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Abstract

Let X C P"! be the complex Fermat variety of degree m > 3 and even dimension
n = 2k, and let L(X) C H,(X;Z) be the subgroup generated by the classes of its standard
k-dimensional linear subspaces. Degtyarev and Shimada conjectured that H, (X; Z)/L(X) is
torsion free [DS, Conjecture 1.2]. We prove this conjecture for every degree m > 3 in
every even dimension, modulo two topological results used by [DS]: Pham’s theorem on
the homology of the affine Fermat variety, and their intersection numbers. Its algebraic form
— the quotient Z[G]/(¢)s) of the group ring of [DS] is free abelian of rank m?**1 — Q. (m)
— is proved with no topology, and it has been verified for every degree by a complete proof
in the proof assistant Lean 4 with the Mathlib library, with no gap and no axiom beyond the
three standard ones. The proof reduces the conjecture, prime by prime, to dimension counts
in truncated polynomial rings, proved by peeling off one variable at a time. Consequences:
the integral Hodge conjecture for X whenever m is prime, or m = 4, or m is prime to (n+1)!,
with the integral Hodge classes of middle degree generated by the standard linear subspaces
— in particular for the Fermat quartic of every even dimension; and the primitivity of the
sublattices spanned by the linear subspaces that [DS] exhibit on the partial Fermat varieties,
which [DS] proved conditionally on the conjecture. This work has not been refereed by a
human expert.

1. Introduction and main results

1.0 Summary of results
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Everything in this table that is not marked «Lean» was read cold by readers other than its
writer (§14.6). No human expert has refereed this work. What we found in the literature, and
where we searched, is in §1.10.



1.1 The conjecture

We follow [DS]. Let n = 2k with k& > 0, let m > 3, and let X C P"*! be the Fermat variety
2g" 4 -+ 2% 1 = 0. All homology is with coefficients in Z.

o J is the set of partitions of the index set {0,1,...,n + 1} into unordered pairs, written
J = [[jo, ko], - - - [k, kx]] with j; < k; and jo < j1 < --+ < jg; in particular jo = 0. There
are | J| = (2k + 1)!! of them.

o For J € J and B = (Bo,...,H) with 8" = —1, the standard k-space L;3 C X is given
by 2k, :52'2’]'1. (’iIO,...,k

).
o For ) # K C J, Lg(X) C Hyp(X) is the subgroup generated by the classes [L;z| with
J e K; L(X) := Ls(X).

Conjecture 1.2 of [DS]. The group H,(X)/L(X) is torsion free.

For k = 1 the conjecture is a theorem of Degtyarev [Del4]; for m prime to 6 it implies that the
Picard group of the Fermat surface is generated by its lines. For k > 2 it has been confirmed
by computer for (n,m) = (4,m) with 3 < m < 12, and for (6, 3), (6,4), (6,5), (8,3) [DS, §5].
Aljovin, Movasati and Villaflor [AMV] compared the lattice of linear cycles with the lattice of
Hodge cycles by computing elementary divisors, for the Fermat surfaces of degree 3 < m < 14
and the Fermat fourfolds of degree 3 < m < 6 [AMV, Table 1]. The conjecture is restated as
open in [Del5, Conjecture 4.4]. Before the present work (versions 4 to 12 of this paper) we knew
of no proof for any k > 2 beyond these cells; in particular it had not been decided for any odd
degree that is not a prime power when k > 2 (the odd degrees in the table of [DS, §5] are prime
powers). As [DS, §1] point out, for prime m the rational Hodge classes of X are spanned by the
classes of the standard spaces, so that the conjecture would upgrade this to the integral Hodge
classes; §12 carries this out, for prime m and for more degrees.

1.2 The main theorem

Put N :=2k+2=n+4 2, and for m > 3 let

Qr(m) := N1 - [N]Io(22)™ /2 (m o0dd),
Qr(m) := N!- [zV] cosh(z) - In(22) ™ 2/2 (1 even),
Iy(2z) = Zme/(b!)Q.

b>0

For every m, Qr(m) is the number |I" 7| of [DS, Definition 1.3] (Lemma 2.2 for odd m, Lemma
9.1 for even m), so that rank L(X) = Qx(m) + 1 by Theorem 0(c) below. In the algebraic
statements of §1.5 and in §2-§7, Qr(q) is always taken at an odd gq.

MAIN THEOREM. Let m > 3 and k > 0. Then Ho(X;Z)/L(X) is torsion free
for the Fermat variety X of degree m and dimension 2k. Equivalently, L(X) is a
primitive sublattice of Hop(X; Z), of rank Qr(m) + 1.

For k = 0 the statement is trivial: X is a set of m points and L(X) = Hp(X). From now on
k > 1 whenever topology is involved.

The Main Theorem has an algebraic form, which is proved here with no topology at all (Corollary
7.7 for odd m, Theorem 9.11 for even m). Let R := Z[t1,... ,top1]/(t7 — 1,..., 15, — 1) be



the integral group ring of G = (Z/m)?**! and let 1/; € R be the generators of [DS], recalled in
§2.

MAIN THEOREM’ (algebraic form). Letm >3 andk > 1. Then R/ (¢ : J €
J) is a free abelian group of rank m?**1 — Qy(m). Equivalently, dimg, Fp[G]/ (s :
J e J)=m**tt — Qu(m) for every prime p.

By [DS, Theorem 1.1(a)] (Theorem 0(a) below) the torsion of R/(¢y : J € J) is that of
Hoi(X;Z)/L(X), so Main Theorem’ implies the Main Theorem; the rank of L(X) is [DS,
Theorem 1.4]. These two statements are the only places where topology enters.

The proof has five parts.

o §2 (the translation). Using the results of [DS] collected in Theorem 0, torsion-freeness
at m is equivalent to a dimension count over F), for each prime p|m (Proposition 2.1); for
m = q = p" the count is (S) dimp,(D;:J € J)C = Qi(q) (Proposition 2.5).

* §5 (odd prime powers). Theorem B below proves (S).

o §6-8§7 (odd degrees that are not prime powers). For odd m = ¢-r with ¢ = p*, p1r,
r > 1, the count at p splits over the colourings of the coordinates by r-th roots of unity
into a sum of products of block dimensions (Proposition 6.9). The blocks are instances of
Theorem 5.3 and bipartite ideals, whose count is Theorem C (§7).

o §8 (the odd box). Theorem O below: the count of Theorem B at an odd box, on a grid
with one zero. It is the root case of Theorem 8.11.

+ §9 (even degrees). For m = 2V the ideal of leading forms of the ¢y in characteristic
2 contains the product of sy -- - sogy1 with the ideal of Theorem O for the box 2¥ — 1, an
isomorphic copy of it in another ring (Proposition 9.2). For the other even m the colour
reduction of §6 applies at every prime; the block of the colour —1 at an odd prime is the
ideal of Theorem O for the box p¥, the block of the colour 1 at the prime 2 is the problem
for the degree 2V, and the pair blocks are bipartite ideals, at the prime 2 with an even box
(Theorem 9.11).

Sections 5-9 prove lower bounds for the dimensions of the ideals: Theorems 5.3, 7.6 and 8.11.
The matching upper bound is the inequality of Proposition 2.1, and it is algebraic too: it is
[DS, Claim 4.3] (Theorem 0(b)), a count of points by the Chinese remainder theorem over a
field of characteristic 0 (Appendix B, Step 6). So Main Theorem’ is proved without topology;
topology enters only through Theorem 0(a) and 0(c), which identify the torsion of R/(v;) with
that of Hox(X;Z)/L(X) and give the rank of L(X). Theorems 5.9 and 5.9°, §4, §10 and §11
are not on the path of the proof, and neither is the equality in Theorem O (Corollary 8.13): the
proof uses only its inequality >. Corollaries 7.8 and 9.12 are consequences of the proof. Main
Theorem’ has been proved again, for every degree, in the proof assistant Lean 4 (§14.8), and so
has Theorem O.

The cubic case ¢ = 3 has a shorter proof with an explicit basis given by ballot paths (§4,
Theorem 4.1), and so has the box r = 3, which is all that the quartics need (§8.8, Theorem
8.15).

1.3 The integral Hodge conjecture

For a smooth complex projective variety Y, the integral Hodge conjecture in degree 2j asks
whether every class in H% (Y; Z) N H77(Y) is the class of an algebraic cycle with integer coef-
ficients. It is false in general [AH], [Kol], and it remains open for many varieties for which the



rational Hodge conjecture is known; for Fermat varieties it is the question studied in [AMV].
Write Hdg(X) C H,(X; Z) for the group of integral Hodge classes of middle degree (§12.1).

COROLLARY H. Let m > 3, k > 1, and let X be the Fermat variety of degree m
and dimension 2k.

o (i) If m is prime, or m = 4, or every prime factor of m is at least 2k + 3, then
Hdg(X) = L(X): every integral Hodge class of middle degree is an integral
linear combination of classes of standard k-spaces. In particular the integral
Hodge conjecture holds for X in every degree.

o (ii) For every m, L(X) is a primitive sublattice of Hdg(X) and Hdg(X)/L(X)
is free of rank |®B| — Qr(m), where B is the set of Hodge characters of §12.1.
It is zero if and only if m is prime, or m = 4, or every prime factor of m is at
least 2k + 3.

For odd m, «every prime factor of m is at least 2k + 3» is the same as the condition ged(m, (n +
1)) =1 of [AMV, §1], which we use in the title. (Version 11 wrote ged(m, (n + 2)!) = 1. It is
the same condition: a prime that divides n + 2 = 2(k + 1) and m is at most k + 1, so it divides
(n+1)! as well.) For even m the only degree in (i) is m = 4: the integral Hodge conjecture
holds for the Fermat quartic of every even dimension, and its integral Hodge classes
of middle degree are generated by the standard linear subspaces. The proof is in §12.
It combines the Main Theorem with the classical description of the rational Hodge classes of
X by characters [SK], [Shi79], [Ran] ((H3) of §12.1), and with the determination, due to Aoki
[Aok, Theorem A], of the degrees in which every Hodge character is of pair type; for prime m
and for m = 4 we give short proofs of this last fact (§12.1, (H4) and (H4’)). The new input
is the primitivity of L(X). The classical fact that the rational Hodge classes of pair type are
spanned by linear subspaces [Ran, Theorem 4.9] is not used: over Z it follows from the Main
Theorem.

What was known. For k = 1 the integral Hodge conjecture is the Lefschetz (1,1) theorem, and
(i) says that the lines generate the Néron—Severi group, which was known when ged(m,6) = 1
[SSvL], [Del4], and classically for the cubic surface; for odd m these are exactly the degrees of
(i) at k = 1. For m = 4: at k = 1 it is the statement that the lines of the Fermat quartic surface
generate its Néron—Severi group, of rank 20, which is a result of Mizukami [Miz] (1975; [SSvL,
§3 and §6] record it, attribute it to Mizukami and Inose and give another proof; we have not
read [Miz]), and which also follows from [Del4]; at k = 2 it was verified by computer in [AMV],
whose abstract states the integral Hodge conjecture for the quartic and quintic Fermat fourfolds;
at k = 2,3 the primitivity of L(X) was confirmed by computer in [DS, §5], so that (i) already
followed there by the argument of §12.3. For m = 4 and k > 4 it is new, to our knowledge.
For (k,m) = (2,3) the integral Hodge conjecture itself follows from Voisin’s theorem on cubic
fourfolds [Voi, Theorem 2.11]; as [AMV, §1] note, the stronger statement Hdg(X) = L(X) does
not follow from it. The cells (2,3) and (2,5) were verified by computer in [AMV]. In each prime
cell where [DS, §5] confirmed the primitivity of L(X) by computer, namely (k,m) = (2,3), (2,
5),(2,7),(2,11),(3,3),(3,5), (4,3), (i) already followed from that computation and the classical
facts by the argument of §12.3; [AMV, §1] make this observation for the cells of their table.
The author had also verified the primitivity of L(X) by computer, before the present proof, in
the prime cells (k,m) = (2,13),(2,17),(2,19),(3,7), (4,5), (5,3) [Rep]; three of them, (2,13),
(3,7) and (5,3), are re-run in §14.1. What is new, for k£ > 2, is the uniform statement: the
quartics of dimension at least 8, every other cell with m prime, and every cell of (i) with m
not prime, for instance (k,m) = (2,49), (2,77), (3,121), (3,143); to our knowledge no cell of
(i) with m not prime and k& > 2 had been decided before. Part (ii) is new for k& > 2, to our
knowledge; for k = 1 it follows from [Del4]| and the rank |®B| 4+ 1 of (H3). Recent work on



the rational Hodge conjecture for Fermat varieties is complementary to ours: Jumagulov [Jum)]
gave a computer-assisted proof for the Fermat fourfolds of odd degree at most 199; Miranda,
Movasati, Rufino and Villaflor [MMRV] prove it for the Fermat varieties of every dimension and
every degree d < 65 other than 44,51, 52, by reducing the lengths of Aoki’s exceptional tuples;
and Favero and Kelly [FK] prove it for the Fermat fourfold of degree 33, through an explicit

formula for Chern characters. These statements are rational; ours concern the lattice L(X) over
Z.

1.4 Partial Fermat varieties

Let 0 < s < d. Following [DS, §1], a partial Fermat variety is a smooth hypersurface
W, C P%+! given by fo(z0,21) + fi(22,23) + - + fa(224, 224+1) = 0, where the f; are binary
forms of degree m, fo=--- = fs = 2™ +y™, and fs11,..., fq are generic, pairwise distinct and
distinct from 2™ + y™. [DS, §1] exhibit (2s 4+ 1)!! - m*! linear d-spaces on it.

COROLLARY W. Letm >3 and 0 < s < d.

o (i) The classes of the (2s+1)!1-mi*! linear d-spaces of [DS, §1] on W generate
a primitive sublattice of Hog(Ws; Z).

o (ii) On the Fermat variety X of dimension 2d, let J(s,d) C J be the set of
matchings that contain the pairs {2i,2i + 1} for s <i <d. Then Lz q)(X) is
primitive in Hog(X; Z), of rank Qs(m)(m — 1)475 4 1.

[DS, Corollary 1.7] states (i) under the assumption that Conjecture 1.2 holds for the Fermat
varieties of dimension 2s and degree m, and proves it for s = 0, 1; [Del5, §4.2-§4.3] reduces (i)
and (ii) to the same assumption and proves them in the same cases (in [Del5] the index is the
dimension 2s). The Main Theorem removes the assumption. The proof is in §13, where (ii) is
proved directly.

1.5 The algebraic statements

Let F be a field and ¢ > 3 odd. Put Cp := Flyy, ..., yaes1]/ W7, ... ,yg;il) and define D(a,b)
and Dy as in the abstract: D is the polynomial of §2.3, which has integer coefficients.

THEOREM B. For every field F, every odd ¢ > 3 and every k > 0,

dimF(DJ :J e ._7) -Cp = Qk(Q)‘

Moreover, with Cy = Z[yi,... ,y2k+1]/(y%71, e ,yg,;il), the group Cz/(Dy : J €
J)Cz is free abelian of rank (g — 1)?T1 — Qr(q), and the dimension of each graded
piece of (Dy:J € J)Cr does not depend on F'.

Theorem B is the root case of a more general statement about down-sets of partitions (Theorem
5.3 for >; Theorems 5.9 and 5.9’ for = and for the integral statement). Neither the topology nor
[DS] enters its proof; they enter only in the translation of §2. With Theorem B and Proposition
2.5, the Main Theorem follows for m = p¥ (Corollary 5.4).

The degrees that are not prime powers need a second count, in two sets of variables x1,...,z,
and z1,...,2g with the box (zf, z), for ¢ = p¥ (p any prime; the box ¢ is even when p = 2):
the balanced bipartite ideal I*, generated by [ (z; — zg(i))q_l overallo € S, (o = = a),



and the phantom bipartite ideal I, gh, generated by the same products over all bijections from
a of the a + 1 variables x; onto the z; (¢ = a+ 1, § = a). Theorem C (§7) says that their
dimensions are at least the numbers of pairs (§,7) of tuples in a set of ¢ elements, of lengths
(a,a) and (a+1,a), such that the multiset of 7 is equal to, respectively contained in, the multiset
of £. Over Fp these are equalities (Corollaries 7.8 and 9.12), and the dimensions do depend on
the characteristic.

The even degrees need a third count, at an odd box. Let r > 3 be odd, D,(a,b) :=
"L (=1 e " = (a" 4 b7)/(a+Db), and for J € J let D, ; be the product of the D,.(ya, ys)
over the pairs {a, b} of J that avoid 0.

THEOREM O (the odd box). For every field F, every odd r > 3 and every
k>0,

dimp(Dr,y:J € J) - Flyr, - yoral /(W15 - Yopyn) =
N1 [2N] cosh(z) - Io(22) 172,

Moreover the quotient of Z[yi,...,Yak+1]/(y}) by the ideal generated by the D, j is
a free abelian group.

The right-hand side is the number of N-tuples, in a set of r elements with an involution that has
one fixed point, which split into pairs of opposite entries; for » = m — 1 it is Qr(m) for the even
number m. Theorem O is the root case of Theorem 8.11, a statement about interlaced pairs of
down-sets of partitions. In characteristic p and for r = p?, D,(a,b) = (a + b)"~!. Theorem O
was stated as an open problem in version 10 of this paper (there: problem 7 of §13), and proved
in version 11.

1.6 A different count: Theorem A

Write E := (eq, €3, ..., e+1) C Fplxo, ..., zop41] for the ideal of the odd elementary symmetric
polynomials. Over an algebraic closure its zero set is the union of the linear spaces x, + zp = 0
({a,b} € J), over all J € J.

THEOREM A. Let F be a field of characteristic # 2, let ¢ > 1 be odd and let
n > 0. Then dimp Flzy,...,2,]/(e1,e3,e5,...528, ..., 29) = nl - [y™]eYIo(2y) a1/,

With F' = F,, ¢ = p” and n = N, Theorem A says that Ay(q) := dim Fp[xo, ..., zok+1]/(E+(z]))
equals the number Pj(q) of Fy-points of the union of the matching spaces (Corollary 10.1). This
is not the Main Theorem, and it does not imply it. Theorem A is a sum statement at
the odd box ¢ on the grid with 0; the Main Theorem for m = ¢ is equivalent to an intersection
statement at the even box ¢ — 1 on the grid without 0 (Proposition 2.6), and §11 shows that the
two are independent for families of matchings. The numbers differ as well: P(3) = 141 against
Q2(3) = 20. As a count, Theorem A is not new: in characteristic 0 it is a consequence of a
classical theorem of Kostant [Kos], and in odd characteristic of a proposition of Bezrukavnikov,
Riche and Rider [BRR] on modules with a good filtration, through the dictionary of Remark
10.4. The proof of Appendix A is elementary and independent of both.



1.7 The idea of the proofs

Write the ideal of Theorem B as V' C (Uo7 and the point set it should count as Z C T2k+1
T = F. Peel off the variable y;: the ideal splits into ¢ — 1 slices Wy C --- C W_», ideals in
the remaining variables, and the point set splits into ¢ — 1 layers according to how many values
of the first coordinate complete a given tail. If every layer is the point set of an ideal contained
in the matching slice, induction on the number of variables gives dim V' > |Z|. To make this
work we enlarge the family: to every down-set A of partitions under weak dominance we attach
an ideal Vy, generated by products of divided differences D and Vandermonde determinants A,
and a point set Z,, the tuples whose «unpaired part» has shape in A. Three facts then carry
the induction. The number of completions of a tail depends only on the shape u of the tail (P1).
The g — 1 possible new shapes form a chain for weak dominance, so the completions in A are
an initial segment of the chain, and the layers are again down-sets (P2). And each generator of
a layer can be lifted to the right slice by one of three explicit constructions, with no room to
spare (P3). The full family of matchings enters only once, at the root: the down-set generated
by the partition (1) has as ideal exactly the ideal of all the D .

Form =q-r with ¢ =p”, pfrandr >1,t" -1 =], (t — () over F},, so the group algebra
is a product of local rings, one for each colouring ¢ of the coordinates by r-th roots of unity. On
the factor of ¢, the generator v; vanishes unless every pair of J has colours ¢, (~!; the surviving
generators are pure tensors along the colour classes, and the ideal is a tensor product of one
ideal per class of colour 1 and one per pair of inverse colours. The class of colour 1 is an instance
of Theorem 5.3. A pair of inverse colours becomes, after the change of variables x = (~'t — 1,
z = (Ct)~'—1, a bipartite ideal, and the colour of the index 0, which is determined by the others,
decides whether it is balanced or phantom. The count of the points factors over the colourings
in the same way. For the bipartite ideals, the tail of a point now has two residues, one for each
set of variables, and its shape is a pair of partitions: adding a value to the z-side removes a box
from the z-residue, adds a box to the z-residue, or starts a new part, and these ¢ options again
form a chain, now in the product of two weak dominance orders. The proof of Theorem B then
goes through with the box ¢ in place of ¢ — 1 and the binomial coefficients C(q — 1,¢) = (—1)!
in place of the signs of D.

For even m the same reduction applies at each prime, but two blocks are new. At an odd prime
the colour —1 is its own inverse, and after the substitution u = —t its block is the ideal generated
by the products of the (y, + y)?~ ! in the box (y{). At the prime 2 the block of the colour 1 is
the problem for the degree 2V itself; there we replace each generator by its form of lowest degree
in the variables s = ¢+ 1, which is s1 - - - S 1 times a product of the polynomials 3", a¥b?=2=%,
and the ideal of the leading forms of an ideal has the same dimension as the ideal. Both are
instances of one statement, Theorem O: the count of Theorem B on a grid T with an odd number
r of values, one of which, 0, is its own opposite. A tuple may then have one unpaired zero, so
the shape of a tuple is a partition together with a mark § € {0,1}, and the new coordinate has
one more option, the zero, which changes the mark. The r options still form a chain, provided
the set of shapes A is an interlaced pair: a down-set of unmarked shapes and a down-set of
marked shapes such that removing a box and switching the mark stays in A. The layers of
an interlaced pair are interlaced pairs. On the side of the ideals the unmarked shapes carry
the generators of §5, with the symmetric polynomial D, in the place of the divided difference,
and a marked shape carries, in the place of its first Vandermonde determinant, the Pfaffian of
the antisymmetric polynomials D,_1(y;,y;) bordered by a Vandermonde matrix. Of the seven
liftings of generators to slices, six are explicit, by expansions of Pfaffians; the seventh needs the
membership of the bordered Pfaffian in the ideal generated by the products of a Vandermonde
determinant and of polynomials D, (Lemma 8.7). It follows from one fact: the generating
function >°, (was+1(a,b) of the antisymmetric polynomials that interpolate between D,_; and
the multiples of D, is Ev(a)-Od(b) — Ev(b) - Od(a), a matrix of rank two. A rank-two update of



a bordered Pfaffian (Lemma 8.8) then expresses the Pfaffian of D,_; through bordered Pfaffians
whose entries are multiples of D,., and a Laplace expansion finishes the proof.

1.8 A note on the history

For several months the project that produced this paper took the count Ax(q) = Py(q) of
Theorem A to be the algebraic form of Conjecture 1.2. Two earlier notes of the author, on the
cases k = 2 (The Sofa Theorem [Sofa]) and k = 3 (The Hammock Theorem [Ham]), were written
under that identification and stated that they established Conjecture 1.2 in those dimensions.
On 23 September 2026, re-deriving the reduction from the original [DS], we found that the
identification had never been proved, and that it is false for families of matchings (§11). The
conclusions of those notes about Conjecture 1.2 in dimensions 4 and 6 are nevertheless true: for
odd m they are the cases k = 2, 3 of the Main Theorem, proved here by a different route. Versions
4 and 5 of this paper proved the Main Theorem for odd prime powers and stated the colour
reduction for the degrees that are not prime powers as an open problem; the reduction and the
bipartite count (§6-§7), added in version 6, complete it. Version 8 added the machine-checked
proof of Main Theorem’ (§14.8), recorded that the repository [Rep] is public, stated the status of
the Double Ladder theorem more precisely (Remark 12.2), and added one clause to the proof of
Lemma 6.8; no statement and no proof of version 7 changed. Version 9 corrected the attribution
of Theorem A: in characteristic 0 it follows from a theorem of Kostant, which the earlier versions
did not cite (Remark 10.4). It also recorded that the Watermark and Double Ladder theorems
are now proved for every prime and verified in Lean [WDL] (Remark 12.2). Again no statement
and no proof changed. Version 10 corrects the attribution of Theorem A a second time: version
9 said that we knew no version of Kostant’s theorem in positive characteristic that gives the
count, and there is one, [BRR, Proposition 2.12], which we had not read (Remark 10.4(3)). It
also adds the reading of Theorem B in the same language (Proposition 10.5, Corollary 10.6,
Remark 10.7) and the equality for the ideals of Appendix A (Corollary A.17), restates problem
6 of §15 and adds problem 7. A supplementary note [Note], deposited with this version, presents
the dictionary on its own, with a statistic on walks that gives the Hilbert series of the ring of
Theorem A. No statement and no proof of the earlier versions changes. Version 11 proved the
conjecture for the even degrees, which version 10 listed as its first open problem, and with it
the odd box, which was its seventh: §8 (Theorem O) and §9 (Theorem 9.11) are new. Sections
8 to 14 of version 10 are now sections 10 to 16, with the same internal numbering (Proposition
8.5 of version 10 is Proposition 10.5 here, §12.8 is §14.8, and so on). §7 is now stated for every
integer ¢ > 2, because §9 uses it for ¢ = 2Y; its proofs are unchanged. The Main Theorem,
Main Theorem’ and Corollaries H and W are now stated for every m > 3; for odd m they are
the statements of version 10. New in §10 and §12: Corollary 10.8 and (H4’). The even degrees
were found on 2 October 2026 by replacing the generators at m = 2Y by their leading forms,
which had been measured to generate an ideal of the right dimension in seven cells, and then
proving the count for that ideal. Version 11 was not made public; every statement of it is in the
present version, and the two proofs of it that the present version replaces are described where
they stood (§8.5, Remark (4); Lemma 9.10). Version 12 (the present one) changes no statement
of a theorem, proposition or corollary of version 11, nor Lemma 8.7; the auxiliary results of
§8.5 are new (Lemma 8.7’, and a Lemma 8.8 and a Corollary 8.9 whose numbers version 11
used for other statements), and the properties of §8.3 are now stated over every commutative
ring (version 11: without 2-torsion). Main Theorem’ and Theorem O are now proved in Lean
4 for every degree (§14.8). Three proofs are printed in the form that was formalized, which is
shorter: Lemma 8.7 by a rank-two update of bordered Pfaffians, in place of the exterior algebra
with divided powers of version 11 (§8.5), which also gives the membership for other border sets
(Lemma 8.77); the upper bound of Corollary 8.13 by a pairing of the box ring, so that §8 no
longer uses §10; and Lemma 9.10, without the injectivity of the map 6. The signs of §8.3 are



given explicitly, and its properties are attributed to the classical sources. The version also adds
the summary of §1.0 and the literature of §1.10; incorporates the notes of the cold reading of the
printed text of version 11 (§14.6); corrects the place of Mizukami’s theorem (§1.3); and writes
the condition of the title in the form (n + 1)! of [AMV], which is the same condition as the
(n + 2)! of version 11. Before it was made public, every passage that is new in the writing of
version 12 was read cold, with the verdict «holds» (§14.6); its notes are incorporated, and one
of its observations extends Remark (2) of §8.5.

1.9 Notation

q is odd in §2-§6 and §10-§11. In §2, §6 and §11, p is an odd prime and g = p”. §5 is stated for
every odd q over an arbitrary field. §7 is stated for every integer ¢ > 2 over a field in which the
binomial coefficients C'(¢ — 1,¢) are non-zero, and is applied with ¢ = p” for every prime p, 2
included. In §8, r is odd and the box is r. In §9, m is even, r is the odd box and 7’ is the cofactor
that §6 calls . The word «block» means a column block B, of a pattern in §5, §7 and §8, and
a block of a colouring in §6 and §9; the letter R, with subscripts, denotes several rings (R of §2,
R, of §6, Ry p of §7), each defined where it is used. Symbols introduced inside a section are
local to it (§6-§7 have their own local symbols), and Appendix A has its own symbols. Some
letters have two or three meanings in different places, each declared where it is used: 6 is the
map of Lemma 8.12, of Lemma 9.10 and of Corollary 10.6 (the sign of the expansion (F4) is
written 9); N is 2k 42, and in §8.3 a finite ordered set of indices; R is the ring of §2, and in the
proof of Proposition 8.10 a product of Vandermonde determinants; o is a shape in §8.2 and §8.6,
an index of the polynomials wo, 11 in §8.5, and a bijection in §6, §7 and §9.3; ( is a colour in §6
and §9 and a formal variable in §8.5; 7 is ¢™/™ in Appendix B, and 7 are the signs of (F2) in
§8.3 and §8.6; p is a row in §8.2 and §8.6 and the generator p; of [DS] in Remark 2.5’; E' is the
ideal of §1.6 and §10, an exponent set E, in §8.5 and §8.6, and a border column in Lemma 8.8;
Kk is a partition in the proof of Lemma 8.4 and the number (n — s)/2 in §8.5; H is the matrix of
Corollary 8.9, and H' a group in Lemma 9.10; S is a set of indices, the Pham cycle in Appendix
B and a polynomial ring in §11; and r is the odd box in §8 and §9, the cofactor in §6 (written
r’ in §9), and a row in §5.5.

symbol meaning first
use
J, J, perfect matchings of {0, ...,2k + 1}, written with jo =0 §1.1
2k + 1!
N 2k + 2, the number of homogeneous coordinates §1.2
R, v, 'k the ring, the generators and the point set of [DS] §2
T, h F) (or any set of ¢ — 1 elements with a fixed-point-free involution §2.2
ur —u); h = (¢—1)/2 classes {u, —u}
Qr(m) IT7|: N [2N]Io(22)("™=1/2 for odd m, N!-[2V] cosh(z) - Io(2z)(™=2)/2  §1.2,
for even m §9.1
B, C,Cp the box rings (y¢) and (y¢ ") §2.3,
§5
D(a,b), Dy, divided differences and their products over pairs §2.3,
Dp §5.2
A(B) the Vandermonde determinant of an index set B §5.2
v(M), \(M) the number of negation pairs of a tuple, and the partition of its residue  §3,
§5.2
Parg;‘), <, S partitions allowed at m coordinates; weak dominance; sums of the ¢ §5.2

largest parts
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first

symbol meaning
use
Va, Za the ideal and the point set of a down-set A (§5.2); of a down-set of pairs  §5.2,
of partitions (§7.2) §7.2
W;(V), Fa(p), slices, completion counts, layers §5.1,
A; §5.4
gr(I) the ideal of top-degree forms of an ideal I §5.9
¢, Cey iy a colouring of the coordinates, its colour classes, the r-th roots of unity §6
I Eal, I gh, the bipartite ideals and their counts §6.5,
Npal, Nph §6.6
BPar,(a, ) pairs of partitions, with the product of weak dominance orders §7.2
r, h, T (in §8) an odd number r = 2h + 1; a set T of  elements with an involution with  §8
one fixed point 0
D(a,b), D,(a,b), symmetric, and D,._1(a,b), antisymmetric §8
D~ (a,b) (in
§8)
N,.(n) n! - [z™]e® Io(22) ("~ 1)/2 §8, §10
Shy,, (A, 9), shapes with a mark § € {0, 1}; the two components of a set of shapes; §8.2
A0 Al interlaced pairs (Definition 8.2)
Pf(N;e¢), bordered Pfaffians; the border exponents; the marked block of a pattern — §8.3,
Pfp(N), By, §8.4
By
ws, Ev, Od, the antisymmetric polynomials of §8.5; the two columns of its key §8.5
Ue(N) identity; the ideal of the membership lemma
', C_1, I 21 the cofactor of ¢ = p¥ in an even m; the class of the colour —1 and its §9
block
E, Ax(q), odd symmetric ideal; the sum count and the point count of Theorem A §1.6,
Pi(q) §10
Cy, D.(a,b), the box ring (z7) in 2s variables; the copairing and its products over a §10
D, ; matching (Proposition 10.5)
V,e Z, gt F[z]/(x%) with its form; multiplication by z; the centralizer of e in §10
SO(V); the Cayley transform (Remark 10.4)
m the degree of the Fermat variety (§1, §2, §6, §12, §13); in §5 and —
Appendix A, the number of variables
A, B, |« characters of the primitive cohomology; Hodge characters; the degree of  §12

a character

1.10 Literature and priority

Before this version we searched the literature for each result that we call new: the arXiv listings
and its index of titles and abstracts; Google Scholar and the open web; the papers that cite
[DS], through Semantic Scholar and OpenAlex; the publication lists of the authors of [DS];
MathOverflow; and GitHub, including Mathlib and DeepMind’s formal — conjectures repository,
for formalizations. The queries, their dates and their results are recorded in [Rep], record/
literature/. The sources that decide an attribution were read in the original; the others are
cited for the statement they make, and the list of references says which is which. What we

found:

o The even degrees. To the best of our knowledge, no proof of Conjecture 1.2 for an even
degree m > 4 and k > 1 had appeared before this paper, beyond the cells confirmed by
computer in [DS, §5] (and the case k = 1, which is [Del4]). The conjecture is listed as
open in [Del5, Conjecture 4.4].
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The odd box. Over ), Theorem O and Corollary 10.8 can be derived from Kostant’s
theorem and the first fundamental theorem of invariant theory for the orthogonal group
(Remark 10.7(2)); we did not find this derivation written. In positive characteristic we
did not find Theorem O, or the statement that the tensors D, ; generate the invariants
of the centralizer of a regular unipotent element (Corollary 10.8 and Remark 10.7), in the
literature, in particular not in [BRR], [Ric] or [Liu]. To the best of our knowledge, both
are new in positive characteristic.

Corollary H. The implication from the primitivity of L(X) to Hdg(X) = L(X) in the
degrees of (i) is the argument of [AMV, §1], with the degrees of Aoki’s theorem [Aok]; for
k =1 the statement is known ([Miz], [SSvL], [Del4]); for m = 4 and k = 2,3, and in the
prime cells of [DS, §5], it already followed from computations (§1.3). For k > 2 the uniform
statement — every prime m, the quartics of dimension at least 8, every non-prime m of
(i), and part (ii) — is, to the best of our knowledge, new.

Corollary W. The implication «Conjecture 1.2 in dimension 2s = (i)» is [DS, Corollary
1.7]; what is new is that the hypothesis is now a theorem.

Theorem A is due, as a count, to Kostant and to [BRR] (Remark 10.4); our contribution
there is the dictionary and an elementary proof.

Pfaffians. The properties (i)—(iii), (F1)-(F4) and (F7) of §8.3 are classical; we cite [Knu]
and [Oka]. We did not find the rank-two update of Lemma 8.8 in the sources we read, and
we claim nothing for it: it is of the kind of the classical expansions of the Pfaffian of a sum
of two alternating matrices, which we have not traced to a source that we have read. Its
use to prove the membership lemma (Lemmas 8.7, 8.7") is ours.

Orbit harmonics. The lower bounds by degenerating the ideal of a finite set of points to
the ideal of its top-degree forms (Lemma 5.8’, Proposition A.5) are the classical method of
orbit harmonics (see [GP]).

Formalization. We found no Pfaffian in Mathlib (the version used, tag v4.28.0); we
defined Pfaffians and bordered Pfaffians in our project. A separate partial formalization
of skew-symmetric matrices and Pfaffians exists outside Mathlib (Qsdd/Skewsymmetric on
GitHub). We found no formalization of results of the kind of [DS]; to the best of our
knowledge, §14.8 is the first machine-checked proof of a case of Conjecture 1.2.

Related work on the rational Hodge conjecture: [Jum], [MMRV], [FK] (§1.3).

2. The translation: Conjecture 1.2 as a dimension count

This section is written from the original [DS] (arXiv:1405.4683v3, the latest version; J. Math.

Soc.

Japan 68 (2016)), and uses its notation.

R:=Z[t1,... ths1)/(t7 —1,..., 7 — 1), the group ring of G = (Z/m)™*!, which acts on
X by multiplying the coordinates by m-th roots of unity. The variable tg := (t1---t,11) "
never enters below.

o(u) =u™ 1+ +u+ 1.

For J € J: 77 := [ o(ty, — 1) and ¢y := 77 - [I¥1 @(tj,t,). Since jo = 0, the pair
containing 0 contributes only the factor ¢, — 1.

[k C ptl [DS, Definition 1.3] is the set of (a1, . .., an+1) With a; # 1 for every i such that,
for some J € K, ajar, =1fori=1,... k.
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We use four results of [DS], collected here.

THEOREM 0 [DS]. Letn=2k>2, m>3,0#AK CJ, and Ax :=R/(¢y: J €

e (a) [DS, Theorem 1.1(a)] Tors(Hn(X)/Lk(X)) = Tors(Ax).

e (b) [DS, Claim 4.3] If K, is an algebraically closed field of characteristic p =0
or ptm, then dimg, (Ax ® Kp) =m" ™ — k|

o (c) [DS, Theorem 1.4] rank L (X) = |I'x| + 1.

o (d) [DS, Corollary 1.5] The order of the torsion of Hy(X)/Lk(X) is divisible
only by primes dividing m.

Part (b) is algebraic: it is a count of points by the Chinese remainder theorem (Appendix B,
Step 6). Parts (c) and (d) follow from (a), (b) and the proof of (a) in a few lines. For the
reader who wants to check the only topological input, Appendix B gives a self-contained proof
of Theorem 0 modulo two results that we do not re-prove: Pham’s description of the homology
of the affine Fermat variety [Ph], and the intersection numbers of the standard spaces with the
Pham cycle [DS, Theorem 2.2].

2.1 Torsion as one dimension

Proposition 2.1. Let ) # K C J. For every prime p, dimp, (Ax ® Fp) > m"t — Tk, and
H,(X)/Lk(X) is torsion free if and only if equality holds for every prime p dividing m. More
precisely, for each prime p, equality holds iff Ax has no p-torsion, iff H,(X)/Lk(X) has no
p-torsion.

Proof. R is a free Z-module of rank m™*! (basis t¥, v € (Z/m)"™!), so Ak is a finitely
generated abelian group; write Ax = Z° ®© @, T, with T, a finite /-group. Tensoring with F),
gives dimp, (Ax ® F,) = p+ ¢p, where ¢, is the number of cyclic factors of T}, (since Z/(* ® F), is
F, for £ = p and 0 otherwise). By Theorem 0(b) with p =0, p = dim¢(Axg ® C) = m" ™ — k|
So the inequality holds, and equality at p means T, = 0. (This part of the proof uses only
Theorem 0(b), which is algebraic.) By Theorem 0(a), H,(X)/Lk(X) is torsion free iff A is;
by Theorem 0(d), only primes dividing m can occur. [ |

From now on, until the end of §5, p is an odd prime, v > 1 and m = ¢ = p* (odd m that are not
prime powers are treated in §6-§7). Then only the prime p matters, and Ax ® F), = Fp[G]/(¢; :
J € K), where Fp[G] := Fplt1,. .., tag41]/(t] — 1) and ¢ is the image of ;.

2.2 The count

Let T be a finite set of ¢ — 1 elements with a fixed-point-free involution u — —u (for instance
T =FJ)). It has h := (¢ — 1)/2 orbits {u, —u}, which we call classes.

Lemma 2.2. For odd q, [T'7| = Qr(q). More precisely, T 7| is the number of N-tuples in
tq \ {1} whose multiset is closed under inversion, and this is also the number of N-tuples in T
whose multiset is closed under the involution.

Proof. Let a = (a1,...,a41) € 'y and put ag := (a1 ---ager1)"'. The pairs {j;, k;i}, i > 1,
cover {1,...,2k+1}\ {ko} and their products are 1, so [[;>; a; = ax, and ag = a,;ol # 1. Hence
a € Ty iff the multiset {ag,...,a2k41} C g \ {1} splits into inverse pairs. Conversely, if an
N-tuple in pg \ {1} is closed under inversion, its product is 1, so it is determined by its last
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2k 4 1 entries. Since ¢ is odd, inversion has no fixed point on p, \ {1}, which splits into h pairs
{c¢,c71}. By the exponential formula (the generating function of a product of labelled structures
is the product of the generating functions), each pair contributes the factor 3", 2/ (b!)% = Io(2x)
(choose b coordinates equal to ¢ and b equal to ¢~1). This gives Qx(g), and the same computation
applies to T. |

Lemma 2.2 and its proof hold for every odd m in place of ¢; §6, §12 and §13 use it in that form.
Likewise Lemma 2.3 below holds in any ring F'[t]/((t — 1)?) with F' D F}, a field and ¢ = p", and
Lemma 2.4(i) over any such field F'; this is how §6.4 uses them.

External check. At k=1, Q1(¢) = 3(q¢ — 1)(¢ — 2), so rank L(X) = 3(m — 1)(m — 2) + 1. For
m = 3 this is 7, the Picard number of the cubic surface, which is generated by its 27 lines. It
agrees with the constant-term description of rank L(X) in [DS, Remark 4.4].!

2.3 A coordinate in which the relations become linear
Lemma 2.3 (identities in characteristic p). In F,[t]/(t? — 1) put y :=t —t~L. Then:

o (i) Fplt]/(t1 — 1) = Fplyl/(y?), and t — t~1 becomes y — —y;
® (”) mn Fp[tjvtk]/<t;1‘ - 1JZ - 1)7 tjtk: -1= (m”t) : (yj + yk);
o (i) p(u) = (u— 1)1 in Fy[ul.

Proof. (i) t2 — 1 = (¢t — 1)? in characteristic p, because ¢ = p"; so t — 1 is nilpotent, and
the ring is local with maximal ideal (¢ — 1). The elements ¢t and t +1 = 2+ (t — 1) are
units, the second because 2 € F.*. Hence y = t=1(t — 1)(t + 1) is a unit times t — 1, so
y/ # 0for j < g—1and ¢ = (unit) - (t+ — 1) = 0. The q elements 1,y,...,y?" ! lie in
successive powers of the maximal ideal and not in the next, so they are linearly independent;

the ring has dimension ¢, so it is F,[y]/(y?). Inversion sends t — ¢! to t71 — ¢t = —y. (ii)
yi+uk =t +ti =t =t = () (k) (Gte — 1), and ¢+t =24 (t; — 1) + (t, — 1) is
a unit. (iil) (u —1)p(u) =u? —1 = (u—1)%, and Fplu] is a domain. [

Write B := Fy[y1, ..., yor+1]/ (U1, - - -, ¥5,41); by (i), Fp[G] = B. Put

q—2
D(a,b) :== Y (=1)"a"b4>"" = (0" —a?")/(a +b).
u=0

The second expression holds in Z[a,b] because g — 2 is odd. D is antisymmetric, D(b,a) =
—D(a,b), and at ¢ =3 it is D(a,b) = b — a.

Lemma 2.4 (identities in characteristic p). (i) (a+b)7"1-b = —ab-D(a,b) in Fpyla,b]/(b?). (ii)
For every J € J, vy = (unit)-Y -Dy in B, where Y := y1y2 - - Yop+1 and Dy := Hle D(yj., yk,)
is the product over the k pairs of J that do not contain 0.

Proof. (i) The sum (a + b) -23;3(—1)8a8bq—1—5 telescopes to (—1)971a? 4 b7 = a? + b%, which is
(a+b)? in characteristic p. So (a+b)4~! = Eg;é(—l)sa‘*bq*ks in the domain Fj[a, b]. Multiply
by b and drop b%: Y01 (—1)%a®b?* = —ab- Y03 (~1)%a"b4"2"". (i) By Lemma 2.3, up to
a unit, ¢y = H?:O Yk H?:l(yji + yki)q_l' By (1), k(v + yki)q_l = Y596 DY, yk,) for
each ¢ > 1. The indices {ko} UU;>1{Ji, ki} are exactly {1,...,2k + 1}, so the monomial factors
multiply to Y. - |

!The polynomials displayed in [DS, Remark 4.4] are, for odd m, the corresponding values of |I' 7|, in accordance
with the constant-term description rank L(X) = 1+ |I'7| given there; this is how we quote them in §3.
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2.4 The sum form (S)

Let C = Fyly1, ..., yors1)/ (I .. ,ygl;il), of dimension (g — 1)%¢+1,

Proposition 2.5 (the translation). Let ¢ = p’, k > 1 and 0 # K C J. Then
dimp, F,[G]/(¢y : J € K) = ¢**! —dimp,(Dy : J € K)C, and

o dimp,(Dy:J € K)C < |T'k| always;
o Hy(X)/Li(X) is torsion free iff dimp, (D : J € K)C = |T'k]|.

In particular (K = J ), the Main Theorem at (k,q) is equivalent to
(S) dimp,(Dy: J € J) - C = Qi(q).

Proof. Multiplication by Y on B kills exactly the monomials having some exponent > ¢ — 1,
so its kernel is (397", . .. ,yg;il)B, and it induces an injective linear map C — B, f — Y f.
By Lemma 2.4(ii), the ideal (¢»; : J € K)B = (YD : J € K)B is the image of the ideal
(Dy : J € K)C under this map, so the two have the same dimension. The two claims follow
from Proposition 2.1 and Lemma 2.2. |

Remarks 2.5° (1) The generators D; all have degree k(¢ — 2). (2) What the topology is
needed for. The inequality dim(D;)C < Q(q) can also be proved with no topology: it is part
of Theorem 5.9, and it also follows from Propositions 2.6 and 11.1. The inequality is also the
case p|m of Proposition 2.1, whose proof uses only Theorem 0(b), a Chinese-remainder count.
[DS] is needed only for two things: that equality in (S) is equivalent to torsion-freeness, and the
rank of L(X). (3) [DS, §5] formulate a computational criterion of the same kind in the ring
R:=Z[t1,...,th11]/(0(t1), ..., o(tns1)), through their Lemma 4.5 (v; = £Aps, A = II(t; — 1)).
We do not use it.

2.5 An equivalent intersection form

Proposition 2.6. Let I} = (y;, + yr, = @ = 1,...,k) and bi(r) = dimFy,[y,...,
Yor+1l/ Nyes Iy + WL, - ¥sq1)). Then dim(Dy : J € J)C = bp(q — 1), so (S) is equiv-
alent to bi(¢ — 1) = Qx(q). Eliminating xo := —(y1 + -+ + Yok+1), br(r) = dim Fplzo, ...,

Tort1)/ Nyes Ly + (xh, ..., 2hy ) with 17 := (x4 + 2y : {a,b} € J).

Proof. On B put (f,g) := the coefficient of [, yf’_l in fg. Then (y*,¢%) = 1ifa+ 8 =
(g—1,...,9g—1) and 0 otherwise, a permutation matrix, so the pairing is non-degenerate. For
an ideal I C B, (f,gh) = (fg,h) shows that f € anng([) iff f L I; hence dimanng(I) =
dim B — dim I, and anng(}";I;) = N anng(ly). So dim(y; : J)B = dim B/, annp(¢y),
which equals dim(Dy : J)C by the proof of Proposition 2.5. For a fixed J, the linear forms
W = Ykys Wi = Yj, + Yk;» Vi := Yk, (1 > 1) form a basis of Fy; @+ D Fyyok41. Since €1 =3 ¢;y!
for every linear form ¢ = 3 ¢;y; over F, (Frobenius, and ¢? = ¢ on F,), the ideal (y}) is also
generated by w?, uf,v?. In these coordinates ¢y = (unit) - w - [[;5; v;ul~', a monomial times

a unit, whose annihilator in the box ring is the monomial ideal (wi~!) + (vf_l,ui ci> 1),

Modulo w; one has y;, = —wv;, so this ideal is I, + (I, ,yg,;il). Finally y! € (y?fl), =)
B/N;(...) = Flyl/ NI + (yI™)). For the last sentence, put o := g + --- + Zopp; and
substitute y; = x; (i > 1), zg = —>_ ;. Two facts are used. (1) Every I; contains o (it is the

sum of the generators x, + xp); by the correspondence between the ideals of S containing o and
the ideals of S/(0) = F,[y|, the intersection of the ideals I; + (z]) maps onto the intersection
of their images. (2) Modulo I, zo = —xp,, 50 x5 € I; + (z7,..., 2 ), and the image of

Iy 4 (g, .-y ) is T+ (Y1, - Yhpg)- [ ]
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By Matlis duality this form is equivalent to (S), not weaker: it is a restatement, not a reduction.
It is used in §11.

2.6 A worked example: the cubic surface, (k,q) = (1,3)

Here n = 2, N = 4, and J has three matchings, [[0,1],[2,3]], [[0,2],[1,3]], [[0,3],[1,2]]. The
pairs avoiding 0 are (2,3), (1,3), (1,2), and at ¢ = 3, D(a,b) = b — a, so the generators are
Y3 — Y2, Y3 — Y1, y2 — y1 in C' = F3[y1, v, y3]/ (v}, y3, y3), of dimension 8. The ideal they generate
has dimension 2 in degree 1 (two of the three are independent), 3 in degree 2 (y1(y2—y1) = Y12,
y1(ys — y1) = v1ys, and y2(ys — y1) = y2ys — y1y2), and 1 in degree 3: in total 6. On the other
side, T = Fy* = {1,2}, and I (§3) consists of the tuples in 7% with one negation pair, i.e. the
23 —2 = 6 non-constant tuples. So (S) holds, rank L(X) = 7, and dim F3[G]/(¢5) = 3% —6 = 21.

3. The count

By Lemma 2.2, Qx(q) = N!- [2N]Iy(22)" with N = 2k + 2 counts the N-tuples in T whose
multiset is closed under the involution. In small cases:

« Qolg) =

e Qi(q) = (q - 1)( 2) (the coefficient of x* in Io(2z)" is h/4 + h(h — 1)/2, times 4!);

o Qr(3)=C(2k+2,k+1) (here h = 1, and [#2*+2]I5(22) = 1/((k + 1)!)?);

e Qa(q) = 15¢® — 90¢% + 175¢ — 100 and Q3(q) = 105¢* — 1050¢> + 3955¢> — 6335¢q + 3325,
the polynomials of [DS, Remark 4.4].

g\ k 1 2 3 4 5

3 6 20 70 252 924

) 36 400 4 900 63 504 853 776

7 90 1 860 44 730 1172 556 32 496 156

9 168 5120 190 120 7939 008 357 713 664

11 270 10 900 551 950 32 232 060 2 070 891 900

13 396 19 920 1281 420 96 807 312 8 175 770 064

25 1 656 182 400 26 926 200 4 890 642 624 1 038 711 332 736

27 1 950 234 260 37 849 630 7 550 855 676 1767 675 505 596

(By the Main Theorem, for m = q, rank L(X) = Qx(q) + 1 and L(X) is primitive in every cell
of the table.)

The zero-free point set. For the proof we use a set of points of the same cardinality. For
a tuple M in T let v(M) be the largest number of pairwise disjoint pairs of indices {a, b} with
Ys = —Ya, and put

= {y e T* :v(y) = k}.

Lemma 3.1. [I'| = Q(q).

Proof. In each class {u,—u}, a tuple M has a entries equal to v and a equal to —u; the
class contributes min(a, a) disjoint negation pairs, and v(M) is the sum of these contributions,
since negation pairs never leave a class. If v(y) = k for y € T?*1 then exactly one entry
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is left unpaired, with a value w. Appending —w gives an N-tuple closed under the involution.
Conversely, if an N-tuple is closed under the involution, deleting its last entry z leaves a (2k+1)-
tuple with v = k whose unpaired value is —z, so the last entry is determined by the others. This
is a bijection onto the closed N-tuples, which number Qx(¢) by Lemma 2.2. [ |

4. Warm-up: the cubic case q = 3

For ¢ = 3 the proof of §5 applies, but there is a shorter proof that also produces an explicit basis.
It works over every field; we write it over F3. Put n’ := 2k + 1. Then C = F3[y1,...,yw]/(v?)
has the basis yu := [Liep i, U € [0'] := {1,...,n'}, and D(a,b) =b—a, 50 Dj = [](4) (Y6~ Ya)
over the k pairs (a < b) of J not containing 0. Order the monomials lexicographically with
Y1 > Y2 > > Yy

For U C [n/], read i = 1,...,n as a path: an up-step if i € U, a down-step if i« ¢ U. Let
h(i) := |UNTi|| —|[7]]\U|, and let U := {U : h(i) > —1 for all i} (paths that never go below —1).

Theorem 4.1. For every k > 0, dimp,(Dy : J € J)C = C(2k +2,k+ 1) = Qr(3). The
lexicographic leading monomials of the ideal are exactly the yy, U € U, and its graded ranks are
C(n',u) —C(n',u+2) in degree u = k,...,n’. Hence Conjecture 1.2 of [DS] holds for the cubic
Fermat variety of every even dimension.

Proof. (i) Leading monomials of certificate elements. For T C [n/] and J € J with {0,c} € J,
the element yr - Dy is yLCET] . H(a’b) Jap, Where fop = yp — yo if {a,b} N T = («untouched»),
Jap = Yap if a € T F b, faop = —yap if b € T F a, and fop, = 0 if {a,b} C T. The
factors involve disjoint sets of variables, so a non-zero yrD; is a sum of 2#untouched Jigtinct
squarefree monomials with coefficients £1. The lexicographically largest one chooses —y, in
every untouched pair: two of these monomials first differ at the smaller element of a pair where
the choices differ, and that element is an a. So LM(yrD;) = yy with coefficient +1, where

U ={a: (a,b) untouched} U Uoycheatas b} U ({c} N'T).

(i) Every U € U is reached. Match the steps greedily: each down-step i ¢ U is matched with the
nearest earlier unmatched up-step. A down-step stays unmatched exactly when the path reaches
a new minimum below 0 at it, so the number of unmatched down-steps is max (0, — min; h(i)) < 1.

o If there is one unmatched down-step, call it ¢. The number of unmatched up-steps is then
|U| — (n' — |U| — 1), which is even.

o If there is none, 2|U| — n’ up-steps are unmatched. This number is odd and > —1, hence
> 1; let ¢ be the largest unmatched up-step. An even number remain.

Pair the remaining unmatched up-steps consecutively into «full pairs». The matched pairs
(a < b), the full pairs and {0, c} form a matching J € J. Let T consist of the smaller element
of each full pair, together with c if ¢ € U. Then every matched pair is untouched and every
full pair is touched exactly once, so by (i) LM(yrDy) = +yy. Conversely, if yy is a leading
monomial as in (i), then every element of [n/] \ U other than possibly c is the larger element b
of an untouched pair whose smaller element a lies in U. This injection shows that at most one
down-step is unmatched, so U € U.

(iii) Counting. Paths of length n’ with u up-steps number C'(n’, ). By reflecting the part after
the first visit to —2 (André’s reflection), those that visit —2 are in bijection with the paths with
n’ — u — 2 up-steps, of which there are C(n/,u + 2). For u < k — 1 the endpoint 2u —n’ < —3
forces a visit to —2. So #{U e U : |U| = u} = C(n',u) — C(n’,u+2) for u > k and 0 otherwise.
The sum telescopes to C(n', k) + C(n',k+1) = C(2k + 2,k + 1).
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(iv) Conclusion. Elements of a subspace with pairwise distinct leading monomials are linearly
independent, in any characteristic: the leading monomial of a non-trivial combination is the
largest leading monomial that occurs with a non-zero coefficient. Hence dim(D;)C > |U| =
C(2k + 2,k + 1) = Qx(3). Equality holds by Theorem 5.9 (or by Proposition 2.5), and it forces
the set of leading monomials of the ideal to be exactly {yy : U € U}, which gives the graded
ranks. |

Remarks 4.2. (1) The graded ranks C(n/,k + j) — C(n/,k + j + 2) are the ballot numbers
C(2k+2,k+1—75)(2j+1)/(k+2+7) (OEIS A039599). For k = 1,...,6 they are 2,3,1-5,9,5,1
-14,28,20,7,1-42,90,75,35,9,1 - 132,297,275,154,54,11,1 - 429,1001, 1001, 637,273, 77,13, 1.
(2) The proof uses the full family: step (ii) needs matchings that are arbitrary. For a subfamily
the same argument only bounds the union of the leading-monomial sets, and at ¢ = 3, k = 2
there are subfamilies for which the analogue of (S) fails (§11). (3) An alternative route, not
needed here. In the N-variable form of Proposition 2.6, the span of the generators at ¢ = 3 is
spanned by the Specht polynomials of the two-row shape (k + 1,k) of Sori1, and the degree-
(N — r) part of the ideal can be identified with the Specht module SN="") whose dimension
does not depend on the field [Jam]. We checked this identification at N = 4,6,8 (dimensions
6,20, 70), but we have not written it out as a proof, and Theorem 4.1 does not depend on it.

5. The proof of Theorem B

Throughout this section, F' is an arbitrary field, ¢ > 3 is odd, h = (¢ — 1)/2, and T is a set
of ¢ — 1 elements with a fixed-point-free involution v — —u (so T has h classes {u, —u}). For
m > 0 put

Crn = Fly, ... oym) /W81y ), s0 Cp = Coppr.

The field and the set T never interact: F' carries the ideals, T carries the point sets, and the
two are compared only through dimensions and cardinalities. Every identity used is an identity
of polynomials with integer coefficients. The field reappears in §5.9, where we evaluate the
generators on a copy of T inside F.

The idea in one paragraph. Peeling off y; splits an ideal V' into ¢—1 nested slices, and a point
set Z into ¢ — 1 nested layers (Lemma 5.1). If each layer is the point set of an ideal contained
in the corresponding slice, induction on m gives dimV' > |Z|. To make this possible we index
both sides by down-sets of partitions: Vj is generated by products of divided differences and
Vandermonde determinants, and Z, is the set of tuples whose unpaired part has shape in A.
The number of values of y; that complete a tail depends only on the shape p of the tail (P1,
§5.4). The ¢ — 1 shapes obtained from p form a chain for weak dominance (§5.5), so the layers
are again down-sets (P2, §5.6). And each generator of a layer lifts to the right slice by one of
three explicit constructions (P3, §5.7).

5.1 Peeling one variable

Write Cpy = Cpu_1[1]/(¥7 1), where Cyy,_1 is the ring in ys, ..., ym. For an ideal V C C,, and
0<7<q—2put

Vej={f €V :deg, f<j}
Wi(V) :={[y{lf : f € V<j} € Crr.
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Lemma 5.1 (peeling; linear algebra and counting). (i) W;(V) is an ideal of Cy—1. (i1)
Wi(V) € Wia(V) for 0 < j < ¢—2. (i) dimV = Y12 dimW;(V). (i) For Z C T™,
let FIM') :=={y eT: (yyM') € Z} for M' € T"™ ! and Z~; :== {M' : |[F(M")| > i}. Then
2] = 21254

Proof. (i) For g € Cpp—1 and f € V<;, gf € V<; and [y{](gf) =g- [y{]f (ii) If f € V<;, then
y1f € V<jq1 and [y{ﬂ](ylf) = [y7]f; this uses y7 ™' # 0, ie. j+1 < ¢q—2. (iii) The map
Vej = W;(V), f+— [y]]f, is onto with kernel V<;_1, and V = V<,_5. (iv) |Z| = Zpp|F(M')].
Since |F(M')| < ¢—1, each M’ lies in Z-; for exactly the |F(M')| values i =0, ..., |F(M")| —1,
SO EZ‘Z>Z‘:EM/|F(M,)‘ |

5.2 Partitions, residues and weak dominance

o Residue. Regard M € T™ as a multiset of values. In each class {u,—u} let a, a be
the multiplicities of u and —u in M. The class contributes min(a,a) negation pairs, and
V(M) = 3 jasses Min(a, @), since a negation pair lies inside one class and the classes are
disjoint. The residue keeps, in each class with a # a, |a — a| copies of the majority value.

e A(M) is the partition formed by the multiplicities of the residue. Distinct residual values
lie in distinct classes, so £(A(M)) < h, and |AN(M)| = X|a —a| =m —2v(M) = m (mod 2).

o Parl® := {\:|\| < m,|A| =m (mod 2),£()\) < h}. The cap £(\) < h matters: for example
(1) ¢ Par™ when m > h. We write Par,, when h is fixed.

o« Weak dominance. For a partition A let S;(A) be the sum of its ¢ largest parts, padded
with zeros. Put A < p iff Sp(\) < Si(u) for all t > 1. The order is defined also between
partitions of different sizes; it is a partial order, not a total one ((2) and (1,1,1) are
incomparable).

o For a g-down-set A C Par,,, Zy :={M € T™ : \(M) € A}.

o Tight patterns. For A\ € Par,, and an index set I with |I| = m, a tight pattern of
A on I consists of p = (m — |\|)/2 pairwise disjoint pairs P of elements of I, together
with pairwise disjoint blocks By, ..., By, with |B;| = A. (the column lengths of ), which
partition the rest of I. Its product is Dp-[]. A(B.), where Dp := [T(a<t)cr D(ya,yp) and,
for B={b; <--- <b}, A(B) := det(y,fc_l)e,czl,_r = [ece (Wb, — Yb.) (the Vandermonde
determinant, with A(Q) = A({b}) =1).

e The blocks are indexed by the columns of A. In the proof of Theorem 5.9 a row of A carries
one value and a column carries pairwise distinct values.

o V) C (), is the ideal generated by the products of all tight patterns on [m] of all A € A.
For m = 0 the empty product is 1.

Lemma 5.2 (the root; the only place where the full family enters). In Pargyiq,
A ={(1)} is a down-set, Vi) = (Dy: J € J)Coy1, and Zny =17, so | Z1)| = Qr(q)-

Proof. If A < (1) then Sy(\) <1 for all ¢, so |A| < 1; since |A| is odd, A = (1). A tight pattern of
(1) on [2k + 1] consists of k disjoint pairs and one singleton block (with A = 1), so its product is
Dp for a set P of k disjoint pairs covering [2k+ 1]\ {c}. Adding the pair {0, ¢} gives a matching
J € J, and every J arises in this way; since D is antisymmetric, Dp = £D;. So V() contains
Dy for every matching J: this is where the whole family 7 is used, and a subfamily would give
a smaller ideal. Finally A(M) = (1) iff v(M) =k, so Z(1y =T", and [I"| = Qx(q) by Lemma 3.1.
|
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5.3 The theorem
Theorem 5.3. For every field F', every odd q > 3, every m > 0 and every <-down-set A C
Par") | dimp Vy > |Zy].

Corollary 5.4. Theorem B holds, and so does (S) for every k > 0 and every ¢ = p*, p an odd
prime. Hence the Main Theorem for m = p*, p an odd prime.

Proof of the Corollary. By Lemma 5.2 and Theorem 5.3 with m = 2k + 1 and A = {(1)},
dimp(Dy : J € J)Cp > |I'| = Qr(q). The equality clause and the integral statement of
Theorem B are Theorems 5.9 and 5.9’ below (with Lemma 5.2, which holds verbatim over Z);

for (S) the reverse inequality is also Proposition 2.5. Proposition 2.5 then turns (S) into the
Main Theorem. |

The proof of Theorem 5.3 is by induction on m, with ¢ fixed, and occupies §5.4-§5.8. We fix
m > 1, a down-set A C Pary,, and peel y; (Lemma 5.1).

5.4 (P1) The fibres depend only on the residue partition

Take Z = Z, in Lemma 5.1(iv). Fix M’ € T™~! (indices 2,...,m) with A(M') = p, residual
values uq, ..., up in distinct classes, and multiplicities puq > --- > uy. Adding a value y for the
index 1 gives:

o y = —uy: the class of u; gains a negation pair, and A(y, M') = p — e; (one box removed
from row j, re-sorted);

o y=us My, M') = p+ey;

o y in one of the h — ¢ classes absent from the residue (where M’ has equal multiplicities,
possibly 0 =0): Ay, M) = p U1 (a new part equal to 1). There are 2(h —¢) =q—1—2¢
such .

These are £ + £+ (¢ — 1 —2¢) = ¢ — 1 = |T| values. Hence |F(M')| = Fr(u), where

Fy(u)=#{j:n—e e Af+#{j:n+e €A+ (¢—1-20) - [pUl €]

which depends only on p. So Zs; = Zy, with A; := {p € Parp,—1 : Fa(p) > i}. All the options
lie in Pary,: their size is |u| £ 1 < m, with the parity of m, and U1 only occurs when ¢ < h.

5.5 (Chain) The options form a chain

Let 7; be the last row of p of length 5, and r; the first. Removing a box from row j lowers the
last row of that length, and adding a box to row j raises the first one, so for all t > 1:

Si(p—ej) = Sp(p) = [t = 75],  Si(p+e5) = Se(p) + [t = 1],
Sp(pU1) = Se(p) + [t > €.

List the L := ¢ — 1 options by position p=1,...,L:

p—easSp—eas-Sp—egSpUl=-=plUlpte x-S pter
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with pu — e, at position p < £, the ¢ — 1 — 2/ copies of pLU1 at positions £ < p < L —{, and p+e;
at position L 4+ 1 — j.

Lemma 5.5 (inequality of partitions). The options at positions 1, ..., L are weakly increas-
ing for <. Consequently the options lying in A form an initial segment, and Fa(u) is the length
of that segment.

Proof. r; is non-decreasing in j (rows are sorted), so p—e; < pt—ejy1. Next, p—ey < p < pU1L.
Then p U1 <yt + eg, because ry < £ <t whenever [t > ¢] = 1. Finally r; is non-decreasing in j,
SOt +ejr1 < po+ej. Since A is a down-set, opt,, € A implies opt,, € A for all p’ < p. |
In particular the removals in A are y —eq, ..., u — e, for some r < £. Since rows of equal length
give equal partitions, the options at the positions of equal rows coincide, so r = 0 or r is the
last row of its length. The additions in A are p+e; for jo < j < ¥, with jo (if it exists) the first
row of its length. Put ¢ := [u U1 € A] (so ¢ = 0 when ¢ = h). If some addition lies in A, then
r =/{, and « = 1 whenever £ < h; if : = 1 then r = . Therefore

Fy(p)=r+(q—1-20) -1+ (0 —jo+1) - [jo exists]. (5.1)

5.6 (P2) The layers are down-sets

Proposition 5.6 (inequality of partitions). If u,fi € Parp,—1 and p <X fi, then opt, (i) <
opt,(f) for every position p. Hence Fa(p) > Fa(ft), and every A; is a <-down-set of Pary, 1.
The second sentence follows from the first: if opt, (i) € A then opt, (1) € A, so Fa(ji) < Fa(p),

and fi € A; implies ;1 € A;. We prove the first sentence. Write £ = ¢(y), ¢ = £(ji), and mark
with a tilde the quantities of fi. Recall that |u| = || (mod 2), since both lie in Par,,_;. Two
facts are used throughout.

(T) If¢ > lis tight, i.e. St(ﬂ) = St(ﬂ), then Lt > ﬂt (fI‘Ol’Il St—l(u) < St—l(ﬂ)) and Ht+1 < ﬂt+1
(from Spy1(p) < Sev1())-

(G) Each comparison below has the form Sy (p1)+6 < S(f1)+0 with 6,8 € {=1,0,1}. If6—0 <1,
it can only fail at a tight ¢ with § = § + 1. The one place where § — § = 2 is possible is
treated explicitly, in (d1).

The positions fall into seven cases. A removal of one partition is never compared with an addition
of the other, because £ + £ < 2h = ¢ — 1 leaves the middle positions of y in between.

case positions option of option of only possible why it cannot occur
W m failure

(a) p<min(,f) p—e, f—ep tight t, 7, <t <7, forces S,_1(ji) < Sp_1(p)

(b j<min((,0) p+e; i+ ej tight ¢, r; St<I; forces S; (1) < S;(w)

(c) middle il aul (<t</t the rows £+ 1,...,t of i,
(5.2)

(d1) t<p<li pwl i—ep §—6=2 (5.2) and parity

(d2) t<j<li pl f+e; none (5.2)

(el) l<p<t “w—ep aul none chain p—e, S < A< pUl

(e2) l<j<t w+e; aul tight ¢t < ¢ forces S;(f1) < S;(w)

(a) Removal against removal, p < min(¢, ). We need S;(u)—[t > 7] < Sy(ji)—[t > 7). The only
danger is a tight ¢ with r, <t < 7,. Then t > p, and rows p,...,t+ 1 of u all have length j,; in
particular py = g1 = pp. Since t +1 > 7y, figr1 < fip. By (T), fiur1 > pur1 = pre > fix > figy1,
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80 iy = firs1 = pp and fi, > pp. Hence Si(i) — Sp-1(i) = Yooy fis > fip + (t — plpp >
(t—p+1)pp = Se(p) — Sp—1(p). Since t is tight, S,—1(ft) < Sp—1(p), contradicting p < fi.

(b) Addition against addition, j < min(¢,£) (position L +1 — j). We need Sy(u) + [t > r;] <
Se(fn) + [t > ij]. The only danger is a tight ¢ with r; < ¢ < 7, Then t < 7; < j, so
pe = fu+1 = g, and fiy > fi; because t lies before the first row of fi of length ;. By (T),
fit1 2 flop1 = M5 = fig 2 flg = fleg1, SO [lg = flgg1 = fbj > flj. Every [is with s > t is at most
pj, and fij < pj, s0 Yol fis < (J—O)pj = Y1, 1 ps. With tightness at ¢, Sj(a) < S;(p): a
contradiction.

(¢) Middle against middle. We need Sy(u) + [t > €] < Sy(fi) + [t > £]. If £ > { this is immediate.
If ¢ < 0and ¢ <t </, the rows { +1,...,t of i are non-empty, so

Si() = Se(p) + (8 = £) = Se(p) + (t =) = |p[+ (t =€) = |p[+1 = Si(p) + 1. (5.2)

Layout of the positions. If £ = only (a), (b), (c) occur. If £ < £, positions £+1, ..., ¢ compare a
middle option of x with a removal of i (case d1), and positions L+1—j with £ < j < { compare
a middle option of p with an addition of i (case d2). These positions are middle positions of p
because £ 4+ £ < 2h = L. If £ > /, the roles are reversed (cases el, e2).

(d1) ¢ <p < 0: pU1 against ji — e,. We need Sy(p) + [t > €] < Sy(ji) — [t > 7). Here § — & can
be 2, so we check every t.

e t < /: both brackets vanish, since 7%p >p>L0>t.

o t >0 S(f1) = |fi| > |ul + (£ =€) > |p| + 1 by (5.2) at t = {; by parity |fi] > |u| + 2, which
suffices.

o L42<t <l Sy(f) > |ul+ (t =€) > |ul +2 by (5.2).

et =/(+1< U ift <7y (52) suffices. If t > 7,, then 7, = p = £+ 1 and we need
Ser1(fn) > |p| + 2. If figy1 > 2 this holds, since Sp(f1) > |p|. If figr1 = 1, then row £+2 < /¢
of ji also has length 1, so 71 > £+ 2 > t, a contradiction.

(d2) £ < j < {: pU1 against fi +ej. We need Sy(u) + [t > €] < Sy(f1) + [t > 7;]. For t < { this
is immediate. For £ <t < £ it follows from (5.2), and for ¢ > £ from || > |u| + 1.

(el) < p<t: p—ep against i1 (which exists because £ < £ < h). Here p—ep S p< i< pul.
(e2) £ < j < €: pu+ej against i U 1. We need Sy(u) + [t > ri] < Si(in) + [t > . Fort > ¢
the right bracket is 1, so this is immediate. For ¢t < { with ¢t > r; we need strictness. Suppose
t is tight. Then r; <t < (< j,s0 iy = g1 = pi > 1. By (T), fig < pe = pj, so fis < iy for

every s > t. Moreover fi; = 0, since j > (. Hence Zgztﬂ fis < (j —t)pj = >l_y 1 ps, and with
tightness S;(f1) < Sj(u), a contradiction.

The positions 1,..., L are covered by (a)—(e) exactly once: removals occupy positions < ¢ or
< ¢, additions the last £ or ¢ positions, and the middle the rest. The degenerate cases £ = 0,
¢ = h (no middle positions) and ¢ = h are included. [ |

5.7 (P3) Every tight pattern of a layer lies in the right slice

We need three identities of polynomials, all with integer coefficients, hence valid in C), over any
field.

Lemma 5.7 (identities over 7). (i) For 0 <t < q— 2: [y(lz_z_t]D(yl,yb) = (=1)tyt. (i)
Let S ={by < --- <b.} and ey, := (=1)"F. Then Y pegepA(S\b)yl =0 for0 <t <r—2, and
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=A(S) fort=r—1. (i) If 1 ¢ B and |B| < q¢ — 2, then A(BU{1}) = [l.ep(ye — y1) - A(B)
has y1-degree | B| in Cy,, with top coefficient (—1)IPIA(B).

Proof. (i) The coefficient is (—1)7727y!, and ¢ — 2 is odd. (ii) The left side is the expansion,
along its last row, of the Vandermonde matrix of S with its last row (y; ') replaced by ().
For ¢ < r —2 two rows coincide. (iii) This is the factorisation of the Vandermonde determinant;

yllBl # 0 in Cy, because |B| < ¢ — 2. "

Proposition 5.8 (linear algebra). For every i € {0,...,q —2}: Vi, € Wy_o_;(Vp). Here
Vi, C© Cr—1 s built on the indices 2,...,m.

Proof. Since W,_9_;(Vy) is an ideal (Lemma 5.1(i)), it suffices to treat a generator. Let u € A;,
so ® := Fy(u) > i+ 1, and let G be the product of a tight pattern of x on {2,...,m}, with
pairs P and column blocks B.. By Lemma 5.1(ii) it is enough to show G € W;(V}) for some
j<q—1—®: then j < qg—2—1i. We use (5.1). Since ® > 1, at least one term of (5.1) is
non-zero, and we split into three cases, which are mutually exclusive by construction: («) jo
exists; () jo does not exist and ¢ = 1; () neither, so that ® =r > 1. In case (), ¢t = 1 forces
¢ < h, since p U1 € Par,, requires ¢(u) +1 < h.

(o) jo exists (A := p+ej, € A). The column cx := pj, + 1 of p has height jo — 1, because
jo is the first row of its length; let B := Be, (possibly empty). Put the index 1 into B. The
result is a tight pattern of A on [m]: column cx of A has height jp, and the number of pairs
(m—1\)/2 = ((m—1)—|u|)/2 is unchanged. Its product lies in Vj, has y;-degree jo— 1, and by
Lemma 5.7(iii) its top yi1-coefficient is £G (note |B| = jo—1 < h—1 < ¢—2). So G € Wj,—1(Vh).
By (5.1), 7 = here. If { < h,then:=1land ® =0+ (¢—1—-20)+ ({ —jo+1) =q—jo. If
{=h,thenqg—1—-2{=0and ® =2¢ — jo+ 1 =g — jo. In both cases jo—1=qg—1— .

(B) no jo, andt =1 (A\:==pU1l €A, £ <h). Put the index 1 into the first column block Bj, of
height ¢; column 1 of A has height £+ 1, and the number of pairs is unchanged. The product has
y1-degree ¢ < g — 2 and top coefficient =G, so G € Wy(Vy). By (5.1),r =fand ® =q¢—1— ¢,
ie. {=qg—1—®. (For =0 the block is {1}, A =1, and the degree is 0.)

(v) only removals (® =r > 1, A := p— e, € A). The column p, of y has height r, because r is
the last row of its length; call its block S, |S| = r, and write G = A(S) - G', where G’ involves
no index of S U {1}. For b € S, the pairs P U {(1,b)} together with the blocks B, (¢ # p,) and
S\ {b} form a tight pattern of X on [m]: column p, of A has height » — 1, and the number of
pairs (m —|A])/2 = ((m — 1) — |u|)/2 4+ 1 has grown by one. Hence

f=>aA(S\b)D(y1, )G € Vi.
besS
By Lemma 5.7(i),(ii), [y9>"1f = (=1)""1 (X, €A (S \ b)y})G'. This vanishes for ¢ < — 2 and

equals +A(S)G" = +G for t = r — 1. So deg,, f < ¢ — 1 —r, with top coefficient +G, and
G e qulfr(VA) = Wq_l_@(VA). [ |

The three constructions land exactly in the slice ¢ — 1 — ®, the largest index the proof can afford
(see Remark 5.10(2)).

5.8 The induction
Proof of Theorem 5.3. Induction on m, with F, ¢ and T fixed.
o« Base m = 0. Parg = {0}. If A = {0}, then V) = Cy = F (the empty product) and

Zn =TV is one point: 1 > 1. If A = (), both sides are 0.
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¢ Relabelling. A permutation of the index set sends every tight-pattern product to =+
another one, since D and A are antisymmetric. Hence V) is invariant under relabelling,
and so is |Z,|. So the statement for m — 1 variables applies to the variables ya, ..., Y.

e Step. Let m > 1. By Lemma 5.1(iii), Proposition 5.8, the induction hypothesis, and
Lemma 5.1(iv),

q—2 q—2
dimVy = > dimWy_o_;(Va) > > dim Vi, > B85 Zs,| = 2071 Zoi| = | Za|.
=0 =0

The induction hypothesis applies because each A; is a down-set of Pary,,_; (Proposition 5.6).
The identity Z,, = Z~; is §5.4. |

5.9 Equality

For an ideal I C Fly1,...,ym| let gr(I) be the ideal of top-degree forms: its degree-d part
consists of 0 and the homogeneous parts of degree d of the elements of I of degree exactly d. (It
is an ideal: for f,g € I of degree d, the form f*P + ¢*P is 0 or (f +¢)*P, and y; f*°P = (y,; f)*°P.)

Lemma 5.8’ (top-degree forms). (i) If I C Fly| is generated by fi,...,fs, then gr(I) 2
(fi°P, ..., flop). (ii) If dimp F[y]/I < oo, then dimp F[y]/ gr(I) = dimp Fy]/I.

Proof. (i) fi € I, so fimp € gr(I). (ii) Fix a degree-compatible monomial order. For f # 0, the
leading monomial of f is that of f*P. The ideal gr(I) is homogeneous, so each of its non-zero
elements g has ¢g*°P € gr(I), and g*°P = f*P for some f € I. Hence gr(I) and I have the same
monomial ideal of leading monomials, and by Macaulay’s basis theorem [CLO] the standard
monomials are a basis of both quotients. |

(The initial ideal of I is a monomial ideal and contains the leading monomials of the f;, not the
fi; it is gr(I) that contains the forms themselves. Version 4 of this paper wrote «initial ideal»
for gr in the proofs of Theorem 5.9 and Proposition 11.1.)

Theorem 5.9. If char F' does not divide g — 1, then dimp Vy = |Z,| for every m > 0 and every
<-down-set A C Parg;). In particular, for such F, equality holds in Theorem B (for every field,
see Theorem 5.9°), and dimp, (D : J € J)C = Qr(q) for ¢ = p¥ without any appeal to topology.

Proof. By Theorem 5.3 it suffices to prove <. The generators of Vj have integer coefficients, so
dimp Vj does not change under extension of the field, and we may assume that F' contains the
group pg—1 of (¢ —1)-th roots of unity. Since char F' { ¢— 1, the polynomial y9~1 —1 is separable,
|g—1| = ¢ —1, and —1 € py—q is not 1 (because ¢ — 1 is even and char F' # 2). So we may take
T := pg—1 with the involution u +— —u, which has no fixed point.

Evaluation. For a,b € T, the identity (a + b)D(a,b) = b?~! —a?~! = 0 shows D(a,b) = 0
unless b = —a, and D(a, —a) = >, (—1)*(=1)9727%q9"2 = —(q — 1)a?"2 # 0. A Vandermonde
determinant A(B) is non-zero at a point iff the values on B are pairwise distinct. So the product
of a tight pattern (P, By,..., By,) of A is non-zero at M € T™ iff every pair of P is a negation
pair of M and every block B, carries pairwise distinct values.

Support. Suppose such a product is non-zero at M. Let M’ be the multiset of the |A| values of M
outside P, and ¢/ its multiplicity partition. A value occurs at most once in each column block,
so the ¢ most frequent values of M’ occupy at most min(¢, \,) places of column ¢; summing over
¢, Sp(V') < Y min(t, A.) = Si(A), so v/ < A. The pairs of P do not change the residue, and
passing from M’ to its residue replaces, in each class, the two multiplicities a,a by one part
la — a| < max(a,a); so the parts of A(M) are bounded, one by one, by distinct parts of v/, and
A(M) < v'. Hence A(M) < A, and if A € A then M € Z,. So the union ¥ of the supports of
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the generators of V) is contained in Z,. (It is in fact equal: for M € Z,, take v(M) disjoint
negation pairs of M and put the residue into the columns of A(M), one value per row.)

Degeneration. Let g1,...,gs be the generators of Vy, viewed as homogeneous polynomials in
Flyi,...,ym], and put I := (g1,...,9s)+ (y?*1 —1,...,y47 1 —1). Since y?7 1 =1 = [[,er(y —u),
the Chinese remainder theorem gives Fy]/ (y?_l —1) =2 FT" | the ring of functions on 7™. In
a finite product of fields, the ideal generated by some functions consists of the functions that
vanish outside the union of their supports. So I is the ideal of the functions vanishing on 77\ X,
and dimp Fly]/I = (¢ —1)"™ — |X|. The top-degree form of g; is ¢g; and that of yg_l —1is yf_l.
So, by Lemma 5.8°(i), I' := (¢1,...,9s) + (yiﬁl, oo yd=1) C gr(I), and by Lemma 5.8'(ii)

dimp Cp/Vy = dimp Fly]/I" > dimp Fly]/ gr(I) = dimp Fly)/T = (¢ —1)" — |3,

that is, dimp Vy < |X| < |Z4]. |

Complement (the associated graded ring). Assume, as in the proof, that char F' { ¢ — 1 and
pg—1 € F, and read Vj + (y;-]_l) as the ideal (g;) + (yg_l) of Flyi,...,ym]. In the situation
of the proof, Theorem 5.3 turns every inequality into an equality: ¥ = Z, and I’ = gr(I). So
Va + (y(f*l, ...,y% 1) is the ideal of top-degree forms of the ideal of the finite set 7™ \ Z, C
g1, and Ci,/Vy is the associated graded ring of the ring of functions on 7™ \ Zy, for the
degree filtration. In other words, the tight-pattern products give a complete description of this
associated graded ring. This is the same kind of statement as the Garsia—Procesi and Tanisaki
descriptions of the associated graded rings of orbits [GP], [Ta], here for a new family of point

sets, indexed by down-sets of partitions under weak dominance.

Theorem 5.9’ (equality in every characteristic; freeness over 7). For every field F,
every odd q > 3, every m > 0 and every <-down-set A C Pargﬁ), dimp Vi = |Zy|. Moreover,
let Vi z be the ideal of Cyz = Z[y1, ... ,ym]/(yf_l, o, y%Y) generated by the tight-pattern
products of the elements of A. Then Cy, z/Va 7 is a free abelian group of rank (¢ — 1)™ — |Z,/,
each of its graded pieces is free, and the dimension over F of each graded piece of Vi does not
depend on F'.

Proof. The ring C,, 7 is free of rank (¢ — 1)™ on the monomials, and Vj » is homogeneous, so
M = Cp, z/Va,z = @g Mg with each M a finitely generated abelian group. The image of Vj »
in Cp, z ® F = C, generates V (the generators have integer coefficients), so by right exactness
of ®, Cp,/VA = M ® F, degree by degree. Write My = ZP4 @ (finite). Then dimp(My® F) =
pa + ci(F'), where c4(F') is the number of cyclic factors of order divisible by char F' in the
finite part (cq(F) = 0 if char FF = 0). With F = @, where Theorem 5.9 applies because 0
does not divide ¢ — 1, > ypqs = dimg Cpg/Vag = (¢ — 1)™ — |Za]. So for every field F,
dimp Cp,/VA > (¢ — 1)™ — |Z,], that is, dimp V) < |Z,|, and Theorem 5.3 gives equality.
Equality forces c4(F') = 0 for every d. Taking F' = F,, for every prime p, no M, has torsion, so
M is free and dimp(Cy,/Va)a = pa for every F. [ |

Remark 5.10. (1) Where the full family enters. Only at the root, Lemma 5.2. The down-set
closure of {(1)} then carries the symmetry of J through every layer. §11 shows that no argument
valid for all subfamilies can exist. (2) No slack. In Proposition 5.8 the slice ¢ — 1 — F' cannot be
lowered: replacing it by ¢ — 2 — F makes the statement false (§14, negative controls). (3) The
characteristic. Theorem 5.3 and, by Theorem 5.9°, equality hold over every field. Theorem 5.9 is
needed only over Q). The earlier measurements of equality with char F|¢ — 1 (§14) are instances
of Theorem 5.9’. (4) Leading monomials. In the computed cells, the degree-lexicographic leading
monomials of (D;)C are the reflection e — (¢ — 2) — e of the lexicographic standard monomials
of I in the sense of [CM] (§14). By the Complement to Theorem 5.9, the Hilbert function part
of this statement holds in general: the graded dimensions of C,,/V) are those of the degree
filtration on the functions on 7™ \ Z,.
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5.10 A worked example: (¢,m) = (9,4)

Here h = 4, T has 8 elements, and Par\’) = {0, (2), (1,1), (4), (3,1),(2,2),(2,1,1),(1,1,1,1)}
has ten down-sets. Take A := {0, (1,1),(2)}, the down-set generated by (2). The tails have
m — 1 = 3 coordinates, with shapes in Parz = {(1),(3),(2,1),(1,1,1)}, and |Z)| = 168,
1 Z(3)| = 8, | Zo1y| = 144, | Z(11.1)| = 192 (total 8% = 512).

tail shape its chain (positions 1...8) options in  F(p) case of Prop. slice

I A 5.8 q—1-—
P

(1) 0-(1,1) x 6-(2) all 8 (@), jo =1 0

(3) (2)-(3,1) x6-(4) first 1 (7),r=1 7

(2,1) (1,1)-(2)-(2,1,1) x 4-(2,2)-(3,1) first two 2 (7), 7 =2 6

(1,1,1) (1,1) x3-(1,1,1,1) x2-(2,1,1) x 3 first three 3 (), r=3 5

So Ag = Parg, A1 = {(1),(2,1),(1,1,1)}, Ae = {(1),(1,1,1)}, and A; = {(1)} for 3 < ¢ < 7: all
down-sets, as P2 says. Lemma 5.1(iv) gives |Z| = 512 + 504 + 360 + 5 - 168 = 2216, and the
computed dimension of Vj is 2216 (§14). For the down-set {0, (1,1)} the tail (1) has F' = 7 (the
addition (2) is missing) and falls into case (), with slice £ =1 = ¢ — 1 — F'; there |Z,| = 1896.
Case () needs a middle option in A and no addition, which is why it does not occur for the
first down-set.

6. Odd degrees that are not prime powers: the colour reduction

In this section m > 3 is odd and p is a prime dividing m (the even degrees are treated in §9,
which uses the lemmas of this section). Write m = ¢ -r with ¢ = p¥, v > 1, and p fr;soris
odd, and r = 1 is the case treated in §2-§5. Put F := F,,, n = 2k with £ > 1, N =n + 2,

FIG] = Flt1, ... tpa] /(6" — 1, 800 — 1),
Ii=(y:JeJ) F[G),

where 17 denotes the image of ¢ in F[G] (in §2 it denoted the image in F,[G]; the ideal of
F[G] it generates is the extension of that ideal).

By Proposition 2.1, dimp, F,[G]/(y : J € J) > m™! — || for every p, with equality
at every plm if and only if H,(X)/L(X) is torsion free. The 1 have coefficients in F, so
(Vs)F[G] = (¢1)F|G] ®F, F, and dimensions do not change under this extension of the field;
SO

dimpI <|T7|, (6.1)

and the Main Theorem at m is equivalent to dimp I > |T'7| for every prime p|m. This
section reduces that inequality to an inequality for one family of ideals in two sets of variables,
the bipartite ideals; §7 proves it. All tensor products are over F', and a «unit» is an invertible
element of the ring in which the statement is made. The idea is that F[G] is a product of local
rings indexed by the ways of colouring the coordinates with r-th roots of unity; on each factor
the generators 1) either vanish or become pure tensors, and the pure tensors split along the
colour classes.
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6.1 The splitting

Lemma 6.1 (splitting). Put R. := @ F[t;]/((t; — ¢:)9) for ¢ = (c1,...,¢ny1) € ptt,
where p, € F* is the group of r-th roots of unity. Then the product of the quotient maps
e : F|G] = Rc is an isomorphism F|G] = [[ ¢ n+1 Re, and for every ideal I' C FIG], dimp I' =

S dimp m.(I'), where w.(I") is the ideal of R. generated by the images of any set of generators
of I'.

Proof. In characteristic p, (t"—1)¢ = t"™ —1. The polynomial " —1 is separable, since r # 0 in F,
s0t" —1=lce,, (t —¢) with r distinct roots, and t™ —1 = [](¢ — ()9. The ideals ((t —()?) are
pairwise comaximal, and the Chinese remainder theorem gives F[t]/(t" —1) = [, F[t]/((t—¢)?).
Now F[G] is the tensor product of the n + 1 one-variable rings, and the tensor product over a
field distributes over finite products of algebras. In a finite product of rings every ideal is the
product of its images, which are generated by the images of its generators; dimensions add. W

6.2 Which generators survive
Fix ¢ € p™*! and put cp := (c1-+-cpp1) 71, so that H?:Jrol ¢i = 1. In R, every t; — ¢; is nilpotent,
with (ti - Ci)q =0.

Lemma 6.2. (i) For 1 <i<n-+1:ifc; # 1, thent;—1 is a unit of R.; if ¢; = 1, it is nilpotent.
(i) Let 1 <j <l <n+1andu:=tjt; € Re. If cjey # 1, then p(u) =0 in R.. If cje; =1, then
o(u) = (unit) - (u—1)971. (i) If some pair {ji, ki} of J, i > 1, has cj,c, # 1, then m.(v5) = 0.

If cjep, =1 fori=1,... k, then also cocy, = 1, and
_ k
me(ipg) = (unit) - (tgy — 1) - [Tt — Dt =177 (6.2)
i=1

Proof. (i) t; —1 = (¢; — 1) + (t; — ¢;), a non-zero constant plus a nilpotent if ¢; # 1. (ii) In F[u],
(u— Do) = 0™ — 1 = [ea (4 — )7, 50 () = (u— )7 [y (u — )9, Tn Ry, £ = f
and t] = ¢} (Frobenius), so (u — ¢j¢)? = 0. If & := ¢j¢ # 1, then & € p, \ {1} and the factor
(u—&p)? vanishes. If ¢j¢; = 1, then w— 1 is nilpotent and each u —§ = (1 -§)+(u—1), { #1, is
a unit. (iii) The first sentence follows from (ii). For the second, 1 = [T ¢; = cocry - [Li>1 CjiChs;

then apply (ii) to each factor o(t;,t, ). [ |

6.3 Colour classes and the tensor decomposition

For ¢ € p, put Cc :={i € {0,...,n+ 1} : ¢; = ¢} (the index O carries the colour ¢p). Since
ris odd, ¢ # ¢! for ¢ # 1, and pu, \ {1} splits into (r — 1)/2 pairs {¢,("'}; fix a set R, of
representatives. The sets C1 and Cc UC¢-1 (¢ € R;) partition {0,...,n + 1}; we call them the
blocks of ¢. We say that J € J is compatible with ¢ if ¢,¢, = 1 for every pair {a,b} of J; by
Lemma 6.2(iii) this means cj,cy, =1 for i =1,...,k, and 7.(1y) = 0 unless .J is compatible.

Lemma 6.3. A pair {a,b} has cacy, = 1 iff {a,b} C C1, or {a,b} meets both C; and C -1 for
some ( € R,.. Hence J is compatible with c iff it consists of a perfect matching P of C1 and,
for each ¢ € Ry, of the pairs of a bijection o¢ : C¢c — Cc-1; and every such choice (P, (o¢)) is a
compatible matching (it is a perfect matching of {0,...,n + 1}, hence an element of J: this is
where the full family is used, cf. Remark 6.10(3)). A compatible matching exists iff |C1| is even
and |C¢| = |Ce-1| for every (; we then call ¢ a compatible colouring. [ ]

Group the tensor factors of R. by blocks: R. = R.1 ® ®cer,Re¢, where R.p =
®i€c1\{0}F[ti]/((ti —1)9) and R.¢ := ®z’e(cgucc,1)\{O}F[ti]/((ti —¢;)?) (an empty tensor product
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is F'; the variable ¢y does not exist). Each factor of (6.2) involves the variables of one pair of J,
and a pair of a compatible J lies in one block; the factor of the pair {0, ko} is t5, — 1, which lies
in the block of ky. So, for a compatible J = (P, (o¢)),

Te(s) = (unit) - gp ® ®¢er, 9o »

where gp € Rc1 and go, € Rc¢ are the products of the factors of (6.2) belonging to the pairs of
P and of o (an empty product is 1; the unit of (6.2) is absorbed into one of them, and units
do not change the ideals below). Put I.; := (gp : P) and I.¢ := (g, : 0), the ideals generated
over all perfect matchings P of C; and all bijections o : C¢ — C¢-1.

Lemma 6.4 (tensor products of ideals). Let R, R’ be finite-dimensional commutative F -
algebras and I = (gq), I' = (923) ideals. Then the ideal of R ® R' generated by the g, ® glﬁ is
I®I', and dim(I ® I') = dim [ - dim I".

Proof. I ® I' is an ideal of R ® R’ (pure tensors span, and (r ® r’)(z ® 2') = ro ® r'2’), and

it contains the g, ® gj. Conversely, for x = 3, 7aga € [ and o' = Y grigs € I', 2 @ 2 =
>a,8(ra @75)(ga ® g3). A basis of I tensored with a basis of I’ is a basis of I ® I'. [ ]

Proposition 6.5 (tensor decomposition). If ¢ is not compatible, w.(I) = 0. If ¢ is compati-
ble, 7TC(I) = ICJ X ®<€RTI67C and dim TI'C(I) = dim Ic,l . HC dim Ic7<.
Proof. Units do not change the ideal generated, so by Lemmas 6.2 and 6.3 7 () is generated

by the pure tensors gp ® ®¢gs,, over all independent choices of P and (0¢). Apply Lemma 6.4
repeatedly. |

6.4 The block of colour 1

In F[t]/((t — 1)9) put y := t —t~!. Lemma 2.3 holds verbatim here: its proof uses only
(t—1)7=0,¢g=p"and 2 € F*. So R.1 = Fly; : i € C;\{0}]/(y]), with y; = (unit)- (t; — 1) and
tit; — 1 = (unit) - (y; + ;). By Lemma 2.4(i), for a pair {i <1} CC; \ {0}, (t; — 1)(t:it; —1)97! =
(unit) - gy - D(yi, yi); if 0 € Cy, the pair {0, ko} contributes tx, — 1 = (unit) - yg,. The indices
in these monomial factors are the elements of C; \ {0}, each once, so gp = (unit) - Y7 - Dp with
Y1 := [liec;\0 ¥ and Dp the product of the D(y;,y;) over the pairs of P avoiding 0. By the
argument of Proposition 2.5 (the kernel of multiplication by Y; on R.; is exactly (y;-]_1 NS
C1\0), so f+— Y f induces an injective map from the quotient C(C; \ 0) into R, 1),

dimIQl = dimF(Dp . P) . C(Cl \ 0),
C(S):=Fly; :i € 8]/(y? " i e 9).

Let Ni(c) be the number of tuples (w;)icc,\0 € (#g \ {11\ such that, with wg := (ITw;) " if
0 € Cy, the multiset {w; : i € C1} lies in g \ {1} and is closed under inversion. (For |Ci| even
the condition wg # 1 is automatic: otherwise the other |C;| — 1 entries, an odd number, would
form a multiset in g4 \ {1} closed under the fixed-point-free inversion.)

Lemma 6.6. dimI.; > Ni(c).

Proof. 1If |Cy| is odd, both sides are 0: there is no perfect matching, and a multiset closed under
the fixed-point-free inversion of y, \ {1} has even size. Let |C;| = 2K’

o If0 € Cy, relabel C;\{0} increasingly as {1, ...,2k'—1}. Write J; for the set J in dimension
2j. The perfect matchings P of C; are the matchings J € Jp_1, and Dp = £Dj. So
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diml.; =dim(Dy : J € Jiw—1)Cox—1 > Qr—1(¢) by Lemma 5.2 and Theorem 5.3 (over
every field, here F'). By Lemma 2.2 (whose proof uses only that ¢ is odd), Ni(c) = Qx—1(q).
(For k¥’ =1 both sides are ¢ — 1.)

o If 0 ¢ Cy, relabel Cy as {1,...,2k'}. In Parg@ the set {0} is a down-set, since A < ) forces

A = (0. A tight pattern of ) on [2k'] has k' pairs and no blocks: it is a perfect matching
P, with product Dp. So (Dp : P)Co = Vigy, and Theorem 5.3 gives dim > [Zg|,
the number of 2k’-tuples in 7" whose multiset is closed under the involution. A bijection
pg \ {1} = T carrying inversion to u + —u (both are sets of ¢ — 1 elements with a fixed-
point-free involution) identifies this number with Ny(c). (For ¥ =0, I.1 = R.1 = F and
Ni(c) =1.) [ |

6.5 The pair blocks

Fix ( € Ry, and put A := C¢, B := Cc—1, A" := A\ {0}, B* := B\ {0}. Fori € A* put
x; = (" 't; — 1, and for | € B* put 2z := ((t;) " — 1.

Lemma 6.7. (i) R, = Flz;(i € A*),z(l € B*)]/(«f,2]). (i) Forie A*,l € B*: tit; — 1 =
(unit) - (x; — z;). (i) Let o := |A*| and B := |B*| (the numbers of x- and z-variables, as
in §7), and relabel A* = {1,...,a}, B* = {1,...,8}. If0 ¢ AUB and o = 8 =: a, then
I = b= ([T (v — za(i))q_l :0€S8,). If0e Banda=pf+1, then I, = Igh, where
IPh = (ITi 2, (:Ui—za(i))q_l 210 € [a+1],0 : [a+1]\{io} — [a] bijective); if 0 € A and f = a+1,
then I.c = IPP after exchanging the names x and z. In all other cases I..=0.

Proof. (i) x; = ¢~'(t; — ¢) is a unit multiple of the generator of the maximal ideal of the local
ring Ft;]/((t; — ¢)9), so 2 = 0 and 1,2;,...,27" " is a basis. Similarly & := ¢t; — 1 is nilpotent
with ef =0, and 2, = (1 +¢)7 ! — 1 = —(1 +¢) ! is a unit multiple of &. (ii) t; = ¢(1 + ;)
and t; = (7114 2) 71, so tity — 1 = (w; — 2)(1 + z) L. (iii) Every ts — 1 with s € A* U B* is a
unit (Lemma 6.2(i)), since ¢s # 1. By (6.2) and (ii), the factor of a pair {i,(}, i € A*, | € B*,
is (unit) - (z; — 2)9" !, and the factor of the pair {0,kp} is a unit. If 0 ¢ A U B, the bijections
A — Baretheo € S;, a=a = 0. If 0 € B, a bijection 0 : A — B sends exactly one ig € A
to 0, and the other pairs give the product over i # ig. If 0 € A, the same holds with the roles
of A and B exchanged; since (z — 2)9~! = (2 — 2)9! and a sign does not change the ideal
generated, exchanging the names of the variables carries this ideal onto IP®. (Here ¢ is odd and
the sign is +; §9 uses the same argument with an even ¢.) If |A| # |B]|, there is no bijection.
(For a = 8 = 0, I} = (1) is the ring F; for B = 0 in the second case, Igh = (1) is the ring
Flz1]/(27); and in the third case with a = 0, for instance C; = {0} and C,—1 = {l}, it is the ring
F[z1]/(2}), of dimension q.) [ ]

6.6 The count factors in the same way

Let © be a set of ¢ elements. For a > 0 put

Npai(a, q) := #{(&,n) € Q% x Q% : the multisets of £ and 7 are equal} =

> (el ),
c1+-+cqg=a
Npn(a,q) == #{(&,n) € Q%" x Q : the multiset of 7 is contained in that of ¢}.
Lemma 6.8. [I'z| = 3>  Ni(c) - [I¢cer, Ne(c), the sum over the compatible colourings, where

N¢(e) == Npai(a, q) in the first case of Lemma 6.7(iii) and N¢(c) := Npp(min(e, §),q) in the
other two (a, ( as there).
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Proof. By the first paragraph of the proof of Lemma 2.2 (which uses nothing about m), I

is the set of ¢ = (g1,...,gn11) € ut such that, with go := (g1 gny1)" "}, all g; # 1 and
the multiset {go, ..., gn+1} splits into inverse pairs; since m is odd, inversion has no fixed point

on fm \ {1}, and «splits into inverse pairs» means «closed under inversion». Here p, C C is
the group of complex m-th roots of unity (the rest of §6 works over F},). As ged(q,r) = 1,

P = g X fir; Write g; = c;w; with ¢; € iy, w; € pg (1 =0,...,n+1). Then ¢o = (¢ - cCpy1) L
wo = (w1 - wny1)" Y, gig = 1 iff ¢iep = 1 and wyw; = 1, and g; # 1 iff (c;,w;) # (1,1). If
g € I' 7, its pairing into inverse pairs is a matching compatible with ¢ := (¢1,...,¢qq1), SO C is

a compatible colouring. Fix a compatible c. By Lemma 6.3, a tuple g with colouring c lies in
Iz iff (1) the multiset {w; : i € C;1} lies in p, \ {1} and is closed under inversion, and (2) for
each ¢ € R, the multiset {w; : i € C;} equals the multiset {w; ' : I € Cc-1}. (Condition (2)
allows the value w; = 1, rightly: for i € C; UC¢—1 one has g; # 1 whatever w; is, since ¢; # 1.)
Each condition involves the w; of one block. The only coupling between blocks is wg: every
block that satisfies its condition and does not contain 0 has ITw; = 1 over its indices, so, when
all these blocks satisfy their conditions, wy = (I];c K\0 w;) ™! for the block K > 0, a function of
the w; of K alone. Conversely, given w-values on each block that satisfy its condition, where
for the block K 5 0 the value wq is computed from that block alone, the blocks not containing
0 have product 1, so this value is the true (wy ---w,41)~! and the assembled tuple lies in T 7.
Hence the count over ¢ is the product of the block counts. (For a compatible ¢, exactly one of
the three cases of Lemma 6.7(iii) holds for each ¢.) The block C; gives Ni(c), and a balanced
pair block gives Npai(,q) (2 = pg, § 1= (wiiec., 1 = (wfl)lecc_l)- For a pair block with
0 € Cc-1, let £ be the w; on C¢ (B + 1 of them) and 7 the w; on Cc-1\ 0; the condition says
multiset (&) = multiset(n) U {wy '}, with wy! = TI¢ - (TIn)~L. If multiset(n) C multiset(£), the
difference is one element ¢* and II¢ - (IIn)~! = £*, so the condition holds; conversely it implies
multiset(n) C multiset(§). So this block gives Npn(f,¢), and so does the case 0 € C¢, by the
symmetry & < n, w — w1l |

6.7 The reduction

Proposition 6.9 (colour reduction). Let k > 1, let m = q-r be odd, ¢ = p*, ptr, and
suppose that dimpg Ig’_al > Npai(a,q) and dimp IP" > Ny (a,q) for every a > 0, where F' = F,.
Then dimp, Fp[G]/(¢y : J € ) =m"* — | 4|, so Hy(X)/L(X) has no p-torsion.

Proof. By Lemma 6.1, Proposition 6.5, Lemmas 6.6 and 6.7 and the hypothesis, dimgp I =
> dimme(I) > 37, Ni(c) - I1¢ Ne(e), the sum over the compatible colourings, and this is [I'7| by
Lemma 6.8. With (6.1), dimp I = |I"7|, and the per-prime clause of Proposition 2.1 concludes.
|

Remarks 6.10. (1) Only the inequality > is needed on each block; the reverse inequality is
global, (6.1). (2) For r = 1 there is one colouring, C; = {0,...,n + 1}, and Proposition 6.9
is Corollary 5.4. (3) For a subfamily K C J the splitting of Lemma 6.1 still holds, but the
matchings of K compatible with ¢ are no longer a product set, and Proposition 6.5 fails; this is
consistent with §11. (4) The splitting of Lemma 6.1 over F,, with two factors per variable (the
(t — 1)-primary part and the rest), was used earlier by the author as a memory-saving device
for machine computations of these ranks, and to prove that any torsion is confined to one block
[Rep, The Localization Theorem, The Block Decomposition]. Proposition 6.9 refines it over Fp
to one factor per colouring and identifies every factor.

Example 6.11 (k =1, m = 15). Here N = 4, J has three matchings, and Q1(15) = 3-14-13 =
546. The compatible colourings, grouped by the shape of their blocks, contribute as follows (i, [, s
are indices other than 0; Qy(q) = ¢ — 1):
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blocks of the colouring p=3(¢g=3,r=5): p=5(¢=5r=3):

colourings x product colourings x product
c1 =1{0,1,2,3} 1xQ:1(3)=6 1xQ1(5) =36
C1 = {0,4}, and one balanced block 12 X Qo(3) - Npar(1,3) = 6xQ0o(5) Npar(1,5) = 6x20
1+1 12x6
C1 = {i,1}, and a phantom block {0} 12 X Qo(3) - Npu(0,3) = 6xQo(5)-Npn(0,5) =6x20
against {s} 12 x 6

C; = 0, and one phantom block 2 + 2 12 X Npu(1,3) =12 x 15 6 X Npn(1,5) =6 x 45
containing 0

C1 =0, a balanced block 1+ 1 and a 24 X Npa1(1,3) - Npn(0,3) = none (u3 has one pair of
phantom block {0} against {s} 24 x9 inverse colours)
total 61 colourings, 546 19 colourings, 546

At both primes the sum is @1(15), as Lemma 6.8 says; the literal computation of §14.3 gives
the same 546. (At k = 1 the Main Theorem is Degtyarev’s theorem [Del4]; the example only
shows the bookkeeping.)

7. The bipartite count

This section proves the hypothesis of Proposition 6.9, and so completes the proof of the Main
Theorem for odd m. The method is that of §5, with two changes: the box is ¢ instead of ¢ — 1,
and the single partition of §5 is replaced by a pair of partitions, one for each of the two sets of
variables. Throughout, ¢ > 2 is an integer, odd or even, and F' is a field in which the binomial
coefficients C(q — 1,t), 0 < t < g — 1, are non-zero: for instance char F' = 0, or char F = p
and ¢ = p* for a prime p, the prime 2 included (then C(q — 1,t) = (—1)! (mod p), because
(1+u) ! = (14+ud)(14+u)~! in Fy[[u]]). The parity of ¢ plays no role in this section: g enters
only as the size of the box and of the set €2, and the field only through the binomial coefficients,
in case (vy) of Proposition 7.5. (Versions 6 to 10 of this paper stated the section for odd ¢, which
is what §6 needs; §9 needs it for ¢ = 2V in characteristic 2. The proofs are unchanged.) Let Q
be a set of ¢ elements. For finite index sets A and B put « := |A|, 8 := |B| and

Rap = Flz;(i € A),z(l € B)]/(z],2]).

(The symbols A, B, Ra g are local to this section.) Points are pairs (£,1) € Q4 x QF.

THEOREM C (the bipartite count). For every a > 0:
dimp I};al > Npai(a, q) and dimp Igh > Npn(a, q) = Npai(a + 1, q),

where TP C Ry [q) and IPh C Riq41),[a) are the ideals of Lemma 6.7(iii) and Npa,
Npn are the counts of §6.6.

Theorem C is the root case of Theorem 7.6 below. With Proposition 6.9 it gives the Main
Theorem for m not a prime power (Corollary 7.7). Over F, both inequalities are equalities
(Corollary 7.8); in characteristic 0 they are strict in general (Remarks 7.9).

7.1 Peeling with the box ¢

Write Rap = RA\{il}vB[w]/(wq) with w := z;, for some i1 € A. ‘For an ideal V' C Ry p and
0< j <q-— 1 put VSj = {f eVv: degwf < j} and W](V) = {[wj]f : f € ng} - RA\{il},B'
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Lemma 7.1 (peeling). (i) W;(V) is an ideal. (i) W;(V) C W (V) for 0 < j < q—1. (iii)
dimV = Z?;é dim W;(V). (iv) For Z C Q4 x QF and a tail M' (the coordinates other than iy )
let F(M'") :=={u€Q: (u,M') € Z} and Zs; := {M' : |[F(M')| > i}; then |Z| = 23| Z4.

Proof. As for Lemma 5.1, with ¢ in place of ¢ — 1: in (ii) one uses w/*! #0,ie. j+1<q—1,
and in (iv) |[F(M")| < q. [ ]

7.2 Pairs of partitions and the bipartite down-set family

We use the partial sums S; and the weak dominance order < of §5.2 (defined also between
partitions of different sizes), and the rows 7, r; of §5.5.

o Residue shape. For (£,7), let X and Y be the multisets of values of £ and 7. Let R4 keep,
for each value u with mult x (u) > multy (u), the difference mult x (u) — multy (u) of copies
of u, and let R_ be defined symmetrically. The shape of (§,n) is A(&,n) == (A4, A2),
the multiplicity partitions of Ry and R_. Their supports are disjoint subsets of 2, so
0(A;) +0(A) < g; moreover [Ai| — |A_|=a—Fand [A\i]| + |A-| < a+ 5.

o BPar,(«, 8) is the set of pairs (A4, A_) of partitions with [Ay|—[A_| = a— 3, |A\L|+] | <
a+ B and £(Ay) + (A=) < q. It is ordered by the product order: (Ay,A\_) < (p, p—) iff
A+ < p4 and A- < p—. Every element of BPar,(«, 8) is the shape of some point (give the

(A\;) +4(A-) < g rows pairwise distinct values and the pairs arbitrary values); this is not
used below.

o For a g-down-set A C BPar,(a, 8) put Zy := {(&,1) € Q4 x QB : \(&,n) € A}

« Tight patterns. A tight pattern of A = (A, A_) € BPary(c, §) on (A, B) consists of a
set P of a — |A;| = 8 — |A_| pairwise disjoint pairs (i,1) € A x B, of blocks Bf,... ,BL )

partitioning A\ A(P) with |BF| = (A\4),, and of blocks By, ..., By partitioning B\ B(P)
with |B. | = (A-).. Its product is

H (xz - Zl)q_l : HA(xBj) : HA(ZBC_)’

(s,l)eP
with A the Vandermonde determinant of §5.2.

o Vo € Rap is the ideal generated by the products of all tight patterns on (A, B) of all
elements of A. For a = 8 = 0 the empty product is 1.

Lemma 7.2 (the roots). (i) {(0,0)} is a down-set of BPar,(a,a), Vigo) = I and
1 Z40,0)] = Noaia,q). (i) {((1),0)} is a down-set of BPary(a + 1,a), Vi, = Y and
1Z{()03| = Npu(a,q). (i) Npn(a,q) = Noai(a +1,q).

Proof. (i) Ax < 0 forces Ay = (. A tight pattern of (0, () is a perfect matching of A with B,
i.e. a bijection o, with product [[;(z; — zg(i))qfl; and the shape is (0,0) iff X =Y. (ii) In
BPar,(a + 1,a), |A+| = |A_| +1; A_ < 0 forces A= = () and then A\ < (1) with |[A\;| = 1 forces
A+ = (1). A tight pattern has a pairs and one z-block of size 1 (with A = 1), so its product
is a generator of IP", and every generator arises. The shape is ((1),0) iff Y C X. (iii) Given
(€,m) € Q9L x Q% with Y C X, append to 7 the one element of X — Y; given a balanced point
in Q2+ x Qo1 delete the last coordinate of 7. These maps are mutually inverse. [ |

For instance, Npa1(a,3) = 3,15,93,639,4653 and Ny, (2, q) = 15,45,91,153,231 fora=1,...,5
and ¢ = 3,5,7,9,11.
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Lemma 7.2’ (§5.5 and §5.6 for arbitrary partitions). Let A < A be partitions of arbitrary
sizes and lengths. Then the identities of §5.5, the chain of Lemma 5.5 for the removals and the
additions, (T) of §5.6, the inequality (5.2) of §5.6 (if ((\) < t < L(X), then Sy(X) > |A|+(t—L(N)))
and the comparisons (a), (b), (c), (e2) of §5.6, recalled in the proof of Proposition 7.4, hold for
A and .

Proof. The identities of §5.5 and the chain are statements about one partition. The proofs of
(T), (5.2), (a), (b), (c) and (e2) in §5.6 compare the partial sums S; of the two partitions term

by term and use only A < A. In §5.6 the parity of |u| is used only in case (d1), and the cap
¢ < h only in the layout of the positions and in case (el); none of these is borrowed here. |

7.3 (P1) Fibres and (Chain)

Fix a down-set A C BPar,(«, ) with o > 1, and peel w = z;,. Let M’ be a tail with shape
p = (pi4, u—) € BPary(a — 1, 3), residual values uy,...,up, of Ry (u; with multiplicity py ;)
and vy,...,v,_ of R_. Adding the value u at the index i; changes the shape as follows:

o u=uvj: (fi4,u— — €j) (one box removed from row j of pi_, re-sorted);
o u= g (st e )

o w any of the ¢ — ¢4 — ¢_ other values (the values whose multiplicities in the two coordinate
sets of the tail agree, possibly 0 =0): (u4+ U1, p_).

These are ¢ = || values, and every resulting shape lies in BPary(«, 3): one value is added to
the z-side, and a middle value exists only when ¢4 +¢_ < g, which gives ¢(py U1) +€(u_) < gq.
List them by position p = 1,...,¢: opt,(u) = (s, pu— —ep) for p < £ (uyp U1, p) for
{_ < p < q— {4 (the middle positions); (p4 + eg+1—p, u—) for p > g — ¢4. Hence |F(M')| =
Fa(p) := #{p : opt, (1) € A}, and Z~; = Zy, with A; := {u € BPary(a — 1, 8) : Fa(p) > i}

Lemma 7.3 (chain). opt;(u) < opty(p) < -+ < opt, (). Hence the options lying in A form
an initial segment, of length Fa(p), and

Fa(p)=r+(q—»0y —L_) -1+ Ly —jJo+1)- [jo exists], (7.1)

where r = 0 or r is the last row of pu— of its length (the removals in A are those at positions
<r)v:i=[(psUlp_) €Al (L:=0if by +L_ = q), and jo, if it exists, is the first row of p
of its length such that (p4 +ej,u—) € A exactly for jo < j < 4. If jo exists, then v ={_, and
eitherv=1orly +0_=gq;ift=1, thenr ={_.

Proof. By the identities of §5.5 (Lemma 7.2°), u_ —e; < -+ < p— —er_ < p— and pg <
pyUl < py+ep, -+ <X pg +eq. Along the removals the first component is 4, and along the
middle and the additions the second component is y_; so in the product order the list is weakly
increasing, including the step from the last removal to the first middle or addition option. Since
A is a down-set, the options in A form an initial segment. Rows of equal length give equal
options, which gives the description of  and 7. |

In particular, with ® := Fp(u): ® = q — jo + 1 if jo exists, ® = g — ¢4 if jo does not exist and
t =1, and ® = r otherwise.

7.4 (P2) The layers are down-sets

Proposition 7.4 (inequality of pairs of partitions). If u, i € BPary(a — 1, 3) and p <X fi,
then opt, (1) < opt,(ji) for every p. Hence Fa(u1) > Fa(fi) and every A; is a down-set.
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Proof. The second sentence follows from the first as in Proposition 5.6. Write /1 := ¢(u4),
Ta 1= €(jis). Since i+ | — |u_| = |fis] — [i_|, any strict inequality [i_| > |ii_| gives i+ | > |us).
We use (T) of §5.6 and the inequality (5.2) (Lemma 7.2"): if A < A and 4(\) < t < ¢()), then
St (A) > |A 4 (t — £()\)). We also use four comparisons of §5.6, valid for arbitrary partitions by
Lemma 7.2%: (a) A—e;, < < A—ep for p <min(4(A), £(A)); (b) Ate; < AM-ej for j < min(€(\), £(N));
() A\UT < AUT; (e2) A +e; < AU for £(N) < j < £()\). Each position p is a removal (R),
a middle position (M) or an addition (A) for u, and likewise for fi, which gives nine cases; put
J :=q+1—p when p is an addition.

case the position p is option of p option of fi used

RR a removal for both (g pm—ep)  (fig, i —ep)  pg < g5 (a)

AA an addition for both (p++ej,u_) (fr+ej, i) (b);p- <oz

MM middle for both (uye Ul,p)  (Bp UL o) (c); p— < i

RM, a removal for p (4, pp——ep) middle or the chain through pu < i

RA addition

AM an addition for p, middle (pt+ej,u—) (A4 UL ) (€2); u— < i
for [

MA middle for u, an addition (p+ UL, ) (fig +e5,fi—) dominance, (5.2), sizes;
for i p— < fie

MR middle for p, a removal for  (pp U1, p-) (G4, - —ep)  (5.2) and the transfer of
m sizes

AR an addition for u, a (psr+ejpe)  (fir, i —ep)  (T), (5.2) and the transfer
removal for i of sizes

The «transfer of sizes» is the one genuinely bipartite step: since |u4| — [u—| = |@+| — |-, a

strict inequality on the z-side gives one on the z-side.

e RR (p < min(/_ )) first components p4 < fi4; second components by (a).
« AA (< mln(&mh))
o MM: (c), and p—

(b), and p— < A

< fi.
o RM: (pgp- —ep) S p< i< (A UL fic).

o RA: (py,p- —ep) S p < o< (g +ej, i)
o AM (j </, and £y < j): (e2), and p_ < ji_.

e MA (p middle for u, so 7 > ¢ ; addition for fi, so j < llr): we need p14 U1 < fig +e;. For
t <Ly, S(pa UL) = Se(pg) < Sp(fiv) < Selfiv +ej). For by <t <Ly, S(fiy) = |pg|+1 =
Si(pt U1) by (5.2). For t > £y > j > rj(f4), Se(fit +e€j) = |+ +1 > |pq[+ 1. The
second components are j— < fi_.

« MR (p middle for s, so p > ¢_; removal for i, sop < £_): by (5.2) at t = {_, |fi_| > |p—|+1,
hence |fi4| > |py| + 1. First components p+ U1 < fig: for t < ¢4 this is dominance; for
t > 04 we need Sy(fiy) > |uy| 4 1, which holds by (5.2) if t < £, and by |fy| > |uy| +1
if t > 0,. Second components: pu_ < fi— —ep: for t < 7,(fi_) this is dominance; for
t>7p(fic) >p >0, Se(p—) = |p—|, while the rows £_ +1,...,p of fi_ are non-empty, so
Siiil) > Se (f)+1> |p | +1.

« AR (p addition for p, so j < f4; removal for fi, so p < f_ ): since ¢4 4+ ¢_ < ¢ and
N +0_ < g, wehave {_ < q— (y <pand l, < q—p=j—1. Second components: exactly
as in MR, p— < fic —ep and |fi—| > |pu—|+ 1, so |fiy| > |py| + 1. First components: we
need Si(py) + [t > r;(py)] < Si(fiy). This is dominance for ¢ < r;(uy), and it follows
from |fi4| > |py| +1 for t > 0, Tt remains to show S;(uy) < St(,qu) for r;(pg) <t < (..
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Suppose ¢ is tight. The rows r;(x4),...,j of uy have the same length ¢ := p ; > 1, and
t<t+1<ly <j—1,sopqs=pqp1=c By (T),c=ppp 2 fleg = fipp41 2 pHgg1 =,
so every row of iy after the ¢-th has length < ¢. As fiy has only ¢, < j — 1 rows,
Sj(ht) < Se(ps) + (G =1 = t)e < Sepg) + (j — t)e = Sj(p+), contradicting piy < i

For each of x and fi the three types partition {1,...,q}, so the nine cases cover every position.
|

7.5 (P3) Every tight pattern of a layer lies in the right slice

Proposition 7.5. For every i € {0,...,q — 1}, Vi, € W,_1-i(Vy), where V), € Ra\(i1),B-

Proof. Tt suffices to treat a generator G: the product of a tight pattern (P, (BJ), (B )) of some
p € Ay, so that @ := F(u) > i+ 1. By Lemma 7.1(ii) it is enough to find f € V) with deg,, f <
q— ® and [w?®|f = 5 - G for a non-zero constant r; then G € W,_¢(V) € Wy_1-;(V4). By
(7.1) exactly one of the following holds.

o (a) jo exists and X := (puy + ey, u—) € A, ® = ¢ — jo+ 1. The column ¢* := py j, +1
of py has height jo — 1, because jo is the first row of its length; let S := BL (if jo = 1,
c* is a new column and S = ()). Putting ¢; into S gives a tight pattern of A: column c*
of At has height jo, and the number of pairs a — [A\;| = (v — 1) — || is unchanged. Its
product lies in V}; by the factorisation A(zsyui,) = £ [[,eg(w — zs) - A(zs) it has w-degree
S|=jo—1=¢q—®<q—1 (sow® # 0 in the box) and top coefficient +G.

e (B) jo does not exist, ¢ = 1, A\ := (uy Ul,u_) € A, ® = ¢ — £,. Put 4; into B, of
height ¢4 (empty if gy = 0): this is a tight pattern of A, whose product has w-degree
ly =q— P <q—1 (amiddle value exists, so /1 < q) and top coefficient £G.

e (7) jo does not exist, ¢« = 0, and & = r > 1, A := (py,p— —e,) € A. The column
co = pi—, of p— has height r, because r is the last row of its length; let S := B, and write
G = A(zg) - G'. For b € S, the pairs P U {(i1,b)}, the blocks B, the blocks B, (c # ¢p)
and S\ {b} form a tight pattern of A\: column ¢ of A_ has height  — 1, and the number
of pairs grows by one, as a — |Ay| = ((a« — 1) — |p4|) + 1. So, with the signs ¢, of Lemma
5.7(ii),

f=2 alAzs) - (w—2)"" -G € Vi,
bes

Expanding, [w? 7] f = C(q — 1,t)(—=1)" - (Cpes c0A(2s\p)2) - G, which is 0 for ¢ < r — 2 and
+C(q—1,7r—1)-G for t = r — 1, by Lemma 5.7(ii) (an identity over Z, valid in R4\ ,1,5)- So
deg,, f < q—r =q— @, and the top coefficient is £C(q¢— 1,7 — 1) - G with C(¢ — 1,7 — 1) # 0
in F' (here r < {_ <q). [ |

The three constructions land exactly in the slice g—®, and in general the slice cannot be lowered:
the statement with W,_o_; in place of W,_1_; fails at the cells of §14.4, for some generators G.

7.6 The induction

Theorem 7.6 (bipartite down-set theorem). For all o, > 0 and every <-down-set A C
BParq(a,ﬁ), dimp VA > |ZA|.

Proof. Induction on o + 5. Base: BPary(0,0) = {(0,0)}; for A = 0 both sides are 0, and
for A = {(0,0)}, Vo = F and Z, is one point. Symmetry: the isomorphism R4 p = Rp 4
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that exchanges the names x and z carries tight-pattern products of (A4, A_) on (A, B) to tight-
pattern products of (A_, Ay ) on (B, A) (as (x — 2)7 ! = (=1)71(2 — 2)97!, and a sign does not
change the ideal), and (§,n) — (n,§) exchanges A\; and A_. A relabelling of A or B changes
each product by a sign and preserves |Z,|. So we may assume « > 1 and peel any z-variable.
Step: by Lemma 7.1(iii), Proposition 7.5, the induction hypothesis (each A; is a down-set of
BPar,(a — 1, 8) by Proposition 7.4), §7.3 and Lemma 7.1(iv),

dim Vy = 300 dim W,y (V) > S0, dim Vi, > 290120, | = 2920 |Z4| = | Za]- ]
Proof of Theorem C. Lemma 7.2 and Theorem 7.6. |

7.7 Consequences

Corollary 7.7 (Main Theorem’ and the Main Theorem, odd degrees). For odd m > 3,
Main Theorem’ holds, and Conjecture 1.2 of [DS] holds in every even dimension.

Proof. Let m be odd and k > 1. For every prime p|m, dimp, Fy[G]/(1y : J € J) =m" 1 =T 7:
for m = p¥ by Corollary 5.4 and Proposition 2.5; otherwise by Proposition 6.9, whose hypothesis
is Theorem C over F = Fp, g = p". For p{m the same equality is Theorem 0(b) with K, = F’p.
The rank of R/(¢y : J € J) is m"™! — |T'7| (Theorem 0(b) with p = 0), and [T 7| = Qx(m)
(Lemma 2.2, valid for odd m); so R/(¢; : J € J) has no torsion, which is Main Theorem’. No
step of this uses topology. With Theorem 0(a) (Proposition 2.1) it gives the Main Theorem; for
k = 0 the Main Theorem is trivial. |

Corollary 7.8 (equality over F,). Let ¢ = p® with p odd. Then dlmF I’ = Nypa(a,q) and

dim Iph Npn(a, q) for every a > 0. (For p = 2 see Corollary 9.12.)

Proof. For a = 0, I?® = F and Ig = F[z1]/(z%) have dimensions 1 = Npu(0,q) and ¢ =
Npn(0,q). Let a > 1, choose an odd prime r # p and put m := ¢r and n := 2a, so that k =a > 1
and (6.1) applies. Colour a coordinates by a primitive 7-th root ¢, a coordinates by (!, and one
coordinate s by 1; then ¢o = 1, the block C; = {0, s} contributes dim I.; = ¢—1 = N;i(c), and the
pair block contributes dim I”2!. If dim I’ > Ny.i(a, q), this colouring has dim m.(I) > Ni(c) -
Npal(a, q), while every other compatible colouring has dim (1) > Ni(c) - [] N¢(c) (Proposition
6.5, Lemmas 6.6 and 6.7, and Theorem C for every a < n). Summing, dimp I > |I"7| by Lemma
6.8, contradicting (6.1). For IP! take n := 2a, colour a + 1 coordinates by ¢ and a coordinates
by ¢7%; then ¢g = (71, C; = 0, and the only block is IP. ]

Remarks 7.9. (1) Corollary 7.8 is an algebraic statement with an algebraic proof: the upper
bound (6.1) is Theorem 0(b), a Chinese-remainder count. The proof is global, through the sum
over the colourings of F[G]; we do not know a direct proof of < on one block: the evaluation
argument of Theorem 5.9 fails, because (z — 2)97! vanishes at & = z rather than off it. (2)
In characteristic 0 the inequalities of Theorem C are strict in general: dimg((z — 2)?) = 4 >
3 = Npai(1,3) in Q[z, 2]/(23,23), and dimg I3 = 24 > 15 at ¢ = 3 (§14). So, unlike Theorem
5.9, in these cells (where Corollary 7.8 gives dimp, I°! = Ny.i(a,3) < dimg I°2!) the quotient
of the integral box ring by the bipartite ideal has 3-torsion: the bipartite ideals are genuinely
of characteristic p. (3) By Lemma 7.2(iii) the phantom and balanced counts are related. On
the ideal side, if ¢ € S,41 and ip := o~ !(a + 1), the generator [[;(x; — za(i))q*1 of IP3 has
Za+1-degree ¢ — 1, with top coefficient the generator of IP! indexed by (i, o), so the top slice
Wy—1(Ib%)) (peeling z,41, that is, Lemma 7.1 with the names x and z exchanged, as in the
symmetry step of Theorem 7.6) contains IPM. With Corollary 7.8, W;(I, 3111) =0forj<gq-—1,
and f — [zgﬁ] f is an isomorphism of graded vector spaces I Eill -1 gh of degree —(q — 1) over
F,.
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8. The odd box: Theorem O

Theorem B is a count at the even box ¢ — 1, on a grid without zero. The even degrees need
the same count at an odd box, on a grid with one zero. This is problem 7 of version 10 of this
paper; this section proves it. Throughout the section, r = 2h + 1 > 3 is odd, F' is an arbitrary
field, and

Cp = F[yl,vym]/(ygaay:n)

(in this section the box is r; in §5 the ring C,, had the box ¢ — 1). T is a set of r elements
with an involution u +— —u that has exactly one fixed point, written 0; so 7"\ {0} consists of h
classes {u, —u}. As in §5, the field carries the ideals and T' carries the point sets, and the two
are compared only through dimensions and cardinalities. Put

r—1

D(a,b) = 3 (~1)*a"b 1",
u=0
r—2

D™ (a,b) ==Y _(=1)"a"b" 7",
u=0

two polynomials with integer coefficients: D is the D, of Proposition 10.5, and D~ is the D of
§2.3 for the odd number ¢ = r. For a matching J € J, D :=I1D(y,,ys), the product over the
k pairs of J that avoid 0; and, as in §10,

Ny(n) :=n!-[z"]e” - IO(2$)h,

the number of n-tuples in 7" in which, for every class {u, —u}, the values v and —u occur equally
often (the zeros are free). For even n the number of zeros of such a tuple is even, and e* may
be replaced by cosh x.

THEOREM O (the odd box). For every field F, every odd r > 3 and every
k>0,

dimF(DJ :J € j) : Cgk_H = NT(QIC + 2).

Moreover the quotient of Zly1, ..., yax+1]/(yl) by the ideal generated by the Dy is a
free abelian group, and the dimension of each graded piece of (Dy : J € J)Coky1
does not depend on F'.

For k = 0 the ideal is the whole ring F'[y1]/(y]), of dimension = N,(2). The inequality > is the
root case of Theorem 8.11 below, a statement about a family of ideals indexed by «interlaced
pairs» of down-sets, proved by peeling one variable as in §5. The inequality < is elementary
(Corollary 8.13). The plan is that of §5, with two changes. First, a point may have one unpaired
zero, so a shape is a partition together with a mark 6 € {0, 1}, and the down-sets of §5 become
pairs of down-sets that must be interlaced. Second, the generators attached to a marked shape
are not products of divided differences and Vandermonde determinants any more: one of their
factors is a bordered Pfaffian, and the place of Lemma 5.7(ii) is taken, in one of the seven
cases, by a membership lemma (Lemma 8.7), which is proved by a rank-two update of bordered
Pfaffians (§8.5).
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8.1 Elementary identities and peeling
In Zla,bl:
e (8.1) D(b,a) = D(a,b) and D~ (b,a) = —D~(a,b) (substitute w = r — 1 — u, respectively
w=r—2—u;r—1iseven and r — 2 is odd).
(8.2) D(a,b) ="' —a- D (a,b). (Indeed —a - D~ (a,b) = X0 (=1)?a¥b—17)
(8.3) (a+0b)-D(a,b) =a" +b" and (a +b) - D~ (a,b) = b"~1 —a"! (telescoping).

(8.4) For 0 < u < 7 — 1, the coefficient of a”~1=% in D(a,b) is (—1)“b%. For 0 <u <r—2,
the coefficient of a”27% in D™ (a, b) is —(—1)"b%.

For a set P of pairwise disjoint pairs of indices, Dp := [](4)cp D(Ya, yp); by (8.1) it does not
depend on the order inside the pairs. For a finite set S of indices, A(S) is the Vandermonde
determinant of §5.2 (A(0) = A({s}) =1).

Peeling. Write C,, = Cpo1[y1]/(y1), with Cy,—1 in the variables ya,...,yp. For an ideal
VCCpand 0<j<r—1put Wi(V):={[yj]lf : f € V,deg,, f < j}. By Lemma 7.1 (with
one set of variables, the box r and Q = T): W;(V) is an ideal of Cy,—1, W;(V) C W1 (V),
dimV = E;;é dim W;(V), and for Z C T™, with Z-; the set of the tails M’ € 7! that have
more than i completions in Z, |Z| = EZT;&]ZN-].

8.2 Points: shapes, interlaced pairs, layers

Shapes. Let P, := Par,(lh), the set of partitions A\ with at most h parts, |[A\| < n and |\ =
n (mod 2) (§5.2; P, = 0 for n < 0). For M € T™: in each class with multiplicities a, a keep the
number |a — al; A(M) is the partition formed by the non-zero ones, and §(M) € {0,1} is the
parity of the number of entries of M equal to 0. The shape of M is (A(M),d(M)). Since m is
twice the number of disjoint pairs {u, —u}, {0,0} of M plus |A(M)| + §(M), the shape lies in

Shy = {(\0): A€ Pl U{(\ 1) : A € Py}

We call § the mark; a shape (A, 1) is marked. <, A —ej, A+e¢;, AU1 and £ = £(\) are as
in §5.2 and §5.4. A row of a partition is a labelled part: lowering or raising two different rows
commutes, so (A —e;) —e; = (A —e;) — e;, and so on, as partitions.

Lemma 8.1 (options; this is (P1)). Let M’ € T™~! have shape (1, 6), { = £(p), with residual
values ui, ..., ug (uj of multiplicity p1;). The r valuesy € T give the following shapes of (y, M'):

o y=—u;: (p—ej,0);y=u;: (u+e;,d) (G=1,...,0);
o y # 0 in one of the h — ¢ classes absent from the residue: (uU1,0) 2(h—4)=r—1—2¢
values);

o y=0:(p,1—-9).

All of them lie in Shy,.

Proof. For y # 0 this is §5.4; a new zero changes the parity of the number of zeros and nothing
else. The count is 20 + 2(h — ¢) + 1 = r. For the last sentence: if § = 0 then p € Pp,—1, so
pEej,pl € Py (the last one exists only if £ < h) and (i, 1) € Shyy,; if 6 =1 then p € Ppy—o,
soptej,uldl € Py and p€ Pp. |
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For A C Sh,, put A% :={\: ()\,0) € A} C Py, A :={\:(\,1) €A} CPp_1and Z := {M €
T™ : the shape of M lies in A}. For 0 = (i, d) € Shy,—1 let Fp(o) be the number of y € T such
that the shape of (y, M’) lies in A, for any M’ of shape o; it is well defined by Lemma 8.1, and

Fa(1,8) = Fja(n) + [ € A7), (85)
Fip) = #{jin—e; e Ny +#{j i p+e; € N+ (r—1-20)-[uUle A,

Here F}, is exactly the function Fjs of §5.4 for the odd number ¢ = r (there T has g—1=r—1
elements and h classes).

Definition 8.2. A C Sh,, is an interlaced pair if

e (D1) A is a <-down-set of P, and A' is a <x-down-set of P,,_1;
e« (D2)if (v,0) e Aand 1 < j </(v), then (v —e;,1—0) € A.

((v —ej,1 —0) is a shape of level m: its size has the required parity.) In words: removing one
box from a shape of A and switching the mark stays in A. On points, (D2) says: replacing one
unpaired non-zero value by 0 stays in Zy.

Lemma 8.3 (chain). Let A be an interlaced pair of level m and (p,0) € Shy,—1, £ = €(u). List
the r options of Lemma 8.1 as

(w—e1,0),....(n—ep,0); (,1—=20); (pU1,0)[r—1—2¢times|; (u+eg0d),...,(u+e1,0d).

Then the options lying in A form an initial segment of this list, of length Fx(u,9).

Proof. Among the removals, among the additions, and from the middle option to the additions,
this is Lemma 5.5 applied to the down-set A°: p—e; <X p—ejy1, pl < ptepand ptejpr < pte;.
If (4,1 —0) € A, then by (D2) every (u—ej,9) € A. If (uli1,0) € A, then by (D2), removing
the new row, (u,1 —0) € A. If (u+ej,0) € A, then by (D2), removing the box just added,
(u,1—0) € A. [ ]

As in §5.5, rows of equal length give equal options. So the removals in A are those of the rows
1,...,p, where p = 0 or p is the last row of its length, and the additions in A are those of the
rows jg, ..., £, where jg is the first row of its length.

Lemma 8.4 (layers; this is (P2)). Let A be an interlaced pair of level m > 1, and for
0<i<r—1letA;:={0€Shp_1:Fy(o)>i}. Then A; is an interlaced pair of level m — 1,
and (ZA)>i = ZAi'

Proof. The last assertion is Lemma 8.1.

(D1). Let 4 < ji in P,,_1. By Proposition 5.6 (for ¢ = 7, the down-set A? C Pargj), tails in
Par%ll), FYo(p) > Fyo(f); and [p € A > [ € AY] because Al is a down-set of P,,_1. By
(8.5), Fa(i,0) > Fa(f1,0). In the same way, for 41 < fi in P,,,—2: Proposition 5.6 for the down-set
Al C Pargz)_l, with tails in Parg;)_Q, gives F¥1(u) > Fii(f), and [p € A°] > [ € AY] because

P2 C P and A is a down-set of Py,,; so Fa(p, 1) > Fa(fi, 1). Hence both components of A;
are down-sets.

(D2). Let (v,8) € Shyy—1, 1 < j < £:={(v), V' :=v — e;, and write A := A°, A" := A17°, We
must show Fi(v/,1 —§) > Fa(v, ), that is, by (8.5),

Fiy(W)+[V eA >Fi(v)+ve Al
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By (D2) for A: if a partition x lies in A, then x minus a box in any of its rows lies in A’; and
symmetrically with A and A’ exchanged.

Case vj > 2. The rows of /' are the rows of v, with the same labels. If v —e; € A, lower the row
J (it is still non-empty, also when i = j): (v —e;)) —ej =1 —e¢; € A. If v+ ¢; € A, lower the
row j: (v+e)—ej=v+e €A Ifvul e A, lower the row j: v U1l € A’; and £(V') = ¢, so
the middle options of v and v/ have the same multiplicity. So F},(v') > F}(v). Finally v € A’
implies ' = v —¢; € A.

Case v; = 1. Then ¢/ has the rows of v other than j, {(v/) = ¢ —1, and v/ U1 = v. For
i #j: v—e; € Aimplies vV —e; € A, and v+ ¢; € A implies v/ 4+ ¢; € A', as before. The
removal of the row j of v is /, and [v —e; € A] = [ € A]. What remains on the right is
(r—1-20)vul e Al+[v+e; € Al+ [v € A'], and what remains on the left is the middle term
of V', namely (r —1 -2/ —-1)p/ Ul e A]=(r+1-20)v € A]. If v € A, the right-hand
remainder is at most (r —1—20)+1+4+1. If v ¢ A’ it is 0: v U1 € A would give, removing the
new row, v € A’; and v + e; € A would give, removing the box just added, v € A’. [ |

Lemma 8.5 (the root; the only place where the full family enters). For m = 2k + 1,
Aroot = {((1),0),(0,1)} is an interlaced pair, and |Zp,. .| = Ny(2k + 2). For m = 2k + 2,
{(0,0)} is an interlaced pair, and | Zgopy| = Nr(2k + 2).

Proof. {(1)} is a down-set of Por11 (Lemma 5.2), {0} is a down-set of Py and of Payo, and
(1) —e1 = 0. Zy,,,, is the set of the (2k + 1)-tuples with exactly one unpaired value, zero or
not. Appending the opposite of that value is a bijection onto the set of the (2k + 2)-tuples that
split into pairs {u, —u} and {0,0}: the inverse deletes the last entry. The latter set is Z (g}
at level 2k + 2, and it has N, (2k + 2) elements. [ |

8.3 Bordered Pfaffians

Let A = (ayy) be an alternating matrix (az» = 0, aye = —azy) over a commutative ring, indexed
by a totally ordered finite set X, and write p, € {0,1,2,...} for the position of x € X, counted
from 0. The Pfaffian of A is Pf(A4) := 3 sgn(m) - [[{z<yjer @ay, the sum over the perfect
matchings 7 of X, where sgn(r) is the sign of the permutation that lists the pairs of 7 one after
the other, each pair in increasing order (it does not depend on the order of the pairs, and it is
(—1) to the number of crossings of 7). So Pf(A) = 1 for X = () and Pf(A) = 0 for |X| odd.
Three properties follow from the definition ([Knu, (0.1)], [Oka, (2.1)]); (i) and (iii) are classical
[Knu, (0.4), (2.0)], [Oka, (2.3), (2.4)], and (ii), for two distinct indices with equal rows, is proved
below in every commutative ring:

e (i) a simultaneous permutation of rows and columns multiplies Pf by the sign of the per-
mutation;

o (ii) if two indices  # 2’ have equal rows, then Pf(A) = 0: exchanging x and 2’ is an
involution of the matchings that do not pair them, which changes the sign and keeps the
product, and a matching that pairs them has the factor a,, = azr = 0;

o (iii) for a fixed index z, Pf(A) = 3, ., €(7, 2) - @z, - Pf(A™?), where A™* is A without the

indices z, z, and e(x,2) = (—=1)P=¥P=TLif ¥ < 2 e(w, 2) = (=1)P=*P: if 2 < x. In particular
Pf is additive in the row-and-column of .

None of them needs a division or a hypothesis on 2-torsion: they hold over every commutative
ring, characteristic 2 included. All the rings below are polynomial rings over Z and their
quotients, and the identities are proved there and then reduced to any field.

Definition. Let a be an alternating matrix indexed by a finite ordered set N of n indices, and
c=(c1,...,cs) a list of «border columnsy, each a function from N to the ring. Pf(a;c) is the

40



Pfaffian of the alternating matriz indexed by N U {1,...,s} (first N, then the borders) whose
block on N is a, whose entry in the row of i € N and the column of the border k is cx(i), and
whose block on the borders is 0. For a set N of indices of variables, an := (D™ (Yi,Yj))ijeN
(alternating, by (8.1)), P{(N;c) := Pf(an;c), and, for a finite set E = {e1 < -+ < es} of
exponents, Pfg(N) := Pf(N;y®,...,y%), where y¢ is the column i — yf.

In (F1)-(F7), n = |N|, s is the number of borders, and a(®) is a without the index b, the columns
being restricted to N \ b.

(F1)

(F2)

(F3)

(F4)

(F5)

(F6)

(F7)

Pf(a;c) changes sign under a transposition of two indices of N together with the corre-
sponding entries of the borders, and under a transposition of two border columns (by (i)).

Pf(a;c) is additive and homogeneous in each border column, and it vanishes if two border
columns are equal (by (iii) and (ii)). Expanding along the last border: Pf(a;cy,...,cs) =
Spen b cs(b) - PE(a®ser, .., cor) with gy := (1) Tt

If n = s, then Pf(a;c) = (—1)*61/2 . det(cy(i))ien k<s (rows indexed by N in its order);
it does not depend on a. In particular Pfyy;  ,_13(N) = (=1)*G=1/2 . A(N) for |N| = s.
(A matching with a non-zero product pairs every border with an element of N, so it is a
bijection from N to the borders.)

Ezpansion along an index x € N. Split the row-and-column of z into its entries against
N\ z and its entries against the borders. By (iii),

S

Pf(a;c) =0 -Pf(a®;c,a.) + S (=1)P=+F ey (2) - PE(a'™); ¢ without ¢),

k=1
'l9 = (_1)pz+n+87

where a, is the border column b — a,, on N\ z; for a = ay it is D™ (yy, ), the column
b— D™ (Yz,yp). (In the first part, = is moved to the last place and becomes a border.)

By (8.4) and (F2), for a set E of exponents:

r—2
PE(N';y", D™ (ya, ) = — D (—1)"ys 27" - PE(N; 2, ),

u=0

r—1

PE(N; 4", D(ys, ) = Y (=1)"y, - PE(N ;9% y"),
u=0
and PE(N';4yP y*) = 0 if u € E, while it is (—1)#{c€Fe>u} - Plpuguy(N') if u ¢ E. By
(8.2), PE(N"; 9", D(ya, ) = PE(N"s 9",y 1) — yo - PE(N'; 9%, D™ (4, ).
(Lemma 5.7(ii).) For S = {by < -+ < by} and &5, := (=1)PT Y qepA(S \ b)y; is O for
0<u<p—2and A(S) foru=p—1.

Laplace. For an alternating matrix ¢ on N and n = s + 2k,

Pf(a;c) = (—1)5+= /2. > sgn(S) - det(cr(i))iesk<s - Pf(alns),
SCN,|S|=s

where sgn(S) = (—I)Ziespi_s(‘g_l)/2 is the sign of the shuffle that puts S before N'\ S, and
aln\s is the restriction of a. This is the case of [Oka, Proposition 2.3] in which the block
on the borders is 0. (A matching with a non-zero product consists of a bijection from a
subset S of NV onto the borders and of a perfect matching of N \ S.)
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The signs in (iii) and (F2)—(F7) are those of the Lean proof (§14.8); only their form matters
below, except where the text says otherwise.

8.4 Patterns and the ideals V),

For a partition A, A, is the length of its c-th column (A} = ¢(X)). For £ > 0 put
Ey:={r—1}, E,:={0,1,...,£ =2} for £ > 1 (so E; = 0).
Definition 8.6 (patterns). Let I be a set of m indices and (X, 0) € Shy,, £ = £(N).

e 0 =0: a pattern consists of a set P of (m—|\|)/2 pairwise disjoint pairs of I and of pairwise
disjoint blocks Bu, ..., By, with |B.| = A covering the rest. Its product is Dp -], A(B.).
(These are the tight patterns of §5.2, with D in the place of the divided difference of §2.3.)

e & = 1: a pattern consists of a set P of pairwise disjoint pairs, of pairwise disjoint blocks
By, ..., By, with |B.] = M., and of a marked block By with |By| = £ + 1+ 2t for some
t > 0, which together partition I. Its product is Dp - Pfg,(Bo) - [[.52 A(B.).

On the side of the points, the marked block carries the unpaired zero, the £ values of the first
column of A, and ¢t «absorbed» pairs. (Some of these products are 0, by §8.5, Remark (2); this
does no harm.) The sizes are consistent: a pattern of (A, 1) uses 2|P| + (|[A| =€) + ({ + 1+ 2t)
indices, so |P|+t = (m — 1 —|\|)/2, an integer because A € P,,_1; and the matrix of Pfg,(By)
has (¢ 4+ 1 + 2t) + | Ey| indices, an even number in both cases.

For A C Sh,,, V) C C,, is the ideal generated by the products of all the patterns on {1,...,m}
of all the shapes of A. All these products have integer coefficients. A permutation of the indices
maps every product to + a product of a pattern of the same shape (by (8.1), (F1) and the
antisymmetry of A), so V, is stable under relabelling.

Ezamples. (0,1) on one index T (@ 1) on three indices: . 'D(yq,y) (t = 0) and

Pl 13({1,2,3}) = (s 'D=(y1,92) — v "D~ (y1,43) + ¥ D (ya,u3)) (t = 1). ((1 ) 1) o
two indices: D™ (y1,y2). ((1,1),1) on three indices: (D~ (y1,y2) — D™ (y1,y3) + D™ (2 ))

8.5 The membership lemma

Lemma 8.7. Let £ >0, t > 0, and let By be a set of £+ 1+ 2t indices. In Z[y; : i € Bol/(y}),
Pfg,(Bo) € Ue(By) := (A(S) - Dg : S C By, |S| = £+ 1,Q a perfect matching of By \ S5).

We prove a more general statement, in which the borders are arbitrary powers. For a finite set
N of indices, 4;(N) is defined in the same way, with |S| = ¢+ 1.

Lemma 8.7’ (the membership lemma, any exponents). Let N be a set of n indices, t > 0,
and e1,...,es > 0 any exponents. In Z[y; : 1 € N|/(y}):

(a) if n=s4+2(t+1), then Pf(N;y°, ..., y%) € Us11(N);

(b) if n = s+ 1+ 2t, then PE(N;y*,...,y%,y" 1) € Us(NV).
Lemma 8.7 is the case s = ¢ — 1, (e1,...,e5) = (0,1,...,£ —2) of (a) for £ > 1, and the case

s =0 of (b) for £ = 0. The proof takes the rest of this subsection; the symbols wg, Ev, Od, W,
H and the variable ( are local to it.
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(a) Three polynomials. For odd s, 1 < s < 2r — 3, put ws(a,b) := > (—1)“a"b*"*, the sum
over the u with 0 <u <r—1and 0 <s—wu <r—1. The set of these u is stable under u — s—u,
which exchanges the terms of ws(a,b) and of ws(b,a) and changes the sign (—1)", because s is
odd; so ws(b,a) = —ws(a,b), and ws(a,a) = 0 (the terms v and s — u # u cancel; no division by
2 is involved).

e wy_9 =D~ (for s =r — 2 the conditions are 0 < u < r — 2).

e Foroddi, 1 < i <r—2: wpr_14i(a,b) = b* - D(a,b) modulo (a”,b"). (In ¥’D(a,b) =
S (=1)%ab" 174 the terms with u < 4 have b-exponent at least r; the others are the
terms of wy—14.)

e In Z[a,b][¢], with Ev(a) := 3-"_,¢*a?* and Od(a) := Zg;(l) (Ba2B+1;

2h—1

Z (“wast1(a,b) = Ev(a) - Od(b) — Ev(b) - Od(a). (8.6)

o=0
Indeed, in woy41(a,b) the terms with u = 2« even have b-exponent 25 4+ 1 with a+ 5 = o,
and the sign —+; the terms with © = 25 + 1 odd have b-exponent 2«, and the sign —. Every
pair (o, 8) with 0 < o < h, 0 < 8 < h — 1 occurs exactly once, with o = a + .

So the matrix (3, (was+1(¥i,Y;))i,; has rank two: it is Ev-0d” —0d-EvT for the columns
Ev = (Ev(y;)); and Od = (Od(y;));- This is the one fact behind the lemma.

Lemma 8.8 (two operations on bordered Pfaffians). Let a be an alternating matriz on
N, ¢=(c1,...,¢s) border columns, and E,O two more columns, over a commutative ring.

e (i) (border shift) For every function X on N and every k < s: Pf(da’;c) = Pf(a;c), where
agj 1= aj + Nick(J) — Ajex (7).

o (ii) (rank-two update) Pf(a + E-OT — O - ET;c) = Pf(a;c) — Pf(a;c, E,O).

Proof. We use one elementary operation: for two indices z # w of an alternating matrix A and
an element A, adding A times the row of x to the row of w, and A times the column of x to the
column of w, does not change Pf(A). Indeed, by the additivity of (iii) in the row-and-column of
w, the Pfaffian changes by A-Pf(A”), where A” is A with the row and the column of w replaced
by those of x (and A/, = 0); the rows of w and x in A” are equal, so Pf(A”) =0 by (ii).

(i) In the bordered matrix of (a;c), the row of the border k is —c; on N and 0 on the borders.
For each w € N, add —\,, times the row and the column of the border k to those of w: the
entry (w,j), j € N, becomes ayj + Awci(j), the entry (i,w) becomes aj, — A\ycr(i), and the
border columns do not change. After all w the matrix is the bordered matrix of (a’;¢).

(ii) Let Xy be the bordered matrix of (a;c, E,O) with the entry € in the row of the border E
and the column of the border O (and —6 in the symmetric place). Expanding along the index
O by (iii), the only term that contains € is the one of z = E, with £(O, E) = —1 (the borders
E and O are the last two indices), and it is 8 - Pf(a; ¢); so Pf(Xy) = Pf(a; ¢, E,O) + 0 - Pf(a; ¢).
Now take § = 1 and, for each w € N, add FE,, times the row and the column of O to those of
w. The row of O is —O on N, 0 on the borders of ¢ and —1 at F; so the block on N becomes
a—E-OT 4+ 0-ET, the entry of w in the column of E becomes E,, — F,, = 0, and nothing
else changes. Then the row of E is 0 except for the entry 1 at O; for each w € N, adding
—O,, times the row and the column of E to those of w clears the column of O on N. The final
matrix is the bordered matrix of (a — E - OT 4+ O - ET; ¢) together with the block [[0, 1], [—1, 0]]
on the last two indices, and its Pfaffian, expanded along O, is Pf(a — E-OT + O - ET;¢). Hence
Pf(a — E-OT + O - E";c) = Pf(a; ) + Pf(a;c, E,O); replacing O by —O and using (F2) gives
(ii). |
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There is no sign that depends on n or s. Two more facts follow at once from the definition of
the Pfaffian as a sum over matchings, in which a matching with a non-zero product uses one
entry of each border and k := (n — s)/2 entries of a: (homogeneity) Pf(7-a;c) = 7% - Pf(a;c)
for every scalar 7; and (top coefficients) if a and ¢ have entries in a polynomial ring A[(],
those of a of degree at most d and those of the border ¢ of degree at most dj, then Pf(a;c) has
degree at most xkd + > dy in ¢, and its coefficient there is Pf(a'°P; c*°P), the bordered Pfaffian
of the coeflicients of the degrees d and dj.

Corollary 8.9 (the closed forms). Let A be a commutative ring, y; € A (i € N), W, :=
(w201 (Yi, Yj))ijen, H := Zﬁ;é C"Whr over A[C], and Ev, Od the columns of (8.6) at the y;.
For border columns ¢ = (c1,...,cs) over A:

o (a) ifn=s+2(t+1), then PE(N;c) = (=1)!*L - [¢P1Y Pf(H;c,Ev,0d) fort < h—1,
and Pf(N;c) =0 fort > h;

o (b) ifn = s+ 1+ 2t then PF(N;c,y" 1) = (1)t - [("YPf(H;c,Ev) for t < h, and
Pf(N;c,y" 1) =0 fort > h.

Proof. Put L := Y"1 ¢°W,. By (8.6), L + ¢"H = Ev-0d” — Od-Ev7, entry by entry. The
entries of L have degree at most h — 1 in ¢, with top coefficient Wj,_1 = ay. (a) By Lemma
8.8(ii) with a := —¢"H and homogeneity,

Pf(L;c) = Pf(—¢"H;c) — Pf(—C"H; ¢, Ev,0d) = (—¢")* L Pf(H; ¢) — (—¢M) - Pf(H; ¢, Ev, Od).

Take the coefficient of ("D on the left it is Pf(an;c) = Pf(N;c), by the top coefficients;
the first term on the right is a multiple of ¢"(*+1) o it contributes 0; the second contributes
(=)L [ PE(H; ¢, Ev,0d) if bt < (h—1)(t + 1), ie. t < h —1, and 0 otherwise. (b)
By Lemma 8.8(i), applied to a := —C"H, the last border Ev and \ := — Od, Pf(—¢"H;¢,Ev) =
Pf(—¢"H + Ev-0d? —0d-Ev';c,Ev) = Pf(L;c,Ev); and Pf(—C"H;c,Ev) = (—¢") - Pf(H;
¢,Ev). The border Ev has degree h with top coefficient y** = y"~!; take the coefficient of
¢h=Dt+h: on the left it is Pf(N; ¢,y 1), and on the right (—1)* - [¢"!| Pf(H; ¢, Ev) if t < h,
and 0 otherwise. ]
Proof of Lemma 8.7. Work in A := Z[y; :i € N|/(y}). Since 2(h+7)+1=(r—1) + (27 + 1),
the second item of (a) gives H;j = 3. CTyJQ.THD(yi,yj) = D(yi,y;) - Od(y;) in A[¢]. By the
definition of the Pfaffian as a sum over matchings, Pf(H|y/) therefore lies, for every subset N’
in the ideal of A[¢] generated by the products Dg, @ a perfect matching of N’. (a) Expand
Pf(H;y°, ...,y ,Ev,0d) by (F7). Its s + 2 borders are values Pg(y;) of polynomials Py €
Z[C][T] in one variable; so for each S C N with |S| = s + 2, det(Py(y;))ics is an alternating
polynomial in the variables y;, i € S, and hence a multiple of A(S) in Z[(][y; : i € S]. So
every coefficient of every power of ¢ in Pf(H;y*,...,y%,Ev,0d) is a combination of products
A(S) - Dq, with |S| = s+2 and @ a perfect matching of N'\ S: it lies in 4s41 (V). By Corollary
8.9(a), so does Pf(N;y“,...,y%). (b) The same with the s + 1 borders y*,...,y% Ev and
Corollary 8.9(b). [

Remarks. (1) The smallest non-trivial case of Lemma 8.7, (¢,t) = (0,1), says y5 D~ (y1,
y2) =5 D™ (y1,y3) +ul D™ (y2,y3) € (D(y1,y2), D(y1,y3), D(ya, y3)); for r = 3 it reads A(ys,
y2,y3) = 1 D(y1,y2) — y1D(y1,y3) + y2D(y2,y3) modulo the cubes. (2) Some patterns are zero.
By Corollary 8.9, Pfg,(By) =0 when ¢ > 1 and ¢+t > h+ 1, and when £ = 0 and ¢t > h. For
¢ =1 the first condition is t > h. For £ > 2, expand the bordered Pfaffian of Corollary 8.9(a) by
multilinearity in its last two border columns: the coefficient of ¢ in Ev is 4?* and that of ¢# in
Od is y?*1; a term in which one of them is a border y¢, e < ¢ —2, has two equal border columns
and vanishes (F2), and every other term has degree at least [({ —1)/2] +[({—2)/2] =¢—1in
¢, which exceeds h — 1 —t. (The case { = 2, t = h — 1 was found by the cold reader of §14.6.)
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These conditions are sufficient; we do not claim that they list all zero patterns. Such patterns of
Definition 8.6 contribute nothing, and do no harm. (3) The border y"~! in (b) cannot in general
be replaced by another power: at r = 5, n = 3, Pf(N;3?) does not lie in to(N) (§14.9). (In
the cells tried by the cold reader, the replacement never broke the membership at r = 3.) (4)
Version 11 proved Lemma 8.7 in the exterior algebra on a free module with basis vy, ..., v,_1,
with divided powers of 2-forms, by showing that the divided powers ~,, of the generating 2-form
vanish for n > 2 and by a recursion. In that language our (8.6) says that the generating function
of the 2-forms of the wy is the product of two 1-forms, and our Lemma 8.8(ii) corresponds to
the formula v.(¢ + E A O) = 4.(¢) + Ye—1(¢) A E A O for the divided powers ~, of a 2-form ¢
and two 1-forms E, O. The proof printed here is the one that was formalized (§14.8); it uses
no exterior algebra, no divided powers and no torsion-freeness, and it proves Lemma 8.7, the
statement for other border sets that problem 7(c) of version 11 asked for.

8.6 (P3) Every pattern of a layer lies in the right slice

Proposition 8.10. Let A be an interlaced pair of level m > 1 and 0 < i < r — 1. Then
Vi, € Wr_1-i(Vr), where Vy, C Cy—1 is built on the indices 2,...,m.

Proof. W,_1-;(Vy) is an ideal, so it suffices to treat a generator: let o = (u,0) € A;, £ = £(p),
® := Fy(o) > i+ 1, and let G be the product of a pattern of o on {2,...,m}. Since the
slices are nested and r — ® < r — 1 —4, it is enough to find f € V) with deg, f <7 — ® and
[y7~®)f = +G, or to show otherwise that G € W,_g(V,). Write G = Dp - A(B;) - Rif § = 0
and G = Dp - Pfg,(By) - R if § = 1, where R := [].>o A(B.). By Lemma 8.3 the options in A
are an initial segment of the chain, of length ®; we split according to the last one.

(A) The last option in A is an addition. Let jo be the smallest j with (u+e;,9) € A; it is
the first row of its length, and ® = ¢+ 1+ (r—1—2¢) + ({ — jo + 1) = r — jo + 1. The column
c* = pj, +1 > 2 of p has height jo — 1; put the index 1 into its block B+ (a new block if ¢*
is a new column). This is a pattern of (i + ej,,d): the number of pairs is unchanged, and for
6 = 1 the first column, hence ¢, Ey, and the marked block, are untouched because ¢* > 2. By
the factorisation A(B U {1}) = £]].cp(ye — 1) - A(B) of the Vandermonde determinant, its
product is =G - [[.ep.. (Ye — y1): its yi-degree is jo — 1 =r — @ (and y{ofl # 0 in the box, as
jo— 1 < r), and its top coefficient is £G.

(M) The last option in A is the middle one (so ¢/ < hand ® =/(+1+(r—1-20) =r—1).

e 0 = 0: put the index 1 into By (of height ¢): a pattern of (u U 1,0), whose product has
y1-degree £ = r — & and top coefficient +G.

e § =1: here (pU1,1) € A and (i,0) € A (the zero option precedes the middle one). Put
Et:=FEp;={0,...,—1} and

fi= (- Pfge(BoU{1}) + 9 - PE(Bo;y®", D(y1,-))) - Dp - R,

with ¥ = £1 the sign of (F4) for N = ByU {1}, x =1. f € V). Pfp+(BoU{l})-Dp- R is
the product of a pattern of (u U 1,1): its marked block By U {1} has size (¢ 4+ 1) + 1 + 2t,
its borders are Ey1, and the columns ¢ > 2 and the pairs are those of u. By (F2), Pf(By;
y¥" D(y1, ) = Soeny mD W1, u) - P+ (Bo \b). It t > 1, D(y1, ) - Pfp+(Bo\b)- Dp- R
is the product of a pattern of (x U 1,1) with marked block By \ b (of size (¢ +2) +2(t —1))
and pairs P U {(1,b)}. If t = 0, then |By \ b| = £ = |E™| and Pfp+(By \ b) = £A(By \ b)
by (F3), so it is £ the product of a pattern of (u,0): first block By \ b, pairs P U {(1,b)}.
Degree. By (F4), Pfg+(Bo U {1}) = 9 - Pf(Bo;y®", D~ (y1,)) + Seep+ + f Pfpro(Bo),
and by (F5), Pf(Bo;y®", D(y1,-)) = PE(Bo;y”",y" 1) — y1 PE(Bo; y®", D~ (y1,-)). So the
two terms with D~ (y,-) cancel, whatever the value of 9:
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F/(DpR) = Secpr £ yiH P (Bo) + 9 - PE(BosyP ™,y 7Y,

The last term does not contain y;. If ¢ > 1, the y;-degree is ¢, with top coefficient
:tPfEur\{g_l} (B()) = :l:Png (B()) If ¢ = 0, then E‘Jr = (D and f/(DPR) =1- Pf{r—l}(BO) =
+ Pfg,(Bo). In both cases deg,, f = =1 — ® and the top coefficient is +G.

(Z) The last option in A is the zero option (¢ =/ +1).

(R)

§ = 0: here (u,1) € A. If £ =0, f := ¢! - G is the product of a pattern of ((),1)
with marked block {1} (Pfg_1y({1}) = i "), of yi-degree r —1 = r — ®. If £ > 1,
[ =Pfg,(B1U{1})-Dp- R is the product of a pattern of (u, 1) with marked block By U{1}
(of size £+ 1, so t =0). By (F4) and (F5),

r—2

Pfg, (BiU{1}) =F > _(=1)"y; > “PI(B1;y™,y") + Seen, £ yi Plga(B1).
u=0

Pf(By;yPt,y*) = 0 for u < £ —2, and for u = £ — 1 it is + Py, —13(B1) = £A(B1) by
(F3). So the first sum has y;-degree r —2— ({ —1) = r— ¢ — 1, with top coefficient £A(B);
the second has y;-degree at most /—2 <r—/¢—1 (as{ < h). Sodeg,, f=r—L—1=1r—2>,
with top coefficient +G.

0 = 1: here (u,0) € A. For S C By with |S| = £+ 1 and a perfect matching @ of By \ S
put, with the signs of (F6),

fs.Q =Y _eA(S\b)-D(y1,m) - Dg- Dp - R.
bes

Each summand is the product of a pattern of (u,0): first block S\ b (of size £), blocks B,
(¢ >2), pairs PUQU{(1,b)} (their number is |P|+t+1 = (m — |u|)/2). So fsg € Va.
By (8.4) and (F6), [y] 17| fs.0 = (=1)*(X, esA(S \ b)yi") - DoDpR vanishes for u < £ —1
and is £A(S) - Dg - DpR for u = ¢. Hence A(S)Dg - DpR € W,_1_¢(V}) for all S,Q.
As W,._1_¢(Vy) is an ideal, it contains the image of y(By) in Cy,—1 times DpR, and by
Lemma 8.7 — a membership over Z, which therefore holds for the images in C,_1 over
every field — it contains Pfg,(By) - DpR=G. Andr—1 -4 =1 — .

The last option in A is a removal. Then the removals in A are those of the rows

.., p, with p > 1 the last row of its length, and ® = p.

0=0,o0r 0 =1and p, > 2: the column ¢ := 1, of u has height p, and its block S := B,,
is an ordinary block (¢o > 2 if 6 = 1). Write G = A(S) - G’. As in case () of Proposition
5.8, f =2 pesebA(S\D) - D(y1,y) - G’ is a sum of products of patterns of (1 —e,,d) (pairs
PU{(1,b)}, the block of the column ¢y replaced by S\ b; for 6 = 1 the first column, hence
the marked block, is unchanged). By (8.4) and (F6), [y}~ '~"]f vanishes for u < p — 2 and
is £G foru=p—1: deg,, f=r—p=r—9>.

d=1and p, =1: then p=¢. Put E' := E;_ and f :=Pfg/(ByU{1}) - Dp-R. Tt is the
product of a pattern of (u — ey, 1): the first column of u — e, has £ — 1 rows, the marked

block By U {1} has size ((¢ —1) + 1) 4+ 2(t + 1), and the other columns are those of p. By
(F4) and (F5),

r—2

Pfp(By U{1}) = F > (1) > “Pf(Bo; y™ ,y") + Seerr £ y§ Pipno(Bo).

u=0
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If ¢ > 2 E' ={0,...,0 — 3}; the first sum vanishes for u < ¢ — 3, and for v = ¢ — 2
it gives +y| ¢ Pfg,(Byp); the second sum has y;-degree at most £ —3 < r — ¢ If { = 1:
E' = {r —1}; the first sum has y;-degree at most r — 2, and the second is 43|~ Pfy(Bo) =
:l:y{_1 Pfp, (Bo). In both cases deg,, f =7 —{=r— &, with top coefficient +G.

The four kinds of last option exhaust & > 1. |

In every case the construction lands exactly in the slice » — ®. The absorbed pairs (¢ > 1) are
produced by the second case of (R): a removal that empties the first column of a marked tail
turns a pair D outside the marked block into a pair D~ inside it.

8.7 The theorem

Theorem 8.11 (interlaced down-set theorem). For every field F, every odd r > 3, every
m > 0 and every interlaced pair A C Shy,, dimp V) > |Z,)].

Proof. Induction on m. For m = 0, Shy = {(0,0)}: if A = () both sides are 0; otherwise Vy = F'
(the empty product) and Z, is one point. Let m > 1. By the peeling lemma, Proposition 8.10,
the induction hypothesis applied to the interlaced pairs A; (Lemma 8.4; Vj, is stable under
relabelling, so the variables yo, ..., y, may be used), and Lemma 8.4 again,

dimVy = Y0 dim W,_1—;(Va) > 3, dim Vi, > 54| Zp,| = Si(Za)>i] = | Zal- |

Proof of Theorem O, the inequality >. Take m = 2k + 1 and A = Aot (Lemma 8.5). The
patterns of ((1),0) consist of k disjoint pairs and one block of one element; their products
are the Dp, that is, the Dy, J € J (D is symmetric). The patterns of (0, 1) have products
Pf(,_13(Bo) - Dpr with |Bg| = 1 + 2t; by Lemma 8.7 with £ = 0 (a membership over Z, hence
also in Cogy1 over every field), Pfy,_1y(Bo) lies in the ideal generated by the Dg, @ a perfect
matching of By minus one index (here A(S) =1, as |S| = 1); since |Q| + |P| =t + (k—1t) =k,
the product lies in (Dy:J € J). Hence V) ., = (Dy:J € J) - Cog+1, and Theorem 8.11 gives
dim > | Zx,...| = No(2k + 2). N

Lemma 8.12 (the two forms). Let N = 2k + 2, write the variables as xo,y1,- .., Y2k+1,
and put M = Y p Dp - Cn, the sum over the perfect matchings P of the N wvariables (the
ideal Vip,0yy of level N). Then 6 : M — Capq1, f (2571 f, is injective, and its image is
(DJ cJ e j)02k+1.

Proof. By (8.3), (g + xp) - D(x4,2) = 0 in the box, so every Dp is killed by e; = z¢ + s,
s := >, y; (sum over the pairs of P). Write f = ZZ;%] x§ fu with f, € Cagy1; comparing the
coefficients of xf in xof = —sf gives f,—1 = —sf, for v > 1. So f is determined by f,_1,
and 0 is injective. If kg is the partner of 0 in P, the coefficient of xg_l in D(zo,yg,) is 1, so
O(Dp-g)=Dy-g for g € Coy1, where J is P read as a matching of {0,...,2k + 1}. Moreover
xo-Dp = —kaDP, so M = EP Dp - 02k+1. Hence (9(./\/1) = (DJ :J e j)02k+1. [ ]

(The same proof works for every r > 2, with (—1)"~!

proof of Corollary 10.6(i).)

in the place of 1; for the even box it is the

Corollary 8.13 (equality; freeness over Z). For every field F, every odd r > 3 and every
k> 0: dimp Y. p Dp - Coryo = Np(2k + 2) and dimp(Dy : J € J) - Copr1 = N-(2k + 2). Both
quotients of the integral box rings are free abelian groups, and the dimensions of the graded pieces
of the two ideals do not depend on F'. In particular Theorem O holds.

Proof. By Lemma 8.12 the two dimensions are equal, and each is at least N,(2k + 2): the
second by the part of Theorem O already proved, the first by Theorem 8.11 for the interlaced
pair {(0,0)} of level 2k 4+ 2 (Lemma 8.5), whose patterns are the perfect matchings. For the
upper bound, let first F = @ and T := {—h,...,h} C Q, and put Ip := (4, + = : {a,b} € P)
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and M := > pDp-Cy. On Cy let (f,g) be the coefficient of []; x;“*l in fg; as in the proof
of Proposition 2.6 the pairing is perfect, so dimV + dim V+ = dim Cy for every subspace V,
and the annihilator of an ideal is contained in its orthogonal. By (8.3), (x4 + xp) - D (24, ) =
0 in the box, so Ip - Cy annihilates Dp, and (\p Ip - Cy annihilates M. Hence dim M <
dim Cy — dimNp Ip - Cn = dim Q[z]/ Np(Ip + (zF)). Let T C TV be the set of the points of
Up V(Ip) in TV, that is, the set of the N-tuples that split into pairs {u, —u}; |T| = N,(N).
With g(z) := [[,er(z — u), an odd monic polynomial of degree r, the ideal of the finite set
V(Ip)NTHN is Ip + (g(x;) : i), and its ideal of top-degree forms is Ip + (z7) (it contains it, and
both quotients have dimension r*+1; Lemma 5.8"). Since I(T') = Np [(V(Ip) NTY) and gr of
an intersection is contained in the intersection of the gr’s, gr(I(I')) € Np(Ip + (xF)), whence
dim Q[z]/Np(Up + (z})) < dim Q[z]/gr(I(I")) = |T'|. So dimg > p Dp - Cn < Np(N). Over an
arbitrary field F', the ideal > p Dp - Cy is spanned by the images of the vectors Dp - ¢, which
have integer coordinates, and the rank of an integer matrix over F' is at most its rank over Q.
This gives the two equalities over every field. The integral statement follows as in the proof
of Theorem 5.9: the quotient M of the integral box ring by the ideal generated by the Dp
(respectively the D) is a graded, finitely generated abelian group, M ® F' is the quotient over
F', and the dimension of M ® F' is the same for ' = ) and for every I’ = F}; so no graded piece
of M has torsion. ]

Remarks 8.14. (1) Where the full family enters. Only at the root (Lemma 8.5 and the proof
of Theorem O), as in §5. With one matching removed the dimension drops in every cell we
computed, also in characteristic 2 (§14.9). (2) No slack. In Proposition 8.10 the slice r — 1 — i
cannot be lowered: with r — 2 — ¢ the containment fails in every cell tested (§14.9). (3) Equality
for every interlaced pair is measured, not proved: dim Vj = |Z,| held for every interlaced pair of
every cell computed, and for pairs of down-sets that satisfy (D1) but not (D2) the two numbers
differ (§14.9). (4) The marked shapes are needed. Without the bordered Pfaffians — with the
patterns t = 0 only — the equality of (3) fails for 15 of the 163 interlaced pairs of the auditor’s
run (§14.9): the absorbed pairs are part of the ideal. (5) Characteristic. Unlike the bipartite
ideals of §7, the ideals Vj of this section are defined over Z, and Theorem 8.11 holds over every
field with no condition; in particular over Fs, which is where §9 uses it for the degrees 2.

8.8 The case r = 3, without Pfaffians

For r = 3 (h = 1) the theory collapses to a family with one parameter, and every step is a one-
line identity. This gives a proof of Theorem O at r = 3 that uses nothing from §8.2-§8.7; with
§9 it suffices for the degrees m = 4, 6 and 12. Here T = {—1,0,1}, Cr, = Fly1,- -, ym]/(43)
and D(a,b) = a? — ab + b*. The shape of M € T™ is determined by j(M) := |3, M;| (the
mark is the parity of m — j), and the interlaced pairs are the sets {j < J}. For 0 < J < m put
ng) ={M € {-1,0,1}" : | > M;| < J}, and define an ideal I(m,J) C Cy, as follows, where
P, P™, P’ denote sets of pairwise disjoint pairs of indices and a,b, ¢ distinct indices outside
them:

o if J=m (mod 2): I(m,J):=(Dp:|P|=(m—J)/2);

o if J#m (mod 2)and J > 1: I(m,J) == ((yp —Ya) - Dp: |P|=(m—1—-1J)/2; Dp+:
[PF| = (m+1-J)/2);

e if J =0 and m is odd: I(m,0) := (y2- Dp : P a perfect matching of the other indices;
A(Ya, Yo, Ye) - Dpr : P' a perfect matching of the other indices).

Theorem 8.15. dimpI(m,J) > ]ng)\ for every field F and all 0 < J < m. In particular

I(2k 4+ 1,1) is the ideal generated by the Dy, J € J, in Coky1, and |Z£2k+1)| = N3(2k +2): this
is Theorem O, >, at r = 3.
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Proof. Induction on m; 1(0,0) = F. For J = m the ideal is the unit ideal and Z is everything.
A tail with |3| = j/ has 3 completions in ng) if/<J-1,2ifj/=J>11ifj7=J+1
or j/ = J = 0, and none otherwise. So |Z§m)| = \ZﬁTI1)| + |Z§m_1)| + \Zﬁnjfl)| for J > 1, and
]Z(gm)| = |Z£m_1)| (with ng_l) everything and I(m — 1,.J) the unit ideal for J > m — 1). By
peeling and induction it suffices to show, for the slices of I(m, J):

Wy2Im—1,J4+1), W1 DI(m—-1,J), Wo 2D I(m—1,J—1)for J>1; Wy D I(m—1,1) for
J=0.

Write D(1,b) for D(y1,4) = y3 — y1yp + y7; the sets of pairs below lie in {2,...,m}, and «free»
means an index of {2,...,m} outside them.

Case I: J=m, 1< J<m—-2,p:=(m—J)/2>1; I(m,J)=(Dp:|P|=p).

o« WoDI(m—1,J+1)= (Dp :|P| =p—1): there are J 4+ 1 > 2 free indices; for a free b,
D(1,b) - Dpr € I(m, J) has yj-coefficient Dpr.

o W1 D I(m—1,J) = ((yp—Yya)Dp: : |P'| =p—1; Dpn:|P"|=p): (D(1,b)—D(1,a))-Dpr =
(—v1(yp — Ya) + Y2 — y2) - Dpr € I(m, J); and Dpr € I(m,J) does not contain y;.

e Wo2I(m—1,J —1)=(Dpn:|P"| =p): these are generators of I(m,J) without y;.

Case II: J £m, 1 < J<m—-1,p:=m—-1-J0)/2; I(m,J) = (yp — ya)Dp : |P| = p;
Dp+ : [P =p+1).

e Wo D I(m—1,J+1). If p = 0 this is the unit ideal, and D(1,b) € I(m, J) has y?-coefficient
1. If p > 1 its generators are (yp — yo)Dpr (|P'| = p—1) and Dp (|P| = p); there is a free
index ¢ besides a,b in the first case and a free b in the second, and D(1,c¢)(yp — ya)Dpr,
D(1,b)Dp lie in I(m, J) with y3-coefficients the generators.

e Wi DI(m—1,J)=(Dp:|P|=p): for afreeb, (yp —y1)- Dp € I(m,J) has y;-coefficient
—Dp.

e Wo2I(m—1,J—1). If J > 2, its generators (yp, — ya)Dp (|P| =p), Dp+ ([P =p+1)
are generators of I(m,J) without y;. If J = 1 (m even), it is I(m — 1,0) = (y2Dp,
A(yaa be/c)DP’)a and

e =y (ye—y1) + D(1,¢),
AYas Yb, ye) = D(1,a)(Ye — yp) — D(1,0)(Ye — ya) + D(1,¢)(yp — Ya)

(in the second identity the coefficients of y? and of y; cancel, and the constant term is

Y2(Ye — Yb) — YE(We — Ya) + Y2 (Wb — Ya) = A(Ya, Ybs Ye)). So y2Dp and A - Dps lie in I(m, 1)
and do not contain .

Case III: J = 0. If m is even, I(m,0) = (Dp+ : P a perfect matching) and I(m — 1,1) =
(Dpr : |P'| = (m — 2)/2): with the free index b, D(1,b)Dps has y?-coefficient Dps. If m is odd,
I(m—1,1) = ((yp — ya)Dpr; Dp+) with Pt a perfect matching of {2,...,m} and P’ one of
{27 coo,mp\ {CL, b}: y% Dp+ € I(m,0), and A(y1,Ya, Ys)  Dpr = (Ya — Y1) (Y6 — Y1) (Y6 — Ya) Dpr €
I(m,0) has y?-coefficient (y, — yo)Dpr.

For the last sentence of the theorem: the Dp with |P| = k in 2k + 1 variables are the D;; and

deleting the last entry is a bijection from the (2k + 2)-tuples in {—1,0,1} of sum 0 onto Z{Qkﬂ).
|
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8.9 A worked example: r =3, k=1

Here m = 3, the three generators are D(y2,vs), D(y1,v3), D(y1,y2) in Flyi, 92, s3]/ (43), a
ring of dimension 27, and N3(4) = 19: the 4-tuples in {—1,0,1} of sum 0 number 1 + 12 +
6. The root is A = {((1),0),(0,1)}. The tails have two coordinates, with shapes in Shy =
{0,0),((2),0), (1. D)}, and | Zg)| = 3, |Zay00] = 2 |Zuyp] = 4 (total 9).

tail shape its chain (positions 1,2, 3) options in  F) case of Prop. slice
A 8.10 r—®
(0,0) (0,1)-((1),0) - ((1),0) all 3 M),0=0 0
(1), 1) (@,1)-((1),0)-((2),1) first two 2 (Z),6=1 1
((2),0) ((1),0)-((2),1) - ((3),0) first 1 (R) 2

So Ag = Sha, Ay = {(0,0),((1),1)} and Ay = {(0,0)}, all interlaced, and |Z5| =9+ 7+ 3 = 19.
On the side of the ideal: Wy > D(y2,y3) (the generator of Vi, ); Wi contains y3 — y2, from D(y;,
y2) — D(y1,93) = —y1(y2 — y3) + y5 — y3, which is the case (Z) with By = {2,3}, £ =1, t = 0;
and Ws 5 1, from D(y;,y2). The dimensions of the three slices are 3, 7 and 9.

9. Even degrees

In this section m > 4 iseven, k > 1, n = 2k and N = n+2, except in §9.2, which also allows the
degree 2 and k > 0 (Lemma 9.10 uses it in that generality). Nothing in §2.1 or in Appendix B
uses the parity of m: Theorem 0 and Proposition 2.1 hold for every m > 3, and [DS] themselves
compute even cells ([DS, Remark 4.4] and [DS, §5]). So, as for odd m, the conjecture at (k, m)
is the equality dimp, (¢ : J € J)E,[G] = [T'z]| for every prime p dividing m, and < always
holds. What changes is everything after §2.1. Inversion on p,, \ {1} now has the fixed point —1,
so the count is different (§9.1). At the prime 2, the element 2 is not a unit and the coordinate
y =t —t! of Lemma 2.3 does not exist: for m = 2V we pass to the ideal of leading forms,
which contains sj - - - 59511 times the ideal of Theorem O for the box 2¥ — 1 in characteristic 2,
an isomorphic copy of it in another ring (§9.2). For the other even degrees the colour reduction
of §6 applies at each prime (§9.3), with two new kinds of block: at an odd prime the cofactor
is even, the colour —1 is its own inverse, and its block is the ideal of Theorem O for the box p
(§9.4); at the prime 2 the block of colour 1 is the problem for the degree 2V again, and the pair
blocks are bipartite ideals with an even box.

In this section the letter r is the odd box of §8, and the cofactor of a prime power in m, which
§6 calls r, is written 7’. The count N,(n) of §8 makes sense for r =1 (h = 0): Ni(n) = 1, the
only tuple being (0,...,0); it is used in that sense in §9.2 and §9.4.

9.1 The count

Lemma 9.1. For every m > 3, T 7 is in bijection with the set of N-tuples in pum, \ {1} that can
be split into pairs of mutually inverse entries. For even m their number is

IT7| = Npp_1(N) = N! - [2V] cosh(z) - Ip(2z) ™= 2/2,
Proof. The first paragraph of the proof of Lemma 2.2 uses nothing about m: for a € I'7, with

a matching J, put ag := (a1---any1)"'; then ap = a,:ol # 1, and every pair of J is a pair of
inverse entries of (ag, ..., an+1). Conversely a tuple that splits into inverse pairs has product 1,
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so its entry at 0 is determined by the others, which lie in I' 7 through the same matching. For
even m, inversion on p, \ {1} has the single fixed point —1 and (m — 2)/2 orbits {c,c7!}. A
tuple splits into inverse pairs if and only if, for every orbit, ¢ and ¢~! occur equally often, and
—1 occurs an even number of times. Each orbit contributes the exponential generating function
Iy(2x), and the value —1 contributes coshz. A bijection p,, \ {1} — T that carries inversion
to u — —u and —1 to 0 (with » = m — 1) identifies these tuples with the tuples counted by
Np—1(N) in §8. |

We extend the notation of §1.2: for even m, Qr(m) := Np,—1(2k + 2). So Qx(m) = || for
every m > 3. The first values are

m\ k 1 2 3 4 5

4 19 141 1107 8 953 73 789

6 61 1001 18 733 375 745 7 858 225

8 127 3301 103 279 3595 177 133 789 789

10 217 7761 345 465 17 605 249 980 612 161

12 331 15101 876 331 59 415 961 4 481 629 021
16 631 41301 3 529 863 361 612 105 42 214 788 925

For k = 1, Q1(m) = 3m? — 9m + 7, and the values for k = 2,3 are those of the polynomials
displayed in [DS, Remark 4.4] for even m (with their ¢, = 1); for instance 141, 1001 and 1107
at (n,m) = (4,4), (4,6), (6,4). For m = 4 the numbers are the central trinomial coefficients, the
constant terms of (x 4 1 + z~1)2%*2, In general, for even m the rank Q(m) + 1 of L(X) is one
more than the count Ny,—1(2k + 2) of Theorem A at the odd number m — 1 (§10).

9.2 Degree 2": leading forms

Let ¢ = 2¥ with v > 1, £ > 0, and let F' be a field of characteristic 2. Put s; := ¢; + 1. Since
t1—1=(t+1)7,

F[G] = F[tl, e 7t2k’+1]/(t? — 1) = F[Sl, e ,82k+1]/(83) =: B,

a graded ring. Let I := (¢ : J € J)B, where 1 is the image of the generator 1; of §2 for the
degree m = q.

Proposition 9.2. dimgl > N, 1(2k + 2). Hence, for v > 2 and k > 1, dimp,(¢y : J €
J)F3|G] = [T7|, and Hop(X; Z)/L(X) is torsion free for the Fermat variety of degree 2 and
dimension 2k.

Proof. The 1; have coefficients in Fs, so the dimension does not depend on F; let F = F.
Step 1: the generators. In Fhlu], (u+ 1)o(u) = u? +1 = (u+ 1)?, so p(u) = (u+ 1)771. For
u=tit, u+1=(1+s;)(1+s)+1=s5;+5+s;55. So

k

k
Yy = H Sk H(Sji + Sk, + Sjiski)q_17
1=0 =1

and, as a polynomial, its homogeneous component of lowest degree is L := Hf:o Sk; 'H§:1(5ji +
sk, )91, of degree (k + 1) + k(g — 1).

Step 2: leading forms. For 0 # f € B let in(f) be its homogeneous component of lowest degree,
and let in(I) be the span of the in(f), 0 # f € I. Let I>4 be the set of the elements of I with
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no component of degree less than d. The map I>4q — By that takes the component of degree
d has kernel I 441, and its image is in(I) N Bg. Summing over d, dimin(/) = dim I. Moreover
in(/) is an ideal: for a monomial z and f € I, z -in(f) is 0 or in(zf). Since the ideal (s?) is
homogeneous, the image of Ly in B is 0 or in(z;). Hence

dim [ = dimin(/) > dim(L; : J € J)B.

Step 3: the odd box. Put r := q — 1. In Fsla,b], (a +b) - ZZ;% a7 = 9 + b1 = (a + b)Y,
so (a4 b)?~" = 3974 a®b?~ 1%, Multiply by b and drop b%: b(a + b)4~! = ab- S0 _% awpi=2w
in Fyla,b]/(b?), and the last sum is the polynomial D(a,b) = D,(a,b) of §8 over Fy, where the
signs disappear. The indices kg and j;, k; (i > 1) are 1,...,2k+ 1, each once; so Ly =Y - Dy in
B, with Y :=s1---So;11 and Dy := Hle D(sj,, s;). Multiplication by Y on B kills exactly the
monomials with some exponent at least ¢ — 1, so it induces an injective map Fs[s|/(s]) — B,
which carries the ideal (D : J € J) - F3[s]/(s]) onto (Ly:J € J)B. The former is the ideal of
Theorem O at (k,r, F3).

Conclusion. If ¢ > 4, then r = 2 —1 > 3 is odd and Theorem O gives dim(L;)B > N,(2k + 2).
If g =2 thenr =1, L; =Y # 0 for every J, and dim(L;)B = 1 = N1(2k + 2). With
Step 2 this is the inequality. For £ > 1 and m = ¢ > 4, Proposition 2.1 and Lemma 9.1 give
dim I <|I'y| = Ng—1(2k + 2), so there is equality at the only prime dividing m. [

Remarks 9.3. (1) The proof shows more: in(I) = (Ly : J € J)B. The generators vy are a
standard basis of I for the filtration by the order of vanishing, in the sense that their leading
forms generate the ideal of leading forms. (2) The inequality of Step 2 is where information could
be lost; Theorem O says that none is. The statement «dimpg, (D) - Fa[s]/(s}) > Ny(2k + 2) for
r =2Y — 1» is, on its face, stronger than the conjecture at (k,2"): it is the conjecture together
with (1). (3) For ¢ = 2, ¢y =Y for every J (in Step 1, si(sj+ s, +8j81) = s;s;, because s? = 0),
and [ is the socle of B.

9.3 The colour reduction for an even degree

Let p be a prime dividing m, and write m = ¢ - with ¢ = p¥ and p { r'. Put F := F,,

F[G] := Flt1,...,thp+1]/(t" — 1) and [ := (b : J € J)F[G], as in §6. By Proposition 2.1 and
Lemma 9.1, exactly as in §6,

dimp I < |Dg| = Qu(m), (9.1)

and the conjecture at (k,m) is equivalent to dimp I > Qx(m) for every prime p dividing m.

Lemma 9.4 (splitting and survival, for every prime). Lemmas 6.1 and 6.2 hold as stated,
with v’ in the place of v, for every prime p dividing m and every m > 3.

Proof. The proof of Lemma 6.1 uses that (t"/ —1)9 = t™ — 1 in characteristic p and that
" — 1 is separable, because r’ # 0 in F. The proof of Lemma 6.2 uses the factorisation
(u = Dp(u) = [leep,, (w — ) in Flu] and the Frobenius identity (¢;t; — cje)? = tit] — cjc/ =0
in R.. Neither uses the parity of p, of q or of . |

Blocks (this replaces Lemma 6.3, which uses that the cofactor is odd). Fix a colouring ¢ € ,uf,“,

with ¢ := (¢1 -+ ¢pp1) 7! and the colour classes C¢ C {0,...,n + 1}. The colours equal to their
inverses are 1 and, when 7’ is even (so p is odd), —1. The other colours split into pairs {¢,(™1};
fix a set R of representatives. The blocks of ¢ are C1, C_1 (empty if ' is odd) and the sets
CcUCe—1, ¢ € R. A pair {a,b} has c,cp = 1 if and only if it lies in C, or it lies in C_1, or it
meets both C; and C.—1 for some ¢ € R. So the matchings compatible with ¢ are the choices
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of a perfect matching P of C1, a perfect matching P_; of C_; and a bijection o : C¢ — Ce—1
for each ( € R, made independently; every such choice is an element of J (this is where the
full family is used), and c is compatible if |C;| and |C_1]| are even and |C¢| = |C-1] for every (.
Group the tensor factors of R. accordingly, R. = R.1 ® R. 1 ® Qcer R, and define gp,, gp_,,
go, and the ideals I.1, Ir,—1, Io¢ as in §6.3: the products of the factors of (6.2) that belong to
the pairs of one block, and the ideals they generate.

Lemma 9.5 (tensor decomposition). If ¢ is not compatible, w.(I) = 0. If ¢ is compatible,
Te(I) = Icq @11 ®@R¢erlee, and its dimension is the product of the dimensions of the factors.

Proof. As for Proposition 6.5: by (6.2) the image of a compatible ¢ is a unit times a pure
tensor along the blocks, the choices in the blocks are independent, and Lemma 6.4 applies. W

Lemma 9.6 (the count factors). For a compatible colouring ¢ let Ni(c) be the number of
tuples (w;)iec, in pq \ {1} that split into inverse pairs, N_i(c) the number of tuples (w;)icc_, in
g that split into inverse pairs, and N¢(c) := Npal(|Cc|,q) (§6.6). Then

Qr(m) = |T'7| = ZN1 ) - N_1(c) - [] Ne(e)

(eER

the sum over the compatible colourings. Moreover: Ni(c) = (2K)! - [12F|I(22)@=D/2 4f p is
odd and Ni(c) = Ny—1(2K") if p = 2, where |C1| = 2k"; N_1(c) = N4(|C-1]); and Nyai(a,q) =
Npn(a —1,q) fora> 1.

Proof. Work with the complex roots of unity, as in Lemma 6.8, and fix an isomorphism of groups
between the complex r’-th roots of unity and those of F'; it preserves 1, —1 and inversion, hence
the blocks of a colouring and their sizes. p,, = p X g, gi = c;w; for i = 0,...,n 4+ 1; gogp = 1
iff cocp = 1 and wawp, = 15 and g; # 1 iff (¢;, w;) # (1,1). By Lemma 9.1, I" 7 is in bijection with
the N-tuples (go,...,gn+1) in um \ {1} that split into inverse pairs, and the colours of such a
tuple are (cg,c) with cg = (c1---cnr1)”!. A matching that splits the tuple is compatible with
¢, so each of its pairs lies in one block; hence the tuple splits if and only if its restriction to each
block does. On Cy: g; = w;, and the condition is that (w;) lies in g4 \ {1} and splits into inverse
pairs. On C_1: ¢g; = —w;, which is never 1 because ¢ is odd, and ¢;g; = w;w;; the condition is
that (w;) splits into inverse pairs in pg. On C¢c U Ce-1: every g; # 1, a splitting is a bijection
o :Cc — Ce—r with w, ) = wi_l, and one exists if and only if the multiset of the w;, ¢ € C¢,
equals the multiset of the w; ', | € Cc-1: this is Npai(|C¢l,¢). The conditions concern disjoint
sets of coordinates, so the count is the product. The closed forms: on p, \ {1} inversion has no
fixed point if ¢ is odd (Lemma 2.2) and one fixed point if ¢ is even (Lemma 9.1); on pg, ¢ odd,
it has the single fixed point 1, which gives Ny; and Npai(a,q) = Npn(a — 1, ¢) is Lemma 7.2(iii).
|

(In this count the index 0 is a coordinate like the others. On the side of the ideals it is not:
the variable t3 does not exist, and the block that contains 0 has one variable less. This is the
difference between the balanced and the phantom bipartite ideals, between the two cases of
Lemma 6.6, and between the two forms of Lemma 8.12.)

9.4 The blocks

Lemma 9.7 (pair blocks). For every prime plm and every ( € R, with a := |C¢| = |Cp-1]:

I = Ibal if 0 gé CcUCe—1, and Io¢ = Iph1 otherwise, with the box q = p¥. In both cases

Proof. Lemma 6.7 and its proof hold for every prime p and every 7’: they use only cs # 1 for the
indices s of the block, and, in the case 0 € C¢, the equality of the ideals generated by (z — 2)?~ 1
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and by (z — )91, which holds for every ¢q. The inequality is Theorem C for the box ¢ = p” over
F = F,; its hypothesis holds for every prime p, 2 included, because C(q—1,t) = (—1)" (mod p).
For p = 2 this is Theorem C at an even box. |

Lemma 9.8 (the block of colour 1 at an odd prime). If p is odd, dimp I.1 > Ni(c).

Proof. This is Lemma 6.6: §6.4 uses only (t; — 1) =0, ¢ = p” and 2 € F*. The number N;(c)
of §6.4 is the one of Lemma 9.6: if 0 ¢ C; the two definitions coincide, and if 0 € C; a tuple
(w;)iec, that splits into inverse pairs has product 1, so its entry wy is the one that §6.4 computes
from the others, and deleting it is a bijection between the two sets of tuples. |

Lemma 9.9 (the block of colour —1). Let p be odd, r' even and |C_1| = 2a. Then
dimp I, 1 > Ny(2a) = N_1(c). More precisely, in suitable coordinates y; with R, 1 = Fly; :
i€ Co1\{0}])/(y}): if 0 € C_1, I.—1 is the ideal (Dy: J € J) of Theorem O for the box r = q
in 2a — 1 variables; if 0 ¢ C_q, it is the ideal > p Dp - Coq of Lemma 8.12.

Proof. For i € C_1 \ {0} put w; := —t;. In R, (u; — 1) = —(t; + 1)¢ = 0, because ¢ is odd.
So Lemma 2.3 applies to u; (it needs (u — 1) =0, ¢ = p” and 2 € F*): with y; := u; — u;l,
the factor of ¢ is Fly]/(y}), and ¢t — 1 = wju; — 1 = (unit) - (y; + y;). Moreover ¢; — 1 =
—(u; +1) = —(2+ (u; — 1)) is a unit. So in (6.2) a pair {¢ < [} € C_; \ {0} contributes a
unit times (y; + )71, and the pair {0, ko}, if 0 € C_1, contributes a unit. In characteristic p,
(a+b)7~t =3 (~1)*a“b?~ 1% (proof of Lemma 2.4(i)), which is the polynomial D(a,b) of §8
for r = q. Hence gp is a unit times the product of the D(y;,y;) over the pairs of P that avoid
0. If 0 € C_1, the perfect matchings of C_; are the matchings J € J of dimension 2(a — 1),
and Theorem O gives dim > Ny(2a). If 0 ¢ C_1, the ideal is Vi), of level 2a, and Theorem
8.11 with Lemma 8.5 gives the same bound. (For a = 0 the block is empty, the ideal is F' and
N,(0) =1.) [ |

Lemma 9.10 (the block of colour 1 at the prime 2). Let p = 2 and |C1| = 2k’. Then
dimF Ic,l Z Nq_l(Qk'/) = Nl(c).

Proof. Here ¢ = 2°, R.1 = F[t; : i € C1 \ {0}]/(t! — 1), a group algebra, and for u = ¢;t; in it,
(u—1)1"1 =pu(u) =14+u+--+ui (in Flu], (u—1)ps(u) =u?—1= (u—1)9). For k' =0
the block is empty and both sides are 1.

0 € Ci. By (6.2), gp = (unit) - (tx, — 1) - II(t; — 1)gq(tit;), the product over the pairs {i < [}
of P that avoid 0, where kg is the partner of 0. After the increasing relabelling of C; \ {0} as
{1,...,2k" — 1}, these are exactly the generators ¥y of §2 for the degree ¢ and the dimension
2(k" —1). So I, is the ideal of Proposition 9.2 at (k' — 1,¢) over F, and that proposition gives
dim > N,_1(2K').

0 ¢ C1. Now gp = [Ij;ciyep(ti — 1)pqg(tit1), over the perfect matchings P of the 2k’ > 2 indices
of Cy; let M be the ideal they generate. Let i; := minCy, let H' be the group on the other
indices, and write each f € Re1 as f =3¢z, t] f; with f; € F[H']. The map 6§ : M — F[H'],
[~ fo, is F[H']-linear. If {i1,l} € P, the coefficient of £ in ¢,(t;,#;) is 1, and no other factor
of gp contains t;,; so 0(gp) = (t; — 1) - II(ty — 1)@q(tirty), the product over the other pairs:
the generator of the previous case, with 4; in the role of 0. So #(M) contains the ideal of the
previous case in 2k’ — 1 variables, and dim M > dim 6(M) > N,_1(2k'). [ ]

(Version 11 proved in addition that 6 is injective on M. No conclusion uses it: the equality
block by block is Corollary 9.12(i), which follows from the inequalities alone. The proof printed
here is the one that was formalized, §14.8.)

9.5 The theorem

Theorem 9.11 (even degrees). Let m > 4 be even and k > 1. Then dimp, F,[G]/(¢y
J € J) =m?*1 — Qr(m) for every prime p; the group R/(1by : J € J) is free abelian of rank
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m* 1 — Qp(m); and Hyy,(X; Z)/L(X) is torsion free for the Fermat variety X of degree m and
dimension 2k.

Proof. Let p be a prime dividing m, m = ¢ -1’ as in §9.3. By Lemma 9.4 (Lemma 6.1), Lemma
9.5, Lemmas 9.7-9.10 and Lemma 9.6,

dimp I =Y dim7.(I) = dimI.;-dimI, 1 - [[dim I > > Ni(c)- Noi(c) - [[ Nele) =
C C C C

¢
Qk (m)a

the sums over the compatible colourings: the block of colour 1 is Lemma 9.8 if p is odd and
Lemma 9.10 if p = 2; the block of colour —1 (present only if p is odd) is Lemma 9.9; the pair
blocks are Lemma 9.7. (If v = 1, that is, m = 2, there is one colouring, and the inequality is
Proposition 9.2.) With (9.1), dimp I = Qi(m), and dimensions do not change from F, to F.
For p { m the equality of the statement is Theorem 0(b). So R/(v; : J € J), whose rank is
m2kt+l — Qr.(m) by Theorem 0(b) at p = 0, has no p-torsion for any prime p: it is free. No step
of this uses topology. Theorem 0(a) then gives the last assertion. |

With Corollary 7.7, this proves the Main Theorem and Main Theorem’ of §1.2 for every m > 3.

Corollary 9.12. (i) In the proof of Theorem 9.11 every block has exactly the dimension of its
count: dim I.1 = Ni(c), dim I, 1 = N_1(c) and dim I, = N¢(c) for every compatible colouring
c. (it) For g =2", v > 1, and every a > 0: dimp, I’ = Nypa(a,q) and dimp, Pt = Npu(a,q).
So Corollary 7.8 holds for p =2 as well.

Proof. (i) The sum of the products of the dimensions equals the sum of the products of the
counts, each dimension is at least its count, and every count of a compatible colouring is positive.
(ii) For a = 0 see the proof of Corollary 7.8. For a > 1 take m := 3¢, p = 2, ' = 3, n := 2a,
and ¢ a primitive cube root of unity. Colour a coordinates by ¢, a by ¢(~! and one coordinate s
by 1: then ¢y = 1, C; = {0, s}, and the pair block is Igal. Colour a + 1 coordinates by ¢ and a
by ¢~!: then ¢y = (™', C; = (), and the only block is IP". Apply (i). [ |

9.6 Two examples

Example 9.13 (quartics). For m = 4 the only prime is 2, ¢ = 4, and r = 3: the proof
is Proposition 9.2 and the elementary Theorem 8.15 over F5; no Pfaffian and no colouring is
involved. At k =1: B = Fy[s1, s2, 83)/(s}), the three leading forms are s1s2s3 - (2 + 848 + 52,
and the ideal generated by the three polynomials s2+s4sp+57 in F[sy, s2, s3]/ (s?) has dimension
19 = N3(4) (§8.9). So rank L(X) = 20, the Picard number of the Fermat quartic surface. In
general, for the Fermat quartic of dimension 2k, L(X) is primitive of rank one more than the
central trinomial coefficient of 2k + 2: 20,142, 1108, 8954, .. ..

Example 9.14 (k =1, m = 6). Here N =4, ()1(6) = 61, and both kinds of prime occur. At
p =3 (q =3, r" =2) the colours are +1, all 8 colourings are compatible, and there are no pair
blocks. At p =2 (¢ = 2, ' = 3) the colours are the cube roots of unity, 19 of the 27 colourings
are compatible, and every block of colour 1 contributes 1 (Remark 9.3(3)).

p = 3: sizes colourings x Nj - N_; p = 2: sizes colourings x Np - N¢
(|Cl|’|C*1|) (|Cl|,|C<|,|C<71|)

(4,0) 1x6-1 (4,0,0) 1x1-1

(2,2) 6x2-3 (2,1,1) 12x1-2

(0,4) 1x1-19 (0,2,2) 6x1-6
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p = 3: sizes colourings x Nj - N_; p = 2: sizes colourings x Ny - N¢

(|C1|,|C71|) (|C1|,|C<|,|C<—1|)
total 6+ 36+ 19 =61 total 1+24+36 =61

):
(At

At p = 3 the blocks of colour 1 are instances of Theorem B at ¢ = 3 (Q1(3) =6, Q
the blocks of colour —1 are instances of Theorem O at r =3 (N3(2) = 3, N3(4) =
the pair blocks are bipartite ideals with the box 2 (Npa(1,2) = 2, Npa(2,2) =
the theorem is Degtyarev’s [Deld]; the example only shows the bookkeeping.)

Remarks 9.15. (1) What each degree uses. For m = 4: Theorem 8.15 over F,. For m = 2 (mod 4):
at the prime 2, Theorem C at the box 2 and Remark 9.3(3); at the odd primes p, Theorems B
and C at p¥ and Theorem O at r = p”. For m = 6 and m = 12 every box that occurs is 2, 3 or
4, and the proof uses, of §8, only §8.8. The bordered Pfaffians are first needed at m =8 (r = 7)
and m = 10 (r = 5). (2) The list of boxes. Theorem 9.11 uses Theorem O — or, in Lemma
9.9 when 0 ¢ C_1, Theorem 8.11 at the second root {(0,0)} — exactly at the boxes r = p?
characteristic p, for the odd primes p with p¥ || m, and r = 2¥ — 1 in characteristic 2, if 2V || m
with v > 2. (3) Subfamilies. As in §6, the proof uses the product structure of the compatible
matchings (Lemma 9.5) and the roots of Lemma 8.5 and Lemma 7.2, which need the full family
J; and with one matching removed the dimension of the ideal of Theorem O drops, also over
Fy (§14.9).

0(3) =2) an
19). At p
). (At k

I
— o

10. A different count: Theorem A

For a finite set L of variables over a field F" and an odd ¢ > 1, put I4(L) := (e;(L) : j odd)+ (x4
x € L) and

Ny(n) :=nl - [y"]e’ Ip(2y) =D/,

Theorem A. Let F be a field with char F # 2, let ¢ > 1 be odd, and let |L| = n. Then
dimp F[L]/I4(L) = N4(n).

The proof is in Appendix A. The lower bound degenerates the ideal of an explicit finite set of
points. The upper bound is an induction on n over a family of ideals K, (L) indexed by partitions
1; the ideals are built from the coefficients of one generating function, and each inductive step
shifts one index in that function. The proof uses the characteristic only through 2 € F'*, and it
uses no relation between ¢ and char F'.

Corollary 10.1. Let p be an odd prime and ¢ = p®. For every k > 0, Ag(q) := dim F,[xo,
o Topa]/(E + (2§, ..., 25, 1)) = Pr(q), where Py(q) is the number of points of Fq%Jr2 at
which every odd elementary symmetric polynomial vanishes, i.e. the number of F,-points of

UJGJV(IJ)-

Corollary 10.2. For every odd q and every n, the finitely generated abelian group M =
Zx1, ... xn)/(ej: 7 odd;zl) has rank Ny(n), and its torsion subgroup is a 2-group.

Remarks 10.3. (1) In characteristic 2 the statement fails: at n = 4 the dimensions are
21,65,133,225 for ¢ = 3,5,7,9, against Ny(4) = 19,61,127,217. (2) For ¢ = 3 and all &,
Corollary 10.1 was known earlier through Steinberg modules and tilting theory [Jan, I11.4.16],
[Mat, Theorem 1(1)], [DCP, Theorems 5.6-5.7]; for k < 4 and all ¢ = 3" it was known through
case-by-case arguments in earlier notes of this project. Theorem A contains all of these, in every
characteristic # 2 and for every odd ¢q. As a count, however, Theorem A is not new:
it follows from a theorem of Kostant in characteristic 0 and from a proposition of

o6



Bezrukavnikov, Riche and Rider in odd characteristic (Remark 10.4). (3) Theorem
A is not used anywhere in the proof of the Main Theorem, and it does not imply

it (§11).
Remark 10.4 (the centralizer of a regular unipotent element; as a count, Theorem
A is not new). Let ¢ =2h +1 > 3, so that h = (¢ — 1)/2 as in §1.9. In this remark and in

Remark 10.7 the letters G, T', W, K, £ and u have the meaning that they have in the sources
quoted, not that of §2 and §11; Z is the centralizer defined in (1).

(1) A dictionary. Let F be a field of characteristic # 2, and let V := F[z]/(z?) with the bilinear
form (z% x%) := (=1)% if a + b = ¢ — 1, and 0 otherwise. The form is nondegenerate, and it is
symmetric because a+b is even. Multiplication by z, which we call e, satisfies (eu,v) = —(u, ev),
and it is nilpotent with a single Jordan block. An endomorphism of V' that commutes with e is
a polynomial f(e), and f(e) preserves the form exactly when f(e)f(—e) = 1; the constant term
of this identity gives f(0) = %1, so the determinant of f(e) is f(0)? = f(0). So the centralizer
of e in SO(V) = SOgp,41 is the commutative unipotent group

Z = {f(e) : fe)f(~¢) = 1, f(0) = 1}.

For t € F the Cayley transform g; := (1 + te)(1 — te)~! lies in Z, and for t # 0 it has a single
Jordan block: it is a regular unipotent element of SO(V'), and Z is its centralizer. The ring
F[L)/(2x9: 2 € L) is V®", and f(e) € Z acts on it as multiplication by [, f(x). In particular
g¢ acts as E(t)/E(—t), where E(t) = [[,ep(1 4+ t2) = 3; ej(L)t7. Since E(t) — E(—t) =
237 oada € (L)t and E(—t) is invertible, the elements F(t)/E(—t) — 1 lie in the ideal (e;(L) :
j odd), and when F is infinite they generate it (they are polynomials in ¢ whose coefficients
generate it). For a general f(e) € Z put ¢ := 1+ f; then ¢(0) = 2 is a unit, f(z) = p(z)/e(—x),
and [, f(x) —1=(H — H")/H~ with H :=[[, ¢(x) and H™ :=[[, ¢(—z). Here H — H™ is
twice the sum of the homogeneous components of odd degree of the symmetric polynomial H,
and a symmetric polynomial of odd degree lies in (e;(L) : j odd). Hence, for F infinite,

FILI/ (L) =V®"/{(g—1v:g € Z,v € V"),

the coinvariants of the centralizer of a regular unipotent element on the n-th tensor power of
the vector representation of SO9p 1. The hypothesis that F' is infinite cannot be dropped: over
F3 the coinvariants of the finite group Z have dimension 9, 27 and 19 at (¢,n) = (3,3),(3,4)
and (5,3), against 7, 19 and 13 for the ring (§14.5). Over a finite field the statement holds
for the centralizer as an algebraic group, that is, after extension of scalars to an infinite field.
Since V®" is isomorphic to its dual as a representation of Z, the space of coinvariants has the
dimension of the invariants (V®")Z. In characteristic 0 the invariants of Z are those of its Lie
algebra, which has basis e, e3,...,e?"~1; e acts as multiplication by the power sum p;(L), and
(pj(L) : j odd) = (e;(L) : j odd) by Newton’s identities.

(2) Characteristic 0: Kostant’s theorem. Let G be a connected semisimple group over C' and W
a finite-dimensional rational G-module whose weights lie in the root lattice. Then z — dim 9"
is constant on the regular elements of g [Kos|; we quote the statement from [Gin, Proposition
4.2]. At a regular semisimple x the centralizer g% is a Cartan subalgebra, and W9 is the zero
weight space of W. The weights of V are 0, +¢1, ..., £ep, which span the root lattice of so9p 1.
So dim(V®™)9° is the dimension of the zero weight space of V®™: the number of closed walks of
length n on the lattice Z" with steps 0, +¢;, which is Ny(n). So in characteristic 0, Theorem
A follows from Kostant’s theorem and (1).

(3) Odd characteristic: a proposition of Bezrukavnikov, Riche and Rider. Let K be an al-
gebraically closed field of characteristic ¢, and let G be a connected reductive group over K
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with simply connected derived subgroup, such that ¢ is good for G and X*(T)/ZR has no
¢-torsion (T' a maximal torus, R the roots). Then [BRR, Proposition 2.12]: for every finite-
dimensional G-module W which admits a good filtration and every regular unipotent element
uw e G, dimW4e® = dim W7T. We read this statement and its proof in the arXiv version of
4 July 2024; the proof rests on the vanishing theorem and the good filtration of [KLT]. Take
G = Sping, ¢ and £ odd. Then ¢ is good for G (the only bad prime of type By, h > 2, is 2,
and type A; has none), and X*(T')/ZR = Z/2, so the hypotheses hold. The vector represen-
tation V' is the Weyl module of highest weight £1; it is simple for ¢ # 2, hence tilting ([BRR,
proof of Lemma 2.13] for h > 2; for h = 1, G = SLg and V is the Weyl module of highest
weight 2), and a tensor product of modules with a good filtration has a good filtration [Jan,
I1.4.21], [Mat]. The group scheme Zg(u) is smooth [BRR, Proposition 2.2], so its invariants are
those of its group of K-points. The centre of G acts trivially on V', and the image of Zg(u)
in SO(V) is the centralizer of the image of w: if ¢ € SO(V) commutes with it, a lift § satis-
fies gug~! = #u, and —u is not unipotent. Finally (V®™)T is the zero weight space. So for
F = K,dim F[L]/I,(L) = dim(V®")Z = N,(n); the dimension does not change under extension
of scalars, so the same holds over every field of odd characteristic. So in odd characteristic,
too, Theorem A follows from the literature, through (1): from [BRR, Proposition
2.12]. Corollary 10.2 then follows as in Appendix A.8. Version 9 of this paper said: «we do not
know a version of Kostant’s theorem in positive characteristic that gives this». There is one;
we had not read it. The count of Theorem A should be credited to Kostant in characteristic 0
and to [BRR] in odd characteristic. (Logically, the case of characteristic 0 also follows from the
case of one odd prime p: the ring over @) is M ® @ for the abelian group M of Corollary 10.2,
so its dimension is at most that of M ® F}, and Proposition A.5 gives the lower bound. We
keep the reference to Kostant, whose theorem is the origin of the statement.) A related paper,
[Ric], extends Kostant’s results on the centralizers of regular elements to positive characteristic
and to integral coefficients; it describes the centralizer group scheme, and we did not find the
count in it (we read its introduction and §2.2, and searched its source). We have not found the
dictionary (1), or the statement of Theorem A for this ring, in the literature. For ¢ = 3 the
statement is the one recalled in Remark 10.3(2).

(4) What Appendiz A contributes. The proof of Appendix A is a second, independent proof of
the count. It is elementary and self-contained: it uses no algebraic groups, no good filtrations
and no Frobenius splitting, only 2 € F*. It also gives slightly more than the count: to every
partition p with at most h parts, read as the dominant weight > p;e;, it attaches an explicit ideal
K, (L), with Ky(L) = I4(L), such that dim F[L|/K,(L) is the multiplicity N,(n) of the weight
pin VO (Theorem A.15 and Corollary A.17; computed independently at 178 cells, §14.5), and
each row of K, (LU z) is the ideal of the corresponding neighbouring weight (Theorem A.12 and
Corollary A.17). The lower bound (Proposition A.5) is the classical method of degenerating the
ideal of a finite set of points (the «orbit harmonics» of [GP]).

(5) Computed, not claimed. In the 27 cells (¢,n) that we computed (3 < ¢ < 13, n < 9), the
Hilbert series of F[L]/I,(L) is 3"y cx-t™"mS(t~1), where A runs over the irreducible constituents
Vy of V™" in characteristic 0, ¢y is the multiplicity, and mg is Lusztig’s t-analogue of the zero
weight multiplicity [Lus|; in 56 cases the same holds for the graded character of the symmetric
group (pairs of a cell with ¢ € {3,5}, n < 6 and a cycle type), with the multiplicity spaces in
place of the c¢y. In characteristic 0 this is what the theory of generalized exponents and of the
Brylinski-Kostant filtration predicts [Bry]; for tilting modules in good characteristic see [Liu].
Of these sources we have read only the introduction of [Liu], and we record the statement as a
computation (§14.5).

(6) Even q. For even g the form of (1) is alternating, and the same dictionary holds with
Sp(V) = Sp,: the centralizer of the regular unipotent element g; is {£1}x Z, and —1 acts on V="
as (—1)". The group Sp, is simply connected, every odd prime is good for it, X*(T')/ZR = Z/2,
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and V is a simple Weyl module in every characteristic. So for even n and every field of
characteristic # 2, [Kos] and [BRR, Proposition 2.12] give

dim Flzy,...,x,)/(e1,e3,... ;$(1], oozl =mnl- [y”]IO(Qy)q/Q,

the number of closed walks of length n on the lattice Z%/2 with steps +¢;. (In characteristic
0 the reference to [Kos| can again be avoided: the dimension over () is at most the dimension
over F3, and Proposition 10.5(iii) with Corollary 10.6(i), applied to the odd number ¢ + 1, gives
the lower bound.) Version 9 listed this as an open problem; for even n it is a consequence of
the literature. For odd n the zero weight space is 0 and the proposition says nothing about the
invariants of Z alone. In 8 cells (¢,n) with ¢ € {2,4,6,8}, of both parities of n, the dimension
in characteristics 3, 5 and 7 equals the dimension in characteristic 0, and for odd n it is the
number of such walks from 0 to e1; in characteristic 2 it is larger in all 8 cells. The case of odd
n is not proved (§15).

Proposition 10.5 (the invariant copairing). Let F be a field, r > 2, N = 2s > 2, and C, :=
Flzy,...,2n]/(2},...,2%). Put D.(a,b) :=>"_4(=1)"a"b"'"%, and for a perfect matching J
of {1,..., N} put Dy j == [ljectyes Dr(Ta, ) and Ij := (xq + xp : {a,b} € J). Then:

o (i) (xqg+xp) - Dyp(xg,2) =0 in Cy, and anng, (D, 5) = 1;C;;
. (ZZ) dimp EJDT,JCT = dimFF[wl, .. .,xN]/ﬂJ(IJ + (x:)),

o (itt) ej - Dy = 0 for every odd j. So Y ;D,;C, C annc.(e; : j odd), and
dimp ZJDT,JCT‘ < dimpg F[a:l,.. . ,.Z‘N]/((Ej 1 g Odd) + (l’:))

Proof. (i) The product (a + b) - 3, (—=1)%a“b" 17 telescopes to b" + (—1)""la", which is 0 in
the box. In Fla,b]/(a",b"), multiplication by D,(a,b) therefore factors through the quotient
by (a + b), which is F[b]/(b"), of dimension r. The elements D,(a,b) - b', 0 < i < r — 1, are
non-zero (the term u = r — 1 survives) and homogeneous of different degrees, so the image
has dimension at least . Hence the annihilator of D, (a,b) is exactly (a + b). The ring C, is
the tensor product, over the pairs of J, of such rings, and D, ; is the tensor product of the
elements D,; the kernel of a tensor product of linear maps is the sum of the kernels in each
factor, which gives ann(D,. ;) = I;C,. (ii) Let (f,g) be the coefficient of [[, 2] in fg; as in
the proof of Proposition 2.6, the pairing is non-degenerate, dimann(l) = dim C, — dim I for
every ideal I, and the annihilator of a sum of ideals is the intersection of their annihilators.
So dim ) ; D, ;C, = dimC, — dim(;[;C,. (ili) By (i), z¢Dyry = —apD, ; for each pair,
so [I;(1 + xit) - Dry = [T{acpyes (1 — z3t?) - D, j, which is even in ¢. The last inequality is
dimann(/) = dim C, —dim I for I = (e; : j odd)C,. [ |

Corollary 10.6 (Theorem B at 2k + 2 variables; both ends of the sandwich). Let g > 3
be odd, k>0, N=2k+2, andr =q— 1.

o (i) For every field F, dimp Y ; Dg—1,7Cq—1 = Qi(q).

e (ii) Modulo [BRR, Proposition 2.12]: if char F' # 2, then Y ; Dq_1,7Cq—1 = anng,_, (e; :
g odd), Ny;(ILr+ (xg_l)) = (ej : j odd) + (a:g_l), and dimp Flxy,...,xn]/((e; : j odd) +
(a:g_l)) = Qr(q). So both inequalities of Proposition 11.1 are equalities.

Proof. (i) Write the variables as xg,y1,. .., Y2k+1, and let C be the ring of Theorem B in the y;.
Every element f of M := 3" ;D, 1 ;Cy—1 is killed by e; = x¢ + 0, 0 := >, y;, by Proposition
10.5(iii). Write f = ZZ;%) xy fu with f,, € C; comparing the coeflicients of zff in xo f = —o f gives
fu—1 = —0cf, foru>1. So f is determined by f._1, and the linear map 6 : M — C, f — f._1,
is injective. If kg is the partner of 0 in J, the coefficient of zfj ' in D, 1(z0,y,) is (—1)",
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s0 0(Dy—1,7-g9) =xDy-g for g € C, with Dy as in §2.3. Moreover zg - Dy—1,7 = —YkyDg-1,7,
so M =% ;D,1,C. Hence (M) = (Dy: J € J)C, and dimM = Qy(¢q) by Theorem B.
(ii) By Proposition 10.5(iii) and (i), M is a subspace of ann(e; : j odd), of dimension Qx(q);
so dim F[z]/((e; : j odd) + (1:?71)) > Qi (q) over every field. If char F' is odd, this dimension
is N!- [yN]Io(2y) @~ Y/2 = Q.(q) by Remark 10.4(6), which rests on [BRR, Proposition 2.12].
If char I/ = 0, the ring is obtained by extension of scalars from the finitely generated abelian
group Zz]/((e; : j odd) + (xg_l)), so its dimension is the rank of this group, which is at
most the dimension of its reduction modulo 3, that is, Qx(q); so [Kos] is not needed. In both
cases M and ann(e; : j odd) have the same dimension, so they are equal. Taking annihilators,

ﬂJ IJCq_l = (6j ] Odd)Cq_l. |
Remark 10.7 (what this says). (1) Invariant tensors. Let V, := F[z]/(z") with the form
(2% = (=1)%[a + b = r — 1], which is symmetric for odd r and alternating for even r.

Then D,(a,b) =Y, 7% ® (—1)“2"~17% is the element of V,. ® V;. dual to the form, so every D, ;
is a tensor of V®¥ invariant under the whole group of isometries (Sp, for even 7, O, for odd r).
The ring C, acts on V.®V through the N commuting copies of e, one in each factor. In these
terms, Corollary 10.6 reads: Theorem B says that the invariant tensors D;_1 ; of Sp,_;
generate, under the commuting copies of a regular nilpotent element, a space of the
dimension of the zero weight space of V®(2k+2) | gver every field; in characteristic # 2,
and modulo [BRR, Proposition 2.12], that space is the whole space of invariants of
the centralizer of a regular unipotent element (of the centralizer as an algebraic group;
equivalently, over an infinite field). By Proposition 2.5 and Theorem 0, for degree p¥ and k > 1,
Conjecture 1.2 of [DS] is equivalent to the first half of this statement (the dimension count)
over Fy, for Sp,v_;. We did not find this formulation in the literature, and we do not know
whether Theorem B in odd characteristic can be derived from the theory of modules with a
good filtration.

(2) Characteristic 0. There the equality Y ; D, ;C, = annc, (e; : j odd) can be derived from
classical invariant theory, for both parities of r and even IN. We give the argument as a sketch;
we have not read its sources in the original, and nothing in this paper uses it. Let G be SO,
for odd r and Sp, for even 7, with Lie algebra g, and let W := V®V¥_ By Kostant’s theorem the
evaluation at a regular nilpotent e maps the G-equivariant polynomial maps g — W onto the
invariants W of the centralizer of e in G [Kos]. These are the invariants of g®: for SO, the
group G€ is connected, and for Sp, it is the product of {£1} and a connected group, and —1
acts trivially on W because N is even. By the first fundamental theorem, the equivariant maps
g — W of degree d are spanned by the complete contractions of VT®N ® g®¢ with the form (for
odd r, O, = {£1} x SO,,, and —1 acts trivially on this tensor power, whose degree N + 2d is
even; so the invariants of SO, in it are those of O,.). Evaluated at e, a contraction is a product,
over the pairs {a,b} of some matching, of elements zJ - D, (z4,zp), times traces of powers of e,
which vanish. Over the rationals the dimension of ) ; D, ;C, is therefore that of the zero weight
space; for even r this agrees with Theorem B over Q.

(3) The odd boxr. For odd r the corresponding statement is Theorem O, proved in §8:
dimp Y ; Dy jC, = N,(N) over every field (Corollary 8.13). Version 10 of this paper stated
it as an open problem. With Theorem A it gives the equality of the two ideals in characteristic
# 2 (Corollary 10.8). In characteristic 2 the two ideals differ: their colengths are 19 and 21 at
(r,N) = (3,4). The statement cannot follow from Theorem A by an argument that is valid for
subfamilies of matchings: for 14 of the 15 matchings at r = 3, kK = 2, over F3, the sum count is
141, the number of points, and the intersection count is 140 (computed in the earlier notes of
this project [Rep]; recomputed in §14.9).

Corollary 10.8 (the odd box; both ends of the sandwich). Let r > 3 be odd, k > 0,
N =2k + 2, and let F be a field of characteristic # 2. Then, in the notation of Proposition
10.5,
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>y Dy yCr = anng, (e; : j odd) and (;(1; + (z7)) = (e; : j odd) + (),

and both quotients Flx1,...,zn]/N;ULs + (z])) and Flzq,...,xn]/((ej : j odd) + (7))
have dimension N.(N). In particular, for an odd prime p and ¢ = p*: dimFplzo,...,
wok+1)/ Nyeg (L + (@) = Pe(q) = Ar(q).-

Proof. By Proposition 10.5(iii), > ; D, sC, C anng,(e; : j odd), and the dimension of the
right-hand side is dim F[z]/((e; : j odd) + (2})) = N,(N) by Theorem A. By Corollary 8.13
the left-hand side has dimension N, (N) too; so they are equal. Take annihilators in C,, with
the pairing of the proof of Proposition 10.5(ii), for which dimann(/) = dim C, — dim I, so that
ann(ann(l)) = I for every ideal I: by Proposition 10.5(i), ann(}_; D, ;C,) = Ny 1;C:, and
ann(ann((e; : j odd)Cy)) = (e; : j odd)C,. The last sentence is the case F' = F),, r = ¢, with
Corollary 10.1. |

Unlike Corollary 10.6(ii), this does not depend on [BRR]: Theorem A is proved in Appendix A.
In the language of Remarks 10.4 and 10.7(1): for odd r and char F' # 2, the tensors D, ;, which
are invariant under the orthogonal group of the form on V,., generate, under the commuting
copies of a regular nilpotent element, the whole space of invariants of the centralizer of a regular
unipotent element of SO, in V2V (of the centralizer as an algebraic group; equivalently, over an
infinite field). And the two counts of §1.6 and §11.1, the sum count Aj(q) and the intersection
count at the odd box, do coincide for the full family of matchings; they are both different from
Conjecture 1.2 at the degree ¢, which lives at the even box ¢ — 1 (§11), and they are the count
of Conjecture 1.2 at the even degree ¢ + 1 (Lemma 9.1).

11. Why the full family is needed

11.1 Two counts

Let p be an odd prime, g = p¥, S := Fp[xo, ..., ZTaky1], N = 2k+2 and I := (xo+xp : {a,b} € J).
The ideal E vanishes on |J; V(I;): a point lies there iff its multiset of coordinates is closed under
negation iff [];(1 + x;t) is even in ¢ (unique factorisation in F,[t]). By Proposition 2.6, (S) says

bi(g —1) :=dim S/ () (I; + (={") = Qu(a),
JeJg

an intersection at the even box ¢ — 1, counting the points of the union of the matching spaces
on the zero-free grid T%. Corollary 10.1 says dim S/(E + (27)) = Px(q), a sum at the odd
box ¢, counting points on the grid with 0.

Proposition 11.1 (the sandwich). b;(q¢ — 1) < Qr(¢q) < dim S/(E + (:cg_l)).

Proof. Dimensions do not change under extension of scalars, so we may work over F,. Let
[ € T% be the set of zero-free points of U; V(I;); |T| = Qk(¢q) by Lemma 2.2, and S/I(T)
has dimension |T'|. We use Lemma 5.8’ (with N variables). The ideal I” := E + (z7"' — 1) is
contained in I(T'), and gr(I”) D E + (") because E is homogeneous; so dim S/(E + (z¢71)) >
dim S/ gr(I”) = dim S/I"” > |I'|, the right-hand inequality. For each .J, the ideal of the finite
set V(I;)NTN is I; + (acg_l —1): modulo I; one free variable per pair remains, and 2= — 1
is separable with roots exactly T'. Its gr contains I; + (azg_l), and is equal to it, since both
quotients have dimension (¢ —1)**!. Finally I(T") = N, I(V(I;)NT"Y), and gr of an intersection
is contained in the intersection of the gr’s, so gr(I(I')) € N;(Is + (m?_l)), which gives the
left-hand inequality. |
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So the Main Theorem is the left equality. It is not a consequence of Corollary 10.1, which is
an equality of the right-hand kind at a different box. The right-hand inequality is in fact an
equality too: it is the analogue of Theorem A at the even box g — 1, which follows from [BRR,
Proposition 2.12] (Remark 10.4(6)). So the two ideals (\;(I; + (z7")) and E + (z7"") coincide
(Corollary 10.6(ii)). This does not make the Main Theorem a consequence of a count of the
kind of Theorem A: the count gives the right-hand equality only, and the equality of the two
ideals is what the Main Theorem adds to it.

11.2 A counterexample for subfamilies

Proposition 2.1 and Proposition 2.5 hold for every non-empty K C [J. So, for a subfamily,
L (X) is primitive iff dim(D; : J € K)C = |[I'k]|.

Fact 11.2 (computed; not used in any proof). Let q = 9, k = 2, and let K = J \
{1[0,1], 2, 3], [4,5]], ][0, 2], [1,5],[3,4]]} (13 of the 15 matchings). Then dim(D; : J € K)C =
4730 < 4736 = |I'k|. So H4(X)/Lk(X) has 3-torsion for the Fermat fourfold of degree 9. For
the same K, the sum-type count holds: with Ex := ;e Ly, dim S/(Ex + (29)) = 7089, which
is the number of Fy-points of Ujcr V(Lr).

The value 4730 was obtained by four independent routes (§14): the literal form of [DS] in the
ring F3[G] (dim F3[G]/(¢7 : J € K) = 54319 = 9° —4730, against 9° — |'g| = 54313), the y-form
of §2, the intersection form of Proposition 2.6, and an engine written separately (a kernel basis
D - yi per pair, exact rank modulo 3 degree by degree). |I'jx| = 4736 was obtained by direct
enumeration.

At ¢ = 3, k = 2, the analogue of (S) fails for 800 of the 32767 non-empty subfamilies (worst
deficit 2, e.g. 18 < 20), while every subfamily satisfies <. So 3-torsion for subfamilies occurs
already for the cubic fourfold.

Consequences.
o Any argument that proves the analogue of (S) for every subfamily proves a false statement.
A proof of the Main Theorem must use a property of the full family J; in §5 this prop-

erty enters at the root (Lemma 5.2), and in §6-§7 through the product structure of the
compatible matchings (Proposition 6.5) and the roots of Lemma 7.2.

¢ A = P cannot imply the Main Theorem through any argument that is valid for subfamilies.

e This is the natural first guess, and it is the error described in §1.8.

12. The integral Hodge conjecture

In this section k > 1, n = 2k, m > 3, and X C P"*! is the Fermat variety of degree m.

12.1 Classical facts

(H1) Integral cohomology. H*(X;Z) is torsion free and vanishes in odd degrees. By the
Lefschetz hyperplane theorem [Mil, §7], H¥(X;Z) = Z - h? for 2j < n, where h is the
hyperplane class, and Hoy(X; Z) — Ho(P"1; Z) & Z is an isomorphism for 2 < n.

(H2) Hodge classes. Through Poincaré duality we call a class in H,(X; Z) a Hodge class if its
dual lies in H**(X), and write Hdg(X) C H,,(X; Z) for the group of Hodge classes. It is
the set of integral classes on which every class of F*1H™(X, C) integrates to zero, so it is
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a primitive subgroup. The class of an algebraic subvariety of dimension k is a Hodge class,
so L(X) C Hdg(X). The class Px of Appendix B, Step 3 (the dual of 2¥) is a Hodge class,
and H™(X;Q) = Hlin(X;Q) © Q - bV,

(H3) Characters [SK], [Shi79], [Ran, Proposition 1.7]. Let 2 be the set of o = (ay,...,
ant1) € (Z/m\ {0})"*2 with ag + - + apr1 = 0, and for a € A put |a| := 3, (a;)/m,

where (a) € {1,...,m — 1} is the representative of a. Under the action of u:"? on the
coordinates, H];,, (X;C) = Dpeq V() with every V() of dimension one, and (HM*(X)N

Hp i (X5Q)) ® C = @aen V(a), where B := {a € 2 : [ta| = k+ 1 for every t € (Z/m)*}
is the set of Hodge characters. So rank Hdg(X) = |B|+ 1. An element o € 2 is of pair
type if the multiset {ao, ..., a,+1} splits into pairs {a, —a}; we write © C 2 for the set of
these.

(H4) Prime degree [Ran, Proposition 1.8(i)], based on [KO]. If m is prime, every Hodge
character is of pair type. We include a short proof, so that (H4) does not depend on [Ran]
or [KO].

o (H4’) Degree 4. If m = 4, every Hodge character is of pair type. The proof is three lines,
given below; it is also the case m = 4 of (H5).

(H5) Aoki’s theorem [Aok, Theorem A, p. 24]. B =D if and only if m is a prime or 4,
or every prime divisor of m is greater than n + 2. (Aoki’s sets A}, B, D [Aok, §0] are
the sets A, B, © above, with a; € {1,...,m — 1} and " a; = 0 (mod m); the proof of his
Theorem A is in [Aok, §7], pp. 41-43, and the erratum [Aok] concerns only his Theorem
B.) For odd m and even n, «greater than n + 2» means «at least 2k + 3». For even m and
n > 2, the conditions hold only for m = 4.

Proof of (H4). Let m = p and a € B, and for ¢ € F; let N(c) be the number of i with
a; = c¢. Then [ta] = 37, N(c)(tc)/p = k + 1 for every t € F*. Let x be an odd character of
Fy, that is, x(—1) = —1. Multiply by x(¢) and sum over ¢. The constant contributes 0, and

the substitution u = tc gives By, - Y. N(¢)x(c) = 0, where By, = (1/p) P~1 x(u)u. An odd
character is non-principal, hence primitive with conductor p since p is prime; so By, # 0, by the
classical formula L(1, x) = miT(x)B1,y/p together with L(1,x) # 0 [Was, Theorem 4.9]. Hence
Y e N(c)x(c) = 0 for every odd x. The function f(c) = N(c) — N(—c) is odd, so >, f(c)x(c)
equals 23", N(c)x(c) = 0 for odd x, and vanishes trivially for even x. By Fourier inversion on
Fy, f =0. Since p is odd, ¢ # —c, and the entries split into pairs {c, —c}. B (We also checked

numerically that B;, # 0 for all 2090 odd characters of the odd primes p < 200.)

Proof of (H}’). Let m =4, a € B, and let N(c) be the number of ¢ with a; = ¢, for ¢ = 1,2, 3.
Then N(1)+N(2)+N(3) = 2k+2 and |a| = (N(1)+2N(2)+3N(3))/4 = k+1. Subtracting twice
the first equation from four times the second, N(3) — N(1) = 0. Then N(2) = 2k + 2 — 2N(1)
is even. So the entries split into pairs {1,3} and {2,2}. [ |

12.2 Pair-type characters

Lemma 12.1. (i) Every pair-type o € 2 is a Hodge character: © CB. (i) |D| = Qr(m).

Proof. (i) For t € (Z/m)* and a # 0, ta # 0 and (ta) + (—ta) = m. Summing over the k + 1
pairs, [ta| = k + 1. (ii) Identify Z/m with p, by a — €>™/™  The pair-type elements of 2
become the N-tuples in pu,, \ {1} that split into pairs of inverse entries; the condition Y a; = 0
is then automatic. By Lemma 2.2 for odd m and Lemma 9.1 for even m, there are Qx(m) of
them. |
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12.3 Proof of Corollary H

By (H3), (H2), Theorem O(c) and Lemmas 2.2, 9.1 and 12.1, rank Hdg(X) = [B| + 1 and
rank L(X) = [T7| + 1 = [®| + 1, with L(X) C Hdg(X) and D C B.

(7). Hdg(X)/L(X) is a subgroup of H,(X;Z)/L(X), which is finitely generated and torsion
free by the Main Theorem; so Hdg(X)/L(X) is free, of rank |®B| — |D| = |B| — Qr(m). It is zero
iff B = O, which by (H5) happens iff m is prime, or m = 4, or every prime factor of m is at
least 2k + 3. (For prime m and for m = 4, (H4) and (H4’) give 8 = © without appeal to [Aok].)

(i). Under the hypothesis of (i), Hdg(X) = L(X) by (ii). (Only the primitivity of L(X)
is used here; that Hdg(X) is primitive is not needed.) For the other degrees, by (H1) (the
Lefschetz hyperplane theorem) and Poincaré duality: odd degrees vanish; for 25 < n, H% (X; Z)
is generated by h7, the class of the intersection of X with j general hyperplanes; for 25 > n,
HY(X;Z) = Hy(X;Z) = Z with | =n — j < k, and it is generated by the class of any linear
subspace P! C X, whose image in Hy(P""!; Z) is a generator. Such subspaces exist, since X
contains the k-spaces Ljg. So every integral Hodge class of X, in every degree, is the class of
an algebraic cycle with integer coefficients. |

Remark 12.2. (1) Under the hypothesis of (i), Corollary H says more than the integral Hodge
conjecture for X: the integral Hodge classes of middle degree are generated by the (2k+1)!1-m*+!
standard k-spaces alone. (2) In the same degrees, the elementary divisors and the discriminant
of the lattice of integral Hodge classes of middle degree, computed in [AMV] for small (n,m),
are those of the lattice generated by the standard spaces. For £k = 1 and m = p > 5 prime,
closed forms are given by the author’s Watermark and Double Ladder theorems [WDL], which
are cited and not proved here (both are proved for every such prime and verified in Lean
4 in [WDLJ; they have not been refereed): |disc| = p3P=3* and the discriminant group is
(Z/p)3" 24159 5 (7/p2)3~16 for p > 7 and (Z/5)'° x Z/25 for p = 5. They agree with the
surface rows m = 5,7,11,13 of [AMV, Table 1]. For k > 2 and m = p prime, the sequel note
[WED)] gives a formula for | disc Hdg(X)| through the Hilbert function of the ring of Theorem
A at the even box p — 1, modulo [BRR, Proposition 2.12] (without it, as a lower bound); the
elementary divisors are open (§15).

Remark 12.3 (the degrees excluded by (i)). When m is neither prime nor 4 and has a
prime factor p < 2k + 1, Corollary H(ii) says that L(X) is a primitive sublattice of Hdg(X)
of corank |B| — Qx(m) > 0, so the standard linear cycles do not generate the integral Hodge
classes, and other algebraic cycles would be needed (for £ = 1 they exist, by the Lefschetz (1, 1)
theorem); we do not claim that any particular construction supplies them. Counting B directly
(§14), |B|—Qr(m) is 48, 2880 and 152880 for m = 9 and k = 1,2, 3; it is 192 for (k,m) = (1,27),
624 for (1,81), 288 for (1,15), 432 for (1,21), 528 for (1,45), 2880 for (2,25), 4320 for (2, 35)
and 45360 for (2,15); and it is 0 for (k,m) = (1,25), (1,35),(1,49), (1,55), (1,77),(1,121), as
(H5) predicts. For even m: |2B|— Qr(m) is 24, 750 and 19432 for m = 6 and k = 1,2, 3; 48, 2580
and 116592 for m = 8; 144 and 12120 for m = 10 and k = 1,2; 312 and 37890 for m = 12; and
it is 0 for m =4 and k < 5, as (H4") says. (At k = 1 the ranks |B| + 1 are 20, 86,176, 362, 644
for m = 4,6,8,10,12, the Picard numbers of these Fermat surfaces.) For m = 9 the count has
a closed form.

Lemma 12.4 (m = 9). Form = 9 and every k > 1, |B| = C(2k + 2,k + 1)3. Hence
Hdg(X)/L(X) is free of rank C(2k + 2,k + 1)3 — Qx(9) (48, 2880, 152880, 8064000 for k =
1,2,3,4).

Proof. Since (Z/9)* = {£1,42,+4} and (—z) = 9— (z), the condition |ta| = k+1 for ¢ implies
it for —¢, and a € A is a Hodge character iff ", 6(a;) = 0, where §(a) := (2(a) — 9,2(2a) — 9,
2(4a) — 9) € Z3 (note 3,9 = 9N = 18(k + 1)). Let s(a) € {£1}3 be the vector of signs of
d(a). Then (1) = (=7,-5,-1), 6(2) = (-5,-1,7), 6(4) = (-1,7,5), 6(3) = (—3,3,-3), and
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§(—a) = —6(a); so a + s(a) is a bijection from Z/9\ {0} onto {+1}3, and 6(a) = M - s(a)
for the matrix M with rows (4,2,1), (—1,4,2), (—=2,—1,4) (check on a = 1,2,4,3, then use
§(—a) = —6(a)). As det M = 81 # 0, 3, 0(a;) = 0 iff 3, 5(a;) = 0 in Z3, i.e. iff each of the
three coordinates of the sign vectors is balanced over the N entries. The condition > a; = 0
follows from ¥(a;) = 9(k + 1). So |B] is the number of N-tuples of sign vectors with three
balanced coordinates, C(N, N/2)3. [ |

(The direct counts 216, 8000, 343000 at k = 1,2,3 suggested the lemma; the direct count at
k = 4, 16003008 = 2523, agrees with it, §14.)

13. Partial Fermat varieties

In this section m > 3 and 0 < s < d. We prove Corollary W of §1.4. For d = 0 both statements
are trivial (X and Wy are sets of m points), so let d > 1.

Proof of Corollary W(ii). Let X be the Fermat variety of dimension 2d, R =
Zlt1y .. toge1]/(t" — 1), and K := J(s,d). A matching J € K is J = J' U{{2,2i + 1} :s <
i < d} with J" a matching of {0,...,2s+ 1}, and J' — J is a bijection from J in dimension 2s
onto K. By §2,

d
Yy=1vy- [] 9 9= (taigr — 1) - o(taitaisr),
i=s+1
where 1y is the generator of [DS] in dimension 2s, a polynomial in t¢1,...,t2s+1. Let p be a

prime and F' := F,,. The ring R ® F is the tensor product of F[t1,...,tos11]/(t]* — 1) and the
rings Flto;, taiv1]/(ty; — 1,t5;,1 — 1), i > s. By Lemma 6.4 (which holds over any field), the
ideal generated by the vy, J € K, is Iss @ ®;>5(g;), where I54 is the ideal of Conjecture 1.2 in
dimension 2s, and its dimension is the product of the dimensions. In F'ty;, t9;+1]/(t™ — 1), put
u = tQit2i+1; the ring is F[u,t27;+1]/(um — 1,tg;+1 — 1), and gz = (t21'+1 — 1) . go(u) The ideal
(p(u)) of Flu]/(u™ — 1) is the line spanned by ¢(u), since up(u) = @(u); the ideal (¢ — 1) of
F[t]/(t™ — 1) has dimension m — 1. By Lemma 6.4 again, dim(g;) = m — 1, over every field.
Hence

dime(QLJ :J e K) = dime I, - (m — 1)d—s.

By the Main Theorem in dimension 2s and Proposition 2.1, dimp, Izs = ]ng)\ = Qs(m) for
every prime p dividing m (for s = 0, Iy = (t1 — 1) has dimension m — 1 = Qu(m) directly).
On the other hand |T'g| = Qs(m)(m — 1)4=%: by [DS, Definition 1.3], a tuple (a1, ...,a2q+1)
lies in 'k iff (ag,...,a2:41) € ng) and each pair (ag;,azit1), i > s, is (a,a”!) with a # 1.
So dimp, (¢y : J € K) = |I'k| at every p|m, and by Proposition 2.1 (which holds for every
non-empty K C J) Hoq(X)/Lg(X) is torsion free. Its rank is [I'x| + 1 by Theorem 0(c). MW

Proof of Corollary W(i). Consider the family of hypersurfaces fo(z0,21)+- -+ fa(224, 224+1) = 0
with fo = -+ = fs = 2™ +y™ and fs11,..., fqg binary forms of degree m without repeated
factors. By Euler’s identity its members are smooth; its parameter space is the complement of a
discriminant hypersurface in an affine space, hence connected; it contains X (all f; = 2™ + y™)
and Ws; and along it the m roots of each f;, ¢ > s, move continuously. The path must stay
in this subfamily: the spaces Lj;g whose first 2s + 2 coordinates are paired by a matching
other than {0,1},...,{2s,2s + 1} involve fo, ..., fs and need not deform if these forms move.
By [DS, §4.6], along such a path from the Fermat variety X to W, the subspaces L;g with
J € J(s,d) deform to the d-spaces of W, and parallel transport (constant with respect to
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the Gauss-Manin connection) carries L (4 4)(X) onto the subgroup of Haq(Ws; Z) generated by
these d-spaces; transport preserves rank and primitivity. So (i) follows from (ii), with the same
rank Qs(m)(m — 1)%* + 1. ([DS, §4.6] reach the same point through the module M (2d) =
93?5(25)(28) ®z S(s, d) of their Theorem 1.1(d), which is free «if and only if Conjecture 1.2 holds
for Fermat varieties of dimension 2s».) [ |

Remarks 13.1. (1) We have read the argument of [DS, §4.6] in the original and made the
choice of the path explicit, but we have not re-derived the transport statement (the continuity
of the family of subspaces and the invariance of primitivity under parallel transport), on which
Corollary W(i) depends; part (ii) is proved above from Theorem 0, Proposition 2.1, Lemma
6.4 and the Main Theorem. (2) The rank in (ii), Qs(m)(m — 1)47 4 1, was also checked by
enumerating I'x from [DS, Definition 1.3] at m = 3,5 and d < 3 (14 cells; the enumeration is in
the repository [Rep]). (3) We make no claim about the Hodge classes of Wi: its rational Hodge
classes are not computed here, so Corollary W is a primitivity statement only.

14. Verification record

No step of the proofs of the Main Theorem, Theorem B, Theorem C, Theorem O or Theorem
A uses a computer. The computations below are corroboration: a proof that has never been
confronted with data has not been tested. Every run was made inside a memory and time
watchdog. All engines and logs are in the repository [Rep|. Main Theorem’ and Theorem O
have, in addition, been verified by a proof assistant for every degree (§14.8). The computations
for the odd box and the even degrees are in §14.9.

14.1 Direct computations of (S)

(k,q), field Qr(q) graded ranks of (D;)C from degree independent engines
k(g —2)
y9), £'3 y 9, sum form; litera
1,3), F: 6 2,3, 1 ) f li 1

t-form; y-form,;
intersection form;
rank engine)

(2,3), Fy 20 59,5 1 5
(3,3), Fy 70 14, 28, 20, 7, 1 6
(4,3), Fy 252 42,90, 75, 35, 9, 1 4
(5,3), Fy 924 132, 297, 275, 154, 54, 11, 1 4
(6,3), Fy 3 432 429, 1001, 1001, 637, 273, 77,13, 1 3
(1,9), Fy 168 3,6,9,12, 15, 18, 20, 21, 18, 15, 12, 5
9,6,3,1
(2,9), Fy 5120 15, 45, 90, 150, 224, 310, 395, 470, 5
515, 530, 516, 475, 411, 329, 245, 170,
110, 65, 34, 15, 5, 1
(1,27), Fy 1950 3,6,...,72, 74,75, 72, ..., 3, 1 4
(3,9), Fy 190 120 — 1
(1,5), Fs 36 — 3, and the literal
form of [DS]
(2,5), Fs 400 — 3, and the literal
form of [DS]
(3,5), Fy 4 900 - 3
(1,25), Fy 1 656 — 3
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(k,q), field Qr(q) graded ranks of (D;)C from degree independent engines

k(g —2)
(2,25), Fs 182 400 — 1
(1,125), F; 45 756 — 1
(1,7), F, 90 — 3, and the literal
form of [DS]
(2,7), F 1 860 — 3
1, 49) 6 768 — 2
(3,7), F 44 730 — 1
2, 11) 10 900 — 1
(2,13) F13 19 920 — 1

The literal form of [DS] (the ring F}[t]/(t! — 1) modulo the ;) gives ¢?**!1 —Qy.(q): 21,223,2117

t (1,3),(2,3),(3,3) over F3, and 89,2725,253 at (1,5),(2,5),(1,7) over Fy, F5, Fy. The cell
(2,25) is the Fermat fourfold of degree 25, which lies outside the range computed in [DS]. The
cell (3,9) was computed in May 2026, four months before the proof existed, as the Fj-rank
190120 of the generators py of [DS, §5] in their ring R = F3[ty,...,t7]/(¢(t)); in the same line
of work, the cell (5,3) gave 1124 = 21 — 924 for the quotient of R. Equality was also measured
over fields whose characteristic is not the one attached to ¢: at ¢ = 5 over F3 and ¢ = 9 over
F5, which Theorem 5.9 covers, and at ¢ = 7 over F3, where 3|¢ — 1; these are instances of
Theorem 5.9’ Over Z, the integer Smith normal form of the literal ring A7 = R/(s) has no
torsion and rank ¢%**' — Qy(q) at five cells, and the quotient Cz/ VA,z of Theorem 5.9’ is free of
rank (¢ — 1)™ — |Z,| at the root for (k,q) = (1,5),(1,7),(2,3),(1,9) and for every down-set at
(g,m) = (5,3),(7,3),(9,3), (5,4). For composite odd ¢ (Theorem B is a statement about every
odd q), it was confirmed at k = 1 for ¢ = 15,21,45 over several fields. The degrees m of the
Main Theorem that are not prime powers are treated in §14.3.

14.2 The ingredients of §5

o Every down-set, pure combinatorics. All x-down-sets of Par,, (not a sample) at
(g,m) = (3;4,6,8,12), (9;3,...,11), (27;4, 5,8,9), (81;4,7), (243;6), up to 940 down-sets
per cell: P1, P2 and P3 hold, with 0 failures. The counts #{M : A(M) = A} were obtained
by a class-by-class recursion, a route different from the fibres, with the check ¥\ = (¢—1)™
P1 and (5.1) were also checked by brute force over all tails at seven cells up to (27,4) (238257
tests), and P2 on all comparable pairs with h up to 60 and m < 12.

o Every down-set, algebra. dimV, = |Z,| for every down-set at (¢,m) = (3,4),(3,5),
(3,6),(9,2),(9,3),(9,4) over F3 (at (9,4): 0,168,1896,2216, 2280, 2600, 3752, 3896, 4088,
4096), at (27,3) and (81,2), and at ¢ = 5 and ¢ = 7 over F3, F5, F;. The membership of
every generator of every layer in its slice (Proposition 5.8) was checked at (3, 3), (9, 3), (9,
4),(27,2), (27,3), (81,2).

e Theorem 5.9, its two ingredients. The evaluation of D on T' x T over Fy, F; and Fy,
and the support statement (a non-zero pattern of A at M forces A(M) < A, and the pattern
of A(M) is non-zero at M) on every M € T™ for (¢,m) = (5,3),(5,4),(7,3),(9,3), (9,4):
0 failures.

e Theorem 5.9. dimV, = |Z,| for every down-set at (¢,p,m) = (5,2,3),(5,2,4),(7,2,
3),(7,3,3),(7,2,4),(9,2,3), all with pl|g — 1 (34 down-sets, 0 failures); a second reader
measured equality at 42 (cell, characteristic) pairs with char F'|g—1. The graded dimensions
of (D;)CF at (¢,2k +1) = (5,3),(7,3),(5,5) coincide for char F' = 2,3,5,7,10007 (totals
36, 90, 400).
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o Hodge characters (§12). The sets 8 were counted by enumerating multisets at 19
cells (m,n), and again, with a separate program, at the cells of Remark 12.3. For the ten
cells with m prime — (3, 2), (5,2),(7,2),(3,4), (5,4),(7,4), (11,4),(3,6), (5,6), (3,8) — |B|
equals the number of pair-type characters, Qx(m). For prime powers the numbers are those
of Remark 12.3, and no pair-type character failed to be a Hodge character (Lemma 12.1(i)).
At (k,m) = (1,35),(1,55),(1,77), and at the prime cells (k,m) = (3,7),(3,11),(2,13),
I'B| = Qr(m), and at (1,15),(1,21),(1,45),(2,15),(2,35), |B| > Qr(m), as (H5) predicts.
For m = 9 the direct counts are 216, 8000, 343000, 16003008 for k = 1,...,4 (Lemma 12.4).

e Negative controls, which fire as they should. Counting one copy of x U1 per empty
class instead of two gives 27 failures of P1 and 61 of P2 at (9,6). Tightening P3 by one
slice gives 604 failures at (9,7) and fails at every tested cell with m > 2. In characteristic
2, Theorem A fails in 8 of 12 cells.

e The cubic case. The ballot basis of Theorem 4.1 was recomputed as the set of lexico-
graphic leading monomials for k£ < 7 (certificate) and k£ < 6 (echelon form), and the Specht
identification of Remark 4.2(3) at N = 4,6,8.

14.3 Degrees that are not prime powers

Two engines were used, written separately: the constructor’s (numpy, incremental echelon forms)
and the auditor’s (Singular). The auditor’s predictions were computed from the closed forms
and recorded before each run.

o The literal ring of [DS], k = 1. dimpg, F,[t, t2,t3]/(t" — 1,45) = m® — Q1(m) at
m = 15,21, 33,35, 39,45, 55, each over both primes dividing m (14 runs), and at m = 15,21
over F3, I5, F31 and F3, Fr, F43 by the other engine. At k = 1 this is Degtyarev’s theorem
[Del4]; the runs check our conventions for ¢; at composite m.

e The Fermat fourfolds of degree 15 and 21. For every colouring ¢ € p> the ideal
generated by the images of the literal generators v; in R, was computed directly, over
a field containing p,; this uses only Lemma 6.1. At (k,m) = (2,15) the sum over the
colourings is 32900 = @Q2(15) both at p = 3 (over Fgl, 3125 colourings, 1001 with non-zero
image) and at p = 5 (over F35, 243 colourings, 141 with non-zero image). At (2,21) it is
102800 = @Q2(21) at p = 3 (over F729, 16807 colourings, 3301 with non-zero image) and at
p = 7 (over Fy, 243 colourings, 141 with non-zero image). So Hy(X;Z)/L(X) is torsion
free for these two fourfolds, independently of §6-§7. They lie outside the range of [DS,
§5]. The author’s earlier computations [Rep] had decided the characteristic-5 half of the
degree-15 fourfold and had stopped on the characteristic-3 half at a memory limit. At
k =1 the colourings with non-zero image are exactly the compatible colourings (61 and 19
at m = 15, 19 at (21,7)).

o The ingredients of §6. Lemma 6.8 (the count factors) was checked by enumerating I' 7
at (m,n) = (15,2), (21, 2), (45, 2), (15,4) against the sums of products of block counts, for
both primes of each m (8 sums), and Proposition 6.5 with Lemmas 6.6-6.7 by computing
every block ideal directly at (15;3,5) and (21;3,7), k = 1: incompatible colourings give
the zero ideal, and each compatible colouring gives exactly its block count.

¢ Main Theorem’ at k = 1, every characteristic. In the literal ring Fy[t1,t2,3]/(t]" 1),
the quotient by the 1/; has dimension m3 —Q1(m) for m = 3,5,7,9 over I, and over primes
dividing and not dividing m (12 cells, a third engine).

o Controls. The literal engine gives 5120 = Q2(9) at (k,m) = (2,9), and it detects torsion
when there is torsion: for the subfamily of Fact 11.2 it gives 4730 < 4736 = |T'x|.
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e Corollary W (ii). In the literal ring at (d, s) = (2, 1), with the three matchings containing
{4,5}, the ideal has dimension 144 = @1(5) -4 at m = 5 and 1344 = Q1(9) -8 at m = 9,
the values of §13.

14.4 The bipartite count

o The roots (Theorem C). Over F,, dimIP* = Nyu(a,q) at the 18 cells (a,
q) = (1,3),...,(5,3),(2,5),(3,5),(4,5),(2,7),(3,7),(2,9),(3,9),(2,11), (2, 13), (1, 25), (2,
25), (1,27), (2,27), and dim IP" = Ny, (a, q) at the 14 cells (1,3),...,(4,3),(1,5),(2,5), (3,
5),(2,7),(1,9),(2,9), (2,11), (2,13), (1,25), (1,27); for instance dim IP* = dim IP" = 4653
at ¢ = 3, dim[}fal = 7885 at ¢ = 5, and dimfgh = 11713 at ¢ = 13. Twelve of these cells
are new to this record, and their values were predicted before they were computed. In the

9 pairs measured, the graded ranks of IP" and I gill coincide after a shift of ¢ — 1 (Remark
7.9(3)).

o Theorem 7.6, every down-set. dimVy = |Z,]| for every down-set A C BPary(c, )
(equality, not only >) at the 18 cells (o, 5,q) = (1,1,3),(2,1,3),(2,2,3),(3,2,3),(3,3,3),
(4,3,3), (4,4,3), (5,4,3), (2,1,5),(2,2,5), (3,2,5), (3,3,5), (2,1, 7), (2,2,7), (2,2,9), (3, 1,
9),(3,2,9),(2,2,25): 220 down-sets, 0 failures (auditor’s engine; the constructor’s engine,
run separately, reported equality for 142 down-sets at 11 cells).

o (P1), (Chain), (P2). The chain property and the membership of the options in
BPar,(c, B) for every tail shape, and Proposition 7.4 on every comparable pair of tail
shapes, at 16 cells up to (8,7,5), (6,6,9), (7,5,27) and (3,3,81) (up to 7214 comparable
pairs); (P1) by brute force over every tail at 8 cells up to (2,2,27) (19683 tails): 0 failures.

o (P3). Every generator of every layer lies in its slice (Proposition 7.5), 3428 memberships
at 7 cells. Negative control: lowering the slice by one gives 17, 58 and 10 failures at (3,2, 3),
(3,3,3) and (2,2,5).

e The characteristic. In characteristic 0, dim I};al = 4,24,169 for a = 1,2,3 at ¢ = 3
(against 3,15,93), dim IP* = 18,126 for a = 1,2 (against 15,93), and dim I%* =
129,416,1025 at ¢ = 5,7,9 (against 45,91,153): Theorem C holds with strict inequal-
ity (Remark 7.9(2)).

e The full family is needed. With a single bijection instead of all of Ss, the ideal at
(a,q) = (2,3) has dimension 9 < 15.

14.5 Theorem A

dim F,[L]/K, (L) = Ny(n) at 178 cells; Theorem A in characteristics 0, 3,5,7,11 for n = 2,4,6
and g = 3,5,7,9 (60 of 60 cells); the row inclusions of Theorem A.12 as ideal memberships at 7
parents; the case bookkeeping of Theorem A.12 for all p with |u| < 14 at ¢ = 3,9,27,81 (1673721
objects); the identities of Lemmas A.8-A.10 exactly at 166 random instances; and two negative
controls (Remark A.14). For Remark 10.4(5)—(6): the Hilbert series against Lusztig’s t-analogues
at 27 cells and the graded characters of the symmetric group at 56 cycle types (¢ = 3,5, n < 6);
the even-q rings at 8 cells in characteristics 0,3, 5,7 (equal dimensions) and 2 (larger in all 8).
For Corollary 10.6 and Remark 10.7(3): dim }_; D, ;C, against the number of closed walks at
13 cells (r, N) —r € {3,5,7,9} and r € {2,4,6}, N € {2,4,6} — in characteristics 3, 5,7, 32003
(50 of 50, with (5,6) in characteristics 3 and 5 only) and at 9 cells in characteristic 2 (9 of 9).
One run of the first engine was stopped by the memory guard at the cell (5,6) and rerun with
a corrected engine. For the last sentences of Remark 10.4(1): the coinvariants of the group
of F)-points of the centralizer at (p,q,n) = (3,3,3),(3,3,4),(3,5,3) (9,27,19 against 7,19, 13),
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computed by the cold reader and again by the author with separate code; at (5,3, 3) and (5,5, 3)
the two numbers agree. Engines and logs: [Rep], engines/theorem-a-kostant/.

14.6 Independent readings, and their limits

The proofs of §2, §5 and Appendix A were checked in a first pass, then re-derived cold, step by
step, by a separate reader with its own code, before this paper was written. An earlier version
of this paper (for m = 3V) was then read cold by three further readers, independently, each with
a list of attacks and its own engines. None found a fatal error, a gap or a mathematical error;
all their findings were of presentation, and they are incorporated here. One of them audited the
proofs inside [DS] of the results collected in Theorem 0, from the source of arXiv:1405.4683v3,
and found them sound for every m > 3 and every even n > 2; the Picard number of the cubic
surface independently confirms the signs of [DS, Theorem 2.2] (with 1 +¢ in place of 1 —¢ in ¢
the rank at (n,m) = (2, 3) would be 20, not 7).

The version for odd prime powers was read cold by a further reader of the same system and,
for the first time, by Al systems of two other providers (ChatGPT, OpenAl; Gemini, Google).
None found a fatal error. Two of them found, independently, that one sentence in the proof
of Theorem 5.9, and the same phrase twice in the proof of Proposition 11.1, was literally false:
an initial ideal is a monomial ideal and does not contain the non-monomial generators. One
classified this as a gap and the other as an error of wording, and both gave the argument used
here (Lemma 5.8"). Two readers also pointed out Theorem 5.9’ and Corollary H. ChatGPT then
read the Hodge part of the version with Corollary H (§1.3, §8 and §11 there) and found one
error, a novelty claim contradicted by the cells of [DS, §5]; it is corrected here (§1.3).

The part of this version on the degrees that are not prime powers (§6-§7) was constructed by
one instance of the same system, with its own engines, and then audited cold by another, which
re-derived every step, including the nine cases of Proposition 7.4 and the three constructions of
Proposition 7.5, compared the colour reduction with the author’s earlier block decomposition
[Rep], and ran separate engines with predictions recorded before the runs (§14.3-§14.4). The new
sections (§6, §7, §12, §13) were then read cold by a further instance, which re-derived them and
recomputed the counts with its own code; it found no fatal error, no gap and no mathematical
error, and its findings of presentation are incorporated. A further cold reader then read the
whole of §6, §7, §12, §13 and the chain of the Main Theorem, with eleven section-referees and
adversarial verifiers of its own. It recomputed the Fermat fourfolds of degree 15 and 21 at both
primes from the literal generators of [DS], colouring by colouring, and checked Theorem 7.6 at
117 down-sets of 11 cells and Theorem C at 10 new root cells. It found no fatal error and no gap
in the proofs; one error of self-description (the upper bound of Proposition 2.1 is algebraic, which
is now stated in §1.2 as Main Theorem’); one sentence missing in the deformation argument of
Corollary W(i), now supplied; and items of presentation, incorporated. ChatGPT (OpenAl)
then read the previous version (v7) cold, attacking the new parts with its own computations
and with the source of [DS]. It found no fatal error, no gap and no mathematical error; its one
point of presentation is incorporated here (the proof of Lemma 6.8).

Version 11: the odd box and the even degrees (§8—8§9). They were found and proved
on 2 October 2026 by one instance of the system (the constructor), working alone in one session
from a written mission, with its own engines. The mission had been written by the auditing
instance, which had first measured, in seven cells with m = 2%, that the leading forms of the
generators span an ideal of the right dimension, and, in eighteen cells, that the count at the
odd box holds. The two documents of the constructor were then audited cold by the auditing
instance: every step of what is now §8 and §9 was written again in its own words and marked,
the translation was re-read in the original of [DS] for even m, §7 was re-read with an even ¢,
and gates were run with code of its own (§14.9). It found no error and no gap, and four points
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of presentation. The documents were then read cold by a third instance, which had only those
two documents, version 10 of this paper and the source of [DS], and no access to the work of the
other two. It wrote its verdict item by item (29 items) before running any computation, and
then made 19 logged runs with its own code, with 14 predictions recorded in advance (§14.9).
Its verdict was «holds», with no error and no gap, and 17 points of presentation, which are
incorporated here; among them: that §7 should be stated for every ¢, so that the even box is
a case of the theorem and not a re-reading of its proof; the labelling of the rows in the proof
of Lemma 8.4; and the observation that Lemma 8.7 holds for more border sets than it states.
Two of its own negative controls did not behave as it had predicted — one was badly conceived,
and the other could not fire and was replaced by one that does — and it says so. Its session
record shows that it used no other agent and opened nothing outside its folder. The auditing
instance graded the report, checked eight of its hand computations and repeated six of its runs
with its scripts, with identical output. The text of §8 and §9 printed here was written by the
auditing instance from those documents and readings, and it differs from them in notation and
in three places of substance: the upper bound of Theorem O is proved here without Theorem A
(Corollary 8.13); the count of §9 treats the index 0 as an ordinary coordinate (Lemma 9.6), which
removes the per-colouring upper bound that the constructor had proved with p-adic integers;
and Corollary 10.8 is new. The limits of this part of the record: the three instances are of
the same system; the cold reader computed no cell of the literal ring of [DS] beyond those already
known; the printed text of §8-§9, as distinct from the documents it was written from, was at
first re-read and gated by its writer only (§14.9, last item; it was then read cold, see the next
paragraph); and nothing in §8-§9 was formalized (it now is, §14.8). The documents, the audit,
the report of the cold reader, its grading and all the code are in [Rep|, record/even-degrees/.

The printed text of version 11, and version 12. The printed text of version 11 was read
cold on 2 October 2026 by a further instance of the same system, which had the paper, the
original of [DS] and the pages of [Aok| that it needed, and nothing else. It wrote its verdict
item by item before running anything (37 items: §1, §2, Appendix B, §5, §6, all of §7, §8 and
§9, Corollary 10.8, §12, §13 and §16), re-derived every step of the chain for even m by hand,
and made logged runs with its own code, among them the dimension of the literal ideal of [DS]
in 16 cells (k,m,p) with p|m. Its verdict was «holds», with no error and no gap; its 18 notes of
presentation and three observations (some patterns are zero; the border of Lemma 8.7 for ¢ = 0;
the odd-box formula at an even box) are incorporated in this version. It did not read Appendix
A or §4, did not re-prove the topology or (H1)—(H3), and did not open the pdf; Corollary 10.8
is in its reading «holds, given Theorem A». Its session record shows that it used no other agent
and opened nothing outside its folder. The auditing instance graded the report, checked its hand
computations and repeated six of its runs with its scripts, with identical output. The changes
of version 12. Version 12 is new in the writing in these places: the proof of §8.5 (Lemmas
8.7’, 8.8 and Corollary 8.9); the upper bound of Corollary 8.13; the proof of Lemma 9.10 in the
case 0 ¢ Cy; the proof of property (ii) and the explicit signs of §8.3; the base change in case (Z)
of Proposition 8.10; the proofs of Lemmas 6.7(iii) and 9.8; and §1.0, §1.8-§1.10, §14.8, §14.9
and §16. Before the version was made public, these passages were read cold on 4 October 2026
by a further instance of the same system, which had the paper, version 11 for comparison and
the originals of [DS], [Knu], [Oka], [MMRV] and [FK], and nothing else. It re-derived by hand
every sign of §8.3 and §8.5, the proof of Lemma 8.7 (with the Vandermonde divisibility over
Z[(]ly]), the upper bound of Corollary 8.13 step by step, the short route of Lemma 9.10 and
the equivalence of the two forms of the degree condition, and made eleven logged runs with its
own code, among them the proof of Lemma 8.7’ run as an explicit certificate over Z in 33 cells,
and Corollary 8.13 over five fields with the intersection computed independently. Its verdict was
«holds», with no error and no gap; its 17 notes of presentation are incorporated in this version,
and its one mathematical observation (a further zero pattern) is part of §8.5, Remark (2), which
the auditing instance generalized and checked with its own code. It did not read §3, §4, the
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proofs of §5-§7, §10, §11 or the appendices, and could not read the Lean project; it states that
it launched no other agent, and every file it produced is in its own folder. The auditing instance
graded the report, checked every line it cites and repeated five of its runs with its scripts, with
identical output. Reports, gradings and code: [Rep|, record/cold-readings/.

The limits of this record must be stated plainly.

o All these readers are Al systems (Claude, Anthropic, for all but four readings; Chat-
GPT for three of them and Gemini for one; see the note at the end). They worked sepa-
rately and without access to each other’s code, but they are not independent in the way
that different human experts are.

e No human expert has refereed this work.

o Pham’s theorem [Ph] is not re-proved here, and neither are the intersection numbers
[DS, Theorem 2.2]; Appendix B reduces Theorem 0 to these two results.

o The numbering of [DS] was checked against arXiv:1405.4683v3, not against the printed
version.

e Versions 9 and 10. The new material of versions 9 and 10 (Remark 10.4, Proposition
10.5, Corollary 10.6 and Remark 10.7) and the supplementary note [Note] were read cold
on 1 October 2026 by a separate instance of the same system, working alone and with
its own code. Its verdict was «holds», with one gap (the inequality of Remark 10.7(3)
in characteristic 2, repaired there), three errors (a false sentence in the sketch of Remark
10.7(2); the hypothesis of [Gin, Proposition 4.2], which is stated for semisimple groups; one
imprecise identification in the note) and thirteen points of presentation. One of these was an
under-claim, which became Corollary A.17; another was the observation that the dictionary
of Remark 10.4(1) fails for the points of the centralizer over a finite field. All the findings
are incorporated, with the texts and the arguments that the reader proposed; in particular
the argument of Corollary A.17 is the reader’s. The reader re-derived Proposition 10.5 and
Corollary 10.6 by hand, checked them at 14 cells in characteristics 2, 3,5 and 1000003, and
checked the quotation and the hypotheses of [BRR, Proposition 2.12] against the arXiv
source; it did not re-audit §2-§7 or the proofs of Appendix A, which the earlier readings
covered. Report, grading and code: [Rep|, record/cold-readings/12_internal-reader_
on-v10/. Kostant’s theorem is quoted from [Gin, Proposition 4.2]; [Kos] was not read in
the original. [BRR, §2.1-§2.6] and the introduction and §2.2 of [Ric] were read in the arXiv
sources; [KLT], [Bry| and [Lus| were not read.

o The Lean proof covers Main Theorem’ and Theorem O (§14.8), for every degree;
it does not cover the topology, Theorem A or Corollaries H and W. Its proofs were written
by an Al system and are checked by the Lean kernel; that the Lean statements say what
the paper says is an audit, set out line by line in [L.C, §1.2-§1.3], which a reader can repeat
on about fifteen short definitions for Main Theorem’ and seventeen more for Theorem O,
printed in [LC, §1.2-§1.4]. Version 2 of the certificate was read cold on 4 October 2026,
before this version was made public, by a further instance of the same system, which had
the certificate, this paper, the original of [DS], the pieces and the compiled Lean project,
and nothing else. It printed the final statement and its definitions from the compiled project
and compared them with this paper and with [DS], evaluated Q(m) in the kernel against
a direct count of I' 7, re-elaborated five files of the chain from their sources, recounted
every number of the certificate, followed the chain of the final theorem in the sources, and
re-submitted to the Lean kernel, from the compiled files, every one of the 4 669 project
declarations on which the final theorem and Theorem O depend, with a negative control. Its
verdict was «kHOLDS AS FAR AS I CAN CHECKJ; its findings concerned the certificate,
not the proofs, and are incorporated in it. Report, grading and code: [Rep], record/
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cold-readings/17_internal-reader_on-lean-certificate-v2/.

14.7 A referee’s guide

The joints deserve attention in this order.

1.

Proposition 5.6 (P2) and Proposition 7.4, the only case analyses in the proof that are
not one-line identities. A sceptical reader should try long, very uneven partitions at ¢ = 3
(h=1) and ¢ =9 (h = 4), where lengths hit the cap ¢ < h, and, for Proposition 7.4, the
cases AR and MR, where a removal of one pair of partitions is compared with an option
of another kind.

. The translation (§2): the conventions of [DS] (jo = 0, the variable ¢y, never appears,

N =2k +2) and Lemma 2.4.

. The colour reduction (§6): Proposition 6.5 (the surviving generators are pure tensors;

this is where the full family is used, as Lemma 5.2 is in §5) and Lemma 6.8, where the
index 0 couples the blocks only through wg; and Corollary 7.8, whose proof passes through
the sum over the colourings.

. The coverage formulas (5.1) and (7.1), and Propositions 5.8 and 7.5, which have

no slack (Remark 5.10(2), §14.4).

. Theorem 0 and Appendix B. Only Theorem 0(a), (c) and (d) are topological; Theorem

0(b), which carries every upper bound of the paper, is a Chinese-remainder count.

. Corollary H: the classical input (H3) and Aoki’s theorem (H5) of §12.1, which are quoted

and not re-proved here; (H4) is proved in §12.1.

. The odd box (§8): Lemma 8.4, part (D2), in the case v; = 1; Lemma 8.7": the identity

(8.6), the two operations of Lemma 8.8 and the powers of ¢ in Corollary 8.9 (all of them
checked in Lean, §14.8); and, in Proposition 8.10, the case (M) with § = 1, where two
Pfaffians are combined so that the terms with D~ (y1,-) cancel, and the case (Z) with
6 = 1, where Lemma 8.7 is used.

. The even degrees (§9): Step 2 of Proposition 9.2 (the leading forms); §7 read with an

even ¢ (the only use of the field is C'(¢—1,7—1) # 0 in case () of Proposition 7.5); Lemma
9.9 (the substitution v = —t) and Lemma 9.10 (the map 6); and Lemma 9.6, where the
index 0 is a coordinate of the count but not of the ideals.

14.8 A machine-checked proof of Main Theorem’ and of Theorem O

Main Theorem’ has been proved, for every degree, in the proof assistant Lean 4 [dMU] with the
Mathlib library [Mlib]; the certificate is [LC]. The final theorem, EvenAll .mainTheorem', states:
for everym > 1 and every k >0, R/ (5 : J € J) is a free abelian group of rank m***+1 —Qx(m),
and for every field F, dimp F[G]/(4y : J € J) = m**1 — Qp(m) and dimp(spy : J € J) =
Qr(m). This is slightly more general than Main Theorem’ as stated in §1.2 (m > 3, k > 1, prime
fields). In Lean, Qx(m) is defined by the formulas of §1.2, with the parity split, and lemmas
identify it with the numbers of tuples of Lemmas 2.2 and 9.1 and with |T" 7|. Theorem O is proved
with equality over every field and with the freeness over Z (0ddEquality.D1, 0ddEquality.D2_
DJ; for the ideal M of Lemma 8.12, 0ddEquality.D2_M).

o« What was formalized. For odd m (version 1 of the certificate, 29 September 2026):

Lemma 2.2 and the translation of §2 in its local form (Lemmas 2.3, 2.4 and Proposition
2.5); Theorem 5.3 and the induction of §5; the colour reduction of §6; Theorems 7.6 and
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C; and the upper bound [DS, Claim 4.3] (Theorem 0(b), Appendix B, Step 6), which is
algebraic. For every degree, in twenty further pieces: §7 for every box ¢ > 2, and at ¢ = p*
in characteristic p, 2 included; Lemma 9.1 and the upper bound for even m; all of §8 —
the shapes and interlaced pairs, Lemmas 8.3-8.5, the Pfaffians and bordered Pfaffians of
§8.3 over any commutative ring with the signs given there, Lemmas 8.7, 8.7" and 8.8 and
Corollary 8.9 in the form printed in §8.5, Definition 8.6, the seven cases of Proposition 8.10,
Theorem 8.11, Theorem O, Lemma 8.12 in the direction used and Corollary 8.13 — and all
of §9, with Lemmas 9.4-9.10 for every prime and every cofactor. Theorem 4.1, Theorems
5.9 and 5.9°, Corollaries 7.8 and 9.12, Theorem 8.15 and the equality in Theorem O were
formalized too, although Main Theorem’ does not need them.

How. The Lean proofs were written by the AI system Aristotle (Harmonic), in 49 pieces
(29 for the odd degrees, 20 for the rest), each a short text written from this paper. Every
returned module that holds a theorem was compiled again on the author’s machine (the two
modules of numeric checks, and the two files that only import them, exceed the memory
cap of the local builds; they contain no theorem used elsewhere, [LC, §2 item 4]) (Lean v4.
28.0, Mathlib at the tag v4.28.0) and audited against the paper before the next piece was
sent: the difference with the previous project (no piece changed a file of an earlier one), a
search for forbidden constructs, the build, the statements as Lean prints them, and their
axioms. Before a piece was sent, its statements were tested by exact computation, with
negative controls (33731 checks for the twenty pieces of the even degrees, with no failure).

Result. 233 files, 41243 lines, 1859 theorems and lemmas. There is no sorry, admit,
native_decide or added axiom, and every main theorem depends only on the axioms
propext, Classical.choice and Quot.sound. A rebuild from source on the author’s
machine compiled 229 of the 233 modules; the other four — two modules of numeric checks,
whose evaluation by the kernel needs more memory than the cap of the local builds, and
the two modules that only import them — compiled, as Aristotle reports, on its machines
(this was not checked on the author’s machine), and no theorem used elsewhere is in them.
A program that collects the declarations used by the final theorem finds 4412 of them, in
180 of the 233 modules.

What is not formalized. Theorem 0(a), (c) and (d): the topology of [DS] that iden-
tifies the torsion of R/(v;) with that of Hax(X;Z)/L(X) and gives the rank of L(X).
Mathlib has no singular homology of complex Fermat varieties. So the Main Theorem, as
a statement about homology, is machine-checked only in its algebraic form. Theorem A,
Corollaries H and W, §11, the graded refinements of Theorems B and O, and the compu-
tations of §14.1-§14.5 and §14.9 are not formalized either.

Where. The certificate [LC| (read cold before release, §14.6) gives the Lean statements
and definitions verbatim, compares them with this paper line by line, and lists the trust
base, the data of every piece and how to reproduce the build. The Lean project, the pieces,
the checks and every log are in [Rep], folder lean/.

14.9 The odd box and the even degrees

Three sets of engines were used, written separately and without access to each other: the
constructor’s, the auditor’s (with Singular for the literal ring) and the cold reader’s. In the last
two, the predictions were recorded before the runs. None of these computations is used in a

proof.

e Theorem O at the root. dim(D;)Cori1 = N,(2k +2) at (k,r) = (1,3),...,(1,11),
(2,3),...,(2,9), (3,3) over Fy; at (1,3),(2,3),(3,3),(1,5),(2,5),(1,9),(2,9) over F3; at
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(1,5),(2,5) over F5 and (1,7),(2,7) over Fr; and at (k,7,p) = (4,3,2),(3,5,2),(2,15,2),
(2,11,11), predicted before the run (constructor). The cold reader recomputed (2,7,2),
(2,7,7), (1,15,2), (1,25,5), (1,27,3), (1,13,13): 3301, 3301, 631, 1801, 2107, 469. With
one matching removed the dimension drops: 15 < 19, 140 < 141, 45 < 61, 976 < 1001,
91 < 127, 153 < 217, 231 < 331 at (k,7) = (1,3),(2,3), (1,5), (2,5), (1,7), (1,9), (1, 11).

Theorem 8.11, every interlaced pair. With V), built from Definition 8.6 (the Pfaffian
from its definition) and Z, counted point by point: dim Vy = |Z,| for all 163 interlaced
pairs of 26 cells (r,m,p) with r < 9 and m < 6 (auditor), and for the 133 interlaced pairs
of 18 cells (r,m) = (3,1...7), (5,1...5), (7,1...4), (9,3), (11,3), in 400 triples of a pair,
a cell and a characteristic among 2,3,5,7,101 (cold reader). Without the marked patterns
with absorbed pairs (¢ > 1) the dimension falls below |Z,| in 15 of the 163. For every pair
of down-sets that satisfies (D1) but not (D2), in every cell, dim Vy > |Z,| and the chain of
Lemma 8.3 breaks (for instance 19 against 12 for {((1),0)} at (r,m) = (3,3)).

Lemmas 8.3 and 8.4. In the same cells: the number of completions of a tail depends
only on its shape and is given by (8.5); the options in A form an initial segment; every
layer is an interlaced pair; 3;|Zy,| = |Zx|. No failure.

Proposition 8.10. With the slices computed from the ideal itself (elimination ordered
by the degree in y;): every pattern product of every layer lies in its slice, 12530 member-
ships (auditor) and 1849 containments Vi, € W,_1_;(V)) (cold reader), with no failure;
moreover dim W,_1_;(Viy) = |Zy,| in every case. With the slice lowered by one, 540 of
1327 containments fail, in every cell. The seven constructions of the proof, as written, were
checked on every pattern of every tail shape of every interlaced pair (membership in Vj,
degree in y1, top coefficient): 2513 cases in 19 cells (r,m, p) with r < 9, m < 5 (constructor)
and 3595 cases in 13 cells (r,m) (cold reader), with no failure, every one of the seven cases
occurring (359 in the case (M) with § = 1, of which 96 with absorbed pairs; 235 in the case
(Z) with § = 1; 31 in the second case of (R)); with deliberately wrong border sets the top
coefficient is wrong in 49 cases of 49.

Lemma 8.7. The membership, with the Pfaffian computed from its definition, over
F, for p = 2,3,5,7,101: at r = 3, ({,t) = (0,1); r = 5: (0,1),(1,1),(0,2); r = T:
(0,1),(1,1),(2,1),(0,2); » = 9: (0,1),(1,1) (50 memberships, cold reader; 17 instances,
auditor; 46, constructor). With the generators of one set S removed the membership fails
in every case. The identities of the exterior-algebra proof of version 11 were checked with
exact integers for r = 3,5,7,9,11. The proof printed in §8.5 was checked, before it was
sent to Lean, with exact integer arithmetic: the rank-two update and the closed forms
of Corollary 8.9 (1718 checks), and Lemma 8.7’ with the explicit certificate that its proof
produces, in 70 cells with » = 3,...,11 and up to six variables (840 checks), with controls
that fail as they should. The cold reader of the printed text of version 11 found that for
¢=0,t=1and r =5 the border 3? in place of y"~! gives a Pfaffian outside Ly(N) (§8.5,
Remark (3)).

Theorem 8.15. dimI(m,J) = \ng)| forall0 < J<mand 1 <m <7over Iy, F3, F101
(35 ideals; three engines), with every slice containment of the proof. With the signs of D
removed, the dimensions are 18 and 138 instead of 19 and 141 over Fj.

§7 at an even box. dim V) = |Z,| at every down-set of BPar,(a, 5) over F, for ¢ = 2
(nine cells, up to a+ 8 = 6), ¢ = 4 (four cells) and ¢ = 8 (two cells): 51 down-sets of 51
(auditor); the cold reader found equality at every down-set of its cells over F» (¢ = 2,4, 8),
and dim Vj > |Z,|, strict at the roots (58 > 28, 174 > 66), for ¢ = 4 over F5 and ¢ = 6
over Fr, where the binomial coefficients are non-zero (22 cells in all). The constructor had
measured the roots at 15 cells over Fy. In two fields where a binomial coefficient vanishes
(g = 4 over F3, ¢ = 6 over F) the inequality held as well (§15, problem 7). With one
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bijection, or all but one, instead of all, the dimension falls below the count (4 < 6, 16 < 28,
232 < 256, 64 < 120).

The counts. |I'y| from [DS, Definition 1.3], the number of tuples that split into inverse
pairs, the formula of Lemma 9.1 and the polynomials of [DS, Remark 4.4] agree at (k,m)
= (1,4),(1,6),...,(1,14), (2,4),(2,6),(2,8), (3,4). Forbidding the value —1 gives the
numbers Q(m — 1) instead.

The colour reduction for even m, from the literal generators of [DS]. For every
colouring, the ideal generated in R. by the images of the ¢; was computed and compared
with the product of block counts of Lemma 9.6; the sums were compared with Qg(m).
No mismatch: at the prime 2, (k,m) = (1,6),(2,6), (1,12),(2,12),(1,14), (2, 14), (1, 20),
(1,24); at an odd prime, (k,m,p) = (1,6,3),(2,6,3), (3,6,3),(1,10,5), (2,10,5), (1,12, 3),
(2,12,3),(1,14,7),(1,18,3),(1,20,5),(1,30,5), (1,42,7). In the colouring «all —1» the di-
mension is Ny(2k +2), and in the colouring «all 1» at the prime 2 it is Ny_;(2k +2). Both
kinds of block of colour 1 of Lemma 9.10 occur and agree; at ¢ = 2 every block of colour 1
has dimension 1.

Cells of Conjecture 1.2 that are not in [DS, §5], in the literal ring. By the splitting
of Lemma 6.1 and Grobner bases, at every prime dividing m, with no use of Theorem O or
of the block theory: (n,m) = (4,14): 26041; (4,18): 61601; (4,20): 87661; (4, 28): 263901;
(4,30): 329561; (6,12): 876331 (auditor); and (6,6): 18733 (constructor). In each, the
dimension of the ideal equals Qi (m) at each prime.

Hodge characters for even m (§12): |B| and |D| were counted by enumerat-
ing multisets at (k,m) = (1...5,4), (1...3,6), (1...3,8), (1,10),(2,10),(1,12),(2,12),
(1,14),(1,16),(1,18),(1,20); in each, |D| = Qr(m), and |B| = |D| exactly for m = 4.

What was not done. No cell of the literal ring for a pure power of 2 outside [DS, §5]
(the runs at (n,m) = (4,16) and (8,4) were stopped by the memory guard). The family
runs of Theorem 8.11 stop at » = 11 and at seven variables. As a membership, Lemma 8.7
was tested by machine over prime fields only; its proof was run as an explicit certificate
over Z in small cells (the bullet «Lemma 8.7» above, and the cold reading of §14.6), and
over Z it is proved in Lean (§14.8).

The printed text. After §8-§10 were written in their present form, the statements that
are new in the writing were computed again from the text, with a separate script (34 checks,
no failure): the slices 3,7,9 of §8.9, in characteristics 2, 3, 5; Lemma 8.12 and Corollary 8.13
(the two dimensions, the injectivity of # and its image) at (k,7) = (1,3),(2,3), (1,5) in char-
acteristics 2,3,5; Corollary 10.8, as two equalities of ideals, at (r, N) = (3,4), (3,6), (5,4)
in characteristics 3,5, 7, and in characteristic 2 the colengths 19,141, 61 of the intersection
against 21,183,65 of the ideal of the odd elementary symmetric polynomials; at r = 3,
k = 2, for each of the 15 matchings removed, the dimension 140 in characteristics 2
and 3, and (Singular) the sum count 141 over Fj (Remark 10.7(3)); Proposition 9.2 at
(k,q) = (1,4),(2,4),(1,8): the formula of Step 1, in(xy;) = Ly = Y - Dy, and the equal-
ity of the Hilbert functions of in(/) and of (Ls)B (3,6,6,3,1; 15,36,40,29,15,5,1; 3,6,
9,12,15,18,18,15,12,9,6,3,1); and the tables of §9.1 and of Example 9.14, the latter by
enumeration.

The printed text of version 12. The statements that are new in the writing of version
12 were computed again from the printed text in the same way, with a separate script (4831
checks, no failure): the explicit signs of (iii), (F2), (F3), (F4) and (F7), and property (ii),
on random integer matrices with up to eight indices; (8.1)—(8.4) and (F5) at r = 3,5, 7;
(8.6), the two items of (a) and the antisymmetry of ws for h = 1,...,4; Lemma 8.8 (i) and
(ii), with a control (the opposite sign in (ii) fails); Corollary 8.9 (a) and (b) for h = 1,2 and
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15.

n < 5, as identities over Z[(]; Lemma 8.7’ as a membership over Figgo7, in 25 cells with
r=3,5,7,9 and up to six variables (16 of them with a non-zero Pfaffian); Remark (2) in
eight cells where the Pfaffian is identically 0, among them (r,¢,t) = (5,2,1),(7,2,2),(7,3,
1), with four controls where it is not; Remark (3); and, for £ < 11 and 3 < m < 400, the
equality of the conditions ged(m, (n 4+ 1)!) = 1 and ged(m, (n 4+ 2)!) =1 of §1.3.

Open problems

. Equality for every interlaced pair. Prove dim V), = |Z,| for every interlaced pair A of

Theorem 8.11 (it is proved at the two roots, Corollary 8.13, and measured in every cell we
computed, §14.9), and describe C,,/V} as an associated graded ring, as in the Complement
to Theorem 5.9. The evaluation argument of Theorem 5.9 does not apply as it stands: on
a grid with 0 the polynomial D, (a,b) does not vanish off the pairs b = —a. (In version 10
this item was «Even degreesy; it is now Theorem 9.11.)

. The remaining integral Hodge classes. When m is neither prime nor 4 and has a

prime factor at most 2k + 1, find generators of Hdg(X) beyond L(X). By Corollary H(ii)
the missing part is a free group of rank |B| — Qr(m) (Remark 12.3, Lemma 12.4), and the
integral question is whether algebraic cycles fill it. For k = 1 they do, by the Lefschetz
(1,1) theorem; the question is for & > 2. The rational Hodge conjecture for these X is
known in many cases [Shi79], [Aok|, [Jum)].

. Elementary divisors. For m = p prime and k£ > 2, compute the elementary divisors of

Hdg(X) = L(X); [AMV, Table 1] gives the data for small cells. For k = 1 they are the
author’s Watermark and Double Ladder theorems [WDL]; for k& > 2, the discriminant is
given by the sequel note [WED], modulo [BRR, Proposition 2.12] (Remark 12.2).

. A direct proof of Corollary 7.8. Prove dimpp I)loa“1 < Mpai(a, ) on the bipartite block

itself, without passing through the sum over the colourings of §6; since the dimension over ()
is larger (Remark 7.9(2)), such a proof must use the characteristic. Equality dim V), = |Z,]
for every down-set of Theorem 7.6, measured at every down-set we tested (§14.4) and never
contradicted, would give it.

. Representation theory. The Specht module route at ¢ = 3 (Remark 4.2(3)), and more

generally a representation-theoretic description of the rings C),/Vx (Complement to The-
orem 5.9) and of the bipartite quotients.

. Theorem A for even ¢ and odd n. Prove that for every field of characteristic # 2, every

even ¢ and every odd n, dim F[z1,...,z,]/(e1,e3,...;2¢,...,2%) is the number of walks
of length n on the lattice Z%/? with steps +e; from 0 to €;. For even n the corresponding
statement (closed walks) follows from [BRR, Proposition 2.12] (Remark 10.4(6)); for odd
n the weights are not in the root lattice, and the statement is computed in a few cells only.

The proof of Theorem A uses the value 0 of the grid, which an even ¢ does not have.

. Around the odd box. Problem 7 of version 10 is Theorem O. What remains: (a) derive

Theorem B and Theorem O in positive characteristic from the theory of modules with a
good filtration, as [BRR] derive the count of Theorem A; (b) Theorem C over an arbitrary
field: in the cells where a binomial coefficient C'(q — 1, ¢) vanishes that we computed (¢ = 4
over I3, ¢ = 6 over F5), the inequality of Theorem 7.6 still holds at every down-set, although
the proof of Proposition 7.5 does not apply (§14.9); (c¢) Lemma 8.7’ gives the membership
for any exponents in its case (a), and in its case (b) with the border 3" ~!, which cannot be
dropped (§8.5, Remark (3)): describe all the border sets for which it holds.

. What is not formalized. Main Theorem’ and Theorem O are formalized for every degree
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16.

(§14.8; this was problem 8 of version 11). Formalize the topology of Theorem 0 (Mathlib
has no singular homology of complex Fermat varieties), Theorem A, Corollaries H and W,
and the graded refinements of Theorems B and O.

. The leading forms. By Remark 9.3(1) the generators ¢; at m = 2% are a standard basis

for the order filtration. Is the same true of the generators at an odd prime power, for the
filtration by the powers of the augmentation ideal, and does it give a proof of Theorem B
that avoids the coordinate y =t — ¢t~17

Exact status

PROVED, with no topology: Main Theorem’ — for every m > 3 and every k > 1, the
group R/(vy : J € J) of [DS] is free abelian of rank m?**1 — Qi (m). For odd m it uses
§5-§7; for even m, §6 (Lemmas 6.1, 6.2, 6.4 and 6.7, at every prime, the prime 2 included),
§7, §8, §9 and, at the odd primes, §5; in both cases [DS, Claim 4.3], a Chinese-remainder
count re-proved in Appendix B, Step 6.

MACHINE-CHECKED in Lean 4 with Mathlib (§14.8), for every degree: Main
Theorem’, for every m > 1 and every k > 0, over Z and over every field; and Theorem O,
with equality over every field and the freeness over Z. No sorry, and no axiom beyond
propext, Classical.choice, Quot.sound. Not formalized: the topology of Theorem 0(a),
(c) and (d), Theorem A, Corollaries H and W, and the graded refinements of Theorems B
and O.

PROVED, modulo Pham’s theorem [Ph] and the intersection numbers [DS,
Theorem 2.2]: the Main Theorem, i.e. Conjecture 1.2 of Degtyarev—Shimada for the
Fermat varieties of every degree m > 3 and every even dimension. Through Theorem 0
it uses [DS, Theorem 1.1(a), Claim 4.3, Theorem 1.4, Corollary 1.5], which Appendix B
re-derives from those two results and classical topology, for every m > 3.

PROVED, modulo in addition the standard topological facts (H1)—(H2), the
classical description of Hodge classes (H3) [SK], [Shi79], [Ran], and Aoki’s
theorem (H5) [Aok] (for prime m and for m =4, (H4) and (H4’) replace (H5);
the proof of (H4) uses the formula for B;, and Dirichlet’s theorem L(1,x) # 0
[Was]): Corollary H — for every m > 3, L(X) is a primitive sublattice of Hdg(X) with
free quotient of rank |B| — Qx(m), and the integral Hodge conjecture holds for X when
m is prime, or m = 4, or every prime factor of m is at least 2k + 3. In the prime cells
computed in [DS, §5], in the cells (k,m) = (2,4),(3,4) computed there, and in the cell
(2,4) of [AMV], it was already known (§1.3).

PROVED, modulo the same two results as the Main Theorem: Corollary W(ii),
for every m > 3, and, modulo in addition the transport argument of [DS, §4.6], Corollary
W(i).

PROVED: Theorem B (the dimension count, with equality over every field and for every
odd ¢, and the freeness over Z), Theorems 5.3, 5.9 and 5.9’, Theorem 4.1; the colour
reduction (Proposition 6.9); Theorem C and Theorem 7.6, for every integer ¢ > 2 and
every field in which the binomial coefficients C(q— 1,t) are non-zero; Corollary 7.8; Lemma
12.4.

PROVED: Theorem O (the count at the odd box, with equality over every field and for
every odd r > 3, and the freeness over Z), Theorem 8.11, Lemmas 8.7 and 8.7’, Theorem
8.15; Proposition 9.2, Theorem 9.11 and Corollary 9.12 (in Proposition 9.2 and Theorem
9.11, the last clause, that Hop(X;Z)/L(X) is torsion free, is modulo the same two results
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as the Main Theorem).

PROVED: Theorem A, for every field of characteristic # 2, every odd ¢ and every n, with
Corollaries 10.1 and 10.2. It is a different statement from the Main Theorem. As a count
it is not new: it follows from Kostant’s theorem [Kos] in characteristic 0 and from [BRR,
Proposition 2.12] in odd characteristic, through the dictionary of Remark 10.4. What this
paper adds is that dictionary and the elementary proof of Appendix A, with its ideals K,
and the equality dim F'[L]/K,(L) = N,(n) for every u (Corollary A.17).

PROVED: Proposition 10.5 and Corollary 10.6(i) (Theorem B in 2k + 2 variables); Corol-
lary 10.8 (at every odd box and in characteristic # 2, the intersection of the matching
ideals and the ideal of the odd elementary symmetric polynomials coincide; it uses Theo-
rem O and Theorem A, and not [BRR]). PROVED, modulo [BRR, Proposition 2.12]:
Corollary 10.6(ii) (the same at the even box ¢ — 1), and the analogue of Theorem A for
even ¢ and even n (Remark 10.4(6)).

CITED, NOT PROVED HERE: the author’s Watermark and Double Ladder theorems
(the case k =1 of problem 3 of §15), proved for every prime m > 5 and verified in Lean 4
in [WDL] (Remark 12.2).

MEASURED, NOT CLAIMED: the leading-monomial description of Remark 5.10(4)
outside ¢ = 3; the Specht-module route of Remark 4.2(3); equality dimVy = |Z,] in
Theorem 7.6 for down-sets other than the roots, and in Theorem 8.11 for interlaced pairs
other than the two roots; the inequality of Theorem 7.6 in fields where a binomial coefficient
C(q — 1,t) vanishes; the Hilbert series of the ring of Theorem A as a sum of Lusztig’s t¢-
analogues (Remark 10.4(5)); the analogue of Theorem A for even ¢ and odd n (Remark
10.4(6)).

COMPUTED EXACTLY (finite enumerations, §14): the counts of Hodge charac-
ters of Remark 12.3; the cells of §14.9.

FALSE: the analogue of the Main Theorem for arbitrary subfamilies K C J (Fact 11.2);
the identification «Conjecture 1.2 at the degree ¢ <= Ap(q) = Pi(q)»; the equality
Hdg(X) = L(X) for m neither prime nor 4 with a prime factor at most 2k + 1 (Corollary
H(ii)).

OPEN: the problems of §15.

READ COLD, for the even degrees: the documents of the proof, twice, by the auditing
instance and by a separate cold reader, with separate code; the printed text of version 11,
by a further cold reader, «holds» (§14.6). The passages that are new in the writing of this
version (§14.6) — among them the proof of §8.5, the upper bound of Corollary 8.13 and
the proof of Lemma 9.10 — are checked by the Lean kernel and were read cold before the
version was made public: «holds».

NOT YET REFEREED by a human expert.

Acknowledgements and use of Al

The mathematics of this paper was developed with extensive use of Claude, an Al system made
by Anthropic, working under the author’s direction in separate roles: instances that proposed
and wrote proofs, instances that re-derived them cold and ran their own checks, and instances
that read the finished text as referees. The previous versions were also read by Al systems of two
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other providers (ChatGPT, OpenAl; Gemini, Google). The degrees that are not prime powers
(§6-§7) were constructed by one instance and audited cold by another. The even degrees and
the odd box (§8-§9) were constructed by one instance in a single session, from a mission written
by an auditing instance that had first measured the leading-form inequality of §9.2 in seven
cells; they were then audited cold by that auditing instance, step by step and with its own code,
and read cold by a third instance, which had no access to the work of the other two (§14.6).
The printed text of version 11 was read cold by a further instance (§14.6). The Lean 4 proofs
of Main Theorem’ and of Theorem O (§14.8) were written by Aristotle, an Al system made by
Harmonic, from pieces written from this paper, and were compiled and audited on the author’s
machine. The author directed the project and takes responsibility for the content.

The work took more than two and a half months. It went through several hundred written
working sessions, recorded more than three hundred unsuccessful routes together with the rea-
son each one failed, and produced more than two hundred standalone write-ups of intermediate
results. The full record — the engines and their logs, the audits and the cold readings, the dead
routes, and the history of the project — is public at github.com/tretoef-estrella/chaise-
longue-theorem [Rep]. Every result of the author on which this paper relies or which it cites
— the earlier block decomposition quoted in §6, the Watermark and Double Ladder theorems
quoted in §12, and the computer verdicts quoted in §1.3 and §14 — is deposited in that reposi-
tory, together with every engine and log behind §14 and the Lean project of §14.8. The sequel
note [WED], cited in Remark 12.2 and §15, is deposited at Zenodo and in the repository of the
Watermark theorem, and a copy is in [Rep].

Appendix A. Proof of Theorem A

This appendix is independent of §2-§5. Its symbols are local: here L is a finite set of variables,
A and B are subsets of L, C is a set of field elements (Lemma A.4), J is an ideal (Proposition
A.5), Ry(G) are the «rows» of Lemma A.6, K, (L) are ideals, and © is a generating function (it
has nothing to do with I'x of [DS]).

A.0 Conventions

e Fisa field with 2 € F*, g > 1is odd, and h = (¢ — 1)/2.

o For X C L, Ex(t) :=[l,ex(1+at) and ¢;(X) := [t/]Ex(t), s0 g = 1 and e; = 0 for j < 0
or j > |X|. I4(L) := (e;(L) : j odd) + boxy, with boxy, := (29 : 2z € L).

o [tP] of a power series is 0 when D < 0.

o L4(2y) = > p>0 y2+d /(bI(b + d)!) for d > 0, and N,(n) :=n! - [y"]eIo(2y)".

o A partition is a finite multiset of positive integers pu; > -+ > py, with £ = ¢(u) and
lp| = Epi. For w > 0, By(p) == >, max(yu; — w,0) (the number of boxes of the Young
diagram to the right of column w), and ¢, (1) 1= By (i) — Bw+1(1) = #{i : pi > w+1}. So
Bo(p) = |ul, co(p) = €(p), and cw(p) < £(p) for all w.

Strategy. Adjoin one variable z to L. Every ideal G of F[LUz| containing z? has ¢ rows Ry(G) C
-+ C Ry—1(G), and dim F[L U z|/G = Y, dim F[L]/R,(G) (Lemma A.6). The count satisfies
the matching recursion Ny (n +1) = 3, Neniid, () (n) (Lemma A.3), which is the derivative of a
product of Bessel functions. So it suffices to attach to each p an ideal K, (L) with Ky(L) = I,(L)
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such that every row of K, (LU z) contains the ideal of the corresponding child (Theorem A.12).
The ideals come from one generating function ©, and adjoining z to one of three sets shifts an
index of © in a controlled way (Lemma A.8). This is the same peeling idea as §5.1, with the
box ¢ in place of g — 1.

A.1 The count and the dictionary

For a partition p with ¢(u) < h, put F,(y) = e¥ - e, 1,,(2y) - Ip(2y)"~* and N,(n) =
n! - [y"|Fu(y), so that Ny(n) = Ny(n).

Lemma A.1. Ford>1, (d/dy)I;(2y) = I4-1(2y) + I5+1(2y), and (d/dy)Iy(2y) = 211 (2y).
Proof. Termwise, with (2b+ d) = b+ (b+ d):

@b+ Ay B +d)) =Dy (b= Db+ d)) + Dy (B4 d — 1)).
b b>1 b

The first sum is I441(2y) (substitute b — b+ 1). The second is I4—_1(2y) if d > 1, and for d =0
it is again I (2y). [ |
Definition A.2 (the dictionary). Let ¢ = ¢(u) < h. For a € {0,...,q — 1}, child,(u) is the
partition:
e lower, 0 < a < ¢ —1: p with one copy of g1 replaced by per1 — 1; parts are lowered
largest first, and a part 0 is deleted;
e value-0, a = {: p;
e new-class, /+1<a<qg—0¢—1: pU(1);
e raise, a = ¢ — j with 1 < j < /: p with one copy of u; replaced by p; +1; row ¢ — 1 raises
the largest part.
New-class rows exist iff / +1 < g— /¢ —1, i.e. iff £+ 1 < h. Hence every child has at most A
parts.
Lemma A.3. N,(0) = [u=0], and Ny(n+1) = Z_o Nehildg (u)(n) for every n > 0.
Proof. The first claim holds because F},(0) = [ = §)]. For the second, Ny (n +1) = n!- [y"]F),.
By the product rule and Lemma A.1, F), is a sum of:
o F,, from e¥;

o for each i, F' of p with u; replaced by p; — 1, plus F' of u with p; replaced by u; + 1 (a part
0 is a factor Ip);

e 2(h — () copies of F}, 1), from =t

These are exactly the £+ 1+ 2(h — £) + ¢ = ¢ children of Definition A.2. [ |

Lemma A.4. Let C be a set of q elements of a field of characteristic # 2 with 0 € C = —C.
Then Ny(n) is the number of ¢ € C™ such that #{i : ¢; = v} = #{i : ¢; = —v} for every
veC\{0}.

Proof. C'\ {0} splits into h pairs {v, —v} with v # —v. By the exponential formula:

e the zero coordinates contribute the factor e¥;

« cach pair with b coordinates equal to v and b equal to —v contributes 3, y?°/(b!-b!) = I5(2y).
|
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A.2 The lower bound

Proposition A.5. dimp F[L]/I,(L) > N4(|L)).
Proof.

Reduction to a large field. Let F’ be an infinite extension of F. The dimension is unchanged by
extension of scalars, because F'[L]/1,(L)F'[L] = (F[L]/1,(L)) ®p F'. Choose cy,...,cy, € F'*
with ¢; # +¢; for @ # j, and put C := {0,%c1,...,%cp}. These are ¢ distinct elements, since
c# —c for ¢ # 0.

A radical ideal with the right count. Let f(x) :=[[.cc(x —c) and J := (e;(L) : j odd) + (f(x) :
x € L).

o By the Chinese remainder theorem, F'[L]/(f(x) : z € L) = F’ CL, a product of copies of
F'.

o Every quotient of a finite product of fields by an ideal is the product over a subset of the
factors. Hence F'[L]/J = F'? where Z is the set of ¢ € C* at which every odd e; vanishes.

 For such ¢, all odd e;(c) vanish iff [T, (1 + c,t) is an even polynomial, i.e. [], (1 + c;t) =
[L.(1—cyt).

By unique factorisation in F’[¢t], this holds iff the multiset {¢, # 0} is closed under negation.

e So dim F'[L]/J = |Z] = Ng(n) by Lemma A 4.

Degeneration. Let in(J) be the span of the top-degree forms of the elements of J.

e (ej:jodd) Cin(J), since the e; are homogeneous.

o 29 € in(J), since x is the top form of f(x).
Hence I4(L) C in(J). For a degree-compatible monomial order, LM(g) = LM(top(g)). Moreover,
for fixed d the non-zero top forms of degree-d elements of J form, with 0, a vector space.

So LM(J) = LM(in(J)), and by Macaulay’s basis theorem dim F'[L]/in(J) = dim F'[L]/J.
Therefore

dim F'[L]/I,(L) > dim F'[L]/in(J) = N4(n). [ ]
A.3 Rows

Lemma A.6. Let z ¢ L, and let G C F[L U z| be an ideal with z4 € G. For 0 <a <gq—1 put

R.(G):={f € F[L]:2°f € G+ 2" F[LUz]}.
Then:

o each R,(G) is an ideal of F[L|;
o Ro(G) C Ray1(G);
o dimp F]LU2]/G = Y92} dimp F[L]/Ra(G), in N U {0}

Proof.

o Ideal: R,(G) is an additive group, and for g € F[L] we have z%gf = g - 2°f.
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« Monotone: multiplying 2 f € G + (2911) by z gives 2411 f € G + (2712).

o Dimension: put G, :== G + 2*F[L U z]. Then Gy = F[L U z] and G, = G. The map
F[L] = Gu/Gayi1, f = 2°f, is surjective because 2 F[L U z] = 2¢F[L] + 2* ' F[L U 2], and
its kernel is R,(G). Summing over a gives the formula. [ |

A.4 The generating function
Fix disjoint A, B C L. Put:

= |Al;
= |B| — |A|, the imbalance.

For a € Alet pu(t) := (1 — at)/(1+ at) =1+ > ;5 2(—1)%a’t".
Definition A.7. For s € Z, let Dy, (A, B;s) :==r(¢—1)+ |P|+1— s and

03 (4; B) i= [tPrABN Ep(—t) - T] va(t) € FIL
a€A

We call s the level.

Remark. With Hap(t) = Tlaea(l + at) ' [[ep(l — bt)~! one has Er(—t)Hap(t) =
Ep(—t)[laca @a(t): the factors of B cancel. So B enters © only through P, that is, through
the degree D.

Lemma A.8 (the three moves, and vanishing). Let z ¢ L and L™ := LU{z}. For disjoint

A BCLandse Z:

(P) ©;,(A:B) =07 (4 B) —2- 0} (4; B);

(B) 3. (4;BU{2}) = 03 (4; B);

(A) 05, (AU{z};B) = 05 (A B) + Y51 2(~1)727 - ©5 771 (4; B), a finite sum;

(V) if s <0, then ©% (A; B) € boxy, and ©5 (A;B) =0 if A=0.

Proof.

(P) In Lt z lies in the set PT = PU{z}, and Ep+ (—t) = Ep(—t)(1—=zt). Since D+ (A, B; s) =
Dr(A,B;s—1)and D;+ (A, B;s) —1 = Dr(A, B;s), the identity follows.

(B) Neither P nor D changes.

(A) One more factor ¢,(t), and D;+(AU z,B;s) = Dr(A, B;s) + (¢ — 1). The coefficient of
2 in @, is 1 for i = 0 and 2(—1)? for i > 1. Finally, level u of (A4; B) in L has degree
Dr(A,B;s)+ (¢—1) — i exactly when u = s — ¢+ 1 + 4.

(V) ©1(4;B) = 3, (=1)Pep(P) - [tP=P] 14 @a. The coefficient of ™ in []4 @, is homogeneous
of degree m in the r letters of A. For s < 0 every p < |P| gives D —p > r(qg—1) + 1. So
every monomial has some exponent > ¢ when r > 1, and [t?~P]1 = 0 when r = 0. |

Lemma A.9 (descent). Fora > 0:

2% 03 (A; B) = ©3:%(A; BU{z}) Zzz 1. O3 (4; B).
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Proof. The case a = 01is (B). By (P) and (B), z- 0% (A4; B) = @‘211(14; BUz)—-©7,(A;B), and
applying (B) again to the first term gives 203 = 05 '(4; B) — 7 +(A; B). Hence

2907 = za_l@stl(A; B) — za_1®sL+(A; B),

and the formula follows by induction on a. |

Lemma A.10 (the odd identity). Let |A| = |B| =r, let c € Z, M := D (A, B;c), and
hp := [t"|Ha,p(t). For every £ > 0,

deS (A By =0 -1 2 (-1)Me5(B; A) — ©5(A; B))  mod 22 F[LT],

where Q= 2'Y"; gae; (LN ha—j — 25730 sagei (L) har—1—; lies in (e;(LY) : j odd).

Proof. Put oy, = [t"|EL(t)Ha,p(t) and B, = [t™|Er(—t)Ha,p(t). By definition and the
Remark after Definition A.7, By = 0% (A; B) and By—1 = 05" (A4; B).

Next, Er(t)Ha.p(t) = Ep(t)[1g(1 + bt)/(1 — bt), which at t = —u is Er(—u)Hp,a(u). Since
|A| = | B, the degree M corresponds to the same level ¢ for (B; A), so ay = (—1)M 0% (B; A).

Let Xy := [t™O(t)Hap(t) with O(t) = 35 jqa (LN = $(E+(t) — Ep+(—t)), so that
Q=2 Xy — 21 X 1. From Ept(£t) = Ep(£t)(1 £ 2t):
Xm = %(am + zom—1 — Bm + Zﬁm—l)-

Hence

Q=12 (an — Bur) + 2 Bu—r — 32 (am—2 + Bu—2).

Rearranging gives the claim. |

A.5 The ideals

Definition A.11. For a partition u with ¢(x) < h and a finite set L,
K, (L) :=1,(L)+ (©%(A;B) : A, B C L disjoint,w = |B| — |A] > 0,1 < s < By,(p)).

Remarks.

1. Ky(L) = I (L), since B, (0) = 0.
2. If p# 0 and L = 0, then ©5(0;0) = [t°]1 = 1, so K,(0) = F.

3. For A = (), the generators are +e|g41_4(5) with S = L\ B, allowed for s < ,,_|g/(11). For
S C L this is Tanisaki’s rule for the partition g U (1"~ #) of n [Ta], [GP]; for S = L it adds
the e;(L) with j > n — |p| + 1.

4. The case s = 1, A # 0 gives £2"([[4 a?"!) - [1p * modulo box.

5. The generators with A # () and higher s are not suggested by Tanisaki’s rule. They were
first found by computation, as the corrections needed for p = (1,1), (1,1,1) and (2,2), and
the generating function © organises them.
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A.6 The row inclusions

Theorem A.12. Let u be a partition with ¢ := {(p) < h, L a finite set, z ¢ L and KT :=
K, (LUz). For every a € {0,...,q — 1}:

Ra(K™) 2 Kenitdy () (L)-
Lemma A.13. Let A, B C L be disjoint with w := |B| — |A| > 0.

o (i) If s>1 and s+1 < By(u), then ©3 (A; B) € Ry(K™).

o (i) Ifs€Z, s<Bulp),a>0ands—a< Pyt1(p), then 2*- 035 (A;B) € K. (Fors<0
this holds already by (V).)

o (iii) I,(L) € Ro(K™*).
Proof.
o (i) @SLtl(A; B) is a generator of KT: its imbalance is w and its level s + 1 < B,(u). By
(P) it equals ©%(A; B) — 20571 (A; B).
o (ii) Use Lemma A.9.
— The first term has imbalance w + 1 and level s — a < By41 ().

— The terms of the sum have imbalance w and levels in [s —a + 1, 5] C (—o0, Bw ()]

— Each term is a generator of Kt if its level is > 1, and lies in box by (V) otherwise.
o (iii) e;(L) =e;(LT) —z-e;_1(L), and 2 € K+ for x € L. [ ]

Proof of Theorem A.12. By Lemma A.6 the rows increase, so it suffices to place every generator
of Kcnild, (x) (L) in the row a assigned by the dictionary (or in an earlier row). Generators from
I,(L) are handled by (iii). So consider a child generator ©% (A4; B) with w = |B| — |A| > 0 and
1 < s < By(child). Recall By, — Buwt1 = cw < L.

Lower, 0 < a < /¢ — 1. Here [ (child) = £, (1) — [ptat1 > w.

o If pig11 > w, then s +1 < B (u), and (i) applies.

o If pg+1 < w, then all parts > w are among py, ..., u, (parts are ordered decreasingly), so
cw(p) < a. Hence s —a < By (1) — cw(p) = Buw+1(p), and (ii) gives 2905 € K.

Value-0, a = ¢. Here s < [3,(u) and s — £ < By,(1) — cw(pt) = Buw+1(1), so (ii) applies.
New-class, {+ 1 <a < q—/¢—1. Here B, (nU (1)) = Bw(p) + [w=0].

o Every generator other than (w,s) = (0, |u| + 1) is a generator of K,(L), hence lies in row
¢ C row a by the value-0 case.

o For w=0 (so |A| =|B|) and s = |u| + 1, apply Lemma A.10 with ¢ = |u|:
- QeKTt

— by (ii) with @ = ¢, both zg@‘Lm(A; B) and zé®|£L|(B;A) lie in K. The pairs (4; B)
and (B; A) have imbalance 0; |u| = Bo(p); and |u| — € = Bo — co = B1(p).

— Hence z€+1®|L“H1(A; B) € Kt + (2/72), i.e. the generator lies in Ryyq C R,.
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Raise, a = ¢ — j, 1 < j < {. Here fBy(child) = Bw(p) + [1; > w],and ¢ —j > q¢—€> 0 +1
because 2¢ < g — 1.
e Old levels, s < Bu(): s — (q— ) < Bulp) = £ = 1 < Bus1 (), so (ii) applies.
o New level at w =0, s = |p| + 1: the new-class argument places it in Ry C Ry—j.
o New level at w > 1 (only when pj > w): s =t := fy,(n) +1. Put s’ := B,—1(n) and
consider II := @SL/+(A U{z}; B).
— IT has imbalance w — 1 > 0 and level s’ > ¢,,—1() > j > 1, so it is a generator of K.

— By (A), Il = Y50 kiz'O7 (A; B), with u; := ' —q+ 1414, ko = 1 and k; = 2(—1)’
for ¢ > 1, all units.

— Put ix := g—cy—1(p). Then us = By(p)+1 =t, and ix < g—j because py, ..., pu; > w
gives cy—1(p) > 7.

— For i <ix: u; < Bu(p), and u;—i=5"—q+1 = Bu1(p) +ew(p) +cw-1(p) —(g—1) <
Buw+1(p), since ¢y + cy—1 < 20 < g —1. So 2’0} (A; B) € KT by (ii), or lies in box if
u; < 0. (This includes ¢ = 0, which matters when s’ > q.)

— Therefore k20! (A; B) € KT+ (2™T1). Since ki is a unit, ©% (A; B) € R« € Ry ;.
|

Remark A.14 (the order of the lower rows is used). The lower case uses «largest part firsty.
With the opposite order, the inclusion fails already for = (3,1), ¢ =9, |L| = 5: 65 generators

of the child (3) lie outside row 0. The count of Lemma A.3 does not see the order; the inclusions
do.

A.7 Proof of Theorem A

Theorem A.15. For everyn > 0, every set L of n variables and every partition p with £(p) < h:
dimp F[L]/K,(L) < Ny(n).

Proof. Induction on n.

Base, n =0. F|0] = F. For pp = 0, Ky(0) = 0 and Ny(0) = 1. For p # 0, K, (0) = F (Remark
2 after Definition A.11) and N,(0) = 0.

Step. Let |L| =n and z ¢ L. Then 29 € K, (L U z), and:
dim F[LUz]/K,(LU z) ZdlmF K,(LUz)) (Lemma A.6)
<Y dim F[L]/Keia, (L) (Theorem A.12)
< Z Nehilda () (n)  (induction; every child has < h parts)
=N,(n+1) (Lemma A.3). R

Proof of Theorem A. Take p = () in Theorem A.15: Ky(L) = I,(L), so dim F[L]/1,(L) < Ng(n).
Combine with Proposition A.5. |
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A.8 Proofs of Corollaries 10.1 and 10.2

Corollary 10.1. Take F' = F),, ¢ = p¥, n = 2k + 2. Then Ai(q) = Ny(2k + 2) by Theorem A.
Also Ny(2k + 2) = Pi(g): in the proof of Proposition A.5 with F’ = F,, and the set of values
C =F,CF' theset Zis {x € F**?:¢j(x) =0,j odd}. [ |
Corollary 10.2. M is spanned by the monomials with exponents < ¢, so it is finitely generated.
Write M = Z°? @ T with T finite. For a field F', M ® F' = F[L]/I,(L), by right exactness of ®.
So:

o p=dimg = Ny(n);

e for an odd prime p, dimp, = p + (number of cyclic p-primary summands of T') = Ny(n).

Hence T has no odd primary part. |

Remark A.16. In characteristic 2 the statement fails, and the proof uses % in exactly one place
(Lemma A.10). The measured dimensions at n = 4 are 21,65, 133,225 for ¢ = 3,5,7,9, against
Ny(4) =19,61,127,217.

A.9 Equality for every partition

Corollary A.17. For every partition p with £(u) < h, every finite set L and every z ¢ L:

o dimp F[L]/K,(L) = Nu(|L]);
o Ro(Ku(LU2)) = Keid,(u(L) for every a € {0,...,q—1}.

Proof. Let P(u) be the statement «dimp F[L]/K,(L) = N,(|L|) for every finite set L». P(0)
is Theorem A. Suppose P(u), and let |L| = n and z ¢ L. In the chain of the proof of Theorem
A.15,

dim F[L U 2]/K,(L U z) ZdlmF K, (LU?2)) <Zd1mF L)/ Kepita, (o (L) <

Z childg = Nu(n+1),

the two ends are equal by P(u), and all the numbers are finite. The first inequality is a sum of
the inequalities dim F'[L]/R, < dim F[L]/Kpiq, () (L) given by the inclusions of Theorem A.12,
and the second is a sum of the inequalities of Theorem A.15; so each of them is an equality.
Hence dim F[L]/Kchid, () (L) = Nenild,(u)(n) for every a and every L, which is P(child,(u)),
and R, (K, (LUz2)) = Kchid, () (L), because one ideal contains the other and they have the same
finite codimension. So P(u) implies P(v) for every child v of y, and the second claim for p.

It remains to see that every partition v # () with ¢(v) < h is a child of a partition p with
0(n) < h and |u| = |v| — 1; then P(v) follows by induction on |v|. Let p be v with its smallest
part lowered by 1 (and deleted if it becomes 0). If the smallest part of v is 1, then v = pU(1) and
() +1=4(v) < h,sovis anew-class child of  (Definition A.2). Otherwise ¢(u) = ¢(v) =: ¢
and v is p with py replaced by gy 4 1: the raise child a = ¢ — ¢. |

So the ideals K, (L) are graded models of all the weight spaces of V®", and the ¢ rows of
K, (LU z) are exactly the ideals of the ¢ neighbouring weights. We proved Theorem A.15 as an
upper bound, which is all that Theorem A needs; that the bound is an equality was pointed out
by the cold reader of this version (§14.6).
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Appendix B. Theorem 0, modulo Pham’s theorem and the inter-
section numbers

This appendix proves Theorem 0 for n = 2k > 2, m > 3 and () # K C J. It follows [DS, §4]
closely, with every step written out. We use, without proof:

(T1) Classical topology [Mil, §7]. H.(X) and H.(Y)) are torsion free, where Yy := X N{zy =
0} is the Fermat hypersurface of dimension n—1 in P™; the intersection form (, ) on H,(X) is
unimodular; and by the Lefschetz hyperplane theorem H;(Yy) — H;(P"™) is an isomorphism
for j < n—1. We also use three standard facts: the Gysin map H,(X) — H,—2(Yp)
sends the class of a cycle meeting Yy transversally to the class of the intersection; two
complex submanifolds of complementary dimension meeting transversally in one point have
intersection number +1; and the action of G by holomorphic automorphisms preserves the
intersection form and is compatible with Poincaré-Lefschetz duality [DS, §2].

(T2) Pham’s theorem [Ph], [DS, Theorem 2.1]. Let S be the Pham cycle of [DS, §2], an
n-sphere in X \ Yy, and let G act on H, (X \ Yp). The map R — H,(X \ Yp), 1 — [S5], is
surjective.

(T3) The intersection numbers [DS, Theorem 2.2]. Fix 7 := ¢™/™, and put s(n) := 1,
s(n™1) := —1, and s(B) := 0 for the other m-th roots 3 of —1. Then (L3, S) = sgn(oy) -
Hf:o s(B;), where o is the permutation (0,1,...,n+ 1) — (jo, ko, - - -, jk, kk)-

The group G, generated by 7; : z; — Cz (€ := €>™/™ j=1,... n+1), acts on X by holomorphic
automorphisms; we identify R with its group ring through t; — ~;. For an R-module M put
MY = Homy (M, Z) with the contragredient action (g - ¢)(x) = (g 1x).

Step 1 (the Pham image is primitive, of corank 1). Let V := Im(H, (X \ Yo) — H,(X)).
The cohomology sequence of the pair (X,Yp), with Poincaré-Lefschetz duality, gives an exact
sequence of R-modules H, (X \Yy) — H,(X) — H,—2(Yp) [DS, §2]. The second map is the Gysin
map, which sends the class of a cycle meeting Yy transversally to the class of the intersection.
By (T1), Hy—2(Yo) = Hp—o(P") =2 Z (note n —2 < n — 1), so Hy(X)/V embeds in Z: V is
primitive. The map H,(X) — Z is non-zero: a standard space L;jg meets Y| transversally
in the linear (k — 1)-space Lz N {29 = 0} (on L;g, 2z, = Pozo, and zy is a non-zero linear
form). The intersection is transverse: at a point x, with H := {29 =0}, T,Yo = T, X N T, H, so
TpLjgNTyYy =TyL;sNT,H, of dimension k — 1. Its class generates H,_»(Yp), since its image
in H,_o(P™) is the class of a linear (k — 1)-space. Hence rank V' = rank H,(X) — 1. By (T2),
R — V, 1+ [5], is surjective.

Step 2 (duals of surjections). On R put [t*,t"] := 6, (v, € (Z/m)"!). This form
is unimodular and G-invariant, so x + [z,-] is an isomorphism R = RY of R-modules. Let
f: R — M be a surjective homomorphism of R-modules. Then fV : MV — RY = R is injective,
its image is the ideal Ker(f)* := {z € R : [z,y] = 0 for all y € Ker f}, and R/ Ker(f)* is
torsion free.? Indeed, an element of the image vanishes on Ker f; conversely, if 2 € Ker(f)*,
then [z, -] vanishes on Ker f and factors through R/ Ker f = M, so it lies in the image. Finally,
if cx € Ker(f)* with 0 # ¢ € Z, then c[z,y] = 0 for y € Ker f, so x € Ker(f)*.

Apply this to the surjection f : R — V of Step 1. We obtain an ideal V¥ C R with R/VY
torsion free. Explicitly, the composite H,(X) = H,(X)V — VV C R, where the first map is

the (G-invariant) intersection form and the second is restriction, sends 7 to the element 7, with
[rr, 7] = (7, f(¢")), that is

2As stated in [DS, §4.2], this description of the image of fV requires the additional hypothesis that M/Im f
be torsion free (for instance, f surjective); this hypothesis holds in the case where [DS] apply it, the surjection of
Step 1, so the result we use is not affected.
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T Z (1,7 [S])t".

ve(Z/m)ntl

Step 3 (the kernel is generated by the class of a linear section, which lies in Lg). The
restriction H,(X)Y — V'V is surjective, because V is a direct summand of H,(X) (a primitive
subgroup of a free group); so H,(X) — VV is surjective with kernel V+ (orthogonal for (,)),
which is primitive of rank 1. Let Px := [X N A] for a linear subspace A C P"*! of dimension
k + 1 meeting X properly; this class does not depend on A, since [X N A] = h¥ N [X] whenever
the intersection is proper. Taking A C {zp = 0} shows Px L V|, since every class of V is carried
by a cycle in X \ Yy. And (Px,[L]) = 1 for a standard space L, since Py is the k-th power of
the hyperplane class cut on X and L is a linear space of dimension k. So Px is primitive and
VLt =2Z.Px. Now fix J € K and 3 with ™ = —1, and let A; := {2z, = Bz;, :i =1,...,k},
of dimension k + 1. On A one has 27" + zj7 = 0 for i > 1, s0 X N Ay = {z¢" + 250 =0} N Ay,
the reduced union of the m standard spaces Lj g, 3,..5), By° = —1. Hence Py € Li(X), and
therefore

H,(X)/Lg(X)=VY/Ly, rank Lg(X)=rank L + 1,

where L} C VV C R is the image of Li(X). Since the maps are R-linear and Lk (X) is an
R-submodule, L’ is an ideal of R.

Step 4 (the image of L; is generated by ;). For v € (Z/m)"! write v* := IIv;* and
put 1y := 0. Since v multiplies z; by (¢, one has (v*)"1(L5) = Ljg with g = ("7 "% ;.
For fixed J these translates exhaust all 8 (choose vj, = 0 and adjust vy,), so Ly (X) is the
R-module generated by [Ljy,], n:= (n,...,n). By Step 2 and (T3), its image is ¢, := >, a,t”
with

k
ay = (L "[8]) = ((7") " Ly, 8) = sgn(oy) - [T el — vj),
i=0
where e(c) := s((7°n), that is e(0) = 1, e(1) = —1 (because ("'n = n7!), and e(c) = 0
otherwise. The indices kg and j;,k; (i > 1) are 1,...,n + 1, each once, so the sum factorises,

and Y .e(c)t®=1—tand 3. . e(c — c)t?tcl = (1 —tr) Xoo(tjtr) = (1 — tg)p(t;ty) give

k
1/JJ = sgn(JJ 1 — tko H 1 — tk t]itk:,-) = :|:1/JJ.
i=1

Hence L = (¢5 : J € K).

Step 5 (torsion transfer): Theorem 0(a). The exact sequence 0 — VV /L) — R/L) —
R/VY — 0 has a torsion-free cokernel, so every torsion element of R/L’; lies in V'V /L', and the
torsion subgroups of V¥ /L) and R/L} = Ag coincide. With Step 3, Tors( n(X)/Lg(X)) =
Tors(Ak).

Step 6: Theorem 0(b)—(d). (b) If char K, = p with p = 0 or p { m, then t"* — 1 is separable
over K, so R® K, = K}é‘ﬁ is the ring of functions on u™, and Ax ® K, is the ring of
functions on the common zeros of the ¢;, J € K. For b € piy,, p(b) = m # 0if b = 1 and
©(b) = 0 otherwise. So ¢ (a) # 0 iff ar, # 1 for all ¢ and ajax, = 1 for ¢ > 1; since then
aj, = a,;l # 1, this says exactly a € T'y. Hence dim(Ax ® K,) = m"™! — |T'k|. (c) By Step 3
and (b) with p = 0, rank Ly (X) = rank L}, + 1 = (m"*! —rank Ax) + 1 = |Tg| + 1. (d) For
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ptm, (b) with K, = F, gives dimp, (Ax ® F,) = rank Ag, so Ax has no p-torsion, and by (a)

neither has H,(X)/Lk(X). [ |
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