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CYCLES ON SIEGEL THREEFOLDS AND
DERIVATIVES OF EISENSTEIN SERIES

BY STEPHEN S. KUDLA * AND MICHAEL RAPOPORT

ABSTRACT. — We consider the Siegel modular variety of genus 2 and a p-integral model of it for a
good prime p > 2, which parametrizes principally polarized abelian varieties of dimension two with a level
structure. We consider algebraic cycles on this model which are characterized by the existence of certain
special endomorphisms, and their intersections. We characterize that part of the intersection which consists
of isolated points in characteristic p only. Furthermore, we relate the (naive) intersection multiplicities of
the cycles at isolated points to special values of derivatives of certain Eisenstein series on the metaplectic
group in 8 variables. © 2000 Editions scientifiques et médicales Elsevier SAS

RESUME. — Nous étudions ’espace de modules de Siegel de genre 2 et, pour un nombre premier
p > 2, un modele p-entier de cet espace qui parametre les variétés abéliennes principalement polarisées
de dimension 2 munies d’une structure de niveau. On considere des cycles algébriques sur ce modele
définis par 1’existence d’endomorphismes spéciaux, ainsi que leurs intersections. On caractérise la partie
de ces intersections qui est constituée de points isolés de caractéristique p. On donne une formule qui relie
la multiplicité d’intersection (naive) de ces cycles en les points isolés aux valeurs spéciales de dérivées de
certaines séries d’Eisenstein sur le groupe métaplectique en 8 variables. © 2000 Editions scientifiques et
médicales Elsevier SAS

Introduction

The classical Siegel-Weil formula relates a special value of a Siegel-Eisenstein series,
an analytic object, to the representation numbers of quadratic forms, essentially diophantine
quantities. Recent work has revealed that analogous relations should exist between the special
values of derivatives of such series and quantities in arithmetical algebraic geometry, e.g.,
heights. One such relation involving Shimura curves was proved by one of us in [19]. In that
paper, it was established that the nonsingular Fourier coefficients of the derivative at O of certain
Siegel-Eisenstein series of weight 3/2 on the metaplectic group in four variables! are closely
related to the value of the height pairing of a pair of arithmetic cycles on a Shimura curve.

It is a hope, already expressed in [19], that a similar relation holds in general between the
derivative at 0 of certain incoherent Siegel-Eisenstein series on the metaplectic group in 2n
variables and the height pairing of suitable arithmetic cycles on Shimura varieties associated to
orthogonal groups of signature (n — 1,2). This would constitute an arithmetic analogue of the
result of the first author [18] which relates the value at 1/2 of certain coherent Siegel-Eisenstein
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Lj.e., the metaplectic cover of the symplectic group of rank 2 over Q.
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696 S.S. KUDLA AND M. RAPOPORT

series with the intersection pairing on suitable classical cycles on these Shimura varieties. As
a basic first step in the incoherent case, it can be shown that (at least for nonsingular Fourier
coefficients) both sides of the identity to be proved can be written as a sum of terms enumerated
by the places of Q. One can then hope to prove identities between individual corresponding terms
one place at a time.

This paper is the first of a pair in which we generalize some of the results of [19] to higher
dimensions in the case of finite primes of good reduction.

A first difficulty in the general program is that models over the integers of the Shimura varieties
associated to orthogonal groups are not well understood. For low values of n there are, however,
exceptional isomorphisms which relate the groups in question to symplectic groups, and the
Shimura varieties associated to them have integral models which one can investigate. In the
present paper we are concerned with the exceptional isomorphism which relates the orthogonal
group of signature (3, 2) with the symplectic group in 4 variables. In the companion paper [21]
we are concerned with the Shimura variety associated to an orthogonal group of signature (2,2)
which is related to certain Hilbert-Blumenthal surfaces.

Let us now be more specific about the contents of this paper. Let B be an indefinite quaternion
algebra over Q. Let C = My (B) and put

0.1) V={zeC; 2 =z,t:°x) =0},

where z — 2’ = 'z is the involution on C induced by the main involution on B. Then
(V,q), with q defined by 22 = ¢(z) - 1, is a quadratic space of signature (3,2) and the group
G = G Spin(V) of V can be identified with a twisted form of the group of symplectic similitudes
in 4 variables. Let D be the space of oriented negative 2-planes in V' (R) and let K be a compact
open subgroup of G(Ay). Then, the Shimura variety Sh(G, D)k, whose complex points are
given by

0.2) Sh(G, D)k (C) =G(Q)\ [D x G(As)/K],

is a (twisted) version of the Siegel 3-fold over Q. For example, the case of the split quaternion
algebra B = M(Q) yields the usual Siegel modular variety of genus 2.

The exceptional isomorphism of G = G Spin(V) with a form of GSp, plays a fundamental
role throughout the paper. In particular, we use it to construct a good integral model of
Sh(G,D)k. More precisely, we fix a prime p > 2 such that B is unramified at p and take
K of the form K = K? - K, where K C G(A%) is sufficiently small and where K, is the
natural maximal compact open subgroup of G(Q,). Then we use the modular interpretation of
Sh(G, D)k to construct a smooth model M over SpecZ,), as a parameter space of certain
abelian varieties with additional structure.

Algebraic cycles on Sh(G, D) i were defined analytically in [18] as follows. For z € V™ let
q(z) = 3((zi,z;)) € Sym,,(Q) be the matrix of inner products of the components of z for the
symmetric bilinear form ( , ) associated to g. Assume that d = g(z) is positive-definite (hence
n < 3), and let D, be the subspace of oriented negative 2-planes orthogonal to all entries of z.
Let G, be the pointwise stabilizer of z. Then Sh(G, D) is a sub-Shimura variety of Sh(G, D),
and thus defines a cycle of codimension n in Sh(G, D)k . These cycles are a special case of
the totally geodesic cycles in locally symmetric spaces studied in [20] and elsewhere. A slight
generalization of the previous construction yields a cycle Z(d,w; K) of Sh(G, D)k which is
associated to any positive definite d € Sym,, (Q) and any K -invariant compact open subset w of
V(Ap)™

The next step is to give a modular definition of these cycles. First, for one of the abelian
varieties parametrized by M, we define the notion of a special endomorphism (Definition 2.1).
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CYCLES ON SIEGEL THREEFOLDS AND EISENSTEIN SERIES 697

The space of such endomorphisms is a finitely generated free Z,)-module equipped with a
quadratic form q. The cycle Z(d, w; K) (= Z(d,w) if K is fixed) is then obtained by imposing an
n-tuple j of special endomorphisms such that ¢(j) = d, and satisfying an additional compatibility
with respect to w. If w satisfies an integrality condition at p, this definition can be used to extend
the cycle Z(d,w) to a cycle Z(d,w) for the integral model M of the Shimura variety. Here, by
a cycle on M, we mean a scheme which maps by a finite unramified morphism to M. At this
point we meet a very important problem: in contrast to M, the cycles Z(d,w) will no longer
be smooth, in general. In fact, they often are not flat over Z,) and may even have embedded
components. Our justification for our choice of this integral extension of the classical cycles is
that their definition is very simple, has a nice inductive structure with respect to intersection, and
that we are able to prove something about them. Before stating these results, we note that, while
the arithmetic cycles Z(d,w) can be defined for any d € Sym,,(Q), any n, they are nonempty
only when d is positive semidefinite and with coefficients in Z ).

We fix positive integers ny, . . ., n, withng +- - - +n, = 4 and, for each 4, we choose a positive
definite d; € Sym,,, (Z,) and a K -invariant open compact subset w; € V(A y)™. The resulting
cycles Z(d;,w;) on M have generic fibres of codimension n;. We form the fibre product

(03) Z:Z(dl,wl) XM XM Z(dr,wr).

To each point £ of Z, we then associate its fundamental matrix T € Sym,(Z,))>0, defined
by Te = ¢(j), where j = (j1,...,J-) is the 4-tuple of special endomorphisms imposed at a point
of the fiber product. Note that the diagonal blocks of T are (d,...,d,). The function £ — T
is locally constant for the Zariski topology on 2 and induces a disjoint sum decomposition in
which the summands are again special cycles of a definite kind,

(0.4) Z= 11 Z(T,w).

TGSym4 (Z(p))>0
diag(T)=(dy,...,dr)

Here w = w; X - - - X w,. The summand on the right corresponding to 7" is the set of points £ where
T¢ = T. This decomposition illustrates the inductive nature of the special cycles mentioned
above.

The decomposition (0.4) bears some formal similarity to the partitioning into isogeny classes
that occurs in the approach of Langlands—Kottwitz to the calculation of the zeta function of a
Shimura variety. In that approach the stable conjugacy class of the Frobenius endomorphism is
the most basic invariant of an isogeny class. In our context this role is played by the fundamental
matrix. One of our discoveries is that the fundamental matrix and more specifically its divisibility
by p governs the intersection behaviour of the special cycles. In any case, Z(T,w) = § if
ordp, det(T') = 0. Furthermore, if £ € Z(T,w) with det(T") # 0, i.e., T = T¢ is positive definite,
then the point £ lies in characteristic p and is not the specialization of a point of Z in
characteristic 0. In this case, the connected component Z(7,w) of Z containing & consists
entirely of supersingular points of M. Contrary to what one might expect, however, the condition
det(T¢) # 0 is not sufficient to ensure that £ is an isolated point of intersection. One of our main
results is the characterization of when this is the case.

THEOREM 0.1.— Let & € Z with det(T¢) # 0. Then & is an isolated intersection point if and
only if Ty represents 1 over Zy. In this case the underlying abelian variety is isomorphic to a
power of a supersingular elliptic curve.

When T' = T does not represent 1 over Zj, (but still is positive definite), then the connected
component Z(T,w) of Z containing & is a union of projective lines and, in fact, one can enumer-
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698 S.S. KUDLA AND M. RAPOPORT

ate these lines. It turns out that the more divisible T is by p, the more components there will be.
A more thorough analysis of the set of irreducible components can be found in [21]. We point
out that this phenomenon of excess intersection does not occur in the case of Shimura curves at
a place of good reduction [19], but it does occur at a place of bad reduction [22].

With the previous notation let us put

0.5) (Z(d1,wn),. - Z(drwn))0 T = Y e(®),

'EEZ»
¢ isolated

where each isolated intersection point £ appears with multiplicity e(§) = 1gOz ¢, the length of
the local ring of Z at &.

We next come to the relation with Eisenstein series, for which we refer the reader to Section 8
or the first part of [19] for more details. Let W be a symplectic space over Q of dimension 8 and
let

0.6) W=Wi+-+W,

be a decomposition of W into symplectic spaces W; of dimension 2n;. Let
0.7) i:Mpy p X --- X Mp,. o — Mpy

be the corresponding embedding of metaplectic groups. Let &(s) be the standard section of the
induced representation I(s,xy) of Mp, which is of the form &(s) = P (s) ® P¢(s). Here
the finite part is associated to the Schwartz function charw € S(V(A)*) under the natural map
S(V(As)*) — 14(0, x) defined via the Weil representation. Similarly, the component @, (s) at
oo is associated to the Gaussian for the 5-dimensional quadratic space V' (R) over R of signature
(5,0) under the map S(V’(R)*) — I (0, x). Thus the section &(s) is determined by

(0.8) wW=wi X X W,

and is incoherent in the sense of [19]. In particular, for h € Mp, (W), the corresponding
Eisenstein series E(h, s, ®) vanishes at the center of symmetry s = 0. For any (h1,...,h,) €
Mp; g X -+ X Mp, g we put

0.9) Fyy...a.(h1, .. hp, @)groper = Z E}(i(hl,...,hr),ﬂ, 45).
TeSymy(Zp))>o

For T in the sum, the diagonal blocks are dy,...,d,; T is represented by V(Aﬁl), but not by
V(Qyp). Moreover, T represents 1 over Z,. On the right in (0.9), we are summing over certain
Fourier coefficients of the derivative at 0 of the Eisenstein series for Mp,. Our second main
result is the following identity (Corollary 9.4).

THEOREM 0.2. — We have
Fay,ody (hy .o By, ®)27PF = ¢ Wo > (hy) - W52 () -logp-
(0.10) -vol(pr(K)) - (Z(dy,w1), .- ., Z(dr,wr)imper,
where ¢ = % vol(SO(V'(R))).

Unexplained notation may be found in the body of the text. The identity is proved by
unravelling both sides of (0.10), where, for the right side, we use the decomposition (0.4) and
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Theorem 0.1. The identity then reduces to the statement that, for 7' € Sym(Z,)) >0 such that T'
is not represented by V(Q,,) and where T represents 1 over Z,,, we have

Wi ,(e,0, )

-1, _4p 7P
(0.11) (logp) Wr ,(e,0, B))

[ellR) I () = (2T

Here, in the first factor on the left, there appears a quotient of the derivative at 0 of a certain
Whittaker function for the quadratic space V' (Q,) by the value at 0 of a Whittaker function for a
twist V' (Qyp), and, in the second factor, a Fourier coefficient of a theta integral. In fact, the second
factor can also be identified with an orbital integral. It turns out that the first factor equals the
multiplicity e(£) of any point £ € Z(T,w) (which is constant), while the second factor is equal
to the number of points in Z (T, w). For the multiplicity e(), the calculation can be reduced to
a problem on one-dimensional formal groups of height 2 which has been solved by Gross and
Keating [7]. For the calculation of the Whittaker functions we use the results of Kitaoka [14]
on local representation densities. It should be pointed out that we are using here the length of
the local ring Oz ¢ as the multiplicity of a point £, whereas the sophisticated definition would
also involve Tor-terms. It is a fundamental question whether these correction terms vanish. This
question we have to leave open.

In summary, we may say that Theorem 0.2 is proved by explicitly computing both sides
of (0.10) and comparing them. It would of course be highly desirable to find a more direct
connection between the analytic side and the algebro-geometric side of this identity.

We now give an overview of the structure of this paper. In Section 1, we introduce the Shimura
variety and formulate the moduli problem solved by M. Our special cycles are introduced
in Section 2. We define the fundamental matrix in Section 3 and isolate there the part of Z
lying purely in characteristic p. It is clear from the above description that to proceed further
we need a thorough understanding of the supersingular locus of M Xgpecz,,, SpecF,. This
is essentially due to Moret-Bailly [23] and Oort [24]. In Section 4, we give a presentation of
their results in terms of Dieudonné theory, better suited for our needs. A similar presentation
was independently given by Kaiser [11] for a different purpose. The heart of the paper is
Section 5. In it we determine the space of special endomorphisms of certain Dieudonné
modules and deduce the characterization of isolated intersection points (Theorems 5.11, 5.12
and 5.14). Here again the exceptional isomorphism plays a vital role. In Section 6, we
explain the reduction of the calculation of e(£) to the result of Gross and Keating, and, in
Section 7, we explain how to count the number of isolated points. Section 8 is a review
of the Fourier coefficients of Siegel Eisenstein Series. In Section 9, we bring everything
together and prove the identity (0.10) above. In Section 10, we review some results of Kitaoka
and show how they can be used to prove the formulas on Whittaker functions needed in
Section 9. Finally, there is an appendix containing some facts on Clifford algebras in our special
situation.

In conclusion we wish to thank A. Genestier for very useful discussions on our special cycles
which helped us to correct some misconceptions we had about them. We also thank Th. Zink
and Ch. Kaiser for helpful remarks, and the referee for his comments. We thank the NSF and
the DFG for their support. S.K. would like to express his appreciation for the hospitality of
the Univ. Wuppertal and the Univ. of Cologne during January 1995 and May and June of 1997
respectively. Finally, M.R. is very grateful to the Mathematics Department of the University of
Maryland for inviting him and making his stay in Washington a memorable pleasure.
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700 S.S. KUDLA AND M. RAPOPORT

1. The Shimura variety

In this section, we review the construction of the Siegel 3-folds associated to indefinite
quaternion algebras over QQ, and the corresponding moduli problem. The use of the Clifford
algebra is modeled on [28]. We refer to the appendix for some facts on those Clifford algebras
that will be relevant for our purposes.

Let B be an indefinite quaternion algebra over Q, let C = Ma(B), with involution z’ = tz*,
and let

(1.1 V={zeC;a =z and tr(z) =0}.

We define a quadratic form g on V' by setting z2 = q(z) - 13 € M2(B) (cf. Appendix A, A.3).
Since B is indefinite, the signature of (V,q) is (3,2) (¢f. Appendix A, A.6), and the Witt index
of V over Qis 2 if B=M2(Q) and 1 if B is a division algebra (c¢f. Appendix A, A.3). Let C(V)
be the Clifford algebra of the quadratic space (V, q). Since, forz € V C C, 2% = ¢(z), there is a
natural algebra homomorphism C(V) — C extending the inclusion of V into C'. The restriction
of this map to the even Clifford algebra C* (V') induces an isomorphism

(1.2) ' cH(V)~cC.
Let
(1.3) G =GSpin(V) = {g € C*; g¢' =v(9)}

(¢f. Appendix A, A.3), so that G is a twisted form over Q of GSp, (c¢f. Appendix A, A.2). The
group G acts on V' C C by conjugation and this action yields an exact sequence

(1.4) 1—7Z—G—S0(V)—1,

where Z is the center of G.

Let D be the space of oriented negative 2-planes in V' (R). This space has two connected
components and the group G(R) acts transitively on it, via its action on V' (R). For an oriented 2-
plane z € D, let 21, 22 € z be a properly oriented basis such that the restriction of the quadratic
form ¢ from V(R) to z has matrix —15 for the basis 21, z9. Let j, = 2129 € C(R). Viewing
Jj. as the image of the element 23292 € C(V(R)), the Clifford algebra of V(R), and recalling

the commutative diagram of Section A.3 of Appendix A, we see that j, = —j, and that
j2 = —2222 = —1. Hence, j,j. = 1 and so, j, € G(R). There is an isomorphism of algebras
over R,

(1.5 C-5CH(2), i+ 2129,

where CT(z) is the even Clifford algebra of the real 2-plane 2. The composition of this map with
the map

(1.6) C*(z) cCT(V(R)) = C(R) = M2(B(R))

induces a morphism, defined over R, h, : S — G, where S = R¢/rGyy, as usual. Note that
h(i) = j.. The space D can thus be viewed as the space of conjugacy classes of such maps under
the action of the group G(R). The data (G, D) or (G, h.) defines a Shimura variety Sh(G, D)
[2,3], whose canonical model is defined over Q. Note that D is isomorphic to two copies of the
Siegel space of genus 2, and, if B = M3(Q), Sh(G, D) is just the Siegel modular variety of
genus 2.

Since G satisfies the Hasse principle, the Shimura variety represents a certain moduli problem
over (Sch /Q), [17]. To define this we must introduce more notation.
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CYCLES ON SIEGEL THREEFOLDS AND EISENSTEIN SERIES 701

Fix a maximal order Op in B such that O%; = Op, and let Oc = M2(Opg). Let D(B) be the
product of the primes p at which B, is division, and, as in [1], choose 7 € B* such that 7* = —7,
72 = —D(B), and TOg7~! = Op. By Section A.5 of Appendix A, the map z — z* = 7'7~!
is a positive involution of B preserving Op. Also, for

(1.7) a= (T T) € My(B),

1 1

o = —aand z* = ax’a! = a1z’ is a positive involution of C, preserving Oc.
Let U = Oc¢, viewed as a module for O¢ under both left and right multiplication. Define an
alternating form:

1.8) (,):UxU—Z

by

(1.9) (z,y) =t1(y/a'z).

Then

(1.10) (cx,y) =tr(y'a tex) =tr(ya tecan ' z) = (z,c"y),
and

(1.11) (ze,y) =tr(y'a"tac) =tr(cy'a™'z) = (z,yc).
Thus, if g € G,

(1.12) (zg,yg) = v(9)(z,y),

and, in particular, for z € D,

(1.13) (€2, yj=) = (2, 9)-

We fix a compact open subgroup K C G(Ay). The functor M associates to .S € (Sch /Q)
the set of quadruples, (A4, ¢, A, 7), up to isomorphism, where
(i) A is an abelian scheme over S, up to isogeny,
(ii) ¢:C —> End°(A) is a homomorphism such that
det(u(c); Lie(A)) = N°(c)?,

where N°(c) is the reduced norm on C.
(iii) X is a Q-class of polarizations on A which induce the involution * on C'"

Ao L/(c\) oA =14(c").
(iv) 7 is a K-class of isomorphisms
n:V(A)"5U Ay

which are C-linear (for the left module structure on U) and respect the symplectic forms
on both sides up to a constant in A}f. Here

V() =]].(4) 2 Q.
L
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702 S.S. KUDLA AND M. RAPOPORT

For the precise meaning of the datum (iv) we refer to [17, p. 390]. In particular, if S = Speck
is the spectrum of a field, the K-class 7 is supposed to be stable under the action of the Galois
group Gal(k/k) where k is the algebraic closure used to form the Tate module of A.

Note that the abelian scheme A will have relative dimension 8 over S.

PROPOSITION 1.1.— For K neat this moduli problem is representable by a smooth quasi-
projective scheme Mg over Q and

Mg (C) ~ Sh(G, D)(C).
Proof. — For the representability, see [17]. We prove the last assertion in detail, since the

conventions involved will be used later.
For 7 € B*, as above, let

(1.14) 70 = D(B)"Y%r € BX(R),
so that 7¢ = —1. Choose 3 € B* such that

(1.15) fr=—-7104 and ('=-p.
Since B is indefinite, 32 > 0, and we can set

(1.16) Bo=(6%)""?B € BX(R),

so that 32 = 1. The vectors

Bo 7050
(1.17) (—Bo ) and (—Toﬂo )eV(]R)

form a standard basis of an oriented negative 2-plane zo € D, and

(118) ij — (_ﬁo /60) (_TOIBO TOﬁO) — (TO TO) — D(B)_l/zoz =:ag.

LEMMA 1.2.— Forany z €D,

(zj=, y> = <yjz7 ),

and, for x € U(R),  #0,
(xjz,z) >0,

if z lies in the same connected component of D as zy, and

(xjz,x) <0,
if z and zg lie in opposite components.
Proof. — For the first assertion:
(1.19) (T2, y) = — (2, YJ2) = (Y2, T).
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For the second, write z = gz for g € G(R), so that

(1.20) J:=9J209 " =gaogt.
Then, we have

(@2, ) = (zgang ™", z)
v(g) ™ (zgaw, xg)
=v(g)"" tr((zg) o zgan)
=v(9) ' D(B)"? tr(a(zg) " (zg))
(1.21) =v(g) "' D(B) "2 tr((z9)" (z9))-

Since z +— x* is a positive involution, this gives the claim. O

Let DT be the connected component of D containing 2z and D~ the connected component of
D not containing zp. Then, for any z € D*, we obtain a (principally) polarized abelian variety
over C,

(1.22) A, = (UR),j.,U(Z),%(, ))

with dim A, = 8 and with an action, given by left multiplication,
(1.23) t:0¢c — End(A4,).

Note that ¢ satisfies condition (iii) for the polarization of A, induced by ( , ), thanks to relation
(1.10) above. Furthermore,

(1.24) V(A,) =UZ)®Q=U(Aj).
If
(1.25) vel={geGQ™; UZ)g=U(Z)},

1

then right multiplication by v~ induces an isomorphism

(1.26) A, A

Thus I" \ DT parametrizes such principally polarized abelian varieties, up to isomorphism.
More generally, to (z,g) € D x G(Ay), we associate the collection (A, ¢, A, 77) defined by:
« (A4,1)=(A,,t), where A, is taken up to isogeny;
. \is the Q-class of polarizations determined by ( , );
» 7 is the K-class containing the isomorphism:

N (9)
V(A.)=U(Af) = U(Ay).

Note that, if ¥ € G(Q) and k € K, then (yz,vgk) defines a collection isomorphic to that defined

by (z,g), via the element of Hom®(A,, A ) given on U (R) by right multiplication by y~'. The
map

(1.27) GQ)(z,9)K — (A, 1, A7)/ ~
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704 S.S. KUDLA AND M. RAPOPORT

yields the isomorphism
(1.28) GQ\DxGAf)/K—=Mk(C). O

We now turn to the construction of a p-integral model. Fix a prime p such that p{ D(B), so
that C' ® Qp >~ M4(Q,). Let Oc¢ be the maximal order chosen above, and note that the maximal
order Oc ® Zjp in C' ® Qy is the stabilizer of the lattice Uz, = U ® Z,, in U ® Q, under both
right and left multiplication. The choice of 7 made before (1.7) ensures that ( , ) defines a perfect
pairing
(1.29) <, ):UZP XUZp —*Zp.

Let K, be the stabilizer of Uz, in G(Q,), acting on Ug, via right multiplication. Let KP C
G(A%) be compact open, and take K = K, - K.

We now want to formulate a moduli problem over (Sch /Z,)) which extends the previous one.
The functor Mg, associates to S € (Sch /Z ) the set of isomorphism classes of quadruples
(A, ¢, A\, 7P), where

(i) A is an abelian scheme over .S, up to prime to p isogeny;
(ii) ¢: Oc ® Zpy — End(A) ® Zy) is a homomorphism such that, for c € Oc,

det (u(c); Lie(A)) = N°(¢)?,

where N° is the reduced norm on C; N

(iii) Aisa ZE; -class of isomorphisms A — A such that n, for a suitable natural number 7,
is induced by an ample line bundle on A;

(iv) 7P is a KP-class of O¢-linear isomorphisms (in the sense of Kottwitz)

P VP(A) =5 U @ AP,

which respects the symplectic form on both sides up to a constant in (A’;) *. Here

P =[[r@ e

{#p
In the determinant condition above, the equality is meant as an identity of polynomial
functions. In the case at hand, it simply says dim A = 8.

PROPOSITION 1.3. - For KP? neat the above moduli problem is representable by a smooth
quasiprojective scheme M kv over Spec Zy). Its generic fibre can be canonically identified with
Mk,

Mgr XSpecZ(p) SpeCQ = Mkg.

Let us briefly explain the last identification on geometric points. Let .S be the spectrum of an
algebraically closed field of characteristic 0. Let us consider (4, ¢, A, 7?) € Mk»(S). Then the
p-adic Tate module T),(A) is equipped with a perfect symplectic form, unique up to scaling by
Z, and hence there is an O¢ ® Z,-linear isomorphism

N Tp(A) L’UZ,,,

which respects the symplectic forms up to Z,'. The set of such 7,’s form a single orbit for
K, which acts via right multiplication in Uz,. Hence, from (A, , A\, 7”), we obtain an object
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(ARQ,:Q,A®Q,7P - 7,) of Mk (S). Passage in the other direction is similar. For example,
in the isogeny class A and for 7 € 7, there is an abelian variety B, unique up to prime to p
isogeny, such that 7, (T, (B)) = Ugz,,.

The above proposition tells us that, when K = K? - K, as above, then M g» provides us with
a smooth model of Sh(G, D)k over Z;). From now on, we will use the same notation for both
moduli problems, if this does not cause confusion.

2. Special cycles

In this section we give a modular definition of the special cycles in Sh(G, D), which were
defined analytically in [18]. We then explain the relation between the two definitions.

Recall that the quadratic form on the space V' C C = My(B) was defined by 22 = ¢(z) - 15
Let

2.1 (z,9) = q(z +y) — q(z) —q(y)
be the corresponding bilinear form, so that ¢(x) = %(az z). Ifx = (x1,22,...,2,) € V*(Q), we
let
1
2.2) q(z) = 5((@:,25)), ; € Sym, (Q).

This defines a quadratic map ¢: V™ — Sym,,.
Fix a positive integer n. For d € Sym,, (Q) a symmetric rational matrix, let

(2.3) Qg={zeV™ q(z)=d}

be the corresponding hyperboloid. The group G acts diagonally on V™ and preserves (2.

Cycles in Sh(G, D) were defined analytically in [18] as follows. For z € 24(Q), let (z) C V'
be the Q-subspace spanned by the components of z, and let V, = (z)* be its orthogonal
complement. Let D, denote the space of oriented negative 2-planes in V,(R), and let G, be
the pointwise stabilizer of (z) in G. Note that G, ~ GSpin(V;,), and that D, C D. Moreover,
for z € D,, the homomorphism h, factors through G (R). Thus there is a natural morphism of
Shimura varieties, rational over Q,

(2.4) Sh(G,, D) — Sh(G, D).

If the space {x) is not positive-definite, then D, = 0. If (z) is positive-definite of dimension 7
then d is positive semi-definite of rank r, sig(V;) = (3 — r,2) and D, has codimension r in D.
Hence the previous construction is only interesting when d is positive semi-definite and even
only when d is positive definite with n < 3.

For a fixed compact open subgroup K C G(Ay) and for h € G(Ay), there is a cycle, namely
the image of the map

2.5) Z(x,h; K): Go(Q)\ Dy x Go(Af)/(Gu(Ar) NAER™Y) = G(Q)\ D x G(As)/K

given by (z,g) — (z,gh). This map is finite and generically injective, hence the cycle image is
taken with multiplicity 1. This cycle of codimension r = rk(d) on Sh(G, D) is rational over Q.

Assume that £24(Q) # ¢ and fix zo € 24(Q). Let p € S(V(A£)")X be a Schwartz function
which is K -invariant, and write

(2.6) supp(p) N 24(A ) HKh o
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for elements h, € G(Af). Then define the weighted cycle:

@7 Z(d, p; K) =) ¢(hy ' z0) - Z(w0, by K).

This cycle is independent of the choice of zy and of the orbit representatives h... It is a (weighted
linear combination of) cycle(s) of codimension r = rk(d) on Sh(G, D) k and is rational over Q.
If ¢ is the characteristic function of a K-invariant compact open subset w of V(A¢)", then
Z(d,w; K) = Z(d, ¢; K) can be considered as a disjoint union of maps (2.5), or as the union of
the images of these maps.

We introduce the following definition, which will play a key role throughout the paper.

DEFINITION 2.1.— Let (A, ¢, A\, 7)) € Mk (S). A special endomorphism of (A,i,\,7) is an
element j € End%(A, 1) which satisfies

(2.8) j*=j and t°(j)=0.

Here * denotes the Rosati involution of A. Also note that End®(A4, ) is a finite-dimensional
semisimple Q-algebra, so that the reduced trace appearing here makes sense. Indeed, this is well
known when S is the spectrum of a field. The case when S is irreducible follows by reduction to
its generic point, and the general case follows by considering the irreducible components of S.

LEMMA 2.2.— Let j be a special endomorphism of (A,i,\,7) € Mk(S), where S is
connected. Then

2.9) i*=q(j) id,
with q(j) € Q.

Proof. — Again we may reduce first to the case where S is irreducible and then to the case when
S is the spectrum of a field. However, for n € 7] let z = n*(j) € Endc(U(Af)) = C(Ay). Under

the last identification the adjoint involution * with respect to { , ) corresponds to the involution ’
on C'(A) (¢f (1.11)). Hence z lies in V(A f) and the assertion follows (¢f. Appendix A, A.3). O

The previous lemma justifies the following definitions. Let S be a connected scheme and
E=(A,1, A7) € Mg(S) be an S-valued point of M. Let

(2.10) C? = Endg(4,.)°P
and
(2.11) VP ={zeCf; z*=zand t:°(z) =0}.

Then Vg0 is the finite-dimensional QQ-vector space of special endomorphisms with quadratic form
2.12) 7: VP —Q

given by 2 = g¢(x) - id 4. By the universal property of the Clifford algebra of (Vgo7 ge) there is
a natural homomorphism
(2.13) C(V2,qe) — C¢.

This structure is compatible with specialization. If S’ C S is a connected closed subscheme, let
&' € Mk (S’) be the restriction of . Then we have a homomorphism of Q-algebras

(2.14) C{ =End§(4,1)°® — Endg (4,0)°° = CY,
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inducing a map
0 0
VeV
of quadratic spaces.
Let us spell out these concepts in the classical case.
LEMMA 2.3.- Let{ € Mk (C) with parameter (z, g) in Sh(G, D) k. Let A'°? = U(R)/U(Z)
be the real torus underlying A,.

() C(Q) = End’(AP,)), yr—r(y),

where r(y) denotes the action of y € C(Q) on U(R) D U(Q) by right multiplication. Moreover,
r(y)* =r(y")

(ii) Cg ~ Centc(q)(j.) and VEO ~{zeV(Q); zj, = j.x}.
(iif) Centow)(j=) NV (R) = z*.
In particular,

V2 =v(@Qnzt
and so 0 < dimg VEO <3.
Proof. — The first two assertions are obvious by (1.11). To prove the last assertion let 21, 29 € 2

be a properly oriented basis such that the restriction of the quadratic form g to z has matrix —14
in terms of this basis. Let v € V(R) with (v, 2;) = a;, i =1, 2. Then

Vej,=v- (21 22) = 21220 — a221 + @122 = J,U — az21 + a1 29.

Hence v € Centc(g)(j-) if and only if a1 = a2 =0, i.e., if and only if v € 2t O
Let us return to the abstract situation.

LEMMA 2.4.— Let £ = (A, 1, )\, 7) € Mk (S) be a point with values in a connected scheme
S. The quadratic space Vg0 is positive-definite.

Proof. — We may assume that .S is the spectrum of a field. The assertion follows from the
positivity of the Rosati involution, since

q(z) -id g = 2

=x-x¥, erSO. O

We next give a modular definition of the cycles introduced above. We take here the point
of view that a cycle is given by a finite unramified morphism into the ambient scheme. Let
K C G(Ay) be a compact open subgroup, and let w C V(Af)™ be a K-invariant compact
open subset. Consider the functor on (Sch /Q) which associates to a scheme S the set of
isomorphism classes of 5-tuples (A4, ¢, A, 7;j) where (A, ¢, \,7) € Mk (S). Here the additional
element j = (j1, ..., 7n) € End°(A, )™ is an n-tuple of special endomorphisms of A, satisfying
the following condition:

(2.15) for some (and hence for all) 7 € 7, the element n*(j) € Endc (U (Af))™ lies in w;
(2.16) q(j) =d.
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Let us explain the condition (2.15). As in the proof of Lemma 2.2 above, for any 1 € 7
z=n"() € V(As)" C C(Ay)" =Endc (U(Ay))".

The condition imposes that z € w. If 1 is changed to r(k) on, with k¥ € K and r(k) €
Endc(U(Af)) the endomorphism defined by right multiplication by k, then

(2.17) (r(k)on)"(G) = r(k) on*(§) or(k) "

The condition (2.15) asserts that n*(j) = r(x) for some x € w. If this is the case, then

(2.18) (r(k)on)" () =r(k) on*(§) or(k) ™! =r (k™ zk),

and k~'zk € w. Thus the condition (2.15) depends only on 7.

To interpret condition (2.16) we may assume S to be connected. Let (, ) be the bilinear
form on the space of special endomorphisms of (A4, ¢, A, 7j) associated to the quadratic form g of
Lemma 2.2. Then ¢(j) = % ((4,75)),; € Sym,,(Q) is defined as in (2.2). The condition (2.16)
requires that ¢(j) = d.

PROPOSITION 2.5.— The above functor has a coarse moduli scheme Z(d,w). If K is neat,
then Z(d,w) is a fine moduli scheme and the forgetful morphism

(2.19) Z(d,w) — Mg

is finite and unramified. Furthermore Z(d,w)(C) = Z(d,w, K).

Proof. — The first statement follows easily from the second. Let us assume that K is neat.
The relative representability of the forgetful morphism by a morphism of finite type follows in
a standard way from Grothendieck’s theory of Hilbert schemes since Mg may be considered as
a moduli scheme of polarized abelian varieties with additional structure. To verify the valuative
criterion of properness for the morphism (2.19), we have to check that an endomorphism between
the generic fibers of abelian schemes over the spectrum of a discrete valuation ring extends
uniquely. This follows from the Néron property of abelian schemes. Since the matrix d gives
the squares j2 of the special endomorphisms, the morphism is quasi-finite and hence finite. The
unramifiedness follows from the rigidity theorem for abelian varieties.

The last statement is to be interpreted as an equality between the image of (2.5) and
Z(d,w)(C), and follows easily from Lemma 2.3 above. O

We now assume that p{ 2D(B) and that K = K? - K,, with K? neat, as in Proposition 1.3,
and we formulate a p-integral version of the previous moduli problem.

Before doing this let us point out that for a point £ = (A4, ¢, A, 1P) € Mk»(S) of the p-integral
version of our moduli problem with values in a connected scheme S we may transpose the
concepts above. Hence we introduce the Z,)-algebra

(2.20) CE =Endg(A4, L)Op ® Z(p)
and
(2.21) Ve ={z€C¢; 2" =z and tr°(z) =0}.

The latter is a Z;,)-module with a Z,)-valued positive definite quadratic form. The elements of
Ve will again be called the special endomorphisms of (A4, ¢, A, 7).
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Let now again d € Sym,,(Q). Letw? C V/(A%)" be a KP-invariant open compact subset. Then
a point of the corresponding moduli problem Z(d,w?) on a Z;)-scheme S is an isomorphism
class of 5-tuples (A, ¢, A\, 7P;j) where (A,¢, A\, 7P) is an object of Mg»(S) and where j €
(End(A,t) ® Zp))™ is an n-tuple of special endomorphisms which satisfies (2.16) above and,
in addition,
(2.22) ()" (j) € w”.

These conditions are to be interpreted in the same way as (2.15), (2.16) above.

To clarify the relation between the p-integral version Z(d,w?) and the previous Z(d,w), let
(2.23) wp =V(Zyp)",
where V(Z,) =V (Qp) N (O¢ ® Zy), the intersection taking place inside of C'® Q,. Let

(2.24) w=wp X WP,

be a K -invariant open compact subset of V/(Af)™.

PROPOSITION 2.6. - If K? is neat, the functor Z(d,wP) is representable by a scheme which
maps by a finite unramified morphism to M gv. Furthermore, there is an identification

Z(d,wP) Xspecz,, SpecQ = Z(d,w).

Remark 2.7.— By Lemma 2.4 the scheme Z(d,w?) is empty unless d is positive semi-
definite. Similarly Z(d,w?) = (), unless d € Sym,,(Z,)). Note that it may well happen that
Z(d,wP) is non-empty but where both sides of the equality in Proposition 2.6 are empty. In fact,
we will later consider cases in which d € Sym,(Z,)) is positive definite so that Z(d,w) = () and
when Z(d, wP) # 0.

From now on, since we will be interested in the arithmetic situation, we will simplify our
notation by denoting w what is denoted by w? above, i.e.,

(2.25) wC V(A"

is a KP-invariant open compact subset.

3. The intersection problem

We continue to fix p{2D(B) and a neat open compact subgroup K? C G(A%) as at the end of
Section 2. Then M = M g is a regular noetherian scheme of dimension 4. We wish to consider
the intersection of the cycles introduced in a modular way in the previous section. Let us set up
our problem in a more precise way.

We fix integers nq, . .., n, with 1 <n; <4 and with n; + - - - + n,. = 4. For each ¢, we choose
d; € Sym,,, (Q) positive definite, and a KP-invariant open compact subset w; C V' (A%)":. Let

3.1 Z=Z2(d1,w1) Xpm - Xpm Z(dr, wir)
be the fiber product of the corresponding special cycles.
By what has been said in Section 2, since the codimensions of the generic fibres of our special

cycles add up to the arithmetic dimension of M g», one might expect that Z consists of finitely
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many points of characteristic p. We will see that this is in fact quite false, but we will be able
to determine that part of Z which lies purely in characteristic p and also determine the isolated
points of Z.

Let £ be a point of Z, with corresponding point (A¢, ¢, A,7P) € M. We denote by C¢ and
(Ve, qe) the Z,)-algebra and the quadratic Z,)-module associated to (Ag, ¢, A, 7P) (cf- (2.20)).
The projections Z — Z(d;,w;) define n;-tuples of special endomorphisms

(3.2) jev, i=1,...,r

Let
(jl)jl)E et (jl?j’!‘)f

(3.3) Tg = — c Sym4(Z(p)),
(jTajl)ﬁ et (j'mjr)&

where (, )¢ is the bilinear form associated to g¢. Here, as always, p # 2. The matrix T
is called the fundamental matrix associated to the intersection point £ of the special cycles
Z(dy,w1),...,2(dr,w,). We note that the blocks on the diagonal of T¢ are di,...,d,. By
the results of Section 2, the function £ — T is constant on each connected component of Z.
Therefore, for T' € Sym,(Z;)) we may introduce

Zr = (Z(dl,wl) n---N Z(dr,wr))T
(3.4) = union of the connected components of Z consisting of the points { with T =T.

We note here the hereditary nature of our construction, given by
(3.5) Z(T,w1 X -+ xwp) = (Z(d1,w1) Xp -+ XM Z(dr,wr)) p»

valid provided that the blocks on the diagonal of T" are d1, . .., d,. We may therefore write

(36)  Z=Z(d,w)xm xm Z(drwy) =[] 2r= 1T Z(T,w).
T

TeSymy(Zpy) >0
diag(T)=(d1,....dr)

Herew=wq X -+ X wy.
We shall see that the fundamental matrix governs the intersection behaviour of our special
cycles. We first note the following result.

PROPOSITION 3.1.— Let { € Z = Z(d1,w1) Xam *+* Xm Z(dr,wy), where w; C V(A})™
and d; € Sym,, (Q) positive-definite with ny + - - - + n, = 4. Suppose that det(T¢) # 0. Then §
lies in the special fiber of Z, and £ does not lie in the closure of any point of Z in the generic
fiber.

Proof. — By Lemma 2.4 the assumption on T means that Ty € Sym,(Zy) is positive definite.
However, for a point of M in characteristic zero, the space of special endomorphisms is
contained in a three-dimensional positive definite quadratic space. O

Next suppose that £ € M(F,). In this case, the standard Honda-Tate results yield information
about the possibilities for Cg. We have ¢:My(B) = C — End°(A¢), so that, up to isogeny

Ag ~ A x A, where dim A = 4 and there is an embedding B < End®(A).

_ LEMMA 3.2.— Suppose that p{ D(B). Then there are no simple abelian varieties Ay over
Fp with dim Ag = 2 or 4 and with B — End®(Ay).
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Proof. - If Ay is simple over F,, then E = End°(A4g) is a central simple algebra over
F=Q(mra,),and

(3.7) 2dim Ao = [E: F]V/2 . [F:Q].

Here 74, denotes as usual the Frobenius endomorphism. If dim Ag > 2 and Aj remains simple
over I, then F' is a CM field. Suppose that dim Ay = 2, so that [F' : Q] = 2 or 4. The second
case is excluded, since then E = F' is commutative. In the first case, F is a division quaternion
algebra over F ramified only at places over p. Thus p splits in F and inv,(E) = invy(E) = 1
for v | p. But the embedding B — FE yields an isomorphism B ®q F' ~ E. This is possible only
if p| D(B) and F splits B at all other primes.

If dim A =4, then [F': Q] =2, 4 or 8, and the last case is again excluded since £ = F'. In
the case [F': Q] =4, E is a quaternion algebra over F, ramified only at primes lying over p, and
B ®q F ~ E. This cannot occur if p{ D(B). Finally, if [F': Q] = 2, then p splits in F' and E is
a division algebra over F' of dimension 16 with invariants i and % at the primes over p. There is
no homomorphism from a quaternion algebra B ®q F' into such an algebra. O

Returning to A, and assuming that p t D(B), we see that A cannot be simple and that any
simple factor of A of dimension 1 or 2 must occur with multiplicity at least 2. Thus we have
various possibilities for A, up to isogeny:

(3.81) A~ Ay x A,y, with dim Ay = 2 simple and EndO(AZ) ~ F for a CM field F' with
[F: Q] = 4 which splits B, i.e., such that B ®q F ~ My (F). Then, End®(A) ~ My(F),
C2=End’(A4,1) ~ F,and V) = Q.

(3.8.ii) A~ Ay x Ay, with dim A, = 2 simple and End’(Ay) ~ E, where E is a quaternion
algebra over a CM field F' with [F : Q] = 2. More precisely, p splits in F' and E ~
H, ®q F, where H,, is the quaternion algebra over Q ramified at co and p. Let B’ be
the quaternion algebra over (Q whose invariants agree with those of B except at co and p.
Then End’(A) ~ M,(E), End’(4,1) ~ B' ®q F, and V? = {z € B’; tr(z) = 0}. Here
note that B ®g B’ ~ My(H,,) and hence that (B ®q F) ®r (B’ Qq F) ~ Ma(E).

(3.8.ii) A ~ A3 x A% where Ay and A; are non-isogenous ordinary elliptic curves. Then
End®(A) ~ My(Fp) x My(F}) for imaginary quadratic fields Fy and F;, which split B.
Then, End®(A4, 1) ~ Fy x F}, and V;EO =Q.

(3.8.iv) A ~ A}, for an ordinary elliptic curve Ay. Then EndO(A) ~ My (Fp) where the
imaginary quadratic field Fy splits B, End®(A4,:) ~ My(Fp) and VEO ~ {z € My(Fp);
'z =z, tr(z) = 0}.

(3.8.v) A~ A2 x A2, where Ay is a supersingular elliptic curve and A; is an ordinary elliptic
curve. Then End®(A) ~ My(H,) x My(F1), End’(A,1) ~ B’ x F}. Since the Rosati
involution acts on End®(4,:) by (b,a) — (b*,a), the conditions z* = z and tr(z) =0
force VO ~

(3.8.vi) A~ A}, for a supersingular elliptic curve Ag. Then End®(A) ~ My(H,), End®(4, 1) ~
My(B’), and

VEO = {1} € MZ(B/); =t = x, tr(a}) = 0} =V

For the last identification we are using the proposition in Section A.4 of Appendix A. Indeed,
by A.5 the Rosati involution on End®(A¢) =~ Mg(H,,) is of main type. Since the Rosati involution
induces via restriction to My (B) the given involution of neben type, its restriction to Ma(B’) is
of main type by the proposition of A.4.

Note that dim Vgo < 3, with the exception of the supersingular case (3.8.vi). As a consequence,
we have the following:
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PROPOSITION 3.3.— Let T € Sym,(Zy)) andw C V(A%})* with corresponding special cycle
Z(T,w). If det(T") # 0, then the point set underlying Z(T,w) maps to the supersingular locus
of M Xspecz,,, SpecFy. In particular, Z(T,w) is proper over Spec Zy) with support in the
special fibre.

Proof. — Indeed the previous results imply that this is true for closed points. O

COROLLARY 34.- For i =1,...,r, let d; € Sym, (Q) be positive definite with
ny+---+n, =4, and let w; C V(A’})"l’ with corresponding special cycles Z(d;,w;). For T €
Sym4(Z(p)) with diagonal blocks dy, . . .,d,, let Z1 be the union of the connected components
of Z(d1,w1) X pm « -+ X m Z(dy,wr), where the fundamental matrix has value T. If det(T') # 0,
then the point set underlying Zr lies over the supersingular locus of M Xgpecz,,,, Spec Fp.

Having answered these very crude questions on the intersection behaviour of our special
cycles, we are led to ask more precise questions. Again for i = 1,...,r let d; € Sym,, (Q)
be positive-definite with n; + -+ +n, =4 and let w; C V(Ai’()”i with corresponding cycles
Z(d1,w1),. .., Z(dr,wr). We then ask:

(a) under which conditions do the cycles Z(dy,w1),. .., Z(d,,w,) intersect properly? More
precisely, can one parametrize the isolated points of Z = Z(d1,w1) Xam - - X m Z(dr,wy) and
calculate at such an isolated point y,

(3.9) e(y) =lgo, ,(0z4)?

(b) Let Y be a connected component of Z = Z(d;,wi1) X am -+ X a1 Z(dy,wy) lying over the
supersingular locus of M Xgpecz,,, Spec Fp. The intersection number along Y is

(3.10) x(Y,0z, ®,,  ®6,, Oz,)

(cf. [22,27]). An important question to answer is when the derived tensor product here can be
replaced by an ordinary tensor product, i.e., by Oz. In the case when Y is an isolated point
this would mean that the length in (3.9) is in fact the intersection number of 2Z,,..., 2, at y.
In particular one may ask, when does the intersection number along Y depend only on 7" with
Y C Z7? Related to this question is the problem of the singularities of the schemes Z(d,w):
under which conditions are they Cohen—Macaulay, or even locally complete intersections? In
general they are neither [21].

Our next task will be to investigate the structure of the supersingular locus M C
M XSpecz,, SpecFp.

4. Structure of the supersingular locus

As mentioned in the introduction, the results of this section are a presentation of results of
Moret-Bailly [23] and Oort [24]. A similar presentation was independently given by Kaiser [11].

We put F = Fp, and let W = W (F) be the ring of Witt vectors of F and X = W ®z, Qp its
quotient field. Also write W[F, V] for the Cartier ring of F.

Throughout this section, we assume that p { D(B), and we fix an isomorphism O¢ ®z Z, =~
My(Zy).

Suppose that £ = (4, ¢, A, 7P) € M*(F), and let A(p) be the p-divisible (formal) group of A.
The action of O¢ ®z Z, ~ M4(Z,) on A(p) then induces a decomposition A(p) ~ Ag(p)*,
where Ag(p) is a p-divisible formal group of dimension 2 and height 4. Let Ly be the
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(contravariant) Dieudonné module of Ag(p) and let £ = Ly ®@w K be the associated isocrystal.
This does not depend on the choice of £ € M*(FF), up to isomorphism.

More precisely, we fix a base point &, = (Ao, Lo, Ao, NE) € M*(F) and let £L = Ly Qw K be
the isocrystal associated to it. The isocrystal £ has a polarization ( , ), is isoclinic with slope %,
and has dimyx £ = 4. Then F is o-linear, V = pF ! is ¢~ !-linear, and
“.1) (Fz,y) = (z,Vy)°.

If £ = (A, 1, \,7P) € M(TF) is another point, then the choice of an isogeny between £ and &,
defines a W-lattice L C L.
For a W-lattice L C L of rank 4, set

4.2) Lt={zeL; (x,L) CW}.

DEFINITION 4.1.— (a) A W-lattice L in L is special if and only if L = c - L*, for some
ceKx.

(b) A W-lattice L in L is admissible if

L>FLD>plL.
For W-lattices L, L' in £, we define the (generalized) index [L’ : L] as
length(L'/LN L") —length (L/LNL").
If L is special, then [L' : L] € Z is divisible by 4. We can replace L by o - L, for o € KX to
obtain a lattice with I, = L+ or L = pL*. In this case we call L standard.
We note that, if L is an admissible lattice, then, since £ is isoclinic of slope 1/2, we have
dimy L/FL=2.
We define a set of lattices as follows:
(4.3) X ={L C L; L admissible and special}.
If L € X then FL € X. This follows from (FL)t =V~ . Lt (¢f (4.1)).

The conditions in our moduli problem imply that the lattice L C £ associated to £ € M (F)
and an isogeny between & and £, actually lies in X. Note that each admissible lattice is the
Dieudonné module of a p-divisible formal group of dimension 2 and height 4 over F.

Recall from (3.8.vi) that End®(Ag,, ¢)°P =: C" =~ My(B'), where B’ is the definite quaternion
algebra over Q with the same local invariants as B at all primes £ # p. As before, let V' =
{x e M2(B’); ' =z and tr(z) =0}. Let
4.4) G'={geC"*; gV'g7 ' =V'and gg' =v(g)}.

Note that the action of G’(Q,) on A¢, (p) up to isogeny passes to L. In fact,
4.5) G'(Qp) ~ {g € GL(L); (gz,9y) =v(g)(z,y), Fg=gF}.
Here v(g) € K*.
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The action of G'(Q,) preserves the set of lattices X. Fix an isomorphism B(A%) ~ B'(A%)
and, hence, an isomorphism G(A%) ~ G’(A%). Then, the usual analysis identifies G'(Q) with
the group of self-isogenies of &, and yields an isomorphism

(4.6) M*(F) ~G'(Q) \ (X x G'(A%)/KP).

We will now describe the lattices in X in more detail.

DEFINITION 4.2.— For L € X, let
a(L)=dimy L/(FL+VL).

Since a(L) = dimp Homyy g,y (L, F), we see that a(L) is the a-number [24] of the p-divisible
group Ap(p) associated to L, i.e.,

a(L) = Homg (0, 4o (p)).

Since
L
FL+VL
4.7 L VL
FLNVL
pL
we have
2 fFL=VL,
(4.8) a(L) = { 1 if[L:FL+VIL]=1.
Let
4.9) Xo={L€ X; a(L)=2}.

Such lattices will be called superspecial.
In addition to the superspecial lattices, the following type of lattice will play a key role in the
description of the structure of X .

DEFINITION 4.3.— A lattice L C L is distinguished if L is admissible and FL = cL* for
some c € CX.

We denote by X the set of distinguished lattices. Obviously, if LeXis distinguished, the
index [Ll L] is congruent to 2 mod 4. Note that if L is distinguished, then 'L = V' L. Indeed,
by (4.1) for any lattice L we have (FL)* = V=1L Hence if FL =c- L+ we get

—c(FL)* =cV 'Lt =cV ¢ 'FL=V~'FL,
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i.e., VL= Ff, as claimed. Similarly one sees that if LeX , then FL cX. _
Starting with a distinguished lattice, we can scale it to obtain a distinguished lattice L with
either

(4.10) LGIL Gp 'L or L*GLGp LY,

with all indices equal to 2. We will call distinguished lattices scaled in this way standard. We
note that if, in the identity defining a distinguished lattice L, the order of c is odd, then L may be
scaled to be standard in the sense of the first alternative of (4.10) above. If the order of c is even,
then L can be scaled to be standard in the sense of the second alternative of (4.10), and hence,
F'L can be scaled to be standard in the sense of the first alternative of (4.10).

For any L € X and for any F-line £ C L/FL, let L = L(£) be the inverse image of £ in L.
Thus

L 2 LF2L
4.11) l l l
L/FL > ¢ D0
LEMMA 44.— For{CL/FL, L=L(¢) € X.
Proof. — First, since FL=VL, wehave

(4.12) FLCFLCL,
and
(4.13) FLO>FVL=pL>pL.

Hence L is admissible.
Next, we have

(4.14) L>LOFL,

where all inclusions have index 1. Furthermore, on L / FIL we have a nondegenerate alternating

form with values in F induced by ¢~ - (, ) if FL = cL*. Clearly L/FL is a maximal isotropic
subspace and hence L is special. O

The above proof in fact shows the following. Suppose that L e X with FL = p- Lt Then
L(¢)* =pL(¢).1f FL* = pL, then L(¢)* = L(¥).

Thus to any distinguished L we have associated a projective line ]P’(f/ / Fz) and a family of
admissible special lattices parametrized by the F-points of this projective line. These projective
lines have a natural Fp.-structure which we now describe.

For any W -lattice L in £, we have

(4.15) FL=VL < F)L=FVL=pL < p 'F?’L=1L.
LEMMA 4.5.— Suppose that p~*F?L = L, and let
Lo={zeL; p ' FPz=z}.
Then Ly is a Z,2-module and

Lo®z,, W~L.
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If fL € )Z'N is distinguished, then L is preserved by the o2-linear endomorphism p~! F'2, and we
have L >~ Lo ®z_, W. Moreover, F'L is also preserved by p~'F, and (F L)y = F(Lo). Thus,

the two-dimensional F-vector space L / FL has a natural 2 -structure:
(4.16) L/FL~1Io/FLo®s,,F.

We may then view any line £ as an element of P(Lo/F Lo)(F). We denote by PP the projective
line P(Lo/FLo) over Fpe.

LEMMA 4.6. — Under the isomorphism
L/FL~Ly/FLg ®r , F,
the automorphism induced by p~ F2 on L/ F L coincides with 1®02 on Lo/ F Ly ®r,, F. Hence,
p~'F?(L(0)) = L(0*(¢)),

where ¢ is identified with a point in P (F).

COROLLARY 4.7.— A lattice L({) associated to a distinguished Lis superspecial, i.e., has
a(L(€)) =2, if and only if £ € P (F2).

PROPOSITION 4.8.— Suppose that L € X with a(L) = 1, and let
L=F YFL+VL).
Then L is distinguished and L = L({) for a unique line £ € P+ (F) \ Pz (Fp2).
Proof. —Let L* = c- L. Then
(FLY* = (FL)Y*n (VL)' =v 'L nF 'Lt =p~tc- (FLNVL).

On the other hand, F2L = F2L + pL. Let S = L/pL, and let f and v be the o-linear
respectively o~ !-linear endomorphisms of S induced by F and V. Since FV =V F = p, we
have fv =wvf =0 and so ker(f) = im(v) and ker(v) = im(f) are two-dimensional subspaces
of S. However, for any L € X there is some j > 2 with F L C pL and hence f is nilpotent. If

2 =0, then F?L = pL since both lattices have index 4 in L and this would imply a(L) = 2,
contrary to our assumption. Therefore, since im( f) is two-dimensional we must have that im( f2)
is one-dimensional and im(f?) = im(f) Nim(v). Hence

F?L=F?L+pL=FLNVL.
It follows that F(FL) = p- ¢~ }(FL)*. On the other hand, FL is admissible, since
pFL=p(FL+VL)CpLC F?L=FLNVLCFLCFL=FL+VL,

where all inclusions are of index 1. It follows that FL € X and hence also L € X. Finally
L = L(¥) for the line

(=L/FLCL/FL. O
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We summarize the above construction in the following theorem.

THEOREM 4.9. — There is a natural G'(Qp)-equivariant map

IrmE—x
LeX

which induces a bijection

I Pz (F)\ P;(F,2)) = X\ Xo.

L

The map associates to (L, ¢), where £ C L/FL is a line, the element L = L({) € X.
The action of g € G'(Qp) on the index set of the left hand side is lifted in the obvious way to
the whole set appearing on the left hand side.

Remark 4.10.— It can be shown that the map above is in fact a morphism, i.e., is the map on
F-points induced by a morphism of schemes over SpecF,,

H ]P)Z e MSS.
Lex

This can be shown by the method of Oort, [24], or using Cartier theory, as in Stamm, [30]. Using
either of these methods one can construct a morphism of schemes over SpecF,

G'(Q)\ KNHNPZ) x G/ (A%) /KP] — M
LeX

which turns out to be the normalization of the curve M5,

The “distinguished curves” cross at the superspecial points. To describe this, it will be useful
to have a normal form for superspecial lattices.

LEMMA 4.11.- Fixé € Z;;Q with §° = —0. Let L € X be superspecial and standard.

(i) Suppose that L = L. Then there is a basis ey, e, €3, e4 for L over W such that ez = Fe,,
eq = Fey, Fes =pe;, Fey = pes and such that the matrix for the polarization is

({eire)); ;=6 (—22 102) :

(i) If L = pL*, then L = FL' where L' € X with L' = (L')*.
PROPOSITION 4.12.— Suppose that L € X is superspecial and standard.
() If L*+ = L, consider lattices L such that L 2 L 2 FL and such that FL = pzl. Such L’s

are distinguished; there are p + 1 of them, and they can be described explicitly as follows. Let
e1,...,eq be a standard basis as in Lemma 4.11. Then the distinguished L’s have the form

L=W(e1+ pez) + FL,
where i € Z;Z such that pp® = —1modp.
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(ii) If L = pL*, then the distinguished L’s containing L with index 1 are those associated, as
in(i), to L'’ =F L.

Proof of Lemma 4.11.—Since p~'F? is a o?-linear automorphism of L, we can write
L=1Lg ®z,2 W for the rank 4 lattice Lq of fixed points of p~ 1 F2. Let Sy = Lo/pLo, a four-
dimensional symplectic vector space over FF,2, and note that F'Lo/pLy is an isotropic 2-plane
in Sp, which is paired with the quotient Lo/F Lo. We can then choose e; and e; € Ly whose
images form a basis for Lo/ F Lo and such that {e;, e2) = 0, after modification by elements of
F Ly, if necessary. The elements €1, e, e3 := F'e; and e4 := Fey then give a W-basis for L, and
Fes = F2%e; = pey, and Fey = F?ey = pey, as required, since e; and e; € Lg. The matrix for
the polarization is then

0 A B (e
4.17) (—tA 0), where A = (e, Fe), withe = (eg)'
Note that det(A) € Z);, and that
(418) —tAU':<FQ,Q>U=<Q,VQ>:<Q,F§>=A,

since V = pF~! and so, on Ly, V = F2. F~! = F. If we change the vector ¢ to a - e,
for a € GLy(Z,2), then A changes to aA®a. Since det(A) € Z;; and since the norm map
N: Z;; — Z;j is surjective, it is easy to check that, for a suitable choice of a we can obtain
aAta®=6-15. O

Proof of Proposition 4.12. — Let us prove (i). Using the standard basis of Lemma4.11, we have
[el, €a,€3,€4) (the square brackets indicate the W-span) and F'L = [pe;,pes, €3, e4]. Any
lattlce L with L > LD FL and with [L : L] = 1 has the form

(4.19) L=W - (aey + bey) + FL,

where at least one of a and b € W is a unit. If a is a unit, we can write L= [e1 + pes, pes, 3, €4).
Then

(4200  FL=[es+ peq,pes,per,pes] and pLt = [eq — pes, pes, per, pea).

Comparing, we see that ¢ must be a unit and that pu° = —1modp, as claimed. It is easy to
check that the case in which a is not a unit yields no solutions. The assertion (ii) is trivial. O

COROLLARY 4.13.—~ The map appearing in Theorem 4.9 is surjective. Any lattice in
Xo has p + 1 preimages which all lie on distinct lines. In fact, the preimages of L € Xo
correspond to the distinguished lattices F'~ T where L ranges over the lattices associated to
L in (i) of Proposition 4.12 (respectively to distinguished lattices L associated to L in (i) of
Proposition 4.12). Finally, the images of two distinct lines PZ and PZ' have at most one lattice
in common which then lies in X.

Proof. — The last assertion follows since, if L, L' € X, L # L', both lie on PZ’ then L =
L+L. O

The next result gives a standard basis for a distinguished lattice.
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LEMMA 4.14.— Let Lbea distinguished lattice which is standard.
() If FL = pL*, then there exists a W-basis e1,...,eq4 of L such that e3 = Fey, ey = Fey,
Fes = pey, Feyq = pea, and such that the polarization has matrix

1

-1
(<€i,€j>)i’j=6 —p
p

(ii) If FL* = pL, then L = FL' where L' € X with FL' =p- L'*.

Proof of (i). — Let Lo be the fixed points of p~'F?2 on L. Since FL = pL*, (, ) induces a
nondegenerate symplectic form on the two-dimensional Iz -vector space Lo/F Lo. Choose e;
and es € Lo whose images in Lo/ F Ly are a basis for this space and such that {e;,es) = 6. Let

es = Fe; and eq = Fey, so that, as in Lemma 4.11, Fez = F%e; = pe; and Fey = F2ey = pes.
The polarization then has matrix

6J A
(421) (_tA _p6J)7

where J = (_, ') and A = (e, Fe) = —*A7, as in the proof of Lemma 4.11. In the present
case, however, A = Omodp. A Hensel’s lemma argument shows that we can replace e by
ae +bFe with a € GLy(Z,2) and b € M3(Z,2 ) to achieve A = 0, while preserving the condition
(e,e)=6J. O

Recall that G’ (Qp), given by (4.6) above, acts on the set of admissible lattices. For any
lattice L, (gL)* = v(g)~'g(L*). If L € X is a special lattice, with L = c - L*, then gL =
v(g)c - (gL)*, so that gL is again special. Moreover, a(g9L) = a(L) so that the subset of

superspecial lattice is preserved. Also, if L is distinguished, and if g € G’ (Qp), then gL is again
dlstmgulshed Since the valuation of v(g) is an arbitrary mteger for any L € X (respectively

L € X) there is g€ G’ (Qp) such that gL (respectively gL) is standard with (gL)*t = gL
(respectively F(gL) =p- (g L)1). By Lemmas 4.11 and 4.14, we have:

COROLLARY 4.15.— G'(Qp) acts transitively on the set of superspecial lattices and on the
set of distinguished lattices.

We would finally like to compute the stabilizers in G'(Q,) of the superspecial and
distinguished lattices.
Let B’ be as above, and, identifying Q2 with a subfield of B,,, write B, = Q2 + I1Q,2 for
an element IT € B> with I12 = p and such that Tla = a“TI, for a € Qp2. Let Ly be the fixed set
for the automorphlsm p~1F? of £, and let II operate on Ly by F. By construction, II1? = p, and
so Lo is naturally a left vector space over B, of dimension 2.

LEMMA 4.16.— Let
Endk (L, F) := {a € Endx(L); Fa=aF}.

Then,
End;c(ﬁ, F) = El’lde2 ([:0, F) = EndBI/’ ([:0)
The polarization on £ induces a Q,2-bilinear symplectic form on Lo, which still satisfies

(Fz,y) = (z,Vy)°.
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LEMMA 4.17.— Let U be a left B,-vector space with a B,,-Hermitian form ( , ):U x U —
VB;/;.. Thus (bz,cy) = b(z,y)c* and (y,z) = (x,y)*, where b b* is the main involution on B,
rite

(x,y) = (z,9)o6 + (2, y)1 611,
where (x,y)o and (x,y)1 € Qp2. Then,
(, )1:U XU — Qpe
is a symplectic Q2 -bilinear form on the Qy2-vector space U such that
() Iz, y)1 = (z,11y)7,
and

(.’)3, y)O = '—(CL', Hy)l
Themap ( , ) — (, )1 yields a bijection between the space of B,-Hermitian forms on U and the
space of symplectic forms satisfying (x).

Proof. — We just check the behavior of I1. We have
(HI, y) = H(l‘, y)05 + H(.’E, y)16H

(4.22) =—p(z,y)76 — (z,y)g 611
and

(423) (33', Hy) = —($7 y)O(SH - p(x7 y)16
Thus

(4.24) (Iz,y)1 = —(2,y)5 = (z,Oy)7,

as required. It is at this point that the factor of ¢ is required in the formulas. O

In terms of the Bj,-Hermitian form (, ) on £y determined by the restriction to Lo of (, ), we

obtain an identification of G'(Q,,) with the unitary group of a B,,-Hermitian form,
G'(Qp) = {9 € GL(L); (97, 9y) =v(9){x,y) and Fg = gF}

=~ {g € GLp/(Lo); (92, 9y) =v(9) - (z,y), v(g9) €Q }.

LetO' =0 B, = Zyp2 + 1Zy2 be the maximal order in B;,. If L is an admissible lattice such
that p~! F?L = L, then the fixed point set Lo of p~' F'? is naturally an O'-lattice in the Bj,-vector
space Lo, and dimez Ly/TILg = 2. Conversely, given any (’-lattice A with this last property,
weset F=o®Ilon L =L(A):=W ®z_, A. Then since IT> =pon A, we have L D F L O pL
and dimp L/FL =2, i.e., L is admissible, and p~'F 2L, = L. The following is easily checked,
using the formulas of Lemma 4.17.

LEMMA 4.18.— (i) Suppose that L € Xy is superspecial with L = L, and let ey, . .. ,e4 be
a standard basis as in Lemma 4.11. Then e} = §~e; and e, = 6 ey is an O'-basis for Lo, and
the matrix for the B,,-Hermitian form on Ly is ((e],€}))s,; = 1.

(ii) Suppose that LeXis distinguished and that FL= pZJ', andlet ey, ..., eq4 be a standard

basis as in Lemma 4.14. Then €}, = §1e; and ey = —6 ey form an O'-basis for Lo and

(CRN (—H H) '

4¢ SERIE — TOME 33 — 2000 -N° 5



CYCLES ON SIEGEL THREEFOLDS AND EISENSTEIN SERIES 721

Thus, in classical language (cf. [29,8]), the superspecial lattices correspond to local compo-
nents of the principal genus of quaternion Hermitian lattices, while the distinguished lattices
correspond to local components of a non-principal genus of such lattices.

In less classical language we may describe our results in terms of the Bruhat-Tits building
of the adjoint group G',; over Q, (comp. [11]). The building B(G.4,Q,) is a tree and may be
identified with the fixed points

B(G;dan) :B( /advlc)F‘

There are two kinds of vertices in B(G", 4, Q). The vertices of the first kind correspond to the
equivalence classes of lattices L C £ which are F-invariant. Here two lattices L1 and Lo are
equivalent if L; is homothetic to Ly or to LQL. Hence the vertices of the first kind are in one-to-
one correspondence with the distinguished lattices L which are standard and with FL = pfi.
The vertices of the second kind in B(G',4,Q,) correspond to the edges in B(G'4,K) whose
vertices are interchanged by F'. Equivalently, they correspond to pairs { L, 'L} of lattices in X,
which are standard. We thus obtain bijections

X +— Z x {vertices of the first kind in B(G"4,Q,) }

and

Xo «— Z x {vertices of the second kind in B(G.4,Q,)}.

These bijections are G'(Q,)-equivariant, where g € G'(Q,) acts on the Z-component on the
right via n — n +ord(v(g)). The action of F' on the left corresponds to the translation n +— n+ 1
on the first factor and the trivial action on the second factor on the right. Furthermore, a lattice
L€ X, and L € X are incident (ie., L € IP’~) if and only if the corresponding vertices of
B(G%4,Qp) lie on one and the same edge.

In these terms the stabilizer K¢ of a distinguished lattice L € X is a maximal compact
subgroup of the first kind of G’(Q,), and the stabilizer K of a superspecial lattice L € Xy
is a maximal compact subgroup of the second kind of G'(Q,).

Remark 4.19. - We return, for a moment, to the global situation, and recall that X is the
set of distinguished lattices in £. As observed in Remark 4.10, our calculations “show” that the

supersingular locus M®® is a union of rational curves and that the irreducible components are in
bijection with the set

(4.25) G'(Q)\ (X x G(AR)/KP) ~G'(Q) \ (G'(Qy)/ K} x G(A})/KP),

where K, d is the stabilizer in G’ (Qp) of afixed dlstmgulshed lattice L € X . These curves cross,
p+1at a time, at the superspecial points, and there are p? + 1 such crossing points on each
component. The set of all crossing points is in bijection with the set

4.26)  G'(Q)\ (X0 x G(KF)/KP) ~G'(Q)\ (G'(Qp)/ K} x G(A})/KP),

where K3° is the stabilizer in G'(Qj) of a fixed superspecial lattice L € Xo.

We finally observe two consequences of our description of M*3,
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Fix a factorization D(B) = D1 D3, and let K =[], K, be the compact open subgroup of
G(Ay) with local factors

K if€| Dy,
K9 if¢fD(B).

Here, we have fixed a maximal order R in B, and for £t D(B), we fix an isomorphism My (By) ~
M4(Qp) such that Ma(R;) ~ My(Z). Then let K9 = G(Qg) N M4(Z¢). Thus, for £ | Dy (re-
spectively £ | Ds), K, is the stabilizer of a Hermitian O p, -lattice of principal (respectively non-
principal) type, and, for £4 D(B), K is a hyperspecial maximal compact subgroup of G(Qy).
Note that, in contrast to the general assumptions above, K is not neat. Still, for a fixed prime
pt D(B), one can consider the coarse moduli space M g (the quotient by a finite group of one
of the schemes considered above) and its points over F. Let B(P) denote the definite quaternion
algebra with D(B®)) = D(B)p. Then, by (4.25), the components of the supersingular locus in
the fiber of Mk at p correspond to the classes of maximal Hermitian lattices in the genus of type
(D1, pDy) for B(). An explicit formula for this number H(D;,pD5) was found by Hashimoto
and Ibukiyama [9]. In the case D(B) =1, so that B = M3(Q), the abelian varieties parame-
terized by M g (F) have the form A ~ A§, where Ay is a principally polarized abelian surface.
Thus, in this case, M g =~ Aj 1, and the description of the supersingular locus reduces to some of
the information given by Katsura and Oort [12], Theorem 5.7, and Ibukiyama, Katsura and Oort
[10]. In particular, the number of irreducible components of the supersingular locus is H(1, p).

As another example, fix a square free positive integer D and distinct primes p; and
po relatively prime to D. Consider indefinite quaternion algebras B; and By over Q with
discriminants D(B;) = Dp; and D(Bs) = Dps. Let G; and G be the associated groups, via
(1.3). As in (4.5), let G| be the twist of G; at p2 and let G be the twist of G2 at p;. These
groups are both associated to the definite quaternion algebra ng 2)
Fix an isomorphism G ~ G}, and compatible isomorphisms

~ B and are isomorphic.

Gl (Al;lm) ~ Gll (Al}lpz) ~ GIQ(AI;IM) ~ GQ(A’}IM),

and let KP1P2 = KPP = KP'P2 pe a sufficiently small compact open subgroup. Also let

Kip, :K*ll, for x; =d or ss,

p
Kip, =K°
1,p2 = Dpys
_ 30
K27P1_Kp17
Ko p, = K,2, fors;=dorss,

where the notation is as above. Let
*
Kll = Kp1p2K17P1K17P27
*2 p1P2
K2 =K Kz,PlKZZDT

Let M7* =M k1 and M3 =M k2 be the corresponding moduli schemes, defined over Zy,)
and Z,, ) respectively.

Then, using (4.25) and (4.26), there are (noncanonical but equivariant) bijections between
various sets of irreducible components or crossing points as follows:

Components((Mg x Fp, )¥*) ~ Components((M{ x F,)**),
Components((M3® x Fp, )**) =~ Crossing points((M§ x Fp,)**),
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Crossing points((M$ x Fy, )**) ~ Components (M3 x Fp,)**),
Crossing points (M3 x F, )**) ~ Crossing points (M3 x Fy,)>%).

Here we have written (M$® x Fp, )% for the supersingular locus of the fiber over p; of M7?,
where %; = ss, for example. These results are in the spirit of those of Ribet [25,26], who considers
components and their crossing points for the fibers of Shimura curves and modular curves at
primes of bad reduction.

5. Endomorphism algebras and points of proper intersection

In this section, we consider the points of intersection of the special cycles in the supersingular
locus, using the information obtained in Section 4 about the structure of this locus. In particular,
in the decomposition

Z(dy,w1) Xpm - Xpq Z(dpywr) = 1I Z(T,w)

TGSym4 (Z(p))>0
diag(T)=(dx,...,dr)

of (3.6), we fix a matrix 7" and we obtain a criterion, in terms of 7', for Z(T,w) to consist
of isolated points. We also show that, even when det(7") # 0, there can be components of the
supersingular locus in the image of Z(T,w) in M5,

We retain the notation of Sections 2—4, and we begin by obtaining information about the
endomorphism rings of various types of admissible lattices.

For an admissible lattice L, let O;, = Endw (L, F') be the Z,-algebra of I¥-linear endomor-
phisms of L which commute with F'. Note that Endw (L, F') is an order in the Q,-algebra
Endi (L, F) = C, = C' ®q Qp ~ My (By). Also, observe that Endw (L, F') = Endw (F/L, F)
forany j € Z.If L = ¢ - L is special, we have

(5.1) (FIL) =plec- (FIL)".
Thus, to determine O, for L € X, we may assume L = LL.

By Lemma 4.18, we immediately have the following.

_ LEMMA 5.1.— For any superspecial lattice L € Xq (respectively any distinguished lattice
L € X)Endw (L, F) (respectively Endw (L, F)) is a maximal order in Cz’,.

In either case, this order is isomorphic to M2 ('), where O’ = Z> + I1Z,2, as in Section 4.
The map Ma(O’) — My (F,2) given by reduction modulo IT can be described as follows.
Consider the case of L € Xj. As in Section 4, let Lo be the fixed points of p~!F2 on L. Then
define

(5.2) redz, : Endyw (L, F) — Ends , (Lo/FLo) = Ma(F2)

as the composition

(5.3) Endw (L, F)— Endz , (Lo, F) —> Endg , (Lo/FLy).
This map is surjective. The surjective reduction map for LeX

(5.4) red; : Endw (L, F) — Endr , (Lo/FLo) ~ Ma(F,2)
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is defined analogously. Note that Z/FZ ~ EO /on ®sz F, and that the endomorphism &
induced on L/FL by o € Endw (L, F) is red>(a) ® 1.
Next, suppose that L € X \ X, and let L be the unique distinguished lattice associated to L by

Proposition 4.8. Recall that FL = FL + V L. In particular, for every element o € Endw (L, F),
aFL C FL, sothat oL C L, and there is a natural homomorphism which is injective,

(5.5) Endw (L, F) — Endw (L, F).

On the other hand, there is a unique line £ C L/ FL such that L = L(¢) is the inverse image of ¢
in L.

LEMMA 5.2.— Let L € X \ X. With the notations introduced above,
Endw (L, F) = {a € Endw (L, F); &(f) C ¢}.

Here & is the endomorphism of L /F L induced by . In fact, there are two possibilities:
W) ifle Pz(]F) - Pz(]Fp4 ), then

Endw (L, F) = (I‘edz)—l(sz -1g);
(i) ifl e Pz(Iszx) — Pz(Fp'z), then
Endw (L, F) = (redz) ™" (Fps),

for some embedding F s — My (F2 ).

Proof. — As remarked above, the automorphism of E/ FL = Ly / FL, ®F 2 F induced by
p~1F? is just 1 ® o2. Since, for any a € Endy (L, F), & commutes with this automorphism,
a(f) C ¢ implies that a(o?(¢)) C 0(¢). Since a nonscalar endomorphism can have at most
two eigenlines, &(£) C ¢ and o*(¢) # ¢ implies that & = a - 15, for a € Fpe. If 0*(¢) = ¢ but
o%(¢) # ¢, and if & is not a scalar endomorphism, then ¢ and o (¥) are the distinct eigenlines of
@. Then [Fp2 (@] >~ Fpa, and any endomorphism /3, with 3 € Endyw (L, F') must lie in this subfield
of M(Fp2). O

Note that the lattices in (ii) of Lemma 5.2 are characterized intrinsically by the condition
that F*L = p2L but F2L # pL. We let X ;) be the set of lattices appearing in (ii) and X ;) =
X\ Xy \ Xo the set appearing in (i). Recall that Or, = Endw (L, F') and O; = Endw(z, F).
Then

redL(OL) = redL(EndW(L,F)) ~ Mg(]Fp2> if L € X,
(5.6) redZ(OL) = redZ(EndW(L, F)) ~ ]Fp4 if L e X(ii)a
I‘edz(OL) =I“edz(EIldw(L,F)) Z]FPQ ifLEX(i).

In particular, the endomorphism algebras of all the L’s with L € X ;) and with a given associated

L coincide. Any endomorphism of one such L preserves all lattices L’ € X in the image of Ps.
Recall that C}, = Endx (£, F), and let

(5.7 V,={zeC); z*=zand tr’(z) =0},
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where * is the adjoint with respect to the polarization ( , ) on the isocrystal L.
Note that O, and OE are invariant under the involution * on Cz/a‘ Indeed, let L+ = ¢L and
z € Or. Then

(LYY c LY, e, z*(L)cCL.

Similarly, if FL = cL* and z € O5, then x*(Zi) c Lt e, :c*(FE) CFL,ie., e*(L)C L,
since x* commutes with F'.
For L € X andfor L € X, let

(5.8) Ny =Endw(L,F)NV, and N;=Endw(L,F)NVj.
These are Z,-lattices in sz on which the quadratic form given by squaring, 22 = q(z) - id is
valued in Z,.

We now describe the reduction maps for distinguished and for superspecial lattices. We start
with the case of distinguished lattices.

LEMMA 5.3.— Let L € X, and put n; =red; (Ny). Then ny is equal to
{x=a-13; a €Fp2, a” = —a}
and the Fp-valued quadratic form q on w~ is given by z* = q(z) - 1o, i.e. ¢(z) = —a - a°. In

particular, q does not represent 1 and hence the Clifford algebra C(ny) is isomorphic to Fye.
The following diagram is commutative

q
NZ'—‘%ZP

- |

~ q
nL——>]Fp

Proof. — Replacing L by F7L we may assume that L is standard with FL = p - L+. The
symplectic form (, ) on £ induces a nondegenerate alternating pairing

(5.9) (,V:L/FLxL/FL—F.

This pairing descends to a nondegenerate alternating IF .2 -bilinear pairing on Lo / F L with values
in Fp2. The induced involution on Endr , (Lo /F Lg) is compatible with the reduction map,

red;(z*) =red;(z)*, z€O0y.

Now any endomorphism Z of the two-dimensional symplectic vector space EO / Ffo over [
with T% = T is a scalar. Hence for z € N7 we get

red(z) =a-1y, a€lFp.

But z € N3 acts on Lo /pZo preserving the subspace F' Lo /pflo. Since & commutes with F,

it acts on the subspace as a” - 15. The condition tr°(z) = 0 implies therefore that a = —a®.
Therefore we have proved that n is contained in the subspace above. It is easy to see that we
have in fact an equality. The remaining assertions are obvious. O
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Next we consider the case of superspecial lattices.

LEMMA 5.4.- Let L € X and put ny, =redp(Np).
(i) ny, is isomorphic to

{z € M3(Fp2); ‘2”7 =z and tr(z) =0} = {x: (bi _ba); a€Fp, bE]sz}.

The F,-valued quadratic form q on ny, is given by x2 = q(x) - 1, i.e., q(x) = —(a® + bb°).

(ii) Let C(ny,) be the Clifford algebra of the three-dimensional quadratic space ny,. Then the
natural map C(np) — Mjy(F2) is an isomorphism.

(iii) The following diagram is commutative:

NL—q>Zp

nL—q—>]Fp

Proof. — Replacing L by FJL we may assume L+ = L. On Lo/F Ly we have the non-
degenerate anti-Hermitian form

(5.10) (,):Lo/FLo x Lo/FLy — Fp»

induced by the formula
(5.11) (v,w) = (¥, Fw) modp,

where ¥ and W are representatives of v and w in L. We may find a basis of Lo/F Lg such that
the induced involution on My (F,2) is given by x — 7. Now the lemma is proved in a way
similar to Lemma 5.3 above. 0O

‘We now return to the points of intersection of the special cycles in the supersingular locus. Let
T € Symy(Zy)) with det T # 0 and w C V(A?)“ with corresponding special cycle Z(T,w).
Let £ € Z(T,w) correspond to the collection (Ag,¢, A,77P;j). By Corollary 3.4, the point
corresponding to the collection (Ag, ¢, \, 7*) lies in M (F). Thus, End®(A4¢, )P = Cg =C' ~
My (B'), where B’ is the definite quaternion algebra over Q with discriminant D(B)p. The
last isomorphism here can be chosen so that the Rosati involution corresponds to the involution
x+— x' ="'z of Ma(B’). Then, as in (3.8.vi),

(5.12) V2 =V'~{zeMy(B'); 2’ =z and tr(z) =0}.

The components ji,...,js of j lie in V', and therefore, in particular, we must have T' > 0 if
Z(T,w) is to be non-empty.

Let L be the contravariant Dieudonné module of the formal group Ag(p), where we write
A¢(p) ~ Ao(p)*, as in Section 4. By choosing an isogeny of £ with the chosen base point £, we
obtain, as in Section 4, an identification £ = L ®w K of its isocrystal with that of the base point.
Then L € X, and there is a natural algebra homomorphism

(5.13) Ct ®z Zp = End(A¢, )P ®2 Zy — Endw (L, F) = O C Cl,
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Let N = Endw (L, F) NV}, as in (5.8) above. The collections of endomorphisms j induce
collections of elements of Endw (L, F') and of V,;, which we will denote by the same letters.
Let M be the Z,-submodule of N;, spanned by the components ji, j2, js, ja of j. We have the
following commutative diagram:

{j1,--»jay < C¢—=Endw(L,F) D N, D M

wo T

%4 c ¢——=C >V

Recall that T' = T € Symy(Z,)) C Symy(Zy) is the matrix of inner products of the elements
J1,---,ja with respect to the quadratic form on V;’. Thus we have the following basic observation:

LEMMA 5.5.— At a point of intersection £ € Z(T,w) N M*(F) with corresponding lattice
L € X, the matrix Tg =T is represented by the lattice N1, = Endw (L, F') NV, in the quadratic
space VZ. In fact, T is the matrix for the restriction of the quadratic form on N, to the sublattice
M spanned by j1,.. ., ja.

Suppose L € X \ X, with associated distinguished lattice L. Recall that O, C O; and let

Owm be the Zj-subalgebra of O; = Endw(z,F) generated by ji,. .., js, i.e., by M. Also let
C(M) be the Clifford algebra of M. Let ny, =red; () and let m; = red; (M), so that

MCNLCNE

N

my Cc np C "

LEMMA 5.6.— Suppose that L € X \ X with associated distinguished lattice L.
(i) The natural map C(M) — Oy is an isomorphism.
(il) There is a commutative diagram

Om C OZ
I‘ed'l‘:(o M) redZ(OE) ~ Mg (IFP2 )
| :
C(mz) — C(nz) = ]sz . 12

Proof. — The inclusion of C(m7) into C(n3) is induced by the inclusion of quadratic spaces
m= C nx. We obviously have a commutative diagram with surjective vertical arrows,

C(M) Oum

]

C(mz) —_— I‘edz(OM)
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But the upper horizontal arrow is surjective since both algebras are generated by M. This proves
that the lower horizontal arrow is surjective. By the statement at the beginning it is also injective
which proves the equality sign at the south-west corner of the diagram in (ii). The rest of the
Lemma follows from Lemma 5.3. O

Next let us consider the case when L € Xy. We use somewhat similar notation: let ny, =
red(Np) and my, =redr,(Op).
The same arguments yield:

LEMMA 5.7. - Suppose that L € X is superspecial. There is a commutative diagram:

Om - Or

| |

redL(OM) C I‘edL(oL) ’:MQ(sz)

C(T’nL) C(nz)

Our next task will be to show that the matrix 7'mod p in M4(F),) controls the size of m = m5
or my,. Recall that, as in Lemma 5.5,

1, .
T= '2‘((.71".73))»

where (, ) is the bilinear form on N, associated to g, i.e., (z,y) = ¢(z + y) — q(z) — q(y). By
Lemmas 5.3 and 5.4(iii), therefore

((red(jr), red(js)).-

N =

Tmodp=

We now list the possibilities for m, which is the span of red(j),...,red(js), in the non-
superspecial and the superspecial case separately.

LEMMA 5.8.- Let L € X \ X with associated LeX. The possibilities for m = m+ are the
following:
(i) if dimp, m =1, then T' has rank 1 modulo p and does not represent 1;
(ii) ifm=0, thenp|T.

Proof. — The first alternative corresponds to the case where m = ny, by Lemma 5.3. The
assertion now follows from Lemma 5.5. O

LEMMA 5.9.- Let L € Xo. The possibilities for m = my and C(m) C Ma(F,2) are the
following:
(i) the rank of T'modp is 3, or equivalently dimm = 3. Then C(m) >~ My (F2);
(ii) the rank of T'modp is 2. Then dimm = 2 and C(m) =~ My (F,).
(iii) The rank of T modp is 1 and dimm = 2. Then m is of the form m = mq + t, where ¢ is the
radical and dimmgy = dimt = 1. In this case

C(m) =~ C(mo) ™[] /(¢?),
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where
F, @ Fp,
Clmo) = {

and the element ¢ acts on C(mg) by the nontrivial automorphism of order 2.
(iv) The rank of T modp is 1 and dimm = 1. Then

F,eF,,
C(m):{]F;’ J2

(v) T=0modp and dimm = 1. Then
C(m) = A(m) ~Fple]/(€?).

(vi) m=0. Then T =0 mod p and C(m) =T, is in the center of Ma(F,2).

In cases (iii) [respectively (iv)], mg [respectively m] is a nondegenerate line, so that the
quadratic form on it is isomorphic to either 22 or az?, with a € FX\ IF;;’Q, yielding a Clifford
algebraF, ®IF}, or 2.

LEMMA 5.10. - In cases (iii) and (iv) above, when an ¥ 2 arises in the Clifford algebra
C(m), this Fp2 is not central in Ma(Fp2).
Proof. — Choose x € m spanning a nondegenerate line for which C(Fpz) ~ Fp2. Then x is

an endomorphism of the two-dimensional IF,,2-vector space Lo /F Lo with tr(z) = 0, and with
z? = q(z) - id, where g(x) ¢ F->. This last condition is equivalent to our hypothesis on the

Clifford algebra. Thus, z has two distinct eigenvalues ++/g(z) on Lo / F Ly, and hence does not
lie in the center. O

We can now describe the intersections of our special cycle with the supersingular locus. For
this, we use the following basic observation. Let LeXbea distinguished lattice. Suppose that
¢ € Z(T,w), with associated module of special endomorphisms M, lies on IP3. Then M prolongs
into a module of special endomorphisms for all points of P’ if and only if M C Endw (L, F').
This follows from Lemma 5.3. Indeed, by this lemma,

redz(M) Cred;(N7) CFpe - 1 Cred;(Or)

forall L' € (X \ Xo) NP;. Hence M C Oy forall L' € P; by continuity.

THEOREM 5.11.~ Suppose that £ € Z(T,w) with image in the supersingular locus M (F)
with corresponding L € X.

(i) The rank of T = T; modulo p is at most 3.

(ii) If Ty represents 1, then L € X and & is a point of proper intersection.

(i) If L € X \ Xo, with associated distinguished lattice f, the whole distinguished ]P’—Lv
associated to L in the supersingular locus, and passing through &, occurs in Z(T,w). In
particular, & is not a point of proper intersection.

Proof. — The reduction of T' = T modulo p is the matrix for the quadratic form on the images
of ji,...,js iIn m =my, respectively m = m7, and m has dimension at most 3. This proves (i).
If L € X\ Xy, then T = T¢ does not represent 1, by Lemma 5.8. Furthermore, in this case by
Lemma 5.3,

C(m) CFpz - 1 Cred;(OL),
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for any L' € 7, which is not superspecial. This implies M C Op C Opr. If now L' € P
is superspecial it follows that M C Oy C O by specialization. This proves (iii). Finally,
returning to (ii), the argument just given shows that if £ € Z(T,w) lies on P, then T' is
represented by m7 and hence does not represent 1. O

It remains to consider the cases where T' does not represent 1. We first treat the case when
p|T.

THEOREM 5.12.— Suppose that p | T and that § € Z(T,w) has image in M (F) with
corresponding L € Xq. Then & is not a point of proper intersection. More precisely:

() If m = red (M) = O then each of the p + 1 distinguished Pls s through pr(§) € M*
occurs in the image of Z(T,w), ie., for every distinguished L with L > L > FL, we have
M C Endy (L, F); furthermore, redz(M) =0.

@) If m =redr(M) is a null line in wy, then there is a unique distinguished L with
LD LD FL and with M C Endy (L, F); furthermore, red; (M) = 0. Hence there is a unique
distinguished P! passing through pr(£) € M and contained in the image of Z(T,w).

Proof. — We may assume that L~ = L. First suppose that m is a null line, and choose xo € M
such that Zo = redy,(zo) spans m =redy,(M). The endomorphism Zg of the two-dimensional
vector space Lo/ F Lo satisfies 72 = 0 but Zo # 0. Thus im(Z) is a line in Lo/ F L.

LEMMA 5.13.— Assume that L = L*. The lattice L defined by FL = zo(L) + FL lies in X
and L € P;. Moreover, M C Endw (L, F'), and red+ (M) = 0.

Proof. — Since o commutes with F', we clearly have F(FL) =zo(FL)+ F2L =2o(FL) +
pLC FL. Similarly one sees that V(FL) C FL,ie,pFLC F(FL) hence FL is admissible.
Note that (FL)* > L+ = L > FL with [(FL)* : L] = [L: FL] = 1.

To show that FL is distinguished, it will sufﬁce to prove that F(FL) C p(FL)*, i.e., that
(F?2L,FL) C pW.But

(F2L,FL) = (xo(FL) +pL,xo(L) + FL)
C{zo(FL),zo(L)) +pW
=(FL,z3(L)) +pW
C(FL,FL)+pW
(5.17) C pW.
Here we have used the fact that zj = xo and that z3 =0, ie., that 23(L) C F L. We conclude
that FL € X and hence also L € X.

Next, we must show that every element of M preserves L or, equivalently, FL. In fact, we
show that M - L C F'L, so that red(M) = 0. First, consider the reduction sequence

(5.18) 0— My — M™%%F, 79— 0,
where
(5.19) Mo ={yeM; y(L)C FL}.

It suffices to prove the inclusions xo(L) C FL and y(L) C FL for all y € M. Recall that, for
z € M, 2? = q(z) - id. Since p | T, the resulting quadratic form on M /pM is identically zero,
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and so C(M/pM) = AN(M/pM). In particular, for any =, and z2 € M, z122 = —x221 modp,
ie.,

(5.20) x122(L) C zox1(L) + pL.
Now, for y € My,
y(FL) =yzo(L) +y(FL)

Caoy(L) +pL+ F(y(L))
Cxo(FL) + F2L
(5.21) C F(zo(L) + FL) = F?L.

Next, observe that 22 = q(zo) - id and g(xo) = 0 mod p implies that 23(L) C pL, not just FL.
Thus

2o(FL) = 23(L) + Fao(L)
CpL+ Fzo(L)
(5.22) =F(FL+o(L)) = FL.
This completes the proof of the lemma. 0O

To finish the proof of (ii), we show that the distinguished lattice FL constructed in
Lemma 5.13 is unique. Note that ker(Zo) = im(Zo). If L' = W - u+ F'L is another distinguished
lattice, whose image ¢/ = L’/ F'L is distinct from ker(Zo), then

(5.23) Zo (12’) = 1m(a:‘0) #+ f’,

so that L is not preserved by zg.

Now suppose that redy, (M) =0, i.e., that M - L C FL. Let FL=W -u+ FL be any
distinguished lattice with L > FL D F L. We want to show that, for any 2 € M, z(L) C FL =
pL* or, equivalently z(FL) C F2L =p- (FL)*. But now

((FL),FL) = (Wx(u) + Fz(L),Wu+ FL)

(5.24) C W{z(u),u) + pW.
But now, since z* = z,
(5.25) (z(u), u) = (v, z(u)) = —(2(u), u)

so that (x(u),u) = 0. Thus (x(FL), FL) C pW, i.e., z(FL) C pF(L)* = F2L, as required.
This concludes the proof of Theorem 5.12. O

We now turn to the case when p{ T but T' does not represent 1.

THEOREM 5.14. - Suppose that p{ T and that T does not represent 1. Let £ € Z(T,w) with
pr(&) € M®(F) and with corresponding L € Xy. Then & is not a point of proper intersection.
More precisely:

(i) If dimp, m = 1 and m does not represent 1, then precisely two of the p + 1 distinguished
P ’s through pr(§) occur in the image of Z(T,w). These are the only two distinguished

lattices Ly and Ly with L; > L > FL; and with M C Endyw (L;, F) (i = 1, 2). Furthermore,
red;. (M)#(0),i=1, 2.

(ii) If dimg, m = 2 and m = mg + v as in Lemma 5.9(iii), where m does not represent 1, then
precisely one of the p + 1 distinguished P;’s through pr(§) occurs in pr(Z(T,w)). It is the
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only distinguished lattice Ly with Ly > L D FL, and with M C Endy, (El, F). Furthermore
redy (M) # (0).

Proof. — We may again assume L+ = L. We first consider case (i). Choose zo € M such that
To =redr(xo) spans m =red (M). Then Ty is an automorphism of Lo/ F Lq with

where ¢ € IF;; \ ]F;j’Q. Furthermore, by Lemma 5.8, T is not central. Hence T has two distinct
eigenvalues £; = 1/ and €2 = —4/¢ in F,2. Let E1 and E> be the corresponding eigenspaces

and let le and FZQ be the corresponding lattices in £,
FLCFL,CL, i=1,2.

Since Tp commutes with F" and V/, the eigenspaces £y and F> are preserved by F' and V, hence
FL1 and FLg are admissible. To see that F'L; and FL2 are distinguished, it suffices to see that
FL;Cp-Lt, ie., that

<FE,~,E¢)Cp-W, 1=1,2.

Equivalently, we have to see that the eigenspaces F; and E5 are isotropic with respect to the
antihermitian form (5.11) on Lo/ F L. If v € E;, then Tov =¢; - v and

£ (v,v) = (ev,v) = (Tgv,v) = (Tov, Tov) = (g;v,&v) = —¢ - (v,v).

It follows that F'J Zl and ng are distinguished.

The lattices L; = F~1(FL;) € X for i = 1 and 2 are the distinguished lattices appearing
in the statement of (i). We have red; ( ) # 0 since Ty induces an automorphism of the
eigenspace E;. On the other hand any y € M with redL( ) =0, i.e., with y(L) C FL, also
satisfies y(L JCLC L;. Tt follows that M C EndW(Ll7 F), hence (i), by the remark preceding
Theorem 5.11.

Now we consider case (ii). Let Tg € mg with 'fg =¢-1,foreeF ;j \ IF;*Q, and let 7, be a
generator of the radical t. Then ZToy, = —%,To. Therefore 7, maps the eigenspace E; of Ty in
Lo/ F Ly to the eigenspace E» and the eigenspace E» to E. Since 7% = 0, but 7, # 0, precisely
one of the two eigenspaces is annihilated by 7. The corresponding lattice is distinguished and
yields as in case (i) the lattice El appearing in the statement of (ii). O

COROLLARY 5.15.— Let £ € Z(T,w) C Z(d1,w1) Xpm - Xpm Z(dr,wr), where d; €
Sym,,,(Q)>o withny +- - - +n, = 4 (cf. (3.1) and (3.6)). Then £ is a point of proper intersection
if and only if its fundamental matrix T' = Ty is nonsingular and represents 1 over Zy. In this case
& is supersingular and superspecial.

A topic we have not touched upon in the present paper is to describe the shape of the
intersection of our cycles in the case of improper intersection, or, equivalently, to describe, for
T € Sym,(Q)>o, the cycle Z(T',w) when its dimension is positive. We refer to the companion
paper [21] to the present one for more information on this topic.

6. Intersection multiplicities

In this section we consider the intersection multiplicity at a point of proper intersection. More
precisely, we return to the setup of the third section, i.e., we fix a decomposition 4 =n; +--- +
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nr, where n; > 1 for all ¢, elements d; € Sym,,. (Q)>0 and w; C V(A’})”i giving rise to special
cycles Z(dy,w1),...,2Z(dr,w,). We fix a point £ € Z(dy,w1) Xpm -+ Xm Z(dr,w,) with
det(T¢) # 0 and where T' = T represents 1 over Zj,. Let £ correspond to (A, ¢, A\, 7773 j1,. .., jr)-
Since det(T") # 0 and since T represents 1 over Zj, the associated Dieudonné module L is
superspecial and corresponds to a formal group A of dimension 2 and height 4, with a collection
of endomorphisms j = (ji,...,j4) spanning a Zy-submodule M of rank 4 in Endw (L, F'). By
changing the trivialization of the rational Dieudonné module we may assume that L = L, i.e.,
that A is equipped with a principal quasi-polarization A 4. By the theorem of Serre and Tate, the
infinitesimal deformations of (A4, ¢, A, 7jP) correspond to those of (A, A 4), i.e.,

6.1) Me = Def(A, A 4).

Here ./T/t\g denotes the formal completion of M at £ and Def(A, A 4) the formal deformation
space of (A, ) 4) over Spf W. Similarly, for the special cycles one has, with obvious notation,

(6.2) g(di,w,‘)g :Def(A, )\A;ji),

Z(T,w)e = (Z(dy,w1) Xaq -~ X pt Z(drywr))
(6.3) =Def (A, Aa;j) = Def(A, A a; M).

Here w =w; X --- X w,. Recall that any © € M satisfies * = x and tr(z) = 0, that the quadratic
form on M is given by 2 = q(z) -id, and that T is the matrix for that quadratic form with respect
to the basis ji, ..., js. Since T represents 1 over Z,, there exists an xo € M such that x% =id.
The quadratic lattice M can be written as M = ZLyp - 9 + Mo, where My = x({. Moreover, if
x € My, then zxg = —x9z, since the subalgebra of Endy (L, F') generated by M is the image
of C(M), the Clifford algebra of M.

The idempotents e; = 5 (1 + o), €2 = 3 (1 — o) — recall that p # 2 — give a splitting
A~ Ay x Ay, with A; = e; A and As = ez A of dimension 1 and height 2. If z € M,,
ze1 = eax, and so M, can be viewed as a submodule of Hom(A;,.43). Let L; = e;L be the
Dieudonné module of A;. Then L = L; & L. Furthermore, L1 and L are paired trivially under
the symplectic pairing on L. Indeed, if v; € L; and v2 € Lo, we have

(v1,v2) = (e1v1, eqv2) = (1, e1€202) =0,

since e} = e;. It follows that { , ) induces a perfect symplectic pairing { , ); on L;, i.e., Ay
and A are equipped with principal quasi-polarizations. Since a principal quasi-polarization on a
p-divisible formal group of dimension 1 and height 2 deforms automatically we obtain a natural
identification

Def(A, A a; M) = Def(A;, Ag; Mp).

The length e(¢) of the local Artin ring appearing on the right was determined by Gross and
Keating in Section 5 of [7]. Since we have assumed in all of the above that p # 2, we may as well
continue to make this assumption, although Gross and Keating do not. Choose a basis 91, ¥2, ¥3
for My such that

q(urthr + uaths + usths) = e1p™ uf + e2p™u3 + £3p™ u3,
with 0 < a1 <as < as, and €1, €9, €3 € Z;,‘. Thus, over Z,, T is equivalent to the diagonal
matrix diag(1,e1p%, £2p*?, £3p®?). Recall that by Lemma 5.9, Z(T,w) = () unless ord, det T" >
1, i.e., a3 > 1. In addition, the matrix diag(e1p™,e2p®2,e3p*3) is represented by the norm
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form on the maximal order in the quaternion division algebra over QQ,,. This imposes additional
restrictions on the a;, see Section 10.

PROPOSITION 6.1 (Gross, Keating, [7], Proposition 5.4). — If a1 + ag is even, then e(§) =
ep(Te) is equal to:

a;—1 ‘ (a1+a2—-2)/2 A
S (i+1)(ar+azt+az—3i)p'+ > (a1+1)(2a1 + a2+ ag — 4i)p’
=0 i=a1

1
+5 (a1 +1)(as — ag + 1)pla+e2)/2,

If a1 + aq is odd, then e(§) = e, (1) is equal to:

a;—1 4 (a1+a2—1)/2 4
Z (i+1)(a1 +a2+a3—3i)pl+ Z (a1 +1)(2a1 +a2+a3——4i)p1.
i=0 i=ay

COROLLARY 6.2. — We have e(§) =1 ifand only if ord, (det(T¢) = 1. In this case the special
cycles Z(dy,wn), ..., Z(dr,w,) are all regular at & and their tangent spaces give a direct sum
decomposition of the tangent space of M at &.

Proof. — The first statement follows from the formulas above. In this case, the cycles Z(d;,w;)
have to be irreducible and reduced locally at £, and the intersection multiplicity in the sense of
Serre, which is bounded by the length, is equal to 1. The rest follows from [5], Proposition 8.2,
and Example 8.2.1. O

At this point we have completely answered the question (a) at the end of Section 3.
What is not clear is whether the length e(£) is indeed the intersection multiplicity of
Z(dy,w1),...,2(dy,w,) at & This is the content of the question (b) of Section 3.

CONJECTURE 6.3.— Let & be an isolated intersection point of Z(dy,w1),...,Z(dr,wy).
Then

L L
(02100 @ ©O0z(d,00) e = (Oz(drw1) @ @ Ozdy0n)) ¢
hence e(§) is the intersection multiplicity of Z(dy,w1), ..., Z(dr,w,) at €.

We stress that this conjecture is reasonable only because M is smooth over SpecZ).
Indeed, Genestier [6] (comp. [22]) has shown that in the Drinfeld—Cherednik situation of bad
reduction the analogues of the special cycles considered here may have embedded components.
On the other hand, assume in our situation that Z(d;,w;) is an intersection of n; divisors in
M. Then if £ is an isolated intersection point of Z(dy,w1),...,Z(d,,w,) it follows that each
partial intersection Z(d;,,w;,) N -+ N Z(d;,,w;,) (1 < i3 < -+ <is < 1) is locally at € a
complete intersection. Hence it also follows that the length e() is the intersection multiplicity
of Z(dy,w1),...,Z(dr,w,) at €, and the above conjecture holds true.

Remark 6.4. — Assume that & € Z(dy,w1) N -+ N Z(dy,w,) is a point with fundamental

matrix T' = T¢ which is nonsingular and represents over Z;, a unit € € Z,' \ Z;j*2. Therefore,

there exists 21 € M such that 27 = ¢ - id. Hence we obtain an action of Z,2 = Zy[y/€] on A,
a:Zy — End(A).

We may write M in the form M = Z, - ©; + My, where My = zi-. For x € M; we have
xx1 = —z1z. Comparing with the definitions in the companion paper to this one, we see that
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(A, ) is precisely one of the formal groups with Z,,-action considered there [21] and that the
elements of M, are special endomorphisms in the sense of that paper. In particular, the formal
completion of Z(dy,w;) N---N Z(d,,w,) at & coincides with the formal completion of the
corresponding subvariety of the Hilbert—-Blumenthal surface considered in [21].

7. The total contribution of isolated points

In this section we will consider the total contribution of the points of proper intersection of
our special cycles. Using our previous results and a counting argument, we are able to give an
explicit formula.

We return to the global situation of Sections 1 and 2 and fix data as follows. We assume
as always that p { 2D(B) and that K = K? - K, where K, is the standard maximal compact
subgroup (see the end of Section 4), and where K is neat. We then have the moduli scheme M =
M g» which is smooth over Spec Z ). As in Section 3, we fix ny,...,n, with 1 <n; < 4 and
withny +---4+n, =4.Fori=1,...,r, choose positive definite matrices d; € Sym,, (Zp))>o0
and KP-invariant open compact subsets w; C V(A’;)”i. We then have the cycles Z(d;,w;), i =
1,...,7r. We then define the contribution of the points of proper intersection to the intersection
number of Z(dy,w1),. .., Z(dr,w,) to be

(7.1 (Z(dr,w1), -, Z(dpywr))o 0 = > e(8).
3

Here the sum runs over the points of proper intersection & in Z(dy,w1) X a1 -+ X am Z(dp, wr),
and e(§) denotes the length of the local ring at £, as described in Section 6. Note that, if
Conjecture 6.3 were known to hold, this is also the local intersection multiplicity at .

In the special case r = 1, we let d; = T, and we have the cycle Z(T',w), whose image in M
lies in the supersingular locus M**. Then Z(T,w) is a collection of isolated points if and only if
T represents 1 over Zj, (Corollary 5.15). In this case we use the notation

(1.2) (Z@w),= > e

§€2(T\w)

In general, by (3.6) and the analysis of the previous sections, we may write

(7.3) (Z(d1,w1),- s Z(drywr)) 0 = 3 (2(T,w)),,
: T
where the summation is over T' € Sym,(Z,))>o0 which are nonsingular, represent 1 over Z,,
and have diagonal blocks dy, ..., d,:
dy
dy
d,
We will now give more explicit expressions for the above entities. For this it will suffice to

give an expression for (7.2). But the results of Section 6 show that the intersection multiplicities
e(€) in the sum of (7.2) only depend on T" and even only on its Z,-equivalence class. As in
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Proposition 6.1, we denote this integer by e, (T) and thus may write
(74) (2(T,w)), =ep(T) - |2(T,w)(F)|-

It remains to determine the cardinality of Z(T,w)(F).

As before, let B’ be the definite quaternion algebra with discriminant D(B)p, let C' =
Mz (B’), and let V' = {x € C’; 2’ =z and tr(z) = 0}. Let G’ be as in (4.5). Recall that we
also have fixed an isomorphism G'(A%) ~ G(A%), and a base point &, = (Ao, L0, X0, 7}) €
M>=(FF) such that the associated Dieudonné module L, € X is superspecial, with stabilizer
K, in G'(Qp). Then, under the parametrization (4.7), the set of superspecial points in M*(F)
corresponds to the double coset space

(1.5) G'(Q)\ (G'(Qy)/K], x G(AL)/KP)

(¢f. Corollary 4.15). For a superspecial point (A, ¢, A\, 7?) of M*(F), the choice of an
isogeny 7:(A,t) — (Ao, L) compatible with the polarizations determines a pair (gp,g"”) €
G'(Qp)/ K, x G(A})/KP, and the passage to G’(Q)-orbits removes the dependence on the
choice of 7.

The choice of an isogeny ~ also yields an identification of the space EndO(A, ¢)°P with
End®(A,, ,)°? = C’, and of the space of special endomorphisms of (A, :,\) with V’(Q). Let
2:(Q) C V'(Q)* be the fibre over T of the map defined by the quadratic form on V'(Q),

(1.6) V'(Q)* — Sym,(Q).

Returning to the set Z (7T, w)(F), we consider the map

(1.7 Z(T,w)(F) = G'(Q)\ (27(Q) x G'(Qy)/ K, x G(A})/KP)

defined as follows. To a point & = (A, ¢, \,7P;j) € Z(T,w)(F), and a choice of isogeny - :
(A, 1) — (Ao, o), there is an associated triple (V+j, gp, g7), Where v.j € V/(Q)* is the 4-tuple
of endomorphisms determined by j and . Again, the passage to G’(Q)-orbits removes the
dependence on the choice of .

It is not difficult to describe the image of Z(T,w)(FF). For y € £2/.(Q), the triple (y, gp, g?)
lies in the image if and only if
(i) the images of the components of y under the inclusion V' — Endw (L, F') preserve the

lattice g, Lo, and

(ii) the image of y under n? lies in g - w.
We note that the condition (i) is equivalent to the assertion that the components of the 4-tuple
g, 'y liein
(7.8) V'(Zp) =V'(Qp) NEndw (L, F) = Ny.
We let ¢}, be the characteristic function of V(Zyp)*, let go’} = char(w) be the characteristic
function of w, a.nd set s = ¢}, ® . Then ¢y € S(V’ (Af)*)K’. Conditions (i) and (ii) can
then be summarized as follows.

LEMMA 7.1.— The G'(Q)-orbit of the triple (y, gp, g*) lies in the image of Z(T,w)(F) if
and only if (g~ 'y) # 0, where g = (gp, g7) € G'(Aj).

Note that the function (y, g) — ¢;(¢~'y) is invariant under the diagonal action of G'(Q) on

the left and under the action of K’ = K, K and of Z’(Ay) on the right. The total contribution
of the superspecial points may be expressed as an integral.
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THEOREM 7.2.— Let T' € Symy(Z(y)) >0 be nonsingular and such that T' represents 1 over
Zy. Let w C V(A’})‘1 be KP-invariant open and compact, and let K' = K, K? C G'(Ay). Let
pr(K’) be the image of K' in Z'(A¢) \ G'(Ay) ~SO(V')(Ay). Then

(Z(T,w)), = ep(T) - vol(pr(K")) ™ - Ir,5(¢})-

Here ¢'; = ¢, ® o € S(V(A #)*) as above, and Ir, #(¢';) denotes the theta integral

Irs(¢f) = / > ¢h(g7y)dg
G’(Q)Z/(Af)\G/(Af) YGQ%(Q)

The measure dg is induced by an arbitrary Haar measure on Z’(Ay) \ G’(Ay) and the atomic
measure on Z'(Q) \ G'(Q). The coefficient e, (1) is given by the formulas in Proposition 6.1.
The identity of the theorem remains valid if 7" is nonsingular but not positive definite, since, in
that case, T is not represented by V', and hence both sides of the identity vanish.

Proof. - By Lemma 7.1, we see that

(7.9) |2(T,w)(F)| = > (97 "y).

G (Q\ (L7 (QxG'(Af)/ K’ Z'(Af))
On the other hand, since pr(K”) is neat, the stabilizer in Z’(Q) \ G’(Q) of a coset
9K'Z'(Ag)/Z' (Ay)

is trivial. Thus, we have

(7.10) |Z(T,w)(IF)| = vol(pr(K")) ! / Z o' (97 'y)dg,
G'(Q)Z/(Ap)\G'(Ag) Y€ (D

for a measure as described in the theorem. In combination with (7.4), this gives the claimed
expression. O

COROLLARY 7.3. — In the situation of the beginning of this section,

(Z(d1,w1),.., Z(dr,wr))0 " =Y e (1) vol(pr(K")) ™" - Ir, 5 (¢).
T

where T' runs over all T € Sym,(Z,))>o0 which represent 1 over Z;, and have diagonal blocks
di, ..., dy. The function ¢y = o, @ @'y € S(V'(Ay)*) is defined by
@y, = char V'(Z,)*,
¢ = char(wy x -+ X wy).
Remark 7.4.— Formula (7.10) expresses the quantity |Z(7,w)(F)| as a product of orbital
integrals. More precisely, note that the components of y € 2.(Q) span a four-dimensional
subspace of the five-dimensional space V. Since G’ acts on V' via its projection to SO(V"),

the stabilizer of y in G'(Q) is precisely Z’(Q), the kernel of this projection. Since G’ (Q) acts
transitively on £27.(Q), we can unfold to obtain:
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ZEw® =& [ o)
Z/(Q\G'(Ay)
(7.11) =vol(K') ™" vol(Z'(Q) \ Z'(Af))Or () Or (¢7),

for orbital integrals which depend on 7',

(7.12) Or(¢P) = / ¢ (9™ "y) dg,
Z(AR)\G(A?)

and

(7.13) Or(¢,) = / vp(97"y) dg.

Z'(Qp)\G'(Qp)

In our main theorem (in Section 9), we will identify the right hand sides of the formulas of
Theorem 7.2 and Corollary 7.3 as special values of derivatives of Fourier coefficients of certain
Eisenstein series. In the next section we will explain more precisely the Eisenstein series in
question.

8. Fourier coefficients of Siegel-Eisenstein series

In this section, we recall, from [19], the construction of certain incoherent Siegel-Eisenstein
series and the structure of the Fourier coefficients of their derivative at s = 0, the center
of symmetry. To be more precise, these Eisenstein series occur on the metaplectic cover of
the symplectic group of rank 4 over Q, and have an odd functional equation. Their Fourier
coefficients are parameterized by rational symmetric matrices 7' € Sym,(Q). In [19], a formula
was given for the derivative at s = 0 of such a coefficient, when det(7T") # 0.

We retain the notation of Section 1, and we refer to Sections 1-6 of [19] for more details.
Thus B is an indefinite quaternion algebra over Q of discriminant D(B), C' = Ma(B), V is
given by (1.1), and G is given by (1.3), etc. In particular, V is a five-dimensional quadratic space
over Q with signature (3,2). Let x = xv be the quadratic character of A* /Q* attached to V:
x(z) = (z,det(V))a, where (, )a is the global Hilbert symbol. Note that xo,(—1) = 1.

Let W be a symplectic vector space of dimension 8 over Q, with a fixed symplectic
basis ej,...,eq,€],...,€}, and let Hy be the metaplectic extension of Sp(W}), with Siegel
parabolic Py. For s € C and for x as above, let I4(s,x) be the global degenerate principal
series representation of Ha. As explained in [19], (2.9), the representation I4(0,x) has a
direct sum decomposition into two types of irreducible representations. One of these types are
the irreducible summands, like II4(V'), associated to five-dimensional quadratic spaces with
character xv . The other type are the irreducible summands associated to incoherent collections,
in the sense of Section 2 of [19]. One such summand is I14(C), associated to the incoherent
collection C, defined as follows. For any finite prime ¢, C; = V;, while Coo = V., where V_ is
the quadratic space over R of signature (5, 0). There is a surjective map

(8.1) Ar:S((Ca)") =S(V(AR)*) — TL4(C) s C Lu(0, X);-

A section @(s) € I4(s,x) is standard if its restriction to the standard maximal compact
subgroup K in Hy is independent of s. For ¢y € S(V (Af)*), let @4(s) be the standard section

of I4(s,x)y such that &7(0) = A¢(pys). Let D(s) = 50/2(5) ® P¢(s), where 45342(5) is the
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standard section of (s, X)oo Whose restriction to K y;_ is the character det®/2. Then &(s) is an
incoherent section with $(0) € I14(C). The incoherent Eisenstein series

(8.2) E(h,s,8)= Y ®(vh,s)
YEPR\Hg

converges for Re(s) > 5/2, and its analytic continuation vanishes at the point s = 0, [19]. There
is a Fourier expansion

(8.3) E(h,s,8)= Y Er(h,s,®),
TeSym,(Q)

with respect to the unipotent radical of P. When &(s) = ), $¢(s) is a factorizable section, and
when det(T") # 0, there is a product formula

(8.4) ET(h,S, @) = H WT,g(hg,S, @z),

<00

where Wr ¢ (he, s, D¢) is the local generalized Whittaker integral (cf Section 4 of [19]). For fixed
h, T, and @, there is a finite set of places S such that, [19], Proposition 4.1,

(8.5) [T Wre(he,s, &) =¢5(2s +4) 7' ¢S (25 +2) 72,
¢S
and hence
(8.6) Br(h,s, @) =¢%(2s+4)7'¢5(2s+2) 7" [[ Wre(he, s, @0).
Les

Since det(T") # 0, the factors Wy 4 (he, s, $,) have an entire analytic continuation.

Fix T with det(T') # 0. Since Er(h,0, ) = 0, at least one of the factors in the product
formula (8.6) vanishes at s = 0. In particular, by Proposition 1.4 of [19], the factor at ¢ vanishes
whenever the five-dimensional quadratic space C; does not represent 7'. Let Diff(T',C) s be the
set of finite places at which C, fails to represent 7", and let

. [ Diff(T,C); U{oo} ifsig(T)=(3,1)or (1,3),
8.7) Diff (T, C) = { Diff(T,C)s otherwise.

By Corollary 5.3 of [19], |Diff (7', C)| is odd; and, by Corollary 5.4 of loc. cit.,

(8.8) ord Er(h, s, ¢) > Diff (T,C))|.

Thus, the only nonsingular 7" for which EZ.(h,0, ) can be nonzero are those for which
|Diff(T,C)| = 1. We will relate the value E/.(h,0, @) for Diff(T,C) = {p} to the numbers
(Z(T,w))p in the previous section.

Let us fix a finite prime p. We wish to give a formula for E%.(h,0, &) if T € Sym,(Q) is
nonsingular with Diff (T',C) = {p}. Let B’ be the definite quaternion algebra over Q which is
ramified at p and whose invariants coincide with those of B at all finite primes other than p. Let
C' =My (B’), and let

(8.9 V'={zeMz(B'); 2’ =z and tr(z) =0},
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with quadratic form defined by squaring, as in Section 1. Let G’ = GSpin(V"’) be defined by the
analogue of (1.3). Note that there is an exact sequence

(8.10) 1— 7 — G —SOo(V')—1

of algebraic groups over Q, where Z’ is the center of G.

We fix identifications B'(A%) = B(A%), and hence V'(A%}) = V(A%), and G'(A%) = G(A%).
We also assume that ¢ € S(V/(Af)*) is factorizable, so that ¢ = ¢, ® ¢%, and we can view
¢’ as a Schwartz function on V' (A’})‘l. Recall that there is a surjective map

(8.11) Np:S(VI(Ap)*) — TIa(V") C 14(0,X)5.

Recall, [31,19], that the local degenerate principal series representation Iy (0, x,) has a direct
sum decomposition with irreducible factors

(8.12) I1,p(0, xp) = Ra(Vp) ® Ra(Vy).
Let T € Sym,(Q) be nonsingular with Diff(T,C) = {p}. Then the linear functional
(8.13) Wrp(h,0,-): 1s5(0,xp) — C

vanishes identically on R4(V,) = R4(Cp), and does not vanish identically on the summand
R4(V}), [19], Proposition 1.4. We choose a standard section &,(s), with &,(0) € R4(V}), and
such that

(8.14) W p(e,0, @) # 0.

Let ¢, € S((V;))*) be a Schwartz function whose image A, () in 14 (0, xp) is @,,(0). Note that
V' is positive definite, and let ¢ € S((V.)?*) be the Gaussian, ¢’ (z) = exp (—m tr(q(z))).
Finally, let ¢; = ¢}, ® ¢; so that

(8.15) ¢ = 0o ® s =l ® g, @ F € S(V'(A)Y).

Recall that the metaplectic group H acts on the space S(V/(A)*) via the Weil representation
w = wy, defined using our fixed additive character ¢ of A/Q. For g € G'(A) and h € Hy, let

(8.16) 09 h )= > (wh)¢)(97"y)
yev/(Q)*
be the theta function attached to ¢’, and let
1
(8.17) I(h,¢) = 5 / 0(g,h,ev(¢")) dg,
G'(Q)Z(A\G(A)

for the Tamagawa measure dg on Z(A) \ G'(A), and where ev(y’) denotes the projection of ¢’
to the subspace of functions all of whose local components are even (cf. [19], (7.19)). Note that
6(g, h, ") can be defined by the same formula for g € O(V’)(A), and that

(8.18) I(h,¢") = / 6(g,h,¢")dy,
O(V)(QNO(V")(4)
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where vol(O(V')(Q) \ O(V')(A),dg) =1.For g € G’(A) and h € Hw, let

(8.19) Or(g, k)= Y (wh)¢)(g7y),
€24(Q

and

(8.20) Ors(9.90)= > ¢5(ay),
yeRL(Q)

where 67,7(g,¢") depends only on g;. The function ¢, is invariant under G’(R) and, for
y € 2-(Q), it has the value

(8.21) Pho(y) =727 r(T),
Therefore, for h € H,,,, we have

822 Or(hgi)= Y (wh)¥)(g7"y) = (@h)¥k) (o) - 01,5 (9,¢}),
y€R.(Q)

where y is any fixed element of 27.(Q).
For h € H, and for yg € £21(Q), set

(8.23) W2 (h) == (w(h)¢l) (y0)-

More explicitly, as in (11.74) of [19], if h has Iwasawa decomposition h = (n(b)m(a)k,t) €
Spy(R) x C! ~Mp, (W), for b € Sym,(R), a € GLy(R)*, and k € Kp__, then

Wy/?(h) =t - det(a)®/2 e(tr(Th)) e ™ (aTa) det(k)5/2
(8.24) =t-det(a)>?e(tr(T'7)) det(k)®/?,

where 7 = b+ ia‘a.
Recalling that Z'(R) \ G'(R) ~ SO(V')(R) is compact, we have the following formula for
the T'th Fourier coefficient of the theta integral:

2 In(h, ') = / 07 (9, hsev(y)) dg
G'(Q)Z'(A\G'(A)
=W (h)- / 075 (g,ev(¥})) dg
G'(Q)Z'(A\G'(A)
(8.25) =W3/2(h) - vol (SO(V')(R), deog) - / o, (9,ev(})) dsg,

G (@Z' (A)\G'(Af)
where dyg is the measure arising from the counting measure on Z’(Q) \ G’'(Q) and the Haar
measure on Z'(Ag) \ G'(Af) ~SO(V’)(Ay) coming from some choice of a gauge form x on
SO(V'). Also duog is the Haar measure on SO(V”)(R) induced by .
With the notation just described, and for h € H, Corollary 6.3 of [19] specializes to

Wi ,(e,0, &)

8.26 E! h,0,® —_
(8:26) r(h 0.8 = 5 0 o)

2IT(h7 ‘p,)v
if T' is nonsingular with Diff (7', C) = {p}.
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Substituting the expression (8.25) for the Fourier coefficient of the theta integral found above,
we obtain:

PROPOSITION 8.1.— Suppose that D(s) = @%2(3) ® s (s) with $¢(0) = As(py), is an
incoherent standard section. For h € Ho,, and for each T € Sym,(Q) with det(T) # 0 and
Diff(T,C) = {p}, choose ;, and ®,(s), such that Wr ,(e,0, &,,) # 0. Then

Wr}’p(e, 0, )

Efp(h,0, 8) = vol(SO(V')(R)) - W3/2(h) T d) e

Here
Ir, s (¢}) = / > ev(eh)(g7'y) dsg
G Q2Z (Ap\G' (Ag) YET (@
= / 07,5 (g,ev(¢%)) dyg,

G'(QZ' (Af)\G'(Af)
and the measures are as described after (8.25) above.

If the function <p’f is locally even, then the integral

827) Ise)= [ onslaeds
G'(Q)Z'(Af)\G'(Ag)
occurs in Theorem 7.2, where the measure arises from an arbitrary Haar measure on Z’(Af) \
G'(Ay), and the quantity
(8.28) vol(pr(K")) " I, 5 ()
is independent of the choice. Therefore, we can obtain the expression
W’.;’,p (6, Oa ép)

Efp(h,0, ) = vol(SO(V')(R) pr(K")) - W/ 2 (h) - Wr.p(e,0,8)

(8.29) -vol(pr(K")) " Iz 5 (),

where the factor vol(SO(V')(R)pr(K”’)) is computed using the Tamagawa measure on
SO(V’)(A). Hence, since pr(K') is neat,

1

(8.30) vol(SO(V')(R) pr(K’)) = 2[SO(V')(A) : SO(V')(Q)SO(V')(R) pr(K")| ",

and the quantities in (8.29) separated by a dot do not depend on any choice of measure.

9. The main theorem

In this section we assemble the results of previous sections and state our main results.
We begin by further specializing the formula of Proposition 8.1. Specifically, we need more
information about the factor

Wr ,(€,0, &)

9.1 .
( ) WT,p(e7 07 Q;I))
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Fix the prime p with p { 2D(B), and assume that ¢, is the characteristic function of V(Z,)*.
Recall that &,(s) is the standard section with @,(0) = A, (). Also, let ¢}, be the characteristic
function of the lattice V'(Z,)*, and let &)(s) be the standard section with @,,(0) = Ay, (},).

Recall that a nonsingular T' € Sym,(Q,) is represented by precisely one of the quadratic
spaces V(Qp) and V'(Qy), [19], Proposition 1.3.

PROPOSITION 9.1.— Suppose that oy, go;,, &, d51’, are as above, and that T' € Sym,(Qp)
with det(T) # 0.
@) IfWr,(e,0, 8p) #0, then T € Symy,(Zy).
(i) If T € Symy(Zy) and if T is represented by V'(Qy,), then Wr (e, 0, &) # 0.
(iii) If T € Symy(Zy) is represented by V' (Qy), and if T represents 1, then

W’}'p(eaoy ¢p) 1
—P =] 2 _ . T
WT;P(ev()’ ¢zl)) 2 o8P (p + 1)(p 1) 617( )a

where e,(T') is the local intersection multiplicity given in Proposition 6.1.

The proof will be given in Section 10.

A subsetw C V(Afc)" is said to be locally centrally symmetric if it is invariant under the action
of the group fi5(A%). The characteristic function ¢, € S (V(A?)") of such a set is locally even,
as in (8.17), i.e., ¢, = ev(py). The function ¢’ = ¢, ® ¢, € S(V'(Af)™) is then locally even
as well, so that the expression (8.29) holds for the derivative of the Fourier coefficients of the
associated Eisenstein series.

We can now state our main result.

THEOREM 9.2.— Assume that p { 2D(B) and that ¢p, ¢, bp, &, are as above. Let
w C V(A’f’)‘1 be a locally centrally symmetric KP-invariant compact open subset. Let $(s) =
Boo(s) ® Py(s) ® PY(s) be the standard section corresponding to ¢ = poc ® Pp @ s
S(V®(A)*) with ¢’ = char(w) (cf. Lemma 7.1). Suppose that T € Sym,(Q) with det(T') # 0
and with Diff (T, C) = {p}.

(@) IfT ¢ Symy(Zp)) >0, then Z(T,w) =0, (Z(T,w)), =0, and

El(h,0, &) =0.

(i) If T € Symy(Zp))>o represents 1 over Zy, then Z(T,w) is zero-dimensional, and, for
h € He,

B (h, 0, &) = %vol(SO(V’)(R)) W2 (h) - vol(pr(K)) - logp - (Z(Tw)),.

Note that, if T € Sym,(Zp))>o0 does not represent 1, then Z(7T',w) contains components of
the supersingular locus (Corollary 5.15 and Theorems 5.12 and 5.14). In this case, we do not
have a formula for the contribution of Z(T,w) to the intersection number.

In Theorem 9.2, the chosen gauge form p on SO(V’) = Z’ \ G’ determines the Haar measure
on SO(V’)(R) used to compute vol(SO(V”')(R)). The corresponding gauge form on the inner
twist SO(V') = Z'\ G determines the measure on Z'(A ) \ G’(Ay) used to compute vol(pr(K)).
Note that the product vol(SO(V')(R)) vol(pr(K)) is independent of the choice of p.

Proof of Theorem 9.2. — Beginning with formula (8.29), and using (iii) of Proposition 9.1 and
Theorem 7.2, we have
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Ej(h,0, 8) = vol(SO(V')(R) pr(K’)) - W22 (h) -
Wil“,p(e70a ¢p)
Wr (e, 0, 45')

_.vol(SO( pr(K
5 logp- (p +1)<p 1) ep(T)- vol(pr(K ) s (¢))

= vol(sow )(R)pr(K")) - W7/* () -

9.2) -logp (P*+1)(p-1)-(2(T,w)),

To finish the proof, we simply note the following relation between volumes.

LEMMA 9.3.— Recall that K, = GL2(Op,) N G(Qp) and K, = GL2(Op;) N G'(Qp).
Then, for the Haar measures on Z'(Af) \ G'(Ay), Z'(Qp) \G’(Qp) Z(Ay) \ G(Ay), and
Z(Qp) \ G(Qp) determined by the fixed gauge form i and the corresponding form on the inner
twist,

.ml(prmf»-lh,f«ow

) 5/2

vol(pr(K)) _ vol(pr(K,)) , , )
vol(pr(K’)) - VOl(pr(K;))) = (P + 1)(p 1).

This finishes the proof of Theorem 9.2. O

Proof of Lemma 9.3, following Kottwitz [16]. — We may replace G /Z and G'/Z’ by their
s1mply connected covermgs G respectively G’ and pr(K,) and pr(K;,) by their inverse images
K respectively K ! We use on G (Qp) respectively G’ (Qp) the Haar measure induced by a top
differential form on the Z,-form of G respectively G corresponding to an Iwahori subgroup
fp cK p respectively :TZ, C I~{ ;r These measures are compatible (cf. [16], p. 632). The volumes of

.71, and 17, are related as follows. Choose as in [16] a maximal split torus S in G and a maximal
torus S1 containing S which splits over an unramified extension. We also denote by S; the
canonical Z,-form of S;. Choose S’, S} of the same sort for G’. Then

vol(l,) _ Si(Fp) _ (p—1)?
)

@) SiF) Ao

since in the case at hand S; = G2, and S = ResQ 2/Qp G,,,. The result follows since
|Kp/Tpl =1+2p+2p* +2p° +p*,  |K,/I|=p+]1,

hence
vol(pr(Kp)) _ vol(ly) |Kp/I| _ (p—1)* p*—1

)
= = s = . . g
vol(pr(K}))  wvol(I}) |K./I}| p*—1 p-—1

We next formulate the corresponding result for the intersection of special cycles.
Forny,...,n, with1<n; <4and withn; +---+n, =4, letd; € Symni(Z(p))>0 and fix
locally centrally symmetric KP-invariant open compact subsets w; C V(A’})’“. Let
9.3) W=W;+--+W,
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be a decomposition of W into symplectic subspaces of dimensions 2n;, compatible with the
fixed symplectic basis, and let

(9.4) L:HLAX~~XHT’A—>HA

be the corresponding homomorphism of metaplectic groups, covering the embedding

(9.5) L:Sp(WLA) X oo X Sp(Wr,A) — Sp(WA).
Restricting to the archimedean place, for (h1,...,hn) € H1 00 X - -+ X Hy oo, We have
(9.6) W2 (b, ) = W5 (hy) - W3 (Ry),

where T has diagonal blocks di, ..., d,. Thus, by (7.3), we obtain:

COROLLARY 9.4. — With the above notations,
1
STE (uha,.. . he),0, ) = 5 vol(SO(V))(R)) - W5 (h) - Wy (hy) -
T

-vol(pr(K)) -logp- (Z(dy,w1), ..., Z(dr,wr)>§r0per,

where the intersection number on the right side is defined by (7.3), and the summation runs over
T € Symy(Zy))>o such that Diff (T',C) = {p}, diag(T') = (di, ..., d,), and T represents 1 over
Zy. Also, @ is determined as in Theorem 9.2 with w = w1 X - -+ X wr.

Of course, the left side of the expression of Corollary 9.4 is part of the (d1, .. .,d,)th Fourier
coefficient of the pullback

9.7) F(h1,. .., hy; ®) := E' (u(h1, ..., hy),0, D)

(cf. [19], (6.13)). This result gives an analogue of the results of [19].

10. Representation densities

In this section, we give the proof of Proposition 9.1, which is based on a formula of Kitaoka,
[14], for representation densities. In this section, for z € Q;', x(z) = (=, p)p-

We begin by recalling the well-known relation between the values of the function Wy , (e, s,
9,), at integer values of s and classical representation densities.

For a suitable choice of basis for V(Z,) the quadratic form ¢ has matrix

1
(10.1) S=5= 31y
1.1,
2
Forr > 0, let
So
(10.2) Sy = i1,
11
2 s
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For nonsingular matrix T € Sym,(Z,), let

(103)  ap(S;,T) = lim p~* OO+ {z € Msy00a(Z/p'Z); Spfz] = T € p' Sym,(Zy)}

be the classical representation density [15, p. 98]. This quantity depends only on the GL4(Z,)-
equivalence class of T, so we assume that

(10.4) T = diag(gop™,e1p™ , £2p™, £3p™),

with ¢; € Z;; and 0 < ag < a1 < a2 < a3. Then, as explained in Corollary A.1.5 of [19],
Wrp(e,r, &) =0if T € Sym,(Qyp) \ Symy(Z,), and

(10.5) Wrp(e,r, Dp) = ap(Sr, T)

if T' € Symy(Z,), since the factor v, (V,) in loc. cit. is 1 in our present case. Recall — see [14],
Lemma 9 and the discussion on pp. 450—453, for example — that v, (Sy, T') is a rational function
of X =p~T, i.e., there is a rational function Ag 7 (X) such that

(10.6) ap(Sr,T) = Asr(p™").

We therefore have

, 0
(10.7) WT,p(ea0> ¢P) = _log(p) ' 6_)(-{A57T(X)}IX=1'

At this point we have proved part (i) of Proposition 9.1.

Similarly, let ¢/, be the characteristic function of the lattice V'(Z,)* = V®)(Z;)* and let
@,(s) be the corresponding standard section. Again, for a suitable choice of basis for V'(Z,),
the quadratic form on V’/(Z,) has matrix

(10.8) S’ = Sy =diag(1,1, -0, —p,pp),
where 3 € Z \ Z;>?. Again, the factor y,(V,) = 1, and so
(10.9) Wrp(e,0,8,) =p~* - ap(Sp, T).

The following two results imply parts (ii) and (iii) of Proposition 9.1.

PROPOSITION 10.1. — Suppose that T € Symy(Zy) is not represented by V(Q,) and that
T represents 1. Let e,(T) be the local intersection multiplicity, given by the formulas of
Proposition 6.1. Then,

0
W'}',P(e70’ 4517) = ].Og(p) ) 8_X{AS,T(X)} ‘X:l
=logp- (1-p~*) (1 —p7?) - ep(T).
PROPOSITION 10.2. — Suppose that T € Sym,(Z,,) with det(T") # 0 represents 1. Then

—4(1 _ 2 : /
WT,p(e,o,ds;,)=p—4-ap(Sé,T):{g (1-p2)2(p+1) Z‘”‘;’ggggrepresemsT,
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Of course, we would like to have analogous information about W}’p(e, 0, &,) and Wr (e, 0,
@,,) for all T'. At first, we simply restrict to the case where p T, so that we may assume that
apg = O, i.C.,

(10.10) T = diag(eo,e1p™ , £2p™*,€3p™).
Note that S ~ 15. Then, by the standard reduction formula, [13, p. 149],

(10.11) p(Sr, T) = tp(Sry €0)ap(Sr, T),

where S, is obtained by adding a split space of dimension 27 to

(10.12) S =diag(1,1,1,e0)

and

(10.13) T= diag(e1p™, £2p™*,€3p™).

Note that

(10.14) ap(Sr,e0) = (14 x(e0)p™%7") = (14 x(e0)p™2X),

where X =p~", [32].
Now suppose that x(¢o) = 1, i.e., that T represents 1. Let Ha,, be the split quadratic form of
rank 2m over Zj,, so that

(10.15) Hop = (1 1'") .

Then S, is isomorphic to the split space Hs, 14, and Kitaoka gives an explicit formula for the

representation density o, (Ham,T') for any ternary form T, [14]. His formulas, in the cases
a1 — az even and a; — a2 odd, are given as a sum of five double sums! These can be simplified
to yield the following expressions:

PrOPOSITION 10.3 (Kitaoka, [14]). — Let X =p~", and let
T = diag(e1p™, e2p®2, £3p™),

with 0 < a; < as <as.
Let
1 if a1 = ag = agmod(2)
X(T) _ x(—€1€2) ifa1 = a2 # agmod(2),
x(—€1€3) ifa; # as Z azmod(2),
x(—e2e3) if a1 # ag =azmod(2)

’

(i) If a1 = ag mod(2), then

~ a1te2 min(a,€)
ap(Har4,T) S ¢ 20—k N\ yra1+aztaz+k—20
— T) X e1taztas
(1-p2X)(1-p~2X2) Al X e

£=0 k=0

al+ag a1 a3 —a2 .

+p 7 X Y XENN T (ex) ),
k=0 Jj=0

where € = x(—¢€1€2).
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(ii) If a1 # a2 mod(2), then

~ 21_*'_‘21.2“_1 min(ay,£)
ap(Horya,T) _ Z 7 Z Xze-k+x(f)Xa1+a2+a3+k—2e '
T—p?X)1-p X7 2= 2

Note that these expressions exhibit the functional equation of the local degenerate Whittaker
function under X + X ~!. Evaluating at X = 1 and taking (10.11) and (10.14) into account, we
obtain:

COROLLARY 10.4. ~ Suppose that T represents 1.
(i) If a1 = az mod(2), then

a1tag

WET) @) S (min(ard) 4+ 1)t 4 ptEE S
e, (14 x(T)) 2 (min(a,£) +1)p° +p (a +1)( jgo € >,
where € = x(—€1€2).

(ii) If a1 # a2 mod(2), then
afz(S’T) —=(1 +x(1~“)). ) (min(ay, ) +1)p*.
(1=p2)(A-p*) prd

In case (i1), this quantity vanishes if and only if X(T) = —1. In case (i), if az = a3 mod(2), then
X(T) =1 and there are an odd number of terms in the last sum, so that the whole expression is
nonzero. If az # az mod(2), then X(f’) = x(—e1€2) =€, so that the whole expression vanishes
if and only Jx(f) =-1

PROPOSITION 10.5.— Suppose that T represents 1. Also suppose that X(T) =—1,s0that T
is not represented by S, i.e., by V(Qp).

(i) If a1 = a2 mod(2), then

9 Asr(X)
OX | (1—p2X2)(1-p4X?) X1
ﬂ¥?‘—1 min(ay,£)
4 aitag az —as+1
== Z P( Z (a1+a2+a3+2k—4£))_p 2 (a1+1)(—2—),
£=0 k=0 )

(ii) If a1 # ag mod(2), then

ajtag—1 min(ay,)

9 As,r(X) &,
aX{(l—;.r>—2’X)(1—p—4X2) o1 ;_% p kgo (a1 + a2 + a3 + 2k — 4¢).

After a short manipulation, these expressions coincide, up to sign, with those given in
Proposition 6.1 for the local intersection multiplicity e, (T")!
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COROLLARY 10.6.— Suppose that p{ T and e is a square, i.e., that T' represents 1 over Zy,.
Also suppose that T is not represented by S. Then

0 _ -
Fx {Asr (X} ==(1=p7)(1=p ") ep(T),
0X X1
where e, (T) is as in Proposition 6.1.
This completes the proof of Proposition 10.1.
Proof of Proposition 10.2. — We apply the reduction formula to S’ = S to obtain:

(10.16) ap(S',T) = 0 (S, 20) 2 (S, T),
where
(10.17) S’ = diag (1, —£0f, —p, pf)

and T is as in (10.13).
If g is a square, then
op(S,e0) =1-p ",

[32]. On the other hand, S'is just the norm form on the maximal order of the division quaternion
algebra over Q. The following result is due to Gross and Keating, [7], Proposition 6.10. For
convenience, we give a proof.

LEMMA 10.7. — We have
ap(S, T)=2p7 (p+ 1)

Proof. — Let B be the division quaternion algebra over (Q,,, and let R be its maximal order.

Then, for a suitable Z,-basis, S’ is the matrix for the quadratic form @) given by the reduced
norm on R. Let

Apr(T) =#{z € (R/p"R)*; Qlz]=Tmodp"},
so that
ap(S',T) = lim p=*" Apr (7).

Choose a uniformizer 7 € R such that 72 = —p, and hence Q[rz] = pQ[z]. Note that z € R if
and only if Q[z] € Z,. Thus there is a bijection

{z € (R/p"R)?; Qlz] Epfmodpr} = {ye(R/p"'7R)* Qlyl= Tmodp™! },
given by  — m~1z. Since |R/mR| = p?, we have
Ay (pT) = p* Ay (T),
and hence
ap(S',pT) = o, (S, T).

Thus, we may replace T by T = diag(e1,e9p?2 ™%, g3p® — % ). Here &7 can be taken to be equal
to either 1 or 3. Using reduction, we have -
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ap(S',T") = o (S, €1)p (8", T"),

where
S" = diag(—e18,p,—0p) and T" =diag(eop™ ¥, e3p™ 4).
By Theorem 3.1 of [32],
op(9,e1)=1+p L.

If &1 = 1, the form S” is just the norm form on the trace zero elements in R, while, if £; = (3, then
S” is isomorphic to 3 times this norm form. Since o, (35", BT"") = a, (S”,T"), Proposition 8.6
of [19] yields

e .
" T = 2(p+1) ifT” is anisotropic,
(5, T7) {0 otherwise.
Thus
(S, T) = oy (S, 1) (S, T),
=2(1-p~?)(p+1),

as claimed in Proposition 10.2. O

Appendix A. Notes on Clifford algebras

A.l.

Let (V, q) be a nondegenerate quadratic space of dimension 5 over a field F' of characteristic
not 2. Let C(V) be its Clifford algebra, with its 2-grading

C(V)=CHV)®C (V).

The Clifford involution ¢ — ¢ of C(V) is the unique involution which acts by the identity map
onV C C~ (V). Thus

(Ul""UT)l:U;""Ui.

If vy, ...,vs is abasis for V, then the element § = v; - - - vs lies in the center of C(V') and satisfies
& =6.
Let
G =GSpin(V)={ge CH(V)*; gVg~' =V and g¢' = v(g) }
which may be considered as an algebraic group over Spec F'.

A2,

In this section suppose that F is algebraically closed and choose a Witt decomposition of the
quadratic space V/,

V=V,eVheV.,
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where dimV, = 2 and V. are maximal isotropic subspaces of V. Let vp € V; be a basis
vector with g(vg) = 1. We recall the Spin representation of G. We use the identifications of
representations of C(V),

C(V)/C(V)C(V-)>0=C(Vy & V)
= C(Vi)(1 +vo) @& C(Vi)(1 — vp).

As C(V)*-modules the last two modules are isomorphic. Either one of them defines the Spin
representation W of G. Its dimension is 4.
Fix an isomorphism A2V, = F and let

AW —F

be the linear functional obtained by composing this isomorphism with the projection of C(V,) =
A(Vy) onto A2V,. We obtain an alternating F-form on W by

(z,y) = A\ay).
LEMMA. — For c € C(V), and for x and y € W,
(o(c)z,y) = (z,0(c)y)-
In particular, for g € G = G Spin(V),
(o(g)z,a(9)y) =v(9){z,y)-

Here o(g) denotes the spin representation action of g on W, and v:G — F*, v(g) = g¢’ is
the restriction to G of the spinor norm on C(V').

Proof. — Choose a basis ey, €1, vo, fo, f1 for V such that the matrix for the quadratic form is

InC(V), v =1,e0fo+ foeo=1,e1f1+ fie1=1,e2 =0, vo(1 + vo) = (1 +vp), etc. The spin
representation W = C(V,.)(1 + v) has basis (1 +vo), eo(1+vo), eoe1(1+vo), and eq (1 +vo).
We take ) to be the coefficient of ege; (1 + vg) and the symplectic form has matrix

("),

It is easy to check that

0 0 0O 0 0 00 1 0 0 O
o(eo) = 1 0 00 . oler) = 0 0 0O . o(vo) = 0 -1 0 O ’

0 0 01 0 -1 00 0 0 1 0

0 00O 1 0 00 0 0 0 -1
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01 00 0 0 0 1
0 0 0 0 0 0 -1 0
oo)={g 0 0 o] ™ “)=lg o o o
0 010 00 0 O

If o(c) is any of these matrices, then J'o(c)J~! = o(c), and hence, for any ¢ € C(V),

Jta(c)J~1 =0o(c'), as claimed. O

COROLLARY. -0 : G = G Spin(V') — G Sp(W)).

A3.
In this section F' is again arbitrary, of characteristic not 2.

LEMMA. — Let (V,q) be a nondegenerate quadratic space of dimension 5. The subspace
8-V C CH(V) is characterized as:

§-V={xeC"(V); 2’ =z and tr(x) =0}.

Proof. — Recall that 6 € C~ (V) is central in C(V') and satisfies ¢’ = §. It is, thus, clear that
x = v satisfies 2’ = . On the other hand, z? = q(v)é2 = a lies in F, the center of C* (V).
In addition, if = # 0, then x cannot lie in the center of CT(V'), since, if it did, then v = § 'z
would lie in the center of C(V'), and this is not the case. If a = 0, so that 2% = 0, the condition
tr(z) = 0 is immediate. If 22 = a # 0, choose u € V with g(u) # 0 but with (u,v) = 0, and set
y = 6u. Then xy = —yx, and so, over an algebraic closure of I, left multiplication by y gives an
isomorphism between the ++/a eigenspaces of z, and thus these spaces have the same dimension
and tr(z) = 0. This proves that V' is contained in the space on the right hand side. The converse
inclusion will be proved further down. O

Let B be a quaternion algebra over F' with main involution ¢, and let C' = My(B) with
involution z — z’ = tx*. Let

V= {z€C; 2’ =z and tr(z) =0}
:{x:(‘{ b>;aeF,beB}.
b —a

2 <a2 + v(b)

Note that

f— 2

w=r= a2+1/(b)>’

so that the inclusion Vg < M2 (B) induces a homomorphism
C(V,qB) — M2(B),

where the quadratic form on Vg is ¢p(z) = zz’. The diagram

C(Vp,qp) — M2(B)
C(VB,qB) — M3(B)

commutes, and induces an isomorphism C*(Vg, qg) — My (B), compatible with the involu-
tions.
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Conversely, let V' be a nondegenerate quadratic space of dimension 5. The Clifford involution
induces an isomorphism C* (V') ~ C*(V)°P, hence C* (V') is of the form

C*H(V)~M,(B),

for a quaternion algebra B over F. We may choose the isomorphism compatible with the
involutions x +— z’. This map then carries §V into Vp. For dimension reasons we obtain an
isometry,

(vV,8% - qv) ~ (Vs,qB).
This also concludes the proof of the lemma above.

COROLLARY. —
G={geCr(V)*; g9’ =v(g)}.

A4.

Any involution of the central simple algebra C = M,,(B), has the form z — haz’h~! where
x’ =tz*, where h € GL,,(B) with A’ = h. If i’/ = h, we say that the involution is of main type,
while, if b’ = —h, we say that h is of nebentype. As observed above, the Clifford involution on
My (B) is of main type.

Let E be a central simple algebra over F, with dimr E = 162, and with a nontrivial involution
x — 2" whose restriction to F' is trivial. Then there is a quaternion algebra B over F' and
an isomorphism E ~ Mg(B). For a quaternion algebra B over F, let C; = My(B;) and let
z +— ™ be an involution of C'; whose restriction to F' is trivial. Suppose that there is a (unitary)
homomorphism

i1:C1=M2(B1) — E=M;s(B)
such that
il(C)n = il (Cm).

Let Cy = Cent g (i1 (C1)) be the centralizer of the image of C; and let i3 : Cy < E be the natural
inclusion. Then Cy ~ M3(B3), where By @ By ~ My(B), and we have an isomorphism

i=i1®i3:C10Cy—E

such that
i(c1 @) =1i(c] ®cn?),
for an involution 75 of Cs.

PROPOSITION. — The types of the involutions n =1, ® 12 are:

main Q@ neben main @ main
and neben =

main = { A
neben @ main neben ® neben.

Proof. — We can assume that F' is algebraically closed. Then, on B = By = By = My(F),

(4 2)
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as usual, and a main involution on C; = C3 = My(B) or on E = Mg(B), is given by = +— ‘z*.
On M, (B) ~ M, (F), this amounts to applying transpose on the matrix of the 2 x 2 blocks and
then applying ¢ blockwise. We denote this type of transpose by z — ‘2 and write 2 — Tz for the
usual transpose on My, (F). Let 7 = (_1 1) € B=M;(F), sothat 7* = —7, and, for « € B,

retr 1 =Tg.

Setting h = h,, = diag(7,...,7) in M,,(B), we have involutions of nebentype
z— htzth7t,

which, on M,,(B) ~ My, (F) are just given by = — Tz, the usual transpose, rather than the
blockwise transpose.
Now consider the explicit isomorphism

i:My(F) @ My(B) — Mg(B),
(ai) ®y — (ay).
Applying the involution of main type on Mg(B), we have
Yilzey) =i(Tz'y").
Similarly, applying the involution of nebentype on Mg(B), we have

Tizey)=i(Tzah'yh™ ) =i(Tz®Ty).

Every involution on E compatible with the isomorphism i : C; ® Cy —— E is conjugate to one
of these two by an element of the form g = (g1 ® g2), with tg* = +¢. Note that

T t L

t o0 9 =g and “g5 = g2,

= <>
7=e {Tgl =—g1 and‘g=—gs,

and
T _ t a0

6oL g1=g1 and'gs = —go,

= — <
g g { Tgi=—g1 and'gs=gs.

Also observe that the involution
e giTxgy ' = gihtath gy
is of main type if Tg; = —g; and of nebentype if Tg; = g1, since
To=htgh ' =+g <= +%(g1h)' =—-gih. O

A.5.
Let B be a quaternion algebra over R.

LEMMA. — For 7 € B* with 7 = +7, the involution x — z* = 7x*7~! on B is positive if and
only if:

™ =—7andt* <0 if B=Ms(R),
Tt=1 if B =H is division.
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In particular, if B =H, then x* = x* is the unique positive involution on B.

Proof. — Take 7 € B* such that 7* = —7 and 72 < 0. Note that the condition on 72 is
automatic when B = H. Choose i € B> such that n7 = —77 and * = —n. Then every element
x € B can be written uniquely in the form x = a + bn with a and b € R(7) ~ C. Then

z*=7(a+bn) T =a" —n'b
and
tr(zz*) = tr((a + bn)(a* — n‘b")) = tr(aa* + bna* — an‘b* — byn*b*) = 2(aa* + bb'n?).

If B = My (R), then 7% > 0, and this quantity is positive, while, if B = H, then 7% < 0, and this
quantity can be negative. Note that, when B = Mz (RR), then an involution defined by a 7 with
72 > 0 cannot be positive. O

A.6.

Let B = M(R) and let C = M3 (B) with involution ' = *z* as above and let
V={zeC; 2’ =z and tr(z) =0}.

Then the signature of V' for the form gp of A.3is (3, 2).
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