the subvector
space given by

V={x""'P(x?)| P e K[x]},
and let §, N be the following K -linear maps

6: K[x] — K[x], Fx)— F(x+1)— F(x),
N: K[x] — K[x], FX))r— Fx)+Fx+1D)+---+Fx+p—1).

Then, Im(8) = Ker(N) and K[x] =V & Im(§) = V @ Ker(N).

Proof. (1) We first show that V +Im(5) = K[x]. This is the same argument as in
Lemma 4.5(iv). We take any polynomial P (x) = 21/21 ajxj eK[x].IfP LV, we
can define m to be the biggest integer such that am #0and m+1 # 0 (mod p).
Replacing P with f’(x) = P(x) —8(anux™t!/(m+1)), we kill the coefficient of x”.
Continuing this process until all coefficients @; with i +1 #£ 0 (mod p) are zero,
we obtain an element of V.
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(2) We now show that Ker(N)NV ={0}. Let F(x) = 2?21 a;x'?~! be an element
of V, and assume that a,, # 0. Since

n p—1
N(F(x) =) _a; (Z(x +k>"!’-‘),

i=1 k=0

the coefficient of x"?~? of N(F(x)) is equal to

(Z,i’_;)Z o=, )oK

This shows that F ¢ Ker(N). Hence V NKer(N) = {0}.

(3) The inclusion Im(8) C Ker(/N) follows from the definition of § and N, so we
obtain V NIm(8) = {0} by (2). Moreover, since Ker(N) is contained in Im(5) & V
(by (1)) and Ker(N) NV = {0}, we have Im(6) = Ker(N). O

Remark 4.7. The equality Ker(N) NV = {0} of Lemma 4.6 corresponds to the
fact that an element of the form

(x +x5_1P(x§), X, + 1),
where P € K[x,], char(K) = p (family (iv)) is of order p if and only if P = 0.
Indeed,
(X1 +0(x), X, + D =(x; + Q(x) +- -+ Q(x; + p— 1), xy),
for each Q € K[x].

We will also need the following lemma, which is a direct consequence of the
amalgamated product structure of SAut(A ).

Lemma4.8. Let f € SJ(AK), which is not conjugate to (ax, ailxz), aec K*orto
(x,+1,x,) or (x;, x, +1) in the group SJ(A%(). Then, f is conjugate to an element
ofg e SJ(A%() in the group SAut(A%() if and only if it is conjugate to g in SJ(A2 ).
Proof. We suppose that g = afa™! € SJ(A ), for some o € SAut(A )AN SJ(A ).
We can write « as

o= jm+lamjm T jZaljlv

where m > 1, each j; € SJ (A ), each a; € SAff(A ), and such that a; & SJ (A%()

fori=1,..., m, Ji ¢ SAff(A ) fori=2,. —1. Since afa~! € SJ(A2 ), the
element j S 1_ belongs to SAff(A )NSJ (A ) and the same holds for the element
111f11 al .

The fact that f, = j, fi; ' and fo=a,j, fi; 'a; ' belong to SAff(A%)NSI(AZ)
corresponds to the fact that both extend to automorphisms of [P’2 that fix the point
[0 : 1: 0] at infinity. However, a; € SAff(A )\ SJ (A ) so it extends to an
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automorphism of P2, whose action at the infinity moves the point [0 : 1 : 0]. This
implies that f; fixes at least two points at infinity. Conjugating by an element of
SAff(A%() NSJ (A%() we can assume that these points are [0:1:0] and [0: 0 : 1].
This implies that f; = (ax; + b, a'xy + ¢), for some (a,b,c) € K* x K2. It
remains to see that fi is conjugate to (axi, a~'x2), (x1 + 1, x2) or (x1, x2+ 1), in
the group SJ (A%{). This is a straight-forward calculation, already done in the proof
of Lemma 4.5. [l

Proposition 4.9 (Conjugacy classes of algebraic elements in SAut(A%{)). Every
algebraic element of SAut(A%() is conjugate to one of the families (1)—(iv) of
Lemma 4.5.

Apart from (x1, xo + 1), which is conjugate to (x; + 1, x2), no two elements of
distinct families are conjugate in SAut(A%(). Moreover, the conjugacy classes in
SAut(A%() within the families are as follows:

() (ax,,a 'x)) ~ (bx,,b~'x,) & a =b*".

(i) (x; + P(xy), x,) ~ (x; + O(x,), x,) <= Q(x,) = aP(ax, + b) for some
(a,b) e K* x K.

(iii) (¢x, + xgklP(xgl), g“*lxz) is conjugate to ({x, + x?fla’"P(ax’z”), g“*lxz)
for each a € K*, but not to any other element of family (iii).

(iv) Two elements
f=@ 4+ PG+, g =0 +x 06D, i+ 1),
where P, Q € K|[x,], are conjugate if and only their p-th powers,

fP=0+Px),x), g =0+ 00, %),
where ﬁ, Q € K[x,], satisfy Q(x2) = 13(x2 +¢) for some c € K.

Proof. The first assertion follows from Lemma 4.1 (see Remark 4.3). It remains
to describe the conjugacy classes in the families (i)—(iv). We first observe that
if o € SL(2, K) is conjugate by v € SAut(A%) to an element B € SAut(A%)
that fixes the origin, the derivative of the equation «v = v at the origin yields
aD,(0) = D,(0)Dg(0), so the derivative of B at the origin is conjugate to « in
SL(2, K). This shows that the families (i) and (ii) are disjoint, and gives the
conjugacy classes in (i).

We now observe that two elements f = (x; + P(x,), x,) and (x; + Q(x,), x,) are
conjugate in SAut(A%{) if and only if they are conjugate in SJ (A%{). This is given by
Lemma 4.8, if f or g is not conjugate to (x; + 1, x,) or (x;, x,) in SJ(A%(), and is
trivial in the remaining cases (when both f and g are conjugate to one of these two
elements). It remains to observe that the conjugation of f = (x; + P(x,), x,) by
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(ax, + R(x,), a! (x, — b)) yields (x; +aP(ax, + b), x,) to obtain the conjugacy
classes in (i1).
An element f = (¢x, +x’2"*1P(x’2"), g“*lxz) in family (iii) satisfies

™=+ mxd T PN, x,) # (X, xy).

Since f™ belongs to family (ii), f™ (and thus f) is not conjugate to an element
of family (i). Moreover, f is not conjugate to an element of family (ii) because
¢~ e K\ {0, 1} is an eigenvalue of the action of f* on K[x,, x,]. By Lemma 4.8, f
is conjugate to another element g of family (iii) in SAut(A%{) if and only if this con-
jugation holds in SJ (A%(). Looking at the second coordinate, we have to conjugate
by o = (ax,; +R(x,), a_lxz). This implies that g = (¢x, +x£”_1 o5, g“_lxz) for
some polynomial Q. Looking at g"* = ozf’”oz_1 = (x; —I—ma’”xg’_lP((axz)’"), X5),
we obtain Q(x5') = a™ P((ax,)™). This yields a necessary condition on Q, which
is also sufficient, by choosing R = 0.

It remains to study the last class (iv). The element (x,, x, + 1) is conjugate to
(x; + 1, x,) by (x,, —x,). If char(K') = 0, there is no other element in the family.
So we assume that char(K) = p > 0, and consider f = (x, +x§_1 P(xé’), X, + 1),
for some polynomial P € K[x,]\ {0}. Because the action of f* on K[x,, x,] has
only eigenvalues equal to 1, f is not conjugate to any element of family (i) or (iii).
Moreover, the fact that P # 0 implies that f7 is not the identity (see Remark 4.7).
Hence, f is not conjugate to an element of family (ii).

We then take g = (x, —|—x§"71 0(xY), x, + 1), for some Q € K[x,], write

FP= (4 P(xy), %), g7 =+ 0xy), x,),

for some P, Q € K [x,], and show that f and g are conjugate if and only if
Q(xz) = I’S(x2 + ¢) for some ¢ € K. This will conclude the proof.

Suppose first that f is conjugate to g. Lemma 4.8 yields the existence of
aeSJ (A%() such that afa~! = g. Looking at the second coordinate, we see
that @ = (x; + R(x,), x, — ¢) for some R € K[x,], ¢ € K. Then, afPal =
(x, + P(x, +¢), x,), which implies that Q(x,) = P(x, + c) as we wanted.

Conversely, suppose that Q(x2) = Iﬁ(x2 +c) for some ¢ € K. We conjugate then
g with (x,, x, + ¢); this changes maybe the polynomial Q, and replaces O with P.
Hence, we can assume that f” = gP. This corresponds to the equality

N Py = N2 o)),

where N: K[x,] — K|x,] is the K-linear map that sends f(x,) to f(x,) +
f@,+1)+- -+ f(x,4p—1). The element x2 ' 0 (x?) —x? "' P(x?) is an element
of the kernel of N, and is thus equal to R(x, + 1) — R(x,) for some polynomial
R € K[x,] (Lemma 4.6). This corresponds to the fact that f is conjugate to g by
a=(x; +R(x,), x,). U
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4C. Degenerations between the four families of conjugacy classes. In the re-
maining part of the article, we show that every algebraic element of SAut(A%()
admits a degeneration of conjugates towards a diagonalisable element.

4C1. From family (ii) and (iii) to family (i). These are the easiest degenerations.
Taking any f € SAut(A%() that belongs to family (ii) or (iii), and conjugating by
diagonal elements of SAut(A%( (t)) we obtain elements of SAut(A%(m) which yield
families of conjugates of f that converge towards an element of family (i). Indeed,
we have

(tx1, 17 %) (6 + P(x), ) (1 Xy, 1) = (x) +1P(xy), X,),

(txp, 7 ) £ X, 1) = (Lo + "X P X, ¢ hy).

In particular, there is a diagonalisable element in the closure of the conjugacy
class of any element of families (ii) and (iii), and thus of any algebraic element of
SAut(A%), if char(K) = 0.

4C2. Family (iv). The last family, when char(K) = p > 0, is the most interesting.
The elements of this family are of the form (x,+Q(x,), x,+1), for some polynomial
0 € K|[x,]. Diagonal conjugations by (zx,, t_lxz) or (t_lxl, tx,) yield elements
of SAut(A%([til]) which do not have a value at r = 0.

In the following proposition, we provide two explicit degenerations, typical to
positive characteristic, to either (x,, x, + 1) or the identity.

Proposition 4.10. Assume that char(K) = p > 0 and let
f=0+0(x), x,+1)

for some polynomial Q € K|x,].
Then, there are two elements Fy, I, € SAut(A%m), which are conjugate to f in

SAut(Aé[ til])’ and have the following properties:

(1) Foreacht e K\{0}, Fi(t), F2(t) € SAut(A%) are conjugate to f in SAut(A%).
(2) F1(0)=(x1,x2+1), FZ(O):(xpxz)-
Proof. If O =0, we can choose F(t) = f and F,(¢) to be the conjugation of f by
(t'x,,tx,) € SAut(Aﬁqti,]).

We can thus assume that Q # 0, denote by d > 0 the degree of Q and by € K*

the coefficient of degree d. We then choose some integer a > 1 such that g = p* > d,
write A = 1/u? € K*, and define

X 1
o= (t_;’ tdx2 + kxil + ;) € SAut(A%{[mq])-
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A direct computation yields

o fa
4o ( 1445y ] LA Al e 1YY
=\ x+t 0 lx2+)\.x1+? ,x2+t—d+t—d—t—d X+t 0 tx2+kx1+? .

The definition of d and u implies that we can write
d g ,1\_m P
Q(t Xy +Ax| +?) = t_d+td__1’

for some P € K|[x1, x», t]. This yields (remembering that Au? = 1), the following
equality

o fa= (xl +u+tP, x2+tld— t&d(,u—i—tP)q) = (x; +pu+tP,x,—a?74 P,

Because g > d, the value of this element of SAut(A%qt]) att =01s (x; + u, x,).
Conjugating o~ ! fo with (—px,, u~'x)) yields thus Fj.

To get F», we recall that (tx,, 17 x,) (x, + p, x,) (7 'xp, 1x,) = (x) + 141, x,).
We are then tempted to use (7x, t_lxz)ot_l fa (t 'x 1» x,), but this element has in
general no value at + = 0. We then choose m > 0 and define 8 to be

X 1
B = < 1 [deZ —i—)»x;] + t_m) S SAut(Aé[m_.]).

tm_d’
Since B is obtained from « by replacing ¢ with ™, we obtain
BB = (x) + 1" P(xy, Xy, ™), Xy — A" TD P (xy, xy, ™)),
We can now define F>(¢) = (1x, t_1x2),3_1 f,B(t_lxl, tx,), which is equal to
Fo(t) = (x; +tpu+ 1" Py, 1y, 1), xp — A" DT P x 1y, 1)),
Choosing m big enough, F; is defined at 1 = 0 and F>(7) = (x, x,). O

4D. The diagonalisable elements. In order to finish the proof of Theorem 1.3 it
remains to show that the conjugacy classes of diagonalisable elements is closed.
This was shown in [Furter and Maubach 2010], for the group Aut(A%), but with
transcendental methods. In the case of SAut(Ai), we can however give a simple
proof, that works for any algebraically closed field k.

The proof uses the following result, which follows from the amalgamated struc-
ture product.

Lemma 4.11. Let K be any field, let u € K*, f = (ux,, ,uflxz) € SAut(A%(), and
g€ SAut(A%() be a conjugate of f in this group. Then, there exists o € SAut(A%()
such that

g=a ' fa and dega < degg.
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Proof. We write g = a~! fa for some o € SAut(A ), and write « as a product of
elements of SAff(A%() and SJ (A%(), in a reduced way (no two consecutive elements
belong to the same group). Note that f is conjugate to f~! by (x5, —x,), sO we
can easily exchange f with f~! if needed.

If o starts with an element a € SAff(A ),thena’ =a~'ja e SAff(A ). If a’
does not belong to SJ(A%(), then deg(g) = deg(a) deg(ar™!) = deg(a)? (the degree
is the product of the Jonquieres elements that occur, see Remark 4.2). If a’ belongs
to SJ (Az ), then it is conjugate to f or f~1in SJ (A ) (Proposition 4.9), and we
can thus replace a with an element of SJ (A ) and either decrease the length of «
or it reduces to the case a € SJ (A ).

Suppose now that « starts with an element j € SJ (A%(). Replacing j with
pJj, where p is diagonal, we can assume that j = (x; + P(x,), x, + ¢), for some
P € K[x,] and ¢ € K, we thus obtain

J'=i7 i = (e + POpu—Py+e(un™ =1)), p~ ' xy+e(u™"' = 1)) e SIAL).

We have therefore deg(P (x,)) > P(x,)u— P(x, +c(u~'—=1)), and if equality does
not hold we can kill the highest coefficient of P without changing ;' = j~! fj. We
reduce then to the case where deg j' = deg j. If this degree is 1, then j € SAff(A%()
and we can reduce the length of «, or obtain deg(a) = 1. The remaining case is when
deg j' = deg j. The result is then obtained if « = j. Otherwise, « = ja;j;--- is a
reduced writing, as wellas g = - - - jl_lal_lj’alj1 ---. We again find deg g > deg .

O

Proposition 4.12. Let n € kK*, f = (ux,, ,uflxz) € SAut(Az) and d > 1. The set

C(f)=1gfg " lg e Aut(A))} = {gfg " | g € SAut(A})}
is closed in SAut(A ).

Proof The equality between the two sets is obvious: if g e Aut(&lz(), we have
g’ =gt € SAut(A?) for some diagonal T € Aut(A}), so gfg~! = =g'fg'~". We can
moreover assume that u # 1, otherwise the result is trivial. We fix some integer
d>1, write Z = SAut(Ai)Sd and we will show that C(f) N Z is closed in Z (this
gives the result by Lemma 2.7).

We consider the morphism of algebraic varieties Z — Aut(Ai)< 42 given by
g+ gfg~! and denote by ¥ C SAut(A )<a the preimage of Z. This gives rise to
a morphism ¢: Y — Z, whose image is equal to C(f) N Z by Lemma 4.11. By
Corollary 2.26, it suffices to take an irreducible k-curve I', arational map ¢: I' --» Y
such that g =@ o¢: I' --» Z is defined at a smooth point p € I', and to show that
the image g = ¢(p) € Z belongs to C(f).

Note that ¢ corresponds to an element o € Aut(/&k(r)) and that ¢ corresponds
to the element afa™! € Aut(Ak(r)) which is defined at p and whose value at p
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corresponds to g. Since the set of algebraic elements is closed (Corollary 4.4),
the element g is conjugate to an element of SJ (Alz() (Remark 4.3). Looking at
the actions on k(I')[x,, x,], we find that f*(x,) = ux, so (afa"H*() = pv,
where v = (oc_l)*(xl) € k(IN[x,, x,]. Replacing v with Av, where A € k(I'),
does not change the equation (o f a~H*(v) = uv. We can therefore assume that
a € O,(I')[x, x,] and that its value at p is not zero. This shows that u is also
an eigenvalue of g*. By Lemma 4.5, g is conjugate in SJ(A%) to (vx,, v_1x2), for
some v € k\ {0, 1}, or to (¢ x, -|—x’2"_1 P (x5, g“_lxz) for some primitive m-th root
of unity ¢, and P € k[x,]\ {0}, and  belongs to the subgroup of (k*, -) generated
by v or by ¢, respectively. Let us observe that the second case is not possible.
Indeed, otherwise we would have f™ =id, so (afa~")" = id and thus g" = id,
which is not the case since P 7 0. We can thus assume, after composing o with an
element of SAut(Ai), that g = (vx,, v_1x2) for some v € k\ {0, 1}.

Denote by U C I the dense open subset where ¢ is defined and where I is smooth.
Replacing I with U U {p}, we can assume that U =I"\ {p} (if p € U, the result
is obvious), and thus that ¢ is a morphism ¢: I' — Z. Denote by «: I' --» A2
the rational map given by « (1) = ¢(u)(0, 0), when u € U (the image of the origin
of A2).

We now prove that « is defined at p. To do this, we define F C I" x Alz( to be
the closed set F' = {(c, (xy,x,)) | ¢(c)(x,, x,) = (x4, x,)}. Since F is given by
only two equations, each irreducible component of F has dimension at least 1. The
intersection of F with u x Ai yields one point, for each u € I', hence the projection
to I' yields an isomorphism 7 : F — I' (because I' is smooth). The rational map
[' --» F given by u — (u, k(u#)) corresponds to the identity, and is thus defined
at p.

The map (x,, x,) = (x;, x,) + «(u) corresponds therefore to an element of
Aut(Aé(r)), and replacing o with its composition by this one, we can assume
that « fixes the origin. We obtain thus that the derivative of af ! at the origin
is conjugate to f by an element of SL(2, k), for each u € U, so its eigenvalues
are v and !, for any point of U. At the point p, we obtain g = (vx,, v_lxz),
which implies that v = u*!, so that g and f are conjugate in SAut(Alz() as we
wanted. |

Proof of Theorem 1.3. By Lemma 4.1 and Remarks 4.2 and 4.3, an algebraic element
of SAut(Alz() is conjugate to an element of SJ (Ai) and a nonalgebraic element is
conjugate to a Hénon automorphism, which is dynamically regular. In the latter
case, the conjugacy class is closed by Theorem 1.1; this gives (3).

By Proposition 4.12, if f € SAut(Alz() is diagonalisable, its conjugacy class is
closed.

If fe SAut(Ai) is algebraic but not diagonalisable, it is conjugate to an element
of the families (ii), (iii) or (iv) of Lemma 4.5. The existence of the degeneration
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stated in (2) is given in Section 4C1 for families (ii), (iii) and in Proposition 4.10
for family (iv). O
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Inversion of adjunction for
rational and Du Bois pairs

Sandor J. Kovacs and Karl Schwede

We prove several results about the behavior of Du Bois singularities and Du Bois
pairs in families. Some of these generalize existing statements about Du Bois
singularities to the pair setting while others are new even in the nonpair setting.
We also prove a new inversion of adjunction result for Du Bois and rational pairs.
In the nonpair setting this asserts that if a family over a smooth base has a special
fiber X, with Du Bois singularities and the general fiber has rational singularities,
then the total space has rational singularities near Xj.

1. Introduction

Rational singularities have been the gold standard for “mild” singularities in al-
gebraic geometry for several decades. Whenever a new class of varieties with
singularities is discovered, the first question usually asked is whether or not the
new varieties have rational singularities. A key reason for this is that varieties
with rational singularities behave cohomologically as if they were smooth. How-
ever, for many purposes rational singularities are not broad enough. For instance,
nodes are not rational singularities, and more generally, singularities appearing on
stable varieties, that is, mild degenerations of smooth ones that are necessary to
consider in order to compactify moduli spaces, are not always rational. The class of
Du Bois (or DB) singularities is slightly more inclusive than rational singularities.
Du Bois singularities behave cohomologically as if they had simple normal crossing
singularities (i.e., a higher-dimensional version of nodes).

Recently, Kollar [2013] and Koviacs [2011a] introduced the notions of rational
and Du Bois pairs (X, D) for a normal variety X and a reduced divisor D C X.
These notions are philosophically distinct from the singularities considered typi-
cally in the minimal model program since (X, D) having rational (respectively Du
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Bois) singularities does not generally imply that the ambient space X has rational
(respectively Du Bois) singularities [Kollar 2013, Remark 2.81(2)] (respectively
Examples 2.10, 2.14, and [Graf and Kovacs 2014]). Instead the singularities of
(X, D) measure the connection between the singularities of X and D (a notion
obviously connected with problems related to inversion of adjunction). Furthermore,
like Du Bois singularities, if (X, Z) is a Du Bois pair then the ideal sheaf of Z
satisfies various Kodaira-type vanishing theorems, an observation which we hope
will be useful in the future.

Even though a priori rational and Du Bois singularities are not part of the class
one usually associates with the minimal model program, these singularities play
important roles in both the minimal model program and moduli theory via the fact
that (semi)log canonical singularities are Du Bois [Kovécs et al. 2010; Kollar and
Kovacs 2010]. In addition, Du Bois singularities have played important roles in
various other contexts recently. They are arguably the largest class of singularities
for which we know that Kodaira vanishing holds [Patakfalvi 2015], they appear
in proofs of extension and other vanishing theorems [Greb et al. 2011], positivity
theorems [Schumacher 2012], categorical resolutions [Lunts 2012], log canonical
compactifications [Hacon and Xu 2013] and many other results more directly related
to the minimal model program.

It is now a basic tenet of the minimal model program that the right way to study
singularities is via pairs; see [Kollar 1997; 2013]. This allows for more freedom in
applications and makes inductive arguments easier. The same is true for rational and
Du Bois singularities. The introduction of Du Bois pairs streamlined some existing
proofs (see [Kolldr 2013, Chapter 6]) and extended the realm of applications.

In this paper we extend several recent results on Du Bois singularities to the
context of Du Bois pairs, notably the recent results on deformations of Du Bois singu-
larities found in [Kovacs and Schwede 2011a] and the requisite injectivity theorem,
a result of Kollar and Kovécs on the behavior of depth in Du Bois families, and the
characterization of Cohen—Macaulay Du Bois singularities of [Kovacs et al. 2010].

Furthermore, we prove a new inversion of adjunction statement for rational and
Du Bois pairs. This statement is new even in the nonpair setting. Roughly speaking,
in the nonpair setting it says that if f : X — B is a family over a smooth base such
that the general fiber has rational singularities and the special fiber has Du Bois
singularities, then X has rational singularities in a neighborhood of the special fiber.
See Theorem E below for the general statement.

We state each of these theorems below. We begin with the deformation statement.

Theorem A (Theorem 4.2). Let X be a reduced scheme essentially of finite type
over C, Z C X a reduced subscheme and H a reduced effective Cartier divisor
on X that does not contain any component of Z. If (H, Z N H) is a Du Bois pair,
then (X, Z) is a Du Bois pair near H.
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Just as in the nonpair setting, to prove this we first show an injectivity theorem.

Theorem B (Theorem 3.2). Let X be a reduced scheme over C and Z € X a
reduced subscheme. Then the natural map

O/ 1 Extl, (Q% 4, 0%) = Extl, (Jz, wk)
is injective for every j € Z.

Here f{téx(_, wY) is shorthand to denote hl (iRﬂ-[omﬁX(_, wy)).
We also generalize some of the results of [Kolldr and Kovacs 2010] for families
to the context of Du Bois pairs.

Theorem C (Corollary 5.6). Let f : (X, Z) — B be a flat projective family
with Oz, 97 flat over B as well. Assume that all the fiber pairs (X, Zp) are
Du Bois. Assume also that B is connected and the generic fibers (Y7)gen are
Cohen—Macaulay. Then all the fibers (.%z), are Cohen—Macaulay.

We have a multiplier ideal/module like characterization of Du Bois pairs.

Theorem D (Theorem 6.3). Let X be a normal variety and Z < X a divisor.
Further, let w : X — X be a log resolution of (X, Z) with E =111 (Z)eq V exc(1r).
If 97 is Cohen—Macaulay then (X, Z) is Du Bois if and only if

w3 (E) ~wx(Z).
All of the results above are used in the proof of our inversion of adjunction result.

Theorem E (Theorem 7.1). Let f : X — B be a flat projective geometrically
integral family over a smooth connected base B with dim B > 1, H = f~1(0) the
special fiber, and D a reduced codimension-1 subscheme of X which is flat over B.
Assume that (H, D|g) is a Du Bois pair and that (X \ H, D \ H) is a rational pair.
Then (X, D) is a rational pair.

This last result is new even in the case D = 0; see Corollary 7.8. In the special
case when X \ H is smooth and D = 0, Theorem E follows from [Schwede 2007,
Theorem 5.1].

Statements similar to Theorem E have been proved in many related situations.
For instance, assume D = 0, X \ H is canonical and H is semi—log canonical.
Then it follows from inversion of adjunction that X has canonical singularities,
see [Kolldr and Shepherd-Barron 1988, Theorem 5.1; Karu 2000, Theorem 2.5;
Kawakita 2007]. A nonexhaustive list of some other related results includes [Fedder
and Watanabe 1989, Proposition 2.13; Schwede 2009; Hacon 2014; Erickson 2014].
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2. Definitions and basic properties

2A. Rational pairs. First we recall the notion of rational pairs defined by Kollar
and Kovdcs, as described in [Kollar 2013, Chapter 2]. Note that a similar notion
was defined by Schwede and Takagi [2008]. The two notions are closely related,
but different. Their relationship is similar to how dlt singularities compare to klt
singularities. Here we will discuss the former notion which in the dlt versus kit
analogy corresponds to dlt.

In this subsection we work over an algebraically closed field &, although in the
rest of the paper we restrict to working over the complex numbers.

Definition 2.1. Let X be a normal variety and D C X an integral Weil divisor on X.
A log resolution (Y, Dy) %> (X, D) is a resolution of singularities such that Dy
is the strict transform of D, and such that (Dy)q U exc(sr) is a simple normal
crossing divisor.

Definition 2.2. A reduced pair (X, D) consists of a normal variety X and a reduced
divisor D on X. For the definition of an snc pair, the strata of an snc pair and other
normal crossing conditions please refer to [Kollar 2013, Definition 1.7].

One frequently wants log resolutions that do not blow up unnecessary centers.
One good way to achieve this is with a thrifty resolution.

Definition 2.3 (thrifty resolution [Kollar 2013, Definition 2.79]). Let (X, D) be a
reduced pair. A thrifty resolution of (X, D) is a resolution 7 : ¥ — X such that:

(@) Dy = ! D is a simple normal crossing divisor.

(b) m is an isomorphism over the generic point of every stratum of the snc locus
of (X, D) and m is an isomorphism at the generic point of every stratum
of (Y Dy).

Item (b) can also be replaced by:

(b’) The exceptional set E of 7 does not contain any stratum of (¥, Dy) and 7 (E)
does not contain any stratum of the simple normal crossing locus of (X, D).

We can now define rational pairs [Kollar 2013, Section 2.5].

Definition 2.4 (rational pairs). A reduced pair (X, D) is called a rational pair if
there exists a thrifty resolution 7 : (¥, Dy) — (X, D) such that:

(1) Ox(=D) =, Oy(—Dy).
(i) R'm.Oy(—Dy) =0 foralli > 0.
(iii) R!m.wy(Dy) =0 foralli > 0.
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If (X, D) is a rational pair, and is in characteristic zero, then every thrifty
resolution satisfies the properties (i), (ii), (iii) above [Kollar 2013, Corollary 2.86].
Even better though, property (iii) always holds in characteristic zero, as we point
out below, whether or not (X, D) is a rational pair.

Theorem 2.5. Assume that chark = 0, and let (X, D) be a reduced pair and

7 : (Y, Dy) = (X, D) a thrifty resolution. Then R m.wy(Dy) =0 for all i > 0.

Proof. This follows from [Kollar 2013, Theorem 10.39]. |
Alternatively, one can prove Theorem 2.5 directly:

Claim 2.6. Let 7 : E — D be a proper birational map between reduced equidi-
mensional C-schemes of finite type such that E is a simple normal crossing divisor
in some smooth ambient space. Assume that 7 is birational onto its image when
restricted to every strata of E (in particular, also each irreducible component of E).
Then R m.wg =0 fori > 0.

Proof. We proceed by induction on dim D and the number of irreducible components
of E, and note that the base case is simply Grauert—-Riemenschneider vanishing
[Grauert and Riemenschneider 1970]. Write E = EqgUE’, where Ej is an irreducible
component of £ and E’ denotes the remaining irreducible components. We have a
short exact sequence

0— ﬁE — ﬁE()@ﬁE’ —> ﬁEoﬂE’ — 0.
Dualizing we obtain
0— WE, EBa)E/ — WE — WE\NE' — 0.

The intersection Eo N E’ is a simple normal crossing divisor in the smooth ambient
space Ey. It is also a union of strata of E and hence 7 is still birational when
restricted to each strata of E’' N Eq. Applying K/, and the inductive hypothesis
to Eg, E’ and Eg N E’ proves the claim. O

Alternative proof of Theorem 2.5. Push forward the short exact sequence
0— wy - wy(Dy) = wp, = 0

via 7 and apply the claim to wp, and wy. Note that the thrifty resolution hypothesis
guarantees that 7 is birational when restricted to any strata of Dy (since it is an
isomorphism at the generic point of each strata). (I

This gives us the following criterion.
Proposition 2.7. Let (X, D) be a reduced pair and v : (Y, Dy) — (X, D) a thrifty

resolution. Then (X, D) is a rational pair if and only if

K}[Dm;ﬁx(ﬁx(—D), oY) = Rr.wy(Dy)[dim X] ~ m.wy (Dy)[dim X]
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for some thrifty resolution. Furthermore, in characteristic zero the second isomor-
phism is automatic.

Proof. Observe that the conditions (i) and (ii) of Definition 2.4 are equivalent to
the isomorphism R 7,0y (—Dy) >~ Ox(— D). Applying Grothendieck duality and
condition (iii) to this isomorphism yields the statement. The characteristic zero
statement is simply Theorem 2.5. (]

2B. Notation. Throughout the rest of this paper, all schemes will be assumed to be
Noetherian separated schemes and essentially' of finite type over C. Given divisors
D=7} a;D; and D' =) b; D; on a normal variety (possibly allowing a;, b; to be
zero), we define

DvD/:Zmax(ai,bi)Di and D/\D/:Zmin(a,-,b,-)Di.

Of course, if D and D" have no common components then DV D’ = D + D’ and
D A D" =0. On a scheme X essentially of finite type over C, we use D(_) =
K}[omgx(_, wY) to denote the Grothendieck duality functor.

2C. Du Bois pairs. The notion of Du Bois singularities is becoming more and
more part of basic knowledge in higher-dimensional geometry. In particular, for
the notion of the Deligne—Du Bois complex of a scheme of finite type over C and
its degree zero associated graded complex, denoted by Q9, we refer the reader to
[Kollar 2013, Section 6.1].

In contrast, the notion of Du Bois pairs is relatively new and so here we discuss
some of its basic properties.

Given a (possibly nonreduced) subscheme Z C X one has an induced map
in D’ (X),

Qs — 97,
noting that by definition QY = Q%md. Then Qg)(,  1s defined to be the object in the
derived category making the following an exact triangle:
Q) , - Q% — ) 2.7.1)

If .77 is the ideal sheaf of Z, then it is easy to see that there is a natural map
Iz — Q%’ 7 [Kovacs 2011a, Section 3.D].

Definition 2.8 [Kovacs 2011a, Definition 3.13]. We say that (X, Z) is a Du Bois
pair (or simply a DB pair) if the above map .7 — K_Z%’Z is a quasi-isomorphism.

In the original definition of a Du Bois pair in [Kovécs 2011a] it was assumed
that Z is reduced. As it turns out, this is not a necessary hypothesis.

Lthat is, a localization of a finite type scheme
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Lemma 2.9. If (X, Z) is a Du Bois pair and X is reduced, then Z is reduced.

Proof. Note that Q) = Q% and so Q% , ~ Q% , . On the other hand, we also
red ) s Lred
have an exact sequence,

0 —— h%Q% ) —— h(QY) — K%(Q))

0 —_— :ﬂlm(zﬁﬁ)gst ﬁXSN ﬁZSN

red

where XSN erelg are the seminormalizations of X and Z.4 respectively, and the
right two isomorphisms come from [Saito 2000]. Note that the scheme-theoretic
image of erelg in X5N is reduced. The fact that the left-most vertical map is an
isomorphism implies that hO(S_Z())(’ 2) 1s a radical ideal in Oysn. Since (X, Z) is
Du Bois, we see that hO(Q(;(’Z) = zcx and hence .#;cx is radical in Oysy and
hence also in Ox = Oxra as desired. (|

Frequently we will take the Grothendieck dual of Q?(’ 2~ Hence, following the
notation of [Kovacs and Schwede 2011a], we will write

Wy 7 = RHomy (Y 7, 0). 2.9.1)

The reader is referred to [Kollar 2013, Section 6.1] for basic properties of Du Bois
pairs. As mentioned in the introduction, this notion of pairs is somewhat different
in flavor from the definition of (X, Z) being log canonical or log terminal. Being
a Du Bois pair is more a statement about the relationship between X and Z, not
an absolute statement about the singularities of X or Z separately. In particular,
Examples 2.10 and 2.14 show that (X, Z) being Du Bois does not imply that X is
Du Bois.

Example 2.10 (Du Bois pair whose ambient space is not Du Bois). Let R denote
the pullback of the diagram

k[x] >~ k[x, y1/{y) +—— k[x, y]

where the nondotted arrows are induced in the obvious ways. It is easy to see that
R = k[x2, x3, v, yx]. By construction X = Spec R is not Du Bois since it is not
seminormal. However, we claim that the pair (Spec R, V ({y, yx)g)) is Du Bois.
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Consider the following diagram:

0—— (y, yX)r R k[x2,x31——0
I B
0 —— (M kpx,y) — klx, yl k[x] 0

The maps labeled B and y are the seminormalizations but « is an isomorphism.

On the other hand, we know that Q?( = Q%m in general since they have the same

hyperresolution. Therefore, up to harmless identification of modules with sheaves
0 ~ 0 ~

on an affine scheme, we see QSPCCR ~ k[x, y] and QSpeck[xz,x3] ~ k[x] and so

~ Q0
<y’ y'x>R = <y>k[x,yj - S-_ZSpec R, V({y,yx)r)"
This proves that (Spec R, V ({y, yx)g)) is Du Bois and completes the example.

Next we will give an example of a normal Du Bois pair whose ambient space is
not Du Bois. To this end we will use a criterion for a cone being a Du Bois pair. In
order to do that we need to recall a definition [Kollar 2013, III.3.8].

Let X be a projective scheme and .# an ample line bundle on X. We will need
the spectrum of the section ring of £,

Ca(X. %) :=Specy P H(X., £P),
r=0
which is also called the (generalized) ample cone over X with conormal bundle .Z.
If no confusion is likely, in particular when .Z is fixed, we will use the shorthand
of CX := C,(X, ¥). Notice that for a subscheme Z C X there is a natural map
1: Cu(Z, Z\z) — Cu(X, %) which is a closed embedding away from the vertex
P € CX. By aslight abuse of notation we will also use (CX, CZ) to denote the
pair (Co(X, L), (Ca(Z, ZL|2))).
Now we are ready to state the needed Du Bois criterion.

Proposition 2.11 ([Graf and Kovacs 2014], cf. [Ma 2015]). Let X be a smooth
projective variety, Z C X an snc divisor (possibly the empty set), and & an ample
line bundle on X. Then (CX, CZ) is a Du Bois pair if and only if

H' (X, 4™ (—Z))=0
foralli,m > 0.

Proof. If Z = @, this follows from [Ma 2015, Theorem 4.4]. The general case
works similarly. For a direct proof see [Graf and Kovacs 2014, Theorem 2.5]. [

While the above is sufficient for our purposes, we also obtained independently a
slightly different statement using similar methods.
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Lemma 2.12 (Du Bois pairs for graded rings). Let X be a projective variety with
Du Bois singularities, £ an ample line bundle and D a reduced connected divisor
on X. Assume that D also has only Du Bois singularities. Form the corresponding
sectionring S =@,y I'(X, ) and I =@,., ' (X, Ox(—D)® ZL"). Fixm= S,
10 be the irrelevant ideal. Set Y = CX = Spec S and Z = CD = Spec(S/1). If

H'(X, 0x(-D)® ) =0 (2.12.1)
fori>0sothat S/I ~ @izo (D, Z|p), then for all i > 1 we have
R (QY ;) ~ [HE (D]so.

Again under hypothesis (2.12.1), we see immediately that (Y, Z) is Du Bois if and
only if [HE (I)]=0 =0 for everyi > 0.

Proof. First observe that both Y and Z are seminormal since they are saturated
section rings over seminormal schemes. L. Ma [2015, Equation (4.4.4) in the proof
of Theorem 4.4] showed that

R(Q9) ~ [HiH (9)]-0 (2.12.2)

for i > 0. Likewise hi(Q%) = [HQ+I(S/I)]>0 for i > 0. Now we analyze
hiti (RFm(S_Z(}),)) via a spectral sequence. Since Y is Du Bois outside of the origin
V(m), we see that b’/ (Q(}) is supported only at the origin for j > 0. It follows that
the E;-page of the spectral sequence

H.L(W(Q))) = h T (RTw(2)))

looks like

h3(2)) 0 0 0 0
R (2Y) 0 0 0 0
r\(2Y) 0 0 0 0

0 HL(S) 7~ HX(S)  HX(S)  HiS)

Here we are using the fact that S is seminormal, and so hO(Q()),) = §. Itis not
difficult to see that the unique nonzero map of the (i — 1)-st page of this spectral
sequence induces the isomorphism of (2.12.2), and so those unique nonzero maps
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are injective. Thus the spectral sequence contains the data of a long exact sequence
0= Hy(S) — Hy(29) — h'(Q)) — Hg(S) — HL(Q)) — hAQY) — Ha(S) —

Hence Hi (2%) =[H{ (S)]<o fori >2and HL (2%) ~ H! (S). Likewise Hi (%) =

[Hi 0 (S/I)]<o fori > 2 and [I-I]1 (Q Y~ H! ' (S/I). Furthermore, since Y and Z are
seminormal we see that h%(Q0 x.z) = I and so the same spectral sequence argument
implies that we have a long exact sequence

0— Hy (1) —»HL(QY ) k(2 ) > HA ()~ HZ () ) >hX Q) )~ Hi (1) — - -

We still have the labeled surjectivities by the Matlis dual of Theorem 3.2, which
we will prove later (we assume it for now). Thus it is enough to see that the maps
above make the identification Hi (QY ,) = [HE (I)]<o for i > 2.

We consider the diagram with distinguished triangles as rows

I s s/1 -
+1
2, Q) QY

We will apply the functor RI',(_) and take cohomology i > 1 to obtain

H! (S) —— H} (S§/1) —— H.F'(I) —— H.T'(S) —— HIT(S/1)

o . I

Hi (Q9) —— HLL(Q%) —— HiF'(29 ) — HH(Q)) —— HiH(QY)

[Hi($)l<o  [Hy(S/D<o (Hi'($)<o  [Hg'(S/D]<o

Note that y is the map we already identified as surjective above. It is easy to see that
the vertical maps «, 8, 8, and € are the projections and so [«]<o, [B]<o, [6]<0, and
[€]<o are isomorphisms. Thus [y ]<o is also an isomorphism. But from the second
row we see that Hi (2 ) is of nonpositive degree so that Hi, (Q% ) = [H/ (I)]<o
fori > 2. ’ ’ O

Remark 2.13. It would be natural to try to prove a common generalization of the
(independently obtained) Proposition 2.11 and Lemma 2.12.

Example 2.14 (a normal Du Bois pair whose ambient space is not Du Bois). Let
W be an arbitrary smooth canonically polarized variety, that is, W is smooth
and projective and wy, is ample. Further let n > 1, and set X = W x P" and
£ =n{wy @n;0p(1). Finally, let K € P" be a smooth hypersurface of degree
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n—+1, thatis, Opn(K) >~ wug,}, and let Z =W x K. We claim that, using the above
notation, (C X, CZ) is a Du Bois pair, while CX itself is not. Note also that by
construction C X is normal.

Consider H'(X, 0x(—Z) ® #7) for j > 0 and observe that

Ox(—2)®.L) =13 Opr(—n—1)@n} wly @1 Opn (j) = 7wl @f Opn (j—n—1).

Now H'(P", Opn(j —n—1)) =0forall j > 0and H*(P", Opr(j —n—1)) =0
for j <n.Butif j >n > 1, then H'(W, a){,v) = 0 by Kodaira vanishing and so it
follows by the Kiinneth formula that H (X, 0x(—=2) ® £7) =0 for all j>0,so0
the hypotheses of Lemma 2.12 are satisfied.

Let r = dim W and consider H"(X, .£). By the Kiinneth formula

H'(X, %) 2 H (W, o) ® HY(P", 6pn(1)) #0,

and hence by Proposition 2.11 CX is not Du Bois.
On the other hand we have that

L(~Z) > 7wy @ 0pi(1—n—1) ~ wx @} Opn(1). (2.14.1)

Now observe that H?(P", Op»(1 —n — 1)) = 0 for all ¢ > 0, so, again by the
Kiinneth formula, it follows that H' (X, #(—Z)) =0 for all i > 0.
In order to conclude that (CX, CZ) is a Du Bois pair we need that

H (X, ¥"(—Z))=0 forall i,m>0.

We just showed that H'(X, Z(—Z)) = 0 for all i > 0, which handles the m = 1
case. If m > 1 then .# := "} ® 5 Opn (1) is ample on X and by (2.14.1) and
Kodaira vanishing we have that

H(X, 2"(-2)=H'X, 2(-2)®.2" )~ H (X, 0x ® .#) =0,
and hence it follows from Proposition 2.11 that (CX, CZ) is indeed a Du Bois pair.
We will find the following lemma useful; cf. [Esnault 1990; Schwede 2007].

Lemma 2.15. Assume that (X, Z) is a pair with Z C X reduced schemes. Assume
further that X C Y where Y is smooth. Let 1 : Y > Ybea log resolution of
both X and Z in Y and set X and Z to be the reduced preimages of X and Z in Y
respectively. Then

0~
g_zx,z = Rﬂ*fzg;?,

where 95 is the ideal of Zin X.
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Proof. Consider the diagram

+1

0 0 0
Qxyz QX QZ

X R U

RJT*Q% 7 — Rﬂ'*g% — K.T[*Q% —

H +1
Q{]T*fzgy e Rﬂ*ﬁy E— Kﬂ*ﬁz e

The vertical arrows 8 and y are quasi-isomorphisms by [Kovéacs and Schwede
2011b, Theorem 6.4] (also see [Schwede 2007, Theorem 4.3]) since X and Z are
snc and hence Du Bois. The second row of equalities also follows since X and Z are
Du Bois. Then « is a quasi-isomorphism as well and hence the lemma follows. [J

There are some situations when a pair being Du Bois implies that the ambient
space is also Du Bois. It is proved in [Graf and Kovacs 2014] that this happens if
X is Gorenstein, but that X being Q-Gorenstein is not sufficient. Another simple
situation in which this holds is the following.

Lemma 2.16. Let X be a reduced C-scheme essentially of finite type and H a
Cartier divisor. If (X, H) is a Du Bois pair then X (and hence H) is also Du Bois.

Proof. The statement is local and so we may assume that X = Spec R is affine.
We know that Oy (—H) — Q% z 18 a quasi-isomorphism and thus so is Oy —
5_29(’ y ® Ox(H). We will show that this map factors through 0y — QO , which will
complete the proof by [Kovacs 1999, Theorem 2.3].

Embed X C Y as a smooth scheme and let 7 : ¥ — Y be a simultaneous log
resolution of (¥, X) and (¥, H) with X, H the reduced total transforms of X and H
respectively. Then Q%’ y =R 7555 by Lemma2.15. Fix X’ to be the components
of X which are not also Componenzs of H and we see that .7 Hex = Ox (—H|x).
Thus -

Q% y ® Ox(H) ~ R, Ox (x*H — H)|x').

Since 7*H — H is effective, we obtain a map
Q% > R, 05 > R Ox — R Ox (w*H — H)|x) ~ Q% 5 ® Ox (H).
This map obviously factors the quasi-isomorphism Oy — Q(}(, 1y ® Ox (H) and hence
the proof is complete. ([
We recall properties of 9())(,2 that we will need later.

Lemma 2.17. Let X be a scheme over C with Z C X a closed subscheme and
j:U=X\Z— X the complement of Z. Then:
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(a) If in addition X is proper, then H' (X, #7) — H (X, S_Z?LZ) is surjective for
alli € Z [Koviacs 2011a, Corollary 4.2; Kollar 2013, Theorem 6.22].

(b) If H is a general member of a basepoint-free linear system, then Qg)(’ 70y =~
Q(I)-I,HHZ [Kovéacs 2011a, Proposition 3.18; Kolldr 2013, Theorem 6.5(6)].

(¢) If X =UUYV is adecomposition into closed subschemes and Z C X is another
closed subscheme, then we have a distinguished triangle

0 +1
Qyuy,z = QU znu @ Qv znv QUmv znuny

(cf. [Kollar 2013, Theorem 6.5(11)]).
(d) Let X =U UV be a decomposition of X into closed subschemes. Then

Q(l)]uv,v = Q(IJJ,UOV
(cf. [Kovécs 2011a, Proposition 3.19; Kolldr 2013, Theorem 6.17]).

Proof. Parts (a) and (b) follow from the references in their statements. For (c), the
included reference only states the triangle in the case that Z = &. However, our
more general version follows easily from the diagram

0 0 0 0
Qyov.z 7 Ly zou © Ly zav 0 Luay zauay

0 0 0 0 +1
N S —
Qyuy Qy ey Qyny

0 0 +1
QZ QZQU @ QZﬂV QZﬂUﬂV

+1 +1 +1

and the 9-lemma in triangulated categories [Kovacs 2013, B.1].
For (d), consider the distinguished triangle

+1
Qyuy —— Ly &Ly — Loy ——

of part (c) with Z = @. Then [Kollar and Kovacs 2010, Lemma 2.1] implies that

the left vertical arrow of the following diagram is an isomorphism:

0 0 o +I1
Quuv.y oy Qy

oL

0 0 0
S-ZU unv QU QUﬂV
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For more details see the proofs in the references and replace * with Q°. U
The next lemma constructs a natural exact triangle for Du Bois pairs.

Lemma 2.18. Let X be a scheme and W, Z C X subschemes. Then there is a
distinguished triangle

0 0 0 +1
Qx,wuz - Qx,z - Qw,zmw - .

In particular, because there is also a short exact sequence
0— Awuzex = Izcx = Izowew — 0,
if any two of {(X, WU 2), (X, Z), (W, ZN W)} are Du Bois, so is the third.

Proof. We begin with a diagram of distinguished triangles as columns and rows
(see [Kollar 2013, Theorem 6.5.11; Kovacs 2013, Theorem B1]):

0 0 0 - 0 +1
Qy wuz = Ly 7 @ Ly > Ly 7w

id@id

0 0 0 - 0
Q Qx © 2y Qy

0 0 0 - 0 +1
Qyuz — 2708y —— Q7 ——

The horizontal maps in the second column of this diagram are each obtained by
subtracting the canonical maps on each factor of the direct sum, hence the minus

signs. The octahedral axiom implies that there exists a diagram of distinguished
triangles,
+1

0 0 .
QX,WUZ QX,Z K

0 0 .
Q% w -+ Qy 70w —— K*——

We need to identify K*. Notice that the bottom row also fits into another diagram
of distinguished triangles (see [Kovacs 2013, Theorem B1]):
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0 0 . +1
Qy w — Cx zow K
~ +1
Q% % 0

0 0 0 +1
Qy —— Lz — Ly zawlll —
+1 +1 +1
Hence K* ~ Q%,’ 7w and the lemma follows. U

Finally, note that being Du Bois is a direct generalization of being rational for
pairs (see also Kollar 2013, Corollary 6.25).

Theorem 2.19 [Kovéics 2011a, Corollary 5.6]. If (X, D) is a rational pair then
(X, D) is also a Du Bois pair.

3. An injectivity theorem

A key ingredient of the proof that Du Bois singularities are deformation invariant
was an injectivity theorem [Kovacs and Schwede 2011a, Theorem 3.3]. In this
section, we generalize that result to the context of pairs.

Lemma 3.1 (cf. [Kovacs and Schwede 2011a, Lemma 3.1]). Let X be a reduced
scheme, Z C X a reduced subscheme and £ a semiample line bundle. Let s € "

be a general global section for some n >> 0 and take the n-th root of this section (as
in [Kollar and Mori 1998, Definition 2.50]):

n—1
n:Y = Spec@f‘i — X.
i=0

Set W = n~1(Z) (with the induced scheme structure). Note that the restriction
satisfies 1|y, : W = Spec @:’:—01 Z7 |, — Z. Then as before, writing n, = R nx,

n—1
729w ~ Q% , @00y ~ P , 027,
i=0

and this direct sum is compatible with the decomposition 1,0y = @;:01 E7)

Proof. Although not explicitly stated, it is easy to see that [Kovacs and Schwede
2011a, Lemma 3.1] is functorial in that it is compatible with the map Z — X. Then
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by applying Lemma 2.17(b), the result follows from the diagram

+1

U*Q%W U*Q?/ '7*9%/

T

Q% , @00y — QA @00y —— QY @00y ~ Q) ®p, 07 —— O

Setting Wy 7= ﬂ(ﬂ-[om},x (E_Zg)(’ 7, 0y) asin (2.9.1), we easily obtain the following.

Theorem 3.2. Let X be a reduced scheme over C and Z C X a reduced subscheme.
Then the natural map

O/ b (@Y ) > b (R Homp, (I7, %))
is injective for every j € Z.

Proof. The proof is essentially the same as in [Kovacs and Schwede 2011a, Theo-
rem 3.3] so we only sketch it briefly. First, since the question is local and compatible
with restricting to an open subset, we may assume that X is projective with ample
line bundle .#. It follows from taking a cyclic cover with respect to a general
section of .£", for n > 0, and applying Lemmas 2.17(a) and 3.1 that

n—1 n—1
HI (x, Iz ® @g—l) — H (X, Q% ,® @zﬂ')
i=0 i=0

surjects for all j > 0. Therefore H/ (X, %, ® £~") — H/ (X, Qg’(,z ®.27") surjects
forall i, j > 0.
By an application of Serre-Grothendieck duality we obtain an injection

H/ (X, 0% ; ® £") — W (X, R Hom, (I7, %) ® L") (3.2.1)
for all i, j > 0. But for i > 0, by Serre vanishing, we obtain that
HY(X, k(0 ) ® ") — H(X, h/(RHomy (77, 03) @ L") (3.2.2)

is injective as well (since the spectral sequence computing (3.2.1) degenerates).
On the other hand, if h/ (Q}L 7) = h/ (Q{ﬂ-[om'ﬁx (., w%)) is not injective, then for
some i >> 0 neither is (3.2.2). O

4. Deformation of Du Bois pairs

In [Kovéics and Schwede 2011a, Corollary 4.2], we showed the following result:
Let f : X — B be a flat proper family over a smooth curve B with a fiber Xy,
0 € B, having Du Bois singularities. Then there is an open neighborhood 0 € U C B
such that the fibers X, have Du Bois singularities for u € U. In this section, we
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generalize this result to Du Bois pairs. We mimic our previous approach as much
as possible.

First we need a lemma, which is presumably well known but for which we know
no reference.

Lemma 4.1. Let X be a reduced scheme and Z C X a reduced subscheme with ideal
sheaf .97. Further, let H C X be an effective Cartier divisor with ideal sheaf .9y
such that H does not contain any irreducible components of either X or Z. Then

InN Iz =54 I7.

Proof. This is left as an exercise to the reader. Earlier versions of this paper, which
are available on the arXiv, also contain a detailed proof. O

Now we prove that if a special fiber supports a Du Bois pair, so does the total
space near that fiber. Recall that effective Cartier divisors on a possibly nonnormal
scheme are simply subschemes locally defined by a single non-zero-divisor near
every point.

Theorem 4.2. Let X be a reduced scheme essentially of finite type over C, Z C X
a reduced subscheme and H a reduced effective Cartier divisor on X that does
not contain any component of Z. If (H, Z N H) is a Du Bois pair, then (X, Z)
is a Du Bois pair near H. It then follows (from Lemma 2.18) that (X, ZU H) is
Du Bois near H.

Proof. We follow very closely the proofs of [Kovacs 2000, Theorem 3.2] and
[Kovacs and Schwede 2011a, Theorem 4.1], which are based on [Elkik 1978].
Choose a closed point q of X contained within H. It is sufficient to prove that
(X, Z) is Du Bois at q. Let R denote the stalk Oy  and replace X by Spec R.
Choose f € R to denote a defining equation of H in R. Consider the following
diagram, whose rows are distinguished triangles in D?  (X):

coh
x f +1
Iz Iz I7/(f17) ———
| | {A
Q0 .0 A s 42.1
Mxz T ¥xz E (4.2.1)
/:
g—z(l)i,ZﬂH

where A* is the term completing the second row to a distinguished triangle. We
claim we have a map t as above such that 7 o p is a quasi-isomorphism. Certainly
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we have a diagram with distinguished triangles for rows and columns

0 xf 0 =
Q7 Exz iR
T
e 0
* Qp z0m
x f >
% 2 T l
0 xf 0 T
Q) 2 IS
; ) . //,> Q%DH

|+

and the existence of 7 follows immediately from the existence of k¥ and w, whose
existence follows from the proof of [Kovics and Schwede 2011a, Theorem 4.1].
Note that the assumptions imply that H|; = H N Z is a Cartier divisor on Z, so
we may indeed use [Kovacs and Schwede 2011a, Theorem 4.1] for both X and Z.
Since Iz/(f -1z) = Iz/((f) N Iz) by Lemma 4.1 and because (H, ZN H) is a
Du Bois pair, we see T o p is an isomorphism as claimed.

Next we apply the Grothendieck duality functor D(_) = ® Hom%(_, w}) to
(4.2.1) and take cohomology, using ki(_) as shorthand to denote A'(D(_)):

e KiIg) < KiI) S K1) 0 K1)+ K )

A

= hi(wy ;) < h(wy ;) «— K'(A) — ) < RNy ) -

where the ®* are injective by Theorem 3.2 and y;, which was obtained from p, is
surjective since 7 o p is an isomorphism.

The proof now follows exactly as for the main theorem of [Kovécs and Schwede
2011a], or dually of [Kovacs 2000, Theorem 3.2]. Fix z € hi~Y(D(Iz)). Pick
w € hi(D(A*)) such that o; (z) = y;(w). Since 8;(c;(z)) =0 and &' is injective,
it follows that there exists a u € h"_l(c_ok 7) such that B;(u) = w. Therefore,
a; (@1 (1)) = ;i (z) and so

z—d ) e f-hH~N(D(y)). (4.2.2)

Now, fix E;_; to be the cokernel of ®~! and set 7 € E;_; to be the image
of z. Equation (4.2.2) then guarantees that z € f - E;_;. The multiplication map
E;, 4, E;_ is then surjective and so Nakayama’s lemma guarantees that di-lig
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also surjective. Therefore @ , — D(I7) is a quasi-isomorphism, which implies
that (X, Z) is a Du Bois pair. O

Corollary 4.3. Let f : X — B be a flat proper family of varieties over a smooth
one-dimensional scheme, B being essentially of finite type over C ( for instance, a
smooth curve). Further, let Z C X be a subscheme such that no component of Z is
contained in any component of any fiber of f and b € B a closed point such that
(Xp, Zp) is a Du Bois pair. Then there exists a neighborhood b € U C B such that

(a) (X, Z) is Du Bois over U, and
(b) the fibers (X, Z,) are Du Bois for allu € U.

Proof. The non-Du Bois locus T of (X, Z) is closed, and since f is proper, f(T)
is also closed. Hence (a) follows from Theorem 4.2 and by replacing B with an
open set, we may assume that (X, Z) is Du Bois. Then the Bertini-type theorem
Lemma 2.17(b) implies that (b) follows after possibly shrinking U'. ]

Corollary 4.4. Let f : X — B be a flat proper family of varieties over a smooth
scheme B essentially of finite type over C. Further let Z C X be a subscheme which
is also flat over B and b € B a closed point such that (Xp, Zp) is a Du Bois pair.
Then there exists a neighborhood U C B, b € U, such that (X, Z) is Du Bois over U.

Proof. We may assume that B is affine and let d = dim B. We first show that
(X, Z) itself is Du Bois in a neighborhood of (X, Zp). Let Hy, ..., H; be general
smooth subschemes going through b whose local defining equations generate the
maximal ideal of b (i.e., locally analytically they are coordinate hyperplanes).
The pair (Xp, Zp) = (XgnHn--nH;» ZHnHN--nH,;) 18 Du Bois by assumption,
hence since X, = Xu,n..na, is a hypersurface in X p,n...ng, it follows that the
pair (Xw,n.-nH,» ZH,n.-nH,) is Du Bois in a neighborhood of X}, by Corollary 4.3.
Let W; denote the non-Du Bois locus of (X#,n...nH,s ZH,n--.nH,). Since Wi is
closed and f is proper, we see that (W) is closed in Hy N ---N Hy and doesn’t
contain b. Shrinking B if necessary, we may assume that W is empty. Next
observe that H, N --- N Hy is a hypersurface in H3 N --- N Hy and so again we
see that (Xmyn.-nH,» Zmn--nH,) 1s Du Bois in a neighborhood of X g,n..nH, by
Corollary 4.3. Set W5 to be the non-Du Bois locus of (X g,n...nH,, ZH30..nH,) and
note that f(W,) does not intersect H, N --- N H;. We shrink B again if necessary
so that W, = &. Iterating this procedure proves the statement. (I

In order to extend Corollary 4.3(b) to families over arbitrary-dimensional bases
we need the following lemma.

Lemma 4.5. Let f : X — B be a flat proper family of varieties over a scheme B
essentially of finite type over C. Further, let Z C X be a subscheme which is also
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flat over B and assume that (X, Z) is a Du Bois pair. Then
V ={be B | (Xp, Zp) is a Du Bois pair}
is a constructible set in B. Furthermore, if B is smooth, then V is open.

Proof. We use induction on the dimension of B.

Let 7 : B' — B be a resolution of singularities and consider the base change
f':X'=Xp— B’, assumed to be a flat proper family over B’ and with Z'=Zp C X’
a subscheme that is flat over B’. Notice that all the fibers of f’: X’ — B’ appear as
fibers of £ : X — B (up to harmless field extension), so ' € V' =7~ (V) C B if
and only if the fiber (X}, Z;,) is a Du Bois pair. It follows from Corollary 4.4 that
by replacing B’ with an open subset we may assume that (X', Z’) is a Du Bois pair.
It also follows that it is enough to prove the statement over a smooth irreducible base.
Indeed, that implies that V' is open in B” and hence V = f(V’) is constructible.

To simplify notation we will replace B with B’ and assume that B is smooth and
irreducible, but use the inductive hypothesis without these additional assumptions.

The Bertini-type statement Lemma 2.17(b) implies that, if V # &, there is a
dense open subset U C B contained in V. The case dim B = 1 follows immediately
via the fact that in a curve any set containing a dense open set is itself open.

In general, it follows that dim(B \ U) < dim B so by induction V \ U is a
constructible set in B\ U and hence V is constructible in B. In the case of a smooth
base Corollary 4.4 implies that V' is stable under generalization and since we have
just proved that it is constructible it follows that it is open. (]

Corollary 4.6. Let f : X — B be a flat proper family of varieties over a smooth
scheme B essentially of finite type over C. Further let Z C X be a subscheme which
is also flat over B and b € B a closed point such that (Xp, Zp) is a Du Bois pair.
Then there exists a neighborhood U C B, b € U, such that (X, Z,) is a Du Bois
pair forallu € U.

Proof. Observe that the non-Du Bois locus W of (X, Z) is closed in X and since f
is proper, f (W) is also closed in B. Note that f (W) does not contain b so it also
does not contain the generic point of B. Hence by replacing B by a neighborhood
U C B of b € B, we may assume that (X, Z) is Du Bois. Then the statement
follows from Lemma 4.5. ([

Remark 4.7. One can recover special cases of inversion of adjunction for log
canonicity [Kawakita 2007] easily from Theorem 4.2. For instance, let (X, D+ H)
be a pair with Kx, D and H Cartier and assume that (H, D|y) is slc or equiva-
lently Du Bois [Koll4r 2013]. Then (X, D 4+ H) is Du Bois or equivalently lc by
Theorem 4.2.
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5. Generalizing the Kollar-Kovacs result to pairs

We recall Theorem 7.12 of [Kollar and Kovacs 2010]. Let f : X — B be a flat
projective family of varieties with Du Bois singularities. Then if B is connected
and the general fiber is Cohen—Macaulay, then all the fibers are Cohen—Macaulay.

We would like to generalize this to the context of Du Bois pairs, at least in
the case when Z is a divisor. We recommend the reader have a copy of [Kollar
and Kovdcs 2010] available when reading this section as we refer to a number of
lemmas therein. We begin by generalizing a result of Du Bois and Jarraud to pairs;
cf. [Du Bois and Jarraud 1974; Du Bois 1981, théoreme 4.6].

Theorem 5.1. Let f : X — B be a flat proper morphism between schemes of finite
type over C. Assume that B is smooth and let Z C X be a subscheme that is flat
over B. Further assume that the geometric fibers (X, Zp) — b are Du Bois. Then
foralli, R f..%7 is locally free of finite rank and compatible with base change; in
other words (R f.97)r = R fi.%7, for any morphism T — B.

Proof. For some b € B, let m be the maximal ideal of &pj, and S = S, =
Spec Op p/m™*! for n € N. Further, let .7, and .#7z, denote the ideal sheaves
of Z, in X, and Zg in X, respectively. Consider the commutative diagram

H((Xs\ Zs)™, C) H' (X5, I75)
Hz (an, st
HI((Xp\ Zp)™, C) " H' (Xp, Sz,

T LT

H' (X2, 97,)

Observe that A is an isomorphism since Xy and X, have the same support. By
[Koviacs 2011a, Theorem 4.1], cf. [Kolldr 2013, Theorem 6.8], y is surjective, so
y oA = poa is surjective and hence p is surjective. By Serre’s GAGA principle
[Serre 1956], B and & are isomorphisms and hence v is surjective. Finally, the
statement follows by cohomology and base change [Grothendieck 1963, §7.7]. J

Next we prove the analogue of the main flatness and base change result of Kollar
and Kovdcs [2010, Theorem 7.9] for Du Bois pairs.

Theorem 5.2. Let f : X — B be a flat projective morphism between schemes of
finite type over C, and assume that B is smooth. Let Z C X be a closed subscheme
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that is flat over B and £ a relatively ample line bundle on X. Assume (X, Z) is
Du Bois. Then:

(a) The sheaves h™' (Kﬂomfﬁx (H2, a)})) are flat over B for all i.

(b) The sheaves f, (h_i (Kﬂ-[omfﬁx (H7, w})) ® 21 ) are locally free and compati-
ble with arbitrary base change for alli > 0 and g > 0.

(c) For any base change v : T — B and for alli > 0,
(B (R Homy (57, 09))) 7 = h™ (RHomy, (I7,, wF,)).

Proof. We follow the proof of [Kollar and Kovacs 2010, Theorem 7.9]. We may
assume that B = Spec R is affine and hence that ¥ is globally generated for
m > 0. For such an m >> 0, choose a general section 0 € H O(X, ™) and consider
the cyclic cover induced by o':

g =P~z /e" o).

Set h : Y = Specy &/ — X, and Zy = h~'Z with the induced reduced scheme
structure. Then the geometric fibers of the composition (Y, Zy) — B are also
Du Bois by [Kollar 2013, Corollary 6.21]. Note that by construction ¥z, =

7:_()1 I7® L. Hence R'h,.77, is locally free of finite rank and compatible
with arbitrary base change by Theorem 5.1. It follows that the summands of these
modules, the R’ f,(#7 ® £~/), are also locally free and compatible with base
change. Since we may choose m arbitrarily large, this holds for all j € N. It
follows immediately that Hom, (R! f(I7 @ LT, Op) is also locally free and
compatible with base change.

By Grothendieck duality and [Kollar and Kovéacs 2010, Lemma 7.3] (see the
proof of Lemma 7.2 in that paper follows that

Homp, (R fo(I7® L), Op) = fuh™ (R Homyy (I7, 0y © £7))
~ fio(h™ (R Homy (I7, ) @ £7))

and hence (b) is proven. Just as in [Kollar and Kovécs 2010, Theorem 7.9],
(a) follows from (b) by an argument similar to [Hartshorne 1977, Chapter III,
Theorem 9.9].

Finally we prove (c). Since f : X — B is projective and B is affine, we may
factor f as X —> Pj %> B. It then suffices to show that

0" : (W™ (RHomy, (2, o)) — b~ (R Homy, (7, 0 [n])
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is an isomorphism. As in [Kolldr and Kovacs 2010, Theorem 7.9], we proceed by
descending induction on i (the base case where i >> 0 is obvious). We observe that
7 is flat since so are Oy and ¢, and assume that o~ ¢*1 is an isomorphism by
induction. Since A ™! ('Rﬂ-[omzﬁpg(fz, o [n])) is flat, by (a), we may apply [Altman
and Kleiman 1980, Theorem 1.9], which completes the proof. ]

The following is the analog of [Kolldr and Kovacs 2010, Theorem 7.11] for pairs.

Theorem 5.3. Let f : X — B be a flat projective morphism between schemes of
finite type over C. Assume that B is smooth and let Z C X be a subscheme that is
flat over B. Let x € X be a closed point and let b = f(x). Then %z, C Oy, is Sk at
x if and only if

(R (R Homy, (F7, ), =0 (5.3.1)

fori <min(k+dim {y}, dim, X) and for all y € X;, such that x € {y}. In particular,
Fz, is Sy if and only if (5.3.1) holds for i < min(k + dim {v}, dim, X) and for all
vy € X, (not restricted to closed points).

First we prove a lemma.

Lemma 5.4. Let X be a scheme that admits a dualizing complex wy. Let x € X
and let F be a coherent sheaf on X. Then % is Sy at x € X if and only if

(R~ (R Homy, (7, ), =0

fori <min(k, dim.%y) + dim {y} and for all y € X such that x € {y}.

Proof. This is a consequence of local duality [Hartshorne 1966] and the cohomo-
logical criterion for depth; see for instance [Kovacs 2011b, Proposition 3.2].  [J

Proof of Theorem 5.3. By the lemma, %z, C Oy, is S at x if and only if
(h™ (R Homy, (Iz,, 0%,))), =0

for i <min(k, dim(.#z,)y)+dim {y} = min(k +dim {y}, dim, X) and for all y € X,,
such that x € {y}. By Theorem 5.2,

(R~ (RHomY, (I7,. 0%,)), = (7 (RHomy, (I7. 0}))),),
= (R (R Homy, (77, 0))),),-

But notice that the right side is zero if and only if (h_i (ﬂ(ﬂ-[om},x (Hz, a)})))y is
zero by Nakayama’s lemma. This implies the desired statement. U

Finally, we describe how the S; condition behaves for pairs in families where
the fibers are Du Bois.



992 Sandor J. Kovacs and Karl Schwede

Theorem 5.5. Let f : (X, Z) — B be a flat projective family with 0 (and hence
Iz) flat over B as well. Assume that all the fiber pairs (Xp, Zp) are Du Bois.
Assume also that B is connected and the generic fibers (#7)gen are Sg. Then all the
fibers (Fz)p are Sy.

Proof. By working with one component of B at a time, we may assume that B is
irreducible and hence that X is equidimensional. If (.#7), 2~ .#z, (by flatness of &%)
is not Sy at some point y € Xp, then by Theorem 5.3, A~ ’(Rﬂomﬁx(ﬂz, f)) #£0
near y for some i < min(k + dim{y}, dim X). Fix an irreducible component
W C supp(h_’ (Kﬂ-[omﬁx(fz, W' ))) and observe that dim W, is constant for b € B
since h™ ’(K}[omﬁ (A7, w f)) is flat by Theorem 5.2(a). However, in that case it
follows that A~ ’(Kﬂ-[omﬁ (7, w f)) is nonzero near some point 1 € Xgen such that
dim {n} = dim {y) v}, which contradicts the assumption that the generic fiber is Sy by
Theorem 5.3. O

Corollary 5.6. Let f : (X, Z) — B be a flat projective family with 0y (and hence
F7) flat over B as well. Assume that all the fiber pairs (Xp, Z) are Du Bois. As-
sume also that B is connected and the generic fibers (.97)gen are Cohen—Macaulay.
Then all the fibers (%), are Cohen—Macaulay. U

At this point it is natural to ask the next question.

Question 5.7. Assume that (X, Z) is a pair and that H C X is a Cartier divisor
such that (H, Z N H) is a Du Bois pair. If .#7|x\y is Cohen—Macaulay, does it
follow that .#; is Cohen—Macaulay?

In the case that Z = &, the analogous result holds in characteristic p > 0 for
F-injective singularities by [Horiuchi et al. 2014, Appendix by K. Schwede and
A. K. Singh].

6. Generalizing Kovacs—Schwede—-Smith to pairs
The goal of this section is to prove the analog of the main result of [Kovécs et al.
2010] for pairs (X, Z).

Lemma 6.1. Let X be a normal d-dimensional variety, Z C X a reduced closed

subscheme and ¥ C X a codimension > 2 subset containing the singular locus of X.
Let w : X — X be a log resolution of (X, XU Z) with E = 7N E U Z)ed. Then

(a) QX suz = R 0%(—E), and
(b) h_d(c_’)x,z) > oz (E).

Proof. First we claim that both X 7,0%(—E) and m,.w%(E) are independent of
the choice of . This was proved for X 7,.0%(—E) on pages 67-68 in the proof
of [Kovécs and Schwede 2011b, Theorem 6.4] and for w3 (E) in [Kovécs et al.
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2010, Lemma 3.12]. Therefore we are free to choose w and hence we may assume
that it is an isomorphism outside of ¥ U Z. We have the distinguished triangle

+1
Qy — R & Q3 — RmQp —

| T

Q) —— R 05 ® QY ,, — RO ——

The isomorphisms follow since X and E are Du Bois. In the next diagram the first
two rows are distinguished triangles by definition; see (2.7.1). The third row is
simply the pushforward of a natural short exact sequence from X. The previous
diagram and [Kolldr and Kovécs 2010, Lemma 2.1] (or simply the octahedral axiom)
imply that o below is an isomorphism. The other two isomorphisms again follow
since X and E are Du Bois. Note that the columns are not exact.

0 0 0 +1
Qy suz Qy Q B

L) 0)4
zla
0 +1

K”*Q% ET R 2y — Kﬂ*@% B

X

~ ~

R, 0%(—E) — R, 03 — R, 0p —

It follows that the dotted arrow, and hence its composition with «, are also isomor-
phisms. This proves (a).
In order to prove (b), consider the map Q5 ., — QY% , obtained in

0 0 0 +1
Qysuz — Ly — Qyuz —

|

0 0 0
QX,Z QX QZ

+1

Now we have a distinguished triangle

Q())m:uz —> 9())(,2 5 (6.1.1)

Claim 6.2. With the above notation, 0 = h=4(D(C*)) = h—?+(D(C*)).

Proof of claim. Consider the following diagram with distinguished triangles as rows
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and columns:

0 0 0 +
Qyuzl=1] — Q7[-1] — Qy; , —

0 0 . T
Q% vuz — 2x 7 c

el
b O
el
SO

+1 +1

It follows from [Kovacs 2013, Theorem B.1] that C* =~ Q%U 7.z~ On the other hand,
by Lemma 2.17(d), 2%, , ~ Q% 5+, and hence C* ~ QY ¢ .

Next recall that by Theorem 3.2 there exists a natural injective map

b (D(QY, 5ny)) = B (R Hom, (Fsnz)cs. 0%)). (6.2.1)
Since dim ¥ < d —2, the right hand side of (6.2.1) is zero for j > d — 1, establishing
the claim. (]

Grothendieck duality and part (a) imply that h (0% su 7) = mwz(E) and it
follows from Claim 6.2 that h~¢ (W zuz) = h_d(c_();(’ ~)» Which in turn implies
part (b). |

Theorem 6.3. Let X be a normal variety and Z C X a divisor. Let 7 : X—> Xbea
log resolution of (X, Z) with E = 1~ (Z)eq V exc (). If 97 is Cohen—Macaulay,
then (X, Z) is Du Bois if and only if

w3 (E) = wx(Z).

Proof. Since .97 is Cohen-Macaulay, R Homy, (97, w) = Homg (I z, wx)[dim X]
by the local dual of the local cohomology criterion for Cohen—Macaulayness.
Because the map

@Y.z = RHomy, (7, 0%) (6.3.1)

is injective on cohomology by Theorem 3.2, it follows that h"(g&, z) = 0 for
i # —dim X and hence (X, Z) is Du Bois if and only if

hidimX(C_UB(,Z) — Home (7, wx) >~ wx(Z)

is an isomorphism. But A~ dim X (6_()3(, 7) = w5 (E) by Lemma 6.1, so the statement
follows. _
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7. An inversion of adjunction for rational and Du Bois pairs

In this final section of the paper, we will prove the following theorem.

Theorem 7.1. Let f : X — B be a flat projective family with geometrically inte-
gral fibers over a smooth connected base B, A C B a smooth closed subscheme
containing no component of B and H = f~'(A) = X xpg A (with the induced
scheme-theoretic structure). Let D be a reduced codimension-1 subscheme of X
which is flat over B. Assume that for every s € A, (X, Dy) is Du Bois and that
(X\ H, D\ H) is a rational pair. Then (X, D) is a rational pair.

Remark 7.2. In the introduction, A was assumed to be a closed point. This version
is more general and more convenient for our proof.

Remark 7.3. The assumptions also imply the following auxiliary conditions:

(a) Since X — B has geometrically integral fibers and H is obtained by base
change with a smooth subscheme, H is reduced.

(b) #p is flat over B and no component of D contains a fiber of f. In particular
D and H have no common components.

(c) As for any s € A, H; = Xj, it follows that (H, D N H) is Du Bois by
Corollary 4.4.

(d) X\ H is normal by the definition of a rational pair.

Before embarking on proving the theorem, we will first prove several lemmas
that show that our situation is simpler than it might first appear.
First we show that we may assume that A is a divisor in B.

Lemma 7.4. In order to prove Theorem 7.1 it is sufficient to assume that A is a
smooth Cartier divisor in B.

Proof. The statement is local over the base so we may assume that B is affine.
Additionally, since we only need to work in a neighborhood of a point a € A, we may
assume that (X, D) is Du Bois and all the fibers (X;, D;) for all b € B are Du Bois
by Corollaries 4.4 and 4.6. Choose a general hypersurface G containing A and note
that since A is smooth we may assume that G is smooth. Then the hypotheses of
the theorem are satisfied for G replacing A as well since X \ f~1(G) C X\ f~'(A)
and since we already assumed that all the fibers (X}, Dp) over all points b € B
were Du Bois. U

From this point forward, we will assume that B is a smooth affine scheme, A is
a smooth hypersurface in B and H = f*A.

Lemma 7.5. Under the assumptions of Theorem 7.1, X is normal and thus D is
also a divisor.
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Proof. Since H is reduced, every point n € H has depth at least min(1, dim &y ;).
Because f : X — B is flat, the local defining equation of H is a regular element in
Oy, so any point n € X that lies in H has depth at least min(2, dim 0y ). Since
X \ H is normal it is Sp and so X is S; everywhere. Finally observe that H is
reduced, hence generically regular and X \ H is Ry. As H is Cartier, this implies
that X is also R; and therefore normal. O

Now observe that the fact that (H, D N H) is Du Bois (see Remark 7.3(b)) says
something about the structure of D on X.

Lemma 7.6. With notation as in Theorem 7.1, no stratum of the snc locus of (X, D)
can be contained inside H.

Proof. Assume to the contrary that there exists a stratum Z of the snc locus of
(X, D) contained in H. Let n be the generic point of Z. By assumption n € H
and (X, D) is snc at n, so Ox , is a regular ring. Let n = dim Ox ;. Replace X by
Spec Ox , and H and D by their pullbacks to this local scheme (in this step we lose
projectivity, but we will not need that for now). Note that D is now Cartier and in
fact snc. Furthermore D + H has n 4 1 irreducible components containing 7, so
(X, D+ H) cannot be Du Bois (or equivalently log canonical since X is Gorenstein).
But as we observed, (H, DN H) is a Du Bois pair. Then by Theorem 4.2 again we
see that (X, D + H) is Du Bois as well. This is a contradiction. U

Next we setup the notation for the proof of Theorem 7.1. Let X denote the
non-snc locus of (X, D). Observe that as X is normal and D is a reduced divisor
by Lemma 7.5, we have that codimy (X) > 2.

Additionally assume that 7 : ¥ — X is a log resolution of (X, DU H U %) that
simultaneously gives a thrifty resolution of (X, D). To see that such a 7 exists,
first take a thrifty resolution (U, Dy) of (X, D) and then perform a log resolution
of the scheme-theoretic preimages of H and ¥ on U (while keeping the strict
transform Dy snc). The result can be assumed to be a thrifty resolution of (X, D)
since the preimages of X and H do not contain any strata of (U, Dy) by Lemma 7.6.

Set H and D to be the reduced total transforms of H and D respectively, set Dy
to be the strict transform of D and set E to be (7 1 (2))red.

Proof of Theorem 7.1. Clearly (X, D) is a Du Bois pair and all the fibers (X, Dp)
are Du Bois by Corollaries 4.4 and 4.6 (possibly after shrinking the base B around
A). By Corollary 5.6, we know that Ox(— D) is Cohen—Macaulay. Thus by the
local dual version of the local cohomological criterion for Cohen—Macaulayness,
Kﬂ-[omfﬁx(ﬁx(—D), wY ) has cohomology only in one term. In particular,

Kﬂorn'ﬁx(ﬁx(—D), wy) =~ Homeg (Ox (—D), wx)[dim X]
~ wyx(D)[dim X]. (7.6.1)



Inversion of adjunction for rational and Du Bois pairs 997

Therefore by Proposition 2.7 it suffices to show that wyx (D) ~ m.wy (Dy).
Next observe that (H, D|g) is a Du Bois pair by Corollary 4.4 and hence by
Lemma 2.18 we see that (X, DU H) = (X, D 4+ H) is a Du Bois pair.

Claim 7.7. With notation as above, w.wy(Dy v H V E) >~ w.wy(Dy + H).
Note that Dy + H = Dy Vv H since the divisors have no common components.

Proof of claim. The containment 2 is obvious since D and H do not share a
component (see Remark 7.3(a)), so choose f € m.wy(Dy vV HV E). We observe
that

divy(f)+ Ky +DyVv HVE =divy(f)+ Ky +Dy+HVE >0.

Workingon U =Y\ H =7 "' (X \ H) we see that divy (f)+ Ky +Dyly +E|y > 0.
But since (X \ H, D\ H) is a rational pair,

mxwy (Dyly) = mxwy (Dyly + E) = ox\u(D|x\H),

sodivy(f) + Ky + Dyl|y + E|y = 0 is equivalent to divy (f) + Ky + Dy|y > 0.
Because the components of E that lie over H are also components of H, it follows
that divy (f) + Ky + Dy + H > 0, proving the claim. O

By Lemma 6.1 we see that h_dimx(c_ug(’DJrH) ~ m.wy(Dy vV H V E), which
agrees with m,wy(Dy + H) by the claim. Since (X, D + H) is a Du Bois pair,
h~ dimx(g}kDJrH) ~ wx (D + H) and so in conclusion we have that

wx(D + H) ~ m.wy(Dy + H).
Twisting both sides by —H and using the projection formula we see that
wx (D) = mywy(Dy — (n*H — H)) C w0y (Dy),
since 7*H — H is effective. But 7.y (Dy) C wx (D) for any normal pair (X, D)
and so wy (D) >~ m.wy (Dy) as desired. O
Setting D = 0 we obtain the following.

Corollary 7.8. Let f : X — B be a flat projective family over a smooth base B
and H = f~1(0) a special fiber. Assume that H has Du Bois singularities and that
X \ H has rational singularities. Then X has rational singularities.

There is a variant of our inversion of adjunction theorem that we would also like
to prove (even in the D = 0 case).

Conjecture 7.9. Assume (X, D) is a pair with D a reduced Weil divisor. Further
assume that H is a Cartier divisor on X, not having any components in common
with D, such that (H, D N H) is Du Bois and such that (X \ H, D\ H) is a rational
pair. Then (X, D) is a rational pair.
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The only place where our proof above does not work in this situation is when
we prove that Ox(—D) is Cohen—Macaulay. In particular, to accomplish this
generalization, we would simply need a version of Corollary 5.6 that is not tied
to a projective or proper family. What is missing is exactly a positive answer to
Question 5.7.
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Hochschild cohomology commutes
with adic completion

Liran Shaul

For a flat commutative K-algebra A such that the enveloping algebra A ®y A
is noetherian, given a finitely generated bimodule M, we show that the adic
completion of the Hochschild cohomology module HH" (A /K, M) is naturally
isomorphic to HH" (A /K, M). To show this, we make a detailed study of de-
rived completion as a functor D(Mod A) — D(Mod A) over a nonnoetherian
ring A, prove a flat base change result for weakly proregular ideals, and prove
that Hochschild cohomology and analytic Hochschild cohomology of complete
noetherian local rings are isomorphic, answering a question of Buchweitz and
Flenner. Our results make it possible for the first time to compute the Hochschild
cohomology of K[[71, ..., t,] over any noetherian ring K, and open the door for a
theory of Hochschild cohomology over formal schemes.
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All rings in this paper are assumed to be commutative and unital.

Introduction

Hochschild cohomology [1945] has been the prominent cohomology theory for
associative algebras since its introduction. In commutative algebra and algebraic
geometry, its importance was first demonstrated by the celebrated theorem of
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Hochschild, Kostant and Rosenberg. See [lonescu 2001] for a survey of the use of
Hochschild cohomology in commutative algebra.

The aim of this paper is to initiate the study of Hochschild cohomology in the
category of adic rings. Adic rings, the affine pieces of the theory of formal schemes,
are by definition commutative noetherian rings A which are a-adically complete
with respect to some ideal a € A. In the survey just cited, lonescu states:

In our survey no results about Hochschild cohomology of a topological
algebra w[ere] mentioned. This is because this kind of results is missing
completely.

As far as we know, little has changed regarding this statement since then. One of
the main difficulties in developing such a theory can be already observed in the
most simple example of an adic ring: Let K be a field of characteristic 0, and let
A = K[[t]l. The construction of Hochschild cohomology involves the enveloping
algebra of A. But even in this simple case, the enveloping algebra K[[#]] ®k K[¢]l
is a nonnoetherian ring of infinite Krull dimension, so it is very difficult to do
homological algebra over it. Passing to the completion of this enveloping algebra,
one obtains the much more manageable completed tensor product

K[t T ®k KT = K[t 2]

However, from a homological point of view, this step is highly nontrivial, as
it involves the ring map from K[[¢] ®k Kk[[¢] to its completion. Completions of
nonnoetherian rings are in general poorly behaved (for instance, they need not
be flat). In this paper we develop the homological tools needed to overcome this
difficulty, and use them to study the Hochschild cohomology of such adic algebras.

Here is a more detailed description of the content of this paper. First, in Section 1
we review some preliminaries on Hochschild cohomology and about the derived
torsion and derived completion functors. In particular, we recall the notion of a
weakly proregular ideal in a commutative ring. Weak proregularity is the right
condition in order for the derived torsion and derived completion functors to possess
good behavior.

In Section 2, we prove that in most enveloping algebras of adic rings occurring
in nature, the ideal of definition of the adic topology is weakly proregular. This
result also has interesting implications in derived algebraic geometry of formal
schemes. See Corollary 2.9.

Given a (not necessarily noetherian) ring A and a weakly proregular ideal a C A,
we study in Section 3 the derived functors of the functors

['a(M) := lim Hom, (A/a", M) : Mod A — Mod A
and
Ag(M) :=1imA/a" ®4 M : Mod A — Mod A,
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where A is the a-adic completion of A. To cope with the possible lack of flatness of
the completion map A — A, we use DG-homological algebra techniques. From the
results of this section, we deduce the following generalized Greenlees—May duality:

Corollary 3.9. Let A be a commutative ring, let a C A be a weakly proregular
ideal, and let M, N € D(Mod A). Then there are isomorphisms

LAq(RHom4(M, N)) = RHomy (R, (M), N) = RHomu (M, LA(N))

of functors
D(Mod A) x D(Mod A) — D(Mod A).

Using the results of Sections 2 and 3, the main results of this paper are obtained
in Section 4. First, in Theorem 4.1 we provide formulas which describe the effect
of applying the derived completion functor to the Hochschild cohomology complex
of a not necessarily adic algebra. The next major result reduces the problem
of computing the Hochschild cohomology of an adic algebra to a problem over
noetherian rings:

Corollary 4.3. Let K be a commutative ring, and let A be a flat noetherian K-
algebra. Assume a C A is an ideal, such that A is a-adically complete, and such
that A/a is essentially of finite type over K. Let I := a ®k A + A Qk a, and set
ARKA :=A;(A®kA). Then for any M € Mod A @ A which is I-adically complete
(for example, any a-adically complete A-module, or more particularly, any finitely
generated A-module), there is a functorial isomorphism

RHomyg, 4 (A, M) = RHom,g 4(A, M)
in D(Mod A), and the ring A ®x A is noetherian.

Using the results of [Buchweitz and Flenner 2006], as a corollary of this result,
we are able to prove in Corollary 4.5 that Hochschild cohomology and analytic
Hochschild cohomology of complete noetherian local algebras coincide, answering
a question of Buchweitz and Flenner. Finally, Section 4 ends with a theorem which
proves the result mentioned in the title of the paper. More precisely, we show:

Theorem 4.13. Let K be a commutative ring, and let A be a flat noetherian
k-algebra such that A ®k A is noetherian. Let a C A be an ideal, and let M
be a finitely generated (A @ A)-module. Then for any n € N, there is a functorial
isomorphism

Aq(Extyg 4 (A, M)) = Ext'3®kA(A, M).

If, moreover, either

(1) kis a field, or
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(2) A is projective over K, a is a maximal ideal, and M is a finitely generated
A-module,

then there is also a functorial isomorphism
Ao(HH"(A/K, M)) = HH" (A /K, M).

In the short and final Section 5, we briefly discuss analogous results for Hochschild
homology.

Warning. Contrary to the convention in many papers in the field, unless stated
otherwise, we do not assume that rings are noetherian.

1. Preliminaries on completion, torsion and Hochschild cohomology

Given a commutative ring A, we denote by Mod A the abelian category of A-modules,
and by D(Mod A) its (unbounded) derived category. If A is noetherian, we will
denote by D¢(Mod A) the triangulated subcategory made of complexes with finitely
generated cohomologies. We will freely use resolutions of unbounded complexes,
following [Spaltenstein 1988].

Completion and torsion. References for the material in this section are [Alonso Tar-
rio et al. 1997; 1999; Greenlees and May 1992; Porta et al. 2014b; 2015; Schenzel
2003; Simon 1990; Yekutieli 2011]. See [Porta et al. 2014b, Remark 7.14] for a
brief discussion on the history of this material. Let A be a commutative ring, and let
a C A be a finitely generated ideal. The a-torsion functor I';(—) : Mod A — Mod A
is defined by

[o(M) :=lim Homu (A/a", M).

This functor is a left exact additive functor. We denote its (total) right derived functor
by RIy : D(Mod A) — D(Mod A). It is computed using K-injective resolutions.
See [Brodmann and Sharp 2013] for a detailed study of the a-torsion functor and
its derived functor in the noetherian case. More important in this paper is the a-adic
completion functor, defined by

Ag(=):Mod A — Mod A, Ag(M):=limA/a" @4 M.

This functor is additive, but in general is neither left exact nor right exact (even when
A is noetherian; see [Yekutieli 2011, Example 3.20]). It does however preserve
surjections. We denote by LA, : D(Mod A) — D(Mod A) its left derived functor.
By [Alonso Tarrio et al. 1997, Section 1], it can be computed using K-flat resolutions.
Both of the functors I'y(—), Aq(—) are idempotent [ Yekutieli 2011, Corollary 3.6].

For any ring A, the A-module A4(A) has the structure of a commutative A-algebra,
called the completion of A. If A is noetherian then A4(A) is flat over A, but if A
is not noetherian this does not always holds. For example, if A is any countable
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ring which is not coherent, then the completion map A[x] — A[x] is not flat
[Stacks 2005—, Tag OALS8]. The ring A4(A) is noetherian if and only if the ring
A/a is noetherian [Stacks 2005—, Tag O5GH]. If A is noetherian and M is a
finitely generated A-module, then there is an isomorphism of functors Aq(M) =
Aq(A) ®4 M, so in particular in that case, Ay (—) is exact on the category of
finitely generated A-modules [Stacks 2005—, Tag 00MB]. We will sometimes denote
by A the A-algebra A4(A) and by M the A-module Aq(M). For any ring A, the
A-modules I'q(M) and A,(M) carry naturally the structure of A—modules, and so
one may view the a-torsion and a-completion functors as functors Mod A — Mod A.
Section 3 is dedicated to a study of the functors obtained from this observation.

Given aring A, and an element a € A, the infinite dual Koszul complex associated
to it is

KZO(A; (a)) :=(---—>0—>A—>A[a_1]—>0—> )

concentrated in degrees O, 1. If (ay, ..., a,) is a finite sequence of elements in A,
then the infinite dual Koszul complex associated to it is

Ko (A (@, ..o an) = Ko (A3 (1) ®a - - - @4 K3 (A; (an)).

It is a bounded complex of flat A-modules. Given an ideal a € A, and a finite
sequence a of elements of A that generate a, by [Porta et al. 2014b, Corollary 4.26],
there is a morphism of functors

RIy(—) = K5, (A @) @4 —.

The sequence a is called weakly proregular if this morphism is an isomorphism of
functors. This notion is actually independent of a, and depends only on the ideal a
generated by it [Schenzel 2003, Lemma 3.3]. Hence, we say a finitely generated
ideal a is weakly proregular if some (or, equivalently, any) finite sequence that
generates it is weakly proregular. In a noetherian ring, any ideal and any finite
sequence are weakly proregular, but there are examples of finitely generated (even
principal) ideals in nonnoetherian rings which are not weakly proregular.

Given a ring A and a finite sequence a of elements of A, the infinite dual Koszul
complex has an explicit free resolution, called the telescope complex and denoted
by Tel(A; a). This resolution is a bounded complex of countably generated free
A-modules [Porta et al. 2014b, Lemma 5.7]. In particular, if the ideal a generated
by a is weakly proregular, then there is also an isomorphism of functors

RIL,(—) ETel(A;a) ®4 —.

Moreover, in this case, by [Porta et al. 2014b, Corollary 5.25], there is also an
isomorphism of functors

LA,(—) = Homy(Tel(A; a), —).



1006 Liran Shaul

It follows that if A is a commutative ring, and a is a weakly proregular ideal, then
both of the functors RI'y, LA, have finite cohomological dimension, and there is a
bifunctorial isomorphism, the Greenlees—May duality,

R Hom 4 (RT, (M), N) = R Homu (M, LA4(N))

for any M, N € D(Mod A).

Both the infinite dual Koszul complex and the telescope complex enjoy the
following base change property: if A is aring, a is a finite sequence of elements in A,
A — B is aring map, and b is the image of a under this map, then there are
isomorphisms

KL (A;a)®4a BEKYL(B; b), Tel(A;a)®4 B=Tel(B; b)

of complexes of B-modules.
For any complex M € D(Mod A), there are canonical maps

RIL(M) > M, (1.1)
and
M — LA(M). (1.2)

The complex M is called cohomologically a-torsion (resp. cohomologically a-
adically complete) if the map (1.1) (resp. (1.2)) is an isomorphism. If a is weakly
proregular then the functors RI; and LA, are idempotent [Porta et al. 2014b,
Corollary 4.30, Proposition 7.10] and it follows that in this case the collection of all
cohomologically a-torsion (resp. cohomologically a-adically complete) complexes
is a triangulated subcategory of D(Mod A) which is equal to the essential image of
the functor RI'y (resp. LA,). Moreover, by [Porta et al. 2014b, Theorem 7.11], in
this case these categories are equivalent (the Matlis—Greenlees—May equivalence).

Hochschild cohomology. Let k be a commutative ring, and let A be a commutative
k-algebra. We let
A%k = AQy - ®k A,
——————
n

and denote by B the bar resolution
e ABK s s AR A 5 0.

Given an A-bimodule M, the n-th Hochschild cohomology module of A over k
with coefficients in M is given by

HH" (A/K, M) := H" Homug, (B, M).

See [Cartan and Eilenberg 1956, Chapter IX], [Loday 1998, Chapter 1] and [Weibel
1994, Chapter 9] for more details on this classical construction. If A is projective
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(resp. flat) over K, then B is a projective (resp. flat) resolution of A over the
enveloping algebra A ®y A. Hence, in the projective case, the natural map

HH"(A/k, M) — Extg, 4(A, M)

is an isomorphism. When A is only flat over K, but not necessarily projective, this
map might fail in general to be an isomorphism. Nevertheless, the modules on the
right-hand side are interesting on their own, and are sometimes referred to in the
literature as the derived Hochschild (or Shukla) cohomology modules of A over K.
In this paper we will focus mostly on these modules' and, a bit more generally, on
the complex R Homyg, 4 (A, M). Somewhat imprecisely, we will refer to

RHomyg, a(A, M)

as the Hochschild complex of A with coefficients in M even when A is only flat
over k. We will however use the notation HH" (A /K, M) to denote only the classical
Hochschild cohomology modules.

2. Weak proregularity and flat base change

Let Kk be a base commutative ring, and let A, B be two flat k-algebras. Assume
that A and B are equipped with adic topologies, generated by finitely generated
ideals a € A and b C B. In that case, the tensor product A ®y B is also naturally
equipped with an adic topology. It is generated by the finitely generated ideal
a®k B+ A®kbC AQk B. The aim of this section is to discuss the question of
when this ideal is weakly proregular. We allow A to be different from B, although
we will only use the case A = B in the rest of the paper.

Recall that a ring K is called absolutely flat (or Von Neumann regular) if every
k-module is flat. Over such rings, the above question is easy:

Proposition 2.1. Let K be an absolutely flat ring. Let A, B be two K-algebras, and
let a € A and b C B be weakly proregular ideals. Then the ideal

aQkB+AQbZ ARk B

is weakly proregular.

Proof. In the case where K is a field, and A and B are noetherian and complete with
respect to the adic topology, this is shown in [Porta et al. 2014b, Example 4.35],
and the proof there remains true under the above assumptions. (I
Remark 2.2. Assume A is aring, a C A is a weakly proregular ideal, B is a flat
A-algebra, and b = a- B. Then by [Alonso Tarrio et al. 1997, Example 3.0(B)], the
ideal b is also weakly proregular.

I'See, however, Corollary 4.5 and Theorem 4.13 where even in the possible absence of projectivity
we will discuss classical Hochschild cohomology.
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Recall that if A is a noetherian ring, with a € A an ideal, and if / is an injective
A-module, then I';(7) is also an injective A-module (for example, by [Hartshorne
1977, Lemma 3.2]). We now state and prove a weaker form of this fact in the case
when A is not necessarily noetherian, but A4(A) is.

If A is aring, with a C A a finitely generated ideal, and if M is an A-module,
then M is called a-flasque if, for each k£ > 0, we have H’;(M ) =0, where H’; M) :=
H¥(RTy(M)). Any injective module is a-flasque. If M is a-flasque, then the
canonical morphism I'4(M) — RI((M) is an isomorphism. By [Brodmann and
Sharp 2013, Theorem 3.4.10], the direct limit of a-flasque modules is a-flasque.

Lemma 2.3. Let A be a ring, and let a,b C A be two ﬁmtely generated ideals.
Suppose that the rmg A= Aa(A) is noetherian. Let b = bA. Then for any injective
A-module I, the A-module l"aI is b -flasque.

Proof. Let A; = A/ a/T!. Since a is finitely generated, there is an isomorphism
A= A / (aA)/*1. Note that, by assumption, A; is noetherian. Let b ; be the image
of bin Aj. Let I; =Homy(A;, I). Then [ = lim /;, so it is enough to show that
I; is b- ﬂasque Note also that /; is an injective A module Letk > 0, let b be a
finite sequence generating b, and let b; be its image in A;. Since A is noetherian,
b is weakly proregular, so that

Hg(lj) = HY(KL(A; b)) ®; 1;) = H¥ (KL (Aj; b)) @, I}) = ng(lj),

where the last isomorphism follows from the fact that A; is noetherian, so that 6 is
weakly proregular. Since /; is injective over A;, it follows that HA () =0 for all
k > 0, which proves the claim. (]

Proposition 2.4. Let A be a commutative ring, and let a C A be a weakly proregular
ideal such that Aq(A) is noetherian. Let b C A be an ideal containing a. Then b is
also weakly proregular.

Proof. We keep the notation of Lemma 2.3. It is clear that A/b is noetherian. Let a
be a finite sequence generating a, and let b be a finite sequence generating b. Let / be
an injective A-module. By [Schenzel 2003, Theorem 1.1], it is enough to show that

HN(Tel(A: b)) @4 1) =

for all k # 0.

Since a C b, the ideal generated by the concatenated sequence (a, b) is equal to the
ideal generated by b, so there is a homotopy equivalence Tel(A; (a, b)) = Tel(A; b).
Hence, there is an isomorphism

Tel(A; b) ®4 I =Tel(A; (a, b)) @41 =Tel(A; b) @4 Tel(A; a) ®4 1
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in D(Mod A). Since a is a weakly proregular sequence, I is an injective A-module,
and Tel(A; b) is a bounded complex of flat modules, the latter is isomorphic in
D(Mod A) to

Tel(A; b)) ®4 ol

Thus, it is enough to show that all the cohomologies (except the zeroth) of the
complex of A-modules Tel(A; b) ® 4 ['41 vanish. Let

Rest;, 4 : D(Mod A) — D(Mod A)
be the forgetful functor, and let b be the image of the sequence b in A. Consider

the complex
Tel(A; b) ® ; T'al € D(Mod A).

We claim that
Rest ), (Tel(A; b) ® ; [l ) = Tel(A; b) ®4 Tl 2.5)

Indeed, by the base change property of the telescope complex, we have an isomor-
phism
Tel(A; b) ® ; [ul = Tel(A; b) ®4 [l

of complexes in D(Mod A). So using the fact that
Rest L(Cal) =Tul
we obtain (2.5). Since for a complex M € D(Mod A) we have
H*(M)=0 ifandonlyif H*(Rest; A(M) =0,

it is enough to show that Hk(Tel(A; I;) ®; f‘al) = 0 for all £ # 0. By weak
proregularity of the sequence b, there is an isomorphism

Tel(A; b) ® 4 [l = RIGI/

in D(Mod A). By Lemma 2.3, this is isomorphic in D(Mod A) to I f‘al . Since this
complex is clearly concentrated in degree zero, it follows that all of its cohomologies
except the zeroth vanish, which proves the result. U

Here is the main result of this section:

Theorem 2.6. Let K be a commutative ring, let A be a flat noetherian K-algebra,
and let a C A be an ideal such that A/a is essentially of finite type over K. Let B be
a flat noetherian K-algebra, and let b C B be an ideal. Then the ideal

I =a®kB+AQkbZ ARk B

is weakly proregular.
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Proof. According to Remark 2.2, the ideal I} := a ®x B C A ®k B is weakly
proregular. Since B is flat over k, we have (A ®k B)/I1 = A/a ®k B, and as
A/a is essentially of finite type over K, it follows that (A ®x B)/I; is noetherian.
Hence, Aj (A ®x B) is also noetherian. Since I; C I, the result follows from

Proposition 2.4. ([

Remark 2.7. The assumption that A is noetherian in the above result can be relaxed:
it is enough to assume that a is weakly proregular. It is an open problem to the
author if the above result remains true without the assumption that A /a is essentially
of finite type over K (as in Proposition 2.1).

Remark 2.8. Let k be a commutative ring, and let A, B be two commutative
noetherian k-algebras which are adically complete with respect to ideals a C A,
b C B. In this situation, Grothendieck and Dieudonné [1960, Section 10.7] defined
the fiber product of the two affine formal schemes Spf A, Spf B over k to be the
formal spectrum of the ring AqgyB+4aeyb(A Qk B).

Now, we switch to the point of view of derived algebraic geometry, and assume
that A and B are flat over K. Forgetting the adic structure on A, B, the flatness
assumption ensures that, in this situation, the usual fiber product Spec(A ®x B)
of the schemes Spec(A) and Spec(B) coincides with their derived fiber product.
Returning to the adic situation, Lurie defined [2011, Section 4.2] a notion of a
derived completion of an (E ) ring, and showed [2011, Section 4.3] that if the ring
is noetherian then its derived completion coincides with its ordinary completion.
Recently, using our [Porta et al. 2014a, Theorem 4.2], it was shown in [Braunling
et al. 2015, Proposition 5.4] that if R is any commutative ring, and if / € R is
a weakly proregular ideal, then the derived /-completion of R coincides with its
ordinary /-adic completion. Hence, the results of this section imply the following:

Corollary 2.9. Let k be a commutative ring, and let A, B be noetherian flat
k-algebras which are adically complete with respect to ideals a C A, b C B.
Assume further that either K is an absolutely flat ring (e.g., a field) or that A/a is
essentially of finite type over K. Then the derived fiber product of the formal schemes
Spf A, Spf B over K is equal to the formal spectrum of Mg, B+Aekb(A Qk B).

3. The functors Rfa, Lf\u

Let A be a commutative ring, let a C A be a finitely generated ideal, and let A
be the a-adic completion of A. For any A-module M, the A-modules [';(M) and
A (M ) carry naturally A-module structures, and one obtains additive functors
[a, Aq : Mod A — Mod A, defined by the same formulas as Iy and A,. These
functors have derived functors RFa, LAa : D(Mod A) - D(Mod A), calculated
using K-injective and K-flat resolutions, respectively. This section is dedicated to a
study of these functors.
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Keeping an eye towards the main goal of this text, we must avoid assuming that
A is noetherian. Hence, we do not know if the completion map A — A is flat. We
overcome this issue by using DG-algebras, which will be assumed to be (graded-)
commutative. We refer the reader to [Avramov 1998; Keller 1994; Mac Lane 1963;
Yekutieli 2016] for information about DG-algebras and their derived categories.
For a DG-algebra A, we denote by DGMod A the category of DG-modules over A,
and by D(DGMod A) the derived category over A.

We shall need the following well known result from DG-homological algebra:

Proposition 3.1. Let A — B be a quasiisomorphism between two commutative
DG-algebras, and let

Restp/4 : D(DGMod B) — D(DGMod A)

be the forgetful functor.

(1) There is an isomorphism

IpdGMod ) = B ®'5 Restp 4 (—)
of functors D(DGMod B) — D(DGMod B).

(2) There is an isomorphism

IpmGMod B) = RHomy (B, Restg 4 (—))
of functors D(DGMod B) — D(DGMod B).

Proof. Part (1) follows immediately from [Stacks 2005—, Tag 09S6], or [ Yekutieli
2016, Proposition 2.5(1)], while part (2) follows immediately from [Shaul 2016,
Lemma 2.2], or [Yekutieli 2016, Proposition 2.5(2)]. O

As far as we know, the next results are new even in the case where A is noetherian.
In the noetherian case, one does not need DG-algebras in the proof of the next result.

Theorem 3.2. Let A be a commutative ring, let a C A be a finitely generated ideal,
and let a be a finite sequence that generates a. Assume that a is weakly proregular.
Then there is an isomorphism of functors

R (—) = A®Y (KL (A 0) @4 ).

Proof. Set A= Aq4(A). Consider the completion map A —> A. Since A is not
necessarily noetherian, this map mlght fail to be flat, so let A L A 4> A be a K-flat
DG- algebra resolution of A — A. That is, f:A— A is a K-flat DG- algebra
map, g : A—>Aisa quasiisomorphism of DG-algebras, and g o f is equal to the
completion map A — A. We denote by

Rest;, ;:D(Mod A) >D(DGMod A) and Resty,,:D(DGMod A) —D(Mod A)
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the corresponding forgetful functors. Set
R (—) = Resty, ; oRI4(—) : D(Mod A) — D(DGMod A).

Let M e D(Mod A). Let P — M be a K-flat resolution of M, and let M — [ be a K-
injective resolution of M. The map f : A — A induces a map 1p®a f P—>PQ,A.
Let P ®4 A — J beakK- injective resolution of P ®4 A over A. Because fis
flat, J is also a K-injective resolution of P ®4 A over A. There is a unique map
¢ : 1 — J in K(Mod A), which makes the diagram

1p®af P® A~
% A

P
l l (3.3)
7 ¢

J

commutative, and it induces a map I'y(¢p) : [';(I) — [1(J). Our goal is to show
that [';(¢) is a quasiisomorphism. The morphism of functors

(=) Ta(=) = KL (A; @) @4 —

that was constructed in [Porta et al. 2014b, Equation (4.19)], and the map ¢ induce
the commutative diagram

Fa(l) L@ Ta(J)

l“/ laj 3.4

KL (A;a)®4 1 K/ (A;a)®4 J

140

Because a is weakly proregular, the two vertical maps are quasiisomorphisms. We
claim that the bottom horizontal map is also a quasiisomorphism. To see this,
consider the following commutative diagram in K(Mod A):

1

KY (A;a)®4 1 K (A a)®4J

2 4

KY (A;a)®4 P KY(A;a) ®4 P®4 A
6 8

Tel(A; a) @4 P Tel(A; a) ®AP®AA

7 9

Tel(A; a) @4 P ®4 Homy (Tel(A; a), A) 10—> Tel(A;a) @4 P Q4 A
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The top square in this diagram is induced from the square (3.3), the middle square
is induced from the quasiisomorphism

Tel(A; a) - KX (A; a),

and the bottom square is induced from the commutative diagram [Porta et al. 2014b,
Equation (5.26)]. By [Porta et al. 2014b, Corollary 5.23], Hom4 (Tel(4; a), A) — A
is a quasiisomorphism. Since Tel(A; a) and P are both K-flat, it follows that (10)
is a quasiisomorphism. K-flatness of P also implies that (9) is a quasiisomor-
phism. The map (7), which is induced by the map A — Homy (Tel(A; a), A) is a
quasiisomorphism by [Alonso Tarrio et al. 1997, Corollary after Theorem (0.3)*]
(or the proof of [Porta et al. 2014b, Lemma 7.6]). Hence, the map (5) is also a
quasiisomorphism. It is clear that (6) and (8) are quasiisomorphisms, so that (3) is
also a quasiisomorphism. As (2) and (4) are also quasiisomorphisms, we deduce
that (1) is a quasiisomorphism. Returning to the commutative diagram (3.4), we
deduce that the map

Ta(¢) : Ta(l) = Ta(J)

is a quasiisomorphism.
There are functorial isomorphisms in D(DGMod A):

RI,(M) = Rest, F(REL(M)) = Rest; ; (D).
Since the map ['4(¢) : ['4(I) — ['4(J) is a quasiisomorphism, it follows that
RestA/A(f‘a(gb)) : RestA/A(f‘a(I)) — RestA/A(f‘a(J))

is also a quasiisomorphism. The DG A-module Rest Aji (f‘a( J)) is a sub-DG-module
of J, and the inclusion map induces a map

Rest; ;(Fa(J)) = KL (A; @) @4 J. 3.5)

Applying the forgetful functor Rest ; /4 to the map in (3.5) yields the quasiisomor-
phism
Fa(J) EKL (A5 a) ®4 J,

so that the map in (3.5) is also a quasiisomorphism. Hence,
RE,(M) =KL (A;a) @4 J =KL (A;a) @4 M ®4 A.
By Proposition 3.1, there is an isomorphism of functors

~ 2 ol
Ippomod 4y = A ®; Rest 7 (=).
Hence,
RIG(—) = A% Rl (-),
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which implies that
RIL(M) = A Q% (KY(A;a) @4 M). 0

Dually, we have the next result for the L[\a functor. Note however that, in this
case, even if A is noetherian, we have to use DG-algebra resolutions, because Ais
almost never projective over A (see, for example, [Buchweitz and Flenner 2006,
Theorem 2.1]).

Theorem 3.6. Let A be a commutative ring, let a C A be a finitely generated ideal,
and let a be a finite sequence that generates a. Assume that a is weakly proregular.
Then there is an isomorphism of functors

LAq(—) = RHomy (A ®4 Tel(A; a), —).

Proof. We use notation as in the proof of Theorem 3.2. Let A L A% Abea
K-projective DG-algebra resolution of A — A, and set

LAq(—) :=Rest;, ; o0LA4(-) : D(Mod A) - D(DGMod A).

Let M e D(Mod A). Let P — M be a K-projective resolution, and let M — I be a K-
injective resolution. The map f: A— A induces a map Homy(f, 1): Homu(A,I)— 1.
Let Q — Homy (A, I) be a K-projective resolution of Hom 4 (A, I) over A. There is
a unique map ¢ : Q — P in K(Mod A) making the diagram

Hom 4 (A, [) —omatD I
T T 3.7)
0 i P

commutative. The morphism of functors
B(—) : Homy (Tel(A; @), —) = Aq(—)

that was constructed in [Porta et al. 2014b, Definition 5.16] and the map ¢ : Q — P
induce a commutative diagram

A(Q) @ Aa(P)
ﬂQT ,s,;] (3.3)
Hom4 (1,¢)
Homyu (Tel(A; a), Q) Homy (Tel(A; a), P)

and, because of weak proregularity of a, the two vertical maps in this diagram are
quasiisomorphisms. We will show that the bottom horizontal map is also a quasi-
isomorphism, which will imply that the top horizontal map is a quasiisomorphism.
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To see this, consider the commutative diagram

Homyu(T, Q) ! Homy(T, P)

| |

Homyu (T, Homyu (A, 1)) Homy (Tel(A; a), 1)

! ]

Homu (T, HomA(A, 1)) —6> Hom, (T, Homs (Homu (T, A), 1))

in K(Mod A), where we have set T := Tel(A; a). The top square of this diagram is
induced from the square (3.7), while the bottom square is induced from the com-
mutative diagram of [Porta et al. 2014b, Equation (5.26)]. Weak proregularity of a
implies that the map (6) is a quasiisomorphism. The fact that / is K-injective and that
Tel(A; a) is K-projective implies that (5) is a quasiisomorphism. The hom-tensor
adjunction and [Alonso Tarrio et al. 1997, Corollary after Theorem (0.3)*] (or the
proof of [Porta et al. 2014b, Lemma 7.6]) shows that (7) is also a quasiisomorphism.
Hence, (4) is a quasiisomorphism. As (2) and (3) are clearly quasiisomorphisms, we
deduce that (1) is a quasiisomorphism. Returning to the commutative diagram (3.8),
we deduce that the map

Aa(9) : Aa(Q) = Aa(P)

is a quasiisomorphism.
There are functorial isomorphisms

LAq(M) =Rest;, z(LAg(M)) = Rest;, ; (Aa(P))

in D(DGMod A), and since the map Aq(¢) : Aq(Q) = Aq(P) is a quasiisomorphism,
it follows that the map

Rest; 1 (Aa(®)) : Resty 1 (Aa(Q)) — Resty 5 (Aa(P))

is also a quasiisomorphism. By [Porta et al. 2014b, Corollary 5.23], there is an
A-linear quasiisomorphism

Bo : Homy (Tel(A; a), Q) — Aq(Q),

and it is easy to verify that the same construction gives rise to an A-linear quasi-
isomorphism

Hom, (Tel(4; @), Q) — Restz,5(Aa(Q)).
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Hence, there are isomorphisms of functors
LAq(M) = Hom,(Tel(A; a), Q)
= Hom (Tel(A; @), Hom4 (A, 1))
= R Hom (Tel(A; a) @4 A, M).
By Proposition 3.1, there is an isomorphism of functors
IpoMod 4y = RHom z(A, Rest 1(—)).

Hence,
LAq(—) = RHom (A, LA4(-)),

which implies that
LAL(M) = RHomy (Tel(A; a) @4 A, M). (]

Corollary 3.9. Let A be a commutative ring, let a C A be a weakly proregular
ideal, and let M, N € D(Mod A). Then there are isomorphisms

LAq(RHom (M, N)) = R Homy (R[(M), N) = RHoms (M, LA4(N))
of functors
D(Mod A) x D(Mod A) — D(Mod A).

Proof. Let a be a finite sequence that generates a. The hom-tensor adjunction
and the quasiisomorphism K (A; @) = Tel(A; a) show that there are bifunctorial
isomorphisms

R Homy (Tel(A; @) ®4 A, RHom, (M, N)) =R Homyu (K (A; @) @4 A®Y M, N)
and

R Hom, (K, (A; @)® 4 A® M, N) =R Hom (M, R Hom, (Tel(A; a)®4 A, N)),
so the result follows from Theorems 3.2 and 3.6. O

Remark 3.10. If A = A, then the above corollary collapses to the Greenlees—May
duality (see [Alonso Tarrio et al. 1997, Theorem (0.3)], or [Porta et al. 2014b,
Theorem 7.12]).

The next two corollaries will be applied in the next section to study relations
between the derived completion functor and Hochschild cohomology.

Corollary 3.11. Let A be a commutative ring, and let a C A be a weakly proregular
ideal. Given a ring map A — B, and a complex M € D(Mod B), there is an
isomorphism

RHoma (M, LAqs(—)) =RHom (M, LZA\a(—))
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of functors
D(Mod A) — D(Mod B).

Proof. Let a be a finite sequence that generates a. Let N € D(Mod A). By
Theorem 3.6, there is an isomorphism of functors

RHom ;(M, LAy (N)) = R Hom ; (M, R Hom, (Tel(A; @) ®4 A, N)).
Applying the hom-tensor adjunction twice, we get an isomorphism
R Hom 4 (M, R Homy (Tel(A; @)®4 A, N)) =R Homu (M, Hom 4 (Tel(A; a), N)),
which proves the claim. O

Corollary 3.12. Let A be a commutative ring, and let B be a commutative A-algebra.
Let a € A be a weakly proregular ideal, let b = a - B, and assume that b is also
weakly proregular. Then there is an isomorphism

LA,RHomy (B, —) = RHomy (B, LA4(—))
of functors
D(Mod A) — D(Mod B),

where B := Ap(B).

Proof. Let a be a finite sequence that generates a, and let b be its image in B. By
Theorem 3.6, given M € D(Mod A), there is a functorial isomorphism

LApR Hom4 (B, M) = R Homp (B ®p Tel(B; b), R Hom4(B, M)),
s0, by the derived hom-tensor adjunction,
LApR Homy (B, M) = R Hom, (B ®3 Tel(B; b), M).
By the base change property of the telescope complex, we have
Tel(B; b) = B®4 Tel(A; a),

so that
LApR Hom (B, M) = RHomyu (B ®4 Tel(A; a), M).

Hence, using adjunction again, and the fact that a is weakly proregular, we obtain
the result. O

Dually to these two corollaries, we have the following results which will apply
to the study of Hochschild homology. We omit the very similar proofs.
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Corollary 3.13. Let A be a commutative ring, and let a C A be a weakly proregular
ideal. Given a ring map A — B, and a complex M € D(Mod B), there is an
isomorphism

M @ RTa(—) = M &} RIu(-)
of functors

D(Mod A) - D(Mod B).

Corollary 3.14. Let A be a commutative ring, and let B be a commutative A-algebra.
Let a € A be a weakly proregular ideal, let b = a - B, and assume that b is also
weakly proregular. Then there is an isomorphism

R (B ®% —) = B ®% RIL(-))
of functors

D(Mod A) — D(Mod B),

where B = Ap(B).

4. Hochschild cohomology and derived completion

We now turn to the main theme of this paper: relations between adic completion
(and its derived functor) and Hochschild cohomology. The results of this section
rely heavily on the tools developed in the previous sections.

Our first result describes the effect of applying the derived completion functor to
the Hochschild cohomology complex in a rather general situation. We will later
specialize further to obtain more explicit results.

Theorem 4.1. Let K be a commutative ring, let A be a flat noetherian K-algebra,
and let a C A be an ideal. Assume further that at least one of the following holds:

(1) The ring K is an absolutely flat ring (e.g., a field).
(2) The ring A/a is essentially of finite type over K.
(3) Theideal I .= a®k A+ ARk aC ARk A is weakly proregular.
Set A := Aq(A) and A Qk A := A (A Qk A). Then there are isomorphisms

LAqR Homyg,a (A, —) = RHomag, (A, LA;(—)) =RHom,z , (A, LA;(-))

of functors
D(Mod A ®k A) — D(Mod A).

Proof. If K is absolutely flat, then I is weakly proregular by Proposition 2.1, while if
A/a is essentially of finite type over K, then I is weakly proregular by Theorem 2.6.
Since the image of I in A is equal to a, and since A being noetherian implies that
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a is weakly proregular, given M € D(Mod A ®g A), by Corollary 3.12, there is a
functorial isomorphism

LAR Homyg, (A, M) = RHomag, 4(A, LA;(M)).

Note that, considered as an (A ®k A)-module, the /-adic completion of A is equal
to A. Hence, we may apply Corollary 3.11, and deduce that there is a functorial
isomorphism

R Homag, 4 (A, LA7(M)) =RHom,g, ,(A, LA;(M))

in D(Mod A). This proves the result. U

The next lemma might seem trivial at first glance. However, the possible lack of
flatness of the completion map makes it a little more difficult.

Lemma 4.2. Let A be a commutative ring, and let a C A be a weakly proregular
ideal. Assume that A == Aq(A) is noetherian, and let M € Mod A be an a-adically
complete A-module. Let

Rest;, . : D(Mod A) — D(Mod A)
be the forgetful functor. Then there is a functorial isomorphism
LAq(Resty, ,(M)) =Rest; (M)
in D(Mod A), and a functorial isomorphism
LAq(Resty, (M) = M

in D(Mod A).

Proof. Let a be a finite sequence that generates a, and let @ be its image in A. Since
A is noetherian and M is a-adically complete, it follows from [Porta et al. 2015,
Theorem 1.21] that M is cohomologically aA—adically complete, so there is an
isomorphism

M =R Hom j(Tel(A; &), M).

~

The base change property of the telescope complex implies that Tel(A; a) ® 4 A
Tel(A; a). Using this fact and the hom-tensor adjunction, we deduce that

Rest;, , (M) = RHomy (Tel(4; a), Rest; , (M),
so that
LAq(Rest, ,(M)) =Resty ,(M).

Note that

Rest;,, (LAq(Rest;,,(M))) = LAg(Resty, (M) = Rest ,(M).
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Hence, the complex of A-modules
LAq(Rest g, (M))

is concentrated in degree 0. Letting P — Rest /A (M) be a projective resolution,
we deduce that the map

Aqd(P) —> f\a(RestA/A (M) =M
is an A-linear quasiisomorphism, so the result follows from the fact that
L[\a(RestA/A(M)) >~ Aq(P). O

Using this lemma, and as a first corollary of Theorem 4.1, we obtain the next
result which reduces the problem of computing the Hochschild cohomology of an
adically complete ring to a problem over noetherian rings.

Corollary 4.3. Let Kk be a commutative ring, and let A be a flat noetherian K-algebra.
Assume a C A is an ideal such that A is a-adically complete, and such that
A/a is essentially of finite type over K. Let I = a Qc A + A Qk a, and set
ARk A = A (A ®k A). Then for any M € Mod A ®x A which is I-adically
complete (for example, any a-adically complete A-module, or, more particularly,
any finitely generated A-module), there is a functorial isomorphism

RHomyg, 4 (A, M) = RHomyg 4(A, M)
in D(Mod A), and the ring A ®k A is noetherian.
Proof. That A&k A is noetherian follows from the fact that (A®KA) /I = A/a®@kA/a

A

is noetherian, and / is finitely generated. Since A = A, according to Theorem 4.1,
there is a functorial isomorphism

RHomyg,a(A, LA (M)) =RHomyg 4(A, LA;(M)).
By Lemma 4.2, we have
LA;(M)ZM in D(Mod A ® A)

and
LA;(M)ZM in D(Mod A &k A).

Using these two facts, we obtain the functorial isomorphism
RHomaga(A, M) =RHom,g 4(A, M). O

Remark 4.4. In [Buchweitz and Flenner 2006, Section 3, page 113], the authors
defined the analytic Hochschild cohomology and discussed its relation to ordinary
Hochschild cohomology. The setup there is as follows: (A, m4) and (B, mp) are
two complete noetherian local rings, and there is a flat local map A — B such that
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the induced map A/my4 — B/mgp is an isomorphism. In this situation, the authors
defined the analytic bar resolution B by replacing B®4 with its completion with
respect to the maximal ideal ker(B®4 — B/mp) in the ordinary bar resolution.
Using this complex, the authors defined the analytic Hochschild cohomology by

HH"(B/A, M) := H" Homyg 5B, M),
observed that there is a canonical map
HH"(B/A, M) — HH"(B/A, M),

and asked if these modules are isomorphic. Using Corollary 4.3 and the results
of [Buchweitz and Flenner 2006], we may now obtain a positive answer to this
question:

Corollary 4.5. Let (A, ma) — (B, mp) be a flat local homomorphism of complete
noetherian local rings such that the induced map of residue fields A/my — B/mp
is an isomorphism. Then for any mpg-adically complete B-module M (in particular,
for any finitely generated B-module M), there is a natural B-module isomorphism

HH"(B/A, M) = HH"(B/A, M).

Proof. Note that M is ker(B ® 4 B — B/mp)-adically complete, so by [Buchweitz
and Flenner 2006, Proposition 3.1], the natural map

HH"(B/A, M) — Exthyg p(B, M)

is an isomorphism. Similarly, by [Buchweitz and Flenner 2006, Proposition 3.2],
the natural map

HH"(B/A, M) — Ext’;@B(B, M)
is an isomorphism. Finally, by Corollary 4.3, there is a natural isomorphism

Ext’é@)AB(B, M) = Ext’l‘géAB(B, M),
so the result follows. O

Our next goal is to give the complex appearing in Theorem 4.1 a description in
terms of the Hochschild complex of the ring A. First we need a lemma.

Lemma 4.6. Let K be a commutative ring, let A be a flat noetherian K-algebra, and
let a C A be an ideal. Let

I'=a@kA+AQaC ARKA,
leta:=a- - As(A), and let

J=a@kA+AQa=1-(A®cA) C A®A.
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Iftgy 1 A— A is the completion map, then the ring map
Ar(ta @ ta) : Af(A®K A) = A (A A)
is an isomorphism.

Proof. Notice that for each n we have

n

In_} :ai®an—i

- k)
i=0

where we have set a° = A. Hence,
0" @A+ AQa™” C 1" Ca" QA+ AR®kd".

It follows that the two sequences of ideals {/"} and {a" ®x A + A ®k a"*} are cofinal
in each other, so that

lim(A ®k A)/I" Z1im(A @k A)/(a" @k A+ Ak a") =lim A/a" @k A/a".

Since A is noetherian, A is flat over A, so it is also flat over k. Hence, in the exact
same manner,

lim(A @k A)/J" =1im A/(&)" @k A/@)".

Hence, the result follows from the fact that A /(@)" = A/a", and from the observation
that the maps A (74 ®k t4) and

lim((ta @k 74)/ (0" @k A + A @k a"))
are equal. U

Remark 4.7. In the notation of the above lemma, note that composing the comple-
tion map

A®KA > Aj(A®KA)
with the isomorphism
Aj(A®KA) — Aj(AQKA)

we obtain a ring map
A®kA — Aj(A®K A).

Using this map, given M € Mod(A ®k A), we will be able to regard
Ay (M) € Mod(A[(A ® A))

as an (A ®x A)-module which is J-adically complete.
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We may now refine Theorem 4.1, and present the derived completion of the
Hochschild cohomology complex as a Hochschild cohomology complex over the
completion:

Theorem 4.8. Let K be a commutative ring, and let A be a flat noetherian K-algebra
such that A ®k A is noetherian. Let a C A be an ideal, and let M be a finitely
generated (A @ A)-module. Set

I =aQkA+ARkaC AQKA.
Then there is a functorial isomorphism
LAq(RHomyg, (A, M)) = RHom;, (A, M)

in D(Mod A), where A := Aq(A) and M := A;(M).
Proof. Set A®y A := A;(A ® A). By assumption, A ® A is noetherian, so I is
weakly proregular. According to Theorem 4.1, there is a functorial isomorphism
LAq(RHomug (A, M)) =RHom,g ,(A, LA;(M)). (4.9)
Because A ®k A is noetherian and M is a finitely generated module, it follows that
LA (M) Aj(M)=M
in D(Mod A ®k A). Hence, by Lemma 4.6, there is a functorial isomorphism

RHom g, 4(A, M) =RHom g, ;(A, M) (4.10)

in DOMod A). Leta:=a-A C A. Since A is noetherian, the map A — A is
flat, so the map AQA— A Bk A is also flat. Hence, by Remark 2.2, the ideal
Ji=1 (A®cA) =aQuA+A®xais weakly proregular.

Because A ®k A is noetherian, its completlon A7(A®k A) is also noetherian, so,
again by Lemma 4.6, the rlng Ay (A Rk A) is noetherian. Hence, by Lemma 4.2,
LAJ(M) = LAJ(M) ~ M. Applying Theorem 4.1 to the ring A we have a
functorial isomorphism

RHomA®kA(A, LA (M)) = RHomA®kA(A, LA, (M)).

Composing this isomorphism with the isomorphisms of (4.9) and (4.10), we obtain
the result. U

Our final goal in this section is to show that when taking cohomology in the
above theorem, derived completion may be replaced with ordinary completion. The
next simple lemma is needed for the proof of Proposition 4.12.
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Lemma 4.11. Let A be a noetherian ring, let P be a bounded complex of free
A-modules, and let M be a finitely generated A-module. Then the canonical map

Homu (P, A) ®4 M — Homu (P, M)

is an isomorphism of complexes.

Proof. Tt is enough to show this in the case where P is a single free A-module. In
that case, note that Homy4 (P, A) is a direct product of copies of A, and since A is
noetherian this is a flat A-module. Thus, both of the functors Hom (P, A) ® 4 —
and Hom4 (P, —) are exact, and if M is a finitely generated free A-module, then the
canonical map Homy (P, A) ®4 M — Homu (P, M) is obviously an isomorphism.
Hence, the result of the lemma follows from the standard finite presentation trick. [J

In the case where M is bounded above, the next proposition is [Frankild 2003,
Proposition 2.7]. We, however, wish to apply this result to the Hochschild complex
which is bounded below, so we give a proof that works for complexes without any
boundedness condition.

Proposition 4.12. Let A be a noetherian ring, and let a C A be an ideal. Then
there is an isomorphism
LAJM) =A@ M

of functors
D¢(Mod A) - D(Mod A).

Proof. There is a sequence of morphisms of functors
A ®4 M = Homy (Tel(A; a), A) @4 M — Homy (Tel(A; a), M) ELA(M).

Because A is assumed to be noetherian, A is flat over A. Hence, both LA,(—)
and — ®,4 A are functors of finite cohomological dimension. Thus, by [Hartshorne
1966, Proposition 1.7.1], it is enough to show that the above morphism is an
isomorphism in the case where M is a finitely generated A-module, and this follows
from Lemma 4.11. O

Here is the result promised in the title of this paper:

Theorem 4.13. Let K be a commutative ring, and let A be a flat noetherian
k-algebra such that A ®k A is noetherian. Let a C A be an ideal, and let M
be a finitely generated (A @ A)-module. Then for any n € N, there is a functorial
isomorphism

Aq(Exthg, 4 (A, M)) = Ext’é@kA(A, M).

If, moreover, either

(1) kis afield, or
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(2) A is projective over K, a is a maximal ideal, and M is a finitely generated
A-module,

then there is also a functorial isomorphism
Aq(HH"(A/K, M)) = HH"(A/K, M).
Proof. The assumptions of the theorem ensure that
RHomyg, 4 (A, M) € Di(Mod A),
so since A is noetherian, we have a functorial isomorphism
Aa(Ext’}@kA(A, M)) = A®y H"(RHomyg, (A, M)).

Flatness of A over A implies (for example, by [Porta et al. 2014b, Corollary 2.12])
that there is a natural isomorphism

A® H"(RHomug, 4 (A, M)) = H"(A ®4 R Homg, (A, M)).

Hence, by Proposition 4.12, it is enough to compute the n-th cohomology of the
complex

LAq(RHomyg, A(A, M)).
Letting
Rest , : D(Mod A) — D(Mod A)

be the forgetful functor, the above complex is equal to
Rest ;. oLAq(RHomug, 4 (A, M)).
By Theorem 4.8, there is a functorial isomorphism
LA.R Homyg, 4 (A, M) =RHom , ;(A, M)

in D(Mod A), so applying the forgetful functor we obtain an A-linear natural
isomorphism
Aq(Ext)g, 4 (A, M)) = Ext’, e A(A M).

(Actually, any A-linear map between A-modules is automatically A-linear, so this
isomorphism is even an isomorphism of A-modules.) This establishes the first claim
of the theorem. If K is a field then the second claim obviously follows from the first
one. Assume now that A is projective over K, that a is a maximal ideal, and that M
is a ﬁnltely generated A-module. Let qb be the composition of the dlagonal map
A®y A — A with the map A— A/aA Then m = ker(¢p) C A ®x A is a maximal
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ideal, and the image of m in Ais equal to aA. Hence M is m-adically complete, so
by [Buchweitz and Flenner 2006, Proposition 3.1] the canonical map

ne A Y n A
HH"(A/k, M) — ExtA®kA(A, M)
is an isomorphism. This proves the second claim. (]

The above result allows us to compute the Hochschild cohomology of power
series rings, which is new as far as we know.

Example 4.14. Let Kk be a noetherian ring. Let A =K[xy, ..., x,], a=(xq, ..., X,),
and M = A. Note that A is projective over Kk, and that A (A) = K[[xy, ..., x,].
Hence, by the above theorem, we have

Ext} i (A, A) = Aq(HH' (Klx, ... x /K Klxr, o).
By the Hochschild—Kostant—Rosenberg theorem, the right-hand side is equal to
A AT (KLx1 -],
so we have an isomorphism

Exty, (A A Z A KEx, . oxl).

If, moreover, K is a field, we obtain that
HHl(k[[.Xl, ceey xl’l]]/kv k[[xlv ceey xn]]) ; /\l(k[[xlﬂ ceey xn]]n)-
We remark that one can also use Corollary 4.3 to make this calculation.

Example 4.15. Let A be a noetherian ring, and let a C A be an ideal. Then, by
Theorem 4.8, we have

RHom g, :(A, A) ZLA,RHoma(A, A) = A.
Assume now that a is a maximal ideal. Then, by Theorem 4.13,
HH"(A/A, A) =0

for all n # 0, and HHO(A /A, A) = A. Specializing to the case where A = Z, and
a = (p) for some prime number p, we have computed the absolute Hochschild
cohomology of the ring of p-adic integers Z,.

Remark 4.16. The above examples are both particular cases of an adic Hochschild—
Kostant—Rosenberg theorem which applies for any formally smooth adic alge-
bra A such that A/a is essentially of finite type over k. This can be shown
using Corollary 4.3 and by studying the local structure of the completed diagonal
ker(A ®k A — A). A full proof of this will appear elsewhere.
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5. Hochschild homology and derived torsion

In this short and final section we discuss relations between Hochschild homology
and the derived torsion functor.

Theorem 5.1. Let K be a commutative ring, let A be a flat noetherian K-algebra,
and let a C A be an ideal. Assume further that at least one of the following holds:

(1) The ring K is an absolutely flat ring (e.g., a field).
(2) A/ais essentially of finite type over K.
(3) Theideal I :==aQ®k A+ ARka ARk A is weakly proregular.

Set A = Aa(A) and A Qk A := Aj(A ®x A). Then there are isomorphisms
RIG(A®Y9 4 —) EA®Y g A RII(-)ZA ®';‘®kA RI(—)
of functors
D(Mod A ®k A) — D(Mod A).

Proof. As in the proof of Theorem 4.1, the first two conditions imply the third one,
so we may assume / is weakly proregular. The first isomorphism then follows from
Corollary 3.14, while the second isomorphism follows from Corollary 3.13.  [J

Remark 5.2. In view of Theorem 4.13, it is natural to ask if Hochschild homology
also commutes with adic completion. Here, the answer is false, even in simple
situations. Indeed, let K be a field of characteristic 0, let A = K[x], and let a = (x).
Then

HH;(A/k, A) = A,

s0 that Aq(HH; (A /K, A)) = K[[x]. On the other hand, HH, (A/k, A) = Q) 1 is
an infinitely generated K[[x]-module.

Remark 5.3. As an alternative to the badly behaved Hochschild homology of
commutative adic algebras, Hiibl [1989] developed a theory of adic Hochschild
homology by studying the cohomologies of the functor

L

A O pdren

As our Corollary 4.3 shows, in the case of Hochschild cohomology, usual Hochschild
cohomology coincides with adic Hochschild cohomology, but by the previous
remark we see that for Hochschild homology this is not the case.
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Bifurcations, intersections, and heights

Laura DeMarco

We prove the equivalence of dynamical stability, preperiodicity, and canonical
height 0, for algebraic families of rational maps f; : P'(C) — P!(C), param-
eterized by ¢ in a quasiprojective complex variety. We use this to prove one
implication in the if-and-only-if statement of a certain conjecture on unlikely
intersections in the moduli space of rational maps (see “Special curves and
postcritically finite polynomials”, Forum Math. Pi 1 (2013), e3). We present the
conjecture here in a more general form.

1. Introduction

Let f: V x PI(C) — P!(C) be an algebraic family of rational maps of degree
d > 2. That is, V is an irreducible quasiprojective complex variety, and f is a
morphism such that f; := f(¢,-) : P! — P! has degree d for all t € V. Fix a
morphisma : V — P! which we view as a marked point on P!. When V is a curve,
we will alternatively view f as a rational function defined over the function field
k = C(V), with a € P! (k). In this article, we study the relation between dynamical
stability of the pair (f, a), preperiodicity of the point a, and the canonical height
of a (defined over the field k). In the final section, we present the general form of a
conjecture on density of “special points” in this setting of dynamics on P! (which
includes as a special case some known statements about points on elliptic curves) —
see Conjecture 6.1; compare [Baker and DeMarco 2013, Conjecture 1.10]. We
finish the article with the proof of one part of the conjecture, as an application of
this study of stability in algebraic families.

Stability. The pair (f, a) is said to be stable if the sequence of iterates

{t &> f'@@®)}n=

forms a normal family on V. (Recall that a family of holomorphic maps is normal
if it is precompact in the topology of uniform convergence on compact subsets; i.e.,
any sequence contains a locally uniformly convergent subsequence.) The pair (f, a)
is preperiodic if there exist integers m > n > 0 such that f"(a(¢)) = f/"(a(t)) for

MSC2010: primary 37P30; secondary 37F45, 11GO05.
Keywords: dynamics of rational maps, canonical height, stability.
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all t € V. The pair (f, a) is isotrivial if there exists a branched cover W — V
and an algebraic family of M&bius transformations M : W x P! — P! such that
M;o fyoM; ' : P = P and M,(a(r)) € P! are independent of 7.

It is immediate from the definitions that either preperiodicity or isotriviality will
imply stability. In this article, we prove the converse:

Theorem 1.1. Let f be an algebraic family of rational maps of degree d > 2, and
let a be a marked point. Suppose ( f, a) is stable. Then either (f, a) is isotrivial or
it is preperiodic.

This is a generalization of [Dujardin and Favre 2008, Theorem 2.5], which itself
extends [McMullen 1987, Theorem 2.2], treating the case where a is a critical
point of f. In the study of complex dynamics, it is well known that a holomorphic
family f : X x P! — P!, for X any complex manifold, is dynamically stable if
and only if the pair (f, ¢) is stable for all critical points ¢ of f [Lyubich 1983;
Mafié et al. 1983; McMullen 1994, Chapter 4]. For nonisotrivial algebraic families
f:V xP! - P!, McMullen [1987, Lemma 2.1] proved that dynamical stability
on all of V implies that all critical points are preperiodic. Combining this with
Thurston’s rigidity theorem, he concluded that a nonisotrivial stable family must be
a family of flexible Lattés maps (i.e., covered by an endomorphism of a nonisotrivial
family of elliptic curves).

Canonical height. One step in the proof of Theorem 1.1 provides an elementary
geometric proof of Baker’s theorem [2009, Theorem 1.6] on the finiteness of rational
points with small height, for the canonical height h + associated to the function field
C(V), when the variety V has dimension 1. In fact, we obtain his statement under
the weaker hypothesis that f is not isotrivial over k = C(V) (rather than assuming
f is nonisotrivial over any extension of k); see [Baker 2009, Remark 1.7(i)]. The
map f is isotrivial over k = C(V) if there exists an algebraic family of Mobius
transformations M : V x P! — P! such that M, o f, o M;"! is independent of ¢.

Theorem 1.2. Suppose f is a rational function defined over the function field
k = C(V), of degree > 2, and assume that V has dimension 1. Let iAzf be the
canonical height of f. If f is not isotrivial over k, then there exists a b > 0
such that the set {a € P' (k) : fzf (a) < b} is finite.

Remark 1.3. Theorem 1.2 contains as a special case the corresponding result
about rational points on an elliptic curve E over k, equipped with the Néron—
Tate height, generally attributed to Lang and Néron [1959]; see [Silverman 1994,
Theorem II1.5.4] for a proof. It was a step in proving the Mordell-Weil theorem
for function fields. (To treat this case, we project E to P! and let f be the rational
function induced by multiplication-by-2 on E.) In this setting, one can say more:
the set of points in P! (k) with height < b that lift to rational points in E (k) is
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finite for all b > 0; see [Baker 2009, Theorem B.9], where this is deduced from the
conclusion of Theorem 1.2.

The canonical height fzf was introduced in [Call and Silverman 1993], and it
satisfies fzf( f(a)) = dfzf (a) when f has degree d. So Theorem 1.2 implies that
rational points of height 0 are preperiodic unless f is isotrivial over k. This was
proved for polynomials f in [Benedetto 2005]. When k is a number field, this was
observed in [Call and Silverman 1993], and the conclusion of Theorem 1.2 holds
for all b > 0. In the function field setting, the conclusion of Theorem 1.2 cannot
hold for all b > 0, since, for example, the union of all constant points a € P! (©
will form an infinite set of bounded canonical height for any f. On page 1040, we
provide explicit examples of functions f for which we compute the sharp bound b
and the total number of rational preperiodic points. Also, note that examples do
exist of rational functions f € k(z) that are isotrivial but not isotrivial over k = C(V).
A necessary condition is a nontrivial automorphism group of f; see Example 2.2.

Combining Theorem 1.1 with Theorem 1.2, we have:

Theorem 1.4. Suppose f : V x P! — P! is a nonisotrivial algebraic family of
rational maps, where V has dimension 1. Let hy : Pl (k) — R be a canonical height

of f, defined over the function field k = C(V). For each a € P'(k), the following
are equivalent:

(1) The pair (f, a) is stable.
2) hy(a) =0.
) (f, a) is preperiodic.
Moreover, the set {a € P' (k) : (f, a) is stable} is finite.

Application to intersection theory. Combining Theorem 1.1 with Montel’s theorem
on normal families, we obtain another argument for the “easy” implication of the
Masser—Zannier theorems [2010; 2012] on anomalous torsion for elliptic curves.

Proposition 1.5. Suppose that E is any nonisotrivial elliptic curve defined over a
Sfunction field k = C(V), where V has dimension 1, and let P be a point of E (k).
Then the set of t € V for which the point P, is torsion on E, is infinite.

The harder part of the Masser—Zannier theorems is the following statement: if
two points P and Q in E (k) are independent on E and neither is torsion, meaning
that they do not satisfy a relation of the form m P +n Q = 0 with integers m and n
not both zero, then the set of r € V for which P, and Q, are both torsion on E,
is finite. (In [DeMarco et al. 2016], we gave a dynamical proof of this harder
implication for the Legendre family E;.)

The theorems of [Masser and Zannier 2012], followed by a series of analogous
results in the dynamical setting (e.g., [Baker and DeMarco 2011; Ghioca et al.
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2013; 2015; DeMarco et al. 2015]), led to the development of a general conjecture
about rational maps and marked points — addressing a question first posed by
Umberto Zannier, but also encompassing a case of intrinsic dynamical interest,
where the marked points are the critical points of the map. A precise statement of
this conjecture appears as Conjecture 6.1 in Section 6. In [Baker and DeMarco
2013], we formulated the conjecture in the setting of marked critical points; an
error in one of our definitions is corrected here (Remark 6.3). In this article, we
use Theorem 1.1 to give a proof of one implication of the more general statement
of Conjecture 6.1. This implication reduces to proving the following statement.

Every algebraic family f : V x P! — P! induces a (regular) projection V — My
from the parameter space to the moduli space M, of conformal conjugacy classes
of maps. We say the family f has dimension N in moduli if the image of V under
this projection has dimension N in M. Since V is irreducible, f has dimension 0
in moduli if and only if f is isotrivial.

Theorem 1.6. Let f : V x P! — P! be an algebraic family of rational maps of
degree d > 2, of dimension N > 0 in moduli. Let ay, ..., ay, with k < N, be any
marked points. Then the set

k
S(ay,...,ar) = ﬂ {t € V :a;(t) is preperiodic for f;}
i=1
is Zariski-dense in V.

Remark 1.7. Conjecture 6.1 asserts that the set S(ay, ..., a;) with k > N will be
Zariski-dense if and only if at most N of the points ay, ..., a; are dynamically
“independent” on V.

Idea of the proof of Theorem 1.1. The proofs of [McMullen 1987, Theorem 2.2]
and [Dujardin and Favre 2008, Theorem 2.5] use crucially that the point is critical.
The first ingredient of our proof is similar to their proofs, building upon the fact
that there are only finitely many nonconstant morphisms from a quasiprojective
algebraic curve V to P!\ {0, 1, oo}. This leads to the proof of Theorem 1.2. As a
special case of Theorem 1.2, we have:

Proposition 1.8. Let f : V x P! — P! be an algebraic family of rational maps of
degree d > 2, and assume that V has complex dimension 1. Fix a marked point
a:V — P and define g, : V. — P! by g,(t) = fa@)). If f is not isotrivial, and
if the degrees of {gn} are bounded, then there exist integers m > n > 0 such that

f"a@) = f"(a(t)) forallteV.

Remark 1.9. If f is isotrivial, then the degrees of g,(t) = f/"(a(t)) are bounded
if and only if the pair (f, a) is isotrivial. (See Proposition 2.3.)
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For Theorem 1.1, it suffices to treat the case where V has complex dimension 1
and so is a finitely punctured Riemann surface. Then each g, () = f/" (a(t)) extends
to a holomorphic map on the compactification of V. In light of Proposition 1.8, it
remains to prove that stability on V implies the degrees of {g,} are bounded.

The second ingredient of the proof is a study of normality and escape rates near
the punctures of V. The arguments given in Section 3 are inspired by the methods
of [DeMarco et al. 2015] and [DeMarco et al. 2016].

From a geometric point of view, the idea to show that the degrees of {g,} are
bounded is as follows. Let X denote (the normalization of) a compactification
of V. Under iteration, one would typically expect that deg g, ~ d deg g,—1, where
d = deg f. Viewing g, as a curve in X x P! (by identifying the function with its
graph), the expected degree growth fails when the graph of g, passes through the
indeterminacy points of (¢, z) — (¢, f;(z)) and thus its image contains “vertical
components” over the punctures of V. Lemma 3.3 shows that the multiplicity of
the vertical component in the image of any curve is uniformly bounded by some
integer g. On the other hand, normality on V implies that the graphs of g, are
converging over compact subsets of V. Therefore, if deg g, — oo, the graph of g,
must be fluctuating wildly near the punctures of V when # is large (Lemma 4.1).
But this fluctuation is controlled by Proposition 3.1.

2. Isotriviality and Theorem 1.2

Throughout this section, we assume that V is an irreducible quasiprojective complex
variety of dimension 1; i.e., V is obtained from a compact Riemann surface by
removing finitely many points. Let f : V x[P! — P! be an algebraic family of rational
maps of degree d > 2. We prove Theorem 1.2. We also prove Proposition 2.3, to
provide a characterization of isotriviality which is used in the proof of Theorem 1.1;
it is not needed for the proof of Theorem 1.2.

Isotrivial maps. By definition, f is isotrivial if there exists a family {M,} of Mobius
transformations, regular over a branched cover p : W — V, such that M; o f,;yo M, !
is constant in 7. For a marked point a : V — P, the pair (£, a) is isotrivial if, in
addition, the function M,(a(p(t))) is constant on W. (Note that this is well defined,
even if the family M; is not uniquely determined.) The map f (or the pair (f, a))
is isotrivial over k = C(V) if M can be chosen to be an algebraic family that is
regular on V.

Lemma 2.1. Let V have dimension 1. If (f, a) is isotrivial, and if {a, f(a), f*(a)}
is a set of three distinct functions on V, then (f, a) is isotrivial over k.

Proof. Suppose (f, a) is isotrivial. Let M : W x P! — P! be an algebraic family
of Mobius transformations, with branched cover p : W — V, such that R =
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My o fyawy o My : P! — P! and b = M,,(a(p(w))) are independent of w € W.
By removing finitely many points from V, we may assume that p: W — Visa
covering map.

Fix a basepoint #o € V and choose a point wy € p~!(fy). The choices of basepoint
determine a representation

pp (Vo) = Aut(fy,) C PSLy(C)

that is trivial if and only if ( f, a) is isotrivial over k. Indeed, choose any y e 1 (V, tg)
and let n : [0, 1] — W be a lift of y with n(0) = wy. Write w, for n(¢). Then the
equality f,wy) = fp(w) = fi, and isotriviality imply that My, f;, My, ' = My, fiu M, !,
s0 pr(y) =M, ' M, is an automorphism of f; . The triviality of Py is equivalent
to the statement that M,,, = M,,, for all such paths, so that M descends to a regular
map M :V x P! — P,

Now choose the basepoint # so that {a(to), f,(a(t)), ftﬁ (a(tp))} are three dis-
tinct points in P!. Fix any y € m(V, t9). For each n > 0, we have

P (fi(alto))) = fi(ps(¥)(alto))) = fi My My, (a(p(wp)))
= 1M, (b) = f(a(p(w)) = [ (a(tp)),

so the full orbit of a(fy) under f;, lies in the fixed set of ,of(y). By the assumption
on a we deduce that pf(y) is the identity. Therefore, ( f, a) is isotrivial over k. [J

Example 2.2. Consider the rational function f(z) =z+1/z or the cubic polynomial
Pi(z) = z° — 3z. Both of these functions have z — —z as an automorphism.
Conjugating by M;(z) = tz and setting s = ¢, we see that the families

£ @) =z+é and Py(z) =57’ — 3z

are isotrivial over a degree-2 extension of k = C(s). On the other hand, neither
f nor P is isotrivial over k. This can be seen by computing the critical points
(= £+/1/s in both examples), and observing that the critical points are interchanged
by a nontrivial loop in V = C\ {0}.

Proposition 2.3. Suppose V has dimension 1 and f is isotrivial. Leta : V — P!
be any marked point. The following are equivalent:

(1) The pair (f, a) is isotrivial.

(2) The pair (f, a) is stable.

(3) The degrees of g,(t) = f/'(a(t)) are bounded.

Proof. Since f is isotrivial, there exist a finite branched cover p : W — V, an alge-
braic family of Mobius transformations M : W x P! — P! and amap R : P! — P!
such that M; o f,() oM,_1 =R forallt € W. Sets = p(¢).
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If the pair (f, a) is isotrivial, then b = M,(a(s)) is also independent of ¢, so
the degrees of g,(t) = f]'(a(s)) = Mfl(R”(b)) are clearly bounded. Thus (1)
implies (3). In addition, note that any sequence in the set {R"(b)},>1 C P! has a
convergent subsequence. This implies the normality of {M,” l(R” b)}n=1on W
which in turn implies the normality of { f/"(a(t))}, on V. Thus (1) implies (2).

Now suppose that (f, @) is not isotrivial, so that b(#) = M;(a(s)) is nonconstant
on W. We observe first that the degrees of {g,} must be unbounded, showing that
(3) implies (1). Indeed, since b is nonconstant, it extends to a surjective map of
finite degree from a compactification W to P!. Choose any point zo € P! which is
nonexceptional for R, that is, such that the set of preimages R™"(zp) is growing in
cardinality as n — oo. For any D > 0, choose 7 so that the size of the set R ™" (zg)
is larger than D. Then there is a set P C W of cardinality | P| > D such that b(t)
is in R™"(zp) for all r € P. Then R"(b(t)) = zo for all t € P. Taking D as large
as desired, this shows that the degrees of {t — R"(b(t))}, are unbounded. This in
turn implies that the degrees of g, (t) = Mt_] (R"™(b(t))) are unbounded.

Continuing to assume that ( f, @) is not isotrivial, we also see that b(t) = M, (a(s))
has only finitely many critical points in W and the image b(W) omits at most finitely
many points in P!, The map R has infinitely many repelling cycles in its Julia set,
so there must exist a #y € W such that b’ (fy) # 0 and b(t) is a repelling periodic
point of R for all + € P. It follows that the sequence of derivatives z)a_an (b(1))r=t,
is unbounded; so the sequence {R"(b(t)) = M;(f,'(a(s)))}, cannot be a normal
family on all of W. Therefore, {g,}, also fails to be normal, and so we have proved
that (2) implies (1). O

Finiteness of nonconstant maps. As in the proofs of Theorem 2.2 (and specifically
Proposition 4.3) in [McMullen 1987] and of Theorem 2.5 in [Dujardin and Favre
2008], we will need the following statement for our proof of Theorem 1.2.

Lemma 2.4. Let A be any quasiprojective, complex algebraic curve. There are
only finitely many nonconstant holomorphic maps from A to the triply punctured
sphere P\ {0, 1, 00}. The bound depends only on the Euler characteristic x (A).

Proof. Any holomorphic map 4 : A — P!\ {0, 1, oo} extends to a meromorphic
function on a (smooth) compactification X of A. From Riemann-Hurwitz, the
degree of & is bounded by the Euler characteristic —y (A). Any meromorphic
function on X is determined by its zeros, poles, and ones; indeed, the ratio of two
functions A and &, with the same zeros and poles must be constant on X, and if
h1(x) =1 = hy(x) for some x, then h; = h,. Thus, there are only finitely many
combinatorial possibilities for /. (I

Proof of Theorem 1.2. Let d =deg f > 2. The canonical height h r(a) computes
the growth rate of the degrees of t = f;"(a(t)) as n — oo. Precisely, each a € P! (k)
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determines a meromorphic function W — P! on a branched cover Pa W=V,
where the topological degree of p, coincides with the algebraic degree of the field
extension k(a) over k. The canonical height is computed as

lim L deg g,

hf(a) = deg pa N—> 00 dn

for the maps g, : W — P! defined by g, (s) = fp'i (s)(@(s)). This height function fzf
is characterized by two conditions [Call and Silverman 1993, Theorem 1.1]:

(1) The difference |ﬁ r(a) —dega/deg p,| is uniformly bounded on P(k).
(2) hy(f(a)) =dhs(a) for all a € P' (k).

In particular, the degrees of {g,} are growing to infinity if and only if the canonical
height of a is positive.
Suppose there is a sequence of rational points a,, € P!(k), m > 1, such that

1> hy(am) — 0

as m — oo. For each point a € P!(k), the length of the orbit of a is defined to be
the cardinality of the set { f"(a) : n > 0} in P! (k). Suppose further that only finitely
many of the a,, have infinite orbit, and that the finite orbit lengths are uniformly
bounded. In this case, all but finitely many of the a,, satisfy a finite number of
equations of the form f"(a) = f “(a) with n # ¢; thus the set {a,,} will be finite. If
this holds for any such sequence, then the theorem is proved.

We can assume, therefore, that the orbit lengths of the a,, are tending to infinity
with m or are equal to infinity for all m.

From property (1) of the height function, there exists a degree D such that
dega > D with a € P! (k) implies fzf (a) > 1. For each m, choose an integer N,, >0
so that the orbit of a,, has length greater than N,, and so that

deg f'(an) < D

for all i < N,,. Property (2) of the height function and the condition h r(am) — 0
imply that we may take N,, — oo as m — oo. We will deduce that f must be
isotrivial over k.

Suppose now that f; has at least three distinct fixed points for general ¢ € V.
Remove the finitely many parameters in V where these three fixed points have
collisions. Then there exists a branched cover p : W — V and an algebraic family
of Mébius transformations M : W x P! — P! such that

Rl = Mt (¢] f})(l) (¢] Ml_l

has its fixed points at 0, 1, oo for all r € W.



Bifurcations, intersections, and heights 1039

Set b, (t) = M,(a,,(p(t))) for each m, so that R (b,,) = M(f'(a,)) for all
iterates. The uniform bound of D on the degrees of |, { f “(ap) :i < Ny} implies
that there is a uniform bound of D’ on the degrees of | J, {R!(by) :i < N,,}. For
each point b,,, we define

m

So.m(n) ={t € W: R} (b (1)) =0},

Stm(n) ={t € W: R} (bn(t)) =1},

Soo,m(”) = {t ew: R?(bm(t)) = OO}
Since {0, 1, oo} are fixed points of R; for all 7, we have

SO,m(n) C SO,m(n +1)
for all m and all n; similarly for Sy ,,(n) and Soo (7). Let
Sm = SO,m(Nm) U Sl,m(Nm) U Soo,m(Nm)-
For each m and each n < N,,, the iterate R"(b,,) determines a holomorphic map
WA S, — P\ {0, 1, o0}

By construction, the degree of R (b,,) is bounded by D’, so we have |S,,| <3D’
for all m. Therefore, there is a uniform bound B (independent of m) on the number
of nonconstant maps from W \ S,, to the triply punctured sphere P!\ {0, 1, oo}
(Lemma 2.4). In other words, for each m, at most B of the first N, iterates of b,,
are nonconstant. Therefore, since N,, — oo, there exists an m such that b,,, has at
least 2d + 2 consecutive iterates that are constant and distinct.

Lemma 2.5. Suppose A and B are rational functions of degree d such that we have
A(x;) = B(x;) for a sequence of 2d + 1 distinct points x1, . .., Xxoq+1. Then A = B.

Proof. By postcomposing A and B with a Mobius transformation, we may assume
that the values A(x;) and B(x;) are finite for each i. Consider the difference
F = A — B. Then F is a rational function of degree < 2d. But F vanishes in at
least 2d + 1 distinct points, so F' = 0. ]

Set x; = R! (bm,) for the consecutive indices i for which x; is constant in . Then
R;(x;) = x; 41 for all t along a set of 2d + 1 distinct points x; € P!(C). Applying
Lemma 2.5, we conclude that the rational function R, of degree d is independent
of . In other words, f is isotrivial.

It remains to show that f is in fact isotrivial over k, but this follows from
Lemma 2.1. Indeed, for the point b,,, in the preceding paragraph, we had x; = R'(b,,,,)
independent of 7. In other words, the pair (f, f° (am,)) is isotrivial. In addition,
the orbit length of f'(a,,) is at least 2d + 1 > 3. Lemma 2.1 states that the pair
(f, f! (am,)) must be isotrivial over k, so f itself is isotrivial over k.
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Finally, suppose that f; has only 1 or 2 fixed points, generally in V. For a
general parameter fy, choose a forward-invariant set of fixed points and preimages,
consisting of at least three distinct points. Pass to a branched cover W — V on which
these points can be marked holomorphically, excluding the finitely many points
where collisions occur. For each of these three points, we define the sets S; ,, (n) as
above. If the i-th point is mapped to the j-th point by f;, then S;(n) C S;(n+1)
for all n. The rest of the proof goes through exactly the same. This completes the
proof of Theorem 1.2.

Two examples: computing canonical height and the number of rational preperi-
odic points. Consider Q,(z) = z% +t, the family of quadratic polynomials. This
family defines a nonisotrivial rational function Q over the function field k = C(z).
There is a unique point in P! (k) with finite orbit for Q, namely the point a = co.
Indeed, writing a(¢) = a,(t)/ax(t) for a € Pl (k) \ {oo}, we can compute explic-
itly that

deg(0(a)) = :2 dega %f dega; > degas,

2dega+1 if dega; <degay.

In both cases, the image Q(a) will satisfy the hypothesis of the first case. Inductively
then, we have deg Q" (a) = 2"~! deg Q(a). Consequently, the largest possible b in
the statement of Theorem 1.2 is b = %, since the set {a e Pl(k): sz(a) = %} is
precisely the constant points a € C, while

[{a e P (k) :hola) < L} =1.
As a second example, consider the family of flexible Lattés maps,

(22 —1)?

L@y = 4z(z—D(z—1)’

defining a nonisotrivial L over the field k = C(¢). This family is the quotient
of the endomorphism P +— P + P on the Legendre family of elliptic curves
E, = {y2 =x(x — 1)(x —t)}. (See also the beginning of Section 5, where this
is discussed further.) For this example, Proposition 1.4 of [DeMarco et al. 2016]
shows there are exactly 4 rational preperiodic points, namely {0, 1, ¢, oo}. We also
explicitly computed the height of any starting point a € P! (k) in Proposition 3.1 of
the same work. The constant points a € C\ {0, 1} form an infinite set of points of
canonical height %, while

{aeP (k) hp(a) < 1} =4

Again, b = % is the largest possible constant in the statement of Theorem 1.2.
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3. Escape rate at a degenerate parameter

In this section, we construct a “good” escape-rate function associated to a pair of
holomorphic maps f : D* x P! — P! and a : D* — P!, on the punctured unit disk
D* ={t € C:0 < |t]| < 1}. The construction follows that of [DeMarco et al. 2015;
2016]. I am indebted to Hexi Ye for his assistance in the proof of Proposition 3.1.

The setting. Throughout this section, we work in homogeneous coordinates on P!,
We assume we are given a family of homogeneous polynomial maps

Ft:([)2—>([:2,

of degree d > 2, parameterized by r e D = {¢ € C: |¢| < 1}, such that the coefficients
of F; are holomorphic in ¢. Each F; is given by a pair of homogeneous polynomials
(P, Q), and we define Res(F;) to be the homogeneous resultant of the polynomials
P, and Q,. Recall that the resultant is a polynomial function of the coefficients
of F;, vanishing if and only if P; and Q, share a root in P!. See [Silverman 2007,
§2.4] for more information. We assume further that Res(F;) =0 if and only if t =0,
and also that at least one coefficient of F{ is nonzero.
We use the norm

2
(21, 22)II = max{|z1|, |z2]} on C~.

The escape-rate function. Let A : D — C?\ {(0, 0)} be any holomorphic map.
Write A, for A(z).

For each n > 0, the iterate F;"(A,) is a pair of holomorphic functions in #; we
define

a, = ordi_o F'(A))

to be the minimum of the order of vanishing of the two coordinate functions at
t =0; so ag = 0 and a, is a nonnegative integer for all n > 1. Set

Fy(t) =17 F['(A)

so that F, is a holomorphic map from D to C?\ {(0, 0)} for each n. Our main goal
in this section is to prove the following statement.

Proposition 3.1. The functions

1
7 log || F ()]
converge locally uniformly on the punctured disk D* to a continuous function G
satisfying

Gn(t) =

G(t) =o(oglt]) ast— 0.
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Remark 3.2. In [DeMarco et al. 2015; 2016], we used explicit expressions for F;
to deduce that the function G was continuous at t = 0 for our examples. It remains
an interesting open question to determine necessary and sufficient conditions for the
functions G,, to converge uniformly to a continuous function G on a neighborhood
of t =0.

Order of vanishing. Let F, and Res(F;) be defined as in page 1041.

Lemma 3.3. Let g =ord,—o Res(F;). There are constants 0 <o <1 < B and § >0

such that IE N
21, <%
|t|q < t\<1, <2

21
forall (z1,z2) € C*\ {(0,0)} and 0 < |t] < 6.

Proof. The statement of Lemma 3.3 is essentially the content of [Baker and Rumely
2010, Lemma 10.1], letting k be the field of Laurent series in ¢, equipped with the
nonarchimedean valuation measuring the order of vanishing at + = 0. But to obtain
our estimate with the Euclidean norm, we work directly with their proof.

By the homogeneity of F;, it suffices to prove the estimate assuming || (z, z2)|| =1
with either z; = 1 or zp = 1. The upper bound is immediate from the presentation
of F, with bounded coefficients on compact subsets of D.

Write F = (Fi(x, y), F2(x, y)). The resultant Res(F') is a nonzero element of
the valuation ring Oy = {z € k : ord;—g z > 0}. From basic properties of the resultant
(e.g., [Silverman 2007, Proposition 2.13]), there exist polynomials g;, g2, k1, hy €
Oklx, y] such that

g1(x, Y)Fi(x, y) + g2(x, y) Fa(x, y) = Res(F)x*™! (3-1)

Sﬂ’

and
hi(x, Y)Fi(x, y) +ha(x, ) Fa(x, y) = Res(F)y*'~!, (3-2)

Setting x = 1, equation (3-1) shows that
min{ord F;(1, z2), ord F»(1,z2)} < ¢
for any choice of z, € Ok. In fact, taking
M =2max{sup{|g1 (1, )| : [1| < 3. || < 1}, sup{lg2(1, »)| : 1] < 3. Iy| < 1}}
we may find ) > 0and 0 < §; < % such that
min{inf{| Fi (1, 22)| : |z2] < 1}, inf{| F2(1, Y)] : |z2] < 1}} = [Res(F)|/M = ay]t]?

for all |¢] < &;.

Similarly, setting y = 1 in equation (3-2), we may define the analogous o and &
to estimate Fi(z1, 1) and F>(z;, 1) for any |z;]| < 1; the conclusion follows by
setting « = min{o;, @} and 6 = min{dy, 62} O
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Proof of Proposition 3.1. 1tis a standard convergence argument in complex dynam-
ics that the functions d ™" log || F/*(A;) || converge locally uniformly in the region
where Res(F;) # 0, exactly as in [Hubbard and Papadopol 1994], [Fornass and
Sibony 1994], or [Branner and Hubbard 1988]. To see that the functions G,, converge
locally uniformly on D*, we must look at the growth of the orders {a,} as n — oco.
From the definition of a,, we have ay = 0 and

ap+1 =da, +ord;— F; (F, (1)) (3-3)

for all n. Hence by Lemma 3.3, noting that z = F,(¢) has norm bounded away from
both 0 and oo as ¢+ — 0, we find that

0<kpy1:=ay41—d-a, <q.

Consequently, the sequence a,/d" =Y _ k; /d' has a finite limit. In particular,
we may conclude that the sequence

dan

1 1
Gn(0) = - log | Fu (D)l = = log 15 (Aol — I

log 7]

converges locally uniformly (to G(¢)) in the punctured unit disk.
To show that G(¢) = o(log |¢|) it suffices to show that, for any ¢ > 0, there is a
constant C and a 6 > 0 such that

|G| < ellog|t]|+C

for all ¢ in the disk of radius 8.
Fix a positive integer N, and define

b, :=ord,— F,"fN(FN (1))
for n > N, so that by =0 and
Ofen-i-l :=bn+1 —d-by, =q

by Lemma 3.3. In particular, we have

n
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Therefore (recalling the constants 0 < « < 1 and § > 0 from Lemma 3.3),
1 by,
Zn10g IE @) + = log 7]
1 _
= log | F N (Ey @)l

dr
n—N

1 1
= Z(d — 10g I F (Fv (D) | = = log | i~ 1(sz(t))||>-i-d— log [[Fy (D)

||le(FN(t))|| 1
= ~ — log || F;

2

1
> Z dlw (log |1|7 +loge) + — log || Fy (1)
i=1

> ¢log|r] +—1og I En ()l +Z—loga
i=N

Let C = sup |log || Fy ()|l /d" | for ¢ in the disk of radius 5. Then

by,
—log I B (O]l >810g|t|—C+Z—10ga—d—log|t| >¢log |t|—C+21:v—logoz
i=N 1

forall |t| <§ and all n > N.
For the reverse estimate, we have

A1 I} (Fy ()]

1 b
d—nlog | B ()| +d—210g|t| = Z e lo
i=1

1
<Z_1Ogﬂ+ log || Fy ()1l

1
: log || F;
IE - (Eyp e+ an eIl

where 8 > 1 is the constant from Lemma 3.3. With the same C as above, we
conclude that

1 b =1 1

T log IR = ——Tloglel+  —logf+C < —eloglrl+ ) —loghp+C
i=N i=N

for all |f| < § and all n > N. Passing to the limit as n — oo, we conclude that

G (t) = o(log|t|) for t near 0. This concludes the proof of Proposition 3.1.

Stability. We now gather some consequences of Proposition 3.1 that will be used
in the proof of Theorem 1.1. Let F; be given as on page 1041, so it induces a
family of rational maps f of degree d, parameterized by the punctured disk D*. Let
a:D—>Pl'bea holomorphic map with a holomorphic lift A : D — C?\ {(0, 0)}.
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We define the functions F, and G, as on page 1041, with
. 1
G@) = lim d—nlog | (@)1

Recall that the pair (f, a) is stable on D* if the sequence of holomorphic functions
{gn(t) := f/"(a(t))} forms a normal family on D*.

Corollary 3.4. Suppose the pair (f, a) is stable on the punctured disk D*. Then
there exists a choice of holomorphic lift A : D — C?\ {(0, 0)} of a such that G = 0.

Proof. Stability of (f, a) on D* implies that G is harmonic where ¢ 7~ O for any
choice of holomorphic lift A of a [DeMarco 2003, Theorem 9.1]. Indeed, take a
subsequence of {g,} that converges uniformly on a small neighborhood U in D* to a
holomorphic map  into P!, Shrinking U if necessary, we may select the norm on C?
so thatlog ||s(-)| is harmonic on a region containing the image 2(U) in P!, where s is
any holomorphic section of C\ {(0, 0)} — P!. Then the corresponding subsequence
of the harmonic functions G, are converging uniformly to a harmonic limit.

Fix a choice of A : D — C? \ {(0, 0)}, and construct the escape-rate function G.
The bound on G from Proposition 3.1 implies that G extends to a harmonic function
on the entire disk. Indeed, by a standard argument in complex analysis, we fix a
small disk of radius r and let & be the unique harmonic function on this disk with
h = G on the boundary circle. For each ¢ > 0, consider

ug(1) = G(t) — h(t) +elog |t

for ¢ in the punctured disk. The function u, extends to an upper-semicontinuous
function, setting u,(0) = —oo, and so u, is subharmonic on the disk because
it satisfies the sub-mean-value property. Thus, u, < ¢logr on the disk by the
maximum principle. Letting ¢ — 0, we deduce that G < h on the punctured disk.
Applying the same reasoning to

ve(t) = h(t) — G() + & log |1

we obtain the reverse inequality, that 2 < G, and therefore, h = G.
The harmonic function G can now be expressed locally as Re n for a holomorphic
function 1 on D). Now replace A; with A; = e " A,. Then

Fl'(A) = e MO F (A,
so the order of vanishing at # =0 is unchanged. We obtain a new escape-rate function
~ 3 1 —an png A 3 1 —ay ,—d"n(t) pn
G(t)=nll)r{>lod—nlog e~ F (AD] =n1ggod710g [t e E (A
1 n
= lim — logle™"" F,(1)]| = G(1) +logle”"| = G(1) = G (1) =0,
n—oo "

completing the proof of the corollary. U
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Lemma 3.5. Suppose that G = 0. The functions {F,(t) =t~ F'(A;)} are uni-
formly bounded in C*\ {(0, 0)} on compact subsets of D*

Proof. Recall that the “usual” escape rate of F; is defined by
o1
Gr,(2) = lim —log | F' (2)]

for z in C2. The local uniform convergence of the limit (on D* x CZ\{(O, 0)}) implies
that Gr,(z) is continuous as a function of (, z); it is proper in z € C? \ {(0, 0)},
since the function satisfies

Gr,(az) = Gf,(z) +log |a]

for all « € C* and all (¢, z). So our desired result follows if we can show that, for
each compact subset K of D¥, there exist constants —oco < ¢ < C < 0o such that
c<Gr(F(1)=C
foralln and all r € K.
Indeed, note that G(¢) = 0 implies that Gg, (A;) = nlog |¢| for
a n .
n=Ilim — = lim -
d" n—oo d!
i=1
as in the proof of Proposition 3.1, with 0 < k; < g for all i. Therefore,
Gr,(Fy (1)) =d"GF,(A;) —ay log |t| = (d"n — ay) log [t|

[o.¢] (o.¢]

= ( 3 dﬁﬂ) log || > (Z %) log z].

i=n+1 i=0

On the other hand, the sequence a,/d" increases to 7, so (d"n — a,) log |t| <0 for
all n and all ¢t € D*; therefore, Gr, (F,(t)) <0 for all # and all n. U

4. Proof of Theorem 1.1

Let f be an algebraic family of rational maps of degree d > 2, parameterized by
the irreducible quasiprojective complex variety V. Let a : V — P! be a marked
point. In this section, we prove Theorem 1.1.

It suffices to prove the theorem when V is one-dimensional. For, if # is any
parameter in V at which a(fy) is not preperiodic, taking any one-dimensional slice
through #y on which (f, a) is not isotrivial, we conclude that (f, a) will not be
stable on this slice. Therefore, the family of iterates cannot be normal on all of V.

If f is isotrivial, then the result follows immediately from Proposition 2.3. If
f is not isotrivial and if the degrees of g,(t) := f/"(a(t)) are bounded, then the
conclusion follows immediately from Proposition 1.8.
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For the rest of the proof, assume that the degrees of {g,} are unbounded. Suppose
also that (f, a) is stable and f is not isotrivial. We will derive a contradiction.

Let C denote the normalization of a compactification of V, so that we may
view f as a family defined over the punctured Riemann surface C \ {x, ..., x,}.
The stability of (f, a) implies that {g,} is normal on V. As such, there exists a
subsequence {g,, } with unbounded degree that converges locally uniformly on V
to a holomorphic function  : V — P!. Note that & might have finite degree or it
may have essential singularities at the punctures x; of V. In either case, we find:

Lemma 4.1. There exists a puncture of V such that, for any neighborhood U of
this puncture, and for any point b € P! (with at most one exception), the cardinality
of 8, Y(b) N U (counted with multiplicities) is unbounded as ny — oo.

Proof. We apply the argument principle. Fix any b € P! such that & # b. Choose
coordinates on P! such that » = 0 and & % oo. Choose a small loop y; around each
puncture x; of V on which & has no zeros or poles.

Consider the integral

_ L[
N =55 /V,h €z

computing the winding number of the loop % o y; around the origin. By uniform
convergence of g,, — h on ¥;» and since gy, is meromorphic, the number N ¥;) is
equal to the difference between the number of zeros and number of poles of g,
inside the circle for all n; sufficiently large. But since deg g,, — oo and the
functions converge uniformly to /& outside these small loops, the actual count of
zeros and poles must be growing to infinity inside one of these circles. U

Fix a puncture x; of V satisfying the condition of Lemma 4.1. Choose local
coordinate ¢ on C on a small disk D around the puncture x; of V. Choose coordinates
on P! such that the conclusion of Lemma 4.1 holds for » =0 and b = co. Let B be
a small annulus in the disk D of the form

B ={ro <|t] <ri}
with 0 < 2rg < r; —rg < 1. Passing to a further subsequence if necessary, let
ke (n) = min{|g,' (0) N Dy, Ig,,' (00) N Dy}

so that « (ny) — oo with ny.

As in Section 3, choose a homogeneous polynomial lift F; of f; to C2, normalized
so that the coefficients of F; are holomorphic in ¢ and not all 0 at + = 0. By
Proposition 3.1 and Corollary 3.4, we may choose a holomorphic lift A of a with
values in C?\ {(0, 0)} such that the escape-rate function G satisfies G (¢) = 0. From
Lemma 3.5, we deduce that the sequence {F,(¢)} is uniformly bounded — away
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from (0, 0) and oo — on the closed annulus B = {rg < |¢| < r1}. In other words,
there exist constants 0 < ¢ < C < oo such that

c=|FEOI=C

for all n and all ¢ € B.
Write
E’lk (t) = (Pnk (I)Rnk (t)’ an (I)Sn/‘(t))
for holomorphic Py, Ry, Q> Su, Where P, Q,, ~ t“(%) on the disk D. More
precisely, there exist factors

Kk (ng) K (ng)

Pp)=[]G—1) and Q,@)=]]C—s)

i=1 i=l
for two disjoint sets of roots {#;} and {s;} contained in the small disk D,,. Note that
1P (D], 1 Qi ()] < (2r)< ™

for |t| = rg, and
| P (D1, 1Qy ()] > (1 — 1)<

for |t| = r;. The uniform bounds on F,(¢) imply that

C
[Ru (D1, 1S, (0] = (1 —ro)<0
on the circle || = r; and
c
max{| Ry, ()|, |Sy, ()]} = Q2ro)<m0

for each ¢ on the circle |t| =rg and all n. But k (n;) — oo with n; and 2rg < r; —ro,
so for large ny these estimates will violate the maximum principle applied to the
holomorphic function P, or Q,, .

The contradiction obtained shows that if ( f, @) is stable on V with f not isotrivial,
then the degrees of {g,} must be bounded, returning us to the setting treated by

Proposition 1.8. This completes the proof of Theorem 1.1.

5. Density of intersections
In this section, we prove Proposition 1.5 and Theorem 1.6.

Elliptic curves. We begin by explaining the connection between Proposition 1.5 and
the theme of this article. Let E; be a family of smooth elliptic curves, parameterized
by a quasiprojective algebraic curve V. The equivalence relation x ~ —x on E;
induces a projection to P!, Via this projection, the multiplication-by-2 map on E;
descends to a rational function f; on P! of degree 4, called a Lattés map. (A formula
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for the resulting f; is shown for the Legendre family E, at the bottom of page 1040,
defined there as L;.) The family f; is nonisotrivial if and only if the family E; is
nonisotrivial. A point P; € E; projects to a preperiodic point for f; if and only if
P; is torsion.

In Theorem 1.2, we also refer to the canonical height function: by its definition,
the Néron-Tate height on an elliptic curve is equal to % times the canonical height
for the associated multiplication-by-2 Lattes map. Therefore, height 0 on the elliptic
curve coincides with height O for the rational function.

Proof of Proposition 1.5. Let E be a nonisotrivial elliptic curve defined over a
function field k = C(X) for an irreducible complex algebraic curve X. We view E
as a family E; of smooth elliptic curves, for all but finitely many ¢ € X; alternatively,
we view E as a complex surface, equipped with an elliptic fibration £ — X. Fix
P € E(k). Then P determines a section P : X — E. Composing this section P
with the degree-two quotient from each E;, t € X, to P!, we obtain a marked point
ap : X — P! and a nonisotrivial algebraic family of Lattés maps f : V x P! — P!
on a Zariski-open subset V C X.

From Theorem 1.1, we know that the pair (f, ap) is stable if and only if the pair
(f, ap) is preperiodic. So either ap(¢) is preperiodic for f; for all + € V (in which
case P is torsion on E/k), or the pair (f, ap) is not stable.

In this way, the proposition is a consequence of the following statement, which
is a direct application of Montel’s theorem on normal families; see, e.g., [Milnor
2006] for background on Montel’s theorem.

Given a pair (f, a), the stable set Q(f, a) C V is the largest open set on which
{t = f/"(a(t))} forms a normal family. The bifurcation locus B(f,a) C V is the
complement of Q(f, a) in V.

Proposition 5.1. Suppose f:V x P! — P! is an algebraic family of rational maps
of degree d > 2. Leta : V — P! be a marked point, and suppose that the bifurcation
locus B(f, a) is nonempty. Then for each open U C 'V intersecting B(f, a), there
are infinitely many t € U where a(t) is preperiodic to a repelling cycle of f;.

Proof. Fix an open set U having nonempty intersection with B(f, a). Choose
a point fy in B(f, a) N U. Choose three distinct repelling periodic points z; (),
22(t0), z3(to) of f;, that are not in the forward orbit of a(#p). Shrinking U if
necessary, the implicit function theorem implies that these periodic points can be
holomorphically parameterized by ¢t € U. By Montel’s theorem, the failure of
normality of {t — f;*(a(t))} on U implies that there exists a parameter ¢#; € U and
an integer n; > 0 such that f,'l'l (a(t1)) is an element of the set {z(#1), z2(t1), z3(t1)}.
In particular, a(t;) is preperiodic for f;,. Shrinking the neighborhood U, we may
find infinitely many such parameters. ]
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Remark 5.2. In [DeMarco et al. 2016], we studied the distribution of the parameters
t € X for which a marked point P; € E; is torsion, with E; the Legendre family of
elliptic curves. The set of such parameters is dense in the parameter space (in the
usual analytic topology).

Proof of Theorem 1.6. By hypothesis, the family f : V x P! — P! has dimension
N in moduli; this means that the image of the induced projection V — M; to the
moduli space of rational maps has dimension M.

To prove Zariski density, we need to show that, for any algebraic subvariety
Y C V (possibly reducible), the complement A = V \ Y contains a parameter ¢ at
which all points a;(¢), .. ., ax(t) are preperiodic. Note that A is itself an irreducible,
quasiprojective complex algebraic variety, so that f : A x P! — P! is again an
algebraic family of rational maps, of dimension N in moduli.

Consider the marked point a;. Since f projects to an N-dimensional family in
the moduli space, with N > 0, it follows that (f, a;) is not isotrivial on A. By
Theorem 1.1, the pair (f, a;) is either preperiodic or it fails to be stable on A. If
(f, ap) is preperiodic, we set A; = A. If (f, a;) is unstable, then Proposition 5.1
shows that there exists a parameter #; € A where a;(#1) is preperiodic to a repelling
cycle of f;,. If a; satisfies the equation f"'(a;) = f™'(a;) at the parameter ¢,
we define A; C A to be an irreducible component of the subvariety defined by
the equation f"'(a;(t)) = f/"'(a;(t)) that contains ¢;. Then A; is a nonempty
quasiprojective variety, of codimension 1 in A. Furthermore, since the cycle persists
under perturbation, the condition defining A; will also cut out a codimension-1
subvariety in the moduli space. In other words, A; must project to a family of
dimension N — 1 in the moduli space. By construction, (f, a;) is preperiodic on Aj.

We continue inductively. Fix 1 <i <k. Suppose A; is a quasiprojective subvariety
of dimension > N —i in moduli on which (f, ay), ..., (f, a;) are preperiodic. Since
N —i > N —k >0, the pair (f, a;+) is not isotrivial on A;. As above, we combine
Theorem 1.1 with Proposition 5.1 to find a parameter ;11 € A; where a;; is
preperiodic. We define A;11 C A; so that (f, a;41) is preperiodic on A;11, and
the family f : A;1; x P! — P! has dimension at least N — i — 1 in moduli. In
conclusion, all of the points (f, a;), ..., (f, ax) are preperiodic on Ay, and Ay has
dimension at least N — k > 0 in moduli. In particular, A is nonempty, and the
theorem is proved.

6. A conjecture on intersections and dynamical relations

We conclude this article with a revised statement of the conjecture from [Baker
and DeMarco 2013] on “unlikely intersections” and density of “special points” —
and we provide the proof of one implication, as an application of Theorem 1.1.
Specifically, we look at algebraic families f : V x P! — P! of dimension N > 0
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in moduli. We prove that if an (N + 1)-tuple of marked points is dynamically
related, then the set of parameters ¢ € V where they are simultaneously preperiodic
is Zariski-dense in V. We conclude the article with an explanation of how this
implies one implication of [Baker and DeMarco 2013, Conjecture 1.10].

Density of special points. In [Baker and DeMarco 2013, Conjecture 1.10], we
formulated a conjecture about the arrangement of postcritically finite maps (“special
points”) in the moduli space of rational maps of degree d > 2. It was presented as
a dynamical analog of the André—Oort conjecture in arithmetic geometry, with the
aim of characterizing the “special subvarieties” of the moduli space, meaning the
algebraic families f : V x P! — P! with a Zariski-dense subset of postcritically
finite maps. Roughly speaking, the special subvarieties should be those that are
defined by (a general notion of) critical orbit relations. We proved special cases of
the conjecture, for certain families of polynomial maps, and we sketched the proof
of one implication in the general case.

If we formulate the conjecture to handle arbitrary marked points, not only critical
points, then the statement encompasses recent results about elliptic curves, as in the
work of Masser and Zannier (and therefore has overlap with the Pink and Zilber
conjectures); see [Masser and Zannier 2012] and the references therein. Evidence
towards the more general result is given by [Baker and DeMarco 2013, Theorem 1.3]
and the results of [Ghioca et al. 2013; 2015]. Conjecture 6.1 presented here is,
therefore, more than just an analogy with statements in arithmetic geometry.

Let V be an irreducible, quasiprojective complex algebraic variety, and let
f:V x P! — P! be an algebraic family of rational maps of degree d > 2. For a
collection of n marked points ay, ...,a,: V — P! we define

n
S(ay,...,ay) = ﬂ {t € V :a;(¢) is preperiodic for f;}.

i=1
We say the marked points ay, . . ., a, are coincident along V if there exists a marked
point a; and a Zariski-open subset V' C V such that

Say,...,a)NV' =S(ay,...,a;_1,ai41,...,a,) NV’

In other words, if {a;(¢), ..., ai—1(¢), aj+1(¢), ..., a,(¢)} are all preperiodic for f;
at a parameter ¢ € V', then the remaining point a; (#) must also be preperiodic for f;.
For example, if a pair (f, a) is preperiodic on V, then any collection of points

{ai, ..., a,} containing a will be coincident.
A stronger notion than coincidence is that of the dynamical relation, requiring an
f-invariant algebraic relation between the points {ay, ..., a,}. A formal definition

is given below.
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Conjecture 6.1. Let f : V x P! — P! be an algebraic family of rational maps of
degree d > 2, of dimension N > 0 in moduli. Let ay, ..., ay be any collection of
N + 1 marked points. The following are equivalent:

(1) The set S(aq, ..., ay) is Zariski-dense in V.

(2) The points ay, . . ., ay are coincident along V.

(3) The points ay, . .., ay are dynamically related along V.
Theorem 6.2. We have (3) = (2) and (2) = (1) in Conjecture 6.1.

The implication (3) => (2) will be a formal consequence of the definitions, while
(2) = (1) is presented below as an application of Theorem 1.1. The remaining
challenge is to show that (1) implies (3). We expect that (1) = (2) should be a
consequence of “arithmetic equidistribution” as in the proofs of [Baker and DeMarco
2011; 2013; Ghioca et al. 2013; 2015; DeMarco et al. 2016] when V is a curve.

Dynamical relations. The basic example of a dynamical relation between two
marked points a, b : V — P! is an orbit relation: the existence of integers 1, m
such that

fi'(a@®) = f" (@)

for all r € V. To allow for complicated symmetries, we will say that N marked points
ai, ...,ay are dynamically related along V if there exists a (possibly reducible)
algebraic subvariety

X c®hN

defined over the function field k = C(V), such that three conditions are satisfied:
R1) (ai,...,an) € X.
(R2) (invariance) F(X) C X, where F = (f, f,..., f) : (PHY — (PHN,

(R3) (nondegeneracy) There exists an i € {1,..., N} and a Zariski-open subset
V' C V such that the projection from the specialization X; to the i-th coordinate
hyperplane in ([P’}:)N is a finite map for allz € V'.

Remark 6.3. In [Baker and DeMarco 2013], after stating Conjecture 1.10, we
offhandedly remarked that one implication of the conjecture “follows easily from
an argument mimicking the proof of Proposition 2.6 and the following observation”.
The proof of Theorem 1.6 in this article is the argument we had in mind, mimicking
[Baker and DeMarco 2013, Proposition 2.6], but the stated “observation” was not
formulated correctly. The inclusion of condition (R3) and the argument in the proof
of Theorem 6.2 on the next page are an attempt to correct that error.

To illustrate the dynamical relation, observe that any N points ay, ..., ay are
dynamically related if one of the pairs (f, a;) is preperiodic. Indeed, if a; satisfies
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f'(ai(t)) = f/"(a;(t)) for all t € V, for some pair of integers n #=m > 0, then we
could take X to be the hypersurface

fxe ®HN: f1(x) = " (xi)}

defined over the field k = C(V). As a nontrivial example, we look at the relation
arising in the Masser—Zannier theorems [2012]. Let fj;; be the Lattes map induced
from multiplication by £ € N on a nonisotrivial elliptic curve E over k = C(V). Let
a,, a, be the projections to P! of two points p and ¢ in E (k). The linear relation
n-p =m-q between points p and g on E, for integers n and m, translates into a
dynamical relation in (P')? defined by

S (x1) = fim(x2).

This relation satisfies condition (R2) for F = (fix], fix;) because all Lattés maps
descended from the same elliptic curve must commute.

Since the writing of [Baker and DeMarco 2013], we have learned about the results
in [Medvedev 2007] which significantly simplify the form of possible dynamical
relations. In particular, Medvedev has shown that the varieties X satisfying condition
(R2) should depend nontrivially on only two input variables. In other words, the
rational function f : P! — P! will be disintegrated in the sense of [Medvedev and
Scanlon 2014, Definition 2.20]; see the first theorem in the introduction of the same
paper, treating the case where f is a polynomial. An affirmative answer to the
following question would provide a further refinement — and simplification — to
the notion of dynamical relation, extending the results of [Medvedev and Scanlon
2014] beyond the polynomial setting. (The work of Medvedev and Scanlon relied on
Ritt’s decomposition theory [1922] for polynomials; the analogous decomposition
theory for rational functions is not completely understood.)

Question 6.4. Assume that f is not isotrivial, and suppose that points ay, ..., ay
are dynamically related. Does there always exist a pair of indices i, j (allowing
possibly i = j) such that the point (ay, ..., ay) satisfies a relation of the form

A(x;) = B(x;), (6-1)

where A, B € k(z) are nonconstant rational functions that commute with an iterate
of f?

Hypersurfaces in (P!)V defined by relations of the form (6-1) satisfy condition
(R2) in the definition of the dynamical relation because f commutes with A and B;

they satisfy condition (R3) taking either coordinate i or j.

Proof of Theorem 6.2. We begin by proving (3) = (2); namely, that a dynamical
relation among the points ay, . .., ay implies that the points are coincident. This
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follows from the definition of dynamical relation, and it does not depend on the
number of points.

Lemma 6.5. Let  : V x P! — P! be any algebraic family of rational maps.
Suppose marked points ag, ay, . . ., a, are dynamically related along V. Then the
points ay, . . ., a, are coincident along V.

Proof. Let X denote the (f, ..., f)-invariant subvariety in (PH"+! for the point
(ai, ..., ay,), given in the definition of the dynamical relation. Suppose the points
are labeled so that xg is the coordinate satisfying condition (R3). Then the projection
from X; to (I]%)", forgetting the 0-th coordinate, is finite, for all # in the Zariski-open
subset V' C V.

Now let 7y be any parameter in V' at which a;(¢y), ..., a,(ty) are preperiodic
for f;,. The point ap(ty) must lie in the fiber of X,,— (P over (a; (o), . . . , an (t)).
Invariance of X implies the invariance of X, so that ftg” (ap(tp)) lies in the fiber
over (f™(ay(t9)), ..., f™(an(tp))) for all m > 1. The preperiodicity of the points
guarantees that there are only finitely many points in the base in the orbit of
(a1(ty), ..., au(ty)), so the orbit of ag(fy) must be contained in a finite set. In other
words, ag(tp) is preperiodic. This completes the proof. U

Now assume (2), that the given points ay, ..., ay are coincident. Assume the
points are labeled so that ag is the dependent point, in the sense that

S(ag,...,an)NV' =S(@ay,...,ay) NV’

for some Zariski-open subset V' C V. Since V has dimension N in moduli,
Theorem 1.6 tells us that the set S(aq, ..., ay) is Zariski-dense in V. Therefore, so
is S(ag, ..., ay), and the implication (2) = (1) is proved.

Proof of one implication of [Baker and DeMarco 2013, Conjecture 1.10]. Sup-
pose that f : V x P! — P! is an algebraic family of rational maps of degree d > 2
and dimension N > 0 in moduli. We assume that all 2d — 2 critical points of f
are marked. Conjecture 1.10 of [Baker and DeMarco 2013] states: the map f; is
postcritically finite for a Zariski-dense set of t € V if and only if there are at most N
dynamically independent critical points.

Letcy, ..., coq—> denote the marked critical points. Assume that f has at most
N dynamically independent critical points; in other words, given any n > N marked
critical points ¢;, ..., ¢;,, there is a dynamical relation among them.

Note that S(cy, ..., caq—2) is precisely the set of parameters ¢ for which f; is
postcritically finite. Applying Lemma 6.5 repeatedly, and reordering the points as
needed, there exists a Zariski-open subset V' C V such that

S(Cl,...,Czdfg)ﬂV/ZS(Cl,...,C2d73)ﬂV/=---IS(Cl,...,CN)ﬂV/.
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From Theorem 1.6, we know that S(cy, ..., cy) is Zariski-dense in V. This proves
that the postcritically finite maps form a Zariski-dense subset of V.
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Frobenius and valuation rings

Rankeya Datta and Karen E. Smith

The behavior of the Frobenius map is investigated for valuation rings of prime
characteristic. We show that valuation rings are always F-pure. We introduce a
generalization of the notion of strong F-regularity, which we call F-pure regularity,
and show that a valuation ring is F-pure regular if and only if it is Noetherian. For
valuations on function fields, we show that the Frobenius map is finite if and only
if the valuation is Abhyankar; in this case the valuation ring is Frobenius split.
For Noetherian valuation rings in function fields, we show that the valuation ring
is Frobenius split if and only if Frobenius is finite, or equivalently, if and only if
the valuation ring is excellent.
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1. Introduction

Classes of singularities defined using Frobenius — F-purity, Frobenius splitting, and
the various variants of F-regularity — have played a central role in commutative
algebra and algebraic geometry over the past forty years. The goal of this paper is
a systematic study of these F-singularities in the novel, but increasingly important
non-Noetherian setting of valuation rings.
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Let R be a commutative ring of prime characteristic p. The Frobenius map is the
ring homomorphism R 5 R sending each element to its p-th power. While simple
enough, the Frobenius map reveals deep structural properties of a Noetherian ring of
prime characteristic, and is a powerful tool for proving theorems for rings containing
an arbitrary field (or varieties, say, over C) by standard reduction to characteristic
p techniques. Theories such as Frobenius splitting [Mehta and Ramanathan 1985]
and tight closure [Hochster and Huneke 1990] are well-developed in the Noetherian
setting, often under the additional assumption that the Frobenius map is finite.
Since classically most motivating problems were inspired by algebraic geometry
and representation theory, these assumptions seemed natural and not very restrictive.
Now, however, good reasons are emerging to study F-singularities in certain non-
Noetherian settings as well.

One such setting is cluster algebras [Fomin and Zelevinsky 2002]. An upper
cluster algebra over [, need not be Noetherian, but recently it was shown that it is
always Frobenius split, and indeed, admits a “cluster canonical” Frobenius splitting
[Benito et al. 2015]. Likewise valuation rings are enjoying a resurgence of popu-
larity despite rarely being Noetherian, with renewed interest in non-Archimedean
geometry [Conrad 2008], the development of tropical geometry [Gubler et al. 2016],
and the valuative tree [Favre and Jonsson 2004], to name just a few examples, as
well as fresh uses in higher dimensional birational geometry (e.g., [Cutkosky 2004;
Fernandez de Bobadilla and Pereira 2012; Boucksom 2014]).

For a Noetherian ring R, the Frobenius map is flat if and only if R is regular, by a
famous theorem of Kunz [1969]. As we observe in Theorem 3.1, the Frobenius map
is always flat for a valuation ring. So in some sense, a valuation ring of characteristic
p might be interpreted as a “non-Noetherian regular ring.”

On the other hand, some valuation rings are decidedly more like the local rings
of smooth points on varieties than others. For example, for a variety X (over, say,
an algebraically closed field of characteristic p), the Frobenius map is always finite.
For valuation rings of the function field of X, however, we show that the Frobenius
is finite if and only the valuation is Abhyankar; see Theorem 5.1. In particular,
for discrete valuations, finiteness of Frobenius is equivalent to the valuation being
divisorial — that is, given by the order of vanishing along a prime divisor on some
birational model. Abhyankar valuations might be considered the geometrically
most interesting ones (see [Ein et al. 2003]), so it is fitting that their valuation
rings behave the most like the rings of smooth points on a variety. Indeed, recently,
the local uniformization problem for Abhyankar valuations was settled in positive
characteristic [Knaf and Kuhlmann 2005].

One can weaken the demand that Frobenius is flat and instead require only
that the Frobenius map is pure (see Section 2.5). Hochster and Roberts observed
that this condition, which they dubbed F-purity, is often sufficient for controlling
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singularities of a Noetherian local ring, an observation at the heart of their famous
theorem on the Cohen—Macaulayness of invariant rings [Hochster and Roberts
1976; 1974]. We show in Corollary 3.3 that any valuation ring of characteristic
p is F-pure. Purity of a map is equivalent to its splitting under suitable finiteness
hypotheses, but at least for valuation rings (which rarely satisfy said hypotheses),
the purity of Frobenius seems to be better behaved and more straightforward than
its splitting. Example 4.5.1 shows that not all valuation rings are Frobenius split,
even in the Noetherian case.

Frobenius splitting has well known deep local and global consequences for
algebraic varieties. In the local case, Frobenius splitting has been said to be
a “characteristic p analog” of log canonical singularities for complex varieties,
whereas related properties correspond to other singularities in the minimal model
program [Hara and Watanabe 2002; Schwede 2009b; Smith 1997; Takagi 2008]. For
projective varieties, Frobenius splitting is related to positivity of the anticanonical
bundle; see [Brion and Kumar 2005; Mehta and Ramanathan 1985; Smith 2000;
Schwede and Smith 2010]. Although valuation rings are always F-pure, the question
of their Frobenius splitting is subtle. Abhyankar valuations in function fields are
Frobenius split (Theorem 5.1), but a discrete valuation ring is Frobenius split if and
only if it is excellent in the sense of Grothendieck (Corollary 4.2.2). Along the way,
we prove a simple characterization of the finiteness of Frobenius for a Noetherian
domain in terms of excellence, which gives a large class of Noetherian domains in
which Frobenius splitting implies excellence; see Section 2.6 for details.

Closely related to F-purity and Frobenius splitting are the various variants of
F-regularity. Strong F-regularity was introduced by Hochster and Huneke [1989]
as a proxy for weak F-regularity — the property that all ideals are tightly closed —
because it is easily shown to pass to localizations. Whether or not a weakly F-regular
ring remains so after localization is a long standing open question in tight closure
theory, as is the equivalence of weak F-regularity and strong F-regularity. Strong
F-regularity has found many applications beyond tight closure, and is closely related
to Ramanathan’s notion of “Frobenius split along a divisor” [Ramanathan 1991;
Smith 2000]. A smattering of applications might include [Aberbach and Leuschke
2003; Benito et al. 2015; Blickle 2008; Brion and Kumar 2005; Gongyo et al. 2015;
Hacon and Xu 2015; Patakfalvi 2014; Schwede and Tucker 2012; Schwede 2009a;
Schwede and Smith 2010; Smith and Van den Bergh 1997; Smith and Zhang 2015;
Smith 2000].

Traditionally, strong F-regularity has been defined only for Noetherian rings in
which Frobenius is finite. To clarify the situation for valuation rings, we introduce a
new definition which we call F-pure regularity (see Definition 6.1.1) requiring purity
rather than splitting of certain maps. We show that F-pure regularity is better suited
for arbitrary rings, but equivalent to strong F-regularity under the standard finiteness
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hypotheses; it also agrees with another generalization of strong F-regularity proposed
by Hochster [2007] (using tight closure) in the local Noetherian case. Likewise, we
show that F-pure regularity is a natural and straightforward generalization of strong
F-regularity, satisfying many expected properties — for example, regular rings are
F-pure regular. Returning to valuation rings, in Theorem 6.5.1 we characterize
F-pure regular valuation rings as precisely those that are Noetherian.

Finally, in Section 6.6, we compare our generalization of strong F-regularity
with the obvious competing generalization, in which the standard definition in
terms of splitting certain maps is naively extended without assuming any finiteness
conditions. To avoid confusion,' we call this split F-regularity. We characterize
split F-regular valuation rings (at least in a certain large class of fields) as precisely
those that are Frobenius split, or equivalently excellent; see Corollary 6.6.3. But
we also point out that there are regular local rings that fail to be split F-regular, so
perhaps split F-regularity is not a reasonable notion of “singularity.”

2. Preliminaries

Throughout this paper, all rings are assumed to be commutative, and of prime
characteristic p unless explicitly stated otherwise. By a local ring, we mean a ring
with a unique maximal ideal, not necessarily Noetherian.

2.1. Valuation rings. We recall some basic facts and definitions about valuation
rings (of arbitrary characteristic), while fixing notation. See [Bourbaki 1989, Chapter
VI] or [Matsumura 1989, Chapter 4] for proofs and details.

The symbol I" denotes an ordered abelian group. Recall that such an abelian
group is torsion free. The rational rank of I', denoted rat. rank I', is the dimension
of the Q-vector space Q ®z I'.

Let K be a field. A valuation on K is a homomorphism

v:K*—>T
from the group of units of K, satisfying
v(x +y) = min{v(x), v(y)}

for all x, y € K*. We say that v is defined over a subfield k of K, or that v is a
valuation on K / k, if v takes the value 0 on elements of k.

There is no loss of generality in assuming that v is surjective, in which case we
say I' (or I'y) is the value group of v. Two valuations v; and v, on K are said to

! An earlier version of this paper used the terms pure F-regularity and split F-regularity for the two
generalizations of classical strong F-regularity, depending upon whether maps were required to be
pure or split. The names were changed at Karl Schwede’s urging to avoid confusion with terminology
for pairs in [Takagi 2004].
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be equivalent if there is an order preserving isomorphism of their value groups
identifying v;(x) and v,(x) for all x € K*. Throughout this paper, we identify
equivalent valuations.

The valuation ring of v is the subring R, € K consisting of all elements x € K*
such that v(x) > 0 (together with the zero element of K). Two valuations on a field
K are equivalent if and only if they determine the same valuation ring. Hence a
valuation ring of K is essentially the same thing as an equivalence class of valuations
on K.

The valuation ring of v is local, with maximal ideal m, consisting of elements
of strictly positive values (and zero). The residue field R,/ m, is denoted « (v). If v
is a valuation over k, then both R, and «(v) are k-algebras.

A valuation ring V of K can be characterized directly, without reference to a
valuation, as a subring with the property that for every x € K, either x € V or
x~! € V. The valuation ring V uniquely determines a valuation v on K (up to
equivalence), whose valuation ring in turn recovers V. Indeed, it is easy to see that
the set of ideals of a valuation ring is totally ordered by inclusion, so the set of
principal ideals I'" forms a monoid under multiplication, ordered by (f) < (g)
whenever f divides g. Thus, I can be taken to be the ordered abelian group
generated by the principal ideals, and the valuation v : K* — T is induced by the
monoid map sending each nonzero x € V to the ideal generated by x. Clearly, the
valuation ring of v is V. See [Matsumura 1989, Chapter 4].

2.2. Extension of valuations. Consider an extension of fields K C L. By definition,
a valuation w on L is an extension of a valuation v on K if the restriction of w to
the subfield K is v. Equivalently, w extends v if R, dominates R,, meaning that
R, = Ry, N K with m,, N R, = m,. In this case, there is an induced map of residue
fields

k(v) — k(w).

The residue degree of w over v, denoted by f(w/v), is the degree of the residue
field extension « (v) < «(w).

If w extends v, there is a natural injection of ordered groups I', < I'y,, since I,
is the image of w restricted to the subset K. The ramification index of w over v,
denoted by e(w/v), is the index of '}, in T",.

If K < L is a finite extension, then both the ramification index e(w/v) and the
residue degree f(w/v) are finite. Indeed, if K C L is a degree n extension, then

e(w/v) f(w/v) <n. (2.2.0.1)

More precisely:

Proposition 2.2.1 [Bourbaki 1989, VI.8]. Let K C L be an extension of fields of
finite degree n. For a valuation v on K, consider the set S of all extensions (up to
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equivalence) w of v to L. Then

> e(w;/v) f (wi/v) <n.

w; esS

In particular, the set S is finite. Furthermore, equality holds if and only if the
integral closure of R, in L is a finitely generated R,-module.

2.3. Abhyankar valuations. Fix a field K finitely generated over a fixed ground
field &, and let v be a valuation on K /k. By definition, the transcendence degree of
v is the transcendence degree of the field extension

k — k(v).

The main result about the transcendence degree of valuations is due to Abhyankar
[1956]. See also [Bourbaki 1989, VI.10.3, Corollary 1].

Theorem 2.3.1 (Abhyankar’s inequality). Let K be a finitely generated field exten-
sion of k, and let v be a valuation on K / k. Then

trans. deg v +rat. rank I', < trans. deg K/ k. (2.3.1.1)

Moreover if equality holds, then T, is a finitely generated abelian group, and
k (v) is a finitely generated extension of k.

We say v is an Abhyankar valuation if equality holds in Abhyankar’s inequality
(2.3.1.1). Note that an Abyhankar valuation has a finitely generated value group,
and its residue field is finitely generated over the ground field k.

Example 2.3.2. Let K /k be the function field of a normal algebraic variety X of
dimension n over a ground field k. For a prime divisor Y of X, consider the local
ring Oy y of rational functions on X regular at Y. The ring Oy y is a discrete
valuation ring, corresponding to a valuation v (the order of vanishing along Y’) on
K/ k; this valuation is of rational rank one and transcendence degree n — 1 over
k, hence Abhyankar. Such a valuation is called a divisorial valuation. Conversely,
every rational rank one Abhyankar valuation is divisorial: for such a v, there exists
some normal model X of K /k and a divisor Y such that v is the order of vanishing
along Y [Zariski and Samuel 1960, VI, §14, Theorem 31].

Proposition 2.3.3. Let K C L be a finite extension of finitely generated field exten-
sions of k, and suppose that w is valuation on L/ k extending a valuation v on K / k.
Then w is Abhyankar if and only if v is Abhyankar.

Proof. Since L/K is finite, L and K have the same transcendence degree over k.
On the other hand, the extension «(v) € «(w) is also finite by (2.2.0.1), and so
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k (v) and k (w) also have the same transcendence degree over k. Again by (2.2.0.1),
since I'y,/ 'y, is a finite abelian group, Q ®7 I',/ ', = 0. By exactness of

0-0Q0®zI''—->0Q®zI'y, - Q&2 ",/ T, =0

we conclude that I', and I",, have the same rational rank. The result is now clear
from the definition of an Abhyankar valuation. O

2.4. Frobenius. Let R be a ring of prime characteristic p. The Frobenius map
R -5 R is defined by F(x) = x”. We can denote the target copy of R by F,R and
view it as an R-module via restriction of scalars by F'; thus F,R is both a ring
(indeed, it is precisely R) and an R-module in which the action of r € R on x € FyR
produces r”x. With this notation, the Frobenius map F : R — F, R and its iterates
F¢: R — F{R are ring maps, as well as R-module maps. See [Smith and Zhang
2015, p. 294] for a further discussion of this notation.

We note that F¢ gives us an exact covariant functor from the category of R-
modules to itself. This is nothing but the usual restriction of scalars functor
associated to the ring homomorphism F¢: R — R.

For an ideal I C R, the notation I'7! denotes the ideal generated by the p°-th
powers of the elements of /. Equivalently, 7!7°! is the expansion of I under the
Frobenius map, that is, 717"l = T F¢R as subsets of R.

The image of F* is the subring R”* C R of p°-th powers. If R is reduced (which
is equivalent to the injectivity of Frobenius), statements about the R-module F¢ R
are equivalent to statements about the R”‘-module R.

Definition 2.4.1. A ring R of characteristic p is F-finite if F : R — F,R is a finite
map of rings, or equivalently, if R is a finitely generated R”-module. Note that
F : R — F,Ris afinite map if and only if /¢ : R — F/R is a finite map for all
e>0.

F-finite rings are ubiquitous. For example, every perfect field is F-finite, and a
finitely generated algebra over an F-finite ring is F-finite. Furthermore, F-finiteness
is preserved under homomorphic images, localization and completion. This means
that nearly every ring classically arising in algebraic geometry is F-finite. However,
valuation rings even of F-finite fields are often not F-finite.

2.5. F-purity and Frobenius splitting. We first review purity and splitting for maps
of modules over an arbitrary commutative ring A, not necessarily Noetherian or of
prime characteristic. A map of A-modules M % N is pure if for any A-module Q,
the induced map

M®Rs0—>N®s0
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is injective. The map M % N is split if ¢ has a left inverse in the category of
A-modules. Clearly, a split map is always pure. Although it is not obvious, the
converse holds under a weak hypothesis:

Lemma 2.5.1 [Hochster and Roberts 1976, Corollary 5.2]. Let M % N be a pure
map of A-modules where A is a commutative ring. Then ¢ is split if the cokernel
N /(M) is finitely presented.

Definition 2.5.2. Let R be an arbitrary commutative ring of prime characteristic p.

(a) The ring R is Frobenius split if the map F : R — F,R splits as a map of
R-modules, that is, there exists an R-module map F,R — R such that the
composition

RL FRSR

is the identity map.
(b) The ring R is F-pure if F : R — F,R is a pure map of R-modules.

A Frobenius split ring is always F-pure. The converse is also true under modest
hypothesis:

Corollary 2.5.3. A Noetherian F-finite ring of characteristic p is Frobenius split if
and only if it is F-pure.

Proof. The F-finiteness hypothesis implies that F R is a finitely generated R-module.
So a quotient of Fy R is also finitely generated. Since a finitely generated module
over a Noetherian ring is finitely presented, the result follows from Lemma 2.5.1. [J

2.6. F-finiteness and excellence. Although we are mainly concerned with non-
Noetherian rings in this paper, it is worth pointing out the following curiosity for
readers familiar with Grothendieck’s concept of an excellent ring, a particular kind of
Noetherian ring expected to be the most general setting for many algebro-geometric
statements [EGA IV, 1965, définition 7.8.2].

Proposition 2.6.1. A Noetherian domain is F-finite if and only if it is excellent and
its fraction field is F-finite.

Proof. If R is F-finite with fraction field K, then also R @ gr K” = K is finite over
KP, so the fraction field of R is F-finite. Furthermore, Kunz [1976, Theorem 2.5]
showed that F-finite Noetherian rings are excellent.

We need to show that an excellent Noetherian domain with F-finite fraction field
is F-finite. We make use of the following well-known property” of an excellent
domain A: the integral closure of A in any finite extension of its fraction field
is finite as an A-module [EGA IV, 1965, 1V, 7.8.3(vi)]. The ring R? is excellent

Zsometimes called the Japanese or N2 property.
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because it is isomorphic to R, and its fraction field is K”. Since K? — K is finite,
the integral closure S of R? in K is a finite R”-module. But clearly R C S, so R
is also a finitely generated R” module, since submodules of a Noetherian module
over a Noetherian ring are Noetherian. That is, R is F-finite. (I

Using this observation, we can clarify the relationship between F-purity and
Frobenius splitting in an important class of rings.

Corollary 2.6.2. For an excellent Noetherian domain whose fraction field is F-finite,
Frobenius splitting is equivalent to F-purity.

Proof. Our hypothesis implies F-finiteness, so splitting and purity are equivalent by
Lemma 2.5.1. O

3. Flatness and purity of Frobenius in valuation rings

Kunz [1969, Theorem 2.1] showed that for a Noetherian ring of characteristic p,
the Frobenius map is flat if and only if the ring is regular. In this section, we show
how standard results on valuations yield the following result.

Theorem 3.1. Let V be a valuation ring of characteristic p. Then the Frobenius
map F : V — F,V is faithfully flat.

This suggests that we can imagine a valuation ring to be “regular” in some sense.
Of course, a Noetherian valuation ring is either a field or a one dimensional regular
local ring, but because valuation rings are rarely Noetherian, Theorem 3.1 is not a
consequence of Kunz’s theorem.

Theorem 3.1 follows from the following general result, whose proof we include
for the sake of completeness.

Lemma 3.2 [Bourbaki 1989, V1.3.6, Lemma 1]. A finitely generated, torsion-free
module over a valuation ring is free. In particular, a torsion free module over a
valuation ring is flat.

Proof. Let M # 0 be a finitely generated, torsion-free V-module. Choose a
minimal set of generators {m,...,m,}. If there is a nontrivial relation among
these generators, then there exists vy, ..., v, € V (not all zero) such that vym; +
- +4+v,m, =0. Re-ordering if necessary, we may assume that v; is minimal among
(nonzero) coefficients, that is, (v;) C (vy) foralli € {1, ..., n}. Then foreachi > 1,
there exists a; € V such that v; = a;v;. This implies that

vi(my +aomy + - - -+ apmy) = 0.
Since v; # 0 and M is torsion free, we get

my+aymy+---+aym, =0.



1066 Rankeya Datta and Karen E. Smith

Then m; = —(apmy + - - - + a,my). So M can be generated by the smaller set
{m,, ..., m,} which contradicts the minimality of n. Hence {m, ..., m,} must be
a free generating set.

The second statement follows by considering a torsion-free module as a directed
union of its finitely generated submodules, since a directed union of flat modules is
flat [Bourbaki 1989, 1.2.7 Proposition 9] O

Proof of Theorem 3.1. Observe that F,V is a torsion free V-module. So by
Lemma 3.2, the module F,V is flat, which means the Frobenius map is flat. To see
that Frobenius is faithfully flat, we need only check that m F,V # F,V for m the
maximal ideal of V [Bourbaki 1989, 1.3.5 Proposition 9(e)]. But this is clear: the
element 1 € F,V is notin mF,V, since 1 € V is not in the ideal m!P]. O

Corollary 3.3. Every valuation ring of characteristic p is F-pure.

Proof. Fix a valuation ring V of characteristic p. We have already seen that
the Frobenius map V — F,V is faithfully flat (Theorem 3.1). But any faithfully
flat map of rings A — B is pure as a map of A-modules [Bourbaki 1989, 1.3.5
Proposition 9(c)]. O

4. F-finite valuation rings

In this section, we investigate F-finiteness in valuation rings. We first prove
Theorem 4.1.1 characterizing F-finite valuation rings as those V for which F,V
is a free V-module. We then prove a numerical characterization of F-finiteness
in terms of ramification index and residue degree for extensions of valuations
under Frobenius in Theorem 4.3.1. This characterization is useful for constructing
interesting examples, and later for showing that F-finite valuations are Abhyankar.

4.1. Finiteness and freeness of Frobenius. For any domain R of characteristic
p, we have already observed (see the proof of Proposition 2.6.1) that a necessary
condition for F-finiteness is the F-finiteness of its fraction field. For this reason, we
investigate F-finiteness of valuation rings only in F-finite ambient fields.

Theorem 4.1.1. Let K be an F-finite field. A valuation ring V of K is F-finite if
and only if F,V is a free V-module.

Proof. First assume F,V is free over V. Since K Qg F,V = F,K as K-vector
spaces, the rank of F,V over V must be the same as the rank of F,K over K,
namely the degree [F.K : K] =[K : K”]. Since K is F-finite, this degree is finite,
and so F,V is a free V-module of finite rank. In particular, V is F-finite.
Conversely, suppose that V' is F-finite. Then F,V is a finitely generated, torsion-
free V-module. So it is free by Lemma 3.2. U

Corollary 4.1.2. An F-finite valuation ring is Frobenius split.
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Proof. One of the rank one free summands of F,V is the copy of V under F,
so this copy of V splits off F, V. Alternatively, since V — F,V is pure, we can
use Lemma 2.5.1: the cokernel of V — F,V is finitely presented because it is
finitely generated (being a quotient of the finitely generated V-module F,V) and
the module of relations is finitely generated (by 1 € F, V). ]

Remark 4.1.3. The same argument shows that any module finite extension V < §
splits —in other words, every valuation ring is a splinter in the sense of [Ma 1988];
see also [Ma 1988, Lemma 1.2].

4.2. Frobenius splitting in the Noetherian case. We can say more for Noetherian
valuation rings. First we make a general observation about F-finiteness in Noetherian
rings.

Theorem 4.2.1. For a Noetherian domain whose fraction field is F-finite, Frobenius
splitting implies F-finiteness (and hence excellence).

Before embarking on the proof, we point out a consequence for valuation rings.

Corollary 4.2.2. For a discrete valuation ring V whose fraction field is F-finite,
the following are equivalent:

(1) V is Frobenius split;
(i) V is F-finite;
(iii) V is excellent.

Proof. A DVR is Noetherian, so equivalence of (i) and (ii) follows from combining
Theorem 4.2.1 and Corollary 4.1.2. The equivalence with excellence follows from
Proposition 2.6.1. (I

Remark 4.2.3. We have proved that all valuation rings are F-pure. However, not all
valuation rings, even discrete ones on [, (x, y), are Frobenius split, as Example 4.5.1
below shows.

The proof of Theorem 4.2.1 relies on the following lemma.

Lemma 4.2.4. A Noetherian domain with F-finite fraction field is F-finite if and
only if there exists ¢ € Homgp (R, R?) such that ¢ (1) # 0.

Proof. Assuming such ¢ exists, we first observe that the canonical map R — R
is injective, where RV :=Homg, (Homgr (R, R?), RP) is the double dual. Indeed,
let x € R be a nonzero element. It suffices to show that there exists f € R :=
Homg» (R, R?) such that f(x) #0. Let f =@ ox?~!, where x”~! is the R”-linear
map R — R given by multiplication by xP~1 Then f(x) =¢(xP) =xP¢p(1) #0.
This shows that the double dual map is injective.

Now, to show that R is a finitely generated R”-module, it suffices to show that
the larger module R is finitely generated. For this it suffices to show that RY is
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a finitely generated R”-module, since the dual of a finitely generated module is
finitely generated.

We now show that R" is finitely generated. Let M be a maximal free R”-
submodule of R. Note that M has finite rank (equal to [K : K”], where K is the
fraction field of R) and that R/M is a torsion R”-module. Since the dual of a
torsion module is zero, dualizing the exact sequence 0 > M — R — R/M — 0
induces an injection

R” :=Homg, (R, R?) <= Homg,(M,R) = M".

Since M is a finitely generated R”-module, also MY, and hence its submodule R"
is finitely generated (R is Noetherian). This completes the proof that R is F-finite.

For the converse, fix any K?-linear splitting ¢ : K — K?. Restricting to R
produces an RP-linear map to K”. Since R is finitely generated over R”, we can
multiply by some nonzero element ¢ of R? to produce a nonzero map ¢ : R — R”
such that ¢ (1) = ¢ # 0, completing the proof. U

Proof of Theorem 4.2.1. Let R be a domain with F-finite fraction field. A Frobenius
splitting is a map ¢ € Homg,(R, R?) such that ¢(1) = 1. Theorem 4.2.1 then
follows immediately from Lemma 4.2.4. (]

4.3. A numerical criterion for F-finiteness. Consider the extension
KPP C K

where K any field of characteristic p. For any valuation v on K, let v” denote
the restriction to K”. We next characterize F-finite valuations in terms of the
ramification index and residue degree of v over v”.

Theorem 4.3.1. A valuation ring V of an F-finite field K of prime characteristic p
is F-finite if and only if

e(/vP) f(v/v") =K : K"],
where v is the corresponding valuation on K and v? is its restriction to K”.

Proof. First note that v is the only valuation of K extending v”. Indeed, v is
uniquely determined by its values on elements of K?, since v(x”) = pv(x) and
the value group of v is torsion-free. Furthermore, the valuation ring of v? is easily
checked to be V7.

Observe that V is the integral closure of V? in K. Indeed, since V is a valuation
ring, it is integrally closed in K, but it is also obviously integral over V7. We
now apply Proposition 2.2.1. Since there is only one valuation extending v?, the
inequality

e(/vP) f(v/vP) <[K : K]
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will be an equality if and only if the integral closure of V? in K, namely V, is finite
over V7. ]

The following simple consequence has useful applications to the construction of
interesting examples of F-finite and non-F-finite valuations.

Corollary 4.3.2. Let V be a valuation ring of an F-finite field K of characteristic p.
Ife(v/vP) =K : K] or f(v/vP) =K : KP], then V is F-finite.

Remark 4.3.3. Theorem 4.3.1 and its corollary are easy to apply, because the
ramification index and residue degree for the extension V? < V can be computed
in practice. Indeed, since ', is clearly the subgroup pI';, of [, we see that

e(v/vP)=[T,: plLl. (4.3.3.1)

Also, the local map V? < V induces the residue field extension « (v?”) — «(v),
which identifies the field « (v?) with the subfield («(v))”. This means that

f/vP)=[k@) k()] (4.3.3.2)

4.4. Examples of Frobenius split valuations. We can use our characterization
of F-finite valuations to easily give examples of valuations on [, (x, y) that are
nondiscrete but Frobenius split.

Example 4.4.1. Consider the rational function field K =k(x, y) over a perfect field
k of characteristic p. For an irrational number « € R, let I" be the ordered additive
subgroup of R generated by 1 and «. Consider the unique valuation v: K* — I'
determined by

v(x'y)) =i+ ja,

and let V be the corresponding valuation ring. Since I' = Z @ Z via the map which
sends a + ba — (a, b), we see that the value group of v” is pI' = p(Z & 7). Hence

e(v/vP) =[I: pI'l= p*> =[K : K”).
So V is F-finite by Corollary 4.3.2. Thus V is also Frobenius split by Corollary 4.1.2.

Example 4.4.2. Consider the lex valuation on the rational function field K =
k(x1, x2, ..., x,) over a perfect field k of characteristic p. This is the valuation v :
K> — 7" on K / k defined by sending a monomial x{" - - - x," to (ay, . . ., a,) € Z®",
where I' = Z®" is ordered lexicographically. Let V be the corresponding valuation
ring. The value group of V? is pI', so e(v/v?) = [I": pI'] = p" =[K : K”]. As
in the previous example, Corollary 4.3.2 implies that V is F-finite, and so again
F-split.
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4.5. Example of a non-Frobenius split valuation. Our next example shows that
discrete valuation rings are not always F-finite, even in the rational function field
[, (x, y). This is adapted from [Zariski and Samuel 1960, Example, p. 62], where
it is credited to F. K. Schmidt.

Example 4.5.1. Let [, ((#)) be the fraction field of the discrete valuation ring [, [[7]]
of power series in one variable. Since the field of rational functions [F, () is
countable, the uncountable field [,((¢)) cannot be algebraic over [, (). So we can
find some power series

f@) = Zantn
n=1

in [, [[#]] transcendental over [, (7).
Since t and f(¢) are algebraically independent, there is an injective ring map

Fplx, y]l < F,lltll suchthat x+>tandyr f(t)

which induces an extension of fields

Fp(x, ) = Fp((2)).

Restricting the 7-adic valuation on [, (7)) to the subfield [, (x, y) produces a discrete
valuation v of F,(x, y). Let V denote its valuation ring.

We claim that V is not F-finite, a statement we can verify with Theorem 4.3.1.
Note that L = [, (x, y) is F-finite, with [L : LP] = pz. Since the value group I'y is
Z, we see that

e(v/vp) =[T,: va] =p.

On the other hand, to compute the residue degree f(v/v?), we must understand
the field extension « (v)? < «(v). Observe that for an element u € [, (x, y) to be
in V, its image in [, ((¢)) must be a power series of the form

ant",

n=0
where b, € [,,. Clearly
v(u —by) >0,

which means that the class of u = ZZOZO b,t" in k(v) is equal to the class of by in
« (v). This implies that « (v) = [, so that [« (v) : k (v)’] = 1. Thatis, f(v/v?)=1.
Finally, we then have that

e(/vP) f(/vP) = p # p> = [F(x, y) : (Fp(x, )1,
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So V cannot be F-finite by Theorem 4.3.1. Thus this Noetherian ring is neither
Frobenius split nor excellent by Corollary 4.2.2.

4.6. Finite extensions. Frobenius properties of valuations are largely preserved
under finite extension. First note that if K < L is a finite extension of F-finite
fields, then [L : L?] = [K : K”]; this follows immediately from the commutative
diagram of fields

L +—K

[

LP «—OKP

Towit, [L : KP]=[L:K][K : KP]=[L:LP][L?:KP]and [L: K]=[L?: K”],
so that [L : LP] =[K : K?P]. Moreover, we have:

Proposition 4.6.1. Let K < L be a finite extension of F-finite fields of characteris-
tic p. Let v be a valuation on K and w an extension of v to L. Then:

(1) The ramification indices e(v/v?) and e(w/w?) are equal.
(ii) The residue degrees f(v/vP) and f(w/w?) are equal.
(iii) The valuation ring for v is F-finite if and only if the valuation ring for w is
F-finite.
Proof. By (2.2.0.1), we have
[Ty : Tylle(w) : k()] < [L: K],

so both [I", : T'y] and [k (w) : k(v)] are finite. Of course, we also know that the
ramification indices e(w/w?) =[I'y, : pI'y] and e(v/v?) = [Ty : pI',] are finite, as
are the residue degrees f(w/w?) = [k(w) : k (w)P] and f(v/v?) = [« (v) : € (V)P].
(1) In light of (4.3.3.1), we need to show that [I"y, : pI",,] =[I", : pI"y]. Since 'y, is
torsion-free, multiplication by p induces an isomorphism I"y, = pI'y,, under which
the subgroup I', corresponds to pI",. Thus [pI"y, : pI'y] = [y : [',]. Using the
commutative diagram of finite index abelian subgroups

r,+——r,

L

ply, +——pl,

we see that [y, : pTyllpTyw i pTy] = [Ty : Tyl : pI'y]. Whence [Ty, : pTy] =
Iy plyl
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(ii) In light of (4.3.3.2), we need to show that [« (w) : k (w)?] = [k (v) : k (v)P]. We
have [« (w)? : k(v)?] = [k (w) : k(v)], so the result follows from computing the
extension degrees in the commutative diagram of finite field extensions:

k(w) +——k(v)

kK(w)? +—k(v)?
(iii) By (i) and (ii) we get e(w/w?) =e(v/vP) and f(w/w?) = f(v/v?). Therefore
e(w/w?) f(w/w?) =e/v?) f(v/vP).

Since also [L : L?] =[K : K?], we see using Theorem 4.3.1 that w is F-finite if
and only if v is F-finite. (]

5. F-finiteness in function fields

An important class of fields are function fields over a ground field k. By definition,
a field K is a function field over k if it is a finitely generated field extension
of k. These are the fields that arise as function fields of varieties over a (typically
algebraically closed) ground field k. What more can be said about valuation rings
in this important class of fields?

We saw in Example 4.5.1 that not every valuation of an F-finite function field
is F-finite. However, the following theorem gives a nice characterization of those
that are.

Theorem 5.1. Let K be a finitely generated field extension of an F-finite ground
field k. The following are equivalent for a valuation v on K / k:

(1) The valuation v is Abhyankar.
(1) The valuation ring R, is F-finite.
(iii) The valuation ring R, is a free RY-module.

Furthermore, when these equivalent conditions hold, it is also true that R, is
Frobenius split.

Since Abhyankar valuations have finitely generated value groups and residue
fields, the following corollary holds.

Corollary 5.2. An F-finite valuation of a function field over an F-finite field k has
a finitely generated value group and its residue field is a finitely generated field
extension of k.

For example, valuations whose value groups are @ can never be F-finite.
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Remark 5.3. In light of Proposition 2.6.1, we could add a fourth item to the list
of equivalent conditions in Theorem 5.1 in the Noetherian case: the valuation R,
is excellent. The theorem says that the only discrete valuation rings (of function
fields) that are F-finite are the divisorial valuation rings or equivalently, the excellent
DVRs.

To prove Theorem 5.1, first recall that the equivalence of (ii) and (iii) was already
established in Theorem 4.1.1. The point is to connect these conditions with the
Abyhankar property. Our strategy is to use Theorem 4.3.1, which tells us that a
valuation v on K is F-finite if and only if

e(w/v?) f(v/v") =K : KP].

We do this by proving two propositions, one comparing the rational rank of v to
the ramification index e(v/v?), and the other comparing the transcendence degree
of v to the residue degree f(v/v?).

Proposition 5.4. Let v be a valuation of rational rank s on an F-finite field K. Then
e(v/vP) < p’,
with equality when the value group Ty, is finitely generated.

Proof. To see that equality holds when T, is finitely generated, note that in this
case, I'y = Z%. So I',/pl'y, = (Z/pZ)®*, which has cardinality p*. That is,
e(v/vP) = p°.

It remains to consider the case where I' may not be finitely generated. Nonethe-
less, since e(v/v?) is finite (see (2.2.0.1)), we do know that [T",, : pI',] =e(v/v?) is
finite. So the proof of Proposition 5.4 comes down to the following simple lemma
about abelian groups.

Lemma 5.5. Let I" be a torsion free abelian group of rational rank s. Then
[T: pT] < p'.

It suffices to show that I'/pI" is a vector space of dimension < s over Z/pZ. So
let#, ..., t, be elements of I' whose classes modulo pI" are linearly independent
over Z/pZ. Then we claim that the #; are Z-independent elements of I". Assume to
the contrary that there is some nontrivial relation a;t; + - - - + a,t, = 0, for some
integers a;. Since I is torsion-free, we can assume without loss of generality, that
at least one a; is not divisible by p. But now modulo pT’, this relation produces a
nontrivial relation on classes of the #; in I'/ pI", contrary to the fact that these are
linearly independent. This shows that any Z/pZ-linearly independent subset of
I'/ pI" must have cardinality at most s. Thus the lemma, and hence Proposition 5.4,
is proved. U
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Proposition 5.6. Let K be a finitely generated field extension of an F-finite ground
field k. Let v be a valuation of transcendence degree t on K over k. Then

f/vP) < p'lk k"],
with equality when k (v) is finitely generated over k.

Proof. The second statement follows immediately from the following well-known
fact, whose proof is an easy computation.

Lemma 5.7. A finitely generated field L of characteristic p and transcendence
degree n over k satisfies [L : L] = [k : k?]p".

It remains to consider the case where « (v) may not be finitely generated. Be-
cause K /k is a function field, Abhyankar’s inequality (2.3.1.1) guarantees that the
transcendence degree of k (v) over k is finite. Let xp, ..., x; be a transcendence
basis. There is a factorization

k—k(xy,...,x) = k(v),

where the second inclusion is algebraic. The proposition follows immediately from
the next lemma.

Lemma 5.8. If L’ C L is an algebraic extension of F-finite fields, then [L : LP] <
[L':L'P].

To prove this lemma, recall that Proposition 4.6.1 ensures that [L : L?]=[L’: L'"]
when L' C L is finite. So suppose L is algebraic but not necessarily finite over L'.
Fix a basis {«q, ..., a,} for L over L?, and consider the intermediate field

L' < L'(ay,...,0,) < L.

Since each «; is algebraic over L', it follows that L:=L (ay, ..., ap) is finite over
L', so again [L:LP]=[L":L'P] by Proposition 4.6.1. Now observe that L? C L7,
and so the LP-linearly independent set {«y, ..., «,} is also linearly independent
over L”. This means that [L : L?] < [L : L”] and hence [L : L?] <[L’: L'?]. This
proves Lemma 5.8.

Finally, Proposition 5.6 is proved by applying Lemma 5.8 to the inclusion

L' =k(xy,...,x;) = L=x«().

(Note that « (v) is F-finite, because [« (v) : (k(v))?] = f(v/vP) <[K : KP] from
the general inequality (2.2.0.1).) So we get

F@/P) =[k@): (@)1 < [k(x1, . .os x0) 0 (k(x1, oo, X)) T =PIk k7] O
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Proof of Theorem 5.1. It only remains to prove the equivalence of (i) and (ii). First
assume v is Abhyankar. Then its value group I', is finitely generated and its residue
field x(v) is finitely generated over k. According to Proposition 5.4, we have
e(v/vP) = p®, where s is the rational rank of v. According to Proposition 5.6, we
have f(v/vP) = p'[k : kP], where ¢ is the transcendence degree of v. By definition
of Abhyankar, s 4+ ¢ = n, where n is the transcendence degree of K /k. But then

e(/vP) f(v/vP) = (p*)(p")lk : kP1 = p"[k :kP] =K : K].

By Theorem 4.3.1, we can conclude that v is F-finite.

Conversely, we want to prove that a valuation v with F-finite valuation ring R,
is Abhyankar. Let s denote the rational rank and ¢ denote the transcendence degree
of v. From Theorem 4.3.1, the F-finiteness of v gives

e(/vP) fv/v?) =K : K] = p"[k : k"].

Using the bounds p* > e(v/v?) and p'[k : kP] > f(v/vP) provided by Propositions
5.4 and 5.6, respectively, we substitute to get

P Pk kP> e(u/vP) f(v/vP) = p"[k 1 k],
It follows that s +¢ > n. Then s + ¢ = n by (2.3.1.1), and v is Abhyankar. [l

6. F-regularity

An important class of F-pure rings are the strongly F-regular rings. Originally,
strongly F-regular rings were defined only in the Noetherian F-finite case. By
definition, a Noetherian F-finite reduced ring R of prime characteristic p is strongly
F-regular if for every non-zerodivisor c, there exists e such that the map

R— F/R, l+c

splits in the category of R-modules [Hochster and Huneke 1989]. In this section,
we show that by replacing the word “splits” with the words “is pure” in the above
definition, we obtain a well-behaved notion of F-regularity in a broader setting.
Hochster and Huneke [1994, Remark 5.3] themselves suggested, but never pursued,
this possibility.

Strong F-regularity first arose as a technical tool in the theory of tight closure:
Hochster and Huneke [1994] made use of it in their deep proof of the existence
of test elements. Indeed, the original motivation for (and the name of) strong
F-regularity was born from a desire to better understand weak F-regularity, the
property of a Noetherian ring characterized by all ideals being tightly closed. In
many contexts, strong and weak F-regularity are known to be equivalent (see, e.g.,
[Lyubeznik and Smith 1999] for the graded case, [Hochster and Huneke 1989] for



1076 Rankeya Datta and Karen E. Smith

the Gorenstein case), but it is becoming clear that at least for many applications,
strong F-regularity is the more useful and flexible notion. Applications beyond
tight closure include commutative algebra more generally [Aberbach and Leuschke
2003; Blickle 2008; Schwede and Tucker 2012; Schwede 2009a; Smith and Zhang
2015], algebraic geometry [Gongyo et al. 2015; Hacon and Xu 2015; Patakfalvi
2014; Schwede and Smith 2010; Smith 2000], representation theory [Brion and
Kumar 2005; Mehta and Ramanathan 1985; Ramanathan 1991; Smith and Van den
Bergh 1997] and combinatorics [Benito et al. 2015].

6.1. Basic properties of F-pure regularity. We propose the following definition,
intended to be a generalization of strong F-regularity to arbitrary commutative rings
of characteristic p, not necessarily F-finite or Noetherian.

Definition 6.1.1. Let ¢ be an element in a ring R of prime characteristic p. Then
R is said to be F-pure along c if there exists e > 0 such that the R-linear map

A:R— F{R, 1mc¢

is a pure map of R-modules. We say R is F-pure regular if it is F-pure along every
non-zerodivisor.

A ring R is F-pure if and only if it is F-pure along the element 1. Thus F-pure
regularity is a substantial strengthening of F-purity, requiring F-purity along all
non-zerodivisors instead of just along the unit.

Remark 6.1.2. (i) If R is Noetherian and F-finite, then the map A : R — F{R
is pure if and only if it splits (by Lemma 2.5.1). So F-pure regularity for a
Noetherian F-finite ring is the same as strong F-regularity.

(i1) If ¢ is a zerodivisor, then the map A{ is never injective for any e > 1. In
particular, a ring is never F-pure along a zerodivisor.

(iii) The terminology “F-pure along ¢” is chosen to honor Ramanathan’s [1991]
closely related notion of “Frobenius splitting along a divisor”. See [Smith
2000].

The following proposition gathers up some basic properties of F-pure regularity
for arbitrary commutative rings.

Proposition 6.1.3. Let R be a commutative ring of characteristic p, not necessarily
Noetherian or F-finite.

(a) If R is F-pure along some element, then R is F-pure. More generally, if R is
F-pure along a product cd, then R is F-pure along the factors c and d.

(b) If R is F-pure along some element, then R is reduced.
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(c) If R is an F-pure regular ring with finitely many minimal primes, and S C R
is a multiplicative set, then S™'R is F-pure regular. In particular, F-pure
regularity is preserved under localization in Noetherian rings, as well as in
domains.

(d) Let ¢ : R — T be a pure ring map which maps non-zerodivisors of R to
non-zerodivisors of T. If T is F-pure regular, then R is F-pure regular. In
particular, if ¢ : R — T is faithfully flat and T is F-pure regular, then R is
F-pure regular.

(e) Let Ry, ..., R, be rings of characteristic p. If Ry X - - - X Ry, is F-pure regular,
then each R; is F-pure regular.

The proof of Proposition 6.1.3 consists mostly of applying general facts about
purity to the special case of the maps A¢. For the convenience of the reader, we
gather these basic facts together in one lemma.

Lemma 6.1.4. Let A be an arbitrary commutative ring A, not necessarily Noether-
ian nor of characteristic p.

(@) If M - N and N — Q are pure maps of A-modules, then the composition
M — N — Q is also pure.
(b) If a composition M — N — Q of A-modules is pure, then M — N is pure.

(c) If B is an A-algebra and M — N is pure map of A-modules, then B @4 M —
B ®4 N is a pure map of B-modules.

(d) Let B be an A-algebra. If M — N is a pure map of B-modules, then it is also
pure as a map of A-modules.

(e) An A-module map M — N is pure if and only if for all prime ideals P C A,
Mp — Np is pure.

(f) A faithfully flat map of rings is pure.

(g) If (A, <) is a directed set with a least element Ao, and { N, },cn is a direct limit

system of A-modules indexed by A and M — N, is an A-linear map, then
M — lim, N, is pure if and only if M — N, is pure for all A.

(h) A map of modules A — N over a Noetherian local ring (A, m) is pure if and
onlyif EQ®a A — E ®4 N is injective, where E is the injective hull of the
residue field of R.

Proof. Properties (a)—(d) follow easily from the definition of purity and elementary
properties of tensor products. As an example, let us prove (d). If P is an A-module,
we want to show that P @4 M — P ®4 N is injective. The map of B-modules

(PR®sB)®pM — (P®4B)®p N
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is injective by purity of M — N as a map of B-modules. Using the natural A-
module isomorphisms (P ®4 B)@pM =P, M and (PR B)Qp N=P RN,
we conclude that P @4 M — P ®4 N is injective in the category of A-modules.
Property (e) follows from (c) by tensoring with A, and the fact that injectivity
of a map of modules is a local property. Property (f) follows from [Bourbaki 1989,
1.3.5, Proposition 9(c)]. Properties (g) and (h) are proved in [Hochster and Huneke
1995, Lemma 2.1]. |

Proof of Proposition 6.1.3. (a) Multiplication by d is an R-linear map, so by
restriction of scalars also

FCRZS FeR
is R-linear. Precomposing with A we have

A‘E
RS FRZS FCR, 1+ cd,

which is A¢;. Our hypothesis that R is F-pure along cd means that there is some e
for which this composition is pure. So by Lemma 6.1.4(b), it follows also that A
is pure. That is, R is F-pure along ¢ (and since R is commutative, along d). The
second statement follows since F-purity along the product ¢ x 1 implies R is F-pure
along 1. So some iterate of Frobenius is a pure map, and so F-purity follows from
Lemma 6.1.4(b).

(b) By (a) we see that R is F-pure. In particular, the Frobenius map is pure and
hence injective, so R is reduced.

(c) Note that by (b), R is reduced. Let @ € S~' R be a non-zerodivisor. Because
R has finitely many minimal primes, a standard prime avoidance argument shows
that there exists a non-zerodivisor ¢ € R and s € § such that « = ¢/s (a minor
modification of [Hochster 2007, Proposition, p. 57]). By hypothesis, R is F-pure
along c. Hence there exists e > 0 such that the map A{ : R — F¢R is pure. Then
the map

Wy:iST'R— F{(ST'R), 1 ¢/l

is pure by 6.1.4(e) and the fact that S_I(F:R) = Ff(S‘lR) as S~!'R-modules
(the isomorphism S™!(F¢R) = F¢(S™'R) is given by r/s > r/sP°). Now the
S~ R-linear map

Cis:ST'R—ST'R, 1> 1/s
is an isomorphism. Applying F;, we see that

Ff(lys): FE(ST'R) — FA(ST'R), 10> 1/s
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is also an isomorphism of S~! R-modules. In particular, F¢ (¢, /s) 18 a pure map of
S~!R-modules. So purity of

F (Cyys) o dep
follows by 6.1.4(a). But F; (/) o Ai/l is precisely the map

¢ SR F:(S_IR), 1 c/s.

c/s

(d) Let ¢ € R be a non-zerodivisor. Then ¢(c) is a non-zerodivisor in T by
hypothesis. Pick e > 0 such that the map A;(C) : T — F?T is a pure map of
T-modules. By 6.1.4(f) and 6.1.4(a),

2

AC
RLT XS FeT

is a pure map of R-modules. We have commutative diagram of R-linear maps

— T

l)"c l)\’; (c)
Fi(p)

FCR =25 FCT

1%
e

The purity of A¢ follows by 6.1.4(b). Note that if ¢ is faithfully flat, then it is
pure by 6.1.4(f) and maps non-zerodivisors to non-zerodivisors.

(e) Let R := R; x - -- X R,,. Consider the multiplicative set
S =Ry X - XRi_1 Xx{1} X Rjy1 X - X Ry.

Since S™'R = R, it suffices to show that S~ R is F-pure regular. So let o € S™'R
be a non-zerodivisor. Note that we can select # € R and s € § such that u is a
non-zerodivisor and « = u/s. So we can now repeat the proof of (c) verbatim to
see that S~' R must be pure along o. (Il

Remark 6.1.5. It is worth observing that in Definition 6.1.1, if the map A{ is a
pure map, then AZ is also a pure map for all f > e. Indeed, to see this note that it
suffices to show that A¢*! is pure. We know R is F-pure by 6.1.3(a). So Frobenius

F:R— F(R
is a pure map of R-modules. By hypothesis,

AR — F{R
is pure. Hence 6.1.4(d) tell us that

Fi(X) : FxR — F.(F{R)
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is a pure map of R-modules. Hence the composition
F Fo(39) .
R— F,R—— F.(F,R), 1l—c¢

is a pure map of R-modules by 6.1.4(a). But F,(F¢R) as an R-module is precisely
F¢HIR. So
1. 1
AT R— FOPIR.

is pure.

Example 6.1.6. The polynomial ring over [, in infinitely many variables (localized
at the obvious maximal ideal) is an example of a F-pure regular ring which is not
Noetherian.

6.2. Relationship of F-pure regularity to other singularities. We show that our
generalization of strong F-regularity continues to enjoy many important properties
of the more restricted version.

Theorem 6.2.1 [Hochster and Huneke 1989, Theorem 3.1(c)]. A regular local ring,
not necessarily F-finite, is F-pure regular.

Proof. Let (R, m) be a regular local ring. By Krull’s intersection theorem we know

that
ﬂ mtP1=0.

e>0

Since R is a domain, the non-zerodivisors are precisely the nonzero elements of R.
So let ¢ € R be a nonzero element. Choose e such that ¢ ¢ mP*1. We show that the
map

A :R— F{R, lr—c

is pure.
By Lemma 6.1.4, it suffices to check that for the injective hull E of the residue
field of R, the induced map

)xi@idEiR®RE—>F:R®RE

is injective, and for this, in turn, we need only check that the socle generator is not
in the kernel.
Recall that E is the direct limit of the injective maps

R/(xl,...,xn)i>R/(xlz,...,x,%)i>R/(xf,...,xg)i>-.-

where x1, ..., x;, is a minimal set of generators for m, and the maps are given by
multiplication by x = Hf’zlxi. So the module F{R ®g E is the direct limit of the
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e e xPe 2p¢ 2 pe ng 3p¢ 3p¢ P¢
R/(xV . x> R/x" ... .xP) — R/(x,T .. x0 ) —>

which remains injective by the faithful flatness of F{ R. The induced map A ®idg :
E — F/R ® E sends the socle (namely the image of 1 in R/m) to the class of
c in R/m!7‘], so it is nonzero provided ¢ ¢ m!?‘l. Thus for every nonzero ¢ in a
regular local (Noetherian) ring, we have found an e, such that the map A¢ is pure.
So regular local rings are F-pure regular. (I

Proposition 6.2.2. An F-pure regular ring is normal, that is, it is integrally closed
in its total quotient ring.

Proof. Take a fraction r/s in the total quotient ring integral over R. Then clearing
denominators in an equation of integral dependence, we have r € (s), the integral
closure of the ideal (s). This implies that there exists an 4 such that (r, §)ytth =
(s)"(r, s)" for all n [Matsumura 1989, p. 64]. Setting c = s", this implies cr” € (s)"
for all large n. In particular, taking n = p¢, we see that the class of r modulo (s) is
in the kernel of the map induced by tensoring the map

R— F/R, l+c (6.2.2.1)

with the quotient module R/(s). By purity of the map (6.2.2.1), it follows that
r € (s). We conclude that r/s is in R and that R is normal. O

6.3. Connections with tight closure. In his lecture notes on tight closure, Hochster
[2007] suggests another way to generalize strong F-regularity to non-F-finite (but
Noetherian) rings using tight closure. We show here that his generalized strong
F-regularity is the same as F-pure regularity for local Noetherian rings.

Although Hochster and Huneke introduced tight closure only in Noetherian
rings, we can make the same definition in general for an arbitrary ring of prime
characteristic p. Let N < M be an inclusion of R-modules. The tight closure of N
in M is an R-module N, containing N. By definition, an element x € M is in Ny,
if there exists ¢ € R, not in any minimal prime, such that for all sufficiently large
e, the element c ® x € F{R @ M belongs to the image of the module F{R ®r N
under the natural map FYR®r N — F{R @ M induced by tensoring the inclusion
N < M with the R-module F. We say that N is tightly closed in M if Ny, = N.

Definition 6.3.1. Let R be a Noetherian ring of prime characteristic p. We say that
R is strongly F-regular in the sense of Hochster if, for any inclusion of R modules
N< M, Ny, =N.

The next result compares F-pure regularity with strong F-regularity in the sense
of Hochster.



1082 Rankeya Datta and Karen E. Smith

Proposition 6.3.2. Let R be an arbitrary commutative ring of prime characteristic.
If R is F-pure regular, then N is tightly closed in M for any pair of R modules with
N C M. The converse also holds if R is Noetherian and local.

Proof. Suppose x € Nj;. Equivalently the class x of x in M/N is in 0}, /. So
there exists ¢ not in any minimal prime such that c@ x =01in FYR @z M/N for
all large e. But this means that the map

R— F{R, l—c¢
is not pure for any e, since the naturally induced map
R®M/N — F.RQM/N

has 1 ® x in its kernel.

For the converse, let ¢ € R be not in any minimal prime. We need to show that
there exists some e such that the map R — F¢R sending 1 to c is pure. Let E be
the injective hull of the residue field of R. According to Lemma 6.1.4(i), it suffices
to show that there exists an e such that after tensoring E, the induced map

RQE — FRQE

is injective. But if not, then a generator n for the socle of E is in the kernel for
every e, that is, foralle, c® n=01in F{R® E. In this case, n € 0}, contrary to
our hypothesis that all modules are tightly closed. U

Remark 6.3.3. We do not know whether Proposition 6.3.2 holds in the nonlocal
case. Indeed, we do not know if F-pure regularity is a local property: if R, is F-pure
regular for all maximal ideals m of R, does it follow that R is F-pure regular? If
this were the case, then our argument above extends to arbitrary Noetherian rings.

Remark 6.3.4. A Noetherian ring of characteristic p is weakly F-regular if N is
tightly closed in M for any pair of Noetherian R modules with N C M. Clearly
F-pure regular implies weakly F-regular. The converse is a long standing open
question in the F-finite Noetherian case. For valuation rings, however, our arguments
show that weak and pure F-regularity are equivalent (and both are equivalent to the
valuation ring being Noetherian); See Corollary 6.5.4.

6.4. Elements along which F-purity fails. We now observe an analog of the split-
ting prime of Aberbach and Enescu [2005]; See also [Tucker 2012, Lemma 4.7].

Proposition 6.4.1. Let R be a ring of characteristic p. The set
Z:={ce€ R : Risnot F-pure along c}.

is closed under multiplication by R, and R \ T is multiplicatively closed. Thus, if
7 is closed under addition, then T is a prime ideal (or the whole ring R).
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Proof. We first note that 7 is closed under multiplication by elements of R. Indeed,
suppose that c € Z and r € R. Then if rc ¢ Z, we have that R is F-pure along rc,
but this implies R is F-pure along ¢ by Proposition 6.1.3(a), contrary to ¢ € Z.

We next show that the complement R \ Z is a multiplicatively closed set (if
nonempty). To wit, take ¢, d ¢ Z. Because R is F-pure along both ¢ and d, we have
that there exist e and f such that the maps

A A
R=F‘R, l¢, and R-5F/R, 1—d

are both pure. Since purity is preserved by restriction of scalars (Lemma 6.1.4(d)),
we also have that
et
Fer 200, peps ot
«R—— F,F/R=F;"'R

is pure. Hence the composition
e oA :
¢ e d e f pe
R— FR— F,F/R, 1—c"d

is pure as well (Lemma 6.1.4(a)). This means that cPd is not in Z, and since 7 is
closed under multiplication, neither is cd. Note also that if R \ Z is nonempty, then
1 € R\ Z by Proposition 6.1.3(a). Thus R \ Z is a multiplicative set.

Finally, if 7 is closed under addition (and Z # R), we conclude that 7 is a prime
ideal since it is an ideal whose complement is a multiplicative set. (]

Remark 6.4.2. If R is a Noetherian local domain, then the set Z of Proposition 6.4.1
can be checked to be closed under addition (see, for example, [Tucker 2012,
Lemma 4.7] for the F-finite case). Likewise, for valuation rings, the set Z is
also an ideal: we construct it explicitly in the next section. However, for an arbitrary
ring, 7 can fail to be an ideal. For example, under suitable hypothesis, the set 7
is also the union of the centers of F-purity in the sense of Schwede, hence in this
case, Z is a finite union of ideals but not necessarily an ideal in the nonlocal case;
see [Schwede 2010].

6.5. F-pure regularity and valuation rings. In this subsection we characterize
valuation rings that are F-pure regular, as summarized by the following main result.

Theorem 6.5.1. A valuation ring is F-pure regular if and only if it is Noetherian.
Equivalently, a valuation ring is F-pure regular if and only if it is a field or a DVR.

A key ingredient in the proof is the following theorem about the set of elements
along which V fails to be F-pure (see Definition 6.1.1).

Theorem 6.5.2. The set of elements c along which a valuation ring (V, m) fails to
be F-pure is the prime ideal
Q = ﬂ m[pL)].

e>0
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Proof. First, take any ¢ € Q. We need to show that V is not F-pure along c, that is,
that the map
MV —>FV, lec

is not pure for any e. Because ¢ € m!?], we see that tensoring with x := V/m
produces the zero map. So A¢ is not pure for any e, which means V is not F-pure
along c.

For the other inclusion, let ¢ ¢ m!?] for some e > 0. We claim that A¢: V — F¢V
is pure. Apply Lemma 6.1.4(g) to the set X of finitely generated submodules of
F?V which contain c¢. Note that X is a directed set under inclusion with a least
element, namely the V-submodule of F{V generated by c, and F?V is the direct
limit of the elements of X. It suffices to show that if 7 € X, then

Ar:V—>T, l1e—c

is pure. But T is free since it is a finitely generated, torsion-free module over a
valuation ring (Lemma 3.2). Since ¢ ¢ m!P"], by the V module structure on T, we
get c ¢ mT. By Nakayama’s lemma, we know c is part of a free basis for 7. So Ar
splits, and is pure in particular.

Now that we know that the set of elements along which R is not F-pure is an
ideal, it follows that it is a prime ideal from Proposition 6.4.1. (]

Corollary 6.5.3. For a valuation ring (V, m) of characteristic p, define

Q= ﬂ m'P.
e>0

Then the quotient V/Q is an F-pure regular valuation ring. Furthermore, V is
F-pure regular if and only if Q is zero.

Proof. The second statement follows immediately from Theorem 6.5.2. For the
first, observe that V/Q is a domain since Q is prime. So ideals of V/Q inherit the
total ordering under inclusion from V, and V/Q is a valuation ring whose maximal
ideal m satisfies (), mP1=0.So V/Qis F-pure regular. U

Corollary 6.5.4. For a valuation ring, F-pure regularity is equivalent to all ideals
(equivalently, the maximal ideal) being tightly closed.

Proof. Proposition 6.3.2 ensures that F-pure regularity implies all ideals are tightly
closed. For the converse, note that if there is some nonzero ¢ in (), m”,
then 1 € m*. So for any proper ideal m, the condition that m* = m implies that
M=o m!P*l = 0. In particular, if the maximal ideal of a valuation ring V is tightly
closed, then Corollary 6.5.3 implies that V' is F-pure regular. (]

Proof of Theorem 6.5.1. First observe that if V is a field or DVR, then it is F-pure
regular. Indeed, every map of modules over a field is pure (since all vector space
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maps split). And a DVR is a one dimensional regular local ring, so it is F-pure
regular by Theorem 6.2.1.

Conversely, we show that if (V, m) is F-pure regular, its dimension is at most
one. Suppose (V, m) admits a nonzero prime ideal P % m. Choose x e m\ P, and a
nonzero element ¢ € P. The element ¢ cannot divide x" in V, since in that case we
would have x" C (¢) C P, but P is a prime ideal not containing x. It then follows
from the definition of a valuation ring that x" divides ¢ for all n. This means in
particular that ¢ € (x)!?) ¢ m!?] for all e. So ¢ € Q. According to Theorem 6.5.2,
R is not F-pure regular.

It remains to show that an F-pure regular valuation ring V of dimension one is
discrete. Recall that the value group I' of V is (order isomorphic to) an additive
subgroup of R [Matsumura 1989, Theorem 10.7].

We claim that I" has a least positive element. To see this, let n be the greatest
lower bound of all positive elements in I". First observe that 5 is strictly positive.
Indeed, for fixed ¢ € m, the sequence v(c)/p¢ consists of positive real numbers
approaching zero as e gets large. If I contains elements of arbitrarily small positive
values, then we could find x € V such that

v(c
0<vix) < —
But then 0 < v(x?") < v(c), which says that ¢ € (x)[71 ¢ m!?! for all e. This
contradicts our assumption that V is F-pure along ¢ (again, using Theorem 6.5.2).
Now that we know the greatest lower bound n of I' is positive, it remains to
show that n € I'. Choose € such that 0 <e <n. If n ¢ I', we know n < v(y) for all
y € m. Since 7 is the greatest lower bound, we can find y such that

n<v(y) <n+e,

as well as x such that
n<vx) <v(y)<n+e.

Then
0<v(y/x) <e<n,

contradicting the fact that 5 is a lower bound for I'. We conclude that n € I', and
that I has a least positive element.

It is now easy to see, using the Archimedean axiom for real numbers, that the
ordered subgroup I' of R is generated by its least positive element 7. In particular,
I" is order isomorphic to Z. We conclude that V is a DVR. |

Remark 6.5.5. For a valuation ring (V, m) of dimension n > 1, our results show
that in general Q = (") o m!P‘l is a prime ideal of height at least n — 1. It is easy
to see that the situation where V/Q is a DVR arises if and only if m is principal,
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which in turn is equivalent to the value group I' having a least positive element.
For example, this is the case for the lex valuation in Example 4.4.2. It is not hard to
check that Q is a uniformly F-compatible ideal in the sense of Schwede [2010] (see
also [Smith and Zhang 2015, §3A] for further discussion of uniformly F-compatible
ideals), generalizing of course to the non-Noetherian and non-F-finite setting. A
general investigation of uniformly F-compatible ideals appears to be fruitful, and is
being undertaken by the first author.

6.6. Split F-regularity. Of course, there is another obvious way? to adapt Hochster
and Huneke’s definition of strongly F-regular to arbitrary rings of prime character-
istic p:

Definition 6.6.1. A ring R is split F-regular if for all nonzero divisors c, there
exists e such that the map R — F{R sending 1 to c splits as a map of R-modules.

Since split maps are pure, a split F-regular ring is F-pure regular. Split F-regular
rings are also clearly Frobenius split. On the other hand, Example 4.5.1 shows
that a discrete valuation ring need not be Frobenius split, so split F-regularity is
strictly stronger than F-pure regularity. In particular, not every regular local ring
is split F-regular, so split F-regularity should not really be considered a class of
“singularities” even for Noetherian rings.

Remark 6.6.2. In Noetherian rings, split F-regularity is very close to F-pure regu-
larity. For example, if R is an F-pure regular Noetherian domain whose fraction
field is F-finite, then the only obstruction to split F-regularity is the splitting of
Frobenius. This is a consequence of Lemma 4.2.4, which tells us R is F-finite if it
is Frobenius split, and Lemma 2.5.1, which tells us F-split and F-pure are the same
in F-finite Noetherian rings.

Corollary 6.6.3. For a discrete valuation ring V whose fraction field is F-finite,
the following are equivalent:

(1) V is split F-regular.
(i1) V is Frobenius split.
(iii) V is F-finite.
(iv) V is free over VP.
(v) V is excellent.

Moreover, if K is a function field over an F-finite ground field k, and V is a valuation
of K/ k, then (1)—(v) are equivalent to V being a divisorial valuation ring.

3This generalization is used for cluster algebras in [Benito et al. 2015] for example.
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Proof. All this has been proved already. Recall that a DVR is a regular local ring, so
it is always F-pure regular and hence split F-regular if it is F-finite. Also, the final
statement follows from Theorem 5.1 because an Abyhankar valuation of rational
rank one is necessarily divisorial, and a divisorial valuation of a functional field
over an F-finite field is necessarily F-finite. ]

To summarize: a valuation ring is F-pure regular if and only if it is Noetherian,
and split F-regular (under the additional assumption that its fraction field is F-finite)
if and only if it is excellent.

7. Concluding remarks

We have argued that for valuation rings, F-purity and F-pure regularity (a version
of strong F-regularity defined using pure maps instead of split maps) are natural
and robust properties. We have also seen that the conditions of Frobenius splitting
and split F-regularity are more subtle, and that even regular rings can fail to satisfy
these.

For Noetherian valuation rings in F-finite fields, we have seen that the Frobenius
splitting property is equivalent to F-finiteness and also to excellence, but we do not
know what happens in the non-Noetherian case: does there exist an example of a
(necessarily non-Noetherian) Frobenius split valuation ring of an F-finite field that is
not F-finite? By Corollary 5.2, a possible strategy could be to construct a Frobenius
split valuation ring in a function field whose value group is infinitely generated.
For example, can one construct an F-split valuation in [, (x, y) with value group
(? On the other hand, perhaps Frobenius splitting is equivalent to F-finiteness (just
as in the Noetherian case). One might then ask whether a generalized version of
Theorem 4.1.1 holds for arbitrary fields: is a valuation ring Frobenius split if and
only if Frobenius is free?

We propose that F-pure regularity is a more natural generalization of strong
F-regularity to the non-F-finite case than a suggested generalization of strong F-
regularity using tight closure due to Hochster. We have seen that F-pure regularity
implies Hochster’s notion, and that they are equivalent for local Noetherian rings.
However, we do not know whether F-pure regularity is a local notion: if R,, is
F-pure regular for all maximal ideals, does it follow that R is F-pure regular? We
expect this to be true, but the standard arguments are insufficient to prove it. (In
the Noetherian F-finite case, this is well known; see [Hochster and Huneke 1994,
Theorem 5.5(a)]. Furthermore, the answer is affirmative for excellent rings with
F-finite total quotient rings, by Proposition 2.6.1.) If true, then F-pure regularity
would be equivalent to all modules being tightly closed in the Noetherian case. More
generally, might F-pure regularity be equivalent to the property that all modules are
tightly closed even in the non-Noetherian case? Or even that all ideals are tightly
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closed? An affirmative answer to this last question would imply that strong and
weak F-regularity are equivalent.
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Hoffmann’s conjecture for
totally singular forms of prime degree

Stephen Scully

One of the most significant discrete invariants of a quadratic form ¢ over a field k
is its (full) splitting pattern, a finite sequence of integers which describes the
possible isotropy behavior of ¢ under scalar extension to arbitrary overfields
of k. A similarly important but more accessible variant of this notion is that of
the Knebusch splitting pattern of ¢, which captures the isotropy behavior of ¢
as one passes over a certain prescribed tower of k-overfields. We determine all
possible values of this latter invariant in the case where ¢ is fotally singular. This
includes an extension of Karpenko’s theorem (formerly Hoffmann’s conjecture)
on the possible values of the first Witt index to the totally singular case. Contrary
to the existing approaches to this problem (in the nonsingular case), our results
are achieved by means of a new structural result on the higher anisotropic kernels
of totally singular quadratic forms. Moreover, the methods used here readily
generalize to give analogous results for arbitrary Fermat-type forms of degree p
over fields of characteristic p > 0.

1. Introduction

Let k be a field, let ¢ be a nonzero quadratic form on a (nonzero) k-vector space V
of finite dimension and let X, € P(V) denote the projective k-scheme defined by
the vanishing of ¢. Given a k-linear subspace W of V, we write ¢ |y for the form
obtained by restricting ¢ to W. In the case where ¢ | is the zero form, W is said to
be totally isotropic (with respect to ¢). The largest integer among the dimensions of
all totally isotropic subspaces of V is called the isotropy index of ¢, and is denoted
by ig(¢). In the special case where ¢ is nonsingular (i.e., where Xy is smooth),
ip(¢) is more commonly known as the Witt index of ¢, and is bounded from above
by the integer part of % dim ¢ (where dim ¢ denotes the dimension of the k-vector
space V). In the opposite extreme where ¢ is totally singular (i.e., where X, has
no smooth points at all), ip(¢) may take any value between 0 and dim ¢ — 1.
Assume now that ¢ is anisotropic (i.e., that ig(¢p) = 0). A simple, yet fundamen-
tally important invariant of ¢ is its (full) splitting pattern, which may be defined

MSC2010: primary 11E04; secondary 14E05, 15A03.
Keywords: quadratic forms, quasilinear p-forms, splitting patterns, canonical dimension.
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as the increasing sequence of nonzero isotropy indices attained by ¢ under scalar
extension to every overfield of k.! Although this sequence appears to be somewhat
intractable in general, its first entry (assuming there is one) may be computed
more explicitly as the isotropy index of the extension ¢; of ¢ to the function field
L = k(Xy) of the (integral) quadric X,. This (almost tautological) observation
is the basic motivation underlying the following construction, originally due to
Knebusch [1976]: let ko = k, ¢o = ¢, and inductively define k, = k,_1(Xy,_,),
¢ = (¢k,)an,2 with the understanding that this (finite) process stops when we reach
the first nonnegative integer /1(¢) such that dim ¢4, < 1. The integer 4 (¢) and the
tower of fields k = ko C k1 C - - - C ky(g) are known as the height and Knebusch
splitting tower of ¢, respectively. For 1 <r < h(¢), the anisotropic form ¢, is
called the r-th higher anisotropic kernel of ¢. The r-th higher isotropy index
of ¢, denoted i, (¢), is defined as the difference io(¢r,) —io(¢r._,). The sequence
(@) =(1(@), ..., g (@) is called the Knebusch splitting pattern of ¢.> Note that
we have i, (¢) =1;(¢,_1) for every r > 2 by the inductive nature of the construction.

If ¢ is nonsingular, then its full and Knebusch splitting patterns are easily seen
to determine one another (see [Elman et al. 2008, Proposition 25.1]). This need not
be the case for (totally) singular forms (see Example 2.47 below), but Knebusch’s
construction still offers a meaningful and practical way to preclassify quadratic
forms according to some notion of “algebraic complexity”. By virtue of its definition,
the Knebusch splitting pattern thus embodies a fundamental link between intrinsic
algebraic properties of quadratic forms and the geometry of the algebraic varieties
which are naturally associated to them. In recent years, the advent of effective new
tools with which to study algebraic cycles on projective homogeneous varieties has,
in this way, led to dramatic progress on many long-standing problems within the
algebraic theory of quadratic forms. The impact of these developments has been
felt most deeply in characteristic # 2, where (1) anisotropic forms of dimension > 2
are necessarily nonsingular, and (2) the geometric methods are better developed,
even if we restrict our considerations to nonsingular forms only; see [Elman et al.
2008] for a thorough exposition of much of the recent work which has been done
in this area.

One of the central problems in the investigation of splitting properties of quadratic
forms over general fields is the following:

I This terminology is not standard; see, e.g., [Hoffmann and Laghribi 2004], where refined splitting
pattern invariants are considered. Our definition does, however, agree (in content if not presentation)
with those found in the literature when ¢ is nonsingular or totally singular (the only relevant cases here).

ZFor any form v over a field K, yan denotes the anisotropic kernel of 1, an anisotropic K-form
uniquely determined up to isomorphism by the (refined) Witt decomposition of 1; see [Hoffmann and
Laghribi 2004, §2].

3The term standard splitting pattern is also used in the literature. Footnote 1 again applies here.



Hoffmann's conjecture for totally singular forms of prime degree 1093

Question 1.1. Let ¢ be an anisotropic quadratic form of dimension > 2 over a field.
What are the possible values of the sequence i(¢)?

Since i, (¢) = i1(¢p,—1) for all 2 < r < h(¢), the natural first approximation to
this problem is to determine the possible values of the invariant i; among all forms
of a given dimension. To this end, we have the following general conjecture:

Conjecture 1.2 (Hoffmann*). Let ¢ be an anisotropic quadratic form of dimension
> 2 over a field. Then i;(¢) — 1 is the remainder modulo 2° of dim ¢ — 1 for some
s <log,(dim ¢).>

In characteristic # 2, the first major result in the direction of Conjecture 1.2
was established by Hoffmann himself [1995, Corollary 1], who showed that if
dim¢ = 2" + m for nonnegative integers n and 1 < m < 2", then i,(¢) < m.
A few years later, Izhboldin [2004, Corollary 5.12] proved that one cannot have
i1(¢) = m — 1 here unless m = 2. Izhboldin’s paper combined an elaboration of the
algebraic methods conceived in [Hoffmann 1995] with emerging work of Vishik
[1998; 1999], who developed a systematic approach to the study of the splitting
pattern using the (integral) motive of the given quadric (see [Vishik 2004], where
motivic methods were used to verify Hoffmann’s conjecture in all dimensions < 22
in this setting). Going further, Vishik later formulated a very general conjecture
concerning the complete motivic decomposition of a smooth anisotropic quadric
(the excellent connections conjecture) which subsumed the nonsingular case of
Conjecture 1.2 in a conceptual way. Not long after this, Karpenko [2003] used a
similar approach to prove the characteristic # 2 case of the conjecture in its entirety,
the key new ingredient being the use of (reduced power) Steenrod operations on
modulo-2 Chow groups. More recently, Vishik [2011, Theorem 1.3] proved the
excellent connections conjecture in characteristic # 2, thus yielding another proof
of Hoffmann’s conjecture in this setting. Vishik’s work also makes essential use of
Steenrod squares in Chow theory.

In characteristic 2, the general picture is more complicated. In the nonsingular
case, Karpenko and Vishik’s approaches to Conjecture 1.2 are still valid, and
progress is only hindered here by the fact that the total mod-2 Steenrod operation
is not yet available when 2 is not invertible in the base field. To this end, weak
forms of the first three Steenrod squares have been constructed by Haution [2013,
Theorem 6.2; 2015, Theorem 5.8], and these suffice to prove nontrivial partial

4This conjecture was originally stated by Hoffmann under the additional hypothesis char(k) # 2,
but we expect that the assertion is also valid in characteristic 2.

3 After passing to a purely transcendental extension of k if necessary, all values of ij (¢) which are
not excluded by the conjecture can be realized by making an appropriate choice of ¢. In all cases,
¢ may, in fact, be chosen to be either nonsingular or (if char(k) = 2) totally singular; see [Vishik 2004,
§7.4] and Proposition 6.4 below, respectively.
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results towards Conjecture 1.2. Haution’s results are further supplemented by earlier
work of Hoffmann and Laghribi [2006, Lemma 4.1], who extended Hoffmann’s
upper bound on i (¢) to the characteristic-2 setting, irrespective of whether ¢ is
nonsingular or not. For singular forms, however, the situation is different, and
almost nothing is known in the direction of Conjecture 1.2 beyond Hoffmann and
Laghribi’s bound. In fact, the only real exception to this general state of affairs
lies in the extreme case where ¢ is fotally singular. Here, it was recently shown
in [Scully 2016, Theorem 9.4] that if dim ¢ = 2" 4+ m for nonnegative integers n
and 1 <m <2", and if i;(¢) # m (that is, if Hoffmann and Laghribi’s bound is not
met), then i;(¢) < m/2. In the present article, we will settle this case completely
by proving:

Theorem 1.3. Conjecture 1.2 is true in the case where ¢ is totally singular.

Contrary to the existing approaches to the nonsingular case of Conjecture 1.2,
our proof of Theorem 1.3 does not involve the study of Chow correspondences
on the quadric X4. Indeed, although we also make use of the computation of the
canonical dimension® of Xy (see [Karpenko and Merkurjev 2003; Totaro 2008]),
it is exploited here in a rather more direct and algebraic way. This point of view
begins with the following observation:

Proposition 1.4 (see Proposition 4.3 below). Let ¢ be an anisotropic totally singu-
lar quadratic form of dimension > 2 over a field k of characteristic 2 and let  C ¢
be a subform of codimension i;(¢). Suppose furthermore that h(yr) < h(¢).” Then
there exist a quasi-Pfister quadratic form 7,8 a subform o C 7, an element X € k*
and a form t over k such that v ~nm @t and ¢ ~ 1 ro.

In the situation of Proposition 1.4, Hoffmann’s conjecture is immediately verified.
Indeed, (since o C ) the integer dim 7 is a power of 2 strictly greater than
i1(¢) — 1 = dimo — 1, and (since  is divisible by 7) we have dim¢ — 1 =
dimy +1,(¢p) — 1 =1i1(¢p) — 1 (mod dim ). It is not always possible, however,
to decompose the form ¢ in the manner intimated by the proposition. In fact,
Vishik (see [Totaro 2009, Lemma 7.1]) has given examples of 16-dimensional
anisotropic quadratic forms in characteristic 7 2 which have first higher isotropy
index equal to 2, but which do not decompose in this way, and the same examples
carry over into the totally singular setting (see Lemma 4.4 below). Thus, the
picture is, in general, more complicated than that suggested by Proposition 1.4.
Perhaps surprisingly, however, the main result of this paper shows that the next best
thing happens:

SHere, the canonical dimension of an algebraic variety X over a field £ should be understood as
the minimal dimension cdim(X) of the image of a rational self-map X --» X.

7A weaker condition will suffice; see the statement of Proposition 4.3.

8That is, 7 is the diagonal part of a bilinear Pfister form over k; see Section 2C below.



Hoffmann's conjecture for totally singular forms of prime degree 1095

Theorem 1.5. Let ¢ be an anisotropic totally singular quadratic form of dimension
> 2 over a field of characteristic 2 and let s be the smallest nonnegative integer
such that 2° > i1(¢). Then ¢ is divisible by an s-fold quasi-Pfister form.

This is a new kind of statement of which no analogue is known in the nonsingular
theory (even in characteristic # 2). As remarked above, a key ingredient needed for
its proof is Totaro’s computation [2008, Theorem 5.1] of the canonical dimension
of a totally singular quadric. In [Scully 2013], this computation was extended to the
wider class of Fermat-type hypersurfaces of degree p over fields of characteristic
p > 0, and this enables us to also prove a direct analogue of Theorem 1.5 for
totally singular forms of any prime degree p > 2 (known here as quasilinear
p-forms); see Theorem 5.1 below. Subsequently, we also get an analogue of
Theorem 1.3 in higher degrees. As a corollary, this yields a complete solution to
the problem of determining the possible values of the canonical dimension of a
degree-p Fermat-type hypersurface in characteristic p > 0 (Theorem 6.6); it is
worth noting here that no such result is known for Fermat-type hypersurfaces of
prime degree p > 2 over fields of characteristic not p. Returning to the case where
p = 2, let us explain more precisely how Theorem 1.5 implies the totally singular
case of Hoffmann’s conjecture:

Proof of Theorem 1.3. Since ¢ is totally singular, we have dim ¢; = dim ¢ — i;(¢)
(see Remarks 2.36(2) below). Thus, if s is as in Theorem 1.5, then

dim¢ — 1 =dim¢; +i1(¢) — 1 =1i;(¢) — 1 (mod 2°).
Since i;(¢) — 1 < 2%, the result follows. U

Of course, our main result goes somewhat deeper than this. In fact, Theorem 1.5
(resp. Theorem 5.1 below) yields a complete answer to Question 1.1 in the totally
singular case (resp. its analogue for arbitrary quasilinear p-forms). In other words,
all restrictions on the possible values of the Knebusch splitting pattern of ¢ are
explained here by the presence of certain divisibilities among its higher anisotropic
kernels — precise statements are given in Section 6A below (see Theorem 6.1,
Proposition 6.4). With this result in hand, it then becomes natural to try to understand
the general discrepancy which exists between the Knebusch and full splitting
patterns in the totally singular case. An immediate challenge here concerns the
determination of all nontrivial restrictions which the former invariant imposes
on the latter. In Section 7 below, we initiate this process by conjecturing that
the gaps in the full splitting pattern established in characteristic # 2 by Vishik
[2011, Proposition 2.6] (or see Theorem 7.1 below) as a consequence of his proof
of the excellent connections conjecture are also present in the totally singular
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theory. A particular case of this conjecture was already proved in [Scully 2016,
Theorem 9.2], and we provide some further evidence for its general veracity here.’

Finally, the main results of this paper should have valuable implications for the
study of symmetric bilinear forms over fields of characteristic 2. Indeed, in character-
istic 2, the diagonal parts of symmetric bilinear forms are nothing else but the totally
singular quadratic forms discussed above. This will be investigated in a later text.

The remainder of this text is organized as follows. In Sections 2 and 3, we recall
the basic theory of quasilinear p-forms and introduce the key notions and results
which will be needed in the main part of the text. As a warm-up for the proof of
our main result, we prove in Section 4 (a stronger version of) Proposition 1.4 and
consider some situations in which it may be applied. The proof of Theorem 1.5 (and
its generalization to higher degrees) is then given in Section 5, and, in Section 6, we
apply this result to determine all possible Knebusch splitting patterns of quasilinear
p-forms and settle another conjecture of Hoffmann concerning quasilinear p-forms
with “maximal splitting”. Lastly, in Section 7, we consider the aforementioned prob-
lem of establishing totally singular analogues of the results obtained in [Vishik 2011].

Notation and Terminology. Unless stated otherwise, p will denote an arbitrary
prime integer and F will denote an arbitrary field of characteristic p. If L is a
field of characteristic p and ay, ..., a, are elements of L, then L, 4, Will denote
the field L({/ay, ..., ¢/a,). Finally, if k is a field and T = (T, ..., T,,) is a tuple
of algebraically independent variables over k, then we will write k[T] for the
polynomial ring k[T7, ..., T,] and k(T') for its fraction field.

2. Quasilinear p-forms and quasilinear p-hypersurfaces

The basic material presented in this section was originally developed in the series
of papers [Hoffmann and Laghribi 2004; Laghribi 2004a; 2004b; 2006; Hoffmann
2004]. Additional elementary results which will be needed in the sequel are also
included here. For any details which are omitted from our exposition of the basic
theory, we refer the reader to [Hoffmann 2004].

2A. Basic notions. Let ¢ : V — F be an F-valued form on a finite-dimensional
F-vector space V. We say that ¢ is a quasilinear p-form (on V) if ¢ is homogeneous
of degree p and the equation ¢ (v+ w) = ¢ (v) + ¢ (w) holds for all (v, w) eV x V.
By a quasilinear p-form over F (or sometimes simply a form over F or F-form),
we will mean a quasilinear p-form on some finite-dimensional F-vector space.
By a quasilinear p-hypersurface over F we will mean a projective hypersurface
defined by the vanishing of a nonzero quasilinear p-form on some F-vector space

9To the author’s knowledge, there is no conjectural description of the possible values of the full
splitting pattern, even in the nonsingular case (in any characteristic).
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of dimension > 2. In the special case where p = 2, we will speak of guasilinear
quadratic forms rather than quasilinear 2-forms.

Remark 2.1. Let T = (Ty,...,T,) be a tuple of n > 2 algebraically indepen-
dent variables over F, and let f € F[T]\ {0}. Then the projective hypersurface
Xr={f=0}C P"~! is nowhere smooth if and only if f € F[T',...,T,/]. In
particular, if p = 2, then a nonzero quadratic form of dimension > 2 over F is
totally singular (in the sense of Section 1) if and only if it is quasilinear.

Let ¢ be a quasilinear p-form over F'. The underlying F-vector space of ¢ will be
denoted by V;. Its dimension will be called the dimension of ¢ and will be denoted
by dim¢. If dim¢ > 2 and ¢ is nonzero, then the quasilinear p-hypersurface
{¢ =0} C P(Vyp) (which is nowhere smooth by Remark 2.1) will be denoted by X.
The set {¢(v) | v € V) of elements of F represented by ¢ will be denoted by D(¢).
Given a field extension L of F, we will write ¢, for the unique quasilinear p-form
on the L-vector space Vy ® r L such that ¢ (v® 1) =¢(v) forallve V. If Risa
subring of L containing F', then D(¢r) will denote the subset {¢(w) |w € Vy @ R}
of D(¢r) (which lies in R). Given a € F, we will write a¢ for the form v — a¢ (v)
on the vector space V.

Let ¢ be another quasilinear p-form over F. If there exists an injective (resp.
bijective) F-linear map f : Vi, — V4 such that ¢ (f(v)) = ¥ (v) for all v € Vyy,
then we will say that v is a subform of (resp. is isomorphic to) ¢ and write ¥ C ¢
(resp. ¥ >~ ¢). If Y >~ a¢ for some a € F*, then we will say that iy and ¢ are
similar. The sum ¥ @ ¢ (resp. product ¥ @ ¢) is defined as the unique quasilinear
p-form on Vy, @ V; (resp. Vy ®F V) such that ( @ ¢)((v, w)) = ¢ (v) + ¢ (w)
(resp. (Y @ 9)(v @ w) = Y (v)¢(w)) for all (v, w) € Vi x V. Given a positive
integer n, we will let n - ¢ denote the sum of n copies of ¢ (note that we have
n-¢ # ne¢ for n > 1). If there exists a form t over F such that ¢ >~ 1 ® 7, then we
will say that ¢ is divisible by .

Given elements ay, ..., a, € F, we will write (ay, ..., a,) for the quasilinear
p-form (A1, ..., Ay) > Y i_; a;A? on the F-vector space F®". By definition, every
quasilinear p-form of dimension »n over F is isomorphic to {(ay, ..., a,) for some
a; € F.

A vector v € Vy is said to be isotropic if ¢(v) = 0. We will say that ¢ is
isotropic if V contains a nonzero isotropic vector, and anisotropic otherwise. By
the additivity of ¢, the subset V¢? of all isotropic vectors in Vj is, in fact, an F-linear
subspace of V;. Its dimension will be called the isotropy index of ¢, and will be
denoted by ig(¢) (note that in the case where p =2 and ¢ is nonzero, this agrees
with the definition given in Section 1). The additivity of ¢ also implies that D(¢)
is a finite-dimensional FP-linear subspace of F' (where F is equipped with its
natural FP-vector space structure). Conversely, if U is a nonzero finite-dimensional
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FP-linear subspace of F, and if ay, ..., a, is abasis of U, then 0 = (ay, ..., a,) is
a quasilinear p-form over F satisfying D(o) = U. In fact, it is easy to see that, up
to isomorphism, o is the unique anisotropic quasilinear p-form with this property:

Lemma 2.2 (see [Hoffmann 2004, Proposition 2.12]). Let U be a finite-dimensional
FP-linear subspace of F. Then, up to isomorphism, there exists a unique anisotropic
quasilinear p-form ¢ over F such that D(¢) = U.

In particular, Pfister’s quadratic subform theorem [Elman et al. 2008, Theorem
17.12] takes the following simplified form in this setting:

Proposition 2.3 (see [Hoffmann 2004, Proposition 2.6]). Let yr and ¢ be anisotropic
quasilinear p-forms over F. Then v C ¢ if and only if D({¥) € D(¢). In particular,
¥ = ¢ if and only if D(¥) = D(@).

In view of these observations, we can define (up to isomorphism) the anisotropic
kernel of ¢ as the unique anisotropic quasilinear p-form ¢,, over F such that
D(¢an) = D(¢). If we view D(¢) as an F-vector space via the Frobenius F +— F?,
then ¢ : V, — D(¢) is a surjective F-linear map with kernel V¢?. We thus obtain:

Proposition 2.4 (see [Hoffmann 2004, Lemma 2.10]). Let ¢ be a quasilinear
p-form over F. Then ¢ is anisotropic if and only if ¢ >~ ¢, If ¢ is isotropic, then
¢ = Pan D ig(@) - (0). In particular, dim ¢y, = dim ¢ — ig(¢p).

In summary, we see that ¢ is determined up to isomorphism by the set D(¢)
and the integer ig(¢). If dim ¢,y < 1, then we will say that ¢ is split. Given another
form v over F, we will write Y ~ ¢ whenever ¥, =~ ¢a. If F is perfect (that is,
if F = FP?), then every form over F is split and the theory is vacuous. As such, we
are essentially only interested in the case where F is imperfect. Unless indicated
otherwise, we will assume henceforth that all quasilinear p-forms are nonzero (i.e.,
of anisotropic dimension > 1).

Remark 2.5. Let ¢ be a quasilinear p-form over F. Choose a basis vy, ..., vy,
of Vy and let a; = ¢ (v;) forall 1 <i <n, so that ¢ >~ (ay, ..., a,). Suppose that
v € V, is an isotropic vector, and write v =) _; A;v;. If 1; #0 for 1 < j <n, then
the FP-vector space D(¢) is spanned by the elements ay, ..., a;_1,a;11, ..., ap.
In particular, we have ¢ ~ (ay, ..., a;_1,aj41,...,a,).

2B. Function fields of quasilinear p-hypersurfaces and their products. Let ¢ be
a quasilinear p-form of dimension > 2 over F. If ¢ is not split, then the quasilinear
p-hypersurface Xy is an integral scheme (see [Hoffmann 2004, Lemma 7.1]), as is
its affine cone {¢ = 0} C A(Vy). In this case, we will write F(¢) for the function
field of the former and F[¢] for that of the latter. If L is a field extension of F,
then we will simply write L(¢) instead of L(¢r) whenever it is defined. In general,
given a finite collection ¢1, .. ., ¢, of quasilinear p-forms of dimension > 2 over F,



Hoffmann's conjecture for totally singular forms of prime degree 1099

we will write F (¢ x - - - x ¢,) for the function field of the scheme Xy, x -+ x Xy ,
provided that it is integral. This notation will be further simplified where possible;
for example, if ¢1 = - - - = ¢, = ¢, then we will simply write F(¢*") instead of
F(¢1x - X ¢p).

Remarks 2.6. Let ¢ be a quasilinear p-form over F. Assume that ¢ is not split.
We make the following basic observations:

(1) Let ag, ..., a, € F be such that ¢ >~ (ao, ..., a,) and ag, a; # 0. Then we
have F-isomorphisms

F@) = F(S)({far (ao+as] +--+aust) )

and

Fl$]~Frac(FIT1/(aoT] + - - +a,T})) ~ F(U)(\’/ao_l (@0 +--+a,Uf) ).

where S = ($2,...,8,), T =Ty, ..., T,) and U = (Uy, ..., U,) are tuples
of algebraically independent variables over F.

(2) F|¢]is F-isomorphic to a degree-1 purely transcendental extension of F(¢).

(3) F(¢) is F-isomorphic to a degree-ig(¢p) purely transcendental extension of
F (¢an); see Proposition 2.4.

(4) The form ¢y is evidently isotropic. Furthermore, if ay, ..., a, € F are such
that ¢ >~ (ai, ..., a,), then consideration of the generic point in Xy (F(¢))
shows that ¢r@) ~ (a1, ...,ai—1,ai41,...,a,) for every 1 < i < n; see
Remark 2.5.

2C. Quasi-Pfister p-forms. Let ¢ be a quasilinear p-form over F and let n be
a positive integer. We say that ¢ is an n-fold quasi-Pfister p-form if there exist
ai,...,an € F such that ¢ ~ (ay, ..., a,) := Q'_,(1,a, a2, ...,a"”"). For
convenience, we also say that ¢ is a 0-fold quasi-Pfister p-form if ¢ ~ (1). Note,
in particular, that if ¢ is an n-fold quasi-Pfister p-form for some n > 0, then we
have dim ¢ = p”. The basic observation concerning quasi-Pfister p-forms is found

in the following proposition (which follows easily from Lemma 2.2):

Proposition 2.7 (see [Hoffmann 2004, Proposition 4.6]). Let ¢ be a quasilinear
p-form over F. Then ¢, is a quasi-Pfister p-form if and only if D(¢) is a subfield
of F.

Since the set of elements represented by an arbitrary quasi-Pfister p-form is, by
definition, a subfield of the base field, we obtain:
Corollary 2.8 (see [Hoffmann 2004, Proposition 4.6]). Let ¢ be a quasi-Pfister
p-form over F. Then ¢q, is a quasi-Pfister p-form. In particular, if ¢ is isotropic,
then dim ¢, = # dim ¢ for some k > 1.
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Remark 2.9. More explicitly, let ¢ = {ay, ..., a,)) for some n > 1 and g; € F.
Then D(¢) = FP(ay, ..., a,). Let m be such that [F?(ay,...,a,): FP]=p". If
m =0 (i.e., D(¢) = FP), then ¢y >~ (1). If m > 1, then ¢y >~ (b1, ..., by)) for
any m elements by, ..., b, € F such that F’(by, ..., by) = FP(ay,...,a,).

Quasi-Pfister p-forms have a central role to play in the general theory of quasi-
linear p-forms. As shown by Hoffmann [2004], these forms are distinguished
here by the very same properties which distinguish the classical Pfister forms
among nonsingular quadratic forms. For this reason, it will be useful to define
the divisibility index of a given form ¢, denoted 0y (¢), as the largest nonnegative
integer s such that ¢,, is divisible by an s-fold quasi-Pfister p-form. Clearly we
have 99(¢p) < log » (dim ¢,y ), with equality holding if and only if ¢,y is similar to a
quasi-Pfister p-form. An alternative description of this invariant will be given in
Corollary 2.19 below.

2D. The norm form. Let ¢ be a quasilinear p-form over F. The norm field of ¢,
denoted N (¢), is defined (see [Hoffmann 2004, Definition 4.1]) as the smallest
subfield of F which contains all ratios of nonzero elements of D(¢). Note, in
particular, that we have N(a¢) = N(¢) = N(¢,) for all a € F*. In spite of its
simple nature, this invariant has an important role to play in the whole theory. A
more explicit description of the norm field may be given as follows:

Remark 2.10. If ay, ..., a, € F are such that ¢ >~ (ay, ..., a,) and a; # 0, then
we have N(¢) = F”(Z—f, . Z—'l“)

In particular, we see that N(¢) is a nonzero finite-dimensional FP-linear sub-
space of F. By Lemma 2.2, it follows that, up to isomorphism, there exists a
unique anisotropic quasilinear p-form ¢y over F such that D(¢no) = N(¢p). The
form ¢y is called the norm form of ¢ (see [Hoffmann 2004, Definition 4.9]). By
Proposition 2.7, ¢y 1s a quasi-Pfister p-form. Its dimension (which is necessarily
equal to a power of p) is called the norm degree of ¢, and is denoted by ndeg(¢)
(see [Hoffmann 2004, Definition 4.1]). The following lemma characterizes the
norm form as the smallest anisotropic quasi-Pfister p-form which contains ¢,, as
a subform up to multiplication by a scalar (again, this is a simple consequence of
Proposition 2.3):

Lemma 2.11 (see [Scully 2016, Lemma 2.10]). Let ¢ be a quasilinear p-form
(resp. a quasilinear p-form such that 1 € D(¢)) and 7 an anisotropic quasi-Pfister
p-form over F. Then ¢qy, is similar to a subform of w (resp. ¢un C 1) if and only if
Gnor C 7. In particular, ¢,y is similar to a subform of Gnor (resp. Gan C Gnor)-

Example 2.12. Let ¢ be a quasilinear p-form over F'. The following are equivalent:

(1) @ay is similar (resp. isomorphic) to a quasi-Pfister p-form.
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(2) ¢nor = agyy, for some a € F* (resp. Pnor = Gan).
(3) N(¢) =aD(¢) for some a € F* (resp. N(¢) = D(¢)).

2E. Similarity factors. Let ¢ be a quasilinear p-form over F. By a similarity
factor of ¢, we mean an element a € F* such that a¢ >~ ¢. The set of all similarity
factors of ¢ will be denoted by G (¢p)*, and we will write G (¢) for the set G (¢)*U{0}.
Note that G(a¢p) = G(¢) = G(¢ay) for all a € F*, the second equality being an
obvious consequence of Proposition 2.4. Thus, in view of Proposition 2.3, we have:

Lemma 2.13 (see [Hoffmann 2004, Lemma 6.3]). Let ¢ be a quasilinear p-form
over F and let a € F*. Then a € G(¢)* if and only if aD(¢) C D(¢).

Example 2.14. Let ¢ be a quasi-Pfister p-form over F. Then, since D(¢) is a
subfield of F, we have G(¢) = D(¢).

More generally, Lemma 2.13 immediately implies the following:

Corollary 2.15 (see [Hoffmann 2004, Proposition 6.4]). Let ¢ be a quasilinear
p-form over F. Then G(¢) is a subfield of N (¢) containing FP.

In particular, G(¢) is a nonzero finite-dimensional FP-linear subspace of F. By
Lemma 2.2, it follows that, up to isomorphism, there exists a unique anisotropic
quasilinear p-form ¢gjy, over F such that D(¢sim) = G(¢). The form g, is called
the similarity form of ¢ (see [Hoffmann 2004, Definition 6.5]). By Proposition 2.7,
¢sim 1S a quasi-Pfister p-form. Taken together, Examples 2.12 and 2.14 yield:

Example 2.16. Let ¢ be a quasilinear p-form over F'. The following are equivalent:
(1) gy is similar (resp. isomorphic) to a quasi-Pfister p-form.
(2) Psim = Pror == aan for some a € F* (resp. Psim = Pnor == Pan)-
(3) G(¢) = N(¢) =aD(¢) for some a € F* (resp. G(¢) = N(¢) = D(¢9)).
The basic observation concerning similarity factors is the following:

Proposition 2.17. Let ¢ and  be quasilinear p-forms over F. Then G(¥) C G(¢)
if and only if ¢y is divisible by VYgin.

Proof. We may assume that 1 € D(¢). Suppose G () € G(¢). By Corollary 2.15,
G () and G(¢) are subfields of F. By Lemma 2.13, D(¢) is naturally a (finite-
dimensional) vector space over G(¢), and hence over G(y). If ay, ..., a, is a
basis of D(¢) over G (), then (since D(Vsim) = G(¥)), Lemma 2.2 implies that
Pan == Vsim ® (a1, .. ., ap). Conversely, if ¢,y 1s divisible by Vg, then it is clear
that G() € G(¢), since G(¥) = D(¥sim) = G (¥sim) by Example 2.16. U

We thus obtain the following characterization of the similarity form:
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Corollary 2.18 (see [Hoffmann 2004, Proposition 6.4]). Let ¢ be a quasilinear
p-form and 7w an anisotropic quasi-Pfister p-form over F. Then ¢q, is divisible
by 1 if and only if ¢sim is divisible by 7. In particular, ¢y, is divisible by ¢gim.

This enables us to reinterpret the divisibility index 0¢(¢) (see Section 2C) as
follows:

Corollary 2.19. Let ¢ be a quasilinear p-form over F. Then we have 0¢(¢) =
log,, (dim ¢gim) =log,([G(¢) : FP]).
We also get the following:

Corollary 2.20. Let ¢ and \ be quasilinear p-forms over F. Then ¢y, is divisible
by Yo if and only if N(¢) C G(¢). If, additionally, 1 € D(yr), then the latter
condition may be replaced by D(yr) C G (¢).

Proof. For the second statement, we simply recall that N (¢) is the smallest subfield
of F containing all ratios of nonzero elements of D(¢) and that G(¢) is a subfield
of F (Corollary 2.15). For the first, we can replace ¥ by its norm form to arrive at
the case where N (¥) = G(¥) and Ynor = Ysim (see Example 2.16). The result is
therefore a particular case of Proposition 2.17. U

2F. A criterion for a quasilinear p-form to be quasi-Pfister. Let ¢ be a quasi-
linear p-form over F such that 1 € D(¢), let L be a field extension of F' and let
o € D(¢p) \ {0}. Consider the set S, ={a € F | xa € D(¢)}. Since D(¢.) is an
LP-linear subspace of L, we have the following observation:

> Aa;eS, forall ;€ F andall a; € S,. (2-1)

Lemma 2.21. In the above situation, let P € FP[T] be a polynomial of degree < p
in a single variable T such that P(b) € S, for all b € D(¢). Then b" € S, for all
b e D(¢) and all n < deg(P).

Proof. We proceed by induction on d = deg(P). Since a € D(¢r), the case
where d = 0 is trivial. Suppose now that d > 0, and let A € F be such that
P(T+AP)=P(T)+ Q(T) for some Q € FP[T] of degree d — 1. Since F? C D(¢)
by hypothesis, our assumption and (2-1) imply that Q(b) = P(b+AP) — P(b) € Sy
for all b € D(¢). By the induction hypothesis, it follows that " € S, for all b € D(¢)
and all n < d. Finally, since P(b) = 3¢, AP for some ; € F with A4 # 0, (2-1)
implies that, for any b € D(¢), we also have b? € S,. This proves the lemma. [

Suppose now that there exists a polynomial P € FP[T] as in the statement of
Lemma 2.21 with deg(P) > 2 (in particular, we necessarily have p > 2). A first
application of the lemma shows that we have D(¢) C S,. Since D(¢r) is spanned
by D(¢) as an L?-vector space, this implies that « D(¢r) € D(¢r), and hence (for
dimension reasons) that « D(¢r) = D(¢). Another application of Lemma 2.21
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then shows that " € D(¢) for all b € D(¢) and all n < deg(P). In particular, since
deg(P) > 2, we have 2bc = (b +¢)*> — b> — c? € D(¢;) for all b, ¢ € D(¢). Since
p > 2, and since D(¢) is spanned by D(¢) as an L”-vector space, this implies that
D(¢y) is closed under multiplication, i.e., that D(¢y) = N(¢r) (see Remark 2.10).
By Example 2.12, this means that (¢7)an = (¢ )nor- We have thus proved:

Lemma 2.22. Assume that p > 2. Let ¢ be a quasilinear p-form over F such
that 1 € D(¢) and let L be a field extension of F. Suppose that there exists a
polynomial P € FP[T] in a single variable T, and an element o € D(¢r) \ {0}
such that 2 < deg(P) < p and a P(b) € D(¢r) for all b € D(¢). Then (¢r)an is a
quasi-Pfister p-form.

2G. The Cassels—Pfister representation theorem. Let ¢ be a quadratic form over
afield k and let f € k[T'] be a polynomial in a single variable 7" which is represented
by the form ¢ (7). One of the foundational results of the classical algebraic theory
of quadratic forms is the Cassels—Pfister representation theorem, which asserts that,
in this case, ¢ already represents f over the polynomial ring k[7] (see [Elman
et al. 2008, Theorem 17.3]). In the present setting, the original argument of Cassels
may be readily adapted to prove the analogous statement for quasilinear p-forms.
However, as pointed out by Hoffmann [2004], the additivity property of these forms
enables one to prove a stronger multivariable statement taking the following form:

Theorem 2.23 (see [Hoffmann 2004, Corollary 3.4]). Let ¢ be a quasilinear p-form
over F,let T = (11, ...,Ty) be a tuple of algebraically independent variables
over F and let f € F[T]. Then f € D(¢rr)) if and only if f € D(¢pr[ry), if and
onlyif f e DT}, ..., TP

Now, in the situation of Theorem 2.23, the F(T)?-vector space D(¢r(r)) is
(evidently) spanned by elements of D(¢). Thus, in view of Lemma 2.13, we
immediately obtain the following result concerning rational similarity factors:

Corollary 2.24 (see [Hoffmann 2004, Proposition 6.7]). Let ¢ be a quasilinear p-
formover F,letT = (T, ..., Ty) be a tuple of algebraically independent variables
over F and let f € F[T). Then f € G(¢rr)) if and only if f € G(qb)[Tlp, .., Th.

2H. Isotropy of quasilinear p-forms under scalar extension. We now collect some
basic facts regarding the isotropy of quasilinear p-forms under scalar extension.
Let K and L be extensions of a field k. Recall that a k-place K --+ L is a
pair (R, f) consisting of a valuation subring k € R € K and a local k-algebra
homomorphism f : R — L. For example, given an inclusion i : K < L, the pair
(K, i) defines a k-place K --» L. If there exist k-places K --» L and L --» K,
then we say that K and L are equivalent over k, and write K ~; L. For instance,
this is easily seen to be the case whenever L (resp. K) is a purely transcendental
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extension of K (resp. L) (see [Elman et al. 2008, §103] for further details). We
have here the following basic lemma, which is a consequence of the completeness
of X4 (see [EGAII 1961, (7.3.8)]):

Lemma 2.25 (see [Scully 2016, Lemma 3.4]). Let ¢ be a quasilinear p-form
over F and let K and L be field extensions of F such that there exists an F-place
K --» L. Then ig(¢pr) > i0(¢k). In particular, if K ~g L, then ig(¢px) = io(dr)-

Note, in particular, that passage to rational extensions of the base field does
not affect the isotropy index of a quasilinear p-form. By MacLane’s theorem

[Lang 2002, Proposition VIIL.4], the same is, in fact, true of arbitrary separable

extensions: 0

Lemma 2.26 (see [Hoffmann 2004, Proposition 5.3]). Let ¢ be an anisotropic
quasilinear p-form over F and let L be a field extension of F. If L is separable
over F, then ¢, is anisotropic and ndeg(¢r) = ndeg(¢).

Thus, in order to study the isotropy behavior of quasilinear p-forms under scalar
extension, we are effectively reduced to considering the case of purely insepara-
ble algebraic extensions. In degree p, we have the following basic observations,
all of which can be easily verified using the results which have been discussed
thus far (recall here that, given ay, ..., a, € F, we denote by F,, _,, the field

F(yai, ..., Yay)):

Lemma 2.27 (see [Hoffmann 2004, §5; Scully 2016, Lemma 3.8]). Let ¢ be a
quasilinear p-form over F and leta € F \ FP. Then:

(1) D(@r) = D({a) ®$) = X1~y a' D($).

@) io(¢r,) = ;10(« a) ® ).

ndeg(¢) ifa e N(¢),

(3) ndeg(¢r,) = { PN

ndeg(¢)  ifa ¢ N(¢).
(4) If ¢ is anisotropic and a ¢ N (¢), then ¢F, is anisotropic.
(5) dim (¢F,)an = 4 dim .
(6) Equality holds in (5) if and only if ¢a, is divisible by ((a)), if and only if

a € G(¢).

Remark 2.28. The second equivalence in (6) holds by Corollary 2.20.

As an application of the first part of the lemma, we have:

Corollary 2.29. Let ¢ be a quasilinear p-form over F and let a € F \ FP. Then
G(¢r,) = G({a) ® ¢). In particular, dp({(a)) @ $) = o(¢Pr,) + 1.

10Recall that an extension of fields k C L is called separable if, for any algebraic closure k of k,
the ring L ®y k has no nontrivial nilpotent elements.
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Proof. More specifically, the first statement is an immediate consequence of Lemmas
2.27(1) and 2.13. The second then follows from Corollary 2.19. O

Suppose now that 7 = (ay, ..., a,)) is an anisotropic quasi-Pfister p-form
over F. By Remark 2.9, we have [F?(ay, ..., a,): FP] = p", which means that
a; ¢ Fy,,..q_, Torevery 1 <i <n. Repeated applications of Lemma 2.27(2) and
Corollary 2.29 therefore yield the following proposition:

Proposition 2.30. Let ¢ be a quasilinear p-form over F, let w be as above and let
¥ =7 ®¢. Thenio(¥) = p"io(@r,

Now, in view of Remarks 2.6(1), one may combine the above results in or-
der to study the isotropy behavior of quasilinear p-forms under scalar extension
to function fields of quasilinear p-hypersurfaces. More specifically, let ¥ be a
quasilinear p-form over F which is not split, and let ay, ..., a, € F be such
that ¢ =~ (ao, ..., a,), with ap, a; # 0. Then, by Remarks 2.6(1), we have an
F-isomorphism of fields

Fp) = F)({fa (@ +aTf +-+a,17) ),

where T = (7>, ..., T,) is an (n — 1)-tuple of algebraically independent variables
over F. Thus, putting Lemmas 2.26 and 2.27 and together, we obtain:

Lemma 2.31 (see [Hoffmann 2004, §§7.3, 7.4]). Let ¢ be an anisotropic quasi-
linear p-form over F, and let W be as above. Then:

(1) dim (¢r(y))an = 5 dim¢.

(2) Equality holds in (1) if and only if afl (ao + aszp 4+ 4ay Tnp) € G(¢r(r)).
(3) ndeg(dr(y)) = 5 ndeg().

(4) Equality holds in (3) if and only if al_l (ao —|-a2T2p +---+a, Tnp) € N(¢Fr)).
(5) The equivalent conditions of (4) are satisfied if ¢y is isotropic.

As a basic application, we have:

Corollary 2.32 (see [Hoffmann 2004, §§7.3, 7.4]). Let ¢ and W be quasilinear
p-forms over F such that ¢ is anisotropic and  is not split. Then:

(1) dim (¢F(y))an = % dim ¢, with equality holding if and only if N () C G(¢).
(2) If ¢r(y) is isotropic, then N () € N(¢). In particular, ndeg(y) < ndeg(¢).

Proof. We may assume that i is as in Lemma 2.31. In this case, we have N (i) =
F? (Z—‘l), .. ﬂ) (see Remark 2.9), and so (1) follows from the first two parts of the

’al

former lemma and Corollary 2.24. Similarly, since N(¢r) = D((¢nor)r) for any
field extension L of F, (2) follows from Lemma 2.31(4,5) and Theorem 2.23. [
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Finally, it will be useful to record in this section another basic application of the
Cassels—Pfister theorem. To state it, let 7 = (71, . . ., T;,) be a tuple of algebraically
independent variables over F', let g € F[T] be an irreducible polynomial and let F[g]
denote the field Frac(F[T]/(g)) (i.e., the function field of the integral hypersurface
{g =0} C A%). Given f € F[T], we write multg(f) for the multiplicity of g in f,
i.e., the largest nonnegative integer s such that f = g*h for some h € F[T]."!

Proposition 2.33. In the above situation, let ¢ be a quasilinear p-form over F
and let f € F[T]. Suppose that f € D(¢rr)) and that ¢rq) is anisotropic. Then
mult, (f) =0 (mod p).

Proof. Let s = mult,(f). After replacing f by f/ = D(¢F(r)) for a suitable
integer k > 0, we may assume that s < p. Our goal is then to prove that s = 0. To
see this, note first that there exists a v € V3 ® p F[T] such that ¢r1)(v) = f by
Theorem 2.23. If s # 0, then the image v of v in Vy ® r F[g] is an isotropic vector
for ¢r(g). By hypothesis, it follows that v = 0, which means that v = gw for some
w € V3 ®F F[T]. But this implies that f = g”¢r)(w), which contradicts the fact
that s < p. We conclude that s = 0, and so the proposition is proved. (]

21. The divisibility index and scalar extension. Let ¢ be a quasilinear p-form
over F. We make some brief remarks concerning the behavior of the divisibility
index 0¢(¢) (see Section 2C) under scalar extension.

Lemma 2.34. Let ¢ be a quasilinear p-form over F and let L be a field extension
of F. If (¢sim) L is anisotropic, then 0o(¢r) = 0o(¢).

Proof. As an LP-vector space, D((¢sim)r) is spanned by D (¢sim) = G(¢). Since
we evidently have G (¢) € G(¢r) = D((¢1)sim), and since (¢sim) . s anisotropic
by hypothesis, Proposition 2.3 implies that (¢sim) 1 C (¢1)sim- The desired assertion
now follows from Corollary 2.19. ([

In particular, this applies in the case where L is a separable extension of F (see
Lemma 2.26). In the case where L is purely transcendental over F', we can say more:

Lemma 2.35. Let ¢ be a quasilinear p-form over F and let L be a purely transcen-
dental extension of F. Then (¢r)sim = (¢sim) L and 0o(pr) = 09(¢).

Proof. Continuing with the proof of Lemma 2.34, it is sufficient to show that in this
case G(¢y) is generated by G(¢) over L?. If L is finitely generated over F, then
this follows from Corollary 2.24. On the other hand, the general case reduces easily
to the finitely generated case in view of Lemma 2.13, so the lemma is proved. [J

1'With the added convention that multg (0) = +o00.
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2J. The Knebusch splitting pattern. Let ¢ be a quasilinear p-form over F. Fol-
lowing the construction outlined in Section 1 (see also [Hoffmann 2004, §7.5]), set
Fo=F, ¢9 = ¢an, and recursively define

o F, = F,_1(¢p,—1) (provided ¢,_; is not split), and

e ¢ = (¢F.)an (provided F; is defined).
Note here that if ¢, is defined, then we have dim ¢, < dim ¢,_; by Remarks 2.6(4).
As such, the whole process is finite, terminating at the first nonnegative integer 4 (¢)
for which dim ¢4y < 1. The integer i (¢) will be called the height of ¢, and the
tower of fields Fo C Fy C - - - C Fj, gy will be called the Knebusch splitting tower of ¢.
Foreach 0 <r <h(¢), we setj.(¢) =io(¢r,). If ¢ is not split and r > 1, then the dif-
ference j, (¢) —j,—1(¢p) will be called the r-th higher isotropy index of ¢, and will be
denoted by i,(¢). In this case, the form ¢, will be called the r-th higher anisotropic
kernel of ¢. Finally, the sequence i(¢) = (i1(¢), ..., in@) (¢)) (understood to be
empty if ¢ is split) will be called the Knebusch splitting pattern of ¢.'2

Remarks 2.36. Let ¢ be a quasilinear p-form over F.

(1) By the recursive nature of the above construction, we have i, (¢) =i (¢,—1)
for every 1 <r < h(¢).
(2) By Proposition 2.4, we have i,(¢) =dim ¢,_; —dim ¢, for all 1 <r < h(¢).

(3) Let L be a field extension of F. As already remarked in Section 1, it is not true
in general that ig(¢p1) =i, (¢) for some 0 <r < h(¢); see Example 2.47 below.

Note that by Remarks 2.6(3) we have the following:

Lemma 2.37. Let ¢ be a quasilinear p-form form of dimension > 2 and let (F})
denote its Knebusch splitting tower. Then F, ~p F(¢™") for every 0 <r < h(¢).

In light of Lemma 2.37, we therefore have:
Corollary 2.38. Let ¢ be a quasilinear p-form over F. Then, for every 0 <r <h(¢),
we have j, (¢) =iy (¢F(¢><r)).

Given the results of Section 2H, we are now in a position to prove the following
characterization of anisotropic quasi-Pfister p-forms:

Proposition 2.39 (see [Hoffmann and Laghribi 2004, Theorem 8.11]). Let ¢ be an
anisotropic quasilinear p-form of dimension > 2 over F. Then dim ¢| > % dim ¢,
and the following conditions are equivalent:

(1) dim¢; = %dimq&.
(2) i(¢) = (p"@ — ph@=1 ph@)=1 _ ph@)=2"  p2—p p—1).

125¢e Footnote 3. We omit the term ip(¢) from the sequence because we are ultimately interested
in the case where ¢ is anisotropic (i.e., where ig(¢) = 0).
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(3) ¢ is similar to a quasi-Pfister p-form.

Proof. The inequality dim ¢; > % dim ¢ holds by Corollary 2.32. The same result
shows that equality holds if and only if N(¢) € G(¢). By Corollary 2.20, the latter
condition holds if and only if ¢ is divisible by ¢po,. In view of Lemma 2.11, this
proves the equivalence of (1) and (3), as well as the implication (2) = (3). On
the other hand, if ¢ is similar to a quasi-Pfister p-form of dimension p”, then ¢,
is similar to a quasi-Pfister p-form of dimension p”~! by Corollary 2.8 and (1).
Since i;(¢) = dim ¢ — dim ¢ (see Remarks 2.36(2)), an easy induction on /(¢)
then shows that (3) implies (2). O

Finally, a repeated application of Lemma 2.31(3-5) (with ¥ = ¢) yields the
following computation of the height i (¢):

Corollary 2.40 (see [Hoffmann 2004, Theorem 7.25(ii)]). Let ¢ be a quasilinear
p-form over F. Then h(¢) = logp (ndeg(¢)).

Together with Corollary 2.32(2), this implies the following useful result:

Corollary 2.41 (see [Scully 2016, Proposition 4.12]). Let ¢ and i be quasilinear
p-forms over F such that ¢ is anisotropic and s is not split. If ¢y is isotropic,

then h(Y) < h(@).

2K. The quasi-Pfister height and higher divisibility indices. Let ¢ be a quasi-
linear p-form over F. As in [Scully 2016, §4.2], we define the quasi-Pfister height
of ¢, denoted hqp(¢), to be the smallest nonnegative integer / such that ¢; is similar
to a quasi-Pfister p-form (this is well defined, since ¢, 4), being of dimension 1, is
similar to a 0-fold quasi-Pfister p-form). We have:

Lemma 2.42. Let ¢ be a quasilinear p-form over F and let d = h(¢p) — hqp ().
Then (@) = (11(®), - - -, gy (@), P! = p*~ 1 p 1 = p2, . p*—p,p—1)
and i, (¢) (@) = dim(¢) — iy p)—1(@) — p < T — p.

Proof. The first statement is an immediate consequence of Proposition 2.39. The
point here is that ¢y (p) is similar to a quasi-Pfister p-form of dimension .
By Remarks 2.36(2), we therefore have i ,(¢)(¢) = dim ¢y, p)—1 — dim @y, p) =
dim(¢) — Thgp()—1(@) — pd. Finally, since Phgpy(9)—1 is (by the definition of /g, (¢))
not similar to a quasi-Pfister p-form, it must have dimension < p?*!, again by
Proposition 2.39. This proves the inequality in the second statement, and hence
the lemma. U

The Knebusch splitting pattern of a quasilinear p-form ¢ is therefore determined
by h(#), hqp(¢) and the truncated sequence (i1 (@)s -y g (@) (qb)). With a view to
studying the latter invariant, we now introduce new invariants of ¢ which will be
of central interest in the sequel. More specifically, for each 1 <r < h(¢), we define
the r-th higher divisibility index of ¢, denoted 0, (¢), as the integer 0p(¢,) (see
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Section 2C). In other words, 0,(¢) is the largest integer s such that ¢, is divisible
by an s-fold quasi-Pfister p-form (over the corresponding field of the Knebusch
splitting tower of ¢). The sequence of integers (09(¢), . . ., x(¢)(¢)) will be denoted
by 0(¢p). As per Lemma 2.42 (and the proof of Proposition 2.39), we have:

Lemma 2.43. Let ¢ be a quasilinear p-form over F and let d = h(¢) — hqp().
Then 2($) = (90(@). ... g1 (@).d.d — 1., 1,0).

We also, however, have the following information concerning the “nontrivial
part” of the sequence ?(¢):

Lemma 2.44. Let ¢ be a quasilinear p-form over F. Then 9o(¢) < - -+ < 0, (¢)-

Proof. We may assume that ¢ is anisotropic and not split. We need to show that if ¢
is not similar to a quasi-Pfister p-form, then 0;(¢) > 09(¢). By Lemma 2.34 it will
be sufficient to check that ¢, remains anisotropic over F'(¢). Suppose otherwise.
Then, by Corollary 2.32(1), we have N (¢) € G(¢). By Corollary 2.15 it follows
that N(¢) = G(¢), or, equivalently, that ¢nor > ¢sim (see Lemma 2.2). But, in view
of Lemma 2.11 and Corollary 2.18, this implies that ¢ is similar to a quasi-Pfister
p-form, thus contradicting our assumption. The lemma follows. ]

In particular, since i, (¢) = dim ¢, —dim ¢, _; for all 1 <r < h(¢) (see Remarks
2.36(2)), we obtain the following result concerning the integers i, (¢):

Corollary 2.45. Let ¢ be a quasilinear p-form over F. Then we have i,(¢) =0
(mod 0,1 (¢)) for all 1 < r < hgy(@).

2L. Some examples. We now conclude this section with two basic computations
which will be needed in the sequel, beginning with:

Lemma 2.46. Let ¢ be an anisotropic quasilinear p-form over F and let =
¢ry L (T), where T is an algebraically independent variable over F. Then

i) = (L, 11(d), 12(9), - - ., ing) (@) and d(y) = (0,00(¢), 01(@), . . .., Dng) ().

Proof. The form 1 is clearly anisotropic. Now, the field F'(T)(¥) is F-isomorphic
to a purely transcendental extension of F' (see the presentation of Remarks 2.6(1),
for example). In particular, ¢ (7)(y) is anisotropic (Lemma 2.26), and so i; () =1
and Y| >~ ¢r(7)(y) (see Remark 2.5). Since F(T)(y) is purely transcendental
over F, the first statement now follows immediately from Lemma 2.26. In a similar
way, Lemma 2.35 implies that 0, () = 0,_1(¢) for all 1 <r < h(y/). Thus, to
prove the second statement, it only remains to check that 9y(y) = 0. But, since
i1(¢) =1, this is an immediate consequence of Corollary 2.45. ]

Given this result, we can give an example of a quasilinear p-form whose (full)
splitting pattern is not determined by its Knebusch splitting pattern:
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Example 2.47 (see [Hoffmann and Laghribi 2004, Example 8.15]). Let T =
(Ty, ..., T,+1) be a tuple of algebraically independent variables over a field Fy of
characteristic p, and let F = Fy(T'). Consider the form ¢ = (T}, ..., T,,)) L (T,+1)
over F. By Lemma 2.46 and Proposition 2.39, we have

@)= (1, p"—p" L p"t=p" 2 .. pP=p,p—1),

so that j,(¢p) = p" — p""T! + 1 forall 1 <r <n+ 1. On the other hand, the full
splitting pattern of ¢ also contains all the integers p" — p" "+ (1 <r <n+1).
Indeed, if (L;) denotes the Knebusch splitting tower of {ay, ..., a,))r, then we
clearly have ig(¢7,_,) = p" — p" ! forall 1 <r < n+1 (again, we are using
Lemma 2.26 and Proposition 2.39 here).

Our second computation is the following:

Lemma 2.48. Let ¢ be a quasilinear p-form over F. Let y = (T, ..., T;) ®PFr (1),
where T = (T, ..., T,) is a tuple of algebraically independent variables over F.
Theni(y) = (p"11(#). ... P"inig) (). p"—p" ', p" " =p" 72 . pP—p. p—1)
and () = (00((}5) +n,01(@)+n,...,0np-1(@d)+n,n,n—1,...,1, 0).

Proof. It is enough to treat the case where n = 1. To simplify the notation, let
us write 7 for the variable 77 and L for the rational function field F (7). Now,
by construction, we have ndeg(y) = p(ndeg(¢)) (see Remark 2.10). In view of
Corollary 2.40, it follows that A () = h(¢)+ 1. Let (L,) and (F,) denote the Kneb-
usch splitting towers of ¥ and ¢ respectively. We claim that, for every 0 <r < h(¢),
(L;)t is F-isomorphic to a purely transcendental extension of F,.. The case where
r = 0 is evident. In general, we have (L,)r = (Lt),, where ((L7),) denotes the
Knebusch splitting tower of v1... But, since (7)), ~ (1), and since L is purely
transcendental over F (the r = 0 case), we have (Y1, )an = ¢1,. By Remark 2.5,
it follows that (L,)r is L-isomorphic to a purely transcendental extension of the
free composite F, - Ly. Again, since L7 is purely transcendental over F, the claim
follows. Given this, Proposition 2.30 and Lemma 2.26 together imply that

ir() =i0(¥,) = pio(dw,,) = pio(dr,) = pir()

for all 0 < r < h(¢), which proves the first statement of the lemma. Similarly, our
claim, Proposition 2.30 and Lemma 2.35 together imply that

0, (¥) =00(¥L,) =00(P(r,);) +1=00(¢r,) +1=0,(¢) +1
for all 0 <r < h(¢), and so the second statement also holds. O
3. An incompressibility theorem and related results

In this section, we collect some of the farther-reaching results on the isotropy
behavior of quasilinear p-forms over function fields of quasilinear p-hypersurfaces
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which have been obtained in recent years. These results will have an essential role
to play in the sequel. We do not provide full details here, but the interested reader is
referred to the original articles [Hoffmann and Laghribi 2004; Totaro 2008; Scully
2016] for further information.

3A. The incompressibility theorem. Let ¢ be an anisotropic quasilinear p-form
of dimension > 2 over F with associated quasilinear p-hypersurface X4. As in
[Scully 2013, §5], we define the Izhboldin dimension of X4, denoted dimy,n(Xy),
to be the integer dim Xy — i1(¢) + 1. The following result was proved in [loc. cit.]:

Theorem 3.1 [Scully 2013, Theorem 5.12]. Let X be an anisotropic quasilinear
p-hypersurface over F. Let Y be an algebraic variety over F such that Y (Fep) = <.
If dimY < dimy,(X), then there cannot exist a rational map X --» Y.

Remarks 3.2. (1) In the case where p = 2, Theorem 3.1 is due to Totaro [2008,
Theorem 5.1]. In fact, if Xy = {¢p = 0} is an anisotropic projective quadric over a
field k of any characteristic, and if Y is any complete k-variety possessing no closed
points of odd degree, then it is known that the existence of a rational map X --+ Y
necessarily implies that dim ¥ > dimy, (X ), where dimyzn (Xg) =dim X4 —i1(¢)+1.
This result was first proved by Karpenko and Merkurjev [2003, Theorem 4.1] (see
also [Elman et al. 2008, Theorem 76.5]) in the case where X, is smooth, and was
later extended by Totaro [loc. cit.] to the singular case.

(2) The special case where Y is a closed subvariety of X shows that the canonical
dimension of X (see Section 1) is equal to dimy,(X) (the inequality cdim(X) <
dimpp (X) is trivial; see [Scully 2013, Corollary 5.14]).

In the remainder of this section, we will recall some of the main applications of
Theorem 3.1 (and its proof). Here, we mention the following:

Corollary 3.3 (see [Scully 2016, Corollary 5.4]). Let ¢ and  be anisotropic quasi-
linear p-forms of dimension > 2 over F, and let ¢ C ¢ be a subform of dimension
<dimy —1; (). Then opy) C (Pr(y))an- In particular, ory) is anisotropic.

Proof. We trivially have D(ory)) € D(dry)). In light of Proposition 2.3, it
therefore suffices to check that oy is anisotropic, or, equivalently, that there does
not exist a rational map Xy --+ X,. But, since X, (Fsep) = & (see Lemma 2.26),
this is an immediate consequence of Theorem 3.1. U

In particular, we have the following fundamental observation:

Corollary 3.4. Let ¢ be an anisotropic quasilinear p-form of dimension >?2 over F
and let fy C ¢ be a subform of codimension i1(¢). Then ¢1 > VY 4).

Proof. By Corollary 3.3, we have ¥/r) C ¢1. Since both forms have the same
dimension by hypothesis, the result follows. U
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3B. Neighbors and near neighbors, 1. Let ¢ and ¢ be anisotropic quasilinear
p-forms of dimension > 2 over F. We will say that ¢ is a neighbor (resp. near
neighbor) of ¢ if ¥ is similar to a subform of codimension < i;(¢) (resp. codimen-
sion i1 (¢)) of ¢. Our motivation here is the following extension of Corollary 3.4:

Lemma 3.5. Let ¢ and  be anisotropic quasilinear p-forms over F such that ¢ is
anisotropic of dimension > 2 and  is similar to a subform of ¢. Then (Y rp))an is
similar to ¢, if and only if  is a neighbor or near neighbor of ¢.

Proof. Without loss of generality, we may assume that ¥ C ¢. Again, we trivially
have D(Vr¢)) € D(¢r(¢) = D(¢1). By Proposition 2.3, it therefore suffices to
check that dim (Y r(¢))an = dim ¢ — 1 (¢) if and only if ¥ has codimension < i;(¢)
in ¢. The left-to-right implication here is trivial. Conversely, if ¥ has codimension
<1i1(¢) in ¢, then we have dim (Y r(g))an > dim ¢ —i;(¢) by Theorem 3.1. Since the
reverse inequality holds here by obvious dimension reasons, the lemma is proved. [

Note here that while neighbors of ¢ become anisotropic over F(¢), its near
neighbors do not (Corollary 3.3). This enables us to compute:

Proposition 3.6 (see [Scully 2013, Proposition 6.1]). Let ¢ and i be anisotropic
quasilinear p-forms of dimension > 2 over F such that v is a codimension-d

neighbor of ¢. Then i1 (Y) =1i1(¢) —d.

3C. The ruledness theorem. Another key application of Theorem 3.1 is the fol-
lowing extension of Proposition 3.6, which shows in a precise way that anisotropic
quasilinear p-hypersurfaces having first higher isotropy index larger than 1 are ruled.

Theorem 3.7 (see [Scully 2013, Theorem 7.6]). Let ¢ and W be anisotropic quasi-
linear p-forms of dimension > 2 over F such that \ is a codimension-d neighbor
of ¢. Then Xy is birationally isomorphic to Xy, X P

Proof. By Proposition 3.6, we have i (1) =1i;(¢) —d. It is therefore enough to treat
the case where d =1i;({) — 1, and this is covered by [Scully 2013, Theorem 7.6]. [J

Remark 3.8. Again, in the case where p = 2, this result is due to Totaro [2008,
Theorem 6.4]. Unlike Theorem 3.1, however, the analogous assertion remains open
for generically smooth quadrics (in any characteristic; see [Totaro 2008; 2009]).

It is worth mentioning the following explicitly:

Corollary 3.9. Let ¢ and yr be anisotropic quasilinear p-forms of dimension > 2
over F such that i1(¢) > 1 and  is similar to a codimension-1 subform of ¢. Then
we have an F-isomorphism of fields F(¢) >~ F[V].

Proof. By Theorem 3.7, F(¢) is F-isomorphic to a degree-one purely transcendental
extension of F' (). In view of Remarks 2.6(3), the result follows. U
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3D. Neighbors and near neighbors, I1. Given Theorem 3.7, we extend Proposition
3.6 as follows:

Proposition 3.10 (see [Scully 2016, Proposition 6.2]). Let ¢ and yr be anisotropic
quasilinear p-forms of dimension > 2 over F such that { is a codimension-d
neighbor of ¢. Then we have i(Y) = (11(¢p) —d, 12(P), ..., g (@) and d(Y) =
Q0(¥), 01(@), - .., ) (P)).

Proof. By Theorem 3.7, F(¢) is F-isomorphic to a purely transcendental exten-
sion of F(¢). Thus, if (F;) and (F(¢),) denote the Knebusch splitting towers
of ¥ and ¥r(y), respectively, then F(¢), is F,-isomorphic to a purely transcen-
dental extension of F,; for every 0 < r < h(YFr«)). In particular, we have
-(Yr@g) = r+1(¥) and 0, (Y r(g) = 0,41(3) for any such r by Lemmas 2.26
and 2.35, respectively. On the other hand, Lemma 3.5 shows that (Yrg))an is
similar to ¢;. Since i,(¢) = i,_1(¢1) and 0,(¢p) = 0,_1(¢p1) for all 1 <r < h(¢),
the proposition follows immediately. (Il

Let ¢ be a quasilinear p-form over F'. We say that ¢ is a quasi-Pfister p-neighbor
(of ) if there exists a quasi-Pfister p-form 7 over F such that ¢ is similar to a
subform of 7 and dim¢ > %dimn. If ¢ is anisotropic, then it follows from
Proposition 2.39 that ¢ is a quasi-Pfister p-neighbor if and only if it is a neighbor of
some quasi-Pfister p-form in the sense of Section 3B. Forms of this type are of spe-
cial importance in the general theory of quasilinear p-forms. Putting Lemma 2.11,
Proposition 2.39, Corollary 2.40, Lemma 3.5 and Proposition 3.10 together, we
obtain the following classification of anisotropic quasi-Pfister p-neighbors:

Corollary 3.11 (see [Scully 2016, Theorem 6.4]). Let ¢ be an anisotropic quasi-
linear p-form of dimension > 2 over F and let n be the smallest nonnegative integer
such that p"*t! > dim ¢. Then the following are equivalent:

(1) ¢ is a quasi-Pfister p-neighbor.

(2) ¢ is a neighbor of ¢nor-

(3) PF gy, is isotropic.

(4) ndeg(¢) = p"*'.

(5) h(p)=n—+1.

(6) i1(¢) =dim¢ — p" and ir(¢) = p" — p"~".

(7) i(@) = (dim¢ — p", p" — p"~1, p"~ ' = p" 2, ... p*—p.p—1).
(8) ¢ is similar to a quasi-Pfister p-form (i.e., hqp(¢) < 1).

Remark 3.12. In the case where p = 2, this result was proved earlier by Hoffmann
and Laghribi [2004, Theorem 8.1] using different methods.
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For arbitrary subforms, the situation is naturally more complicated, but we can
nevertheless appeal to the following general result which was proved in [Scully
2016] (and whose proof again makes essential use of Theorems 3.1 and 3.7):

Proposition 3.13 (see [Scully 2016, Proposition 8.6]). Let ¢ and Y be anisotropic
quasilinear p-forms of dimension > 2 over F such that ¢y is isotropic. Then
either

(1) (¥r)F(¢) is anisotropic for all 0 <r < h(yr) and \(Y ) =1(¥), or
(2) i(Wrg) = (1), i1 (), s () Figp1 (W), b2 (W), - - - iny) (), where

s < h(y) is the smallest nonnegative integer such that (\s) r,(p) is isotropic.

Note here that in the special situation where v is a neighbor of ¢, we are
necessarily in case (2) with s being equal to 0. Since (V¥ r(g))an = ¢1 in this instance
(Lemma 3.5), we recover the computation of Proposition 3.10. By contrast, if ¥ is
a near neighbor of ¢, then we can be in either of cases (1) and (2) (see Remark 3.15
below). Nevertheless, we still have ¥ r(g) = ¢1 (Corollary 3.4), and so we get:

Corollary 3.14 (see [Scully 2016, Corollary 6.10]). Let ¢ be an anisotropic quasi-
linear p-form of dimension > 2 over F and let { be a near neighbor of ¢. Then
either

(1) (Y1) F, (¢ is anisotropic for all 0 <r < h(Y) and i(Y) =1i(¢1), or
2) i) = (12(8), 3(®), ..., (), is (W), is11(P) =1 (¥), 1542(D), - - -, i) (D))

where s < h(3r) is the smallest positive integer such that () ,(¢) is isotropic.

Remark 3.15. As per the comments above, neither of cases (1) and (2) can be
ruled out here. Indeed, case (1) describes the situation where () = h(¢) — 1,
while case (2) describes the situation where h (1) = h(¢). As the reader will easily
verify using Corollary 2.40, both these situations can arise in practice.

3E. A comparison result. We now conclude this section by recalling the following
comparison result for isotropy indices of quasilinear quadratic forms which was
obtained in [Scully 2016] with the help of Theorem 3.1:

Proposition 3.16 (see [Scully 2016, Theorem 7.13, Remark 9.1]). Assume that
p =2. Let ¢ be an anisotropic quasilinear quadratic form of dimension > 2 over F
and let L be a field extension of F such that ¢y is not split. Then

i0(BLig)) —11(#) = minfio(pr), [3(dime —i1(8) + D]}.

Remark 3.17. A similar statement also holds for p > 2 (see [Scully 2016, Theorem
7.13]), but this will not be needed below.

Finally, it will be convenient to record here the following application of this result:



Hoffmann's conjecture for totally singular forms of prime degree 1115

Theorem 3.18 [Scully 2016, Theorem 9.2]. Let ¢ be an anisotropic quasilinear
quadratic form of dimension > 2 over F and write dim ¢ = 2" + m for uniquely
determined integers n > 0 and 1 <m <2". Then, for any field extension L of F, we
either have i\g(¢r) = m orig(¢r) <m —i;(¢).

Remark 3.19. Taking L = F(¢) here, we see that if i;(¢) < m, then i;(¢) <m/2.
This result will now be subsumed in our Theorem 1.3.

4. A motivational example

As a warm-up for the proof of our main result, we will now prove Proposition 1.4.
Throughout this section, we assume that p = 2. By a quasi-Pfister form, we
will mean a quasi-Pfister 2-form. Our assumption on the prime p is imposed
for simplicity, but also because we will make use of the following fact already
mentioned in the introduction, the analogue of which is unknown when p > 3 (see
[Scully 2016, §4.1]):

Lemma 4.1 (see [Hoffmann 2004, Corollary 7.22]). Let ¢ be an anisotropic quasi-
linear quadratic form of dimension > 2 over F and let L be a field extension of F
such that ¢y, is isotropic. Then ig(¢pr) > 11(p).

Now, let ¢ be an anisotropic quasilinear quadratic form of dimension > 2 over F
and let Y C ¢ be a subform of codimension i;(¢). By Corollary 3.4, ¥y is
isomorphic to the first higher anisotropic kernel of ¢. In the next section, we will
prove Theorem 1.5, which asserts that the latter form is divisible by a quasi-Pfister
form of dimension > i;(¢). Here, we will consider some special situations in which
this divisibility property is already visible over the base field F. To this end, we
will be interested in the following technical condition on the pair (¢, ¥):

(x) There exist elements a € D(¢)\{0} and b € D(y/)\ {0} such that a # c(bd+ef)
for any ¢, d, e, f € D(Y).

Example 4.2. If, in the above situation, we have ndeg(yr) < ndeg(¢) (equivalently,
if h(yr) < h(¢); see Corollary 2.40), then (x) holds for the pair (¢, ¥). Indeed,
in this case, D(¢) is (evidently) not contained in cN () for any ¢ € F. Since
bd +ef € N(y) for every b, d, e, f € D(y), the validity of (x) is immediately
verified.

In light of Example 4.2, Proposition 1.4 is subsumed in the following result:

Proposition 4.3. Let ¢ be an anisotropic quasilinear quadratic form of dimension
> 2 over F and let v C ¢ be subform of codimension i;(¢) such that the pair
(¢, V) satisfies (x). Then there exist a quasi-Pfister form m, a subform o C m, an
element ). € D(¢) and a form T over F suchthat y ~n @t and ¢ =~ L Ao.
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Proof. Let b € D(y) \ {0} be as in (x). Then (x) also holds for the pair (b, bir).
If this were not the case, then, for every a € D(¢), we could find ¢, d, e, f € D(y)
such that ba = be(b3d + bebf), or, equivalently, such that a = b%c(bd + ef ). But,
since D(¥) is an F2-linear subspace of F, we have b%c € D(y), and so this would
contradict the fact that (x) holds for the original pair (¢, ¥). Since the exchange
(¢, ) — (bo, byr) does not affect the statement of the proposition, we can therefore
assume that » = 1. In other words, we can assume that 1 € D (/) and that:

(¥") There exists an element a € D(¢) \ {0} such that a # c(d + ef) for any
c,d,e, f € D(Y).

Let us fix a € D(¢) \ {0} as in (¥). We will now prove that the statement of the

proposition holds with A = a. First, we note that (") implies:

(1) a ¢ DW).
(2) ¥, is anisotropic for every u € D(y) \ {0}.

Indeed, if a were in D (), then we could contradict (") by taking c =1, d =a and
e = f =0. Similarly, if £, were isotropic in (2), then (since v is anisotropic) we
could find nonzero elements x, y € D(¢) such that au = xy (see Lemma 2.27(2));
taking c = x L d=0,e= y and f = u, this would again contradict (x).

Now, (1) implies that we have ¢ L (a) C ¢. If i;(¢) = 1, then the latter inclusion
is an isomorphism, and the statement of the proposition holds with m = o = (1)
and T = . Assume now that i;(¢) > 1. Since 1,a € D(¢), ¢F, is isotropic
by Lemma 2.27(2). By Lemma 4.1, it then follows that ig(¢F,) > i1(¢). On the
other hand, (2) (with u = 1 € D(y)) shows that ¥f, is anisotropic, and, since
dimy = dim¢ — i;(¢), we conclude that (¢r,)an = ¥f,. In other words, we
have D(¢r,) = D(Yr,) = DY) + aD(¥) (where the latter equality holds by
Lemma 2.27(1)). By Lemma 2.2, it follows that we can write ¢ >~ ¢ 1 (a) L ao’
for some form o’ C . Leto = (1) Lo’/,sothatp >~ L ac. As 1€ D(yr), we have
o C . Since o is anisotropic and represents 1, Lemma 2.11 shows that o C oy
Thus, in order to complete the proof, it will be enough to prove that v is divisible
by 7 = oyor. By Corollary 2.20, this amounts to showing that D(o) C G(v). Let
x € D(0)\{0}. In order to show that x € G (¥), we must check that xy € D(yr) for
all y € D(¥) (see Lemma 2.13). If y = 0, then there is nothing to prove. Suppose
now that y # 0. Then, by Lemma 2.27(2), ¢, is isotropic. On the other hand,
VF,, 1s anisotropic by (2). Using Lemma 4.1 in the same way as before, we see
that (¢F,,)an = VF,,, or, equivalently, that D(¢F,,) = D(Yr,,) = D(¥) +ayD(y).
But, letting u = ,/ay, we have xy = (a 'u)’ax € D(¢F,,). In particular, we can
find u, v € D(y) such that xy = u 4+ ayv. To completé the proof, it now only
remains to show that v = 0. But, if v # 0, then we have a = v_l(x + uy_l), and
we obtain a contradiction to (+') by takingc =v~!, d =x, e=u and f =y~
The result follows. U
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In general, it is not always possible to find a subform ¢ C ¢ of codimen-
sion i;(¢) such that the pair (¢, i) satisfies condition (x). Indeed, note that if
i1(¢) = 2 in the situation of Proposition 4.3, then ¢ is divisible by the binary
(i.e., 2-dimensional) form o. The following example, which is directly analo-
gous to an example of Vishik from the characteristic # 2 theory of quadratic
forms, shows that there exist anisotropic quasilinear quadratic forms which have
first higher isotropy index equal to 2, but which are not divisible by a binary
form: let a, b, c, d, e be algebraically independent variables over a field Fy of
characteristic 2, let ' = Fy(a, b, c,d, e) and consider the anisotropic F-form
¢ = {ab, ac,ad)) L bed{1,ab,ac,ad) L ela,b,c,d).

Lemma 4.4 (Vishik; see [Totaro 2009, Lemma 7.1]). In the above situation, we
have i1(¢) = 2, but ¢ is not divisible by a binary form.

Proof. We will freely use some basic facts from the theory of symmetric bilinear
forms over fields of characteristic 2. If B is such a form, then ¢ will denote the
totally singular quadratic form v +— B(v, v). For all other notation and terminology,
the reader is referred to [Elman et al. 2008, Chapter I].

Let b be the bilinear form {(ab, ac, ad)), L bcd (1, ab, ac,ad), 1 e{a, b, c,d)y
over F, so that ¢ = ¢p. As the reader will immediately verify, we have

b~c:={a,b,c,d)p L {e)p®la,b,c, dyp,

where the symbol ~ denotes Witt equivalence. Let m = {(a, b, ¢, d))p, and let 7’ de-
note the pure subform of 7. Since ndeg(¢,) =16 <32 =ndeg(¢), Corollary 2.32(2)
implies that 7f(¢) is anisotropic. At the same time, it follows from Remarks 2.6(4)
and the definition of ¢ that e € D(n{p( ¢)). Thus, by [Elman et al. 2008, Lemma 6.1],
there exists a 3-fold bilinear Pfister form n over F(¢) such that wr ) > (e), ® 7.
In particular, cr(g) is divisible by {(e));, and so iw (cr(g)) is even (see [Elman et al.
2008, Proposition 6.22]; iy denotes here the Witt index). Since dimc¢—dimb=8=
0 (mod 4), it follows that iy (bgg)) is also even. In particular, this shows that
i1(¢) > 2 (see [Laghribi 2007, Proposition 5.15]), and to prove that i;(¢) = 2, it
suffices to find a field extension L of F such that ¢y is isotropic but ig(¢r) <2 (see
Lemma 4.1). We claim that L = F_,4, is such an extension. First, note that since
cde = (bed)(b™'e) is a product of two nonzero elements of D(¢), ¢ is isotropic
by Lemma 2.27(2). On the other hand, it is easy to see that the codimension-2
subform = {(ab, ac, ad)) 1 bcd(1, ab, ac,ad) 1L e{(c, d) C ¢ remains anisotropic
over L. Indeed, since

Y =~ {{ab,ac,ad)) 1L bcd(1,ab,ac,ad) 1 (d,c) C {a,b,c,d),

it suffices to check that {a, b, c, d)) remains anisotropic over L. But, since cde ¢
F%*(a,b,c,d) = N({a, b, c,d)), this follows from Lemma 2.27(4). Since the
anisotropy of v, readily implies that ip(¢1) < 2, we have proved our claim.
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It now remains to check that ¢ is not divisible by a binary form. For the sake of
contradiction, suppose instead that ¢ is divisible by ((u)) for some u € F \ F2.
We claim that u € F2(ab, ac, ad). Again, let us assume that this is not the
case. Then the quasi-Pfister form t = {(ab, ac, ad)) remains anisotropic over F,
by Lemma 2.27(4). Let 0 =t L (bed) C ¢ and n = v L (ae) C ¢. Since
io(dr,) = %dimq& = 8 (Lemma 2.27(6)), and since dimo = dimn = 9, both
of, and nF, are necessarily isotropic. Since 7, is anisotropic, this means that
bed, ae € D(tf,) = F*(ab, ac,ad, u). But this implies that F*(a, b, c,d, e) C
F2(ab, ac, ad, u), thus contradicting the fact that the elements a, b, c, d, e are
algebraically independent over Fy. This proves our claim, and so we can write
u=v+w for some v e D((1, ab, ac, ad)) and w € D({bc, bd, cd, abcd)). Now,
Lemma 2.27(6) implies that u € G(¢). In particular, applying Lemma 2.13 to the
elements ae, acd, abd € D(¢), we see that

(1) aeu € D(¢),
(2) acdu € D(¢), and
3) abdu € D(¢).

We can now complete the proof: first, note that we have aev € D(¢), since
ae(l,ab,ac,ad) >~ e{a,b,c,d) C ¢. By (1), this implies that aew € D(¢). Note
however that ae(bc, bd, cd, abcd) >~ (abce, abde, acde, bcde), and the latter form
does not represent any nonzero element of D(¢). It follows that w = 0, and
sou € D({1,ab,ac,ad)). Next, consider the form p = acd(l1, ab, ac,ad) =~
(acd, bcd, c,d). By (2), we have acdu € D(p) N D(¢). Since the elements
a, b, c, d, e are algebraically independent over Fy, direct inspection shows that the
former intersection is equal to acd D({1, ab)), and so u € D({1, ab)). Finally, we
can use (3) in a similar way to show that u € F2, thus providing us with the needed
contradiction. The lemma is proved. ([

In fact, Vishik’s example shows more: it is generally not possible to find a subform
Y C ¢ of codimension i;(¢) such that the pair (¢, 1) satisfies condition (x), even
after making arbitrary rational extensions of F'— this stronger assertion follows
from Lemma 2.35. This leads us to consider the possibility that decompositions
of the kind suggested by Proposition 4.3 may be found by passing to suitable
transcendental extensions of the base field, and, ultimately, to our main result.
Nevertheless, it is still interesting to ask for conditions on ¢ (or, more specifically,
on the Knebusch splitting pattern of ¢) which automatically ensure the existence of
the needed subform . To this end, it is natural to look to the extremities where ¢
is “far from generic” (e.g., where i (¢) is “large”). The basic example is provided
here by Proposition 2.39, which characterizes (scalar multiples of) anisotropic
quasi-Pfister forms in terms of i;, and one can hope that similar characterizations
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exist for “sufficiently simple” forms (see also Theorem 6.8 below). A better
understanding of all these problems would have important implications for the
study of symmetric bilinear forms of “low complexity” (e.g., of “small” height) in
characteristic 2.

5. Main theorem

We are now ready to give the proof of Theorem 1.5. In order to treat the case where
p > 2, the statement needs to be modified as follows:

Theorem 5.1. Let ¢ be an anisotropic quasilinear p-form of dimension > 2 over F
and let s be the smallest nonnegative integer such that p* > i1(¢). If ¢ is not a
quasi-Pfister p-neighbor, then ¢, is divisible by an s-fold quasi-Pfister p-form.
Remark 5.2. Nothing is lost here by assuming that ¢ is not a quasi-Pfister p-neighbor.
Indeed, if ¢ is a quasi-Pfister p-neighbor, and n denotes the smallest nonnegative
integer such that p"*! > dim ¢, then ¢, is similar to an n-fold quasi-Pfister p-form
by Corollary 3.11. If p =2, then we have i;(¢) < % dim ¢ <2" by Proposition 2.39,
so that n > s, where s is the integer defined in the statement of the theorem.
Note, however, that if p > 2, then n may be strictly smaller than s (again, see
Corollary 3.11). This explains why the additional hypothesis is needed here, but
not in the statement of Theorem 1.5 (i.e., the case where p = 2).

Proof. To simplify the notation, we will write i; instead of i;(¢) in what follows.
If i = 1, then the statement of the theorem holds trivially. We therefore assume
henceforth that i; > 1. After multiplying ¢ by a nonzero scalar if necessary, we
may also assume that 1 € D(¢). In particular, we can find ay, ..., a, € F such
that ¢ >~ (1, ay, ..., a,). For the remainder of the proof, we let ¢’ = (ay, ..., a,),
and we write ¢/(T') for the “generic value” of ¢/, i.e., ¢'(T) =Y\, Tl.p € F[T],
where T = (T, ..., T,) is a tuple of algebraically independent variables over F.
By Corollary 3.9, the function field F(¢) is F-isomorphic to F[¢'], and may
therefore be identified with Frac(F [T]/ (d)/(T))) (see Remarks 2.6(1)). Fixing this
identification henceforth, we will write f for the image of a polynomial f € F[T]
under the canonical F-algebra homomorphism F[T] — F(¢). We will also write
m(f) for the multiplicity multy 7y (f) of ¢'(T) in f, i.e., the largest integer k such
that f = ¢'(T)*h for some h € F[T]. Note here that we have f # 0 if and only if
m(f)=0.

Now, let ¥ C ¢ be any subform of codimension i;(¢) such that 1 € D(yr). Then:
Lemma 5.3. In the above situation, we can find elements g; j € D(Yp(7)) (1 <i <iy,
1 < j < p) such that

dray = Yra ® O (T, fi, ..., fi-1),
where f; = Zf;ll i, j9'(T)/ = foreach 1 <i <.
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Proof. First, let us note that ¢'(T) ¢ D(Yr(r)). Indeed, if Y pr) were to rep-
resent ¢'(T'), then it would follow from Theorem 2.23 that ay, ..., a, € D).
Since 1 € D(y) by hypothesis, this would imply that D(¢) € D(¥), or, equiv-
alently, that ¢ C y (see Proposition 2.3), which is impossible for dimension
reasons (recall here that i; > 1 by assumption). It follows that Yy @ (¢'(T))
is anisotropic, and so V) ® (¢'(T)) C ¢drr) by Proposition 2.3. Now, the
affine function field F[¢] may be identified (over F) with the field K = F(T)y (1)
(see Remarks 2.6(1)). Since F[¢] is F-isomorphic to a purely transcendental
extension of F(¢) (Remarks 2.6(2)), Corollary 3.4 and Lemma 2.26 together
imply that Y x > (¢ )an. In particular, we have D(¢prr)) C D(¢pgx) = D(Yx) =
Z’;:é D(Y¥rr))¢'(T)? (where the last equality holds by Lemma 2.27(1)). Thus,
by Lemma 2.2, we can complete the subform inclusion ¥z 7y @ (¢'(T)) C ¢r(r)
to an isomorphism ¢r(ry = ey ® (¢ (T)) @ (f], ..., fi/1—1>’ where, for each i,
we have f/ = Zf;é gi,j®'(T)/ for some g; ; € D(YFr)). Note, however, that
every element of D (V¢ (7)) is (trivially) the ratio of an element of D(y/r[r}) and
a p-th power in F[T]. Since multiplying the f; by p-th powers in F[T] does not
change the F(T)-form (f7,..., fi/1—1> up to isomorphism (see Lemma 2.2), we
can arrange it so that the g; ; belong to D(¥r7}). Similarly, since subtracting
elements of D(Yr(r)) from the f/ does not change the isomorphism class of
YrT) © (fl’, e, fi/|—1> (again, see Lemma 2.2), we can also arrange it so that
gi,0 =0 for all i. The remaining g; ; then satisfy the statement of the lemma. [J

Let us now fix elements g; ; € D(¥ (7)) (and the associated polynomials f;)
satisfying the statement of Lemma 5.3. We are searching here for a sufficiently
large quasi-Pfister divisor of ¢, and we would like to try to build this quasi-Pfister
p-form from the elements g; ;. The basic point here is the following:

Lemma 5.4. In the above situation, we have g;1b € D(¢y) for all b € D(yr) and
all1 <i <iy.

Proof. If b = 0, then the statement is trivial. Let us now fix b € D(y) \ {0}. We
will need another lemma:

Lemma 5.5. In the above situation, there exist elements s; ; € D(Yr(r)) and
tij € FITI\{0} (1 <i <11,0 < j < p) such that, for every 1 <i <1, we have:

—1 . .
(1) bfi =312 Gij /1] )@ (TY /b7 in F(T).
(2) Foreach 0 < j < p, at least one of §; ; and t; j is nonzero.
Proof. Let 1 <i < i, and consider the field L = F(T),, where u = ¢'(T)/b. In
view of Remarks 2.6(1), L is F-isomorphic to the affine function field F[#n], where

n denotes the F-form (b) L ¢'. Now, since b € D(¥/), and since ¥ C ¢, we have
D(¢") € D(n) € D(¢). In particular, if n % ¢, then it follows from Lemma 2.2 that
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Nan = ¢'. Either way, we see that L is F-isomorphic to a degree-1 purely transcen-
dental extension of F'(¢) —in the first case, see Remarks 2.6(2); in the second, see
Remarks 2.6(3) and Corollary 3.9. By Corollary 3.4 and Lemma 2.26, it follows
that V;, >~ (¢1.)an. In other words, we have D(¢) = D(V) = 5:01 D(lﬁp(T))uj
(again, see Lemma 2.27(1) for the final equality). Now, since u is a p-th power
in L, we have bf; = ¢'(T) fi /u € D(¢r). We can therefore write bf; = Zp 0 qju’
for some q; € D(Y¥F(r)). Since every element of D(Yr(r)) is the quotient of an
element of D(YF[ry) and a p-th power in F[T'], and since u = ¢'(T') /b, this shows
that we can find elements s; ; € D(Yp(7)) and t; ; € F[T]\ {0} such that (1) holds.
Finally, since v (¢) is anisotropic, Proposition 2.33 implies that m(s; ;) =0 (mod p)
for all 0 < j < p. For each such j, let m; = min(m(s; ;), pm(z; ;)), and put
si”j = sl i/ (T)™ and t/ = J/¢>’(T)mf/P Then, by Theorem 2.23, we again
have s/ ;€ D(rriry)- Thus replacing s; ; by s; and L j byt (for each j), we
arrive at the situation where, for any j, either m(s,, j)=0or m(t,, ;) =0. In other
words, at least one of s; ; and n_j 18 nonzero, as we wanted. O

Returning now to the proof of Lemma 5.4, let s; ; € D(Yr(7)) and 1; ; € F[T]1\{0}
be as in Lemma 5.5. In particular, we have the equation

. p—1 :
i,j @'(T)!
Y b (1) =bfi =Y ij ¢'(T)

bJ
=1 j=0 ‘i,J

in F(T). Clearing denominators, we obtain

— ¢'(T)I
[T S beucry = 3 [Tt 2 b (5-1)
k =1

J=0k#j

Now, we claim that, for all 0 < j < p, we have ; ; # 0, or, equivalently, m(; ;) =

To see this, let m = mm{Zk Limtip)|0<j < p}. Then our claim amounts to the
assertion that m = Zk _o Mm(Zi k). Suppose that this is not the case, and let 0 < j < p
be minimal so that ), £ m(t; ;) = m. Then, reducing both sides of (5-1) modulo
@' (T)P"H/+1 we see that s; ; =0 (mod ¢/(T)). In other words, we have §;; = 0.
By the choice of the s; ; and #; ;, this implies that ti,j # 0, or, equivalently, that
m(t; ;) = 0. But then m = Zk?&j m(tix) = Zk _o m(t; 1), which contradicts our
assumption. The claim is therefore proved, and so, reducing (5-1) modulo ¢'(T)
and dividing through by [, 7 ¢”, we obtain the equality g; 1b = 5;,0/%; 0" in F(¢).
As si.0 € D(Y (), this shows that g; 16 € D(¥r(g)). But since ¥rg) > ¢1, we
have D(Yrg)) = D(¢1), and the lemma is therefore proved. U

Continuing with the proof of Theorem 5.1, let us now choose elements g; ; in
D(¥rrrry) as in the statement of Lemma 5.3 so that the integer 2:1:_11 degr, (gi1) is
minimal, where degr, (g) denotes the degree of any g € F[T] viewed as an element
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of thering F (71>, ..., T,)[T1], i.e., as a polynomial in the single variable T (with the
added convention that degr, (0) = 0). Consider the form o = (1, g11, ..., &,-1.1)
over F(¢). The final step in the proof of the theorem will be to prove the following
statement:

Lemma 5.6. In the above situation, o is anisotropic.

Before proving the lemma, let us explain how this concludes the proof of
Theorem 5.1. First, we claim that ¢, is divisible by the quasi-Pfister p-form oy;.
By Corollary 2.20, this amounts to checking that D(c) € G(¢;). Since G(¢)
is a subfield of F containing F? (Corollary 2.15), it suffices to show here that
8i1€G(¢y) forall 1 <i <i;. But by Lemma 2.13, this is equivalent to showing
that, for all such i, we have g; 1 D(¢1) € D(¢1). Since D(¢1) = D (Y r(g)) is spanned
as an F'(¢)?-vector space by D (), this follows immediately from Lemma 5.4. The
claim is therefore proved, and to finish the proof of the theorem, it only remains to
check that dim oy, > p*. But, o is anisotropic by Lemma 5.6, and so 0 C oy, by
Lemma 2.11. In particular, we have dim opo > dim o = i;, which is precisely the
assertion that dim oo > p* (because dim oy, is necessarily a power of p). Now,
in order to prove Lemma 5.6, we need another auxiliary statement:

Lemma 5.7. Ifo is isotropic, then p > 2, and there exist polynomials g; € D (Y F[r1)
(1 <j < p) and an integer 2 < k < p such that:

(1) Y071 g;¢'(T) € D(@rry).
2) m(g)) >0 forall 1 <l <k.

(3) m(gr) =0.
Proof. If o is isotropic, then since ¢'(T) is a Fermat-type polynomial of degree p,
we can find an integer 1 <m < p and polynomials hq, ..., hi,—1, h € F[T] such that:

(i) hg +giahf +- -+ gi—1.1h{ _ =¢'(T)"h in F[T].

(ii) degy, (h;) < pforall 0 <i <1j.

(iii) h; # 0 for some 1 <i < ij.

First, let us note that we have ¢'(T)"h € D(Y¥r[ry) by (i) and the definition of the
elements g; 1. Since Y¥r () is anisotropic, it follows from Proposition 2.33 that 7 =0
or m = p. Either way, we can assume henceforth that m = p. Now, by (iii), there
exists an 1 </ <1, such that h; # 0. Among all such integers /, let us fix one so that
degy, (g1,1h]) is maximal. Consider now the polynomial f = h{ + SUZL fihl e
F[T], where the f; are as in the statement of Lemma 5.3. Since /; # 0, Lemma 2.2

implies that (1, fi, ..., fi—1) =1, fi...., fi=t, fs fi+1, - -, fi,—1) as F(T)-forms.
In particular, we have

Srary = Vra @S (TN, fi, .o, fimt, fo fits oo s fi—1)- (5-2)
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Now, by definition, f = Zf;ll g}¢/(T)j_1, where g} = ¢'(T)"h € D(YF(r)) and
gl ="\ gkjhf € D(Yprr) forall 2 <i < p. Letr = min{m(g}) | 1 < j < p).
Since g; € D(Ypr) for all j, and since Yrr(g) is anisotropic, another application
of Proposition 2.33 shows that r = 0 (mod p). In particular, for each j > 1, we
have g; := g}/qﬁ’(T)’ € D(YFrry)- In view of (5-2), it follows that the exchange
g1,j — g&j does not alter the statement of Lemma 5.3. By our choice of the g; ;, we
therefore have

degy, (¢'(T)P™"h) = degy, (1) > degy, (g1,1)- (5-3)

Now, we claim that the elements g; (together with an appropriate integer k) satisfy
the conditions of the lemma. We have already seen here the validity of (1). At the
same time, we have m(g;) = 0 for some j > 1 by construction. Thus, in order to
prove the existence of an integer k such that (2) and (3) are satisfied, we just need to
check that m(g1) > 0. Recall again that we have g =¢'(T)?~"h. If h =0, then there
is nothing to prove. Suppose now that 2 0. By (i) and the choice of the integer [, we
have degz, (g1,14]') = degz, (¢'(T)”h) = p>+deg, (). Since degy, () < p (by (i),
it follows that degr, (g:,1) > degy, (h). In view of (5-3), we see that r = 0 in this
case. In particular, we have g1 = ¢'(T)?h, and so m(g1) > p > 0, as we wanted. [J

We are now ready to prove Lemma 5.6 and thus complete the proof of Theorem 5.1.
If p = 2, then the statement was already proved in Lemma 5.7. Suppose now
that p > 2, and assume for the sake of contradiction that o is isotropic. Let g;
(1 < j < p) and k be as in the statement of Lemma 5.7. By condition (2) of the
lemma, we can, for each [ < k, write g; = ¢'(T)™ h; for some positive integer m;
and some polynomial ;. By a now familiar application of Proposition 2.33, we
have m; = 0 (mod p) for every such /. In particular, the m; are all strictly larger
than k. Now, by condition (1) of the lemma, the element

&' (DM (gr+gi—19 D)+ - +gi, 19" (TP hhi ¢ (T 4 19T )

lies in D(¢Fr)). Using the very same argument as that used to prove Lemma 5.4
above (and the fact that the integers m; — k (I < k) are all positive), one readily
shows that bkg; € D(¢;) for every b € D(y). Note, however, that g; # 0 by
condition (3) of Lemma 5.7. Since 2 < k < p, and since @1 = Yr(g), it follows
from Lemma 2.22 that ¢; is a quasi-Pfister p-form. But, by Corollary 3.11, this
in turn implies that ¢ is a quasi-Pfister p-neighbor, thus contradicting our original
hypothesis. The lemma and theorem are therefore proved. (]

6. First applications of the main theorem

We now give the basic applications of Theorem 1.5.
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6A. Possible values of the Knebusch splitting pattern. Let ¢ be a quasilinear
p-form of dimension > 2 over F. In the previous section we have shown that
the first higher anisotropic kernel ¢; of ¢ is divisible by a quasi-Pfister p-form
of dimension > i;(¢), provided that ¢,, is not a quasi-Pfister p-neighbor. In the
terminology of Section 2K, this amounts to the assertion that if 2qp(¢) > 2, then
01(¢) > logp (i1(¢)) (here we are also making use Corollary 3.11). By virtue of
the inductive nature of the Knebusch splitting tower construction, we also obtain
analogous restrictions on the higher isotropy indices i,(¢) (2 <r < hgp(¢)) in terms
of the corresponding higher divisibility indices 9, (¢). Taking the observations of
Section 2K into account, our results may be summarized as follows:

Theorem 6.1. Let ¢ be a quasilinear p-form over F and let d =h(¢)—hqp(P). Then:

(1) i(@) = (@), - - g (@), p* — =1, p = p?2, L pP—p,p— 1),
(2) gy (9) = dim § —jigy9)-1(¢) — p* < p™*' = p?.

(3) 9(@) = (00(®). - -, Vngyip)-1(@). d,d —1,...,1,0).

(4) 0(¢) <01(P) < -+ < Vg9 =d.

(5) i,(¢) =0 (mod p*—1@) forall 1 <r < hgp(e).

(6) 0,(¢) > 1og,(i,(¢)) forall 1 <r < hep(9).

(7) Forevery 1 <r < hqp($), i,(¢) — 1 is the remainder of dim¢p —j,_1(¢) — 1
modulo p®®.

Proof. Parts (1), (2), (3), (4) and (5) are the statements comprising Lemmas
2.42,2.43, 2.44 and Corollary 2.45. Since i,(¢) = i1(¢r—1), 0,(¢p) = 01(¢,—1)
and dim¢,_; = dim¢ —j,—1(¢) for all 1 < r < h(¢), parts (6) and (7) follow
immediately from Theorem 5.1 and Corollary 3.11. (]

In order to highlight the general shape of the Knebusch splitting pattern exposed
by Theorem 6.1, it is worth writing down the following result explicitly (here the
notation a | b means that a divides b):

Corollary 6.2. Let ¢ be a quasilinear p-form over F. Then

i1(9) < PV P i2(9) < P2 | - [ing@)—1(@) < pUe @@ [, 6 ().

Remark 6.3. In the special case where p = 2, the chain of inequalities

(@) <ia(@) <+ <ing,(g)(P)

was previously obtained in [Scully 2016, Theorem 9.5] using Proposition 3.16.
Here, we have given a more precise and natural explanation of this phenomenon.

We now show that, as far as the Knebusch splitting pattern is concerned, one
cannot do any better than Theorem 6.1 in general:
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Proposition 6.4. Let n be any positive integer. Suppose that we are given a nonneg-
ative integer k < n and two sequences (09,01, ...,0r =d) and (i1, ..., 1) of k+1
and k nonnegative integers, respectively, such that the following conditions hold:
. k—1 .

(i) w=n—>321—p? < p™—p’

(i) 90 <01 <--- < =d.
(iii) 1 <i, =0 (mod p*-1) forall 1 <r <k.
(iv) o, > log,(iy) forall 1 <r <k.

(v) Foreveryl <r <k, i, — 1 is the remainder of n — (Z;;% i;) — 1 modulo p®.
Then there exists a (purely transcendental) field extension L of F and an anisotropic
quasilinear p-form ¢ of dimension n over L such that:

(1) hep(9) =k.

(2) h(¢) =k+d.

3) 2(¢) = (@), ..., %-1($).d.d—1,.... 1,0).

4) 0,(p) =0, forall 0 <r <k.

(5) i@) = (i1, ... p? = p L pdt = pI2 L pP—p.p—1).
Proof. We argue by induction on k. If k = 0, then Proposition 2.39 shows that we
can take L = F(T) and ¢ = (T}, ..., 14)), where T = (T, ..., Ty) is a d-tuple
of algebraically independent variables over F. Suppose now that &k > 0, and let
n'=(m—i)/p® and i, =i,41/p® for all 1 <r < k. By our hypotheses, these
ratios are, in fact, positive integers. Setting 0. =9,4; —0; forall 0 <r <k, and
putting d’ =0} _,, conditions (i)—(v) then imply the following:

@)y =n' = Y531 — p? < p? = pd.

(i) oy <0} <--- <0, _, =d"
(iii’) 1 <i,. =0 (mod pa’,,l) foralll <r <k—1.
(iv') o, > logp(i’,) forall 1 <r <k-—1.

(v") For every ,1 <r < k-1, i — 1 is the remainder of n’ — (Z;;ﬁ 1;) -1

modulo p°.

By the induction hypothesis, there exists a (purely transcendental) field extension L
of F and an anisotropic quasilinear p-form ¢ of dimension n" over L such that:

(1) hap(¥) =k —1.

2) h(Yy)=k—1+4d.

(3) o) = (00(¥). 01(¥), . ... %2(¥),d'.d' —1,...,1,0).

@) o (p)y=0, foral0<r <k—1.

S i) =@, ....5_,pd —p L p Tt —p? 2 pP—p.p—1).
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Consider now the form o =y, L (Tp) over the rational function field L1 = L (7).
By (3'), (5') and Lemma 2.46, we have:

(@) 0(0) = (0,00(¥), 01(¥), ..., %2(¥),d d' —1,...,1,0).
(b) i(o) = (1, (VIR p? —pd/_l, pd/_l —pd/_z, L pP=p.p— 1).
We would like to modify this further. Consider the product t = (T3, ..., Ty, ) @0y

over L=L{(T),where T = (11, ..., Ty,) is a 0 -tuple of algebraically independent
variables over L. Then, by (a), (b) and Lemma 2.48, we have:

(©) (1) = (01, 01(¥) + 01, 02(¥) + 01, ..., %2 (¥) +di,d, d—1,...,1,0).
(d) 1(7:) = (PalaiZ, ceey 1/(5 pd - pd_l’ pd_l _pd_zy ceey P2 _p7 p - 1)
Now, by (iv), we have i; = p® — s for some 0 < s < p°'. By (ii) and (iii), s is
divisible by p®. Let ¢ be any codimension-s subform of t which is divisible

by (T4, ..., Tp,). Clearly ¢ is anisotropic, and by (c), (d) and Proposition 3.10,
we have:

@) 2(¢) = (00(¢), 01(¥) + 01, ..., %2(Y) +01,d, d—1,...,1,0).

(f) 1(¢) = (ila iZa ceey iks pd _pd_la Pd_l _pd_zv ceey P2 _P, P - 1)
The second statement shows that ¢ satisfies conditions (2) and (5). At the same
time, since dg(¢) > 0y by construction, and since 92(¥) +0; > 0. +9; =0, for
all0 <r <k —1by (4), (e) shows that (3) and (4) are also satisfied. Finally, since

ix < pt! — p?, Proposition 2.39 shows that hgp(¢) =k, i.e., that (1) holds for ¢.
The pair (L, ¢) therefore has all the desired properties. ([

Remark 6.5. In general, it is not possible to arrange it so that 0, (¢) = 0, for all
0 <r <k in the statement of Proposition 6.4. For example, suppose that p =2, and
taken =25t —2 forsome s >3, k=1, 99=0, 0; =s, i9p=0, i; =2° —2. As the
reader will readily verify, these integers satisfy conditions (i)—(v) of the proposition.
On the other hand, let (L, ¢) be any pair consisting of a field extension L of F
and an anisotropic form ¢ of dimension 2°*! — 2 over L such that i;(¢) =2 —2.
By Theorem 6.8 below (see also [Scully 2016, Theorem 9.6]), ¢ is necessarily a
quasi-Pfister 2-neighbor, and therefore satisfies conditions (1)—(5) of the proposition
(see Corollary 3.11). We claim, however, that 0¢(¢) > 0, i.e., that ¢ is divisible
by a binary form. To see this, note that there exists an anisotropic (s + 1)-fold
bilinear Pfister form 7 over L and a subform b C 7 such that ¢ is given by the
assignment v — b(v, v). Since b (being a codimension-2 subform of 7) becomes
split over the extension K = Lge(s) (Where det denotes the determinant), we have
io(¢g) = % dim ¢ (see [Laghribi 2007, Proposition 5.15]), whence ¢ is divisible by
{(det(b))) (Lemma 2.27(6)).

Theorem 6.1 and Proposition 6.4 thus give a complete solution to the problem
of determining the possible values of the Knebusch splitting pattern for quasilinear
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p-forms. In particular, we have an answer to Question 1.1 in the totally singular case.
As noted in Example 2.47, the Knebusch and full splitting patterns need not agree in
general for quasilinear p-forms. In Section 7 below, we will consider the problem of
determining the possible values of the full splitting pattern in the case where p = 2.

6B. Canonical dimensions of quasilinear p-hypersurfaces. Since the canonical
dimension of an anisotropic quasilinear p-hypersurface is determined by the Kneb-
usch splitting pattern of its underlying form (this is the basic fact underlying our
proof of Theorem 5.1; see Theorem 3.1 and Remarks 3.2(2)), we also obtain a list
of all restrictions on the possible values of the former invariant:

Theorem 6.6. Let X be an anisotropic quasilinear p-hypersurface over F. Then
there exists a nonnegative integer s such that:

(1) p*—1<dimX < p*+cdim(X).
(2) cdim(X) = —1 (mod p*).
There are no further restrictions on cdim(X).

Proof. As per the above discussion, this follows readily from Theorems 3.1 and 6.1
and Proposition 6.4 (see also Remarks 3.2(2)). [l

Remarks 6.7. (1) We emphasize again that cdim(X) is to be understood here
as the minimum dimension of the image of a rational self-map X --+ X. For
p > 3, we do not know if this agrees with the definition given in [Elman et al.
2008, §90] (although this is certainly expected; see [Scully 2016, Question 4.4,
Proposition 4.7]).

(2) The problem of determining all possible values of the canonical dimension
for smooth (projective) hypersurfaces X of prime degree p > 2 in characteristic
# p remains open in general. Using a degree formula, Merkurjev [2003, §7.3]
showed that if dim X > p" — 1 for some nonnegative integer n, then we also have
cdim(X) > p" — 1 provided that X has no points of degree prime to p. Little else
is known. By way of specialization, our Theorem 6.6 may be of some use when
considering specific examples over certain fields of characteristic zero.

6C. Quasilinear p-forms with maximal splitting. Let ¢ be an anisotropic quasi-
linear p-form of dimension > 2 over F and write dim ¢ = p” + m for uniquely
determined integers n >0 and 1 <m < p"*! — p". By Theorem 6.1 (see also [Scully
2013, Corollary 6.8]), we have i;(¢) < m. If equality holds here, then we say that ¢
has maximal splitting. The basic examples of forms having this property are given
by anisotropic quasi-Pfister p-neighbors (see Corollary 3.11). It is interesting to
ask here to what extent this property characterizes quasi-Pfister p-neighbors. Given
Theorem 5.1, we can now prove the following general result:
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Theorem 6.8. Let ¢ be an anisotropic quasilinear p-form of dimension > 2 over F
and let n be the smallest nonnegative integer such that p"+' > dim¢. If ¢ has
maximal splitting, and if either

(1) p>2 and dim¢ > p" +pn—]’ or
(2) p=2 and dim¢ > 2" 4 2"2,
then ¢ is a quasi-Pfister p-neighbor.

Proof. By Theorem 5.1, we may assume that 91 (¢) >1;(¢). Suppose first that p > 2.
Since ¢ has maximal splitting, we have i;(¢) > p”_l by (1), and so 0((¢) > p".
On the other hand, we have dim ¢ =dim ¢ —1i;(¢) = p” (see Remarks 2.36(2)). It
follows that ¢ is similar to an n-fold quasi-Pfister p-form, and so ¢ is a quasi-Pfister
p-neighbor by Corollary 3.11. If p = 2, the same argument (and (2)) shows that ¢;
is a form of dimension 2" which is divisible by an (n — 1)-fold quasi-Pfister 2-form.
Since every binary form is similar to a quasi-Pfister 2-form in this case, ¢ is, in
fact, similar to an n-fold quasi-Pfister 2-form, and we now conclude as before. [

Remark 6.9. The statement of Theorem 6.8 was originally conjectured in [Hoff-
mann 2004, Remark 7.32] (see also [Scully 2016, Question 7.6]). The result is the
best possible, in the sense that one has examples of anisotropic quasilinear p-forms
with maximal splitting which are not quasi-Pfister p-neighbors in every dimension
omitted in the statement of the theorem (see [Hoffmann 2004, Example 7.31]). In the
special case where p = 2, Theorem 6.8 was previously established in [Scully 2016,
Theorem 9.6] using Proposition 3.16. Here, we obtain a more natural explanation of
this phenomenon by way of Theorem 5.1. Note that the p =2 case of the theorem is
a direct analogue of a conjecture of Hoffmann in the theory of nonsingular quadratic
forms which remains open, even over fields of characteristic different from 2 (see
[Hoffmann 1995, §4; Izhboldin and Vishik 2000, Conjecture 1.6].

7. Further remarks on the splitting of quasilinear quadratic forms

Having determined all possible standard splitting patterns of quasilinear p-forms
(Theorem 6.1, Proposition 6.4), we now turn our attention towards the problem
of obtaining a similar result for the full splitting pattern. Here, we restrict our
considerations to the case of quasilinear guadratic forms, where we can take direct
inspiration from the following theorem of Vishik (which may be deduced from the
existence of “excellent connections” in the integral Chow motives of anisotropic
quadrics over fields of characteristic 7 2; see [Vishik 2011, Theorem 1.3]):

Theorem 7.1 [Vishik 2011]. Let ¢ be an anisotropic quadratic form of dimension
>2 over afield k of characteristic #2. Let dim ¢—i;(¢p)=2"1—2"24. . .4 (=1)""12"s
for uniquely determined integersry >ry>--->rs_1 >rs+1>1. Let 1 <l <s, and
put D= Y21 (=112 e (1) Y5 (= 1)/ 7127, where e (1) = 1 (resp. € (1) =0)
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if | is even (resp. odd). Then, for any field extension L of k, we either have
o(¢r) = D +11(¢) orip(¢r) = Dy.

Proof. This is nothing else but a restatement of [Vishik 2011, Proposition 2.6] in
terms of Witt indices. To see how it may be derived from [Vishik 2011, Theorem 2.1]
in further detail, we refer the reader to [Scully 2016, Proof of Theorem 1.2]. [

Examples 7.2. Let ¢ be an anisotropic quadratic form of dimension > 2 over a
field k of characteristic # 2, and write dim ¢ = 2" + m for uniquely determined
integers n > 0 and 1 <m < 2",

(1) Forl =1, Theorem 7.1 asserts that ig(¢;) > i1(¢) whenever ¢, is isotropic.

(2) For [ =2, Theorem 7.1 asserts that, for any field extension L of k, we either
have ip(¢p) > m orig(¢dr) <m —i1(dL).

(3) For [ =s, Theorem 7.1 asserts that, for any field extension L of k, we either
have ig(¢r) > 3(dim@ + i1(@) — 2™) or ig(¢r) < 3(dim¢ — iy(¢) — 27).
Taking L = k (so that ig(¢,) = [5 dim@]), we see that ij(¢) < 2", which
gives a proof of Hoffmann’s Conjecture 1.2 in this setting (see [Vishik 2011,
Theorem 2.5.])

We expect, in fact, that Theorem 7.1 extends verbatim to our setting. Henceforth,
let us assume that p = 2. We state the following:

Conjecture 7.3. Let ¢ be an anisotropic quasilinear quadratic form of dimension
> 2 over F, and write dim ¢ — i;(¢) = 2" —2"2 4 ... 4 (=1)*"12" for uniquely
determined integers r; > rp > --- >ro_1 >rg+1>1. Let 1 <[ <, and put
Dy =Yl (=it e Zj.:,(—n-i-lz’f, where €() = 1 (resp. €(I) = 0)
if [/ is even (resp. odd). If L is any field extension of F, then we either have
(¢r) = Dy +11(¢) orig(¢r) < Dy.
This expectation is partly justified by:
Proposition 7.4. Conjecture 7.3 holds for 1 < 2.

Proof. As in Examples 7.2(1) (resp. (2)), the [ =1 (resp. [ = 2) case is nothing else
but Lemma 4.1 (resp. Theorem 3.18). O

At present, we do not have a general approach to the / > 2 case of Conjecture 7.3.
Using Theorem 1.3, however, we can provide further evidence for the / = s case.
First, it is worth stating here the following lemma:

Lemma 7.5. In order to prove Conjecture 7.3, we may assume that i;(¢r) > i1(¢p).

Proof. Suppose that the statement of the conjecture fails to hold. In other words,
suppose that i;(¢) > 1 and ig(¢pr) = D; +t for some 1 <t < ij(¢). Note that
we necessarily have ry > 0 by Theorem 1.3. Now, let 0 = (¢ )an. Since D(o)
is spanned by elements of D(¢), there exists a subform p C ¢ such that o ~ py,
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(see Lemma 2.2). Let ¥ be any codimension-(¢ — 1) subform of ¢ containing p.
By construction, we have D(y1) € D(¢r) = D(0) = D(pr) € D(yr), whence
D)= D(0), or, equivalently, (V1 )an >~ 0. In particular, we have ig(Yp) = D;+1.
On the other hand, since ¢t < i;(¢), V¥ is a neighbor of ¢, and so dim ¥ — i, () =
dim¢ —ij(¢) =2 =272 + ... 4+ (=1)*"12" (Proposition 3.10). We therefore
conclude that the statement of the conjecture also fails for the triple (¥, [, L). Since
we are looking to produce a contradiction, we can replace ¢ by i in order to arrive
at the case where t = 1. In this case, we claim that i;(¢7) > i1(¢). To see this,
note first that L(¢) is L-isomorphic to a purely transcendental extension of L (o)
(Remarks 2.6(3)). In view of Lemma 2.26, it follows that i;(¢r) = i1(07(¢)). In
particular, we have iy (¢L(¢>)) =ip(¢r) +1o (O’L(¢)) =1g(¢pr) +11(¢r). The statement
of Proposition 3.16 may therefore be rewritten here as

i1(61) +io(@r) — i1(¢) = min{io(4r), [3(dimp —i1(¢) + D]}. (7-1)

But, since r; > 0, we have ig(¢py) = D+ 1 <21 —2n-1 ... (=)~ lan—l =
%(dim ¢ —i1(¢)). Inequality (7-1) therefore yields the desired assertion, and so the
lemma is proved. U

We can now prove:

Proposition 7.6. Conjecture 7.3 holds when | = s and L = F(Q) is the function
field of any integral (affine or projective) quadric Q over F.

Proof. In view of Lemma 2.26, the statement of the conjecture is stable under
replacing F by any separable extension of itself. We may therefore assume that
L is a purely inseparable quadratic extension of . By Lemma 7.5, we may also
assume that i;(¢) > i;(¢). Suppose now that the statement fails to hold, so that
i1(¢) > 1 and igp(¢pr) = D; +t for some 1 <t < i;(¢p). We then have

o=t =ty _ora=lyori=l 44, (¢) — ¢ if 5 is even,

dim =
100 (P )an {2”—1—2r2—1+---—2rs—1—1+2r~v+il(¢)—t if 5 is odd.

Since i1(¢r) > 11(¢), and since 1 <i;(¢) —t < i;(¢), Theorem 1.3 implies that

ors—1—1 +1i1(¢p) —t if s is even,

t1(¢r) > {25, +if(p) —1t if s is odd,

from which we conclude that

=t _pr=ly .. or1=lq (¢) ifsiseven,

io(¢h) +11 () =
or) +u (o) = {2“—1 —on=lg o qonamlgg(g) if s is odd.
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Butig(¢r) +11(dL) =10(PLp) =11(¢) +i0((d1) L)) (see the proof of Lemma 7.5),
and so we have

on—l_on=ly4 . .42n-1=1 jf ¢ is even,
on—l_gn=ly4 .4 on2-1 jfgis odd.
Either way, we see that ig((1)r(p) > 2171 — 27271 4 ... 4 (=171l =
%(dim ¢—i1(¢)) = % dim ¢;. Since L(¢) is a purely inseparable quadratic extension
of F(¢), this is impossible by Lemma 2.27(5), and so the result follows. O

(@) L) = {

In general, it suffices to prove Conjecture 7.3 in the case where L is a finite
purely inseparable extension of F. Proposition 7.6 shows that the [ = s case of the
conjecture holds for degree-2 purely inseparable extensions. More generally, the
proposition covers the case where ndeg(¢;) = % ndeg(¢r). Indeed, using Lemmas
2.26 and 2.27(3), one can easily reduce this case to that of a quadratic extension.
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K3 surfaces over finite fields
with given L-function

Lenny Taelman

The zeta function of a K3 surface over a finite field satisfies a number of obvious
(archimedean and ¢-adic) and a number of less obvious (p-adic) constraints. We
consider the converse question, in the style of Honda—Tate: given a function Z
satisfying all these constraints, does there exist a K3 surface whose zeta-function
equals Z? Assuming semistable reduction, we show that the answer is yes if we
allow a finite extension of the finite field. An important ingredient in the proof is
the construction of complex projective K3 surfaces with complex multiplication
by a given CM field.

Introduction

Let X be a K3 surface over . The zeta function of X has the form

1
(1-T)L(X/Fyq,qT)(1 —q*T)
where the polynomial L(X/F,) is defined by

Z(X[Fq, T) =

L(X/Fy, T) := det(1 — T Frob, H*(X; , Q¢(1))) € QI[T].

We have L(X/F,,T) = ]—[fil (1 — y; T) with the y; of complex absolute value 1.
The polynomial L(X/F,, T) factors in Q[T'] as L = Lyjg Ly With

Lag(X/Fg. T)= [0 =Ty)., Lee(X/Fg. T)= ] A =Ty,
Yi€Hoo Yi Ehoo
where [ is the group of complex roots of unity.

Theorem 1. Let X be a K3 surface over [, with g = p®. Assume that X is not
supersingular. Then

(1) all complex roots of Lyc(X/F,, T) have absolute value 1;
(2) no root of Lyc(X/Fy, T) is a root of unity,

MSC2010: primary 14J28; secondary 14G15, 14K22, 11G25.
Keywords: K3 surfaces, zeta functions, finite fields.
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(3) Luc(X/Fy, T) € Z,[T1] for all £ # p;
(4) the Newton polygon of Lyc(X/F,, T) at p is of the form

1 h 2d—h 2

with h and d integers satisfying 1 <h <d < 10;

(5) Ly (X/F,, T) = QF° for some e > 0 and some irreducible Q € Q[T], and Q
has a unique irreducible factor in Q,[T] with negative slope.

The above theorem collects results of Deligne, Artin, Mazur, Yu and Yui, and
slightly expands on these, see Section 1 for the details. The integer 4 in the theorem
is the height of X (which is finite by the assumption that X is not supersingular),
and assuming the Tate conjecture (which is now known in almost all cases [Charles
2013; 2014; Madapusi Pera 2015]) the Picard rank of X F, 1s 22 —2d.

Definition 2 (Property (x)). A K3 surface X over a finite extension k of @, is said
to satisfy (x) if there exists a finite extension k C £ and a proper flat algebraic space
X — Spec O, such that

(1) X X Spec Oy Specﬁ =X X Spec k Specﬁ,
(2) X is regular,

(3) the special fiber of X is a reduced normal crossings divisor with smooth
components,

4) wx/0, = Ox.

Property () is a strong form of potential semistability. It is expected that every
X satisfies (x), but this is presently only known for special classes of K3 surfaces,
see [Maulik 2014, §4] and [Liedtke and Matsumoto 2015, §2]. Our main result is
the following partial converse to Theorem 1.

Theorem 3. Assume every K3 surface X over a p-adic field satisfies (x). Let

2d
L= ]_[(1 —yT)el+TQ[T]

i=1

be a polynomial which satisfies properties (1)—(5) of Theorem 1. Then there exists a
positive integer n and a K3 surface X over [y such that

2d
Luc(X/Fgo, T) = [(1 = /' T).

i=l
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The proof of Theorem 3 follows the same strategy as the proof of the Honda—Tate
theorem [Tate 1971]: given L., one constructs a K3 surface over a finite field by
first producing a complex projective K3 surface with CM by a suitably chosen CM
field, then descending it to a number field, and finally reducing it to the residue field
at a suitably chosen prime above p. In the final step a criterion of good reduction
is needed, which has been obtained recently by Matsumoto [2015] and Liedtke and
Matsumoto [2015], under the assumption (x).

A crucial intermediate result, that may be of independent interest, is the following
theorem.

Theorem 4. Let E be a CM field with [ E : Q] < 20. Then there exists a K3 surface
over C with CM by E.

See Section 2 for the definition of “CM by E”, and see Section 3 for the proof
of this theorem.

Remark 5. I do not know if one can take n = 1 in Theorem 3. Finite extensions are
used in several parts of the proof, both in constructing a K3 surface X over some
finite field, and in verifying that the action of Frobenius on H? is the prescribed one.

Recently Kedlaya and Sutherland [2015] obtained some computational evidence
suggesting that the theorem might hold with n = 1. They enumerated all polynomials
L satisfying (1)—(5) with ¢ = 2, deg L = deg Q = 20 and with L(1) = 2 and
L(—1) # 2. There are 1995 such polynomials. If L = Ly.(X/F,, T) for a K3
surface over [, then the Artin—Tate formula [Milne 1975; Elsenhans and Jahnel
2015] puts strong restrictions on the Néron—Severi lattice of X. These restrictions
suggest that X should be realizable as a smooth quartic, and indeed for each of the
1995 polynomials Kedlaya and Sutherland manage to identify a smooth quartic X
defined over [, with L = Ly (X/F,, T).

If one can take n = 1 in Theorem 3, then new ideas will be needed to prove this.
Indeed, there is no reason at all that the X constructed in the current proof is defined
over [F,. A similar problem occurs in the proof of the Honda-Tate theorem [Tate
1971]: given a g-Weil number one first constructs an abelian variety over a finite
extension of [, and then identifies the desired abelian variety as a simple factor of
the Weil restriction to [F,. Perhaps a variation of this argument in the context of
hyperkéhler varieties can be made to work in our setting?

Remark 6. By the work of Madapusi Pera [2015], for every d there is an étale map
M54 — Shyy from the moduli space of quasipolarized K3 surfaces of degree 2d to
a an integral model of a certain Shimura variety, over Z[1/2]. It is surjective over
C, and assuming (x), one can deduce from the criterion of Liedtke and Matsumoto
that it is surjective on [ p-points. In odd characteristic, Kottwitz [1990] and Kisin
[2013] have given a group-theoretic description of the isogeny classes in Shyy(F )
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for every d. With arguments similar to those in Section 3, it should be possible to
deduce Theorem 1 and Theorem 3 from the above results.

1. p-adic properties of zeta functions of K3 surfaces

1.1. Recap on the formal Brauer group of a K3 surface. Let X be a K3 surface
over a field k. Artin and Mazur [1977] have shown that the functor

R — ker (Br Xz — BrX)

on Artinian k-algebras is prorepresentable by a (one-dimensional) formal group
Br X over k. This formal group is called the formal Brauer group of X.

Assume now that k is a perfect field of characteristic p > 0 and that X is not
supersingular. Then Br X has finite height & satisfying 1 < h < 10. We denote by
I]])(ﬁr X) the (covariant) Dieudonné module of Br X. This has the structure of an
F-crystal over k. It is free of rank & over the ring W of Witt vectors of k.

We denote by ngys(X / W)<1 the maximal sub-F-crystal of ngys(X /W) that
has all slopes < 1.

Proposition 7. If X is not supersingular, then there is a canonical isomorphism
HZ . (X/ W) <1 = D(BrX)

of F-crystals over k.

Proof. By [Illusie 1979, §7.2] there is a canonical isomorphism of F-crystals

HZ, (X/ W) =H*(X, WOx) @ H' (X, W) ) @H (X, WQ% ). (1)

coming from the de Rham—Witt complex, and by [Artin and Mazur 1977, Corol-
lary 4.3] we have an isomorphism of F-crystals

H2(X, WOy) = DBr X).

Since Br X is a formal group, the slopes of H>(X, WOy) = [D(ﬁr X) are < 1. On
the other hand, since F is divisible by p’ on H*~'(X, W ), the slopes of the
other summands in (1) are > 1. This proves the theorem. O

1.2. Proof of Theorem 1.

Proof. Property (2) holds by definition, (3) is a formal consequence of the trace
formula in £-adic cohomology (see, e.g., [Deligne 1974, §1]), and (1) is part of the
Weil conjectures [Deligne 1972; 1974].

The other properties make use of crystalline cohomology. Property (4) is well,
known. It follows for example from Mazur’s proof of “Newton above Hodge”
[Mazur 1972; 1973] for liftable varieties with torsion-free cohomology, see [Mazur
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1972, §2]. Property (5) is a sharpening of a result of Yu and Yui [2008, Proposi-
tion 3.2]. The argument is essentially the same as in [loc. cit.], we repeat it for
completeness.

For a polynomial Q =[[(1 — y;T) € Q,[T] we denote by Q¢ the product

Qo= [] d-wnD)eq,lrl.

VUp (yi)<0

Let K be the field of fractions of W. If g = p“, then by Proposition 7 we have
Luc,<0 = Lue,<0(X/Fy, T) = detg (1 = F*T, K @w D(BrX)(1))

in Q,[T] C K[T]. Since Br X is a one-dimensional formal group of finite height,
the crystal D(Br X) is indecomposable. It follows that the endomorphism F¢ of
[D(l%r X) has an irreducible minimum polynomial over K, and hence Ly, <o = P<
for some irreducible P.o € Q,(T). Let Q be an irreducible factor of Ly.. Then
O has a reciprocal root y with v,(y) < 0, for otherwise the roots of Q would be
algebraic integers and hence roots of unity. In particular Q .o = P-¢. Apparently
any two irreducible factors of L. share a common root, hence Ly, = Q°. This
proves (5). U

2. CM theory of K3 surfaces

This section collects results of Zarhin, Shafarevich and Rizov.

2.1. Hodge theoretic aspects. For a projective K3 surface X over C we denote
by NS(X) its Néron—Severi group and by 7(X) C H2(X, Z(1)) the transcendental
lattice, i.e., T(X) is the orthogonal complement of NS(X). We have a decomposition

H2(X, Q1)) =NS(X)g ® T(X)q.

The Hodge structure 7(X)g is irreducible [Zarhin 1983, Theorem 1.4.1]. The cup
product pairing defines even symmetric bilinear forms on NS(X) and 7(X) of
signature (1, p — 1) and (2, 20 — p), with p =k NS(X).

Proposition 8 [Zarhin 1983, §2]. Let X be a projective K3 surface over C. Then
the following are equivalent:

(1) The Hodge group of T(X)q is commutative.
(2) E :=Endygs T(X)g is a CM field and dimg T(X)g = 1. [l

Definition 9. If X satisfies the equivalent conditions (1) and (2) of Proposition 8,
then we say that X is a K3 surface with CM (by E).

Remark 10. Another equivalent condition is that 7(X)g is contained in the Tan-
nakian category of Hodge structures generated by the H' of CM abelian varieties.
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If E is a CM field, then we denote the canonical complex conjugation of E by
z +— Z, and its fixed field by Eyg. We have [E : Eg] = 2, and Ej is a totally real
number field.

Proposition 11. Let X be a K3 surface with CM by E. Then

(1) ax-y=x-ayforallae E and x,y € T(X)q;
(2) the group of Hodge isometries of T(X)q is ker(Nm : EX — E).

Proof. The cup product pairing induces an isomorphism

T(X)g = Hom(T(X)g, Q)

£}

of Hodge structures, and hence the action of E on 7(X) induces an “adjoint
homomorphism ¢ : E — E such that ax - y = x - ¢(a)y. Considering the induced
action on H%2(X) one sees that ¢(a) = a, which proves the first assertion. The
second is an immediate consequence of the first. U

2.2. Arithmetic aspects: the Main Theorem of CM. Let X be a K3 surface over
C with CM by E. Consider the algebraic torus G over Q which is the kernel of
the norm map £ — E; (seen as map of tori over Q). Then G(Q) is the group of
E-linear isometries of 7(X)g.

If X is defined over a subfield k C C, then we have canonical isomorphisms

HZ (X}, Q(1)) = HX(X(C), (1)) ®g Q.

Since the Galois action on the left-hand side respects the intersection pairing and
the subgroup NS(X;) = NS(X¢), we see that both Gal, and G (Qy) act on T(X)q,.
If we denote by A the finite adeles of Q,ie., A =0Q® Z, then we obtain actions
of Galy and G(Ay) on T(X)a,.

Theorem 12 (Main Theorem of CM for K3 surfaces [Rizov 2010]). There exists a
number field k C C containing E such that

(1) X is defined over k,
(2) the Galois action on T(X )a, factors over a map p : Galy — G(Ay)
(3) the diagram

Galy —— Galp —T A} /E*

l/’ \LZHE/Z

G(Ay) > G(Ap)/G(@)

commutes.
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Proof. This is a reformulation of [Rizov 2010, Corollary 3.9.2]. Note however that
the stated definition of complex multiplication [Rizov 2010, Definition 1.4.3] needs
to be corrected (the condition dimg Tg = 1 is missing) for the proof and statement
to be correct. O

Remark 13. A priori, the moduli space of polarized complex K3 surfaces has two
natural models over (): the “canonical model” of the theory of Shimura varieties
[Deligne 1971, §3], which is defined in terms of the Galois action on special points,
and the model coming from the moduli interpretation. The essential content of
Theorem 12 is that these two models coincide. (See also [Madapusi Pera 2015, §3]).

3. Existence of K3 surface with CM by a given CM field

In this section we prove Theorem 4. By the surjectivity of the period map for K3
surfaces, this reduces to a problem about quadratic forms over Q.

3.1. Invariants of quadratic forms over Q0. We quickly recall some basic facts
about quadratic forms over Q). We refer to [Cassels 1978; Scharlau 1985; Serre
1970] for details and proofs. Let k be a field of characteristic different from 2. A
quadratic space over k is a pair V = (V, ¢) consisting of a finite-dimensional vector
space over k and a nondegenerate symmetric bilinear form g : V x V — k. To such
a space one associates the following invariants:

(1) the dimension dim(V);
(2) the determinant det(V) € k> /k*?;
(3) the Hasse invariant w(V') € Br(k)[2].

Any form V over k is isomorphic to a diagonal form (a1, ..., a,) withn =dim V,
and for such a form the invariants are
det(V) =] [ e k*/k*2,
i

w(V) =Y (i) €Br(k)[2],
i<j
where (o, B); denotes the class of the quaternion algebra generated by i and j with
2=q, 2=p.ij=—ji.
We denote the orthogonal sum of two quadratic spaces by V & W.

i

Lemma 14. Let V and W be quadratic spaces over k. Then
(1) det(V & W) =det(V) det(W);
Q) wVeW)=wlV)+wW)+ (det(V), det(W))x.

Proof. This follows from the above formulas for the determinant and Hasse invariant
of a diagonal quadratic form, and the bilinearity of (o, 8). U
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Theorem 15. Two forms over Q, are isomorphic if and only if they have the same
dimension, determinant and Hasse invariant. For every d > 3, § € @;/ @;2
and w € Br(Q))[2] there exists a form of dimension d, determinant § and Hasse
invariant w. (]

If k = Q then a fourth invariant is given by the signature of the form V.

Theorem 16. Tiwo forms over Q) are isomorphic if and only if they have the same
signature, determinant, and Hasse invariant. All forms V over Q of signature (r, s)
satisfy

(1) the sign of (V) is (—1)%;

(2) the image of w(V) in Br(R)[2] =27/27 is s(s — 1)/2 mod 2.
If r +s >3, and if § and w satisfy (1) and (2) above, then there exists a quadratic
space over Q) with signature (r, s), determinant § and Hasse invariant w. ([

Lemma 17. For Ag3.q0 = Q ®z Aks, the Hasse invariant w(Ak3.q) € Br(Q)[2]
is the class of the quaternion algebra (—1, —1)q, and det(Ak3.0) = —1.

Proof. We have Ag3 = (—Eg) @ (—Eg) @ U & U @ U where U is the standard
hyperbolic plane. Using this explicit description, one computes (over () an orthog-
onal basis, and computes the invariants using the formula for diagonal forms. [

3.2. The form q,. Let E be a CM field with maximal totally real subfield Ey. Put
d :=[Ep : Q]. Denote by z — Zz the complex conjugation on E. For A € E(;( the
map

g ExXxEr~Q, (x,y)r trg,oxy)

is a nondegenerate symmetric bilinear form over Q.
We denote the discriminant of the number field £ by A(E/Q).
Lemma 18 [Bayer-Fluckiger 2014, Lemma 1.3.2].

det(g,) = (—1)? A(E/Q) in @*/Q*2.
Lemma 19. If )1 € E5< has signature (r, s), then g, has signature (2r, 2s). U

3.3. Construction of a K3 surface with CM by E. A key ingredient in the proof
of Theorem 4 is the following proposition on rational quadratic forms. I am grateful
to Eva Bayer for pointing me to her work on maximal tori in orthogonal groups
[Bayer-Fluckiger 2014], and for explaining how it simplifies an earlier version of
the proof below.

Proposition 20. Let E be a CM field with maximal totally real subfield Ey, and
assume d :=[Ey : Q] < 10. Then there exists a A € EOX of signature (1,d — 1) and
a quadratic space V such that, as quadratic spaces over Q,

(E,q:) ® V = Ak30 Ol
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Proof. If d < 10 then we claim that for every choice of A a complement V exists.
Indeed, given a choice of A, then the dimension, signature, determinant and Hasse
invariant of V are determined by Lemma 14. These invariants satisfy conditions (1)
and (2) of Theorem 16 because they are satisfied by the invariants of (E, ¢;) and
Ak3,0. Since dim(V) > 2, the theorem then guarantees the existence of a form V
with (E, ¢,) ® V = Ags -

So we assume d = 10. Let § = A(E/Q) € Q% /Q*?. Note that § > 0 (since d is
even). Consider the diagonal quadratic space V = (—1, §). By the same reasoning
as above, there exists a unique quadratic space W of dimension 20 such that

W & (—1,8) = Akz.q-

We will show that W can be realized as (E, g;) for a suitable choice of A € EOX.
Note that W has signature (2, 18), so by Lemma 19 the scalar A will automatically
have signature (1, 9).

By Corollary 4.0.3 and Proposition 1.3.1 of [Bayer-Fluckiger 2014], there exists
a A with (E, g,) = W if and only if the following three conditions hold:

(1) the signature of W is even;
(2) disc(W) =6;
(3) for every prime p such that all places of Eg above p split in E, we have that

Wa, is isomorphic to an orthogonal sum of 10 hyperbolic planes.

Our W clearly satisfies the first two conditions. For the third, consider a prime p
such that all places of Eq above p split in E. Then the image of § in Q@ / @;2 is 1.
Together with Lemma 14 and Lemma 17 this allows us to compute the invariants of
Wa,. and we find det(W@p) =1 and w(W@p) =(—1, —1)@17. These are the same
as the invariants for 10 copies of the hyperbolic plane, so with Theorem 15 we see
that W satisfies the third condition, which finishes the proof of the proposition. [J

Finally, we show that for every CM field E of degree at most 20 there exists a
projective K3 surface X with CM by E.

Proof of Theorem 4. Choose A € Ep and V as in Proposition 20. This guarantees
that there exists an integral lattice

AC(E,qgp)®V

with A = Ags. Choose such a A, and choose an embedding € : E <— C with
€(A) > 0. Then we have a splitting

Ac =C @ C: @ (Bo2,eCo) @ Ve.

We make A into a pure Z-Hodge structure of weight O by declaring C to be of
type (1, —1), its conjugate C¢ of type (—1, 1), and all the other terms of type (0, 0).
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By construction, the bilinear form A ® A — Z is a morphism of Hodge structures.
Note that E acts on E C Ag via Hodge structure endomorphisms, so that E is
irreducible and hence

A"’ NAg=V.

For every nonzero z € H>? we have z-Z € R- since €(A) > 0, so that the surjectivity
of the period map [Todorov 1980] gives the existence of a complex analytic K3
surface X and a Hodge isometry A = H?(X, Z(1)). A priori, it may not be clear
that X is algebraic. However, as Pic(X)g = V has signature (1, 21 — 2d), there
exists an h € Pic(X) with A - h > 0. By [Barth et al. 2004, Theorem IV.6.2] this
implies that the surface X is projective. By construction, X is a K3 surface with
CM by E. ([

Remark 21. A similar construction has been used by Piatetski-Shapiro and Sha-
farevich [1973, §3] in showing the existence of some K3 surfaces with CM. The
new ingredients that allow us to obtain a stronger result are the use of rational (as
opposed to integral) quadratic forms, the results of Bayer on quadratic forms g;,
and the use of the algebraicity criterion from [Barth et al. 2004], which avoids the
delicate question of identifying an ample & € Pic(X).

4. Existence of K3 surface with given L.

In this section we will prove Theorem 3. So let

2d
L=[Ja-%T)el+TQIT]

i=1

be a polynomial satisfying properties (1)—(5) of Theorem 1. Consider the number
field F := Q(yy).

Lemma 22. F is a CM field and y 1y = 1.

Proof. The image y of y; under any homomorphism F — C satisfies || = 1, hence

¥ =y 1. Moreover y cannot be real, since then y = %1, contradicting the fact that

1 is not a root of unity. It follows that F is a CM field with complex conjugation
-1

Yi—=uy, - U

By property (5), the number field F has a unique valuation v above the prime p
such that v(y;) < 0.

Lemma 23. There exists an extension E of F with [E : Q] = 2d, and such that
(1) E isa CM field,

(2) the valuation v has a unique extension to E.
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Proof. Let Fy be the maximal totally real subfield of F. Let vy be the place of Fj
under v. Now choose a polynomial P(X) € Fy[X] such that

(1) deg P =e;

(2) P has e real roots for every embedding Fy «— R;

(3) P isirreducible in (Fp),,[X].

Note that vg splits in F, since by the preceding lemma v(y;) > 0 and hence v # v.
In particular P(X) is irreducible in F,[X], and it follows that E := F[X]/P(X) is
a field satisfying the desired conditions. (Il

We fix an E satisfying the conditions of the lemma. Abusing notation, we will
denote the unique extension of v to E by the same symbol v.

Lemma 24. [E,: Q,] =h.

Proof. Since L = Q¢, and since v is the unique place with v(y;) < 0, we see from

properties (4) and (5) in Theorem 1 that [F, : @,] =h/e. But[E : F]=¢ and v

has a unique extension to E, hence [E, : Q,] = h. O
Let X be a K3 surface over C with CM by E. By the Main Theorem of CM

(Theorem 12) this surface is defined over a number field k containing E. Let w be

a place of k lying above v. We extend the commutative diagram of Theorem 12 to
include the local-global compatibility of class field theory:

LCFT
Wi, » > Wg

W X
w v " EU

I |

Galy »—— Galp —2“» A} ,/E* 2

lﬂ lz'—m/i

G(Ay) > G(Ap)/G(@)

Here Wy, C Gali, denotes the Weil group of the local field k,,. Extending k if
necessary, we may assume that the residue field [, is an extension of [F.

Choose a prime £ # p. Then the image of inertia I}, in G(Z;) is finite, hence
after replacing k by a finite extension, we may assume that the action of Galg, on
H2,(Xj, @, (1)) is unramified.

Now assume Xy, satisfies (x). Then, replacing k once more by a finite extension,
we may assume by the criterion of Liedtke and Matsumoto [2015, Theorem 2.5]
that X has good reduction at w. Let X /F,, be the reduction of X/k at w.

Let o € Wy, be a Frobenius element. Note that y; lies in G(Q) C E*.

Proposition 25. There is an m > 0 such that for all £ # p we have in G(Qy)

ple™ye =y,
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Proof. Let m € E¢ be the image of o under the CFT map. Then
. e(ky : Ey)

f(Ey: @p) ’
The image of 7 in G(A;)/G(Q) is the class of the idele

v(m)

(A,...,Lma 1., D eAf

where T € Ej denotes the image of 7w under the isomorphism E,, — Ej induced by
complex conjugation on E.
We have v(y1) = —[F, : F,]/h from which we compute

[Fu:Fq]
vy, ) = —v(n),
and hence ﬁ(yl[F“’:[F"]) = v(r). Moreover, y; is a unit at all places of E different
from v and v. It follows that the idele
w=y L L E L) €A

lies in the maximal compact subgroup
K={g€©c®D)" |88 =1} C GAy).

Since Galy is compact also, p(o) lies in K. From the commutativity of the dia-
gram (2) we conclude that p(o)/a lies in the kernel of the map

K— GAy)/G(Q).
This kernel equals {g € O | gg = 1}, which is finite by the Dirichlet unit theorem.

We conclude that p(6™) = ™ for some m, and hence

m

pa™) = 141
in G(Qy) for all £ # p. O
We have
L(X/F,) = detg,(1 —o T, H3(Xg,, Qe(1))).
Since none of the conjugates of y; are roots of unity, we conclude from the preceding
proposition that there is a finite extension F,, C [/, such that

v [F,:Fq]
Ltl‘C(Xﬂ:;‘_,/[F;y) =detg(l — 14! “T, E),

or in other words
[F,:Fq]

Lye(Xp, /F) =[ [ =y, 7D,

which finishes the proof of Theorem 3.
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