UNITARY PERIODS, HERMITIAN FORMS AND
POINTS ON FLAG VARIETIES

GAUTAM CHINTA AND OMER OFFEN

ABSTRACT. Let E be an imaginary quadratic extension of Q of
class number one. We examine certain representation numbers as-
sociated to Hermitian forms over E, which involve counting integral
points on flag varieties.

1. INTRODUCTION

The study of representation numbers of integral quadratic and Her-
mitian forms is a topic of classical interest. For example, an identity of
Jacobi says that the number of ways to write a positive integer n as a
sum of four integer squares is equal to 8 Y d where the sum is over all
divisors of n which are not divisible by 4. This result and many related
results on representation numbers of quaternary quadratic forms were
reinterpreted by Elstrodt, Grunewald and Mennicke [EGM87] as re-
sults about representation numbers of binary Hermitian forms over an
imaginary quadratic number field £ with ring of integers O. They then
related these to weighted sums of point evaluations of Eisenstein series
for the group PSLy(O) acting on hyperbolic 3-space. These weighted
sums can be interpreted adelically as period integrals of the Eisenstein
series over unitary groups.

More recently, formulas for unitary periods of Eisenstein series for
the group GL,(E) have been obtained by Lapid-Rogawski [LR00] (for
n = 3) and [Off] (for general n). As in the work of [EGMS7], these
formulas equate the period integral with a finite sum of Euler prod-
ucts. We remark however that the local terms in [EGMS87] are local
densities that they compute explicitly at all places. Formulas for the
same local densities were obtained by Y. Hironaka [Hir89]. Hironaka
generalized the computation of local densities in a series of papers
[Hir88b, Hir99, Hir98] and finally obtained a general formula for local
densities of Hermitian forms in [Hir00]. Though explicit, the formula
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is rather complicated. In [Hir88a], Hironaka introduced spherical func-
tions on the space of Hermitian matrices associated to a quadratic
extension of p-adic fields. She obtained a formula relating the spher-
ical functions to local densities [Hir88a, §2 Theorem]|. Although the
formula indicates a strong relation between spherical functions and lo-
cal densities, it is not yet clear in general how explicit formulas for
the latter can provide explicit formulas for the former. The local data
that appears in the formula of [LR00, Off] for the unitary period of an
Eisenstein series is in terms of Hironaka’s spherical functions, explicit
formulas for which are available in [Hir99, Theorem 1] for the case of
an unramifed quadratic extension. For the case of a ramified exten-
sion, explicit formulas are only available if n = 2. Thus, in contrast
to [EGMST], the local terms in the results of [LR00, Off] for n > 2 are
explicit only outside a finite set of primes.

The purpose of the current work is to give an arithmetic applica-
tion of the formula for the unitary period. For simplicity, we restrict
our attention to an imaginary quadratic field E of class number one.
We express the unitary period of an Eisenstein series induced from
a standard parabolic subgroup P of G = GL, as a Dirichlet series
whose coefficients are certain representation numbers related to count-
ing points on the (partial) flag variety P\G. We then apply the formula
obtained in [Off] for the unitary period, to express the Dirichlet series
as a finite sum of certain Euler products. Special cases reduce to more
familiar representation numbers. For example, generalizing the setting
of [EGMS8T], consider the Eisenstein series Ep associated to the para-
bolic P of type (n —1,1) of G. Let O}, be the set of column vectors
"(v1,...,v,) € O™ such that the ideal generated by the v;’s is O. Let
g € GL,(C) be such that the associated positive definite Hermitian
form

Q:v—'vg'gu

is integral. The Eisenstein series Fp(g; ) can be expressed as a Dirichlet
series whose m-th coefficient is

#{U € O;me : Q(U) = m}7

the number of ways to represent m by the Hermitian form ) with
primitive integral vectors.

For a second example, let P be the parabolic of type (1,n — 2,1).
Then FEp(g;-) is a Dirichlet series in two complex variables whose
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(mq,m2) coefficient is

(1.1) #{veor,  weldetg]*g (g tO"

prim> prim
Q(v) = my, Q(w) = [det g|* ms, Q(v, w) = 0}

where Q(v,w) = 'vg'gw. In particular, if ¢ = e is the identity ma-
trix, then this is the number of ways to represent the diagonal matrix
diag(my, mo) by @ with a 2 X n integral matrix with primitive rows.

There exists a very general theory of representation numbers of one
form by another, developed by Siegel for quadratic forms [Sie35, Sie36,
Sie37] and extended to Hermitian forms by H. Braun [Bra41]. For more
information, see the recent survey of Schulze-Pillot [SP04]. The rep-
resentation numbers that arise from our formulas for parabolics other
than those described in the above two examples, however, are not of
the form considered by Siegel and Braun. For an example, take n > 4
with P = B the standard Borel subgroup and U its unipotent radical.
We have the “Pliicker embedding”

(1.2) U(ON\SL,(O) — ﬁ@(?)
(1.3) b (), o (B))

n
7

where v;(h) € 0(%) is the vector of ¢ x i minors in the bottom i rows

of h. Let T C H?:_ll O() be the image of this embedding. We define

TB(Q;/ﬁ,...,]ﬂnfl) =
#H{(v1,..y0n1) €L :Qi(v;) =kpy,i=1,...,n—1}

where @); is the Hermitian form on C(%) associated to AN(g'g). This rep-
resentation number is a coefficient of the Dirichlet series representing
the value at g of the Eisenstein series induced from the Borel. Com-
puting a unitary period of this Eisenstein series amounts to computing
the weighted sum

1 TB(Q/;k17"'7kTL71)
(1.4) > T > T

Q' kiy.okn—121 Tl

where the sum is over classes in the genus class of @ and €(Q’) is the
size of the group of integral isometries preserving )’. Our main result
implies, in particular, the following.

Theorem 1.1. Let g and QQ be as above. Let x = g'g and assume that
x 1s in the G(Oy,)-orbit of the identity for vy the place of E dividing
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the discriminant A of E. Then we have the identity

1 TB(Q/;kly---akn—l) o
I S =

Q’ (k1kn—1,Ap)=1 " n—1

itj+1
1 —(a4nsl) , Ly N = )
wy detx P | | Proz,) (V03 N) <| | o

p‘|'AE i<j LP(T] j7/\l_)\J+1)

of the absolutely convergent multiple Dirichlet series on the left and
Euler product on the right whenever Re(A; — Aiy1) >> 1 for all i =
1,...,n — 1. Furthermore, both sides admit a meromorphic continua-
tion to all X = (Ay,...,\,) € C*. Here, wg is the number of units
in O, n is the quadratic Dirichlet character associated to FE/Q and
L,(n',s) = (1 —=n'(p)p—*)~" for pt Ag is the local Euler factor of the
L-function L(n',s). The expression Py \(vo,\) is a Laurant polyno-
mial in p, ... p* given explicitly in (3.11).

Remark 1. This theorem is Corollary 3.1 applied to the minimal par-
abolic B of G.

Remark 2. As we assume class number one, there is a unique prime
[ | Ag and therefore vy is well defined.

Remark 3. In some cases of small rank, there is a unique class in the
genus class of the Hermitian form associated with the identity matrix.
For example, in [Fei78] W. Feit classifies all unimodular lattices over
Z|w] of rank at most 12, where w is a cube root of —1. Over Z[i]
similar results were obtained by Iyanaga [lya69]. A. Schiemann has
computed [Sch98] more extensive tables of class numbers of positive
definite unimodular Hermitian forms over the ring of integers of more
general imaginary quadratic fields. These are available at the web page
http://www.math.uni-sb.de/ag/schulze/Hermitian-lattices. We
make use of the results of Feit and Iyanaga in §4, where we give exam-
ples of the representation numbers of a single Hermitian form in some
special cases.

Remark 4. The expression Pp,,,)(A) equals one whenever ), is in the
K ,-orbit of the identity, where K, = GL,(Z,) x GL,(Z,) if p is split
and K, = GL,(O,) if p is inert and v is the place of E above p.
Consequently, the product over primes appearing in the theorem is
essentially a quotient of products of Dirichlet L-functions.

We fix here some notation regarding L-functions. First, (g(s) is the
Dedekind zeta function of F and ¢ = (p. Welet ((r)-1 = Ress=1(Cr(9)).
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For a Dirichlet character x we let L(x,s) = [[, Ly(x,s) be the (fi-
nite part of) the Dirichlet L-function. If L(s) is either a Dirichlet
L-function or a Dedekind zeta function we denote by L*(s) the com-
pleted L-function (including the archimedean factors) and by L)(s)
the partial L-function away from primes dividing the integer D.

Acknowledgment This work was initiated during a visit by the first
named author to the Weizmann Institute of Science. He is grateful to
the Institute for their invitation and hospitality.

2. AN ANISOTROPIC UNITARY PERIOD AS A FINITE SUM OVER A
GENUS CLASS

For a number field F', we denote by Ap the ring of adeles of F' and
by Ap; its subring of finite adeles. We also let A = Ag. For an
algebraic set Y defined over F' and a place v of F' we let G, = G(F,)
and Gy, = G(Ap).

Let E be an imaginary quadratic extension of QQ of discriminant Ag.
Throughout this work we assume that £ has class number one. Denote
by O = Op the ring of integers of F and let wg = #0O*. For any place
pof Qlet £, = FE®p F,. Thus E,, =C, E, = F, @ F, if p is split in
E and E,/Q, is a quadratic extension if p is inert in E. Let G be the
group G L, regarded as an algebraic group defined over E. It will also
be convenient to denote Goo = GL,(C), G, = GL,(Q,) x GL,(Q,) for
a split prime p and G, = GL,(E,) for an inert prime p. Let K be the
standard maximal compact subgroup of G, i.e.

V<00
where U(n) = K is the unitary group in GL,(C) and the product is
over all places of E. It will also be convenient to write K = Hp K,
where for finite p we have K, = GL,(Z,) x GL,(Z,) if p is split and
K, = GL,(0O,) if p is inert and v is the place of E above p. For an
object Y which is the restricted product Y = Hp Y, over all places of
Q we will denote Yy =[], Y. Let

X={geG:'g=g}

be the algebraic set defined over Q of Hermitian matrices in G. There
is an action of G on X given by g -z = gz'g. For z € X we let

H ={geG:g-v=ux}
be the unitary group associated with x. For z € Xy we define the class

of x to be

[z] = GL,(0) - x
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and denote x ~ y if y € [z]. Also define the genus class of x to be
[2]] = Xo N (G Ky) -2

and let [[x]]/ ~ be the set of classes in the genus class of z. Let X I be
the set of positive definite Hermitian matrices in X,. It is well known
that if © € Xg is such that x,, € X} then [[z]]/ ~ is a finite set. Let
x € Xg be positive definite at infinity, and let 6 € G be such that

(2.1) 0-e=u.
We denote
E(x)={9€Go:g-x=xa}ande(x) = #E(x).
Recall that since £ is of class number one we have Gy, = GoGoo K.
It follows that the imbedding of G, in Gy, defines a bijection
Gu\Gap/K = Go\Goo/ Koo = GL,(ONGLn(C)/U(n).

The symmetric space GL,(C)/U(n) is identified with X, via g — g-e.
Thus a function ¢ on Gg\G4, /K can be regarded as a function ¢ on
Go\ X1 by setting ¢ (g-¢€) = ¢(g), g € G. For the case of positive
definite quadratic forms the analogue of the following lemma follows
from [Bor63]. For the convenience of the reader we repeat the proof
here.

Lemma 2.1. Let ¢ be a function on Gp\Ga, /K then for all x € Xg
such that o, € XL we have

| owbyn = voll(Hz, A KDHL) 3 ) 0" )
HE\HE ylelal)/~
Proof. First we define a map
L Ho\Hj/(HE, N Kp)HZ, — [[z]]/ ~
as follows. For any h € Hf we write h = N~'M with N € Gg and
M € G Ky. We set
i(h) =[N - z].

We check that the map is well defined. If h = N’"'M’ is a second
such decomposition then N'N~! € Gp N G K; C Go and therefore
[N -a] = [N"-z]. Note also that if v € Hg and k € (Hg, N Ky)HZ,
then yhk = (Ny 1)~ Mk) with Ny™' € Gg and Mk € G K. Since
v~1.2 = x we see that indeed i is a well defined map on the double coset
space. Let y € [[z]] and let M € G Ky be such that y = M - z. By
the local to global principle for Hermitian forms there exists N € Gg
such that y = N - z. Now let h = N~'M € HY then clearly i(h) = [y].
This proves surjectivity. If hy, hy € Hf with respective decompositions
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hi = N; ' M; are such that [N, - #] = [N, - x] then there exists v € Go
such that Ny -2 = (7yNy)-z. Note also that M;-x = N;-z and therefore
we get that N; 'y Ny € Hg, that My 'yt M, € (Hfif NKy)HZ and that

hy = (N7 'y No)ho(My 'y~ My).

This proves injectivity of i. Note that h +— ¢(h6) is a function on the
double coset space Hg\Hy/(Hy N Ky)HZ, and therefore that

T x 1
/H » ¢(hB)dh = vol(H; N K;)HL)> LN (K 7y (t0)

t

where the sum is over a set of representatives t in the double coset
space Ho\Hj/(Hy N Kp)HS,. Let t = N~'M be a decomposition as
above, so that i(t) = [V - x]. Then ¢(t0) = ¢(M0O) = ¢7(M - x) =
¢t (N -x) = ¢T(i(t)). Note also that

tTTHEEN (KpHY) = MT'NHEN "M N (K HY)
is conjugate to

NHZN "N M(K;HL)M ™ = HY N (K,HI®).
The latter equality is since My € Ky and My, -2 = N -x. But

HY* N (K/HY®) =E(N - )
and therefore
#(t Hgt N (K HY,)) = (N - 2) = e(i(t)).

The lemma now follows. O

3. PERIODS OF EISENSTEIN SERIES AND REPRESENTATION
NUMBERS

3.1. Eisenstein series, classical and adelic. Here we set up some
notation and define the Eisenstein series that we consider. We will
only consider Eisenstein series induced from characters on standard
parabolic subgroups. Let B = TU be the standard Borel subgroup of
G with its standard Levi decomposition and let P = MV be a parabolic
of type (n1, ..., n;) containing B with its standard Levi decomposition.
For integers a < b we denote [a,b] = {a,a+ 1,...,b}. Let

L=ni+-+n_1+Lln+-+nli=1..1t
be the segments determined by P and let
Ni=njg1+--+ng,0=1,...,t—1.
We will view C' as a subspace of C" as follows. For u = (u1,..., 1) €

C', when convenient, we will also denote by u the n-tuple (MY“), . uﬁ"”)

Y
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where a(™ is the m-tuple (a, ..., a). From now on, we will always con-
sider t-tuples p so that nyuy + -+ + nyuy = 0. Denote by I§(u) =

Indgﬁj (u) the representation of G,, parabolically induced from the
character

¢
diag(my, ..., my) — H |det my|y’

on My,. For ¢ € IS(u) we consider the Eisenstein series Ep(p, )
defined as the meromorphic continuation to all ;1 € C! of the series

Ep(g.o,m) = > ¢(9)
v€PE\GE

that converges if Re(p; — pi41) is large enough for all i = 1,...,¢ — 1.
Let

it 3 (nig1t-Ane—(ni+-+ni_1))

u(muk) H |det m;

where m = dlag(ml,...,mt) € My,,v € Vi, and k € K, be the
K-invariant element of I§(p) normalized so that ¢, (e) = 1. Let

Ep(g; 1) = Ep(g, o, 11)-
Since the field E has class number one, the embedding of Gp in G E
defines a bijection Po\Go ~ Pp\Gg. As a function on Gp\X71, i.

with ET(g-e;u) = Ep(g; p), it can therefore be expressed by
(3.1)

t—1

ng+---+ng z+ NyT41

Ef(x;p) = det a1t~ § : | |dN (6-x)~ (Bi—piv1+——5")
0€Pp\Gp =1

where d;(z) is the determinant of the lower right i x ¢ block of z. In
particular, we have

32) B —deta™ 3 T[d(s- o)ttt

563@\0@ =1

Again, (3.1) and (3.2) are only valid for Re(u; — pi+1) and Re(A,—; —
An_iv1) sufficiently large. The Eisenstein series E}(x; ) can be ex-
pressed as a residue of the Eisenstein series Fj(z; \). Whenever well-
defined, we define the residue operator Resp from functions on C" to
functions on C* by
= i A A — Aier — 1
(Resp () = tm FO) ]I Q= da—1)
jE€[1l,n—1]
J&{n—Nyii=1,..,t—1}
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where

-1 n— 1 —
A(P) = (An, ..., Ay) and A, = (2= 3 n

5 g g

) e C™.
It is well known that

Resg Ef (x;+)(0) = ¢,
is a constant and by computations of Langlands in [Lan71] we have

)
" GGE) G

c(P) = H Cr; -

Using Langlands computation it can then be shown that
(3.3) Resp B (w3 -) (1) = e(P)Ep (x5 ).

We also set

3.2. Eisenstein series and representation numbers. For z € Xg
we let (), denote the Hermitian form associated with the matrix x, i.e.
Q. (&) = t&x€ for £ € C". Welet x € Xg be such that o, € X1 and Q,
is integral (i.e. Q,(§) € Z for all £ € O™). We will show that for such
z, the Eisenstein series E}(x; ) is a Dirichlet series in the variables
(1 — pi2y - -+ pe—1 — pi). We interpret the coefficients in terms of a type
of representation number, which counts certain points on the (partial)
flag variety Pp\Gg. To define the representation numbers we will use
the Pliicker coordinates of the flag variety. To any g € Gg we associate

the vectors v1(g),...,v,-1(g) where v;(g) € E() s the vector of all
7 X ¢ minors in the bottom 7 rows of g. For a vector v € E™ we denote
by [v] its E*-orbit in the projective space P ~'. The map

PEg = ([UNl (g>]> ceey [UNt—l(g)])
is an embedding

t—1
(%)

i=1

It will be more convenient for us to use the identification Ppo\Gp ~
Pp\Gg and work with integral coordinates. The map

gr (UNl (9)7 s UNyy (g))
also defines an embedding

n

Po\Go — ﬁ <O<Ni)/(’)x> .
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We denote

Z(P;0)=

n

t—1
{(v1,...,01) € H(’)(Ni> :3g € Go, vy, (g9) = v, Vi=1,...,t —1}.
i=1

Thus, a t — 1 tuple is in Z(P; Q) if it satisfies the relations imposed by

To define the representation numbers we need some more notation.
For any matrix g € M, «x(F) and integers 1 <i < n,1 < j < k we
denote, as usual, the (i, )™ component of g by g;;. We extend this

notation as follows. Let

For i = (i1,...,4,) € I.(n) and j = (j1,...,J,) € I,(k) we denote by
Gij € M,xq(E) the matrix so that (¢;j)im = iy, for I =1,...,r and
m =1,...,q. Later on it will also be convenient, when ¢ < n to denote
g(j) = Gn+1—q,n),j+

Note that for ¢ € G the linear operator A¥g : Q) = B s
represented by the matrix (det g;;);, je I,(n) With respect to the basis
E;=e N--Nej,, i = (i1,...,1) € I(n) ofE(Z), wheree;, i1 =1,...,n
is the standard basis of E”. From now on when we write A¥g we will
mean the matrix (det g;;); jer, (n)-

The representation numbers that we consider are defined for positive
integers ki,...,k;_1 by

(34) TP(.T; kla RN ,ktfl) =
H{(v1,...,0n1) EZ(P;0) : Qunip(vi) = kiyi=1,...,t — 1}

For every integer D define the Dirichlet series

D —(t—1 71P<5U§k17"-7kt71)

ZP w51, smq) = wpl Y y e

(kiks-kn_1,D)=1 1 72 t-1

We also define the genus representation numbers

(3.5)  rp(gen(z); ki, ... k1) = Z e W)rp(yi ke, .o ko)
y€[[z]]/~

and the associated Dirichlet series

(D) . -1 rp(gen(z); ki, ... k1)
Zp ' (gen(x); s1,...,851-1) = wg Z R ktsi_ll .

(kika--ki_1,D)=1
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The series Z](DD)(a:; -) and Z](DD)(gen(x); -) converge absolutely for Re(sy), ...

sufficiently large. If D = 1 we will sometimes omit the superscript.

We now express special values of the Eisenstein series (3.1) in terms
of the Dirichlet series Zp(x;s1,...,5-1). We need the following two
Lemmas. The first is an elementary exercise in computation of a de-
terminant, which we leave to the reader.

Lemma 3.1. Let A and B be k x n matrices with k < n. Then
det(A'B) = ) det(AWBD).
JEIR(n)
Lemma 3.2. For § € Go we have
di(0 - %) = Qe (vi(9))-

Proof. We parameterize the coordinates of the vector v;(6) by (v;)er,mn)
where v; = det(61)). Note that

di(6 - ) = di(62'0) = det((62) ps1—im] 1] (Op1—iml,10]))-
By Lemma 3.1 we get that
(3.6) di(0-x) = det((0x)P(5)).
J€lLi(n)

We apply Lemma 3.1 once more to obtain
(3.7) det((6z)9)) Z det(6Wxy;).

kel;(n)
Plugging (3.7) into (3.6) we obtain that

dl(é . x) = Z Uk@jxkj'

Jkel;(n)

Applying Lemma 3.2 we may now rewrite (3.1) as

pq 4 metodne 2+ tng )

det x~

t—1 z+”1+1
= wE( ) z : HQ/\NZJJ UZ limpi =)

(V14eey0e—1)EZ(P;0) 1=1

Ep(z, 1)

—(t—1) Z rp(z; ke, .. k)

mLn2) —(pe—1—pet
-1

= wE

ng— 1+nt)

in the region of absolute convergence. We have proven

,Re(s;_1)
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Proposition 3.1. Let © € Xg be such that xoo € XL and Q. is
integral. Then for p € C* such that Re(p; —piy1) >>1,i=1,...,t—1
we have

Ef(z;p) =
notetng ni + ng Ng_1 +n

det x1+ 2 Zp(x; iy — po + 9 ey Ht—1 _Mt‘l'%)-
In particular, the Dirichlet series ZI(DD)(:E; S1,...,84_1) converges in some
positive cone and admit a meromorphic continuation to (s1,...,84_1) €
Cct1.

From now on we shall use the notation ZI(DD) (x;81,...,8-1) and
Z},D)(gen(x); S1y...,5-1) to denote the meromorphic continuation of

the corresponding Dirichlet series.

3.3. The unitary period of an Eisenstein series. In [Off], we ob-
tained the following formula for the unitary period of an Eisenstein
series:

(3.8) /\ Eg(h,,\) dh = 27" vol((EG\E} )" stml/gp,
H(E

Here E! is the algebraic group defined over Q as the kernel of the norm
map N = Ng/g : EX — Q*. We view (E')" as a subgroup of T and
denote by 7" the group of G’ defined over Q of diagonal matrices in
G'. We shall denote by N also the extension of the norm map from
A% to A* (with kernel E}) and by abuse of notation also the norm
map N : Tp, — T4. The term J*%(v,,\) is a factorizable linear
functional on I§()\) parameterized by the group of Hecke characters v
on Ty /N(Ty,), i.e. characters v of TH\T, such that v o N = 17 is the
trivial character on Ty ,. Thus the sum on the right hand side of (3.8)
is over the 2" characters v = (vq,...,v,) where v; € {17v,n} and 7 is
the quadratic Hecke character associated to E/Q by class field theory.
Let 0 be as in (2.1). Applying the linear functional to the right shift
R(0)py of py by 6 we have

T (0, R(O)pr, A) = T (veg, R(0)poo, A) [ ] 7 (s s -

p<oo

For a precise definition of J***(v, p, ) and its local factors, we refer to
[Off]. Recall that all unitary groups H® are inner forms. We fix once
and for all a Haar measure on Hj and choose compatible measures on
the other unitary groups. The volume element appears in the formula
for the period because the J** functionals on the right hand side
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are proportional to the volume of H} and inverse proportional to the
volume on (E})". Globally, the functionals also satisfy

(3.9) Ty, o, N) = n(det ) J* (v, p, X)

where nv = (nuy,...,nv,). We remark that up to a finite product of
local terms, the right hand side of (3.8) is expressed explicitly as the
meromorphic continuation of a Dirichlet series in the variables (\; —
Ao, ...y Adn—1— Ap) that converges on some positive cone. We recall here
the explicit formulas that we know for the local terms. Let

vol((E))" N K,)

T A) = vol(He N K,)

Jobor (Vp, ©ps A)

where ¢, is the K,-invariant section in Ind%’;()\) normalized so that

@p(e) = 1. If p < oo is either split or such that E,/Q, is an unramified
quadratic extension then

(3.10) T (i N) = Py (s A) [ ]

1<i<j<n

L,(vivjn, \i — A;)
Lp(Vil/j, )\Z - )\] + 1)

where P,,(v;\) is, up to a scalar, the mth Hall-Littlewood polynomial

in the variables v (p)p™, v, (p)p™ with parameter —p~!. Explicitly,

if , € K, -e then m(z,) = (0,...,0) € Z" and Py, (;\) =1

More generally, for any z, € Xp there exists a unique m = m(z) =

(m1,...,my) € Z" with my > --- > m,, such that z, € K, - p™ where
= diag(p™,...,p"™). We then have

(3.11) Pn(v;)) =
1‘[ 1L A Ly(viv; Y N = )
vo(p™) = o mm -
Z g Ly(viv; A — A+ 1)

where vy = (1,7%,...,n") and the permutation ¢ acts on an expression
in (v, \) by permuting the indices of both v and A. In the case where
E,/Q, is ramified there are no explicit formulas available for J*»(v,; \),
but if z, € K, - e then we have an asymptotic formula

(3.12) Jim T (0 A) = 277 ey ) ()

where for any set A we denote by ch, the characteristic function of
A. In any case J* (v, @,, A) is a rational function in p*, ... p*. The
formulas (3.9), (3.10), (3.11) and (3.12) can be found in [Off]. In [LO]
we also observed that

vol(HS, N Ko)
vol((EL)"N Ky)

J:o(yu R(Q)Sok,ooa )‘) -
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We obtain that

(3.13)

‘ o VOl((EQ\EL)") N .
/ . Ep(ht; ) dh = 27" — Q Ef)n rf ) vol((H, N Ky HE,)x

5 [(T1 o T2 20 Tt

v pJ[AE | E
where Ag is the discriminant of £ and S is the set of all prime numbers
that divide Ag.
Lemma 3.3.
vol((Eg\EQ)")
vol(EL)"nK) B

Proof. The quotient of volumes is of course independent of a choice
of measure on E}. We fix the decomposable Haar measure on F} as
chosen in [LO] with respect to an additive character 1) = v, o Traceg g
where 1) is an additive character on Q\A. The local measure on E; is

determined by the exact sequence 1 — E; — Ef — Q) and the Haar

_ dve . d%o)p
measure dpxx = L(, 1pr)ﬁ (vesp. dgxz = L(1,15x) |m|@pm> on EX

(resp. @), where d*»x (resp. d¥")»z) is the self dual Haar measure on
E, (resp. Q,) with respect to v, (resp. (¢g),). As explained in [LO],
it we set

" vol(Opg,) E, non-archimedean,
tvol({z +iy: 0<z,y <1}) E, complex

where the volume is taken with respect to d*» then [] og, = |A E]_%
is independent of 1. By Ono’s formula for the Tamagawa number of
a torus [Ono66] we have vol(Eg\E}) = 2L*(1,1). By Dirichlet’s class
number formula

(L) = %

wp |Ap|?

where hg is the class number of E. Since we assume class number one,
we see that L*(1,7) = 2wy |AE|_% and therefore that

Vol((EL\EL)") = (4w |Ag| 2)",

The volume on the denominator can be computed as the product over
all primes of its local counterparts. We leave it to the reader to verify
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that
Vol((E’;)” NK,) = {

In all nine cases of imaginary quadratic fields of class number one we
have Zp‘ ap 1 = 1. We therefore have

0%, p is either split or unramified
(20g,)" p = o0 or pis a ramified prime.

vol((Ex)j NK) = (4]Ag[ 7)™,

Applying Lemma 2.1 and Lemma 3.3 to (3.13) we get that
(314) > e(y)'Ef(yA) = (2we) "%

ye([z]l/~
S T P (T vt A= 2) ) TT oo 0)
2 L VlVJ,)\—A +1) P
v |ptAE plAp

Combined with Proposition 3.1, (3.14) gives for x € Xg such that
Too € X1 and @, is integral the identity

(3.15)
Zp(gen(z); M1 —Ao+1,. ., o1 — A+ 1) = (2wg) " det g~ M)

vV, Aj .
Z HP (@) (V3 A) <HL VI/],;]—A —i-)l)) HJP(VP;)\)

v |ptAg ! plAE

Similarly, applying Resp to (3.14) and taking (3.3) into consideration
we have proven

Theorem 3.1. Let © € X be such that xoo € XT and Q. is integral.
Then for any parabolic subgroup P of G containing B and for p € C
we have

ni + ng Ng—1 + 1y
5 7'--7Mt—l_ut+T

(2wg) "e(P) " det a1t )

L,(vivn, N — 0
e 3T Pt (T g 2525 ) T
v | ptAE <Jj
where the Euler product in each summand of the right hand side, is

only convergent for u in some positive cone, but the identity holds in
the sense of analytic continuation.

Zp(gen(x); g — pia + ) =
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If = is such that x; is in the Kj-orbit of the identity for the prime
[ dividing Ag then we can obtain more explicit formulas for the rep-
resentation numbers rp(x; ky, ..., k), for integers k; not divisible by I,
by using the asymptotic formula (3.12). In view of (3.9) we have

Corollary 3.1. If in addition to the assumptions in Theorem 3.1 we
have x; € K; - e where [ is the unique prime dividing Ag then in the
sense of analytic continuation we have the identity

nyL+n Ng_1+n
Zp P gen(w): ju — po + = = ) =
wi"e(P) " det 2= T T Pagay) (v 1+ A(P)) %
e
I (nz‘+j+1 i — )
Resp Pl J .
I (405252

4. EXPLICIT EXAMPLES

4.1. The mirabolic parabolic. Assume here that P is the parabolic
subgroup of G of type (n—1,1). As explained in §1, the representation
number rp(z;k) is then the number of ways to represent k by the
Hermitian form @), with primitive vectors. We also denote

raik) = #{v € O": Qu(v) = k)

and
r(gen(z);k) = D ey) 'r(yik)
ye([a]]/~
Let
. k;)
Z(D) . — .1 T’(LU,
(.Z',S) Wg Z ks
(k,D)=1
and

Then it is easy to see that
2P(w;5) = ¢ ()2 (a3 s)

and
ZP)(gen(x); s) = ¢ (s) 2y (gen(x); ).
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Applying Corollary 3.1 and setting pu(s) = (& — %, (1-n)(— %)) we

get that whenever x; € K - e for the prime [ dividing Ag we have

(4.1) Z®8)(gen(x); s) = wy" @(2)%((3’23)71;25(” —b det z~n
e n=2 -2 LR (1 )\ |
<L<AE>(77, 2) ]!_[2 <L(AE)(77/§7 o 1)> };[E P, (vo; 1(5)+A(P))

(AE)( )”_1 L(AE)(ni+n+17 s — z)
S | | : .
E LAe) (ngitn s +1 — 1)

i=1

4.2. The parabolic (1,n—2,1). Here we assume that n > 3 and that
P is the standard parabolic subgroup of G of type (1,n — 2,1). The
Pliicker coordinates of a matrix g are given by

v=uv1(9) = (v1,V2,...,0,)
w="1v,-1(9) = (w,ws,...,wy,)

where v; = ¢® and w; = g~ We leave it to the reader to verify
that

I(P;0) ={v,w e Oy, Z(—l)iviwi = 0}.
i=1
In order to interpret rp(z;my,m2) as more familiar representation
numbers we will use the change of variables (v,w) — (v,w’) where
w' = (wy,...,w,) with w, = (—=1)"w,;. Note then that

Q/\”*lx(w) = Q(detw)xfl(w/)-
Therefore, the representation number rp(x; my, ms) is the size of the
set

{v,w € Oprim tow =0, Q(det )1 (W) = My, Qz(v) = Mo}

Note further, that the map (v, w) — (v,det zz ™!

this set to the set in (1.1). We also denote

w) is a bijection from

r(x;my,my) = {v,w € O": 'ow =0, Qdet )21 (W) = My, Qa(v) = ma}
and r(gen(z); m1, ma) = 3 1/~ e(y)~tr(y; my, my). Let

5(D) Z r(x;my, ma)

A (x; 81,82) = ng

(mima,D)=1 milm?
and
. B r(gen(x);my, mo)
z® (gen(x); S1s 52) = sz Z mstms?
2
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then it is easy to see that
2P (w51, 82) = G (s1)C (52) Zp (w31, 52)
and

Z(D)(gen( ); S1,82) = ](SD)(sl) (D)(SQ)Z( )(gen(x);sl,sg).
Applying Corollary 3.1 and setting

—1 1 sp—s n—1 1
M(81,82)=((n )51—|—52_n S9— 8] N _51+(n )52)

n 2 7 n 72 n
we get that whenever z; € K - e for the prime [ | Ag we have

(4.2)

2089 gena)s s s0) = g LRI G2 g -t
E/—-1

A n=3p,_3 n—(k+2
(—élm ) T (o L1 oo
A Ap) (nk
Lt&#)(n, 2) L \LAR) (nk k + 1)
L(AE)<77n, S1 + Sg + 1-— n)
L(AE)(UTH'I, $1+ 89 +2—n)

H Py (V03 (81, 52) + A(P))
pAp

iy SO Bttt sy +1—4)  LAE)(n s; +i—n)
LAE) (itn 59 +2 — 1) LAE) (it sy +i4+1—n)

i=2
Assume now that n = 3. We apply this formula to obtain an explicit
expression for r(e;my, my). We have

r(gen(e);my, ma)
Z milmgz _

(mima,Ag)=1
- LAE) (1, 81 + 59 — 2
wi' CB8) (51— 1)) (51) B2 (5 — 1)) (s2) C(AE)Eslsll + 322 — 1)) .

We expand the right hand side as a Dirichlet series and equate coef-
ficients with the Dirichlet series on the left hand side. Doing this, we
find that whenever ged(myma, Ag) = 1,

r(gen(e);m,mg) = wy' Y dal(%)al(%)qﬁn(d)

dlged(ma,mz)

= p(d/do)n(do do_dH<1——>

dold pld

where
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is a twisted Euler function and o1(d) = >_, |, do.

If the field F is such that [[e]] = [e] (as is the case for example if
E = Q(v/-1) or E = Q(v/-3)) then we obtain explicitly the rep-
resentation number r(e;my, mg). It is easy to see that £(e) consists
of scaled permutation matrices with unit scales and therefore that
e(e) = 6w?. Tt follows that if E is a field of class number one for
which the genus class of the identity consists of a unique class, then
whenever m; and msy are relatively prime to the discriminant of FE,
the number 7(e;my, ms) of pairs of orthogonal, O-integral vectors ly-
ing on the complex 3-dimensional spheres of radius y/m; and /my
respectively, is

buh Y dou("ho ()6, (d)

d|ged(mi,m2)

For £ = Q(v/—1) and m;msy odd, the number

96 > doy(ma/d)or(ma/d),(d)

dlged(ma,mz)

counts the pairs of 6-tuples (ay, as, ..., ag), (by, b, ..., bs) € Z° satisfy-
ing the equations

a%—i—a%%—---—f—a% = m
bi4+b5+--+by = my
a1by 4 agby + - - - + agbs
a1by — bias + azbs — asbs + asbg — agbs = 0.

4.3. The case of GL, and the Borel. Assume here that n = 4. In
this section we give an explicit description of the incidence relations and
representation numbers arising from the minimal parabolic Eisenstein
series. Our description of the incidence relations is taken from [BFH90].

Given a 4 x 4 matrix g and a subset S of {1,2,3,4} with r elements,
we let Ag(g) = det g be the minor of the matrix obtained by taking
the bottom r rows of g and the columns indexed by the elements of S.
Then the Pliicker coordinates v;(g) are given by

v = t(AlaAQ;A?);AZL)

Uy = t(A127 A13, A14, A23; A247 A34)
V3 = t(A123, A124> A4, A234)-
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These coordinates satisfy the following incidence relations:

0
A34
4.3
(43) gy
Ay
0
A12
4.4
44) Ay
A14
(4.5)
(4.6)

—Aszs Ay
0 —Ay
A14 0
—Aiz Ap
—Ap A
—Ayy Az

—Au
Az
—Asz
0

—Ags
Ang
— A
0

1}1:0

1}3:0

A1 Aoy — AgAysg + AsAjoy — AyAias =0
A19Azy — A1z Ao + A1gAss =0

Furthermore, for g € Go the vectors v; are obviously primitive:

(4.7)  gcd(Aia, Ars, A1, Aos, Asg, Aza) = ged(Aq, Ag, Az, Ay)
= QCd(A123,A124, A1347A234) = 1.

Conversely, we have the following result.

Theorem 4.1 ([BFH90)). If (vi,v9,v3) € O x O x O satisfies
(4.3),(4.4) and (4.7), then (vi,v9,v3) € Z(B,0). In particular, (4.5)
and (4.6) are automatically satisfied.

This allows us to be explicit about the representation numbers arising

from the GL,(O) minimal parabolic Eisenstein series. For x € Xg such
that @), is integral, we have

(4.8) rp(x;j, k1) = #{(v1,v9,v3) € O x O° x O : (4.3), (4.4), (4.7)
are satisfied and Q,(v1) = [, Qp2,(v2) = k, Qrsz(v3) = j}.

When F is equal to the field of discriminant -4 or -3, the 4 x 4 identity

matrix e is the only class in its genus [Iya69, Fei78]. Therefore in these

cases we have

rp(e; gk, 1) = 24wprp(gen(e); j, k, 1)

and using Corollary 3.1 we get

(4.9) Z](SAE)(G; 81, S2,83) =

24

(A)(sy —2) LAB)(n s+ 55— 1)

C(AE)(S1 + So + 83)

L(4e) (777 S1— 1)

CAr)(s1 + s9)

LAE)(n, 51 4 59 4 s34 1)

CBE)(sy+1) LB (n, 59+ 53 +2) (BB (s3+1)

LB2 (55 +2) (BP)(sy+s5+3) LN s5+2)]
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Expanding out the Dirichlet series on the right hand side will give an
expression for rp(e; j, k,1) when ged(jkl, Ag) = 1 in terms of divisor
sums involving the Mobius function and the character 7.

[BFH90)

[Bor63]
[Bradl]
[EGMS7]
[Fei7g]
[Hir88a
[Hir88b]
[Hir89)
[Hir0g]
[Hir99]

[Hir00]

[Tya69)]

[Lan71]

[LO]

[LROO]

[Off]

[Ono66)

[Sch98]
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