LEFSCHETZ THEOREMS IN FLAT COHOMOLOGY AND APPLICATIONS

SEAN COTNER, BOGDAN ZAVYALOV

ABSTRACT. We prove a version of the Lefschetz hyperplane theorem for fppf cohomology with
coefficients in any finite flat commutative group scheme over the ground field. As consequences, we
establish new Lefschetz results for the Picard scheme. We then use Godeaux-Serre varieties to give
a number of examples of pathological behavior of families in positive characteristic.
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1. INTRODUCTION

1.1. Overview. This paper is divided into two essentially disjoint parts. In the first part, we prove
a version of the Lefschetz hyperplane theorem for finite flat commutative group scheme coefficients.
Specifically, we have the following theorem.

Theorem 1.1.1. (Theorem 2.4.5) Let k be a field, Y a projective syntomic k-scheme, X C Y a
closed subscheme of dimension d, and G a finite flat commutative k-group scheme. Then the cone

cone (Rlgypr (Y, G) = Rlgpp (X, G))
lies in D=4(Z) if
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(1) Y 2 P¥ for some N and X is a global complete intersection, or
(2) X CY is a sufficiently ample Cartier divisor (see Definition 2.1.8 and Remark 2.1.9).

Remark 1.1.2. Example 2.4.6 shows that Theorem 1.1.1 may fail for ample (but not sufficiently
ample) divisors X C Y. Example 2.4.7 shows that Theorem 1.1.1 may also fail for finite flat
commutative Y-group schemes that are not defined over k. The assumption of syntomicity is
similar to the assumptions on the Lefschetz theorems proved in [SGA2].

We expect that there is a version of Theorem 1.1.1 for non-commutative finite k-group schemes,
but we cannot prove it.

Question 1.1.3. Let X C Pfﬂv be a complete intersection of dimension at least 2, and G a finite
(not necessarily commutative) k-group scheme. Is the natural morphism H'(PY,G) — HY(X,G)
a bijection? The same question may be asked for X C Y a sufficiently ample Cartier divisor (with
an appropriate definition of “sufficiently ample”).

Remark 1.1.4. If both X and Y are smooth and the ground field & is algebraically closed, Ques-
tion 1.1.3 has a positive answer. This follows from the Lefschetz type result for Nori’s fundamental
group (see [BHO7, Theorem 1.1}).

By devissage, Theorem 1.1.1 is reduced to the cases G = py, oy, and Z/p, where ¢ is a prime
number and p is the characteristic of k. The cases of o, and Z/p are reduced to questions of
coherent cohomology using standard exact sequences. For ¢ # p, the case of uy is settled using
results in the theory of perverse sheaves.

The case of p, will give us the most difficulty. Here we will find it convenient to pivot to proving
a Lefschetz hyperplane theorem for the cohomology of the Tate twists Z,(i). Using the Nygaard
filtration, this will ultimately be reduced to proving a Lefschetz hyperplane theorem for each filtered
piece in the conjugate filtration on de Rham cohomology, which has been established in [ABM?21].
In particular, we get a Lefschetz hyperplane theorem for the syntomic cohomology of the Tate
twists Zy (i) defined in [BMS19] (see also Section 1.2):

Theorem 1.1.5. (Corollary 2.2.2) Let k be a field of characteristic p > 0, Y a projective syntomic
k-scheme, X C Y a closed subscheme of dimension d, and G a finite flat commutative k-group
scheme. Then the cone

C = cone (Rlgyn (Y, Z) (1)) = Rlgyn (X, Z,, (4)))
lies in D=%(Z,) with H¥(C) torsion-free for i > 0 if
(1) Y 2 P¥ for some N and X is a global complete intersection, or
(2) X CY is a sufficiently ample Cartier divisor.

As a consequence of Theorem 1.1.1, we prove a Lefschetz hyperplane theorem for Pic” of pro-
jective syntomic k-schemes.

Theorem 1.1.6. (Theorem 2.5.2, Corollary 2.5.7) Let k be a field, and Y a projective syntomic
k-scheme of pure dimension d, and X C Y a sufficiently ample Cartier divisor. Then

(1) Picy), — Pic’ ), is an isomorphism if d > 3;
(2) Picy/, — Picyyy, is an isomorphism if d > 4.

Remark 1.1.7. In fact, our proof shows that the divisor X C Y need only be a Hodge 2-equivalence
(see Definition 2.1.1) with the property that Y — X is affine. In particular, Theorem 2.1.4 implies
that Theorem 1.1.6 holds for all ample Cartier divisors in either of the following two situations:
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(1) Y is a smooth projective variety over a field of characteristic 0;

(2) Y is a smooth projective variety over a field of characteristic p > 2 such that Y admits a

lift to Wa(k).

However, Remark 2.5.8 gives some evidence that Theorem 1.1.6 is quite likely false for an ample
(but not sufficiently ample) divisor on a more general Y.

Remark 1.1.8. A.Langer has informed us that an effective version of Theorem 1.1.6 for Pic/.4
follows from his Lefschetz type theorem for the S-fundamental group when X and Y are smooth
(see [Lanll, Theorem 10.2 and 10.4]).

Theorem 1.1.6 appears to be new in every dimension, even for smooth X and Y. The main
difficulty in deducing it from Theorem 1.1.1 is that the Picard schemes can be highly non-reduced
in positive characteristic, so one cannot argue on the level of Picard groups, i.e., on the level of k-
points. To overcome this issue, we need to use the structure theory of commutative group schemes
over a field to obtain an isomorphism criterion (see Lemma 2.5.6), and to verify the hypotheses
of this criterion we need to generalize Theorem 1.1.1 to more general base schemes, at least for
G = py, (see Corollary 2.4.4).

In the case of complete intersections in projective space, we can show that the hypothesis of
sufficient ampleness is not necessary, and we can make a more refined statement, recovering [CS21,

Corollary 7.2.3].

Theorem 1.1.9. ([CS21, Corollary 7.2.3], Theorem 2.5.1) Let k be a field, and X C PY be a
complete intersection of dimension at least 2. Then

(1) Pic(X)tors = 0;
(2) the group scheme PicY . is trivial;

(3) the class of Ox (1) =i*Opn(1) is a non-divisible element of Pic(X).

If dimX > 3, then Theorem 1.1.9 was essentially settled by Grothendieck in [SGA2]. If
dim X > 2 and X is smooth, then this was settled by Deligne in [SGA7, Exp. XI]. A version for
weighted complete intersection surfaces with certain limited singularities can be found in [Lan&4,
§1]. The general case was established in [CS21, Corollary 7.2.3]. However, Theorem 1.1.6 does not
seem to follow from their methods. When we started writing this paper, we were not aware that
Theorem 1.1.9 was proven in [CS21].

Both proofs of Theorem 1.1.9 share a similar idea of using perfectoid techniques to reduce the
study of flat cohomology of p, to studying the cohomology of certain coherent sheaves. However,
the details of the proofs seem to be fairly different. Our proof is global and is based on the
Lefschetz hyperplane theorem from [ABMN21], while the proof in [('S21] is local; in their argument
they relate the Picard group of X to the local Picard group of the vertex z of the affine cone over
X, and then use local techniques to study that Picard group. Namely, if R is the local ring of x,
Pic(X)/Z[Ox(1)] injects into Pic(Spec R \ {z}), and this is good enough to prove Theorem 1.1.9.
However, the failure of the map Pic(X)/Z[Ox(1)] — Pic(Spec R\ {x}) to be surjective is the main
reason why their methods do not seem to be sufficient to obtain a proof of Theorem 1.1.6. Both
proofs are uniform in dim X and do not make any assumptions on singularities of X.

In the second part of this paper, we give a number of examples of the pathological behavior of
various cohomology theories over fields of positive characteristic. Specifically, we give examples of
the following types:
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Theorem 1.1.10. Let R be a discrete valuation ring of equicharacteristic p > 0, and d > 2. Then
there is a smooth, projective morphism f: X — S = Spec R with geometrically connected fibers of
pure dimension d such that

(1) (Theorem 3.2.1 and Theorem 3.4.1) rky,s) Hig (Xs/k(s)) > rkyp Hig (Xy/k(n));
(2) (Theorem 3.5.4) R! ferys «Ox/g is not a crystal on (5/.9)crys-

(3) (Corollary 3.4.3) H35(X/S) does not admit any stratification structure (in the sense of
[BO78, Definition 2.10]). In particular, the Gauss-Manin connection on H3p(X/S) does
not prolong to a stratification;

These examples seem not to have been previously established in the literature. Though it is well-
known that de Rham numbers can jump in smooth families in characteristic p, it does not seem
to be addressed anywhere besides a brief remark in [Ray79, 4.2.6(iii)]. The question of whether
R ferys « O x/s are crystals in the equicharacteristic case (i.e., pOg = 0) is raised in [BO78, Remark
7.10]. Our second example negatively answers this question. As for the third example, Grothendieck
constructed an example of a smooth projective family (see [Gro68a, §3.5] and [BO78, Example 2.18])
where the Gauss-Manin connection on HéR(X /S) does not admits any functorial stratification.
Using p-curvature considerations and the relation between p-curvature and the Kodaira-Spencer
map (see [[Kat72, Theorem 3.2] for a precise statement), it is not hard to construct examples
where the Gauss-Manin connection does not extend to a stratification in positive characteristic
(see Remark 3.4.4). The novelty of our example is that H2; (X/S) has no stratification structure
whatsoever.

All of the above examples are built using a general construction due to Godeaux and Serre, which
we recall briefly in Theorem 3.1.1. We give an example which seems close to what Raynaud had
in mind in Section 3.2, followed by another example in Section 3.4. The vague idea behind both
examples is to find a sufficiently weird finite flat group scheme G over S such that the Godeaux-Serre
construction applied to G gives the desired family X — S.

Our first example in Section 3.2 is fairly elementary. It studies the Hodge numbers A% and A0
of the fibers of X — S in an explicit way by relating them to the the tangent space of Pic’ /s
and the global sections of differential forms respectively. To pass from Hodge numbers to de Rham

numbers, we use the (partial) degeneration of the Hodge-to-de Rham spectral sequence for varieties
which admit a lift to Wa(k) (see [DIR7]).

Our second example is based on the idea that the smooth, proper family of Artin stacks BG — S
already has jumps in the first de Rham numbers of its fibers for some explicit G. To see this, we
use a result of Mondal [Mon21] which relates the second crystalline cohomology group of BG to
its Dieudonné module. This gives the desired family in the world of stacks. The second step is to
use the Godeaux-Serre construction to approximate BG by a family of smooth, projective scheme
without changing the first de Rham numbers of fibers. To do this, we use the notion of a Hodge
d-equivalence from [ABM21].

1.2. Terminology. Throughout this paper, we extensively use the formalism of “derived” coho-
mology theories, so we briefly recall our conventions.

For aring A, we denote by D(A) its triangulated derived category, and by D(A) its co-enhancement.
We denote by DF(A) = Funs (N, D(A)) a filtered derived category of A.
For a fixed prime p and an object M € D(A), the derived quotient [M/p] = cone(M £ M) is the

cone of the multiplication by p map. We denote by D(A) the full subcategory of D(A) consisting
of p-adically derived complete objects (in the sense of [Sta2l, Tag 091S]).
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For an F-algebra £, and a k-stack X. We denote the Frobenius twist of X relative to k by x®.

For a ring k and a k-algebra R, we denote by /\iLR/k € D(k) derived i-th wedge power of the
cotangent complex. For a syntomic k-stack (in particular, syntomic k-scheme) X, we define (derived)
Hodge cohomology

RI(X, ALy ) € D(k)
by syntomic (hyper-)descent from the affine case (see [ABM21, Construction 2.7] for details).
Likewise, for an Fj-algebra k and a k-algebra R, we denote by dRg/, € D(k) its derived de

Rham complex. This complex comes with an exhaustive conjugate filtration Fil®™dR /i € DE(k).
For a syntomic k-stack X, we define its derived de Rham cohomology and its conjugate filtration

RT4r(X/k) € D(k), Fil°YRT4r(X/k) € DF (k)
by syntomic (hyper-)descent from the affine case. As explained in [ABM21, Definition 3.1(b’)]
(whose proof does not use perfectness of k), this filtration is exhaustive with associated graded
pieces _
grVRT 4g (X/k) ~ RD(X, A Lya ) [—i):
Using [Bhal2, Corollary 3.10] and Zariski (hyper-)descent, one sees that derived de Rham coho-
mology is canonically isomorphic to the classical de Rham cohomology for a k-smooth X, i.e.,

RI4r(X/k) ~ RI'(X, Q%).
For a perfect field k of characteristic p > 0 and a syntomic k-algebra R, we denote by RI¢,ys(R/W (k)) €
D(W(k)) crystalline cohomology. For a syntomic k-stack X, we define its crystalline cohomology

Rl vy (/W (K)) € D(W (k)

by syntomic descent from the affine case. One can similarly check that it coincides with the usual
crystalline cohomology for syntomic k-schemes. Using [Bhal2, Theorem 3.27], [Bd.J11, Corollary
3.10], and syntomic descent, we get a canonical isomorphism

RTerys (X/W (k) @7y (1) k ~ REar (X/F).

To define the Nygaard filtration on RT¢rys(X/W (k)) the crystalline cohomology of a syntomic
k-scheme, we note that [BL.22, Theorem 4.6.1 and Warning 4.6.2] give an isomorphism

F*RE (X)W (k) ~ RTerys(X/W (k)

of the Frobenius twist of prismatic cohomology relative to the perfect prism (W (k), (p)) and crys-
talline cohomology relative to the standard pd-structure on W (k). Thus, the relative Nygaard
filtration defined on F*RI" (X/W(k)) in [BL22, §5.1] can be transported to the crystalline coho-
mology. Alternatively, one can define the Nygaard filtration as in [BMS19, §8], but this is less
convenient for our purposes.

For a perfect field k of characteristic p > 0 and a syntomic k-scheme X, we define syntomic
complezes R
RIgyn (X, Zy (1)) € D(Zy)
as in [BL22, Variant 7.4.12].
Finally, if S = Spec R is a spectrum of a discrete valuation ring, we denote by k(n) := Frac(R)
the quotient field, and k(s) == R/m the residue field. Likewise, 7 = Spec k(n) denotes the generic
point of S and s = Speck(s) the closed point of S. The geometric generic point 7 is defined as

Spec k(n) for some choice of an algebraic closure k(n) C k(n), and the geometric special point s is

defined as Spec k(s) for some choice of an algebraic closure k(s) C k(s).
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2. LEFSCHETZ HYPERPLANE THEOREM FOR FLAT COHOMOLOGY

2.1. Hodge d-equivalences. This section recalls the main results from [ABM21, §5].
For the rest of the section, we fix a field k.

Definition 2.1.1. [ABM?21, Definition 5.1] A k-morphism of syntomic k-stacks X — Y is a Hodge
d-equivalence if, for every s > 0, we have

cone (RT' (Y, A*Ly i) — RT (X, A°Lyy,)) lies in D=97%(k).

Remark 2.1.2. Definition 2.1.1 may look a bit abstract, but really it just a formal way to say that
f satisfies the conclusion of the “Lefschetz hyperplane theorem” for Hodge cohomology groups.

Using the conjugate filtration on derived de Rham cohomology, one can show that a Hodge
d-equivalence f automatically induces an isomorphism on low degree de Rham (resp. crystalline)
cohomology groups. This, together with the Nygaard filtration, will eventually allow us to get a
Lefschetz hyperplane theorem for p, cohomology groups.

Lemma 2.1.3. [ABM?21, Remark 5.2] Let k be a perfect field of characteristic p > 0, and X — Y
be a Hodge d-equivalence of syntomic k-stacks. Then

(1) cone (FﬂgoanFdR (Y/k) — FilRIgr (DC/k)) e D>(k) for every i > 0,

(2) cone (RFdR (H//{) — RIgr (X/k)) S Dzd(/{),

(3) C = cone (RTcrys (Y/W(k)) = Rl erys (X/W (k))) € DZ4(W (k)) and H?(C) is torsionfree.
Theorem 2.1.4. [ABM21] Let i: X < Y be a closed immersion of syntomic projective k-schemes.

(1) Y =P¥ and X CY is a d-dimensional (global) complete intersection over k, then i is a
Hodge d-equivalence;

(2) If Y is a smooth variety of pure dimension d + 1, X C Y is an ample Cartier divisor, and
k is a field of characteristic 0, then 7 is a Hodge d-equivalence;

(3) If Y is a smooth variety of pure dimension d + 1 which lifts to Wa(k), X C Y is an ample
Cartier divisor, and k is a field of characteristic p > 0 then ¢ is a Hodge (inf(p,d + 1) — 1)-
equivalence.

Proof. The first claim is [ABM21, Proposition 5.3]. The second claim follows from [ABM21, Ex-
ample 5.6] and [ABM21, Proposition 5.7]. To prove the third claim, we can assume that k = k
is algebraically closed. The proof of [ABM?21, Proposition 5.7] shows that X — Y is a Hodge
(n — 1)-equivalence if

RI'(Y,A°Ly ® Oy (—rX)) ~ RI'(Y, Q5 (=7 X)) € D=""5(k)
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for any s > 0 and all » > 0. So we need to show that
H' (Y, 93 (-7 X)) = 0

for i + s < inf(p,d + 1) and all » > 0. This follows from [DI87, Corollary 2.8] since Y is smooth
and admits a lift to Wa(k) by assumption. O

Definition 2.1.5. [ABM?21, Defintion 5.4] A Kodaira pair is an n-dimensional projective syntomic
k-scheme Y and an ample line bundle £ such that RT(Y, ALy, ® £) € D=""%(k) for all s > 0
and all » > 0.

Remark 2.1.6. If £ is an ample line bundle on a projective syntomic k-scheme Y, then (Y, L®d)
is a Kodaira pair for a sufficiently large d. This follows from Serre vanishing and the fact that
A*Ly € DIZ0(Y); see [Sta2l, Tag 08SL] and [Lurl8, Proposition 25.2.4.1, 25.2.4.2].

Theorem 2.1.7. [ABM21] Let Y be a syntomic k-scheme of pure dimension d + 1, and let £ be
an ample line bundle on Y. Then there exists some integer ng such that for all n > ng and any
effective Cartier divisor X C Y defined by a section' of £", the morphism X — Y is a Hodge
d-equivalence.

Proof. This follows from [ABM?21, Proposition 5.7] and Remark 2.1.6. O

Definition 2.1.8. An effective Cartier divisor X C Y in a projective k-scheme of pure dimension
d+ 1 is sufficiently ample if X — Y is a Hodge d-equivalence and Y — X is an affine open in Y.

Remark 2.1.9. Theorem 2.1.7 implies that, for every ample line bundle £ on Y, there is an integer
ng such that for all n > ng and any effective Cartier divisor X C Y defined by a section of £", the
morphism X — Y is sufficiently ample. This explains why we chose such a name.

By Theorem 2.1.4, any ample Cartier divisor in a smooth projective variety Y is sufficiently
ample in either of the following situations:

(1) the ground field k is of characteristic 0;

(2) the ground field k is of characteristic p > 0, dimY < p, and Y admits a lift over W, (E)
Theorem 2.1.10. [ABM21, Proposition 5.10] Let f: X — Y be a Hodge d-equivalence of syntomic
k-schemes.

(1) For any syntomic k-scheme Z, X X, Z — Y xj Z is a Hodge d-equivalence.

(2) If an affine finite type k-group scheme G acts on X and Y making f into a G-equivariant
morphism, then the natural morphism of syntomic k-stacks [X/G] — [Y/G] is a Hodge
d-equivalence.

2.2. Z,(i) and pu, coefficients. In this section, we prove the Lefschetz hyperplane theorem for
Hp-cohomology groups for Hodge d-equivalences over a perfect field. More generally, we show it for
Z,(i)-cohomology groups for all i > 0.

For the rest of the section, we fix a perfect field k of characteristic p > 0.
Theorem 2.2.1. Let X — Y be a Hodge d-equivalence of syntomic k-schemes. Then for every
i > 0, the cone
C = cone (Rlsyn (Y, Z) (1)) = Rl'gyn (X, Z,, (4)))
lies in D=%(Z,) and H(C) is torsion-free.

Lie., an effective Cartier divisor such that O(X) ~ £"
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We will give a proof shortly, but before doing so we discuss its main application for our purposes.

Corollary 2.2.2. Let Y a projective syntomic k-scheme, X C Y a closed subscheme of dimension
d, and G a finite flat commutative k-group scheme. Then the cone

C = cone (Rlgyy (Y, Z, (1)) = Rlsyn (X, Zy (7))
lies in D=%(Z,) with H¥(C) torsion-free for i > 0 if
(1) Y 2 P¥ for some N and X is a global complete intersection, or

(2) X CY is a sufficiently ample Cartier divisor (see Definition 2.1.8).

Proof. In the first case, the map X — Y is a Hodge d-equivalence by Theorem 2.1.4, and in the
second case this map is a Hodge d-equivalence by definition.

Thus the claim for the cohomologies of Z,(i) follows from Theorem 2.2.1. The same result
guarantees that

cone ([RTsyn (Y, Zy (1)) /p] = [Rlsyn (X, Z, (1)) /p]) € D=(Fy).
Now [BL22, Proposition 8.4.13] and [Gro68b] imply that
[Rlsyn (Y, 2y (1)) /p] =~ RT&t(Y, Gn) /p] [-1]

~ [Rlfppt (Y, Gm) /] [—1]

~ REppe (Y, pip)
and similarly for X. Combining these observations, we conclude that

cone (RTppe (Y, 1p) = RPipope (X, 1)) € DZ4(Fy),

as desired. g

Now we go to the proof of Theorem 2.2.1. The main idea of the proof is to deduce it through a
series of reduction from Theorem 2.1.4.

Lemma 2.2.3. Let X C Y be a Hodge d-equivalence of syntomic k-schemes. Then, for any i > 0,
the cone ‘ ‘
cone (FilyRT arys (Y/W (k)) — FilkRL erys (X/W (K)))

lies in D=4(Z,) and HY(C) is torsion-free.
Proof. We argue by induction on ¢ > 0. The case of ¢ = 0 is clear from Lemma 2.1.3 since
Fil{ R ¢rys (— /W (k) = R erys(— /W (K)).

Now fix ¢ > 0 and suppose we know the claim for . Now we use [BL22, Theorem 4.6.1 and
Warning 4.6.2] to get an isomorphism

F'RT (X/W(k)) = RDerys (X/W (K))

of the frobenius twist of prismatic cohomology relative to the perfect prism (W (k), (p)) and crys-
talline cohomology relative to the standard pd-structure on W (k). Using a canonical isomorphism

RPerys (X/W (k) ®p 4y k =~ RLar(X/E),
[BL22, Proposition 5.1.1, Remark 5.1.2]%, and a Z,-linear (but not W (k)-linear) identification
(F*) 'R RI 4 (X /k) =~ Fil{® RO gr (X /k)

2We note that the Breuil-Kisin twists can be canonically trivialized for the prism (W (k), (p))
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we get commutative diagram of exact triangles in D(Z)):

Filld 'R erys (Y/W (k) —— FiliRTerys (V/W (k) 22208 BilONRT g (Y /)

| ! !

Filll  RT pys (X/W () —— FilkRTarys (X/W (k) 22200 RIS RT g (X /).

Denote by C, C’, and C” cones of the left, middle, and right vertical maps respectively. Lemma 2.1.3
gives that C” € DZ%(k) and the induction hypothesis gives that ¢’ € DZ4(W(k)) with H(C")
torsion-free. This formally implies that C € DZ4(W (k)) and that H%(C) is torsion-free. O

Now we are ready to prove Theorem 2.2.1.

Proof of Theorem 2.2.1. Firstly, we note that [BL22, Theorem 5.6.2, Variant 7.4.12], and the con-
siderations as in the proof of Lemma 2.2.3 imply that we have the following commutative diagram
of exact triangles:

Rl (Y, Zp(1)) —— FiliRTrys (Y/W (k) 25 Rl erys(Y/W (K))

! ! !

Rl (X, Zp(i)) —— FiliRTerys (X/W (k) 2% Rl erys(X/W (K)).

Now, as in the proof of Lemma 2.2.3, we see that it suffices to prove the claim for RT ¢pys(—/W (k))

and FilyRTcrys(—/W (k)) separately. The first case is done in Lemma 2.1.3 and the second one in
Lemma 2.2.3. I

2.3. g coefficients. In this section, we give a proof of the Lefschetz hyperplane theorem for p-
coefficients in the generality we will need later. The proof is probably well-known to the experts,
but it seems hard to extract from the literature. The main difficulty is that we do not require the
ambient space Y to be smooth, but only syntomic.

For the rest of the section, we fix a separably closed field &k (possibly of characteristic 0) and a
prime number ¢ not equal to the characteristic of k.

We recall that there is a well-behaved theory of perverse Fy-sheaves on finite type k-schemes;
see [BBDS2, Intro to Ch. 4] or [BH21, §4]* for a more detailed discussion. We only mention two
main results that we will need in this section.

Lemma 2.3.1. Let X a finite type k-scheme of pure dimension d. Then
(1) the sheaf uy[d] is a perverse sheaf on X if X is k-syntomic;
(2) for a perverse Fy-sheaf £, the complex RI'.(Xg, £) lies in D=0(F) if X is affine.

Proof. The first claim is [I1103, Corollaire 1.4]. The second statement is [I1103, Théoréme 2.4] or
[BBDS2, Théoreme 4.1.1]. O

Theorem 2.3.2. Let Y be a syntomic projective k-scheme of pure dimension d+ 1, and let X C Y
be an ample Cartier divisor. Then the cone

cone (Rl (Y, 1) — R6t (X, pe))
lies in DZ4(Fy).

3This is written for rigid-analytic spaces, but similar (and, in fact, easier) proofs work in the algebraic situation.
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Proof. Denote the complement of X in Y by U. Then we have an exact triangle
R (Uss, pe) = RTee(Y, pe) = RT (X, o).

By Lemma 2.3.1, uy[d + 1] is a perverse sheaf on U. Therefore the same lemma implies that
RT.(Us, p1e) € DZ41(F,) finishing the proof. O

2.4. Finite flat commutative group scheme coefficients. In this section, we prove the general
version of the Lefschetz hyperplane theorem. The strategy is to reduce the general case to the cases
of finite flat group schemes G = py, pp, o, and Z/p, and deal with each case separately.

Lemma 2.4.1. Let k be a perfect field of characteristic p > 0, X — Y a Hodge d-equivalence of
syntomic k-schemes, and G a commutative finite flat k-group scheme with a finite filtration Fil*G
such that all gr'G are isomorphic to pp, o, or Z/p. Then

C = cone (Rl gypt (Y, G) = Rgppt (X, G)) € D=4Z).
Proof of Lemma 2./.1. One easily reduces to the case G = p,, G = o, or G = Z/p. The first case
is just Theorem 2.2.1. In the second case, one uses the short exact sequence

0—>ap—>GaM>Ga—>0

to reduce the claim to Theorem 2.1.4. In the last case, one uses the sequence

O—>Z/p—>Gaw>Ga—>O

to reduce to Theorem 2.1.4 again. O

Corollary 2.4.2. Let k be a perfect field of characteristic p > 0, f: X — Y be a morphism of
quasi-compact, quasi-separated k-schemes, and G a commutative finite flat k-group scheme such
that

(1) Y =lim; Y] is a cofiltered limit of syntomic quasi-compact quasi-separated k-schemes with
affine transition maps Y; — Y; for i > j;
2) there is ig € I, a syntomic quasi-compact quasi-separated k-scheme X;,, and a morphism
0
fio: Xiy — Y, such that fiy xy, Y: X, Xy, ¥ — Y is isomorphic to f: X — Y (in
particular, X;, xy, , Y ~ X);
3) for each i > ig, the fiber product f;: f;, Xy, Yi: X;, Xy, Y; = Y; is a Hodge d-equivalence
0 10 0 2,0
of syntomic k-schemes;
4) there is a finite filtration Fil®*G such that all gr’G are isomorphic to i, o, or Z/p.
Hp, Op
Then
C = cone (Rl gpt (Y, G) — Rlgpt (X, G)) € DZYZ).

Proof. For brevity, we denote the fiber product X;, xy; Y; by X;. Then X = lim X;, so a standard
approximation result (similar to [Full, Proposition 5.9.2])) implies that the natural morphism

hOCOlimiZiO RFfppf(Xi, G) — RFfppf (X, G)

is an equivalence (and the same for Y; and Y'). Since D(Z) is closed under (homotopy) colimits, it
suffices to show that

RFfppf(Yi, G) — RFfppf(Xi, G)

has cone in DZ%(Z). This follows from Lemma 2.4.1. 0
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Corollary 2.4.3. Let k be any field of characteristic p > 0, X — Y a Hodge d-equivalence of
syntomic k-schemes, and G a commutative finite flat k-group scheme of order p™ for some m.
Then
C = cone (Rl gypt (Y, G) = Rgppt (X, G)) € DZ4Z).
Proof of Corollary 2.4.3. Theorem 2.1.10 guarantees that all morphisms
X’I’L = XE®kn —> YTL = YE®kn
fit into the assumption of Corollary 2.4.2. Therefore, we see that we have a commutative diagram

erppf(Y, G) E— RlimneA (erppf(yn, G))

| |

R,Ffppf(X, G) —— R hmneA (erppf (Xn, G))

whose horizontal arrows are isomorphisms by Lemma B.1.

Note that Gy has a filtration with associated graded pieces being equal to j,, ay, or Z/p, by
the classification of commutative finite group schemes of p-power order over an algebraically closed
field. Therefore, we conclude that each map

Rl ¢ppt (Y, G) = R gppe (X, G)
has cone C,, € DZ%(Z) by Corollary 2.4.2. Therefore, the cone of the map
RIgppt (Y, G) = RIgppe (X, G)
is equal to Rlim,ea(Cy) € D24YZ). O

Corollary 2.4.4. Let k be a field of characteristic p > 0, Y a k-syntomic scheme of dimension
d+ 1, X C Y be a sufficiently ample Cartier divisor, and G a commutative finite flat k-group
scheme of order p™ for some m. Then

C = cone (Rl (Ys, @) — RTgpe (X5, G)) € D74(2)
for any syntomic k-scheme S.

Proof. The closed embedding X — Y is a Hodge d-equivalence by definition. Then Xg — Yg is
a Hodge d-equivalence by Theorem 2.1.10. Moreover, both Xg and Yg are syntomic over k be-
cause syntomic morphisms are closed under pullbacks and compositions. Therefore, Corollary 2.4.3
implies the claim. O

Theorem 2.4.5. Let k be a field, Y a projective syntomic k-scheme, X C Y a closed subscheme
of dimension d, and G a finite flat commutative k-group scheme. Then the cone

cone (Rl ppr (Y, G) = RIgppe (X, G))
lies in D24(Z) if
(1) Y 2 P¥ for some N and X is a global complete intersection, or
(2) X CY is a sufficiently ample Cartier divisor.
Proof. Suppose that k is a field of characteristic p > 0 and consider the short exact sequence
0— Gp>] = G — G/G[p>™] — 0.

The group G’ := G/G[p™] is a p-torsion-free finite étale commutative k-group scheme. Therefore,

it suffices to prove the claim separately for a p-power torsion G[p*>°] and for a p-torsion-free étale
G'.
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In the case of a p-torsion-free étale group scheme, the claim follows from Theorem 2.3.2. Firstly,
we reduce to the case of a separably closed field k by writing

1%Ffppf (75 G/) ~ Rl (*a G/) = RFcont(Gkv RFét((*)kSEPa G/))

In this case, we can find a filtration of G’ by finite étale group subschemes with associated graded
pieces equal to py. Therefore, it suffices to prove the claim for G = G’ = py and k a separably closed
field. Now if X C Y is a sufficiently ample Cartier divisor, the claim follows from Theorem 2.3.2. If
XCY= P,JCV is a global complete intersection, then write X — Y as a composition of immersions
of ample Cartier divisors and apply Theorem 2.3.2 to each of those immersions.

Now we assume that G = G[p™] is a p-power torsion flat commutative k-group scheme, and we
may assume p > 0. Then X — Y is a Hodge d-equivalence if it is a sufficiently ample Cartier
divisor (by definition), and it is a Hodge d-equivalence in case of a global complete intersection due
to Theorem 2.1.4. Therefore, the claim follows from Corollary 2.4.3. g

Example 2.4.6. ([BHO7, §2], [Lanll, Ex. 10.1]) Let k£ be a perfect field of characteristic p > 0,
and X C Y an ample Cartier divisor such that

(1) X and Y are smooth and connected;
(2) Y is of pure dimension d > 2;
(3) HY(Y,Oy(—X)) # 0. (For examples of such pairs with d = 2, see [[ZkeS8, Proposition

2.14]1)
Then Hflppf(Y7 ap) — H%ppf(X , @) is not injective. In particular,

cone(RIgppe (Y, ap) = RIgppe (Y, ap))
does not lie in DZ4(Z).

Proof. Our assumptions on X and Y imply that
HO(X,0x) ~ H(Y,Oy) ~ k.
Therefore, the map HY (Y, Oy (= X)) — HY(Y, Oy) is injective. So any non-trivial class in H} (Y, Oy (= X))
defines a non-trivial class * € HY(Y,Oy) such that z|x = 0 € HY(X,0x). We claim that
(F3)*(z) = 0 for some n > 0. Indeed, by functoriality, (Fy*)*(z) lies in
HY(Y, Oy (=((F)"X))) = H'(Y, Oy (-p"X)) = 0
for large n > 0.

We replace z with (Fyr ')*(z) to assume that Fy:(x) = 0. Since Fy: and F% are bijective on
HY(Y, Oy ) and H(X, Ox) respectively, we may use the short exact sequence

O—>ozp—>GaE—>Ga—>0,
to conclude that
Hi o (Y, ap) ~ ker(Fy-: HY(Y, 0y) — H'(Y, Oy))
and the same for X. In particular, H} (Y, a,) — H!(Y,Ox) is injective (and the same for X).

fppf
Therefore,  (uniquely) defines a non-trivial class in H (Y, ;) that lies in the kernel of the

fppf
restriction map
1 1
prpf (Y7 ap) — prpf(Xa Oép> .

In particular, cone(Rlgppe(Y, ap) — Rl gppe(Y, @) does not lie in DZ4(Z). O

“We do not know if there are such examples of higher dimension.
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Recall that if G is a locally constant constructible sheaf of Fy-modules on Y with ¢ # chark,
then the Lefschetz hyperplane theorem holds for G if Y is smooth. One may wonder if there is
an analogous result for flat coefficients. We do not know whether there is any result like this,
and in general we do not know the correct coefficient theory for flat cohomology. In any event,
Theorem 2.4.5 is false if one does not assume that G comes from a base field, as the following
example shows.

Example 2.4.7. Let k£ be any field of characteristic p > 0. Then, for any N > 1, there is a
commutative finite flat rank p group scheme G on PkN such that

(1) Zariski-locally on P, G is defined over F,
(2) for any hyperplane H C Pfgv , the cone
cone (RTgppt (P, G) — Rlgopt (H, G))
does not lie in DZN=1(Z).
Proof. Let G4(n) be the PV -group scheme associated with the line bundle O(n). Then we define

G = ker(Fr: G4(1) = Gg(p)). It is clear that, Zariski locally on P, G is isomorphic to a,. In
particular, it is defined over the ground field k.

)

Now using that prpf(PéV ,Gq(n)) = H{(PY,0(n)), Serre’s calculation of cohomology groups of
O(n), and the short exact sequence
0= G — Gu(1) = Gu(p) — 0,
we conclude that

N
dimy H ¢ (PY, G) = ( ]Jv“p> ~N-1

N -1

(H,G) can not be injective by dimension reasons.

. - Nip—1
dimy, Hy, o (H, G) = HL_:(PN-1, @) = ( p ) _N.

In particular, the map H%ppf(Pfcv ,G) — Hflppf

Therefore, the cone C cannot lie in DZN=1 for any N > 1. O

Question 2.4.8. Let X C Pfgv be a complete intersection of dimension at least 2, and G a finite
(not necessarily commutative) k-group scheme. Is the natural morphism Hl(PkN ,G) — HY(X,G) a
bijection? The same question may be asked for X C Y a sufficiently ample Cartier divisor (possibly
with a different definition of “sufficiently ample”).

Remark 2.4.9. If both X, Y are smooth and the ground field k is algebraically closed, Ques-
tion 2.4.8 has a positive answer. This follows from the Lefschetz type result for Nori’s fundamental
group (see [BHO7, Theorem 1.1])

2.5. The torsion part of the Picard scheme. In this section, we use the results of Section 2.2
and Section 2.3 to get a Lefschetz hyperplane theorem for the torsion part of Picard group. We
show that, for a complete intersection X C Pfcv scheme of dimension at least 2, the torsion part of
the Picard group Pic(X )iors and the torsion component Pic’ /k vanish. We also give a version of
this result for a general sufficiently ample divisor.

If X is of dimension at least 3, Grothendieck proved the stronger result that Pic(X) ~ Z in [SGA?2,
Exp. XII, Corollaire 3.2] which can be also used to deduce that Picxx ~ Z as k-group schemes.
These results are sharp in the sense that the whole Picard group Pic(X) may not be isomorphic to
Z if dim X = 2. For instance, the Segre embedding realizes P}C X P,lC as a hypersurface in Pz, but
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Pic(P} x Pi) ~ Z & Z. However, it turns out that one can still control the torsion part of Picard
group in dimension 2. If X is a smooth surface and k is algebraically closed, then these results
were established in [SGAT;, Exp. XI, Th. 1.8]. The general case was proven in [C521, Corollary
7.2.3] by different methods.

For the rest of the section, we fix a field k of arbitrary characteristic.

Theorem 2.5.1. Let X C P,ICV be a complete intersection of dimension at least 2. Then
(1) Pic(X)tors = 05
(2) the group scheme Pic’ . is trivial;
(3) the class of Ox (1) = i*Opn(1) is a non-divisible element of Pic(X).
Proof. For the first point, it suffices to show that Pic(X)[p] = 0 for all prime numbers p. Using the
Kummer exact sequence (in the fppf topology)
0= pp — Gp — Gy — 0,

we see that it suffices to show that Hflppf(X ,tp) = 0. If p is equal to the characteristic of k, the
claim follows from Corollary 2.4.3 and Theorem 2.1.4. If p is different from the characteristic of k,
it follows from Theorem 2.3.2.

Now we show the second point. Recall that the Picard functor Picy/y is (representable by) a
locally finite type k-group scheme by [SGAG, Exp. XII, 1.5] and the functorial criterion for local
finite presentation. By [SGAG, Exp. XIII, 4.7], PicTX/k is an open subfunctor of Picx , so we have
an isomorphism of tangent spaces

T.(Pick ;) = Te(Picx/y) ~ H' (X, Ox).

Since X is a complete intersection in P{CV of dimension > 2, we have H!(X,0x) = 0 by Theo-
rem 2.1.4, and hence Pic, is etale. Thus we need only show that Pic /k(E) =0.

Since the Picard functor commutes with base change, we can assume that k is algebraically
closed. In particular, X has a rational point. Therefore, Picx/(k) = Pic(X) is the group of
isomorphism classes of line bundles on X. Thus in fact we need to show that Pic(X )iors = 0, which
was already shown above.

Now we show that [Ox(1)] € Pic(X) is non-divisible. It suffices to show that this class has
non-zero image in Pic(X)/p. Consider the first Chern class
c{( : PlC(X)/p — H?ppf (Xv Mp)
which comes from the Kummer exact sequence
00— pp — Gp — Gy — 0.

By definition, i is injective, so it is enough to show that ¢ ([Ox(1)]) # 0 in HZ (X, u,). The

fppf
commutative square
N

P
PIC(P]k:V)/p — H%ppf(P;va NP)

JrresPic iresfppf

Pic(X) /p s 1, (X, ).
shows that we have
A ([0x(D)]) = ¢ (res™*([0pn (1)])) = res®? (" ([0pn (1)])). (2.1)
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We know that c{)N([OPN(l)}) is non-zero because Opn (1) is a generator of Pic(PY) ~ Z, and
restPPf is injective by Corollary 2.2.2 or Theorem 2.3.2 depending on whether p is equal to the
characteristic of k. O

Our next aim is to prove an analogue of Theorem 2.5.1 for sufficiently ample divisors. Specifically,
we have the following statement.

Theorem 2.5.2. Let Y be a projective syntomic k-scheme of dimension d > 3, and let X C Y be
a sufficiently ample Cartier divisor. The natural map Pic;/k — Pick /i 1s an isomorphism.

The derivation of this is slightly more involved than in the previous case, and we must begin with
a series of general results about algebraic groups. We begin with the following folkloric lemma,
which is implicit in some of the arguments of this section.

Lemma 2.5.3. Let S be a scheme, and let f : G — H be a homomorphism of finitely presented
S-group schemes. The following are equivalent.

(1) f is faithfully flat,
(2) f is an epimorphism of fppf sheaves and ker f is flat.

Proof. Note that in any case we have G xg G = G xg ker f as G-schemes via the map (g,¢') —
(9,97 'g"), which has inverse (g, k) — (g,gk). In particular, f becomes a trivial ker f-torsor after
base change along f. Now if f is fppf, we see that it admits a section fppf-locally. To check that f
is an epimorphism of fppf sheaves, it is enough to check after fppf base change, and this property
is clear when f admits a section. Moreover, ker f is clearly flat by base change.

Conversely, suppose that f is an epimorphism of fppf sheaves and ker f is flat. The epimorphism
property implies that there is some fppf cover X — H such that G xg X — X admits a section.
Since f becomes a trivial ker f-torsor after base change along f, it is also a trivial torsor after base
change along G xy X — H, and hence also along X — H. Thus f is an fppf ker f-torsor, and
since ker f is flat it follows that f is faithfully flat. O

Lemma 2.5.4. Let G be a commutative group scheme locally of finite type over a field k, and let
H be a finite type closed k-subgroup scheme of G. Let n be a positive integer. For each M > 1,
there exists a closed subgroup scheme Gj; of G killed by some power of n such that the natural
map

Gy — G/H

factors through (G/H)[n™] and such that the factored map is faithfully flat. (Note that G/H
exists as a group scheme by [SGA3, VI, 3.2].)

Proof. Fixing the positive integer M, we may replace G by the schematic preimage of (G/H)[n™] in
G to assume that G/ H is n™-torsion. Consider for any N the commutative diagram of commutative
locally finite type k-group schemes

0 » H y G » G/H —— 0
0 s H s G »G/H —— 0

with exact rows. By the snake lemma, this gives an exact sequence of group schemes

GnN] = (G/H)[n"] = H/nNH - G/n"G.
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So it suffices to show that there is some N > M such that H/n¥ H — G/n™¥ G is a monomorphism.
Equivalently, one must show that there is some N > M such that

HnnVG =nVH.

To prove the existence of some such N, note that the sequence {nN H} of closed k-subgroup
schemes of H is decreasing, so the fact that H is noetherian (being finite type over k) implies that
there exists some Ny such that n™Vo H = nNo+1H . Since G/H is n™-torsion, we have

HnpMtMG c pNog = pNotM g
by choice of Ny. Thus taking N = Ny + M completes the proof. O

Lemma 2.5.5. Let G be a commutative group scheme locally of finite type over an algebraically
closed field k of characteristic p > 0.

(1) The natural map G(k)ors — (G(k)/G(k))tors is surjective.

(2) There exists some integer N > 1 such that the natural map G[p"] — G/G\eq is faithfully
flat.

(3) If G is smooth, p > 0, and G/GP is torsion (e.g., G is of finite type over k), then the set
G(k)tors 1s schematically dense in G.

Proof. For the first point, we may evidently replace G by the preimage of (G/G?)tors in G to assume
that G/GY is torsion. Note that it suffices to show that for every integer n > 1, the natural map
G(k)[n*°] = (G(k)/G°(k))[n*>] is surjective, and this follows from Lemma 2.5.4. (Recall that G°
is of finite type over k since it is a connected group scheme locally of finite type.)

For the second point, there is nothing to prove if p = 0. If instead p > 0, then G/G\cq is a finite
k-group scheme whose order is a power of p. By a theorem of Deligne [TO70, Sec. 1], G/Gyeq is
killed by its order, so the result follows again from Lemma 2.5.4.

Finally we consider the third point. By the first point of this lemma, we may and do reduce to
the case that G is connected, in which case we will show that if £ # p is any prime number then
G(k)[(¢p)>°] is schematically dense in G. By a theorem of Chevalley [Con02], since k is perfect
there is a short exact sequence

0—-H—-G—A—0,

where H is a linear algebraic group over k and A is an abelian variety over k. Moreover, since H is a
commutative linear algebraic group over a perfect field, we have H = T x U for some k-torus 17" and
a smooth commutative unipotent k-group scheme U. It is standard that T'(k)[¢*°] and A(k)[¢>]
are schematically dense in T and A, respectively, and U = U[pM] for some M > 1. (This is where
we use that p > 0; in characteristic 0, G, has no torsion.)

Let Gy denote the schematic closure of G(k)[(¢p)*°] in G, so that Gy is a smooth closed k-
subgroup scheme of G. We aim to show that Gy = G. Every connected commutative finite type
k-group scheme is ¢-divisible, so by Lemma 2.5.4 we see that the natural map G(k)[(>°] — A(k)[(*°]
is surjective. By schematic density of A(k)[¢*°] in A, it follows that the induced map Gy — A is
dominant, hence surjective by [SGA3, VIg, 1.2]. It suffices therefore to show that H is contained in
Go. But H(k)[(¢p)>°] is schematically dense in H, so indeed H C G and so Gy = G, establishing
the result. O

Lemma 2.5.6. Let f : G — H be a homomorphism of commutative group schemes locally of finite
type over an algebraically closed field k of characteristic p > 0. Suppose that G/G° and H/H? are
torsion, and suppose
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o fl"(k) : G["](k) — H[¢"](k) is an isomorphism of groups for every prime number ¢ and
every positive integer n,

e Lie f : LieG — Lie H is an isomorphism,

e if p> 0, then f[p"]: G[p"| — HI[p"] is faithfully flat for every positive integer n.

Then f is an isomorphism.

Proof. The second bullet shows that ker f is finite etale, and so the first point implies that ker f = 0.
Thus f is a closed embedding by [SGA3, VIg, 1.4.2]. Moreover, the first point of Lemma 2.5.5
shows that the image of f intersects each connected component of H nontrivially. If p = 0 then G
and H are smooth, so f is an isomorphism. Thus we may and do assume from now on that p > 0.

Let G = G/Gheq (which exists as a scheme by [SGA3, VIa, 3.2]) and consider the commutative
diagram

0 —— Gred y G G 0
lfred J‘f i?
0 —— H.q y H H 0

with exact rows. Since p > 0 and f is surjective on torsion, the third point of Lemma 2.5.5 shows
that f is dominant, and thus it is surjective by [SGA3, VIg, 1.2]. Now Gieq and Hyeq are both
smooth over k, so because f is a surjective closed embedding it follows that fieq is an isomorphism.
Thus to show that f is an isomorphism, it suffices to show that f is an isomorphism.

Now by the second point of Lemma 2.5.5, there is some integer N > 1 such that the natural
maps G[p"] — G and H[p"] — H are faithfully flat. Thus we find a commutative diagram

» 0

0 —— Gred[pN] — G[pN]

y G
|freal | F

0 — Hyq[p"] — HpY] — H — 0

with exact rows. By assumption, f [pN ] is faithfully flat, so it is an isomorphism since ker f = 0.
The previous paragraph shows that fred [p™V] is an isomorphism, so also f is an isomorphism. Since
both fieq and f are isomorphisms, we see that f is an isomorphism, as desired. O

Proof of Theorem 2.5.2. We may and do assume that k is algebraically closed of characteristic p >
0. We need only verify the hypotheses of Lemma 2.5.6 applied to G = Picy, Ik and H = Pic’y Tk The
second bullet follows from the fact that the natural map H!(Y,©) — H'(X,0) is an isomorphism
by definition of sufficient ampleness. For the first bullet, we note that if ¢ is a prime number then
Picy,,[("](k) — Pick,[€"](k) is an isomorphism. Indeed, the map

HY(Y, pagn) — HY(X, pupn)

is an isomorphism by Theorem 2.3.2. Moreover, the ¢"-power map H°(Y,G,,) — H(Y,G,,) is
surjective because £ is invertible in the algebraically closed field k and H°(Y, G,,) is the group of
units in the finite k-algebra H(Y, ©). Thus from the exact sequence

H(Y,G,,) = H (Y, G,,) — HYY, jtyn) — Pic(Y)[("] = 0

we see that H!(Y, jugn) = Pic(Y)[¢"]. The same reasoning applies to X in place of Y, so we see that
the map Pic(Y)[¢""] — Pic(X)[¢"] is an isomorphism.
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Finally, we must check that if p > 0 then f : Py, = Picy,[p"] = Pxn = Pick,[p"] is
faithfully flat for all n. For any syntomic k-scheme S, consider the commutative diagram

H(Ys, Gy,) — HY (Y, pypn) — Pic(Ys)[p"] —— 0

J | J

H(Xs, Gp) —— HY(Xg, pipn) — Pic(Xg)[p"] —— 0

with exact rows. The leftmost vertical arrow is an isomorphism by definition of sufficient ampleness
and the fact that H°(Yy, G,,) = H(Ys, 0)* (and similarly for Xg). The second vertical arrow is
an isomorphism by Corollary 2.4.4, so the map Pic(Ys)[p"] — Pic(Xg)[p"] is an isomorphism.

Now set S = Px,, so that S is a syntomic k-scheme by Lemma A.2. Since X has a rational
point (k being algebraically closed) and Pic(Px,) = 0 (Px,, being an extension of a finite k-
group scheme by a unipotent group scheme), we have Picx/,(Pxn) = Pic(Xpy,). Thus also
Px »(Pxn) = Picg(/k[p”](PXm). Completely similar reasoning applies to Py, (Px ).

By the above, the natural map Pic(Yp, ,)[p"] — Pic(Xpy ,)[p"] is an isomorphism. Thus by the
previous paragraph, Py, (Pxn) — Pxn(Px5) is an isomorphism, and thus there is a morphism
g : Pxn — Pyy such that fog = idp, . Therefore f is an epimorphism of fppf sheaves. The
hypotheses of Lemma 2.5.6 are now seen to hold, so Pic{,/k — Pic’, /k is an isomorphism. g

Corollary 2.5.7. Let Y be a projective syntomic k-scheme of dimension d > 4, and let X C Y be
a sufficiently ample Cartier divisor. The natural map Picy/, — Picy;, is an isomorphism.

Proof. In view of Theorem 2.5.2, we see that Pic‘{,/k — Pick Ik is an isomorphism. Considering
the commutative diagram

0 —— Picj,,, — Picyy —— NS(Y) —— 0

! l |

0 — Pick ), — Picx), — NS(X) —— 0

we see that it suffices to show that the natural map NS(Y) — NS(X) is an isomorphism, and for
this it suffices to show that Pic(Y') — Pic(X) is an isomorphism, a consequence of [SGA2, Exp. XII,
3.6] (whose hypotheses are satisfied because Y is syntomic and X is sufficently ample in Y). O

Remark 2.5.8. It is not difficult to see that an example of a pair X C Y as in Example 2.4.6 with
d > 3 (resp. d > 4) would give an example of an ample divisor such that the map Picj, e Pic’ Ik
(resp. Picy, — Picy/y) is not an isomorphism. If one additionally assumes that the natural map
HY(Y, Q) — HY(X,Q%) is an isomorphism, then Pic(Y)[p] — Pic(X)[p] is not an isomorphism.
However, we are not aware of any such examples in the literature.

3. EXAMPLES

3.1. Weird deformations of commutative group schemes. The main goal of this section is
to construct an example of a finite flat commutative group scheme G over any discrete valuation
ring of equicharacteristic p > 0 with connected p-torsion special fiber G5 and etale non-p-torsion
generic fiber G;. We will use such G to construct interesting smooth projective varieties X as in
the following theorem, usually called Godeaux-Serre varieties.
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Theorem 3.1.1. ([Ray79, Theorem 4.2.3] or [CZ] for a detailed exposition) Let S be a local scheme
and let G be a finite locally free S-group scheme. For any d > 1, there is an S-flat relative complete
intersection Y of dimension d (inside of some relative projective space Pg ) with a free S-action of
G such that the quotient X = Y/G is smooth and projective over S with geometrically connected
fibers. If d > 2 then for such X we have Pic’y /g = GV, where GV is the Cartier dual of G.

Proof. We only give some remarks on the hypotheses. In [C7] it is assumed that G is commutative,
but this does not play a role in the proof of the above theorem. Regarding the final point, in
[CZ] it is shown that if 7 : ¥ — X is a G-torsor over S, then the kernel of the pullback map
7" : Picx/g — Picyyg is GY. If Y is a complete intersection of dimension d > 2, then Pic{,/s =0:
it suffices to check that the identity section e : S — Pic{,/ g is an isomorphism, and this may be
checked on fibers by the fibral isomorphism criterion. Thus this claim follows from Theorem 2.5.1,
and we see that Pic’ /s = GV, as desired. O

For the rest of the section, we fix a discrete valuation ring R characteristic p > 0. In what
follows, we denote Spec R by S.

Before we start the construction of the desired group scheme GG, we need to recall some basic
facts about supersingular elliptic curves.

Lemma 3.1.2. There is always a smooth family of elliptic curves f: &€ — S with supersingular
special fiber and ordinary generic fiber.

Proof. We note that there is always a supersingular elliptic curve Ej over the residue field k(s).
If k(s) contains F,2, this is clear as any supersingular curve over k(s) is defined over Fp. In
general, this follows from [Bro09, Theorem 1.1] or [Wat69, Theorem 4.1]. We will show that this
always admits an ordinary deformation. At this point it is not difficult to conclude by considering

Weierstrass equations, but we offer the following different proof.

Now fix a supersingular elliptic curve Es and an integer N > 3 not divisible by p, and let
I' = E[N] denote the N-torsion subgroup of Es. We consider the moduli stack Y(I') whose fiber
over a k(s)-scheme T consists of those pairs (€, ) with € an elliptic curve over S and 7y : I'r — E[N]
an isomorphism of T-group schemes. If k'/k(s) is a finite separable extension splitting I, then we
note that Y(I') ®y5) k' = Y(N) is a smooth affine k’-scheme of dimension 1 with smooth regular
compactification X (IN) [DR73, IV, Corollaire 2.9, Théoreme 3.4]. In particular, Galois descent
shows that Y(I') is representable by a smooth affine k(s)-scheme Y (I'). We recall that there are
well-known formulas for the genus of X (V) [DR73, VI, Section 4.2], and in particular X (N) is of
genus 0 if N € {3,4}.

Let X(I') be the regular compactification of Y'(I'), so that X (T') @) &' = X (N). Tt is clear that
X (T") is a smooth projective curve over k(s), and it has genus 0 if N € {3,4}. It follows that in
fact the k(s)-point corresponding to Ej lies in a connected component of X (I') isomorphic to P!.
Thus Ej lies in a connected component Y (T')? of Y(I') which is an open subscheme of A', and it
follows immediately that there is an R-point of ¥ (I')? mapping the special point of R to Es and
mapping the generic point of R to the generic point of Y/(I')°. Since there are only finitely many
isomorphism classes of supersingular elliptic curves over k(s), the generic point of Y(I') corresponds
to an ordinary elliptic curve. O

Lemma 3.1.3. Let E be a supersingular elliptic curve over a field k, and let H C FE be a finite
subgroup scheme of order p?. Then H = E[p).

Proof. It suffices to check equality after base change to the algebraic closure of k, so we may and
do assume that k is algebraically closed.
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Since H is a commutative group scheme of order p?, we conclude that H = H([p?] C E[p?] is
connected. Therefore, the relative Frobenius morphism F: H — H®) is nilpotent. We use that H
is of order p? again to conclude that F? = 0. Therefore,

H C E[F? = ker(F?: E — E?)).

Both H and E[F?] are finite group schemes of order p?. Therefore, the inclusion H C E[F?] must
be an isomorphism. It is a classical result that E[F?] = E[p] for any supersingular E. O

Now let f: &€ — S be a family of elliptic curves provided by Lemma 3.1.2. In particular, its
special fiber is supersingular, and its generic fiber is ordinary. We consider the subgroup

. 2110
H, = (&[p7]) C Ey.
Since &, is ordinary, we conclude that Hg ~ p,2. In particular, H, is a commutative group scheme

of order p? such that H, # G,[p).

We define H to be the schematic closure of H, inside €, which is clearly a finite flat commutative
group scheme over S. We define G to be the Cartier dual of H.

Lemma 3.1.4. Let G be the S-group scheme defined above. Then G is a finite flat commutative
S-group scheme of order p? with connected p-torsion special fiber Gy and etale non-p-torsion generic
fiber G,.

Proof. With notation as above, H, is a finite group scheme of order p? inside the supersingular
elliptic curve Eg. Therefore Lemma 3.1.3 guarantees that Hy = F[p|. Since Ey[p] is self-dual, we
see that G, = E[p| as well, so in particular G is connected and p-torsion. Moreover, since Hy = P2
we see that Gy = Z/ p?Z, so G, is etale and not p-torsion. O

3.2. First example. Jump of de Rham numbers. In this section we aim to give a relatively
elementary (if somewhat ad hoc) example of de Rham cohomology jumping, inspired by [Ray79,
Section 4.2].

For the rest of the section, we fix an R-group scheme G from Lemma 3.1.4. By construction
Gr~17Z/ p?Z, so there is a generically finite extension of discrete valuation rings R C R’ such that
GFrac(R) = Z/p*Z. For the rest of the section, we replace R with R’ and assume that G, ~ Z/p*Z.

Let U be the subgroup of SL3(Z/p*Z) consisting of strictly upper-triangular matrices, so that U
is a non-split extension of Z/p*Z by (Z/p*Z)?. A section of G(R) = G, (k(n)) of order p* defines
a morphism Z/p*Z — G which is an isomorphism on the generic fiber and the zero map on the
special fiber. Form the pushout H of the diagram

0 —— Z/p*’Z —— U —— (Z/p*Z)? —— 0

| !

0 G H (Z/p*Z)? —— 0

where the rightmost vertical map is the identity. The generic fiber of H satisfies H,, = U,,, whereas
the special fiber satisfies Hy = G x (Z/p*Z)>.

By Theorem 3.1.1, there exists a smooth projective R-scheme X with fibers of pure dimension 2
such that Pic’ /i 18 isomorphic to the Cartier dual HY. In fact, we may find X as the quotient of a
complete intersection Y by a free action of H. Beware that in the non-commutative case (as above),
HY is not generally flat over R. In fact, in our setting we note that (H")s; = (Hs)" = Gs X ,uzg

(since G is self-dual), whereas (H"), = ,u?ﬂ, so indeed H"Y is not flat. We have the following result.
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Theorem 3.2.1. Let k£ be a field of characteristic p > 0, and let X — S be as above. We have
dimny (o) Hig (X,/k(5)) > dimygy) Hlp (X /k(n)).

Proof. First, we note that both geometric fibers of H lift to the length-2 Witt vectors. Indeed,
the special fiber of H is Es[p] x (Z/p?Z)? (which lifts since elliptic curves have no obstructions to
lifting), and the generic fiber of H is equal to U, a finite constant group scheme. Consequently
both geometric fibers of X lift to the length-2 Witt vectors: see the construction in [CZ, Section
3]. By [DI87, Corollaire 2.5], the Hodge-de Rham spectral sequences degenerate on both fibers in
degree 1, so that
Hig (Xi/k(t) = €D HY (X6, %, 1)
itj=1
where t € {s,n} and k(t) is the residue field of ¢.
We now compute

H'(Xy, 0x,) = TePicx, /i),
so that A% (X;) = 3 and A% (X)) = 2 via the above description of Pic’, ;- Moreover, since
H, is etale, we see from the smoothness of X that Y;, is also smooth. This shows that the map
HO(XH,QX"/k(n)) — HO(YW,QY,]/k(n)) is injective, and the latter is 0 because Y; is a complete
intersection. Thus we find

dimy() Hig (X /k(n)) = 2,
whereas Hl (X, /k(s)) contains H! (X, Ox, ), which is 3-dimensional over k(s). Thus the dimension
of H(l1R jumps from the generic fiber to the special fiber. O

3.3. Second example I. Jump of de Rham numbers. Stacks. The main goal of this section
is to construct a smooth and proper morphism f: X — S of algebraic stacks such that the rank of
the first de Rham cohomology group of the fiber is not (locally) constant on the base.

The construction is quite easy. We take the base to be S = Spec R for some discrete valuation
ring R of equicharacteristic p > 0, and define our family to be f: BG — S for G as in Lemma 3.1.4.

Our main tool to get control over Hl (BGy/k(t)) for t € {n, s} is [Mon21, Theorem 1.2, Propo-
sition 3.14] that say that H.. (BG/W (k)) = 0 and H2_ (BG/W (k)) ~ M(G) where M(G) is the

crys crys
Dieudonné module of G. Together with an isomorphism (see Section 1.2)

Rl erys(BG/W (K)) @y, xy k ~ RTar(BG/k),

we get that Hlz (BG/k) ~ M(G)[p], so the question boils down to computing Dieudonné modules
of geometric fibers.

Theorem 3.3.1. Let f: BG — S be classifying stack over S = Spec R for G coming from
Lemma 3.1.4. Then dimys) Hig (BGs/k(s)) = 2 and dimy,) Hig (BG,/k(n)) = 1. In particu-
lar H); is not (locally) constant on S.
Proof. Flat base change guarantees that
dimy (o) Hig (BGs/k(s)) = dimys) Hig (BG5/k(3)) and
dimy () Hig (BGy/k(n)) = dimy ) Hyg (BGy/k(™M)),

where 5 and 77 are geometric points over s and 7, respectively. Therefore, the discussion before the
theorem ensures that it suffices to show that dimy,,) M (G7)[p] > dimy,) M (Gs)[p).
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Now recall that G is of order p? for t € {n, s}. Therefore, both M(G;) are W (k(f))-modules of
length 2. We want to compute these Dieudonne modules as W (k)-modules.

Now observe that M (Gs) must be p-torsion since Gz is so. The only p-torsion W (k(s))-module
is k(5) @ k(S). Therefore, M (G5) = k(5) @ k(5). In particular,
dimy () Hig (BGs/k(s)) = dimys) M (Gs)[p] = 2.

Now we recall that [Fon77, Chapitre III, Théoréme 1] ensures that the Dieudonne functor M (—)

is an anti-equivalence between finite commutative group k((n))-schemes of order p? and finite
Dieudonne modules of length p?. In particular, it implies that M(G5) # M(G5)[p). Then the
classification of finite W (k(7))-modules implies that M (Gy) = Wa(k(7)). In particular,

dimy,) Hig (BGy/k(n)) = dimym M(Gg7)[p] = 1.
]

3.4. Second example II. Jump of de Rham numbers. Schemes. In this section, we use
the approximation results from [ABM?21] and [CZ] to approximate BG — S from Section 3.3 by
a smooth, projective family f: X — S with the same first de Rham cohomology of fibers. In
particular, it will give a smooth projective family over a connected S with nonconstant de Rham
numbers of fibers.

For the rest of the section, we fix S = Spec R for some discrete valuation ring R of equicharac-
teristic p > 0, and G a finite flat S-group scheme from Lemma 3.1.4.

Theorem 3.4.1. Let f: X — S be a smooth, projective morphism coming from Theorem 3.1.1
for G from Lemma 3.1.4 and d > 2. Then H} (X,/k(s)) = 2 and H), (X,,/k(n)) = 1.

Proof. Theorem 2.1.4 guarantees that the inclusion® Y; — P{C\Et) is a Hodge d-equivalence for any
t € {n, s}. Clearly the morphism PkN( H Spec k(t) is a Hodge 2-equivalence. Therefore, the com-

position morphism Y; — Spec k() is a Hodge 2-equivalence as well. Finally, we use Theorem 2.1.10
to conclude that

X; ~ Y, /Gy ~ [Y;/Gy]° — [Speck(t)/Gy] = BGy
is a Hodge 2-equivalence. In particular, Hig (X;/k(t)) = Hig (BG/k(t))" for any t € {n, s}. O
Corollary 3.4.2. Let d be any integer bigger than 1, and R any discrete valuation ring of equichar-

acteristic p > 0. Then there is a smooth projective family f: X — Spec R with geometrically
connected fibers of pure dimension d such that

dimy () Hag (Xs/k(s)) > dimy) Hag (Xy /(1))
In particular, H3; (X/R) has non-trivial torsion.

Proof. The first part is simply Theorem 3.4.1. To see that H3 (X/R) has non-trivial torsion classes,
we first note that

RLar(X/R) @F k(t) ~ RTar (X;/k(t))
for t € {n, s}. Therefore, we see that

dimy(s) Hyg (Xs/k(s)) > dimy() Hag (X5 /k(n))

SUse the notation from Theorem 3.1.1 for Y.

6Both isomorphisms follow from [SGA3, Exposé V, Théoréme 4.1]. It is crucial that G acts freely on Y.

"Note that abstractly defined de Rham cohomology of k-syntomic stacks coincide with usual de Rham cohomology
for k-smooth schemes (see Section 1.2).
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if and only if Hi (X/R) or H{H! (X/R) have non-trivial torsion classes.
Now note the Hodge-de Rham spectral sequence and [Sta21, Tag 0FW5] imply that
Har (Xt /k(1)) = H(Xy, Ox,) (3.1)
for t € {n, s}. Since the fibers of f are geometrically integral, we conclude that
dimy(q) Hig (Xs/k(s)) = 1 = dimy,) Hir (X/k(n)).

using Equation (3.1) and [Sta21, Tag 0FD2]. Therefore, none of H)z(X/R) and Hig (X/R) has
non-trivial torsion elements. However, there is a jump in HéR, so there must be non-trivial torsion
classes in H3, (X/R). O

Corollary 3.4.3. Let d be any integer bigger than 1, and k any field of characteristic p > 0.
Then there exist a k-smooth scheme S and a smooth projective family f: X — .S with connected
geometric fibers of pure dimension d such that 33, (X/S) does not admit any stratification (see
[BO78, Definition 2.10] for a definition). In particular, the Gauss-Manin connection on H3y (X/9)
(see [[XO68, Theorem 1]) cannot be promoted to a stratification.

Proof. Apply Corollary 3.4.2 to R = k[T]r) = O ALO) and standard spreading out techniques to

find an open subscheme S C A,i and a smooth projective morphism f: X — S with geometrically
connected fibers of pure dimension d such that H3g(X/S) is not locally free. However, [BOT7S,
Note 2.17] guarantees that any coherent Og-module with a structure of a stratification must be
locally free. Therefore, %, (X/S) can not admit any stratification. O

Remark 3.4.4. There are easier examples of smooth, projective families f: X — S such that the
Gauss-Manin connection J-CcllR(X /S) does not prolong to a stratification. Namely, this phenomenon
already occurs for the Legendre family of elliptic curves f: &€ — S := A} \ {0,1}. Indeed, using
[BOT8, Proposition 2.11], it is not hard to see that if

Vam: Hig(€/S) = Hir(€/9) ®os sy,

admits a structure of a stratification, its p-curvature vanishes. Now [Kat72, Theorem 3.2] implies
that p-curvature of Vg is non-zero if the Kodaira-Spencer class of f does not vanish. It is a
classical computation that the Kodaira-Spencer class does not vanish for the Legendre family of
elliptic curves. However, note that J}g(€/S) is a trivial vector bundle, so it admits a “trivial”
stratification.

3.5. Example. Higher pushforwards of crystals in characteristic p. In this section, we give
an example of a smooth projective morphism f: X — S of F)-schemes such that R'f *,Crys (O X/ 5)
is not a crystal on S. This negatively answers the question raised in [BO78, Remark 7.10]. Before
we discuss the construction, we recall some important definitions.

We fix an Fj-scheme S, and an S-scheme X. Objects of a (small) crystalline site (X/S)crys of
an S-scheme X are given by triples (U, T,~) where U C T is a Zariski open, U — T is a nilpotent
thickening, and < is a PD-structure on the ideal of the thickening. Morphisms are defined as
morphisms of triples, and coverings are defined to be Zariski coverings in T'. See [Sta2l, Tag 07GI]
and [BO78, §6] for more details.

A crystalline site comes with the crystalline structure sheaf Ox/g defined by the rules

Ox/s(U,T,v) = Or(T).

For any Ox/g-module  and a PD-thickening 7" := (U,T,~), we can define a Zariski Or-module
Fw,r) (or just I if there cannot be any confusion) by restricting F' on T with its Zariski topology.


https://stacks.math.columbia.edu/tag/0FW5
https://stacks.math.columbia.edu/tag/0FD2
https://stacks.math.columbia.edu/tag/07GI
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Definition 3.5.1. An Ox/g-module JF is a crystal in (quasi-)coherent modules if
(1) for every PD-thickening (U, T, ), an Op-module Fr is (quasi-)coherent;
(2) for every morphism u: (U, T",~") — (U,T,~), the natural morphism u*(Fr) — Fp is an
isomorphism.

An object F € D(Modo, ) is a derived crystal in (quasi-)coherent modules if

(1) for every PD-thickening (U,T,~), Ir € Dye(Modg,.) (resp. Iy € Deop(Modp,,));

(2) for every morphism u: (U',T",v") — (U, T,~), the natural morphism Lu*(Fr) — Fp is an
isomorphism.

Theorem 3.5.2. [BO78, Theorem 7.16] Let S be a noetherian F,-scheme, f: X — S a smooth,
proper morphism. Then R fs crys (O X/ S) is a derived crystal in coherent modules on S.

Remark 3.5.3. [BO78, Theorem 7.16] proves a stronger result. In particular, they allow & to be
any “locally free, finite rank” crystal. We will not need this result.

If S is a Q-scheme, then the correct analog of the crystalline site would be the infinitesimal site
whose objects are pairs (U,T') of an open U C X and a nilpotent thickening. Using [BO78, Note
2.17] and methods used in [BO78, Theorem 7.16], one can show that each individual Og/s-module
R’ [ int (O X/ 3) is a crystal in coherent modules.

It is natural to ask whether the same result holds in characteristic p, or even in mixed charac-
teristic. It is relatively easy to construct a counter-example in mixed characteristic. However, it is
somewhat harder to do in the characteristic p situation and is essentially equivalent to the question
raised in [BO78, Remark 7.10]. The theorem below gives a counter-example in characteristic p
which can be adapted to mixed characteristic with little work.

Theorem 3.5.4. Let d > 1 be an integer, and R any discrete valuation ring of equicharacteristic
p > 0. Then there is a smooth projective family f: X — S = Spec R with geometrically connected
fibers of pure dimension d such that at least one of R} Jcrys (O X/ 5) is not a crystal.

Proof. Take f: X — S as in Corollary 3.4.2. In what follows, we will denote by S the trivial
PD-thickening of S. Then [BO78, Corollary 7.9] implies that

M = Rfcrys (0x/5) (S) = RI(X, Q% g)-

Since R fs crys ((‘) X/ S) (S, S, trivial) is a derived crystal by Theorem 3.5.2, we conclude that, for any
morphism of PD-thickenings (.S, Spec A, ) — (S, S, trivial), we have a natural isomorphism

Rf*,crys (OX/S) (57 Spec A77) ~ M ®é S. (32)
We wish to show that le*,crys(oX/S) is not a crystal. Using equation (3.2), we see that it is

equivalent to
HY (M) @p A% H (M % A)
for some morphism of PD-thickenings (.S, Spec A,v) — (S, .S, triv).
In order to prove that claim, we construct an explicit PD-thickening of S. We fix a uniformizer
t € R and consider a square zero nilpotent thickening
S — Spec R[e]/(e?, et) = Spec R'.

The ideal of the thickening (e¢) C R’ admits a PD-structure v by [Mes71, Chapter V, Lemma
(2.3.4)] (for example, by taking 7 = 0). We denote by S’ the PD-thickening (.5, Spec R’,v). Note
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that R' ~ R® R/t as an R-module. Therefore,
H'(M ®f R) ~ HY(M @ [M/t]) = H'(M) & H'([M/1])
and
HY(M)®r R ~HY(M) @ H' (M)/1t.
Therefore, R} frcrys(Ox/g) is not a crystal as long as the natural morphism
H' (M) /t — H'([M/1])

is not an isomorphism. This is equivalent to the existence of non-trivial torsion classes in H2(M)
H2R (X/R) which exist by construction.

o
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APPENDIX A. SYNTOMIC MORPHISMS

We recall the definition of a syntomic morphism from [Sta21] and give some examples. We also
show that this definition is equivalent to the definition of a syntomic morphism in [ABM21].

For the rest of the section, we fix a commutative ring k. Throughout the paper, we will be mostly
interested in the case of a field k of characteristic p > 0.

Definition A.1. We say that a morphism of schemes f: X — Y is syntomic if f is flat, locally
finitely presented, and all fibers are local complete intersections (in the sense of [Sta21, Tag 0059]).

The following two lemmas are entirely standard, and we prove it only for want of a reference.
Lemma A.2. Let G be a flat, finitely presented k-group scheme. Then G is k-syntomic.

Proof. Since G is already flat and finitely presented over k, it suffices to show that its fibers are
local complete intersections. So we can assume that k is a field. Moreover, [Sta2l, Tag 00SJ]
ensures that we can assume that k is algebraically closed. In this case, Geq is a normal smooth
subgroup scheme of G, and the map

G — G/Greq

is a smooth morphism of k-group schemes. Therefore, it suffices to show that G/Geq is k-syntomic.
Now note that G/Gieq is a connected finite group scheme. Then the classification of such group
schemes in [Wat79, §14.4, Theorem] ensures that there is an isomorphism of k-schemes

G/Grea =~ Speck[T1, ..., T,]/(TV" ..., TF")
for some n, e; € Z. In particular, it is a local complete intersection. O

Lemma A.3. A morphism f: A — B is syntomic if and only if it is flat, finitely presented, and
Lp/a € D(B) has Tor amplitude in [-1,0].

Proof. One direction is easy. If f is syntomic, it is locally a complete intersection morphism by
[Sta2l, Tag 069K]. Then Lpg/4 has Tor amplitude in [-1,0] by [Sta21, Tag 08SL].

Now we assume that f is flat, finitely presented, and Lp/4 has Tor amplitude in [-1,0]. We
want to conclude that the fibers of f are complete intersections.

Firstly, we note that the cotangent complex is pseudo-coherent. Indeed, if A is noetherian, it
is a classical result that Lp/s € D_ . (B). In general, formation of the cotangent complex of a
flat morphism commutes with any base change [Sta2l, Tag 08QQ)], so a standard spreading out

argument reduces to the case of noetherian A.

Then loc. cit. and [Sta2l, Tag 068V] ensure that Lg/4 has Tor amplitude in [~1,0] if and only
if Lpg ,k(p)/k(p) has Tor amplitude in [—1,0] for any prime ideal p C A. Now [Avr99, (1.2) Second
Vanishing Theorem] ensures that Lpgg , x(p)/k(p) has Tor amplitude in [—1, 0] if and only if B® k(p)
is a local complete intersection. ]

Remark A.4. Lemma A.3 guarantees that Definition A.1 coincides with the definition of syntomic
morphisms given in [ABM21, Notation 2.1]. In particular, all results of their paper are applicable
with our definition of syntomic morphism.

We note that syntomic morphisms are local on source-and-target by [Sta21, Tag 06FC], so we can
extend the definition of syntomic morphisms of schemes to algebraic stacks by general nonsense.


https://stacks.math.columbia.edu/tag/00S9
https://stacks.math.columbia.edu/tag/00SJ
https://stacks.math.columbia.edu/tag/069K
https://stacks.math.columbia.edu/tag/08SL
https://stacks.math.columbia.edu/tag/08QQ
https://stacks.math.columbia.edu/tag/068V
https://stacks.math.columbia.edu/tag/06FC
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Definition A.5. A morphism f: X — Y of algebraic stacks is syntomic if it is syntomic in the
sense of [Sta2l, Tag 06FM]®.
An algebraic k-stack X is k-syntomic if the structure morphism X — Spec k is syntomic.

Remark A.6. We leave it to the reader to check that an algebraic k-stack is syntomic if and only
if there exists a syntomic cover U — X with U a syntomic k-scheme. This guarantees that our
definition of k-syntomic stacks coincides with the definition in [ABM21, Notation 2.1].

Example A.7. Let G be a flat, finitely presented k-group scheme. Then BG is a syntomic k-stack’
with a syntomic cover f: Speck — BG.

Indeed, Speck is clearly k-syntomic. So it suffices to show f is syntomic. Note that
Speck Xpg Speck ~ G

is syntomic over Spec k by Lemma A.2. Therefore, Spec k — BG is syntomic since being syntomic
is fppf local on the base by [Sta2l, Tag 0428].

Example A.8. More generally, if X is k-syntomic scheme with a k-action of a flat, finitely presented
k-scheme G. Then [X/G] is a k-syntomic stack with a syntomic cover X — [X/G].

APPENDIX B. DESCENT FOR FLAT COHOMOLOGY

We show that show that flat cohomology of finitely presented group schemes satisfy descend with
respect to algebraic extension of the base field.

For the rest of the section, we fix a base field k.

Lemma B.1. Let X be a finite type k-scheme, X, is the base change Xyeyn, and G a flat finitely
presented commutative group X-scheme. Then the natural morphism

erppf (X7 G) - R 71116% (erppf(Xna G))

is an isomorphism.

Proof. For each finite extension k C £/, let us denote by X, 5 the fiber product X, ,». Then the
natural morphism

R fppe (X, G) — R}Lien& (RT tppt (X i, G))

is an equivalence for any finite k& C &’ because fppf cohomology satisfy fppf descent. Now a standard
approximation result (for example, argue as in [Full, Proposition 5.9.2])) implies that the natural
morphism

hocolimy, ., 7 R gppt (X, G) — RTgppe (X, G)

is an equivalence for any n > 0. Thus the claim follows from the fact that totalization of cocon-
nective cosimplicial objects commute with filtered (homotopy) colimits. (|

8This definition makes sense as syntomic morphisms of algebraic spaces are smooth local on source-and-target by
[Sta21, Tag 06FC].

9We note that, if G is not k-smooth the cover Speck — BG is not smooth, so it is not an atlas. Therefore, one
needs to use [Art74, Theorem (6.1)] to show that BG is an algebraic stack.


https://stacks.math.columbia.edu/tag/06FM
https://stacks.math.columbia.edu/tag/0428
https://stacks.math.columbia.edu/tag/06FC
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