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Torsion points on elliptic curves
over number fields of small degree

Maarten Derickx, Sheldon Kamienny, William Stein and Michael Stoll

Dedicated to the memory of Bas Edixhoven

We determine the set S(d) of possible prime orders of K -rational points on elliptic curves over number
fields K of degree d ford =4, 5, 6, and 7.

1. Introduction

Let K be an algebraic number field and let E be an elliptic curve over K. Then the group E(K) of
K -rational points on E is a finitely generated abelian group; in particular, its torsion subgroup E (K )ors
is a finite abelian group, and one can ask which finite abelian groups can occur as the torsion subgroup
of E(K) for some elliptic curve over some number field K of degree d.

For K = Q (equivalently, d = 1), Mazur [1977; 1978] famously proved that the known finite list of
possibilities for the torsion subgroup is complete. This was later extended by Merel [1996], who showed
that for any given degree d, there are only finitely many possibilities for E(K )¢ When [K : Q] =d.

One key step in these finiteness results is to show that there are only finitely many prime numbers p
that can divide the order of E (K ), i.€., can occur as the order of an element of E(K) for K of degree d.
We therefore make the following definition (following [Kamienny and Mazur 1995]).

Definition 1.1. Let d > 1 be an integer. Then we define S(d) to be the set of all prime numbers p such
that there exists a number field K of degree d, an elliptic curve E over K and a point P € E(K) such
that P has order p.
We write Primes(x) for the set of all prime numbers p such that p < x.
Mazur showed that
S(1) = Primes(7).
Kamienny [1992a] determined
S(2) = Primes(13).
Merel [1996, Propositions 2 and 3] showed that
S(d) C Primes(2¢71d14/2)
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for d > 4. Parent [1999] gave the better bound (for all d)
S(d) C Primes(65(3 — 1)(2d)%).
However, Oesterlé had improved this already (as mentioned in Parent’s paper) to
S(d) C Primes((39/% 4 1)?) (1-1)

(except for not ruling out that 43 € S(3)) in his unpublished notes [Oesterlé 1994]. It should be noted that
Parent actually shows that his bound is valid for prime power order p” of a torsion point when p > 5 (and
he has similar bounds for powers of 2 and 3); this is the main point of his work. Parent [2000; 2003],
extending the techniques used by Mazur and Kamienny and relying on Oesterlé’s work, proved that

S(3) = Primes(13).
The main result of this paper is the following theorem, which extends these results to d =4, 5, 6, and 7.

Theorem 1.2.
S(4) = Primes(17), S(5) = Primes(19), S(6) = Primes(19) U {37}, S(7) = Primes(23).

We also give a simplified proof of Parent’s result on S(3). Since we rely on Oesterlé’s bound (1-1), a
proof of which has not been published so far, we include a proof here that is based on Oesterlé’s notes,
which he kindly made available to us.

It is much easier to determine the set S’(d) of primes p such that there are infinitely many elliptic
curves E over number fields K of degree d with distinct j-invariants that have a K -point of order p. This
is mostly a question about the gonality of the modular curve X (p). The following is known.

Proposition 1.3.
S’(1) =Primes(7),  S'(2) =Primes(13), S'(3) =Primes(13), S'(4) = Primes(17),
S’(5) = Primes(19), S'(6) = Primes(19), S'(7) = Primes(23), S’'(8) = Primes(23).

Ford =1, 2, 3, 4, this is shown in [Mazur 1977; Kamienny 1992a; Jeon et al. 2011a; 2011b] respectively;
for 5 <d <8, this follows from [Derickx and van Hoeij 2014, Theorem 3]. Since clearly S'(d) C S(d), these
results, together with the fact that a quadratic twist E¢ 37 over the sextic number field K = @(\/5 , cos( 27”))
of the elliptic curve

1225.62: y* +xy+y=x>4+x>—8x+6

has a point of order 37 over K [Elkies 1998, Equation 108], reduce the proof of Theorem 1.2 to showing
the inclusions “C”.
We give the following more precise result in the case d = 6.

Proposition 1.4. Let K be a number field of degree 6 and let E /K be an elliptic curve such that there is a
point P € E(K) of exact order 37. Then j(E) = j(E¢37) = —9317.

We prove Proposition 1.4 at the end of Section 8.


http://www.lmfdb.org/EllipticCurve/Q/1225/b/2
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The gonality of X(p) grows like p? [Abramovich 1996]; this implies that S’'(d) C Primes(O (v/d)).
On the other hand, denoting by Scm(d) the set of primes that can occur as orders of points on elliptic curves
over a number field of degree d that have complex multiplication, the results of [Clark et al. 2013] show that
Scm(s) C Primes(O(d)) and that 3d +1 € Scav(d) when 3d +1 is prime. (Let p =3d+1. There is a pair of
quadratic points defined over Q(/—3) with j-invariant zero on Xo(p). The set-theoretic preimage gives a
Galois orbit of points of degree 2 - %(p —1)- % =d on X (p), since the covering X (p) — Xo(p) ramifies
with index 3 above the points with j-invariant zero.) So we will certainly have S’(d) C S(d) for infinitely
many d. It is perhaps tempting to assume that for large enough d, the only sporadic points of degree d
on X (p) are CM points, as this seems to be the expectation for rational points on modular curves. This
would imply that S(d) € Primes(3d + 1) for large d. However, consulting the table in [van Hoeij 2012],
it appears that there are many sporadic non-CM points (like the degree 6 points on X;(37) we have
mentioned above). Still, the bound p < 3d + 1 is consistent with this information for d > 13.

The strategy. To show the inclusions “C” in Theorem 1.2, we have to verify that p &€ S(d) for every
prime number p that is not in the set on the right-hand side. This is equivalent to the statement that all
points of degree dividing d on the modular curve X;(p) over (D are cusps. Recall that noncuspidal points
on X|(N), for N € Z>,, correspond to pairs (E, P), where E is an elliptic curve and P € E is a point of
exact order N. See Section 2 for some background on modular curves.

Now if x € X1(p)(K) is a point defined over a number field K of degree d, but not over a smaller
field, then the sum of its Galois conjugates gives a Q-rational effective divisor of degree d on X (p). If x
is defined over a smaller field K’, then the degree d’ of K’ divides d, and we can take d/d’ times the
sum of the conjugates of x to obtain a (Q-rational effective divisor of degree d again. Effective divisors
of degree d on a curve X correspond to points on its d-th symmetric power X@ (which is the quotient
of X by the natural action of the symmetric group on d letters). This leads to the following criterion.
We write C(p) for the set of cusps on X (p).

Lemma 1.5. Let d € Z> and let p be a prime number. If the composition
a: Ci(P@ = X1(p@! = Xi(p) (@)

of natural maps is surjective, then p ¢ S(d).
If p>2d+1and p & S(d) for all d’ < d, then the map above is surjective.

Proof. The assumption is equivalent to the statement that every (QQ-rational effective divisor of degree d
on X (p) is a sum of rational cusps. However, if there were a number field K of degree d, an elliptic
curve E over K and a point P € E(K) of order p, then (E, P) would give a K -rational noncuspidal
point on X;(p) and hence, by the discussion above, a (D-rational effective divisor of degree d that is not
supported on (rational) cusps, contradicting the assumption.

For the converse, assume that the map is not surjective. Then there is a Q-rational effective divisor D
of degree d that is not supported on rational cusps. Since the irrational cusps on X (p) form one Galois
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orbit of size (p —1)/2 > d, D is not supported on cusps. This implies that there is a noncuspidal point
on X;(p) of degree d’ < d, and hence p € S(d’). O

We will follow the strategy that has been established in earlier work by Mazur [1978], Kamienny [1992b;
1992a], Merel [1996], Oesterlé [1994] and Parent [1999; 2000; 2003]. We give an overview of the main
steps below; for a nice and more detailed account of Merel’s proof of the boundedness of S(d) for all d,
see [Rebolledo 2009].

In our exposition, we refer to the existing literature for proofs of many results we are using. Fairly
detailed proofs of these statements can be found in an earlier version of this paper [Derickx et al. 2017]
or in the doctoral thesis [Derickx 2016].

The task is to show that p ¢ S(d) for 3 < d <7 and all primes p not contained in the set on the
right-hand side of the equality in Theorem 1.2. We use the criterion of Lemma 1.5, in the equivalent form

given below. Before we formulate it, we make some definitions.

Definition 1.6. Let ¢ be a prime. We write Z ) for the localization of Z at the prime ideal (¢) = ¢Z.
Let X be a scheme over Z(,). We denote the natural map X (Z)) — X (F,) by red,. Let x € X ().

Then red[l(i) is the residue class of x. When X is a model over Z ) of a projective variety over (Q,

then X (Z()) = X(Q), so that we can think of the residue class of x as the set of rational points on X

reducing mod £ to x.

Recall that X (p) has a smooth model over Z[1/p]; this implies the corresponding statement for the
d-th symmetric power X1 (p)@.

Lemma 1.7. Let £ # p be a prime. Assume that:

(a) The residue class of each point X € X1(p) D (Fy) that is a sum of images under red, of rational cusps

contains at most one rational point.

(b) The residue class of each point x € X1(p) D (F,) that is not a sum of images under red, of rational

cusps contains no rational point.
Then p ¢ S(d).

Proof. Let x € X1(p)?(Q) and write ¥ =red,(x) € X;(p)? (F,). By assumption (b), X = X| +-- -+ Xy
is a sum of images of rational cusps. Let x1, ..., x4y € X1(p)(Q) be rational cusps such that redy(x;) =x;
for1 <j<d. Thenx' = x| +---+x45 € X1(p)¥(Q) is such that red;(x") = X. By assumption (a), x is
the only rational point in the residue class of x, so it follows that x" = x € im(«) with & as in Lemma 1.5.
So « is surjective, and Lemma 1.5 shows that p & S(d). (I

Fix a rational cusp ¢ € X;(p)(Q). We can then define a morphism ¢ : X;(p)¥ — Ji(p) by sending
X1 4+ --- 4 x4 to the class of the divisor x; + - - -+ x; —d - c; here Ji(p) denotes the Jacobian variety
of X1(p); see Section 2 below. This map is actually defined over Z[1/ p].

The standard way of verifying assumption (a) is to show that there is a morphism ¢ : Ji(p) — A
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of abelian varieties such that

(i) t ot is injective on each residue class of a point x as in assumption (a), and
(i) redy : t (J1(p)(Q)) — A(F,) is injective.

By standard properties of red, on the rational torsion subgroup, the second condition is satisfied when
t(J1(p)(Q)) is finite and either £ is odd or £ = 2 and #(J;(p)(Q)) has odd order. We can achieve this by
choosing A as a factor of J;(p) that has Mordell-Weil rank zero and ¢ to be the projection to A (plus
some technicalities when ¢ = 2). By work of Kolyvagin and Logaché&v [1989] and Kato [2004], it is
known that the “winding quotient” J{(p) of J;(p) has Mordell-Weil rank zero. Assuming the Birch and
Swinnerton-Dyer conjecture for abelian varieties, J{ (p) is in fact the largest such quotient. See Section 2
for the definition of the winding quotient.

The first condition follows if it can be shown that ¢ o ¢ is a “formal immersion” at the relevant points x;
see Section 4.

We can work with Jo(p) in place of Ji(p). Then there is only one point x to consider, which is d times
the image of the rational cusp co on Xo(p). This is what Mazur and Kamienny used to determine
S(1) and S(2) and is also used in Merel’s proof of an explicit bound on S(d) for all d and Oesterlé’s
improvement of the bound. In all this work, odd primes ¢ are used. To deal with §(3), Parent had to work
with J;(p) (which was made possible by Kato’s work showing that the winding quotient has rank zero)
and also had to use £ = 2 to exclude some of the primes.

One minor innovation we introduce here is that we work with some intermediate curve Xy between
X1(p) and Xo(p); see again Section 2. This can reduce the necessary work in cases when using Jo(p) is
not successful, but the dimension of J;(p) is too large to make computations feasible.

Assuming Oesterlé’s bound (1-1), verification of assumption (a) amounts to exhibiting a suitable ¢ for
each prime p < (39/241)? such that p & S(d) and checking that it satisfies the conditions. This can be done
by an explicit computation using modular symbols, which is based on a criterion established by Kamienny
for Jo(p) and extended to J;(p) by Parent. In view of assumption (b) (see below), we work with £ =2,
which necessitates using ‘“Parent’s trick” to deal with the technicalities that arise when £ is not odd.

For certain small primes, this is not sufficient. For d <7, these primes p have the property that J; (p)(Q)
is finite, which allows us to work with the full Jacobian and perform some more direct computations.
This is another new ingredient compared to earlier work. In the course of our work, we establish an open
case of a conjecture of Conrad, Edixhoven and Stein: we show that the group J;(29)(Q) (which is finite)
is generated by differences of rational cusps on X;(29); see Theorem 3.2.

Combining both approaches, we obtain the following result.

Proposition 1.8. Let p <2281 = | (37/?> 4+ 1)2] be a prime. If
d=3 and p=>17 or d=4 and p=>19 or d=5 and p=23
or d=6 and p=>23 or d=7 and p=>?29,

then assumption (a) of Lemma 1.7 is satisfied.
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Proposition 1.8 is proved in Section 5.
We now consider assumption (b) of Lemma 1.7. The simplest way for the assumption to be satisfied is
when there are no points x that are not sums of images of rational cusps. Equivalently,

(i) there is no elliptic curve E over [, with d’ <d such that p | #E(F,s), and
(i) pted £1foralld <d.

The first condition excludes the existence of noncuspidal points, whereas the second excludes the possibility
that X (p)(F,s) contains cusps that are not images of rational cusps. Recall that the irrational cusps are
defined over the maximal real subfield of Q(u,), which has a place of degree dividing d above £ if and
only if ¢4 =41 mod p.

We note the following simple consequence.

Lemma 1.9. If p > (£4/> +1)?, then assumption (b) of Lemma 1.7 is satisfied.
Proof. If there is an elliptic curve E over [, with d’ <d such that p | #E(F,«), then by the Hasse bound,
p<HEF) < (07 +1)? < (/2 1),

which is not the case, so condition (i) above is satisfied. Since p > (42 +1)? > ¢4 4+ 1, condition (ii) is
also satisfied. O

This explains the form of Oesterlé’s bound (1-1), which is related to the fact that he is working
with £ = 3.

We also see that it is advantageous to use the smallest possible £, because then the condition
of Lemma 1.9 covers more primes p. But even using £ = 2, we need to verify assumption (b) for
some primes p < (2¢/2 4 1)2. In some cases, we can still show for such primes that there are no points x
that are not sums of images of rational cusps, but this is not enough: when

d, p) €{(5,31), (5,41), (6,29), (6, 31), (6,41), (6, 73), (7,29), (7, 31), (7,37), (7, 41), (7, 43),
(7,59), (7, 61), (7,67), (7,71), (7,73), (7, 113), (7, 127)},
there actually are such points, and we have to work quite a bit harder to show that they are not images

of rational points on X (p)“. This is another novel aspect of our work. We use a number of different
approaches (for p = 37, see further below).

(1) For p € {29, 31, 41}, we can again use direct computations based on the fact that J;(p)(Q) is finite
and known; see Lemma 3.7.

(2) For p € {71,113, 127} and d =7, we use a new criterion based on gonality estimates and working
with Hecke operators as correspondences, which shows directly that p ¢ S(d); see Corollary 7.2.

(3) For (d, p) € {(6,73), (7,43)}, we use an intermediate curve X g such that X g) possesses a rational
point xy in the image of the relevant residue class and use a formal immersion argument to show that
it is the only rational point in this residue class. This implies that every rational point on X (p)?
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in the residue class of x must map to xg, but xg does not lift to a rational point on X( p)(d);
see Lemmas 8.4 and 8.5.

(4) For p € {59,61, 67,73} and d = 7, we use another new criterion that shows that a noncuspidal
point X € X (p)“@ (F,) is not the reduction mod 2 of a rational point by showing that its image
in J1(p)(F,) is not in the reduction of the Mordell-Weil group; see Lemma 8.7.

We then obtain the following result.

Proposition 1.10. For the following pairs of an integer 3 < d < 7 and a prime p, assumption (b)
of Lemma 1.7 is satisfied:

3 and p=11 or p=>17;
4 and p>19;
5 and p =>23;
6 and p>23 and p#37,
d=1 and p>29 and p#37.

”U oA oA
Il

Proposition 1.10 is proved in Section 8.

We still have to show Proposition 1.4 and that 37 ¢ S(7). We combine the approaches in (3) and (4)
to do this. We first show using (4) that no noncuspidal point in X1(37)7)(F,) is the reduction mod 2 of
a rational point and there is essentially only one such point in X;(37)© (F,). We then use the formal
immersion argument as in (3) to show that the remaining points in X (37)4(F,) for d =6, 7 lift uniquely
to rational points; see Lemmas 8.8 and 8.9.

Theorem 1.2 then follows from this and Propositions 1.8 and 1.10, using Lemma 1.7 and Oesterlé’s
bound (1-1).

A large part of the work done in this paper relies heavily on computations. We provide Magma [Bosma
et al. 1997] code (with explanatory comments) for all these computations in an online supplement. The
timings we give in some places in this paper were obtained on the last author’s current laptop (as of 2020).
All computations together took about one day on this machine. We also provide [SageMath] code at the
first author’s GitHub site [Derickx 2020] that independently verifies the claims made in Section 5. Some of
these computations rely on modular symbols. See for example [Stein 2007] for the necessary background.

The structure of the paper. We begin by recalling some background on modular curves in Section 2.
In Section 3, we quote the list of primes p such that J; (p)(Q) is finite from [Conrad et al. 2003] and prove
that for such primes, J;(p)(Q) is generated by differences of rational cusps (the new case being p = 29)
and that the reduction map J;(p)(Q) — J1(p)(F2) is injective. We use this to prove assumption (b)
for p = 29, 31, and 41. In Section 4, we introduce formal immersions and state the computational
criterion we use to verify assumption (a). Section 5 reports on these computations, and Section 6
contains the proof of Oesterlé’s bound (1-1). In Section 7 we state and prove the criterion used to show
that 71, 113, 127 & S(7). Finally, we complete the verification of assumption (b) in Section 8, which also
contains the proof of Proposition 1.4.


http://msp.org/ant/2023/17-3/ant-v17-n3-x01-MagmaCode.zip

274 Maarten Derickx, Sheldon Kamienny, William Stein and Michael Stoll

What is new in this paper? The main new result is Theorem 1.2, which extends the list of known
sets S(d) from d < 3 to d <7. Completing the determination of S(6), Proposition 1.4 gives a classification
of the sporadic points in X1(37)©® (Q). Another new result is Theorem 3.2, which confirms a conjecture
made in [Conrad et al. 2003] in a case that was left open in that paper.

We also develop some new techniques for proving that p & S(d) for suitable d > 1 and primes p. One
point is the use of intermediate curves in various computations instead of just either Xo(p) or X(p).
Another is the use of explicit computations in the Picard group of X (p)F, when p is such that J; (p)(Q)
is finite. In addition, we derive two new criteria, one that uses the gonality of X (p) and can show directly
that p € S(d) using global arguments (Proposition 7.1), and a related one that works over F; using Hecke
correspondences (Lemma 8.6). Finally, we extend the formal immersion approach that is traditionally
used to show what we call assumption (a) to also apply to assumption (b). All this is necessary to be able
to determine S(7).

Why stop at d =72 Obviously, determining S(d) gets harder and harder as d grows. When d = 1, the
formal immersion condition for Xo(p) is essentially trivially satisfied, and assumption (b) for £ =3 is
automatically satisfied for p > [(+/3 + 1)2] = 7. Once the theoretical framework is in place (which,
of course, was the key contribution of Mazur [1977; 1978]), no computation is necessary to obtain the
desired result.

For d = 2, Kamienny had to come up with a criterion that allows one to verify the formal immersion
condition (still for Xo(p)). In this case, it can still be shown to hold by a theoretical argument. The trivial
bound for assumption (b) when £ = 3 is p > 16, which is again sufficient.

For d = 3 and larger, one needs to work to verify the formal immersion condition. Merel and Oesterlé
managed to find a theoretical argument that does this (for Xo(p) and £ = 3) for p larger than some explicit
polynomial in d. Oesterlé then came up with another ingenious way to reduce the remaining cases to a
finite and manageable amount of computation, thus proving the bound (1-1). To determine S(3), Parent
had to rely on this and to come up with a way of using X;(p) and £ = 2 to cover the primes between
[(23/2 4 1)?]1 =15 and | (3%/? 4 1)?] =38 (and p =43, which had escaped Oesterlé’s approach).

For d > 4, there are two main difficulties, which each get worse as d increases.

(1) The gap between the best general bound (1-1) and the smallest prime not in S(d) increases expo-
nentially with d. While we can, for each d and each p in this range, verify the formal immersion
condition for Xo(p) or some intermediate curve Xy computationally, the computational effort
increases considerably with p. For d = 7, this part of the computation took about two hours.
For d = 8, the upper end of this range is about three times as large as for d = 7, which lets us expect
that doing this in reasonable time would require a massively parallel computation. For d > 9, this
appears to be infeasible in the absence of a major theoretical advance that leads to a significantly
reduced general bound.

(2) The gap between the primes in S(d) and the “easy” range for assumption (b) also increases.
Most likely, this increase is also exponential, because we expect that max S(d) should grow only
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polynomially (possibly even linearly). This means that there will be more and more primes p for
which we have to show assumption (b) when there are indeed points in X ( p)(d)([Fz) that are not
sums of images of rational cusps. While we could deal with the “rank-zero primes” p = 29, 31, 41
by explicit computations and with the one further such prime p = 73 for d = 6 by a variant of the
formal immersion criterion, this is the point where it gets hard when d = 7. To rule out the primes
37,43, 59, 61, 67,71, 73, 113, and 127, we needed to develop some new criteria, and some of the
computations that are then still necessary run for several hours.

However, it appears that our new criteria can be used to go a bit further. This will be explored in a
follow-up paper.

2. Preliminaries on modular curves

A good reference for most of the following is [Diamond and Im 1995].
As usual, we define, for N € Z> |,

To(N) = {(i Z) eSLz(Z):N|c} and T (N)= {(‘C‘ Z) € SLy(Z) : (¢, d) = (0, 1) mod N}.

SL,(Z) and therefore also I'g and I'; act on the complex upper half-plane $) and on H* = U P! (Q) by
MGobius transformations. Then the quotient Y;(N)(C) =T';(N)\$ (for j =0, 1) is a Riemann surface that
can be compactified to X ;(N)(C) =TI";(N)\$H* by adding the finitely many cusps C;(N) =T; (N\P(Q).
The points in Y (N)(C) classify pairs (E, P) consisting of an elliptic curve E over C and a point P € E(C)
of exact order N; in terms of a representative point T € ), this is given by E =C/A; with A, =Z+Z1
and P =1/N + A. Similarly, Yy(N)(C) classifies pairs (E, C) where again E is an elliptic curve over C
and C C E(C) is a cyclic subgroup of order N. The compact Riemann surfaces X ;(N)(C) can be
identified with the set of complex points on projective algebraic curves X ;(N) defined over Q (or even
over Z[1/N1). The rational structure is defined in terms of the g-expansions of functions on X ; (N)(C):
such a function f lifts to a modular function with respect to I'; (V) on §) and therefore has a Laurent
series expansion in terms of ¢ = e2"'*. The function field Q(X j(N)) is then defined to consist of
those f whose g-expansion has coefficients in Q. Since the rational structure is defined in terms of ¢, the
natural moduli interpretation of a point on X;(N) over Q (or any field extension K) is as representing a
pair (E, ¢), where E is an elliptic curve over Q (or K) and ¢ : uy — E is an embedding of the group uy

27iT §s not

of N-th roots of unity into E as group schemes. This is because the image of 1/N under t — e
rational, but a generator of . Since (over any field K of characteristic not dividing N) there is a natural
bijection between pairs (E, P) and pairs (E’, ¢) as above, the points on X (N) can still be understood as
classifying elliptic curves over K together with a point of order N, but we have to keep in mind that this
is not the same as the moduli interpretation over C given above. (The bijection is obtained as follows.
Given a pair (E, P) and ¢ € uy, the set of Q € E[N] such that ey (Q, P) = ¢ forms a coset C; of the
subgroup Z P generated by P. We then set E' = E/ZP and ¢ : ¢ +— C;/ZP.)

The space of cusp forms for I';(N) is canonically isomorphic to the space of regular differentials
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on X ;(N)(C). Under this isomorphism, regular differentials on X ; (N) over Q correspond to cusp forms
whose g-expansion has rational coefficients.

There is a natural map X (N) — Xo(N) (induced over C by the identity on $*). This makes X(N)
into a (possibly ramified) Galois covering of Xo(/N), whose Galois group consists of the diamond
operators (a) fora € (Z/NZ)*, where (—1) is the identity, so the Galois group is naturally isomorphic
to (Z/NZ)* /{=£1}. In terms of the interpretation of points on Y| (N) as pairs (E, ¢ : uy — E), the action
of (a) corresponds to precomposing ¢ with the a-th power map. If H C (Z/NZ)* /{£1} is a subgroup,
then we have an intermediate curve Xz = H\ X (/N) between X{(N) and Xo(N).

We write oo € X ;(N) for the cusp that over C is the image of co € P!(Q). Note that co € X;(N)(Q),
since it corresponds to ¢ = 0. When N = p is prime, Xo(p) has the two cusps 0o and the cusp represented
by 0 P! (Q), which are both rational, whereas X ( p) has p — 1 cusps, which split into two orbits under
the diamond operators, each consisting of (p — 1)/2 cusps. One of the orbits contains co and consists
of rational cusps, the other orbit consists of cusps defined over the maximal totally real subfield of the
cyclotomic field Q(,,); these cusps are all conjugate under the Galois action, and the Galois action is
given by diamond operators (since it commutes with them). An analogous statement is true for the cusps
of Xp. See [Stevens 1982, Theorem 1.3.1] for a description of the Galois action on the cusps.

We denote the Jacobian varieties of Xo(N), X1(N) and Xy by Jo(N), J1(N) and Jy, respectively.
They are defined over @ and extend to abelian schemes over Z[1/N].

We denote the Hecke algebra, in its various incarnations, by T. It is generated by the Hecke opera-
tors T, for all n > 1 or, alternatively, by all T}, for p prime together with diamond operators (a) for a
generating (Z/NZ)* /{£1}. The Hecke algebra acts on the integral homology H; (X (C), Z), on the
relative homology H (X g (C), cusps, Z), on the associated spaces of modular forms or cusp forms, and
as endomorphisms of Jy. The Hecke operators 7,, and the diamond operators (a) can also be viewed as
correspondences on X g. It will always be clear from the context or explicitly stated which interpretation
is considered.

The integral relative homology with respect to the cusps is generated as a Z-module by modular
symbols {y1, 2} with y1, y» € P!(Q). There is an integration pairing

H\(Xy(C), cusps, Z) x H'Xpc, Q) = C, (£, 0)— /a)
&

(if £ = {y1, y»}, then the integral is along any path in $* joining y; to y»); it induces a perfect pairing of
real vector spaces between H; (X y(C), R) and H 0(x H.Cs Q') and the image of the composition

7 : Hi(Xu(C), cusps, 7) — H*(Xp ¢, )" > Hi(Xu(C), R)
is in the rational homology H; (X (C), Q) by the Manin—Drinfeld theorem [Manin 1972; Drinfeld 1973].

Definition 2.1. We set
e =m(—{0,00}) € H(Xg(C), Q);
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this is called the winding element. Its annihilator Ann(e) in T is the winding ideal. It acts via endomor-

phisms on Jg; the quotient J¢, := Jy/ Ann(e)Jy is the winding quotient.

The definition of the winding element goes back to Mazur [1977, Lemma I1.18.6 and the definition
preceding it] in the case of Jy(N). We note that there is some ambiguity regarding the sign of the winding
element in the literature. We follow [Merel 1996, Section 1] here (but, for example, [Parent 1999] uses
the opposite sign.) The winding quotient has the following essential property.

Theorem 2.2. For each subgroup H C (Z/NZ)* /{%£1}, the Mordell-Weil group J{,(Q) is finite.

Merel [1996, § 1] was the first one to introduce the winding quotient for Jy(p) with p prime, where
he also proves that its Mordell-Weil group is finite using a result from [Kolyvagin and Logachév 1989],
which states that an abelian variety A over @ that is a quotient of Jo(N) has Mordell-Weil rank 0
when L(A, 1) # 0. Parent [1999, § 3.8] generalized Merel’s statement to composite numbers N. The
result of Kolyvagin and Logachév was generalized by Kato [2004, Corollary 14.3] to quotients of J; (N). In
both [Parent 2000] and [Parent 2003], it is mentioned that the theorem follows from Kato’s generalization.
This can be seen by adapting the arguments of [Parent 1999, § 3.8] accordingly. The key point in the
proof is that J§; is isogenous to a product of simple abelian varieties A over Q such that L(A, 1) # 0.
Kato’s result then shows that A(Q) is finite.

The following is a variant of [Parent 2000, Proposition 1.8]. We remark that, according to [Diamond
and Im 1995, p. 87], the Eichler—Shimura relation on X;(N) with the modular interpretation used here
(and in [Parent 2000]) is different from that valid with the more usual interpretation as parametrizing
pairs (E, P) of elliptic curves with a point of order N. We therefore believe that our version is correct,
and that (the first part of) Parent’s statement needs to be modified accordingly.

Proposition 2.3. Let gtN be a prime and P € Jy (Q)ors such that q is odd or P has odd order. Then
(Ty — (@) —q)(P) =0.

Proof. Let n be the order of P. Then (T, —{(¢q) —¢q)(P) € Jy(Q) is a point of order dividing n. We write P
for the reduction mod ¢ of P, Frob, for the Frobenius on Jy f . and Ver, for its dual (Verschiebung).
Then we have the Eichler—Shimura relation

Tyr, = (q) Froby + Ver, and Ver, o Frob, =¢
in Endy, (Jp r,); see [Diamond and Im 1995, p. 87]. So, using that Frobq(ﬁ) =P,
Ty, (P) = {q) Froby (P) + Ver,(P) = (q) P +¢P,

which implies that (7, . —{q) — q)(]s) = 0. Since the reduction map is injective on Jg (Q)s When g is
odd, and it is injective on odd-order torsion when g = 2, the claim follows. U

Remark. For the proof of Theorem 3.2, it actually does not matter whether one uses T, — (g) — g as
in Proposition 2.3 or T, — (g)q — 1 as in [Parent 2000]. Up to composition with (g) or its inverse, the two
operators are conjugate to each other under the Atkin-Lehner involution w,; see [Diamond and Im 1995,
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p. 56 and Remark 10.2.2]. If we use the “wrong” operators in the proof of Theorem 3.2, then instead of
J1(29)(Q)ors € C, we find that wig9(J1(29) (Q)1ors) € C, which also implies J1(29) (Q)ors € woo(C) =C
(the cusps are permuted by w),).

Our second application in Corollary 5.2 uses the operators with ¢ odd to kill torsion. By the remark
after Corollary 4.3, it is enough to kill 2-torsion. For ¢ an odd prime, the two operators 7, — (g) — g and
T, — (q)q — 1 differ by a multiple of 2 in the Hecke algebra, so they have the same effect on 2-torsion
points. This implies that the conclusion of Corollary 4.3 also holds if we use the “wrong” operator and
show that 7 o ¢ is a formal immersion. In particular, the conclusions of [Parent 2000] are valid.

We will also need the following statement.

Proposition 2.4 (Derickx). Let g{N be a prime. We consider t = T, — (q) —q € T as a correspondence
on X|(N), inducing an endomorphism of the divisor group of X(N) over C. Then the kernel of t is

contained in the subgroup of divisors supported in cusps.

Proof. Let D be a divisor in the kernel of 7, so that
T,(D) = (q)(D)+¢qD. (2-D

A noncuspidal point x € X (N)(C) corresponds to an elliptic curve E over C with additional structure. The
point (g)(x) corresponds to the same curve E (with modified extra structure), and 7, (x) is a sum of points
corresponding to all the elliptic curves that are g-isogenous to E. We define the g-isogeny graph G to have
as vertices the isomorphism classes of all elliptic curves over C; two vertices are connected by an edge
when there is a g-isogeny between the corresponding curves. There is a natural map y from Y;(N)(C)
to the vertex set of G. Let x be a noncuspidal point in the support of D and let G, be the connected
component of G containing y (x). Let E be the elliptic curve given by x. We distinguish two cases.

First, assume that E does not have CM. Then G, is an infinite (¢+1)-regular tree. Consider a vertex v
of G, that has maximal possible distance from y (x) among all vertices of the form y (y) for a point y
in the support of D. Let yy, ..., y, be the points in the support of D such that y(y;) = v, and let w be
a neighbor of v whose distance from y (x) is larger than that of v. Each T, (y;) contains precisely one
point y} such that y(y;.) = w, and these points are distinct for distinct points y;. Since w is not of the
form y (z) for a point z in the support of D, this shows that 7,,(D) has points in its support that do not
occur in the support of (g)(D) + g D (recall that y ({(g)(y)) = ¥ (¥)). This contradicts the relation (2-1),
and we conclude that there can be no non-CM point x in the support of D.

Now consider the case that £ has CM. Then G, is no longer a tree in general, but has the structure
of a “volcano”; see [Sutherland 2013]. For a CM elliptic curve over C, this volcano has infinite depth.
Concretely, this means that it consists of a number of rooted (¢+1)-regular trees whose roots form a
cycle (which may have length 1 or 2). We can now argue as in the first case by choosing v to be a vertex
of maximal level (i.e., distance from the root cycle) and w to be a neighbor of v whose level is larger
by one. This shows that there can be no CM points in the support of D either.

The only points that we have not excluded from the support of D are the cusps; this proves the claim. [
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Remark. In the case that N = p is a prime, we can describe the kernel exactly. The rational cusps are
killed by #, whereas the irrational cusps are killed by t* =T, —¢g (g) — 1; compare [Parent 2000, Section 2.4]
(the rational cusps are those mapping to the cusp co on Xo(p) under the modular interpretation we use).
Since t —t* = (¢ — 1)({g) — 1) and the divisor group is torsion-free, ¢ kills a divisor supported on irrational
cusps if and only if it is invariant under (g).

3. Rank-zero primes

We say that a prime p is a rank-zero prime when J;(p)(Q) is finite.
The following result gives us the list of rank-zero primes. This is [Conrad et al. 2003, Proposition 6.2.1];
we include some more information from Section 6.2 of loc. cit.

Proposition 3.1. The rank-zero primes p are the primes p <31 and 41, 47,59, and 71.
For all of these, except possibly p = 29, the group J1(p)(Q) is generated by differences of rational
cusps, and for all except p = 17, 29, 31 and 41, the order of J1(p)(Q) is odd.

We can add to this the following new result, which confirms Conjecture 6.2.2 in [Conrad et al. 2003]
for the smallest open case, p = 29.

Theorem 3.2. The group J;1(29)(Q) is generated by differences of rational cusps.

Proof. We prove this by a computation using modular symbols, as follows. The group J;(29)(C)ors is
canonically isomorphic to M := H;(X1(29)(C), Z) ®z Q/Z. By Proposition 2.3, the image of the rational
torsion subgroup is annihilated by T, — (g) — ¢ for all odd primes g # 29, and it is also annihilated
by t — 1, where 7 is induced by complex conjugation. We let M’ be the subgroup of M annihilated
byt —1and 7, — (q) —q for g = 3,5, 7. We find that

VA z Z z VA Z

CM 2w 2w 2w &2 o =
N@N Qo €M =57 X 57 X 55 X 555 X 555 X 553 743178377

We can also compute the cuspidal subgroup C as the image in M of the relative homology H;(X(29)(C),
cusps, Z) via its embedding into H;(X1(29)(C), @). We obtain that

z 7z 2 2 2 z
227 T 227 T 227 T 227 T 22.3.43.178377 © 22.3.72.43.178377°

McCx

Finally, we have an explicit homomorphism Z[cusps]o — C, where Z[cusps]0 denotes the degree-zero
part of the free abelian group with basis the cusps of X;(29). We know that the absolute Galois group
of Q fixes the 14 cusps mapping to the cusp oo of X((29), whereas the remaining 14 cusps are permuted
cyclically via the action of the diamond operators. This allows us to determine

Z 7 z
11(29)(@) = J;(29 _(Glox L L
1@ = 129 Deors 227 " 227 * 223743178377

and we can verify that this equals the subgroup generated by differences of rational cusps. U
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Remark. In our Magma code for the computations in the proof above, we rely only on linear algebra
functionality (over Q and Z): we construct the relevant spaces “by hand” instead of using the built-in
modular symbols functionality.

Together with Proposition 3.1, this immediately implies the following.

Corollary 3.3. If p is a prime such that J1(p)(Q) is finite, then the latter group is generated by differences
of rational cusps on X1(p).

We will need the following result on the reduction mod 2.

Proposition 3.4. If p > 2 is a prime such that J,(p)(Q) is finite, then the reduction map

red, : Ji(p)(Q) = Ji1(p)(@)iors = J1(p)(F2)
is injective.

Proof. Let X be a curve over (Q with good reduction at 2, and let J be its Jacobian variety. Then the kernel
of the reduction map J (Q)ors — J(F2) is contained in the 2-torsion subgroup [Parent 2000, Lemma 1.7].
So the claim follows for all p such that J;(p)(Q) is finite of odd order. For the remaining primes on our
list, namely p € {17, 29, 31, 41}, we check by an explicit computation that J;(p)(Q)[2] — Ji(p)(F;) is
injective. This then implies the claim for these primes as well.

We now describe this computation. By Corollary 3.3, we know J; (p)(Q) is generated by differences of
rational cusps. The order of this group is known; see [Conrad et al. 2003, § 6.2.3 and Table 1] and note that
the order for p =29 given there has to be divided by 2° to get the order of the group generated by differences
of rational cusps; compare Theorem 3.2. Sutherland (https://math.mit.edu/~drew/X1_altcurves.html)
provides equations for planar models of X;(p) over Q for the relevant values of p. We use the reduction
modulo 2 of this model to check that the subgroup of its Picard group generated by differences of its
degree-1 places over [, (which correspond to the rational cusps under reduction mod 2) has the correct
order. In fact, it suffices to check that the 2-primary part of the group has the correct order. For p =17, 29,
and 31, this only takes a few minutes; for p =41 the computation of the Picard group of X(p) over F;
takes about eight hours (and 2.5 gigabytes of memory). (I

Remark. If one does not want to wait for several hours for the computation for p = 41 to finish, one can
alternatively use the intermediate curve X i corresponding to d =4 in the notation of [Conrad et al. 2003]
(then H has index 4). The predicted order of the 2-primary part of Jy (Q) equals that of J;(p)(Q). We
check that the 2-primary part of the subgroup of Jy (F,) generated by differences of the images of rational
cusps has the correct size.

Remark. For p = 17, Proposition 3.4 together with the fact that the Q-gonality of X;(17) is 4 gives a
simple alternative proof of the main result of [Parent 2003] that 17 & S(3); see Corollary 3.6 below. (Note
that 17 > (232 +1)2)
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Remark. The statement of Proposition 3.4 is false for Jo(p). For example, Jo(17) is the elliptic curve
with Cremona label 17al. It has Jy(17)(Q) = Z /47, generated by the difference of the two cusps, but
the reduction modulo 2 of a generator has only order 2.

We now show that assumption (a) in Lemma 1.7 is satisfied when £ =2 and p is a rank-zero prime
such that the (-gonality of X (p) is strictly larger than d. The Q-gonality of a curve X over Q is the
smallest degree of a nonconstant rational function on X defined over Q.

Recall the embedding ¢ : X1 (p)“’ — J;(p) given by fixing a basepoint ¢ € C;(p)(Q).

Corollary 3.5. Let d > 1 be an integer. If p > 2 is a rank-zero prime and the Q-gonality of X1(p) is
strictly larger than d, then assumption (a) in Lemma 1.7 is satisfied for £ = 2.

Proof. The map ¢ : Xl(p)(d) (@) — Ji(p)(Q) is injective when the @-gonality of X;(p) exceeds d,
since otherwise there are two distinct Q-rational effective divisors D; and D, of degree d that are
linearly equivalent, which means that there is a rational function f on X;(p) defined over Q2 whose
divisor is D; — D;, and hence f has degree < d. This contradicts the condition on the ()-gonality.
By Proposition 3.4, the reduction map red; : J;(p)(Q) — J1(p)(F,) is injective as well, and therefore
red; ot =t ored; is injective, which implies that red; is injective on X ( p)(d) (Q):

X1(p) (@) —— Ji(p)(@)

Jredz Jredz

X1(p) D (Fp) —— Ji(p)(F2) 0

The following is an excerpt of [Derickx and van Hoeij 2014, Table 1]. We write gong (X) for the
Q-gonality of a curve X:

p 11 13 17 19 23 29 31
gong(Xi(p)) 2 2 4 5 7 11 12

Also, it follows from [Derickx and van Hoeij 2014, Theorem 3] that gong (X (p)) > 8 for p €
{41, 47,59, 71}. We deduce the following.

Corollary 3.6. For the following values of d and p, assumption (a) in Lemma 1.7 is satisfied for £ = 2.

and pe{l7,19,23,29,31,41,47,59, 71},
and pe{l19,23,29,31,41,47,59, 71},
and pe{23,29,31,41,47,59,71},

and pe{23,29,31,41,47,59,71},

and pe{29,31,41,47,59,71}.

ST Y
|
~N O AW
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We now consider assumption (b) of Lemma 1.7 for p = 29, 31,41. We do this here rather than
in Section 8, since the computations we do to show that the assumption is satisfied are closely related to
those we do to establish Proposition 3.4.

Lemma 3.7. For p € {29,31,41}, d <7 and € = 2, assumption (b) of Lemma 1.7 is satisfied.

Proof. For d <4, we have that p > (29/241)2, and the claim follows from Lemma 1.9. For (d, p)=(5,29),
we observe that there is no elliptic curve over [F,s with 29 points and that the cusps that are not images of
rational cusps are not defined over [F»s, so there are no points x as in assumption (b).

In the other cases, Corollary 3.3 tells us that J;(p)(Q) is generated by the differences of the rational
cusps. This implies that the reduction mod 2 of any Q-rational point of X(p) must map into the
subgroup of J;(p)([F,) that is generated by the differences of the images of the rational cusps. We verify
that the points x as in assumption (b) do not map into that subgroup, which by the above shows that
these points are not in the image of the reduction map. This implies the claim. This computation is done
together with the computations we do to prove Proposition 3.4. ([

Remark. In a similar way as in Proposition 3.4, we can use the following alternative approach for p =41.
There is no elliptic curve E over Fye with 41 |#E(F,¢) if e <7 and e # 5. There is exactly one elliptic
curve E over Fps with #E (Fys) = 41; this is the curve y? +y = x> + x + 1 already defined over F». Its
automorphism group over [F,s is cyclic of order 4; we therefore obtain only 10 = (41 — 1)/4 distinct
[F,s-points on X (41) that are not cusps. Let Xy be the intermediate curve between X(41) and X((41)
with H of index 4. Then X;(41) — Xpg is an étale cover of degree 5, and the ten [F,s-points on X(41)
map to two [F,-points on Xg. In fact, X 5 (F,) consists of six points; four of them are cusps, and the other
two are the ones just mentioned. It can be checked that these two points do not map into the subgroup
generated by the differences of the four cusps, so that we can conclude in the same way as above.

4. Formal immersions

When p is not a rank-zero prime, so that J; (p)(Q) has positive rank, then the reduction map J; (p)(Q) —
J1(p)(F,) is no longer injective. This means that we need to find a more sophisticated argument to verify
assumption (a) of Lemma 1.7.

As mentioned in the introduction, one key idea here is to use a morphism 7 : J;(p) — A of abelian
varieties over Z ;). We obtain the following commutative diagram:

X1(p) D (@) —— J1(p)(Q) —— AQ)

lredg Jredz Jredg (4' 1 )

X1(0) D (Fo) — 1 (p)(Fe) —— A(Fy)

Let X € X1(p) @ (F,) be some point. Assuming that red, is injective on ¢ (J; (p)(Q)), it will follow that
the residue class of x contains at most one rational point, if we can show that the diagonal composition
redsot ot =ty 0ty oredy is injective on the residue class of x.
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The strategy for doing that is to take A such that A(Q), or at least 7(J;(p)(Q)), is finite; then the
reduction map on A(Q) (or the image of ) will be injective when ¢ is odd; when £ = 2, we can ensure
that the reduction map is injective on ¢ (J; (p)(Q)) by making sure that this image has odd order. It then
remains to show that ¢ o ¢ is injective on the residue class of any point x € X ( p)(d)([Fg). To do this, we
show that 7 o ¢ is a formal immersion at each of the points x as above. We recall the definition below.

First, some notation. We write Oy for the structure sheaf of a scheme X, Oy . for its local ring at a
point x of X, and O x.x for the completion of the local ring with respect to its maximal ideal my ;.

Definition 4.1. Let ¢ : X — Y be a morphism of noetherian schemes and let x € X be a point. Then ¢ is
a formal immersion at x if the induced local homomorphism on complete local rings

#*: Oy p) = Oxox
is surjective.

The relevant property of formal immersions for our purposes is the following; this is (a consequence
of) [Parent 1999, Lemma 4.13].

Lemma 4.2. Let ¢ : X — Y be a morphism of noetherian schemes over Z ) that is a formal immersion

at x € X(Fy). Then ¢ induces an injective map on residue classes
¢ :redzl(x) — rede_l(gb(x)).

Corollary 4.3. Letd € Z>1 and let £ # p be primes. Let t : J1(p) — A be a morphism of abelian schemes
over Z gy such that

1) 1(N1(p)(Q)) is finite,
(i) € > 2 or#t(J1(p)(Q)) is odd,

(ii1) t ot is a formal immersion at all x € X (p)(d) (Fy) that are sums of images of rational cusps on X1(p).
Then assumption (a) of Lemma 1.7 is satisfied.

Proof. Note that X{(p) and J;(p) have good reduction at £, and hence J;(p) can be considered as an
abelian scheme over Z ).

Let x, x' € X;(p)(Q) be in the residue class of a point X that is a sum of images of rational cusps
and write y = r(t(x)), y) = t(t(x")). Because x and x’ are in the same residue class, the same is true
of y and y’. It follows from conditions (i) and (ii) that red, : # (J1(p)(Q)) — A(F,) is injective, which
implies that y = y’. By condition (iii) and Lemma 4.2, f o is injective on the residue class of x, which
finally shows that x = x’. O

Remark. If ¢ =2 and we take commuting ¢, , € Endg(J;(p)) such that #;(J;(p)(Q)) is finite and #,
kills the 2-torsion subgroup of J;(p)(Q), then the conclusion of Corollary 4.3 holds for ¢ = #,t, also
when #(J1(p)(Q)) is even (assuming condition (iii) is satisfied); see [Parent 2000, Theorem 1.10].
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Writing A = im(#;) and taking A = im(¢) without loss of generality, we have the following commutative

diagram:

X1(p) (@) —— L(p)(@) —— A1(Q) —25 A@)

Jredz Jredg lredz Jredz

X1(p) D (Fp) —— Ji(p)(F2) SN A(F2) SEEN A(Fr)

Take x, x’ € X;(p)®(Q) with the same reduction X mod 2, such that X is a sum of images of rational
cusps. Then #1(¢(x") — ¢(x)) is in the kernel of reduction mod 2 of A;(@Q), which (since A;(Q) is finite)
consists of 2-torsion points, so #(¢(x")) = #(¢(x)) by the assumption on ;. We can then conclude as in the
proof above.

In our intended application, the set X ( 2)D(F,) can be quite large: the curve X (p) has (p —1)/2
(Q-rational cusps; assuming that they account for all of X ( p)(d)([Fg), the latter set has ((p 71)/[[2”71)
elements. Corollary 4.3 requires us to check that f ot is a formal immersion at each of these points. To
reduce the necessary computational effort, we now show how we can use curves intermediate between

X1(p) and Xo(p) that have fewer cusps.

Corollary 4.4. Let d € 7> and let £ # p be primes. Let X g be an intermediate curve between X (p)
and Xo(p). Fix xg € Xg)(@) and define 1y : Xgi) — Jyg using xo as basepoint. Lett : Jy — A be a
morphism of abelian schemes over Z gy such that

(1) t(Jg(Q)) is finite,

(i) € > 2 or#t(Jy(Q)) is odd,
(iii) t oty is a formal immersion at all xi € X ;f,l) (Fp) that are sums of images of rational cusps on X1(p).
Then assumption (a) of Lemma 1.7 is satisfied.

Proof. Let x € X, (p) @ (F,) be a sum of images of rational cusps and take two points x, x’ € X ( ) D Q)
in the residue class of x, where we take x to be the unique sum of rational cusps in this residue class.
Write x g, x}, for their images in X Ej) (Q). Then Xy :=redy(xy) =redy(x};) is a sum of images of rational
cusps on X(p). Arguing as in the proof of Corollary 4.3, we see that x};, = xy; in particular, x}, is a sum
of images of rational cusps on X;(p), since this is true for xg. The set of rational cusps on X (p) is the
full preimage of the cusp oo € Xo(p)(@). This implies that all points in X;(p)“ (Q) that are preimages
of xz under the obvious map are sums of rational cusps. So x’ is a sum of rational cusps as well. But red,
is injective on sums of rational cusps (since reduction mod ¢ is injective on cusps; see [Deligne and
Rapoport 1973, Theorem IV.3.4]), and hence x’ = x. U

5. Computational verification of assumption (a)

We use Corollary 4.4 to show that assumption (a) of Lemma 1.7 holds for the relevant pairs (d, p). To
verify the assumptions of Corollary 4.4, we need to do essentially two things: we have to find a suitable
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morphism ¢ of abelian schemes that satisfies conditions (i) and (ii), and we have to check that r o ¢ is a
formal immersion at all points in xg € X 5;1)([’:5) that are sums of images of rational cusps on X{(p).

To satisfy condition (i), we take a morphism ¢ that factors through the winding quotient J§;; then
t(Ji (Q)) is contained in the image of Jf, (Q) under a morphism of abelian varieties. Since, by Theorem 2.2,
J§(Q) is finite, t(Jy (Q)) is finite as well. One possibility is to take the projection Jyg — Jf;. If we
choose £ > 3, then condition (ii) is also satisfied. This was used for Jo(p) with p prime and an ¢ that
depends on p in the argument of [Merel 1996], and is used for Jy(p™) with £ = 3 or 5 in the argument
of [Parent 1999]. The proof of Oesterlé’s bound uses ¢ = 3; see Section 6.

If we take for ¢ an element of the Hecke algebra T € Endg(Jx), then the condition for ¢ to factor via
the winding quotient is that # - Ann(e) = 0 in T. We obtain such ¢ as follows. This is essentially [Parent
2000, Lemma 1.9]; we extend the statement slightly by removing the condition that the characteristic
polynomial of 7y (acting on the space of cusp forms) is squarefree.

Proposition 5.1. Let ty € T with factored characteristic polynomial P(X) =[[/_, P;(X)% with respect
to its action on HO(X g, Q). Set

I:={ie(l,....n}| (P/P)(to) - e=0 or ¢; = 2};
then 11(t9) :=[];c; P (to) is such that t,(tp) - Ann(e) = 0.

Proof. The proof is basically the same as that in [Parent 2000, § 2.5], noting that the factors Pl.e’ (to)
with e; > 2 in the product defining #;(#p) are used to kill any factor of the Hecke algebra for which we
cannot simply decide whether it is contained in Ann(e). O

We note that we can compute P (X) and test the condition (P/P;) (o) - e = 0 explicitly using modular
symbols, so we can determine #; (#p) explicitly for any given #5. We see that ¢, (¢p) satisfies condition (i)
forevery tp € T.

To satisfy condition (ii) when £ = 2, we use Proposition 2.3, which implies that for ¢ an odd prime not
dividing N, T, — (q) — q kills the rational torsion subgroup of Jy. Combining this with Proposition 5.1
gives the following version of ‘“Parent’s trick”.

Corollary 5.2. Let Xy be an intermediate curve between X1(p) and Xo(p). Let to € T and let g # p be
an odd prime. Then

t:=1(o) (Ty—(q)—q) €T,

considered as an element of Endg(Jy), satisfies conditions (1) and (i1) of Corollary 4.4 for £ = 2. If
Xy = Xo(p) and p £ 1 mod 8, then t := t,(ty) satisfies both conditions.

Proof. By Proposition 5.1 and the discussion preceding it, #;(#g) satisfies condition (i). Obviously this
condition still holds after composing ¢, (#p) with some further morphism. By Proposition 2.3, the factor
T, — {(gq) — q kills the torsion in #{(tp) (Jg (Q)) € Ju (Q)ors, Which implies that #(Jy (Q)) = 0, so that
condition (ii) also holds.
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It is known that Jo(p)(Q)ors is cyclic of order (p — 1)/ged(p — 1, 12), generated by the difference
of the two (rational) cusps; see [Mazur 1977, Theorem 1]. This implies that the rational torsion group
of Jo(p) has odd order when p % 1 mod 8, and so condition (ii) is automatically satisfied. U

We still need a way of verifying condition (iii) of Corollary 4.4. This is provided by the following
version of “Kamienny’s criterion” as given in [Parent 2000, Theorem 1.10, Proposition 2.7]. Parent states
this criterion for X;(p) in place of Xy, but the generalization is immediate.

Proposition 5.3. Let H C (Z/pZ)* /{=£1} be a subgroup. Let £ # p be a prime and consider t = t|(ty) as
in Proposition 5.1 when £ is odd, or t as in Corollary 5.2 when £ = 2. Then t ot is a formal immersion at
all xpy € Xgl) (F¢) that are sums of images of rational cusps on X1(p) if for all partitionsd =n1+...+ny
with ny > --- > ny,, and all m-tuples (dy = 1,d>, ..., d,) of integers representing pairwise distinct
elements of H, the d Hecke operators

(Ti{dj)t) j=1.....m, (5-D

are Fy-linearly independent in T ® Fy, where T is considered as a subalgebra of Endg(Jg).

We note that we can check the criterion for any given ¢ by a computation with modular symbols.
This criterion was first established by Kamienny [1992b] for Xq(p). In this case, the condition
simplifies to:

The d Hecke operators Tit, Trt, ..., Tyt are Fy-linearly independent in T Q Fy.

Implementing the criterion implied by Corollary 5.2 and Proposition 5.3 for Xo(p) and running the
resulting code gives the following. We take as basepoint for ¢ the point given by d times the cusp oo
on Xo(p). Note that 2281 = [ (1 + 37/2)2; larger primes will be dealt with using Oesterlé’s bound.

Lemma 5.4. For each of the following choices of 3 < d <7 and a prime p, there is t € Endg(Jo(p))
as in Corollary 5.2 for £ =2 such thatt o : Xo(p)(zag) — Jo(P)z, is a formal immersion at the point
of Xo(p) D (F») corresponding to d times the cusp oo:

d=3 and 47 < p <2281, p #£#73,79;

and p €1{47,59,71,83,89} or 103 < p <2281;

and

4

5 p €1{59,71,83} or 103 <p <2281;

6 and p €{71,107} or 127 <p <2281, p #193;
7 P

U A A
Il

and =131 or 139<p <2281, p # 157, 193.

Proof. We try to = T, for 2 < n < 60, and when p = 1 mod 8, we try for each 7y the additional
factor T, — (g + 1) for primes 3 < ¢ < 20 until either the criterion is satisfied or else all combinations
are exhausted. (Actually, n < 14 and g € {3, 5} would be enough, as the computation reveals.) The
computation took about 1.5 hours. We note that to exclude p = 163 for d =7, we actually needed the
statement of Corollary 5.2 that t = ¢, (#y) is sufficient when p %% 1 mod 8 (which also helps to speed up the
computation, since it eliminates the inner loop over q). For p =431 and d =7, taking fo = T,, does not
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seem to work. We tried random linear combinations of the first few Hecke operators and were successful
withtg =T, + T3 — T5. O

For the remaining primes p of interest for any given degree d, we use the criterion on an intermediate
curve Xp; we try the various groups H ordered by increasing index in (Z/pZ)* /{£1}, since smaller
index means that we have to deal with smaller objects, leading to a faster computation.

If we were to use the criterion of Proposition 5.3 literally, then we would have to run through a
potentially very large number of partitions of d combined with choices of d;. We use the following trick
to speed up the computation.

Lemma 5.5. Let H C (Z/pZ)* /{%1} be a subgroup. Let £ # p be a prime, d an integer and t € T,
viewed as an endomorphism of Jy. Let D C Z be a set of representatives of the cosets of H with 1 € D.
Define the set

I={1,)|1<i<d}U{ki)|1<i=<]|3d] 1#ke D}

Suppose that there is no F¢-linear dependence among at most d of the images in T ® b, of the elements
ti,iy := Ti(k)t for (k,i) € I, where we consider T as a subalgebra of Endg(Jy). Then the criterion
of Proposition 5.3 is satisfied.

Proof. Assume the criterion fails. Then there is a partitiond =n| +- - - +n,, withn; > --- > n,, and there
ared) =1,d>, ..., d, € D pairwise distinct such that the d operators T;(d;)t for 1 < j <mand 1 <i <n;
are linearly dependent in T ® [,. But these operators are all of the form 7 ;) (note n; < L%dJ for j > 2),
so this would produce a linear dependence mod £ among d of the #( ;); this is a contradiction. (Il

When implementing this, we can in addition look at each linear relation of weight at most d between
the elements in the lemma and check if it is indeed of the “forbidden” form as given in Proposition 5.3.
In the cases of interest, the relation space has low enough dimension to allow for the enumeration of
all relations and performing this check. We use algorithms for binary linear codes that are included in
Magma to do this efficiently.

We obtain the following result.

Lemma 5.6. For each of the following choices of 3 < d <7 and a prime p, there is a subgroup H
of (Z) pZ)* {1} and t € Endg(Jy) as in Corollary 5.2 for € =2 such that t o : X;‘,{)Z@ — Jnz, isa
formal immersion at all points of X g) (F2) that are sums of images of rational cusps on X(p):

and 19 < p < 2281;
and 19 < p <2281, p #29;
and 23 < p <2281, p #29;
and 23 < p <2281, p #29;
and 37 < p <2281.

S Y
Il
~N O »n b~ W
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Proof. For each pair (d, p) that is not covered by Lemma 5.4, we check the criterion of Lemma 5.5 for
subgroups H by increasing index. For each H, we again try ty = T,, for 2 < n < 60 and the second factor
given by primes 3 < g < 20. The most involved computation is for d =7 and p = 107, where we have to
take the trivial subgroup H corresponding to J;(107); this computation took about 35 minutes. Most of
the other cases just take a few seconds, a small number of them a few minutes. (Il

Proposition 1.8 now follows from Lemma 5.6 and Corollary 3.6.

6. A proof of Oesterlé’s bound

The purpose of this section is to provide a proof of Oesterlé’s bound (1-1) and thus close a gap in the
literature. Oesterlé gives a proof in his notes [1994], which have been available to the people working in
the field, but a proof has never appeared in print. The proof below is based on these notes, which Oesterlé
kindly provided to us; in particular, we do not claim originality for anything in this section: the ideas are
all Oesterlé’s. We will use results that are available in the literature by now to simplify the exposition in
some places. We state the result of this section as a theorem.

Theorem 6.1 (Oesterlé). Letd > 3. If p > (3%/> + 1)? is a prime, then p & S(d).

We can restrict to d > 3 here, since the cases d = 1 and d = 2 have been dealt with by Mazur and
Kamienny, respectively.

We will work with £ = 3. By Lemma 1.9, assumption (b) of Lemma 1.7 is always satisfied when
p > (342 4+ 1)2. So it is sufficient to show that assumption (a) of Lemma 1.7 holds. This in turn is done
by using the formal immersion criterion via the winding quotient of Jy(p). For sufficiently large d, this
follows from the following result.

Proposition 6.2. Ifd > 3 and p > 65(2d)® is a prime, then the map

fap: Xo(p) D 5 Jo(p) — JE(p)

is a formal immersion at the point x € Xo( p)(d)([Fg) that is the reduction mod 3 of d times the cusp oo

on Xo(p).
In particular, Theorem 6.1 holds for d > 26.

Proof. The first statement is a consequence of [Parent 1999, Theorem 1.8 and Proposition 1.9]. Since
65(2d)® < (342 + 1) when d > 26, the statement of Theorem 6.1 follows for such d by the discussion
above. (Il

Oesterlé proves a similar statement with a slightly worse bound on p; Parent uses the same underlying
approach.

In principle, Proposition 6.2 reduces the proof of Theorem 6.1 to a finite problem: for each 3 <d <25
and each prime p such that (39/24+1)2 < p < 65(2d)®, we have to check that the map in Proposition 6.2 is a
formal immersion at the relevant point, which can be done via Kamienny’s criterion given in Proposition 5.3.
However, the primes we would have to deal with in this way get much too large and there are way too
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many of them to make this practical. So instead, we need a criterion that allows us to deal with all (or
many) of these primes at the same time.

One idea that Oesterlé uses here (and also to prove a statement similar to Proposition 6.2 above) is to
make use of the intersection pairing on H;(Xo(p)(C), Z), which is an alternating perfect pairing into Z.
We will denote this pairing by .

We will use the following version of Kamienny’s criterion. Recall from Definition 2.1 the winding
element e € H|(Xo(p)(C), Q).

Proposition 6.3. The map f4,, as in Proposition 6.2 is a formal immersion at x if (and only if ) the images
of Tie, ..., Tye in Te/3Te are linearly independent over F.

Proof. This is [Parent 1999, Theorem 4.18] for [ = 3. O

To make use of the intersection pairing, we have to move the elements T,e € H(Xo(p)(C), Q)
into H;(Xo(p)(C), Z). The Hecke operator T, — 3 sends e into H;(Xo(p)(C), Z), since the action
of T», viewed as a correspondence on X((p), multiplies the cusps 0 and co by 3, so that the boundary
of — (T, —3) - {0, oo} is zero. In the same way, we see that (T,, —o1(n))e € Hi(Xo(p)(C), Z) when n < p;
here o (n) denotes the sum of (positive) divisors of n. (This is true in general when p{n; when p|n, one
has to replace o1 (n) with the sum of divisors not divisible by p.)

Corollary 6.4. If p > (39/2 +1)? and the images of
(T2 - 3)T1e, ey (T2 - 3)Tde
in Hi (Xo(p)(C), F3) are linearly independent over 3, then p & S(d).

Proof. We show that f,; , is a formal immersion at x, which implies the claim. Assume that this
is not the case. By Proposition 6.3, there are integers Aj, ..., Ay, not all divisible by 3, such that
rMmTie+ -4+ AryT e € 3Te. Multiplying by 75 — 3, this gives

Kl(Tz — 3)T1e+ cee +)»d(T2 — 3)Tde € 3(T2 — 3)1Te C 3H1(X0(p)(@), Z),

with all terms on the left contained in H;(Xo(p)(C), Z). Reducing this relation mod 3 shows that the
images of (T, —3)Tie, ..., (To —3)Tye in H{(Xo(p)(C), F3) are linearly dependent. [l

We now define the following Hecke operators.

Definition 6.5. Let n > 1. We set

where u is the Mébius function, and
L,=T,,—2T,.

n

Then 7, —oy(n) =), (T, —m). Using the relations

mln

Tom if m is odd,

T, = . .
Ty +2T,, 2  if mis even,
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we find that
L, if n is odd,

T, —3)T =
(2= 31, {L,,—Ln/z if n is even.

Corollary 6.6. If p > (3%/> +1)? and the images of
Lle, ey Lde
in Hi (Xo(p)(C), F3) are linearly independent over 3, then p & S(d).

Proof. The relations deduced above show that the Z-submodule of T generated by Ly, ..., Ly is the same
as the Z-submodule generated by (7, — 3)T1, ..., (T» — 3)T;. Now use Corollary 6.4. |

We now introduce notation for certain modular symbols, following [Merel 1996, Section 2]. If
y = (‘C‘ Z) € SL,(Z), then the modular symbol {y0, yoc} depends only on the coset I'g(p)y, which in
turn depends only on the image of c/d in P! (F »). We denote this modular symbol by &(c/d). If k is an
integer coprime with p, then £(k) = {0, 1/k} € H|(Xo(p)(C), Z), since the cusp 1/k is 'y(p)-equivalent
to 0.

The following result is crucial; we defer its proof until later and first show how Theorem 6.1 can be
deduced from it with some computation. For M > 3 an odd integer, we define

ey (Z/MZ)* — {0, 1}

sothat eyy(a+ MZ7)=0if 1 <a < %M and eyy(a+ M7Z)=1if %M <a < M. We extend £, to a map
on all rational numbers a /b with numerator and denominator coprime to M by applying it to the image
ofa/bin (Z/MZ)*.

Lemma 6.7. Let d > 1 be an integer, let M > 3 be an odd integer and let p > 2d M be a prime. Let u € 7
be such that pu =1 mod M. Then for a coprime to M and 1 <n <d, we have

Loee {0, %} — ey (na) — ey (nu/a).

Corollary 6.8 [Oesterlé 1994, Proposition 8]. Let d and M be as in Lemma 6.7 and fix u € Z coprime
with M. If the matrix

(em(na) — SM(”“/“))gngd, ae(Z/M7)*
with entries taken in 3, has rank d, then p ¢ S(d) for all primes
p > max{2dM, (3‘1/2 + 1)2} such that pu =1 mod M.

Proof. By Lemma 6.7, the matrix entries are the intersection numbers, taken mod 3, between L,e
and {0, a/M} in H;(Xo(p)(C), Z), when p is a prime as in the statement. So when the matrix has rank d,
this implies that Le, ..., Lye are linearly independent mod 3, and the claim follows from Corollary 6.6. [
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Proof of Theorem 6.1. The following table gives, for each 3 < d <25, a value of M as in Corollary 6.8
such that the matrix above has rank d for all u € (Z/MZ)*. By Corollary 6.8, this proves Theorem 6.1
for all p > max{2dM, (3¢/> 4+ 1)?)}.

d3 4 5 6 7 8 9 10 11 12 13 14
M 29 37 41 43 47 47 53 53 53 61 73 73

d 15 16 17 18 19 20 21 22 23 24 25
M 79 79 8 89 8 101 101 109 109 109 127

Note that 2dM < (39/2 + 1)? for d > 6. We have already verified the formal immersion criterion
(with £ = 2) for the primes between (3%/2 4+ 1)? and 2d M for 3 <d <5 in Lemma 5.6, which implies
p & S(d) for these primes as well. U

Remark. Oesterlé deals with the remaining primes p for 3 <d <5 by computing the intersection products
Ieek(k)forl<k<p—1land1<n<d,wherel, = (p—1)/gcd(p — 1, 12) is the order of Jo(p)(Q)tors
and I, = T, —n for n > 2, and verifying that the resulting matrix has rank d (even when reduced modulo
any prime £ > 3). This works for all cases except p =43 and p = 73 for d = 3. For p =73, he has a
separate argument, whereas he does not mention p = 43 further, even though the maximal d for which
the rank condition is satisfied is d = 2 according to the table at the end of [Oesterlé 1994, Section 7].

From now on until the end of this section, the degree d of the field of definition of the elliptic curves
will be irrelevant. We will therefore feel free to use “d” as a local variable as in the definition of M,
below, and hope that this will not lead to confusion.

It remains to prove Lemma 6.7. We follow Oesterlé’s notes quite closely here (modulo some changes
of notation). We remark that Corollaries 6.12 and 6.13 are in a separate file that Oesterlé made available
to Bas Edixhoven and the first author of this paper.

We begin with a result that expresses (7, — o1(n))e for n < p in terms of modular symbols.

Lemma 6.9 [Oesterlé 1994, Corollary 2 of Proposition 10]. Forn < p, we have in H{(Xo(p)(C), Z) that

(Li—oime=— Y &(%).

(a,b,c,d)eM,
where
M,,={(a,b,c,d)eZ4:a >b>0,d>c>0, ad —bc =n}.
Proof. This is [Merel 1996, Lemma 2], using that both sides are contained in H,(Xy(p)(C), Z). O

We need a formula for the intersection product. We define the following function on R:

0 ifx<O,
Hx)={1 ifx=0,
1 ifx>0.
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Lemma 6.10 [Oesterlé 1994, Equation (37)]. Let p be a prime and k, k' € {1, ..., p — 1}. We write k,
for the unique element of {1, ..., p — 1} such that kk, = —1 mod p. Then

E(k)sE(k)=—HK' —k) + H(K' — ko) + H(K, —k) — H(k, — k).

Proof. By [Merel 1996, Lemma 4], for k" & {k, k.}, £(k) e £(k’) is the intersection number (—1, 0, or 1)
of the oriented line segment joining ¢27/? to ¢27iK'/P and that joining e2"%/? to ¢*7k/P  Otherwise
the intersection number is zero, since the pairing is alternating and & (k,) = —& (k). The formula we have
given follows by considering the various possible cyclic orderings of the four points on the unit circle

connected by the two line segments. O

We enlarge M, slightly and set
Bn={(a,b,c,d)eZ4:a>b20, d>c>0, ad —bc =n}

(so we allow ¢ = 0 here) and write B?=0, B®>0 B¢=0 and B¢>" = M, for the subsets satisfying the
indicated extra condition.
We define, forn > 1, aprime p > n and k € {1, ..., p — 1}, the following two quantities:

vy (k) =#(a,b,c,d) € Z.o:ad+bc =n, c =dk mod p},
v;,,n(k) =#{(a,b,c,d) €Z~y:ad +bc=n, gcd(c,d) =1, c =dk mod p}.

We now give an explicit formula for the intersection number (7, — o1 (n))e & (k). Its proof by Oesterlé

is quite ingenious.
Proposition 6.11 [Oesterlé 1994, Proposition 12]. Let p be a prime and k,n € {1, ..., p — 1}. Then:

(@) (T, —o1(n))es£(k) = Zl(f”?kj = L’"}fj) + 00 (k) = vy 0 (k).

i) (7 —mews0 = | 55| = 2 [ 0],00 0], k.

Proof. Claim (ii) follows from claim (i) by Mobius inversion. So it suffices to show (i).

We write k.4 for the integer k € {1, ..., p — 1} such that ¢ = dk mod p, where ¢ and d are integers
coprime to p. We extend this to all remaining elements x € P!(Q) by setting k, = p. Then Lemmas 6.9
and 6.10 imply that

(T —aimessr=— Y §(5)+&)
(a,b,c,d)eM,
= Z (Hk —keja) — Hk —k_qyc) — H(ky — keja) + H (ks — k_ayc))-
(a,b,c,d)eM,

We note that when ¢ = 0, all terms under the summation sign are zero (since kg = koo = p and
H((k — p) = H(k, — p) = 0), so that we can replace the summation over M,, = Bfﬁo by a summation
over B, without changing the value of the sum.
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We now observe that there is a bijection
¢n: B0 — B0 (a,b,c,d) > (b, —a+mb,d, —c+mb),
where m = [a/b] > 2 is the unique integer such that 0 < —a + mb < b; its inverse is given by
(a,b,c,d) (=b+m'a,a,—d +m'c,c) with m"=[d/c].
We split the sum as follows:

> (Hlk—keja)—H(k—k_ase)) — H (ks —kea)+ H (ks —k_ayc))

(a,b,c,d)eBy,
= Y (Hk—ky)—Hl—ky))+ Y (Hk—kesa)—H (ks —kesa))
(a,b,c,d)eBb=0 (a,b,c,d)eBb>0
- Y (HUk—k-go)—Hl—k-q)) = Y, (Hlk—k_g0)—Hki=k_gs)). (6-1)
(a,b,c,d)eBs=0 (a,b,c,d)eBg>0

Writing the quadruple in the last sum in (6-1) as ¢, (a, b, c, d), this then gives

Y (Hk—kea) = H(k —keja) (6-2)
(a,b,c,d)eBb=0
— Y (Hk—k_ap) — Hks—k_qyc) (6-3)

(a,b,c,d)eB:=0

+ Y (H(k—kepa) = Hk —kepa—ram) — H(ke —kesa) + H(ke —kepa—rap).  (6-4)
(a,b,c,d)eB>0
We evaluate the three sums in the last expression separately. First note that the second sum (6-3) is zero,
since k_g/c = p for c =0 and H (k — p) = H (k. — p) = 0 for all relevant k. We now look at the first
sum (6-2), which is the following expression minus the same expression with k replaced by k,:

d—1 d—1
Y HUk—kya)=) Y Hk—kya)=)_ > Hk—kea).

(a,b,c,d)e Br=0 dln ¢=0 dn c=1
We set
sy =#{(c,d)eZ?:d|n, 0<c<d, ¢ =dk mod p}; (6-5)

then the sum above is

D #ceZ:0<c<d, kg <k} =35 (k).

d|n
Now dk.jq = up + ¢, where 1 < u < d satisfies up = —c mod d, and so k./q = [up/d]. The map that
sends u to ¢ is a permutation of {1, ..., d — 1}, which implies that

#leeZ:0<c<d kyg<ki=#ucZ:0<u<d, upfdk}:L%J.
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This gives the expression

Z(LmTfJ - Lmﬁ*D—%(S(k)—S(k*)) (6-6)

min
for the sum in (6-2).
Now we look at the third sum (6-4). Let x = ¢/d for some (a, b, c,d) € B,’f>0; then p>n>d >0,
so ptd. If A is a statement, we set [A] = 0 if A is false and [A] = 1 if A is true. Then, by checking the
various cases and using that k,_; =k, — 1 when k, # 1, we find that

H(k—ky) — Hk—ky—1) = [ky = 11— Sk =k, ] — 3[k = ke ].
This implies that
H(k —ky) — Hk —ky—1) — H(ky —ky) + Hks —ke—1) = 3k € {ky, kx—1}] = 31k € {ky, ke—1}].

We obtain the following expression for (6-4):

[a/b]—1
1
5 2 2 (ke tkeamjikeamji} = [k € hesamj kepa—j-1}))

(a,b,c,d)eBt>0 j=0

1 > >
= 5(#{(a, b,c,d) e B 1 kejy = kit —#{(a, b, c,d) € B2 1 kg = k}) (6-7)

1 > >
+ z(#{(a, b,c,d) € B kepu—am) = ki) —#{(a, b, c,d) € B kepu—rai) = k) (6-8)
+#{(a7 ba C! d’ .]) e Un : k* == kc/d—]} _#{(a7 bv C, d? .]) e Ul’l :k — kc/d—j}v (6_9)

where we have set
U, = {(a,b, c.d,j):(a b,e,d)e B 1<) < [%”
Now we observe that there is a bijection
YU, = {(a,b,c,d) € Zio cad+bc=n}, (a,b,c,d,j)— (b,a—jb,d,—c+ jd)

(its inverse maps (a, b, c,d) to (b+ ja,a,—d + jc, c, j) with j = [d/c]). Writing ¥, (a, b, c,d, j) =
(a',b',c,d"), weseethatk =k./q—; is equivalent to k =k_z ., which is the same as saying that k, =k /4,
or that ¢ = k,d’ mod p. This shows that the terms in line (6-9) above are equal to

Up,n (k) — Up,n (ky).
Using the bijection ¢, between B2>? and B¢>?, we see that the terms in line (6-8) can be written as

1(#{(a,b,c,d) e BT tk_qje =k} —#{(a,b,c.d) € BS™ 1 k_yje = k})
=1(#{(a,b,c,d) € B tkejg =k} —#{(a. b, c,d) € BS™ i kepa = ki}).  (6-10)
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This cancels the part of the terms in line (6-7) in which c is strictly positive, and the terms with ¢ =0 do
not contribute anything. What remains is the part with » = 0 in (6-10), which is

1#{(c,dyeZ2y:d>c>0,d|n, c=dk mod p} —#{(c,d) € Z2y:d > ¢ >0, d |n, c = dk, mod p})
= 3(s(k) = s (k)

with s(k) as in (6-5). This cancels the contribution coming from s(k) and s(k,) in (6-6), and we obtain
the desired result. (I

Corollary 6.12. Let n > 1 be an integer, let ¢ and d be coprime integers such that ¢ > d > 0, and let
p > nc be a prime. Let a and b be the integers satisfying 0 <a <c, 0 <b <d, and ad — bc = 1.
Letk,k, € {1,..., p— 1} be such that c = dk mod p and —d = ck, mod p. Further, let the integers
u and u,. satisfy dk = up +c and ck, = u.p —d.

Then0<u<d,0<u, <c,and

mmeeeo = | |- [ [+ [ )7

@ -meesto = |3 |- |7 [+ [ F -1 )

Proof. Since dk —c > —p and dk — ¢ < dp, we see that 0 <u < d. Since ck, +d > 0 and ck, +d <
c(ky+1) <cp, we also see that 0 < u, < c.

By Proposition 6.11,

(T = mewglo = [ 25 | = | 20 | 4,60 = v (ko).
We evaluate each of the terms.

We have that nk/p = nu/d + nc/(pd) and p > nc, so 0 < nc/(pd) < 1/d, which implies that
lnk/p] = nu/d].

Similarly, we have that nk./p = nu,/c —nd/(cp) and p > nd, so 0 < nd/(pc) < 1/c, which implies
that [nk./p| = [(nu, —1)/c].

The third term counts the quadruples (a’, b’, ¢/, d") of positive integers such that ¢’ and d’ are coprime,
a'd"+b'c’ =n, and ¢’ =d'k mod p. The latter implies that ¢'d = c¢d’ mod p. Since 0 < c’d <nd < p
and 0 < cd’ < cn < p, we must have equality; then the coprimality of ¢’ and d’ and of ¢ and d forces
(c’,d") = (c,d). We have that nad — nbc =n = a'd" + b'c’ = a’d + b'c, which implies that there is
some t € Z such that na —a’ = tc and nb + b’ = td. The conditions a’, b’ > 0 then translate into ¢ < na/c
and t > nb/d. Since a/c > b/d, this gives

v, k) =#{rez: % <1< %} = L”“C_IJ - L”d—bJ.
The fourth term similarly counts quadruples (a’, b’, ¢/, d’) of positive integers such that ¢ and d’ are
coprime, a’'d’ + b'¢’ = n, and p|c’k +d’. The latter implies that p | cc¢’ +dd’. But 0 < ¢’ +dd’' <
c(c’+d’) < cn < p, so there are no such quadruples, and the fourth term is zero.

el Rl b Rl bt e bl

Finally, note that
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as can be seen by considering the cases c¢|n and c{n separately, taking into account that ¢ is coprime
with a and u,. O

Corollary 6.13. Let M > 2 be an integer, let 1 < a < M be coprime with M, let n > 1 be an integer, and
let p > nM be a prime. We let w denote the integer such that 1 <w < M and apw =1 mod M. Then

@ —me-fo. 37} =[5 [57]
Proof. We prove this by induction on M. If M = 2, then a = 1. We show the claim more generally for
a=1and M > 2 arbitrary. We then have {0, a/M} = &(M). The claim follows by taking (¢, d) = (M, 1)
(then (a, b) = (1, 0) and (u, u,) = (0, w)) in Corollary 6.12.
Now assume that M > 2 and that the claim holds for smaller M. We can then find integers b and d
such thatad —bM =1and 1 <d <M. Then 0 <b < d. If d =1, then b = 0 and therefore a = 1; this

case was already dealt with above. So we can assume that d > 2.
Let 1 <k < p be such that M = dk mod p. Then

a—bk b 1) _ a
(v—ax )10 %) =1a )
The matrix is in ['g(p), so {b/d, a/M} = &(k), and hence

(T! —n)es {0, %} — (T —n)es {0, g} + (T —n)ee£(k).

We use the induction hypothesis for the first term in the sum and Corollary 6.12 for the second term,
where we take (a, b, c,d) < (a,b, M,d). Then

bpu = bdk —bc=1 modd,
so u corresponds to w in the induction hypothesis, and u, = w. This gives
e = (21 2D () 122+ - L)
=5 =5 ) .
Proof of Lemma 6.7. Using that L, = T, — 2T, = (T,, —2n) — 2(T,, — n), Corollary 6.13 gives (note
that w does not depend on n)

a 2na 2nw na nw
Le-{0. 37} = [ 57 = |57 ] —2L57 |+ 257 | =ewwa) = ewtuw,
and we can replace w with u/a, where u is as in Lemma 6.7. O

7. A criterion for ruling out moderately large primes

To exclude some of the larger primes for d = 7, we make use of the following criterion, which is due to
the first author of this paper.
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Proposition 7.1 (Derickx). Let d > 1 and let p be a prime. We assume that either

(1) J1(p)(Q) is finite, or
(i) there is a € (Z/pZ)* /{=£1} such that ord(a) > 3d and A = ({a) — 1)(J1(p)(Q)) is finite.

In case (ii), we say that “(x) holds” when #A is odd or, more generally, the 2-primary part of A is
contained in the subgroup of J1(p)(Q) generated by differences of rational cusps. We then setn =3 in
case (1) and

if (x) holds and a € {2, 2-1,

if (%) holds and a & {2,27'},

if (%) does not hold and a € {3,371},

if (%) does not hold and a & (3,37}

0 3 N W

in case (i1). Then nd < gong (X 1(p)) implies that p & S(d). This holds in particular when

325 p? — 1
206 g

Proof. If c € X(p) is a rational cusp, which we consider as an effective divisor of degree 1, and ¢ is any

d <

prime, then (T, — (g) — g)(c) = 0. This can be deduced from the modular interpretation of the cusps.
(See also [Parent 2000, end of Section 2.4] and note that the rational cusps are those mapping to the
cusp oo on Xo(p).)

We first consider case (i). Then, by Corollary 3.3, J;(p)(Q) is generated by differences of rational
cusps. By the preceding paragraph, T, — (g) — g kills J;(p)(Q) for all primes ¢ (including g = 2; this
improves Proposition 2.3 in this case). In case (ii), T, — (g) — ¢ kills the 2-primary part of A when
this is contained in the subgroup generated by differences of rational cusps and kills the odd part of A
by Proposition 2.3. So when (*) holds, T;, — (g) — g kills A for arbitrary primes g. When (x) does not
hold, the statement is true for g > 3.

We let x € X1(p)“@(Q), considered as an effective divisor of degree d on X(p), and fix a rational
cusp ¢ € X1(p). Then the linear equivalence class [x — d - ¢] of the divisor x —d - ¢ is a rational point

on Ji(p).
Going back to the case (i), set t = T, — (2) — 2. Then

t(x—d-c)=t(x)—dt(c) =t(x)

is a principal divisor, since ¢([x — d - c]) = 0. This implies that the divisors 7>(x) and (2)(x) + 2x of
degree 3d = nd are linearly equivalent. But gong (X(p)) > nd by assumption, so the divisors must in
fact be equal, and ¢ (x) = 0. Now Proposition 2.4 shows that x is a sum of cusps. This implies p € S(d).

In case (ii), we set ¢ = 2 when () holds and otherwise g = 3, so that T, — (g) — ¢ kills A. Then
1(J1(p)(Q)) = {0}, where

t=(a) = (T —{q) —q) = (@) T, + {q) +q) — (Ty + {qa) +q(a)). (7-1)
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If ga = 1, this simplifies to
t=a)Tg+(q)+(q = 1) = (Ty +q(a)), (7-2)

and if a = g, we obtain
t={a)Ty+q) — (Ty + (qa) + (g — D{a)). (7-3)

We write t; for the first term and #, for the second in the difference (7-1), (7-2) or (7-3). Since the diamond
operators are automorphisms of X;(p) and 7, multiplies degrees by g + 1, we see that applying 7y or 7,
considered as a correspondence on X(p), to an effective divisor of degree d results in an effective divisor
of degree nd.

As before, t(x —d -c) =t(x) —dt(c) =t(x) is a principal divisor, and from gong (X(p)) > nd, we
conclude that

1(x) = (Ty = {q) —g)({a) = D(x) = 0.

By Proposition 2.4 again, this implies that {(a)(x) — x is supported on cusps. Since the diamond operators
permute the cusps among themselves, this then implies that x = xg + x|, where xq is supported in cusps
and x; does not have cusps in its support and satisfies (a)(x;) = x;. Now the diamond operators act
freely on the noncuspidal points of X (p) with the exception of points corresponding to elliptic curves
with j-invariant O or 1728, which can have stabilizers of orders 3 and 2, respectively. The condition
(a)(x1) = x; implies that x| is a sum of (sums over) orbits of (a), which have length at least ord(a)/3.
Since ord(a) > 3d by assumption, this forces x; = 0, and we conclude that x is supported in cusps. This
again implies that p € S(d).
For the last statement, note that

gong (X1 (p)) = gong(X1(p)) = &ri(p*— 1)

by [Abramovich 1996] (using that I'; (p) has index (p> —1)/2in PSL(2, Z)), where 1, is the smallest
positive eigenvalue of the Laplace operator on X (p)(C), which satisfies A; > % by [Kim 2003]. O

Remark. Without the condition ord(a) > 3d in the case that J;(p)(Q) has positive rank, the proof shows
that any rational point on X (p)“ whose support consists of noncuspidal points must be a sum of orbits
of (a). This is impossible when d cannot be written as a sum of the possible orbit lengths (ord(a), together
with ord(a)/2 when ord(a) is even and ord(a)/3 when ord(a) is divisible by 3). But even when d can be
written in this way, this gives strong restrictions. For example, when ord(a) = d and d is coprime to 6,
then such a point must be obtained by pulling back a rational point on X i, where H is generated by a.

We plan to explore this further in a follow-up paper.
Corollary 7.2. p &S for pe{7l,113,127}.

Proof. We check that for the two primes p € {113, 127}, the positive-rank simple factors of J;(p) already
occur in Jo(p). We can thus take any a € (Z/pZ)* /{£1}; we use a = 3, which generates (Z/pZ)* /{£1}
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in both cases. In particular, ord(a) = (p — 1)/2 > 3 - 7. We then have n = 7 in Proposition 7.1. Since
325 p*—1
216 7 7

all assumptions in Proposition 7.1 are satisfied.

To deal with p = 71, we recall that by Proposition 3.1, 71 is a rank-zero prime, so we can ap-
ply Proposition 7.1 with n = 3. Since
325712 —1
2163
the claim follows also in this case. U

> b

Remark. For p = 73, the best we can do is use a = 2 and n = 5 in Proposition 7.1 (by [Conrad et al.
2003, Section 6.2], the torsion subgroup of J;(73)(Q) is generated by differences of rational cusps).
However, the gonality lower bound works only for d < 5. We would need gong (X;(73)) > 35. From
Table 1 in [Derickx and van Hoeij 2014], it appears that this is very likely the case, but it is also very
likely hard to prove. (Note that ord(a) =9 < 3d, but the argument would still work; see the remark
following Proposition 7.1.)

8. Verification of assumption (b) of Lemma 1.7

We now discuss assumption (b) of Lemma 1.7 for the remaining pairs of degrees d and primes p. Recall
that the assumption is always satisfied (with £ = 2) when p > (242 4 1)2; see Lemma 1.9. The following
table tells us which primes we still have to consider for each d.

d 3 4 5 6 17
L2924+ 1)2] 14 25 44 81 151

In some cases, we can show that all points in X ( p)(d)([Fz) are sums of images of rational cusps,
even when p is below this bound. The result of [Waterhouse 1969, Theorem 4.1] tells us precisely what
the possible orders of E([F,«) are for elliptic curves E defined over F,.. Using this (or a brute-force
enumeration of all such curves up to isomorphism), we obtain the following extension of Lemma 1.9.

Lemma 8.1. The set X1(p) D (F») consists of sums of images of rational cusps for the following pairs of
an integer 3 < d <7 and a prime p:

and p=11 or p=>17,

and p=>19,

and p=>23 and p ¢ {31,41},

and p=23 or (p=43 and p#73),

and pef{d7,53} or (p=79 and p ¢&{113,127}).

QU ™ AU’
I
~N O »n B~ W
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Proof. According to [Waterhouse 1969, Theorem 4.1], #E ([F,«) can take all even values in the Hasse
interval [[(29/% — 1)?1, [ (29/2 + 1)?]] and, in addition, the values

29 4+ m29? 41 for me{-2,-1,0,1,2}  if dis even;
24 4 m2W@FD2 41 for m e {—1,0, 1} if d is odd.

This allows us to determine the set of primes p such that there are no noncuspidal points of degree < d
on X1(p)r,. The condition that there are no cusps of degree < d that are not images of rational cusps
excludes in addition p =31 ford > 5 and p =127 ford > 7. U

We note that for the primes not in the list above for a given d, there are indeed points x as in
assumption (b). If we want to show that p &€ S(d) for one of these primes, we have to do some work
to show that there are no rational points in the corresponding residue classes. For p € {29, 31, 41}
and d > 5, we already did this in Lemma 3.7. Taking into account Corollary 7.2, this leaves the primes
p€{37,43,59,61,67} ford =7and p=73ford =6, 7.

We can deal with (d, p) € {(6, 73), (7, 43)} in the following way.

Lemma 8.2. Let d > 1 be an integer and let p be a prime. Let X € X1(p) ¥ (F,) be a point that is not
a sum of images of rational cusps. Let H C (Z/pZ)* /{£1} be a subgroup and denote the image of X
in X g) (F2) by xg. Assume that the following conditions are satisfied:

(1) Thereist: Ju 7z, —> Az, suchthatt(Jy (Q)) is finite of odd order and t ot (with ¢ : X;;i) — Jy)is
a formal immersion at Xg.

(2) There is a rational point xy € Xg) (Q) such that redr(xy) = xp.
Let xe Xy (p)(d)(@) be such that red, (x)=x. Then x maps to x g under the canonical map X (p)(d)—> Xgl).

Proof. Let x, be the image of x in Xg)(@); then red, (x},) = ¥y =reds(xg). Since 1(J5 (Q)) is finite
of odd order, this implies that 7 (:(x},) — t(xx)) = 0. Since ¢ ot is a formal immersion at Xy, it follows
that xj, = xp. O

If, in the situation of Lemma 8.2, xy does not lift to a rational point on X ( p)(d), then it follows that no
rational point on X ( )@ can reduce mod 2 to . We have to carry this out for all x as in assumption (b).
To do this, we formulate a criterion that allows us to verify the formal immersion condition in Lemma 8.2
also for points whose support does not consist of cusps.

Lemma 8.3. Fix a prime € and an integer d > 1. Let X be a curve over Q with good reduction at £, with
Jacobian variety J. Fix b € X(Q) and use it to define embeddings 1 : X — J and 1 : X' — J. Let A
be another abelian variety (with good reduction at £) such that there is a homomorphismt : J — A. Let
L € HO(Xg,. Q") be the pullback of H'(Af,. Q") under t o, and let ¢ : Xg, — P Tang(Ag,) = Pf™ 4!
be the morphism determined by the linear system corresponding to L. Let X € XD (F;) be a point that is
the sum of d distinct geometric points X1, . . ., Xq € X (F;). Assume that
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(i) the differentials in L do not vanish simultaneously at any point X j, and that
(i) the points ¢(%1), ..., ¢(%g) € PI™A~V(E,) span a linear subspace of dimension d — 1.
Then t o 14 is a formal immersion at Xx.

Proof. To show that f o 4 is a formal immersion, it is sufficient to show that the induced map on tangent
spaces Tanz (X [(Fi)) — Tan,(z))(AF,) is injective; see [Parent 1999, Theorem 4.18]. We can equivalently
consider this condition over [F,.

Since the regular 1-forms on A are invariant under translation, we have a canonical identification of all
tangent spaces Tanz (Ag,) with the tangent space at the origin, whose projectivization is the codomain of ¢.
Since the differentials in L do not vanish simultaneously at x;, the map ¢ sends a point x; € X ([) to the
image in [P Tang (AB) of the tangent space Tang; (X E) under (f o t), followed by a suitable translation.

Since the geometric points making up x are distinct, we have a canonical isomorphism

d
Tanz(X(*) = €D Tang; (X;,).
j=1
The image of Tangz (X %)) in P Tano(AE) under (¢ oty) followed by a suitable translation is then the linear
span of the various images ¢(X;); the map on tangent spaces is injective if and only if this span has the
maximal possible dimension d — 1. ]

We will apply this as follows. We use the g-expansions mod 2 of the cusp forms associated to X g to
determine equations for the canonical model of X r,. We then project away from the subspace where the
forms in L vanish (in practice, we compute the image of ¢ in a similar way and then set up the projection)
and check that none of the points x; lie in this subspace. This verifies the nonvanishing condition (i). We
then check condition (ii).

Lemma 8.4. Let x € X{(73)©(Q). Then red,(x) € X1(73)© (F») is a sum of images of rational cusps.

Proof. There are, up to isomorphism, exactly two elliptic curves over [F,s with a point of order 73. They
have zero j-invariant (they must be supersingular according to [Waterhouse 1969]) and automorphism
group Z/6Z, so each of them gives rise to (73 — 1)/6 = 12 Fys-points on X(73)f,. These 24 points
split into four orbits of size six under the action of Frobenius (each orbit contains three points coming
from each of the two curves), so we obtain exactly four noncuspidal points in X (73)©(F,). There are
no cuspidal points that are not sums of images of rational cusps, since the other cusps on X(73)f, are
minimally defined over [F,. So we just have to exclude these four noncuspidal points.

Let H be the subgroup of (Z/737)* /{£1} of index 9. The canonical map X;(73) — Xpg is of
degree 4 and unramified at all 24 points mentioned above. This implies that they have six distinct images
on Xy ; one can check that these points form one Frobenius orbit, so we get one point Xy € X S’)([Fz)
that we have to deal with. The Jacobian Jy splits into a copy of Jg/, where H C H’ has index 3, and a
simple 30-dimensional abelian variety A. One can check that A is a factor of the winding quotient and that
all isogenous (over Q) abelian varieties have torsion subgroup of odd order (by computing orders of A([F,)
for suitable primes ¢ via the Hecke eigenvalues). We take ¢ = (7) — 1; this kills Jg+ and projects Jy
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into A. Since the nonzero eigenvalues of ¢ are invertible mod 2 (they are of the form w — 1 with w € u3),
we can work with the g-expansions mod 2 of a basis of the space of cusp forms associated to A. We check,
as described above, that ¢ o (¢ is a formal immersion at xg. (In practice, we check this for all Frobenius
orbits of length 6 in Xy (F»), since it is not so easy to determine which point is in the support of xg.)
Note that Xy — Xy — X¢(73) is the composition of two maps of degree 3, the second of which is
étale (by Riemann—-Hurwitz: Xy is of genus 13 and Xo(73) has genus 5). Let Ey be an elliptic curve
over Q with complex multiplication by cube roots of unity. Then E( has two Galois-conjugate cyclic
subgroups of order 73, with each subgroup defined over K = Q(+/—3) (note that 73 splits in K), so Eq
gives rise to a pair of Galois-conjugate points y1, y2 € Xo(73)(K). The preimages of these two points
on X g give six geometric points that are Galois conjugate; the map Xy — X g is totally ramified at each
of them, so we find a Galois orbit of size 6 of points in X ;7 (Q), giving rise to a rational point xz; € X g)) (@Q).
This point reduces mod 2 to Xy (as one can show by writing down an explicit twist of Eg g for a certain
number field of degree 24 that has a K -rational point of order 73 and checking that the 24 geometric points
corresponding to its Galois conjugates reduce to the 24 noncuspidal points in X (73)(F,s) mentioned
above), but does not lift to a rational point on X 1(73)©  since there are no CM elliptic curves with
a 73-torsion point over number fields of degree < 24; see [Clark et al. 2013, Table 1]. By Lemma 8.2
and the discussion following it, this finishes the proof. ([

Lemma 8.5. Let x € X{(43)D(Q). Then red,(x) € X(43) 7 (F») is a sum of images of rational cusps.

Proof. There is, up to isomorphism, exactly one elliptic curve over F,7 with a point of order 43. It is
supersingular; its automorphism group over F,7 has order 2, since [F,7 does not contain primitive cube
roots of unity. It therefore gives rise to 21 noncuspidal points in X(43)(F,7), making up three Galois
orbits. The nonrational cusps are also defined over F,7. We obtain six points in total in X (43)D(F,) that
are not supported in rational cusps. Take H to be the subgroup of index 7. Then the six points above map
to two points in X Z) (F»). For A, we use the winding quotient of Jg; one can show that each Q-isogenous
abelian variety has odd torsion order. We show as before that 7 o is a formal immersion at the two points
in question.

On the other hand, there is a point in X g) (Q) that corresponds to the pullback of the cusp 0 on X(43)
(note that X 7 — X (43) has degree 7). It does not lift to a rational point on X (43)7D, since the nonrational
cusps on X (43) are points of degree 21. This shows that there are no rational points on X (43)) whose
reduction is cuspidal, but that are not supported in rational cusps.

Consider now the rational point on X(43) that corresponds to elliptic curves over Q with CM by the
order of discriminant —43. Its pullback to X i again provides us with a rational point on X g), whose reduc-
tion must be the other point we have to consider, since such curves have (potentially) good reduction at 2.
Again, this point does not lift to a rational point on X1(43)(7, as can be verified by consulting [Clark et al.
2013, Table 1]. This shows that there are no rational points on X (43)D whose reduction is noncuspidal. [

We still have to show that p ¢ S(7) for
p=37,59, 61, 67, 73.



Torsion points on elliptic curves over number fields of small degree 303

We use the following simple observation by the first author of this paper, together with the fact that it is

actually possible to check this criterion by a computation.

Lemma 8.6 (Derickx). Letd > 1 be an integer and let p > 2 be a prime. Assume that t € T has the property
that t (J1(p)(Q)) = {0}, where we consider t as an endomorphism of Ji(p). Let xg, X € X (p)(d)([Fz) be
such that xg is a sum of images of rational cusps. If the divisor t(x — xo) on X1(p)f, is not principal
(where we now consider t as a correspondence on X|(p)r,), then there is no rational point on X( p)(d)
whose reduction mod 2 is x.

Remark. This result remains valid with an odd positive integer N in place of p. (We need N to be odd
so that X1 (N) has good reduction mod 2.)

Proof. Let xy € X1 (p)@(Q) be the sum of rational cusps such that red, (xg) = x¢ and assume that there
is some x € X(p)“@ (Q) such that red,(x) = x. Then the divisor x — xo represents a point in J; (p)(Q);
it follows that 7 (x — xo) represents zero and is therefore principal. Applying reduction mod 2 shows
that ¢ (x — Xo) must be principal as well. O

We can find a suitable Hecke operator ¢ by multiplying an operator that projects J; (p) into an abelian
subvariety of Mordell-Weil rank zero (this is equivalent to this operator factoring through the winding
quotient) with an operator that kills rational torsion. For the computations, we will use a model of X (p)
that is derived directly from the usual modular interpretation, i.e., noncuspidal points on X (p) correspond
to pairs (E, P), where E is an elliptic curve and P € E is a point of exact order p. The effect of a
Hecke operator 7, with p{2n as a correspondence on X(p)r, in this interpretation is then given by
mapping (E, P) to the sum of the pairs (E’, ¢ (P)), where ¢ : E — E’ runs through the cyclic isogenies
of degree n. This switch from the “natural” modular interpretation given in Section 2 has the effect that
we have to conjugate everything by the Atkin—Lehner involution. Concretely, this means that instead
of T, — (g) — q as stated in Proposition 2.3, we have to use 7, — g (g) — 1 with any odd prime ¢ to kill
the rational torsion. We will work with g = 3.

For the projection part of ¢, we will use an operator of the form (a) — 1, so we take

t=({a) — D(T3—-3(3) - D).

(This is similar to the idea used in Proposition 7.1.) We use the modular interpretation of the points
on X(p) to find the image of the divisor x — X under ¢. Sutherland has computed planar equations
for X (N) for all N = p in the relevant range, together with explicit expressions relating the coordinates
in these equations to the parameters b and ¢ in the Tate form

Ep.: y2—|—(1 —c)xy —by =x3 — bx?

of the associated elliptic curve with point (0, 0) of order N. See [Sutherland 2012]; the equations are
available https://math.mit.edu/~drew/X1_altcurves.html.

We find the action of a diamond operator (a) on a point on X;(p) by multiplying the point P = (0, 0)
on the associated curve Ej . by a and then bringing the pair (Ep ., a P) into Tate form (Ey ., (0, 0)). To
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get the effect of the Hecke operator 73, we use the description of 7,, given above, i.e., we find the four
elliptic curves that are 3-isogenous to E}, . (they may be defined over an extension of the base field we are
considering) and find the points corresponding to the isogenous curves together with the image of P. The
sum of these four points is then the image of the original point (considered as a divisor of degree 1) under 73.

Lemma 8.7. Let p € {59, 61, 67,73} and x € X1(p)P(Q). Then reds>(x) € X1(p)P(F,) is a sum of

images of rational cusps.

Proof. We determine a suitable a for each of the primes p such that (a) — 1 projects J;(p) into an
abelian subvariety of rank zero. For p € {59, 67, 73}, the only simple components of J;(p) that have
positive rank are also components of Jy(p), so we can take a to be any element of (Z/pZ)* /{£1}.
For p = 61, there is a component of positive rank in Jg for the subgroup H of index 6 that does not
occur in Jo(p), and all components of positive rank occur in Jg, so we take a =3 = 2% mod 61, where 2
is a primitive root mod 61. We note that (a) — 1 maps x( to a degree-zero divisor representing a torsion
point in J;(p)(Q), so we just have to compute 7 (x) and check whether this divisor is principal, where x
and x( are as in Lemma 8.6.

We then find all the noncuspidal places of degree at most 7 on X (p)r,. For the computation, it is
sufficient to consider one representative in each orbit under the diamond operators. For p < 73, we find
no such places of degree < 6 and either one (for p = 61, 67) or two (for p = 59) orbits of places of
degree 7. For p =73, there are two orbits of places of degree 6 and one orbit of places of degree 7.

For the representatives x of orbits of places of degree 7 (which we identify with effective divisors of
degree 7), we compute the divisor #(x) and verify that it is not principal. This can be done by computing
the Riemann—Roch space associated to the divisor; a divisor of degree zero is principal if and only if
its Riemann—Roch space is nontrivial. (Magma has a built-in function for testing whether a divisor is
principal.)

The places of degree 6 on X(73)f, give rise to effective divisors of degree 7 by adding one of the
images of the rational cusps (which are exactly the F»-points on X;(73)). Applying ¢ to such a sum differs
from the result of applying ¢ to the degree 6 divisor coming from the place by a principal divisor, since
the rational cusps map to principal divisors. So we only have to check that ¢ (x) is nonprincipal for the
two representatives of orbits of places of degree 6. (We note that this also gives an alternative proof of
Lemma 8.4.)

Finally, we note that all other points in X (p)(F,) are supported in images of rational cusps, since
the other cusps give rise to points of degree at least 9 over [.

The computations took less than one hour each for p =59 and 61, about three hours for p = 67 and
about seven hours for p = 73. [l

Remark. We can use this approach also to show that there are no noncuspidal points in X 43)D(Fy)
that arise as the reduction modulo 2 of a rational point. We would still have to deal with the points arising
from Frobenius orbits of cusps that are not images of rational cusps, however; see the proof of Lemma 8.5.

Now Proposition 1.10 follows from Lemmas 3.7, 8.1, 8.4, 8.5, and 8.7 and Corollary 7.2.
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Finally, we deal with p =37.

Lemma 8.8. Modulo the action of Frobenius and the diamond operators, there is exactly one point of
degree 6 on X1(37)f, such that the corresponding point x € X (37) O (F,) is the reduction mod 2 of a
rational point x € X{(37)©(Q), and this point x is uniquely determined by X.

Proof. We proceed as in the proof of Lemma 8.7. The only positive-rank factor of J;(37) occurs in Jy(37)
(it is the “first” elliptic curve of rank 1), so we can take any a for the criterion of Lemma 8.6. The
computation shows that of the two diamond orbits of places of degree 6, only one satisfies the criterion
in Lemma 8.6. (It should be noted that this can be used to verify that we are correct in working with
the Hecke operator 73 — 3(3) — 1: none of the two places satisfies the criterion when using 75 — (3) — 3
instead, but one of them has to, since there are noncuspidal rational points on X (37)©)

We know that there is a diamond orbit of rational points that has to reduce to our unique diamond orbit
that lifts. To show that the lift is unique, we use Lemma 8.3. The Hecke operator 777 projects J;(37) into
an abelian subvariety of rank zero. Its eigenvalues are invertible mod 2 on newforms corresponding to a
subvariety of dimension 36, which has odd-order rational torsion subgroup. We then verify the formal
immersion criterion (for all points of degree 6, since we work with a different model here and did not try
to find an explicit birational map between the two models). ]

Proof of Proposition 1.4. Let x € X1(37)© (Q) be a point whose support contains no cusps. Since (a)
holds for (d, p) = (6,37) by Proposition 1.8 and there are no noncuspidal points on X;(37)f, of
degree < 5, it follows that ¥ = red,(x) € X(37)® (F,) is also a point whose support contains no cusps.
By Lemma 8.8, X is uniquely determined up to the action of the diamond operators, and there is no other
point than x that reduces mod 2 to x. On the other hand, we know a point x” with this property; this
is a point coming from the curve Eg 37 with some choice of point of order 37 (they are all in the same
diamond orbit). It follows that x = x’, which implies the claim. U

We finish off the determination of S(7) by excluding p = 37.
Lemma 8.9. 37 & S(7).

Proof. As in the proof of Lemma 8.8, we show that there is no point of degree 7 on X;(37)f,
such that the corresponding point in X;(37)((F») is the reduction of a rational point. Now assume
that x € X;(37)”(Q) and consider ¥ = red,(x). By the preceding statement, the support of x must
contain a cusp, and the noncuspidal part of x must satisfy the criterion of Lemma 8.6. By Lemma 8.8
and its proof, the noncuspidal part is then either empty or in the unique diamond orbit coming from
noncuspidal rational points on X(37)®. In the first case, x must be a sum of rational cusps, since
assumption (a) holds. To deal with the second case, we verify the formal immersion criterion as in the
proof of Lemma 8.8, but now for all sums of an [F,-rational cusp and a prime divisor of degree 6. This
shows that the criterion is satisfied; therefore the point x is unique in its residue class mod 2. On the other
hand, there is a known point in this residue class, which comes from adding the rational cusp that lifts
the unique cusp in the support of x to the degree 6 divisor lifting the remaining part (this is one of the
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sporadic points in X(37)© (Q)). It follows that x is this point; in particular, x has a cusp in its support.
So we conclude that every rational point on X1(37)7) has a cusp in its support; this is equivalent to the
statement that 37 ¢ S(7). U
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Tame fundamental groups of pure pairs and
Abhyankar’s lemma

Javier Carvajal-Rojas and Axel Stabler

Let (R, m, k) be a strictly local normal k-domain of positive characteristic and P a prime divisor on
X = Spec R. We study the Galois category of finite covers over X that are at worst tamely ramified over
P in the sense of Grothendieck—Murre. Assuming that (X, P) is a purely F-regular pair, our main result
is that every Galois cover f: ¥ — X in that Galois category satisfies that (f~'(P))eq is a prime divisor.
We shall explain why this should be thought as a (partial) generalization of a classical theorem due to
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they impose on the structure of covers over purely F-regular singularities that are at worst tamely ramified
over the minimal center of F-purity divisor. To this end, consider the following setup.

Setup 1.1. Let (R, m, £, K) be a strictly local normal £-domain of (equi-)characteristic p > 0 and
dimension > 2.! Set X := Spec R, let Z C X be a closed subscheme of codimension > 2, and set
X°=X\Z. Let P be a prime divisor on X, whose restriction to X° we denote by P as well. Consider the
Galois category Rev” (X°) of finite covers over X° that are at worst tamely ramified over P and denote
by rrlt’P (X°) the corresponding fundamental group; see Section 3.

Terminology 1.2 (local pure log pairs). With notation as in Setup 1.1, we say that (X, P) is a pure pair
if either p > 0 and (X, P) is purely F-regular, or p =0 and (X, P 4+ A) is a purely log terminal pair for
some (auxiliary) effective divisor A on X with coefficients strictly less than 1; see Section 2 for more
details on these definitions.

In positive characteristic, our main result is the following.

Theorem A (Theorem 4.7, Proposition 5.2). Work in Setup 1.1. If (X, P) is a pure pair, then every
connected cover f: Y° — X°in Rev? (X°) satisfies that Q := (f ~'(P))req is a prime divisor on Y° and
(Y, Q) is a pure pair.

The proof of this result in positive characteristic is inspired by our previous work [Carvajal-Rojas and
Stiabler 2023]. The analog in characteristic zero is well-known to experts; see Section 5. In a nutshell, we
use [loc. cit., Theorem 4.8] and the symmetry induced by the Galois action to prove that there is only one
point of Y lying over the generic point of P. Indeed, any such a point must correspond to the splitting
prime of the pair (¥, Q). Then, one may use [loc. cit., Theorem 5.12] to prove that (Y, Q) is a pure pair.
In fact, one may do this quantitatively by means of the transformation rule for splitting ratios in [loc. cit.,
Theorem 4.8]. Theorem A, in combination with finiteness of local fundamental groups [Carvajal-Rojas
et al. 2018; Xu 2014], has very strong consequences on the structure of n{’P (X°). Concretely:

Theorem B (Theorem 4.12). Work in Setup 1.1. Suppose that (X, P) is a pure pair of characteristic p > 0.
Then, there exists an exact sequence of topological groups

7P - JT;’P(XO) — nfét(X") — 1,

where nf «(X°) is the fundamental group corresponding to the Galois subcategory of covers that are étale
over P. The group nfét(X°) is finite with order prime-to-p and no more than min{1/r(R, P), 1/s(R)},
where r (R, P) is the splitting ratio of (R, P) and s(R) is the F-signature of R. Furthermore:

(1) The homomorphism 7P — nf’P(X °) is injective if the divisor class of P is a prime-to-p torsion

element of C1 R. In this case, the short exact sequence
1 —-272? JT{’P(XO) — nfét(X") — 1
splits (as topological groups) if and only if the divisor class of P is trivial.

I et us recall that a strictly local ring is a henselian local ring with separably closed residue field.
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(2) If P is a nontorsion element of Cl X, we have a short exact sequence

0— lim Z/nZ — 77"(X°) = 1l ((X°) — 1,
neNP(Xe)

where N¥(X°) C N is the set of prime-to-p positive integers n € N for which there is a divisor D
on X such that P —n - D € C1X has prime-to-p torsion and D|y is Cartier, where U := X° \ Z.
The sequence is split if and only if for every n € N¥(X°) there are divisors D, with D,|y Cartier
such that P = nD,, € Cl1 X which are compatible in the sense that mD,,, = D, in C1X for all
n,me NP(X°).

Remark 1.3. By [Taylor 2019, Corollary 1.2], we expect that min{1/r(R, P), 1/s(R)} = 1/s(R) in
Theorem B. Indeed, Taylor’s result establishes that this is the case when P has a prime-to-p torsion
divisor class.

Over the complex numbers, we obtain the following analog.

Theorem C (Theorem 5.1). Work in Setup 1.1. Suppose that (X, P) is a pure pair over C. Then, there is

an exact sequence of topological groups
7 — n{’P(XO) — nfét(Xo) — 1,

where nf «(X°) is finite; it is the fundamental group corresponding to the Galois subcategory of covers
which are étale over P. Additionally:

(1) The homomorphism 7 — ﬂi’P(X") is injective if the divisor class of P is a torsion element of Cl1 R.

In this case, the short exact sequence
1= Z— 7" (X%) = nfe(X°) > 1,
splits (as topological groups) if and only if the divisor class of P is trivial.
(2) If P is a nontorsion element of Cl X, then we have a short exact sequence
0—Z/nZ — my" (X°) - wlq(X°) — 1.
The sequence is split if and only if there is a divisor D with D|y Cartier such that P =nD € Cl X.

We shall prove Theorems B and C as formal consequences of the following two statements; see
Section 3D and especially Theorem 3.29 for further details:

» Every connected cover f: Y° — X° in Rev” (X°) satisfies that (f 1 (P))req is a prime divisor on Y°.

e There exists a universal étale-over-P cover X° — X°.

In positive characteristic, we give direct proofs of these statements in Section 4B.
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1A. Abhyankar’s lemma. We briefly mention here why the results in this work should be thought of as
partial generalizations to Abhyankar’s lemma; see Section 3 for further details.

Abhyankar’s lemma [SGA 1 1971, Exposé XIII, §5] is a theorem on the local structure, from the point
of view of the étale topology, of finite covers between normal integral schemes that are tamely ramified
with respect to a divisor with normal crossings (on the base). It establishes that, locally in the étale
topology, any such cover is a quotient of a (generalized) Kummer cover; see [Grothendieck and Murre
1971; Stacks 2005—, Tag OEYG]. In a sense, Abhyankar’s lemma is a purity theorem for Kummer covers.
Indeed, by definition and Theorem 3.5, a tamely ramified cover with respect to a divisor is a cover that
is Kummer at the codimension 1 étale-germs. Assuming the divisor has normal crossings; which is a
regularity condition, Abhyankar’s lemma establishes that such a cover is Kummer at all étale germs.

Let us understand Abhyankar’s lemma with a simple but already fundamental example. With notation
as in Setup 1.1, assume that R is regular (or just pure in the sense of [Cutkosky 1995]) and P =div f.
A finite cover R C § with § a normal local domain is tamely ramified with respect to P if Ry C Sy is
étale and the generic field extension K (S)/K (R) is tamely ramified with respect to the DVR R(y). An
example of such an extension is a Kummer cover: S = R[T]/(T" — f) with n prime to the characteristic.
However, there may exist several non-Kummer tamely ramified covers; see Example 3.14. In general, the
connected components of the pullback of a tamely ramified cover R C S to Rfl}) must be Kummer covers
and the converse holds provided that Ry C Sy is étale; see Theorem 3.5 and Lemma 3.3.

In the above setup, Abhyankar’s lemma establishes that if R/f is regular, then any Galois tamely
ramified cover of R with respect to the prime divisor div f is necessarily Kummer. One may then wonder
for what singularities of R/f Abhyankar’s lemma hold. We shall see that in the situation of Theorems B
and C, if R/f is either KLT in characteristic zero or strongly F-regular in positive characteristic, then the
statement of Abhyankar’s lemma hold. A simpler version of our partial generalization of Abhyankar’s
lemma is the following. For the more general statement see Lemma 3.34 (keeping in mind Examples 2.10
and 2.24).

Theorem D (Lemma 3.34, Corollaries 4.17 and 5.4). With notation as in Setup 1.1, suppose that X is
regular and P = div f. If (X, P) is a pure pair, then every Galois tamely ramified cover over X with
respect to P is of the form Spec R[T]/(T" — f) — X for n prime to the characteristic.

Convention 1.4. If a scheme X or ring R is defined over [, then we denote the e-th iterate of the
Frobenius endomorphism by F¢: X — X, or by R — F{R. We use the shorthand notation g := p° to
denote the e-th power of the prime p, for instance F¢: r — r?. We assume all our schemes and rings to
be locally noetherian. In positive characteristic we also assume that they are F-finite and hence excellent.

2. Preliminaries on pure log pairs

In this preliminary section, we review the definitions and main aspects of pure log pairs. By this, we
mean log pairs (X, A) that are purely F-regular if defined over a positive characteristic field, or purely
log terminal if defined over a characteristic zero field.


https://stacks.math.columbia.edu/tag/0EYG
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2A. Pure F-regularity. Consider X = Spec R where R is an F-finite normal K-domain of positive
characteristic p and let ¥ be a Cartier algebra acting on R; see [Carvajal-Rojas and Stibler 2023,
Section 2] for the relevant notions of Cartier algebras and modules in the way we employ them here.
Following Schwede [2010], a center of F-purity (or F-pure center) for (R, %) is an integral closed
subscheme P = V(p) C X such that p is a ¥-submodule of R. We say that P is a minimal center of
F-purity for (R, €) if p is a maximal proper ¢-submodule. Given a closed point x € Spec R, we call P a
minimal center of F-purity through x if x € P.

Following Smolkin [2019, Section 3.1; 2020, Section 4], one defines 7,(R, ¢) to be the smallest
Cartier ¥-submodule of R not contained in p, which exists provided that €, (R) ¢ p for some e > O (this
condition is referred to as nondegeneracy); see [Takagi 2008; 2010], compare to [Carvajal-Rojas and
Stéabler 2023, Section 5.2]. By [Smolkin 2019, Proposition 3.1.14], we see that P is a minimal center of
F-purity for (R, %) if and only if 7,(R, ¢) +p = R. When 7,(R, ¢) = R, one says that (R, ¥) is purely
F-regular along P. For the generalization to the case p is radical, see [Carvajal-Rojas and Stibler 2023,
Lemma 5.11].

In the local case, minimal centers of F'-purity exist, are unique, and admit a simpler description. Indeed,
if (R, m) is local then the minimal F-pure center of (R, %) is given by the closed subscheme cut out
by the splitting prime p(R, €); see [Schwede 2010, Remark 4.4]. Further, we see that 7,(R, ¢) = R
if p = p(R, ©). In other words, in the local case, (R, %) is always purely F-regular along its (unique)
minimal F-pure center. We are implicitly assuming that p(R, %) is a proper ideal of R (i.e., (R, %) is
F-pure).

Still assuming R is local, let P = V (p) C X be the closed subscheme cut out by a prime ideal p C R.
Let ‘KIEP] C €r be the Cartier subalgebra consisting of P-compatible p~¢-linear maps. In other words,
@ € 6, r belongs to %E[’I;] if and only if ¢ (F¢p) C p. Since the splitting prime p(R, cgl[ep]) is the unique
largest prime ideal compatible with all the p~¢-linear maps in ¢ LP1 we have an inclusion

pCp(R,E).

This inclusion is an equality exactly when P is the minimal F-pure center of ‘@”I[ep]. In particular, we may
say that P is a minimal F-pure center of X (with no explicit reference to a Cartier algebra) to say that it
corresponds to the splitting prime of some Cartier algebra— necessarily %IEP]. In that case, (R, %”,[QP]) is
purely F-regular along P.

In this paper, we are interested in minimal F-pure center divisors. In this case, we have:

Proposition 2.1. Let R be a local normal k-domain with P = V (p) a prime divisor on Spec R. Then, we
have ‘KIEP] = %If , where ‘5; is the Cartier algebra corresponding to the divisor A = P; see [Schwede
2009].>

Proof. Observe that membership in these Cartier algebras can be checked (by localizing) at p, where
these Cartier algebras are obviously the same. (I

21t also coincides with ‘f}; as in [Blickle 2013, Section 3.3].
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Notation 2.2. With notation as in Proposition 2.1, we write p(X, P) and r (X, P) (or with X replaced
by R) to denote the splitting prime and splitting ratio of the pair (R, %}QPJ). Moreover, we shall write %15
instead of %IEP].

Definition 2.3 (purely F'-regular local pair). With notation as in Proposition 2.1, we say that the pair (X, P)
(or with R in place of X) is purely F-regular if P is a minimal F-pure center prime divisor on X .3

Remark 2.4. With notation as in Proposition 2.1, notice that (X, P) is a purely F-regular pair if and
only 7,(R, P) = R, i.e., if (X, P) is purely F-regular along P.

We observe that X must have “mild” singularities to admit a purely F-regular divisor.

Proposition 2.5. Let (X, P) be a purely F-regular local pair, then R (or X) is strongly F-regular (with
respect to its full Cartier algebra €r). More generally, if A is a local domain with an action by some
Cartier algebra o/ C 64, and C = V (¢) a minimal F-pure center prime divisor for «/€ := o/ N Cgf and
(A, ) is F-regular at the generic point of C, then (A, <) is F-regular.

Proof. Since /¢ C 7, we have that p(A, &) C p(A, @/€) = ¢, where the equality follows from ¢ being a
prime maximal center of F-purity. Since ¢ has height 1, p(/) is either O or ¢. If p(</) =0, we are done.
If p(A, o) = ¢, then (A, &) is not F-regular at the generic point of C, contradicting our hypothesis. To
see the first statement follows from the last one, notice that, since R is normal, (R, ¥}) is F-regular at
the generic point of P. O

Remark 2.6. In Proposition 2.5, the normality hypothesis on R is necessary. Indeed, we may consider
the Whitney’s umbrella singularity as a counterexample; see [Blickle et al. 2012, Section 4.3.2].

Finally, we recall the global-to-local passage for F-pure centers.

Proposition 2.7. Let X be the spectrum of a normal k-domain and let € be a Cartier algebra on X. Let
P =V (p) be a minimal center of F-purity passing through a geometric point x — X, then p - ﬁi}f ; isthe
splitting prime of the Cartier ﬁ;}f z-algebra ﬁ’;}f :®F.

Proof. See Proposition A.3 in the Appendix. U

2A1. Some examples of purely F-regular pairs. We provide next some examples of purely F-regular
pairs. Our method to prove that a given pair is purely F-regular is the following.

Lemma 2.8. Let R be a normal local domain, p C R be a prime ideal (not necessarily of height 1), and
set P =V (p). Then, p is the splitting prime of ‘KI[QP] if and only if R/p is F-regular with respect to the
induced action of € IEP]. In that case, the splitting ratio of (R, P) is the F-signature of R /p with respect
0 6P

3Note that this is called divisorially F-regular in [Hara and Watanabe 2002]. However, we use the purely F-regular
terminology to emphasize the connections with purely log terminal (PLT) singularities and avoid confusions with divisorially log
terminal singularities (DLT).
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Proof. Note that p is the splitting prime of (fl[ep]iand only if R/p viewed as an %,[QP]—module is simple.
However, we may equivalently view R/p as an Czo”,[f]-module; compare to [Blickle 2013, discussion before
Lemma 2.20]. See [Blickle et al. 2012, Lemma 2.13]. O

We shall also need the following observation.

Remark 2.9. Consider the category of finite type £ -algebras for some F'-finite field £. Fix an isomorphism
A kK — F'k with adjoint k : F,k — K. If we have two Cartier linear maps ¢, W: F/R — R for some
finite type k-algebra R, then, by choosing a presentation S = K[x1, ..., x,] = R and via [Fedder 1983],
we reduce the problem of whether ® = W to a computation in the polynomial ring S. Indeed, note
that A induces an isomorphism f'k = ws — F'ws, where f: Spec S — Spec £ is the structural map.
Identifying wg with S, we obtain an isomorphism X : S — F'S. By [Stiibler 2017, Lemma 4.1], the
adjoint of X is given by

Sxil i s K(g)x]wl)/q o x (/g

with the usual convention that xl.a /b

is zero whenever the exponent is not an integer. Now, by adjunction
Hompg(F{R, R)=Homg(R, FE!R) and by our choice of isomorphism X, we have that Homg (R, FE!R) =
Homg (R, R), and, by making this identification, X induces the identity so that the adjoint of X is a
generator of Hompg (F{ R, R).

In this way, if we want to check that two Cartier linear maps of a finite type K-algebra R coincide, we
may reduce, via a choice of presentation and Fedder’s criterion to a comparison of two Cartier linear
maps in a polynomial ring. For those to coincide in turn, we choose any basis B of F,k as a K-module
and then just need to check that they agree on b - xi‘ .. x!" where b € B and 0 < ij<qg-—1

This line of reasoning is also preserved if we pass to completions. Indeed, by [Stacks 2005—,
Lemma 0394], we may identify (F,R)" with F,R”. Since both are finite free modules, the claim
is clear.

Example 2.10 (purely F-regular pairs on a regular ambient). Let R be a regular local ring. Recall that
regular local rings are UFD; see [Stacks 2005—, Lemma 0AGO]. In particular, any prime divisor on Spec R
is principal [Matsumura 1980, Section 19, Theorem 47]. Let p = (f) be a height 1 prime ideal of R with
corresponding prime divisor P. As an immediate application of Lemma 2.8 and Fedder’s criterion [1983],
we see that (R, P) is purely F-regular if and only if R/f is a strongly F-regular ring. Moreover, in this
case, one has (R, P) =s(R/f).

Example 2.11 (graded hypersurfaces). Let R = k[[z, xo, X1, - .., X41/(z" —xoh) be a normal hypersurface
over a perfect field K, where & is an irreducible weighted polynomial in the variables x1, ..., x4; see
[Singh and Spiroff 2007]. Then, CI R = Z/nZ and the divisor class of (z, &) is a generator for Cl R; see
[loc. cit., Corollary 3.4]. Letting P be the prime divisor corresponding to (z, &), we claim the following.

Claim 2.12. The pair (R, P) is purely F-regular if A := k[[x1, ..., xq]l/h is strongly F-regular. In that
case,r(R, P) > s(A)/n,andr(R, P)=1/nif A is regular.


https://stacks.math.columbia.edu/tag/0394
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Proof of claim. Let S := K[z, xo, X1, ..., Xxqg]l and f := 7" — xoh. By Fedder’s criterion [1983], we have
that %, g is generated by the reduction of ®¢- f9~! € %, 5 to R, where ® denotes the Frobenius trace
on §. In other words, € = %1? where ¢ := ® - fP~!. Having Proposition 2.1 in mind, we recall that %If
is given, in degree e, by all maps ¢° - g such that val, g > g — 1. Note that z is a uniformizer for R, and
val, i = n. In particular, % contains the maps ¢ - z'h/ where i +nj = g — 1. Therefore, the reduction

of Cflf to R/p = k[[xo, X1, ..., xq]l/h contains the maps ¢¢ - z'h/ with i +nj = g — 1. However, these
maps are the reductions of ®¢-z'h/ f9=! to R/p = S/(z, h), and we have that

. a—1 L
Zhl il = (—l)qflfj(qj )zq’lxg "I pt= mod (29, h?)

for all i +nj = g — 1. In other words, the reduction of (515 to R/p = kllxo, x1, ..., xql/h = S5/(z, h)
contains, in degree e, the reductions of ¢ - 27~ xd™" "/ p4=1 for all j < (g — 1)/n. Alternatively, if W
is the Frobenius trace for k[[xg, X1, ..., x4]], we have that the reduction of ‘flf to Kl[xo, x1, ..., x4/ h
contains the reductions of ¥ - xJ ~17/pa-1_ Therefore, we have

S(R/p.CF) = Los(a)?
Consequently, by applying Lemma 2.8, we conclude that p = p(R, %”1‘; ), and furthermore
r(R, P)=5(R/p,€§) > L 5(A).

To see this is an equality if A is regular, we may use the transformation rule for splitting ratios [Carvajal-
Rojas and Stibler 2023, Theorem 4.8]. Indeed, suppose for sake of contradiction that the inequality is

strict, and let R be the Veronese-type cyclic cover given by P. That is, R = EB?:_(; p@ . Tt is not difficult

to see that R = R[xé/ " 'h'/"] and the only prime in R lying over p is p = (h'/"); whose corresponding
prime divisor we denote by P. Therefore, p must be the splitting prime of the pullback of € 15 along the
cover R C R. Hence, the transformation rule for splitting ratios yields r(R,P)=n-r(R,P)>s(A) =1,

which is a contradiction. |

Example 2.13. Let R = k[[x, y, z, w]/(xy — zw). Recall that the divisor class group of R is free of
rank 1; see [Hartshorne 1977, 11, Exercise 6.5]. Moreover, the divisor class of the height-1 prime ideal
p = (x, z) is a generator of Cl R. We claim that P = V (p) is a minimal F-pure center.

. . . 1
Claim 2.14. The pair (R, P) is purely F-regular and r (R, P) > 5.

Proof of claim. Let S = k[[x, y, z, w] and f =xy — zw. We use Fedder’s criterion [1983] to conclude
that %, g is generated by the reduction of ®¢ . f¢ —-le %..s to R; where ® denotes the Frobenius trace
on S. That is, € = ‘Kg’ where ¢ := ® - fP~1. With Proposition 2.1 in mind, recall that %}; is given, in
degree e, by all maps ¢° - g such that val, g > g — 1. In particular, we have that %e’? & contains all the maps
¢¢-x'z/ such that i + j = g — 1. Thus, the reduction of ‘5}; to R/p = K[y, w] contains, in degree e, the

“4To see this, note that we may work in the polynomial case as completions have no bearing on the value of F-signatures; see

[Yao 2006] or [Carvajal-Rojas et al. 2021, Section 3]. Then, the result follows from the behavior of F-signatures with respect to
tensor products; see [Carvajal-Rojas and Smolkin 2020, Proposition 5.5] for instance.



Tame fundamental groups of pure pairs and Abhyankar's lemma 317

maps ¢¢ - x'y/ such that i + j = ¢ — 1. Notice that these maps are, respectively, the reductions of the
map & - x’y/ f9=!. Nonetheless, one readily sees that

xiyjfp—l = (—1)i<p]_,1>(xz)q_1iji mod (xp, ZP).

Therefore, ¢¢ - x'y/, i + j = g — 1, is, up to premultiplication by units in £, the dual map of F¢y'w/
with respect to the free basis of FCR/p over R/p given by {F¢y*w! | 0 < k,1 < ¢ — 1}. That is,
¢¢-x'z/ = We. yJw' where ¥ denotes the Frobenius trace of R/p = £[[y, w]. Hence,

s(Rlly, wll, €)= area((0, 112N {(y, w) e R? |y +w = 1)) = 1.

This proves the claim by Lemma 2.8. (Il

Example 2.15. Let A:=k[lu, v, w, x, y, z]land I := (A, A, Az) where A :=vz—wy, Ay :=wx —uz,
and A3 :=uy —vx. Let R = A/I. We claim that the prime divisor P defined by the height-1 prime
ideal p := (u, v, w) is a minimal F-pure center, and moreover r(R, P) > %. We use Lemma 2.8. To this
end, we recall that %, g was explicitly computed in [Katzman et al. 2014, Proposition 5.1]. Indeed, for
nonnegative integers s, ¢ such that s +¢ < g — 1, one writes

Y2 (M A3)1T = xT £ mod 1],
for some f;;, which is well-defined mod / 4] Then,
19 =194 (f, 15,6 >0,s+1<q—1).

Thus, by Fedder’s criterion [1983], 4, r is generated by ®¢- f; ;, where ® is a Frobenius trace associated
to A. We choose fj o to be (A, A3)?~ . In fact, we have that 12@~D < [la]. ] In particular, we have the
following relations:

¥ fo.o = x" f;, mod I'9). (2.15.1)
Let ¢¢ , be the map in %, g induced by ®¢- fi, fors+7 <qg —1.
Claim 2.16. ‘515 contains the maps {¢g , " w |l AmAn=q—1,s+t<q—1)}.

Proof of claim. Observe that, up to premultiplications by units, all the maps ¢; ; induce the same map
after we localize at p = (u, v, w) by (2.15.1). Note that Ry, is a DVR so that &, g, is principally generated.
As the ¢5 , generate ¢, g, any ¢g , is a generator of ¢, g,. Now, any element «, v, w is a uniformizer
in R,. To verify the claim, we may localize at p, but then ¢ ;u’v™w" is of the form - /7" where
Kk is a generator of Hom(F; Ry, Ry) and t is a uniformizer. This map is p-compatible if and only if
m+l+n>qg—1. O

Next, observe that R/p = K[[x, y, z]l, with Frobenius trace denoted by V. By Remark 2.9, we may
choose W in such a way that ¢f, and W are induced by the same map «: Fik — K. Thus, for all

s+t<qg—1landall/+n+m=g—1, we have that ¢, - ul v w" restricts to a map in Ce,R/ps SAY
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[

7 -ulv™w". Hence, we have an equality @5 , - u'v"w" = W° - a, ;.1 m , for a uniquely determined

as.t:1.m.n € KIIx, y, z]l, which are explicitly described as follows:

Claim 2.17. Letl, m, n; s, t be nonnegative integers such thatl+m-+n=q —1,s+t <q — 1. Let us set
q—1—s—t=:r>0,s0thatr+s+t =q—1. Then, we have that as ;.; m n = 0 unless one of the following
four triples {+r,m~+s,n+1t),(+r—qg,m+s,n+t), (+r,m+s—qg,n+1t),(+r,m+s,n+t—q)
belongs to {0, ...,q — 1}X3, in which case

_ [+r . m+s _n+t
s t:l,mn = §-xy <

for some unit§ € 7 C K.
Proof of claim. First of all, note that

1, q- -1
foo=25""A1 1=( > (? )(wx)“(uz)b)(

a+b=q—1

Y (_l)b-i-d(q;l)(qzl)ub—i-cvdwuxa—i-dyczb.

a+b=q—1
c+d=q—1

> (T (vx)f’)

c+d=q—1

Therefore,

L w" fo.0 = —(qn;l)(qgl)uq_lvq_lwq_lx“rq_lymz" mod pl4!, (2.17.1)

Indeed, after multiplying by u/v"w", every summand vanishes modulo p!¢! except for the summands
where simultaneously [ +b+c<g—1,m+d <qg—1,and n+a < g — 1. However, given the constraints
a+b=qg—1and c+d=gq—1, we have that

(+b+co)+m+d)+(n+a)=3(q—1).

Hence,/+b+c,m+d,n+a=¢q —1,and alsoa+d =1+ g — 1. In particular, m = ¢ and n = b. Set
§:=—(1,)(",) e k™.
On the other hand, for 0 <i, j,I < g — 1 we have that

~ 1
ulvmw x y’zkfs,tz—qulvmw"x”rq s— ty kaH_tf,t
X

1 .
ulvmwnxl-i-r-i-lyj-i-szk—t-tfo’o
xq
— é q—1,q—1
= —U v
x4 Y

_guq 1 wq 1 l+r+ly]+s+mzk+t+n modp[q]

xq+t+r+l j+s+mzk+t+n modp[‘”

wi™!

Therefore,
(De(ul ™ w"xiyjzkfs,;) = Sq)e (uq—l Uq—l wq—lxi+r+lyj+s+mzk+t+n) mod p
Next, we observe that this element is O mod p unless

i+r+l,j+s+m,k+t+n=qg—1 modg.
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Since all these three sums are at most 3(¢ — 1), we then have

i+r+l=q—1+uaq,
Jts+m=q—1+pq,
k+t+n=q—1+vygq,

for some «, B, y € {0, 1}. However, if we add these equations together, we obtain
i+j+k+2(gq—1)=3@-1)+(@+B8+y)q.
Equivalently,

i+j+k=g—1+@+B+y)q.

Being i + j + k at most 3(g — 1), this forces o + 8 + v € {0, 1}. Hence, «, 8, y are either all 0 or one of
them is 1 while the other two are 0. In the first case, we then have

i+r+l, j+s+mk+t+n=q—1.
Therefore, in this case, we have that Qe(ulvmw”xiyjzkfs,,) = 0 mod p unless
i=q—1—-@+D,j=g—1—-(G6+m),k=g—1—(t+n)=>0.

In that case, ®¢(u/v™w"x y/z* f; ;) = & mod p, and 50 @y 1.1 m.n = Ex'HysHM 7! (whenever r +1, s +
m,t+n>q—1).

Let us consider now the remaining three cases, i.e., (&, 8, y) €{(1,0,0), (0, 1, 0), (0, 0, 1)}.By symmetry,
it suffices to consider (o, 8, ¥) = (1, 0, 0). In this case, we have that the element &€ (u!v" w”x"yjzkfs’,)
vanishes modulo p unless

g—1>i=qgq—-14qg—@F+1)>0 and j=qgq—-1—(s+m),k=g—1—(t+n)=>0,

equivalently
0<@+l)—g<qg—1 and j=q-—-1—-(s+m),k=qgq—1—(t+n)=>0,
which implies ®¢(u'v™w"x"y/ z* f; ;) = Ex mod p. In this case, dg s m,n = X" ys 7717, O

Let us analyze which maps the first case (| +r,m +s,n+1¢) €{0,...,q — 1}X3 of Claim 2.17 yields.
Note that the map from the set

(A,m,n;r,s,0)€{0,...,q—1Y | I+m+n,r+s+t=g—1landl+r,m+s,n+t<qg—1}
to the set
(G, j, k) €f0,....,q—1Y3 i+ j+k=2(q— 1)}

defined by
(U, m,n;r,s,t) > (+r,m+s,n+t)
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is surjective. Indeed, taking / =s =0 and given 0 <r,m <g —1, we obtain 2(¢q — 1) =r+t+m+n or,

put differently, 2(q — 1) —r —m =t 4+ n. Thus, we see that this case yields the maps W° - x’ y/ z* with

i+ j+k=2(qg—1). In other words, we obtain the Cartier algebra given by the pair (K[[x, y, zI, (x, v, 2)?).
For the remaining three cases of Claim 2.17, we obtain the maps

x-We. xr+l—qys+mzt+n’ y- e . xr+lys+m—qzt+n’ z- e . xr-‘rlys—}—mzt-‘rn—q

where, respectively, (r +1 —¢q,s+m,t+n)e{0,...,q—1}, r+Il,s+m—gq,t+n)€{0,...,q—1},
r+l,s+m,t+n—q)e{0,...,q—1}). However, these are all nonsurjective maps.
In conclusion, we obtain

S(R/p, €)= volume([0, 11°° N{(x, y,2) € R* [ x +y+222) =1 >0,

where we use [Blickle et al. 2012, Theorem 4.20] for the inequality. Hence, (R, P) > % and (R, P) is
purely F-regular.

Remark 2.18. In Example 2.15, it would be interesting to fully compute ‘(flf to check whether or not
r(R, P) = 1/6. The issue is that we cannot apply Fedder’s criterion for R since R is not regular. One
may apply Fedder’s criterion to / 4+ p in A to work around this.

Question 2.19. Let C, ; be the cone singularity given by the Segre embedding of IP’K X P‘K The F-
signatures of these toric rings were computed in [Singh 2005] and it is well-known that C1C, ; = Z.
In fact, C,; is a determinantal ring. Let S = K[[x; ; | 1 <i <m, 1 < j < n] be the power series ring
in the m x n matrix of variables (x; ;), and let I; be the ideal generated by the ¢ x ¢ minors of (x; ;)
(2 <t < min{m, n}). The quotient ring R = R(m, n, t) = S/I; is called a determinantal ring. We observe
that C, s is none other than R(r 41, s 4+ 1, 2). Moreover, if P is the prime divisor on Spec C, ; given by
p=x11,...,XI, Hl),s then the divisor class of P is a free generator of Cl1 C, ;. Based on the previous
examples, it is natural to ask whether the pair (C, s, P) is purely F-regular and if so what its splitting
ratio is. More generally, if R is an arbitrary determinantal ring, we have that CI R is freely generated by
P the divisor class of the height-1 prime ideal p generated by the r — 1 size minors of any set of r — 1
rows (or columns); see [Bruns and Vetter 1988, Corollary 8.4]. We ask the same question as before for
the pair (R, P). Note that in order to answer to these questions along the same ideas we had for C ; and
C1 2, a good understanding of the colon ideal I,[Q] : I, is needed. Nonetheless, to the best of the authors’
knowledge, very little is known about this. The authors believe a different approach is required.

2B. Purely log terminal pairs. We refer the reader to [Kollar and Mori 1998] for a detailed exposition
on log canonical singularities and to [Ambro 1999] for the notion of (minimal) log canonical centers. We
will, however, briefly review these notions here. Let (X, A) be a log pair defined over an algebraically
closed field of characteristic zero. Fix a log resolution 7 : ¥ — (X, A) and write Ay =7*(Kx+A) — Ky.
The pair (X, A) is log canonical (LC) if the coefficients of Ay are < 1. The pair (X, A) is called purely

Sn fact, any ideal generated by either a fixed column or row of variables.
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log terminal (PLT) if it is LC and the exceptional components of Ay have coefficients < 1. We say that
(X, A) is Kawamata log terminal (KLT) if all coefficients of Ay are < 1. A prime divisor P on X is
called an LC center if the coefficient ap of the strict transform of P in Ay is > 1. Since the multiplier
ideal 7 (X, A) is given by w0y (Ky — [*(Kx + A]), this is equivalent to Ox(—P) D 7 (X, A).

In analogy to Proposition 2.7, we recall the global-to-local passage is for LC centers. Let (X, A) be a
log canonical pair, dim X > 2. Let P be an LC center going through a closed point x € X. In studying
ﬁ;}fx, we are free to replace X by any open neighborhood U of x and A by Ay. In particular, we may
assume that (X, A) is purely log terminal. Indeed, we may write Ay = E;+---+ E, + ) pagE, for
some n and such that ag < 1. Note that one of the E;, say E is P. By the assumption that P is a divisor
and the minimal LC center through x, the other divisors E; do not contain x. Hence, replacing X by a
suitable neighborhood U of x, we may assume that (X, A) is PLT and moreover |[A]| = P is a prime
divisor going through x.® Thus, we may work in the following setup.

Setup 2.20. Let (X, A) be a PLT log pair of dimension at least 2, such that |[A] = P is a prime divisor
going through a closed point x € X. We set X7 = Spec ﬁ;lf « \ Z, where Z is some closed subset of
codimension > 2. We denote by P the pullback of P to U.

The following is analogous to Proposition 2.5 and well-known to experts; see [Kollar and Mori 1998,
Proposition 2.43].

Proposition 2.21. Let (X , A= ZaiA,-) be a PLT pair with X quasiprojective and 0 < a; < 1. Then
there is a Q-Cartier Q-divisor A" such that the pair (X, A +¢ A') is KLT for all rational 0 < ¢ < 1

Proof. Let m > 0 be so that mA is integral. Since X is quasiprojective, there is an ample divisor H.
Choose n > 0 so that Ox(nH + mA) is globally generated. As the base locus of the linear system
|nH +mA| is empty, we find an element D of this linear system having no component in common with A.
Set A’ = %D — A. Then, Ky + A 4+ ¢ A’ is Q-Cartier since A’ is so: m- A’ =D —mA ~ nH. Note
that A +& A’ > 0 for all rational 0 < ¢ < 1. Since D and A share no components, |[A +¢& A’] =0. As
a(E, X, A+eAN)— a(E, X, A) for ¢ — 0, there is ¢ so that (X, A +¢& A’) is KLT. O

We make precise the connection between purely F-regular pairs and PLT pairs.

Theorem 2.22 [Takagi 2008, Corollay 5.4]. Let (X, A) be a log pair. Spread (X, A) out over some
finitely generated Z-algebra A. Then, (X, A) is PLT if and only if there is a dense open U C Spec A such
that the reduction (X,, Ay) is purely F-regular for all a € U.

Theorem 2.23. Let (X, A) be an affine PLT pair. Assume that | A| = P is an minimal LC center for some
closed point x € P. Spread (X, A), P, and x out over some finitely generated Z-algebra A. Then, for all
a € U, where U is a dense open subset of Spec A, the divisor P, is the minimal F-pure center through x,.
In this situation, a minimal LC center is normal. Conversely, if P is not the minimal LC center through x,

then P, is not the minimal F -pure center for x, for all closed points in a dense open set.

6That is, the generic point of P is the only codimension 1 point in the non-KLT locus of (X, A).
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Proof. See [Schwede 2010, Theorem 6.8]. Schwede’s argument immediately also gives the converse
statement: If there is some smaller LC center Q passing through x, after reduction, we obtain an F-
compatible ideal g, strictly containing p,. Thus, P, cannot be the minimal F-pure center through x,. For
normality of the minimal LC center see [Fujino and Gongyo 2012, Theorem 7.2]. ]

By Theorems 2.22 and 2.23, examples in Section 2A1 are examples of PLT pairs when we let £ have
characteristic zero. However, we need to sharpen our hypothesis for the analog of Example 2.10.

Example 2.24. Let R be regular, local and essentially of finite type over an algebraically closed field of
characteristic zero, and let () C R be a prime ideal. Then, the pair (R, div f) is a PLT pair if and only
if R/f is a (Gorenstein) KLT singularity.

3. Digression on local tame fundamental groups

The objective in this section is twofold. First, we overview all the necessary material regarding tame
fundamental groups that we need to establish our results. Second, we prove the theorem establishing that
Theorems B and C are formal consequences of structural properties of the Galois category being studied.
We start off with our first goal.

3A. Tame ramification, cohomological tameness, and Abhyankar’s lemma. We commence by recalling
some standard definitions in [Grothendieck and Murre 1971].

Definition 3.1 (tamely ramified field extensions with respect to a DVR). Let K be a field with a discrete
valuation ring (DVR) (A, (u#), k). One says that a finite separable field extension L/K is tamely ramified
with respect to A if for all (the finitely many) discrete valuation rings (B, (v), [) of L lying over A, we
have that K C [ is separable and Char £ = p does not divide the ramification index of the extension A C B.”
If the extensions A C B are étale, we say L /K is étale with respect to A.

Definition 3.2 (tamely ramified covers with respect to a divisor). Let X be a connected normal scheme
and let D =), P; be a reduced effective divisor on X with prime components P;. One says that a finite
cover Y — X is tamely ramified with respect to D (or simply over D) if Y is normal and every connected
component Y — Y — X of Y is a finite cover X that is étale away from D, and K (Y')/K (X) is tamely
ramified with respect to the DVRs Oy ,,,, where 5; is the generic point of P;.

The following lemma will be important in our forthcoming discussions.

Lemma 3.3 [Grothendieck and Murre 1971, Section 2, Lemma 2.2.8]. Let f: Y — X be a finite
cover between connected normal schemes and let D =), P; be a reduced divisor on X with prime
components P;. Suppose that f: Y — X is étale over the complement of D. The following statements are

equivalent:

"The ramification index e is characterized by the equality u = b - v¢ with b a unit in B.
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(1) f is a tamely ramified cover with respect to D,

(2) For all x € D, the pullback of f along g: Spec Ox , — X is a tamely ramified cover with respect
to g*D.

(3) For all x € D, the pullback of f along g: Spec ﬁ;gfx — X is a tamely ramified cover with respect
to g*D.

(4) For all x € D of codimension 1 (in X), the pullback of f along g: Spec Ox . — X is a tamely
ramified cover with respect to g* D.

(5) For all x € D of codimension 1 (in X), the pullback of f along g: Spec ﬁ’f(}fx — X is a tamely
ramified cover with respect to g*D.

Definition-Proposition 3.4 (Kummer-type cyclic covers, see [Grothendieck and Murre 1971, Exam-
ple 2.2.4]). Let (X, D) be as in Definition 3.2 and defined over Z[1/n][¢] where ¢ is a primitive n-th
root of unity, which means that n € I' (X, Ox) is invertible and I" (X, Ox) contains a primitive n-th root of
unity (e.g., X may be defined over a separably closed field of characteristic prime to n). Suppose that
D =n-E inClX and E is Cartier away from D. Write divx k +n - E = D for some k € K(X)*. Then,
the finite cover f: Y — X determined by the Ox-algebra

n—1

Ox = @ Ox(—i-E), k:Ox(—n-E)— Ox(-D)

i=0
is a connected tamely ramified cover over D that is generically cyclic of degree n. We refer to these covers
as Kummer-type cyclic covers or simply as Kummer covers when E and so D are principal divisors. We
allow n = 0 to include the trivial cover.

Proof. Note that, over U := X \ D, the cover Y — X is the element of H L, uy) corresponding to
divyk +n-E|y =0as E|y € PicU. In particular, Y|y — U is a Z/nZ-torsor (as { € ['(X, Ox)) and in
particular étale; see [Milne 1980, III, Section 4, pages 125-126]. Next, we explain why Y is normal. Note
that, since f is affine, Oy satisfies the (S;) condition as so does the &x-module f, Oy = EB;':_(} Ox(—i-E).
To see why Y satisfies (Ry), it suffices to look at those codimension 1 points not lying over (the generic point
of) the P;’s as f is étale away from D. That is, it suffices to check that the Oy p,-algebras Ox p, ® sy f«Oy
are regular for all i. Observe that Ox p, ®g, f+xOy = Ox p,[T]1/(T" —t) where ¢t is a uniformizer of Ox p,,
and further Ox p,[T]/(T" —1t) is local with maximal ideal (t) & G}:’:—ll Ox.p, - T = (T) and so regular.
This computation further shows that Ox p, ® 4, f«Oy is an extension of DVRs with ramification index 7,
which is prime to all residual characteristics of X as 1/n € I'(X, €x). This proves that Y is normal.

It remains to prove that Y is connected/integral, for which it suffices to show that K (X) ®¢, f«Oy is a
field. Notice that, K(X) ®g, f«Oy = K(X)[T]/(T" —«). Suppose, for the sake of contradiction, that
K(X)[T]/(T" — k) is not a field. Then, there is ¥’ € K (X)* such that div k = div ™ for some 1 <m | n
(using [Lang 2002, VI, Section 6, Theorem 9.1]); see [Tomari and Watanabe 1992, Corollary 1.9]. Then,
m - (divy k' + (n/m)D) = P, which violates the reducedness of P. U
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Given the equivalence between (a) and (e) in Lemma 3.3, it is of fundamental importance to understand
the tamely ramified covers over a strictly local DVR with respect to its uniformizer. In this regard,
the following result together with Lemma 3.3 imply that tamely ramified covers are Kummer over the
étale-germs at the generic points of the divisor D.

Theorem 3.5 [Serre 1979]. Let K be a field with a strictly local DVR (A, (u), k) with Chark = p >
0. Then, every Galois field extension L/K that is tamely ramified with respect to A is Kummer, i.e.,
L = K u'/") for some n prime to p, and in particular cyclic. In other words, every Galois tamely ramified

cover over X = Spec A with respect to div u is Kummer.

Proof. See [Serre 1979, Chapter IV, Section 2, Proposition 8] for the case p = 0. For characteristic p > 0,
note that, by tameness and K being separably closed, we have p{[L : K]. One simply replaces the use of
Corollary 2 in [loc. cit.] with Corollary IV, Sections 2 and 3. Ol

Remark 3.6. The intuition behind Theorem 3.5 is the following; see [Milne 1980, I, Example 5.2(e)].
We think of Spec K = Spec A \ {(#)} as an algebraic analog of the punctured disc in the plane, then this
result says that nf‘(SpeC K) is isomorphic to 7 —the profinite completion of Z — at least if the residual
characteristic is 0 else what we can say is 7| (Spec K) = yAR)

As mentioned before, Theorem 3.5 tells us that tamely ramified covers over a reduced effective divisor
are of a very special type étale-locally around the generic points of the divisor. In case the divisor D in
Definition 3.2 has normal crossings [Grothendieck and Murre 1971, Section 1.8], Abhyankar’s lemma
establishes that the same hold at all special points in the support of the divisor; see [Grothendieck and
Murre 1971, Section 2.3; SGA 1 1971, Exposé XIII, Section 5]. More precisely:

Theorem 3.7 (Abhyankar’s lemma). With notation as in Definition 3.2, suppose additionally that (X, D)
has normal crossings in the sense of [Grothendieck and Murre 1971, Section 1.8]. Then, the connected
components of the pullback of Y — X along Spec ﬁ;}f : = X are (quotients) of Kummer covers for all

geometric points X — X.

We are interested in studying tame cover with respect to divisors that may not have normal crossings.
Fortunately, our efforts will lead to a generalization of this result when the divisor D is irreducible yet
singular; see Lemma 3.34. Following [Kerz and Schmidt 2010; Chinburg et al. 1996], we have a stronger
notion of tameness.

Definition 3.8 (cohomological tameness). Let U be a normal connected scheme equipped with a dense
open embedding U — X with X normal and connected.® We say that a finite Galois cover V — U is
cohomologically tamely ramified with respect to X if its integral closure f: Y — X is so that the trace
map Try,x: f«Oy — Oy is surjective. A finite étale cover V — U is cohomologically tamely ramified if
it can be dominated by a Galois one.

8Unlike [Kerz and Schmidt 2010], we do not require X to be proper over some field.
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3B. Tame Galois categories and their fundamental groups. Consider the setup:

Setup 3.9. Let (R, m, £, K) be a strictly local normal domain of dimension at least 2. Let Z be a closed
subscheme of X := Spec R of codimension at least 2. We consider a prime Weil divisor P on X° := X\ Z,
which extends to a unique prime divisor on X that we also denote by P, then P corresponds to a unique
height-1 prime ideal p C R. We set U := X° \ P. We further set p := Char £ > 0 and assume that
p € p C m, so that Char K (P) = p = Char £ (here, K (P) is the function field of P, i.e., the residue field
of Ry). In particular, after choosing an embedding F » C Kk, we have that (R, m, K, K) is a local algebra
over Z;h — the maximal unramified extension of Z,, which is given by adjoining all prime-to-p roots of
unity to Z,,. Of course, this is just a fancy way to say that R contains all the n-th roots of unity if p{n.
In particular, we allow Z;h — R to be injective, i.e., R may be of mixed characteristic in this section.
However, we are assuming that R, has the same (mixed or not) characteristic as R.

We study two types of tame Galois categories in this paper which we introduce next. We invite
the reader to consult [Murre 1967; Cadoret 2013] for a thorough exposition on Galois categories and
fundamental groups, or the classic, original reference [SGA 1 1971, Exposé V].

3B1. The cohomologically tame Galois category. Working in Setup 3.9, the first tame fundamental group
of interest is the fundamental group JTI’X (X°) classifying the Galois category FEtt’X(X °) of covers over
X° that are cohomologically tamely ramified with respect to X. The minimal (or connected) objects of
this Galois category are the local finite extensions (R, m, kK, K) C (S, n, [, L) such that S is a normal
domain, Trg/g: § — R is surjective, and R C § is étale over X°. Thus, JT{’X(XO) = lim Gal(L/K) where
the limit runs over all Galois extensions L/K inside a fixed separable closure of K such that the integral
closure of R in L; say R /R, is étale over X° and Tr: RY — R is surjective; see [Carvajal-Rojas et al.
2018, Section 2.4].

3B2. The tame Galois category of a prime divisor. In this section, the perspective is quite different from
the one above. Working in Setup 3.9, consider the Galois category Rev’ (X°) of finite covers over X° that
are tamely ramified with respect to P. The corresponding fundamental group is denoted by n{’P (X°) (we
choose a geometric generic point as our base point, which is suppressed from the notation). As before,
we may restrict ourselves to a local algebra setup as the following remark explains.

Remark 3.10 (reduction to local algebra). Since R is a strictly local normal domain, the Galois ob-
jects of the category Rev’” (X°) are the (generically) Galois local finite extensions of normal domains
(R,m, k, K) C(S,n, [, L) that are étale over U but tamely ramified over P (i.e., L/K is tamely ramified
with respect to Ryp). In this way,

;" (X°) = lim Gal(L/K)

where the limit runs over all finite Galois extensions L/K inside some fixed separable closure of K such
that the integral closure of R in L is tamely ramified over X° with respect to P. When we refer to a
cover Y° — X° in Rev” (X°), we mean that Y = Spec § with S as above, and Y° =Y \ f~!(Z), where
f: Spec S — Spec R is the corresponding morphism.
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Example 3.11 (Kummer-type cyclic covers). Suppose that there is a divisor D on X such that P =n - D
in Cl X and so that D|y is Cartier. Writing, divk +nD = P,let S=T(Y, Oy) = @?:_01 R(—iD) with
f: Y = X as in Definition-Proposition 3.4. Let n:=m®@'~| R(—i D) and q:=pd@/_] R(—iD). One
readily sees that these two are ideals of S. In fact, S/n= R/m =K and S/q = R/p, thereby n is maximal
and q is prime. Moreover, nN R =m, ¢N R =P, and n, q are; respectively, the only primes of S with such
property. Further, we have that ht g = 1. Indeed, ht ¢ <ht(qN R) =htp =1 from integrality of S/R (going-
up theorem) and S being a domain rules out the possibility ht ¢ = 0 (as clearly q # 0). Thus, Q = V(q)
is a prime divisor on Y. Putting everything together, (R, m, K, K, p) C (5, n, K, K(Kl/”), q) defines a
cyclic cover in Rev” (X°) whose pullback to Ry, is Kummer; see the proof of Definition-Proposition 3.4.

If p = (r) is principal, then divk +nD = divr and so D is torsion, say of index m | n. In particular,
we may use this to define a connected quasiétale cover g: W — X of degree m trivializing D. Then, it
follows that the base change fy : Yw — W is a Kummer cover of the form Spec Ow [T]/(T" —r) — W.
Indeed, after trivializing D, say D = div s, the equality divk 4 ndivs = divr says that r = us"« for
some unit u € I'(W, Ow). Then, since I'(W, Oy) is also strictly henselian, we may say that u = 1 by
replacing s by u~!/"s. Thus, L(r'/") = L(x!/"), where L is the function field of W.

3C. Some examples of tamely ramified covers. In this section, we provide some examples illustrating
what may go wrong in Abhyankar’s lemma if the divisor in question is too singular. Additionally, we
consider instructive to have some examples at hand that we may use across the forthcoming sections to
highlight particular features of our results. We will employ the following useful fact throughout.

Proposition 3.12 [Stacks 2005—, Lemma 09EB]. Let R be a normal domain with fraction field K. Let
L/K be a finite Galois extension of degree d, and let S be the integral closure of R in L. Fix a height 1
prime ideal p C R, and let q1, ..., q, C S be the list of distinct prime ideals of S lying over p. Then, all
the DVR extensions Ry, — S, share the same ramification index e and residual degree i. Moreover, the

Jormulad =n-e-i holds.
Terminology 3.13. We shall often refer to i in Proposition 3.12 as the inertial degree.

Example 3.14 (the cusp). Let (R, m, £, K) be a regular local ring with regular system of parameters
m=(x, y). We assume Char £ %2, 3. Let L be the splitting field of 73 +x7 +y € K[T]. This polynomial
is irreducible.’ Let #;, f, 13 € L be the distinct roots of T3 + xT + y. Setting,

S:=(t—n)(h—86)1H—1)

we have that 8% = —4x> —27y? =: A. In particular, § ¢ K for A is irreducible in R. Therefore, L/K is a
Galois extension of degree 6 with Gal(L/K) = S3 — the symmetric group; see [Roman 2006, Section 7.5]
or [Lang 2002, VI, Section 2]. In fact, K (8) is the fixed field of the (cyclic) alternating group Az C S3.

9Indeed, if it were reducible, it would admit a root in K and further in R by normality of R. In that case, y = ¢ (2 + x) for
some ¢t € R. Since R is a UFD and y is an irreducible element, this implies that either ¢ or 2+ x is a unit, and a fortiori both are
units implying further that y is a unit, which is a contradiction.
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Thus, L = K (8, t;) and
L=K©®T1/(T?>+xT +y).

In fact, a direct computation shows that if ¢ is one of the roots then the remaining roots are:

—t 8
L T —
2 7 232 +x)

where 312 + x # 0 as the minimal polynomial of 7 over K has degree 3.1°
We set t = ¢1, and set 7, to be the root with the positive sign in the above expression. Let S be the
integral closure of R in L. Of course, S > §, t1, t2, t3. Then, we have:

Claim 3.15. R C S is a tamely ramified extension with respect to the prime divisor D = div A. Moreover,
there are exactly three prime divisors of S lying over (A), with ramification index e = 2 and inertial
degreei = 1.

Proof of claim. By Definition-Proposition 3.4, the integral closure of R in K () is R[8], so that S is the
integral closure of R[§] in L. On the other hand, we may consider the flat extension of degree 3

R[8]1 C R[S, t]1= RISNT1/(T? +xT +y).

Notice that the discriminant ideal of this extension is (A) whereas the different ideal is (3t>4x). Therefore,
R C R[8, t] is étale away from D and so R[8, t]s = R[S, 8!, ] is normal. In particular, the extension
R[8,1] C S is an equality after localizing at § (or well at 3> + x). Thus, the extension Ry C S, is étale.
By Lemma 3.3, we are left with showing R(a) — S(a) is a tamely ramified extension. To this end, observe
that

A=8= (11— t—16)*H —n6)%

Now, let g C S be a prime ideal lying over (A). It must then contain at least one of the elements
t| — t, tp —t3, t; — t3. We argue next it can contain only one of them. Indeed, if it contains two of them it
must contain the third one and thus all of them.!! In particular, the ramification index of R(ay — Sq is at
least 6 and by applying Proposition 3.12 we conclude that n = 1, e = 6, and i = 1 (with notation as in
Proposition 3.12). In particular, q is generated by either of these elements. On the other hand, we have
that

3:1(3t* +x) =8 3137 4x)+6 26

=t =  bh—h=—— 3.15.1
20312 + x) = 2312+ x) 2T T oG+ x) ( )

H—n=
From this, we conclude that all the displayed numerators belong to q and so does 67 (3t>+x). Nonetheless,
q #t as otherwise y = —t(t>+x) € qN R = (A), which is not the case. In this way, our conclusion must

1011 case the reader wants to corroborate this assertion by hand, notice that T3 +xT + y=({T - z)(T2 +1T +12 +x). Hence,
it suffices to verify that these are roots of T2 41T +12+x = (T + t/2)2 + (3t2 +4x)/4, which in turn boils down to checking
82 + (3t2 + 4x)(3t2 + x)2 =0, which is a straightforward computation.

HFor instance, HnH—1=(0 —h)+({ —1r).
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be that 3t2+x € qN R[S, t] =+ (8).12 This, however, is a contradiction. Indeed, we have that R[8, 7] is
a rank-6 free R module and moreover

RI$,11=R-1®R-1®R-I’®R-SOR -5t ®R 51" = (1.1, 1) ® (8, 81, 6%,
whence one sees that any power of 3t +x is going to be belong to the direct summand (1, ¢, £2) g whereas
() C((A)- (L 1.1%)R) © (8, 81, 81%) .

Additionally, an inductive argument readily shows that the constant coefficient of (372 + x)" is x” for
every exponent 7. Putting everything together, we see that 3t> 4+ x € 4/(8) yields that x” € (A) for some
n and so x € (A), which is the sought contradiction.

In conclusion, the principal ideals (t; — 1), (f; — 13), (f; — t3) C S share no minimal prime. By using
Proposition 3.12, we conclude that these are (the) prime ideals of S lying over (A) C R, with ramification
index e =2 and inertial degree i = 1. This proves the claim. O

Example 3.16 (Whitney’s umbrella). Let (R, m, K, K) be a regular local ring with K of odd characteristic,
and let f :=x? — y?z where m = (x, y, z) is a regular system of parameters. The polynomial expression
x? — y?z plays a fundamental role in the description of degree 4 Galois extensions; see [Lang 2002, VI,
Example 4]. Thus, we start off by considering the degree 2 Galois extension E = K (,/f). Next, we
consider the tower of degree 2 Galois extensions

E CE(J72) CEWNDG x +yJ/2).

Seta =x + y\/z, &’ =x — y/z, and B = /o. The above tower is E C E(x) C E(B). By [loc. cit.],
E(B)/E is a noncyclic degree 4 Galois extension as e’ = f is a square in E. In fact, E(B)/E is the
splitting field of T* —2xT? + f € E[T]:

T*—2xT? 4 f = (T? —a)(T* — o) = (T — B)T + YT — /[ /BNT +1/B).

Moreover, E(B)/K is a degree 8 noncyclic Galois extension, for it is the splitting field of 7% — 2xT? +
f € K[T). In fact, setting B’ := 4/ f/B, we see that Gal(E(B)/E) is generated by the transpositions
7: B> —pBand o: B> B'. Moreover, in Gal(E(B8)/K) we have p: B> B,/ f — —+/f. In this way,
7 :=0op: B> B,/ f— —/f is an element of order 4 whose square and cube are; respectively, T
and po. That is, Gal(E(B)/K) is generated by two elements o and 7 satisfying relations 0> =1, 7 =1,
and o = 730 In other words, Gal(E(8)/K) is isomorphic the dihedral group — the symmetries of the
square. Thus,
Gal(E(B)/K)={l,0,p,t,m,0p, w0, 0T}.

Let S be the integral closure of R in E(f). Next, we claim the following.

Claim 3.17. S = R[/Z, B, B']

1274 see the equality, consider t C R[4, t] to be a minimal prime of (§). Since R[t, §] C S is integral, there is at least one
prime ideal of S lying over v. However, any such a prime must lie over (A) C R and so must do q.
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Proof of claim. By Definition-Proposition 3.4, R[/f, /z] is normal and so it is the integral closure of R
in E(a) —the fixed field of (t). Thus, we just need to prove that S is the integral closure of R[/f, /7]
in E(B). To this end, we prove that any element y € S is an R[/f, \/z]-linear combination of 1, 8,
and B’. We know that y =a+bp € E(B) for some (uniquely determined) a, b € E(«). Since E(B)/E («)
is a quadratic extension, the minimal polynomial of y is described in terms of its trace and norm as
follows:

T2 + Tregy/e@ (V)T +NE@)/E@ (V).

Observe that Trg g/ E() (V) = 2a and Ngg)/E@) (v) = a* — b*a. Therefore, y € S if and only if both 2a
and a® — b%a belong to R[/f, +/z], which is equivalent to a, b*a € R[/f, /Z].

Now, since b« belongs to R[/f, /7] so does bzf = b%wa’. That is, since b*a € RV, /7], then
b f belongs to the ideal (o) C R[/f, /z]. Since b% f = (b/f)?, this is to say that b\/f € E(a) is
integral over (') C R[/f, +/z]. Given that RV, /7] is integrally closed in E (), we conclude that
by f € /(@) C RIVF, «/z]; see [Kunz 2013, Chapter 2, Corollary 2.6]. The result then follows once
we have shown that

J@) =@/, inRL/Ff, V7] (3.17.1)

Indeed, granted (3.17.1), we would have that

a/

5 =a+dp+cp,

y=a+bﬁ=a+(bﬁ)%=a+(ca’+d\/?)%=a+dﬁ+c

for some d, ¢ € R[/f, /7] — we saw before that a € R[/ f, /Z].

To prove (3.17.1), observe that the containment from right to left is clear, for /f ? — aa’. For the
converse containment, observe that R[/ f, /7] is free over R with basis 1, 4/z, VI, ﬁﬁ . In particular,
if an element in R[/f, /z] belongs to /(') then so does the summand in the R-span of 1 and JZ.
Thus, it is enough to prove that r +5./z € J(); withr, s € R, belongs to («’). That is, it suffices to
explain why the contraction of v/(a’) C R[/f, +/z] to R[/Z] is the ideal (a’). This, however, follows
from observing that (') C R[4/z] is a prime ideal. Indeed, observe that R[,/z] is a regular local ring
(and so an UFD) as its maximal ideal is given by m® R - \/z = (x, y, z, 4/2) = (x, ¥, 4/2). On the other
hand, the extension of the prime ideal (f) C R to R[4/z] splits as (f) = (@)(’). Since there cannot be
more than two prime ideals of R[,/z] lying over (f) C R, we conclude that these are (@) and (¢’). O

Claim 3.18. The extension R C S is tamely ramified with respect to the reduced divisor D = div z 4 div f.
Moreover, for both prime divisors (z), (f) C R, there are exactly two prime ideals of S lying over with
ramification index 2 and inertial degree 2.

Proof of claim. We begin by proving that R,s C S, is étale. Indeed, we have a tower R C R[/f, /zZ] C S
where the bottom extension is flat of degree 4. One readily verifies that the discriminant ideal of the bottom
extension is (zf), so it is étale over R;s. It suffices to check that R[/f, \/Z];s C Sy is étale. To this end,
notice that by inverting f we invert & and «’ in R[/f, \/z] and B and B’ in S, for we have the relation
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aa’ = f = B*p. In particular, 1/ € R[/f, \/z);s and 1/B € S,. Therefore, R[/f, /Zl.y C S;s is
free with basis 1, B (as B’ = /f/B = +/f/aB) and its discriminant ideal is generated by

2
= (=2p)* = 4a,

‘ 11
B —p
which is a unit and consequently the extension is étale; as needed.

It remains to prove that E(8)/K is tamely ramified with respect to both DVRs R, and R(y). Never-
theless, this follows from simple characteristic considerations. Indeed, since the extensions are Galois, we
know in each case that 8 = -e-i with n being the number of primes lying over, e the ramification indexes,
and i the residual degrees; as in Proposition 3.12. Then, e and i are necessarily prime to characteristic,
which was assumed odd from the beginning. Recall that f = 828’2, Using Proposition 3.12, this implies
that (8), (B") C S are (the) prime ideals of S lying over (f) C R, and the ramification index is 2 as well as
the residual degree.!? Similarly, we have that 2y./z = (8 — B')(B+B’), so that 4y?z = (B — B))*(B+ ).
Therefore, (8 — B'), (B + B') C S are (the) two prime ideals of S lying over (z) C R, with ramification
index and inertial degree equal to 2.'* U

Example 3.19. We may specialize Example 3.16 by setting y = 1. More precisely, we may consider
(R, m, Kk, K) to be a regular local ring of odd residual characteristic with regular system of parameters
m = (x, z) and set f := x> —z. Letting L/K be the splitting prime of 7% —2xT?+ f € K[T], the same
arguments mutatis mutandis as in Example 3.16 show that S := RE = R[/Z, \/)Tﬁ] and moreover
that R C § is a degree 8 Galois tamely ramified extension over D = div z + div f. Further, for both
(regular) prime divisors (z), (f) C R there are exactly two prime of S lying over with ramification and
inertial indexes equal to 2.

Remark 3.20 (failure of Abhyankar’s lemma for divisors without normal crossings). Observe that
Examples 3.14, 3.16 and 3.19 are counterexamples for Abhyankar’s lemma if no regularity condition is
imposed on the divisor. Indeed, in each case, we may consider R to be additionally strictly local, then it
admits a tamely ramified cover (e.g., S) that is not Kummer (for it is not cyclic). In the cusp case, the
divisor D has not normal crossings for it is cut out by a singular (irreducible) equation. In the Whitney’s
umbrella case, the divisor has not normal crossings because f is not a regular element in the ring Rf;‘ »
as f=x2—y’z=(x — ¥4/2)(x + y4/z) in this ring. In the case of Example 3.19, we have that z and f
are both regular elements yet R/(z, f) is not regular as (z, f) = (z, x?).

3D. Main formal theorems. Next, we explain why our main results on n{’ P(X°) can be seen as formal con-
sequences of some interesting properties of the Galois category Rev’ (X°). With notation as in Setup 3.9,
to a Galois object f: Y° — X° in Rev’ (X°) of degree d r we may associate three positive integers 7 r,
e, and iy which are subject to the relation dy =ny - ey -ir; see Proposition 3.12. With this in mind:

13T see that these two ideals are different, note that otherwise would imply that () = (') in R[/z], which is tantamount to
say that (f) € Spec R is a branch point of R C R[z]. This, however, is not the case.

14Notice that (B—B") # (B+pB)in S as otherwise this would yield that the common ideal contains both (8) and (8’), which
is absurd as then they are all the same ideal.
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Terminology 3.21. Working in Setup 3.9, we consider the following properties on Rev’ (X°):

(1) P-irreducibility: Every connected cover f: Y° — X°in Rev’ (X°) satisfies that Q := (f~'(P))red
is a prime divisor on Y °. In other words, with notation as in Remark 3.10, there is exactly one prime,
say q, lying over p in the extension R C §. If f is Galois, this means ny = 1.

(2) inertial boundedness: There exists N € N such that iy < N for all Galois objects f: Y° — X°
in Rev” (X°).

(3) inertial tameness: The inertial degree i s is prime-to- p for all Galois objects f: Y°— X°in Rev? (X°).

(4) inertial decantation: Assuming the P-irreducibility of Rev” (X°), inertial decantation means that
every Galois cover f: Y° — X°in Rev? (X°) dominates a quasiétale Galois cover Y'° — X° in
Revf (X°) whose generic degree is the generic degree of Q := (f “1(P))eqd — P. Equivalently,
with notation as in Remark 3.10, if q C S is the only prime lying over p, there is a factorization
(R,m, K, K;p)C (S, w,[',L";q) C(S,n, [, L; q) such that the bottom extension induces an étale-
over-P (i.e., quasiétale) cover in Rev” (X°) and [« (q') : k(p)] =[L': K1=[k(q) : k(p)]. When the
latter degree is 1, we say that f is totally ramified.

Remark 3.22. If Rev” (X°) is P-irreducible, we may think of the covers in Rev’ (X°) as local extensions
(R,m, kK, K;p)C(S,n, [, L;q); as in Remark 3.10, where q is the only (height 1) prime ideal of S lying
over p. We follow the convention to denote the prime divisor corresponding to q by Q and so on. Note
that, if f: Y° — X° is a connected cover in Rev” (X°), then the category Rev@(Y°) is Q-irreducible and
Rev€(Y°) is the Galois category given by the objects of Rev’ (X°) that lie over (or dominate) the object
(Y°, Q). If f is further Galois, then Rev?(Y°) is inertially bounded (resp. tame) if so is Rev’ (X°).

Lemma 3.23. P-irreducibility implies inertial decantation.

Proof. With notation as in Remark 3.10, since q is the only prime lying over p, its decomposition group
D :={o € Gal(L/K) | o(q) = q} is the whole Galois group Gal(L/K). Therefore, its inertia group I sits
as the kernel in the following short exact sequence of groups

11— 1 — Gal(L/K) — Aut(k(q)/k(p)) — 1.

By the tameness of the ramification, « (q)/x (p) is a finite separable extension and so Galois by [Stacks
2005—, Lemma 09ED]. Thus, we have

1 -1 — Gal(L/K) — Gal(x(q)/x(p)) — 1.
We may use the Galois correspondence to obtain a factorization
(Rom, kK, K. P)C(Shn' (1, LT, 0" C(S,n [, L, Q)

where both covers are Galois and the upper script I denotes the invariant or fixed elements under the
action of 1. Moreover, Gal(L! /K) = Gal(x(q)/«x (p)) and the bottom extension is étale at q'; see [Stacks
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2005—, Lemma 09EH], and so quasiétale. Furthermore, [« (q7) : k(p)] =[L’ : K] = [k (q) : k(p)]. This
proves the lemma. (Il

Definition-Proposition 3.24. In the situation of Setup 3.9, the full subcategory Revi «(X°) of Rev’ (X°)
consisting of those Z° — X° that are étale-over-P is a Galois subcategory. We denote the corresponding
fundamental group by 771’? & (X°).

Proof. We follow the proof of [Grothendieck and Murre 1971, Theorem 2.4.2] and only need to verify
the conditions G1, G2 and G3 of [SGA 1 1971, Exposé V, 4]. Clearly, X° itself is a final object. For the
existence of fiber products, take Y° — Z°, W° — Z° in Rev(X°) and consider the following diagram:

(Y° X 70 WO)por — Y° X 70 W° —— Y°

L]

Wwe 70
where the normalization is taken with respect to the total ring of fractions of Y° x zo W°. By [loc. cit.],
this is the fiber product in Rev? (X°). Note that Y° x zo W° is étale over P since étale morphisms are
stable under base change. Moreover, as étale morphisms preserve normality (and X° is normal), we
conclude that Y° x ze W° — X° is normal at P and thus the normalization is an isomorphism at P. The
existence of direct sums is clear. Consider now Y° — X° a morphism in Rev” (X°), G a finite subgroup

of Aut(Y°). Then,
Yo ——Y°/G

| A

XO

is a commutative diagram in Rev” (X°). Assume that f is étale over P. If Q is a point in Y° lying over
P with image Q' in Y°/G, we have inclusions of DVRs &xo p C Oye G, o' C Oy- ¢. Since the inclusion
Oxo p C Oy- o is unramified, the first extension is also unramified. Hence, u is étale at P. Condition G3
follows just as in [loc. cit.] |

Lemma 3.25. Work in Setup 3.9. Suppose that Rev” (X°) is P-irreducible. Then, Rev’ (X°) inertially
bounded if and only ifRe\{f’é}(X") has a universal cover, i.e., ﬂfét(Xo) is finite. Iff: X° — X° is such
universal cover, then Rev® (X°) is so that its Galois objects have inertial degree equal to 1. If Rev’ (X°)
is further inertially tame, then the order ofjrfét(X") is prime-to-p.

Proof. Since Rev? (X°) is P-irreducible, the degree of a Galois object in Revf «(X°) coincides with its
inertial degree. The first and third statements then follow. The second statement follows from the inertial
decantation on Rev’ ()~( °); see Lemma 3.23 and Remark 3.22. O

By purity of the branch locus, we only need to check inertial boundedness and/or tameness on the
regular locus of X, i.e., X° = X¢,. This will play a crucial role in Section 5. We make this precise next
but it can be skipped for now.
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Proposition 3.26. Work in Setup 3.9. There is a fully faithful functor between Galois categories
Revf «(X°) —> FEt(X reg)> Which induces a surjective homomorphism between the corresponding funda-
mental groups. Moreover, this functor induces an isomorphism between fundamental groups if Z cuts out

the singular locus of X.

Proof. Recall that FEt(Xreg) is equivalent to the Galois subcategory of the absolute Galois category of
K given by finite separable extensions K C L C K*P such that the integral closure of R C R% in L is
étale over Xeo; see [Carvajal-Rojas et al. 2018, Section 2.4]. On the other hand, as mentioned before in
Remark 3.10, Rev’ (X°) corresponds the Galois subcategory given by field extensions where R C R’ is
étale over U and L/K is tamely ramified with respect to Ry, whereas Revf «(X°) is the one in which
R C R" is étale over U and L/K is étale with respect to Ry; see Definition 3.1. In particular, Revﬁ «(X°)
is (or can be identified with) a full Galois subcategory of FEt(Xreg). Indeed, if L/K isin Revf’ «(X°)
then R C R" is quasiétale, and so induces an étale cover over Xieg by Zariski-Nagata—Auslander purity
of the branch locus for regular schemes [Stacks 2005—, Lemma O0BMB]; see [Zariski 1958; Nagata 1958;
1959; Auslander 1962]. Moreover, if X° = Xy, (i.e., Z cuts out the singular locus), we have the same
categories as in that case U C X,z and X,eg contains the regular point of P. It is worth noticing that the
normality of X is essential through the previous arguments. Finally, observe that the remaining statements
are formal consequences of the just proven; see [Murre 1967, Chapter 5]. (I

Corollary 3.27. Work in Setup 3.9. Suppose that Revﬁ «Xreg) has a universal cover (of prime-to-p
degree). Then, Revﬁ «(X°) has a universal cover (of prime-to-p degree).

Proof. Proposition 3.26 can be summarized as follows: 71{? 1et(Xreg) = Jrll’ét(Xreg) —» 7711,) «(X°). Thus,
finiteness/tameness on the left-hand side group implies finiteness/tameness on the right-hand one. [

Definition 3.28. Work in Setup 3.9. Define N¥(X°) C N as the set of prime-to-p positive integers n € N
for which there is a divisor D on X such that P —n - D € Cl X has prime-to-p torsion and D|y is Cartier.
Likewise, define M (X°) C N as the set of prime-to-p positive integers n € N for which there is a divisor
D on X such that P =n-D e Cl X and D|y is Cartier. Note that 1 € M (X°) Cc NP (X°).

With the above in place, we have the following theorem.

Theorem 3.29. Work in Setup 3.9. Suppose that Rev’ (X°) is P-irreducible and has bounded inertia.

Then, there exists a short exact sequence of topological groups
77 — 7P (X°) = wl (X°) > 1 (3.29.1)

where nf «(X°) is finite and 7P s the prime-to-p part of the profinite completion of Z (if p = 0 we shall
agree upon 7P =), If Rev” (X°) also has tame inertia, then the order ofrrfét(Xo) is prime-to-p and
the following two statements hold:
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e If P € C1 X has prime-to-p torsion, (3.29.1) yields a short exact sequence
0— 72w — Jrlt’P(Xo) — nfét(X") — 1 (3.29.2)

which splits (in the category of topological groups) if and only if M¥ (X°) equals the set of prime-to-p
positive integers. Further, the sequence is split if and only if P =0 € Cl X.

e If P € C1 X is nontorsion, (3.29.1) yields a short exact sequence
0— lim Z/nZ— ;" (X°) = nfe(X0) — 1 (3.29.3)
neNP(xe)
which is split (in the category of topological groups) if and only if N¥ (X°) D M* (X°) is an equality
and there is a compatible system {%P eClX }neMP(XO) of factors of P meaning that m - (ﬁ P) = %P
in Cl X and %P = P (e.g., if C1 X has no prime-to-p torsion). In particular, if N¥ (X°) is finite (e.g.,
Cl X modulo prime-to-p torsion is finitely generated), there is a short exact sequence

0— Z/nZ — 77" (X°) = nl(X°) > 1 (3.29.4)
and so n{’P(X") is finite of order prime-to-p. Likewise, (3.29.4) is split if and only if P € C1 X is
n-divisible with 1 P € Pic U.

Remark 3.30. The limit in the kernel of (3.29.3) makes sense because, if m - M = P =n-N in C1 X
modulo prime-to-p torsion (with pfm,n and M|y, N|y € PicU),then P =1-(a-N +b-M) in C1X
modulo prime-to-p torsion, where: (m) N (n) = (I), am + bn = k and (m, n) = (k). In other words, if
m, n belong to N¥(X°) then so does their least common multiple /.

The following two lemmas are well-known to experts but are included for lack of a reference.

Lemma 3.31. Let ¢: (R, m) — S be a finite extension of normal domains. Denote by S the strict
henselization of S with respect to a prime n lying over m. Then, the canonical morphism Spec S —
Spec S ®g R is a connected component, in particular a clopen (i.e., closed and open) immersion.

Furthermore, assume that:
(1) (R,m)isa DVR,
(2) ¢ is a generically étale extension, and

(3) ¢n: R — Sy has trivial residue field extension for all maximal ideals n lying over m.

Then, all the connected components of Spec S ® g R*" arise in this way and then are in bijective corre-

spondence with the prime ideals of S lying over m.

Proof. By [Stacks 2005—, Lemma 05WR], S sh i obtained as the localization of a prime ideal of S @ Rsh
lying above n and m*". Since S is normal and Spec S ® R*" — Spec S is a colimit of étale morphisms,
S ® R*M is normal by [Stacks 2005—, Lemmas 033C and 037D] . Hence, it is a product of normal domains.
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Moreover, S ®g R™" is a finite algebra over the henselian local ring R*" and thus by [Stacks 2005,
Lemma 04GG (10)] we have

m
S Qr R = l_[(S ®r RSh)mi
i=1

where my, ..., m,, are the maximal ideals of S @ g RS lying over m. We conclude that S @ R*" is a
finite product of normal local domains. Since any prime of S ® g R*" lying above n and m*" is necessarily
maximal, Spec S*® — Spec S ®x R*! is a clopen immersion.

Finally, we discuss the statement regarding the case (R, m) is a DVR. Set («#) = m. In this case, S is a
semilocal Dedekind domain and in particular a PID; let ny, ..., n, be the maximal ideals of S lying over
m. Let K be the function field of R, so that Spec K — Spec R defines the open immersion given by the
principal open D(u) = Spec R,,. Observe that (R, 0(u)) is a (strictly henselian) DVR as well, where 6
is the canonical homomorphism R — R*". With this being said, we see that pullback of the cartesian
square

Spec § +—— Spec S ®g R*"

| |

Spec R +——— Spec R™"

to the Zariski open Spec K — Spec R is given by the cartesian square

Spec L +—— Spec L ®x K (R*")

| |

Spec K «+——— Spec K (R*")

where L denotes the fraction field of S. In particular, the generic rank of the finite R*"-algebra S ® g R*"
is equal to [L : K]—the generic rank of S over R. In particular, we have that

m n
[L:K]=) [K(S®r RMm): K(R™M]=) [K(SM: K(RM]+ X,
i=1 i=1
where ¥ is the remaining summands, i.e., the sum corresponding to the (a priori possible) connected
components that are not isomorphic to strict henselizations of S at some of its maximal ideals. Our goal is
to prove that ¥ = 0 (i.e., it is an empty summation). To this end, observe that, by combining assumptions
(a) and (c) with [Stacks 2005—, Remark 09ES8], we have [L : K] = Z?:l e; where ¢; is the ramification
index of the extension of DVRs ¢y, : R — S;,,. Hence, it suffices to prove [K (S,i?) : K (R™)] =¢;. Observe
that the ramification index of RS" — S;f‘ is exactly e; and its residue field extension is trivial (it is tacitly
assumed here that the residue field of both is the same separable closure of R/m = Sy, /n; Sy,). The result
then follows from [Stacks 2005—, Remark 09ES]. U


https://stacks.math.columbia.edu/tag/04GG
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Example 3.32. We may use Lemma 3.31 to argue the part in the proof of Claim 3.15 where we explain
why there cannot be only one prime of S lying over (A). Indeed, if there were only one such a prime
q C S, we saw that the degree 6 extension of DVRs Ry — S, has ramification index 6 and Galois group
isomorphic to S3. However, when we apply Lemma 3.31 and its proof we obtain that R(Sg) — S;h isa
degree 6 extension with Galois group S3. Nevertheless, this contradicts Theorem 3.5 as it states that the
Galois group must be cyclic.

Either directly or indirectly, we know that there must be three primes q; = (f, —3), 4o = (t; — t3), and
q3 = (t; — t3) of § lying over (A) C R, all of them with ramification index 2 and inertial degree 1. As
predicted by Lemma 3.31, we can see directly that

sh ~ @sh sh sh
S®r Ripy = Sq; % S, X Sg5

where each extension ng) C S;fl is a degree 2 Kummer extension of strictly local DVRs. Indeed, denoting
w; = 3t,.2 + x, we have from Example 3.14 that R[J, t;]5, = Sw,, and moreover Spec S = U,‘321 Spec Sy,
where q; € Spec Sy, if and only if i = j (this follows from (3.15.1) and the argument in the succeeding
paragraph). This is nothing but an open covering of Spec S by standard étale morphisms over Spec R[§]
see [Milne 1980, I, Theorem 3.14]. In fact, the morphisms Spec,, — Spec R[§] are €tale neighborhoods
of (§) C Spec R[8]. In particular, the canonical homomorphism S, — S, is an isomorphism when
twisted by R[S]?}S‘) —the strict henselization of R[§] at (§) — which is then canonically isomorphic to
each of S;}‘ Finally, one verifies directly that the canonical homomorphism R[5] ® g ng) — R[8]§§‘) is
an isomorphism.

Finally, we point out that hypothesis (c) in Lemma 3.31 is (trivially) crucial for the proposition to
hold. Indeed, suppose that R — § is a finite étale extension of DVRs (i.e., n, ¢ = 1 in Proposition 3.12).
Then, the generic and inertial degrees coincide; denote them by d. However, S ® g R*" is product of d
copies of R*". Roughly speaking, we get d connected components of Spec S ® z R*! out of just one prime
lying over the maximal ideal of R (both are a degree 2 Kummer cover R‘(‘g‘) with respect to div A). This
concludes the example.

Lemma 3.33. Let f: Y — X be a degree d finite cover of normal integral schemes. Suppose that
[f«Oy is locally free on some big open U C X (i.e., X \ U has codimension > 2). Then, the kernel of

f*: Pic X — PicY is d-torsion. In particular, f* maps nontorsion elements into nontorsion elements.

Proof. Let £ be an invertible sheaf on X such that f*.% = Oy. Then, f, f*.Z = f.0y. Nonetheless,
fiffZ = fi(Oy @ f*¥) = £ ® f.Oy by the projection formula. Hence, we have an isomorphism
Z® f.0y = f.0y. Note that the rank of f, 0y is d. By letting V = f~!(U) and taking determinants
we have det f, 0y = det(Ly ® f.Oy) = gg ®det f,Oy. Therefore, ,,2”[‘]1 = 0y. Since X is normal and
codim X \ U > 2, we conclude that #? = ¢y. O

The following observation plays a crucial role in our main theorem. It can be thought of as a singular
Abhyankar’s lemma for prime divisors.
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Lemma 3.34. Work in Setup 3.9 and suppose Rev' (X°) to be P-irreducible. Then, every totally ramified
cyclic Galois object in Rev” (X°) of prime-to-p degree n is (up to isomorphism) a Kummer-type cyclic
cover (as in Example 3.11) of degree n € M (X°). In particular, if P =0 € C1X; say p = (f), and
Cl1 X has no prime-to-p torsion, then every totally ramified Galois cover in Rev® (X°) is isomorphic to a

Kummer cover of the form Spec Ox-[T]/(T" — f) — X° (with n prime to the characteristic).

Proof. Let (R,m, kK, K, P) C (S,n,k,L, Q) in Rev” (X°) be a totally ramified cyclic Galois cover of
degree n with ptn. Its pullback to U induces a connected Z/nZ-torsor V.— U (where V =Y°\ Q and
U = X°\ P). Therefore, by Kummer theory [Milne 1980, III, Section 4] and using that R contains a
primitive n-th root of unity, there exists an n-torsion Cartier divisor D on U such that fyy: V — U is
the cyclic cover defined by the spectrum of the finite &y -algebra o := @?:_01 Oy (—iD) defined via a
global section Oy =5 0y(nD), say k € K™ such that divy k +nD =0 (and so -« : Oy(—nD) — Oy).
We write L = o7x = K @ o = K(x'/"). Let D be the closure of D in X. Thus, D is a Weil divisor
on X such that D|y = D and divy k +1nD = e - P where e¢ = valp k. We may assume that e > 0 (by
replacing both k and D by their respective inverses if necessary). That is, we may assume « € R;,. Note
that divy « /7 + fiD =0 on V, which is obtained by dividing by n the pullback of divy k +nD = 0.
Further, n - valg kl/n = valg k = n - valp « (using the hypothesis that the extension is totally ramified)

and so valg «!/"

Claim 3.35. (n,e) =1.

= e > 0. This lets us conclude the following.

Proof of claim. Consider the subextension R, C Ry k" c Sp = S4. Note that R, C Ry [«'/"] is a free
local extension of rank n, where the maximal ideal of Ry[«x'/"] is (¢, k!/") with ¢ a uniformizer of Ry.
Also, note that Ry, k"] c S is birational. In particular, S, is the normalization of R, [x'/"]. However,
this can only happen if (n, e) = 1. Indeed, we may base change R, C R, [k!/"] Sy by R;h to obtain
R;h C R;h[xl/"] C S;h using Lemma 3.31(c). Nonetheless,

R " — (RIS

is an isomorphism as R;h [k/"]isa strictly local algebra over R[k'/"] (use [Milne 1980, I, Corollary 4.3])
with the same residue field as R;h. Therefore, R;h[/cl/ "l C S;h is a normalization by [Stacks 2005—,
Tag OCBM]. However, R;h[/cl/"] ~ R;h[T]/(T” —K) = R;h[T]/(T” — t°) using that k = u - ¢ for some
unit u € Ry, (the latter isomorphism is of course T <> T /u'/™). Hence, (n,e) =1 for R;h[/c]/"] is a
domain. (Il

Thus, there are a, b € Z such that 1 = an + be and so
P = (an+be)- P :n(a-P+b~5)+divXKb.

Further, (a- P+b-D)|y =b-D € PicU and so n € M* (X°). Now, the above establishes that K(Kb/")/K
defines (after taking integral closure) an object in Rev’ (X°) that is a cyclic cover of Kummer-type.
However, L = K (k'/") = K (k"/") as (b, n) = 1 (for 1 = an + be). Then, S/R in Rev’ (X°) is a cyclic
cover of Kummer-type and n € MF (X°), as required.
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For the last statement when p = (f), see Example 3.11. U

Proof of Theorem 3.29. We will subdivide the proof in two parts. First, we prove the statements of
Theorem 3.29 except for those establishing when the short exact sequences split. Once this is done, we
proceed to show the statements of Theorem 3.29 characterizing when the given short exact sequences
split.

We start with the first part now. By formal properties of Galois categories, we obtain from Lemma 3.25
a short exact sequence of topological groups

1 - 707 (X°) > 77 (X°) - Gal(X°/X°) — |
where G := nfét(X") = Gal(f("/XO). Let d be its order.

Claim 3.36. By replacing X by X, we may assume that: G is trivial, Galois objects have inertial degree
equal to 1, if P is prime-to-p torsion then it is trivial, and further N¥ (X°) = M* (X°).

Proof of claim. Consider the induced homomorphism f *: C1X — Cl1X. Then, f *: P> P. Since f is
quasiétale, its restriction to X7, is a Galois étale cover by the purity of the branch locus. By Lemma 3.33,
ker f* is d-torsion and P is nontorsion if so is P (as Cl X is the same as Pic U for any regular big open
U CX).

Let ¢: C1X — ClU be the restriction homomorphism and set A := ¢~ (Pic U) (where U = X°\ P
and so on). We observe that A has no prime-to-p torsion. Indeed, let D be a divisor on X such that D € A
and D € C1 X has prime-to-p torsion, say of index ptn > 1. Then, the corresponding Veronese-type cyclic
cover R — @?:_01 R(—iD) induces a quasiétale degree n Galois object in Rev? (X°), which violates the
universality of f.

Now, if P € CI X is torsion, then so is P e C1X and its order divides the one of P. Thus, if P e C1 X
is prime-to- p torsion then P e ClX is trivial as P € A.

Finally, we must explain why

NP(X°)={n| ptn, P =n-N with N € A} = N (X°)

The second equality follows from A having no prime-to-p torsion as P —n- N € A if N € A. The first
equality is obtained as follows. The inclusion “C” is clear. Indeed, if P =n-M + T in Cl X where
T € C1 X has prime-to-p torsion and M|y € PicU. Then, P =n - f*M + f*T where f*M € A and
f*T =0asitisa prime-to-p torsion element of A. Conversely, suppose that P=n-Nin ClX for

o
reg

which is a regular big open of X. Then, by using the Hochschild—Serre spectral sequence [Milne 1980,
III, Theorem 2.20], the image of f*: Pic W — Pic W lies inside (Pic W)©. As in Lemma 3.33, we may
consider the norm homomorphism N 7 Pic W — Pic W, which is obtained by applying H' to the norm

some N € A. Let us pullback everything to W := X2, whose inverse image under f we denote by W,

morphism of multiplicative groups f ﬁ;‘:/ — 0Oy, (as subsheaves of K D K respectively); see [Stacks
2005—, Tag 0BCX] for details. The key property is that the composition

. o v Nfoo.
PicW — Pic W — Pic W
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is multiplication-by-d. However, since f is Galois, N 7((Pic W)C) C d - Pic W by the same principle
and the same for any open of X in place of W. Treating the equality P =n - N in Pic W, on the left
hand side we have an element of (Pic W) as P = f*P. Since, A has no prime-to-p torsion and n is
prime-to- p, this implies that N € (Pic W) Therefore, by taking norms, we getd - P =d -n- M in Pic W
where d - M = Nf(N), which implies that M|y € PicU as N|; € Pic U.Thus, P=n-M+T where T
is d-torsion and M|y € Pic U. O

With the above reductions in place, we let X' := Spec ﬁ;h p be the étale germ of X at (the generic
point of) P. Note that ﬁ;}h p 1s none other than the strict henselization of Oy p = Ry, at its maximal ideal.
We argue next that the canonical morphism X’ — X induces a surjection of fundamental groups

n: 7P (X — 7P (x°)
where P’ is the divisor on X’ corresponding to its codimension 1 closed point and X'° is the inverse
image of X° along X' — X.
Claim 3.37. The pullback functor Revf (X°) — Rev’ /(X/") induces a surjective homomorphism of
topological groups n: n{’P/(X"’) — n;’P(XO).

Proof of claim. Note that the pullback functor is well-defined by Lemma 3.3. By the abstract nonsense
regarding Galois categories, the first statement amounts to proving the compatibility between the fiber
or fundamental functors; see [Murre 1967, Chapter 5]. Recall that, implicitly, we always take our base
point to be some fixed separable closure K of K. We are going to choose the base point of Rev’ (X7
compatibly, i.e., so that we have a commutative diagram:

R —— K(RS") —— K(R3")™P

T

R K K3P

Equivalently, we choose K5 to be the subfield of K (R;h)Sep of elements that are algebraic separable
over K. To simplify notation, we denote the rings on the top of the diagram from left to right; respectively,
by R’, K’, and K’*%. Recall that the fiber functor .% : Rev’ (X°) — FSet is given by

Z(S/R) = Homg_aig(S, K) = Homg _aig (L, K*P)

for all S/R connected in Rev’(X°). Of course, the same definition applies to the fiber functor
F': Rev?” (X'°) — FSet with K'*P in place of K* and so on. We need to verify the commutativity of
the following diagram of functors:

RevP(X°) ——— 5 Rev”'(X°)

Set
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where the horizontal arrow is the pullback functor; see [Murre 1967, Section 5.1, Example]. To this end,
we perform the following computation with S/R a connected object of Rev’ (X°):

F'(S®r R') =Homp a5 (S Qg R', K'*P) = Homp_a1g (S, K'*P) = Homg _aig (L, K'*P)
= HomK—alg(L > Ksep)
=.7(9).
where the penultimate equality follows from the compatibility in our choices of base points. Indeed, since
L/K is a finite separable extension, any K-embedding of L into K’*°P is going to be contained in K —
the subfield of K'5°P of separable elements over K.
Finally, we explain why 7 is surjective. According to the abstract nonsense [Murre 1967, Section 5.2.1],
n is surjective if and only if the pullback of connected objects is connected. Hence, the surjectivity of 5

is a simple consequence of the equality S ®g R’ = S;h provided by Lemma 3.31 — once we know there
is only one prime lying over with trivial inertial degree. ([l

As a direct application of Theorem 3.5; see [Milne 1980, I, Section 5, Remark 5.1(e)], we have that
7P (X0 = lim p, (K) <E- limZ/nZ =: 27,
ptn ptn
where it is worth noting that the isomorphism is not canonical as it depends on choices of compatible
primitive roots of unity of K’ in K'5P. We have constructed a (noncanonical) surjective homomorphism
of topological groups
0 2P Es 7P (x°) - 7P (X0).

which explains (3.29.1). To describe ker " (resp. Image 1), consider the following assertion.

Claim 3.38. There is a factorization of continuous homomorphisms

2w — 1 s 7P (x)

can
14
l n

lim, .y (o) Z/1Z

where N¥(X°) ={n e N | ptn, P =n- D with D|y € PicU}.

Proof of claim. We may assume that P € C1 X is nontrivial and so nontorsion. Since »’ is surjective, a Galois
object (R, m, k, K, P)C(S,n, kK, L, Q)in Rev? (X°) is cyclic, i.e., Gal(L/K)=Z/nZ. Then, Claim 3.38
amounts to n € N¥ (X°) whenever such cover exists and so the claim follows from Lemma 3.34. O

Claim 3.39. The homomorphism n” in Claim 3.38 is injective.

Proof of claim. By [Murre 1967, Section 5.2.4], n” is injective if and only if for all n € N (X°) there
exists a cover in Rev’ (X°) whose pullback to X’ (has a connected component that) is a Kummer cover
ﬁ;lfp C ﬁ?gfp[tl/”]. To this end, for n € N”(X°), let us set divy k +n- D = P so that D|y € PicU. We
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then invoke Example 3.11, Definition-Proposition 3.4. That is, we embed K (x'/") in K% and note that
K (k'/")/K e Rev”(X°) has the required property. (Il

With the above in place, we explain next why the short exact sequence of topological groups

0— lim Z/nZ—a"(X°)—>G—1
neNP(xe)
splits if and only if the containment N ¥ (X°) D> M (X°) is an equality and there are divisors %P on X for
all n e MP(X°) such that: %P = P and m(anP) = %P in C1 X for all m, n € N so that mn € M (X°).
Note that M (X°) is an (inversely) directed subset N* (X°) (with respect to divisibility); see Remark 3.30.
Suppose that N ¥ (X°) = M* (X°) and the existence of a compatible system {1 P boemr (x+ Of quotients
of P. Recall that f : X — X denotes the universal cover of Revf’ «(X°). The equality N P(x°y=MP(X°)
means that for every n € N (X°) there exists k, € K* such that divg i, +n- f *D, = P where D,
is a divisor on X such that D, |y is Cartier. Although the choice of «;, is not unique, the cyclic field

extension K C K (K,l/ "y € K*P is. That is, I%,, =K (/c,y ") is independent of the choice of k, (which is

not necessarily true for K (K,i / ")). In fact, these are precisely the Galois objects of Rev’ (X°) with field of
fractions inside K*°P. Consider the field Koo 1=, ey (xo) Kn C K*P (s0 7y (X°) = Gal(Koo/K)). It
is worth observing that K (ks'")- K = K,, and K (k,’")N K = K (as the normalization of R in K (k,'") is
totally ramified whereas in K it is quasiétale). By Galois theory [Lang 2002, VI, Section 1, Theorem 1.12],

this implies that 12,1 /K (/c,l / ") is Galois and the homomorphism
Gal(K,/K (/")) — Gal(K/K) =G, o0l

is an isomorphism. In other words, there is an action of G on K, by K-automorphisms so that IE,? =

K (K,i / "). By the same token, since K (K,%/ " /K) is Galois, the exact sequence

1 - Gal(K,/K) — Gal(K,/K) > G — 1

then splits (as a direct product) for every n; see [Lang 2002, VI, Sectionl, Theorem 1.14]. Roughly speak-
ing, with the equality N” (X°) = M (X°), we can split the quotient Gal(Ko/K) — G at each finite level
quotient Gal(K, /K) — G. To do this globally, we need these splittings to be compatible under divisibility
in M?(X°). This is precisely what the additional hypothesis regarding the existence of {%P}

accomplishes. Indeed, by setting D, = %P and K, .= K (K,i/ "

neMP(X°)
), the field extensions {K, /K},cnr xe)

yield a projective system in Rev” (X°) and we may then set the field K, := Unenr(xey Kn C K*P. Then,
1/n

K~ /K is Galois, K - K=Ke,and KooNK =K (as Kk, )N K= K). As before, this implies that
K 0o/ Koo 18 Galois and the homomorphism

Gal(Keo/Koo) = Gal(K/K) =G, o+ 0olg
is an isomorphism and the exact sequence

1 > Gal(Ks/K) — Gal(Koo/K) - G — 1

splits, as required. This shows the direction “<=".
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Conversely, suppose that there is a projection JT] P(x°) - lim Z/nZ splitting the inclusion

——neNP(X°)

lim Z/nZ — 71{ P(X ). In particular, for each n € N P(X°), there is a cyclic Galois cover

<—neNP(X°)
Yy i> X, whose “Galois-theoretic” pullback to Rev’ (X°) is a cyclic Galois cover. Thus, f, must
be totally ramified (as can been seen by using the inertial decantation property). Therefore, each f; is a
cyclic cover of Kummer-type by Lemma 3.34. In particular, N¥ (X°) ¢ M (X°). It remains to explain
why we have a compatible system of elements {1 P} in C1X. To this end, assume that f, is given by
div k, +nD,, = P (this for each n). We have an inclusion K («, \/ " C K (ky, \ ). Since the latter extension
is cyclic, K (K,,m =K (K,,/ ). Hence, by Kummer theory [Milne 1980, see page 1261, k,, /knm € (K*)";
say K, /Kknm = 2". From this we deduce that n div x +n(D,, —mD,,,) =0 and so div % +(D,, —m Dy,;,) =0,
as equalities in Div X. Hence, D,, = m D,,, in Cl X. In particular, we may take %P := D, for all n.
Finally, assuming P € Cl X is prime-to-p torsion, we still need to show that M* (X°) = Zg’g if and
only if P =0in Cl X. The “if” direction is clear. Conversely, assume to the contrary that P is nontrivial
but MP(X°) = Z(>p 8 . Let £ be the order/index of P in Cl X. Since ¢4 € M* (X°) for any positive integer
a, we find a divisor D, which is Cartier on U such that P =£D, € Cl X. Let o, be the order of D,. In
particular, o, | 2+ but 04107, Let £ = E‘i‘ --- £ be the prime factorization of £ (¢; # p). Then, there is

some index i (depending on @) such that £;' @t 6,

. Since a is arbitrary, £; > 2, and s; > 1, we conclude
that o, is arbitrarily large. On the other hand, we may consider the quasiétale Veronese-type cyclic cover
defined via divy « 4+ o, - D, = 0. These then yield objects of Rev{i «(X°) of arbitrarily large degree, which
contradicts the already proven finiteness of nf & (X°).

This demonstrates Theorem 3.29. O

Remark 3.40. The homomorphism 7 in Claim 3.37 can be defined more succinctly as follows. Recall
that n}’P(X °) is the limit lim Gal(L/K) traversing all the finite Galois extensions K C L C K*%?
so that the integral closure S/R of R in L is tamely ramified with respect to P, and verbatim for
LP'(X"), where we have fixed K*P C K’5. For any such a L/K, we must define compatible
homomorphisms n{’P /(X *y — Gal(L/K). Since L/K is Galois, Gal(L/K) acts transitively and faithfully
Z(S) =Homg _y(L, K*P). Nonetheless, as noticed in Claim 3.37, this set is the same set as

Z'(S@g R') =Homg (S ®r R, K'*P) = | [ Homg_ag(S;, K"*P) = | [ Homg g (K (Si), K'*P)

where S®g R’ =[], S; is the decomposition of S ®g R’ as a finite product of normal, local, and finite
R’-algebras; see the proof of Lemma 3.31. Of course, the given inclusion K C L C K*P is an element
of this set, say £&. Therefore, £ is contained in one and only one of the displayed disjoint sets; let iy
denote the corresponding index. Letting L;, be the Galois closure of K (S;,) in K'*P, we have that
Gal(L;,/K’) surjects onto Autg/(K (S;,)). On the other hand, we define the homomorphism of groups
¢: Autg/ (K (S;,)) — Gal(L/K) by declaring ¢(/) to be the only element of Gal(L/K) that when acts
on & yields & o h. In this way, we have

can

7P (X°) £ Gal(Li,/K") — Autg: (K (S;,)) > Gal(L/K).
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The limit over these defines 1. Observe that 7 is surjective if and only if these homomorphisms are all
surjective, which is equivalent to the surjectivity of ¢ for all L/K. However, it is not difficult to see that
@ is surjective if and only if S ® R’ is connected.

We illustrate with an example the failure of n being surjective if there were more than one prime lying
over. In Example 3.32, we had a canonical isomorphism of R’-algebras

S®r R =S®g Riy) => S5 x S5 x 3.

Note that a K -embedding of L into K’ is the same as a choice of a square root of A; which in our case
it was 8, and the choice of a t;. For instance, when we chose #; to be our “¢” in Example 3.14, we were
choosing the R’-embedding

/ sh sh sh sh /sep
S®RR_>SQ1XSq2XSQ3_)Sq|_)K ’

for this is the one in which L is realized as the field of fractions of R[§, t{], — Sz,. This specific
embedding was our £ all along. Now, Sfl}l1 is a degree 2 Kummer cover over R’, so its Galois group
is cyclic of order 2 with generator t: § — —§. On the other hand, under the canonical bijection
F(S) = Z'(S ®r R'), we see that £ o t correspond to the K-embedding L @) 1 5 K*P where
(23) e Gal(L/K) = S; is the transposition switching #, and #3 (leaving 7 intact). In other words, we have
the following commutative diagram of groups:

74P (X°) ——» Gal(L/K) ——— S5
ln }0 Ill—)(l?’)
7P (X°) — Gal(K (S /K') —— 7/27

so that  cannot be surjective. This finishes our remarks.

4. Tame fundamental groups: Positive characteristic

We proceed to our study of tame Galois categories in positive characteristic.

4A. Cohomologically tame Galois category of an F-pure singularity. We start by making a simple
observation about the cohomologically tame Galois category of an F-pure singularity. This is an
application of [Carvajal-Rojas and Stébler 2023, Theorem 4.8] following [Carvajal-Rojas et al. 2018].

Theorem 4.1. Working in Setup 3.9, suppose that X is F-pure. There exists a cover X° > X°in
FEtt’X(X °) such that, for any cover V.— X° in FEtt’X(f( ©), its integral closure Spec S — Spec R satisfies
that its restriction V (p(S)) — V(p(]%)) is trivial.

Proof. Note that [Carvajal-Rojas and Stidbler 2023, Theorem 4.8] implies that for all connected cover
Y°— X°in FEtt’X(X°) with integral closure R C S we must have 1 > r(S) = [« (p(S)) : k (p(R))]-r(R).
In particular, we have that the generic degree of V (p(S)) — V(p(R)) is no more than 1/r(R). Here,
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we use that R is F-pure to say 1/r(R) < oo. By formal properties of Galois categories (just as in
[Carvajal-Rojas et al. 2018]), there exists a universal cover with the required property after we notice that
if the generic degree of V (p(S)) — V (p(R)) is trivial then the map itself is trivial for both R/p(R) and
S/p(S) are strongly F-regular and so normal. ]

Remark 4.2. In Theorem 4.1, notice that if p(R) # 0 then p(R) D 7(R). Hence, p(R) corresponds to a
singular point of X, for 7(R) cuts out the not strongly-F-regular locus of X. In particular, since X is
normal, ht p(R) > 2. In other words, either V (p(R)) has codimension at least 2 or X is strongly F-regular.
Hence, if X is not strongly F-regular, V(p(R)) C X has codimension > 2. Thus, Theorem 4.1 is only
interesting in higher dimensions if X is a non- F'-regular F-pure singularity. In a sense, this justifies next
section.

4B. Tame fundamental group of a purely F-regular local pair. In this section, we provide a study
of the Galois category Rev” (X°) for a purely F-regular pair (X, P) that will lead to a verification of
the hypothesis in Theorem 3.29. To this end, the following three fundamental observations Proposition 4.4,
Proposition 4.6, and Theorem 4.7 about covers (R, m, k, K) C (S, n, [, L) in Rev? (X°); as in Remark 3.10,
are in order.

4B1. Three fundamental properties. Consider the following setup.

Setup 4.3. Let (R, m, K, K) C (S,n, /[, L) be a local finite extension of normal local domains with
corresponding morphism of schemes f: Y — X. Let X° C X be a big open (i.e., X° contains every
codimension 1 point of X). Assume f: f~!(X°) — X° to be tamely ramified with respect to a reduced
divisor D = P; 4 - - - + P, with prime components P; = V (p;). '

We invite the reader to look at [Carvajal-Rojas and Stéibler 2023, Section 3] for further details regarding
transposability.

Proposition 4.4 (transposability). Work in Setup 4.3. Then, R is a Trs,r-transposable Cartier ‘51? -module,
where Trs/g: S — R is the (generically induced) nonzero trace map. Moreover, f *%1? C %SE where E is
the reduced and effective divisor on Y supported on the prime divisors whose generic point lies over the

generic point of some of the P;.

Proof. Since X and Y are normal, we must prove that f*D — Ram is effective; see [Carvajal-Rojas and
Stdbler 2023, Section 3] and [Schwede and Tucker 2014, Theorem 5.7]. Let q; 1, ..., ¢ », be the prime
ideals of S lying over p;. Then,

ffPi=ei1- Qi1+ --+ein - Qin

where Q; ; is the divisor on Y corresponding to q; ;, and e; ; is the ramification index of f along q;, j.16

Since p1, ..., px € X are the only codimension 1 branch points, the ramification divisor Ram is supported

151t does not matter whether we think of the divisors involved as divisors on X° or on X.
16That is, e;, j is the order of the uniformizer of Ry, in the DVR Sqi, ;3 see [Schwede and Tucker 2014, Section 2.2].



Tame fundamental groups of pure pairs and Abhyankar's lemma 345

on the primes divisor Q; ;. Moreover, since the extension is tamely ramified (over X°) with respect to D,
we have that

k n;
Ram =" “(ei;— 1) Qij.
i=1 j=1

using the same computation as in [Hartshorne 1977, IV, Proposition 2.2]; see [Carvajal-Rojas 2018,
Remark 2.9], compare to [Schwede and Tucker 2014, Remark 4.6]. In this way, it clearly follows that

k k n
D* := f*D—Ram:Zf*Pi—Ram:ZZQi,j = E >0, (4.4.1)
i=1 i=1 j=1
as required. The last statement follows by recalling f*¢p C " and D* = E. O

Remark 4.5. The importance of Proposition 4.4 is that we may apply [Carvajal-Rojas and Stédbler 2023,
Theorem 5.12 and Remark 5.13] to the pair (R, D) along the map f. In particular, we have the equality

Trs/r(fuTs—E) (S, [*EF)) = Tr(—p)(R, D)

Recall that R(—D) =("); R(—P;) =), p; and similarly for S(—E). Using this together with Remark 2.4,
we may obtain direct proofs of Proposition 4.6 and Theorem 4.7 below. Indeed, if (R, D) is purely
F-regular along R(—D), then tg(_p)(R, D) = R and so Trg/r is surjective. Since Trg/g(n) C m,
see [Carvajal-Rojas et al. 2018, Lemma 2.10; Speyer 2020, Lemma 9], we have that in that case
S =15-E)(S, f*‘flf) C t5(—E)(S, E). In other words, the pair (S, E) is purely F-regular along E. In
particular, the reduced scheme supporting £ must have strongly F-regular singularities and so must
be normal. Therefore, the irreducible components Q1, ..., Q cannot intersect pairwise. Nevertheless,
S being local, these components intersect at the closed point. Consequently, £ must have exactly one
irreducible component £ = Q. Nonetheless, we will provide below proofs for these statement using
splitting primes. These proofs are more elementary than [Carvajal-Rojas and Stibler 2023, Theorem 5.12]
and the authors believe this approach is valuable in its own right.

Proposition 4.6 (cohomological tameness, see [Kerz and Schmidt 2010]). Work in Setup 4.3. Suppose
that k =1 and (X, D = P) is purely F-regular. Then, the extension R C S is cohomologically tame, i.e.,
Trs/r: S — R is surjective. Thus, [ /K is separable and [[ : K] divides [L : K. Furthermore, if [ /K is
trivial, then p does not divide [L : K1.

Proof. Let E = Q1+ -- -+ Qy as in Proposition 4.4 and recall that E = f*D — Ram > 0. Notice that S
is f*&} -compatible, so Trg/g(S) is a nonzero ¢} -compatible ideal as ¢ o F¢ Trg/g = Trs/g op ' for all
(RS ‘@”jR. If Trs/r(S) € R, then Trg, g (S) must be contained in the ideal R(—P) — the splitting prime of
%} by hypothesis. In other words,

Trs/r € Homg (S, R(—P)) =Homg (S ®& R(P), R) =Homg(S(f*P), R),

which implies S(f*P) C S(Ram) and so Ram — f*P > (. Thus, E = 0, which is absurd.
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For the statements regarding £ C [, use [Carvajal-Rojas 2018, Proposition 3.17], see [Carvajal-Rojas
et al. 2018, Lemma 2.15], with A = A, and where ¢ is taken to be any surjective map in ‘55 = (%e{’ R)T
for e > 0. Note such a map ¢ exists because p # R, i.e., (R, P) is F-pure. Notice C@{JR = (%ef)R)T was
demonstrated in Proposition 4.4.

For the final statement, since Trg,g(n) C m, there is an induced K-linear map Tr: [ — £, which is
nonzero if Tr: S — R is surjective. However, if [/ is trivial then Tr corresponds to the £-linear map
Kk — k given by multiplication-by-[L : K]. In other words, [L : K] is not zero as an element of £ and so
it is prime to p as a natural number. ]

Theorem 4.7 (only one prime lying over). Work in Setup 4.3. Suppose that k =1 and (X, D = P) is
purely F-regular. The splitting prime q := p(S, f *‘flf ) is the one and only one prime of S lying over
p := R(—P). Moreover, (Y, Q) is purely F-regular where Q =V (p).

Proof. First, q is well-defined by [Carvajal-Rojas and Stébler 2023, Theorem 4.8] and Propositions 4.4
and 4.6.'7 Next, we prove q is unique in lying over p. We may pass to a cover of S in proving this and
may therefore assume that f is generically Galois by [Grothendieck and Murre 1971, Lemma 2.2.6]. Let
q' be a prime of S lying over p, i.e., ¢’ N R = p. It suffices to prove q’ C q; see [Atiyah and Macdonald
1969, Corollary 5.9]. For this, we use that q is a splitting prime ideal and the corresponding definition; see
[Carvajal-Rojas and Stibler 2023, Section 2.3.2] for the definition. It suffices to show ¢ (F <q") C n for
all 9 € € and e > 0 as the right S-span of {¢ " | ¢ € €} is f*€ ; see [Carvajal-Rojas and Stiibler
2023, Remark 2.15(¢)].

Claim 4.8. Trs,z(q) C p.

Proof of claim. This has been shown for g in the proof of [Carvajal-Rojas and Stébler 2023, Theorem 4.8];
see [Carvajal-Rojas and Stiibler 2023, Equation (4.8.2)]. We use the symmetry imposed by the Galois
condition to induce this property to the other (possible) primes lying over p. Concretely, we have that
Gal(L/K) acts transitively on the set of primes lying over p [Stacks 2005—, Lemma 09EA or 0BRI] —
although faithfulness might be lost due to ramification. Hence, if a prime is mapped into p by Trg, g then
so are its Galois conjugates, for Trs/r(x) = >, cgar k) 0 (x) forall x € S. U

For all ¢ € (fel’)R, it follows that

Trs/r(9 " (Fq')) = o(F¢ Trs/r(q) C o(FSp) C p,

where the last containment follows from p being the splitting prime of 5. In other words, ¢ " (F¢q') C
Trg/lR (p) € S (as Trg g is surjective by Proposition 4.6). Since <pT(F*e q’) is an S-module, it must be
contained in n, which was to be shown. Finally, the pair (Y, Q) is purely F-regular by [Carvajal-Rojas
and Stébler 2023, Theorem 6.12, Remark 5.15] and Remark 2.4. O

7The other two conditions are always satisfied. The S-linear map S — wg/g; 1+ Trg/R, is generically an isomorphism as
L/K is separable. The condition Trg,g (n) C m holds as in [Carvajal-Rojas et al. 2018, Lemma 2.10].


http://stacks.math.columbia.edu/tag/09EA
https://stacks.math.columbia.edu/tag/0BRI
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Example 4.9. Let R and f be as in Example 2.10. A direct consequence of Theorem 4.7 establishes that if
L is a finite separable extension over K — the fraction field of R — then there is one and only one DVR of
L lying over Ry if: R C R’ is tamely ramified with respect to div f and R/f is strongly F-regular. This
does not hold without assuming R/ f is strongly F-regular (i.e., (R, div f) is purely F-regular). Indeed,
consider the cusp Example 3.14. In this case, the singularities of R/f are not even F-pure. One may still
wonder if F-purity of R/f may suffice. To see this is not the case, we may get back to the Whitney’s
umbrella Example 3.16. Indeed; with notation as in Example 3.16, we specialize to R = K[[x, y, z]| with
K an algebraically closed field of odd characteristic. In [Blickle et al. 2012, Section 4.3.3], it is shown
that R/f is F-pure yet not strongly F-regular. In fact, it is proven that p(R, div f) = (x, y) 2 (f).'8
Considering R’ := R(x y), (R', f) is a counterexample where R’/f is a (nonnormal) F-pure ring. The
authors are unaware of a counterexample (R, f) where R/f is normal and F-pure.

Example 4.10. There are interesting instances of multiple components pairs (X, P; + - - - + Px) where
(X, P;) are all purely F-regular. For example, we may consider X = Spec R with R as in either
Example 2.13 or 2.15. With R as in Example 2.13, we may let R(— Q) = q = (x, w). By symmetry
on the variables, (X, Q) is a purely F-regular pair as well and moreover divx = P 4+ 0. We may also
consider p' = (v, 2), ¢ = (y, w), P’ =V (p'), and Q' = V(q'), which all define purely F-regular pairs
on X as well. In fact, divxy = P+ Q + P’ + Q' = divzw. Thus, (X, div x) or (X, divxy) are example
where the aforementioned setup holds. Similarly, we may let X = Spec R with R as in Example 2.15.
Then, if we consider R(—Q) =q:= (x, y, z), by symmetry, (X, Q) is a purely F-regular pair as well and
P+ Q =divux = divvy = divwz.!” Thus, (X, divux) is another example. In any of these examples
(X, div f), we wonder what the structure of Revd /(X)) is.

4B2. Main theorem. With Section 4B1 in place, we are ready to establish our main result. First, we
make the following observation.

Remark 4.11. An interesting, conceptual consequence of Propositions 4.4 and 4.6, and Theorem 4.7 is
that we may think of the objects in the Galois category Rev” (X°) as quintuples (S, n, [, L, Q) where Q
is a prime divisor minimal center of F-purity, which corresponds to the only height 1 prime divisor lying
over p; namely, the splitting prime of both f *‘51‘; c¢Z, say q. In particular, (S, Q) is a purely F-regular
pair. Applying [Carvajal-Rojas and Stibler 2023, Theorem 4.8] (note that its assumptions are verified by
Proposition 4.6), we have

1=r(S, Q) =I[k(@):k(p]-r(R, P)>0.

Hence, [«(q) : k(p)] < 1/r(R, P). In retrospective, we also see that Q happens to be the divisor
P*= f*P —Ram in (4.4.1).

181 particular, (R/f, (x, y)/f) is a purely F-regular pair where R/f is not normal — this is the counter Remark 2.6 is
referring to.

19Tndeed, one verifies that the ideal of R generated by u is the quotient of the ideal (u, Ay, Ay, Ay) = (u, vx, wx, A1) =
(u, v, w) N (u, x, Ay) of A, where the latter is a prime decomposition.
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Theorem 4.12. Work in Setup 3.9 and suppose that (X, P) is a purely F-regular pair. Then, Rev’ (X°)
is P-irreducible and has both inertial boundedness and tameness. In particular, there exists an exact
sequence of topological groups

7P JT{’P(X") — nfét(X") — 1,

where nfét(Xo) is a finite group of order at most min{1/r(R, P), 1/s(R)} and prime-to-p. Furthermore,
if P is a prime-to-p torsion element of Cl X, the homomorphism 2P — n{’P(X °) is injective and so we
have a short exact sequence

0—72W nI’P(X") — nfét(Xo) — 1,

which splits if and only if P is the trivial element of C1 X. If P is nontorsion, we have a short exact
sequence
0— lim Z/nZ— nI’P(X") — nfét(Xo) — 1
neNP(xe)
which splits if and only if N¥ (X°) = M (X°) and there is a compatible system {%P eCl X}neMP(XO) of
factors of P.

Proof. This is an application of Theorem 3.29 and Section 4B1; see Remark 4.11. Indeed, P-irreducibility
holds by Theorem 4.7. Inertial boundedness was explained in Remark 4.11 whereas inertial tameness
follows from Proposition 4.6. For the statements regarding the order of G, recall that it is realized as
the Galois group of a universal étale-over-P cover X° — X°. In particular, its generic degree equals
[« (p) : k(p)], which is bounded by both 1/r(R, P) and 1/s(R); for the latter bound simply use [Carvajal-
Rojas et al. 2018, Theorem 3.11]. ]

Remark 4.13. It is an important folklore conjecture that the divisor class group of a strongly F-regular
singularity is finitely generated. We were taught about this question by Karl Schwede but believe that
it was originally raised by Melvin Hochster. For more, see [Polstra 2022]. It is known that the torsion
subgroup is finite in this case; see [Polstra 2022; Martin 2022]. Finite generation of the class group is
known to be true in dimension < 3; see [Carvajal-Rojas et al. 2020]. Whenever finite generation of the
class group is known, we may improve upon Theorem 4.12 to say that nI’P(X °) € Ext(G, Z/nZ) for
some n > 0 (in particular finite) and it is a trivial extension if P is n-divisible in Cl X with rll - P Cartier
onU.

Remark 4.14. In Theorem 4.12, if X° = X,,, we may replace nfét(X") with G = nlét(Xreg) by
Proposition 3.26. By [Taylor 2019, Corollary 1.2], min{1/r(R, P), 1/s(R)} =1/s(R) if P is prime-to-p
torsion in Cl X.

Corollary 4.15. Let f: Y — X be a quasiétale cover. If there is a divisor A on X such that (X, A) is
purely F-regular and r(Ox x, A) > %for all x € X, then f is étale.

Proof. The proof is mutatis mutandis the same as in [Carvajal-Rojas et al. 2018, Corollary 3.3]. ]
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Remark 4.16. In light of [Taylor 2019, Corollary 1.2], it is unclear to the authors whether there are
cases where Corollary 4.15 improves upon [Carvajal-Rojas et al. 2018, Corollary 3.3]. One potential
candidate for such examples would be determinantal singularities. In [Carvajal-Rojas 2018, Example
4.12], the first named author proved; based on [Cutkosky 1995], that determinantal singularities satisfy
purity of the branch locus. With notation as in Question 2.19, it is known that the F-signature of Cj 5 is
% = % — 2—14; see [Singh 2005]. On the other hand, we have estimated that r(C; 2, P) > % in Example 2.15.
Nonetheless, our methods were not sufficient to prove (nor disprove) that r(Cy 2, P) > %

Corollary 4.17. In the setup of Theorem 4.12, the conclusion of Lemma 3.34 holds.

Example 4.18 (determinantal singularities). Let R be a determinantal singularity with P a prime divisor
generating CI R; see Question 2.19. Then, nft(X °) is trivial for all Z by [Carvajal-Rojas 2018, Exam-
ple 4.12]. Therefore, if (R, P) is a purely F-regular pair; see Question 2.19, then n{’P (X°) is trivial too
as P is not divisible in Cl X.

Question 4.19. Let (X, div f) be any of the examples in Example 4.10. Does Abhyankar’s lemma hold
for (X, div f)?

Example 4.20 (graded hypersurfaces). With notation as in Example 2.11, suppose that A is strongly
F-regular. If n is prime-to-p, then n{’P(Xreg) is a nontrivial element of Ext(Z/nZ, Z(I’)). Indeed, the
corresponding degree n cyclic cover is its universal étale-over-P cover. If n is a p-power — R might
be referred to as a Zariski hypersurface — its étale-over- P universal cover is trivial; see [Murre 1967,
Proposition 7.2.2]. Therefore, all we can say is that there is a surjection 7P - n{’P (X°). Determining
the kernel of this surjection may require obtaining an analog of [loc. cit., Proposition 7.2.2] for the
category Rev’ (X°).

5. Tame fundamental groups: Characteristic zero
The goal of this section is to prove the following by reduction to positive characteristics.

Theorem 5.1. Let (X, A) be a log canonical pair, dim X > 2, x € X be a closed point, and Z C X be a
closed subscheme of codimension > 2. Denote by P the minimal LC center through x which we assume to
be a divisor. Write X° = Spec ﬁ;hj \ Z and denote by A and P the pullback of A and P to X°. Then,
Rev’ (X°) is P-irreducible and has inertial boundedness. In particular, there exists an exact sequence of
topological groups

7 — P (X°) = al(X°) — 1,

where nfét(X") is finite. Furthermore, if P is a torsion element of Cl X, the homomorphism Z — n}’P (X°)
is injective and so we have a short exact sequence

0—> 27— n}’P(XO) — ﬂfét(X") -1,
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which splits if and only if P is the trivial element of Cl1X. If P € Cl X is nontorsion, we have a short

exact sequence
0—Z/nZ — 7" (X°) » nf((X°) > 1

which splits if and only if there is a divisor D such that P =nD in Cl X and D|y is Cartier.

Proof. In order to prove Theorem 5.1, recall that we may work in Setup 2.20. We want to use
Theorem 3.29, and thus need to verify that P-irreducibility and inertial boundedness 3.21 hold for the
PLT pair (R = ﬁ’;h’ #» A). This will be proven below in Proposition 5.2 and Proposition 5.3 respectively.

We still need to explain why, if P is nontorsion, the set N ¥ (X°) is finite so that (3.29.4) holds. This

however is a direct consequence of [Bingener and Flenner 1984, Theorem 6.1]. ]
Proposition 5.2. Work in Setup 2.20. Then Rev’ (X°) satisfies P-irreducibility.
Proposition 5.3. Work in Setup 2.20. Then Rev’ (X°) satisfies inertial boundedness.

We shall see that inertial boundedness follows from minor modifications of the arguments in [Bhatt
et al. 2017]; see Section 5B below. Thus, we prove inertial boundedness by spreading out. While a prove
of P-irreducibility is also possible via spreading out, there is a direct proof in characteristic zero which
we give below. We are thankful to Karl Schwede for pointing this out to us.

Corollary 5.4. In the setup of Theorem 5.1, the conclusion of Lemma 3.34 holds.

5A. P-irreducibility in characteristic zero. We need some preparatory lemmata. Recall that an étale
neighborhood of a geometric point X — Spec R is a factorization through an étale morphism Spec R’ —
Spec R.

Lemma 5.5. Let R be normal domain and R™ be its strict henselization at a closed point x € Spec R. Let
f: Spec S — Spec R*" be a finite dominant morphism. Then, there exists a connected étale neighborhood

Spec R’ of x and a cartesian square

Spec S SN Spec R*"

lg lh (5.5.1)

Spec 8" ——— Spec R’

with f' finite. Furthermore, if p C R is a height 1 prime such that pR™" is prime, then h(pR*™) is a height-1
prime of R and h='(h(pR*™)) = pR*". Finally, if R is local then R’ is normal and S’ is normal if and only

if S is normal.

Proof. Fix generators (ay, ..., a,) of p and write § = Ry, ..., b,]. As R*" — S is finite, there are
monic polynomials f; € R*"[T] with f;(b;) = 0. We denote the coefficients of these f; by ¢; ;. Since Rsh
is obtained as a filtered colimit of connected étale neighborhoods R — R’ of x, there is some R — R’ in
the colimit system such that R’ contains all the ¢; and ¢;;. By construction, R — R’ is étale and setting
S"=R'[by, ..., b.] one readily checks that the above diagram is a pullback square. In particular, [’ is
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finite by construction. Since the fibers of R — R’ are of dimension zero, #(pR*") = pR’ is of height 1.
Clearly, A~ (h(pR™)) = pR*P.

For the final assertion, note that the weakly étale homomorphism R’ — R*" is faithfully flat since
mR" is the maximal ideal of R*". Since (5.5.1) is a pullback square, S’ — S is a weakly étale faithfully
flat homomorphism too. Thus S’ is normal if and only if S is and similarly for R’ and R*" by [Stacks
2005—-, Lemma 033G and Tag 0950]. ]

Remark 5.6. If R — R*" is the strict henselization with respect to some maximal ideal m then, given
any ideal a C m such that R/a is normal, the extension aR*" is prime. Indeed, we may localize R at m
and thus assume that R is a local ring. Then, the assertion follows from R" ® R/I = (R/I)*" for any
ideal I C R [Stacks 2005—, Lemma 05WS] and the fact that S is a normal domain if and only if S'is a
normal domain [Stacks 2005—, Lemma 033G].

Lemma 5.7. Let g: Spec T — Spec R be a surjective étale morphism or a surjective pro-étale morphism.
Let f: Spec S — Spec R be a morphism. Consider the base change diagram:

Spec S®r T ; Spec T

o,

Spec S % Spec R
The morphism f is tame with respect to D, if and only if f' is tame with respect to g~ (D).

Proof. The “only if”” implication follows from [Grothendieck and Murre 1971, Lemma 2.2.7]. For the
converse, by [Stacks 2005—, Lemmas 033C and 033G], R is normal if and only if T is normal. Likewise,
S is normal if and only if 7 ®g S is normal. Thus, it makes sense to talk about tame morphisms. The
remaining assertion is a consequence of [Grothendieck and Murre 1971, Proposition 2.2.9]. (I

Proposition 5.8. Let (X, A) be an affine PLT pair where |A] = P is a prime divisor. If g: Y — X isa

tamely ramified cover over P, then (g_1 (P))red is a normal divisor

Proof. Write A = P + Ay. By [Kolldr 2013, Corollary 2.43, (2.41.4)] the pair (Y, A’) is PLT, where
A = (g7 (P))rea+ g*A1, and Ky + A’ ~g g*(Kx + A). Note that [ g*A;] = 0. Indeed, since (X, A)
is PLT, A; and P have no components in common. Since g is étale over X \ P the assertion follows. In
this way, we see that (g_1 (P))red is @a minimal LC center for some closed point y € Y. Hence, by [Fujino
and Gongyo 2012, Theorem 7.2] (g_1 (P))req 1s normal. O

Proof of Proposition 5.2. We use the notation of Setup 2.20 and write R™" for 0. Let V — Spec R*"\ Z
be a cover in Rev” (Spec R*"\ Z). Denote the integral closure of R*" inside &'y (V) by S. Using Lemma 5.5,
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we obtain a cartesian square:

Spec S SN Spec RN

.

Spec 8" —— Spec R’

with f’ finite and R’ a connected étale neighborhood of ¥ — W C X, where W is some Zariski open
neighborhood of x € X. As usual, we write p for the prime corresponding to our fixed prime divisor P
on X. As f is finite, S is also strictly henselian [Stacks 2005—, Tag 04GH] and S is the strict henselization
of S” with respect to some ideal n lying over x.

Since R/p is normal as a minimal LC center Theorem 2.23, we deduce from Remark 5.6 that pR*"
is prime. Write p’ = h(pR*"). Using Lemma 5.5 again, we have that 2~ (p’) = pR*". Note that f’ is
tamely ramified with respect to P’ by Lemma 5.7. Since Spec R’ is an étale neighborhood of X — X,
say ¢: Spec R" — X, we conclude that (Spec R’, ¢*(A)) is PLT with [A] = P’. Thus we can apply
Proposition 5.8 to conclude that Q' = (f'~'(P’))seq is normal. We denote the corresponding ideal by g’
and note that ¢’ C n. Using Remark 5.6 we see that q := ¢'S is prime. In other words, there is only one
prime in S’ lying over p’ and contained in n. Assume now that a € £~'(p). Then h(f(a)) = p’ and hence
f'(g(a)) = p’. In particular, g(a) € f/~'(p’). But clearly, g(a) € n. Hence, a = q as desired. O

5B. Inertial boundedness via spread-out. In the situation of Setup 2.20, write ¥ = Spec ﬁ;ﬁx and Y,
for its regular locus. By Corollary 3.27, it suffices to show that inertial boundedness holds for Y.
To this end, we use the result of [Bhatt et al. 2017, Theorem 1.1], where finiteness of (Y \ {x}) is
proved via reduction mod p. The proof of [loc. cit., Theorem 1.1] is a combination of Theorem 4.1 and
Propositions 5.1 and 6.4 in [loc. cit.]. We can directly apply the latter two in our situation. The argument
of Theorem 4.1 needs to be modified slightly. We record this below for completeness.

We will use the following notation for spreading out: If R is a K-algebra, A C K a finitely generated
Z-algebra, then we will write R4 for any fixed finite type A algebra whose base changed generic fiber
R4 ®aFrac(A) ®rrac(a) kK recovers R. If s € Spec A is a point, then we will write R; for the corresponding
fiber of R4. We will use similar notation for schemes.

Theorem 5.9. Let A be a finitely generated 7Z-algebra equipped with an embedding A — C. Fix an
affine finite type scheme X 4 over Spec A, a closed point x, € X 4, and a closed subset x, € Z5 C X4 of
codimension > 2. Let us denote by X, Z, and x the base changes to Spec C. Let us furthermore assume
that X is normal. Then, there is a dense open V C Spec A such that for every morphism Spec K, — V with
Kk an algebraically closed field of characteristic p there is a canonical isomorphism

m1(Spec ﬁ}?x \ Z)%P) = 7, (Spec ﬁ?(h@xk \Z)?,

where by abuse of notation we write Z for a~'(Z) where a.: Spec ﬁ";(h’x — Spec Oy is the canonical

morphism and similarly for Zy.
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Proof. Using resolution of singularities, we may choose a truncated proper hypercover f: Y, — X indexed
by e € A0<p2 with ¥; smooth and D, := f~!(Z).eq C Y, giving an SNC divisor at each level. Moreover, by
first blow_ing up x and then Z, so that both are Cartier divisors, we have that E, := f~!(x);eq C Y, also
yields an SNC divisor at each level. Denoting by /, the finite index set of components of D,, each D, ; is
smooth over C and proper over Z. Denoting by J, the subset of /, that yields the components of E,, we
also obtain that the E, ; are smooth and proper varieties over C. We write U, :=Y,\ D,. Let %, , — Y,
be the £-th root stack associated to the divisors in D, and let &, , — E, be its pullback to E. Now, we
base change everything along or: Spec ﬁ}hJ — Spec Ox adding a superscript sh for base changes, e.g.,
USt:= U, xx Spec ﬁ;gf .- The appropriate pullback maps induce equivalences

FEt(Spec 0¥\ Z) — lim FEt(U") « lim colim FEt(Z})

— lim colim FEt(&, ;) = colim lim FEt(&, ).
'EA§2 L V4 OEASQ

From left to right, these equivalences are given by Lemmas 2.1, 2.8(2) and 2.2 in [Bhatt et al. 2017], and
the isomorphism is due to the fact that filtered colimits commute with finite limits. Having made these
minor changes, the rest of the argument now proceeds exactly as [loc. cit., Theorem 4.1]. U

Proof of Proposition 5.3. Let us write Y = Spec @’;}f .- By Corollary 3.27 (and its proof), it suffices to
show that 71 (Yre,) is finite. Using Proposition 2.21, we may perturb A to A’ so that (X, A’) is KLT.
The nonregular locus of Y is cut out by a radical ideal / and likewise the closed subset Z is also given
by some radical ideal J. Passing to a connected étale neighborhood f: Spec R" — Spec R of X; where
Spec R is some Zariski neighborhood of x, we may assume that I, J C R’. Note that (Spec R’, f*A’) is
also KLT; see [Kollar 2013, 2.14(2)].

Spreading out over some finitely generated Z-algebra A and passing to closed fibers, we obtain pairs
(Spec R}, f*A’) that are F-regular for all s in a dense open of Spec A (by [Takagi 2004, Corollary 3.4]).
By the Nullstellensatz applied to the Jacobson ring A, k (s) is finite and its the algebraic closure x (s) is a
separable. Hence, (Spec R%, f*A%) is also F-regular. Write Y; for the spectrum of a strict henselization
of R’ at x; and W for the closed subset defined by /5. Applying [Carvajal-Rojas et al. 2018, Theorem 5.1]
we get w1 (Y5 \ Ws) < 1/s(Y5). Apply [Bhatt et al. 2017, Propositions 6.4 and 5.1] and Theorem 5.9 to
conclude that 771 (Xyeg) is finite. |

Appendix: Splitting primes under strict henselizations

The goal of this appendix is to show that taking the splitting prime commutes with strict henselization.
That is, if p(¥) = p(R, €) C R is the splitting prime for some Cartier algebra ¢ acting on (R, m, K) and
f: Spec R*" — Spec R is the strict henselization with respect to m, then p(¢)R*" = p(f*%). To make
sense of this we first need to explain the notion f*%.

Lemma A.1. Let R be a noetherian ring. Consider a colimit over a directed system of ring homomor-
phisms { fij: S; — S;} of R-algebras, a Cartier R-algebra ¢ and a ¢-module M. Assume that all of the
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morphisms f;;j and one structural map R — S; are either finite, étale, or smooth. Then, 2 = colim g;"j%”
exists and .# = colim g} M is naturally a -module, where we denote by g;;: Spec S; — Spec S; the
map corresponding to f;;.

Proof. If g: Spec S — Spec R then by definition g*¢ = ¥ Qg S so that we obtain a corresponding
directed system of Cartier algebras; see [Blickle and Stibler 2019, Proposition 5.3]. We thus need to
verify that the directed system of modules from which we construct .# are Cartier modules. This is true
by [loc. cit., Theorem 5.5]. O

Lemma A.2. Let f: Spec S — Spec R be a surjective (essentially of finite type) étale morphism of
F-finite local rings. Then p(f*%€) = p(€)S.

Proof. By [Blickle and Stibler 2019, Theorem 6.5],%° R is F-regular if and only if S is so. Similarly, by
[loc. cit., Proposition 5.13, Lemma 6.1], R is F-pure if and only if S is so. Therefore, we may assume
that both splitting primes are nontrivial. Consider the following diagram:

Spec S % Spec R

I,

Spec S/p(€)S ——s Spec R/p(€)

By Lemma 2.8, R/p(%) is F-regular. Since f’ is étale, S/p(%)S is also F-regular (note that since f is
surjective the fiber is nonempty). Since the minimal primes of p(¢’) are f*%-submodules (see [Schwede
2010, Corollary 4.8]), any minimal prime of p(%¢)S is a maximal proper f*%-submodule. However,
p(f*¢€) is unique and (since S is F-pure) the maximal proper f*¢-submodule. Thus, there is only one
prime lying over p(%). Since R/p(%) is reduced and f’ is étale, \/IW = p(%¥)S is prime and so
coincides with p(f*%). O

Proposition A.3. Let (R, m, kK, K) be a normal local domain and € be a Cartier R-algebra. Denote by
R the strict henselization of (R, m) and by 9 the R*"-Cartier algebra obtained as a colimit over the
corresponding system of étale algebras. Then, (R, €) is F-pure if and only if (R®, 2) is so. Moreover, if
p(€) is the splitting prime of (R, €) then p(‘f)RSh = p(2), where p(2) is the splitting prime 0f(RSh, D).
Conversely, p(2) N R = p(%).

Proof. Strict henselizations are obtained by a filtered colimit. By [Stacks 2005—, Lemma 0032], we may
even obtain it by a small filtered colimit. Moreover, having constructed R*" via the usual direct limit
of triples, we may a posteriori also obtain it as a filtered colimit of a system of étale maps by viewing
everything as embedded in R*". Using Lemma A.1, we obtain 2.
If (R, ¥) is F-pure, then also is (R*", 9) as well as (S, ¢*¢) for any (essentially) étale morphism
¢: Spec S — Spec R. Indeed, this follows from [Blickle and Stibler 2019, Proposition 5.13] in the latter
20Since we are only dealing with Cartier modules that do not have nonminimal associated primes, we may use test element

theory in the sense of [Blickle 2013, Theorem 3.11] — thus we may weaken the assumption that the base is essentially of finite
type over an F-finite field to F-finite.
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case and the former case follows from the latter. Conversely, if (RSh, 2) is not F-pure, say x ¢ 7, Rsh,
then we find a surjective étale morphism ¢: Spec S — Spec R for which x € S. Thus § is not F-pure
but then by faithful flatness R is also not F-pure (using [loc. cit., Lemma 6.1]). In particular, if (R, €) or
(R*", 9) is not F-pure, then the statement about splitting primes is trivially true.

Assume that both (R, ¢) and (R*", 2) are F -pure. Let ¢: Spec S — Spec R be an étale morphism
occurring in the colimit and n C § a prime above m. As in the proof of [Stacks 2005—, Lemma 04GN],
we may assume that mS = n. Since R is local with maximal ideal mR*", the map § — R*" factors
through the localization S,,. Thus, ¢": Spec S, — Spec R is an essentially étale surjective homomorphism.
We apply Lemma A.2 to conclude that the splitting prime p(¢"%) of S, is p(€)S,. Next, note that any
homogeneous element of w”‘g is of the form k ® s? with k € €,, whichactsonx =r ®t € R ®p Su
as k @s1(r ®t) = k(r) ® st; see [Blickle and Stdbler 2019, Theorem 5.5]. Use now the well-known
isomorphism FfR Qr Sy — F{Sn, r @ s — rs9.

We now prove p(%)RSh Cp(2). Ifxe p(%)RSh and x € Z,, there is an essentially étale morphism
@': Spec S, — Spec R as above so that x € p(%)S, = p(¢"'%¢) and k € ¢"*¢€. Then, since x € p(¢" %), we
have k(x) en=mS Cc mR*" and so x € p(2). Conversely, let x € p(2). Then, we find ¢’: Spec S —
Spec R as above such that x € S. Since «(x) € mR for all k € 2, we also have k(x) e mR"NS=n
for all k € ¢"'(%). Hence, x € p(¢"€) = p(€)S C p(€)R™" as desired.

We now show p(Z) N R =p(¥). If x € p(Z) N R, for all k € & we have k(x) € mR* and so K (x) em
forallk € €. If x € p(%) then x € p(%)RSh = p(2) by the above. O
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Constructions of difference sets in nonabelian 2-groups

T. Applebaum, J. Clikeman, J. A. Davis, J. F. Dillon,
J. Jedwab, T. Rabbani, K. Smith and W. Yolland

Dedicated to the memory of Robert A. Liebler; a friend and mentor, and a passionate advocate
for studying the action of finite nonabelian groups on combinatorial designs.

Difference sets have been studied for more than 80 years. Techniques from algebraic number theory, group
theory, finite geometry, and digital communications engineering have been used to establish constructive
and nonexistence results. We provide a new theoretical approach which dramatically expands the class of
2-groups known to contain a difference set, by refining the concept of covering extended building sets
introduced by Davis and Jedwab in 1997. We then describe how product constructions and other methods
can be used to construct difference sets in some of the remaining 2-groups. In particular, we determine
that all groups of order 256 not excluded by the two classical nonexistence criteria contain a difference
set, in agreement with previous findings for groups of order 4, 16, and 64. We provide suggestions for
how the existence question for difference sets in 2-groups of all orders might be resolved.

1. Motivation and overview

Difference sets were introduced by Singer [1938] as regular automorphism groups of projective geometries.
These examples are contained in the multiplicative group of a finite field, and hence the difference sets in
those geometric settings occur in cyclic groups. In the decades following, difference sets were discovered
in other abelian groups and subsequently in nonabelian groups. The central objective is to determine
which groups contain at least one difference set. Researchers have developed a range of techniques in
pursuit of this objective, taking advantage of connections with design theory, coding theory, cryptography,
sequence design, and digital communications.

A k-subset D of a group G of order v is a difference set with parameters (v, k, A) if, for all nonidentity
elements g in G, the equation

xy =g

has exactly A solutions (x, y) with x, y € D; the related parameter # is defined to be k —A. The complement
of a difference set with parameters (v, k, A) is itself a difference set, with parameters (v, v —k, v —2k+X)
and the same related parameter n. The difference set is nontrivial if 1 <k <v—1. A (v, k, 1) difference set
in G is equivalent to a symmetric (v, k, 1) design with a regular automorphism group G [Beth et al. 1999].
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Given an element A = ), _; a,g in the group ring ZG, where each a, € Z, we write A for the

geG
element ) 2cG Ag g~ ! Tt is customary in the study of difference sets to abuse notation by identifying a
subset D of a group G with the element of the group ring ZG which is its {0, 1}-valued characteristic
function. The subset D of G is then a difference set if and only if the {0, 1}-valued characteristic function
D satisfies the equation

DDV =n+AG inZG,

in which n represents n1g. Throughout, we shall instead identify the subset D of G with the element of
ZG which is its {£1}-valued characteristic function (taking the value —1 for each element of G in D,
and +1 for each element of G not in D). Under this convention, the subset D of G is a difference set if
and only if the {£1}-valued function D satisfies

DDD =4n+ (v—4n)G inZG.

When v = 4n, this reduces to
pp"P =G|, ()

in which case the subset D is called a Hadamard difference set because the {#41}-valued v x v incidence
matrix, whose rows and columns are indexed by the elements of G and whose (g, /) entry is the coefficient
of g~'h in D, is a Hadamard matrix.

Example 1.1 [Bruck 1955]. Let G = Cg = (x1, X2, X3, X4), where C, denotes the multiplicative cyclic
group of order 2. The set
D = {1, x1, x2, X3, X4, X1X2X3X4}

is a (16, 6, 2) Hadamard difference set in G. We identify this set with the element D = —1 — x| — x, —
X3 — X4 — X1X2X3X4 + X1 X2 + X1 X3 + X1 X4 + X2x3 + X2X4 + X3X4 + X1 X2X3 + X1 X2X4 + X1 X3X4 + X2X3X4 Of
the group ring ZG, and then DDV = 16.

We call a group containing a Hadamard difference set a Hadamard group, and denote the class of
Hadamard groups by #. It is an outstanding problem in combinatorics to determine which groups belong
to the class H; see [Davis and Jedwab 1996] for a survey and [Jungnickel and Schmidt 1998] for a
summary of subsequent results. This paper focuses on determining which 2-groups (namely groups whose
order is a power of 2) belong to . The relation v = 4n between the parameters of a difference set forces
the parameters to be

(v,k,A) = 4N? 2N* — N,N* = N) )

for some integer N [Kesava Menon 1962]. Here N can be positive or negative, and the two values =N
give the parameters of complementary difference sets and designs. A nontrivial difference set in a 2-group
must also have parameters of the form (2), where N = 2¢ for some positive integer d [Mann 1965]. We
therefore restrict attention to the parameters

(U, k, )\’) — (22d+2, 22d+1 _ Zd, 22d _2(]),
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where d is a nonnegative integer. The groups of order 2°?*2 form a rich source of potential Hadamard
difference sets: there are 2 nonisomorphic groups of order 4 (both of which contain a trivial Hadamard
difference set); 14 of order 16; 267 of order 64; 56,092 of order 256; and 49,487,367,289 groups of order
1024 [Besche et al. 2002; Burrell 2022; Sloane 2022].

The following product construction contains, as a special case, the earlier result [Kesava Menon 1962;
Turyn 1965] that the class H is closed under direct products.

Theorem 1.2 (Dillon [1985] product construction). Suppose that Hy, Hy € H, and that G is a group
containing subgroups H| and H; satisfying G = H H, and HH N Hy = 1. Then G € H.

Proof. Let Dy and D, be difference sets in H; and H», respectively, and let D = D D,. By hypothesis,
every element g of G has a unique representation g = hh, for some h € Hy and h, € H,, and so D is
{£1}-valued. Then

DDV = (D D)(D1 D)"Y = DD Dy VDTV = DI WD} = |Hl|Hal =Gl O
In a seminal paper, Turyn used algebraic number theory to prove a first nonexistence result for Hadamard
2-groups.
Theorem 1.3 [Turyn 1965]. Let G be a group of order 2°?*? containing a normal subgroup K of order
less than 2¢ such that G /K is cyclic. Then G & H.

Corollary 1.4 (Turyn exponent bound). Suppose G € H is an abelian group of order 2°?*2. Then G has

exponent at most 2472,

Dillon later proved a second nonexistence result for Hadamard 2-groups.

Theorem 1.5 [Dillon 1985]. Let G be a group of order 2*+* containing a normal subgroup K of order
less than 2¢ such that G /K is dihedral. Then G ¢ H.

In the ensuing 35 years since the publication of [Dillon 1985], no further nonexistence results for
Hadamard 2-groups have been found. In this paper we shall present constructive results that identify new
Hadamard 2-groups. In preparation, we introduce some further conventions that will be used throughout.

Let

E,:=C5=(x1,Xx2,...,%)

be the elementary abelian group of order 2". The group E, is isomorphic to the additive group of the vector

space U, := GF(2)" comprising all binary r-tuples a = (a1, az, .. ., a,), and an explicit isomorphism is
given by
a=(ai,az,...,a;) > x* =x{"x3? - x.

The characters of E, are the homomorphisms from E, into the multiplicative group {1, —1} given by

)u-a

Xu x> (-1 forall a € U,

as u ranges over U,.
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We consider integer-valued functions on G to be interchangeable with elements of ZG: we identify an
integer-valued function F on G with the element ) g F(8)g of the group ring ZG, and conversely we

identify a group ring element ) _,_.; Fyg with the function F on G given by F(g) = F,. The character

geG
Xu of E, may then be written in the group ring ZE, as

r ol r
Xu= Y xu@Hx=> (=D = Y TJ=D““x =] D (=D “xf =] Ja+(=D"x). 3)
ael, ael, ael, i=1 i=1a;=0 i=1

This is consistent with the common notation g for the principal character, which takes the value 1 at
every group element; we identify this function in ZE, with the group ring element ) _,_ E, € or simply E,.
For each nonzero u € U,, the complement of the subset of E, associated with the {3-1}-valued function
Xu 1S a subgroup of E, of index 2, and as u ranges over the nonzero values of U, we obtain all 2" — 1
subgroups of E, of index 2 in this way.

Example 1.6. Let E; = C% = (x, y). The four characters of E, are the functions y, as u ranges over U;
={(0,0), (0, 1), (1, 0), (1, 1)}. Expressed in the group ring ZE,, these functions are

xoo=1+x+y+xy=>0+x)(1+y),

xoo=1+x—y—xy=~0+x)(1-y),

xio=1—-x+y—xy=~0-x)(1+y),

xn=1l-x—y+xy=>0-x)(1-y),
(where we abbreviate x(o,1y, for example, as xo1).

The subgroups of E; corresponding to xo1, x10, X11 are {1, x}, {1, y}, {1, xy}, respectively.

The group ring interpretation of the characters of £, shown in Example 1.6 illustrates the following
fundamental properties, which underlie our new constructions of difference sets. These properties can all

D

be derived directly from (3), noting that Xv(f = x, for all v € U,.

Proposition 1.7. Let {x, : u € U,} be the set of characters of E,. Then for all u, v € U,, in the group ring
ZE, we have:

i) gy D = |2 He Hu=v,
“av 0 ifu # v.

() D ey, xu=2"
|27 ifu=0,
(i) X per, Xu(e) = {0 i £ 0,

Since all characters of E, are {4-1}-valued, Proposition 1.7(iii) implies that every nonprincipal character
on E, takes the values 1 and —1 equally often.

McFarland gave the following difference set construction based on hyperplanes of a vector space,
which produces examples in 2-groups. We prove the construction by interpreting the hyperplanes in terms
of characters.
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Theorem 1.8 (McFarland [1973] hyperplane construction). Let J be a group of order 2¢F'. Then
J X Eg4 €H.

Proof. See [Dillon 2010]. Let {x, : u € Uy} be the set of characters of E;. Label the elements of J
arbitrarily as J ={g, :u € Uy4+1}, and let G = J x E;41. We see from Proposition 1.7(i) and (ii) that, in
the group ring ZG, the {#1}-valued function

D= Z 8uXu “4)

u€Ugt

on G satisfies

DDV = 3 e Vs

u,velyy
=24+! Z guXugu_l (5)
u€lUji
:2d+l Z Xu (6)
uelUgi1

— 2d+1 . 2d+1 — |G|
Therefore D corresponds to a Hadamard difference set in G. ]

We shall show how the proof of Theorem 1.8 can be adapted so that the result still holds when E4 is
a normal subgroup of index 2¢*! of a group G, but not necessarily a direct factor. The key consideration
is how to obtain (6) from (5). The following combinatorial result allows us to do so, by showing that there
is a choice for coset representatives g, of E;4 in G satisfying {g, Xugu_l ueUg}={xu:uecUs}.
Note that a group H acts as a group of permutations on a set S if there is a homomorphism ¢ (called the
action of H on §) from H to the group of permutations of S.

Theorem 1.9 [Drisko 1998, Corollary 5]. Let p be a prime and let H be a finite p-group. Suppose that
H acts as a group of permutations on a set S of size | H| according to the action ¢, and that S contains an

element that is fixed under ¢. Then there is a bijection 0 from S to H satisfying
{#0@s)(s):s€S}=S.

The bijection 6 in Theorem 1.9 selects an element 6(s) of the group H for each s € S, so that the
resulting set of actions of 6(s) on s is a permutation of the set S. We now explain how this result can be
used to extend Theorem 1.8 as desired, proving a conjecture due to Dillon [1990b].

Corollary 1.10 [Drisko 1998, Corollary 9]. Let G be a group of order 2*?*2 containing a normal subgroup
E=CI. Then G e H.

Proof. Let E= {xu :u € Ugy1} be the set of characters of £ = Cg“. We wish to apply Theorem 1.9
with S=E and H=G /E. Since E is normal in G, and the complements of the subsets of E associated
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with the characters yx, for nonzero u are exactly the subgroups of E of index 2, we have
gxug '€ E forall geGandy, € E.
Therefore G/E acts on Easa group of permutations under the conjugation action
¢(E)(xu) =gxug~" forall gE € G/E and , € E,

and the element g = E of E is fixed under ¢. Theorem 1.9 then shows that there is a bijection # from E
to G/ E satisfying
{¢(9(Xu))(Xu) “Xu € E} =E. (7)

Writing 6 (x,) = g, E for each u € U4 1, this gives a set {g, : u € Uy41} of coset representatives for E in
G satisfying
{Quxugy ' 14 € Uspr} = (tu - u € Ugpr}. (®)

Use the coset representatives g, to define D as in (4). The proof of Theorem 1.8 now carries through
unchanged, using (8) to obtain (6) from (5). O

We next illustrate the construction described in Corollary 1.10, for a specific group of order 16.

Example 1.11. Let G be the order 16 modular group Cg x15C, = (x, y :x8 =y?> =1, yxy~! =x7), and set
X=x*andY=y. Let E=(X,Y)= C%, which is normal but not central in G, and let E= {xu:u €U}
be the set of characters of E:

x00=1+xHA4+y), xor=0+xH1=y), xio=0—-xHA+y), xi1=0—xH(1—y).

The center of G is (x?).

The group G/E = {E,xE, x>E, x>E} acts on Easa group of permutations under the conjugation
action ¢, under which E and x?E map to the identity permutation on E,and xE and x3E map to the
permutation of E that fixes Xxoo and o1 but swaps x10 and x;.

A bijection 6 from EtoG / E satisfying (7) is

0(x00) = E, O(x01) =x>E, 0(x10)=xE, 0(x11)=x"E,

and therefore
D = x00 + x*xo01 +xx10 + X X11

is a difference set in G.

The Turyn exponent bound of Corollary 1.4 gives a necessary condition for an abelian 2-group to
belong to H. A series of papers, including [Davis 1991] and [Dillon 1990a], gave constructions in pursuit
of a sufficient condition. Kraemer [1993] eventually showed that the necessary condition is also sufficient.
This result was proved again by Jedwab [1992] using the alternative viewpoint of a perfect binary array:
a matrix representation of the {#1}-valued characteristic function of a Hadamard difference set in an
abelian group.
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Theorem 1.12 [Kraemer 1993]. Let G be an abelian group of order 2°?*2. Then G € H if and only if G

has exponent at most 2412,

We next give an instructive example of a Hadamard difference set in an abelian 2-group, which illustrates
a fundamental insight on which this paper is based. The group ring elements A, in Example 1.13 are
presented for now without explanation of their origin, but will be revisited in Example 4.13. Group ring
elements A, B are orthogonal if AB™V =0.

Example 1.13. Let G = Cg =(x,y),andset X =x>and ¥ = 2. Let K = (X,Y) = Cf and E; =
(X2, 7% = C%, and let {x, : u € U,} be the set of characters of E;. Define four group ring elements in
ZK by

Ap=Ap=Ap=1+X+Y—XY and A =14+X+Y+XY. )

Direct calculation shows that the A, satisfy the condition
AuxuASV =4y, forall u € U,. (10)

Now in ZK let
Boo = Agoxoo = (1+X +Y —XV)(1+XH(1+1?),
By =Aoixoi=(1+X+Y—-XY)A+X)(1-Y?),
Bio=Axio=(1+X+Y - XV)(1-XH(1+71?),
Bi=Anxn=0+X+Y+XV)1-XH(1-Y?.
Then from Proposition 1.7(i) and (10), the B, = A, x,, have the property, for all u, v € U,, that
1 if u =
BMBIS—I) — 6XM 1 u U, (1 1)
0 if u #v,

and in particular the B, are pairwise orthogonal. It follows that the {£1}-valued function on G given by

D = Byo + yBo1 +xBio+xyBi1
satisfies
DDV =16(x00 + Xx01 + x10 + X11) = 64

by Proposition 1.7(ii), and so D corresponds to a Hadamard difference set in G.

We now show how the condition (10) satisfied by the group ring elements A, in Example 1.13 can be
used to construct difference sets in groups of order 64 other than C82.

Proposition 1.14. Let G be a group of order 64 containing a normal subgroup K = Cf. Then G € H.

Proof. Let K = (X, Y) = C3. Let E; = (X2, Y?) be the unique subgroup of K isomorphic to C3, and let
E\z = {xu : u € U} be the set of characters of E,. Define four group ring elements in ZK as in (9), and
for each u € U, let B, be the {£1}-valued function A, x, on K. The A, satisfy (10), and therefore the
B, have the pairwise orthogonality property (11) for all u, v € U,.
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Now Ej is the unique subgroup of K isomorphic to C2, and K is normal in G, so E» is normal in G.
Therefore G/K acts on E,asa group of permutations under the conjugation action

¢ (gK)(x) = gxug~' forall gk € G/K and x, € E,

and xo = E» is fixed under ¢. We may therefore apply Theorem 1.9 with § = E,and H=G /K to show
that there is a set {g, : u € U,} of coset representatives for K in G satisfying

{guxug, ' 1u€Us}={xu:ueU) (12)

Let D be the {4-1}-valued function on G defined by

D= Z guB. in ZG.
uel
We calculate
DDV = 3" &B,B Ve =16 Y guxug,

u,vel, uel,

by (11), and then from (12) and Proposition 1.7(ii) we have

DDV =16 )" x, =64.

uel

Therefore D corresponds to a Hadamard difference set in G. U

We use the proof of Proposition 1.14 as a model for establishing our principal result, stated below as
Theorem 1.15. The key idea is to determine group ring elements A, satisfying a condition analogous
to (10), which ensures that the associated group ring elements B, = A, x,, have an orthogonality property
analogous to (11). Application of Theorem 1.9 then allows us to construct a group ring element D
corresponding to a Hadamard difference set. By taking » = 2 in Theorem 1.15 and restricting the group
G to be abelian, and combining with the Turyn exponent bound of Corollary 1.4, we recover Kraemer’s
Theorem 1.12.

Theorem 1.15 (main result). Let d and r be integers satisfying d > 1 and2 <r <d+ 1. Let G be a

group of order 2°¢+2

24=1+2 Then G € H.

containing a normal abelian subgroup of index 2", rank r, and exponent at most

We remark that this paper develops several concepts previously used to construct difference sets. In
particular, the constructed group ring elements B, can be interpreted as covering extended building sets,
as introduced by Davis and Jedwab [1997] (see the discussion at the end of Section 2). The novelty here
is that imposing the additional structure B, = A, x, allows us to handle dramatically more nonabelian
groups than before, as illustrated in the proof of Proposition 1.14. Likewise, Proposition 1.14 itself
was previously established by Dillon [1990b; 2010] by decomposing a difference set in C82 into four
orthogonal group ring elements B, as in Example 1.13. However, the generalization of Proposition 1.14
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to Theorem 1.15 relies crucially on recognizing the additional structure B, = A, x,, of these group ring
elements, whose importance was not previously apparent.

Each of the two groups of order 4 belongs to H trivially. The third column of Table 1 below shows the
number of groups of order 16, 64, and 256 which are possible members of #, after taking into account
those that are excluded by the necessary conditions of Theorems 1.3 and 1.5. We now summarize the
theoretical and computational efforts of many researchers over several decades to determine whether
these conditions are also sufficient for groups of these orders, with reference to results to be presented in
Section 4.

In the 1970s, Whitehead [1975] and Kibler [1978] independently showed by construction that each of
the 12 nonexcluded groups of order 16 belongs to 7. We can recover this result by applying Theorem 1.15
to account for the 10 groups containing a normal subgroup isomorphic to C2, and then using Proposition 4.1
to handle the remaining 2 groups.

In 1990, a collaborative effort led by Dillon showed by a combination of construction and computer
search that each of the 259 nonexcluded groups of order 64 belongs to H; Liebler and Smith [1993]
resolved the status of the final group at the conclusion of a sabbatical visit to Dillon by Smith. Using
the software package GAP [2020], we can streamline this effort by applying in sequence the following
construction methods: Theorem 1.15 to account for the 237 groups containing a normal subgroup
isomorphic to Cg or Cf; the product construction of Proposition 4.7 to account for 17 further groups; the
transfer methods of Section 4C to account for 4 further groups; and the modified signature set method of
Section 4D to account for the final group.

In 2011, Dillon initiated a further collaborative effort to investigate the groups of order 256, whose
conclusion was that each of the 56,049 nonexcluded groups of order 256 belongs to /. Major contributions
were made by Applebaum [2013], and the status of the final group was resolved by Yolland [2016].
Using GAP, we can likewise streamline this effort by applying in sequence the following construction
methods: Theorem 1.15 to account for the 54,633 groups containing a normal subgroup isomorphic to C;‘
or Cf x Cy or C %; the product construction of Proposition 4.7 to account for 1,358 further groups; the
transfer methods of Section 4C to account for 57 further groups; and the modified signature set method
of Section 4D to account for the final group.

These theoretical and computational results are summarized in Theorem 1.16 and in Table 1.

Theorem 1.16. The necessary conditions of Theorems 1.3 and 1.5 for the existence of a difference set are
also sufficient in groups of order 4, 16, 64, and 256.

Theorem 1.16 naturally prompts the following question (about whose answer the authors of this paper
have different opinions).

Question 1.17. Are the necessary conditions of Theorems 1.3 and 1.5 for the existence of a difference
set in a 2-group also sufficient? That is, does every group G of order 22¢*2, not containing a normal
subgroup K of order less than 2¢ such that G/K is cyclic or dihedral, belong to ?
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Group | Total # # not excluded #in H by

order groups | by Theorems 1.3, 1.5 Theorem 1.15 | Sections 4A-4B | Section 4C | Section 4D

16 14 12 10 2
64 267 259 237 17 4 1
256 56,092 56,049 54,633 1,358 57 1

Table 1. Membership in H of 2-groups of order 16, 64, and 256. Figures in column 5
onwards are for groups not previously counted in column 4 onwards.

The answer to Question 1.17 is “yes” for d < 3, by Theorem 1.16. It seems that resolution of this
question for d > 3 must depend only on theoretical methods: currently there is not even a database of
the 49,487,367,289 groups of order 1024 [Besche et al. 2002; Burrell 2022], and the authors do not
know how to estimate the proportion of the nonexcluded groups of order 22¢+? that are accounted for by
Theorem 1.15 as d grows large.

The rest of this paper is organized in the following way. In Section 2, we identify the “signature set”
property underlying the construction of Proposition 1.14. In Section 3, we prove our principal result of
Theorem 1.15 by restricting attention to signature sets on abelian 2-groups. In Section 4, we describe the
various other construction methods used to complete the determination of the groups of order 64 and
256 belonging to H, involving signature sets on nonabelian groups, products of perfect ternary arrays,
transfer methods, and a modification of signature sets. In Section 5, we provide implementation details
of the construction methods for groups of order 256 and describe how to quickly verify on a desktop
computer that all 56,049 nonexcluded groups of this order belong to . In Section 6, we propose some
directions for future research.

2. Signature sets

In this section, we identify the structure underlying Proposition 1.14 and set out a framework for proving
our principal result, Theorem 1.15.

Definition 2.1. Let K be a group containing a normal subgroup £ = C/, and let {x, : u € U, } be the set
of characters of E. A signature block on K with respect to x, is a {#=1}-valued function A, on a set of
coset representatives for E in K that satisfies

Cy 1Kl
AuXuAu = 7)(“ in ZK.

A signature set on K with respect to E is a multiset {A, : u € U, }, where each A, is a signature block on
K with respect to y,,.

Note that a trivial signature set on C; with respect to itself is given by

A,=1 foreachu e U,.
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We state two immediate consequences of Definition 2.1.

Lemma 2.2. Let K be a group containing a normal subgroup E = C}, and suppose {A, :u € U,} is
a signature set on K with respect to E. Let E= {xu : u € U,} be the set of characters of E, and let
B, = A, x, foreach u € U,. Then:

(1) For each u € U,, the function B, is {+1}-valued on K.

(i1) Forallu,v € U,, in ZK we have

BL[B(_1)= |K|Xu l..fu=v7
v 0 ifu+#v

(and so in particular the B, are pairwise orthogonal).

Proof. (i) Each A, is a {=1}-valued function on a set of coset representatives for E in K, and each x, is
a {£1}-valued function on E. Therefore each B, = A, x, is a {£1}-valued function on K.

(i) For all u,v € U,, in ZK we have

2 A ATV ifu =,

B,B{ ™" = Ayyuxi VAT = {0 ifu#v

by Proposition 1.7(i). Since the A, form a signature set on K with respect to E, this gives

BMBIE—I): |K|Xu ?fl/l:l), D
0 if u #v.

The proof of the following theorem is modeled on that of Proposition 1.14. We remark that K need
not be a 2-group and need not be abelian.

Theorem 2.3. Let G be a group containing a normal subgroup E = CJ, and suppose K is a normal
subgroup of G of index 2" containing E. Suppose there exists a signature set on K with respect to E.
Then G € H.

Proof. Let E = {x, : u € U,} be the set of characters of E. We shall apply Theorem 1.9 with § = E
and H = G/K. Since E is normal in G, and the complements of the subsets of E associated with the
characters y, for nonzero u are exactly the subgroups of E of index 2,

gxug e E forall geGandy, € E.
Therefore G/K acts on Easa group of permutations under the conjugation action
$(gK)(xu) =gxug™"' forall gK € G/K and x, € E,

and the element yo = E of E is fixed under ¢. Apply Theorem 1.9 to show that there is a set {g, : u € U,}
of coset representatives for K in G satisfying

{guxug, iuclU)={x,:uecl). (13)
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By assumption, there is a signature set {A, : u € U,} on K with respect to E. Let B, = A, x, for each
u € U,, and use the coset representatives g, to define

D= Z guB. inZG, (14)

uel,

which is a {#-1}-valued function on G by Lemma 2.2(i). We calculate in ZG that

DDV = 3" BB Ve, =K Y guxugy

u,vel, uel,

by Lemma 2.2(ii). Then from (13) and Proposition 1.7(ii) we have

DDV =|K| Y xu=2"|K|=|Gl.

uel,

Therefore D corresponds to a Hadamard difference set in G. (Il

The motivating examples of Section 1 both occur as special cases of Theorem 2.3. Corollary 1.10 arises
by taking |G| =22¢*? and r =d + 1, with E = K = C4*! normal in G, and using a trivial signature set
on K with respect to itself. Proposition 1.14 arises by taking |G| =64 and r =2, with K = (X, Y) = C‘%
normal in G and E = (X2, Y?) (the unique subgroup of K isomorphic to C%), and using the nontrivial
signature set {A;; : (i, j) € Uz} on K with respect to E specified in (9).

Theorem 2.3 establishes the existence of a difference set in G by reference to Theorem 1.9, whose
proof as given in [Drisko 1998] is not constructive. To construct such a difference set explicitly, one must
therefore determine suitable coset representatives for the normal subgroup K in G satisfying (13). This
determination currently requires a computer search that can be computationally expensive, particularly
for groups of order 256; see Section 5.

We point out a connection to the study of bent functions (see [Carlet and Mesnager 2016] for a survey),
which are equivalent to Hadamard difference sets in elementary abelian 2-groups. Take G = E§ 4 and
E =K = E441 in Theorem 2.3, and let {A, : u € U,} be a trivial signature set on K with respect to
E for which each A, is chosen arbitrarily in {£1}. In this case, the choice of coset representatives
{gu:u €Uyy1} for K in G used to construct the difference set D in the proof of Theorem 2.3 is arbitrary.
Let a be the Boolean function on U, defined by

Ay = (=D foreach u € Ugy.

Then the {0, 1}-valued characteristic function of D is the Maiorana—McFarland bent function f(u, v) =
m(u)-v—+a(u), where 7 is an arbitrary permutation of Uy .

In view of Theorem 2.3, our objective in Section 3 is to construct a signature set on a large class of
groups K (which we take to be abelian in Section 3, and nonabelian in Section 4). In the remainder of
this section, we introduce some preparatory results about signature sets.

We firstly show that a group automorphism of K fixing £ maps a signature block on K to another
signature block on K.
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Proposition 2.4. Let K be a group containing a normal subgroup E = C}, and let o be a group
automorphism of K which fixes E. Suppose that A, is a signature block on K with respect to the character
Xu of E, for some u € U,. Then o induces a map on ZK under which o (A,) is a signature block on K
with respect to the character o (x,) of E.

Proof. The signature block A, is {*1}-valued on a set of coset representatives for £ in K. Since
the automorphism o fixes E, the images of these coset representatives under o are also a set of coset
representatives for £ in K on which o (A,) is {£1}-valued. Furthermore

- _ -y _ 1Kl
0 (Ao (xu)o (Ay) ™ =0 (AuxuA, ') = 2—,G(XM),
so 0 (A,) is a signature block on K with respect to the character o (x,) of E. U

We next give a simple product construction for signature sets.

Proposition 2.5. Suppose there exists a signature set on a group K, with respect to a normal subgroup
E, = C}, and there exists a signature set on a group K with respect to a normal subgroup E; = C3. Then

there exists a signature set on K, x Kg with respect to E, x Ej.

Proof. Let {A, : u € U,} be a signature set on K, with respect to E,, and let {«, : v € U} be a signature
set on K with respect to E;. We claim that {A,«, :u € U,, v € U,} is a signature set on K, x K with
respect to its normal subgroup E, x E;.

The function A, is {£1}-valued on a set of coset representatives for E, x E; in K, x K, because
A, is {£1}-valued on a set of coset representatives for E, in K, and «, is {£1}-valued on a set of coset
representatives for E; in Kj.

Let {x, : u € U,} be the set of characters of E,, and let {y, : v € U} be the set of characters of E;.
The set of characters of E, x E is {x, ¥, :u € U,, v € U}, and for each u € U, and v € U; we have

(Au0) Otun) (Ayay) ™D = Ay xu (e ASD

|K|
:Au Xu (1)

|K|
(Auqu< 1>) Vo
K| |K;]
=z—r’X"z—5‘/’v
1K x K|
- rts

s Xu¥). O

To illustrate the previously unrecognized power of the signature set approach, note that Applebaum
[2013] used computer search to show that 643 of the 714 groups of order 256, whose membership in H
was then undetermined, belong to H. Since all 643 of these groups contain a normal subgroup isomorphic
to CZ x C», this result follows directly from Theorem 2.3 simply by exhibiting a signature set on Cf x Cy
with respect to its unique subgroup isomorphic to CS. This can be constructed by using Proposition 2.5



372 T. Applebaum, J. Clikeman, J. A. Davis, J. F. Dillon, J. Jedwab, T. Rabbani, K. Smith and W. Yolland

to take the product of a signature set on Cz with respect to its unique subgroup isomorphic to C% (see
Example 1.13) with a trivial signature set on C, with respect to itself.

Finally, we derive constraints on a signature set in terms of |K | and |E|. We will use these constraints
to show how Theorem 2.3 can be viewed as refining a construction method for difference sets introduced
by Davis and Jedwab [1997], by interpreting a signature set on an abelian group as a special kind of
covering extended building set.

Lemma 2.6. Let K be a group containing a normal subgroup E = C%, and suppose that {A, :u € U, } is
a signature set on K with respect to E. Let {x, : u € U,} be the set of characters of E, and let B, = A, xu
for each u € U,. Then the number of times the {£1}-valued function B, on K takes the value —1 is

3IK| if u#0,
K| £V27 2 K| ifu=0.
Proof. By Lemma 2.2(i), each B, is {£1}-valued on K.

Case 1: u # 0. By Proposition 1.7(iii), the number of times the {£1}-valued function y, on E takes the
value —1 is %IE |. Since A, is a {£1}-valued function on a set of coset representatives for E in K, the
number of times B, = A, x, takes the value —1 is %|E||K CE| = %|K|.

Case2: u=0. Letce {0, 1,...,|K]|} be the number of times that By takes the value —1, and let J be a
group of order 2". By Theorem 2.3, the group G = J x K contains a Hadamard difference set D whose
corresponding {#1}-valued function is defined in (14) as

D =goBo+ ) guBu (15)
u#0

for some choice of coset representatives {g, : u € U, } for K in G. By (2), the parameters of the difference
set D satisfy

|G| =2"|K|=4N?* and |D|=2N*—-N
for some integer N, and eliminating N gives
ID| =2""Y K|+ 2 2|K]|.

But | D] equals the number of times that the function D takes the value —1, which from (15) and the
result for Case 1 gives

ID|=c+ (2" = 13IK]|.

Equate the two expressions for | D| to give

c=3K|£V2 2 K]|. O
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Note from Example 1.13 that the number of times the function A, takes the value —1 is not determined
for u # 0 solely from the hypotheses of Lemma 2.6. However, for u = O this number is determined
as 2—5(% + /272K |) by Lemma 2.6 and the relation By = Agxo, because the {4-1}-valued function
Xxo = E takes the value 1 exactly 2" times.

We can now interpret Theorem 2.3 in the framework of [Davis and Jedwab 1997] for the case
that K is abelian. Suppose {A, : u € U,} is a signature set on an abelian group K with respect to
E =(x1,x2,...,x)=Cj;, and let B, = A, x, for each u € U,. In the language of [Davis and Jedwab
1997], we claim that the subsets {%(K —B,):u€U,} of K then forma (%|K|, V2'72|K|, 2", £) covering
extended building set on K (satisfying the key additional constraint that B, = A, x,, for each u). To prove
the claim, we require firstly that

%|K| +./2"72|K| for a single value of u,
%lK | for all other values of u.

k- 8| |

This is given by Lemma 2.6, because |%(K — Bu)‘ is the number of times that the {#1}-valued function
B, takes the value —1. To complete the proof of the claim, we also require that, for each nonprincipal
character i of the abelian group K (namely a nontrivial homomorphism from K to the complex roots of

unity),
V2"72|K| for a single value of u that depends on v,
0

for all other values of u.

Wbk - 0)| =

This is given by applying v to the case u = v of Lemma 2.2(ii) to obtain |y (B,)|*> = |K|¥ (x.), and
noting that ¥ maps each x; to {1, —1} so that from (3) we have

2" for a single value of u that depends on ¥/,

w(Xu) = {

0 for all other values of «.
3. Proof of main result

In this section we prove our main result, Theorem 1.15, as a corollary of Theorem 3.1 below. For an
abelian 2-group K of rank r, we shall abbreviate “a signature set on K with respect to its unique subgroup
isomorphic to C’, ” as “a signature set on K.

Theorem 3.1. Let d and r be integers satisfyingd > 1 and 2 <r <d+1. Let K4, be the set of all abelian
groups of order 224="*2 rank r, and exponent at most 2="2. Then there exists a signature set on each
Kd,r € ’Cd,r-

Note in Theorem 3.1 that if E is the unique subgroup of K, , € Ky, isomorphic to C}, then E is
normal in G. We may therefore apply Theorem 2.3 to obtain Theorem 1.15 as a corollary of Theorem 3.1.

We shall prove Theorem 3.1 using a recursive construction for signature sets on abelian 2-groups. To
illustrate the main ideas, we begin with a proof of the special case r = 2.

Theorem 3.2 (rank 2 case of Theorem 3.1). Let d be a nonnegative integer. Then there exists a signature
seton Ky = szd.
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Proof. The proof is by induction on d > 1. The case d = 1 is true because there exists a trivial signature
set on C%.

Assume all cases up to d — 1 > 1 are true. Let Ky = (X, ¥), where X*~' = ¥2"' = 1. By the
inductive hypothesis, there exists a signature set {A;; : (i, j) € U2} on K;_; with respect to (X zd_z, Y 2d_z).
By associating the group ring ZK,_; with the quotient ring Z[X, Y1/(1 — X2, 1 — Y2}, we may
regard each group ring element A;; as a polynomial A;;(X, Y) in X and Y, and regard each character of
(X7, Y2y as a polynomial

Xij (X, Y) =1+ (=D X* )1+ (=1)IY*7) for (i, j) € Us.
By assumption, in the polynomial ring Z[X, Y]/(1 — de_l, 1—- de_]) we have
Aij(X, V) xij (X, VA (X, V)P =274, (X, ) for each (i, j) € Us. (16)
Let Ky = (x, y), where x2 = y* = 1, and let E = (x2", y*'"'). We wish to construct a signature set
{a;j : (i, j) € Uz} on K4 with respect to E. Define the ;; in ZK,; in terms of the polynomials A;; via
d—2 d—2
a0 = (1+x% ) Ago(x, y*) + y(1 = x¥ ) Aio(x, y7),
d—2 d—2
aor = (1+x> Ao (x, y) +y(1 = x* DA (x, 3,
d—2 d—2
a0 = (1+y* DAwE*, y) +x(1 -y HAnE?y),
an = (1+ 227y ) A2, xp) +x(1 = x> 7y H AL G2, xy),
and let the characters of E be
Yij =1+ (=Dx® A+ (=1)7y*")  for each (i, j) € Us.

We first use Proposition 2.4 to show it is sufficient to prove for each (i, j) # (1, 1) that «;; is a signature

(17)

block with respect to ;. Let o be the group automorphism of K that maps x to itself and maps y to xy.
Then o («19) = «1; by definition, and o fixes E, and

d—1 d—1 d—1 d—1 d—1
o(o) = (1 —x* ) +x> Y )= -x" HA =" )=y
Therefore if «g is a signature block on K; with respect to g, then o1 is a signature block on K, with
respect to ¥r1; by Proposition 2.4.
We next show that g is a {£1}-valued function on a set of coset representatives for £ in K, and a

similar argument shows that the same holds for «g; and «19. By definition, Ago(X, Y) is {£1}-valued on
exactly one of the four values

{Xin, X' Yj+2d*2’ Xi+2"’zyj, Xi+2d’zyj+2"*2}

for0 <i <2972,0 < j <2972 Therefore Ago(x, y?) is {#1}-valued on exactly one of the four values

i hiind=1 i nd-2
i,,2j+2 ’xt+2

i 2jf 2j i42472 2j42d-1
{x'y*, x'y I x / }

y y
for0<i <292 0< Jj< 29-2 and so (1 +x2d72)Aoo(x, y?) is {#1}-valued on exactly one of the four
values

2j+207" it

i 27 i 2j i424-1 2j40d-1
{x'y¥, xy ; y,xt y }
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for0<i <2971 0<j <2972 Likewise, y(1 — xzd_z)Alo(x, y?) is {#1}-valued on exactly one of the
four values

i 254+1 i 2j4247 14 24t 2541 424t 242414
AR S AR e AR S A

{x
for0<i <2971,0 < j <2972, Combining, ay is {£=1}-valued on exactly one of the four values
{xiyj’ xiyj+2d’1’xi+2d"yj’ xi+2“'*1yj+2d*1}
for0<i<2971,0<j <2/,
It remains to show that in ZK,; we have
aijijo; =222y for each (i, j) # (1, 1). (18)

Using ¥ = 1, for i, k € {0, 1} we have the identity
A+ YA+ =D DA+ (D27 = iz(l T o=
0 ifi £k,
and multiplication by 1+ (—1)/y2""' for j € {0, 1} then gives
21+ x2 Yy (x, y?) ifi =k,
0 ifi #k.
We can now establish (18) for (i, j) = (0, 0). Using (17), we calculate
aoovooaty ) = (1 +x2 ) Ago(x, y2) + y(1 —x¥ ) Ajo(x, ¥2) x Yoo
x (L4272 Ag (e, y) TV 4y 11 =22 ) Agp(a, YD)

d—1 _
=2(14+x% ) Ao (x, ¥ xoo(x, y*) Ago(x, y) P
d—1
+2(1+x% ) A, Y xi0x, y) A (x, Y)Y, (20)

A+ (=1 Yo (14 (=D 27) = { (19)

using (19) with i # k to remove the terms involving Ago(x, y2) Aro(x, Y)Y and Ajo(x, y*)Ago(x, y2) D,

and using (19) with i = k to simplify the surviving terms. Take X = x and Y = y? in (16) to show that, in
the polynomial ring Z[x, y]/(1 —x2", 1 — y),
Aij e, Y2 xi (e, yP) A (e, y) TV =22y (x,y?) - for each (G, j) € Ua.

This implies that, in the polynomial ring Z[x, y]/(1 — x2d, 11— yzd),

(L2 A, Y20 0, y) A (e, y) 0 = 22741 407 5 (x, %) for each G, j) € Us.
Substitution in (20) then gives

aoovoody = 22731422 ) (oo (x, %) + x10(x, y2) =22y,

so (18) holds for (i, j) = (0, 0).

A similar derivation gives

—_ _ d—1 _
ao oy =223 (14 22 Gror (6, ¥ + a1 (x, ¥2)) = 2242,

— _ d—1 —
arovioaly” =222 1+ y* ) Gao?, y) + x1 (x2, )) =222y,
so that (18) holds for (i, j) = (0, 1) and (i, j) = (1, 0).
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Therefore the «;; form a signature set on K; with respect to E. This shows that case d is true and
completes the induction. (Il

We next illustrate the recursive construction method used in the proof of Theorem 3.2.

Example 3.3. A trivial signature set {Ailj 1 (i, j) e Uz} on C% with respect to itself is given by
1 ..
A =1 for all (i, j) € U,.

Apply the recursion (17) with d = 2 to obtain the signature set {Al.zj : (i, j) € Uy} on Cf = (x, y) with
respect to (x2, y?) = C% given by

ALy =A% =(1+x)+y(1—x)=1+x+y—xy,
A2 =(1+y)+x(1—y)=1+x+y—xy,
A%1 =1 +xy)+x(1—xy)=14x—x>y+xy.

Apply the recursion (17) again with d = 3 to obtain the signature set {A?j : (i, j) € Uz} on C% =(x,y)
with respect to (x*, y*) = C% given by

Ado= L+ D) A5 (x, ¥*) + y(1 = xP) Afy(x, y%)
=1 +x) (1 +x+y*—xy?) +y(1 =2 +x 4+ y* —xy?),
Af = (14+x7)AG (x, y) +y(1 —xP) AT (x, y?)
=1+ +x+y> —xy) +y(1 —x) (1 4+ x — x>y +xy%),
Al = 1+ y) AT, y) +x(1 = y) AT (2%, y)
=1+ yz)(l + x>+ y —x2y) +x(1— yz)(l + x? —x4y +x2y),
A?l =(1 +x2y2)A%O(x2, xy)+x(1 —xzyz)A%l(xz, Xxy)
=1+ A+ +xy =) +x(1 =2y A+ x> =y +x7y).
We note that the recursion (17) in the proof of Theorem 3.2 has a simpler form when expressed in
terms of group ring elements B;; = A;; x;; and B;; = a;;V¥;;, namely
Boo(x, ) = (1+x2")(Boo(x, ¥2) + yBio(x, y%)),
Boi(x, ) = (1+ x> )(Bor(x, ¥ + yBui (x, y%)),
Bio(x, y) = (1+y* ) (Bio(2, y) + xBii(x%, y)),
Bii(x, y) = (1 — y* ) (Bio(x?, xy) + xBii (x%, x)).

We now prove Theorem 3.1 in full generality, using the proof of Theorem 3.2 as a model. We abbreviate
some of the proof, focusing attention on the parts for which a new argument or additional care is needed.

Proof of Theorem 3.1. The proof is by induction on d > 1. In the case d = 1, we have r = 2 and
Kip= {sz}. The case d =1 is therefore true, because there exists a trivial signature set on C%.
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Assume all cases up to d — 1 > 1 are true. We shall write u = (i, j, u3, ..., u,) € U, as (i, j, v), where
v=(us,...,u,). Let
Kd,r =C2u1 X XCQ“V = (-x’y’x3’ ""xr> EICd,rv
where x2"! =yza2 =x32a3 =... =xr2ar =landd—r+2>a;>ay>--->a,>1and ) ;a; =2d —r+2.
The unique subgroup of Ky, isomorphic to Cj is Ey , = (x2"'*" yzaz—l,xgarl’ L sza,q)'
If a, = 1, then by the inductive hypothesis there is a signature set on the group (x, y, x3, ..., X,_1) €

Ka—1,r—1. In that case we may use Proposition 2.5 to combine this with a trivial signature set on C5 in
order to obtain the required signature set on K, , with respect to E ;.

We may therefore take d —r +2 > a; > ap > --- > a, > 2. This implies that r <d, and if r > 2 then
a3 <d —r+1 (otherwise 2d —r+2=73 . a; > 3(d —r +2)+ (r —3)2 =3d —r, giving the contradiction
r <d <?2). By the inductive hypothesis, the group

C2”l_1 X Czaz—l X C2”3 XX Cztlr = <X, Y, X3, “ e ,xr> S ICdfl’,-,

where X2~ = y2°7' = x32a3 =...= szar = 1, therefore contains a signature set {A;;, : (i, j, v) € U}
. ap—2 an—2 a3 —1 ar—1

with respect to E;_1 , = (X2 Ty ,x32 ) ...,xr2 ).
Regard each group ring element A;;, as a polynomial in X, Y, x3, ..., x,, but abbreviate this as

A;jv(X,Y) because we will make variable substitutions only for X and Y. Similarly, regard each
character of E;_; , as a polynomial

Xije (X, ¥) = (14 (=1 X" ) (1 4+ (=) e,
where
=1+ =D)L+ (=D,
By assumption, in the polynomial ring Z[X, Y, x3, ..., x,]/(1— X*" 7', 1—y?*"" 1 B CE e L
we have
Aijo(X, V) xijo (X, V) Agjp (X, ¥)TD =224=2 4 (X, Y)  for each (i, j, v) € U,. o

We wish to construct a signature set {o;;, : (i, j, v) € U} on Ky, with respect to Ey . Define the o;,
in ZK 4, in terms of the polynomials A;;, via

a0y = (1+ 52" ) Agoy (v, ) + y(1 = x> ) Ajgu (x, y2),

aory = (1+x2" ) Aory (v, D) + y(1 = x2" ) A (x, y2),

100 = L+ D) A10,% y) +x(1 =y A1, (2 ),

ity = L2222 ) A0, 02, 62y a1 =222 ) A, (62, 22y,
and let the characters of E; , be

Vijp=(1+ (—l)ixzalfl)(l + (—l)jyzarl)rv for each (i, j, v) € U,.

(22)

We firstly use Proposition 2.4 to show it is sufficient to prove for each (i, j, v) # (1, 1, v) that «;j,
is a signature block with respect to v;;,. Let o be the group automorphism of K, , that maps x to
itself and maps y to x2e y (which has order 22). Then o (¢10y) = @1, by definition, and o fixes E4 ,,



378 T. Applebaum, J. Clikeman, J. A. Davis, J. F. Dillon, J. Jedwab, T. Rabbani, K. Smith and W. Yolland

and o (Y100) = ¥11v. Therefore if ag, is a signature block on K, , with respect to ¥¢,, then a1, is a
signature block on K, , with respect to 11, by Proposition 2.4.

We next show that each «q, is a {3=1}-valued function on a set of coset representatives for E; , in Ky ,,
and a similar argument shows that the same holds for each «g;, and «q,. Fix z = x? . xf’. By definition,
Aoy (X, Y) is {£1}-valued on exactly one of the four values

; : ; ; ap—2 i nayp—2 : ina;—2 iy nar—2
{XIY]Z, lej+2 Z, Xl+2 Y]Z’ Xl+2 Yj+2 Z}

for0<i <2472 0< j< 22=2 Tt follows that agp, is {£1}-valued on exactly one of the four values

T - ay—1 iynap—1 ; ayj—1 ;4 nar—1
{xlyjz’xlyj-‘rzz Z,XH—ZI yJZ,XH—Zl yj+22 Z}
for0<i <2471 0<j <207l
It remains to show that in ZK; , we have
—1 2d—2r+2 P
CijWijntis, =22y, for each G, j, v) # (1,1, v). (23)

For i, j, k € {0, 1}, we have the identity
201+ 22" Do (x, ¥ if i =k,
0 ifi £k,
from which we now establish (23) for (i, j, v) = (0, 0, v). We calculate
_ ay—2 ay—2

QoovVoouy, = (1 4+ x%") Agou(x, y2) + y(1 = x2" ) Asgu(x, ¥2) X Yoow

< (14 x72") Aoon (6, Y)Y + 371 A = x 72" ) A (x, YY)

ay—1 —
=2(1+x*")Agow(x, Y2 X000 (x, ¥%) Agow (x, y) TV
ay—1 _
+2(1 422" ) Aoy (x, ¥ x100 (X, YD) Aty (x, YHTD,(25)

1+ (=1 " o1+ (D27 = { (24)

using (24). Take X = x and ¥ = y2 in (21) to show that, in the polynomial ring Z[x, y, x3, ..., x;]/
(I—x¥" 1—y% 1=x37, .., 1=x2"),

1+ ) A Y o YD) Ao e, YD T =227 (14 ) (6, %) for each (i, j, v) € Uy
Substitution in (25) then gives

_ _ ap—1 _
OtOOUWOOUOt(()O,}) = 2272 ) (oow (6, YD) + X100 (x, ¥2)) = 2272 T4,
so (23) holds for (i, j, v) = (0, 0, v).
A similar derivation gives
— —2r ap—1 —2r
aorPonegr,’ =227 4T (on (6, ¥7) + X (x, y3) =227y,

o0y, =227 (1 + 32 ) (10002 ) + X (2, 3)) = 2271 2y,
so that (23) holds for (i, j, v) = (0, 1, v) and (i, j, v) = (1, 0, v).
Therefore the o;;, form a signature set on K, , with respect to E4 .. This shows that case d is true and
completes the induction. U

We now illustrate the recursive construction method used in the proof of Theorem 3.1.
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Example 3.4. We shall construct a signature set on Cg X Cf. By Example 3.3, there is a signature set
{Al, :(i,k) € Uz} on C? = (x, z) with respect to (x2, z%) given by
A60 :Aé)] :A/10:1+X+Z—XZ,
Al =14+x—x*z+xz.

Use the product construction of Proposition 2.5 to combine this with a trivial signature set on C», producing
a signature set {A;j : (i, j, k) € Us} on C4 x C» x C4 = (x, y, z) with respect to (x2,y,22) = C% given by

Apoo = Ao1o = Aol = Aot1 = Ao =A1o=1+x+2z—xz,

A101 :A]]] =1 +X—X2Z+XZ.

Now apply the recursion (22) to produce a signature set {o;jx : (i, j, k) € Uz} on Cg X CZ = (x, y, z) with
respect to (x*, y2, 72) = CS’ given by

a0 = (14+xH) (1 +x+z—x2)+y(1 —x>(1 +x +7—x2),

agor = (1 +x) (I +x+z—x2)+y(1 —x>)(1 +x —x*2+x2),
aro=1+x)T+x+z—x2)+y(1 —xDA+x+2z—x2),

aprr = (1 +X2)(1 +x+z—x2)+y( —xz)(l +x—x2z +x2),

ai00 = (1 +y) (1 +x% + 2 —x*2) +x(1 = ) (1 +x* +z —x72),

aior = (1+ )1 +x* —x*z+x2) +x(1 = y) (1 +x* —x*z +x%2),
ario=14+x2)A+x>+z—-x22)+x(1 = x> +x>+z —x%2),
o =0+ x20) A+ x% = x*z4+x22) +x(1 —x2y) A+ x% —x*z+x22).

4. Further construction methods

As shown in Table 1, our main result (Theorem 1.15) uses signature sets on abelian groups to provide
constructions for difference sets in the great majority of the groups of order 64 and 256 that are not
excluded by Theorems 1.3 and 1.5. In this section, we describe the methods that were used to show that
the 22 remaining groups of order 64, and the 1,416 remaining groups of order 256, all belong to H.

In Section 4A, we present a construction method arising under Theorem 2.3 from a signature set on a
nonabelian group; recall that Definition 2.1 for a signature set does not require the group K to be abelian.
In Section 4B, we present a product construction using perfect ternary arrays, without constraining these
arrays in relation to a subgroup. In Section 4C, we describe three nonsystematic methods of transferring a
difference set in one group to another. We used the methods of Sections 4A—4C to establish that all but one
of the 22 remaining nonexcluded groups of order 64, and all but one of the 1,416 remaining nonexcluded
groups of order 256, belong to H. In Section 4D, we describe the construction of a Hadamard difference
set in both of these final groups using group representations. In Section 4E, we show that the signature set
construction of Section 4A and the perfect ternary array product construction of Section 4B are closely
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related and can sometimes be combined, which could in future assist in determining which 2-groups of
order larger than 256 belong to .

4A. Signature set on nonabelian group. Our first construction method applies Theorem 2.3 to a signature
set on a nonabelian group to produce Hadamard difference sets in a variety of larger groups. We illustrate
this method by exhibiting a signature set on the quaternion group of order 8.

1 1

Proposition 4.1. Let Q = (x, y : x* = y* =1, yxy~! =x71, x> = y?) be the quaternion group of order

8, and let G be a group of order 16 containing a subgroup isomorphic to Q. Then G € H.
Proof. Let E| = (xz) = (Cy, and let

xo=14+x% yi=1-x?

be the characters of Ej. Since E| is the unique subgroup of Q isomorphic to C,, and Q has index 2 and
so is normal in G, we have that £ is normal in G. Therefore by Theorem 2.3 with r = 1, it is sufficient to
exhibit a signature set {Ag, A1} on Q with respect to £ (and then according to (14) there is a difference
set in G of the form ggAgxo + g1A1x1)-

Let A=1—x—y—xy,and let {Ag, A1} ={A, A}. Then A is a {1}-valued function on a set of coset
representatives for £ in Q, and direct calculation shows that AACD =4inZQ. Since E; is a central
subgroup of Q, we therefore have in ZQ that

Auxu ATV = A ATV Xy = 4xu = $1Q1xu  foru € {0, 1},

as required. O

As noted prior to Table 1, we can use Theorem 1.15 and Proposition 4.1 to recover the classification
of Hadamard groups of order 16 carried out in the 1970s: Theorem 1.15 accounts for the 10 groups
containing a normal subgroup isomorphic to C2, and Proposition 4.1 accounts for 2 further groups (the
generalized quaternion group and the semidihedral group) containing a subgroup isomorphic to Q.

Furthermore, using Proposition 2.5 we may now take the product of a signature set on Q with respect
to E| given in the proof of Proposition 4.1, and a trivial signature set on C», to give a signature set on
0 x Cp with respectto £y x Cp = C%. Then from Theorem 2.3, every group of order 64 containing a
normal subgroup isomorphic to Q x C; belongs to H.

We now use a Hadamard difference set to construct a signature set on certain groups of order 2241,

Proposition 4.2. Suppose D is a Hadamard difference set in a group H, and let E| = C,. Then {D, D}

is a signature set on H x E with respect to E.

Proof. We are given that D is a {£1}-valued function on the set H of coset representatives for E| in
H x Ei. Let {Ag, A1} = {D, D}, and write E| = (x) so that the characters of E| are xo = 1 + x and
x1 =1 —x. Since x commutes with D, we have in Z(H x E) that

AuxuASY = DDy, = |H|xu = J|H x Eq|x foru € {0, 1},

as required. U
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Corollary 4.3. Suppose H € H. Let G be a group containing a normal subgroup E\ = C,, and containing
H x Eq as a subgroup of index 2. Then G € H.

Proof. By Proposition 4.2, there exists a signature set on H x E| with respect to E;. Since E| and H X E
are both normal in G, we have G € ‘H by Theorem 2.3. (]

The technique of constructing Hadamard difference sets from signature sets on nonabelian groups
appears to have significant potential, but we do not currently have a method of producing such signature
sets that is as powerful as the recursive construction used to prove Theorem 3.1 for abelian groups.

4B. Product of perfect ternary arrays. Our second construction method relies on a key feature of the
proof of Proposition 4.1, namely the existence of a {41, 0, —1}-valued function A on the group Q
satisfying AA"Y) =4 in ZQ. This function A is also {£1}-valued on a set of coset representatives for a
subgroup of Q, but we do not require this additional structure in the following definition.

Definition 4.4. Let G be a group. A perfect ternary array in G is a {41, 0, —1}-valued function T on G
satisfying TT =" = ¢ in ZG for some integer c.

The set of elements of a group G on which a group ring element A € ZG is nonzero is the support of A;
the size of this set is the weight of A, written wt(A). We firstly show that the integer ¢ in Definition 4.4 is
equal to the weight of the perfect ternary array, and that it is a square.

Lemma 4.5. Let G be a group, and suppose T =)
t € {(+1,0, =1}. Then TTD =wt(T) = (L e 16) -

geG g8 Is a perfect ternary array where each

Proof. For some integer ¢, we have

c=TTCD = (Z thh> (Z tggl) = Z(

heG geG keG

> tkgtg>k

geG

by writing k = hg~!. Comparison of the coefficients of 15 and k # 15 gives

c= Z 12, (26)

0= gty fork#lc.
geG

These relations together give

=2 gty = Z(Zth>tg = (Ztg>2.

keG geG geG “heG geG

The result follows by combining with (26), noting that 2cG tg2 = wt(T) because T is {+1,0, —1}-

valued. |
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By Lemma 4.5 and (1), we may regard a Hadamard difference set in a group G as a perfect ternary
array T in G for which TT 1D = |G|. A survey of results on the matrix representation of a perfect ternary
array in an abelian group is given in [Arasu and Dillon 1999]. We next give two examples of perfect
ternary arrays of weight 4, whose properties can be verified by direct calculation. The second example
appears in the proof of Proposition 4.1.

Example 4.6 (unpublished work of Dillon [1990]). (i) Suppose G is a group containing a nonidentity
element x and an involution (element of order 2) y that commutes with x. Then T =1—x —y —xy
is a perfect ternary array of weight 4 in G.

1 1

(i) Let Q = (x,y :x* =y* =1, yxy~! = x~!, x2 = y2) be the quaternion group of order 8. Then

T =1—x—y—xy is a perfect ternary array of weight 4 in Q.

Every perfect ternary array of weight 4 in a group of even order is equivalent to Example 4.6(i) or (ii)
[Bhattacharya and Smith 2008, Lemma 2].
We now construct a Hadamard difference set as a product of perfect ternary arrays.

Proposition 4.7 (unpublished work of Dillon [1990], Bhattacharya and Smith [2008]). Let Ty, 1>, ..., T;
be subsets of a group G, and let D = [[;_, T;. Suppose that

(1) each T; is a perfect ternary array in G,
(i) wi(D) =T;, wi(T),
(iii)) wt(D) =1G]|.
Then D corresponds to a Hadamard difference set in G.

Proof. By condition (ii), D is a {41, 0, —1}-valued function on G. Now DD = ]_[f:1 wt(T;) by
Lemma 4.5, and then by conditions (ii) and (iii) we have DDV = |G]. O

Since a Hadamard difference set is a special case of a perfect ternary array, we may regard Theorem 1.2
as constructing a Hadamard difference set in G as the product D D, of two perfect ternary arrays D and
D, contained in subgroups H; and H; of G. In contrast, Proposition 4.7 constructs Hadamard difference
sets as the product of s perfect ternary arrays 7;, with the important relaxation that each 7; need not be
structurally constrained in relation to a subgroup of G.

This generality gives Proposition 4.7 considerable power. We take each 7; to be either a perfect ternary
array of weight 4 (having one of the two forms of Example 4.6), or else a Hadamard difference set in a
subgroup of G. This allows us to construct all 27 inequivalent difference sets in the 12 groups of order 16
contained in A [Bhattacharya and Smith 2008]; a difference set in 17 of the 22 remaining nonexcluded
groups of order 64; and a difference set in 1,358 of the 1,416 remaining nonexcluded groups of order 256;
see Table 1. However, the same generality means that testing whether a group G lies in H because of
Proposition 4.7 (involving a computer search over all suitable perfect ternary arrays) is significantly
slower than testing whether G lies in ‘H because of Theorem 1.15 (involving simply testing whether G
contains a suitable normal abelian subgroup); see Section 5 for further details.
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4C. Transfer methods. The construction methods of previous sections are collectively sufficient to
demonstrate that the great majority of the groups of order 64 and 256 that are not excluded by Theorems 1.3
and 1.5 belong to H. The key in almost all of these demonstrations is the existence of a signature set
on a normal subgroup, from which a difference set arises using Theorem 2.3. Nonetheless, while the
signature set concept is very powerful, it does not appear to be sufficient to determine 7 completely. The
reason is that some groups (2 of order 64, and 10 of order 256) have the property that each of their normal
subgroups also occurs as a normal subgroup of a group that is not in H. We therefore require construction
methods that do not rely on a signature set. We now describe three such methods, each of which uses
a difference set in one group to discover a difference set in another (and so “transfers” a difference set
between the two groups).

The first transfer method makes use of the equivalence between a difference set in a group G and a
symmetric design on whose points G acts as a regular (sharply transitive) automorphism group. If the full
automorphism group of the design is sufficiently large, it may well contain other subgroups which also
act regularly on the points of the design; in this case, each of these subgroups also contains a difference
set. For example, the group C;‘ contains a difference set giving a (16, 6, 2) symmetric design whose
2-rank is 6, and the automorphism group of this design contains 12 nonisomorphic subgroups of order
16 acting regularly on the points of the design. We thereby transfer a single difference set in Cé’ toa
difference set in all 11 of the other Hadamard groups of order 16. Similarly, the group C26 contains a
difference set giving a (64, 28, 12) symmetric design whose 2-rank is 8, and the automorphism group of
this design contains 171 nonisomorphic subgroups of order 64 acting regularly on the points of the design.
We thereby transfer a single difference set in Cg to 170 of the other 258 Hadamard groups of order 64.

The second transfer method applies when a difference set gives an algebraic structure in the group
ring that also exists in other group rings. An example is Dillon’s proof [1985] of Theorem 1.5, which
transfers a putative difference set in a group with a large dihedral quotient to a difference set in a group
with a large cyclic quotient in order to apply the nonexistence result of Theorem 1.3. A second example
is Theorem 2.3, which can be viewed as using Theorem 1.9 to transfer a difference set in an abelian
group that contains K to a difference set in a variety of nonabelian groups containing K. A third example
is [Dillon 1990a, Theorem 2], which transfers a difference set among groups sharing a subgroup H of
index 2 and a central element g not in H. In general, suppose that a group G is known to contain a
difference set D, and that G contains a large normal subgroup K. Let {g,} be a set of coset representatives
for K in G, and partition the elements of D according to their membership of the cosets of K to write
D=Y" g.D,, where each D, € ZK. Now let G’ be a group having the same order as G and containing a
normal subgroup K’ isomorphic to K. Let ¢ be an isomorphism from K to K'. To transfer the difference
set D from G to G’ we seek, by hand or by computer search, a set of coset representatives {g,} for K’ in
G’ for which ), g,¢(D,) is a difference set in G'.

The third transfer method takes advantage of the structure created by the GAP method for labeling
group elements. A difference set D with parameters (v, k, A) in a group G of order v can be represented
in GAP as a k-subset S of the element labels {1, 2, ..., v}. Given such a subset S representing a difference
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set in G, we test in GAP whether the same subset S also represents a difference set in another group G’
of order v. This method appears to have a greater chance of success when the GAP numbering for G’ is
close to that of G, which often occurs when G’ has similar structure to G.

None of these three transfer methods is systematic, and it is not yet clear when they can be expected to
succeed. Nonetheless, we were able to apply them to show that all but one of the remaining 5 nonexcluded
groups of order 64, and all but one of the remaining 58 nonexcluded groups of order 256, belong to H;
see Table 1. We construct a difference set in the final group of order 64 and of order 256 in Section 4D.

4D. The final group of order 64 and of order 256. The final two groups whose membership in H we
wish to demonstrate are the order 64 modular group

Mgy =Cpx17Co=(x,y:x72 =y =1, yxy ' =x"7)

and the order 256 group

Cos X147 Ca = (x, y : x =yt =1, yxy™' =x7)
that is referenced in [GAP 2020] as SmallGroup(256, 536). These nonabelian groups are each a cyclic
extension of a cyclic group, and have small center and high exponent. Historically, they were the last
groups of their order whose membership in H was determined: Mg in 1991 [Liebler and Smith 1993],
and SmallGroup(256, 536) in 2016 [Yolland 2016].

We firstly describe the original construction method used in [Liebler and Smith 1993] and [Yolland
2016], which strengthens the representation theory approach used in [Davis and Smith 1994, Section 5]
to construct a difference set in the order 256 group Cesq X33 C4 = (x, ¥ : x4 = y4 =1, yxy_1 = x33). We
shall then reinterpret these constructions as arising from a modification of a signature set.

Proposition 4.8. Let G be a 2-group, let g be a central involution in G, and let § be the natural map from
G onto G/{g). Suppose there are {+1, 0, —1}-valued functions Dy, D, on G for which Do(1 + g) and
D (1 — g) have disjoint supports whose union is G, and for which

1(D)a(D) ™V = 1G] inZ(G/(g)), (27)
Di(1-gD\ " =1Gl(1-g) inZG. (28)
Then G € H.

Proof. We note that the existence of a central involution g in the 2-group G follows from the class equation
for finite groups. Let

D=Dy(14+g)+D;(1—g) inZG, (29)

which is a {#-1}-valued function on G by the assumption on the supports of Do(1 + g) and D{(1 — g).
We now calculate

DD =2Dy(1+¢)D§ " +2D,(1-9)D\™"  inZG. (30)
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By (27), in Z(G/{g)) we have
11G116/15) = 8(D)8(Do) ™ = (Do(e)(D;~(8)) = DoDy (g,

so that in ZG we have

$1G1(1+¢) = DoDy " (14¢) = Do(1+g)Dg "
because g is central in G. Substitute this and (28) into (30) to obtain

DDV =3|G|(1+8) +3|G|(1-g) =G|.

Therefore D corresponds to a Hadamard difference set in G. ]

When applying Proposition 4.8, we firstly seek a {41, 0, —1}-valued group ring element Dy satisfying
condition (27), namely that (D) is a perfect ternary array of weight %|G| in the factor group G/(g). We
then seek a {+1, 0, —1}-valued group ring element D; satisfying (28) for which Dy(1+g) and D(1 —g)
have disjoint supports whose union is G. It turns out that finding Dy is relatively easy, whereas finding
D1 is much more difficult.

Example 4.9 (Liebler and Smith [1993] construction for Mg,). We apply Proposition 4.8 to construct a

Hadamard difference set in Mgy = C3p X117 Cr = {(x, y: x32 = y2 =1, yxy_1 = x17). The center of Mg

is (x2), so x !¢ is a central involution.

A {+1, 0, —1}-valued group ring element Dy satisfying
2(Do)E(DY) TV =16 in Z(Mea/(x'%))
is given by
Do =Ag(1+y)+Aoi(1—y),
where
A =—x"1+xH+ 1 —=xY, and Ag=x(1+x%)+x*1—x%).

This was easily found by hand, because the factor group Me4/(x'6) is isomorphic to the abelian group
C 16 X C2.
A {+1, 0, —1}-valued group ring element D; satisfying

Di(1—x"DI™P = 16(1 —x'%) inZMe,
is given by
Dy =Ajp(1+y)+ A —y),

where
A= —x)1—x%), and A =@2+x)A+xP).

This was found by hand using the irreducible representations induced by the character (homomorphism)
that maps x'® to —1.
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Now Do (1+4x'9) has support (I4x+x*+x7)(x%y), and D; (1—x') has support (241347 +x0) (x8 y).
These supports are disjoint and their union is Mg4. We conclude from the construction of Proposition 4.8
that D = Do(1 +x') 4+ D; (1 — x') corresponds to a difference set in M.

Example 4.10 (Yolland [2016] construction for SmallGroup(256, 536)). We apply Proposition 4.8 to

1 :x47>

construct a Hadamard difference set in G = Cgq X147 C4 = (x, y : x% = y4 =1, yxy~ . The center

of G is (x32), so x32 is a central involution.
A {41, 0, —1}-valued group ring element Dy satisfying

1(Do)i(De) ™V =64 in Z(G/(x¥))
is given by
Do = Ao(1+y?) + Ao (1 —y?),
where

Agp= (1 =x¥) =2+ +x" + & + x50 +x¥) (1 = x19),
Aot = (1 —x¥) =2 A+ )y +x"0) + (=31 = 2Py + A +28) 1 —x19).

This was found by hand by seeking a perfect ternary array of weight 64 in the nonabelian factor group
G/(x3%) = C3, x15 Cy.
A {41, 0, —1}-valued group ring element D; satisfying

D1 =)DV =64(1 —x*?) inZG
is given by
Dy =Ajp(1+y*) + Al -y,

where
A= —((x+x* + 27 +x2 + x A+ 210 4+ O+ x7 —x ) (1 = x19)),
A= —((x =2+ "0+ 210 + (2 Fx =27+ x2—xB)(1—x"0))y.

This was found by a difficult computer search. Although a naive search for D involves a search space

of size 264

, the search was shortened by using the irreducible representations induced by the character
(homomorphism) that maps x3? to —1, and by making some simplifying assumptions about the structure
of the target difference set [ Yolland 2016].

Now Dy (1 + x3%) has support (1 +x2 434+ + A+ 33+ +x%y)(x8, y?), and D; (1 — x3?) has
support (x +x* +x0+x7+ (x +x2 +x*+x7)y) (x8, y2). These supports are disjoint and their union is G.
We conclude from the construction of Proposition 4.8 that D = Dy (1 + x32)+ D;(1—x3%) corresponds

to a difference set in G.

We now reinterpret Examples 4.9 and 4.10 as arising from a modification of a signature set.
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Lemma 4.11. Let G be a group containing a normal subgroup E = C%, and let {x, : u € U,} be the set
of characters of E. Let A, be a {41, 0, —1}-valued function on G for each u € U,, where the A, have
disjoint supports whose union is a set of coset representatives for E, in G. Suppose that

_ G| .
> AuxuAf 1)=7 inZG. (31)

uel,

Then G € H.

Proof. Let
D= Ay inZG,

uel,

which by the assumption on the supports of the A, is a {£1}-valued function on G. We calculate
DDV = |G| using Proposition 1.7(i), and so D corresponds to a Hadamard difference setin G.  [J

By Proposition 1.7(ii), one way to achieve (31) in Lemma 4.11 would be for the A, to satisfy the
condition in ZG that

G
Auxu AT = '27| xu foreachu e U,. (32)

Such a set of A, would be similar, but not identical, to a signature set on G with respect to E: the
conditions on the supports in Lemma 4.11 are different from those in Definition 2.1, and the constant in
(32) is |G|/2*" rather than |G|/2".

A crucial observation in reinterpreting Examples 4.9 and 4.10 is that a weaker condition than (32)
suffices. In particular, in the case r = 2, this condition can be weakened to

-1 .
AojxojAy; " = 1%IGlxo; foreach j € {0, 1}, (33)
Arox10ASy" + A ALY = &G Gao + xan). (34)
in which the expressions Ajgx loAgal) and A1 x lAng) behave like a “complementary pair” whose sum
is the same as if (32) held.
In Example 4.9, the group Me4 contains the normal subgroup E = (x!, y) = C3 whose characters are
Xij = (14D +(=1)7y)  for (i, j) € Ua.
The difference set D takes the form
D=Dy(1+x'")+Di(1-x"= > Ay
@i,))els

where the A;; take the values specified in the example. These A;; satisfy the conditions of Lemma 4.11
on their supports. Since conjugation by x fixes xgp and xo; but swaps 10 and x1;, we find by direct
calculation that

AojxojAy; =4xo; foreach j {0, 1}
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and
Ax10A% Y + A1 ALY = @0 —x D0+ 201 = x) ) + QA +x N xi0 4+ 21+ 1) x11)
=4(x10+ x11),

so that (33) and (34) hold.
The reinterpretation of Example 4.10 is similar. SmallGroup(256, 536) contains the normal subgroup
E> = (x¥, %) = (3, whose characters are

xij =1+ (D' A+ (=17 y»  for @, j) € Un.
The difference set D takes the form

D=Dy(1+x)+Di(1-x?)= Y Ayxj.
(i, )€Uz
where the A;; take the values specified in the example. These A;; satisfy the conditions of Lemma 4.11
on their supports. Conjugation by x fixes xgg and xo; but swaps x19 and x;;, and we find once again
(after a long calculation) that (33) and (34) hold.

4E. Combination of signature sets and perfect ternary arrays. The nonabelian signature set approach
of Section 4A and the perfect ternary array product construction of Section 4B are closely related. For
example, Proposition 4.2 may be interpreted as constructing a signature set on H x E| from a perfect
ternary array D in H. We now illustrate how a perfect ternary array in a factor group can be used to create
a signature block with respect to a specific character. We believe the illustrated method could be useful in
future studies of the existence pattern for Hadamard difference sets in 2-groups of order greater than 256.

Lemma 4.12. Let K be a group containing a central subgroup E = C, and let x be a character of E.
Suppose that x = Hy' in ZE for some subgroup H of E. Let § be the natural map from K onto K /H,
and suppose that A is a {+1, 0, —1}-valued function on K for which §(A) is a perfect ternary array of
weight 2°/ in K /H. Then

AxATY =2%y inZK.

Proof. Since f(A) is a perfect ternary array of weight 2%/ in K/H, in Z(K /H) we have by Lemma 4.5
that
21k = 1(AA) D = (AH) AV H) = AATDH,

For k € K, interpret the element kH in K/H as |H| elements in K, so that in the group ring ZK the
above equation becomes
2 H=AA"VH.

By assumption we have x = H x’, and H and x’ are central in K because E is. Therefore in ZK we have

AxATY = AHY'ATD = AACVHy =22 Hy' =2% 4. O
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In Lemma 4.12, note that the group ring condition x = H x’ is equivalent to H € Ker(x) when the
character x is considered as a homomorphism of E. Also note that if E has index 2%/ in K, and A is
{£1}-valued on a set of coset representatives for E in K, then the conclusion of Lemma 4.12 is that A is
a signature block on K with respect to x.

We now use Lemma 4.12 to explain the origin of the signature set introduced in Example 1.13.

Example 4.13. Let K = (X, Y) = CZ and E = (X2, Y?) = C%, and let {x, : u € U;} be the set of characters
of E. We use Lemma 4.12 to construct the signature set

A=A =Ap=1+X+Y—-XY and A =1+X+Y+XY

on K that was presented in Example 1.13 without explanation of its origin.

For x = o0 or x10, take H = (Y?)and A=1— X —Y — XY. Then fj(A) is a perfect ternary array of
weight 4 in K /H by Example 4.6(i), because [j(Y) is an involution that commutes with the nonidentity
element §(X). Lemma 4.12 then shows that A is a signature block on K with respect to xgo and x;¢. Since
Agoxoo = —XY Axoo and Ajgx10 = XAx1o in ZK, it follows from Definition 2.1 and Proposition 1.7(i)
that Agp = Ao is a signature block on K with respect to both xgp and yjo9. By symmetry in X and Y, it
follows that Ao, is also a signature block on K with respect to xo;.

For x = x11, take H = (X?Y?)and A=1+4+ X+ XY — X?Y. Then §(A) is a perfect ternary array of
weight 4 in K /H by Example 4.6(i), because (X Y) is an involution that commutes with the nonidentity
element (X ). By Lemma 4.12 and the relation A1 x11 = Ax11 in ZK, we conclude that Ay is a signature
block on K with respect to xi;.

5. Computer implementation for groups of order 256

In this section, we provide further details of the streamlined procedure used to establish that each of the
56,049 groups of order 256 not excluded by Theorems 1.3 and 1.5 belongs to H. We then describe online
databases containing difference sets found by this procedure, and explain how the overall result can be
quickly verified on a desktop computer using the accepted GAP package DifSets [Peifer 2019; DifSets
2019]. We note that DifSets provides (via the LoadDifferenceSets command) a listing of all inequivalent
difference sets in groups of order 16 and 64.

5A. Procedure. As previously summarized in Section 1, the streamlined procedure for groups of order
256 comprises three stages:

Stage 1: Use Theorem 1.15 to account for the 54,633 groups containing a normal subgroup isomorphic
to Cﬁ' or Cf x Cy or C§.
Stage 2: Use the product construction of Proposition 4.7 to account for 1, 358 further groups.

Stage 3: Apply the transfer methods of Section 4C to account for 57 further groups, and the modified
signature set method of Section 4D to account for the final group. We do not describe this stage further.

The relationship between the groups handled by Stages 1 and 2 is shown in Figure 1.
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54,633 groups 55,330 groups
accounted for by accounted for by
Theorem 1.15 Proposition 4.7
56,049 nonexcluded
groups of order 256
58

Figure 1. Theorem 1.15 and Proposition 4.7 show that at most 58 of the 56,049 nonex-
cluded groups of order 256 lie outside .

In Stage 1, we wish to construct a difference set in a group G of order 256 containing a normal abelian
subgroup K, where K is isomorphic to Cg or Cf x Cy or C%. A signature set on K is provided trivially
for the case C§ (see the remark following Definition 2.1), by Example 3.4 for the case Cf x C3, and
by Example 3.3 for the case Cg. We then apply the method in the proof of Theorem 2.3 to construct a
difference set in G. This requires a set {g, : u € U, } of coset representatives for K in G satisfying (13),
namely

{guXugu_l uelUy={x,:uel,l}.

The existence of such a set is guaranteed by Theorem 1.9, but the proof of this result in [Drisko 1998] is non-
constructive. We therefore conduct a search for a suitable set of coset representatives {g, }. This search is
exhaustive for the cases Cf x C, and CZ, but random for the case C§ whose search space has size 15! > 1012,
The results of applying this search procedure to all 56,049 nonexcluded groups, for each of the three
choices of K independently, are shown in Figure 2.
In Stage 2, we distinguish six instances of the product construction of Proposition 4.7 according to the

form of its input perfect ternary arrays 71, 1>, ..., Ts.

(1) Hgq - Q4 form. Take T; to be a Hadamard difference set in a subgroup H; of G of order 64, and
T, to be a perfect ternary array of weight 4 in G having the form of Example 4.6(ii) where the
quaternion group Q = (x, y) of order 8 intersects H, in the two-element subgroup {1, x?}.

(i) Hgq - H4 form. Take T to be a Hadamard difference set in a subgroup H; of G of order 64, and 7 to
be a Hadamard difference set in a subgroup H, of G of order 4, where G = HyH, and Hi N Hy = 1.

(iii) Hjg-Hy¢ form. Fori = 1,2, take T; to be a Hadamard difference set in a subgroup H; of G of
order 16, where G = H1H, and H N Hy = 1.

(iv) Hgq - Ty form. Take 7) to be a perfect ternary array of weight 4 in G having the form of
Example 4.6(1), and 75 to be a Hadamard difference set in a subgroup of G of order 64.
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42,268 groups contain
a normal subgroup

1,416

isomorphic

49,165 groups contain
a normal subgroup
isomorphic to Cf x Ca

684 groups contain
a normal subgroup

. . 2
isomorphic to Cg

56,049 nonexcluded
groups of order 256

Figure 2. Theorem 1.15 shows that at most 1,416 of the 56,049 nonexcluded groups of

order 256 lie outside H.
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(v) Hjg-Tq- T, form. Take each of 77, T to be a perfect ternary array of weight 4 in G having either of

the two forms of Example 4.6, and T3 to be a Hadamard difference set in a subgroup of G of order 16.

(vi) Ty -Ty-Ts- T4 form. Take each of Ty, T, T3, T4 to be a perfect ternary array of weight 4 in G

having either of the two forms of Example 4.6.

For each of these six forms, we conduct a search for a suitable set of perfect ternary arrays satisfying

all the required conditions. The search for the forms (i) to (iii) is relatively fast because the search is

restricted to subgroups of the appropriate order. However, the search for the forms (iv) to (vi) is not

constrained in this way and can take considerably longer; the search for form (vi) sometimes requires

more than a day for a single group.

We therefore begin by searching all 56, 049 nonexcluded groups for each of the forms (i) to (iii)

independently, with results as shown in Figure 2. We then conduct a search for each of the forms (iv) to

(vi) in that order, but only over those groups in which no previous form has been found. The number of

groups accounted for and remaining at each step of Stage 2 is shown below:

Hgy - Q4
and Hey - Hy Hgq - T Hyg- Ty T, -1, -T5- Ty
and H16 . H16
# groups accounted for 51,957 3,119 236 18
# groups remaining 4,092 973 737 719

The Stage 2 searches are exhaustive in that none of the remaining 719 groups contains a difference set

having one of the six forms (i) to (vi).
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42,799 groups 28,600 groups
have an Hgq - Q4 form have an Hgy - Hy form
product construction product construction
56,049 nonexcluded
E E groups of order 256
4,092 25,132 groups
have an Hi¢ - Hi¢ form
product construction

Figure 3. Forms Hgy - Q4 and Hey - Hy and Hjg - Hy6 of Proposition 4.7 show that at
most 4,092 of the 56,049 nonexcluded groups of order 256 lie outside H.

List List name Database name

L, HDS256_Normal_02x02x02x02
L, HDS256_Normal_04x04x02 HDS256_NormalSubgroupTransversal.txt
Lz  HDS256_Normal_08x08

Ly HDS256_H64byQ4
Ls HDS256_H64byH4 HDS256_PTAProduct.txt
Ls HDS256_H16byH16

L; HDS256_H64byT1
Lg HDS256_H16byT1byT2 HDS256_SubgroupProduct.txt
Ly HDS256_T1byT2byT3byT4

Ly HDS256 HDS256.txt

Table 2. Organization of difference set databases in [Smith 2022].

5B. Databases and verification. The website [Smith 2022] contains ten lists in GAP format, organized
into four databases as shown in Table 2.

Lists L to L3 correspond to the three circles in Figure 2 (Stage 1). Lists L4 to L¢ correspond to the
three circles in Figure 3 (forms (i) to (iii) of Stage 2). Lists Ly to Lg correspond to forms (iv) to (vi) of
Stage 2. Each entry of the lists L to Lo contains at least two fields: a catalog number i that identifies the
group SmallGroup(256, i), and a list of 120 indices taken from {1, 2, ..., 256} in which index j labels
group element j according to the GAP ordering given by Elements(SmallGroup(256, i)).
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The list Lo contains one entry for each of the 56,092 groups of order 256. If SmallGroup(256, i) is
one of the 43 groups excluded by Theorems 1.3 and 1.5 (see Table 1), then entry i of Lo is an empty list
of indices. Otherwise, this entry is a list of 120 indices corresponding to a representative difference set in
SmallGroup(256, i). The representative difference set is taken from list L if possible, otherwise from
L», and so on to Lg. This accounts for the origin of all but 58 of the nonempty entries of L.

After reading the list HDS256 into the current directory, the following GAP code uses Peifer’s accepted
GAP package DifSets [2019] to verify that HDS256 contains an index list corresponding to a difference set
for 56,049 groups of the 56,092 groups of order 256, and an empty index list for the remaining 43 groups:

LoadPackage ("DifSets") ;
empty := 0;
count := 0;
for i in [1..Length(HDS256)] do;
if HDS256[i] = [] then
empty := empty+1l;
else
if IsDifferenceSet(SmallGroup(256,i), HDS256[i]) then
count := count+1;
fi;
fi;
od;
Print ("HDS256 contains ", Length(HDS256), " index lists, of which\n");
Print(count, " correspond to a difference set and ", empty, "
are empty\n");

It took less than 20 minutes to run this code on a 2013 iMac desktop computer using a standard
implementation of GAP, producing the following output:

HDS256 contains 56092 index lists, of which
56049 correspond to a difference set and 43 are empty

Although we found it considerably more difficult to construct a difference set in some groups of order
256 than in others, there is no significant variation in verification time among groups of a given order
using the IsDifferenceSet command of DifSets.

6. Future directions

In this section, we propose directions for future research into Hadamard difference sets and their relations
to other combinatorial objects.

We have described in this paper a streamlined procedure for demonstrating that all groups of order 64
and 256, apart from those that are excluded by the classical nonexistence results of Theorems 1.3 and 1.5,
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belong to the class H of Hadamard difference sets. While we consider this to be a major achievement in
combinatorics, it is unsatisfactory that we do not yet have a completely theoretical demonstration.

We now propose the following directions for future research into Hadamard difference sets, with three
overall objectives in mind. The first objective is to simplify and unify the various techniques of Section 4,
removing the reliance on extensive computer search and the nonsystematic transfer methods. The second
objective is to develop recursive or direct construction techniques for nonabelian groups, that are as
powerful as Theorem 3.1 is for constructing signature sets on abelian groups. The third and ultimate
objective is to resolve Question 1.17.

D1. The concept of signature sets on abelian groups (Theorem 3.1) and on nonabelian groups (Section 4A)
appears to be very powerful. Develop construction methods to determine all nonabelian groups on
which there is a signature set relative to a normal elementary abelian subgroup.

D2. Apply Lemma 4.12 to create signature sets in nonabelian groups, generalizing the model of
Example 4.13.

D3. Understand when and why the transfer methods of Section 4C succeed.

D4. Develop a general theory based on the method of Section 4D so that transfer methods are no longer
needed for groups of order 64 and 256.

D5. Representation theory was used to help find the group ring element D; in Examples 4.9 and 4.10.
Apply representation theory to unify and extend the construction methods of Section 4.

D6. In the study of bent functions, which are equivalent to Hadamard difference sets in elementary
abelian 2-groups, one asks how many inequivalent examples exist in a given group. Determine how
many inequivalent Hadamard difference sets in (not necessarily elementary abelian) 2-groups can be
constructed using the methods of this paper.

D7. Formulate a theoretical framework that can be systematically applied to determine all 2-groups
belonging to .

D8. Extend the transfer methods of Section 4C to construct Hadamard difference sets in new groups

vvvvv

We also propose some further research directions involving the relation of Hadamard difference sets to
other combinatorial objects:

D9. Difference sets in the Hadamard, McFarland, Spence, and Chen—Davis—Jedwab families have
parameters (v, k, A) satisfying gcd(v, kK —A) > 1, and are known to share construction methods
based on covering extended building sets and semiregular relative difference sets [Davis and Jedwab
1997; Chen 1997]. Adapt the signature set approach for Hadamard difference sets in order to
construct difference sets in nonabelian groups for the other three families, and the associated
semiregular relative difference sets in nonabelian groups for all four families.
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D10. Determine how many inequivalent designs arise from the Hadamard difference sets constructed in
this paper.

D11. Determine how many inequivalent binary codes arise from the incidence matrices of the Hadamard
difference sets constructed in this paper.
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The principal block of a Z,-spets
and Yokonuma type algebras

Radha Kessar, Gunter Malle and Jason Semeraro

We formulate conjectures concerning the dimension of the principal block of a Z,-spets (as defined in our
earlier paper), motivated by analogous statements for finite groups. We show that these conjectures hold
in certain situations. For this we introduce and study a Yokonuma type algebra for torus normalisers in
£-compact groups which may be of independent interest.

1. Introduction

This paper is a contribution to the following broad question: Do there exist structures associated to finite
complex reflection groups that play the same role as finite reductive groups play for finite Weyl groups?
Broué, Michel and the second author [Malle 1995; Broué et al. 1999; 2014] discovered that to certain
complex reflection groups can be associated data sets, called spetses, satisfying properties analogous to
those of unipotent characters of finite reductive groups. Their construction is based upon generalisations
of Hecke algebras which in turn arise from the braid groups associated to the space of regular orbits of
complex reflection groups. On the other hand, ¢-adic reflection groups for a prime number £ arise as the
“Weyl” groups of certain topological spaces called £-compact groups which possess much of the structure
of compact groups [Dwyer and Wilkerson 1994; Grodal 2010]. Thus, spetses and £-compact groups
widen the context of group theory in two different directions — combinatorics/representation theory and
algebraic topology.

We introduced [Kessar et al. 2020] the notion of a Z,-spets, a new object to which both the spetsial
theory and £-compact group theory can be applied. It can be thought of as a finite reductive group which
possesses a representation theory in characteristic zero and at the single prime £. It thus allows one to
investigate aspects of the yet not well understood £-modular representation theory of finite reductive groups
in a more general setting. We used this to exhibit a surprising consistency of spetses data with the famous
Alperin weight conjecture [loc. cit.]. Our results lead us to hope that putting the modular representation
theory of finite reductive groups in a broader context will pave the way to a better understanding of some
of the deep open problems of representation theory.
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In this paper, we develop this theme further. In order to describe our results we recall some features
of [Kessar et al. 2020]. Let £ be a prime number. Formally, a Z;-spets G = (We~!, L) is a spetsial
{£-adic reflection group W on a Z,-lattice L together with an element ¢ € Ngp(1)(W). Via the theory of
£-compact groups if g is a power of a prime different from ¢, then under certain conditions, by [Broto and
Mgiller 2007] one can associate a fusion system JF on a finite £-group S to the pair G(g) := (G, ¢). In this
situation, S should be considered as a Sylow £-subgroup of G(g). It turns out that the £-compact theory
provides us, for any s € S, with a centraliser which again is a Z,-spets. Using this we attached, in [Kessar
et al. 2020], a “principal £-block” By to G(g), with defect group S. It consists of a collection Irr(By) of
sets (“irreducible characters™) in bijection with the unipotent characters attached to the centralisers of
elements s € S (up to F-conjugation), defined in terms of a collection of Hecke algebras. The construction
of By is modelled on and generalises the case of blocks of finite groups of Lie type in nondescribing
characteristic. When W is rational and under some natural assumptions on £, we recover the ¢-fusion
system F¢(G(q)) and principal £-block By(G(g)) of the associated finite reductive group G(g). See
Section 4 for a description of By and comparison with the rational case.

A primary concern in [Kessar et al. 2020] was the translation of certain local-global statements in
modular representation theory to purely local statements using the language of Z,-spetses. Here, our
considerations are more on the global side, so that actual degrees of characters in Irr(By) (as defined in
[loc. cit., Definition 6.7]) play a more significant role. Firstly, we investigate the dimension

dim(Bo):= Y y()*eZlx]
y €lrr(Bo)

of By. Motivated by results concerning the divisibility properties of this number for principal blocks of
finite groups, we make the following conjecture:

Conjecture 1. Let G = (W', L) be a simply connected Z,-spets for which £ is very good, let q be a
power of a prime different from £, and By be the principal £-block of G(q) with defect group S. Then:

(1) (dim(Bo)lx=¢)e = IS|-

(2) (dim(Bo)|x=g)e = |Wy-1,-1|¢ (mod £), where ¢ € Z? is the root of unity with ¢ = ¢ (mod £), and
W-1,-1 is the associated relative Weyl group; see [Kessar et al. 2020, Theorems 2.1 and 3.6] for the
definition and role of the relative Weyl group.

For a finite group G with principal £-block By the equality (dim(By)), = |S] is closely related to the fact
that | S| divides the dimension of each projective indecomposable module &, associated to v € IBr(By).
When By is as in Conjecture 1, and under the additional hypotheses that W is an £’-group, ¢ is trivial and
g =1 (mod ¢), in Section 4B we formulate analogues of IBr(By), decomposition numbers and deg ®,,
for which we make the following additional conjecture:

Conjecture 2. In the setting of Conjecture 1 if W is an £'-group, ¢ is trivial and ¢ = 1 (mod £) we have:

(3) |S| divides deg @, |~ for all v € IBr(By).



The principal block of a Z,-spets and Yokonuma type algebras 399

Conjecture 1 combines the statements of Conjectures 4.2 and 4.3 and Conjecture 2 is restated as
Conjecture 4.5 in Section 4. In Proposition 4.6, we prove that Conjectures 1 and 2 hold when W is
rational or when ¢ = 1 (mod £) and W is primitive. The general case for Conjecture 1 appears quite
elusive, so we choose to simplify matters by assuming that W is an £’-group, ¢ = 1 (mod ¢) and ¢ = 1.
Under these conditions we are able to show that our conjectures are closely related to certain previously
studied properties of Hecke algebras which we discuss next.

Recall that the generic Hecke algebra H(W, u) of W is a certain quotient of the group algebra of the
braid group B(W) of W where u is a set of parameters indexed by conjugacy classes of distinguished
reflections in W. To each irreducible character x of H(W, u) over a splitting field one associates a Schur
element f, which, in turn, is used to define a canonical form

twau = Z fLX
Xelr(H(W,u)) 7%
on H(W, u). This is conjectured to be a symmetrising form [Broué et al. 1999]; see Conjecture 3.3. It is
expected that the form ty , behaves well under restriction to parabolic subgroups and with respect to the
natural map B(W) — W; if that is the case we say H(W, u) is strongly symmetric; see Definition 3.4.
Our main result is the following:

Theorem 1. Let G = (W, L) be a simply connected Z¢-spets. Suppose that H(W, u) is strongly symmetric,
W is an €'-group and g = 1 (mod £). Then Conjectures 1 and 2 hold.

Since the strongly symmetric condition is known to hold in many cases (see Proposition 3.5), we
obtain:

Corollary 2. Suppose W is a spetsial irreducible ¢'-group, ¢ = 1 and ¢ = 1 (mod £). Then Conjecture 1
holds for G = (W, L), and Conjecture 2 also holds, except possibly when W is primitive of rank at least 3.

The method behind our proof of Theorem 1 may be even more interesting than the theorem itself. For
our approach we introduce and study a Yokonuma type algebra ) attached to an arbitrary finite £-adic
reflection group. We conjecture that ) is finitely generated and free over its base ring (Conjecture 5.12)
and show that this holds in many cases. It seems likely that if £ is very good for (W, L), then Y is a
symmetric algebra with respect to a trace form whose Schur elements are derived from those of various
parabolic subalgebras of H(W, u) (Question 5.18).

When G is a rational spets which satisfies the hypotheses of Theorem 1, the principal block By of
G(g) is known to be Morita equivalent to SW over a finite extension of Z,. The endomorphism algebra
of the permutation module which captures this equivalence is a Yokonuma algebra isomorphic to a
certain Zy-algebra specialisation )y, of V; see Section SE. Moreover, the quantities dim(By) and deg @,
(v € IBr(By)) can be reexpressed in terms of the corresponding Schur elements of )y, .

This motivates the study of ), and associated numerical properties for arbitrary £-adic reflection
groups. In Theorem 5.9 we show that if the parabolic subgroups of the underlying £-adic reflection group
are generated by reflections, then )y, is finitely generated and free over Z;; a result of Kiilshammer,
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Okuyama and Watanabe then allows us to conclude that when the order of W is relatively prime to ¢,
then )y, is isomorphic to the group algebra of SW; see Theorem 5.10. We obtain Theorem 1 by applying
general results concerning the arithmetic behaviour of Schur elements in symmetric algebras (as discussed
in Section 2C) to Yy, by playing off the form on )y, inherited from ) against the standard symmetrising
form on the group algebra of SW.

We close the introduction by discussing how the hypotheses on £ and W in Theorem 1 might be relaxed.
If £||W]| we have carried out explicit computations in support of Conjecture 1 when ¢ = 1 (mod £),
such as when W = G(e, 1, 3) for £ = 3 and when W = Gg for the bad prime ¢ = 5 assuming Irr(By) is
defined appropriately; see [Kessar et al. 2020, Remark 6.16]. In these situations, Irr(Bp) is only partially
describable in terms of the Schur elements of the Yokonuma algebra ). Even for Weyl groups it is a
major open problem to find a description involving the Schur elements of a suitable larger algebra.

Structure of the paper. In Section 2 we collect some general material necessary for our proofs. In
particular, we discuss certain divisibility properties of Schur elements in symmetric algebras. In Section 3
we recall the construction of Hecke algebras H (W, u) for complex reflection groups W and the origin
of the trace form #y ,, define the property of being strongly symmetric (Definition 3.4) and introduce
the relevant specialisations. In Section 4, we recall the description of the principal block of a Z,-spets,
introduce the notion of dimension and formulate our main conjectures. Our new Yokonuma type algebra )/
attached to an ¢-adic reflection group (W, L) is defined and studied in Section 5. In Theorem 5.7 we
describe the structure of ) over the field of fractions of the base ring and in Theorem 5.10 we obtain,
under additional conditions, a similar structural result for £-adic specialisations of ). In Sections 5C
and 5D we formulate general freeness and symmetrising form conjectures for )V and show that the freeness
conjecture holds for Coxeter groups (Theorem 5.13) and for most of the imprimitive complex reflection
groups (Theorem 5.14). We also discuss the relationship of ) to the algebra considered by Marin [2018a;
2018b] and in Section SE we show that when (W, L) arises from a Weyl group the principal block of the
classical Yokonuma algebra over Z, is a certain specialisation of ). Section S5F contains the proof of
Theorem 1 (Theorem 5.20) and Corollary 2.

2. Background material

2A. Finite generation of modules. First we record a few general facts on finite generation of modules.
The first is a variation on Nakayama’s lemma for nilpotent ideals which allows for the dropping of the
finite generation hypothesis. Let R be a commutative ring with 1. Recall that the Jacobson radical J(R)
of R is the intersection of all maximal left ideals of R.

Lemma 2.1. Let I C J(R) be an ideal of R and let M, N be R-modules with N C M and M = N + IM.
Suppose that either M/ N is finitely generated or that I is nilpotent. Then N = M.

Proof. The case that M /N is finitely generated is the usual case of the Nakayama Lemma. Suppose that
I" =0 for some r > 1. By hypothesis, M/N = I(M/N). Hence M/N = I"(M/N) = 0, showing that
M=N. O
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Lemma 2.2. Let R be a discrete valuation ring with uniformiser w. Suppose that N C M are R-modules
such that M /7t M is finitely generated, M/ N is finitely generated and torsion free, and t" N = O for some
positive integer r. Then M is finitely generated.

Proof. Since M /N is finitely generated, it suffices to show that N is finitely generated. Now 7" N = 0.
So, in order to show that N is finitely generated it suffices to show that 7/ N/ *! N is finitely generated
for any i > 1. Multiplication by 7/ induces a surjective R-module homomorphism from N /7 N onto
7' N/t N, hence it suffices to show that N/ N is finitely generated. By hypothesis, M/m M is
finitely generated and N/(w M N N) is isomorphic to a submodule of M /m M. Thus, as R is Noetherian,
N/(mrM N N) is finitely generated. But since M /N is torsion free, tM "N =7 N. ([

2B. Clifford theory. The following is standard Clifford theory adapted to quotients of infinite group
algebras with respect to finite normal subgroups. For a ring R and ideal I/, we will regard without further
comment an R//-module as an R-module via pullback along the canonical homomorphism R — R/I.

Lemma 2.3. Let G be a group, T a finite normal subgroup of G and K a field of characteristic 0. For
0 € Irrg (T), denote by eg the corresponding primitive central idempotent of KT and by Gy the stabiliser
of 0 in G of (finite) index ng := |G : Gy|. Let I be an ideal of KG and set Iy :=egleg =1 NegK Gey:

(a) There is a K -algebra isomorphism

KG/I = ]‘[Mat,,@ (oK Geg/lp)
[%

where 0 runs over a set of representatives of G-orbits on Irrg(T). Moreover, egKGeg/ly =
egKGQEQ/Ig = KG@E@/I@fOF all 6 € II‘I‘K(T).

(b) The map (6,U) — Indgg U induces a bijection between the set of pairs (6, U), where 6 runs over
representatives of G-orbits on Irrg (T) and U runs over a set of isomorphism classes of simple
K Gyeg/lg-modules, and the set of isomorphism classes of simple K G /I-modules.

Proof. Set Y = KG/I and for a € KG denote by a its image in Y. Let X be the set of orbits of the
conjugation action of G on Irrg (T') and for each x € X, letex = ) ,_ €. So {ex | x € X} is a set of

pairwise orthogonal central idempotents of KG with 1xg =) _y e,. Consequently, {e, | x € X} is a set

xeX
of pairwise orthogonal central idempotents of ¥ with 1y =) _y .. Here, we abuse notation to allow

for the possibility that some e, are equal to zero. Thus

Y:@Yéx

xeX

and this is also a decomposition of Y into a direct product of K-algebras. Let x € X and 6 € x. Then,
ey = Z gé@ g_l
8eG/Gy

is a decomposition of e, into orthogonal, conjugate idempotents. Hence,

Y&, = Mat,, (29 Y &)
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as K-algebras. Now the first assertion of (a) follows since the inclusion of eg K Gey in K G induces an
isomorphism eg K Geg/ly = egY ey.
Since eggey = 0 for any g € G \ Gy, and since ey is central in K Gy,

eoKGeg/lyp =egKGogeg/lyg = KGgeg /Iy,

proving the second assertion of (a).
Let V be a simple Y-module. There exists a unique x € X such that e, V # 0 (equivalently e,V = V).
By the statement and proof of (a), if 0 € x, then

V= @ génV, (%)

8€G/Go

egV is a simple egYeg-module, and the map V +— (0, egV) induces a bijection between the set of
isomorphism classes of simple ¥Y-modules and the set of pairs (6, U), where 6 runs over representatives
of G-orbits on Irrg (7T') and U runs over a set of isomorphism classes of simple eg Y eg-modules. Finally,
identifying ey Y eg-modules with K Ggeg/Iy-modules via the isomorphism K Ggey/ly = egY ey given in
the proof of (a), the equation (x) gives that V = Ind89 (e V). This proves (b). O

2C. Symmetrising forms and divisibility. Let R be a commutative ring with 1 and let ¥ be a symmetric
R-algebra which is free and finitely generated as R-module. If X is an R-basis of Y, then any symmetrising
form ¢ : Y — R determines a dual basis XV = {x" | x € X} satisfying

1 forx=yelX,

t(xyY) =
") {0 forx,ye X,x #y.

The relative projective element of Y in Z(Y) with respect to t is defined by z; := )"y xx". It depends
on ¢ but not on the choice of the basis X; see [Linckelmann 2018, Sections 2.11 and 2.16] for details.

Now suppose that ¢ is a symmetrising form on ¥ and let s : ¥ — R be a symmetric form (also known
as trace form). Then there exists u € Z(Y) such that s = 1,,, where 1, € Y* := Homg (Y, R) is defined by
t,(x) :=t(ux) for x € Y. The map u — t, is an R-module isomorphism between Z(Y) and the R-module
of symmetric forms on Y. Moreover, 1, is a symmetrising form if and only if u € Z(Y)*. If X is an
R-basis of Y and X" is the dual basis with respect to ¢ and if u € Z(Y)*, then the dual basis of X with
respect to t, is equal to XVu~!, and hence the relative projective element in Z(Y) with respect to , is
equal to z;u~!.

If Y is a split semisimple algebra over a field K then for any symmetric form s : ¥ — K, there exist
elements s, € K, x € Irrg (Y), such that s = erlrrK(Y)
form if and only if all s, are nonzero. For this, note that s is a symmetrising form for Y if and only of its

sy X . Moreover, we claim that s is a symmetrising

restriction to any block of Y is a symmetrising form for the block. Thus we may assume that Y is split
simple, that is, a matrix algebra over K and here the claim is immediate from the fact that the trace map
on a matrix algebra is a symmetrising form; see for instance [Linckelmann 2018, Theorem 2.11.3].
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Lemma 2.4. Suppose that K is a field and Y is a split semisimple K-algebra. Lets : Y — K be a
symmetrising form and let sy, x € Irrg (Y), be elements of K such that s = Zx syx-Letz=2z5€ Z(Y):

1

(a) If' V is a Y -module affording the irreducible character x, then the trace of z— on V equals s,.

(b) The trace of 72 in the left regular representation of Y equals Y yelrrg () s)z(.

Proof. A straightforward calculation using the standard bases of matrix algebras shows that

2= Y s x(Dey

x €lrg (Y)

where e, € Z(Y) is the central idempotent corresponding to x. In particular, z is invertible in ¥ with
= 2 SxX (1)_1ex. The trace formula is an immediate consequence of this.
For (b) we note that the K-linear map

S5 YRk YP > K, (®)0®Y):=sOs(),

is a symmetrising form on Y ®g Y°P with corresponding relative projective element z ® z. Further,
Y= EBX e (v) Vo ® V; as (Y ®g Y°P)-modules, where V, is an irreducible Y-module with character x
and V' is an irreducible Y °P-module with character x. So, by part (a) applied with ¥ @ Y*P in place of

1

Y, s ®@s in place of s and V) ® V" in place of V, Zx s)z( equals the trace of 77! ® z7! on Y. Since z is

central in Y, this trace is just the trace of left multiplication by z=> on Y. O

Lemma 2.5. Let G be a finite group and K a field such that K G is split semisimple. Let t be the canonical
symmetrising form on KG. Let u € Z(KG)*, let a € K be the coefficient of 1 when u” is written as a
K -linear combination of elements of G and suppose that t, = _ ¥ SxX>Sx € K. Then

EYC

XEIFXFK:(Y) ’ Gl
Proof. By a straightforward calculation using the set of group elements as basis, the relative projective
element of K G with respect to 7 is |G |1 . Hence the relative projective element of K G with respect to
t, is |Glu~'. Now the result follows from Lemma 2.4 since for any y € K G, the trace of the action of
y on K G via the left regular representation equals |G|, where § is the coefficient of 1 in the standard
basis presentation of y. O

Lemma 2.6. Let O be a complete discrete valuation ring with field of fractions K of characteristic zero
and residue field O/ J (O) of characteristic £. Let G =T X W be the semidirect product of a finite abelian
L-group T with an £'-group W acting faithfully on T. Let t be the canonical symmetrising form on KG
and s a symmetrising form on KG with s = t,, u € Z(KG)*. Let a be the coefficient of 1 when u? is
expressed as a K -linear combination of elements of G.

Suppose that the restriction of s to OG takes values in O and for any x € T, s(x) = 8;,1. Then
ueZ(O0G),aceOanda =1 (mod?¥).
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Proof. The restriction ' :=1|p¢ is a symmetrising form OG — O and by hypothesis s’ :=s|og : OG — O
is a symmetric form. Thus there exists u’ € Z(OG) such that s" = ¢/,. Extending scalars, by linearity we
have that s = 7,,. Since by hypothesis s = t,, we conclude u = u’ € Z(OG). This proves the first and
second assertions.

For a conjugacy class C of G, denote by C the corresponding class sum. Let

u:l—l—Zacé
C

where C runs over the nonidentity conjugacy classes of G. Then for 1 #x € T we have 0 = s(x) =
t(ux) = ap where D is the conjugacy class of G containing x . It follows that

u=1+2acé
ceC

where C is the set of conjugacy classes of G\ T and

a=1+) acac|Cl,
CceC
where C~! denotes the class containing the inverses of the elements of C. Since W acts faithfully on T, ¢
divides |C| for all C € C. Since u € Z(OG), all a¢ are elements of O and we obtain the last assertion. []

The following is a consequence of Tate duality for symmetric algebras over complete discrete valuation
rings exhibited in [Eisele et al. 2018]. For an integral domain O with field of fractions K and Y an
O-algebra which is finitely generated free as O-module, we set KY (=K Qo Y.

Proposition 2.7. Suppose O is a complete discrete valuation ring with field of fractions K of characteristic
zero, Y is a symmetric O-algebra such that K'Y is split semisimple. Let s : KY — K be a symmetrising
formwiths =Y x Sx X- Suppose that the restriction of s to Y takes values in O.

Let U be a projective Y -module and suppose that there is an isomorphism of K'Y -modules

KooU= @ vy,
x€lr(KY)

where V, is a simple K'Y -module with character x and d, € Ny. Then

Z sydy € O.

xelrr(KY)

Proof. Lett : Y — O be a symmetrising form and let z be the relative projective element of ¥ with respect
to t. By [Eisele et al. 2018, Proposition 2.2], for any y € Endy (U), the trace of z_ly on K ®¢ U lies
in O. Here by z7'y € Endgy (K ®p U) we denote the composition of (the extension to K of) y with
multiplication by z 7.

Denote by 7 : KY — K the K-linear extension of ¢ to KY. Then 7 is a symmetrising form for KY
with relative projective element z. Hence s = £, for some u € Z(KY). Since the restriction of s to Y

takes values in O, we have as in the proof of Lemma 2.6 that u € Z(Y). Let y : U — U be multiplication
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by u. Since u € Z(Y), y € Endy(U). Thus the trace of z~ 'y on K ®o U is an element of ©. Further,
zu~! is the relative projective element of K'Y with respect to s and z 'y is multiplication by (zu=1)~!.
Thus the result follows from Lemma 2.4. U

The first statement of the next proposition is a theorem of Brauer. The second is also well known to
experts; we provide a proof of it for the convenience of the reader.

Proposition 2.8. Let G be a finite group, S a Sylow €-subgroup of G and H a subgroup of G containing
Ng(S). Denote by By(G) (respectively By(H)) the principal £-block of G (respectively H). Then,

(dim Bo(G))¢ = (dim Bo(H))¢ = |S| and (dim By(G))y = (dim Bo(H)) (mod £).

Proof. Let O be a complete discrete valuation ring in characteristic zero with algebraically closed residue
field of characteristic £. Let b € OG be the block idempotent corresponding to By(G) and ¢ € OH the one
corresponding to Bo(H ). The group S is a defect group of the principal block By(G). Hence as O[G x G-
module, By(G) has vertex AS = {(x, x) | x € §}; see [Linckelmann 2018, Remark 6.7.14]. Further, the
O[H x H]-module By(H) is the Green correspondent of By(G) in H x H (see [loc. cit., Theorem 6.7.2],
and note that by [loc. cit., Theorem 6.13.14], By(G) and By(H) are Brauer correspondents). Thus, by
properties of the Green correspondence (see [loc. cit., Thm 5.2.1])

Ind% X% (OHc) = OGh® Y

where every indecomposable O[G x G]-module summand of Y has vertex of order strictly smaller than
|AS| =|S]|. Comparing O-ranks,
IG?

er(o Hc) =1k(OGb) +1k(Y).

By a standard application of Green’s indecomposability theorem and the properties of vertices and sources
(see [loc. cit., Section 5.1, Theorem 5.12.3]), the £-part of the rank of any indecomposable O X -lattice, for
X a finite group, is greater than or equal to |X|;/| Q| where Q is a vertex of the lattice. Thus, (rk(Y)), is
strictly greater than |S| and we obtain

IG|?

IH_Izrk(OHC) =rk(OGb) (mod £|S]).

Now by a theorem of Brauer (see [loc. cit., Theorem 6.7.13]), the ¢-part of dim(By(G)) = tk(OGbD)
equals | S| and similarly for By(H ). The result follows since |G : H| =1 (mod £) by Sylow’s theorem. [

2D. Tits deformation theorem. We recall some features of Tits” deformation theorem. Let R and R’ be
integral domains with field of fractions K and K’ respectively and let 1 : R — R’ be a ring homomorphism.
Let Y be an R-algebra which is finitely generated and free as R-module and let Y’ denote the R’-algebra
R’ ®Y obtained via extension of scalars through vr. Letz:Y — R be an R-linear map and let¢': Y’ — R’
be its R’-linear extension through .
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Theorem 2.9. Suppose that KY and K'Y’ are both split semisimple:

(a) The map  induces a bijection Irr(KY) — Irr(K'Y"), x > x’, such that

X' A®y)=v*(x(y) forallyeY.

Here ¥* : R* — K* is an extension of  to the integral closure R* of R in K and K* is some

extension field of K'. The bijection preserves dimensions of underlying simple modules.

(b) If t is the restriction to Y of a linear combination ) iy Sx X With sy € Ry, then the R'-linear
mapt':Y' — R’ is the restrictionto Y' of ), c1xy) ¥ (sx) X' Here p is the kernel of ¥, Ry is the
corresponding localisation and v (s, ) is the image of s, under the unique extension of \ to a ring

homomorphism R, — K'.

Proof. For part (a) see [Curtis and Reiner 1981, Theorem 68.17, Corollary 68.20]. Note that the bijection
given in [loc. cit.] is between the sets Irr(K'Y) and Irr(K'Y’) where K and K’ are algebraic closures of
K and K’ respectively. Since KY and K'Y’ are split, this descends via restriction on both sides to a
bijection Irr(K'Y) — Irr(K'Y’). Now (b) is an immediate consequence of (a). O

3. Hecke algebras and their Schur elements

Let W be a finite complex reflection group, that is, a finite subgroup of GL,,(C) for some n > 1 generated
by complex reflections. We denote by Qy the field generated by the traces of elements of W, a finite
extension of (. Attached to any reflection r € W is its reflecting hyperplane H = ker(1 —r) in C"; its
point-wise stabiliser Wy in W is cyclic, generated by reflections. We say that r € Wy is the distinguished
reflection associated to H if r generates Wy and has nontrivial eigenvalue exp(2i/o(r)) of smallest
possible argument.

3A. From braid groups to trace forms. Let B(W) be the topological braid group of W (see Broué, Malle
and Rouquier [Broué et al. 1998]), that is, the fundamental group of the space of regular orbits of W
on C". So there is an associated exact sequence

1—-P(W)— BW)—>W—>1,

with kernel the pure braid group P(W). Let A := Zw[u*"'], where Zy denotes the ring of integers of Qy
and where u = (u,) are algebraically independent elements indexed by conjugacy classes of distinguished
reflections r € W and 1 < j < o(r). By [Broué et al. 1998, Definition 4.21] the (generic) Hecke algebra
H(W, u) of W is defined to be the quotient of the group algebra A[B(W)] of B(W) over A by the ideal
generated by the elements (called deformed order relations)

o(r)
[]o—u (H)
j=1
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for r running over the braid reflections of B(W) (introduced as generators of the monodromy around a
hyperplane in [loc. cit., 2B]), with r denoting the image of r in W, a distinguished reflection. We will
write A[B(W)] — H(W, u), x — hy, for the associated quotient map.

We have the following result, first conjectured in [Broué and Malle 1993], with the final cases having
been established by Chavli [2018], Marin [2019] and Tsuchioka [2020].

Theorem 3.1 (freeness conjecture). The algebra H(W, u) is A-free of rank |W|.

By results of the second author [Malle 1999, Corollary 4.8] there is a positive integer z such that the
field of fractions Ky of A :=Zw[aT'| D Aisa splitting field of #(W, u), where u = (i1,;) are such that
zlfj =exp(—2mij/o(r))u,; forallr, j.

Furthermore, by [Malle 2000, Proposition 7.1] to each irreducible character x of Ky ®4 H(W, u) is
associated an element f, € A called the Schur element of x. The Schur element pw := pw(u) := fi,, of
the trivial character 1y is called the Poincaré polynomial of H(W, u) (a Laurent polynomial in the u,;).
For simply laced Coxeter groups, this is in fact the homogenisation of the usual Poincaré polynomial of W.

The collection {(x, fy) | x € Irr(H(W, u))} is Galois-invariant, so in particular

a) = Y x(h)

X lr(H(W,u)) Fx
lies in Frac(A) for all 4 € H(W, u). Thus, this defines a symmetric A-linear map

twau:H(W,u) — Frac(A), ht tw,(h),

called the canonical trace form on H(W, u). We denote also by tw , its Frac(A)-linear extension to
Heraca) (W, u) :=Frac(A) ®4 H(W, u). This form satisfies the following property:

Proposition 3.2. There exists a set 5 C H(W, u) consisting of monomials in images of braid reflections
with 1 € B, such that ty ,(b) = 81 for b € B, and the images in W of the b € B under the canonical map
form a system of representatives of the conjugacy classes of W.

Proof. First note that the claim easily reduces to the case of irreducible reflection groups. For those, it
holds by the construction of the Schur elements f,; see [Malle 1997; 2000] for the exceptional types,
and [Geck et al. 2000, Theorem 1.3, Lemma 4.3 and Section 4.5] for the infinite series. |

Furthermore, tw , satisfies a duality with respect to a certain central element, but this will not be of
importance here. In analogy with the case of finite Coxeter groups; the theory of spetses predicts the
following, see [Broué et al. 1999, Theorem-Assumption 2.1].

Conjecture 3.3. The form tw , takes values in A and is a symmetrising form on H(W, u).

The above conjecture has been established for all imprimitive complex reflection groups G(e, 1, m),
for example, by Malle and Mathas [1998, Theorem].

Let Wy < W be a reflection subgroup. We denote by H (W, up) the Hecke algebra of Wy whose
parameters u consist of those parameters for W whose corresponding reflections are, up to conjugacy,
contained in Wy. Since nonconjugate reflections in Wy might be conjugate in W, H(Wy, up) is a
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specialisation of the generic Hecke algebra of Wy corresponding to an identification of certain of its
parameters. It follows from the freeness conjecture (Theorem 3.1) that H (W, ug) is naturally a subalgebra
of H(W, u). Moreover, by the explicit results in [Malle 1999, Theorem 5.2] the field Ky is also a splitting
field for H(Wy, uo). By tw,,u, we will mean the corresponding specialisation of the canonical form of
the generic Hecke algebra of Wy. Recall that, by a theorem of Steinberg, all parabolic subgroups of W,
that is, stabilisers in W < GL, (C) of subspaces of C", are reflection subgroups of W.

Definition 3.4. We will say that H(W, u) is strongly symmetric if the following hold:

(1) tw , is a symmetrising form on H (W, u) and there is a section W — W C B(W) of the natural map
B(W) — W containing 1 whose image in H(W, u) is an A-basis of H(W, u) with ty ,(hy) = 6.1
forallwe W.

(2) For any parabolic subgroup Wy < W, tw, 4, i1s a symmetrising form on H (W, u¢) and
tw.ulH(Wo.ue) = tWo,uo-

Note that the assertion that (2) holds is referred to as the parabolic trace conjecture in [Chavli and
Chlouveraki 2022]. Strong symmetry is known to be satisfied in many cases; here we use the Shephard—
Todd notation for irreducible complex reflection groups.

Proposition 3.5. For the following irreducible groups, H(W, u) is strongly symmetric:

(a) For W a Coxeter group.
(b) For W = G (e, p,n) withn #2 or p odd.
(c) For W =G;,i €{4,5,6,7, 8}.

Proof. First note that property (2) of being strongly symmetric follows for a parabolic subgroup Wy of W
if there exists W C B(W) as in (1) such that

{hyw | w € Wy} is an A-basis of H(Wp, ug) and  tw, u,(hw) = Sy 1 for all w € Wy )

For Coxeter groups, (1) and (2°) hold for any section W consisting of reduced expressions in the standard
generators; see [Geck and Pfeiffer 2000, Proposition 8.1.1]. For W = G(e, p, n) the existence of W
satisfying (1) is shown in [Malle and Mathas 1998, Theorem 5.1]. Since any parabolic subgroup of W
is a Young subgroup, that is, a product of symmetric groups with a group G(e, p,n’) for n’ < n, the
Ariki—Koike basis of H(W, u) considered in [Malle and Mathas 1998] also satisfies (2’); see also [Broué
et al. 1999, page 177]. The claim for G;, i € {4, 5, 6, 7, 8}, follows from the explicit results in [Boura
et al. 2020]. O

3B. Specialisations. By a specialisation we will mean a ring homomorphism v : A" — R where A’ and
R are commutative rings with A’ 2 A. We then set Hy (W, u) := R® (A’ ®4 H(W, u)). If ¥ is inclusion
we will sometimes write Hg(W, u) instead of Hy, (W, u). The restriction of any specialisation ¥ to a
subring of A" will again be denoted by  as will the composition of ¥ with any inclusion R < R’.
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We will consider certain types of specialisations. For the remainder of this section, let R be an
integral domain containing Zw and let K be its field of fractions. Let | : R[#] — R be the R-linear
homomorphism defined by v (it,;) := 1 for all r and j. So, v restricts to the specialisation

A—Zw, upjr>explmij/o(r)).

By [Bessis 2001, Theorem 0.1], the Hecke algebra maps to the group algebra RW of W under ;.
Combining this with the freeness conjecture, the Tits deformation theorem gives that H g (W, u) :=
K® A H(W, u) is isomorphic to the group algebra K W, where K= Frac(R[u]); see Theorem 2.9 and
note that Ky € K. Thus, we may and will identify the irreducible characters of H g (W, u) with Irr(W)
via the bijection x4 <> ¢ induced by /1. This also induces a labelling of Schur elements of H(W, u)
by Irr(W) and we will henceforth denote them as fy, ¢ € Irr(W). Since K is also a splitting field for
the Hecke algebra H (W), u) of any reflection subgroup Wy of W we also have H z (Wy, u) = K Wo. We
will similarly identify the irreducible characters of H(Wy, up) over K with Irr(Wy).

Now let g be a prime power and suppose that R contains g=!/2. We also consider R-linear specialisations
of the form

Y RIATT— R, iy > q™/7,

for integers a,;. Any such v, restricts to a specialisation
A= Ty, g™,
with &,y € Zw an o(r)-th primitive root of unity.
Lemma 3.6. For all ¢ € Irr(W) we have yr1(fy) = ¢(1)/|W| and ¥4 (fy) #O.

Proof. The assertion on | follows since by construction the set B from Proposition 3.2 specialises
under v to a system of representatives of the conjugacy classes of W. Next, the following can be
observed from the explicit form of the Schur elements (and was first stated explicitly in [Chlouveraki
2009, Theorem 4.2.5]): any f is a product of a scalar, a monomial in the i,; and a product of cyclotomic
polynomials W; over Ky evaluated at monomials M; in the ﬁfjl of total degree 0. Thus we need to see
that v, (W;(M;)) # 0. This is clear if ¥, (M;) is not a root of unity. Now v, (M;) can only be a root
of unity, if the powers of ¢ cancel completely in v, (M;), which means that v, (M;) = ¥ (M;) and so
Yy (W (M;)) = 1 (V;(M;)). But the latter is a factor of yr1(fy) = ¢(1)/|W| and hence nonzero. [l

For the next result we note that symmetrising forms remain symmetrising after specialisation, that is if
6 : O — O’ is a ring homomorphism, Y is an O-algebra which is finitely generated and free as O-module
and 7 : Y — O is a symmetrising form, then the induced O’'-linear form ¢’ on Y’ := O’ ®¢ Y satisfying
7/(1®y) = 1(y) for y € Y is a symmetrising form on Y’.

Lemma 3.7. Assume that H(W, u) is symmetric over A with respect to the form tw y with Schur elements
fo € A, ¢ € Irr(H(W, u)), and let K = Frac(R). The algebra KH, (W, u) is split semisimple. Let t' be
the induced form on Hy, (W, u). For each ¢ € It (W), ¥4 (fy) is the corresponding Schur element of t'.
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Proof. By Lemma 3.6 we have ¥, ( f4) # 0 for all ¢ € Irr(W). Now 1, is a concatenation of specialisation
maps whose kernel is a prime ideal of height 1. So by [Chlouveraki 2009, Theorem 2.4.12], K'Hy, (W, u)
is also split semisimple. The result thus follows by Tits’ deformation theorem (Theorem 2.9). U

Finally, for an indeterminate x we will also consider the spetsial specialisation

xV7if j=o(r),

:Rla*'1— RxEV?, i, >
Vo RIT= RIVTEL g =00 i) < <o)

(s0 Ys(Uro¢r)) = x, Ys(uyj) = exp2mij/o(r)) for j < o(r)). Clearly ¥ factorises through v by
composition with x!/Z — 1 as does any specialisation Y, for the case a,; =1 if j =o(r) and a,; =0 if
j < o(r) by composition with x /2 > ¢ /2. We write Vs, for this latter specialisation, which will become
important in Section SF. The spetsial specialisation links Schur elements of Hecke algebras to unipotent
character degrees of spetses; see Section 4D.

4. Conjectures for the principal block of a Z,-spets

In this section we define the dimension of the principal block of a Z,-spets, introduced in [Kessar et al.
2020, Section 6.2], and propose some conjectures around this notion.

4A. The principal block of a 7,-spets. Let ¢ be a prime and let g be a prime power not divisible by 2.
Recall that (under some conditions) the set of characters of the principal ¢-block of a finite reductive
group G over [, can be described as a union of sets of characters in bijection with the principal e-Harish-
Chandra series of unipotent characters of dual-centraliser subgroups Cg+(s)* where G* is the “Langlands
dual” of G and s runs over conjugacy classes of £-elements of G*. The principal block of a Z;-spets as
constructed in [Kessar et al. 2020] is modelled on this description: unipotent characters and the appropriate
Harish-Chandra series are provided by the theory of spetses whereas the indexing set of ¢-elements and
corresponding centralisers comes from the theory of ¢-compact groups and fusion systems. In the next
paragraph, we briefly recall this construction. Before doing so, we point out that the description of the
principal block of a Z,-spets does not involve going over to the dual as one would expect from analogy
with the group case. The reason for this is that the fusion system construction that we rely on is for the
moment only available for simply connected £-compact groups. However, this departure does not lead to
an inconsistency in the group case under the conditions on £ with which we are concerned; see [Kessar
et al. 2020, Proposition 6.8].

We assume from now till the end of the section that £ > 2. Let W < GL(L) be a finite spetsial (see
[Malle 1998, Section 3]) ¢-adic reflection group on a Z,-lattice L, and let X be the associated connected
£-compact group; see [Broto and Mgller 2007, Theorem 1.1]. We assume moreover that X is simply
connected and that £ is very good for (W, L), in the sense of [Kessar et al. 2020, Definition 2.4]. Let
® € NgL)(W) be of £'-order and G = (W(p‘l, L) be the associated simply connected Z,-spets. For
example any Weyl group W for which £ is very good (in the classical sense) determines a Z,-spets
satisfying the above conditions.
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Set G(q) :=(W¢~', L, q). Broto and Mgller [2007] showed how to attach to these data a fusion system
F on a finite £-group S, via the associated £-compact group X; see [Kessar et al. 2020, Theorem 3.2].
Here, S is an extension of a homocyclic £-group T (the toral part) by a Sylow £-subgroup of the associated
relative Weyl group W-1,-1; see [Kessar et al. 2020, Theorem 3.6]. Note that § and F only depend on
the £-part £* of ¢ — ¢, where ¢ € Z is the root of unity with ¢ = ¢ (mod £), not on g itself.

If G(q) arises from a connected reductive algebraic group G over Eq with Weyl group W and a
Frobenius morphism F : G — G with respect to an [, -structure acting as ¢ on W, then S is a Sylow
¢-subgroup of G’ and F is the £-fusion system of G’ on S; see [Kessar et al. 2020, Remark 3.3 and
Section 5.3]. In particular, 7 = (TT), where T is a maximal e-split torus of G.

Under our assumptions, for any s € S the centraliser W (s) := Cy (s) of s is again an £-adic reflection
group, a reflection subgroup of W (see the proof of Theorem 5.2 or Proposition 2.3 of [Kessar et al.
2020]), and by [loc. cit., Proposition 6.2], it is again spetsial. We let Cg(s) := (W(s)(p;I, L) be the
associated Z,-spets, where ¢, € Ny, (W (s)) is defined as in [loc. cit., Section 5.2].

Now recall from [Malle 1995] (for the infinite series of irreducible complex reflection groups) and
[Broué et al. 2014] (for the primitive ones) that associated to G as well as to the various Cg(s) there are
sets of unipotent characters Uch(G) and Uch(Cg(s)), respectively. If W is a Weyl group, these are just
the unipotent characters of an associated finite reductive group. For s € S we let

E(G, s) = {ys | 2 € Uch(Cg(s))}

denote a set in bijection with Uch(Cg(s)) and call it the characters of G in the series s. The sets
Uch(Cg(s)) are in canonical bijection for conjugate elements s. Moreover, these sets only depend on £¢,
not on ¢ itself. Any unipotent character A comes with a degree (polynomial) (1) € Z,;[x]. The degree of
ys.a € E(G, s) is defined as

Vs (1) := G : Ca(s)|wA(l) € Zg[x].

Here, |G : Cg(s)|, means the prime-to-x part of the polynomial |G|/|Cg(s)| € Z[x], where |G|, |Cg(s)]
are the respective order polynomials; note that the latter divides the former by [Kessar et al. 2020,
Lemma 6.6].

Now by [Malle 1995, Folgerung 3.16 and 6.11] and [Broué et al. 2014, 4.31] for any Z,-spets H,
for any root of unity n the set of unipotent characters Uch(H) is naturally partitioned into so-called
n-Harish-Chandra series, and one among them, the principal n-Harish-Chandra series £E(H, 1, n) of
Uch(H) containing 1g, is in bijection with the irreducible characters of the corresponding Springer—Lehrer
relative Weyl group. In particular, £(H, 1, 1) is in bijection with Irr(W¥?).

With this, for ¢ as above denote by £(G, s); the subset of £(G, s) in bijection with the principal
¢-Harish-Chandra series of Uch(Cg(s)), and hence also in bijection with the irreducible characters of the
relative Weyl group W (s) o1

The following definition from [Kessar et al. 2020, Section 6.2] is inspired by the results of Cabanes—
Enguehard on unipotent £-blocks of finite reductive groups; indeed, if G is a rational spets for which £ is
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very good, then what we define are exactly the characters in the principal £-block of the corresponding
finite group of Lie type G(g); see [loc. cit., Proposition 6.8].

Definition 4.1. Let G = (W¢ !, L) be a simply connected Z,-spets with ¢ of ¢’-order such that £ is very
good for G (in the sense of [Kessar et al. 2020, Definition 2.4]) and ¢ a prime power with ¢ = ¢ (mod ¢).
The characters in the principal block By of G(g) are

Irr(Bo) := | [ £, ).

seS/F

where the union runs over a set S/F of representatives s of F-conjugacy classes in S. The dimension of
By is defined as

dimBo)= Y y(M*= > D )’ eZxl.

y €lrr(By) seS/F re€(Cq(s),1,2)

Again, these do not depend on ¢ but only on £ = (g — ¢)y.

The dimension of the principal £-block By of a finite group G with Sylow ¢-subgroup § satisfies
(dim By), = | S| (see Proposition 2.8). We conjecture that our dimension of the principal block dim(By)
of G(g) behaves similarly.

Conjecture 4.2. Let G = (W', L) be a simply connected Z-spets such that £ is very good for G. Let
q be a prime power not divisible by € and S the associated £-group. Then

(dlm(BO) |x=q)[ = ISI .

By further analogy with the group case (see Proposition 2.8) we also conjecture the following global-
local statement:

Conjecture 4.3. In the setting of Conjecture 4.2, if { € 7, with q = { (mod £) we have
(dim(Bo) =g)e = |Wyeie1 ] (mod £).
Note that Conjectures 4.2 and 4.3 combine to form Conjecture 1.

Example 4.4. We describe S, F, and Irr(Bp) in a special case relevant to Theorem 1. Suppose that
g =1 (mod ¢) and ¢ = 1. Then T may be identified with L/£“L where £ || (g — 1), W = W,-1,-1 and
the action of W on T in S is the one inherited from the action of W on L. Assume in addition that W
is an ¢’-group. Then the condition that £ is very good for (W, L) always holds; see [Kessar et al. 2020,
Proposition 2.6]. Further, S = T and F is the £-fusion system Fgsw (S) of the group SW on S; see [Kessar
et al. 2020, Theorem 3.4] and [Broto and Mgller 2007, Theorem 9.8]. Moreover, for any s € S = T the
subgroup W(s)(p;1§_1 equals W(s) and hence £(G, s); is in bijection with Irr(W (s)). So Irr(By) is in
bijection with W-classes of pairs (s, ¢) where s € S and ¢ € Irr(W (s)).



The principal block of a Z,-spets and Yokonuma type algebras 413

4B. Decomposition numbers. Suppose in this section that |W| is prime to ¢, that £ | (¢ — 1) and that

¢ = 1. Recall the description of the principal block By under these assumptions given in Example 4.4.
Since W is an £'-group and S an £-group, we may identify IBr(SW) with the subset Irr(W) of Irr(SW).

Similarly, we think of the unipotent characters in By as the irreducible Brauer characters of By and set

IBr(By) := E(G, 1); € Irr(By).

We associate decomposition numbers, and formal degrees of projective indecomposable characters to By
as follows.

The F-classes of elements of S are the W-conjugacy classes of S. Further, since (|W|, £) =1, the
Glauberman—Isaacs correspondence gives that the actions of W on S and on Irr(S) are permutation
isomorphic. Thus there is a bijection between the set of W-classes of Irr(S) and the set of W-classes of S
such that if the class of s € S corresponds to the class of § € Irr(S), then Wy = W; where Wy, W; denotes
the stabiliser in W of s, § respectively. Note that W, was denoted W (s) in Example 4.4. Such a bijection
between the set of W-classes of Irr(S) and of S will be called W-equivariant if in addition the (class of)
1 € S is sent to the (class of the) trivial character of S. Note that a W-equivariant bijection always exists.

By Clifford theory,

Ir(SW)y=[] I(SW9),
el (S)/ W
where the union runs over a set Irr(S)/ W of representatives 6 of W-conjugacy classes of Irr(S) and where
Irr(SW|6) denotes the set of irreducible characters of SW covering 6. Moreover, since |W| is prime to £,
Irr(SW|0) is in bijection with Irr(Wp).

By the description of Irr(By) given in Example 4.4, |Irr(By)| = [Irr(SW)|. A bijection © : Irr(SW) —
Irr(By), y +> 7, will be said to be W-equivariant if there exists a W-equivariant bijection Irr(S) — S
such that for corresponding elements s € S and § € Irr(S), © restricts to a bijection Irr(SWs) — £(G, s)1.
Since IBr(SW) is in bijection with Irr(W|1), any W-equivariant bijection Irr(SW) — Irr(By) restricts to
a bijection IBr(SW) — IBr(By).

Let Irr(SW) — Irr(By), y —> 7, be a W-equivariant bijection. We declare the decomposition matrix of
By to be the £-decomposition matrix of SW via this bijection, that is if d,,, is the decomposition number in
SW corresponding to y € Irr(SW) and v € IBr(SW), then we regard d,,,, also as the decomposition number
for y € Irr(By) and ¥ € IBr(By). Recall that for any y € Irr(SW), we have y (1) = ZvelBr(SW) dyv(l).
In Proposition 4.11 we show that the analogous equations hold in Byg. We define

deg®;:= Y dyydeg(p) € Zlx] for d € IBr(By),
yelir(SW)
to be the formal degrees of projective indecomposable characters of By. The following is a restatement of
Conjecture 2.

Conjecture 4.5. In the setting of Conjecture 4.2, if W has order coprime to £, ¢ is trivial and ¢ = 1
(mod £), then for some W -equivariant bijection Irr(SW) — Irr(Bo) we have that | S| divides (deg ®;)|x—4
for all v € IBr(By).
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4C. The rational and the primitive cases. We’ll prove the above conjectures for most W of order coprime
to £ in Theorem 5.20. For the moment, let us see why they hold in the rational case:

Proposition 4.6. Conjectures 4.2, 4.3 and 4.5 hold if G is a rational spets underlying a finite reductive
group.

Proof. Let G be a connected reductive group over an algebraically closed field of characteristic p and
F : G — G aFrobenius endomorphism with respect to an [, -structure, such that G is the underlying spets.
That is, ¢ is the automorphism of W induced by F. Recall that S may be identified with a Sylow £-subgroup
of G and F with the fusion system Fgr(S); see [Kessar et al. 2020, Remark 3.3(a) and Section 5.3].
Let d be the order of ¢, hence the order of ¢ modulo £. By [loc. cit., Proposition 6.8], there is a degree
preserving bijection between Irr(By) and the set of irreducible characters of the principal £-block By(G”).
Note that the bijection given in [loc. cit., Proposition 6.8] is stated to preserve defects but it is easy to check
from the setup that for any irreducible character y ; in By, ¥, (1)]x=4 is the degree of the corresponding
character of Bo(G'). Now the assertion regarding Conjecture 4.2 follows from Proposition 2.8.

As described in Section 4A, S =T.(W;), with Wy := W,-1,-1. Under our assumptions on ¢, L := Cg(T)
is a Levi subgroup, and moreover Ng(S)" < Ng(T)¥ = Ng(L)"; see [Malle 2007, Theorems 5.9 and 5.14].
Let H := Ng(L)¥. Then Proposition 2.8 shows that in order to prove Conjecture 4.3 for G it suffices to
see that (dim By(H))y = |W;|¢ (mod £). Now By(H) is isomorphic to the principal block of H/ O (LF).
Since S/ T acts faithfully on 7', T is a Sylow £-subgroup of LF, so H/ Op(LFY=T(Ng (L)F/LF) =TWwW,
the latter by the definition of relative Weyl groups. The result follows as 7 Wy has a unique £-block.

Finally, we prove Conjecture 4.5 in this situation. So assume ¢ =1 and g =1 (mod £). Then W; = W.
As recalled above, there is a degree preserving bijection Irr(Bo) — Irr(Bo(G*)). On the other hand, by a
result of Puig [1994, Theorem 5.5, Corollary 5.10], as explained in [Cabanes 2018, Proposition 8.11], the
principal block of G* over a suitably large complete discrete valuation ring O of characteristic 0, is Morita
equivalent to the group algebra O[SW] (note here S = T as |W| is prime to £ and that W = Ng(T)F /TF,
where T is a Sylow 1-torus of G with T the Sylow £-subgroup of T). In particular the decomposition
numbers of O[SW] are decomposition numbers of Bo(G’). Thus (deg ®;)|x—4 is the dimension of a
projective indecomposable module of By(G). Now Conjecture 4.5 follows since the dimension of any
projective indecomposable module of a finite group algebra OG is divisible by |G|, (for instance, apply
Proposition 2.7 with respect to the standard symmetrising form on OG.) (I

To deal with the primitive cases, we use the following:

Lemma 4.7. Let (W, L) be a finite £-adic reflection group with |W| prime to £ and let Wy < W be a
parabolic subgroup. For 1 <k <rk(Wy) there exist bZVO € Z such that for any prime power g =1 (mod £)
and F the fusion system attached to (W, L, q), on a homocyclic £-group T of exponent a, the number of
W -orbits (F-classes) of elements of T with stabiliser conjugate to Wy is given by

1 tk(Wo)

_ ¢ —pMy.
N ol L1 =80
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Proof. Let A denote the set of 1-eigenspaces of reflections in 7 and denote by £ = L(A) the lattice
of all intersections of elements of .4 with minimal element 7. By Steinberg’s theorem (see [Kessar
et al. 2020, Proposition 2.3]), each Y € L is the centraliser in T of some parabolic subgroup. Thus by
inclusion/exclusion, the number of W-orbits of elements of 7" with stabiliser conjugate to Wy is given by
the Euler characteristic of the sublattice {¥Y € L | C7(Wp) < Y} divided by | Ny (Wy) : Wp|. This Euler
characteristic has the stated form by [Orlik and Solomon 1982, Theorem 1.2]. U

The tables in [Orlik and Solomon 1982] explicitly list the integers b,fv ? (and the quantities | Ny (Wy) : Wy|)
for all parabolic subgroups W of all exceptional complex reflection groups W. An immediate consequence
is the following result:

Proposition 4.8. Conjectures 4.2 and 4.3 hold for all primitive spetsial {-adic reflection groups with
g =1 (mod ¥¢).

Proof. It W is a Weyl group, the claim follows from Proposition 4.6. For the remaining Coxeter groups,
it follows from Theorem 5.20. Otherwise since £ is very good, we must have £/|W| and

W € (G4, Ge, Gg, G1a, Goa, Gas, Gag, G27, G2, G32, G33, G34).

For all of these only ¢ =1 is possible, by [Broué et al. 1999, Proposition 3.13]. We explicitly calculate
dim(By) as a polynomial in x using Lemma 4.7 and the tables in [Broué et al. 2014, Appendix]. The
required congruences for dim(By)|,—, are readily checked via the substitution g > 1+7r£* forr € Z. [

4D. Character degrees and Schur elements. The proof of Theorem 1 goes through the connection
between unipotent character degrees of spetses and Schur elements of corresponding Hecke algebras. We
describe this connection in the relevant special case. Let G = (W, L) be a simply connected Z;-spets
such that £ is very good for G and ¢ a prime power and let v : Z;[a*'] — Z, [x1/2] be the spetsial
specialisation described in Section 3B with R = Z,. The degrees of the unipotent characters Uch(G) of
G in the principal 1-Harish-Chandra series £(G, 1); are given by

Vs(fiw)/¥s(fy)  for ¢ € Irr(W);

see [Malle 1995, Sitze 3.14, 6.10] for the infinite series and [Broué et al. 2014, Axiom 4.16] for the
exceptional types. This leads to the following formula for character degrees in the principal block By
of G(q).

Lemma 4.9. Assume g =1 (mod £). Then the degrees of the characters in Irr(By) are given by

{ ICe(Dly  ¥s(pw)
seS/F |CCG(S)(—|]—S)|X’ l)”s(fsm)

¢e IH(W(S))}

where T, Ty is a Sylow 1-torus of G, Cg(s), respectively, and the f; 4 denote the Schur elements of the
Hecke algebra H(W (s), uy) of W(s), with the parameters ug inherited from H(W, u).
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Proof. As mentioned above for any s € S the degrees of the unipotent characters in the principal 1-series
of £(Cg(s), 1) are given by

{Ws(pws)/Vs(fs.9) | ¢ € Trr(W(s))} C Zy[x].

Now by [Malle 2000, Proposition 8.1] we have ¥(pw) = ¥s(f1) = |G : Cs(T)|x and accordingly
Ys(pw(s)) = 1C6(s) : Ccg(s)(Ts)|x. Since by definition the degree of y; 4 € Irr(By) is

|G : CG(S)|x"/fs(pW(S))/‘//s(fv,¢)a
our claim follows. |

Lemma 4.10. In the situation of Lemma 4.9, assume moreover that |W| is coprime to £. Then the degrees
of the characters in Irr(By) are given by

]_[ {Ws(ow)/ Vs (fs9) | @ € Irr(W(s))},

seS/F

where f 4 denotes the Schur elements of the Hecke algebra H(W (s), uy).

Proof. If € does not divide |W| then we have S = T, that is, the centraliser of any £-element s € S contains
the Sylow 1-torus T, whence Ty =T for all s. Now the centraliser of a Sylow 1-torus is a maximal torus
since the coset W¢ always contains a 1-regular element by [Malle 2006, Proposition 3.3]; for this note
that none of the exceptions in [loc. cit.] is spetsial. So in fact Cg(T) = Cc(5)(T) and the stated formula
follows from Lemma 4.9. [l

By analogy with the group case, we now establish a Brauer reciprocity formula for the Brauer characters
and decomposition numbers defined in Section 4B.

Proposition 4.11. Suppose that W is £-adic spetsial of order coprime to £, ¢ =1 and g =1 (mod £).
Then for any W -equivariant bijection” : Irr(SW) — Irr(By) we have

deg(P)= Y dyydeg(R).
x€IBr(SW)

Proof. By Clifford theory the ordinary irreducible characters of SW=T W are obtained as
Irr(TW) = {Indfyy, (0 ® ) | 0 € Irr(T), v € Irr(Wy) ).

Since T = Oy (TW) and |W| is prime to ¢, IBr(T W) consists of the restrictions to £’-classes of the
irreducible characters 1 ® v, v € Irr(W), and we may (and will) thus identify IBr(7 W) with Irr(W). The
{-decomposition numbers of TW are then described as follows: If n € Irr(T W) then its restriction to
¢'~classes n° can be considered as character of W, and the multiplicity of x € IBr(T W) = Irr(W) in 1° is
just (n, x). That is, if n = Ind].;, (6 ® v) as above, then this multiplicity is (v, x|w,).

Now assume that y € Irr(Bp). Then there is s € T and A € Uch(Cg(s)) such that y = y; ;. Let
¢ € Irr(W(s)) be the irreducible character indexing A € Uch(Cg(s));. Now by Lemma 4.10 we have
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Vs (1) = ¥s(pw)/¥s(fs.¢). On the other hand, for y’ € £(G, 1); labelled by x € Irr(W) we have
y'(1) = Ys(pw)/¥s(fy). Thus the required equality reads

V(o) = D (s xlw ()
x €lrr(W)
But this holds for spetsial W by the validity of 1-Howlett—Lehrer theory; see [Malle 1995, Sitze 3.14,
6.10] for the infinite series and [Broué et al. 2014, Axiom 4.16] for the exceptional types. (I

5. Yokonuma type algebras for torus normalisers for £-adic reflection groups

When the order of W is prime to £ our definition of principal block and Conjectures 4.2, 4.3 and 4.5 are
related to a generalisation of Yokonuma algebras to £-adic reflection groups. The classical Yokonuma
algebra was defined as the endomorphism algebra of the permutation representation of a finite Chevalley
group on a maximal unipotent subgroup [Yokonuma 1967]. It is a deformation of the group algebra
of the normaliser of a maximally split torus, to which it becomes isomorphic over a splitting field; see
[Lusztig 2005, Section 34]. We propose to extend this construction over the £-adic integers to “torus
normalisers” arising from £-compact groups attached to arbitrary £-adic reflection groups. This will allow
us in Section 5F to prove Conjectures 4.2, 4.3 and 4.5 in the case ¢ =1 (mod £) and ¢ = 1.

5A. Definition and first properties. Let ¢ be a prime and W be a finite £-adic reflection group, that is,
W < GL(L) with L = Z}. Let q be a prime power with ¢ = 1 (mod £) and a the positive integer such
that £¢ || (g —1). Let T = L/¢“L. Then T is homocyclic of exponent £ and is equipped with a natural
action of W. For any reflectionr € W we set T, := [T, r]:=([t,r] |t €T) <T.

The topological braid group B := B(W) of W (see Section 3A) acts naturally on 7 through its
quotient W. We let B be the semidirect product of T with B. Observe that P(W) acts trivially on T, so
Bisa (nonsplit) extension of 7" x P(W) by W.

Recall from Section 3A the indeterminates u = (u,;) attached to W. We define a new set v = (v,;) of
indeterminates by the linear relations

=) (L+To|vy) forre W, 1< <o(r),
where, for any k | (£ — 1), ¢ € Z, denotes a primitive k-th root of unity. Let A=Zv,u".

Definition 5.1. Define (W, a, v) to be the quotient of the group algebra A[B]of B=T % B over A by
the ideal generated by the deformed order relations

o(r) . A
[ =& +v,E)) with B =) 1 € AlT], ®
j=1

teT,

where r runs over the braid reflections of B < B and r denotes the image of r in W. We will write
x +— y, for the canonical map A[é] — YW, a,v).
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When W is a Weyl group, the deformed order relation (7) generalises the quadratic one from the
classical Yokonuma algebra [Juyumaya and Kannan 2001, Theorem 2(2.1)], see also [Marin 2018a,
2.2(3)]. In Section SE, we show that in this case a suitable specialisation of ) is isomorphic to a truncation
of the classical Yokonuma algebra.

As far as we can tell, there is no direct relation between the algebra Y (W, a, v) defined above and the
“cyclotomic Yokonuma—Hecke algebra” considered by Chlouveraki and d’ Andecy [2016, Section 2] for
the reflection group W = G(d, 1, n); in their algebra, the underlying reflection group W only acts via
its quotient G(1, 1, n) = &,, on the torus. On the other hand, our construction is related to an algebra
defined by Marin [2018a], see Remark 5.16 below.

Henceforth, for simplicity we set ) := Y(W, a, v). Note that the specialisation | : Z,[u™'] - Z,,
Upj = ;()j(r), extends to a homomorphism A— Zy, vpj = 0.

Lemma 5.2. The following hold:

(a) Under the specialisation yry : A— 7,, vj = 0 (souyj — éj(r)), the algebra Y specialises to the
group algebra of TW.

(b) The quotient of Y by the ideal I generated by the {y; — 1 |t € T} is isomorphic to the extension
A®, H(W, u) of the generic Hecke algebra of W.

(c) The natural A-module homomorphism Y — H(W, u), y, — h,, in (b) has a splitting H(W, u) —
Al ®,; Y given by hy — [T[7' Y, vivr

Proof. The first parts follows directly from the deformed order relation (§) and the corresponding result
of Bessis [2001] for B. For (b), let J; be the ideal of A[é] generated by the elements {r — 1 | ¢t € T'}.
Then I is the ideal of A[é] generated by J; and the elements (1) as r runs over the braid reflections.
Let L be the ideal of A[é] generated by J; and the Hog (r —u,j) as r runs over braid reflections.

J

Then H(W, u) = A[B]/L. For an element x = 1—[(;(;)1 (r— ;j(r)(l + E,v,j)) € Jp of the form () set
x' = ]_[jg (r —uyj). Then x + J; =x"+ J;, whence I = L.

For (c), note that |T'|~! Y er Vi is a central idempotent of Ale 1 ®i V. [

We make some further straightforward observations. First, since for £ > 2 all reflections  in an £-adic
reflection group have order prime to ¢, in that case 7, = Z/¢Z.

For all braid reflections r, the element £, commutes with » and Er2 = |T,|E,. Thus, over A[Z‘l],
the element E/ = |T,|~'E, is idempotent. Multiplying (1) with E/ respectively 1 — E/ we obtain the

elements
o(r)
A—Epe*” —1) and E; []@ —ump. ("

j=1

which generate the same ideal as (}) over A[E*I]. Thus, () “interpolates” between the group relation for
r and the deformed Hecke algebra relation (7{) for r. Let us also note the following:
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Lemma 5.3. The constant coefficient in the deformed order relation () is invertible in A[T].

Proof. The constant term in the polynomial relation () for a braid reflection r is (up to a root of unity) a
product of factors 1+ v,; E,, which has inverse

L= ¢ vrj/uri Er € A[T]. O

We now give a more tangible description of Y (W, a, v). Recall that the braid group B has a presentation
in terms of certain sets of braid reflections together with so-called braid relations, encoded in braid
diagrams, such that adding the order relations for the chosen braid reflections, we obtain a presentation of
W see [Broué et al. 1998, Theorem 2.27] and [Bessis 2001, Theorem 0.1]. Choose reflections ry, ..., 7y
in W corresponding to a braid diagram for B. It is known that any distinguished reflection of W is then
conjugate to one of the r;, and by their construction all braid reflections projecting onto a fixed reflection of
W are conjugate in B. Then using Lemma 5.3 we see that ) is the associative unital A—algebra generated
by elements {y;, y,, |t € T, 1 <i < m]} subject to:

e The y, satisfy the same relations as the corresponding group elements ¢ (i.e., they generate a
subalgebra isomorphic to (possibly a quotient of) the group algebra A[TY).

 The action relations between the ¢, r;, with ¢ replaced by y; and r; by y,,.
o The braid relations between the y,,.

» The deformed order relations () for the y,,.

5B. On the structure of specialised Yokonuma type algebras. We show that under some additional
hypothesis certain specialisations of ) are isomorphic to the group algebra of T W. The main results are
Theorems 5.7 and 5.10.

For a specialisation ¥ : A — R to a commutative ring R,let Yy :==R® AV denote the extension of
scalars by . Then )y, is the quotient of the group algebra RB by the ideal

o(r)
<1_[(r — th(r)(l + v (vj)E)) | r € B braid reﬂecti0n>.
j=1

Let Wy be a parabolic subgroup of W and By = B(Wy) be its braid group. In [Broué et al. 1998,
Section 2D] is constructed an embedding By — B, well-defined up to P-conjugation, where B = B(W),
P = P(W). By [loc. cit., Propositions 2.29 and 2.18] this satisfies:

Lemma 5.4. Let Wy be a parabolic subgroup of W. Let By be the inverse image of Wy in B and let Py be
the subgroup of P generated by the elements r°", as r runs over the distinguished reflections in W \ W,.
Let By be the braid group of Wy. The above inclusion By < B has image contained in By and induces an
isomorphism By — Bo / f’o.
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So we have the following diagram with exact columns:

3

||
o
X
=
I

— = S e—me—
[
(=)
N
>
I
—_ Sy

13

[0

|

—— S 3=

Remark 5.5. Examples show that the isomorphism By — Bo/ Py might more generally hold for
all reflection subgroups Wy of W generated by distinguished reflections (see e.g., [Broué et al. 1998,
Proposition 3.24]), so that the assumptions of the subsequent Theorem 5.7 might be relaxed accordingly.
We will not need this here.

If Wy is a parabolic subgroup of W, we will denote by uy the set ug in the notation of Section 3A if
Wy is the reflection subgroup Wj.

Lemma 5.6. Let R be an integral domain containing the |T |-th roots of unity with field of fractions K of
characteristic 0 and let  : A— Rbea specialisation. Let I be the ideal of RB generated by

o(r)
{ l_[(" - Qf(r)(l + ¥ (v)E)) | r € B braid reﬂection}.
j=1

Let 0 € Itrg(T) and ey € KT the corresponding central idempotent. Suppose that the stabiliser Wy of 6

is a parabolic subgroup of W. Then eg Réeg/eg leg =Hy (Wo, ug) as R-algebras. Here we regard RB
as a subset of K B.

Note that the assumption that R contains the |7'|-th roots of unity is needed in order to ensure that any
ordinary irreducible character of T is R-valued.

Proof. Let Eg be the full inverse image of Wy in B. For a braid reflection r € B set

o(r) o(r)
ir = [ [0 =) A+ v @NEN = 1= ENE*® =)+ E [ [ = v )
j=1

j=1
where E/ = |T,| "' E,. Then
{epxiryeg | x,y € B, r € B braid reflection}

generates eypleg as R-module. The set of braid reflections is invariant under conjugation by B, and
v,j = v whenever r and r’ are conjugate. Thus, if x =7g, y=hs witht,s € T and g, h€ Bandrisa
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braid reflection, then
eoxiyyep = 0(1)0(s)episrgheg, where 6(t), 0(s) € R.

Thus, egleg is the R-span of {egi,xeg | x € B, r € B braid reflection}.
Now r € Wy if and only if O~ 't")y=1forall t € T. Thus, ey E = ey if r € Wy and zero otherwise,

and so
. {ee(r"(’) L)) it r ¢ W,
egly = }
€ ]_[j("—lﬁ(urj)) if r € Wy.

Further, since r°") € P commutes with 7', we have ep (r°") — Dxep = (r°® — 1)egxep and if r € Wy,
then

eo [ [r =¥ ur)xes = [(r — ¥ (urj))epxes.
J J

For any x € B, egxeg = xeg if x € f?g and zero otherwise. Hence eyl ey is the R-span of

(") — Dxeg | x € By, r ¢ Wy}U {]_[(r — Y (urj))xeg | x € By, r € We}-
j

By the same argument we have that ey Réeg =epR [TBQ]E@ and since ey 1S Tﬁg—stable and ey is idempotent
we also have eg R[T ég]eg =RI[T Bg]eg. Since 6 is linear and ég—stable, there is an R-algebra isomorphism
Rf?g = R[Tf?g]eg given by x — xey. This induces an isomorphism

RBy/J = R[T Byleg/egleg

where J < R By is the ideal generated by (re—1|r¢ WQ}U{]_[j(r — V¥ (urj)) | r € Wy}. By Lemmas 5.4
and 5.2(b), RBg/J = Hy (Wa, up). 0

Theorem 5.7. Assume all stabilisers Wy of elements 8 € Irr(T') are parabolic subgroups of W. Let K be
a field of characteristic 0 containing the |T |-th roots of unity and let  : A— Kbea ring homomorphism.
Then:

(a) Yy = [ [ Matjw.w, (K) @k Hy (Wa, ug)

0
as 0 runs over a set of representatives of W-orbits on Irrg (T).

(b) dimg Yy =|TW]|.
(c) Suppose that Kw C K and s is the inclusion homomorphisms. Then Yy, = K[T W1.

Proof. Part (a) is immediate from Lemmas 2.3 and 5.6 applied with R = K. Part (b) follows from part (a)
by Theorem 3.1 and Lemma 2.3(b) applied with G =T W.

Now assume K and ¢ are as in (c). As explained in Section 3B, for all 6 € Irr(T), Hy (W, ug) =
K ®;H(Wq, ug) = KWy. Now (c) follows from (a) and Lemma 2.3(a) applied with G =T W and I =0,
noting that K (T W)geg = K Wj. U
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We now turn to specialisations of A to finite extensions of Z,. For the rest of this section, the following
notation will be in effect. Let Z, € O be a complete discrete valuation ring with uniformiser , residue
field k and field of fractions K. Let ¢ : A— Obea Z¢-algebra homomorphism and denote by ¥ the
composition of v with the canonical map O — k. Recall that for x A[B] we denote by y, its image in
Y.ForyeYlety:=1lo®y€Vy,and y:=1,®y € Vy.

Lemma 5.8. Let W be a set of coset representatives of P in B and let J be the ideal of Yy, generated by
{ys =11t eT}andn. Then, kW = Yy, /J via the map which sends w € W to y, + J for w € W lifting w.

Proof. For a distinguished reflection r € W, £ divides |T,|, hence u,; € I. Now the result follows from
Lemma 5.2(b) (suitably adapted to the coefficient ring O). O

Theorem 5.9. Let W be a set of coset representatives of P in B. If all stabilisers Wy of elements 6 € Irr(T)
are parabolic subgroups of W, then X :={y,yy |t € T, w € W} is an O-basis of V.

Proof. We first show that {y;yw |t € T, w € W} generates YV as k-vector space. Let R C Y be the
k-span of {y; | t € T}. Then R is a commutative k-subalgebra of yw. Let Q be the ideal of R generated
by {y: — 1|t € T}. Since T is a finite abelian £-group, Q is a nilpotent ideal of R. We consider Yy as a
left R-module. Since T is normal in B, the R-submodule Q)J‘; of ylﬁ is an ideal of yﬁ. Further, lez
is the image of the ideal J of Lemma 5.8 in Yy, /7Yy = ylp and for any w € W, y,, + leﬁ =y +J.
So, by Lemma 5.8, {yy + Qy,; | w € W} generates Vg / leﬁ as k-vector space and hence as R-module.
Applying Lemma 2.1 with M = Y and the nilpotent ideal Q we obtain that {y, | w € W} generates YV
as R-module. Since R is generated by {y; | t € T'} as k-vector space we have the required result.

Now we claim that in order to prove the theorem it suffices to prove that )y is finitely generated as
O-module. Indeed, suppose that )y is finitely generated as O-module. Then by the previous paragraph
and the standard Nakayama lemma (Lemma 2.1) applied to the ring O and ideal 7w O, the set X = {J;Vy |
t €T, w e W} generates )y as O-module. Then 1 ® X generates K ®o )y as K-vector space and since
the latter has dimension |7 W| by Theorem 5.7(b), X is an O basis of ).

It remains only to show that )y, is finitely generated as O-module. For this, suppose first that O-contains
the |T'|-th roots of unity. Let / be the ideal of OB generated by the (f)-relations, let

I = @ egle, C @ eg(’)éeﬂ

0, uelrr(T) 6, uelrr(T)

with ey € KT as in Lemma 5.6 and let [=0BNI' Since I is an ideal of P egOf}eM, [ is an ideal of OB
containing 1. On the other hand, |T'|e; € OB for all 6, hence |T |2egle, < I and |T|*I  I. The kernel
of the composition of the inclusion OB < @ ey O Be,, with the surjection @ egOBe,, — @ eyOBe,, /1’
is I. Thus, OB /I is isomorphic to a submodule of P ey Oéeu /I'. On the other hand,

@ eg(’)ﬁeu/l'é ED eg(’)éeﬂ/egleﬂ.
0, uelrr(T) 6, uelrr(T)
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If w =" 0 for x € B, then ¢y Oéeu/e@ le, = eQOEeG /egleg via right multiplication by x and it follows
from Lemma 5.6 and Theorem 3.1 that ey (’)Eeg /eolep is finitely generated free as O-module. If 9,
are in different W-orbits, then 690éeu = 0. By the above displayed equation, P ey Oéeu /1’ is finitely
generated free as O-module. Since O is a principal ideal domain, and since OB /T is isomorphic to
a submodule of @69036# /I, it follows that OB /I is finitely generated free as O-module. Also,
b (f /1) =0 for r equal to twice the rr-adic valuation of |T'|. We saw above that Yy, /7 Yy = yip is finitely
generated as k-vector space and hence as O-module. Thus by Lemma 2.2 applied with M =Yy, = OB/I
and N = I /I we have Yy is finitely generated as O-module.

Now consider the general case. Let O’ be a finite extension of O containing the |7 |-th roots of unity
and let ¥’ be the composition of ¥ with inclusion of O in O’. By the previous part, applied with ¥’ in
place of ¥, Yy is finitely generated as O’-module. Since (0’ is a finite extension of O, Yy is also finitely
generated as O-module. Since O is a direct summand of @’ as O-module, the inclusion O < O’ is pure.
Thus the map Yy — O’ Qo Vy = Vy', y = 1 ®y, is injective and consequently ), is isomorphic to
an O-submodule of Yy . Since O is Noetherian and since as shown above )y is finitely generated as
O-module, Yy is finitely generated as O-module. (I

The following is an application of a theorem of Kiilshammer, Okuyama and Watanabe; see [Linckelmann
2018, Theorem 4.8.2]. Recall that if R is a commutative ring and C is a subalgebra of an R-algebra B,
then B is relatively C-separable if B is a direct summand of B ®¢ B as a (B, B)-bimodule.

Theorem 5.10. Suppose that W is an €'-group. Then there exists an O-algebra isomorphism Yy, = O[T W1
sending y, tot foranyt € T.

Proof. Let W be a set of coset representatives of P in B. Since W is an £'-group, Wj is a parabolic
subgroup of W for all 6 € Irr(T'). Thus, by Theorem 5.9, {y;yy |t € T, w € W} is an O-basis of ).
Further, we may regard OT as an O-subalgebra of )y, via the identification of OT with the subalgebra
generated by {y; | t € T}. Under this identification, again via Theorem 5.9, there is a homomorphism of
(OT, OT)-bimodules y : O[T W] — )y, defined by y (tw) = ¥, yw.

Let J be the ideal of )y, generated by {y; — 1|t € T} and 7. It follows from Lemma 5.8 that the
composition of y with the natural surjection My, — Yy /J is an O-algebra homomorphism. Now we may
apply [Linckelmann 2018, Theorem 4.8.2] to obtain an O-algebra homomorphism o : O[T W] — Yy,
extending the O-algebra homomorphism O[T W] — ),/ J obtained above from y and satisfying o (¢) = y;
forall r € T. For this one needs to have that J is contained in the radical of )y, and that O[T W] is relatively
OT-separable. The second condition holds since W is an £'-group (see [loc. cit., Proposition 2.6.9])
whereas the first condition holds since 7 is a finite normal £-subgroup of B and, by Theorem 5.9, )y, is
finitely generated as O-module.

The surjectivity of o follows by Nakayama’s lemma since the composition of o with Yy, — Yy /I is
surjective and then the injectivity follows since both algebras are free of the same rank. U

Remark 5.11. The assumption of Theorem 5.7 on stabilisers is satisfied whenever £ is very good for W,
e.g., when |W| is coprime to ¢, or if W = G (e, 1, n) with e > 2; see [Kessar et al. 2020, Proposition 2.3].
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5C. Freeness. We propose the following, analogous to the (now proven) freeness conjecture (Theorem 3.1)
for cyclotomic Hecke algebras:

Conjecture 5.12. The algebra Y is free over A of rank |TW|. More precisely, there is a section
W — W C B of the natural map B — W containing 1 such that {y;yw |t € T, w € W}isan A-basis of V.

For Weyl groups and parameters occurring in finite reductive groups, the freeness follows from the
construction as an endomorphism algebra, and the dimension from the number of double cosets of a
maximal unipotent subgroup, that is, the Bruhat decomposition; see [Lusztig 2005, 34.2—-34.10] for a
detailed investigation. We propose a proof in the case of finite Coxeter groups and for most infinite series
of complex reflection groups.

Theorem 5.13. Conjecture 5.12 holds for any finite Coxeter group.

Proof. Assume that W is a Coxeter group and choose a presentation of B on braid reflections ry, ..., r, € B
mapping to the Coxeter generators of W. Clearly, the set of all monomials in the y;, y,, forms a generating
system for ) as an A-module. By the ‘action relations’ any such monomial can be rewritten into an
A-linear combination of elements Vi yw With t € T and w a monomial in the generators r;, 1 <i < m.
Now by Matsumoto’s lemma, by using the braid relations plus the quadratic relations (1) expressing yrzl_
as a linear combination of smaller powers of y,,, w can be rewritten into an A[T]-linear combination of
elements from a fixed set W C B of reduced expressions of elements of W.

Thus any monomial in the generators is an A-linear combination of elements Vi yw Wwith t € T and
w € W. Since the y, satisfy the same relations as the corresponding ¢ € T, there are at most |7'| distinct
elements y;, so we have identified a generating system for ) of cardinality |7 W|. By Theorem 5.7 this
must be free over K, hence an A-basis of V. ]

Theorem 5.14. Conjecture 5.12 holds for W = G (e, p, n) with e | (£ — 1) for any divisor p of e, except
possibly when n =2, e, p are both even and p # e.

Proof. The group W = G (e, p, n) is a normal reflection subgroup of W; := G(e, 1, n) of index p. First
assume that p < e. Then the braid group B of W is normal in the braid group B; of Wj of index p by
[Broué et al. 1998, Section 3.B1]. Also, the corresponding tori T can be identified, such that 7.B is
normal in 7.B; of index p. A system of coset representatives is given by {r{ |0<i<p-—1}, where
r; € By lifts a distinguished reflection r € Wj of order e. Let ¢, be a primitive e-th root of unity and
set p’ 1= e/p. Recall the parameters u,;, 1 < j < p’, for ) at the reflection r. Let K be a sufficiently

/ .

. ~ . i o 1/p . ’ _ p/ /
large extension of Frac(A). Consider parameters Uy = U, for1 <j <p’, and Uy ipp = e U, y for

1 <j<e—p'. Now over K, the relation (f) for y; := y,, can be rewritten as

A—ENOf =D+ E []or—u) =0,
j=1
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with E' := |T,| "' E,; see (1) above. Note that 1—[1{:01 (1 — u;’jﬂ,,l.) = yf —u,; for any j. Similarly, over

K the relation (t) for the generator ylp of ) can be written as

p/
(1= ENYoP" =D+ E T[]0 —up =o0.
Jj=1
Thus, we obtain the same relation for yf in ) as before.

Let ) be the quotient of A[T.Bl] by the deformed order relations, which agree with those for ) as
we just saw and hence can be written over A, except in the excluded case n = 2, e, p both even, when
G (e, p, 2) contains an additional class of reflections.

We claim that the conjecture holds for W;. Our proof for this closely follows some arguments in [Bremke
and Malle 1997]. Let ry, ..., r, € B be braid reflections corresponding to the standard presentation, so
that r,, ..., r, generate the braid group on n strands (of type A,_) and (rir2)? = (rary)>. Set Y2 1= Yr,.
Now by Lemma 5.15 below for any a, b > 1 we have

b
Y2y yayy = ayiyayiya + Y (it vyt 4 e yiyayi T
i=1
for suitable o € A[T]X and «;, ozlf € A[T]. With this, one deduces as in the proof of [loc. cit., Proposi-
tion 2.4] that there is a set 5; C B of cardinality |W|| consisting of monomials in the r;, as in [loc. cit.,
Lemma 1.5], such that any monomial in the y,, y; can be rewritten in ); into an A-linear combination of
the |TW| products B :={y,yy | t € T, w € B1}. Thus, B is linearly independent over K by Theorem 5.7
and so an A-basis of Y. This proves our claim for Wj.

Now A[T.Bl] = @f;ol A[T.B]ri is Z/ pZ-graded and multiplication by r; defines A-module isomor-
phisms between the summands. Furthermore, the defining ideal / for ) in A[T.B] s contained in the defin-
ing ideal I of )| in A[T.Bl], and [} = @f:ol Iri is graded. So Y| = A[T.Bl]/ll = f:ol yyi and multi-
plication with y; induces A-module isomorphisms between the summands on the right. By construction the
A-basis B of Y| has the property that B= Uf:ol BNY yi), hence BNY is an A-free generating system of ).

Finally assume that p = e. Since G(e, ¢, 2) is a Coxeter group (the dihedral group of order 2¢), by
Theorem 5.13 we may assume n > 3. In this case, the braid group B of W = G(e, e, n) is a normal
subgroup of index e of the quotient B; = B /(ry) of the braid group of Wi; see [Broué et al. 1998,
Proposition 3.24]. Thus, ) is an A—subalgebra of A[T.Bl] /1 where I is generated by r{ — 1 and the
relations () for r,, ..., r,. We can now argue precisely as in the previous case. O

The following was used in the preceding proof:

Lemma 5.15. Let Y = Y(G(e, 1, n)) and y1, y» € Y images of braid reflections satisfying y,y1y2y1 =
Y1y2y1Y2 and such that the corresponding reflections ry, ry € W have order e, 2 respectively. Then for all
integers a, b > 1 there exist o € A[T]>< and o, otlf € A[T] such that
b
Y2y vy = aytyayiya+ > (@iy{ T vyl 4+ efyiyayi .

i=1



426 Radha Kessar, Gunter Malle and Jason Semeraro

Proof. Write the relation () for y; as y% =Ay,+u with u € A[TT* and A € A[T], so )’2_1 =p"ly,—ap~l

The relation between yy, y, implies y{'y2y1y2 = y2y1y2y{ for all @ > 1. Thus we find

Y2y yay1t = yayiyayi - yay;
= yiyiyayiy; !
= 2+ Yy (wya—ap™h
= 1y1y2y8 v+ Ayayi vy — myiyayian!
= wyiyayfyar " Ay yayn — pyryayian!
= W y1y2y1y2 + Ay yay1 — A yiyayy
for suitable ' € A[T]X and A’ € A[T], giving the claim for b = 1. For b = 2, using the previous result
twice we find
Y2y yayt = (W yiyayiya + Ay yay — M yyay{n
= W y1y2y] yayr + Ay vyt = Myryayt
= Wyi(W yiyay§ya + 2y yayi = M yyayl) + ayiyayt — X yiyayi
= wW'yiyayiva+ _il(aiyi‘Jrz_iyzyi +ajy yay{
i=
for suitable 1, o;, @]. A straightforward induction yields the claim for arbitrary b. O
Remark 5.16. Marin [2018a, Definition 5.4] defines for arbitrary complex reflection groups W an A-
algebra M attached to W as follows: let £ be the lattice of intersections of the hyperplane arrangement
of W. Then M is the quotient of the group algebra over A of the semidirect product £ x B(W) by the
deformed order relations () for the braid reflections of B(W). This algebra is generated by images of
braid reflections r’ and idempotents e,, r € W a reflection; by [loc. cit., 5.1]. Marin [2018b, Theorem 1.3]
shows that M is a free A-module of rank |W||L|. If W is £-adic, there is a natural morphism

iw:M— ACTN®;Y, 'y e (TOE,,

from Marin’s algebra to ours. We expect this to be injective, but in general far from surjective, since his
algebra is free of rank independent of £ (compare to Theorem 5.7).

5D. A trace form. Assume for the rest of the section that Wy is a parabolic subgroup of W for all
6 € Irr(T); this holds whenever ¢ is very good for (W, L); see Remark 5.11. Let K be an extension
of Q, by the £-th roots of unity. Let # = (i1,;) be as in Section 3A and let K = Frac(K[i]). Recall
from Section 3B that for any 6 € Irr(T'), K® HWy, ug) = K Wy is split semisimple and the irreducible
characters of H(Wjy, ugy) over K are identified with Irr(Wy). Here, as before we denote by uy the set ug in
the notation of Section 3A if Wj is the reflection subgroup Wy. Then, with U a K® H(Wy, ug)-module
affording ¢ and Uy ¢ := Indge(U ), Theorem 5.7(a) shows

Irr(Vg) ={Ug¢ | 0 € Irr(T)/ W, ¢ € Irr(Wp)}.
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We let x4 denote the character of Uy .
We consider the following nondegenerate trace form ) — K :

1
T :=1Ty:= Z Z f9—X6,¢>- (1)
0/ W pelr(Wy) 779

Here, for any 6 € Irr(T), fo,4 € A is the Schur element of the Hecke algebra H(Wy, ug) indexed by ¢ as
in Section 3A.

Proposition 5.17. Assume that Wy is a parabolic subgroup of W for all 0 € Irr(T). Assume also that
H(W, u) is strongly symmetric with respect to W C B as in Definition 3.4. Then we have

T(Viyw) =0:10w1|T| foranyteT,weW.

Proof. For 6 € Irr(T) let Cy be a system of coset representatives of Wy in W, and Cy C W the
corresponding system of coset representatives of T.Bg in T.B. Let 6 € Irr(T) and ¢ € Irr(Wy), and let U
be a corresponding representation of H(Wjy, ug) (which we consider as a representation of é@ = TI§9 as
above). Let us set U%(x) ;= U (x) if x € T.Eg and O otherwise. Then

Usgivw) = > UGivn)) = > 00HUG).
xeCy xECa,yiEBe

SO

1 X 1 X X X
> T Xoe i) = Yoo Y. 7o X000 = > 0O W, ()

¢pelr(Wy) = xeCy,yEeBy ¢elr(Wy) 777 xeCp,yEeBy
with ty, 4, as in Definition 3.4. By the choice of W we have
Wy, uy (y;) = tW,u(y;) = tW,u(yw) = Bw,l-

Thus the form 7 evaluates to

T =Y > 008w = Y 08w =0818u1IT],

0)F xeCq Oelr(T)

as desired. U
It seems natural to ask the following:

Question 5.18. Let (W, L) be a simply connected ¢-adic reflection group for which £ is very good. Does
the form |7|~'t take values in A and is it then a symmetrising form on ) over A?

Note that an affirmative answer to the first part of Question 5.18 follows under the assumptions of
Proposition 5.17.
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5E. Relation to classical Yokonuma algebras. Suppose that W is the Weyl group with respect to a
maximally split torus T of a connected reductive group G with an [F,-structure defined by a split
Frobenius map F : G — G. Set G = G’ and set Ty = TOF . Let U be the unipotent radical of an
F-stable Borel subgroup of G containing Ty, and let U = U Let £ be a prime dividing ¢ — 1 and set
ey =|UI"'Y ey u € Z,G. Then

V' :=Endz,c(Z[G/U)) = eyZGey

is the associated classical Yokonuma Hecke algebra [ Yokonuma 1967].

Letry, ..., r, be Coxeter generators of the Weyl group W. For t € Ty, let t' = eytey and for each i,
let E; := E|r,.r,jev, Where for any subgroup A < G we denote by E,4 the sum of elements of A. By
[Juyumaya and Kannan 2001, Theorm 2], )’ has a generating set {¢’, s; | ¢t € Ty, 1 <i < m} such that:

o The ¢’ satisfy the same relations as the corresponding group elements .
« The action relations between the ¢, r;, with 7 replaced by ¢’ and r; by s; hold in ).
o The braid relations between the r;, with r; replaced by s; hold in )'.
o s?=1—q (E; —siE}).
Note that Juyumaya—Kannan work over the complex numbers but it can be checked from the explicit

description of the s;s in terms of the standard generators coming from the Bruhat decomposition, that the
above holds over any ring in which ¢ is invertible.

Proposition 5.19. Suppose that there is a W-equivariant isomorphism between T and the Sylow £-
subgroup of Ty. Let H be the £'-Hall subgroup of Ty, let ey = |H| ™' E g be the principal block idempotent
of Z¢Ty and set f =eyey. Let ¥, : A — Z, be the specialisation corresponding to uy1 — —1, uyy — q
for all r. Then there is an isomorphism of Z,-algebras Yy, = f V.

Proof. Note that f is an idempotent of Z,G. By considering the generating set of )’ described above, one
sees that f is central in )" and for any x € H, xf = f, hence {t' f, s; f | t € Tp, 1 <i <m} is a generating
setforY' f= fY'f.

It follows from the description of ) via generators and relations given after Lemma 5.3 that there is a sur-
jective Z,-algebra homomorphism Yy, — )’ f which sends the image y; € Yy, of y; to (g ') (g—1)t' f
and y,, to —s; f. By Theorem 5.13, Vi, is Z,-free of rank |7 W| and the same is true for )’ f. The last
assertion can be seen by considering the standard basis {eyney | n € Ng(Tp)} of )’ given by the Bruhat
decomposition. Thus )y, is isomorphic to f)'f as claimed. (I

SF. Proofs of Theorem 1 and Corollary 2. Throughout this section £ > 2 is a prime, ¢ is a prime power
with ¢ =1 (mod £) and a > 0 such that ¢4 || (4 — 1). Let G = (W, L) be a simply connected Z,-spets
with W an £’-group. Let F be the fusion system associated to (W, L) as described in Section 4A, with
underlying £-group S. Recall that with the stated assumptions we have S =T = (Z/£“)" where T is the
homocyclic group L/£%L of exponent £¢. We let ) be the Yokonuma algebra associated to (W, L, g) as
in Section 5.



The principal block of a Z,-spets and Yokonuma type algebras 429

Recall the indeterminates i,; with fti ;= {0_(rj)u, ;- By [Malle 1999, Corollary 4.8], z may be chosen to
divide the order of the group of roots of unity in Q, thatis, £ — 1. As £¢ || (¢ — 1), by Hensel’s lemma
there is a unique root of X* — g € Z,[X]in Z;, say g'/%, with £¢ || (¢'/* — 1). Let Z; € O be a complete
discrete valuation ring containing the |7 |-th roots of unity. Let

q'* if j=o(r),

orat! o. i,
Vsg 1 Ol 1= ”f'_){l if1<j<o(r),

be the specialisation Vs , from Section 3B with R = O. Since |T}| divides £¢, v , extends to an O-linear
homomorphism Ola*!, v] = O which we still denote Ys,q. Let K= Frac(O[a*']) and K = Frac(O).
We restate Theorem 1.

Theorem 5.20. Let G be as above. Suppose that H(W, u) is strongly symmetric as in Definition 3.4. Then
Conjectures 4.2, 4.3 and 4.5 hold for G.

Proof. Let Wy be a reflection subgroup of W. By Lemma 3.7, K ® Hy, ,(Wo, o) is split semisimple and
Vs.q induces a bijection Irr(K ® 4 H(Wo, ug)) — Irr(K ®o Hy, ,(Wo, uo)). Also recall from Section 3B,
Irr (K ® 4 H(Wo, uo)) is identified with Irr(Wp) via v;. Henceforth we identify Irr(K ®o Hy, , (Wo, o))
and Irr(Wy) via the bijections induced by v , and ;.

Denoting the restriction of v 4 to A again by Vs 4, set V, := Yy, . Since W is an {'-group, Wy is a
parabolic subgroup of W for all 6 € Irrg (T). Then by Theorem 5.7(a) and the above K ®¢ ), is split
semisimple and Irr(K ®o ), ) is in bijection with pairs (6, ¢) as 6 runs over representatives of W-orbits
of Irr(T') and ¢ € Irr(Wp). Let x; 4 be the irreducible character corresponding to the pair (6, ¢). Then
X6 ¢ is afforded by the simple module U, = IndB (U) for U a simple K ®0 Hy, ,(Ws, up)-module
corresponding to ¢. Here as in Section 5D, uy = ug 1n the notation of Section 3A if Wy = Wj,.

We consider the following K -linear form on K ®¢o J,:

wem Y Y i @
9/W¢EIrr(W ) ws q(f9 d))
By Lemma 3.6 this is well defined. Since the coefficient of every irreducible character is nonzero, 7, is a
symmetrising form on K ®o )y with Schur elements |T |5 4 (f9,4)-
Let W C B(W) be as in Definition 3.4. By Theorem 5.9, {y;yy |t € T, w € W} is an O-basis of ), .
Here, as earlier, for x € ), we write X := lp ® x € ;. As in Proposition 5.17, we have

Ty (V1 Yw) =81,10w,1 foranyreT,we W,

hence the above gives that the restriction of 7, to ), takes values in O.

By the strongly symmetric hypothesis, and by Theorem 5.10 there is an O-algebra isomorphism
0 :O[TW]— ), whose restriction to T is the identity on T (where we identify T with its image in ), via
t — y;, t € T). Denote also by o the extension K[TW] — K ®0 Y,. Then 1, :=1,00 : K[TW] — K
is a symmetrising form on K[7T W], with Schur element |T [y 4(f9,¢) at the irreducible character of
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K[T W] corresponding under o to the character Xé, ¢ of K ®o )Y, . Further, by the above 7, (¢) = 4,1 for
all t € T and the restriction of to to O[T W] takes values in O. Thus, by Lemmas 2.5 and 2.6,

o
|22 2 wqq<f9¢,> Wl

0/ W pelrr(Wp)

where o € O is such that « = 1 (mod £).
Recall that S = T and as explained in Section 4B, there exists a W-equivariant bijection between
Irr(T) and T'. Thus the left hand side of the above equals

Vs (d)
1T 12954 (P3)’

where d := Zs/f Zd)em(w(s)) p%vfs’_j. By Lemma 4.10, ¥ ,(d) = dim(Bo)|c=q. Since ¥ ,(pw) =
|[W| (mod £), we obtain the validity of Conjectures 4.2 and 4.3 from the displayed equation above.

Finally, we prove Conjecture 4.5. First of all note that since o is the identity on 7, for any pair (8, ¢)
as above the irreducible character of K[T W] corresponding under o to the character Xé, ¢ fF K®0 Yy
covers 6 and therefore is of the form Yo = Ind%g ((]3) for some qS € Irr(Wp). In particular, o induces a
permutation ¢ — ¢ of Irr(Wpy). By Proposition 2.7 we have that for any v € IBr(T W),

dy, ;v

Z Z 1ps,q (f@,d))

0/ W pelrr(Wp)

is divisible by |7'| in O. Choose a W-equivariant bijection between Irr(7) and T and let ® : Irr(T W) —
Irr(By), y + 7, be the bijection such that if y = Ind% (&), then 7 is the element of Irr(By) labelled
by (x, ¢), where the W-class of x € T corresponds to the W-class of 8 for the chosen W-equivariant
bijection between Irr(7') and T. Then ® is W-equivariant. Moreover, by Lemma 4.10 the above displayed
expression equals ¥ 4 ( pw) ! (deg ®;)|x—4. The result follows since ¥ ,(pw) is an invertible element
of O. O

Remark 5.21. The above holds in a more general setting. Drop the assumption that W is spetsial; so
W is an (£-adic reflection group of order prime to £. Let ¥, : Olat!, v] — O be any specialisation as in
Section 3B. Suppose that 7 : H(W, u) — A is a symmetrising form such that the following holds:

(1) There is a section W — W C B of the natural map B — W containing 1 whose image in H(W, u)
is an A-basis of H(W, u) with 7(hy) = 8y, forall w e W.

(2) For any parabolic subgroup Wo < W, t|ywo.uo) : H(Wo, o) — A is a symmetrising form.

Fors € §, ¢ € Irr(W(s)) let f; ;4 denote the Schur element of 7|3 (w4, With respect to ¢ where
Wo = W(s). Set

o=y > L

s/F ¢elr(W(s)) 7 T,5,¢
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and for v € IBr(SW) set
Pw
Q)= ), i,
yeln(SW) ©.5.¢
where d,,, is the decomposition number in SW with respect to y and v. Then with the same proof as

above we get:

(@) Ysq(d)e=1SI.

() Vsq(d)/(Ys.q(pw)|S]) =1 (mod £).

(c) For each v € IBr(SW), |S| divides V5 4 (P, (1)).

Proof of Corollary 2. By [Malle 1998, Section 3] all imprimitive irreducible spetsial reflection groups
are either Coxeter groups, of type G (e, 1, n) or of type G(e, e, n) with n > 3 and therefore strongly
symmetric by Proposition 3.5. Therefore Conjectures 1 and 2 hold for these groups by Theorem 5.20. For
the primitive groups, Conjecture 1 holds by Proposition 4.8. Conjecture 2 holds when W is primitive and
2-dimensional by Proposition 3.5(c) and Theorem 5.20; for G 14 Conjecture 2 holds by direct computation
using the description of the decomposition matrix provided in the proof of Proposition 4.11. (I
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Geometric properties of
the Kazhdan—Lusztig Schubert basis

Cristian Lenart, Changjian Su, Kirill Zainoulline and Changlong Zhong

We study classes determined by the Kazhdan—Lusztig basis of the Hecke algebra in the K -theory and
hyperbolic cohomology theory of flag varieties. We first show that, in K-theory, the two different
choices of Kazhdan—Lusztig bases produce dual bases, one of which can be interpreted as characteristic
classes of the intersection homology mixed Hodge modules. In equivariant hyperbolic cohomology, we
show that if the Schubert variety is smooth, then the class it determines coincides with the class of the
Kazhdan-Lusztig basis; this property was known as the smoothness conjecture. For Grassmannians, we
prove that the classes of the Kazhdan—Lusztig basis coincide with the classes determined by Zelevinsky’s
small resolutions. These properties of the so-called KL Schubert basis show that it is the closest existing
analogue to the Schubert basis for hyperbolic cohomology; the latter is a very useful testbed for more
general elliptic cohomologies.
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1. Introduction

Let G be a split semisimple linear algebraic group with a fixed Borel subgroup B and a maximal torus
T C B. Let P be a parabolic subgroup containing the Borel subgroup B. The varieties G/P and G/B
are called flag varieties, and they are among the most concrete objects in algebraic geometry, because
of the Bruhat decompositions. For instance, the equivariant cohomology (Chow group) of flag varieties
is freely spanned by the classes of Schubert varieties X (w). Similarly, the equivariant K -theory of flag
varieties is spanned by the structure sheaves of Schubert varieties. The field of studying intersection
theory of these classes is called Schubert calculus, and is related to combinatorics, representation theory,
and enumerative geometry.
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Due to the failure of Schubert varieties being smooth, the present paper deals with two different
directions in generalizing classical Schubert calculus. The first one is concerned with the Chern classes.
Although the classical Chern class theory does not work for the singular Schubert varieties, there are
generalizations to this case, which are called Chern—Schwartz—MacPherson (CSM) classes [MacPherson
1974; Schwartz 1965a; 1965b] in homology and motivic Chern (MC) classes in K -theory [Brasselet et al.
2010; Aluffi et al. 2019; Fehér et al. 2021]. These generalized Chern classes of Schubert cells are closely
related to the corresponding stable bases of the cotangent bundle 7*G/ B, defined by Maulik and Okounkov
[2019; 2017] in their study of quantum cohomology/K -theory of Nakajima quiver varieties. These classes
are permuted by various Demazure-Lusztig operators [Aluffi and Mihalcea 2016; Aluffi et al. 2017; 2019;
Su2017; Su et al. 2020; Mihalcea et al. 2022], and are related to unramified principal series representations
of the Langlands dual group over a nonarchimedean local field [Su et al. 2020; Aluffi et al. 2019].

We focus on the Kazhdan—-Lusztig bases of the Hecke algebra, which are related to the intersection
cohomology of Schubert varieties. Classically, there are two choices of Kazhdan—Lusztig bases. In this
paper, we consider the K -theory classes determined by these two collections of Kazhdan-Lusztig bases.
The cohomology case is studied in [Mihalcea and Singh 2020]. We first show that they are dual to each other
in Theorems 13 and 22. These dualities are closely related to the characteristic classes of mixed Hodge
modules, studied by J. Schiirmann and his collaborators [Schiirmann 2011; 2017; Brasselet et al. 2010].
Moreover, we interpret one collection of these classes as the motivic Hodge Chern classes of the intersection
homology mixed Hodge modules of the Schubert varieties, which immediately implies that they are
invariant under the Serre—Grothendieck duality; see Proposition 17 and Corollary 19.

The other direction is to look at more general cohomology theories, namely the equivariant oriented
cohomology theories of Levine and Morel. They are those contravariant functors k7 from the category of
smooth (quasi)projective varieties to the category of commutative rings such that for any proper map of
varieties, a pushforward of the cohomology groups is defined. One can then define Chern classes, where
the first Chern class of the tensor product of line bundles determines a one-dimensional commutative
formal group law. The structure of the equivariant oriented cohomology of flag varieties is studied in
[Calmes et al. 2016; 2019; 2015; Lenart et al. 2020]. Roughly speaking, there is an algebra generated by
push—pull operators between k(G /B) and hy(G/ P), called the formal affine Demazure algebra D,
whose dual Dy is isomorphic to h7(G/B).

Since Schubert varieties are not smooth in general, their fundamental classes are not defined beyond
the Chow group and K -theory. To resolve the singularities of a Schubert variety X (w), one often uses
the Bott—Samelson resolution, which is defined by fixing a reduced decomposition of the Weyl group
element w. For an oriented cohomology beyond singular cohomology/K -theory, the classes determined
by such resolutions depend on the choice of the reduced decomposition. This corresponds to the fact that,
for general hr, the push—pull operators do not satisty the braid relations [Hoffnung et al. 2014]. Because
of this fact, there are no canonically defined Schubert classes.

Aiming for the definition of Schubert classes, in [Lenart and Zainoulline 2017; Lenart et al. 2020], the
authors consider the so-called hyperbolic cohomology, denoted by h. This corresponds to a 2-parameter
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Todd genus, and is the first interesting case after K-theory in terms of complexity. A Riemann—Roch type
map is defined from K -theory to the hyperbolic cohomology theory, which induces an action of the Hecke
algebra (considered on the K-theory side) on the hyperbolic cohomology of G/B. In this way, the action
of the Kazhdan—Lusztig basis defines classes KL,, in h7(G/B), called KL Schubert classes. In [Lenart
and Zainoulline 2017; Lenart et al. 2020], there is a conjecture stating that, if the Schubert variety X (w)
is smooth, then its fundamental class coincides with the class KL.,,. This conjecture is proved in those
works in some special cases. Our first main result proves this conjecture in full generality:

Theorem 28. If the Schubert variety X (w) is smooth, then the class determined by X (w) in h7(G/B)
coincides with the KL Schubert class KL,,.

The idea of the proof is as follows: if X (w) is smooth, then all the Kazhdan-Lusztig polynomials
Py, for any y < w are equal to 1, so the Kazhdan—Lusztig basis for w is the sum of the Demazure—
Lusztig operators. As mentioned above, the MC classes of Schubert cells in K -theory are permuted by
the Demazure—Lusztig operators. So the MC class of X (w) coincides with the KL class in K -theory,
and the restriction formula for the former is obtained in [Aluffi et al. 2019] by generalizing a result of
Kumar [1996]. By using the Riemann—Roch type map from K -theory to hyperbolic cohomology, we
compare the restriction formulas of the class KL, and of the class of the smooth Schubert variety X (w), and
prove the smoothness conjecture (Theorem 28). For partial flag varieties, a similar property is also proved.

As mentioned above, the Kazhdan—Lusztig basis defines classes in the K-theory of flag varieties,
but they do not coincide with the fundamental classes of Schubert varieties, whether smooth or not.
However, in h7(G/B), our Theorem 28 shows that, for smooth Schubert varieties, their fundamental
classes coincide with the classes defined by the Kazhdan—-Lusztig basis. It is unclear to us why such
phenomena appear, and we hope to explore this in a future project.

Restricting to type A Grassmannians, we prove more geometric and combinatorial properties. For
example, Zelevinsky constructed small resolutions of all Schubert varieties [Zelevinskii 1983]. Our
second main result is the following:

Theorem 42. The KL Schubert classes for the Grassmannian coincide with the hyperbolic cohomology
classes of the corresponding Zelevinsky resolutions.

To prove this theorem, note that Zelevinsky’s small resolutions are similar to the Bott—Samelson
resolutions, except that, instead of using minimal parabolic subgroups, one considers more general
parabolic subgroups. So the small resolution classes can be computed by using relative push—pull
operators between hyperbolic cohomology of G/P and G/Q. These operators were studied in [Calmes
et al. 2019]. On the other hand, in [Kirillov and Lascoux 2000], a factorization of the Kazhdan—Lusztig
basis elements for Grassmannians is exhibited. By carefully transforming this factorization, one can write
the Kazhdan—Lusztig basis elements as products of “relative” Kazhdan—Lusztig elements. Finally, by
identifying the latter with the relative push—pull operators, one proves Theorem 42. By the uniqueness of
the Kazhdan-Lusztig basis, it follows that all small resolution classes are the same.
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There have been important developments in Schubert calculus for general cohomology theories.
More specifically, for elliptic cohomology, a stable basis in the cotangent bundle 7*G/B was defined
(see [Aganagic and Okounkov 2021; Okounkov 2021], which generalizes stable bases for cohomology
and K-theory), and canonical classes were associated with Bott—Samelson resolutions of Schubert
varieties [Rimanyi and Weber 2020; Kumar et al. 2020]. The elliptic cohomology used in the latter
papers can be considered as the oriented cohomology theory associated with a certain elliptic formal
group law determined by the Jacobi theta functions; meanwhile, the mentioned cohomology classes are
elliptic analogues of the CSM classes in ordinary cohomology and the MC classes in K-theory. On
the other hand, the hyperbolic formal group law we consider here comes from a singular cubic curve
(in Weierstrass form), so it is a singular elliptic formal group law; see [Buchstaber and Bunkova 2010].
The properties of the KL Schubert basis proved in this paper (namely, the smoothness conjecture and the
interpretation in terms of the Zelevinsky small resolutions) show that this basis is the closest existing
analogue to the Schubert basis for hyperbolic cohomology. Furthermore, the latter is a very useful testbed
for more general elliptic cohomologies.

The paper is organized as follows. In Section 2, we recall the algebraic construction of the equivariant
oriented cohomology of flag varieties. In Section 3, we recall basic facts about the Hecke algebra,
MC classes, and the smoothness criterion. In Section 4, we use Kazhdan—Lusztig bases to define the
two collections of KL classes in K7(G/B) and K7 (G/P), and show that they are dual to each other.
We also give a geometric interpretation for one of them using mixed Hodge modules. In Section 5,
we recall the definition of KL Schubert classes in hyperbolic cohomology, and prove the smoothness
conjecture. In Section 6, we prove Theorem 42, which connects small resolutions for Grassmannians
with the corresponding KL Schubert classes.

2. Formal affine Demazure algebra and its dual

We recall the definition of the formal affine Demazure algebra and its relation with equivariant generalized
(oriented) cohomology of flag varieties following [Hoffnung et al. 2014; Calmes et al. 2016; 2019] and
especially the paper [Calmes et al. 2015].

Notation. Let G be a semisimple simply connected linear algebraic group over C, and fix B a Borel
subgroup with a maximal torus 7 C B. Let X*(T) denote the character lattice of T. Let W = Ng(T)/T
be the Weyl group.

Let ¥ denote the set of associated roots and let £ denote the subset of roots in B. For any root «,
let o > O (resp. o« < 0) denote @ € =T (resp. —a € T1).

Let [T = {«, ..., oy} denote the set of simple roots. Let £: W — Z denote the length function.
For any J C I, denote by W; the parabolic subgroup corresponding to J, by wy its longest element,
and by W’ (resp. /W) the set of minimal length representatives of left (resp. right) cosets W/ W,
(resp. W;\W). Specifically, wg := wr; € W is the longest element. More generally, if J' C J C II,
write wy = wywy € w' (resp. wyny :=wywy), thatis, wy, ;- (resp. wy ) is the maximal element
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(in terms of the Bruhat order) in the set Wy N W7 (resp. W, N7'W). Write £, :={¢ € | so € W} and
Zf := ¥ ;N %, Throughout the paper, we use the notation \ for right cosets, not set difference, which
is denoted by —.

Formal group algebra. Let F be a one-dimensional formal group law over a commutative unital ring R.
The formal group algebra R[X™*(T)] r is defined to be the quotient of the completion

Rllx. | 2 € X*(D)1/ T,

where JF is the closure of the ideal generated by (xo, F'(x;, X;,) — Xp4p | A, € X*(T)). For simplicity it
will be denoted by S. It can be shown that if {wy, ..., ®,} is a basis of X*(T), then S is (noncanonically)
isomorphic to R[[wy, ..., w,].

Localized twisted group ring. Let Q = S[(1/xy) | @ > 0], and Qw = Q Qg R[W]. Denote the canonical
left O-basis of Qw by 8, w € W, and define a product on Qw by

(P8w) - (p'8w) := pw(p')uww for p,p'€ O, w,w' e W.
In particular, we have é,p = v(p)3d, for p € Q.

Push-pull elements. For each root «, define the formal push—pull element

Yo = (148,)—— € Ow.
X g
For any reduced word w = s;, - - - 5;,, where s; is the simple reflection corresponding to the i-th simple
root in IT, define I,, = (i1, ..., ix),and ¥;, = Y“f. . Yaik- The product Y;, depends on the choice of the
reduced sequence, unless the formal group law F is of the form x + y + Bxy with § € R. For simplicity,

write §; :=d;, ¥i =Yy, and x4; 1= X4q,.

Formal affine Demazure algebra. Let Dr be the subring of Qw generated by elements of S and push—pull
elements Y; fori =1, ..., n. This is called the formal affine Demazure algebra. It is proved in [Calmes
et al. 2016] that D is a free left S-module with basis {Y;, | w € W}.

Example 1. If R =7 and F,,(x, y) = x + y — xy (multiplicative formal group law), then
SEZIX'(D]", xat> 1—e™",
where the completion is taken with respect to the kernel of the augmentation map e* > 1. The ring Dr
is then isomorphic to the (completed) affine 0-Hecke algebra.
For J' C J C 11, write
Xjpy = l_[ Xoy, XJi=Xj/p.
aeE]—E;,
Fixing a set of left coset representatives W;,;» of W; /W, we define a push—pull element

1

1
Yy = < Z 5w> €Qw, Yy;:=Yjp= < Z 5w>—- (D
weW,, weW; *J

Xj
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Note that the definition of Y;,; depends on the choice of W, ,,/, and in general Y;,;» might not be in Dp.
Similarly, fixing a set of right coset representatives W, ; of W \W, one can define Y, ;. If J =TI,
xm and Y are correspondingly defined. For instance, if J = {i}, then Y;; = Y,,. Note that in general
Yy € Qw,butY; € Dr. We have

Yy pYp=Y; =Y, Yn,. )
There is an anti-involution ¢ of D, defined by

V) = v_l(p)_f—név for pe Q, veW. (3)
X v (xm)

For example, it is easy to prove that ((Y;) = Y, and

L(pdy) :=68,-1p

W(Yr,) =Y, “4)
if 1! is the sequence obtained from I,, by reversing the order.

Dual of the Demazure algebra. Let D7, denote the S-linear dual Homg(Dpr, S) with dual basis Y*w, weW.
One can also consider the Q-linear dual Q}, = Homg(Qw, Q), which is isomorphic to the set-theoretic
Hom(W, Q). There is the dual basis f,,, w € W of Q}, such that f,,(8,) = 85", and fy, - f, = 85", fu,
where 852) is the Kronecker symbol. It turns Q7j, into a commutative ring with identity 1 =73 f,.
By definition, we have D} C QJ, (where the former is a S-module, and the latter is considered as

a Q-module), and the product on Q7, restricts to the product on D7..

Two actions on the dual. There are actions denoted by  and © of the ring Qw on its Q-linear dual Q7,
defined by

(P8s)*(qfw) :=qwv ' (p) fyp1  and  (p8)) O (qfw) = pv(q) fow for v,weW, p,qge Q. (5

It follows from [Lenart et al. 2020, § 3] that the e-action is Q-linear, while the (®-action is not, and the two
actions commute. We also have zept, = 1(z) O pt,. Moreover, the two actions induce (via the embeddings
Dr C Qw and D}, C QY,) corresponding actions of Dr on D7y.. For homology and K -theory, the « and ©
actions correspond to the right and left actions considered in [Mihalcea et al. 2022].

The class of a point. For each w € W define the element
pty, ‘=X e fu = wxn) fu,

and call it the class of a point. From the definition, we have z e pt, = 1(z) O pt, for z € Qw, where e €¢ W
denotes the identity element.

Generalized (oriented) cohomology. Given a formal group law F over R, let h be the corresponding free
algebraic generalized (oriented) cohomology theory obtained from the algebraic cobordism €2 of Levine
and Morel [2007] by tensoring with F, i.e.,

h(-) =Q(-) ®Q(pt) R.
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Here Q2 (pt) is the Lazard ring, the coefficient ring of universal formal group law, and 2 (pt) — R is the
evaluation map defining F. Note that such theories are different from the usual generalized cohomology
theories from algebraic topology, since the formal group laws do not need to be Landweber exact (since
the localization sequences are only right exact; see [Levine and Morel 2007, § 3.2]). We refer to [Levine
and Morel 2007] for all the properties of such theories.

In particular, for the additive formal group law F,(x, y) = x + y one obtains the Chow ring and for
the multiplicative group law F,, one gets the usual K -theory.

Equivariant generalized cohomology. Let hr be the respective T-equivariant generalized (oriented)
cohomology theory of [Calmes et al. 2015, § 2]. Replacing h7 if necessary by its characteristic completion
(see Section 3 there), the main result of [Calmes et al. 2015] says that the formal affine Demazure
algebra D and its dual D7, are related to generalized cohomology h7(G/B) and hy (G/Py) as follows:

(1) There is an isomorphism D7 = hr(G/B), which maps the element Y,-1ept, =Y}, Opt, to the
Bott—Samelson class determined by the sequence 1.

(2) Via the above isomorphism, the map Ype_: D} — (D})W = S coincides with the map k7 (G/B) —
hr (Spec(k)).

(3) The group W acts on D7, by restriction of the e-action via the embedding W C Df. For any subset
J C II, one has an isomorphism (D;‘;)Wf =hr(G/Py), and the map Y; : D}, — (D})WJ coincides
with the pushforward map h7(G/B) — hy(G/P;). More generally, the map Y, ¢ _: O}, — Oy,
restricts to a map (D;)WJ’ — (D}‘;)Wf, which corresponds to h7(G/Py) — hr(G/Py).

(4) The embedding D} — Qj, coincides with the restriction to 7'-fixed points map h7(G/B) —
O ®s hr (W), and the element pt,, is mapped to the class ¢,, of T-fixed points of G/B.

Remark 2. Observe that the localization axiom [Calmes et al. 2015, A3] used to prove the above properties
can be replaced by a weaker CD-property of [Neshitov et al. 2018, Defintion 3.3] which holds for any Ay
defined using the Borel construction (see [Neshitov et al. 2018, Example 3.6]).

Generalized Bott—Samelson varieties. Let P;, Q;,fori =1, ..., m,be a collection of parabolic subgroups
such that Q; C P; N P;y; and Q,, := B. Define

Z=P x2 PyxL2x...x%1p
There is a canonical map
7:Z)Qm—>G/OQm, (Pls..,Pm) > PIP2"" " Pmn-

The following lemma will be used in Section 6 in identifying the small resolution of Zelevinsky with the
factorization of Grassmannian Kazhdan—Lusztig basis of Kirillov and Lascoux.

Lemma 3. Under the isomorphism hy (G/B) = D}, and viewing ht(G/P) = (D;‘;)WP, we have

T[*(l) = (YPm/Qm—lYmel/Qm—Z T YPZ/QIYPI) .pte .
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Proof. We use induction on m. If m = 1, then the map is 7 : P;/Q1 — G/Q;. We have the following

commutative diagram:
Pi/Q1 —— G/ Qi

lq lpPl/Ql

pt—— G/P,
Here i is the embedding of the identity point. Then
(1) = meqi (1) = (pPl/Ql)*i*(l)-

According to [Calmes et al. 2015, Lemma 8.8], we see that i,(1) = Yp, e pt,, and p}l/g is the embedding
(D})W”l — (D})WQI C Dy.. So it holds when m = 1.
Now write Z' = P; x21 P, x22... xPn2Q, . We then have the commutative diagram

Z' X9 P/ Q ———— G/ O
J/q lpl’m/Qm
, ppm/Qm7107T/
z /Qm—l G/Pm

where 7' : Z'/Qm—1 — G/ Q1 is the map multiplying all components together. Then

(1) = 724 (1) = (PP, /0,)* (PP 057 (D).
From [Calmes et al. 2015, p. 137], we see that (pp,/0,,_,)« corresponds to Yp, /0, *_, and (pp,/0,)*
is just the embedding (Dp)W#» < (Dp)"en . The conclusion then follows from induction. O

Corollary 4. Via the isomorphism hr (G/B) = D7, we have

(D) = ¥pi0, - Yp, 17001 VP,) OPL, -
Proof. Note Yp,pYp =Yp forany P D Q, and Yp ept, = Yp O pt, (see [Lenart et al. 2020, (3.5), (3.8)]).
If m =2, we have
(1) = (Ypyy0,Yp)ept, =Yp,0,*Yp, Opt, =Yp,/0,*Yp /0, © Yo, OPL,
=Ypy0,*YP/0, O Yo, *Pte = YP /0, © (YpPyy0,Y0) *Pte = Yy /0, OYP, OPL, -
The general case then follows similarly. ]
We prove a lemma that will be used later in Section 6:
Lemma 5. We have
Ypij0iYPyy0r - YPu1/0u i Yo, = YR Yor\Py - Y0, 1\Py-
Proof. This follows from recursive use of the identities (2) and the assumption that Q; C P; N P;;. For
example, one has
Yo, /ona¥Ye, =Y 1/00 Y0, Yo, 1\ =Y, Y0, 1\P,-

By induction, the formula holds. U
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3. Hecke algebra, motivic Chern class, and the smoothness criterion

In this section, we recall the definition of the Kazhdan—Lusztig basis and the motivic Chern (MC) classes.

The multiplicative case. Set R =Z[t,t~", (t +¢t~")~!], where ¢ is a parameter. Definitions of Section 2
applied to the multiplicative formal group law F), over R give the respective formal group algebra and its
localization,
Sw = R[X*(T)]p, and Q= S[xi o> o],
o

the localized twisted group algebra and the formal affine Demazure algebra,
Qm,W = Qm QR R[W] and Dm = (Sm, Yl» sy Yn> C Qm,W-

The Demazure—Lusztig elements. Define the Demazure—Lusztig elements in O, w as

-1 —1,—o;
) =t t—t e ™
=Y (=1 e) —t = 1 —e + l —e 5"

It can be shown that t; € D,, fori =1, ..., n satisfy the standard quadratic relation tl.z =0t '=01 +1,
and the braid relations. So they generate the Hecke algebra H over R.

Remark 6. Let y = —t72, On D) = R®z7 K1(G/B), as operators, o agrees with 7;L, andt e
agrees with 7;R’V, respectively, where the latter are notions from [Mihalcea et al. 2022, Section 5.3] and
[Aluffi et al. 2019].

The Kazhdan—Lusztig basis. Consider the involution of the Hecke algebra H — H, z +— z such that

f=t", T=1"L (6)

1

There is a basis of H over R denoted by {yy }wew and called the Kazhdan—Lusztig basis. It is invariant
under this involution and satisfies

Vw € Ty + Z tZ[t]t,.

v<w

We set 1, = ™) and
Yw = Z twtu_lpv,w(t_z)fva

v<w
where P, ,, are the Kazhdan—Lusztig polynomials. In addition to this, there is another canonical basis
defined by (see [Kazhdan and Lusztig 1979]),

YV 1= Z ewevtu_)ltvPv,w(tz)rv €Ty + Z =71 ey,
veW v<w
where €, is (—1)™). Since the Schubert variety X (wy) C G/B is smooth, the Kazhdan-Lusztig
polynomials satisfy P, ,,, =1 for any v < w;. Thus, y,,, = vaw; twjtv_lrv.

More generally, for J' C J C I1, write

R A —1 N -1
Yi=Yw,» VYi/J = Z th/J/tv Ty,  VINT = Z twj/\JtU Ty. (N
veW;Nw?’ veW,;n'w
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It is not difficult to see that
Yi =Y 0Ye =YrYing. (®)
If Q C P are the parabolic subgroups corresponding to J' C J, respectively, write yp,;o = y;,. For

vs/yr and yy g, the analogue of Lemma 5 holds. It will be used in considering KL Schubert classes in
hyperbolic cohomology of partial flag varieties below.

Motivic Chern classes. We recall the definition of the motivic Chern classes, following [Brasselet et al.
2010; Fehér et al. 2021; Aluffi et al. 2019]. Let X be a nonsingular quasiprojective complex algebraic
variety with an action of the torus 7'. Let Gg (var/ X) be the (relative) Grothendieck group of varieties
over X. By definition, it is the free abelian group generated by isomorphism classes [ f : Z — X] where Z
is a quasiprojective T -variety and f is a T-equivariant morphism modulo the usual additivity relations

[f:Z—->X]=[f:U—-X]+I[f:(Z-U)— X],
for any T -invariant open subvariety U C Z.

Theorem 7. There exists a unique natural transformation MC_,-> : Gg (var/ X) — K7 (X)[t72] satisfying
the following properties:

(1) It is functorial with respect to T -equivariant proper morphisms of nonsingular, quasiprojective

varieties.

(2) It satisfies the normalization condition
MC_2fidy : X — X]= Y (=)'t [NTF] = a_2(T3) € Kr(X)[t 2],

The nonequivariant case is proved in [Brasselet et al. 2010], and the equivariant case is shown in [Aluffi
et al. 2019; Fehér et al. 2021].
Let

D(-) := (=)™ X RHomop, (—, wx)

be the Serre—Grothendieck duality functor on K7 (X), where wy := /\dimXT;(k is the canonical bundle
of X. Extend it to K7 (X)[t*'] by setting D(t') =¢~".
Definition 8. Let Z C X be a T-invariant subvariety.
(1) Define the motivic Chern class of Z to be
MC_,2(Z) :=MC_;~([Z — X]).
(2) Further assume that Z is pure-dimensional. Define the Segre motivic Chern class of Z as follows

(see [Mihalcea et al. 2022, Definition 6.2]):

—2dimZ D(MC—I‘Z (Z))

SMC_,2(Z) .=t
(2) 2 (T)
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Smoothness of Schubert varieties. Consider the variety of complete flags G/B. Let X (w)° := BwB/B
and Y (w)° := B~ wB/B be the Schubert cells. The closures X (w) := m and Y (w) := W are
the Schubert varieties. Observe that u < v with respect to the Bruhat order if and only if X (1) C X (v).
Let pty, = w(xn) f,,' € O, w denote the class of the T-fixed point ¢,, corresponding to w € W. Note
that here f" is the standard basis in Q, , defined in Section 2, and the superscript m is to indicate the
multiplicative formal group law.

The key property of the motivic Chern classes of the Schubert cells that we need are listed below.

Theorem 9. (1) [Mihalcea et al. 2022, Theorem 7.6] For any w € W, we have
MC_,2(X(w)°) =1, 'z, O pt™.
(2) [Aluffi et al. 2019, Theorem 9.1] For any u < w € W, the Schubert variety X (w) is smooth at ¢, if
and only if
MC ~(X@)lu= [] a-e [ da-172e,
>0, usy fw a>0, usy <w
where MC_,—2 (X (w))|, denotes the pullback of MC_,—2(X (w)) to the fixed point ¢,,.

Remark 10. (1) This theorem is used to prove the Bump, Nakasuji and Naruse’s conjectures about
Casselman bases in unramified principal series representations; see [Bump and Nakasuji 2011; 2019;
Naruse 2014; Aluffi et al. 2019; Su 2019].

(2) The “only if” direction of part (2) follows directly from basic properties of motivic Chern classes,
and it holds in a much more general setting; see [Aluffi et al. 2019, § 9.1].

Proof. The first part follows from the reference mentioned. The second one follows from the fact

8wy © (MC_;—2(Y (w))) = MC_;—2(X (wow)). O
Given w € W, define the coefficients a,, , € O, by the formulas
Fwi=> t,'10y=Y"auub] € Qmw. )
v<w u<w

Note that if the Schubert variety X (w) is smooth, then P, ,, =1 forallv <w, so 'y, =1, lyw. It is
immediate to get the following corollary from Theorem 9.

Corollary 11. For any u < w € W, the Schubert variety X (w) is smooth at the fixed point ¢, if and only if

l_t—Zeuot
w,u = l_[ 1 — et :

a>0, usy <w

Proof. By Theorem 9(1) and Equation (9), we have
MC_2(X(w)) =Y MC_2(X()°) =Y _t, ', Opt)

v<w v<w

=D awdy 0P =) an, [[A=e"™) fi.

v<w v=w a>0
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Thus, we have
MC_ 2 (X W)y = awu [ [(1—e").

a>0

The corollary follows from this and Theorem 9(2). U

4. Dual bases in K -theory and characteristic classes of mixed Hodge modules

In this section, we use the two Kazhdan—Lusztig bases of the Hecke algebra to define two collections
of classes in K-theory, and show that they are actually dual to each other. We also give a geometric
interpretation of one of these collections using the intersection homology mixed Hodge modules. These
are also generalized to the partial flag variety case.

K-theory KL classes.

Definition 12. We define two collections of classes (called KL classes) in K7(G/ B)[t*'] as follows:
Cy:=y,Opt, and Cp = Viw-1wo ® Py, -

They form a basis of the localized K-theory Q,, ®s Kr(G/B).

m

Let (—, —) denote the usual nondegenerate tensor product pairing on K7(G/B)[t*!], i.e., (f, g) =
Yje(f-g)for f,ge K7(G/B)[t*"]. The first result of this section is the following.

Theorem 13. For any w,v € W, we have

(Cuw, 61}) = ngv H(l - t_le_“).

a>0

We first recall that the Segre motivic Chern classes of Schubert cells enjoy the following properties.

Lemma 14. (1) Forany v € W, we have

(Tuwgw) ™" @ Pl = tugy | [(1 —1727*) SMC_, (Y (v)°).

a>0

(2) Foranyu,v € W, we have
(MC_, (X (u)°), SMC_, (Y (v)°)) = 85"

Proof. The first part follows from Remark 6 and [Mihalcea et al. 2022, Theorem 7.4], while the second
one follows from [loc. cit., Theorem 7.1]. O

Remark 15. By definition, (7' 7;)|;—00 = Y" — 1. Thus, from Theorem 9(1), we get
MC—z*Z(X(w)o)h:oo = tu_jafw ©) ptZl li=o0 = [OX(w)(_aX(w))] =: Ty,

where X (w) =, _,, X (v) is the boundary of the Schubert variety X (w), and Z,, denotes its ideal sheaf.
On the other hand, (t_lrl._l) li—oo = Y;"". Thus, the first part of the lemma gives

SMCft—Z(Y(v)O)|t=oo = (twovfwov)_l 'Ptgo |t=oo = [OY(v)]-
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Therefore, setting t = oo in the second part of the lemma, we get the classical fact

(T, [Oyw)]) =85

Proof of Theorem 13. First of all, we have the following inversion formula for the Kazhdan—Lusztig
polynomials (see [Kazhdan and Lusztig 1979, Theorem 3.1]):

_ oKr
E €y€; Py 2 Pugy woz = SXJ

Z

Therefore,
D €x€: Pugziwgr Pey = 85 (10)
Z
By definition and Theorem 9(1),
Co=Y tuty "Puw(t )T Ol =ty Pyw(t™) MC_2(X ()°). (11)
u<w usw

On the other hand, since ¥, is invariant under the involution, we get

~ —1 -2
Yw = Zewevtw Pv w(t )T —1-
veW
Thus,

Cy= 7w‘1w0 °ptZJl0

1 -2\, —1 m
= } Gwevtw‘lwotv Ly Pv“wo,w—'wo(t )Tw()u.ptwo

v=w
=1 =1727) Y cweututug Putuga g (02 SMC_ (Y (1)), (12)
a>0 v>w

where the last step follows from Lemma 14(1).
Therefore, we have

-2 - Kr
(Cu. Cy) =] [0 =172 “)twty_lwoZPMZeveypv_lwo,y_lwos“

a>0
=[] =2 twty1y, Z Puw€u€y Pugu.woy
a>0
=[Je—1"e sk,
a>0
where the first equality follows from Lemma 14(2), the second follows from P, , = P,-1 ,-1, and the

third one follows from (10).

An immediate corollary of the proof is the following.

Corollary 16. If the Schubert variety X (w) is smooth, then

Cyp= Z tw MC_, (X (1)°) = t, MC_,2(X (w)) € K7(G/B)[+*].

u<w

Proof. 1t follows directly from (11) and the fact P, ,, =1 for all u < w. |
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Characteristic classes of mixed Hodge modules. For any parabolic subgroup P, let K°(MHM(G/P;, B))
denote its Grothendieck group of B-equivariant mixed Hodge modules. Recall there is a motivic Hodge
Chern transformation (see [Schiirmann 2011, Definition 5.3 and Remark 5.5])

MHC_,— : K°(MHM(G/P;, B)) — Kp(G/P)[tT1~ K7 (G/Pp[tT"]
such that forany [f : Z — G/P;] € Gg(var/(G/Pj)),
MC_,([f : Z— G/P;]) = MHC_, ([ 1Q%)), (13)

where [@g ]:= [k*@){ft le K°(MHM(Z, B)) and k : Z — pt i the structure morphism. The construction also
works for B~ -equivariant mixed Hodge modules, where B~ is the opposite Borel subgroup. The natural
transformation MC_;-> commutes with the Serre-Grothendieck dual as follows [loc. cit., Corollary 5.19]:

MHC_, 20D =DoMHC_,. (14)

Here the first D is the dual of the mixed Hodge modules, and the second one is the Serre—Grothendieck
dual. Both are denoted by D, if no confusion is possible.
For any u € W, leti, : X(u)° — G/B and j, : Y(u)° < G/B be the inclusions. Then, by (13),

MC_,2(X (u)°) = MHC_ 2 ([in@¥ ) ],
where @f{ e is the constant mixed Hodge module on the Schubert cell X (1)°. Since Do j, = j,« 0D, and
D(@Q7,)-) = Q- [2dim Y (v)°](dim ¥ (v)°),

where [2 dim Y (v)°] means shift by 2dim Y (v)° and (dim Y (v)°) denotes the twist by the Tate Hodge
module @ (1)®4mY®° Equation (14) gives
MHC—z*Z([jv*@g(v)o])

)‘—I’Z(TG*/B)

Using these, Lemma 14(2) can also be proved using mixed Hodge modules, by Schiirmann. For the

SMC_,—2(Y (v)°) =

analogue in equivariant homology, see [Schiirmann 2017, Theorem 1.2].

For any Schubert variety X (w), let [IC)I?(w)] e K°(MHM(G /B, B)) denote the intersection homology
Hodge module on X (w). Then it is well known that (see [Kazhdan and Lusztig 1980; Tanisaki 1987;
Kashiwara and Tanisaki 2002])

HCH 1= D €wPuw(t DinQF 0],

u<w

Thus,
MHC_,2([IC¥ ,,)]) = D € Pyt ) MC_2(X )°).

u<w

Comparing with (11), we get the following geometric interpretation of the KL classes C,, in Definition 12.
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Proposition 17. Forany w e W,
Cw = ty€y MHC_,2([ICY ) ]) € K7 (G/B)[t*'].
Remark 18. If X (w) is smooth or rationally smooth (i.e., [ICQ(W)] = @g(w)[dim X (w)]), then
Cw = ty€y MHC_,2([ICY )] = 1,y MC_,2(X (w)).
This is compatible with Corollary 16.

An immediate corollary is the following.

Corollary 19. The canonical basis Cy, is invariant under the Serre—Grothendieck duality, i.e.,
D(Cw) = Cy € K7(G/B)[1*].

Proof. Since
D(CY ) = ICY ) (dim X (w)),

Equation (14) and Proposition 17 give
D(Cy) = D(twew MHC_ 2 ([ICY ) =, ' € MHC_, 2 (D([IC¥ ,,,])) = Cu. 0

Parabolic case. In this subsection, we generalize the above results to the parabolic case. Let J C I1
be a subset of simple roots, with corresponding parabolic subgroup P;. Schubert cells and varieties
and opposite Schubert cells and varieties of G/ P, are indicated by subscripts J. Recall there exist
parabolic Kazhdan—Lusztig polynomials (see [Deodhar 1987; Kashiwara and Tanisaki 2002]), denoted
by P;, € Z[17?], where v,w € W’. Here our P/ is the u = —1 parabolic KL polynomials in
[Deodhar 1987], which are also denoted by PU{QLI in [Kashiwara and Tanisaki 2002, Remark 2.1]. We

have the following property, which generalizes [Deodhar 1987, Proposition 3.4].
Lemma 20 [Lenart et al. 2020, Proposition 5.19]. For any w, v € W’ andu e Wy,
Pvu,wa = Plj{w-

Let Qu.w := Puwyw,weu denote the usual inverse KL polynomials, which satisfy

Kr
E €€y Qu,wa,v = 8u,v-
w

For any u, w € W/, let in € Z[t~?] denote the inverse parabolic KL polynomial (see [Kashiwara and
Tanisaki 2002]).! Then
> ewewQr P, =0 (15)
weWw/
Moreover, it is related to the usual Q, ,, as follows (see [Kashiwara and Tanisaki 2002, Proposition 2.6]
or [Soergel 1997]):

J
Qu,w = Z Ev€uyy Quwj,wv-

veW,

1our 0 uj .w 1s denoted by Q,f:qw in [Kashiwara and Tanisaki 2002].
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Following (11) and (12), we define the parabolic canonical bases in K7(G/P NIt as follows.

Definition 21. For any w € W7, let

Cili= > P, tTHMC_=(XW)3),

ueWw’ u<w

~J . -2 - J —2

Chi= ] =17 > ewetyu14,05 3 SMC_ (Y 0)F).
aeE‘*’—E}r veW/ v>w

If J =@, then CZ = C,, and 55 = C,, as defined before.
Let (—, —); denote the nondegenerate tensor product pairing on K7(G/Py). The parabolic analogue
of Lemma 14(2) also holds (see [Mihalcea et al. 2022, Theorem 7.2]): for any u, v € w,

(MC_, (X @)3), SMC_, (Y (1)), = 8K°,.
Combining this with (15), we immediately get the following generalization of Theorem 13.

Theorem 22. Forany u, w € w,

(€c).Chr=s%, ] «—1r'e™.

+
aeXt—%7

We now investigate the relation between KL classes of G/B and G/P;. For any w € W, let us still
use i, to denote the inclusion X (#)§ < G/ P;. Then the following identity holds in K O(MHM(G /Py, B))
(see [Kashiwara and Tanisaki 2002, Corollary 5.1]):

[Icg(w)J] = Z €w Pu],w[lu'@l)?(u)c}]

ueW’ u<w

Thus, we get the following parabolic analogue of Proposition 17 and Corollary 19.

Proposition 23. For any w € W,
C = twew MHC_, 2 ([IC¥ ), ]).
Moreover, let Dy denote the Serre—Grothendieck duality functor on G/ P;. Then
D,(C;) =Cy,.

Recall r; : G/B — G/ P; denotes the natural projection. The relation between C,, and C; is given
by the following proposition.

Proposition 24. Let P; (1) =), cw, tv be the Poincaré polynomial of W;. Then for any w € w,
T1x(Coww,) =1, Py (1*)C; € K (G /P[],

Proof. By [Aluffi et al. 2019, Remark 5.5], for any u € WY and v e Wy,
1 (MC_2) (X (uv)°) =1, > MC_,2(X ()5),
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which also follows directly from the following identity about mixed Hodge modules:

711t @Y ye) = QY 0 [=2L) (=L (W)).

Thus,
nJ*(CquJ) = Z Z Twlw, Puv,ww;”]* MC—[*Z(X(MU)O)
ueW/’ u<w veW;
= Y twhy, P/, ,MC_(Xw3) Y 1,7
ueW’ u<w veW;
J —2 J -1 2 —2 J —1 2 J —1 2
=Cw Ztv C th_[ wjv C Ztu}j vwy Cw WJPJ(t ),
UEW./ UEW/ UEW]
where the second equality follows from Lemma 20. (I

5. The smoothness conjecture for hyperbolic cohomology

In this section, we use the smoothness criterion to prove the smoothness conjecture. Since we will be
working with multiplicative and hyperbolic formal group laws at the same time, we add superscripts or
subscripts m (resp. t) in the multiplicative case (resp. hyperbolic case).

The hyperbolic case. Consider the hyperbolic formal group law over R = Z[t, ¢, u™!]
X+y—xy
Filey)=1—=7""

— WXy
where ;1 =t +t~!. Note that R depends on only one parameter . The definitions of Section 2 applied
to F; give the respective rings

Sl‘v Ql9 Ql,W! Dl'

Consider a map of formal group laws
(1—13)x
—(2+1)
so that F,(g(x), g(y)) = g(F;(x, y)). It induces ring embeddings

Vi S =S, w(f(n) = f(gx) for f(x) e R[x],

g = F, gk =

and

1
z Qm%R[ _A@Q,. (16)

1

Consequently, we have a ring embedding

1
V:Qmw — R[ _tz] ®r Qrw, VY (p&y) =¥(p)s, for pe QuweW.

1
It can be shown that

Y (w) =puY, —t €D, C O w. (17)

Note that in (16), for the target, we have to invert 1> — 1, but for the one in (17), it is not necessary.
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One of the most interesting properties of v is the following (see [Lenart et al. 2020, Corollary 5.5 (2)]):

W (g ) Y = Y (18)

In other words, ¥ (y,,;/) behaves like a replacement of Y, ,;; see [Lenart et al. 2020, Remark 5.6]. In
particular, letting J' = &, one then has

w DY (py)) = Y5
Let b denote the respective oriented cohomology theory for the hyperbolic formal group law F;.

Definition 25. Define the KL Schubert class for w € W to be
KL, := p~ "% (y,) O pt, € (D)) Zb7(G/Py).

Remark 26. Following [Lenart et al. 2020], one can define a certain involution on some subset N; :=
Y (H)©pt, C D so that KL! is invariant under such an involution, similar to the parabolic Kazhdan—
Lusztig basis of Deodhar.

Writing the Kazhdan—Lusztig basis as y, = ) by w8y, byw.y € Sp, we then have in K7(G/B)

v<w

Co=VwOPY =) buuds© (]‘[(1 - e“)f;") => bw,vv( [Ja- e“))fs".

v=w a>0 v=w a>0

On the other hand, inside h7(G/B), we have

KLy, = pu~ "y () Opty = u =™ ) w<bw,v>v< I x_a>f5 :

v=w a>0
Here x, € S;. It would be interesting to compare the two classes in different cohomology theories. Here
is an example.

Example 27. We consider the SL3 case, so there are two simple roots o1, p. Recall that in S,,, we have
x,=1—e"* Write £, =t —t~'e™*. For simplicity, Write X+ := X+q,+a;, and £1j1+j = £1a,4q,. Inside
H C Q. w, we have

X
ij =(8S,' +1) .s
—1
X_1-2X_2 X_1X_2

Vsiso = (85‘13‘2 + 8S2)— + (85'1 + 1) s
X_1-2X_2 X_1X-2

XX ok 12
yslszsl = (5S1S2S1 +851S2 +83251 +8S1 +8S2 + 1)—
X_1X_2X_1-2
Recall that pt]' = x_1x_ox_1_2 f)" € D},. Soinside D, = K7(G/B) ®z R, we have
C.=pt],
Cs, =X 1x2x 12 f) +X1x2x_ 12 f5),

S . n S mo o m
Cosn =X_1X X1 2f) +X1X_12x 2 fy +X_1Xox_12 fy) + X1 X142X2 f15,
1 2
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Css5p5) = X1X X1 o f)" + 11X 2% 1o fy] + X1 0% 12 f5) + X1 X428 1-2.f7,
+ XX 12X 1 fg, T X1 %X 142 [y, -
Note that so far in this example all notation is in S,,, Q,,,w or D},.
On the other hand, one can compute KL, € h7(G/B) as follows: Note that v (x; /x;) = u/x; (Where
the first x; is in S, and the second x; is in S;). Then
KL, = pté’ KLy5, = x—l—zfet + x—ZfStl + x—]—Qfstz + x—lfstmz’
KL, = x—lx—l—zfet +x—1—2x—2fst1’ KL, 5,5 = fet + fstl + fvtz + fstmz + fstle + fstlszsl'
In this case, all Schubert varieties are smooth, and it is easy to verify that the classes KL,, coincide with

the Schubert classes.

We now prove the smoothness conjecture [Lenart et al. 2020, Conjecture 5.14]. Several special cases
were proved in [Lenart and Zainoulline 2017; Lenart et al. 2020], such as the case of w = w, ;- for J "'C
J CTI (i.e., w has “relative” maximal length), and that of Schubert varieties in complex projective spaces.

Theorem 28. [fthe Schubert variety X (w) is smooth, then the class determined by X (w) in h7(G/B)
coincides with the KL Schubert class KL,,.

Proof. Since X (w) is smooth, P, ,, = 1 for any v < w; see [Billey and Lakshmibai 2000, 6.1.19].

Therefore,
-1 -1
YV = E twly, Ty =ty § t, Ty =ty =ty E ay 0,

v<w v=w v=w
From the definition of 1, it is easy to verify that

_ 42 ,a -1
W(l t e)zt 3 (19)

1—e”

Then for any w € W, we have

KL, = u "™y (y,) O pt,

_ ity (zw )3 a) opt.

v<w

1 — eua

1 — l_2 uo
— oty Z 1/,( 1_[ —e>81’) Opt, (by Corollary 11)

v=w a>0, vsy<w

—1
=u“(w)tw2< ]‘[ ZM).v(foT)flf (by (5) and (19))

—vo
v=w >0, vsy<w

:ZU<HHa<oxax >f1f

v<w a<0, vsy<w

— Z H(x>0 X—a flf

v<w Ha>0, SqV<w X—a
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Here the fifth identity follows from the well-known fact that

if X(w) is smooth, then |[{a > 0| sqv < w}| =4€(w) forany v <w e W,
and the last one is proved as follows: for any v <w € W,

Ha<0xva _ Ha>0, SqU<V Xo - na>0,v<savx*(¥

]_[a<0, VSg <w Xva l—[a>0,sav<v Xo - na>0,v<sav§w X—a

Ha>0, SqU<V X ]_[a>0, V<SqV X—o

l_[a>0, Sq V<V X—a Ha>0, V<SqU<W X—a
1_[01>0 X—a

l—[a>0, SeV<w X—a

Comparing with the restriction formula of [ X (w)] in [Lenart et al. 2020, (5.6)], we see that KL, = [X (w)].
The proof is finished. 0

We now look at the case of partial flag varieties. Let P; be the parabolic subgroup with the projection
map 7ty : G/B — G/Pjy. Let w; be the longest element in the subgroup W; of W determined by J, and
W’ C W be the set of minimal length representatives of W/ W;. Recall X (w),; denotes the Schubert
variety of G/ P; determined by w € W,

For G/ Py, the definition of the KLL Schubert class KL,{J corresponding to w € W is defined by using
the so-called parabolic Kazhdan—Lusztig basis. According to the paragraph right after [Lenart et al. 2020,
Definition 5.9], via the embedding 7} : h7(G/P;) — b7 (G/B), we have

mH(KLY) =KLy, -

Corollary 29. Conjecture 5.14 of [Lenart et al. 2020] holds for any partial flag variety G/ Py; that is,
if the Schubert variety X (w); of G/ Py is smooth for w € W/, then the KL Schubert class KL,{) of w
coincides with the fundamental class [ X (w)].

Proof. We have the following commutative diagram:
77 (X (w),) —— G/B
ol
X (w); —— G/P;

Moreover, 711_1 (X(w)y)=X(wwy). Since X (w) s is smooth, X (ww}) is also smooth. Thus, Theorem 28
implies [ X (wwj)] = KL,,,,,. On the other hand, by proper base change, we obtain

X (W)= 77 lx ), 1 =i, I xw),] = i[1xww)] = [X (ww)],

where the third equality follows from the fact that the pullback 7} preserves identity. Since nj(KLi) =
KL, , and 77 is injective, we get KL{U =[X(wwy)] € hr(G/Py). U
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6. KL Schubert classes and small resolutions

In this section, we give a geometric interpretation of the KL Schubert classes (for hyperbolic cohomology)
in the case of type A Grassmannians.

For subsets J' C J C I, for hyperbolic cohomology, we will use relative push—pull elements Y/, 2
defined in (1). For simplicity, we will skip the superscript . Moreover, if O C P are the parabolic
subgroups corresponding to J' C J, respectively, we will write Yp/o =Y, .

Consider the Grassmannian Gry(C"~%) = SL, /Py, where the set of simple roots IT is identified
with {1, ...,n—1} and J :=T1—{d}. Fix a Schubert variety X (1) of it, which is indexed by a partition 1 =
(A1 =---=A; > 0) contained inside the d x (n—d) rectangle; here we mean that A is identified with a Young
diagram (in English notation), whose top left box is placed on the top left box of the mentioned rectangle.

Alternatively, the Schubert variety X (X) is indexed by a d-subset [, of [n] := {1, ..., n}, which is
constructed as follows. Place the above d x (n — d) rectangle inside the first quadrant of the xy-plane
so that its southwest corner is the origin. Label each horizontal (resp. vertical) unit segment whose left
(resp. bottom) endpoint is a lattice point (x, y) by x + y 4 1. Consider the lattice path from (0, 0) to
(n —d, d) defining the southeast boundary of the Young diagram A when embedded into the d x (n — d)
rectangle as stated above. Then I, consists of the labels on the vertical steps of this path.

Yet another indexing of the Schubert variety X (A) is by a Grassmannian permutation w; in the
symmetric group W = §,,, which has its unique descent in position d. Written in one-line notation,
w; consists of the entries in [, followed by the entries in [n] — I, where both sets of entries are
ordered increasingly. Here we use — for set difference. Thus, w; belongs to the set W/ of lowest coset
representatives modulo the parabolic subgroup W;. Moreover, it has the reduced decomposition

—
w;, = 1_[ Sd+j—i (20)
(i, ))er
where (7, j) is the box of the Young diagram A in row i and column j, while in the product we scan the
rows of A from bottom to top, and each row from right to left.

Example 30. We use as a running example the same one as in [Billey and Lakshmibai 2000, Example
9.1.11], namely n =10, d =5, A = (5,5,3,2,2), I, ={3,4, 6,9, 10}. In order to illustrate (20), we
place the number d 4+ j — i in the box (i, j) of A, as follows:

71819
8

21

— N WKW
DWWk A
W

Thus, we have

wy =1[3,4,6,9,10,1,2,5,7, 8] = (5251)(5352) (555453) (5857565554) (5958575655). (22)
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In [Billey and Lakshmibai 2000, Section 9.1], the permutation w;, is identified with the d-subset I;,
and they are encoded into a 2 x m matrix
(’” N "'") , 23)
al PRI am

which can be read off from the above lattice path as follows. The entries 0 < k| < --- < k,;, <n are the
labels of the last steps in consecutive sequences of vertical (unit) steps. The entries ay, ..., a,, are the
lengths of these sequences. The numbers by, ..., b, calculated in [Billey and Lakshmibai 2000] are
the lengths of the sequences of horizontal steps, where we set by := 0 if / < d (i.e., if the lattice path
starts with a vertical step). Recall that we also set ag = b, := 00.

Recall that the Schubert variety X (1) has small resolutions, which were defined by Zelevinsky [1983].
We briefly recall their construction following [Billey and Lakshmibai 2000, Section 9.1]. This construction
starts with the choice of an index i, with 0 <i < m, such that b; < a; and a;; < b;4+ (any such choice
can be made). While it is clear that such an index always exists, we avoid the choice of i =0if / < d.
Then, a new permutation w? is obtained from w' := w, via a certain procedure, which can be rephrased
as follows. Consider the i-th outer corner of A (counting from 0), from southwest to northeast, where
the origin is an outer corner if and only if / < d. Consider the rectangle R; (inside A) whose southeast
vertex is the mentioned outer corner, and which is maximal in that its removal from A still leaves a
Young diagram. It is clear that the size of R; is b; x aj;+1. Then w? is the Grassmannian permutation
corresponding to the Young diagram A — R;.

The above procedure is then iterated. We thus tile the Young diagram A with rectangles Ry, ..., R,.
Let us denote by p; and ¢g; the height and width of R;, respectively. We also define the sequence of

Grassmannian permutations w', ..., w" so that the Young diagram of w' is A’ := A — p'~!, where
o/ :=RiU---UR ;- In particular, the Young diagram of w” is R,, and the Schubert variety X (w") is

smooth. Note that r =m if Il =d,andr=m —11ifl < d.

Example 31. We continue Example 30. The encoding of w; by the 2 x m matrix (23) and the successive
choices of w!, w?, w3 based on it are described in detail in [Billey and Lakshmibai 2000]. In our setup,
the tiling of A with the corresponding rectangles R, R,, R3 is illustrated below (the number in a box is
the index of the rectangle to which that box belongs).

W | W | W W | W
W | W[ W W | W

In order to complete the construction of the Zelevinsky resolution, following [Billey and Lakshmibai
2000, Section 9.1], we need the stabilizer P,, of the Schubert variety X (1) = X (w; ). This is the parabolic
subgroup corresponding to the subset IT — {ky, ..., k;}; compare (23). More generally, consider the
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stabilizers P; := P, fori =1,...,r, and P, := Py; for simplicity, we use the same notation for the
corresponding subsets of I1. Also let Q; := P;N\ P;y1,fori =1, ..., r, both as parabolic subgroups and
subsets of I1. Then the Zelevinsky resolution of X (w) is expressed as follows:

Prx2Pyx.- - x22p  x2 X (W) = X(w;) = X(w;). (24)

Therefore, by Corollaries 4 and 29, the pushforward of the fundamental class of X (w;) inside h7(G/B)
is the element

Yryo -+ Ypy0, Y Opt,. (25)

Example 32. Continuing Example 31, the operator in (25) is written explicitly as

Yi—a,6))/(m—4,5.6) Yri—(sy/ai—i5,7p Y7y ai—i5,7p) Yo—(s)-

Indeed, the parabolic subsets P; for these examples were exhibited in [Billey and Lakshmibai 2000],
while they can also be read off from the Young diagram of A = (5, 5, 3, 2, 2) as indicated above.

We will now state the main technical result of this section, Theorem 34, which is interesting itself, and
is needed to make the connection with the KL Schubert classes for the Grassmannian; compare [Lenart
et al. 2020]. To this end, we introduce more notation in the above setup. Given the rectangle R;, with its
embedding into the Young diagram of A and the first quadrant, let C; and D; be the sets of labels on its
left vertical side and its top horizontal side, respectively. Let

¢i:=minC;, di:=maxD;=ci+pi+qi—1, C/:=C;—{maxC;}, D;:=D;—{d;}.

Finally, let J; := C; U D/ and J/ := C/u D].

‘We also need to define the subsets K l’ CK;ofITfori=1,...,r. First recall that above we defined the
shape p' as the union of the rectangles Ry, ..., R;. It is not hard to see that p' is a union of completely
disjoint Young diagrams (i.e., they do not share even a single point), aligned from southwest to northeast.
Let C; be set of indices j € {1, ..., i} such that the left side of R; is contained in the left boundary of a
component of ol Similarly, let D; be set of indices k € {1, ..., i} such that the top side of Ry is contained
in the top boundary of a component of p'. We now define

K= ( | | c}) |_|( | ] D,Q), K; = K] U {max C;}.
jeci keD;

Note that J; € K; and J/ C K.

Example 33. Continuing Example 32, we have

Ki=J =9 C K| =J ={5}, K;=1{1,2,3,4,6,8,9} C K3 =({1,2,3,4,5,6,8,9},

K,=UJ,=1{6,8,9CKy=J,=1{6,7,8,9}, J;={1,2,3,4,6}C J3=1{1,2,3,4,5,6}.

As indicated above, all this information is easily read off from the Young diagram of A = (5, 5, 3, 2, 2).
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Theorem 34. In H C O, w, we have
Yurw;, = Va0 Vi J 3V = VK /K| " YK, KLV - (26)

In order to prove Theorem 34, we start by recalling some results from [Kirillov and Lascoux 2000],
related to the factorization of Kazhdan—Lusztig elements for the Grassmannian. This paper introduces
an element Z,,, of the Hecke algebra, defined as a product of linear factors in the generators, which are
associated with the boxes of the Young diagram A. Instead of recalling the precise definition, which
is not needed here, we will state a weaker form of the factorization, which turns out to be related to
factorizations in (26). We will use notation introduced above.

The rectangle R; corresponds to the Grassmannian permutation

V= (SCH-qi—l e sci)(sci+qi te SCH—I) e (sCi+pi+L],'—2 T SCi-i-p,'—l);

compare (20) and Example 30. It is not hard to see that we have the following factorization of w,, which
corresponds to a reduced decomposition of w;, obtained from (20) only by commuting simple reflections:

wy=vl . (27)

Example 35. In our running example, the reduced decomposition corresponding to (27) (to be compared
with (22) and also (21)) is

wy =1[3,4,6,9,10,1,2,5,7,8] 2@((SSS7S6)(S9S8S7)) ((5251)(5352) (5453) (5554) (S655)) -

vl v2 v3
The factorization of Z,,, needed here is the following one, which corresponds to the factorization (27)
of w;:
Zy,=ZpZyp=Zy---Zy. (28)

See the proof of [Kirillov and Lascoux 2000, Theorem 3] for details.
The connection between the element Z,,, and the corresponding parabolic Kazhdan—Lusztig basis
element is made in [Kirillov and Lascoux 2000, Theorem 3].

Theorem 36 [Kirillov and Lascoux 2000]. In H C Q,,.w, we have

ZkaJ = Yww, -
The proof of Theorem 34 also relies on the following lemmas.

Lemma 37. Consider J' C J C I, and assume that J C [a, bl witha,b e TI. fACII —[a—1,b+ 1],
then we have

Yijr =VYiuajoua € Qmws Yy =Yuayrua € Orw.

Proof. As the sets of simple roots corresponding to J and A are orthogonal to each other, we have
Y4a=2;,UXy and Wy 4 = W, x Wy, and similarly for J replaced by J ’. Therefore, we have

Wy g i=WWy = WiWAW WA =: WILA/J'UAs  XJ/J = XJUA/TUA (29)
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and W; /W is in a natural bijection with Wj 4/ W;,4. The stated equalities follow by plugging these
facts into (7) and the definition (1) of the relative push—pull operator. O

Lemma 38. (1) We have

Ki=J 2K =J/CK,DK;C---CK, 2K, CJ.

/
(2) Foreveryi =1,...,r, we have
Yiissl =YKk, € Qmws  Ving = VEAK: € Cm,w,
Yy =Ykyk; € Quw, Yy =Yk € Qrw.

Proof. It is clear that K| C J. Thus, in order to complete the first part, we need to prove K!_, C K;,

fori =2, ..., r. This is obvious if the rectangle R; is, by itself, a connected component of the shape p'.
i=1 which are indicated below; the
i—1

Other than this, there are three ways in which R; can be attached to p
boxes of R; are marked with x, and the empty boxes form the relevant component(s) of p

* | * * | x| x| x * | x| x| x ‘

* | * * | x| x| x * | x| x| x

* | * *| k| x| * (30)
* | *

* | *

Note that the height (respectively width) of R; is strictly greater than the number of rows (respectively
columns) of the relevant Young diagram to its right (respectively at the bottom). It is also useful to
observe that all unit segments with the same label form a northwest to southeast staircase shape, and the
labels increase by 1 as we move northeast.

Let B denote the set of labels on the boundary of the rectangle R;. Using the above notation, in all
three cases in (30), we have

B=C;uD; ={c,...,d}, K,'—B=Ki/71—B, K,‘ﬂB=C,‘|_|Dl{=B—{d,'}=§J,'.

On the other hand, we have d; ¢ K l/ _,s indeed, in the first and last case in (30), the label d; is on the left
side of a rectangle R; with j € C;_y, but d; ¢ C}, because it is the top label on the mentioned side. We
conclude that K l/ _1 € K;. In fact, the inclusion is strict because we also have ¢; +¢; —1 € (K;NB) — K l.’_l.

For the second part, we note that, in addition to the above facts, we have K/ N B = C; u D] =: J/ and
ci —1 € K;. For the latter part, note that, in the last two cases in (30), the label ¢; — 1 is on the left side of
arectangle R; with j € C; and j #i,butc; —1 ¢ C ;., because it is the top label on the mentioned side.
The proof is concluded by applying Lemma 37. Il

Proof of Theorem 34. By using the analogue of Lemma 5 for y, we have

YKx/K, VK JKLYT = VK VKO\Ks VKL \K, YKINT = YK VK\K> YK\Ks " VKI_\K, YK - (1)
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We now prove the theorem using induction on r, with base case r = 0, which is trivial. We have

g g g
Yw,wy = waVJ = Zvlzwzyf = Zv'ywzwj
4 s
=Z0Ynyr Vi Ys =Ly Ve K, YK, KLY
e
= Zy YK VKK """ YKL \K, YK]\J
g
= VKi\VK\Ky """ VK _\K, VK]\J
g #
= VKi\/K| YKy /Ky " VK /KLY = Y iV Vi JyYis-

Here #1, i3, and 7 are based on Theorem 36, #; on (28), 4 on the induction hypothesis, §5 and g9 on
Lemma 38(2), tis and fig on (31), and i3 on (8); additionally, in 7 we use the fact that

K1=J1=C1UD1={61,...,d1—1}, K1=J1/=C1I_ID1=K1—{III&XC1},

and thus we have v!'wg = wg;,. O
1

Remark 39. We could not have carried out the above proof using only one of the pairs (J;, J/) and (K;, K).
Indeed, the first pair does not satisfy the property in Lemma 38(1), which is crucial in the proof. On the
other hand, the induction procedure cannot be applied based on the second pair because the respective
sets for A! = A and A2 (corresponding to w?) are different.

In order to relate Theorem 34 to the Zelevinsky resolution, and more specifically to the operator (25),
we need the following result.

Lemma 40. Foreveryi=1,...,r, we have
Yy =Yk, =Yry0:-

Proof. By using Lemma 38(2), it suffices to prove Y,/ ;» = Yp,/¢,. Moreover, it suffices to consider i = 1,
as we can just replace the partition A! = A with A’. Recall that P is obtained by considering the lattice
path from (0, 0) to (n — d, d) defining the southeast boundary of A1, and by excluding from IT the last
label in each sequence of vertical steps. Similarly, P> corresponds to A? := A — Rj.

Let B denote the set of labels on the boundary of the rectangle R;; see the diagram below, where the
boxes of R; are marked with *.




Geometric properties of the Kazhdan—Lusztig Schubert basis 461

Using the above notation, we have B = C; U D; = {cy1, ..., d;}. Based on the above interpretation

of P; and P,, we deduce
PINB=CuD|=:J;=B—{d},
PN B = CyuD;, which implies Q; N B =CjuD;=:J|,
P, — B C P, — B, whichimplies P{ — B = Q| — B.

Moreover, we have ¢c; — 1 ¢ Py and d; ¢ P;. Thus, we are under the hypotheses of Lemma 37, so the
conclusion follows. O

We now rephrase Theorem 34 as follows, via the map .
Corollary 41. We have
DY () = Ypo, - Yeyo,Yi € Dy (32)
Proof. We start by observing that
Wk, k! =Wy, ) = Vo= Uwg, k) = pigi = |Ril, (33)

where |R;| denotes the number of boxes of the rectangle R;. Here the first equality is based on (29) and
the fact that this result can be applied to the pairs (J;, J/) and (K;, K/), as discussed in the proof of
Lemma 38; the second equality is clear by the definition of v'.

We now apply p ¢+ ( ) to the first and last part of (26). After doing this, the latter can be written
as follows:

M—Z(wxw./)w(yKl/K{) SR ACT M ALAVAD,

2 (DY k) o (0 Y (k) DY ()
2 (" (i) o (0 Y (k) Yo

E (M_[(le/Ki)w(VKl/K{)) e (M_e(wK’/K;)W(VKr/K;))YK; Ygng

= (M_é(wK]/Ki)ll’()/Kl/K;)) o (W Ry (yk ke D) Yk, Yo

i
="'=5YK1Y1<;\1<2"'YK;\J

¢
=Yk Y kY1 Z Yey0, - Yoo, Y

Here f; is based on (33) and the fact that £(w;) = ), |R;|. Equalities f, and f4 are based on (18),
3 on (2), s on the repeated use of an argument similar to {3 followed by 4, f¢ on Lemma 5 and {7 on
Lemma 40. O

We now state the main result of this section.

Theorem 42. The KL Schubert classes for the Grassmannian coincide with the hyperbolic cohomology

classes of the corresponding Zelevinsky resolutions.
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Proof. The result is now immediate by comparing the left- and right-hand sides of (32) with Definition 25
and (25), respectively. (Il

Remark 43. Theorem 42 implies that all the Zelevinsky resolutions of a Schubert variety in the Grass-
mannian have the same class in hyperbolic cohomology (i.e., the corresponding KL Schubert class). This
agrees with a result of Totaro [2000], which says that the algebraic theories in a larger class (defined by
Krichever [Buchstaber and Bunkova 2010]), which includes hyperbolic cohomology, are invariant under
small resolutions.
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Some refinements of the Delighe—lllusie theorem

Piotr Achinger and Junecue Suh

We extend the results of Deligne and Illusie on liftings modulo p? and decompositions of the de Rham
complex in several ways. We show that for a smooth scheme X over a perfect field k of characteristic p > 0,
the truncations of the de Rham complex in max(p—1, 2) consecutive degrees can be reconstructed as
objects of the derived category in terms of its truncation in degrees at most one (or, equivalently, in terms
the obstruction class to lifting modulo p?). Consequently, these truncations are decomposable if X admits
a lifting to W, (k), in which case the first nonzero differential in the conjugate spectral sequence appears
no earlier than on page max(p, 3) (these corollaries have been recently strengthened by Drinfeld, by
Bhatt and Lurie, and by Li and Mondal). Without assuming the existence of a lifting, we describe the
gerbes of splittings of two-term truncations and the differentials on the second page of the conjugate
spectral sequence, answering a question of Katz.

The main technical result used in the case p > 2 belongs purely to homological algebra. It concerns
certain commutative differential graded algebras whose cohomology algebra is the exterior algebra,
dubbed by us abstract Koszul complexes, of which the de Rham complex in characteristic p is an example.

In the Appendix, we use the aforementioned stronger decomposition result to prove that Kodaira—
Akizuki—Nakano vanishing and Hodge—de Rham degeneration both hold for F-split (p+1)-folds.

1. Introduction

1A. Decompositions of the de Rham complex. Deligne and Illusie [1987] showed that for a smooth
scheme X over a perfect field k of characteristic p > 0, a flat lifting of the Frobenius twist X" = F;*X
to W, (k) induces a splitting of the truncation of the de Rham complex in degrees [0, 1], i.e., an isomorphism
in the derived category

Ox ® Qk//k[—l] — T<1 (Fx k82 /1)

Using the algebra structure of the de Rham complex, they further show that it induces an isomorphism

@Qx k=i = T p (Fx k2% /1)

i<p
With their method, it is unclear if one could extend this further to an isomorphism between &P, >0 QY / L=l
and Fx /i 2y i if dim X > p, i.e., whether the de Rham complex 5 Xk is decomposable. As a step
further, Deligne and Illusie prove using duality that this is the case if dim X = p.
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It is as of today an open problem whether there exists a smooth X over k liftable to W, (k), necessarily
of dimension dim X > p, for which the de Rham complex is not decomposable.! In this paper, as a
small contribution to this question, we investigate the ways in which the truncation t<1(Fy/« % / )
determines the truncations i, p(Fx k2% / )+ Our first result is the following:

Theorem 1.1. Let X be a smooth scheme over a perfect field k of characteristic p > 0 which is liftable
to Wy (k). Then the truncations

Tla,b) (Fx /1,5 82% /1)
are decomposable fora <b <a+ p — 1 when p > 2, and fora <b <a+ 1 when p =2.
The above result immediately implies that in the conjugate spectral sequence
Ef =H' (X', Q%) = HT(X. Q) (1-1)
the differentials dﬁj are zero for 2 <r < p when p > 2, and for r =2 when p = 2. As a sample corollary,
we obtain the following criterion for degeneration of spectral sequences.

Corollary 1.2. For X as in Theorem 1.1, suppose that
H'(X, Q%) =0 for |i—jl=p.
Then the conjugate spectral sequence (1-1) degenerates. If moreover X is proper over k, then the Hodge
to de Rham spectral sequence
EY =H/(X, Q%) = HY(X. Q)
degenerates as well.

1B. Truncations of the de Rham complex. Our methods give information about truncations of the
de Rham complex without assuming liftability modulo p2. Our results in this direction are the strongest
and most explicit for truncations in two consecutive degrees. Namely, for a general smooth X over k (not
necessarily liftable to W>(k)) and for g > 1, the truncated complex 7, —1,4)(Fx/k,+2% / 1) can be described
as the mapping fiber of §7[—q] for a map

— Q47 2],

e
5q'QX//k X’/k

that is, a class
-1
8 € Ext(Q% 1> Q%)

which is the “cup product” with the negative of the deformation obstruction class
8' = —obs(X'/ k/ Wa(k)) € Ext*(Q: /1. Ox) =~ H* (X', Tx/) (1-2)

to the existence of a lifting of X’ to W(k) (see Corollary 4.3). The result in particular implies that the
two-term truncation tj;—1,4)(Fx/,«2% / i) 1s decomposable if X " 1ifts to W, (k), and yields a description

LAdded in proof: This problem has been recently resolved by Petrov [2023], who constructed such a variety.
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of the differentials on the second page of the conjugate spectral sequence — answering a natural question
of Katz.

Theorem 1.3 (see Corollary 4.4). In the above situation, the differential
& H (X', @) = HYPX, Q)

in the conjugate spectral sequence (1-1) is induced by the cup product with the negative of the obstruction

class obs(X'/ k) W (k)).

Deligne and Illusie [1987, § 3] define the gerbe of splittings sc K of a two-term complex K, and
relate the gerbe of splittings of 7<1 (Fxx «2% /i) to the gerbe of liftings of X’ to W, (k). This provides
a “categorification” of the equality (1-2). In the same vein, for p > 2, our description of the class
of r[q_l,q](Fx/k,*Qk/k) can be upgraded to a morphism of gerbes (see Theorem 3.9)

AT se(T<1 (Fx k8% 1)) = $C(Trg—1,g1(Fx/k, 82 /1))

Let us now discuss longer truncations of the de Rham complex. The assertion of Theorem 1.1 is
subsumed by a recent beautiful observation of Drinfeld [2020, §5.12.1] (a proof appeared in Bhatt
and Lurie [2022]): a lifting of X’ to W>(k) induces a p,-action on the de Rham complex Fy/, K+ $2% /K>
which one can use to show that the truncations 7g—p+1,q1(Fx/k,xY ;) are decomposable for all g (even
more recently, Li and Mondal [2021] found an independent proof). However, the method of proof of
Theorem 1.1 is completely different and provides interesting information even if X is not liftable to W (k).
It is deduced from the following result (when p > 2) and Corollary 4.3 (when p = 2) alluded to above.

Theorem 1.4. Let X be a smooth scheme over a perfect field k of characteristic p > 0, let g be an integer,
and let m < p — 1. One then has an isomorphism in the derived category of X',

Tlg—m,q1 (Fx/kx Q1) = Tog—m (LT (T<1 Fx /i, Q% /1))

where LT'? is the derived q-th divided power.

1C. Abstract Koszul complexes. The proof of Theorem 1.4 has very little to do with algebraic geom-
etry. To state the main technical result behind it, we need the notion of an abstract Koszul complex
(Definition 2.1), which is a certain commutative differential graded algebra (cdga) K in a ringed topos for
which the multiplication induces isomorphisms

AN HYK) => HI(K) forall g>0.

Thanks to the Cartier isomorphism, the de Rham complexes Fy/ «Q2% Jk in characteristic p > 0 are
examples of such, and hence the result below immediately implies Theorem 1.4.

Theorem 1.5 (see Theorem 2.8). Let K be an abstract Koszul complex in a ringed topos (X, O) satisfying

the flatness condition (2-1), and let ¢ > m > 1 be integers such that m! is invertible in O. Suppose that



468 Piotr Achinger and Junecue Suh

either ¢ = m or that m + 1 is a nonzero divisor in O. Then there exists an isomorphism in the derived
category
Toqom (LT (t<1(K))) = Tjg—m.q1(K). (1-3)

In (1-3), LT'? is again the derived ¢-th divided power, and the source of the map can be more concretely
realized as 7>,_,, of the Koszul complex

> T EYINZ'K) = - > KON Z'K) > N(Z'K) > 00— - - -
———

degree i degree g

For m = 1 (and assuming that 2 is a nonzerodivisor), we again obtain more refined information
regarding 7,141 K, including the differentials on the second page of the spectral sequence

EY = H'(X,H/(K)) = H*/(X,K) (see Corollary 4.3).

As observed by Kato [1989], logarithmic de Rham complexes are abstract Koszul complexes, and
hence Theorem 1.1 works also in the log case. The inspiration for Theorem 2.8 came from the result of
Steenbrink [1995, § 2.8] describing the nearby cycle complex RW(D for a complex semistable degeneration
in terms of the logarithmic structure; see also [Achinger and Ogus 2020, § 4]. It is an interesting question
whether Steenbrink’s result can be extended to work with integral coefficients; the nearby cycles RWZ
are coconnective E.-algebra versions of abstract Koszul complexes, but we do not know whether they
admit cdga models (see Remark 2.11 and Example 2.3). An affirmative answer would give an application
unrelated to the Deligne—Illusie theorem, refining [Achinger and Ogus 2020, Theorem 4.2.2(1)], providing
a description of the two-step truncations 7y, 4] of certain logarithmic nearby cycle complexes.

1D. The case p =2 (Theorem 4.1). The description of the truncations 7jy—1,¢1(Fx/k«2Y ;) and its
corollary, Theorem 1.3, can be deduced from the “abstract Koszul complex” machinery and Theorem 1.4,
but only for p > 2. In contrast, the assertion of Theorem 1.5 is vacuous if 2 - O = 0. Accordingly, the
computation of the class of 7,1 41 Fx/1,+2% Jk> occupying the entire Section 4 is much harder in the
case p = 2, and uses more information about the de Rham complex than merely its abstract Koszul
complex structure. For this technical point, we highlight the passage from (4-3) to (4-4).

It could be worthwhile to extend the methods used in the case of p = 2 in order to “compute” the
truncations 7(,_,+1,] in p consecutive degrees, and it would be interesting to extract the exact abstract
properties of the de Rham complex in positive characteristic needed for the proof. Its relationship with
the aforementioned result of Drinfeld, Bhatt—Lurie, and Li-Mondal remains elusive.

The results concerning the truncations tjy—1,41(Fx/x,%£2% ;) and Theorem 1.3, including the case p =2,
presented here are due to the second author and appeared in his 2007 Ph.D. thesis. After the first author
proved Theorem 1.4, the authors decided to publish their results together.

1E. Application to F-split (p+1)-folds. As an illustration of this circle of ideas, using the refinement of
the Deligne—Illusie theorem due to Drinfeld, Bhatt—Lurie, and Li—-Mondal, we prove in the Appendix that
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the Kodaira—Akizuki—Nakano vanishing theorem and the degeneration of the Hodge to de Rham spectral
sequence both hold for F-split (p+1)-folds in characteristic p.?

Notation. If K is a cochain complex in an abelian category, we write Z'K = ker(d : K! — K'*1),
B'K =im(d : K'~' - K'), and H'(K) = Z'K /B' K, denote by 7<5(K) the subcomplex

st(K)Z["-%Kb_l—>ZbK—>0_>...]

and by t>,(K) the quotient K /t<,(K), and define 11, 5)(K) = t>,7<p(K). We call K decomposable if
it is isomorphic in the derived category to the complex with zero differential H (K)[—i].

A commutative differential graded algebra (cdga) is an associative graded ring K = P, ., K" which is
graded-commutative (i.e., xy = (—1)""yx for x € K™, y € K"), endowed with a differential d : K — K
mapping K" to K"*! and satisfying d(xy) =dx-y+(—1)"x-dy for x € K. We say that K is coconnective
if K"=0forn <0.

2. Abstract Koszul complexes

2A. Definition and examples. We work in a ringed topos (X, O).

Definition 2.1 (abstract Koszul complex). A coconnective commutative differential graded O-algebra K
is called an abstract Koszul complex if the following conditions are satisfied:
1 00— fHO(K) is an isomorphism.

(ii) For every ¢ > 1, the multiplication map H'(K)®4 — H?(K) factors through an isomorphism
w?  NHYK) = HI(K).

Example 2.2 (De Rham complex in characteristic p > 0). Let X be a smooth scheme over a perfect
field k of characteristic p > 0, and let Fx/x : X — X' be its relative Frobenius. Let K = Fx+S2  be
the de Rham complex, treated as a cdga over Ox-. Then the Cartier isomorphisms

C I (Fx i) = Qi

are multiplicative, and hence K is an abstract Koszul complex over (X', Ox/).

More generally, if f : (X, My) — (S, M) is a morphism of fine log schemes over [, which is smooth
and of Cartier type, then the log de Rham complex Fx/s «Q{x My)/(S.Ms) is an abstract Koszul complex
[Kato 1989, Theorem 4.12].

Example 2.3 (nearby cycle complexes; see, e.g., [Steenbrink 1995, § 2]). Let X be a complex manifold
and let D = | D, be a divisor with simple normal crossings on X. Let j : U = X \ D < X be the
complementary open immersion, and let K = Rj,Qp. Since we are working with rational coefficients,

2Added in proof: These results have recently been improved upon by Petrov (private communication, 2023), who showed that
the assumption on dimension is not necessary.
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v

we can find a cdga model for K (e.g., [KfiZ and May 1995, Part II, Corollary 1.5]). The purity theorem
implies that

R'j.Qy =N (EB @Da),

so any cdga model of K is an abstract Koszul complex over (X, Qx). Moreover, one has an isomorphism
in the derived category [Steenbrink 1995, Lemma 2.7] (see also [Achinger and Ogus 2020, § 4])

t<1(R' juZy) = [Ox =5 MEP],

where MEP is the sheaf of meromorphic functions without zeros or poles on U. Variants of this construction
exist for the nearby cycle complexes RW( for a semistable degeneration over a disc, and there exist
analogs in ¢-adic étale cohomology (with (2, coefficients).

Recall [SGA 4, 1972, exposé V, Definition 1.1] that an O-module M is flat if the functor (—) ® 9 M
is exact on the category of all O-modules. By the Deligne-Lazard theorem [SGA 4, 1972, exposé V,
théoreme 8.2.12], an O-module is flat if and only if it is a local inductive limit (see [SGA 4, 1972,
exposé V, § 8.1]) of free O-modules of finite rank.

In the following, we will work with abstract Koszul complexes satisfying the additional flatness
condition:

the O-modules K°, B'K, 2'K, and H'(K) are flat. 2-1)

In particular, this implies that the modules H? (K) >~ A? H?(K) are flat for all g > 0. The above condition
is satisfied in the situation of Examples 2.2 and 2.3.

2B. Koszul complexes. Our goal is to show that to a certain extent, the underlying complex of an abstract
Koszul complex satisfying the flatness condition (2-1) is determined by its truncation in degrees < 1
(Theorem 2.8). We achieve this using the notion of the Koszul complex of a map u : P — Q; see [Illusie
1971, chapitre I, § 4.3] and [Kato and Saito 2004, § 1.1-1.2].

Recall first that if M and N are O-modules, then for every g > 0 there is a natural decomposition of
the divided (resp. exterior) power

rMMeN) = P r“Mer’y (resp. NMeN) = P /\“M@/\”N).
a+b=q a+b=q
In what follows, we will use the comultiplication maps

n?:TIM — T 'M)@M  (resp. 7 : N"M — M @ N1~ 'M)

obtained as the composition of I'¢ (resp. /\‘1) of the diagonal map M — M @ M and the projection
to the (a, b) = (¢—1, 1)-part (resp. (a, b) = (1, g—1)-part) in the above decomposition of 'Y (M & M)
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(resp. of N{ (M & M )). Explicitly, we have

r
nq(x{el] e x}[e’]) — Z(x%el] .. .xl.[ei_l] .. .x}Ee’]) ®xl~ (el _|_ . e +er = q),
i=1

q
N7 (X1 A - A xy) :Z(—l)"‘xi®x1/\---/\)’c}/\---/\xq.
i=1

Sometimes we omit the superscript ¢ when it is clear from the context.

Definition 2.4 (Koszul complex Kos?(u)). Let u : P — Q be a map of O-modules, and let ¢ > 0 be an
integer. Then the g-th Koszul complex Kos? (1) is the cochain complex whose i-th term is

Kos?(u)" =T (P) ® N'(Q),
with differential d : Kos? (1)’ — Kos? (u)'*! defined as the composition

M= (Py@ N (Q) ~2% T9--1(PY @ P @ A (Q)

lid@u@id

ri—=1(P)® 0 ® N'(Q) aon re==4(Pye N (Q)

Concretely, withe) +---+¢, =g —i, x1,...,x, € P, and y e A'Q,
r

d(x{el] . xr[er] Ry) = Z(x{ell o xﬁej—l] . xr[er]) ® u(xj) AY.

j=1
We note here that our convention differs slightly from that in [Kato and Saito 2004] and [Illusie 1971],
who use A'(Q) ® T'7~/(P) as the i-th term. The two complexes, ours and theirs, are isomorphic via
the map which is (—1)' times the map switching the two tensor factors in degree i. The reason for
this convention is that later in Proposition 3.2 we will obtain the left comultiplication maps on exterior
powers, which in applications to the de Rham complex will be compatible with interior multiplication of
differential forms.

Proposition 2.5. Let u : P — Q be a map of flat O-modules, and let F (u) = [P —> Q] be the two-term
cochain complex with P in degree zero (the mapping fiber). There exist natural isomorphisms in the
derived category

Kos?(u) ~ LAY(F[1])[—q] >~ LT4(F),

where LAY (resp. LT'?) is the derived exterior (resp. divided) power.

Proof. Combine [Kato and Saito 2004, Corollary 1.2.7] with [Illusie 1971, chapitre I, 4.3.2.1]. See also
[[lusie 1972, chapitre VIII, lemme 2.1.2.1]. O

Corollary 2.6. For amap u : P — Q between flat O-modules, the complex Kos?(u), treated as an object
of the derived category, depends only on F(u) = [P — Q] up to quasi-isomorphism. In particular,
if F(u) is decomposable, then so is Kos? (u).
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Proposition 2.7 (compare [Steenbrink 1995, Lemma 1.4]). Letu: P — Q be a map of O-modules. There

exist unique arrows
9= (keru) @ N'(Q) — Z'(Kos? (1)) and o' :T97 (keru) ® N (coku) — H' (Kos? (u))
making the following diagram commute:

re=i(P)® N (Q) =——= Kos?(u)’

T T

=i (keru) ® N'(Q) —— Z (Kos? (u))

l l

9~ (keru) @ N (cok u) — K (Kos? (u))

Moreover, the map o' is an isomorphism if P, Q, keru, imu, and cok u are all flat.

Proof. The first assertion is straightforward. The second is reduced as in [Illusie 1971, chapitre I, 4.3.1.6]
using the Deligne-Lazard theorem to the case where P, Q, keru, imu, and cok u are free O-modules of
finite rank. In this case, splitting the surjection Q — cok u one can write u = u’ @ u”, where u’: P — imu
and u” : 0 — coku. The assertion then holds for u’ (by [Illusie 1971, chapitre I, 4.3.1.6]) and for u”
(trivially), for all g, and then the assertion for u = u’ @ u” follows from the isomorphism [Illusie 1971,
chapitre I, 4.3.1.5]

Kos* () = Kos*(u') ® Kos* (u"),
where Kos* (1) = @qzo Kos? (u)[q]. O
2C. Truncations of abstract Koszul complexes. The following theorem is the main result of this section.

Theorem 2.8. Let m > 0 be an integer such that m! is invertible in O, and let ¢ > m. Suppose that either
q = m, or that m + 1 is not a zero divisor in O. Let K be an abstract Koszul complex on (X, O) satisfying
the flatness condition (2-1), and write

K =[K° L Z'K]
for its truncation in degrees < 1. Then the multiplication maps
Kos? () =T (K @ N'(Z2'K) = Sym? (K" @ N'(Z'K) — K

for q —m < i < q (where we can identify T4~ with Sym4™" as g —i < m, so that (q —i)! is invertible

in Q) induce a quasi-isomorphism

Togm (LT (1<1(K)) = T54—m K0s?(3) == t(g—m,q1(K). 2-2)
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Proof. The multiplication maps define a morphism of “naive truncations”

Kos?(8)29°" = [Sym" (K) @ A\I~"(2'K) —— -+ —— N1(Z'K)]

| | |

T (K)=1™" = [K9—™ Z9K]

To obtain the desired morphism i : 7>4_,, Kos?(3) — 14—, 41(K), we need to check that the map
Kos?(9)4™™ — K7™

takes the image of Kos?(9)4~"~! — Kos?(9)¢™" into B¢~ K = dK?~™~!. This is clear if ¢ = m, so
suppose that (m + 1) is not a zero divisor.
Let z € Kos?(9)7~™ be the image of w € Kos? ()27~ and consider (m + 1)w as an element of the

submodule

Sym" MK @ AT TH@IK) S T ) @ AT,
Let u € K97~ be the image of (m + 1)w under the multiplication map
Symm+l(K0) ® /\q_m_l(ZIK) N Kq_m_l.

Then du = (m + Du(z) in K97™, where u(z) is the image of z under the multiplication map, and
hence /4(z) gives an (m+1)-torsion class in HY ™™ (K). Since by assumption HI "™ (K) ~ A7~ H'(K)
is flat and m + 1 is not a zero divisor, j(z) € dK” 77! as desired.

Finally, the maps induced by p : 7>4_,, Kos?(d) — 7(4_u 41(K) on cohomology can, thanks to
Proposition 2.7, be identified with the maps

w NHYK) - HI(K)  for g—m<i<gq,

which are isomorphisms by assumption. (I

—~—

Remark 2.9. Implicit in the above proof is the subcomplex Kos? () of Kos?(u) whose i-th term equals
Sym?~" K ® A\ (Z'K). The two complexes agree in degrees > g — m, and more generally the quotient
Kos? ()7~ /Kos? (u)?~" is annihilated by i!. This subcomplex probably does not have any “derived
meaning”, (for example, it is not clear that it is decomposable if <1 (K) is), but its advantage is that there
is a multiplication map w : Izas?(u) — K.

Remark 2.10. For an illustration of Theorem 2.8, let us see what happens in the “minimal” situation
where it does not apply. To this end, let us consider the de Rham complex K = [[,[x] — [F,[x]dx] of the
polynomial ring [ ,[x] over [, treated as a complex of modules over [ ,[x”]. Setm = p—1and g = p, and
let us check that the intermediate assertion in the proof of Theorem 2.8, that u : Kos? ()7~ — K7™ takes
the image of diqs : Kos?(3)?~"~! — Kos?(8)¢™" into B4~ K = dK97™~!, does not hold. Explicitly,



474 Piotr Achinger and Junecue Suh

the groups and maps in question form the diagram

d 0S8 -_— —
8 o Fplx]) == TP L (Fp[x]) @ Fp[x] dx = Sym{” 1, (F, [x]) ® Fp[x] dx
: Ju
d ([F;[x])( Fplx]dx

Let us consider the element x!”! in the top left corner. Its image under the Koszul differential is
2PN ®dx = —xP~! ® dx, whose image under 1 is —x”~! dx, a nonexact form.

This calculation suggests a link with the Cartier operator in the situation where K is the de Rham
complex of a smooth scheme in characteristic p. And indeed, we shall see it again in the proof of
Theorem 4.1.

Remark 2.11. Our proof of Theorem 2.8 makes use of an explicit model of the cdga K. Thus, for
example, if K and K’ are equivalent cdgas to which the theorem applies, it is not obvious whether the
isomorphisms (2-2) we obtain for K and K’ are compatible. More importantly, it does not apply to the
more general case of coconnective E.-algebras or cosimplicial commutative rings whose cohomology
algebras satisfy axioms (i)—(ii) of Definition 2.1.

Corollary 2.12. Let K be an abstract Koszul complex, and let n be such that n! is invertible in O. Suppose
that T<1(K) is decomposable. Then for a < b < a + n, the complex (4 ) (K) is decomposable. Moreover,
the complex 1<, (K) is decomposable as well.

2D. Application to de Rham cohomology. We now establish some of the straightforward consequences
for de Rham cohomology mentioned in the introduction. The remaining ones shall be established at the
end of Section 4.

Proof of Theorem 1.1, case p > 2. Let K = Fx;i 2y .. By Example 2.2, this is an abstract Koszul
complex over the ringed space (X', Ox/). By [Deligne and Illusie 1987, théoréme 2.1], the liftability
assumption implies that the complex 7<;(K) is decomposable. Corollary 2.12 with m = p — 1 implies
that 17, 51(K) is decomposable for a <b < a4+ p — 1, as desired. O

Proof of Corollary 1.2. The differentials on the E,.-page of (1-1) depend only on the truncations
Tla,01 (2% / ) With a <b < a+r, and hence all differentials on the pages E, with r < p vanish. Suppose
that d;/ # 0. Then in particular H' (X, Qy ;) and H'*" (X, QQ,:H) are both nonzero, and hence

li—jl<p and [(+r) =G —-r+DI=|G-j)+2r=1<p,

which implies r < p, but that forces d” =0, hence a contradiction. Therefore (1-1) degenerates.
For X proper over k, one can deduce the degeneration of the Hodge to de Rham spectral sequence as
in [Deligne and Illusie 1987, corollaire 2.4]. O

Remark 2.13. As in [Deligne and Illusie 1987, § 4] and [Kato 1989, Theorem 4.12(2)], analogous
assertions hold for a smooth and separated morphism of [ ,-schemes X — §, or more generally for a
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smooth morphism of Cartier type f : (X, Mx) — (S5, Ms) between fine log schemes over [, assuming
that there exists a fine log scheme (S, Mgz) over Z/p>Z such that S is flat over Z /p*Z and a smooth lifting

(X, Mz) — (5, M3)

of f’ (the base change f under the absolute Frobenius (S, Ms) — (S, My)). Here [, and Z/ p*7 are
given the trivial log structure.

3. Truncations in two consecutive degrees and gerbes of splittings

In the following, we make a more detailed analysis of the truncations tj, 14K for an abstract Koszul
complex K, as well as their associated gerbes of splittings. We keep working in the category of modules
in a ringed topos (X, O).

3A. First-order attachment maps. For a complex K and an integer ¢, the truncation
Tg1.gK =[+—=0— KB 5 29Kk 50— -]
fits inside the functorial exact triangle
H (KO g1 = Tg1.0K — 5 (K)[—g1 H% 3001 o2 — g1,

yielding a morphism
8% HI(K) — HI"N(K)[2]

such that 8?( [—¢] is the unique morphism making the above triangle distinguished (see [Achinger and
Ogus 2020, Proposition 2.1.1]). Thus the truncation tj4_; 4K is determined by the map 8%, as the
mapping fiber of 8%, [—¢]; it is decomposable if and only if 8% = 0. We note for future reference the effect
of the shift functor on the maps 87(:

(Sq

Ty = (=DPSRT. 3-1)

The maps 8% describe the differentials on the second page of the spectral sequence
E}"=HP(X,HY(K)) = H'™(X,K).
Namely, the differential
dl: HP (X, HY(K)) — HP (X, HI™'(K)) = HP (X, HI™ (K)[2])
is the map induced by 8% on H” (X, —).
3B. Gerbe of splittings. We recall the gerbe of splittings described in [Deligne and Illusie 1987]. Let
K =[K"-% k'

be a two-term complex (i.e., K' =0 for i # 0, 1), and suppose that the two conditions below hold:
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(1) KY(K) is locally free of finite rank, and
(2) the projection of K O onto B! = im(d) locally admits a section.’

One then constructs the gerbe sc(K) under Hom(fJ-Cl (K), U-CO(K )) over X [Deligne and Illusie 1987,
§ 3.2] as the stackification of the prestack sc’(K) whose objects are local splittings

s H! (K) — K'!
of the projection K! = Z'K — H'(K), and where morphisms s — s’ are maps
h:H(K)— K°
such that dh = s’ — 5. The automorphisms of an object s are then identified with Hom(JH ! (K), J—CO(K ),
and this makes sc(K) into a gerbe under Ho_m(fH1 (K), fJ-CO(K)). We denote by
clsc K € H*(X, Hom(3' (K), H*(K))) = Ext*(H' (K), H(K)) = Hom(H" (K ), H*(K)[2])
the class of the gerbe sc K. The following result relates this class to the map 8}< defined previously.

Lemma 3.1 [Deligne and Illusie 1987, proposition 3.3]. Let K = [K 0 - K11 be a two-term complex
satisfying (1) and (2) above. Then, one has the following equality in Hom(i]-f1 (K), U'CO(K)[2]):

clsc K = —5j.
A bit more generally, suppose that ¢ is an integer and K a complex satisfying the following conditions:
(1) Ki=0fori#q—1,q,
(2) H1(K) is locally free of finite rank, and
(3) the projection of K9~! onto B? = im(d) locally admits a section.
Then we denote by scj;—1,4)(K) the gerbe of splittings of the complex

e 0> KT S KT 50— -

concentrated in degrees 0 and 1 and with d being equal to the original differential of K, rather than
(—1)4~! times that; this convention has the consequence that

clscig—1,41(K) = (=9 elsc(K[g — 1))

in H*(X, Hom(H4, H4~")). Combined with Lemma 3.1 and (3-1), this implies the following generaliza-
tion of Lemma 3.1:
clscg—1,4(K) = —8%.

When there is no confusion as to what g is, we simply write sc(K) for sciy 1 41(K).

3C. Truncated Koszul complexes. Let K =[K° ANy ‘e 11 be a two-term complex of modules over (X, O),
and let ¢ > 1. Using the Koszul complex, one can build another two-term complex, concentrated in

3As pointed out to us by the referee, condition (2) is in fact not needed for the construction. Indeed, if s — s : 3 1 (K) — B!,
then locally there exists an / : H I KO such that s — s = dh.
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degrees [q — 1, q]:
K0®/\q—1K1
- d(F2K0®/\‘1_2K1)

Tqu(KOSq(d))Z[”'%O —>/\qK1—>O—>--~i|.

By Proposition 2.7 we have morphisms
a? : NTHYK) > HI(Kos?(d)) and a7 HOUK) QAT HUK) > HI7 (Kos?(d)), (3-2)

which are isomorphisms if K, K!, fHO(K ), and H! (K) are flat. The following result describes the

maps 81'1(05(] @ and hence the truncation 7,1 (Kos?(d)).

Proposition 3.2. Ler K = [K° 4k Y be a two-term complex and let ¢ > 1. Suppose that K°, K,
HO(K), and H"(K) are flat. Then the following diagram is commutative:

n? 8l.®id

A H(K) H'(K)@ N1 HU(K) HOUK) @ N1 HU(K)[2]

3} (Kos? (d)) - HI™ (Kos? (d))[2]
Kos4 (d)

In other words, using the identifications (3-2), we have the equality
Sl‘iosq @ = (5}( ®id) o nq
of maps A\? H'(K) - H(K) @ A HU(K)[2].

Proof. Let us abbreviate H(K) to H'. We first check that the two-term complexes 7>,_1 Kos?(d) and the
naive (g—1)-shift of K ® A?~! H! form the middle square inside a commutative diagram with exact rows

0 g—1 g1
0— HO@N! ! K o K NK' — S ANH 0

d(T2(K% ® N172K1)
[ e

0— HOQAI T H! — s KO A1 ! — KN TH — H oAt H! — 0

We define the maps o and § as follows. The map B is uniquely determined by
Bw®ziA-Azgm) moddT*(K)@NITPK) =w@ 1] A Alzgl.
It is well defined because elements of the form

dw@zi A Azge) =w®AWAZI A+ Az
or
dWv@ZI A ANZg—1) =VRQAWAZIA - ANZg 1 TWRAVAZI N+ ANZg1

are sent to zero, since [dw] = 0 = [dv]. The map « is the composition

gpl n 1 g—1 g1 1d®proj. 1 q—1 a1
NK' -5 K'QNT'K' ——5 K' QN " H".
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The commutativity of the left- and rightmost squares is trivial to check. To see that the middle square
commutes, we take (the class of) W ® z1 A -+~ Azg—1 € K@ N4 'K!, and compute

a(dw®z 1A Azg—1) =a(dWAZI A+ NZg_1)

—

q
=Y (=D u®dwlAlnIA - AlIA - Alzg1]+dw®[zi] A Alzg_1]
i=1

=dw[zi]A- - Alzg—1] = @RI (B 21 A+ Azg-1)).

Now, our commutative diagram of complexes translates into a commutative square in the derived

category,
8‘7
/\q j—cl Kos4 (d) J‘CO ®/\q_1 j_(:1[2]
n? l J/id
HONTTH H —— s ORI 2]
K 1
This implies the required assertion. O

3D. Two-term truncations of abstract Koszul complexes. The following result relates the maps §% and 8}(
for a cdga K.

Proposition 3.3. Suppose 2 is a nonzerodivisor in O. Let K be a coconnective commutative differential
graded algebra such that K°, Z'K, HY(K), and H'(K) are flat. Let g > 1 be an integer such that
HIV(K) is flat. Then the following diagram commutes:

N FE) —— 30 (K @ A (R —— 2 500k @ N I (K)[21

multl lmult.

H(K) H N (K)[2]

8k

Proof. Write <1 K = [K° 22k ]. The proof of Theorem 2.8 (with m = 1) provides a morphism of
complexes

W T=g—1 Kos?(9) = ty—1,91K.
By functoriality of the maps 69, we have a commutative square

H (1241 Kos?(9)) —— HI ™! (t24-1 Kos? (3))[2]

| l

H (t1g-1.9K) ——— H ™ (1py-1.K)[2]
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That is, a commutative square

AN HYK) —— HOUK) @ N~ HY(K)[2]

| l

HI(K) ———— HTH(K)[2]
The assertion then follows from Proposition 3.2. O

Remark 3.4. The proof of [Achinger and Ogus 2020, Theorem 4.2.2(1)] implies the assertion of
Proposition 3.3 under the stronger assumption that ¢! is invertible in O. However, the argument does
not use the cdga structure of K, only a weaker structure of a commutative monoid in the derived
category K ®" K — K. In particular, the assertion holds for some E..-algebras which are not a priori
equivalent to cdgas.

Remark 3.5. In [Achinger and Ogus 2020, Lemma 2.1.1], it is shown that the maps 8?( are compatible
with the derived tensor product in the following way. If K and L are complexes and i and j are integers
such that H’ (K) and H/ (L) are flat O-modules, then the following square commutes:

8 @1+(=1) @8]

H(K) @ H/ (L) (HHK)R21@FH (L)) @ (' (K) ® H ™ (L)[2])

| |

g'fi+j(K ®ﬂ_ L) — 9_(1'*#]’*1([( ®ﬂ_ L)[z]
8!
KolL

If g!is invertible in O, so that A? HH '(K) is a direct summand of H'(K)®4, the assertion of Proposition 3.3
can be deduced from this result.

For illustration, let us see how to do this for g =2. We set L = K and i = j = 1 in the above diagram,
obtaining the middle square of the diagram below:

id®s}

A2 H(K) T, HYK) @ H'(K) H'(K) @ HU(K)[2]
x/\yr—>%(x®y—y®x) %(shufﬂe,id)
3 (K) @ H' (K) i ()21 @ K (K)) & (3¢ (K) ® HO(K)[2])
F(K @ K) e H'(K @' K)[2]
H2(K) HY(K)[2]

8k
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Here, the bottom square certifies the functoriality of 62 with respect to the multiplication map K ®" K — K.
Commutativity of the top square is easy to check. Then, commutativity of the exterior square gives the
required assertion.

Corollary 3.6. Suppose 2 is a nonzerodivisor in O. Let K be an abstract Koszul complex satisfying the
flatness condition (2-1) and let ¢ > 1. We have the following commutative diagram:

gl i . lar sl®id 1l
NHA(K) ——— H (K QN H(K) ——— N7 H(K)[2]

| |

H4(K) HIN(K)[2]

8k

In other words, using the vertical identifications, we have the equality
8% = (8 ®id) o’
in Hom(H? (K), 11~ (K)[2]).

Corollary 3.7. Suppose 2 is a nonzerodivisor in O. Let K be an abstract Koszul complex satisfying the
flatness condition (2-1) and let ¢ > 1. Then

clscig—1,41(K) =n?(clsc(r<1K)).

Corollary 3.8. Suppose that 2 is a nonzerodivisor in O. Let K be an abstract Koszul complex satisfying
the flatness condition (2-1). Then the differential

a9 HP (X, HY(K)) — HPT2(X, HI7H(K))
equals the cup product with the class
8k = —clsc(r<1K) € H*(X, Hom(3' (K), H°(K))),

followed by evaluation.

3E. Morphisms of gerbes of splittings. Let K be an abstract Koszul complex satisfying the flatness
condition (2-1). In Corollary 3.7, under the assumption that 2 is a nonzerodivisor in O, we calculated
the gerbe classes clscjy—1,4) K in terms of the class clsc(t<| K). Below, under the stronger assumption
that 2 is invertible, we promote this equality into a morphism of gerbes.

Theorem 3.9. For each integer g > 1, there is a morphism
A se(t<1K) — se(tig—1,41K)
of gerbes over X, under which the obstruction classes correspond by the relation

clsc(tig—1,91K) = ctr?(clsc 1< (K)),
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where ctr? : Hom(H!, H®) — Hom(H?, H9~") denotes the morphism which maps a local section f of

the source to the one of the target by the formula

q
ctr!(f) o A Awy = Z(—I)J_lf(a)j)a)l/\---/\a)j,l/\a)jﬂ/\---/\a)q.
j=1

(Compare the formula for ctr? with the explicit formula for ¢ in Section 2B.)

Notation. Before proceeding to the proof, we gather some notation concerning Cech cohomology.
We denote by é(U., K*) the Cech resolution of a complex K* with respect to a hypercovering U..
The differential induced by that of K* will still be denoted by d, while the Cech differential on the
component é(U,,, K?),

p+1

(=D (=Dd;,
i=0

will be denoted by d. Then the total differential
D=d+d

is the differential of the total complex e (U., K*).

When we compute the obstruction classes, we will use some notation which may not be standard. As
usual, for each integer m > —1, we denote by [m] the set of integers i such that 0 <i < m (empty set
for [—1]). And we denote by d;; : [m — 2] — [m] the unique increasing injection omitting i and j, where

0 <i < j <m. For example, for m =2, we have
d()z :dgod() =d00d1 : [0] — [2]

(which maps 0 onto 1), where d; : [m — 1] — [m] denotes the unique increasing injection omitting i.
On the other hand, we denote by pr; : [0] — [m] (resp. pr; K [1] — [m]) the unique map sending O to i
(resp.0toi and 1 to j) for 0 <i <m (resp. for 0 <i < j <m).

Proof of Theorem 3.9. In order to prove Theorem 3.9, we first describe the morphism, show that it is well
defined, and then calculate the obstruction class.

Construction of the functor A1. We construct AY :sc T<1 K — sc 14— 41K by stackifying a morphism
between the corresponding prestacks: s¢’ 7<; K — sc’ 1j5—1 41 K.

Given an object of s¢/(t<; K) over U, that is, a section s : 3! — Z! of the projection 2! — H! over U,
we define A?(s) as the composite morphism

H9 ~ N(H EAIOIN Az prod oq

where prod means product; it is clearly a section of Z9 — H¢Y over U.



482 Piotr Achinger and Junecue Suh

Let s and s; be two objects of s¢/(t<;K) over U and let & be a homotopy from s to s;. Then we
need to define a corresponding homotopy A?(h) from A?(sg) to A?(s;). We first define a map

AR s (HH® — K971 pa—!

by letting it send w; ® - - - ® w, (Where w; are local sections of H 1 to the class of

q
Z(—l)jflh(wj)so(wl) N Aso(@j—1) Asp(@jr) A Ast(wg)
j=1

modulo B7~!,
It is easy to show that it factors through A7 if, say, w; = w, = w, then the alternating sum on the
right reduces to the difference of the first two terms

h(w)s1(w) Asp(w3) A Asi(wg) — h(@)so(w) Asi(w3) A Asi(wg),

which is equal to

h(w) dh(w) Asi(w3) A--- Asi(wg),
which is a coboundary since 2 is invertible. Thus we have defined A7 (h):

(3H)®

|~

(K - — q—1,139-1
N - 5 KB

Then the following calculation shows that A9 (k) is really a homotopy:

(A1(s1) = A(s0)) (@1 A -+ - Awy)

q
= Zso(wl) A= Aso(@j—1) As1(w)) — so(@j)} Ast(@j1) A+ Asi(wg)
=1

q
=) so(w) A Aso(wj—1) AMdh(w)} Asi(@jr1) A Asi(wg)

~
Il
-

(=D dh(w)) Aso(@1) A~ Aso(wj—1) Asp(@j1) A+ Asi(wg)

|
M=

1

~.
Il

=d[AT(h) (w1 A= Awg)l.

Functoriality of A1. Now in order to show that the morphism A? is a functor, we must show that it is
compatible with the composition of homotopies; so let & : s = s; and &’ : s; = s, be two such in the
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source. We first define a second homotopy operator

HY(h, 1) (HY®1 - K972 0@ ®@ag > Y (=D hwph'(i)s(, k),
1<j<k=q
where s(j, k) is equal to

so(@w) A=+ Asp(wj—1) Asi(@jr) A Asp(wg—1) As2(@g1) A Asz(wy).

To show that A?(h + k') and A?(h) + A1(h’) are the same homotopies, it suffices to demonstrate the
formula
(AR +h") —{AL(h) + AT (WD) (w1 A+ Awg) = dHZf’(a)l ®- - Quwy).

One expands the left-hand side and groups the terms involving & and h’ separately:

q
Z(_l)j_l{h(a)j)+h/(wj)}so(wl)/\' ASo(@j— 1) AS2(@j 1) A - Asa(wg)

j=1
q
=Y (=1 h(@))so(@n) A Aso(@j-1) Asi (@) 41) A - Ast (@)
Jj=1 . |
=Y TR @p)si @) A A1 1) Asa(@j11) A+ - Asa (@)
j=1
q .
= Z(_l)‘/_lh(wj)so(wl)/\‘ Aso(wj— ) As2(wjr ) A Asa(wg) —s1(@jr ) A - - As(wg))
=1

! q

+ ) (=D @) {so(@n) A+ - Aso(@1) =s1 (@D A Asi @k DI AS2 @k 1) A+ - Asa ().
k=1

The differences in the curly brackets are themselves alternating sums, so the last expression is equal to

q
D (=1 h(@))so(@) A - Aso(@j 1)

j=1

A{ DU AR (@) Asi @) A Asi (@) Asa (@) A -Asz«oq)}
k>j

q
+ Z(—l)"—lh/(wk){ D (=1 (=dh(@) Aso(@) A - Aso(@j 1) Asi (@4 1) A+ -sl(wk_o}
k=1 j<k
A2 (1) A+ - - As2(wy)

= Y (=) di (00)+h (o) dh(@))}As(, k),
1<j<k=q

and this is now equal to
dHY (h, 1) (01 ® - ®@ wy). (3-3)

This completes the proof of the fact that A? is a functor.
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Calculation of obstruction classes. Finally, we relate the obstruction elements. Let U, — X be an open
hypercovering such that one has

(1) a section s : ! — Z! of the canonical projection Z! — 3! over Uy, and

(2) a homotopy 4 : H' — K over U satisfying

dis —dys = dh. (3-4)
Then, by definition, the class of
obs = obs| = dih — dih +d;h € T'(Uy, Hom(3', 1))
in H%(X, Hom(3", 3(%)) is clsc 7<; K. On the other hand, by applying A% to s and /, one sees that the
class of
obs, =dy(ATh) —d{ (ATh) +d5 (ATh) € T'(Us, Hom(H?, FHI71y)

in H*(X, Hom(H4, H471)) is cl sc Tg-1,91K.

Now let w; A - - - A @, be alocal section of H? >~ AYH!. Then the evaluation of obs, at | A --- A,
is equal to

q
Z(—l)]'H dyh(wj) dys(@) A= Adys(@j—1) Adps(@jr1) A=+ Adgys(wg)
Jj=1

q
— 2:(—1)1Jrl dih(w;) dgs(@) A~ Adgs(@j—1) Adips(@jr1) A= Adiys(wg)
j=1

q
+ 2:(—1)]Jrl dyh(wj) dyys (@) A -+ Adgs(@j—1) Adys(@j11) A -+ Adis(wg).
j=1

One groups the terms around the second sum and gets

q
Z(—l)’“(a’(}kh —dih+d5h)(wj)-dys(@i) A~ Adys(wj—1) Adiys(@jp1) A+ Adips(wg)
j=1

q
+ ) (=D d5h(w)) diys@) A Adgys(@;-1)
j=1
AMdys@jr1) A+ ANdyps(wg) —dias(@jr1) A=+ Adis(wg))

q
+ Z(—l)”l dyh(w){dgs(@1) A -+ Adys(wj—1) —dys(wi) A -+ Adgs(wj—1)}
j=1
Adiys(@jp1) A=+ Adips(wg).

The first alternating sum reduces to the “main” term we want, when taken modulo the coboundaries
(B4~1). In the last two sums, one first notes that, as & is a homotopy from ds to df's, it follows that djh
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is a homotopy from dg dijs to dj df's, that is,
doh :dys = dgys.

Similarly, d>h is a homotopy from d,s to d},s. Essentially by repeating the last three equalities leading
up to (3-3), this time with a minus sign, one sees that the last two sums add up to

—dH (dgh, dsh) (@1 ® - - ® w,),
which is a coboundary. Therefore, reducing modulo B?~!, one gets

ev(obsy, w1 A+ Awy) = ev(ctr? (obs)), w1 A -+ Awy).
This means

clsctyg—1,1K =ctr? clsc <1 K,
which completes the proof. U

Remark 3.10. The construction of the map between gerbes can also be carried out using the language of
higher topos theory [Lurie 2009]. Let us give a brief outline.

Let p: Y — Z be a map of spaces, or more generally in any co-category €. On can then build the
space sc(p) of splittings of p as the homotopy fiber of

p :Home(Z,Y) - Home(Z, Z)

over the identity idz. Similarly, if p : ¥ — Z is a map in the derived oco-category of a ringed topos (X, O),
one obtains a sheaf of spaces sc(p) of splittings of p.

0 4, k1] satisfying the conditions in

In the special case when Y is a two-term complex K = [K
Section 3B and Y — Z is the projection K — H'(K)[—1], the sheaf sc(p) is a sheaf of groupoids
(a stack) and can be identified with the gerbe of splittings sc K.

Applying the functor 7>, LT'? to the map p : K — H Y(K)[—1] one obtains (simply by functoriality)

a morphism of sheaves of spaces
s¢(p) = s¢(t2g-1 LT (p)).
By inspection, the map 7,1 LT'?(p) is the projection
Tlg—1.41 Kos? (d) — H (Kos () [—¢q] = A7 3 (K)[—q].

This way one obtains by abstract nonsense a morphism of gerbes sc K — sc(zjy—1,41 Kos?(d)).

In the case when K is an abstract Koszul complex satisfying the flatness condition (2-1), the morphism
of gerbes sc <1 K — sc 741,41 K obtained this way should agree with the one constructed in Theorem 3.9,
though we did not check it.
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4. Gerbes of splittings of the de Rham complex

Our method of explicating the truncations tj,; 1 4K for an abstract Koszul complex K in terms of the
truncation < K requires that 2 be a nonzerodivisor. In this section, we describe these two-term truncations
in the case of the de Rham complex in characteristic p > 0 by calculating the class

clsc(tig—1,q1F«Q%/g)-

The calculation uses more information about the de Rham complex than its being an abstract Koszul
complex, namely the nature of the Cartier isomorphism (which we use only for p = 2). As a corollary,
we deduce that 7j, 1 4)(F: Q5% / ) is decomposable if T<1 (F, Q2% / ) 18, and obtain a description of the d;
differentials in the conjugate spectral sequence.

Theorem 4.1. Let S be a scheme of characteristic p > 0 and X /S a smooth separated scheme of finite
type. Then for each integer q, the class

clsc(tig—1,41Fx Q}/s)
is the image of the class

clsc(r<g F*Q}(/S)
under the contraction map (described in Theorem 3.9).

Proof. We put K = F*QB(/S, with F : X — X' the relative Frobenius of X/S.
To calculate the class, we take an open hypercovering U, — X’ such that

(1) over Uy, one has a section s : ' — Z! of the projection 2! — H! and a section
o @ 31— (FH"®4

of the canonical projection (H')®¢ — 37, and

(2) over Uy, one has a homotopy /4 : ' — K such that
dh=djs —d}s : H' — 2!,

(Let us recall that H! is locally free over Oy, and hence so is {9 = A9FH! for all integers g.) The locally
free kernel of the projection (H')®¢ — 3{¢ being denoted by J¢, the 1-cocycle

dio P —dfo? e I'(Uy, Homg,, (7, 77))

represents the obstruction, in H (X', Hom(H4, 39)) = Ext(ljx/ (39, J%), to the global existence of a section.
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Let us calculate the class
clsc tyy—1.4K € H*(X', Hom(3?, H7™ "))

in characteristic p > 2. For ease of notation, we denote o4’ simply by o when no confusion is likely.
To do so, we may choose the composite morphism

g0a 20 (gl 22 (g hyed A g4

which we denote by (s”*?) o o, as the section of the projection Z¢ — H? over Uy.
Then one forms (the negative of) the Cech difference

di(s")odfo —dj(s"?) odjo = [(d}s)" — (djs) 1 odjo — (dfs)"! o (djo — d}o).

One notes that the second term is zero, since the image of d(’)ka — di"a is contained in J¢, which in turn is
annihilated by (dj's)"?, for the wedge product is strictly graded commutative.
Then one expresses — over U; — the remaining first term as the differential of something:

((di)™ = (dgs) D@1 ® - ® wy)

Il
M=

(dys)wi A -+~ A(dys)wj—1 A(dys —dys)wj A(dys)wjp1 A--- A (d]s)wy
1

~.
Il

q
d> (=DM () dis)or A AdGs)wj—1 Adis)oje A Adfs)og.
j=1

One defines n =@ = n(w ® - - - ® wy) to be

q
D (=D () dis)or A AdGS)oj_1 AdTS)ojn A A ]
j=1
in order to have a commutative diagram

di (s")od}o—d; (s )odo

J4 Z4

PN A

(j_cl)®q 0 ;qul/‘qul

in which 77 means the composite of 7 followed by K9~! — K9~ /B~
With this, we calculate the class of the gerbe by forming the Cech difference over Us:

(i —dt +d3)(fodio) =difodl,o — diijodlyo + difj o diyo
= (d} —d +dD)fodlo — difio (dio — diyo). (4-1)
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Let us put obs| = (dy — d{ + d3)h, which represents the class of sc 7<1 K. Then the first summand in
the second line of (4-1) can be expressed in terms of obs;:

(dy —di +d)N(@1 Q- - - Qwy)
q
=Y (=D dih()) diys(@) A+ Adgys(@)-1) Adips(@j41) A+ -+ Adis ()
j=1

q
—Z(—l)]+1 dih(w;) dgs(@) A Adys(@j—1) Adps(@jr1) A+ - Adiys(wg)
j=1

q
+Z(_1)1+1 dyh(wj) dy,s(@) A Adgs(@j—1) Adips(@jp1) A+ Adips(wy)
j=1

(=17 obsy(w1) diys (@) A+ - - Adgs(@j—1) Adiys(@j41) A+ - Adys(wy)

M=

1
q
+Y (=D dih(w)) dfys(@0) A Adgys(@i0) A{(dips NI —diysN D) ()41 ® - @ay) )

Jj=l

~.
Il

q
+Y (=D d3h(w){(dgs "D —dgi s M) @01 ® - @wj D)} Adhys(@ii) A As(wy).
j=1

Again, as in the three equalities leading up to (3-3), the differences in the curly brackets are themselves
alternating sums, and one sees that the sum of the last two alternating sums is equal to

—dHY (dh, d5h) (@1 ® - @ w,),
hence is zero modulo BY~!. On the other hand, the first alternating sum is equal to
ev(ctr(obsl), WA A wq).

Now we analyze the second summand in the second line of (4-1). It is the cup product of two
cohomology classes:

iilse € T(Uy, Hom(J9, H9~Y)) representing [77|54] € Ext! (39, H4~1)
and

dyo —djo € I'(U;, Hom(H?, 7)) representing [o'] € Ext! (14, 99).
When ¢ is less than p = char(S), [o] is zero, for in this case one disposes of a canonical section of
() — 3¢,

namely the antisymmetrization.
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On the other hand, if p is odd, then [1]5] is zero, because (even more strongly) 7 itself kills J: for
example, it maps a local section
ORQWRWIR - Quwy

of J4 to the element
[h(w) dis(w) — h(w) dis(@)] Adis(@3) A--- Adis(wg) = h(w) dh() Awz A -+ Aw, (mod qu’I),

which is a coboundary when 2 is invertible (d(h(w)?) = 2h(w) dh(w)).

So let us restrict our attention to the case p = 2 and show that the class [#]q¢] is still zero. First, one can
easily check that 7 : (F(1)®? — K4~! /B4~ and a fortiori 7j|ge : J9 — 2971 /B4~ = H9~! | is symmetric
in the sense that any element of the form

QR 1R QWjt1+wWj 1 QW) Rwj12® - Quy

(when 1 = —1, adding is subtracting) maps to zero under 7. Therefore, one has a commutative diagram

74 J4 /g4 i Fq—1

o]

(HH® —— Sym?(H') —— K91 /B!

where the composite of the two horizontal arrows in the first row (resp. in the second row) is equal to 7|5
(resp. 77), and J¢ denotes the (locally free) kernel of the projection (3')®? — Sym? (JH!).

We get a notational advantage by taking the quotient by J¢: now J¢/J¢ is generated by the images of
local sections of the form

OQWRWIR -+ Qwy. (4-2)
Such a local section is mapped under 7 onto
h(w) dh(®) Adgs(@3) A -+ Adis(wg) (mod B = [h(w) dh(w) (mod BHTAws A~ Aw,. (4-3)

We prove that [77]4] is zero by finding a 0-cochain z with coefficients in Hom(J%, H¢~"), that is, a section
of this sheaf over Uy, such that 7|js = djz —d{z. As we know that 7|5¢ factors through 7 : J7/3% — K
it suffices to find 7 : 79 /99 — F4~" such that

n=diz—d;z.
But from (4-3) and the fact that C™'W* dh(w) = [h(w) dh(w)], one sees that

HoQ@wRwWs®- - ®wy) = (CT'W*dh(w) Aoz A--- Aay,. (4-4)
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We denote here by W the base change of the absolute Frobenius endomorphism of S, so that the diagram

, W
—

Tt —— ™
U — X

—_—
frobg

is cartesian, by W* the pullback morphism of differential forms

Qs = Walx /s
and by C~! the (inverse) Cartier operation

Qs = H (FeQy g)
(see [Katz 1970, § 7] and recall p = 2). Thus the last expression is the same as
C_IW*(diksa)) ANWIN - ANwg — C_IW*(d()"sa)) N3N - ANy,

and one is led to define over Uy

7:99/99 — HI~!
so that it maps the local section (4-2) modulo g7 to

C'W*Gsw)Awz A Awy.

As pointed out earlier, local sections of the form (4-2) generate J9 /74, so such Z is unique if exists at all.
Now its existence can be shown locally: if one has a basis ey, ..., eg of H I over Oy, then the images of
the sections

lej ® - ®ej, 11 <j1 << j; <d with at least one repetition}
under J¢ — J4/g4 form a local basis of J¢ /g4, and then one can let Z map the class of e;, @ - - - ® ej, to
C™'W*(s(wj,)) A (the rest),

where ji is an index that repeats: if two or more indices repeat, whichever one is chosen, the result is
zero, and if an index repeats itself three or more times, it doesn’t matter which consecutive terms are
chosen, for 1 = —1 and the sign doesn’t matter.

Then one needs to show that any local section of the form (4-2) is mapped as desired under 7 thus
defined. One expresses the sections w, w3, ..., w, as linear combinations of the {e;} and one sees that it
boils down to showing the linearity in each variable ws, ..., w,, which is evident, as well as the linearity
“in the variable w ® w”’, which is less so.
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Let w = a& + B6, where «, 8 are sections of Oxs and &, 6 sections of 3{'. Then one calculates
CTIW*(s(@§ + ) = CT'W*(F*a - 5(€) + F*B - 5(6))
=CT @ W*s(§) + B W's(6))
= (F*a)’)C™'W*s (&) + (F*B)*C~'W*s(0),
where F* : Ox» — F,Oyx is the canonical pullback morphism; here one uses the fact that W o F' is equal
to the absolute Frobenius of X.
On the other hand, if one expands w ® w as 0’6 @& + 20 R0 +af(E ® 6 +60 ® £), then the last term

is symmetric (i.e., lies in J%), and hence we get the same result this way.
This can also be explained with the diagram

Fo (W) F.W,C™!
2! € FQY g ——— FWaQy, g ———

|

3'(K)

F W, HY(K) = (Fx)«H (K)

over Uy, where Fx' denotes the absolute Frobenius of X’; it shows that the map
o> CT'W¥s(w)

is 2-linear, while “extracting” w out of  ® w would be 2~!-linear; hence these nonlinearities cancel each
other and the map w ® w — C~' W*s(w) is linear.

This shows that Z, hence the 0-cochain z which is obtained by composing z with the projection
J7 — J9/71, is well defined and has the desired property. Therefore the class [7]3¢] is zero, and the only
thing that contributes to the class (4-1) is the g-th contraction of obs;. This ends the proof. U

By the construction (Theorem 3.9) and the calculation (Theorem 4.1), we immediately get:

Corollary 4.2. With the notation as in Theorem 4.1, suppose that X'/ S is liftable to S. Then for each
integer q, the truncation tjy_1 41 Fx QY% /s of length 2 is decomposable in the derived category D(X', Ox/).

Proof. This follows from [Deligne and Illusie 1987, 3.5] (which identifies the obstruction to liftability to
the decomposability of 7< Fx/s Q% / ) and Theorems 3.9 and 4.1 (which relate the decomposability of
T[O,I]FX/S,*QB(/S with that of T[q—l,q]FX/S,*QB(/S)- U

In particular, we extend the (special) case of Corollary 3.6 applied to the de Rham complex in
characteristic p > 2, even to the case of p = 2.

Corollary 4.3. Let X be a smooth variety over a perfect field k. Then we have the equality

S%X/k,*Q;(/k =({d® 8}<) on?

in Hom(Q%, .. Q% [2]).
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Finally, we answer the question of Katz:

Corollary 4.4. Let S be a scheme of characteristic p >0, f : X — S a smooth separated morphism of
finite type, and [': X' — S (resp. F : X — X') the base change of f by the Frobenius endomorphism
of S (resp. the relative Frobenius). Suppose Sisa flat 7/ p*-scheme whose reduction modulo p yields S.

Then the morphism in the conjugate spectral sequence
ij . pi ‘ i+2 —1
dy R fiQ%,s = R [19% 5

where one identifies H/ (Fe 2% / ) with Qg(, /s via the Cartier isomorphism, can be canonically regarded
as the cup product with the additive inverse of the obstruction class (in H XX, Tx /s)) to lifting X'/ S

over S.

Proof. We first remark that by [Deligne and Illusie 1987, 3.9] it can be directly seen that the obstruction
class to lifting does not depend on the choice of a flat Z/ p-lifting S of S. Then the corollary follows
from [Deligne and Illusie 1987, 3.5] and Theorems 3.9 and 4.1. O

Appendix: F-split schemes of dimension p + 1

Let k be a perfect field of characteristic p > 0. As mentioned in the introduction, Drinfeld, Bhatt—Lurie,
and Li-Mondal (see [Li and Mondal 2021, Remark 5.7] for context) have obtained the following result.

Theorem A.1 [Drinfeld 2020, § 5.12.1; Bhatt and Lurie 2022, Remark 4.7.18; Li and Mondal 2021,
Corollary 5.5]. Let X be a smooth scheme over a perfect field k of characteristic p > 0. Suppose that X
is liftable to Wy (k). Then the truncations

f[q—p+1,q]FX/k,*93(/k
are decomposable for all q.

Below, we employ this in order to show Kodaira—Akizuki—Nakano vanishing and Hodge—de Rham
degeneration for F-split smooth projective schemes of dimension at most p + 1.

Recall [Mehta and Ramanathan 1985] that a k-scheme X is F-split if the morphism F§ : Ox — Fx .Ox
is a split injection. Since k is perfect, this is equivalent to the splitting of Fy Ik Ox' — Fx/kxOx. Itis
well known that every F-split scheme over k admits a flat lifting to W, (k) (see [Illusie 1996, § 8.5] for
the smooth case or [Langer 2015, § 8, Proposition 4] for the general case).

If X is F-split and if L is a line bundle on X, then tensoring the split injection Ox — Fx ,.Ox with L
and taking cohomology shows that for all i, H(X, L) is a direct summand of H(X, L ® Fx ,Ox). By
the projection formula and the fact that Frobenius is affine this latter summand equals H' (X, F sL) =
H'(X, LP), and hence the Frobenius pullback maps

Fi:H (X,L)— H' (X, L")

are injective. Thus, if H/(X, L™) = 0 for m >> 0, then already H'(X, L) = 0. Consequently, if X is
moreover smooth (or just Gorenstein) and projective, then H' (X, L") =0 for i < dim X and L ample,
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that is, Kodaira vanishing holds on X. Similar reasoning with L = Oy shows that
F:H'(X,0x) — H' (X, Ox)
is bijective for all i > 0.

Theorem A.2 (Kodaira—Akizuki—-Nakano vanishing). Let X be a smooth projective scheme over k of
dimension d = p + 1. If X is F-split, then Kodaira—Akizuki—-Nakano vanishing holds for X, i.e., for every
ample line bundle L, we have

H (X, L7'®Q! /k) 0 fori+j<d=p+1.

Proof. By Serre vanishing, the assertion holds for L?" for m > 0. Therefore we may assume that it
holds for L?. Following the proof of [Deligne and Illusie 1987, lemme 2.9], we form the complex
K*= (L)' ® Fx/r 2% /&> Where L" is the pullback of L to X', and write the two spectral sequences

1EY = HI(X', (L)' @ Fxjrs ) = HW (XK (A-1)

and
IIE —H X, (L) '®] XK = H'(X', K*). (A-2)

Now the projection formula gives ; E; U=HJ (X,L™P ®Q X/ «)» Which vanishes for i + j < p by assumption.
Consequently the abutment H” (X', K*) vanishes for r < p.

We now investigate the second spectral sequence. Since X is F-split, it lifts to W, (k). Theorem A.1
implies that the differentials on j; Eij are zero for r < p. For dimensional reasons, there are no nonzero
differentials for r > p + 1, and the only two nonzero differentials on E;J;L] are

)l HOX (L)™' @@k, ) — HPF (X, ()™

p+1
and

dy! T HOX (L) T @y —> HPPHX (L) T @ Q)0

We will show that d° f | = 0, which will then imply that in (A-2) we have

11E2 —11E 1—IIEU =0 fori+j<p.

Note that H” (X', K*) = 0 implies 0 = Eg’ = ker(dp+1) 1.e., d Tl is injective.
By Lemma A.3 below applied to E = L~! and the map Fx- k- X — X, where X~ = (F,)~'(X) is
the Frobenius untwist of X, we have a commutative square:

0 P
p+1(

HO(X', (L)™' @ @, ) HPHH(X', (L)

l lF;/M

0=H'X,L7®Q%, ) —————— H'*! (X, L7P)

0.p -1
dp+1(F;*/kL )
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(In fact the left vertical map is zero.) Here we use the identification (F;,/k(L_] ) = F;/k (L"hY—1=L"7
and the bottom map is deduced similarly for (the pullback to X~ of) L? in place of L. The vertical right
map is injective because X is F-split and we have a commutative diagram

F;
HPHY(X, L7 —— HPPY(X, (L)) —— HPYY(X, L7P)
w* F3

X/k

(W : X’ — X being the projection), and the horizontal maps are injective by the previous paragraph. We
conclude that HO(X’, (L)' ® Q%0 =0. 0

In the proof above, as well as in the proof of Hodge—de Rham degeneration below, we need the
following functoriality result.

Lemma A.3. For a vector bundle E on a smooth k-scheme X, write K*(E) to denote the complex
E'® FX/k,*Q}(/k- Let f : Y — X be a map of smooth k-schemes. Then f induces a map of complexes
f*K*(E) — K*(f*E) and hence a map of spectral sequences

nEY(E)=H (X' E'®Q},) = HY (X K(E)
nE3 (f*E)=H'(Y', (f*EY ® Q},,) = H™(Y',K*(f*E))
where the maps H' (X', E' ® QJ //k) — H' Y (f*E)' ® Q{,,/k) are induced by the composition
HI(X', E'®@ Q%) — H' (Y, (fV(EN) @ (f) Q) — H' (Y, (f)(EN @R ).
Proof. This follows from the commutative diagram below:

Y Y’

1]
|

N

Spec(k) —>F Spec(k)
k

f

Note that (f)*(E) >~ (f*E)’. O

Theorem A.4 (Hodge—de Rham degeneration). Let X be a smooth projective scheme over k of dimension
d=p+ 1. If X is F-split, then the Hodge to de Rham spectral sequence

1EY = HI(X, Q) = HMY (X, Q%)

degenerates.
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Proof. Since X is proper, it is enough to show that the conjugate spectral sequence
nEY = H'(X', Q) = H™ (X, Q)

degenerates. Since X is F-split, it lifts to W»(k), and then Theorem A.1 implies that the differentials on
the page ;7 E,’ of the conjugate spectral sequence are zero for r < p.

Since dim X = p + 1, the only possibly nonzero differentials in this spectral sequence are therefore
0,
d,fyHO(X', Q%) — HPTH(X', Ox)
and

0,p+1
dp—fl—i_ :HO(X/,(,()X//k)—)H‘IH_l(X/, Q;(’/k)

We will show that dg’fl =0. Indeed, functoriality of the above maps with respect to Frobenius (Lemma A.3
with E = Oy and the relative Frobenius Fy- ;) gives a commutative square

0.p
HOX', @, ) ———— HPFI(X', Ox)

F;z/kl lF;;,k

HY(X, Q% ) ———— H’T(X, Ox)

dg‘_f] for X~

where X~ = (Fk_l)* X is again the Frobenius untwist of X. Since the Frobenius is zero on Q! fori > 0, the
left vertical map is zero. On the other hand, since X is F-split, the right vertical map is an isomorphism.
Therefore the top map dg’fl is zero.

Finally, we obtain the vanishing of dg’f;r ! by comparing dimensions and duality. Indeed, we have
dim HP2(X, Q) = dim H? (X, % ;) (Poincaré duality)
= > dimH'(X'.Q},,) (inced,’ =0)
i+j=p
= Z dim H (X', ng//k) (Serre duality),
i+j=p+2
sod%PH =0, O

p+1

Remark A.S (see [Li and Mondal 2021, Corollary 5.6] and [Bhatt and Lurie 2022]). In fact, the results
of Drinfeld, Bhatt-Lurie, and Li-Mondal yield more than we have stated in Theorem A.1. Namely, for X
smooth over k and liftable to W, (k), there exists a decomposition in the derived category

p—1

FX/k,*QS(/k ~ @ K,'

i=0
where H’ (K;) = 0 unless i and j are congruent modulo p. This implies that in the conjugate spectral
sequence, as well as in the second spectral sequence used in the proof of Theorem A.2, nonzero differentials
may appear only on pages E, where r is congruent to one modulo p. We only used this with » < p, and
it would be interesting to obtain new vanishing and degeneration theorems using this stronger fact.
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A transference principle for systems of linear equations,
and applications to almost twin primes

Pierre-Yves Bienvenu, Xuancheng Shao and Joni Teravainen

The transference principle of Green and Tao enabled various authors to transfer Szemerédi’s theorem on
long arithmetic progressions in dense sets to various sparse sets of integers, mostly sparse sets of primes.
In this paper, we provide a transference principle which applies to general affine-linear configurations of
finite complexity.

We illustrate the broad applicability of our transference principle with the case of almost twin primes,
by which we mean either Chen primes or “bounded gap primes”, as well as with the case of primes of the
form x2 + y? + 1. Thus, we show that in these sets of primes the existence of solutions to finite complexity
systems of linear equations is determined by natural local conditions. These applications rely on a recent
work of the last two authors on Bombieri—Vinogradov type estimates for nilsequences.

1. Introduction

1A. The problem and its background. Green and Tao [2008] famously proved that the primes contain
arbitrarily long arithmetic progressions. Their proof introduced an influential transference principle,
stating that if a set of integers is dense inside a pseudorandom set, then it contains arbitrarily long
arithmetic progressions. This is called a transference principle, since it transfers Szemerédi’s theorem,
which states that any dense subset of Z contains arbitrarily long arithmetic progressions, to a sparse
setting. In fact, the proof of Green and Tao relied on Szemerédi’s theorem as a black box.

More generally, given any admissible' affine-linear map W : Z¢ — 7', and a subset P of the primes, one
may ask whether P’ contains a tuple of the form W (n) with n € Z%. Since the image of an affine-linear
map may always be realized as the kernel of another affine-linear map and vice versa, this may be
formulated as the problem of determining which linear systems of equations can be solved inside P.

Since the Green—Tao theorem, a lot of research has been devoted to this question. Note that k-
term arithmetic progressions correspond to the map W (n,d) = (n,n+d, ..., n+ (k — 1)d), so this
case is handled by the Green—Tao theorem, which actually holds for dense subsets of the primes (or
even not too sparse subsets, see [Rimani¢ and Wolf 2019]). Further, since Szemerédi’s theorem holds
for any given translation-invariant linear configuration in place of arithmetic progressions (that is, for
homogeneous linear maps W such that (1,...,1) € W (Z4)), the Green—Tao theorem also holds for these
linear configurations.

MSC2020: 11B30.
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© 2023 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://msp.org/ant/
https://doi.org/10.2140/ant.2023.17-2
https://doi.org/10.2140/ant.2023.17.497
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

498 Pierre-Yves Bienvenu, Xuancheng Shao and Joni Terdvainen

Regarding general linear configurations, under the mere assumption that W = (Y, ..., 1) has finite
complexity, (that is, no two of the forms ; are affinely related), Green and Tao [2010b] provided a
complete answer in the case where P is the full set [’ of primes, in fact giving an asymptotic formula for
the number of n € [N]¢ for which W(n) € P’ as N — oo.

Regarding subsets of the primes, it is known that a number of interesting sparse subsets of the
primes contain arbitrarily long arithmetic progressions (or again, any given translation-invariant linear
configuration). Indeed, the Chen primes

Pchen :={p €P:p+2e P},

where P; is the set of integers which have at most two prime factors (counted with multiplicity), have
this property by [Zhou 2009], and the bounded gap primes

Podd,n :={ne€P:|[n,n+ HINP| > 2}

for large H have this property by [Pintz 2010; 2017]. Primes of the form x2 4+ y* 4 1 by [Sun and Pan
2019] have this property as well and for any k, there exists ¢y > 1 such that for any ¢ € [1, ¢¢) the set
P N{[n°] : n € N} of Piatetski-Shapiro primes contains progressions of length k by [Li and Pan 2019].

However, very little is known when W is not translation-invariant and simultaneously P is not the full
set of the primes. When P C [P is the (dense) set of the shifted squarefree primes (i.e., primes p such that
p — 1 is squarefree), for any finite complexity ¥, an asymptotic for the number of n € [N]¢ for which
W (n) € P was proven by the first author [Bienvenu 2017]. When it comes to non-translation-invariant
configurations in subsets of the primes, previous research has concentrated on the ternary Goldbach
system, that is, the affine-linear map Wy (n, m) = (n, m, N —n — m). The subsets of the primes where it
was studied include subsets of relative density above a certain threshold [Li and Pan 2010; Shao 2014],
the set of primes of the form x? 4+ y? + 1 [Teriviinen 2018], the set of primes in a given Chebotarev class
[Kane 2013], the set of Fouvry—Iwaniec primes x2+ p2 with p prime [Grimmelt 2022], and the set of
primes admitting a given primitive root [Frei et al. 2021]. More relevantly for the present study, Matomaki
and the second author [Matoméki and Shao 2017] showed that any sufficiently large odd integer (resp.
integer congruent to three modulo six) is a sum of three bounded gap primes (resp. three Chen primes).
Both of these types of primes have properties akin to those of twin primes, and are therefore referred to
as almost twin primes.

We mention that all of the papers [Matoméki and Shao 2017; Terdavidinen 2018; Grimmelt 2022; Kane
2013; Frei et al. 2021; Shao 2014] rely on classical Fourier analysis, which is considerably simpler than
higher order Fourier analysis, and hence the proofs do not adapt to any systems W of complexity at least 2.
The papers [Zhou 2009; Pintz 2010; 2017; Sun and Pan 2019; Li and Pan 2019], in turn, all use the
Green—Tao transference principle, and hence the proofs do not adapt to any non-translation-invariant
configurations W. Our main result handles the case of arbitrary finite complexity systems W when P is
the set of almost twin primes.
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1B. Results on linear equations. Now we state our results on linear equations in almost twin primes
precisely. Let H = {hy, ..., h,} be an admissible m-tuple: for every prime p, there exists n € N such
that ]_[ie[m](n +h;) #0 (mod p). Let Py :={n e N:|(n+H)NP| > 2}. Note that Py is actually not a
subset of the primes; in fact Ppgg. g =P N UH C0.H] Py. Define the weighted indicator functions of the
Chen primes and Py by

91 (n) = (log n)217’cmn (l’l)lp‘n(n_i_z)zn,an/lO, 92(11) = (log n)m lpH (n)lp\]_[;”=1(n+hi)=>172ﬂ”’

where m = |H| > 2 and p € (0, 1).

Then we know by Chen’s theorem [1973] and Maynard’s theorem [2016], upon assuming that m is
large enough and p is small enough, that ), _, 6;(n) > N for i € {1, 2} (and we have upper bounds of
the same order of magnitude by Selberg’s sie;/e). Throughout this paper, we fix such m, p, and we also
fix an admissible m-tuple # in the definition of 6,.

Theorem 1.1 (arbitrary linear configurations weighted by almost twin primes). Let i € {1, 2}. Let n > 0,
N,d,t,L>1,andletV = (Yq, ..., ;) : Z% — 7' be a system of affine-linear forms of finite complexity
whose homogeneous parts have coefficients bounded in modulus by L.

Then there exists a constant C; (V) > 0 such that the following holds. Let K C [-N, N 14 be a convex
body satisfying Vol(K) > nN¢ and W(K) C [1, N1. Then, for N > No(L, n,d, t), we have

Y T 0@ @m) > .40 Ci(¥) Vol(K). (1-1)
neknzd jelt]
Further C; (V) > 0 unless there is an obstruction modulo some prime p. More precisely, C1 (V) > 0 as soon
as for every prime p there exists n € 7¢ such that Hie[t] Yi(n)(Yi(n) +2) £ 0 (mod p) and Cr(¥) >0
as soon as for every prime p there exists n € 7% such that ]_[iem ]_[je[m](w,- (n) +hj) #0 (mod p).

Note that the hypotheses imply that the nonhomogeneous coefficients of W are bounded in modulus by
(dL + 1)N. It turns out that C; (W) >>4,.1.; | whenever C;(W¥) > 0; therefore the right-hand side of the
estimate (1-1) is >>4;.1; Vol(K) whenever it is not 0.

We can also obtain an analogous result for primes of the form x% 4+ y% + 1. Let

03(n) := (log(2n))**1p(M) =21 241 xyez (1-2)

be the weighted indicator function of primes of the form x> + y? + 1. By a result of Iwaniec [1972], we
have an ny 03(n) > N (and we have an upper bound of the same order of magnitude from Selberg’s
sieve).

Theorem 1.2 (arbitrary linear configurations weighted by primes of the form x* 4+ y* 4 1). Theorem 1.1
continues to hold with 65 in place of 6;. Moreover, C3(V) > 0 as soon as for every prime p there exists
n € 79 such that ]_[l-e[t] Yi(n)(Yi(n) +a(p)) # 0 (mod p), where a(p) = —1 if p = —1 (mod 4) and
a(p) = 0 otherwise.
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Theorem 1.1 has an immediate corollary to linear systems of equations within the Chen or bounded

gap primes.

Corollary 1.3 (linear equations in almost twin primes). Let Ly, ..., L;: 7% — 7 be linear forms. Consider
the linear system of equations

Li(n)=0 foralliel,...,t. (1-3)
Suppose that the system has a solution in the positive real numbers. Then

(i) The system (1-3) has a solution in Pghen, provided that it has a solution in A‘fj for every prime p,
where A, ={x € Z/pZ : x(x +2) #0 (mod p)}.

(i1) The system (1-3) has a solution in P?d{, provided that 0 € H and it has a solution in Bz for every
prime p, where B, ={x € Z/pZ : ]_[je[m](x +hj) #0 (mod p)}.

Proof. We may assume that each L; is primitive (i.e., its coefficients have no common prime factor)
and that the linear forms are linearly independent (so ¢ < d and the system has full rank ¢). Since our
system is homogeneous, we may assume that the span of the linear forms L; does not contain a linear
form which has exactly two or one nonzero coefficients; indeed, otherwise there exists (i, j) € [d 1> and
coefficients (a;, a;) € 7? \ {0, 0} such that i # j and for any solution (ny, ..., ny) € 7% of the system we
have a;n; —ajn; =0. If a;a; =0 then n;n; = 0 and so the system has no solution in A;l, nor in B;f (because
0 € H). So we may assume that both ¢; and a; are nonzero and coprime. But then either ; =a; =1 and we
may eliminate a variable to obtain an equivalent system with fewer variables, or there is a prime p dividing
a; but not a; (or vice versa). We infer n;n; =0 (mod p), so the system has no solution in A‘Z, nor in BZ.

Therefore, the lattice of integer solutions of the system has a multiplicity-free parametrization of the
form W (Z9~"), where W : Z¢~" — 7% is a system of linear forms. The system W has finite complexity,
since no two forms of W are linearly dependent, owing to the assumption about the span of the L; not
containing linear forms with exactly one or two nonzero coefficients.

Further, the local conditions (i) and (ii) imply that C;(¥) > 0 and C,(¥) > 0, respectively. We can
then apply Theorem 1.1 to the convex body K = {x € R/~ : W(x) € [1, N]?} with N — oo, which
satisfies Vol(K') > N9~ since the original system of equations has a solution in the positive real numbers,
to conclude the proof. O

As we will see, our method works more generally for Py i :={n € N: |(n +#) N P| > k} instead of
Py, whenever the admissible tuple # is sufficiently large in terms of k.

1C. Transference principles. Given a finite complexity affine-linear map W : Z¢ — 7' (often referred to
as a system of finite complexity), a function f : [N] — Rx¢ (typically a weighted indicator function of a
set of arithmetic interest) and a convex body K C R¢, the W-count of f in K is given by

To(f,K):= Y ] r@im).

neKNzd i€lt]
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Thus Theorem 1.1 is about lower-bounding 7Ty (6;, K) for i € {1, 2}. Assume that

Y fm)=sN

ne[N]
for some 6 > 0 and infinitely many integers N. If f takes its values in [0, 1] and if additionally W is
a homogeneous translation-invariant linear system, a functional version of Szemerédi’s theorem (see
[Tao and Vu 2010, Theorem 11.1]) allows one to prove that Ty (f, K) >>s Vol(K). Now, if f is instead
unbounded (for example, the von Mangoldt function), the Green—Tao transference principle consists in
approximating f (assuming that f < v for some “pseudorandom measure” v), by a bounded function
f : [N]— [0, 1] (called a dense model of f) in such a way that Ty (f, K) ~ Ty (f, K), and invoking
Szemerédi’s theorem.

In our case, however, as we are interested in non-translation-invariant systems, we will need a different
dense model and hence a different transference principle. To see the need for a different transference
principle, consider the set A = {n eN: {ﬁnz} € [%, % + ﬁ]} where {-} denotes the fractional part
of a real number; any translation-invariant configuration can be found inside this set since it is dense
by Weyl’s criterion, but note that the configuration (x, x + y, x + 2y, ¥) does not occur in A due to the
relationship (x 4+2y)? —2(x + y)> + x> —2y? =0.

In the case of the ternary Goldbach system ¥ = Wy : (n, m) — (n, m, N —n —m), the Matomiki—Shao
transference principle [2017] provides, under a Fourier-type condition, an approximating function ftof
satisfying again Ty (f, K) ~ Ty (f, K), which is lower bounded pointwise: f(n) >>s 1; however, this does
not generalize to the higher complexity case, as the set A above (which is Fourier uniform) demonstrates.

The proof of our main theorem produces more generally a lower bounded dense model for any system
of finite complexity. This results in a transference principle (Theorem 3.2) of independent interest, which
allows us to lower bound Ty (f, K) as desired for any function f which is bounded by a pseudorandom
measure and dense in every “higher order Bohr set” (to be defined precisely later). We then check these
two conditions for our weighted indicator functions of almost twin primes, i.e., functions 6; and 6. This
will follow by working out a reduction to the case of equidistributed higher order Bohr sets (Section 5) and
then adapting a Bombieri—Vinogradov theorem for primes twisted by nilsequences [Shao and Terdvidinen
2021], proven by the last two authors. We also note that our transference principle is slightly stronger
than the Green—Tao transference principle even for translation-invariant systems in the sense that our
pseudorandomness requirement is weaker (we do not need the correlation condition from [Green and Tao
2008]); we achieve this relaxation by applying work of Dodos and Kanellopoulos [2022].

2. Notation and preliminary definitions

Throughout the paper, we will use bold face characters to denote vectors or tuples. The set of nonnegative
reals is denoted by R>¢. The expectation notation [E,cx shall mean, for a finite set X, the averaging
operator |Xi| > ex- Further we will use the Vinogradov notation f < g or g > f whenever two functions
f and g from N to R satisfy | f| < Cg for some constant C > 0; the parameters on which the implied
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constant C depends may be indicated as subscripts. The conjunction f < g and g < f will be denoted
by f = g. For any assertion A, the number 14 is 1 if A is true and O if it is false. The indicator function
of a set X will also be denoted by 1y, which should generate no ambiguity. As usual, we denote by A, ¢,
dy the von Mangoldt, Euler, and k-fold divisor functions, respectively. The greatest common divisor of
two integers n and m will be denoted by (n, m). A vector or tuple of numbers will usually be denoted
in bold font and its components in regular font. Given an integer N, we denote the interval of integers
{1,..., N} by [N]. We will often identify the sets [N] and Z/NZ, which we always implicitly do in the
natural way (reduction modulo N). Thus a function f defined on [ N] may naturally be seen as a function
on Z/NZ and vice versa. When x is a positive real number, we define [x] = [N] where N = |x] is the
integral part of x.

2A. Systems of linear forms. Let W = (Y, ..., ;) : Z¢ — 7' be a system of affine-linear forms. We
first define a quantity that captures the local behavior of ¥ modulo a prime p.

Definition 2.1 (local factors). For each prime p, define the p-adic local factor of W as
p
Bp(V) :=Eacz/pz) 1_[ —— Ly, (@)#0 (mod p)-
e PP
Observe that W is admissible as defined in footnote 1 if and only if B,(¥) # 0 for each p.

We need to control the asymptotic behavior of B, as p approaches infinity, whence the following easy
variant of [Green and Tao 2010b, Lemma 1.3].

Lemma 2.2. Let W = (Y, ..., ¥,) : Z¢ — 7' be an admissible system of affine-linear forms, and let p
be a prime. Suppose that there are t,, linear forms among Y1, . .., ¥, modulo p such that no two of them

are linearly dependent over [, and that t,, is maximal for this property. Then

t—t
14 i _
Bp(¥) = <—> (14 04.(p)).
@(p)
Proof. Without loss of generality, assume that no two of ¥, ..., ¥, are proportional modulo p, and let

Y, =1, ..., ¥,). By maximality of 7, B,(¥) = (p/e(p) " B,(¥,). Since no two of ¥;, ¥; with
1 <i < j <t, can be linearly dependent modulo p, one can follow the proof of [Green and Tao 2010b,
Lemma 1.3] to conclude that 8,(W¥,) =1+ Od,t(p_z). [l

The next crucial condition on linear systems that we will require is the aforementioned finite complexity
condition, which we now quantify. For an affine-linear form 1, let ¢ be its linear part.

Definition 2.3 (complexity of a system). For A C [¢], let V4 be the set of linear forms on Z¢ generated
by {y; | i € A}. Leti € [t]. A system W of linear forms is said to be of complexity at most k at i if there
exists a partition of [¢]\ {i} into at most k + 1 parts such that v/; ¢ V4 for each part A of the partition. It
is said to be of complexity at most k if it is of complexity at most k at any i € [¢]. The complexity is the
minimum k such that the complexity is at most k, if there is any such k£ € N, in which case k <t — 2.
Otherwise, it is said to be infinite.
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A convenient parametrization of a system of finite complexity is the normal form (see [Green and Tao
2010b, Definition 4.2]), which we now define; it facilitates multiple applications of the Cauchy—Schwarz
inequality, yielding the generalized von Neumann theorem [Green and Tao 2010b, Proposition 7.1] which
we will use later. Let ey, . . ., e be the canonical basis of Z¢.

Definition 2.4 (normal form of a system). The system W is in s-normal form at i € [¢t] if there exists a
set J; C [t]\ {i} of cardinality at most s + 1 such that ]_[j€le 1/},- (ej) # 0 whereas for all k € [t]\ {i}, we
have l_[jeJ,- wk (ej) = 0. The system W is in s-normal form if it is in s-normal form at each i € [¢].

One may assume that s <t — 2. Clearly, a system in s-normal form has complexity at most s. Due
to a simple linear-algebraic argument from [Green and Tao 2010b, Theorem 4.5], we may assume in
Theorems 1.1 and 1.2 that the system W is in s-normal form for some s <t — 2. We summarize this
reduction in the following proposition.

Proposition 2.5. Let VW : 7% — 7' be a system of complexity s and K C [N, N1 be a convex body
such that W (K) € [1, N]'. Suppose that the homogeneous coefficients of ¥ are bounded by L. Then
there exist an integer d' = Oy (1), an integer N' = O(N), a real number L' = O(LPM), a convex body
K' C[-N’, N')¥ and a system V' : 79 > 7' of affine-linear forms in s-normal form such that for any t

functions g1, ..., g :Z — R, we have
1 1 /
Vol(K) Z l_[ 8i(Yi(m)) = Vol(K') Z l_[ g&i(Y;(n)).
neZiNK i€(t] nezd Nk’ i€l

Further, we have Vol(K')/N'¢ > Vol(K)/N?.

In this form, this proposition is essentially [Bienvenu 2018, Proposition 2.5].

2B. Gowers norms.

Definition 2.6 (Gowers norms over abelian groups). Let Z be a finite abelian group. Let g: Z — Cbe a
function and k > 1 an integer. The Gowers U* norm of g is the expression

27k
gllurzy = ([Eer[EheZk 1_[ C"’g(x+w'h)> ,
we{0,1}k

where C is the conjugation operator and |@| := ), ;@i
For k > 2, this does define a norm, whereas || f|ly1(z) = |[Exez f(x)|. For every k > 1, we have
lgllurzy < llgllyr+i(z)-

Definition 2.7 (Gowers norms over intervals). Given a function f : Z — C and an integer N, we define
its Gowers norm || f ||y« 5y over the interval [N] as

If - Linillorz/nz)

I flloxing =
v lloxz vz
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where N’ > 2N (say N'=2N+1 for concreteness) and f-1{x) and 1y are extended to Z/N'Z in the natural
way. By [Frantzikinakis and Host 2017, Lemma A.2], this definition is independent of the choice of N'.

Observe that if N and N’ are two integers satisfying « N’ < N < N’ for some « > 0 and a function f :
[N]— Cisextended to Z/N'Z by setting f(n) =0forneZ/N'Z\[N], then || f|lysin) =es | flus@/nz)
(see [Green and Tao 2010b, Lemma B.5]). Another norm that we will need is the L” norm on [N]

equipped with the uniform probability measure, thus

I £ llLony i= (Exepnyl £ ()PP,

for p > 1 a real number. Finally, we define the dual Gowers norm over an interval by

I fllgxny == sup  |Exerny f(x)g(x)].
Il ey, =1

2C. Nilsequences.

Definition 2.8 (nilsequences). Let G be a connected, simply connected nilpotent Lie group, and letI" < G
be a lattice. A filtration G, = (G;);2, on G is an infinite sequence of subgroups of G (which are also
connected, simply connected nilpotent Lie groups) satisfying

G=Gop=G1DG,D--,

and such that the commutators satisfy [G;, G ;] C G, j, and with the additional conditions that I'; :=I"'NG;
is a lattice in G; for i > 0 and G4 = {id} for some s.
The least such s is called the degree of G, and the manifold G/ T is called a nilmanifold.
A polynomial sequence on G (adapted to the filtration G,) is a sequence g : Z — G satisfying the
derivative condition
Opy - -+ Op g (n) € Gy

forallk>0,neZand hy, ..., hy € Z, where d,g(n) := g(n + h)g(n)_1 denotes the discrete derivative
with shift 4.

Now fix a nilmanifold G/ T, a filtration G, of degree s and a polynomial sequence g : Z — G. Further,
assume that the nilmanifold is equipped with a Malcev basis X (see [Green and Tao 2012a, Definition 2.1,
Definition 2.4]; note that the Malcev basis depends on the fixed filtration, not only on the manifold). A
Malcev basis induces a right-invariant metric on G (see [Green and Tao 2012a, Definition 2.2]), which
descends to a right-invariant metric on G/ I" and will usually be denoted by dy(-,-). f F: G/I" - C is
Lipschitz with respect to the metric on G/I'" induced by X, it is bounded by compactness so we let

|F(x) = F(y)l
[ FllLiptx) = 1 Flloo + sUp  ——————
P > x,yeG/T' d/y(x,y)
xF#y

and we call a sequence of the form n +— F(g(n)I") a nilsequence. The degree of the nilsequence is then s,
and it is said to be of complexity at most M if each of the degree s, the dimension of G/ I, the rationality
of X and the Lipschitz constant of F is at most M.
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We now introduce a class of nilsequences of bounded degree and controlled complexity.

Definition 2.9. Let s > 1 and A, K > 2. Define E;(A, K) to be the collection of all nilsequences
& :7Z — C of the form £(n) = F(g(n)I'), where

(1) G/T is a nilmanifold of dimension at most A, equipped with a filtration G, of degree < s and a
K-rational Malcev basis X’;

(2) g:Z — G is a polynomial sequence adapted to G,;
(3) F:G/T" — Cis a Lipschitz function satisfying || F'||Lipx) < 1.

Definition 2.10 (equidistributed nilsequences). For n € (0, 1) and x > 2, define E;(A, K; n, x) to be the
collection of those nilsequences & € E;(A, K) of the form £(n) = F(g(n)I') that fulfill the additional
condition that the sequence (g(n)I")1<,<10x 1s totally n-equidistributed in G/ I'" (defined in [Green and
Tao 2012a, Definition 1.2]).

We will loosely call such nilsequences n-equidistributed. We caution that this notation is slightly
different from [Shao and Terdvdinen 2021], in that we do not require f G/T F =0 (where the integral is
taken with respect to the unique Haar measure on G/ I'). We shall use E?(A, K; n, x) to denote the set
of n-equidistributed nilsequences in E;(A, K; 7, x) satisfying the additional condition that |, G/T F=0.

3. A transference principle for arbitrary systems of linear equations

A fundamental notion related to transference principles is that of pseudorandom measures, the basic
philosophy being that if a function is bounded by such a measure, it behaves as if it was bounded by 1.

Definition 3.1. A function v:Z/NZ — R is said to satisfy the (do, t9, Lo, &)-linear forms conditions if
it satisfies the following. Let 1 <d <dj and 1 <t <tj. For every finite complexity system of affine-linear
forms ¥ = (Yq, ..., ¥y) : 7¢ — 7' with linear coefficients bounded by Lo in modulus, the following
estimate holds:

Enez/nzy 1_[ v(Yi(n)) — 1| <e. (3-1)

ielt]

If it satisfies the (M, M, M, ¢)-linear forms conditions, it is said to be (M, ¢)-pseudorandom.

Observe that [|v — 1|y« z/nz) = 0(8]/2k) as soon as v satisfies the (k+1, 2%, 1, &)-linear forms condi-
tions, and that the constant coefficients of W are unrestricted. Note that our definition is less restrictive
than that of Green and Tao [2010b], since we do not require the so-called correlation condition.

The aim of this section is to prove the following theorem.

Theorem 3.2 (transference principle for linear systems). Lett,d, L, s > 1 be integers, and let §,n > 0
be real numbers. Then there exist constants M > 1 depending on d,t, L and Y, ¢ > 0 depending on
d,t,L,8 such that the following holds. Let W = (Yr\, ..., V,) : Z% — 7' be a system of affine-linear
forms of complexity s whose homogeneous parts have coefficients bounded by L. Let N be a large enough
prime and o be small enough (both in terms of t, d, L, n). Let K C [—=N, N1 be a convex body satisfying
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Vol(K) > nNd and YV (K) C [1, NY. Lastly, for each i € [t], let }; : [N] — Rx be a function. Assume
that the following additional hypotheses hold.

(i) There exists an (M, o)-pseudorandom measure v : Z/NZ — Rsq such that
Ai(n) <v(n) foreachi €[t]andn € [N],

where we identify [N] and Z/NZ in the natural way.

(i1) Each function A; is dense in higher order Bohr sets in the sense that

Enernviri(n)é(n) > 8B, n€(n)

for every nilsequence & : 7 — [0, 1] of degree < s and of complexity at most Y that satisfies

Ei<né(n) > e

Then we have

Enexnze? 1 (Y1 m)ra(Y2(n)) - - - A (Y (n)) > 0.998". (3-2)

We now present the tools which will enable us to prove this. We need a notion of higher order Bohr
sets, which are roughly speaking sets that are approximated by level sets of nilsequences to any given
accuracy. The following definitions of s-measurable sets and s-factors are from [Green and Tao 2020,
Section 2].

Definition 3.3 (s-measurable sets). Let s > 1 and let ® : R — R be a growth function. A subset £ C [N]
is called s-measurable with growth function & if, for any M > 1, there exists a degree < s nilsequence
& :Z — [0, 1] of complexity at most ® (M) such that ||[1g — &2y < 1/M.

Definition 3.4. If 5 is a partition of [N], we call its parts E € B atoms. The conditional expectation of a
function f : [N] — R with respect to 5 is the function E[ f|5] which is constant on each atom, equal to
the average of f on the atom.

Definition 3.5 (s-factors). Let s > 1 and let ® : R — R be a function. A partition B of [N] is called an
s-factor of complexity at most M and growth function & if 3 contains at most M atoms and each atom is
s-measurable of growth function ®.

The following two propositions will be important in our proof of Theorem 3.2. The first one is the
weak regularity lemma? proved in [Green and Tao 2010a, Corollary 2.6].

Proposition 3.6 (weak regularity lemma). Let s > 1 and ¢ > 0. Let f : [N] — R be a function with
| f(n)| <1 pointwise. There exists a function ® : R — R depending only on s, ¢ and an s-factor B of
complexity Os (1) and growth function ® such that || f — E(f|B) | ys+1z/nz) < &

21t was discovered recently that the reference [Green and Tao 2010a] contains a slight error. See the arXiv version [Green and
Tao 2020] for details and a correction. Nevertheless, the regularity lemma part of that reference is unaltered, only the counting
lemma (and what depends on it) was not entirely correct.
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In the just cited the reference, the Gowers norms are interval Gowers norms, but this makes no difference
since the UST!1(Z/NZ) and U**'[N] norms are equivalent on bounded functions (see [Frantzikinakis and
Host 2017, Lemma A.4] for instance). We also state the dense model theorem from the work of Dodos
and Kanellopoulos [2022, Corollary 4.4].

Proposition 3.7 (dense model theorem). Let s > 1 and let Z be a finite abelian group. Let 0 < n < 1.
Suppose that v : Z — Ry satisfies |[v — 1|y z) < n, and that f : Z — R is a function such that
| f(n)| < v(n) pointwise. Then we may decompose f = fi1 + f>, where

sup |fl(n)| <1 and ||f2”US(Z) = 0n—>0;s(1)-

neZ

Further, if f is nonnegative, so is fi.

We note that this version of the dense model theorem has weaker hypotheses than the one in [Green
and Tao 2010b] (it does not require the so-called correlation condition), a fact that will be important
for us. A dense model for arithmetic progressions was also achieved without correlation conditions by
Conlon, Fox and Zhao [Conlon et al. 2014; 2015], but their dense model is not as strong as we need since
it is not close in the Gowers norms topology to the function to be modeled.

Finally, we state a version of the generalized von Neumann theorem [Green and Tao 2010b, Proposi-
tion 7.1" in Appendix C].

Proposition 3.8 (generalized von Neumann theorem). Let ¢, d, L, s be positive integer parameters. Let
8,& bein (0,1) and N > 1. Then there is a positive constant D, depending on t,d and L such that
the following holds. Let v : Z/NZ — Rs¢ be a (M, &)-pseudorandom measure, and suppose that
fis--oy ft 1 Z/NZ — R are functions with | fi(x)| < v(x) foralli € [t] and x € Z/NZ. Suppose that
V=1, ..., Yy is a system of affine-linear forms in s-normal form whose linear coefficients are bounded
by L. Let K' C (Z/NZ)? be identified with K N Z¢ where K C [—N /4, N/41¢ is a convex set. Finally,
suppose that

min || fillys+ipny < 0. (3-3)
l<j=t

Then we have
Enez/nzyi 1k () 1_[ Ji(i(n)) = 05-0(1) + 0N 00;5(1) + 05-0;6(1),
i€lt]
where the o(1) terms may also depend on d, t, L.

In the cited reference, the parameter ¢ is itself on_, (1) but we make it independent here, whence the
slightly different statement.
We are now ready to state and prove a crucial lemma.

Proposition 3.9 (decomposition into a uniformly lower bounded and Gowers uniform components). Let
s > 1 andlet N > 1 be an integer. Let 3, &, p be real constants in the interval (0, 1). Then there exist
quantities t € (0, 1), Y > 0, n € (0, 1) depending only on s, ¢, p, § such that the following holds. Suppose
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that v : [N] — Rxo satisfies |[v — 1||y2+2z/nz) < 1, where we naturally identify [N] with Z/NZ. Let
f 1 [N]— Rxo be a function such that f(n) < v(n) pointwise. Further, suppose that

Enenvy f(n)§(n) > 8E,evié (n)

for every nilsequence § : Z — [0, 1] of degree < s and of complexity at most Y that satisfies E,<n§(n) > (N.
Then there exists a decomposition [ = f3+ fa where f3 > (1 — p)d pointwise and || f4|lys+1(z/nz) < €-

Proof. Without loss of generality, we may assume that ¢ is small enough in terms of § and p. Let
¢’ < e/3 be a sufficiently small constant, to be determined later. Applying Proposition 3.7, we may write
f = fi+ f>» where f; takes its values in [0, 1] and ||f2||Us+1(Z/NZ) < ¢’. Then using Proposition 3.6 on fi,
we decompose f; = h + g where h = E[ f1|B] and B is an s-factor of complexity O; (1) and growth
function ®, and ||g||ys+1(z/nz) < €/3. The growth function ¢ of B depends only on & and s.

Note that h = Y gz cplp, where cp = |IT| > nevy J1)1g(n) for any atom E of B. Fix ¢ =
(e/3)2"" /|B], s0 ¢! = O, »(1). We effect the splitting

h = Z(CE +81iEj<en) 1E — Z Slg.

EeB EeB
|E|<cN

We denote by £ the first sum and /4, the second one.

Since 8 € [0, 1], we see that ||z || L1y < c|Bl = (¢/ 3)2”1. Crudely estimating by the triangle inequality,
this implies that |42 || ys+1z/n7) < €/3. Now write f3=h; and fy = g+ f2+h,. By the triangle inequality
for Gowers norms, we have

| fallys+1z/nzy <3-€/3 =e.
Our aim is then to show that

cg>({1—p)§ whenever |E|>cN, (3-4)

after which f3 = h; > (1 — p)J pointwise follows.

Fix a large enough constant M > 0 in terms of c, §, p (explicitly, we may take M = 4/(cép)) and
an atom E € B satisfying |E| > ¢N. By definition of an s-factor, we may write 1g = & 4 ggm1, Where
lgsmillz2;n1 < 1/M and & (depending on E) is a nilsequence of degree at most s whose complexity is
bounded by Y := ®(M) = Oy , 5(1). By the Cauchy—Schwarz inequality, we have

> A gam(n)

ne[N]

<N/M.

Therefore, :

= 1 Y AmE®R) —1/(cM).
ne[N]

We now recall that f = f] + f», so that (3-4) follows once we show that

> fmE®m) = 8EI(1—1/(cM)) and

ne[N]

> AmEMm)

ne[N]

< p3IE|/2, (3-5)
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upon setting M = 4/(c8p). First we bound the correlation of f> and &. Since f> has small U**! norm, it
would be convenient to replace £ by a function of bounded dual U**! norm. To achieve this, we invoke?
[Green and Tao 2010b, Proposition 11.2], which yields for any « > 0 a splitting £ = &; + &,, where
1 llys+1z/nzy» < K for some K = Oy y (1), while [|§2]/cc < k. We infer that

Y hwaEM| < flluaanplEllvs @mzN < KN. (3-6)
ne[N]
Further, since | f>| < v + 1 pointwise,
Y AMEM| <&l Y @) +1) < Q@+ [Een(v(n) — DDI& N (3-7)
ne[N] ne[N]

Recall that [E,en)(v(n) — D)) = [lv — Ulyiz/nz) < v — Ulyz+2@znzy < n < 1. We conclude that
X setwy omEm)] < 3kN.
Now, if we choose k =c¢pd/12 and &’ = pdc/(4K) (thus (') "' = O,.5.5,:(1)), wehave &' K+3k < cpd/2,
so by combining (3-6) and (3-7) with the fact that N < ¢~ Y|E|, we obtain the required bound (3-5) for f;.
It remains to be shown that the correlation of f and & obeys the lower bound in (3-5). By the definition
of &, we have

Y Em =1EI=Y gami(m) = [E|(1—1/(cM)) > |E|/2 > ¢N/2,

ne[N] n
so recalling the “denseness in higher order Bohr sets’ hypothesis of Proposition 3.9 (letting ¢ = c¢/2 there)
and the fact that the complexity of £ is at most Y, the desired estimate (3-5) follows. This was enough to
complete the proof. (I

Proof of Theorem 3.2. In view of Proposition 2.5, we may assume that the system W is in s-normal form.
Also, upon replacing N by 4N (and therefore n by 4~%1), we may assume that K C [—N /4, N/4]. Fix
k > 0 small enough (to be determined later). Let p be small enough in terms of # (say p = 1/(10000¢)).
By hypothesis (i), if N is large enough, we may apply Proposition 3.9, thus obtaining a decomposition
Ai = )»51) —I—)»l@ for each i € [¢] where Agl) > (1 — p)é pointwise and ||)»§2) lys+1z/nz) < k. Inserting this
decomposition in the left-hand side of (3-2), we obtain a splitting of the average into 2’ terms:

Enckze | [ = Y Enegrze | [ 7 (W)

Jj=1 ap,ay,...,a €{1,2} J=1

One of the 2! terms involves only the functions Agl); since Algl) is pointwise lower bounded by (1 — p)$,
this term is at least
(1 —=p)'8" >0.9998",

3In the cited reference, written at a time where the theory of nilsequences was just emerging, the result is stated for
linear nilsequences. However, nowadays we know that any polynomial nilsequence may be realized as a linear one, see
[Green et al. 2012, Appendix C]. Also the result is stated in terms of interval Gowers norms, but the proof naturally yields
161 1 ys+1 @/N7)* = K first as it moves from intervals to cyclic groups.
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since p = 1/(10000¢). Any other term involves at least one copy of a uniform function AEZ). Let
ac{l,2\{(1,...,1)}. Since K C [-N/4, N/4]? and W(K) C [1, N]’, one may identify K with a
subset of (Z/NZ)%, which we also denote by K, and write

t t
Enexnze | [ 4" W) = Enezpna 1k ) [ 4 (0. (3-8)
j=1 j=1
According to Proposition 3.8 (for which we need M to be sufficiently large in terms of d, ¢, L and the
fact that W is in s-normal form), the right-hand side of (3-8) is bounded by

0N—>oo;/<(1) + 0a—>0;x(1) + 0;(—)0(1)-

Therefore, choosing first k¥ appropriately, and then N sufficiently large and « sufficiently small, we
conclude the proof. U

The rest of the paper is devoted to establishing the hypotheses (i) and (ii) of Theorem 3.2 for the
functions 6; and 6, (and 65 in Section 9); we start with hypothesis (i).

4. W-trick and pseudorandom majorants

4A. W-trick. We wish to apply Theorem 3.2 to prove our main theorem, but an initial problem is that
the indicator functions of almost twin primes are not bounded by a pseudorandom majorant, as they are
biased modulo small primes. We will first have to remove these biases modulo small primes to obtain a
pseudorandomly majorized function.

We introduce the general framework we will work with in this section. Let w be an integer and
W=Www)=]] p.Letpe(0,1), r>1,andlet H=1{hy, ..., h} CN be a set of r pairwise distinct
integers and let 6 = 64 : N — R>( be any function supported on the set

p<w

{neN:pln+hj = p>wforall j €[rl]}

and satisfying the upper bound
6(n) <log'(n+2)

for all n > 0. Observe that the functions 8; and 6, our main theorem deals with have these properties
(with r = 2 in the case of 6] and r = m in the case of 8;). Given integers g > 0 and b, let

@)Y
0g.5(n) 1= (% 0(qn +b). @-1)
Proposition 4.1 (reduction to W-tricked sums). Let the notation be as above. Also let n > 0, y > 0,
N,L,d,t>1. LetV = (Y1,..., V) : Z% — 7' be a finite complexity system of affine-linear forms.
Suppose that Wy := (Vi + hj)ie(s), jelr) IS admissible and that the linear coefficients of WV as well as the
elements of H are bounded by L. Let K C [—N, N1¢ be a convex body satisfying Vol(K) > nN¢ and
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W(K) C [1, NY. Suppose that 0 satisfies

t
> [ owaw®@i@m) =y w4 Vol(K), (4-2)
nezd i=1
Wn+acK

for each a € A, where
A=Ay ={aec[W:VG, j)elt]x[r]l, Wi(@) +h;, W) =1}

and for each i € [t], the integer c;(a) € [W] and the form v : 7% — 7 are uniquely defined by the relation
Vi(Wn +a) = Wi/ (n) +c;(a). Then, provided that w is large enough in terms of d, t, L, we have

> l'[e(w,(n>)>— Hﬂp Vol(K), (4-3)

neknzd i=1

where the local factors B, = B,(Wy) are as defined in Definition 2.1.

Proof. We write
7nk = ) @nWK,+a)),
ae[w
where

={xeR: Wx+acKk)

is again a convex body. Putting

t
F) = [ow;m)
j=1
we can write the left-hand side of (4-3) as

Z F(n) = Z Z F(Wn +a). (4-4)

neZNK ac[W1 neZinNk,

We note that if ; (@) + h; is not coprime to p for some i € [¢], some j € [r] and some prime p < w,
then for each n € K, NZ? we have F(Wn +a) = 0: indeed, in that case, the integer ¥;(Wn +a) + h;
has a prime factor p < w, hence does not belong to the support of . Thus, the residues a which bring a
nonzero contribution to the right-hand side of (4-4) are all mapped by W to tuples (by, ..., b;) for which
b; + hj is coprime to W for all i € [t], j € [r].

Recalling the definitions of A = Ay 3, the integers c;(a), the forms 1//[ and 0w p, we can then
rewrite (4-4) as

Y Fmy= ( (W)) > > Hew @ (Y (). (4-5)
neZinNkK acA pe7inkK, i=1

By our assumption (4-2), we have

Y T 0waw@®@im) =y W= Vol(K) =y Vol(K,) (4-6)

neZdnNkK, i=1
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for each a € A, so to obtain the conclusion (4-3) it suffices to prove that

W rt
(W) |Ag sl = SW ] By (4-7)
p

Note that by the Chinese remainder theorem we have

W rt
(W) Al =W T By

p<w

Lemma 2.2 implies that 8, =14 Oy, 1.( p~2) whenever |H (mod p)| = r (which is the case whenever
w > H), and B, > 0 for any p since Wy, is an admissible system. Therefore [ | » Bp 1s convergent and if
w > H we have ]_[psw Bp =0+ 04, 1(1/w)) ]_[p Bp. Taking w large enough in terms of d, ¢, L, this
concludes the proof of Proposition 4.1. O
In fact Lemma 2.2 implies that 8, = 1+ O(p~") and B, = 1+ O(p~?) except when p| [T, ;(hi — k).
Combining this with the fact that, for any integer ¢ having z prime factors, we have
[Ta+ow™ = [] +0(p™)=o0(00glogq/logw).

w<p w<p<w+z
plq

We infer [ | p=w Bp K O(loglog H/log w) so the weaker hypothesis H < exp(w M) could suffice instead
of w > H at the cost of replacing % by a worse constant.

Also we note that the system W' introduced above differs from W only in the constant term, and so it
is of finite complexity whenever W is.

4B. Pseudorandom majorants. In order to prove Theorem 1.1, it remains to establish the lower bound (4-2)
when 6 is either 6 or 6,, which we will do by invoking Theorem 3.2. In order to appeal to this theorem,
we need to supply a pseudorandom majorant for the function 6y , where b is coprime to W. The only
properties of 6 that we need for this construction are that it is supported on the set

{n eN:pln+h; = p>n’forall je [r]}
and satisfies 0 < 8(n) < log"(n + 2) (and these are satisfied for 61, 6, with r = 2, m, respectively). Let
By :={beN:Vjelr], b+h;, W)=1} 4-8)

The next proposition provides us with a pseudorandom majorant.

Proposition 4.2 (pseudorandom majorants). Let M > 1 and s be integers. Let € > 0. Assume that N
and w are large enough in terms of (M, €) and satisfy w < loglog N. Let b = (b1, ..., by) in By, satisfy
|bi —b;| <M forany (i, j) € [s1%. Suppose also that 6 is as above. Then there is an (M, &)-pseudorandom
measure vy : Z/NZ — Rx¢ and a constant ¢ € (0, 1) depending on M only such that

Ow b, (1) + - - - + 0w i, (n) Kpr vp(n)
foralln e [N°, N]CZ/NZ.
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The fact that the bound does not necessarily hold on the full interval [/V] is not a serious restriction, as
we may impose 6 to be supported in [N¢, N] without changing the left-hand side of (4-2) and (4-3) by
more than O (N? logo(l) N) = o(N?). Zhou [2009] and Pintz [2010] already constructed pseudorandom
majorants for Chen and bounded gap primes, respectively. We provide here a similar construction. Let
R = N7 for some small y > 0 to be chosen appropriately. Relying on Green and Tao’s “smoothed”
approach [2010b], we define

log £\ \’
Ay () :=10gR<Z u(ﬁ)x(lsz» : (4-9)

lln

where x : R — [0, 1] is a smooth, even function supported on [—2, 2] satisfying x(0) =1 = f02| x'1%.
Finally let Ay, 3,(n) :=[],cs A,y (n+h). Note that this function is periodic (of period [ [, € for
instance), so we extend it on Z as a periodic function. Once W-tricked, this will be a pseudorandom
measure. Ultimately, this is a consequence of the following proposition.

Proposition 4.3 (correlations of sieve weights). Ler d,t > 1 be integers. Let D,n > 0. Let W =
(W1, ..., ¥) be a finite complexity system of affine-linear forms in d variables. Suppose that y > 0 is
sufficiently small in terms of d, t. Suppose that the linear coefficients, as well as the integers hy, ..., h,,
are bounded in magnitude by D. Assume that w is sufficiently large in terms of d, t, D. Let K C[—N, N1¢
satisfy Vol(K) > nN¢. Suppose by, ..., b; are in By, (with By as in (4-8)). Then

2 ] AxynWstm +b0 = VOI(K)(L) (14 0uoe(D) + 0"/ 10g N)),
nekKnzdielt] @(W)

where the error terms above may depend on d, t, D, n only.

Proof. The left-hand side equals

S I Avy W) +bi+hy). (4-10)
neknzdieltl,jelr]
We then apply [Green and Tao 2010b, Theorem D.3] to the system £ = (W; +b; +h})ie(s1, jer]» Whereby
we assume that y is small enough in terms of d, .
Recalling that f02 |x'|? =1, [Green and Tao 2010b, Theorem D.3] gives for (4-10) an estimate

Vol(K) [ [ Bo(£) + O(N“e* /(log R)'/*), 4-11)
p

where X = ) peP p~ /2, and P is the set of exceptional primes of L, i.e., those primes p such that
modulo p some two of the forms of £ are proportional. In view of the hypotheses of [Green and Tao
2010b, Theorem D.3] (bounded homogeneous coefficients), one may fear that the implied constant in the
big oh term depends on the size of the homogeneous coefficients of £, so ultimately on w, but in fact it
does not at all as it quickly appears in the proof, since only the behavior of £ modulo each prime p plays
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a role in the proof. This is made clear in [Bienvenu 2018, Proposition 2.13]; in fact already in [Green and
Tao 2010b, equation (D.24)] the bound (4-11) was applied to a system £ with unbounded coefficients.
Note that the primes in P are either < w, or O, (D). Assuming w is large enough in terms of d, ¢, D,
we can assume that they are all < w, and therefore X < +/w/log w, so the error term in (4-11) becomes
Oa.1.p.n(VoI(K)e¥* / 1og!/? N). Moreover, we have 8, = ,(£) = (p/(p — 1))’ for p <w and B, =
1+ Od’,’D(p_z) as p tends to infinity thanks to Lemma 2.2, whence ]_[p Bp= (W/o(W)'" (140400 (1)).
This concludes the proof. O

Proof of Proposition 4.2. In this proof, for any n € Zy or any n € Z, we will denote by 7 the unique
element of [N] such that 7 =n (mod N).

For b € N we define v, : Z/NZ — R to be the function n > (o(W)/W)" A, , »(Wn + b) where
y € (0, p/2). This definition naturally gives rise to a function denoted again by v, on Z Further we
set vp(n) = %Zle vp, (n). Note that whenever N?%/P < p < N satisfies 0(n) > 0, we have 6(n) <
log"(n +2) «log" R = A, , u(n). Hence, whenever b = (by, ..., by) is in B}, we have

Ow.p;(n) Ky Ay u(Wn+b;) K vp(n)

foreachi € [s] and n € [NY/?, N].

Let us verify that vy is a (M, ¢)-pseudorandom measure. Hence, letd <M and ¢t < M and ¥ : 7¢ > 7!
be a finite complexity system of affine-linear forms whose linear coefficients are bounded by M. We work
in the regime where w and N tend to infinity while w <loglog N. It suffices to verify that in this regime

Evez/nzyt | | Ve (Wi(m)) = 1+ 0y (1) (4-12)
i€t]
for any fixed ¢ € {by, ..., bs}'. We cannot apply Proposition 4.3 to prove (4-12) at this stage, since

this equation effectively concerns a linear system over Z/NZ and not over Z. In other words, there are
wrap-around issues. To be able to apply Proposition 4.3, we first rewrite the left-hand side of (4-12) as

Evez/nzyt | | Ve (Wi @) = Epepaye [ ] ve, Wi @), (4-13)
i€(t] i€lr]

Observe that the map n — ; (1) is not an affine-linear map, so that we still cannot invoke Proposition 4.3.
However, it is piecewise affine-linear. To exploit this property, we decompose [N]¢ in boxes of the form

By, = {x €[Nl :x;e (Vuj _Ql)NJ, VJQNH JE [d]},

where u ranges over [Q]d , and Q is some function of N, to be determined later, that tends slowly to

infinity with N. Assuming that N/Q tends to infinity, we have
Enervyt | | ve (i) = EueiopEnes, [ [ ve i) +o(1), (4-14)

i€(t] i€(t]
where the o(1) accounts for the fact that all boxes are not exactly of the same size; they are all of size
(N/Q + o(1))4 = (N/Q)d(l + 0(1)) though. Call u and the corresponding box B, nice if for every
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i € [t] the number [;(r)/N1] is constant as n ranges in B, ; that is, there exists k = k; , € Z such that
Yi(n) € (kN, (k+1)N] for every n € B,. When u is nice, m =vi(n) —k; yN € [N] for every i € [t]
and n € B,,. Therefore,

[EneB,, 1_[ Ve, (m) = [EneBu 1_[ vci(wi,u(n)),

ielt] i€lr]

where the affine-linear map W, : 74 — 7' is defined by setting ¥ , : n+— Y;(n) —k; , N. It is clear
that this map, having the same homogeneous part as W, is still of finite complexity and has bounded
homogeneous coefficients.

Thus, we may now apply Proposition 4.3 to conclude that

[EneBu l_[ Vci(Wi,u(n)) =1 +0w—>oo;M(1) +0N—>oo;M(1)-
ielt]
It remains to handle the other boxes. Suppose that # is not nice. Thus, there exists i € [¢] and two

vectors x, y in By such that k := [y;(x)/N] < [¥i(y)/N]. However, we have |y;(x) — ¥;(y)]| <
2dM(N/Q + 1) < N, if Q > 3dM. Therefore,

Vi(x)/N <k <¢i(y)/N <¥i(x)/N+O0u(1/Q)
and
Vi(x)/N = ¥:(y)/N —O0u(1/0Q) =k — Ou(1/Q).
The last two displayed lines show that both v; (x) and ¥;(y) are kN + O(N/Q); thus
Yi(n) = Oy (N/Q) (mod N) forall neB,.

Further, there exists an integer k = k; , such that for all n € B, and i € [¢] either y;(n) —kN € [N] or
Yi(n) — (k+ 1)N € [N]; consequently,
Ve, (Wi (1) = ve, (Wi (1) — ki wuN) Ly ()i uN etV ] + Ver (Wi (1) — Kiw + DN Ly, )= s wt NN
<, (Yi(n) —ki yN) + v, (Yi(n) — (ki w + 1)N).
‘Whence the bound
Fues, | | ves i) < Enes, [ ] (v, W) = kiuN) + ve, (i (1) — (ki + DN)). (4-15)
i€lt] i€lr]

Expanding the product makes the right-hand side of inequality (4-15) the sum of 2’ averages, each of
which equals 14-0(1) by Proposition 4.3. So the left-hand side of inequality (4-15) is O(1). It remains to
prove that not nice boxes are rare. Suppose that  is not nice. As pointed out above, if Q is large enough,
there exists i € [¢] such that {;(n) = Oy (N/Q) (mod N) for all n € B,,. On the other hand,

Yi(n) =i (INu/Q))+O0m(N/Q)=i(Nu/Q+0(1)+ 0y (N/Q) = Ny (w)/ Q+i(0)+ Ou (N/Q).

Dividing by N/Q yields
Yi (W) + 0¥ (0)/N = O(1) (mod Q). (4-16)
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Now W‘i = (0 and when Q is large enough W.i # 0 (mod Q) as well, so the number of solutions u € [Q]¢
to the estimate (4-16) is O(Q“~!). Multiplying by ¢, the proportion of bad boxes among all boxes is
therefore O(Q~") = o(1), the implied constant depending on M only. This concludes the proof of the
estimate (4-14). O

5. Almost twin primes in generalized Bohr sets

Now we want to prove hypothesis (ii) in Theorem 3.2 for the W-tricked functions 6; and 6,. Thus we need
to find almost twin primes in s-measurable sets. We start with bounded gap primes. The next proposition
establishes hypothesis (ii) in Theorem 3.2 for a function of the form 6y ; from Section 4, upon letting
bi=b+h,.

Proposition 5.1 (bounded gap primes with nilsequences). Fix positive integers m, d, A, and some ¢ > 0,
K > 2. Also let w > 1 be sufficiently large in terms of m,d, A, ¢, K and let W = Hpsw p. There exist
p = p(m) > 0, and a positive integer k = k(m), such that the following statement holds for sufficiently
large x > xo(m, d, A, &, K, w).

Let £ € E4(A, K) be a nilsequence taking values in [0, 1]. Let by, . .., by be distinct integers satisfying
(bi, W) =1and |b;| <logx foreachi € [k]. Then

1
Z E(n) >n (l;[ ﬁp)(l()g—x)k(

n<x
{Wn+by,...,Wn+bi }NP|>m

P (Wntbi)= p>x*

Zé(n)—ex>,

n<x

where B, = B,(L) is the local factor defined as in Definition 2.1 for the system of affine-linear forms
L={Ly,..., Ly} with Ly(n) = Wn+b;.

We remark that if p < w then 8, = (p/¢( p)¥, and if p > w then, writing a,, for the number of distinct
residue classes among by, ..., by (mod p),

k k—a
p ap p 4 )
Pr (w(p))( p> <<p(p)) ( Kp) e

In particular, if w > |b; — b;| for all i, j, we infer that ]_[p Bp > (W/@(W))K.
We now turn to the corresponding statement for Chen primes.

Proposition 5.2 (Chen primes with nilsequences). Fix positive integers d, A and some ¢ > 0, K > 2.
Also let w > 1 be sufficiently large in terms of d, A, e, K and W = prw p- The following statement
holds for sufficiently large x > xo(d, A, €, K, w).

Let £ € E4(A, K) be a nilsequence taking values in [0, 1]. Then for some absolute constant 5y > 0 and
any 1 <b < W with (b, W)=((b+2, W) =1we have

AR
> E(n)z<(p(w)) (logx)z(ZS(n)—ex).

n=<x n=x
Wn+beP
Wn+b+2eP,

plWn+b4+2=>p>x1/10
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We will prove Propositions 5.1 and 5.2 by reducing to the case when the underlying polynomial
sequence is equidistributed, and Propositions 5.3 and 5.4, using a factorization theorem for nilsequences.

Proposition 5.3 (bounded gap primes weighted by equidistributed nilsequences). Fix positive integers

m,d, A, and some ¢ > 0, A > 2. There exist p = p(m) > 0, a positive integer k = k(m), and C =

C(m,d, A) > 0, such that the following statement holds for sufficiently large x > xo(m, d, A, €, A).
Let K >2andn € (O, %) be parameters satisfying the conditions

n<K Clogx)"¢4, K < (logx)C.

Let & € E4(A, K; n, x) be a nilsequence taking values in [0, 1]. Let L={L, ..., Ly} be an admissible
k-tuple of linear functions with L;(n) = a;n + b; and 1 < a; < (logx)4, |b;| < x. Then

S(L)
> E(n) > (log—x)k(z E(n) — sx), (5-2)

n<x n<x

{L1 (), ..., Ly () }NP|=m
pITIEL, Li)y=>p>xP

where the singular series is given by &(L) := ]_[p Bp(L), i.e.,

S(0) :1—[(1 B 1>’<(1 _Hnez/pZ:Li(n)---Ly(n) =0 (mod p)}l) - 0. (5-3)
P p

p

Proposition 5.4 (Chen primes weighted by equidistributed nilsequences). Fix positive integers d, A and
some € >0, A > 2. There exists C = C(d, A) > 0, such that the following statement holds for sufficiently
large x > xo(d, A, ¢, A).

Let K >2andn e (0, %) be parameters satisfying the conditions

n<K “(ogx)"“4, K < (logx)°.

Let& € E4(A, K; n, x) be a nilsequence taking values in [0, 1]. Let £L = {L1, Ly} be an admissible set of
two linear functions with L1(n) =an+b and Ly(n) =an+ b+ 2, where 1 <a <logx, |b| <x. Then
for some absolute constant 69 > 0 we have

G(L)
Yo Em=5 Tog )’ (;s(n) - ex),

n<x
Li(n)eP, Ly(n)eP>
plLa(m)y=>p=x'/10

where the singular series is given by (5-3).

The purpose of this section is to deduce Propositions 5.1 and 5.2 from the equidistributed case,
Propositions 5.3 and 5.4. We will collect some sieve lemmas in Section 6 and some analytic inputs of
Bombieri—Vinogradov type in Section 7 before proving Propositions 5.3 and 5.4 in Section 8.
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5A. Dealing with the periodic case. In the deduction process, we need to deal with a local (modulo ¢)
version of Propositions 5.1 and 5.2, where the requirement that all of the Wn + b; are almost primes is
replaced by the local conditions that (Wn + b;, q) = 1.

Lemma 5.5. Fix positive integers k, d, A, and some ¢ > 0, K > 2. Also let w > 1 be sufficiently large
in terms of k,d, A, e, K and W =[]
x>xok,d, A, e, K, w).

Let £ € B4(A, K). Let {by, ..., b} satisfy (b;, W) =1 for every i € [k]. Let g < x99 be a positive
integer with (q, W) = 1. Then

k
’ﬂ (so(q)) 2. sk

n<x n<x

(TTZ, (Wntbi).q)=1

p- Then the following statement holds for sufficiently large

p=w

ngv

where f = ]_[p|q Bp, and B, is defined as in Proposition 5.1.
Proof. Let X be the set of n < x such that (Wn + b;, g) = 1 for each 1 <i < k. Consider the function

f(n)zﬁ“( E’)) 1x(n) — 1.

Let us prove first that
”f”Ud“[x] = Ox—o0ik,d (1) + 0y c0ik,a(1).

Expanding out || f'||ga+1, and letting g : 77+2 — 7191 be the Gowers norm system
(X, h) = ()C +w- h)a)e{o,l}d“’
we are left with the task of proving that
Yoo Tl FGem) =0 sika @) + 0w st (x D), (5-4)
neDNZ+2 we{0,1}4+!

where D = {y € R¥*? : g, (y) € [1, x], Yo € {0, 1}9*!}. Expanding further, the left-hand side of (5-4)
equals
Yo o=y [T ( ) Ix(g@om) =Y (=D¥sg, (5-5)
Qc(0,1)d+! neDNZ+2 @eRQ Qc(0,1)4+!

where, after a change of variables, we have

= > > TI# ( )lx(gw(qn+a)) (5-6)

ae[q]d+2 nez(l+2 we
gn+acD

Now the summand of the inner sum actually does not depend on n since 1x (g (gr+a)) =1x(go(a)). Let
Dy = {n € R¥*?2: gn+a € D}, which is a convex body of volume g~“*+? Vol(D). Since D, C [1, x/q1¢*>
and Vol(D) >4 x?*2, the number of integral points n € D, N Z4*? is

Vol(Dy) + 04((x/q)* 1) = g~ 2 Vol(D) (1 + 04(gq/x)).
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It follows that

k
Sa = (1+ 04(q/x)) Vol(D) - B p g [ ] (%) 1x(g0(@)).

weR

By multiplicativity and the definition of the singular series (Definition 2.1), the average over a above can
be written as

k
H([Eae(Z/pZ>d+2 ]_[ ]_[ ﬁhvvgw(anbhp):l) = ]_[ﬁp(gsz),

rlg weQ =1 rlg
where Gg, is the system of affine-linear forms Gg consisting of a — Wg,(a) +b; forw € Q and 1 <i <k.
If there are a, distinct residue classes among by, ..., b; (mod p), then G consists of a,|$2| distinct
affine-linear forms modulo p, no two of which are linearly dependent (over [,). Hence, Lemma 2.2
implies that
14

(k—a,)|Q|
Bp(Ga) = (—) (1+ Ora(p™).
@(p)

Since plg = p > w, we have [ [, (1 + Ok,d(p_z)) =1+ Ok,d(w_l). Putting things together, we have

plq

(k=a)I2|
Sa = (1+ 04(q/x)+ Ora(w™")) Vol(D) - 71 1‘[(%) '
plq vip

From (5-1) we deduce that
Sa = (1+ Okalgx™" +w™")) Vol(D)

for each  C {0, 1}4*!, and this establishes (5-4).
By [Green and Tao 2010b, Proposition 11.2] (see also footnote 3), the nilsequence & can be decomposed

as
§=86+6&,
where [|§1|ya+ip = Od,a,k,6(1) and [|62]loc < €/4. Hence,
Z f(n)él (n) S x”f”UdJr][x] . ”Sl ||Ud+l[x]* S EX,
n=<x

provided that w and x are large enough in terms of k, d, A, K, ¢, and

> fmEm)

n<x

<&l Y_IF 0] < Zx.

n<x

Combining the two inequalities above gives

> FmEm)

n<x

as desired. |

= éx,
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5B. Reducing to the equidistributed case. We now complete the proof of Propositions 5.1 and 5.2
assuming Propositions 5.3 and 5.4. Let f : N — C be any function satisfying | f(n)| < 1 for any
n € N; we will specialize later to the case where f is the indicator functions of the sets over which the
summations in these propositions run. Let £ : N — [0, 1] be a nilsequence in E4(A, K). We want to
estimate ), . f(n)&(n). By Definition 2.9, there exists a nilmanifold G/I" of dimension at most A,
equipped with a filtration G, of degree < d and a K-rational Malcev basis X, a polynomial sequence
g : Z — G adapted to G, and a Lipschitz function F : G/T" — C satisfying || F||Lipcx) < 1, such that
§(n) = F(g(m)T).
Let .
=) Em).

n=<x
We may assume that u > ¢, as otherwise there is nothing to prove.

Let B = B(m, d, A) > 0 be sufficiently large. To reduce Propositions 5.1 and 5.2 to the case when g
is equidistributed, we apply the factorization theorem [Green and Tao 2012a, Theorem 1.19] to obtain
some parameter M € [log x, (log x)9#42(D] and a decomposition g = g’y into polynomial sequences
€, ¢,y : Z — G with the following properties:

(1) eis (M, x)-smooth, i.e., d(e(n),idg) < M and d(e(n),e(n—1)) < M /x for all n € [x], withd =dx
the metric used on G.

(2) g’ takes values in a rational subgroup G’ C G, equipped with a Malcev basis X’ in which each
element is an M-rational combination of the elements of X', and moreover {g'(n)},<, is totally M —B
equidistributed in G’/ T NG’.

(3) y is M-rational (so that y (n)T" is an M -rational point for every n € Z), and moreover {y (n)I"},cz is
periodic with period some g < M.

In the case of Proposition 5.1, we may make the following additional assumption on g by enlarging g
and M if necessary: If b; = b; (mod p) for some i # j and some prime p, then p divides g. By (5-1),
this implies that if ptgW, then B, = 1+ Ox(p~2).

Let Q be a collection of arithmetic progressions of step ¢ and length =< (x /g M)(log x)~'%° such that
x1=U peg P For each P € Q, let yp be the (constant) value of y on P and consider

Y FmEm =Y fF)Fe(m)g (n)ypl). (5-7)

nepP nepP

We shall first dispose of the smooth part €(n). Pick an arbitrary n, € P, and let ep = €(np). If n € P,
then [n —np| < (x/M)(log x)~19_ Since the Lipschitz norm of F is bounded by 1, we have

|F(e(n)g' (n)ypl) — F(epg' (mypD)| < dx(e(m)g'(n)yp, €(np)g'(n)yp)
=dx(e(n), e(np))
100

< %ln —np| K (logx)™ "™,
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where we used the right-invariance of the metric d. Hence (5-7) equals

Y f@)F(epg mypl) + O(P|(logx)~' ).
neP
Let Hp be the conjugate Hp = yP_lG’yP, let'p=HpNT,let Fp: Hp — [0, 1] be the I" p-automorphic
function defined by Fp(x) = F(€pypx), and let gp : Z — Hp be the polynomial sequence defined by
gp(n) =y, 'g'(n)yp. Thus
F(epg m)ypT) = Fp(gp(m)Tp).

Some routine arguments (see the Claim at the end of Section 2 in [Green and Tao 2012b]) produce the
following properties:

(1) The subnilmanifold Hp/I'p is equipped with a Malcev basis Xp in which each element is an
M 922 _rational combination of the elements of X.

(2) {gp(n)}n<x is totally M _"B—equidistributed for some constant ¢ = ¢(d, A) > 0. By choosing B large
enough we may ensure that cB > C, the constant from Propositions 5.3 or 5.4.

(3) IFpllLip < MOaa,

Let y = |P| > (x/qM)(logx)_100 > x!/2, and write P = {gn +1t : n < y} for some t € Z. Let
gp : Z — Hp be the polynomial sequence defined by g (n) = gp(gn +1), so that {g/,(n)},<, is still
totally M ~“B-equidistributed (after possibly reducing the constant ¢). Then

> F)F(epg m)ypT) =Y fgn+1)Fp(ghmTp). (5-8)
nepP n=y
Case of Proposition 5.1. Now we specialize to the function f relevant for Proposition 5.1. Write L;(n) =
Wn+b;,andlet L' =L, = (L), ..., L}}, where L] is the linear function defined by L} (n) = L;(gn +1).
Let f be the indicator function of the set of integers n such that #({L,(n), ..., Ly(n)} NP) > m and
plLi(n)--- Ly(n) = p > x”. Thus

3" flan+0)Fp(gpm)Tp) = > Fp(gh(mTp).
n=<y n=y

#((L)(n),...,L m}NP)=m

pILy ()L (n)=>p>x"

If £’ remains admissible, then by Proposition 5.3 the right-hand side above is

S&(L) G104
( (ZFp<gp<n)rp>—e/4 y) “) (ZF(epg (m)ypl) —&/4- |P|)

ozt (log x)k
&L )
= (log x) (,; F(e(n)g'(n)ypl’) —¢e/2- |P|>,
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where the last inequality follows once again from the smoothness of €. By the definition of &(L'), we
see that £’ is admissible if any only if (Wt +b;, g) = 1 for each 1 <i < k, and in this case we have

N 1\* k ALY
o= [0 1) TLO-5)0-) (s )

Putting everything together, under the assumption that £’ is admissible, we have proven that

gw \' 1 €
L s () G 2em-3)

nepP
{Wn+by,..., Wn+bi JNP|>m
pITTEL (Wntbi)=> p>x?

Summing this estimate over all P € Q, we get

k
qW 1 £
Lo s> (saw) 2 (o-3)
{Wn-tby,..., Wn+b )NP|>m L (Wntby).q)=1
pl Hf:ll(Wn+bi)i>P>x/’ (Heca (Fntbn))
q k
14 (q.W) ) €
- . (n) —=).
(so(W)aogx) o(Ghm) Z <S 2)

(T2, (Wn+by), )=l

Finally, applying Lemma 5.5 to the summation on the right-hand side, with g replaced by g/(q, W)) and
& replaced by & — /2, we get that the right-hand side above is at least

(samtes) (I ) (Ze0r-er)=(T1 2 (S -

pla/(q.W)=1 n=x plgw n<x
The conclusion of Proposition 5.1 follows, since 8, = 1+ Ox( p~2) for ptgW by our assumption on g.

Case of Proposition 5.2. Finally, we address Proposition 5.2. Thus we return to (5-8) and now specialize
to the case where f is the indicator function of the set of integers n such that L(n) € P and L,(n) € P,
and p|Lo(n) = p > x'/19 where Li(n) = Wn+b and Ly(n) = Wn+b+2. Let £ = L), = {L, L)},
where for i € {1, 2}, the linear function L] is defined by L!(n) = L;(gn +1t). Then we have

Y flan+0Fp(grmTp)= > Fp(gh(mIp).
n<y n<y
Li(n)eP, Ly(n)eP,
pILy(m)=>p=x'/10
If £’ remains admissible (which happens precisely when (Wt + b, g) = (Wt +b +2,g) = 1), then
Proposition 5.4 and the same argument as above prove that the right-hand side above is at least

5( hid )2 LS 0 —e/2)
"\o@w)) (ogx)? & ‘
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This time the summation over all P € Q yields, after applying Lemma 5.5,

/|
Z 5(71)280( 1_[ ﬂp><(p(W)) (logx)2(25(n)—sx).

n<x (g, W) n<x
Ll(n)eP, Lz(n)EPz plq/ 1

plLy(my=>p>x'/10

The conclusion of Proposition 5.2 follows, since 8, =1+ Ox( p~2) for p > w by (5-1).

6. Three sieve lemmas

In the proof of Theorems 1.1 and 1.2, we will need weighted versions of Maynard’s sieve for bounded
gap primes, Chen’s sieve for almost twin primes, and Iwaniec’s sieve for primes of the form x2 + y? + 1.

Proposition 6.1 (Maynard’s sieve). Forany 6 € (0, 1), k € N, there exist constants C = C(0), p=p(0, k)
such that the following holds.

Let (wy)n<x be any nonnegative sequence, and let L = (L1, ..., L) be an admissible k-tuple of linear
functions with L;(n) = ajn+ b; and 1 < a;, b; < x. Suppose that (w,) obeys these hypotheses:

(i) (prime number theorem). For each 1 <i <k and some § > 0, we have

p(ai) 8
ail Z ©n = log x an

n<x n<x

Li(n)eP

(i1) (good distribution in arithmetic progressions). For some Co > 0 we have

1 Zn<x Wn
E wn__§ wn‘SCO _1 7.
01k

n<x r n<x (log'x)
n=c (modr)

max
o ¢ (mod r)

r<x
(iii)) (Bombieri—Vinogradov). Foreach 1 <i <k we have

Z o §0(ai) Z a) Znsx Wn

max — <Co——= 7"
—w@n=1| plair) = (log x) 101k
- n=c (modr) Li(n)eP

L,-(n)e[F"

(iv) (Brun-Titchmarsh). We have

Co
max E wy < — E Wy,
¢ (mod r) r
n<x n=<x
n=c (modr)

uniformly for r < x°.

Then, for x > x¢(0, k, Cy), we have

S(L)
Z Wy k0.8 (log—x)k an,

n<x n=<x
{L{(n),...,Ly(m)}NP|>C~ '8 log k
pITIEZ) Limy=s p>x?

where the singular series S (L) is given by (5-3).
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Proof. This is [Matomiki and Shao 2017, Theorem 6.2] (with « = 1 there), which adds weights to the
corresponding statement in [Maynard 2016]. (Il

In the next sieve lemma for Chen primes, we need the notion of well factorable weights.

Definition 6.2. We say that a sequence A : [N] — R is well factorable of level D > 1, if for any R, § > 1
satisfying D = RS, we can write A = Aj x A, for some sequences |A1]|, |A2| < 1 supported on [1, R] and
[1, S], respectively, with * denoting Dirichlet convolution.

Proposition 6.3 (Chen’s sieve). Let ¢ > 0 be a small enough absolute constant. Let (wp)n<x be any
nonnegative sequence, let L= {Ly, Lo} with L;(n) = ajn+b;, 1 <a; <logx, |b;| < x. Suppose that
(wp) satisfies the following hypotheses:

(i) (Bombieri—Vinogradov with well factorable weights). We have

ap Wy anx Wn
‘ Z Mr)( Z @n p(air) g log Ll(”))' <« (log x)10

F<xl/2—e n<x

(ras(aiby—azb1)=1 La(m=D (amod7)

for any well factorable sequence ) of level x'/>~¢, and also for ) = Lperp,pry % A with A any well
factorable sequence of level x'/>=¢ ] P with P’ € [P,2P] and P e [x'/10, x1/3-¢],

(i) (Bombieri—Vinogradov for almost primes with well factorable weights). For j € {1, 2} we have

a w,
Z AGF) Z 0y — p(az) Z o, )| < anx '17
p(ar) (log x)10
r<xl/2—e n<x n<x
(r,al(al_bz—azbl))zl L{(n)=0 (mod r) Lz(n)EBj

Ly(n)eB;

where A(r) is as above and

V10 < py <x!P78, x1P78 < py < 2x/p1)'/%, p3 = x'/10),

1/10}'

Bi={pipp3:x
={pipap3:x'PF < pr < pr < Qx/pD'?, p3=x

(iii) (upper bound on almost primes). For j € {1, 2} we have

1B, N [1, Ly)]|
Y, en=(+e) =) o,

n=<x

= n<x
Ly(n)eB;

Then, for x > xq, we have

&L
Z wy, ( )2 Z — 0(x0'9 max, wy),
= (logx)
Li(n)eP
Lz(n)EPz
plLa(m)=>p=x'/10

for some absolute constant &g > 0, where the singular series S(L) is given by (5-3).
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Proof. This is [Matomiki and Shao 2017, Theorem 6.4] (which adds weights to Chen’s sieve), with the
slight modification that |b;| may be as large as x (as opposed to x°(1)). However, this restriction on |b;|
was not used in the proof. Also, in [Matomiki and Shao 2017, Theorem 6.4] A(r) was replaced with
w(r)>1(r), but since in the proof the sequence A(r) is always a sieve coefficient supported on squarefree
numbers, this makes no difference. (Il

For stating the weighted sieve for primes of the form x? + y + 1, we need a notion slightly different
from admissibility, which we call amenability, following [Terdviinen 2018, Definition 3.1].

Definition 6.4. We say that a linear function L(n) = Kn+ b with K > 1 and b € Z is amenable if
(i) 6| K;
(i) (b, K)=((b—1,5(K)) =1, where s(n) := Hp|n,p5—l (mod 4), p3 P
(iii) b—1=2/3%(4h +1) for some h € Z with 3{4h+1, and j, t > 0 with 2/723%+1 | g,
Here condition (ii) guarantees that there are no local obstructions to L(n) being a prime of the form

X2+ y2 + 1. Conditions (i) and (iii) are introduced for technical reasons to do with sieves in [Teriviinen
2018], but they are not very restrictive.

Proposition 6.5 (weighted sieve for primes of the form x? + y2 + 1). There exists some small & > 0 such
that the following holds. Let (w,)n<x be any nonnegative sequence, and let L(n) = Kn + b be amenable
with 1 < K <logx. Suppose that (w,) obeys the following hypotheses:

(i) For any sequence (g(£))¢ supported on [1,x°°] and of the form g = a * B with a supported on
[/, x1=1/CH9] and |a(n)|, |B(n)] < 1, we have

J LN ¢ - 1 K s )‘ M 6.1
2, M Zg”( 2 O ) g )| S Gogom O

r<x/2-¢ £<x09 chc n<x
L K)=1 ¢,K)=8 =
K (K= Lobziat
’ L(n)=0 (mod r)

where § :== (b — 1, K) and )L:“LIN are the upper bound linear sieve coefficients of level x'/>~¢ and sifting
parameter x'/°.
(i1) We have
D (D STt S Dhreer | e NN
n ’
Iy ' e @(r) ¢(K) = log(Kn) (log x)100
(ZK)=1 L(n)eP

L(n)=1 (modr)

where A;’SEM are the lower bound semilinear sieve coefficients of level x3/7—¢

x1/G+e).

and sifting parameter
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Then for some absolute constant 6y > 0 we have

S(L
2 o (log(x))3/2 Z — 06, (6-3)

n=<x
L(n)eP
pIL(n)—1=p#—1 (mod 4)

where the singular series S(L) is given by

S(L) = 1—[ <1_ {neZ/pZ:Ln)=0orl (modp)}|)<1_2)—1
_ p p
p=—1 (mod 4)
p#3
Z/pZ: L =0 d -1
I (1_|{ne /pZ: L(n) =0 (mo p)}|)<1_l) (64)
p#—1 (mod 4) p p
Proof. This follows from [Terdavdinen 2018, Theorem 6.5], taking p; = 5 — ¢, pp = 3 —cando=3+¢

there and using the fact that hypothesis H (o1, p2, o) there holds with these parameters (the n summation
in [Terdavdinen 2018, Theorem 6.5] is over a dyadic interval, but this clearly makes no difference). [J

7. Bombieri-Vinogradov and Type I/II estimates for nilsequences

In this section, we collect Bombieri—Vinogradov type estimates for nilsequences from [Shao and Terdvidinen
2021] that we shall need. Theorems 7.1 and 7.2 below are slight generalizations of [Shao and Terdviinen
2021, Theorems 4.3 and 4.4], respectively.

Theorem 7.1. Let an integer s > 1, a large real number A > 2, and a small real number ¢ € (O, %) be

given. Let L(n) = an + b for some 1 < a < x¢/2 and |b| < x with (a, b) = 1. There exists a constant

—K

Kk =k(s, A, &) >0, such that for any x > 2, n > 0 and any nilsequence & € E?(A, n=;n, x) we have

> (Lé%’i:]' > ALm)EM)

d<x1/3—¢ ’ n<x
- n=c (mod d)

& n€ax(log x)>.

Theorem 7.2. Let integers s > 1, ¢ # 0, a large real number A > 2, and a small real number ¢ € (0, %)
be given. Let L(n) = an + b for some 1 < a < x*/* and |b| < x with (a, b) = 1. There exists a constant
Kk =k(s, A, ) > 0, such that for any well factorable sequence (hg) of level x'/>=¢ with x > 2 and any

nilsequence & € E?(A, n—";n, x) withn > 0, we have

Z )\'d Z A(L(I’I,))g(n) < dex(logx)Z.
d<xl/2-¢ nex
(do=1  Lm=c(modd)

Proofs of Theorem 7.1 and 7.2. We deduce Theorem 7.1 from [Shao and Terdviinen 2021, Theorem 4.3];
the deduction of Theorem 7.2 from [Shao and Terdvédinen 2021, Theorem 4.4] is completely similar.

Write £(n) = F(g(n)T"). One can find a polynomial sequence g’ such that ¢’(L(n)) = g(n), for example,
by examining the Taylor coefficients of g in coordinates (see [Green and Tao 2012a, Lemma 6.7]).
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We claim that {g’(n)}, <4 is totally n°-equidistributed for some small constant ¢ =c(s, A) > 0. Suppose
that this is not the case. Then by the quantitative Kronecker theorem for nilsequences (see [Green and
Tao 2012a, Theorem 2.9]), there is a nontrivial horizontal character x with || x|l < n~ %2 such that

I 08l < n~ 22,

Since g’ is a polynomial sequence, we can write
xog'(m)=apg+an+---+amn’.
Then there is a positive integer g < 1 such that the coefficients satisfy
llgell < (ax)~'n~ %2
foreach 1 <i <s. Now
N
Xogn)=xog'(an+b)=> a;j(an+b).
i=0
If we write B; for the coefficient of n’ in 1o g, then one can establish that

”qﬁj | <s xijnfox,A(C)

foreach 1 < j <s. Hence

lgx o gllewy s n~ 2@,

It now follows (from [Shao and Terédvidinen 2021, Lemma 3.6]) that {g(n)},<, is not totally n~Osale)_
equidistributed, which is a contradiction if ¢ is chosen small enough.
Let &'(n) = F(g'(n)T"). Then &’ € E?(A, n~"; n¢, ax). After a change of variables, we can write

Yo ALmMEmMm= > AmE®m).

n<x L(0)<n<L(x)
n=c (mod d) n=L(c) (mod ad)

It follows that

max A(L(n))éE(n)| < max AE .
Z_ (L(e),d)=1 2. (LmEm = ) (=t > (m&(n)
d<x1/3-¢ n<x d'<ax!/3—¢ L(0)<n<L(x)

n=c (mod d) neec’ (mod ')

By [Shao and Terdvédinen 2021, Theorem 4.3], the right-hand side above is <« nax(log x)? for some
constant k = k (s, A, €) > 0. The conclusion follows. O

We will also need a few type I and type II estimates appearing in [Shao and Terdvdinen 2021].

Lemma 7.3 (type I Bombieri—Vinogradov estimate). Let x > 2 and ¢ > 0. Let 1 < M < x'/? and
1<D<xV?¢ Lets>1,A>2,and0 < $§ < % Let L(n) =an+ b for some 1 <a < x%? and |b| < x



528 Pierre-Yves Bienvenu, Xuancheng Shao and Joni Terdvainen

with (a,b) = 1. Let & € E?(A, 871 8€, x) for some sufficiently large constant C = C(s, A, €). Then

Z c(rrrnlgé(d) Z ‘ Z 5(L_1(mn))‘<<5x.

D<d<2D M<m<2M' mn<L(x)
(m,ad)=1 mn=c (mod d)
mn=b (mod a)

Proof. The case L(n) = n is [Shao and Terdviinen 2021, Proposition 5.5]. We shall quickly reduce the
general case to this case.

By the argument in the proof of Theorems 7.1 and 7.2, there exists a nilsequence £’ € BY(A, §~!; 8¢, ax)
for some large constant C’ = C’(s, A, ¢€), such that £'(n) = £(L~'(n)) if n = b (mod a). Then use the
identity

1mnsb (mod a) =—
to reduce matters to

L éx

Z ¢ (mod d) Z Z x (mn)&' (mn)

D<d<2D M<m<2M' mn<L(x)
(m,ad)=1 mn=c (mod d)

for characters x (mod a). Splitting mn into residue classes (mod a), it suffices to show for all u coprime

to a that
> oms, XY o

D<d<2D M<m<2M' mn<L(x)
(m,ad)=1 mn=c (mod d)
mn=u (mod a)

< 6x.

Now, applying the Chinese remainder theorem to combine the congruences on mn, and making the change
of variables d’ = [d, a] < 2aD, the conclusion then follows from the case L(n) = n that was already
established. O

Lemma 7.4 (well factorable type II Bombieri—Vinogradov estimate). Let € > 0 be a small constant. Let
x >2and M € [x'/*, x3/*] be large and let ¢ # 0, k be fixed integers. Suppose that either

() A is well factorable of level x'/*>~¢  or
(i) A = 1,e(p pry* A/, where ) is well factorable of level x'/>=¢ /P and 2P > P' > P € [x/10 x1/37¢],

Lets>1, A>2, 0<d < % Let L(n) =an+b for some 1 <a < x%/? and |b| < x with (a,b) = 1. Let
£Ee E(S)(A, 871 8€, x) for some sufficiently large constant C = C(s, A, €). Then

S o Y amBmEL mm)| < sax(log )%,
d<x!/2-¢ L(x)<mn<L(2x)
N M<m<2M
(d’at)_l mnz_cwéﬁlodd)
mn=b (mod a)

uniformly for sequences {«(n)} and {B(n)} satisfying |a(n)|, |f(n)| < di(n).

This is a consequence of the following somewhat more general statement.
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Lemma 7.5. Let ¢ > 0 be a small constant. Let x > 2 and M € [x'/*, x3/%] be large and let ¢ # 0, k
be fixed integers. Let Ri, Ry > 1 be such that R < xl_s/M, RiR, < x?7¢ and R1R% < Mx"¢ Let
s>1, A>2, 0<6 < % Let L(n) = an + b for some 1 <a < x%/? and |b| < x with (a,b) = 1. Let
Ee E?(A, s~ 8¢, x) for some sufficiently large constant C = C(s, A, &). Then

Z Z a(m)B(n)E(L™ (mn))| <« Sax(logx)OD,

Ry <ri<2R; L(x)<mn<L(2x)

Ry<r<2R; M<m<2M

(rira,ac)=1 mn=c (mod riry)
mn=b (mod a)

uniformly for sequences {«(n)} and {B(n)} satisfying |a(n)|, |f(n)| < di(n).

To see that Lemma 7.4 follows from Lemma 7.5, it suffices to show that the well factorable sequence
A can be decomposed into convolutions of the form y * 6, where the sequences y and 6 are 1-bounded
sequences supported on [1, 2R] and [1, 2R5], respectively, with R; = x'~¢/M and R, = Mx~'/?. This
is evidently true in case (i) of Lemma 7.4 since A is well factorable. In case (ii), since P < R, we can
write A’ = Ay * A, for some sequences A1, A, supported on [1, Ry/P] and [1, R,], respectively. Then we
can take y = 1,¢(p py* A1 and 6 = A,.

Proof of Lemma 7.5. By switching the roles of m and n if necessary, we may assume that M € [x!/?, x3/4]
The case L(n) = n follows from [Shao and Terdviinen 2021, Proposition 6.6]. The reduction of the
general case to this case is very similar to the corresponding reduction in the proof of Lemma 7.3. [

In the special case when Ay = 1;—1, Lemma 7.4 implies that

‘ Y am)BmEL" (mn))| < Sax(logx) . (7-1)
mn<L(x)
M<m=<2M
mn=b (mod a)

In the case L(n) = n, this is also the type II information required in Green and Tao’s proof [2012b,
Section 3] that the Mobius function is orthogonal to nilsequences.

8. Dealing with the equidistributed case

The goal of this section is to prove Propositions 5.3 and 5.4. We shall apply the sieve lemmas in Section 6
to reduce matters to certain Bombieri—Vinogradov type equidistribution results about primes weighted by
nilsequences in arithmetic progressions, which follow from results in Section 7.

8A. Proof of Proposition 5.3. We may assume that ¢ > 0 is fixed, since x is large enough in terms of ¢.
In what follows, let B be a large enough constant depending on m, d, A. We may assume that C is large
enough in terms of B. Recall Definition 2.10 and the notation from that definition, thus &(n) = F(g(n)I"),
where G/ T is a nilmanifold equipped with a filtration of degree at most d, etc. Let u = |, G/T F, so that
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the n-equidistribution of {g(n)},<, implies

Y Em) - u)‘ < x/(logx)”. (8-1)

n=<x
We may assume that p > ¢/2, since otherwise (5-2) is trivial.
We will apply Maynard’s sieve method in the form of Proposition 6.1. We need to verify hypothe-
ses (i)—(iv) there for the sequence w, = £(n) (w1th §d=3 Land 6 = 10, say) and then the claim follows.
Hypothesis (i) (with 8= % in its statement) asserts that

@(a;)
> fs(>_2(1 Zs()

di n<x

L;(n)eP

Note that &' := & — u is an equidistributed nilsequence lying in ES(A, K; n, x). By partial summation,

Y Em

n=<x

L;(n)eP

we have

< sup
2<y<x1 gL ( )

+0(x'?). (8-2)

Y ALi(n)E ()

n<y

we may apply (the d = 1 case of) Theorem 7.1 to bound the right-hand side of (8-2) by < n*x (log x)4+10
for some constant k = «(d, A) > 0, which can be made < x(log x)~? by our assumption on . Hypothe-
sis (1) now follows from the prime number theorem and (8-1).

We turn to hypothesis (ii), which (taking & = 5 there) states that

Z E(n) — — Zsm)

n=<x

max

¢ (mod r)
r<x1/10

< x/(logx)"?. (8-3)

n=c (mod r)
We may clearly replace &(n) by &'(n) = &(n) — u here; the new nilsequence &’ lies in ES(A, K;n,x).
Recalling (8-1), our task is to show that

max < x/(logx)B.

oy ¢ (mod r)
r<x

Yo E#m

n<x
n=c (mod r)

But this follows from Lemma 7.3 with M =1 and L(n) = n.
Next we consider hypothesis (iii), which (with @ = 1;) states that

so(a, 5
max n)— n)| K x/(logx 8-4
r<x <
< n=c (modr) L;(m)eP

Li(n)eP

Applying the Bombieri—Vinogradov theorem, we may replace &(n) by £'(n) = £(n) — 1 on the left-hand
side of (8-4). By the argument we used to verify hypothesis (i), we have

Y Em

n<x
L,‘(ﬂ)E[FD

&« x/(logx)B+!, (8-5)
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Hence, by partial summation, (8-4) reduces to

S max
(Li(e),r)=1

r<x1/10

<« x/(logx)? (8-6)

> ALim))E ()
nscn(fn{)dr)

for y € [x(log x)7108 x]. This last claim follows from Theorem 7.1.
Finally, hypothesis (iv) states that
1
max En) K - &(n).
2 >

¢ (mod r) e
n=c (mod r) B
However, this is trivial, since the left-hand side is O(x/r) and the right-hand side is > ex/r by the
consideration at the beginning of the proof and the fact that ¢ > 0 is fixed.
This concludes the proof of Proposition 5.3.

8B. Proof of Proposition 5.4. We now turn to Chen primes. Let = |, G/T F. Similarly as in the proof
of Proposition 5.3, we may assume that u > ¢/2, and we have (8-1).

We apply a weighted version of Chen’s sieve from Proposition 6.3. We see from it that the claim
follows once we verify hypotheses (i)—(iii) there.

Hypothesis (i) states that

__4a §(n) " _
r(?éa)=1 L>(n)=0 (mod r) =
’ Li(n)eP

1/2—¢

for some small enough constant ¢’ > 0, with A(r) either well factorable of level x or a convolution

of the shape 1,¢[p pry * A’, with A" a well factorable function of level x!/2=¢'/P and 2P > P’ > P ¢

/
110 x1/3-¢

[x ]. Note first that by the Bombieri—Vinogradov theorem we may replace &€ with &’ =& — i

on the left-hand side of (8-7) up to negligible error. Note also that

5/(”1) B
Z W < x/(logx)

n<x

by (8-1) and partial summation. Applying partial summation to replace 1p(L(n)) with the von Mangoldt
function, we are left with showing

‘ Yoo ). ALIm)E ()| < x/(logx)'®

r§x1/2—s’ n=<y

(r,2a)=1 L(n)=0 (mod r)

for all y € [x/(log )10 x]. Since Lo(n) = L (n) + 2, the condition L,(n) =0 (mod r) is equivalent to
Li(n) = —2 (mod r). So this follows from Theorem 7.2.
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The statement of hypothesis (ii) is that, for j € {1, 2}, we have

‘ > x(r)( 3 s<>—ﬂ 3 s<n>>'<<x/<logx>1° (8-8)

r<x1/2—£/ n=<x n<x
(;2&1):1 L{(n)=0 (modr) Ly(n)eB;
’ Ly(n)eB;

where A(r) is as in hypothesis (i) and

Bi = {pipaps: x'10 < py <x'37F X137 < py < @x/pn)'/2, p3 =110},

By={pipaps:x'*7 < p1 < pr < @x/pn)'2, p3=x'/10}.

First note that 1,¢p, splits into a sum of (log x)10 type II convolutions « * 8(n), where |« (n)|, |B(n)| <1
and « is supported on an interval [M,2M] C [x1/3_8/, x1/2]. Now, we decompose &(n) = &'(n) + n and
note that the contribution of the u term to (8-8) is < x/(logx)® by a type II Bombieri—Vinogradov
estimate [[waniec and Kowalski 2004, Theorem 17.4] and the previous observation about 1,,¢ B; being a
sum of type II convolutions. Now we shall prove that

‘ > Em

n<x
Lz(n)ij

& x/(logx)B. (8-9)

Again by the fact that 17,(:)ep, 1s of type II, it suffices to prove after a change of variables that

< x/(logx)*®

‘ Yo amBmE Ly (mn))

mn=<Lj(x)
mn=L>(0) (mod a)

for any |x(n)|, |B(n)| <1, where «(n) is supported on an interval [M,2M] C [x1/3_8/, x'/2]. But this
estimate follows from (7-1) as a special case of Lemma 7.4. Now we have reduced (8-8) to proving

‘ > oA Y. EFm)| < x/(ogx)". (8-10)
rsgl e L1120 (mod 1)

— n)= r

(r20=1 " Lames,

The condition L;(n) =0 (mod r) above is equivalent to L,(n) =2 (mod r). Once again recalling the
type II nature of 17,()ep; and using the well factorable type II estimate of Lemma 7.4, we obtain (8-10).
We are left with hypothesis (iii), which states that

B;iN[l,L
S e <(4enD Z(X)]' Y e (8-11)
Lz?rli))éBj "=

for j € {1,2} and for &’ > 0 a small enough constant. This claim follows simply by decomposing
&(n) = &'(n) + u and using (8-1), (8-9), and the prime number theorem in arithmetic progressions.
All the hypotheses have now been verified, so the proposition follows.
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9. Proof of the main theorem

We now present the proof of our main theorem by combining the work in the previous sections.

Proof of Theorem 1.1. We seek to apply Proposition 4.1 to the functions 6 = 6 (in which case H =H;| =
{0, 2}, r =2) and 8 = 6, (in which case H = H; is the tuple fixed when we defined 6, and r = m). To
apply this theorem, we need to establish (4-2).

Thus let W : Z¢ — 7' be a system of finite complexity whose linear coefficients are bounded in modulus
by some constant L. Recall that by an easy linear algebraic argument, we may assume that WV is in
s-normal form for some s. Also suppose that H C [0, L]. Let x > 1 and K C [—x, x]? be a convex
body such that ¥(K) C [1, x]" and Vol(K) > nx? for some constant n > 0. Let w > 1 be chosen later
(sufficiently large in terms of d, ¢, L) and let W = ]_[pfw p. Let(by,...,b;) € B?t%' It suffices to prove
that

> 10w (i) .1y Vol(K) 9-1)

neZinK i€l

for j € {1, 2}, where, recalling (4-1), 6; w5 is defined as 9{,‘,’[) for 0’ = 0;. We will prove (9-1) by
appealing to Theorem 3.2. Let M = M(d, t, L) be the constant produced by this theorem, and suppose
that x is large enough and « small enough as in this theorem. Without loss of generality (upon using
Bertrand’s postulate, dilating x by a factor of at most 8 and shrinking 7 by a factor at most 8¢), we may
assume that x is prime and K C [—x/4, x/4]¢. By Proposition 4.2, there exists ¢ € (0, 1) and C > 0
depending only on d, t, L, M (and therefore ultimately on (d, ¢, L) only) and an (M, «)-pseudorandom
measure vp : Z/xZ — Rxq such that 8; w 5, (n) < Cv(n) whenever i € [t] and n € [x, x]. Define then
Ai i Z[xZ — Rso by Aj = 0w p, L[xc,x)/ C, where as usual we identify [x] and Z/xZ in the natural way.
Therefore we have A; < v on Z/xZ by construction, so hypothesis (i) of Theorem 3.2 is satisfied.

We now turn to hypothesis (ii). Let §; = §o/(3C), where § is the absolute constant of Proposition 5.2,
and &, be the implied constant of Proposition 5.1, for our choice of m, divided by 3C. Therefore §;
depends at moston d, ¢, L for each j € [t]. Let Y}, &; be the corresponding constants given by Theorem 3.2,
which are functions of d, ¢, L, §; for j € {1, 2}. Fix i € [t]. For j € {1, 2}, denote by f; the function A;
constructed above from the function 6 = 6;. We intend to show that

D HmEm) =8> Em) 9-2)

n<x n=<x
whenever £ : Z — [0, 1] is a nilsequence of complexity at most Y; satisfying ), _ £(n) > ¢jx. Since
Y e Ow.p(n) K xT°W Nt suffices to show that Y, _ 0w »(n)E(n) >2C8; Y, _. £(n). But this follows
from Propositions 5.2 and 5.1 assuming x is large eniough, and the diameter of 5{2 is smaller than w.
Therefore, the hypotheses of Theorem 3.2 are met; applying this theorem yields (9-1) and we are done.
Thus we obtain Theorem 1.1 with C;(¥) = ]_[p Bp(W3,). O

9A. The case of primes of the form x> + y*> +1. We now turn to the proof of Theorem 1.2. We shall be
brief with the arguments in places, since they closely resemble those used to prove Theorem 1.1.
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Let 03(n) be the weighted indicator of primes of the form x> 4 y> 4 1 given by (1-2). Also denote the

set of sums of two squares by
S:={n>1:n=x*+y? for some x, y € Z}.
We follow the proof strategy of Theorem 1.1. Let W := 63 I <p<w P- Define
63.w.5(n) := (W/9(W))*0(Wn +b).

We first claim that Theorem 1.2 follows if

t
o T10wa@®@i@) > W= Vol(K), (9-3)
nez? i=1
Wn+ack

for any convex body K satisfying W (K) C [1, x]%, Vol(K) >> x“ and for each a € A, where
A={ac 2/ W2)4 Vi e [t], Wn+ i (a) amenable}.

The proof of this implication is essentially the same as for Proposition 4.1, i.e., we choose K = K, as
there and sum (9-3) over all @ € A and note that |A| > [] » ﬂ;, wd by the Chinese remainder theorem,
where
By = Eaczspry | [(1=14,1/P) " 1ysarga, mod p)
i€l

and A, = {0, 1} for p=—1 (mod4) and A, = {0} otherwise.

Thus, by applying Theorem 3.2, it suffices to prove that the following hold for all fixed w and 1 <b; < W
such that Wn + b; is amenable.

(1) Forany M > 1, o > 0, t > 1, there exist 0 < ¢ < 1 and an (M, o)-pseudorandom measure
vp : Z/xZ — Rsq such that Oy p, (n) < v(n) whenever i € [t] and n € [x€, x].

(2) There exists an absolute constant §g > O such that, for any ¥ > 1, ¢ > 0 and x > xq(Y, ¢) large
enough, we have

D 03w (Em) = 8 Yy En)

n<x n<x

whenever & : Z — [0, 1] is a nilsequence of complexity at most Y satisfying > _ &(n) > ex.

n<x

Proof of (1). This follows from the work of Sun and Pan [2019, Section 2 and in particular Proposition
2.1 there]. U

Proof of (2). Let Y and ¢ be fixed in the statement of (2). For the proof of (2), it suffices to prove the
following result, which is a direct analogue of Proposition 5.1 in the case of bounded gap integers or of
Proposition 5.2 in the case of Chen primes. ]
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Proposition 9.1 (primes of the form x? 4 y? 4 1 with nilsequences). Fix positive integers d, A and some
e>0, K >2. Also let w > 1 be sufficiently large in terms of d, A, e, K and W = 6 ]_[3§p§w p. The
following statement holds for sufficiently large x > xo(d, A, &, K, w).

Let& € E4(A, K) be a nilsequence taking values in [0, 1]. Then for some absolute constant §y > 0 and
any 1 <b < W such that Wn + b is amenable, we have

wo\/? 8o
2 MZ(ga(W)) (log x )W(ZS(”) )

n<x n<x
Wn+beP
Wn+b—1€S§

By arguments similar to those in Section 5 (with Lemma 5.5 slightly adjusted to handle the local
problem in our setting), we can reduce this to the equidistributed case.

Proposition 9.2 (primes of the form x? 4 y? 4 1 weighted by equidistributed nilsequences). Fix positive
integers d, A and some € > 0, A > 2. There exists C = C(d, A) > 0, such that the following statement
holds for sufficiently large x > xo(d, A, &, A).

Let K >2andn € (O, %) be parameters satisfying the conditions

n < K‘C(logx)_CA, K < (logx)c.

Let& € E4(A, K; n, x) be a nilsequence taking values in [0, 1]. Let L(n) = an + b be an amenable linear

function, where 1 < a <logx, |b| < x. Then for some absolute constant o > 0 we have

> Em =6 )3 7 <Z€(n) —ex) (9-4)

n<x n<x
L(n)eP
L(n)—1eS

where the singular series is given by (6-4).
The remaining task is then to prove this proposition.

Proof of Proposition 9.2. We may assume that ¢ > 0 is fixed, since x is large enough in terms of ¢.
We apply Proposition 6.5. Thus, in order to obtain (9-4), it suffices to verify hypotheses (i)—(ii) of

> €x > x, it in fact suffices to
)IOO

Proposition 6.5 for w, = &(n) in order to obtain the claim. Since ), _ @

verify versions of hypotheses (i)—(ii) where (}_,,_, w,)/(log x)'% is replaced with x/(log x)'%° on the
right-hand side of the inequalities (6-1), (6-2). B

Write &(n) = &'(n) + 1, where yu = f G/T F. Observing that hypotheses (i)—(ii) hold for constant
sequences (in the case of (i) by a bilinear Bombieri—Vinogradov type estimate [Iwaniec and Kowalski
2004, Theorem 17.4] and in the case of (ii) by the classical Bombieri—Vinogradov theorem), it suffices
to verify hypothesis (1)—(ii) (with x/(log )19 on the right-hand side of (6-1), (6-2)) for &'(n), which

belongs to & (A K;n,x) with n < (logx)~ CA for a large constant C.
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Verifying hypothesis (i). Let w, = &’(n). First note that by partial summation and the fact that &’ €

Eg(A, K; n, x), we have

Z &'(n)

= log(yn)

(9-5)

(log x)300 ’

say, uniformly for x %% < y < x. Hence, recalling the definition of g(¢) in hypothesis (i), and letting
u = (b—1,a), our task is to show that

, X
‘Z N3 a(el)ﬂwz)( > é(n))‘«W»

F<xl/2—e x1/G+) <) <y 1/G+0) n<x

a)=1 09-1/(+¢) x
(r,a) Zz(iexe o LorFe o1
(€ bar)=1 Ln)=0 (mod r)

uniformly for |a(n)|, |B(n)| < 1. Merging the variables £, and p as m = £, p, it suffices to show that

x
Z 2N Z 06(51)l(zl,r)zl,(zl,a)zulb(m)l(m,r)zl,(m,a):uz( Z 5/(71))‘ < (logn)1®"

rixl/2—s el L( )ng@x +1
— n)=Lpm
(r,a)=1 L(n)=0 (lmod r)
uniformly for 1 < uy, uy < u and |a(n)|, |b(n)| < dy(n), where we have set I := [x!/G3+8) x1-1/G+e)]

for brevity. We make a linear change of variables in the inner sum over n to reduce to

Lim+1—-5b
Z |F N Za(€1)l(e],r):l,(e,a)zu]b(m)l(m,r)zl,(m,a)zuz< Z §/<T>>'
tiel Lim=L(x)

r<xl/2-e
(r,a)=1 £im=1 (mod r)
Lim=b—1 (mod a) X

< (10gx)101 :

We can replace the sequence AN above with a well factorable sequence using [Friedlander and
Iwaniec 2010, Corollary 12.17], which splits the linear sieve coefficients into a linear combination of
boundedly many well factorable sequences. Now the claimed estimate follows directly from the well
factorable type II estimate given by Lemma 7.4.

Verifying hypothesis (ii). Let w, = &'(n). Again applying (9-5), we reduce to

_ , X
‘Z AF’SEM( > S(n))‘«—(logx)mo.

r<x3/7—a n<x
(;’a)=1 L(n)eP
L(n)=1 (mod r)

Making the change of variables n’ = L(n), this is equivalent to

_ S x
D T sarm) < m

r<x3/1-¢ nfL[é)x)
= ne
(ra)=1 n=1 (modr)
n=b (mod a)
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Applying partial summation, it suffices to show

— ’ - x
’ Z A,’SEM< Z A& (L l(11))>‘<<(10gW’

F<x3/1-¢ n<y
(r.a)=1 n=1 (mod r)
n=b (mod a)
uniformly for 1 <y < L(x). By Vaughan’s identity, we can write the von Mangoldt function as a sum of
< (log x)'9 convolutions a % b(n), where |a(n)|, |b(n)| < (logn)d>(n) and supp(a) C [M,2M] and one

of the following holds:
() M« x'Pand b(n)=1orbn) = logn (type I case);
) x'? <« M <« x*3 (type II case).

Thus, we reduce to proving that

— / - x
Z A ,SEM( Z a(m)b(n)&'(L 1(mn)))‘ < W.

r<x3/1-¢ mn<L(x)
(r,a)=1 mn=1 (mod r)
mn=b (mod a)
In the type I case, we can in fact assume that b(n) = 1 by applying partial summation. Now, to handle the
type I sums, we can apply the bound |1 SEM| < 1, followed by Cauchy—Schwarz to dispose of the a(m)
coefficients (this loses a factor of (log 010, say, so for the resulting sum we need a bound of x /(log x) 120y
To the resulting sum we can then apply Lemma 7.3 to obtain the desired conclusion.
We then turn to the type II sums. If M < x*7, we can directly apply Lemma 7.5 with R; = x3/7—¢,
Ry, =1, since then Ry <x'~¢/M, R, R% < Mx~¢. Hence, we may assume for now on that x¥/7 < M <« x*/3.
We now apply a partial factorization of the lower bound semilinear sieve weights from [Terdvédinen
2018, Lemma 9.2, formulas (10.3), (10.4)] (taking 6 = ¢/2 and replacing ¢ with ¢/10 in those formulas).
Since x!'/37¢ « x!7¢ /M « x3/77¢, we conclude that
—,SEM 2
A SEM| « (log x) max > (9-6)

2 r=rn

r1€[R1,2R]
2 €[R2,2R;]

where the maximum is over those (R, R;) € [Riz21 satisfying
Ry <x'"¥/M, R\R}<Mx~%, RRy<x*""¢2 (9-7)
Hence, applying (9-6), the remaining task is to show that

Z Z a(m)b(n)g' (L™ (mn))| <

R <r<2R; mn<L(x)
Ry<r;<2R; mn=1 (mod ryry)
mn=b (mod a)

(log X)ZOO

under the constraints (9-7). Since the constraints on Rj, R are precisely as in Lemma 7.5, we may appeal
to that lemma to conclude. This completes the verification of hypothesis (i)—(ii), and hence the proof of
Theorem 1.2. U
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