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ABSTRACT. We prove Manin’s conjecture for bi-equivariant com-
pactifications of unipotent groups.
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Let F' be a number field and X an algebraic variety over F'; we write
X(F) for the set of its F-rational points. The height of an F-rational

point x = (z¢ : ...

H(x) := H max |z |0,

: x,) € P*(F) of a projective space is given by

where the product is over the set of all valuations of F' and | - |, is the
standard v-adic absolute value. Let G be a linear algebraic group over

F and

p: G—= PGL,4;

a projective rational representation of G. Assume that there exists a
point e € P with trivial stabilizer (under the action of p(G)). We are
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interested in the asymptotics of
N(B) :={y € G(F)|H(p(vy)-e) < B}, B— oo

An alternative geometric description of the problem is as follows: Con-
sider the Zariski closure X C P" of the orbit

{p(7) -elry e G(F)}.
Then X is an equivariant compactification of G, embedded by a G-
linearized (ample) line bundle L. Choosing a particular height in the
ambient projective space amounts to choosing an adelic metrization
L:= (L] - ||s) of L (see Section 8 for the definitions). In this setup,
the problem is to understand

(0.1) N(L,B) :={y € G(F)[Hc(y) < B}, B — o,

where H is the height defined by L.

In this paper we consider smooth projective bi-equivariant compacti-
fications of a unipotent group G over F'. This means that G is contained
in X as a Zariski open subset and that the natural left and right action
of G on itself extend to a left and right action of G on X. Alterna-
tively, one may think of X as an equivariant compactification of the
homogeneous space G x G/G.

The main result is the determination of the asymptotic (0.1) for ar-
bitrary bi-equivariant compactifications X as above and £ = —Kx, the
anticanonical line bundle equipped with a smooth adelic metrization,
proving Manin’s conjecture [12] and its refinement by Peyre [22] for
this class of varieties.

It turns out that the geometric language is more adequate for the de-
scription of the asymptotic behavior. More precisely, denote by Pic(X)
the Picard group of X, this is a free abelian group generated by the
classes of the boundary components D,, and we will generally iden-
tify divisors and their classes in Pic(X). Our main result is a proof of
Manin’s conjecture:

Theorem 1. Let X be a smooth projective bi-equivariant compactifi-
cation of G, with boundary

X \ G= UaEADa

a normal crossings divisor consisting of geometrically irreducible com-
ponents. Then
—K
N(—Kx,B) = %Blog(B)b_l(l +o(1)), as B — oo,
where b = rk Pic(X) = #.A is the number of boundary components and
T(—Kx) is the Tamagawa number defined by Peyre [22].
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We now give an outline of the proof. In Section 2 we recall some
basic structural results concerning nilpotent algebras and unipotent
groups. In Section 3 we discuss coadjoint orbits and their parametriza-
tion and in Section 4 integral structures. In Section 5 we collect facts
regarding unitary representations of unipotent groups over the adeles.
In Section 6 we study the action of the universal enveloping algebra in
representation spaces. All of the above material is standard and can
be found in the books [7], [10] and the papers [17], [21].

In Section 7 we turn to equivariant compactifications of unipotent
groups and describe the relevant geometric invariants and construc-
tions. In Section 8 we introduce the height pairing

H= HH Pic(X)c x G(A) — C,

generalizing the usual helghts and the height zeta function

(1.1) Z H(s;vg) ™"

YEG(F)

By the projectivity of X, the series converges to a function which is
continuous and bounded in g and holomorphic in s for $(s) contained in
some cone A C Pic(X)g. Our goal is establish analytic properties, and
in particular, obtain a meromorphic continuation of the 1-parameter
height zeta functions

Z(sL)= > He(sL,y)™",
vEG(F)

obtained by restricting the multiparameter zeta function Z(s; g) to the
complex line through L and the identity g = e € G(AFp).

To describe the polar set, we use the classes D, as a basis of Pic(X).
In this basis, the pseudo-effective cone Aeg(X) C Pic(X)r consists of
classes (l,) € Pic(X)gr with I, > 0 for all a. Let

_KX = K = Z/QQDQ - PiC(X)]R,

acA

be the anticanonical class. We know (see Proposition 7.3) that x, > 2,
for all @« € A. Conjecturally, analytic properties of height zeta functions
Z(sL) depend on the location of L = (I,) € Pic(X) with respect to
the anticanonical class and the cone Ag(X) (see [12], [22] and [3]).
Precisely, define

e a(L) :=inf{a | aL + Kx € Aeg(X)} = max,(ka/la);
b(L) := #{a| ko = a(L)l,};
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o C(L) :={a|ka #a(L)l,};
e ¢(L):= Hag{C(L) It
Then, conjecturally,
c(L)7(£) h(s)
G—alD)P " 5= a(D)pE T

(1.2) Z(sL) =

where h(s) is a holomorphic function (for £(s) > a(L)—J, some § > 0)
and 7(L£) is a positive real number. Given this, Tauberian theorems

imply
c(L)7(£)

N(£, B) = a(L)((L) — 1)!

B log(B)"™ (1 + o(1)),

as B — oo, for certain constants 7(L£) defined in [3]. Here we es-
tablish this for L = —Ky, via a spectral expansion of Z(s;g) from
Equation (1.1).

The bi-equivariance of X implies that H is invariant under the action
on both sides of a compact open subgroup K of the finite adeles G(Agy,).
Furthermore, we assume that H, is smooth for archimedean v. We
observe that

Z(s:g) € L(G(F)\G(A))"

and we proceed to analyze its spectral decomposition. We get a formal
identity

(1.3) Z(si9) = Y Zo(s;9),

where the summation is over all irreducible unitary representations
(0, H,) of G(A) occurring in the right regular representation of G(A) in
L2(G(F)\G(A)). These are parametrized by F-rational orbits O = O,
under the coadjoint action of G on the dual of its Lie algebra g*. The
relevant orbits are integral - there exists a lattice in g*(F) such that
Z,(s; g) = 0 unless the intersection of O with this lattice is nonempty.
The pole of highest order is contributed by the trivial representation
and integrality insures that this representation is “isolated”.

Let o be a representation as above. Then p arises from some

m = Indy; (1),

where M C G is an F-rational subgroup and ¢ is a certain character of
M(A) (see Proposition 5.5). In particular, for the trivial representation,
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M = G and v is the trivial character. Further, there exists a finite set
of places S = S, such that dim g, = 1 for v ¢ S and consequently

(1.4) Zy(s:9') = 2°(s19) - Zs(s9').
We prove that

Z%(s;9) = H/ H,(s;m0g,) " (myg,,)dm,
vgs M)
(with an appropriately normalized Haar measure dm, on M(F},)). The
function Zg is the projection of Z to ®,es500.

The first key result is the explicit computation of height integrals:
| Hdsimag) Tmgi)am,
M(F)

for almost all v (see Section 9). This has been done in [5] for equivariant
compactifications of additive groups G7'; the same approach works here
as well. We regard the height integrals as geometric versions of Igusa’s
integrals (see [6]).

For the trivial representation and v ¢ .S, we have

(1.5)
_ —dim Qv — 1
H(S; gv) 1dgv =4, dim X <Z D%(kv> H Sa—ka+l _ 1) ’

G(Fy) ACA acA v

where
Dy = NaeaDa, DY =Dy \UssaDu

and ¢, is the cardinality of the residue field k, at v. Restricting to the
line through — Ky, we find that the resulting Euler product Z°(—sKx)
is regularized by a product of (truncated) Dedekind zeta functions, thus
is holomorphic for R(s) > 1, admits a meromorphic continuation to
R(s) > 1-9, for some § > 0, and has an isolated pole of order rk Pic(X)
at s = 1, with the expected leading coefficient 7(—/Kx). Similarly, we
identify the poles of Z9 for nontrivial representations: again, they are
regularized by products of (truncated) Dedekind zeta functions and
thus admit a meromorphic continuation to the same domain, with at
most an isolated pole at s = 1; but the order of the pole at s = 1 is
strictly smaller than rk Pic(X).

Next we need to estimate dim g, and the local integrals for nonar-
chimedean v € S (see Sections 5.7 and 9). Then we turn to archimedean
places. Using integration by parts, we prove in Lemma 9.7 that for all
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e > 0 and all (left or right) G-invariant differential operators 0 there
exist constants ¢ = c(e,0) and N = N(0) such that

(1.6) / OH, (5 9,)" gl < - Is|I",
G(Fy)
for all s with R(s,) > ko — 1 +¢, for all a € A.

Let v be real. It is known that g, admits a standard model (7, L*(R")),
where 2r = dim O. More precisely, there exists an isometry

ot (1, P(RT)) = (00, Ho),

an analog of the ©-distribution. Moreover, the universal enveloping
algebra U(g) surjects onto the Weyl algebra of differential operators
with polynomial coefficients acting on the smooth vectors C*(R") C
L2(R"). In particular, we can find an operator A acting as the r-
dimensional harmonic oscillator

T 62
H(_Q - CL]‘ZEZ),
ey Ox; J

with a; > 0. We choose an orthonormal basis of L*(R") consisting of
A-eigenfunctions {@,} (which are well known) and analyze

Hv(s; gv)_lwk(gv)dgvv
G(Fv)

where wy = j7!(®,). Using integration by parts and (1.6) we find that
for all n € N there exist constants ¢ = c¢(n,A) and N € N such that
this integral is bounded by

(1.7) c AT Is]Y,

for s with R(s,) > ko —1+¢, for all a. This estimate suffices to conclude
that for each o the function Zg, is holomorphic in a neighborhood of
r; indeed it will be majorized by

S
A

the spectral zeta function of a compact manifold, which converges for
sufficiently large n > 0 (see Section 9 and the Appendix).

Now the issue is to prove the convergence of the sum in (1.3). Using
any element 0 € U(g) acting in H, by a scalar A(0) # 0 (for example,
any element in the center of (g)) we can improve the bound (1.7) to

¢ X AD) 7 8]
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(for any ni,ne € N and some constants ¢ = c(ny,ne, A, 0) and N =
N(A,0). However, we have to insure the uniformity of such estimates
over the set of all p. This relies on a parametrization of coadjoint
orbits. There is a finite set > of “packets” of coadjoint orbits, each
parametrized by a locally closed subvariety Z, C g*, and for each o a
finite set of F-rational polynomials {P,;} on g* such that each P, ; is
invariant under the coadjoint action and nonvanishing on the stratum
Z,. Consequenty, the corresponding derivatives

aa,j € i’[(g)
act in H, by multiplication by the scalar
)\973‘(@) = Po-,j(27ri£)7 (e O.

Recall that ¢ varies over a lattice; applying several times 0, = [] i Ov;j
we obtain the uniform convergence of the right hand side in (1.3).

The last technical point is to prove that both expressions (1.1) and
(1.3) for Z(—sKx; g) define continuous functions on G(F)\G(A). Then
(1.3) gives the desired meromorphic continuation of Z(—sKx;e).

Acknowledgements. The second author was partially supported
by NSF grants 0739380, 0901777, and 1160859.

2. NILPOTENT LIE ALGEBRAS AND UNIPOTENT GROUPS

In this section we recall basic properties of nilpotent Lie algebras
and unipotent groups. We work over a field F' of characteristic zero.

2.1. Nilpotent algebras. Let g = (g,[,]) be an n-dimensional Lie
algebra over F: an affine space over F' of dimension n together with a
bracket [-, -] satisfying the Jacobi identity. Denote by 3, the center of
g. For a subset h C g we denote by

ng(h) ;= {X € g[[X,b] C b}
its normalizer and by
3(h) ={X €g|[X,Y]=0,VY € b}
its centralizer. Let

be a sequence of subalgebras. A weak Malcev basis through this se-
quence is a basis (X1, ..., X,,) of g such that

o forall j € 1,..., k there exists an n; such that g; = (X1, ..., X;,,);



8 JOSEPH SHALIKA AND YURI TSCHINKEL
e for all i =1,...,n the F-vector space (X, ..., X;) is a Lie subal-
gebra.

Assume that all g; above are ideals. A strong Malcev basis through
this sequence is a weak Malcev basis such that

e for all i = 1,...,n the F-vector space (X1, ..., X;) is an ideal.
The ascending central series of g is defined as
go = 0
g; = {zegllr.g Cgj}
From now on we will assume that g is nilpotent, that is, there exists an

n such that g, = g.

Ezxample 2.2. Some common examples are:

e the Heisenberg algebra h; := (X,Y, Z), [X,Y] = Z;
e the upper-triangular algebra n,, C gl,;
e the algebra E4 = <X1,X2,X3, Y> [XZ,X]] = 0, D/, Xz] = Xz'—1~

Lemma 2.3. If g is nilpotent then for any ascending sequence of al-
gebras (resp. ideals) there ezists a weak (resp. strong) Malcev basis
passing through it.

Proof. Indeed,

[j g nE(h)?
and for any X € ng(h) \ b the vector space h @ FX is a subalgebra.
Same argument works for ideals. O

There is no canonical choice of a Malcev basis through a given sub-
algebra.

Lemma 2.4. (Kirillov’s lemma) Let g be a noncommutative nilpotent
Lie algebra with 1-dimensional center 34(g) = (Z). Then there exist
X, Y € g such that

o [X,Y]=2;
e g=5Y)®oFX.

Proof. Choose some Y € gy \ g1. Then gy := 34(Y) is a subalgebra of
codimension one and there is an X in its complement as required. [

Notation 2.5. We refer to the quadruple (Z,Y, X, go) in Lemma 2.4 as
a reducing quadruple.
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2.6. Polarizations. Denote by g* the dual Lie algebra. Each ¢ € g*
determines a skew-symmetric bilinear form
By : gxg — F
(X,Y) — ([X,Y]).
For any subalgebra b C g denote by
w(h) :==bnbh ={heh|[L[hn])=0, Vh € b}

its radical with respect to By.

Definition 2.7. A subalgebra m, C g is called polarizing for ¢ if
e my is isotropic for By, that is By(m,m’) =0 for all m,m’ € my;
e my has mazimal dimension among all subalgebras of g isotropic
for By.

Ezample 2.8. For the Heisenberg algebra bz and any ¢ with ¢(Z) # 0
a polarizing subalgebra is the ideal my, = (Z,Y).

Remark 2.9. A polarizing algebra m, is not necessarily an ideal. An
¢ € g* can have many polarizing subalgebras. In general, there does
not exist a finite set of subalgebras such that for each ¢ € g* one of the
subalgebras in this set is polarizing for /.

A canonical construction of a polarizing algebra (by Vergne [30]) goes
as follows: fix a strong Malcev basis (X1, ..., X,,) for g. Put

n

mg =y wl(gy),

J=1

where g; := (X3, ..., X;) and vy(g,) is the radical.
Alternatively, a polarizing subalgebra may be constructed inductively:

Case 1. If
30 =3 N Ker(f) #0

consider the projection

pr: g — go:=9/3
and write £, for the induced linear form on go. If my, C gy is a polarizing
algebra for £, the preimage pr—'(my,) is a polarizing algebra for .

Case 2. Otherwise, 3(g) = (Z) and ¢(Z) # 0. Then there exists a
Y € g2\ g1 such that codim34(Y) =1 (by Lemma 2.4). Let ¢y be the
restriction of ¢ to 34(Y’) and my a polarizing algebra for ¢y in 34(Y).
Then my = mMy.
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Proposition 2.10. Let Z C g* be an algebraic variety, defined over F.
There exists a Zariski open subset Z° C Z, a positive integer k < dim g
and an F-morphism

pol : Z° — Gr(k, g)

such that for every point £ in Z° the image pol(£) in the Grassmannian
of k-dimensional subspaces in g corresponds to a polarizing subalgebra

for 0.

Proof. Consider g* over the function field of Z and apply Vergne’s
construction to the generic point.

Alternatively, consider the subvariety of all subalgebras m C g over
the function field F(Z) of dimension k such that ¢([m,m]) = 0, with
¢ € g*"(F(Z)). Take the maximal k such that this variety has an F(Z)-
rational point. This point defines an F(Z)-rational point in Gr(k,g).
Specializing, we get polarizations on some open subset Z° C Z. O

2.11. Unipotent groups. Let V' be a finite dimensional vector space
over I and N C GL(V') the subgroup of all upper-triangular unipo-
tent matrices. Denote by n the F-vector space of all upper-triangular
nilpotent matrices. The (standard) maps

exp: n — N
log: N = n

are biregular F-morphisms (polynomial maps) between algebraic vari-
eties.

Let G be a (connected) unipotent linear algebraic group defined over
F'. Then there exists an F-rational representation

pr G — GL(V),

for some V', realizing G as a closed subgroup of N. We fix this repre-
sentation. Then

g:=1log(G)Cn
is the Lie algebra of G. This coincides with the usual definition of g as

the F-algebra of left-invariant F-derivations of the algebra or rational
functions F[G].

3. COADJOINT ORBITS

3.1. Orbits. Both g and its dual g* are defined over F. For all fields
E/F we can consider the E-rational points of g and g*, which we denote

by g(E), resp. g*(E).
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Denote by Ad (resp. Ad*) the adjoint (resp. coadjoint) action of
G on g (resp. g*), both are algebraic actions defined over F. Let O,
be the coadjoint orbit through ¢ € g*(F'). It is a symplectic algebraic
variety: the skew-symmetric bilinear form

B, : gxg — F
(X,)Y) — ([X,Y))

descends to a nondegenerate algebraic 2-form 2, on the orbit O,.

Lemma 3.2. The map

G — Og
g — Ad*(g)7tot

induces an ezact sequence
pr
0=t —g— T(0) — 0,

where T, is the tangent space at ¢ and v, is the radical of the skew-
symmetric form By.

Lemma 3.3. Let g be a nilpotent Lie algebra with 1-dimensional center
and reducing quadruple (Z,Y, X, go). Let £ € g* be such that ((Z) # 0.
Let

pr ot g — go-
be the natural projection and {y the restriction of £ to go. Then
pr(Or) = UterAd™ exp(tX)(Oy,)
and pr=t(fy) = ¢.

Proof. See [7], p. 69. O

3.4. Basic invariant theory. In this section we describe the geomet-
ric structure of the set of coadjoint orbits. The main result is the
following

Proposition 3.5. One has a decomposition
g* = uUGEZcr

into a finite union of irreducible algebraic varieties {Zy}yes. For each
Z, there exists a finite set of polynomials {P, ;}jc), on g* separating
the orbits: P, ; are invariant on each orbit in Z, and for every pair
0,0 € g* contained in different orbits O,O" C Z, there exist j,j' € J,
such that P, ;({) # P, y({').
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We follow the exposition in [25]. Let V' be an irreducible algebraic
variety over a field F'. Denote by F[V] the ring of regular functions on
V and by F (V) its function field. Let G be an algebraic group over F.
A regular action of G on V' is an F-homomorphism pyes : G — Aut(V)
such that the induced map p : G x V — V' is a morphism of algebraic
varieties. A rational action is a homomorphism p. : G — Bir(V) such
that the induced map p is defined and coincides with some rational map
pY on a dense Zariski open subset. An orbit O, through a point £ € V
is the image in V' of G x ¢ under p.

The action pa induces an action on F'(V'). Regular functions ¢ €
F[V] satisfying g - ¢ = ¢ for all ¢ € G are called integral invariants
for the action, rational functions ¢ € F(V') with the same property
are called rational invariants. Integral invariants form a subalgebra in
F[V], denoted by F[V]% and rational invariants a field, F(V)%. A
rational invariant ¢ separates the orbits O, O’ if ¢ is defined in the
points of both orbits and if for all £ € O, ¢ € O one has ¢(l) # ¢(¢').
A set & = {¢} of rational invariants separates generic orbits if there
exists a Zariski open dense subset V? C V with the property that
for every pair of points £,/ € V° contained in different orbits O, O’
there exists a rational invariant ¢ € ® separating O, O’. In this case ®
generates the field of rational invariants F'(V)©.

Theorem 3.6. (Rosenlicht, [27]) For every (rational) action of an al-
gebraic group G on an irreducible algebraic variety there exists a finite
set @ of rational invariants separating generic orbits.

Theorem 3.7. Assume that V is an affine algebraic variety and that
G is a unipotent group acting on V. Then every rational invariant is
representable as a quotient of integral invariants. In particular, there
exists a finite set of integral invariants separating generic orbits.

Proposition 3.5 follows: in V = g* we find a dense Zariski open
subset VY and a set of integral invariants {P;} separating generic
orbits. We can stratify the complement V' \ V¥ into a finite disjoint
union of irreducible affine algebraic varieties of smaller dimension and
continue by induction.

3.8. Parametrization. In this section we make the parametrization
of coadjoint orbits more explicit. This will be useful in Section 5.7,
where we estimate certain multiplicities in terms of relative Pfaffians.

We follow the exposition in [7], Section 3. Consider the coadjoint
action of G on the affine space V' = g*. Fix a strong Malcev basis
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(Xi, ..., X,,) for g, passing through the ideals g; of the ascending central
series (see Section 2). The dual basis (¢4, ..., £,,) is a Jordan-Holder basis
of V, for the coadjoint action of G.

Denote by V; the F-span of {{;.1,...,£,}. The canonical projection
pry V= V]V
is Ad*(G)-equivariant. For d = (dy, ..., d,) € N" consider the subset
Zg ={v eV |dim Ad*(G)(pr;(v)) = d;, Vj €[1,...,n]}.

The set D of d with Zq # 0 is finite and partially ordered: d = d’
iff d;j > d; for all j € [1,...,n]. It has a unique maximal element
corresponding to d™** with

4T =t

for all j € [1,...,n|. Define
D, := {d"*}, Dy41 := {d|d maximal in D\ (Up<Dy)}.
Fix an order > in each Dj. This gives an order > in D:
D.>d>d €Dy
if either k < k' or (it k =k")d >, d".

For d € D define
la= {ildi=dia+1}, Vi= (6]i€lar

Ja:= {jld; =dj1}, Vi= (4| €da)r,
(with dyp = 0). We have a decomposition of the F-vector space
o =Vao Vg

Remark 3.9. A posteriori, lg is always even.

Proposition 3.10. The stratification of V.= g* into strata Zq satisfies
the following properties:

e For alld € D the set Ug=aZq is an Ad"(G)-invariant subset
of V.

e Each Ad*(G)-orbit in the stratum Zgq meets V§ in exactly one
point.

o X = ZqaNV3 is algebraic (a locally closed subvariety of g*).

o The union X = UqXq parametrizes all Ad*(G)-orbits in g*.

Moreover, for each d with lg = {i1, ..., 19} there exist rational functions

Py, ...,P, € F(V x V}) such that:
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e For each r = 1,...,n the restriction of P, to Zgq x Vi has no
poles.

e For each z € Zq and each r the restriction of P, to z X VG'1
is a polynomial and P.(z,v) = P,.(z',v) for all Z’ in the orbit
Ad*(G)(2) and all v € V.

e The vector w = Y ', P.(z;v), is the unique vector in the
Ad*(G)-orbit through = whose projection to V3 is v.

Proof. See [7], Section 3.1. O

3.11. Pfaffians. We fix a strong Malcev basis (X1, ..., X,,) for g. De-
note by (¢1,...,£,) the dual basis of g*. Fix a stratum Z = Zg with
with lg = {i1,...,92}. Let £ € Z and €, be the canonical symplectic
2-form on O,. Write

Q=2 Z B(X;,, XiT/)ZiT N

T <l
and let p(€) = A*€Q,. Then

for some function Pf(¢), called the relative Pfaffian. Clearly, Pf(¢) is a
sum of terms each of which is a product of factors of the form

Bo(X:,, Xi,)
and thus a polynomial function on g*. Now we notice that the for-
mula (3.1) is well defined for any ¢ € g*.
For ¢ € Z, we have
p(l) = 2%kl det(M) - £, A--- N1y,
which implies that on the stratum Pf(¢) = det(M) and
P(()? = det(M)? = det(B(X;,, X;,)).
Since By is non-degenerate on Oy, Pf(¢) # 0. Further,
c(0) = 2"EIPE(0) !
and
p(l) = c(f) - p(0)
Thus, Pf(¢) is Ad*(G)-invariant on Zg.
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4. INTEGRAL STRUCTURES

We will also need integral structures on all objects: g, strata defined
in Sections 7.2 and 3.8, polarizing subalgebras etc. A precise choice
of such structures is not essential for analytic considerations belows;
it suffices to observe that different choices of integral structures affect
only finitely many places of F'. In particular, they do not affect analytic
properties of Euler products and height zeta functions.

Notation 4.1. Let F' be a finite extension of Q. Denote by F, the
completion of F' with respect to a valuations v; for v nonarchimedean,
denote by o0, the ring of v-adic integers. Denote by A := H; F, the
ring of adeles of F'.

42. On g. Let g = (X3, ..., X,,) be an n-dimensional Lie algebra over
F, with a fixed basis X. Let g, be the op-module

OFX1 + -t OFXn.

There is an integer a € Z such that g, = a - g, is a Lie order. Indeed,
write

(X5, Xj) =D X,
with cfj € F'. Then

[aX;, aX;] = Z(acfj)an
and we can choose a € Z such that all acfj € op.

Definition 4.3. A Lie order g, is called admissible if exp(g,) is a
subgroup of G(F).

Assume that g is nilpotent. By the Baker-Campbell-Hausdorff for-
mula

k
X #Y = log(exp(X) -exp(Y)) = X + Y + ) b;(X,Y)
j=2
where X, Y € g(F') and b, is a sum of j-fold brackets with coeflicients
in F'.

Definition 4.4. A Lie order g, is called universal if X, Y € g, implies
that

bj<X7Y> € %o
for all 7 > 2.

Clearly, a universal Lie order is admissible.
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Lemma 4.5. There exists an a € Z such that g, = a- g, is a universal
order.

Proof. For X, Y € g, we have
(aX)* (aY) = bj(aX,aY) =aX +a¥ + > bi(X,Y)d’.
Jj>2
Now choose a € Z such that for all j > 2 and @’~! times every coeffi-
cient of b; is in op. Then o/ 'b;(X,Y) € g/ and

b;(aX,aY) € ag,.

O
Ezxample 4.6. For g = ny (from Example 2.2) we have
1 1 1
X*xY =X+Y + §[X, Y]+ E[X’ X, Y]] — E[Y’ (X, Y]].

Then 6 - gz is universal.
Let v be a nonarchimedean valuation. Write

g(Fv> =g Q®r F,, g(ov) = go Kz 04.

If g, is universal then g(o,) is an admissible lattice in g(F},). In fact, if
0 € 0, then

bj(X x0,Y ®0) =b;(X,Y)®0 € g(o,).
In particular, exp(g(0,)) is a subgroup of G(F).

We apply the preceding discussion as follows: Let g = gr be a
nilpotent Lie algebra over a number field F. Fix a strong Malcev basis
(X1,...,X,) of g. Choose an a € Z such that g, = a - g} is a universal
order in gr. Then ag(o,) := ag, ®z 0, is an admissible lattice in gp.
Set K, := exp(ag(0,)) C G(F,). This is a compact subgroup.

Remark 4.7. Once a representation pr : G — N as in Section 2.11 is
fixed, we have

K, = G(F,) N N(o,)
for almost all v (N is defined over Z).

4.8. Measures. We fix Haar measures dz, on G,(F,) for all v (nor-
malized as in [29]). For all but finitely many v the volume of G,(0,)
with respect to dzx, is equal to 1. Thus we have an induced Haar
measure dz on G4(A) = A and on G?(A) for all n. Using the homeo-
morphism between G(A) and GI'(A) we may realize the Haar measure
dg =[], dg, on G(A) as the product measure

dg =dxy ...dx,.
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Similarly, we have vol(G(o,) = 1, for almost all v. Let m C g be
a subalgebra and M C G the corresponding subgroup. The induced
integral structure on m allows us to obtain a normalized Haar measure
on M(A), again we have vol(M(o,)) = 1, for almost all v.

Notation 4.9. For each ¥4 € ¥ we fix a finite set of Ad*(G)-invariant
polynomials P4 ; € F[g*| separating the orbits, as in Proposition 3.10.
Let v € Sy, £ € Za(F) and O, be the corresponding Ad*(G)-orbit in
g"(F,). Define the norm of the orbit

(4.1) 10000 := 11)r61ax max | Pg ;(£)],-

S JEJQ
A priori, the definition of this norm depends on the choice of Ad*(G)-
invariant polynomials separating the orbits in Z,. However, for any
Ad*(G)-invariant polynomial P € F[g*| there exists an N = N(P)
such that
max [ P()]y < O[3,

for all ¢ € O,. In particular, a norm as in (4.1), defined via a different
choice of polynomials separating the orbits in Zg, will be comparable,
up to powers. We have a fundamental finiteness result: let [ C oz be
any lattice. Then there exists an ng € N such that

Z ||Of|‘gon7

teg*(/Ad*(G)

is convergent for all n > ny.

5. REPRESENTATIONS: BASICS

In this section we describe Kirillov’s orbit method in the theory of
unitary representations of nilpotent groups over local fields and its
generalization to adeles by Moore (see [17] and [21]).

5.1. The orbit method.

Notation 5.2. Let F' be a number field, v a valuation and F, the v-adic
completion of F'. Denote by m, C 0, the maximal ideal in the ring of
0, of v-adic integers (for nonarchimedean v). We write k =k, for the
residue field of o0, and ¢ = ¢, for the cardinality of k,. We denote by
Val(F) = {|-|,} = SinUS the set of all valuations of F', here S, is the
set of archimedean and Sg, the set of nonarchimedean valuations. We
normalize the valuations in such a way that for any Haar measure pu,, on
F, one has p,(aM) = |a|yp,(M) for all measurable subsets M C F,
and all a € F;;. We continue to denote by A = Ay the adele ring of F'.
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For any finite set S C Val(F) we put Ag = [],.q Fo, A® = H;¢S F,
(restricted product). We abbreviate Ag, = A®>< and A, = Ag_.

First we recall basic facts concerning harmonic analysis on additive
groups (cf., for example, [29]). For any prime number p, we have an
embedding Q,/Z, — Q/Z. Using it we can define a (unitary) character
1, of the additive group G,(Q,) by

Yy 1 x, > exp(2mizy).
At the infinite place of Q we put
Voot Too > eXP(—2TiT 0o ),

(here z is viewed as an element in R/Z). Taking the product we get a
character ¢ of G,(Ag) and, by composition with the trace, a character
Y =1y =[], ¥y of G4(A). This defines a Pontryagin duality

Go(A) = Go(A)"
(av) = ((xv) — H¢v(avxv>>‘

The subgroup G,(F) C G,(A) is discrete, cocompact and selfdual
under the above duality.

Denote by g* the dual to the Lie algebra g of G. It inherits the F-
rational structure from g. For every F-rational linear form ¢ € g*(F)
let m, be a maximal subordinate to ¢ subalgebra of g (see Section 2).
Then ¢ defines a character on the adelic points M,(A) of the subgroup
M = exp(my) C G

Yy =1 0lolog : My(A) =St c C*.
Let
Ty = Indf/[(;X) (1)
be the induced representation. Then

e 7, is irreducible;

e 7y does not depend on the choice of m, (up to isomorphy);

e 7, does not depend on the choice of ¢ in the Ad*-orbit O, (up
to isomorphy).

This is the orbit picture proposed by Kirillov: irreducible unitary rep-
resentations of a unipotent group G are parametrized by orbits of the
coadjoint action of G on g*(F).

Notation 5.3. Let Goo := [[,cg.. G(F,) and I' be a discrete cocompact
subgroup in G, (e.g., the image of G(I), where [ C o is a sublattice).
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Notation 5.4. Denote by
Hi= LE(G(F)\G(A))

the space of (left) G(F)-invariant square-integrable (on the quotient)
functions on G(A) (and similarly L?(T'\G,)). Denote by

HE = L(G(P)\G(A)"®
the subspace of (right) K-fixed vectors.
Proposition 5.5. [21] For each { € g* there exists an isometry

Je Ty — O
) G
Jo IndM(;X) (Ye)) — HiCH

¢(z) = 2 emnar) 207 1),
where (07, Hy) is a unitary irreducible representation occurring in the
right reqular representation of G(A) on H. Moreover, j, induces an
1sometry on the subspaces of K-fized vectors and
HE = Boeg- () aa-Hy

as a direct sum of irreducible unitary representations of G(A), each
occurring with multiplicity one.

Notation 5.6. We denote by R(K) = {o} the set of irreducible unitary
representation of G(A) occcuring in HX.

5.7. Multiplicities. Let F' be a number field and Sg C Si, a finite
set of nonarchimedean valuations of F' such that for all v ¢ Sg one has

exp(g(0,)) = G(o0,) = K,.
For v € S the compacts K, are defined as in Section 4.
Notation 5.8. Let m, be a unitary representation of G(F,). We denote
by
m(my, Ky, 1)
the multiplicity of the trivial representation 1 occurring in the restric-
tion of m, to K,.

Proposition 5.9. Let ¢ € g*(F,) and m, be the unitary irreducible
representation of G(F,) corresponding to the orbit O,. Then there ezist
constants c,, with ¢, = 1 for all v ¢ Sg such that

m(m, K, 1) < o [PEOL
where Pf(¢) is the Pfaffian (defined in Section 3.11), evaluated at O,.
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Notation 5.10. Let S, be the set of nonarchimedean v such that either
v € Sg or m(m,, Ky, 1) # 1.

Remark 5.11. In [15], [26], [11] one can find bounds for m(m,, K,, 1) in
terms of the the number of Ad*(K,)-orbits on O,(K,). An estimate in
terms of Pfaffians has been derived in [8].

For completeness, we include a proof of this proposition.

We choose the Haar measure dg, on G(F,) so that

/ dg, = 1.

We normalize the measure dX, on g(F,) such that

/ og)dgy = | dlexp(X.)dX,
G(Fy)

a(Fv)
for all smooth compactly supported functions ¢ € C*(G(F})).

For ¢ = ¢, € g*(F,) denote by du(¢) = du,(¢) the (canonical) v-adic
measure on the (2k-dimensional) orbit O,(F,) C g*(F),) associated with
the top degree form p(¢) := A¥Q,, where Q is the canonical invariant
algebraic 2-form on O,.

For appropriate functions ¢ on G(F,) define the Fourier transform

¢(0) := ¢(exp(X)) Y (€, Xy))d X,

9(Fv)
Let m, be an irreducible unitary representation of G(F,). The function
¢ defines the operator

ro($) = / . 8Iml0ds.

It is of trace class.

Lemma 5.12. Let v be a nonarchimedean valuation and mw, an irre-
ducible unitary representation of G(F,) corresponding to ¢ € g*(F,).
Let ¢ € CX(G(Fy)). Then

rm(9) = g /O (0)dpin(0)

Proof. See [7], p. 145. O

Let x = xo, be the characteristic function of K,. Then the con-
volution x * x = x. Thus, 7,(x) is a self-adjoint projection on H.,.
Moreover,

tr(my(x)) = m(m,, Ky, 1)
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and
26 = / Yol ((b, X,))AX,

where ¢ is the characteristic function of g(Q,). It follows that x is the
characteristic function of the dual lattice g*(O,) C g*(F},). Therefore,

(5.1) m(ry Ky, 1) = Qkik‘ SO dp(0),
'Jo,
where dp,(€) is the canonical measure on the orbit O(¢).

The Lie algebra g is equipped with a fixed strong Malcev basis
(X1, ..., X,). The dual basis (¢1,...,¢,) in V := g* is a Jordan-Holder
basis. Recall the stratification of representations explained in Sec-
tion 3.8. Assume that the representation m, belongs to the stratum
Ya (as in Section 3.8). Denote by

Vidi= (i€ la)r, V= (4] € Ja)r,

the affine subspaces defined in 3.10. Recall that V|4 = (¢;,...,4;,,) is
even dimensional. Regarding X;,, ..., X;,, as (independent) linear forms
on V|4 define a Haar measure on V|4 by

|du| =X, Ao AN X

i2k"
Let
fg : V|d — Oz

u = (u,P(u))
be the map parametrizing the orbit O, (here P is a polynomial on V;4).
Then

l) = (df) ™ (X Ao A Xy)

is a G-invariant volume form on the orbit O,. Therefore,

p(l) = c(O)a(l)
(and c(¢) depends only on the orbit O;). Denote by o} the image of
the projection
PTyy - 9" (0,) = Vo,
and by xj, the characteristic function of this set. Continuing from
(5.1), we obtain

|c(0)]

2K Jo,

53) -S| dte Pl o)

(5.2) m(my, Ky, 1) = &(0)|dfi, ()]

(5.4) < ‘;,52‘ /V : Xoi ()] dps (£))]
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We fix an integer a € 7Z so that g, is equal to the op-span of
{aX1,...,aX,} (replacing X; by a~' X; we may assume from the begin-
ning that

go =0 X1 B ... BopX,.

Then
g*(0,) = 0,01 ® ... Do,
0:7| - ngil EB @ €i2k'

The Haar measure is normalized such that vol(o,) = 1. Then

/ X (w)|dps (0)] = 1.
Vol

It remains to observe that
c(f) = Pf(0)~".
5.13. Spherical functions.

Proposition 5.14. For ¢ € g*(F) let my C g be a polarizing subalge-
bra, M = M, = exp(my), and ¢ = 1y = 11 o £ the corresponding adelic
character of M(A). Let H, be the associated irreducible unitary repre-
sentation of G(A). Let K be as in Section 8 and assume that HX # 0.
Then for all w € Hit, with w2 = 1, all v & S,, and all (integrable)
functions H, on G(F,) such that
H,(kvgy) = Hy(gv),

for all k, € Ky, g, € G(F,), one has

H,(g0)wy(g0)dgy :/ H,(hy)by (hy)dhy,

G(Fv) M(F%y)

(where dh, is normalized as in Section 4.8).

Proof. Define the function
1/~J = H 1/~JU € Indl\G/[((‘i)) (V) =:7

as follows:

Yolge) = 0 if g, ¢ M(F)K,
Yy(hok,) = 1y(hy,) otherwise

For all v ¢ S, we have

Uy |M(p)nk, = 1.

By definition, for v ¢ S, the representation m, has a unique K,-fixed
vector (of norm 1). A direct computation shows that

[Pl manaay = 1-
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Therefore, the (local) spherical function ¢, (normalized by ¢,(e) = 1)
is given by o
Sov(gv) = <7Tv<gv>1/}vawv>-

Now we compute:

H,(9v)0(g0)dgy :/ / Hv<kvgv)¢v(kv9v)dk;dgv
G(Fy) G(Fy) JKonM(F,)\K,
- / ak, [ Hy(ge) (kg dg,
Ko NM(Fy)\Ky G(Fv)

= vol - / Hv(Qv)Q;v(gv)dgv
Ko \G(Fy)

~ vol- / H, (b)) (),
M(Fy)NK,\H(Fy)

= vol - / Hy(hy)iby (hy)dhe.
M(Fy)
Here dk), is the induced measure and vol = vol(K, N M(F,)\K,). O

6. UNIVERSAL ENVELOPING ALGEBRA

Now we turn to archimedean places.

6.1. Basics. Let .
T(g) = Dj>08"
be the tensor algebra,
S(g) =%(g)/( XY -Y®X)
the symmetric algebra and
U(g) =Fg) /(X QY -V O X - [X,V])
the universal enveloping algebra of g. There is an injective map
g — T(g) = Ug)
and a g-module isomorphism (symmetrization)
sym : &(g) — £(g),
which is defined on monomials by
1
i Yo ] %S:Ya(l)"'ya(r)

(where S,, is the symmetric group). Each Y € g defines a differential
operator

O : flg) = %f(g-exp(tY))\tﬂ
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on smooth functions on G(F,), for any archimedean v. This gives a
surjective algebra homomorphism from (g) onto the algebra of left-
invariant differential operators on C*°(G(F},)). In particular, ${(g) acts
in the space of smooth vectors of every irreducible unitary representa-
tion (o, H) of G(F,). For 0 € U(g) we will denote by o(0) the corre-
sponding operator.

We will use the canonical identification &(g) = F[g*] (by duality):
Y= fellg] O)=0Y); Yeglecg.
The adjoint action of G on g extends to Autg(L(g)) and Autp(S(g)).

Lemma 6.2. The symmetrization sym is equivariant with respect to the
adjoint action of G and maps the space of Ad*-invariant polynomials
on g* bijectively onto the center 33U(g) of U(g).

6.3. Scalar operators.

Proposition 6.4. Let v be an archimedean valuation, O C g* a coad-
joint orbit and

(00, He) ~ Indﬁi?%i) (the)

for some £ € O and some polarizing M,. For P € F|g*] let 0p € (g)
be the corresponding differential operator. Assume that the restriction
of P to O 1is identically constant

P(2mil) = P(2mil’)
forall 0,0 € O. Then
0e(0p)f = P(2mil) - f

for all smooth vectors f € H, and all ¢ € O.

In particular, let 0, € 34(g) and P, be the corresponding Ad*-
invariant polynomial (see Lemma 6.2). Then, for all orbits O and
all ¢ € O, the operator p,(0,) acts in H, by multiplication by

P, (2mil).

Proof. We follow closely the exposition in [7], p. 186. The proof pro-
ceeds by induction on the dimension of g. We explain the case when v
is real, the complex places being similar.



HEIGHT ZETA FUNCTIONS 25

Assume that there is a nontrivial ideal 3o C 34 such that g, restricted
to exp(3o) is trivial. Consider the projections

pr: g — go:=9/s0;
pr: G — Gy.
The induced injection
in :gh— 3 Cgt
maps O isomorphically onto Oy. The maps are equivariant with re-
spect to the (co)adjoint actions of G and Gg. They extend naturally

to symmetric algebras, universal enveloping algebras and polynomial
functions. In particular,

pr: Flg'] = Flgg]
is simply the restriction of the polynomial P € F[g*] to 30 = gi. The
representations gy and g4, = 0 o pr correspond to the same orbit
O=0,Cg,Cyg".
We have an equivariant commutative diagram
Flg'] =~ () > H(g)
3 ! \J

sym

Flg;l ~ 6(go) — (go).

Let ¢ € g*, let My be a polarizing subgroup for ¢, and o, the corre-
sponding irreductible unitary representation of G(F,) as in Section 5.
We have

0e(0p) = 04, (Opr(P)) = pr(P)(2mily) - 1do = P(2mil) - 1d,

as claimed.

Now assume that dim 3, = 1 and that g, is nontrivial on g (¢/(Z) # 0).
Choose a reducing quadruple as in Kirillov’s lemma:

=00 FX
(2.5). This time we have an injection
m : go—9g
and an induced projection
gt o g
We have

by == pr(l) ={|g,-
By Lemma 3.3, we have

pr(Op) = Uer Oy, ,
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where
Oy, = {Go - L}A (exp(tX)) ().
The Ad*-invariance of P at ¢ € O implies that the restriction of P to
O does not depend on X. In particular, the restriction of P to each
Oy, is invariant under the adjoint action of Gy.
We have a direct integral decomposition

®
0= / Qtdt7
R

where g, is the unitary irreducible representation of Go(F),) associated
to the orbit Oy,. This decomposition passes to smooth vectors (see [7],
p. 188). By the induction hypothesis,

o(pr(P))f = pr(P)(2mil,)f
= pr(P)(2mi(Ad”(exp(tX))lo)) f
= P(2mi(Ad*(exp(tX))0))f
= PQ2mil)f

for all smooth vectors f in the representation space of o;, since the
projection pr : g* — g is equivariant for the coadjoing action of G,
resp. Gy, and P is invariant. Further, since go(pr(P)) = o(P), as
elements in 4(g), o(P) is determined by the restriction of p to Gy and

@D
o(P) = /R oi(pr(P))dt = P(2mil)Id.

7. GEOMETRY
Here we work over an arbitrary field F' of characteristic zero.

Notation 7.1. For a smooth projective algebraic variety X over F' we
denote by Pic(X) its Picard group and by Aeg(X) C Pic(X)g the
(closed) cone of pseudo-effective divisors on X. We will often identify
line bundles, the corresponding divisors and their classes in Pic(X). We
write £ = (L, ||-||) when we want to emphasize that the line bundle L is
adelically metrized. If X has an action by a group G we write Pic®(X)
for the group of isomorphism classes of G-linearized line bundles on X.

7.2. Main invariants. Let X be a smooth projective variety with
— K x contained in the interior of the effective cone. Then Ag(X) is a
rational finitely generated cone, by [4]. In this case, given a line bundle
L on X, we let

a(L) :=inf{a|a[L] + [Kx] € Aeg(X)
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and b(L) be the codimension of the face of Aeg(X) containing a(L)[L]+
[Kx|. When X is singular and p : X — X a desingularization satisfy-
ing the conditions above, we can define

a(L) = alp (L)), ML) = b(p'(L)).
These invariants are well-defined (see [13] for more details).

Proposition 7.3. Let X be a smooth projective equivariant compact-
ification of a unipotent algebraic group G. Let D := X \ G be the
boundary and (Dy)aca the set of its irreducible components. Then

e Pic%(X) = Pic(X);

e Pic(X) is freely generated by the classes D,,;
L4 Aeff(X) = @aRZODa;

o —Kx =5 KaDy with ko > 2 for all a € A.

Proof. Analogous to the proofs in Section 2 of [14]. In particular, it
suffices to assume that X carries only a one-sided action of G. Notice
that every line bundle admits a unique G-linearization. U

Corollary 7.4. The divisor of every irreducible polynomial
f € F[G] = Flxy, ..., x4
can be written as
div(f) = E(f) = ) _ da(f) Da
where E(f) is the unique irreducible component of {f = 0} in G and
do(f) >0 for all a.

Proposition 7.5. Let X be a smooth equivariant compactification of
a unipotent group G (with Lie algebra g). Let m C g be a subalgebra
and Y =Yy C X the compactification of M = exp(m) C G. Then

(a(=Kxly), b(—Kxly)) < (a(—Kx),b(—Kx)),
in the lexicographic ordering. In particular, the set of pairs
(a(=Kxly), (b(=Kxly))
is finite, as m ranges over the set of all subalgebras.

Proof. In the additive case when G = G, this is the content of Lemma
7.3 in [5]. The case of general linear groups is covered in [13]. O
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7.6. Uniformity. Let X be a smooth projective equivariant compact-
ification of G and m C g a subalgebra. Denote by Y =Y, the Zariski
closure of exp(m) in X. It is a compactification of M = exp(m), not
necessarily smooth. Denote by D = D, the boundary Y \ M.

Proposition 7.7. There exist constants d,d’,n > 0 such that for every
subalgebra m C g there exists am equivariant blow-up Yy with support
in the boundary Yy \ exp(m) such that

e Y, is smooth and projective;

o the boundary of Yy is a strict normal crossings divisor;

e the number of boundary components is bounded by n;

e the degree of every boundary component of Y is bounded by d;

o for every linear subspace ¢ C m the degree of the intersection of
the Zariski closure in Yy of exp(e) with every boundary compo-
nent is bounded by d’.

Proof. Noetherian induction. For each k < dim g consider the Grass-
mannian Gr of k-planes in g. This induces an algebraic family ) — Gr
of subvarieties Y, C X and a family D C )Y of boundary divisors.
Taking a (finite) flattening stratification of the base we reduce to the
case when Y — B, D — B are flat over B. Now we use embedded res-
olution of singularities over the function field of B. Next we complete
(projectively) to a family (), D) over B and restrict to a Zariski open
subset B® where both )°, D° are flat over B°, )° is smooth and D°
is strict normal crossings. We repeat the process for each irreducible
component of the complement to B°.

Each m € g will belong to one of the finitely many families con-

structed above. For each family we can find uniform bounds as claimed.
O

8. HEIGHT ZETA FUNCTION

8.1. Heights. Let X be a smooth projective algebraic variety over a
number field F. A smooth adelic metrization of a line bundle L on X
is a family of v-adic norms || - ||, on L ®p, F' for all v € Val(F) such
that

e for v € Sy, the norm || - ||, is C>;

e for v € Si, the norm of every local section of L is locally con-
stant in the v-adic topology;

e there exist a finite set S C Val(F'), a flat projective scheme (an
integral model) X over Spec(og) with generic fiber X together
with a line bundle £ on & such that for all v ¢ S the v-adic
metric is given by the integral model.
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If X carries an action of an integral model G of G over an open dense
subset of Spec(op) extending the action of G on X and the line bundle
L has a G-linearization extending the G-linearization of L then we call
the smooth adelic metrization equivariant.

Proposition 8.2. Let G be a unipotent algebraic group defined over a
number field F' and X a smooth projective bi-equivariant compactifica-
tion of G. Then there exist a compact open subgroup

K=]]K, C G(Ag)

and a height pairing
H= ][] H,:Pic(X)cxGA)—C
vEVal(F)

such that

e for all L € Pic(X) the restriction of H to L x G(F) is a height

corresponding to some smooth adelic metrization of L;
e the pairing is exponential in the Pic(X) component:
Hy(s+5'19) = Hy(s; 9)H,(s'; 9)

for all s,s" € Pic(X)c, all g € G(A) and all v € Val(F);
o for all v € Sgu, one has H,(s;kgk’) = H,(s;g) for all s €
Pic(S)c and k, k' € K,.

Proof. We follow closely the proof of Lemma 3.2 in [5]. First we observe
that in our situation (with an action of G x G)
Pic®*¢(X) = Pic(X).

Let £ = (L,| - |l,) be a very ampe line bundle equipped with a locally
constant v-adic norm (where v ¢ S..). The space of F-rational global
sections H°(X, L) contains a unique (upto multiplication by F*) G x G-
invariant section f. Consider the morphism of (left) multiplication

m:GxX—X
and the projection
pr: X — X.

The trivial line bundle m*(L£)®pr* (L) carries the tensor product metric.
Restricting to G(F,) x G(F,), we find that the norm of the canonical
section 1 is given by

(g.2) = 1f (gz) o]l £ (@)

It extends to a locally constant function on G(F,) x X (F,). Since it is
locally constant and equal to 1 on {1} x X(F,) there exists a compact
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open subgroup K, C G(o,) such that the above function equals 1 on
K, x X(F,). Moreover, for almost all v the stabilizer of (L, ] - ||,) is
equal to G(o,).

We can use the same section f for the right action of G. If £ is not
ample, we can represent it as £ = £; ® £, with very ample £, £,
and apply the same argument.

Now choose a basis for Pic(X) consisting of very ample line bundles,
fix smooth adelic bi-equivariant metrizations on these generators as
described above and extend these adelic metrizations to arbitrary L €
Pic(X) (by linearity). Then there exists a compact open subgroup

stabilizing all line bundles metrized in this way. O

8.3. Spectral analysis. In this section we begin to analyze the spec-
tral decomposition of the height zeta function

(8.1) Z(sig9) = Y H(sivg) ™"

YeG(F)

Proposition 8.4. There exists an N > 0 such that the series (8.1)
converges absolutely and uniformly to a holomorphic in s and contin-
uous in g function, for g and s contained in compacts in G(A) and,
respectively, in the domain in Pic(X)r defined by R(s,) > N, for all
a.

Proof. Analogous to the proof of Proposition 4.4 in [5] (follows from
the projectivity of X). O

Proposition 8.5. One has a formal identity
(8.2) Z(si9) = > Zulsig)

0€ER(K)
Here the sum s over all irreducible unitary representations occurring
L2(G(F)\G(A))K, see 5.6.
Proof. We use the right-K-invariance of the height function. 0
Notation 8.6. Denote by Sx the set of all places v ¢ S, such that
either:

residual characteristic of v is 2 or 3;

K, # G(0,);

vol(G(o,)) with respect to dg, is not equal to 1;

the coadjoint action of G on g* is not defined over o,;
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e over 0,, the union U, D, is not a union of smooth relative divi-
sors with strict normal crossings.

Remark 8.7. For all v ¢ (Sx U S) the height H, is invariant with
respect to the right and left G(o,)-action.

Notation 8.8. Denote by S, the set of all nonarchimedean places v such
that either

e v E Sy;
e |Pf(¢)|, # 1, (where ¢ is contained in the orbit corresponding

to );
e veE S,

By the results in Section 5.7, for all o € R(K) and all nonar-
chimedean v ¢ S, one has dim H,, = 1. For all other v ¢ S,
dim H,, < oo, controlled by Proposition 5.9.

Choose a norm 1 generator
Wo = Qug(8,us0)Wo
of the 1-dimensional space
B (sU00) Hy,'
and an orthonormal basis Bg, = {w,, v } for the finite dimensional space
®ves, Hy-

Fix an elliptic operator A acting on I'\G,, as in Section 10 (where G,
and I' are defined in Notation 5.3). Finally, choose an orthonormal
basis B, = {w,a} of

Rueso Ho, C LM\ Goo)
consisting of A-eigenfunctions.
Lemma 8.9. For all p € R(K), the set

By, =w, ® Bs, ® B,
is a complete orthonormal basis of H,.

From now on we fix a basis B, as in Lemma 8.9. Considerations in
Section 5.1, in particular, Proposition 5.14, imply:

Proposition 8.10. For every o € R(K) one has (formally)
Z,(s19) = 2°(s19) - Zs,(s:9) - Zo0(8:9),
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where
Z9(s;g) = H / (85 9090) ™' @0 (9,90)dg,,
¢(S,Uco)
Zs,(s:9) Z / Hyg, (8:95,95,) " @x(95,95,)dgs,
G(As,)
and

=D | Hoo(85 95 900) DA (0900 ) gL
A M Geo

The following sections justify this formal expansion, by

e analyzing the contributions from all places v ¢ (S, U 00),

e estimating contributions for places v € S,, and

e deriving upper bounds at places v € S, via integration by
parts for suitable differential operators.

9. ANALYTIC PROPERTIES OF THE HEIGHT ZETA FUNCTION

We have a general integrability result (see, e.g., Section 8 in [5]):

Lemma 9.1. For all places v, the integral
I,(s) = H,(s; g,) " dg,
G(F)

s absolutely convergent to a holomorphic function in s in the domain
R(sq) > ko — 1, for all a. For every € > 0 there exists a constant c,(¢)
such that

[1o(s)] < cule),

for all s with R(s) > ko — 1 + ¢, for all a.

We start by considering nonarchimedian places of good reduction
and the contribution of the trivial representation to the height zeta
function. We have a stratification of X by locally closed subvarieties

D?—l = DA \ UA’;ADA’
where
Dy = NaeaDqy

and A C A. In particular, Dy = G. A key result is the following
computation:
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Proposition 9.2. For allv ¢ Sx USy and all s with R(sa) > ko — 1,
for all o, one has

_ n Gy — 1
H(s:g,)"'dg, = ¢, (Z Die) I T_J

G(Fv) ACA acA

Proof. This is Theorem 7.1 in [5]. The proof proceeds as follows: for
v & Sx U Sy there is a good model X of X over o,: all boundary
components D, (and G) are defined over o, and form a strict normal
crossing divisor. We can consider the reduction map

red : X(F,) = X(0,) = X(k,) = Uaca D% (k).

The main observation is that in a neighborhood of the preimage in
X (F,) of the point z, C DY(k,) one can introduce local v-adic analytic
coordinates {4 }a=1, » such that

= H |Taly®
acA
Now it suffices to keep track of the change of the measure dg,:
= H dx,, - H |Zal, " dzy,
agA acA

where dx, are standard Haar measures on F,. The obtained integrals
over the maximal ideal m, C o, are elementary

red ™ () agA

a€A

(see Theorem 9.1 in [5]). Summing over all z, € X(k,) we obtain the
claim. ]

Corollary 9.3. Let
Zy(s,9) == H(s;g'g)"'dg
G(A)

be the contribution of the trivial representation to the spectral expansion
(1.3). Then

s+ Zo(s; )

is holomorphic for R(s,) > Ka, for all o, and continuous in g. Fur-
thermore, the function

s> [ [ (sa = Ka) - Z0(s:9)
acA
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is holomorphic for R(s,) > ko — 1/2 and continuous in g, with
lim H(sa — Ka) - 2o(s;e) =7(Kx) #0,
S—K
acA
where T(—Kx) is the Tamagawa number defined in [22].

Proof. Apply Corollary 7.6 in [5]. O

The next step is to analyze contributions from nontrivial represen-
tations. We start by considering automorphic characters of G, i.e.,
1-dimensional representations of G(A), trivial on G(F'). In the frame-
work of the orbit method, these correspond to linear forms ¢ € g*
which are trivial on [g, g]. The treatment of these is analogous to the
one presented in Section 10 of [5]. Let

H(s;r, g) = /G " H(s;g'g) " "¢y(d'9)dg

be the Fourier transform of the height function with respect to ;. By
Proposition 9.2 and Corollary 9.3, this integral converges to a holomor-
pic function for R(s,) > ke, for all a. Let

Zl S g ZH wﬁa
0£0
be the contribution of the set of all nontrivial automorphic characters
to the spectral expansion (1.3).

Proposition 9.4. The function
s Zi(s; g)

is holomorphic for R(sy) > Ka, for all a, and continuos in g. Further-
more, the function

S H )+ Z1(s;9)

acA
is holomorphic for R(sa) > ko — 1/2, with
lim H ). Z1(s;e) =0.
S—K aeA

Proof. The proof is identical to the proof of Theorem 6.3 in [5]. We
repeat the argument since it will be essential in the subsequent analysis
of infinite-dimensional representations ¢ € R(K).

The ¢ occurring in Z; are parametrized by a lattice 0, minus 0.
For each ¢ we have a finite set of nonarchimedean places Sy, of “bad”
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reduction, defined as in Notation 8.8. Put S := S, U S,. The main
steps of the proof are:

(1) In the domain R(s,) > k4 — 1/2, provide an upper bound of

the form
| TT Ho(sivbe, 9)] < 1O]|S

vES)
for some € > 0; here the norm ||Oy|, defined in Notation 4.9,
is equivalent to the euclidean norm of the linear form ¢ as the
element of the lattice 0.
(2) Establish meromorphic continuation of the Euler product

T/Je, H H w@:
vegS
of the form
¢€a H CF "ia+1> '¢(S;¢€)g>7
acA(L)

where A(¢) C A, and ¢ is a holomorphic function in the domain
R(sa) > ka — 1/2 4 ¢, for all o, satisfying a uniform bound
[6(s5 402, 9) < - (L+[IS(s) DY - Ol
for some constants €, ¢/, and N’.
(3) In the domain R(s,) > Kk, — 1/2, for all o, and for any N € N,
obtain upper bounds of the shape
[Hoo(s:00,9)] < - (L+ SN - (14 [0l0) ™,

for some constants ¢’ and N’, to insure convergence of the sum

S" 5 (si0, ) - He (3400, 9) - Hs. (s 00, 9)-
Y/

This is the content of Section 10 of [5]. We proceed to explain these
steps in more detail.

Let f be a polynomial function on g and let

div(f Z do(

Ao(f) = {a|da( ) =0}.
Every nontrivial linear form ¢ € g* defines a nontrivial rational function
f=fee F(X), by
x— (¢ log(x)).
We write d,, = d,(f) for the multiplicities of f along the corresponding
boundary strata D,.



36 JOSEPH SHALIKA AND YURI TSCHINKEL

For v € Sy, we replace ¢, by 1 and refer to Lemma 8.2 of [5] (see
also Lemma 4.1.1 in [6] for a general integrability result of this type).
This gives (1).

For v ¢ S, U S, we compute the integral defining ]:[v(s;w,g) on
residue classes, as in the proof of Proposition 9.2. Let 7 € X (k,) and
A ={a; z € D,}. There are three cases:

Case 1. A =1{). — Since 1, is trivial on G(o,), for v ¢ Sy U S,

Hv(s;gv)_laé(gv)dgv =1
G(oy)
Case 2. A = {a} and T ¢ E. — We introduce v-adic analytic
coordinates z,, and yg around Z such that locally
fo(x) = (€, 1og(z)) = ux, .
Then

/ @ / L@ T () daady
red~1(z my, Xmy

1
St [ pfueton ) du,
03

- n—1
q nag>1

where the last integral is elementary (see Lemma 10.3 of [5]).
Case 3. #A > 2 or #A =1 and ¥ € E. — Replacing ¢ by 1 we
find that, for real s, the contribution of these Z is bounded by

D5 (k, -1 D, N FE)(k, -1
Z #D5 (ko) H Q_ i Z #( ) (ko) Q_ .
qn ql—i-sa Ka — 1 qn q1+5a Ka — ]
#A>2 acA A={a}
Combining the calculations of the cases above, we obtain

) D° (K, 1
HU(S;’QW,Q) =1+ Z # an( ) 1+S(i*h‘/o¢ —1 +ET
acAo(f) 1 ¢

with “an error term” ET on the order of O(q=*9)), for some & = 4(e),
when R(s,) > ko — 1/2 + €, for all a. This implies (2).

For v € S, we use integration by parts with respect to suitable
vector fields following the proof of Proposition 8.4 of [5]; this proves

(3).

As in the proof of Proposition 10.2 of [5], we deduce from these esti-
mates that H(s; 1y, g) has a meromorphic continuation to the domain
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R(sa) > ko — 1/2, for all a:

(9.1) H(s; v, 9) = d(s;ve,9) [ Cr(l+ 50 — ko),

a€Ao(fr)

where ¢ is a holomorpic function in this domain and ( is the Dedekind
zeta function. Moreover, for any N > 0 there exist constants N’ > 0
and c(e, V) such that for any s € T_y/24., one has the estimate

[6(s5 e, 9)| < cle, N)(1+[[S(s)D™N (1 + [ O]) .
This, in turn, implies the claimed properties of Z(s, g). O

The proof of Proposition 9.4 (see Equation 9.1) and Corollary 9.3
imply:

Corollary 9.5. Let L = }  ,laDqs, lo > 0 for all a. Then the
function

s+ H(sL; 4y, g)

has the following properties:

e is holomorphic for R(s) > a(L),

e admits a meromorphic continuation to R(s) < a(L) — 6, for
some 6 > 0,

e is holomorphic in this domain, except possibly at s = a(L),
where it could have a pole of multiplicity at most b(L),

e the multiplicity of the pole is strictly smaller when ¢ # 0.

We generalize the argument above to the infinite-dimensional repre-
sentations occurring in the expansion (1.3) as follows:

Consider a stratification of the set of Ad*(G)-orbits in g* into finitely
many affine strata Z, C g* as in Sections 3.4 and 3.8; we may assume
that for each ¢ € ¥ we have a finite set of Ad*(G)-invariant poly-
nomials {P,;} € F[g*] separating the orbits (see Theorem 3.7 and
Proposition 3.10).

Passing to a finer stratification, if necessary, we may assume that for
each o, we have a finite collection of polynomial functions Q,; € F[g*]
defining the F-morphism

pol, : Z, — Gr(k,, g)
from Proposition 2.10, i.e., for each ¢ € Z, the image

my := pol, (¢) C Gr(k,, g)
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is a polarizing subalgebra for £. The corresponding family of subgroups
{My}ocz, defines an equidimensional family of equivariant compactifi-
cations

M, CY, CX,
with boundaries
D@ = ng \ Mg.
Considerations in Section 5.1 imply
R(K) = l—'aEE R<K)U
We restrict the height zeta function to a 1-parameter function
Z(s;9) = Z(=sKx;g)

and decompose

(9.2) Z(s;9) = Zo(s;9) + Z1(s:9) + > Zo(s39),

ocex’

where the sum is over packets of infinite-dimensional automorphic rep-
resentations. We will establish the meromorphic properties of each
term in this sum. The pole or highest order at s = 1 will be provided
only by the trivial representation, i.e., Zy(s;g).

For each stratum o € ¥/, fix integral models over og_, for some finite
set of nonarchimedean places S,, i.e., we assume that the polynomials
P, ; and Q),; have coefficients in 0g,. We may assume that S, contains
Sx. Then there is a sublattice 9, C g*(F) of og,-integral points in
g*(F) such that if o, € R(K), then ¢ € Z,(0,) = Z,(F)N0,. We can
refine the expansion (9.2):

(9.3) Z(si9) = Zo(s:9) + Zu(si9) + Y Y Zalsi9),
0¥ Le€Z5(0s)
with Z,, € Hy, as in Section 8.3.
By Proposition 8.10,
Z,(5:9) = 2%(8:9) - 25,,(819) - Zp,00(5: 9),
where, by Proposition 5.14

(94) ZQZ S g H /M KX; vgv) 1/}[( vgv>

v (SUoo) o(Fv)

and the other factors are contributions from places in S,, (defined in
Notation 8.8) and the places at infinity. The computation of the local
intergrals in (9.4) is analogous to the one explained in the proof of
Proposition 9.4, except that we cannot guarantee that Y,, the Zariski
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closure of My in X, is smooth, with normal crossing boundary. How-
ever, the height integral can be computed on a desingularization Y,
of Yy, constructed in Proposition 7.7. By Corollary 9.5, the analytic
properties of the function

S (.
5 de(s, 9)
are governed by the invariants
(a(—Kxly,), b(—Kxly,)),

computed on the resolution Y; as in Section 7.2. Proposition 7.5 insures
that

(9.5) Zo(s9) = # - 9u(s;9),

where ¢, is holomorphic for (s) > 1 — 4, for some 6 > 0, i.e., ZZ(S; 9)
admits a meromorphic continuation to this domainm, with a possible
pole at s = 1 of order strictly smaller than b = b(—Kx), the rank of
the Picard group of X.

Propositions 7.5 and 7.7 provide uniform control on the geometry of
the occurring desingularizations Y. In particular, only finitely many
pairs (a(—Kxly,), b(—Kxly,)) arise, and the number and degrees of the
corresponding boundary components are also uniformly bounded. The
set of places of bad reduction of integral models of Y, is controlled
by values of polynomials parametrizing orbits and defining the corre-
sponding polarizing subalgebras in the stratum o, i.e., by polynomial
expressions in P, ;(¢). As in the proof of Proposition 9.4, we obtain
the bound

(9.6) [be(s:9)] < - Is|V - Ol

for some constants ¢, N, e > 0, independent of £ and g € G(F)\G(AF).

By Proposition 5.9, the sets S, and the dimensions of Bg,, are con-
trolled in terms of an Ad*(G)-invariant polynomial Pf € og, [g*] (the
Pfaffian). For v € S,, we can use the trivial estimate, replacing wy by
1, and using the integrability of height functions as in Lemma 8.2 of
[5], to obtain:

Lemma 9.6. There exist §,e,c > 0 such that for all o, € R(K) the
function Zg, is holomorphic in the domain R(s) > 1 — 0 and satisfies

(9.7) 1 Z5,,(s:9)l < - (14 []Ol0)"-

We now address contributions from archimedean places.
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Lemma 9.7. Let X be an equivariant compactification of a unipotent
group G and g the Lie algebra of G. For all v € Sy, all € > 0, and
all 0, € g(F,) there exist constants ¢, = c,(€,0,) and N = N(9,) € N
such that

/ |avHv(S§gv)_1|vdgv <Gy ||S||N
G(Fy)

for all s with R(sa) > ko — 1 +¢€, for all a.

Proof. We use integration by parts with respect to 9, as in the proof
of Proposition 6.4 in [5]. Assume that F, = R. Let z € X(R) and
A C A be the set of all a such that z € D,(R). Let f, = 0 be a local
equation for D, in a neighborhood U of z. Then there exist functions
0o € C®(U) such that for all g € U N G(R) we have

H,(s;9)"" = [] exp(=saha(9))

acA

where

ha(g) = log | fa(9)| + ©a(g)-

Moreover, for any 0, € g(F,) the derivative 0,h,(g) extends to a C>-
function on the compactification X (R) (compare Proposition 2.2 in [5]).
In particular, it is bounded on G(R) C X (R) and the claim follows.
Complex places are treated in the same way. 0

Fix a stratum o and consider an ¢ € 0. By Proposition 6.4, differen-
tial operators corresponding to the Ad(G)*-invariant polynomials P, ;,
act in the representation space H, by multiplication by P, ;(2mif). We
apply Lemma 9.7:

Corollary 9.8. For all € > 0 and all n € N there exists a constant
c = c(e, N) such that for all s with R(sa) > ko — 1 + €, for all o, for
all o, € R(K), and all eigenfunctions w,, » as in Lemma 8.9 one has

. Hoo (83 goo) ™ Wpp(90)dgoc| < - I8 - A" O

Proof. Proceed by intergration by parts, using the Laplacian A = A,
as in Section 10. For any N € N and any A-eigenfunction wy, x € By,
with eigenvalue A we have

AN-/G Hoo (85 goo) ™' Dpr(goo)dGso :/G Hoo(; goo) ™ AN @g, A (g ) g

= / ANHOO<S;goo)il(zjgg,)\(goo)dgooa
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which is majorized by

ol - / AN H. (51 goo) " |dg.

The third property in 10.2 bounds the norm of w,, » and Lemma 9.7
the integral. Similarly, applying differential operators corresponding
to P,; which act by P, ;(2mif) on the eigenfunctions, and using the
definition of ||Oy|| we obtain the claim. O

To establish analytic properties of the height zeta function we return
to Equation 9.2 and consider

> Z,(s19).
oey’
We have, formally,
(9.8) Z,(s;9) = Z Z,,(5;9).
leo

By Proposition 8.10
Zo,(s79) = Z%(s5:9) - Z5,,(5:9) - Z4,,00(5; 9)-

We combine Equations (9.5), (9.6), (9.7) and Corollary 9.8 to derive
that there exists a 6 > 0 such that for all £ € o we have

Zo,(s19) = ﬁ - Dy(s9),

where @, is holomorphic in s, for ®(s) > 1 — § and continuous in g.
Moreover, for all n € N there exist constants ¢ = c(d, N) and N’ such
that

[Pe(s:g) < - [s|™ - |OI,

in this domain.
10. APPENDIX: ELLIPTIC OPERATORS
Let U C R™ be an open subset and
o\’
A = —i=—
mgmfj(m) ( Zax)

a partial differential operator (we use the standard multi-index nota-
tions J = (j1,...,7Jn) €etc). Assume that f; € C*(R") for all J. The
principal symbol P of A is defined as

Pa(z,6) = Y fla)¢’

[J|=m.
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(here & = (&1, ...,&,) € R™). The operator A is called elliptic in U if for
all z € U the equality Pa(z,£) = 0 implies £ = 0.

Let M be a C*-manifold equipped with a Riemannian metric and
T (M) the tangent bundle of M. Consider the maps
T(M) — Endc(C®(M))
0 — (f — Of)
C>®(M) — Endc(C>®(M))
g = ([r=g-))
The subalgebra D(M) of Endc(C*(M)) generated by the above endo-
morphisms is called the algebra of (finite order) differential operators

of M.
Lemma 10.1. Let A € D(M) be an operator of the form

A:Za;,
J

where 0; € C°(T(M)) (and j runs over a finite set).
The operator A is elliptic iff there exists a constant ¢ > 0 such that
for allz € M and all &, € TJ(M) one has

D 05(2), &) > c- [l&],
J
(where || - || is the Riemannian metric on M ).
A crucial ingredient in the proof of analytic properties of the height

zeta function is the following basic fact about elliptic operators on
compact manifolds.

Proposition 10.2. Let M be a compact manifold and A an elliptic
operator on C®(M). Then

o the set Spect(A) of eigenvalues of A is a discrete subset of Rsq;
e there exists a constant c; > 0 such that the spectral zeta function

>
A€ESpect(A)\0

converges absolutely and uniformly in compacts in the domain
R(s) > c1 (here ny is the dimension of the A-eigenspace);

e there exist constants ca,m > 0 such that for all A € Spect(A)
and all \-eigenvectors w one has the estimate

W]tz < c2(1 + ) ||w]lie(ar)-
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We are interested in the case when M = I'\ G, where G, is a C*-
Lie group and I' is a discrete cocompact subgroup. Denote by g., the
Lie algebra of G, and by

exp : Poo — Goo

the exponential map. Choose a basis 01, ..., 0, of goo. Each Ej can be
regarded as a left-invariant vector field on G.

Lemma 10.3. The operator

1s an elliptic operator on G.

Proof. We may assume that the metric on G, is left invariant under
the Goo-action. Thus it suffices to check the estimate from Lemma 10.1
at the identity e € G.. Choose a basis {5:} of g5 = T (Gw) dual to
{0;} and write

ge = Z 5]5:
=1

Then
D 05(e).6) =D& = &’
j=1 j=1
and we can take c = 1. O

Consider the map

g — T (M)
0 = 0=(fr L|=of(z-exp(td))).

Lemma 10.4. The operator

A = i 8?
j=1

1 an elliptic operator on M.

Proof. The manifold M = I'"\G, is locally isomorphic to Gu.. U
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