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Group schemes and local densities
of ramified hermitian lattices
in residue characteristic 2
Part |

Sungmun Cho

The obstruction to the local-global principle for a hermitian lattice (L, H) can
be quantified by computing the mass of (L, H). The mass formula expresses the
mass of (L, H) as a product of local factors, called the local densities of (L, H).
The local density formula is known except in the case of a ramified hermitian
lattice of residue characteristic 2.

Let F be a finite unramified field extension of @,. Ramified quadratic exten-
sions E/F fall into two cases that we call Case I and Case 2. In this paper, we
obtain the local density formula for a ramified hermitian lattice in Case 1, by
constructing a smooth integral group scheme model for an appropriate unitary
group. Consequently, this paper, combined with the paper of W. T. Gan and J.-K.
Yu (Duke Math. J. 105 (2000), 497-524), allows the computation of the mass
formula for a hermitian lattice (L, H) in Case 1.
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1. Introduction

1A. Introduction. The subject of this paper is old and has intrigued many math-
ematicians. If (V, H) and (V’, H') are two hermitian k’-spaces (or quadratic
k-spaces), where k is a number field and &’ is a quadratic field extension of k, then it
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is well known that they are isometric if and only if for all places v, the localizations
(Vy, Hy) and (V,, H)) are isometric. That is, the local-global principle holds for
hermitian spaces and quadratic spaces. It is natural to ask whether the local-global
principle holds for a hermitian R’-lattice or quadratic R-lattice (L, H), where R’
and R are the rings of integers of k" and k, respectively. In general, the answer to this
question is no. However, there is a way, namely, the mass of (L, H), to quantify the
obstruction to the local-global principle. An essential tool for computing the mass
of a quadratic or hermitian lattice is the mass formula. The mass formula expresses
the mass of (L, H) as a product of local factors, called the local densities of (L, H).

Therefore, it suffices to find the explicit local density formula in order to obtain
the mass formula and thus quantify the obstruction to the local-global principle.

For a quadratic lattice, the local density formula was first computed by G. Pall
[1965] (for p # 2) and G. L. Watson [1976] (for p = 2). For an expository sketch
of their approach, see [Kitaoka 1993]. There is another proof of Y. Hironaka and
F. Sato [2000] computing the local density when p # 2. They treat an arbitrary
pair of lattices, not just a single lattice, over Z, (for p # 2). J. H. Conway and
J. A. Sloane [1988] further developed the formula for any p and gave a heuristic
explanation for it. Later, W. T. Gan and J.-K. Yu [2000] (for p # 2) and S. Cho
[2015a] (for p =2) provided a simple and conceptual proof of Conway and Sloane’s
formula by explicitly constructing a smooth affine group scheme G over Z, with
generic fiber Autg, (L, H), which satisfies G(Z) = Autz, (L, H).

There has not been as much work done in computing local density formulas for
hermitian lattices as in the case of quadratic lattices. Although the local density for-
mula for a quadratic lattice with p =2 was first proved in the author’s paper [2015a],
the formula was proposed in Conway and Sloane’s paper [1988]. However, the local
density formula for a ramified hermitian lattice with p = 2 has not been proposed yet
and therefore, the mass formula, when the ideal (2) is ramified in k’/ k, is not known.

Hironaka [1998; 1999] obtained the local density formula for an unramified
hermitian lattice. In addition, M. Mischler [2000] computed the formula for a
ramified hermitian lattice (p #% 2) under restricted conditions. Later, Gan and
Yu [2000] found a conceptual and elegant proof of the local density formula for
an unramified hermitian lattice without any restriction on p, and for a ramified
hermitian lattice with the restriction p # 2, by explicitly constructing certain smooth
affine group schemes (called smooth integral models) of a unitary group.

As discussed further on p. 456, we distinguish two cases for a ramified quadratic
extension E/F, where F is an unramified finite extension of Q,, depending on the
lower ramification groups G; of the Galois group Gal(E/F). The division is as
follows:

Case I : G_1 = G() = G], Gz =0;
{CaseZ . G_1 = G() = G] = Gz, G3 =0.
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These two cases should be handled independently because of technical difficulty
and complexity. The methodologies of the two cases are basically the same, but
Case 2 is much more difficult than Case 1.

The main contribution of this paper is to get an explicit formula for the local
density of a hermitian B-lattice (L, &) in Case I, by explicitly constructing a certain
smooth group scheme associated to it that serves as an integral model for the unitary
group associated to (L ®4 F, h ®4 F) and by investigating its special fiber, where
B is a ramified quadratic extension of A and A is an unramified finite extension of
Z, with F as the quotient field of A. The local density formula in Case 2 is handled
in [Cho 2015b].

In conclusion, this paper, combined with [Gan and Yu 2000] and [Cho 2015a],
allows the computation of the mass formula for a hermitian R’-lattice (L, H) when
ky/Q; is unramified, and k/, / k, satisfies Case I or is unramified. Here, k, (resp. k)
is the completion of k" (resp. k) at the place v’ (resp. v), where v’ lies over v and v
lies over the ideal (2). As the simplest case, we can compute the mass formula for
an arbitrary hermitian lattice explicitly when & is @ and k' is any quadratic field
extension of @ such that the completion of k" at any place lying over the ideal (2)
satisfies Case I or is unramified over (),.

Let us briefly comment on the proofs. A key input into the local density formula is

lim f~NIMG4G (A/nN A), (1-1)
N—o0

where f is the cardinality of the residue field of A, 7 is a uniformizer in A, and G’
is the naive integral model for the unitary group G associated to (L ® 4 F, h @4 F),
which represents the functor R — Autpg,r(L ®4 R, h ®4 R).

Now if we are lucky enough that G’ is smooth, then the limit in (1-1) would
stabilize at N = 1, which would reduce us to simply finding G’ (), where « denotes
the residue field of A. A key observation of Gan and Yu is that, even when G’
is not smooth, one can employ a certain smooth group scheme G lurking in the
background, which is a smooth integral model of G that satisfies G(R) = G’(R) for
every étale A-algebra R. The existence and uniqueness of such a G is guaranteed
by the general theory of group smoothening. Then the problem essentially reduces
to constructing G explicitly, so that one can compute the cardinality of the group
G (k) of k-points of its special fiber. This tells us what the analog of (1-1) for G is,
and further, it so turns out that one can deduce the expression (1-1) from its analog
for G. For a detailed explanation about this, see Section 3 of [Gan and Yu 2000].

Let us now describe, therefore, how we construct G and study its special fiber.
As G’ fails to be smooth, one must impose more equations than merely the ones
related to the preservation of (L ®4 R, h ®4 R). Towards this, note that there
exist several sublattices L" of L such that any element of Autg(L, h) automati-
cally also preserves L’ (and such that, for any étale A-algebra R, any element of
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Autpg,r(L ®4 R, h ® 4 R) automatically also preserves L’ ® 4 R). For instance, the
sublattice L" of elements x € L such that 4(x, L) belongs to a given ideal of B
necessarily satisfies this property. This gives us additional equations to impose —
these equations leave the group of R-points for any étale A-algebra R untouched,
while taking us closer to smoothness. It so happens that taking sufficiently many
sublattices L’ into consideration, and imposing further restrictions arising from the
behavior of an element of Autpg,r(L ®4 R, h @4 R) on some of their quotients,
do leave us with enough equations to ensure that the group scheme G defined by
them is smooth. This step already turns out to be much harder for p = 2 than for
odd p, since in this case there are many more isomorphism classes of hermitian
lattices. Another source of complications is the fact that the equations involve
quadratic forms over the residue field ¥ of A that arise as quotients of some of the
lattices L’ mentioned above (the theory of quadratic forms over finite fields is more
complicated in characteristic 2 than in other characteristics).

Now let us describe some of the ideas involved in the computation of the special
fiber G of G. Since the quotients of some pairs of lattices of the form L’ alluded to
in the previous paragraph naturally support symplectic or quadratic forms, it is not
hard to construct a map ¢ from G to a suitable product of symplectic and orthogonal
groups. This step occurs in [Gan and Yu 2000], too. However, p being even for us
poses at least two new difficulties. Firstly, although this product of symplectic and
orthogonal groups contains the identity component of the maximal reductive quotient
of G, this fact seems to be difficult to prove directly. Rather, we prove this fact indi-
rectly, by explicitly computing the dimension of the kernel of ¢. Secondly, ¢ does
not quite define the maximal reductive quotient of G: this maximal reductive quo-
tient is built up from ¢ together with a few additional homomorphisms G—>7Z /27.

Our construction of these homomorphisms G—7 /27 is quite indirect. A typical
homomorphism is constructed in the following manner. We define a certain new
hermitian lattice, say (L”, h"’), starting from (L, k). This lattice naturally gives us a
homomorphism G — G”, where G is the special fiber of the smooth integral model
obtained by applying our construction to (L”, ") in place of (L, h). The analog ¢”
of ¢ defines a map from G to (a product of symplectic and orthogonal groups, and
in particular) an orthogonal group, and, by composing with the Dickson invariant,
one gets a homomorphism G” — Z/27. Precomposing this with the homomorphism
G — G yields a homomorphism G — Z/2Z. All our homomorphisms G — Z /27
are constructed in this way.

To show that the candidate for the maximal reductive quotient of G obtained
from ¢ and the morphisms G—>Z /27 is indeed the maximal reductive quotient,
one shows that its kernel is isomorphic, as an affine variety, to an affine space over «.
This implies by a theorem of Lazard that the kernel of our candidate for maximal
reductive quotient is indeed a connected unipotent group scheme, as desired.
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Our main results are Theorem 3.8, Theorem 4.12 and Theorem 5.2. Theorem 3.8
shows that the group scheme G we construct is indeed the sought after smooth
group scheme over A, Theorem 4.12 gives the maximal reductive quotient of G,
and Theorem 5.2 (supplemented by Remark 5.3) gives us the final local density
formulas as follows. The local density of (L, &) is

,BL — fN . f_dimc#é(l().

Here, N is a certain integer which can be found in Theorem 5.2 and #G (k) can be
computed explicitly based on Remark 5.3(1) and Theorem 4.12.

Appendix B is devoted to illustrating our method with a simple example: the
case where L = B - e is of rank one and % is defined by h(le, I'e) = o (I)I’, o being
the unique nontrivial element of Gal(E/F). Section B.1 describes how the usual
approach that works when p # 2 (and yields the obvious integral model for the
“norm one” torus associated to B/A) fails when p = 2, and how one may fix this
from “first principles”, without using any of our techniques. We hope this helps
clarify some of the issues involved. Section B.2 illustrates how our construction
specializes to this case; we hope that the simplicity of this case may better motivate
our general construction. Some readers may therefore prefer to look at Appendix B
before perusing the general constructions of Sections 3 and 4 and Appendix A.

This paper is organized as follows. We first state a structure theorem for integral
hermitian forms in Section 2. We then give an explicit construction of G (in
Section 3) and study its special fiber (in Section 4) in Case I. Finally, we obtain an
explicit formula for the local density in Section 5 in Case . In Appendix B, we
provide an example to describe the smooth integral model and its special fiber and
to compute the local density for a unimodular lattice of rank 1.

The reader might want to skip to Appendix B and at least go to Section B.1 to
get a first glimpse into why the case of p = 2 is really different. Some of the ideas
behind our construction can be seen in the simple example illustrated in Section B.2.

The construction of smooth integral models and the investigation of their special
fibers in this paper basically follow the arguments in [Gan and Yu 2000] and [Cho
2015a]. As in [Gan and Yu 2000], the smooth group schemes constructed in this
paper should be of independent interest.

2. Structure theorem for hermitian lattices and notations
2A. Notation. Notation and definitions in this section are taken from [Cho 2015a;
Gan and Yu 2000; Jacobowitz 1962].

o Let F be an unramified finite extension of (2, with A its ring of integers and «
its residue field.

» Let E be a ramified quadratic field extension of F' with B its ring of integers.
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» Let o be the nontrivial element of the Galois group Gal(E/F).

o The lower ramification groups G; of the Galois group Gal(E/ F) satisfy one of
the following:

Case I : G_1 = G() = Gl, G2 = 0;
{CaseZ . G_1 = G() = G] = GQ, G3 =0.

We explain the above briefly. Based on Section 6 and Section 9 of [Jacobowitz
1962], we can select a suitable choice of a uniformizer = of B in the following
way. In Case I, E = F(+/1+2u) for some unit # of A and 7 = 1 + +/1 4+ 2u.
Then o () = e, where € = 1 mod 7 and 5”;1 is a unit in B. So we have that
o(@)+m,o(m) -w e 2)\4). InCase 2, E=F(x). Here, 1 = V28, where § € A
and § =1 mod 2. Theno () = —m.

From now on, a uniformizing element 7 of B, u, and § are fixed as explained
above throughout this paper. The constructions of smooth integral models associated
to these two cases are different and we will treat them independently.

e We consider a B-lattice L with a hermitian form
h:LxL— B,

where h(a-v,b-w) =0 (a)b-h(v, w) and h(w, v) = o (h(v, w)). Here,a,b € B
and v, w € L. We denote by a pair (L, h) a hermitian lattice. We assume that
V = L ®4 F is nondegenerate with respect to A.

» We denote by (¢) the B-lattice of rank 1 equipped with the hermitian form having
Gram matrix (¢). We use the symbol A(a, b, c) to denote the B-lattice B-e;+ B -e>
with the hermitian form having Gram matrix ( ¢ C). For each integer i, the lattice

i o) b .
of rank 2 having Gram matrix (U () 76 ) is called the sr'-modular hyperbolic plane
and denoted by H (i).

e A hermitian lattice L is the orthogonal sum of sublattices L; and L,, written
L=L &L, if LyNnL,=0, Ly is orthogonal to L, with respect to the hermitian
form h, and L and L, together span L.

 The ideal in B generated by A(x, x) as x runs through L will be called the norm
of L and written n(L).

» By the scale s(L) of L, we mean the ideal generated by the subset 4 (L, L) of B.
o We define the dual lattice of L, denoted by L+, as

Lt ={x e L®4F :h(x,L)C B).
Definition 2.1. Let L be a hermitian lattice. Then:

(a) For any nonzero scalar a, define aL = {ax | x € L}. Itis also a lattice in the
space L ®4 F. Call a vector x of L maximal in L if x does not lie in 7w L.
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(b) The lattice L will be called 7‘-modular if the ideal generated by the subset
h(x, L) of E is " B for every maximal vector x in L. Note that L is 7' -modular
if and only if L+ =7~/ L. We can also see that H (i) is 7'-modular.

(c) Assume that i is even. A '-modular lattice L is of parity type I if n(L) =s(L),
and of parity type Il otherwise. The zero lattice is considered to be of parity
type II. We caution that we do not assign a parity type to a ' -modular lattice
L with i odd.

2B. A structure theorem for integral hermitian forms. We state a structure theo-
rem for 77/ -modular lattices in this subsection. Note that if L is 7% -modular (resp.
7%+ modular), then 7 'L C L ® 4 F is 7°-modular (resp. 7 '-modular). We will
emphasize this in Remark 2.3(a) again. Thus it is enough to provide a structure
theorem for 77°-modular or 7 '-modular lattices.

Theorem 2.2. Leti =0or 1.

(@) Let L be a ' -modular lattice of rank at least 3. Then L = D, H. ® K, where
K is w'-modular of rank 1 or 2, and each H, = H (i).

(b) We denote by (1) or (2) the ideal of B generated by the element 1 or 2,
respectively. Assume that K is w'-modular of rank 1 or 2. Then, depending
on i, the rank of K, the case that E/F falls into, the parity type of L (when
applicable), and n(L) which is the norm of L, we may take K to be of the
following form:

Rankof K i E/F  Paritytypeof L n(L) Form for K
1 0 Casel I* (1)* (a),ae A,a=1 mod?2
1 0 Case?2 I* (1)* (a),ae A,a=1 mod?2
2 0 Casel 1 (H* A(l,2b,1),be A
2 0 Case2 1 (1)* A(l,2b,1),be A
2 0 Casel yii )* H(0)
2 0 Case2 yi4 2)* AQ28,20',1),b e A
2 1 Casel 2)* AQR,2a,m),a€ A
2 1 Case2 2) A(da,28,m),ae A
2 1 Case2 4) H()

Here, the superscript x indicates the value in the table necessarily holds.

Proof. Part (a) is proved in Proposition 10.3 of [Jacobowitz 1962].

For part (b), when the rank of K is 1, it is clear that K = (a’) for a certain unit
a’ € A with a basis e. Since the residue field « is perfect, there is a unit element a”
in A such that @’ = a”? mod 2. The reader can check that replacing e by (1/a”)e
realizes K in the manner dictated by the theorem.

From now on, we assume that the rank of K is 2. Suppose that i = 0. Then
n(K) = (1) or n(K) = (2) since n(K) 2 n(H(0)) = (2) (Proposition 9.1(a) and
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Equation 9.1 with k£ = 0 in [Jacobowitz 1962]). If n(K) = (1), then we can use
Proposition 10.2 of [Jacobowitz 1962] to get K = A(1, a, 1) with respect to a
basis (eq, ¢»). Furthermore, the determinant a — 1 is a unit in A. To show this, we
observe that K has an orthogonal basis, since n(K) = s(K) = (1) (Proposition 4.4
in [Jacobowitz 1962]), and so the determinant should be a unit in order for K to be
7%-modular. Since the residue field « is perfect, there is a unit element 8 in A such
thata — 1 = # mod 2. We now choose another basis (eq, (1 — 8)e; + Bez). With
this basis, it is easy to see that K = A(1, 2b, 1) for a certain b € A.

Now assume that n(K) = (2) so that we cannot use Proposition 10.2 of [Ja-
cobowitz 1962]. We choose a basis of K so that K = A(x, y, 1) for some x, y € A.
Since n(K) = (2), both x and y should be contained in the ideal (2). Thus
K = AQ2a,2b,1) for some a,b € A. Furthermore, in Case 1, if n(K) = (2)
then K = H (0) by parts (a) and (b) of Proposition 9.2 of [Jacobowitz 1962].

The remaining case we need to prove when i = 0 is then that

K =A(25,2b',1)

for certain b’ € A, in Case 2 if n(K) = (2). By Proposition 9.2(a) of [Jacobowitz
1962], if K is isotropic then K = H(0) so that we can choose »' = 0. Fur-
thermore, the lattice K with n(K) = (2) is determined by its determinant up
to isomorphism (Proposition 10.4 in [Jacobowitz 1962]). Since the determinant
d(K) of K is a unit and is well-defined modulo Np,4 B*, there are at most two
cases of d(K') because |A*/Np/aB*| =2. Here, B* and A* are the unit groups
of B and A, respectively, and Np/4B> is the norm of B*. We observe that
d(A(26,0,1)) and d(A(268, 2d /68, 1)), which are clearly 79-modular, give different
classes in A*/Np/aB™, where d is as defined in Lemma 2.4. Thus, a lattice K
with n(K) = (2) in Case 2 should be isomorphic to one of these two. In other
words, such K is isomorphic to K = A(28,2b', 1) with b’ =0 or b’ =d/s.

We next suppose that i = 1. In Case 1, n(H (1)) = (2) and so n(K) = (2) since
s(K) D n(K) 2 n(H(1)). Thus K is also determined by its determinant up to
isomorphism (Proposition 10.4 in [Jacobowitz 1962]). This fact implies that there
are at most two cases for K since the determinant of K divided by 2 is a unit
in A and the cardinality of AX/Np,aB* is 2. By Lemma 2.5, d(A(2,0, ))
and d(A(2,2ud, )), which are clearly m!-modular, give different classes in
A*/Np/aB™, where u and d are as defined in Lemma 2.5. Thus, a lattice K
with n(K) = (2) in Case 1 should be isomorphic to one of these two. In other
words, such K is isomorphic to d(A(2, 0, 7)) or d(A(2, 2ud, w)).

In Case 2, n(H(1)) = (4) and so n(K) = (2) or n(K) = (4). If n(K) = (2),
then we can use Proposition 10.2(b) of [Jacobowitz 1962] (take m = 1) to get
K = A(26, 4a, ) with basis (ey, ep). If we use a basis (e, —e;), then K =
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A(4a, 25, ). If n(K) = (4), then by Proposition 9.2(a—b) of [Jacobowitz 1962],
K=H()=A(,468, 7).
These complete the proof. (I

Remark 2.3. (a) If L is 7'-modular, then 7/ L is 7r/+2/-modular for any integer j.
Thus, the above theorem implies its obvious generalization to the case where i is
allowed to be any element of Z.

(b) [Jacobowitz 1962, Section 4] For a general lattice L, we have a Jordan splitting,
namely L = &P, L; such that L; is 7" _modular and such that the sequence {n(i)};
increases. Two Jordan splittings L = @,<,<, L; and K = @@ ,<, < K; will be
said to be of the same type if t = T and, for 1 <i < T, the follo;viﬁg conditions
are satisfied: s(L;) = s(K;), rank L; =rank K;, and n(L;) = s(L;) if and only if
n(K;) = s(K;). Jordan splitting is not unique but partially canonical in the sense
that two Jordan splittings of isometric lattices are always of the same type.

(c) If we allow some of the L;’s to be zero, then we may assume that n(i) =i for
all i. In other words, for all i € NU {0} we have s(L;) = (), and, more precisely,
L; is w'-modular. Then we can rephrase part (b) above as follows. Let L = D, Li
be a Jordan splitting with s(L;) = (%) for all i > 0. Then the scale, rank and
parity type of L; depend only on L. We will deal exclusively with a Jordan splitting
satisfying s(L;) = (7') from now on.

Lemma 2.4. Assume that B/ A satisfies Case 2. Then there is an element d € A*
such that 1 —4d and 1 give different classes in A* /N B*.

Proof. Using our knowledge of the lower ramification groups G; for Gal(E/F),
we can compute the higher ramification groups G' for the same extension:

G '=G"=G'=G?> and G*=0.

Let U = 1+ (2)' be the i-th higher unit group in F with i > 1. Then by local class
field theory, the image of G' under the isomorphism Gal(E/F) = F*/Ng JFE*
isU' /(U'N Ng/rE*). We apply this when i is 2. Then we can easily verify the
existence of a d as stated in the lemma. U

Lemma 2.5. Assume that B/ A satisfies Case 1. Then there is an element d € A*
such that 1 +2d and 1 give different classes in A* /Np/aB*.

Proof. The proof of this lemma is similar to that of the above lemma. In this case
the higher ramification groups are as follows:

G '=G"=G' and G*=0.

Again we use local class field theory as explained in the proof of the above lemma
but with i = 1. Then we can easily verify the existence of a d as stated in the
lemma. 0
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2C. Lattices. In this subsection, we will define several lattices and associated
notation. Fix a hermitian lattice (L, k). We denote by (') the scale s(L) of L.

(1) Define A; ={x € L | h(x,L) € n'B}.

(2) Define X (L) to be the sublattice of L such that X (L)/m L is the radical of the
symmetric bilinear form %h mod on L/m L.

Let ! =2m or [ =2m — 1. We consider the function defined over L by

swq:L— A, x> 5-h(x,x).

Then %q mod 2 defines a quadratic form L/w L — k. It can be easily checked

that %q mod 2 on L/m L is an additive polynomial if / = 2m, or if /| =2m — 1 and
E/F satisfies Case 2. Otherwise, that is, if / =2m — 1 and E/F satisfies Case 1, it

is not additive. We define a lattice B(L) as follows.

3 It szq mod 2 on L/m L is an additive polynomial, then B(L) is defined to be
the sublattice of L such that B(L)/m L is the kernel of the additive polynomial
zlmq mod2on L/w L. If z%q mod 2 on L/m L is not an additive polynomial,

then B(L) = L.

To define a few more lattices, we need some preparation as follows. For the

remainder of the paper, set
E=m-o0(m).
Assume B(L) & L and [ is even. Then the bilinear form £7'/2h mod 7 on the

k-vector space L/ X (L) is nonsingular symmetric and nonalternating. It is well
known that there is a unique vector e € L/ X (L) such that

(Eh(v, )’ =€ (v, v) mod 7

for every vectorve L/ X (L). Let (e) denote the 1-dimensional vector space spanned
by the vector e and denote by e+ the 1-codimensional subspace of L/ X (L) which
is orthogonal to the vector e with respect to £//21 mod 7. Then

B(L)/X(L) = e".

If B(L) = L, the bilinear form £~/ mod 7 on the x-vector space L/ X (L) is
nonsingular symmetric and alternating. In this case, we pute =0 ¢ L/ X (L) and
note that it is characterized by the same identity.

The remaining lattices we need for our definition are:

(4) Define W (L) to be the sublattice of L such that

{W(L)/X(L) = (e) ifliseven;
W(L)=X(L) if [ is odd.
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(5) Define Y (L) to be the sublattice of L such that Y (L)/m L is the radical of

{the form %mh mod 7 on B(L)/mL if | =2m;

the form 1 - —L+h mod 7 on B(L)/wL if [ =2m — 1 in Case 2.

Both forms are alternating and bilinear.
(6) Define Z(L) to be the sublattice of L such that Z(L)/w L in Case I or
Z(L)/m B(L) in Case 2 is the radical of

the form Z%q mod2on L/mL if | =2m — 1 in Case I,
the form #q mod2 on B(L)/mB(L) ifl=2m in Case 2.

Both forms are quadratic.

See, e.g., page 813 of [Sah 1960] for the notion of the radical of a quadratic
form on a vector space over a field of characteristic 2.

Remark 2.6. (a) We can associate the 5 lattices (B(L), W (L), X (L), Y (L), Z(L))
above with (A;, k) in place of L. Let B;, W;, X;, Y;, Z; denote the resulting
lattices.

(b) As k-vector spaces, the dimensions of A;/B; and W;/X; are at most 1.

Let L =P, L; be a Jordan splitting. We assign a type to each L; as follows:

parity of i | type of L; | condition
even 1 L; is of parity type 1
even 1° L; is of parity type [ and the rank of L; is odd
even I° L; is of parity type I and the rank of L; is even
even ) L; is of parity type I
odd 1 E / F satisfies Case I or
E/F satisfies Case 2 with A; = B;
odd I E/F satisfies Case 2 and A; 2 B;

In addition, we assign a subtype to L; in the following manner:

parity of i | subtype of L; condition
even bound of type I | L; is of type I and either L;_, or L; is of type 1
even bound of type II | L; is of type II and either L;_; or L;, is of type
odd bound either L;_; or L; is of type I

In all other cases, L; is called free.
Notice that the type of each L; is determined canonically regardless of the choice of a

Jordan splitting.

2D. Sharpened structure theorem for integral hermitian forms. While Theorem 2.2 lets
us work with a restricted set of candidates for each L;, further pruning is facilitated by the
type of each L;. For this, we need a series of lemmas.
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Lemma 2.7 [Jacobowitz 1962, Proposition 9.2]. Let L be a m'-modular lattice of rank 2
withn(L) =n(H (@)). Then L = H (i) in Case 2 with i odd and in Case 1 with i even.

Lemma 2.8 [Jacobowitz 1962, Proposition 4.4]. A w'-modular lattice L has an orthogonal
basis if n(L) = s(L).

Lemma 2.9. Assume that E | F satisfies Case 2.

(1) Let L = A(4a, 258, ) & (2¢) with respect to a basis (ey, e, e3), where ¢ = 1 mod 2.
Then L = H(1) @ (2¢") where ¢’ = 1 mod 2.

(2) Let L = A(4a, 26, ) @ (c) with respect to a basis (e, ez, e3), where ¢ = 1 mod 2.
Then L = H(1) @ (c’) where ¢’ =1 mod 2.

Proof. For (1), we work with the basis (e; — (2am/§)es, ex +e3, (¢ /§)e; + e3) of L. With
respect to this basis, L = A(—4a — 16a%, 2(8+¢), n(14+4a)) ® 2c(1 —4ac/8)). Moreover,
n(A(=4a—16a%,2(8+c), w(1+4a))) =n(H (1)) = (4). Combined with the lemma above,
this completes the proof.

For (2), we note that the sublattice of L spanned by (e;, €2, me3) is isomorphic to
A(4a,?28, ) @ (2¢") where ¢’ =1 mod 2. If we apply (1) to this sublattice by choosing a
basis (e; — (2am/8)ey, ex+mes, (¢'m/8)e; + wes), then A(da, 28, m) B (2¢’) is isomorphic
to H(1) @ (2¢”) where ¢” =1 mod 2. Now the sublattice of L spanned by (e; — (2an/8)e,,
er+mes, L((c'm/8)e,+mes)), which is the same as L, is isomorphic to H (1)@ (—c”/8). O

T

The above lemmas will contribute to the proof of Theorem 2.10 below in the following
manner. For a given Jordan splitting L =P, L; in Case 2, assume that L; is bound of type I.
Theorem 2.2 tells us that there are two different possibilities for L as a hermitian lattice
and if L, = @ H(1) then the conclusion of the as yet unstated Theorem 2.10, for i = 1,
will follow. If Ly = € H(1) & A(4a, 28, ) and either L or L, is of type 1°, then by
Lemma 2.9 and the above paragraph, Lo@ L ® L, = L,® L ® L}, such that L} = P H)
and the types of Ly and L, are the same as those of L{ and L/, respectively. In case
either Ly or L, is of type I¢, say L, is of type I¢, L, = (D H(2)) ® (2a) & (2b) where
a,b=1 mod?2 by Lemma 2.8. Then we use Lemma 2.9 on L; & (2b) to get L & (2b) =
(P H)®2b') withd' =1 mod 2. Thus L @ L, = L} & L, where L) = P H(1) and
the type of L, = (6 H(2)) ® (2a) & (2b') is the same as that of L,. We conclude that
L=Ly®L ®L,® (P, L;) is another Jordan splitting of L and in this case, L} = H(1).
Therefore, if L; is bound of type I in Case 2, then L; can always be replaced by € H(1).
Combined with Theorem 2.2, this yields the following structure theorem:

Theorem 2.10. There exists a suitable choice of a Jordan splitting of the given lattice

L=, L; such that L; = @, H, ® K, where each H, = H(i) and K is &' -modular of
rank 1 or 2, with the following descriptions. Leti =0 ori = 1. Then

(a) In Case 1,

(a) wherea=1mod2 ifi =0and Ly is of type 1°;
A(1,2b,1) ifi =0and Ly is of type I°;
H(0) ifi =0and Ly is of type II;
A2,2b, 1) ifi =1.
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(b) In Case 2,

(a) wherea=1mod2 ifi =0and Ly is of type 1°;

A(1,2b,1) ifi =0and Ly is of type 1,
K =1{A(24,2b,1) ifi =0and Ly is of type I ;
A(4a, 26, ) ifi =1and L, is free of type I;
H(1) ifi =1, and L, is bound of type I or of type II .

Here,a,b € A and 8, w are explained in Section 2A.
From now on, the pair (L, h) is fixed throughout this paper.

Remark 2.11. Working with a basis furnished by Theorem 2.10, we can describe our
lattices A; through Z; more explicitly. We use the following conventions. Let £; denote
@B, 7™~/ L;. Further, the @, H; will be denoted by #;. Theorem 2.10 involves a
basis for a lattice K, which we will write as {ei’) , eg)} according to the ordering contained
therein. For all cases, wehave A, =L, ®L; and X; =L, ®nL;.

In order to write W;, we should first find the vector e € A; / X; explained in the paragraph
right after the definition of B(L) in Section 2C. In order to simplify notations, let us work
with one example. Assume that (eq, e;, €3, e4) is a B-basis of L with respect to which % is

represented by the matrix

0
0
1
1

N o= OO

1
0
0
0

(==

So L (=Ly=Ayp) is of type I and our basis is as explained in Theorem 2.10. Now, in order
to find Wy, we should find the vector e € L/ L explained in Section 2C (after the definition
of B(L)). If v = (x, y, z, w) is a vector in L/m L, then h(v, v) mod = = z2. On the other
hand, if e = (0,0,0, 1) € L/m L, then (h(v, ¢))? mod 7 = z2. Therefore, by uniqueness of
the vector e, (0,0, 0, 1) € L/m L is the vector e we are looking for.

Since W, is the sublattice of L such that Wy/Xo = Wy /m L is the subspace of L/ L
spanned by the vector e, Wy is spanned by (e, me,, mes, e4), and it is easy to see that B
is spanned by (ey, €2, wes, e4).

To describe all lattices, it is good to start with the matrix of our fixed hermitian form A
with respect to a basis furnished by Theorem 2.10.

Case 1, i even: For type I, e = (0,---,0, 1) € A;/X;. The following table describes the
lattices:

Type B; Wi Y;
° Li®H; @ (m)el’ Li®n-H ® Be X;
I° LioH; @ me ®Bey Lidn-H ®me @Be) W,
i A; X; X;
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Case 1, i odd. We have B; = A;, W; = X;, and Y; is not defined. Also, Z; is a sublattice of
A; and so we should have congruence conditions for L ;. Namely,

Zi — @ nmax{O,i—j}Lj @JTL,‘ ® @ n,max{O,i—j}(ij e BE;j))
JIIUE jeE

® {an‘”‘{o’i—” -aje’ | foreach a; € B, Zaj € (n)}.
je& je&

Here, £ ={je{i—1,i+1}|L; is of type I} and the eéj) factor should be ignored for those
J € € such that L is of type I°.

The following example would be helpful to have a better understanding of the notions
of “bound” and “free” and of the notion of type when i is odd. Let L = L, @ L, =
A(0,0, ) @ (2), so that L is bound of type I (since A; # Bj) and L, is free of type 1.

Case 2, i even. The B;, W;, and Y; are exactly as in the table given for Case 1. The lattice
Z; is alittle complicated. Note that when L; is of type I or bound of type II, the dimension
of Y;/Z; as a k-vector space is 1. We describe it case by case below.

e Let& ={je{i—2,i+2}|L;isoftype I}. If L; is of type I so that L;_; and L;,

are bound,
Z; = @ nmax{O,i—j}Lj ® @ n,max{O.i—j}(/Hj ® Be;j)) @ H,
jeliik2) jeli®2}
@{(an”"‘{o’ij} -ajegj)) + (7 -aiel” +b-bed)|
je&’
foreacha; € B, (Zaj) +a;+b-b e (n)},
je&’

where the e;j ) (resp. eg) ) factor should be ignored for those j € {i &2} (resp. i) such
that L; (resp. L;) is not of type 7¢, and b € B is such that L; = 7'/ (#; ® A(1, 2b, 1))
when L; is of type I°.

o If L; is free of type II (so that all of L;4, and L, are of type II), then Z; = X;.

« If L; is bound of type /I, then with & = {j € {i — 1,7 + 1} | L; is free of type /} and
E={jef{i—2,i+2}|Ljisof type I}, we have

Zi — @ nmaX{O,i—j]Lj D 7TL,'
Jliitl,it2)
® @ nmax{O,i—j}(rHj D Be(lj)) fay @ nmax{O,i—j}(ij oy Be;j))
jelixl) jeli+2)
@{ (anax{o,i—j} 'ajeéj)> + <Z 7 max{0.i—j} 'ajeij))|
JEEY Jj€&
foreach a; € B, ( Z aj) € (n)}.
jeEUéEy

For example, ifi + 1€ &, theni +2¢ &. Andifi +2 €&, theni +1 ¢ ¢&;.
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Case 2, i odd. In this case, W; = X; and Z; is not defined.

Type B; Y;

free of type I Li®H; ®Be) ®(m)ey L ®nH; ® Bel” @ (7)ey
bound of type 1 see below see below

type 11 A,‘ X,'

When L; is bound of type I, the dimension of A;/B; as k-spaces is 1.
Bi — @ 7_[max{O,i—j}Lj ® Li e @nmax{o,i—j}(%‘j D Beéj))

JR{IUE je&
® {Z”ma"{o’i_” -aje\ | foreach a; € B, Y ajey,
je& je&
Y, = @ n,max{O,ifj}Lj oL ® @nmaX{O,ifj}(Hj ® Beéj))
JEIIVE je€&
® {Z”max{o'ij} ~aje§j) | for each a; € B, Zaj e(m)yt.
je& je&

Here,E={jef{i—1,i+1}|L;isof type I}.

3. The construction of the smooth model

Let G’ be the naive integral model of the unitary group U (V, h), where V = L @4 F, such
that for any commutative A-algebra R,

G'(R) = Autgg,r(L ®4 R, h®4R).

The scheme G’ is then an (possibly nonsmooth) affine group scheme over A with smooth
generic fiber U (V, h). Then by Proposition 3.7 in [Gan and Yu 2000], there exists a unique
smooth integral model, denoted by G, with generic fiber U (V, h), characterized by

G(R)=G'(R)

for any étale A-algebra R. Note that every étale A-algebra is a finite product of finite
unramified extensions of A. This section, Section 4 and Appendix A are devoted to gaining
an explicit knowledge of the smooth integral model G in Case I, which will be used in
Section 5 to compute the local density of (L, &) (again, in Case ). For a detailed exposition
of the relation between the local density of (L, h) and G, see [Gan and Yu 2000, Section 3].

In this section, we give an explicit construction of the smooth integral model G when
E/F satisfies Case 1. The construction of G is based on that of Section 5 in [Gan and
Yu 2000] and Section 3 in [Cho 2015a]. Since the functor R — G(R) restricted to étale
A-algebras R determines G, we first list out some properties that are satisfied by each
element of G(R) = G'(R).

We choose an element g € G(R) for an étale A-algebra R. Then g is an element of
Autpg,r(L ®4 R, h ®4 R). Here we consider Autgg,r(L @4 R, h @4 R) as a subgroup
of Resg,r GLE(V)(F ®4 R). To ease the notation, we say g € Autpg r(L @4 R, h ®4R)
stabilizes a lattice M C V if g(M ®4R) = M @4 R.
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3A. Main construction. Let R be an étale A-algebra. In this subsection, as mentioned
above, we observe properties of elements of Autgg,r(L ®4 R, h ® 4 R) and their matrix
interpretations. We choose a Jordan splitting L = €, L; and a basis of L as explained in
Theorem 2.10 and Remark 2.3(a). Let n; =rankgL;, and n =rankg L = ) n;. Assume that
n; =0unless 0 <i < N. Let g be an element of Autgg,r(L ®4 R, h @4 R). We always
divide a matrix g of size n x n into N2 blocks such that the block in position (i, j) is of size
n; x n ;. For simplicity, the row and column numbering starts at O rather than 1.

(1) First of all, g stabilizes A; for every integer i. In terms of matrices, this fact means
that the (i, j)-block has entries in 7™*{*/=1) B @ , R. From now on, we write

g= (n,max{().j—i}gi i) .
(2) The element g stabilizes A;, B;, W;, X; and induces the identity on A;/B; and W,/ X;.
We also interpret these facts in terms of matrices as described below:
(a) If i is odd or L; is of type II, then A; = B; and W; = X; and so there is no

contribution.
(b) If L; is of type 1°, the diagonal (i, i)-block g; ; is of the form

(Si Vi )eGLn.(B®AR),
wv; 14+mzy; !

where s; is an (n; — 1) x (n; — 1)-matrix, etc.
(c) If L; is of type I, the diagonal (i, i)-block g; ; is of the form

Si i e
TY; 1+7'[xi TTZi eGLni(B ®AR)7
V; u; 1 +mw;

where s; is an (n; — 2) x (n; — 2)-matrix, etc.

3B. Construction of M. We define a functor from the category of commutative flat A-
algebras to the category of monoids as follows. For any commutative flat A-algebra R, let

M(R) C {m € Endpg r(L ®4R)}
to be the set of m € Endpg ,r (L ®4 R) satisfying the following conditions:
(1) m stabilizes A; @A R, Bi @4 R, W; 4R, X; ®4 R for all i.
(2) m induces the identity on A; @4 R/B; @4 R, W; @4 R/ X; ®4 R for all i.

Remark 3.1. We give another description for the functor M and using this, we show
that it is represented by a polynomial ring. Let us define a functor from the category of
commutative flat A-algebras to the category of rings as follows:

For any commutative flat A-algebra R, define

M'(R) C {m € Endpg,r(L ®4R)}
to be the set of m € Endpg ,r (L ®4 R) satisfying the following conditions:
(1) m stabilizes A; 4R, Bi @4 R, W; 4R, X; ®4 R for all i.
(2) mmaps A; @4 R, W; @4 R into B; @4 R, X; ®4 R, respectively.
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Then, by Lemma 3.1 of [Cho 2015a], M’ is represented by a unique flat A-algebra A(M")
which is a polynomial ring over A of 2n? variables. Moreover, it is easy to see that M’ has
the structure of a scheme of rings since M’(R) is closed under addition and multiplication.

We consider a scheme Resg,4 Endg (L) such that the associated set to a commutative
flat A-algebra R is Endgg (L ®4 R). Indeed, Resp,4 Endg (L) is a group scheme under
addition. But at this moment, we consider it as a scheme of sets so as to embed M
into this. Let us consider both M and M’ as functors from the category of commutative
flat A-algebras to the category of sets. Then they are subfunctors of Resg,4 Endg(L).
Furthermore, the functor M (viewed as valued in sets) is the same as the functor 1 + M’,
where (14+M')(R) ={14+m :m € M'(R)}. Here, the set Endgg ,r (L ®4 R) has an obvious
additive structure and the addition in the description of (1 4+ M’)(R) comes from this.

Therefore, M and M’ are equivalent, as subfunctors of Resg/4 Endg(L). This fact
induces that the functor M is also represented by a unique flat A-algebra A[M] which is a
polynomial ring over A of 2n? variables. Moreover, it is easy to see that M has the structure
of a scheme of monoids since M (R) is closed under multiplication.

We can therefore now talk of M (R) for any (not necessarily flat) A-algebra R. However,
for a general R, the above description for M (R) will no longer be true. For such R, we use
our chosen basis of L to write each element of M (R) formally. We describe each element of
M (R) as a formal matrix (nma"{o’j”’}mi.j). Here, m; j, when i # j,is an (n; x n;)-matrix
with entries in B ® 4 R and

( Si i ) if i is even and L; is of type 1°;
v, 14wz
M = Si ri ;i
o Ty, l+mx;, 7wz if i is even and L; is of type I¢;
V; U; 14+ 7w;
m; i otherwise, i.e., if L; is of type II.

Here, s; is an (n; — 1 x n; — 1)-matrix (resp. (n; —2 x n; — 2)-matrix) with entries in B @4 R
if L; of type I (resp. of type 1°) and y;, v;, z;, i, t;, Vi, Xi, U;, w; are matrices of suitable
sizes with entries in B ® 4 R. Similarly, if L; is of type II, then m; ; is an (n; X n;)-matrix
with entries in B ® 4 R. To simplify notation, each element

((my, )iz (M), of type 1> (Sis Vi Vis Zi)L; of type 195 (Sis Uiy Zis Fis By Vi Xiy Wiy Wi)L; of type 19)-
of M(R) is denoted by (m; ;, s; - - - w;).

In the next section, we need a description of an element of M (R) and its multiplication
for a k-algebra R. In order to prepare for this, we describe the multiplication explicitly only

for a k-algebra R. To multiply (m; ;, s; - - - w;) and (m] ;, s; - - - w}), we form the matrices

m = (gm0, ;) and m' = (x™*0J ) ) with s; - w; and s] - - - w] and write the
formal matrix product (7™ ~m; ;) - (m™XOI =V ) = (™I} ) with
$ wg
o ' if i is even and L; is of type 17;
7v] 14+mz;
T N
ny! 1+nx]! wz! if i is even and L; is of type I°¢.

T O R
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Let (m} S w!) be formed by letting 7 2 be zero in each entry of (ml
Then each matrlx of (m, oS -~ w!) has entries in B ®4 R and so (m
element of M (R) and is the product of (m; j, s; ---w;) and (m;

(1) Ifi # jorifi = jand L; is of type 11,

N
m;/j — § :n,(max{O,kft}+max{0,]7k}7max{0,jfz})
k=1

// /4

oS w).
AN

i s/ w!) is an

i s;---w;). More precnsely,

[
mi my s

. " b//
! /
(2) For L; of type I1°, we write M- 1My My = (L,, d,,) and m; ;_om)_ 2t
~I //

= (a ) where ;" and a; are (n; — 1) x (n; — 1)-matrices, etc. Then

ml l+2m C~// d”

i+2,i
s/ =s;s! +mal;
v =58y +yi+b +w(viz; +b]);
v =v;s] + v} + ¢ + 7w (ziv) +¢));
7 =zi+z;+d +w(ziz; + vy +d).
(3) When L; is of type ¢, we write

’ / _ "oon ”
Mijam_y;+miim ;=\ d e f

" " 4
g hi ki

and .
~I 4 ~I
a b ¢
/ / 1 =~/ 4
MijoM;_p;+mijom; ;= \d & [
~ioTn L
& hi ki

where g/’ and a;’ are (n; —2) x (n; — 2)-matrices, etc. Then

s/ = sisi + @y, + v +al);

l

v = sirl +ri +w(rix] + tul +b));

1

1 = sit] + 1zl + i+ Frtw; + )

V= yis{ v av+d w4 d));

x!' = x;+xl+zu +yir el +mw(xixl +e);

= zi4z+ f A r it xiz) +uw) 4 f):
! = vis{ v+ (uy] +wiv; +g);
V= wui+ul +vir] +w(uix] + winl + h);

W) = w; +w] +vit] +u; 2, + k! + 7 (ww) + &)

< <
I

Remark 3.2. We let d be the determinant homomorphism on the algebraic monoid
Resg/4 Endp(L). We consider the inclusion

t: M — Resp/4 Endg(L)

between functors of sets on the category of commutative flat A-algebras. Note that this
inclusion is a morphism of schemes by Yoneda’s lemma since M is flat over A. It is not
an immersion as schemes since the special fiber of M is no longer embedded into that
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of Resp/4 Endp(L). For a commutative flat A-algebra R, the multiplication on M (R) is
induced from that on Resg,4 Endg (L) (R) under ¢. Thus the morphism ¢ is a morphism of
monoid schemes.

We consider d as the restriction of the determinant homomorphism under (. Then
Spec(A[M]y) is an open subscheme of M, where A[M ], is the localization of the ring A[M]
at d. Note that Spec(A[M]4)(R), the set of R-points of Spec(A[M],) for a commutative
A-algebra R, is characterized by

{m € M(R) : there exists i’ € Endpg ,r(L ®4 R) such that tg(m) -’ =m’ - 1g(m) = 1}.

Here, 1z : M(R) — Resp;4 Endg(L)(R) is a morphism of monoids induced by ¢. It is easy
to see that the above set Spec(A[M],)(R) is a monoid, and hence Spec(A[M],) is a scheme
of monoids.

We define a functor M* from the category of commutative A-algebras to the category
of groups as follows. For a commutative A-algebra R, set

M*(R) ={m € M(R) : there exists m’ € M(R) suchthatm -m' =m’' -m = 1}.

We claim that M* is representable by Spec(A[M];). For any commutative A-algebra R,
the inclusion M*(R) C Spec(A[M],)(R) is obvious.

In order to show Spec(A[M1;)(R) € M*(R), we first prove that i’ (€ Endpg ,r (L®4R))
associated to m € M (R) is an element of M (R) for every flat A-algebra R. To verify this
statement, it suffices to show that /' satisfies conditions (1) and (2) defining M. This follows
from the following fact: if L’ is a sublattice of L and m is an element of Spec(A[M],)(R)
for a flat A-algebra R which stabilizes L' ® 4 R, then L’ ® 4 R is stabilized by m’ as well.
This can be easily proved as in Lemma 3.2 of [Cho 2015a] and so we skip the proof.
Thus M*(R) is the same as Spec(A[M],)(R) for a flat A-algebra R. In order to show
M*(R) = Spec(A[M],)(R) for any commutative A-algebra R, we consider the following
well-defined map, for any flat A-algebra R:

Spec(A[M]a)(R) — Spec(A[M]4)(R) x Spec(A[M]a)(R)

m— (m,m).

Since Spec(A[M],) is flat, this map is represented by a morphism of schemes by Yoneda’s
lemma. On the other hand, since Spec(A[M];) is a scheme of monoids, the map

Spec(A[M]4)(R) x Spec(A[M]a)(R) — Spec(A[M]4)(R)
(m, m") = mm’

is represented by a morphism of schemes. We consider the composite of these two mor-
phisms. It is the constant map (at the identity) at least at the level of R-points, for a flat
A-algebra R. To show that the composite is the constant morphism of schemes (at the
identity), it suffices to show that it is uniquely determined at the level of R-points, for a flat
A-algebra R. Note that Spec(A[M],) is an irreducible smooth affine scheme. We consider
the open subscheme of Spec(A[M],;) which is the complement of the closed subscheme
of Spec(A[M],) determined by the prime ideal (2). This open subscheme of Spec(A[M ;)
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is then nonempty and dense since Spec(A[M],) is reduced and irreducible. Furthermore,
all R-points of Spec(A[M],), for a flat A-algebra R, factor through this open subscheme.
Since a morphism of schemes is continuous, the above composite is uniquely determined
at the level of R-points, for a flat A-algebra R.

Thus, the inverse of m € Spec(A[M]4)(R), for any commutative A-algebra R, is also
contained in Spec(A[M],)(R) € M(R). This fact implies M*(R) 2 Spec(A[M]4)(R).
Consequently, for any commutative A-algebra R, we have

M (R) = Spec(A[M]a)(R).

Therefore, we conclude that M* is an open subscheme of M (since M* = Spec(A[M],),
which is an open subscheme of M), with generic fiber M* = Resg,r GLg(V), and that M*
is smooth over A. Moreover, M* is a group scheme since M is a scheme in monoids.

3C. Construction of H. Recall that the pair (L, h) is fixed throughout this paper and the
lattices A;, B;, W;, X; only depend on the hermitian pair (L, &). For any flat A-algebra R,
let H(R) be the set of hermitian forms f on L ® 4 R (with values in B ® 4 R) such that f
satisfies the following conditions:

@ f(L@sR,Ai®4+R) CT'B®4R foralli.

(b) €7 f(ai,a;) mod2 =& " h(a;, a;) mod 2, where a; € A; ®4 R, and i =2m.

(c) #f(a,-, w;) = #h(ai, w;) mod ;r, where a; € A; ®4 R and w; € W; ®4 R, and i =2m.

We interpret the above conditions in terms of matrices. The matrix forms are taken

with respect to the basis of L fixed in Theorem 2.10 and Remark 2.3(a). A matrix form
of the given hermitian form # is described in Remark 3.3(1) below. We use o to mean the

automorphism of B ®4 R givenby b @ r — o (b) ® r. For a flat A-algebra R, H(R) is the
set of hermitian matrices

(nmax{i’j}fi,j)
of size n x n satisfying the following:
(1) fijisan (n; x nj)-matrix with entries in B ®4 R.

(2) Ifi is even and L; is of type ¢, then 7' f; ; is of the form

Si/z a; ﬂbi
o(mw-'b;) 14+2¢)"°

Here, the diagonal entries of @; are divisible by 2, where g; is an (n; — 1) x (n; — 1)-
matrix with entries in B ® 4 R, etc.

(3) Ifiiseven and L; is of type I¢, then 7' f;; is of the form
a; b,’ we;

e o(by) 1+2f 147d
o(m-'e;) o(l+nd) 2

Here, the diagonal entries of a; are divisible by 2, where g; is an (n; —2) x (n; —2)-
matrix with entries in B ® 4 R, etc.
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(4) Assume that L; is of type II. The diagonal entries of f;; (resp. mf; ;) are divisible by
2 if i is even (resp. odd).

(5) Since (w™*{J} f; ;) is a hermitian matrix, its diagonal entries are fixed by the nontrivial
Galois action over E/F and hence belong to R.

Let us consider the hermitian functor from the category of commutative flat A-algebras
to the category of sets such that the associated set to R is the set of hermitian forms f on
L ®4 R (with values in B ®4 R). Indeed, this functor is represented by a commutative
group scheme since it is closed under addition. Then H is a subfunctor of the hermitian
functor. We consider another functor H' such that H'(R) = {f —h : f € H(R)}. Note that
h is the fixed hermitian form and the notion of f — A follows from the additive structure of
the hermitian functor. For a matrix interpretation of /2, we refer to Remark 3.3(1) below.

Then by Lemma 3.1 of [Cho 2015a], H’ is represented by a flat A-scheme which is
isomorphic to an affine space. Since H and H’ are equivalent as subfunctors of the hermitian
functor, the functor H is also represented by a flat A-scheme which is isomorphic to an
affine space.

To compute the dimension of H, we see that each entry of the upper triangular matrix of
an element of H (R), for a flat A-algebra R, gives two variables and each diagonal entry gives
one variable. Furthermore, each lower triangular entry of the matrix representing an element
of H(R) is completely determined by the corresponding upper triangular entry. Thus the
dimension of H is 2-n(n —1)/24n = n?. This is also the same as 2n> —dim U (V, h) = n>.

Now suppose that R is any (not necessarily flat) A-algebra. Recall that € is a unit in B
such that 0 (r) = em and (¢ — 1)/ is aunitin B. We alsouse e tomean € ® 1 in B ®4 R.
We again use o to mean the automorphism of B ®4 R given by b @ r = o(b) @ r. By
choosing a B-basis of L as explained in Theorem 2.10 and Remark 2.3(a), we describe each
element of H(R) formally as a matrix (7 ™/} f; ;) with the following:

(1) Wheni # j, f; j isan (n; xn ;)-matrix with entries in B® 4R and ™o ('f; ) = f; ;.

(2) Assume thati = j is even. Then

. a; JTb,' . . 0
gir2 (Mn by 1 +2C.> if L; is of type 17
a; bi e;

LA TR e
£ o(by) 1+2f; 14mnd if L; is of type 1°;

o(m-'ey) o(l+nd) 2
£12q, if L; is of type II.

Here, a; is a formal (n; — 1 x n; — 1)-matrix (resp. (n; —2 x n; —2)-matrix or (n; X n;)-
matrix) when L; is of type I (resp. of type I° or of type II). Nondiagonal entries of
a; are in B ® 4 R and the j-th diagonal entry of g; is of the form 2xij with xij €R. In
addition, for nondiagonal entries of a;, we have the relation o ("a;) = a;. And b;, d;, e;
are matrices of suitable sizes with entries in B ® 4 R and ¢;, f; are elements in R.

(3) Assume thati = j is odd. Then

n'fi=§"" na,
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where q; is a formal (n; x n;)-matrix. Here, nondiagonal entries of @; are in B ® 4 R
and the j-th diagonal entry of ¢; is of the form exx; with x{ € R. In addition, for
nondiagonal entries of a;, we have the relation € - o ('a;) = a;.

To simplify notation, each element

((fi)i<js @iy X1, of type s @iy X7 biy €L of type 195 (@iy X7, biy Civ diy €iy [ L; of type 1¢)
of H(R) is denoted by (fi j,a;--- fi).

Remark 3.3. (1) Note that the given hermitian form £ is an element of H (A). We represent
the given hermitian form / by a hermitian matrix (ni ~hi) whose (i, i)-block is 7' - h; for
all i, and all of whose remaining blocks are 0. Then:

(a) If i is even and L; is of type I°, then 7’ - h; has the following form (with y; € A):
01
10
01
10

1+2)/,'

Ei/z

(b) If i is even and L; is of type I¢, then 7’ - i; has the following form (with y; € A):
01
10

Ei/2

Y
—_ O
O =
N

1 1
L 2y

(c) Ifi is even and L; is of type II, then m - h; has the following form:
01
10
01
10

(d) Ifiis odd, then 7’ - h; has the following form (with y; € A):

0 =
o(m) 0

si/z

;’;(i—l)/z

0 =
(a(n) O)
2 7w
<0(ﬂ) 2%)
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(2) Let R be a k-algebra. We also denote by 4 the element of H (R) which is the image of
h € H(A) under the natural map from H(A) to H(R). Recall that we denote each element
of H(R) by (f; j,a;--- fi). Then the tuple (f; ;, a; - -- f;) denoting h € H(R) is defined
by the conditions:
(a) Ifi # j, then f; ; =0.
(b) Ifi is even, then
01
10
a; = , thusxij=0,
01
10
bi=0,d;=0,e; =0, f; =0,c;i = ¥.

Here, y; € « is the reduction of y; mod 2.

(c) Ifi is odd, then
01
€0

ai = 01
(¢ o)
m-é¢ 1
(5 ﬂ'éé_'fz)

Here, € is the reduction of € mod 2, not mod 7, so that € is an element of B ®4 R. In
addition, ¢ €k is the reduction of £ mod 2, where ¢ € A is the unit satisfying 2 =& -¢.
Thus, x/ =0 forall 1 < j <n; —2and x* "' = and x" = 7.

3D. The smooth affine group scheme G.

Theorem 3.4. For any flat A-algebra R, the group M*(R) acts on H(R) on the right by
fom=o(m)- f-m. This action is represented by an action morphism

HxM"— H.

Proof. We start with any m € M*(R) and f € H(R). In order to show that M*(R) acts
on the right of H(R) by f om = o('m) - f - m, it suffices to show that f om satisfies
conditions (a) to (c) given in Section 3C. Since elements of M (R) preserve L ®4 R and
A; ®4 R, f om satisfies condition (a). That f om satisfies condition (b) follows from the
fact that m stabilizes A; and B; and induces the identity on A;/B;.

For condition (¢), it suffices to show that #f(ma,-, mw;) = #f(ai, w;) mod . We
denote ma; = a; +b; and mw; = w; +x;, where b; € B; ® 4R, x; € X; ® 4R. Hence it suffices
to show = f(a; + bi, xi) + 25 f (bi, wi) mod 7w = 0. Firstly, & f(a; + b;, x;) mod 7 =0
due to the definition of the lattice X;. Secondly, if B; & A;, then # f(bi,w;)) modmr =0
because % f (b;, w;) = - h(b;, w;) modx and (§ " h(bi, e))* =& "h(bi, bj)=0 mod ,
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where e is the unique vector chosen earlier. If B; = A;, then W; = X; and thus # f(bi, wy)
mod 7 = 0.

We now show that this action of the group M*(R) on the right of H(R) is represented by
an action morphism of schemes. We observe that the action map H(R) Xx M*(R) — H(R),
(f, m)+— o ('m)- f-m is given by polynomials over A. Thus it induces a ring homomorphism
over A from the coordinate ring of H to the coordinate ring of H x M*, which accordingly
induces a morphism from H x M* to H such that the action map induced by this morphism at
the level of R-points, for a flat A-algebra R, is the same as the action given in the theorem. [J

Remark 3.5. Let R be a x-algebra. We explain the above action morphism in terms of
R-points. Choose an element (m; ;, s; - - - w;) in M*(R) as explained in Section 3B and
express this element formally as a matrix m = (nma"{o*j ~Im i,j)- We also choose an element
(fi.j.ai -+ f;) of H(R) and express this element formally as a matrix f = (z™>J} £, ;)
as explained in Section 3C.

We then compute the formal matrix product o (‘m) - f - m and denote it by the formal

matrix (nma*{i'j } f/ j) with (f/ I a--- fl/ ). Here, the description of the formal matrix

(n,max{i,j}fi/j) with (ﬁfj, a - ]Fl/) is as explained in Section 3C.
) V\ie now let 72 be zero in each entry of the formal matrices ( fl/ j),»< i () L; of type 15
(b}, d}, €})p, of type 1¢ and in each nondiagonal entry of the formal matrix (a;). Then these en-
tries are elements in B®4R. We also let 772 be zero in ()Ei’)’, (€1 oftype 195 (S5 €D L; of type 1¢-
Note that (¥/)’ is a diagonal entry of a formal matrix a/. Then these entries are elements in R.
Let (]‘ifj, a; - -- f{) be the reduction of (fl.fj, a;--- f!) as explained above, i.e., by letting
7% be zero in the entries of formal matrices as described above. Then (f/;, a; - - - f/) is an
element of H(R) and the composition (f; ;, a; - - fi) o (m; j, s; - - - w;) is (fifj, a,--- f).
We can also write (jfifj, a;--- f{) explicitly in terms of (f; ;, a; - - - fi) and (m; j, 8; - - - w;)
like the product of (m; ;, s; - - - w;) and (m;’j, s} ---w;}) explained in Section 3B. However,
this is complicated and we do not use it in this generality. On the other hand, we explicitly
calculate (f; j, a;--- fi)o(m;j,s;---w;) when (f; j, a; --- f;) is the given hermitian form
h and (m; ;, s; - - - w;) satisfies certain conditions on each block. This explicit calculation

will be done in Appendix A.

Theorem 3.6. Let p be the morphism M* — H defined by p(m) = hom, which is induced by
the action morphism of Theorem 3.4. Then p is smooth of relative dimension dim U (V, h).

Proof. The theorem follows from Lemma 5.5.1 of [Gan and Yu 2000] and the following
lemma. .

Lemma 3.7. The morphism p @ k : M* @ k — H ® k is smooth of relative dimension
dim U(V, h).

Proof. The proof is based on Lemma 5.5.2 in [Gan and Yu 2000]. It is enough to check the
statement over the algebraic closure i of «. By [Hartshorne 1977, Proposition I11.10.4], it
suffices to show that, for any m € M™*(k), the induced map on the Zariski tangent space
Pem  Tn = Ty 1s surjective.
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We define the two functors from the category of commutative flat A-algebras to the
category of abelian groups as follows:

Ti(R)={m—1:m e M(R)},
L(R)={f—h:feHR)).

The functor 7} (resp. T3) is representable by a flat A-algebra which is a polynomial ring
over A of 2n? (resp. n?) variables by Lemma 3.1 of [Cho 2015a]. Moreover, each of them
is represented by a commutative group scheme since they are closed under addition. In
fact, T} is the same as the functor M’ in Remark 3.1 and 7> is the same as the functor H' in
Section 3C.

We still need to introduce another functor on flat A-algebras. Define T5(R) to be the set
of all (n x n)-matrices y over B ® 4 R satisfying the following conditions:

(a) The (i, j)-block of y has entries in 7™*{-/} B ® 4 R so that
y = (nmax{i,j}yi'j) .
Here, the size of y; j isn; x n;.

(b) Ifiiseven and L; is of type I°, then y; ; is of the form

(Si nyi) € M, (B®4R)
TV TTZ;

where s; is an (n; — 1) x (n; — 1)-matrix, etc.

(c) Ifiisevenand L, is of type /¢, then y;; is of the form

S; ri Tt
yi Xxi 7wz | €M, (B®aR)
TV, TUu; TwW;

where s; is an (n; — 2) x (n; — 2)-matrix, etc.

The functor T3 is represented by a flat A-scheme which is isomorphic to an affine space by
Lemma 3.1 of [Cho 2015a]. Moreover it is represented by a commutative group scheme
since it is closed under addition. So far, we have defined three functors 7, 7>, T3 and these
are represented by schemes. Therefore, we can talk about their «-points.

We now compute the map p, ,, explicitly. We first describe an element of the tangent
space T,,. Since M* is an open subscheme of M, the tangent space 7,, may and shall be
identified with the set of elements of M (i [€]/(e?)) whose reduction to M (i) induced by
the obvious map i [€]/(€?) — i is m, by considering m as an element of M (k). Recall
from Remark 3.1 that we defined the functor M’ such that (1 + M’)(R) = M(R) inside
Endpg,r (L ®4 R) for a flat A-algebra R. Thus there is an isomorphism of schemes (as set
valued functors)

I+:M — M.

Let m’ be an element of M’(i) which maps to m under the morphism 1+ at the level of
ic-points. Then each element of the tangent space of M’ at m’ is of the form m’ +€X €
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M'(ik[€]/(€?)) for X € M'(k). We denote by m + X the image of m’ + €X under the
morphism 1+ at the level of k[e]/ (62)-p0ints. Thus we can express an element of 7,
formally as m + € X where X € M'(i). Similarly, an element of 7}, can be expressed
formally as p(m) + €Y where Y € H'(i), by using an isomorphism of schemes (as set
valued functors)

h+:H — H.

Here, H' is defined in Section 3C.

Before observing the image of m + € X under the morphism p at the level of k[€]/(€?)-
points, we lift m 4+ € X to an element of M(R[e]/(ez)) as follows, where R is a local A-
algebra whose residue field is ic. Let m’ € M’ (R) (resp. Xe M’ (R)) be alift of m’ (resp. X)
so that 77’ 4+ €X € M'(R[e]/(€?)) is alift of m’' +€X € M'(i[€]/(€?)). Let i € M(R) be
the image of 7’ under the morphism 1+. Then m + X is an element of A_d(R[e]/(ez))
whose reduction to M (k [e]/(ez)) induced by the map R[e]/(ez) — E[e]/(ez) ism-+eX.
Here, the addition in 72 + € X is the addition inside Endgg ,gierj2) (L ®a R[€]/(€?)) since
R[e]/ (€?) is flat over A (cf. Remark 3.1). This is illustrated in the following commutative
diagrams:

M'(R[€]/(€))) —— M(RI€]/(e2))

J l

M'(&@[€]/(e2)) —— M(k[e]/(€?)

i+ eX — m+eX

]

m+eXr——m+eX

Note that the proof of Theorem 3.4 also gives the existence of the morphism H x M — H,
defined by (f,m) — fom =o(m)- f-m, where f € H(R) and m € M(R) for a flat
A-algebra R. This morphism induces the morphism M — H with m +— h o m whose
reduction to M* is the same as p. Thus the above morphism M — H can also be denoted
by p. We can now talk about the image of m + €X under the morphism p at the level of
R[e]/(ez)-points. Since R[e]/(ez) is a flat A-algebra, the image of m + €X comes from a
usual matrix product

oci+eX) h-(m+eX)=c() -h-m+elc@m) -h-X+o(X) -h-m). (3-1)

Thus the image of m 4 € X under the morphism p at the level of k[e]/(e?)-points is the
reduction of o ()" - h -+ €(o (i) -h- X +0(X) - h-m) to H(k[e]/(€2)). It is obvious
that p(m) (€ H(k)) is the reduction of o (m)" - h -m (€ H(R)) since m is a lift of m and
p is a morphism of schemes. To observe the reduction of o ()" - h - X + U(i)’ -h-m
(e H'(R)) to H'(k), we consider a morphism M x H' — H’ such that (i, X) maps to
(i) -h-X+0(X) - h-im, where (i, X) € M(R) x H'(R) for a flat A-algebra R. To
show that this map is well-defined, we need to show that o (i)' - h - X+ a(f)’ -h-mis an



Group schemes and densities of ramified hermitian lattices, | 477

element of H'(R). This can be easily shown by considering the morphism of tangent spaces
induced from p at m € M(R) (cf. Equation (3-1)). Since this morphism is representable,
we can denote by o (m)' -h - X +o(X)' - h-m (€ H'(k)) the reduction of o (m)" - h -
X + a()?)’ -h-m (¢ H(R)) to H'(k). Then the image of m + €X is a formal sum
p(m)+e(o(m) -h-X+0(X) -h-m) (€ H(k[€]/(€))).

Thus if we identify T}, with T (k) and T}, with T>(k), then

Ps,m - Tm g Tp(m)
X—om)' -h-X+o(X) -h-m.

We explain how to compute X +> o (m)" - h- X + o (X)" - h - m explicitly. Recall that
for a «-algebra R, we denote an element m of M(R) by (m; ;, s; ---w;) with a formal
matrix interpretation m = (w™%/=1m,; ;) (cf. Section 3B) and we denote an element
f of H(R) by (fi.j,a;--- f;) with a formal matrix interpretation f = (z™>-J f; ;) (cf.
Section 3C). Similarly, we can also denote an element X of Ti(k) by (m] I sieeow?)
with a formal matrix interpretation X = (rrmax{0.j—i }m;’ j) and an element Z of T5(k) by
(fl;,a--- f) with a formal matrix interpretation Z = (x™*"/} f/ ). Then we formally
compute X +—> o(m') -h- X 4+ o(X")-h-m and consider the reduction of the formal
matrix o (m') -h- X + o (X") - h-m in a manner similar to that of the reduction explained in
Remark 3.5. We denote this reduction by (f";, a;’ - - - f{") with a formal matrix interpretation
(MBI gy, This (ff';, af' - - f/') may and shall be identified with an element of 75 (k)
in the manner just described. Then p, ,, (X) is the element Z = (fl/”j, al--- ") of Tr(i).

To prove the surjectivity of o, ,, : T1 (k) — T2 (k), it suffices to show the following three

statements:
(1) X +— h- X defines a bijection T} (k) — T3(k);
(2) forany m € M*(k), Y + o (‘m) - Y defines a bijection from T3 (k) to itself;
(3) Y+ o ('Y) + Y defines a surjection T5(k) — T»(ic).

Here, all the above maps are interpreted as in Remark 3.5 (if they are well-defined). Then
Px.m 18 the composite of these three. Condition (3) is direct from the construction of 73 (k).
Hence we provide the proof of (1) and (2).

For (1), suppose that the two functors 71 (R) —> T3(R), X = h - X (€ M, (B ®4R))
and T3(R) — Ti(R),Y — h~! .Y (€ M,x,(B ®4 R)) are well-defined for all flat A-
algebras R. In other words, suppose that - X € T3(R) and A~' - Y € T;(R). These functors
are then represented by morphisms of schemes by an argument similar to that used in
the proof of Theorem 3.4, so we skip it. Thus they give maps at the level of «-algebra
points. Furthermore, the composition of these two maps at the level of x-algebra points
is the identity. To show this, it suffices to prove that the composition of two morphisms
given by the actions of 4 and 4! is uniquely determined at the level of R-points, for a flat
A-algebra R. This is proved in Remark 3.2.

We now show that these two functors are well-defined for a flat A-algebra R. We
represent /1 by a hermitian block matrix (' - ;) with a matrix (7' - h;) for the (i, i)-block
and O for the remaining blocks as in Remark 3.3(1).
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For the first functor, it suffices to show that / - X satisfies the three conditions defining
the functor 73. Here, X € T1(R) for a flat A-algebra R. We write

X = (nmax{o,jfi}xhj) .
Then
h-X= (nmax(i,j)yi,j) .

Here, y;; = h; - x; ;. Therefore, it suffices to show that y; ; = h; - x; ; satisfies conditions (b)
and (c) in the description of 73(R) when L; is of type I.
If L; is of type 1°, then we express x;; as a matrix (7 ™

01
10

). The matrix form of A; is

i/2

01
10
142y,

as in Remark 3.3(1). Here, € is a unit in B such that o () = €7, as explained in Section 2A.

To simplify our notation, write h; = €'/?( f; | +02y_ ). Then we can see that

hoox =2 (B 0 N (s _ i Iisi ml;yi ‘
o 0 1+2y TV T m(14+2y)v; w(1+2y)z

Thus, h; - x;; satisfies the congruence condition given in (b) of the description of 73(R).
If L; is of type 1¢, then we express x;; as a matrix

S; ri Tt
Ty, TX; TZi
v; u; TnTw;
The matrix form of k; is given as in Remark 3.3(1) and again, in order to simplify our
notation, write

I, 0 0
hi=e?0 1 1
Then we can see that
I 00 Si ri Tt
h,-~xi,,~=6"/2 01 1 Ty TX; TZ;
01 2y v, U Tw;
I;s; I;r; rlit;
= | myi 4 X +u; 7 (zi +w;)

Ty + 2y v X +2yu; Tz + 2y mw;

Thus, h; - x;; satisfies the congruence condition given in c¢) of the description of 73(R) and
our functor is well-defined.
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For the second functor, we write ¥ = (7™*@)y, ;) and h~' = (7~ - h;'). Then we
have the following:
h—l .Y = (nmax{O,jfi}xi’j) .

Here, x; ; = h;l SRR

Then it suffices to show that h~! - ¥ = (z™=%/=x; .} satisfies the conditions defining
Ti(R) for a flat A-algebra R. Indeed, we do not describe the conditions defining 7} (R)
explicitly in this paper. However, these conditions can be read off from the conditions
defining M (R) because of the definition of the functor 7. The matrix form of an element
of M(R) is described in Section 3B and based on this, it suffices to observe the diagonal
blocks x; ; = hi_1 -y;.i when L; is of type I.

If L; is of type 1°, then we express y; ; as a matrix (% 7%

TV TZ

1 _ _—ip(l 0 L
hi'l=e2(4 +2y[,) for a certain y/ € A. Then we can see that

Ry = e I, 0 S T Is; 1y
P 0 1+2y/ TV T r(14+2y)v; 7(1+2y))zi) "

Thus, h; . vi.; satisfies the relevant congruence condition in the definition of 7} (R).
If L; is of type I¢, then we express y; ; as a matrix

). The matrix form of hi_1 is

Si ri Tt
Yio o Xi TZ
TV; TTUu; TW;

The matrix form of ;' is

L 0 0
hi'l=e2|0 2¢'y; —€
0 —€ ¢

Here, €/ = (2y; — 1)~ is a unit in A. Then we can see that hfl Vi 18

I; 0 0 Si ri Tt
210 20y, —€ |- yi xi wz
0 —€¢ € TV TU; TW;

I;s; Iir; w1t
=P €@y —mv) € Qixi —mu;) 7w Qyizi —wi)
€' (=yi+mv) €(—=xi+mu;) mwe'(—zi +wp)

Thus, hi_1 - y;,; satisfies the relevant congruence condition in the definition of 7} (R) and our
functor is well-defined.
For (2), suppose that the functor

M*(R) x T3(R) —> T3(R), (m,Y) —~ o (m)-Y,

for a flat A-algebra R, is well-defined. In other words, we suppose that o (‘m) - Y € T3(R).
This functor is then represented by a morphism of schemes, a fact whose proof is similar to
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the argument used in the proof of Theorem 3.4, so we skip it. Thus it gives the map at the
level of k-points

M* (k) x T3(k) —> T3(k), (m,Y)—~ o(m)-Y.

This map implies that our map in (2) is well-defined. On the other hand, the inverse of our
map in (2) is Y + o (‘m)~" - Y and this map is well-defined as well since m~! is also an
element of M*(k). Therefore, the map in (2) is a bijection.

We now show that the above functor is well-defined. For a flat A-algebra, we choose
an element m € M*(R) and Y € T5(R) and we again express m = (r™*(0/=, ;) and
Y = (zm>@Dy, ;). Then o (‘m) - Y obviously satisfies condition (a) in the definition of
T5(R) and it suffices to show that o (‘m; ;) - y;; satisfies conditions (b) and (c) when L; is of
type 1.

If L; is of type I°, then we express m;; as a matrix (r:{), . _’3{’;[) and y;; as a matrix
(G ”b"). Then

wep wd;

o(mi) - yis = o(s) o(r-"v) a; wb;
= oty 1+ oz)) \ne wd;)
Then we can easily see that this matrix satisfies congruence condition (b) in the definition

of T3(R).
If L; is of type I, then we express m;; and y; ; as matrices:

Si i TTt; a; b; mc;
mi;=|nmy; 1+7x; 7z and y;,;,=| d e nf
v; u; l—l—nw,- T8 7Thi 7Tk,'
Then
a(si)) o(m-"y) o ('v;) ai b mc
o(mii)-yii=| olr) l4+o@mx) o) \d e nfi

o(-'y) o(mz) 1+o(rw;) wg; wh; wk;

Then we can easily see that this matrix satisfies congruence condition (c) in the definition
of T5(R). O

Let G be the stabilizer of 7 in M*. It is an affine group subscheme of M*, defined over A.
Thus we have the following theorem.

Theorem 3.8. The group scheme G is smooth, and G(R) = Autgg,r(L ®4 R, h ® 4 R) for
any étale A-algebra R.

Proof. Since G 1is the fiber of 4 along the smooth morphism p : M* — H, p(m) =hom,
the scheme G is smooth. Here, we use the fact that smoothness is stable under base change.

For the identity, we recall that each element of Autgg ,r(L ® 4R, h ® 4 R), for an étale A-
algebra R, satisfies all congruence conditions defining M, which is explained in Section 3A.
Since G(R) is the group of R-points of M* stabilizing the given hermitian form 4, we have
the identity G(R) = Autpg,r(L ®4 R, h ®4 R) for any étale A-algebra R. O



Group schemes and densities of ramified hermitian lattices, | 481

Note that in the theorem, the equality holds only for an étale A-algebra R since we obtain
conditions defining M by observing properties of elements of Autpg ,r(L @4 R, h ®4R)
for an étale A-algebra R (cf. Section 3A). For example, let (L, &) be the hermitian lattice
of rank 1 as given in Appendix B. For simplicity, let 7 + o (1) = 72 = 2. As a set,
Autpg,r(L ®4 R, h @4 R) is the same as {(a,b) :a, b € R and a’+2ab+2b* = 1} fora
flat A-algebra R. Thus we cannot guarantee that a — 1 is contained in the ideal (2), which
should be necessary in order that (a, b) is an element of G(R).

4. The special fiber of the smooth integral model

In this section, we will determine the structure of the special fiber G of G by determining
the maximal reductive quotient and the component group when E/ F satisfies Case I, by
adapting the approach of Section 4 of [Cho 2015a]. From this section to the end, the identity
matrix is denoted by id.

4A. The reductive quotient of the special fiber. Recall that Y; is the sublattice of B; such
that Y; /i A; is the radical of the alternating bilinear form &~/ 2h mod 7 on B; /mA; (when
i is even) and that Z; is the sublattice of A; such that Z; /m A; is the radical of the quadratic

form 374 mod 2 on A;/m A;, where 3¢(x) = 5-h(x, x) (When i =2m — 1 is odd).

Lemmad4.1. Leti be odd. Consider the lattice m A;_1+A; -1 ={x+y:xemA;_1,ye A}
ThenmwAi—1+ A1 = Xi.
Proof. Let L = EBI. L; be a Jordan splitting. We describe mA;_, A;+1, X; below:
TAii =0 Lo®n 'L ® - ®nLi®nL; ®7Lit1 ® - ;
A =1 Lo@n'Li @ @7°Li ®7Li ®Lin @+ ;
X, =n'Lo®n''"Li® - - ®nLi_1®7L; ®Li1 - .
Our claim follows directly from the above descriptions. (]

Lemma 4.2. Each element of M(R), for a flat A-algebra R, preserves Y; @4 R (for i even)
and Z; @4 R (for i odd).

Proof. The claim for Y; follows from the fact that ¥; = X; or ¥; = W; according to the type
of L; as described in Remark 2.11.

To prove the claim for Z;, use Lemma 4.1 to express a given arbitrary element of
Z; Q4R asx+y, where x e TA;_; ®4Rand y € A;1; ®4 R. Let g € M(R). Then
gx+y) =g +g(y) =(x+x)+(y+y), where x’ € B; | 4R,y € Biy1 @R
since g induces the identity on (A;—; ® 4 R)/(Bi—1 ®4R) and on (A;+1 ®4R)/(Bi+1 ®4R).
Since mTA;—; ®4 R and A;+; ®4 R are contained in W; ® 4 R and hence 7 B;_; ®4 R and
Bi 11 ®4R are contained in Z; ® 4R, we have that g(x +y) = (x+y)+x'+y € Z; Q4 R. O

Theorem 4.3. Assume that i is even. Let h; denote the nonsingular alternating bilinear
form £€7'/2h mod 7 on B;/Y;. Then there exists a unique morphism of algebraic groups

¢ : G —> Sp(B;/Yi, h)

defined over k such that for all étale local A-algebras R with residue field kg and every
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m € G(R) with reduction m € é(KR), @i (m) € GL(B; ®4 R/Y; ®4 R) is induced by the
action of m on L ® 4 R (which preserves B; @4 R and Y; @4 R by Lemma 4.2). Note that
the dimension of B;/Y;, as a k-vector space, is as follows:

n; if L; is of type 1 ;
n;—1 ifL;isoftype I
n;—2 ifL;isoftypel°.

Proof. Let R be an étale local A-algebra with «y as its residue field. Note that such an
R is finite over A since any étale local algebra R over a henselian local ring is finite by
Proposition 4 of Section 2.3 in [Bosch et al. 1990] and since A is henselian. For such a
finite field extension «z of x, R is uniquely determined up to isomorphism. Since G is
smooth over A, the map G(R) — G(KR) is surjective by Hensel’s lemma.

Now, we choose an element m € G (xg) and a lift m € G(R). Since the action of m on
L ®4R preserves B; @4 R and Y; ® 4 R, m determines an element of GL(B; ® 4 R/Y; @4 R).
It is also easy to show that this element determined by m fixes h; @ kg on B;/Y; Q. kg
(=B ®aR/Y; ®4R). Thus m determines an element of Sp(B;/Y;, h;)(xg) and so we have
a map from é(KR) to Sp(B;/Y;, hi)(kg). Indeed, this map is well-defined, i.e., independent
of a lift m of m as will be explained later after describing a matrix interpretation of this map.
In order to show that this map is well-defined and representable, we interpret it in terms
of matrices. Recall that G is a closed subgroup scheme of M* and G is a closed subgroup
scheme of M, where M is the special fiber of M*. Thus we may consider an element of
é(KR) as an element of M (kg). Based on Section 3B, an element m of G(KR) may be
written as, say, (m; j, s; - - - w;) and it has the following formal matrix description:

m= (nmax{O,jfi}ml_’j) .

Here, if i is even and L; is of type I or of type I¢, then

Si ri Tt
_f Si TYi
mi; = or wy; 14+ mx; T ,
wv; 14+mz;
1 1
v; U; 1+mw;

respectively, where s; € M, —1)x@m;—1)(B @4 kg) (resp. s; € My, —2)xn;—2) (B ®4 KkR)),
etc., and s; is invertible. For the remaining m; ;’s except for the cases explained above,
i, €M, xnj (B®akg) and m; ; is invertible. Note that the description of the multiplication
in M (kg) given in Section 3B forces s; and m; ; to be invertible.

We can write m; ; = mi"l. + mlzl when L; is of type /I and for each block of m;; when
L;isoftype I, s; = sl.1 + ~si2 and so on. Here, m},i, mlzl €M,y xn; (KR) C My, 5, (B®aKR)
when L; is of type /I and so on, and 7 stands for 7 ® 1 € B ® 4xg. Then m maps to mlll
if L; is of type I and s if L; is of type I. Since this map is independent of the choice of
mﬁi, si2 and so on, it is independent of the choice of m, i.e., this map is well-defined.

We note that this map is given by polynomials over A of degree at most 1 as well as
a group homomorphism. Thus the above matrix interpretation induces a Hopf algebra
homomorphism over A from the coordinate ring of Sp(B;/Y;, h;) to the coordinate ring
of G, which accordingly induces an algebraic group homomorphism ¢; : G— Sp(B;/Yi, h;)
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such that the group homomorphism induced by ¢; at the level of «g-points is the same as
the map explalned above.

Since G is smooth over k and k is perfect, the set of kg-points of G for all finite field
extensions kg /« is dense in G by [Bosch et al. 1990, Corollary 13 of Section 2.2]. Therefore,
@; is uniquely determined by the map constructed above at the level of «g-points. ]

Theorem 4.4. We next assume that i =2m — 1 is odd. Let q; denote the nonsingular qua-
dratic form szq mod 2 on A;/Z;. Then there exists a unique morphism of algebraic groups
0 : G —> O(Ai/Zi, §i)ea
defined over k, where O(A;/Z;, qi)red IS the reduced subgroup scheme of O(A;/Z;, q;),
such that for all étale local A-algebras R with residue field kg and every m € G(R) with
reduction m € G(kg), p;(m) € GL(A; ®4 R/Z; ® 4 R) is induced by the action of m on

L ®4 R (Which preserves A; @4 R and Z; @4 R by Lemma 4.2).
Proof. The proof of this theorem is similar to that of Theorem 4.3 which deals with the case
of even i. Thus we only provide the image of an element m of G (kg) in O(A;/Z;, Gi)red(KR),
where R is an étale local A-algebra with kg as its residueI field. In this case, an element m
of G(KR) maps to m ; Gf L; is free) or to ( ) i . ) (if L; is bound).
Sicrei—1m_y i Hdipreiprmy
Here, §; =1if L; is of type I and §; =0if L; is of type 1I. Also, e] ©,---,0,1) (resp.
=(0,---,0, 1, 0)) of size 1 x nj if L; is of type 19 (resp. of type I¢). O
Notice that if the dimension of A;/Z; is even and positive, then O(A;/Z;, Gi)red (=
O(A;/Z;, q;)) is disconnected. If the dimension of A;/Z; is odd, then O(A;/Z;, §i)red (=
SO(A;/Z;, g;)) is connected. The dimension of A;/Z;, as a k-vector space, is as follows:

n; if L; is free;
n; +1 if L; is bound.
Note that the integer n;, with i odd, is always even.
Theorem 4.5. The morphism ¢ defined by
o= 1‘[@ G — []Sp®Bi/Yi.h) x [ O(Ai/Zi. Gi)rea
i even iodd

is surjective.

Proof. Let us first prove the theorem under the assumption that

dim G =dimKerg+ » " (dimSp(B;/Y;, hi)) + Y _(dim O(A;/Zi, Gi)rea).  (4-1)
ieven i odd
This equation will be proved in Appendix A. Thus Im ¢ contains the identity component
Of [1; aven SP(Bi/ Yi, hi) X [ 1; oaq O(Ai/Zi, Gi)rea- Here Ker ¢ denotes the kernel of ¢ and
Im ¢ denotes the image of ¢. Note that it is well known that the image of a homomorphism
of algebraic groups is a closed subgroup.
Recall from Section 3B that a matrix form of an element of é(R) for a k-algebra R is
written (m; ;, s; - - - w;) with the formal matrix interpretation

m = (ma0i=ily, ).
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We represent the given hermitian form 4 by a hermitian matrix (ni . h,-) with 7' - h; for the
(i, 1)-block and O for the remaining blocks, as in Remark 3.3(1).

Let H be the set of odd integers i such that O (A;/Z;, g;)redq is disconnected. Notice that
O(A;/Z;, gi)req 1s disconnected exactly when L; with i odd is free. We first prove that ¢;,
for such an odd integer i, is surjective. We prove this by a series of reductions, after which
we will be able to assume that L is of rank two.

For such an odd integer i with a free lattice L;, we define the closed scheme H; of G by
the equations m j , =01if j #k,and m; ; =id if j #i. An element of H;(R) for a k-algebra
R can be represented by a matrix of the form

id O 0
0o .
id
mi.i
id
0
0 0 id

Obviously, H; has a group scheme structure. We claim that ¢; is surjective from H; to
O(A;/Z;, qi)req (recall that Z; = X; since L; is free). Note that equations defining H; are
induced by the formal matrix equation

o('mi)(w -hiym;; =" hy

which is interpreted as in Remark 3.5. We emphasize that, in this formal matrix equation, we
work with m; ;, not m, because of the description of H;. Note that none of the congruence
conditions mentioned in Section 3A involve any entry from m; ;.

On the other hand, let us consider the hermitian lattice L; independently as a 77/ -modular
lattice. Since there is only one nontrivial Jordan component for this lattice and i is odd,
the smooth integral model associated to L; is determined by the following formal matrix
equation which is interpreted as in Remark 3.5:

o(m)(x' -h)ym=n"-h,

where m is an (n; x n;)-matrix and is not subject to any congruence condition.

We consider the map from H; to the special fiber of the smooth integral model associated
to the hermitian lattice L; such that m; ; maps to m. Since m, ; and m are subject to the same
set of equations, this map is an isomorphism as algebraic groups. In addition, this map in-
duces compatibility between the morphism ¢; from H; to O(A;/Z;, qi)reqa and the morphism
from the special fiber of the smooth integral model associated to L; to O(A;/Z;, gi)reqa- Thus,
in order to show that ¢; is surjective from H; to O(A;/Z;, i)red, We may and do assume
that L = L; and in this case Z; = X; = w L;. For simplicity, we can also assume that i = 1.

Because of Equation (4-1) stated at the beginning of the proof, the dimension of the image
of ¢;, as a x-algebraic group, is the same as that of O(A;/Z;, qi)rea (= O(L;/TL;, ;).
Therefore, the image of ¢; contains the identity component of O(L;/m L;, g;), namely
SO(L;/mL;,q;). Since O(L;/mL;, g;) has two connected components, we only need to
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show the surjectivity of ¢; at the level of k-points and it suffices to show that the image of
@; (k) contains at least one element which is not contained in SO(L; /7 L;, g;)(«x), where
SO(L;/mL;, g;)(x) is the group of k-points of the algebraic group SO(L;/w L;, q;).

Recall that L; =P, H, ®A(2, 2b, ) for a certain b € A, cf. Theorem 2.10. We consider
the orthogonal group associated to the quadratic «-space A(2,2b, w)/mwA(2,2b, w) of
dimension 2. Then this group is embedded into O(L; /7 L;, g;)(k) as a closed subgroup
and we denote the embedded group by O (A(2,2b, w)/m A2, 2b, ), q;)(K).

We express an element m; ; € H; (R), for a k-algebra R, as (’ZC ;) such that x = x! +7x?2
and so on, where x!, x% € My, —2)x(n;—2)(R) C My, —2)x(n;—2)(R ®4 B) and 7 stands for
1®m € R®4B. Consider the closed subscheme of H; defined by the equations x =id, y =0,
and z = 0. An argument similar to one used above to reduce to the case where L = L; shows
that this subscheme is isomorphic to the special fiber of the smooth integral model associated
to the hermitian lattice A(2, 2b, i) of rank 2. Then under the map ¢; (k), an element of this
subgroup maps to an element of O (A (2, 2b, w)/mw A(2, 2b, 1), q;) () of the form (ig ]31 )
Note that O(A(2,2b, )/ A(2,2b, ), g;)(k) is not contained in SO(L;/wL;, g;)(x).
Thus it suffices to show that the restriction of ¢; (k) to the above subgroup of H; (x), which is
given by letting x =1id, y =0, z =0, is surjective onto O (A (2, 2b, w)/w A(2,2b, 1), q;) (k)
and we may and do assume that L = L; = A(2, 2b, ) is of rank 2.

Let m;; = (; i) be an element of H;(«x) such that r = r; + 7, and so on, where
ri,7» € RC R®4B and 7 stands for 1 ® m € R®4 B. Recall that 7 = 1+ +/1+2u
for a certain unit # € A so that 7 + o () = 2, o(;r) = exr with € = 1 mod 7, and
2= (06(7))*> =&~ =2u mod 27 as mentioned in Section 2A. Let i € k be the reduction
of u modulo 7. Then the equations defining H; (k) are

r12+r1t1+bt12=1, rivy+ts =1,

ri81 +btiv + it (ravy +riva +tas) +115) =0, 574510 +bv =b.

1 os1

Under the map ¢; (k), m; ; maps to ( e ) Note that the quadratic form g; restricted to
A2,2b, )/ A2, 2b, ) is given by the matrix ((1) 117)
We now choose an element of H; (k) by setting

rn=si=vi=1, 1=0, 14u(rp+v,+1n)=0.

Under the morphism ¢; («), this element maps to ((1) } ) €O0(AR,2b, m)/TA2,2b, ), q;)(K).
The Dickson invariant of this element is nontrivial so that it is not contained in
SO(AQ2,2b, )/ A2, 2b, ), g;) (k).
Therefore, ¢; («) induces a surjection from H; (k) to O(A(2,2b, )/ A(2,2b, 1), q;) (k)
fori e H.
We now prove that ¢ = [, ¢; is surjective. We consider the morphism
1_[ Hi — 6
ieH
(hiiew > [ [ i
ieH
By considering a formal matrix form of an element of H;(R) for a k-algebra R as given
above, it is easy to see the following two facts. Firstly, H; and H; commute with each other in
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the sense that h;-hj=h;-h; foralli # j, where h; € H;(R) and h ; € H;(R) for a k-algebra R.
Based on this, the above morphism becomes a group homomorphism. Secondly, H;NH; =0
for all i # j. This fact implies that the morphism H; x H; —> 5, (hij,hj) v~ h;-hjis
injective and so H; x H is a closed subgroup scheme of G. A matrix form of an element of
H;(R) also implies that (H; x H;) N Hy =0 for all pairwise different three integers i, j, k
and so the morphism (H; x H;) x Hy —> 5 (hi, hj, hg) = h; - hj - hy is injective. Thus
H; x H; x Hj is a closed subgroup scheme of G. Therefore, by repeating this argument, the
product [ [,,, H; is embedded into G as a closed subgroup scheme. Since g; |y, is trivial
fori # j with i, j € H, the morphism

[Tei:[]H—]]0A1/ZG)wea
i€H i€H i€H

is surjective. Therefore, ¢ is surjective. Now it suffices to prove Equation (4-1) made at
the beginning of the proof, which is the next lemma. U

Lemma 4.6. Ker ¢ is smooth and unipotent of dimension 1. In addition, the number of
connected components of Ker ¢ is 2°. Here,

o [ is such that

[+ (dimSp(B;/Y;, h))+ »_(dim O(A;/Z;. Gi)rea) = dim G.

ieven iodd
e B is the number of even integers j such that L is of type I and L ;> is of type 1I.
Recall that the zero lattice is of type II. The proof is postponed to Appendix A.

Remark 4.7. We summarize the description of Im ¢; as follows.

type of lattice L; | Im ¢;
11 even |Sp(n;, h;)
1° even (Sp(n; — 1, h;)
I¢ even (Sp(n; —2, h;)
free odd |O(n;, g;)
bound odd [SO(n; +1, g;)

Leti be odd and L; be free. Then A;/Z; = L; /7 L; is a k-vector space with even dimension.
We now consider the question of whether the orthogonal group O(A;/Z;, g;) = O (n;, q;)
is split or nonsplit.

By Theorem 2.10, we have that L; = D, H, ® A(2, 2b;, 7) for certain b; € A. Thus
the orthogonal group O(A;/Z;, g;) (= O(n;, g;)) is split if and only if the quadratic space
AQ2,2b;, )/t A2, 2b;, i) is isotropic. Recall that w +o(wr) =2and 7 =1+ +/1+2u
for a certain unit u € A. Using this, the quadratic form on A(2, 2b;, w)/mw A(2, 2b;, ) is
q(x,y) =x>+xy + b;y?, where b; is the reduction of b; in «.

We consider the identity g (x, y) = x> +xy +b;y?> = 0. If y = 0, then x = 0. Assume
that y # 0. Then we have that b; = (x/y)> +x/y.

Thus we can see that there exists a solution of the equation z> 4 z = b; over « if and only
if g(x, y) is isotropic if and only if O(A;/Z;, g;) (= O(n;, g;)) is split.
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4B. The construction of component groups. The purpose of this subsection is to define a
surjective morphism from G to (Z/2Z)?, where B is the number of even integers j such
that L; is of type I and L, is of type II as defined in Lemma 4.6.

Definition 4.8. We set L° = L and inductively define, for positive integers i,
Li:={xeL"|h(x, L") c @)
When i = 2m is even,

L =7"Lo®L)@7" " (La®Ly) @ &7 (Lan-2® Lan-1) ® P Li.
i>2m
We choose a Jordan splitting for the hermitian lattice (L?", £~ h) as follows:
L =P
i>0

where
MO ZﬂmLo@Tl’m_lL2®' . '@ﬂLZm—Z@Lst

My =r"Li®r" 'Ly@® - ®mLoyu_1 ® Laws1,

My = Lok if k > 2.
Here, M; is 7! -modular. We caution that the hermitian form we use on L™ is not 4, but its
rescaled version £ ™ h. Thus M; is w'-modular, not 72"+

Definition 4.9. We define C (L) to be the sublattice of L such that

-modular.

C(L)={x e L|h(x,y) e (n)forall y € B(L)}.

We choose any even integer j such that L is of type I and L, is of type II (possibly
zero, by our convention), and consider the Jordan splitting €D,., M; of L/ defined above.
We stress that M is nonzero and of type I, since it contains L ; as a direct summand so
that n(My) = s(My) (cf. Definition 2.1(c)), and M, = L, is of type II. Choose a basis
({e;), e) (resp. ({e;), a, e)) for My so that My = €D, H, @ K when the rank of M is odd
(resp. even). Here, we follow the notation from Theorem 2.10. Then B(L/) is spanned by

({e:), e) (resp. ((e;), wa, e)) and M &P M
i=2
and C (L) is spanned by
((mei), e) (resp. ((me;), ma,e)) and M;® @ M;.
i=2
We now construct a morphism ; : G—7Z /27 as follows. (There are 2 cases depending
on whether M is of type 1° or of type 1°.)

(1) Firstly, we assume that M is of type 1°. We choose a Jordan splitting for the hermitian
lattice (C(L7), €7 h) as follows:

ciwh=m,

i>1
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where

M| =(m)a®Be®M,, M),= (@(n)ei) ®M,, and M| =M ifk>3.

1

Here, M/ is '-modular and () is the ideal of B generated by a uniformizer 7. Notice that
M} is of type II, since both P, ()e; and M, are of type I, so that M is free.

If m is an element of the group of R-points of the naive integral model associated
to the hermitian lattice L, for a flat A-algebra R, then m stabilizes the hermitian lattice
(C(L7Y®4R,£7"h®1) as well. If we use this fact in the case of an F-algebra R, where
F is the quotient field of A, then we obtain a morphism of algebraic groups from the
unitary group associated to the hermitian space L ® 4 F to the unitary group associated to
the hermitian space (C(L’) ® 4 F, £~ h) by Yoneda’s lemma. Furthermore, if we use the
above fact in the case of an étale A-algebra R, then the morphism between unitary groups is
extended to give a map from the group of R-points of the naive integral model associated
to the hermitian lattice L to that of the hermitian lattice (C(L/), £~ h). Note that the
naive integral model and the associated smooth integral model have the same generic fiber
and are the same at the level of étale A-points. Thus by Proposition 2.3 of [Yu 2002], the
morphism between unitary groups is uniquely extended to a morphism of group schemes
from the smooth integral model associated to L to the smooth integral model associated
to (C(L7), £~™h) such that the map induced from it at the level of étale A-points is the
same as that described above. Let G ; denote the special fiber of the latter smooth integral
model. We now have a morphism from GtoG j- Moreover, since M { is free and nonzero,
we have a morphism from G ; to the even orthogonal group associated to M| as explained
in Section 4A. Thus, the Dickson invariant of this orthogonal group induces the morphism

VG — 7/27.

(2) We next assume that M is of type I1°. We choose a Jordan splitting for the hermitian
lattice (C(L7), €7 h) as follows:

ciwH=pm,

i=0
where

M,=Be, M|=M,, Mé:(@(n)e[)EBMg, and M) = My ifk > 3.

L

Here, M is mi-modular and (7r) is the ideal of B generated by a uniformizer 7. Notice that
the rank of the w%-modular lattice M is 1 and the lattice M} is of type II. If G ; denotes the
special fiber of the smooth integral model associated to the hermitian lattice (C (L7), £ h),
then we have a morphism from G to G as in the above argument (1).

We now consider the new hermitian lattice M; ® C(L7). Then for a flat A-algebra
R, there is a natural embedding from the group of R-points of the naive integral model
associated to the hermitian lattice (C(L/), £ h) to that of the hermitian lattice My®eC (LY)
such that m maps to ((1) ’3), where m is an element of the former group. As in the previous
argument (1), the above fact induces a closed immersion of algebraic groups from the
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unitary group associated to the hermitian space (C(L/) ® 4 F, £ " h) to the unitary group
associated to the hermitian space (My®C (L7))® 4 F and its extension at the level of étale A-
algebra points between the associated naive integral models. Thus by Proposition 2.3 of [Yu
2002], the morphism between unitary groups is uniquely extended to a morphism of group
schemes from the smooth integral model associated to the hermitian lattice (C(L/), £~ h)
to the smooth integral model associated to the hermitian lattice M & C (L7) such that the
map induced from it at the level of étale A-points is the same as that described above. In
Remark 4.10, we describe this morphism explicitly in terms of matrices.

Thus we have a morphism from the special fiber G; of the smooth integral model
associated to C(L’) to the special fiber G/j of the smooth integral model associated to
My @ C(L7). Note that (My & M) & @, M/ is a Jordan splitting of the hermitian
lattice M, @ C(L/). Let G’j/ be the special fiber of the smooth integral model associated to
C((Myd M) & @D, M]). Since the 7°-modular lattice M @ My is of type I¢, we have
a morphism G’j — 7 /27 obtained by factoring through G’Jf and the corresponding even
orthogonal group with the Dickson invariant as constructed in argument (1). v; is defined
to be the composite

V;:G— G;—> G, — Z)2L.

Remark 4.10. In this remark, we describe the morphism from the smooth integral model
G ; associated to the hermitian lattice (C (L7),£7™h) to the smooth integral model Q/j
associated to the hermitian lattice M) ® C(L/) as given in argument (2) above, in terms
of matrices. Let R be a flat A-algebra. We choose an element in G ;(R) and express it as

a matrix m = (g™, ;). Then mg o = (14 mzo) since M{ is of type I with rank 1

I4+mzp my

). We consider a morphism from G to
my m3 -

so that we may and do write m as m = (
Autg(M| @ C(L7)) such that m maps to

1 0 0
T=<l 0): 0 1+mzyg my |,
0m
0 nyp ms

where the set of R-points of the group scheme Autp (M(/) @ C(LY)) is the automorphism
group of (My @ C (L7)) ®4 R by ignoring the hermitian form. Then the image of this
morphism is represented by an affine group scheme which is isomorphic to G ;. Note that T
preserves the hermitian form attached to the lattice M ® C (L9).

We claim that ((1) 2) is contained in (_;’j (R). If this is true, then the above matrix descrip-
tion defines a morphism from G; to Q/j by Yoneda’s lemma since G| is flat. Furthermore,
this matrix description is the same as that of naive integral models explained in the above
argument (2) when R is an F-algebra or an étale A-algebra, since the naive integral model
and the associated smooth integral model have the same generic fiber and are the same at
the level of étale A-points. Since the desired morphism is completely determined at the
level of F-algebra points and étale A-algebra points by Proposition 2.3 of [Yu 2002], the
morphism from G; to Q’j obtained by the above matrix description is the morphism we
want to describe.
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We rewrite the hermitian lattice M{ & C(L7) as (My @ M}) & (D,~, M/). Let (e1, e2)

be a basis for (M} @ M) so that the corresponding Gram matrix of (M) ® M}) is (& °),

where a = 1 mod 2. Then the hermitian lattice (M{ @ M) has Gram matrix (Z 2”61 ) with

respect to the basis (e, e; +e2). (M| ® M) is unimodular of type I¢ with rank 2. With this
basis, T becomes

1 —mzog —my
T=|01+4+mzyg m
0 mp ms

On the other hand, an element of Q/i (R), with respect to a basis for M;® C (L7) obtained
by putting together the basis (e, e; 4 e;) for (M|} @ M;)) and a basis for C(L/), is given by
an expression

l+mxy, —mzy m)
ug, l+mwy my |,
cf. Section 3A. Then we can easily see that the congruence conditions on m, my, ms are
the same as those of m{, m7, m;, respectively, and that the congruence conditions on m/ are
the same as those of m7. Thus T is an element of M’:(R), where M is the group scheme in
Section 3B associated to M), @ C(L/) so that (_3; is defined as the closed subgroup scheme
of M j‘ stabilizing Lhe hermitian form on My @ C(L/).

In conclusion, T preserves the hermitian form on M@ C (L/). Therefore, it is an element
of Q’j(R).

To summarize, if R is a nonflat A-algebra, then we can write an element of G;(R)

I4mzg my

formally as m = ( o my ) Then the image of m in Q/j (R) is T with respect to a basis as

explained above.

(3) Combining all cases, the morphism

v=[]v;:G6— @22,
J

where B is the number of even integers j such that L is of type I and L, is of type II
(possibly zero, by our convention).

Theorem 4.11. The morphism
v=[]v;:G6— @2/
J

is surjective. Moreover, the morphism
o x ¥ :G— []Sp(Bi/Yi.hi) x [ [ O(Ai/Zi. Gi)eea x (2/22)°

ieven iodd
is also surjective.
Proof. We first show that v; is surjective. Recall that for such an even integer j, L; is
of type I and L, is of type /I (possibly zero by our convention). We define the closed
subgroup scheme F; of G defined by the following equations:

o m,k=01fl;ék,



Group schemes and densities of ramified hermitian lattices, | 491

. m,,:ldlfl;ﬁ],

o and for mj i,
s;j=id,y; =0,v; =0 if L; is of type 17;
SjZid,rjztjzijUjZMjZU)jZO if L; is of type I°.

A formal matrix form of an element of F;(R) for a k-algebra R is then

id 0 0
0 .
id
mj.j
id
0
0 0 id
such that
0 if L; is of type I°
if L; is of type 1°;
0 1+mz; !
mj ;=1 [id 0 0
0 I+7mx; mz; if L; is of type I°.
0 0 1

In Lemma A.9, we will show that F; is isomorphic to A' x Z/27 as a k-variety so that it
has exactly two connected components, by enumerating equations defining F; as a closed
subvariety of an affine space of dimension 2 (resp. 4) if L; is of type 1° (resp. of type ).
Here, A! is an affine space of dimension 1. These equations are necessary in this theorem
and thus we state them in Equation (4-2) below. We refer to Lemma A.9 for the proof. Let
o be the unit in B such that € = 1 4+ a7 as explained in Section 2A, and @ be the image of
a in k. We write x; =le. +rrx12. and z; = z}. +7rz§, where x}, sz., z}, z? € RCR®, B and
7 stands for 1 ® m € R ® 4 B. Then the equations defining F; as a closed subvariety of an
affine space of dimension 2 (resp. 4) are

{(z}/&)—i—(z}/&)zzo if L; is of type 1°;
x_; = z}., (Z.li/&) + (z;/&)2 =0, z? +ng —i—x}z} =0 if L;isof type I°.

The proof of the surjectivity of 1/; is given below. The main idea is to show that
V;ilF; is surjective. There are 4 cases according to the types of Mo and L;. Recall that
@20 M; is a Jordan splitting of a rescaled hermitian lattice (L7, Sj%h) and that M, =
mPLo@m/ P L@ ®aL; 2 ®L;.

(4-2)

(1) Assume that both M, and L ; are of type /¢. In this case and the next case, we will
describe /| F; : Fj — £/2Z explicitly in terms of a formal matrix. To do that, we will first
describe a morphism from F; to the special fiber of the smooth integral model associated
to L/ and then to G;. Recall that G; is the special fiber of the smooth integral model
associated to C(L’) = @,.., M/. Then we will describe a morphism from F; to the even
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orthogonal group associated to M| and compute the Dickson invariant of the image of an
element of F; in this orthogonal group.

We write My = Ny ® L, where Ny is unimodular with even rank. Thus Nj is either
of type II or of type I¢. First we assume that Ny is of type 7°. Then we can write
No= (@x’ Hk/) DA(L,2b,1)and L; = (@A,, HA//) @ A(1,2b', 1) by Theorem 2.10, where
H,»=H(0)=H,» and b, b’ € A. Thus we write My = (@/\ HA)@A(I, 2b, B A(1,20, 1),
where H, = H(0). For this choice of a basis of L/ = @i>0 M;, the image of a fixed element
of F; in the special fiber of the smooth integral model associated to L7 is

id 0 0
l+mx; mzj

o (o) o

0 0 id

Here, id in the (1, 1)-block corresponds to the direct summand (@x HA) @ A(1,2b,1) of
M, and the diagonal block (ngf ’lef' ) corresponds to the direct summand A(1, 24, 1)
of M().

Let (e, e>, e3, e4) be a basis for the direct summand A(1,2b, 1) ® A(1, 2b', 1) of M,.
Since this is unimodular of type 1¢, we can choose another basis based on Theorem 2.10.
With the basis (—2be; + €2, 2b' — 1)e; +e3 —es, €3, €2+ e4), A(1,2b, 1) ® A(1,20', 1)
becomes A(2b(2b — 1),2b'(2b" — 1), —(2b — 1)(2b' — 1)) ® A(1,2(b + 1), 1). Since
AQRb(2b—1),2b'2b" — 1), —(2b — 1)(2b' — 1)) is unimodular of type 11, it is isomorphic
to H(0) by Theorem 2.10. Thus we can write My = (@x HA) dHO)DA,2(b+b),1).
For this basis, the image of a fixed element of F; in the special fiber of the smooth integral
model associated to L/ is

* * 0
1+7mx; mwz;
" J J
* ( 0 ) ) 0
0 0 id
l+71x_/- Tz

Here, the diagonal block ( A ) corresponds to A(1, 2(b+b"), 1) with basis (e3, e; + e4)

and the diagonal block  corresponds to the direct summand (&5, H,) & H (0) of M.
Then the direct summand M| of C(L/) = @,., M/ is ()es ® B(e; + es) ® M. The

image of a fixed element of F; in the special fiber of the smooth integral model associated

to C(L/) is then
l+mx; z; ,
< 0 1) 0 =

0 id «”

>l</// >l<//// *

I+mx; zj

Here, the diagonal block ( o ) corresponds to (7)e; @ B(ey + e4) and the diagonal
block id corresponds to the direct summand M; of M {
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Now, the image of a fixed element of F; in the orthogonal group associated to M|/ M| is

1zt
T = <0 11) 0
0 id
Note that z is in R such that z; = z + TL’Z as explained in the paragraph before
Equ'Tltlon (4- 2) The Dickson invariant of T1 is the same as that of ( ) Here we consider
( (1) / ) as an element of the orthogonal group associated to ((7)e; & B(ez +e4))/m((w)es
B(e; + e4)). In order to compute the Dickson invariant, we use the scheme-theoretic
description of the Dickson invariant explained in Remark 4.4 of [Cho 2015a]. The Dickson
invariant of an orthogonal group of the quadratic space with dimension 2 is explicitly given
at the end of the proof of Lemma 4.5 in [Cho 2015a]. Based on this, the Dickson invariant
of ( ) is z; /a Note that z;; /01 is indeed an element of Z /27 by Equation (4-2).
In conclus10n, Z; ! /& is the image of a fixed element of F; under the map ;. Since z} Jo
can be either 0 or 1, ¥;|F; is surjective onto Z/2Z and thus ; is surjective.

If Ny is of type I, then the proof of the surjectivity of ¥; is similar to that of the above
case and so we skip it.

(2) Assume that My is of type 7¢ and L is of type I°. We write My = No@® L ;, where Ny is
unimodular with odd rank so that it is of type /°. Then we can write Ny = (@w Hy) @ (a)
and L; = (D, Hy») ® (a’) by Theorem 2.10, where H;» = H(0) = Hy,» and a, a’ € A such
that a, ' = 1 mod 2. Thus we write My = (@x H;\) @ (a) ® (a'), where H,, = H(0). For
this choice of a basis of L/ = P, , M, the image of a fixed element of F; in the special
fiber of the smooth integral model associated to L7 is

d 0 0
0 (14mz) 0
0 0 id

Here, id in the (1, 1)-block corresponds to the direct summand (@k Hx) ® (a) of My and
the diagonal block (1 +mz j) corresponds to the direct summand (a’) of M.

Let (e1, e>) be a basis for the direct summand (a) ® (a’) of M. Since this is unimodular
of type 1°, we can choose another basis (eq, e; + e3) such that the associated Gram matrix
is A(a,a+a’, a), where a +a’ € (2). For this basis, the image of a fixed element of F; in
the special fiber of the smooth integral model associated to L/ is

id 0 0
1 —mz;

0 (0 1 +7TZj>

0 0 id

Here, the diagonal block (0 ) +”Z’ ) corresponds to A(a, a +a’, a) with a basis (eq, e; + €3)
and id in the (1, 1)-block corresponds to the direct summand (EB,\ H,\) @ (a) of M.
Then the direct summand M| of C(L/) = Di-1 M| is (m)e; @ B(ey +e2) ® M. The

image of a fixed element of F; in the special fiber of the smooth integral model associated
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I —z;
00
(0 1+JTZj>

0 id 0
0 0 id

to C(L/) is then

Here, the diagonal block (l Zf ) corresponds to ()e; @ B(e + e;) and id in the (2 x 2)-
block corresponds to the dlrect summand M, of M.
Now, the image of a fixed element of F; in the orthogonal group associated to M| /m M is

o)
i=|\0 1

0 id
Note that z €Rissuchthatz;=z; —HTZ as explained in Ithe paragraph before Equatlon (4-2).
The chkson invariant of 7} is the same as that of ( ) Here, we consider ( : /) as an
element of the orthogonal group associated to ((7)e; D B(el + ez))/n((n)el @ B(e; +e2)).
Then as explained in the above case (1), the Dickson invariant of ( ) isz; / o. Note that
Z; /oc is indeed an element of Z/27 by Equation (4-2).

In conclusion, z} /@ is the image of a fixed element of F; under the map ;. Since z}. ja
can be either O or 1, ¥, is surjective onto Z/2Z and thus ; is surjective.

(3) Assume that both Mo and L; are of type /°. In this case, we will describe ¥, :
F; — 7/27 explicitly in terms of a formal matrix. To do that, we will first describe a
morphism from F; to the special fiber of the smooth integral model associated to L’ and
then to G;. Recall that G| is the special fiber of the smooth integral model associated to
C(L’) = P,., M!. Then we will describe a morphism from F; to the special fiber of the
smooth integ;al model associated to M & C(L’) and to the special fiber of the smooth
integral model associated to C(M, & C(L)). Finally, we will describe a morphism from F;
to a certain even orthogonal group associated to C (M) @ C (L7)) and compute the Dickson
invariant of the image of an element of F; in this orthogonal group.

We write Mo = No @ L;, where Ny is unimodular with even rank. Thus Nj is ei-
ther of type II or of type I°. First we assume that Ny is of type /¢. Then we can
write No = (D,, Hir) ® A(1,2b, 1) and L; = (P, Hy») @ (a) by Theorem 2.10, where
Hy=H()=Hy, be A, and a (¢ A) = 1 mod2. Thus we write My = (D, H,) ®
A(1,2b, 1)@ (a), where H, = H(0). For this choice of a basis of L/ = @l>0 M;, the image
of a fixed element of F; in the special fiber of the smooth integral model associated to L/ is

id 0 0
0 (14mz;) 0
0 0 id

Here, id in the (1, 1)-block corresponds to the direct summand (G}A HA) @ A(1,2b,1) of
M, and the diagonal block (l +7mz j) corresponds to the direct summand (a) of M.

Let (e, e;, e3) be a basis for the direct summand A(1, 2b, 1) & (a) of My. Since this is
unimodular of type I1°, we can choose another basis based on Theorem 2.10. Namely, if we
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choose (—2be;| + e, —ae| + e3, e; + e3) as another basis, then A(1, 2b, 1) @ (a) becomes
A2b(2b—1),a(a+1),a(2b—1)) & (a+2b). Since A2b(2b—1),a(a+1),a(2b —1))
is unimodular of type II, it is isomorphic to H(0) by Theorem 2.10. Thus we can write
My = (@x H,\) @ H(0) ® (a + 2b). For this basis, the image of a fixed element of F; in the
special fiber of the smooth integral model associated to L/ is

* * 0
*” (1+a+2bnzj) 0
0 0 id

Here, the diagonal block (1 + +2bnz ) corresponds to (a + 2b) with a basis e, + e3 and
the diagonal block * corresponds to the direct summand (69A H x) @ H(0) of M.

Then the direct summand M|, of C(L/) = @,., M/ is B(e> + e3) of rank 1. The image
of a fixed element of F; in the special fiber of the smooth integral model associated to

C(L/) is then

/
(1+a+2bnz]) 0 =
0 id %"

*H/ >l<////

Here, the diagonal block (1 + afﬁnz ]‘) corresponds to My = B(e, + e3) with a Gram
matrix (a +2b) and the diagonal block id corresponds to M| = M;.

We now describe the image of the above in the special fiber of the smooth integral model
associated to M ® C(L) = (M, ® M) & (@izl Ml’) If (e}, €}) is a basis for (M|, & M),
then we choose another basis (e}, ¢} + ¢}) for (M) @ M;). For this basis, based on the
description of the morphism from the smooth integral model associated to C(L/) to the
smooth integral model associated to My @ C (L’) explained in Remark 4.10, the image
of a fixed element of F; in the special fiber of the smooth integral model associated to
M)®C(L)is

/
1 a+2bnz/ U

/
0 1+ e 0 %
0 0 id +”
O >l</// >|<////

Here, the diagonal block ( l+“+2h o ) corresponds to (M@ M) with a basis (¢}, €] +¢))
and the diagonal block id correasﬁgnds to M| = M.

We now follow step (1) with M; @ C(L/) =(My® M) (69121 Ml’) Namely,

C(M,®C(LY)) = (n)e| ® B(e| +¢5) @ (EB M{)

i>1
= ((m)e, ® Ble| +eb) ®M]) @ (@ M;).
i>2

Here, ((m)e} @ B(e| +¢€5) @ M) is 7' -modular and M/ is 7r'-modular with i > 2. Then the
image of a fixed element of F; in the special fiber of the smooth integral model associated
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to C(My@® C(LY)) is

a ’
L —amey 0 %

a ’
0 1 —+ mT[ZJ O k
0 0 id #”
0 i M

Here, the top left 3 x 3-matrix corresponds to (7e| @ B(e] +¢5) & M7).
Now, the image of a fixed element of F; in the orthogonal group associated to (we; @
B(E] +€2) @M{)/T[(ﬂ'é] (&) B(el +€2) @M{) is

1
lzj 0
T, = 01

0 id
since mod 2 reduction of %7 is 1. Note that z} isin R such that z; = z} —i—nz? as explained
in the paragraph before Equation (4-2). Then, as explained in step (1), the Dickson invariant
of this is 2 /@. Note that z},/&@ is indeed an element of Z/27 by Equation (4-2).

In conclusion, z} /@ is the image of a fixed element of F; under the map ;. Since z}- /o
can be either O or 1, ¥/;|F; is surjective onto Z/27 and thus v; is surjective.

If Ny is of type 11, then the proof of the surjectivity of ; is similar to that of the above
case and so we skip it.

(4) Assume that My is of type I° and L is of type 1°. We write Mo = No® L ;, where Ny is
unimodular with odd rank so that it is of type 7°. Then we can write Ny = (@N Hy) @ (a)
and L; = (@A,, HA//)EBA(I, 2b, 1) by Theorem 2.10, where H,» = H(0) = H;» and a, b€ A
such that a = 1 mod 2. We write My = (D, H,.) ® (a) ® A(1, 2b, 1), where H, = H(0).
For this choice of a basis of L/ = @D, , M;, the image of a fixed element of F; in the special
fiber of the smooth integral model associated to L7 s

id 0 0
l+7mx; mz;

0 ( ; 1) 0

0 0 id

Here, id in the (1, 1)-block corresponds to the direct summand (5, H,) @ (a) of My and
the diagonal block (ngf i ) corresponds to the direct summand A(1, 2b, 1) of M.

Let (e, e;, e3) be a basis for the direct summand (a) ® A(1, 2b, 1) of My. Since this is
unimodular of type 1°, we can choose another basis based on Theorem 2.10. Namely, if
we choose (—2be, + e3, 1 —ae,, e1 + e3) as another basis, then (a) @ A(1, 2b, 1) becomes
AQRbQ2b—1),a(a+1),a2b— 1)) ® (a + 2b). Since ARb(2b —1),a(a+1),a(2b—1))
is unimodular of type II, it is isomorphic to H(0) by Theorem 2.10. Thus we can write
My = (@x HA) @ H(0) ® (a + 2b). For this basis, the image of a fixed element of F; in the
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special fiber of the smooth integral model associated to L/ is

* * 0
*// (] —+ ﬁﬂzj') O
0 0 id

Here, the diagonal block (1 + Hﬁnz j) corresponds to (a + 2b) with a basis (e; 4 e3) and
the diagonal block * corresponds to the direct summand (EBA Hx) @ H(0) of M.
Note that the reduction of ﬁ mod 2 is 1. The rest of the proof is similar to that of step

(3) and so we skip it.

So far, we have proved that v/; is surjective. We now show that ¥ =[] ; Vj is surjective.
The proof is similar to the proof showing that [ [, _,, H; — G is a closed immersion in the
last paragraph of the proof of Theorem 4.5.

We consider the morphism

F=[]F,— G
j

e T8
J

By considering a matrix form of an element of F;(R) for a x-algebra R as given at the
beginning of the proof, it is easy to see the following two facts. Firstly, F; and F;; commute
with each other in the sense that f; - f; = fj- - f; for all even integers j # j’, where
fj € F;(R) and f; € Fy/(R) for a k-algebra R. Note that L; and L (resp. L;» and
L) are of type I (resp. of type II'). Based on this, the above morphism becomes a group
homomorphism. Secondly, F; N Fyy =0 for all j # j’. This fact implies that the morphism
Fix Fy— G with (fj, fi) = f;- fj is injective and so F; x F} is a closed subgroup
scheme of G. A matrix form of an element of F;(R) also implies that (F; x Fy)N Fyr =0
for all pairwise different three integers j, j’, j” and so the morphism (F; x Fj/) x Fj» — G
with (f;, fjr, fj#) = fj- fjr - fj» is injective. Thus F; x Fy x Fj» is a closed subgroup
scherEe of G. Therefore, by repeating this argument, the product F =[] ; Fj is embedded
into G as a closed subgroup scheme.

In addition, we claim that ;| Fy is trivial for all j < j’. The proof of our claim relies on
the matrix interpretation of ;. We first notice that j'— j >4 since L; is of type I and L
is of type II. To obtain the morphism v;, we observe that the lattice C(L’/) = @,.; M
(resp. C(LY) = D,.o M) if My is of type I¢ (resp. of type I°). In either case, Lj_/ is a
direct summand of M j'—j and the morphism v; is attached to the Dickson invariant of the
orthogonal group associated to M|. We should mention that if M, is of type /° then we
need a new hermitian lattice M; @ C (L7). In this case, the morphism ; is also attached
to the Dickson invariant of the orthogonal group associated to M| as a direct summand of
My ® C(L’). On the other hand, recall that G is the special fiber of the smooth integral
model associated to C(L/). Then as a formal matrix, Fj» maps to the block of G ; associated
to Mr_;. Therefore, since j’ — j is at least 4, the image of F; under 1/; is zero by observing
the description of the orthogonal group associated to M/ based on Section 4A.
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We finally claim that the morphism v/ induces a surjective morphism from F to (Z/27)?
defined over k. To show this, we express F as F = Fj x --- x F;, and (Z/2Z)F as
(2)22)F =(2)2Z);, x - - - x (Z/27),, where j; < jir if i <i'. Choose an arbitrary element
(zjys - v zjy) of (Z/22), x -+ x (£/2Z), where each zj; is an element of (Z/2Z) ;.
We first choose f; € Fj such that v (f;,) = zj,. Then choose f;, € F;, such that
¥, (fj, - fi,) =z, Inthis way, we choose fj, € Fj, such thaty;, (f},-- - -- fj,) =z,. Note that
V), (f),) =0forallt <t'. Therefore, Y (fj, - - fi,) =1, ¥ii (f5, -~ fig) = @js - 5 2jp)

and this shows the surjectivity of the morphism .

For the surjectivity of ¢ x 1, we recall the following criterion ([Knus et al. 1998, Proposition
22.3]): the surjectivity of ¢ x ¥ as algebraic groups is equivalent to the surjectivity of ¢ x ¥
at the level of K-points since []; wen SP(Bi/ Yis hi) X [1; oaa O(Ai/ Zi, Gi)red % (Z/27)F is
smooth.

Choose an element (x, y) in the group of k-points of

[18pBi/Yi,hi) x [ | OCAi/Zi, Gi)eea x (2/22)°

ieven iodd

such that x € (]_[, even SP(Bi/ Yi, hi) X[ oqq O(Ai/ Z;, qi)red) (k) and y € (Z/2Z)" (k). Then
there is an element a € é(/?) such that ¢(a) = x since ¢ is surjective by Theorem 4.5. We
choose an element b € F (k) such that ¢ (ab) = y. On the other hand, ¢ vanishes on F
since the morphism ¢; vanishes on F; for all i, j. Thus ¢(b) =0 and (¢ x ¥)(ab) = (x, y).
This completes the proof. (]

4C. The maximal reductive quotient. We finally have the structure theorem for the alge-
braic group G.

Theorem 4.12. The morphism

¢ x¥:G— [ Sp(Bi/Yi, i) x [ [ O(Ai/ Zi, Gi)eea % (2/22)°

i even i odd

is surjective and the kernel is unipotent and connected. Consequently,

[18pB:/Yi,hi) x [ | OCAi/Zi, Gi)eea x (2/22)"

ieven iodd

is the maximal reductive quotient. Here, Sp(B;/Y;, h;) and O(A;/Z;, Gi)red are explained
in Section 4A (especially Remark 4.7) and B is defined in Lemma 4.6.

Proof. We only need to prove that the kernel is unipotent and connected. The kernel of ¢ is a
closed subgroup scheme of the unipotent group M which is defined in Lemma A.2 and so
it suffices to show that the kernel of ¢ x i is connected. Equivalently, it suffices to show that
the kernel of the restricted morphism |k, is connected. From Lemma 4.6, the number
of connected components of Ker ¢ is 2#. Since ¢|r = 0 so that F = ]_[j F; C Ker g, the
restricted morphism v/ |ker, is surjective onto (Z/2Z)?. We complete the proof by counting
the number of connected components. O
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5. Comparison of volume forms and final formulas

This section is based on Section 7 of [Gan and Yu 2000] and Section 5 of [Cho 2015a]. Let
H be the F-vector space of hermitian formson V = L ® 4 F. Let M’ = Endg (L) and let
H' = {f : f is a hermitian form on L}. Regarding Endg V and H as varieties over F, let
wy and wy be nonzero, translation-invariant forms on Endg V and H, respectively, with

normalization
/ |C()M|:1 and IC()H|=1
M H'

Let M* = Resg/r GLg (V). Define amap p : M* — H by p(m) =hom. Here hom is
the hermitian form (v, w) — h(mv, mw). Then the inverse of & under p is G, which is the
unitary group associated to the hermitian space (V, k). It is also the generic fiber of G'. Put
0" = wy /p*wy. For a detailed explanation of what wy;/p*wy means, we refer to Section
3.2 of [Gan and Yu 2000].

We choose two forms w), and ), as generators for the spaces of the top degree forms
on M’, which is identified with the Lie algebra of M*, and H’, which is identified with the
tangent space to H at h, respectively. Here M’ is defined in Remark 3.1 and H' is defined in
the paragraph following the matrix description of an element of H (R) for a flat A-algebra R
in Section 3C. They are nonzero translation-invariant forms on Endg V and H, respectively,

with normalization
/ |a);w|=1 and / |a/H|=1.
M(A) H(A)

By Theorem 3.6, we have an exact sequence of locally free sheaves on M*:
0—> p*Qusa —> Qurrja —> Que/u — 0.

Put 0" = w),/p*w),;. For a detailed explanation of what w),/p*w}; means, we refer to
Section 3.2 of [Gan and Yu 2000]. It follows that »**" is a differential of top degree on G,
which is invariant under the generic fiber of G, and which has nonzero reduction on the
special fiber.

Lemma 5.1. We have:

loul = 21" |0y, Nu= Y Qui—=D+Y (j—i)ninj,

ieven i<j

L; of type !

i+2
N / .
log| = 121" |wyl, Ny = E (ni_1)+§ ]'”i'”j—f—E —

ieven i<j i even

L; of typel

i+1

+E > ~n,~+2 d;,

iodd i

|(,()1d| — |2|NM7NH|wcan|.
Here,d; =i -n;-(n; —1)/2.

Proof. Note that both wy, and w), are volume forms on Endg V with different normalizations,
so that they differ by a scalar. The “difference” between the Haar measures associated to
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these volume forms can be detected at the level of F-points of Endg V, since Endg V is an
affine space.

Since M(A) = 1+ M’'(A), where M’ is defined in Remark 3.1, we have the identity
/, o |w),| = 1. Note that M'(A) is a finitely generated free A-submodule of M’ whose
rank is the same as that of M’. Thus Ny, is the “difference” between these two modules M’
and M'(A). More precisely, Ny, is the length of the finitely generated torsion A-module
M'/M’'(A). Note that 2 is a uniformizer of A.

Similarly, Ny is the length of the finitely generated torsion A-module H'/H'(A). Here,
H' is defined in the paragraph following the matrix description of an element of H (R) for a
flat A-algebra R in Section 3C.

Then the above formula for Ny (resp. Ny ) can be read off from the matrix interpretation
for M(A) (resp. H(A)) given in Sections 3A and 3B (resp. Section 3C). O

Let f be the cardinality of «. The local density is defined as

. —N dim G g/ N
T [G:G°] .ngnoof #G(A/m7A).
Here, G’ is the naive integral model described at the beginning of Section 3 and G is the
generic fiber of G’ and G° is the identity component of G. In our case, G is the unitary
group U(V, h), where V = L ®4 F. Since U (V, h) is connected, G° is the same as G so
that [G : G°] = 1.

Then based on Lemma 3.4 and Section 3.9 of [Gan and Yu 2000], we finally have the
following local density formula.

Theorem 5.2. Let f be the cardinality of k. The local density of (L, h) is

Br

ﬁL — fN . f‘fdimU(V,h)#(";’(K)7
where

N=NH—NM=Zi~ni~n_,~+Zi—gz'ni+zi—;1~ni+2dl~— Z n;.

i<j i even i odd i even
L; of type ]

Here, #5(/{) can be computed explicitly based on Remark 5.3(1) below and Theorem 4.12.
For convenience, we repeat the following remark from Remark 5.3 in [Cho 2015a].

Remark 5.3 [Cho 2015a, Remark 5.3]. (1) In the above local density formula, #5(/() is
computed as follows. We denote by Ru(~; the unipotent radical of G so that the maximal
reductive quotient of GisG / RuCN}. That is, there is the following exact sequence of group
schemes over «:

1— R.G — G —> G/R,G —> 1.

Furthermore, the following sequence of groups
1 — R,G(k) — G(x) —> (G/R,G) (k) —> 1

is also exact by Lemma A.1. Using Lemma A.1, one can see that #Rua(/c) = f™, where
m is the dimension of R, G. Notice that the dimension of R, G can be computed explicitly
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based on Theorem 4.12, since the dimension of G is n? withn = rankg L. In addition, the
orders of orthogonal and symplectic groups defined over a finite field are well known. Thus,
one can compute #(5 / Rué)(/c) explicitly based on Theorem 4.12. Finally, the order of the
group 5(/{) is identified as follows:

#G (k) = #R,G (k) - #(G /R, G) (k).

(2) Asin Remark 7.4 of [Gan and Yu 2000], although we have assumed that n; = O for
i <0, itis easy to check that the formula in the preceding theorem remains true without this
assumption.

Appendix A: The proof of Lemma 4.6

The proof of Lemma 4.6 is based on Proposition 6.3.1 in [Gan and Yu 2000]. We first state
a theorem of Lazard which is repeatedly used in this paper. Let U be a group scheme of
finite type over x which is isomorphic to an affine space as an algebraic variety. Then U is
connected smooth unipotent group (cf. IV, § 4, Theorem 4.1 and IV, § 2, Corollary 3.9 in
[Demazure and Gabriel 1970]).

For preparation, we state several lemmas.

Lemma A.1 [Gan and Yu 2000, Lemma 6.3.3]. Let 1 - X — Y — Z — 1 be an exact
sequence of group schemes that are locally of finite type over k, where k is a perfect field.
Suppose that X is smooth, connected, and unipotent. Then 1 - X (R) - Y(R) > Z(R) — 1
is exact for any k-algebra R.

Let M be the special fiber of M* and let R be a k-algebra. Recall that we have described
an element and the multiplication of elements of M (R) in Section 3B. Based on these, an
element of M (R) is

max{0, j—i}

m:(yr m,-,j).

Here, if i is even and L; is of type I° (resp. of type I¢), then

- S; r; Tt;
s .
m;; = ! % (resp. TYi 1+ TX; TZi ),
wv; 1+mz;
V; U; 14+ mw;

where S; € M(ni—l)x(n;—l)(B®AR) (resp. S; € M(n;—2)><(n,-—2)(B®AR))’ etc., and S; modr ® 1
is invertible. For the remaining m; ;’s except for the cases explained above, m; ; is contained
in Mn,-xn, (B®aR)and m; ; mod 7w @1 is invertible.

Let

i =

i — {GLK(Bi/Yi) if i is even;
GLK (A,/X,) if i is odd.

Let s; = m;; if L; is of type II in the above description of ]VI(R). Then s; mod # ® 1 is an
element of M;(R). Therefore, we have a surjective morphism of algebraic groups

v

defined over x. We now have the following easy lemma:
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Lemma A.2. The kernel of r is the unipotent radical M+ of M, and I Mi is the maximal
reductive quotient of M.

Proof. Since [] 1\7,- is a reductive group, we only have to show that the kernel of r is
a connected smooth unipotent group. Let R be a k-algebra. By the description of the
morphism r in terms of matrices explained above, an element of the kernel of r is

m = (nmax{O,jfi}mi,j)

satisfying the following. If i is even and L; is of type I° (resp. of type I°), then

. id+ms! Ti Tl
d / i i
m;; = <1 TS i ) (resp. ny; l+nmnx;, 7z ),
v 4 v; u; 14+ mw;
1 1 1

where id +7 ® 1 -S; € M(nifl)x(nl-fl)(B ®AR) (resp. d+7r®1 'Sl{ € M(n,-72)><(n,- ,2)(3 ®AR)),
etc., such that s; has entries in R C B ®4 R. For the remaining m; ;’s except for the cases
explained above, m; j € My, xn;(B®aR) andm; ; =id +7 ®1 -mj ; such that m; ; has entries
in R C B®4R. Note that there are no equations among the variables given above. Thus the
kernel of r is isomorphic to an affine space as an algebraic variety over k. Therefore, it is a
connected smooth unipotent group by a theorem of Lazard which is stated at the beginning
of Appendix A. (]

Recall that we have defined the morphism ¢ in Section 4A. The morphism ¢ extends to
an obvious morphism

¢:M— [ GL«(Bi/Y) x [ [ GL(Ai/Z)
ieven iodd
such that ¢|g = ¢. Note that ¥; ®4 R and Z; ®4 R are preserved by an element of M (R)
for a flat A-algebra R (cf. Lemma 4.2). By using this, the construction of ¢ is similar to
Theorems 4.3 and 4.4 and thus we skip it. Let R be a «-algebra. Based on the description of
the morphism ¢; explained in Section 4A, Ker ¢(R) is the subgroup of M (R) defined by
the following conditions:

(a) Ifiisevenand L; is of type I, s; =id mod 7 ® 1.

(b) Ifiisevenand L; is of type II, m;; =id mod 7 ® 1.

(c) Ifiisodd, m;; =id mod v ®1 and §; _1e;_1 -m;_1 ;i +;+1€i+1-Mmit1; =0 mod T @ 1.
Here,6; =1if Ljisof type I and §; =0if L; is of type I, and e; = (0,---,0, 1)
(resp.e; =(0,---,0,1,0)) of size 1 x n; if L; is of type 1 (resp. of type I¢).

It is obvious that Ker ¢ is a closed subgroup scheme of M and is smooth and unipotent
since it is isomorphic to an affine space as an algebraic variety over «.
Recall from Remark 3.1 that we defined the functor M’ such that (1 + M')(R) = M(R)

inside Endpg ,r (L ®4 R) for a flat A-algebra R. Thus there is an isomorphism of set valued

functors
I+ M —-M

me—1+m,
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where m € M’'(R) for a flat A-algebra R. We define a new operation * on M’(R) such
that xxy = x 4+ y 4+ xy for a flat A-algebra R. Since M’(R) is closed under addition and
multiplication, it is also closed under the new operation x. Moreover, it has 0 as an identity
element with respect to . Thus M’ may and shall be considered as a scheme of monoids
with x. We claim that the above morphism 1+ is an isomorphism of monoid schemes.
Namely, we claim the following commutative diagram of schemes:

1 1
M/XM,%MXM

l* lmultiplicalion

MM
Since all schemes are irreducible and smooth, it suffices to check the commutativity of
the diagram at the level of flat A-points as explained in the third paragraph from below in
Remark 3.2, and this is obvious.
Since M* is an open subscheme of M, (14+)~'(M*) is an open subscheme of M’. The
composite of the following three morphisms

(1+) inverse a1+

(1)) M M (-~

defines the inverse morphism on the scheme of monoids (1)~ Y(M*) with respect to the
operation x. Thus we can see that (1+) ' (M*) is a group scheme with respect to » and the
morphism 1+ is an isomorphism of group schemes between (1+)~'(M*) and M*.

Let R be a k-algebra. Since the morphism 1+ is an isomorphism of monoid schemes
between M’ and M, we can write each element of M(R) as 1 + x with x € M'(R). Here,
1 4+ x means the image of x under the morphism 1+ at the level of R-points. Note that
M'(R) is a B® 4 R-algebra for any A-algebra R with respect to the original multiplication on
it, not the operation *. In particular, M'(R) is a (B/2B) ® R-algebra for any «-algebra R.
Therefore, we consider the subfunctor xM’ : R — (m ® 1)M'(R) of M’ ® k and the
subfunctor M!': R+ 1 + 2 M'(R) of Ker ¢. Here, by 1 + 7 M’'(R), we mean the image
of t M'(R) inside M(R) (= M (R)) under the morphism 1+ at the level of R-points. That
14+ M’'(R) is contained in Ker ¢(R) can easily be checked by observing the construction
of ¢. The multiplication on M is as follows: for two elements 1 + 7x and 1 + Ty in
M! (R), based on the above commutative diagram, the product of 1 +7x and 1 + 7y is

A+ax)-A+nmy)=1+axxry=14+ @@ +y) +7r2(xy)) =14+n(x+y).
Here,  stands for 7 ® 1 € B ® 4 R. Then we have the following lemma.

Lemma A.3. (i) The functor M is representable by a smooth, connected, unipotent
group scheme over k. Moreover, M' is a closed normal subgroup of Ker .

(ii) The quotient group scheme Ker ¢/ M! represents the functor
R Ker¢(R)/M"(R)

by Lemma A.1 and is smooth, connected, and unipotent.
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Proof. Let R be a k-algebra. In the proof, m stands for m ® 1 € B ®4 R. To show that
M'(R) is a subgroup of Ker @(R), it suffices to show that the inverse 1+ x’ of 1 + 7 x in
Ker @(R) is contained in M'(R). From the identity

A+xYA+ax)=14+x*mx=14+x"+mx+7x'x) =140,

we see that x’ is an element of w M’(R) so that 1 + x’ is an element of M'(R), since M'(R)
is closed under multiplication and addition which implies x +x'x € M'(R).

Then the first sentence of (i) follows by a theorem of Lazard which is stated at the
beginning of Appendix A since M'is isomorphic to an affine space of dimension n? as an
algebraic variety over k.

To show that M (R) is a normal subgroup of Ker ¢(R), we choose an element 1 + 7wx €
M'(R)and 1 4+m € Ker ¢(R) withm € M’(R). Let 1 + m’ be the inverse of 1 4+ m so that
(1+m’)(1 +m) = 1. Then we have the following identity:

A4+mYA+ax)A+m)=14+m'*wxxm =14+ +m'x +xm+m'xm).

Since M’(R) is closed under multiplication and addition, x +m'x + xm +m’xm € M'(R)
so that (14+m)(1 +7x)(1+m) € M'(R).

For (ii), smoothness and connectedness are stable under quotienting by algebraic groups
(Proposition 22.4 in [Knus et al. 1998]) and a quotient of a unipotent group is also a
unipotent group by part (a) of the first corollary in Section 8.3 in [Waterhouse 1979]. [

This paragraph is a reproduction of [Gan and Yu 2000, 6.3.6]. Recall that there is a closed
immersion G — M. Notice that Ker @ is the kernel of the composition G>M—>M / Ker ¢.
We define G as the kernel of the composition

G>M—>M / M.
Then G is the kernel of the morphism Ker ¢ — Ker ¢/ M! and, hence, is a closed normal
subgroup of Ker ¢. The induced morphism Ker ¢/G' — Ker@/M" is a monomorphism,

and thus Ker ¢/ G'is a closed subgroup scheme of Ker ¢/ M! by (Exposé VI, Corollary
1.4.2 in [SGA 3, 1970]).

Theorem A.4. G! is connected, smooth, and unipotent. Furthermore, the underlying
algebraic variety of G' over k is an affine space of dimension

2 .
I D

i<j i odd ieven

i +#{i : i iseven and L, is of type [}.

Proof. We prove this theorem by writing out a set of equations completely defining G!
(after all there are so many different sets of equations defining 5'). Let R be a k-algebra.
As explained in Remark 3.3(2), we consider the given hermitian form % as an element of
H(R) and write it as a formal matrix h = (7 - h;) with (' - h;) for the (i, i)-block and
0 for the remaining blocks. We also write & as (f; j,a; --- f;). Recall that the notation
(fi,j>ai--- fi) is defined and explained in Section 3C and explicit values of (f; ;, a; - - - fi)
for the A are given in Remark 3.3(2).
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We choose an element m = (m; ;,s; ---w;) € (Ker@)(R) with a formal matrix in-
terpretation m = (x™*%/=1m, ;), where the notation (m; ;,s;---w;) is explained in
Section 3B. Then /& o m is an element of H(R) and (Ker ¢)(R) is the set of m such that
hom = (f;j,a;--- f;). The action h o m is explicitly described in Remark 3.5. Based on
this, we need to write the matrix product z om = o (‘m) - h - m formally. To do that, we
write each block of o (‘m) - h - m as follows:

The diagonal (i, i)-block of the formal matrix product o (‘m) - h - m is the following:

mt (o (miihimi; +o () -0 (mioyDhioimiy; 4+ 0 (mipyDhicimig)
+7' (o) o (mi_p ) hi—ami_o; + 7% -0 (miza)hizamisa;), (A-1)

where 0 <i < N.
The (i, j)-block of the formal matrix product o (‘m) - h -m, where i < j, is the following:

7Tj< Z U(tmk,i)hkmk,j+0(77)'0(lmil,i)hilmi1,j+77'G(tmj+1,i)hj+1mj+l,j>s (A-2)
i<k<j

where 0 <i, j < N.
Before studying G', we describe the conditions for an element m € M (R) as above to
belong to the subgroup M'(R).

(1) mij =mm];ifi # j;
(2) m;; =id+mwm;, if L; is of type II;

s Ty id+ms, 72y \.... . .
3) mi; = <7T:)i 1+7;zi) = ( W ! 1+7réz,’- if i is even and L; is of type [;

si ri Tt id+ms,  nr] ]
@ my;=\my;, 1+nx; 7z =| 7% 1+7%x =% if i is even and
v ou l4mw; ] mu,  1+7tw)

L; is of type I°.

Here, all matrices having ’ in the superscript are considered as matrices with entries in R.
When i is even and L; is of type /, we formally write m; ; = id +7m; ;. Then G'(R) is the
setof m € A711(R) suchthathom =h=(f; j,a;--- f;). Since hom is an element of H (R),
we can write 1 om as (fi/,j’ a;--- f}). In what follows, we will write (fl.fj, a;--- f))in
terms of i = (f; j, a; - -- f;) and m, and will compare (fl/] a;--- fHywith (f;j,ai--- fi),
in order to obtain a set of equations defining G'.

If we put all these (1)—(4) into (A-2), then we obtain

(o1 +m- ‘mi Yhiwm ;4o (r-'m (1 —l—rrm/j’j)).
Therefore,

fl'j = (O’(l 4+ -’m;’i)h,-nm;j +o(m- tm’j,i)hj(l +7rm/j,j)),
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where this equation is considered in B ® 4 R and 7 stands for w ® 1 € B ® 4 R. Thus each
term having 72 as a factor is 0 and we have

f/} = h,-nm;,j +o(r -’m’jj)hj, where i < j. (A-3)

This equation is of the form f/; = X + 7Y since it is an equation in B ®4 R. By letting
fi; = fi,j =0, we obtain

him} ;+'m’, ;hj =0, wherei < j, (A-4)

where h; (resp. h ;) is obtained by letting each term in A; (resp. & ;) having 7 as a factor be
zero so that this equation is considered in R. Note that /2; and / are invertible as matrices
with entries in R by Remark 3.3. Thus m; ; = h! 'm’;,; -h;. This induces that each entry
of m; ; is expressed as a linear combination of the entries of m’; ;. Thus there are exactly

n;n; independent linear equations among the entries of m; ;, m’; ;.
Next, we put (1)—(4) into (A-1). Then we obtain
7oL+ -"'m} Hh;(1+wm]))). (A-5)

We interpret this so as to obtain equations defining G'. There are 4 cases, indexed by (i),
(ii), (iii), (iv), according to types of L;.

(i) Assume that i is odd. Then ' h; = £ ~V/2 7 g; as explained in Section 3C and thus we
have
aj=0(l+m-'m})a;(1+mwm;).

Here, the nondiagonal entries of this equation are considered in B ® 4 R and each diagonal
entry of g; is of the form e x; with x; € R.
Thus, we can cancel terms having 72 as a factor and the above equation equals

aj=a; +o(w)-'mj;a; +m-am;;.
By letting a; = a;, we have the following equation
o(m)-'mja; +m -aim;; =0.

Since this is an equation in B ® 4 R, it is of the form X + 7Y = 0. Note that the reduction
of € mod 7 is 1. We denote by a; the reduction of @; mod 7. Thus we have

[ -y
m;a; +am; ; = 0.

This is a matrix equation over R, in a usual sense, and a; is symmetric and the diagonal
entries of a; are 0. More precisely,

01

10

(t9)
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Then we can see that there is no contribution coming from the diagonal entries of 'm; ;a; +
Ez,-m;’i = 0 and that there are exactly (ni2 — n;)/2 independent linear equations. Thus
(n} +n;)/2 entries of m/; determine all entries of m] ;. Note that the conditions on m] ;,
viewed as a matrix with entries in «, are tantamount to this matrix belonging to the Lie
algebra of a symplectic group associated to an obvious alternating form given by a;. Then
(ni2 4+ n;)/2 is the dimension of this symplectic group.

For example, let m; = (* ) and @ = (! ;). Then

! G+ am! = 2z x+w\ _ 0 x+w
R T \x w2y ) \e+w 0 )7

Thus there is one linear equation x + w = 0 and x, y, z determine all entries of m:l

(i) Assume that i is even and L; is of type II. This case is parallel to the previous case.
Then 7' h; = £!/?a; as explained in Section 3C and we have
aj=o0(l+m-'m})a;(1+mwm;).

Here, the nondiagonal entries of this equation are considered in B® 4R and each diagonal en-
try of a; is of the form 2x; with x; € R. Now, the nondiagonal entries of o (7 -'m; ;)a; (;rm; ;)
are all 0 since they contain 77> as a factor. The diagonal entries of o (7 - 'm/ ;)a; (wm ;) are
also 0 since they contain # as a factor. Thus, the above equation equals

aj=a; +o(w)-'mj;a; +m-a;mj,;.
By letting a; = a;, we have the following equation
[ ;o
o(w)-'m;a;+m-am;; = 0.

Based on (2) of the description of H(R) for a k-algebra R, which is explained in
Section 3C, in order to investigate this equation, we need to consider the nondiagonal
i; as elements of B ®4 R and the diagonal entries of

o(m)- ’ml’.’iai + 7 ~aim;,i as of the form 2x; with x; € R. Recall from Remark 3.3 that

(t9)

entries of o () - 'm} ;a; + 7 - a;m

(t9)

Then we can see that each diagonal entry as well as each nondiagonal (upper triangular) entry
of o () -'m{ ;a; +m - a;m ; produces a linear equation. Thus there are exactly (n? +n;)/2
independent linear equations and (n? —n;)/2 entries of m; ; determine all entries of m; ;.

For example, let m; = (* ) and a; = (! ;). Then

"m.a: cam . = z X zw) _ [((o@+m)z o(@x+mw
o(m)-'m;a;+m-aym;; =o(mw) (w y>+n (x y) —(G(n)w_’_nx ) +my)”
Recall that o (1) = err with € =1 mod 7 and o (;r) +7 =2, as explained at the beginning of

Section 2A. Thus there are three linear equations z =0, x +w =0, y = 0 and x determines
every other entry of m; ;.
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(iii) Assume that i is even and L; is of type 1°. Then t'h; =£'/? (U(;f,b_) 11?5- ) as explained
in Section 3C and we have

al{ ”b; _ t 1 ai b, ,
(a(n-'b;) 1+2c;.>_“(1+” i) <a(n-’bi) 1+2€i) (Irmm; ). (A6)

Here, the nondiagonal entries of alf as well as the entries of blf are considered in B® 4R, each

diagonal entry of a is of the form 2x; with x; € R, and ¢; is in R. In addition, b; =0, ¢; = ¥;

as explained in Remark 3.3(2) and g; is the diagonal matrix with ({ ;) on the diagonal.

(g 1+020- ) ' (ﬂm;’i) formally

-
%, ™). Compute o (7 -'m] ;) (

7] 7wz
txi’a,xvlf-&-zer,- Y

oY) nlz o
Thus we can ignore the contribution from o (7 - 'm; i)(”" )(nmg.i) in Equation (A-6)

0 1+2L‘1
and so Equation (A-6) equals

a; wh; \ _ (a 0 +o(n) ‘s o(m) -\ (a 0
o(m-'b) 1+2c¢) \0 142 o(m)-'yl o)z 0 142

to a; 0 s; wy;
0 1+42¢) \nv, nz;)”

(a) Firstly, we consider the (1, 1)-block. The computation associated to this block is
similar to that for the above case (ii). Hence there are exactly ((n; — 1)> + (n; — 1))/2
independent linear equations and ((n; — 1)> — (n; — 1))/2 entries of s/ determine all
entries of s;.

Note that in this case, m; ; = (

and this equals o(n)n( ) for certain matrices X;, Y;, Z; with suitable sizes.

We interpret each block of the above equation below:

(b) Secondly, we consider the (1, 2)-block. We can ignore the contribution from ‘vic;
since it contains 73 as a factor. Then the (1, 2)-block is

b, =o(m)m-(e-"v)+ 1/€-a;y)). (A-7)
By letting b; = b; = 0, we have
o(m)-(e-"vi+1/e-a;y))=0

as an equation in B ® 4 R. Thus there are exactly (n; — 1) independent linear equations
among the entries of v/ and y; and the entries of v/ determine all entries of y/.

(c) Finally, we consider the (2, 2)-block. This is
142¢, = 142¢; + (T + (0 (1) D)z, + 27> + (0 (1)) )iz (A-8)

Since % + (o (7)) = (7 + 0 (7))* — 20 ()7, we see that 72 + (o (r))? contains 4
as a factor. Thus by letting ¢ = c¢;, this equation is trivial.

By combining the three cases (a)—(c), there are exactly ((n; — D% +(n;—1)) /24 —1)=
(n} 4 n;)/2 — 1 independent linear equations and (n7 — n;)/2 4 1 entries of m/ ; determine
all entries of m; ;-
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(iv) Assume that i is even and L; is of type I°. Then
a; b,’ me;
athy =67 o(b) 1+2f 1+nd;
o(m-'¢) o(1+mnd) 2c

as explained in Section 3C and we have

a; b; e,
o('b)) 1+2f/ 1+4nd]
o(m-'e)) o(l+nd) 2c
a; b,‘ we;
=o(l+m-'m;)-| o(b) 1+2f; l+nd |-(I4+7m};). (A-9)
o(m-'¢,) o(1+nd) 2c;

Here, the nondiagonal entries of a; as well as the entries of b;

B ®4 R, each diagonal entry of a is of the form 2x; with x; € R, and ¢/, f/ are in R. In
addition, b; =0,d; =0,¢; =0, f; =0, ¢; = y; as explained in Remark 3.3(2) and g; is the
diagonal matrix with ({ |) on the diagonal.

Notice that in this case,

, e, d are considered in

127

We compute
a; 0 0
o(@-'m)- 101 1 |-(wmj,)
01 2(,‘i
formally and this equals
'sla;s] + %X, Y; TZ;
o(m)m oY)  rlar]+7*X, mY!

o(m-'Z;) o(m-'Y}) JTZZI{

for certain matrices X;, Y;, Z;, X!, Y/, Z! with suitable sizes. Thus we can ignore the
contribution from this part in Equation (A-9) and so Equation (A-9) equals

a; b; we; a 0 0
o(b) 142f 14md|=|0 1 1
o(w-le)) o(l+md) 2c; 0 1 2¢
sl o)yl N a; 0 0
+o () r! o (m)x] u; 01 1
o)t o)z o(m)w] 0 1 2¢
a 0 0 sior] ot
+7 [0 1 1 wy, mx; 7wz
0 1 2¢ v, u, ww;
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We interpret each block of the above equation as follows:

(a)

(b)

(©

(d)

(e)

®

Let us consider the (1, 1)-block. The computation associated to this block is similar
to that for the previous case (ii). Hence there are exactly ((n; — 2)2 + (n; —2)) /2
independent linear equations and ((n; — 22— (n; —2)) /2 entries of s/ determine all
entries of s;.

We consider the (1, 2)-block. This gives
b, =m(e’m -y +€-"v] +a;r)). (A-10)

This is an equation in B ®4 R. By letting b} = b; = 0, there are exactly (n; — 2)
independent linear equations among the entries of v}, r/.
The (1, 3)-block is

me, =1y + (/7)€ - Ve, +ait)).
By letting e; = ¢; = 0, we have

e =m(e® 'y +(2/m) € Ve +ait)) Al

="y +ait)) = (y +a;it) =0.

This is an equation in B ® 4 R. Thus there are exactly (n; — 2) independent linear
equations among the entries of y;, t/.

The (2, 3)-block is
1+ 7d =140 @) (o (m)x] +2uic;) + 727, + w)).
By letting d! = d; = 0, we have
dl = m(e’x] + 7, +w) = m(x] + 2z, + w)) =0. (A-12)
This is an equation in B ® 4 R. Thus there is exactly one independent linear equation
among the entries of x/, 2}, w;.
The (2, 2)-block is
1+2f/ =14+0@) (o)X +u.)+ (X, +u;)
=14 2u, + ((m +0(n))* —2m0 (7))x].
By letting f/ = f; =0, we have
fi=u;+((w+o@)—mo@)x; =u,=0.
This is an equation in R. Thus u; = 0 is the only independent linear equation.
The (3, 3)-block is
2¢; =2¢; + o () (0 ()7, + 20 (M)wic;) + 7 (7w, + 2mwic;)
=26 + (T +0(7))* — 270 (1)) (2} + 2wjc;).

Since ((r 4+ o ())> — 2o (7)) contains 4 as a factor, by letting ¢; = ¢;, this equation
is trivial.

(A-13)

By combining the six cases (a)—(f), there are exactly ((n; —2)>+ (n; —2))/2+2(n; —2)+2 =
(n} 4 n;)/2 — 1 independent linear equations and (n7 —n;)/2 4 1 entries of m/ ; determine
all entries of m; ;.
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We now combine all the work done in this proof. Namely, we collect the above (i), (ii), (iii),
(iv) which are the interpretations of Equation (A-5), together with Equation (A-4). Then
there are exactly

2_ 24,
Zn,-nj—l—zni 2”; —}—Z o _2’_”[ —#{i :iiseven and L; is of type I}

i<j iodd i even

independent linear equations among the entries of m. Furthermore, all coefficients of these
equations are in «. Therefore, we consider Glasa subvariety of M" determined by these
linear equations. Since M" is an affine space of dimension n?, the underlying algebraic
variety of G' over « is an affine space of dimension

2 . 2_p.

Zninj + Z o —;nl + Z i 7 i +#{i :i iseven and L; is of type I}.
i<j i odd i even

This completes the proof by using a theorem of Lazard which is stated at the beginning of

Appendix A. (]

Let R be a k-algebra. We describe the functor of points of the scheme Ker ¢/ M! by using
points of the scheme (M’ ® k)/x M', based on Lemma A.3. Recall from two paragraphs
before Lemma A.3 that (1+)~!(M*), which is an open subscheme of M’, is a group scheme
with the operation *. Let M’ be the special fiber of (14)~'(M*). Since M! is a closed
normal subgroup of M (= M*®«) (cf. Lemma A.3(i)),  M’, which is the inverse image
of M" under the isomorphism 14, is a closed normal subgroup of M'. Therefore, the
morphism 1+ induces the following isomorphism of group schemes, which is also denoted
by 1+,

1+: M /aM —> M/M".

Note that M’/ M'(R) = M'(R) /= M'(R) by Lemma A.1. Each element of (Ker ¢/M")(R)
is therefore uniquely written as 1+ x, where x € M/(R)/m’(R). Here, by 1 4+ x, we mean
the image of x under the morphism 14 at the level of R-points.

We still need a better description of an element of (Ker ¢/ M"Y (R) by using a point of
the scheme (M’ ® «)/zM’'. Note that (M’ ® k) /7 M’ is a quotient of group schemes with
respect to the addition, whereas M’ /M’ is a quotient of group schemes with respect to the
operation .

We claim that the open immersion ¢ : M’ — M’ ®« with x — x induces a monomorphism
of schemes

1M aM — (M ®K)/aM

Choose x € A7I’(R) and my € g M'(R) for a k-algebra R. Since x*xwy = x + 7w (y + xy),
both x and xxwy give the same element in (M’ ® x)/r M')(R). Thus the morphism 7 is
well-defined.

In order to show that ¢ is a monomorphism, choose x, y € M "(R) suchthat x =y +mz
with rz € tM'(R). Let y’ (€ M'(R)) be the inverse of y sothat yxy' =y +y +yy =0.
Then 7 (z + y'z) is an element of = M'(R). We have the following identity:

xr(z+Y2) =0 +a)*mz+y)=y+x(y+y +yy)z=1y.
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Therefore, x and y give the same element in (1\7 "/t M")(R), which shows the injectivity of
the above morphism.

Note that the operation * is closed in M’ ®« as mentioned in the third paragraph following
Lemma A.2. We can also easily check that the operation * is well-defined on (M’ ®«)/x M/,
which turns to be a scheme of monoids with respect to x, and that the morphism 7 is a
monomorphism of monoid schemes.

To summarize, the morphism 1+ : M//TL’_M — 1\71/1\711 is an isomorphism of group
schemes and the morphism ¢ : M’ /aM' — (M’ ® )/ M'is a monomorphism preserving
the operation x. Therefore, each element of (Ker ¢/ M 1)(R) is uniquely written as 1 + &,
where ¥ € (M’ ® k)(R)/m M'(R). Here, by 1+ X, we mean (1+) o7~ 1(x). From now on to
the end of this paper, we keep the notation 1 4 x to express an element of (Ker ¢/ M")(R)
such that X is an element of (M’ ® «)(R)/x M'(R) which is a quotient of R-valued points
of group schemes with respect to addition. Then the product of two elements 1 + x and
l+yisthesameas | +xxy (=14+ (X +y+Xxy)).

Remark A.5. By the above argument, we write an element of (Ker ¢/ M")(R) formally as
m = (x>0, ;) with s;, -+ -, w; as in Section 3B such that each entry of each of the
matrices (m; j)i-j, Si, -+, w; isin (B4 R)/(m ® 1)(B ®4 R) = R. In particular, based
on the description of Ker ¢(R) given at the paragraph following Lemma A.2, we have the
following conditions on m:

(1) Assume thati is even and L; is of type I. Then s; =id.
(2) m;; =idif L; is of type II.

(3) Assume that i is odd. Then &;_ie;—; -m;_1; + 8iy1€i41-m;t1; = 0. Here, §;, e; are
as explained in the description of Ker ¢(R).

Theorem A.6. Ker (p/é1 is isomorphic to Al x (Z)27)# as a k-variety, where A" is an
affine space of dimension l'. Here,

o U is such that I' + diim G' = . Notice that [ is defined in Lemma 4.6 and that the
dimension of G' is given in Theorem A.4.

o B is the number of even integers j such that L ; is of type I and L ;1 is of type II.

Proof. Lemma A.1 and Theorem A.4 imply that Ker ¢/ G! represents the functor R —
Ker ¢(R)/G'(R). Recall that Kerg/G' is a closed subgroup scheme of Ker@/M' as
explained at the paragraph just before Theorem A 4. Let m = (r™%-/=}n; ;) be an element
of (Ker <ﬁ/1\’711 )(R) such that m belongs to (Ker (p/fd}1 )(R). We want to find equations which
m satisfies. Note that the entries of m involve (B ®4 R)/(m ® 1)(B ®4 R) as explained in
Remark A.5S.

Recall that 4 is the fixed hermitian form and we consider it as an element in H (R) as
explained in Remark 3.3(2). We write it as a formal matrix & = (ni -hi) with (! - ;) for
the (7, i)-block and 0 for the remaining blocks. We choose a representative 1 +x € Ker ¢(R)
of m so that 1 o (1 +x) = h. Any other representative of m in Ker ¢(R) is of the form
(1+x)(1+my) with y € M'(R) and we have ho (1 +x)(14+7my) =ho(1+my). Notice
that o (1 + y) is an element of H(R) so we express it as (f/,j» a:--- f/). We also let
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h=(fij,a;--- fi). Here, we follow notation from Section 3C, the paragraph just before
Remark 3.3. Recall that h = (f; j, a; - - - f;) is described explicitly in Remark 3.3(2). Now,
1+ my is an element of M! (R) and so we can use our result (Equations (A-3), (A-7), (A-8),
(A-10), (A-11), (A-12), (A-13)) stated in the proof of Theorem A.4 in order to compute
ho (14 my). Based on this, we enumerate equations which m satisfies as follows:

(1) Assume i < j. By Equation (A-3) which involves an element of M! (R), each entry of

ifj has 7 as a factor so that fl/j = f; j(=0) mod (7 ®1)(B®4R). In other words, the (i, j)-
block of o (1+x)(1+7y) divided by 7™/} is f; ;(=0) modulo (7 ® 1)(B®4R), which
is independent of the choice of 1 +my. Let m € Ker ¢(R) be a lift of m. Therefore, if we
write the (i, j)-block of o (‘) - h -1 as ™IV X; (i), where X; ; () € My xn; (B®4R),
then the image of &; ;(m) in My, xn; (B ®a R)/(T @ 1)My;xn;(B ®4 R) = My, xn;(R)
is independent of the choice of the lift i of m. Therefore, we may denote this image
by &; j(m). On the other hand, by Equation (A-2), we have the following identity:

X jm)y= " o('me)hemy; if i< j. (A-14)

i<k<j

We explain how to interpret the above equation. We know that X; ;(m) and my - (with
k # k') are matrices with entries in (B ®4 R) /(7 ® 1)(B ®4 R), whereas m;; and m ; are
formal matrices as explained in Remark A.5. Thus we consider hy, m i,i-and m; ; as matrices
with entries in (B ®4 R)/(r ® 1)(B ®4 R) by letting  be zero in each entry of the formal
matrices Ay, m;;, and m; ;. Here we keep using m;; and m ; ; for matrices with entries in
(B®4R)/(r ® 1)(B ®4 R) in the above equation in order to simplify notation. Later in
Equation (A-23), they are denoted by m; ; and m ; ;. Then the right hand side is computed as
a sum of products of matrices (involving the usual matrix addition and multiplication) with
entries in (B ®4 R)/(w ® 1)(B ®4 R). Thus, the assignment m +— A; ;(m) is polynomial
in m. Furthermore, since m actually belongs to Ker ¢(R)/ G! (R), we have the following
equation by the argument made at the beginning of this paragraph:

X, (m) = f;,; mod (x @ 1)(B®4 R) =0,

Thus we get an n; X n; matrix &; ; of polynomials on Ker ¢/ M defined by Equation (A-14),
vanishing on the subscheme Ker ¢/G!.

Before moving to the following steps, we fix notation. Let m be an element in (Ker ¢/ M H(R)
and m € Ker ¢(R) be its lift. For any block x; of m, x; is denoted by the corresponding block
of m whose reduction is x;. Since x; is a block of an element of (Ker ¢/ M 1(R), it involves
(B®4R)/(m ®1)(B®4R) as explained in Remark A.5, whereas x; involves B ® 4 R. In
addition, for a block a; of &, a; is denoted by the image of g; in (B®4R)/(m ® 1)(B®4R).

(2) Assume that i is even and L; is of type 1°. By Equation (A-7) which involves an element
of M! (R), each entry of b} has 7 as a factor so that b, = b; =0 mod (w @ 1)(B ®4 R). Let
m € Ker ¢(R) be a lift of m. By using an argument similar to the paragraph just before
Equation (A-14) of step (1), if we write the (1, 2)-block of the (7, i)-block of the formal
matrix product o (/i) - h - as /% - w X; | 5 (171), where X; 1 (1) € My, —1)x1 (B ®4R), then
the image of Aj 1 2(m) in M,,_1)x1(B @4 R)/(r @ 1)M,,—1)x1(B ®4 R) is independent
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of the choice of the lift m of m. Therefore, we may denote this image by X; ;,(m).
As for Equation (A-14) of step (1), we need to express A&; 1 2(m) as matrices. Recall that
mihy =& (4 0 y=mte2(G 0 ) and € =1 mod 7 ®1. We write m;; as ( id -y )

0 1+2¢ 0 142¢; v 1+mz;
and m; ; as ( 5t ’”a_) such that 5; =id mod = ® 1. Then
’ o 1+4mwz;

i v~ ipnf o(s%)  o@@-0) | (a O 5wy )
G(ml,l)hlml,l—e (U(ﬂ-tyi) 1+O'(7TZ,‘) 0 1+2Ci JTﬁi 1+JTZi . (A 15)

Then the (1, 2)-block of o ('ri; ; Yhm; ; is €/ (a;3; + €0 ('D;)) + 72 (%) for a certain poly-
nomial (). Therefore, by observing the (1, 2)-block of Equation (A-1), we have

X;12(m) = a;y; +'v; + P} 5.

Here, Pi 2 is a polynomial with variables in the entries of m;_; ;, m; ;. Note that this is
an equation in (B ®4 R)/(r ® 1)(B ®4 R). Thus €, which is appeared in the (1, 2)-block
of o ("m; ;)h;m; ;, has been ignored since € = 1 mod 7 ® 1. Furthermore, since m actually
belongs to Ker ¢ (R)/ G'(R), we have the following equation by the argument made at the
beginning of this paragraph:

Xi120m) = a;y; +'vi +Pj, = b; =0. (A-16)

Thus we get polynomials &; ; » on Ker ¢/ M, vanishing on the subscheme Ker ¢/ G'.

(3) Assume that i is even and L; is of type /¢. The argument used in this step is similar
to that of step (2) above. By Equations (A-10), (A-11) and (A-12), which involve an
element of M! (R), each entry of b;, e!, d! has m as a factor so that b} = b; =0, e, = ¢; =0,
d =d =0mod(r @ 1)(B®4R). Let m € Ker@(R) be a lift of m. By using an
argument similar to the paragraph just before Equation (A-14) of step (1), if we write the
(1,2), (1, 3), (2, 3)-blocks of the (i, i)-block of the formal matrix product o (‘rit) - h -
as E2 . Xy 2(m), EV% - X 3(m), E% - X 5 3(m), respectively, where X1, () and
Xi1,3(m) € Mp;—2)x1(B®4R) and X; > 3(m) € B ®4 R, then the images of &; | »(7) and
X 1,3(m) in My, —2)x1(B®aR)/(r @ 1) My, —2)x1(B ®4 R) and the image of X; , 3(/1) in
(B®AR)/(m ® 1)(B ®4 R) are independent of the choice of the lift m of m. Therefore,
we may denote these images by &; 1 2(m), A;13(m), and A&;, 3(m), respectively. As for
Equation (A-14) of step (1), we need to express &;2(m), X;13(m), and X;,3(m) as
matrices. Recall that

a; 0 0 a; 0 0
mhi=E7101 1 |=x"-€?01 1
01 26‘,‘ 01 ZC,‘
and e =1 mod 7w ® 1. We write
id ri Tl 5; 7 i
m;; = \|my; 1+7T)Ci TZ; and l’;lij = JT)N),' 1+7T)‘Zi JTZi

V; u; 1+7rw,- V; u; l+71u~)i
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such that 5; =id mod 7 ® 1. Then
o(s)  o(@-'y) o ('v;)
o(miDhimi; =€ | o(F) 14+o(@¥) o (i)
o ') o(@-'Z) 1+o(@w)

a; 0 0 E,' ;i 7TlTi
01 1) |ny 1475 =z |. A-17)
0 126‘,’ 5,’ ﬂ,‘ 1+7T1I)i

Then the (1, 2)-block of o ('ria; ) h;m;; is €/%(a;7; + o (D)) + 7 (%), the (1, 3)-block is
€2 (ait; + €o (3;) + o (0:)Z:) + w2 (xx), and the (2, 3)-block is €/2(1 + 7 (o (‘F7)a;t; +
€0 (X;)+Zi+w; +0 (i1;)Z;) + 12 (x%x)) for certain polynomials (x), (%), (+%x). Therefore,
by considering the (1, 2), (1, 3), (2, 3)-blocks of Equation (A-1) again, we have

i 12(m) = air +'vi;

Xi3(m) = a;it; +'y; +'viz; +7Df,3;

X;23(m) ="ri@it; + X + 2 + wi +uizi + P 5.
Here, P} ;, P 5 are suitable polynomials with variables in the entries of m;_y;, m41,;.
These equations are considered in (B ®4 R)/(wr @ 1)(B ®4 R). Since m actually belongs to

Kerp(R)/ G! (R), we have the following equation by the argument made at the beginning
of this paragraph:

Xi1o(m) = a;r; +'v; = b; = 0;
Xi13(m) =ait; +'y; +'vizi + P} 3 =& =0; (A-18)
Xip3(m) ="ria;t; + x; + zi + w; +u;z; +P£,3 =d; =0.
Thus we get polynomials X; 12, &; 1.3, Ai23 on Kergp/ M 1 vanishing on the subscheme
Kerp/G'.

(4) Assume that i is even and L; is of type /. By Equations (A-8) and (A-13) which involve
an element of 1\711(R), ci=c¢;=0mod (m ® 1)(B®4R). Let m € Ker ¢(R) be a lift of m.
By using an argument similar to the paragraph just before Equation (A-14) of step (1), if
we write the (2, 2)-block (when L; is of type 1) or the (3, 3)-block (when L; is of type
1¢) of the (i, i)-block of hom = o (') - h -m as E/% - (1 +2X;;(m)) or /2 - (2X;;(m))
respectively, where X} ; (m) € B® 4R, then the image of X; ; (i11) in (B®4R)/(m®1)(B®aR)
is independent of the choice of the lift 2 of m. Therefore, we may denote this image by
AX;i(m). As in Equation (A-14) of step (1), we need to express A; ; (m) as matrices. By
considering Equations (A-15) and (A-17), the (2, 2)-block (when L; is of type 1) or the
(3, 3)-block (when L; is of type I°) of the formal matrix product o (‘r; ;) )h;m; ; is (€'/? if
L; is of type 1°) +€/*(2¢; + (7w + 0 (7))Z; + w0 (7w)Z7) +4(x) for a certain polynomial ().
Therefore, by considering the (2, 2)-block (when L; is of type 1) or the (3, 3)-block (when
L; is of type 1¢) of Equation (A-1) again, we have

/

X, () =#((n + o)z + 10 (0)E + 0 (i) ) -0 (T 1]y

~ - ~ ) ~
+o (g ) whipr gy o (i) o () hig -y

~ 2 -~
+o (M) Thivy -1, ;).
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Here, ', ; is the last column vector of the matrix r;;. Note that the right hand side is a
formal polynom1al with entries in 7. This equation should be interpreted as follows. We
formally compute the right hand side and then it is of the form 1/7%(2X). The left hand
side A& ; () is defined as the modified X by letting each term having % as a factor in X
be zero. It is a polynomial with entries in B ® 4 R. Furthermore, A ; (m) is the image of
X;i(m)in (B®4R)/(mr ®1)(B®aR). Let o be the unit in B such that e = 1 + am, as
explained in Section 2A. Then (7w + o (7))z; + ]TO'(T[)ZZ-Z =Q+4am)nz + (1 +am)nz?
and so A ; (i) is written as follows:

X () = 771 (O”T L+’ Z +o(mi_y ) o(mhiy -y +o (i, ) Thip -miy
+o (i) 0 (W) hig iy +0 (il ) - P higa i) ).

We can then write X; ; (m) by using m and m as follows:

Xii(m) = @z +z} +'mi_yhia e mi A m,higaomi, )

1 ) ~
—i—ﬁ(o iy )o@y iy o (i) whi iy ). (A-19)

Here, @ is the image of & in k and m’; ; is the last column vector of the matrix m ;. Note that
the o-action on (B®4R)/(m ® 1)(B ®4 R) is trivial and so we remove ¢ in the first line of
the above equation. Here, the reason we do not express &; ; () based only on the entries in
m as in steps (1)—(3) is that two terms involving A;_; and h;,; have only 7 as a factor which
makes the expression with m complicated notation wise. Thus, in the above expression of
X i(m), the first line is just a polynomial in (B ® 4 R)/(r ® 1)(B ®4 R) and the second
line is interpreted as explained above as a formal expression. Note that the second line is

independent of the choice of lifts 7}_, ; and m] and m respectively, as
(U(n) 7)) with b € A
and let ;| ; = (’;iizg) such that m; | ; = (’y‘i ). By Section 2A, we may assume that
m+o(r)=2and -0 (w)=en?=2u withe =1 mod 7 and a unit u € A. Then as a part
of &; ;(m), we can see that

of m!

i+1,i i—1,i i+1,i°

explained in the first paragraph of step (4). For example, let 7h; 1 =

t~/

o( m,‘+1,i)'77hi+1 ";l,,url,,' = ()Cl +x1) +by1)

n?
Since m actually belongs to Ker ¢ (R)/ G'(R), we have the following equation by the
argument made at the beginning of this paragraph:

. (= 2t T ’ ’ T ’
FitXii(m) = (@zi+z; +'my_o;-hica-mi_p;+my o -higa-mi, ;)

1 - - - -
;(a(’mi_l,i) o (hi—ymi_y ;o (M) Thivm ;)

—:=0. (A-20)
Thus we get polynomials &;; on Ker ¢/ M, vanishing on the subscheme Ker ¢/ G

(5) We now choose an even integer j such that L; is of type I and L;,, is of type II
(possibly zero, by our convention). For each such j, there is a nonnegative integer m ; such
that L;_o; is of type I for every [ with 0 </ <m; and Lj—2(mj+]) is of type II. Then we
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claim that the sum of equations
l‘)‘lj

Z _12]'—1 2

=0

is the same as

(2 (L)) = (L) (Bh) =0

Here, @ is the image of « in k and we consider this equation in (B ®4 R)/(r @ 1)(B ®4 R).
We postpone the proof of this claim to Lemma A.7.

Let G* be the subfunctor of Ker ¢/ M! consisting of those m satisfying Equations (A-14),
(A-16), (A-18) and (A-20). Note that such m also satisfy Equation (A-21). In Lemma A.8
below, we will prove that G* is represented by a smooth closed subscheme of Ker ¢/ M!
and is isomorphic to A/ "X (Z)27)F as a Kk -variety, where A is an affine space of dimension

=Zl’l,‘1’lj— Z n; + Z (n; — 1)+ Z 2n; —2).

i<j iodd ieven i even
L; bound L; of type 1 L; of type 1€

For ease of notation, let G* = Ker¢/G!. Since G and G* are both closed subschemes
of Ker¢/M"' and G (k) C G¥(k), (G')req is a closed subscheme of (G¥)eq = G¥. Tt is
easy to check that diim G' = dim G* since dim G* = dimKer¢ —dim G' =/ —dim G' and
dim G =1' =1 —dim G'. Here, dim Ker ¢ = is given in Lemma 4.6 and dim G is given
in Theorem A.4.

We claim that (G7).q contains at least one (closed) point of each connected component
of G*. Choose an even integer j such that L; is of type  and L ;5 is of type II (possibly
zero, by our convention). Consider the closed subgroup scheme F; of G defined by the
following equations:

e mi=0ifi #k;

e m;; =idif i # j;

e and form; ;,

s;j=id,y; =0,v; =0 if L; is of type 1°;
{sj =id,rj=tj=y;=v;=u;=w; =0 if L; is of type I°.

We will prove in Lemma A.9 below that each element of F; (R) for a x-algebra R satisfies
(z /o) + (z 1/&)? = 0, where zZj= z +nz and that F; is isomorphic to Al x 7/27 as a
Kk -variety, where Al is an affine space of dlmensmn 1.

Notice that F; and F;y commute with each other for all even integers j % j’, in the sense
that f;- fjr = fy- fj, where f; € Fj and fjr € Fjr. Let F=]_[j F;. Then F is smooth and is
a closed subgroup scheme of Ker ¢ as mentioned in the proof of Theorem 4.11. If FT is the
image of F in G7, then it is smooth and thus a closed subscheme of (G"),eq. By observing
Equation (A-21) and (z; /o) + (z;. /a)* = 0 above, we can easily see that F' contains at
least one (closed) point of each connected component of G* and this proves our claim.

Combining this fact with dim G' = dim G¥, we conclude that (G"),.q = G*, and hence,
G' = G* because G is a subfunctor of G*. This completes the proof. O
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Lemma A.7. Choose an even integer j such that L; is of type I and L, is of type Il
(possibly zero, by our convention). For such j, there is a nonnegative integer m ; such that
Lj_o is of type I for every L withQ <l <mj and L; > +1) is of type II. Then the sum of

the equations
mnj

1
Z &—27]'—21

1=0

equals

mj
(@_}_(@)2):( | zj- 21)( (ZJ 2z)+1>
Proof. Our strategy to prove this lemma is the following. We will first prove that for each
odd integer i, the terms containing an /; add to zero in the sum Z;n:jo a%]—' i—21. Then we
will show that for each even integer i, the terms containing an /; add to zero in the sum
Z, 202 LF; i—a1, so that only the terms containing the z; remain.

We recall the notations used in the theorem. Let m be an element in (Ker ¢/ M! )(R)
and m € Ker ¢(R) be its lift. For any block x; of m, X; denotes the corresponding block of
m whose reduction is x;. Since x; is a block of an element of (Ker ¢/ M 1Y(R), its entries
are elements of (B ®4 R)/(mr ® 1)(B ®4 R) = R as explained in Remark A.5, whereas
entries of x; are elements of B ® 4 R. In addition, for a block a; of h, where we consider
h as an element of H(R) as explained in Remark 3.3(2), a; denotes the image of a; in
(B®AR)/(mr ®1)(B ®4 R), which is mentioned in step (i) of the proof of Theorem A.4. If
we write /1 as a formal matrix & = (7' - h;) with (' - ;) for the (i, i)-block and 0 for the
remaining blocks, then recall from the paragraph following Equation (A-14) that &y is the
matrix with entries in (B®4 R) /(7 ® 1)(B ® 4 R) = R by letting v be zero in each entry of
the formal matrix 4. To help our computation, we write h1;. Note that € (¢ B) =1 mod 7.

01
10
if i is even and L; is of type 17;

oy
Gy

oal
I

. (A-22)
(O 1 if i is even and L, is of type I¢;

10
11
10

(io)

if i is odd or if i is even and L; is of type 1.

o
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We recall that m;; is a formal matrix as described in Remark A.5, not a matrix in
My, 5, (B®4R)/(m ® 1)(B ®4 R)), whereas m; ; for i # j is a matrix with entries in
(B®4sR)/(m ®1)(B®aR). Thus we need to modify m; ; into a matrix with entries in
(B®aR)/(mr ®1)(B®y4R) in order to use Equation (A-14) as explained in the paragraph
following Equation (A-14). We define m; ; (€ M, xn; (B ®4R)/(m ® 1)(B ®4 R))) to be
obtained from m; ; by letting 7 be zero in each entry of the formal matrix m; ;. The matrix
m; ; is described as follows.

(1(()1 ?) if i is even and L; is of type 17;
id ri 0
mi; = 0 1 0| ifiisevenandL; is of type I¢; (A-23)
v u; 1
id if i is even and L; is of type II;
id if i is odd.

In addition, if i is odd, then we have
Si—1ei—1-mi_1;+0ir1€i11-mipy; =0. (A-24)

Here, é;, e; are as explained in the description of Ker ¢(R), the paragraph following
Lemma A.2.

We choose an even integer k (assuming m; > 0) such that j —2(m; —1) <k < j so
that both Ly and Ly, are of type /. We observe o (' _, ;) - o (w)hy—1 - 1y, ; in Fy and
a(tnﬁ;(_] k—2) O ()1 -1 _; ;5 in Fi_ (cf. Equation (A-20)). We claim that

( (’mk 1.6) 0 (@ -1 - mk lk—l—o(mk 1k2) 0 (@)1 - mk Lk 2) 0. (A-25)

Note that this equation is interpreted as explained in the paragraph following Equation (A-19).
We use Equation (A-14) fori =k — 1 and j = k so that we have

‘= i ' —
M1 -1 Pg—1Mp—1 e = "My -1 Ay k. (A-26)

Note that this equation is over (B ®4 R)/(m ® 1)(B ®4 R). Indeed, there is a o-action
in Equation (A-14) but it is trivial over (B ®4 R)/(m ® 1)(B ®4 R). Recall that m}(_lyk
is the last column vector of my_; ;. Let e,_; = (0,---,0, 1) be of size 1 x ny. Then
my_y = Mg—1x - 'ex—1. We multiply both sides of the above equation by ‘e;—; on the right.
Then the left hand side is g1 g1 hg—1mp—1 4 - ‘ex—1 = Ek_lm/k_l_k since “rig_1 —1 = id.
The right hand side is ‘my x— lﬁkn'ik & - 'ex—1. Since my j - 'ex—1 is the last column vector of
My g, My k- 'ex—1 = "ex—1 by Equation (A-23) so that ‘my ;— lhkmkk ex—1="my 1hk €i_1.
Furthermore, #; is symmetric over (B ®4 R)/(r ® 1)(B ® 4 R) and so 'my, Vg e =
"er—_1 - hkmk,k,l). Then based on the matrix form of 7 in Equation (A-22), we have that
er_y - hy is the same as e, where ¢, is defined in the paragraph following Lemma A.2.
(There, e; is defined when j is even and L is of type /.) In conclusion, Equation (A-26)
induces the equation

hi—ymy_y o ="(ex - my 1) (A-27)
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over (BR®sR)/(m®1)(B®4R).
We again use Equation (A-14) fori =k —2 and j = k — 1 so that we have

‘= 7 t T
Mo k—2Ng—oMy_3 g1 = "Mp_1 g—2hx_1Mp_1 k1. (A-28)

Note that this equation is over (BQaR)/(m ® 1)(B®4R). Since k—1 is odd, my_; 4—; =id
by Equation (A-23). Recall that m,’c_l’k_2 is the last column vector of m;_; ;. Let
e,_, = (0,---,0,1) of size 1 x nx_». Then m;{_l’k_z = my_1x—2 - 'e;_;. We multi-
ply both sides of the above equation by e;_, on the left. Then the right hand side

is e,’(_l . tmk—l,k—2hk—ln_1k—l,k—l = tm;(_l’k_zhk—l- Note that I’l_’lk_z,k_z . te,’(_] = te]/(_l by
Equation (A-23) since this is the last column vector of mj_5 ;—». Thus in the left hand side,
e,y 'My_pk_ohk_omy_px_1 =e€,_, - hx_omy_s_1. Based on the matrix form of & for an

even integer k in Equation (A-22), e,’{_l . i_zk_z is the same as e;_,, where ¢, is defined in the
paragraph following Lemma A.2. In conclusion, Equation (A-28) induces the equation

tm;c—l,k—zﬁk—l =€f—2 Mp—2 k-1 (A-29)

over (BR®sR)/(m®1)(B®4R).

Now we use Equations (A-27) and (A-29). Based on the matrix form of hy_1 for an odd in-
teger k— 1 in Equation (A-22), we have that hi_y-he_y=id and h;_; is symmetric. Thus, by
multiplying Equations (A-27) and (A-29) by /;_;, we obtain m},_, , ="(ex-my x—1-hi—1) and
’mjcfl,kfz =er_2-Mk_2 k1 -}_zk,l, respectively, as equations over (B®4R)/(m ®1)(B®4R).

On the other hand, we observe that k — 1 is odd and both L;_, and L; are of type /.
Thus ex_3 - myg_p k-1 = ex - my —1 by Equation (A-24). We multiply this equation by My
and so obtain

€k—2  Mp—2 k-1 hio = e S k-1 i
as an equation over (B ®4 R)/(m ® 1)(B ®4 R). Therefore, we have the equation

’ )
My 1 =Mp_1 g2

As mentioned at the paragraph following Equation (A-19), Equation (A-25) is independent
of the choice of a lift of m;_, , and mj_, , _,. Therefore, two terms in Equation (A-25) are
same and this verifies our claim.

In the case of F;, following the proof of Equation (A-29), we have lm/jJrl,j chjp =
ej-mj jy1. Since L, is of type II (possibly zero, by our convention), e; - m; j;1 = 0 by
Equation (A-24). Thus, the term involving 4 ;4 in F; is zero. In the case of j —2m ;, where
m; > 0, the term involving hj—zm,-—l in ]—"j_QmJ. is zero in a manner similar to that of the
above case of F;.

To summarize, for each odd integer i, the terms containing an h; add to zero in
220 x T

We now prove that for each even integer i, the terms containing an /; add to zero
in 271:,0 O%]-' j—21.  We again choose an even integer k (assuming m; > 0) such that

Jj—2(m;—1)<k < jsothatboth L; and L;_, are of type /. We observe ’m}(_zﬁk-fzk_z-m;(_z’k
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in 7 and ‘m} . _, - hg -m ,_, in Fy_», and we claim that
t ./ }_Z m! +t / . f_l o =0 (A-30)
My _pp Me=2 " My_p g T My o N " My g =Y,

as an equation over (B®4 R)/(m ® 1)(B®4 R). Let ﬁi_z,k be the (ny_» X ny)-th entry
(resp. ((ng—y — 1) x ny)-th entry) of my_o ; when L_, is of type 1° (resp. I¢). We can also
define ﬁi}(’k_z as the (ny x nx_y)-th entry (resp. ((ny — 1) x nx_»)-th entry) of my ;_, when
Ly is of type I (resp. 1¢). Then the above Equation (A-30) is the same as

(fﬁ;c—lk)z + (ﬁi\i,k—z)z =0. (A-31)

We use Equation (A-14) fori =k — 2 and j = k so that we have

o k—2lk—aMp—2k + 'Mi—1 g—2hg— 1M1k + "My g—ahprig ;. = 0. (A-32)
Lete,=(0,---,0,1)of size I xnyande,_, = (0, --- , 0, 1) of size 1 x ny_,. Then we have
iz Mg k—2hyomy_k - 'E =M}_y (A-33)

since my_p - '€ = my_y, and mg_p k-2 - Ter_n» ="ex_». We also have
~ t o= 1y
€x—2 - My k—2hiy g e =Ny, (A-34)

since nig i - ey = "ex and my y_o - "ex_» = mj_,_,. Note that we use Equations (A-22) and
(A-23) for our matrix computation. On the other hand, due to the fact that hiy-he_y =id
and Ay_, is symmetric, we have

Ck—n - "my_t gahk_imp—y g "k = (@h—a - 'Mmp—1 g—2hik—1) - hi—1 - (hg_imp_y i - "e). (A-35)

Now, gk—Z . tmk—l,k—z}_lk—l = tm;(_l’k_2/’_lk_] = €k Mj_2 k-1 by Equation (A-29) and
f_zk_lmk_l,k . fEk = ,jlk—lml,c—l,k = ’(ek -mk,k_l) by Equation (A-27) Since Ck—2 M2 k-1 =
ex - my x—1 by Equation (A-24), Equation (A-35) equals

(Crz-"my—1 k—2hi—1) - hi—1-(hg—ymi—1 k&) = (ex M g—1)-hi—1-'(ex-my 1) =0. (A-36)

We now combine Equations (A-33), (A-34), and (A-36). Namely, if we multiply ¢;_»
to the left of each side in Equation (A-32) and we multiply ‘¢, to the right of each side in
Equation (A-32), then we have

My, +04+m =0 (A-37)

and so Equations (A-31) and (A-30) are proved.

In the case of F;, the term tm_,i+2,j “hjpo-m', ;= 0since L2 is of type I (possibly
zero, by our convention). Similarly, the term ’m’j_ij_z,j_zmj . hj—ij—Z ~m/j_2mj_2,j_2mj
of Fi_om B where m; > 0, is 0 since L_j_ij_z is of type II. Here, we use Equation (A-22)
for our matrix multiplication.

To summarize, for each even integer i, the terms containing an %; add to zero in
mj 1
220 s Fi-a
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Therefore, the sum of equations Z;n:jo é]—" j—21 equals

m /

| =2
D 75 @+ Z ) =0

=0

This is the same as

iZ;(Zgzz + (Zj(;z;)2> _ (izfo Zgzz)(i(%) + 1) =0. (A-38)

This completes the proof of the lemma. (]

Lemma A.8. Let G* be the subfunctor of Ker ¢/ M! consisting of those m satisfying Equa-
tions (A-14), (A-16), (A-18), and (A-20). Note that such m then satisfies Equation (A-21) as
well. Then G* is represented by a smooth closed subscheme of Ker ¢/ M and is isomorphic
1o Al x (Z)22)? as a k-variety, where A is an affine space of dimension I'. Here,

:Zninj— Z n; + Z (ni— 1+ Z (2n; —2).

i<y L Sound Ly of type 19 Ly of type 1¢

Proof. Let J be the set of even integers j such that L is of type I and L, is of type /I
(possibly empty, by our convention). Note that Equation (A-20) implies Equation (A-21) by
Lemma A.7. Equation (A-21) implies that G* is disconnected with at least 2# connected
components (Exercise 2.19 of [Hartshorne 1977]). Here, 8 =#J. Let J; and J, be a pair
of two (possibly empty) subsets of j such that 7 is the disjoint union of 7; and /. Let

.7, be the subfunctor of Ker ¢/ M! con51st1ng of those m satisfying Equations (A-14),
(A 16) (A-18), and (A-20), the equations Y, 222 =0 for any j € Jj, and the equations

;"]0 Z]a” =1forany j € J>. Here m is the integer associated to j defined in Lemma A.7.
We claim that G* 7.7 is represented by a smooth closed subscheme of Ker ¢/ M" and is
isomorphic to A", Since the scheme G* is a direct product of G 7., s for any such pair of
J1, J» by Exercise 2.19 of [Hartshorne 1977], the lemma follows from this claim.

It is obvious that G 7.7, is represented by a closed subscheme of Ker ¢/ M" since the
equations defining G 7., as a subfunctor of Ker ¢ 0/ M" are all polynomials. Thus it suffices
to show that Gij o 18 1som0rph1c to an affine space A" Our strategy to show this is that
the coordinate ring of G 7., 1s isomorphic to a polynomial ring. To do that, we use the

following trick over and over. We consider the polynomial ring « [xy, - - - , Xx,,] and it quotient
ring x[xy, - -, x,]/(x1 + P(x2,---,x,)). Then the quotient ring «[xy, -, x,]/(x1 +
P(xs,---,x,)) is isomorphic to k[x,, --- , x,] and in this case we say that x| can be
eliminated by x;, - - - , x,.

By the description of an element of (Ker ¢/ M! )(R) in Remark A.5, we see that Ker ¢/ M!
is isomorphic to an affine space of dimension

23 mmj— Y omt Y @u—D+ Y (ni—4)

i<j iodd i even ieven
L; bound L; of type I° L; of type I¢
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with variables

m; j)izjs  Yi, Vi, Zi)  ieven ,  (Fis i, Yi, Uiy Xiy Ziy Uiy, Wi)  ieven
L; of type 1? L; of type I¢

such that 6;_je;_1 -m;_1; +8;41€i+1 -miy1; =0 with i odd. Here, §;, e; are as explained
in the description of Ker ¢ (R), the paragraph right after Lemma A.2.

From now on, we eliminate suitable variables based on Equations (A-14), (A-16), (A-18),
and (A-20), the equations Y, “=2 =0 for all j € Jj, and the equations Y,y =2 = |
forall j € 7.

(1) We first consider Equation (A-14). For two integers i, j with i < j, we have
tmj’il_ljn_zj,j = Z ’mk,,-}_zkmk,j over (B ®A R)/(Tl.’ ® 1)(3 ®A R)
i<k<j—1
By Equation (A-23), m; ; = id if L; is not of type I¢. Thus the above equation equals
’m.,-,ihj_z Zisksjfl 'my ihemy,j over (BQ@aR)/(m @ 1)(B ®4R) if L; is not of type I°.
Since & is a nonsingular matrix by Equation (A-22), m ;; can be eliminated by the right
hand side. If L is of type I¢, we have

id l"j 0 Clj 00
mjj=(0 1 0] and h;j=[0 11
Vj uj 1 010

by Equations (A-23) and (A-22), respectively. Then

_ a; a;rj 0
hjrﬁ“: Uj 1+Mj 1
0 1 0

To compute ’mj,iﬁjﬁlj,j, we write 'm;; = (Aj B; Cj) so that
’mjyii_ljnﬁj,jz(Ajaj+ijj Ajajrj+Bj(1+uj)+Cj Bj).

By first considering the (1, 3)-block of the matrix ‘m j,i}_z jm;j ;j, Bj can be eliminated by
Ziskfj;l ’mk,iﬁkmk,j. Then we consider the (1, 1)-block of ’mj,,ﬁjﬁzj,j. Since a; is a non-
singular matrix, we see that A; can l_ae eliminated by Zisksjfl ’mk,,-hkmk,j with sz)j. By
considering the (1, 2)-block of ‘m ;h;m; ;, C; can be eliminated by Zisksjfl 'y ihemy
with Aja;r;+ B;(1+u;). Therefore, all lower triangular blocks m;; (with j > i) can be
eliminated by upper triangular blocks m; ; together with r;, v;, u; (resp. ri, v, u;) if L;
(resp. L;) is of type 1°. Here r;, v;, u; are nontrivial blocks of m; ;, if L; is of type I¢, which
appeared in the right hand side of the above equation.

On the other hand, the equation 6; _1e;_;-m;_; ;+6;+1€;+1-m;11,; =0 for an odd integer i,
which is one equation defining Ker ¢/ M! (cf. Remark A.5(3)), should be rewritten in terms
of upper triangular blocks. To do that, we use Equation (A-27) with i = k — 1. Note that the
only assumption needed in Equation (A-27) is that Ly is of type /. Thus the above equation
is the same as

A /
di—1€i—1 -mi—1; + 841" (him; ;) =0.



524 Sungmun Cho

(2) We secondly consider Equation (A-16). If L; is of type I°, then v; can be eliminated by
yiand m;_;, m; ;1.

(3) Next, we consider Equation (A-18). By &} ; 2, v; can be eliminated by r;. By X; 3, y;
can be eliminated by #;, v;, z; and entries from m;_; ;, m; ;1. By & 3, x; can be eliminated
by r;, ti, zi, w;, u; and entries from m;_; ;, m; ;4.

(4) Finally, we consider Q%]—',-, instead of F; (Equation (A-20)), together with equations

;n:jo Z’a;y = 0 with j € J; and equations Z;n:jo %2’ = 1 with j € J,. Note that aiz]-"i is
equivalent to F; since « is a unit in B. For each j € J, there is a nonnegative integer m ;
such that L;_ is of type I for every [ with O </ <mj; and L;_5(n,+1) is of type II (cf.
Lemma A.7).

To analyze these equations, we investigate alz]-" o for a fixed j € J. First assume that
m; > 1. Since we have eliminated all lower triangular blocks in step (1), we need to replace
lower triangular blocks appeared in E%]—" 21 by suitable upper triangular blocks. If m; > 2,
then we choose an integer / such that 0 </ < m . By definition, (%]—' - is

1

t.~/ ~/
ﬁ(a( M oy jor) -0 (TR ja1—1 105 5y

t~7 "4
+o (M _y iy jo)  Thj—2i41 'mj—21+1,j—21)

+

tont ) !
Zj—o +(Zj—21)2+ M o1 g o hj—ai—2 Mo 5 i o
a

o a?

[ ) !
M o142, j-21 “hj-ag M; 142, j-01

a2
=0.

The first two lines are interpreted as explained in the paragraph following Equation (A-19)
and the third and fourth line is a polynomial in (B ® 4 R)/(wr ® 1)(B ®4 R). We claim that
the equation &Lz]-' o/ 1s the same as the following:

1

t o~/ 2/
m(a( M g1t j-) OO j 2111 oy ;o

~ 3 ~
+(ej—o -0 (Mjn j-2141))  Thj_y . Hej_u 'mj—21,j—21+1))

=/ =/
Zj-2 Zji—aN\ZE | My i\ T 042\ 2
L2 +( J >+( j J )+< j=2Lj )

o o o o

=0. (A-39)

The third line easily follows from the definition of 712 _, , and 71} , _, (given in the paragraph
following Equation (A-30)) combined with Equation (A-37). For the first two lines, we
c_onsider Equation (A-29) with k — 2 = j — 2/ which gives the identity m}_zz o =
hj_oiv1-'(ej—a-mj_g j—o11) over (B4R)/(m ®1)(B®4R). Note that the only assumption
needed in Equation (A-29) is that Ly_ is of type I. Then h;_p41 -“(ej_o1 - 11 j_o; j—2i41) 18
aliftof 7i;_o41-"(ej—ar -mj_2 j—2+1). The first line is independent of the choice of a lift

m;_2,+1’j_2, of m/j—2l+l,j—21 as explained at the paragraph following Equation (A-19). This
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fact completes our claim. The above equation is equivalent to

1

Py
az_nz( o(m_y_y o) 0(@hj2-1- J —21—1,j-2

~ 3 ~
+(ejoa -0 (i j oy joa1)) - Thi 5y - "(ej - o1 j-2141))

=/ =/ =/ =/
Zj—oa Mg o1 Mo 2142 Zj—u My i Moo i 2142\2
+( — + - +(L=+ +
o a

o o o

i’ . m'._,,
=( jA2 2 1—21,1—214-2) (A-40)

o o

by addmg ( UEE 2 4 4 —J2142) 10 both sides.
For = LF - ij we observe that L j=2mj—2 is of type 1I. By Equation (A-27) with k =

]—2mj,we have ! mj o1 j2m; = €j=2mj M j-dm zm],lhj mj—1- Here we use the

fact that h _; = id (cf. Equation (A-22)). Note that the only assumption needed in
Equation (A 27) is that L; is of type I. On the other hand, the equation in Remark A.5(3),
wheni=j—2m;—1,is €j—am; M j-2m;,j—2m;—1 = 0 since Lj—zm_,—z is of type II. Thus

o/ _ 1 r. i
M o1, j—2m; = 0. Therefore, = f;—zm_,- is

~ 3 ~
m((ejfzmj 20 (7o j2m 1)) TG gy 4y (€j—2m; S m; j-am;+1))

o
=0. (A-41)

=~
Zj—2m; Zj—2m; 2 mj—2m- j—2m;+2 2
J J J? J

This equation is equivalent to

~ 3 ~
m((ej—ij “O (1 jam . j—2m 1)) TG 4 't(ej—ij 'mj—2mj,j—2mj+1))

~
<Z172mj 172mj,172m]-+2> <Z172mj

=/
mj72mj,j72mj+2>2
o

— + p
o o
==/
m'. .
_ _/—ij,__]—2m1+2 (A-42)
o
. ﬁi/j*Zlnj ,j*Zm i+2 .
by adding ——>——— to both sides.
We emphasme that it is unnecessary to investigate F; since the equation Zz / Z’a 2 =0

(resp Zz ‘o2 =1)if j € 7 (resp. if j € /) already implies Equation (A-21) so that

Zz =0 z]: j-u=0.
We now observe Equations (A-40) and (A-42). We introduce a new variable

=/
Mm; oo j—o  Mj_oj-2142

Zj-2l

+ +

if0<l<my;

!
Lj-a =
J Zj—2m; n M om;,j—2m;+2

ifl=m,.

o o

L. M oy 5 iy M o
Then z;_y can be eliminated by z;_,, ~ 21@2,, A aE

In addition, by using

Equations (A-40) and (A-42), the term mj*”;’j =2 4 M2 oo be eliminated by

o
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Z;7n21 ?nd m/j—2]—l,j—2l’ mj_y j—y+1. Furthermore, the equation Z;”:jo Z’a%z’ = 0 (resp.
2o == = 1) if j € Ji (resp. if j € J) implies that z; can be eliminated by z;_,,
m;‘—Zl—l,j—2l’ mj_o] j—20+1 with0 < < m;.
If m; = 0, then we can show that the equation a]_Z]: ; is the same as
Sy (Z) =0
o o
by using an argument similar to that used in the proof of Equation (A-41). Then the equation
= () (resp. %’ =1)if j € J; (resp. if j € J») implies that z; can be eliminated.

) We now combine all cases (1)—(4) observed above.
(a) By (1), we eliminate ij n;n; variables.

(b) By (2), we eliminate »
(c) By (3), we eliminate D ; ven and 1, of type

(d) By (4), we eliminate #{i : i is even and L; is of type I} variables.

i even and L; of type ¢ (n; — 1) variables.

se(2(n; —2) + 1) variables.

Recall from the third paragraph of the proof that Ker ¢/ M'is isomorphic to an affine
space of dimension

23 ming— Y om+ Y Qmi—D+ Y (dn—4).

i<j iodd ieven i even
L; bound L; of type 1 L; of type I¢

~i .. . . .
Thus, G7;, 7, is isomorphic to an affine space of dimension

X mn— X m+ Y Cu-D+ Y Gni—4) (A-43)

i<j iodd i even i even

L; bound L; of type 1 L; of type I1¢
—( E ninj+ E (ni—D)+ E (2(n;—2)+1)+#{i:i iseven and L; is of type I}).
i<j ieven ieven
L;of type 19 L;of type I¢

. . ~t .
Therefore, the dimension of G 7.7, 18

domng— D mi+ Y =D+ Y @nm-2), (A-44)

i<j iodd ieven ieven
L; bound L; of type I L; of type I?

which finishes the proof. (]
Lemma A.9. Let F; be the closed subgroup scheme of G defined by the following equations:
o mix=01ifi #k;
e m;; =id ifi # j;
* and form; ;,
{sjzid,yjzo,vjzo if L; is of type 1°;
si=id,rj=tj=y;j=v;=u;=w; =0 ifL;isoftype I°.

Then F; is isomorphic to A' x 7 /27 as a k-variety, where A is an affine space of dimen-
sion 1, and has exactly two connected components.
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Proof. A matrix form of an element m of F;(R) for a k-algebra R is

id 0 0
0 .
id
mij,j
id
0
0 0 id
such that
id 0
if L is of type 1?;
0 1+7TZj) J yp
mj ;= id 0 0
0 I+7mx; mz; if L; is of type I°¢.
0 0 1

To prove the lemma, we consider the matrix equation o (‘m) - h - m = h. Recall that &, as an
element of H(R), is as explained in Remark 3.3(2). Based on Equations (A-1) and (A-2),
the diagonal (i, i)-blocks of o (‘m) - h -m = h with i # j are trivial and the nondiagonal
blocks of o (‘m) - h - m = h are also trivial. The (j, j)-block of o (‘m)-h -m is

ST 0 _ if L; is of type 1°;
0 (A+o(mz)) - A+2y)-1+mz))
Clj 0 0

b2 ) (I+o(@mx;))A+mx;) (I4o@mx;))(A+mz;) if L; is of type I°.

0 (I+o(wz))(A+mx;) (A+mz))o(mz;)+mz;+2y;

We write x; =x} —}—nsz- and z; = z} +nz§, where x}, x]z, z}, z? € R C R®4B and 7 stands
for l® m € R®4B. When L; is of type 1°, by considering the (2, 2)-block of the matrix
above, we obtain the equation

&(z}) +(z})* =0.

Recall that « is the unit in B such that € = 1 + o as explained in Section 2A, and & is the
image of @ in «.
Then this equation is equivalent to

@j/@) + (zj/@)* =0

by dividing by @ in both sides. Therefore, in this case, F; is isomorphic to Al x Z/27 as a
Kk-variety.

When L ; is of type /¢, by considering the (2, 2)-block of the matrix above, we obtain
the equation

a(x)) + (x))* =0.
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We also consider the (2, 3)-block of the matrix above, and we obtain two equations

1 1 _ — 1 2, .2, = 1.1_
xj—i—zj—O, axj—i—xj—i—zj—i—aszj—o.

By considering the (3, 3)-block of the matrix above, we obtain the equation
a(z)) + ()’ =0.
By combining all these, we see that F; is isomorphic to A! x Z/27 as a k-variety. O

We introduce the final lemma in order to prove Lemma 4.6 below. This lemma is about
the number of connected components in a short exact sequence of algebraic groups.

Lemma A.10. Assume that there is a short exact sequence
l1—A—B—C—1

of linear algebraic groups over k. Let wy(B) be the component group of B which is defined
as the spectrum of the largest separable subalgebra 7y (k[B]) of k[ B], where «[B] is the
coordinate ring of B. Let #(mwy(B)) be the order of wo(B), which is defined as the dimension
of my(k[B]) as a k-vector space. Note that B is connected if and only if wo(B) is trivial if
and only if #(mto(B)) = 1. Thus #(7ro(B)) is the number of connected components of B ®, k.
Then

#(mo(B)) < #(7o(A)) - #(70(C)).
Moreover, the equality holds if A is connected and in this case, wo(B) = mo(C).

Proof. By definition of a component group, there exists a surjective morphism 7 : B —>
7o(B) whose kernel is connected. Let A’ (C m(B)) be the image of A under the mor-
phism 7. Notice that A’ is a normal subgroup of 7o(B) and that #(A’) < #(;rg(A)). Then
the morphism 7 induces a surjective morphism from C to 7o(B)/A’ and so #(rg(B)/A’) <
#(o(C)). Therefore, #(wo(B)) < #(mg(A)) - #(7o(C)).

It is clear that #(;t¢(C)) < #(;ro(B)). Thus, if A is connected, then #(7y(C)) = #(7ro(B)).
In this case, since there exists a surjective morphism from B to m(C) (through C), there
exists a surjective morphism from o (B) to mo(C). Since #(my(C)) = #(my(B)), we can
conclude that o (B) = o (C). ([

We finally prove Lemma 4.6.
Proof. We start with the following short exact sequence
11— G' — Ker¢p — Ker(,a/a1 — 1.

It is obvious that Ker ¢ is smooth by Theorems A.4 and A.6. Ker ¢ is also unipotent since
it is a subgroup of a unipotent group M*. Since G is connected by Theorem A.4, the
component group of Ker ¢ is the same as that of Ker ¢/ G! by Lemma A.10. Moreover, the
dimension of Ker ¢ is the sum of the dimension of G' and the dimension of Ker o/ G'. This
completes the proof. O
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Appendix B: Examples

In this appendix, we provide an example with a unimodular lattice (L, ) of rank 1. Let L
be Be, arank 1 hermitian lattice with hermitian form i (le, l'e) = o (I)I’. With this lattice,
we construct the smooth integral model and its special fiber and compute the local density.

B.1: Naive construction (without using our technique). We first construct the smooth
integral model and its special fiber, without using any techniques introduced in this paper.
If we write an element of L as x + wy where x, y € A, then it is easy to see that a naive
integral model G’ is Spec A[x, y]/(x> + (m + o (n))xy +mo (7)y? —1). As mentioned in
Section 2A, we may assume that 7 +o () =2 and wo (r) = 2u for a unit u € A. We remark
that G’ is smooth if p # 2, and in this case its special fiber is Spec «[x, y]/ (x> — 1) =
A x u, as a k-variety. However, if p = 2, then its special fiber is no longer smooth since
k[x, y]/(x* = 1) =k[x, y]/(x — 1)? is nonreduced. Some of the difficulty in the case p =2
arises from this. The associated smooth integral model is obtained by a finite sequence of
dilatations (at least once) of G’ (cf. [Bosch et al. 1990]).

On the other hand, the difficulty can also be explained in terms of quadratic forms.
Namely, the smoothness of any scheme over A should be closely related to the smoothness
of its special fiber. If we define a function g : L — A by [ — h(l,[), then ¢ mod 2 is
a quadratic form over «. Therefore, the associated smooth integral model should contain
information about this quadratic form, which is more subtle than quadratic forms over a
field of characteristic not equal 2.

To construct the smooth integral model, we observe the characterization of G that
G(R) = G'(R) for an étale A-algebra R. Thus any element of G(R) is of the form x + 7y
such that x2 4+ 2xy 4+ 2uy® = 1. Therefore, (x — 1)? is contained in the ideal (2) of R so
that we can rewrite x = 1 + 2x’ since R is étale over A. With this, any element of G(R)
is of the form 1 4+ 2x’ + 7y such that y + uy? +2(x’ + (x')> +x’y) = 0. We consider the
affine scheme Spec A[x, y]/(y 4+ uy? 4+ 2(x +x2 + xy)). Its special fiber is then reduced
and smooth. Thus, this affine scheme is the desired smooth integral model G. Furthermore,
its special fiber Spec k[x, y]/(y + uy?) is isomorphic to A' x Z/27Z as a k-variety so that
the number of rational points is 2 f, where f is the cardinality of .

B.2: Construction following our technique. Define the map g : L — A via
I— h(,1).

If we write [ = x +y such that x, y € A, then g(I) = h(x + 7y, x +wy) = x> + (7 +
o(m))xy +m -0 (mw)y*. Thus ¢ mod 2 is an additive polynomial over «. Let B(L) be the
sublattice of L such that B(L)/m L is the kernel of the additive polynomial ¢ mod 2 on
L/n L. In this case, B(L) =nL.

For an étale A-algebra R with g € Autpg,r(L ®4 R, h ®4 R), it is easy to see that g
induces the identity on L /B(L) = L/ L. Based on this, we construct the following functor
from the category of commutative flat A-algebras to the category of monoids as follows.
For any commutative flat A-algebra R, set

M(R) = {m € Endpg ,r(L ®4 R)} | m induces the identity on L ® 4 R/B(L) @4 R}.
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This functor M is then representable by a polynomial ring and has the structure of a scheme
of monoids. Let M*(R) be the set of invertible elements in M (R) for any commutative
A-algebra R. Then M* is representable by a group scheme which is an open subscheme
of M (Section 3B). Thus M* is smooth. As a matrix, each element of M*(R) for a flat
A-algebra R can be written as (1 + nz).

We define another functor from the category of commutative flat A-algebras to the
category of sets as follows. For any commutative flat A-algebra R, let H(R) be the set
of hermitian forms f on L ® 4 R (with values in B ® 4 R) such that f(a,a) mod?2 =
h(a,a) mod?2, where a € L ®4 R. As a matrix, each element of M*(R) for a flat A-algebra
Ris (1 + 2c).

Then for any flat A-algebra R, the group M*(R) acts on the right of H(R) by fom =
o ('m) - f -m and this action is represented by an action morphism (Theorem 3.4)

HxM"—s H.

Let p be the morphism M* — H defined by p(m) = h o m, which is obtained from the
above action morphism. As a matrix, for a flat A-algebra R,

pm)=p((1+nz))=(1+nz+0(m2)+70(1) 20(2)).

Then p is smooth of relative dimension 1 (Theorem 3.6). Let G be the stabilizer of &
in M*. The group scheme G is smooth, and G(R) = Autgg,r(L ®4 R, h ®4 R) for any
étale A-algebra R (Theorem 3.8).

We now describe the structure of the special fiber G of G. For a k-algebra R, each
element of M(R) (resp. H(R)) can be written as a formal matrix m = (1 +71z) (resp.
f = (1+2c)). Firstly, it is easy to see that By = ¥y = 7L so that the morphism ¢ in
Section 4A is trivial.

For the component groups, as explained in Theorem 4.11, there is a surjective morphism
from G to Z /2Z. Let us describe this morphism explicitly below. It is easy to see that
L%=My=L and C(L°) = M| = L. Here, we follow notation of Section 4B. Since My = L
is of type 1°, there exists a morphism from the special fiber G (= Gy) to the special fiber of
the smooth integral model associated to M @ C (L% = L@ L of type I¢ as explained in the
argument 2 just before Remark 4.10. Remark 4.10 tells us how to describe this morphism
as formal matrices. Let (e, e;) be a basis for L @ L so that the associated Gram matrix of
the hermitian lattice L & L with respect to this basis is (1 0). Then we consider the basis

01
(e1, e1 + e3), with respect to which the morphism described in Remark 4.10 is given as

1 —mz
(1 —i—rrz) = <O | +7TZ> .
We now construct a morphism from the special fiber of the smooth integral model associated
to M;® C(L°) = L & L to Z/2Z and describe the image of (| = )inz/22.
Let R be a k-algebra. The Gram matrix for the hermitian lattice L @ L with respect
to the basis (1, ey + e») is (| ). Since L @ L is unimodular of type I¢, an R-point
of the special fiber associated to L ¢ L with respect to this basis is expressed as the

formal matrix (“L’f ! IJ’::w, ) as explained in Section 3B. Based on argument (1) following
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Definition 4.9, the morphism mapping to Z /27 factors through the special fiber associated to
C(L® L), composed with the Dickson invariant associated to the corresponding orthogonal
group. C(L @ L) is then generated by (ey, | + e,) and is 7 !-modular. Thus there is no
congruence condition on an element of the smooth integral model associated to C(L @ L) as
explained in Section 3B. Write x’ = x| +mx), y' = y|+my}, and 2’ =z} +7'rz2 The image of
( HM’V‘ lf;m ) in the special fiber associated to C(L@L) is ( 1:}:;(1 ”]L:T”]jz ) Since C(L&®L)
is 7 '-modular with rank 2, there is a morphism from the special fiber assoc1ated toC(LOL)
to the orthogonal group associated to C(L @ L)/m C(L® L), as described in Theorem 4.4 or

Remark 4.7. Then the image of ( Iy Z‘+Mz> in this orthogonal group is (, 4 )- The Dick-

U I+mw

son invariant of (1 g ) is 7 /& as menltloHZd in step (1) of the proof of Theorem 4 11. Here, o
is the unitin B such that € = 1 4+« as explained in Section 2A, and @ is the image of « in k.
In conclusion, the image of (1 + nz), which is an element of G(R) for a k-algebra R, in
Z/27 is z] /o, where we write z = z; + mw z5. On the other hand, the equation deﬁning G is
@z1 + 27 =0 which is equivalent to < + (21)? = 0. Thus, the morphism from Gt0Z/2Z is

surjective. Therefore the maximal reductlve quotient of GisZ /2Z and using Remark 5.3,
#(G (k) =#(Z/22) - #(A") = 2f,
where f is the cardinality of x. Based on Theorem 5.2, the local density is

Bu=f"-2f=2f.
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Presentation of affine Kac—Moody groups
over rings

Daniel Allcock

Tits has defined Steinberg groups and Kac—-Moody groups for any root system
and any commutative ring R. We establish a Curtis—Tits-style presentation for
the Steinberg group Gt of any irreducible affine root system with rank > 3, for
any R. Namely, Gt is the direct limit of the Steinberg groups coming from the
1- and 2-node subdiagrams of the Dynkin diagram. In fact, we give a completely
explicit presentation. Using this we show that Gt is finitely presented if the rank
is > 4 and R is finitely generated as a ring, or if the rank is 3 and R is finitely
generated as a module over a subring generated by finitely many units. Similar
results hold for the corresponding Kac—Moody groups when R is a Dedekind
domain of arithmetic type.

1. Introduction

Suppose R is a commutative ring and A is one of the ABCDEFG Dynkin diagrams,
or equivalently its Cartan matrix. Steinberg [1968] defined what is now called the
Steinberg group Gt4(R), by generators and relations. It plays a central role in
K-theory and some aspects of Lie theory.

Kac—Moody algebras are infinite-dimensional generalizations of the semisimple
Lie algebras. When R = R and A is an affine Dynkin diagram, the corresponding
Kac—Moody group is a central extension of the loop group of a finite-dimensional
Lie group. For a general ring R and any generalized Cartan matrix A, the definition
of a Kac—Moody group is due to Tits [1987]. A difficulty in tracing the story is
that Tits began by defining a “Steinberg group” which unfortunately differs from
Steinberg’s original group when A has an A; component. This was resolved by
Morita and Rehmann [1990] by adding extra relations to Tits’ definition. So there
are two definitions of the Steinberg group. Increasing the chance of confusion,
they agree for most A of interest, including the irreducible affine diagrams of rank
> 3. We follow Morita and Rehmann, so the Steinberg group Gt (R) reduces to
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Steinberg’s original group when this is defined. See Section 3 for further background
on Gt.

Tits then defined another functor R +— Q~5A (R) as a quotient of his version of
the Steinberg group. In this paper we will omit the tilde and refer to &4 (R) as
the Kac—Moody group of type A over R. The relations added by Morita and
Rehmann to the definition of Gty (R) are among the relations that Tits imposed in
his definition of &4 (R). Therefore, we may regard &4 (R) as a quotient of Gt4(R),
just as Tits did, even though our Gt4(R) is not quite the same as his. (Tits actually
defined @D(R) where D is a root datum; by &4 (R) we refer to the root datum
whose generalized Cartan matrix is A and which is “simply connected in the strong
sense” [Tits 1987, p. 551]. The general case differs from this one by enlarging or
shrinking the center of Q~5D(R).) See Section 3 for further background on &.

The meaning of “Kac—-Moody group” is far from standardized. Tits [1987] wrote
down axioms (KMG1)—(KMG9) that one could demand of a functor from rings to
groups before calling it a Kac—-Moody functor. He showed in [loc. cit., Theorem 1']
that any such functor admits a natural homomorphism from &4, which is an isomor-
phism at every field. So Kac—-Moody groups over fields are well-defined, and over
general rings &4 approximates the yet unknown ultimate definition. This is why we
refer to &, as the Kac—-Moody group. But &4 does not quite satisfy Tits’ axioms,
so ultimately some other language may be better. See Section 6 for more on this.

The purpose of this paper is to simplify Tits” presentations of Gt4(R) and &4 (R)
when A is an affine Dynkin diagram of rank (number of nodes) > 3. We will always
take affine diagrams to be irreducible. We will show that Gt4(R) and &4 (R) are
finitely presented under quite weak hypotheses on R. This is surprising because
there is no obvious reason for an infinite-dimensional group over (say) Z to be
finitely presented, and Tits’ presentations are “very” infinite. His generators are
indexed by all pairs (root, ring element), and his relations specify the commutators
of many pairs of these generators. Subtle implicitly defined coefficients appear
throughout his relations.

The main step in proving our finite presentation results is to first establish smaller,
and more explicit, presentations for Gt,(R) and &4 (R). These presentations are
not necessarily finite, but they do apply to all R. In [Allcock 2015] we wrote down a
presentation for a group functor we called the pre-Steinberg group PSt,. We have
reproduced it in Section 2, for any generalized Cartan matrix A. The generators are
S; and X;(¢) with i varying over the nodes of the Dynkin diagram and ¢ varying
over R. The relations are (2-1)—(2-28), but (2-27)—(2-28) may be omitted when A
is 2-spherical (it has no edges labeled “c0”) and has no A; components. This case
includes all affine diagrams of rank > 3. The only way the presentation fails to
be finite is that the X;(¢) are parameterized by elements of R, and each Chevalley
relation is parameterized by pairs of elements of R.



Presentation of affine Kac—Moody groups over rings 535

The name “pre-Steinberg group” reflects the fact that there is a natural map from
PBSt, (R) to the Steinberg group Gt4 (R). In Section 3 we will describe this in a con-
ceptual manner. But in terms of presentations it suffices to say that our X;(¢) and S;
map to the group elements x,, () and w,, (1) in Morita and Rehmann’s definition of
Gta(R) [1990, §2]. Our general philosophy is that PS¢, (R) is interesting only as a
means of approaching Gt4 (R), as in the following theorem, which is our main result.

Theorem 1.1 (presentation of affine Steinberg and Kac—Moody groups). Suppose

A is an affine Dynkin diagram of rank > 3 and R is a commutative ring. Then the

natural map from the pre-Steinberg group St 4 (R) to the Steinberg group St (R)

is an isomorphism. In particular, St4 (R) has a presentation with generators S; and

X; (1), with i varying over the simple roots and t over R, and relations (2-1)—(2-26).
One obtains Tits’ Kac—Moody group &4 (R) by adjoining the relations

hi(u)h; (v) = h; (uv) (1-1)
for all simple roots i and all units u, v of R, where
hi(u) =55 (—=1),  5(u) = X; (u)S; X;(1/u)S; " X; (u).

We remark that if A is a spherical diagram (that is, its Weyl group is finite) then
it follows immediately from an alternate description of P&t that PSt, — Sty
is an isomorphism; see Section 3 or [Allcock 2015, §7]. So Theorem 1.1 extends
the isomorphism PSt, = Gty from the spherical case to the affine case, except
for the two affine diagrams of rank 2. See [Allcock and Carbone 2016] for a
further extension, to the simply laced hyperbolic case, and [Allcock 2015] for
generalizations beyond the hyperbolic case.

For a moment we return to the case where A is an arbitrary generalized Cartan
matrix. If B; C B; are two subdiagrams of A then there is a natural homomorphism
PStg, (R) — PGSt (R). This is because the generators and relations of ‘PStg (R)
are among those of ‘PStg, (R), by the fact that our presentations of these groups
are defined in terms of the nodes and edges of these subdiagrams of A. Using these
maps, we consider the directed system of groups ‘PGStz (R), where B varies over
the subdiagrams of A of rank < 2. It is a formality that the direct limit is PSt, (R);
this is just an abstract way of saying that each generator or relation of P&St, (R)
already appears in the presentation of some BSt; (R) with B of rank < 2.

When A is affine of rank > 3, ‘P&t (R) — St4(R) is an isomorphism by
Theorem 1.1. And PStz(R) — Stp(R) is an isomorphism for every proper
subdiagram B of A, since such subdiagrams are spherical. It follows that we may
replace PGSt by Gt throughout the preceding paragraph, proving the following
result. The point is that affine Steinberg groups of rank > 3 are built up from the
classical Steinberg groups of types Ay, A%, Ay, By and G».
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Corollary 1.2 (Curtis—Tits presentation). Suppose A is an affine Dynkin diagram
of rank > 3 and R is a commutative ring. Then St (R) is the direct limit of the
groups Stg(R), where B varies over the subdiagrams of A of rank < 2, and the
maps between these groups are as specified above. The same result also holds with
Gt replaced by & throughout. ([

An informal way to restate Corollary 1.2 is that a presentation for Gt4(R) can
be got by amalgamating one’s favorite presentations for the Gtz (R). Splitthoff
[1986] discovered quite weak sufficient conditions for the latter groups to be finitely
presented. When these hold, one would therefore expect Gt (R) also to be finitely
presented. The next theorem expresses this idea precisely. Claim (ii) is part of
[Allcock 2015, Theorem 1.4]. See Section 6 for the proof of claim (i).

Theorem 1.3 (finite presentability). Suppose A is an affine Dynkin diagram and R
is any commutative ring. Then the Steinberg group St (R) is finitely presented as
a group if either

(i) tk A > 3 and R is finitely generated as a ring, or

(i1) rk A =3 and R is finitely generated as a module over a subring generated by
finitely many units.

In either case, if the unit group of R is finitely generated as an abelian group, then
Tits’ Kac—Moody group &4 (R) is finitely presented as a group.

One of the main motivations for Splitthoff’s work was to understand when the
Chevalley—Demazure groups, over Dedekind domains of interest in number theory,
are finitely presented. This was finally settled by Behr [1967; 1998], capping a long
series of works by many authors. The following analogue of these results follows
immediately from Theorem 1.3. How close the analogy is depends on how well &4
approximates whatever plays the role of the Chevalley—Demazure group scheme in
the setting of Kac—Moody theory.

Corollary 1.4 (finite presentation in arithmetic contexts). Suppose K is a global
field, meaning a finite extension of Q or F,(t). Suppose S is a nonempty finite set
of places of K, including all infinite places in the number field case. Let R be the
ring of S-integers in K.

Suppose A is an affine Dynkin diagram. Then Tits’ Kac—Moody group &4 (R) is
finitely presented if tk A > 3, unless K is a function field and |S| =1, whentk A > 3
suffices. U

We remark that if R is a field then the &4 case of Corollary 1.2 is due to
Abramenko and Miihlherr [1997] (see also [Devillers and Miihlherr 2007]). Namely,
suppose A is any generalized Cartan matrix which is 2-spherical, and that R is a
field (but not [, if A has a double bond, and neither [, nor F3 if A has a triple bond).
Then &4 (R) is the direct limit of the groups &p(R). Abramenko and Miihlherr
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[1997, p. 702] state that if A is affine then one can remove the restrictions R 7~ [F;, Fs.

One of our goals is to bring Kac—-Moody groups into the world of geometric and
combinatorial group theory, which mostly addresses finitely presented groups. For
example, which Kac—-Moody groups admit classifying spaces with finitely many
cells below some chosen dimension? What other finiteness properties do they
have? Do they have Kazhdan’s property 7'? What isoperimetric inequalities do they
satisfy in various dimensions? Are there (nonsplit) Kac—Moody groups over local
fields whose uniform lattices (suitably defined) are word hyperbolic? Are some
Kac—Moody groups (or classes of them) quasi-isometrically rigid? We find the last
question very attractive, since the corresponding answer for lattices in Lie groups is
deep (see [Eskin and Farb 1997; Farb and Schwartz 1996; Kleiner and Leeb 1997;
Schwartz 1995]).

Regarding property T we would like to mention work of Hartnick and Ko6hl [2015]
who showed that many Kac—-Moody groups over local fields have property 7 when
equipped with the Kac—Peterson topology. Also, Shalom [1999] and Neuhauser
[2003] respectively showed that the loop groups of (i.e., the spaces of continuous
maps from S! to) SL, (C) and Sp,, (C) have property T.

2. Presentation of the pre-Steinberg group P St, (R)

Suppose R is any commutative ring and A is any generalized Cartan matrix. Write /
for the set of A’s nodes, and for i, j € I write m;; for the order of the product of the
corresponding generators of the Weyl group. Following [Allcock 2015, §7], the pre-
Steinberg group BPE&St, (R) is defined by the following presentation. The generators
are S; and X;(¢) with t € R. The relations are (2-1)—(2-28) below, in which i, j vary
over [ and ¢, u vary over R. We use the notation Y = Z to say that ¥ and Z commute.

If A has no Ay components and is 2-spherical (all m;; are finite), then the last two
relations (2-27)—(2-28) follow from the others and may be omitted [Allcock 2015,
Remark 7.13]. If A is affine of rank > 3 then it satisfies this condition, and our
main result (Theorem 1.1) is that the presentation equally well defines the Steinberg
group Gty (R).

For every i € I we impose the relations

Xi(D)Xi(u) = X;(t +u), (2-1
Si = Xi (DS X; (DS X (1). (2-2)
For all i, j we impose the relations
7887 =S¢, (2-3)
S?X;(1)S7% = X (et), (2-4)

where ¢ = (—1)47.
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Whenever m;; =2 we impose the relations
SiS; =S8;Si,
S = X; ().
Xi(t) = X;(u).
Whenever m;; = 3 we impose the relations
SiS;8i=S;8:S;,
S;Si X (1) = Xi(1)S;Si,
X;i(t) 2 8 X;(u)S; !,
[Xi (1), X; ()] = Si X; (tu) S,

(2-5)
(2-6)
(2-7)

(2-8)
(2-9)
(2-10)
2-11)

Whenever m;; =4 we impose the following relations; in (2-14)—~(2-17), s (resp. [)

refers to whichever of i and j is the shorter (resp. longer) root:
S:S;S:S; = S8;5:S;Si,
S5:8;8; = X;(1),
SsX1(1)S7 = S X (w) S,
X,(t) = S X;(w)S; !,
[X(1), S Xs(u)S; ' 1= Ss X;(—2tu)S; !,
(X, (), X1 (u)] = S Xy (—tu)S; " - S X (Fu) S,

(2-12)
(2-13)
(2-14)
(2-15)
(2-16)
(2-17)

Whenever m;; = 6 we impose the following relations; s and / have the same

meaning they had in the previous paragraph:
S:8;8iS;SiS; =8;8:8;8:S;S;,
S:S;S:S;S; = X;(1),

Xi(t) = S X (u)S; 'S,
SsS1 X (1) S ST 2 858 X () S!S

S X1 (0)S7 = S X (w)S;,
[X:(1), S X1 () S; "= 8,8 X, (tu) S;7' 87,

[Xs (1), Ss 81 Xs(u)S; ' S71 = S X, (3tu) S,

[Xs (1), S; X () S, '] = Sy 8 X (—2tu) S, S71 - S Xy (—31%u) S,

-85S Xi(=3tu®) S S
(X, (1), X ()] = S S X (Pu) S, 71 - S X (—tu) S

S X (2Pu) ST - 8 S, X (—Put) ST S

(2-18)
(2-19)
(2-20)
(2-21)
(2-22)
(2-23)
(2-24)

(2-25)

(2-26)
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This paper [Allcock 2015]

(2-1) (7.4)

(2-2) (7.26)

(2-3) (7.2)-(7.3)

(2-4) (7.5)

(2-5U@2-8)U2-12)u(2-18) (7.1)

(2-6) (7.6)

2-7) (7.10), the A% Chevalley relation

(2-9) 7.7

(2-10)—(2-11) (7.11)—(7.12), the A, Chevalley relations
(2-13) (7.8)

(2-14)—(2-17) (7.13)—(7.16), the B, Chevalley relations
(2-19) (7.9)

(2-20)—(2-26) (7.17)—(7.23), the G, Chevalley relations
(2-27) (7.24)

(2-28) (7.25)

Table 1. Correspondence between our relations and those of [Allcock 2015].

Officially, the next two relations are part of the presentation of St (R). But as
mentioned above, they may be omitted if A is 2-spherical without A; components.
We let r vary over the units of R and impose the relations

hi()X;(Ohi ()" = X (rAie), (2-27)
hi(r) S;X; (087 hi(r) ™ = 8 XA S (2-28)

where l~1,-(r) is defined in Theorem 1.1.
Because we have organized the relations differently than we did in [Allcock
2015], we will state the correspondence explicitly. See Table 1.

3. Steinberg and pre-Steinberg groups

Our goal in this section is to describe the Steinberg group and to give a second
description of the pre-Steinberg group. This description makes visible the latter
group’s natural map to the Steinberg group, and is the form we will use for our
calculations in Section 5.

We work in the setting of [Tits 1987] and [Allcock 2015], so R is a commuta-
tive ring and A is a generalized Cartan matrix. This matrix determines a complex
Lie algebra g called the Kac—Moody algebra, and we write ® for the set of real
roots of g. For each real root «, its root space g, comes with a distinguished pair
of (complex vector space) generators, each the negative of the other. We write gy 7
for their integral span, and we define the root group i, as g4z ® R = R. Tits’
definition of the Steinberg group begins with the free product skyco iUy .
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We emphasize that there is no natural way to choose an isomorphism R — /.
If +e are the two distinguished generators for g, then there are two natural choices
for the parameterization of i{,, namely ¢ — (£e) ® ¢t. Often we will choose one
of these and call it X,; we speak of this as a “sign choice”. Making such a choice
makes computations more concrete, but breaks the symmetry.

In Tits” definition of &t4(R), the relations have the following form. He calls a
pair o, B € ® prenilpotent if some element of the Weyl group W sends both «, B
to positive roots, and some other element of W sends both to negative roots. A
consequence of this condition is that every root in No + Ng is real, which enables
Tits to write down Chevalley-style relators for «, 8. That is, for every prenilpotent
pair «, B he imposes relations of the form

[element of i, element of Lg] = 1_[ (element of 4I,), (3-1)
y€b(a, B)—{a, B}

where 0(a, ) := (N +Ng)Nd and N = {0, 1, 2, ...}. The exact relations are
given in a rather implicit form in [Tits 1987, §3.6]. Writing them down explicitly
requires choosing parameterizations of l,, g and each il,,. We suppose this has
been done as above, with the parameterizations being X, Xg and the various X, .
Then the relations take the form

[Xo (), Xs@)1= [ X, (Napyt"u"), (3-2)

roots y=ma+nf
with m,n>1

where the N,g, are integers determined by the structure constants of g, the sign
choices made in parameterizing the root groups, and the ordering of the terms on
the right side. See [Tits 1987, §§3.4-3.6] for details, or Section 5 for the cases
we will need. Morita [1987; 1988] showed that the right side has at most 1 term
except when (Qo @ QB) N P has type B; or G,, and found simple formulas for the
constants (up to sign).

For Tits, this is the end of the definition of the Steinberg group. We called this
group 6t£itS(R) in [Allcock 2015] to avoid confusion with Gt4(R) itself, which
we take to also satisfy the Morita—Rehmann relations. These extra relations play
the role of making the “maximal torus” and “Weyl group” in Gtgi‘S(R) act in the
expected way on root spaces. These relations follow from the Chevalley relations
when A is 2-spherical without A; components, so the reader could skip down to
the definition of the Kac—Moody group &4 (R).

Here is a terse description of the Morita—Rehmann relations; see [Morita and
Rehmann 1990, Relations (B’)] or [Allcock 2015, §6] for details. For each simple
root o € ® and each of the two choices e for a generator of g, 7, we impose relations
as follows. By a standard construction, the choice of e distinguishes a generator f
for g_q 7. Using e and f as above, we obtain parameterizations of i, and 4{_,
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which we will call X, and X;. Forr € R* we define 5.(r) = X.(r) Xy (1/r)X.(r) and
he (r) =5.(r)s.(—1). Morita and Rehmann impose relations that describe the actions
of 5.(1) and fze (r) on every g, where B varies over ®. First, conjugation by $,(1)
sends g to L, (g) in the same way that s := (exp ad,)(exp ads)(expad,) € Autg
does. (Here s, is the reflection in «, and for the relation to make sense one must
check that s} sends gg 7 to gs,(),z.) Second, every fze (r) acts on g = R by scaling
by r'@’-B) where " is the coroot associated to «.

The quotient of GtxitS(R) by all these relations is the definition of the Steinberg
group Gt4(R) and agrees with Steinberg’s original group when A is spherical. We
remark that we let e vary over both possible choices of generator for g, 7 just to
avoid choosing one. But one could choose one without harm, because it turns out
that the relations imposed for e are the same as those imposed for —e. Also, Morita
and Rehmann write i, rather than s, and their definition of it uses Xy(—1/r)
rather than X (1/r). This sign just reflects the fact that they use a different sign
on f than Tits does, in the “standard” basis e, f, h for sl.

The Kac—-Moody group &4(R) is defined as the quotient of Gt4(R) by the
relations (1-1).

In Section 2 we defined the pre-Steinberg group 3Gt (R) in terms of generators
and relations. It also has an “intrinsic” definition: the same as Gt (R), except that
Tits’ Chevalley relations are imposed only for classically nilpotent pairs «, 8. This
means (Qa+QpB)N P is finite and 4 B is nonzero, which is equivalent to «, § satis-
fying o+ B #0 and lying in some A1, A%, Ay, By or G, root system. As the name sug-
gests, such a pair is prenilpotent. So PSt, (R) is defined the same way as Gt (R),
just omitting the Chevalley relations for prenilpotent pairs that are not classically pre-
nilpotent. In particular, Gt4(R) is a quotient of PGSt  (R), hence the prefix “pre-".

In [Allcock 2015] we defined BSt, (R) this way and then showed that it has the
presentation in Section 2. In this paper, for ease of exposition we defined ‘BSt, (R)
by this presentation. But we will use the above “intrinsic” description in the proof
of Theorem 1.1. So equality between the two versions of PGSt (R) is essential for
our work. We proved it in [loc. cit., Theorem 1.2] and restate it now:

Theorem 3.1 (the two models of PSt,(R)). Let A be a generalized Cartan ma-
trix and R a commutative ring. For each simple root «;, choose one of the two
distinguished parameterizations X,, : R — U,.. Then the pre-Steinberg group as
defined in Section 2 is isomorphic to the pre-Steinberg group as defined above, by
Si > 5¢, (1) and X; (t) — X, (1). O

4. Nomenclature for affine root systems

Our proof of Theorem 1.1, appearing in the next section, refers to the root system as
a whole, with the simple roots playing no special role. It is natural in this setting to
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[Moody and
Pianzola 1995] [Kac 1990] condition
A, AD AD n>1
B, BV BV n>?2
C, cH c n=2
D, DY D n=>3
E, ED ED n==6,7,8
A O FO
& G G
Bever BP DR, n=z2
~neven C r(zZ) A;i)_l n>?2
BCY BC® AQ) n>1
2) (2)

FeVC]’l F4 E6

Omod 3 3) (3)
Gme Gy D

Table 2. Our and others’ names for affine root systems; see Section 4.

use nomenclature for the affine root systems that emphasizes this global perspective.
Our notation }?n in Table 2 is close to that in [Moody and Pianzola 1995, §3.5]. The
differences are that our superscripts describe the construction of the root systems,
and that we use a tilde to indicate affineness. For the affine root systems obtained
by “folding”, Kac’s nomenclature [1990, pp. 54-55] emphasizes not the affine root
system itself but rather the one being folded.

It is very easy to describe the set ® of real roots in the root system K{'. Let ®
be a root system of type X, let A be its root lattice, and let A be A @ Z. Then
® C A is the set of pairs (root of X,,, m € Z) satisfying the condition that if the
root is long then m has the property ““- - - indicated in the superscript, if any.

A set of simple roots can be described as follows. We begin with a set of simple
roots for the root system ®y € & consisting of roots of the form (¢, 0). This is an
X, root system except for EEHOdd, when it has type B,. The affinizing simple root
is (a, 1), where « is the lowest root of @ in the absence of a superscript, or twice
the lowest short root for BC, BC % or the lowest short root in all other cases. This can
be used to verify the correspondences between our nomenclature and those of [Kac
1990] and [Moody and Pianzola 1995].

The condition on # in Table 2 is the weakest condition for which the definition of
X makes sense. If one wishes to avoid duplication, so that each 1som0rphlsm class
of affine root system appears exactly once, then one should omit one of A3 = D,
one of Bz = C2 and one of Beven = C Fven . Both [Kac 1990] and [Moody and
Pianzola 1995] omit D3, 32 and C cven Also [Moody and Pianzola 1995] gives
A( ) as an alternate name for BC, (2)
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5. The isomorphism ‘PSt, (R) - Sta(R)

This section is devoted to proving Theorem 1.1, whose hypotheses we assume
throughout. In light of Theorem 3.1, our goal is to show that the Chevalley relations
for the classically prenilpotent pairs imply those of the remaining prenilpotent pairs.
We will begin by saying which pairs of real roots are prenilpotent and which are
classically prenilpotent. Then we will analyze the pairs that are prenilpotent but
not classically prenilpotent.

We fix the affine Dynkin diagram A, write &, ®, A, A as in Section 4, and
use an overbar to indicate projections of roots from & to ®. It is easy to see that
o, B € ® are classically prenilpotent if and only if « = 8 or &, 8 € ® are linearly
independent. The following lemma describes which pairs of roots are prenilpotent
but not classically prenilpotent, and what their Chevalley relations are (except for
one special case discussed later).

Lemma 5.1. The following are equivalent:
(1) o, B are prenilpotent but not classically prenilpotent.

(il) o # B are not equal and &, B differ by a positive scalar factor.

(iii) o # B, and either & = B are equal or else one is twice the other and ® = B\Cl’n"dd.

When these equivalent conditions hold, the Chevalley relations between i, g are
[Ue, Ug] = 1, unless ® = BCLY, & and B are the same short root of ® = BC,,
ando+ B € ®.

Proof. We think of the Weyl group W acting on affine space in the usual way, with
each root corresponding to an open halfspace. A root is positive if its halfspace
contains the fundamental chamber, or negative if not. Recall that two roots «, § € @
form a prenilpotent pair if some element w, of W sends both to positive roots, and
some w_ € W sends both to negative roots. The existence of both w4 is equivalent
to saying that some chamber lies in the halfspaces of both @ and 8, and some other
chamber lies in neither of them. (Proof: apply w4 to the fundamental chamber rather
than to {«, B8}.) By Euclidean geometry, this happens only if either their bounding
hyperplanes are nonparallel or their bounding hyperplanes are parallel and one
halfspace contains the other. In the first case, @ and $ are linearly independent, so a,
B are classically prenilpotent. In the second case, & and f differ by a positive scalar.
If @ and B are equal then they form a classically prenilpotent pair. Otherwise they do
not, because (Qua & QB) N @ is infinite. This proves the equivalence of (i) and (ii).

To see the equivalence of (ii) and (iii) we refer to the fact that ® is a reduced
root system (i.e, the only positive multiple of a root that can be a root is that root
itself) except in the case ® = EEnOdd. In this last case, the only way one root of
® = BC, can be a positive multiple of a different root is that the long roots are got
by doubling the short roots.



544 Daniel Allcock

The proof of the final claim is similar. Except in the excluded case, we have
®N(Na+Np) = {a, B}. The corresponding claim for ® follows, so 6 («, B) —{c, B}
is empty and the right-hand side of (3-2) is the identity. That is, the Chevalley rela-
tions for a, B read [Ly, Ug]=1. (In the excluded case, PN(Na+NB)={a, B, a+pB}.
So the Chevalley relations set the commutators of elements of 4{, with elements
of 4lg equal to certain elements of ., g. See Case 6 below.) O

Recall from Theorem 3.1 that Gt4(R) may be got from PBE&St, (R) by adjoining
the Chevalley relations for every prenilpotent pair «, 8 that is not classically
prenilpotent. So to prove Theorem 1.1 it suffices to show that these relations
already hold in PSt:=PGSt, (R). In light of Lemma 5.1, the proof falls into seven
cases, according to & and the relative position of @ and 8. Conceptually, they are
organized as follows; see below for their exact hypotheses. Case 1 applies if & = j
is a long root of some A, root system in ®. Case 2 (resp. 3) applies if & = f is
a long (resp. short) root of some B, root system in ®. Case 4 applies if & = f is
a short root of ® = G,. The rest of the cases are specific to ® = ﬁé,f’dd, Case 5
applies if B = 2a. Case 6 or 7 applies if & = f is a short root of BC,,. There are
two cases because « +  may or may not be a root.

In every case but one we must establish [, Ug] = 1. Each case begins by
choosing two roots in @, of which 8 is a specified linear combination, and whose
projections to @ are specified. Given the global description of ® from Section 4,
this is always easy. Then we use the Chevalley relations for various classically
prenilpotent pairs to deduce the Chevalley relations for «, B.

Case 1 of Theorem 1.1. Assume o = B is a root of o= Apso, &=D,ord=E,,
or a long root of ® = G,. Choose 7,8 € ® as shown, and choose lifts y, § € ®
summing to 8. (Choose any y € ® lying over y, define § = 8 —y, and use the global
description of ® to check that § € ®. This is trivial except in the case ¢ = 53 mod3
when it is easy.)

a p

Because @ + y, @ + & ¢ @, it follows that @ + y, @ + 8 ¢ ®. So the Chevalley
relations [{y, i, ] = [y, Us5] = 1 hold. The Chevalley relations for y, § imply
(L, Us] = U, 15 = Upg. (These relations are (2-23) in the G, case and (2-11) in
the others. One can write them as [X,, (¢), X5(u)] = X, s(tu) in the notation of the
next paragraph.) Since 4, commutes with £(,, and 5, it commutes with the group
they generate, hence g. O

The other cases use the same strategy: express an element of g in terms of
other root groups, and then evaluate its commutator with an element of i{,. But
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the calculations are more delicate. We will work with explicit elements X, (7) € 1,
for various roots y € ®. Here ¢ varies over R, and the definition of X, (#) depends
on choosing a basis vector e, for g, 7 C g, as explained in Section 3. For each y
there are two possibilities for e,,. The point of making these sign choices is to write
down the relations explicitly.

For example, if s,/ € I are the short and long roots of a B, subdiagram of A,
then we copy their relations from (2-17): for all ¢, u € R,

[Xs (1), X;)] = Si Xy (—tu) S - Sy X (t2u) S (5-1)

The reason for writing the right side this way is to avoid making choices: to write
down the relation, one only needs to specify generators e, and ¢; for g5, 7 and g; 7,
not the other root spaces involved. But for explicit computation one must choose
generators for these other root spaces. Because S; and S; permute the root spaces
in the same way the reflections in s and / do, the terms on the right in (5-1) lie in
4+ and ;405. Therefore, after choosing suitable generators e;4; and e;1s for
Oi+s.z and g;125. 7, we may rewrite (5-1) as

(X5 (1), Xi()] = Xy (—tu) - Xppa (0. (5-2)

Now, if o and A are short and long simple roots for any copy of B; in ®, then some
element w of the Weyl group sends some pair of simple roots to them. Taking
s and [ to be this pair, and defining X,;, X;, X3+, and X, 7, as the w-conjugates
of Xy, X;, X145 and X;4os, we can write the Chevalley relation for o and A by
applying the substitution s — ¢ and / — A to (5-2):

[Xo (1), X ()] = Xoto (—t10) - X420 (t700). (5-3)

In this way we can obtain the Chevalley relations we will need, for any classically
prenilpotent pair, from the ones listed explicitly in Section 2. One could also refer
to other standard references, for example, [Carter 1972, §5.2].

The root system BC % appears as a possibility in several cases, including the next

n>2
one. We will use “short”, “middling” and “long” to refer to its three root lengths.

Case 2 of Theorem 1.1. Assume & = B is a long root of ® = B2, ® = Cp»2,
o= BCy>s or ® = F,. Our first step is to choose roots r 0 €D as pictured:

Py @ p

N

This is easily done using any standard description of ®. (Note: although A stands
for “long” and & for “short”, & is actually a middling root in the case ® = BC,.)
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Our second step is to choose lifts A, 0 € ® with B = A +20. If ® equals B,, C,
or F4 then one chooses any lift o of o and defines A as B — 2¢. This works since
every element of A lying over a root of ® is a root of ®. If ® equals En""en, 5;’“’“,
F, 4t or ﬁénOdd then this argument might fail since ® is “missing” some long roots.
Instead, one chooses any A € & lying over A and defines o as (8 — A)/2. Now,
B — = (B — A, m) with m being even by the meaning of the superscript “even” or
“odd”. Also, B — A is divisible by 2 in A by the figure above. It follows that o € A.
Then, as an element of A lying over a short (or middling) root of ®, o lies in ®.

Because o, A are simple roots for a B; root system inside @, their Chevalley
relation (5-3) holds in B&t. This shows that any element of g = i, 7, can be
written in the form

(some X345 €5 15) - [(some Xy € y), (some x; € ilx)]. (5-4)

Referring to the picture of ® shows that o + A + o ¢ ®. Therefore, the Chevalley
relations in P&t include [y, U, +»] = 1. In particular, {, commutes with the
first term of (5-4). The same argument shows that $[, also commutes with the
other terms, hence with any element of 4lg. This shows that the Chevalley relations
present in PSt imply [L,, Ug] =1, as desired. (]

Case 3 of Theorem 1.1. Assume o = ,3 is a short root of o= B>, d = Cy>2 or
®=Fy, ora middling root of d = BC,>>. We may choose A, o0 € ® with sum 8
and the following projections to ® (by a simpler argument than in the previous case):

1 a, B

N\

The Chevalley relations for o, A are (5-3), showing that any element of g = {4
can be written in the form

[(some Xy € Uy), (some x, € ilx)] - (some x; 125 € ) 125)- (5-5)

As in the previous case, we will conjugate this by an arbitrary element of (. This re-
quires the following Chevalley relations. We have [Ll,, ;] =1 and [y, 1201 =1
by the same argument as before. What is new is that the Chevalley relations for
o, o depend on whether @ + o is a root. If it is not, then 4l, commutes with 4,
and therefore with (5-5). That is, [, {g] =1 as desired. If o + o is a root then
[Ue, Us] € Uyt . Then conjugating (5-5) by an element of i, yields

[xa - (some x40 € Yyis), xk] *XA+20

which we can simplify by further use of Chevalley relations. Namely, neither
A+ o+ o nor o + 20 is a root, so iy, centralizes 41, and L, . Therefore, x4
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centralizes the other terms in the commutator, and hence drops out, leaving (5-5).
This shows that conjugation by any element of {, leaves invariant every element
of Ug. That is, [y, Ug] = 1. O

Case 4 of Theorem 1.1. Assume & = B is a short root of ® = G,. This is the
hardest case by far. Begin by choosing roots &, A € ® as shown, with lifts o, 1 € ®
summing to 8:

Qi
=

Qi

A

Many different root groups appear in the argument, so we choose a generator e, of
y’s root space, for each y € ® that is a nonnegative linear combination of «, o, A.

Next we write down the G, Chevalley relations in B &+t that we will need, derived
from (2-20)—(2-26). We will record them in the ® = (~?2 case and then comment on
the simplifications that occur if ® = égmow. After negating some of the e, , for y
involving o and A but not &, we may suppose that the Chevalley relations (2-26)
for o, A read

[ X (1), Xo.(u)] = Xoo 12 (t20) Xor 15, (—114) X354 (£2U) X3 120 (—7u?).  (5-6)

Then we may negate e, 12,2, if necessary, to suppose the Chevalley relations (2-24)
for a, 20 + X read

[Xo (1), Xoo45. ()] = Xoy2042.(Btu). (5-7)

After negating some of the e, for y involving o and o but not A, we may suppose
that the Chevalley relations (2-25) for o and « read

[Xo (1), Xa )] = X0 (—20U) Xy 20 (=36°1) Xou 16 (—=31u%).  (5-8)
We know the Chevalley relations (2-24) for o and « 4+ o have the form
[ X5 (1), Xa+a w)]= X(¥+20 (3etu), (5-9)

where ¢ = £1. We cannot choose the sign because we’ve already used our freedom
to negate e, in order to get (5-8). Similarly, we know that the Chevalley relations
(2-23) for A and @ + 20 are

[X3(8), Xat20 )] = Xat20-+2.(e"tu) (5-10)

for some &’ = £1. (We will see at the very end that e = ¢’ = 1.)
We were able to write down these relations because we could work out the roots
in the positive span of any two given roots. This used the assumption ® = G5, but
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now suppose ¢ = 53”‘0‘13. It may happen that some of the vectors appearing in
the previous paragraph, projecting to long roots of ® = G, are not roots of ®. One
can check that if o — 8 is divisible by 3 in A then there is no change. On the other
hand, if « — 8 # 0(mod3) then o + 20 + A, @ 4+ 20 and 2« + o are not roots.
Because (Qu @ Q(20 4+ 1)) N ® now has type A, rather than G,, (5-7) is replaced
by [y, the4a] =1, from (2-10). And (Qu & Qo) N  also has type A> now, so
(5-8) is replaced by [X, (1), X4 ()] = Xq+o (tu), obtained from (2-11), and (5-9)
is replaced by [y, Uyio] = 1, from (2-10). Finally, there is no relation (5-10)
because there is no longer a root group 4l,12,. The calculations below use the
relations (5-6)—(5-10). To complete the proof, one must also carry out a similar
calculation using (5-6) and the altered versions of (5-7)—(5-9). This calculation is
so much easier that we omit it.

The long roots 30 +2X, a 4+ 20 + A and 2« + o all lie over 36 + 2A. These
root groups commute with all others that will appear, by the Chevalley relations in
PGS, and they commute with each other by Case 1 above. We will use this without
specific mention.

Since 8 = o 4+ A, we may take (5-6) with t = 1 and rearrange, to express any
element of g as

Xp (1) = X30-.() X30 122 (—*) [ X0 (1), X5 (1)] X264, (). (5-11)

We use this to express the commutators generating [, g]:

[Xeo (1), Xp ()] = Xoo (1) X304 (1) Xar (1) "+ Xy (1) Xg 429 (—16°) X (1)

[ Xa ) X)X (1) 7", Xo ()Xo (1) Xo ()]

X (1) Xag 42, () X (1)

 Xog () [ Xo (1), X5() | X30120. () X6 42.(—u). (5-12)
Because i, centralizes 3,1, Hss42;, and 4,, we may cancel all the X, (¢) in
the first two terms, and in the first term of the first commutator. Because 3,1 ;
centralizes all terms present, we may cancel the terms X3U+2A(j:u2). The terms be-
tween the commutators assemble themselves into [ X, (7), X242 (#)], which equals
Xot20+2(3tu) by (5-7). Because U, 125+5 centralizes all terms present, we may

move this term to the very beginning. Finally, from (5-8) one can rewrite the second
term of the first commutator as

Xo (1) Xo (D X ()™ = Xogo 31%) Xg20 (31) Xaro (21) X, (1).

After all these simplifications, (5-12) reduces to

[Xo (1), Xpgu)] = X205 +2(31u) X30615. (1) (5-13)
[ X (), Xogto (3t2)Xa+2¢7 Bt) Xo+0 21 Xo (D[ X5 (1), X5 ()1 X35 45.(—u).



Presentation of affine Kac—Moody groups over rings 549

Now we focus on the first commutator [ - - - , - - - ] on the right side. All its terms
commute with 4, so we may drop the X5, (31%) term. Writing out what
remains gives

[, 1= X0 () Xay20 B1) Xoy 5 (20) X (1)
X (—u) Xo (=D Xy 10 (—21) Xy 125 (—=31).

By repeatedly using (5-9)—(5-10) and the commutativity of various pairs of root
groups, we move all the X; and X, terms to the far right. A page-long computation
yields

[+ oo ] = Xagao42.(3e tu — 666" t1) [ X;.(u), X5 (1)].

Plugging this into (5-13), and canceling the commutators and the X3, (Fu)
terms, yields

[Xa (), Xg)] = Xor20+3 3tu +3&'tu — 6ee'tu) = Xo12042(Ctu),

where C equals 0, 26 or 12 depending on ¢, ¢’ € {£1}.

If C =0 (i.e., e = ¢’ = 1) then we have established the desired Chevalley relation
[Ua, Ug] = 1 and the proof is complete. Otherwise we pass to the quotient Gt
of ‘PSt. Here i, and g commute, so we derive the relation Xq 2541 (Ct) =1
in Gt. Since this identity holds universally, it holds for R = C, so the image of
Uyt20+2(C) in GL(C) is the trivial group. This is a contradiction, since Gt(C) acts
on the Kac—Moody algebra g, with X, 17,4, (f) acting (nontrivially for ¢ # 0) by
exp ad(teq120+5.). Since C # 0 leads to a contradiction, we must have C = 0 and
so the Chevalley relation [, {g] = 1 holds in ‘PSt. O

Case 5 of Theorem 1.1. Assume ,3 =2qind= BC,>>. Choose [, X € ® as shown,
and lift them to u, A € ® with 2u + A = . (Mnemonic: p is middling and A is
long.)

Y B

As in Case 2 (when @ and B were the same long root of ® = B,), we can express
any element of g in the form

(some x;, 15, € Ly 42) - [ (some x;, € £13), (some x, € £1,)].

The Chevalley relations in ‘P&t include the commutativity of £(, with 4(;, £, and
U, 15. So i, also centralizes iUg. O

Case 6 of Theorem 1.1. Assume & = B is a short root of ® = BCy>y and o + B is
a root. This is the exceptional case of Lemma 5.1, and the Chevalley relation we
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must establish is not [U, {g] = 1. We will determine the correct relation during
the proof. We begin by choosing i1, 6 € ® as shown and lifting them to u, o € ®
with u + o = 8, so that o, i generate a B root system:

Qi
qu
=i

i

We choose a generator e, for the root space of each nonnegative linear combination
y € ® of o, o, u. By changing the signs of e; 1, and ey, 4, if necessary, we may
suppose that the Chevalley relations (2-17) for o, @ are

[Xo (1), Xy ()] = Xo (1) Xog 40 (1%0). (5-14)
Since o 4+ u = B we may take r = 1 in (5-14) to express any element of tlg:

Xp(u) = Xog 1 () [ X (1), X5 (D)]. (5-15)

Using this one can express any generator for [, g]:

[Xo (1), Xp(u)] = Xo () X410 () X (1) "
X () X () X (1)1, X (1) X5 (1) X (1) 1]
[ Xo (1), X, ()] - Xog 5 (—10). (5-16)

By the Chevalley relations [Llg, $s 1, ] = [ha, £6,] = 1, the X, (£)*! cancel in the
first term on the right side and in the first term of the first commutator.

Now we consider the Chevalley relations of « and o. Since & + ¢ is a middling
root of @, and ® contains every element of A lying over every such root, we see
that o + o is a root of ®. In particular, (Qu @ Qo) NP is a B, root system, in
which o and o are orthogonal short roots. The Chevalley relations (2-16) for «, o
are therefore

[Xo (1), Xo ()] = Xogo (—=210), (5-17)

after changing the sign of e, if necessary.
Next, i+ o0 +a = o + B is a root by hypothesis. We choose e, 54« so that the
Chevalley relations (2-16) for u, o + o are

[Xu(t)a Xo+o@)] = Xu+a+a(_2tu)- (5-18)

Now we rewrite (5-16), applying the cancellations mentioned above and rewriting
the second term in the first commutator using (5-17):

[Xa (1), Xg(u)]
= Xog 4 () - [ X (), X0 (=200 X (D] - [X5 (1), Xy ()] - Xag 4 (—u0). (5-19)
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Now we restrict attention to the first commutator on the right side and use the
Chevalley relations [y, 5] = 1 and (5-18) to obtain

[Xu (W), Xoto(=20) X (1)] = X, () Xg 4o (=21) - X5 (1) - Xpu(—10) Xo (= 1) X406 (20)

= Xyta+o(@dtu) Xoto(—26) X, (1) - X5(1)
: Xu+a+a(4tu)on+a(2t)Xp.(_M)Xo(_ ).

The projections to ® of any two roots occurring as subscripts are linearly indepen-
dent. Therefore, any two of them are classically prenilpotent, so their Chevalley
relations are present in 3&St. In particular, 4,41, centralizes all the other terms;
we gather the X, 44 (4tu) terms at the beginning. Next, [Us, Uyis] =1, so we
may move X, (1) to the right across Xy 4, (2¢). Then we can use (5-18) again to
move X, (u) rightward across X, (2¢). The result is

[Xp (), Xoto (=20 X5 (D] = Xptoto (41)[ Xy (u), X5 (1)].

Plugging this into (5-19) and canceling the commutators gives

[Xu (1), Xﬁ w)] = X20+M(M)X/A+a+a (4”4)X20+p,(_u) = Xa+,5 (4tu).

Tits” Chevalley relation in his definition of Gt has the same form, with the factor
4 replaced by some integer C. (Although we don’t need it, we remark that C = +4
by the second displayed equation in [Tits 1987, §3.5], or from [Morita 1988,
Theorem 2(2)]. This is related to the fact that (Qo @ QB) N ® is a rank 1 affine root
system, of type é?fdd.) If C # 4 then in &t we deduce X, 5((C —4)tu) =1 for
all #, u € R and all rings R, leading to the same contradiction we found in Case 4.
Therefore, C =4 and we have established that Tits’ relation already holds in ¥ &t. [

Case 7 of Theorem 1.1. Assume @ = B is a short root of ® = BC,=, and o + f
is not a root. This is similar to the previous case but much easier. We choose
i, o and the e, in the same way, except that u + o + « is no longer a root, so the
Chevalley relation (5-18) is replaced by [4[,,, {o4s] = 1. We expand Xg(u) as in
(5-15) and obtain (5-19) as before. But this time the X, (—2¢) term centralizes
both 4, and i, so it vanishes from the commutator. The right side of (5-19) then
collapses to 1 and we have proven [, Hg] =1 in PESt. O

6. Finite presentations

In this section we prove Theorem 1.3, that various Steinberg and Kac—Moody
groups are finitely presented. At the end we make several remarks about possible
variations on the definition of Kac—Moody groups.
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Proof of Theorem 1.3. We must show that Gt4 (R) is finitely presented under either
of the two stated hypotheses. By Theorem 1.1 it suffices to prove this with 3Gt in
place of Gt.

(i) We are assuming that rk A = 3 and that R is finitely generated as a module
over a subring generated by finitely many units. Theorem 1.4(ii) of [Allcock 2015]
shows that if R satisfies this hypothesis and A is 2-spherical, then PSt, (R) is
finitely presented. This proves (ii).

(i) Now we are assuming that rk A > 3 and that R is finitely generated as a
ring. Theorem 1.4(iii) of [Allcock 2015] gives the finite presentability of ‘BSt, (R)
if every pair of nodes of the Dynkin diagram lies in some irreducible spherical
diagram of rank > 3. (This use of a covering of A by spherical diagrams was also
used by Capdeboscq [2013].) By inspecting the list of affine Dynkin diagrams of
rank > 3, one checks that this treats all cases of (i) except

a B 14 )
A= ee—o—---——

(with some orientations of the double edges). In this case, no irreducible spherical
diagram contains « and §. Note that 8 % y since rk A > 3.

For this case we use a variation on the proof of Theorem 1.4(iii) of [Allcock
2015]. Consider the direct limit G of the groups Gtg(R) as B varies over all
irreducible spherical diagrams of rank > 2. If rk B > 3 then Gt (R) is finitely
presented by Theorem I of [Splitthoff 1986]. If rk B = 2 then Gtz (R) is finitely
generated by [Allcock 2015, Lemma 12.2]. Since every irreducible rank 2 diagram
lies in one of rank > 2, it follows that G is finitely presented. Now, G satisfies all
the relations of Gt4 (R) except for the commutativity of Gty with Gt(s). Because
these groups may not be finitely generated, we might need infinitely many additional
relations to impose commutativity in the obvious way.

So we proceed indirectly. Let Y, be a finite subset of Gty which together with
Gtyg) generates Gty gy. This is possible since Gty gy is finitely generated. We
define Y; similarly, with y in place of 8. We define H as the quotient of G by the
finitely many relations [Y,, ¥5] = 1, and we claim that the images in H of Gty
and Gty5 commute.

A computation in H establishes this: First, every element of Y5 centralizes Gt g
by the definition of G, and every element of Y,, by that of H. Therefore, it centralizes
Gty ), hence Gty,). We’ve shown that Sty centralizes Y, and it centralizes Gty
by the definition of G. Therefore, it centralizes &ty, 5), hence Gtg).

H has the same generators as 3Gt (R), and its defining relations are among
those defining ‘PGSt  (R). On the other hand, we have shown that the generators
of H satisfy all the relations in ‘PGSt (R). So H = PGSt,(R). In particular,
PGSt (R) is finitely presented.
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It remains to prove the finite presentability of &4 (R) under the extra hypothesis
that the unit group of R is finitely generated as an abelian group. This follows from
[Allcock 2015, Lemma 12.4], which says that the quotient of ‘B&t, (R) by all the
relations (1-1) is equally well-defined by finitely many of them. Choosing finitely
many such relations, and imposing them on the quotient Gt4(R) of PSt,(R),
gives all the relations (1-1). The quotient of Gt4(R) by these is the definition of
B4 (R), proving its finite presentation. U

Remark 6.1 (completions). We have worked with the “minimal” or “algebraic”
forms of Kac—Moody groups. One can consider various completions, such as
those surveyed in [Tits 1985]. None of these completions can possibly be finitely
presented, so no analogue of Theorem 1.3 exists. But it is reasonable to hope for
an analogue of Corollary 1.2.

Remark 6.2 (Chevalley—-Demazure group schemes). If A is spherical then we write
€9, for the simply connected version of the associated Chevalley—Demazure group
scheme. This is the unique most natural (in a certain technical sense) algebraic
group over Z of type A. If R is a Dedekind domain of arithmetic type, then the
question of whether €94 (R) is finitely presented was settled by Behr [1967; 1998].
We emphasize that our Theorem 1.3 does not give a new proof of his results, because
€94 (R) may be a proper quotient of &4 (R). The kernel of Gty (R) — €D4(R) is
called K»>(A; R) and contains the relators (1-1). It can be extremely complicated.

For a nonspherical Dynkin diagram A, the functor €®4 is not defined. The
question of whether there is a good definition, and what it would be, seems to
be completely open. Only when R is a field is there known to be a unique “best”
definition of a Kac—-Moody group [Tits 1987, Theorem 1/, p. 553]. The main
problem is what extra relations to impose on &4 (R). The remarks below discuss
the possible forms of some additional relations.

Remark 6.3 (Kac—Moody groups over integral domains). If R is an integral
domain with fraction field k, then it is open whether &4 (R) — &4 (k) is injec-
tive. If &, satisfies Tits’ axioms then this would follow from (KMG4), but Tits
does not assert that &4 satisfies his axioms. If &4(R) — &4 (k) is not injective,
then the image seems a better candidate than &4 (R) itself for the role of “the”
Kac—Moody group.

Remark 6.4 (Kac—-Moody groups via representations). Fix a root datum D and a
commutative ring R. By using Kostant’s Z-form of the universal enveloping algebra
of g, one can construct a Z-form V£ of any integrable highest-weight module V*
of g. Then one defines Vé\ as VZA ® R. For each real root «, one can exponentiate
9o,z ® R = R to get an action of 4, = R on Vlg‘. One can define the action of
the torus (R*)" directly. Then one can take the group (’55 (R) generated by these
transformations and call it a Kac—Moody group. This approach is extremely natural
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and not yet fully worked out. The first such work for Kac—Moody groups over rings
is Garland’s landmark paper [1980] treating affine groups; see also Tits’ survey
[1985, §5], its references, and the recent articles [Bao and Carbone 2015] and
[Carbone and Garland 2012].

Tits [1987, p. 554] asserts that this construction allows one to build a Kac—-Moody
functor satisfying all his axioms (KMG1)-(KMG9). We imagine that he reasoned
as follows. First, show that each 05}) is a Kac—-Moody functor and therefore by Tits’
theorem admits a canonical functorial homomorphism from &4, where A is the
generalized Cartan matrix of D. One cannot directly apply Tits’ theorem, because
(’5})(R) only comes equipped with the homomorphisms SL,(R) — ®g(R) required
by Tits when SL,(R) is generated by its subgroups ( *) and (1 ?). Presumably this
difficulty can be overcome. Second, define / as the intersection of the kernels of all
the homomorphisms &4 — Qig, and then define the desired Kac—Moody functor
as B, /1.

Remark 6.5 (Kac—Moody groups as amalgams of Chevalley—Demazure groups).
The difficulty in the previous remark, that SL;(R) is not always generated by
unipotent elements, might be resolved as follows. One can consider the spherical
subdiagrams B of A, construct the corresponding Chevalley—Demazure groups
¢Dp(R), and amalgamate these as in Corollary 1.2, rather than amalgamating
Steinberg groups. Our results here and in [Allcock 2015] show that this amalgam
satisfies the Chevalley relations of all of the prenilpotent pairs that are not classically
prenilpotent. (For nonaffine diagrams this requires A to be 3-spherical; 2-sphericity
will do if A is simply laced or R has no tiny quotients.) And it is the smallest
extension of Tits’ construction that recovers €94 (R) when A is spherical. We
propose this amalgam, possibly with extra relations, as a reasonable candidate for
the definition of Kac—Moody groups.

Remark 6.6 (loop groups). Suppose X is one of the ABCDEFG diagrams, X is
its affine extension as in Section 4, and R is a commutative ring. The well-known
description of affine Kac—Moody algebras and loop groups makes it natural to
expect that &5 (R) is a central extension of &y (R[*1) by R*. The most general
results along these lines that I know of are Theorems 10.1 and B.1 in [Garland
1980], although they concern slightly different groups. Instead, one might simply
define the loop group Gg(R) as a central extension of €Dy (R[t*!]) by R*, where
the 2-cocycle defining the extension would have to be made explicit. Then one
could try to show that Gy satisfies Tits” axioms.

It is natural to ask whether such a group G5 (R) would be finitely presented if
R is finitely generated. If R* is finitely generated then this is equivalent to the
finite presentation of the quotient €Dy (R[til]). If rk X > 3 then Gty (R[til]) is
finitely presented by Theorem I of [Splitthoff 1986]. Then, as explained in Section 7
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of [loc. cit.], the finite presentability of €Dy (R[til]) boils down to properties of
Ki(X, R[t*']) and K> (X, R[t*"]).
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Discriminant formulas and applications

Kenneth Chan, Alexander A. Young and James J. Zhang

The discriminant is a classical invariant associated to algebras which are finite over
their centers. It was shown recently by several authors that if the discriminant
of A is “sufficiently nontrivial” then it can be used to answer some difficult
questions about A. Two such questions are: What is the automorphism group
of A? Is A Zariski cancellative?

We use the discriminant to study these questions for a class of (generalized)
quantum Weyl algebras. Along the way, we give criteria for when such an algebra
is finite over its center and prove two conjectures of Ceken, Wang, Palmieri
and Zhang.

Introduction

In algebraic number theory, the discriminant takes on a familiar form: let L be a
Galois extension of the field Q and write Op = Z[«] = Z[x]/(f), where f is the
minimal polynomial (or the characteristic polynomial) of «. Then we have

Apjo= H(Fi —rj),
i#]
where ry, ..., r, are the roots of f. In noncommutative algebra, the discriminant
has long been used to study orders and lattices in a central simple algebra [Reiner
1975]. Recently, it has been shown that the discriminant plays a remarkable role in
solving some classical and notoriously difficult questions:

(1) Automorphism problem: determining the full automorphism groups of non-
commutative Artin—Schelter regular algebras [CPWZ 2015a; 2016].

(2) Zariski cancellation problem: concerning the cancellative property of noncom-
mutative algebras such as skew polynomial rings [Bell and Zhang 2016].

(3) Isomorphism problem: finding a criterion for when two algebras are isomorphic,

within certain classes of noncommutative algebras [CPWZ 2015b].

MSC2010: 16W20.
Keywords: discriminant, automorphism group, cancellation problem, quantum algebra, Clifford
algebra, rings and algebras.
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Despite the usefulness of the discriminant in algebraic number theory, algebraic
geometry and noncommutative algebra, it is extremely hard to compute, especially
in high dimensional and high rank cases. In [CPWZ 2015a; 2016], the authors made
two conjectures on discriminant formulas for some classes of noncommutative
algebras. Our main aim is to prove these two conjectures.

Let k be a base commutative domain and let k> be the set of invertible elements
in k. The discriminant of a noncommutative algebra A over a central subalgebra
Z C A, denoted by d(A/Z), will be reviewed in Section 1. Let ¢ € k™ be an
invertible element in k and let A, be the g-quantum Weyl algebra generated by
x and y and subject to the relation yx = gxy + 1. Our first result is:

Theorem 0.1. Let g be a primitive n-th root of unity for some n > 2. Then the
discriminant of A, over its center Z(A,) is

d(Aq/Z(Aq)) — C(nm)nz((l _ q)ﬂxnyl’l _ l)n(n_l)’

where c is some element in k* and m = ]_[7:_21 (1+g+---+g'~"). By convention,
m=1whenn=2.

Theorem 0.1 answers [CPWZ 2016, Conjecture 5.3] affirmatively.

For n > 2, let W,, be the k-algebra generated by x1, ..., x, and subject to the
relations x;x; +x;x; = 1 for all i # j [CPWZ 2015a, Introduction]. This algebra is
called a (—1)-quantum Weyl algebra [CPWZ 2015b, Introduction]. Let

2x7 1 e 1
1 2x3 -+ 1
M= . )
11 - 2x2
Let Z denote the central subalgebra k[xlz, R x,zl] C W,. Our second result is:

Theorem 0.2. Suppose 2 is invertible in k. Then the discriminant of W,, over the
subalgebra Z is

d(W,/Z) = c(det M),
where ¢ is an element in k™.

Theorem 0.2 answers [CPWZ 2015a, Question 4.12(2)] affirmatively.

These results suggest that the discriminant has elegant expressions in some situa-
tions. Because of its usefulness, more discriminant formulas should be established;
see Lemma 6.4.

This paper contains other related results which we now describe. Let T be
a commutative algebra over k and let ¢ := {¢;; € T* | 1 <i < j < n} and
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A:={a;; €T |1 <i < j<n} be sets of elements in T. The skew polynomial ring
Tylx1, ..., x,]is a T-algebra generated by xi, ..., x, and subject to the relations

xjxi =q;jx;x; forall 1<i<j<n. (E0.2.1)
A generalized quantum Weyl algebra associated to (q, .A) is a T-central filtered
algebra of the form

T{x,...,
Va(g, A) = o) (E0.2.2)
(xXjxi —qijxix; —a;j |1 < J)

such that the associated graded ring gr V,,(q, A) is naturally isomorphic to the skew
polynomial ring Ty [x1, ..., x,]. Another way of constructing V,(q, A) is to use an
iterated Ore extension starting with 7. To calculate the discriminant of V,(q, A)
over its center, one needs to determine the center of V,(q, .A). The discriminant
is defined whenever V,(q, A) is a finite module over a central subring Z [CPWZ
2016], and it is most useful when V,,(q, A) is a free module over Z [CPWZ 2015a].
Since gr V,(q, A) is isomorphic to Ty[xy, ..., x,], it is a finite module over its
center if and only if each g;; is a root of unity. Using this, we can show that the
algebra V,,(q, A) is a finite module over its center if and only if the parameters g;;
are all nontrivial roots of unity. Also, when the center of V,,(q, A) is a polynomial
ring, V,(q, A) is a finitely generated free module over its center. The following
useful result concerns the centers of V, (¢, A) and T, [x1, ..., x,].

To state it, we need some notation. When ¢;; is a root of unity, there are two
integers k;; and d;; such that

qij = exp(2ﬂ\/ —lk,‘j/dij),

where d;; := 0(g;j) < 00, |k;j| < d;; and (k;;, d;;) = 1. Further, we can choose k;;
so that k;; = —kj;, since g;; = ql.;l. Let L; = lcm{d;; | j_: 1,_.. .,n}. Let Y be the
n X n matrix (k;;L; /d;;)nxn. For each prime p, define ¥, =Y ® [,. Let m be any
natural number. Let [, ,, be the set containing i such that L; € p"Z — pm“Z.
Finally, let Y, ,, be the submatrix of Y, taken from the rows and columns with
indices i € I .

Theorem 0.3. Suppose q;; is a root of unity and not 1 for all i < j.

(1) The center of Tylxy, ..., x,] is a polynomial ring if and only if it is of the form

T[le', e an"], if and only if det(l_’p,m) # 0in [, for all primes p and all
integers m > 0 such that 1, ,, # <.
(2) If the center of Tylx1, ..., x,] is the subalgebra T[le', e, x,%"], then the

center of V,(q, A) is the same subalgebra and V,/(q, A) is finitely generated
and free over it.
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The above criterion can be simplified when n = 3 or 4 [Corollaries 5.4 and 5.5].
The point of Theorem 0.3 is that it provides an explicit linear algebra criterion for
when the center of T, [x, ..., x,] is isomorphic to a polynomial ring.

Question 0.4. Suppose that A := V,(q, A) is finitely generated and free over its
center Z. What is the discriminant d(A/Z)?

Theorems 0.1 and 0.2 answer this question for two special cases.

A secondary goal of this paper is to provide some quick applications. These
discriminant formulas have potential applications in algebraic geometry, number
theory and the study of Clifford algebras. In Section 8 (the final section), we give
some immediate applications of discriminants to the cancellation problem and the
automorphism problem for several classes of noncommutative algebras.

Let us briefly review some definitions. An algebra A is called cancellative if
A[t] = B|[t] for some algebra B implies A = B. Let Aut(A) be the group of all
algebra automorphisms of A. Let A be connected graded. An algebra automorphism
g of A is called unipotent if

g(v) = v+ (higher degree terms)

for all homogeneous elements v € A. Let Auty,;(A) denote the subgroup of Aut(A)
consisting of all unipotent automorphisms [CPWZ 2016, after Theorem 3.1]. When
Autyn(A) is trivial, Aut(A) is usually small and easy to handle. We will give a
criterion on when Aut,p;(A) is trivial.

Let A be a domain and let F be a subset of A. Let Sw(F) be the set of g € A such
that f =agb for some a, b€ A and 0 # f € F. Let D|(F) be the k-subalgebra of A
generated by Sw(F). For n > 2, we define D, (F) = D{(D,_1(F)) inductively,
and define D(F) = J,~.; D, (F). This algebra is called the F-divisor subalgebra
of A. When F = {d(A /_Z)}, D(F) is called the discriminant-divisor subalgebra
of A and is denoted by D(A). The main result in Section 8 is the following.

Theorem 0.5. Suppose k is a field of characteristic zero. Let A be a connected
graded domain of finite Gelfand—Kirillov dimension. Assume that A is finitely
generated and free over its center. If D(A) = A, then A is cancellative and
Autyyi (A) = {1}.

The above theorem can be applied to some Artin—Schelter regular algebras of
global dimension 4 in Examples 6.3 and 8.4. Further applications are certainly
expected.

This paper is organized as follows. Background material about discriminants
is provided in Section 1. We prove Theorem 0.1 in Section 2 and Theorem 0.2 in
Section 3. Sections 4-6 concern the question of when T [x, ..., x,] and V,(q, A)
are finitely generated and free over their centers and contain the proof of Theorem 0.3.
In Section 7, we review and introduce some invariants related to discriminants,
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locally nilpotent derivations, and automorphisms, which will be used in Section 8.
In Section 8, some applications are provided and Theorem 0.5 is proven.

1. Preliminaries

In this section we recall some definitions and basic properties of the discriminant.
A basic reference is [CPWZ 2015a, Section 1].

Throughout, let k be a base commutative domain and let everything be over .
Let A be an algebra and let Z be a central subalgebra of A such that A is finitely
generated and free over Z. A modified version of the discriminant was introduced in
[CPWZ 2016] when A is not free over Z; however, in this paper, we only consider
the case when A is finitely generated and free over Z. Let r be the rank of A over Z.

We embed A in the endomorphism ring End(Az) by sending a € A to the left
multiplication [, : A — A. Since A is free over Z of rank r, End(Az) = M, «,(Z).
Define the trace function

tr: A—> End(Ay) = M, (Z2) 225 7, (E1.0.1)

where tr,, is the usual matrix trace. The trace function tr is independent of the
choice of basis of A over Z.

Definition 1.1. [CPWZ 2015a, Definition 1.3(3)] Retain the above notation. Sup-
pose that A is a free module over a central subalgebra Z with a Z-basis {zy, ..., z,}.
The discriminant of A over Z is

d(A/Z) = det(tr(zizj))rxr €Z.

By [CPWZ 2015a, Proposition 1.4(2)], d(A/Z) is unique up to a scalar in Z*.
For x, y € Z, we use the notation x =,x y to indicate that x = cy for some c € Z*. So
d(A/Z) =7~ det(tr(z;zj))rx, as in [CPWZ 2015a, Definition 1.3(3)]. The following
lemma is easy.

Lemma 1.2. Retain the notation of Definition 1.1. Let (A’, Z') be another pair of
algebras such that Z' is a central subalgebra of A’ and A’ is a free Z'-module of
rankr. Let g : A — A’ be an algebra homomorphism such that:

(a) g(2)c Z'.
(b) {g(z1),...,g(z)}is a Z"-basis of A’
Then g(d(A/Z)) =< d(A'/Z)).

Proof. For any a € A, we define a’ = g(a). Write az; = Z;:laijzj for all i. By
applying g to the last equation, we have a'z; = Z;:l a;z;. By definition (E1.0.1),
tr(a) =) _;a;; and

tr(g(a) =tr(@) =Y aj =g (Z au) = g(tr(a))

i
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for all a € A. By Definition 1.1 and the above equation,
g(d(A)Z)) = g(det(tr(zizj))rx,) = det(tr(z;z)))rxr =« d(A'/Z)). O

Let Z be a central subalgebra of A and consider an Ore set C C Z. Then the
localization ZC~! is central in AC~.
Lemma 1.3. Let Z be a central subalgebra of A. Suppose A is free over Z of
rank r. Then AC~" is free over ZC ' of rank r. As a consequence,

d(ACT'/ZC™Y) = yem1x d(A]2).

Proof Let {zi, ..., z,} be a Z-basis of A. Then it is also a ZC~!-basis of AC~..

The consequence follows from Lemma 1.2. (]

We will need the following result from [CPWZ 2016]. We use T in place of k to
denote a commutative domain.

Proposition 1.4. Let T be a commutative domain and let A = Ty[xy, ..., x,].
Suppose Z := T[x‘f”, cees xff”] is a central subalgebra of A, where the «; are
positive integers.

(1) [CPWZ 2016, Proposition 2.8] Let r = [ |i_, ;. Then

n r
d(A)Z) =~ r<1_[ x;"fl) .
i=1
2) Ifn=2, Z= T[x;”, x?], and q1» is a primitive m-th root of unity, then

d(A)Z) =px m¥ (x )" "D,
(3) If qij =—1 foralli < j and a; =2 for all i, then

n on-1
d(A)Z) =« 2"2"<]_[ x,.2> .

i=1
Proof. Parts (2) and (3) are special cases of part (1). U

The next lemma is a special case of [CPWZ 2016, Proposition 4.10]. Suppose Z
is a central subalgebra of A and A is free over Z of rank r < co. We fix a Z-basis
of A,say b:={b; =1, b,,...,b,}. Suppose A is an N-filtered algebra such that
the associated graded ring gr A is a domain. For any element f € A, let gr f denote
the associated element in gr A. Let gr b denote the set {grby, ..., grb,}, which is a
subset of gr A.

Lemma 1.5. Retain the above notation. Suppose that gr A is finitely generated and
free over gr Z with basis grb. Then

gr(d(A)Z)) =@z~ d(grA/grZ).
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2. Discriminant of A, over its center

Let T be a commutative domain and let ¢ € T be a primitive n-th root of unity for
some n > 2. Let A, be the g-quantum Weyl algebra over T’ generated by x and y
and subject to the relation yx = gxy + a for some a € T. This agrees with the
definition of A, given in the Introduction when 7' = k and a = 1. It is easy to
check that the center of A, denoted by Z(A,), is T[x", y"], and that A is free
over Z(A,) of rank n’ A Z(Ay)-basis of A, is B:= {x'y/|0<i, j<n—1}. The
aim of this section is to compute the discriminant d(A,/Z(A,)).

Let A" be the T-subalgebra of A, generated by x’ := (I —¢)x and y. Since
yx' =¢gx’y+(1—gq)a and (1 —g) may not be invertible, there is no obvious algebra
homomorphism from A, to A’. Let Z’ be the subalgebra T[(x")", y"] which is the
center of A’

Lemma 2.1. Retain the above notation. Then
d(A')Z)y=(1—q)" " Vd(A,/Z(A,)).

Proof. Let tr' : A’ — Z’ be the trace function defined in (E1.0.1). We use this trace
function to compute the discriminant d(A’/Z").

Let B := {(x") y/}o<i, j<n—1. Then B’ is a Z"-basis of A’. Note that A" and A,
have the same ring of fractions and Z(A,) and Z’ have the same fraction field.
Since the trace function is independent of the choice of basis, we have tr' (a) = tr(a)
forallaec A’

Picking any two elements by = x* y/s and b, = x" y/ in B, we have corresponding
elements b, = (x')"s y/s and b} = (x’)""y/* in B. Hence

' (b)) = tr((1 — q)" T byb,) = (1 — q)" T tr(bsby).
By definition, d(A’/Z") = det[tr/ (byb))p e B/]. Hence we have

d(A')Z') = det[ (' (b)) pyer ] = det[ (1 — )" tr(bsby), 4 ]
= (1= )" det[(tr(bsb))p, pen] = (1 — )V d(Ag/ Z(Ay),
where
N= > (is+i)=2) is=2000+142+ -+ @m—1)=n’(n—1).
all ig,i; all i
The assertion follows. ]

Following the above lemma, we first compute d(A’/Z’). We can rewrite A’
as T(x', y)/(yx" — gx'y — (1 — g)a) so that the positions of x" and y are more
symmetrical.
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Let C ={(y")! |i > 1}. Consider the localizations Z” := Z'C~' and A" := A'C~\.
Let

1

¥ i=x —ay ' =1 —q)x —(ay )y e A"
Lemma 2.2. Retain the above notation. The following hold:

(1) yx"—qx"y=0.

(2) A" := A'C~is generated by T, (y")~!, x" and y.

(3) (") is central and d(A" | Z") = n®((x")1y"yrn=D),
@) d(A")Z") =g 0 ((1 — g)"x"y" — gmyne=D),

Proof. (1) We have yx” —gx"y=y((1 —g)x —ay ) —qg((1 —g)x —ay~")y =0.
(2) This is clear.

(3) Since g" =1, (x”)" commutes with y by part (1). By part (2), (x”)" commutes
with every element in A”.

Consider an algebra homomorphism g : 7 [x1, x2] — A” determined by g(x1) =x"
and g(xz) = y. Then the center of B := T;[x, x2] is R := T[xf, x%’] and {x{x% |
0<i,j<n-— 1} is an R-basis of B. It is clear that A” is free of rank n? and
that A" =37 o, (X)) y/Z". Hence {(x")'y/ |0 <i, j <n—1}isa Z"-basis
of A”. Then the hypotheses of Lemma 1.2 hold. Applying Lemma 1.2 to g, we have
2(d(B/R)) =« d(A"/Z"). By Proposition 1.4(2), d(B/R) = n*"(x!x2)"" ",
Therefore, d(A"/Z") =y n2n2((x//)nyn)n(n—l)‘

1

(4) In the following, we will let = y~!, z = x” and p = ¢~'. The commutation

relation between x” and v is
Ux' =1 —g@)¥x =1 —q)(pxy — pav?) = px'y — (p — Day?.  (E2.2.1)

Recall that z = x" = x’ —ay. Write 2" = Y ", ¢; (x/)'¢" . Since z" is central
(see part (3)), we have ¢; = 0 unless i = 0, n. It is clear that ¢, = 1. Next we deter-
mine co. Since A” is a free module over Z” with basis {(x")' ¥/ |0 <i, j <n—1},
we can work modulo the right Z”-submodule W generated by (x")v//, where
0<i<nand0<j<n. Let = denote equivalence mod W.

By induction, fori =1, ...,n — 1, we have

y'x' = p'x'y' — (p' = D(ay'™). (E2.2.2)

Then ¥ix' = —(p' — 1)(ay'*!). Foreach 1 < j <n — 1, write

J
7/ = chj (X/)lllfj_l.
i=0
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Then gc/;f € Wiorall j <n—1and x'z" 1= (x")". Foreach j, we have y/ 17"~/ =
Y dd! (x) "1 for some d] € Z/, so
Xyt ew (E2.2.3)
for all j > 2. By the above computation and (E2.2.1)—(E2.2.3), we have
2= () = —ay) T = @)
= X' — () —ay !
= —ay(x' —ay)"
= —a(px'y — (p— Day® —ay?)z" ™
= —a(—pa)y’7" > —apx' "
= —a(=pa)y’"?
= —a(=pa)(Y’x —ay D"
= —a(=pa)(=p*a)y’z" ">

= —a(=pa)(—p’a)--- (=p" " a)y"
— (_a)np(n—l)n/van — _anwn‘

Therefore,
' =—ad"y" + (x")".
Hence ¢p = —a" and 7" = (x’)" — a"¢". Combining all of the above, we have
)"y = ()" =a"y")y" = ()Y —a" = (1 —q)"x"y" —a".
Part (4) follows from part (3) and the above formula. ]

Lemma 2.3. The discriminant of A’ over its center Z' is

d(A//Z/) =px n2n2((1 _ q)nxnyn _ ai’l)l’l(l’l—]).
Proof. Let g be the embedding of A’ into A” = A’C~!, viewed as an inclu-
sion. By Lemma 1.2, g sends d(A’/Z’) to d(A”/Z"). Combining this fact with
Lemma 2.2(4), we have

d(A')Z") =< g(d(A')Z(A))) =~ d(A"/Z")
=y (1= g)"x"y" —a")" ",

Let ® be the element d(A//Z’){nZ"Z((l —g)"x"y" — a”)”(”_l)}_l, which can be

viewed as an element in the quotient ring of A’. By the above equation, ® is
in (Z")*. Since Z"” = T[(x)", y*"], ® is of the form ay*" for some o € T*
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and some s. By symmetry, ® is also of the form g(x)"" for some 8 € T* and

some ¢. Hence s =t =0, « =B € T* and ® =« € T*. Therefore, d(A"/Z') =

an?((1 — g)"x"y" — a™)"™=1 and the assertion follows. O
Now let

n—1

me=[](+qg+ -+, (E2.3.1)
i=2

We can show that n = (1 —¢)"~'m by first factoring the polynomial x"” — 1 € T[x]
and dividing by (x — 1):

n—1

-1
x”—l:l_[(x—qi) = nzxi:
i=0

i=0

n

xt—1 =
=[Jx—g".
x—1 Pl

We then substitute 1 for x as follows:

n—1 n—1

n=[]a-¢)=0-" ' [[0+g+ - +4H=U-g)"'m. (E232)
i=1 i=2

Now we are ready to prove the main result of this section, which also recovers
Theorem 0.1.

Theorem 2.4. Retain the above notation. The discriminant of A, over its center
Z(Ay) is

d(Ag/Z(Ag) =p< (nm)"™ (1 — g)"x"y" —a"y" =D,
Proof. Using Lemmas 2.1 and 2.3 and equation (E2.3.2), we have
(=@ " Dd(A, ) Z(A)) =« (am(1 — @)" Y (1 = g)"x"y" —a™)" @D,
Since A, is a domain, we obtain
d(Ag/Z(Ag)) =« (nm)" (1 — g)"x"y" —a"y" =D, O

Remark 2.5. (1) By [CPWZ 2016, Lemma 2.7(7)], the integer n in Theorem 2.4
is nonzero in 7. However, n and m may not be invertible in general.

(2) Theorem 0.1 is clearly a consequence of Theorem 2.4.
A slight generalization of Theorem 2.4 is the following.

Theorem 2.6. Let T be a commutative domain and g € T be a primitive n-th root
of unity. Let B be the T-algebra of the form

T{x,y)
(yx —gxy=a, x"=b, y" =c)’
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where a,b,c € T. Suppose that B is a free module over T with basis {x'y/ |
0<i, j<n—1}. Thend(B/T) =« (nm)"’ (1 —q)"x"y" — a"y""=D, where m is
given in (E2.3.1).

Proof. First note that it is well-known and easy to check that T is the center of B.

Recall that A, is the algebra of the form T (x, y)/(yx — gxy = a). There is
a natural algebra homomorphism g from A, to B sending x to x and y to y
andt € T tot € T. Then the hypotheses in Lemma 1.2 hold. By Lemma 1.2,
g(d(Ay/Z(Ay))) =d(B/T). Now the assertion follows from Theorem 2.4. [

3. Discriminant of Clifford algebras

In this section we assume that 2~! € k. We fix an integer n > 2.

Let T be a commutative domain and let A :={a;; | ] <i < j <n} be a set of
scalars in T. We write aj; = a;; if i < j. Let V,,(A) be the T-algebra generated by
X1, ..., X, and subject to the relations

x;xj +xjx; =a;; forall i #j.

This algebra was studied in [CPWZ 2015a; 2015b]. Some basic properties of V,(.A)
are given in [CPWZ 2015a, Section 4]. Let M; be the matrix

2x12 aip -+ dip
ax 2x3 -+ am,
M = . O . . (E3.0.1)
ay| Apy - 2x3
This is a symmetric matrix with entries in Z := T[xlz, e, x,%] We will define a

sequence of matrices M; later. Note that Z is a central subalgebra of V,,(A). If we
write M| = (mij,l)nxn, then Mmij 1 = XjXj + X Xj for all 7, j.

The algebra V,,(A) is a Clifford algebra over Z. We will recall the definition
of the Clifford algebra associated to a quadratic form in the second half of this
section. In the next few lemmas, we are basically diagonalizing the quadratic form,
which is elementary and well-known in the classical case; see [Lam 2005, Chapter I,
Corollary 2.4] for some related material. Since we need an explicit construction to
complete the proof of our main result, details will be provided below.

We will introduce a sequence of new variables starting with

xi1=x; foralli=1,...,n,
and

aij,1 = ajj for all i 3’é j, and aji1 = 2xi2 for all i.
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So we have x; 1x; 1 +x;1x;1 = a;;,1 forall i, j. Let
X122 :=X1,1 and Xi2 = Xi1— %ali’lxl_]le,l for all i > 2. (E3.0.2)
Lemma 3.1. Retain the above notation.

(1) xi2x12+x12%i2=0 forall i >2.
2) x%z = xi%l — %a%iylxl_} forall i > 2.
(3) xi2xj2+Xj2Xi 2 =ajj1 — %ali,lalj,lxl_,% forall2<i < j<n.
(4) Let M be the matrix (x; 2Xj 2 + Xj 2X; 2)1<i, j<n- Then det My = det M.
(5) Let
Cr = {xlz,i]}izl'
Then the localization V,,(A) [C L 1] is free over Z [C N 1] with basis {xi{l2 . -xjf‘z
dy=0,1}.
Proof. (1)~(3) These follow by direct computation.
(4) Let N be the matrix

1 0 0 0
—%alz,lxl_’% 1 0 e 0
—japax;; 0 1 o 0
—%aln,lxl_j 0 0 1

By linear algebra and part (3), one can check that NM{NT = M,. Since det N =1,
we have det M, = det M.

(5) First of all, V;,(A) is free over Z with basis {x{", ---x& | d, =0, 1}. In the
localization V,,(A) [C 1_1], this basis can be transformed to a basis {xf"z . -xjfz
d; =0, 1} by using (E3.0.2). O

After we have x; >, define a;; > to be x; 2x; 2 +x;j 2x; 2 for all i, j. Now we define
x; s and a;; ; inductively.

Definition 3.2. Let s > 3 and suppose that x; ;1 and a;; ;1 are defined inductively.
Define

Xis = Xis—1 forall i <s,
1 —1 . (E3.2.1)
Xiys 1= Xis—1 — 5s—1is—1X;_y  forall i>s.

Define a;j s := x; 3Xj s + Xj sX; s forall i, j.
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Similar to Lemma 3.1, we have the following lemma. Its proof is also similar to
the proof of Lemma 3.1, so it is omitted.

Lemma 3.3. Retain the above notation. Let2 < s < n.

(1) xjsxj5+xj5xi5=0 forall i <j and i <s.
2

12 ) .
fem1 T 795 1i5—1%g_1 51 Jorall i =s.

2) xis=xi5—1 ifi <s and xl%s =x
(3) XisXjs+XjsXis =ajjs—1— %as_livs_las_lj‘s_lxs__zlys_l forall s <i<j<n.
(4) Let My be the matrix (x; sXj s + Xj sXi s)1<i,j<n- Then det My = det M.

(5) Let Cs_1 be the Ore set

{ 201 21'1‘.. 2ig_1 }
Xia%2,2 Xs—ts—10iy, i >1"

Then the localization V,,(A) [C:_ll] is free over Z[C;_ll] with basis {xils- . xf,lfs
dy =0, 1}.
We need two more lemmas before we prove the main result.

Lemma 3.4. Let T be a commutative domain. Let A be a T-algebra containing T

as a subalgebra, generated by x1, . . ., x, and satisfying the relations x;jx; +x;x; =0
foralli < j and xi2 =a; € T. Suppose that A is a free module over T with basis
{ d] dn _

Xy x| dy =0, 1}. Then

n on—1 n on—1
d(A/T) =~ (]_[ 2x,.2> =x (]_[ x§> .
i=1

i=1
Proof. Let B=T_{[x1,...,x;] and Z = T[xlz, R x,%] Then B is a free module
over Z with basis {xf1 o -x,‘f” d; =0, 1}. Let g be the algebra map from B to A
sending T to 7, x; to x;. Then the hypotheses in Lemma 1.2 holds. By Lemma 1.2,
g(d(B/Z)) :szfli(A/ T). Note that d(B/Z) was computed in Proposition 1.4(3) to
be (]_[?:1 2xl.2) , as we assume that 2 is invertible. Now the assertion follows. [J

Let A be an Ore domain and let Q(A) denote the skew field of fractions of A.
Let Z be the commutative subalgebra T[xlz, RV x,zl] C Vu(A). Foreach1 <1 <n,
let Z; be the subring of Q(Z) of the form

O(T[x2, ..., x2, ..., 2 [x2]:
Lemma 3.5. Retain the above notation.
(D) N2 Zi= Q(D)[x7, ..., x2]
2) Z[Cn__]l] C Z,, where Z[Cn__]l] is defined in Lemma 3.3(5).
Proof. (1) This is an easy commutative algebra fact.

(2) By Lemma 3.3(2) and induction, each xi%s, foralll<i<mnandalll <s <n,
isin Q(T[x2,...,x2_,]). So Z[C; '] € Z.. O
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Theorem 3.6. Suppose 2 is invertible. Let Z = T[x%, e x,%] Then

d(Va(A)/Z) =7+ (det M),
where M is given in (E3.0.1).

Proof. Consider the variables {x; ,}_; defined in Lemma 3.3. By Lemma 3.3(5),
Va (A)[Cn__ll] is free over Z[C”__ll] with basis {xf’]s . -x,‘ff’s | d, =0, 1}. By Lemma
3.4, the discriminant

d(va(W[c,4]/z[c, L))

n—1

is of the form (]_[:7:1 xl.z)z up to a unit in Z[Cn__ll]. By Lemma 3.3(4), we have

n on—1
d(Va([c; ! ]/z[c; ] = <]_[ xl?) — (det M,)*"" = (det M2

i=1

By Lemma 1.3,
d(Va(A)/Z) = (e gy d(Va(D[C, T/ Z[C1]) =garen, = (det My

Let @ be the element d(V,(A)/Z)~'(det M{)*" . Then @ € (z[C;!,])”. This
means that both ® and ®~! are in Z[C,!|] € Z,. By symmetry, ® is Z; for all i.
Thus & is in ﬂ?ZIZ,- = Q(T)[xlz, e x,ﬂ Similarly, ®~! is in Q(T)[xlz, e, x,%]
Therefore, &, ®~! € Q(T).

Write d(V,(A)/Z) = c(det Ml)zn_l, where ¢ = ®~! € Q(T). It remains to show
c € Z*. Note that V,,(A) is a filtered algebra such that gr V,,(A) = T_[x1, ..., x,].
By Lemma 1.5,

grd(Va(A)/Z) == d(gr Vo (A)/ gr Z).

n—1
The left-hand side of_tlhe above is c(]_[l-:1 x?)2 and the right-hand side of the
above is (]_[i:1 xiz)2 by Proposition 1.4(3) (assuming 2 is invertible). Thus
¢ € Z*, as required. O

Theorem 0.2 is a special case of Theorem 3.6 by taking a;; =1 for all i < j.

The algebras V,,(A) and W, are special Clifford algebras. Now we consider a
Clifford algebra in a more general setting. Let T be a commutative domain and
let V be a free T-module of rank n. Given a quadratic form g : V — T, we can
associate to this data the Clifford algebra

(V)

VD= x ey
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Note that this g is different from the parameter ¢ in the definition of the g-quantum
Weyl algebra A, and the parameter set ¢ in the V,(q, A) and Ty[xy, ..., x,]. Con-
sider the bilinear form associated to ¢,

b(x,y) =5(q(x+y)—q(x) —q(») (E3.6.1)
for all x, y € V. If we choose a T-basis x, ..., x, for V and let
B = (bij) = (b(xi, X))nxn € T (E3.6.2)

be the symmetric matrix which represents b with respect to this basis, then the
relations of C(V, g) are

XiXj +xjx; = Zbij for all i, j. (E3.6.3)

Define det(gq) to be det(*B).
The following main result is a consequence of Theorem 3.6 and Lemma 1.2.

Theorem 3.7. Let A:=C(V, q) be a Clifford algebra over a commutative domain T
defined by a quadratic form q : V — T. Pick a T-basis of 'V, say {x;}i_,. Then

n—1 n—1
d(A/T) =p= (det(x;ixj + Xjx )nxn)>  =rx det(q)? . (E3.7.1)

Proof Let b: V®2 — T be the symmetric bilinear form associated to the quadratic
form q. Let a;; = 2b(x;, xj) for all i < j and A = {a;j}1<i<j<,. Then there
is a canonical algebra surjection 7 : V,(A) — C(V, q) sending x; — x; for all
i=1,...,nand t — ¢ for all r € T, and the kernel of 7 is the ideal generated
by {xl2 — bii}?:y Clearly, JT(T[)CIZ, e, x%]) = T and the matrix (x;xj + XjX;)nxn
equals M. It is easy to check that {xfl1 . -x,‘f” d; =0, 1} is a basis of V,,(A) over
T[x?,...,x2] and a basis of C(V, g) over T. The first equation of (E3.7.1) follows
from Theorem 3.6 and Lemma 1.2 and the second equation follows from the fact

that 2B = (x;x; + x;X;)nxn and 2 is invertible. O

In the rest of this section we briefly discuss “generic Clifford algebras”, which
will appear again in Section 8. (This generic Clifford algebra should be called a
“universal Clifford algebra”, but the term “universal Clifford algebra” has already
been used).

Fix an integer n. Let I be the set {(i, j) | 1 <i < j < n} that can be thought
of as the quotient set {(i, j) | 1 <i, j <n}/((i, j) ~ (j,i)). Let w denote the
integer %n(n + 1). There is a bijection between I and the set of the first w integers
{1,2,..., w}. Let T, be the commutative domain k[t ;) | (i, j) € I], which is
isomorphic to k[7q, ..., t,]. Define a T,-algebra A, generated by xi, ..., x, and
subject to the relations

XiXj +)ijl' = 21‘(,”') forall 1 <i<j<n. (E3.7.2)
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Let V, = @;_, Tpx;. Define a bilinear form b, : V, @ V, — T, by b, (xi, x;) = 1, j)
and the associated quadratic form by g, (x) = b, (x, x) for all x € V,. The “generic
Clifford algebra” A, is defined to be the Clifford algebra associated to (V,, g,). For
any Clifford algebra C(V, ¢) over a commutative ring 7, by comparing (E3.6.3)
with (E3.7.2), one sees that there is an algebra map A, — C(V, ¢) sending x; — x;
and #; j) — bj;. Define deg x; = 1 for all i and deg ¢ j) =2 for all (i, j) € I. Then
Ayg is a connected graded algebra over k.

We also define some factor algebras of Ag. Let J be a subset of {(i, j) |
1 <i < j <n}and let w; denote the integer w — |J|. Let T, ; be the commutative
polynomial ring k[#; ; | (i, j) € I\ J], which is isomorphic to k[tq, ..., t,,,]. Define

a T, j-algebra A, ; generated by x1, ..., x, and subject to the relations
2ti. 1y, (i, j)el\J,
xixj +xjx; = | 6D @ j)yely (E3.7.3)
0, @i, j)eld.
Let Vo, ; = @_, T, sx;. Define a bilinear form by ; : V, ; ® Vo j — T, ; by
t. i) s .9 i I Jv
be.s (xi, x;) = 7 (l. J.) €I\
0, @i, j)eld,

and the associated quadratic form by g, j(x) = b, (x, x) forall x € V, ;. Then A, ;
is the Clifford algebra associated to (V,, 7, qo.5). If J € J C{(, j) |1 <i < j<n},
there is an algebra map A, ; — A, ;- sending x; — x; and

t i, b (i? -) J/5
T P ¢ /
0, i, jyeJ'\J.
In particular, A, ; is a connected graded factor ring of A,.
In part (4) of the next lemma, we will use a few undefined concepts that are
related to the homological properties of an algebra. We refer to [Levasseur 1992;

Lu et al. 2007; Rogalski and Zhang 2012] for definitions.

Lemma 3.8. Retain the above notation. Assume that k is a field of characteristic
not 2. Let J' be subset of {(i, j)|1<i < j<n}andlet J=J"\{(io, jo)} for some
(io, jo) € J".

(1) The Hilbert series of A, is

(1+1)"
HAg(t)Zm, where wz%n(n—l—l)
(2) The Hilbert series of Ag j is
(I+0)"
HAg'J(t):m’ where WJ:w—l.]l

(3) Gy, jo) is a central regular element in A, j, and Ag j = Ag /[ (Liiy, jo))-
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(4) Ag and Ag j are connected graded Artin—Schelter regular, Auslander regular,
Cohen—Macaulay noetherian domains.

Proof. (1) Note that A, is a free module over T, with basis {xi’l i

Recall that deg x; = 1 and deg; j) = 2. We have
(I+n"

Hy, (t) = (1+1)"Hr, (1) = m

dy =0, 1}.

(2) The proof is similar. Use the fact that Hr, , (1) = 1/(1 — 12w,

(3) Itis clear that #(;,, ;) is central in A, ;» and that Ag ; = Ag j// (%, j)). SO the
ideal (7, j,)) is the left ideal 7, j,) A, s and the right ideal A, ;1. j,)- By parts (1)
and (2), the Hilbert series of (1, j,)) is tzHAgY L, (0). So 1, jy) is regular.

(4) We only provide a proof for A,. The proof for Ag ; is similar.

From part (3), Jy :={t¢,jy| 1 <i < j <n}is asequence of regular central elements
in A, of positive degree. It is easy to see that A, ;,, (= Ag/(Jy)) is isomorphic
to the skew polynomial ring k_{[x1, ..., x,], which is an Artin—Schelter regular,
Auslander regular, Cohen—Macaulay noetherian domain. Applying [Lu et al. 2007,
Lemma 7.6] repeatedly, A, has finite global dimension. Applying [Levasseur 1992,
Proposition 3.5, Theorem 5.10] repeatedly, A, is a noetherian Auslander Gorenstein
and Cohen—-Macaulay domain. By [Levasseur 1992, Theorem 6.3], A, is Artin—
Schelter Gorenstein. Since A, has finite global dimension, it is Auslander regular
and Artin—Schelter regular. |

Remark 3.9. Retain the above notation. (1) Some homological properties of the
algebra A, are given in Lemma 3.8. It would be interesting to work out combinatorial
and geometric invariants (and properties) of A,. For example, what are the point-
module and line-module schemes of A,? Definitions of these schemes can be found
in [Vancliff and Van Rompay 2000; Vancliff et al. 1998].

(2) Another way of presenting Ay is the following. Let S be a k-vector space of
dimension n. Define A, to be k(S)/([xZ, y]=0]for all x, y, € S). By using this
new expression, one can easily see that the group of graded algebra automorphisms
of Ag, denoted by Autg (Ag), is isomorphic to GL,, (k).

(3) Suppose n > 2. The full automorphism group Aut(A,) has not been determined.
It is known that Aut(A,) is not affine. For example, if f(¢) is a polynomial in 7, then

. {X,‘, i > 1,
l xi+ [, 0Px, =1,
extends to an algebra automorphism of A,.

(4) It seems interesting to study the “cubic algebra” k(S)/ ([x3,y]1=0]|for all x,y € S)
and higher-degree analogues.



574 Kenneth Chan, Alexander A. Young and James J. Zhang

(5) The quotient division ring of A,, denoted by Dy, is called the “generic Clifford
division algebra of rank n”. It would be interesting to study algebraic properties
or invariants of D,.

4. Center of skew polynomial rings

To use the discriminant most effectively, one needs to first understand the center of
an algebra. In this section we give a criterion for when Ty [x1, ..., x,] is free over
its center and when the center of Ty [x1, ..., x,] is a polynomial ring.

Recall that 7" is a commutative domain and ¢ :={q;; € T* |1 <i < j <n}isaset
of invertible scalars. Let P := T,[xy, ..., x,] be the skew polynomial ring over T
and subject to the relations (E0.2.1). We assume that d;; := 0(g;;) < oo and write

qij = exp (2~ —1kj /dij), (E4.0.1)

where |k;;| <d;; and (k;;, d;;) = 1. Note that, by our convention, g;; = qﬁl foralli, j.
Hence, we choose k;; = —k;; and d;; = d;;. We also adopt the convention that if
gij =1 then k;; = 0 and d;; = 1. In particular, k;; =0 and d;; = 1. We can extend

P to P[xl_l, ..., x, '], with an inverse for each x;, with the expected relations

xix; =x; x;=1, xjxi_lqu.;lxi_lxj, and xj_

1 -1 -1

—1
.Xi = q,-jxl. xj
We need to do some analysis to understand the center of P. Let n; denote conjugation

by x;, sending f xl._lfx,-, and let & = x7' - - - x;". Then
ni(€) = exp(2nv/—1e] Ys)E,

where Y € 50,(Q) has (i, j)-th entry k;; /d;;, s is the column vector whose i-th entry
is s; appearing in the powers of £, and e; is the i-th standard basis vector in (0"

Lemma 4.1. Retain the above notation. Then & is in the center Z(P) of P if and
onlyif Ys € 7"

Proof. Since P is generated by {x;}, we have § € Z(P) if and only if ;(§) =& for
all i, if and only if exp(2n«/—1eiTYs) =1, if and only if el.T Ys € Z forall i, and
finally, if and only if Y's € Z". (]

By choosing the standard basis for Q", we can consider Y as a linear transfor-
mation Q" — Q" by sending s — Ys. Here we view (0" as column vectors and
Y as a left multiplication. We can restrict this map to Z" C Q" (embedded via the
standard basis) and compose with the quotient Q" — Q" /Z" to obtain a Z-module
homomorphism Y’ : 7" — Q" /7",

Lemma 4.2. Retain the above notation. Then & € Z(P) if and only if s € ker(Y").

Proof. By Lemma 4.1, £ € Z(P) if and only if Y's € Z", which is equivalent to
Y’(s) = 0 by the definition of Y. O
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Let D be the matrix (d;j),x, and let L; be the lcm of the entries in the i-th row
of D, namely, L; =lem{d;; | j =1, ..., n}. Since D is a symmetric matrix, L; is
also the lcm of the entries in i-th column. Observe that Z(P) contains the central
subring P’ := k[x1 . x,, ] In other words, ker(Y’) contains the Z-lattice A
spanned by L;e; fori = 1, ..., n. Therefore, Y’ factors through

n
7">M:=7"/A=7/L.Z.
i=1
For each s € 7", the i-th entry of Y'(s) is Z kijs;/d;; € Q/Z, which is L;-torsion,
or equivalently, in L; 17)7. Therefore, Y’ 1nduces a map

M— M = @ L7'z/z.

Since M’ is naturally isomorphic to M, we can define an endomorphism
Y:M—> M
by setting

Ys = (Z L;(kijsj/dyj ))

j=1

In particular, Yej = Z?zl(kijLi /d;ij)e;. Sometimes we think of Y as a matrix:
Y = (kijL; /dij)nxn = diag(Ly, ..., L,)Y.
The following lemma is a reinterpretation of [CPWZ 2016, Lemma 2.3].

Lemma 4.3. Retain the above notation. The following are equivalent.

(1) The center Z(P) of P is a polynomial ring.

(2) Z(P) =

3) ker(Y) =

(4) Y is an isomorphism.

Proof. (1) < (2): One implication is clear. For the other implication, we assume
that the center Z (P) is a polynomial ring. By [CPWZ 2016, Lemma 2.3], Z(P) is of
the form T [x{", ..., x3']. It is easy to check that L; | a; for all i. Since Z(P) 2 P,
a; = L; for all i. The assertion follows.

3) :>£2): Let& :=x]" - xy € Z(f) and s = (s;)7_,. By Lemma 4.2, s € ker(Y").
Since Y is induced by Y/, we have Y (s) = 0. By part (3), s =0in M =Z7"/A. So
s € A, which is equivalent to S € P’. Therefore, Z(P) = P’, as desired.

(2)= (3): Let& :=x]'---x," € P, where s := =(s;)]_; € ker(Y), viewed as a vector
in M. By the definition of M we might assume that each s; is nonnegative and less
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than L;. Since Y is induced by Y’, we have s € ker(Y’). By Lemma 4.2, £ € Z(P).
By part (2) and our choice of 0 <s; < L;, we have £ =1 or s = 0, as desired.

(3) & (4): This is clear since M is finite. O

The advantage of working with Y is that ker(Y) = 0 is equivalent to ¥ being an
isomorphism. Next we need to understand when Y is an isomorphism. For the rest
of this section we use ® for ®z and [, for Z/pZ.

Lemma 4.4. The morphism Y is an isomorphism if and only if Y ® F, is an
isomorphism for all primes p.

Proof. As a Z-module, M is finite, and it suffices to show that Y is surjective if and
only if ¥ ® [, is surjective for each prime p. This is clear since — ® [, is right
exact, so surjectivity of a map can be checked on closed fibers. U

Fix any prime p. Let M, = M ® [, and 7,, =Y® [,. For any e;, if L; ¢ pZ,
then the image of e; is zero in M,,. We can therefore use {e; | L; € pZ} as a basis
of M,. Consequently, M, is a vector space over [, of dimension at most n, and
we can write 17,, as a matrix over [,. Next we will decompose the vector space M,
and the matrix Yp.

For each positive integer m, let M), ,, denote the subspace of M, generated by
{e; | L; € p"Z — p™*'7}. Let Y, ,, be the endomorphism

Y,
My —> My —> M, —> M), ,,

where the first map is the inclusion and the last map is the natural projection using
the given basis {e; | L; € pZ}. Then Yp,m can be expressed as the submatrix of Y
taken from the rows and columns with indices i such that ¢; € M, ,,,. For all but
finitely many values of m, we have M), ,, =0, and in this case, I_/p,m is a 0 x 0 matrix.
We adopt the convention that the determinant of a O x 0 matrix is 1. In general,
det(Y,,, ) is in Fp.

Lemma 4.5. The following are equivalent.
(1) The map 17,, is an isomorphism.
(2) For all positive integers m, ?p,m is an isomorphism.
3) det(?p,m) % 0 for all positive integers m.
Proof. 1t is clear that (2) and (3) are equivalent, so we need only show that (1) and (2)
are equivalent.
Let m > 0, and let i, j be such that L; € p™Z — p™*'7Z and L; ¢ p"Z. Since

Lj=lem{dyj|k=1,...,n}, wehaved,;; ¢ p"Z and k;; L; /d;; € pZ. Therefore, the
e;-component of Y,e; is zero. We can extend this to show that, for any m > m’ > 0,
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the M), ,,;-component of 17,, (M, 1) is zero, or equivalently,

Yy (Mp.m) S EP My = Ny
n>m
This implies that, for any m > 0, 171, acts as an endomorphism on N,,. Since
each M, is finite dimensional, 17,, is an isomorphism if and only if it acts as an
isomorphism on each subquotient N,, /Ny, 1 = M), ,,. This action is already given
by 17[,, m» 50 the assertion follows. ]

Combining all the lemmas in this section we have:

Theorem 4.6. The center of the skew polynomial ring Ty(x1, ..., x,] is a polyno-
mial ring if and only if det(Yp,m) # 0 for all primes p and all integers m > 0.

Theorem 4.6 is a slight generalization of Theorem 0.3(a) without the hypothesis
that g;; # 1 for all i # j. The definition of the matrices 171,, m 18 not straightforward,
so we give an example below. Hopefully, the example will show that this matrix is
not hard to understand.

Example 4.7. We start with the following skew-symmetric matrix with entries in Q:

4 2 2 3

0 % 5 0 5 3

4 171 1

-7 0 3 5 3 3

2 1 1 1 1

|5 -3 0 &5 3 3

il I R
9 76 3

2 1 1 _2 5

-3 =3 =2 75 0 3
3 1 1 5

-5 =5 3 0 -5 O

One can easily construct g;; by (E4.0.1) and the skew polynomial ring T, [x1, . . ., x¢]

by (E0.2.1), but the point of this example is to work out the matrices 7p’m for all
primes p and all m > 0. By considering the denominators of the entries of Y, one
sees that

(Ly, Lo, L3, Ly, Ls, L¢) = (3%-5,3%.5,2.32,2.32,2%.3,2%.5),

This implies that YI,,m is a trivial matrix (or a 0 x 0 matrix) except for p =2, 3, 5.
Next we consider

0 20 30 0 9 81
20 0 45 105 45 27
-4 -6 0 3 9 9

0 —-14 -3 0 12 0
-16 -8 —12 -16 0 15
-24 -8 =20 0 =25 0

Y =diag(Ly, ..., Le)Y =
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Recall that M), ,,, has a basis {e; | L; € p"'Z — p’"HZ} and Yp,m is the square sub-
matrix of Y with indices {i | L; € p"Z — p™*'Z} and with entries evaluated in Fp.
For p =2, Y3 ,, are the following:

o }_’2,1 is the principle (3, 4)-submatrix of Y, and is ((1) (1))

. }_’2,3 uses indices 5, 6, and is ((1) (1))

e Forallm=2orm > 3, 72,,,1 is trivial.

Therefore, Y5 is an isomorphism by Lemma 4.5.
For p =3, Y3, are the following:
. }_’3,1 uses only index 5, and is the 1 x 1 zero matrix.
o }_’3,2 uses indices 3, 4, and is the 2 x 2 zero matrix.
. }_’3,3 uses indices 1, 2, and is (_(1) (1))
e For all m > 3, 73,," is trivial.

Since det(7371) =det(Y3,) =0, Y3 is not an isomorphism by Lemma 4.5. Con-
sequently, the center of T, [x1, ..., x¢] is not a polynomial ring by Theorem 4.6.
For p =5, Y5, are the following:

o }_’5,1 uses indices 1, 2, 6, and

o O

Ys1=

= =)
|
\S]
(=3 SR

e Forallm > 1, 75’,,, is trivial.

It is easy to check that det()?il) = 0. Therefore, Y5 is not an isomorphism.
For p > 5, Yp’m is trivial for all m > 0.

5. Low dimensional cases

We start with some easy consequences of Theorem 4.6 and then discuss the case
when n is 3 or 4.

Corollary 5.1. Suppose there are a prime p and an m > 0 such that M), , is odd
dimensional. Then Y, is not an isomorphism. As a consequence, the center of
Tylx1, ..., x,] is not a polynomial ring.

Proof. If l_/p,m is a skew-symmetric matrix of odd size, its determinant is zero (this

is true even when p = 2). The rest follows from Lemma 4.5 and Theorem 4.6. [J

Corollary 5.2. Suppose there is a prime p such that M), is odd dimensional. Then
I_’p is not an isomorphism. As a consequence, the center of Ty[x1, ..., x,] is nota
polynomial ring.
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Proof. Since M, = @, M, n, if it is odd dimensional, at least one M, ,, must be
odd dimensional. The assertion follows from Corollary 5.1. ]

Corollary 5.3. Suppose, for each prime p, that p | d;; for at most one pair (i, j),
1 <i < j <n. ThenY), is an isomorphism for each p. As a consequence, the center
of Tylx1, ..., x,] is a polynomial ring.

Proof. If d;; ¢ pZ for all i, j, then L; ¢ pZ for all i, M, =0 and 17,, is trivially an
isomorphism.

Ifdij € p"7 — p" 17 for some i, j and some positive integer m, and each of
every other term dy is not in pZ, then L;, L; € p"Z — p" 17, and each of every
other L is not in pZ. This shows that Ypﬁm is a nonzero 2 x 2 skew-symmetric
matrix (i.e., det(?,,,m) # 0) and M, ,,» = O for each m’ # m. The rest follows from
Lemma 4.5 and Theorem 4.6. (I

Next we give simple criteria for Y to be an isomorphism in the cases n = 3, 4.

Corollary 5.4. The center of Tylx1, x2, x3] is a polynomial ring if and only if
(djj, dix) =1 for all different i, j, k.

Proof. There are only three d terms —d\2, dy3, and d3. If each (d;;, djx) equals 1,
then no prime is a factor of more than one term in {d;;}. By Corollary 5.3, the
center of Ty[x, x2, x3] is a polynomial ring.

Conversely, suppose that p is a prime such that d;;, d;x € pZ for some i, j, k. Then
Ly, Ly, L3 € pZ. This implies that M, has dimension 3. Hence, by Corollary 5.2,
7,, is not an isomorphism. So Y is not an isomorphism. Therefore, the center of
Ty[x1, x2, x3] is not a polynomial ring by Lemma 4.3. (I

Corollary 5.5. The center of Ty[x1, x2, X3, X4] is a polynomial ring if and only if ,
for each prime p, one of the following holds:

(@) L; ¢ pZ foralli.
(b) For some positive integer m, 7p,m is 4 x 4 with nonzero determinant.

(c) There are distinct indices i, j, k, £ € {1, 2, 3, 4} and a nonnegative integer m
such that dij € p" 7, dy, € p"Z — p"t'Z, and every other d term is not in
pm+lz'

Proof. Let P = Ty[x1, x2, x3, x4]. By Lemmas 4.3 and 4.4, Z(P) is a polynomial
ring if and only if }_’p is an isomorphism for all p. It remains to show that, for
each p, Yp is an isomorphism if and only if one of (a), (b), or (c) holds. Now we
fix p and prove the assertion in three cases according to the shape of M),.

First we prove the “if” part.

(a) If L; ¢ pZ for all i, then M,, = 0 and Yp is trivially an isomorphism. This
handles the case when M, = 0.
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(b) If for some m > 0, Yp,m is 4 x 4 with nonzero determinant, then every other
Y, , (for all r # m) is a 0 x 0 matrix and, consequently, ¥}, is an isomorphism. This
is the case when M), = M,, ,, is 4-dimensional for one m.

(c) Assume the hypotheses in part (¢). Let m’ > m be the integer such that
d,] ep"Z—p"t'Z. If m =0, then d;; is the only d term divisible by p. Hence
Yp m 18 a skew-symmetric 2 x 2 nonzero matrix and Yp » 1s trivial for all r # m’.
Therefore, Y is an isomorphism. If m > 0, then Y .m and Yp ' are both skew-
symmetric and 2 x 2, and (because ki¢ Ly /dre¢ ¢ pZ) nonzero. Furthermore, every
other }_’p,, is 0 x 0 for all r £ m, m’. Therefore, }_’p is an isomorphism.

For the rest we prove the “only if” part.

Suppose that 7p is an isomorphism. By Corollary 5.2, M,, is even dimensional,
that is, dim M, =0, 2 or 4.

The dim M), = 0O case coincides with the case when L; ¢ pZ for all i, so we
obtain case (a).

For the dim M, = 2 case, at least one d;; lies in pZ and L;, L; lie in pZ, and no
other d term is a multiple of p, so 17,, is necessarily an isomorphism. We can set
m =0, so that d;; € p™*+'Z, and all other d,), are not in p"™*!Z. So we obtain (c).

All that remains is the dim M), = 4 case. Each M, ,, is even dimensional by
Corollary 5.1. If dim M), ,, = 4 for some m, then }_’p,m is4 x 4 and Yp is an isomor-
phism if and only if det(Y), ,,) # 0. So we obtain case (b).

Finally, suppose there exist m’ > m > 0 such that dim M, ,, = dim M,, ,» =2. Let
i, j, k, € be distinct such that L;, L; € p™ Z — p"™*'Z and Ly, L, € p"Z — p"*+'Z.
We must have that d;; € p"™'Z C p™+17 and every other d term is not in p"t17Z. If
die & p"Z, then kyo Ly /dye, kex Lo /der € pZ and Yp,m is the 2 x 2 zero matrix, yield-
ing a contradiction. Therefore, di, must be in p™Z. So we obtain case (c) again. [J

6. Center of generalized Weyl algebras

Let T be a commutative k-domain. In this section we assume that g := {g;;} is a
set of roots of unity in 7" and let A:={qa;; | 1 <i < j < j} be a subset of T. Define
the generalized Weyl algebra associated to (g, .A) to be the central T-algebra

T{x1,...,xn)

Vg, A := —.
(xjxi —qijxixj —a;j | i # J)

Consider a filtration on V (g, .A) with deg x; =1 and det¢ =0 for all t € T. Suppose
grV(q, A) is naturally isomorphic to Ty[xi, ..., x,]. (E6.0.1)
Consider the hypothesis that,

for any pair (i, j), a;; =0 whenever g;; = 1. (E6.0.2)
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Proposition 6.1. Suppose (E6.0.1) and (E6.0.2) and let A =V (q, A). If the center
Z(gr A) is a polynomial ring, then so is Z(A), and Z(A) = Z(gr A).

Proof. If Z(gr A) is a polynomial ring, then Z(gr A) = T[x]L', ey x,f”], where
L; =lem{d;; | j=1,...,n} (Lemma 4.3). Recall that d;; is the order of g;;.

First we claim that xiL " is in the center of A. For each j, we have the equation
Xjx;=q;jx;Xxj +a;j. If g;; =1, then x; commutes with x; by hypothesis (E6.0.2), so
x; commutes with xl.L . If g;j # 1, then the order of ¢;; is d;;. The equation
XjX; = q;jx;Xj + a;; implies that x; commutes with x; Y as each x,x{‘ is equal to
qlijlkxj +(14gi+- - +ql.kj_])a,-j. Since d;; divides L;, x; commutes with xiL
all j #i. This shows that xiL " is central.

Since gr A is the skew polynomial ring Ty [x1, ..., x,], it is easy to check that
grZ(A) C Z(grA). Since Z(gr A) is generated by {xil‘i}?zl, induction on the
degree of element f € Z(A) shows that f is generated by xl.L !, Therefore, the

assertion follows. O

i for

Proposition 6.2. Retain the above notation and suppose (E6.0.1). If a;; # 0 for
some i # j,then qjrqjx =1 forall k #1i or j.

Proof. We resolve x;x;x; in two different ways:

(xxxj)x;i = (qjrXj Xk + ajr)x;
= qjkXj (X Xi) + ajrx;
= qjikXj (qikXiXk + ajx) + ajiXx;
= qjxqik (XjXi) Xk + qjkQikXj + ajrX;
= qjxqik(qijXiXj + aij)Xi + qjxQixXj + ajrX;
= qjkqikqijXiXj Xk + qjkqikQij Xk + qjkQikXj + AjkXi,
and similarly
X (xjx;) = xp(qijxixj + ajj)
= qij (X Xi)Xj + aijxp
= qij (qixXiXr + aj)x; + a;;xi
= qijqikXi (XkX;) + qij @i Xj + aijxi
= qijqikqjkXiXj Xk + qijqikAjkXi + qijAikXj + AjjX.
Comparing the coefficients of x; gives the result. O

When an algebra A is finitely generated and free over its center (as in the situation
of Proposition 6.1), one should be able to compute the discriminant of A over its
center. We give an example here.
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Example 6.3. Let A be generated by x1, x2, x3, x4 and subject to the relations

x3x1 — x1x2 =0, X4x2 + x2x4 =0,

x3X2 — x2x3 =0, x3Xx4 + x4x3 =0, (E6.3.1)
2 2

X4x1 +x1x4 =0, X1X2 +x0Xx1 = x5 +xj.

This is the example in [Vancliff and Van Rompay 2000, Lemma 1.1] (with A = 0).
It is an iterated Ore extension, and therefore Artin—Schelter regular of global
dimension 4.

It is not hard to check that the center of A is generated by xiz. This algebra is a
factor ring of the algebra B over T := k[¢] generated by x1, x;, X3, x4 and subject
to the relations

x3x1 —x1x2 =0, X4Xx7 + x2x4 =0,
x3xy — x2x3 =0, X3Xx4 + x4x3 =0, (E6.3.2)
X4x1 +x1x4 =0, X1X2 +X2x1 =1t.

Note that gr B is a skew polynomial ring over 7 with the above relations by
setting t = 0. The Y-matrix is

]
S O v
S O O

(el STE
O NI= D= M=

(Sl
=
=

By Corollary 5.5(b), B has center T[xf, x22, x32, xf]. The discriminant of B over

its center is 2%8 (4x12x§ — t2)8x316xi6, by the next lemma. By Lemma 1.2, the

L . . 2,8 . .
discriminant of A over its center is 2*3 (4x7x3 — (x7 +x2)”)"x10x,°. We will see in
the next sections that D(A) = A. As a consequence of Theorem 0.5, A is cancellative

and the automorphism group of A is affine.

Lemma 6.4. Suppose the k[t]-algebra B is generated by x, x3, X3, x4 and subject

to the six relati%ns given (E6.3.2). Then the discriminant of B over its center is
48 (42,2 _ 2\8 16,16

2 (4x1x2 —t ) X30Xy".

Sketch of the proof. 1t is routine to check that the center of B is
Z(B) = k[t][xlz, x%, x%, xz].

The algebra B is a free module over Z(B) of rank 16 with a Z(B)-basis {xlaxé’ xgxf |
a,b,c,d=0, 1}. Let {z1, ... z16} be the above Z(B)-basis. Then we can compute
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the matrix (tr(z;z;))16x16:

16 0 0 0 O 8 O 0 0 0 0 0 O 0 0 0

0 16a & 0 0 0 O 0 0 0 0 0 0 0 0 0

0 8 166 0 0 O O 0 0 0 0 0 O 0 0 0

0 0 0 16c 0 0 O 0 0 0 0 8t O 0 0 0

0 0 0 0 16d 0 O 0 0 0 0 0 8t O 0 0

& 0 0 0 0 o O 0 0 0 0 0 O 0 0 0

0 0 0 0 O O016ac 0 8t O 0 0 O 0 0 0

0 0o 0 0 0 0 O0-16ad 0 -8t 0 0 O 0 0 0

0 0 0 0 0 O 8t 0 16bc O 0 0 O 0 0 0

0 0 0 0 0 0 O -8t 0-16bd 0 0 O 0 0 0

0 0o 06 0 0 0 O 0 0 0 —16cd 0 0 0 0 —8cdt

0 0 O 8t 0 0 O 0 0 0 0 B 0 0 0 0

0 0 0 0 8t 0 O 0 0 0 0 0 vy 0 0 0

0 0 0 0 0 0 O 0 0 0 0 0 0 16acd 8cdt O

0 0o 0 0 0 0 O 0 0 0 0 0 0 8cdt 16bcd O

0 0 0 0 0 0 O 0 0 0 —8cdt 0 0 0 0 )
Here o = —16ab+8t%, B=—16abc+8ct?, y =—16abd+8dt?, § =16abcd—8cdt?,
and a = x7, b= x3, ¢ =x3, d = x]. We skip the details in computing the above
traces. By using Maple, its determinant is 248 (4x2x2 — 12)°x16x )6, O

7. Three subalgebras

In this section we discuss three (possibly different) subalgebras of A, all of which
are helpful for the applications in the next section.

Makar-Limanov invariants. The first subalgebra is the Makar-Limanov invariant
of A [Makar-Limanov 1996]. This invariant has been very useful in commutative
algebra. For any k-algebra A, let Der(A) denote the set of all k-derivations of A
and let LND(A) denote the set of locally nilpotent k-derivations of A.

Definition 7.1. Let A be an algebra over %.
(1) The Makar-Limanov invariant of A is
ML(A) = m ker(5). (E7.1.1)
3€LND(A)
(2) We say that A is LND-rigid if ML(A) = A, or LND(A) = {0}.
(3) We say that A is strongly LND-rigid if ML(A[tq, ..., t;]) = Aforalld > 0.

The following lemma is clear. Part (2) follows from the fact that 0 € LND(A) if
and only if g7'dg € LND(A).
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Lemma 7.2. Let A be an algebra.
(1) ML(A) is a subalgebra of A.
(2) For any g € Aut(A), we have g(ML(A)) = ML(A).

Divisor subalgebras. Throughout this subsection let A be a domain containing Z.
Let F be a subset of A. Let Sw(F) be the set of g € A such that f = agb for some
a,be Aand 0 # f € F. Here Sw stands for “subword”, which can be viewed as
a divisor.

Definition 7.3. Let F be a subset of A.
(1) Let Do(F) = F. Inductively define D, (F) as the k-subalgebra of A generated
by Sw(D,_1(F)). The subalgebra D(F) = Unzo D, (F) is called the F-divisor
subalgebra of A. If F is the singleton { f}, we simply write D({f}) as D(f).

) If f=d(A/Z) (if it exists), we call D(f) the discriminant-divisor subalgebra
of A, or DDS of A, and write it as D(A).

The following lemma is well-known [Makar-Limanov 2008, p. 4].
Lemma 7.4. Let x, y be nonzero elements in A and let 9 € LND(A). If 9(xy) =0,
then d(x) = d(y) =0.
Proof. Let m and n be the largest integers such that 9™ (x) # 0 and 9" (y) # 0. Then
the product rule and the choice of m, n imply that

m-+n

m-+n _ n+m> i m-+n—i _ (n+m> m n
" (xy) = Z( ;)3 )9 M=, )" ®3IH) # 0.
1=
So m +n = 0. The assertion follows. O
Lemma 7.5. Let F be a subset of ML(A). Then D(F) € ML(A).

Proof. Let d be any element in LND(A). By hypothesis, d(f) =0 for all f € F. By
Lemma 7.4, d(x) = 0 for all x € Sw(F). So 0 =0 when restricted to D{(F). By
induction, d = 0 when restricted to D(F). The assertion follows by taking arbitrary
d € LND(A). (]

Lemma 7.6. Suppose d(A/Z) is defined. Then the DDS D(A) is preserved by all
g € Aut(A).

Proof. By [CPWZ 2015a, Lemma 1.8(6)] or [CPWZ 2016, Lemma 1.4(4)], d(A/Z)
is g-invariant up to a unit. So, if g € Aut(A), then g maps Sw(d(A/Z)) to
Sw(d(A/Z))and Di(d(A/Z)) to D;(d(A/Z)). By induction, one sees that g maps
D,(d(A/Z)) to D,(d(A/Z)). So the assertion follows. U

We need to find some elements f € A so that d(f) =0 for all 9 € LND(A). The
next lemma was proven in [CPWZ 2016, Proposition 1.5].
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Lemma 7.7. Let Z be the center of A and let d > 0. Suppose A* = k*. Assume
that A is finitely generated and free over Z. Then we have d(d(A/Z)) =0 for all
0 € LND(A[zy, ..., tz]).

Proof. Let f denote the element d(A[ty, ..., ts]/Z[t1, ..., t7]) in Z[t1, ..., t4].
By [CPWZ 2016, Proposition 1.5], 9(f) = 0. By [CPWZ 2015a, Lemma 5.4],
f=xd(A/Z).
The assertion follows. ]
Here is the first relationship between the two subalgebras.

Proposition 7.8. Retain the hypothesis of Lemma 7.7. Let d > 0. Then
D(A) S ML(A[#, ..., 14]) S A.

Proof. 1t is clear that ML(A[1q, .. ., t;]) € A by [Bell and Zhang 2016]. Let f equal
d(A/Z),whichisin AC A[ty,...,t;]. ByLemma 7.7, f e ML(A[#4, ..., t4]). Let
D'(f) be the discriminant-divisor subalgebra of f in A[zy, ..., t;]. By Lemma 7.5,
D'(f) € ML(A[t, ..., 1;]). It is clear from the definition that D(f) € D'(f).
Therefore, the assertion follows. |

In particular, by taking d = 0, we have D(A) € ML(A).
Aut-bounded subalgebra. In this subsection we assume that A is filtered such that
the associated graded ring gr A is a connected graded domain. Later we further

assume that A is connected graded. Since gr A is a connected graded domain, we
can define deg f to be the degree of gr f, and the degree satisfies the equation

deg(xy) =degx +degy
for all x, y € A.

Definition 7.9. Retain the above hypotheses. Let G be a subgroup of Aut(A) and
let V be a subset of A.

(1) Let x be an element in A. The G-bound of x is

degg (x) := sup{deg(g(x)) | ¢ € G}.
(2) Let g be in Aut(A). The V-bound of g is

deg, (V) := sup{deg(g(x)) | x € V}.

(3) The G-bounded subalgebra of A, denoted by Bs(A), is the set of elements
x in A with finite G-bound. It is clear that Bg(A) is a subalgebra of A
(Lemma 7.10(1)). In particular, the Aut-bounded subalgebra of A, denoted by
B(A), is the set of elements x in A with finite Aut(A)-bound.
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The following lemma is easy, so we omit the proof.
Lemma 7.10. Retain the above notation. Let G be a subgroup of Aut(A).
(1) The set Bg(A) is a subalgebra of A.

(2) g(Bc(A)) = BG(A) forallg € G.

Here is the relation between the two subalgebras D(A) and B(A). Let V be a
subset of A. We say V is of bounded degree if there is an N such that deg(v) < N
forallve V.

Proposition 7.11. Let A be a filtered algebra such that gr A is a connected graded
domain. Suppose that G C Aut(A) and F C A.

(1) If G(F) has bounded degree, then D(F) C Bg(A).
2) If f € Ais such that g(f) =z~ f forall g € G, then D(f) € Bg(A).

(3) Assume that A is finitely generated and free over its center Z. Let f =d(A/Z).
Then D(A) = D(f) < B(A).

Proof. (1) We have Do(F) = F C Bg(A) by assumption and use induction on 7.
Suppose that D,,_1(F) € Bg(A). Assume that D, (F) is not contained in S (A).
Then there exists an x € D, (A) such that G(x) does not have bounded degree. Since
D, (A) is generated by Sw(D,,_1(A)) as an algebra, there is an f € Sw(D,,_1(A))
such that G(f) does not have bounded degree. By definition of Sw(D,_1(A)),
there exists a nonzero f’' € D,_1(A) and a,b € A such that f' = afb. Since
gr A is a domain, we have deg(g(f”)) = deg(g(a)) + deg(g(f)) + deg(g(b)) for
all g € G. Hence G(f’) does not have bounded degree, which is a contradiction.
Hence D,,(F) C Bg(A) for all n > 1. Therefore, D(F) C Bg(A).

(2) Since Z(A)* C Ap, we see that G(f) has bounded degree, hence part (2)
follows from part (1).
(3) The third assertion is a special case of part (2) by Lemma 1.2. U
Under the hypotheses of Propositions 7.8 and 7.11 (and assuming that A is
finitely generated and free over its center Z), we have:
D(A)
PN
ML(A) B(A)
<&
A

For the rest of this section, we assume that A is a connected graded domain and
that k contains the field (2. An automorphism g of A is called unipotent if

g(v) = v+ (higher degree terms) (E7.11.1)
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for all homogeneous elements v € A. Let Auty,i(A) denote the subgroup of
Aut(A) consisting of unipotent automorphisms [CPWZ 2016, after Theorem 3.1].
If g € Autyi(A), we can define

o0
logg := —le.(l—g)i. (E7.11.2)
i=1

Let C be the completion of A with respect to the graded maximal ideal m:= A ;.
Then C is a local ring containing A as a subalgebra. We can define deg; : C — Z by
setting deg; (v) to be the lowest degree of the nonzero homogeneous components of
v € C. We define a unipotent automorphism of C in a similar way to (E7.11.1) by
using deg;. Itis clear that if g € Auty,i(A), then it induces a unipotent automorphism
of C, which is still denoted by g.

Lemma 7.12. Let A be a connected graded domain. Let g € Auty,i(A) and let G
be any subgroup of Aut(A) containing g. Let B denote B (A). Then (logg)|p isa
locally nilpotent derivation of B. Further, g|p is the identity if and only if (log g)|p
is zero.

Proof. Let C be the completion of A with respect to the graded maximal ideal
m:= A>. Let g also denote the algebra automorphism of C induced by g. Then g
is also a unipotent automorphism of C.

Since g is unipotent, deg; (1 —g)(v) > deg; v for any 0 # v € C. By induction, one
has deg(1—g)"(v) >n-+degv for all n > 1. Thus (log g)(v) converges and therefore
is well-defined. It follows from a standard argument that log g is a derivation of C
(this is also a consequence of [Freudenburg 2006, Proposition 2.17(b)]).

Let v be an element in B := B (A). Note that g" (v) € B for all n by Lemma 7.10.
Since v € B, there is an Ny such that deg g" (v) < Ny for all n. If (1—g)" (v) #0, then

n
deg(1 — g)"(v) = deg(Z(?)gi (v)) <Ny forall n. (E7.12.1)
i=0
When n > Ny, the inequalities from the previous paragraph imply that
deg;(1 —g)"(v) > n+degv > Ny, (E7.12.2)
which contradicts (E7.12.1) unless (1 — g)"(v) = 0. Therefore,
(1-2)"(w)=0 forall n> Ny. (E7.12.3)

By (E7.12.3), the infinite sum of log g in (E7.11.2) terminates when applied
tov € B, and (logg)(v) € A. By Lemma 7.10, (log g)(v) € B. Since logg is a
derivation of C, it is a derivation when restricted to B.
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Next we need to show that it is a locally nilpotent derivation when restricted
to B. It suffices to verify that, for any v € B, (log g)" (v) = 0 for N > 0, which
follows from (E7.11.2) and (E7.12.3).

The final assertion follows from the fact that g is the exponential function of
log g and log g is locally nilpotent. (]

Now we are ready to prove the second part of Theorem 0.5 without the finite
GK-dimension hypothesis.

Theorem 7.13. Let k be a field of characteristic zero and let A be a connected
graded domain over k. Assume that A is finitely generated and free over its center Z
in part (2).

(1) If ML(A) = B(A) = A, then Autyyi(A) = {1}.

(2) If D(A) = A, then Auty,i(A) = {1}.

Proof. (1) By hypothesis, B := B(A) equals A. Let g € Auty,i(A). Then (log g)|s
is a locally nilpotent derivation of B by Lemma 7.12. Hence log g € LND(A).
Since ML(A) = A, we have LND(A) = {0}. So logg =0. By Lemma 7.12, g is
the identity.

(2) Combining the hypothesis D(A) = A with Propositions 7.8 and 7.11, we have
ML(A) = B(A) = A. The assertion follows from part (1). O

8. Applications

In this section we assume that k is a field of characteristic zero.

Zariski cancellation problem. The Zariski cancellation problem for noncommu-
tative algebras was studied in [Bell and Zhang 2016]. We recall some definitions
and results.

Definition 8.1. [Bell and Zhang 2016, Definition 1.1] Let A be an algebra.

(1) We call A cancellative if A[t] = B][t] for some algebra B implies that A = B.

(2) We call A strongly cancellative if, for any d > 1, Alty, ..., t]1 = Blty, .. ., t4]
for some algebra B implies that A = B.

The original Zariski cancellation problem, or ZCP, asks if the polynomial ring
klt1, ..., t,], where k is a field, is cancellative. A recent result of Gupta [2014a;
2014b] settled the question negatively in positive characteristic for n > 3. The
ZCP in characteristic zero remains open for n > 3. Some history and partial results
can be found in [Bell and Zhang 2016], where the authors used discriminants and
locally nilpotent derivations to study the ZCP for noncommutative rings.

One of their main results is the following.
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Theorem 8.2 [Bell and Zhang 2016, Theorems 0.4 and 3.3]. Let A be a finitely gen-
erated domain of finite Gelfand—Kirillov dimension. If A is strongly LND-rigid (re-
spectively, LND-rigid), then A is strongly cancellative (respectively, cancellative).

Now we have an immediate consequence, which is the first part of Theorem 0.5.
Combining it with Theorem 7.13, we have finished the proof of Theorem 0.5.

Theorem 8.3. Let A be a finitely generated domain of finite GK-dimension. Let Z
be the center of A and suppose A™ = k*. Assume that A is finitely generated and
free over Z. If A =D(A), then A is strongly cancellative.

Proof. Combining the hypothesis A = [D(A) with Proposition 7.8, we have
A=D(A) CML(A[1, ..., 17]) C A.

So ML(A[#, ..., ts]) = A, or A is strongly LND-rigid. The assertion follows from
Theorem 8.2. U

Next we give two examples.

Example 8.4. Let A be generated by x;, x2, x3, x4 and subject to the relations

X1x2 +x2x1 =0, Xox3 +x3%x2 =0,

x1x3 +x3x1 =0, X3X4 + x4x3 =0,
2

X1X4 + X4X1 = X3, XoX4 + x4x2 = 0.

This is an iterated Ore extension, so it is Artin—Schelter regular of global dimen-
sion 4. This is a special case of the algebra in [Vancliff et al. 1998, Definition 3.1].
Set xi2 =y fori=1,...,4. Then Z(A) = k[y1, y2, ¥3, y4]. The M-matrix of
(E3.0.1) is
2yi 0 0 3
0 2y, 0 O
(@ij)axa = 0 0 2y5 0
y3 0 0 2y

The determinant det(a;;) is fo :=4y,y3(4y1y4— y3). By Theorem 3.7, the discrim-
inant f :=d(A/Z) is f023. It is clear that y;, y3 € Sw(f) and y1, y4 € SW(D1(f)).
Thus x; € Sw(D,(f)) for all i. Consequently, A = D(A). By Theorem 8.3, A is
strongly cancellative.

The next example is somewhat generic.

Example 8.5. Let T be a commutative domain and let A = C(V, g) be the Clifford
algebra associated to a quadratic form g : V — T where V is a free T-module of
rank n. Suppose that n is even. Then the center of A is 7 [Lam 2005, Chapter 5,
Theorem 2.5(a)]. We assume that A is a domain with A* =k*. Let¢#,..., 1, be a
set of generators of T, and suppose that g(V) C (¢, ---1,)T ordet(q) € (¢1 - - - t)T.
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Then by Theorem 3.7 we have f :=d(A/T) e (t;--- tw)ZH. So t; € Sw(f) for
all s. This shows that 7 C D(A) and then A = [D(A) (as xl.2 € T). By Theorem 8.3,
A is strongly cancellative.

Remark 8.6. Let A be the algebra in Example 6.3. Using the formula for d(A/Z)
given in Lemma 6.4, it is easy to see that A = D(A). So A is cancellative by
Theorem 8.3.

Automorphism problem. By [CPWZ 2015a; 2016], the discriminant controls the
automorphism group of some noncommutative algebras. In this section we com-
pute some automorphism groups by using the discriminants computed in previous
sections. We first recall some definitions and results.

We modify the definitions in [CPWZ 2015a; 2016] slightly. Let A be an N-filtered
algebra such that gr A is a connected graded domain. Let X :={x;,...,x,} be a
set of elements in A such that it generates A and gr X generates gr A. We do not
require degx; = 1 for all i.

Definition 8.7. Let f be an elementin A and let X’ ={xy, ..., x,,} be a subset of X.
We say f is dominating over X' if, for any subset {y, ..., y,} C A that is linearly
independent in the quotient k-space A/k, there is a lift of f, say F (X1, ..., Xn),
in the free algebra k(X1, ..., X,), such that deg F (y1, ..., y,) > deg f whenever

deg y; > degx; for some x; € X'.
The following lemma is easy.

Lemma 8.8. Retain the above notation. Suppose f = d(A/Z) is dominating
over X'. Then for every automorphism g € Aut(A), we have deg g(x;) < deg x; for
all x; € X'.

Proof. Let y; = g(x;). Then {yi, ..., y,} is linearly independent in A/k (as
{x1, ..., x,} is linearly independent in A/k). If deg y; > deg x; for some i, by the
dominating property, there is a lift of f in the free algebra, say F (X1, ..., X,),
such that deg F(yy, ..., y») > deg f. Since g is an algebra automorphism,

Fyr, ..o y) = F(g(x1), ..., g(xn)) = 8(F(x1, ..., xa)) = 8(f).
By [CPWZ 2015a, Lemma 1.8(6)], g(f) = f (up to a unit in Z). Hence

deg F(y1, ..., yn) =degg(f) =deg f,

yielding a contradiction. Therefore, deg g(x;) = degy; < degx; for all i. ([

We will study the automorphism group of a class of Clifford algebras; see
Example 8.5.

Example 8.9. Let A be the Clifford algebra over a commutative k-domain 7" as in
Example 8.5 and assume that » is even. Let {zy, ..., z,} denote a set of generators
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for A. We will use {xy, ..., x,} for the generators of the generic Clifford algebra A,
defined in Section 3. Then there is an algebra homomorphism from A, to A sending
x; to z; for all i. Since n is even, T is the center of A. Assume that A is a filtered
algebra such that gr A is a connected graded domain, so we can define the degree of
any nonzero element in A. Further assume thatdeg#; =2 (not 1) foralli=1, ..., w
anddegz; >2foralli =1,2,...,n. In particular, there is no element of degree 1.
Some explicit examples are given later in this example.

Recall that we assumed g (V') C (¢ - - - 1,))T. Let 2b;; = z;z; +z;z;. Then we can
write b;; = (1 - - b)) bl/.. for some N > 0. By Theorem 3.7, the discriminant is
fi=d(A/T) = [(]_["Y”:]ts)Nd/]2 , where d' = det(2b];),x,. We need another
hypothesis, which is that

degd' < N. (E8.9.1)

Let X' = {t;}, and X = {z;}_, UX’. Then f is a noncommutative polynomial
over X'. We first claim that f is dominating over X’. Let {y;}", be a set ,.Qlf
elements in A\ k. If deg y; > 2 for some i, then deg[(Hg’zlys)Nd/(yl, cee, yw)]2

is strictly larger than the degree of f, as we assume that degd’ < N. This shows
the claim.

Now let g be any algebra automorphism of A and let y; be g(¢;) for all i. Then,
by Lemma 8.8, deg y; = 2. It follows from the relations z;z; = b;; that deg z; > 3.
Hence (gr A), is generated by the #;. This implies that y; is in the span of X’ and k.
In some sense, every automorphism of A is affine (with respect to X’). It is a big
step in understanding the automorphism group of A.

Below we study the automorphism group of a family of subalgebras of the generic
Clifford algebra A, of rank n that is defined in Section 3. As before, we assume
n is even. We have two different sets of variables 7, one for Ag and the other for
general A. It would be convenient to unify these in the following discussion. So we
identify {¢; jy | 1 <i < j <n} with {#;}}" | via a bijection ¢. Here w = %n(n +1)
as in the definition of A, (Section 3).

Let r be any positive integer and let B, , be the graded subalgebra of A, gen-
erated by {z; j)} forall 1 <i < j <n (or {;}}2,) and z; := x; (]_[szltk)r for all
i=1,2,...,n. Since By, is a graded subalgebra of A, it is a connected graded
domain. This is also a Clifford algebra over T, := k[t(; j,] generated by z1, ..., z,
and subject to the relations

w

2r
ZjZi + 27 = 2(1_[ lk) 1. j) =: 2bjj

k=1
from which the bilinear form b and associated quadratic form ¢ can easily be
recovered. In particular, g(V) C (]_[szltk)zr T,, where V = @;_ T,z;. By the
definition of A,, we have deg; = 2. Then degz; = 1 +4rw > 3. Now we assume
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that N := 2r is bigger than 2n, which is the degree of d’ := det(; j)). So we have
n <r, orequivalently degd <N,

as required by (E8.9.1). See also Remark 8.10.

Let g be an algebra automorphism of B, 4. By the above discussion, g(#;), for
each i, is a linear combination of {tj}’;’: , and 1. Using the relations zl-z =b;;, we see
that deg g(z;) = deg(z;) for all i. Thus g must be a filtered automorphism of By 4.

Since g preserves the discriminant f and f is homogeneous in #;, we have
deg g(t;) = 2. Further, by using the expression of f and the fact that 7, is a
UFD, g(#;) can not be a linear combination of the #; of more than one term. Thus
g(t;) = c;t; for some j and some c¢; € k*. This implies that there is a permutation
o € Sy and a collection of units {c;};” | such that g(#;) = ¢;t5(;) for all i. Since
g is filtered (by the last paragraph), g(z;) = > ,_ dinzn + €;, where diy, ¢; € k.
Applying g to the relation

w \N
Z,-2 =b;; = <1_[ t,-> o), Wwhere N :=2r,
i=1

we obtain that

w

2 N
(Z dihzh) + 2e; (Z dihzh) +ef = (l_[ Citi> 8ty i.iy)-
h h

i=1
Since (Zhd,-hzh)z € T, we have ¢; (Zhd,-hzh) = 0. Consequently, ¢; = 0 and
g(zi) = ZZ:1dihZh- Applying g to the relations
w N
ZiZj +2j2i = 2bij = 2(1_[ ti> IoG,j)
i=1

and expanding the left-hand side, we obtain

w

N
D dindi(znzi + 2izn) = 2(]_[ cz'ti) 8. j))-
h,l

i=1

Hence d;;dj; is nonzero for only one pair (A, [). Thus there is a set of units {d;}}_,
and a permutation ¥ € S, such that g(z;) =d;zy foralli =1, ..., n. Then the
above equation implies that

w N w N ,w N
didj(l_[fi) o ()W () = (HQ‘) (H’i) Coi, o (. )))
i=1 i=1 i=1

for all i, j. Therefore,

¢ (@), v () =0 (@G, j)) (E8.9.2)
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and
w o \N
did; = (]_[ c,-) o) (E8.9.3)
i=1
for all 7, j.
By (E8.9.2), o is completely determined by ¥ € S,. Let d; = d; (1—[;1):161_)4‘
Then (E8.9.3) says that did; = ¢4, j)- So [ i, ¢i = nlsi§j§n d;d;. This means
the cy(;,j) and d; are completely determined by the d;. In conclusion,

Aut(By,) E(Y e Syt {diek™ [i=1,....n} =S, x (k)"
In particular, every algebra automorphism of B, , is a graded algebra automorphism.

Remark 8.10. As a consequence of the computation in Example 8.9, Aut(Byg,,)
is independent of the parameter » when r > n. In fact, this assertion holds for all
r > 0, but its proof requires a different and longer analysis, so it is omitted. On the
other hand, Aut(B, o) = Aut(A,) is very different; see Remark 3.9(3).

We will work out one more automorphism group below.

Example 8.11. We continue to study Example 8.4 and prove that every algebra
automorphism of A in Example 8.4 is graded. Some unimportant details are omitted
due to the length.

Claim 1: m := A~ is the only ideal of codimension 1 satisfying dimm/m? = 4.
Suppose I = (x; —ay, x» —as, X3 — az, x4 — aa) is an ideal of A of codimension 1
such that dimy 1 /1 2 — 4. Then the map 7 : x; — a; for all i extends to an algebra
homomorphism A — k. Applying m to the relations of A in (E8.4.1), we obtain

aja; =0, ajaz=0, 2aa4= a%, araz =0, azas =0, axas=0.

Therefore, (a;) is either (ay, 0, 0, 0), or (0, a3, 0, 0), or (0,0, 0, as). By symmetry,
we consider the first case and the details of the other cases are omitted. Let
z; = x; — a; for all i. Then the first relation of (E8.4.1) becomes

2122 + 2221 = (x1 —ap)x2 +x2(x1 —a1) = —2a1x2 = —2a,2».

So 2a,z, € I Since dim I/I2 =4, we have a; = 0. Thus we have proved Claim 1.
One of the consequences of Claim 1 is that any algebra automorphism of A
preserves m. So we have a short exact sequence

1 — Autyyi(A) — Aut(A) — Autg(A) — 1,
where Autg(A) is the group of graded algebra automorphisms of A and Auty,;(A)
is the group of unipotent algebra automorphisms of A.

Claim 2: If f is a nonzero normal element in degree 1, then B := A/(f) is an
Artin—Schelter regular domain of global dimension 3. By [Rogalski and Zhang 2012,
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Lemma 1.1], B has global dimension 3. Since A satisfies the x-condition [Artin and
Zhang 1994], so does B. As a consequence, B is AS regular of global dimension 3
[Artin and Schelter 1987]. It is well-known that every Artin—Schelter regular
algebra of global dimension 3 is a domain (following by the Artin—Schelter—Tate—
Van den Bergh classification [Artin and Schelter 1987; Artin et al. 1991; 1990]).

Claim 3: If f € A is a normal element, then f € kx; or f € kxs. First of all, both
Xy and x3 are normal elements by the relations (E8.4.1). Note that x; g = n_(g)x;
for i =2, 3, where n_; is the algebra automorphism of A sending x; to —x; for all i.

Suppose that f is nonzero normal and f ¢ kx3 Ukx4. Then the image f of f
is normal in A/(x3). Since A/(x3) is a skew polynomial ring, by [Kirkman et al.
2010, Lemma 3.5(d)], f is a scalar multiple of x; for some i = 1, 2, or 4. This
implies that f is either ax; + bx3, or ax, + bxs, or axq + bx3 for some a, b € k.
If b =0, then f = x| or x4. The relation x;x4 4+ x4x| = x_% implies that A/(f) is
not a domain (as x32 =01in A/(f)). This contradicts Claim 2. So the only possible
case is f = x, (again yielding a contradiction). Now assume that b % 0 (and a # 0
because f ¢ kx3Ukxy). We consider the first case and the details of the other cases
are similar and omitted. Since f = ax| + bxs, the relation x;x3 + x3x; = 0 implies
that x% =01in A/(f), which contradicts Claim 2. In all these cases, we obtain a
contradiction, and therefore f € kx, or f € kxs.

Since A/(x7) is not isomorphic to A/(x3), there is no algebra automorphism
sending x; to x3. As a consequence, any graded automorphism v of A maps
Xy — c2xp and x3 — c3x3. Let g be any graded algebra automorphism of A.
Let g be the induced algebra automorphism of A/(x3). By [Kirkman et al. 2010,
Lemma 3.5(e)], g sends x; — c1x1 and x4 — c4X4, Or Xx; — c1x4 and x4 —> C4X].
Then, by using the original relations in (E8.4.1), one can check that g is of the form

X1 —> C1X1, X2 — C2X2, X3 — C3X3, X4 —> C4X4,
where cjcp = c% = ci, or

X1 — C1X4, X2 — C2X2, X3 —> C3X3, X4 — C4X1,
where cjcy = c% = cﬁ. So

Autg(A) = {(c1, 2, 3, c4) € (K)* | crea = 5 = 3},

which is completely determined.

Claim 4: Aut,,;(A) is trivial. Recall that the discriminant of A over its center is
e (+22(2422 4\\8
d:= (x2x3 (4x1x4 —x3)) .

By Example 8.4, the DDS subalgebra [D(A) is the whole algebra A. The assertion
follows from Theorem 0.5.
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Combining all these claims, one sees that Aut(A) = Autg(A), which is described
in Claim 3.

Remark 8.12. Ideas as in Remark 8.10 also apply to Example 6.3 and a similar
conclusion holds. The interested reader can fill out the details.
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Regularized theta lifts and (1,1)-currents
on GSpin Shimura varieties

Luis E. Garcia

We introduce a regularized theta lift for reductive dual pairs (Sp,, O(V)), for V a
quadratic vector space over a totally real number field. The lift takes values in the
space of (1,1)-currents on the Shimura variety attached to GSpin(V); we show
its values are cohomologous to currents given by integration on special divisors
against automorphic Green functions. A later paper will show how to evaluate
the new lift on differential forms obtained as usual (nonregularized) theta lifts.

1. Introduction 597
2. Shimura varieties and special cycles 603
3. Currents and regularized theta lifts 606
4. An example: products of Shimura curves 637
Acknowledgments 642
References 642

1. Introduction

1A. Background and main results. The theory of the theta correspondence pro-
vides one of the most powerful tools to construct automorphic forms on classical
groups. In recent years, the work of many authors has led to a geometric version
of this theory describing the behavior of various spaces of so-called special cycles.
Namely, the arithmetic quotients of symmetric spaces attached to classical groups
SO(p, q) and U (p, gq) are equipped with a large collection of cycles coming from
the subgroups that fix a given rational subspace; these are generally known as special
cycles. After the work of Kudla and Millson [1986; 1987; 1990] constructing theta
functions that represent their Poincaré dual forms, it has become clear that their
cohomological properties are very closely connected with the theta correspondence;
see, e.g., [Kudla 1997] for a description of their cup products and intersection
numbers for the group SO(n, 2).

In cases where these arithmetic quotients are naturally quasiprojective algebraic
varieties (e.g., for the group SO(rn, 2) just mentioned), some of these special cycles

MSC2010: primary 11F27; secondary 11F67, 11G18, 14G35.
Keywords: Shimura varieties, theta series, Weil representation.
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define complex subvarieties, and it is interesting to ask about more refined invariants,
such as Green currents for them, or their image in the appropriate Chow groups.
The work of Borcherds [1998; 1999] and its generalization by Bruinier [2002; 2012]
successfully addressed these questions for the case of special divisors on arithmetic
quotients of SO(n, 2). Their construction relies again on the theta correspondence
and is based on considering theta lifts with respect to the reductive dual pair
(SL», O(V)). The automorphic forms on SL,(A) used in their work as an input are
not of moderate growth; thus, the integrals defining the theta lifts are not convergent
and need to be regularized. With the proper regularization procedure, one can
construct Green functions for special divisors, and also meromorphic automorphic
forms, as theta lifts.

One might wonder if regularized theta lifts for reductive dual pairs of the form
(Sp,,, O(V)) for n > 2 can be defined and whether one can construct interesting
currents on arithmetic quotients of the symmetric space associated with SO(Vg)
in this way. Consider such a quotient X associated with a lattice I' C SO(n, 2),
and let (Y, f) be a pair consisting of a subvariety ¥ C Xr and a meromorphic
function f € C(Y)*. In view of the explicit description of motivic cohomology
and regulator maps in terms of higher Chow groups (see, e.g., [Goncharov 2005]),
it is interesting to consider the current log | f| - 5y, whose value on a differential
form o € <7 (Xr) is given by

(loglfl-éy,a)=/ylog|f|-a- (1-1)

The first goal of this paper is to show that, for many pairs (¥, f) such that Y
is a special subvariety and f has divisor supported in special cycles, the current
log | f| -8y can be obtained as a regularized theta lift for (Sp,, O(V)). This follows
from Theorem 1.1 below. For motivation, note that conjectures by Beilinson [1984]
relate the values of dd‘-closed (D-linear combinations of such currents with the
values at certain integral points of L-functions attached to Xp. Our construction
allows us to compute the values of some more general currents by using the theta
correspondence; a followup paper will relate them to special values of standard
L-functions of automorphic representations of Sp,. Let us now describe more
precisely the main objects involved in the statement of the theorem.

Let F be a totally real number field and V be a quadratic vector space over
F. We assume that the signature of V is ((n,2), (n+2,0), ..., (n+2,0)) with n
positive and even. Let H = Resr,q GSpin(V). Attached to H there is a Shimura
variety X of dimension n whose complex points at a finite level determined by a
neat open compact subgroup K C H(A ) are given by

Xy = HQ\(D x H(A;)/K. (1-2)
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Here D denotes the hermitian symmetric space attached to the Lie group SO(Vg).
For fixed K, the complex manifold X, is a finite union of arithmetic quotients
of the form Xr := I'\D*, where D" denotes one of the connected components
of D. Consider two vectors v, w € V spanning a totally positive definite plane in
V and write I, (resp. I'y ,,) for the stabilizer of v (resp. of both v and w) in I'.
One can define complex submanifolds D} € D" and D}, C D, each of complex
codimension one, and holomorphic maps

Dj,w D Dt
| | o
X (v, w)r =Ly \DF, ———— X()r = [\DF ——— X;

where the maps in the bottom row are proper and generically one-to-one. In
Section 3B we recall the construction of a function

G, w)r € €%°(X()r — (X (v, w)r))

that is a Green function for the divisor [¢(X (v, w)r)] € Div(X (v)r); this function
is locally integrable and hence defines a current [G (v, w)r] € 2°(X (v)r). Define
the current

[ (v, w)r] =27i - f([G(v, w)r]) € 2" (Xr), (1-4)

where f : 2°(X (v)r) = 2"1(Xr) denotes the pushforward map. Note that the
Q-linear span of the currents [® (v, w)r] for varying w and fixed v includes all the
currents of the form 2xi - log | f| - 8x )., Where f € C(X (v)r)* ®z Q is one of
the meromorphic functions constructed by Bruinier [2012, Theorem 6.8]. Given a
totally positive definite symmetric matrix 7 € Sym, (F) and a Schwartz function
Q€ y(V(Af)z) fixed by K, in Section 3G we define a current [®(T, @), ] €
@“(XK) as a finite sum of currents [® (v, w)r] weighted by the values of ¢. As
an example, consider the case treated in Section 4B, where X = X(If X X(If is a
self-product of a full level Shimura curve Xg attached to an indefinite quaternion
algebra B over Q. Here the currents [® (7, @), ] admit a description in terms of
Hecke correspondences and CM points on X.. Namely, if p is a prime not dividing
the discriminant of B such that p =1 (mod 4), and writing L = Q[,/—p], then for
a certain choice of ¢ = ¢y we have

1
[(b(( P)’(po) ]sz'(xg = x§ X X« ([Gy, giem@pD- (1-5)
K

where A denotes the diagonal embedding and G, glcM(o1)] denotes a Green function
for the divisor 7, /@[CM(ﬁL)] of points in X(‘f with CM by &, (see (4-28)).
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Our first main result will show that the currents [® (T, ¢) | are cohomologous
to some currents obtained by a process of regularized theta lifting. Let us now
introduce these theta lifts. In Section 3H we define, for ¢ € #(V (A f)2) fixed
by K and g € Sp4(AF), a theta function 6(g; ¢), valued in the space of smooth
(I,1)-forms on Xj.. In the same section, we introduce a function

Mr(s): N(F)\N(A) x A(R)® — C. (1-6)

Here T denotes a totally positive definite symmetric 2-by-2 matrix, s is a complex
number, N C Sp,  denotes the unipotent radical of the Siegel parabolic of Sp,
and A(R)® denotes the connected component of the identity of the real points
of the subgroup A C Sp, j of diagonal matrices in Sp, . This function grows
exponentially along A(R)". We define the regularized theta lift

(A1 (5), 0, ) ) = / f Ay (na, $)0(na, 9)g dnda,  (1-7)
AR JN(F)\NA)

with appropriate measures dn and da.

Theorem 1.1. (1) The regularized integral (At (s),0(-; @)g)'® converges for
Re(s) > 0 on an open dense set of X, whose complement has measure zero
and defines a locally integrable (1,1)-form ®(T, ¢, s); on Xj.

(2) Let 2" (Xy) = 2V1(X)/(Am(d) + Im(d)). The current [®(T, ¢, s),] €
QI’I(XK) defined by ® (T, ¢, s)g admits meromorphic continuation to s € C,;
moreover, its constant term at s = s, = (n — 1) /2 satisfies

CTs=s [P(T, @, )1 = [P(T, )k ]
as elements of @I’I(XK).

In fact, Proposition 3.19 shows that the currents in the theorem are compatible
under the maps 2! (Xg/) — @“(XK) induced from inclusions K’ C K of open
compact subgroups, so that we obtain currents

[(T. )] = ([(D(T. )k € 2" (X) :==1lim 7" (Xg) (1-8)
K

and similarly [® (T, ¢, s)] € 2" (X) that agree on closed differential forms.
A particularly interesting subspace of 2! (Xg) is the image of the regulator
map

1, CHX (X, 1) — 2" (Xp) (1-9)

whose definition we recall in Section 3I; in particular, we would like to characterize
the currents [®x ] in the Q-linear span of the currents [® (T, ), ] that belong to the
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image of r,,. We will prove in Proposition 3.23 that, when dim X, > 4, we have
for such a current O,

[®k] € 1,y <= dd‘ [Pk ] =0. (1-10)

Let us assume from now on that V is anisotropic over F’; this implies that X,
is compact. Once the currents [® (7, ¢)] have been constructed, we would like to
evaluate them on differential forms & € 7" ~1"~1(X,.). Since the form ® (T, ¢, s)
is obtained as a (regularized) integral, it is natural to try to do so by interchanging
the integrals. However, the regularized integral is not absolutely convergent, and
the exchange is not justified. To get around this problem, we introduce some locally
integrable (1,1)-forms &D(T, @, s)i related to the (T, ¢, s)g in Theorem 1.1. They
are also obtained as regularized theta lifts and the associated currents [CTD(T, ®, k]
are compatible under the maps induced by inclusions K’ C K, thus defining a current
[D(T, ¢, s)] € 2"1(X). As before, these currents enjoy a property of meromorphic
continuation to s € C, and their constant terms satisfy

CTSZSO[&)(TL @1, S)] - [(i)(T2a @2, S)] = [(b(Tlv §01)] - [q)(TZv 902)] (1_11)

modulo Im(d) + Im(d) for pairs (11, ¢1), (T2, ¢o) related by a certain involution ¢
(see (3-82)). Here, at a finite level K, the current on the right hand side is a finite
sum of currents of the form [® (v, w)r] — [®(w, v)r], with [® (v, w)r] given by
(1-4); see Remark 3.24 for some motivation on these currents. Moreover, using
ideas of Bruinier and Funke [2004], we show that the values [&D(T, @, 8)g () for
large Re(s) can be computed by reversing the order of integration; the precise
statement is the following.

Proposition 3.27. Let K C H(Ay) be an open compact subgroup that fixes ¢ and
let o € 7"~ 1= V(X ). Then, for Re(s) > 0, we have

([&)(T,(O,S)K],a):/ / //F/vr(na,s)/ O(na; ¢ @ o)y Nxdnda.
AR IN(F\N@A) X,

This result also gives information on the values of the currents [® (T, ¢)]; see
Corollary 3.28.

1B. Outline of the paper. We now describe the contents of each section in more
detail. Section 2 is a review of definitions and basic facts about Shimura varieties
X attached to GSpin groups. In it we recall the definition of the relevant Shimura
datum, describe the connected components of X, at a finite level K and introduce
the tautological line bundle . and its canonical metric. Then we recall the definition
of special cycles in X and their weighted versions introduced by Kudla.

In Section 3 we construct currents in 21 (X x)- Sections 3A and 3B first review
previous work by Oda, Tsuzuki and Bruinier on secondary spherical functions on
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the symmetric space D attached to SO(n, 2), and on automorphic Green functions
for special divisors on arithmetic quotients I'\D™* (here D+ denotes one of the
connected components of D). In Section 3C we introduce some differential forms
with singularities on . These forms depend on a complex parameter s and are
used in Section 3D to define (1,1)-forms on I'\D* with singularities on special
divisors. We prove that these (1,1)-forms are locally integrable and therefore
define currents in 2'!1(I"\D™"). Section 3E then shows that these currents admit
meromorphic continuation to s € C and that their regularized value at a certain
value s, is cohomologous to the pushforward of the automorphic Green function in
Section 3B defined on a certain special divisor. An adelic formulation of the above
constructions is provided in Section 3F. After this, in Section 3G, we introduce
weighted currents; their behavior under pullbacks induced by inclusions of open
compact subgroups K’ C K and under the Hecke algebra of the GSpin group is
described. Section 3H explains how these weighted currents can be constructed
as regularized theta lifts for the dual pair (Sp,, O(V)). In Section 31 we give a
necessary and sufficient condition for the currents above to belong to the image of
the regulator map from the higher Chow group CH?(X,, 1). Section 3J introduces
some related currents on X, and uses their presentation as regularized theta lifts to
prove that they can be evaluated on differential forms by interchanging the order of
integration.

The example of a product of Shimura curves described above is considered in
Section 4. This section starts with some definitions and basic facts on Shimura
curves in Section 4A. In Section 4B, we describe several of the currents introduced
in Section 3 in terms of Hecke correspondences and CM divisors.

1C. Notation. The following conventions will be used throughout the paper.

« We write 7 = lim, (Z/nZ) and M =M Q7 for any abelian group M. We
write Ay = Q®z Z for the finite adeles of @ and A = A x R for the full ring
of adeles.

e For a number field F, we write Ar = F @A, Ar = F ®qAy and Foo =
F ®qg R. We will suppress F from the notation if no ambiguity can arise.

« For a finite set of places S of F, we will denote by Ag and AS the subset of
adeles in A supported on S and away from S, respectively.

« We denote by yg = @), Vo, : @Q\Ag — C* the standard additive character
of Ag, defined by
Yo, (x) =e 7 forxeZ[p™'],

Yr(x) =™ forx € R.
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If F, is a finite extension of Q,, we set ¥, = Y¥q, (tr(x)), where tr: F, = Q,
is the trace map. For a number field F, we write = Q), ¥, : F\Ar — C*
for the resulting additive character of Ap.

« For a locally compact, totally disconnected topological space X, the symbol
.Z(X) denotes the Schwartz space of locally constant, compactly supported
functions on X. For X a finite dimensional vector space over R, the sym-
bol “(X) denotes the Schwartz space of all ¥ functions on X all whose
derivatives are rapidly decreasing.

» For aring R, we denote by Mat, (R) the set of all n-by-n matrices with entries
in R. The symbols 1,, and 0, denote the identity and zero matrices in Mat, (R).

o The transpose of a matrix x € Mat,(R), is denoted ‘x, and the set of all
symmetric matrices in Mat, (R) is Sym, (R) = {x € Mat,(R) | x = 'x}.

e X 1Y denotes the disjoint union of X and Y.

If an object ¢ (s) depends on a complex parameter s and is meromorphic in s,
we denote by CTSZSO ¢ (s) the constant term of its Laurent expansion at s = s,.

2. Shimura varieties and special cycles

2A. Shimura varieties. We recall the facts about orthogonal Shimura varieties that
we will need. We follow [Kudla 1997] closely, to which the reader is referred for
further details. Let F be a totally real number field of degree d with embeddings
oi:F—>R,i=1,...,d. Let (V, Q) aquadratic vector space over F' of dimension
n+2 (with n > 1); we assume that Vi = V ®r ,, R has signature (n, 2) and that
Vo; =V ®F,o, Ris positive definite fori =2, ...,d.

Let H = Resr/q GSpin(V). The group H fits into a short exact sequence
1 — Resp/qg G, — H —> Resp/o SO(V) — 1. 2-1)

Denote by D the set of oriented negative definite planes in V;. We will fix once
and for all a point z, € D and will denote by D™ the connected component of
D containing z,. The group SO(V;) = SO(n, 2) acts transitively on D, and the
stabilizer K, of z, is isomorphic to SO(n) x SO(2). We have

D = SO(n, 2)/(SO(n) x SO(2)). 2-2)

To the pair (H, D) one can attach a Shimura variety Sh(H, D) that has a canonical
model over o (F). Namely, in [Kudla 1997, p. 44] a homomorphism

i=l,...,

ho :Resc/p G =C* — H(R) = GSpin(Vy,) (2-3)
d
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is defined such that D becomes identified with the space of conjugates of o by H (R);
the resulting action of H(R) on D factors through the projection H(R) — SO(V)).
For any compact open subgroup K C H(Ay), we have

Xy =Sh(H, D) (C) = HQ\(D x H(Ay))/K. (2-4)

Thus X, is the complex analytification of a quasiprojective variety Sh(H, D), of
dimension n defined over o1 (F). If V is anisotropic over F, then Sh(G, D) is
actually projective.

We recall the description of the connected components of X,. Let H der
Resr g Spin(V) be the derived subgroup of H. There is an exact sequence

l— HY g 171, (2-5)

where T = Resr/q G,, and v is given by the spinor norm. Let T(R)T = (R-0)? C
T(R) and Hy(R) = v~ (T (R)™) be the set of elements of H(R) of totally positive
spinor norm,; this is the subgroup of H (R) stabilizing D*. Define

H(Q) = H(Q) NH(R). (2-6)
By the strong approximation theorem, we can find iy =1, ..., h, € H(Ay) such
that
.
HAp) =] [H (@hK. (2-7)
j=1

For j=1,...,r,let Ty, = Hi (@ Nh;Kh; ' Then

-
X = ]_[ Iy, \D*. (2-8)
j=1
We will also need to consider Shimura varieties attached to (V, Q) as above with
n = 0. In this case, the symmetric domain associated with SO(V}) consists of
just one point, while D = D+ LI D~ consists of two points (corresponding to two
different orientations of the same negative definite plane z;). Since it turns out to
be more convenient for our purposes, we define X as in (2-4) and Sh(H, D), to
be the union of two copies of the usual Shimura variety attached to H, so that with
these notations we have X, = Sh(H, D), (C).

For n > 1, we can introduce a different model for D that makes the presence of
an SO(V})-invariant complex structure obvious. Let 2 be the quadric in P(V;(C))
given by

2={vePWV ()| (v,v) =0} (2-9)

Note that if {v;, vp} is an orthogonal basis of z € D with (vy, v1) = (v2, v12) = —1,
then v :=v; —ivy € V] ® C satisfies (v, v) =0 and (v, v) < 0. Moreover, the line
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[v] := C- v is independent of the orthogonal basis we have chosen. Thus we obtain
a well defined map D — 2 and one checks that it gives an isomorphism

D— 2_={weP{V;©) | (w,w)=0, (w,w) <0} (2-10)

onto the open subset 2_ of the quadric 2.
Consider the tautological line bundle .# over 2_ defined by

Z\{0} :={w e V1 (C) | (w,w) =0, (w, w) <0} (2-11)

The action of H(R) on D lifts naturally to . and gives it the structure of a H (R)-
equivariant bundle. Any element v € V| defines a section s, of #" by the rule
sy(w) = (v, w). We will only consider s, for v of positive norm. The section s,
defines an analytic divisor

div(sy) ={w e P(V(0)) | (v, w) = 0}. (2-12)

Under the isomorphism D = 2_ described above, div s, corresponds to D, C D,
where D, denotes the set of negative definite planes in V; that are orthogonal to v.
The line bundle .# carries a natural hermitian metric || - | defined by |wl? =
[(w, w)|; this metric is H (R)-equivariant. We say that a function f € (D —D,)
has a logarithmic singularity along D, if f(z) —log]||s, (2)||* extends to €°°(D).

2B. Special cycles. Let U C V be a totally positive definite subspace and let W
be its orthogonal complement in V. Denote by Hy the pointwise stabilizer of U
in H. Then Hy = Resg,g GSpin(W); its associated symmetric domain can be
identified with Dy N D™, where Dy denotes the subset of D consisting of planes
z that are orthogonal to U. For a compact open K C H(Ay) and h € H(Ay), let
Kyn=Hy(Ar)N hKh~!, an open compact subset of Hy (Ay). Define

XU, h)x = Hy(@\(Dy x Hy(Af))/ Ky - (2-13)

If h=1, we write X (U)y := X (U, 1)g. Thus X (U, h)y is the set of complex points
of a variety Sh(Hy, Dy)k,,, defined over o1 (F’). There is a morphism

iy : Sh(Hy, Dy) — Sh(H, D) (2-14)
defined over o (F); on complex points it induces a map
ivnk: XU, h)g — Xg (2-15)

that is proper and birational onto its image. Denote by Z(U, h), the associated
effective cycle on X,. For a set of vectors x = (xy,...,x,) € V" spanning a
totally positive definite vector space U of dimension r, we will write Z(x, h) for
Z(U, h)g.
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For a description of the connected components of these special cycles, see [Kudla
1997, Sections 3 and 4]; the main result is that these cycles have a finite number
of components of the form Z(U, h)r that we now define. For h € H(Ay), let
Iy = H, (Q) NhKh~!. Define I'yj, = I';, N Hy (R) and consider the map

XU, h)r:=Ty\D — I')\D* = Xr,. (2-16)

(For h =1, we will just write X (U)r for X (U, 1)r). The image defines a connected
cycle in Xr, that we denote by Z(U, h)r.

In [Kudla 1997], certain weighted sums of these cycles are defined. Namely, let
r =dimr U and denote by Sym,(F)~ the space of totally positive definite r-by-r
matrices with coefficients in F'. For T € Sym, (F)-o and ¢ € #(V(A f)’)K with
values in a ring R, define

Z(T, p)x = > o(h ') Z(x, hg, (2-17)
heHy (Ap)\H(Ay)/K

where x = (x, ..., x,) € V’ is any vector with %(xi, xj) =T (if no such x exists,
we set Z(T, ¢) = 0). Note that the sum is finite and hence defines a cycle in
Z"(Xyx)®z R.

3. Currents and regularized theta lifts

In this section we introduce some differential forms and currents on arithmetic
quotients of D. Some of these forms will be defined as Poincaré series by summa-
tion of I'-translates of a differential form on D*. Here and throughout this paper,
I' C H{(R) denotes a group of the form I' = H, (Q) N K, where K C H(Ay) is
some neat open compact subgroup. If U C V is a totally positive definite subspace,
we will write 'y = I' N Hy (R), where Hy denotes the pointwise stabilizer of U in
H. If U is spanned by vectors vy, ..., v,, we will sometimes write I'y, _,, for I'y.

Several currents defined in this Section will be described explicitly in Section 4B,
where we consider the particular case when X is a product of Shimura curves. The
description given there is in terms of Hecke correspondences and CM points, and
the reader is advised to study the examples given there to understand the definitions
and properties to follow.

3A. Secondary spherical functions on D. Recall that D denotes the set of oriented,
negative definite 2-planes in V; = V ®F 5 R. For every vector v € V; of positive
norm we have defined an analytic divisor [, C D consisting of those z € D that
are orthogonal to v. Denote by H,(R) the stabilizer of v in H(R). Then we have
D, = H,(R)/(KNH,(R)), so that D, can be identified with the hermitian symmetric
space associated with H,(R). We write D := D, ND™.
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We recall some of the main results of Oda and Tsuzuki [2003] concerning
the existence and main properties of secondary spherical functions on D. To
state these results, we need to introduce certain subgroups of G = SO(V}). Let
{vi, ..., vys42} be abasis of V| whose quadratic form is /,, > and such that v=v;. Let
29 = (Vn+1, Up42) and denote by KZO the stabilizer of z, in SOV *. Let W C V| be
the plane generated by vy and v, and let A = SO(W)? be the identity component
of its orthogonal group. Then A = {a, |t € R} where a,v; = cosh(¢)v| +sinh(¢)v, 4.
Let

At ={a, |1 >0} (3-1)
and G, be the stabilizer of v in G. Then there is a double coset decomposition
G= GUA+KZU. (3-2)

Proposition 3.1 [Oda and Tsuzuki 2003, Proposition 2.4.2]. Let Ap be the invariant
Laplacian on D and let pg=n/2. Let s be a complex number with Re(s) > po. There
exists a unique function ¢® (v, z, s) € €*°(D — D,) with the following properties:

(1) AD¢(2)(U’ Z, S) = (SZ - p02)¢(2)(v5 <, S).
2) ¢P (v, gz, 5) =P (v, 2, 5) for every g € G,.

(3) Consider the function ¢® (v, g, s) = ¢P (v, 8z, ) for g € G. It belongs to
©>*(G—GyK,) and satisfies P, g'gk, s)=¢P (v, g, 5) forevery g’ € G,
k € K. Writing G = GUAJFKZO as above, we have

¢(2)(v,a,,s) =log(t)+ O(1) ast — 0,

¢(2)(U, a;, s) = 0(6_(Re(s)+p°)t) ast — +oo.

It follows that ¢ (hv, hz, s) = ¢P (v, z, s) for all h € H(R) and z € D. For a
totally positive vector v € V (F), we will simply write ¢® (v, z, s) for 9@ (vy, z, 5),
where v; denotes the image of v in V|. We will sometimes write ¢n(3? )(v, z,s) for
»P (v, z, s) if we need to be precise about the domain of definition.

The function ¢® (v, z, s) admits an explicit description in terms of the Gaussian
hypergeometric function. Namely, for |z| < 1, let F'(a, b, c, z) be the function given
by

o
F(a.b.c.0)=)

n=0

(@ (D)0 2"

(©)n n! ’

where we write (a)g = 1 and (a), =I'(a+n)/I'(a) for n > 1. For a vector v € V;
and a plane z € D, denote by v,. the projection of v to the orthogonal complement
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z+ of z in V;. Then [Oda and Tsuzuki 2003, (2.5.3)]:

@ (v, z,5) =
P2 4+1) [ 0w) N 2 (s+p0 s—p0 o)
TS (Q(vzu) F( 2 g theth Q(vzn)' -3)

3B. Green currents for special divisors. The functions ¢ (v, z, s) can be used
to construct Green functions for the special divisors introduced above. Namely,
let I' € H(R) be of the form I' = H, (Q) N K and v € V (F) be a vector of totally
positive norm. Recall that we write I', = I' N H,(R). For Re(s) > pg, define

Gw.z.r=2 Y  ¢P@ yz5s). (3-4)

y el \I

The sum converges absolutely a.e. and defines an integrable function G (v, s)r on
Xr [Oda and Tsuzuki 2003, Proposition 3.1.1]. Denote by [G (v, s)r] the associated
current on X, defined by

[G (v, s)rl(e) =/X G(v,z,9)r - a), (3-5)
r

for o € %Cz” (Xr). This current admits meromorphic continuation to s € C with

only simple poles [Oda and Tsuzuki 2003, Theorem 6.3.1]. In fact, as shown by

Bruinier [2012, Theorem 5.12], one can refine this result to show that the function

G (v, z, s)r itself has meromorphic continuation to the whole complex plane and

that the resulting function is real analytic on Xr — Z(v)r. Define

G(v)r =CTy=p, G(v, s)r (3-6)
to be the constant term of G (v, s)r at s = pg.

Theorem 3.2 [Bruinier 2012, Theorem 5.14, Corollary 5.16]. The function G (v)p
is real analytic on Xt — Z(v)r and has a logarithmic singularity on Z(v)r. The
form dd°G (v)r = —Q7i) 990G (v)r extends to a € form on Xt and one has
the equation of currents:

dd‘[G(v)r]l =dzw) +[dd“G(v)r]. (3-7)

Consider now a pair of vectors v, w spanning a totally positive definite plane U
in V. Denote by p,.(w) the projection of w to the orthogonal complement of v.
Recall that we write X (v)p = FU\I]]);r and I'y ,, = ' N Hy (R). The map

Tow\Dy = X ()r
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then defines an effective divisor Z(v, w)r in X (v)r. We define
G w,z.)r=2 Y 5 (pr(w), yz.5). (3-8)
y€lyw\Ty

The results described above imply that the sum converges when Re(s) > 0 to
an integrable function on X (v)r, and that we have a meromorphic continuation
property, so that we can define

G, w,2)r =CTs—n-1)2 G(v, w, z, 5)r. (3-9)
The function G (v, w)r is then real analytic on X (v)r — Z(v, w)r and has a loga-

rithmic singularity on Z (v, w)r.

3C. The functions ¢ (v, w, z, s) on D. For a pair of vectors v, w € V|, denote by
pw(v) and p,,1 (v) the projection of v to the line spanned by w and to the orthogonal
complement of w, respectively.

Definition 3.3. Let v, w be a pair of vectors in V| spanning a positive definite plane
and let s, = (n — 1) /2. For Re(s) > s, define

s+, 5—5q Hiso
$p(v,w,z S):—lr( 2 )F( 2 +1)( O) — Q(pw(v)) ) 2
s W, Z, 2 C(s+1) 0(v.1) — O(pu(v))

s+s, =5 O () — Q(puw(v)) )
F , — +1, 1, . (3-10
x < 22 T oo — oy ) O

The following basic properties of ¢ (v, w, z, s) are easily checked.
Lemma 3.4. (1) Foreveryh € H,(R), ¢ (v, w, z,s) = ¢ (v, w, hz, s).
(2) Forevery h € HR), ¢ (hv, hw, hz,s) =¢ (v, w, z, 5).
(3) The restriction of ¢ (v, w, z, s) to Dy, equals ¢[§: (pwr(), z,5).

(4) Consider the function ¢ (v, w, g,s) = ¢ (v, w, gz, 5), for g € G. It belongs
10 €>°(G — GyK. ) and satisfies ¢ (v, w, g'gk,s) = o, w,g,s) for every
g eGy ke K. Writing G = GUAJFKZO as above, we have

¢, w,a,s)=log(t)+0() ast— 0, (3-11)
d(v, w, a;, s) = 0(e” RO 4ot 5 400, (3-12)

Note that (1) and (2) imply ¢ (v, w, z, s) = ¢ (v, hyw, z, s) for every h, € H,(R),
so that for fixed v, z, s, the function ¢ (v, w, z, s) only depends on the H,(R)-
orbit of w. Moreover, property (3-12) also holds for all partial derivatives of
¢ (v, w, z,5). Note also that property (3-11) implies that ¢ (v, w, z, 5) is locally
integrable. Concerning the behavior of the partial derivatives of ¢ (v, w, z, 5) as z
approaches D,, we have the following lemma.
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Lemma 3.5. Each of the partial derivatives 3¢ (v, w, z, s), 9¢ (v, w, z, s) and
00¢ (v, w, z, 8) is locally integrable.

Proof. Let U C DT be open with coordinates {z1, ..., z,} such that the analytic
divisor D" NU is given by the equation z; =0 on U. Choosing a trivialization of .
on U we can write —Q (v;) = ||sy(z) 1> =h(z)|z1]?, where h(z) is real analyticon U.
It follows from the expansion of the hypergeometric function F(a, b, a + b, w)
around w = 1 (see [Lebedev 1965, (9.7.5)]) that, for fixed v, w, s and z € U,

¢ (v, w, z,5) =log |z1| + |21 log 21| £ (2) + &(2), (3-13)

where f and g are real analytic functions on U. Thus at worst the singularities of
19¢ (v, w. 2. )1 19¢ (v, w, 2. 5)|| and 3¢ (v, w. z, 5)| are of the form |z;|~" or
log |z1|, and the statement follows. U

The function ¢ (v, w, z, 5) can also be obtained as a Laplace transform of a certain
Whittaker function that depends on s. Namely, consider Kummer’s hypergeometric

function:
“+o00

(@), 7"
M(a,b,z) = —. 3-14
@0 D=0 Gy, G149
n=0
The function

Mv,M(Z):e_z/zzl/z-mM(%-i-,u—V, 1+2M,Z) (3-15)

is then a solution of the Whittaker differential equation

d*w 1 v ur—1/4

It is characterized among solutions of this equation by its asymptotic behavior,
given by:
M, ,.(z) =" T12(1 + 0(2)) when z — 0, (3-17)
C(l+2uw)
Fp—v+1/2)

For a positive definite symmetric matrix 7 = (¢ %), define

M, ,(z) = 2771+ 0(iz™Y)  when z — 0. (3-18)

So=(m—1)/2, k=1-s, (3-19)
(5% 1) fdr det T\ /2
cr.s = LT H1) (dmde : (3-20)
2 T(s+1 c
and
—k)2 4 detT 2mb
Mz (y,s)=C(T,s)|y| ™" "M_gpsp2\ |——y| e ¢ 7, Rel(s)>s,. (3-21)
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Now consider v, w € V| spanning a positive definite plane and denote by

1((v,v) (v,w)
T == 3-22
(v w) =7 <(v, w) (w, w)) G-22)
the associated moment matrix. Then (see [Erdélyi et al. 1954, p. 215, §4.22 (11)])
o 2Ty — dy
P, w,z,5) = / My, (y, s)e” (@700 = (3-23)
0 y

3D. Currents in 2"1(Xr). We now define some (1,1)-forms and currents on X
by summation over translates by elements of I' of some differential forms with
singularities on . For vectors v, w € V (F) spanning a totally positive definite
space, consider the (1,1)-form w (v, w, z, s) defined for z € DT — (D} UD) by

o, w,z,5)=03(@w, v,z 90V, w,z5))

=dp(w,v,2,5) AP (v, w, Z, )
+¢(w, v, 2,000, w, z,5). (3-24)
We would like to define a (1,1)-form on X by averaging the form w (v, w, z, s)
over I'. Before making such a definition, we need to check that the resulting sums

converge in a suitable sense. This is the content of the next result. Note that we
have

Y (@@ w, )@ =0 v,y w, z,9)
for all y € I', due to the invariance property in Lemma 3.4(2).

Proposition 3.6. Ler v, w € V(F) be vectors spanning a totally positive definite
plane. Let U = D' — (I'- D UT - D). For Re(s) > 0, the sum

T oty ez

yerv.w\r
and all its partial derivatives converge normally for every z € U.

Proof. Since the function ¢ (v, w, yz, s) is defined and smooth for every z €
D —D,-1,, all the terms in the sum are defined whenever z € U. Fix z, € U and
let Up C U be a compact neighborhood of z); then there exists € > 0 such that
|Q((yv);)| > € and |Q((yw),)| > € for all y € I' and all z € Uj. It follows from
Lemma 3.4 that on Uy we have

o v,y w, 2, 8) | < CelQUy "))~ T0/2 10 ((y " w) 1) |76 F0)/2

for some constant C. > 0, and a similar bound holds for the sums of all the partial
derivatives of the summands. Thus, for z € Uy, the sums in the statement are
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dominated by a constant multiple of

Z |Q(()/_l U)ZL)|_(S+S0)/2 | Q((]/_l w)zi) |—(s+so)/2.

Verv,w\r

Pick a lattice L C V (F) such that I" - (v, w) C L?; then the above sum is dominated

by
< Z |Q()\Zl)|—(x+so)/2)( Z |Q(KZL)|_(‘V+‘Y°)/2>,

rel rel

0M)=0() 0M)=0(w)
which converges normally on U, since the assignment v — Q(v,.) — Q(v;) defines
a positive definite quadratic form on V| that depends continuously on z. (]
Define
O, w,z,0r=2 Y oy vy wzs), (3-25)
Y€l w\I'

and note that
P, w,z,)r=P(yv,yw,z,s)r forally €T. (3-26)

Proposition 3.6 shows that ® (v, w, -, s)r converges and defines a smooth (1,1)-form
on Xr — (Z(v)r U Z(w)r).

Denote the cotangent bundle of a manifold X by 7*X. A section s of a metrized
vector bundle (E, || - ||) over a manifold X endowed with a measure d(z) is said
to be L' (or integrable) if ||s|| € L'(X,du(z)). Our next goal is to show that
® (v, w, z, s)r is integrable on Xr; this is the content of Proposition 3.9. The next
two lemmas will be used in the proof.

Lemma 3.7. Let M be a complete, simply connected Riemannian manifold of
everywhere nonpositive sectional curvature. Let X,Y C M be complete, simply
connected, totally geodesic submanifolds that intersect transversely and at a single
point 7, € M. For z € M, denote by d(z, z,) the geodesic distance between z
and z, and by dx(z) and dy(z) the geodesic distance from z to X and from z to
Y, respectively. Then there exists a constant k > 0 such that d (zgo2) >t implies
max{dx(z), dy(z)} > kt for every t > Q.

Proof. Let d > 0 and suppose that max{dx(z), dy(z)} < d. Choose points z, € X
and zy € Y such that d(zy, z) <d and d(zy, z) <d. Let y(zy, zy) be the geodesic
segment connecting zy and zy; such a geodesic exists, is unique and minimizes
the distance (see [Chavel 2006, Exercise IV.12(a)]), hence its length [(y (2, zy))
satisfies [(y (zy, 2y)) < 2d. Let y(z,, zx) and y (z,, zy) be the geodesic segments
in X and Y connecting z, and zy and z, and zy, respectively; as before, these
geodesics exist and are unique and minimizing.
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Consider now the triangle T in M with sides {y (z(, zx), ¥ (2g: 2y), ¥ (2x» 2y)}-
This is a geodesic triangle since X and Y are totally geodesic. Note that the angle
at z, is bounded below since X and Y are assumed to intersect transversely. By the
Cartan—Hadamard theorem (see [Bridson and Haefliger 1999, Theorem 11.4.1]), the
space M is a CAT (0) space, in other words the (unique up to congruence) triangle
in the euclidean plane with same sides as T has larger angles than T (see [Bridson
and Haefliger 1999, Proposition I1.1.7(4)]). It follows that d(z,, zx) < cd(zx, 2y)
for some positive constant c. Hence d(z, z) < d(zy, 2x) +d(zx,2) < 2c+ 1d
as required. U

Lemma 3.8. Let M, X, Y be as in Lemma 3.7. Assume that the codimension of X
and Y in M is greater than one and that the sectional curvature of M is bounded
below. Let f1 5, f2.s : Roo— R.q be continuous functions defined for Re(s) > s, >0
such that

tfis(@) = 0(Q), ast — 0,

fis(t) =e RO a5t — oo,

fori=1,2. Let du(z) be the Riemannian volume element of M. Then, with notation
as in Lemma 3.7, we have

/M J1,5(dx (2)) f2,s(dy (2)) dju(z) < o0,

forRe(s) > 0.

Proof. Let Uy ={z€ M |dx(z) <1} and Uy = {z € M | dy(z) < 1} be tubular
neighborhoods around X and Y of radius 1. Let U = M — (Ux U Uy). It suffices
to show that f;(z) = f1.s(dx(2)) f2.s(dy(z)) is integrable when restricted to U, Ux
and Uy.

Consider first the integral over U. By hypothesis, the functions f} ;(dx(z)) and
f2.5(dy(z)) are bounded on U. By Lemma 3.7, there exists a constant k > 0 such
that

fi(@)=0(e” Re(.v)kd(z,zo))

forz € U. Let S(z,, t) be the geodesic sphere with center z, and radius ¢ and denote
by A(t) its area. Since M has curvature that is bounded below, there exists p > 0
such that A(t) = O(e”") (see [Chavel 2006, Theorem I11.4.4]). It follows that

/Ufs(z) dp(z) < oo

whenever Re(s) > p/k.

Now consider the integral over Uy (the same argument works for Uy). Since
fs(2) is locally integrable, it suffices to integrate over Ux —(UxNUy). The inclusion
i : X C Uy admits a left inverse m : Uy — X whose fibers are diffeomorphic to
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the closed unit disk in C (this is because the exponential map from the total space
of the normal bundle of X to M is a diffeomorphism). We can compute the
integral over Uy by first integrating over the fibers of 7 and then integrating over
X. By hypothesis, the integral of f;(z) over 7! (z) is O (e~ Re®420)) for every
7€ X —(XNUy). Now the resulting integral over X converges for Re(s) >> 0 since
the area of a sphere of radius ¢ in X is O (e”") as above. (]

We can now prove that ® (v, w, z, s)r is integrable on X. Recall that D carries
an H (R)-invariant Riemannian metric; it induces an invariant metric on /\2 T*D
that we denote by || - ||.

Proposition 3.9. Let v, w € V(F) be vectors spanning a totally positive plane. For
Re(s) > 0, the sum (v, w, z, s)r converges outside a set of measure zero in Xr
and defines an L' section of (/\2 T*Xr, |- 1D.

Proof. The sum converges for z ¢ Z(v)r U Z(w)r by Proposition 3.6, and this set
has measure zero. Thus it remains to prove integrability. We need to show that

/X 19, w, 2, )| du(2)

is convergent, where du(z) denotes an invariant volume form on D*. By Fubini’s
theorem, it suffices to show that

/ lo(w, v, z,s)|du(z) < oo.
FU.]I«’\D+

Let H'(R) = (H,)+(R) N (Hy)+(R) and let Zy (R) be the center of H'(R). Since
the integrand is left invariant under H'(R) by Lemma 3.4 and Zg (R)T,, ,,\ H'(R)
has finite volume (see [Borel 1969]), this is equivalent to

/ lw(w, v, z, )| du(z) < co. (%)
H'(R)\D*

We now apply Lemma 3.8. Namely, let M = H'(R)\D". Let X = H'(R)\D;" and
Y = H'(R)\D}. Note that there is a map 7 : DT — D that is left inverse to the

inclusion D € D and turns D™ into an H, (R)-equivariant real vector bundle of
rank 2 over I]])j (see [Kudla and Millson 1988, p.26]). Hence the inclusions

{x} = H'(®\D} , c H'®)\D] c H'(R)\D*

are diffeomorphic to zero sections of vector bundles, in particular they are simply
connected. Moreover D and D} are totally geodesic submanifolds of DT, and
the latter is known to have sectional curvatures that are bounded below and every-
where nonpositive. Hence X, Y and M satisfy the hypotheses in Lemma 3.7 and
Lemma 3.8. Moreover, by Lemma 3.5, the integrand also satisfies the hypotheses
in Lemma 3.8; applying it gives (x) and hence the assertion. (]
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Since ® (v, w, z, s)r is an integrable section of /\2 T*Xr, its coordinates in any
chart U C Xr are locally integrable functions. Thus ® (v, w, z, s)r defines a current
on Xr.

Definition 3.10. Let v, w € V(F) be vectors spanning a totally positive definite
plane. For Re(s) > 0, define a current [® (v, w, s)r] € 21 (XT) by

[P(v, w, s)rl(w) = / P, w,s)r Ao, (3-27)

Xr
for w € 7"~ 11 (Xr).

Recall that we assume I' = H, (Q) N K for some open compact K C H(Ay).
For h € H(Ay), we write I', = H (Q) N hKh~' and we define

S, w,h,s)r =>,w,s)r,, (3-28)

an L! section of /\ZT*(Fh\ID*). As above, we denote by [® (v, w, &, s)r] the
associated current in 2%1(I",\DT).

3E. Some properties of [® (v, w, h, s)r]. We now introduce another family of
currents [® (v, w)r] on Xr. These currents are obtained by restricting a compactly
supported form w € @fcn_l*"_l (Xr) to a special divisor X (v)r and integrating it
against a Green function of the form (3-6). In this section we will prove that the
current [® (v, w, s)r] introduced above, regarded modulo Im(d) + Im(d), admits
meromorphic continuation to the complex plane s and that the current [® (v, w)r]
is cohomologous to the current obtained as the constant term of the meromorphic
continuation of [® (v, w, s)r] at a certain value s = s,.

For v € V(F) of totally positive norm, denote by dx (). € 2V1(Xr) the current
of integration along X (v)r. That is, for w € ,szfc”_l*”_l(Xr), we have

Sx ) (w) = / w. (3-29)
X()r

Consider now v, w € V (F') spanning a totally positive definite plane. In Section 3B
we recalled the construction (see [Bruinier 2012; Oda and Tsuzuki 2003]) of a
function G (v, w)r € €*°(X(v)r — Z(v, w)r). The function has a logarithmic
singularity along Z(v, w)r, hence is locally integrable on X (v)r and defines
an element of 2°(X (v)r) that we denote by [G (v, w)r]. Recall that there is a
pushforward map

fr: 2°(X(v)r) — 2" (Xr) (3-30)

induced by f : X(v)r — Xr and defined by (fi(®), w) = (o, f*(w)) for « in
2°(X (v)r) and @ in "~ 1(X).
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Definition 3.11. Let v, w € V(F) spanning a totally positive definite plane. Define
the current [® (v, w)r] € 21 (Xr) by

[®(v, w)r]=27i- f,([G(v, w)rD. (3-31)
Forh € H(Ay) and K C H(Ay) such that I' = H (Q) N K, define
[, w, )r] =[P, wr,], (3-32)
where I'y, = H . (Q)NhKh™!.

That is, for w € ,Q%C"_]’”_l (Xr), we have

[D(, w)r(w) =271 / G, w)r - w. (3-33)
X()r

See Section 4B2 for an example.

The next proposition relates the currents [® (v, w)r] and [® (v, w, s)r] and is
key to the computation of values of [® (v, w)r] on forms obtained as theta lifts as
below. Let

7" (Xr) = 2" (Xr)/(Am(3) +Im(d)). (3-34)

We let [® (v, w, s)r] and [® (v, w)r] also denote the classes of [® (v, w, s)r] and
[® (v, w)r] in 21 (Xp).
Proposition 3.12. The current [® (v, w, s)r] € 2VY(X1) admits meromorphic con-

tinuation to s € C. Let CTx:so[Q(v, w, s)r] € QI’I(XF) denote the constant term
of [®(v, w, s)r] at s =s,. Then

CTy=, [P (v, w, $)r] =[P (v, wr] (3-35)

as elements of 21 (Xp).

Proof. Let a € "~ 1"~!(Xr). By Proposition 3.9, we have

[CD(v,w,s)p](oz)=2/ w(,w,z,5) Aa(z).

T, \D¥
For fixed s, write g,(z) = ¢ (v, w, z,s) and g, (2) = ¢(w, v, z,s). We regard
gy as a smooth function defined on ', ,\D" — Fv’w\[lj)j. If we choose an open
U C Iy, \D" such that the analytic divisor (I, ,\D;") NU is given by the equation
z =0, then it follows from (3-13) that

9gs(2) = "Z—Z oz, dgu@) = % +o(lz ™).

(Here o(|z|~!) stands for a differential form o on U — (Cy.w\D7) NU such
that the components of |z|o extend to continuous functions on U vanishing on
(Fy.w\D) NU.) Similar statements hold for g,,(z) when z approaches I, ,\D}'.
Denote by 6, € QI’I(FU,W\IDJF) the current given by integration on Fv,w\IDj. The
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following identity of currents on I, ,,\D™ follows from Stokes’s theorem applied
to Iy \DT — (Fy o \D U, \DJ):

3[gwdgy] = [08wdgy] + [gwddgy] — 2iguwss. (3-36)

We find that for any closed compactly supported form ¢, € mfc”_l*"_l (Ty.w\D),
f Cl)('U, w, Z, S)AaC(Z):anf ¢(w’ v, Z,S)(XC(Z). (3_37)
Ty \DF Ty \DY

The form «(z) is not compactly supported, but we claim that (3-37) is still true for
Re(s) > 0 when we replace . (z) by «(z). Assuming this for now and using that
the restriction of ¢ (w, v, z, s) to D, equals ¢ﬂ()i) (pyr(w), z, s), we conclude that
for Re(s) > 0

[<I>(v,w,s)r](a)527ri-2/ ) S (ppr(w), 2, 9)ax(2)

v,w\Dv

P / ) 6P (por (W), vz, ) (2)
T \D7 ji: Do

yelyw\ly

— 2mi / G (s (w), 2, 9)r, - @(2).
r,\D;
This last equation defines a current on X that admits meromorphic continuation to
s € C and whose constant term at s = s, is given by [® (v, w)r]; the claim follows
from this.

It only remains to show that (3-37) still holds when we replace «.(z) by «(z). Let
X =T, \D" and consider the submanifolds X, = ', ,\D; and X, = [', ,\D}
of X. Let Xy =Xy NXy= I‘U,w\[]])j’w. As remarked by Kudla and Millson [1988,
p. 26], the exponential map of the normal bundle of X, ,, C X is a diffeomorphism,
and hence X carries a natural vector bundle structure 7 : X — X, ,, of rank 4 over
X,,w with totally geodesic fibers. For t > 0, let X, (t) = {z € X | dx,(z) <t} be
the tubular neighborhood of radius # around X,; here dyx, (z) denotes the geodesic
distance between z and X,. Define X,,(¢) and X, ,,(¢) similarly and let X (¢) =
Xypw(®) — (Xy(1/1)U X, (1/1)). Then we have X — (X, UX,,) =J,~,; X(t) and

/w(v,w,z,s)/wx: lim w(v,w,z,5) Ad.
e t—00 X(@)

Denote by Sy, (t) = 90X, (¢) the boundary of X, ., (). By Stokes’s theorem,
(3-37) is equivalent to

/ ¢(w,v,z,8)00p(v, w,z,5) Aa —> 0,
Sp.w ()= (X (1/0)UXy (1/1))
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as t — 00. Since ||| is bounded, it suffices to show that

f lp(w, v, z, )] 10¢ (v, w, z, $)[| du(z) —> 0,  (3-38)
Svw () —(Xy(1/DUXy (1/1))

as t — oco. Now let H'(R) = (H,)+ (R) N (Hy)+ (R) and note that the integrand
is invariant under H'(R). Let M = H'(R)\D™ and consider the submanifolds
X = H'(R)\D;} and Y = H'(R)\D}, of M, whose intersection is a single point
7z, Let S(z;, t) be the sphere of geodesic radius ¢ around z,, and let X (1/7) and
Y (1/¢) be tubular neighborhoods of X and Y with radius 1/¢. Since X, ,, has finite
volume by [Borel 1969, Theorem 15.5], to show that the integrals in (3-38) tend
to 0 it suffices to show that

/ lp(w, v, z,5)|- 19¢ (v, w, z, s) || d(z) —> 0,
S(zp.0)—(X(1/UY (1/1))

as t = 0o. Now Lemma 3.7 and Lemma 3.4 show that the integrand is O (te*Rew)ty
for some positive constant k > 0. Since the sectional curvatures of M are bounded
below, we have Area(S(z, 1)) = O (e”") for some positive constant p > 0 and hence

(3-37) holds, with «, replaced by «, for Re(s) > p/k. U

3F. Currents on X;. We introduce now currents in 7 (Xg). Fix a neat open
compact subgroup K C H(Ay) and recall that we write

Xy = HQ\(D x HA ) /K.

Thus X is a compact complex manifold with finitely many components. These
were described in Section 2: choose hy =1, ..., h, € H(Ay) such that

Hy(@\HAp)/K =] [ H(@h;K.

j=1

For h € H(Ay), we write I’y = Hi.(Q) NhKh™! (and I' =T'y). Then

,
Xe =] ]Tw\D*.
j=1

Let v, w € V(F) span a totally positive definite plane U and recall that we denote by
Hy C H the pointwise stabilizer of U. Forh € H(Ay),let Ky , = Hy (Af)ﬂhKh_l.
Choose coset representatives /1; € Hy (Ay) such that

(Hy)+(@\Hy (Af)/Ky.n = ]_[(HU)+(@)h;KU,h» (3-39)

i=1

and write h}h = y;hjk; with y; € H (Q), k; € K and h; = h;j ;) a coset representative
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as in (2-8). Note that the double coset (Hy)+(Q)y; 'y, is well defined, that is, it is
independent of the choice of 4} and decomposition h}h = y;hjk;.

Definition 3.13. Assume that n > 2. We define ® (v, w, h, ), to be the section of
/\2 T*(Xy) whose restriction to the connected component Lp, \D™ is

Zq)(yj_lv’ yi_1w9hjvs)r7 (3'40)

i—j
where the sum runs over those i such that j(i) = j.

Note that this is well defined because of the invariance property (3-26). For
n =2 we give a different definition. Namely, assume that n = 2 and choose yp in
H (Q) such that yo_l IDZF, =D,,. With & as in (3-39), write yoh}h = y;,hj ki, with
Yio € Hy(Q), ki, € K and hj, = hj(;,) a coset representative as in (2-8). As above,
the double coset (HU)+(@)yithj0 is well defined.

Definition 3.14. Assume that n = 2. We define ® (v, w, h, ), to be the section of
/\2 T*(Xy) whose restriction to the connected component Ip, \D™ is

Y o vy w e+ Y @ vy w. by S)r (3-41)

i—j io—J
where the sums run over those i and iy such that j (i) = j and jy(ip) = j, respectively.

The forms ® (v, w, h, s), are locally integrable on X,. We denote by
[, w, h, )] € 2" (Xg) (3-42)

the corresponding current on X
We also define a current

(D, w, k)] € 2" (Xy) (3-43)

whose restriction to the connected component I'y; \D™ is

Ytew vy wohrl ifn > 2,

i—j
1 - R . (3-44)
ey vy w kel + D 1@ v tw kel if =2,
i—j iv—>Jj

with the currents in the sum as in (3-32). See Section 4B3 for an example.

Remark 3.15. The above definitions reflect the structure of the connected compo-
nents of the special cycles Z(v, w, h), in Section 2B. Namely, let v, w € V(F) be
vectors spanning a totally positive definite plane and 4 € H (A ). Attached to such
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a pair there are Shimura varieties X (v, w, h), and X (v, h)g (see (2-13)) together
with proper maps

X (v, w, By —= X (v, by —2> Xg. (3-45)

Then ¢, ([X (v, w, h)g]) defines a divisor on X (v, h), and a finite sum of functions
of the form (3-9) defines a Green function G (v, w, h), on X (v, h), with a loga-
rithmic singularity along ¢, ([X (v, w, h), ]). Writing [G (v, w, h) ] for the current
in @O(XK) associated with G (v, w, h)g, it follows from Kudla’s description of the
connected components of the cycles Z (v, w, h)g (see [Kudla 1997, Lemma 4.1])
that

[P, w, h)g] =2mi - fL(IG, w, h)g]).

Some basic properties of the forms ® (v, w, A, s), are summarized in the next
lemma; these properties are analogous to those of special cycles proved in [Kudla
1997, Lemma 2.2]. Recall that for every h € H(A) there is a map

r(h) : Xpgp-1 —> Xg (3-46)

sending H(Q)(z, W )hKh~" to H(Q)(z, h’h)K. The map r(h) is an isomorphism
of complex manifolds, and we denote by ® +— & - i the induced map defined on
sections of the bundle of differential forms.

Lemma 3.16. (1) ®(v, w, hk, s), = P (v, w, h, s)g forall k € K.

(2) (v, w, hyh, )y =P (v, w, h, s) forall hy € Hy (Ay).

3) ®(yv,yw, yh,s)y =P, w, h, s)g forall y € H(Q).

) @, w, hih™ $)pgp-1-h =@, w, hy, s)g forall hy, h € H(Ay).

Proof. Part (1) is obvious. Part (2) follows from the fact that for any complete set
{h;]i=1,...,s} of coset representatives for

S(U, h, K) = (Hy)+(@\Hy(Ar)/Ku.n,

the set {h;h;l |i=1,...,s}is acomplete set of representatives for S(U, hyh, K).
To prove part (3), note that given any set {4} | i = 1,...,s} as above and any
y € H(Q), the elements yhﬁy‘l fori =1, ..., s form a complete set of representa-
tives for S(y (U), yh, K), so that writing yh;y_l -(yh) = (yyi)hjk; with j = j (i)
leads to
Pyv,yw, vh g, pe = D ()~ ye, v v,z )y,

i—j

-1, -1
= Zq)(yi VY W, 2, 8)r, = <I>(v,w,h,S)K|th\D+,
i—j

as was to be shown. Finally, (4) follows from the fact thatif {; | j =1, ...,r}is
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a set of coset representatives for H, (Q)\H(A)/K, then {hjh_1 |j=1,...,r}is
a set of coset representatives for Hi (Q)\H(Ay)/hK hL (I

Assume that K’ C K, with K’ an open compact subgroup of H(Ay) and let
pr: Xx» — X be the natural projection map. The following lemma computes
pr*(® (v, w, h, s)g).

Lemma 3.17. Let K’ C K be as above. Then
pri(® (v, w, h, $)g) = > (v, w, bk, s)g.
keh='Ky yh\K /K’

Proof. Note that the sum on the right hand side is well defined by (1) and (2)
of Lemma 3.16. Now consider the restriction of ® (v, w, h, 5); to th\[D*. By
definition, this is the sum

Z q)(yiilvv yl'ilwv h7 S)l";,j ’

iel
where y; € H, (Q) satisfies y;hjk; = h;h for some k; € K and h; € Hy (Ay), with
{h} | i € I} a complete set of representatives of the double coset

(Hy)+(@\Hy (A ) N Hy (@ Kh ™ /Ky .

Assume first that n > 2. By [Kudla 1997, Lemma 5.7(i)], this double coset is in
bijection with the set of I'y;-orbits in

S, w, i Kh™") := Hy (@) - (v, w) Nh;i Kh™" - (v, w).

The bijection sends I'; - (v;, w;), where (v;, w;) =y;- (v, w) = hjkih_l (v, w) with
y; € H, (Q) and k € K, to the double coset (HU)+(@)yflhjk,-h*1KU7h. Substitut-
ing the definition of ® (v, w, A, s)rhj, we see that the restriction of %tb(v, w, h, $)g
to I'y;\D™ is given by

Z o, w,z,s).
', w)eSw,w,hjKh™1)
This sum can be rewritten as
Z Z o@, W, z,s)
keh='Ky yh\K /K’ (v, w)eS(,w,h; K'(hk)=")

and the claim follows directly from this. The proof for n = 2 proceeds similarly by
using [Kudla 1997, Lemma 5.7(ii)]. O

Analogous statements to those in Lemma 3.16 and Lemma 3.17 hold for the
currents [® (v, w, h, 5)g ] and [® (v, w, h)].
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3G. Weighted currents. Following Kudla’s [1997] definition of weighted cycles

we introduce currents in 2'1(X) = lim 2"!(Xy) as finite sums of the currents

[®(v, w, h, 5), | above weighted by the values of a Schwartz function .7 (V (A f)z)_
Given a totally positive definite symmetric matrix 7 € Sym, (F), let

Qr(As) ={(v,w) e VIA;)? | T(v, w) =T}, (3-47)

where T (v, w) is defined in (3-22). Assume that Q7 (A ) # &. Then there exists
(vo, wo) € QLr(Ap) NV (F )? by the Hasse principle for quadratic forms. Moreover,
the action of H(Ay) on Q7(Ay) is transitive by Witt’s theorem. Let K be a
compact open subgroup of H (A ). The orbits of K on Q7 (A ) are open, and so if
p e S (VA f)z) is invariant under K, we have

k
Supp(¢) NQr(As) = [ [ K& - (vo, wo) (3-48)

i=1
for some elements &y, ..., & € H(Ay).
Definition 3.18. Let T € Sym,(F) be a totally positive definite matrix and let

NS Y(V(Af)z) be fixed by K. With (vg, wp) and &; as above and Re(s) > 0,

define
k

(T, 0, $)g = Y _¢(& "+ (v0, wo)) - D (vo, wo, &, 5)g.

i=1
We denote by [®(T, ¢, )i ] the corresponding current in @1'1(XK).

Note that ® (7', ¢, s), is independent of the choice of {&i, ..., &} by (1) and
(2) of Lemma 3.16. The behavior of ®(T, ¢, s5), under pullbacks coming from
compact subgroups K’ C K is simpler than that of the forms ® (v, w, &, s); defined
above. The next proposition proves this and an equivariance property for the action
of H(Ay).

Proposition 3.19. (1) Let K' C K be an open compact subgroup of H (A r) and
consider the natural map pr: X g — Xy. Then

pri(®(T, ¢, s)g) = (T, ¢, )k
(2) Forany h € H(Ay), we have
(T, (M@, $pxnt = D(T, @, $)g -h ™",
where w(h)g is the Schwartz function given by w(h)¢ (v, w) =@(h~ v, h~w).

Proof. To prove (1), let (vg, wp) € QL7 (F) and denote by Hy the pointwise stabilizer
in H of the plane spanned by vy and wy. Note that the map h h=1 - (vo, wo)
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induces a bijection Hy (Ap)\H(Ar) = Q7(Ay). Now we use Lemma 3.17 and
obtain

pr(®(T, ¢, $)k)

= > o (h)@(vo, wo) pr* (P (vo, wo. h, $))
heHy (Ap\H(Af)/K
= > Yo oMo, wo)® . w, hk, 5)k
heHy (Ap)\HAs)/K keh='Kynh\K/K'
= > o (h)@ (v, wo) D (v, wo, h, ) g1 = D(T, @, 5) k.
heHy(Ap)\H(Af)/K'
Part (2) follows directly from part (4) of Lemma 3.16. [l

We can also define a weighted version of the currents [® (v, w, k)] in (3-43).
Namely, for T € Sym, (F)s0 and ¢ € ./ (V (A f)z) fixed by K as above and &; as
in (3-48), let

k
(DT, o)1= @& ™" (vo, wo)) - [P (vo, wo, &)l € 2" (Xg).  (3-49)
i=1

See Section 4B4 for an example. It follows from (1) in Proposition 3.19 that the
currents [® (T, ¢, s) ] and [® (T, )i ] are compatible under inclusions K "CK
and hence one can define

[®(T, 0, )= (D(T, 0, ) Dx € 2" (X) =lim 2" (Xy),
K (3-50)
[D(T, 9)] = ((T, p)x g € 7" (X).

Moreover, the space & L1(X) carries a natural left action of H (A r) induced by the
maps r(h)~1: Xyx — Xjgp-1; we denote the action of h € H(Af) on @ € 2V1(X)
by @ -r(h)~!. Then, for any h € H(A ), we have
[D(T, (g, )] =[D(T. 9. 9)]-r()~",
[D(T, ()] =[D(T, )] - r(h)~".

That is, the assignments 7 ® ¢ — [®(T, ¢, s)] and T ® ¢ — [ (T, ¢)] induce
H (A y)-equivariant linear maps

(3-51)

CISym,(F)-0] ® #(V(Ap)?) — 2"1(X). (3-52)

3H. A regularized theta lift. From now on and to avoid dealing with metaplectic
groups, we will assume that V has even dimension over F. Our next goal is to show
that, for Re(s) > 0, the form ®(7, ¢, s) can be obtained as a regularized theta
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lift. More precisely, below we introduce a function .#7 (g, s) defined on a certain
subgroup of Sp,(Ar) and a theta function 6(g; ¢) that takes values in < LI(x).
We then define a regularized theta lift (#7(s), 8(-; ¢))™8. The main result of this
section (Proposition 3.21) shows that the regularized theta lift converges on an
open dense subset of X and moreover agrees with ® (7T, ¢, s) there. The next two
subsections define the functions just mentioned.

3H1. Schwartz forms. For z € D, note that the map v — Q(v,1) — Q(v;) defines
a positive definite quadratic form on V. We write

(pO(v’ 7) = e 2 (Qv,1)=0(vy)) (3-53)

for the Gaussian associated with z. Note that ¢°(v, z) lies in .(V}) @ € (D)
and that it is fixed by H(R), i.e., ¢°(hx, hz) = ¢°(x, z) for every h € H(R). Now
define

0"l (v, w, ) e [Z(VH @M (D) (3-54)

by
" (v, w, 2) = 3(p"(w, 2)3¢° (v, 2))
=3¢ (w, 2) A 0¢°(v, 2) + ©°(w, 2)89¢° (v, 2). (3-55)

For a quadratic vector space (W, Q) with positive definite quadratic form, let
(pﬂ(v, w) € . (W?) be the standard Gaussian defined by

@0 (v, ) = e =27 QW+OW), (3-56)

For v € V(R), denote by v;, i =1, ..., d the image of v under the natural map
V(R) = V ®F,, R. Define

ol e VR @ (D) (3-57)

by
okl w, ) =" (v, w1, ) @l (W2, W) @ @) (4, wa).  (3-58)

Denote by w = wy, the Weil representation of Sp,(Ar) on .7 (V (A)?) with respect
to our fixed character i (see, e.g., [Kudla and Rallis 1988] for explicit formulas).
For g = (g7, &) € Sp4(Ar), h € H(Ay) and ¢ € Y(V(A_f)z) fixed by an open
compact subgroup K of H(Ay), the theta function

0@ e= Y, oE@)evw) og)ek v, w) (3-59)
(v,w)eV (F)?

defines a (1,1)-form on X .
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3H2. Regularized lifts. Let k = "£2. For a € R-, define

(4rra)<—! —2ray
W, (y) = oD Y2y 5, (3-60)
Note that
> 2 —2way 4Y
| wayree S (3-61)
0
Consider the following subgroups of Sp, :
I, X /
Ny =qn=nx)= (7 ‘ X ='X e Symy(k) }, (3-62)
y
Aky=la=mat,v=| ' - yorek b, (3-63)
1

Let dn be the unique Haar measure on N (A) such that Vol(N (F)\N(A), dn) = 1.
Denote by A(R)? the connected component of the identity in A(R). Let da be the
measure on A(R)° defined by

/ fla)da
A(R)?
dy] dty dyddld
=f / FmG 20 om) P P S S S (364
R-0)¢ J (R-0) woh Ya 1

where dy;, dt; denote the Lebesgue measure.
For a matrix T € Sym,(F), define a character Y7 : N(F)\N(A) — C* by
Yr(n(X)) =¥ (tr(T X)). For such a symmetric matrix 7= (¢ %) andi =1, ...,d,

we write
_(ai bi
UI(T) - (bl Ci) L)
cb

where a; = 0;(a), bi = 0;(b) and ¢; = 0i(c). We also write T* = (§2).

Definition 3.20. For T = ( A IC’) € Sym, (F) totally positive definite, the function
Mr(na, s): N(F)\NA) x AR)? — C
is defined by
My (nm (Y2, 12), 5) = Qucgin ) VT (1) Moy (1) (91, ) Moy 1y (11, )
d
_k
< it)' T2 [ Wa, G We, (1), (3-65)

i=2
where k4 =2 and k, = 1 forn > 5.
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Given a measurable function f : Sp,(Afr) — C that satisfies f(ng) = f(g) for
all n € N(F), define

(AT (s), [)E= f Mr(na,s) f(na)dnda, (3-66)
AR JN(F)\N(A)

provided that the integral converges.

Proposition 3.21. Let T € Sym,(F) be a positive definite symmetric matrix, ¢ be
a Schwartz form in . (V (A f)z) fixed by an open compact subgroup K C H(Ay)
and 0(g; ¢)x be the theta function defined in (3-59). Then there is a dense open set
U C Xy with complement of measure zero such that for Re(s) >> 0, the regularized
theta lift

(A1 (5), 005 )™
converges and equals ®(T, ¢, ) on U.

Proof. The sum defining 6 (na; ) and the inner integral in (.#7 (s), 6 (-, h; @), )™
unfold to

Mt (a,s) Z o(v, w)a)(a)gocl,é1 (v, w, z)da.
(v,w)er (F)

Let
U=D- U (D, UDy),

(v,w)eQ2r (F)NSupp(¢)

so that U is an open dense subset of D whose complement has measure zero.
By Fubini’s theorem and Lemma 3.22 below, the sum and the integral can be
interchanged whenever z € U; thus the above equals

Z (v, w)/ Mt (a, s)a)(a)qofx’)l (v, w, z)da.
(v, w)eQr (F) AR

The integral can be computed using equations (3-23) and (3-61). We obtain
My (a, )o@l (v, w,2)da =20, w,z,5).
A(R)0

Assume first that n > 2. Then H,(Q) acts transitively on Q7 (F), by [Kudla
1997, Lemma 5.5]; fixing (vo, wo) € Q27 (F) we see that for z € U, the integral

(AT (5),0(-; @) ) equals

I(UOv wo, SDaS) = Z (p(U,U))'(U(U,U), sz)‘
(v,w)eH4+(Q)-(vo,wo)
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With hj, j =1,...,r asin (2-8), we have
I(UO’ wo, (va)h"hj\[[l)* = Z a)(hj)ga(v,w)-a)(v,w, Z’S)'

(v,w)eH(@)-(vo,wo)

Let&,i=1,...,k be as in (3-48) and define
Sj.i (o, wo) = H (@) - (vo, wo) N K& - (vo, wo).

Note that w (k)¢ (v, w) = (,0(.;&1-_l - (vo, wo)) for every (v, w) € S;; (v, wo) and

k

H (@) - (vo, wo) N Supp(e(h)¢) = | [ 8. (vo, wo).
i=1
Hence

k
I (o, wo @, )l \p+ = D 9(E o wo) D o w,zs).

i=1 (v,w)€eS;, i (vo, wo)

Note that the set S; ; (vo, wo) is stable under Ip, = Hy @n hJ-Khj_l, so that we
can write

Z w(,w,z,s)= Z Z a)(y_lv,y_lw,z,s)

(v,w)€S;,i (vo,wo) (W, w)eln\Sj,i (vo,wo) ¥ €T )v,w\ln;

= Z CD(U,w, Z’ S)th-

(W, w)eTr\S;.i (vo,wo)

By [Kudla 1997, Lemma 5.7(1)], the set of orbits I';\S; ; (vo, wo) is in bijection
with the double coset (where we write Hy for Hy; )

(Hy)+ (@\Hy(Ap) N Ho(QhiKE " /Ky g,

Moreover, the bijection is as follows: Suppose (v, w) € S; ; (v, wo) is of the form
y - (vg, wWp) = hjké_l - (vg, wp). Then Lp, - (v, w) corresponds to the double coset
(HU)+(®)V_lhjk$_] Ky g . Thus, by definition of ® (v, w, h, s); we have

> P (v, w, 2, 5)r = (o, wo, & S I, \p+»

(v, w)eln;\Sj.i (vo, wo)

and hence
k
_ § : —1
I(U07 wo, (0, s)l]"h/\[])+ - §0(§, : (U07 wO)) : q)(U07 wo, siv S)K|th\|D+
' i=1

for every j, as was to be shown.
Now assume that n =2. By [Kudla 1997, Lemma 5.5], the group H, (Q) acts with
two orbits on Q7 (F'), and we have Q7 (F) = H, (Q) - (vg, wo) LI H (@) (vo, wo)



628 Luis E. Garcia

for any yy € H(Q) that fixes the plane Uy spanned by (vg, wg) but reverses its
orientation given by the ordered basis {vg, wo}. Thus, for z € U, the integral
(AT (5), 0(-; @)k )™ equals

I(U(), wo, @, S) + I(VO : (UO’ w0)7 @, S)'

Define
S; i (vo, wo, 0) = Hy (@) yp - (vo, wo) Nh; K& - (vo, w).

Then S; ; (vo, wo, yo) is stable under L, and one shows as above that
I (yo - (vo, wo), @, s)|[‘hj\[|j)+
k
=Y 9" (v, wo)) > ® (v, w, 2, $)ry, -
i=1 (w,w)elp\S;.i (vo,wo, )

Note that we can choose yy so that yp - vg = vg and yg - wg = —wp. Since
w(,w,z,s) =w(,—w,zs), we conclude from [Kudla 1997, Lemma 5.7(ii)]
that

@ (vo, wo, &, S)K|Fh/.\ID+

= Z D, w, z, S)Fh, + Z S, w, z, s)rhj,
(v, w)eTp\S;.i (vo, wo) (v,w)elp\S;.i (vo,wo, ¥0)
and the claim follows from this. O

The next lemma completes the proof of Proposition 3.21.
Lemma 3.22. Let T € Sym, (F) be totally positive definite, ¢ be a Schwartz form
in & (V(Ar)?) and let
U=D- U (D, UD,,).
(v, w)eQr (F)NSupp(p)
Then, for Re(s) > 0, the sum
Yo e, w)l / (@) lo@ey! v, w2l da - (3-67)
AR)

(v,w)eQT (F)

converges for every z € U.

Proof. Let (v, w) € Qr(F). It is enough to show that, for Re(s) > 0 and any
' € H(R), the sum

/ ir(a,9)]- o @l &,y w, 2l da
yel,,\r v AR
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converges for z € DT — (I'-D; UT - DY), since (3-67) is a finite linear combination
of sums of this form. Note that if w(v, z) is any of the forms 3¢°(v, 2), 9¢°(v, 2)
or 88(,00(1), z), then we can write

lo@, =Y I1Pi@, - ¢°, 2),

where the sum over i is finite and the functions P; (v, z) are polynomial functions of
v for fixed z satisfying || P; (hv, hz)| = || P; (v, 2)|| for every h € H(R). In particular,
there exists a positive constant C and a natural number & (in fact, k =2 will do) such
that || P; (v, z)|| < CQ(v,1)* for every z € D and every v of fixed positive norm
Q(v) =m > 0. Now choose € > 0 such that |Q(y ~'v),;| > € and |Q(y " 'w),| > €
for all y € I'. Then there exists a constant C, > 0 such that

/ |1 (a, )| - |lo@el (v v,y w, 2)ll da
A(R)O . . 510 4y
< CG‘Q()/_ v)zL . Q()/_ w)zi‘ 2 )

and the claim follows as in the proof of Proposition 3.6. O

Theorem 1.1 now follows from Proposition 3.12 and Proposition 3.21.

31. Higher Chow groups and regulators. We next focus on the relationship be-
tween the currents ® (7, ¢) introduced above and the currents in the image of the
regulator map

1, CH* (X, 1) = 2" (Xp). (3-68)

Let us first recall the definitions of the higher Chow group CH?(X,, 1) and of the
above map.

Let Y be an irreducible algebraic variety defined over a field k. The group
CH?(Y, 1) is defined as a quotient

CH2(Y, 1) = Z%(Y, 1)/B*(Y, 1). (3-69)
An element ¢ € Z2(Y, 1) is a finite linear combination

c=>a (m:Zi—>Y. f) (3-70)

where Z; is a normal variety over k of dimension dim(Y) — 1, x; is a generically
finite proper map, f; is a meromorphic function on Z;, and a; € Q; it is also required
that

Y @i (w)a(div i) =0 (3-71)

as a cycle of codimension 2 in Y. For a description of B>(Y, 1), see [Voisin 2002].
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Suppose that k € C. Define a map
r, : CH*(Y, 1) — 2" (Yp)
Zai (i Zi =Y, fi) —> 2mi Zai () (Log | £, (3-72)

where (;)(log | fi|) € 2" (Y¢) is the current defined by

(im0t 1 £i).0) = [ (@) -tog £ (3-73)
Zi
fora e .safcz dim(y)_z(Y@). The map r,, is known as a regulator map; it is linear and

its image defines a rational vector subspace of 2'!(Y¢). Note also that for any
ce CH2(Y , 1), the current r,,(c) is dd“-closed: this follows from the identity of
currents

dd® (). (log | £i1*) = Saiv 1 (3-74)

and condition (3-71).
Note that the currents [® (T, ¢)] in (3-50) are not dd°-closed. In fact, for the
currents [® (v, w)r] in (3-31), we have

dd’[® (v, w)r] = 8Z(v,w)r +dd°G(v, w)r - 8X(v)r- (3-75)

Here dd“G (v, w)r extends to a smooth 2-form defined on X (v)r, and the current
dd°G (v, w)r - 8x ). € 2" (Xr) is defined by

(dd°G(v, w)r - Sx (), @) = f dd°G(v, w)r ANa,
X (v)r
for o € &7~ 1(Xr).

Since (T, ¢) is not dd-closed, it is not in the image of the regulator map
defined above. It is natural to ask for necessary and sufficient conditions for a
finite linear combination ZT’W a(T, )[®(T, ¢)] with a(T, ¢) € Q to belong to the
image of the regulator. The next proposition proves a weak result in this direction
when n > 4. It turns out that in this case being dd¢-closed is also sufficient.

Proposition 3.23. Assume that n > 4. Let ¢ = 3 7 ,a(T, 9)[®(T, p)¢] €
QI’I(XK), where the sum is finite and a(T, ¢) € Q. Then dd°Px = 0 if and
only if ®x =r,(c) for some c € CH?(X,, D).

Proof. Above we showed that r,,(c) is dd‘-closed for any c € CH?(X,, 1). Now
let &g = ZTW a(T, )[®(T, ¢)i] as in the statement and assume that dd‘Pg = 0.
We compute

0=dd®x =Y a(T. ) $z.4), + ¥ (T, 0)). (3-76)
T,p
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where W(T, @), € 7 Llx ) 18 a current whose support is a finite union of special
divisors on X . More precisely, we have

(T, )k = decGi “OX (v, hi)g >
i
where the sum is finite and G; is a finite linear combination of Green functions
of the form (3-6) on X (v;, h;); with logarithmic singularities on special divisors.
Since the currents W (T, ), and 8z(r,¢), are supported in different codimensions,
it follows from (3-76) that

> a(T, ) 8z2(r.p), =0, (3-77)
T,
> a(T. @) - W(T. g)x =0. (3-78)
T.p

(To see this, pick a basis of open neighborhoods (U;)j>1 of UT’(p Z(T, ¢)x and
compactly supported smooth functions ¢; : U; — [0, 1] such that ¢ ;| z(r,¢), = 1. For
o E 424,”_2’"_2(X x)» evaluate (3-76) on the sequence (¢ ;) ;> and apply dominated
convergence on each X (v;, h;)g.) Write

Y a(T, @I(T, )] =Y Gidxwi
T,p i

where the sum over i is finite and G; is a Green function on X (v;, h;),. Now
Equation (3-78) implies that the summand corresponding to a connected spe-
cial divisor X (v)r in this sum is of the form G(v, I')dx ()., where G(v, I') is
a Green function on X (v)r that satisfies dd°G (v, I') = 0. Since n > 4, we have
H'(X (v)r, C) =0 (see [Vogan and Zuckerman 1984, Theorem 8.1]) and it follows
that G(v, I') =a(v, I') log | f, 1| for some meromorphic function f,, r € k(X (v)r)*
and some a(v,I") € Q. Thus, denoting by m, r the map X (v)r — X, we
find that &g = Zu,r a(,T') - (myr)«(log|fy.rl), where the sum is finite. Con-
sider now the formal sum »_a(v, ') - (7wy.r, fu.r). By Equation (3-77), we have
Zv,F a(v, I')-(my r)«(div f,,r) =0 and hence it defines an element ¢ € CHZ(X , D)
satistying r,,(c) = Pk . U

3J. Evaluating currents on differential forms. Let a € /"'~ (X x) be a com-
pactly supported form. Since Proposition 3.21 shows that the forms ® (7', ¢, 5),
are theta lifts, one can try to evaluate

(T, ¢, 5 (@) = / ST, ¢, 5) A e

Xk

by interchanging the integrals. However, this interchange is not justified since the
resulting integrals are not absolutely convergent. In this section, we will introduce
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certain currents [&D(T, @, s)] closely related to the [®(T, ¢, s)]. These currents
will be meromorphic in s € C (modulo Im(d) + Im(d) as before) and we will
show that their constant term at s = s, is a certain QQ-linear combination of the
[®(T, ¢)]. Moreover, following ideas in [Bruinier and Funke 2004], we will give
an expression of these currents as regularized theta lifts that allows us to evaluate
them by interchanging the integrals (see Proposition 3.27).

For a pair of vectors (v, w) € V (F)? spanning a totally positive definite plane,
consider the (1,1)-form

o, w,z,5)=¢ W, w,z,5)0¢(w, v, Z, 5) (3-79)

in o711 (D —(D,UD,)). The form &(v, w, z, s) is related to the form w (v, w, z, s)
as follows:

o, w,z,s)+ww,v,z,s)
=3¢ (w,v,2,5) Adp(v, w, z,5) +p(w, v, 2,504 (v, W, 2, 5)
+3p (v, w, 2, 5) Adp(w, v, z,5) + P (v, w, 2, 5)39p (W, v, 7, §)

=w(,w,z,5)—o(w,v,z,5). (3-80)
For I' C H{(R), define a (1,1)-form on X by

&D(v, w, zZ,8)r = Z cb(yflv, yflw, zZ,5). (3-81)
yelyu\I

The proofs of Propositions 3.6 and 3.9 apply to this sum and show that it con-
verges normally on X — (X (v)r U X (w)r) and defines a locally integrable (1,1)-
form on Xr. We define forms ® (v, w, h, )k and O(T, o, )k as in Section 3F
and Section 3G by replacing w (v, w, z, s) with @ (v, w, z, s) throughout. As be-
fore, denote by [®(T, ¢, 5), ] the current in 2"!(X) corresponding to the form
(T, @, 8)g . The proof of Proposition 3.19 shows that the currents [D(T, ®, )kl
for varying K form a compatible system under the maps induced by inclusions
K’ C K, so that we obtain a current [® (T, 0, )] e 2" (X)= lim @“(XK).

Let us now describe the relation of the currents [CTJ(T, @, 5)] with the currents
[®(T, ¢)]. For T = (4 %) € Sym,(F)~0 and ¢ € .7 (V (Ay)?), define

,_[c b . _ i
T = <b a)’ o' (v, w) =¢(w, v). (3-82)

Then it follows from Proposition 3.12 and Equation (3-80) that the image of the
current [ (T, @, s)] — [D(T", ¢, 5)] in 2V1(X) admits meromorphic continuation
to s € C and that its constant term at s = 5, = (n — 1)/2 is given by

CT—s [D(T, ¢, )] = [D(T", ¢, )] = [®(T, )] — [®(T", "], (3-83)
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where = denotes equality of currents modulo 9+ 9. See Section 4B5 for an example
of a current of this form.

Remark 3.24. From the point of view of regulator maps r,  : CH?(X,,1) —
V(X ) the currents on the right hand side of Equation (3-83) are quite natural
objects. Namely, let [®] € 2"!(Xr) be any current of the form [®] = r,,(c) with
c=>_ni(Ci, fi) € CH?(Xr, 1) (see Section 3I for definitions) such that the C; are
special divisors and the f; € k(C;)* ® Q are (pushforwards of) the meromorphic
functions constructed by Bruinier [2012, Theorem 6.8]. Then condition (3-71)
implies that [®] is a linear combination with Q-coefficients of currents [® (v, w)r]—
[®(w, v)r] for some pairs (v, w) € V(F)?. The current [® (T, ¢)] — [®(T", ¢")]
is just a finite sum of such currents, weighted by the values of ¢.

Our next goal is to obtain an expression of ®(7T, ¢, s)x as a regularized theta
lift with good convergence properties. To do so, we will use a relation between
BE_J(pO(v, z) and @g,, (v, z) established by Bruinier and Funke.

Denote by

oy € LS V) @ (D) H® (3-84)

the . (V)-valued, closed (1,1)-form constructed by Kudla and Millson [1986]. We
have

om0, 2) = P(v, 2)9° (v, 2), (3-85)

where P (v, z) € [¢%°(V)) @ &1 (D)1 ® is, for fixed z, a polynomial in v of
degree 2 (see [Kudla 1997, (7.16)] for an explicit description of P (v, z); our ¢,
is denoted ¢V there).

Let T = x +iy be an element of the upper half plane and let g, = (
SL,(R). Define

P, 7,2 =y " o(g)e’w, ) =y e(Q.)T + 0(v)T),  (3-86)
~DA 0 ()0 (v, 2). (3-87)

12 . —1)2
y Xy
0y )€

oxmy(v, T,2) =Yy

Here w denotes the Weil representation of SL,(R) on .#(V}) and e(x) = 2™ QOur
presentation of [® (T, ¢, 5); | as a regularized theta lift will use the following result.

Proposition 3.25 [Bruinier and Funke 2004, Theorem 4.4]. Let L = —2i Im(7)? %
be the Maass lowering operator. Then

dd“¢" (v, 7,2) = —Logy (v, 7, 2) (3-88)
where d and d° = (47i)~1 (3 — 3) are the usual differential operators on D.

Using this result, we can find a different expression for the form 58(]5(1), w, z,s).
Let L be the lowering operator in Proposition 3.25. For a symmetric positive definite



634 Luis E. Garcia
matrix T = (¢ %) and t =x +iy € H, define
Fir (2, 5) = 4?02 (M (3, )27, (3-89)

One computes

4 detT

Mr(z,s) = C(T, S)y]_k/lek/z,s/z( y

)eZHb Ve —ZJTlax (3_90)

with C(T, 5) = wi C(T, 5) - (s +5,)-
Lemma 3.26. For v, w € Qr (V) and Re(s) > 0, we have

_ oo dy
00¢ (v, w, z,8) = Mz (y, $)oxy (v, y,2) )
0

Proof. Recall the integral expression for ¢ (v, w, z, s) given in (3-23). In terms of
¢°(v, 7, z), we have

00 0 dy
¢(v,w,z,s)= 0 MT(ysS)§0 (U,y,z)?

00 1
- / / M (y, 5)e 0000y ¢ )
0 0

Using (3-88), we obtain

dx dy

dx dy

dd°p (v, w, 2, 5) = / / Mr(y, )e O 44e g0y, 7, 2)

dx dy

= / / M7 (y, s)e” 2”’Q(”)XL¢ (U, T, 2)

—_ / / Mr(y, ) 2O G (v, 7, 2) dr)
0 0

=— lim Mz (y, s)e W 5 (v, T, 2) dT),

N—o0 Ty

where Zy =[0, 1] x [N}, N] C H. Applying Stokes’s Theorem, we find

00 1
dd‘¢ (v, w, z,s) = / / d(Mr(y,s)e e A g (v, T,2)dT
0 0

= lim (M7 (N.$)py (0. N. 2)=Mr(N~" 9)pgy (0. N7\ 2).

Since dd® = —(2i)~'99, we see that to establish the claim it suffices to show that
the second term in the right hand side vanishes. This follows for z ¢ D, from the
asymptotic behavior of M7 (y, s) given by (3-17) and (3-18). U
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We can now express ®(7, ¢, )k as a regularized theta lift. Namely, for T =
(‘g IC’) € Sym, (F) totally positive definite, define a function

Mr(na,s): N(F)\NA) x AR)? — C
by
Mrnm(y'2,112), 5) = 2 o U )Moy () (31, ) Moy (1, )
x oy P ﬁ Wa, 51 We, (1) (3-91)
i=2
We also need to specify a Schwartz form
goo €[S (VR @ 7" (D)]7®
to define the regularized theta lift. Define
¢ (v, w,2) = 9" (v, 2) - gy (w, 2) € S (V) @ 7 (D) (3-92)
and
GooW, w, 2) =" (W1, w1, 2) @ P (V2 W) @+ @ @] (Vg wa),  (3-93)
so that for every g € Sp,(Ar) and ¢ € L (V (A f)z) fixed by K, the theta function
02 9Rddx = Y.  @@)P, W) ®(8oo)Poo(v, w) (3-94)
(v,w)eV (F)?

defines a (1,1)-form on X. Given a measurable function f : Spy;(Ar) — C that
satisfies f(ng) = f(g) for all n € N(F), define

(1 (s), e = / Zr(na, $) f (na) dn da, (3-95)
AR)OJN(F)\N(A)

provided that the integral converges. Then we have the identity
O(T, ¢, $)g = (A1), 0(-: ¢ @ Poc)g)", (3-96)

valid in an open set U C X, whose complement has measure zero. This is proved
in the same way as Proposition 3.21.

Here is the desired result that shows that one can evaluate [CT)(T, @, s)] by
interchanging the order of integration.

Proposition 3.27. Let K C H(Ay) be an open compact subgroup that fixes ¢ and
leta € ,;afc"_l*”_l(XK). Then, for Re(s) > 0, we have

([&)(T,w,s)l(],a):/ / //ZT(na,s)/ 0(na; ¢  Poo)y N dnda.
AR NFINA) X,
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Proof. Performing the integration over N (F)\N (A), we find

([<i><T,<p,s>K],a>=/ Ar@s) Y o w)-0@isw, w, A,
X JAR)Y (v.w)eQr (F)

and we need to prove that this expression is absolutely convergent. Since K has
only finitely many orbits on the support of ¢, it suffices to show that

/ 1@, 5) - 0@ (v, ,2) AN
Iyw\Dt JAR)

is absolutely convergent, for any vectors v, w € Q7 (F) and any compactly supported
form n € &7"~1"=1(I"\D*). This will follow if we can show that

/ / (@, )] - 0@ (v, w, 2 da dpa(2) < 00,
[yw\Dt JAR)O

that is, we need to show that the inner integral in this expression yields an integrable
function on T, ,,\D™. Denote this inner integral by f (v, w, z, s). Note that

oo (v, w, ) =D I Pi(w, )| - 0°(v, 2)°(w, 2),

where the sum over i is finite and, for fixed z, the P;(w, z) are polynomials in w (val-
ued in differential forms). These polynomials satisfy || P;(hw, hz)|| = || Pi(w, 2)||
for all h € H(R) and have degree 2; see [Kudla 1997, (7.16)]. Hence

[Goo (v, w, 2 < C- Q(w,1) - ¢°(v, 2)¢°(w, 2),

for some constant C > 0. Using this estimate, we find that

f@w.29)=0(Q)" T 0w ) i IQL. 1@ > € > 0.
f @ w. 2. 5) = 0(1og(1 QW) 10w, =) as 10w 0.
@ z.5) = 0(log( QW) - 1Qw )~ =) as [Q(w.)| = 0.

Since f (v, w,h'z,s) = f(v,w,z,s) for k' € H (R) = (H,)+(R) N (Hy,)(R) and
the quotient Fv,w\[lj)j,w has finite volume, the claim follows from these estimates
by Lemma 3.8 applied to H'(R)\D*. O

Corollary 3.28. Let K C H(Ay) be an open compact subgroup that fixes ¢ and let
o€ %”_1”1_1(XK) be a closed form. For g € Sp4(AF), write

0(g; ¢, a) zf 0(g; ¢ ® Po) Nt
X

K
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Then

(D(T, )] — [®(T", )], @)
= CTymu1)2[ (A 1(5),0(-; @, )8 — (A 1:(5), (-5 @', @))"®].

Proof. This follows from (3-83) and Proposition 3.27. [l

4. An example: products of Shimura curves

The goal of this section is to illustrate the main constructions and results above
in one of the simplest cases: when the Shimura variety attached to GSpin(V) is a
product of Shimura curves attached to a quaternion algebra B over Q. In this case,
the currents in Section 3 can be described in the more familiar language of Hecke
correspondences and CM points. We give this description in Section 4B.
Throughout this section, we fix an indefinite quaternion algebra B over (); we
assume that B 22 M, (Q). We write S for the set of places where B ramifies and
d(B) for the discriminant of B. Denote by n : B — F' the reduced norm and let V
be B endowed with the quadratic form given by Q(v) = n(v). Then (V, Q) is a
nondegenerate quadratic space over Q with signature (2, 2) and x, = 1.

4A. Quaternion algebras and Shimura curves. The group H = GSpin(V) can in
this case be described more concretely. Namely, consider B* as an algebraic group
over Q defined by

B*(R)=(B®aR)* (4-1)
for any Q-algebra R and let
B* xgL, B* ={(g1, &) € B* x B* | n(g1) =n(g2)}. (4-2)

The group B* x B* acts on V by (g1, g2) - x = glxgz_l. This induces an exact
sequence

1 — G, — B* xgL, B* — SO(V) — 1 4-3)
showing that
SO(V) = Gu\(B™ xqr, B*), GSO(V) =G, \(B* x B) (4-4)

and in fact one has
H = B* xqg, B”. 4-5)

The theory in Section 2 applies to this case. If we denote by H the Poincaré upper
half plane, we have

Dt =HxH. (4-6)
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Fix once and for all an isomorphism ¢ : B ®g AS = M,(AS). For p € S, denote by
O, the maximal order of B ®g Q,. Let

Op=1" (M2<l_[ Z,,)) <[] 0sp Kp=06j. 4-7)

PES peS

Then & is a maximal order of B ®¢g A ¢ and K is a maximal compact subgroup
of B (A f) X,
Define the (full level) Shimura curve attached to B to be

Xp x = B*(@\(H* x B*(Ay))/K. (4-8)

Then Xj i is the set of complex points of a complete curve Ck defined over Q.
Let K = (K x Kz) N H(Ay) and define the (full level) Shimura variety

Xg = H@\(D x HA)/K. (4-9)

Thus Xy & is the set of complex points of the surface Cx x Ck. By (2-8), the
surface Xp ; 1s connected.

Given v € V of positive norm and denoting by W C V its orthogonal complement,
we have

H, = GSpin(W) = B* (4-10)

as algebraic groups over Q. The special divisors Z(v, h), are hence given by
embedded Shimura curves in Xj.

4B. Examples of (1,1)-currents. Let us give some explicit examples of the cur-
rents introduced in Section 3 in the case when X is a product of Shimura curves, in
the more classical language of Hecke correspondences and CM points. Assume that
F = Q for simplicity and denote by d(B) = p; - - - pa, the discriminant of B. Let
Op and Ky = O be as in (4-7) and let K = (K x Kz)NH (Af). Then &5 = BN O
is a maximal order in B. Denote by & 11; C O be the subgroup of units of reduced
norm 1. The group ﬁ’}g acts on H through the embedding ¢ : ﬁ}g — SL,(R) and
we conclude that

Xpx =0p\H=:X§ (4-11)
is the full level Shimura curve X§ and that X, = X& x XJ.

4B1. Special divisors. Consider the vector vy =1 € B =V of norm 1. Then the
inclusion H,, C H corresponds to the diagonal embedding A : B* — B* xgr, B*
and hence the map ivl,l’K : X(v1)g — Xy defined in (2-15) is just the diagonal

A:x§— xE x x§. (4-12)
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More generally, suppose v € ¢p has reduced norm d and consider the map
Iyl K" X (v)y — Xi. If d equals a prime p {d(B) then the intersection H,(Q) N K
is an Eichler order &5 (p) of level p in B and the map iy 1, x : X (v)y — Xy equals
the map

xXB(p) — x§ x x§ (4-13)

whose image is the Hecke correspondence 7(p). Similarly, if d is a divisor of d(B),
we obtain the graph of the Atkin—Lehner involution w,.

4B2. Currents for connected cycles: G(v, w)r and [® (v, w)r]. Consider now
v, w € B spanning a positive definite plane. To simplify matters, let us assume
that v = 1 and that w € O is such that R := Z[w] is the full ring of integers of an
imaginary quadratic field L = R ®z Q; such an R is then automatically optimally
embedded in O (recall that an embedding j : R < O’ is said to be optimal if
J(L)NOp = j(R)). The diagram (1-3) in this case becomes

A
{tpvl(w)} H Hx H
l lpr lprxpr
A
{Pu :=pr(zp, , w)} Xy Xg x Xg

and P, € X 5 is a point with CM by R (for one of the two CM-types of R). The
function G(v, w)r € CKO"(X(I)3 — {Py}) defined by (3-9) is a Green function for
the divisor [Py ] € DiV(X(lf ); we denote this function by Gp,; and the associated
current in @O’O(X(’f) by [Gp,1]- The current [® (v, w)r] in (3-33) is given by

[P (v, w)r]=27i - A([Grp, 1D, (4-14)

so that for & € /11 (XB x XB) we have

[q>(v,w)p](a):2m/ Gip,)- A (a). (4-15)
XB

0
4B3. The current [® (v, w, 1) ]. Our next goal is to write down an explicit example
of the current [® (v, w, 1), ] in (3-43). We have

H, ., = GSpin(Q(v, w)) = L* (4-16)

as an algebraic group over Q. The embeddings H, ,, — H, — H correspond to
embeddings of algebraic groups

L* —s B* % B* xq, B, (4-17)

defined over Q, where the second embedding is just the diagonal. Note that
Hy »(R) = (K ®g R)* = C* with spinor norm the usual norm on C. In particular,
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every element of this group has positive spinor norm and hence (H, )+ (R) =
H, ,(R) and (H, 4)+(Q) = H, ,,(Q) = L*. Moreover, since R — ¢ is optimal,
we have

(Hyw)+ (@\Hy 0 (Ap) /Ky = LX\AJ /07 =Pic(0L). (4-18)

Let {h;|i=1,...,s} be a set of representatives for this double coset and write
h; = y;k; with y; € H{(Q) and k; € K. Note that we can find y; € (H,)+(Q) and
ki € K N H,(Ay). With such choices, we have

G vy wirl =) (@@, v wirl. (4-19)

The sum ), [yl._1 - P, ] defines a divisor on Xg of degree h(0r). In fact, by
Shimura’s description of the Galois action, this divisor coincides with the orbit
under Gal(H /L) of P, € Xg (H), with H the Hilbert class field of L. Hence we
can write

> Iy Pl =tuyLlPy). (4-20)

(Here ty,; stands for taking the trace from H to L). Since in this case n = 2,
the current [® (v, w, 1), ] involves an additional sum. Namely, we need to choose
o € H(Q) such that yy - ID$ = Dy; we can find such an element satisfying
additionally that yp - v = v and yp - w = —w. Now we have to find k;, € K and
Yio € H+(Q) such that yoh; = yj,k;,. With our choice of K this is easy to do
explicitly: let € € & be a unit of norm —1; such an element always exists by
[Vignéras 1980, Corollary 5.9]. Then (¢, €) € H(Q) N K. If h} = y;k; as above,
then we can choose y;, = Yoy - (€, €)~!and ki, = (€, €)k;. Then we have yigl =0
and yigl -w=—(€,€)- y;l -w and hence

Y IR vy ' wirl =) (@, (6, )y wirl, (4-21)

since [® (v, w)r] =[P (v, —w)r]. By Shimura’s reciprocity law [Ogg 1983, Equa-
tion (5)], if P,y is the point of Xg corresponding to D, C I = H¥, then its complex
conjugate Py corresponds to D ¢).r. It follows that

Sy Pl + Y1y Pul = thjal P (4-22)

and hence

[P(v, w, Dl =271 - As([G iy qrpa1)), (4-23)

with Gy, o(p,] @ Green function for the divisor o[ Py] on X{.
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4B4. The current [®(T, ¢);]. Consider now an order R = Z[«] in an imaginary
quadratic field L C C and let x> —¢x +n be the minimal polynomial of o. We assume
that L admits an embedding into B and (for simplicity) that (d(L), d(B)) =1 and
that R = & is the ring of integers of L. Define

1 z/z)
T = ,
<t/2 n (4-24)

_ .. . D
¢o7 = characteristic function of €,

and let us describe the current [P (T, P2 )] in (3-49). To do so, we need to describe
the set of K-cosets of Supp((p@% )N Qr(Ar). We have

K\[Supp(p,2) N Qr(Ap)] = (0 X 5. O5)\Qr(63)
= ]‘[(ﬁ;’v X zx O I\Qr(OF ). (4-25)

vfoo

Note that the assignment j — j(«) induces a bijection between the (optimal)
embeddings j : R — O'p and the set of elements w € Op with ¢ (w) =t and n(w) =n,
and this statement holds true locally too. It follows that the map (1, w) — w induces
a one-to-one correspondence

(ﬁg’v Xz ﬁ;)v)\QT(ﬁév) «~—{j:R— 0B, optimal}/ﬁg’v, (4-26)

where the equivalence in the right-hand side is with respect to conjugation by & 1>3<,v‘
The set on the right-hand side has cardinality 1 if B, = M,(Q,) and 2 if B, is
division; moreover, in the latter case the local Atkin—Lehner involution permutes
the two elements (see [Vignéras 1980, Theorems I1.3.1, I1.3.2]). Hence the set

K\[Supp(p,2) N €27 (Ay)] (4-27)

is a torsor under the Atkin—Lehner group Wp. Since the set CM(&,) of points in
Xg with CM by & is a torsor under Pic(&) x Wpg, we conclude that

1 t/2 . B A B B
|:<D(<t/2 n ) ,<Pﬁ§>K:| =2mi-(Xg = X x Xg)«([Gy, giemopn])  (4-28)
is the pushforward along the diagonal of a Green current [GtL/@[CM(ﬁL)]] for the
divisor 10 [CM(0)].

Note that by choosing ¢ € .7 (V (A f)z) to have support in a single K -orbit of
(4-27), we recover all the currents of the form (4-23).

4BS. The current [O(T, @) ] — [®(T*, ¢');]. Recall that we have defined an in-
volution ¢ on the set of pairs (7', ¢), given by (3-82). Our next goal is to give an
example of the action of «.
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Let p be a prime, p =1 (mod 4) and not dividing d(B), and define

()
p (4-29)

@2 = characteristic function of 0’129.
B

The previous computation of [D (T, Po2 )] shows that this current is supported on
the diagonal A, and more precisely that

1 . A
[(D(( p) ,900%)[(] =2mi- (X 5 x8 x Xg)*([GtL/@[CM<Z[¢?p])]])-

Note that ¢z = ¢,;2 and that T* = (7). In particular, the current [® (T, Pe2)] is
different from [® (T, ¢ o )], as the former is supported on the Hecke correspondence
T(p). More precisely, the same argument as above, with trivial modifications, shows
that

[cb((p 1) , %é)K] =2mi - (X5 (p) = X§ x X0)+([Gy, iemary =)

where here [CM(Z[./— p])] denotes the divisor consisting of all points in X g (p)
with CM by Z[./— p] (for some CM type of Z[/—p]).
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Multiple period integrals and cohomology

Roelof W. Bruggeman and Youngju Choie

We give a version of the Eichler-Shimura isomorphism with a nonabelian H'
in group cohomology. Manin has given a map from vectors of cusp forms to a
noncommutative cohomology set by means of iterated integrals. We show that
Manin’s map is injective but far from surjective. By extending Manin’s map we
are able to construct a bijective map and remarkably this establishes the existence
of a nonabelian version of the Eichler—Shimura map.

1. Introduction

In the theory of modular forms the Eichler—Shimura isomorphism has played an
important role, with many applications. For instance, it gives integrality of eigenval-
ues for Hecke operators and algebraicity of the critical values of the L-functions of
modular forms, which, for example, enables the construction of p-adic L-functions
and gives a connection to Iwasawa theory as well as the computational aspects of
modular form theory. The Eichler—Shimura isomorphism relates spaces of cusp
forms of integral weight to a parabolic cohomology group, namely,

Sk(SLa(2)) @ Sk (SLa(Z)) = Hy, (SLa(Z), Cr 2l X, Y1),

where C;_»[X, Y] is the SL,(Z)-module of homogeneous polynomials of degree
k — 2 in the indeterminates X, Y, and where Sx(SL,(Z)) (resp. Sk (SLy(Z))) is the
space of holomorphic (resp. antiholomorphic) cusp forms of weight k.

The Eichler—Shimura isomorphism was eventually extended in [Knopp 1974]
and [Knopp and Mawi 2010] by establishing a canonical isomorphism between
1-cohomology of cofinite discrete subgroups I" of SL,(R) with appropriate holo-
morphic coefficients and the space of cusp forms with real weight.

Manin [2005] defined a “nonabelian” H! in group cohomology with values in
a nonabelian group, and a map from a product of spaces of cusp forms to this
cohomology set, in analogy to the Eichler—Shimura map. Manin’s construction uses
iterated integrals in the spirit of the multiple zeta values which have proved so useful

Choie is partially supported by NRF-2015049582 and NRF-2013R1A2A2A01068676.
MSC2010: primary 11F67; secondary 11F75.
Keywords: cusp form, iterated integral, noncommutative cohomology.
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in understanding zeta values and mixed Tate motives, for example. Manin’s integrals
give a way to express multiple L-values of modular forms and have been studied
by the second author [Choie 2014] and independently in the thesis of N. Provost
[2014] recently. In [Choie 2014] the period polynomials whose coefficients are
multiple L-values were treated as elements in a nonabelian H! for the first time.

In a recent talk at ICM, Brown [2014] mentioned a connection between the
iterated integrals of Manin and certain mixed motives. He explained how to interpret
motivic multiple zeta values as periods of the pro-unipotent fundamental groupoid
of the projective line minus three points X = P!\ {0, 1, 0o} via iterated integral
of smooth 1-forms on a differentiable manifold discussed by Chen [1977]. Hain
[2015] discussed the relation between Manin’s iterated integrals and the Hodge
theory of modular groups. However, it was not clear yet how to relate Manin’s
iterated integral and Eichler—Shimura theory. Manin’s map from spaces of cusp
forms to cohomology differs in two aspects from the Eichler—Shimura map: the
summand Sy (SL»(Z)) is absent and the map is injective but not surjective.

This paper addresses the second difference by extending Manin’s map to more
complicated combinations of spaces of cusp forms to obtain a variant of the Eichler—
Shimura isomorphism with values in a nonabelian cohomology H'. Our main result
(Theorem 6.7) states that there is an extension of Manin’s map that is bijective
onto a noncommutative cohomology set. It is remarkable that there exists some
nonabelian version of the Eichler—Shimura map.

To obtain our main result we modify Manin’s construction [2005] in several ways
in the spirit of a variant Eichler—Shimura isomorphism established in [Knopp 1974;
Knopp and Mawi 2010]: first replace the finite-dimensional spaces of polynomials
by spaces of functions on the lower half-plane. Secondly, unlike in the classical
Eichler—Shimura isomorphism, antiholomorphic modular forms are not considered.
Thirdly, we allow automorphic forms for cofinite discrete subgroups I' of SL;(R)
with arbitrary real weights and multiplier system. Finally, we collapse the number
of variables in the iterated integrals.

To be more precise consider the iterated integral

Re(fi, ..o, fooy, xiti, ... 1)
7

y
= fitt)(r =)™ L) (s —10)™?

T
fe()(Te — 1) dv - - drpdry,  (1-1)

Ty=xX
where x, y are in the extended complex upper half-plane and each 7;, 1 < j </, is
in the lower half-plane. If the f; are cusp forms of even integral weight w; + 2, the
iterated integral defines a polynomial function in the #;, 1 < j < ¢, whose coefficients
are multiple L-values of f;. The resulting iterated integral is holomorphic in
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(t1, ..., 1) in the product of £ copies of the lower half-plane if the f; are cusp
forms of real weight. As the order ¢ of the iterated integral increases, the relations
between iterated integrals become more and more complicated. However, the
relations between iterated integrals of order £ look simple modulo all products of
iterated integrals of lower order. Manin [2005; 2006] has shown how to give a
neat formulation for all relations among iterated integrals of the type indicated in
(1-1). His approach works with formal series in noncommuting variables and can
be applied to much more general iterated integrals than studied here.

The factors (r; — ;)" in (1-1) occur also in the definition of cocycles attached
to cusp forms. Manin attaches to vectors of cusp forms (fi, ..., f¢) a cocycle in a
noncommutative cohomology set, and thus gives a generalization of the Eichler—
Shimura map. The cohomology has values in a noncommutative subgroup N (A) of
the unit group of the noncommutative ring A of formal power series in noncommut-
ing variables A1, ..., A, with coefficients in spaces of holomorphic functions on the
lower half-plane. The variables A; correspond to spaces of cusp forms Sy, +2(T", v))
with positive real weights w; + 2 and corresponding multiplier systems v;. Then
Manin’s approach leads to a map

14
[T Suy+2(T. vp) — H'(T5 N(A) (1-2)
j=1

from a product of finitely many spaces of cusp forms to a noncommutative coho-
mology set. This (nonlinear) map is far from surjective. In Theorem 6.7 we show
that Manin’s map can be extended, and that all elements of the cohomology set
H'(I'; N(A)) can be related to combinations of cusp forms by means of iterated
integrals. The simplification #; = - - - = ¢#; in the iterated integrals is essential for
our methods to work.

Sections 2 and 3 have a preliminary nature. We review the approach of Knopp
[1974] of associating cocycles to any cusp form of real weight and the definition
of the iterated integrals that we use. Sections 4 and 5 discuss Manin’s approach
of using formal series in noncommuting variables to associate noncommutative
cocycles to vectors of cusp forms. In Section 6 we extend this approach in such
a way that the resulting map from collections of cusp forms to noncommutative
cohomology is bijective.

2. Cusp forms and theorem of Knopp and Mawi

Discrete group. Let I" be a cofinite discrete subgroup of SL,(R) with translations.

Without loss of generality we assume that (_(1) _(1)) e I'. For convenience we

conjugate I' into a position for which oo is among its cusps and such that the

subgroup Iy of I fixing oo is generated by 7 = () |).



648 Roelof W. Bruggeman and Youngju Choie

Notation. For w € R and v a corresponding unitary multiplier system, we denote
by Sy+2(I", v) the space of holomorphic cusp forms of weight w + 2 and multiplier
system v. This is the finite-dimensional space of holomorphic functions f on
the upper half-plane satisfying f(yz) = v(y)(cz + d)**?f(z) for y € I, with
exponential decay upon approach of the cusps. If the weight w + 2 is integral, a
multiplier system is a character.

Functions with at most polynomial growth. By V (v, w), with w € R and v a
corresponding multiplier system, we denote the space of holomorphic functions
on the lower half-plane $H~ with at most polynomial growth at the boundary [P’[}Q
of $~, provided with the action of y = (“%) € T given by

flo,—wy @) =v(y)ct+d)™" f(yD). (2-1)
The condition that f has polynomial growth on $~ can be formulated as
| £ ()] < Cilt|* + Co[Ims|~*  forall t € H~, for some A, Cy, C» >0. (2-2)
The action |, _,, of I' preserves this condition.

Remarks. (a) In [Bruggeman et al. 2014, §1.4] we denoted the representation
V (v, w) of I by D, %, (actually we used r = w + 2 as the main parameter, and

—0o0
wrote D 5~ ).

(b) The polynomial growth condition in (2-2) can be formulated in terms of an
estimate by one function Q(¢t) = |Im¢|/|t — il as |f(t)] < CQ(t)~4 for some
A, C > 0. See the discussion in [Bruggeman et al. 2014, §1.5].

Knopp’s cocycles associated to cusp forms. Knopp [1974] associated to cusp forms
f € Sy42(T, v) acocycle Yy given by

‘ﬁf,y(z) =/ f@) (T —2)vdr.
y~loo

This cocycle takes values in the holomorphic functions on the upper half-plane £
that have at most polynomial growth on §) in the sense of (2-2) (now with ¢ replaced
by z € $)). We avoid the complex conjugation by taking a cocycle with values in
the holomorphic functions on the lower half-plane $~ with at most polynomial
growth at the boundary:

1/ff,y(l)=/ f@O@E—-n*dr. (2-3)

:)/7 o0

So ¢ has values in the -module V (v, w).
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Theorem 2.1 [Knopp and Mawi 2010]. For real weight w 4 2 and corresponding
unitary multiplier system v, the map f > [V¢] determines a linear bijection

Sw+2(T, v) — HY(T; V (v, w)).

Knopp [1974] conjectured this result, and proved it for many cases. Finally, the
remaining cases were completed in [Knopp and Mawi 2010].

Remarks. (a) A multiplier system v is called unitary if |[v(y)| =1forall y e I'.

(b) Since Sy42(I", v) = {0} for w42 <0, the theorem implies that the cohomology
groups vanish as well for w +2 < 0.

(c) If w € Z>y, the cocycles take values in polynomial functions on $~, which for
the trivial multiplier system form a submodule of V (1, w) isomorphic to C,,[X, Y].

If the multiplier system v has values only in {1, —1} then conjugation gives
cocycles in the same module. The Eichler—Shimura theory gives the parabolic coho-
mology group with values in polynomial functions of degree at most w as the direct
sum of the images of the two maps f > [¥] and f [x/_/f]. However, in the large
module of polynomially growing functions, the cocycles 1ﬁf become coboundaries.
Also the cocycles associated to Eisenstein series become coboundaries over the
module of functions with at most polynomial growth.

(d) Knopp [1974] shows that the parabolic cohomology group le
equal to the cohomology group H'(I"; V (v, w)).

(I'; V(v, w)) is

ar

3. Iterated integrals

By taking t; = --- =, =t we consider the following holomorphic function in ¢
running through the lower half-plane:

y T
Re(fis.oos foy,xit) = L)@ =™ L) (. —10)"

T1=X =X

To-
fe(r)(re =) dry - - -dradry.  (3-1)

Tp=x

It is a multilinear form on ]_[f-zlSijrz(F, v;) for £ pairs (vi, wy), ..., (v, we) of
real numbers w; and corresponding unitary multiplier systems v;. The parameter ¢
is in the lower half-plane $)~. The value of the iterated integral does not depend on
the path of integration, provided we take care to approach cusps along geodesic
half-lines (for instance, vertically).

The most interesting caseis y=y 00, y €', and x =o0c. For £ =1 this gives the
value vy, ,, of the cocycle in (2-3). Thatis why we call Ry (f1, ..., fe; y‘loo, 00; 1)
a multiple period integral.

1
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Functions with at most polynomial growth. The condition of polynomial growth in
(2-2) is preserved by the action of T given for y = (¢ Z) by
hlo—wy (1) = v() " (et + ) h(y1),
v(y) =vi(Y)va(y) - - ve(y), (3-2)
W=w+wy+-- -+ wy.

By V (v, w) we denote the vector space of holomorphic functions on $~ with
the action |, _y given in (3-2). Multiplication of functions gives a bilinear map
V(v; w) x V(v'; w') - V(vv'; w+ w’). The action behaves according to the rule

(Mo, —wy) (W' |y,—w ) = (Bh)|ow,—w—w'y - (3-3)

Lemma 3.1. For f = (f1,..., f¢) € ]_[f.:lSwﬁz(F, v;), the multiple period inte-
gral Re(f; v, x; -) defines an element of 'V (v, w).

Proof. Each cusp form has at most polynomial growth on $), and has exponential
decay at cusps when the cusp is approached along a geodesic half-line. This implies
that the iterated integral in (3-1) has at most polynomial growth in ¢ and 7,_;. Succes-
sively this also implies polynomial growth in 7;_; and 7 of the further integrals. [

Trivial relation. Directly from the definition we have
Ro(f;x,x;t)=0. (3-4)
Lemma 3.2. Fory €T,
Re(fsy™ vy ') = Re(fs 3, 53 )lo—uy (). (3-5)

Proof. In the following computation all ; are replaced by y7;, with y = (“ %) e I':

Re(fix, 95 )o,—wy ()

Te

y -1
W () et +d)™) fiz) (T —yt)™ fe(ze)(tg —y )™

—-

j=1 = e dvg---dr
= ﬁ(v-(y)‘%et v 77 fipmy — @m0
Pl ey et Fd) (et + dy
Yy e (g —1)™e dty dty
foyao) - _ S .
T=y~lx (ctg +d)?t(ct +d)*t (cte +d) (ct1 +d)
=R(fiy 'y v xin). O

Cocycles. For £ =1 we get the cocycle ¥ in (2-3):

Yr, (1) = —Ri(f;y oo, 00 1). (3-6)
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Decomposition. It is easy to see that the cocycles in (2-3) satisfy the cocycle relation
c,s =¢,l8+c¢s

for y, 8 € I': use the decomposition relation |, + fCh = [ for integrals together
with the invariance relation in Lemma 3.2.

There are decomposition relations for the iterated integrals in (3-1), which can be
obtained by application of the decomposition relation for integrals of one variable
to the subintegrals in (3-1). For the orders 2 and 3 these relations take the form

Rao(f1, f252, i ) + Ra(f1, f23 9, x5 1) — Ra( 1, f23 2, x5 1)
=Ri(f1;2, y; DRi1(f2; ¥, x; 1), (3-7)
R3(f1, fo, f35 2. s ) + R3(fi, fo, f3:y, %0 0) — R3(fr, fa, fas 2, x30)
=—Ri(fi; 2, i OR2(f2, f3: ¥, x: 1) + Ra(f1, fos 2. ys O Ri(f35 y, x5 1), (3-8)

We have written these relations in such a way that the quantity on the left should be
zero if the standard decomposition would hold. On the right is a correction term
consisting of products of iterated integrals of lower order.

Example. The decomposition relations can be used to obtain relations between
values of multiple L-functions at special points, as studied in [Choie 2014] and in
the thesis by Provost [2014] independently.

Let us take I' = SL»(Z), and assume that vi = v, = 1, and wy, wy € 2Z5¢. This
implies that the multiple integrals yield polynomial functions in the variable . We
apply (3-7) with z =x = oo and y = 0. With (3-4),

Ry (f1, f2;00,0; 1) + Ra(f1, f2; 0,005 1) = R1(f1; 00,0; t)R1(f2; 0, 00; 1).

Using the binomial theorem, we see that R;(f; 0o, 0; ¢) is a polynomial in ¢ with
coefficients that can be expressed in values of completed L-functions. In a similar
way, Ry(f1, f2; 00, 0; t) is a polynomial in # with coefficients that can be expressed
in values of a completed multiple L-function of order 2 as defined in [Choie 2014,
(2.6)]. With Lemma 3.2,

Ry(f1, f2:0,00; -) = Ra(f1, f2:00,0; -)|—w S,

where S = ((1) 7(1)). In this way, the decomposition relation (3-7) implies the equality
of two polynomials. Comparing coefficients leads to the relation in [Choie 2014,
Theorem 3.1].

This account is a simplification. The decomposition relations are valid for the
iterated integrals in (1-1), and lead for w; € 27~ to polynomials in two variables.
Choie [2014] works in that generality.
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4. Formal series

Manin [2005; 2006] has indicated a way to give structure to the decomposition
relations of any order. His approach works in a general context of iterated integrals
associated to cusp forms. The factors (z; — )" of the kernel in (3-1) and (7; — ;)
in (1-1) may be replaced by more general factors, for instance, by factors leading
to iterated L-integrals as studied in [Choie 2014]. Here we use Manin’s formalism
for the iterated integrals in (3-1).

We keep fixed ¢ combinations of a weight w; +2 € R and a corresponding

unitary multiplier system v;. For a vector f = (f1,..., f¢) € ]—[f-:lSijrz(F, v;) of

length ¢, we form iterated integrals of arbitrary order
Rn(fm]’ﬁnz’---vfmn;y»x;t) (4_1)

for any choice m = (my, ..., my,) € {1, ..., £}", for any n > 0. For n =0 we define

this quantity to be 1. The same f; may occur several times as f,,. SO we do not
get linearity in f;. The result is a holomorphic function on $~, and has at most
polynomial growth by Lemma 3.1.

To formulate the I'-equivariance, we put for m = (m, mo, ..., my)

V(M) 1= Vpy Uy * * > U,y W(OIN) 1= Wiy, + Wiy + - -+ Wy, (4-2)

We consider the iterated integral in (4-1) as an element of V (v(m), w(m)). For
the empty sequence m = () we put V(v(), w()) = C with the trivial action [; .
Multiplication follows the rule in (3-3). Lemma 3.2 can be applied.

Power series in noncommuting variables. We choose ¢ spaces of cusp forms
Sw;+2(I, vj) with w; +2 > 0 and unitary multiplier systems v;, for 1 < j < £. We
indicate this choice by the symbol .A. For this choice .4 we take £ noncommuting
variables A, As, ..., Ay.

Let O(A) be the set of formal power series in the A; for which the coefficient of
the monomial A, A, - -+ Ap, 1sin V(v(m),w(m)) foreachm € {1, ..., £}". The
constant term is in V(v(), w()) = C. The relation (3-3) implies that O (A) is a ring.

Formal series associated to vectors of cusp forms. Following Manin we combine
all iterated integrals in (4-1) as coefficients of an element of the ring O (A). Let

14

Sa(M) =] | Su+2(T, v)). (4-3)
j=1

For f = (f1,..., fi) € S4(I") define the formal series J (f; y, x;t) € O(A) by
J(fry, x:10)
=1+ > Ralfmrs for oo St 32X D A Ay - A, (44)

n>1 my,..., muefl,....0}



Multiple period integrals and cohomology 653

Remarks. (a) J(f; z, w; ) is an invertible element of O (A) since it has a nonzero
constant term.

(b) The coefficients R, (f,. - .-, fm,: ¥, X; t) are continuous functions of y, x € §*,
and are holomorphic in x, y € .

(c) The A; codes for the space Swj+2(F, v;). This approach differs from that in
[Manin 2005, §2]. There the formal variables code for linearly independent elements
of the space ]_[ijj+2(F, V).

Action of T'. We define an action of I' on O(A) by the action |y(u), —w(m) On the
coefficient of A,,, - - - A,;,. Lemma 3.2 implies the relation

J(fivy Yy %) =J(f;y,x;)|y foreachy eT. (4-5)
Multiplication properties. These formal series satisfy for z, y, x € H*
J(f;x,x;t)=1, (4-6)
J(fix.yin=J(fy.xi)7", (4-7)
J(fiz,x0=J(f2, ;0 (f;y, x5 0). (4-8)

We will prove a more general result in Proposition 6.3.

These relations encapsulate infinitely many relations between multiple period
integrals. The reader who takes the trouble to compare the coefficients of A;A; in
(4-8) obtains the relation (3-7). Similarly, relation (3-8) is given by the coefficient
of A 1 A2A3 .

Commutative example. In the modular case we may look at w = N/2 — 2 for some
N € Z-. As the corresponding multiplier system we choose vy/> determined by

11 ; 0 -1 -

For 1 < N < 24 the space of cusp forms is one-dimensional, in fact:

Snja42(D(1), vyp2) = CnP,

where 1(t) = ¢!/ [L1(1—g"), ¢g= e?™i7 is the Dedekind eta function.

We take £ = 1, with w; = N/2 — 2 and multiplier system v ~y2- The ring O (A)
is a commutative ring of formal power series in one variable A. The coefficient
of A™ is in the I'(1)-module V (v, n/2, mN/2 —2m).

If we take 1 < N < 24, then with f = (") we get in (4-4)

J(fiy,x0 =14 R((™)"; y, x: ) A", (4-10)
n>1

where (n™)*" means a sequence of n copies of " .
If N > 24 we still can work with f = (f), but now f need not be a multiple of ™.
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5. From cusp forms to noncommutative cohomology

Manin uses relation (4-8) to associate a noncommutative cocycle to the vector
f=(f1,..., fo) of cusp forms. We first reformulate Manin’s description [2005,
§1] of noncommutative cohomology for a right action, and then determine the map
from vectors of cusp forms to noncommutative cohomology.

Noncommutative cohomology. Let G and N be groups, written multiplicatively,
and suppose that for each g € G there is an automorphism n +— n|g of N such
that the map g > |g is an antihomomorphism from G to the automorphism group
Aut(N), i.e., n|(gh) = (n|g)|lhforne N and g, h € G.

A map p: G — N is called a 1-cocycle if it satisfies

Peh = (pglh)pp, forall g, h e G. (5-1)

The set of such cocycles is called Z'(G; N). It is not a group. Nevertheless it
contains the special element 1: g — 1.
The group N acts on Z'(G; N) from the left, by p > "p defined by

"pg = (n1g)pgn”". (5-2)

The cohomology set H 1(G; N) is the set of N-orbits in Z!(G; N) for this action.
The orbit of the cocycle g — 1 is called the set of coboundaries BY(G: N).

Noncommutative cocycles attached to a sequence of cusp forms. As the group N

we use the subgroup N (A) of the group of those units in O (A)* that have constant

term equal to 1. The series J(f; y, x; -) in (4-4) is an element of N (A).
Following Manin we define for f = (fi, ..., f¢) € S4(I') and x € H*

VO =J(f 7 xx). (5-3)

The properties (4-5) and (4-8) imply that this defines a noncommutative cocycle
W(f)* € ZI(I'; N(A)), and that its cohomology class Coh4(f) € H!(T'; N(A))
does not depend on the choice of the base-point x. We write W (f) = W(f)*.

Proposition 5.1. The map
Cohy : SA(T) — H(I'; N(A)) (5-4)
is injective.

Proof. Suppose that the cocycles W(fi, ..., fe) and W(f{, ..., f)) are in the same
cohomology class. Then there is an n € N(A) such that forall y e T’

V(f ooy [y = @Y (fLs ooy fO,n (5-5)
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We denote the coefficient of A; inn by n; € V (v, w;). Inrelation (5-5) we consider
only the constant term and the term with A;, and work modulo all other terms:

1— 1/’1}/,7/’41' = (1 —|—I’lej)(1 — Wf/’yA])(l —I’lej).
Taking the factor of A; gives
_wf_/w = jly,—w ¥ = Vf.y — 1y

In other words, ¥ and ¥y, differ by a coboundary. We have used the noncommuta-
tive relation (5-5) in N (A) to get a commutative relation in V (v;, w;).

By the theorem of Knopp and Mawi (Theorem 2.1) we conclude that fj/ = f
for all j. Hence Coh 4 is injective. (I

Remarks. (a) Implicit in the proof is the quotient of .4 by the ideal generated by
all monomials in the A; with degree 2. The corresponding quotient of N(A) is
isomorphic to the direct sum of the V (v;, w;).

(b) The injectivity of the map from cusp forms to cocycles is a point in common
for this result, the theorem of Knopp and Mawi, and the classical Eichler—Shimura
result. The bijectivity in the theorem of Knopp and Mawi is not shared by the
classical result, where conjugates of cocycles also determine cohomology classes.
In the next section we will see that the whole group H'(I"; N(A)) can be described
with cusp forms, but in a more complicated way than by the map Coh 4.

Commutative example. Toward the end of page 653 we considered the case £ = 1.
Then N (A) is a commutative group, and H W N(A)) is a cohomology group.
When I' = I'(1), with the choices and notations indicated on page 653, the

cocycle W (n™) vanishes on ((1) }) (hence may be called a parabolic cocycle), and is

determined by its value on S = ((1) _(1)):
WnM)s(t) =J(0";0,00i) =14 Ru((™)";0,00; )A".  (5-6)

n>1

The coefficient of A” is an iterated period integral of n”V. The cocycle satisfies the
well known relations (¥ (n™)s|S)W (V) s=1and W (™) s =W (n")s|T'¥ (n")s| T,
with 7" = (1Y) = TST.

6. Noncommutative cocycles and collections of cusp forms

The proof of Proposition 5.1 is based on the fact that the vector of cusp forms f can
be recovered from the terms of degree 1 in the formal series J (f; y‘l 00, 00; t).
In this section we associate to collections of cusp forms noncommutative cocycles
of a more general nature.
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We keep fixed the choice A of positive weights w; + 2, ..., wy + 2 and cor-

responding multiplier systems vy, ..., v,. To each monomial B = A, --- Ay,
in O (A) we associate the shifted weight w(B) := w(m) and the multiplier system
v(B) := v(m) as defined in (4-2) for m = (my, ..., mg) € {1,...,£}%. So w(B)

and v(B) depend only on the factors A,,, occurring in B, not on their order.

Definition 6.1. We call the degree d(B) of the monomial B = A,,, --- A, the
number d of factors A; (1 < j < {) occurring in it.
Let B(A) be the set of all monomials B in Ay, ..., A; with d(B) > 1 for which

Su(sy+2(T, v(B)) # {0}. We put

SAT) = [] Swm+2(T, v(B)). (6-1)
BeB(A)

Remarks. (a) The space of cusp forms Sy (p)+2(I", v(B)) may be zero. In fact, this
is necessarily the case if w(B) < —2. For w(B) > —2 it may also happen to be
zero, depending on I' and v(B).

(b) The set B(A) is often infinite. We recall that elements of infinite direct sums of
vector spaces have zero components at all but finitely many B € B(A). Here we
use the product. Its elements may have nonzero components for all B.

(¢) We denote elements of S(A; I') by h, with component k(B) in the factor
corresponding to the monomial B.

(d) There may be more than one monomial B for which Sy g)+2(I", v(B)) is equal
to a given space of cusp forms. See (f2) below for an example where this happens
for infinitely many monomials.

(e) The space Sy(I") = ]_[f-:] Sw;+2(I", v;) in (4-3) may be considered as a subspace
of S(A; I'). To do this we define for a given f = (f1, ..., fe) € S4(I") the element
heS(A;T) by

h(Aj))=f;, h(B)=0, if d(B)>2.
(f) In the commutative case £ = 1 we have B(A) C {A" : n € Z>1}. We consider

three specializations of the example on page 653.

(f1) Take N =24. So B(A) ={A" :n€Z>,}, w(B)=10n and v(B) =vi, =v9 = 1.
Hence

S(A; (1) = 1_[ S1on42(T (1), 1). (6-2)

n>1

(f2) Take N =4. So w(A") =0 for all n > 1 and the space S>(I"(1), vo,) is equal
to Cn* if n = 1 mod 6 and zero otherwise. This implies that

B(A) ={A" > 1:n=1 mod 6}.
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Since v(B) = v,, = v, for n = 1 mod 6, we obtain

SAT) = [ S0, ). (6-3)

n>1
n=1 mod 6

(f3) Take N=1. Sow(B) =w;| = —%, and nw < —2 forn >2. Hence B(A) ={A},
D(B) =V1/2, and

S(A; T(1) = S12(T'(1), vi2) =Cn, (6-4)
with () = e™/12 ], (1 — e*™"7).
Lemma 6.2. For each h € S(A; I'), the series
J(h;y, x;1)

=1+ ) Ru(h(B),h(By),....,h(B,);y,x;)BiBy--- B, (6-5)
n>1 By,..., B,eB(A)

converges and defines an element of N (A).

Proof. The degree of BB, --- B, is at least n. For convergence in O(A) there
should be for each D > 0 only finitely many terms with degree at most D. This
restricts n to n < D, and the B; to monomials of degree bounded by D, of which
there are only finitely many.

The terms with n > 1 cannot contribute to the constant term, hence we obtain an
element of N(A). O

Remarks. (a) If h(B;) = 0 for some i in the iterated integral in (6-5), then the
integral vanishes. In (6-5) we could have restricted the B; in the sum by the condition
h(B;) # 0. In particular, J(0; y; x;t) = 1.

(b) Definition (6-5) extends definition (4-4). If f € S4(I") is considered as an
element h € S(A; I'), as in remark (e) to Definition 6.1, then

J(f;y,x;t) =J(h; y, x;1). (6-6)
Proposition 6.3. Forallh € S(A;T), y €T, z,y,x € H%,
Jhyy Yy, y T ) =Ty, xs )y, (6-7)
Jh; x,x;t) =1, (6-8)
Jh;z,x;t)=J(h; z, y; 1) (h; y, x5 1), (6-9)
J(hyx,y;t)=J(h; y, x; )7 (6-10)

Proof. The relations (6-7) and (6-8) follow directly from Lemma 3.2 and (3-1). We
will prove relation (6-9) in a sequence of lemmas, and finally will derive relation
(6-10) from relation (6-9).
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Relation (6-9). This relation holds in a general context of iterated integrals; auto-
morphic properties are not needed. Our proof follows [Manin 2006, Proposition 1.2]
closely. We first show relation (6-9) for x, y, z € .

Lemma 6.4. For h € S(A; T") put

Qi)=Y (-0*"Ph(B:z)dzB. (6-11)
BeB(A)

This formal series of O (A)-valued differential forms converges, and for z € $
d.J(h;z,x;1) =Qh; ;1) (h; z, x3 1). (6-12)

Proof. The sum in (6-11) is infinite in most cases. The convergence follows from
the fact that the number of monomials with a given degree is finite. The differential
of a nonconstant term in (6-5) is given by

d.R,(h(B1), h(By), ..., h(By); z,x;t)B1By--- B,
=h(B1;2)(z— )" BB R, _|(h(By), ..., h(By); 2, x;1)By--- By.

With a renumbering in the summation this gives (6-12). U
Lemma 6.5. d.J(h;z,x;t) ' =—J(h; 2, x; )" 'Q(h; z; 1).
Proof. The inverse is defined by the relation
1=J(h;z, x; t)_lj(h; Z,X;1).
Taking the differential of both sides gives, with (6-12),
0=(d,J(h; 2, x; ) NI (h; 2, x; )+ J(h; 2, x; 1) ' Qh; 23 0)J (h; 2, x5 1).
Right multiplication by J (h; z, x; t) gives the relation in the lemma. (]

Lemma 6.6. For fixed x and y, put K(z) = J(h; z, y; )~V J(h; z,x;1). Then
K(z)=J(h;y,x;t).

Proof. With Lemmas 6.4 and 6.5 we find

d.K(2)=—J(h:z,y;:0) " 'Qh;z2:0) T (h;z,x:0)+ T (h;2,y:0) 7 Q(h;z:0) T (hiz,x31)
=0.

Hence K (z) is constant. By (6-8), its value is

K =J(h:y, yi)" J (h(y, x:0) = J (s y, x:0). O
Completion of the proof of relation (6-9). The relation

K@) =J(h;y,x;0)=J(h;z,y; )" I (h; 2, x5 1)

implies the desired result for z, y, x € $. By continuity it holds for z, y, x € $*.
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Relation (6-10). This relation follows from (6-8) and (6-9). This ends the proof of
Proposition 6.3. U

Noncommutative cocycle. From (6-7) and (6-9) it follows that for any k € S(A; I'")
W(h), :=J(h; y oo, 00; 1) (6-13)

defines a cocycle y — W (h), in ZU(T; N(A)).

If we replace oo in (6-13) by another base-point x € $* we get a cocycle
in the same cohomology class. So h — W(h) induces a map from S(A; ') to
the noncommutative cohomology set H'(I'; N(A)), extending the map Coh 4 in
Proposition 5.1.

The main result of this paper is the bijectivity of this map:

Theorem 6.7. Let A denote the choice of finitely many positive weights wy + 2,
wy+2, ..., we+2 and corresponding multiplier systems vy, ..., ve of I'. For each
noncommutative cohomology class ¢ € H'(I'; N(A)) there is a unique element

h e S(A; ') such that ¥ (h) € c.

Proof. The induction runs over k > 0. We start with a cocycle X’ € Z!(I"; N(A)), and
replace it in the course of an induction procedure by cocycles X!, X2, ... in the same
cohomology class. During the induction we form a sequence hg, k1, ..., hg, ...

of elements of S(A; I'), and a strictly increasing sequence of integers cg, i, . . . .
The connection between the induction quantities X, h; and cy is given by the
requirement that at each stage of the induction the following conditions hold:

(H) h;(B) =0 for all B with d(B) > cj.
(XPs) If X]"/ — W(hy), =) ga(y, B)B, where the sum B runs over all noncom-
mutative polynomials in Ay, ..., Ay, then foreach y € "

a(y,B)=0 forall B with d(B) <k.

Either at a certain stage k in the induction procedure the process stops, and we
take h = hy, or the process goes on indefinitely, in which case we construct k as
a limit of the hj. In both cases we show that W (k) is in the cohomology class of
the X¥, and that the element £ is uniquely determined.

Start of the induction. For a given cocycle X° in the cohomology class ¢ we put
ho=0and ¢; =0. Then forall y e T’

0 0
X, —W(ho)y, =X, — 1
has no constant term, and conditions (H) and (XPs) are trivially satisfied.

Has the end of the induction process been reached? If X = W (hy), we have found
a description of the class ¢ as required in the theorem. This may happen already at
the start of the induction if X? is the trivial cocycle y > 1.
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Induction, choice of cy41. If the process has not ended, then the difference Y* :=
X% — W (hy) determines a nonzero map y Y’)j from I" to O (A). Itis not a cocycle.

We define ¢ as the minimum degree such that Y’; € O(A) has nonzero terms
of degree cy41 in Ay, ..., Ag for some y € I'. Since condition (XPs) holds for k
we have ci4+1 > ck.

Cocycle relation. The cocycle relations for the noncommutative cocycles X and
W (hy) give

Yis = (Y5 + W) ) 18) (Y5 4+ W (hi)s) — (W(he)y [5)W (he)s
= (Y5 18)W (hi)s + (W (he)y 18)Y5 + (Y518)Y5. (6-14)

By condition (XPs) and the choice of ¢4, the element Y'; € 0(A) has no terms
with degree less than c1. We denote by \_(713 the sum of the terms of Yf, with exact
degree cx+1. We consider relation (6-14) modulo terms with degree strictly larger
than cgy1:

Ve s = (YE18)W (i)s + (W (hy) 18)YE +0. (6-15)

In the two products only the constant term 1 of W (hy), and W (hy); is relevant, and
we obtain

Yis=YEI8+ V5. (6-16)

So the noncommutative cocycle relations for XK and W (hy) imply that y — \_(;‘, is
a commutative cocycle with values in the additive group of O (A).
The elements \_(’; have the form

K

Yy = Zq);cn, Co=Ap, Apr - Ap (6-17)
n=1

with goﬁ e V(v(C,), w(C,)). The C, have degree ct41 in Ay, ..., A,. For each n

there is some y € I" for which ¢, 7 0. Relation (6-16) implies that each component

of Y* is a cocycle: ¢" € Z!(I'; V(v(Cy), w(Cy))). By Theorem 2.1 there exist

a, € V(v(C,), w(Cy,)) and unique cusp forms g, € Syc,)+2(I", v(C,)) such that

forally el

@y =Yg,y +anlvc),—wicy(y — 1. (6-18)

Induction, choice of X**!. Take
K
He=1-Ya,Cy. (6-19)
n=1

This is an element of N (A). We define the cocycle X! in the same class as X* by

Xyt = (Hely)XE H (6-20)
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Induction, choice of hy1. It may happen that C,, ¢ B(A) for somen € {1, ..., k}.
Then Sy c,)+2(I", v(C,)) =0, and ¢" is a coboundary and g, = 0.

By condition (H) we have h; (C,) =0 for 1 <n < K. We construct k| from hy
by taking ki1 (C,) = g, for those n for which C,, € B(A), and ki (B) = hi(B)
otherwise. So hy;(B) = hy11(B) for all B with d(B) > ci+1, and condition (H)
stays valid for k + 1. If C,, & B(A) for all n, then hj1 = hy.

Induction, check of condition (XPs) for k + 1. Modulo terms of order larger than
Ck+1, We have

XEH = <1 - ay Ind) (W(he)y +Y5) <1 +> a,,cn> (by (6-20), (XPs))
= W(h)y +YE =Y alyCi+ Y anCy
= W)y + Y (Vg +al(y = 1) —anly +a,)Cy  (by (6-17), (6-18))
= W(he)y + Y Ri(gn; ¥~ '00,00)C, (by (3-6)). (6-21)

By (6-13) and (6-5), we have
U (hit1)y

=14+Y" > Rulhipi(B1), ki1 (B), ... b1 (B); y~'00, 00; 1)
m>1 By,..., BneB(A)

X BIBZ‘ ct Bma
in which we can leave out the terms in which a B; occurs with d(B;) > ci+1,
by condition (H). If we leave out the terms with a B; for which d(B;) > ¢, we
obtain W (hy), . If there is a B; with d(B;) > ¢ this is one of the C, in (6-17),
with d(B;) = d(C,) = cx+1. Working modulo terms with degree larger than ¢4
we obtain

W)y — V), = Y Rl (G); y =00, 00 1)C,y

1<n<K
C,eB(A)

= Y Ri(gn; ¥ 00,00 1)C,. (6-22)

1<n<K
CpeB(A)

A comparison of (6-21) and (6-22) gives condition (XPs) for k + 1.

The induction may halt. It may happen that the induction stops at stage k; namely,
if Xk = W(hy). Then we have found an element h = hy, € S(A; I') such that W (h)
is in the class c.
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The induction may have infinitely many steps. It may also happen that we have
obtained after infinitely many steps an infinite sequence of cocycles X* in the
class ¢, an infinite sequence of hy, and a strictly increasing sequence of ¢y satisfying
conditions (H) and (XPs) for all k. For each monomial B € B(A) there is at most
one k such that /,,(B) = 0 for n <k, and h,(B) = hy+1(B) forn > k+ 1. So the
componentwise limit & := limy_, o ki exists.

The construction of the sequence (X*); implies that

X, = (Hx—1Hi—a -+ Ho)|[y)X), (Hi—1 Hi—2 -+ - Ho) ™",

with Hy as in (6-19). The infinite product H = - - - Hy H; Hy converges in N (A),
since each Hy equals 1 plus a term in degree ¢ 1. Similarly, J (h; y ~'oo, 0o; 1) is
the limit of the J (hy; y ~'oo, oo; ) as k — oo, since enlarging k we change only
terms of degrees larger than c¢;. Condition (XPs) is valid for all k, so the conclusion
is that, in the limit,

(HI»)X'H™' = w(h). (6-23)

Uniqueness. Let X =W (k') for some b’ € S(A; T"). We claim that, in the induction
procedure described above applied to this cocycle X°, we have at each stage

hi(B) =h'(B) forall B € B(A) with d(B) < cy; (6-24)
xk = W(h') modulo terms of degree larger than cy. (6-25)

This is true at the start of the induction (use cg = 0).
At stage k, the nonzero terms with lowest degree in

Y]; =J(h'; y oo, 00, 1) — J(hy; vy oo, 00; 1)

are due to the C € B(A) with degree equal to cx1. So

Yy= > Ri((B):y ‘oo, 00:1)C. (6-26)
CeB(A)
d(C)=cr1
Let us number the monomials in this sum as Cy, ..., Cgx. Then <p}’f in (6-18) is

equal to =Y (c,).y, and a, =0, Hy = 1. This implies that h;(C) = h'(C) for
the monomials C € B(A) with degree c;41, and X**+! = X* = W (k') modulo terms
with degree larger than ¢ ;.

At the end of the induction process we have B = 8’, thus obtaining uniqueness. [J

Concluding remarks. (a) Manin [2005; 2006] used formal series similar to those
in (4-4) to get a simple description of relations among iterated integrals. In that
approach the noncommutative cohomology set H'(I'; N (A)) is a tool. In this paper
we further study the cohomology set H ([ N(A)).
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(b) One may apply the approach of this paper to weights in Z-, and trivial multiplier
systems. Then the iterated integrals are polynomial functions. These are in a much
smaller ["-module than the functions with polynomial growth that we employ. The
consequence is that the theorem analogous to the theorem of Knopp and Mawi
(Theorem 2.1) does not hold. Cocycles attached to conjugates of holomorphic cusp
forms have to be considered as well (see [Knopp 1974]). However, iterated integrals
in which occur both holomorphic and antiholomorphic cusp forms satisfy more
complicated decomposition relations. We think that Manin’s formalism does not
work in that situation.

(c¢) The same problem occurs if we use the modules in Theorems B and D of
[Bruggeman et al. 2014], unless we pick the weights w; + 2 in such a way that the
elements w(C) that occur in the sums defining J(B; y, x; t) are never in Z>.

(d) We work with iterated integrals of the type in (3-1). Equation (1-1) defines
iterated integrals depending on variables 71, . . ., #; all running independently through
the lower half-plane. It would be nice to have results for the corresponding noncom-
mutative cocycles. These cocycles can be defined, and one can show injectivity
of the map from cusp forms to cohomology, like in Proposition 5.1. We did not
manage to adapt the proof of Theorem 6.7 to cocycles of this type. The problem is
to construct formal sequences of the type in (6-5) such that they have the lowest
degree terms in a prescribed summand in the decomposition of the tensor products
Vi, w)®---® V(ve, we) into submodules.
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The existential theory of
equicharacteristic henselian valued fields

Sylvy Anscombe and Arno Fehm

We study the existential (and parts of the universal-existential) theory of equi-
characteristic henselian valued fields. We prove, among other things, an existential
Ax—Kochen—Ershov principle, which roughly says that the existential theory of an
equicharacteristic henselian valued field (of arbitrary characteristic) is determined
by the existential theory of the residue field; in particular, it is independent of the
value group. As an immediate corollary, we get an unconditional proof of the
decidability of the existential theory of F, ((¢)).

1. Introduction

We study the first order theory of a henselian valued field (K, v) in the language of
valued fields. For residue characteristic zero, this theory is well-understood through
the celebrated Ax—Kochen—Ershov (AKE) principles, which state that, in this case,
the theory of (K, v) is completely determined by the theory of the residue field Kv
and the theory of the value group vK (see, e.g., [Prestel and Delzell 2011, §4.6]). In
other words, if a sentence holds in one such valued field, then it holds in any other
with elementarily equivalent residue field and value group (the transfer principle).
As a consequence, one gets that the theory of (K, v) is decidable if and only if the
theory of the residue field and the theory of the value group are decidable.

Some of this theory can be carried over to certain mixed characteristic henselian
valued fields such as the fields of p-adic numbers Q,, whose theory was axioma-
tised and proven to be decidable by Ax—Kochen and Ershov in 1965. However,
for henselian valued fields of positive characteristic, no such general principles
are available. For example, in [Kuhlmann 2001], it is shown that the theory of
characteristic p > 0 henselian valued fields with value group elementarily equivalent
to Z and residue field [, is incomplete. It is not known whether there is a suitable
modification of the AKE principles that hold for arbitrary henselian valued fields

During this research, Anscombe was funded by EPSRC grant EP/K020692/1.
MSC2010: primary 03C60; secondary 12112, 12J10, 11U05, 12L05.
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of positive characteristic, and the decidability of the field of formal power series
[, (1)) is a long-standing open problem.

For the first problem, the most useful approximations are AKE principles for
certain classes of valued fields, most notably F.-V. Kuhlmann’s recently published
work [2014] on the model theory of tame fields. For the second problem, the best
known result is by Denef and Schoutens [2003], who proved that resolution of
singularities in positive characteristic would imply that the existential theory of
[, (7)) is decidable (i.e., Hilbert’s tenth problem for [, ((z)) has a positive solution).

In this work, we take a different approach at deepening our understanding of
the positive characteristic case: instead of limiting ourselves to certain classes of
valued fields, we attempt to prove results for arbitrary equicharacteristic henselian
valued fields, but (having results like Denef—Schoutens in mind) instead restrict
to existential or slightly more general sentences. The technical heart of this work
is a study of transfer principles for certain universal-existential sentences, which
builds on the aforementioned [Kuhlmann 2014]; see the results in Section 5. While
some of these general results will have applications for example in the theory of
definable valuations (see [Anscombe and Koenigsmann 2014; Cluckers et al. 2013;
Fehm 2015; Prestel 2015] for some of the recent developments), in this work we
then restrict this machinery to existential sentences and deduce the following result
(cf. Theorem 6.5):

Theorem 1.1. For any field F, the theory T of equicharacteristic henselian non-
trivially valued fields with residue field which models both the existential and
universal theories of F is 3-complete, i.e., for any existential sentence ¢ either

TEporT E—¢.

Note that the value group plays no role here: the existential theory of an equichar-
acteristic henselian nontrivially valued field is determined solely by its residue field.
From this theorem, we obtain an AKE principle for 3-sentences (cf. Corollary 7.2):

Corollary 1.2. Let (K, v), (L, w) be equicharacteristic henselian nontrivially val-
ued fields. If the residue fields Kv and Lw have the same existential theory, then so
do the valued fields (K, v) and (L, w).

Moreover, we conclude the following corollary on decidability (cf. Corollary 7.5):

Corollary 1.3. Let (K, v) be an equicharacteristic henselian valued field. The
following are equivalent:

(1) The existential theory of Kv in the language of rings is decidable.
(2) The existential theory of (K, v) in the language of valued fields is decidable.

As an immediate consequence, we get the first unconditional proof of the de-
cidability of the existential theory of [, ((z)) (cf. Corollary 7.7). Note, however,
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that the conditional result in [Denef and Schoutens 2003] is for a language with a
constant for # — Section 7 also contains a brief discussion of this difference.

As indicated above, these results are essentially known in residue characteristic
zero (cf. Remark 7.3), but are new in positive characteristic. However, each of
the above results fails if “equicharacteristic” is dropped or replaced by “mixed
characteristic”, in contrast to the mixed characteristic AKE principles mentioned
above (cf. Remark 7.4 and Remark 7.6).

2. Valued fields

For a valued field (K, v) we denote by vK = v(K*) its value group, by O, its
valuation ring, and by Kv = {av | a € O, } its residue field. For standard definitions
and facts about henselian valued fields we refer the reader to [Engler and Prestel
2005]. As a rule, if L/K is a field extension to which the valuation v can be
extended uniquely, we denote also this unique extension by v. This applies in
particular if v is henselian, and for the perfect hull L = KP*™ of K. We will make
use of the following well-known fact:

Lemma 2.1. Let (K, v) be a valued field and let F / Kv be any field extension. Then
there is an extension of valued fields (L, w)/(K, v) such that Lw/Kuv is isomorphic
to the extension F/Kv.

Proof. See, e.g., [Kuhlmann 2004, Theorem 2.14]. |

The next lemma is also probably well known, but for lack of reference we sketch
a proof, which closely follows [Kuhlmann 2011, Lemma 9.30].

Definition 2.2. Let (K, v) be a valued field. A partial section (of the residue
homomorphism) is a map f : E — K, for some subfield £ € Kv, which is an
Liing-embedding such that (f(a))v =a forall a € E. Itis a section if E = Kv.

Lemma 2.3. Let (K, v) be an equicharacteristic henselian valued field, let E C Kv
be a subfield of the residue field, and suppose that there is a partial section
f:E— K. If F/E is a separably generated subextension of Kv/E then we may
extend f to a partial section F — K.

Proof. Write Ly := f(E). Let T be a separating transcendence base for F'/E and,
foreacht € T, choose s; € K such that s,v =¢. Then S:={s, | t € T'} is algebraically
independent over L. Thus we may extend f to a partial section E(T) — L(S)
by sending t > s;.

Let L, be the relative separable algebraic closure of L;(S) in K. By Hensel’s
lemma, L,v is separably algebraically closed in Kv. Thus F is contained in L,v.
Since v is trivial on L, the restriction of the residue map to L, is an isomorphism
Ly — Lyv. Thus the restriction to F of the inverse of the residue map is a partial
section F' — K which extends f, as required. U
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Recall that a valued field (K, v) of residue characteristic p is tame if it is
henselian, the value group vK is p-divisible, the residue field Kv is perfect, and
(K, v) is defectless, i.e., for every finite extension L/K,

[L:K]=][Lv:Kv]-[vL :vK].

Proposition 2.4. Let (K, v) be a valued field. There exists an extension (K', v") of
(K, v) such that (K',v") is tame, K' is perfect, vV'K' = p%ovK, and K'v' = KvPe't,

Proof. In the special case char(K) = char(Kv), any maximal immediate extension
of KP gatisfies the claim. In general, [Kuhlmann et al. 1986, Theorem 2.1,
Proposition 4.1, and Proposition 4.5(i)] gives such a K’ that is in addition algebraic
over K. U

3. Model theory of valued fields

Let
Ering = {+9 IR 07 1}

be the language of rings and let
Evf = {+K9 _Ks 'Ks OK7 lK, +F7 <rs Ors oora +ka _k’ ‘k’ Oka 1ks v, res}

be a three sorted language for valued fields (like the Denef—Pas language, but
without an angular component) with a sort K for the field itself, a sort I' U {00}
for the value group with infinity, and a sort k for the residue field, as well as both
the valuation map v and the residue map res, which we interpret as the constant 0f
map outside the valuation ring. For a field C, we let L;,(C) and Ly¢(C) be the
languages obtained by adding symbols for elements of C. In the case of Ls(C),
the constant symbols are added to the field sort K.
A valued field (K, v) gives rise in the usual way to an L¢-structure

(K, vK U{oo}, Kv, v, res),

where vK is the value group, Kv is the residue field, and res is the residue map.
For notational simplicity, we will usually write (K, v) to refer to the Ls-structure it
induces. For further notational simplicity, we write (K, D) instead of (K, (d.)ccc),
where D = {d. | ¢ € C} is the set of interpretations of the constant symbols.
Combining these two simplifications, we write (K, v, D) for the Ly¢(C)-structure

(K, vK U{oc}, Kv, v, res, (d:)cec)-

We also write Dv for the set of residues of elements from D.

As usual, we say that an £,¢(C)-formula is an 3-formula if it is logically equiv-
alent to a formula in prenex normal form with only existential quantifiers (over
any of the three sorts). We say that an L,¢(C)-sentence is an v¥3-sentence if it is
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logically equivalent to a sentence of the form Vx i (x), where ¥ is an 3-formula
and the universal quantifiers range over the residue field sort.

Let (K,v, D) C (L, w, E) be an extension of Ly¢(C)-structures. Note that
d. = e, for all ¢ € C. We say that certain Ly¢(C)-sentences ¢ go up from K to L
if (K, v, D) = ¢ implies that (L, w, E) = ¢. For examples, 3-sentences always
go up every extension. Furthermore, if (L, w)/(K, v) is an extension of valued
fields such that Lw/Kv is trivial, then V*3-£,¢(K)-sentences go up from (K, v)
to (L, w). Although the previous statement is not referenced directly, it underlies
many of the arguments in Section 5.

Lemma 3.1. Let L/K be an extension of fields. If K <3 L, then K perf < perf

Proof. This is clear, since KP = J K7™ and LP*T=|J LP™", and the Frobenius
gives that K?™" <3 LP™" for all n. O

E.-V. Kuhlmann [2014] proves the following on the model theory of tame fields:

Proposition 3.2. The elementary class of tame fields has the relative embedding
property. That is, for tame fields (K, v) and (L, w) with common subfield (F, u), if

(1) (F,u) is defectless,
(2) (L, w) is |K|"-saturated,
(3) vK/uF is torsion-free and Kv/Fu is separable, and

(4) there are embeddings p : vK — wL (over uF) and o : Kv — Lw (over Fu),

then there exists an embedding 1 : (K, v) — (L, w) over (F, u) which respects p
and o.

Proof. See [Kuhlmann 2014, Theorem 7.1]. (Note that this result is stated in the
language

Le={+—-"101, 0},

where O is a binary predicate which is interpreted in a valued field (K, v) so that
O(a, b) if and only if va > vb. However, the exact choice of language does not
directly affect us.) (I

From Proposition 3.2, Kuhlmann deduces the following AKE principle:

Theorem 3.3. The class of tame fields is an AKE=-class: if (L, w)/(K,v) is an
extension of tame fields with vK < wL and Kv < Lw, then (K, v) < (L, w).

Proof. See [Kuhlmann 2014, Theorem 1.4]. |
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4. Power series fields

For a field F and an ordered abelian group I' we denote by F((I')) the field of
generalised power series with coefficients in F' and exponents in I'; see, e.g., [Efrat
2006, §4.2]. We identify F((Z)) with the field of formal power series F((¢)) and
denote the power series valuation on any subfield of any F((I")) by v;.

Lemma 4.1. A field (F((I")), v;) of generalised power series is maximal. In partic-
ular, it is tame if and only if F is perfect and I is p-divisible.

Proof. See [Efrat 2006, Theorem 18.4.1] and note that maximal implies henselian
and defectless. O

Proposition 4.2. Let A be a complete discrete (i.e., with value group 7) equicharac-
teristic valuation ring. Let ' C A be a set of representatives for the residue classes
which forms a field. Let s € A be a uniformiser (i.e., an element of least positive
value). Then A is isomorphic to F[s] by an isomorphism which fixes F pointwise.

Proof. See [Serre 1979], Chapter 2 Proposition 5 and the discussion following the
example. ([

Corollary 4.3. Let F be a field and let E/F((t)) be a finite extension such that
Ev, = F. Then (E, v,, F) is isomorphic to (F((s)), vs, F). This applies in particu-
lar to finite extensions of F((t)) inside F((Q)).

Proof. We are already provided with a section since F C F((t)) C E and Ev;, = F.
Since E/F((t)) is finite, E is also a complete discrete equicharacteristic valued
field (cf. [Serre 1979, Chapter 2 Proposition 3]). By Proposition 4.2, there is an
F-isomorphism of valued fields £ — F((s)). O

Definition 4.4. We denote by F (1) the henselization of F(¢) with respect to vy,
i.e., the relative algebraic closure of F'(¢t) in F((¢)), and by F ()2 the relative
algebraic closure of F((¢)) in F((Q)).

Lemma 4.5. For any field F we have (F(O", v,) <3 (F((0)), v,).
Proof. See [Kuhlmann 2014, Theorem 5.12]. O

The following proposition may be deduced from the more general [Kuhlmann
2014, Lemma 3.7], but we give a proof in this special case for the convenience of
the reader.

Proposition 4.6. If F is perfect, then F (1)) is tame.

Proof. We have that F' (1), = F is perfectand v, F (M))=Qis p-divisible. More-
over, as an algebraic extension of the henselian field F((¢)), F ((1))9 is henselian.
It remains to show that F (1))@ is defectless.

Let E/F ((1)Q be a finite extension of degree n. Since F((Q)) is perfect, so
is F((1))@, and hence F((Q))/F((1))? is regular. Therefore, if E' = F((Q)) - E
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denotes the compositum of F((QQ)) and E in an algebraic closure of F ((Q)), then
[E': F((@))] =n. Since F((Q)) is maximal (Lemma 4.1), E’'/F (Q)) is defectless.
So since (F((Q)), vy) is henselian and v, F((Q)) = Q is divisible, we get that
[E'v; : F]1=n. Since E’v;/F is separable, we can assume without loss of generality
that F’ := E'v; € E’ (Lemma 2.3).

n

F(Q)) E ——E'

reg. reg. ‘

F()? ———E——EF
F n F'

The extension E'/E is also regular, since E/F ((t))® is algebraic. In particular, E
is relatively algebraically closed in E’; so since E F’/E is algebraic we have that
F’' C E. Thus Ev, = F’, which shows that E/F((1))® is defectless. O

In particular, Theorem 3.3 implies that F' ()9 < F((Q)). We therefore get the
following picture:

lg <3 alg.

F(t) —— F@)" F((t) F((1)® —— F(@))

5. The transfer of universal-existential sentences

Throughout this section ¥ /C will be a separable extension of fields of characteris-
tic p. We show that the truth of V*3-sentences transfers between various valued
fields. Usually the valued fields considered will have only elementarily equivalent
residue fields. However, for convenience, we will sometimes discuss J-sentences
with additional parameters from the residue field.

Lemma 5.1 (going down from F((I"))). Suppose that F is perfect. Let ¢ be an
3-Ly¢(F)-sentence, let F < F be an elementary extension, and let I" be an ordered
abelian group. If (F (), v;, F) |= ¢, then (F()", v, F) = ¢.

Proof. Without loss of generality we may assume that I" is nontrivial. For notational
simplicity, we suppress the parameters F from the notation. Let A be the divisible
hull of I". Then (F((I")), v;) € (F((A)), v;), and existential sentences “go up”, so
(F((A)), v) = ¢.

Choose an embedding of () into A; this induces an embedding (F ((Q)), v;) C
(F((A)), v;), and therefore (F (1))@, v;) € (F((A)), v;). Since the theory of divis-
ible ordered abelian groups is model complete (see, e.g., [Prestel and Delzell 2011,
Thm. 4.1.1)),

uF()?=Q =< A=uvF(A).
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Moreover,
F(1)%; =F < F =F(A)v,.

Thus, since (F((7))9, v,) is tame by Proposition 4.6 and (F((A)), v;) is tame by
Lemma 4.1, Theorem 3.3 implies that

(F(@)®, v) = (F(A), v)).
Therefore, (F ()2, v;) = ¢.

Let E be a finite extension of F((¢)) that contains witnesses to the truth of ¢ in
(F((t))2, v,). Thus (E, v;) = ¢. By Corollary 4.3, there is an Ly¢(F')-isomorphism
fi(E,v) — (F(1),v).

Thus (F((t)), v;) = ¢. By Lemma 4.5,
(F@)", v) =3 (F(@0)), vo),
hence (F(¢)", v;) = ¢, as claimed. O

Definition 5.2. Let H(F/C) be the class of tuples (K, v, D, i), where (K, v, D)
is an Lys(C)-structure and i : F — Kv is a map such that

(1) (K, v) is an equicharacteristic henselian nontrivially valued field,

(2) ¢+ d, is an Lyjpg-embedding C — K,

(3) the valuation is trivial on D, and

4) i:(F,C)— (Kv, Dv) is an L;jpe (C)-embedding.

Lemma 5.3 (going up from F(1)"). Let ¢ be an 3-Ly¢-sentence with parameters
from C and the residue sort of (F(O", v,), and suppose that (FO", v, C) = .

Then, forall (K, v, D,i)e H(F/C),we have that (K, v, D) =¢ (where we replace
the parameters from the residue sort by their images under the map 1).

Proof. Write ¢ = Ax ¥ (x; ¢, B) for some quantifier-free formula i and parameters
¢ from C and B from F(¢)"v,. Note that the variables in the tuple x may be from
any sorts. Let a be such that

(F)", v, C) E¥(asc, B).

Since F(¢)" is the directed union of fields Eo(z)" for finitely generated subfields
Ey of F, there exists a subfield E of F containing C such that E/C is finitely
generated, a € E(®)", and B € E(¢)"v,. Thus

(E®)", v, C) Ev(a;e, B).

Since F/C is separable and E/C is finitely generated, E is separably generated
over C. Thus i(E)/Dv is separably generated. Note that the map Dv — D given



The existential theory of equicharacteristic henselian valued fields 673

by d.v — d, is a partial section. By Lemma 2.3 we may extend it to a partial
section g :i(E) — K. Let h := g oi|g be the composition. Then

h:(E,vy, C)— (K,v, D)

is an Ly(C)-embedding, where vy denotes the trivial valuation on E:

E "5 i(E) =2~ h(E)

1

~

C——Dv D

Since (K, v) is nontrivial, there exists s € K* with v(s) > 0, which must be
transcendental over £(E), since v is trivial on 2(E). As the rational function field
E () admits (up to equivalence) only one valuation which is trivial on E and positive
on t, we may extend 4 to an Ly¢(C)-embedding

Wi (E@®),v,C)— (K,v, D)

by sending ¢ > s. Since (K, v) is henselian, there is a unique extension of 4’ to an
Lys(C)-embedding
W' (E@", v, €)= (K, v, D).

So, since existential sentences “go up”,

(K,v, D) =y (h"(a); h"(c), h"(B)),
and thus (K, v, D) = ¢, as claimed. O

Definition 5.4. We let Rrc be the Lj,s (C)-theory of F and let R}p /C be the subthe-
ory consisting of existential and universal sentences. Let Tr/c (respectively, T } / c)
be the L,f(C)-theory consisting of the following axioms (expressed informally
about a structure (K, v, D)):

(1) (K, v) is an equicharacteristic henselian nontrivially valued field,
(2) ¢+ d, is an Lyjpe-embedding C — K,
(3) the valuation v is trivial on D, and

(4) (Kv, Dv) is a model of Rr/c (respectively, R}/C).
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The “1” is intended to suggest that the sentences considered contain only one type
of quantifier. Note that for any (K, v, D) =T 1} /Co the map d.v — d, is a partial
section of the residue map. Let ¢ be an V¥3-sentence and write ¢ = ¥¥x 1/ (x) for
some 3-formula ¥ (x) with free variables x belonging to the residue field sort. Let
*Kv denote the set of x-tuples from Kv. Then we observe that (K, v, D) = ¢ if
and only if *Kv C ¥/ (K). In this next proposition we show that, roughly, if Tr,c is
consistent with the property “*F C ¢ then in fact Tpper)cper entails “*F C 7.

Proposition 5.5 (main proposition). Let ¥ (x) be an 3-Ly(C)-formula with free
variables x belonging to the residue field sort. Suppose there exists

(K. v, D) = Trjc U{¥x ¥ (x)}.
Then, for all (L, w, E, i) € H(FP*/CP™) we have *i (F) C ¢ (L).

Proof. Since (K, v, D) models Tr,c, we have (Kv, Dv) = (F, C). Passing, if nec-
essary, to an elementary extension of (K, v, D), there is an elementary embedding

f:(F,C)> (Kv, Dv).

As noted after the definition of T, ¢, the map go : Dv — D given by d.v > d, is
a partial section. Since F/C is separable, f(F)/Dv is also separable. Thus
any finitely generated subextension of f(F)/Dv is separably generated. By
Lemma 2.3 we may pass again, if necessary, to an elementary extension and extend
go to a partial section g : f(F) — K. Note that g is also an L, (C)-embedding
(f(F), Dv) — (K, D).

Let h:=go f. Then h : (F,C) — (K, D) is an L;j¢(C)-embedding. Be-
cause g is a section, the valuation v is trivial when restricted to the image of 4.
Thus, if vy denotes the trivial valuation on F, the map 4 is an L,¢(C)-embedding
(F, v, C) = (K, v, D). The induced embedding of residue fields / : Fvy — Kv
is the composition of the elementary embedding f with an isomorphism. Thus
h: Fvy— Kv is an elementary embedding. From now on we identify (F, vy, C)
with its image under /4 as a substructure of (K, v, D), noting that the residue field
extension is an elementary extension.

S
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Choose an extension (K’, v")/(K, v) as in Proposition 2.4. Since K’ is per-
fect, we can embed DP*T into K' over D so that (K, v, DP*™) is an £,¢(CP)-
structure. Furthermore (FPef, vy, CPe) is naturally (identified with) a substructure
of (K', v, DP*). Since Fvy < Kv, Lemma 3.1 gives that

o .
Fperfvo = Fvge =<3 Kvpert = K.

Thus there is an elementary extension FP*vy < F and an embedding o : K'v' — F
over FPyq; see the diagram below.

Now we consider the two valued fields (K, v') and (F (v’ K")), v;) with common
subfield (FP™, vy). Note that K is tame by definition, and F((v'K")) is tame by
Lemma 4.1. As a trivially valued field, (FP, v) is defectless. The extension of
value groups v’ K /vy FP*" is isomorphic to v’ K', thus it is torsion-free. The exten-
sion K'v'/FPy, is separable since FPvy is isomorphic to FP™ which is perfect.
Let (F((v'K")), v,)* be a |K|"-saturated elementary extension of (F((v'K")), v;).
We have satisfied the hypotheses of Proposition 3.2, thus there exists an embedding

LK) = (F((V'KY), vp)*

over (FP 1)). As existential sentences “go up”, we get that (F (v K")), v,)*, and
therefore also (F ((v'K")), v,), models the existential £,¢(FP")-theory of (K*, v?).

F(v'K")*
=
L F((v'K")
Ko > Kt g F
res
K — gvef =<3
‘ =
F— Fperf i_ Fperfv
(‘j Cperf

Our assumption was that ¥ (x) is an 3-Ly¢(C)-formula with free variables x be-
longing to the residue field sort, and that (K, v, D) = Vex ¥ (x), ie., *Kv C ¥ (K).
Then *Fv C *Kv C ¢ (K) (note that we write F'v rather than F' because we have
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identified F' with a subfield of K). Let
Vr:={Y¥(a)|ac*Fv).

Then W is a set of 3-L,¢(C)-sentences (with additional parameters from Fv) which
is equivalent to the property that “*Fv C v”. We may now restate our assumption
as (K,v) = Wr. Since existential sentences “go up”, (K, v') &= Wr. By the
result of the previous paragraph, we have (F((v'K")), v;) = Wr. By an application
of Lemma 5.1, (FP(t)", v,) = Wr. By Lemma 5.3, (L, w) = WU (where we
replace the parameters from Fv by their images under the map 7). This shows that
Yi(F) C (L), as claimed. O

Corollary 5.6 (near V¥3-C -completeness). Let ¥ (x) be an 3-L¢(C)-formula with
free variables x belonging to the residue field sort. Suppose there exists

(K, v, D) |= Tr/c U {Y¥x ¢ (x)).

Then there exists n € N such that * Lw C W(Lp_n)for all (L, w, E) =TF/c.

Proof. Let (L,w, E) = Tr/c. As F/C is separable and (Lw, Ew) = (F, C)
as Lng(C)-structures, Lw/Ew is also separable. In particular, both (K, v, D)
and (L, w, E) are models of 17,/ £y, and thus we may apply the conclusion of
Proposition 5.5 to

(L, w, EPT id) € H(LwP*™ / EwPeT).

Thus we have that *Lw C v (LP*™). To find n, we use a simple compactness
argument, as follows.

Write the formula ¢ (x) as 3y p(x, y, ¢), for a quantifier-free Ly¢-formula p. For
each n € N, let v, (x) be the formula 3y p(x?", y, ¢”") and consider the Ly¢(C)-
structure (L?", w, E) which extends (L, w, E). Then, fora € *Lw, a € Y (L")
if and only if @ € ¥,,(L). Let p(x) be the set of formulas {—,(x) | n € N}. If p(x)
is a type, i.e., p(x) is consistent with Tr,c, then we may realise it by a tuple @ in
amodel (L, w, E) |= Tr/c. Thus a ¢ Y (LP"), for all n € N. Since LP*" is the
directed union |, .y L” ™ (even as Ly¢(C)-structures), we have that a ¢ Y (LPe).
This contradicts the result of the previous paragraph.

Consequently, there exists n € N such that T/ ¢ entails V¥ x ¥, (x). Equivalently,
for all (L, w, E) |= Tr/c, we have *Lw C ¢ (LP "), as required. O
Corollary 5.7 (perfect residue field, V¥3-C-completeness). Suppose that F is per-
fect. Then Tr,c is V¥3-C-complete, i.e., for any Y*3-L(C)-sentence ¢, either
Tr/c =¢or Tr/c = 9.

Proof. Suppose that there is (K, v, D) = Tr/c U {¢} and let (L, w, E) = TF/c.
Then (K, v, D) = T1y/Ew and

(L,w, E,id) € H(Lw/Ew) = H(LwP/ EwP®).
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We write ¢ = Vix ¥ (x) for some 3-L,¢(C)-formula ¥ (x) with free variables x
belonging to the residue field sort. Then (K, v, D) = ¢ means that *Kv C ¢ (K).
Applying Proposition 5.5, we have that *Lw C v (L). Thus (L, w, E) = ¢. This
shows that Tr,c = ¢, as required. O

Remark 5.8. We do not know whether the assumption that F is perfect is necessary
in Corollary 5.7. However, note that Corollary 5.7 cannot be extended from V*3-
sentences to arbitrary V3-sentences (even without parameters and with only one
universal quantifier). For example, the sentence

Vx3y (v(x) = v(y?))

expresses 2-divisibility of the value group, so is satisfied in F ((Q)) but not in F ((¢)).

On the other hand, one could generalise Corollary 5.7 by slightly adapting the
proof to allow also sentences with more general quantifiers over the residue field,
namely QkEI-EVf(C)-sentences, 1.e., sentences of the form

T Voyr . T,y ey X Y0
with ¥ (x1, y1, ..., Xn, yu) an 3-Lys(C)-formula.

6. The existential theory

We now restrict the machinery of the previous section to existential sentences and
prove Theorem 1.1 from the introduction. We fix a field F, let C be the prime field
of F, and write Tr = Tr/c, H(F) = H(F/C).

Lemma 6.1. Ty is 3-complete, i.e., for any 3-Lys-sentence ¢, either T = ¢ or
Tr = —¢.

Proof. Suppose that Tr U {¢} is consistent. Thus there exists (K, v) = Tr U {¢}.
Simply viewing ¢ as an V¥3-formula V*x Y (x) with ¥ (x) = ¢, we have that
Kv C ¢(K). By Corollary 5.6 there exists n € N such that, for every (L, w) = TF,
Lw C ¢ (LP™"). In particular, ¥ (L?"") is nonempty. Since no parameters appear
in v, we may apply the n-th power of the Frobenius map to get that ¢ (L) is
nonempty, for every (L, w) = TFr. Viewing ¢ as an 3-sentence again, we have that
(L, w) = ¢. Thus Tr = ¢, as required. O

For the proof of Theorem 1.1 it remains to show that T } already entails those
existential and universal sentences which are entailed by Tf.

Definition 6.2. We define two subtheories of TFI. Let TFEI be the Ly¢-theory consist-
ing of the following axioms (expressed informally about a structure (K, v)):

(1) (K, v) is an equicharacteristic henselian nontrivially valued field and

(2) Kv is a model of the existential Lyng-theory of F.
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Let T}f be the L¢-theory consisting of the following axioms (again expressed
informally):

(1) (K, v) is an equicharacteristic henselian nontrivially valued field and

(2) Kv is a model of the universal L,g-theory of F.
Note that T} = TE U T;i’.
Lemma 6.3. Let ¢ be an existential L¢-sentence. If Tr = ¢ then T;' = .

Proof. Let (K, v) &= TE. Then Kv is a model of Thg(F'); equivalently the theory
of Kv is consistent with the atomic diagram of F. Thus there is an elementary
extension (K, v) < (K*, v*) with an embedding o : F — K*v*, cf. [Marker 2002,
Lemma 2.3.3]. Note that (K*, v*, o) € H(F) and that (F(¢)", v,) = Tr, hence
(F ()", v;) = ¢. Therefore, Lemma 5.3 implies that (K*, v*) = ¢; thus (K, v) = ¢.
This shows that 77 = ¢. O

Lemma 6.4. Let ¢ be a universal Ly¢-sentence. If Tp = ¢ then T,‘g = .

Proof. Let (K,v) = TI\Z. Then Kv = Thy(F). There exists F/ = F with an
embedding o : Kv — F’ (see [Marker 2002, Exercise 2.5.10]). Using Lemma 2.1,
we may choose an equicharacteristic nontrivially valued field (L, w) which extends
(K, v) and is such that Lw is isomorphic to F’. In particular Lw = F. Let (L, w)"
be the henselisation of (L, w); then we have (L, w)" = TF, so (L, w)" = ¢. Since
¢ is universal, we conclude that (K, v) = ¢. O

Theorem 6.5 (3-completeness). T ; is A-complete, i.e., for any 3-Ls-sentence ¢
eitherT; |:¢0rTI£ = —¢.

Proof. Let ¢ be an existential L,¢-sentence. By Lemma 6.1, either Tr |= ¢ or
Tr = —¢. In the first case we apply Lemma 6.3 and find that TE = ¢; in the second
case we apply Lemma 6.4 and find that 7)Y |= —¢. Since T} = T2 U T}, in either
case T} “decides” ¢, and we are done. O

Remark 6.6. Let x (x) be an existential Lyjyg-formula with one free variable. In
[Anscombe and Fehm 2016], we apply Theorem 6.5 to the following 3- or V-L¢-
sentences:

(1) Vx (x(x) = v(x) = 0),
2) Vx (x(x) = v(x) > 0), and
3) Ix (v(x) >0Ax £O0A x(x)).
We also apply Corollary 5.6 to the V¥3-£,¢-sentence

4) ¥YEx3y (res(y) = x A x ().



The existential theory of equicharacteristic henselian valued fields 679

7. An “existential AKE principle”’ and existential decidability

Theorem 6.5 shows that the existential (respectively, universal) theory of an equichar-
acteristic henselian nontrivially valued field depends only on the existential (re-
spectively, universal) theory of its residue field. We formulate this in the following
“existential AKE principle”.

Theorem 7.1. Let (K, v) and (L, w) be equicharacteristic henselian nontrivially
valued fields. Then

(K,v) ETha(L,w) ifandonlyif Kv}=Thy(Lw).

Proof. (=): Note that the maximal ideal is defined by the quantifier-free formula
v(x) > 0. Therefore any existential statement about the residue field can be translated
into an existential statement about the valued field.

(«<): If Kv = Thy(Lw) then (K,v) TLE'w. By Lemma 6.1, Ty, entails
the existential theory of (L, w), and by Lemma 6.3, TLE'w entails the existential
consequences of 77,,. Combining these two statements, we have that TLEw entails the
existential theory of (L, w). Thus (K, v) models the existential theory of (L, w). [J

Corollary 7.2. Let (K, v) and (L, w) be equicharacteristic henselian nontrivially
valued fields. Then

Th3(K, v) =Ths(L, w) ifandonlyif Thy(Kv)= Tha(Lw).

Proof. This follows from Theorem 7.1, since Th3(K, v) = Th3(L, w) if and only
if both (K, v) ="Ths(L, w) and (L, w) = Ths(K, v), and Thy(Kv) = Thy(Lw) if
and only if both Kv = "Thg(Lw) and Lw = Th3(Kv). U

Note that Corollary 7.2 is in fact simply a reformulation of Theorem 6.5. Note
moreover that, by the usual duality between existential and universal sentences, the
same principle holds with “3” replaced by “V”.

Remark 7.3. The reader has probably noticed that as opposed to the usual AKE
principles, the value group does not occur here. However, since the existential theory
of a valued field determines the existential theory of its value group, Corollary 7.2
could also be phrased as

Thz(K, v) = Thg(L, w) if and only if
Th3(Kv) = Tha(Lw) and Thy(vK) = Tha(wL).

In fact, all nontrivial ordered abelian groups have the same existential theory (which
follows immediately from the completeness of the theory of divisible ordered
abelian groups; see also [Gurevich and Kokorin 1963]). In residue characteristic
zero, this special form of the existential AKE principle was known before; see,
e.g., [Koenigsmann 2014, p. 192].
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Remark 7.4. In mixed characteristic the situation is very different. Fix a prime
p and let (K, v) and (L, w) be henselian nontrivially valued fields. Just as in
Remark 7.3, the existential theory of a valued field determines the existential theory
of the residue field and the value group, i.e.,

Tha(K, v) =Tha(L, w) = Tha(Kv)=Ths(Lw) and Th3(vK)=Tha(wL).

However, in mixed characteristic the converse fails. For example, consider the
valued fields (K, v) = (Q,, vp) and (L, w) = (Q,(,/p), v,). Both residue fields
Kv and Lw are equal to [, and both value groups are isomorphic to Z, but the
existential theories of (K, v) and (L, w) are not equal since Q, does not contain
a square-root of p. In particular, both Theorem 6.5 and Corollary 7.2 fail if we
replace “equicharacteristic” by “mixed characteristic”.

One feature of mixed characteristic is that the existential theory of (K, v) deter-
mines the existential theory of (vK, vp), which is the ordered abelian group vK
together with the distinguished nonzero element vp. Therefore, if (K, v) and (L, w)
are both of characteristic zero and residue characteristic p, we have the implication

Th3(K,v) =Thy(L,w) =
Th3(Kv) = Thg(Lw) and Thg(vK, vp) = Tha(wL, wp). (%)

Note that not all ordered abelian groups with a distinguished nonzero element have
the same existential theory. For example, Th3(Z, 1) # Th3(Z, 2). Nevertheless, we
claim that the implication (x) is not invertible. To prove this claim we need a new
counterexample because v, p is minimal positive in v,Q, but v,p = 2v,./p in

v,Q,(/P), and so
Ths(v,Q,, vpp) = Th(Z. 1) # Tha(Z, 2) = Tha(v,Q, (/D). v, p).

Instead, we cite the example of two valued fields (L, v) and (F}, v) which were
constructed in [Anscombe and Kuhlmann 2016, Theorem 1.5]. Both are tame and
algebraic extensions of (Q, v,), both residue fields Ljv and Fyjv are equal to [,
and both value groups vL; and v F) are equal to the p-divisible hull of ﬁ(v »P)L.
Nevertheless (L1, v) = (F1, v). In fact, since L; and F) are algebraic, we have that
Th3(L1, v) # Tha(Fy, v). This example shows that the converse to (x) does not
hold, even under the additional hypothesis that (K, v) and (L, w) are tame.

Next we deduce Corollary 1.3 from Theorem 6.5.

Corollary 7.5. Let (K, v) be an equicharacteristic henselian valued field. The
following are equivalent.

(1) Tha(Kv) is decidable.
(2) Tha(K, v) is decidable.
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Proof. 2= 1: As before, residue fields are interpreted in valued fields in such a
way that existential statements about Kv remain existential statements about (K, v).
Therefore, if (K, v) is 3-decidable, then Kv is 3-decidable.

1 = 2: Write F := Kv and suppose that F is 3-decidable. If v is trivial, then
(K, v) = (F,v) is also 3-decidable, so suppose that v is nontrivial. We may recur-
sively enumerate the existential and universal theory R } of F, so T} is effectively
axiomatisable. By Theorem 6.5, TF1 is an 3-complete subtheory of Th(K, v). Thus
we may decide the truth of existential (and universal) sentences in (K, v). O

Remark 7.6. If we replace “equicharacteristic” by “mixed characteristic” then the
statement of Corollary 7.5 is no longer true. To see this, let P be an undecidable set
of primes, let K be the extension of @, generated by a family of /-th roots of p, for
l € P, and let v be the unique extension of v, to K. Then Kv =[,, so Th3(Kv) is
decidable, but Thz(vK, vp) is undecidable, hence so is Th3(K, v). At present, we
do not know of an example of a mixed characteristic henselian valued field (K, v)
for which Th3(Kv) and Th3(vK, vp) are decidable but Th3(K, v) is undecidable.

Let Ly¢(¢) be the language of valued fields with an additional parameter ¢, and
let g be a prime power. In [Denef and Schoutens 2003], it is shown that resolution
of singularities in characteristic p would imply that the existential L,(¢)-theory
of F,((¢)) is decidable. Using our methods we can prove the following weaker but
unconditional result.

Corollary 7.7. The existential theory of F,((t)) in the language of valued fields is
decidable.

First proof. We can apply Corollary 7.5, noting that Th3([,) is decidable. O

For the sake of interest, we present a more direct proof of this special case.
However, note that this “second proof” uses the decidability of [, while the “first
proof” used only the decidability of the existential theory of [,.

Second proof. As an equicharacteristic tame field (Proposition 4.6) with decidable
residue field and value group, (F, ()9, v,) is decidable, by [Kuhlmann 2014,
Theorem 7.7(a)]. Since ([, ()9, v,) is the directed union of structures isomorphic
to (F, (7)), vs) (Corollary 4.3), in fact ([, ((¥)), v;) and ([, ()9, v,) have the same
3-Ly¢-theory. Thus, to decide the existential Ly¢-theory of (F,((7)), v;), it suffices
to apply the decision procedure for the Ly¢-theory of (I, ()2, vy). ]

Remark 7.8. Since Corollary 7.7 shows decidability of the existential theory of
[, ((¥)) in the language of valued fields Ly¢, in which the valuation ring is definable
by a quantifier-free formula, we also get decidability of the existential theory of
the ring [, [[z]. It might however be interesting to point out that it was proven only
recently that already decidability of the existential theory of [, ((#)) in the language
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of rings would imply decidability of the existential theory of the ring [, [[7]]; see
[Anscombe and Koenigsmann 2014, Corollary 3.4].

Remark 7.9. The 3-L(t)-theory of (F,((¢)), v/) is equivalent to the V{( 3-Lyst-
theory of ([, ((2)), v,). This “equivalence” is meant in the sense that there is a truth-
preserving effective translation between 3-Ly¢(f)-sentences and V3-L¢-sentences
which have only one universal quantifier ranging over the valued field sort (and
arbitrary existential quantifiers). In this argument we make repeated use of the
fact that, for all a € F,((r)) with v;(a) > 0 and a # 0, there is an L;-embedding
F,((#)) — F,((z)) which sends ¢ > a.

Let ¢ (¢) be an existential Ly¢(#)-sentence. We claim that ¢ (¢) is equivalent to
the Vf 3-L,s-sentence

Yu (v(u) >0Au #0) - ¢(u)).

This follows from the fact about embeddings stated above.
On the other hand, let ¥ (x) be an 3-Ls-formula in one free variable x in the
valued field sort and consider the 3-L¢(?)-sentence y which is defined to be

Iy3zo. .. Iy (yt =AY MANZ :ZjA-Q' 4 #£ 2 ANV HDAN w(zj)).
J i#] J j
Written more informally, the sentence x expresses that
YA N @G+ AY ).
zel,

We claim that Vx ¥ (x) and x are equivalent. First suppose that [, ((7)) = Vx ¥ (x).
By choosing (z;) to be an enumeration of [,, we immediately have that F, (()) = x.

In the other direction, suppose that [, ((¢)) = x and leta € F,((¥)). If v;(a) <0
then consider the embedding which sends ¢ — a~!. Since v (') holds, applying
the embedding shows that i (a) also holds. On the other hand suppose that v, (a) > 0.
If a € F, then x already entails that v (a). Now suppose that a ¢ [, and let z be the
residue of a. Consider the embedding which sends ¢ — a — z (note that a — z # 0).

Since ¥ (z +t) holds, applying the embedding shows that v/ (a) also holds. This
completes the proof that F, ((r)) = Vx ¥ (x).
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On twists of modules over
noncommutative lwasawa algebras

Somnath Jha, Tadashi Ochiai and Gergely Zabradi

It is well known that, for any finitely generated torsion module M over the
Iwasawa algebra Z,[[T']], where I" is isomorphic to Z,,, there exists a continuous
p-adic character p of I" such that, for every open subgroup U of T, the group of
U-coinvariants M (p)y is finite; here M (p) denotes the twist of M by p. This
twisting lemma was already used to study various arithmetic properties of Selmer
groups and Galois cohomologies over a cyclotomic tower by Greenberg and
Perrin-Riou. We prove a noncommutative generalization of this twisting lemma,
replacing torsion modules over Z,[[I"]] by certain torsion modules over Z ,[[G]]
with more general p-adic Lie group G. In a forthcoming article, this noncom-
mutative twisting lemma will be used to prove the functional equation of Selmer
groups of general p-adic representations over certain p-adic Lie extensions.

Introduction

Let us fix an odd prime p throughout the paper. We denote by I" a p-Sylow subgroup
of Z;. For a compact p-adic Lie group G and the ring O of integers of a finite
extension of Q,, we denote the Iwasawa algebra O[[G]| of G with coefficient in O
by Ao (G).

In this article, we study Ao (G)-modules, motivated by [Coates et al. 2005].
More precisely, we study specializations of certain A (G)-modules by two-sided
ideals of Ap(G). Recall that the paper [Coates et al. 2005] establishes a reasonable
setting of noncommutative Iwasawa theory in the following situation.

(G) G is a compact p-adic Lie group which has a closed normal subgroup H such
that G/H is isomorphic to I'.
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According to the philosophy of [Coates et al. 2005], for a reasonable ordinary
p-adic representation 7 of a number field K and a pair of compact p-adic Lie
groups H C G satisfying the condition (G), the Pontryagin dual S of the Selmer
group Sy of the Galois representation A =T ® Q,/Z,, over a Galois extension
K~ /K with Gal(K~/K) = G seems to be a nice object. The A»(G)-module SX
divided by the largest p-primary torsion subgroup Sy (p) is conjectured to belong to
the category ny (G) which consists of finitely generated Ao (G)-modules M such
that M is also finitely generated over Ap(H). From such arithmetic background,
we are led to study finitely generated Ao (G)-modules for a compact Lie group G
with H C G satisfying the condition (G).

On the other hand, for any open subgroup U of G and for any arithmetic module
S as above, the largest U-coinvariant quotient (S))y is expected to be related
to the Selmer group of A over a finite extension L of K with Gal(L/K) = G/U.
As remarked above, we have the following fact (Tw) when G = TI'" (i.e., when
H = 1) which was used quite effectively in the work of Greenberg [1989] and
Perrin-Riou [2003].

(Tw) For any finitely generated torsion A (I")-module M, there exists a continuous
character p : I' — Z such that the largest U-coinvariant quotient (M ®z,
Zp(p))u of M ®z, Z,(p) is finite for every open subgroup U of I', where
Z,(p) is a free Z ,-module of rank one on which I' acts through the character

P
F—)Z;.

We call such a statement (Tw) a twisting lemma. In this commutative situation
of G =T, the twisting lemma is proved in a quite elementary way. For example,
we consider the characteristic ideal charojryM. If we take a p such that the values
p(y)_lg“pn — 1 do not coincide with any roots of the distinguished polynomial
associated to charorjM when natural numbers 7 and p"-th roots of unity ¢,» vary,
the twisting lemma is known to hold.

If we have a twisting lemma in a noncommutative setting, it seems quite useful
for some arithmetic applications for noncommutative Iwasawa theory. On the other
hand, for a noncommutative G, it was not clear what to do to prove the twisting
lemma because we cannot talk about “roots of characteristic polynomials” as we
did in commutative setting. We finally succeeded in proving the twisting lemma
which is stated as our Main Theorem below.

For a Ap(G)-module M and a continuous character p : I’ — Z’%, we denote by
M (p) the Ap(G)-module M ®z, Z,(p) with diagonal G-action.

Main Theorem. Let G be a compact p-adic Lie group and let H be a closed
normal subgroup such that G/ H is isomorphic to I'. Let M be a Ao (G)-module
which is finitely generated over Ap(H).
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Then there exists a continuous character p : I' — Z such that the largest U -
coinvariant quotient M (p)y of M (p) is finite for every open normal subgroup U
of G.

We give some examples of a pair H C G satisfying the condition (G) and a
Ao (G)-module M which should appear in arithmetic applications.

Examples. (1) Let us choose a prime p > 5. Let E be a non-CM elliptic curve
over () with good ordinary reduction at p. Take K = Q(E[p]) and set Ko, =
CI;[>(U,1>1 E[p”]). Then by a well known result of Serre, Gal(K~/K) is an open
subgroup of GL»(Z,). By WEeil pairing, the cyclotomic Z, extension K¢y of K
is contained in K. We denote Gal(K/K), Gal(K/Kcyc) and Gal(K¢ye/K) by
G, H and I" respectively. The pair H C G satisfies the condition (G).

Let us consider the Pontryagin dual S of the Selmer group S4 of the Galois
representation A = T,E ® Q,/Z, over the Galois extension K,,/K discussed
above. We take M to be the module S) /S (p). It is conjectured that the module
M = S)/S} (p) is in the category ny (G) (see [Coates et al. 2005, Conjecture 5.1])
and there are examples where this conjecture is satisfied (see [loc. cit.]).

(2) Let us choose a p-th power free integer m > 2. Put K =Q(up), Keye = Q1 px)
and Koo = U;’;l Keye (m'/P"). Such an extension K s /K is called a false-Tate curve
extension. We denote Gal(K o/ K), Gal(K /K cyc) and Gal(K¢y./K) by G, H and
I" respectively. Note that we have G =7, xZ,, H=7, and I' = Z,,. Again the
pair H C G satisfies the condition (G).

Let us consider the Pontryagin dual S) of the Selmer group S of the Galois
representation A =T ® Q,/Z, over a Galois extension K,/K discussed above.
We take M to be the module S} /S) (p). Under certain assumptions on A, it is
expected that S} /S) (p) will be in ny (G). We refer to [Hachimori and Venjakob
2003] for some examples of S) /S (p) which are in ny (G).

(3) Let K be an imaginary quadratic field in which a rational prime p # 2 splits.
Let Ko be the unique Zj‘fz—extension of K. Let G = Gal(Ky/K) and H =
Gal(K »/Kcyc). Once again the pair H C G satisfies the condition (G).

For the Pontryagin dual S} of the Selmer group S4 of the Galois representation
A=T®Q,/Z, over a Galois extension K,/ in this commutative two-variable
situation, similar phenomena as above are expected and we take M to be the module
S1/SK(p).

In a forthcoming joint work of two of us [Jha and Ochiai > 2016], the Main Theorem
above will be applied to establish the functional equation of Selmer groups for
general p-adic representations over a general noncommutative p-adic Lie extension.
This is a partial motivation for our present work for two of us. Note that the third
author proved the functional equation of Selmer groups for elliptic curves over
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false-Tate curve extension (see [Zabradi 2008]) and for non-CM elliptic curves in
GL;-extension (see [Zabradi 2010]). But the main method of the papers [Zabradi
2008; 2010] is not based on the twisting lemma.

Notation. Unless otherwise specified, all modules over A (G) are considered as
left modules. Throughout the paper we fix a topological generator y of I'.

1. Preliminary Theorem

In this section, we formulate and prove the Preliminary Theorem below, which
gives the same conclusion as the Main Theorem under stronger assumptions (i.e.,
the hypothesis (H) and nonexistence of nontrivial element of order p in G). In the
next section, our Main Theorem is deduced from the Preliminary Theorem and the
Key Lemma which is given in the next section.

Preliminary Theorem. Let G be a compact p-adic Lie group without any element
of order p and let H be a closed normal subgroup such that G/ H is isomorphic to
[". Let M be a finitely generated torsion Ao (G)-module satisfying the following
condition.

(H) There is a Ao(H)-linear homomorphism M — Zp[[H]FBd that induces an
isomorphism M ®z, Q, = (Z,[H] ®z, Q,)®? after taking ®z,Qp.

Then there exists a continuous character p : I' — Z such that the largest U-
coinvariant quotient M (p)y of M (p) is finite for every open normal subgroup U
of G.

Before going into the proof of the Preliminary Theorem, we collect some basic
results in noncommutative Iwasawa theory which are relevant for the article.

Lemma 1. Let H C G be a pair satisfying the condition (G) and let M be a finitely
generated Ao(G)-module which satisfies the condition (H). Then there exists a
matrix A € Mg(Z,[H] ®z, Q) such that M ®z, Q, is isomorphic to

(Z,1G1®z, @)% [(Z,1G]1 ®z, Qp)®! (714 — A), €5)

where y is a topological generator of I and y € G is a fixed lift of y and elements
in (Z,1Gl1®z, Q p)@d are regarded as row vectors.

Proof. Let us take a basis vy, ..., vy of the free Z, [ H] ®z, Qp-module M ®z, Q.
Through the isomorphism M ®z,Q, = (Z,[H1®z,Q p)@d fixed by the condition
(H), y acts on M. Thus we define a matrix A = (a;;)1<i,j<a € Ma(Z,[H]l ®z, Qp)

by
)7 V= Z ajivj.

l<j=d
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We denote the module presented in (1) by N4. By construction, we have a
Z,[H] ®z, Qp-linear isomorphism (Z,[[H]| ®z, @p)@d —=> N4 on which y acts
in the same manner as the action of y on M ®z, CI;D O

We denote by U the set of all open normal subgroups U of G. We remark that
the set U is a countable set since G is profinite and has a countable base at the
identity.

Lemma 2. Forany U €U, 7,[G/U]®z, @p is isomorphic to a finite number of
products of matrix algebras Hlkg) M,, @ p)-
Proof. First of all, the algebra Z,[G/U] ®z, Q, = Q,[G/U] is a semisimple

algebra over Q, since G/ U is a finite group and Q,, is of characteristic 0. We have
an isomorphism

In
QpIG/UI=] ] My (Do),

i=1
where D; is a finite dimensional division algebra over Q. For each i, the center K;
of D, is a finite extension of Q p- It is well-known that d1m k; Di is a square of some
natural number #; and D; ®, (I;Dp is 1somorphlc to M, (@ ). Thus M, (D;) ® @
is isomorphic to [K; : Q,] copies of Mj, @ »). The lemma follows immediately
from this. O

Proof of the Preliminary Theorem. First, we remark that for an open normal
subgroup U of G, we have

M (p)y is finite if and only if M (p)y ®z, Q, =0. 2)

Since the operation of taking the base extension ®z,Q;, commutes with the opera-
tion of taking the largest U-coinvariant quotient, by Lemma 1 we have

M(/O)U ®Zp @p
= (Z,1G/U1®z, @)% [(Z,1G/ U1z, Q) (757 — Au(p)). (3)
where we denote the projection of y € G to G/ U by y,,. Here, the matrix Ay (p) €

My(Z,[G/U]®z,Q)) is defined as the image of p(y) ' A € My(Z,[H]®z,Q))
via the composite map

Mqi(Z,[HT1 ®z, Qp) —> Ma(ZpllGl ®z, Qp) —> Ma(Zp[G/ U] Rz, Qp).

Taking the base extension ®@p@ p of the isomorphism (3), we have a Q p-linear
isomorphism by Lemma 2:

k(U)
M @z, 8 = [ M, @)% /M, @ (v~ Avito)) 4
i=1
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where Yu.i € Aut@p (M, (@p)) and Ay ;(p) € End@P (M, (@p)%) are defined as
follows. We consider the base extension to @ p of

Yu € Autz,[6/018,,0,(Zp G/ U] ®z, Qp) C Autg,(Z,[G/U]®z, Q)p).

This is an element of Aut@p (]_[kg) M, (Q p)). We denote the_ projection of this

1
element to the i-th component by y,; ;. The base extension to Q,, of

Ay(p) € My(Z,[G/U1®z, @)) C Enda, ((Z,[G/U1®z, @,)®?)

is an element of End@p (]_[fc(:lf) M,, @ p)®d), and we denote the projection of this

element to the i-th component by Ay ; (p).

Now, we denote by Ay ; the element Ay ;(1). We remark that Ay ;(p) is equal
to ,o(y)_lAU,i for any continuous character p : I’ — Z;. We define EVy ; to be
the set of roots of the characteristic polynomial

Py i(T) = det(y2! — Ay T).

Since yf/B"ii is an automorphism, the polynomial Py ;(T) is not zero. Hence EVy ;
is a finite set. We denote the union of EVy; for 1 <i <k(U) by EVy, which is
again a finite set. If p(y)~! is not contained in EVy N Z;, the module in (4) is
zero and hence the module in (3) is zero. Now, we denote by EV), the union of
EVy Nz ; over all U € Y. Since U is a countable set, EV,, is a countable set. Thus
Z; \EVy is nonempty since Z is uncountable. By choosing p(y)le Z; \EVy,
we complete the proof. (]

2. Proof of the Main Theorem
In this section, we prove the Main Theorem, which relies on the following result.

Key Lemma. Let G be a compact p-adic Lie group without any element of order
p and let H be a closed subgroup such that G/H is isomorphic to I'. Let M
be Ao(G)-module which is finitely generated over Ao(H). Then, there exists
an open subgroup Gy C G containing H, a Ao(Go)-module N which is a free
Ao (H)-module of finite rank, and a surjective Ao (Gy)-linear homomorphism
N — M.

Proof. We denote by I the Jacobson radical of Axp(H). Note that I is a two sided
ideal of Ao (H) such that we have Ap(H)/I =[F,, where [, is the residue field of
O. We also have Ap(G)/I = F,[[I"] by definition.

Let us take a system of generators my, ..., mg of M as a Ap(H)-module. Note
that M is equipped with a topology obtained by a natural A (H )-module structure.
The set {I" M}, cn forms a system of open neighborhoods of M.
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Choose a topological generator y of I' and take a lift y € G of y. By continuity
of the action of G on M, the following two conditions hold true simultaneously for
a sufficiently large integer n:

(i) We have (y?" — 1)m; € IM for any i with 1 <i <d.
(ii) The conjugate action of 77" on I/I? is trivial.

We will choose and fix a natural number # satisfying the conditions (i) and (ii). Then
we define G to be the preimage of I'”" by the surjection G — I'. By definition,
Gy is an open subgroup of G which contain H.

Let us consider the set {a;; € I}|<; j<q¢ such that we have ()7”" —Dmj =
Zflzl aijm;. We consider F (resp. F’) which is a free A (Go)-module of rank d
equipped with a system of generators fi, ..., fy (resp. f{, ..., f;). We consider a
Ao (Gg)-linear homomorphism

d
¢: F'— F, fj> @ =Df=> aifi.
i=1

We define a Ap(Gp)-module N to be the cokernel of the map ¢ above.

Claim. For each i with 1 < i < d, we denote the image of f; by fi. Then the
Ao(Go)-module N is a free Ao(H)-module of finite rank d with a system of
generators fi, ..., fa.

If the claim holds true, a Ap(Gy)-linear homomorphism N — M sending fl
to m; for each i is surjective. Since N is free over A (H), this is what we want.
Thus it remains only to prove the claim.

By applying the functor Ap(Go)/IAo(Go) ®an(Gy) - to the map ¢, and noting
that

Ao(Go)/T =F,4[TT,

we obtain
4 I (24 n
@r - @j;]”:q[[rp ]]f] I @jzl[Fq[[Fp ]]f/

Since N/IN is isomorphic to the cokernel of the above map ¢;, N/IN is a free [F,-
module of rank d. By applying the topological Nakayama lemma (see [Balister and
Howson 1997, Corollary in §3]) to the compact A (H)-module N, N is generated
by fl, - fd over Ap(H). We will prove that N is free of rank d over Ap(H)
with this system of generators. Let r be an arbitrary natural number. Since we
have a natural surjection from the r-fold tensor product of /12 to I"/I"*!, the
conjugate action of 77" on I /I"*! is also trivial. Thus, by applying the functor
I" /"Y' Ao (Gy) ® A0 (Gy) - to the map ¢, we obtain a Ap(Go)-linear map

QI /I"™ . I'F/I'T'F — I"F/I"T'F
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which is again defined as a multiplication of (77" — 1). This proves

s—1 s—1
dimg, N/I'N =Y " dimg, I'N/I"*'N = " dimg, (1" /1) %
r=0 r=0

Thus the cardinality of N/I°N is equal to the cardinality of (Ap(H)/I)®? for
any natural number s, which implies that N is free of rank d over Ap(H). This
completes the proof of the claim. (]

Proof of Main Theorem. We will use the Key Lemma and the Preliminary Theorem
to prove the Main Theorem in two steps.

First, we consider the situation where G is a compact p-adic Lie group without
any element of order p and H is a closed subgroup such that G/H is isomorphic
to I'. Thus we dropped the assumption (H) of the Preliminary Theorem but we still
keep the assumption of nonexistence of a nontrivial element of order p in G.

Let M be Ap(G)-module which is finitely generated over An(H). By the Key
Lemma, for a sufficiently large natural number n, we have a surjective Ap(Gy)-
linear homomorphism N — M from a free Ap(H)-module N of finite rank. Here
Gy is a unique open subgroup Gog C G of index p” containing H. Note that the
module N satisfies condition (H) of the Preliminary Theorem. We thus find a
continuous character py: I'?" — Z; such that N (o), is finite for any open normal
subgroup Uy of Gy. By the proof of the Preliminary Theorem, we can choose
uncountably many such pg. Thus, we see that we can take pg as above so that the
value of py is contained in a open subgroup 1+ p"Z, of Z. Then, we take a
continuous character p : ' — Z; whose restriction to I'?" coincides with pg. The
twist M (o) with this character is what we want in our Main Theorem. In fact, for
any open normal subgroup U of G, we have a surjection N (po)y, — M (p)y taking
an open normal subgroup Uy of G contained in U. Since N (po)y, is finite by the
Preliminary Theorem, M (p)y must be finite. Thus we finished the proof of our
Main Theorem under the assumption of nonexistence of a nontrivial element of
order p in G.

Now we deduce our Main Theorem assuming that it is true under the assumption
of nonexistence of a nontrivial element of order p in G. We consider the situation
where G is a compact p-adic Lie group with elements of order p and H is a closed
subgroup such that G/H is isomorphic to I'. Let M be a Ap(G)-module which
is finitely generated over A (H). Let G’ be a uniform open normal subgroup of
G (see [Lazard 1965, Chapter III, §(3.1)]), which is automatically without any
elements of order p. Let H' be the intersection of H and G'. Since M is finitely
generated over Ap(H) and since H' is of finite index in H, M is finitely generated
over Ap(H’). According to the result in our first step, there exist a continuous
character p’: G'/H'" — Z7; such that M (p")y- is finite for every open subgroup U’
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of G'. Note that G’/ H’ is naturally regarded as an open subgroup of G/H. Thus
by choosing p’ so that the image of p’ is small enough in Z,; compared to the
index of G'/H' in G/ H, there exists a continuous character p : G/H — Z; whose
restriction to G’/ H' coincides with p’. Now for any open normal subgroup U of
G, we take an open normal subgroup U’ of G” which is contained in U. We have a
natural map M (p")yr — M(p)y, where M (p’)y is finite by the choice of p” and by
our discussion above. Unlike in the first step, M (p")y — M (p)y is not necessarily
surjective. However, the cokernel of this map is still finite by construction. We thus
deduce that M (p)y is finite, which completes the proof of the Main Theorem. [J

Remark (p-torsion modules). For a compact p-adic Lie group G without any
element of order p, it is well-known that A ¢ (G) is left and right noetherian. Let
N be a finitely generated p-primary torsion left Ap(G) module. Then, we have
N = N[p"] for some r € N. For any open normal subgroup U of G, Ny is a finitely
generated Z/p"Z[G /U] module. In other words, Ny is always finite when N is of
p-primary torsion.

For a finitely generated torsion A »(G) module M, we consider the exact sequence

0— M(p)— M — M/M(p) — 0,

where M (p) is the largest p-primary torsion submodule of M. Then, from the
preceding discussion, it is clear that in the situation of the Main Theorem, for any
continuous p : I' — Z and for any open normal subgroup U of G, M(p)y is finite
if and only if ((M/M(p))(,o))U is finite.

In particular, when we want to apply the Main Theorem to arithmetic situations
coming from Selmer groups of certain Galois modules A, we remark that S} (p)y
is finite if and only if ((S)/S) (p))(p)),, is finite.
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