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On {-torsion in class groups
of number fields

Jordan Ellenberg, Lillian B. Pierce and Melanie Matchett Wood

For each integer £ > 1, we prove an unconditional upper bound on the size
of the {-torsion subgroup of the class group, which holds for all but a zero-
density set of field extensions of @ of degree d, for any fixed d € {2, 3,4, 5}
(with the additional restriction in the case d = 4 that the field be non-Dy). For
sufficiently large £ (specified explicitly), these results are as strong as a previously
known bound that is conditional on GRH. As part of our argument, we develop a
probabilistic “Chebyshev sieve,” and give uniform, power-saving error terms for
the asymptotics of quartic (non-Dy4) and quintic fields with chosen splitting types
at a finite set of primes.

1. Introduction

The distribution of class groups is a great mystery. The Cohen—Lenstra heuristics
[Cohen and Lenstra 1984] (for quadratic fields) and the Cohen—Lenstra—Martinet
heuristics [Cohen and Martinet 1990] (for more general number fields) make
predictions for the distribution of class groups, including for the average size of the
£-torsion subgroups for certain “good” primes £. However, the questions of proving
anything towards these predictions are almost entirely open, and mostly apparently
inaccessible.

The main goal of the present work is to prove, for each integer £ > 1, an
unconditional upper bound for the size of the £-torsion subgroup of the class group,
which holds for all but a zero-density set of field extensions of @ of degree d,
for any fixed d € {2, 3,4, 5} (with the additional restriction in the case d = 4
that the field be non-D,). Alternatively, these results may be viewed as the first
unconditional upper bounds for the average size of £-torsion in class groups as the
field varies over extensions of @ of fixed degree d € {2, 3,4, 5} (and non- Dy in the
case d = 4).

Let K be a degree d field extension of Q with absolute discriminant Dg =
| disc K/Q|. We will denote the class group by Clg and the £-torsion subgroup by

MSC2010: primary 11R29; secondary 11N36, 11R45.
Keywords: number fields, class groups, Cohen—Lenstra heuristics, sieves.
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Clg[¢]. We note the trivial pointwise upper bound (see for example [Narkiewicz
1990, Theorem 4.4])

IClg[0]] < |Clg| g0 DT, (1-1)

for every € > 0. (Throughout, £ > 0 is allowed to be arbitrarily small (possibly taking
a different value in different occurrences), and A < B indicates that |A| < ¢B for
an implied constant ¢, which we allow in any instance to depend on ¢, d, ¢.)
It is conjectured that
|IClg[¢]] < D% (1-2)

for every ¢ > 0, but improving on the trivial bound (1-1) has proved difficult.
(Impetus for this conjecture may be found in [Duke 1998; Zhang 2005, page 10;
Brumer and Silverman 1996, “Question CL({, d)”’].) For K quadratic, Gauss’s
genus theory [1966] implies (1-2) in the case £ = 2. Recently, Bhargava et al. [2017]
obtained nontrivial upper bounds for 2-torsion in fields of degree d for all d > 3,
proving |Clg[2]] <« D?('2784"'+8 for d = 3,4 and |Clg[2]] < D}(/2—1/2d+s for
d > 5. For £ = 3, after initial incremental improvement in [Helfgott and Venkatesh
2006; Pierce 2005; 2006] over the trivial bound (1-1) for quadratic fields, Ellenberg
and Venkatesh [2007, Proposition 3.4, Corollary 3.7] proved that

IClg 3] < DY**e (1-3)

holds for both quadratic and cubic fields, and moreover there is a positive constant
4 > 0 such that
Clg 3]l < D70+ (1-4)

holds for quartic fields. (In particular, one may take § = 1/168 in (1-4) for quartic
fields with Galois closure having Galois group A4 or S4.) At this time, these are
the best bounds in the literature that are unconditional and hold for all such fields.
In the realm of average results, there is little known, with the exceptions being
spectacular successes. For 3-torsion in quadratic fields, Davenport and Heilbronn

[1971] proved 5 .
3 IckBll (3“2) + m))X, (1-5)

deg(K)=2
0<Dg=<X

in which the first contribution is from fields with disc K/Q > 0 and the second is
from fields with disc K/Q < 0; this has recently been improved to reflect second
order terms by [Bhargava et al. 2013; Taniguchi and Thorne 2013; Hough 2010].
For 2-torsion in cubic fields, Bhargava [2005] proved the asymptotic

> 1ok~ (g5 * 5e) Y (1-6)

deg(K)=3
0<Dg=<X
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in which each isomorphism class of fields is counted once, and the first contribution
is from fields with disc K/Q > 0 and the second is from fields with disc K/Q < 0.
For 4-torsion in quadratic fields, Fouvry and Kliiners [2007] have determined the
asymptotics, for each nonnegative integer k,

> CERIF ~ (ek + p (e — ) X, (1-7)
deg(K)=2
0<Dg=<X

where ¢y is the number of vector subspaces of [FlzC . See also the recent work of Klys
[2016] giving analogous results on 3-torsion in cyclic cubic fields, and the recent
work of Milovic on 16-rank in quadratic fields, e.g., [Milovic 2017].

Turning to conditional results, Klys’s results [2016] extend to p-torsion in cyclic
degree p fields under GRH and Smith [2016] has results on 8-torsion averages
in quadratic fields under GRH as well. In the case of quadratic fields, Wong
[1999b] proved that, conditional on the Birch—-Swinnerton-Dyer conjecture and the
Riemann hypothesis, |Clg[3]] < D}(/4+8. Before the proof of (1-3), Soundararajan
noted (as communicated in [Helfgott and Venkatesh 2006]) that one could prove
|Clg[3]] < D;(/Ha for K quadratic if one assumed the truth of the Riemann
hypothesis for only the L-function L(s, x) of the quadratic character x associated
to the quadratic field K. The key idea of the latter bound was the use of many small
primes that split in K; the role of the Riemann hypothesis was to guarantee the
existence of sufficiently many such primes. This approach has been generalized by
Ellenberg and Venkatesh [2007] to number fields of any degree; we recall the key
result in the special case of field extensions of Q:

Theorem A [Ellenberg and Venkatesh 2007, Lemma 2.3]. Let K be a field extension
of Q of degree d, and let £ be a positive integer. Let § < m Suppose that
{p1,....psm} are M prime ideals in Og with Norm(p;) < D% that are unramified
in K/Q and are not extensions of ideals from any proper subfield Ky & K.Then

IClg[€]] Kge DY*TEMY (1-8)

(Here we recall the convention in [Ellenberg and Venkatesh 2007] that an ideal
p in Ok is said to be an extension of a prime ideal from a subfield Ko & K if there
is a prime ideal po in Ok, such that p = poOg.)

Upon assuming GRH, an application of the effective Chebotarev theorem of
Lagarias and Odlyzko [1977] guarantees, for any fixed 1 > 0, the existence of
> D?(_E rational primes of size < D?( that split completely in K. Upon choosing
n= m — g¢ for arbitrarily small gy > 0, one obtains the following bound,
currently the state of the art for conditional pointwise upper bounds for |Clg [€]|:
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Theorem B [Ellenberg and Venkatesh 2007, Proposition 3.1]. Let K be a field
extension of Q of degree d and £ a positive integer. Assuming GRH,

3= 2e@=n e
|C1K[£]| <<d,€,e DK , (1'9)

for any ¢ > 0.

One may attempt to remove the conditionality by proving results that hold on
average, or for all but a small exceptional family. In this vein, in the case of imaginary
quadratic fields, Soundararajan [2000] noted that for all but at most one imaginary
quadratic field K with Dg € [X, 2X], one has the bound |Clg[{]| <« X !/2—1/2t+e,
for any prime £. Also in the imaginary quadratic case, a recent result of Heath-
Brown and Pierce [2014] provides an upper bound for averages (and in addition
higher moments) of |Clg[£]|, for example proving for any prime £ > 5 that

Z' IClg[€]] < X%—zeizﬂ, (1-10)

deg(K)=2
0<Dg=<X

with the sum restricted to imaginary quadratic fields.

In this paper, we prove unconditional results for |Clg[{]| that are as strong as
(1-9) for all sufficiently large positive integers £, and hold for all but a zero-density
family of quadratic, cubic, non- D4-quartic, or quintic field extensions of ().

For this we work with families of fields. Let N;(X') denote the number of degree
d extensions of @ with 0 < Dg < X, in which each isomorphism class is counted
once; it is conjectured that for an appropriate constant ¢y,

Ny(X) ~cgX. (1-11)

Importantly for our work, this is known to be true for d = 2 (classical), d = 3 by
Davenport and Heilbronn [1971], d = 4 by Cohen, Diaz y Diaz, and Olivier [Cohen
et al. 2002] and Bhargava [2005], and d = 5 by Bhargava [2010]. Throughout our
work, in the case of d = 4, we restrict our attention to non- Dy-quartic fields (that
is, quartic extensions whose Galois closure does not have Galois group Dy); see
the remark on page 1758. Thus we let ]v4 (X) denote the further restricted count
of non- D4-quartic extensions of (O; then (1-11) is also known to hold for Ny (X),
with a different constant [Bhargava 2005].

As a consequence of the field counts (1-11) combined with the trivial bound (1-1),
a trivial average bound for |Clg[£]| is

> ICIk[O] Kae XPPTE (1-12)

deg(K)=d
0<Dg=<X

Our approach to improve upon (1-12) is to show that “most” degree d fields K
contain sufficiently many small primes that split completely in K for Theorem A to



On {-torsion in class groups of number fields 1743

give a good upper bound for |Clg[£]|. Roughly speaking, we will show that there is

some small 8o > 0 such that for all but at most O(X 1 %) of the degree d fields K

with 0 < Dg < X, at least a fixed positive proportion of the primes p < X% split

completely in K. (Under GRH, the small set of exceptional fields is in fact empty.)
Our main results are as follows:

Theorem 1.1. Let d € {2, 3,4, 5} and let £ be any positive integer with £ > £(d)
where

£2)=L3)=1, {L4)=8, {L(5 =25
Then for all but Od,g,S(XI_M(‘;—l)"-g) degree d fields K/Q with Dg < X (and
non-Dy in the case d = 4),
11
Clxlbll a6 D @0,

forall e > 0. For d = 4,5, in the remaining cases of positive integers £ < £(d), for
all but Od,s(Xl_‘SO(d)"'s) degree d fields K/Q with 0 < Dg < X (and non-Dy in

the case d = 4),

L_80(d)+
IClgllll €ape D 007,

for all € > 0, where we may take

X ifd =4,
So(d) = { o

Remark. Theorem 2.1 states a version of this result in terms of bounding the
number of exceptional fields that fail to have many small split primes. One notes
from Theorem 2.1 that for sufficiently large £, the limiting reagent is not the
availability of small completely split primes, but the constraint § < W—l) in
Theorem A.

As immediate corollaries, we note:

Corollary 1.1.1. Let d €{2,3,4,5}. As K ranges over degree d extensions of Q
with discriminant 0 < Dg < X (and non-Dy in the case d = 4),

3 ICIk[l] Kae X 3T

deg(K)=d
0<Dg=<X

for all integers £ > £(d), where £(2) = £(3) =1, £(4) = 8, £(5) = 25.
Corollary 1.1.2. For positive integers £ <1, averaging over non- D4y-quartic fields,

S ICIkll] <ae X3,

deg(K)=4
0<Dg=<X



1744 Jordan Ellenberg, Lillian B. Pierce and Melanie Matchett Wood

For positive integers £ < 24, averaging over quintic fields,

Y CIkl Kae X330t

deg(K)=5
0<Dg=<X

Our strategy is as follows. Recall that N; (X)) denotes the number of degree d
fields K over @, up to isomorphism, with 0 < Dg < X, and let N; (X'; p) denote the
number of degree d fields K over Q, up to isomorphism, with 0 < Dg < X, such
that the rational prime p splits completely in K. (For d = 4 we define ]\74 (X;p)
analogously, restricting to non- D4-quartic fields.) Suppose we know that for each
fixed prime p, Ny (X; p) is a positive proportion of N;(X), so p splits completely
in a positive proportion of the fields. Then one would expect the fields in which the
primes split completely to distribute somewhat evenly, so that “most fields” have
the property that “near the average number” of primes split completely in them;
that is, one would expect that the primes do not conspire to cause many fields to
fail the criterion of Theorem A. We will make this argument precise by developing
a flexible “Chebyshev sieve” (Lemma 3.1, related to Chebyshev’s inequality); the
crucial input to the sieve will be asymptotics for N (X; p) with power-saving error
and explicitly given dependence on p (Lemma 2.2, Theorem C, Theorems 2.3
and 2.4).

Counting quadratic fields may be accomplished by a simple classical argument
(given in the Appendix). Power-saving error terms for Ny (X') were first found in
the cases d = 3,4 by Belabas, Bhargava, and Pomerance [Belabas et al. 2010],
and first found in the case d = 5 by Shankar and Tsimerman [2014]. In the case
d = 3, Bhargava, Shankar, and Tsimerman [Bhargava et al. 2013] and Taniguchi and
Thorne [2013] have also proved a second main term and improved the power-saving
error term. For the refined estimates that we require on Ny (X'; p), we quote the
necessary asymptotics for d = 3 from [Taniguchi and Thorne 2013], while for
d = 4,5 we prove the necessary estimates using the methods and results from
[Belabas et al. 2010; Shankar and Tsimerman 2014]. In fact, in Sections 4 and 5,
we give the field counting asymptotics for fields with any chosen splitting types
at a finite set of primes with the expectation that they could be useful in other
applications; see Theorems 4.1 and 5.1.

Our counting theorems improve upon analogous results that appear in four recent
papers, three [Yang 2009; Cho and Kim 2015; Shankar et al. 2015] in the area of
finding symmetry groups of families of L-functions (see [Sarnak et al. 2016] for a
general overview of the area) and one [Lemke Oliver and Thorne 2017] studying
the distribution of ramified primes in small-degree number fields. See Sections 4
and 5 for detailed comparisons to these previous works.
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2. Anatomy of the proof

2A. Reduction to counting bad fields. We now outline the strategy in more detail;
for the sake of motivation, we focus temporarily on proving upper bounds on
average. Let us fix d and define for any degree d field K over Q@ and any real
parameter ¥ > 1,

N(K;Y) = #{rational primes p <Y that split completely in K}.

(Implicitly, in the case d = 4 we further restrict to non- D4-quartic fields.) Let us
fix a positive integer £ and a parameter §; < W—l)’ to be chosen precisely later.
Then by Theorem A, for any X > 1,

Yo jaxigi< Y DTN DY)
X<Dg=2X X<Dg=<2X
<< X1/2+8 Z N(K,XSI)_I
X<Dg=<2X
Now given real parameters X > 1 and 1 < M <Y, we define 332 (X;Y, M) tobe
the set
BYX;Y,M)={K/Q, deg(K)=d, X < Dg <2X:
at most M primes p <Y split completely in K},
(with the usual further restriction in the case d = 4).
We denote by 7(Y) the number of rational primes p < Y, and let us regard

1 < M <n(X®) as fixed for the moment, to be specified later. Then we may make
the decomposition

> |CIge]

X<Dg=<2X

< X1/2+8( > N(K: X))+ > N(K: X‘sl)_l).
X<Dg=<2X Kez)(X;X%,M)
K¢2%(X;X%1,M)

Since N(K; X%1) > M if K & #9(X:; X%, M), we have

> |ckle) <<X1/2+8( > M~y > 1),

X<Dg<2X X<Dg=2X KezY(X:;X%1,M)
K¢2%(X;X%1,M)

and we may conclude that

Clgll]] < X3/ e 4 #28%(x: X%, Myx1/2+e, -1
d
X<Dg<2X
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Then upon defining the set

Ba(X;Y.M)={K/Q, deg(K)=d, 0<Dg < X :
at most M primes p <Y split completely in K } (2-2)

(with the usual further restriction in the case d = 4), we may trivially replace the
expression #%2 (X; X S M )in (2-1) by #2842 X; X S M ) and only increase the
right-hand side.

We now suppose that we can bound from above the cardinality of the “bad
set” 42X X%, M) for appropriate §; and M. Note that one expects via the
Chebotarev density theorem that a positive proportion of the primes up to X! split
completely in K, so that a reasonable choice for M will be proportional to 77 (X 81y,
Precisely, we suppose that there is a small fixed §, > 0 such that for every X > 1
and an appropriate choice of M with X 81 JlogX <« M <€ X 81 /log X we have

#B,0X: X0 M) « x5t (2-3)

for all € > 0. Then upon summing over O(log X) ranges and applying (2-1) and
(2-3) within each range, we see that for any X > 1,

>, lckiais ) Y. [CKkle]

0<Drg=<X 05j5|'10g2 X 2j_1<DK§2j

&< Z {(2j—1)3/2+8(2(j—1)51)—1 10g2]

0<j<[log, X1 _i_#%d(zj;z(j—nél’M)(Zj—1)1/2+a}
< IOgX Z {(2j)3/2—51+6 + (2j)3/2—52+26}
0<j<[logy X1

< X3/2_8+38, (2_4)
where § = min{d1, §,} and & > 0 is arbitrarily small. Thus we see that an upper
bound of the form (2-3) is the key to obtaining an average result in the shape
of Corollaries 1.1.1 and 1.1.2; this upper bound plays a similarly crucial role in
obtaining the results of Theorem 1.1, as we show in Section 7.

Ultimately, we will prove the following version of (2-3), which controls the
number of possible bad fields:

Theorem 2.1. Let B,;(X;Y, M) be defined as in (2-2). Set

¢ ifd=2,
2 ifd=3
sody=12 7 ’ 2-5
O() 41_8 ifd:4, ( )
55 ifd =5.
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For each d = 2,3,4,5, there is a constant 0 < co(d) < 1 such that for every
0<68=<60g(d)andevery X > 1,
(X/2)°

. 5 1 A/ 1-6+e
#By (X, (X/2)°, 260(d)10g(X/2)5) <KX

for every e > 0.

Remark. The methods of this paper also prove an analogous theorem if the condi-
tion “split completely” in the definition (2-2) is replaced by another fixed splitting

type.

2B. Counting bad fields via a sieve and counts for fields with local conditions.
We prove Theorem 2.1 via a sieve we develop for this purpose; to describe the
strategy, we first recall the simplest classical setting of a sieve. Let </ be a finite
set of elements of cardinality N, and let &2 denote the set of all rational primes.
We assume a certain property of interest has been specified so that each element
a € o/ either satisfies it or not, with respect to p, for each p € 2. For each prime
p € & we let @7, denote the finite subset of 7 that satisfies the fixed property with
respect to the prime p. Moreover we assume we know that for each p there exists
a real number 0 < §, < 1 and a real number R, with |R,| < N such that

#p = 8,N + R,. (2-6)

In simplest terms, a classical aim of a sieve is to provide an upper bound for the
number of elements in the set .7 such that the designated property fails for all
primes p < z, for some fixed threshold z. Thus one could use a sieve to provide an
upper bound for
#/\ U ).
pP=z

For example, to sieve for prime numbers, the set <7 is a finite set of integers, and
the property is that p|a. Slightly more generally, one could apply a classical sieve
such as the Turdn sieve to count

#e\ U ) 2-7)
PEP
for an arbitrary fixed finite set of primes Py.

In our application, the set .« is the set of fields K/Q of degree d with Dg € (0, X]
and the property is that p splits completely in K, so that <7, is the subset of fields
in which the prime p splits completely. In this setting, assuming we possess an
appropriate understanding of #.¢7, as in (2-6), then (2-7) would allow us to count
those degree d fields K with Dg € (0, X] in which a fixed set of primes fail to
split completely. But in order to bound the bad set %,;(X; X 51 M) we require
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more flexibility: a field belongs to this set if all the primes in a sufficiently large set
fail to split completely in K, but the relevant large set of primes might be different
for two different bad fields K. Thus we develop in Section 3 a flexible new sieve
that allows us to count elements a € </ that fail to lie in 27, for many p, without
specifying which p fail for any given a.

The key input to any sieve is an understanding of <7, that provides the expres-
sion (2-6). In our case, this requires an understanding of N;(X), N;(X; p), and
N;(X; pg) for two distinct primes p, g; here Ny(X; pq) counts the number of
degree d fields K/Q in which both p and ¢ split completely. In the case of quartic
fields, we let

Na(X), Ng(X;p) and Ny(X; pq)

denote the analogous quantities, restricted to non- D4-quartic fields K/Q.
We now summarize the key results we will require for the sieve. For quadratic
fields, we record:

Lemma 2.2. There exists a constant ¢, > 0, such that for e = e1 or e = eye, for
distinct primes e1, e,

N2(X) =2 X + 0(X'/?), (2-8)
Na(X:e) = 8ec2X 4+ O(eX /), (2-9)
where 8, is a multiplicative function defined for any prime e by

_1_ 1
CT2(14e )’

For completeness, we record a simple proof of this classical result in the Ap-

(2-10)

pendix; the error terms given here can be improved (see for example the survey
[Pappalardi 2005]), but will suffice for our application.

In contrast, the results for cubic, quartic, and quintic fields are deep. For cubic
fields, we cite:

Theorem C [Taniguchi and Thorne 2013, Theorems 1.1, 1.3]. There exist constants
c3 >0, cg < 0 such that for e = e1 or e = eye; for distinct primes eq, e,

Ni(X) = e3X +c5 X5/ 1 o(x7/0%e), (2-11)
N3(X;e) =8ec3 X + 8L, X0 4 0¥/ x7/0Fe), (2-12)
where 8, and 8, are multiplicative functions defined for any prime e by

N S S
6(1+e14e72)’

For quartic fields, we have:

8 = L oE 1, (2-13)
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Theorem 2.3. There exists a constant c4 > 0 such that for e = ey or e = e1e, for
distinct primes e, e,

Na(X) = caX + O(X23/24+e), (2-14)
Ny(X;e) = Seca X + 0(e1/2+8X23/24+8), (2-15)

where 8, is a multiplicative function defined for any prime e by

1 1
C 24 (14e 1 42e24¢73)

We note (2-14) is due to [Belabas et al. 2010, Theorem 1.3]; we deduce (2-15)
in Section 4, using the methods of Belabas, Bhargava, and Pomerance [Belabas
et al. 2010], which build on the work of Bhargava [2005] that obtained the original
count of S4-quartic fields with an o(X') error term. See Theorem 4.1 for our most
general result of this type, of which Theorem 2.3 is a special case.

For quintic fields, we have:

Se

(2-16)

Theorem 2.4. There exists a constant cs > 0 such that for e = e1 or e = eye; for
distinct primes eq, e,

N5(X) = csX + O(X199/200+¢) 2-17)
Nj(X,e) — 5eCSX+ 0(61/2+8X79/80+8 +X199/200+8), (2_18)

where 8, is a multiplicative function defined for any prime e by

1 1
T120(1+e 2024203 o)

We note (2-17) is due to Shankar and Tsimerman [2014]; we deduce (2-18) in
Section 5, using their methods, which build on the work of Bhargava [2010] that
obtained the original count of Ss-quintic fields with an o(X) error term. (We also
fill in a missing step from [Shankar and Tsimerman 2014].) See Theorem 5.1 for
our most general result, of which Theorem 2.4 is a special case.

We remark that the techniques for counting number fields that produced these
results for N;j(X;e) continue to be refined, and we may expect that the error
terms will continue to be reduced. Thus in our subsequent computations involving
N;(X; e) we have worked more generally with error terms of the form O(e® X'7),
so that it will be immediately clear how improvements in counting fields will lead
to refinements of our results. (In particular, improved error terms for smoothed
versions of the counting functions Ny (X; e) would suffice for our application.)
We note that the mechanism we employ will apply equally well to higher degree
extensions of Q (or extensions of a fixed number field, using the more general
form of Theorem A available in [Ellenberg and Venkatesh 2007, Lemma 2.3]) if

(2-19)

e
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suitable results for Nj(X) and Ny(X;e) (or their analogues for extensions of a
fixed number field) become available. In addition, one might consider other families
of fields for which precise asymptotics are known, such as abelian fields over @ with
a fixed Galois group, ordered either by discriminant [Wright 1989; Frei et al. 2015]
or by conductor [Wood 2010]. It would be an interesting question to see whether
the existing methods can be refined to produce an appropriate power-saving error
term with sufficiently explicit dependence on a finite number of local conditions.

3. The Chebyshev sieve

We now develop in a fully general setting a new sieve that allows us to give an
upper bound for the number of elements a belonging to a set </ that satisfy a
desired property with respect to p for “few” p (without specifying for which p it is
satisfied). We will see that the principal idea is probabilistic, relating to Chebyshev’s
inequality, thus we dub it the Chebyshev sieve.

As before, let &7 be a finite set of cardinality N, let & denote the set of all
rational primes, and let .7, denote the finite subset of &7 that satisfies the fixed
property with respect to the prime p. For a fixed real parameter z > 1, we let

P =]]r

PDEZ
p=<z

and we define for each a € ./ the quantity
N(a) =#{p: p|P(2), a € p}.

Next, we set

M(z) = % 3 N@) = % 3 e (3-1)

ac PIP@)

to be the mean number of sets .27, (with p < z) to which a typical element a € &/
belongs. (In nonvacuous cases, M (z) is nonzero.) We would expect that a typical
element a € & has N (a) being about size M (z), and we want to bound from above
the number of ¢ € & which have N (a) being unusually small, that is, less than a
fixed small proportion of M (z).

Given 1 < M <z, we define &(«7; z, M) to be the set of elements ¢ € & such
that at most M primes p|P(z) have a € «/,. (Or in other words, &(<7;z, M) is
the set of elements a € &/ such that N(a) < M.) Then we set

E(d;z, M)=#&8(F;z, M).

Our sieve lemma will provide us with an upper bound for E(; z, 3 M (2)); that is,
the number of elements in </ that lie in %7, for fewer than half the mean number
of p.
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For the purposes of the lemma, we introduce the following notation. Given
distinct primes p, q we let @4 = 7, N 4, and let R, 4 denote the quantity such
that

#alpg = 0pSqgN + Rp 4.

(For notational convenience, we will interpret R , as Rj.) Finally, we set
Uz = Y 6
pIP(2)
We now state the key sieve lemma.

Lemma 3.1 (Chebyshev sieve). With the setting described above,
E(o:;z, 1 M(2))

AN 1 2U(z) 1 2
= M) (U(Z)‘Fﬁ Z |Rp.ql + N Z |Rp|+(ﬁ Z |Rp|) )

p,q|P(2) pIP(2) pIP(2)

3A. Proof of the sieve lemma. We note that the sieve inequality we prove is related
to the classical Turdn sieve (see for example Theorem 4.1.1 of [Cojocaru and Murty
2006]), and can be seen as an application of Chebyshev’s inequality

P(X —pl > a) <o?/a?,

for X a random variable with mean p and variance o2, applied to the random
variable N (a) when a is drawn uniformly from <.
We prove the lemma directly. We begin by noting that

%E(ﬂ;z, M) (AM@e) < % Y. (N@-M@)
aeé (32,5 M(2))

1 2
=¥ Y (N(a)— M(2))*.
acyd
It then suffices to prove the variance term on the right-hand side satisfies

= Y V@-Me)?

acyd
1 1 1 2
Uty ¥ Rea4206( 3 T I81)+ (3 T IRl) . 6
P4l P(z) PIP(2) plP(2)
We first note from (3-1) that the mean satisfies

1 1 1
M) =4 > #ap = v > (N +Rp) = U+ > R, (3-3)
PIP() PIP() PIP()
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We now consider the left-hand side of (3-2), which we trivially expand as

% Y N - % 3 N@M () + M()? = % 3 N@?2 - M) (3-4)

acqd acd acd

The first term on the right-hand side of (3-4) is equal to

% Z #(%ﬂﬂq)=%(2 8PN+ Z 5p8qN+ Z RPJI)

D.q|P(2) pIP(2) D.q|P(2) D.q|P(2)
p#q

=Y 5,,-1—(2 8,,)2— > 5;-1—% Y Rpg

plP(2) p|P(2) plP(2) P.q|P(2)
2 1
= Y 8(1-8,)+U(2) + % > Ry
plP(2) p.q|P(z)

On the other hand, we may expand M (z)? via (3-3) and see that after cancellation
of the U(z)? factor, the right-hand side of (3-4) is equal to

2
1 1 1
S -ty ¥ Ra-206(5 X &) (4 T &)
pIP(2) D.q|P(2) pIP(2) p|P(2)

As R, may be either positive or negative, we take absolute values; then using the
fact that 6, < 1 we see the resulting inequality simplifies to (3-2), thus proving the
lemma.

4. Asymptotic count of non- D4-quartic fields

In this section we will prove the following, of which Theorem 2.3 is a special case.

Theorem 4.1. Let P be a finite set of primes. For each prime p € P we choose a
splitting type at p and assign a corresponding density as follows:

Spi=2g(l+p~ +2p2+ p7)7! for p = P1920394,
Sp=3(+p ' +2p72 4+ p73)7! for p = 19203,
§p = %(1 +p V4 2p7 24 pHTY  for p = o2 with g, inertia degree 3,

=]
S

= %(1 +p Y4 2p7 24 p7HTY  for p = p1go with g inertia degree 2,

pi=3(1+p +2p72 4 p7)7! for p = g1,

. _p'+2p724p3
P (4pT T 42p24p7)

Let$p:=[],epdp andlete =[],cp p- Let N4(X: P) be the number of non-Dj
quartic fields with absolute discriminant at most X such that for each p € P, the

S O

for p ramified.
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prime p splits in the quartic field in the splitting type chosen for p above. There
exists a constant c4 > 0 such that

]’\‘f‘l(Af7 P) — 8PC4X+ 0(61/2+£X23/24+8), 4-1)

where the implied constant in the O term is absolute (does not depend on P).
Moreover, we may choose more than one splitting type at each prime and let §, be
the sum of the corresponding densities and the result still holds.

Bhargava [2005] first determined the asymptotic count of non- D4-quartic fields,
and Belabas, Bhargava, and Pomerance [Belabas et al. 2010] gave a power-saving
asymptotic for this count. We will follow the method of [Belabas et al. 2010],
additionally requiring our chosen splitting types. While the main term for such a
restricted count appears in [Bhargava 2005, Theorem 3] (at least for one prime,
and the same argument would work for more primes), we require a power-saving
error term with explicit dependence on the primes. In fact, such results have
appeared at least four times recently, but we will improve upon the exponents in
all of these results and remove various hypotheses that don’t hold in the situation
in which we need to apply the bound. Yang [2009, Proposition 3.1.7] proved
such a power-saving error of the form Ny(X; P) = SpcaX + O(e? X 143/144+¢),
(['Yang 2009, Proposition 3.1.7] only states this for one local condition, but [Cho
and Kim 2015, Section 7] remarked it can be extended to finitely many local
conditions.) Lemke Oliver and Thorne [2017, Theorem 2.1] proved a power-
saving error (in which we may only specify that p is ramified) of ]V4 (X; P) =
SpcaX + O(ed/10 x239/240+#) Qhankar, Sodergren, and Templier [Shankar et al.
2015] proved ZV4(X; P) =8pcaX + O(e!2X23/24%8) when P contains a single
prime.

The exposition of the method in [Bhargava 2005; Belabas et al. 2010] is quite
clear, so we will focus here on the particular aspects of the computation we need.
Instead of directly counting quartic fields, the method, equivalently, counts maximal
quartic orders. The parametrization of quartic rings with their cubic resolvents
due to Bhargava [2004] (see also [Belabas et al. 2010, Theorem 4.1]) gives an
injection from the set of isomorphism classes of maximal quartic orders to the
set of GL,(Z) x SL3(Z) classes of pairs of ternary quadratic forms with integral
coefficients. Pairs of integral ternary quadratic forms comprise a 12 dimensional
lattice V7 = Z'2. Counting GL,(Z) x SL3(Z) classes of lattice points in Z!? is
the same as counting lattice points in a fundamental domain for GL,(Z) x SL3(Z)
on R!2. In this paper, we need to count only these lattice points in particular
translates of sublattices of Z!2. We collect some basic facts about the lattice
translates corresponding to our desired fields, apply the geometry of numbers result
from [Belabas et al. 2010] to count the necessary lattice points, and then work to
minimize the resulting error terms.
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As in [Bhargava 2005, Section 2.2] and [Belabas et al. 2010, Section 4] we use a
certain random fundamental domain for the action of GL,(Z) x SL3(Z) on R!2. For
a positive integer m, let L be a translate v + mVz (v € V7) of the sublattice m V7
of V7. Let N'(L; X) denote the expected number of lattice points in L, with first
coordinate nonzero and discriminant less than X, in a random fundamental domain.
(This notion of expected value for a random fundamental domain is defined as in
[Bhargava 2005, Equation (5)], with S the set of points of L with first coordinate
nonzero, but without the “abs. irr”” condition that appears in [Bhargava 2005,
Equation (5)]. See also [Belabas et al. 2010, p. 198].) Let N, (¢; X') be the number
of classes in V7 corresponding to isomorphism classes of S4-quartic orders and
whose index in their maximal order is divisible by ¢ and whose discriminant is less
than X. We have the following result that estimates these counts.

Theorem D [Belabas et al. 2010, Theorem 4.11]. Let L be a translate v + mVy
(v € Vz). Let (a, b, ¢, d) denote the smallest positive first four coordinates of any
element of L. Then

N'(L,X) =

Ng,(1; X) v ( X USI+as+Bs+ys+ds)/12

m!Slqgas pBs ¢vs d8s +10gX),

ml12

where S ranges over the nonempty proper subsets of the set of 12 coordinates on
Vz,and ag, Bs, vs,ds €0, 1] are real constants that depend only on S and satisfy
|S|+as+Bs+ys+8s =1L

Let ¢ be square-free and (g, ¢) = 1. First, we will assume that we have chosen
unramified splitting types at each prime in P. Now, we will start by counting the
expected number N’(g, e; X) of lattice points in a random fundamental domain
that satisfy the following conditions: (1) their first coordinate is nonzero, (2) their
discriminant is less than X, (3) their corresponding quartic ring is not maximal
at each prime dividing ¢ and is maximal and of chosen splitting type at primes
in P. We do this by summing Theorem D over the collection 7" of translates of
eq?* V7 that give quartic rings that are not maximal at each prime dividing ¢, and
are maximal and with chosen local splitting at each p € P. (See [Bhargava 2004,
Section 4] for a description of which pairs of ternary quadratic forms correspond to
quartic rings that are maximal or split in a certain way at a prime.)

Given (a,b,c,d) €[1,eq?]*, we need to bound the number of translates in 7'
that have (a, b, ¢, d) as the smallest positive first four coordinates of any element.
By [Belabas et al. 2010, Corollary 4.8], there are 0(6°@ ¢'%) translates of ¢2V»
that are congruent to (a, b, ¢, d) modulo g2 and whose lattice points correspond
to quartic rings that are not maximal at each prime dividing ¢. Since V7 is 12
dimensional, there are e translates of eV congruent to (a, b, ¢, d) modulo e. Thus
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by the Chinese Remainder Theorem, there are O(6°@)g!4¢8) translates in 7" that
have (a, b, ¢, d) as the smallest positive first four coordinates of any element.

For g square-free, we define v(g) to be the multiplicative function defined for a
prime p by
v(p)i=p P 42p +2p Tt =3p T —4p O —pTT4+3p 4 3p 0 —p 10— p7 I
This is the density of lattice points that correspond to quartic rings nonmaximal at
p [Belabas et al. 2010, Lemma 4.4]. Then #T = v(q)q“elep, where

Tpi=[]80-v(p),

peP

and 0 < §, <1 is the density of lattice points corresponding to quartic rings that
are split as we chose at p as a subset of those corresponding to quartic rings that
are maximal at p [Bhargava 2004, Lemma 23].

If g> > X, then all the classes counted by N'(g, e; X) have discriminant 0, and
by [Belabas et al. 2010, Lemma 4.10), in this case there are O(X'1/12+#) guch
classes.

So now we consider the case when g2 < X, in which case, using the shorthand

pg =S| +as+PBs+ys+8s and eg=a*ShPscrsqds,

by Theorem D,

N'(q.e; X)

Xﬂs/lz
=v(¢)TpNs, (1: X)+0 Yo 6°@gMeS( Y +log X ).
) (eq?)ISle

(a,b,c,d)€[1,eq2]* N S
We have

Xﬂs/lz
6w(4)q14e8( ———— +1log X)
2 2 g oTe,

(a,b,c,d)€[1,eq?]*

Xﬂs/lz 1
__gow(g) 14 8 4 8 L
=6Y1qg e (e q 10gX+XS:—(eq2)|SI Z )

aa &8
(a,b,c,d)€[1,eq?]

Xﬂs/lz
((eq?)*~as™Ps—rs=0s gt (eqz)))

(eq®)!S!

= 6w(q)q22612(10gX + Z(Xl/lze_lq_z)"S 10g4(eq2)).
S

< 690@ 148 (e4q8 log X + Z
S
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Since 0 < pg < 11, and recalling that g? < X, the above is

= 0(6“’(q)q22e12((Xl/lze_lq_z)“ log*(eq?) + log*(eq®) + log X))
— 0(61+8X11/12+8+q22€12+8X8).

Let Ng,(q.e; X) be the number of classes in V7, or equivalently lattice points in
a fundamental domain, corresponding to isomorphism classes of S4-quartic orders,
whose index in their maximal order is divisible by ¢ and whose discriminant is
less than X, and that are maximal and of chosen splitting type at p € P. Now, by
inclusion-exclusion, as in the proof of [Belabas et al. 2010, Theorem 4.13], we have
that the number of isomorphism classes of maximal S4-quartic orders splitting as
chosen for p € P and having (absolute) discriminant less than X is given by

> w@)Ns, (g e: X)
qg=1

where the sum is restricted to square-free ¢ that are relatively prime to e.

Now we compare Ng, (¢, e; X) and N'(q, e; X). Note that the difference is that
N'(g.e; X) excludes those lattice points with first coordinate 0, and Ng, (g, e; X)
excludes those lattice points that do not correspond to orders in S4-quartic fields.
So by [Belabas et al. 2010, Lemmas 4.9 and 4.10], we have

[Nsy(q.e: X) = N'(g.e:.X)| = O(X11/12%°),
Thus by our previous computation for N'(¢, e; X),
Ns,(q,e; X) = v(q)TpNs, (1; X) + O(e! Tex11/12%e 4 422,12%e ye) - (4.2)

So for a fixed Q (to be chosen in terms of X, e later), we sum over square-free ¢
with (¢, e) = 1 as in (4-2), obtaining

> w(@)Ns, (. e: X)

g=1

/ /
= > u@Ns,(g.e:X)+ Y u@)Ng,(q.e: X)
1=g=<Q0 q>0

= Y @ @TpNs, (1 X) + O(E)) + O(E»)
1<¢<0
= 3 w@v@TpNs,(1: X) + O(Ey) + O(E3) + O(Es)

q=1

= =vp) [ [ 8pNs,(1: X) + O(E1) + O(Ez) + O(E3),
P pEP
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where )
E, = Z (el+8X11/12+8+q22612+aX8)’

1=g=<Q
/
Ey =) u(g)Ns,(q e X),
q9>Q
/
E3= )Y v(@)TpNs,(1: X).
q9>Q

(Note that we handle the terms slightly differently than in [Belabas et al. 2010], so
that E3 above does not correspond to their E3 term.)

We have E; = O(e!teQx 11/12+e | 23,1242 ) By [Belabas et al. 2010,
Lemma 4.3], we have Ng,(q,e; X) = O(Xq™%%%), and so E; = O(XQ~17%).
We have E3 = O(Q~'12.X), since by [Belabas et al. 2010, Lemma 4.2], we have
Ns,(1; X) = O(X), and by definition v(g) = O(q~21*).

Ife < Xl/lz, then we take 0 = X1/24e_1/2, and we have

Z/M(Q)N&(C],E; X)= l_[(l—v(p)) l_[ 8, Ns,(1: X) + O(e!/2He x23/24+¢),
g=1 » pep

By [Belabas et al. 2010, Lemma 4.2], we have that

H(l —v(p))Ns, (1: X) = ca X + O(X23/24+8),
p

for some positive constant c4. Thus we conclude that the number of isomorphism
classes of maximal S4-quartic orders with our chosen splitting types at p € P and
having (absolute) discriminant less than X is

SpcaX + 0(61/2+8X23/24+8).

If e > X /12 then the number of isomorphism classes of maximal S;-quartic
orders with chosen splitting types for p € P and having (absolute) discriminant
less than X is O(X) by [Belabas et al. 2010, Lemma 4.2], which we may then also
write as

SpcaX + 0(61/2+8X23/24+8)'

There are at most O(X 7/8+#) quartic extensions with Dg < X with Galois
closure having Galois group Cy, K4 or A4 [Baily 1980; Wong 1999a]. So we can
conclude Theorem 4.1 holds for unramified splitting types. This argument shows we
can also choose more than one splitting type at each p, and sum the corresponding
densities.

Now, given P and choices for local splitting types some of which may be
ramified, let P; be the subset of P for which we choose only unramified splitting
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types. We can find ]V4 (X'; Py) using the result already proven. For any subset
P, C P\ Py, write ]V4 (X; Py U P,) for the number of non-Dy quartic fields with
absolute discriminant at most X such that for each p € P; the prime p splits in
one of our chosen spitting type, and for each p € P, the prime p does not split in
one of our chosen splitting types. We can also apply the result already proven to
find ]V4 (X; Py U P,). Then using inclusion exclusion, we have

Ny(X: P) = Z (—D)P2IN, (X Py U Py)
P2CP\P1

=8pca X + Z (_1)|P2|0(61/2+8X23/24+8).
P>,CP\P,

Since each set P, corresponds to a distinct divisor of e there are O(e?) terms in
the sum and Theorem 4.1 follows.

Remark. On the other hand, the number of D4-quartic fields with Dg < X is
~ cX with ¢ & 0.052326, as initially indicated (as an order of magnitude) by Baily
[1980] and refined with an explicit constant by Cohen, Diaz y Diaz and Olivier
[Cohen et al. 2002]. It is an interesting open problem to count D, fields with local
conditions such as certain primes being split completely, and for now we exclude
them from our consideration.

5. Asymptotic count of quintic fields

In this section we will prove the following, of which Theorem 2.4 is a special case.

Theorem 5.1. Let P be a finite set of primes. For each prime p € P we choose
a splitting type at p and assign a corresponding density as follows (i.d. = inertia
degree):

1

8p = ro (I p  42p 24 2p 34 p~4)~ for p = ©19203046€5,

8p =t (1+p tr2p 2 42p 34 p~4H ! for p = 1920384,
8p = 5(+p ' +2p7242p 7+ p™H T for p = p19203 with 93,93 i.d. 2,
8p = t(+p 42p 2 42p 4 pH 7! for p = p1p263 with o3 i.d. 3,
8p:=s(I+p ' +2p2+2p 2+ p~H! for p = @192 with g, i.d. 3,
8p 1= %(1+p_1+2p_2+2p_3+p_4)_1 Jor p = 12 with g, i.d. 4,
8p = t(+p 42pT 24 2p 34 pH ! for p =1,
dp = (lf:_filz’;z_tig;jﬁ;:) for p ramified.

Letép:=[],epdp andlete =[],cp p. Let Ns(X; P) be the number of quintic
fields with absolute discriminant at most X such that for each p € P, the prime
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p splits in the quartic field in the splitting type chosen for p above. There exists a
constant c5 > 0 such that

N5(X, P) — 8PC5X+ 0(31/2+8X79/80+8 +X199/200+8), (5_1)

where the implied constant in the O term is absolute (does not depend on P).
Moreover, we may choose more than one splitting type at each prime and let §, be
the sum of the corresponding densities and the result still holds.

Bhargava [2010] gave the first asymptotic count of quintic number fields, and
Shankar and Tsimerman [2014], building on Bhargava’s work, gave the first
power-saving error term. Both proofs fundamentally rely on Bhargava’s [2008]
parametrization of quintic rings. We will follow the outline of the argument of
[Shankar and Tsimerman 2014], additionally requiring our chosen splitting condi-
tions. While the main term for such a restricted count appears in [Bhargava 2010,
Theorem 3] (at least for one prime, and the same argument would work for more
primes), we require a power-saving error term with explicit dependence on the
primes. While such bounds have appeared in at least three recent papers, we will
improve on the exponents in all of them, as well as remove hypotheses that do
not hold in our cases of interest. Lemke Oliver and Thorne [2017, Theorem 2.1]
have shown, assuming that we choose ramification at each prime p € P, that
Ns(X; P) = 8pcsX + O(eX199/200+#)  Cho and Kim [2015, Section 6] have
recently proven a bound of the sort we desire; it seems they show Ns5(X; P) =
SpcsX + O(e? ¢ X 399/ 400+¢) - Also, Shankar, Soédergren, and Templier [Shankar
et al. 2015] stated the bound Ns(X; P) =8pcs X 4+ O(e*0 X 79/80+¢ 4 y199/200+¢)
when P contains a single prime.

Instead of directly counting quintic fields, the method, equivalently, counts
maximal quintic orders. Analogously to the quartic case, we use a parametrization
of quintic rings with their sextic resolvents due to Bhargava [2008]. Let Vz = Z4°
denote the space of quadruples of 5 x 5 skew-symmetric matrices with integer
coefficients. Then quintic rings with their sextic resolvents are parametrized by
GL4(Z) x SL5(Z) orbits on V7 [Bhargava 2008, Theorem 1]. These orbits corre-
spond to lattice points in a fundamental domain for GL4(Z) x SL5(Z) on R*%. As
in [Bhargava 2010, Section 2.2; Shankar and Tsimerman 2014, Section 2.2], we
take a certain random fundamental domain for the action of GL4(Z) x SL5(Z) on
R*%. For a subset S C V7, let Ngom(S; X') denote the expected number of elements
of S with absolute discriminant less than X and whose associated quintic ring is an
integral domain (i.e., is an order in a quintic field), in a random fundamental domain
(as in [Shankar and Tsimerman 2014, Equation (1)], summed over the implicit i
there). Let N*(S; X') denote the expected number of elements of S with absolute
discriminant less than X, in a random fundamental domain (as in the equation
after (1) in [Shankar and Tsimerman 2014], summed over the implicit i there).
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We first consider the case in which only unramified splitting types are chosen.
Let a1, denote the (1,2) coordinate of the first matrix in a quadruple of 5 x 5
skew-symmetric matrices. For a square-free integer ¢ relatively prime to e, let
Wy,e C V7 denote the set of elements corresponding to quintic rings that are not
maximal at each prime dividing ¢ and are maximal and of chosen splitting type at
primes dividing e. Recall from [Bhargava 2008, Section 12] that W, . is defined
by congruence conditions modulo g2e (for maximality, an argument analogous
to that in [Bhargava 2004, Lemma 22] is necessary). Let U, C V7 denote the set
of elements corresponding to quintic rings that are maximal at all primes and of
chosen splitting type at the primes dividing e. Then counting Ngom(Upe; X) will
provide us with precisely the count Ns(X;e) we require. We will count lattice
points in U, by using inclusion-exclusion to reduce to counting lattice points in
the Wy e.

By [Bhargava 2010, Equation (27)] (see also [Shankar and Tsimerman 2014,
Equation (4)]), if L is a translate of the lattice mVz and m = O(X 1/ 40), then

N*(LN{ajy # 0} X) = com™ 40X + O(m™3° x39/40), (5-2)

for some positive absolute constant c.

Bhargava gives the density of lattice points corresponding to rings maximal at a
given prime [2008, Equation (48)] and the density of lattice points corresponding to
rings maximal and of each splitting type [2008, Lemma 20]. Using these two com-
puted densities, we conclude that of the (¢2e)*® quadruples of 5x 5 skew-symmetric
matrices mod ¢2e, we have that W, , corresponds to v(¢)¢3%8 pe4? ]_[pep(l —v(p))
of them, where

v(p) =
(=D (p+ DN+ D (PP +p+ D (P PP+ PP+ p D (0t +p +2p% +2p+ 1)

1 pHo

and we extend this to a multiplicative function v(g) for square-free ¢. (Here,
v(p) is the density of lattice points correspond to rings that are nonmaximal at p
from [Bhargava 2008, Equation (48)].) Note that v(p) = p~2 + O(p~?) and thus

v(g) = O(g~>"*).
We have that §p < 1 and 1 —v(p) < 1. So, when ¢g2e = O(X !/4°), by summing
Equation (5-2) over all the translates of g%V that comprise Wy.e, we find that

N*(Wq,e N{aiz # 0}; X)

=v(9)g*°8pe*® [T (1=v(P))cog™ %X
pEP

+ 00 (g)g*%8pe®® [ (1 —v(p))g 78> x39/49)
pEP
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=v(q)dp l—[ (1=v(p))coX + O(v(q)g*Spe l_[ (1—v(p)) X 39740

peP pEP
=v(@)8p [ [(1=v(p)coX + O(gFeXx*/4), (5-3)
pEP

where in the last identity we have used the fact that v(¢) = O(g~27?).
We then, by inclusion-exclusion as in [Shankar and Tsimerman 2014, Section 4],
have for an appropriate Q (to be chosen later in terms of X)),
Ndom(Ue N {a12 7é O}; X)
/
= > 1(@) Naom(Wg.e N{arz # 0}: X)

g>1

= Z’ 1(q) Naom(Wy,e N{aq2 #0}; X) +Z/M(Q)Nd°m(wq’em{a12 #0}; X)
1=¢=Q g=0

= Z/ M(Q)N*(Wq,e N{ai, 75 0} X)
1=¢=Q

+ Z/ /L(Q)(Ndom(Wq,e N {012 7é 0}; X) _N*(Wq,e N {6112 7’5 O}; X))

1=<¢=<Q /
+ Z /L(Q)Ndom(Wq,e N <{6112 3& 0}; X),
q9>Q

where the sums are over square-free ¢ relatively prime to e.

By [Shankar and Tsimerman 2014, Lemma 3], we have Ngom(Wy,e; X) =
O(q~2%¢X) and we use this for the sum for ¢ > Q. We will use Equation (5-3)
for the first 1 < ¢ < Q sum. For the second 1 < ¢ < Q sum, note that each lattice
point corresponding to a nondomain of discriminant D is counted with coefficient

- > @,

1=g=Q
q|D
which is O(D?) = O(X?), and by [Shankar and Tsimerman 2014, Equation (8)]
there are at most O(X 199/200+2) Jattice points corresponding to nondomains. (This
step, or something similar, should be added to the proof in [Shankar and Tsimerman
20141.)
As aresult, as long as Q = O(X /8071/2),

Ndom(Ue N {a12 75 0}; X)

= 3" w@v@se [T =v(p)eoX + O(E)) + O(Ez) + O(Es).
qg=1 pEP
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where
El — Z 0(q86X39/40), E2 — 0(X199/200+8),
1=g=<0
Ey=) ¢ "X, Es= Y u@v@ép [[1—v(p)eoX.
q>Q q>0 pEP

These terms trivially admit the estimates
El — 0(Q1+8€X39/40), E2 — 0(X199/200+£),
E3 — O(Q_1+8X), E4 — O(Q_H_SX),

where in the last estimate we have used the fact that v(g) = O(¢—2>"%).
We take QO = X1/80¢=1/2 and have

Naom(Ue N{ay, 75 0}; X)
= Z/ w(gv(q)sp l_[ (1—=v(p)coX + 0(61/2X79/80+a + X199/200+s)

qg=1 pDEP
= l_[(l —v(p))8pcoX + O(e!/2 x79/80Fe | x199/200+e)
p

From [Bhargava 2010, Lemma 11], we have that Ngom ({a12 = 0}; X) = O(X39/49),
and so
Naom(Ue N{a12 = 0}: X) = O(X**/4),

It follows that
N5(X; P) = Ndom(Ue; X)

=TT = v(p)spcoX + O(e"/>x70/80+e 4 x199/200+¢),
p

We thus conclude Theorem 5.1 holds with, ¢5 = ]_[p(l —v(p))co when we only
choose unramified splitting types. As at the end of Theorem 4.1, we can apply the
result we have just proven and inclusion-exclusion to prove Theorem 5.1 in general.

6. Application of the sieve

6A. Summary of the asymptotic inputs to the sieve. We now turn to the appli-
cation of the sieve lemma to degree d field extensions of Q. Note that when
applying the sieve, it is crucial to have error terms with explicit dependence on
local conditions (such as we have derived in Theorems 2.3 and 2.4): without such
an explicit dependence, we would not have quantitative control of the right-hand
side of the key sieve inequality in Lemma 3.1, since we would not have an explicit
bound for R, in terms of p.



On {-torsion in class groups of number fields 1763

Let </ and 7, (for each rational prime p) be the sets such that #.¢/ = N, (X)
and #47, = Ny (X; p) (or ]V4(X), ]V4(X; p) in the case of d = 4). With these
definitions, the quantity E(; z, $ M (2)) treated in the sieve (Lemma 3.1), which
we will now denote by E (,sz% )z, %M (Z)), is the number of degree d extensions
K of @ with 0 < Dg < X (up to isomorphism, and non-D,; when d = 4) such that
there are at most %M (z) primes p < z that split completely in K.

We recall the collection Z4(X; Y, M) of bad fields, as defined in (2-2). We will
think of Y =z = (X/ 2)% for §¢ > 0 to be chosen precisely later, and define M (z)
as in (3-1). In particular, the set of bad fields satisfies

#%,(X; (X/2)%, IM((X/2)%)) = Eq(o7; (X/2)%, 1M ((X/2)%)).

We will need to apply the sieve separately to fields of each degree, since in
several cases the count for Ny (X; p) takes a somewhat different form, but in an
effort to unify the presentation, we restate the asymptotics we will assume in more
general form. We write the results of Lemma 2.2, Theorem C, Theorems 2.3 and 2.4
as follows.

Quadpratic fields: for 6, as in (2-10), there is some 0, > 0 and 0 < 7, < 1/2
such that

Ny(X) =X + O(X™18), Ny(Xse) =8ecr X + O(e72 X219,

Cubic fields: for 8., 8,, as in (2-13), there is some 03 > 0 and 0 < 73 < 5/6 such
that

N3(X) =c3X + X0 4 0(Xx™37F),
N3(X; €) =603 X +5;CgX5/6 + 0(603X"’3+8).

Non- Dy-quartic fields: for §, as in (2-16), there is some 64 > 0 and 0 < 74 < 1
such that

Na(X) = caX + O(X™*0), Ny(Xie) = SecaX + O™ X ™),

Quintic fields: for é, as in (2-19), there is some 05 > 0 and 0 < 75 < 1 as well
as some 0 < y < 1 such that

Ns(X)=csX + O(XVT%), Ns(X;e) =8ccsX + 05 X%) + O(XVT4).
The main result of the sieve in this context is the following:
Proposition 6.1. With the notation as above, we have

Eq(o: (X/2)% 1M ((X/2)%)) « X' ~0te,



1764 Jordan Ellenberg, Lillian B. Pierce and Melanie Matchett Wood

for any 8¢ such that

l—14 .
— =2,4
14204 lfd T
inl 1= l} i = )
8o < mln{ 12054 ifd =3, (6-1)
. 1—‘L’d _ . _
mm{H_zad,l )/} ifd =5.

Moreover, for any such 8¢ there exist positive real constants c¢o(d) < c1(d) < 1 and
Xy = X;(80) = 1 such that for all X > X,

(X/2)%
log(X /2)%

(X/2)%

< M((X/2)%) < C1(d)m-

co(d) (6-2)

The requirement that X > X; simply is a quantification of the requirement that
X be sufficiently large, and will be incorporated later simply by enlarging certain
implicit constants.

Proposition 6.1 immediately provides the upper bound we require for the bad set
PBy(X;Y, M) defined in (2-2), with an appropriate choice of the parameters Y, M.
As there are 7(Y) = Y(log Y)~! + O(Y(log Y)™2) primes p < Y, we could of
course only expect at most Y (log Y)~! primes p <Y to split completely in any
given field. Proposition 6.1 shows that, up to a constant factor, this is a reasonable
expectation, in that the mean M ((X/2)%) is approximately ps((X/2)%), for
some u € [co(d), c1(d)]; moreover Proposition 6.1 provides an upper bound for the
number of fields with Dg < X in which at most %M ((X/2)%) primes p < (X /2)%
split completely.

We will prove Proposition 6.1 case by case.

6B. Sieve for quadratic fields. For notational convenience, in this section we write
o, t for 0, ;. We compute that for any prime p,

Ry =#aty —pthat = No(X: p) —8p N2 (X) = O(p? X7T9).
Similarly, for distinct primes p, g
Rpg = #pg — 8p8g#at = Ny(X; pq) —8p84 N2 (X) = O(pq° X*T¢).
Thus since #<7 > X,

ﬁ Z IR,| <« 210 xT1+e, @ Z |Rpq| < 22720 x 7142,
PIP(2) P4\ P(2)
We compute

1 1
Uz)= Y. b =15 > =

pIP(2) PP (2)
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from which we deduce that
%Z(log 2) 7V 4+ 0(z(logz)2) < U(z) < %Z(log 2)7V 4+ 0(z(logz)72).  (6-3)

Indeed, letting &, = (1 + p~1)~!, the upper bound follows directly from the prime
number theorem and the fact that 0 < &, < 1, while the lower bound only requires
noticing

1 _ 1 1 —1 —2
U = 5 Y &= 3 > 1=4z(ogz)"" + O(z(logz) 7).
plP(2) plP(2)
We may compute the mean as in (3-3):
_ 1 _ 140 yr—l4e
ME)=UE) + 5 l;) R, =U(z) + O(z' o x==1+¢),
D z

Recalling (6-3) and that z = (X/ 2)0 for a parameter & to be chosen later, we see
the last error term will be < %U (z) for sufficiently large X as long as

-7
5() < T (6-4)

Assuming this, for sufficiently large X we have
coz(logz)™" < JU(z) < M(2) < JU(2) < ¢12(log )™

for absolute constants 0 < ¢y < ¢1 < 1. We apply Lemma 3.1 to see that

1+¢
Ey(o;z, 1 M(2)) <

242 -1 1+ -1 1+ —1)2

= (422X (X (T TOXTTH)
L Xe(Xz 14229 x7),

still assuming (6-4). Balancing the terms in the last expression above would set

o= (1-1)/(1 +20), (6-5)

which certainly satisfies (6-4); as a consequence, for any §¢ < (1 —7)/(1 + 20),
we obtain

Ex (/1 (X/2)%, 3 M((X/2)%)) < X'707Fe,
which proves Proposition 6.1 in the case of quadratic fields.

6C. Sieve for cubic fields. For notational convenience, in this section we write
o, t for 03, 3. We compute that

Rp :#%—81,#42%:cé(S}—SP)X5/6+0(pUXt+8) — 0(p_1/3X5/6+anr+8).
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For distinct primes p, ¢,
Rpg = (8,8, — 8,8) X °/® + O(pq° X ™)
_ 0(p—1/3X5/6 +q—1/3X5/6 +paanr+a)'
Since #47 > X, we may compute that

L Z |Rp| < 22/3X_1/6+ZI+UXr_1+8,

pIP(2)
o 2 IRyl XTI g a0 e,
P-q|P(2)

Next, we note that
1
U= ) Sp=¢ 2 —1+p = Z ep,
pIP(2) pIP(2) pIP(Z)
say. From this we can deduce (as in the case of quadratic fields) that
Zz(logz)~' + O(z(logz)™%) < U(2) < £z(logz) ™' + O(z(logz) ™). (6-6)
Finally, we compute the mean
M@ =UE) + 5 Z R, =U(z)+ O(2Px 16 4 L1Ho xm=1te),
plP(Z)

Recalling (6-6) and that z = (X /2)% for a parameter 8, to be chosen later, we see
the last error term will be < %U (z) for sufficiently large X as long as the analogue
of (6-4) holds, in which case

coz(logz)™ = 3U(z) = M(2) = 3U(2) = ¢yz(log2) ™.

for absolute constants 0 < ¢y < ¢y < 1.
We now apply Lemma 3.1, which shows that

Ex(o;z, 3 M(2))
X1+8
<

(Z + (25/3X—1/6 n Zz+2chr—1)
+Z(Zz/3X—1/6 + Z1+0Xr—1) + (22/3X—1/6 + ZH—aXt—l)Z)'
As long as 8y < 1/4, we have 233X ~1/6 « z; after further simplification and still

assuming the analogue of (6-4), we see that

E3(o;2, A M(2)) <« X6 (X271 +22°X7).
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This is optimized by choosing g as in (6-5) as before, which satisfies (6-4). In
particular, for any §o < min{l/4, (1 —1)/(1 4+ 20)}, we obtain

E3(a/:(X/2)%, 3M((X/2)%)) < X'70Fe,
which proves Proposition 6.1 in the case of cubic fields.

6D. Sieve for non- D4-quartic fields. The case of non-D,-quartic fields is very
similar to that for real quadratic fields, thus we only mention the highlights, with
o, T denoting o4, t4. We have
Ry = #aly —Sptad = O(p° X*T9),
Rpq = #olpg — 8pSgttat = O(pq° X71°),

1 1
U = Y Gp=n .
24 I+ p142p24 p-3

PP plPGzy TP TEPER

We deduce that

L

3172 (log 2) 14+ 0(z(logz)"?) <U(z) < iz(log 2) "1 4+ 0(z(logz)™2). (6-7)

Next we compute the mean

M(z)=U(z) + @ 3 Ry =U) + OGO x*1He),
plP(2)

Recalling (6-7) and that z = (X /2)% we see that as long as the analogous condition
to (6-4) holds and X is sufficiently large,

coz(logz) ™' < JU(z) < M(2) < 3U(2) < ¢yz(logz) ™!

for absolute constants 0 < cg <cy < 1.
We apply Lemma 3.1 to see that under the assumption (6-4)

1+e
Ey(o:2.3M(2)) < Xzz

< XE(XZ_I-l-ZZOXt),

(Z+ZZ+20X1:—1+Z(Zl+0Xr—1)+(ZI+UXr—1)2)

so that
Eq(; (X/2)%, LM ((X/2)%)) « x! 00 Fe

for any 6o < (1 —1)/(1 + 20).
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6E. Sieve for quintic fields. Finally, we apply the sieve to quintic fields, denoting
o5, 75 by g, 7. We compute that for any p = O(X?),

Ry = #aty — Spttet = O(X*(p° X™ + X7)).
For distinct primes p, q,
Rpq =#alpq — 8pdgttal = O(X*(p7q° X + X7)).

We compute

1 1
TR S |
120 I+ +2p242p 3+ p2

PP plPGy TP TP AT

from which we deduce that
2
15-37

The mean may be expressed as

z(logz) ' 4+ O(z(logz) %) < U(z) < ﬁz(log )71+ 0(z(log 2) 72).

_ 1 _ 140 yr—1 —1+
M(Z)—U(Z)—f-@ §)RP_U(Z)+0(X8(Z oxtly . xv E))
p zZ

The last term will be < %U (z) for sufficiently large X as long as y < 1 and the
analogous condition to (6-4) holds. Assuming this, we have

coz(logz)™" < JU(z) = M(2) = JU(2) < ¢12(log2)™!

for absolute constants 0 < ¢y < c¢1 < 1.
We apply Lemma 3.1 to see that under the assumptions 7, y < 1 and (6-4),

14+¢

Es(o;z, i M(2)) < X

. <z+22X_1(ZZUX’+X”)+ZX_1(Z"X’+XV)
z

+22X—2(20Xf+XV)2).
After simplification, this shows
1+¢
Es(e:2, AM(2) < 25
z
L XE(XzTV 4 XY 4 229X7),

(Z +22Xy—1 + 22+20'X‘L'—1)

Assuming z = (X/ 2)% we may conclude that for any
8o < min{(l —17)/(1+20),1— )/},

we have
Es(o; (X/2)%, LM ((x/2)%)) « x!1~%oFe,

This completes the proof of Proposition 6.1.
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7. Proof of the main theorem and corollaries

7A. Proof of Theorem 2.1. We now derive Theorem 2.1 from Proposition 6.1. By
definition, if M < M, then B,;(X;Y, M) C B,;(X;Y, M>). If X is sufficiently
large that (6-2) holds, say X > X;(8), we may apply (6-2) to write

(X/2)°

. s 1
#%By (X, (X/D". 30 s

) <42 (X: (X/2)°. LM((X/2)%)
= Eq(o:(X/2)°, 1M ((X/2)%)).

We then apply Proposition 6.1 and deduce that for X > X4(6),

1 (X/2)° -
#%, (X; (X/2)°, Eco(d)m) & x'ote
for every ¢ > 0, and for § constrained by (6-1). When we make the constraints
in (6-1) precise by applying the results of Lemma 2.2, Theorem C, Theorems 2.3
and 2.4, we obtain the parameters defined in (2-5). For any § satisfying (2-5), we
may remove the explicit assumption that X > X;(§) by including an appropriate
implicit constant, so that

(X/2)°

) s 1
#B4 (X, X2 50 s

) Las.6 X170FE (7-1)

for every X > 1 and every ¢ > 0.

7B. Proof of Theorem 1.1. To derive Theorem 1.1 from Theorem 2.1, we proceed
via a standard dyadic argument, which we now make precise. Let ¢ > 0 be fixed
and for this &, let the implied constant in Theorem A be denoted by Cy = Cy(d, €),
so that (1-8) becomes

1
IClgle)l < CoDZ M~ (7-2)

Fix any § < m. Then if K is a degree d extension of Q with Dg € (X, 2.X]
that is not in the bad set 29 (X: X%, 1co(d) X/ log X3), we see from (7-2) that

1 1_
ICIg[E)] < Co(Leo(d)) ™ D" X 1og(X®) < CyDE " log(DY).

where it suffices to take C; = C021+8(%c0(d))_1. Now we assume that X is
sufficiently large, say X > C(d,Z,¢€), so that for all § < m, and for all
Dg € (X,2X], we have 10g(D§() < D%. Under this assumption we have

1-6+2
IClg[e)l < gDz "™ (7-3)

for all these fields not in 29 (X X?, Lco(d) X3/ log X?).
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Let Fg ((X; 6, ¢) denote the collection of fields K/Q of degree d wnh X <
Dg < 2X that fail the bound (7-3); we may conclude that for any § < PICE) d ) and
forall X > C(d, £, ¢),

Fy,(X:8.6) S BY(X. X% Jco(d) X/ log X°). (7-4)

Now let F; ¢(X;3d,¢) denote the collection of fields K/Q of degree d with 0 <
Dk < X that fail the bound (7-3); then

Fae(X:s.e)c () F@/:s.e).
0=<j=<[log, X1

Set jo to be the smallest j such that 270 > C(d, £, ). Then for j < jy, we apply
the trivial bound, #F‘?’ ‘ (2j ,6,8) K 2/, (This bound is only “trivial” in the sense
that we know by (1-11) how to count fields of degree d with 0 < Dg < X, for
d <5.) For j > jo we apply (7-4) to write

U Fl.@h8.0c U #25(27.27% Sco(d)27? ) 10g 27?).
Jo<j=[log; X1 Jo<j=[log; X
Trivially enlarging each of the last sets to the nondyadic version

Bq(2771,278 Leg(d)27% ) 10g27%)
and applying the result of Theorem 2.1 to each such set, we obtain

#Fag(X:8.0) <Cd L)+ Y 20D« e XTI (75)
Jo<j=[log, X1
which now holds (with a sufficiently large implicit constant) for all X > 1, for all
¢’ > 0 arbitrarily small, and for all § < min{m, So(d )} where 8o(d) is defined
as in (2-5) in Theorem 2.1. For sufficiently large £, the first constraint on § is a
stronger constraint than the second.

To be precise, we now break down into cases depending on d. For d = 2,
Theorem 1.1 is implied in the case £ = 2 by Gauss genus theory, and in the case
£ =3 by the known asymptotic (1-5). For integers £ > 4, Theorem 1.1 follows from
(7-5), since 5 K = mln{ 63 e} for £ > 4. (Of course, for primes £ > 5 and imaginary
quadratic fields, Theorem 1.1 is implied by the stronger result (1-10), or indeed by
an earlier result of Soundararajan [2000] that at most one imaginary quadratic field
K with Dg € [X,2X] can have |Clg[€]| > D%{—ﬁ+e; see also Corollary 2.2 of
[Heath-Brown and Pierce 2014].) For d = 3, Theorem 1.1 is implied for £ = 2 by
the known asymptotic (1-6), and for £ = 3 by the stronger known result (1-3). The
cases £ > 4 are implied by (7-5), since e = min{ 225, e} for £ > 4. For d =4,
Theorem 1.1 follows from (7-5) since 1& = nnn{ L1 } for £ > 8; the remaining

483° 60
cases of £ < 7 follow from the choice §y = 1 . Finally, for d = 5, Theorem 1.1
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1
200°

1
200"
Corollaries 1.1.1 and 1.1.2 now follow from Theorem 1.1, or can be derived
directly from Theorem 2.1, as already demonstrated in Section 2A.

similarly follows from (7-5) since ﬁ = min{ ﬁ} for £ > 25; the remaining

cases of £ < 24 follow from the choice §o =

Appendix: Counting quadratic fields

In this appendix we prove the following result, from which Lemma 2.2 may be
deduced immediately.

Proposition A.1. Let P be a finite set of primes. For each prime p € P we choose
a splitting type at p and assign a corresponding density as follows:

L+ p™H™" for p=pipa,
8p =151+ p~H™" forp=pi,
(p+ 11 for p ramified.

Lete =[[,ep p and ¢ = [|,ep Sp. Let NFE(X; P) denote the number of real
(respectively imaginary) quadratic extensions of Q with fundamental discriminant
|Dg | < X such that for each p € P, the prime p splits in the quadratic field with
splitting type chosen for p above. Then

NE(X: P) :56(%+é)ﬁx+ 0(evX). (A-1)

We remark that in (A-1), the first term is contributed by fundamental discriminants
=1 (mod 4) and the second by fundamental discriminants = 0 (mod 4). We prove
the proposition explicitly for N;r (X; P), and omit the analogous argument for
N5 (X; P). Upon combining the counts for real and imaginary fields, this implies
Lemma 2.2 as a special case.

The proof is a simple elaboration on the classical method for counting square-free
integers < X. Recall that, for a fundamental discriminant D, a prime p is ramified
in Q(+/D) precisely when p | D; otherwise a prime p } D splits in Q(+/D) if the
Kronecker symbol (%) evaluates as +1, and is nonsplit if (%) = —1 (see, e.g.,
[Hua 1982, Theorem 10.3, Chapter 16]). Thus for each unramified p € P we assign
ep € {—1, +1} according to the specified splitting type of p. Let Py be the set of

ramified primes in P and set P’ = P\ Py; define

e = Hp and ¢ = l_[p.

pEPy peEP’

Then we may write

N2+ (X; P) =#{fundamental discriminants 1 <n < X :eq|n, (%) =¢&p, VpeP'}.
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We will find a count for this by sieving for fundamental discriminants (that is,
elements that are free of odd squares) in the following two sets:
AW = {1<n<X:n=1 (mod4), eoln, (%) =¢p,Vp e P},

AQ ={1<n<X:n=812 (mod 16), eoln. (%) =£,.Vp € P'}.

More generally, fix a power g and define for any » (mod 2¢) the set
A={1<n<X:n=b (mod2¥),egn, (%) =¢p,Vpe P}

For each odd prime g let A; = {n € A: g?|n}. Note that certainly Ayg is empty as
soon as ¢ > v/ X ; we let M be the index of the greatest prime ¢y < ~/X. We will
denote by ./Zlq the complement A \ A;. We will deduce Proposition A.1 from the
following lemma:

Lemma A.2. Let A be as above, with P = Py U P’ a set of odd primes. Then

- X
ﬂA":mg——%(z) [16 [] 8+ 0vX).

g odd PEP’  pePy
with 8, as defined in Proposition A.1.

If the set P specified in Proposition A.1 is a set of odd primes, then the proposition
follows immediately from this lemma, by applying it to A") with g =2, b =1 and
then partitioning A© into two disjoint sets with g =4 and b = 8 or 12, respectively,
and applying the lemma to each.

If 2 belongs to the set P specified in Proposition A.1, then we consider separately
the case when 2 is specified to be ramified or unramified. If 2 € P, then AWM g
empty. We already have 2 | n for every n € A, so we set Pyg = Py \ {2} and
apply Lemma A.2 to A with P = Pyy U P’ (as before, separating A into two
disjoint sets and applying the lemma to each). We obtain

ﬂﬂq=z.3_4—)§(z) 15 [T 8 +0vVX)

g odd pPEP’ pePy

252'% 1_[ p 1_[ 8p + O(eVX),
PEP’  pePy
with 8, = %, as claimed.
If 2 € P’ then A© is empty. We recall that for p =2 and n = 1 (mod 4), the
Kronecker symbol (%) =+1ifn =1 (mod8) and —1 if n = 5 (mod 8). Thus if
2e€ P, weset P’ = P'\ {2} and A1) becomes

AWM = {1<n<X:n=>b (mod8), eln, (%) =¢p.Vpe P},
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with b =1 if the original specification was ¢, = +1 and b = 5 if e, = —1. Applying
Lemma A.2, we see that

mAq—32§(2) 1_[ Sp 1_[ 8p + O(evVX)

peEP”  pePy
8- 2§(2) [] 8 [] 8+ OtevX).
eP”  peP,

with §, = % again as claimed. This proves Proposition A.1.
We now prove Lemma A.2. By the inclusion-exclusion principle,

ﬂAq—Z( D" Y g NN A, (A-2)

g odd q1<<qm

in which for the m = 0 term we sum the full set |.A|. A priori, any fixed term in
(A-2) can be written as

|Agy 020 Ag,, |
=#{n<X :q7---qnln, n = b (mod 2%), eo|n, (%) =¢p,Vpe P}

Denote the set on the right-hand side by S, and let Q := {q1,...,qm}. We first
observe that if any p € P’ belongs to Q then the set S must be empty. Thus we
may reduce to considering the case in which P’ and Q are disjoint, in which case
we will prove that

1 X ged(g1---gm, €o) p—1 / )
#5 = oo - I1 ( ; )+0(e). (A-3)
9% g}

pEP’

First note that if a prime p in Py belongs to Q as well, then the condition qf .- q,zn |n
already specifies that p is ramified. Thus upon defining egg = ]_[pe Po\Q P> We
may deduce that

S = {k < X(g7 -+ qme00) " :
k=b(g} - qheo0) " (mod29), (X) =&, Vpe P’} (A-4)

where for each p € P’ we have defined 8 =g (620).

We note that for any integer K > 1 and any residue class b modulo 28, the
quantity

#{k < K :k=b (mod2%), (%) =&, Vpe P’}



1774 Jordan Ellenberg, Lillian B. Pierce and Melanie Matchett Wood

may be expressed as

a%eq(ﬂ,%““ﬁ’%”) P

(a,e’)=1 k=a (mod e’)
k=b (mod 28)

2|P, > TT0+(9) (505 +0)

a (mode’) peP’
(a,e’)=1

. p—l) K
= T] +0+4 0();
+|P’\
(pep/ p )28

all the intermediate terms vanish by orthogonality of characters. Applying this to .S
in (A-4), we obtain

X
#S = q -+ q2,e00 2g+|P | pl;[),( ) +0(),

proving (A-3).
Applying (A-3) to the inclusion-exclusion in (A-2) shows that

ﬂ Zq — Z M(d)(zjiﬂ ng(6d ,€0) l—[ ( >+0(e ))

qud dS\/y GP/
(d,2e)=1

The error term contributes O(e+/ X'), while the main term contributes

X%g(l_[ ( )) Z M(d)gcd(d €o)+0( ) %)
per @3e)=1 d>VX
Here the error term is O(+/X), with an implied constant which may be taken to be
independent of P.
We now simplify the main term. We note that since P consists of odd primes
and (eg, ¢’) = 1, upon setting d = §f with § = ged(d, ep), we have

(d) d(d, (8f) 8
Z M gc( ) _ Z Z lngza

, 2e’) 1 fleo (8f2e’) (feo) 1
u(a))( S M)
()X

(f329/90)=1
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The sum over §|eg is a multiplicative function with respect to eq. For p prime we

have
Z @ _ 1
8lp

and thus for eg square-free we may compute by multiplicativity that

6 —1
eoz# l—[l’

8|eo pEPO
We next recall that for any R (s) > 1 and any distinct primes ¢4, ..., ¢,
r —1 fe’s)

1 1 (d)
(Mo-gko) = T (-5)= X 55
i=1 p#aremary q=1

@.JTgi)=1
Thus
— () 1)~ 1\ 1
Y Sa=0-5) 10-5)
pEP

f=1
(f726/60)=1
Assembling this all together, we see that
M A
q odd

=5¢(1- 2_2) ;(2) H( 2 1-4 ) [1 (pp__zll_lL)JrO(eﬁ)'

PEP p?

This reduces to

D ¢ 11 1
m Aq - 32g—2§(2) ple_ll/ 2 (1+p—1)P1€_}[)0 1+p + 0(6&)»

q odd

proving Lemma A.2, with §, as in Proposition A.1.
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Torsion orders of complete intersections

Andre Chatzistamatiou and Marc Levine

By a classical method due to Roitman, a complete intersection X of sufficiently
small degree admits a rational decomposition of the diagonal. This means that
some multiple of the diagonal by a positive integer N, when viewed as a cycle in
the Chow group, has supportin X x DU F x X, for some divisor D and a finite
set of closed points F. The minimal such N is called the torsion order. We study
lower bounds for the torsion order following the specialization method of Voisin,
Colliot-Thélene, and Pirutka. We give a lower bound for the generic complete
intersection with and without point. Moreover, we use methods of Kollar and
Totaro to exhibit lower bounds for the very general complete intersection.
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Introduction

Decomposition of the diagonal has played a prominent role in recent progress on
stable rationality questions. For a rationally connected variety over a field k, there is
a minimal integer Tor;(X) > 1 such that the multiple of the diagonal Tor; (X) - Ay,
when viewed in the Chow group of X x X, is supported in X x DU F x X, for
some divisor D and some finite set of closed points F. We will call Tory (X) the
torsion order of X; it is a stable birational invariant which equals 1 if X is stably
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rational and in general gives an upper bound on the exponent of the unramified
cohomology of X. This invariant is also studied by Kahn [2016]. In a proper flat
family the torsion order of a fiber divides the torsion order of the generic fiber (see
Lemma 1.5 for the precise statement). One can thus deduce a nontrivial torsion
order from a nontrivial torsion order of a cleverly chosen degeneration. In all current
implementations of this strategy divisors of the torsion order of the degeneration are
computed by finding a good resolution of singularities. On the resolution, the action
of algebraic correspondences on a suitable cohomology can be used to produce
divisors of the torsion order.

This method was pioneered by Voisin [2015]. It was significantly simplified and
applied by Colliot-Thélene and Pirutka [2016b] to show the nonrationality of a very
general quartic threefold by using a degeneration to a classical example of Artin
and Mumford (after a “universally CHg-trivial” resolution of singularities [Colliot-
Thélene and Pirutka 2016b, Définitions 1.1 and 1.2]), which is a unirational but
nonrational variety. The nontrivial 2-torsion in its Brauer group forces nontriviality
of the torsion order (in fact, it implies that the torsion order is even). The degen-
eration method is also used in the recent work of Hasset, Pirutka, and Tschinkel
[Hassett et al. 2016] exhibiting a family of smooth projective fourfolds containing
both rational and nonstably rational members. Totaro [2016] used [Colliot-Thélene
and Pirutka 2016b] and Voisin’s method combined with work of Kollar [1995] to
improve Kollar’s nonrationality results for hypersurfaces in [loc. cit.]. Roughly
speaking, Totaro showed how, for large enough degree, a general hypersurface
of even degree degenerates to an inseparable degree-2 cover in characteristic 2
with a universally CHy-trivial resolution of singularities that supports nonvanishing
differential forms. An action of correspondences on differentials shows that the
torsion order is even.

In this paper we study the torsion order of complete intersections in projective
space. The method used by Roitman to show that a degree-zero O-cycle on a
hypersurface of degree d < n in P over an algebraically closed field is d-torsion is
applied in Proposition 5.2 to establish an upper bound for the torsion index, more
precisely, that a complete intersection X of multidegree di, ..., d, in I]:"ZJ” (over
any field k) with ) _._, d; <n+r satisfies Torg(X) | [];, (d;!). Our first result is a

lower bound for a generic complete intersection.
Theorem (Theorem 6.5 and Corollary 6.6). Let =[], P(H(P{*", 0(d:)),
and let X C%Y x P be the incidence variety

L= {(fis s [0 €YU PIT | fi(0) =+ = [r(x) =0},

We denote by K the quotient field of M, and let X /K be the generic fiber of the
family & — Y. For an integer d > 1, let d!* be the l.c.m. of the integers 1, ..., d.
Then:
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(i) Torg (X) is divisible by [];_, d;!*.
(ii) Tork (x)(X ®k K (X)) is divisible by [T/_, di'*/(d; - - - d}).

The invariant which detects divisors of the torsion order in the first part of the
theorem is the index of a variety, that is, the image of the Chow group of zero
cycles via the degree map. The index of X/K is given by dj - - - d,. Divisibility of
the torsion order by other integers of the form iy - --i, with 1 <i; < d; is shown
by degeneration to a union of complete intersections with lower degrees and using
induction.

We also consider the generic cubic hypersurface with a line, and use Theorem 6.5
to show that this has torsion order exactly 2 (Example 6.8). We show the existence
of a cubic threefold over K = Q,((x)) or K = [F,((¢))((x)), having a K-point and
torsion order divisible by 2 (Example 6.9); more generally, we construct examples
of cubic hypersurfaces of dimension n over a field K = k((x)), where k is a field of
characteristic zero and u-invariant at least n+1, which have a K -point and for which
2 divides the torsion order. This last series of examples is taken over from [Colliot-
Thélene 2016] (without the assumption that the u-invariant is a power of 2), with
the kind permission of the author, and it gives an improvement over a construction
in an earlier version of this paper, which relied on Rost’s degree formula. We
should mention that other examples of this kind already exist in the literature; see
for example [Colliot-Théléne and Pirutka 2016b, Théoréme 1.21], where cubic
threefolds over a p-adic field with nonzero torsion order are constructed, as well as
examples over [, ((x)) [Colliot-Thélene and Pirutka 2016b, Remarque 1.23]; both
examples have a rational point.

Our second result concerns the torsion order of very general complete inter-
sections over algebraically closed fields of characteristic zero. The idea of the
proof is as in the papers of Kollar and Totaro. We are able to generalize the results
on the Hodge cohomology of the degeneration in characteristic p to Hodge—Witt
cohomology. In this way we can establish results on divisibility by powers of p.

Theorem (Theorem 8.2). Let k be an algebraically closed field of characteris-
tic zero. Let X C PZ” be a very general complete intersection of multidegree
di,ds, ...,d. such thatd' = Zle di <n+randn > 3. Let p be a prime, let
m > 1, and suppose

g = ”n—i—r—i—l—d/—i-d,-—‘
>

p"+1
for some i, where [ -7 denotes the ceiling function. Assume that p is odd or n is

even. Then p™ | Tory(X).

For example, it is easy to see that if ) ._, d; =n +r and n > 3, which is the
extreme case, then d; | Tory (X) if d; is odd or n is even. For hypersurfaces and
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m = 1, the theorem is due to Totaro, and we give a short proof of the straightforward
generalization to complete intersections and the case m = 1 in Theorem 7.1. We
should mention that our Theorems 7.1 and 8.2 are actually a bit stronger, in that we
prove the same divisibility result for the torsion orders of level n — 2 (see below),
which automatically divide the torsion orders described above.

The paper is divided into seven sections. Section 1 contains the definition and
basic properties of the torsion order. Following a suggestion of Claire Voisin, we
consider decompositions of the diagonal of higher level and the associated torsion
invariants; we also describe some elementary specialization results. In Section 3
we recall from Colliot-Thélene and Pirutka the notion of a universally CHy-trivial
morphism and a related notion, that of a totally CHy-trivial morphism. Behavior
under a combination of degeneration and modification by a birational totally CHy-
trivial morphism, which is the basic tool used for divisibility results, is the focus
of Section 4; in this section we follow Colliot-Théléne and Pirutka [2016b] and
extend their specialization results to cover decompositions of higher level. We
recall Roitman’s theorem in Section 5 and discuss the case of the generic complete
intersection in Section 6. We recall Totaro’s arguments leading to the divisibility
results for the torsion order of a very general complete intersection in Section 7 and
conclude by proving our refined version in Section 8.

1. Torsion orders

For a noetherian scheme Y, we let %(Y) denote the group of algebraic cycles on Y,
that is, the free abelian group on the integral closed subschemes of Y. If Y is a
scheme of finite type over a field k, we grade #(Y) by dimension over k. For such a
scheme, we have the n-th Chow group CH,,(Y) :=%,,(Y)/~, where ~ is the relation
of rational equivalence (see [Fulton 1984, §1.3], where this group is denoted A, (Y)).
By an integral component of Y, we mean an irreducible component of Y, endowed
with the reduced scheme structure.

Let k be a field and X a k-scheme of finite type. If A is a presheaf on Xz,,, we let

A(X (i) :=colimp A(X \ F)

where F runs over all closed subsets of X with dim; F <i. We extend this notation
to products, defining for a presheaf A on (X X Y)zu

A(X (i) x Y (j)) =colimp g A(X \ F) x (Y \ G)).

For example, the contravariant functoriality of the classical Chow groups for open
immersions [Fulton 1984, §1.7] allows us to apply this notation to A(X) :=CH,,(X)
for some n.
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Let k be a field with algebraic closure k. Let P be a property of k-schemes,
such as “reduced” or “smooth over k”. We say that a finite type k-scheme X is
generically P if there exists an open Zariski dense subset U C X having property P.
The property of being generically smooth over k£ will be used frequently in this
paper. Recall that X is generically smooth over k if and only if X x k is generically
smooth over k. Moreover, this notion is stable under taking products; that is, if X
and Y are generically smooth over k, then so is X x; Y.

A closed subset D of a finite type k-scheme X is called nowhere dense if the
complement X \ D is Zariski dense. We denote by k(X) the product over the residue
fields at the generic points of X, that is,

k(X) =[] Ox.n/my,

neX

where 1 runs over the generic points of the irreducible components of X (we note
that Oy , is a field if X is generically reduced). We have an evident morphism of
schemes Spec k(X) — X. If X is equidimensional of dimension d, then we can see
from the definition of Chow groups that

lim  CHy(Y xz (X \ D)) = CHo(Y x; Spec k(X))
DcX
D nowhere dense — @ CHo(Y X SpCC ©X,77/m77)’

neX

for any Y. For any class @ € CH; (Y x; X), we will call its image in @nex CHy (Y xy
Spec Ox ,/m,;) under this composition the pullback under the morphism Y x
Speck(X) — ¥ xi X.

Definition 1.1. Let k£ be a field, and let X be a reduced proper k-scheme that is
equidimensional of dimension d.

(1) Fori =0,1,2,..., the i-th torsion order of X, Tor,(f)(X) e Ny U {oo}, is the
order of the image of the diagonal Ay C X x; X in CHy(X () x X(d —1)). We

write Torg (X) for Tor,((o) (X) and call this the torsion order of X.

(2) Suppose X is generically smooth over k. For 1 <i < j <3, let p;; : X x;
X Xy X = X X X denote the projection on the i-th and j-th factors, and let
Ajj C X x X xy X denote the pullback pi;] (Ax). Consider the Cartesian diagram

J
Xkxsx) — X xg X xx X

"

Speck(X xx X) —— X xx X
l
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Let n1 — n2 € CHo(Xk(xx, x)) denote the class of the pullback f*(Alz — Aj3), via
the flat morphism j. The generic torsion order of X, gTor, (X) € N4 U {00}, is the
order of n—n2 in CHO(Xk(Xka))~

(3) We say that X admits a decomposition of the diagonal of order N and level i if
there is a nowhere dense closed subset D, a closed subset Z of X with dimy Z <1,
and cycles y, y’ on X x; X, with y supported in X x; D, with y’ supported in
Z X X, and with

N-[Ax]l=y"+y

in CHd(X Xk X).

(4) Suppose X is geometrically integral. For an integer N > 1, we say that X
admits a decomposition of the diagonal of order N if there is a O-cycle x on X, a
proper closed subset D of X, and a dimension-d cycle y on X x; X, supported in
X % D, such that

N -[Ax]l=xxX+y

in CHy(X x¢ X). Then x has degree N over k, which can be seen by pushing
forward along the second projection. We say that X admits a ()-decomposition of
the diagonal if X admits a decomposition of order N for some N, and that X admits
a Z-decomposition of the diagonal if X admits a decomposition of the diagonal of
order 1.

(5) Letdeg, : CHo(X) — Z be the degree map. For X smooth and integral, the index
of X is the positive generator Iy of the subgroup deg; CHo(X) C Z. Equivalently,
Ix is the g.c.d. of all degrees [k(x) : k] as x runs over closed points of X. We extend
the definition of the index to proper, integral, generically smooth k-schemes Y by
defining Iy to be the g.c.d. of all degrees [k(y) : k] as y runs over closed points of
the smooth locus Yy, of Y (which is dense in Y).

Remarks 1.2. (1) Suppose X is equidimensional of dimension d and is geomet-
rically integral. Since the only dimension-d cycles y) on X x; X, supported on
Z0) Xx X with Z ) C X a dimension-zero closed subset, are of the form y() =x x X
for some 0-cycle x on X, a decomposition of the diagonal of order N and level 0 is
the same as decomposition of the diagonal of order N.

(2) We extend _the deﬁnition_ of Tor,(f) (X) to all proper, equidimensional k-schemes
by setting Tor,(cl)(X )= Tor,(cl)(Xred).

(3) We will often use an equivalent formulation of Definition 1.1(3), namely, that
X admits a decomposition of the diagonal of order N and level i if there is a
closed subset D containing no generic point of X and a closed subset Z of X with
dimy Z < such that

N-j* [Ax]=0
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in CHy ((X\ Z) xx (X\ D)), where j : (X\ Z) x; (X\ D) — X x; X is the inclusion.
This equivalence follows from the localization sequence

CHy(Z x; X UX xi D) LY CH; (X xi X) £> CH;((X\ Z) xx (X\ D)) =0
and the surjection
CH,;(Z x; X)®CHy(X x; D) - CH;(Z x; XU X xi D).

(4) Decompositions of the diagonal for smooth proper k-varieties have been con-
sidered in [Bloch and Srinivas 1983; Colliot-Théléne and Pirutka 2016b; Totaro
2016] and by many others. Here we have extended the definition to proper, equidi-
mensional, but not necessarily smooth k-schemes.

(5) In the same way as in [Colliot-Thélene and Pirutka 2016b, Proposition 1.4],
one can prove the following equivalence for a smooth, proper, and equidimensional
k-scheme X, namely, X admits a decomposition of the diagonal of order N and
level i if and only if there exists a closed subvariety ¢ : Z C X with dim Z < and

image((t X K)x : CHo(Z x4 K) — CHp(X x¢ K)) D N -CHp(X x4 K)
for all field extensions k C K.

Lemma 1.3. Let X be a k-scheme that is proper and equidimensional of dimension
d over k.

(1) If Tor” (X) is finite, then so is Tor! ™" (X) and in this case, Tor\ " (X) divides
Tor(i)(X )
D(x).

(2) X admits a decomposition of the diagonal of order N and level i if and
only if Tor,(j)(X) divides N; if X is geometrically integral, then X admits
a decomposition of the diagonal of order N if and only if Tory(X) divides
N and X does not admit a Q-decomposition of the diagonal if and only if
Torg (X) = o0.

(3) Suppose X is smooth over k and geometrically integral. If Tory(X) is finite,
then so is gTor, (X) and gTor, (X) divides Tory(X).

(4) Suppose X is generically smooth over k, and let L D k be a field extension.
IfTor,(j)(X) is finite, then so is Torg)(XL) and in this case Torg)(XL) divides
Tor,(j) (X). If L is finite over k, then Tor,(f) (X) is finite if and only ifTor(Li) (Xp)is
finite and in this case Tor,(f)(X ) divides [L : k] -Torg)(X ). The corresponding
statements hold replacing Tor® with gTor.

(5) X admits a decomposition of the diagonal of level i and order N if and only if
there is a closed subset Z C X of dimension < i such that the pullback of Ax
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to (X \ Z) xi Spec k(X) via the inclusion
(X\Z) xgSpeck(X) —> X xx X
has order dividing N in CHo((X \ Z) x} Spec k(X)).
Proof. Statement (1) follows from the existence of the restriction homomorphism
CHy((X \ F) xx (X \ D)) = CH4((X \ F') xx (X \ D))

for F C F'. Statement (2) follows from the localization sequence for CH, (- ), as
in Remarks 1.2(3).
For (3), suppose

N -[Ax]l=xxX+y

in CHy (X x4 X) for x and y as in Definition 1.1. Since X is smooth and proper, we
have for every field extension F of k the action of CHy(Xr xr XF) on CH,(XF)
as correspondences [Fulton 1984, Chapter 16]; that is, for « € CHy(XF X XF)
and p € CH, (XF), one has the well defined element

a*(p) = p1(Pip - ).

*
XX % X)

Acting by the correspondence N - A on CHo(Xkxx,x)) gives

N-(im—m)=x—x=0

and thus gTor, (X) divides N. Applying (2) gives (3).

For (4), the first assertion follows by applying the pullback in CH, for X x,
X1 — X Xi X and using (2). The second part follows by applying the push-
forward map CH, (X x 1 X1) = CHy (X x4 X) and using (2), and the assertion for
gTor; (X) follows similarly by applying the pushforward map CHy (X1 (x, x; x;)) =
CHy (Xk(xx,x))-

The last assertion (5) follows from the identity

CHo((X'\ Z) x Speck(X)) = lim CHy((X\ Z) xx (X \ D))
DcX

where the limit is over all closed nowhere dense D C X. O

Remark 1.4. We have restricted our attention to proper k-schemes for the defi-
nitions of torsion orders and decompositions of the diagonal. Even though the
definitions would make sense for nonproper equidimensional k-schemes, a naive
extension is probably not useful. Possibly replacing Chow groups with Suslin ho-
mology would make more sense: following Lemma 1.3, one could define Tor” (X)
for an equidimensional finite type k-scheme as the order of the restriction of Ay
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to X xx Spec k(X) in the quotient group

lim H"(X xi Speck(X))/im(H"(Z xy Spec k(X)))

ZcX
where Z C X runs over all closed subsets of dimension at most i. We will not
investigate properties of these torsion orders for nonproper k-schemes here.

Here is the first in a series of elementary but useful specialization lemmas.

Lemma 1.5. Let O be a noetherian regular local ring and f : € — SpecO a
proper flat morphism, with X equidimensional over Spec O of relative dimension d,
X — Spec K the generic fiber and Y — Speck the special fiber. Fix an integer i.
Suppose that, for each z € Spec O, the geometric fiber X; is generically reduced
over k(z).
(D) IfTor%) (X) is finite, then so is Tor,((i)(Y), and Tor,(j) (Y) divides Tor%) (X).
(2) Suppose that, for each z € Spec O, the fiber X, is generically smooth over k(z).
If gTorg (X) is finite, then so is gTor, (Y), and gTor, (Y) divides gTor g (X).
(3) Let k and K be the algebraic closures of k and K , respectively, and suppose
either K has characteristic zero, or that O is excellent. If Tor(lé)(X %) is finite,
then so is Torg) (Yp), and Tor](g) (Yp) divides Tor%) (Xg).
Proof. We use the definition of CH,(X (i) x X(d — 1)) as a limit to reduce to
making computations in groups of the form CH,;((X \ Z) xg (X \ D)) where Z, D
are closed subsets of X with dim Z <i and dim D <d — 1. We can find a chain of
regular closed subschemes Zg C --- C Z, = Spec O, with Z; of Krull dimension i.
This gives us the DVRs O; := 0z, 7, and the restriction of & to &; — Spec0;.
Regarding the proof of (3), if the original local ring O has characteristic-zero quotient
field, we can find a chain as above such that each DVR O; has characteristic-zero
quotient field, and if O is excellent, so are each of the O;. Proving the result for each
of the families &; gives the result for &, which reduces us to the case of a DVR 0.
In this case, suppose we have a relation

N-Ax=0 1-1)

in CHy((X \ Z) xg (X \ D)), with dimg Z <i and D nowhere dense. Taking the
closures Z and D in %, and letting Zo =Y NZ and Dy = Y N D (as intersections of
closed subsets of &), we have the specialization homomorphism (see for example
[Fulton 1984, §20.3])

sp: CHa((X\ Z) xx (X \ D)) = CHa((Y' \ Zo) xx (Y \ Do))
associated to the family

X xoX\ZxgXUZX x¢ D — SpecO.
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Since 0 is a DVR, the closure Z is automatically flat over Spec 0, and thus dimy Zy <
i; similarly, Dy is nowhere dense in Y. We have two cartesian diagrams

Y < Y — E xgX +— X xg X

] | [

Y X X

From [Fulton 1984, Proposition 20.3(a)] applied to f = Ag, [Fulton 1984, Example
6.2.1], and our assumption that X and Y are generically reduced, we conclude

SP([Ax,q]) = sp([Ax]) = sp(Ax«([X]) = Ay« (sp([X])
= Ay ([Y]D =[Ay] =[Ay,,]

in CHy (Y x;Y). We used [Fulton 1984, Example 6.2.1] in order to obtain :*([¥]) =
[Y], where 1 is the evident (regular) closed immersion, which implies sp([X]) = [Y]
by definition of the specialization map. By using compatibility of sp with pullback
along open immersions and applying sp to (1-1), we have proved (1).

The proof of (2) is a similar specialization argument. Indeed, we reduce as before
to the case of a DVR 0. Due to the generic smoothness assumption, there is a dense
open subscheme U of & x ¢ ¥ that is smooth over Spec O, with special fiber dense
in Y x; Y. If now 7 is a generic point of Y x; Y, let R be the local ring Oq; ;. Then
% is a DVR and we may consider the R-scheme ¥ ®g R — Spec R. The quotient
field F of R is one of the field factors of k(X X g X), and the residue field f of
R is the factor of k(Y X Y) corresponding to t. Let niX, nI.Y, i =1, 2, denote the
images of the “generic” points used to define gTorg (X) and gTor, (Y) in CHo(XF)
and CHo(Y}), respectively. Applying the specialization homomorphism

Sp CH()(%F) —> CHo(Yf)

to a relation NNV - (nf( — nf) in CHy (¥ F) shows that N - (nf — n{) = 0in CHy(¥j)
for each generic point 7, and thus gTor, (Y) divides N.
For (3), we note that there is a finite extension L of K so that

Tor%)(X <) =Torl (X)) =Torl (Xf)

for all finite extensions F of L. Since either K has characteristic zero or O is
excellent, the normalization OV of @ in L is a semilocal principal ideal ring, finite
over O (the characteristic-zero case follows from [Zariski and Samuel 1975, Chapter
V, Theorem 7], and the excellent case follows from [Matsumura 1980, Theorem 78]).
Thus, after replacing O with the localization 0’ of OV at a maximal ideal, and
replacing ¥ with &’ := ¥ ®¢ 0’, we may assume that Tor%) (X) = Tor%) (X%). Since
Torg )(Y;) divides Torl” (Y) by Lemma 1.3(4), (3) follows from (1). O
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Remark 1.6. We did not use the properness of ¥ — SpecO in the proof of
Lemma 1.5, but we have defined Tor® for proper k-schemes only.

Next, we prove a modification of the specialization Lemma 1.5. A related result
may be found in [Totaro 2016, Lemma 2.4].

Lemma 1.7. Let O be a discrete valuation ring with quotient field K and residue
field k. Let f : % — Spec O be a flat morphism of dimension d over Spec O with
generic fiber X and special fiber Y. We suppose Y is a union of closed subschemes,
Y =Y, UY,, with Y| and Y, having no common components. Suppose in addition
that X admits a decomposition of the diagonal of order N and level i. Then there is
an identity in CHy (Y] X Y1)

NAy, =y+rvi+»

with y supported in Z| Xy Y| for some closed subset Z, C Y| of dimension <,
y1 supported on Y| Xy Dy for some nowhere dense closed subset Dy C Y1, and
vy supported in (Y1 NY7) X Y.

Proof. We consider the (nonproper) O-scheme (%\ Y2) xg (X \ Y2) — Spec O, closed
subsets Z, D of X with dimg Z < i, D nowhere dense, and a relation

N-[Ax]=0

in CH;((X \ Z) xg (X \ D)), where [Ax] denotes the cycle class represented by
the restriction of the diagonal.

As in the proof of Lemma 1.5(1), we have closed subsets Zg, Dg of Yl0 =Y\
with dimy Zy < i, Dy nowhere dense, and a specialization homomorphism

sp: CHy((X \ Z) x g (X \ D)) — CHa((Y2\ Zo) xx (Y2 \ Do)), (1-2)
which is induced by
sp:CHy(X xg X) = CHy(Y x¢ Y).

As in the proof of Lemma 1.5(1), we have sp([Ax]) =[Ay] in CHy(Y x; Y). It
follows immediately that sp([Ax]) = [Ayo] in CHu(Y) x Y7), where [Ayol is the
cycle class of the restriction of the d1ag0na1 on Y0 Applying (1-2) thus gives the
relation

N - [Aylo] =0

in CHy((Y?'\ Zo) x4 (Y{'\ Do)). B
Let Z := Z be the closures of Z; in Y7, let Dg be the closure of Dy in Y;, and
let D; = Do U (Y] NY,). Using the localization sequence
CHy(Zy xx Y1UY1 X D1 U (Y1 N Y2) X Y1)
— CHg(Y1 xx Y1) = CHa((Y7\ Zo) xx (Y]’ \ Dg)) = 0
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and the surjection

CHy(Z1 x Y1) ® CHy (Y1 X, D1) @ CHy (Y1 NY2) xi Y1)
— CHy(Z1 x;  ZWUY xp DU (Y1 NY) xi YY),

the relation N - [AYlo] =0in CHd((Ylo \ Zo) Xk (YlO \ Dy)) lifts to a relation of the
desired form in CH, (Y7 xi Y7). O

We conclude this series of specialization results with the following variation on
Lemma 1.7; a similar result may be found in [Colliot-Thélene 2016, Lemme 2.2].

Lemma 1.8. Let O be a discrete valuation ring with quotient field K and residue
field k. Let f : X — Spec O be a flat and proper morphism of dimension d over
Spec O with generic fiber X and special fiber Y. We suppose Y is a union of
closed subschemes, Y = Y| UY,, with X and Y| geometrically irreducible, X
generically smooth over K, and Y| generically smooth over k. Suppose that X
admits a decomposition of the diagonal of order N. Let Z = (Y1 N Y2)req With
inclusion iz : Z — Yi. Suppose further that Yo y,) admits a zero-cycle y; of
degree r supported in the smooth locus of Yo y,).
Then there is an identity in CHy (Y] X Y1)

NrAy, =y1+ 2

with y1 supported on Y| Xy Dy, for some divisor D1 C Y1, and y, supported in
Z Xk Y 1-

Proof. Let n be the generic point of Y1, let 01 =0y, , and let % be the henselization
of 0. Let L be the quotient field of &; clearly & has residue field k(Y7). Then as
Spec 0; — Spec O is essentially smooth, the base-change X := % ®q¢ D — Spec D
has generic fiber & and special fiber Yi(y,) = Yik(y,) U Yar(r,). Let 5" C &g be
the maximal open subscheme of ¥, that is smooth over 9.

Fix a rational equivalence

N-Ax~xxX+vy

with x a O-cycle on X and y supported on X x ¢ E for some divisor E. Pulling this
back to X gives the rational equivalence

N-AXLNXLXXL—{-)/L

with y; supported on X; x; E;. Let € be the closure of E; in ¥g, and let
Ey = €N Yky,); Eo contains no generic point of Yj(y,). Furthermore, since the
O-cycle y, on Yoy, is contained in the smooth locus of Yz (y,), we may find a
O-cycle y) on Yo (y,), rationally equivalent to y», and with support in the smooth
locus of Yor(y,) \ (Eo U Ziy,)). Changing notation, we may assume that y; is
supported in the smooth locus of Yor(y,) \ (Eo U Zg(y)).
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Since % is hensel, we may lift n; € Y;(k(Y})) to a section s1 : Spec D — ¥g.
Since y» is supported in the smooth locus of Y (y,), we may similarly lift the O-cycle
¥2 on Yo (y,) to a cycle 1, on &g of relative dimension zero and relative degree r
over 9. This gives us the 0-cycle of degree zero py :=r -s1(Spec L) — 1 on Xj.
Since 9 is local, ¥g is flat over % and both y, and 1, are supported in the smooth
locus of Y\ Ey, it follows that both s;(Spec %) and 1), are supported in &g \ €,
and thus py is supported in the smooth locus of X \ E.

Let p be a closed point in the smooth locus of X, inducing the inclusion
ip: Xy xpp— Xy xpXy. Sincei, is aregular codimension-d = dim X embedding,
we have the pullback map (see [Fulton 1984, §6.2, pp. 97-98 ], where this map is
called the Gysin homomorphism)

l; : CHd(XL XL XL) — CH()(XL XL p).
If 3 is a 0-cycle supported in the smooth locus of X, 3=>)_ j1jpj, we have the map
3" CHa(Xp xr X1) = CHo(X1)
defined as the sum Zj njpis© i;/_. If y is a d-cycle on X x X such that each
component of y intersects each subvariety X, x p; properly, then y*(3) is well
defined and

W =vG).

We apply these comments to the O-cycle p;, and the cycles N - Ay, , x; xp X,
and yr. We get the identities in CHo(X )

N-pr=p;(N-Ax,)
=p;(xp X X1) + pp(vL).

Both terms in this last line are zero: the first since, as X, is irreducible, we have
py (xp xp X1) = deg; (pr) - x; = 0, and the second since X; x supp(or) N
supp(yr) = . In other words, N - pr, =0 in CHp(X).

We apply the specialization map

sp: CHo(X1) = CHo(Yi(y,))

and find N(l’ ‘M —yz) =0in CHo(Yk(yl)). Thus, Nr- n = Oin CHO(Ylk(Yl)\Zk(Yl))a
and by using the localization sequence for the inclusion Zyy,) — Yk(y,), there is a
0-cycle yak(y,) on Ziy,) with

Nr-m =iz«(Vory))

in CHo(Y1x(y,))- Spreading this relation out over Y7 as in previous proofs gives the
desired decomposition of Nr - Ay,. O
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Remark 1.9. Suppose we have &, Y = Y, UY,, and Z = Y| N Y, satisfying the
hypotheses of Lemma 1.8; suppose in addition that Y; is smooth over k. Then for all
fields F D k, the quotient group CHy(Y1r)/iz+«(CHo(ZF)) is Nr-torsion. Indeed,
since Y; is smooth, we have an operation of correspondences on CHy(Y; ), the
correspondence y;* of Lemma 1.8 acts trivially on CHo(Y1r), ;" maps CHo(Y1r)
to iz«(CHo(ZF)), and the sum acts by multiplication by Nr.

The torsion orders behave well with respect to base-change.

Lemma 1.10. Let X and Y be proper generically smooth k-schemes, with Y integral
and with X equidimensional over k. Let K be the function field k(Y) and Iy the
index of Y.

(1) Foralli, Tor(’)(X) lsﬁmte if and only ifTor%)(XK) is finite and in this case,
Torl)(X) divides Iy Tor\ (X ).

(2) Suppose X is geometrically integral. If gTor, (X) is finite, then so is Tory (X)
and Tory (X) divides Iy - gTor; (X).

Proof. For (1), if Tor(’) (X) is finite, then so is Tor (X k) by Lemma 1.3(4). Suppose
Tor%) (X ) is finite. Let y be a closed point of Y, contalned in the smooth locus of Y
over k, and let @ Oy,y. Applying Lemma 1.5 to the constant family ¥ := X x; 0,
we see that Tork(y)(Xk(y)) is finite and Tork(y (Xk(y)) divides Tor(’)(XK) Applying
Lemma 1.3(4) again, Tork (X ) is finite and divides [k(y) : k] - Tork(y)(Xk(y)) This
proves the first assertion.

For (2), let y be a closed point of X, contained in the smooth locus of X over &,
let 0 := Oy ,, and let n € X (k(X)) be the canonical point, that is, the restriction
of the diagonal section X — X x; X to Spec k(X). As in the proof of Lemma 1.5,
we may find a sequence of regular closed subschemes y = Zy C --- C Z; = Spec O,
d = dimy X, and thereby define specialization homomorphisms

sp; : CHo(Xk(z))(x)) = CHo(Xk(zi_pxy), i=1,....d.

Letting spy CHo(Xk(xxx)) = CHo(Xk(y)(x)) be the composition of the sp;, we
have spy (m — n2) = Ny — Yeen,» Where 0y, € X (k(y)(X)) is the base-change of
y € X (k(y)) and ygen € X (k(y)(X)) is the base-change of n € X (k(X)). Thus,
gTor (X) - (7y — yeen) = 0 in CHo (X (y)(x)); pushing forward to CHo(Xy(x)) gives
[k(y) : k]-gTor, (X)-n—gTor, (X) -y xx k(X)=01in CHo(Xx(x)). Applying local-
ization gives us the decomposition of the diagonal Ay of order [k(y) : k]- gTor, (X);
doing this for each closed point y gives us the decomposition of the diagonal of
order Iy - gTor, (X). Hence, Torx(X) is finite and divides Ix - gTor, (X). O

For example, Tor,((i) (X)= Torg) (Xp) if L is a pure transcendental extension of a
field k.
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Lemma 1.11. Let X be a proper k-scheme. Let k C L be an extension of fields with
k algebraically closed. The following hold:

(1) Forall i, Tor”(X) = Tor\" (X ).

(2) Suppose in addition X is smooth and integral. Then gTor; (X) = gTor; (X1)
and Tor; (X) = gTor; (X).

Proof. We may assume that L is finitely generated over k. Using openness of
the regular locus for finite type k-schemes and k algebraically closed, we can find
a noetherian local regular k-algebra O with quotient field L and residue field k.
Applying Lemma 1.5(1) to & := X x; O — Spec O implies (1).

The assertions about gTor follow from (1), Lemma 1.10(2), and Lemma 1.3. [J

Definition 1.12. Let X be a proper, generically smooth k-scheme. Let k be the
algebraic closure of k, and define Tor(i)(X )= Tor,%')(X 7)- We call Tor) (X) the
i-th geometric torsion order of X. We write Tor(X) for Tor @ (X).

Note that Tor® (X) is invariant under base-extension X ~~ X; for a field extension
L D k. Also, assuming X to be smooth and geometrically integral, Tor(X) is equal
to gTorg (Xp).

In much the same vein as Lemma 1.3, we show that the generic torsion order
measures the torsion order after adjoining a “generic” rational point, that is:

Lemma 1.13. Let X be a smooth proper geometrically integral k-scheme, and let
K =k(X). Then gTor; (X) = Torg (Xk).

Proof. It N - (n1 —n2) =0 in CHo(Xk(xx,x)), then we have a decomposition of the
diagonal of order N for Xy (x):

N-Ax,=N-[n]lxg Xg+vy

with y supported in Xx xXg D, with D C Xk, and with n the restriction of Ay
to X X k(X) C X xi X. In other words, 7 is the K -rational point of X induced
by the generic point of X. Thus, Torg (Xg) divides gTor, X. Conversely, if Xg
admits a decomposition of the diagonal of order n,

n-Ax, =xxXg+y (1-3)

with x a O-cycle on Xk and y supported on Xx x ¢ D for some divisor D C Xk,
then pulling (1-3) back along (idx,,n) : Xx — Xg xx Xg givesus x =n - [n]
in CHo(Xg), son-Ax, =n-[n] x Xg + y in CHy(Xg xg Xg). Restriction
to Xg xx K(Xg) gives n-n1 = n-ny in CHo(Xk(xx,x)), so gTor,(X) divides
TorK(XK). [l

One last elementary property of the torsion indices concerns the behavior with
respect to morphisms.
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Lemma 1.14. Let f : Y — X be a surjective morphism of integral reduced proper
k-schemes of the same dimension d. Then Tor,((l) X divides deg f - Tor,(cl) Y foralli.
If X and Y are generically smooth over k, then gTor, X divides (deg f)? - gTor, Y.

Proof. Suppose the diagonal for Y admits a decomposition of order N and level i:
N-Ay=vyi+y'

with y’ supported on Y x; D for some divisor D and y; supported on Z x; Y for
some closed subset Z of ¥ with dimy Z <i. Pushing forward by f x f gives

deg f-N-Ax = (f x lavi +(f x ¥,

and thus Tor,(f) X divides deg f -Tor,(f) Y. Similarly, we have (f X f X f)«(Ay;j) =
(deg f)z-AX,,-j for ij = 12, 13, which shows gTor, X divides (deg f)?-gTor, Y. OJ

The behavior of the torsion indices with respect to rational and birational maps
will be discussed in Section 3.

2. Torsion orders for very general fibers

The following global version of Lemma 1.5(3) follows by an argument using Hilbert
schemes. See [Voisin 2015, Theorem 1.1 and Proposition 1.4] or [Colliot-Thélene
and Pirutka 2016b, Appendice B] for similar statements. This result will only be
used in Sections 7 and 8.

Proposition 2.1. Let p : X — B be a flat, equidimensional, and projective family
over a scheme B of finite type over a field k, and let by be a point of B. We suppose
that each geometric fiber of p is generically reduced. Fix an integer i > 0. Then
there is a countable union of closed subsets F = U;’il Fj with by ¢ F such that for
all b € B\ F, the geometric fiber %/Tb) satisfies Tor(i)(%m) | Tor(i)(%@). Here
we use the convention that N | oo forall N e Ny U{oo} andoo | N = N =o0.

The proof uses the following elementary lemma, which we were not able to find
in the literature.

Let X be a noetherian equidimensional scheme with integral components X1, ...,
X,. Let x; € X; be the generic point. The associated cycle [Fulton 1984, §1.5] of X
is the cycle cyc(X) := Zle e; X; € %(X) with ¢; defined as

e = lng@XMl_ Ox, x;-

Lemma 2.2. Let B be a noetherian scheme, let p : Y — B be a flat morphism,
and let Wo, Wy, ..., Wy be closed subschemes of Y, flat and equidimensional of
dimension r over B. For each b € B, let W, C %, be the respective fibers over b.
Fix integers my, . .., m;.
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(1) The subset

Ty (B) = {b eB

D mi-eye(Wip) =0in %(Oyb)}
i=0

is a constructible subset of B.

(2) Foreach b € B, let b be a geometric point mapping to b, and W, CYj, be the
respective fibers over b. Fix integers my, . .., ms. Then, the equality

Jy(B) = {b €B

> micye(W;p) =0in sz(ﬁyb)} @2-1)
i=0

holds.

Proof. We first prove (1); we proceed by a series of reductions. Firstly, we may
assume that B is integral and separated. As the assertion is obvious if B is a point,
we may use noetherian induction and replace B with any dense open subscheme.
Moreover, if ¥ = _J; U; is a finite open covering, then Toy(B) =(); Ta, (B); hence,
it suffices to prove the assertion for each i.

Let S be the set of all integral components of the subschemes Wy, ..., W;. Let
us consider the elements of S as integral schemes. We claim that there is an open
dense subset U of B such that for all b € U and ‘W', V' € S with W £V, W}, and V',
have no common integral component. Indeed, for W', V' € S with W £V, there is an
open dense Uy s C B such that W xq ¥V X p_1 (U o) = U+ oy s flat of relative
dimension <r —1 (it need not be equidimensional). All integral components of W,
and V', have dimension r, and therefore W', and V', do not have a common integral
component if b € Uy 3. Taking the intersection of the Uy o for all V' # W in §
gives the desired open dense subset U.

After passing from B to U, we get To(B) = Ty (B) with

v=m\ | J wnv=/J qy\( U ‘V).
W, ves Wes VeS\(W)
WY
Therefore, we may suppose S = {W}, in other words, there is only one integral
component.
For each i, define n; by cyc(W;) = n; - W. We claim that there is an open dense
U C B such that cyc(W;p) =n; -cyc(Wy) for all b € U. This will imply the assertion,
because after shrinking U further so that W', # & holds, either Ton -1y (U) = U
or Toynp-1(v)(U) = &, depending on whether 0 = Zi m; - n; holds.
In order to prove our claim, let n be the generic point of W and W;. Since O
1s a field, there is a filtration

Ow,y=F'CF'>-..2F =0



1796 Andre Chatzistamatiou and Marc Levine

by Oy, , submodules such that the quotients F/*!/F/ are free Oy, modules of
rank r;. By definition, the equality n; =) ;7j holds. We can extend this filtration
to a nonempty open subset W’ of W such that the quotients are free O modules
of rank r;, where W’ =W NW?}. We denote it by

Oy, =F'CF'>...DF =0.

Define U C B to be a nonempty open subset such that (W \ W) p~'(U) - U
is flat of relative dimension < r — 1 and W’ N p~'(U) — U is flat. For b € U, the
generic points of the integral components of W, (= integral components of W)
are contained in W’}. Flatness of W’ N p~1(U) = U implies that we get an induced
filtration

Oy, =F)CFy>---DF =0

with quotients F bj i /F, bj free of rank r; as Oy -modules. For every generic point €
of W;;, (hence W) we get

lng@wibyé GOW””E = (Z rj) ’ lng©1l'"b,e GWb’€ =n;: lng@wh,e @Wb’e’
J
which proves the claim.
For (2), we note that for each b — b € B, the map b — b is flat and the pullback
map
E(Yp) — E(Yp)

is injective; (2) follows directly from this and (1). (]

Proof of Proposition 2.1. Let d be the relative dimension of ¥ over B. For a
positive integer M, let ¥(M) be the set of b € B such that M does not divide
Tor(i)(%@). Taking M = Tor(i)(%m) and F = ¥ (M), it suffices to show that
S (M) is a countable union of closed subsets of B.

We first show that (M) is closed under specialization. Indeed, if we have
a specialization b ~~ bwithb e ¥ (M), then there is an excellent DVR O and a
morphism Spec 0 — B with b the image of the generic point of Spec O and b the
image of the closed point. Indeed, let C be the closure of b in B, blow-up Spec O ;
along b, normalize to obtain a normal scheme 7 : T — Spec Oc j of finite type
over O ;, choose a generic point ¢ of the Cartier divisor 7~1(b) on T, and take
0 := Or,;. The local ring O ; is excellent since C is of finite type over a field, and
the operations used in constructing O from O ; all preserve excellence [Matsumura
1980, Chapters 12 and 13]. Pulling back & to Spec O, it follows from Lemmas 1.5(3)
and 1.11(1) that b is also in S(M).

Since (M) is closed under specialization, it suffices to show that, for each affine
open subscheme U of B, ¥(M)NU is a countable union of constructible subsets
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of U. Thus, we may assume that B is affine, and that & is a closed subscheme
of B x; [P} for some n, with p : & — B the restriction of the projection.

By standard Hilbert scheme arguments, there is a projective B-scheme g : ¥y g —
B such that the geometric points of ¥, g consist of triples (b, Zj, D), with b a
geometric point of B, Z, C ¥, a closed subscheme of dimension j < i, and
Dy, C %, a closed subscheme of dimension < d, and with Z, and D, having fixed
Hilbert polynomials o, B. Let £ C ¥ xp Yy g and D C ¥ x g Yy g be the universal
subschemes. We set

QLZZ%XB%XB@a,ﬂ\(%XB@U%XB%).

Similarly, there is a finite type B-scheme g : Wy — B whose geometric points
consist of pairs (b, W) with W C &, X, & X I]J’}7 a closed subscheme of dimension
d + 1, having Hilbert polynomial ¢ and being flat over Pll,. Indeed, denoting by

H :=Hilby (X x 3 % x 3 PL)
the Hilbert scheme, we can consider the subfunctor F of H defined by
F(T)={W e H(T) | W — T x P} is flat}.

If Wyni C H Xg X Xp X Xp [P’}g denotes the universal subscheme, then we let
Wéni C Wuni be the closed subset where Wy, — H X p [P’}B is not flat. We define
W as the complement of the image of W, . in H. By using critére de platitude par
fibres [EGAIV3 1966, Théoreme 11.3.10], we conclude that W'y represents F.

For each integer r > 1, and each choice of Hilbert polynomials «, 8 and
&1, ..., ¢,, we obtain subschemes °W(1),OW<1’°, e °W9,°Wf° of UWxgWy, Xp---Xp
W, that are flat of relative dimension d over MYy g x g Wy, X g - - x p W, as follows.
LetV; C¥xgXxp [P’}B x g W, be the universal subscheme. Since V'; — IP}B x g Wy,
is flat, the base-change °Vf to Wy, via B 5 p! , for ¢ = 0 and € = oo, is flat.
We define W to be the restriction of V' xp Yo p xp We, xp -+ xp Wy, to
WU xp Wy, xp---xp Wy, and similarly for W.

Fix a sequence of integers my, ..., m, and an integer N > 0. By Lemma 2.2,
the image of all geometric points (b, Zp,, Dy, W1, ..., W,) satisfying

N - A%bxb%b|9€b><b9€b\(9€bbebU?£b xpXp) — Z m; - (CyC(WiO) - CyC(WiOO)>’

where W is the scheme theoretic intersection of W; with &), x, &p X € in X, X},
Xp Xp P},, forms a constructible subset T, ¢, o g.m, N Of Yo, g xpWep, Xp---xgWe,.
Let R, ¢, a.p,m,, N be the image of T, ¢, o g.m, v In B.

If b is a geometric point of B with image in R, ¢, « gm, ~n, and if we choose
a geometric point (b, Zp, Dy, Wi, ..., W) of Yy g xp Wy, Xp--- xpWy lying
over b, then the cycle ) . m; -cyc(W;) on & x &, X P! gives a rational equivalence
showing that Tor® (%) | N. Conversely, as each integral closed subscheme W C
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%y Xp X x P that dominates P! is flat over P!, each geometric point b € B
such that Tor" )(96;,) | Nisin R, ¢, « gm, ~n for some choice of Hilbert polynomials
o, B, ¢, and integers r and m, ..., m,. Thus, (M) is the union of the subsets
Ry p,.a,p,m,, N Over all o, B, 7, @y, my, and all N > 0 not divisible by M. As this set
of choices is countable, it follows that (M) is a countable union of constructible
subsets of B. Since ¥(M) is closed under specialization, the proof is complete. [

3. Universally and totally CHy-trivial morphisms

We recall the notion of a universally CHyp-trivial morphism and a related notion,
that of a totally CHy-trivial morphism.

Definition 3.1 [Colliot-Thélene and Pirutka 2016b, Définitions 1.1 and 1.2]. Let
p : Z — Y be a proper morphism of finite type k-schemes for some field k. The
morphism p is universally CHp-trivial if for all field extensions F D k, the map
P« : CHo(ZF) — CHo(YF) is an isomorphism. A proper k-scheme my : ¥ — Spec k
is called a universally CHy-trivial k-scheme if 7y is a universally CHg-trivial
morphism.

Definition 3.2. A proper morphism p : Z — Y of k-schemes is totally CHy-trivial
if for each point y € Y, the fiber p~!(y) is a universally CHy-trivial k(y)-scheme.

It follows directly from the definition that the property of a proper morphism
being totally CHp-trivial is stable under arbitrary base-change.
We rephrase a result of Colliot-Thélene and Pirutka.

Proposition 3.3 [Colliot-Thélene and Pirutka 2016b, Proposition 1.8]. Let p: Z —
Y be a totally CHy-trivial morphism. Then p is universally CHy-trivial.

Remarks 3.4. (1) By the base-change property of totally CHyp-trivial morphisms,
we see that for p : Z — Y a totally CHy-trivial morphism and W — Y a
morphism of k-schemes, the projection Z xy W — W is universally CHp-trivial.

(2) There are examples of universally CHyp-trivial morphisms that are not totally
CHo-trivial;' in particular, the property of a morphism being universally CHy-
trivial is not stable under base-change.

Corollary 3.5. (1) Universally CHg-trivial morphisms and totally CHy-trivial
morphisms are closed under composition.

IFor example, let k be an algebraically closed field of characteristic # 2, let S be the cone in [P’z
over a smooth plane curve C of degree > 3, let Y — § be the double cover branched over the
transverse intersection of S with a quadric, and let y;, y» € Y be the points lying over the vertex of
S. Let p: Z — Y be the blow-up of Y at yq, and let z = p_l(yz). Then for all fields L D k,
CHo(zr) Laxy CHo(Zy1) and CHg(y>1.) 7N CHq (Y ) are isomorphisms, and thus p is universally
CHy-trivial. However, [f1 (y1) = C, so p is not totally CHg-trivial.
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(2) Let p : Z — Y be a morphism of smooth k-schemes that is a sequence of
blow-ups with smooth centers. Then p is a totally CHy-trivial morphism.

(3) Suppose that the field k admits resolution of singularities of birational mor-
phisms for smooth k-schemes of dimension < d; thatis, if p:Z — Y isa
proper birational morphism of smooth k-schemes of dimension < d, there
is a sequence of blow-ups of Y with smooth centers, q : W — Y, such that
the resulting birational map r : W — Z is a morphism. Then each proper
birational morphism p : Z — Y of smooth k-schemes of dimension < d is
totally CHy-trivial. In particular, this holds for k of characteristic zero, or for
d <3 and k algebraically closed [ Abhyankar 1966].

Proof. Statement (1) for universally CHy-trivial morphisms is obvious from the
definition, and for totally CHy-trivial morphisms this follows with the help of
Proposition 3.3.

For (2), we use (1) to reduce to checking for the blow-up of ¥ along a smooth
closed subscheme F', for which the assertion is clear.

For (3), let y be a point of Y and L D k(y) a field extension. Dominating Z by a
q : W — Y as above, we have the maps

CHo(g ™' (»)1) = CHo(p~ ' (y)1) &> CHo(Spec L) =7

which, as CHo(¢~!(y)1) — CHo(Spec L) is an isomorphism, gives us a splitting
to p.. Applying resolution of singularities to r : W — Z gives a sequence of blow-
ups with smooth centers s : X — Z such that t :== r~'s : X — W is a morphism.
Since X — Z is totally CHy-trivial, the sequence

_ _ [ _ * _
CHo(+~' (¢ ™' (")) = CHo(g ' (1) = CHo(p™' (1)
gives a splitting to r,, SO p, is an isomorphism. U

Lemma 3.6. (1) Let g : Z — Y be a birational totally CHy-trivial morphism
of integral, generically smooth k-schemes. Let N > O be an integer, let
Y;, W, D CY be proper closed subsets with dim Y; < i, and suppose we have
a decomposition of Ay as

N-Ay=y+y+»,

with y supported on Y; x; Y, y1 supported on Y x D, and y, supported
on W x Y. Then there are proper closed subsets Z;, D' C Z withdim Z; < i
and a decomposition of Az as

N-Az=y'+y{+,

with y' supported on Z; xy Z, y| supported on Z x D', and y, supported on
g~ (W) xi Z.
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(2) Let q : Z — Y be a birational totally CHo-trivial morphism of integral, generi-
cally smooth, proper k-schemes. Then Tor,(:) (Z)= Tor,(:) (Y) foralli.

(3) Let g : Z — Y be a birational universally CHy-trivial morphism of integral
proper k-schemes. Then Tory(Z) = Tory (Y). If moreover Z and Y are geomet-
rically integral, then gTor, (Z) = gTor, (Y).

Proof. We note that (2) follows easily from (1). Indeed, (1) with W = & shows
that Tor\” (Z) divides Tor\ (Y) for all i; as (g X ¢)«(Az) = Ay, it follows that a
decomposition of Az of order N and level i gives a similar decomposition of Ay
by applying (g X ).

We now prove (1). We may assume that W = &. Indeed, if we replace Y with
Y ;=Y\ W and Z with Z’ := Z \ ¢~'(W), the result for g| : Z' — Y’ and the
decomposition

N - Ay =ylysy + Y1y sy,
together with localization gives (1) for the original data.
Suppose then we have
N-Ay=y+n

with y supported on Y; X, Y and y; supported on Y x; D. Let K = k(Y), and let
ny € Y be the generic point. We have a rational equivalence of 0-cycles on Y x; ny

N -ny Xny ~ ¥y

with y,, a 0-cycle supported on Y; x; ny. Thus, N -ny x ny ~0on (Y \Y;) xx ny.
Since Z \q_1 (Y;) = Y'\Y; is birational and universally CHp-trivial (Remarks 3.4),
there is a rational equivalence of O-cycles

N-nzxnz~0

on (Z\ q_l(Y,-)) Xk 1z, where nz € Z is the generic point. We claim that there
is a dimension < i closed subset Z’ of Z and a rational equivalence of 0-cycles
on Z Xy nz

N -nzxnz~pz

with pz a O-cycle supported on Z’ x; nz. We proceed by a noetherian induction.
We assume there is a closed subset Y/ C Y;, a dimension < i closed subset Z f
of ¢~ (Y}), and a rational equivalence of O-cycles on (Z\ ¢~ (Y/)) xx nz

N -nz xnz~p;j

with p; a 0-cycle supported on Z; x4 1z, and we show the parallel statement for a
proper closed subset Y/*! of Y/. The induction starts with Y° = Y;.
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Choose an integral component Y({ of Y/, and let v be its generic point. Let
Y’ be the union of the components of Y/ different from Y({ . We have the exact
localization sequence

CHo((g™" (Y \ ¥")) xx12) 2 CHo((Z \ ¢~ (¥))) x4 nz)
— CHo((Z\ ¢ ' (Y")) xx nz) — 0,

and thus there is a O-cycle p’ on ¢! (Y({ \ Y’) x; nz and a rational equivalence
N-nzxnz~pj+i.(p")

on (Z\q~'(Y")) xx nz.
Write

/! __ v ) /
p = E mix; + E njx;,
i J
/.

j are closed points of q_l(Y({ \ Y’) xx nz, such that g o py(x;) = v
for all i and g o pl(x;.) is contained in some proper closed subset (say Y”) of Y({
for all j. Replacing Y’ with ¥’ UY” and changing notation, we may assume that
p =, mx;.

By assumption, the map ¢~'(v) — v is universally CHy-trivial, so there is a
degree-one O-cycle € on q_l(v) so that €; generates CHO(q_l(v) 1) for all field
extensions L D k(v); in particular, € x nz generates CHy (q_1 (v) xx nz). Enlarging
Y’ again by a proper closed subset of Y/, we may assume that

where the x;, x

pl=m-€xngz

in CHO(q_l(YOj \ Y') x¢ nz), for some m € Z. Since € is a O-cycle on g '),
the dimension of the closure Z’ of the support of € in g~! (,Yoj ) is bounded by the
transcendence dimension of k(v) over k, that is, by dimg Y, J since YOJ cy,

dimy, A <Ii.

Taking Y/t =Y', Z;11 =Z;UZ’,and pj11 = pj +m - € x 1z, the O-cycle p; 41
is supported on Z; 1 Xy 1z, dimy Z;;1 < i, and we have

N -1z Xnz=pj+i

in CHo((Z \ ¢~ '(Y/*1)) x4 n7). The induction thus goes through, proving the
result.

The proof of (3) is similar but easier. We have already seen that if Z has a
decomposition of the diagonal of order N, then so does Y. If conversely Y has a
decomposition of the diagonal of order N, then there is a O-cycle y on Y with

N-ny xny=yxny
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in CHo(Y x ny). As g : Z — Y is universally CHy trivial, there is a O-cycle z on Z
with g,z = y in CHy(Y) and since (g x q)« : CHo(Z x4 nz) — CHo(Y Xx; ny) is
an isomorphism, we have

N -nzxnz=zxnz
in CHo(Z xt nz). The proof for gTor is the same. U

We note some consequences of Lemma 3.6.

Proposition 3.7. Let f : Y — X be a dominant rational map of smooth integral
proper k-schemes of the same dimension d.

(1) Suppose k admits resolution of singularities for rational maps of varieties
of dimension < d; that is, if p : Y — X is a rational morphism of smooth
k-schemes of dimension < d, there is a sequence of blow-ups of Y with smooth
center, q - W — Y, such that the resulting rational mapr : W — X is a
morphism. Then Tor) X divides deg f - Tor\ Y for all i.

(2) Without assumption on k, Tory X divides deg f - Tory Y and gTor, X divides
(deg f)*-gTor, Y.

Proof. For (1) we may find a sequence of blow-ups with smooth centers, g: Z — Y,
so that the induced rational map 4 : Z — X is a morphism. Since g is a totally
CHp-trivial morphism, Tor,(f) Z= Tor,(f) Y by Lemma 3.6(2), so we may assume
that g is a morphism; the result then follows from Lemma 1.14.

For (2), let Z C Y x; X be the graph of f, that is, the closure of the graph
of f:V — X for a nonempty open subset V C Y on which f is defined. The
map p; : Z — Y is birational and there is a nonempty open Xo C X such that
p1: p{l(XO) N Z — Y is an open immersion; set Yy := pl(pgl(Xo) N Z). The
correspondence Z X Z yields a homomorphism

g: CHd(Y Xk Y) g CHd(X Xk X).

We claim that g(Ay) = deg(f) - Ax + y where y is a cycle supported on X Xy
(X '\ Xp), which implies the assertion for Tor; X. Keeping track of supports and
using localization, we have an identity in CHy(Z x; Z) of the form

[Z xk Z]-(p1 x p)*(Ay) = Az +y/, (3-1)

where y’ has support in (pl_l(Y \Yo) N Z) xy\y, (pl_] (Y\ Yp) N Z). Therefore,
(P2 X p2)«(y") has support in X x; (X \ Xo). Applying (p2 X p2)« to (3-1) we
prove our claim.
The proof for gTor, is similar. (]
In particular, if we have resolution of singularities of birational maps, Tor,(j) isa
birational invariant and in general Tory is a birational invariant; from this it follows
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easily that Tor,((i)

of birational maps and in general Tory is a stable birational invariant.

is a stable birational invariant if we have resolution of singularities

4. Specialization and degeneration

The next result, in a somewhat different form, is proven in [Colliot-Thélene and
Pirutka 2016b, Théoréme 1.12]. In a less general setting, a similar result may be
found in [Voisin 2015, Theorem 1.1].

Proposition 4.1. Let O be a regular local ring with quotient field K and residue
field k. Let f :% — Spec O be a flat and proper morphism with geometrically integral
fibers, and let X be the generic fiber Xx and Y the special fiber Xy. We suppose
that Y admit a resolution of singularities q : Z — Y such that q is a universally
CHpy-trivial morphism. Suppose in addition that X admits a decomposition of the
diagonal of order N. Then Z also admits a decomposition of the diagonal of
order N. In particular, if Torg (X) is finite, then so is Tory(Z), and in this case
Torg (Z) | Torg (X).

In [Colliot-Thélene and Pirutka 2016b] it is assumed that X has a resolution
of singularities X — X such that X ¢ admits a decomposition of the diagonal of
order N, which implies the same condition on X by pushing forward; there is also
an assumption that Z has a 0-cycle of degree 1. This resolution of singularities in
[Colliot-Thélene and Pirutka 2016b] arises because they consider decompositions
of the diagonal only on smooth proper varieties; the existence of a degree-1 0-cycle
comes from considering only the case N = 1. The modified version stated above is
proved exactly as in [loc. cit.].

We prove an extension of this specialization result which takes the decompositions
of higher level into account.

Proposition 4.2. Let O be a regular local ring with quotient field K and residue
field k. Let f :% — Spec O be a flat and proper morphism with geometrically integral
fibers, and let X be the generic fiber Xk and Y the special fiber Xy. Suppose that
there is a birational totally CHy-trivial morphism q : Z — Y of geometrically
integral proper k-schemes.

(1) Suppose X admits a decomposition of the diagonal of order N and level i.
Then Z also admits a decomposition of the diagonal of order N and level i. If
Tor%)(X ) is finite, then so is Torg)(Z) and in this case Tor,(:)(Z) | Tor(,’() (X).

(2) Let K and k be the respective algebraic closures of K and k, and suppose that
X g admits a decomposition of the diagonal of order N and level i. Suppose
that K has characteristic zero, or that O is excellent. Then Zj; also admits a
decomposition of the diagonal of order N and level i. If Tor) (X) is finite,
then so is Tor')(Z) and in this case Tor® (Z) | Tor) (X).
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Proof. The assertion (2) follows from (1) by first stratifying Spec O as in the proof
of Lemma 1.5 to reduce to the case of a DVR. We then take a finite extension L
of K so that Tor™(X) = Tor” (X,), take the normalization 0 — OV of O in L,
and replace O with the localization 0’ of OV at some maximal ideal. Letting k’ be
the residue field of @', Tor”)(Z) divides Tor\, (Zy), so (1) implies (2). We now
prove (1).

By Lemma 1.5, Y admits a decomposition of the diagonal of order N and level i.
By Lemma 3.6, Z also admits a decomposition of the diagonal of order N and
level i, proving (1). (]

We also have a version that incorporates Totaro’s extended specialization Lemma
1.7.

Proposition 4.3. Let O be a discrete valuation ring with quotient field K and residue
fieldk. Let f :% — Spec O be a flat and proper morphism of dimension d over Spec O
with generic fiber X and special fiber Y. We suppose Y is a union of closed
subschemes, Y = Y| UY,, and that X and Y| are geometrically integral. Suppose
there is a birational totally CHgy-trivial morphism q : Z — Y| of geometrically
integral proper k-schemes and that X admits a decomposition of the diagonal of
order N and level i. Then there are proper closed subsets Z;, D C Z withdim Z; <i
and a decomposition
N-Az=y+ri+nr

with y supported in Z; Xy Z, y1 supported in Z Xy D, and y, supported in
g ' (Y1NYs) x¢ Z.

Proof. This follows directly from Lemmas 1.7 and 3.6. (]

Remark 4.4. As in the second part of Proposition 4.2, we may take the N in
Proposition 4.3 to be Tor%) (Xg) if O is excellent or if K has characteristic zero,
by replacing 0 with its normalization 0’ in a finite extension L of K so that
Tor%)(X ) = Torg)(X L), replacing & with ¥ x¢ 0, replacing k with a residue
field k' of ©’, and replacing Z with Z ®; k'.

5. Torsion order for complete intersections in a projective space:
an upper bound

We concentrate on the O-th torsion order of a (reduced, generically smooth) complete
intersection X = XZI ..... a4 in P"*" of dimension n and multidegree dy, d,, ..., d,.
In this section, we recall the construction of Roitman [1980], which when suitably
refined gives an upper bound for Tork(X); by Lemma 1.3(1), this gives an upper
bound for Tor,((i)(X ) for all i.

Remark 5.1. Roitman [1980] considered 0-cycles modulo rational equivalence on
a smooth hypersurface X of degree d < n in [P} for k an algebraically closed field.
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His argument (in part) consisted in showing that through each point x of X, there
is a line £ in P" containing x with either £ C X or £N X = {x} (set-theoretically).
To do this, he showed how the defining equation for X gives equations for the
set of all £ with the above properties, as a closed subset of the projective space
P"~!(x) of lines through x. For his purpose, it is enough to show that the closed
subset of all £ containing x, with £ C X or with £ N X = {x}, is nonempty; for our
purposes, we need the degree of this closed subscheme. More concretely, if x, x’
are points of X (k) with k algebraically closed, Roitman’s argument shows that
d-x ~d - x' by finding lines ¢, ¢’ as described above, whereas we need to consider
points x, x" in X (k(X)), so the factor d becomes multiplied by the degree of the
closed subscheme of lines through x or x’. Finally, Roitman eventually shows that
x ~ x' for all x € X (k), k algebraically closed, by applying his famous theorem on
the torsion in the group of 0-cycles modulo rational equivalence.

We often shorten the notation by writing d, for a sequence dy, d, . .., d,.
Proposition 5.2. Let k be a field, and let X = X, in P with Y, di <n+r
be a reduced, generically smooth complete intersection of multidegree dy, . .., d,,

with n > 1. Then Tor(X) is finite and divides [];_, d;!.

Proof. The reduced, generically smooth complete intersections in P"*" and of
multidegree dj, ..., d, are parametrized by an open subscheme Uy, ., of a product
of projective spaces; by Lemma 1.5 it suffices to prove the result for the subscheme
X = X4, gen Of [P”};rr defined over the field K := k(Uy,.,) corresponding to the
generic point of U,,.,. For such an X, there is an open subset V C X, such that,
for x € V, the set of lines £ C P"*" such that x € £ and (£ N X),eq is either {x} or
is £ is defined by a complete intersection W, of multidegree

di—-1,d-2,...,2,1,dp—1,db—-2,...2,1,...,d, —1,...,2,1

in the projective space IP’;;Z;)_ ! of lines through x. Indeed, we may choose a standard

affine open U in IP'}(K) containing x and choose affine coordinates fg, ..., f,4,—1
for U so that x is the origin, and X NU is defined by inhomogeneous equations
Fy = ... = F, =0. Writing each F; as a sum of homogeneous terms Fl.(j) of

degree j,
d;
E — Z Fi(])7
j=1

W, is defined by ideal (- - - Fl.(j) «w),i=1,...,rand j=1,...,d;—1. Since we are
choosing X to be the generic hypersurface, and as we may also choose x to lie outside
any proper closed subset of X, the homogeneous terms FI.(J ek O[t0, -\ tagr—1l;
will define a complete intersection in [P"};E;)_ ' In particular W, has codimension

Yi_di—1)<n+r—1in IP”,’;E;)_I, is nonempty, and has degree [[;_,(d; — 1)!.
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Let WO C W, be the closed subset of lines ¢ containing x with £ C X; this is
defined by the r additional equations I’i(d’ ) = 0. Thus, for general (X, x), W)? has
codimension r on W, (or is empty).

Sincen+r —1— Z;zl(d,- — 1) > r — 1, we may intersect W, with a suitably
general linear space L C IP’}{JZ;)_ !'to form a closed subscheme W, C W, of dimension
r — 1 and degree []:_,(d; — 1)! and we may choose L with L N W? = @. The cone
over W, with vertex x, €, C [P",?E;), is thus a dimension-r closed subscheme of
degree ]_[le(di — 1)! with intersection (set) €, N X = {x}. Thus, as cycles

%x - X = <1L[d,') - X.
i=1

Let 1 be the generic point of X. Taking x = n in the above discussion gives

[[dt-n="¢,x.
i=1

But €, is an r-cycle on IP’};E;) of degree [[i_,(di — )!, s0 €, =[]i_;(di — D! L,
in CH,(IP’,’:E;)), where L, C P} is any dimension-r linear subspace. Since K
is infinite, we may choose L, so that the intersection L, N X has dimension zero.
Thus, letting z =[]:_,(d; — I)! - (L, - X), we have

.
[[dit n—z2km =0
i=1

in CHo(X g (5)), which gives a decomposition of the diagonal in X of order ]_[;:1 d;!.
Thus, Torg (X) is finite and divides ]_[;:1 d;!, as desired. O

Corollary 5.3. Let X = Xj  , in P{*" be a smooth complete intersection of
multidegree dy, . . ., d, and of dimension n > 1 with Zi di <n+r. Then gTor, (X)
and Tor(X) are both finite and both divide [;_, d;\.

Proof. Both gTor; (X) and Tor(X) := Torz(X}) divide Tory(X) (Lemma 1.3), so
the result follows from Proposition 5.2. ([

6. A lower bound in the generic case

In this section we discuss the case of the generic complete intersection. Let k
denote a fixed base-field, for instance the prime field. The bounds we find for the
generic case are independent of k, so one could equally well take k to be the reader’s
favorite field, even an algebraically closed one.

Before going into details, we outline the case of hypersurfaces, which uses all
the main ideas.
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Let d!* denote the 1.c.m. of the integers 2, ..., d. Note that d!* is inductively the
l.c.m. of d and (d — 1)!™ (Lemma 6.4). Our main result in the case of hypersurfaces
is that the torsion order of level O of the generic hypersurface of degree d <n + 1
in P"*! is divisible by d!*, in other words, if the generic hypersurface admits a
decomposition of the diagonal of degree N, then d!* divides N.

The hypersurfaces of degree d <n 41 in PZH are parametrized by a projective
space PV, and it is not hard to show that the index over k(P"¢) of the generic
degree-d hypersurface X is d. In fact, we have a much stronger statement, namely
CHy(X) = Z, generated by X - £ for £ C P"*! a line (Lemma 6.1(1)). In particular,
for any zero cycle x on X, we have d | deg, PVnay X

If we have a decomposition of order N of the diagonal on X,

N-Ax~xxX+vy,

then, as projecting this identity on the second factor shows that N = deg; prnay X, it
follows that d | N. Now degenerate X to the generic degree-(d — 1) hypersurface Y
in P"*! plus the hyperplane H given by x,,.; =0, and let Z =Y N H. Here Y
and Z are defined over L := k(PVn4-1). Specializing the above rational equivalence
using Lemma 1.7 gives a rational equivalence on Y x Y of the form

N-Ay~xxY+yi+w

with X a zero-cycle on Y, y; a dimension-n cycle on Z x; Y, and y, supported
in Y xp D for some divisor D on Y. Passing to the generic point of Y, y; gives a
O-cycle on Z x; L(Y). The main point is to show that CHo(Z x L(Y)) is also Z,
generated by intersections from P"~! (Lemma 6.1(3)), so we can replace y; with
y X Y + y3, where y is a O-cycle on Z and y3 is supported on Z x; D’ for some
divisor D’ on Y (Lemma 6.2). In other words,

N-Ay~x+y)xY+y+vys,

so Y admits a decomposition of the diagonal of degree N. Now use induction on d
to conclude that (d — 1)!* | N. As we already know that d | N, we find d!* | N.

Now we address the details and the case of a general complete intersection. Fix
integers n, r > 1. For an integer d, let ¥4 ,,, be the set of indices I = (ig, . .., in+r)
with 0 < i; and Z ij=d. Weletd; =%y 4 and let N; ;= #5; — 1 Let
{u; o | 1 €¥;} be homogeneous coordinates for PV, and let xo, . .., X, be homo-
geneous coordinates for P"*”, The universal family of intersections of multidegree
di,...,d,in P"" %4 is the subscheme of PV x - - - x PNr x P"*" defined by the
multihomogeneous ideal in the polynomial ring k[{ulg”}leyi, i=1,rs X0y« + o s Xngr]
generated by the elements
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Zuml i=1,...,r,

IeY;
ln+r

where as usual x! = x(i)o <o x,ny for I= (ig, ..., ingr). We let n:=ng,., denote
the generic point of PV x ... x PV and let 96‘;*’” denote the fiber product

L = LN Xpw e 1 C P

By Proposition 5.2, we know that if Zle d; <n++r, then Tory () (96‘;*’”) 1s finite
and divides [ [, d;!. We turn to a computation of a lower bound.

Let H C PN x ... x PN x P"*" be the subscheme defined by (x,,, = 0), let
gl = gpdn O H, andlet?)ej{;,7 =% N H. Let 0/ = 14, 1.

We separate the indices ¥; into two disjoint subsets 9’0 and Ef’l with 9’0 the
set of (ig, ..., intr) With iy, =0 and &} those with i, 4, > 0. We set v(l) (1)
for I € 9’0 and w(l) = u(l) for I € 8’1 We write k({u( )}0) for the field extensmn
of k generated by the ratios u( )/u(” I # I, and similarly for k({v( )}0) giving
us the field extension k({v(l)}o) C k({u(l)}o) We note that k({u(l)}o) = k(n),
k({v(l)}o) = k(n’), and the k(n)-scheme 96 " is canonically isomorphic to the
base-change of the k(n’)-scheme %d* =1 yia the base-extension k(n") C k(n):

L = 20" @) k().

This defines for us the projection ¢ : 96% ,'; — %d* =t
Let K = k(n)(%d* ™) = k(%%"). We have the morphlsm of k(n’)-schemes

7 ®kng, K = %"
formed by the composition
dy,n P1 dy,n 91 dy,n—1
%HJ) ®k(n) K — %HJ? — %n, .
Lemma 6.1. (1) Fori =0, ..., n, the intersection map
CH,; (P})) — CH; (")

is an isomorphism.
(2) Fori =0, ...,n—1, the pullback

dy,n—1 s
7" CH; (") — CHi (&) ®kan K)
is an isomorphism.
(3) Fori =0,...,n—1, the intersection map
CH,4i4+1(P%™) — CH; (%i}j;’ ®k(n) K)

is an isomorphism.
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Proof. Noting that the base-extension CH*(PZ?;; ) — CH,.(P%*") is an isomorphism,
the assertion (3) follows from (1) (for n — 1) and (2). For (1), the projection

pa: gpden _y prtr

expresses %" as a PV~ x ... x PV ~Lbundle over P"*", with fibers embedded
in PM x ... x PV linearly in each factor. Thus, CH,(%%") is generated by
CH.. (PN x ... x PN x P"*") via restriction. After localization at 7, this shows that
CH, (96;’*‘”) is generated by CH, (IP’Z:“’)) via restriction. The fact that the surjective
map CH, 4; ([P’Z(%) — CH; (%d* ") is also injective in the stated range follows by
noting that the intersection pairing on %d " is nondegenerate when restricted to
these cycles. This proves (1).

For (2), fix for each i the index I; 0.= (4;,0,. ,0), and the index I, l.=
©,...,0,d;), and for each homogeneous variable w( ), et w(l)o be the corre-
spondlng affine coordinate w'" /v, Similarly, we let vD0 = D ;D) Let
Vi =Xi/Xnir, i =0,...,n+r—1and y,, = 1. The field extension k(") — K is
isomorphic to the ﬁeld extension given by including the constants k({v( )}0) of the

k({v"}0)-algebra A,

A=k Yo, yo. ... yuir)l{w “%]/( D ooyt Y wf”o-y",...>

Ie? I'ed}

1
into the quotient field L of A. In each defining relation for A, we can solve for w(l 0

in terms of the y; and the other w( 20 After eliminating each w(l )0 in this way, we
see that A is a polynomlal algebra over k({v";}, Y05 - - +» Yn+r—1). The y; and the

§1 0 after removing w(l )0 for each i, therefore form an algebraically independent
set of generators for L over k({v( )}0) and thus K is a pure transcendental extension
of k(n"). As Chow groups are invariant under base-change by purely transcendental
field extensions, this proves (2). O

Lemma 6.2. Take y in CH,, (%H 0 xk(n)%d" ™). Then there is a zero cycle yon %H o
a proper closed subset D' of %Z* and a cycle y' supported on 96 Xk(,,) D’ such
that

y =y X%z*’n‘i‘yl
in CH,, (%i,*’,'; Xk(n) %d*’”). Furthermore, the degree of y is divisible by [ [i_, d;.

Proof. Let & denote the generlc point of 96‘1* ". By Lemma 6.1(3), the class of the
restriction j*y of y to %H X k() & 18 of the form

JY=M-LEG X €,

where L is a linear subspace of H C P"*", M an integer. Letting y € CHO(%‘;; 77)
be the O-cycle M - L - %ﬁ p» the result follows from the localization theorem for
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the Chow groups; the assertion on the degree follows from the fact that 96?;2 has
degree [];_, d; and hence y has degree M - [[;_, d;. O
Definition 6.3. For a natural number n > 1, we let n!* denote the l.c.m. of the

numbers 1,2, ..., n.

Lemma 6.4. Let dy, ..., d, be a sequence of positive natural numbers. Then the
product 1_[;:1(511'!*) is equal to the l.c.m. M of all products iy ---i, with 1 <i; <d;,
j=1,...,r

Proof. Fix a prime number p. For each j =1,...,r, let i;.* be an integer with
1< i;‘ < d; and with p-adic valuation vp(i*f) equal to v,(d;!*). Then

v,,(l‘[ ) _v,,(l_[«l '*)

j=1
and vp(]_[;.zl ij) < vp(]_[]_1 /) for all sequences iy, ...,i, with 1 <i; <d;.
Thus, v,(M) =v, (]_[l:1 /) =V (Hi:l(dz!*))- Since p was arbitrary, this gives
M =TT_,d"™. 0

Theorem 6.5. Forintegersd,, ... ,d, with ), d; <n+r,[];_, di"* |T0rk(,,)(9€‘,f**”).

Proof. We may suppose that d; > 1. Letd, = (d; — 1 dz, ...,d;). Let O be
the local ring of the origin in Ak(n) = Spec k(n)[¢], and let 04 be the subscheme
of PV x ... x IP defined by the homogeneous ideal (f1, ..., f.), with

N, 1 :
Zleﬂ’djy,,_,_, l/i] X forj # 1,

uDa! ) g .
t-Zmyd e X +—=1) xp4r- Z‘[Eydl Ly UyX for j =1.

fi=

The generic fiber of & is thus isomorphic to %d* X () k(n, 1), and the special fiber
is 4" UH.
Suppose that %z*’" admits a decomposition of the diagonal of order N:

N - Ay = x X Uy" +y

with y supported on 96571*’" x D for some divisor D. By Lemma 6.1, deg x is divisible
by [1i_, di, and thus [];_, d; divides N.

By applying Totaro’s specialization lemma (Lemma 1.7) to the family ¥ —
Spec 0, the diagonal for 96#’" admits a decomposition of the form

_ d!,
N - A%d;ﬂ" =X X 96,,*"—{—)/1 +w

with y; supported in 96 >< 96 “" and y, supported in 9621’/"" x D, for some divisor D,
on %d ". By Lemma 6 2 we have the identity

mzyx%n*’ +¥
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with y a zero-cycle on %z’/"" and y3 supported on %z;,n x D3 for some divisor Ds.
Thus, the diagonal on 96‘,}’*’" admits a decomposition of order N as well. By induction
(dy— D[ _,(d;!") divides N; by symmetry (d; — 1)!*-]_[1(:1’1.#]. (d; ") divides N
for all j with d; > 1. As we have already seen that [ [; d; divides N, Lemma 6.4
completes the proof. U

We also have a lower bound for the generic complete intersection with a rational
point.

Corollary 6.6. Forintegersd,, ...,d, with)_; d;i <n+r,let K be the function field
of the generic complete intersection of multidegree dy, ..., d,, K := k(n)(?@‘;*’”).
Then (1/TTi—, di) [Ti=, (di!*) divides Torg (X" x ) K).

Proof. Let X = 96571**”. By Lemma 6.1, Ix = [[;_, d; and thus by Lemma 1.10,
Tory ) (X" divides Ix - Torg (X" Xy K). Clearly [T/_, d; divides [];_, (d;'"),
whence the result. ]

Example 6.7 (generic cubic hypersurfaces). For the generic cubic hypersurface
X = %3’”, n > 2, we thus have Tor,(,) X = 6 and the generic cubic hypersurface
with a rational point X, K = k(n)(X), has 2 | Torg Xk | 6.

It follows from [Colliot-Thélene 2016, Théoreme 4.1] that the generic cubic
hypersurface with a rational point does have Torx Xx = 6, at least if k has char-
acteristic not equal to 3. Indeed, in view of Lemma 1.3(4), we may enlarge k.
First we may suppose that k contains a primitive third root of unity. Then we
pass from k to k(Xg, ..., A,—2). The smooth cubic ¥ C [F"Z(‘;(l) ____ 5,y given by
xg + x13 + xg + Zl’.’;z kix? +3 = 0 has a rational point but also has nontrivial higher
unramified cohomology with Z /3-coefficients. We apply Lemma 1.5(1) to conclude
that 3 | Torg Xg.

In particular, the generic dimension-n cubic hypersurface with a rational point
does not admit a rational map P" --+ X g of degree not divisible by 6 by Proposition

3.7(2).

Example 6.8 (generic cubic hypersurfaces with a line). Take n > 2. For X a cubic
hypersurface in [P”ZJrl (defined over some field L D k), we have the Fano variety of
lines on X, Fy, a closed subscheme of the Grassmann variety Gr(2, n+2)r. In fact,
if U — Gr(2, n+2) is the universal rank-two bundle, and f is the defining equation
for X, then Fy is the closed subscheme defined by the vanishing of the section
of the rank-four bundle Sym® U determined by f. In particular, the class of Fy
in CH4(Gr(2, n 4+ 2)p) is given by the Chern class C4(Sym3 U). One computes
this easily as ¢4 = 9¢3(U) + 18¢1(U)*c2(U). As c2(U)" and c2(U)"%¢; (U)? both
have degree one, we see that Fx - cp (U )"~2 has degree 27, and thus I, divides 27.
This 27 is of course the famous 27 lines on a cubic surface, as intersecting Fx with
c2(U)"2 in Gr(2, n +2) is the same as taking the Fano variety of the intersection
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of X with a general P3 in P"*!. See for example [Fulton 1984, Example 14.7.13]
for details of the Chern class computation.

Taking X = 96,37'", and letting K = k(n)(FY), it follows from Lemma 1.10(1) that
6= Tork(,,)(%ff”) divides 27 - Torg (96’2*" Xk K); since we have the degree-two
rational map P} --» 96%” Xk K, we have Torg (96%’" Xk K) = 2. In particular,
the generic cubic with a line is not stably rational over its natural field of definition
k(m)(Fx).

We are indebted to J.-L. Colliot-Thélene [2016, Théoréeme 3.2] for the next
example, which improves the bounds and simplifies the argument of an example in
an earlier version of this paper.

Example 6.9 (cubics over a “small” field). Take n > 2. We consider a DVR O
with quotient field K and residue field £ (of characteristic # 2), and a degree-3
hypersurface ¥ C Pg“. Let X =%k and Y = &;. We suppose that X is smooth
and Y = QU H, with Q a smooth quadric and H a hyperplane. Furthermore, we
assume

() Ip=1,
(2) Q and H intersect transversely, and

(3) Ipnu =2.

From Proposition 5.2, we know that Torg (X) is finite and divides 6. We will show
that 2 divides Torg (X).

For this, suppose we have a decomposition of the diagonal of X of order N. We
note that our family ¥ satisfies the hypotheses of Lemma 1.8, with Y1 = Q, Y> = H,
and r = 1. By Remark 1.9, N - (CHo(Q)/ionu«(CHo(Q N H))) = 0; considering
degrees, we see that 2 | V.

To construct an explicit example, recall [Lam 1980, Chapter 11, Definition 4.1]
that the u-invariant u(k) of a field k is the maximum r such that there exists an
anisotropic quadratic form over k of dimension r, or is 0o if no maximum exists. For
example, for p odd, [, has u-invariant 2, and @, has u-invariant 4; more generally,
for a field k of characteristic different from 2, k((z)) has u-invariant 2 - u (k) [Lam
1980, Chapter 4, Examples 4.2].

The above construction gives us a cubic hypersurface X of dimension n > 2
over K := k((x)) with 2 | Torg(X) and X(K) # @ if k is an infinite field of
characteristic # 2 with u-invariant > n 4 1. Indeed, take an anisotropic quadratic
form g in (n + 1)-variables Xo, ..., X,, choose o € k* represented by ¢, and let
g=qo—a-X 5 41> 80 ¢ 1s nondegenerate. Let O C PZH be the quadric defined by ¢,
and let H be the hyperplane X,,; =0. Take a cubic form cg € k[ X0, ..., Xp+1], and
letc=xco+q - Xut1 € kl[xQ1[Xo, ..., Xu+1]. Since £ is infinite, we can choose cg

so that the subscheme X of PZ(J(“XI)) defined by c is smooth (and hence geometrically
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integral); it suffices to choose ¢y so that ¢y = 0 is smooth and intersects Q and H
transversely. Clearly /o =1, Q and H intersect transversely, and Ipng = 2, giving
us the desired example.

Thus, there are cubic threefolds X over K := Q,((x)) with 2 | Torg (X) and
with X(K) # . Similarly, there are examples of such cubic threefolds over
K =F,((#))((x)) for p #2. Over K = Q((x)) or even over K = R((x)) there are
cubic hypersurfaces X of dimension n over K for arbitrary n > 2, with 2 | Torg (X)
and X(K) # @. As in the previous example, we may pass to an odd-degree
field extension L of K to find a cubic hypersurface X; with a line, and with
Tory, (X 1) = 2; all these cubics are thus not stably rational over their corresponding
field of definition.

Remark 6.10. As mentioned in the introduction, Colliot-Thélene and Pirutka have
constructed cubic threefolds over a p-adic field [2016b, Théoréeme 1.21] and over
[, ((x)) [2016b, Remarque 1.23] with nonzero torsion order and having a rational
point.

7. Torsion order for very general complete intersections in a projective space:
a lower bound

As in the previous sections, we consider smooth complete intersection subschemes X
of P"*" of multidegree dy, . .., d,.

By saying a property holds for a very general complete intersection in [P’ZJ” of
multidegree dy, . . ., d,, we mean that there is a countable union F of proper closed
subsets of the parameter scheme of such complete intersections (an open subset in
a product of projective spaces over k) such that the property holds for X, if b ¢ F.

Recall that for X a proper, generically smooth L-scheme for some field L, and L
the algebraic closure of L, we have defined Tor)(X):= Tor(Lf) (X1) (Definition 1.12).

Theorem 7.1. Let k be a field of characteristic zero. Let d,, ...,d, and n > 3 be
integers with d' := Z;:l dj <n+r. Let p be a prime number. Suppose that
1—d +d;
d,-zp[’““ﬂr i W (7-1)
p+1

forsomei, 1 <i<r. Then p|Tor" =2 (X) for all very general X = Xa,...4 C IP’ZJ”.
Corollary 7.2. Letk,d,, ..., d,, n,and p be as in Theorem 7.1, and suppose that
d; satisfies (7-1). Then p | Tor(X) for all very general X = X4, 4, C PZ”.
Proof. Tor”"=?(X) divides Tor(X) := Tor”’ (X) by Lemma 1.3(1). O

Remarks 7.3. (1) We know that Tor(X) is finite forall X = X4, .4 C P with
> jdj = n+r by Proposition 5.2 and hence Tor =2 (X) is also finite.
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(2) For p =2 and for hypersurfaces, the corollary follows directly from the results
in [Totaro 2016].

(3) We only use the hypothesis of characteristic zero to allow for a specialization
to characteristic p, where p is the prime number in the statement. For & a field
of positive characteristic, the analogous result holds, but only for p = chark.

(4) There are two interesting cases of complete intersection threefolds we would
like to mention: that of a multidegree-(3, 2) complete intersection in P> and
a multidegree-(2, 2, 2) complete intersection in P° (see the recent results of
Hassett and Tschinkel [2016]). In both cases we take d; =2 and get a divisibility
by 2. Notice that in the (2, 3) case taking d; = 3 and p = 3 works.

Proof of Theorem 7.1. This is another application of the argument of Kollar [1995],
as used for example by Totaro [2016], Colliot-Thélene and Pirutka [2016a], or
Okada [2016]. We may reorder the d; so that d; = d;. We first assume that p
divides d1, di = q - p. Take f and g suitably general homogeneous polynomials of

degree d; and g, respectively, and let f;, ..., f, be suitably general homogeneous
polynomials, with f; of degree d;, j = 2,...,r. We take these to be in the
polynomial ring O[ Xy, ..., X,+,], where O is a complete (hence excellent) discrete

valuation ring with maximal ideal (¢), with residue field k =F p» the algebraic closure
of [, and with quotient field K a field of characteristic zero. We let ¥ — Spec O be
the closed subscheme of a weighted projective space P = Proj O[Xo, ..., Xn+r, Y],
with the X; having weight 1 and Y having weight ¢, defined by the homogeneous
ideal

(f27"'7frva_f’g_tY)'

The generic fiber X := ¥ g is isomorphic to the complete intersection subscheme

of P defined by g” — 17 f = f,=---= f, =0, and the special fiber ¥ := %y is
the cyclic pto 1 cover Y — W, with W C [P’Z” the complete intersection defined
byg=fa=-=f,=0andy’ = fly.

For general f, g, f2,..., fr, X and W are smooth, and Y has only finitely many
singularities, which may be resolved by an explicit iterated blow-up g : Z — Y
which is totally CHy-trivial: for details, see Proposition 8.5 if p > 3. If p =
d; = 2, then we use Lemma 8.7 and Proposition 8.8 for the construction of the
resolution of singularities and the proof that the resolution morphism g is totally
CHp-trivial. Kollar shows in addition that, under the assumption (7-1), one has
H(Z, Q’Z,i) # {0}. In somewhat more detail, Kollar [1995, §15, Lemma 16]
defines an invertible sheat Q (denoted 7*Q(L, s) in [loc. cit.]) with an injection
0 — (Q’{,?,l)**, where ** denotes the double dual. A local computation (see
[Colliot-Thélene and Pirutka 2016a], [Okada 2016], or Remark 8.18 for details)
in a neighborhood of the finitely many singularities of ¥ shows that this injection
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extends to an injection g*Q — 9"27,1, here is where the condition n > 3 is used. In
addition, ¢g* Q is isomorphic to the pullback to Z of wy ® Ow (d), where wy is
the canonical sheaf on W. As wy = @W(dl/p + Z]>2 —n—r— 1) we have a
nonzero section of Q’é/i ifdi(p+1)/p>=n+r+1-— Zl , di, which is exactly
the condition in the statement of the theorem.

By Proposition 5.2, we know that Tor(X ) is finite and thus Tor" =2 (X ) is finite
as well. The specialization result Proposition 4.2 thus implies that Tor =2 (Z;) is
finite and divides Tor" =2 (X g). By [Gros 1985, Chapitre II, Proposition 4.2.33;
Chatzistamatiou and Riilling 2011, Theorem 3.1.8; El Zein 1978, §3.3, Proposition
4], correspondences on Z x Z act on H(Z, Q"Z k) and if y is a correspondence
on Z x Z supported in some Z’ x; Z with dimy Z’ <n—2, then by [Chatzistamatiou
and Riilling 2011, Proposition 3.2.2(2)], y4 acts by zero on H(Z, Q’Zi) Similarly,
if y is a correspondence on Z X Z, supported in Z x4 D for some divisor D C Z,
then y,(®)|z\,p = 0 for each w € H(Z, Q’é/,i) as QZ/k is locally free, it follows
that 4 (w) =0. Thus, if Az admits a decomposition of order N and level n — 2, this
implies that N-w=0forall w € HO(Z, Q’é ,i) and since H(Z, Q}/k) is a nonzero
k-vector space, this implies that p | N. Slnce Tor""~ 2)(Z ) divides Tor"~ 2)(X ),
it follows that p | Tor =2 (X %) and Proposition 2.1 finishes the proof in this case.

In the case of a general d, write dj =¢ - p+c¢, 0 < ¢ < p, and consider a family
& — Spec O defined by a homogeneous ideal of the form

(fasooos frs YP —h)s +tu, g —1tY),

withu, h, g, s €0[Xo, ..., X,+,], u of degree dy, h of degree pq, g of degree g, and
s of degree c, suitably general, and with Y as above of weight g. The generic fiber X
is the complete intersection fj = fo =---= f, =0, with f; = (g” —tPh)s +t"*lu;
the special fiber Y has two components Y|, Y5, with Y| the p to 1 cyclic cover of

=(fy=---= f, =g =0), branched along WN (h =0). We take ¢ : Z — Y,
to be the resolution as in the previous case. Having chosen #, g, s, we may take u
sufficiently general so that X is a smooth complete intersection.

Since O is excellent, we are free to make a finite extension L of K, take the
integral closure Oy, of O in L, replace O with the localization 0’ at a maximal
ideal of O, and replace ¥ with ¥ ®¢ 0’; changing notation, we may assume that
Tor(,?_z)(X ) is the geometric torsion order Tor™ =2 (X). By Proposition 4.3, the
smooth proper k-scheme Z admits a decomposition of the diagonal as

N-Az=y+yi+r,

with N = Tor""=? (X), y supported in Z,_» Xy Z withdimZ, », <n — 2, y;
supported in q_1 (Y1NY3) X Z, and y, supported in Z x D for some divisor D on Z.
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We may take the degree-c part s as general as we like. In particular, we may
assume that Y; N'Y; is contained in the smooth locus of Y| and is thus isomorphic
to a closed subscheme Z’ of Z.

Our decomposition of the diagonal on Z gives the relation

N-w=y,o
for each w € H(Z, Q’;l). Indeed,
N -w=N- -Az,0=y0+ Y10+ yo.

But y, factors through the restriction to Z,,_5, so y,@ =0. Similarly, y».w is a global
section of Q’;l supported in D, which is zero, since Q’;l is a locally free sheaf.

One computes that the canonical class of Y; N Y; is antiample, and thus the
canonical line bundle on the dimension-(n — 1) subscheme Z’ has no sections. Note
that Z’ is a cyclic p to 1 cover of the complete intersection W NV (5). If s is
general, then there is a rational resolution of singularities VA (Proposition 8.8 and
Lemma 8.9), hence the canonical line bundle of Z’ has no nonvanishing sections.
But y;,w factors through the restriction of w to VA ; hence, y1.w = 0. Since & has
degree g - p in the range needed to give the existence of a nonzero w in H%(Z, Q’;l),
we conclude as before that p | N. O

Example 7.4. We consider the case of hypersurfaces of degree d in P*+!, n > 3.
The theorem says that p divides Tor” =2 (X) for very general degree d < n + 1

hypersurfaces X in P"*! if
d>p "n +2 -‘
p+1

For p =2, this is the range considered by Totaro; for p = 3, the first case is degree 6
in P°. For the extreme case of degreed =n+11in P"+1, we have p | Tor" =2 (X)
for all p dividing n + 1.

8. An improved lower bound for the very general complete intersection

In this section we extend Theorem 7.1 to cover prime powers. The basic idea is to
replace the differential forms with Hodge—Witt cohomology. We are grateful to Kay
Riilling for providing the argument for the next lemma which shows that a cycle on
Z xx Z, supported on Z’' x; Z with dim Z’ <n—2, acts trivially on H*(Z, W, Q’;l).

Lemma 8.1. Let k be a perfect field of positive characteristic p, and let X,Y
be smooth, equidimensional, and quasiprojective k-schemes. Set n = dim X and
Cngop /Y(X Xy Y) = lim, CHgimy (Z£), where the limit is over all closed subsets
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Z C X X Y that are proper over Y. For o € CHgmp/Y(X X1 Y) denote by

o @D H (X, Wa ) - €D H' (Y, W)
iJ ij
the map induced by « via the cycle action from [Chatzistamatiou and Riilling 2012,
§3.5]. Assume « is supported on A Xy Y, where A C X is a closed subset of

codimension > r. Then a, vanishes on &P H{(X, W,,Q).

i,j4r>n
Proof. We may assume o = [Z], with Z C X X Y an integral closed subscheme of
codimension n supported on A x; Y. Denote by py, py the respective projections
from X x; Y. It suffices to show fori >0, j +r > n,and b € H' (X, W,,Q/) that

Py®UC[Z] =0 in H™(X x¢ ¥, WuQt ). (8-1)

Then . (b) = py«(p%(b) Ucl[Z]) will also vanish.

We first prove (8-1) for i = 0. Denote by n € X x4 ¥ the generic point of Z.
Since W,, Q;;’;Y is Cohen—Macaulay, the natural map H 7(X xi Y, Wy, Q;;’;Y) —
H,;Z(X X Y, WmQé(J;ZY) is injective. Set B = Ox,,y, and C = Ox , (y; by
assumption we have dimC > r. Since B is formally smooth over C we find
t,...,tr€Cands,yi,...,s, € Bsuchthat p5(t1), ..., px (%), Sr41, ..., s, form
a regular sequence of parameters of B. Hence, by [Gros 1985, Chapitre II, §3.5]
(see also [Chatzistamatiou and Riilling 2012, Proposition 2.4.1]) and [Chatzista-
matiou and Riilling 2012, Lemma 3.1.5] and in the notation of [Chatzistamatiou
and Riilling 2012, §1.11.1] the image of px(b) Ucl[Z] = A*(pk(b) x cl[Z])

in H}/(X x¢ Y, WmQ;;'ZY) is up to a sign given by
[P";}(b-d[ﬁ]---d[tr])-d[sr+1]---d[sn]]
pxnD, ..o, px D, [sral, oo Isnl |

Hence, the vanishing follows from b - d[t{]- - - d[t.] € W,, QQ’ =0. .
For the general case i > 0, we first observe that the CM property of W, SZ;;;’:{Y
implies RT z(Wn Q4. y) = 9 (W' )[—n]. Therefore,

HG (X i Y, W) = HU (X X Y, 3 (W 2310

Let U be an open affine cover of X, and denote by U X Y the open (not necessarily
affine) cover of X x; Y. We can consider the Cech cohomology with respect to
AU xf Y and obtain a natural map

H QU Y, 9 (W25 )) = H (X % ¥, 96 (W 257 )). (8-2)

Since H' (U, W, Qg() =H (X, W, Qg() and pullback and cup product are compati-
ble with restriction to open subsets, we see that p%(-) Ucl[Z] : H (X, W, Q%) —
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ng" (X x Y, W, Q?;'ZY) naturally factors via (8-2). Therefore, the case i > 0
follows from the case i = 0. U
Theorem 8.2. Let k be a field of characteristic zero. Let X C [IJ’Z” be a very general
complete intersection of multidegree dy, ds, . . ., d, such that d' .= 2?21 di<n+r
andn > 3. Let p be a prime and m > 1, and suppose
n+r+1—d+d;
pm+1

di = p"- [ (8-3)

for some i. Furthermore, suppose that p is odd or n is even. Then p™ | Tor" =2 (X).

Remark 8.3. Just as for Theorem 7.1, the same result holds for k a field of positive
characteristic, but only for p = chark.

Proof. The proof relies on Theorem 8.17, which we prove later in this section.

By Proposition 2.1, we need to find only one smooth complete intersection
X C [P’ZJ” such that p™ | Tor" =2 (X).

For a scheme X with locally free sheaf € and a section s : Ox — €, we let V (s)
denote the closed subscheme of X defined by s.

Wesetd=dj,a=[(n+r+1—d +d)/(p"+1)],andc=d — p™ -a. Let
0= W(Fp) and K =Frac(0); wetaker, f, g,[,and f>, ..., f, suitably general (we
will make this precise) homogeneous polynomials in O[ Xy, ..., X,,] of degrees
d,d—c,a,1,and ds, ...,d,, respectively. We let ¥ — Spec O be the closed
subscheme of the weighted projective space P = Proj O[ Xo, . .., X,+r, Y], with the
X, having weight 1, and Y having weight a, defined by the homogeneous ideal

- =) +prg=p-Y frns fr. (8-4)
The generic fiber X := ¥k is isomorphic to the complete intersection of [P’?;”
defined by 1€ - (g?" — p?" - )+ p?"* ., fo,..., fr. Forr, f5, ..., f, general, it
is smooth. By replacing O with its normalization in a suitable finite extension of K
and changing notation, we may assume that Tor(" 2)(X ) is equal to the geometric
torsion order Tor™ =2 (X).
The special fiber Y := 96[F is Y =Y, +c-Y,. Here, Y] is the cyclic p™ cover
Y|, — W definedby f € H O(W 0(a)®P"), with W C [P’" *" the complete intersection

defined by g, f2,..., fr- We will take f, g, fa, .. fr general enough so that
(1) W is smooth,

(2) Y; has nondegenerate singularities (see Section 8A), and

(3) the assumption (3) of Theorem 8.17 is satisfied for Y;.

For (2) we use Proposition 8.5 if d —c¢ > 3. If d — ¢ = 2 and hence p = 2, then
we use Lemma 8.7. For (3) we use the theorem of Illusie [1990, Théoréme 2.2]
about ordinarity of a general complete intersection. Let us check that all other
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assumptions of Theorem 8.17 are satisfied. Assumption (1) is evident, and (2) is
equivalentto (p" +1)-a—n—r —14d’'—d > 0, which follows immediately from
the definition of a. Assumption (4) is equivalenttoi-a+a—n—r—1+d —d <0,
foralli =0,..., p™ — 1, which follows from d’ < n +r + 1; (5) is obvious.

The variety Y, is defined by [, g, f>, ..., fr, and only exists if ¢ 7= 0. We take [
general so that ¥, does not contain the singular points of Y1, WNV (I) is smooth, and
the p™ cyclic covering of W N V () corresponding to f|wnv ) has nondegenerate
singularities.

Letr: 171 — Y] be the resolution of singularities constructed in Proposition 8.8;
the map r : Y| — Y] is totally CHo-trivial. By Proposition 4.3,

Tor" 2(X)- Ay =y + Z + 2,

where y is a cycle with support in A <E, Y, with dim A < n —2, Z has support
in Y1 <E, D with D a divisor, and Z; has support in (Y1 N Y5) Xf, Y1

In view of Theorem 8.17, we have Z/p™ C HO(Y), W, Qn— 1) By the work
[Chatzistamatiou and Riilling 2012] on Hodge—Witt cohomology, we have an
action of algebraic correspondences on HO(Y;, W,,Q"~!) (relying on the cycle
class of Gros [1985, Chapitre II, §3.4]; see [Chatzistamatiou and Riilling 2012,
Proposition 2.4.1]). Let us show that Z, acts trivially. Note that 7 := Y, N Y5 is the
p" cyclic covering of W NV (/) corresponding to f|wnv ). An easy computation
shows H>%(Y, N Y, 0) = 0; hence, H>O(T, 0) = 0 by Lemma 8.9, where T is the
resolution constructed in Proposition 8.8, and H >0(7~", W,,(0)) = 0. By Ekedahl
duality [Ekedahl 1984, Chapter I, Theorem 4.1, Chapter II, Theorem 2.2, and
Chapter III, Proposition 2.4] (see [Chatzistamatiou and Rulling 2012, Theorems
1.10.1 and 1.10.3]), we get H<""Y(T, W,,Q"~') = 0. Let Z, be a lift of Z,
to T <, Y 1. The action of Z, factors as

HO(Ty, W'Yy — HOF, W™ B HO(F), W),

the first map being the pullback for the map T — Yi; thus, it is zero.
Lemma 8.1 implies that the action of y on H 0(Y,, W,, 2"~ 1) vanishes. Therefore,

Tor™ =2 (X)- restriction
_— — >

HO(Y;, W, ") HO(Yy, W, Q"1 H(Y)\ D, W,, Q"1

is zero. Since the restriction map is injective, we get p” | Tor = (X). (I

Corollary 8.4. Let k be a field of characteristic zero. Let X C P;™" be a very
general complete intersection of multidegree d, ..., d, with ), di = n+r and
n>3. Foreachi,d; | Tor("_z)(X) if d; is odd or if n is even.

8A. Let X be a smooth variety over an algebraically closed field k of characteristic p.

m

Suppose that n :=dim X > 2. Let L be a line bundle on X, and let s € HO(X, L®"").
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We denote by m : ¥ — X the p™ cyclic covering corresponding to s. It is an
inseparable morphism and induces a homeomorphism on the underlying topological
spaces.

There is a tautological connection d : L®"" — L®"" @ Qg( which satisfies
d(t?") = 0 for all sections t € L. In particular, we have d(s) € H(X, L®P" @ Q}X).
Note that Ysing = 71 (V (d(5))).

We say that Y has nondegenerate singularities if the following conditions hold:

(1) Y has at most isolated singularities, or equivalently, dim(V (d(s))) = 0 or
Vd(s)) = 2.

(2) For all x € V(d(s)), length(Oy (4(s)),x) < 1,if pis odd or p =2 and n is even.
If p =2 and n is odd, then we require length(Oy (4(s)),x) < 2 and the blow-up
Bl, Y of x has an exceptional divisor that is a cone over a smooth quadric.

Around a nondegenerate singularity of Y, we can find local coordinates x1, . .., x,
of X such that Y is defined by

yP" _|_x12 4. +x2 +f3 if p is odd, (8-5)

Y x4 XX+ f3 if p=2andniseven, (8-6)

y”m —|—x12 +xox3+ -+ x-1X,+b- x13 + f3 if p=2 and n is odd, (8-7)
where f3 € (x1,...,x,)%, b ek*, and f3 has no xf term in the last case.

An easy dimension counting argument yields the following proposition (cf.
[Kollar 1995, §18]).

Proposition 8.5. Ler W  HO(X, L®"") be such that for every closed point x € X
the restriction map

W — Ox./m*® L®""

is surjective. For a general section s € W the corresponding p™ cyclic covering has
nondegenerate singularities.

Remark 8.6. If p # 2 or dim X even, then the following surjectivity is sufficient
to conclude the assertion of the proposition:

W — Ox./m>® L®""  for every closed point x € X.

In order to handle the case d; =2 =p,m=1,andn+r+1—d +2 <3in
Theorem 8.2 we need the following lemma.

Lemma 8.7. For a general complete intersection X in P"t" with n > 2 and multide-
greed, ds, ...,d, suchthat dy > 2, and a general s € HO(P”+’, 0(2)), the double
covering corresponding to s|x has nondegenerate singularities.
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Proof. Only the case p = 2 and n odd has to be proved. Consider the variety
A consisting of points (x, fi,..., f.,s) where x € P"*", (fi,..., f,,s) are ho-
mogeneous of degree d, ...,d,,2, X =V (f1)N---NV(f,) is smooth at x, and
d(s)|x is vanishing at x. Those points for which the double covering corresponding
to s|x has nondegenerate singularities at x form an open set B. It is not difficult to
show that it is nonempty. Indeed, take x =[1:0:0:--.:0], and (in coordinates
X1y« vvs Xpgr atound x) s = 14x7 +x2x3+ -+ + X 1% + X1 X041, 1 = X1 +37,
and f; = x,4; +terms of degree > 2.

Let V C A be the open set consisting of points such that V(f;)N---NV(f,) is
smooth. Since BNV # &, we conclude that for a general complete intersection X
there is an open nonempty set U C X such that for any x € U the set

{s € HY(P"*",0(2)) | d(s)|x(x) =0 and s does not yield

a nondegenerate double covering at x}

has codimension > n 4 1. Counting dimensions yields the claim. ]

The following proposition has been proved for the case m =1 in [Colliot-Thélene
and Pirutka 2016a], and for the general case in [Okada 2016].

Proposition 8.8. Suppose Y has nondegenerate singularities. Then by successively
blowing up singular points, we can construct a resolution of singularities r : Y >Y
such that the exceptional divisor is a normal crossings divisor (cf. [Kollar 1995]).
Over every singular point y € Y the fiber r~'(y) is a chain of smooth irreducible
divisors, each component of which is either a projective space, a smooth quadric,
or a projective bundle over a smooth quadric. The intersection of two irreducible
components is a smooth quadric or is empty. In particular, since k is algebraically
closed, the morphism r is totally CHy trivial.

Proof. We distinguish three cases:
(1) pisodd,
(2) p=2, and n is even, and
(3) p=2, and n is odd.

In any case we will only blow up singular points, and over any singular s there will
be at most one singular point appearing in the exceptional divisor of the blow-up of s.

We may assume that Y has only one singular point. In case (1), note that we
have a singularity of the form (8-5). We need (p™ — 1)/2 4 1 blow-ups:

? = Y(pm—l)/2+l — Y(pm_l)/z — s > Y] — Y() =Y.
Around the singularity of ¥;, for 0 <i < (p" — 1)/2, Y; is defined by
YTE P X2 S (8-8)
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where x/ = x;/y" and fj € y' - (x], ..., x})°. Therefore, the exceptional divisor
of Y;11 — Y, is the cone C defined by xiz 4+ x,’l2 in the projective space with
homogeneous variables y, x|, ..., x,. Fori = (p™ —1)/2, Y; is also given by (8-8)

around the vertex of the exceptional divisor; hence, p™ — 2i = 1 implies that it is
smooth and the exceptional divisor of Y(,m_1)/241 — Y(pm_1)/2 is pr—1, Denoting
by Ei the strict transform in Y of the exceptional divisor of ¥; — Y;_|, we conclude
that E; is the blow-up of C in its vertex if i < (p" —1)/2, and E(pm_1)/241 = P!
Every Ei has only nonempty intersection with Ei+1 @fi <(p™—1)/2) and Ei, 1
(if i > 1); the intersection is the smooth quadric given by x{z R x,? in the
projective space with homogeneous variables xi, ..., x,.

For case (2), this case is similar to (1). We need 2" ~! blow-ups to arrive at Y.
Around the singularity of ¥;, for 0 <i < 2™~ Y; is defined by

VIR bt 4 fl &2

and the exceptional divisor of ¥; — Y;_; is the cone C defined by x|x,+- - -+x _,x,,

in the projective space P with homogeneous variables y, x/, ..., x,. The ex-

s Xy
ceptional divisor of ¥ := You-1 — Yyu-1_; is the smooth quadric defined by
y2+xix§+- --+x/_,x, in P. Again, the intersection of E; with E;_; is the smooth
quadric given by x{x) +---+x,_,x, in the projective space with homogeneous
variables x{, ..., x,,.

For case (3), we need 2™ blow-ups to arrive at Y. The case m = 1 is easy to
check; we will assume m > 1. We start with Y and the singularity (8-7). After
2m=1 _ | blow-ups the singularity is of the form

b.y? ' +2 —I—x%l]2 x4 xlxl b exl Yy thot,

n
where x| = x; /yzm_1 -1 x{l] = x|+, and the higher order terms h.o.t. can be ignored.
After 2~2 more blow-ups we introduce x{z] = x{l] / yzm_2 ++/b -y, after 23 more
blow-ups we introduce xP = xF] / ysz3 ++/+/b-b-y, etc. The singularity is after
am=l 14 2m=2 4 2m=3 4 ... 4 2m= blow-ups of the form

m—i 12 i m—i
b -y*' ' +? —i—x{’] +x5x5+ XX, +b- x{’] "l 4hot,  (8-10)

n

where x/ = x;/y " " 2i= 2" and b; = b- /b1 with by =b. After 2 —2 blow-ups
we get a singularity (8-10) with i = m. After one more blow-up the variety becomes
smooth, and we need one more blow-up to obtain an exceptional divisor with strict
normal crossings. s

The exceptional divisor E; of ¥; — Y;_; is a cone defined by x{] L X)X +
---4x/ _,x; in the projective space with homogeneous variables y, x%j I Xy Xy,
except for the last blow-up where it is a projective space. The strict transform E;
is the blow-up of the vertex. U



Torsion orders of complete intersections 1823

For p odd or n odd, we get a projective space as exceptional divisor in the last
step. Denoting by E the sum over all components of the exceptional divisor of r,
we set

B {E + (exc. div. from last step) if p is odd or n is odd, 8-11)

E if p =2 and n is even.

Thus, the exceptional divisor of the last blow-up (a projective space) has multiplicity
2 in E’ in the first case. If the singularity is of the form (8-5), (8-6), or (8-7), then
E’ is the restriction of div(y) to the exceptional divisor of the resolution r.

Lemma 8.9. The resolution r : Y — Y is rational; that is, Rry0y = Oy.

Proof. We may suppose that Y has only one singularity. We will show that for each
ri : Y; — Y;_1, we have Rr;, Oy, = Oy, ,. Since Y;_ is normal, it suffices to prove
R/7;,0y, =0 for j > 0. We know that ; is the blow-up of a point and the exceptional
divisor D is a cone over a smooth quadric, a smooth quadric, or a projective space,
and comes with a given embedding into projective space; we call the corresponding
ample line bundle Op(1). In any case, H>°(D, 0(—s - D)) = H>%(D, 0(s)) =0
for all s > 0, where Op(s) = Op(1)®5. This implies the claim. O

Lemma 8.10. Let E’ be as defined in (8-11). For all i > 2 we have
H'(E',6(E") =0.

Proof. We may suppose that ¥ has only one singular point. The exceptional divisor
is Zle Ei, and Ei has nonempty intersection only with E,-H and E,-_l. Recall
that all intersections are smooth quadrics. If i # s, then E; is the blow-up at the
vertex of a cone C; C P" over a smooth quadric Q; C P 1 let r; : E,- — C; denote
the blow-up.

Fori=1,...,5s —2, we have GE,-(EI' + Ei+1) =r0c,(—1), hence

O (EN =0, - (8-12)

Fori=2,...,s —2, we obtain @E,-(E/) ;GE,-‘
If p or n is odd, then

Oz (B +2-E) =} 0c,_ (—1);

hence Oz (E') = 0p ., and Oy (Ey +2- E;) = Opir; thus (8-12) holds for
i =s—1. If p and n are even, then @EH(ES_I + E;) =r; 0c,_ (1), hence
Op (E N=0 i, ,- Moreover, Oy (E N=0 £, This implies the assertion easily. [J

8B. Again, we assume that Y has nondegenerate singularities. We denote by U C X
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the complement of the critical points, Y5y, = 7~ (U); we have
Wi(m)* Wiy, = Wiy, i
but there is no Verschiebung on W, (Jr)*WIQ}J /K Therefore, we define
Imy (Wi, C Wiy,
inductively on / by
Imy (W, Q) = image(W; (m)* Wi — Wiy ) + V Imy (Wi_ 12y )
We have an R, V, F calculus for Imv(W[Qb/k), that is, morphisms
R :Imy (W, Q) — Imy (W_124 ).

V  Imy (W1 Q) — Imy (W Q).

F :Imy (Wiy,,) — Imy (Wi1Qy ;)
satisfying the relations induced by W*Q%,Sm Jk [Mllusie 1979, p. 541]. By abuse of
notation, any composition of maps R will be also denoted by R.

We are going to need several statements on ImV(WlQb / ) in Theorem 8.17
which we provide in the following:

Lemma 8.11. The evident map
ker(R : Wy (m)* Wiy, — 7* Q)

— ker(R : Imy (W) — Imy (Wi;,))/V (Imy (Wi1Q,,,))  (8-13)
is surjective if | < m.

Proof. The target is the image of R*I(ker(n*Qb — Q%,Sm)) c W (ﬂ)*Wsz/k via
the evident map W;()* Wy, — Imy (Wi}, )/ V (Imy (W;_122; ). Locally,
Yem is defined by y?" — f, for f € Oy, and ker(n*Qb — Qim) is generated
by d(f). Since d([f]) e W, (n)*W,Q}]/k is a lifting of d( f) whose image vanishes
in ImV(Wlﬂb/k) (here we use [ < m), the claim follows. U

Recall the subsheaves BnQb Jk of SZ}J S = 1,2, ... (see for example [Illusie
1979, Chapitre 1, §2.2]). We have a short exact sequence

1—1
Wl_lﬁb/k L ker(R : WIQ}J/,( — Q,lj) F—> BI_IQ}J — 0.

With the appropriate W; (O )-module structures this becomes a short exact sequence
of W;(Oy)-modules. We obtain the diagram
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Wi()* ker(R : Wiy, — )/ Wi()*(VY(Wi()* Wi—1Qy, ) — 7 Bio1Ly,

lsurjective by Lemma 8.11

ker(R : ImV(WlQb/k) — ImV(Wlﬂb/k))/V(ImV(Wl_lﬂb/k)) (8-14)
l(*)
ker(R: WiQ) , — Q) )/V(Wi1Q) ) ———— B2
The induced map
m*Bi1Qy = Bo1Qy (8-15)

is the natural one, that is, given by a ® 7~ N w) — Frob/~! (a) -7~ (). We would
like to show that (x) is injective, which we prove by computing the kernel of (8-15)
and showing that it is killed in Imy (W; 2, ).
It is convenient to use the isomorphism [Illusie 1979, Chapitre I, (3.11.4)]
F'=2d - W1 (0y)/F(Wi-1(0p)) = Bi-19y. (8-16)

The W;(0y)-module structure on the left is via the Frobenius F : W;(Oy) —
Wi—1(0y). We give W;_1(Oy, )/ F(W;—1(0y,,)) the analogous W;(Oy,, )-module
structure.

Lemma 8.12. Suppose Y is defined by yP" — f for f € Oy (this is the local
picture). The kernel of

Wi ()*(Wi—1(Oy)/F (W;—1(0y))) = W;_1(Oy,,)/F(W;—1(Oy,,))

is generated by V(W;_1(Oy,_ ) @ W, (7)Y (W,_1(0)), and elements of the form
Dilex ' (Ve - ex VI 1), 81D
forall0<j<Il-2,i> pm_l_j, andb e W;_1_;(Oy). Here, i%pm_l_j means the
remainder of i in the division by p" '~/ andi= (@ : p™ ') p" 1T 4i%pm 1],
Proof. The kernel contains V(W,;_1(Oy, )@ W, ()" (W;_1(Op)), because V (a) @
7~ (b) maps to F(V(a)) -7~ (b) = pa-n~'(b) = F(V(a-7~"(b))). Moreover,

1er ' (Vi) — [y ™" Tex i) b))
= [P V() — [y Dy D
= V("

To show that these are all elements in the kernel, we proceed by induction

—J mflfj)

1-b)
= [P pEr oy g,

on [. First, we assume [ = 2. Without loss of generality, we need only con-
sider elements in the kernel that are of the form ), [Y1® 7= (by). By étale
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base-change, we may assume that U = Spec(k[xy, ..., x,]) and x; = f; hence,
Ysm = Spec(kly, x2, ..., x,]). By using elements of the form (8-17), we may
suppose that b; = b;(x2,...,x,). Since > ; y"b; € k[y?, x5, ..., x}] implies
b; € k[xg, ..., x}F1, we are done.

Suppose now that [ > 2. By induction, we need only consider elements in the
kernel that are of the form

D Yler (VI ®)),

1

and we may use the same argument as for the [ = 2 case. U
Proposition 8.13. Suppose | < m. The map
ker(R : Imy (W ;) — Imy (Wi;,,0)/ V (my (W1, )
— ker(R: W,y — Qy )/ V(Wi )
is injective.
Proof. In view of diagram (8-14) and Lemma 8.12, we need to prove that the
following elements vanish in ImV(WZQb/k)/ VImy (W;_; Q}]/k)):
(1) V(a)-dV (b) for a € W;(Oy, ) and b € W,_;(Oy) and
) [y'1-dvitip) — [y " avIit (0] b) for b e Wimi—; (Op).
For (1), we have
V(a)-dV(b)=V(a-d(b)) € V{Imy(W_1Qp,,)-
For (2), we compute
[y'1-dVI* b) =d(y']- VT b)) = VI () - d((y'])
=V b) — VIT ) -d(y'D)
= v (e TGO ) — VI ) - d (1Y)
= d(ly"™ " VI D)) = VT B) - d (1Y)
= VIO by a )
1-dvIH 01 by — VIt () - d([y'),

m—1—j

+ [y %P

which together with

m—1—j

VITLEP" Dby (T ] — VI BY - d([y'])
= VI G- (1 FI Ay ) — FIay )
= VIt b FIF @y ey — 1y ) =0

(note that F/+1(d([y@P" " "P"""7'1)) = 0) implies the claim. O
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8C. We denote by j : 7~ (Y¢m) — Y the open immersion. We will work with the
logarithmic de Rham—Witt complex

w,QL

Y/k(logE) CJ*WIQ; e

Locally, when E = U, L V(fi) with V(f;) smooth, W;Q (log E) is generated
as a W;(0y) submodule of ]*WISZY ok by WISZ~ and (d f,]/[f,] li=1, , ).
As for the de Rham complex there is an exact sequence

0— Wiy, — WIQ;,/k(logE)—>@Wl(@v(ﬁ))ao. (8-18)
i=0
We have the usual F, V, R calculus for W, QL (log E).
Y/k
We define

K= J« ImV(WlQU/k) NWQ: (logE) C J*WIQYsm/k

Y/k

We have an F, V, R calculus for K, induced by the one for Imy (W, QU / ) and

1
W, Qy/k(log E). Weset Q, : =W, Qy/k(log E)/K,.

Lemma 8.14. Suppose that p # 2 or n is even. Then, for all | > 1, the following
map is surjective:
R:K;— K.

Proof. The first case is p # 2. We need to compute K;. We may assume that ¥ has
only one singularity as in the proof of Proposition 8.8. Recall that Y is constructed
as a sequence of blow-ups ---— Y; »> Y;_1 — ---— Y. Wedenote by r; : ¥; > Y
the evident composition; we let D; be the exceptional divisor of r;, and E; denotes
the exceptional divisor of ¥; — Y;_;. We would like to understand

J¥i\D; .+ (image(r; T Qy |y b, = Q) Ny, (og Dily, ). (8-19)

in a neighborhood of E; NY; s, where Y; ¢ is the smooth locus of ¥;, and jy,\p, :
Yi \ D; = Y; ¢m is the open immersion.

As in the proof of Proposition 8.8, we have coordinates y, xi, ..., x, around
the singular point of Y;_;, where x} = xj/yi_l. We can cover E; by n+ 1 open
sets Vo, V1, ..., V,, where Vj is a hypersurface in the affine space with coordinates
¥, X{/y,...,X,/y, and V; is a hypersurface in the affine space with coordinates
y/x},xi/x},...,x},...,x,;/x}, for j =1,...,n. On Vy we have E; N Vy =
D; NVy =V (y). Note that if i = (p™ — 1)/2 4+ 1, which is the last blow-up, then
E; NVy is empty.

On V; we have E; N V; = V(x}) and D;NV; =V(y)if j=1,...,n and
i ¢{l,(p™ —1)/2+ 1}, that is, except for the first and the last blow-ups. For the
first blow-up (i = 1), we have E;NV; =D;NV; = V(x}). For the last blow-up
(i=(p"—1)/2+1),wehave E;NV; = V(x}) and D;NV; = V(y/x;).
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We claim that the restriction of (8-19) to V; is generated by dx;/y’, ..., dx,/y",
and the restriction of (8-19) to V; is generated by dx1/x;,...,dxj/x;, ..., dx,/x;.
It is obvious that all differential forms are contained in the left-hand side of (8-19),
and we need to show that they are contained in Ql _(log Dily, ,)- Indeed, dx; / yi=

d(x;/y- ¥/ =d(xX}/y)+i-(x;/y)-@dy/y), and -

dx X Xp dx; x! X' dx; x! x, [dx’ d
_k:d(_k)+_k._f:d<_f;)+_ff._fzd(_1;)+_ff.< b Gi—1)- y),
Xj Xj) Xj Xj X))o Xxp o Xj Xj/ o Xj N X y

In order to show that the given differential forms are generators, we note that the
quotient of Ql (Uog Djly,,,) N'V; by the module generated by these forms is
a quotlent of a free rank = 1 module. Since the quotient of Ql ., by the image
of 71*(9 ) is free of rank 1, the claim follows.

The case p =2 and n even can be proved in the same way.

In order to prove that K; — K is surjective, we may argue by induction on i and
only consider a neighborhood of E; N Y; sy in ¥; 5. We note that dx;/ yi can be

lifted by d[x;1/[y'] € Ki(Vo), and dx; /x; can be lifted by d[x;]/[x;] € K;(V;). O

Remark 8.15. We do not know whether Lemma 8.14 holds if p = 2 and n is

odd. We can still describe K, but the coordinate changes x%l], x%z], ... used in the

resolution process are incompatible with the multiplicative Teichmiiller map and
evident liftings do not exist.

8D. Let us assume that p # 2 or n is even. In view of the lemma, the map
R R
ker(W*Q},/k(log E) > WlSZ},/k(log E)) — ker(Q, — Q1) (8-20)

is surjective.
As a consequence of Proposition 8.13 we obtain the following corollary.

Corollary 8.16. For alll < m, the composition

0 @"“dvlzwk VW, Q! Wl
Y/ —> ker( -1 Y/k_> 1 Y/k)

— ker(V Wi _ 19 (log E) — W;Q2 Y/k(log E)) —ker(V:Q;-1— O))

Y/k
is surjective on the open set Yyp.

Proof. The first isomorphism follows from [Illusie 1979, Chapitre I, Proposition
3.11]. The second arrow is an isomorphism on Ygp,. Set

Ap=ker(R : Imy (W,};,) — Imy (Wi Q},,)),
By :=ker(R: WiQy = Q)
Cr:=ker(R: Oy, = Qljva)-
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In view of (8-20) we have a morphism of exact sequences
00— ImV(Wl—IQ%}/k) —_— Wl_lg;sm/k E— Ql—llem —0

\ P

0 A B, C 0

and the snake lemma and Proposition 8.13 imply the assertion. ]

Theorem 8.17. Let X be a smooth projective variety of dimension n over an alge-
braically closed field of characteristic p. Suppose that p is odd or n is even. Let L
be a line bundle on X, and let s € H*(X, L®P") for m > 1. Suppose that the p™
cyclic covering w : Y — X corresponding to s has only nondegenerate singularities;
letr: Y — Y be the resolution from Proposition 8.8. Suppose that

(1) n=3,

(2) H(X, L®" @ Kx) #0,

(3) the Frobenius acts bijectively on H"~'(V (s), 0),

4) HY(X,L®/)=0forall j=0,..., p" —1, and

(5) H" Y(X,L®y=0forall j =0, ..., p™.
Then Wy, (k) C HO(Y, W, Q"71).
Proof. We have

coker(m*(Qy) > Q) =n*(L™h,
and this identity extends to
Q1 =r*n*(L™)(E"

on 17, with E’ as defined in (8-11). If the singularity of Y is of the form (8-5), (8-6),
or (8-7), then QO is generated by dy/y.
In view of Lemmas 8.9 and 8.10, and conditions (2), (4), and (5), we obtain

HN(Y,0)=0,  H"(Y,Q)=H"X,L® ") £0. (8-21)
We will work with the short exact sequences
O—ker(R:Q;— Q1)— Q;— 01— 0, (8-22)
01 A8 ker(R: Q; — Q1) — T; — 0, (8-23)
where T; is simply defined to be the cokernel. We claim

H" N (Y, T)=0=H"(Y, T)) (8-24)
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for all / < m. The surjectivity of (8-20) yields the surjectivity of the composition

R
ker(WlQ;/k(log E) = Qy(log E))/ VWi Q;/k(log E)

Flfl 1
LBl —>1 (829

[[usie 1979, p. 575]. Note that

R
ker(W,Q;/k = Q;,)/VW,_IQ},/](
= R
5 ker(W,Q;/k(log E) > Q;(log E))/ VWZ_IQ;/k(log E)

is an isomorphism.
Now we need to find a complex of W;(0y)-modules

Ry — Ry — ker(Bl_lﬁé — 1),
such that the following conditions hold:
* Royy,, = ker(Bl_lSZi; — T)ly,, 1s surjective and
o H"(Y,R)) — H"(Y, Ry) is surjective.
It will follow that H”(Y, T)=0= H"_I(Y, T;). Indeed, we have
H"(Y,Bi1Qp)=0=H""'(Y, B_1Q})

by induction on /, and using the exact sequence (8-26). The case [ = 2 follows from
assumptions (4) and (5), Lemma 8.9, and the short exact sequence (8-27).
We take

R(),l = r*JT*B[_lﬂk, Rl,l = ker(R()’[ — Bl—IQiN,)-

Clearly, the image of r*7* B;_ 19% is contained in ker(B;_ IQ} — T;). The surjec-
tivity of Royy,, — ker(Bl,lley — T1)ly,, follows from Lemma 8.11 and diagram
(8-14).

We claim that H”(Y, Ry — H”(l?, Ry 1) is surjective. We will proceed by
induction on /. We have an exact sequence of locally free Ox-modules

0 — Frobl B2} — B,_12Y S B,Ql — 0, (8-26)
where C is the Cartier operator. Therefore,
0— r*rr*Frobi_ZBlszg( — Ry, 5 Ro;—1— 0

. c . o
is exact. Lemma 8.12 shows that Ry ;y,, — Ri -1y, 1S surjective; note that
under the isomorphism F/~2d from (8-16) the Cartier operator corresponds to the
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restriction. By induction we need to prove that the image of
H"(Y, r*n*Frob. 2 B1QY) — H" (Y, Ro,)
is contained in the image of H" (Y, R 1.1). Rationality of the resolution r implies
H"(Y, r*n*Frob. > B1QL) = H" (Y, n*Frob. 2B, Q%)
= H"(X, Frob!~2(B;Q}) ®¢, 7.0y).

In view of the exact sequence

0— Oy 22 Frob,0y — B1QL — 0, (8-27)

we obtain a surjective map
pm_l
H" (x, D L—’"P") — H"(Y, r*m*Frobl2B,QL),

because
pm -1

Frob. '0x ®¢, 7,0y = @ Frob’ ! (Frob/ ~1*L 7).
i=0

For every p” > i > p™~!*!, we have two morphisms Frob!~! (Frob’~1*(L~")) —

Frobi_1 (Frob/ ~1*(,.0y)): the first one is induced by Frobfk_1 Frob/~1* applied to
L~" C 7,0y. The second one is induced by Frobi_1 applied to

I—1%, 7 —i —i.pht! st (% pm Iyl
Frob"™"*(L™") =L L

Fop, pym+1-1
= Frob! 1L =@ %r""™)

— Frob/ ~"*(7,,0y),

: m—+1—1 . .
where the last arrow comes from L~¢%P"""™) < 7,0y Note that after application
of H" (X, -) this map vanishes, because it factors over

)=0

m+1—1).p/—1

H"(X, L~0%r
Subtracting the two maps yields a morphism
**Frobl~! (Frob'~"*(L ™)) — (R, Nr*n*Frob. 2 B;Q})

which shows that the H”(X L=ir" ) piece of H"(Y, r*zr*Frobl 2BIQ ) is con-
tained in the image of H ”(Y Ry ;). This proves claim (8-24).

In view of the short exact sequences (8-22) and (8-23), Corollary 8.16, vanishing
of H"(Y, Oy /@p ) and (8-24), we obtain, for all [ < m, a short exact sequence

0— H"(Y, Ql,l)—>H”(Y, Ql)—>H"(Y, Q1) — 0. (8-28)
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This enables us to define
Vit HY(Y, Q) = H'(Y, Q1), ar> FTH(R™(a)).
It is evident that y;_| = 1//{‘1. In view of (8-21) we have
H"(Y, Q) = H"(X,L™"").
Via this identification, the map i is given by
HY(X, L") > B X, LY 2 grex, L,

where the first arrow is induced by the p-th power map L~7" — L="""' 4+ aP.

Indeed, denoting by 1 : L > m.r, 0 the evident map, we have a commutative
diagram

m (-)? m+1 sP1 m

L=P L=P L=P
1 ll
Turi(FoR™) 01 7415 Q1
n*r*Ql Txl s\ S 1 : 1
1mage(31§2i,) 1mage(ﬂ*r*BIQ?)

Moreover, | equals the composition

Turs(FoR™1)
_—

H'(F, 01) S H(X, mur.0) K (O image(B12)))

— H"(Y, Ql/lﬂflage(BlQ ) > H"(Y 1),
where the last morphism is the inverse of H” (Y Ql) Ny (Y 01/ image (B QL )),
which is injective because H”(Y o) L H”(Y Q») factors through 7.
In the notation of [Chatzistamatiou 2012, Definition 1.3.1], we therefore get

H!(X\ V(s5),0); = () image(y)).
i>1
Since H" (X, 0x) =0= H"(X, Oy), [Chatzistamatiou 2012, §1.4] implies
H(X\V(s), 0); = H"'(V(s), 0), = () image(Frob').

i>1

By using assumption (3), we obtain

h
H"(Y, 0D =P wny/p', (8-29)

i=1

where h = dim; H"(X, L~""). Indeed, since the Frobenius acts bijectively on
H" Y(V(s),0) = H"(X, L™P"), ¥ is bijective on H"(Y, Q1). In view of (8-28),
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any lifting of a basis of H”(?, Q1) viathe map R : H”(?, Q) — H"(Y, Q1) will
be a W(k)/p’—basis of H”(Y, o).

Finally, let us show that W; (k) ¢ HO(Y, W, sz';l). In view of (8-29), there is a
surjective morphism of W (k)-modules

H"(Y, W,Q;/k(log E)) — W(k)/p' = W (k).
From the residue short exact sequence (8-18) we obtain a surjective map

H"(Y, Wlsz;/k) — W(k).

Ekedahl duality [1984] implies

RE(Wi™") S R Homuy, o (RT(WiQL), Wy(k)[—n).
hence the claim. |

Remark 8.18. Even for the case m = 1 the approach is dual to the one in [Kollar
1995]. With the notation in the proof of Theorem 8.17, we show that the composition

H'(¥. Q%) — H'(F, Q) > H"(X, L")

is surjective. For the last isomorphism we use n > 3, because we need to use
Lemma 8.10, where vanishing holds for i > 1 only. Since we don’t use Lemma 8.14
for this part, the argument also works for p =2 and n odd. Taking duals we obtain
an inclusion

HY(X,0x ® L®"") ¢ HO(Y, 7).

This corresponds to a result about extending (n — 1)-forms from Yy, to Y in [Kollar
1995] (and [Colliot-Thélene and Pirutka 2016a; Okada 2016]).
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Integral canonical models for automorphic
vector bundles of abelian type

Tom Lovering

We define and construct integral canonical models for automorphic vector bundles
over Shimura varieties of abelian type.

More precisely, we first build on Kisin’s work to construct integral canonical
models over Og[1/N] for Shimura varieties of abelian type with hyperspecial
level at all primes not dividing N compatible with Kisin’s construction. We
then define a notion of an integral canonical model for the standard principal
bundles lying over Shimura varieties and proceed to construct them in the abelian
type case. With these in hand, one immediately also gets integral models for
automorphic vector bundles.
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1838 Tom Lovering

1. Introduction

Since the introduction of the abstract theory of Shimura varieties and their canonical
models by Deligne [1971; 1979] following Shimura, and given its promise as a
rich generalisation of the classical theory of modular curves, substantial bodies of
literature have arisen whose aim is to extend features of the classical theory to this
wider context.

One such feature is the existence of smooth integral models at primes not dividing
the level, and their subsequent utility for studying the action of Frobenius on the
Galois representations arising from Shimura varieties crucial for the Langlands
programme. Such results have been available in the PEL type case for a long time,
thanks largely to the programme of Kottwitz, but have recently been extended to
the much more general case of abelian type Shimura varieties in work culminating
with the recent papers of Kisin [2010; 2017].

Another feature is the manifestation of certain automorphic forms as algebraic
sections of a vector bundle over a Shimura variety, generalising the classical alge-
braic description of modular forms. The vector bundles playing the role analogous
to the tensor powers of the Hodge bundle in the theory of modular forms are the
automorphic vector bundles, and canonical models were defined and shown to exist
in some cases by Harris [1985] and more generally by Milne [1988; 1990].

In the present paper we start to draw these two threads of the literature together,
working in the case of general' abelian type Shimura varieties, first filling a gap in
the existing literature and showing that Kisin’s good integral models can be spread
out to smooth models over Og[1/N], then defining a notion of integral canonical
models for automorphic vector bundles with a uniqueness property, and finally
proving existence in the abelian type case.

More precisely, suppose (G, X) is a Shimura datum, with reflex field £ =
E(G,X), N > 1 and suppose G admits a reductive? model 4/Z[1/N]. Take an open
compact K = KV Ky C G(A™) where K =TT,y 9(Zp) and Ky C [,y G(@p)
is open compact. Consider the tower

Shgn (G, X) :=lim Shgng, (G, X)
Kn
of quasiprojective E-schemes, which comes equipped with an algebraic [ | nG(@Qp)
action (in fact it carries the action of a slightly larger group as in [Deligne 1979]).
The main result of Kisin’s first integral models paper [2010] tells us that when
(G, X) is of abelian type this tower admits, for every v{ N, a smooth integral model

I'We do require a small technical restriction: that Z(G)® is split by a CM field, but feel it should
be possible to remove this restriction, and that it ought to be harmless for most applications.

ZRecall that a (connected) reductive group scheme G — S is a smooth affine group scheme with
connected reductive geometric fibres.
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911?,‘?,’” /Ok,v to which the [],y G(Qp)-action extends. Note that by a “smooth”
model, we mean one which is smooth quasiprojective at any finite level and for
which the maps between different finite levels are finite étale.

It is natural to ask whether these all come from a global model over Og[1/N].
Moreover, Kisin’s models also enjoy an “extension property” which characterises
them uniquely, so it is natural to ask if furthermore we can find a global model
having this extension property. Our first theorem answers this in the affirmative.

Theorem. With the above setup, suppose (G, X) is of abelian type. Then the tower
Shgn (G, X) admits a smooth integral model ¥ xv (G, X)/Og[1/N] to which the
I1 PIN G (Qp)-action extends and having the extension property.

Moreover, for any v{N a place of E, the model ¥ g (G, X) Qo181 O, is
canonically identified® with the model 8’?;’” obtained from Kisin’s theory.

We call these models “integral canonical models” because the extension property
guarantees their uniqueness.

We make some remarks about the proof. The obvious direct “patching” argument
to obtain the result formally from Kisin’s models fails because one cannot auto-
matically get the extension property for the models obtained by spreading out, so
instead we give a direct construction. The proof in the Hodge type case very closely
follows that of [Kisin 2010]. In the abelian type case we need several new ideas.

Firstly, we have no guarantee that [ DIN G(Q,) acts transitively on the com-
ponents of Shgn (G, X) so we replace the group theoretic “Deligne-induction”
argument by an argument that uses the extension property to reduce the problem to
constructing models for each component individually over the ring of integers of
the maximal abelian unramified extension of E. Secondly, to prove the analogue of
[Kisin 2010, 3.4.6] without the lemma which follows it, which may not be true in
our context, we show that Kisin’s “twisting abelian varieties” construction can be
carried out using torsors for the centre of G rather than G, and since such torsors
are finite, they are simpler to work with. Finally, we believe in fact that unless
GY¥r = GY, the group A(G, G*) [ibid.] is not finite, which is necessary to descend
the extension property. Fortunately we are able to prove that the corresponding
group at level KV (our situation) is finite, which perhaps also helps to fill a small
gap in the original argument.

We then turn to automorphic vector bundles, and following [Milne 1990, III],
the heart of the matter is really to define and construct integral canonical models
for the standard principal bundles Pxn~ (G, X) — Shgw (G, X). Such bundles are
torsors for the quotient

G =G/ Zy

3This identification is as an O E v-scheme with [ ] PIN G (Qp)-action and equivariant identification
¢ of its generic fibre with Shy v (G, X).
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by the maximal subtorus Z,,. C Z(G)° which is R-split but Q-anisotropic. They
come equipped with a flat connection V, an equivariant [ | piv G(Qp)-action and a
“filtration” which can be written down by giving a map

v Pgn (G, X) — Gry,

where Gr, is the flag variety corresponding to a Hodge cocharacter u : G, — G
coming from X. Informally, it is helpful to think of the fibre functors w attached
to these bundles as giving one the sheaf of de Rham cohomology of a family of
motives over Shg~ with its Gauss—Manin connection and Hodge filtration.

Any smooth integral model for Pgn~ (G, X) that is a §°-torsor would give, for
each representation p : 9° — GL(V7z[1/n1), a Z[1/N] lattice inside o (V @ Q). We
define an integral canonical model to be one where at “crystalline points” this lattice
coincides with a different lattice constructed using Kisin’s theory of G-modules
[2006]. Roughly speaking, working on the generic fibre one has a Galois cover
Shgny (G, X) — Shgn (G, X) with Galois group 4°(Z,,) so we obtain attached to
p alisse Z ,-sheaf

L :=Shgnp (G, X) x Vz,/9(Z))

on Shgw (G, X). Restricting this to a crystalline point s, the theory of G-modules
gives a lattice D(s*¥) C Dgr(s*<£[1/p]). Thus we have defined lattices (at each
prime) inside w (V ® @), and we say a model

(Pgn (G, X), 1 : P (G, X) Qogl1/N E = Pgn (G, X))

is canonical if the lattices it generates agree with these lattices coming from p-adic
Hodge theory. We then check that if such a model exists and there are enough
crystalline points (which we check in the abelian type case), it is unique up to
canonical isomorphism. We also reserve the term “canonical” for models for which
the connection, Hecke action and filtration extend, but these seem to be automatic
properties of the models satisfying the lattice condition in the abelian type case
(and we would assume in general).
Of course, with this definition, our main theorem is the following.

Theorem. Let (G, X) be a Shimura datum of abelian type and 6/Z[1/N] a reduc-
tive model for G. Then Pin (G, X) has an integral canonical model (P g, t).

We give a quick summary of the proof. For the “special type” case where G is a
torus, we use the theory of CM motives to find lattices in the de Rham cohomology
of abelian varieties. For the Hodge type case, the universal abelian variety has an
integral model so we take as our starting point the sheaf V" of its relative de Rham
cohomology, and note that the Hodge tensors of [Kisin 2010, 2.2] s, dr € V? extend
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to V'®, at which point they may be used to define a functor
Pgn =Isomg (V,V)

which we show is a %-torsor using several ingredients from [Kisin 2010], and is the
required integral canonical model.

For passing from the Hodge type to abelian type case, we need a new idea which
may be more widely applicable. Suppose (G2, X,) is an abelian type Shimura
datum of interest. If we let (G, X) be a Hodge type datum such that there is
an isogeny G — Gger witnessing that (G, X;) is of abelian type, we do not
have a map relating G, to G but only between the derived groups. However, the
torsors Pxn (G, X) cannot be reduced to G without passing to C, which loses the
information we are interested in.

Our solution, inspired by Deligne [1979, 2.5], is to define for each connected
Shimura datum (G, XT) and field E D E(G%", XT) := E(G*, X*) a new
Shimura datum (%, Xg) with the property that any Shimura datum (G, X) whose
reflex field is contained in E and whose connected Shimura datum is (G9, 1)
admits a canonical map

B, Xp) — (G, X).

We then pass from Hodge type to abelian type by first giving a direct construction
of a canonical model for PK% (B, Xg) given one for Pgn (G, X). With this, we are
in business, because if we let (B2, Xg 2) be the corresponding pair for (G2, X»)
there is a map

(B, Xp) = (B2, Xa2) = (G2, X2)

and we are able to descend the torsor through the map on connected components
while pushing out the %¢-action to a G5-action. Finally we translate our results
into results for automorphic vector bundles.

While we do not give applications in this paper, we anticipate this construction
playing a useful role in several places. It is already used to study integrality of
periods in a preprint of Ichino and Prasanna [2016], and we expect it should be
useful in much more general contexts along these lines.

Working at a formal completion at a single place the same construction gives
families of strongly divisible filtered F-crystals. This theory is developed and used
in [Lovering 2017] to establish a new result that the Galois representations formed
by taking the cohomology of the Shimura variety with coefficients in the usual
lisse sheaves are crystalline, and in appropriate situations Fontaine Laffaille. In
particular this gives a new proof of part of local global compatibility at [ = p in
certain cases, as well as providing a new tool for studying the p-adic geometry of
Shimura varieties and p-adic automorphic forms.
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2. Integral canonical models for Shimura varieties of abelian type

2.1. Extension property.

2.1.1. We first recall the extension property used to characterise Shimura varieties
at infinite level. Let R be a domain with field of fractions K. We call S/R a test
scheme if it is regular and formally smooth over R.* Suppose we are given a scheme
X/R. We say X has the extension property if for any test scheme S/R any map
Sk — Xk extends over R.

The following uniqueness statement is well known.

Lemma 2.1.2. Suppose Y /K is a scheme. Then if X/ R is a model for it over R and
is both a test scheme and has the extension property, X is the unique such model up
to canonical isomorphism.

Proof. Let X and X’ be two such models. Then we are (as part of the data of a
model) given maps
Xx = Y = Xk

Since X is a test scheme, and since X’ has the extension property, this isomorphism
extends to an isomorphism X => X’ of R-schemes. U

We also record the following useful formal properties.

Lemma 2.1.3. Let R'/R be an étale or indétale (or formally smooth) extension of
domains with fraction field extension K' /K. Suppose X /R satisfies the extension
property. Then so does X g R'/R’.

Conversely, if R'/R is also faithfully flat, then if X ® g R’/ R’ satisfies the exten-
sion property, so does X/ R.

Proof. Let S’/ R’ be a test scheme. Then S’ is regular, and it is formally smooth over
R since indétale algebras are formally étale. Suppose we are given S’ Qg K’ — X/,
and first compose it with the map Xz — X. By the extension property for X/R,
S'®r K'=8 ®g K — X extends to a map S" — X over R. But since we have a
diagram

S — X

l l

Spec R —— Spec R
this map must factor through X ® R’, as required, giving the extension property
for X ®r R'/R’.
For the converse, a test scheme S/R gives rise to a test scheme Sg//R’ together
with a descent datum 6g for R’/R. Given a map Sx — Xg we obtain Sg» — Xk~

4] believe there is still some controversy over the “correct” definition of a test scheme but this
should do for our purposes.
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compatible with the descent data on both sides. By the extension property this map
extends to Sgr — X g, and being a map of descent data this descends to the desired
extension S — X. (I

Lemma 2.1.4. Let X/R have the extension property and Y — X be finite or
profinite étale. Then Y /R has the extension property.

Proof. 1t clearly suffices to do the finite étale case (the profinite one then following
formally). Let K = Frac(R) and suppose we have a test scheme S and a map
Sk — Y. Then this map composed with Yx — Xk extends to a map § — X.
Pulling this back we get S xx ¥ — Y. The map Sx — Yk gives a section of
(SxxY)x — Sk. But § xx Y — S is finite étale so such sections extend uniquely
and we get the required S — Y. (Il

Lemma 2.1.5. Let Y — X be finite étale, and suppose Y /R has the extension
property. Then X /R has the extension property.

Proof. By the theory of the étale fundamental group and Lemma 2.1.4 we may
assume ¥ — X is Galois. The argument then follows from that of [Moonen 1998,
3.21.4]. O

We remark that the above result fails for pro(finite étale) extensions. Indeed,
Shimura varieties at finite level certainly do not generally have the extension property.
For example, for the modular curve at finite level this would imply all elliptic curves
have good reduction.

2.2. Main theorem. Now, let (G, X) be a Shimura datum of abelian type with
reflex field E.

Fix § a finite nonempty set of finite primes containing all those at which G is
ramified, set N =[] pes P> 2 reductive integral model Gz(1,n) of G (which exists
by taking an arbitrary integral model, observing that it is reductive at all but finitely
many primes and then gluing in models for the remaining primes). We abusively
denote this model by G, and let K" =] .5 G(Z)).

Consider the tower

Sh KN = 11 Sh K N KN

am
KnC[]pes G(@p)

of Shimura varieties over E with infinite level at the primes dividing N but hyper-

special level at all other primes.

Recall that in this context a smooth integral model ¥ g~ for Shgn over Og[1/N]is
an integral model on which [ | DIN G(Q)) acts such that whenever Ky C [ | ol NG (@Q)p)
compact open is sufficiently small that Shg, g~ is a scheme, the model F g~ /Ky
is smooth quasiprojective, and the maps between such finite level schemes induced
by Hecke operators are finite étale.
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In this chapter we prove the following theorem.

Theorem 2.2.1. The tower Shgw has a smooth integral model S g~ /Og[1/N] satis-
fying the extension property. For any vtN the localisation of this model at v agrees
with Kisin’s smooth integral model.

The following together with Lemma 2.1.2 gives us that this model is canonical.

Lemma 2.2.2. If S~ is a smooth integral model in the above sense, then it is
regular and formally smooth (in the usual sense).

Proof. That it is formally smooth follows formally because it is a limit of smooth
schemes with finite étale transition maps. That it is regular follows from the same
argument as [Milne 1992, 2.4]. U

2.2.3. We now set out to prove the theorem, following the outline of Kisin’s
strategy, first using the modular interpretation of Siegel varieties to get going, then
making constructions in the Hodge and abelian cases close enough to his that the
smoothness, extension and comparison properties follow by direct comparison or
in a very similar way.

2.3. Siegel case. For this case we recall the following theorem.

Theorem 2.3.1 [Mumford 1965, 7.9]. Ifn > 68d/g! then the fine moduli scheme
g a,n of abelian schemes of dimension g together with a polarisation of degree d
and a level n structure exists, and is quasiprojective over Z.

Moreover, for N =lcm(d, n) these moduli schemes are smooth over Z[1/N].

2.3.2. We may also (since we may take quotients of quasiprojective schemes by
finite free group actions) form moduli 4, 4 x, with Gszg (ZN ) K n-level structures
for all Ky C le ~ GSpy, (Q)) sufficiently small. These are also smooth over
Z[1/N] by étale descent.

2.3.3. Moreover, recall that for K = Ky Gszg (2N ) C Gszg (A®°), the Shimura
variety Shg (GSp,,, § *) is defined over Q and has a moduli interpretation giving
an embedding Shg (GSp,,. S %) <> Ay 4 k- We define its integral model

Pr = ShK(GS—ng,Si) CAgdKy-

It is well known that such models are smooth and admit an explicit description as
moduli schemes. In particular, they carry a universal abelian scheme defined over
Z[1/N]. Moreover the transition maps as we vary Ky are finite étale, so we obtain
the desired smooth integral models
iy = lim /2] ]
Ky

We are required to check the following. Note that in preparation for the Hodge

type case we need to observe the following holds in the slightly more general
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context where we assume that K =[] K, as above except for some finitely many
PN, K, is not necessarily hyperspecial but merely maximal compact. Luckily
with this remark made the argument goes through unchanged.

Proposition 2.3.4. The scheme ¥y satisfies the extension property.

Proof. This follows because the argument of Milne [1992, 2.10] adapts practically
unchanged to our situation. For the reader’s convenience we sketch the argument.
Let S be a test scheme. A map

S@ -9 N

gives the data of a triple (A, A, n) where A/Sg is an abelian scheme, A a polarisation
(defined up to a constant) and 1 an infinite level structure at the primes /|N. Since
N > 1, the set of such primes is nonempty, and we may let / be one of them.

Now, since S is assumed regular, in particular each of its components is integral.
Let S° be such a component, and denote by 7 its generic point. The infinite level
structure at / defined over Sq in particular trivialises the /-adic Tate module of A,,.
By the “generalised Neron criterion” [ibid., 2.13] we see that this implies A, extends
over S°. Since it does so for all components S° of S and S is normal (so these
components do not meet), we deduce that we have extended A to some s4/S.

The polarisation A also extends by [ibid., 2.14], and the level structures (being
at primes away from the characteristic of the base) also obviously extend. This
suffices to show the extension property. (I

2.4. Hodge type case. Suppose we have (G, X) a Shimura datum of Hodge type,
and fix a symplectic embedding

i:(G,%)— (GSp(Vg, ¥), $T).

Let N be the product of all primes where G is ramified. Recall that we are
fixing an integral model G/Z[1/N] for G and taking the hyperspecial level KV =
I1 PIN G(Zp) away from N. We begin with some group theoretic preliminaries.

Lemma 2.4.1. Let V/Q be a finite dimensional vector space. Take N > 1 and p{N,
and suppose we have a Z[1/pN-lattice A C'V and a Z ,-lattice L C V @ Q,. Then
LN AisaZ[l/N]-latticein V.

Proof. We first observe that for any Z[1/pN]-basis ey, ..., e, of A, foralli =
1,...,n and some m sufficiently large p™e; C L. In particular A N L contains
Z[1/pN]-bases for A. Let us take some such basis ey, ..., e, such that the p-adic
volume is maximal (or equivalently such that the index of its Z,-span in L is
minimal). We claim this basis generates A’ = AN L as a free Z[1/N]-module.
Since it’s a Z[1/pN]-basis for A, its span certainly is a free Z[1/N]-module.
Suppose it doesn’t generate. Then there is some y € A’ not in the span of the e;.
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Since the ¢; are a Z[1/pN]-basis we may write y uniquely as
y= Z Aiei,
i

with A; € Z[1/pN]. After reordering, let us assume A; = p %A with A € Z[1/N]
and k > 1 is the coefficient with the largest p-adic norm amongst the A;. Then we
can take the new basis y, es, .. ., e, and it visibly has strictly larger p-adic volume,
contradicting our original choice of basis and hence the existence of y. U

Proposition 2.4.2. Let G/Q be a reductive group unramified away from N, let
N | M and T be the set of primes dividing M/N. If 2 € T, assume further that any
factors of G of type B have simply connected derived group.

Then given choices of reductive models GM /Z[1/M) and G /Ly for peT
for G, we can find a model 6/Z[1/N] isomorphic to each of these.

Moreover, if we have a faithful representation i : GM — GL(Vz(1/Mm)) there is a
Z[1/N]-lattice A" C Vz11,m) such that i extends to i:%9 <> GL(A).

Proof. 1t obviously suffices to consider the case where M = pN. Leti : GM —
GL(V711/pny) be a faithful representation. By [Kisin 2010, 2.3.1], and the remark
of Madapusi Pera [2012, 4.3, footnote] in the 2 € T case, we can find a Z ,-lattice
A CV®Q, suchthat G,(Q,) =G(Q),) = Ggp — GL(Vq,) is induced from a
map G, — GL(A) over Z,.

By Lemma 2.4.1 we obtain a Z[1/N]-lattice A" = A N Vz(1,,n7. Of course we
can canonically identify A’® Z[1/pN]= Vz[1,,n), in the context of which we take
%/Z[1/N] to be the closure of

Im(GY < GL(Vz[1/,n57) = GL(A)).

We claim this % does the job. It’s evident that 9|71, ,n) = GM. Since we have

a canonical isomorphism A’ ® Z, = A and by the other identifications in the

construction we also have 4|z, = G ,. We also need it to be reductive (i.e., smooth

affine with connected reductive geometric fibres). Being a closed subgroup of

GL(A’) it’s visibly affine, its geometric fibres are reductive by what we already

know, and smoothness can be checked fpqc locally, whence it also follows by the
identifications we have made.

The second part of the proposition is an immediate consequence of our argument.

(]

We also echo the remarks in [Madapusi Pera 2012, 4.3], that in the case of G
coming from a Hodge type Shimura datum, the condition on factors of type B is
always satisfied, by Deligne’s classification of symplectic representations. We shall
also need the following modification of [Kisin 2010, 2.1.2].
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Lemma 2.4.3. Leti: (G, X1) — (G2, X») be an embedding of Shimura data with
Kév C H/PTN G2(Qp) =: G2(A®NY compact open, and K| = K{VKLN a compact
open of G1(A™®) such that KV = Kév NG (AN, Suppose G| and G, both have
centre which is compact modulo its split part.> Then there exists an open compact
subgroup K, y C HpIN G2(Q,) such that K, := Kz,NKév D K and the induced
map of E(G1, X1)-schemes

Shg, (G, X1) — Shg, (G2, X2)E@G, %))

is a closed embedding.
Proof. By the same argument as [Deligne 1971, 1.15] it suffices to check
o ShKlN C) — SthN ©
is injective.
On the level of complex points (by the assumption on centres, which removes
the technicalities involving units) this map is

@ GH@\X) x GI(A%) /K] — G2(@)\X2 x G2(A®) /Ky
We prove this is injective by first noting that

G@\[]G1(@)) » G2 @\ ][] G2(@))
pIN PIN
is injective as in [Deligne 1971, 1.15.3]. Now fix a set of coset representa-
tives of G1(Q) in le ~ G1(Q)) and note that translating by these, the fibres
of G1(@\X1 x GiI(A®)/K{" — G1(@\]],x G1(Q)) may be identified with
X1 x G1(A®N)/K Y. But now since KI¥ = K2 N G{(A®"), we have that

X1 x GIA®NY /KN — X5 x Go(A Ny /KN,
is injective, and the lemma follows. (I

2.4.4. We now proceed with the construction in the Hodge type case.

Firstly, by finite-presentedness we note that i is in fact defined over Z[1/M] for
some M divisible by N. By Proposition 2.4.2 we can find a lattice V7[5 C V
and 9/Z[1/N] a reductive model such that (forgetting the symplectic pairing) i
is obtained from a map 9 < GL(Vz[i,n7) and 4(Z,) = G(Z),) for all p{N, in
particular giving KV = [11n G(Zy).

Let K’V be the stabiliser of Vz11/n7 in ]_[pJ[N GSp(V ® Q,, ¥), noting that K'Y
will be maximal compact but need not be hyperspecial at the primes dividing M/N.
We also fix a Z-lattice Vz C V71,57 and note that for all Ky C HmN G(@Q,)
sufficiently small K = Ky K" fixes Vs.

Swe expect the argument can be modified slightly as in Deligne to remove this hypothesis.
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2.4.5. Applying the lemma Lemma 2.4.3 in our setting (since G is Hodge type
the hypothesis on the centre holds), and letting £ = E (G, X), we obtain a closed
embedding of Shimura varieties

ShKN (G, .’f) — ShK/N (GSp, Si)E C EPN,@E[]/N]'

Letting Shxn C S ~,0z[1/n] be the scheme theoretic closure of this map, the extension
property for &y implies the extension property for Shy~y. Now let ¢~ be the
normalisation of Shyg~. Since test schemes are regular and a fortiori normal, the
universal property of normalisation implies that ¥ g~ also has the extension property.

2.4.6. We need to check smoothness at finite level. It suffices to check smoothness in
a formal neighbourhood of any closed point. When the point has characteristic zero
it is in the generic fibre and smoothness is guaranteed. When it has characteristic p,
we observe that at finite level our construction exactly follows that of Kisin [2010,
2.3] and Kim and Madapusi Pera [2016, 3.5] for the case p =2, and so in particular
the necessary local rings are smooth. Hence the ¥ g~ give the required integral
canonical models in the Hodge type case, compatible with Kisin’s by construction.

2.5. Abelian type case. We begin by making some more observations about the
Hodge type setting. As before we fix connected reductive G/Z[1/N] belonging to
a Shimura datum (G, X) of Hodge type with reflex field E, and consider the tower

ShKN = mShKNKN
Kn

obtained by fixing KV = G(ZV) and letting the level at p|N go to infinity.

Lemma 2.5.1. The connected component Sh; v CShyw f is defined over the maxi-
mal abelian extension Ey /E unramified away from N.

Proof. By [Kisin 2010, 2.2.4], and taking a suitable quotient, we see that ShJIg v 18
defined over the maximal abelian extension E”/E unramified away from p for all
ptN. By the identification ﬂp“\, EP = Ey inside E?’, we deduce that ShZN is
defined over Ey. O

2.5.2. Let g{N be a prime, and recall the following groups which are used to
construct Kisin’s integral models, and the following results from [Kisin 2010, 3.3].
We adopt the usual notations where G2(Q)™ is the intersection of G*(Q) with
the connected component G*(R), G(Q). the inverse image of G*(Q)* in G(Q),
GY(Z )T = GY@T NG (Zy,)) and G(Z(y)+ = G( Q)+ NG(Zy))+-

We have

Aq(G) 1= GA®) ) Z(Zg)) %6/ 22 G Zig)) ™
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which acts on Shg, = lim, Shg(z,) ks, and the subgroup

ANG) 1= G(Zg)+/ZL(g) %Gz, /220 G Zig)T

which acts on a connected component ShJr It follows from the argument in [Kisin
2010, 3.3.7] that this is precisely the subgroup sending Sh mto itself.

2.5.3. We make the following new remarks. The construction of twisting abelian
varieties by a Z-torsor from [Kisin 2010, §3] can be carried out by twisting by a
79" = 7(GY%")-torsor instead. Indeed, given y € G*4(Q)* we may take P to be
the fibre of y along G%" — G, Tt will suffice to check the following.

Proposition 2.5.4. (1) With notation as above, if P’ is the fibre of y along G —
G¥ then @' =P x** 7

(2) IV is a Q-vector space with an O z-comodule action, P and P’ as above, there
is a natural isomorphism

(V ®g 0p) 2" = (V ®q 0)7.
Proof. For (1) we can define (using ?' C G) a map
PxZZ5(p,2) > pred

which is obviously an isomorphism of Z-torsors and proves the claim.

Part (2) can be seen easily by appealing to the general Tannakian framework that
Z-torsors over Spec Q correspond to fibre functors w : Repg Z — Vecg, and that
P x 2" Z = @ implies that we can factor wg as

wgr : Repg Z RS Repg 297 225 Vecq .

Writing out what this statement actually means algebraically (and writing an arbitrary
0z-comodule as a filtered colimit of finite dimensional ones), we recover (2). [

This has the technical advantage given by the following lemma. We thank
Kestutis Cesnavicius for pointing out to us that the analogous result from [Kisin
2010, 3.4.8] where G = Z is a general group of multiplicative type is false over the
base Z[1/N] in general.

Lemma 2.5.5. Let R be an integrally closed domain with fraction field K, and
G /R a finite group scheme. Then a torsor T /R for G is trivial if and only if Tk is a
trivial G g -torsor.

Proof. Since G/R is finite, it is proper, which as a property stable under fpqc
descent is inherited by 7', and so T(R) =) R,CK T(R,) =T (K). In particular the
latter is nonempty if and only if the former is. ]



1850 Tom Lovering

2.5.6. With these remarks in mind, we can rewrite the action of s, (G) on the inte-
gral model ¥k, /O , explicitly following [Kisin 2010, 3.4.5]. A point x € ¥k (T)
gives rise to a triple (A, A, €?) where A/T is an abelian scheme up to prime to g-
isogeny, A a weak polarisation of A and €? a section of ['(T', Isom(Vae.q, V‘I(A))).

By [Kisin 2010, 3.4.5] and our previous remarks, if we take (%, y‘l) € Ay (G)
and x associated to the triple (A, A, €7) then the triple associated to x.(h, y‘l) 18
isogenous to

(A7 A7, et? o php™h

where @ is the torsor for Z9" € G%T given by the fibre of y, 7 is an element of
G (F) for some finite Galois extension F/Q mapping to y under G%'(F) —
G¥(F), and the notations A”, 17, €77 are the “twists by P” as defined in [Kisin
2010, 3.1.3].

2.5.7. We introduce the notation Z" := Z[1/N], to provide a slight simplification
in situations where the notation quickly becomes messy. Let (where plus notation
denotes intersection with G([R)jL,Gad([RR)Jr as usually defined, and overline notation
denotes closures in HPW G(Q)))

[1,vG(@)p)
ﬂN(G) = u *G(ZN)Jr/Z(ZN) Gad(ZN)+,
Z(ZN)
. GV ,
AN°(G) = a %Gy, 2@y G@NT,

Z(ZN)
and (where here overline notation means closures in G (A°9))
Hp|N G(@P) X Hp’[qN G(Zp)

Z(ZN)
Let KN = [1,nGZp), KNt = [1,v, G(Z)) and

%G @zvy, sz GU@N)T C sty (G).

5@5 (G) :=

AN =Ker(AV°(G) — V°(G™)).
First, a group theoretic lemma following Deligne’s Corvallis paper.

Lemma 2.5.8. (1) The group A"-°(G) is canonically the completion of G*(ZN)*
with respect to the topology generated by the images of congruence sub-
groups of G the form Ky x HPJ(N Gder(Zp) as Ky varies. In particular
AN-2(GIT) := 4N-°(G) canonically depends only on G

(2) We can naturally identify
AN (GYT) = G (ZN) 1k gaer gy, GN(ZN)F

(where the closure is taken in [ | DIN G (Q )



Integral canonical models for automorphic vector bundles of abelian type 1851

Proof. For (1) we have a natural inclusion G*(ZV)* ¢ «™V-°(G), and it is easily
checked that the image is dense. Moreover, a neighbourhood of the identity is
G(ZN),/Z(ZN) whose topology is generated by that of the congruence subgroups
of G with fixed hyperspecial level away from N. But by [Deligne 1979, 2.0.13]
this topology is the same as that generated by the congruence subgroups of G4
with fixed hyperspecial level away from N. Finally this neighbourhood of the
identity is obviously complete, so we are done. From this description (2) follows
immediately. U

Our key result is the following, whose proof follows that of [Kisin 2010, 3.4.6].

Proposition 2.5.9. The group A" (G) acts naturally on the integral canonical
model g v, and AN acts freely.

Proof. By the extension property, the first part can be checked on the generic fibre,
where it follows from the self evident isomorphism

sl (G)/KN4 = o™ (G).

This (together with the compatibility with Kisin’s construction) gives us the addi-
tional information that for v | g and gtN, the action on ¥~ , can be described on
the level of triples (A, A, €9) where €4 is now given modulo K9,

Take (h, y ') € AN C G41(ZN) 4 *gaer(zvy, G*(ZN)*, and y € G (F) map-
ping to y € G¥(F) with F/Q finite Galois. We also let ? denote the Z9'-
torsor of elements of G%" mapping to y. Since (h,y~!) € AN we see that
hy~tell,n 2@, ® F).

Suppose x € Pxn (k) for some algebraically closed field x of characteristic g
or 0, that x.(h, y ~') = x and associated to x is the triple (A, A, €4 /K9"Y). We need
to show that (h, y ') = 1.

As in the proof of [Kisin 2010, 3.4.6] we can find a unique quasiisogeny « :
A — A? such that

~7 o~ ~—1
VOARIQF 27, VoA®IQF -5 VRA®IQF

Vi(A)® F — Vi(APY@ F —— VI(A)QF.
o ® li

commutes. This demonstrates that also 47 ~! € Autg(A) ® F. But the intersection
of HpIN Zder(@p@)F) and Autg(A)® F inside leN Autg(A)(Q,®F) is Zder(F),
so we conclude that

hy~' e z%(F).

As in [Kisin 2010, 3.4.6] this demonstrates that % is trivial as a Zg,f’r—torsor
over Q. But Z%" is a finite group, Lemma 2.5.5 implies that Pz /N7 (the torsor
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given by the inverse image of y in Gdz‘s[r1 /NY is a trivial Z[1/N]-torsor, so we can
assume 7 € G%(Z[1/N1), and replacing i by hy~!, assume y = 1. Moreover,
we may take F = @, and so we deduce & € Z9(Q) = Z4(Z[1/N1]): that is to say,
it is trivial as an element of A", as required. ([

We also need the following ingredient.®
Lemma 2.5.10. The group AN is finite.

Proof. Let p : G%" — G4 be the usual finite isogeny. By the discussion in [Deligne
1979, 2.0] there is a diagram with exact rows.

Gder(ZN)+ N '%N,O(Gder) Gad(zN)+/deer(ZN)+

l l l

Gad(ZN)—i- N &QN’O(Gad) N 1

Considering the kernels of the vertical maps, this puts A" in an exact sequence
between a subgroup of Z%"(Ay) and the group G*4(ZN)t/pGI*(ZN),. The
former as a product of finite groups is visibly finite. The latter group is a subgroup
of G*(Z")/pG*(Z"), which is in turn a subgroup of Hg (Z", Z%"), so it
suffices to check that this is finite.

Since Z%T is a finite group of multiplicative type, we may find a finite Zariski
cover U; of Spec Z[1/N] and finite étale covers V; — U; such that Zder |y, 1s iso-
morphic to a product of split finite multiplicative groups . By the Cech to derived
functor spectral sequence for this cover, we may reduce our claim to checking that
for L a number field and k, M positive integers, the groups Hfi)pf(@L[l /M1, )
are finite. But the Kummer exact sequence gives an exact sequence

1= 0[] /0L 5] = iy (O[5 i) — Pic(0L[57]).

and both the outer terms are finite by classical algebraic number theory. O

2.5.11. We now set out to prove the main theorem Theorem 2.2.1 in the abelian
type case. Let (G, X3) be a Shimura datum of abelian type, with G,/Z[1/N]
reductive. We first need to relate it to a datum of Hodge type, modifying [Kisin
2010, 3.4.13] slightly.

Lemma 2.5.12. Let (H, %)) be a Shimura datum of abelian type with H adjoint.
Then there exists a central isogeny H' — H such that whenever (G, X) is of Hodge
type with (G, X24) = (H, Q) then G%" is a quotient of H'.

5Note that we believe the corresponding result of [Kisin 2010] is not true, so a result like this is
perhaps also needed to deduce the extension property in that case.
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Assume that H is quasisplit and unramified at all ptN. Then there exists a
Shimura datum (G, X) of Hodge type such that (G, xady >~ (g, ), Gl = g’
and G is quasisplit and unramified at all p{N.

Proof. Most of this is proved in [Kisin 2010, 3.4.13]; the only thing to check is
that we can arrange for G to be quasisplit and unramified at all pfN. But since H
has this property, clearly H’ does, and so it suffices to control the centre, whose
ramification is given by the totally imaginary quadratic extension L/F of [Deligne
1979, 2.3.10] which can be chosen arbitrarily. In particular, we may take any prime
q | N, construct L by adjoining a g-th (or 4th if g = 2) root of unity and passing
to a quadratic subfield. Then note that L/F is unramified at all primes v{g, in
particular at places over p{N. ]

Lemma 2.5.13. Suppose we are given G and G, reductive over Q and unramified
away from N, and a central isogeny f : G — Gger. Suppose we are also given a
reductive model 6, /Z[1/N] of G».

Then there exists a reductive model ‘6/Z7[1/N] of G such that f extends to

fg%r — g3,

Proof. We do the usual patching argument. Take any integral model %§/Z[1/N] and
note that there will be some M such that %[1/M] is reductive and Ger Gger
extends to %[/ M] — 43T [1/M].

By Proposition 2.4.2 we will be done if for every p | M and ptN we can find
G /Zp, areductive model such that f extends to G;‘fr — @g‘}p. But this is the case
by the argument of [Kisin 2010, 3.4.14]. O

2.5.14. Now given our (G2, X;) of abelian type, it gives rise to an adjoint Shimura
datum, which by Lemma 2.5.12 is covered by (G, X) of Hodge type and by
Lemma 2.5.13 we may take G/Z[1/N] reductive and G — Gger a central isogeny
inducing a morphism (G%', ¥%) — (G, %;’) of connected Shimura data. Let
E = E(G,%¥) Cc Q. Since for every pfN, G and G, split over an unramified
extension of p, we deduce that E/Q is unramified at all ptN, and by Lemma 2.5.1
we see their connected Shimura varieties at levels K~ := G (Z") and KY := G»(Z")
are defined over Ey/E, the maximal abelian extension of E unramified away
from N. Let Oy be its ring of integers, and note that Oyx[1/N]/Z[1/N] is indétale.

Now, comparing our description (2.5.8(1)) of #4":°(G9%") with Deligne’s descrip-
tion [1979, 2.1.6] of the group acting on a connected Shimura variety, it is clear
that 4"-°(G) acts on Sh;g v (G, X)E,, and considering the subgroup

AN(G, G,) := Ker(A"°(G*") — AN°(GSN)) c AV,

that the morphism Sh;,\, (G, X)gy — ShzzﬁV (G2, X2)E, is given by taking the quo-
tient by AN (G, G»). Moreover, by the previous section we have an integral model
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SPJI;N (G, X)oy[1/N for ShJIgN(G, X)E, satisfying the extension property, with a
free Proposition 2.5.9 action of the finite Lemma 2.5.10 group AY. We may
therefore form the quotient by the finite subgroup AN (G, G») and obtain a model

* (Ga, X2)oyp1/n for Sh v (G2, X2)E, over Oy[1/N]. By Lemma 2.1.5 this
mo%lel enjoys the extension pr%)perty, and passing to finite levels we see it is smooth.

2.5.15. Unlike at infinite or K ,-level, we do not know whether [ ],y G2(Q)) acts
transitively on 7o (Shg v (G2, X2)g), so to conclude our proof we need an alternative
to the usual “Deligne induction.” Noting that our argument up to this point holds
for any model %, /Z[1/N] for G,, the following lemma is enough to conclude our
argument.

We will need the Shimura variety

Sh(G, X) = l(gl Shg (G, X)

at full infinite level, together with the usual fixed connected component ShJr
Sh(G, X)g containing the complex point [x, 1] for x € X¥.

Lemma 2.5.16. Let (G, X) be any Shimura datum unramified away from N, E D
E(G,%), KN = HPTN G (Zp) for some choice of integral model for G, and Ey/E
the maximal abelian extension unramified away from N.
(1) Let X;N be any component of Shgn (G, X)g. Then XIJQN is defined over Ey,
and given for every choice of hyperspecial levels of the form UN =T PIN G(Zp)
for4/Z[1/N] a reductive model for G a smooth integral model EI’UN /ON[1/N]

for ShUN Ex
modelfor Xt

with the extension property, we can construct a smooth integral

KN Ey with the extension property.

(2) Given any smooth integral model for every X ; N Ey with the extension property,
their disjoint union gives a smooth integral canonical model for Shgn g, which

descends to Og[1/N] and to which the AN (G) action extends.

Proof. For (1), let w : Sh(G, X)g — Shgw (G %)@ be the canonical projection,
and take a € G(A™) such that 7(Sh* .a) = . Note that this a descends to an
identification
Shgn (G, X)g => Sh-1kv,(G, X)g

defined over E and under which X ; v 18 identified with ShJr KN Since the
latter is defined over En by Lemma 2.5.1, the former must "be also. Moreover,
since a, € G(Z,) for all but finitely many p, and in all other cases we are taking
the conjugate of a hyperspecial subgroup, which are always hyperspecial and so
have local reductive models, by Proposition 2.4.2 there exists a reductive model
%4/Z[1/N] for G giving rise to the level a~! KV a. Hence by hypothesis we have a
smooth integral model for Sh™ a-'KNa,Ey with the extension property Composing

with the isomorphism 1nduced by a gives the required model for X N Ey
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For (2), we assume we are given for each X IJg N g, Some smooth integral model
%; v with the extension property. Letting ¥ gn ¢, [1/n) together with

LT oyi1/81 oyiiyny) En = Shgw gy,

be their disjoint union, note that it still has the extension property. In particular
the Gal(Ey/E)-action on Shgn g, extends to Fgn g,[1/n], and since Ey/E is
unramified away from N this gives an étale descent datum from Oy[1/N] to
Og[1/N]. Thus we may descend our model to g~ /Og[1/N] and by Lemma 2.1.3
this model still has the extension property. The 4" (G)-action also extends to
Fkn.oy(1/n] DY the extension property, and commutes with the Gal(Ey /E)-action,
so it descends, and for any K C ]_[pw G(Q,) we have that (Pxv /Kn)R@0y[1/N]
is smooth, which is a property stable by fpqc descent and allows us to see that ¥ g~
is a smooth canonical model. (Il

3. Automorphic vector bundles and filtered G-bundles

3.1. Review of characteristic zero. We sketch the main results of [Milne 1990,
III], on which our results will build.

3.1.1. Let (G, X) be a Shimura datum with reflex field E, and 1 : G, f — G a
Hodge cocharacter of X. Then we can form the compact dual Gr,, which represents
the following functor. Fix a faithful representation G < GL(V) and tensors s, € V®
such that G is exactly the subgroup fixing these tensors, and note that ¢ induces a
filtration Fil* C V®E. For 7 : S — Spec Q we let ¥'s := 7*V be the constant vector
bundle, which also carries tensors sy, s = 7*s,. Then as a functor on E-schemes

Gr,, (S) = {filtrations F* of s such that (V;, Fil}, s) = (Vs 5, F%, Sas)
for each geometric point 5 € S}.

This depends only on the conjugacy class of u and is representable as an E-
scheme. Moreover by construction it carries an algebraic action of Gg, which we
write as a right action

Gry(S) x G(S) 3 (F*, g) > g~ (F*) € Gry(S).

3.1.2. Let Z,,. C Z(G) be the largest subtorus of Z(G) split over R but with no
subtorus split over Q, and G =G/ Z,,.. Then there is a G¢-torsor P = P(G, X) over
Sh(G, ¥) with an equivariant G (A>)-action,” which can be easily defined analyti-
cally over C and by [Milne 1990, 111,4.3] admits a canonical model (in Milne’s sense)
over E, together with an integrable connection with regular singularities at infinity.

71t is natural to ask whether this extends to an equivariant action of Deligne’s extension
G(A>®)/Z (@*c@),/z@) G*(@)*: in fact this group does act but not quite in a way that commutes

with the algebraic G€-action, as we shall later see.
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Moreover P(G, X) has a G-action, via G — G€, and there is a G-equivariant
map [Milne 1990, IIL,4.6] y : P(G, X) — Gr, which complex analytically is given
by the Hodge filtration coming from X, but is algebraic and descends to E.

To begin discussing any functoriality of this construction we need a lemma.

Lemma 3.1.3. Let f: (G, X1) — (G2, X») be a morphism of Shimura data. Then
there is an induced map

G{ — G5.

Proof. This comes down to showing that f(Z(G1),.) C Z(G2). Suppose for
contradiction we have R* = W C Z(G)(R) with f (V) intersecting trivially with
Z(G1)(R). Let h € X1, and recall that ad f(h(7)) is a Cartan involution acting on
G;d, so the real group

H={geG5(C): f(h()ef ()" =g}

is compact. On the other hand for any i € ¥ we have
h@yh@) ™ =y =

since ¥ is central in G, h(i) € G1(R), and ¢ is real. Hence, we have an embedding
of ¥ = R* into the compact group H (R), which is absurd. U

Note that there is no such functoriality for general group morphisms. For example
letting F be a totally real field of degree d acting on itself by multiplication we get
a morphism

F* GLd

failing to have the required property for all d > 1.

3.1.4. Automorphic vector bundles are typically parametrised by complex repre-
sentations of the parabolic subgroup P, associated with the Hodge cocharacter p in
the usual fashion (for example one may define P, C G¢ as the subgroup preserving
the filtrations u induces on Rep G¢). By a complex analytic interpretation of the
Grassmannian it is easy to show these are in correspondence with G¢-equivariant
vector bundles on Gr, c. We therefore take as our input data a G-equivariant vector
bundle ¢ on Gr/, defined over L/E some number field, and we assume the G-action
factors through G¢.2

Given this data, we can pull it back along y to get a G(A*) x G°-equivariant
vector bundle on P(G, X); and therefore a G (A°°)-equivariant vector bundle V' ($)
on Sh(G, X). This is the construction of canonical models for automorphic vector
bundles we seek to perform integrally.

8This is a reasonable condition to impose since Z C Py acts trivially on Gr,.
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3.1.5. We need a basic functoriality property for which we could not find a direct
reference but which follows easily from Milne’s definition together with the map on
complex points induced by X x G(A%®) x G(C) — X' x G'(A*®) x G’*(C) which
we note relies on Lemma 3.1.3.

Lemma 3.1.6. Let f: (G, X) — (G', X') be a morphism of Shimura data, i and i/
Hodge cocharacters of X and X', respectively. Then there is a diagram

Sh(G,X) «—— P(G,X) —> Gr,

l | l

Sh(G', X') «— P(G'.X') —— Gry

defined over E(G, X) which is G-equivariant and G (A*°)-equivariant in the obvi-
ous senses.

3.1.7. Inthe case where G =T a torus we also need the following, the main content
of which is due to Blasius. Let p be a prime containing a place v of E D E(T, h),
wet the usual fibre functor giving étale local systems on the Shimura variety, and
fix E, an algebraic closure of E, letting I'g, := Gal(E, /Ey). Consider the fibre
functor coming from p-adic Hodge theory

@R Repg (T) 3V i (wa(V) ®a, Bir)'* € Vecg, .

Proposition 3.1.8. Suppose T is split by a CM field, and let X = Spec E C
Shy (T, h) be a component of the Shimura variety for U C T (A*®) open compact.
There is a natural isomorphism between wp x , : V — (V xT° py(T, h)|x) ®r E,
and wy dr.

Proof. By Lemma 3.1.6 it suffices to do the case T = T¢. We observe that
any cocharacter i : G, g — Ty has weight defined over Q. Indeed, by definition
X (T°)q is the summand of X, (T )g on which either Galois acts trivially or complex
conjugation acts via —1, so for any u € X, (T°), u + u¢ lands in the summand on
which Galois acts trivially.

Combining this with fact that T hence 7€ is split by a CM field, the induced
Shimura datum (7°¢, h°) is of CM type, and thus admits a characterisation as a
moduli space of CM motives M, which we take as those for which the Betti fibre
functor wp = Hp(M(p)) : Repg T — Vecq is trivial.

Therefore a point x € X (Q) has attached to it a T-valued CM motive M :
Repp(T) — (CM/ @), and the fibre functor attached to x* Py (T, h) is given by
wp(p) = HdR(M(,o)/GZD) Noting that for o € Gal(@/E) we have a canonical
isomorphism

Har(M? (p)/Q) = Har (M (p)/Q) @, Q,
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we see that wp carries a canonical descent datum to X = Spec E which defines
Py (T, h)|x. We may also use the reciprocity law to canonically identify the p-adic
étale cohomology fibre functors

Heio M = wg : Rep@p (Tg,) — Vecq,,

which in particular have an equivariant I" g-action coming from we.

Now fix an embedding Q < E,, and a faithful representation 7 — GL(V),
and s, cycles on V® fixed precisely by 7. For any M € X (Q), these give rise
to absolute Hodge cycles on Hg(M(V))®, which in turn give rise to de Rham
cycles sq.ar € Hir(M (V))® via the Betti-de Rham comparison, and étale cycles
Sa.et € Wer(V)®. These s, are [ g-invariant because the action factors

g — Up C T(@p) — GL(wet(V))

by construction, and as in [Kisin 2010, 2.2.1] this implies the sq qr € @p x.,(V)®
because an absolute Hodge cycle is determined by either component.

Let us fix Y/L with Q D L a finite Galois extension of E such that M (V) is
realised in the cohomology of Y, and a place w|v of L determining L,, C E,. By
Blasius’ theorem on de Rham cycles [1994], the p-adic Hodge theoretic compari-
son map

Hy(M(V), @,)® ®q, Bar => Hir(M(V)1,/Ly)® ®L, Bar
identifies sy o With s, gr. Unravelling the definitions, we see that

Py(T, h)p =Isom,, (Vr, HiR(M(V))L)
and
Puy i ® Ly = Isom,, (Vi (0e(V) @1, Bar)" ).

Thus putting it all together we get a canonical® identification
wp,xv® Ly, = Wy, dr ® L,.

We conclude by checking that this descends to E,,. Indeed, I'g, acts canonically
on both sides of the p-adic comparison map compatibly, so we have an isomorphism
of Gal(L,,/E,)-modules

(@a(V) ®q, Bar)"*» => HR(M(V)1, /Lw) = 0p x,0(V) ®, Ly

and taking Gal(L,,/Ey)-invariants therefore w, 4qr(V) = wp x., (V). Finally, we
have already observed that the s, .; and s, gr are Galois invariant, so these too
descend to E,. O

9The choice of s¢ does not affect the identification. To see this note that it does not change under
adding more tensors so given two sets of choices one can just compare both with the union.
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3.2. Moduli of p-filtrations of G. In §3.2 and §3.3 we make a brief digression
from the theory of Shimura varieties to discuss Grassmannians and filtrations more
generally. Let R be a domain with fraction field K of characteristic zero, R’/R an
étale cover, and G/R a connected reductive group.

3.2.1. Suppose we are given a cocharacter i : G, g7 — G g'. This cocharacter gives
us a parabolic subgroup P, C G ', which we can view as a point x,, € Parg,z(R’),
where we recall [Conrad 2014, 5.2.9] that Parg g, the functor assigning to each
R’/R the set of parabolic subgroups of G g defined over R’, is a proper smooth
scheme over R.

After making a base change R C K — K we get a well-known finite decompo-
sition

PaI‘G/R ®RK = ParGE/E = ]_[ GI?/P,'

1

where the P; are representatives of the finitely many K conjugacy classes of para-
bolic subgroups of G .

For P, C G aparabolic subgroup, we denote its conjugacy class by [P, ], in
a precise sense we will soon make clear. Let us say that [P, ] is defined over R if
there is a component!'® Z,, C Parg, defined over R such that x,, € Z,(R’) and
Z,, i 1s connected.

This definition in a sense is saying that “being étale locally conjugate to P,” is a
notion that is defined over R, even if P, itself is not. More precisely, we have the
following.

Lemma 3.2.2. Let ju be a cocharacter as above defined over R’ such that [ P,] is
defined over R. For S an R-algebra, and P C Gg a parabolic subgroup, P is étale
locally conjugate to P, if and only if xp € Parg,gr(S) factors through Z,,.

Proof. The statement may be checked étale locally, so we may work over R’, at which
point by the construction of Parg,g, Gr'/P, C Z, g is a union of components.
Working over R’ ® K using the fact that the fibres of Z . over each generic point
are connected, we see that in fact Gg// P, = Z,, g/, so the desired statement follows
immediately from [Conrad 2014, 5.2.8]. U

For us an important context where the above holds will be the following.

Proposition 3.2.3. Assume R is a Dedekind domain with K = Frac R of char-
acteristic zero, G/R connected reductive and L/K a finite extension. Suppose
w: Gy — Gy is a cocharacter whose conjugacy class is defined over K.

10Here and in much of what follows we use “component” in the relative sense of a “component”
of a morphism X — Y being a Y-subscheme X’ C X such that the preimage of any connected open
subscheme U C Y is connected.
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Then there exists an étale cover R'/R and a cocharacter ' : G,, g — G g such
that if we write R' Qg K =[], L;, there are embeddings L — L; such that i’ ® g K
is G(R' @ K)-conjugate to n ®p. [[; L.

Furthermore, this ' has the property that [ P,,/] is defined over R and independent
of the choice of '

Proof. For existence, take R’/R an étale cover which splits G and whose generic
points contain L, and fix embeddings L <— L;. Let T C G be a split maximal
torus and let 7}, C Grg,x be a maximal torus containing the image of u which
perhaps after enlarging R’ we may assume is also split. Then there exists g €
G([1; Li) =T1; G(L;) such that gTxg~' = T, and so

w =g 'ug € Hompg,k (G, Tx) = Homg (G, T)

is a cocharacter with the desired property.

Let us next show that [P,/] is defined over R. By definition we see that x,, and
x, lie on the same component of Parg g ®(R' ®g K), whence certainly on that
of Parg,r ®R’. But since the conjugacy class of j is defined over K, x,, lies on a
component Z,, g C Parg, g which is geometrically connected. Letting Z,, be its
closure in (i.e., the corresponding component of) Parg /g, we obtain our witness to
the fact that x, is a defined over R. Also since Z,, is determined by w, in particular
it does not depend on . O

3.2.4. Let S/R be a scheme. We let Vecs denote the category of vector bundles
(projective finitely generated modules) on S, and Repg(G) the category of algebraic
representations G — Aut(V) for V € Vecg = Vecspec g-

A filtered bundle over S is a vector bundle M /S together with a decreasing
complete exhaustive filtration F'* C M by flat submodules such that gry, M :=
&b » FP/F P+l is flat over S. These form an exact category Filg, allowing us to
define a filtered G-bundle over S to be a faithful exact tensor functor

% :Repp(G) — Fils .

We say that & is a filtration of G over S (or just “filtration of G” if no confusion
will arise) if its composite with the forgetful functor Filg — Vecg is naturally
isomorphic to the usual forgetful functor Repy(G) — Vecg —805 5 Vecy.

Let u : Gy, g — G g be a cocharacter defined over some étale cover R’/ R such
that [P, ] is defined over R. It induces a grading on each V € Repz(G) ® R’, each
of which in turn gives such V the structure of a filtered bundle, so we can define a

canonical filtration of G associated with u

F, : Repg(G) s Filg (G)® R'.
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3.2.5. Let us say that a filtration & of G over S is a u-filtration if étale locally on S
we have # = %,. We make the necessary remark that of course given f : §' — S,
whenever ¥ is a p-filtration of G over S, we may take an étale cover {U, — S}
witnessing that & is a u filtration and pulling it back along f it will give an étale
cover of S’ witnessing that f* o ¥ is a u-filtration of G over §’.

Thus we have a natural functor on R’-schemes

Gr,, r (S) = {pu-filtrations of G over S}.

Proposition 3.2.6. This has the following properties:

(1) The functor Gr,_ g is representable by a smooth proper R'-scheme which in
Jfact canonically descends to Gr, /R.

(2) The scheme Gr,, /R comes equipped with a natural G-action.

(3) If R is a field, this agrees with the construction of Section 3.1.1.

Proof. In the usual fashion p determines a parabolic P,, C G, and we claim that
Gr,, g = G/ P, which in turn is smooth and projective by [Conrad 2014, 5.2.8],
and canonically descends by the definition of [P, ] being defined over R.

In [ibid.] it is also shown that G/ P,, represents the functor of subgroups of G
which are étale locally conjugate to P,, so it suffices to check this coincides with
our functor. Given a u-filtration & over S we can define the subgroup Py C G of
elements which preserve & (if you like, acting on all representations). Since % is a
p-filtration, étale locally there is an identification of % with %, which conjugates
Pz onto P,,. Thus & — P gives a map Gr,(S) — G/P,(S).

Let us construct an inverse. Given P /S étale locally conjugate to P, g, after
passing to an étale cover S” — S there exists g € G(S’) such that Py = gP, s g L
In particular Py is a parabolic subgroup of G g, and letting up := g o u we see that
Py preserves the filtration % p defined by pp of G over S’. We must now check
this filtration is independent of the choice of g and so in particular is canonical and
descends to S.

Suppose we take h € G(S’) such that hP,L,S/h_1 = gPM,Srg_1 = Pg. Then

/’lgilps/ghil = hPM’S/hil = PS’

so hg™! € Ng(P)(S") = P(S’), where the final equality is again by [Conrad 2014,
5.2.8]. It follows that gu and A induce the same filtration.

Part (2) is now obvious, since G acts by conjugation on G/ Py, and part (3) is
immediate from [Conrad 2014, 5.2.7 (1)] and an easy verification shows that the
G-actions agree. O

3.2.7. In the context of Proposition 3.2.3 where we are given a conjugacy class of
cocharacters i : G, 1 — G|, defined over K = Frac(R) and deduce the existence
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of a i/ defined over an étale cover of R inducing a conjugacy class of parabolics
defined over R and hence a Gr,/ /R we use the notation YR, := Gr, noting the
canonical identification

(g%ﬂ ®R K = GI'M .

Lemma 3.2.8. Suppose G| — G, is a map of connected reductive groups over
R and w : G, — G g giving a conjugacy class defined over R and inducing
w2 : Gy — G g = Go . There is a natural map

Gr,, — Gry, .
Proof. Given S/R and & € Gr,, (S), recall that & is specified by a fibre functor
Repr(G1) — Filg .

Composing with the restriction map Repy(G2) — Repr(G), we get a new fibre
functor from Repr(G>) which it is easy to check gives an element of Gry,(S),
defining the map required. U

3.3. Filtered G-bundles. Fix G, u as above and suppose we have X /R a scheme
and P — X a G-bundle on X. A pu-filtration of P is a G-equivariant map of
R-schemes

y: P — Gr,.

Lemma 3.3.1. 7o give a u-filtration y on P is to give a fibre functor
a)z :Repr(G) — Fily
which étale locally is isomorphic to ¥, and such that the composite with the

forgetful functor

Y
Repg(G) 22> Fily — Vecy
is equal to the fibre functor wp defined by P.

Proof. Suppose we are given a u-filtration y : P — Gr, of P. Pulling back the
universal p-filtration of G, we obtain a G-equivariant u-filtration of G over P,
which descends to a p-filtration of G over X, i.e., we obtain a fibre functor

%, :Repg(G) — Fily .

Since it comes from a G-equivariant u-filtration of G over P, whose forgetful
functor to Vecp by definition is the canonical one from Rep(G) which descends
to wp, we see that it satisfies the condition in the lemma.

Conversely, if we are given a)g satisfying the condition, we can pull it back
along P — X to obtain a G-equivariant p-filtration on P, which is the same as a
G-equivariant map y : P — Gry,. U



Integral canonical models for automorphic vector bundles of abelian type 1863

We also need the following criterion for extending u-filtrations over K to u-
filtrations over R.

Lemma 3.3.2. Suppose we are given i : G, 1 — G for L/K = Frac(R) a finite
extension whose conjugacy class is defined over K, X/R a scheme and P — X a
G-bundle. A u-filtration

y 1 Pg — Gry
extends to a G-equivariant
P — 4R,

if for p : G — GL(V) a faithful representation on V /R finite projective, the bundle
V=V xY P/X carries a filtration V* (making V' into a filtered bundle in the above
sense) extending that of Vg = a)?K (V).

Proof. Let R'/R be an étale cover and i : G,, g — G a cocharacter conjugate
to w as in Proposition 3.2.3. We let Grff, and Gr(;,L ") be the two Grassmannians
formed from considering i’ : G,, — G and i’ : G,, > G —£> GL(V) respectively,
both defined over R.

By Lemma 3.2.8 we obtain a map

. (G GL(V)
P GrM, — Gru, .

We claim this map is a closed immersion, and this suffices to prove the lemma be-
cause we are assuming that p,(y) € GrS,L(V) ®rK extendstoamap y: P — GrS,L(V) ,
and since GrS/L(V) is flat that the ideal sheaf of Grg, is killed by * may be checked
on the generic fibre.

Since it is clearly proper (as both the source and target are proper), it suffices to
show it is a monomorphism, for which it suffices to check the functor of points is
injective. But this is obvious: given two u'-filtrations of G for a test scheme 7,
if they induce the same filtration on V7 then they are equal, since any other repre-
sentation of G7 can be embedded in a tensor construction on V7 and will have to
receive the induced filtration. ]

4. Integral Models for the standard principal bundle

4.1. Breuil-Kisin modules and lattices in de Rham cohomology. We consider the
following adaptation of the results of [Kisin 2006], as packaged in [Kisin 2010, 1.2].
Fix F = ]_[f-:1 F; some finite étale algebra over Q, and let «; be the residue field
of F;, and E;(u) the monic minimal polynomial of a uniformiser w; for F; over
W (k;). Consider thering S =&y :=[ [, W(k;)[ulland E (u) = (E (1), ..., Es(u)).
We equip & with the Frobenius ¢ raising # — u” and the canonical Frobenius on
each W(k;).
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Define the category Lisse;pys(F ) to be that of crystalline constant rank lisse
Z ,-sheaves on Spec F, i.e., Galois-stable Z,-lattices in tuples of crystalline p-
adic representations (o : Gal(F; /F;) — GL,(Q))). Define the category Mod(é of
G-modules to consist of finite free G-modules 9t together with a ¢-semilinear
isomorphism

1®¢: " (M[1/E )] = M[1/Ew)].
Theorem 4.1.1. There is a fully faithful tensor functor
M : Lisse;pys(F) — Mod‘éF

compatible with the formation of symmetric and exterior powers, unramified base
change F — F' of finite étale algebras over Q,,, and with the property that

D(L) := " M(L) ®s, O C Dgr(L ® Q)

obtained by tensoring along the map u > (w;) is a natural O p-lattice in Dgr (L®Q))).
Moreover, if sl is an abelian variety over O, and L = T, (A )™, then this lattice is
identified with integral de Rham cohomology

Hl(s4/0p) —— H)\ (s4p/F)

| |

D(L) —— DwR(L®Q,).

Proof. The first part is just [Kisin 2010, 1.2.1] and the second follows perhaps
most quickly from [Bhatt et al. 2016, 1.8 (ii)] (although since we are in the case of
abelian varieties the theorem probably also can be deduced directly from the theory
of Breuil and Kisin). (]

4.1.2. For our application to integral models of Shimura varieties over Og[1/N],
we also need the following abstract lemmas. We thank one of the anonymous
referees for pointing out the ideas for the argument for Lemma 4.1.3 in [Maulik
2014, 6.15].

Lemma 4.1.3. (1) Let A be a Dedekind domain with fraction field K, X/A a
smooth scheme and suppose we are given two vector bundles £, and &£, over
X together with an identification

0: LR K = £ R4K.

Suppose further that 6 extends as an isomorphism to the formal completion of
X at all maximal ideals of A. Then 6 extends over X.
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(2) Let W = W (k) for k a perfect field with fraction field K. Suppose X/ W is a
smooth scheme, with p-adic completion X, and special fibre X, and suppose
we are given vector bundles £| and £, over X together with an identification

0:% [%] - Lpz[%]
Suppose further that there is a Zariski dense subset Uy C X of the special fibre
such that each xo € Uy admits a lift Xo € X(W(K (x0))) with the property that
X, (0) extends to an isomorphism X5 (£1) => X5(£2). Then 6 extends over X.

Proof. Note that in both cases the claim may be checked locally on X, so we may
assume £, &, are both free and that X = Spec R is affine, and by picking bases
and considering the matrices of both 6 and #~! the question can be reduced to a
question about the matrix coefficients.

For (1), we wish to show matrix values lying in R ® 4 K in fact lie in R. The
matrix values all lie in R[1/D] for some D € A, since R is of finite type over A,
and the &; of finite rank. But by the hypothesis for each maximal ideal p containing
D, we know 6 and 6~ extend over X /p» implying that the matrix values also lie in
R ®4 Ay, hence they lie in R as required.

For (2), letting R be the p-adic completion of R, we are required to show that a
matrix coefficient f € R[1 /p] in fact lies in R. Suppose for contradiction it does
not, and let » > O be minimal such that F = p" f € R. The hypothesis tells us
that for any xo € Uy and some lift Xy we have that X§(f) € W (k(x¢)). Therefore
X5 (F) € p"W(k (x0)) and in particular x;(F) =0, or F € m; C R®yw k. Since the
set of such xg is dense, and R Qw k a reduced algebra of finite type over a field, we
deduce that the F = 0 restricted to the special fibre. L.e. F = pF’ for some F’ € R.
But then p’~! f = F’ € R giving the required contradiction. O

Lemma 4.1.4. Let R be a PID with fraction field K, X/R a flat scheme, G/R a
flat affine group scheme of finite type, and P/ Xk a G g-torsor. Suppose we have
two pairs (P;, ;)i = 1,2 where P; is a G-torsor over X and t; : P; g K = P
an isomorphism of G g -torsors over X.

Then the map L;ltl P11 QK = Py ® K extends over R if and only if for every
representation G — GL(V) with V /R finite free the composite isomorphism

—1
w3, (V) ® K - wp (V) 2> w9,(V) ® K
identifies the lattices wyp, (V) and wgp,(V).

Proof. Recall the natural equivalence [Broshi 2013, 1.2] under our hypotheses
between the groupoid of G x-torsors and the groupoid of fibre functors Rep(G) —
Vec(X), and that it is functorial in X/R. In particular, ¢, Lot 1 extends over R if
and only if the composite induced map wp, ®r K = wgp, ®g K on fibre functors
extends over R, and this is the case if and only if the condition on lattices holds. []
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4.2. Special type case.

4.2.1. Let (T, h) be the Shimura datum defined by a torus split by a CM field,
Er :=E(T, h). Then Sh(T, h)/Er is a product of algebraic field extensions, and
we recall that its integral canonical model ¥ (T, h) is that obtained by taking integral
closures. In particular, recall that if 7' is unramified at all pfN, we get a unique
integral model (also abusively written) 7/Z[1/N] and letting K = I1 pIN T(Z,)we
get S v (T, h) indétale over O, [1/N] with a natural [ | DIN T (Q,) action extending
that on the generic fibre.

Recall that we also have Pgn (T, h) — Shgn (T, h) the standard principal T°¢-
bundle, defined over E7. Our aim here is to construct for it a canonical integral
model. We assume henceforth that 7" is unramified at p{N.

4.2.2. Suppose P/F g~ (T, h) together with ¢ : Pg, = Prn (T, h) is such a model.
We can study the associated fibre functor

wp : Repy n(T) > Wi W x™ @ € Vec(Fgn (T, h)).
The identification ¢ realises the image of such as lattices
wp(W) Cwpya.n(WeQ)

in the “de Rham sheaves” defined by Pgn~ (T, h).

On the other hand, for each prime ¢{ N, and v|q a place of E7 we can let KN4 =
I1 piNg T (Z,) and it is immediate from the setup and class field theory that the pro-
étale T(Z,)-cover Shgng (T, h) — Shgn gives rise to, for each representation W,
of T°(Z,), acrystalline lisse Z,-sheaf we (W,) on Shgn. By Theorem 4.1.1 we have
associated to such a datum a canonical lattice D(wet(Wy)) C Dar (wer(Wy) ®2z, Q).

Finally recall Proposition 3.1.8 which gives a natural identification

0 :wpyan(WQ) Qg ETy => Dar(wet(Wy) @z, Qy).

We say that the model @ is canonical if for every gf N and W € Repyy,n(T) the
two lattices wgp (W) Q0 [1/N] Ok, v and D(we(W,)) constructed above are, under
the map 0, identified.

Proposition 4.2.3. With (T, h) as above, there exists a unique integral canonical
model for Pxn (T, h).

Proof. We first remark that uniqueness follows directly from (4.1.3 (1)) and
Lemma 4.1.4.

For existence, let us first remark that we have the map of Shimura data (7', h) —
(T, h°) giving rise to a map of integral canonical models for the Shimura varieties
i Fpnv(T, h) = Pen (T, hS). Suppose P€ is an integral canonical model for
Pxen (T, h€). Then i*%¢ is an integral canonical model for Pgn~ (T, h) because
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¥ Wet, (T¢,he)y = Wet,(T,h)- Since any h : S — T has weight defined over Q, we are
therefore reduced to the case where (7', 1) is a CM pair (i.e., where T is split by a
CM field and the weight of & is defined over Q).

Let T — GL(W) be a representation of 7/Z[1/N]. Since (T, h) is a CM
pair, Shg~ (T, h), a union of copies of Spec E for some field E, can be inter-
preted as a moduli space of CM motives with level structures. Let Pgn (T, h)? —
Shgn (T, h)? = Spec E be any single component together with the restriction
of Pxn(T, h) over it. There exists a finite extension F/E and a CM abelian
variety A/F for such that wp_, 7.5 (W ® @) ®g F C Hjp (A/F)® and we (W) =
HY(A, Z,)® Nwa(W)®Q), for all p{N’ some N’ divisible by N. Let s4/Of be the
Neron model of A, and notice that it is an abelian variety over Or[1/M] for some
M which we may assume is divisible by N’. Thus we construct an Og[1/M]-lattice

A/ = wPKN(T,h)O(W X @) N H(ilR(\ﬂ/@F[%])® C wPKN(T,h)O(W ® @)

The second part of Theorem 4.1.1 assures us that at all p{M this lattice agrees with
that obtained via first taking the dual Tate module and applying Breuil-Kisin theory.

Moreover, using the construction of Theorem 4.1.1 together with Lemma 2.4.1
for the finitely many p which divide M but do not divide N, we are able to extend A’
to a lattice A over Og[1/N]. This A (applying the construction for all components)
gives us the lattice in wp, \ (7,1 (W ® Q) we require to prove existence. Note that
since we already have uniqueness, we may observe that the construction does not
depend on the choices of F and A/F. O

4.3. Connections on G-bundles. 1t will help to collect some basic facts about
connections on G-bundles. Let S be a scheme and G/S a flat affine group scheme
of finite type.

Suppose X /S ascheme, and let A%(1) = A% ;s be the first order neighbourhood
of the diagonal in X xg X, § : X — A(1) and p1, p»: A(1) — X the two projection
maps. We also will need A3(1), the first order neighbourhood of the diagonal in
X x5 X x5 X and its three projections pi2, p23, P13 : A3(1) — A%(D).

4.3.1. Recall that if we have a vector bundle V" on X a connection on V'/ X (relative
to §) is given by an isomorphism

V:ipiV = p3v

such that §*V = id (under the canonical identification (§ o p;)*V = id*V = V).
Such a connection is said to be flat if

P13(V) = p33(V) o pr (V).

It is well known that these definitions are equivalent to the more usual definitions
from differential geometry.
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4.3.2. Let P — X be a Gx-torsor. A connection on P is an isomorphism
V:piP = p;P
such that 6*V =idp, and V is said to be flat, again if

P13(V) = p33(V) o pir(V).

Lemma 4.3.3. Let X/S be a scheme, and assume S is Dedekind. Let P — X be a
G-bundle, with associated fibre functor wp. To give the following pieces of data are
equivalent:

(1) A (flat) connection on P — X.

(2) For each representation V € Repg(G) a (flat) connection on wp (V) in such a
way that the isomorphisms

wp(VOW)=Z=wp(V)Rwp(W)
and
wp(V)Zwp(V)Y

are isomorphisms of bundles with connection.

(3) Given a faithful representation G — GLg(V) and tensors s, € V® such that
G = GLg 4, (V), a (flat) connection on wp(V) with the property that each
wp(5405) C wp(V®) = wp(V)® receives the trivial connection.

Proof. The equivalence of (1) and (2) is formal given Broshi’s Tannakian formalism
over a Dedekind scheme [Broshi 2013, 1.2]. Indeed the conditions in (2) are
exactly those needed to say that the connections V,,,(y) define an isomorphism of
tensor functors pfwp => p>wp, which is the same as an isomorphism of torsors
piP = p3 P, and one easily verifies that the conditions translate across.

It is obvious how to pass from (1) to (3). For going from (3) to (1), we note that
P can be canonically identified with the frame bundle

P = Isom,, (V®0x, P x° V),

(via pr—> (v~ (p,v)). Let V =wp(V) =P x%V and se1 = (1, 54) €V®. If we
are given a connection V : p{V" = p3, which is trivial on each line containing
Sa,1, that is to say V(pisqe,1) = p5Sq,1, we obtain a well-defined isomorphism

Vp:piP2¢p+>Vogpep,P,

giving the desired connection on P. Again it is easy to check that if V is flat then
so is Vp. O
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4.4. Definition of canonical models. Let (G, X) be a Shimura datum with reflex
E = E(G, X), and for what follows assume it admits an integral canonical model
over Og[1/N] at any level hyperspecial away from N.

4.4.1. We shall need the mild assumption that Z(G)° is split by a CM field, which
we impose for the rest of the paper. This can be removed if the arguments relying
on CM motives in proving Proposition 3.1.8 and Proposition 4.2.3 can be replaced
by arguments that work with greater generality.

4.4.2. Recall Section 3.1.2 that the Shimura variety Sh(G, X) is equipped with
a standard principal bundle P (G, X), which is a G(A*)-equivariant G-torsor
defined over E, with a flat connection V and a G-equivariant map y : P(G, X) —
Gr,,. Suppose also G is quasisplit and unramified away from N, fix G = Gz, a
reductive model, KV = I pIN G(Z)) and for u the Hodge cocharacter note that
over an integral model one has the canonical inclusion Gr, C 9R,.

We also let

Wet :RepZP(Gc) — Lissez, (Shg (G, X))

denote the standard étale Z,-sheaves coming from the tower at p, and ey, :
Rep@p(Gc) — Lisseq, (Shg (G, X)) the corresponding lisse (2 ,-sheaves.

4.4.3. We will say that a (G, X) has enough crystalline points if for every prime p
of E with p|p{N, and every Ky C HqIN G(Q,) compact open, K = Ky K", there
is a dense subset Uy of the special fibre of Sk, x~ /p with the property that for each
xo € Uy there is a lift Xo € F g, gn (W (k (x0)) such that Xo[1/p]*we, , takes values
in crystalline representations of I'w (c(x))[1/p1-

We say (G, X) has all the crystalline points if for every W (k)-valued point
x € Pk, kv for k a finite field of characteristic p{N, x[1/p]*we,, takes values
in crystalline representations of I'w)[1/,). Clearly in the present context where
the base is smooth and so every k-point admits a W (k)-lift, if you have all the
crystalline points you have enough crystalline points.

Moreover, we note that when (G, X) is of Hodge type or special type it has
all the crystalline points. In the Hodge type case, this is because the relevant
Galois representations live inside Helt(&ix[l/ pl,Q,)®, where s, is the fibre of the
universal abelian scheme at x, and since .,/ W (kx (x)) is an abelian scheme, this
representation is crystalline. In the special type case it follows from the explicit
reciprocity law computation as in Section 4.2.2. We shall later use the methods of
§4.6 to establish that (G, X) of abelian type also has all the crystalline points.

In what follows, a crystalline point is understood to be, for some K and some
finite field k of characteristic p{N, a point of g g~ (W (k)) such that x[1/p]*wey,,
takes values in crystalline representations, and any p, Ky, k, Ko = W(k)[1/p]
appearing will be understood to be part of this data.
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4.4.4. We will also say that to give (G, X) a de Rham structure is to give for every
crystalline point x € ¥, g~ (W (k)), an identification

17* ~ 17* .
DdRox[;] Wet,y = x[;] Py (N (G Rep@p(GC) — Vecg, .

In the case where (G, X) is of abelian type (and we expect in general), there is
a canonical de Rham structure. This follows using functoriality and the morphism
(G, X) — (G, X°) to reduce to the case where the weight is defined over Q. Here
we may use Milne’s moduli interpretation [1994] in such a situation to interpret
x[1/p] as an abelian motive, and get the required identification by the same argument
as Proposition 3.1.8. It is also straightforward to check that these canonical de Rham
structures are compatible under morphisms of Shimura varieties induced by maps of
Shimura data. In what follows, we will usually assume (G, X) is of abelian type in
which case we are always working with reference to the canonical de Rham structure.

4.4.5. Let (G, X) be a Shimura datum as above equipped with a de Rham structure.
An integral canonical model P = P gn (G, X) for Pgn (G, X) is a G°-torsor over
the integral canonical model kv (G, X) for Shgn (G, X) with an identification

L:Pen (G, X) Q0 x[1/N] E = Pgn(G, X)

and equivariant [ | pIN G (Q))-action such that we have the lattice property given
below for any crystalline point x € ¥, gn (W (k)).
Consider

®dR x  Dar ox[%]*a)et,n :Rep@p (G°) — Veck, -

This functor comes with two canonical lattices. First, there is the lattice given
by P e coming via ¢ and the de Rham structure. Second, there is the lattice
Do x[1/p]*wer coming from the theory Theorem 4.1.1 of G-modules. The lattice
property requires that these lattices are equal. Note that since everything is Hecke
equivariant, it suffices to check the lattice property at infinite level, an observation
of which we shall make liberal use.

We will also insist that for % g~ to qualify as a canonical model the connection
V and the p-filtration y extend to P, although we shall see that in the abelian type
situation these additional properties are automatic given the condition on crystalline
points.

4.4.6. We remark that this definition is compatible with Section 4.2.2. We also
remark that one can make definitions of integral canonical models defined over
any unramified-away-from-N extension F/E, and for any such F containing the
abelian extension over which Shy~ (G, X) splits into its geometrically connected
components we may also define integral canonical models for Pgn (G, %)Jg. These
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definitions are made in exactly the same way and such models enjoy the properties
we are about to note for the same reasons.

Lemma 4.4.7. Suppose (G, X) has enough crystalline points. An integral canonical
model (P, 1), if it exists, is unique up to canonical isomorphism.
This is true without assuming V or y extend.

Proof. Suppose we have (%, () and (P, '), two integral canonical models for
Py (G, X). We will aim to show that /' o1: P ® E = P’ ® E extends over
Og[1/N]. By Lemma4.1.4 it suffices to check that for any representation of G%[l IN]
on a finite free module V that the composite (' "' ot), : w3 (V)® E <> wyp (V)R E
identifies the Og[1/N]-lattice wg (V) with wg (V).

By Hecke equivariance we may reduce to checking this at every finite level
Ky KN, Noting that ¥ vk~ 18 smooth, we may invoke our lattice Lemma 4.1.3 to
reduce the statement first (4.1.3(1)) to checking equality of lattices over the formal
completion of ¥ g~ at each (maximal) prime p of Og[1/N], and then (4.1.3 (2))
to checking equality of lattices on lifts of a dense subset of the special fibre at p.
But since (G, X) has enough crystalline points, and by the lattice condition we have
the necessary equality at these points, we get the desired identification.

Note that the connection and p-filtration are extended from the generic fibre and

that they extend is a property, so they have no impact on the uniqueness statement.
O

The following functoriality properties can now be read off.

Proposition 4.4.8. Let f : (G, X|) — (G2, X») be a morphism of Shimura data
with enough crystalline points and compatible de Rham structures induced by a map
G1,z11/81 = G2,711/N) of reductive groups over Z[1/N], and KiN = HPMV Gi(Zy)
and (P;, ;) an integral canonical model for PKiN (G, X),i=1,2.

(1) We can canonically identify
P x 91 GE = f*g’g.

(2) The induced diagram
P — 4R,

l |

Py — YR,

commutes.

Proof. Let E = E(G1, X1). Note that by Lemma 3.1.6 we have a natural identifica-
tion
01 Pen (G, X1) X1 GS =5 f*Pry(Ga, X2)
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and so as in the previous lemma it will suffice to check that
Y obou 1 (@1 x G ®cpnyn E = (f*P2) ®cppiyn E
exchanges the natural lattices when taken on the level of fibre functors
o :Repy G5 — Vec(ffK{v (G1, %X1)).

As in the previous lemma, we may reduce to working at finite level and checking
equality at crystalline points. But this is then immediate from the lattice condition,
the compatibility of the étale fibre functors on both Shimura varieties, together
with the (consequent) observation that the image of a crystalline point is always a
crystalline point. This completes the proof of (1). Now (2) follows directly from
the fact that after taking ®¢, (1,5 E the diagram commutes by Lemma 3.1.6. Note
that the right hand vertical map is that given by Lemma 3.2.8. (]

Lemma 4.4.9. Suppose F/E = E(G, X) a Galois extension unramified away from
N, and (P'/O0p[1/N1], ) an integral canonical model for Pgn (G, X)F.
Then the descent data

Gal(F/E) 30 > 0y : 0* P (G, X)p = Ppn (G, X)F

extend to P', and the pair (P, 1) obtained by étale descent is an integral canonical
model for Pgn (G, X) over Og[1/N].

Proof. Take o € Gal(F/E). We claim that 0 *%’  together with the composite
*Phn ® F 5 6% Pyn (G, X)p —%> Pyn (G, X)F

is an integral canonical model. From this claim it is immediate that the descent data
extend and in its turn QP/K v descends to an integral canonical model over Og[1/N],
because being a crystalline point and the lattices coming from G-modules are stable
under finite unramified base change.

We may pull back the Hecke action, so it remains to check the lattice condition on
crystalline points at finite level. Let x € Fg xnv (G, X)(W (k)) be a crystalline point
and v the corresponding place of F, and o *(x) its pullback along o : g, xv =
Fryrn- Let wer x and we o+(x) be the Z,-linear €tale fibre functors coming from
the Shimura variety at infinite level at p and restricting to the fibres at x[1/p] and
o*(x)[1/ p] respectively, viewing both as taking values in ", -representations. Note
that by construction (since Sh(G, X) is defined over E) there is an isomorphism
Wet,o%(x) —> Wet,x COVEring o : o*x = x. In particular, o *(x) is also crystalline.

For V' e Repz, (G°) it is necessary to check an equality of two lattices in
Dyr(we,x (V)[1/p]). The first is the usual D(we ,(V)) coming straight from &-
modules, the second obtained as the composite

D(@et,o*(x)(V)) C DdR(wet,a*(x)(V)[%]) - DdR(a)et,x(V)[%])-
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Having thus spelt it out, we see that it follows immediately from functoriality of the
D construction. Moreover, the G¢-action, connection and filtration are all defined
over E on the generic fibre and it can be checked they extend to Og[1/N] étale
locally, so the fact they do over F' immediately gives them all. (I

4.5. Hodge type case. We turn our attention to existence.

Theorem 4.5.1. Let (G, X) be a Shimura variety of Hodge type with G unrami-
fied away from N and K" = HPTN G(Z,). Then Pgn (G, X) admits an integral
canonical model.

We let E = E(G, X) throughout this paragraph, and unless otherwise specified
all Shimura varieties Shg, ¥k or bundles Px or g will be understood to be those
attached to the Shimura datum (G, X). We also note that (G, X) being of Hodge
type implies G = G°.

4.5.2. First some more algebraic preliminaries. Let R be a ring, M a finite free R-
module, and M® the direct sum of all R-modules formed from M by the operations
of taking duals, tensor products, symmetric powers and exterior powers. If s, € M®
is a collection of tensors, we say that they define a subgroup G C GL(M) if it is
precisely the group which acts trivially on all the s,.

We need the following version of [Kisin 2010, 1.3.2], whose proof is basically
identical.

Proposition 4.5.3. Let R be a PID with field of fractions K, M a finite free R-
module, and G C GL(M) a closed subgroup, flat over R with reductive generic
fibre. Then it is defined by a finite collection of tensors s,.

Proof. Exactly as in [Kisin 2010, 1.3.2] we can reduce to showing that it suffices
to find tensors defining G in some representation of GL(M) on a finite projective
R-module, and we take I C Ogr () the ideal of G in the Hopf algebra of GL(M),
which has scheme-theoretic stabiliser precisely G.

By [Waterhouse 1979, 3.3] there is a finite dimensional GL(M)  -stable subspace
W, C OgLm) ® K containing a finite set of generators for / as an ideal. Let
W = W, N OgrLm), which is visibly GL(M)-stable, and it is finitely generated
because Ogr(u) is a free R-module and letting ey, .. ., e, be a basis for W), writing
them as elements of Ogr(y) ® K we see they lie in W ® K for some W C OGLm)
a finite free R-submodule, and such that W  W. But R is a PID, so we deduce W
is finite free.

Now we see that G is the stabiliser of W N1 C W, and the argument can be
concluded exactly as in [Kisin 2010, 1.3.2]. O

4.5.4. Now recall Section 2.4.4 that for (G, X) our Shimura datum of Hodge type
with G unramified away from Z[1/N] (taking Gz(1/n] = 9 from the discussion in
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Section 2.4.4) we may choose a symplectic embedding i : (G, X) < (GSp,,, S +)
extending to a closed immersion

i: GZ[]/N] —> GL(VZ[I/N])-

Henceforth view V as a Z[1/N]-module, and G as a reductive group over Z[1/N].
By the above proposition we can find s, € V® such that G = Aut,, (V).

4.5.5. The map i defines (pulling back the universal abelian variety) an abelian
variety 7w : Agnv — P, and we can study its sheaf of relative de Rham cohomology
V= %(liR(A &~ /S k~v) with Gauss—Manin connection V.

By the absolute Hodge cycles argument of [Kisin 2010, 2.2.2] we obtain V-
horizontal HmN G (Q,)-invariant tensors Sy dr € Ve ®z11/n1Q, and by [ibid., 2.3.9]
for any v{N a finite place of E these sections extend over Of (., which is enough
to conclude they in fact lie in V'®.

Let us therefore define the sheaf on (Fgn )fppt

Pgn =Isomg (V,V)

whose sections over u : U — S~ are those trivialisations 6 : V ®z(1,ny) 0y = u™V
such that (after applying (—)® to both sides) each s, is identified with sy gr. Note
that since [ | DIN G(Q,) acts equivariantly on " and fixes s, qr We may freely pass
between infinite and finite level.

Proposition 4.5.6. The sheaf P~ is a G-torsor over Fgw.

Proof. It obviously suffices to check at finite level K = Ky K" for some sufficiently
small K. We claim it also suffices to check in the formal neighbourhood of any
closed point x € Fk.

First we may directly verify that Pk is representable because passing to a Zariski
cover making V" free, and then choosing arbitrary identifications V =V, ¢ can be
constructed as a closed (hence affine) subvariety of GL(V). Now suppose we know
it is a G-torsor in a formal neighbourhood of every closed point. Then since G is
faithfully flat, P g is faithfully flat over the formal neighbourhood of every closed
point, which is enough to prove that P /S is faithfully flat. It remains to show
that the natural map

Pk xgx Gy 2 (p, 8) — (P, pg) € Pk Xy, P

is an isomorphism, but this also is the case if and only if it is the case over a formal
neighbourhood of each closed point, where again it follows from our assumption.

Thus we are reduced to the study of f’x =P Kl%?x for closed points x € Fg.
If char(x) = 0O, the Betti-de Rham comparison theorem gives an identification
fo’fm ®C = ¥, ®C, giving a fpqc-local section. This suffices because it shows
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P, is smooth by fpqc descent, and so P, admits a section étale locally, which is
enough to see it is a G-torsor.

If char(x) = p, we may follow the proof of [Kisin 2010, 2.3.5] to study N, :=
@gj;u together with the p-divisible group 9 = Ag]| Ii [p*°] over the formally
smooth ring N,.

First note that x determines a place v of E above p and since E is unramified at
p we may identify O , = W (k (x)) =: W, over which N, is canonically an algebra.
The crystalline-de Rham comparison gives an identification V' y_ = D(9)(N,). We
let %y denote the restriction of 4 to x.

Taking x : N, — W a lift, we may follow the argument of [ibid., 2.3.5] to
obtain from the Tate module of X*% tensors 54,0 € D(%)(W)® defining a reductive
subgroup G (x) C GL(D(%p)(W)), which gives rise to an explicit versal deformation
ring Rqz) of G(x)-adapted deformations of 9. This then has the property that we
may identify Rg ) = N, in such a way that induces an identification of 4 with
the explicit versal deformation (let’s also call it ) one constructs over Rgx), SO in
particular we have

Vn, = DO (Rgx))-

As in [ibid., 2.3.9] one has by an explicit construction lifts 5, ¢ to [I])((Q)(RG();))® of
Sq.0 Which are identified with s, gr € V%X. This explicit construction comes about
in [ibid., §1.5] by defining D(9) (R ) = D(%0) (W) ®w Rg(x) as a module and
taking the lift 4.0 = 54,0 ® 1. Finally let us note that by [ibid., 1.4.3] (since G is
connected) there exists a W-linear isomorphism

Vw = Do) (W)

identifying s, with s, o. In particular this identifies Gy => G (X) uniquely up to
inner automorphisms and the composite

Vw ®@w Rg ) = D(G0)(W) ®w Rg i) = D(9(Rax) =Tw,
gives a section of P, as required. O

4.5.7. We would now like to show it is the desired canonical model for Pgn~ (G, X).
Firstly we must check that the additional structures extend.

We have already noted that the [ DIN G (Qp)-action extends. By Lemma 4.3.3,
the connection V on Pgn~ extends to P g~ because the Gauss—Manin connection
extends to (i.e., can be constructed directly on) V' = %éR(&Q xv /L) and by the
construction of sy gr in [Kisin 2010, 2.2] it is clear they are parallel sections. It
is also immediate the p-filtration extends, by Lemma 3.3.2 and that the Hodge
filtration is naturally defined on the integral de Rham cohomology %'

Finally, we need to verify that it is indeed a canonical model, and as usual we
check the lattice condition at a crystalline point x. But in our situation this is very
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straightforward: we just use the facts that, taking s, to be the pullback of the uni-
versal abelian scheme to x, that Theorem 4.1.1 H])(Helt(&dx, Zy)) = Hle(&Qx /W(k))
and that by compatibility of D with the p-adic comparison theorems, D(x*sy o) =
X *Soz,dR-

4.5.8. For making the transition from Hodge to abelian type, we will need to
extend the equivariant G¢ x [ DIN G(Qp)-action to an equivariant action of the
ZN = Z[1/N]-group scheme

&QII\J’(G) = | G¢ x w
Z(ZN)

ad
) *Gany, jzavy G@N)*

which sits in an exact sequence
1— G — dAN(G) = AV (G) — 1.

To do this it suffices to give the G*4(Z")*-action and then check it is compatible,
for which we imitate the approach taken in [Kisin 2010, 3.2] and [Kissin and
Pappas 2015, 4.5], with our modifications from Section 2.5.6 and further slight
modifications.

To be precise, recall that a point x € P g~ (T) gives the data of an quadruple
(A, X, €, €qr) Where A/ T is an abelian scheme up to an isogeny whose degree is
supported on N, A a weak polarisation of A, €gr a section of Isoms, (Vr, V'), and
€et € (T Isoms, (V7,,, 0, [T Vo (A)).

Given y € G¥(ZV)*, we may form the Z%"-torsor ? = {g € GY' | (g) = y}. We
may take F'/Q Galois such that (O [1/N]) is nonempty, and take y € P(Or[1/N]).
This can be used to define an action just as in [Kisin 2010, 3.2]. Indeed we can define

der
A?(T) = (A(T) ®z11/n) 09)*
and specialise the map

A? @711/8 09 => A ®z11/81 09
at p to obtain
iy 1 A @z OF[ 4] = A ®z11ym OF [+ ]-
These allow one to give the action of y as taking

P P P P
(Aa)"aeet’ €dR)|—>(A 9)" 9Eeta€dR)9

where all but the last of these are as defined by Kisin. For the action on the de Rham
component, we need the following modification of [Kisin 2010, 3.2.5].
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Lemma 4.5.9. With notation as above, the composite

Vi @ O 255 Vi @ OF S HL (A)T) @ OF 2o HI (A7) T) @3 OV
is Gal(F /Q)-invariant, hence induces a section
€ Vr = Hig(A”?/T)
which takes sq 10 Sy, dR.

Proof. The cocycle computation argument of [ibid., 3.2.5] goes through unchanged.
For the claim about tensors, the only nonobvious point is that L;l preserves the
tensors, which one checks directly by working over C, using the comparison with
Betti cohomology as in [ibid., 3.2.6]. O

It is also clear that this action is compatible with the G¢ x [ | oy G(Qp)/ Z(ZN)-
action in the sense that if we are given g € G°(Z"), we may take F = Q and
7 =y =g~ and postcompose the whole quadruple by the quasiisogeny L, to identify

(A b €eog, erog) = (A, 27,2 eh).

4.6. Some distinguished Shimura data. In this section we digress a little. To get
from the Hodge type to the abelian type case we would like to follow Deligne
[1979] and pass via connected components, but unfortunately a straightforward
reduction of P to the derived group is not possible to carry out over Og[1/N]
(roughly speaking because carrying out such a construction requires “trivialising the
G part of the motivic structure”, which can only be done canonically over C using
Betti-de Rham comparison). We address this by constructing some distinguished
Shimura data B(GY%", X¥*, E) which are in some sense initial among Shimura data
whose connected Shimura datum is (G9, %) and whose reflex field is contained
in E. Pulling back our torsors from the Hodge type case we may then reduce along
% — G while leaving all motivic structures intact.

4.6.1. Let (G, X) be a Shimura datum, and E its reflex field. Our goal is to construct
a new Shimura datum (B, X3) — (G, ¥) with B = G and reflex field E and
show it depends only on these data and X* and not on G.

Since E is the reflex field, we obtain a well-defined

we Gy g — G%b

taking the “determinant” (composite with G — G°) of any Hodge cocharacter.
Taking Weil restriction along E/Q and the norm map, we get a composite

r: E* :==Resg/o Gm g — Resgjn G%b — G,

Define B = G x g E*, where the first map is the natural § : G — G®™. It is
straightforward to check the following.
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Lemma 4.6.2. The scheme B is a reductive group scheme over Q, sitting in a short
exact sequence of Q-group schemes

0— G¥ 3> E* 0.

Suppose now that (G, X) induces a connected Shimura datum (G x) with re-
flex field E(GY, 1) := E(G*, x2) ¢ E. We could make the above construction
varying over all Shimura data with connected datum (G, X*) and reflex field con-
tained in E. The following is an adaptation of the argument in [Deligne 1979, 2.5].

Proposition 4.6.3. The extension
0> G > B> E" >0

depends only on the connected Shimura datum (G, XT) and the field E.

Proof. Let (G, X) and (G’, X’) be two Shimura data whose reflex fields are both
contained in £ and which give rise to the same connected Shimura datum. By
[Deligne 1979, 2.5.6] we can find a third such Shimura datum (G”, X”") which
admits maps

(G,X) <~ (G", X" — (G, X).

It will therefore suffice to show for any morphism « : (G, X, E) — (G;, X3, E3)
of Shimura data with a field of definition (where £ — E, represents an inclusion
E> C E) that we have an induced natural morphism of extensions

0 —— GYr B E* 0
0 —— GI¥r B E} 0

where the outer maps are the natural ones induced by « : G — G, and Ng/p, :
E* — EJ. Since in the above special case both these maps are isomorphisms, we
will get a canonical identification

B < B = B

of extensions, proving the proposition.

Let us verify the claim. Recall that to give a map B — 9B, is to give maps
f:B— Gorand k: B — EJ that agree when extended to ng. Write N : E¥ — G
and 8§ : G — G™ and N, and 8, for the analogues for G,. Let us take f to be the
natural composite

a2 6 G,

and k to be
. prex N,
k: =L g —E5y BX
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We must check that whenever 6(g) = N u(e), we have

32 (a(g)) = Nua(NEgE, (e)).

But by functoriality of (—)*

8a((8)) = a™(8(2)) = (N u(e)) = Npa(Ngi, (),

where the final equality holds because since « is a morphism of Shimura data
we have in particular that a®u =, Gm,c — G;t,)a:’ from which it follows that
a®oNyu=NuyoNg /E, by functoriality of the norm map between tori. Thus we
have a map B — By, and it is clear from its definition that it fits into the diagram
described. U

4.6.4. Our next task is to define a Shimura datum. Take any hg € X*, and we
define a canonical map

hg :C* = E*(R)

as follows. Let t : E — C be the canonical inclusion of the reflex field E into C,
and write E*(R) = E7 x [ [/, E7,. If T is real, set

he(z) =(zz;1,1,...,1).

If 7 is complex,
he()=(1,...,1)

(i.e., the entries away from the place t are all trivial in both cases).

Proposition 4.6.5. These give a map hg X hg ©'S — B which defines a Shimura
datum with a natural map (B, Xg) — (G, X). Moreover, it is independent of the
choice of hg, has reflex field E, and only depends on E and the connected Shimura
datum (G, X+) up to canonical isomorphism.

Proof. We must check it is defined, which amounts to proving that rr(hg(z)) =
8(hg(z)). First we note that

8(hg(2)) = ne(@ue) = ne(@ue(z)

where we view ug as a character G,, ¢ — G?Cb using the canonical embedding t of E.
On the other hand recall that

re=(Ngjgoue)w: Ey > Gig.p = GR-
If 7 is real then we have

@z, L1 ..., D= (uez2), L ..., D) = pp(z2) = pe@pe(z)
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and if 7 is complex then

, L, L, L, D)= (ue@), 1,...., 1) = pue@)pe2),

where again all occurrences of g are viewed over C via 7.

In particular we have checked the necessary equality.

It defines a Shimura datum because after projecting along B — G, hg x hg
agrees with hg. This is independent of the choice of 4 because in general X is
a union of copies of X* so every other choice for hg € X must be obtained. For
the statement about the reflex field, we note that it is immediate from the general
fact that E(B, X) = E(BY, X3 E(B®, h) = E.

To show it only depends on (G, X7) and E we just return to the argument above
for % being independent. Given (G, X) and (G’, X’) Shimura data with reflex fields
contained in £ and the same connected Shimura datum, we can again apply [Deligne
1979, 2.5.6] and find (G”, X”") mapping to both. Since the construction of (%, Xg)
is functorial in (G, X), choosing & € X* immediately gives a commuting diagram

S S S

L

Br «— B —> By

From this it is clear that (%, Xg) depends only on (G, X) and E. U
We would like to check the obvious functorialities for the pair (%, Xg).
Lemma 4.6.6. The above construction is functorial in the following senses:

(1) Letu: (Gy, :{T) — (Gay, %;‘) be a map of connected Shimura data: that is, a
central isogeny G| — G, of semisimple groups such that %T’“d = %;’“d, and
EDE(G,, %T). Let (B, X1) and (B, X,) be the Shimura data associated to
the triples (G 1, %f E) and (G, %; E) by the above procedure. Then there
is a canonical morphism

us : (B, X1) = (B, Xo)

of Shimura data also induced by a natural central isogeny B — RB.

(2) Let (G, 1) be a connected Shimura datum, E(GY*, X1t) ¢ F C E two
fields, and (B, Xf) and (Bg, XE) the associated data. Then the norm map
induces a canonical morphism of Shimura data

Ngsr: (Be, Xp) = (Br, XF).

Proof. For (1), let A; C G| C B be the kernel of G| — G, viewed as a subgroup
of the centre of ®B;. Then (B;/A, X;/A) is a Shimura datum with connected
Shimura datum (G, %;) and reflex field contained in E. It therefore receives a
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natural map (B;, X») — (B1/A1, X1/A1) which we claim is an isomorphism. It
will suffice to check B, — %B;/A; is an isomorphism, which is immediate because
it is a pullback of the identity map on E*. Thus we obtain the canonical map

(B, X1) = B1/A1, X1/A1) <= (B2, X2)

required.

For (2), for any Shimura datum (G, X) with connected Shimura datum (G%", X)
and reflex field contained in ', one obviously has a canonical map B = G X g
E* — G x gw F* = B induced by the norm morphism'! Ng,p : E* — F*. Visibly
hr = NEg/r o hg, so this induces the map of Shimura data claimed. O

4.7. Abelian type case. We now return to integral canonical models of standard
principal bundles. Fix (G, X,) a Shimura datum of abelian type unramified away
from N, G,/Z[1/N] a reductive integral model and Kév = inN G2(Z,). The
goal of this section is to prove the following.

Theorem 4.7.1. There exists an integral canonical model for PK{" (G2, X7).

4.7.2. As in Section 2.5.14 we may find (G, X) of Hodge type with G unramified
away from N with j : G4 — Gger a central isogeny inducing a morphism of
connected Shimura data (G9", X+) — (Gger, %; ). By Lemma 2.5.13 we may take
G/Z[1/N] reductive such that j is defined over Z[1/N].

By the construction of the previous section, we may obtain a diagram of Shimura

data
B, Xp) ——> (G, X)

|

(B2, Xgp2) ——> (G2, X2).

The plan has three stages. We first combine our constructions in the special and
Hodge type cases to construct a canonical integral model of P(%, Xg). We next
pass to connected components and take a quotient to transfer this bundle from a
B°-bundle on Sh(B, X5)T to a G§-bundle on Sh(G», X»)™ defined over the field
Ex over which the connected components split off. We finally then assemble
over the whole Shimura variety and descend these models making liberal use of
the uniqueness statement for canonical models in place of the extension property
from §2.5. We believe this framework could be useful in other contexts where one
wants to extend a “G-valued” construction over Hodge type Shimura varieties to
abelian type Shimura varieties.

Recall that the norm map Ng,p may be defined for example as the composite of Q-group maps

E* <> Resp g GLr (E) &5 F*,
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4.7.3. We start out by checking this picture respects the integral structures on G
and G. Since E := E(G, X) is absolutely unramified at p{N and E, C E (hence
E3 and E* are smooth tori over Z[1/N]) we have a diagram defined over Z[1/N]

G<—9]3=GXGabE*—>9732=G2XngE;—>G2.

We remark that the middle map is a composite of Lemma 4.6.6(1) and (2), the first
of which involves a change of derived group (and by construction G — Gger is
defined over Z[1/N]), and the second of which is a norm map Ng /g, : E* — EJ
which clearly respects integral structures. We let K, Kév and KQIBV denote the
obvious corresponding hyperspecial prime to N level structures and note there is a
corresponding diagram of integral models of Shimura varieties

Frn (G, X) < gKg]];] (B, Xz) — yK{" (G2, X5).

Let us, now this diagram is in place, check the following condition Section 4.4.3,
which we recall is important in guaranteeing the uniqueness of canonical models.

Proposition 4.7.4. With notation as above, ¥ Ky (B, Xp) and ¥ KQ’(GZv X») both
have all the crystalline points.

Proof. Let x € SPKN(QB Xg)(W(k)) and Ky = W(k)[1/p]. Also let W (k)" be the
ring of integers of the maximal unramified (algebraic) extension K;"/K,. Note
that its images in Fg~ (G, X) and F ;v (E *, hg) are both crystallme (since these
Shimura data have all the crystalline points). To check x is crystalline, it will suffice
to check we (V) is crystalline for V a faithful representation of %&B. Let us take
G — GL(V}) and E* — GL(V») and consider the representation

B C G x E* — GL(V)) x GL(V2) C GL(V; & V»).

Considering the diagram of Shimura varieties and towers at infinite level at p, it is
clear that I'g, — GL(wet(V1 @ V2)) acts via 'k, = GL(wet (V1)) x GL(wet(V2)),
each projection of which is crystalline, and this is enough to give the first part of
our proposition.

We turn our attention to & Ky (G2, X,). First, since it receives a map from
the Shimura variety & Ky (B, X5) and we observe that the image of a crystalline
point is crystalline, and moreover at finite level these maps are finite étale, we
deduce that in particular all W (k)" points on the geometric connected component
¥ KQ’JF(GZ» X2)w e are crystalline.

To show that any point x € & KV Kax (W (k)) is crystalline, recall that Kisin’s inte-
gral model at level K> , := G»(Z,) over W (k), S”Kz_p(Gz, X2)w k) has a G(A>?P)-
action that acts transitively on geometric connected components and acts equiv-
ariantly with regard to the tower at p on the generic fibre. Therefore, taking a lift
x of x to level K3 ,, which we may assume is a W (k)" point since Py Wik) =
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Ik, SKP W (k) is formally étale, and taking a translate X.a by a Hecke operator
a € G(A°>P) such that X.a lies in the connected component, we may deduce that x is
crystalline from the fact that all points on the connected component are, and that the
crystalline property can be checked after restricting a I',, representation to I'gur. [J

We now proceed with constructing the canonical models. The content of the
next step can be extracted as a lemma.

Lemma 4.7.5. Let S be a scheme, and G — A < H a diagram of S-groups,
B = G xa H the fibre product group. Let X be an S-scheme and suppose we are
given Pg a G-torsor and Py an H-torsor on X with the property that there is an
isomorphism of A-torsors 0 : Py x A = Pg x% A.

Then there is a unique (up to canonical isomorphism) RB-torsor Pg together with
torsor isomorphisms 0 : Py xP G = Pg and 6y : Py x® H = Py such that
the induced isomorphism

O obg' i PG xO A= Py x? A= Py xf A
is equal to 0, and it is given by
Py = Pg X¢ Ph,
with 6 and Oy the natural projections.

We use the notation X Xy Y in a situation where we are given maps X — Zy
and Y — Zy and an isomorphism 6 : Zy => Zy between two schemes to mean
the limit of the diagram

Y

X—)ZXLZy.

Proof. Let us first show that P = Pg Xy Py is indeed a %B-torsor. We define the
B = G x o H-action

(pG, pu)-(g, h) = (pG.g&, pu-h)

which is visibly an action. Passing to an étale cover X’ — X over which Pg and Py
admit sections pg and py. Since G surjects onto A these may be chosen (perhaps
at the cost of passing to a finer étale cover) such that if 7 : P — Pg x¢ A and
7wy Py — Py xf A are the projection maps, we have 8(wg(pg)) = ng(pH),
giving a section (pg, py) € Py(X'), from which we may see immediately that it
is a B-torsor. It is also obvious that it has the required property.

Uniqueness is essentially formal, but we give the argument. Suppose we are
given P}, together with 0, : Py x® G => Pg and 0}, : P}, x® H => Py satisfying
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the compatibility given. Then by the universal property of Py = Pg xg Py there
exists a unique map o : P, — Py making everything commute. It is easy to check
o is a map of B-torsors, whence it is automatically an isomorphism. ([

4.7.6. Let us apply this in the context of our standard principal bundles. If T is a
torus unramified away from N we introduce the notation 7V =] pin T(Zp).
Consider the diagram (whose arrows we have named for convenience)

Ty B Xg) —— Fpon(E" hp)

.| [

Fex (G X) ——> Fgunn (G ).

By Theorem 4.5.1 we have % g~ over P (G, X) an integral canonical model for
Py~ (G, X), and by Proposition 4.2.3 we have P ¢, v and P 4., v canonical models
over the right hand side of the diagram also. By Proposition 4.4.8 there are natural
isomorphisms of G2 torsors

NP ey EPpoy x5 G and 8P gy = Pyn x© G,

Pulling these back further and using that the diagram commutes and so we have
canonical identifications 7*8* = (§7)* = (Nud")* = 8™ (N n)*, we obtain a natural
isomorphism

0 - JT*(Q)KN %G Gab) ~ 8/*(@1§*N XE*C Gab).

Note further that any integral canonical model % Ky for PKg (B, Xg) will by
Proposition 4.4.8 be required to satisfy the conditions of Lemma 4.7.5 with respect
to this isomorphism 6. Therefore by Lemma 4.7.5 if it exists it is given by

Q)K?%’ = JT*@)KN Xg 5/*97)1@*,1\1,
together with the identification
tay - Py Qopi/ny E = (T Pgn X6 8" P pn) Q01181 E
O % Pen (G X) Xowr 8 Ppn (E*. hp) = P (B, Xg).

Proposition 4.7.7. As defined above, (% kY tg) is an integral canonical model for
PKg (B, Xq) with equivariant 5&1,\3’ (B)-action.'?

Proof. Our task is to show the connection, filtration and &ﬁ’},’ (9B)-actions extend,
and check the lattice property.

12Recall we defined this group in Section 4.5.8.
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We first study the connection. Let p;,i = 1, 2 be the projections from a first
order neighbourhood of the diagonal, abusively retaining the same notation for
morphisms of schemes and their first order thickenings. Then!3

PiP gy = pi Py xg 8" P pn) T PIPgn X pro) 87 PiP puws

and in these coordinates, Vg = (7*V, 8% id) is the connection required so we see
directly that it extends.

For the filtrations, it is easy to check using [Conrad 2014, 5.3.4] that in fact we
may naturally identify

4R, =G/P,=G*/(P,NG*) =B/P,, =GR,
with G and B-actions factoring through G, so actually the composite
va: Prn = Py —> Ry, =GRy,

does the job.
We also note that we already have a natural extension of the Hecke action via

[[#@, c (]_[G(@p)) X (]_[E*(@p)>

PIN PIN PIN

which acts via its two projections on T*P g~ xg 8P g, v .

For the lattice property, we borrow the trick from the first part of the proof
of Proposition 4.7.4, taking a faithful representation V = V; @ V, of %, formed
as a sum of faithful representations of G and E*. It is easy to check from the
construction that

a)@)KN (V) = wﬂ*@KN (Vl) ® wa/*@é*w (VZ)
B

whence the lattice property follows immediately from that already known for the
two terms on the right hand side together with the fact that the image of a crystalline
point is always crystalline. Now we know the lattice property, we get a uniqueness
statement, and the &ﬂll\,’ (MW)-action extends formally. U

4.7.8. We now pass to a connected component
Sh;;,lg (B, Xz) = Shy (G, X),

recalling Lemma 2.5.1 that it is defined over an extension Ey/E unramified away
from N and letting 0:=0g, [1/N]. We may therefore extend the above identification

to
ff+N(973, Xp)o = 5D+N(G, Xeo,
KN K

13We also abuse notation here and confuse 7 and ' with their induced maps on first order
neighbourhoods of the diagonal.
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and restrict % v to get the B°-torsor
Ph = Py X0 3. Xa)o FEN(G. X)g > FF4 (G, X)o.
Recall the group
AN(G, G,) = Ker(sAN°(G*") — sV°(GF"))
with the property that
S n (G, X)o/ A (G, Go) = F e (Ga, Xa)o.
Let us also recall the extension of group schemes over Z[1/N]
1 — B — AN (B) — AV (B) — 1.
Forming the pullback along s¢V-°(G%r) = AN-°(B) C AN (B) we get an extension
1= B — sy *(B) - AN°(G*) — 1
which acts on 9’% equivariantly in the obvious fashion.
Lemma 4.7.9. These group schemes have the following additional properties:
(1) The group 8 := Ker(B° — G5) C B¢ is a normal subgroup ofwﬁ’°(%).

(2) The kernel AY (B, G2) := Ker(sd) *(B) — sip°(G2)) is canonically an ex-
tension
1> E— A¥(®B, G2) > AN(G, Gy) —> 1

which acts freely on 955.

Proof. We first remark that (1) is obvious because & C Z (%) which commutes
with the whole of si}°(%).

For (2), that 2 is a subgroup is clear and normality follows by (1). Existence of
the maps and exactness in the middle follow in the usual way. That the final map is a
surjection follows because for any (g, y 1) € AN(G, G,), itis hitby (1, g,y ™) €
A/),’ (B, G). Finally the action on 97’% — S’Z ~ (G, X)g is free because E acts freely
on each fibre, and AV (G, G») acts freely on ff;N (G, X)¢ by Proposition 2.5.9. [J

4.7.10. Equipped with this lemma we may construct a G5-bundle

P = (PL/AN (B, G2)) x*/E G — sf;zN(Gz, X)o

. . N, .
with equivariant o, °(G,)-action. Moreover we have

12:PF ®¢ Eny = (PF, ®c En/ AR (B, G2)) x¥ /5 G

‘B, p+ N BJE e _ pt
=5 (Ply [ AF (@, G2)) x =Pl g
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where the final equality follows by working over C and the argument of [Milne
1988, 7.2].

Proposition 4.7.11. The pair (9)5|r , 12) is an integral canonical model for the bundle
Ply o (Ga, %)
2 LN

Proof. The Hecke action extends by construction. Let us check that the connection
extends. We know (from direct observation over C) that the AII\,’ (B, G,) action
is horizontal, so the flat connection V : pTQP% = pi@% descends (and then can
obviously be pushed out along B¢/ E — G%) to a flat connection

V:piPd = pios.

Since a similar relationship also relates the connections on the generic fibre we
have shown that this V extends over O the connection on Py gy

To check the lattice condition at a crystalline point x, note the commutative
diagram of Ey-schemes, letting Kgp and Kév P be the obvious full level structures
at all primes except N and p

ShKU;VP(%’ x%”Sh;N(%,%%) —_— ShK?”(GZ’:{Z)'Sh;N(Gz,%z)
’ B 2

l !

Sh (B, Xa) — Sh” (G2, X).
K% KZ
Taking a lift x of x to SJZ ~(B, X5)e, which is crystalline since the map
B
Py (B, Xg)o = SE v (G2, X2)o
B 2

is finite étale and its source has all the crystalline points, the diagram gives an
identification
Gy(Zp) _ . c
Wet 5 © Res%c(zp) = wetx : Repz (G3) — Repz (I'aw).

But now the lattice condition is immediate, since equality of lattices can be checked
after passing to a finite étale cover, and @Z .. pulls back to ng’i x B G5 which as a
canonical model already has the required property that Wgr = D o we z by its own
lattice condition.

It remains to check the filtration yp : P — 4R, descends to y2 : PT — 4R,
which amounts to showing that the composite

PE— GR,\, — GR

is AIIY(%, G2 )-invariant. But this is clear; since E = Ker(8¢ — G) C Z(%°) it acts
trivially on 4%, and AN (G, G,) acts trivially because Hecke operators always
act trivially on any Gr,. U
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4.7.12. With this in hand, we are finally able to construct an integral canonical
model %, for PKgV (G2, X») in the spirit of Lemma 2.5.16, but with the uniqueness
of canonical models used in place of the extension property, because it may be used
to canonically extend any isomorphism.

Indeed, let us decompose ¥ KVo= [{ccr, S into components each of which
is geometrically integral. By the argument of Lemma 2.5.16(1) we can find for
each ¢ € my some 4./Z[1/N] a model for G, such that we may identify ¥, =
S"Hp " ‘QC(Z,,),GJF via a Hecke operator. For each ¢ we may make such a choice and
invoking Proposition 4.7.11 for ¢ = %, and using the Hecke equivariance of Pgw
we obtain a canonical model %/ for Pyy gy (G2, X2)l9,.@0Ey - Taking the disjoint
union of these we obtain

Pro:= ][ 2/

CET(

an integral canonical model minus a full Hecke action. But by the uniqueness of
canonical models (Lemma 4.4.7) it is formal to extend the Hecke operators acting be-
tween components. Finally by Lemma 4.4.9 it descends to %, /Og,[1/N], an integral
canonical model for PKZN (G2, X»)/E,. Thus our main theorem has been proved.

4.8. Automorphic vector bundles. With our integral canonical models P g~ (G, X)
constructed in the abelian type case, we should discuss the construction of automor-
phic vector bundles (recall the discussion Section 3.1.4) in this setting, although it
requires no new ideas.

Theorem 4.8.1. Let (G, X) be a Shimura datum of abelian type, §/Z[1/N] a
reductive model for G, KN = npr %(Zp) and for u a Hodge cocharacter of
(G, X),and L/E = E(G, X) a finite extension.

Then we have a canonical functor $ +— V'($) from $g, [1,n)-equivariant vector

bundles on ‘9R, o,[1/n] to vector bundles on ¥ gn which on the generic fibre is
identified naturally with that of [Milne 1990, III 5.1].

Proof. Recall that we have the picture
yKN (_@KN —y>cggiu

The functor $ — V'($) is given by pulling back $ — y*$ and then using the usual
equivalence between 9-equivariant vector bundles on P g~ and vector bundles on
S k. This is obviously a functor, and the compatibility with the usual construction
[Milne 1990, III 5.1] follows because % g~ comes with a canonical identification

L:@)KN®EL> PKN(G,.%)

under which y is an extension of the G-filtration on the RHS. U
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It is also easy to deduce from our construction the following additional functori-
ality property.

Proposition 4.8.2. We are given a morphism f : (G, X1, %)) — (G2, X2,%) of
Shimura data of abelian type together with reductive models for G; over Z[1/N],
L/E(Gy, X)) finite, and ju| and po Hodge cocharacters for X| and X, respectively.
Suppose we are also given $ a 4-equivariant vector bundle on 6R, o, 1N
Pulling back $, along

GRpuy,0.11/N1 > SRy 0,11/N]

and restricting the G, action to 41 we obtain a 9G-equivariant vector bundle $;.
There is a canonical identification of vector bundles over 9)1‘[[) i N%(Z,))(Gh X1

V(P = [V ($2).

Proof. This is immediate from the construction of V'(—) and Proposition 4.4.8. []
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Quasi-Galois theory
in symmetric monoidal categories

Bregje Pauwels

Given a ring object A in a symmetric monoidal category, we investigate what
it means for the extension 1 — A to be (quasi-)Galois. In particular, we define
splitting ring extensions and examine how they occur. Specializing to tensor-
triangulated categories, we study how extension-of-scalars along a quasi-Galois
ring object affects the Balmer spectrum. We define what it means for a separable
ring to have constant degree, which is a necessary and sufficient condition for the
existence of a quasi-Galois closure. Finally, we illustrate the above for separable
rings occurring in modular representation theory.
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2. Separable rings 1897
3. Degree of a separable ring 1900
4. Counting ring morphisms 1902
5. Quasi-Galois theory 1903
6. Splitting rings 1906
7. Tensor triangular geometry 1908
8. Rings of constant degree 1910
9. Quasi-Galois theory and tensor triangular geometry 1911
10. Some modular representation theory 1913
Acknowledgement 1918
References 1919
Introduction

Classical Galois theory is the study of field extensions //k through the group of
automorphisms of / that fix k. If f is a polynomial over k, the splitting field of f
over k is the smallest extension over which f decomposes into linear factors. If
f €k[x] is moreover separable, its splitting field is the smallest extension / such that
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1 Qi k[x]/(f) = 1*9e()), The field extension [/ k is often called quasi-Galois' if |
is the splitting field of some polynomial in k[x]. Then, an algebraic field extension
is called Galois whenever it is quasi-Galois and separable.

The generalization of Galois extensions from fields to rings originated with Aus-
lander and Goldman [1960, Appendix]; see also Remark 5.6. Grothendieck [SGA 1
1971] took on an axiomatic viewpoint to Galois theory and revealed its relation with
the fundamental group. Janelidze [2001] adopted a purely categorical approach
which covered the above examples. More recently, Rognes [2008] introduced a
Galois theory up-to-homotopy. For more generalizations in various directions, see
[Chase and Sweedler 1969; Hess 2009; Kreimer 1967].

In this paper, we adapt some of these ideas to the context of ring objects in an
additive symmetric monoidal category (¥, ®, 1), with special emphasis on tensor-
triangulated categories. That is, our analogue of a field extension will be a monoid
n:1— A in ¥ with associative commutative multiplication u: A®@ A — A. We
call A aring in ¥, and moreover assume that A is separable, which means p has
an (A, A)-bilinear right inverse A - A ® A.

Separable ring objects play an important (though at times invisible) role in
various areas of mathematics. In algebraic geometry, for instance, they appear as
étale extensions of quasicompact and quasiseparated schemes; see [Balmer 2016a;
Neeman 2015]. More precisely, given a separated étale morphism f : V — X,
the object A := Rf,(Oy) in DY (X) is a separable ring, and we can understand
DM (V) as the category of A-modules in D9°P(X). In representation theory, we
can let X(G) be the (derived or stable) module category of a group G over a field K,
and consider a subgroup H < G of finite index. Balmer [2015] showed there
is a separable ring Ag in J{(G) such that the category of Ag—modules in H(G)
coincides with J{(H ), and such that the restriction functor

Res$ : H(G) — H(H)

is just extension-of-scalars along Ag. In the same vein, extension-of-scalars along
a separable ring recovers restriction to a subgroup in equivariant stable homotopy
theory, in equivariant KK-theory and in equivariant derived categories; see [Balmer
et al. 2015]. For more examples of separable rings in stable homotopy categories,
we refer to [Baker and Richter 2008; Rognes 2008].

Thus motivated, we study how much Galois theory carries over. Recall that a
ring A in X is indecomposable if it does not decompose as a product of nonzero
rings. Separable ring objects have a well-behaved notion of degree [Balmer 2014]
and our first Galois-flavored result (Theorem 4.5) shows that the number of ring
endomorphisms of a separable indecomposable ring in K is bounded by its degree.

lgee [Bourbaki 1981, V.9.3]. In the literature, a quasi-Galois extension is sometimes called normal

or Galois, probably because these notions coincide when //k is separable and finite.
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Definition. Let A and B be separable rings of finite degree in 3. We say B splits A
if B® A= B> %2 a5 (left) B-algebras in . We call an indecomposable ring B
a splitting ring of A if B splits A and any ring morphism C — B, where C is an
indecomposable ring splitting A, is an isomorphism.

Definition. If A is a ring in ¥ and I' is a group of ring automorphisms of A, we
call A quasi-Galois in I with group T if the A-algebra homomorphism

AriA®A—> HA
yel

defined by pr, Ar = (1 ® y) is an isomorphism.

Under mild conditions on K, Corollary 6.10 shows an indecomposable ring B
is quasi-Galois in ¥ for some group I' if and only if B is a splitting ring of some
separable ring A in J. By Theorem 5.9, this happens exactly when B has deg(B)
distinct ring endomorphisms in J{. Moreover, Proposition 6.9 shows that every
separable ring in K has (possibly multiple) splitting rings. In particular, [ is a
splitting field of a separable polynomial f over k if and only if / is a splitting ring
of k[x]/(f) in the category k-mod; our terminology matches classical field theory.

If, in addition, we assume that J{ is tensor-triangulated, we can say more about
the way splitting rings arise. Balmer [2005] introduced a topological space Spc(¥)
associated to J{, in which every object x € K has a support supp(x) C Spc(¥). The
Balmer spectrum Spc(J{) provides an algebro-geometric approach to the study of
triangulated categories, and a complete description of the spectrum is equivalent to
a classification of the thick ®-ideals in the category.

For the remainder of the introduction, we assume X is tensor-triangulated and
nice (say, Spc(¥) is noetherian or K satisfies Krull-Schmidt). If A is a separable
ring in K, the Eilenberg—Moore category A-Mody; of A-modules in 3 admits a tri-
angulation such that extension-of-scalars X — A-Mods; is exact; see [Balmer 2011,
Corollary 4.3]. We can thus extend scalars along a separable ring without leaving the
tensor-triangulated world or descending to a model category. If A is quasi-Galois
with group I' in ¥, then I" acts on A-Modsy; and on the spectrum Spc(A-Mody).
By Theorem 9.1, the I™-orbits of Spc(A-Mody) are given by supp(A) C Spc(K).
In particular, we recover Spc(J{) from Spc(A-Mody) if supp(A) = Spc(I), which
happens exactly when A® f =0 implies f is ®-nilpotent for every morphism f in .

Recall that for a quasi-Galois field extension // k, any irreducible polynomial
f € k[x] with a root in [ splits in /; see [Bourbaki 1981, V.9.3]. Proposition 9.6
provides us with a tensor triangular analogue:

Proposition. Let A be a separable ring in ¥ such that the spectrum Spc(A-Mods)
is connected, and suppose B is an A-algebra with supp(A) = supp(B). If B is
quasi-Galois in ¥, then B splits A.
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Finally, Theorem 9.7 reveals which separable rings have a quasi-Galois closure
in K. Given P € Spc(¥), we consider the local category g at P, the idempotent
completion of the Verdier quotient }/%. We say a ring A has constant degree in X
if the degree of A as a ring in ¥y is the same for every prime % € supp(A).

Theorem. If A has constant degree in J{ and the spectrum Spc(A-Mody) is con-
nected, then A has a unique splitting ring A*. Furthermore, supp(A) = supp(A*)
and A* is the quasi-Galois closure of A in X. That is, for any A-algebra B that is
quasi-Galois in K with supp(A) = supp(B), there exists a ring morphism A* —B.

We conclude this paper by computing degrees and splitting rings for the separable
rings A% := k(G/H) mentioned above. Here, H < G are finite groups and K is a
field with characteristic p dividing |G|. The degree of Ag in D (kG-mod) is simply
[G: H]and Ag is quasi-Galois if and only if H is normal in G. Accordingly, the
quasi-Galois closure of Ag in D?(kG-mod) is the ring AG, where N is the normal
core of H in G (see Corollary 10.11). On the other hand, Proposition 10.13 shows
the degree of Ag in KG-stab is the greatest 0 < n < [G : H] such that there exist
distinct [g1], ..., [g.] in H\G with p dividing |H8' N---N H&"|. In that case, the
splitting rings of Ag are exactly the Aggm“ﬂmn with g1, ..., g, as above.

1. The Eilenberg—Moore category

Definition 1.1. Let ¥ be an additive category. We say X is idempotent-complete
if for all x € 9, any morphism e : x — x with ¢> = e yields a decomposition
X = x1 @ x, under which e becomes ((]) 8). Every additive category J{ can be
embedded in an idempotent-complete category K’ in such a way that % < ¥ is
fully faithful and every object in %’ is a direct summand of some object in #. We
call 9" the idempotent-completion of %, and [Balmer and Schlichting 2001] shows
that %" stays triangulated if 9 was.

Notation 1.2. Throughout, (¥, ®, 1) denotes an idempotent-complete symmetric
monoidal category. For objects x1, ..., x, in J{ and a permutation 7 € §,, we also
write T : X1 ®...®X, = X (1) ®. .. ®X(y) to denote the isomorphism that permutes
the tensor factors.

Definition 1.3. A ring object A € X isamonoid (A, u:AQA—A, n:1— A)
with associative multiplication p and two-sided unit . We call A commutative
if ©(12) = u. All ring objects in this paper will be commutative and we often
simply call A a ring in ¥. For rings A and B in X, a ring morphism f : A — B is
a morphism in X that is compatible with the ring structure.

A (left) A-module is a pair (x € X, o : A ® x — x), where the action g is
compatible with the ring structure in the usual way. Right A-modules as well as
(A, A)-bimodules are defined analogously.
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The Eilenberg—Moore category A-Mody has left A-modules as objects and
A-linear morphisms, which are defined in the usual way. See [Eilenberg and Moore
1965] or [Mac Lane 1998, Chapter VI] for more details. Every object x € K gives
rise to a free A-module F4(x) = A ® x with action given by

Q2A®A®XL®1>A®X.

We call the functor Fjy : 5 — A-Modsy; the extension-of-scalars, and write Uy for
its forgetful right adjoint:

K

FAJ—WUA
A —MOdf;{

A ring A in ¥ is separable if the multiplication map u has an (A, A)-bilinear
sectiono : A - A® A. Thatis, po = 1,4 and the diagram

ARA

ARARA ARA®A

A®A
commutes.

Remark 1.4. The module category A-Mody; is idempotent-complete whenever K
is idempotent-complete.

Example 1.5. Let R be a commutative ring and consider the category R-mod
of finitely generated R-modules. Let A be a commutative projective R-algebra
and suppose A is separable over R, that is A is projective as an A @ g A-module.
Then A is finitely generated as an R-module by [DeMeyer and Ingraham 1971,
Proposition 2.2.1], so A defines a separable ring object in R-mod. On the other
hand, we can think of A = A[0] as a separable ring object in DP*( R), the homotopy
category of bounded complexes of finitely generated projective R-modules. Note
that the category of A-modules in DP(R) is equivalent to DP*(A) by [Balmer
2011, Theorem 6.5].

Notation 1.6. Let A and B be rings in J{. The ring structure on A ® B is given
by (ua @ up)23): (A® B)®? - (A ® B). We write A¢ for the enveloping ring
A ® A®P, so that left A°-modules are just (A, A)-bimodules. We write A x B for
the ring A @ B with componentwise multiplication.
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Remark 1.7. If A and B are separable rings in J{, then so are A°, AQ B and A x B.
Conversely, A and B are separable whenever A x B is separable.

Remark 1.8. Let A be a ring in J{. Note that every (left) A-linear endomorphism
A — A is in fact A®linear, by commutativity of A. What is more, any two A-linear
endomorphisms A — A commute.

Definition 1.9. We call a nonzero ring A in X indecomposable if the only idem-
potent A-linear endomorphisms A — A in J{ are the identity 14 and 0. In other
words, A is indecomposable if it does not decompose as a direct sum of nonzero
A¢-modules. By the following lemma, this is equivalent to saying A does not
decompose as a product of nonzero rings.

Lemma 1.10 [Balmer 2014, Lemma 2.2]. Let A be a ring in K. Suppose there is
an A¢-linear isomorphism h : A => B @ C for some A°-modules B, C in K. Then
B and C admit unique ring structures under which h becomes a ring isomorphism
h:A= BxC.

Let (A, u, n) be a separable ring in 3 with separability morphism o. In what
follows, we define a tensor structure ® 4 on A-Modsy; under which extension-of-
scalars becomes monoidal. The following results all appear in [Balmer 2014, §1].
For detailed proofs, see [Pauwels 2015, §1.1]. Let (x, 01) and (y, 02) be A-modules.
Here, we can write o to indicate both a left and right action of A on x, as A is
commutative. Seeing how the endomorphism v : x ® y — x ® y given by

19®1 ®
XQy == XIRARYy 18o® IQAQRARY ame, X®y
is idempotent and K is idempotent-complete, we can define x ® 4 y as the direct
summand im(v) of x ® y. Note that x ®4 y is independent, up to canonical
isomorphism, of the choice of separability section o. We get a split coequalizer in ¥,

01®1
ITRAR®Yy ?m@y —» xQay,
0
and A actson x ®4 y by

1
ARx®sy —— ARx®y 2L x @y — % x4 Y.

Proposition 1.11. The tensor product ® 4 yields a symmetric monoidal structure
on A-Modsy; under which F4 becomes monoidal. We will write 14 = A for the unit
object in A-Mods;.

Notation 1.12. If A and B are rings in J and & : A — B is a ring morphism, we
say that B is an A-algebra. As usual, we equip B with the A-module structure
given by

A®B 12 poB 1, B,
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and we write B for the corresponding object in A-Mods, so that B = U, (B).

Remark 1.13. Let A be a separable ring in . There is a one-to-one correspondence
between A-algebras B in % and rings B in A-Mody;. More precisely, if (B, 1, )
isaring in X and & : A — B is a ring morphism, then (E, iL, n:=h) defines a
ring in A-Mody, with u : B& B — B®4 B £, B. Moreover, B is separable in K
if and only if B is separable in A-Mods;.

Remark 1.14. Let A be a separable ring in K and suppose B is an A-algebra via
h: A — B. For every A-module x, we let B act on the left factor of Fj,(x) := B®4x
as usual. This defines a functor F, : A-Mody; — B-Mods; and the following diagram
commutes up to isomorphism:

H
A-Mody #) B-Mody

Note also that Fy;, = Fy Fy, for any ring morphism g : B — C.

Proposition 1.15. Let A be a separable ring in X and suppose B is a separable
A-algebra, say B € ¥ := A-Mody;. There is an equivalence B-Modgy; >~ B-Mody
of symmetric monoidal categories such that

$— L

[~ I

B-Mods; — E-MOdi’

commutes up to isomorphism.

2. Separable rings

Proposition 2.1. Let A be a separable ring in K. If A= B x C forrings B, C in X,
then any indecomposable ring factor of A is a ring factor of B or C. In particular,
if A can be written as a product of indecomposable A-algebras A = A1 X --- X Ay,
this decomposition is unique up to isomorphism.

Proof. Suppose A € ¥ is an indecomposable ring factor of A, say A = A x A,
for some ring A, in J. The category A-Mody, decomposes as

A—MOdgjg = AI—MOd% X Az—MOdgj{,
with 14 corresponding to (14,, 14,). Accordingly, the A-algebras B and C corre-
spond to (By, By) and (Cy, C») respectively, with B;, C; in A;-Mody; fori =1, 2,

such that B = By x By and C = C; x C; in A-Mody;. Given that 14 = B x C, we
see 14, = By x Cy, hence A; = By or A; = (. U
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Lemma 2.2. Let A be a separable ring in K.

(a) For every ring morphism o : A — 1, there exists a unique idempotent A-linear
morphism e : A — A such that e = o and eno. = e.

(b) Suppose 1 is indecomposable. If a; : A — 1 are distinct ring morphisms for
1 <i < n, with corresponding idempotent morphisms e; : A — A as above,
then ejej = Si,je,‘ and oje; = 8,',]'0{1‘.

Proof. Let o be a separability morphism for A. To show (a), consider the A-linear
map e:=(¢®1)o : A — A. We immediately see that ve = (¢ ® 1)0 = auo =«.
Idempotence of e follows from the diagram

A—2 35 AQA L A
b
a®1®1

ARARA ——— ARA

lﬂ@l l/oz@l

A— % S ARA @@l 4
in which the left square commutes by bilinearity of o. Seeing how

A « s 1 L s A

1o -

AQA 1®o AQARA a®1®1 AQA

I e [P

A—7 s AA —% 134

commutes, we moreover get ena = e. Suppose €’ is also an A-linear morphism with
ae' =a and e'na = €. Then, e = ena = enae’ =ee’ =e'e = e'nae =e'na =¢
by Remark 1.8. For (b), let 1 <i, j <n. From the commuting diagram

A & s 1 TS A

[ren 1

1 ; .
AQA —29 s AgA —“CL 4

I | I k

A > A S

we see that ojejna; = a;ej. Hence, (a;ejn)(aiejn) = aejejn = ajejn, so the
morphism «;e;n : 1 — 1 is idempotent and equals O or 1;. In the first case,
a;ej =ajejna; =0 and e;e; = e;na;e; =0, in particular i # j. On the other hand,
if ajejn =11 we get a;e; = ajejna; = a; and oje; = q;ejno; =aj, s0i = j. [
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Lemma 2.3. Let (A, s, na) and (B, up, ng) be separable rings in K.

(a) Suppose f:A— Bandg:B — A are ring morphisms such that gf =14. We
equip A with the structure of B®-module via the morphism g. There exists a
B¢-linear morphism f : A — B such that g f = 1. In particular, A is a direct
summand of B as a B®-module.

(b) Suppose A is indecomposable. Let g; : B — A be distinct ring morphisms for
1 <i <n and suppose [ : A — B is a ring morphism with g; f = 14. Then
A®" is a direct summand of B as a B®-module, with projections g; : B — A
forl <i<n.

Proof. Considering the A-module structure on B given by f, we note that g: B — A
is A-linear:
AaeB 2 poB s B
ll@g lg@g lg

ARA —— AQA 3 A

We can thus apply Lemma 2.2 to the ring morphlsm g:B — 1, in A-Mody; and
find an idempotent B*linear morphism & : B — B such that g¢ = g and & engg =e.
Forgetting the A-action, Us(e) :==e: B — B is 1demp0tent and B‘linear, with
ge=gandefg=e. Let f:=ef. We need to show that f is B¢linear, where B®
acts on A via g. Left B-linearity of f follows from the commuting diagram

BoA 22 Aga My A

lrer s

10 f BB 4 B

[P

BoB - BoB " B
|
B®B 1233

and right B-linearity follows similarly. Finally, g f = gef = gf = 1 4.

For (b), let g; : B — A be distinct ring morphisms with g; f =14 for 1 <i <n.
As in part (a), we find idempotent B¢linear morphisms ¢; : B — B and B“linear
morphisms f, :=¢; f with g,-fl- =lgande; = f,-g,-. In fact, Lemma 2.2(b) shows the
e; are orthogonal. Seeing how A = im(e;), we conclude A®" is a direct summand
of B as a B®module, with projections g; : B— A for 1 <i <n. O

Corollary 2.4. Let A and B be separable rings in X and suppose B is an A-algebra.
The corresponding ring B in A-Modsy; is a ring factor of Fo(B).
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Proof. Applying Lemma 2.3 to the ring morphisms f : B LLLITN ® B and g given

by the action of A on B, we see that B is a direct summand of A® B as (A ® B)°-
modules in ¥. In particular, B is a direct summand of F4(B) as F4(B)¢-modules
in A-Mody. By Lemma 1.10, B admits a ring structure under which B becomes a
ring factor of F,(B). This new ring structure on B is the original one, seeing how
the projection g : F4(B) — B is a ring morphism for both structures. (]

3. Degree of a separable ring

We recall Balmer’s definition [2014] of the degree of a separable ring in a tensor-
triangulated category, and show the definition works for any idempotent-complete
symmetric monoidal category .

Theorem 3.1. Let A and B be separable rings in K. Suppose f : A — B and
g : B — A are ring morphisms such that gf = 14. There exists a separable ring C
in X and a ring isomorphism h : B = A x C such that pr{ h = g. If we equip C
with the A-algebra structure coming from pry hf, it is unique up to isomorphism of
A-algebras.

Proof. This proposition is proved in [Balmer 2014, Theorem 2.4] when ¥ is
a tensor-triangulated category. In our case, Lemma 2.3 yields an isomorphism
h:B = A& C of B-~modules with pr; 4 = g. By Lemma 1.10, A and C admit
ring structures under which & becomes a ring isomorphism. This new ring structure
on A is the original one, seeing how

h

f B P1y A

1 A . A —
is a ring morphism. The rest of the proof is identical to the proof in [loc. cit.]. [

Definition 3.2 [Balmer 2014, Definition 3.1]. Let (A, i, ) be a separable ring
in J. Applying Theorem 3.1 to the ring morphisms f=1,®n: A —>A® A and
g=un:AQ®A— A, we find a separable A-algebra A’, unique up to isomorphism,
and a ring isomorphism 2 : A® A => A x A’ such that pr; h = p.

The splitting tower

1=A00 A=Al 5 AR oo pld gl

is defined inductively by A"*+!1 = (Al")’| where we consider A" as a ring in
Al"=1_Mody;. We say the degree of A is d, writing degs,(A) = d, if A! £ 0 and
A+ = 0. We say A has infinite degree if A% =0 for all d > 0.

Remark 3.3. By construction, we have (A"l +1 = glntml a5 Alntm=11_g|gebras
for all m > 0 and n > 1, where we regard Al as a ring in Al"=11_Mody,. In other
words, deg 4in-11_yjoq, (A"™) = degy (A) —n+1 for 1 <n <degy(A)+ 1.
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Example 3.4. Let R be a commutative ring and suppose A is a commutative
projective separable R-algebra. If Spec R is connected, then the degree of A as
aring in DPef(R) (see Example 1.5) recovers its rank as an R-module. This will
follow from Proposition 7.9.

Proposition 3.5. Let A and B be separable rings in K.
(a) We have Fym(A) = 1:[’;] x At g5 A qglgebras.

(b) Let F : { — L be an additive monoidal functor. For every n > 0, the rings
F (A" and F (A" are isomorphic. In particular, degy(F(A)) < degy(A).

(c) Suppose A is a B-algebra. Then degp \q, (FB(A)) = degy (A).

Proof. The proofs for (a) and (b) in [op. cit., Theorems 3.7 and 3.9] still hold in our
(not necessarily triangulated) setting. To prove (c), note that A"l is a B-algebra
and hence a direct summand of Fz(A") = Fg(A)"). This means Fg(A)" #£0
when A"l 2£ 0 so that degp_yoq, (F5(A)) > degy(A). O

Lemma 3.6 [Balmer 2014, Lemma 3.11]. Letn > 1 and A := 1>" € H. There is
an isomorphism A1 = A*"=D of A_glgebras.

Proof. We prove there is an A-algebra isomorphism A : A® A = A x A~
with pr; A = ua. We write A = ]_[?:_01 1, A® A=l j<n—11i ®1j and A" =
1025 TTIZ, Lix with 1=1; = 1;; for all i, k. Define A : A® A — A" by mapping
the factor 1; ® 1; identically to 1;(;_ j), with indices in Z,,. Then, A is an A-algebra
isomorphism and pr,_q A = 4. 0

Corollary 3.7. Let n > 1. Then degy (1*") = n and (1*")[" = 1< jn .

Proof. Let A :=1*", The result is clear when n = 1, and we proceed by induction
on n. By Lemma 3.6, we know A2l = 1%~ in A-Mody. Assuming the induction
hypothesis, deg 4 yioq, (A?)) =n — 1 and

A[n] o~ (A[2])[n—1] ~ 1X(n—l)! o~ (1><n)><(n—1)! >~ 1><n!. O

Lemma 3.8. Let A and B be separable rings of finite degree in ¥. Then,

(a) deg(A x B) < deg(A) + deg(B)

(b) deg(A x 1*") =deg(A) +n

(c) deg(A*") =deg(A)-t.
Proof. To prove (a), let n :=deg(A x B) and C := (A x B)!"!. Writing A’ := F¢(A)
and B’ := F¢(B), we know from Proposition 3.5(a) that

A’ x B'=Fc(Ax B)Z15"

If we let D := (A")19¢(A)] and apply Fp to the isomorphism, we get

15964 x Fp(B)) =1}
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Similarly, putting E := (Fp(B’))!9¢FpB)N] and applying Fg gives

13 des(A) 5 1% deg(Fo(B) = 1 xn,

This shows n = deg(A’) + deg(Fp(B’)) < deg(A) + deg(B) by Proposition 3.5(b).
For (b), let B := Alde¢] Then, Fp(A x 1*") = 13 deg(A) 13" and we find

deg(A x 1™") > deg(Fp(A x 1*")) = deg(A) +n.

To prove (c), we write B := Al again and note that Fg(A*") = (1} dee(A))xt,
Hence, deg(A™") > deg(Fg(A*")) = deg(A) - ¢. O

4. Counting ring morphisms

Lemma 4.1. Let A be a separable ring in I and suppose 1 is indecomposable. If
there are n distinct ring morphisms A — 1, then A has 1*" as a ring factor. In
particular, there are at most deg A distinct ring morphisms A — 1.

Proof. Let «; : A — 1 be distinct ring morphisms for 1 <i <n. By Lemma 2.3(b),
we know that 1®" is a direct summand of A as an A°-module, with projections
o :A— 1lfor 1 <i <n. Moreover, Lemma 1.10 shows that every such summand 1
admits a ring structure, under which 1*" becomes a ring factor of A and the
projections «; are ring morphisms. In fact, these new ring structures on 1 are the
original one, seeing how «;n4 = 11 is a ring morphism for every 1 <i < n. Finally,
Lemma 3.8(b) shows that deg(A) > n. U

Proposition 4.2. Let A and B be separable rings in X and suppose B is indecom-
posable. Let n > 1. The following are equivalent:

(1) There are (at least) n distinct ring morphisms A — B in J.
(i) The ring 13" is a ring factor of Fg(A) in B-Mody.
(iii) There is a ring morphism A" — B in .

Proof. Firstly, we claim there is a one-to-one correspondence between ring mor-
phisms @ : A — B in J{ and ring morphisms S : Fg(A) — 1p in B-Mody. Indeed,
this correspondence sends « : A — B in X to the B-algebra morphism

B A2 Bo B B,

and conversely, 8 : Fg(A) — 1p gets mapped to A LLLUN B®A LN B in K.

To show (i) = (ii), note that n distinct ring morphisms A — B in X give n
distinct ring morphisms Fg(A) — 1p in B-Mody. By Lemma 4.1, 13" is a ring
factor of Fg(A). For (ii) = (i), suppose 13" is a ring factor of Fg(A) in B-Mody
and consider the projections pr; : Fg(A) — 1p with 1 <i < n. By the claim, there
are at least n distinct ring morphisms A — B in J.
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We show (ii) = (iii) by induction on n. The case n = 1 has already been proven.
Letn > 1 and suppose lg(”H) is aring factor of F(A). By the induction hypothesis,
there exists a ring morphism A"l — B. As usual, we write B for the separable ring
in Al"-Mody; corresponding to the Al"l-algebra B in . The diagram

Fn
g — Ay A Mody

lFB lFE (4.3)

B-Modfj{ i} E_MOdA["J—MOdf;{

from Proposition 1.15 shows that Fp(A) is mapped to Fgz(F4m(A)) under the
equivalence B-Mody; ~ B-Mod Al Mod,- 1t follows that lg(”“) is a ring factor
of Fg(F4m(A)). On the other hand, by Proposition 3.5(a) we know that

Fp(Fym(A)) = Fg(L3hy x AU = 1% Fp(Al+), (4.4)

Hence, 15 is a ring factor of Fz(A"*!) by Proposition 2.1 and we conclude there
exists a ring morphism A"+ — B in Al"l-Mody,.

To show (iii) = (ii), suppose B is an A[”]—algebra and write B for the corre-
sponding separable ring in A")-Mody;. Using diagram (4.3) again, it is enough to
show that 13” is a ring factor of Fj(F4m(A)). This follows from (4.4). U

Theorem 4.5. Let A and B be separable rings in X, where A has finite degree and
B is indecomposable. There are at most deg(A) distinct ring morphisms from A
to B.

Proof. If there are n distinct ring morphisms from A to B, we know 13" is a
ring factor of F(A) by Proposition 4.2. So, n < degp yj0q, (FB(A)) < degy (A) by
Proposition 3.5(b) and Lemma 3.8(b). O

Remark 4.6. The assumption B is indecomposable is necessary in Theorem 4.5.
Indeed, deg(1*") = n but 1*" has at least n! ring endomorphisms.

5. Quasi-Galois theory

Suppose (A, (1, 1) is a nonzero ring in ¥ and I" is a finite set of ring endomorphisms
of A with 14 € I'. Consider the ring ]_[V er Ay, where we write A, = A for all
y € I' to keep track of the different copies of A. We define ring morphisms
¢1:A—>[[,cr Ay bypr,¢1=14and ¢2: A — [[,r Ay by pr), g2 = y forall
y € I'. Thus, ¢; renders the (standard) left A-module structure on [ [, . A, and
we introduce a right A-module structure on HyeF A, via @o.

yell

Definition 5.1. We will consider the following ring morphism:

AMr=A:AQA — HAV with pr, A = n(1Q y).
yell
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Note that A(1®n) = ¢ and A(n ® 1) = o,

%Ax (5.2)

A
ARA —— HyerAy

so that A is an A®-algebra morphism.

Lemma 5.3. Suppose \r : AQ A — [ ]| A, is an isomorphism.

yel

(a) There is an A°-linear morphismo : A — A ® A such that pn(1® y)o =48,
forevery y € I'. In particular, A is separable.

(b) Let y €T'. If there exists a nonzero ring B in ¥ and ring morphism o : A — B
withay =«, then y = 1.

(c) The separable ring A has degree |I"| in K.

Proof. To prove (a), consider the A®-linear morphism o := A~ lincl; : A - A ® A.
The following diagram shows that u(1® y)o =81 ,:

A
incll\)
[1

For (b), suppose ¢y =aando : A > A® A as in (a). We get

o

s AQA — s AgA —" 5 A

AV

yel yer Ay

a=apuo =pula@@a)oc =pua@a)(1Q@y)o =au(l®y)o =ad, .

Hence, either @ = 0 or y = 1,. Finally, given that F4(A) = 1%'" in A-Mody,
Proposition 3.5(c) shows that deg(A) = |I]. J

Definition 5.4. Suppose that A is a nonzero ring in X and I" is a finite group of
ring automorphisms of A. We say that A is quasi-Galois in K with group T if
AMriAQA— ]_[y or A, is an isomorphism. By the above lemma, it follows that A
is separable of degree |I'| in J{. We also call Fy : 5{ — A-Mody; a quasi-Galois
extension with group I'.

Example 5.5. Let A :=1*" and consider the ring morphism y := (12 - - - n) which
permutes the factors. Then A is quasi-Galois with group T'={y’ |0<i <n—1}=Z,.
Indeed, the isomorphism A : A ® A — A" constructed in the proof of Lemma 3.6
is exactly Ap. In particular, I" does not always contain all ring automorphisms of A.

Remark 5.6. The Galois theory of commutative rings was introduced by Auslander
and Goldman [1960, Appendix], and was further developed by Chase, Harrison
and Rosenberg [Chase et al. 1965] and many others. They considered commutative
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rings R C A such that A is separable and projective as an R-algebra. If I is a finite
group of ring automorphisms of A fixing R, then A is Galois over R with group I
if the maps R < A" and

ARrA—[[A.  x®y+ (x-¥(M)yer
yel
are isomorphisms. In particular, A defines a ring object in the categories R—mod
and DP*f(R) (see Example 1.5), which is quasi-Galois with group I".

Lemma 5.7. Let A be quasi-Galois of degree d in X with group I and suppose
F : ¥ — & is an additive monoidal functor. If F(A) # 0, then F(A) is quasi-
Galois of degree d in & with group F(I') = {F(y) | y € I'}. In particular, being
quasi-Galois is stable under extension-of-scalars.

Proof. We immediately see that

FAr) . FAAAQF(A)ZEF(A®R A) — HF(A)
yel

is an isomorphism in &, so it suffices to show I' = F(I") and F(Ar) = Ar). Now,
Ar is defined by pr, Ar = ua(la ® y), hence pr, FQOr)=urudru @ F(y))
for every y € I'. In particular, the morphisms pra)(1r4) ® F(y)) with y € I' are
distinct. This shows the morphisms F'(y) with y € I are distinct, so that I' = F(T")
and F()\.F) = )\F(l")~ U

Proposition 5.8. Suppose A is quasi-Galois in K with group T.
(a) If B is a separable indecomposable A-algebra, then T acts freely and transi-

tively on the set of ring morphisms from A to B. In particular, there are exactly
deg(A) distinct ring morphisms from A to B in X.

(b) If A is indecomposable then T contains all ring endomorphisms of A.
Proof. Note that the set S of ring morphisms from A to B is nonempty and I" acts
on S by precomposition. The action is free by Lemma 5.3(b) and transitive because

|S]| <deg A = |I'| by Theorem 4.5. In particular, if A is indecomposable, then A
has exactly deg A = |I'| ring endomorphisms in ¥. |

By the above proposition, we can simply say an indecomposable ring A in K
is quasi-Galois, with the understanding that the Galois group I' contains all ring
endomorphisms of A.

Theorem 5.9. Let A be a separable indecomposable ring of finite degree in X and
write I for the set of ring endomorphisms of A. The following are equivalent:

(1) '] = deg(A).
(i) Fa(A)=1%" in A-Mody; for some t > 0.
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(1)) A\r:AQ A — Hyel" A, is an isomorphism.
(iv) I' is a group and A is quasi-Galois in J with group T'.

Proof. First note that d := deg(A) = deg(F4(A)) by Proposition 3.5(c). To show
(i) = (ii), recall that lf‘d is a ring factor of F4(A) if |I'| = d by Proposition 4.2.
By Lemma 3.8(b), we know F4(A) = 1%9. For (ii) = (iii), we note that t = d and
consider an A-algebra isomorphism/: AQA > A% We define ring endomorphisms

n®1a

a A P AgA Ly pxa P

> A, i=1,...,d,

such that (14 ® o) =pr; (L @ 14)(14 ® n ® 14) = pr; [ for every i. This shows
the o; are all distinct, so that I' = {o; | 1 <i <d} by Theorem 4.5 and [ = Ar. For
(iii) = (iv), we show that every y € I' is an automorphism. By Lemma 5.3(a), we can
find an A®-linear morphismo : A — A®A such that u(1®y)o =48, forevery y €I'.
Lety el"andnotethat y = u(y @ )(1® y)o sothat (1 ®y)o : A >AR A is
nonzero. Thus there exists y’ € I such that

pr,y Ar(1®@y)o =u(1®@yY1®y)o =681,

is nonzero. This means 1 = y’y and y'(yy’) =y’ so yy’ =1 by Lemma 5.3(b).
Finally, (iv) = (i) is the last part of Lemma 5.3. O

Corollary 5.10. Let A, B and C be separable rings in i with A = B x C, and
suppose B is indecomposable. If Fy(A)= 12‘1, then B is quasi-Galois. In particular,
being quasi-Galois is stable under passing to indecomposable ring factors.

Proof. Consider the decomposition A-Mody; = B-Modsy; x C-Mods;, under which
F4(A) corresponds to (Fp(B xC), Fc(B xC)) and lid corresponds to (1§d, 1éd).
Given that 15 is indecomposable and Fp(B) is a ring factor of 1j§d in B-Mody, we
know Fg(B) =1} for some 1 <t <d. The result now follows from Theorem 5.9.

O

6. Splitting rings

Definition 6.1. Let A and B be separable rings of finite degree in J. We say B
splits A if Fg(A) = 1394 in B-Mody. We call an indecomposable ring B a
splitting ring of A if B splits A and any ring morphism C — B, where C is an
indecomposable ring splitting A, is an isomorphism.

Remark 6.2. Let A be a separable ring in % with deg(A) = d. The ring Al in X
splits A by Proposition 3.5(a). Moreover, if B is a separable indecomposable ring
in %, then B splits A if and only if B is an Al4l-algebra. This follows immediately
from Proposition 4.2.
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Remark 6.3. Let A be a separable ring in % with deg(A) = d. The ring Al/! in %
splits itself by Proposition 3.5(a), (b) and Corollary 3.7:

Far (A = (Fya (A = (1t = 1400,

Lemma 6.4. Let A be a separable ring in K that splits itself. If A} and A,
are indecomposable ring factors of A, then any ring morphism Ay — A, is an
isomorphism.

Proof. Let A| and A, be indecomposable ring factors of A and suppose there is a
ring morphism f : A; — A,. We know Fy4,(A) = 1§1deg(A) because A splits itself.
Meanwhile, Fy, (A7) is a ring factor of F4, (A), so that Fy,(Ay) = 12;’ for some
d > 0. In fact, d = deg(A;) > 1 by Proposition 3.5(c). Proposition 4.2 shows there
exists a ring morphism g : A, — A;. Note that A; and A, are quasi-Galois by
Corollary 5.10, so that the ring morphisms gf : A; — A; and fg: Ay — A, are
isomorphisms by Proposition 5.8(b). ]

Definition 6.5. We say J{ is nice if for every separable ring A of finite degree in ¥,
there are indecomposable rings Ay, ..., A, in X suchthat A= A x --- X A,.

Example 6.6. Let G be a group and k a field. The categories KG-mod, D? (KG-mod)
and kG-stab (see Section 10) are nice categories. More generally, J is nice if it
satisfies Krull-Schmidt.

Example 6.7. Let X be a noetherian scheme and let DP*(X) be the derived category
of perfect complexes over X with left derived tensor product. By Example 7.4 and
Proposition 7.12, DP(X) is nice.

Lemma 6.8. Suppose K is nice and let A, B be separable rings of finite degree
in X. If B is indecomposable and there exists a ring morphism A — B in X, then
there exists a ring morphism C — B for some indecomposable ring factor C of A.

Proof. Since ¥ is nice, we can write A = A X --- X A, with A; indecomposable
for 1 <i <n. If there exists a ring morphism A — B in ¥, Proposition 4.2 shows that
1p is aring factor of Fg(A) = Fg(A1) x---x Fg(A,). Since 1p is indecomposable,
it is a ring factor of some Fp(A;) with 1 <i < n by Proposition 2.1. U

Proposition 6.9. Suppose K is nice and let A be a separable ring of finite degree
in X. An indecomposable ring B in K is a splitting ring of A if and only if B is a
ring factor of A€W In particular, any separable ring in ¥ has a splitting ring
and at most finitely many.

Proof. Letd :=deg(A) and suppose B is a splitting ring of A. By Remark 6.2, B is an
Al algebra. Hence, there exists a ring morphism C — B for some indecomposable
ring factor C of Al“! by Lemma 6.8. Now, Al“! splits A, so C splits A and the ring
morphism C — B is an isomorphism. Conversely, suppose B is an indecomposable
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ring factor of Al?l, so B splits A. Let C be an indecomposable separable ring
splitting A and suppose there is a ring morphism C — B. As before, C is an Al9l-
algebra and there exists a ring morphism B’ — C for some indecomposable ring
factor B’ of Al. The composition B’ — C — B is an isomorphism by Remark 6.3
and Lemma 6.4. In other words, B is a ring factor of the indecomposable ring C,
so that C = B. (]

Corollary 6.10. Suppose I is nice and B is a separable indecomposable ring of
finite degree in H. Then B is quasi-Galois in I if and only if there exists a nonzero
separable ring A of finite degree in I such that B is a splitting ring of A.

Proof. Suppose B is indecomposable and quasi-Galois of degree ¢, so BI?l = 1§(’ -
as B-algebras. Then, B is a splitting ring for B because B is a ring factor of B!’

Bl ~ (B[Z])[I—I] ~ (12(1—1))[t—1] ~ BX(t—l)Y.

Now suppose B is a splitting ring for some A in ¥, say with deg(A) =d > 0.
Seeing how Fp(B) is a ring factor of

FB(A[‘”) o~ FB(A)[d] ~ (lgd)[d] — 1l>;d!’

we know Fg(B) = 1% for some ¢ > 0. By Theorem 5.9, B is quasi-Galois. U

7. Tensor triangular geometry

Definition 7.1. A tt-category ¥ is an essentially small, idempotent-complete tensor-
triangulated category. In particular, ¥ comes equipped with a symmetric monoidal
structure (®, 1) such that x ® — : X — K is exact for all objects x in K. A tt-functor
H — & is an exact symmetric monoidal functor.

Throughout the rest of this paper, (¥, ®, 1) will denote a tt-category.

Remark 7.2. Balmer [2011] proved in that extension along a separable ring object
A preserves the triangulation: (A-Mody, ®4, 14) is a tt-category, extension-of-
scalars F4 becomes a tt-functor and Uy is exact.

Definition 7.3. We briefly recall some tt-geometry and refer the reader to [Balmer
2005] for precise statements and motivation. The spectrum Spc(X) of a tt-category K
is the set of all prime thick ®-ideals  C K. The support of an object x in ¥ is
supp(x) = {P € Spc(K) | x ¢ P} C Spc(H). The complements of these supports
U(x) := Spc(H) — supp(x) form an open basis for the Zariski topology on Spc(K).

Example 7.4. Let X be a noetherian scheme. Then (DP*(X), ®%)X) is a tt-category
with spectrum Spc(DP™ (X)) homeomorphic to X; see [op. cit., Theorem 6.3].
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Remark 7.5. The spectrum is functorial. In particular, every tt-functor F : K — &
induces a continuous map

Spc(F) : Spe(¥£) — Spe(K).
Moreover, for all x € 3, we have
(Spe F)™! (suppy(x)) = suppy (F (x)) C Spe £.
Let A be a separable ring in K. We will consider the continuous map
fa :=Spc(Fy) : Spc(A-Modg) — Spc(K)
induced by the extension-of-scalars Fj : 5 — A-Mody;.

Theorem 7.6 [Balmer 2016b, Theorem 3.14]. Let A be a separable ring of finite
degree in X. Then

S
Spe((A ® A)-Mods) 3 Spe(A-Modyo) Ty suppy(4) (7.7)
2

is a coequalizer, where f|, f> are the maps induced by extension-of-scalars along
the morphisms 1@nand n®1: A — A ® A respectively. In particular, the image

of fa is suppy(A) C Spe(¥).

Definition 7.8. We call a tt-category I local if x ® y = 0 implies that x or y is
®-nilpotent for all x, y € H. The local category Hg at the prime P € Spc(¥) is the
idempotent completion of the Verdier quotient I /%. We write go for the canonical
tt-functor H — H/P — Hgy.

Proposition 7.9 [Balmer 2014, Theorem 3.8]. Suppose A is a separable ring in K.
If the ring qp(A) has finite degree in Xg for every P € Spc(H), then A has finite
degree and

degy (A) = d A)).
egy (A) ” Enslgg(i%) ey, (g (A))
Proposition 7.10 [Balmer 2014, Corollary 3.12]. Let ¥ be a local tt-category
and suppose A, B are separable rings of finite degree in . Then deg(A x B) =
deg(A) +deg(B).

Lemma 7.11 [Balmer 2014, Theorem 3.7]. Let A and B be separable rings in X
and suppose supp(A) C supp(B). Then degB_Mod%(FB (A)) =degy (A).

Proposition 7.12. Suppose the spectrum Spc(X) of K is noetherian. Then ¥ is
nice. That is, any separable ring A of finite degree in X has a decomposition
A=A X...xX A, where Ay, ..., A, are indecomposable rings in XK.
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Proof. Let A be a separable ring of finite degree in . We prove that any ring
decomposition of A in J{ has at most finitely many nonzero ring factors. Suppose
there is a sequence of nontrivial decompositions A = A} x By, By = A, X By, ...,
with B, = A, X B4+ for n > 1. By Proposition 7.10, we know

deg(g»(B,)) > deg(qy (Bn+1))

for every P € Spc(3). We note that deg(ga (B,)) > i if and only if % € supp(BL1),
so we get supp(BL1) D supp(B,[l’ll) for every i > 0. Since Spc(J{) is noetherian,

we can find £ > 1 with supp(B,Ei]) = supp(B,g’ll) foreveryi >0 and n > k. In

particular, deg(ga (By)) = deg(ge (Bi+1)) for every P € Spc(¥), so gp(Ag+1) =0
for all @ € Spc(K). By Proposition 7.9, we conclude A;4; = 0, a contradiction. [J

8. Rings of constant degree

Definition 8.1. We say a separable ring A in ¥ has constant degree d € N if the
degree degy,, g (A) equals d for every % € supp(A) C Spc(¥).

Lemma 8.2. Let A be a separable ring of degree d in X. Then A has constant
degree if and only if supp(A4)) = supp(A).

Proof. Note that supp(A!?)) C supp(A) because A ® A = A x AP in . Hence
supp(A[d]) C supp(A). Now, let # € supp(A). Then g»(A) has degree d if and
only if gg (A1) #£ 0, in other words P € supp(Al4)). (]

Lemma 8.3. Let A be a separable ring in I and suppose F : 5 — £ is a tt-functor
with F(A) # 0. If A has constant degree d, then F(A) has constant degree d.
Conversely, if F(A) has constant degree d and supp(A) C im(Spc(F)), then A has
constant degree d.

Proof. We first note that deg(F (A)) < deg(A) by Proposition 3.5(b). Now, if A has
constant degree d, then

suppy (F(A))) = suppy (F (A1) = Spe(F) ™! (suppy (Al™))
= Spe(F) ™! (suppy(A)) = suppy (F (A)) # 2,

which shows F(A) has constant degree d. Conversely, suppose F(A) has constant
degree d and supp(A) C im(Spc(F)). In particular, supp(Al4+1) c im(Spc(F)),
SO

@ = supp(F (A1) = Spe(F) ™ (supp(A1*1)
implies supp(Al“*!1) = @. Thus A has degree d. Moreover, seeing how
Spe(F) ™" (suppy (A!™h) = suppy (F (4)')
= suppy (F(A)) = Spe(F) ™" (suppy:(A)),

we can conclude supps,(Al4) = suppy, (A). O
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Proposition 8.4. Let A be a separable ring in ¥. Then A has constant degree d if
and only if there exists a separable ring B in I with supp(A) C supp(B) and such
that Fg(A) = 1;". In particular, if A is quasi-Galois in X with group T, then A
has constant degree |I'| in K.

Proof. If A has constant degree d, we can let B := Al4l and use Proposition 3.5(a).
On the other hand, if A and B are separable rings in J{ with supp(A) C supp(B),
then Theorem 7.6 and Lemma 8.3 show that A has constant degree d whenever
Fp(A) has constant degree d. Il

Proposition 8.5. Let A be a separable ring of constant degree in X with connected
support supp(A) C Spc(X). If B and C are nonzero rings in X such that A= B x C,
then B and C have constant degree and supp(A) = supp(B) = supp(C).

Proof. Given that A has constant degree d, we claim that for every 1 <n <d,

supp(A) = supp(B"") Lsupp(C1/~"+1),
Fix 1 <n < d and suppose P € supp(B"!) Nsupp(C¥—"+1) 5o deg(qy(B)) = n
and deg(q»(C)) > d —n + 1. By Proposition 7.10, deg(gs(A)) > d + 1, which is a
contradiction. So far we’ve proven supp(A) D supp(B"!) Lsupp(Cl¢—"+11). Now,
if P € supp(A) — supp(B"™), we get deg(gs(A)) = d and deg(gyp(B)) <n— 1. It
follows that deg(¢g»(C)) >d —n+1,s0 P € supp(C[d_”“]) and the claim follows.
Assuming A has connected support, we note that for every 1 < n < d, either
supp(B™) = supp(A) or supp(B")) = @. In particular, taking n = deg(B) and
then n = 1 shows that supp(A) = supp(B'9&®]) = supp(B). Similarly, we see
supp(A) = supp(Cl9eO) = supp(C) by letting n =d + 1 —deg(C) and then n = 1.
In other words, supp(A) = supp(B) = supp(C) and B, C have constant degree. []

9. Quasi-Galois theory and tensor triangular geometry

Let A be a separable ring in J{ and suppose I' is a finite group of ring automorphisms
of A. Then, I' acts on A-Mody; (see Remark 1.14) and therefore on the spectrum
Spc(A-Mody).

Theorem 9.1. Suppose A is quasi-Galois in K with group . Then,
supp(A) = Spc(A-Mody;)/ T
Proof. Diagram (5.2) yields a diagram of topological spaces

Spc(A-Mody)
h &

f2 81
Spc((A ® A)-Mody)

~1

5 Spc(]—[yer A, -Mody),
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where f1, f>, g1, g2 and [ are the maps induced by extension-of-scalars along the
morphisms 1 ®7n, n® 1, ¢1, g2 and A respectively (in the notation of Definition 5.1).
That is, g1, g2 : [_]y or Spc(A, -Mody;) — Spc(A-Mody) are continuous maps such
that g; incl, is the identity and g incl, is the action of y on Spc(A-Mods;). Now,
the coequalizer (7.7) turns into

81

| |SpC(Ay—MOd57{) ? Spc(A-Mody) i» supp(A),
2

yell

which shows supp(A) = Spc(A-Mody)/ T O

Remark 9.2. Let A be a ring in X. We call A nil-faithful if F5o(f) = 0 implies f
is ®-nilpotent for any morphism f in J{. By [Balmer 2016b, Proposition 3.15], A
is nil-faithful if and only if supp(A) = Spc(¥). If A is nil-faithful and quasi-Galois
in KX with group I', Theorem 9.1 recovers Spc(I) as the I™-orbits of Spc(A-Mody).

The following is a tensor-triangular version of Lemma 6.4.

Lemma 9.3. Let A be a separable ring in X that splits itself. If A; and A, are
indecomposable ring factors of A, then supp(A1) Nsupp(Ar) = D or A| = As.

Proof. Let A| and A; be indecomposable ring factors of A and suppose A splits
itself. We know Fy, (A) = 1:ldeg(A) and hence Fy4,(A2) = 12: for some ¢t > 0. In
fact, t = 0 only if supp(A; ® Ay) = supp(A;) Nsupp(A,) = . If t > 0, we can
find a ring morphism A, — A by Proposition 4.2. Now Lemma 6.4 shows this is
an isomorphism. U

Proposition 9.4. Suppose K is nice. Let A be a separable ring in X with connected
support supp(A) and constant degree. Then the splitting ring A* of A is unique up
to isomorphism and supp(A) = supp(A*).

Proof. Let d := deg(A). Recall that by Proposition 6.9, the splitting rings of A
are exactly the indecomposable ring factors of Al4l. We now prove that any two
indecomposable ring factors, say A; and Aj, of Ald] are isomorphic. Note that
supp(A) = supp(A!?l) is connected and Al?l has constant degree d! by Remark 6.3,
so that supp(A) = supp(A;) = supp(A,) by Proposition 8.5. Now, Lemma 9.3
shows A and A, are isomorphic. O

Remark 9.5. In what follows, we consider a separable ring A in ¥ and assume
the spectrum Spc(A-Mods) is connected, which implies that A is indecomposable.
Moreover, if the tt-category A-Mody; is rigid, Spc(A-Mody) is connected if and
only if A is indecomposable, see [Balmer 2007, Theorem 2.11]. We note that many
tt-categories are rigid, including all examples given in this paper.

Proposition 9.6. Suppose K is nice. Let A be a separable ring in X and suppose
Spc(A-Mody) is connected. Let B be an A-algebra with supp(A) = supp(B). If B
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is quasi-Galois in I with group T, then B splits A. In particular, the degree of A in
K is constant.

Proof. If B is quasi-Galois in J for some group I, then all of its indecom-
posable ring factors are also quasi-Galois by Corollary 5.10. What is more,
supp(B) = fa(Spc(A-Mody)) is connected, so the indecomposable ring factors
of B have support equal to supp(B) by Proposition 8.5. It thus suffices to prove
the proposition when B is indecomposable. Now, F4(B) is quasi-Galois by
Lemma 5.7 and supp(F4(B)) = fA_l(supp(B)) = Spc(A-Mody) is connected. By
Corollary 2.4, B is an indecomposable ring factor of F4(B), and all ring factors
of F4(B) have equal support by Proposition 8.5. In fact, Lemma 9.3 shows that
F4(B) = B* for some ¢ > 1. Forgetting the A-action, we get A® B = B> in %
and Fp(A® B) = Fz(B*X) = 1;‘1’ in B-Mody;, where d := deg(B). On the other
hand, Fp(A® B) = Fp(A)®p 1I>§d = (Fg(A))*9. It follows that Fg(A) = 1%, with
t =deg(A) by Lemma 7.11. U

Theorem 9.7 (Quasi-Galois closure). Suppose K is nice. Let A be a separable ring
of constant degree in I and suppose Spc(A-Mods;) is connected. The splitting ring
A* is the quasi-Galois closure of A. That is, A* is quasi-Galois in ¥, supp(A) =
supp(A*) and for any A-algebra B that is quasi-Galois in I with supp(A) =
supp(B), there exists a ring morphism A* — B.

Proof. Corollary 6.10 and Proposition 9.4 show that A* is quasi-Galois in ¥ and
supp(A) =supp(A*). Suppose there is an A-algebra B as above. By Proposition 9.6,
B splits A, so there exists a ring morphism A€ . B The result now follows
because Al9eE(I = A* x ... x A* by Proposition 9.4. O

Remark 9.8. By Proposition 9.6, the assumption that A has constant degree is
necessary for the existence of a quasi-Galois closure A* of A with supp(A) =

supp(A*).

10. Some modular representation theory

Let G be a finite group and K a field with characteristic p > 0 dividing |G|. We write
kG-mod for the category of finitely generated left KG-modules. This category is
nice, idempotent-complete and symmetric monoidal: the tensor is ®k with diagonal
G-action, and the unit is the trivial representation 1 = K.

We will also work in the bounded derived category D? (kG-mod) and stable cate-
gory kG-stab, which are nice tt-categories. The spectrum Spc(D?(kG-mod)) of the
derived category is homeomorphic to the homogeneous spectrum Spec” (H*(G, k))
of the graded-commutative cohomology ring H*(G, K). Accordingly, the spectrum
Spc(kG-stab) of the stable category is homeomorphic to the projective support
variety Vg (K) := Proj(H*(G, Kk)); see [Benson et al. 1997].
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Notation 10.1. Let H < G be a subgroup. The KG-module A, = Af, :=K(G/H)
is the free k-module with basis G/H and left G-action given by g - [x] = [gx] for
every [x] € G/H. The KG-linear map i : Ay ®x Ay — Ay is given by

y ify=y’
0 ify#y/,
We define n: 1 — Ay by sending 1 € K to ZVGG/H y € K(G/H).

We will write #(G) to denote any of KG-mod, D?(kG-mod) or KG-stab and
consider the object Ay in each of these categories.

y®y’|—>{ forall y,y' € G/H.

Proposition 10.2 [Balmer 2015, Proposition 3.16 and Theorem 4.4]. Let H < G
be a subgroup. Then,

(a) The triple (Ag, i, n) is a commutative separable ring object in K (G).
(b) There is an equivalence of categories
W 9(H) = Ax-Mody )
sending V € H(H) to KG Qku V € H(G) with Ag-action
0:k(G/H) @k (KG ®@kn V) - KG @ V

Focy.
givenfory e G/H,geGandveVbyyQguv— {g@v z'fg v

0 ifgdy.
(c) The following diagram commutes up to isomorphism:

H(G)
Res% Fay
vi

H(H) = > AH-MOdgg(G).

So, every subgroup H < G provides an indecomposable separable ring Ay
in ¥(G), along which extension-of-scalars becomes restriction to the subgroup.

Proposition 10.3. The ring Ay has degree [G : H] in KG-mod and D” (KG-mod).

Proof. Seeing how the fiber functor Resﬁ} is conservative, we get

degy g mod (Ar) = degy moa(Res(, (Ap)) =[G : H].
The degree of Ay in Db (KG-mod) is computed in [Balmer 2014, Corollary 4.5]. [J

Lemma 10.4. Let %(G) denote D’ (kG-mod) or KG-stab and consider subgroups
K < H < G. Then supp(Ag) = supp(Ag) C Spc(H(G)) if and only if every
elementary abelian p-subgroup of H is conjugate in G to a subgroup of K.
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Proof. This follows from [Evens 1991, Theorem 9.1.3], seeing how supp(Ay) =
(Resg)*(SpC(?{(H ))) can be written as a union of disjoint pieces coming from
conjugacy classes in G of elementary abelian p-subgroups of H. (I

Notation 10.5. For any two subgroups H, K < G, we write g[g]x for the equiv-
alence class of g € G in H — G/K, just [g] if the context is clear. We will write
H¢ := g~ Hg for the conjugate subgroups of H.

Remark 10.6. Let H, K < G be subgroups and choose a complete set 7 C G of
representatives for H\G/K. Consider the Mackey isomorphism of G-sets,

[]G/(knH S G/K < G/H,
geT

sending [x] e G/(KNH?&) to ([x]k, [xg*I]H). The corresponding ring isomorphism

T Ak ® Ay = HAKﬂHg
geT
in X(G) [Balmer 2016b, Construction 4.1] is given for g € T and x, y € G by

1

[xklknme if glglk = wly™ xlk.,

pro 7 ((x1k ® [yln) = { . .

with k € K such that y_lxkg_1 € H. This yields an Ag-algebra structure on Agnpge
forevery t € T, given by

1®n - pr,
Ak —> Ak @ Apg = l_[AKﬂHg — Agnur,
geT

which sends [x]x € G/K to

> [xklgnm € Aknar
[KleK /KNH'

In the notation of Proposition 10.2(b), this just means Axng: = \IJI((; (Allgm g1) In
Ag-Mods ). In other words, T defines an isomorphism

Fa(An) = ‘P,?(]_[ Agmm)

geT
of rings in AK—MOd%(G).

Lemma 10.7. Let H < G. Suppose x, g1, 82,...,8. € Gand 1 <i <n. Then
vIX1unuan..nas = gl&i lHNH N .NH

if and only if y[x] = nlg:l.
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Proof. 1t suffices to prove that for x, y € G, we have g[x]gy = g[y]gy if and only if
n[x]= g[y]. This follows because for [x] =[y]in H — G/H”, there are h, h' € H
with x = hy(y~'h'y) = hh'y. O
Notation 10.8. We fix a subgroup H < G and a complete set S C G of representa-
tives for H — G/H. Likewise, if g1, g2, ..., g» € G we will write Sg, o,

to denote some complete set of representatives for H —G/H N H8 N-..N Hé".
Recall that #(G) can denote kG-mod, D?(KG-mod) or KG-stab.

Lemma 10.9. Let 1 <n < [G : H]. There is an isomorphism of rings

[n+1] ~
AH = l_[ AHnHsIN..NH

in J(G), where the product runs over all g1 € S and g; € Sg,,.. ¢ for2<i <n
with g[1], glg1l, ..., glgn] distinct in H\G.

Proof. By Remark 10.6, we know that

Ap® Ay =] [ Aunne = A x [ | Ancns,
ges ges
Hlgl#nu(1]
so Proposition 2.1 shows

AP =TT Anone  inH(G).
ges
ulgl#ulll
Now suppose

[n] ~
AR = [T Aunmso-nmo-
81s+-:8n—1

for some 1 <n < [G : H], where the product runs over all g € Sand g; € S, . ¢,
for2 <i <n—1with g[1], glg1], ..., glgn—1] distinct in H\G. Then

[I’l] ~ ~
Ay @Ay = HAHmHgm---ann—l ®Ap = 1_[ l—[ AgnHan..nHs
81sees&ni 81s-:8n—1 &n€Sg, .. 11

again by Remark 10.6. We note that every g, € Sg, ... 4,_, With either y[g,] = p[1]
or yglgnl = mlgi] for 1 <i <n —1 provides a copy of AE_'}]. By Lemma 10.7, this
happens exactly n times. Hence,

AZI] R Ag = (AZI])X" X HAHﬂHglﬂ---ﬂHg"’

where the product runs over all gy € S and g; € S, ,,_, for 2 <i < n with distinct
ull], glg1l, ..., glgs] in H\G. The lemma follows by Proposition 3.5(a). U

Corollary 10.10. Let d :=[G : H]. There is an isomorphism of rings

xk(G,H) d!

[d] ~
Ay = (Anormg) ,  where k(G, H) = —[G —Cy
: H
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in KG-mod and D”(KG-mod). Here, normg = ﬂ g~ ' Hg is the normal core of H
inG. geG

Proof. From the above lemma, we know

d
A[ = l_[ AHNHS N NHE-1
815---,8d—1

where the product runs over some g1, ... gs—1 € G with

{ull), wlg1l, ..., wlga—1l} =H —G.

This shows A[d] Arf(,’rmc for some 7 > 1. Now, deg(Anorm¢) =[G : normH] and

deg(A[d]) = d' by Remark 6.3,s0t=d!/[G: normH] by Lemma 3.8(c). U
Corollary 10.11. The ring Ay in D*(KG-mod) has constant degree [G : H] if and
G

only if normy, contains every elementary abelian p-subgroup of H. In that case, its
quasi-Galois closure is Anormg . Furthermore, Ay is quasi-Galois in D (kG-mod)
if and only if H is normal in G.

Proof. By Lemma 8.2, Ay has constant degree [G : H] in D?(kG-mod) if and
only if supp(Al¥l) = supp(A) C Spc(D’(kG-mod)). Hence, the first statement
follows immediately from Lemma 10.4 and Corollary 10.10. By Proposition 6.9,
the splitting ring of Ay is Anormg , so the second statement is Theorem 9.7. Since
Ap is an indecomposable ring, it is quasi-Galois if and only if it is its own splitting
ring. Thus Ap is quasi-Galois if and only if Anormg = Ay, which yields normg =H
by comparing degrees. U
Remark 10.12. Let H < G be a subgroup. Recall that Ay = 0 in KG-stab if and
only if p does not divide |H|. On the other hand, Ay = k in KG-stab if and only
if H is strongly p-embedded in G, that is p divides |H| and p does not divide
|[HNHS|ifgeG—H.

Proposition 10.13. Let H < G and consider the ring Ay in KG-stab. Then,

(a) The degree of Ay is the greatest 0 <n <[G : H] such that there exist distinct
lg1l, ..., [gn] in H\G with p dividing |H8' N---N H8"|.

(b) The ring Ay is quasi-Galois if and only if p divides |H| and p does not divide
|H N HSN H&"| whenever g € G — H and h € H — HS.

(c) If Ay has degree n, the degree is constant if and only if there exist distinct
lg1], ..., [gn] in H\G such that H8 N ---N H8 contains a G-conjugate of
every elementary abelian p-subgroup of H.

In that case, Ay has quasi-Galois closure given by Agsin...nHsn-

Proof. For (a), recall that deg(Ag) is the greatest n such that A[H"] =0, thus such that
there exist distinct g[1], glg1], ..., glgn—1]1 with |[HN HE N---N H8-!| divisible
by p.
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To show (b), recall that F4, (Ay) = lIJg(]_[ges Al ps) by Remark 10.6. It
follows that Fy,, (Ag) = 1 984) in Ap-Modkg.stab if and only if

[T AL e = ke
ges

in KH-stab. So, Ay is quasi-Galois in KG-stab if and only if Ay # 0 and for every
g € G, either A .. =0o0r A# . =kinkH-stab. By Remark 10.12, this means
either p does not divide |H N Hé|, or p divides |H N H#&| but does not divide
|HNHSNHS"| when h € H— H®. Equivalently, p does not divide |H N H$N H3"|
whenever g € G — H and h € H — HS8.

For (c), suppose Ay has constant degree n. By Proposition 9.4, any indecom-
posable ring factor of Az] is isomorphic to the splitting ring A7;, so Lemma 10.9
shows that the quasi-Galois closure is given by A}, = Agsin..ngs for any dis-
tinct g[gil, ..., glg,] with |H8 N ---N H&| divisible by p. Then, supp(Ay) =
supp(A%;) = supp(Agein...npe) so H8'N---N HE contains a G-conjugate of every
elementary abelian p-subgroup of H. On the other hand, if there exist distinct

[g1l,...,[gn] in H\G such that H8 N---N H& contains a G-conjugate of every
elementary abelian p-subgroup of H, then supp(AE_’,’]) = supp(Agsin..nge) =
supp(Ag), so the degree of Ay is constant. O

Example 10.14. Let p = 2 and suppose G = S3 is the symmetric group on 3
elements {1, 2, 3}. Consider the subgroup H := {(), (12)} = S, of permutations
fixing {3}. Its conjugate subgroups in G are the subgroups of permutations fixing
{1} and {2} respectively, so normg = {()}. Now, Ag is a ring of degree 3 in
D?(kG-mod), and we immediately see that supp(Agy) = Spc(Db (kG-mod)) because
p does not divide [G : H]. Seeing how supp(A[;]) C Spc(Db(kG—mod)) contains
only one point, the ring Az does not have constant degree in D? (KG-mod). On the
other hand, the ring Ay considered in KG-stab is quasi-Galois of degree 1, since
H is strongly p-embedded in G.

Example 10.15. Let p = 2 and suppose G = Sy is the symmetric group on 4
elements {1, 2, 3,4}. If H = §3 is the subgroup of permutations fixing {4}, the
ring Ay in KG-stab has constant degree 2. Indeed, the intersections H N H$
with ¢ € G — H each fix two elements of {1, 2, 3, 4} pointwise, so p does not
divide [H : H N H¥]; thus supp(Ag]) = supp(Ap). Furthermore, the intersections
HNHS$ NHS with [1], [g1], [g2] distinct in H\G are trivial, so Ag] =0in kG-stab.
The quasi-Galois closure of Ay in KG-stab is Ag,, with S, embedded in H.
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p-rigidity and Ilwasawa p-invariants

Ashay A. Burungale and Haruzo Hida

Let F be a totally real field with ring of integers O and p be an odd prime
unramified in F. Let p be a prime above p. We prove that a mod p Hilbert
modular form associated to F is determined by its restriction to the partial
Serre—Tate deformation space @m ® O, (p-rigidity). Let K/F be an imaginary
quadratic CM extension such that each prime of F above p splitsin K and A a
Hecke character of K. Partly based on p-rigidity, we prove that the p-invariant
of the anticyclotomic Katz p-adic L-function of A equals the p-invariant of the
full anticyclotomic Katz p-adic L-function of A. An analogue holds for a class of
Rankin—Selberg p-adic L-functions. When A is self-dual with the root number —1,
we prove that the p-invariant of the cyclotomic derivatives of the Katz p-adic
L-function of X equals the u-invariant of the cyclotomic derivatives of the Katz
p-adic L-function of 1. Based on previous works of the authors and Hsieh, we
consequently obtain a formula for the p-invariant of these p-adic L-functions
and derivatives. We also prove a p-version of a conjecture of Gillard, namely the
vanishing of the p-invariant of the Katz p-adic L-function of X.

1. Introduction 1921
2. Hilbert modular Shimura variety 1928
3. p-rigidity 1932
4. p-independence 1937
5. p-adic differential operators 1940
6. Iwasawa p-invariants 1944
Acknowledgements 1949
References 1949

1. Introduction

Zeta values seem to suggest deep phenomena in Mathematics. They seem to
mysteriously encode deep arithmetic information. They also seem to suggest
surprising modular and Iwasawa-theoretic phenomena.

MSC2010: primary 11G18; secondary 19F27.
Keywords: Hilbert modular Shimura variety, Hecke stable subvariety, Iwasawa p-invariant, Katz
p-adic L-function.
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Sometimes, they are a sum of evaluations of modular forms at CM points.
Such an expression for critical Hecke L-values and conjectural nontriviality of the
corresponding anticyclotomic p-adic L-function, suggested to the second named
author a linear independence of mod p Hilbert modular forms. Based on Chai’s
theory of Hecke-stable subvarieties of a Shimura variety (see [Chai 1995; 2003;
2006]), this guess was proven in [Hida 2010]. Let p be a prime above p (see the
abstract). Recently, the expression and conjectural nontriviality of the corresponding
anticyclotomic p-adic L-function suggested to us a rather surprising rigidity property
of mod p Hilbert modular forms. Partly based on the rigidity, we obtain intriguing
equalities of Iwasawa p-invariants of seemingly independent p-adic L-functions.

Let F be a totally real field of degree d and O the integers ring. Let p be an odd
prime unramified in F. Let py, ..., p, be the primes above p. Fix two embeddings
leo: @ — C and lp: 0 — C,. Let v, be the p-adic valuation of C, normalised
such that v, (p) = 1. Let [ be an algebraic closure of [,.

Let Shf be the Kottwitz model of the prime-to- p Hilbert modular Shimura variety
associated to F'. We refer to Section 2B for the definition. Here we only mention
that in the moduli interpretation for Sh,z,, the full prime-to-p level structure
appears. Let x € Sh be a closed ordinary point. From Serre-Tate deformation
theory, a p®-level structure on x induces a canonical isomorphism

Spf(Dsn.x) = [ [ Gn ® Oy, (1-1)

1

Let p = p;, for some i. Let f be a mod p Hilbert modular form in the sense of
Section 2D. In view of the irreducibility of the connected components of Sh, the
form f is determined by its restriction to Spf((/’)\Sh, +)- In fact, we have the following
rigidity result.

Theorem 1.1 (p-rigidity). Let F/ Q be a totally real extension with integer ring O,
p an odd prime unramified in F and p|p a prime in F. Let f be a nonzero mod p
Hilbert modular form over F as above.

Then, f does not vanish identically on the partial Serre—Tate deformation space
@m ® Oy. In particular, a mod p Hilbert modular form is determined by its
restriction to the partial Serre—Tate deformation space @m ® Oy.

We now describe the results regarding the Iwasawa p-invariants.

Let K be a totally imaginary quadratic extension of F. Let ks denote the
class number of ?, for ? = K, F'. Let ¢ denote the complex conjugation on C
which induces the unique nontrivial element of Gal(K /F) via . We assume the
following hypothesis:

(ord) Every prime of F above p splits in K.
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The condition (ord) guarantees the existence of a p-adic CM type X, i.e., X is a
CM type of K such that the p-adic places induced by elements in X via ¢, are disjoint
from the ones induced by Xc. We fix such a CM type. We also identify it with the
set of infinite places of F. Let K (resp. K) be the anticyclotomic Zi—extension
(resp. cyclotomic Z-extension) of K and K, C K be the p-anticyclotomic
subextension, i.e., the maximal subextension unramified outside the primes above
pin K. Let Ky oo = K, K. Let T* := Gal(K3,/K), Ty := Gal(K, ,/K) and
[y = Gal(Kp 00/ K).

Let € be a prime-to- p integral ideal of K. Let A be an arithmetic Hecke character
over K. Suppose that € is the prime-to-p conductor of A. Associated to this data, a
natural (d + 1)-variable Katz p-adic L-function

Ly, =Lx;(Th,....,T;,S) € Z,[T]

is constructed in [Katz 1978; Hida and Tilouine 1993]. Here, the T; are the
anticyclotomic variables and S is the cyclotomic variable. The Katz p-adic L-
function interpolates critical Hecke L-values L(0, Ax) as x varies over certain
Hecke characters over K factoring through the Ray class group with conductor €p>°
(Eee [Hida and Tilouine 1993, Theorem II]). Let LiA € Z,,[[F_]] (resp. Lg,k,p €
Z,T", 1) be the anticyclotomic (Eesp. p—anticyclotomic)_projection _obtained from
the projecEion 7= 2 Zy[T] — Z,[T""] (resp. Ty Zp_[[F]] —» Zp_[[Fp_]]). Let
Ls sp € Z,[[T'y] be obtained from the projection 7y, : Z,[I']] — Z,[I'y]l. We
call Ly, the Katz p-adic L-function to emphasise the consideration of the p-
component. This is a slightly nontraditional terminology as the construction is still
under the same embedding ¢,.

For the notion of Iwasawa u-invariants, we refer to [Hida 2010, §1]. Here we
only mention that the p-invariant measures nontriviality modulo p. We now state
our results regarding the Iwasawa p-invariants of p-adic L-functions and derivatives
arising in the context of the Iwasawa theory of an arithmetic Hecke character over
a CM field as above.

The p-invariant of Ly ; . is given by the following theorem.

Theorem 1.2. Let F/ Q be a totally real extension, p an odd prime unramified in F
and p|p aprime in F. Let K/ F be a p-ordinary CM quadratic extension. Let A be
an arithmetic Hecke character over K. Let Ly, , (resp. Ly MJ) be the corresponding
anticyclotomic Katz p-adic (resp. anticyclotomic Katz p-adic) L-function as above.
Then, we have

M(LEA) = /L(Lgkp)

In most of the cases, ,u(Li ;) has been explicitly determined (see [Hida 2010;
Hsieh 2014a]). Thus, we obtain a formula for pn(Ly. MJ).
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We show a result analogous to Theorem 1.2 for a class of Rankin—Selberg
anticyclotomic p-adic L-functions.

When A is self-dual with the root number —1, all the Hecke L-values appearing in
the interpolation property of Ly, ; vanish. Accordingly, Ly, ; and Ly op identically
vanish. The anticyclotomic arithmetic information contained in Ly , and Ly, op
may seem to have disappeared. However, we can look at the cyclotomic derivatives

ad
Ly =(55LeatTi 10 9)| (1-2)
and L/z, 5.p (defined analogously).

The p-invariant of L’E, 5.p 18 given by the following theorem.

Theorem 1.3. Let F/ Q be a totally real extension, p an odd prime unramified in
F and p|p a prime in F. Let K/F be a p-ordinary CM quadratic extension. Let A
be an arithmetic self-dual Hecke character over K with root number —1. Let L’E, )
(resp. L/z, k’p) be the corresponding cyclotomic derivative of the Katz p-adic (resp.
Katz p-adic) L-function as above.

Suppose that p{hy., where h, is the relative class number given by hy =hg [ hr.
Then, we have

WL ) = (L, )

In most of the cases, u(Ly; ;) has been explicitly determined (see [Burungale
2015]). Thus, we obtain a formula for ,u(L’E,MJ).

Finally, we consider the p-adic L-function. We have the following p-version
of a conjecture of Gillard [1991, Conjecture (i)] regarding the vanishing of the
u-invariant of Katz p-adic L-function.

Theorem 1.4. Let F/ Q be a totally real extension, p an odd prime unramified in F
and p|p aprime in F. Let K/ F be a p-ordinary CM quadratic extension. Let A be
an arithmetic Hecke character over K. Let Ly ; , be the corresponding cyclotomic
Katz p-adic L-function as above. Then, we have

u(Lsx s.p)=0.

We now describe the strategy of the proof of Theorem 1.1. Some of the notation
used here is not followed in the rest of the article.

We begin with general remarks on rigidity. Here is a geometric reason for this
rigidity, which we refer to as L-rigidity. Let S be a formal torus over a field which
is the residue field of a mixed characteristic ring. Suppose that we have a rational
structure coming from an algebraic subscheme S over the mixed characteristic
ring whose formal completion at a closed point x € S gives S. Here S is not
necessarily an algebraic torus. We suppose that there exists a positive dimensional
transcendental linear subvariety L of S with strictly smaller dimension, i.e., a
nontrivial formal subtorus which does not equal the formal completion along x of
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an algebraic subscheme of S. Transcendence of L implies the “algebraic” Zariski
closure of L in S is the entire S. This may not happen for the formal Zariski closure.
Let A = Og  and L = Spf(B). Thus, the transcendence of L is equivalent to the
injectivity of the natural morphism A — B given by ¢ > ¢ |, for ¢ € A and hence
the L-rigidity, i.e., ¢ is determined by its restriction to the formal subtorus L. The
rigidity remains true for ¢ o a for any automorphism a of S. It turns out that often
the rigidity also remains true for ) ; ¢; o a; for a well chosen set of automorphisms
a; of S and ¢; € T'(S, Oy), i.e.,

Y ¢ioai=0=¢ =0

for all i. As the notion of well chosen may vary from context to context, we only
mention that {a;}’s typically satisfy a transcendental property which we later specify
in this context. We study the case for the Serre—Tate deformation space S with
rational structure induced from the Hilbert modular Shimura variety. The formal
subtorus we study is the partial p-deformation subspace of S. We consider certain
{a;}; such that the differences {a,-aj_l},-;,g ; are “transcendental” automorphisms of
the Serre—Tate deformation space (see Section 4A).

Let G = Resp,z(GL,). The group G(Z,)) acts on the prime-to-p Hilbert
modular Shimura variety Sh,z . We refer to Section 3B for the action. Here we
only mention that in terms of the moduli interpretation, the action corresponds to
the one on the level structure. Let V be an irreducible component of Sh containing
x. Let H(Z ) be the stabiliser of x in G(Z ). It acts on Spec(Oy ) and thus
on the Serre-Tate deformation space Spf(@v, x). In view of the description of the
action on the Serre—Tate coordinates, we observe that the formal subtorus

@m ® Op C SPf(@\v,x)

is stable under the action of H,(Z,,). Chai and the second named author have
proven that a positive dimensional closed irreducible subvariety of V containing
x and stable under H,(Z,,) equals V itself. In this sense, the formal subtorus
@m ® Oy is transcendental in the Shimura variety. Recall that the Igusa tower is
étale over V. As a mod p Hilbert modular form is an algebraic function on the
Igusa tower, we prove p-rigidity (Theorem 1.1) based on the transcendence.

We now describe the strategy of the proof of Theorem 1.2. Some of the notation
used here is not followed in the rest of the article.

Let us first recall the second named author’s strategy [2010] to determine u(Ly; ;).
Let 0, =0®Z,. Let

Gz € Z,lTh, ..., T4l
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be the power series expansion of the measure Ly , regarded as a p-adic measure
on O, with support in 1 + pO,, given by

Gy =/ P dLy ()
1+p0O,

X </1+po(kln.y.,kd)dLix(y))le’---Tdk"- (1-3)

(k1ewska) €(Z20)?

The starting point is the observation that there are classical Hilbert modular Eisen-
stein series (f.;); such that

Gsa= aio(fri(t), (1-4)

where f; ;(t) is the t-expansion of f; ; around a well chosen CM point y with
the CM type (K, £) on the Hilbert modular Shimura variety Sh and a; is an
automorphism of the Serre—Tate deformation space Spf((/O\Sh, y), e, a; € H(Z)p)
(see Section 3B). Based on Chai’s study of Hecke-stable subvarieties of a Shimura
variety, the second named author has proven the linear independence of (a; o f ;)i
modulo p. It follows that

n(Ly ;) = ml_in p(fri(0)).

LetGx ) p€ Z D [[Fp_ 1l be the analogous power series expansion of the measure Li aopr
Based on the action of p-adic differential operators on the z-expansion of a p-adic
Hilbert modular form around an ordinary point in terms of the partial Serre—Tate
coordinates, we show that

Gsap=Y aipo(friltp)), (1-5)

where q; , is the projection of a; to H(Z,), (see Section 3B) and f; ; (1) is the
p-adic Serre—Tate expansion of f around y (see Section 6A). Based on p-rigidity
and Chai’s theory of Hecke-stable subvarieties of a Shimura variety, we prove
p-independence, i.e., the linear independence of (a,-,p o ( f)\,,-(tp)))l. modulo p. It
follows that

Ly ;) = rniin 1 fr.i (tp))-
In view of the p-rigidity, we have

e fri (D)) = p(fri(tp))-

This concludes the proof of Theorem 1.2.
The strategy of the proof of Theorem 1.3 is similar to the above strategy. It
involves p-adic modular forms f,{’i arising from the p-adic derivative of fjys;
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with N being the norm Hecke character. In this sense, the proof involves p-rigidity
for nonclassical p-adic modular forms. Finally, Theorem 1.4 is proven based on
Theorem 1.2 and the proof of results in [Hida 2011; Burungale and Hsieh 2013]. As
in [Hida 2010], we would like to emphasise that Chai’s theory plays an underlying
role in all of the above results.

In this article, we give an elementary construction of p-adic differential operators
on the space of p-adic Hilbert modular forms avoiding the use of Gauss—Manin
connection in Katz’s construction. This is based on the ideas of the second named
author in the early nineties. Based on this construction, we determine the action of
p-adic differential operators on the t-expansion of a p-adic Hilbert modular form
around an ordinary point in terms of the partial Serre—Tate coordinates.

Along with the p-adic Gross—Zagier formula, Theorem 1.2 and Theorem 1.3 have
application towards generic nonvanishing of p-adic heights on CM abelian varieties
(see [Burungale and Disegni > 2017]). This provides evidence for Schneider’s
conjecture on the nonvanishing of p-adic heights in the CM case. In view of
[Burungale 2017], the underlying ideas also have application towards generic
nonvanishing of the p-adic Abel-Jacobi image of generalised Heegner cycles in
the non-CM case. We refer to [Burungale 2016b] for a survey.

Let p; and p; be primes above p as above. Theorem 1.2 implies an intriguing
equality

I‘L(LE")L’pi) = M(Lg’k’pj)

of Iwasawa p-invariants. This is rather surprising as theses p-invariants could
be nonzero and one in general does not expect any relation between the p-adic
L-functions Ly ; p,. These p-adic L-functions correspond to independent variables
whose number may vary with i. As far as we know, Theorem 1.2 is a first phenomena
possibly suggesting a relation. It would be interesting to see whether an analogue
holds for Iwasawa A-invariants. One can perhaps first collect experimental data.
In the case of self-duality and the root number being —1, the equality of the u-
invariants persists even after taking the cyclotomic derivative. It seems tempting to
suppose that a deeper phenomena mediates the relation.

In view of the anticyclotomic main conjectures, Theorem 1.2 would imply an
equality of the corresponding algebraic u-invariants. Note that the underlying
Selmer groups correspond to rather different local conditions. In many cases, the
anticyclotomic main conjecture has been proven (see [Hida 2006; 2009b]). It would
be interesting to prove the equality of the algebraic p-invariants directly. This sort
of equality does not seem to be conjectured in the literature.

In [Burungale > 2017], the first named author proves the analogue of p-rigidity
and p-independence for quaternionic modular forms over totally real fields. These
results concern a quaternion algebra which is not totally definite. In the near
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future, he hopes to consider an analogue of Theorem 1.2 for a class of quaternionic
Rankin-Selberg p-adic L-functions. In [Harris et al. 2006], a construction of p-adic
L-functions for unitary Shimura varieties is announced (see [Eischen et al. 2016]).
In such a case, the number of variables of the p-adic L-function is typically less
than the dimension of the Shimura variety. The variables of the p-adic L-function
may correspond to an analogue of the @m ® Op-variables. In the future, we hope to
consider this question starting with the case of U (n, 1) Shimura varieties.

Formulating a p-rigidity type statement for a PEL Shimura variety may have an
independent interest. In characteristic zero, we hope to explore rigidity based on
the approach in [Burungale and Hida 2016].

The article is organised as follows. In Section 2, we recall basic facts about
the Hilbert modular Shimura variety Sh. In Section 3, we prove Theorem 1.1. In
Sections 3A-3B, we firstly recall some facts about Serre—Tate deformation theory of
an ordinary closed point in Sh. In Section 3C, we prove the theorem. In Section 4,
we prove p-rigidity, i.e., the linear independence of mod p Hilbert modular forms
restricted to the partial Serre—Tate deformation space @m ® Oy. In Section 5A, we
give an elementary construction of p-adic differential operators on the space of
p-adic Hilbert modular forms. In Section 5B, we use it to compute the action of
the p-adic differential operators on the 7-expansion of a p-adic Hilbert modular
form around an ordinary point in terms of the partial Serre—Tate coordinates. In
Section 6, we consider Iwasawa p-invariants as in Theorems 1.2—1.4. In Section 6A,
we determine the p-invariant of certain anticyclotomic p-adic L-functions (see
Theorem 1.2). In Section 6B, we determine the p-invariant of the cyclotomic
derivative L/z, aop of the Katz p-adic L-function, when the branch character X is
self-dual with the root number —1 (see Theorem 1.3). In Section 6C, we prove a
p-version of a conjecture Gillard regarding the vanishing of the p-invariant of the
Katz p-adic L-function (see Theorem 1.4).

Notation. We use the following notation unless otherwise stated.

For a number field L, let Ay be the adele ring and A{ the finite adeles of L.
Let /1 denote the ideal class number. Let G be the absolute Galois group of L
and Gib the maximal abelian quotient. Let rec : A} — Gib be the geometrically
normalised reciprocity law.

2. Hilbert modular Shimura variety

In this section, we recall basic facts about Hilbert modular Shimura varieties. We
follow [Hida 2004].

2A. Setup. In this subsection, we recall a basic setup regarding Hilbert modular
Shimura varieties.
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Let G =Resr/g GL; and hg : Resc/r G, — G/g be the morphism of real group

schemes arising from
a+bi— a —b
b al

where a + bi € C*. Let X be the set of G(R)-conjugacy classes of iy. We have a
canonical isomorphism X ~ (C — R)!, where I is the set of real places of F. The
pair (G, X) satisfies Deligne’s axioms for a Shimura variety. It gives rise to a tower
(Shx = Shk (G, X))k of quasiprojective smooth varieties over @ indexed by open
compact subgroups K of G(A/). The pro-algebraic variety Sh /0 18 the projective
limit of these varieties. The complex points of these varieties are given as follows

Shx (C) = G(Q\X x G(A')/K, Sh(C)=G(Q\X x G(A)/Z(Q). (2-1)

Here, Z(_Q) is the closure of the center Z( Q) in G(A') under the adélic topology.
From (2-1) and the general theory of Shimura varieties, it follows that Sh,g is
endowed with an action of G(A') (see [Hida 2004, §4.2]). This gives rise to the
Hecke action.

2B. p-integral model. In this subsection, we briefly recall a canonical p-integral
smooth model Sh;pz)(p) of the Shimura variety Sh/G(Z,),¢.

Hilbert modular Shimura variety Sh, ¢ represents a functor F classifying abelian
schemes having multiplication by O along with additional structure, where O
is the ring of integers of F (see [Hida 2004, §4.2; Shimura 1963]). As in the
introduction, let p be an odd prime unramified in F. Under this hypothesis, a p-
integral interpretation 77’ of F leads to a p-integral smooth model of Sh/G(Z)),¢.

The functor 7 is given by

]_-(p) . SCH/Z(p) —> SETS,
S {(A, 0, k") s}/ ~ . (2-2)

Here,
(PM1) A is abelian scheme over S of dimension of d.
(PM2) ¢: O — Endg A is an algebra embedding.

(PM3) A is the polarisation class of a homogeneous polarisation A up to scalar
multiplication by L(Oé)’Jr), where O(p) 4 :={a € O, |o(a) >0, Vo € I}.
Also, the Rosati involution of Endg A takes ¢() to t({*), for [ € O.

(PM4) Let T”(A) be the prime-to-p Tate module LianfN A[N]. Then n” is a
prime-to-p level structure given by an O-linear isomorphism

n(p) - 02 Q7 2”” ~ TP(A),
where Z? = [z Zi-
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(PM5) Let Lieg(A) be the relative Lie algebra of A. There exists an O®zOs-
module isomorphism

Lies(A) ~ O ® 7z Oy,
locally under the Zariski topology of S.

The notation ~ denotes up to a prime-to-p isogeny.

Theorem 2.1 (Kottwitz). Let the notation and assumptions be as above. Then, the
functor F'P) is represented by a pro-algebraic scheme Sh' (G, X) z,. Moreover,
there exists an isomorphism given by

Sh” xQ ~Sh/G(Z,),q.
(see [Hida 2004, §4.2.1]).

The pro-algebraic scheme Sh'” (G, X) /Z, 18 usually referred as the Kottwitz
model. In what follows, we let Sh(/pz)(p) denote Sh'”(G, X),z,,, for simplicity of
notation.

2C. Igusa tower. In this subsection, we briefly recall the notion of p-ordinary
Igusa tower over the p-integral model (see Section 2B).

Let Q be an algebraic closure of Q and Q p» be an algebraic closure of Q p- We
fix a complex embedding i : Q <> C and a p-adic embedding P Q00— 0 -

Let W be the strict Henselisation inside Q of the local ring of Z, p corresponding
to t,,. Let [ be the residue field of W. Note that [ is an algebraic closure of [,.

Let Shif,, = Sh'” x 7z, W and Shif’ = Sh}}, xwF.

From now let Sh denote Sh(p ’. Let A be the universal abelian scheme over Sh.

Let Sh° be the subscheme of Sh on which the Hasse-invariant does not vanish.
It is an open dense subscheme. Over Sh°" the connected part A[p™]° of A[p™]is
étale-locally isomorphic to u,n ®z, O* as an Op-module, where O* = oo,
0 is the different of F/Q and 0, =0 Q® Z,,.

We now define the Igusa tower. For m € N, the m-th layer of the Igusa tower
over Sh° is defined by

Ig,, = Isomo, (1L ®2z, 0%, A[p"1%). (2-3)

hord

Note that the projection =, : Ig,, — S is finite and étale. The full Igusa tower

over Sh° is defined by
Ig =1Ig,, =limlg, =Isomg, (1=~ ®z, O, A[p™1°). (2-4)
(Et) Note that the projection 7 : Ig — Sh°™ is étale.

Let x be a closed ordinary point in Sh. We have the following description of the
level p®-structure on the corresponding p-divisible group A,[p].
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(PL) Let n;’, be a level p°°-structure on A, [p°°]°. For the primes p in O dividing p,
itis a collection of level p structures 7,, given by isomorphisms

77; : 0; x Ax[poo]oa
where Oy = O* ® Oy. The Cartier duality and the polarisation A, induces an

isomorphism

My 1 Op > Ax[p™]%
Thus, we get a level p™-structure nit on A, [p™]¢ from ;-

Let V be an irreducible component of Sh and V' be V N Sh°Y. Let I be the
inverse image of vord under 7. In [Hida 2004, Chapter 8; 2009a], it has been shown
that

(Ir) I is an irreducible component of Ig.

2D. Mod p modular forms. In this subsection, we briefly recall the notion of mod
p modular forms on an irreducible component of the Hilbert modular Shimura
variety (see Section 2B).

Let V and I be as in Section 2C. Let B be an F-algebra. The space of mod p
modular forms on V over B is defined by

M(V,B)=HI5,0;,), (2-5)

where 1,5 := I X B. In view of Sections 2B-2C, we have the following geometric
interpretation of mod p modular forms.

A mod p modular form is a function f of isomorphism classes of x = (x, 1)/,
where B’ is a B-algebra, x = (A, ¢, A, n'”),pr € FP(B’) and

ny: Upe @z, OF = A[p™]°
is an O,-linear isomorphism, such that the following conditions are satisfied.

(Gl) f(¥) e B

(G2) If X ~X/, then f(X)= f(X"), where X >~ %’ means x ~ x’ and the corresponding
isomorphism between A and A’ induces an isomorphism between n;, and n;’.

(G3) f(x xp B”) =h(f(x)) for any B-algebra homomorphism % : B — B”.

We also have the key notion of g-expansion and g-expansion principle for mod
p modular forms (see [Hida 2004, Theorem 4.21]).
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2E. p-adic modular forms. In this subsection, we briefly recall the notion of p-
adic modular forms on an irreducible component of the Hilbert modular Shimura
variety (see Section 2B).

Let W denote the Witt ring W(F). The construction of the Igusa tower in
Section 2C is well defined for the base W. Let I,y be the irreducible component
of the Igusa tower Ig,y, over an irreducible component V,y of the Shimura variety
Sh,w. Let C be a p-adically complete local W-algebra with maximal ideal mc.
The space of p-adic modular forms on V over C is defined by

M(V,C)=H"(;c.0p,). (2-6)

where I/C = I/W X/w C.

By definition, a p-adic modular form over C modulo m¢ is a mod p modular
form.

We have an analogous moduli interpretation as in Section 2D and also the
g-expansion principle, for p-adic modular forms (see [Hida 2010, §4.1]).

3. p-rigidity

In this section, we prove the rigidity of mod p modular forms (see Theorem 1.1). In
Sections 3A-3B, we firstly recall basic facts about Serre—Tate deformation theory
of an ordinary closed point on the Hilbert modular variety (see Section 2B). In
Section 3C, we prove the rigidity.

3A. Serre-Tate deformation theory. In this subsection, we briefly recall Serre—
Tate deformation theory of an ordinary closed point on the Hilbert modular variety
(see Section 2B). We follow [Hida 2004, §8.2; 2010, §2; 2013b, §1].

Let the notation and assumptions be as in Section 2. Let x be a closed point
in Sh° carrying (A, ty, Ax, ) /5. Let V be the irreducible component of Sh
containing x.

Let CLy be the category of complete local W-algebras with residue field . Let
D,w be the fiber category over CLy of deformations of x defined as follows. Let
R € CLy. The objects of D,y over R consist of x* = (x', 1), where x" € F”’(R)
and

Lo x xpF~x.

Let x™ and x”* be in D,y over R. By definition, a morphism ¢ between x"* and
x"”* is a morphism (still denoted by) ¢ between x’ and x” satisfying [Hida 2004,
(7.3)] and the following condition.

(M) Let ¢ be the special fiber of ¢. The automorphism ¢, o ¢pg o L;,l of x equals
the identity.
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Let F, be the deformation functor given by
F.:CL;w — SETS,

(3-1
R (x/p €D}/ .

The notation >~ denotes up to an isomorphism.

Recall, R € CLy. As R is a projective limit of local W-algebras with nilpotent
maximal ideal, we can (and do) suppose that R is a local Artinian W-algebra with
nilpotent maximal ideal m. Let x?} € D and A denote A,/. By Drinfeld’s theorem
(see [Hida 2004, §8.2.1]), A[p*>°]°(R) is killed by p"° for sufficiently large ng. Let
y € A(F) and y € A(R) such that yy = y, where ¥y denotes the special fiber of y
(as A /g is smooth, such a lift always exists). By definition, y is determined modulo
ker(A(R) — A(F)) = A[p*™]°(R). Thus, for n > ng, “p"”yg := p"y is well defined.
From now, we suppose that n > ng. If y € A[p"](F), then “p™”’y € A[p*°]°(R).
Strictly speaking, we apply the idempotent e}, corresponding to p so that e,“p"”y €
A[p>]°(R). We let “p"”y denote e,“p"”y for simplicity of notation.

Thus, we have a homomorphism

“p" i Alp"I(F) > A[pTI°(R). (3-2)

We also have the commutative diagram

A[p"T1(R) —— A[p"*1(F) ﬂ A[p*]°(R)
T
AIP"E(R) —— AlY"I(F) —— AP¥T(R).
Passing to the projective limit, this gives rise to a homomorphism
“p i ADTIE) — A[pTI°(R). (3-3)
(CC) For lim y, € lim A[p"](F), let
y =limy, € A[p™1(F) = A [p™]*".
The isomorphism is induced by ¢, .
Let gnp(yn) =“p""yn and gp(y) = lim g, p(y,). By definition,
g5 (») € Alp™1°(R) = Hom(AY [p™1%, G, (R)),
where A} is the dual of the abelian variety A,. Let g4 , be the pairing given by

:Ax 0076t A\/ 0016t GmRa
qap T x A [pT]T = Gu(R) (3-4)
gap(y,2) = qp(y)(2).

We have the following fundamental result.
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Theorem 3.1 (Serre-Tate). (1) There exists a canonical isomorphism

Fe(R) ~ | [Homg, (Ac[p™1" x AY[p™1, Gu(R)) (3-5)
p
given by x> qa =[], qa, p-
(2) The deformation functor Fy is represented by the formal scheme §/W =
Spf((/Q\V’ x). A level p™-structure as in (PL), gives rise to a canonical isomor-

phism of the deformation space §/W with the formal torus ]_[p @m ®z, Oy (see
[Hida 2013b, Proposition 1.2]).

Let xst be the universal deformation of the closed ordinary point x.
We now recall key underlying notions.

Definition 3.2. Let x be a closed ordinary point on the Hilbert modular variety as
above. Recall that a level p®-structure on x (see (PL)) gives rise to a canonical
isomorphism of the deformation space §/W with the formal torus [, Gn ® z, Oy
(see part (2) of Theorem 3.1). Under this identification, let

be the coordinates of the deformation space §/W, where 1, is the coordinate
of G, ® z,0p. We call t = (#), the Serre-Tate coordinates of the deformation
space S/ w.

—

We have S = Spf(W[O]), where S = G,, ® 0*, W[O]= W[X(S)] and W[O]
is the completion at the augmentation ideal. Here, X (.S) is the character group of S.
Note that W[ O] is the ring consisting of formal finite sums ZS coa& )5, where
a(&) € W and ¢ is the coordinate of G,,. Here, #% is the character given by

3 (tQu)= tTrr/0 6w

for u € O*.

Definition 3.3. Let f be a mod p modular form over F (see Section 2D). A level
p°-structure 1y, of x gives rise to a canonical level p>°-structure 17; g of the
universal deformation xst. We denote by

(st n%.s7)) € FLO]

the 7-expansion of f around x.
We have the following ¢-expansion principle.

(t-expansion principle) The above ¢-expansion of a mod p modular form f around
a closed ordinary point determines f uniquely (see (Ir)).

We have an analogous #-expansion principle for p-adic modular forms (see [Hida
2010, §4.1]).
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3B. Reciprocity law for the deformation space. In this subsection, we recall the
action of the local algebraic stabiliser of a closed ordinary point x on the Serre—Tate
coordinates of the deformation space of x. This can be considered as an infinitesimal
analogue of Shimura’s reciprocity law.

Let g € G(Z;)) act on Sh through the right multiplication on the prime-to-p
level structure, i.e.,

(A, 4, P s> (A, 1, AP 0g))s

(see Section 2B).

Recall that x is a closed ordinary point in Sh with a p®-level structure n;’,rd.
Let (K, Xy) be the CM-type of x. We suppose that ¢ : O < End(A) extends
to ¢, : O < End(A), where O is the ring of integers of K. Let H,(Z,)) be the
stabiliser of x in G(Z ). Note that

Hy(Z ) = (Resa,,)/Z(,,) GCu)(Zp) = O;;,)’ (3-6)

where O,, = 0 ® Z;,, (see [Hida 2010, §3.2; Shimura 1998]). We call H,(Z,))
the local algebraic stabiliser of x.

Let ¢, be the complex conjugation of K.

As x is ordinary, X, is a p-ordinary CM type. When considered as a p-adic
CM type, we denote it by X, ,. Let p = ]_[vezw Py, for the primes p, associated
to the valuation v € X, ,. Note that O, = 0, = ]_[p Oy and O) = Op x Opex. Let
H\(Z,), be the p-component 0; of Hy(Z)) = (9;(. We have a natural inclusion
Oy C Op. Thus, we regard H,(Z ) C H(Z)). Let H,(Z ), be the projection
of Hy(Z ) to H,(Z,),. Note that we have an isomorphism H\(Z ) =~ H\(Z ).
Leta € Hy(Zp)). Let oy be the projection of « to the p-component O, of Ogi . As
H\(Z ) stabilises x, it follows that « acts on Spec(Oy ;) and thus on Spf(Oy ).
In particular, it acts on the Serre—Tate coordinates (see Definition 3.2). The action
is given by the following lemma.

Lemma 3.4 [Hida 2010, Lemma 3.3]. The endomorphism « acts on the Serre-Tate
coordinates t = (tp)p by

X 1—cx
fort? ™ = (1" ).
We have the following immediate corollary.

Corollary 3.5. The partial Serre—Tate deformation space @m ® 0, C Spf((/’)\v, x) I8
stable under the action of the local algebraic stabiliser Hy(Z,)).

This simple corollary is crucial for p-rigidity. It may lead to rigidity-style
phenomena with different flavour.
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3C. p-rigidity. In this subsection, we prove the rigidity of mod p modular forms
(see Theorem 1.1).

Recall that x is a closed ordinary point in V with p®-level structure n, and
V = lgLn Vi, where Vi is the projection of V to Shxy = Sh/K for K small and
maximal at p. This/gives rise to a closed point X = (x, ny,) in the Igusa tower /
over x. In view of (Et), there exists a canonical isomorphism

Ov,x ~ (91’)2.

Thus, a mod p modular form can be considered as a function on Spec(Oy ;).

Let f be a nonzero mod p modular form. We suppose that f is a nonunit
in Oy ;. Let b C Oy, be the zero ideal of f,ie., b= (f)NOy. As f is an
algebraic function on /, it follows that V (b) is nonempty not only in Spf(@v, x)
but also in Spec(Oy ). In particular, we have b # 0. Let X be the Zariski closure
of Spec(Oy ,/b) in V. Note that X C V is a closed irreducible pro-subscheme
containing x and X = lim Xg, where X is the projection of X to Vi.

We start with a preparatory lemma.

Lemma 3.6. Let Y; be a family of closed subschemes of an irreducible noetherian
scheme Y such that there exists a closed point y € Y;, for all i, i.e., y € (), ;.
Suppose that the intersection of the Spf(@yl., y) (viewed inside Spf(@ y,y)) IS positive
dimensional. Then, the intersection of the Y; is positive dimensional.

Proof. It suffices to consider the affine case.
Let A be a noetherian integral domain and R; = A/a;, for ideals a;. Take nonunits
t1,...,tin A and let (t) = (¢1, ..., t,). Suppose that

V(t) = Spec(R/(t)) C V; = Spec(R/a;), forall i.

This implies ¢; C (¢). In particular, ) ; a; C (¢).
If A is local noetherian with maximal ideal m, by faithful flatness of A =

lim A/m" over A,

< ———
E a,-:E L/l?
i i

So, the above argument can be applied to (¢) € m, A and (A//?l-).
This finishes the proof as

dim(ﬂ Spec(A/a,-)) = dim (Spec (A/ Z a,-)) =dim (Spec (Z/ Z Zz}))
= dim(ﬂ spec(Z/a-)> > dim(A/(1)). O

We are now ready to prove the rigidity.
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Theorem 3.7 (p-rigidity). Let the notation and assumptions be as above. The par-
tial SerreTate deformation space G,, ® Oy, is not a formal subscheme of Spf(Ox )
(viewed inside Spf(Oy y)).

Proof. Suppose that it is a formal subscheme.

We now consider Z = ("), Ho(Z() o (X) (viewed inside V). As above, recall that

= hm ZK

Note that Spf((’)a(x) x) = a(Spf((’)x v)) (viewed inside Spf(OX ). It follows
that if G ® Oy C Spf((’)x +), then G ® Oy C Spf((’)a(x) +) (see Corollary 3.5).
In particular, we have G ® 0, C Spf((’)a(x) «.x). In the last equality, o(X)x is
the projection of «(X) to Vx. By Lemma 3.6, Zg is positive dimensional. As the
projection g : V — Vi is étale, we conclude that Z itself is positive dimensional.

Thus, Z is a closed irreducible pro-subscheme of V containing x and stable
under H,(Z,). We conclude that Z =V (see [Hida 2010, Proposition 3.8]). It
follows that b = 0. This is a contradiction for f being nonzero as noted in the
paragraph before Lemma 3.6. ]

In particular, Theorem 1.1 holds. The following consequence is immediate.

Corollary 3.8. Let g be a p-adic modular form. Then,

(@) = nglg,z0,)

Proof. Let g be nonzero and defined over a p-adically complete local W-algebra C.
If g is a unit in Oy 4, the corollary follows instantly. We thus suppose that g is a
nonunit in Oy .
In view of the r-expansion principle, we have

1(g) = nglry 6,0,0,)-

Let ¢ € C such that u(g/c) = 0. By definition, g/c modulo the maximal ideal m¢
is a nonzero mod p modular form. In view of Theorem 3.7, it thus follows that

n(g/clg,z0,) =0 0

4. p-independence

In this section, we consider p-independence, i.e., a linear independence of mod p
modular forms restricted to the partial Serre—Tate deformation space @m ® Oy (see
Section 3A). In Section 4A, we first state the formulation and in Section 4B, we
prove the independence.

4A. Formulation. In this subsection, we give a formulation of the linear indepen-
dence of mod p modular forms restricted to the partial Serre—Tate deformation
space G, ® O, (Section 3A).
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Let the notation and assumptions be as in Section 3. Recall that x is a closed
ordinary point in V with p*-level structure 7;,. This gives rise to a closed point
x=(x, 17;) in the Igusa tower I over x and a canonical isomorphism

Spf(Oy.) = [ [ Gn ®2, O, (4-1)
p
(see Theorem 3.1).
Recall that we have a canonical isomorphism Oy >~ Oy ; (see (Bt)). Thus, the
p-completed stabiliser H,(Z,) acts on Oy ;.
Let f be amod p modular form and a € H,(Z,). Note that

(@(fNg,z0, = % (15,00,

(see Corollary 3.5). Here ay, is as in Section 3B.
To provide context for the following independence, note that there exists a €
Hy(Z),) such that ap, € Hy(Zp))y, and ay; ¢ Hy(Zp))y,, for j # i. Indeed,

H (Z,) =0 =[]0y
p

and we may choose a to be nonidentity precisely at the p;-th component.

Let n be a positive integer. For 1 <i <n, leta; € H,(Z) such that (a,-a;l)IJ ¢
H,(Z ), for all i # j (see Section 3B). Let fi, ..., f, be n nonconstant mod p
modular forms on V (see Section 2D).

Our formulation of the linear independence is the following.

Theorem 4.1 (p-independence). Let the notation and assumptions be as above, and
suppose that (aiajfl)p ¢ H (Z )y foralli # j. Then, the (a; o (fi|@m®0p))i are
linearly independent in the partial Serre—Tate deformation space G,, @ Oy.

Note El\lat ajpo (fil G,® Op) is not necessarily the restriction of a mod p modular
form to G, ® Oy.

The above independence is p-analogue of the linear independence in [Hida 2010,
§3.5]. As expounded in Section 4B, the approach in [Hida 2010, §3] is fundamental
to the p-independence.

4B. p-independence. In this subsection, we prove the linear independence of
mod p modular forms restricted to the partial Serre—Tate deformation space @m ® 0y
(see Section 4A).

The approach is based on p-rigidity and Chai’s theory of Hecke-stable subvarieties
of a mod p Shimura variety adopted for local algebraic stabilisers in [Hida 2010,
§3]. For a detailed treatment of the latter, we refer to [Chai 1995; 2003; 2006; Hida
2010].

Let n be a positive integer. In this subsection, any tensor product is taken n-times.
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We consider an F-algebra homomorphism

$1:01:®F®FOr; — G ® O, (4-2)
given by

@@ fur [ Jaipo (filg,0,)- (4-3)
i=1

As we are interested in the linear independence of (a; y(filg, & Op))i, we consider
b; :=ker(¢y).
Similarly, we consider an [F-algebra homomorphism

d=0v:0v Q- QF Oy, — Gp® O, (4-4)
given by

i=n

M@ @hy > [ [aipohilg,s0,)- (4-5)

i=1
In view of Theorem 3.7, it follows that ¢; and ¢y are both nontrivial.
(EQ) We note that ¢ is equivariant with the H,(Z,,)-action.
Let by = ker(¢y) and b = ker(¢y ).
Lemma 4.2. b; =0ifand only if b =0.

Proof. In view of (Et), we have an étale morphism
7" Oy ®F QFOyx— Or: ®F - - QF O 5.
Note that by is the unique prime ideal of Oy ; ®f - - - QF Oy z over b. O

As ¢ is equivariant with the H,(Z,)-action (see (EQ)), it follows that b is a
prime ideal of Oy ; ®f - - - ®F Oy , stable under the diagonal action of H,(Z,)).
Let Y be the Zariski closure of Spec(Oy x ®F - - - ®F Oy ,/b) in V". Thus, Y is a
closed irreducible subscheme of V" containing x" stable under the diagonal action
of H,(Z,). We also have an analogue of the commutative diagram [Hida 2010,
(3.22)] with @S replaced by @m ® Oy. For n > 2, the subscheme Y thus satisfies
the hypothesis in [Hida 2010, Corollary 3.19].

Theorem 4.3. The subscheme Y equals V".

Proof. When n = 1, this is nothing but [Hida 2010, Proposition 3.8].

We thus suppose that n» > 2. From [Hida 2010, Corollary 3.19], we have two
possibilities, namely ¥ = V72 x A, g (up to a permutation of the factors) for some
a, B e H(Z,),orY = V" The skewed diagonal A, g is given by

Agp={(a(v), B(v)) [v eV}
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Suppose that ¥ = V"2 x A, p (up to a permutation of the factors). Let (¢, ') be
the Serre-Tate coordinates of the last two factors A, g at (x, x), respectively. It
follows that

tﬁlfcx _ t/alfcx‘

On the other hand, from the definition of Y it follows that

n, n—1,

f"" =1

Thus, (a,,an__ll)lJ = (,Ba_l)tlfc‘ € H(Z))p. This contradicts the hypothesis on
the a;. We conclude that Y = V", U

We have the following immediate consequence.
Corollary 4.4. Theorem 4.1 holds.

Proof. In view of Theorem 4.3, it follows that b = 0. Thus, b; =0 (see Lemma 4.2).
O

5. p-adic differential operators

In this section, we consider p-adic operators on the space of p-adic Hilbert modular
forms. This is a p-adic analogue of the Maass—Shimura differential operators on
complex Hilbert modular forms. In Section 5A, we give an elementary construction
of these operators. In Section 5B, we compute their action on the ¢-expansion of
a p-adic Hilbert modular form around an ordinary point in terms of the partial
Serre—Tate coordinates. For a more detailed account in the elliptic modular case,
we refer to [Hida 2013a, §1.3.6]. In Section 6, we will use these results to compute
the power series expansion of anticyclotomic Katz p-adic L-functions and variants
(see Section 1).

5A. Elementary construction. In this subsection, we give an elementary construc-
tion of p-adic differential operators on the space of p-adic Hilbert modular forms.

Let the notation and assumptions be as in Section 2. For the geometric definition
of classical and p-adic modular forms on the Hilbert modular Shimura variety, we
refer to [Hida 2004, §4.2; 2010, §4.1].

Recall that [F denotes an algebraic closure of [F,, W the Witt ring W(F), ¢, :
0 — C, a p-adic embedding and t : 0 — C a complex embedding. Let W
denote t;l(W). Possibly enlarging W, we suppose that 7(O) C W, forall T € X.

In this subsection, we suppose the prime-to-p level of classical or p-adic Hilbert
modular forms is one. This is only to simplify the notation.

Let G, (I'1(p™), W) be the space of classical Hilbert modular forms of weight «
and level I'; (p™) over W, where k € Z-¢[X] and m is a nonnegative integer. Let
feG(1(p™), W). Via 1, we regard f as a Hilbert modular form over C. Let
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7 = (2¢)rex be the complex variables of the Hilbert modular Shimura variety or
those of $%, where §) is the upper half plane (see [Hida 2010, §4.1]). Let (a, b) be
a pair giving rise to a cusp of the Hilbert modular Shimura variety (see [Hida 2010,
§4.1]). The Fourier expansion of f at the cusp corresponding to (a, b) is given by

f@) =) a@)er ()

EcO

forep(£z) = exp(2ni Y res t(é‘)z,).
Let ¢ : O/p"O — W be an arbitrary function with the normalised Fourier
transform ¢* given by

CO = Y dwerGu/p. (5-1)

ueO/p" 0

where y € O/p"O and ep(w) = exp(2mi Trr/g(w)) for w € F.
Let f|¢ be the classical Hilbert modular form given by

flg(z) = > ¢*(—u) f(z+u'/p"), (5-2)

u'=(o1(u),...,00u)),uc0/p 0

where z+u'/p" = (z +t(W)/p"):.

Note that f|¢p € G,(I'1(p®), W), where s = max(m, 2r). In view of the Fourier
inversion formula, it follow that the Fourier expansion of f|¢ at the cusp corre-
sponding to (a, b) is given by

flo(z) = Zqﬁ(é)a(é)eF(Ez)- (5-3)
EeO

Let (¢ : O/p"O — W), be a sequence of functions such that

¢, (§) =0 (§) (mod p"W).

In view of the g-expansion principle, it follow that the sequence ( f|¢7 ), of classical
Hilbert modular forms converges p-adically to a p-adic Hilbert modular form d° f
whose formal Fourier expansion at the cusp corresponding to (a, b) is given by

d°f(R) =) o EaEer(&2). (5-4)

E€0
In other words, the operator d° equals the Maass—Shimura differential operator

50— 1 9
0™ 27i 9z,
on G, (I'1(p™), W).
This construction extends to the space of p-adic Hilbert modular forms over W

as follows. Let V(W) be the space of p-adic Hilbert modular forms of prime-to-p
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level one over W. Via (), we can regard G, (I'1(p™), W) as a subspace of V(W)
(see [Hida 2004, §8.1]). The space G, (I'1(p™), W) = ,, G« (T1(p™), W) is
p-adically dense in V(W) (see [Hida 2004, §8.1]). Thus, the differential operator
d° extends to V(W).

Remark. In [Katz 1978, Chapter II], the operator d° is constructed based on the
Gauss—Manin connection of the universal abelian scheme over the Shimura variety.
The above approach can be generalised for a class of PEL Shimura varieties.

5B. Action on the t-expansion. In this subsection, we compute the action of the
differential operator on the ¢-expansion of a p-adic Hilbert modular form around a
p-ordinary point in terms of the partial Serre—Tate coordinates.

Let (¢pn = exp2mi/p"))n € 0 be a compatible system of p-power roots of
unity. Via ¢,, we regard it as a compatible system in C,.

Let p be the prime corresponding to o via ¢, and X, be the set of places above
pin F. For q € X, let £; C X be the subset giving rise to q under ¢,.

Let W, = W[ ,»] and m,, be the maximal ideal. We have

G ® O7) (W) = (1+m,) ® O} (5-5)
and
Gn®0; =[] Gu. (5-6)
TEX,

Let u € O and a(u/p™) € G(A') such that

m L u/p™
a(u/p")y = |:0 1 :|

and a(u/p™) =1, for [ # p.

Let us recall some notation. Let 7 : I[g — Sh be the Igusa tower over W. Let
X € Sh‘/’@rFd be a closed point and X be a point above it in Sh. Let S /w be the
deformation space of x. For g € X, recall lg=1® Iy € G ® Oy is the Serre-Tate
coordmate of the partial deformation space G ® Oy (see Sectlon 3A). We regard
1Qu GG ® Oy via the image u € Oy.

We start with a preparatory lemma.

Lemma 5.1. The isogeny action of a(u/p™) on the Igusa tower 7 : 1g — Sh,w,
preserves the deformation space S and induces t, — {,nt @ u (see (5-5)) and

ty > ty, forp’ #p.

Proof. Let xst = (Ay, -) be the universal deformation and xy = (Ao, - ) be the
origin of the deformation space S. In particular, we have

Ao[pm] = l,me ® 0;: @ Op/meP (5'7)
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By the universal level structure, we have an exact sequence

0 —— ppn ® OF —— A[p"] — 0,/p"0, —— 0.
A section of the morphism 4 determines an Op-cyclic subgroup C, isomorphic to
Oy /p™ Oy defined over W,,, which specialises at the origin Ag to a cyclic subgroup
generated by ({pm Q@ u, yo) in Ag[p™] (see (5-7)). Here yy denotes the image of 1
under the identification Ag[p™]% = O, /p"O,.

The isogeny action «(u/p™) corresponds to the isogeny A, — A, , 1= A, /Cy.
By an argument similar to the proof of [Brakocevi¢ 2011, Lemmas 7.1, 7.2], it
follows that the p-Serre—Tate coordinates of A, , is given by ¢,»t ® u. For p’ # p,
in view of the construction of the Serre-Tate coordinates (see Section 3A), it follows
that the p’-Serre-Tate coordinate is given by #,. U

For t € X, let tg be the T-component of 7, (see (5-6)).

Proposition 5.2. The action of the p-adic differential operator d° on the deforma-
tion space Sis given by
ty a%.
p
Proof. As a p-adic Hilbert modular form is a p-adic limit of classical Hilbert
modular forms, it suffices to verify the proposition for classical Hilbert modular
forms.

Let f € G, (I'1(p™), W) and the ¢-expansion of f around x be given by
fO =Y a@ [] 4" (5-8)

qex,

Here by tg) 1. we mean the character t®% (see Section 3A) and the summation is over
w € O (see [Hida 2010, pp. 106-107]). To emphasise the notion of #-expansion
around a point, we use the indexing notation w instead of the traditional notation &
for g-expansion around a cusp.
We have
flo= > ¢"(—uw)flatu/p.

ue0/p’o

as a(u/p™) acts on H= by 7+ z4+u'/p" (see (5-2)).
In view of Lemma 5.1, it follows that

floy (1) = Za(w)< Z (¢Z‘)*(_u)§§:F/Q(ua)p)>t;Up l_[ t;f",
® ueO/p"0 p'#p

=Y ¢ (wpaw) [] 13" (5-9)

qex,
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The last equality follows from the Fourier inversion formula.
Thus, we have
. w a
f @ =1im f167 (1) = Yo @pa@) [| 1" =tpost—. O
w

ot
qex, p.o

We have the following immediate consequence.
Corollary 5.3. The p-adic differential operator d° is S-invariant.

Remark. The above corollary is proven in [Katz 1981, §4.3] based on the compu-
tation of the Gauss—Manin connection in terms of the Serre-Tate coordinates. The
above approach can be generalised for a class of PEL Shimura varieties.

6. Iwasawa p-invariants

In this section, we consider Iwasawa p-invariants as in Theorems 1.2-1.4. In
Section 6A, we determine the p-invariant of certain anticyclotomic p-adic L-
functions (see Theorem 1.2). In Section 6B, we determine the p-invariant of
the cyclotomic derivative L/):, op of the Katz p-adic L-function, when the branch
character A is self-dual with the root number —1 (see Theorem 1.3). In Section 6C,
we prove a p-version of a conjecture Gillard regarding the vanishing of the u-
invariant of Katz p-adic L-function (see Theorem 1.4).

6A. p-invariant of anticyclotomic p-adic L-functions. In this subsection, we first
obtain a formula for the p-invariant anticyclotomic Katz p-adic L-function (see
Theorem 1.2). Towards the end, we comment on a similar formula for a class of
Rankin—Selberg anticyclotomic p-adic L-functions.

Let the notation and assumptions be as in the introduction. Let € be a prime-to-p
ideal of K. Let Z(€) be the Ray class group of K modulo €p>. Let Z (€)™ be the
anticyclotomic quotient. The reciprocity law reck : (Aﬁ)X — Z(€®)~ induces the
isomorphism

rec : lim K * (A7) \(A%)*/ Uk (€p") => Z(€)~

for Ug = (Ox ® Z)* and
Ux(€p")={uecUg |u=1 (modCp")}.

Let I'™ be the maximal Z ,-free quotient of Z (€)™ and Fp_ be the p-part of '™ (see
Section 1).
Let I'" and F{J be the open subgroups of '~ generated by the images via reck of

X X X X
oy x [[ K and 0F x [] k..
v|Dg/F v|Dg/r
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respectively. Let X, be the places above p in K induced by the p-ordinary CM
type X'. The reciprocity law recg at X, induces an injective map

recy,: 14+ p0, — O = @ OIX(W =5 7))~
weX),
with finite cokernel as p { Dr. It induces isomorphisms recy, : 1 + pO, = I"
and recy, : 1 +p0Oy = I} Via these isomorphisms, we identify I'" (resp. I'})
with the subgroup recys, (1 + pOp) (resp. recs, (1 +pOy)) of the anticyclotomic
quotient Z(&)~.

In [Katz 1978; Hida and Tilouine 1993], a Zp—valued p-adic measure L¢ 5 on
Z(€) is constructed. It interpolates a class of critical Hecke L-values corresponding
to Hecke characters over K with prime-to-p conductor € (see [Katz 1978; Hida
and Tilouine 1993; Burungale 2016a]). Let A be an arithmetic Hecke character over
K with prime-to-p conductor €. Let Ly ; (resp. Ly op) be the p-adic measure on
'™ (resp. T',") obtained by the push—forwgrd of L¢ 5 along A.

Recall that the p-invariant (@) of a Z,-valued p-adic measure ¢ on a p-adic
group H is defined by

n(p) = chlgpen vp(@(U)).

The w-invariants of the above measures are related by the following theorem.

Theorem 6.1. Let the notation and assumptions be as above. Then, we have
M(ﬁg,x) = M(ﬁg,x,p)-

Proof. Let Ly ; (resp. Ly ; ) be the power series of the measure L, , (resp. Lz ; )
in the sense of (1-3).

We first suppose that p { hy, where hy is the relative class number given by
hy =hg/hr and hs is the class number of ?, for ? = F, K. We thus have

Z(&)" ~I'".

We now describe the approach of the second named author to determine p(Ly, ;)
(see [Hida 2010]).

Under the hypothesis, there exist a finite number of classical Hilbert modular
Eisenstein series (f3 ;); such that

Ly, =Y aio(fui(0) (6-1)

up to an automorphism of Zp [I""1. Here f, ;(¢) is the t-expansion of f;, ; around a
well chosen CM point x with the CM type (K, ) on the Hilbert modular Shimura
variety Sh and g; is an automorphism of the deformation space of x in Sh for each i
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(see [Hida 2010, Theorem 5.1; Hsieh 2014a, §5.2]). Moreover, the a; satisfy the
hypothesis in Theorem 4.1.
For k € Z>o[X1], let v, be the p-adic character of I'” such that

v (recy, (y)) = y*

fory € 1+ pO,. Let d* be the p-adic differential operator corresponding to « (see
Section 5A). From (6-1), we thus conclude

(d“ > aio (fu(ﬂ))

In view of the linear independence of (a; o (f3,;)); (see [Hida 2010, Theorem 3.20]),
it follows that

= f vedLy . (6-2)
.

t=1

(L) = min u(f5.i(0) = min w(fi)- (6-3)

We now turn towards the anticyclotomic Katz p-adic L-function.

For a p-adic Hilbert modular form f, let f(z,) be obtained from f () by substi-
tuting ¢, = 1, for all p" # p.

Let

Frsp =2 _aipo(friltp). (6-4)

Recall that ¥, C X denotes the subset of infinite places of F corresponding to p,
viat,. For o € &y, let d’' be the formal differential operator given by

a
fp) =17 f

e
In view of Proposition 5.2, it follows that
d° (f (1)) = (s f)(1y). (6-5)
From now on, let k € Z>o[X}]. Let d*' be the corresponding formal differential

operator.
We now have

& (f5; ot = @ L3 )1 = / vedLy, = f vedLy, . (66)
) .

p

The first two equalities follow from (6-5) and (6-2), respectively. The last equality
follows from the fact that for x € Z-([X}], the character v, factors through Fp_ .

In other words, d* /( fi i p)| r,=1 1nterpolates the « -th moment of the measure Eg’ op:
Thus,

fE_,k,p = LE‘,A,p

up to an automorphism of Z LI, .
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In view of the linear independence of (a;p o (fi.,i 8, op))i (see Theorem 4.1),
it follows that

WL ) = min u(fr.0(8)) = min L (£i15, 00,)- (6-7)

In view of Corollary 3.8, this finishes the proof of the theorem for the case p { hj.

When p | hy, the power series Ly, ; restricted to an explicit finite open cover of
'™ is still of the form (5-1) (see [Hsieh 2014a, §5.2]). Thus, a similar argument
proves the Theorem. O

In most of the cases, “(LE, ,) has been explicitly determined [Hida 2010; Hsieh
2014a]. Thus, we obtain a formula for ,u(Lgyk’p).

Remark. A class of Rankin—Selberg anticyclotomic p-adic L-functions for Hilbert
modular forms is constructed in [Hsieh 2014b]. It also satisfies a property analo-
gous to (6-1) [Hsieh 2014b, §6.2]. Thus, by an argument similar to the proof of
Theorem 6.1, we get an analogue of Theorem 6.1. In the near future, the first named
author hopes to consider Rankin—Selberg anticyclotomic p-adic L-functions for
quaternionic modular forms. In these situations, the underlying Shimura variety
turns out to be a quaternionic Shimura variety arising from a quaternion algebra
over a totally real field which is not totally definite.

6B. p-invariant of the cyclotomic derivative of the Katz p-adic L-function. In
this subsection, we determine the p-invariant of the cyclotomic derivative of the
Katz p-adic L-function, when the branch character A is self-dual with the root
number —1 (see Theorem 1.3).

Let K}, be the cyclotomic Z,-extension of K and Ky~ = K, , K%. Let
I' = Gal(K K1 /K) and I’y = Gal(Kp oo/K). Let A be an arithmetic Hecke
character over K. Let Ly ; (resp. L5 p) be the p-adic measure on I' (resp. I'p)
obtained by the pull-back of L¢ 5 (see Section 6A) along A. We call Ly ; ,, the Katz
p-adic L-function with branch character A. Let Ly ,(T1, T2, ..., 14, S) € Zp[[F]]
(resp. L 5 p(-,S) € Zp[[Fp]]) be the power series of Ly ; (resp. Lx ; p). Here,
Ty, ..., Ty are the anticyclotomic variables and S is the cyclotomic variable.

In this subsection, we now suppose that A is self-dual, i.e.,

Max =1k/F| - lap,
F

where 7, F is the quadratic character associated to K/F and |- |4, is the adelic
norm. In particular, the global root number of A is 1. Now, suppose that the global
root number is —1. In view of the functional equation of the Hecke L-function, this
root number condition forces all the Hecke L-values appearing in the interpolation
property of Ly, ; to vanish. Accordingly, we have Ly , = 0. This also follows from
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the functional equation of Ly ; [Hida and Tilouine 1993, §5]. In particular, we
have Ly, , , =0.
We can consider the cyclotomic derivatives

d
Ly, = (ﬁLZ,k(TI, s Ty, S)) ‘s—o (6-8)

and L’ ; , (defined analogously).
The w-invariants of these derivatives are related by the following theorem.

Theorem 6.2. Let the notation and assumptions be as above. In addition, suppose
that p { hy, where hy is the relative class number given by hy, = hg /hp. Then,

M(LIEJL) = /L(L/z:,)\,p)-

Proof. We follow the notation in the proof of Theorem 6.1.
In the proof of [Burungale 2015, Theorem 3.2], it is shown there are p-adic
Hilbert modular forms (f; ;); such that

¢ = —1 o) / . -
L0 = fog, (14 p) Za (fi.i (), (6-9)

up to an automorphism of Zp [ 1. More precisely, fx/,i is the p-adic derivative of
Sfansi at s =0 for N the norm Hecke character over K. Being a p-adic limit of
classical Hilbert modular forms, it is a p-adic Hilbert modular form. We refer to
the proof of [Burungale 2015, Theorem 3.2] for details.

In view of (6-4), (6-6) and by a similar argument as in the proof of [Burungale
2015, Theorem 3.2], it follows that

/ _ 1 4 , )
Lo = fog (i p) 2 r © Fia o) (6-10)

up to an automorphism of Z P 1.
We finish the proof in the same way as in Theorem 6.1. (]

In most of the cases, M(L/g, ,) has been explicitly determined [Burungale 2015,
Theorem A]. Thus, we obtain a formula for M(L/z, /\,p)-

Remark. When p | hj, we do not know an expression for Ly ; in terms of the
t-expansion of certain Hilbert modular forms. Such an expression seems to be
essential in the above approach.

6C. p-version of a conjecture of Gillard. In this subsection, we prove a p-version
of a conjecture Gillard regarding the vanishing of the p-invariant of Katz p-adic
L-function (see Theorem 1.4).

Let A be an arithmetic Hecke character over K. Recall that we have the Katz p-
adic L-function Ly ; p € Z pl[T'p 1l (see Section 6B). As a consequence of Theorem 6.1
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and the results of [Hida 2011; Burungale and Hsieh 2013], we prove a p-version
of a conjecture of Gillard [1991, Conjecture (i)] regarding the vanishing of the
wu-invariant of the Katz p-adic L-function. The conjecture was originally formulated
for the (d + 1)-variable Katz p-adic L-function.

Theorem 6.3. Let the notation and assumptions be as above. Then, we have

u(Lsx sp) =0.

Proof. Let X be the set consisting of finite order characters € : '™ — . For
every € € X1, we regard € as a Hecke character.
In [Hida 2011; Burungale and Hsieh 2013], it has been shown that

liminf u(Ly ,.) =0. (6-11)
eex+ ’
In view of Theorem 6.1, this finishes the proof:
0<u(Lsyp <liminfu(ly;,). 0
. ,

The theorem evidently implies the main results of [Hida 2011; Burungale and
Hsieh 2013].
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A Mordell-Weil theorem for cubic
hypersurfaces of high dimension

Stefanos Papanikolopoulos and Samir Siksek

Let X/Q be a smooth cubic hypersurface of dimension n > 1. It is well-known
that new rational points may be obtained from old ones by secant and tangent
constructions. In view of the Mordell-Weil theorem for n = 1, Manin (1968)
asked if there exists a finite set S from which all other rational points can be
thus obtained. We give an affirmative answer for n > 48, showing in fact that
we can take the generating set S to consist of just one point. Our proof makes
use of a weak approximation theorem due to Skinner, a theorem of Browning,
Dietmann and Heath-Brown on the existence of rational points on the intersection
of a quadric and cubic in large dimension, and some elementary ideas from
differential geometry, algebraic geometry and numerical analysis.

1. Introduction

Let X C P"*! be a smooth cubic hypersurface over @ of dimension n. Let £ C P"+!
be a line defined over Q. If £ is not contained in X then £- X = P 4+ Q 4+ R where
P, O, R € X. If any two of P, Q, R are rational then so is the third. If § C X (Q),
we write Span(S) for the subset of X (Q) generated from S by successive secant
and tangent constructions. More formally, we define a sequence

S=5CSHCHCT---CX(Q

by letting S,,+ be the set of points R € X (Q) such that either R € §,,, or for some
Q-line ¢ ¢ X we have £- X = P+ Q+ R where P, Q € S,,. Then Span(S) :=J S,.
Manin [1974, page 3] (see also [Kanevsky and Manin 2001] and [Manin 1997])
asks if there is some finite subset S C X (Q) such that Span(S) = X (Q).

Theorem 1. Let X be a smooth cubic hypersurface of dimension n > 48 defined
over Q. Then there exists a point A € X (Q) such that Span(A) = X (Q).

Siksek is supported by the EPSRC LMF: L-Functions and Modular Forms Programme Grant
EP/K034383/1.
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We are grateful to Tim Browning, Simon Rydin Myerson, Michael Stoll and
Damiano Testa for valuable discussions, and to the referees for useful remarks. We
thank Yuri Manin for drawing our attention to the distinction between weak and
strong Mordell-Weil generation (discussed below).

Some remarks. It appears that the Mordell-Weil problem for cubic surfaces was
first posed by Segre [1943]. In the sixties Manin posed the same question for
cubic hypersurfaces of arbitrary dimension. Prior to Theorem 1, so far as we know,
the only positive result is for cubic surfaces endowed with a skew pair of rational
lines [Siksek 2012, Theorem 1]. More recently, Manin [2012] made a distinction
between “weak Mordell-Weil generation” where both secant and tangent operations
are allowed, and “strong Mordell-Weil generation” where only secant operations
are allowed. On the basis of computational experiments carried out by Vioreanu
[2009], Manin expects that the weak version of the Mordell-Weil property holds
for dimension 2, but that the strong version probably fails. In the language of
[Manin 2012], our Theorem 1 establishes the weak Mordell-Weil property for cubic
hypersurfaces of dimension > 48; tangent operations are crucial to our proofs, and
we are unable to adapt them to prove the strong Mordell-Weil property.

Notation. Throughout X C P"*! is a smooth cubic hypersurface of dimension 7
defined over Q (for now n > 2). Thus there is some non-zero homogeneous cubic
polynomial F € Q[xy, ..., x,4+1] such that X is given by the equation

X : F(xoy...,xp41)=0. €))
For P € X we let Tp X denote the tangent plane to X at P:
TpX : VF(P)-(x0,...,%n+1)=0.
The Gauss map on X sends P to TpX € P+ We let Xp:=XNTpX. Thus
F(xo,...,x,)=0,
VF(P)-(xg,...,x,)=0.

In Section 4 we introduce the second fundamental form ITp X, and the Hessian
Hp(P). We write G(n + 1, 1) for the Grassmannian parametrizing lines in prtl,
Throughout the terms “open” and “closed” will pertain to the real topology, unless
prefixed by “Zariski”.

A sketch of the proof of Theorem 1. We show in Section 5 that if B € X (Q) is not
an Eckardt point then X 5(Q) C Span(B) (the definition of Eckardt points is given
in Section 4). Fix B € X (Q) that is non-Eckardt. Given D € X (Q), we ask if there
is C € Xp(Q) such that D € X¢(Q)? If so, then provided C is non-Eckardt, we
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have D € Span(C) C Span(B). The answer to this question is positive provided the
variety Y p C P"*! given by

F(xg,...,x541) =0,
Ygp: AVF(x0,...,%X41) D=0, (2)
VF(B) . (Xo, ey xn+1) =0.

has a rational point. A theorem of Browning, Dietmann and Heath-Brown allows us
to deduce the existence of a rational point under some conditions, the most important
being that n is large, and that Y p has a smooth real point. By considering the
second fundamental form, and using a theorem on weak approximation for cubic
hypersurfaces due to Skinner, we shall show the existence of a point B € X (QQ) and
a non-empty open U C X (R), so that Yp p has a smooth real point for all D € U.
It follows (with a little care) that U N X () € Span(B). Once the existence of such
a set U is established, we use Mordell-Weil operations to enlarge U and quickly
complete the proof of Theorem 1.

2. Some results from analytic number theory

Weak approximation.
Theorem 2 [Skinner 1997]. Suppose n > 15. Then X satisfies weak approximation.

This means that X (Q) is dense in X (Ag) where Ag denotes the adeles. It follows
that X (Q) is dense in X (R); a fact we use repeatedly in the proof of Theorem 1.

Corollary 2.1. Supposen>15. Let U, V C X (R) be disjoint open sets. Let A’ € U,
B € V,and let {' ¢ X be an R-line such that £’ - X = 2A’ + B'. Then there are
AeUNX@Q),BeVNXQ) anda Q-line £ ¢ X suchthat-X =2A+ B.

Proof. The projectivized tangent bundle 7x of X parametrizes pairs (P, £) with
P € X and ¢ a line tangent to X at P. We make use of the fact that Ty is locally
trivial; thus there is a Zariski open U containing A’, and a local isomorphism
¢ U x P! — Ty such that (P, o) = (P, £p o) where €p 4 is a line tangent to
X at P. Moreover, as A’ is real we take ¢ to be defined over R. Let W =U(R)NU
which is necessarily an open neighbourhood of A’. Leta € P"~!(R) so that £’ =€ 4’ .
By Theorem 2 we can find {A;} C W N X (Q) converging to A". Write ¢; = {4, o.
Then {¢;} converges to ¢’ in G(n + 1, 1)(R). In particular, for sufficiently large i,
the line ¢; meets V. Let A = A; € U N X (Q) for any such large i. Choosing a line
£/Q tangent to X at A that sufficiently approximates ¢; completes the proof. [

Intersections of a cubic with a quadric. Let Q, C € Q[xy, ..., x;] be a pair of
forms of degrees 2 and 3 respectively, such that

Y: Clxy,....,xp)=0, O1,...,x,)=0
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is a complete intersection ¥ C PX~!. Using the circle method, Browning, Dietmann
and Heath-Brown establish various sufficient conditions for Y to have a rational
point. We recount one of their theorems [Browning et al. 2015, Theorem 4] which
will be essential to our proof of Theorem 1. Define ordp(C) as the least non-
negative integer m such that C = L Q + C’, with linear form L € Q[x, ..., x¢], and
such that there is a matrix T € GL;(Q) with C'(T (xy, ..., xx)) € Q[x1, ..., Xm].

Theorem 3 (Browning, Dietmann and Heath-Brown). With notation as above,
suppose k > 49 and ordg(C) > 17. If Y has a smooth real point then Y (Q) # @.

Corollary 2.2. Let f,q,l € Q[xo, ..., Xn+1], be forms of degree 3, 2, 1. Write

Z: f(xo,.- s Xnt1) =q(x0, - Xng1) =1(x0, « ooy Xpy1) =0
for their common locus of zeros in P"*1. Suppose that
(i) the cubic hypersurface in P"! defined by f is smooth;
(i1) Z has a smooth real point;
(iii) n > 48.
Then Z has a rational point.

Proof. By a non-singular change of variable, we may suppose that / = xg. Let

f/('xlv ’xn—i-l) - f(oaxla "'7-x}’l+1)7 q/(x19 "'axn+1) :CI(nyl, "'$xl’l+1)'

We may therefore consider Z as being given in P" as the common locus of f' =
g" = 0. Suppose ord, (f’) < 16. Then a further non-singular change of variables
allows us to write

f=xoq0+1'q" +hi(xi, ..., xi).

where ¢ is a quadratic form, I’ is a linear form, and 4 is a cubic form. Now as
n > 48, there is a common zero in P"*! to

X0=xl="‘=x16=l/=q0=q/=0-

This gives a singular point on the cubic hypersurface f =0 in P"*! contradicting
(i). We may thus suppose that ord,/ (f’) > 17. A similar argument shows that
f' =¢q’' =0 defines a complete intersection in P". By (ii) this intersection has a
smooth real point. Applying Theorem 3 with k = n + 1 completes the proof. [J

3. A numerical stability criterion

Newton—Raphson. We need arigorous version of the multivariate Newton—Raphson
method. The following result is part of Theorem 5.3.2 of [Stoer and Bulirsch 1980].
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Here ||-|| denotes the usual Euclidean norm (both for vectors and for matrices). For
differentiable f = (fi,..., fu) : R" — R", denote the Jacobian matrix by J:

= (2)
0Xj )i j=1,..n

.....

Theorem 4. LetC CR" be open, Cy be convex such that Co CC, and let [ R—>R
be differentiable for all x € Cy and continuous for all x € C.

For xy € Cy let r, a, B, y, h be given positive numbers with the following
properties:

By (xo) :={x : [x —xoll <r} SCo, h:=afy/2<1, r:=a/(1-h),
and let f satisfy:
@) ) =JrIl < yllx =yl forallx, y € Co;
(i) Jp(x)~"! exists and satisfies || J r(x) || < B for all x € Cy;
(iii) || f (x0) - Jf (xo) 7'l < .
Then beginning at xo each point
Xep1 =X — fx0) - Jpx)™', k=0,1,2,...
is well-defined and belongs to B,(xy). Moreover the limit limy_, o, X = & exists,
belongs to B, (xo) and satisfies f (&) = 0.
Stability. For f € R[xy, ..., x,] we shall let || f||. denote the maximum of the
absolute values of the coefficients of f.

Lemma3.1. Let gy, ..., gn €R[x1, ..., x,] be polynomials withm <n. Let { € R"
be a common zero of g1, ..., &m, such that Vg(¢), ..., Vgu(&) are linearly inde-
pendent. Let ¢ > 0 be given. There is § > 0 such that if f1, ..., fm € Rlx1, ..., x,]
satisfy || fi — gillc <8, then there is & € R" such that

(a) & is a common zero to fi, ..., fm;
d) V), ...,V [,(&) are linearly independent,
) 1<l <e

Proof. Choose v,,+1,...,v, € R" sothat Vg{(¢), ..., Vgu(&), vy+1,..., 0,18 a
basis. Let

gxX)=v;-(x—=¢), i=m+1,...,n.

Then ¢ is a common zero to gy, ..., g, and Vg(¢), ..., Vg,(¢) are linearly in-
dependent. Let g = (g1, ..., gx). Then Jg(&) is invertible. We shall fix f; = g;
fori=m+1,...,n,and let f = (f1,..., fu). We will apply Theorem 4 with
xo = &. There is some &y > 0 such that if || f; — g;llc < 8o then J¢(xo) is invertible.
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Choose 0 < rg < € so that condition (ii) of the theorem is satisfied for some g > 0,
with Cy = B;,(x¢). Condition (i) holds for some y > 0 by the multivariate Taylor
Theorem. Let a = || f(xo) - Jf (x0)~'||, which depends on f. Now g(xg) =0, so
clearly if 6 — O, then « — 0. Therefore for sufficiently small § < §y, we have
h:=afy/2 <1andr:=a/(1 —h) <ry. By the theorem, there is & € B, (xp) such
that f (&) = 0. By construction £ satisfies (a), (b), (¢). O

Smooth real points on the varieties Yp p.

Lemma 3.2. Let B, D’ be points belonging to X (R) such that the variety Yg p C
X c P given by (2) has a smooth real point C'. Let V. C X (R) be an open
neighbourhood of C'. Then there is an open neighbourhood U C X (R) of D', such
that for every D € U, the variety Yp p has a smooth real point C € V.

Proof. We may suppose that B, C’, D’ are contained in the affine patch xo = 1.
Let Gy, G2, G3 be the three polynomials defining Yp p in (2) and let g;, g2,
g3 € R[xy, ..., x,41] be their dehomogenizations by xg = 1. Write fi, f», f3 for
the corresponding polynomials in R[xy, ..., x,4+1] defining Y5 p N {x¢o = 1} with
D € X(R) N{xg = 1}. Of course f; = g1, f3 = g3, and moreover

If2—galle <+ ID = D'llc

where © > 0 is a constant and ||-|| ., denotes the infinity norm in the affine patch
xo = 1 (which we identify with R"*!). Now C’ € R"*! is a common zero for
g1, &2, g3 with Vg1 (C"), Vga(C’), Vg3(C’) linearly independent (as C’ is now a
smooth point on the affine patch Y pr N {xo = 1}). Let ¢ > 0 be sufficiently small
so that B.(C’) N X (R) is contained in V. Applying Lemma 3.1, we know that if
|D — D’| « is sufficiently small then there is a non-zero vector C € B, (C’) that is
a common zero for f1, f2, f3 with V f1(C), V f2(C), V f3(C) linearly independent.
This completes the proof. (]

Lemma 3.3. Suppose n > 48. Let B € X(Q). Suppose D' € X (R) such that Yg y
has a smooth real point C’'. Then there is a non-empty open U C X (R) such that if
D eUNX(Q),then Yp p(Q) # @.

Proof. Let U be as in Lemma 3.2. Then Y p is defined over Q and has a smooth
real point for every D € U N X (Q). Now the lemma follows from Corollary 2.2. UJ

4. A little geometry

Lines on X.
Lemma 4.1. Let £ be a line containedin X and P € £. Then £ C TpX.

This is well-known; for a proof, see [Siksek 2012, Lemma 2.1].
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The second fundamental form. Let P € X. Associated to P is a quadratic form
(well-defined up to multiplication by a non-zero scalar) known as the second
fundamental form which we denote by I1p X, and which is defined as the differential
of the Gauss map (e.g., [Griffiths and Harris 1979; Harris 1992, Chapter 17]. For
our purpose the following explicit recipe given in [Griffiths and Harris 1979, pages
369-370] is useful. By carrying out a non-singular change of coordinates we may

Then X has the equation F' = 0 with
F= xgxn_H +xoq(x1, ..., Xpy1) Fe(xy, ooy Xnt1) 3)

where g and ¢ are homogeneous of degree 2 and 3 respectively. Write z; =
X1/X0, .., Zn+1 = Xp+1/X0. We can take z1, ..., z, as local coordinates for X at
P, and then X is given by the local equation

Zni1 =4’ (21, - - ., Zn) + (higher order terms).

Here ¢'(z1,...,20) = —q(21, . .., Zn, 0). The second fundamental form I1p X is
the quadratic form ¢'(dz1, ..., dz,) (up to scaling). We shall only be concerned
with the rank and signature of I1p X, which are precisely the rank and signature of
q(xy,...,x,,0) and so we will take this as the second fundamental form. We may
therefore view it as the restriction of g to Tp X. The following follows easily from
the above description and the implicit function theorem.

Lemma 4.2. Suppose I1pX has full rank n.

(1) If l1p X is definite then there is an open neighbourhood U C X (R) such that
UNXp(R)={P}.

(i1) If I1p X is indefinite then for every open neighbourhood U C X (R) of P the
intersection contains a real manifold of dimension n — 1.

Lemma 4.3. There is a non-empty subset Uy € X (R), open in the real topology,
such that for P € U, the second fundamental form I1p X is indefinite of full rank.

Proof. A theorem of Landsberg [1994, Theorem 6.1] asserts that at a general point
on smooth hypersurface of degree > 2, the second fundamental form has full rank.
Thus there is a Zariski open &/ C X such that I1p X has full rank for P € U.

A straightforward application of Bertini’s Theorem shows the existence of a real
3-dimensional linear subvariety A C P"*! such that X’ = A N X is a smooth real
cubic surface. A classical theorem of Schléfli asserts that the number of real lines
on smooth real cubic surface is either 3, 7, 15 or 27. Let £ C A N X be a real line.
Recall that a point on a smooth real surface is called hyperbolic if the Gaussian
curvature at the point is negative. By [Siksek 2012, Lemma 2.2] all but at most two
points of ¢(R) are hyperbolic for X’. Let Q € £(R) be a hyperbolic point for X'.
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The determinant of the second fundamental form ITy X' is the Gaussian curvature
of X" at Q, which is negative. It follows that the binary quadratic form ITp X’ is
indefinite. Now ITp X’ is the restriction of [T X to Tp X’ and so ITp X is indefinite.
Thus there is a neighbourhood V C X (R) of Q, open in the real topology, such
that [1p X is indefinite for P € V. Now V is necessarily Zariski-dense in X. Thus
V NU(R) is non-empty (as well as being open in the real topology). The proof is
complete upon letting U; = V NU(R). U

The Hessian. Given P € X, the Hessian of F evaluated at P is given by the
(n+2) x (n+2) matrix
3*F
Hp(P)= (P) .
0x;0xj )i j=0,..nt1

.....

Of course the Hessian is well-defined up to multiplication by a non-zero scalar.

Lemma 4.4. Let P € X and suppose I1p(X) has full rank n. Then Hp (P) has full
rank n + 2.

Proof. Starting from (3), an easy computation shows that the determinant of the
Hessian at P is (up to sign) the determinant of g (x1, ..., X, 0). U

Eckardt points. We call P € X an Eckardt point if Xp := X NTpX is a cone with
vertex at P. Note that if n =2 and P is an Eckardt point then X p consists of three
lines meeting at P; in this case I1p X vanishes identically.

For a proof of the following classical theorem see [Coskun and Starr 2009,
Section 2].

Theorem 5. The set of Eckardt points on X is finite.

Components of a real cubic hypersurface. We summarize some well-known facts
about components of real cubic hypersurfaces. Everything we need is actually
contained in [Viro 1998, Section 4.3]. A smooth real cubic hypersurface has
either one or two connected components. If it has two connected components then
one of these is two-sided, and homeomorphic to S”, and the other is one-sided
and homeomorphic to RP". If a line intersects the two-sided component then it
intersects it in two points, and intersects the odd-sided component in one point.

Lemma 4.5. Suppose X (R) has two connected components. Then I1p X is definite
of full rank for all P belonging to the two-sided component.

Proof. Let P be a point on the two-sided component. Suppose I1p X is indefinite
or not of full rank. Then there is a real line £ C Tp X (along which ITp X vanishes)
that meets X with multiplicity > 3 at P. As this is impossible for points on the
two-sided component, we have a contradiction. U
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5. Mordell-Weil generation: first steps

Proposition 5.1. Let P € X(Q) be a non-Eckardt point. Then the set X p(Q)
(considered as a subset of X (Q)) is contained in Span(P).

The following lemma follows from the definitions.

Lemma 5.2. Let P € X(Q) and let Q € Xp(Q) be distinct from P. Suppose the
line £ joining P to Q is not contained in X. Then Q € Span(P).

For the proof of Proposition 5.1 it remains to show that QO € Span(P) in the
case £ C X. For n = 2 this is [Siksek 2012, Lemma 3.2], so we suppose for the
remainder of this section that n > 3.

Lemma 5.3. Any hyperplane section of X is absolutely irreducible.

Proof. Let L = 0 be a hyperplane such that X N {L = 0} is absolutely reducible.
Then we can write F = LQ + L’ Q' where L, L’ are homogeneous linear, and Q,
Q' are homogeneous quadratic. As n > 3, the variety L=L'= Q= Q' =0hasa
point R € P"*!_ It follows that R is a singular on X giving a contradiction. (I

Lemma 54. Let P € X(Q) be a non-Eckardt point. Let Q € Xp(Q) with To X #
TpX. Then Q € Span(P).

Proof. Let W C X p be the subvariety consisting of lines through P contained in X p.
As P is a non-Eckardt point, W is a proper subvariety. Moreover, by Lemma 5.3,
the tangent plane section X p is irreducible, and so dim(WW) < dim(Xp). Let
U = X p — VW which is Zariski dense in X p.

Let V:=Xp\ (XpNTp). As Tg # Tp, this is a dense open subset of X p. Let
t : 'V — V be the involution given as follows. If R € V we join R to Q by the line
Lr,o and we let ((R) be the third point of intersection of this line with X. We note
that £z o ¢ X, since otherwise it will be contained in Tp X by Lemma 4.1. Now
VY NU)N(YNU) is a Zariski dense subset of the rational variety X p. This dense
subset must contain a rational point R. Then R, ((R) ¢ W and so R, ((R) € Span(P)
by Lemma 5.2. Finally the line joining R with ((R) passes through Q and is not
contained in X. Thus Q € Span(R). O

Proof of Proposition 5.1. Let Q € X p((2). We would like to show that Q € Span(P).
Thanks to Lemmas 5.2 and 5.4, we may suppose there is a Q-line £ C X containing
P, Q,and ToX = TpX. Now the line £ contains at most finitely many Eckardt
points by Theorem 5. Moreover, the Gauss map on a smooth hypersurface has
finite fibres [Harris 1992, Lecture 15]. Thus there is a non-Eckardt R € £(Q) with
TrX # TpX. It follows that R € Span(P). Moreover, Q € £ C Tg by Lemma 4.1
and so Q € Span(R) (again by Lemma 5.4). This completes the proof. U
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Lemma 5.5. Suppose n > 48. Let B € X(Q) so that X g does not contain points
that are Eckardt for X. Suppose D" € X (R) such that Yp_p' has a smooth real point
C’. Then there is a non-empty open U C X (R) such that U N X (Q) C Span(B).

Proof. Take U to be as in Lemma 3.3. Let D € U N X (Q). By the conclusion of
Lemma 3.3 we see that Yp p has a rational point C. From the equations defining
Yp p in (2) we have that C € X3(Q) and D € X¢(Q). Moreover, neither B nor
C (both contained in X p) are Eckardt points. Applying Proposition 5.1, we have
C € Span(B) and D € Span(C) completing the proof. ([

6. A smoothness criterion

Lemma 6.1. Let B € X, Let C' € Xp and D' € X¢1. Suppose
(@) T X #TpX;
(ii) Hp(C’) has full rank, where Hp is the Hessian matrix,
(iii) D’ does not belong to the line
{AVFB)+uVF(C)-Hp(C)™' + GrweP'). “)
Then C' is a smooth point on the variety Yg_py C P"*! given by (2).

Proof. As C' € Xp and D’ € X we see that C' € Yp . We need to show that C’
is a smooth point on Y p. Write

f o, .oy Xnp1) =VF(xo, ..., Xp41) - D'y g =VF(B)-(x0, ..., Xn41)-

To show that C’ is smooth on Y py it is enough to show that VF(C’), V f(C’) and
Vg(C’) are linearly independent. A straightforward computation shows that

Vf(C'Y=D'-Hp(C"), Vg(C')=VF(B).

Suppose
eD'-Hp(C')+AVF(B)+uVF(C')=0.

By assumptions (ii) and (iii) we see that £ = 0. However, VF (B) and VF (C’) are
linearly independent by assumption (i), and so A = u = 0. ([
7. Proof of Theorem 1

In this section n > 48.
Lemma 7.1. There is A € X (Q) and a non-empty open U C X (R) such that:
1) UNX(Q) < Span(A);

(i1) Span(A) contains at least one point in every connected component of X (R).
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Proof. Suppose first that X (R) is connected. Let U; € X (R) be the non-empty open
subset whose existence is guaranteed by Lemma 4.3: for every P € Uy, the second
fundamental form ITp X is indefinite of full rank. It follows from Theorem 5 that
the set of points P with X p containing an Eckardt point is a proper subset of X
that is closed in the Zariski topology. Thus we may replace U; by a non-empty
open set Uy C Uj such that for every P € U,, the subvariety X p does not contain
points that are Eckardt for X. Fix B € U, N X (Q) whose existence is guaranteed
by Theorem 2. The hypersurface X is smooth of degree 3, and so the Gauss map
X — X* has finite fibres [Harris 1992, Lecture 15]. We can therefore take an
open neighbourhood Us C U, of B such that for all C’ € Us with C’ # B, we
have T X # Tc'X. By Lemma 4.2, the intersection Uz N X g(R) contains a real
manifold of dimension n — 1; choose C’' € Us N X g(R) with C’ # B. As the second
fundamental form has full rank on U;, we see from Lemma 4.4 that Hr(C’) is of
full rank n 4 2. Now again by Lemma 4.2, the intersection Uz N X ¢/ (R) contains a
manifold of real dimension n — 1, and so we can find D’ € Uz N X (R) that avoids
the line (4). The points B, C’, D’ satisfy the conditions of Lemma 6.1. Thus C’ is
a smooth point on Yp pr. By Lemma 5.5, there is a non-empty open U such that
U N X(Q) C Span(B). We simply take A = B, and the proof is complete in the
case when X (R) is connected.

Now suppose X (R) has two connected components. Let Uy € X (R) be as above.
From Lemma 4.5 we know that U, is contained in the one-sided component. Let
B’ € U,. Let ¢’ be a real line passing through B’ and tangent to the two-sided
component at a point A’. By Corollary 2.1, there is a point A € X (Q) belonging
to the two-sided component and a line £ defined over Q such that £- X =2A+ B
where B € U; N X (Q). Now B € Span(A) and Span(A) contains points belonging
to both components of X (R). From the above argument there is a non-empty open
U C X(R) such that U N X (Q) C Span(B) € Span(A). ([l

Lemma 7.2. Let A € X (Q) be as in Lemma 7.1. Then there is an open W C X (R)
such that W N X (Q) = Span(A).

Proof. Let U be as in Lemma 7.1. We may suppose Span(A) ¢ U, otherwise
we simply take W = U and there is nothing to prove. Let P € Span(A) that
does not belong to U. By Theorem 2, there is some P’ € U N X (Q) such that
P’ ¢ TpX. Let £ be the line joining P to P’. The line ¢ is not contained in Tp X
and so, by Lemma 4.1, not contained in X. Let P” € X (Q) be the third point of
intersection of ¢ with X. Since P € Span(A) and P’ € U N X (Q) C Span(A), we
have P” € Span(A). Observe that £ is not contained in the tangent plane of P” (for
otherwise £ would be contained in X). Now there is some non-empty open U’ C U
containing P’ that is disjoint from the tangent plane of P”. For a point R € U’, let
@(R) denote the third point of intersection of the (real) line joining R to P”. Then
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the map ¢ : U" — X (R) is continuous and injective. By the invariance of domain
theorem [Bredon 1993, Corollary IV.19.9], the image ¢(U’) is open. We shall let
Wp = @(U’). Clearly P € Wp and Wp N X(Q) C Span(A). The lemma follows
on taking
w=uvu [ Wws 0
PeSpan(A)\U

Lemma 7.3. Let W be as in Lemma 7.2, and write W for its closure. Then W is
closed under secant operations: if P, Q € W are distinct, and if the line £ joining
them is not contained in X, then R € W where £- X = P + O+ R.

Proof. By Theorem 2 there exist { P}, {Qr} C W N X(Q), with P, # Qy, that
converge respectively to P, Q. Write F C G(n + 1, 1) for the Fano scheme of
lines on X. Then the real points of F are closed in G(n + 1, 1)(R). As £ ¢ F(R),
we see for large enough k that the line ¢;/Q joining Py, Qf is not contained
in X. Let £ - X = P, + Qx + Rr. Then {R;} converges to R. Moreover, P,
QOre WNX(Q) C Span(A). Hence R, € Span(A) C W and so R € w. O

Lemma 7.4. Let A, W be as above. Then W = X (R).

Proof- We claim that W is open. From that it follows that W is a union of connected
components of X (R). As Span(A) C W contains points from every component, the
lemma follows from the claim.

To prove the claim we mimic the argument in the proof of Lemma 7.2. Let
P eW. Let P’ € W such that P’ ¢ Tp X, and let £ be the line joining P to P’. As W
is closed under secant operations, P” € W where £- X = P 4+ P’ + P”. Now there
is some non-empty open W’ C W containing P’ that is disjoint from the tangent
plane of P”. For a point R € W', let (R) denote the third point of intersection
of the (real) line joining R to P”. Then the map ¢ : W' — X (R) is continuous
and injective, and thus the image ¢(W’) is open. Clearly ¢(W’) contains P and is
contained in W (as the latter is closed under secant operations). U

Proof of Theorem 1. Let A, W be as above. In particular, Span(4) = W N X (Q)
and W = X (R). We write dW = X (R) \ W. We note that dW is the complement
of an open dense set, and therefore nowhere dense.

We want to show that X () = Span(A). Let P € X(Q). Then there is a Zariski
open 4 C X and an involution ¢ : &/ — U that sends R € U to the third point of the
line joining R to P. Choose R € U(R) N X (Q) such that R ¢ dW U (dW). Then
R, t(R) € Span A and so P € Span(A). O
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