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COUNTER-EXAMPLES TO A CONJECTURE OF
KARPENKO FOR SPIN GROUPS

by Sanghoon BAEK & Rostislav DEVYATOV (*)

ABSTRACT. — Consider the canonical morphism from the Chow ring of a smooth
variety X to the associated graded ring of the topological filtration on the Grothen-
dieck ring of X. In general, this morphism is not injective. However, Nikita Kar-
penko conjectured that these two rings are isomorphic for a generically twisted flag
variety X of a semisimple group G. The conjecture was first disproved by Nobuaki
Yagita for G = Spin(2n + 1) with n = 8,9. Later, another counter-example to the
conjecture was given by Karpenko and the first author for n = 10. In this note,
we provide an infinite family of counter-examples to Karpenko’s conjecture for any
2-power integer n greater than 4. This generalizes Yagita’s counter-example and
its modification due to Karpenko for n = 8.

RESUME. Considérons le morphisme canonique de ’anneau de Chow d’une
variété lisse X a anneau gradué associé a la filtration topologique sur I’anneau
de Grothendieck de X. En général, ce morphisme n’est pas injectif. Cependant,
Nikita Karpenko a supposé que ces deux anneaux sont isomorphes pour une variété
de drapeaux génériquement tordue X d’un groupe semi-simple G. La conjecture
a été réfutée pour la premiére fois par Nobuaki Yagita pour G = Spin(2n + 1)
avec n = 8,9. Plus tard, un autre contre-exemple a la conjecture a été donné par
Karpenko et le premier auteur pour n = 10. Dans cette note, nous fournissons une
famille infinie de contre-exemples a la conjecture de Karpenko pour tout entier n
égal a une puissance de 2 et supérieur a 4. Ceci généralise le contre-exemple de
Yagita et sa modification due a Karpenko pour n = 8.

1. Introduction

For a smooth variety X over a field k, let CH(X) and K(X) denote the
Chow and Grothendieck rings of X, respectively. Consider the associated
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2 S. BAEK & R. DEVYATOV

graded ring GK(X) of K(X) with respect to the topological filtration, i.e.,
dim X
GK(X)= P KX)D/K(X),
i=0
where K (X)® denotes the i" term of the topological filtration of K (X).
The canonical morphism

(1.1) ¢ CH(X) — GK(X)

sending the class of a closed subvariety of X in CH'(X) to the class of
its structure sheaf in K (X)® /K (X)0+D s surjective but not injective in
general. By Riemann-Roch theorem, for all i > 1, the kernel of the ‘P
homogeneous component

¢ CHY(X) — GK(X) = K(X)® /K (X))

is annihilated by (i — 1)!. Hence, the morphism ¢ becomes an isomorphism
after tensoring with Q. In particular, if X is a flag variety, that is, the quo-
tient G/ P of a split semisimple group G by a parabolic subgroup P, then
¢ is an isomorphism as CH(X) is torsion-free. In [6], Nikita Karpenko con-
jectured that the morphism ¢ is still injective for a generic flag variety X,
namely:

CONJECTURE 1.1. — The morphism in (1.1) is injective for a generic
flag variety X = E/P of a split semisimple group G, where E denotes
a generic G-torsor given by the generic fiber of a G-torsor GL(N) —
GL(N)/G induced by an embedding of G into a general linear group GL(N)
for some N > 1 and P denotes a parabolic subgroup of G.

This conjecture has been verified in a number of cases, including sim-
ple groups G of type A and C (see [7, Theorem 1.2]), special orthogonal
groups G, the simply connected groups G of type Ga, Fy, and Ejg (see [6,
Theorem 3.3]).

Now we consider the split spin group G = Spin(N) of a non-degenerate
quadratic form of dimension N over a field k. Let P denote a maximal
parabolic subgroup whose conjugacy class is obtained by the subset of the
Dynkin diagram of G corresponding to removing the last vertex. Then,
a generic G-torsor E gives rise to an N-dimensional generic quadratic
form ¢ whose discriminant and Clifford invariant are trivial. The generic
flag variety X = E/P becomes a maximal orthogonal grassmannian of q.
By [1, Proposition 2.16], Conjecture 1.1 with N = 2n + 1 is equivalent to
the same conjecture with N = 2n + 2. Thus, in this paper, we shall only
consider the maximal orthogonal grassmannian X with N = 2n + 1.

ANNALES DE L’INSTITUT FOURIER



COUNTER-EXAMPLES TO A CONJECTURE OF KARPENKO 3

Conjecture 1.1 holds for 1 < n < 5 (see [8]). On the other hand, the
conjecture was first disproved for n = 8,9 by Yagita [15]. Later, the counter-
examples due to Yagita were extended to n = 8,9,10 over the base field
of arbitrary characteristic in [1, 10]. In the present paper, we generalize
the proof for n = 8 due to Karpenko and construct an infinite family of
counterexamples over a field of any characteristic:

THEOREM 1.2. — Let n > 8 be a power of 2 and let X be the max-
imal orthogonal grassmannian of a generic n-dimensional quadratic form
with trivial discriminant and Clifford invariant. Then, the canonical epi-
morphism ¢ : CH(X) — GK(X) is not injective.

For each 2-power n > 8, we construct an explicit element z € CH(X)
(see (4.3) below), which is not divisible by 2 in CH(X), but ¢(z) is divisible
by 2 in GK(X). In the following part of introduction, we sketch the proof
that x has these properties and provide some ideas behind the construction
of such an element x. The detailed proof is given in later Sections 3 and 4.

First, by [8, Proposition 2.1] the Chow ring CH(X) is generated by the
Chern classes ¢(1),...,c(n) and an additional element e € CH'(X) (see
Section 2.3). Since the Chern classes satisfy the relations ([9, Theorem 2.1]):

i—1
(1.2) c(i)? = (=1)"2c(2i) + 2> (1) e(i — k)i + k),

k=1
we can rewrite any polynomial in ¢(¢) as a square-free polynomial. Hence,
together with relation ¢(1) = 2e, it suffices to consider an element x of the
form

(1.3) z=¢€° H ) € CH'(X), where s >0 and J is a subset of [2,7]
jed

for some [ > 1 or a linear combination of elements of this form. In this
note, we focus on an element of the form (1.3).

In the proof of non-2-divisibility of x, we make use of the degree map deg :
CH(X) — Z and the Steenrod operation S on Ch(X) := CH(X)/2 CH(X)
following [1, 10]. In general, it is quite difficult to check the divisibility of
an element in CH(X). However, the exact value of the index ind X (i.e., the
torsion index of Spin(2n + 1)) of X is available. Let r = dim X = %
Then

ind X = 2", where m =n — |logy(1+7)] or m =n— [logy(1+71)] +1

(depending on n, see [14] for details). In particular, if n is a power of 2,
then the second formula for m holds. So, it is often possible to determine

TOME 0 (0), FASCICULE 0



4 S. BAEK & R. DEVYATOV

the non-divisibility of an element in CHy(X) = CH"(X) by 2. Namely,
since the image of the degree map is equal to 2™Z, we get a well-defined
homomorphism 27" deg : Ch(X) — Z/2Z. Moreover, non-2-divisibility of
an element z of the form (1.3) immediately follows from the non-triviality
of the image S(Z) under the map 27" deg, where T denote the image of
x in Ch(X). Here, the use of Steenrod operations gives us more flexibility
to find such an element x that is non-divisible by 2, while ¢(x) is divisible
by 2: using Steenrod operations, one can try to find such an element x in
an arbitrary graded component of CH(X).

The degree map is determined by the restriction map res : CH(X) —
CH(X), where X denotes the base change of X to an algebraic closure of
k. Hence, to show 27" deg(S(Z)) # 0, it suffices to prove that

the image of an integral representative =’ of S(Z) under the

(1.4)

restriction map is congruent to 2™p modulo 27 F1,

where p denotes the class of a rational point. In fact, the congruence rela-
tion (1.4) is the key step for the proof of non-2-divisibility of x. For each
2-power n > 8, this is proven in Proposition 3.10 by considering the element
x of the form (1.3), where | =r -3, s =n(} —1)+n—1, and

J= ([2,Z+1]u FZL—Ln—l])\({5}U{2i|2giglogz(n)—Q})

as in (4.1).

From the formula (2.20) ignoring the quadratic part and (2.21), we can
find an integral representative z’, which is a sum of elements of the same
form as in (1.3), but with various numbers s’ > n(%} — 1) +n — 1 instead
of s, and with various multi-subsets J' of [2,n] with |J| = |J'| instead
of J. Then, we check the divisibility of res(z’) € CH(X) by 2. The Chow
ring CH(X) is generated by the special Schubert classes e(1),.. ., e(n) with
the relations (2.18) and the generators ¢(i) and e of CH(X) map to 2e(4)
and e(1) in CH(X), respectively, under the restriction map. Note that the
relation (2.18), as well as its powers, become simpler if considered modulo
powers of 2, which makes it easier to check the non-divisibility of an element
of CHy(X) by a power of 2 compared to non-divisibility by other numbers.

Since e(1)™ = e(%)® mod 4 (here we use the assumption that n is a
power of 2), a direct calculation using a multinomial expansion of the

ANNALES DE L’INSTITUT FOURIER



COUNTER-EXAMPLES TO A CONJECTURE OF KARPENKO 5

(% — 1)™ power of the right-hand side of (2.18) with i = % yields that

n_o
E—(%—l)e(n)ﬂ%*Z e(g—k)e(g+k)
mod 2% ~1og2(n)

and e(1)*(5~Y =0 mod 2% ~1982(")~1 (see Lemma 3.3).

As for each J' above we have |J'| = |J| = § —logy(n) + 3, and m =
n — 2logy(n) + 2, we see that each summand of res(a’) becomes a multiple
of 2™. Now, to conclude the proof, a careful computation is required to see
from which multi-subsets J’ (and for which exponents s’) an extra multiple
of 2 arises. This is done in Corollary 3.9 by multiplying (1.5) by the Chern
classes with indexes in [‘%” —1,n—1], in Proposition 3.10, in Remark 3.11,
and in Lemma 4.3.

Now, to show that ¢(z) is divisible by 2 in GK(X), we use the Rees ring
K(X) and its ideal I(X) generated by 2 and ¢ that are surjectively mapped
onto GK(X) and 2GK (X), respectively, by the map £ (see Section 2.2).
Since z is of the form (1.3), by (2.16) and Lemma 2.2, we have a standard
preimage w of ¢(z) in K(X) under £. By replacing the Chern classes ¢(i)
in w with the element 2e(:) —te(i+1) (see Lemma 2.1), we obtain another
preimage y € K(X) of ¢(z) under £ (i.e., £(y) = &(w) = ¢(x)) and show
y € I(X).

In order to prove y € I(X), we view y as contained in K(X) via the
embedding K (X) C K(X) and adopt an inductive argument as in [1, 10].
For any integers [ with m >r —1 > 0 and j > 1, write

KY{(X)nI(Xx)"+i
= 2" KN (X) 4+ 2m MK TN (X) 4 2T KX,

Then, by the restriction-corestriction formula, ind X - I(X) C I(X) (see
(2.10)). Hence, if j < r — I, we have modulo I(X):

KY{(X)nI(X)"+i
= 9 W I (X) 4 2m 20 P2 KIH2(X) - 4 2 I LT (X)),

For j = r — I, we simply get K'(X) N I(X)™+ ! c I(X).

TOME 0 (0), FASCICULE 0



6 S. BAEK & R. DEVYATOV

In the proof of Theorem 1.2, we consider the case ] = r—3 andy € K! (X)
so that by (2.5) we get three congruence equations:

K3X)nI(X)" =72 M 3 +2- (2" ?p)u’~> modI(X),
K3(X)nI(X)"?2 =7 2™ 'p)u > mod I(X),

and K"3(X) N I(X)™"3 C I(X), where p and 1 denote the classes of a
point and a line in K (X). If the generators (27~ 1)u"~3 and (2" 2p)u"—3
are contained in I(X) + I(X)™*2, then

K3(X)nI(X)" c K3(X)n(I(X)™? + I(X))

(16) or—3 (3 Y \m+3
c K™=3(X)n (I(X)™* + I(X)) € I(X).

In addition, if y is contained in I(X)™*! then by (1.6) we conclude that
yeI(X).

Alternatively, if (2" 1)u"=3 (2" 2?p)u"=2 € I(X), then we could
immediately conclude that

(1.7) K3(X)nI(X)" c I(X).

Consequently, the proof of 2-divisibility of ¢(x) is based on two main
ingredients. The first one is to check that y is contained in I(X)™*! (or a
higher power of I(X)), which is proven in Proposition 3.7 (a). This part is
similar to the proof, as mentioned above, of the divisibility of each summand
of res(2’) € CH(X) by 2™. Indeed, some parts of the proof for res(z’) even
directly follow from the proof for y because of a surjective morphism (2.11)
from K(X) to CH(X).

The second ingredient is to show that some product of the class of a
line or a point by a strict divisor of the torsion index is contained in
I(X) + I(X)™2 ie., in our case (2" 1)u"=3 (2™ 2p)u"—3 € I(X) +
I(X)™*2. This is proven in Proposition 3.7(b) by slightly modifying ¥
into an element z € K™~3(X), which is congruent to (2"21)u"~3 modulo
I(X)™*1. As an additional consequence of Proposition 3.7 (b), we indeed
have (27 1)u"=3, (2" 2p)u"=3 € I(X) (see Remark 4.2). Therefore, we
obtain (1.6) and (1.7).

In this note, we focus on values of n that are powers of 2. This choice is
advantageous for some arguments, such as the congruence relation f(1)" =
f(n) mod I(X) given by (2.15) and the property that the factorial (%)!
is significantly more divisible by powers of 2 than (4 — 1)!. However, the
restriction to powers of 2 is not always necessary for all arguments. We ex-
pect that the arguments requiring n to be a power of 2 can be extended to

ANNALES DE L’INSTITUT FOURIER



COUNTER-EXAMPLES TO A CONJECTURE OF KARPENKO 7

other values of n, and we plan to present generalizations in future publica-
tions, using examples from [14] of elements of CH(X) of top degree (i.e., of
dimension 0) that become divisible by ind X but not by 2ind X in CH(X).

So, throughout this note, n is a power of 2 and is bigger than 4. We
denote the integer interval {a,a+1,...,b} by [a,b] for any a < b. If b < a,
then [a, b] denotes the empty set.

2. Grothendieck and Chow rings of orthogonal
grassmannians

Throughout this paper, let X denote the maximal orthogonal grassman-
nian (i.e., the variety of n-dimensional totally isotropic subspaces) of a
generic (2n + 1)-dimensional quadratic form ¢ of trivial discriminant and
Clifford invariant. The index of X, denoted by ind X, is defined as the
greatest common divisor of the degrees of closed points on X. Indeed, the
index of X is equal to the torsion index of Spin(2n + 1), which is computed
as follows (see [14]):

(2.1) ind X = 2n-2v(m+2,

where n is a power of 2 and v(n) denotes the exponent of 2 in n.

2.1. Grothendieck ring of orthogonal grassmannians

Let X denote X over an algebraic closure of k. In general, since K(X) is
torsion-free [12, Theorem 4.2], the ring K(X) is identified with a subring

of K(X). As the Clifford invariant of ¢ is trivial, by [5, Lemma 4.1], [12],
we have an isomorphism

(2.2) K(X) = K(X).

The restriction map K (X)® — K(X)® is injective so that we view it as
an inclusion:

(2.3) K(X)® c K(X)®

for any i > 1. In particular, we have K (X)) = K(X)®. On the other
hand, it follows by a restriction-corestriction argument that

(2.4) ind X - K(X)® ¢ K(X)®

for i > 1.

TOME 0 (0), FASCICULE 0



8 S. BAEK & R. DEVYATOV

Write c(i) € K(X)® for the K-theoretic Chern class of the dual of the
(rank n) tautological vector bundle 7 on X. Note that c(i) = 0 for ¢ > n.
Let Y denote the quadric Y of q over an algebraic closure of k. We write
e(i) € K(X)® for the image of the class of a projective (n —i)-dimensional
subspace I, _; on Y under the composition (1), o (m2)* of the projective
bundle 71: P — X given by the tautological vector bundle on X and the
projection mp: P — Y. We also set e(i) = 0 for i > n. Then, the following
relations hold.

LEMMA 2.1 ([1, Lemma 2.12]). — For any i > 0, the element
2e(i) —e(i+ 1) — c(7)
is a sum of monomials in c(1),...,c(n) of degrees greater than or equal to
i+ 1, where the degree of c(j) for any j > 0 is defined to be j. In particular,
2e(i) —e(i+ 1) = c(i) in GK'(X).
Let us denote by p and I the classes of [[I_, e(i) and [],e(i) in
K(X)WimX) and K(X)@mX=1) “regpectively. Then, we have

(2.5) K(X)dmX) —7.p and K(X)dmX-1)_-7.pa7 1

2.2. Rees ring associated to the topological filtration

Consider the extended Rees ring K (X) of the Grothendieck ring K (X)
with respect to the topological filtration on K(X), i.e.,

(2.6) K(X) =P K'(X), where K'(X) = K(X)®t™
i€z

for a variable ¢. Here we set K(X)® = K(X) for i < 0. Note also that
K(X)® =0 for i > dim X. We view K(X) as a subring of the Laurent
polynomial ring K (X)[t,t~1]. For notational simplicity, we write u for ¢ ~*.
Observe that t € K(X), while u ¢ K (X).

Let I(X) denote the ideal of K (X) generated by ¢ and 2. Then, we have
an isomorphism K (X)/tK(X) = GK(X). Denote the composition of the
projection K(X) — K(X)/tK(X) and this isomorphism by

(2.7) ¢ K(X) — GK(X).
Note that then
(2.8) €(I(X)) = 2GK(X).

ANNALES DE L’INSTITUT FOURIER



COUNTER-EXAMPLES TO A CONJECTURE OF KARPENKO 9

We define K(X) and &: K(X) — GK(X) in a similar way as in (2.6)
and (2.7), respectively. By (2.3), we will treat K (X) as a subring of K (X).
Moreover, by (2.4) we have

(2.9) ind X - K(X) ¢ K(X).
In particular,
(2.10) 2ind X - K(X), tind X - K(X) C I(X).

Let @ denote the morphism in (1.1) for X. As X is a flag variety, @ is
becomes an isomorphism. We shall denote by ¢ the composition

—1

(2.11) b K(X) -5 6K (X) 5 cH(X).

We write

fi) = e(i)u’ € K/(X) and g(i) = 2f(i) — tf(i+1) € K{(X)NI(X)
for all i € N. Then, by Lemma 2.1
(2.12) g(i) € K'(X) and &(g(i)) = &(c(i)u’).

Moreover, by Corollary A.6, we have f(n)? = 0 and by Proposition A.10,
the following relations hold modulo I(X)?:

(2.13)  f(i)?

(1)1 f(20) +tf (2 + 1) + kfl fli+k)g(i—k) ifiis even,
- (—1)71f(20) + X f(i+k)gli — k) if 7 is odd.

k=1

Instead of using this formula in full generality, we shall use it either for i >

%, or modulo I(X). If i > %, then, since f(2i+1) = 0, the relations (2.13)

become
1—1

(2.14) FG)? = (1) f(20) + D f(i+k)g(i —k) mod I(X)?,
k=1

regardless of the parity of i. Modulo I(X), we simply have
(2.15) f(@)? = f(2i) mod I(X)

for any i € [1,n].

TOME 0 (0), FASCICULE 0



10 S. BAEK & R. DEVYATOV

2.3. Chow ring of orthogonal grassmannians

Let c(i) € CH(X) denote the Chern class of the dual of the tautological
vector bundle 7 and let e(i) € CH'(X) denote the image of the class
ln—i € CH""(X) of a projective (n — i)-dimensional subspace on Y under
the composition (7). o (m2)*. Since the morphism ¢ in (1.1) commutes
with Chern classes, we have

(2.16) o (c(i)) = c(i) + K(X)0HD.
Moreover, the image of e(i) under the isomorphism @ is given by
(1

(2.17) 7(e(i)) = e(i) + K(X)UHD,

As an abelian group, CH(X) is freely generated by the set of all products
of the form [],.; e(i), where I is an arbitrary subset of [1,n]. The Chow
ring CH(X) is generated by e(1),...,e(n) subject to the relations

(2.18) e(i)? = (1) e(20) +22 DF*le(i — k)e(i + k)

for all 4 > 1, where we set e(i) = 0 for ¢ > n. In particular, we shall denote
by p the class of a rational point, i.e., p = [[1, e(i) € CH(X)@mX) By [4,
Proposition 86.13], we have

(2.19) res (c(i)) = 2e(i)

for all 1 < i < n, where res : CH(X) — CH(X) denotes the restriction
map.
By [11, Section 2], there is an exact sequence of abelian groups:

0 — CH'(X) = CHY(X) — Br(k),

where the second map sends the generator e(1) to the Brauer class of the
even Clifford algebra of ¢. Since the Clifford invariant of ¢ is trivial, i.e.,
the Brauer class of the even Clifford algebra of ¢ is trivial, the restriction
map is an isomorphism so that

res(e) = e(1)

for some e € CH'(X). As res(c(1)) = 2e(1), we have ¢(1) = 2e.
Since K (X)) = K(X)™®), the element e(1) € K (X)) defines a class
e(1) + K(X)® in GK'(X). In particular, we have

LEMMA 2.2. — p(e) = e(1) + K(X)®).

ANNALES DE L’INSTITUT FOURIER
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Proof. — Since ¢ and @ commute with the field extension, we have the
following commutative diagram:

CH'(X) — > GK(X)

lres ires
=1
CH'(X) —= GK!(X).

Since all maps except the right vertical map are isomorphisms, the right
vertical map res : GK'(X) — GK*(X) is an isomorphism as well.

Asres(e(1)+ K (X)?) = e(1)+K(X)® and @(res(e)) = e(1) + K (X)?
by (2.17), both e(1) + K(X)® and ¢(e) have the same image under
res : GK'(X) — GK'(X), whence the proof follows. O

Let Ch(X) denote the modulo 2 Chow group, i.e.,
Ch(X) := CH(X)/2 CH(X).

For any © € CH(X), we write Z for the image of x in Ch(X). Consider
the total cohomological Steenrod operation S : Ch(X) — Ch(X) as in [4]
(chark # 2) and in [13] (char k = 2). The operation commutes with pull-
back morphisms, so it can be viewed as a contravariant functor from the
category of smooth varieties to the category of abelian groups. Moreover,
the Steenrod operation satisfies Cartan formula ([4, Corollary 61.15] for
characteristic # 2 and [13, Proposition 6.1] for characteristic 2), i.e., it is a
ring homomorphism.

For any j > 0, we denote by S7 : Ch*(X) — Ch**/(X) the j* com-
ponent of S. In particular, S° is the identity map. A formula for the val-
ues of S7 on the Chern classes is given in [2, Théoréme 7.1] (see also [1,
Lemma 2.5]):

(2.20) si(et) = (" )eti +3)+ Qi)

for any ¢ > 0 and j > 1, where Q(¢,j) denotes a linear combination of
¢)e(i +4—1),...,¢()e(j). We also have

(2.21) S(e) =&+ &>

3. Congruence relations for split orthogonal
grassmannians
In this section, we shall compute some basic congruence relations in both

the extended Rees ring K (X) and the Chow ring CH(X).

TOME 0 (0), FASCICULE 0



12 S. BAEK & R. DEVYATOV

Let us recall some basic notions concerning multisets and introduce some
specific notations. A multiset is an unordered collection of elements with
duplicates allowed. The cardinality of a multiset J is the sum of the multi-
plicities of all its elements and is denoted by |J|. The sum of two multisets
J and L, denoted by J + L, is the multiset such that the multiplicity of an
element is equal to the sum of the multiplicities of the element in J and
L. We say that a multiset J is a multi-subset of a set S and write J C 5,
if every element of J is an element of S (note that we allow multiplicities
greater than 1 in J here). For any multi-subset J of [1, n], we write

J)= ][] el) € K(X) and e(J)= [] e(j) € CH(X).
jeJ jeJ
Similarly, we write

Hf EKlJl X) and g(J) = Hg EKlJl X).

jed jed

For a nonzero element a € K (X), we write v(a) for the highest power
of I(X) containing a. Similarly, for a nonzero element b in Z or CH(X) we
write v(b) for the highest power of 2 dividing b.

We shall write

n
I()S:|:5+].,n7].i|
4n 5n 5n 6n 6n
= | =41, = |U|=41,=—-2|Uu|=-1,n—1
S g]u[F g -guF o]
:Zflu.[QUIg

and I3 = I3 U {n}. We set I = () for n = 8.

In the following, we find some congruence relations modulo certain pow-
ers of I(X) and 2, respectively, for some elements of K(X) and CH(X) that
can be written as products of f(i)’s and g(¢)’s, and of e(i)’s, respectively.
We start with powers of a single factor f(i) or e(z).

LEMMA 3.1. — Let ¢ € Iy and j € N be integers. Then,

f@) Z (J)f(J) mod I(X)"WD+L  and
(3.1) .
e(i)? = 2°0" Ze(J) mod 200N+

where a(J) € I(X)"Y) and the sums range over some multi-subsets J C
[1,n] such that |J| = j. In particular,

v(f(i)j), v(e(i)j) > v(4!).

Moreover, if j > 2, then the multisets J above satisfy J N [i + 1,n] # 0.
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Furthermore, if i € Iy and j > 2, then the same relations (3.1) hold,
where the sum ranges over some multi-subsets J with |J| = j, J N [i+1,n]
# 0, and such that either J C Iy Ul or J N I3 # ().

Proof. — Instead of proving the lemma as it is stated, claiming simply
that a(J) € I(X)"U"Y, let us prove a stronger statement: a(J) is a sum of
terms of the form

(3.2) 29*UN =4 for some ¢ € [0, v(4!)].

If 7 = 1, then the statement is trivial. For the case of arbitrary j > 2
we show the first equation in (3.1). Let i € Iy. By the binary expansion
of j, it suffices to prove the statement for any integer j that is a power
of 2. We prove by induction on j > 2. Assume that j = 2. Then, as
e(2i) = e(2i+1) = 0 for any i € Iy, we have f(2i) = f(2i + 1) = 0, thus
the statement follows by (2.14). Assume that the statement holds for j.
Then, modulo 1(X)?*0U"Y+2 we have

2
ORES (Z a(J)f(J))
J

(3.3)
=> a()?f(I)P+ D> 2a(J f(T+J.
J J#£J
Let ke JN[i+1,n] and J¢ = J — {k} Then, the case j = 2 implies that
F)? = FR)2F(I+TC) = Z b(L FIHTC) = Z b(L) f(L+J+J),

where L denotes a multi-subset such that |L| = 2 and LN[k+1,n] # 0, and
b(L) =2 or t. Since 2v(j!) + 1 = v((24)!), each summand in (3.3) satisfies
the statement. The same proof works in the case i € I5.

Furthermore, since a(J) is a sum of terms of the form (3.2), we have
Y(a(J)) = 2°0Y mod 2°UY*1 or (a(J)) = 0 mod 2°UY*L where v
denotes the morphism in (2.11), so the second equation in (3.1) follows. O

As a corollary of this lemma, we can observe the behavior of powers of
f(i)g(n — i) after the multiplication by f(I3).

COROLLARY 3.2. — Let j > 2 be an integer. Then, modulo I(X)?U'H+1
we have
o N - 0 ifie I,
f@Y - g(n—i) - f(Is) = £ e
>a(D)f(N)f(Is) ifiel,

for some a(J) € I(X)"U)+7 where the sum ranges over some multi-subsets
JC L UL with |J|=j +1.
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14 S. BAEK & R. DEVYATOV

Proof. — For j > 2, the binomial expansion of g(n — i)’ tells us that
each summand (modulo I(X)/*1) is divisible by f(n —i)? or f(n —i+1)?
and moreover, it can be written in the form bf(n —4)? or bf(n —i+1)? for
some b € I(X)7. It follows by (2.15) that

fln—9)2=f(2n—2i), f(n—i+1)?>= f(2n—2i+2) mod I(X)

for any ¢ € I1 U I.

Assume that i € I;. Then, 2n — 2i, 2n — 2i + 2 € I3, thus we get
bf(n—i)?- f(I3) =bf(n—i+1)* f(I3) =0 mod I(X)/
Hence, by Lemma 3.1 each summand of f(i)7g(n — )’ f(I3) is contained in

I(X)vUD++1,

Now we assume that ¢ € Iy. Then 2n — 2¢ € [y Uy and 2n — 214+ 2 €
LULU{S*}. If 2n—2i+2 = % then again, by Lemma 3.1, the summands of
f(i)7g(n—1i)I f(I3) divisible by f(n—i+1)? are contained in I(X)*(G)+i+1,

Consider a summand of g(n — i)’ of the form bf(n —i)? or bf(n —i+1)?
with 2n—2¢ € [1UI or 2n—2i+2 € I; U5, respectively. Let us still rewrite
it (modulo I(X)7*1) as bf(2n — 2i) or bf(2n — 2i + 2). By Lemma 3.1, we
get

F@Y =3 a(T)f(J) mod I(X)"0IH
for some a(J') € I(X)*U"), where the sum ranges over some multi-subsets
J' with |J'| = j such that either J' C [y Ul or J' NI # . Set J =J" +
{2n—2i} or J'+{2n—2i+2} and a(J) = b-a(J'). Then, as f(J')- f(I3) =0
mod I(X) for any J with J N I3 # (), the statement follows. O
Let us use these results to express powers of f(1)™ in terms of powers of

f(2) and g¢(7), and powers of e(1)™ in terms of powers of e(¢) with different
values of i.

LEMMA 3.3. — For any j > 2, we have f(1) € I(X)/t*)=1 and

j—1
(3.4) (" (Zf ”_Z> - f(n) mod I(X)7*0Y,

i€ lp

Also, we have e(1)™ =0 mod 2/tU)=1 and

e()V = —j- 277! <Z e(i)e(n — i)) _e(n) mod 27U,

i€ Ip

In particular,
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and
v (f(l)%*”) v (6(1)%%) > 21— ).

Proof. — Let h =3, . ;. f(i)g(n—1). For any k > 1, consider the multi-

nomial expansion h* = 37 C(kz1,...,kn—1), where the sum runs over

(k%+1,...,]€n,1) € (NU{O})% L with Zie] k; =k and

(3.5) c(kg+1,...,kn_1)=( ) II @ gn— i
k%+1’ i€ lp

Then, by Lemma 3.1

(3.6) v ((k+1kkn_1)) + ) v (D)) = k),

i€ ly

By > w(k!) + k.

h
By (2.15), f(1) = £(2) mod I(X) and by (2.14), f(2)? = h— f(n)
mod I(X)?, thus

thus v(

f()"=h — f(n) mod I(X)2.
Write f(1)" = a+ h — f(n) for some a € I(X)2 As f(n)? = 0, we have

(3.7) f()"

; / i—kpk . j—k—1pk
_2)<]—kk>aj h Z( 11k>a7 h".
Since j — k > v((j — k)!) for j — k > 0, it follows from (3.6) that each
summand of the first sum in (3.7) is contained in I(X)’Tv"). Similarly, as
j—k—=2>2v((j—k—-1)) for k < j — 1, each summand of the second
sum in (3.7) is contained in I(X)7+*U" except for the last term, which
completes the proof of the equation (3.4).

After we get (3.4), it follows from (3.6) with k = j — 1 that

F)™ e [(X)vOHvG=Dh+i=1 — p(X)/+vGhH-1

The statements for CH(X) are obtained from the statements for K (X)
by applying ¢ in (2.11). The last statement immediately follows from

(3.8) v ((g - 1)!) -
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16 S. BAEK & R. DEVYATOV

Now let us obtain an expression for the product of certain high powers
of f(1) and f(I3)f(%) in K(X), and a similar result in CH(X). Roughly
speaking, what we are going to do is to express (modulo powers of I(X) and
of 2) the powers of sums in right-hand sides of the formulas in Lemma 3.3
as square-free products of f(i)’s and ¢(i)’s and of e(7)’s, respectively.

PROPOSITION 3.4. — For any n > 8, we have f(1 )i_" f(I3) - f(5) €
I(X)z=v(M=1 and

FOE f 1) £ (5)
s o[ eeg o) s
Also, we have e(l)%’” ce(I3)-e(2) =0 mod 25 vt and

e(l)%_”-e(h).e (g) = - (% - 1)' 2% 2¢ ({% + ZnD mod 2% ("),

Proof. — Let k = % — 2. Consider a summand C(k/’%+1, .oy kn—1) of the
multinomial expansion of h* as in (3.5). We first show that

(3.9) C(kni1,... k1) f(I3) =0 mod I(X)vH)FkH

for all kztq,..., ky,—1 except for
b — 1 ifie [ UI,
o ifiels.
If k; > 0 for some [ € I3, then by Lemma 3.1
FOPF(Ts) = FOMT (Ts - {l})

— Z IS . {l}) mod I(X)U((kl+1)!)+1,
where |J| = k 4+ 1, JN [l + 1,n] # 0, and a(J) € I(X)*((m+DY | Since
F(N)f(I3—{l}) =0 mod I(X) by (2.15), we get

FWFF(I3) =0 mod I(X) D+,
thus again by Lemma 3.1

+ Y V(M) = ok + 1.

i€ Io\{l}
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Hence,

i) (")) Y R

+ Y v (@R g)*) = vk + E+1,
i€ Io\{l}
and the congruence (3.9) holds. Therefore, we may assume that k; = 0 for
alli€ Iz and 2, ;o p, ki = k.
Similarly, if k; > 2 for some [ € I, then by Corollary 3.2 and Lemma 3.1,
we get (3.11), thus the congruence (3.9) follows.
Now, if k; > 2 for some [ € I, then again by Lemma 3.1 and Corollary 3.2

(3.12) ( II o > gln =" - f(Is)
i€l Uly
=f H Z Ji) mod I(X)**!,

el Ul J;

Wheres:zzehul v(ki!') + ki, Jy C LUy or J;N 13 #0,

' k+1 ifi=1,

and

I(X)vkd) if i € (I U I)\{l},
G(Jl (S _ ,
I(X)v) ke f 4 =1,

Since for each k-tuple (J;)ier, U1,

> il=14+ > k>hub|=k
i€l Ul i€l Ul
by (2.15) we obtain
H f(Ji) € I(X).
i€ U,

Thus, the product of the sums on the right-hand side of (3.12) belongs to
I(X)**L. As

I[I  9m—ifer@t™,
xS (11 ] Iz)\{l}
the congruence (3.9) follows. Therefore,

Wt f(Is)-f (g) =kl f ([gn])g (E + 2,% - 1D mod I(X)?k)+k+1,
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18 S. BAEK & R. DEVYATOV

Hence, the second equation in the statement follows from Lemma 3.3
and (3.8) with the equality v((§ —2)!) = v((} —1)!). Since

[F+25-1|=F-2 ad g([F+25-1]) 1Dt
the first equation in the statement follows from the second equation.
The remaining equations in the statement follow from the first and second
equations by applying + in (2.11) together with (2.17). O

As a corollary, we also obtain an expression for the product of f (1)%*"
and g(13) f(5)-

COROLLARY 3.5. — For any n > 8, we obtain

2

)T g(ls) € I(X) %

and
FF () £ (3)
o[l o[+ 1)) e

Proof. — The first statement follows immediately from the last state-
ment of Lemma 3.3. For the second statement, we show that

(3.18) (1) g(ls) = FQ)F 24 f(Iy) mod I(X)% 0,
Then, the second statement immediately follows by Proposition 3.4 and
(3.8).
Write the left-hand side of the equation (3.13) as
2 22,
FT (L) = F)T 7" g(Is\{n = 1}) - (2f(n — 1) = tf(n)).
Since f(n) = f(1)® mod I(X) by (2.15), it follows by Lemma 3.3 that
F)T"f(n)=0 mod I(X)Z~vM,
As |I3] = 2 + 1, we have ¢ - g(I3\{n — 1}) € I(X)% T, thus

n

FO)T = g(I3) = 2 (1) " g(I\{n—1}) f(n—1) mod [(X)%F (L,

Let us expand the term g(I3\{n—1})f(n—1). Then, each summand has
a factor of the form f(J) for some multi-subset J C I3 with |J| = |I3].
Since f(j)? =0 mod I(X) for any j € I3,

g(Is\{n —1})f(n —1) = 2% - f(I3) mod I(X)TT!
whence the equation (3.13) follows. O
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We shall need the following lemma in the proofs of Propositions 3.7
and 3.10.

LEMMA 3.6. — Let J be a multi-subset of [1, n] satisfying the following
conditions:
(%) There exists a number k € J with multiplicity at least 2 and every
number j with k < j < n is contained in J with multiplicity 1.

Then, we have
(3.14) f(J)=0 mod I(X) and e(J)=0 mod 2.

Proof. — Let k € J denote a number with multiplicity at least 2 as in (x).
We prove by decreasing induction on k. If 2k > n, then the first equation
in (3.14) follows directly from (2.15) since f(2k) = 0. Otherwise, by (2.15)
again, we have f(J) = f(J') mod I(X), where J' = J + {2k} — {k, k}.
Since 2k € J’ has multiplicity 2 and every j with 2k < j < n is contained
in J', it follows by the induction that f(J’) = 0 mod I(X), whence the
first equation follows. The second equation in (3.14) follows from the first
one by applying 9 in (2.11) together with (2.17). O

We denote

I = [6,%—#1} \{2[3<i<v(n)—2}.

Now we will prove the main result of this section, which plays a key
role in the proof of 2-divisibility of ¢(z) (see Proposition 4.1). For n = 8,
an analogue of the following proposition is proved inside the proof of [10,
Proposition 4.4] (see Remark 3.8 below).

PROPOSITION 3.7. — Let n > 16. Then, the following equations hold
modulo I(X)v(ind X)+1,

(a) F(1)% 1 g(I3U L U{2,3}) =0,
(b) F(1)F 2 (I3 UL, U{2,4}) = 22609 %)-2¢2 . f([2,]).

Proof. — By (2.15), f(1)™ = f(m) mod I(X) for any 2-power integer
m, thus

S

3
»lk‘w»lk

v(n)—1
rmr2= 11 feh
(3.15) =1

v(n)—2

and f(2i)f([g,nD H f(2¥)=0 mod I(X)
k=1
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for any 1 < ¢ < v(n). Since
3
(3.16) In—v(n)+1+|l4| =n—2v(n) +1,
by Corollary 3.5 and the first equation in (3.15), the following equation

holds modulo I(X)"~2v(m)+1;
n?
fys
" n n n v(n)—2 .
=2tz ([Da2, 2 —aun) £([5n]) 9k).
2 g 4 +2, 2 4 f 27” kl;[l f( )
Let A denote the right hand side of the preceding equation without the

factor 22 V(™42 Thus, to prove (a) and (b), by (2.1) it suffices to show
the following congruences modulo [(X)% ~v(m)+1;

29(I3 U Iy)

(2/(2) = t£(3)) (2f(3) —tf(4)A=0
(2£(2) = t£(3)) (2f(4) — t£(5))A = %7”(”)72t2f([27n]),
respectively.
Since |[§ +2,5 —1]| = 4 — 2 and [I4] = § — v(n), we have
(3.17) g ({Z 42,0 z - 1} U 14) € [(X)3—vm-2,

thus by the second equation in (3.15) and f(3)2 = f(6) mod I(X) it is
enough to show that the following hold modulo I(X)%—v(")~1:

J6)-A=0 and [({3,5))- A =23 0)"2f([2,n]),

respectively. By (3.17), the left-hand sides of these congruences can be
expanded as

Za(J)f(J) and 2% V(M =2 (2, n)) Z b(L
J L#(2,n]
respectively, where a(.J), b(L) € I(X)3~v("=2J denotes a multi-subset
of {2,4} U[6,n], and L denotes a multi-subset of [2,n]. Since each of J and
L satisfies the condition (%) in Lemma 3.6, the statement follows. 0

Remark 3.8. — For n = 8, the congruences (a) and (b) in Proposition 3.7
still hold if I3 = [5,7] is replaced by I} = [6, 7], i.e.,

(3.18) F)B - g([6,77U{2,3}) =0 mod I(X)>,
(3.19) FM . g([6,7 U{2,4}) = 2%t2f(]2,8]) mod I(X)5.
Indeed, since f(1)® = f(8) and f(8)% = f(7)2 =0 mod I(X),

F(1)%9((6,7]) = 22£([6,8]) mod I(X)*.
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Hence, the congruences (3.18) and (3.19) follow from
F@PFA)F(8) = f(A)f(8) = f(8)* = f(3)°f(6) = f(6)* =0 mod I(X).

Below we provide analogues of Corollary 3.5 and Proposition 3.7 (a) in
CH(X). In the analogue (Proposition 3.10) of Proposition 3.7 (a), the el-
ement of CH(X) is not divisible by the same power of 2 as the power of
I(X) in Proposition 3.7 (a) itself anymore. This difference will enable us to
prove that the element z in (4.3) is not divisible by 2 in CH(X). For each
i € [1,n], we denote

(3.20) i (i) = (’ . 1>c(¢ ), 86) = Z:: (’ . 1)c(i + ).

In other words, S (i) is an integral representative of the sub-linear combi-
nation of S(¢(7)) that consists of multiples of single ¢(j)’s only, not of their
products. For a subset L C [1,n], denote S(L) =[], S(I).

2 ~
COROLLARY 3.9. — For any n > 8, we have e(1)T ™ -res(S(I3)) = 0
mod 2% ~*(") and
n

11,2 ol n n
e(1)® ™res (S(Ig))'@ (5) = 2% —v(n).¢ ([g + 2,nD mod 2°% UM+,

Proof. — The proof is similar to the proof of Corollary 3.5. Again, the
first statement follows immediately from the last statement of Lemma 3.3.
For the second statement, we show that

(3:21) e(1) " xes (S(Ts)) = e(1) " 25+ e(Fy) mod 2% L

Then, the second statement immediately follows by Proposition 3.4 and
(3.8).
The term S(I3) is expanded as

S(Is) = e(I3) + Y a(L)e(L),
L

where a(L) € N and the sum ranges over some multi-subsets L C I3 such
that L contains either n or a multiple element. Then, by (2.19) we get

(3.22) res (§(13)) = 2% +e(13) + 2571 a(L)e(L).
L

If n € L, then since e(n) = e(1)™ mod 2 by (2.18), we get by Lemma 3.3
e(1)5 " 28 He(L) = (1) - 25+ e(L — {n})

(3.23) .
=0 mod 27 v+
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If L has a multiple element i € I3, then e(i)> = 0 mod 2 by (2.18), thus
by Lemma 3.3 again, we get

(3.24) e(1)F - 28+ le(L)

2 n
= (1) 28 e(L — {i,i})e())> =0 mod 2% VML,

Hence, the equation in (3.21) immediately follows from (3.22), (3.23), and
(3.24). O

For n = 8, an analogue of the following proposition is proved inside the
proof of [10, Proposition 3.3] (see Remark 3.11 below).

PROPOSITION 3.10. — Let n > 16. Then, we have

2 ~

e(1)T 1 - res (S(Ig Ulyu {2,3})) =ind X - e([1,n]) mod 2ind X.

Proof. — The proof is similar to the proof of Proposition 3.7. By (2.18),
e(1)™ = e(m) mod 2 for any 2-power integer m, thus

v(n)—1

(3.25) e(1)" ! = H e(2¥) and e(2%)e(1)e(2)e(4)e([6,n]) = 0 mod 2

k=0
for any 0 < i < v(n). By Corollary 3.9, (3.16), and the first equation
in (3.25) we get a congruence modulo 27~20(M+1;

(3.26) e(l)ﬁ’1 res <§(13 U 14))

v(n)—2

= 2% V() . peg (§(14)) e ({% + Z,n}) H e(25).

k=0

The term S(I4) is expanded as
S(Is) = c(Iy) + > a(L)e(L)
L

where a(L) € N and the sum ranges over some multi-subsets L C [1,n]
such that the multiset L + [§ +2,n] + {2i |3 < i < w(n)— 2} satisfies the
condition (x) in Lemma 3.6. Since |I4| = § — v(n), by (2.19) we get

(3.27) res(S(Iy)) = 2% 7" Me(Iy) + 287 Y (L)
L

By Lemma 3.6, e(L)e([} + 2,n])HZ:n§72 e(2F) is divisible by 2, thus by
(3.26) and (3.27) we have a congruence modulo 2"~ 2v(")+1

e(1) 1 res (§(13 U 14)) = 9n=2() g (1)e(2)e(4)e([6, ).
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Now let us multiply both sides of the last congruence by
(3.28) res (§({2, 3})) = 22(e(2) + €(3))(e(3) + 2¢(4) + e(5)).
Since 2"~2*(M+3 = 2ind X, by the second equation in (3.25) it is enough
to show that the following holds modulo 2
e(3)? - e(1)e(2)e(4)e([6,n]) = 0.

Since €(3)? = e(6) mod 2 by (2.18), and the multiset {6} + [6, n] satisfies
the condition (*) in Lemma 3.6, the term e({6} + [6,n]) is divisible by 2,
which completes the proof. O

Remark 3.11. — Let n = 8 and I = [6, 7]. Then, the statement of Propo-
sition 3.10 becomes

(3.29) ()" - res (§(1§ u{2, 3})) =924 .¢(]1,8)) mod 2°.
Since e(1)® = ¢(8), e(8)? =¢(7)2=0 mod 2, and
5(6) = ¢(6) 4+ 5¢(7) + 10¢(8),  S(7) = ¢(7) + 6¢(8),

we have
e(1)8res(S(14)) = 2%¢([6,8]) mod 23.
Hence, the congruence (3.29) follows from (3.28) and

e(2)%e(4)e(8) = e(4)?e(8) = e(8)* = e(3)%e(6) = ¢(6)> =0 mod 2.

4. Proof of Theorem 1.2

In this section, we set

' 2,3 UL, UL ={2,3,6,7} ifn=S8.

Then, a direct computation shows that

(4.2) J] = g —v(n) + 3.
Consider the following element
(4.3) z=eT 1 [ e(j) € CH(X).
jeJ

Since dim X = "2;” and ("72 1) +>c,7 =dimX — 3, we have z €
CH3(X) and p(z) € K(X)dmX=3) We first prove the 2-divisibility of the

image of z under the map in (1.1).
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PROPOSITION 4.1. — Let y = f(l)%*1 - g(J), where J denotes the set
n (4.1). Then, y € I(X) and ¢(x) is divisible by 2 in GK(X).

Proof. — Let z = f(l)%_2 - g(J"), where J' denotes the set obtained
from J by replacing the element 3 with 4. Then, by (2.12) both y and z
belong to K™ X=3(X). We first show that y € I(X). By Proposition 3.7 (a)
for n > 16 and by (3.18) for n = 8, we can write

y =2y 27y 27Ny + 27y,
where m = v(ind X) and y; € K9mX=3+i(X) By (2.10), it suffices to
prove that
y' =2y + 2 yg € I(X).

We simply write p and 1 for the classes of []"_; e(i) and [[;_,e(i)
in K(X)dmX) and K(X)dmX=1) respectively, as in Section 2.1. Since
2m=142 . tp = 2m=243 . 2p, by (2.5), ¥’ can be written as
(44) y/ —_— (2m—1t2) X ludimX—l +b (Qm—QtB) . pudimX
for some a,b € Z. On the other hand, by Proposition 3.7 (b) for n > 16 and
by (3.19) for n = 8, we have

2y = (2m—1t2 . l) udimX—l
and tf(l)z= (2" 2 p)u?™¥ mod I(X)™"?,
thus it follows by (4.4) that
Y —2az —btf(1)z € [(X)" T2 0 KImX-3(X),

(4.5)

Hence, we can write

Y —2az —btf(1)z =272 20+ 2M e 2 42742 p + 213 L 2y,
where z; € K4mX=3+i(X)  thus by (2.10), it suffices to prove that

y' =23 € I(X).

By (2.5), y”’ can be written as
(4.6) y' =0 (2" ) - pudmX
for some ¥’ € Z. Since

(2™~ . p)ut™X = 2tf(1)z mod I(X)™"3,

we obtain

Y —2'tf(1)z € I(X)™T3 N K™ X=3(X).
As every element in I(X)™3 0 K4mX=3(X) helongs to I(X) by (2.10),
we get " € I(X), and therefore y € I(X).
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For the statement about z, note that by the second equation in (2.12),
we have
FOT T el € 1(X).
jeJ
Also, by (2.16) and Lemma 2.2, we get

ple)=¢ [ T ] eti)ed |

jedJ

where £ denotes the morphism in (2.7). Hence, by (2.8) ¢(z) is divisible
by 2. 0

Remark 4.2. — In the proof of Proposition 4.1, we have shown that
(2m~)ydim X =3 and (27 2p)udi™ X =3 are contained in I(X) + I(X)™*2.
In fact, we could alternatively show that the following slightly stronger
statement holds:

(47) (2m—11) udimX—S, (2m—2p) udimX—S c I(X)

Since z— (2m21)ydim X =3 ¢ [(X)m+ln KdimX=3(X) (Proposition 3.7 (b)),
the same argument as in the beginning of the proof of Proposition 4.1 shows
that

(4.8) z—(2m7%) udim X =3 = (a2™ 1+ 62 ?p) ut™mX =3 mod I(X)

for some a,b € Z. Since 2z, e(1)z € I(X), multiplying the congruence
in (4.8) by 2 and e(1), we have

(2m711+ b2m71p) udimX737 (2m72p+a2m71p) udimX73 c I(X)

As (2m~lp)udimX =3 = ¢(1)(2m7 1 + b2~ lp)udimX =3 ¢ [(X), the state-
ment in (4.7) follows.

Recall from (2.20) that Q(i,5) denotes a linear combination of ¢(k)é
(i4+j—k) for 1 < k < i. We write Q(4, j) for the linear combination obtained
from Q(i, j) by replacing every term &(k)é(i 4+ j — k) with c(k)c(i + j — k).
Set

89(i) = 57(i) + Q). (i) = 5(0),
jz0
where 9 (i) denotes the term in (3.20), i.e., S() is an integral representative
of S(&(i)). For a subset L C [1,n], denote S(L) = ILes S().

Before we prove that @ € CH(X) is not divisible by 2, we shall need the

following lemma.
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LEMMA 4.3. — For any n > 8, we have
n2 ~
e(1) T res (S’(J)) =0 mod 2ind X

and

,2

e(l)%*1 res (QJ)) =e(1)T lres <§(J)) mod 2ind X.

Proof. — Note that v(ind X) = n — 2v(n) + 2. By Lemma 3.3 and (4.2),
we have

v (2"]'6(1)%) > (g —ov(n) + 3) + (g - 2) > v(ind X)

and
v (Q\J\Jrle(l)%fl) > (2|J|+16(1)%7n)

> (g —o(n) +4> + (g -1 —v(n)) > v(ind X).

Hence, the first statement follows from (2.19). For the second statement,
note additionally that S(J)—S(J) is the sum of several products of the form
[T <1 <7 Ak, where each Ay can be either S(i), or Q(4, ), and at least
one factor Q(i, ) is present. So, by (2.19), res([ Ty < < s Ak) is divisible
by 217171 and the second statement follows. (|

Finally, let us prove the non-2-divisibility in CH(X).

PROPOSITION 4.4. — For any n > 8, the element = in (4.3) is not di-
visible by 2.

Proof. — Let w = (e + 62)%2_15(J). Then, the (dim X)*® degree homo-
geneous part of w is an integral representative of S3(7), i.e., the (dim X )*®
degree homogeneous part of @ € Ch(X) is equal to S?(Z). We show that

(4.9) res(w) =ind X -p mod 2ind X,

where p denotes the class of a rational point as in Section 2.3. Since

w= (6%2_1 + e%a(e)) S(J),

where a(e) is a polynomial in e with integer coefficients, by Lemma 4.3, we
have modulo 2ind X:

res(w) = e(l)%*1 res(S(J)) = 6(1)%71 res(S(.J)).

Hence, by Proposition 3.10 we obtain (4.9).
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Let deg : CH(X) — Z denote the degree homomorphism. Then, it in-
duces the morphism
deg
ind X
sending the class of a closed point v of X to the class of deg(v)/ind X. Since
the restriction map commutes with the degree homomorphism, by (4.9) we

. Ch(X) — Z/2Z

have d d
eg . deg g .
max )= ax & @)=t
Therefore, Z is nonzero in Ch(X), thus z is not divisible by 2 in CH(X). O

THEOREM 4.5. — ¢ is not injective.

Proof. — Follows from Proposition 4.1, Proposition 4.4, and the surjec-
tivity of ¢. O

Appendix A. Pieri formula in the Grothendieck ring of X

In this section, we give a proof of the congruence relations in (2.13).
Using the Pieri-type formula in Lemma A.4, we first compute the products
e;en, in terms of the Schubert classes (Lemmas A.5 and A.7). Then, we
derive the formulas for the square of f(i) € K*(X) in Proposition A.10.

Recall that the group K(X) is free abelian with basis the set of all
products [[; (1] e(i) (including the empty product, the unit). Recall also
that a strict partition in [1,n] is a sequence A = (A1,...,\;,) such that
n>=A > >\, > 1. The size of A is denoted by [N\ = A1 + -+ + A
Then, the group K (X) has another basis ey € K (X)) where X ranges
over all strict partitions in [1,n] including the empty partition, given by
the Schubert classes. Note that if A consists of a single element {i}, then
e; = e(i). We allow notation ey with A an arbitrary finite decreasing se-
quence of natural numbers: if A contains numbers bigger than n, we set
e) = 0.

We shall first recall some basic notions from [3]. Let A be a finite de-
creasing sequence of natural numbers. The shifted diagram of A is an array
of boxes in which the i*® row has \; boxes, and is shifted i — 1 units to
the right with respect to the top row. We denote the number of rows of A
by I(A). A skew shifted diagram (or shape) v/ is obtained by removing a
shifted diagram A from a larger shifted diagram v containing A. The num-
ber of boxes in v/\ is denoted by |v/\|. A skew shifted diagram is called
connected if all boxes share an edge. A skew shifted diagram is called a rim
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if it does not contain a pair of boxes one of which is located strictly to the
right (east) and strictly to the bottom (south) of the other one.

DEFINITION A.1 ([3, Section 4]). — Let 6 be a rim. A KOG-tableau of
0 is a labeling of the boxes of § with positive integers such that

(i) each row (resp. column) of 0 is strictly increasing from left (resp.
top) to right (resp. bottom); and
(ii) each box is either smaller than or equal to all the boxes south-west
of it, or it is greater than or equal to all the boxes south-west of it.
If 0 is not a rim, then there are no KOG-tableaux with shape 6. The content
of a KOG-tableau is the set of integers contained in its boxes.

Remark A.2. — Let B be a box in a KOG-tableau of shape 6. If there
is a box in 6 located directly to the left of B, then B is actually greater
than or equal to all the boxes south-west of it. If there is a box in 6 directly
below B, then B is actually less than or equal to all the boxes south-west
of it.

Example A.3.

(1) Let us consider the following rim with two rows

such that the two rows of the rim are disconnected

(A1)

(1) where the top

row consists of only one box and the bottom row consists of r boxes.
Then, for any r > 1, the number of KOG-tableaux of shape (A.1)
with content [1,r + 1] is equal to 2. This can be verified in the
following way. As the number of boxes of (A.1) is equal to r + 1,
a1,by,...,b, are distinct numbers of [1,r + 1]. If a; > b,, then by
Definition A.1(i) we have the unique KOG-tableau with labeling
(a1,b1,...,b.) = (r+1,1,...,r). Otherwise, by Definition A.1 (i)-
(ii), we see that b. > b._1 > ---by > ay, thus we also have the
unique KOG-tableau with labeling (a1, b1,...,b.) = (1,2,...,7+1).

(2) Now consider the following diagram, which is the same as the dia-
gram above, but with one more cell added to the first row.

(A.2) e e

by | --|b,

(1) Here and further, dots outside boxes denote empty space of any nonnegative length,
in particular, length 0 is possible. In other words, it is possible that in the tableau (A.1),
the cells a1 and b, share a vertex (but not an edge).
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Then, for any r > 2 the number of KOG-tableaux of shape (A.2)
with content [1,7 + 1] is equal to 3: by Remark A.2, we obviously
get ap = r+ 1. If a; > b,., then there is a unique KOG-tableau
with labeling (a1, a2,b1,...,b.) = (r,r+1,1,...,7). Otherwise, we
have a1 < by < -+ < b, < r+ 1, thus there are exactly two KOG-
tableaux with labelings (a1, a9,b1,...,b,) = (L,r+1,1,...,7) and
(L,r+1,2,...,7r+1).

We shall make use of the following combinatorial Pieri-type formula due
to Buch and Ravikumar:

LEMMA A.4 ([3, Corollary 4.8]). — Let 1 < ¢ < n be an integer. For
strict partitions A and v in [1,n], we denote by C¥ ; the number of KOG-
tableaux of shape v/\ with content [1,1]. Then,

ejey = Z s Y & PR
v C[1,n]

To be precise, in view of our convention that e, is defined and equals
zero for any finite decreasing sequence of natural numbers v containing
numbers bigger than n, we will use this formula with the sum over “strict
partitions v” replaced with the sum over “decreasing sequences of natural
numbers v”. All extra summands appearing this way are zeros, even if the
coefficients Cy ; alone are not zeros.

Now we compute the coefficients (modulo terms in K (X)**2)) in the
Pieri formula (Lemma A.4) for A = (3).

LEMMA A.5. — We havee? = ey and e? = 0 in K(X), and the following
relations hold modulo K (X)®+2) .

i—1 i—1
2 _
e =ey +2 E €tk i—k | —€it1,i — 3 E €itk,i—k+1 | — 2€9; 1

k=1 k=2
for any 1 <i < n.

Proof. — For now, in addition to 1 < i < n, let us also allow 7 = 1 and
i = n. Let us use Lemma A.4 for this ¢ and for A = (¢). First, note that
if I(v) > 3, then the leftmost box of the third row of v/\ is strictly below
and strictly to the right of the leftmost box of the second row of v/, thus
v/ is not a rim. Hence, we may assume that {(v) < 2.

Since we consider the number of KOG-tableaux of shape v/\ with con-
tent [1,4], it suffices to consider v with [v/X\| > i (i.e., |v]| = 2i).

If I(v) = 1, then by Definition A.1(i) C} ; # 0 if and only if [v/A] = 4. In
this case, v/ is simply v without the first leftmost ¢ boxes, thus cx, =1
i.e., ep; occurs in e? with coefficient 1.
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Let @ = 1. Then, again by Definition A.1(i) C¥; = 0 for any v with
I(v) = 2, thus ey is the only summand in e?.

Let ¢ = n. Since v is a strict partition of [1,n], the condition I(v) = 2
implies that |1/| 2n —1. As |v| > 2n and ey, = 0 by definition, we obtain
the relation e? = 0.

From now on, we assume that 2 < i < n—1, and we compute e modulo
K(X)®H+2) I [v/A| = i+ 2, then |v| > 2i + 2, thus e, € K(X)@M).
Therefore, we may assume that [v/\| =i or i + 1.

Let v = (j,r) be such that j > rand j+r =2ior j+r =2i+ 1. By
the definition of a rim, there cannot be more than one box in the top row
of v/ located directly above cells of the bottom row. Hence, it suffices to
compute CY ; for the following tableaux of shape v /A

(A3) alJa] Tl e
‘b1|~-~br byl b,

where k = j —i,s0 k =i—7ror k =i+ 1—r (note that the two rows
of the second tableau are disconnected but they can share a vertex — see
Example A.3).

Assume that k =i —7r. Asi4+1<j<2—1,1<r<i—1, we have
1<k<i—1 Asr < i, two rows of the tableau (A.3) are disconnected.
We show by induction that C¥, = 2 for any 1 < k < 7 — 1. The case
k =1 follows from Example A.3(1). Assume k > 2. Then, by Remark A.2
we have ap = i, thus the statement follows by induction. Hence, for any
1 <k <i—1 the term e;4,,— occurs in e2 with coeﬁicient 2.

Now we assume that k = i+ 1 —7. Asi+1 < j < 24,1 <r <1,
we have 1 < k < 7. We shall consider three subcases. k: =1, k =1, and
2<k<i—1If k=1, then r =i and the first row of (A.3) consists of a
single element a; just above b,.. Hence, by Remark A.2, we get C’f\’ﬂ- = 1 with
a unique labeling (a1, b1,b2...,b,) = (1,1,2,...,1), i.e., the term ;11 ;
occurs in e? with coefficient —1. If k = 4, then r = 1 and two rows of the
tableau (A.3) are disconnected. By Definition A.1(i), we see that a,, = m
for any 1 < m < k. By Remark A.2 applied to as, we have by = 1 or 2,
thus Ci\/,i = 2, i.e., the term ey; ; occurs in e% with coefficient —2.

Finally, let 2 < k < ¢ — 1. We show by induction that Cii = 3. The
case k = 2 immediately follows from Example A.3(2). Assume that & > 3
Then, by Remark A.2, a; = i. If we remove the box ay from the diagram,
all numbers from [1,7 — 1] must be present in the remaining boxes. But the
content of the remaining boxes cannot be [1,i] since otherwise we would
have ay_1 = a;, = i by Remark A.2, which contradicts Definition A.1(i).
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So, we can proceed by induction on k and get CY, = 3 for 2 < k <
i—1,ie., for any 2 < k < i — 1 the term e;1j ;41 occurs in e with
coefficient —3. O

Recall that we have denoted f(i) = e(i)u’ = e;uf € K(X). We also
simply denote f, ; = em,ium‘” €K (X). We deduce some formulas for

K(X). The proof immediately follows from Lemma A.5.
COROLLARY A.6. — We have f(1)2 = f(2) and f(n)? = 0 in K(X),

and the following relations hold modulo I(X)?

1—1 i—1
FG)? = f(20) +2 (Z fi+k,z‘—k> —t (Z fi+k,i—k+1>
k=1

k=1
for any 1 < i < n.

In the following, we compute the coefficients (modulo terms in
K(X)+m+2)) in the Pieri formula (Lemma A.4) for any A = (m) with
m > 1.

LEMMA A.7. — Letm > 1. Then, we have e1€e,, = €pmt1+€m, 1 —€m+1,1
in K(X), and the following relations hold modulo K (X)(+m+2) .

1—1
€€y = €m4q + €m,i + 2 (Z enz+k,z’—k>

k=1
i—1

—2€m41,i — 3 Z €tk i—k+1 | — 2€m4i,1
k=2

for any 1 <1i < m.

Proof. — The proof is similar to the proof of Lemma A.5 above. For now,
in addition to 1 < i < m, let us also allow ¢ = 1. Let us use Lemma A .4 for
this ¢ and for A = (m). Then, the arguments of the first two paragraphs of
the proof of Lemma A.5 show that I(v) < 2 and |v/A| > 1.

IfI(v) = 1, then it follows from Definition A.1(i) that C¥ ; = 1if [v/A|=14,
and CK,i = 0 otherwise. So, e;y,, occurs in e;e,, with coefficient 1, and
there are no terms e, with k # i + m in the decomposition of e;e,, from
Lemma A 4.

From now on, let [(v) = 2. Let us consider the case ¢ = 1 first. Then
the content of the KOG-tableau is simply {1}. By Definition A.1(i), each
row of v/X can have at most 1 box. There are only two partitions v that
contain A and satisfy these conditions: v = (m, 1) and v = (m + 1, 1). So,
C)(ﬁ’l) = Cgﬁ“’l) = 1, thus the first equation in the statement of the
lemma immediately follows.
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Let 2 < i <m—11If v/A > i+ 2, then |v| > i+ m + 2, thus e, €
K(X)(+m+2) Therefore, we may assume that |v/\| =i or i + 1.

Let v = (j,r), where j > rand j+r =m-+ior j+r =m+i+1. If there
is a box in the top row of v/ located directly above boxes of the bottom
row, then r =m > i+ 1, thus |v/A| > i + 2. Hence, it suffices to compute
Cy; for the following tableaux of shape v /A

where k=j—m,sok=1—rork=4+1—r.

Assume that kK = i —7r. Asm < j <i+m—1,1 < r < i, we get
0 < k <i—1. We have two subcases: k =0 and 1 < k < i. If £ =0, then
by Definition A.1(i) Cf; = 1. If 1 <k < i, then we use induction on k. For
k=1, we get CY; = 2 by Example A.3(1). For k > 2, we have a), = i by
Remark A.2, thus C¥ ; = 2 by induction.

Now assume that k = i4+1—r. As the content of v/ should be [1, 9], it fol-
lows from Definition A.1(i) that r < ¢, and the top row in the tableau (A.4)
is non-empty. So, 1 <r <, m+1<j <i+m,and 1 < k <i. We consider
three subcases: k=1, k=4, and 2 <k <i— 1.

If £ = 1, then r = i. By Definition A.1(i), there is only one option for
the bottom row: (b1,...,b;) = (1,...,4). By Definition A.1(ii), we have
two options for ai: a1 =1 or a; = i. Hence, we get C} ; = 2, i.e., the term
€m+1,; occurs in e;e,, with coefficient —2.

If k = i, then r = 1. By Definition A.1(i), we get (a1,...,a;) = (1,...,1).
By Definition A.1(ii) applied to a2, we have two options for by: by = 1 or
by = 2. So, CKi = 2, and the term e,,; 1 occurs in e;e,, with coefficient
—2.

Finally, let 2 < k <7 — 1. Then, by exactly the same argument as in the
last paragraph of the proof of Lemma A.5, we have C¥ ; = 3, thus the term
€m+tk, i—k+1 OCCUrs in e;e,, with coefficient —3 forany 2 <k <i—1. O

Lemma A.7 directly implies the following equations in K (X).

COROLLARY A.8. — Let m > 1. Then, we have f(m)f(1) = f(m+1)+
fm.1 —tfm+1,1 in K(X), and the following relations hold modulo 1(X)? :

1—1 1—1
f(m)f(z) = f(m + Z) + fm,i + 2 (Z f7rL+k,i—k> +t <Z f7n+k,i—k+1>

k=1 k=2

for any 1 <1i < m.

Now using Corollary A.8, we get the following intermediate result.
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LEMMA A.9. — For any m > 1, we have the following relation modu-
lo I(X)2.

fma = fm)f(1) = flm +1) = tf (1) f(m + 1) + tf(m +2).

For any 1 < i < m, the difference f,, ; — f(m)f(i) is congruent modulo
I(X)? to

(=1)'f(m+i) — (me+k )-t(if(m+k)f(i—k+1)>

if i is even, and is congruent modulo I(X)? to

(1) f(m + i) 2 (i Fm -+ k)i - k))

k=1
i—1
(Zf (m+k)f z—k+1)> —tf(m+i+1)

k=2

if 4 is odd.
Proof. — We first observe that 2 = —2, t = —t mod I(X)?. The formula

for fm,1 — f(m)f(1) is obtained from the formulas for f(m)f(1) and for
f(m+1)f(1) (multiplied by t) in Corollary A.8.

Let us prove the formula for f,, ; — f(m)f(i) with 1 < i < m. We show
by induction on ¢ for all values of m > ¢ together. If ¢ = 2, then the formula
for fm,2 — f(m)f(2) is obtained from the formulas for f(m)f(2) and for
f(m+1)f(1) (multiplied by 2) in Corollary A.8. Now we assume that the
formulas for f,,/ i+ — f(m')f(#’) hold for any 2 < i’ < i and any m’ > 7.
Let us multiply the formulas by 2 and ¢, respectively. Then, we have the
following congruences modulo (X)?:

2fm’,i’ — 2f(m’)f(z’) = 2f(m/ + ’L/)
and tfm’,i’ - tf(m’)f(z’) = tf(ml + il)a
respectively. Note that by the first formula in Lemma A.9, the first formula
in (A.5) still holds for i = 1 and any m’ > 1.

Taking the sum of the first formulas (A.5) for m’ = m+ k, i’ =i — k,
and 1 <k <t—1, we get

(A6) 2 (Z fm+k,i_k>

k=1

(A.5)

=2 (Z_: fm+k)f(i— k)) +2(i —1)f(m+14) mod I(X)*

k=1
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Similarly, taking the sum of the second formulas (A.5) for m’ = m + k,
=i—k+1,and 2 <k <i—1, we get

i—1
(A7) ¢t (Z fm+k,ik+l>
k=2

i—1
=t (Z fm+Fk)f(i— k)) +t(i —2)f(m+i+1) mod I(X)>.
k=2

Let us plug the formulas (A.6) and (A.7) into the second formula in
Corollary A.8. Then, the difference f, ; — f(m)f(4) is congruent modulo
I(X)? to

—2i—1)f(m+1)—tE—2)f(m+i+1)

-2 (if(m%)f(i—k)) —t (z_:f(m—i—k)f(i—k—&-l)) :
k=2

k=1

Since the following congruences hold modulo (X )?

(A.8) —(2i—1)=(-1)" and —t(i—2

~—

)0 if i is even,
|t ifiis odd,
the formula follows. O

Combining Corollary A.6 and Lemma A.9, we obtain the following main
result of this section.

ProOPOSITION A.10. — For any 1 < i < n, the following relations hold

modulo I(X)? :

fG@)? = (1)1 f(20) +2 (2_) fli+k)f(i— k))

k=1
—t (Zz_:f(i—l—k)f(i—k—&-l)) +tf(2i+1)
k=1
for even i, and
F@)? = (-1)71f(29)

+2 (if(wk)f(ik)) —t <if(z‘+k)f(ik+1)>
k=1

k=1

for odd 1.
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Proof. — Let us rewrite the formulas from Lemma A.9 as follows:
for o = FO) @) + ! +4) = tf (@) f(m' +4) +tf(m' +3 + 1)

form’ > 1,i =1,

foor o0 = F) ) + (=1)7 f(m +14)

i'—1 i'—1
=2 Y f R k) | =t D fm k) k4 1)
k=1 k=2
for m’ >’ > 1, i’ even, and
i'—1
Frrsir = F)FE) + (D)7 flm! +8) =2 [ 37 f(m! + k) f(@ — k)
k=1

i'—1

—t | D f R — kA1) | —tf(m i+ 1)
k=2

for m’ > i’ > 1, i’ odd, where all congruences are modulo I(X)?.
Multiplying each of these formulas by 2, for any ¢ > 1 and any
m’ > i’ we have

(A9) 2 = 20(m) () + 20 (m! + 1) mod I(X)°.
Similarly, multiplying by ¢, for any m’ > i’ > 1 we get
(A.10) tfmr i =tf(m) (i) +tf(m' +i) mod I(X)%
For any 1 < i < n, let us take the sum of (A.9) for m’ = i + k and

' =i—kover 1 <k<i—1. Then, we get

i1 i1
2 (Z fi+k,ik> =2 <Z fa+k)f(i— k)) +2(i—1)f(2i) mod I(X)%
k=1 k=1

Similarly, we take the sum of (A.10) for m’ =i+ k and ¢/ =i —k + 1 over
1 <k <1v—1. Then, we have

i—1
t (Z fi+k,i—k+1>

k=1

= (i FlG+k)f(i—k+ 1)) +t(i —1)f(2i+1) mod I(X)>2.
k=1
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Now let us plug these formulas into the statement of Corollary A.6 for

1 < i < n, thus we have the following congruence modulo I(X)?

i—1 i—1
FOP =2 Y fli+ k) fG—k) | =t D fli+k)fi—k+1)
k=1 k=1
+ (20— 1)f(20) —t(i — 1) f(20i + 1).
Since
t mod I(X)?if n is even
-1 = 0 mod IEX;2 otherwise, |
the statement follows from the first congruence equation in (A.8). O
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