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1 Introduction

Following Bernstein-Zelevinsky [6], we define an £-space to be a topological space
which is Hausdorff, locally compact, totally disconnected and secondly countable. An
£-group is a topological group whose underlying topological space is an £-space. Let
G be an £-group acting continuously on an £-space X. We may ask a general question
about how to describe all semi-invariant distributions on X with respect to the action
of G, that is, to determine the space

D(X)* := Homg(S(X), x) ey

for a fixed character x : G — C* (all characters of £-groups are assumed to be locally
constant in this paper). Here S(X) denotes the space of Bruhat-Schwartz functions
on X, namely, the space of compactly supported, locally constant complex valued
functions on X . Here and as usual, when no confusion is possible, we do not distinguish
a representation with its underlying (complex) vector space. In particular, we do not
distinguish a character with the representation attached to it on the one-dimensional
vector space C. We call an element of (1) a y-invariant distribution on X. Many
problems on number theory and representation theory of p-adic groups end up to the
problems on semi-invariant distributions of this kind. There are quite a lot of techniques
on the vanishing of invariant distributions. It seems to us that the constructions of semi-
invariant distributions are still not fully developed.
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Generalized semi-invariant distributions on p-adic spaces 1729

We suggest in this paper that, to describe all semi-invariant distributions on the ¢-
spaces, it would be more achievable to first consider some more general distributions.
They are the generalized semi-invariant distributions as in the following definition.

Definition 1.1 Let V be a (non-necessary smooth) representation of G. A vector
v € V is called a generalized invariant vector if there is a k € N such that

(go— D1 —1...(k—1.v=0 forall go,gi, ....8 €G.

A generalized y-invariant distribution on X is defined to be a generalized invariant
vector in the representation Home (S(X), x) of G.

Here and as usual, the group G acts on Hom¢ (S(X), x) as in the Eq. (5) of Sect.
2.2. The set of non-negative integers is denoted by N.

When X is a G-homogeneous space (to be more precise, this means that the action
of G on X is transitive, and for every x € X, the orbitmap G — X, g — g.x isopen),
the space (1) is at most one-dimensional. We introduce the following definition.

Definition 1.2 When X is a homogeneous space of G, we say that X is x-admissible
if the space (1) is non-zero.

We are mainly concerned with £-spaces and £-groups of algebraic geometric origin.
Throughout the paper, we fix a non-archimedean local field F of characteristic zero.

Definition 1.3 Assume that G = G(F) for some linear algebraic group G defined
over F. Let X be an algebraic variety over F, with an algebraic action of G. We say
that a G-orbit O C X(F) is weakly x-admissible if the homogeneous space G/GS (F)
is x-admissible, where x € O, and G$ denotes the identity connected component of
the stabilizer G, of x in G.

The above definition is certainly independent of the choice of x € O. As usual, by
an algebraic variety over F, we mean a scheme over F which is separated, reduced,
and of finite type. A linear algebraic group over F is a group scheme over F which is
an affine variety as a scheme.

The first main result we obtain in this paper is the following automatic extension
theorem for semi-invariant distributions and generalized semi-invariant distributions.

Theorem 1.4 Let G be a linear algebraic group defined over F, acting algebraically
on an algebraic variety X over F. Let x be a character of G(F), and let U be a G-
stable open subvariety of X. Assume that every G(F)-orbit in (X\U)(F) is not weakly
x -admissible. Then every y-invariant distribution on U(F) uniquely extends to a -
invariant distribution on X(F), and every generalized x -invariant distribution on U(F)
uniquely extends to a generalized y -invariant distribution on X(F).

In Theorem 1.4, if we replace “weakly yx-admissible” by ““x-admissible”, then
the uniqueness assertion of the theorem remains true, by the localization principle of
Bernstein-Zelevinsky [6, Theorem 6.9]. In particular it implies that if every G(F)-orbit
in X(F) is not x-admissible, then there is no nonzero generalized yx-invariant distri-
bution on X(F). But the extendability may fail in general, as shown in the following
example. Let G = {£1} x F*, which acts on X := {(x, y) € F> | xy = 0} by

(1,a).(x,y) := (ax,a”'y) and (—=1,a).(x,y) := (@ 'y, ax),
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1730 J. Hong, B. Sun

foralla € F* and (x, y) € X. Let x be the non-trivial quadratic character of G which
is trivial of F*. Then the orbit {(0, 0)} is weakly x-admissible, but not x -admissible. It
is well known that a non-zero x -invariant distribution on X\ {(0, 0)} does not extends
to a y-invariant distribution on X.

The idea of generalized semi-invariant distributions can even be dated back to the
famous Tate’s thesis. It has rooted in the dimension one property of the space of
semi-invariant distributions on F with respect to the multiplicative action of F*. Let
x denote a character of F* for the moment. As a simple application of Theorem 1.4,
we know that

dim Homgx (S(F), x) = 1 2)

when y is non-trivial. However, Theorem 1.4 is no longer applicable when y is trivial.
Instead, when y is trivial, we consider the meromorphic continuation of the zeta
integral

/Fqb(x)lxlsdx, ¢ € S(F).

This zeta integral has simple pole at s = —1. Taking all coefficients of the Laurent
expansion of the zeta integral at s = —1, we actually get all generalized y-invariant
distributions on F. By considering the natural action of F* on this space of all gener-
alized x-invariant distributions, one concludes that (2) also holds when y is trivial.

A key observation of the above argument is that generalized invariant distributions
on F* extends to generalized invariant distributions on F. The second main result of
this paper is the following generalization of this observation.

Theorem 1.5 Let G be a linear algebraic group over F. Let X be an algebraic variety
over F so that G acts algebraically on it with an open orbit U C X. Assume that there
is a semi-invariant regular function f on X, with the following properties:

o f does not vanish on U, and X \U has codimension > 2 in Xy, where X ¢ denotes
the complement in X of the zero locus of f;
o the variety Xy has Gorenstein rational singularities.

Let x be a character of G(F) which is trivial on N(F), where N denotes the unipotent
radical of G. Then every generalized x-invariant distribution on U(F) extends to a

generalized y -invariant distribution on X(F).

Here a regular function f on X being semi-invariant means that, there exists an
algebraic character v of G over F such that

f(gx)=v(g)f(x), forall g€ G(F) and x € X(F), A3)
where F denotes an algebraic closure of F.
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Remark (a) Let G be a linear algebraic group over F, acting algebraically on an alge-
braic variety Y over F. We say that Y is G-homogeneous, or Y is a G-homogeneous
space, if the action of G(F) on Y (F) is transitive. In general, a subvariety Z of Y
is called a G-orbit if it is G-stable and G-homogeneous.

(b) We say that a subvariety Z of an algebraic variety Y has codimension > r (r € N)
if

r +dim,Z < dim, Y forall x € Z.

(c) The notion of Gorenstein rational singularity is reviewed in Sect. 6.7.

(d) A variant of Theorem 1.5 is stated in Theorem 6.34, where X 7 is only required to
have rational singularities, but we additionally assume that there exists a nonzero
semi-invariant algebraic volume form on U.

In order to prove Theorem 1.5, as in the case of Tate’s thesis we need to employ the
theory of zeta integrals. For each generalized x-invariant distribution p on U(F), it
turns out that y is a definable measure (Definition 5.9) and it is locally finite on X y (F)
(Theorem 6.31). We attach a zeta integral

Zyf(®,5) ;:/ @O f (I dp(x),
Xr(F)

7(

for every ¢ € S(X(F)). The meromorphic continuation of Z, ¢ is a consequence of
a general fact of Igusa zeta integrals on semi-algebraic spaces, which is proved in
Theorem 5.13.

The structure of the paper is as follows. In Sect. 2, we introduce the basics of
generalized homomorphisms and generalized extensions, and we prove a vanishing
theorem of generalized extensions (Theorem 2.12). In Sect. 3, we prove a localization
principle for extensions in the settings of equivariant £-sheaves (Theorem 3.2). Section
4 is devoted to a proof of our first main theorem. We first establish the generalized
version of Frobenius reciprocity and Shapiro Lemma. Then by results in Sects. 2 and
3, we prove a higher version of automatic extension theorem (Theorem 4.10), which
contains Theorem 1.4 as a special case.

In Sect. 5, we introduce p-adic semi-algebraic spaces and the measure theory on
them. We prove the meromorphic continuation of Igusa zeta integral on general semi-
algebraic spaces (Theorem 5.13) after the works of Denef, Cluckers et al. In Sect. 6,
we prove the second main theorem as follows. We first prove that any generalized
semi-invariant distribution on algebraic homogeneous spaces is a definable measure
(Theorem 6.16, Proposition 6.22), in the sense of Definition 5.9. Then we prove that it
is locally finite (Theorem 6.31) if the boundary has Gorenstein rational singularities.
In the end Theorem 1.5 follows from Theorem 5.13.

As an illustration, we determine all generalized semi-invariant distributions on
matrix spaces in Sect. 7. In this example we employ intensively the automatic extension
theorem and meromorphic continuations of distributions.
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1732 J. Hong, B. Sun

2 Generalized homomorphisms and generalized extensions
2.1 The space of generalized invariant vectors

Let G be an £-group as in the Introduction. By a representation of G, we mean a com-
plex vector space together with a linear action of G on it. A vector in a representation
of G is said to be smooth if it is fixed by an open subgroup of G. A representation of
G is said to be smooth if all its vectors are smooth.

Let V be a representations of G. Define a sequence

VGO0 cyGl cyG2c. ..
of subrepresentations of V by

VO = (v eV (-1 —1)- (g — 1).v=0for all g,
g, 8k € G). 4)

Put

VG,OO — U VG,k
keN

A vector of V¢ is called a generalized G-invariant vector in V.

Definition 2.1 A representation of G is said to be locally unipotent if it is smooth and
all its vectors are generalized G-invariant.

At least when V is a smooth representation, it is elementary to see that every
compact subgroup of G acts trivially on V%% Define G° to be the subgroup of G
generated by all compact subgroups of G, which is an open normal subgroup of G
(similar notation will be used without further explanation for other £-groups). Put

Ag = G/G".

Then when V is smooth, V¢ > descends to a locally unipotent representation of Ag.
Recall from the Introduction that F is a non-archimedean local field of characteristic
Zero.

Proposition 2.2 (see [3, Chapter II, Proposition 22]) Assume that G = G(F) for
some connected linear algebraic group G defined over F. Then A is a free abelian
group whose rank equals the dimensional of the maximal central split torus of a Levi
component of G.

2.2 Generalized homomorphisms

Let V1, V2 be two smooth representations of G. Then Hom¢(Vy, V3) is naturally a
representation of G:
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Generalized semi-invariant distributions on p-adic spaces 1733

g.0(v) = g.(d(g" " v), ¢ € Homg(Vy, Va), v e V. )
Foreachk =0, 1,2, ..., 00, put
Homg (V1, V2) := (Homg(Vy, V2)) k.

We call a vector in Homg, o0 (V1, V2) a generalized homomorphism from V; to V.

Lemma 2.3 For each open compact subgroup K of G, one has that
Homg o (Vi, V2) C Homg (Vi, V2).

In particular, every generalized homomorphism from Vy to V; is a smooth vector of
Homc (Vy, Va).

Proof Write
Vi= @ Vii
iel
as a direct sum of finite dimensional representations of K. Then one has that
Homg o (V1, V2)
C Homg oo (V1, V2)
c [ [Homg oo (V1. V2)

iel
= H Homg (V1 ;, V) (since Homg¢ (V7 ,;, V2) is a smooth representation of K)
iel

= Homg (V1, V2).
]

By Lemma 2.3, we know that Homg x (V7, V2) is a locally unipotent representation
of Ag (k=0,1,2,...,00). The following lemma is obvious.

Lemma 2.4 One has that
Homg oo (Vi, V2) =0 ifand only if Homg(Vy, V2) = 0.

The following lemma is routine to check. We omit the details.

Lemma 2.5 (a) Let Vi, V,, V3 be smooth representations of G. Let ki,ky €
{0,1,2,...,00}. Then

¢z 0 ¢1 € Homg 44, (V1, V3)

forall ¢ € HomG,kl V1, Vo) and ¢, € HOInG,kZ(Vz, V3).
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1734 J. Hong, B. Sun

(b) Let Vi, Va, V|, Vj be smooth representations of G. Let ki, ky € {0, 1,2, ..., 00}.
Then

$1 ® ¢2 € Homg i, 11, (VI @ V2, V| @ V)

for all ¢ € Homg i, (Vi, V{) and ¢ € Homg i, (V2, V).

2.3 Generalized homomorphisms and homomorphisms

Denote by C[A¢] the group algebra of Ag. Denote by I the augmentation ideal of
C[A ], namely,

Ig:=1 > a;geClAgl| > ag=0
gelAg gelAg
For each k € N, put
ok = Cl[Agl/Ug) .

We view it as a locally unipotent representation of G through left translations. The
following lemma is routine to check.

Lemma 2.6 Let k € N. For each smooth representation V of G, the map
Homg UGk V) = VOE ¢ = ¢(1)

is a well-defined isomorphism of locally unipotent representations of G. Here
Homg (Jg k. V) is viewed as a smooth representation of G by

(89 x) :=d(xg), g¢€GCG, ¢ecHomglgr V), x €l

where g denotes the image of g under the natural map G — Jg k.
More generally, we have the following lemma.
Lemma 2.7 Let k € N. For all smooth representations V| and Va of G, the map
Homg gk ® Vi, V2) = Homg k(V1, V2), ¢ = dly,
is a well-defined isomorphism of locally unipotent representations of G. Here V| is
identified with the subspace 1 ® Vi of Jg x ® V1, and Homg (Jg « @ Vi, V2) is viewed
as a smooth representation of G by

P xQv) =¢p(xgQ®v), g€G, ¢ €cHomgUgx, V), x€lgk, veW,

where g denotes the image of g under the natural map G — Jg k.

@ Springer



Generalized semi-invariant distributions on p-adic spaces 1735

Proof We have the G-equivariant identifications

Homg «(V1, V2) = Homg(Vy, V2)@F
= Homg(Jg x, Homc(V1, V2))
= Homg (g x ® Vi, V2).

Therefore the lemma follows. |

Lemma 2.6 implies that

G,00 __1:
Ve =limHomg o, V),

for all smooth representations V of G. Likewise, Lemma 2.7 implies that

Homg o0 (V1, V2) = limHomg Jg x ® V1, V2),
k

for all smooth representations V| and V; of G.

2.4 Schwartz inductions

We briefly recall the Schwartz inductions in this subsection. Let H be a closed subgroup
of G. Let Vj be a smooth representation of H. Define the un-normalized Schwartz
induction indg Vo to be the space of all Vp-valued locally constant functions ¢ on G
such that

e ¢(hg) =h.¢(g),forallh € H, g € G; and
e ¢ has compact support modulo (the left translations of) H.

It is a smooth representation of G under right translations. The following lemma is
well known and easy to check.

Lemma 2.8 Let V be a smooth representation of G. Then the linear map

V ®ind% vy — indG (Vig ® Vo),

V@ > (8> 8.0 ® G(g)) ©

is a well defined isomorphism of smooth representations of G.

2.5 Generalized extensions

Denote by M (G) the category of smooth representations of G (the morphisms of this
category are G-intertwining linear maps). By a projective smooth representation of
G, we mean a projective object of the category M(G).

Lemma 2.9 Let Vi, V be two smooth representations of G. If Vi or Vs is projective,
then Vi @ V; is projective.
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1736 J. Hong, B. Sun

Proof Thisis well known. We sketch a proof for the convenience of the reader. Without
loss of generality, assume that V> is projective. Note that V; is isomorphic to a quotient
of indci V5. Since it is projective, it is isomorphic to a direct summand of ind{Gl}Vz.
Therefore V| ® V; is isomorphic to a direct summand of

Vi ® (indﬁ}vz) = ind$, (Vi ® V2)  (by Lemma 2.7),
By [7, Theorem A 4], indﬁ} (V1®V,) is projective. Therefore Vi ® V5 is also projective.
O

Lemma 2.10 Let V| and V, be two smooth representations of G. Let Py — V| be a
projective resolution of V1, and let Vo — 1°® be an injective resolution of V. Then
for each i € Z, the i-th cohomology of the complex Homg i (P,, V2) and the i-th
cohomology of the complex Homg i (V1, I°) are both canonically isomorphic to

Ext(Jox ® Vi, V2), fork € N;
li_I)anthg(JG,r Q@ Vi, Vo), fork = oo.

Proof First we assume that k € N. Then
Homg (P, V2) = Homg (UG .k ® Pe, V2), (by Lemma 2.6). (7)

ByLemma2.9,JG k®Pe — JG x® V1 is aprojective resolution of J x ® V1. Therefore
the i-th cohomology of the complex (7) is canonically isomorphic to Exty;(Jg x ®
V1, V2). On the other hand, it is obvious that the i-th cohomology of the complex

Homg 1 (V1, I*) = Homg r(Jg .« ® V1, 1°) (8)

is canonically isomorphic to Ext"G Uk ® Vi, Vo).
The Lemma for k = oo then follows since taking cohomology commutes with
taking direct limits. O

Denote by M, (Ag) the category of all locally unipotent representations of Ag.
Foreachk =0,1,2,..., 00, we have a bi-functor

Homg (-, -) : M(G)®® x M(G) = My(Ag).
In view of Lemma 2.10, write
Extg 1 (-, ) : M(G)® x M(G) - My(Ag)
for its i-th left derived bi-functor (i € Z).
Let I be a directed set, i.e. I' is a partially ordered set with a partial order <
and for any y, y’ € T, there exists y” € T, such that y < y” and ¥y’ < y”. We

can view I as a category where morphisms come from the partial order. Let I'° be
the opposite category of I'. Let C be an abelian category. A directed (resp. directed
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inverse) system of objects in C is a functor from I" (resp. I'°) to C. We can write such a
system as {Vy, }, er, where V), € C and for any y <y’ in I' we associate a morphism
Oy 2 Vy — Vi (resp. ¢, 2 V) — V). We call a directed (directed inverse)
system {V,, }, er injective (resp. surjective ) if for any y < y’ the morphism ¢, is
injective (resp. surjective).

Lemma 2.11 Let V be a smooth representation of G, and let {V, }, cr be an injective
directed system of smooth representations of G where I is a countable directed set. Let
keN. Ifforalli € Zandy €T, Ext’G’k(Vy, V) =0, then Ext’Gyk(li_r)ny V,,V)=0
foralli € Z.

Proof In view of Lemma 2.10, Ext"G (im_ V), V) can be computed as i-th coho-
KNy

mology ofHomG,k(l'i)ny Vy,1°%), where I®* = {--- - 0 — 1> 1" > ...}isan

injective resolution of V. We have the following isomorphisms,

Homg x(lim V. I*) ~ Homg (g x ® (tim V), 1°)

Y Y
=~ limHomg UGk ® Vy, I%)
14
~ lim Homg « (Vy, I*),
14

where the first and the third isomorphisms follow from Lemma 2.7, and the second
isomorphism is a general property of Hom functor. Therefore it suffices to show that
the inverse limit of the system of complexes {Homg x(V,,, I®)}, cr is acyclic.

Let X3 = {+ - 0 — Xg - X;l, — ...} be the cochain complex
Homg (V) I®). We get a directed inverse system of cochain complexes {X ;}yEF-
The directed inverse system {X f,}yer is surjective for each i since I’ is an injective
module and ¢,/ : V), — V,,/ is an injective morphism. By assumption on the vanish-
ing of Ext"G’ «(Vy, V) forany i and y, we get an acyclic complex of surjective directed
inverse systems,

0 . {dy}
= 0= X yer — (X lyer — -

Let Kerg, be the kernel of d)’; and let Img/ be the image of d}",. For every i, we have
Ker!, = Im/~!. Note that Ker), = X9 and we have short exact sequences

0— Kerg/ — X;/ — Ker’;rl — 0.

By induction it is easy to see that for all i the directed inverse system {Ker;'/}yer
is surjective. Hence for all i we have the following short exact sequences (see [12,
Lemma 10.85.4])

i+1
Y

0 — limKer!, — lim X!, — lim Ker — 0.
< 14 <~V <

14 14 14
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1738 J. Hong, B. Sun

Combining all these short exact sequences, we conclude that the complex l(ir_ny X3 is
acyclic. O

2.6 A vanishing theorem of generalized extensions

The main result of this subsection is the following theorem.

Theorem 2.12 Assume that G = G(F) for some connected linear algebraic group G
defined over F. Let V| and V3 be two smooth representations of G. Assume that there
are two distinct characters x1 and x2 of G such that both V1 @ x| Vand v, @ X2 !
are locally unipotent as representations of G, then

Extg (Vi,V2) =0, i€Z k=0,12,...,00.
We remark that Theorem 2.12 fails without the connectedness assumption on G.

Instead, we will use the following corollary in the disconnected case.

Corollary 2.13 Let G be an £-group which contains G(F) as an open normal subgroup
of finite index, where G is a connected linear algebraic group defined overF. Let V| and
Vi be two smooth representations of G. Assume that there are two distinct characters
x1 and x2 of G(F) such that both (V1)|gF) ® Xfl and (V2)|lar) ® X{] are locally
unipotent as representations of G(F), then

Extg, (Vi,V2) =0, i€Z k=0,12,...,00.

Proof Note that the tensor product of two locally unipotent representations is also a
locally unipotent representation. By Lemma 2.10, it suffices to prove the corollary for
k = 0.Let P, be a projective resolution of V1. Then (P,)|GF) is a projective resolution
of (V1)lg)- By Theorem 2.12, the complex Homg ) (P, V>) is acyclic. Therefore
the complex Homg (P,, V2), which equals the complex (Homgg) (Ps, V2))?/G® of
the G/G(F)-invariant vectors, is also acyclic. This proves the corollary. O

The rest of this subsection is devoted to a proof of Theorem 2.12.

Lemma 2.14 Let V| and V; be two smooth representations of an £-group G. Then for
each character x of G, there is an isomorphism

Exty  (Vi, V2) ZExty (Vi @ x, Va® x), i €Z, k=0,1,2,...,00

of locally unipotent representations of Ag.

Proof Take an injective resolution
0— V2—>I()—>11—>12—>-~-
of V5. Then

0>V x—>0hRx—>hIh®x >Lb®) —>---
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is an injective resolution of V, ® x. Therefore the lemma follows. O
The following Lemma is well known and is an easy consequence of Lemma 2.9.
Lemma 2.15 Let Vi, V5 be two smooth representations of an £-group G. Then for all
i€’
Extl (V1, Vy') £ Hi (G, V) ® Va)*.
In particular,

H; (G, V)* = Ext,(V, C),

for all smooth representation V of G.

Here and henceforth, a superscript “V” indicates the smooth contragredient of a

smooth representation, a superscript “*” indicates the space of all linear functionals,
and “H;” indicates the i-th homology group.

Lemma 2.16 Let U be a unipotent linear algebraic group overF, and put U := U(F).
Let x be a character of U. Then for eachi € Z,

H; (U, x) =0 if i # 0or xisnon-trivial.
Proof By [3, Proposition 10, Section 3.3], the coinvariant functor V + Vy from the
category M(U) to the category of complex vector spaces is exact. This implies the

lemma. O

Similar to Lemma 2.16, we have the following lemma for semisimple groups.

Lemma 2.17 Let S be a connected semisimple linear algebraic group over F, and
put S := S(F). Let x be a character of S. Then for eachi € Z,

H; (S, x) =0 if i # Oor xisnon-trivial.

Proof In view of Lemma 2.15, this is implied by [7, Theorem A.13]. O

The following lemma is a variant of Hoschild-Serre spectral sequence, see [7,
Proposition A.9].

Lemma 2.18 Ler H be a closed normal subgroup of an £-group G. Let V and W be
smooth representations of G, with H acting trivially on W. Then there is a spectral
sequence

ED" = Extf),, (Hy(H, V), W) = Ext§"(V, W).

Generalizing Lemma 2.17, we have the following lemma for reductive groups.
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1740 J. Hong, B. Sun

Lemma 2.19 Let L be a connected reductive linear algebraic group over F, and put
L := L(F). Let x be a character of L°. Then for eachi € Z,

H;(L°, x) =0 if i # Oor xisnon-trivial.

Proof Write S for the derived subgroup of L, and put S := S(F). Lemma 2.15 and
Lemma 2.18 imply that

H; (L°, x)* = Ext]. s(Ho(S, x), C). 9)

If i # 0, then the right hand side of (9) vanishes since L°/S is compact. The lemma
is obvious for i = 0. O

Lemma 2.20 Let (X, Ox) be a ringed space. Let F| and F> be two Ox-modules. If
the supports of F1 and F, are disjoint, then

Exty, (Fi,F2) =0, i€

Proof By the construction of injective resolutions as in [15, Chapter III, Proposition
2.2], we know that there is an injective resolution /> — Z, such that the support of
Z; is contained in that of 7, (i € Z). Therefore the lemma follows. O

Lemma 2.21 Let A be a finitely generated free abelian group. Let V| and V; be two
representations of A. Assume that there are two distinct characters x1 and x» of A
such that both Vi ® x, Vand v, ® Xy Vare locally unipotent as representations of A,
then

Extl, (V1,V2) =0, i€Z.

Proof Write C[A] for the complex group algebra attached to A. Then both V; and V,
are C[A]-modules, and we have that

Ext) (Vi, V2) = Ext{C[A](vl, Vo), i€

Denote by (C[A] the structure sheaf of the scheme Spec(C[A]), and denote by V] and

V2 the quasi-coherent (C[A] modules attached to V; and V;, respectively. Note that
there exists a filtration 0 = V1 C V1 C V2 - -+ of the representation V; of A such

that Ukzl Vlk = Vi and Vlk/Vlkfl is a direct sum of copies of x; for every k > 1.
Using Lemma 2.11, we are reduced to show that for all £
Exty (Vf, Vo) =0, i€Z

For any vector space W, we always have

Exty (W ® x1, V2) = W* ® Ext, (x1, V2)
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Generalized semi-invariant distributions on p-adic spaces 1741

for every i, where W* is the dual vector space of W. By induction on k, we assume
without loss of generality that V| = x;. Then we have that (see [15, Chapter III,
exercise 6.7])

i bl (T Ty
EXt(C[A](Vl, Vh) = EXt((/:_[\IG(Vl’ Va), i €.

Since x1 # x2, the supports of V) and V, are disjoint. Therefore the lemma follows
by Lemma 2.20. o

Lemma 2.22 Let L be a connected reductive linear algebraic group over F, and put
L := L(F). Let x be a non-trivial character of L, and let V be a locally unipotent
representation of L. Then

Ext; (x, V) =0, forall i€ Z.
Proof Note that L° acts trivially on V. Lemmas 2.18 and 2.19 imply that
Ext} (x, V) Z Bxty,;.(Ho(L®, x), V), forall i€ Z.

If x|re is non-trivial, then the above space vanishes. Now assume that y |0 is trivial.
Then Hy(L°, x) is a non-trivial one-dimensional representation of L/L°. The lemma
then follows by Lemma 2.21. O

Now we come to the proof of Theorem 2.12. Using Lemma 2.14, we assume without
loss of generality that x; is trivial. Then y; is non-trivial. As in the proof of Corollary
2.13, it suffices to prove Theorem 2.12 for k = 0. As in the proof of Lemma 2.21, we
may use Lemma 2.11 to further assume that V| = y;. Then what we need to prove is
that

Ext(x1, V2) =0, i€Z (10)

for all non-trivial character x; of G, and all locally unipotent representation V> of G.

Denote by N the unipotent radical of G, and put N := N(F). Note that N acts

trivially on V5 since N C G°. If x; is non-trivial on N, then Lemma 2.18 and Lemma

2.16 imply that (10) holds. Now assume that y is trivial on N. Then Lemma 2.18 and
Lemma 2.16 imply that

which vanishes by Lemma 2.22. This finishes the proof of Theorem 2.12.

3 A localization principle for extensions
3.1 Equivariant £-sheaves and the localization principle

Let X be an ¢-space. We define an £-sheaf on X to be a sheaf of complex vector spaces
on X. For any £-sheaf F on X, let I'.(F) denote the space of all global sections of
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1742 J. Hong, B. Sun

JF with compact support. In particular, S(X) = I'.(Cx), where Cx denotes the sheaf
of locally constant C-valued functions on X. For each x € X, denote by F, the stalk
of F at x; and for each s € I'.(F), denote by s, € F, the germ of s at x. The set
[l cx Fx carries a unique topology such that for all s € I'..(F), the map

X — I_l]-'x, X > Sy

xeX

is an open embedding. Then I'.(F) is naturally identified with the space of all com-
pactly supported continuous sections of the map | |, .y Fx — X.
Let G be an £-group which acts continuously on an £-space X.

Definition 3.1 (cf. [6, Section 1.17]) A G-equivariant £-sheaf on X is an ¢-sheaf F
on X, together with a continuous group action

le_lfx—> |_|.7-"x

xeX xeX

such that for all x € X, the action of each g € G restricts to a linear map Fy — Fg .

Given a G-equivariant £-sheaf F on X, the space I'.(F) is a smooth representation
of G so that

(g.5)gx =g forall geG, xeX, sel(F).
For each G-stable locally closed subset Z of X, the restriction F|z is clearly a G-
equivariant ¢-sheaf on Z.

The main purpose of this section is to prove the following localization principle for
extensions.

Theorem 3.2 Let F be a G-equivariant {-sheaf on X. Let Y be an {-space with a
continuous map w : X — Y sothat w(g.x) = nw(x), forallx € X and g € G. Let V1,
Vi be two smooth representations of G, and let i € 7. Assume that

Extg (Te(Flx,) ® Vi, Vy') =0 forall yeY,
where X, := n_l(y). Then
Ext; (T(F) ® Vi, Vy') = 0.

By Lemma 2.10, Theorem 3.2 has the following obvious consequence.

Corollary 3.3 Let F and w : X — Y be as in Theorem 3.2. Let x be a character of
G. Letk € N, and let i € 7. Assume that

Extg (Ce(Flx,). x) =0 forall yeY,
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Generalized semi-invariant distributions on p-adic spaces 1743

where Xy := n_l(y). Then

Exty o (Te(F), x) = 0.

3.2 A projective generator

Write H(G) for the Hecke algebra of G, namely H(G) := S(G) dg, for a left invariant
Haar measure dg on G. Denote by Cg_x the sheaf of H(G)-valued locally constant
functions on X. It is a G-equivariant £-sheave under the diagonal action of G on
H(G) x X. Here G acts on H(G) by the left translations, and the obvious identification

| |Cox)e =HG) x X

xeX

is used.

Denote by Sk (X) the abelian category of G-equivariant £-sheaves on X (a mor-
phism in this category is a sheaf homomorphism F — F’ so that the induced map
Lliex Fx = Lliex Fs is G-equivariant). Denote by Mx (G) the category of all
smooth representations V of G equipped with a non-degenerate S(X)-module struc-
ture on it such that

g.(pv) = (g.¢)(g.v), forall ge G, ¢peSX), veV.
Here the S(X)-module structure is non-degenerate means that
SX)-v=V.

By [6, Proposition 1.14], ', establishes an equivalence between the category of £-
sheaves on X and the category of non-degenerate S(X)-modules. This implies the
following equivariant version of the localization theorem.

Proposition 3.1 The functor
Ie:Shg(X) > Mx(G) an

is an equivalence of categories.

Lemma 3.4 For each €-space X, the sheaf Cyx is a projective object in the category
of L-sheaves on X.

Proof By the equivalence of categories, we only need to show that S(X) is a projective
object in the category of non-degenerate S(X)-modules. It is elementary and well
known that X is a countable disjoint union of open compact subsets:

X=|_|Xl-.

iel

Then S(X) = @;.; S(X;) and the lemma easily follows. O
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When X has only one element, the following proposition is proved by Blanc [5].
See also [7, Theorem A.4].

Proposition 3.5 The G-equivariant £-sheaf Cg x is a projective generator in
Shg(X), that is, it is a projective object of Shg(X), and for each G-equivariant
L-sheaf F on X, there exist an epimorphism @,_; Cg.x — F in Shg(X) for some
index set I.

iel

Proof By Proposition 3.1, we only need to show that S(X) ® H(G) is a projective
generator in My (G). Here G acts on S(X) ® H(G) diagonally, and S(X) acts on
S(X) ® H(G) through the multiplication on S(X).

For every V € Mx(G), the linear map

SX)QHG)®V -V, ¢®@nQuvi>¢-(n.v),
is an epimorphism in M (G), where G and S(X) act on S(X) ® H(G) ® V through

their action on S(X) ® H(G). This proves the second assertion of the proposition.
Now we show that S(X) ® H(G) is projective. Fix an element 9 € S(G) so that

/ no(g)drg =1,
G

where d, g denotes a fixed right invariant Haar measure G.
Let

S(X) ® H(G)

|r

U Vv 0

be a diagram in M x (G) so that the map P is surjective. Lemma 3.4 implies that there
exists a S(X)-module homomorphism F’ : S(X) ® H(G) — U which is a lifting of
F,thatis, P o F' = F. Define a linear map

F”":8(X)  H(G) — U, ¢>®wr—>/Gg*]-F/(g-¢®(no~(g.w)))drg

Then it is routine to check that F” is a well-define morphism in My (G) which lifts
F. This finishes the proof. O

Corollary 3.6 The functor Ty : Shg(X) — M(G) is exact and maps projective
objects to projective objects.

Proof The functor is exact since (11) is an equivalence of categories. Proposition 3.5
implies that every projective object in Sk (X) is isomorphic to a direct summand of
@ie ; Cg,x for some index set /. Lemma 2.8 implies that as representations of G,
I'e(Cg,x) = S(X) ® H(G) is isomorphic to a direct sum of copies of H(G). As a
special case of Proposition 3.5, we know that H(G) is a projective object in M(G).
This proves that the functor I, maps projective objects to projective objects. O
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Corollary 3.7 Let Z C X be a G-stable locally closed subset of X. Then the functor
Shg(X) — Shg(Z2), Fw Flz

is exact and maps projective objects to projective objects.

Proof Since Cg x|z = Cg,z, the corollary follows by the argument as in the proof
of Corollary 3.6. O

3.3 The proof of Theorem 3.2

Let F be a G-equivariant £-sheaf on X as in Theorem 3.2. For each smooth represen-
tation V of G, F ® V is clearly a G-equivariant £-sheaf on X. Moreover, we have
that

F(FRV)=T(FHHQV 12)

as a smooth representation of G.

LetY and 7 : X — Y be as in Theorem 3.2. Note that I'.(F) is a C*°(X)-module,
where C*°(X) denotes the algebra of all C-valued locally constant functions on X. The
pull-back through 7 yields an algebra homomorphism S(Y) — C*°(X). Using this
homomorphism, we view I'.(F) as a non-degenerate S(Y)-module. For each smooth
representation V of G, recall that its co-invariant space is defined to be

1%

Vg := .
span{g.v —v | g€ G, v eV}

For each non-degenerate S(Y)-module M and each y € Y, denote by M, the stalk at
y of the £-sheaf M on Y associated to M. To be explicit,

My = M ®s(y) (Cy,

where C,, denotes the ring C with the evaluation map S(Y) — Cat y.
The following proposition is proved in [6, Proposition 2.36].

Proposition 3.8 The coinvariant space (U'.(F))¢g is a non-degenerate S(Y)-module.
Moreover, for each y € Y, one has a natural vector space isomorphism

(Ce(FN6)y = Ce(Flx e Xy =77 ().

Now we come to the proof of Theorem 3.2. In view of Lemma 2.15 and the equality
(12), replacing F by 7 ® V| ® V2, we only need to show that

Hi(G,Te(F)) =0, 13)
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under the assumption that
Hi(G,Tc(Flx,)) =0 forall yeY. (14)

Take a projective resolution P, — F of F in the category Shg(X). By Corol-
larys 3.6 and 3.7, for all y € Y, I'c(P.|x,) — T'c(Flx,) is a projective resolution
of T'.(F| xy) in the category M(G). Buy the assumpﬁon of (14), the complex
(Fe(Pelx,)) G is exact at degree i. Applying Proposition 3.8, we know that the com-
plex ((I'¢(Ps))G)y is exact at degree i. Therefore (I'c(P.)) is exact at degree i as a
complex of non-degenerate S(Y)-modules. (Recall that the category of £-sheaves on
Y is equivalent to the category of non-degenerate S(Y)-modules.) This proves (13)
since by Corollary 3.6, I'.(P,) — I'c(F) is a projective resolution of I'.(F) in the
category M(G).

4 A theorem of automatic extensions
4.1 Frobenius reciprocity and Shapiro’s lemma

Let H be a closed subgroup of an £-group G. Then there is a unique character y\g
of H such that

Homg (indg(s;,{G, (C) £0. (15)

Here indg indicate the un-normalized Schwartz induction as in Sect. 2.4. The space
(15) is then one-dimensional.

Let V be a smooth representation of G and let Vj be a smooth representation of H.
Recall the following well-known Frobenius reciprocity.

Lemma 4.1 Fix a generator of the space (15). Then there is a canonical linear iso-
morphism

Homg (indg Vo, VV) = Hompy (816 ® Vo, (VIm)Y).

Combining Lemmas 2.7, 2.8 and 4.1, we get the following proposition.
Proposition 4.2 Fix a generator of the space (15). Then there is a canonical linear
isomorphism

Homg (indgvo, VV) = Homy (8m\6 ® I ® Vo, (VIm)Y) .

It is well known that Schwartz inductions preserve projectiveness, as in the follow-

ing lemma.

Lemma 4.3 If Vy is projective as a smooth representations of H, then the smooth
representation indg Vo of G is also projective.
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Proof Asinthe proof of Lemma 2.9, V) is isomorphic to a direct summand of indﬁ ,Vo.

Therefore indg Vo is isomorphic to a direct summand of
ind§ (ind{{} vo) = ind$, Vo.

By [7, Theorem A.4], ind{Gl} Wo is projective. Therefore indg Vo is also projective. O
We have the following Shapiro’s lemma for generalized extensions.

Proposition 4.4 Fix a generator of the space (15). Then there is a canonical linear
isomorphism

Extg (indgvo, vv) = Extly (8mc ®Jox ® Vo, VIn)”), keN,ieZ.
Proof Take a projective resolution P, — Vj of V. Since “ind” is an exact func-

tor, by Lemma 4.3, indg Py — indg Vo is also a projective resolution. Then
Ext"G’ k(indg Vo, V) equals the i-th cohomology of the complex

Homg (indf, P.. VV) .
The later is isomorphic to the complex

Hompy (8\6 ®J6.k ® P, Vi)

by Proposition 4.2. By Lemma 2.9, g\ ® JG.k @ Pe — du\¢ ® Jo.x ® Vo is also a
projective resolution in the category M (H). Therefore the proposition follows. O

4.2 The case of homogeneous spaces

Let x be a character of G. Note that there exists a natural isomorphism S(G/H) ~
indg(C as representations of G via the following map

¢ {g— 06},

forany ¢ € S(G/H).Hence as a special case of Proposition 4.4, we have the following
proposition.

Proposition 4.5 There is a linear isomorphism
Extx (S(G/H), ) = Exty (e ®Joi 1), kel il

Recall from the induction that G/ H is said to be x -admissible if Homg (S(G/H), x)
# 0. Proposition 4.5 implies that

G/H is x-admissible <= x|y = du\G- (16)
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Theorem 4.6 Assume that H contains H(F) as an open normal subgroup of finite
index, where H is a connected linear algebraic group defined over F. If G /H(F) is not
X -admissible, then

Extg , (S(G/H), x) =0, k=0,1,2,...,00 i €Z.

Proof When k is finite, this is a direct consequence of Proposition 4.5 and Corollary
2.13. Then for k = oo, the theorem follows by Lemma 2.10. O

4.3 The automatic extension theorem

Let G be a linear algebraic group over F, acting algebraically on an algebraic variety Z
over F. We say that Z is homogeneous if the action of G(F) on Z(F) is transitive, where
F denotes an algebraic closure of F. The following result on homogeneous spaces over
p-adic fields is well known.

Lemma 4.7 [21, Section 6.4, Corollary 2 and Section 3.1, Corollary 2] If Z is homo-
geneous, then Z(F) has only finitely many G(F)-orbits, and every G(F)-orbit is open
in Z(F).

In general, recall the following result which is due to Rosenlicht [23]. See also [22,
Theorem 4.4, p. 187].

Proposition 4.8 There exists a G-stable open dense subvariety U of Z, a variety V
over F, and a G-invariant morphism f : U — V of algebraic varieties over F such
that for all F-rational point y € V, the subvariety f~'(y) of U is homogeneous (under
the action of G).

Let x be a character of G(F) as in Theorem 1.4. Recall the notion of weakly
x -admissible from Definition 1.3.

Theorem 4.9 Assume that every G(F)-orbitin Z(F) is not weakly y -admissible. Then
Extg(F))k(S(Z(F)), x)=0, forall k=0,1,2,...,00; i€Z.
Proof Using Lemma?2.10, we assume that k is finite. Using Proposition 4.8 inductively,
and using the long exact sequences for extensions, we assume without loss of generality
that Z equals the variety U of Proposition 4.8. Then the morphism f of Proposition
4.8 yields a G(F)-invariant continuous map
fo : U(F) - V(F).
By Corollary 3.3, we only need to show that
Ext 1 (S(fo ' (), x) =0.

for all y € V(F). This is obviously implied by Lemma 4.7 and Theorem 4.6. O
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We remark that Theorem 4.9 fails if the condition “not weakly x-admissible” is
replaced by the weaker condition “not x-admissible”, even when G is connected and
reductive, and Z is G-homogeneous.

AsinTheorem 1.4, let X be an algebraic variety over F on which G acts algebraically,
and let U be a G-stable open subvariety of X. Using the long exact sequence for
generalized extensions, Theorem 4.9 clearly implies the following automatic extension
theorem, which contains Theorem 1.4 as a special case.

Theorem 4.10 Assume that every G(F)-orbitin (X\U)(F) is not weakly x -admissible.
Then for everyk =0, 1,2, ...,00 and every i € Z, the restriction map

Extg gy (SX(F)), x) = Extg g ((SUF)), x)

is a linear isomorphism.

5 Semialgebraic spaces and meromorphic continuations

For the proof of Theorem 1.5, we describe a general form of the rationality of Igusa’s
zeta integral, in the setting of semialgebraic geometry over p-adic fields. For the
basics of p-adic semialgebraic geometry, we refer the readers to the following papers
[8-10,13,14,20].

5.1 Semialgebraic spaces

Recall that a subset of F* (n € N) is said to be semialgebraic if it is a finite Boolean
combination of sets of the form

{x eF"| f(x)=y* forsomey GFX},

where f : F* — F is a polynomial function, and k is a positive integer. Given a
semialgebraic subset X of F and Y of F” (m € N), a map from X to Y is said to be
semialgebraic if its graph is a semialgebraic subset of F* ",

Let X be a set. We denote by Ay the setof all triples (U, U’, ¢), U is a semialgebraic
subset of F" for some n € N, U’ is a subset of X, and ¢ : U — U’ is a bijection.

Definition 5.1 A semialgebraic structure over F on a set X is a subset A of Ax with
the following properties:

(a) every twoelements (Uy, U 1/ , ¢1) and (U», Uﬁ, ¢») of A are semialgebraically com-
patible, namely, the bijection

¢y o1 b (U NUS) — o3 (U] NUY)
has semialgebraic domain and codomain, and is semialgebraic;

@ Springer



1750 J. Hong, B. Sun

(b) there are finitely many elements (Uj;, Ul.’, ¢i)of A,i =1,2,...,r (r € N), such
that

X=UUU,U---UU/;

(c) forevery element of Ay, if it is semialgebraically compatible with all elements of
A, then itself is an element of A.

A semialgebraic space over F (or a semialgebraic space for brevity) is defined to be
a set together with a semialgebraic structure (over F) on it. By a semialgebraic chart
of a semialgebraic space, we mean an element of the semialgebraic structure.

The following lemma is routine to check.

Lemma 5.2 With the notation as in Definition 5.1, let
Ao ={Ui, U, ¢i) |i=1,2,...,r}

be a finite subset of Ax whose elements are pairwise semialgebraically compatible
with each other. If
X=U{UU,U---UU/,

then the set of all elements in Ax which are semialgebraically compatible with all
elements of Ay is a semialgebraic structure on X.

By Lemma 5.2, it is clear that the product of two semialgebraic spaces is naturally
a semialgebraic space.

Definition 5.3 A subset S of a semialgebraic space X is said to be semialgebraic if
¢~ (S N U’) is semialgebraic for every semialgebraic chart (U, U’, ¢) of X. A map
from a semialgebraic space X to a semialgebraic space Y is said to be semialgebraic
if its graph is semialgebraic in X x Y.

It is clear that every semialgebraic subset of a semialgebraic space is naturally a
semialgebraic space. Recall the following famous result of Macintyre [20].

Lemma 5.4 Let f : X — Y be a semialgebraic map of semialgebraic spaces. Then
for each semialgebraic subset S of X, f(S) is a semialgebraic subset of Y.

It is well-known and easy to see that Lemma 5.4 implies that the composition of
two semialgebraic maps is semialgebraic, and the inverse image of a semialgebraic set
under a semialgebraic map is semialgebraic. All semialgebraic spaces form a category
whose morphisms are semialgebraic maps.

Definition 5.5 The dimension dim X of a semialgebraic space X is defined to be the
largest non-negative integer n such that there is a semialgebraic subset of X which is
isomorphic to a non-empty open semialgebraic subset of F as a semialgebraic space.
By convention, the dimension of the empty set is defined to be —oo.

The following proposition asserts that infinite semialgebraic spaces are classified
by their dimensions.
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Proposition 5.6 [9, Theorem 2] Every infinite semialgebraic space X has positive
dimension and is isomorphic to Fim X,

By a semialgebraic function on a semialgebraic space, we mean a semialgebraic
map from it to F.

Definition 5.7 A C-valued function on a semialgebraic space X is said to be definable
of order < 0 if it belongs to the C-algebra generated by the functions of the form

Ls, IfI¥,

where sg € C, 15 denotes the characteristic function of a semialgebraic subset S of X,
and f is a nowhere vanishing semialgebraic function on X. It is said to be definable
of order < k (k > 1) if it is a linear combination of the functions of the form

¢ - (valogy) - (valo g)---(val o gi),

where ¢ is a definable function on X of order < 0, and g1, g2, ..., gk are nowhere
vanishing semialgebraic functions on X.

Here | - |r denotes the normalized absolute value on F, and val : F* — Z denotes
the normalized valuation on F.

5.2 Definable measures

Let us review some basic measure theory. Let X be a measurable space, that is, it is
a set with a o-algebra ¥ on it, namely, ¥ is a non-empty set of subsets of X which
is closed under taking countable union and taking complement. An element of X is
called a measurable subset of X. A non-negative measure on X is defined to be a map
v : X — [0, oo] which is countably additive, namely,

o o
v (I_l SI-) = Z v(S;) for all pairwise disjoint elements S, Sz, S3, - - - of X.
i=1 i=1

A complex function ¢ on X is said to be measurable if for each open subset U of C,
¢~ 1(U) e =. Write M(X) for the space of all measurable functions on X. We say
that two elements of M(X) are equal to each other almost everywhere with respect to
v if they are equal outside a set S € X with v(S) = 0.

Definition 5.8 A measure p on X is a pair (v, f), where v is a non-negative measure
on X, and f is an element of

{¢p € M(X) | |¢] equals 1 almost everywhere with respect to v}

{¢ € M(X) | ¢ equals 0 almost everywhere with respect to v} -

Here the denominator is a vector space, and the numerator is a subset of M(X) which
is stable under translations by the denominator. Therefore the above quotient makes
sense.
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The non-negative measure v of Definition 5.8 is called the total variation of u =
(v, f), and is denoted by |u|. For each measurable function ¢ on X, we say that the
integral || x ®u converges if S xl#lv < oo. In this case, the integration

/X¢M:=/X¢fv

is a well-defined complex number. For each Y € X, Y is a measurable space with the
o-algebra Xy := {§ € £ | § C Y}. We define the restriction u|y of u to Y in the
obvious way. For each measurable function ¢ on X, the multiplication ¢u is defined
to be the measure (|¢|v, %‘f) on X.

Note that every semialgebraic space is naturally a measurable space: the o -algebra
is generated by all the semialgebraic subsets.

Definition 5.9 Let X be a semialgebraic space. A measure p on X is said to be
definable of order < k (k € N) if there is a family {f; : §; = X;}i=12,..., (r € N) of
isomorphisms of semialgebraic spaces such that

e S; is a semialgebraic subset of F", forsomen; e NG =1,2,...,r);
e {X;}i=1,2...r1sacover of X by its semialgebraic subsets;
e foreachi =1,2,...,r,therestriction of 1 to S; via f; has the form ¢; j1s;, where

wus; denotes the restriction to S; of a Haar measure of F"/, and ¢; is a definable
function on S; of order < k.

Write R for the ring of integers in F. Fix a uniformizer = € R. For each integer
k> 1, put

o0
R == | |o"(1+o*R).
r=0

Then Ry is a semialgebraic set, since Ry = {x € F|x # 0, and ac(x) =1 mod wk}
(see [13, Lemma 2.1(4)]), where ac(x) is the annular component of x, i.e. ac(x) =
xo MO We say that a semialgebraic function f on (Rg)" (n € N)is order monomial
if there are integers d, da, . . ., d, and an element 8 € F such that

dy _d d,
|f(xtx2, .o x|k = B x5 . cxpt|p o for all (xp, x2,...,x,) € (Rp)".

The following theorem of rectilinearization with good Jacobians is proved in [10,
Theorem 7].

Proposition 5.10 Let X be a semi-algebraic set in F" (n € N), and let { f;};=1,..,
(r € N) be a family of semialgebraic functions on X. Then there exists a family

{¢i : Re)" — F'lici2,.0 €N,k > 1, n; €N)

of injective semialgebraic maps such that

o {$i((Ry)")}i=1.2.....: forms a partition of X ;
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e the restriction of f; to (R,)" through ¢; is order monomial (j = 1,2,...,r,
i=1,2,...,t), and
e foreachi =1,2,...,t,ifnj = n, then ¢; is continuously differentiable and their

Jacobian is order monomial.

We say that a measure p on (Rg)” is simple of order < k if it is a linear combination
of measures of the form

P(val(x;), val(x2), ..., Val(xn))uYal(x')ugal(”) ... uzal(x’l)M(Rk)n,
where P is a (complex) polynomial of degree < k, uy, ua, ..., u, € C*, and pug,)

is the restriction of a Haar measure on F" to (Rg)". Clearly if a measure p on (Rg)”
is simple of order < k, then p is definable of order < k.

Lemma 5.11 Every semialgebraic set of dimension < n in F* has measure 0 with
respect to a Haar measure on F".

Proof Let S C F" be a non-empty semialgebraic set. Then there is a semialgebraic
open subset S° of S such that S° is a locally closed and locally analytic submanifold
of F*, and dim(S\S°) < dim § (see [14] and [8, Section 1.2]). Note that the measure
of S° is 0. Therefore the lemma follows by induction on dim S. O

Proposition 5.10 and Lemma 5.11 easily imply the following proposition.

Proposition 5.12 Let X be a semialgebraic space. Let {{1;}i=12....r (r € N) be a fam-
ily of definable measures on X. Let {f}j=12,...s (s € N) be a family of semialgebraic
functions on X. Assume that w; has order < d; (i = 1,2,...,r,d; € N). Then there
is a family {¢r : Ry, )™ — Xilk=1,2,...c (t € N, my > 1, ny € N) of isomorphisms
of semialgebraic spaces such that
o {Xi}k=12...1 is a partition of X by its semialgebraic subsets;
o the restriction of w; to (Ry, )" via ¢y is simple of order < d;, and the restriction
of fj to Ry )" via ¢y is order monomial, forallk = 1,2, ...,t;i=1,2,...,r;
j=12,...,s.

5.3 Igusa zeta integrals

Write gr for the cardinality of the residue field R/@ R. In this subsection, we prove
the following general form of the convergence and rationality of Igusa zeta integrals.

Theorem 5.13 Let i be a definable measure of order < k (k € N) on a semialgebraic
space X. Let f be a nowhere vanishing bounded semialgebraic function on X such
that

[ul(Xfe) <00 forall € >0,

where X p. :=={x € X | | f(x)|r > €}. Then the integral
Zu(f.) = [ Il GO
X
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converges when the real part of s is sufficiently large. Moreover; there exists a mero-
morphic function

P —S’ S
M(s) = - (qF_s qF) -
(I —aigg )" (1 —aogg™)" - -+ (1 —argg™)"™
on C, where
e reN ay,a,...,a are pairwise distinct non-zero complex numbers;

e ny,ny,...,n €{1,2,...,dimX +k};
e P is a two variable polynomial with complex coefficients,

suchthatifZ, (f, s) is absolutely convergentfors = sy € C, then M (s) is holomorphic
at so, and Z,,( f, so) = M (sp).

Foreach k € N, write Ay (Z") (n € N) for the space of all complex functions which
are linear combinations of the functions of the form

x = x () P(x),

where x is a character of Z", and P is a polynomial of degree < k.

By Proposition 5.12, in order to prove Theorem 5.13, we assume without loss of
generality that X = (R;;)"” (m > 1, n € N), u is simple of order < k, and f is order
monomial. Then w is the multiple of px with a function

(X1, X2, ..., Xp) = ¢(val(xy), val(xz), ..., val(x,)),

where uy denotes the restriction of the normalized Haar measure & on R” (i.e.
w(@R™) = 1)to X, and ¢ € Ai(Z"). Since f is non-zero, bounded, and order mono-
mial, we have that

dy _d. d,
|f(x1, x2, .. x0)|F = gplx{'x5% . xpt g forall  (x1,x2,...,x,) € Ryp)",

forsome c € Zand dy, d>, ...,d, € N. Then

Z,(f,8)
e — — —Xpn —sd —sd _dn n
=‘1Fs " Z ‘]FXIQFXZ"""IFX ¢(X)CIF€1X1‘1FV2X2""'4FS .

x=(x1,x2,....x,)eN"

Therefore Theorem 5.13 is implied by the following Proposition, which will be proved
in the next subsection.

Proposition 5.14 Let x be a character on Z" of the form

—dixy _—dyxa —dpx,
(X1, X2, ..., %) = ¢g qg = " gg ",
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whered),ds, ...,d, € N. Let ¢ € A (Z") (k € N). Assume that

> W)l <oo forall e>0. (17)

xeN" | x(x)|>€

Then the summation

Zs(x,8) = D pX)x(x)° (s €C)

xeNn

absolutely converges when the real part of s is sufficiently large. Moreover, there exists
a meromorphic function

P )
M(s) = - (fjf ) _
(1 —a1ge" )" (1 — axgg )2 - (1 — argg* )
on C, where
e reN, ay,ay,...,a, are pairwise distinct non-zero complex numbers;

e ni,ny,...,n €{0,1,2,...,n+k};
e P is a polynomial with complex coefficients,

such that if Zy(x , s) is absolutely convergent for s = so € C, then M(s) is holomor-
phic at so, and Zy(x, s0) = M (s0).

5.4 Proof of Proposition 5.14

Write A(Z") := (Upeo Ak(Z"). We view the space C(Z") of C-valued functions on
Z" as a representation of Z" under translations:

(x0.9)(x) == d(x +x0), x,x0€Z", ¢ecCZ".

Lemma 5.15 The space of Z" -finite vectors in C(Z") equals to A(Z").

Proof Let C(Z")7 be the space of all Z"-finite vectors. With respect to the action of
7", we can decompose C(Z")/ into the direct sum of generalized eigenspaces,

cezh! =P @
X
Here yx is taken over all characters of Z", and C(Z™)X consists of functions ¢ such

that for some N > 0,

(x1 = x ()2 = x(x2)) -+ (xy — x(xn)).¢ =0 forall xi,x2,...,xy € Z".

Then the space x ~!C(Z")* exactly consists of the generalized invariant functions
on Z". It is well-known that the space of generalized invariant functions on Z" with
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respect to the translations action coincide with the space of polynomials on Z". This
finishes the proof of the lemma. O

Define A°(Z") to be the subspace of .A(Z") spanned by functions of the form

X1, X2 X,
(X1, X2, ooy X)) > Uy ey P(XL, X2, X)),
where u1, us, ..., u, are non-zero complex numbers of absolute value < 1, and P is

a polynomial.

Lemma 5.16 Let x be a character on Z" of the form

X1 X2 X,
(X1, X2, o0y Xp) > Uy Uy - Uy
whereuy, ua, ..., u; are complex numbers of absolute value 1, and u; 41, us42, ..., Uy

are complex numbers of absolute value < 1 (0 <t < n). Let ¢ € A(Z"). Then

Z [p(x)] < oo forall € >0 (18)
xeNt | x(x)|>€
if and only if ¢ € A°(Z") @ A(Z"7).
Proof 1t is easy to see that (18) holds if and only if

D l¢(x,x)| < oo forall x"eN'" (19)

xeN!

Write A for the space of all ¢ € A(Z") such that for some xo € Z' and x;, € Z",

Z lp(x,x)| < oo forall x'exp+ N~ (20)
xexg+N?

The space A is a Z"-subrepresentation of A(Z") containing A°(Z') ® A(Z"™").

Note that every one dimensional Z" -subrepresentation of A is contained in A°(Z")®
A(Z""). We also note that A°(Z") ® A(Z"~") is closed under the multiplication
by polynomials on Z". It implies that A C A°(Z") ® A(Z"™"), by considering the
generalized eigenspace decomposition of A(Z") under the action of Z". Hence the
space A is exactly identical to A°(Z") ® A(Z"™).

On the other hand, it is obvious that for all ¢ € A°(Z') ® A(Z"~"), (20) holds for
all xo € Z' and x, € Z"™", in particular (19) holds. This proves the lemma. o

The following lemma is easy to check and we omit the details.

Lemma 5.17 Let u be a non-zero complex number of absolute value < 1. Then

k
X\ x _ u
Z(k)u = G forall kel

xeN
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Now we come to the proof of Proposition 5.14. Without loss of generality, assume
that dy,d>, ...d; are all 0, and d;41, di42, ..., d, are all positive (0 < ¢t < n). By
Lemma 5.16, the Assumption (17) implies that ¢ € A°(Z") ® A(Z"~"). Lemma 5.16
also implies that Zy (x, s) is absolutely convergent if and only if

(bXS = Ao(Zn) — Ao(Zt) ® Ao(ant)’ (2])
where x* denotes the character

—sd —sd, —
T = C%, (X1, X2, ..., Xn) > qFé z+1x1+1qFé X2 ar sdnXn

It is clear that (21) holds when the real part of s is large. This proves the first assertion
of the proposition. Now assume that (21) holds. Without loss of generality, we further
assume that

- XI xz e e e xn C(]X] azxz e e e e anxn
¢(xl s X2y ey xn) - (kl) (kz) (kn) CIF qF qF )

forall xi,x2,...,x, € Z",wherea; € C, k; e N(i =1,2,...,n)and k| + kp +
-+ +k, < k. Using Lemma 5.17, it is now easy to see that the summation Z(x, s)
has the desired property.

5.5 Semialgebraic £-spaces and meromorphic continuations of distributions

Definition 5.18 A semialgebraic £-space (over F) is a Hausdorff topological space X
which is at the same time a semialgebraic space (over F), with the following property:
there is a finite family of semialgebraic charts {(U;, Ui/, ¢i)}i=12...r r € N)of X
such that

e foralli =1,2,...,r, U; is locally closed in F"* for some n; € N, Ui’ is open in
X, and ¢; is a homeomorphism; and
e X=U/UU,U---UUj,.

It is clear that every semialgebraic £-space is an £-space; the product of two semi-
algebraic £-spaces is still a semialgebraic ¢-space; and a locally closed semialgebraic
subset of a semialgebraic ¢-space is a semialgebraic £-space. All semialgebraic £-
spaces form a category whose morphisms are semialgebraic continuous maps. For
each algebraic variety X over F, X(F) is obviously a semialgebraic £-space. Note that
every semialgebraic £-space is naturally a measurable space, with the o -algebra gener-
ated by all the open sets, which coincides with the one generated by all semialgebraic
sets. An element of this o -algebra is called a Borel subset of the semialgebraic £-space.

Recall the following Riesz representation theorem.

Theorem 5.19 Let X be a locally compact Hausdorff topological space which is
locally secondly countable, namely, every point of X has a neighborhood which is
secondly countable as a topological space. Then the map
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{locally finite measures on X} — {continuous linear functionals on C.(X)},

e A D)
is bijective.
Here C.(X) denotes the space of all compactly supported continuous functions on X,
with the usual inductive topology. A measure p on X is said to be locally finite if

[mu|(K) < oo forevery compact subset K of X.

Recall that every locally finite measure on X is regular, as X is assumed to be locally
secondly countable (see [11, Proposition 7.2.3]).

If X is an £-space, then S(X) is a dense subspace of C.(X). Write D(X) :=
Hom(S(X), C) for the space of distributions on X. By Theorem 5.19, we have an
embedding

{locally finite measure on X} — D(X).

Using this embedding, we view every locally finite measure on X as a distribution on
it.

Now let X be a semialgebraic £-space and let f be a continuous semialgebraic
function on X. Write X := {x € X | f(x) # 0}, which is also a semialgebraic
£-space. Let u be a locally finite definable measure on X s of order < k (k € N).
Let ¢ € S(X). Note that ¢ is definable of order < 0. Theorem 5.13 implies that the
integral

Zy, £(d,5) :=/ | f g
Xf

defines a meromorphic function on C. Moreover, for each ag € C*,Z,, ¢(¢,s) is a
rational function of 1 — aggp*. Therefore we have the Laurent expansion

Zy, (P, s) = ZZM,f,ao,i(cb) (1- aOCIF_X)i .

i€’

We are interested in the distribution Z,, f4,; on X. Note that Z,, 74, ; = 0 when
i < —(dim X + k).

5.6 The invariance property of Z,,_ f,4,.i
Let G be an abstract group which acts as automorphisms of the semialgebraic ¢-space
X.Forevery g € G, and every distribution  on X (or on some G-stable locally closed

subset of X), write g * n for the push forward of 1 through the action of g. It is clear
that for every distribution n on X, n € Homg x(S(X), x) if and only if

(o0 = x(ag "N er = x(er "M+ (& = x(g D) %1 =0,

for all go, g1,..., 8 € G.
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Now assume that there is a locally constant homomorphism x s : G — Z such that

1F0lE=a"® 1 f@)le. g€G.xeX, (22)

and there is a character y, on G such that
w € Homg 1 (S(X ¢), xu), forsome k' e N.

Proposition 5.20 Let ag € C. Let ig be an integer so that Z, f,4y.; = 0 forall i < .
Then

Zu, fag,i € Homg g4 (S(X), X,Lagf) Sfor all i > iy.

Proof For each locally finite definable measure ;" on X r, write Z,,/ (s) for the follow-
ing distribution on X:

> Zy 5(P,s) :=/ | flrou'.
Xy

For eachi € Z, write Z,,/ ; for the i-th coefficients of the Laurent expansion of Z,,/(s)
as a rational function of 1 — aopgqy*. It is a distribution on X.
The invariance property of | f|r implies that

1 —xp@)s X/ (®)s
(g — xu(g g “) £2,5) = ap " Zg o 1yepe forall g € G

Comparing the Laurent expansions of the two sides of the above equality, we know
that

1\ —xr(® —xr(8)
(g — xu(g ay )) *Zy,i — ag Z(g—yu g xu,i

is a linear combination of distributions of the form g’*Z,, ;;, where i’ < iand g’ € G.
Then the proposition follows by induction on k" + i — ip. O

Corollary 5.21 Let x be a character of G. Then every generalized y -invariant locally
finite definable measure on X y extends to a generalized x-invariant distribution on
X.

Proof Write u for the measure of the proposition. The distribution Z,, r1,0 on X
extends pu and is generalized x -invariant. O

6 Generalized invariant functions and definable measures
6.1 Generalized functions on homogeneous spaces

Let G be an £-group and let X be a homogeneous space of it. We say that a distribution
n on X is smooth if for every x € X, there is an open compact subgroup K of G such
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that n|k  is K -invariant. Denote by D2°(X) the space of all smooth distributions on X
with compact support. A generalized function on X is defined to be a linear functional
on D2°(X). The space of all generalized functions on X is denoted by C~°°(X). As
before, the space of all distributions on X is denoted by D(X).

The following lemma is elementary and we omit its proof.

Lemma 6.1 Let 1 be a smooth distribution on X which has non-zero restriction to all

non-empty open subset of X. Then the map

C(X) - D(X),
[ fn:=(r flon)
is a linear isomorphism.
Using the following injective linear map, we view every locally constant function

on X as a generalized function on X:

C®(X) - C™®(X),
= =1y 1)),

where C*°(X) is the space of locally constant functions on X, and 1, denotes the
characteristic function of the support of 7.

Lemma 6.2 Let K be an open compact subgroup of G. Then every K -invariant gen-
eralized function on X is a locally constant function on X.

Proof Without loss of generality, assume that G = K. Then in view of Lemma 6.1,
the lemma follows easily by the existence and uniqueness of K -invariant distributions
on X. O

6.2 Characters on algebraic homogeneous spaces

Let G be a linear algebraic group over F, with an algebraic subgroup H of it. Denote
by N the unipotent radical of G. Write G := G(F), H := H(F) and N := N(F).
In this subsection, we prove the following proposition.

Proposition 6.3 Assume that G is connected. Let x be a character on G which is
trivial on N and has finite order when restricted to H. Then x has the form

N S S
1Bilg - 1Balg -+ 1Belg - xt
wheret € N, B1, Ba, ..., B; are algebraic characters on G which are trivial on H,
S1,82,...,8 € C, and xs is a finite order character on G.

The following lemma is obvious.

Lemma 6.4 Let A be a split algebraic torus over F. Then every character on A(F)
has the form

Bilg - 1Balg - -+ Bl - xes
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wheret € N, By, B2, ..., By are algebraic characters on A, s1, 53, ..., s; € C, and x¢
is a finite order character on A.

Generalizing Lemma 6.4, we have the following lemma.

Lemma 6.5 Let A be a split algebraic torus over F, with an algebraic subgroup S of
it. Let x be a character on A(F) which has finite order when restricted to S(F). Then
X has the form

) ' s
Bilg - 1Balg - -+ 1Belg - xt,

wheret € N, By, Ba, ..., Br are algebraic characters on A/S, s1, 52, ..., 5 € C, and
Xt Is a finite order character on A(F).

Proof Denote by Sy the identity connected component of S, which is also a split
algebraic torus. Then there is an algebraic subtorus S” of A such that A = Sy xg S'.
By Lemma 6.4, x |s/r) has the form

Bilg - 1Balg - Bl - Xt

where t € N, By, B2, ..., B; are algebraic characters on S/, sq, s2,...,s; € C, and
X is a finite order character on S'(F). The group A/S is obviously identified with
a quotient group of S, and there is a positive integer m such that ", g7', ..., B/"
descends to algebraic characters on A/S. Then we have that that

x = xlso ® (BT 1B - 1B )

This proves the lemma. O

Lemma 6.6 For each surjective algebraic homomorphism G — G’ of linear alge-
braic groups over F, the image of the induced group homomorphism G(F) — G'(F)
has finite index in G’ (F).

Proof This is a direct consequence of Lemma 4.7. O

Lemma 6.7 Assume that G is connected. Let A be the largest central split torus in a
Levi component L of G. Let x be a character on G which is trivial on N. Then x has
finite order if and only if its restriction to A(F) has finite order.

Proof The “only if” part of the lemma is trivial. We prove the “if” part. Assume
that x |ar) has finite order. Let S denote the simply connected covering of the derived
subgroup of L, let T denote the maximal anisotropic central torus in L. Then by Lemma
6.6, the image of the multiplication map

¢ : (S(F) x T(F) x A(F)) x N > G = G(F) (23)
has finite index in G. Therefore it suffices to show that x o ¢ has finite order. This

holds because S(F) is a perfect group, T(F) is compact, x| A(F) has finite order, and
X | 1s trivial. O
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We are now ready to prove Proposition 6.3.

Proof Assume that G is connected and let A be as in Lemma 6.7. Let x be as in
Proposition 6.3. Write G’ for the largest quotient of G which is a split algebraic torus.
Consider the commutative diagram

A SLANN G AN G

I I I

S:=(@op) '(H) —— ¢ '(H)=H ker¢/ —— H :=¢'(H),

where ¢ denotes the inclusion homomorphism, ¢’ denotes the quotient homomor-
phism, and the vertical arrows are inclusion homomorphisms. As in the proof of
Lemma 6.7, we know that x has finite order when restricted to (¢’ ~I(H))(F). In
particular, x|s) has finite order. By Lemma 6.5, there are algebraic characters
Bi,B2,..., B t e N)on A/S and 51, 52, ..., s; € C so that the character

: s\ —1
xls@ - (IBilE - 1B2lg -+ 1BiIE) s
on S(F) has finite order. Since A/S = G'/H = G/(H - ker¢’), we may view
B1, B2, ..., B as algebraic characters on G which are trivial on H. Therefore Propo-
sition 6.3 follows by Lemma 6.7. O

Proposition 6.8 Assume that G is connected. Let x' : G — C be a locally constant
group homomorphism which is trivial on H. Then x' is a linear combination of the
characters of the form val o «, where a is an algebraic characters on G which are
trivial on H.

Proof Note that C has no nontrivial finite subgroup. This implies that x'|y is trivial.
Then the proposition is proved by the same argument of the proof of Proposition 6.3
O

6.3 Generalized invariant functions on algebraic homogeneous spaces

We continue with the notation of the last subsection. Put X := G/H.
This subsection is to prove the following proposition.

Proposition 6.9 Assume that G is connected. Let x be a character on G which is
trivial on N. Then every non-zero element of Homg x (D2°(X), x) (k € N) is a smooth
function on X of the form

N S S
P(valoay,valoay, ..., valoa,) - |Bilf - Bl -+ |Belg - xt
wherer,t € N, a1, a2, ...,a,and By, B2, ..., By are algebraic characters on G which
are trivialon H, s1, 52, ..., s; € C, P is a polynomial of degree < k, and xs is a finite

order character on G which is trivial on H such that
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x=1B1lg - 1Balg -+ Bl - xt-

First we have the following lemma.

Lemma 6.10 Let x be a character on G which is trivial on an open compact subgroup
K of G. Thenevery element f € Homg 1 (D2°(X), x) (k € N) is a K -invariant smooth
function on X.

Proof Lemma 2.3 implies that f is K-invariant. Therefore f is a smooth function by
Lemma 6.2. O

Lemma 6.11 Let x be a character on G. If the space Homg, oo (D2°(X), x) is non-
zero, then x |g is trivial.

Proof Assume that Homg oo (D2°(X), x) # 0. Then Homg (D (X), x) # 0. By
Lemma 6.10, we have a non-zero smooth function f on X such that

f(g.x) = x(g)f(x), forall ge G, xe€X.

This implies that x| is trivial. O

For each free abelian group A of finite rank, we view the space C(A) of all complex
functions on A as a representation of A by left translations:

gf(x):=f(—g+x), g.xeA, [feC).

Lemma 6.12 Let A be a free abelian group of finite rank, with a subgroup A of it.
Then every element in C(A)A'k N C(A)° (k € N) has the form

P()‘l7)\27-~-7)\r)

wherer € N, A1, A2, ..., Ay are group homomorphisms from A/ Ag to C, and P is a
polynomial of degree < k.

Proof Lemma 5.15 easily implies that
C(A)A’k = {polymonial functions on A of degree < k}, (k € N).

Then it is elementary to see that the lemma holds. O

Lemma 6.13 Assume that G is connected. Then every element f of Homg x (D2°(X),
C) (k € N) is a smooth function on X of the form

P(valoaj,valowy, ..., val o o)

where r € N, ay, ay, ..., a, are algebraic characters on G which are trivial on H,
and P is a polynomial of degree < k.
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Proof By Lemma 6.10, f is a G°-invariant function on X. We identify it with a
function on A which is [ H]-invariant, where [ H] denotes the image of H under the
quotient homomorphism G — Ag. Then

f e C(Ag) ok nC(ag)H.

Therefore the lemma follows by combining Lemma 6.12 and Proposition 6.8. O

Now we prove Proposition 6.9. Let f be anon-zero element of Homg  (D2° (X), x)
(k € N). We view x as a function on X since x| g is trivial by Lemma 6.11. Then

x~ ' f € Homg 1 (DX (X), C).

Therefore Proposition 6.9 follows by combining Lemma 6.13 and Proposition 6.3.

6.4 Nash manifolds and volume forms

Definition 6.14 A Nash manifold (over F) is a locally analytic manifold X over F
which is at the same time a semialgebraic space (over F) with the following property:
there is a finite family of semialgebraic charts {(U;, U,.’, ¢i)}i=12...r r € N)of X
such that

e foralli =1,2,...,r, U is an open semialgebraic subset in F" for some n; > 0,
U/ is open in X, and ¢; is a locally analytic diffeomorphism; and
° X:U{UUZ’U---UU,’.

All Nash manifolds form a category whose morphisms are Nash maps (namely,
locally analytic semialgebraic maps). Every Nash manifold is clearly a semialgebraic
£-space. Let X be a Nash manifold. Then the tangent bundle

T(X) = | | Te(X)

xeX

and the cotangent bundle

T*X) = | | Ti0

xeX

are both naturally Nash manifolds. Therefore

AP TH(X) 1= |_| AT ) (24)

xeX

is also a Nash manifold. Consequently, for eachm > 1, the line bundle (APT*(X))®™
is also a Nash manifold. By a Nash m-volume form on X, we mean a Nash section
of the bundle (A"PT*(X))®™ over X. Fix a Haar measure up on F. Attach to a Nash
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hs
m-volume form @ on X, we have a non-negative locally finite measure |w|f on X as

usual: in local coordinate, if

w= f(x1,x2, ..., x)(dx; Adxs A--- Adx,)®™,

then
1

1 1
lolg = [f(x1, x2, ..., Xp) |g dpp(x1) @ dup(x2) ® - - - @ dup(xy).
The following lemma is clear.

Lemma 6.15 For each Nash m-volume form w on X (m > 1), the measure |w|11:/m is
locally finite and definable of order < 0.

As usual, write Oy for the structure sheaf of an algebraic variety Y over F. Let X
be a smooth algebraic variety over F. Let Qx := Qx/f denote the sheaf of algebraic
differential forms on X. Similar to (24), we define A'PQy, which is a locally free
Oyx-module of rank 1. By an algebraic m-volume form on X, we mean a global section
of the sheaf (A'PQy)®" over X. The notion of algebraic 1-volume form exactly
coincides with the usual notion of algebraic volume form.

Given an algebraic m-volume form w on X, a Nash m-volume form on the Nash
1

manifold X(F) is obviously associated to it. We define |w|l§ to be the non-negative
locally finite measure on X (F) attach to this Nash m-volume form.

6.5 Generalized invariant distributions on algebraic homogeneous spaces

We continue with the notation of Sects. 6.2 and 6.3. Then X = G/H is naturally a
Nash manifold since it is a semialgebraic open subset of (G/H)(F). In this subsection,
we prove the following theorem.

Theorem 6.16 Assume that G is connected. Let x be a character on G which is trivial
on N. Assume that y is admissible on X. Then every element of Homg 1 (S(X), x)
(k € N) is a measure on X and is of the form

3 Y K 1/m
P(valoay,valoas, ..., valoa,) - |Bilf - |Balg - - |Belg - Xt - (lep/ x.
wherer,t € N, a1, ay, ..., and B1, B2, ..., B; are algebraic characters on G which
are trivial on H, s1, 52, ..., s, € C, P is a polynomial of degree < k, xs is a finite

order character on G which is trivial on H, m > 1, and w is an algebraic m-volume
Sform on G/H which is §-invariant for some algebraic character § of G defined over F
with the property that

1
s s s, m
X =Bl - 1Bl - 1Belg - xe - 18IE

Here the algebraic m-volume form w on G/H is §-invariant means that

g.wp = S(g_l)a)lg, for all g € G(F),
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where wg denotes the base extension to F of w. We also say that an algebraic m-volume
form w is semi-invariant if it is §-invariant for some algebraic character § of G defined
over F.

For the proof of Theorem 6.16, in the rest of this subsection, we assume that G is
connected. We start with the following lemma.

Lemma 6.17 Let § be an algebraic character on H (defined over F). If the character
|8|r : H — C* extends to a character on G, then 8™ extends to an algebraic character
on G for some positive integer m.

Proof We first assume that H is also connected. Write Wg and Wy for the groups of
algebraic characters of G and H, respectively. They are free abelian groups of finite
rank. We identify the group of positive characters on G with Vg ®7 R via the following
isomorphism:

Vg ®z R — {positive characterson G}, 3 ® a — |§[¢.

Likewise we identify the group of positive characters on H with ¥y ®7 R. Then we
have a commutative diagram

Vg —— Yg®7z R

all laz

Yy —— Yy Rz R,

where o1 denotes the map of restrictions of algebraic characters, and «; denotes the
map of restrictions of positive characters.

Now let § € Wy and assume that |8 | extends to a character on G. Then |§|r extends
to a positive character on G, that is, it belongs to the image of a». Then it is elementary
that

I8F € a2 (Vg ®z Q).

Therefore 8™ |p € ap(Wqg) for some positive integer m. Then §™ € a1 (Wg) and the
lemma is proved in the case when H is connected.

Now we drop the assumption that H is connected. Let § € Wy and assume that |§|r
extends to a character on G as before. We have proved that there exists an algebraic
character 8’ on G such that

8'lHy = (8lhy)"

for some positive integer m, where Hy denotes the identity connected component of
H. Then

8 n = 8",

where d denotes the cardinality of the group (H/Ho)(F), and F denotes an algebraic
closure of F. This finishes the proof of the Lemma. O
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Lemma 6.18 Assume that X is x-admissible for some character x on G. Then there
is an algebraic character 8 of G and a positive integer m such that there is a non-zero
algebraic m-volume form w on G/H which is 8-invariant.

Proof Let Ag denote the algebraic modular character of G, namely the determinant of
the adjoint representation of G on the Lie algebra Lie(G). Likewise let Ay denote the
algebraic modular character of H. Put Ag/y := AAGAH , which is an algebraic character
on H. Recall the character 67\ on H from Sect. 4.1. Note that

3G = |AGHIF- (25)

Assume that X is x -admissible for some character x on G. By (16), the character § y\¢
extends to acharacter on G. Then lemma 6.17 implies that the algebraic character Ag H

extends to an algebraic character § on G, for some positive integer m. Then the lemma
follows by the algebraic version of Frobenius reciprocity. O

Now we come to the proof of Theorem 6.16. Let € Homg x(S(X), x). We
assume that n is non-zero. Then X is x-admissible. By Lemma 6.18, there is an
algebraic character § on G, a positive integer m, and a non-zero algebraic m-volume

form @ on G/H which is §-invariant. By Lemma 6.1, there is a unique generalized

function f € C~°(X) such that n = fla)lil:/m. Then

_71
f € Homg i (DSO(X), 1815 ) .

Therefore Theorem 6.16 follows by Proposition 6.9.

6.6 Definability of generalized invariant distributions

First we have the following elementary lemma.

Lemma 6.19 Every finite index subgroup of F* is semialgebraic. Consequently, every
finite order character on F* is definable of order < 0.

Proof Every subgroup of F* of finite index m > 1 contains (F*)™. Since (F*)™ is a
semialgebraic subgroup of F* of finite index, the lemma follows. O

Recall the following semi-algebraic selection theorem of [24]. See also [14, Appen-
dix].

Lemma 6.20 Every surjective semialgebraic map of semialgebraic spaces has a semi-
algebraic section.

We continue with the notation of the last subsection, but drop the assumption that
G is connected. Generalizing Lemma 6.19, we have the following lemma.

Lemma 6.21 Every finite order character xr on G is definable of order < 0.
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Proof Recall the multiplication map
¢ : (S(F) x T(F) x A(F)) x N - G = G(F)

from (23). Since the image of ¢ is a semialgebraic subgroup of G of finite index. By
Lemma 6.20, it suffices to show that the finite order character x{ := xt o ¢ is definable
of order < 0. This is true because x; has trivial restriction to S(F) and N, (x{)|t) is
a Bruhat-Schwartz function, and by Lemma 6.19, (x;)|a(r) is definable of order < 0.

O

Proposition 6.22 Let x be a character on G which is trivial on N. Then every element
of Homg x (S(X), x) (k € N) is a definable measure on X of order < k.

Proof Without loss of generality, assume that G is connected. Then the proposition
follows by Theorem 6.16 and Lemma 6.21. O

6.7 Locally finiteness of some algebraic measures

For each algebraic variety X over F, write Xgy, for the smooth part of X, which is an
open subvariety of X. Recall that a strong resolution of singularities of X is a smooth
algebraic variety X (over F) together with a proper birational morphism 7 : X — X
such that 77 : 7' (X¢m) — Xgm is an isomorphism. The famous theorem of Hironaka
says that X always has a strong resolution of singularities.

Recall the following definition.

Definition 6.23 We say that an algebraic variety X over F has rational singularities if
it is normal, and there exists a strong resolution of singularities 7 : X — X of X such
that the higher derived direct images vanish, that is, Rix, ((’)5() = 0Oforalli > 0. Here
Rizw, denotes the i-th derived functor of the push-forward functor of sheaves via .

We will use the following property of algebraic varieties with rational singularities.

Lemma 6.24 Let X be an algebraic variety over F with rational singularities. Let
U be a smooth open subvariety of X whose complement has codimension > 2. Let
7 : X — X be a strong resolution of singularities. Then for each algebraic volume
form w on U, there is an algebraic volume form é& on X so that its restriction to w1 (U)
is identical to w via the isomorphism w : 7z 1 U) > U.

Proof See [19, P.50, Proposition] or [2, Proposition 1.4]. O

Given a measurable space X with a measurable subset Y of it, for each measure
on Y, we write ;X for the measure on X which is obtained from p by the extension
by zero.

Proposition 6.25 (cf. [1, Lemma 3.4.1]) Let X be an algebraic variety over F with
rational singularities. Let U be a smooth open subvariety of X whose complement
has codimension > 2. Then the measure (|o|g)X® is locally finite for all algebraic
volume form @ on U.
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Proof Letm : X — Xbea strong resolution of singularities. Let @ be as in Lemma
6.24. Write 7 (|@|) for the push-forward of |@|r through the map

7 X(F) — X(F). (26)

Then the measure 7 (|@|) is locally finite since (26) is a proper continuous map of
topological spaces. The proposition then follows by noting that 7 (|@|) — (Jw|g)|X®
is a non-negative measure. O

Definition 6.26 We say that an algebraic variety X over F has Gorenstein rational
singularities if it has rational singularities, and the push forward Kx of A"“PQy_
through the inclusion map X¢y, <> X is a locally free Ox-module.

The sheaf K is called the dualizing sheaf of X. If X is smooth, then Ky =~ A“PQy.
We have the following examples of Gorentain rational singularities:

(1) If X has symplectic singularities, then X has rational Gorenstein singularities, see
[4, Proposition 1.3].

(2) The normalization of nilpotent varieties in semisimple Lie algebras have Goren-
stein rational singularities, see [17].

Recall the following standard fact in algebraic geometry.

Lemma 6.27 Let X be a normal variety and suppose that F is a locally free sheaf on
X. Let U be an open subvariety of X such that the complement X\U is of codimension
> 2. Then the restriction map T'(X, F) — T'(U, F) is an isomorphism.

Proof See [16, Proposition 1.11, Theorem 1.9]. O

We say that a quasi-coherent sheaf F on an algebraic variety X is torsion-free if
for every x € X, the stalk F is torsion-free as a module of the local ring Ox . The
following fact is standard. We omit its easy proof.

Lemma 6.28 Let F be a torison-free quasi-coherent sheaf on an algebraic variety
X. Let U be an open subset of X whose complement has codimension > 1. Then the
restriction map F(X) — F(U) is injective.

Similar to Lemma 6.24, we have the following proposition.

Proposition 6.29 Let X be an algebraic variety over F with Gorenstein rational sin-
gularities. Let U be a smooth open subvariety of X whose complement has codimension
> 2. Let m : X — X be a strong resolution of singularities. Then for every positive
integer m and every algebraic m-volume form w on U, there is an algebraic m-volume
form @& on X so that its restriction to =~ (U) is identical to w via the isomorphism

77 YU ~U.

Proof Let o be an algebraic m-volume form on U, that is, @ € I'(U, (APQ)®™).
We choose an affine open covering {Vy}yer of X. Let w, be the restriction of w to
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U NV, for each . Since V,, is affine, by [15, Proposition 5.2(b), Chapter II] we have
I'(Va, (Ky,)®™) >~ T'(Vg, Ky, )®™. For each « we have the following isomorphisms:

T'(UN Ve, APQuav,)®" = T(Ve, Ky, )®"
~ I'(Va, (Ky,)®™)
~ I'(UN Ve, (APQuav,)®™),

where the the first and the last isomorphisms follow from Lemma 6.27.
Therefore wy can be expressed as a finite sum

Ny
Wy = Zwa,i,1 ® 0a,i2® & Waim (Na = 0),
i=1

where each wq ; ¢ is an algebraic volume form on U N'V,,.
By Lemma 6.24 and Lemma 6.28, the pull-back 7 *wq ; ¢ is uniquely extended to
an algebraic volume form @ ; x on 7~ 1(V,). Put

Ny
Wy = Oy ( E d)a,i,] ® C601,1‘,2 Q- ® C?)a,i,m)’

i=1

where 6, is the natural map
-1 to] ®m —1 to ®m
b i T (77 Ve AP 2iy,)) - = T (77 (V) (PR ,)®")

It is clear that @ is an extension of 7*(wg) from 7~ (U N V) to 71 (Vg).

By Lemma 6.28, for all o, 8 € I, the two algebraic m-volume forms @, and @g
coincide on 7~ 1(V, N V), since they coincide on 7 (Ve N Vg N U). Hence {@q}
can be glued to be an algebraic m-volume form @ on X, and clearly the restriction of
@ to w~1(U) is identical to w via the isomorphism 7 : 7! (U) ~ U. O

Similar to Proposition 6.25, we have the following proposition.
Proposition 6.30 Letr X be an algebraic variety over F with Gorenstein rational sin-

gularities. Let U be a smooth open subvariety of X whose complement has codimension

> 2. Then the measure (|a)|11:/m)|X(F) is locally finite for all algebraic m-volume form

wonlU(m > 1)

Proof The proof is similar to that of Proposition 6.25. O

6.8 Locally finiteness of generalized invariant measures
As before, let G be a linear algebraic group over F, with unipotent radical N. Put

G := G(F) and N := N(F). Let x be a character on G which is trivial on N. In this
subsection, we prove the following theorem.
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Theorem 6.31 Let X be an algebraic variety over F of Gorenstein rational singularity.
Let U be a smooth open subvariety of X whose complement has codimension > 2.
Assume that U is a homogeneous space of G. Let n be a x-generalized invariant
distribution on U(F). Then n is a measure, and n|*® is locally finite.

Lemma 6.32 Theorem 6.31 holds when G is connected.

Proof We are in the setting of Theorem 6.31 and assume that G is connected. Theorem
6.31 is trivial when U(F) is empty. So assume that U(F) is non-empty. Then we may
(and do) assume that U = G/H for some algebraic subgroup H of G. Since (G/H)(F) is
the disjoint union of finitely many G-open orbits, we assume without loss of generality
that the distribution 7 is supported on G/H. Write

s : 1
NG/ =P(valoaj,valoas, ... valoa,) |1l - B2l -+ 1Bilg - xt - (lep/m)IG/H,
asin Theorem 6.16. By Lemma 6.27, o1, a2, . . ., &, B1, B2, . . ., Br extend to elements

of O(X). Therefore

Pvaloay valoas, ... valo,) - Bil - |BaliZ -+ 1B}

extends to a continuous function on X(F). By Proposition 6.30, (|w| 11;/ " XE) jg locally

finite. Therefore the lemma follows. O

Denote by Gy the identity connected component of G.

Lemma 6.33 Let U be a homogeneous space of G. Then every connected component
of U containing an F-point is Gg-stable and homogeneous.

Proof Let xy € U(F). Let H denote the stabilizer of xg in G. Then U = G/H. Note
that Gg - H is an open algebraic subgroup of G, and (Gg - H)/H = Gy/(Ggp N H) is a
connected homogeneous space of Gg. Write

G/H = (Go - H)/H 1 (G\(Go - H))/H,

and the lemma follows. O

Now we come to the proof of Theorem 6.31 in general. Since X is normal, it is the
disjoint union of its irreducible components, and all the irreducible components are
open in X. We only need to show that for every irreducible component X’ of X,

1’ := n|y ) is a measure, and X ® is locally finite , 27)
where U’ := X’ N U. This is trivially true if U’(F) is empty. So assume that U’(F) is
non-empty. Then U’ is an irreducible component of U, and hence it is also a connected

component of U since U is normal. By Lemma 6.33, U’ is Gp-stable and homogeneous.
Therefore (27) holds by Lemma 6.32.
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6.9 Proof of Theorem 1.5

Now we are in the setting of Theorem 1.5. Let 1 be a x-generalized invariant distribu-
tion on U(F). By Theorem 6.31, n is a measure and the measure 7 |Xr ) jg locally finite.
Proposition 6.22 implies that the measure 7|*/® is definable of order < k for some
k € N. By Corollary 5.21, |X/ ® extends to a x-generalized invariant distribution on
X(F). This finishes the proof of Theorem 1.5.

6.10 A variant of Theorem 1.5

We also have the following theorem.

Theorem 6.34 Let G be alinear algebraic group over F. Let X be an algebraic variety
over F so that G acts algebraically on it with an open orbit U C X. Assume that there
is a non-zero semi-invariant algebraic volume form on U, and there is a semi-invariant
regular function f on X with the following properties:

e f does not vanish on U, and X f\U has codimension > 2 in Xy, where X denotes
the complement in X of the zero locus of f;
e the variety X ¢ has rational singularities.

Let x be a character of G(F) which is trivial on N(F), where N denotes the unipotent
radical of G. Then every generalized x-invariant distribution on U(F) extends to a
generalized y -invariant distribution on X(F).

The proof of Theorem 6.34 is the same as that of Theorem 1.5, except that we
should replace Theorem 6.31 by the following theorem.

Theorem 6.35 Let X be an algebraic variety over F of rational singularities. Let U be
a smooth open subvariety of X whose complement has codimension > 2. Assume that
U is a homogeneous space of G and there exists a non-zero semi-invariant algebraic
volume form on U. Let n be a x-generalized invariant distribution on U(F), where x
is as in Theorem 6.34. Then n is a measure, and r;|X(F) is locally finite.

The proof of Theorem 6.35 is also similar to that of Theorem 6.31, except that we
replace Proposition 6.30 by Proposition 6.25.

7 Generalized semi-invariant distributions on matrix spaces

We consider the following action of G := GL,, (F) x GL,, (F) (m, n > 1) on the space
My n := My.» (F) of m x n-matrices with coefficients in F:

(¢1,82) - x :=gixg; ', 8 €GLu(F), g €GLy(F), x €My,
Forr =0,1,... ,_min{m, n}, let O; denote the set of rank r matriges in My, ,,, which
is a G-orbit. Put O, := U::O O;. Then O, is open and dense in O,. Every character
of G is given by
(g1, 82) > x1(det(g1)) x2(det(g2)),
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for some characters x1, x2 of F*. We denote this character of G by the pair (x1, x2).
Let I, = (a;;) be the matrix in O, such that

1 if 1<i=j<r,
ajj = .
0 otherwise .

The stabilizer group G, of I, in G consists of elements of the form

(AR}

where x € GL,(F),y € M, (F),z € M,—.,(F),w; € GL,—-(F), wr €
GL,,—(F). The algebraic modular character Ag, of G, is given by

([x Y } , [x 0 D > det(x)""det(w;) " det(wa)".

0 w Z Wy

By (16) and (25), for each character X of G, the orbit O, is X -admissible if and only
if

—1 ~1
xle, =1AGlF - 1AG, g = |Ag,|g -

Since the stabilizer G, is connected when viewed as an algebraic group, the orbit O,
is x-admissible if and only if it is weakly x -admissible.

Proposition 7.1 Fix a character x = (x1, x2) of G. Assume that m # n, then the

following holds.

(a) If x = (1, 1), then DM, )E® = DM, )X = C - 8, where 8 is the delta
distribution supported at 0.

() If x = (- Ig. |- 1g™), then DMy )% = D(Mpy )% = C - pm,, ,» where py
is a Haar measure on My, ;.

(¢) If x # (A, 1), (|- [g, |- [g™), then DMy )% = 0.

Proof Note that there is no non-constant semi-invariant regular function on each orbit
O,. By Theorem 6.16, all generalized x -invariant distributions on O, are y-invariant.
If x = (1, 1), then Oy is the only y-admissible orbit, and therefore

m,n

D(N[m,n)l’oo = D(Mm,n)L =C- 30-

If X = (RaI-m = "), then Onmin{m,n} 1s the only X -admissible orbit. Then Theorem
1.4 implies that

C. M, C D(N[m,n)i C D(Mm,n)boo
= D(Omingm,n))%" > = D(Ominim,n)% = C - m,, , -

Ifx #0, 0, (- [g!- I[z"™), then each orbit O, is not x-admissible. Therefore
D(M,,)X = 0. o
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We now assume that m = n, and we denote by M,, the space M,, ,,. Consider the
following zeta integral

Zy(@,s) = . ¢(x)x(det(x))|det(x)|;m,

where det is the determinant function on M,,, dx is the Haar measure on M,, so that
the space M, (R) of integral matrices in My, has volume 1, yx is a character of F* and
¢ € S(M,). By Theorem 5.13, it is a rational function of 1 — ¢z*. Let Z, ; be the
i-th coefficient of the Laurent expansion of Z, (as a rational function of 1 — gp*).
By Proposition 5.20, Z, ; is a generalized (x, x ~1)-invariant distribution. It is easy
to check that

(1 _g)‘z)(,i =Zx,i—1, (28)

for all g = (g1, g2) € G such that det(gl_1 g2) is a uniformizer of R. Here the action
of G on D(M,,) %X = Home(S(My), (x, x 1)) is as in the Eq. (5) of Sect. 2.2.

Proposition 7.2 (a) If x = | - | for somer =0,1,...,n— 1, then’Zy ; = 0 for all
i <—1,and{Zy ;}i=—1 is a basis ()fD(Mn)(X*Xfl)*O",

(b) If x #1- |{;f0rallr =0,1,...,n—1,thenZy ; =0foralli <0, and {Zy ;}i>0
is a basis of D(M,,) X~

(c) For every character (x1, x2) of G, the space D(M,,)X1:X2:% — () if y1 x5 # 1.

Proof Note that for eachi < 0, Z, ; is supported in (_),1_1, in other words,
Zy.i € DO x .

. . . -1 .
It is easy to see {Zy i|o, }i>0 is a basis of D(0,)%:-x")-% 1 particular, we have an
exact sequence

1

0 — DO, )% X % 5 pM,) XX D% s po,)xx e g (29)

If x #|-|gforallr =0,1,...,n — 1, then any orbit in O,,_1 is not x-admissible,
i.e. not weakly x-admissible. By Bernstein-Zelevinsky localization principle,

D(O,_** ) =,

Therefore part (b) of the proposition follows.
Now assume that x = |- | (r =0,1,...,n —1). Then

DO, "1 = DO *H D = DO X = DO, (30)

Here the first equality follows from the localization principle of Bernstein-Zelevinsky,
the second one is implied by Theorem 1.4, and the last one follows as in the proof
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of Proposition 7.1. In particular, Z, ; is (x, %~ D-invariant for all i < 0. Then (28)
implies that that Z, ; = 0 for all i < —1. On the other hand, the computation ([18,
Chapter 10.1])

—i

n
l—g
|det(x)|*dv = | | ——E—
/Mn(m [1 1—q;"

i=1 F

implies that Z, _ # 0. Therefore Z, _ is a generator of the one-dimensional space

(30). Now part (a) of the proposition follows by the exact sequence (29).
Part (c) of the proposition is an easy consequence of Bernstein-Zelevinsky local-
ization principle, since under which condition every orbit in M,, is not x -admissible.
O

In view of (28), Proposition 7.2 implies that
dim DM,) %% D = 1

for all character y of F*. This generalizes the equality (2) of Tate’s thesis, and is a
(well-known) particular case of local theta correspondence.
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