EQUIVARIANT TORIC GEOMETRY AND EULER-MACLAURIN FORMULAE

SYLVAIN E. CAPPELL, LAURENTIU MAXIM, JORG SCHURMANN, AND JULIUS L. SHANESON

ABSTRACT. In this paper, we consider T-equivariant versions mC;r and T}E =tdl o mC;r of
the motivic Chern and, resp., Hirzebruch characteristic classes of a quasi-projective toric va-
riety X (with corresponding torus T), and extend many known results from non-equivariant
to the equivariant setting. For example, mC;,r (X) is the sum of the equivariant K-classes of

the T-equivariant sheaves of Zariski p-forms £A2§ weighted by y”. Using the motivic as well
as characteristic class nature of T}E (X), the corresponding generalized equivariant Hirzebruch
Xy-genus xyT (X, 0x (D)) of a T-invariant Cartier divisor D on X is also calculated.

Further global formulae for TyT,E (X) are obtained in the simplicial context based on the Cox
construction and the equivariant Lefschetz-Riemann-Roch theorem of Edidin-Graham. Alter-
native proofs of all these results are given via localization techniques at the torus fixed points
in T-equivariant K- and homology theories of toric varieties, due to Brion-Vergne and, resp.,
Brylinski-Zhang. These localization results apply to any complete toric variety with a torus
fixed point. In localized T-equivariant K-theory, we extend a classical formula of Brion for
a full-dimensional lattice polytope P to a weighted version. We also generalize Molien for-
mula of Brion-Vergne for the localized class of the structure sheaf of a simplicial variety X
to the context of mCy (X). Similarly, we calculate the localized Hirzebruch class in local-
ized T-equivariant homology, extending the corresponding results of Brylinski-Zhang for the
localized Todd class (fitting with the equivariant Hirzebruch class for y = 0).

Furthermore, we elaborate on the relation between the equivariant toric geometry via the
equivariant Hirzebruch-Riemann-Roch (for an ample torus invariant Cartier divisor) and Euler-
Maclaurin type formulae for full-dimensional simple lattice polytopes (corresponding to sim-
plicial toric varieties). Our main results provide generalizations to arbitrary coherent sheaf
coefficients, and algebraic geometric proofs of (weighted versions of) the Euler-Maclaurin for-
mulae of Cappell-Shaneson, Brion-Vergne, Guillemin, etc., via the equivariant Hirzebruch-
Riemann-Roch formalism. Our approach, based on motivic characteristic classes, allows us
to obtain such Euler-Maclaurin formulae also for (the interior of) a face, as well as for the
polytope with several facets (i.e., codimension one faces) removed, e.g., for the interior of the
polytope (as well as for equivariant characteristic class formulae for locally closed T-invariant
subsets of a toric variety). Moreover, we prove such results also in the weighted context, as well
as for N-Minkowski summands of the given full-dimensional lattice polytope (corresponding
to globally generated torus invariant Cartier divisors in the toric context). Similarly, some of
these results are extended to local Euler-Maclaurin formulas for the tangent cones at the ver-
tices of the given full-dimensional lattice polytope (fitting with the localization at the torus
fixed points in equivariant K-theory and equivariant (co)homology).
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1. INTRODUCTION

Many problems in mathematics, computer science or engineering can be cast in terms of
counting the number of elements of a finite set. For instance, in view of its connection with
integer programming, counting lattice points in (full-dimensional) polytopes is an important
problem in computational and discrete geometry, as well as in operation research and com-
puter science. Furthermore, since in many applications polytopes come endowed with some
continuous function f (e.g., a probability distribution, or color intensity in a picture), it is of-
ten the case that one is interested in computing the sum of the values of f at the lattice points
contained in the polytope. The resulting expression is called the Euler-Maclaurin formula for
f and P. The lattice point counting problem then corresponds to the choice of the constant
function f = 1. The classical (one-dimensional) Euler-Maclaurin formula computes the sum
of the values of a function f at the integer points in an interval on the real line in terms of
the integral of f over the interval and the values of f and its derivatives at the endpoints of
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that interval, thus establishing a powerful connection between integrals (which are continuous
quantifiers) and sums (which encode discrete information); e.g., see [34, Section 2] for an
overview. A closely related problem is the computation of the volume of a lattice polytope P
in terms of discrete data. For example, Pick’s formula computes the area of a planar triangle in
terms of the number of lattice points in the triangle and those on its boundary. More generally,
it is well-known that the number of lattice points in the dilatated polytope ¢P is a polynomial
Ep(?) in the dilatation factor ¢, called the Ehrhart polynomial of P, whose highest coefficient
is the volume of P.

As observed by Danilov [20], the lattice point counting problem is closely related to the cel-
ebrated Riemann-Roch theorem [4] from algebraic geometry, via the correspondence between
lattice polytopes and toric varieties. An n-dimensional toric variety X = Xy is an irreducible
normal variety on which the complex affine n-torus T ~ (C*)" acts with an open orbit, e.g.,
see [16, 20, 27]. Toric varieties arise from combinatorial objects ¥ C N ® R ~ R" called fans,
which are collections of cones in a lattice N ~ Z". Here N corresponds to one-parameter sub-
groups of T. Let M ~ Z" be the character lattice of T. From a full-dimensional lattice polytope
P C M®R ~ R" one constructs (via the associated inner normal fan Lp of P) a toric variety
Xp := Xy, together with an ample Cartier divisor Dp, so that the number of lattice points of
P, i.e., points of M N P, is computed by the holomorphic Euler characteristic  (Xp, &' (Dp)).
The Riemann-Roch theorem expresses the latter in terms of the Chern character of &'(Dp)
and the Baum-Fulton-MacPherson homology Todd class td.(Xp) of the toric variety Xp, thus
reducing the lattice point counting problem to a characteristic class computation (see formu-
lae (44) and (46)). Similarly, a more intricate relation between lattice point counting and the
theory of Goresky-MacPherson homology L-classes was noted by the first and fourth author
in [17]. Hence, the problem of finding explicit formulae for characteristic classes of toric vari-
eties is of interest not only to topologists and algebraic geometers, but also to combinatorists,
programmers, etc.

In [36, 37], the second and third author computed the motivic Chern class mCy, and, resp.,

homology Hirzebruch classes T, T"y* [2] of (possibly singular) toric varieties. As important
special cases, they obtained new (or recovered well-known) formulae for the Baum-Fulton-
MacPherson Todd classes td, (X) = Ty, (X) = Tp«(X) (or MacPherson-Chern classes ¢, (X) =
T_1.(X)) of a toric variety X, as well as for the Thom-Milnor L-classes Ly (X) = 7.(X) of a
simplicial projective toric variety X. For instance, by taking advantage of the torus-orbit de-
composition and the motivic properties of the homology Hirzebruch classes, one can express
the latter in terms of the (dual) Baum-Fulton-MacPherson Todd classes of closures of orbits.
(The same method also applies to torus-invariant subspaces of a given toric variety.) As a
consequence, one gets generalized Pick-type formulae, namely, generalizing Danilov’s obser-
vation one shows that the weighted lattice point counting, where each point in a face E of the
polytope P carries the weight (1 + y)dim(E ), is equivalent to the computation of the Hirzebruch
class Ty (Xp) of the associated toric variety (see Theorem 2.3 and Remark 2.4 for a precise
statement). In the case of simplicial toric varieties (e.g., coming from a simple lattice poly-
tope), these characteristic classes were computed in [36, 37] by using the Lefschetz-Riemann-
Roch theorem of Edidin-Graham [24] in the context of the geometric quotient description of
such varieties [19]; see Subsection 2.4 for an overview of such formulae.
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A natural generalization of the classical one-dimensional Euler-Maclaurin formula is to
relate the sum Y, cpry f(m) of the values of a suitable function f at the lattice points in a
lattice polytope P C My := M ® R to integrals over the polytope and/or its faces. In this paper,
we consider f to be either a polynomial on Mg or an exponential function f(m) = ™2 where
(-,-) : M x N — Z is the canonical pairing and z € N¢ := N ®7 C = Homg (Mg, C).

Khovanskii and Pukhlikov [38] extended the classical (one-dimensional) Euler-Maclaurin
identity to a formula for the sum of the values of a polynomial over the lattice points in higher-
dimensional regular lattice polytopes (corresponding to smooth projective toric varieties). The
first substantial advance for non-regular polytopes was a different type of Euler-Maclaurin for-
mula for simple polytopes achieved by the first and fourth authors in [18, 43], by using their
theory of topological characteristic L-classes of singular spaces (agreeing with Ti. in this
context). A few years later, the Khovanskii-Pukhlikov formula was extended to simple lattice
polytopes by Brion-Vergne [12] [13], the latter using the equivariant Hirzebruch-Riemann-
Roch theorem for the corresponding complete simplicial toric varieties, together with local-
ization techniques in equivariant cohomology. Other Euler-Maclaurin type formulae were
obtained by Guillemin [3 1] by using methods from symplectic geometry and geometric quan-
tization, by Karshon et al. [34] by combinatorial means, etc. While most of above-mentioned
Euler-Maclaurin formulae are obtained by integrating the function f over a dilatation of the
polytope, the Cappell-Shaneson approach involves a summation over the faces of the poly-
tope of integrals (over such faces) of linear differential operators with constant coefficients,
applied to the function; see also [14] for some formulae of this type. Later on, these Euler-
Maclaurin formulae have been extended (even for non-simplicial toric varieties, resp., non-
simple lattice polytopes) by Berline—Vergne [6, 7] and Garoufalidis—Pommersheim [29], to-
gether with Fischer—Pommersheim [25], to local formulae satisfying a Danilov condition (see
also the work of Pommershein—Thomas [4 1] for such formulae for the Todd class in the non-
equivariant context). In the geometric context of toric varieties, all of these Danilov type
formulae depend in a crucial way on the birational invariance of the (equivariant) Todd class
of the structure sheaf. However, this birational invariance property does not apply to the more
general context studied in this paper.

In the present work we consider T-equivariant versions mc;E and TyE =td} o mC;T of the
motivic Chern and, resp., Hirzebruch characteristic classes of [8], and we extend the formulae
from [36, 37] to the equivariant setting. Such constructions and results are first discussed in
Section 3. The proofs given in Section 3 are based on the Cox construction and the equivariant
Lefschetz-Riemann-Roch theorem of Edidin-Graham [24], and they resemble those of [36,

], up to some technical modifications dictated by the equivariant context. Alternative proofs
of all these results are given in Section 4.3 via localization at the torus fixed points.

Furthermore, we elaborate on the relation (cf. also [13]) between the equivariant toric
geometry via the (equivariant) Hirzebruch-Riemann-Roch (abbreviated HRR for short) and
Euler-Maclaurin type formulae for simple lattice polytopes (corresponding to simplicial toric
varieties), fitting into the following picture:

Euler-Maclaurin formulae for f <—— equivariant HRR for Dp

| l

counting lattice points — HRR for Dp,
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with Dp the T-invariant ample Cartier divisor associated to the simple lattice polytope P.

Our main results provide generalizations to arbitrary coherent sheaf coefficients, which for
natural choices related to the toric variety (or the polytope) give uniform geometric proofs
of the Euler-Maclaurin formulae of Brion-Vergne and, resp., Cappell-Shaneson, via the equi-
variant Hirzebruch-Riemann-Roch formalism. Our approach, based on motivic characteristic
classes, allows us to obtain such Euler-Maclaurin formulae also for (the interior of) a face, as
well as for the polytope with several facets (i.e., codimension one faces) removed, e.g., for the
interior of the polytope. Moreover, we prove such results also in the weighted context, as well
as for N-Minkowski summands of the given full-dimensional lattice polytope (corresponding
to globally generated torus invariant Cartier divisors in the toric context). Similarly, some of
these results are extended to local Euler-Maclaurin formulae for the tangent cones at the ver-
tices of the given full-dimensional lattice polytope (fitting with localization at the torus fixed
points in equivariant K-theory and equivariant (co)homology).

In what follows we give a brief overview of our main results. We first introduce some no-
tations. For simplicity, in this introduction we formulate the results for a projective simplicial
toric variety (e.g., associated to a simple full-dimensional lattice polytope).

Let X = Xy be an n-dimensional projective simplicial toric variety with fan ¥ C Ng = N®R
and torus T = Ty. Denote by H(X;Q) the (Borel-type) rational equivariant cohomology of
X, and note that for a point space one has

Hp(pt;Q) ~Qlty,....t) =: (A1)0.

Let M be the dual lattice of N ~ Z". Viewing characters m € M (resp., X" € Z[M| ~ K(?)r (pt)) of
T as T-equivariant line bundles C,» over a point space pt gives an isomorphism M ~ Pict(pt).
Taking the first equivariant Chern class cqlr (or the dual —cqlr) gives an isomorphism

¢ =cf, resp., s = —ch : M~ H3(pt; 7).

Hence, upon choosing a basis m; (i =1,...,n) of M ~ Z", one has that H}(pt; Q) = (AT)Q ~
Qlt1,...,ta), with t; = £cL(Cym) for i = 1,...,n. As explained in Subsection 2.5, H;(X;Q)
can be described as a Hp(pt;Q) = (AT)@-algebra. This fact plays an important role for
pAroving Euler—l\/iaclaurin type formulae. In fact, we will be working with the completions
Hp(X;Q) and (AT)Q ~ Q[[t1,...,1,]] of these rings. Moreover, the equivariant Chern char-

acter ch” and Todd homology classes td! take values in an analytic subring (cf. Proposition
5.17)

(HE(X:Q))" C HE(X;Q),

with Q{r1,...,t,} ~ (Hf(pt;Q))*" =: (A%")Q C (/A\T)Q the subring of convergent power se-
ries (around zero) with rational coefficients, i.e., after pairing with z € N¢ one gets a conver-
gent power series function in z around zero, whose corresponding Taylor polynomials have
rational coefficients.

Let X = Xy be a projective simplicial toric variety, with a T-equivariant coherent sheaf .7 .
The cohomology spaces H'(X;.%) are finite dimensional T-representations, vanishing for i
large enough. Using the corresponding T-eigenspaces as in (68), the (cohomological) Euler
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characteristic of % is defined by

(1) =Y Z 1) dime H (X5 7)n - ™ € (AF) g C (A)q -

meM i=
For &, resp., .%, a T-equivariant vector bundle, resp., coherent sheaf on X, one then has the
following equivariant Hirzebruch-Riemann-Roch formula:

@ 1X.E0F) = [ (&) Nl (7))

where [y : H:(X;Q) — Hi(p; Q) = (KT)Q is the equivariant pushforward for the constant
map X — pt. See Subsection 2.7 for examples and applications of this formula.

In Subsection 3.2, formula (2) is extended to a generalized equivariant Hirzebruch-Riemann-
Roch formula, cf. Theorem 3.14 (which is proved more generally for closed algebraic subsets
of X defined by T-invariant closed subsets):

% (X, Ox(D Zx (X.Qf © Ox(D)) "

_ /XchT(ﬁX(D)) NTE(X),

with D a T-invariant Cartier divisor on X, ch” the equivariant Chern character, and ﬁf( the
sheaf of Zariski p-forms on X. Here we use the following explicit description of the equi-
variant motivic Chern class mC;r (X) and, resp., equivariant Hirzebruch class TyE (X) of X (see
Proposition 3.5):

3)

dim(X) dim(X
@ mC(X)=Y [Q%]r €Ky (X)p] and TL(X Z th )-yP.
p=0

Let now P be a full-dimensional simple lattice polytope in MR ~ R" with associated toric
variety X = Xp with torus T, inner normal fan £ = Xp and ample Cartier divisor D = Dp. As
a consequence of (3), we obtain the following weighted formula (see Corollary 3.15):

(5) 2T (X,0x(D) = ¥ (14y)5mE) .y gl

E=<P meRelint(E)NM

where the first sum is over the faces E of P and Relint(E) denotes the relative interior of the
face E.

Let us next consider a globally generated T-invariant Cartier divisor D’ on X = Xy, with
associated (not necessarily full-dimensional) lattice polytope Py C Mp. Let Xjy be the toric
variety of the lattice polytope Py, defined via the corresponding generalized fan Y/. There is a
proper toric morphism f : X — Xy, induced by the corresponding lattice projection N — Npy
given by dividing out by the minimal cone of the generalized fan of Ppy. In particular, f: X —
Xpy is a toric fibration. For 6’ a cone in the generalized fan X’ of Ppy, let

(6) de(X/0") :=|Xe(X/0")],
with
(7) Y(X/o'):={6€X|0sCX, f(O5)=0g, £ =dim(Os) —dim(Ogy)},
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and | — | denoting the cardinality of a finite set. If E is the face of Py corresponding to ¢’ € ¥/,
we denote these multiplicities by dy(X/E). Then we have the following generalization of
formula (5) (see Corollary 3.17 for a more general statement)

s(m)

® x X, 0x(D))=Y (Z(_l)f.dz(x/E).<1+y)€+dim(E)>
E=Py \(>0 méeRelint(E)NM

By forgetting the T-action (i.e., setting s(m) = 0 for all m € M), we get the following weighted
lattice point counting for lattice polytopes associated to globally generated T-invariant Cartier
divisors:

O X, 0x(D))= ), (Z(—l)z-de(X/E)-(1+y)”dim(E)>'!Relint(E)ﬂM!-

E=Py \(>0

In Section 3, we extend the characteristic class formulae from [36, 37] for the motivic Chern
and Hirzebruch classes to the equivariant setting. Here we use the global Cox construction
(see Section 2.1.2) and the equivariant Lefschetz-Riemann-Roch theorem of Edidin-Graham
[24]. Let X := Xy be an n-dimensional simplicial projective toric variety with fan X. Then the
equivariant Hirzebruch class TyE (X) is computed by (cf. Theorem 3.22):

_ a e ~
Fo-(Lr-ap(e) ) gy g,

10 LX) =0+y"" Y I

seorper(y  1—ap(g)-e

with 7 = |£(1)| the number of rays of X, and Fj, = [D, | denoting the equivariant fundamental
class of the T-invariant divisor D, corresponding to the ray p € X(1). See Section 2.1.2 for
the meaning of Gy and a, (g) in the context of the Cox construction. Note that if X is smooth,
then Gy is just the identity element, and all a,(g) = 1. For y = 0, with T (X) = td} (X) the
equivariant Todd class of X, formula (10) specializes to the classical counterpart of Brion-
Vergne [13] for the equivariant Todd class of X. A more general statement is obtained in
Theorem 3.28, for the equivariant Hirzebruch classes of complements of T-invariant divisors
in X. Alternative proofs of all these characteristic class formulae are given in Section 4.3 via
localization at the torus fixed points.

In Section 4, we apply localization techniques in T-equivariant K- and (Borel-Moore) ho-
mology theories of toric varieties, due to Brion-Vergne [13] and, resp., Brylinski-Zhang [15],
for the calculation of the T-equivariant motivic Chern and Hirzebruch classes in the toric
context.

Let X = Xy be an n-dimensional toric variety with torus T = Ty such that the fixed-point
set XT £ 0, e.g., X is projective. Let xo € X© be a fixed point corresponding to ¢ € £(n),
with Uy the corresponding T-invariant open affine variety. Consider the multiplicative subset
S C Z[M] = K{ (pt) generated by the elements 1 — ™, for 0 # m € M. Then the projection
map

pree 1 Ko (X)s = Ko (X")s = Kg (xo)s = Z[M]s

can be calculated, after restriction to Ug, as pry, = So ya, with 2 : K(;E (Us) = Z[M]sum C
Z[[M]] the local counterpart of the equivariant Euler characteristic (1) (with ¥ € Z[M] instead
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of ™)), and S the corresponding summation map as introduced by Brion-Vergne [13]. We
then have (see formula (155) for a more general version):

(1) 2 (mCy (X)|y,) = Y (1+y)"m(%) ) 1" € ZiMlsum @z, 2],

720 méeRelint(cVNtt)NM

where the first sum is over the faces of . For y = 0, this specializes to x2 (Ox|y, ), since X
has rational singularities, so that mC) (X) = [Ox|r € K} (X). As a consequence, we get the
following weighted version of Brion’s formula (see Corollary 4.8).

Corollary 1.1. Let P be a full-dimensional lattice polytope with associated projective toric
variety X = Xp and ample Cartier divisor D = Dp. For each vertex v of P, consider the cone
C, = Cone(PNM —v) = o/, with faces E, = Cone(E NM —v) for v € E. Then the following
identity holds in Z[M|s @z, Z[y):

(12) 2" (X,mC} (X)® 0x(D))= Y, x”S( Y (1ydimE. Y x’”)
E,) M

v vertex vEE<P méeRelint(

Brion’s formula [9] is obtained from (12) by specializing to y = 0.

In the case of a simplicial cone, we get more explicit formulae by using a Lefschetz type
variant trg/ of the Euler characteristic xQ,T , and a corresponding summation map. Let ¢ €
X(n) be a simplicial cone with uy,...,u, € N = N the generators of the the rays p; € o(1),
j=1,....,n. Let N' = N, be the finite index sublattice of N generated by uy,...,u,, and
consider 6 € Nj, = Ng so that it is smooth with respect to the lattice N'. With T, T’ the
corresponding n-dimensional tori of the lattices N, resp., N’, the inclusion N’ < N induces a
toric morphism 7 : UJ — Ug of the associated affine toric varieties. Let G4 be the finite kernel
of the epimorphism 7 : T" — T, so that U /G =~ Us. Let mg; y,...,mj , be the dual basis in
the dual lattice M’ = M, of N, with corresponding characters a,, : Go — C* of G as in the
global context of the Cox construction mentioned before (see (33)). With these notations, we
have:

/
Mg

1 cap (g7 1) - ,
(13) SUEmCT (0)lu,)) = o ¥ [ dols o2

m/

Gol o&G5ic1 1—ap(g7) - x "o

which can be regarded as a local K-theoretical version of the global formula (10). For y =0,
this specializes to the Molien formula of Brion-Vergne [13].

We next discuss some (co)homological counterparts of the above localization formulae. Let
L C (Ar)g = Hp(pt; Q) be the multiplicative subset generated by the elements +c(m), for
0+#m e M. With xo € XT a fixed point corresponding to 6 € X(n), there is an associated
homological localization map (for equivariant Borel-Moore homology) at x4,

pre, HY(X;Q) ~ HE (XT5Q)1 — H (x6:Q)1 = L~ (Ar)o-

These K-theoretic and (co)homological localization maps are compatible with the equivariant
Todd class transformation of Edidin-Graham [23] (and Brylinski-Zhang [ 1 5]), in the following
sense:
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Proposition 1.2. Let .F be a T-equivariant coherent sheaf on X = Xy, and let x5 € X" be a
given fixed point of the T-action. Then:

14 W (P, = prep (W ([ Z]) = ch" (S0 x2)(F)) € L (AF)g € L~ (Ar)e,

with ch™ : Z[M]s — L' (A%")q induced by the T-equivariant Chern character on a point
space.

As an example, we get by (11) the following localized equivariant Hirzebruch class formula
for the toric variety X = Xy:

(15)
Ty (X)sxg =t ([mCy (X)])xg = Y, (14+5)"™(%) - (ch"05) ) "
T=0 méeRelint(cVNtt)NM
Y (14000 y e
720 meRelint(cVNT+)NM

Specializing the above formula to y = 0 reduces it to a corresponding localized Todd class
formula of Brylinski-Zhang [15] for td (X),, = To~(X)y,. In the case of a simplicial cone
o € X(n) corresponding to x5 € X, formula (15) implies the following:

1 " l4yoay(g!) e
Tx). — N
(16) TS’*( )XG | | 2 - 7C(m/ ) ,
Go ¢cGoi=1 l—ap(g71)-e o.i

This is exactly the localization of the global formula (10), as explained in Section 4.3.

We now describe applications of the above results to Euler-Maclaurin formulae. Let P be as
above a full-dimensional lattice polytope in My ~ R”", with toric variety X = Xp, inner normal
fan £ = Xp and ample Cartier divisor D = Dp. Let (1) be the set of rays of X, corresponding
to the facets F' of P. For eachray p € X(1), let up, € N be the corresponding ray generator. We
also let F,, := [D,|T be the equivariant fundamental class of the T-equivariant divisor D, on
X corresponding to the ray p € X(1). Let P(h) be the dilatation of P with respect to the vector
h=(hp) pex(1) With real entries indexed by the rays of X. So, if P is defined by inequalities of
the form

<m,1/tp> ‘Jl‘Cp > 0,

with up, the ray generators and ¢, € Z, for each p € X(1), then P(h) is defined by inequalities
(m,up)+cp+hp >0,

for each p € X(1). In these notations, we have that D = Dp =} ,cx(1)¢p - Dp.

Using localization techniques and adapting arguments of Brion-Vergne to our setup (see
Theorem 5.1, Theorem 5.8 and Theorem 7.12), we get the following abstract Euler-Maclaurin
formula coming from the equivariant Hirzebruch-Riemann-Roch theorem (see Theorem 5.18,
Corollary 5.21 and Proposition 5.22):
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Theorem 1.3. Let [F] € K;j (X) be fixed, and choose a convergent power series p(xp) €
Q{xp | p € £(1)} so that p(Fp) = ! ([F]) € (H:(X;Q))™". Then, with p(%) the corre-
sponding infinite order differential operator obtained from p(xp) by substituting xp %,
for all p € £(1), we have for any polynomial function f on Mg:

d
a7 plg,) (/P(h)f(m)-emZ> dm) —

|h:0

=Y (Y (1) -dimcH (X; Ox(D) @ F) -n | - f(m)- ™,
meM \i=0
as analytic functions in z € N¢ with z small enough.

If v € P is a vertex with tangent cone Tan(P,v) and corresponding cone ¢ € X(n), then for
z small enough with —z € Int(o) we get:

d e (i5p(Fp))
18 — / etma) dm) = (——= 9P ) = (" tdY ([F])xg,2) -

as oL (el o) = e (]

ln=0
Here, we use a more explicit description of the homological localization map pr,, given as
_ g :
Dlyy = Eal (ra)” see (176) for more details.

It is important to note that the operator p(%) < fP(h) f(m)-elm2) dm) (with f =1 in
h=0

the local case) depends only on the class td} ([.Z]) € (H7(X;Q))"" and not on the chosen
convergent power series representative. Such a convergent power series representative exists
since td} ([#]) € (HE(X;Q))™. If one uses only polynomials in formula (17) (i.e., setting
z = 0), this formula even holds for p(x,) € Q[[xp | p € £(1)]] a formal power series with

p(Fp) =tdL([F]) € Hi(X;Q).

Remark 1.4. The formulae of Theorem 1.3 hold with the same operator p(%) (which is
fixed by the choice of a convergent power series p(xp) € Q{x, | p € £(1)} so that p(Fp) =
tdX ([Z)) € (Hi(X ;Q))a"), but applied to different full-dimensional simple lattice polytopes
P corresponding to different choices of ample divisors D = Dp on the toric variety Xy (e.g.,
for dilatations of a given polytope).

Note that by evaluating formula (17) at z = 0 and for f =1 (i.e., forgetting the T-action),
we get a generalized volume formula, namely,

P2 (vol P(R), , = £(X.0x(D) & 7).

with vol P(h) = [p(;ydm the volume of P(h) and the Lebesgue measure normalized so that
the unit cube in M C My has volume 1. See [12][Thm.2.15] for the case when .% = Oy
(corresponding to counting points in PN M) and .# = wx (corresponding to counting points
in Int(P) N M).

In Section 5.1 we explain how formula (17) can be specialized to yield old and new Euler-
Maclaurin type formulae. In particular, we obtain an Euler-Maclaurin formula for a simple
lattice polytope with some facets removed (generalizing the classical case of (the interior of) a
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polytope), see formula (210). We also obtain Euler-Maclaurin formulae for a face E of P (see
Theorem 5.27) and for the interior of £ (see Theorem 5.26).

Another way to obtain examples of explicit weighted Euler-Maclaurin formulae is by con-
sidering the classes [Z] := [mC} (X)] € Kj (X)[y], or twisting these by Ox (D' — D), for D =
Dp the original ample divisor associated to the full-dimensional simple lattice polytope P, and
D’ any T-invariant Cartier divisor on X (see Theorem 6.2, Corollary 6.3 and Example 6.9).

Let D’ be a globally generated T-invariant Cartier divisor on X, with associated (not neces-
sarily full-dimensional) lattice polytope Py C Mg. Let D' —D = Ypex(1)dpDp as a T-invariant
Cartier divisor. Let X;y be the toric variety of the lattice polytope Ppy, deﬁned via the corre-
sponding generalized fan. Consider the infinite order differential operator

Jd. . _ ezpem)dp'ai J

(19) T "5 € Qg P e X))

y %> a
with Ty(%) obtained by substituting Fj, — aan (for each p € X(1)) into the right-hand side

formula (10) for the equivariant Hirzebruch class Tyl{ (X). For any polynomial f on Mg, one
then has by Theorem 1.3 the following new weighted Euler-Maclaurin formula:

o g ([ sm-emam) =

[h=0

- ¥ (2(—1>f-de<X/E> (1 +y>“dim<E>> Y fmem,
E=Py \(>0 meRelint(E)NM

with multiplicities dy(X/E) = dy(X/0’) as in (6), and the face E of Pp corresponding to

the cone 6’ € ¥’. Note that in this context Pp is an N-Minkowski summand of the original

polytope P. Forgetting the T-action (i.e., for f = 1 and z = 0), one gets the following volume

formula (fitting with (9)):

21

1(5) (ol PO, = ¥ <Z<—1>f~de<X/E> (14y) m® ) [Relint(E) NM|.

E=Py \(>0

Specializing (20) to the case D = D', with P = Pyy, one gets the following weighted Euler-
Maclaurin formula:

(22) T a (/ f(m e(m2) dm) — Z (1 +y)dim(E). Z f(m) . elm2)
h =0 E=P meRelint(E)NM

For y = 0 this further reduces to the classical Euler-Maclaurin formula of Brion-Vergne [13]
for simple lattice polytopes, and Khovanskii-Pukhlikov [38] for Delzant lattice polytopes (cor-
responding to smooth projective toric varieties):

(23) Todd(%) ( /P " F(m)-em) dm) = Y f(m)-em),

ln=0 mePNM

with Todd(2.) = To( ).
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Following [34], in Section 7 we introduce power series of the form

p(ti,xp) == Z pa(xp)Htiai ceQ{t,....tn,xp | p € Z(1)},

a=(a;)eNj =1
resp., Q[[t1,...,t,,xp | p € X(1)]] as convergent, resp., formal power series in the #;,x,, with
corresponding differential operator

J mz - J - Q; L pimz
Pl 5w) (/p<h>f (o)< >dm) =L </P<h>,ga" - >dm)

=0 a=(¢;)eN; ln=0

for f a polynomial function on M, obtained by substituting #; — J;,xp % into the power

series p(t;,xp). We can now state our second abstract Euler-Maclaurin formula coming from
equivariant Hirzebruch-Riemann-Roch, see Theorem 7.10 and Corollary 7.11.

Theorem 1.5. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C My. Let ¥ := Xp be the inner normal fan of P,
and D := Dp the ample Cartier divisor associated to P. Let [F) € K, (X) be fixed, and
choose a convergent power series p(tj,xp) € Q{t1,...,tn,xp | p € £(1)} s0 that p(s(m;),Fp) =
tdX ([Z]) € (H3(X;Q))™. Then, for a polynomial function f on Mg,

0
L . plmsz) _
(24) p(a;, 8h> (/P(h) f(m)-e dm> =

‘h:()

= Z <i(—l)i.dim@Hi(X;ﬁX(D) ®ﬁ)xm> - f(m) .e<m7z>,

meM \i=0
as analytic functions in z with z small enough.

Of course, Theorem 1.5 reduces to the first part of Theorem 1.3 in case
pltixp) € Qxp [ p € (1)} C Q{1 tnyxp | p € 2(1)}

does not depend on the variables #;. As before, the operator p(d;, %) < /, P(h) f(m)- e(mz) dm)

h=0
depends only on the class td” ([.#]) € (HA(X; Q))a” and not on the chosen convergent power
series representative. If one uses only polynomials in formula (24) (i.e., setting z = 0), this
formula even holds for p(t;,xp) € Q[[t1,...,t0,xp | p € X(1)]] a formal power series with
pls(mi). Fp) = td? (7)) € H3 (X: Q).

Let us next denote by o the cone in X = Xp corresponding to the face E of P, and let V5,
be the closure of the T-orbit in X corresponding to 6. As explained in Remark 7.15, the equi-
variant fundamental classes [V, |1 generate Hy(X;Q) as a Hy(pt;Q) = (Ar)g-algebra. Let
now [.#] € K} (X) be fixed, and choose elements pg, (t;) € ﬁ{f(pt;@) = (A1) ~Q[[t1,....4]]
with

(25) ) ([F]) = E;P Poy () [Voy |1 € H(X;Q) .
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Then td} ([F]) = p(s(m;), Fp) € ﬁ{f(X;Q) for

(26) p(tixp) = Z (mult(GE)~ H xp> pog(ti) €Q[[t1,....ta,xp | p € Z(1)]].

E=pP peog(1)

With these notations, we can now state our final abstract Euler-Maclaurin formula coming
from the equivariant Hirzebruch-Riemann-Roch theorem, which also provides a generaliza-
tion of the Cappell-Shaneson Euler-Maclaurin formula, see Theorem 7.16 and Remark 7.17.

Theorem 1.6. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C M. Let X := Xp be the inner normal fan of P, and
D := Dp the ample Cartier divisor associated to P. Let [ %] € K(?)l‘ (X) be fixed, and choose the
formal power series p(t;,xp) € Q[[t1,...,ta,Xp | p € £(1)]] as in (26). Then for a polynomial
function f on Mg, we have:

en Yy / Poe(9;)f(m) dm="Y" (f(—l)"-dimcH’(X;ﬁx(D)®ﬁ>x—m>-f(m)-
E=pP/E

meM \i=0

Remark 1.7. Also the formula of Theorem 1.6 holds with the same operators pg, (d;) (wWhich
are fixed by formula (25)), but applied to different full-dimensional simple lattice polytopes P
corresponding to different choices of ample divisors D = Dp on the toric variety Xy (e.g., for
dilatations of a given polytope).

In the classical case .# := Oy, this is exactly Cappell-Shaneson’s recipe for the definition
of the differential operators pg, (d;), described here geometrically in terms of the equivariant
Todd class td” (X) :=tdX ([0x]) € ﬁ% (X;Q) (see [18][Thm.2] or [43, Sect.6.2]). In this case,
(27) reduces to (see Remark 7.17 for more details):

Y [ poc(@)f(m) dm= ¥ fm).

E<pYE mePNM
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2. PRELIMINARIES

2.1. Background on toric varieties and lattice polytopes. In this section we review some
basic facts and terminology from the theory of toric varieties and lattice polytopes. For com-
plete details, the interested reader is referred to [16, 20, 27, 39].
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2.1.1. Toric varieties. Let M ~ 7" be a n-dimensional lattice in R”, and let N = Hom(M, Z)
be the dual lattice. Denote the natural pairing by

(,):MxN—Z.

A rational polyhedral cone 6 C Ny := N ®R is acone 6 = Cone(S) on a finite set S C N. Such
a cone o is strongly convex if c N (—0o) = {0}. The dimension of a cone o is the dimension
of the subspace of Nr spanned by ¢. A face 7 of a cone ¢ (we write T < 0) is a subset

t:={ueco|(mu =0}Co
for some m € M N G, where
6={meMg| (mu)y>0Vuco}

is the dual cone of ¢. Every face of o is again a rational polyhedral cone, and a face of a
face is a face. A one-dimensional face p of a cone ¢ is called a ray. The collection of rays
of a cone & is denoted by o(1). For each ray p € o(1), let u, be the unique generator of the
semigroup p NN. The {up }peq(1) are called the generators of 6. A cone o is called smooth
if it is generated by a part of the Z-basis of N. A cone o is simplicial if its generators are
linearly independent over R. The multiplicity mult(c) of a simplicial cone ¢ with generators
Up,s- - Up, i |No/(utp,, ..., up,)|, where Ny is the sublattice of N spanned by points in 6 NN,
and | — | denotes the cardinality of a (finite) set.

A fan ¥ in Ny, is a finite collection of strongly convex rational polyhedral cones in Ny so that
any face of 0 € X is also in X, and if 01,0, € X then 61 N 0, is a face of each (so 61 N0y € X).
The support of a fan X is the set |Z| := (Jgyex 0 C Nr. The fan is called complete if |£| = Np.
A fan X is called smooth if every cone ¢ € X is smooth. X is called simplicial if every cone in
o € X is simplicial. We denote by X(i) the set of i-dimensional cones of ¥, and similarly, by
o (i) the collection of i-dimensional faces of a cone ©.

To any fan X one associates a toric variety Xy as follows. Each cone o € X gives rise to an

affine toric variety

Us = Spec(C[M N &))

where C[M N &] is the C-algebra with generators {}™ | m € M N G}. The toric variety Xy is
obtained by gluing these affine pieces together, so that Us, and Ug, get glued along Ug, g, -
The affine toric variety corresponding to the trivial cone {0} is the torus Ty = N @ C* =
Spec(C[M]), so Ty is an affine open subset of Xs. It follows that M can be identified with
the character lattice of Ty, i.e., M ~ Homgy(Ty,C*), while N ~ Homy(C*, Ty) is the lattice of
one-parameter subgroups of Ty. In particular, the natural pairing between m € M and n € N
yields the integer (m,n) such that m(n(r)) = t"™" for all r € C*.

The action of the torus Ty on itself extends to an algebraic action of Ty on Xy with finitely
many orbits O, one for each cone ¢ € X. In fact, by the orbit-cone correspondence, to a
k-dimensional cone o € ¥ there corresponds a (1 — k)-dimensional torus-orbit Og = (C*)" X,
and the closure Vs of Os (which is the same in both classical and Zariski topology) is itself a
toric variety and a Ty-invariant subvariety of Xy. In particular, each ray p € X(1) corresponds
to an irreducible Ty-invariant divisor Dy := V), on Xy. Moreover, if o is a face of v, i.e.,
6 =< v, then Oy C Oy = Vg and

Vo=1]] Ov.

o=xV
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So the toric variety Xy is stratified by the orbits of the 7y-action.
Let us also describe here, for future reference, the fan of the toric variety Vg, i.e., the closure
of the orbit corresponding to the cone o € X. Let

N(o)=N/Ng,

with N denoting as before the sublattice of N spanned by the points in 6 N N. Let Ty(5) =
N(o) ®z C* be the torus associated to N(o). For each cone v € X containing o, let V be the
image cone in N(o)r under the quotient map Ng — N(o)r. Then

(28) Star(c) ={VCN(o)r |0 <V}

is a fan in N(o)g, with associated toric variety isomorphic to Vs (see, e.g., [16][Prop.3.2.7]).
Note that Ty acts on Vg via the morphism

(29) In = T(o)

induced by the quotient map N — N(o).
If X is afanin Ng >~ R", then the toric variety Xy is a complex algebraic variety of dimension
n, whose geometry is subtly related to the properties of the fan X. For example:

(1) Xy is complete iff X is a complete fan.

(2) Xy contains no torus factor iff N is spanned by the ray generators u,, p € X(1).
(3) Xz is smooth iff X is a smooth fan.

(4) Xy is an orbifold iff X is a simplicial fan.

The toric variety Xy associated to a simplicial fan is called a simplicial toric variety. Such a
variety is an orbifold and therefore also a rational homology manifold, so it satisfies Poincaré
duality over Q. The singular locus of a (simplicial) toric variety Xy is Ucezsmg Vs, the union
being taken over the collection Yy, of all singular (non-smooth) cones in the fan X.

We conclude this section with a quick description of the rational cohomology ring H* (X5; Q)
of a complete simplicial toric variety Xs. Fix a numbering p1,...,p, for the rays in (1), and
let u; denote the generator of p;, for i = 1,...,r. We denote by D; the Ty-invariant divisor
corresponding to p;, and let [D;] € H*(Xs:;Q) be the cohomology class of D; (under rational
Poincaré duality). Introduce a variable x; of degree 2 for each p;, and define the graded ring

RQ(Z) :==Qlxi,....x]/(F + 7),

where:

e .7 is the Stanley-Reisner ideal generated by monomials x;, ...x; with all i;’s distinct
and p;, + -+ p;, not a cone of X;

e 7 is the ideal generated by the linear forms Y/, (m, u;)x;, where m ranges over (some
basis of) M.

Then the assignment x; — [D;] induces an isomorphism (see, e.g., [16][Thm.12.4.1]):

(30) Ro(X) = H* (X5; Q).
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2.1.2. Cox quotient construction of simplicial toric varieties. In this section, we recall the
Cox construction of simplicial toric varieties as geometric quotients, see [ | 9] and [16][Sect.5.1].

Let X be a fan in Ng ~ R”", with associated toric variety X := Xy and torus T := Tyy = (C*)".
For each ray p € X(1), denote by u, the corresponding ray generator. Let

r=[2(1)]

be the number of rays in the fan X. For simplicity, we also assume that X = Xy contains no
torus factor.

Using the fact that N ~ Homy(C*, T) is identified with the one-parameter subgroups of T,
define the map of tori

y:T:=(C) —T by (p)p— [] uptp),
peX(1)

and let G := ker(7y). Then G is a product of a torus and a finite abelian group, so G is reductive.
Let Z(X) C C” be the variety defined by the monoidal ideal

B(X):= (f: 0 €X)

where
XAG — H .xP
pga(l)
and (xp)peyx(1) are coordinates on C". Then the variety
W:=C"\Z(%)
is a toric manifold, and there is a toric morphism
n:W—-X.

The group G acts on W by the restriction of the diagonal action of (C*)", and the toric mor-
phism 7 is constant on G-orbits. Moreover, Cox [19] (see also [!6][Thm.5.1.11]) proved
that if X = Xy is a simplicial toric variety containing no torus factor, then X is the geometric
quotient W /G.

Under the quotient map 7 : W — X, the coordinate hyperplane {x, = 0} maps to the invari-
ant Weil divisor D,. More generally, if o is a k-dimensional cone generated by rays py, ..., pg,
then the orbit closure V; is the image under 7 of the linear subspace Wy defined by the ideal
(xpy,---»xp,) Of the total coordinate ring Clx, | p € £(1)]. Let G5 be the stabilizer of W;.
Then, if

ap: (C*)"—=C*
is the projection onto the p-th factor (and similarly for any restriction of this projection), we
have by definition that

Go={g€Glap(g)=1,Yp ¢ o(l)}
G = {(tp)peo(l) |1p € C, H up(tp) =1},
peo(l)

so G4 depends only on o (and not on the fan X nor the group G).
For a k-dimensional rational simplicial cone ¢ generated by the rays py,...,px one can
moreover show that

(32) Go >~ Ng/(uy,...,ux),
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s0 |G| = mult(o) is just the multiplicity of ¢, with mult(c) = 1 exactly in the case of a
smooth cone. Let m; € M for 1 <i < k be the unique primitive elements in the dual lattice M
of Ny satisfying (m;, u;) =0 for i ;& j and (m;,u;) > 0, so that the dual lattice M/ of (uj, ..., uy)
j,u]> Then, for g =n+ (u1,...,ux) € Go = No/(ui,...,ux),

the character ap; (g) is also given by (see [27][page 34]):

is generated by the elements T

<mj7n>
(mj,uj)

(33) apj(g) = &Xp (27“ ’ ’YP]' (g)) ) with ij (g) =

Consider next the finite set
Gs = | J Go,
cer

and note that the smooth cones of X only contribute the identity element idg of G. For g € G,
the set of coordinates of C" (with r = |X(1)]) on which g acts non-trivially is identified with:

g(1)={peX(l)|ap(g) # 1}

Thus the fixed locus of g in C” is the linear subspace defined by the ideal (xp ip < g(l)) of
the total coordinate ring. So the fixed locus W8 of g in W is the intersection of this linear
subspace with W = C"\ Z(X). Note that W& # 0 if and only if the linear space defined by the
ideal (xp p e g(l)) is not contained in Z(X), and the latter is equivalent to the existence of a
cone ¢ € X which is generated by the rays of g(1). For such a cone o, we have that g € G4
and W& = Wj.

In what follows we write as usual T < o for a face 7 of o, and we use the notation T < &
for a proper face 7 of 0. Note that

Set

(34) Go:=Gs\ |J Gr={g€Gs|ap(g) #1,Vp € a(1)}.

T<0

Since G5 = {idg} for a smooth cone o, it follows that Gg = 0 if o is a smooth cone of positive
dimension, while G‘EO} =Gy = {idg}. Moreover, as

Go= | | G3,
70

(with | | denoting a disjoint union) it follows that

(35) Gy:=|JGo=||Gs={ids}u || Gg,

ceXx oex 0 EXing

with X, the collection of singular cones in X. Moreover, in the above notations, for any
O € Xging one has the following:

geGy — g(l)=0(1) <= W8=Ws.
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2.1.3. Lattice polytopes and their associated toric varieties. A polytope P C Mr = M QR is
the convex hull of a finite set S C Mg. P is called a lattice polytope if its vertices lie in M.
The dimension dim(P) of a polytope P is the dimension of the smallest affine subspace of My
containing P. A polytope P whose dimension equals n = dim(Mp) is called full-dimensional.
Faces of codimension one of P are called facets. A polytope P is called simple if every vertex
of P is the intersection of precisely dim(P) facets.

Let P be a full-dimensional lattice polytope. For each facet F' of P there is a unique pair
(up,cr) € N x Z so that P is uniquely described by its facet presentation:

(36) P={me Mg | (m,ur)+cr >0, for all facets F of P}.

Here ur is the unique ray generator of the inward-pointing facet normal of F'.
To a full-dimensional lattice polytope P one associates a fan Xp in Np, called the inner
normal fan of P, which is defined as follows: to each face E of P associate the cone o by

o := Cone(ur | F contains E).
In particular, pr := o = Cone(ur) is the ray generated by ur. Let
Xp = X):P

be the corresponding toric variety, which is commonly referred to as the toric variety associ-
ated to the polytope P. As Xp is a complete fan, it follows that Xp is proper. If P is simple,
then Xp is simplicial. Moreover, if P is a Delzant (or regular) polytope, then Xp is smooth.

For a cone og € Xp associated to a face E of P, the corresponding orbit closure Vi, can be
identified with the toric variety Xg, with corresponding lattice polytope defined as follows (cf.
[16][Prop.3.2.9]): translate P by a vertex mq of E so that the origin is a vertex of Ey := E —my;
while this translation by mq does not change Xp or Xp, Ey is now a full-dimensional polytope
in Span(Eyp). So Ej is a full-dimensional lattice polytope relative to Span(Ey) "M, and Xg is
the associated toric variety.

With the above notations, the divisor Dp of the polytope P is defined as:

(37) Dp:=Y crDr,
F

where F runs over the collection of facets of P and Dp is the torus-invariant divisor corre-
sponding to the ray pr. Then Dp is a torus-invariant Cartier divisor on Xp, which is ample and
basepoint free (e.g., see [16][Prop.6.1.10]). Hence Xp is a projective variety.

Remark 2.1. The above construction also works for P C My a full-dimensional lattice polyhe-
dron as in [ 16][Def.7.1.3]. In this case, the toric variety Xp has a fan Xp with full-dimensional
convex support in the sense of [16][page 265] (see [16][Thm.7.1.6]). Then the toric divisor
Dp of the polyhedron P is a basepoint free (hence, by [16][Thm.6.3.12], a nef) Cartier divisor
(see [16][page 322 and Thm.7.2.2]). Moreover, the toric variety Xp is quasi-projective, and
therefore semi-projective in the sense of [16][Prop.7.2.9].

If P is a full-dimensional lattice polytope (and even for full-dimensional lattice polyhedra),
one has (e.g., see [16][Prop.4.3.3])

(38) F(Xp; ﬁXP(Dp)) = @ me C (C[M],
mePNM
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where )" denotes the character defined by m € M, and C[M] the coordinate ring of the torus
Ty. The nefness of Dp also yields that (e.g., see [16][Prop.9.2.3])

(39) H'(Xp; Ox,(Dp)) = 0, for all i > 0.
Moreover, if P is a full-dimesional lattice polytope, one has (e.g., see [ 16][Prop.9.2.7])
(40) H'(Xp; Ox,(—Dp)) =0, for all i # n,
and
41) H"(Xp;Ox,(—Dp))= & C-x ",
méelnt(P)NM
with Int(P) denoting the interior of P. Also, by toric Serre duality [16][Thm.9.2.10],
(42) P C-x"=(H"(Xp;Ox,(~Dp)))" = H"(Xp; Ox,(Dp) @ 0x,),
melnt(P)NM

with @y, the dualizing sheaf of Xp, and H'(Xp; Ox,(Dp) ® wx,) = 0 for all i # 0.

Remark 2.2. If one wishes to apply the above formulas to the toric variety Xg associated to
a face E of a full-dimensional lattice polytope P as previously described, one needs to work
with the corresponding divisor

(43) DEO :DP*MOIXE :DP‘XE +div(xm0)'

2.2. Counting lattice points via Todd classes. In [20], Danilov used the Hirzebruch-Riemann-
Roch theorem to establish a direct connection between the problem of counting the number of
lattice points in a lattice polytope and the Todd classes of the associated toric variety (see also
[9, 12]).

Let P C Mi ~ R" be a full-dimensional lattice polytope with associated projective toric va-
riety X := Xp and ample Cartier divisor D := Dp. Then one has by (38) and (39) the following:

PNM| = 2(X.0x(D)) = [ ch(0x(D) Nid. (X),

(44) 1 .
= ¥ o LN,
k! Jx

with td, : Ko(X) — H.(X) ® Q the Baum-Fulton-MacPherson Todd class transformation [4]
and td,(X) := td,([Ox]). Here, Ko(X) is the Grothendieck group of coherent sheaves, and for
H.(—) one can use either the Chow group CH, or the even degree Borel-Moore homology
group HZM. The second equality of (44) follows from the module property for td,, i.e., if
B € K°(X) and o € K(X), then (see [26][Thm.18.3]):

(45) td.(B®a)=ch(B)Ntd.(a).
Similarly, (42) and the module property (45) yield:
(46) Int(P)NM| = x(X,0x(D)® wx) = /Xch(ﬁX(D)) Ntd, ([ox]) .

It thus follows from (44) and (46) that counting lattice points in (the interior of) a full-
dimensional lattice polytope P amounts to computing the Todd class td.(X) (resp., the dual
Todd class td, ([@wx])) of the associated projective toric variety X = Xp.
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2.3. Weighted lattice point counting via the generalized Hirzebruch-Riemann-Roch. In
this section, we recall how the homology Hirzebruch classes of [8] can be used for counting
lattice points in a full-dimensional lattice polytope P, with certain weights reflecting the face
decomposition

47 P= | J Relint(E),
E<P
with Relint(E) denoting the relative interior of a face E of P. Recall that Brasselet-Schiirmann-

Yokura defined in [¢] un-normalized homology Hirzebruch classes 7, (X) of a complex alge-
braic variety X as the image of the distinguished element [idy| under a natural transformation:

Ty« : Ko(var/X) — H.(X) @ Q[y]
defined on the relative Grothendieck group Ky(var/X) of complex algebraic varieties over

X. A normalized version YA"y* (X) is obtained by multiplying each degree k-piece of Ty, (X)

by (14 y)~%. With these notations, one has the following generalized Pick-type formula (see
[36][Thm.1.3]):

Theorem 2.3. Let M be a lattice of rank n and let P C M be a full-dimensional lattice
polytope with associated projective toric variety X := Xp and ample Cartier divisor D := Dp.
Then the following formula holds:

(48) Y (1+y)%mE). Relint(E) N M| = / ch(6x (D)) N Ty, (X),
E=P X

where the summation on the left is over the faces E of P, and the number of points inside a
face E is counted with respect to the lattice Span(E) N M.

Remark 2.4. In the notations of Theorem 2.3, we make the following observations:
(a) If y =0, then formula (48) reduces to (44); indeed, in the context of toric varieties, one has
the specialization: 7, (X)|y—o = td.(X) (see [&]).
(b) The proof of (48) in [36] uses motivic properties of the homology Hirzebruch classes (see
[26][Thm.3.3]).
(c) The right-hand side of formula (48) is computed by the generalized Hirzebruch-Riemann-
Roch theorem (see [36][Thm.2.4]), namely:

1(X.0(D) = ¥ 2,8 0x(D))-»” = | eh(0x(D))NT,.(X)
(49) =0

= [ it (Ox(D) N (3.

with ﬁf( = J« Qgreg the sheaf of Zariski p-forms on X and j : X;ee < X the inclusion of the non-

singular locus. This follows from the following calculation of the un-normalized homology
Hirzebruch class (see [36][(1.2)]):

(50) T (X) = Y td.((QF)) 5",

p=0
The last equality in (49) is just a renormalization of the Chern character by powers of (1+y),
namely ch(;,,)(Ox(D)) = e1)e1(0x(D)) " which makes up for the switch from Ty.(X) to
Ty (X).
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(d) For future reference, let us elaborate here on the meaning of formula (50). First recall that
the Hirzebruch class transformation Ty, for a variety X is defined by the composition

73;* = td* OmCy,
with mC, : Ko(var/X) — Ko(X)[y| the motivic Chern class transformation from [8]. Setting
mCy(X) := mCy([idx]), it was shown in [&] that mC,(X) can be computed from the filtered Du
Bois complex (Qy%, F) of X [22]. More precisely, the following identification holds:
(51) mCy(X) =}, (@] =} (=1)' Q)] ¥ € Ko(X)D],

r=0 i,p=0

where
Qf( := Gr}(Q%)[p] € Dy (X)

coh

is a bounded complex of sheaves with coherent cohomology, which coincides with the sheaf of
p-forms Q§ on a smooth variety X. If X is a toric variety, there is a natural quasi-isomorphism

~ QP
g;; —QXu

with ﬁ‘; denoting as before the sheaf of Zariski p-forms on X. In particular, for a toric variety
X this further yields:

(52) mCy(X) = ¥ [Qf]-5
p>0

and (50) is obtained by applying the Todd class transformation td, to (52).

2.4. Todd and Hirzebruch classes of a simplicial toric variety. In the context of a simpli-
cial toric variety Xy, (e.g., Xp for P a simple full-dimensional lattice polytope), a formula for
the Todd class td.(Xy) was obtained in [ 3] via equivariant cohomology, in [24] by using the
Lefschetz-Riemann-Roch theorem, and in [40] by using a resolution of singularities and the
birational invariance of Todd classes.

A formula for the Todd class td,(Xy) of a simplicial toric variety Xy can also be deduced
from a more general result of [36] on the computation of the (homology) Hirzebruch classes
of [8] via the Lefschetz-Riemann-Roch theorem [24]. More precisely, with the notations from
Section 2.1.2, the following result holds (see [36][Thm.5.4]):

Theorem 2.5. Let X = Xz be a n-dimensional simplicial toric variety, with r = |2(1)|. The
un-normalized and, resp., normalized Hirzebruch classes of X are computed by:

. .a . e~ [Dp]
(53) Ty*(X):(1+y)”’-<Z IT Dl (14 ”<g>DP] )>m[x].

g€Gs pex(1) 1_%(8)'@7[

1) . (X) = ( Y I [Dp].(1+y.ap(g).e[Dp](1+y))) .

gGGszE(l) 1_ap(g).e_[DP](l+y)
In particular, for y = 0, either of (53) or (54) yields the following formula for the homology
Todd class td.(X) of a simplicial toric variety X = X» (compare with [13, 24]):

(55) td.(X) := ( Y 11 Dp] ) N[X].

gcGrpex(1) | —ap (g)e o]
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A different formula for the Todd class td,(X) of a simplicial toric variety X := X5 was
obtained in [36][Cor.1.16], by also using the motivic properties of Hirzebruch classes in the
context of the orbit stratification of a toric variety. More precisely, with the notations from
Section 2.1.2, we have the following:

Theorem 2.6. Let X = Xy be a simplicial toric variety. Then:

1
(56) td.(X) = Z a(c)-( Z mult(7) H %[Dp] H)%)mm,
1

oexr {tlo=1} pet(l) pér( 2

where, for a singular cone ¢ € Xy,

1 14+a (g)-e—[Dp]
a0) = e & I 72—,
(57) 4eGs pea() L —ap(g) e
! 1
N ' [] coth{xi- +-[D )
mult(o) geZGgpeg(l) ( % (8) 2[ ]

and a({0}) := 1 and a(o) := 0 for any other smooth cone ¢ € X.

Similar formulae were obtained by Cappell and Shaneson in the early 1990s in the case of
complete simplicial toric varieties, see [17, 43].

2.5. Rational equivariant cohomology of a (complete simplicial) toric variety. Let X be a
complex algebraic variety with an algebraic action of the torus T (e.g., X is a toric variety with
torus T = Ty = Homg (M, C*)). Recall that the (Borel-type) rational equivariant cohomology
of X is defined as

(58) Hr(X:Q) :=H*(ET x1 X;Q),

where T < ET — BT is the universal principal T-bundle, i.e., BT = (BC*)" = (CP*)" and
ET is contractible. In particular, if X = pr is a point space,

(59) H’E‘(Pt’@) :H*(BT’@) 2@[1‘17"'7%] = (AT)Q

For m € M, with M the character lattice of the torus T, one can view the corresponding
character ¥ : T — C* as a T-equivariant line bundle C,» over a point space pt, where the
T-action on C is induced via }™. This gives rise to an isomorphism

M ~ Picy(pt).

Note that m — —m corresponds to the duality involution (—)V. Taking the first equivariant

Chern class cf. (or the dual —cL = cLo (—)") of Cym gives an isomorphism

(60) c=ck resp., s = —ch: M~ Hi(pt:7)
and
(61) c, resp., s Sme(M) ~ Hy(pt;Q) = (AT)Q,

with Sym(y (M) = B Sym’(‘@(M) the (rational) symmetric algebra of M. So if m; (i =

1,...,n) are a basis of M ~ Z", then H}(pt;Q) = (AT)Q ~Q[t1,...,ty), with #; = ¢k (Cym)
fori=1,...,n.
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Note that ET x7 X is a fiber bundle over BT with fiber X, so H(X;Q) is a H*(BT;Q) =
(AT)g-algebra. Furthermore, restriction to fibers defines a graded ring homomorphism

ix : Hp(X;Q) — H*(X;Q)
called “forgetting the T-action”.

If X is moreover a simplicial toric variety with torus T, then X is a rational homology
manifold so that equivariant Poincaré duality holds rationally. For any cone o € ¥, the orbit
closure V5 = Og then defines via Poincaré duality an equivariant cohomology class

Volr € H2™) (x: Q).

We reserve the notation [Dp |1 € H% (X;Q) for the equivariant cohomology class corresponding
toaray p € X(1). Then one has the relation:

(62) Vol =mult(c)- [ [Dplr-
peo(l)

We assume now that X is a simplicial toric variety which has a fan X of of full-dimensional
convex support (see [16][page 265]), e.g., X = Xp for P a full-dimensional lattice polyhe-
dron. Then, by [21][Thm.3.6], the cohomology ring H*(X;Q) is even (i.e., it vanishes in odd
degrees). Then the proof of [16][Prop.12.4.7] yields an isomorphism of (AT)g-modules

(63) H3(X;Q) ~ (Ar)g ®o H* (X;Q).

In particular, the equivariant cohomology ring H}(X; Q) is a free (At )g-module. Moreover, in
this case the ordinary cohomology ring H*(X; Q) is determined by the (Ar)g-algebra structure
of H}(X;Q) via the isomorphism

(64) H*(X;Q) =~ Hy(X; Q) /IrHr (X5 Q),

where IT C (AT)q is the ideal generated by elements of positive degree, as in [13][Prop.3.2]
or [16][Cor.12.4.8]. (In particular, the quotient (At)g/IT ~ Q gives Q the structure of a
(AT)g-module.)

For the remaining of this Subsection 2.5, assume moreover that X is a complete simplicial
toric variety.

There are several different descriptions of the rational equivariant cohomology H7(X;Q)
of a complete simplicial toric variety X = Xy associated to the fan X in N ® R, e.g., see [1 1],
[16][Sect.12.4] or [28][Lecture 13]. Such descriptions, which are recalled below, are related
to various aspects of the Euler-Maclaurin formulae for simple lattice polytopes (see Sections
5 and 7 below):

(a) H{(X;Q) can be realized as the Stanley-Reisner ring SR (X) of the fan X (see, e.g.,
[16][Sect.12.4]), i.e.,

SR (Z) == Qlx1, ..., x,]/ ~sr ~ Hp(X: Q)

xi — [Dilr = ep(O(Dy)),
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with x; of degree two and D; the T-invariant divisor corresponding to the ray p; =
(u;) € £(1) with ray generator u; (i = 1,...,r), and the Stanley-Reisner relation ~gg
(or, in the notations of Section 2.1.1, the ideal .#) generated by:

xil...xiS:O

for distinct i; with {p;,[j = .,s8} not spanning a cone of X.

(b) H}(X;Q) can be realized as the ring Ry of continuous piecewise polynomial functions

(65)

(66)

(aka, polynomial splines) with rational coefficients on the fan X (e.g., see [ | 3][Prop.3.2]
or [16][page 606]). This can be seen by starting with the following exact sequence in
equivariant cohomology (as in the proof of [16][Lem.12.4.17]):

0—H(X;Q) = P Hi(Us;Q) —» P Hi(UnQ),
ocX(n) TeX(n—1)

where Us C Xy denotes as usual the unique T-invariant open affine subset containing
the corresponding T-orbit Oy, and Os = x5 € X are the T-fixed points in the case
o € Z(n) (i.e., o is of top dimension n). Note also that x5 corresponds to a vertex
of the lattice polytope P in the case when X = Xp is the corresponding inner normal
fan. There are equivariant deformation retracts Us — Os for any o € X (e.g., see
[16][Prop.12.1.9(a)]), hence

Hy(Us; Q) ~ Hp (053 Q).
Moreover, for ¢ € £(n) one gets by (61):
Hp(05;Q) ~ Hy(xg;Q) == Symg(M),
and for T € £(n — 1) one has an isomorphism
Hp(07;Q) ~ Symg (M),

for M; = M/t NM. So the localization sequence (65) translates into the exact se-
quence

0 — Hp(X;Q) — @ Sym@ M) — @ Sme(MT) ,
o€Xx(n) TeX(n—1)
with Symgy (M), resp., Symgq (M) the ring of polynomial functions with rational co-
efficients on o € X(n), resp., T € £(n—1). In other words, an element of Hj(X;Q)
can be thought of as a collection { f5 } cex(n)» Where f 1s a polynomial function on o,
such that fs|; = fo|c whenever 6No’ =t € X(n—1).

(c) H}(X;Q) can also be described as the Hy(pt; Q) = (AT)Q—algebra

(67)

(AT)@[XI,...,xr]/ ~ ~ Hp(X;Q)

xi > [Di]r = c1(0(D)),
and ~ generated by the Stanley-Reisner relation ~gg as well as

+m = c(m) = —s(m) = cf(Cyn) Z myu;)x; forallme M.

i=1
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Here we consider the +-sign in the case when we use the isomorphism
c: Symgy(M) ~ Hy(pr; Q) =: (A1)q

coming from cqlr as usual in algebraic geometry (see [28][Lecture 13]). But the use of
the minus-sign and the isomorphism

s Sym@(M) ~ Hp(pt;Q) =: (AT)Q
1

coming from ¢ o (—)v (asin [16][Sect.12.4]) fits better with the corresponding Euler-
Maclaurin formulae and the equivariant Riemann-Roch theorem (for instance, see
[16][Sect.13.3]).

Remark 2.7. The inclusion Q[xy,...,x,] C (AT)@[xl ,-..,Xr] induces the natural map

Qlxty---yxs]/ ~sg — (AT)Q[xl,...,xr]/ ~,

which is an isomorphism relating parts (a) and (c) above, see Lemma 7.1 and compare also
with [28][Lecture13, Lem.2.2 and Rem.2.7]. Note that in (a) and (b) the (AT)Q—algebra struc-
ture of H}(X;Q) is not explicitly mentioned, but follows then from relation (67) (compare
also with [16][Sect.12.4]).

In the context of a complete simplicial toric variety X = Xy there is also no difference
between the rational equivariant (co)homology ring and the corresponding rational equivariant
Chow ring of X (see [ 1][Sect.5]).

Finally note that by (64) one has that ¢&.(Cyn) + 0 under the natural map Hi(X;Q) —
H*(X;Q) obtained by forgetting the T-action, so the relation (67) maps to the corresponding
additional relation in the description (30) of H*(X;Q) as a quotient of the Stanley-Reisner
ring.

As it shall be indicated below, the equivariant Chern character ch” (&) of a T-equivariant
line or vector bundle & on X, as well as the image of the equivariant Todd homology class

~ ~ T
tdT(X) € HY (X;Q) ~ CH, (X) ® Q under equivariant Poincaré duality, live in the completion
Hiy(X;Q) =[] HL(X
i>0
with R
(Rr)g = Ba(pt:Q) = Q- 1]

Under the isomorphisms described in this section, this completion corresponds to:

(@) Qlx1,...,x]]/ ~sr EH%(X;Q)A- R

(b) the corresponding completion Ry ~ Hy(X;Q) of the ring of continuous piecewise

polynomial functions with rational coefficients on the fan X.

(©) (AT)Q[[xl,...,xr]]/ ~ ~ Hi(X;Q).
Abstractly, these are completions of connected integer graded commutative rings R* with re-
spect to the maximal ideal R~ given by positive degree elements.

In fact, as we will see and use later on, the equivariant Chern character and Todd homology
classes live in an analytic subring

(H(X;Q))" € Hi (X;Q)
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(see (194)), with Q{t1, ..., 1} ~ (H3(pt;Q))*" =: (A%”)Q C (/A\qr)@ the subring of convergent
power series (around zero) with rational coefficients, i.e., after pairing withz € Ny = N®@7 K
(for K = RR,C) one gets a convergent power series function in z around zero, whose corre-
sponding Taylor polynomials have rational coefficients.

Remark 2.8. The injectivity part of the sequence (65) still holds (as in [16][Cor.12.4.9]) even
if X is only a simplicial toric variety with a fan of full-dimensional convex support, since the
equivariant cohomology of X is a free (A)g-module.

2.6. Equivariant Euler characteristic. Assume that a torus T with character lattice M acts
linearly on a finite dimensional complex vector space W, with eigenspace
(68) Wym :={weW |t-w=x"(t)w forallt € T},
for ¥ a character of T'. Then, as in [!6][Prop.1.1.2], one has an eigenspace decomposition

W= P wyn.

meM
This induces an isomorphism
(69) Kp(pt) — Z[M], W]+ Y, dimgWyn- ™.
meM

Let X = Xy be a complete toric variety of dimension n, with a T-equivariant coherent sheaf
Z . The cohomology spaces H'(X;.%) are finite dimensional T—representations, vanishing for
i large enough. We define the K-theoretic Euler characteristic of % a

2XF)=H(XT)] =Y (1) [H (X F)] € Ko(pt)

i

=Y Z ) dimg H (X3 F ) ym - ™ € ZIM).

meM i=

(70)

By applying the equivariant Chern character ch” : Z[M] ~ K2(pt) — (A%”)Q C (KT)Q, we
further get the cohomological Euler characteristic of F

(71) %T(X,gz> - Z Z(—])idim(cHi(X;ﬁ)xm ~€C(m) € (A%n)@ C (KT)Q

meM i=0
Let D be a porus-invariant Cartier divisor on X. For each i > 0, consider the weight decom-
position of H'(X; Ox (D)) given by (e.g. see [16][Sect.9.1]):

(72) H'(X;0x(D)) = @ H'(X; Ox(D))m,

meM

induced via a Cech resolution from
(73) H(Ug; Ox(D @H (Ug; Ox(D))m C C[M],

where each H(Ug; Ox (D)), is either 0 or C - x™.
For comparing this weight decomposition with the eigenspace decomposition of (68), we
recall here that in this paper the torus T acts on C[M] as follows: if t € T and f € C[M],
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then ¢ - f € C[M] is given by p + f(t=!-p), for p € T (see [16][pag.18]). In particular,
t-x™ = x"(t~ )™, so that

H'(X;0x (D)) = H'(X; Ox(D)) y-n.

So, via s(m) = c¢(—m) = —c] (Cyn), formula (71) translates into the equivariant Euler char-
acteristic of D, as defined in [16][Def.13.3.2]:

74 1"(x,ox(D)= Y Z ) dim H'(X; Ox (D)) €™ € (AF) g C (A1) gy -

meM i=

Note that i}, 2T (X,0x (D)) = x(X,0x(D)), where i* 0, (AT)@ — Q sends elements of positive
degree to zero (i.e., one forgets the T-action).

Example 2.9. In the special case when Xp is the projective toric variety associated to a full-
dimensional lattice polytope P C My ~ R", and Dp is the corresponding ample Cartier divisor,
then the formulae (38)—(41) yield

(75) X" (Xp,Ox,(Dp)) = Y, &
mePNM

and

(76) X" (Xp, Ox,(~Dp)) = (1" Y &

méelnt(P)NM
U

Example 2.10. For later applications, let us also consider the following more general context.
Let X be a toric variety and D a torus-invariant Cartier divisor. Then

(77) I(X:0x(D))= & C-x"cCM],

mePpNM

where ¥ denotes the character defined by m € M, and Pp is the polyhedron associated to the
divisor D (see [ 6][Prop.4.3.3]). If, moreover, the fan of X has full-dimensional convex sup-
port and Ox (D) is globally generated, then Pp is a lattice polyhedron (see [16][Thm.6.1.7]),
and

(78) H'(X;0x(D)) =0, foralli >0

(e.g., see [16][Prop.9.2.3]). Hence, for X complete and D as above (with Pp the corresponding
lattice polytope), we get

(79) "X, 0x(D)= Y., " e(Af)g C (Ar)g.

mePpNM
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2.7. Equivariant Chern character and equivariant Riemann-Roch map. Let X be a com-
plex algebraic variety with an algebraic action of the torus T with character lattice M (e.g., X is
a toric variety). For any T-equivariant vector bundle & — X, one can define equivariant Chern
classes ¢! (&), equivariant Todd classes Td" (&) and an equivariant Chern character ch” (&) in
ﬁ{; (X;Q), by means of the corresponding Chern roots, see [23][Sect.3.1] for complete details.
Forgetting the T-action, these notions reduce under 7} : I-AI{f (X;Q) — H*(X;Q) to the classical
non-equivariant counterparts. For example, if D is a T-invariant Cartier divisor on X, then the
equivariant Chern character of the line bundle O (D) is given by:

(80) chT(Ox (D)) = e!P" = 1+ [D]p + %[D]%r +--- € HAX(X;Q),

where [D] = ¢| (Ox(D)) € H3(X;Q) is the equivariant cohomology class of the torus-invariant
Cartier divisor D. Forgetting the T-action yields: i;ch™(€x (D)) = ch(0x(D)).

We denote as usual by K% (X) the Grothendieck group of T-equivariant vector bundles on X,
and we let Kg (X) denote the Grothendieck group of T-equivariant coherent sheaves on X. If
X is smooth and quasi-projective, then K(X) ~ K; (X), since in this case any T-equivariant
coherent sheaf has a finite resolution by T-equivariant locally free sheaves. In general, the
tensor product gives a ring structure on K2(X), and K{ (X) is a module for this ring. Note that

the Chern character ch” induces a contravariant, functorial, ring homomorphism
ch™: K9(X) — H2(X:Q).
Edidin-Graham defined in [24][Thm.3.1] an equivariant Riemann-Roch map, which in our
setup can be given as
T. T ~57 T T
td, : Ky (X) — CH, (X) ©Q — H,,(X;Q),

with the same functoriality as in the nonequivariant case of Baum-Fulton-MacPherson [4].
Here, we use the completions

CH,x)eQ= [] CH(X)®Q ad AT(x:Q):= [] A(x:0Q).
i<dim(X) i<dim(X)

(These equivariant Chow and Borel-Moore homology groups can be non-zero also in negative
degrees.) Compare also with [15] for the homological version of this transformation.
The transformation tdlr has the following properties:
(a) (functoriality) td! is covariant for T-equivariant proper morphisms;
(b) (module property) if B € K%(X) and & € K{ (X), then:

(81) tdX (B ® ) = ch™(B) Ntd” (ax).
—~ T
Forgetting the T-action, one recovers under the forgetful map CH, (X) — CH.(X) the classical

nonequivariant Todd class transformation of Baum-Fulton-MacPherson [4].
The equivariant Todd class of X is defined as:

tdy (X) := td} ([Ox]1]).-
If X is smooth, one also has the normalization property (see [2][Sect.6.1]):
(82) td; (X) = Td"(Tx) N [X],
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with Td™ (Tx) the equivariant cohomological Todd class of the tangent bundle Ty of X.

Example 2.11. Assume X = pt is a point space. By the normalization property, td. (pt) = [pt].
So by the module property, one gets via the equivariant Poincaré duality that td_ : Kg (pt) —
H! (pt; Q) reduces to the equivariant Chern character, resp., Euler characteristic map

ch™ = 2 (pr, =) : Z[M) = KR (pr) = (A#)g € (Ar)gy
U

For a compact variety X, using the functoriality and module properties of td" for the con-
stant map f : X — pt, one gets the following equivariant Hirzebruch-Riemann-Roch formula
(see [24][Cor.3.1]):

Theorem 2.12 (Equivariant Hirzebruch-Riemann-Roch). Let X be a compact complex alge-
braic variety with an algebraic action of the torus T, and let &, resp., #, be a T-equivariant
vector bundle, resp., coherent sheaf on X. Then

(83) 1T(X,E0F) = / ch (&) Nid ([F]),
X

where [y : ﬁ{f(X ;Q) — f[ﬁi(pt;(@) = (/A\T)@ is the equivariant Gysin map (or, equivalently,
the equivariant pushforward) for the constant map X — pt.

Example 2.9 and Theorem 2.12 yield the following:

Corollary 2.13. Let P C My ~ R" be a full-dimensional lattice polytope, with corresponding
projective toric variety X = Xp and ample Cartier divisor D = Dp. Then:

(84) Y e = / ch(6x (D)) Ntd? (),
mePNM X
(85) Y = [ en(0x(D) nid ([axr)
méent(P)NM X
Proof. Formula (84) follows directly from (75) and (83). For (85) we proceed as in (42) and
(46), using the fact that toric Serre duality holds equivariantly. U

Similarly, Example 2.10 and Theorem 2.12 yield:

Corollary 2.14. Let X be a complete toric variety, and D a globally generated torus-invariant
Cartier divisor with associated lattice polytope Pp C My. Then

(86) Y o= / ch (0 (D)) NedT (X).
mePpNM X

3. EQUIVARIANT CHARACTERISTIC CLASSES OF TORIC VARIETIES.

3.1. Definition. Properties. In this section we recall the definitions of equivariant motivic
Chern and Hirzebruch classes of complex quasi-projective varieties with an algebraic T-
action.
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3.1.1. Egquivariant motivic Chern class transformation. Recall that if X is a complex quasi-
projective variety with an algebraic T-action, the (relative) equivariant motivic Grothendieck
group K| (var/X) of varieties over X is the free abelian group generated by symbols [Z — X],
where Z is a quasi-projective T-variety and Z — X is a T-equivariant morphism, modulo the
additivity relation:
Z—-X]=[U—X]|+[Z\U — X],

for U C Z an open T-invariant subvariety. If X = pt is a point space, then K (var/pt) is a
ring with product given by the external product of morphisms, and the group Kgr (var/X) is a
module over K| (var/pt) with respect to the external product.

For any equivariant morphism f : X — Y of quasi-projective T-varieties, there is a well-
defined push-forward f; : K; (var/X) — K (var/Y) defined by composition. One can also de-
fine an exterior product: K (var/X )X K (var/X") — K; (var/X x X') via the cross-product:
Z = X|x[Z = X=[ZxZ — X xX].

The following result provides an equivariant analogue of the motivic Chern class transfor-
mation of [8]; see [1][Thm.4.2]:

Theorem 3.1. Let X be a complex quasi-projective variety with an action of the torus T. There
exists a unique natural transformation
T T T
mCy : K (var/X) — Ky (X)]y]

satisfying the following properties:

(a) (functoriality) mC;T is covariant for T-equivariant proper morphisms;

(b) (normalization) if X is smooth, then

dim(X)
(87) mCy (lidx]) = A(TY) = Y [APTx]r-y" € Kp(X) ] = Kq (X)[Y].
p=0

Moreover; mC;r commutes with exterior products.

As a consequence of these properties, the transformation mC;T is determined by its image
on classes [f : Z — X| = fi[idz], where Z is a smooth quasi-projective variety and f : Z — X
is a T-equivariant proper morphism. For such [f], one has:

mCy ([f : Z = X]) = fumCy (lidz]) = fo(Ay(T7) ©[67]).
So the uniqueness of mC;[F follows from equivariant resolution of singularities.

Definition 3.2. The equivariant motivic Chern class of a complex quasi-projective variety X
with an algebraic T-action is defined as:

mCy (X) := mCy (Jidx]).

We next discuss a calculation of motivic Chern classes in terms of a cubical hyper-resolution,
which will be used for proving a generalized equivariant Hirzebruch-Riemann-Roch theorem
in the toric context. Choose an equivariant simplicial resolution f, : X, — X of X derived from a
cubical hyper-resolution in the sense of [32][Théoreme 2.15], with each X; a smooth T-variety
and f; : X; — X a proper T-equivariant morphism (with dim(X;) < dim(X) —i). Then
(88) lidy] = Y (=1)'[f; : Xi = X] € Kg (var/X).

i
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Indeed, (88) follows from the inductive construction of an equivariant cubical hyper-resolution,
by the following abstract equivariant blowup relation. Let f: X —>Xbea proper T-equivariant
map of complex quasi-projective varieties. Let D C X be a T-invariant subvariety, with
E:=f~'(D)CX. Assume f: X \ E — X \ D is an isomorphism. Then

(89) X = X]— [E — X] = [idx] — [D — X] € K (var/X).
Applying the transformation mC;r to (88) yields:
mC;E(X) = Z(—l)imcf([fi 1 Xi — X))

1

(90) =2 (=) fi (Ay(T) ® [Ox;))

- (Z(—l)iﬁ*([ﬂi,-]?r)>'yp-
p>0

In particular, for any p > 0, the Grothendieck class
Y (=1 i ([Q%]r) =: [RFQ5 Ir € Kg (X)
i
is independent of the choice of an equivariant cubical hyper-resolution, and it provides an
equivariant analogue of the Grothendieck class [ Q7] € Ko(X) appearing in (51), correspond-
X

ing to the graded pieces of the filtered Du Bois complex of X. So, while an equivariant version
of the Du Bois complex is not available in the literature, the Grothendieck classes of its graded
pieces are well defined equivariantly by the equivariant blow-up relation. This is sufficient for
the purpose of this paper.

As an application of the above formula (90), Weber [44][Thm.5.1, Rem.5.2] deduces the
following result:

Theorem 3.3. Let X be a smooth quasi-projective T-variety, and U CX an open subvariety so
that X \U =: D =", D; is a T-invariant simple normal crossing divisor. Then:
On mCy ([U < X]) = [0x(—=D) ® A,Qx (log D)]r € Kp(X)[y] =~ Ko (X)]-

In fact Weber [44][Thm.5.1, Rem.5.2] formulated his results in the non-equivariant context,

but his proof also works T-equivariantly as follows. By the inclusion-exclusion formula for
the T-equivariant motivic Chern class one has

92 mc(U—=x)= Y D)'mcl(D;—x)= Y (DA,
Ic{1,....m} Ic{1,....m}
with Dy := (;¢; D; smooth T-invariant closed subvarieties (and Dy := X). Similarly
[Ox(-D)lr=" Y. (~=D)"[Op,]r € K¥(X) ~ K5 (X).
Ic{1,...,m}

Then Deligne’s weight filtration of the sheaf of logarithmic p-forms Q% (log D) = APQ}, (log D)
is also T-equivariant (and similarly for the T-invariant normal crossing divisor D~ :=J;c; Dy
C Dy), so that the calculation of Weber [44][Thm.5.1, Rem.5.2] holds T-equivariantly:

(93) Y, (—DM[AQp]r = [0x(~D)® AQ (log D)t € K3(X)[y] = K5 (X)[y].
I1c{1,....m}
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3.1.2. Equivariant Hirzebruch class transformation. Let X be a complex quasi-projective va-
riety X with an algebraic T-action. An equivariant version of the Hirzebruch class transfor-
mation of [8] can be defined as follows (see also [2, 44]).

Definition 3.4. The un-normalized equivariant Hirzebruch class transformation TyE is the
composition:

—~ T o~
Ty. :=td} omC) : K (var/X) — CH, (X) ® Q[y] — H,.,(X) @ Q]],

while a normalized version /T\yz is obtained by precomposing Tyrﬂ; with the normalization functor

Wi, CH, (X)@Qh] - CH, (X:Qly, (14+y) )= [[ CHFX)®Q,(1+y)]
i<dim(X)

given in degree k by multiplication by (14 y) =K.

By construction, both transformations Tyl{ and Tyl{ are covariant for T-equivariant proper
morphisms and they commute with exterior products. The corresponding equivariant Hirze-
bruch classes of X are defined as:

T (X) =Ty (lidx]) , T5(X) =T, ([idx])-
If X is smooth, then by (87) we get

dim(X)

(94) T.(X)= Y td;([QF]r)»"
p=0

The following result is an equivariant version of [36][(1.1) and (2.13)], generalizing (94) to
the singular toric context:

Proposition 3.5. Let X be a quasi-projective toric variety with torus T. Then
dim(X)
95) G X) = L [0y €KX,
=
where ﬁ‘; is the sheaf of Zariski p-forms on X. Moreover,
dim(X)
(96) Tix)= Yl ([Qf]r) -y
p=0
In particular, the top degree in 'y of mC;r (X), resp., TyE (X), is given by the equivariant class
[x|T of the dualizing sheaf, resp., td> ([wx|r). Similarly, for y = 0, we get mCy (X) = [Ox]r
and T,L (X) = td} (X).

Proof. First note that (96) is obtained by applying the transformation tdlT to (95).

Choose an equivariant cubic hyper-resolution f, : X, — X of X (obtained by adapting to the
equivariant context the results from [32][Exposé V, Sect. 4]). The natural map SAZ)’} —Rf. *Q§
of T-equivariant sheaf complexes is, by [3][Thm.4.3], a quasi-isomorphism after forgetting the
T-action. In particular, R f_*Q}’}_ is concentrated in degree zero, and also given by a reflexive

sheaf (since this is the case for Qv , see [16][Prop.8.0.1, eqn.(8.0.5)]). This map then has to
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be a T-equivariant isomorphism since the restrictions of these two sheaves to the T-invariant
smooth locus Xy, of X are canonically isomorphic to Q‘;}vm as T-equivariant sheaves. 0

Remark 3.6. The statement of Proposition 3.5 holds more generally, for X a T-invariant closed
subvariety (i.e., a closed union of torus orbits, corresponding to a star-closed subset ¥’ C
Y) in a quasi-projective toric variety with torus T and fan X. Instead of Zariski differential
forms, one has to use the corresponding sheaves of Ishida differentials flf( from [33], with
canonical sheaf wy := ﬁ?gm(x). To endow each @;} with a canonical T-action, one proceeds
as indicated in [3][Introduction], by realizing them as subsheaves of f. Qf‘)/[ with f: M — X any
T-equivariant resolution of singularities. Note that these pushforward sheaves are independent
of the choice of resolution by the birational invariance of ;. In the notations used in the proof
of Proposition 3.5, the natural map fl‘; —R f_*Q‘;(_ of sheaf complexes is a quasi-isomorphism.
If the T-equivariant cubic hyper-resolution starts with a resolution of singularities & : Xo — X,
then this morphism is even T-equivariant. This implies that

dim(X)
97) mCy (X) =} [Qf)r»y" € Ko (X)).

p=0

Note also that Q) ~ O, as T-equivariant sheaves. If X is already a toric variety, these Ishida
sheaves coincide with the Zariski sheaves, with the canonical T-action, as used above.

Let Xy be a quasi-projective toric variety defined by a fan X, with X := X3y C Xy a T-
invariant closed algebraic subset of Xy defined by a star-closed subset ¥’ C X. Let O4 be the
orbit of the cone o € ¥/, with is : V5 < X the orbit closure inclusion. Then, by additivity, the
following equivariant version of [36][Prop.3.1] holds:

Proposition 3.7.

(98) mCy (X) =Y, mC} ([0 = X])= Y (ic)«mC} (05 = V5)).

ocY ocY/

A similar formula holds for the equivariant Hirzebruch classes Tyﬂ,: (X) and YA’yE (X).

Moreover, toric geometry can be used as in [36][Prop.3.2] to get the following (see also
[44][Cor.11.2]):

Proposition 3.8. For any cone ¢ € X, one has:
(99) mC; ([0 = Vo)) = (14+3) ™) [, ],

with @y, the canonical sheaf of Vi, viewed as a T = Ty-equivariant sheaf via the quotient
map Ty — Ty(c) given by (29). Therefore,

(100) T, ([0 < Vo)) = (1+y)5™) - tdT (o, ).

In particular, if Vs is projective, then

10D 2T ([0 = Vo)) 1= T2 ([06 < Vo — pt]) = (—1 — )5 ™) € Q[y] C (Ar)g]].

Proof. Let Vo &> Vs be a toric resolution ofN singularities of V5. Then % is a toric variety ob-
tained by refining the fan of V5. Let Og < Vi be the natural open inclusion, with complement



34 S. E. CAPPELL, L. MAXIM, J. SCHURMANN, AND J. L. SHANESON

the simple normal crossing divisor D whose irreducible components correspond to the rays
in the fan of V5. Note that Dy is a TN(G)-invariant (hence a T-invariant) divisor. Then formula

(91) applied to the open inclusion O — V5 yields by the functoriality of mC;T with respect to
the proper morphism fs that:
(102) mCy ([0 = Vo) = (fo)« (107, (~Ds) © Ay, (logDo)]r).

However, since V; is a smooth toric variety, the locally free sheaf Q‘L/ (log D) is in fact Ty(c)-

equivariantly, hence also T-equivariantly, a trivial sheaf of rank equal to dim(Vy) = dim(Oy),
e.g., see [16][(8.1.5)]. So we get that:

(103) [0y, (~Do) ® A, (logDo)lr = (1+y)™ ) [0 (~Do)lr € K5 (Vo).

Furthermore, note that the canonical dualizing sheaf @y_on the toric variety Vg is precisely

given by ﬁVU(_DG)’ e.g., see [16][Thm.8.2.3]. And since the toric morphism f; : ‘70 — Vs
is induced by a refinement of the fan of Vj, it follows from [16][Thm.8.2.15] that there is a
Ty(s)-equivariant, hence also T-equivariant, isomorphism:

(104) fou005, = o,
Altogether, we obtain the following sequence of equalities:
mCy ([0 = Vo)) = (1439 (£6). (05, (~Do)Ir)
(105) = (14)"™O) . (f5). ([oy, ]7)
= (14y)"™%) [ay,]r,

where the last equality is a consequence of (104) and the vanishing of the higher derived image
sheaves of oy ie., R (fa)*a)% =0, forall i > 0, see [16][Thm.9.3.12].

By applying the Todd class transformation td_ to equation (99), we obtain formula (100).
Finally, formula (101) follows from

2 (Vo, @y, ) = (—1)5m(0),

which is obtained by equivariant Serre duality and XT(VG, Oy, ) = 1. The latter equality is just
a special case of (79) for D the zero divisor, so that &(D) = 0. d

Using the functoriality of the equivariant motivic Chern and Hirzebruch classes, we get a
relative version of Proposition 3.7 as follows. Let f : X — X’ be a proper toric morphism
of quasi-projective toric varieties, with the corresponding lattice homomorphism fy : N — N’
surjective (i.e., f is a toric fibration in the sense of [21][Prop.2.1]). Let fr : T — T’ be the
corresponding map of the associated tori, so that T acts on X’ via f. Let X, ¥’ be the fans of
X, resp., X', Since f is a toric fibration, a T-orbit O4 (o € X) is mapped by f to a T'-orbit
f(Os) = Og (0’ € '), such that the restriction map f5 = f|o, : O — O is isomorphic
to a projection Og >~ Og/ X Og /g1 — Ogr, With Og 1 =~ (C*) and ¢ = dim(Og) — dim(O0¢)
the relative dimension of fs (see [21][Lem.2.6 and Prop.2.7]). Let U C X be a locally closed
T-invariant subset (i.e., a locally closed union of T-orbits of X), with

(106) dy(U/o") = |Z,(U/0")|



EQUIVARIANT TORIC GEOMETRY AND EULER-MACLAURIN FORMULAE 35

and
(107) Zg(U/G/) ={0€X|0sCU, f(Os) =04, { =dim(Og) —dim(Og)}.

Proposition 3.9. Under the above notations and assumptions we have

fmCl (U =X =Y Y di(U/o")- (—y—1)"mC] ([0 — X))
(108) o'ex (>0
Z Z dg U/G) (1 +y)€+dim(0'c) . [(DVG/]']I‘-
o’'ex (>0

A similar formula holds for f T;{([U — X]).

Proof. By functoriality and additivity of mCT, we have

fmCl(U = X)) =mCT(U—=X5x) =T ¥ ¥ mcl([05— X5 x7).
o'eX(>00€ex)(U/o’)
For (> 0,0’ € ¥/ and 6 € £/(U/0’) fixed, we have

06 =X 5 X =[06 13 05 — X].

Let us choose a splitting of the surjection fr : T — T’ so that T =T’ & T”. By [21][Lem.2.6]
and the proof of [21][Prop.2.7], there is a T-equivariant isomorphism Og =~ Oy X O4 /o' =
O, with T acting on Og by fr: T — T’ and on Oy via the projection T — T — Oy /g
Here, the surjective group homomorphism T” — O /o' 1s given in the proof of [21][Prop.2.7].
We then have

[O6 it Ot = X'| = 05 = X'| X [0 51 — pt].
Using the multiplicativity of mCT, we get
fq
mC} ([0g %3 Og1 = X']) =mC} ([0 — X)) ®mC, ([0 o1 — pt]).

Here, mC;T ([Og" = X']) is calculated by (99) using the factorization Oy < V5 < X'. Finally,
mC;r ([O6/60 — pt]) = (=1 — y)! by (101) and using a projective toric compactification of

G/Gl .
The corresponding formula for the equivariant Hirzebruch class follows by applying the
equivariant Todd transformation to (108). [

Remark 3.10. By forgetting the action, the corresponding non-equivariant version of (108)
holds with the same proof, and even without the quasi-projectivity assumption.

Back to the general context, a choice of a splitting of a surjection of tori T — T’ (as in the
above results), yields an identification of equivariant characteristic classes with respect to T
and T, as we explain next.

Proposition 3.11. Let the complex torus T act on a quasi-projective variety X with a subtorus
T" acting trivially. Let T' := T /T" and choose a compatible splitting of these tori and of their
corresponding character lattices

T=T¢T" and M=M &M".

Regard X = X x pt, with the T-action on the left corresponding to the product action of T' on
X and T" on pt on the right.
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(1) These splittings then induce the following factorizations:
(a) (equivariant K-theory)

(109) K9(X) ~ K% (X) @7 K (pt)
(110) ZIM] = K3 (pt) ~ K% (pt) @7 K2 (pt) = Z[M'| @7, Z[M"
(111) Ky (X) =Ky (X)@zKg (pt),

with (109) and (110) compatible under pullback, and (109) and (111) compatible
under the module structure induced from the tensor product.
(b) (equivariant (co)homology)

(113)  Symg(M) = (Ar)q = (Ar)q ®q (Ar)g = Symg(M') ®q Symg(M")
(114) H(X,Q) ~ HT (X,Q) ®g (Ar)g,

with (112) and (113) compatible under pullback, and (112) and (114) compatible
under the module structure induced from the cap product. Similar statements hold
for the corresponding completions, as well as for equivariant Chow groups and their
completions.

(i) The above factorizations are compatible with the corresponding equivariant Chern char-
acter and Todd class transformations.

(iii) Tensoring with the distinguished elements C o € K%, (pt) and 1 € (Apr)q induces inclu-
sions of the T’-equivariant groups on X (or pt) into the corresponding T-equivariant groups
on X (or pt). Moreover, these inclusions are independent of the choice of the compatible
splittings of T and M, respectively.

Proof. The factorizations of (a) and (b) of (i) follow from suitable Kiinneth formulae.
Statement (ii) follows by construction from the multiplicativity under cross-products of the
equivariant Chern character and equivariant Todd class transformation, see [23].
It remains to justify the independence statement of part (iii). Two choices of splittings of T
differ by a group homomorphism /4 : T/ — T acting on product classes [—] ® C ' Of type

(a) with m"” € M"” via (compare [35][Prop.2.14]):
[_]T’ & me// — ([_]T’ . me”oh> & me// .

So for m"” = 0, such an £ acts trivially. Similarly, by choosing a basis m/, ... ,m!! of M", one
gets a basis []i_, c(m} )ki, ki > 0, of the Q-vector space (Ar»)qg. Then & acts on product classes
(=] @1, c(m!)k of type (b) via

r r r
[—r @ Tem!)" — (H@r/ [ emf Oh)"") @[ Telmi)".
i=1 i=1 i=1
So on product classes of type [—] ® 1 (i.e., with all k;’s being 0) it acts trivially. 0

Remark 3.12. Results of Proposition 3.11 dealing only with rational equivariant (co)homology
hold with the same proof under the weaker assumption of a splitting of rational vector spaces
Mg = M(’@ @Mé. Here Mg := M ®7 Q, and similarly for M(’@, M(’é.
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As a consequence, we have the following.

Corollary 3.13. In the setup of Proposition 3.11, let &,.F be a T’'-equivariant vector bundle,
resp., coherent sheaf on X, with induced T-action via the projection T — T'. Then

115) () e () @1 and W (Fo) = (Fe .
Proof. Choose a splitting T = T’ @ T”. Then, by part (ii) of Proposition 3.11, we get:
Wl ([F]r) = ] ([Flp) ©1d]" (Cpo)
=] ((Flr) @1,
and similarly for the equivariant Chern character. U

In particular, in the notations of Proposition 3.8, a choice of splitting of the surjection of
tori T — T" := Ty (g yields an identification

(116) W ([ov,]r) =7 ([ov,)m),
which is independent of the splitting.

3.2. Generalized equivariant Hirzebruch-Riemann-Roch. Let Xy be a projective toric va-
riety defined by a fan X, with X := Xy» C Xy a T-invariant closed algebraic subset of Xy defined
by a star-closed subset ¥’ C X. Let D be a T-invariant Cartier divisor on Xy. The equivariant
Hirzebruch polynomial of D|x is defined by the formula:

dim(X) _ N
(117) % (X, 0%(D)x):= ), 2" (X,Qf®Ox,(D)lx)-y" € (AF')gD] C (Ar)gD],
p=0

with £~2§ denoting as in Remark 3.6 the sheaf of Ishida p-forms on X.
Then we have the following result:

Theorem 3.14. (generalized equivariant Hirzebruch-Riemann-Roch)
In the above setup, the equivariant Hirzebruch polynomial of D|x is computed by the formula:

(119) 1 (X, Ox (D)) = [ en(Ox (D)) M)

Proof. This follows as in [36][Theorem 2.4], by making use of Proposition 3.5, Remark 3.6
and the module property (81) of td_. U

As a consequence, we obtain the following weighted version of formula (75):

Corollary 3.15. Let P be a full-dimensional lattice polytope with associated projective toric
variety Xp and ample Cartier divisor D = Dp. Let X := Xp: be the T-invariant closed algebraic
subset of Xp corresponding to a polytopal subcomplex P' C P (i.e., a closed union of faces of
P). Then:

(119) X;T(X, ﬁXP(D)‘X) = Z (1 +y)dim(E) . Z es(m).

E<P' meRelint(E)NM
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Proof. For a face E of P/, denote by ig : Vi, := Xg < X the inclusion of the orbit closure
associated to the (cone of the) face E. Note that we have dim(E) = dim(Og; ). Let T := Ty(q,)
be the quotient torus of T corresponding to Xf.

Then, by Theorem 3.14, Proposition 3.7 and Proposition 3.8, the following equality holds:

1 (X, 0, (D)) = [ eh(0,(D)b) N LX)

= ¥ (350 [ T (03,(D) ) N ig) ot ([0 o).
E=P' X

It remains to prove that for any face E of P/, we have that:
(120) / ChT(ﬁXP(DNX)m (iE)*tdE([wXE]T) = Z es(m).
X méeRelint(E)NM
This follows from the functorial properties of the cap product and formula (43). Indeed,

[0 (@x (D)) M i)t (o) = [ (i) eh” (03, (D)) i ([, )

E

=/, ch™((ig)*(Ox,(D)|x)) Ntd; ([ox,]T)

[ e (0x, (g, —div(™)) 1d ([, )

_ o—c(mo) /X ch (0, (Dg,)) Ntd? (Jwx, |1)

2 st [ o™ (63, (05,)) 1T (g, )
E

(85) smo) | ( y es<m>>
méeRelint(E—mg)NM

_ Z es(m)’

méeRelint(E)NM
where (*) uses Proposition 3.11 and Corollary 3.13. Here my is a vertex of E as in (43), so
that Ey := E —my is a full-dimensional lattice polytope in Span(Ey) relative to the lattice
Span(Ep) "M, with Xg the associated toric variety. O

Remark 3.16. For future use, we include here the following formula, which one gets as in the
proof of (120), but using Oy, instead of wy,:

(21 [ e (0 D)) N (e (O] = F e
X meENM

This is also a special case of Corollary 3.15 fory =0and P’ = E.

As another application, we employ Theorem 3.14 in the context of a globally generated T-
invariant Cartier divisor D on a projective toric variety X with associated torus T. Let Pp C My
be the lattice polytope corresponding to D, and let Xp be the toric variety of the lattice polytope
Pp, defined via the corresponding generalized fan as in [16][Prop.6.2.3]. By [16][Thm.6.2.8],
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there is a proper toric morphism f : X — Xp, induced by the corresponding lattice projection
N — Np given by dividing out by the minimal cone of the generalized fan of Pp. In particular,
f:X — Xp is a toric fibration. Let Mp — M be the associated inclusion of dual lattices.
Choosing a vertex myq of Pp, we get that P’ := Pp —my C Mp is a full-dimensional lattice
polytope. Let D’ be the ample divisor on Xp associated to P, with ¥’ the inner normal fan
of P’ (defining Xp), so that there is a one-to-one correspondence between cones ¢’ € ¥/ and
faces E’ of the lattice polytope P, and by translation to the faces E of Pp. Then, by the proof
of [16][Thm.6.2.8], one gets that &' (D — div(x™)) ~ f*&(D’), as T-equivariant sheaves.

Following the notations of Proposition 3.9, let U C X be a closed T-invariant subset with
associated multiplicities d;(U/c’), denoted here via the above correspondence as dy(U/E).
We can now prove the following.

Corollary 3.17. With the above notations,

(122) %[ (U, 0x(D)ly)= Y (Z(—l)%(U/E)-(Hy)““‘““(”)- Yy e

E=<Pp \(>0 méeRelint(E)NM

Proof. By the generalized Hirzebruch-Riemann-Roch Theorem 3.14, the projection formula,
and functoriality of Hirzebruch classes, we have

1 (U.0x(D)ly) = | b (0x (Do) NTEW)
_/chT (Ox (D)) NTE (U = X))

_ ¢5(mo) /X chT(f*ﬁ’X(D’))ﬂTyE([U%X])

=&t | en®(0x(D) N A TE(U = X)

<Z Y (~1)-di(U/E) - (1y) Ty e“’"))
méeRelint(E")NM

E'=P' (>0
— -1 I d/(U/E)-(1+ (+dim(E) es(m)
L y ’
E=Pp (>0 meRelint(E)NM
where the equality () follows by using (108) and (120). O

Example 3.18 (Rigidity of the equivariant ),-genus). If, in Corollary 3.17, we take D = 0,
then Pp = {0} C M C Mg, so dy(U/{0}) is just the number of /-dimensional torus orbits in
U. Hence, formula (122) becomes in this case

(123) 2 (U, Oy) = (Z(—l)%(U/{O}) : <1+y>f> 0.

>0

Note that this formula does not take into account any equivariant information. So, forgetting
the T-action,

(Z(—l)é-de(U/{O})-(1+y)€> =%, 0y).

>0
In particular, for U = X and y = 0, this becomes (X, Ox) = 1. O
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Remark 3.19. Note that if D is an ample T-invariant Cartier divisor, then the above morphism
f is the identity of X, so formula (122) reduces to (119) since the multiplicities dy(U /E) are
given as follows: dy(U/E) =0 for ¢ > 0, and do(U /E) is either 1 or 0, depending wether the
orbit associated to E is included or not in U.

Remark 3.20. By forgetting the T-action in formula (122), we get the following weighted lat-
tice point counting for lattice polytopes associated to globally generated T-invariant Cartier
divisors. More precisely, in the above notations, we get the following generalization of Theo-
rem 2.3 and of [36][Cor.1.8].

(124) %, (U,6x(D)|y) = Y (Z(—l)”de(U/EMl+y>“dim(E))-lRelint<E>ﬂM|.

E=<Pp \/>0

Here, it is enough to assume that X is complete, since the non-equivariant Hirzebruch class
transformation is defined in this generality.

3.3. Equivariant Hirzebruch and Todd characteristic classes of simplicial toric varieties.
The previously mentioned formulae of Section 2.4 for the Todd class and Hirzebruch classes
of quasi-projective simplicial toric varieties hold with the same proofs (up to some small
modifications, as explained below) for the equivariant versions of these characteristic classes,
compare also with [24][Rem.4.3]. A different proof of all these results, independent of the
equivariant version of the Lefschetz-Riemann-Roch from [24][Thm.3.1 and Rem.4.3], will be
given in Section 4.3 via localization at the torus fixed points. Nevertheless, the approach of
this section is useful to derive global expressions for the equivariant characteristic classes of
interest, which will then be localized.

Let X := Xy be a simplicial quasi-projective toric variety associated to a fan X of full-
dimensional convex support, e.g., X = Xp is the semi-projective simplicial toric variety cor-
responding to a simple full-dimensional lattice polyhedron P C M. This includes the cases
of full-dimensional simple lattice polytopes, as well as full-dimensional rational pointed poly-
hedral cones. The assumption that X is of full-dimensional convex support implies that X
contains no torus factors, so we can use the Cox construction as described in Section 2.1.2.
Moreover, this allows us to make use of Remark 2.8.

In addition, we also prove formulae for the equivariant Hirzebruch classes T;}:([U — X]),
with U the open complement of a T-invariant divisor Dk := pex Dp, for K C X(1). Similarly,
we indicate here the argument even for the Hirzebruch classes of an orbit closure V¢, for T € X,
pointing out the needed modifications in the proof.

The arguments in this section are based on the Cox construction. With the notations from
Subsection 2.1.2, let 7 : W := C"\ Z(X) — X be the toric morphism, with G the kernel of the
corresponding map of tori 7: T := (C*)” — T (here r = [£(1)|). Since X is a simplicial toric
variety containing no torus factor, it follows that X is the geometric quotient W /G, with G
acting with finite stabilizers. If 7 is a cone of X, then the orbit closure V; is the image under 7
of a linear subspace W; C W. We have the following formula (in which we omit the symbols
for pushforwards under closed embeddings).

Lemma 3.21.
(125 Wl (mAyT,) %) = (1+y) " tdl (mC) (V) € HE(X;Q)[y] ~ Hi(X: Q) [].
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Proof. By (65), it suffices to check formula (125) after restriction to each Uy, with Uy the T-
invariant open affine subset of X containing the corresponding T-fixed point x4, for ¢ € L(n).
We have 7! (Ug) ~ C" x (C*)"", with T ~ T x (C*)"~" =: T x T’ acting on the respective
factors, and the factor C" corresponding to the rays of ¢ and T' = (C*)"~" acting freely by
multiplication on itself. Similarly, G ~ G5 x T, with G5 C T a finite subgroup. So, above
Ugs, T can be factorized as a composition of the free quotient 7 : C" x (C*)"" — C" by
the T'-action, followed by a finite quotient map @ = 75 : C" — C"/Gy = Ug. Similarly,
Y (UsNVy) ~ Ly x (C*)", with Ly C C" a linear subspace. Then

~ * T, * —
(BAVTL o) = AT (142),

since T(fc*),,n ~ (C*)" " x T, with T’ acting by the co-adjoint action on the cotangent space
T of T' at the identity element id € T’. This is the trivial T"-bundle of rank r —n, since T' is an
abelian group, so that AyT(* yrn = (1 +y)"". Finally, in Kgr (Us)[y], we have by Proposition
3.5 and Corollary 3.13 that

(7o)« AV T1) 90 = mCy (Ve NU).
The desired formula (125) follows by applying the equivariant Todd transformation. U

By the equivariant version of the Lefschetz-Riemann-Roch theorem (see [24][Thm.3.1 and
Rem.4.3]), applied to the left-hand side of formula (125), the proof of the formulae of Section
2.4 for the Todd class and Hirzebruch classes of projective simplicial toric varieties hold with
the same proofs in the equivariant setting. For later applications, we work with the cohomo-
logical images td (X) € ﬁ;f(X;Q) and TyE(X) € ﬁ{f(X;@) [v], resp., YA;E(X) € ﬁii(X;Q[y]) =
[Ti>0 H:-(X;Q[y]) of these classes under equivariant Poincaré duality. In the notations of Sec-
tion 2.1.2, one has the following:

Theorem 3.22. Let X := Xy, be a simplicial quasi-projective toric variety associated to a fan
Y of full-dimensional convex support. Then the equivariant Hirzebruch classes TyE(X ) and

@E (X) are computed by:

. a e fp ~
for 10r-0p(8) ) ( g

(126) To(X)=0+y"" Y I

g€Gy pex(1) 1_aP(g)'e

T . . Lo Fp(14y)
(127) T =Y [I Fp-(1+y-ap(g) e "lI™))

- € Hi(X:QD)),
g€Gy pex(1) l1—ap(g)-e Fp(l+y)

with r = |£(1)|, and Fy = [Dp |1 denoting the equivariant fundamental class of the T-invariant
divisor Dy corresponding to the ray p € X(1).

Corollary 3.23. If X := Xy is a smooth quasi-projective toric variety associated to a fan
Y of full-dimensional convex support, then Gy is the trivial group. Hence, the equivariant
Hirzebruch classes of X are given by:

Fy - (1 -l—y-e’FP)

Fp

(128) Te(X)=(1+y)""T]

pex(y e
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(129) TL(X) =

peX(1)
Remark 3.24. In particular, by setting y = 0 in Theorem 3.22, we recover the equivariant Todd
class formula of [13] given by the following expression in H}(X;Q):

F
130 td} (X) = 2
(130) geZGzpeZ(l) I—ap(g)-e

—Fp

Similarly, setting y = 0 in Corollary 3.23, one gets the equivariant Todd class for such a smooth
quasi-projective toric variety. There is also an equivariant version of formula (56). Finally, if
X is projective, the specialization at y = 1 fits with suitable L-classes, i.e., YA’l*(X ) =L(X) is
the Thom-Milnor L-class of a projective toric variety X.

Moreover, taking the top degree of y in (126) and using (96), yields the following.
Corollary 3.25. Under the assumptions and notations of Theorem 3.22, we have:

a Fy-ete
(131) ! (jox]r) = ¥ l"(g) pf
ey pex(1) L —ap(gle ™

€ Hi(X;Q).

Remark 3.26. Note that formula (131) coincides with (130) upon substituting —F), for Fp, for
each p € (1), i.e., these classes are exchanged by the cohomological duality involution on
H%(X;Q) given by multiplication with (—1) in degree 2i. (Recall that under our assumptions

ﬁiﬁ (X;Q) is even, by (63).)
In Section 5 below, formula (131) will be used for proving Euler-Maclaurin type formulae
for lattice points in the interior of a full-dimensional polytope, generalizing formula (46) for

lattice point counting. The next results are motivated by the fact that, instead of deleting all
facets of the polytope P, one can just delete some of the facets Fj, i € K C Xp(1).

Lemma 3.27. Let X := Xy be a simplicial quasi-projective toric variety associated to a fan X
of full-dimensional convex support. Let U C X be the open complement of the divisor Dk =
Upek Dp, for K C £(1). In the notations of the Cox construction, let Wy = {xp =0} C W be
the inverse image of Dp under the quotient map ©t : W — X. Then the preimage U of U under
T is the complement of the T-invariant normal crossing divisor Wg = Upcx Wy in W, and

(132) ! (mmCT ([T = W))C) = (1 +y) " dT (mCT([U = X)) € B (X;Q)[y).

Proof. By the inclusion-exclusion formula for the equivariant motivic Chern classes, one has
as in (92),
(133) mCy ([U = X]) = Y (=)/lmC} ([D; = X]),
ICK
with D; = ﬂpe 1Dp. Similarly,

(134) mCy ([0 < W)) = ¥ (=) (W — W),

ICK
with Wy = (¢, Wp. The assertion follows now by applying formula (125) to the summands
on the right-hand side of the two identities above. U
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By formula (91), in the above notations we have:

(135) mCI([T = W)) = [Ow (—Wk) @ A, Qly (log Wk )] € Ko (W)[y].

Then by the equivariant version of the Lefschetz-Riemann-Roch theorem (see [24][Thm.3.1
and Rem.4.3]), applied to the right-hand side of formula (135), we get the following general-
ization of Theorem 3.22:

Theorem 3.28. Let X := Xy be a simplicial quasi-projective toric variety associated to a fan
Y of full-dimensional convex support. Let U C X be the open complement of the divisor Dk :=
Upek Dp, for K C £(1). The equivariant Hirzebruch classes Tyg([U — X|) and Tyﬂ;([U — X])

are computed by:
(136)

T ([U = X]) = (1+y)""

~ Y I Fp-(14y)-ap(g)-e ' 11 Fy-(1+y-ap(g)-e ) 7
8€Gy pEK 1—ap(g)-e ' pEK 1—ap(g)-efr

(137)
Fp-(1+y)-ap(g)-e ) o Fy (14y-ap(g)-e 1)

THU < X)) = |
y gg;ng( 1—ap(g) e Fp(14y) ik 1—ap(g) e~ Fp(14y)

with r =|X(1)|, and Fy, = [Dp|t denoting the equivariant fundamental class of the T-invariant
divisor Dy corresponding to the ray p € X(1).

Proof. The proof is similar to that of Theorem 3.22 and is based on the equivariant Lefschetz-
Riemann-Roch theorem. We only indicate here the changes. Instead of calculating the equi-
variant twisted Chern character ch” (if—)(g), g € G, of ATy for iy : W& < W the fixed
point set inclusion, one now has to calculate this for Oy (—Wk) ® A,Ql, (logWk). Here, for
&€ K% (W), the twisted equivariant Chern character is defined as

Z}( ch (&),

where & ~ @©, &y is the finite decomposmon of & into sheaves &, on which g acts by a
(complex-valued) character . These sheaves & are also T- -equivariant since T is an abelian
group. N
We now have to evaluate chT(i;‘,—)(g) on
Ow (—Wi) @ A Qy (logWk) = [T (6w (~W,) ® pryA,Qe(log{0})) TT AyOw (~Wp).
pEK p¢K
Here prp : W — C is the projection to the p-th factor, with T ~ (C*)" acting factorwise via

the projection ap : T — C* to the corresponding p-th factor. So the calculation can be done
factorwise, with

ch (isAyOw (—Wp))(g) =it (1+y-ap(g™") e ),
for p ¢ K, and zp := [Wp |5 € HX (W Q) the corresponding equivariant fundamental class as
in [36][eqn.(5.13)]. By the 1nc1u510n exclusion formula, for {0} C C and p € K, we get:

[Gw (—Wp) ® pryAyQL (log{0})] = [AyGw (=Wp)] — [0, ].
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So
ch” (ij; (Ow(—W,) ® pr;;AyQ!c(log{O}))) (8)

=ig(1+y-ap(g™") ™) —ch' (ig ([Ow] — [Ow(=Dy)]))(8)

= i;(l +y~ap(g*1) -e*ZP) — i;(l —ap(gfl) -e*ZP)

=i (14+y)-ap(g™")-e).
Then these formulae are pushed forward via (ig ). using the projection formula, and one applies
the ring isomorphism ¢ : H%(W;@) ~ H3(X;Q). Note that z, maps to F, under the identi-
fication ¢ : H%(W;Q) ~ H%(X;Q). Finally, note that g € Gy if and only if g~! € Gyx. This
completes the proof for the un-normalized equivariant Hirzebruch classes. To get the formula
for the normalized equivariant Hirzebruch classes, we just have to substitute (1 +y)™" - [X|r
for [X]1 € H,.,(X;Q) (implicitly used in the equivariant Poincaré duality), and (1+y) - F,, for
F, € H*(X;Q). O

For later use, and since the needed notation was already introduced in the previous re-

sult, let us sketch a proof of the following extension of the Todd class formula (130) to the
T-equivariant coherent sheaf m.(Ow ® Cxﬁ)G, for # : W — X the quotient map of the Cox

construction and ¥™ a character of T.

Lemma 3.29. With the above notations, we have

(138) td} (m(Ow @ C)®) = Y, ™) [1
g€Gy peX(l)

FP . e<ﬁ7ep>'FP
1 —ap(g)e’FP’

with {ep }pex(1) the standard basis of the lattice N =zIFWl,

Proof. Comparing to the proof of the classical Todd class formula (130), we need to calculate
chT(i;i(ﬁW ®Cx,z))(g) instead of chT(i;‘(ﬁ’W))(g) = 1. This is given by

ch (i3 (O @ Cyn))(8) = 5 (X7 ()" ™),
with c(m) =Y, (m,ep)zp € H%(W;Q), e.g., see [16][Prop.12.4.13(b)]. O

Remark 3.30. Note that if K = 0, Theorem 3.28 reduces to Theorem 3.22. At the other ex-
treme, if K = (1), one gets for the un-normalized class first by specializing to y = 0 just
Corollary 3.25, and using this one then recovers for arbitrary y formula (100) in the case of
the zero cone.

Remark 3.31. For y = 0, both formulae of Theorem 3.28 specialize to the following Todd
class type formula, which will fit later on with the Euler-Maclaurin formulas for polytopes
with some facets removed:

(139) T (U=x)=Y [1 Fp'ap(g).e_z I1 1 8

gcoy pek | —ap(g)-e peK —ap(g)-e

7FP *

Note that in view of Remark 3.6, one also has
(140) Ty.([U = X]) = td, (X) —1d, (Dx).
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4. LOCALIZATION IN EQUIVARIANT K-THEORY AND APPLICATIONS

In this section we apply localization techniques in T-equivariant K- and homology theories
of toric varieties, due to Brion-Vergne [ | 3] and, resp., Brylinski-Zhang [ | 5], for the calculation
of the T-equivariant motivic Chern and Hirzebruch classes in this toric context.

4.1. Localization in equivariant K-theory. Let X = Xy be an n-dimensional toric variety
with torus T = Tjy such that the fixed-point set XT # 0, e.g., X is projective.

By [13][Prop.1.5], the inclusion i : XT < X induces an injective morphism of Kg)r (pt)-
modules

i Ky (XT) — Kj (X)
which becomes an isomorphism
i Ky (XT)s ~ Kg (X)s

upon localization at the multiplicative subset S C Z[M] = K(')Ir (pt) generated by the elements
1 —x™, for 0 # m € M. Note that

Ko (X") = D Ko (v),
xexT

from which one gets via the isomorphism i, a projection map of K(?)r (pt)-modules, called here
the K-theoretic localization map at x,

pre: Ky (X)s~ @ Ko (x)s — K (x)s = Z[M]s.

xexT

Let x = x5 C Ug be the T-fixed point corresponding to a cone ¢ € ¥(n) of maximal dimension,
as in (65), where Uy C X is the unique T-invariant open affine subset containing x5 = Og.
Then the localization map at x factorizes via restriction over Uy as:

Pry: Kg(X)S — K(T)T(UG)S ~ Kgr(xc)s =Z[M]s.

We now explain a different description of the isomorphism (denoted also by pry)
pre KE (Ug)s ~ Ky (x6)s = Z[M]s

by using the eigenspace decomposition (68). As in [13][Sect.1.3] (see also [16][Def.13.2.2]),
a formal power series f € Z[[M]] is called summable if there is g € Z[M] and a finite subset
I C M\ {0} such that in Z[[M]] one has: f-[],,c;(1 —x™) = g. Let

S(f) =g -[J(1—x™) " € Z[M]s
mel

be the sum of f, which is easily seen to be independent of the factorization. Let Z[[M]|sym C
Z[[M]] be the subset of summable elements in Z[[M]]. This is a Z[M]-submodule of Z[[M]],
and the summation map S induces a homomorphism of Z[M]-modules

S: Z[[M]]Surn — Z[M]S

Let .% be a T-equivariant coherent sheaf on Us. Then W := H°(Us;.%) has an eigenspace
decomposition W = @,y Wym (see [13][Sect.1.3]) with eigenspaces W)n of finite dimension
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as in (68) (although W = H°(Uy;.%) could be infinite dimensional). Then

(141) Xo(F) =Y dimcWyn-x™ € Z[[M]]

meM

is summable (cf. [I3][Prop.1.3]). This induces a homomorphism of Z[M]-modules (see
[13][Rem.1.3])

(142) %o + Ko (Us) — Z[M]sum
such that the composition S o xg induces after localization the map pry, since

(143) X5 (i ([Cyn]) = 4™ € ZIM] C Z[M]sum.

For applications to the case of simplicial cones, we next introduce a Lefschetz type variant
of the Euler characteristic ., and a corresponding summation map S. Let o € X(n) be a
simplicial cone with uy,...,u, € N = N the generators of the therays p; € 6(1), j=1,...,n
Let N’ = N/ be the finite index sublattice of N generated by uy,...,u,, and consider ¢ €
Nj = Ng so that it is smooth with respect to the lattice N'. With T, T’ the corresponding n-
dimensional tori of the lattices N, resp., N’, the inclusion N’ — N induces a toric morphism 7 :
U} — Uy of the associated affine toric varieties. Let G be the finite kernel of the epimorphism
n:T' — T, so that U /Gs =~ Us (e.g., see [16][Prop.1.3.18]).

Let mj € M = Mg, 1 < i <n, be the unique primitive elements in the dual lattice M of N
satisfying (m;,u;) = 0 for i # j and g; := (m;,u;) > 0 so that the dual lattice M' = My of N’ is
generated by the elements m; = %’ Letap, : Go — C* be the characters of G as introduced
in (33).

For .#' a T’-equivariant coherent sheaf on U~, the vector space W’ := H°(U.;.#') has an
eigenspace decomposition W' = @, W;/c .+ as before. Since T’ is abelian, its finite subgroup

G acts on W’ respecting this eigenspace decomposition. We can then introduce the Lefschetz
type Euler characteristic

T/
(144) tro (F

Y ir(g: W = W) 2" € ClM Jsum.
m 'eM’ §€Go

In this context, the notion of summable is defined almost as above, but using the multiplicative
subset §' C C[M’] generated by elements 1 —a- ¥™ , for 0 % m' € M’ and a € C*. This induces
a homomorphism of Z[M']-modules

tre K (UL) — C[M']sum.

The fact that trg/(,? ') is summable will be explained below for sheaves .7’ = 0y @ C "z

with m’ € M’, whose classes generate K(?)r (UY) (as in the proof of [13][Cor.1.2]). There is also
a corresponding summation map

S': C[[M/]]sum — C[M/]S’v
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so that the following diagram of Z[M|-linear maps commutes:

T/
trg S/

C[M'lsum —— C[M']g

(145) 2o | | |

KN (Us) 5 Z(M]Jam — Z(M]s .

Here, 7°° is induced by the corresponding exact functor given by taking the Gs-invariant part
of the pushforward for the finite map 7, which is T = T’ /G-equivariant. The monomorphism
Z[[M]])sum — C[[M’]]sum and the algebra map Z[M|s — C[M']s are induced by the lattice in-
jection M — M.

Example 4.1. If F = Ox|y,, then
%E(ﬁX’Ua) = Z %ﬂn € Z[M]sum-

meoVnNM
If, moreover, o is a smooth cone with ms ;, i = 1,...,n, the minimal generators of oV, then
n
%o (Oxlue) = [TCY (™)),
i=1 k>0
hence (as in [16][Lem.13.2.4])
n
1
(146) S(ts (Oxlus)) =1

1 — %*ma.i )

i=1

If o is only a simplicial cone, with the same notation for the minimal generators of ¢, we
get for 7' = Oy, that

/ 1 n _ —m_.
115 (0u) = 157 X TI(E (ap(s™)-277e)")
0l gcGgi=1 k>0
hence this series is summable, and by applying diagram (145) to %' = Oy, with Oy, ~
o o ﬁUé), we recover Molien’s formula (see [13][page 24]):
1 L 1

Z H 7 GC[M/]Sr.

(147) S(%(’]Tr(ﬁ)(h]o')): ‘ch 1 a (gfl) x i
g€Gsi=1 1 —dp; ) o

Recall here that, by our convention (following [16]), T acts on }™ by ¢ - 3™ = x™(t~")x".
Note that [13] uses Oda’s convention [39][pag.6]: 7 - x™ = x™(¢t)x", which explains the sign
difference. U

Example 4.2. Consider the case of a simplicial cone 6 € X(n) with minimal generators of 6"
as before. We get for .#' = 0y @ C - (with m’ € M’) that

Y 2@ 2" TIT (anls™) - 2",

¢€Go i=1 k>0

tro (Ouy ® Copt) = 157
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hence this series is summable, and by applying diagram (145) to .’ = Oy, @C ot with

F=nC Oy ®(Cx,,,) we get
1
(148) S(xZ(7 |G ‘ Y P H i e C[M]y.
Ol gcGs i=1 1 —ap,(g71)-x "o

O

Example 4.3. Back to the general case, for ¢ € X(n), consider .# = Ox(D)|y,, with D a
T-invariant Cartier divisor on X. Then one gets

Xg(ﬁX<D)’Ua) =x " Z X" € ZIM]sum,
mecVNM

where mg € M is uniquely defined so that D|y, = div(y ™°)|y,. The sequence {ms €
M | o € £(n)} is the Cartier data of D, in the sense of [16][Thm.4.2.8]. In other words,
Ox(D)|y, ~ Us X fomg as T-equivariant line bundles (e.g., see [16][page 609]), so that for
any T-equivariant coherent sheaf on X, we have

(149) Xo((F @ Ox(D)|vy) = 27" %0 (Fus)-
]

Example 4.4. Generalizing the case of Oy, by [16][Prop.8.2.18], one has forany 0 < p <n =
dim(X),

. dim(0 .
%(’]TT(Q§|UG> = Z ( ( T)) Z X" € ZIM|sum.
=0 p meRelint(V N7 )M
Hence,
(150) Xo(oxlu,)= Y a7 €ZMum

meRelint(cV)NM

In particular, if X is quasi-projective, then

Ao (mC(X)|u,) = Y (14y)4m(0) Y X" € ZM]sum @z Z[y].

720 meRelint(eVNTH)NM

If, moreover, o is a smooth cone with mg ;, i = 1,...,n, the minimal generators of oV, then
Xs (mCy (X)lv,) =] (1 +(1+y)- Z(%"""”’)") :
i=1 k>1
hence
n14y.y Moi
(151) S0t (mCy (X)lu,) = T 52 G € ZIMs
i=1 ’

Consider now the case of a simplicial cone ¢ with minimal generators of ¢V as before, and
let #' = Qp, ,p>0,resp., [F] = mC;T/(U(’,) = ZZO[Q‘Zé] -y? € KJ (UL)[y]. Then

trg (mCyl (Ug)) = @ ) IHI <1+(1+y)~ Z(ap,-(gl)-xmi’*")k> :

¢€Ggi=1 k>1
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By applying diagram (145) to %' = QZ, , with % = mkG"(QZ,) ~ §§|UG, resp., [F'] =

mC;E/(Ucly), with [Z] = mC] (X)|y,. we get
1 n14y-ap(g7h) "o .
Gal & e — e CM .
Ol geGgi=1 1—api(g Yox Mo

(152)  S(xs(mC}(X)|u,)) =

Finally, one can twist the sheaves SAZ§ by Ox (D), for D a T-invariant Cartier divisor, and
use (149) to get the corresponding identities. 0

Remark 4.5. 1f, more generally, we work with X = Xy a closed T-invariant algebraic subset
of Xy corresponding to a star-closed subset ¥’ C X, similar localization formulas hold for the
sheaves QF of Ishida p-forms of X (extended by zero to Xyz). More precisely, using now
[3][Sect.3], one gets for 0 < p < dim(X)

_ dim(0 L
1) L@ = ¥ ( “)) Y 2 eZMm
1=0,7€Y/ p meRelint(oVNT+)NM

In particular, if X = V; C Xy is the orbit closure for T < ¢ of dimension d, then Qd — @y, SO
we get by (99) that

(154) 2o (mCo([0r = Xz))lu,) = Xo (v, |u,) = ) X" € Z[M]sum.
méeRelint(cVNtt)NM

Example 4.6. Let Z = Xy be a closed T-invariant algebraic subset of X = Xy corresponding
to a star-closed subset ¥’ C X, with open complement V := X \ Z. Then
(155) _

XomC (VX)) = Y 4y ¥ "€ ZMlam @z ZD].

1=0;7¢Y/ meRelint(cVNT+)NM

We now consider the case when Z = Dk := Uy Dp, for K C X(1), and o € X(n) is a smooth,
resp., simplicial cone.

Let us first assume that ¢ is smooth, with mg ;, i = 1,...,n, the minimal generators of cV.
Then

Xo (mCy ([V = X])|v,)

= ]I <<1+y)-2<xm“=f>k>- I1 (H(lﬂ)-{‘,(x’”‘*"}k),

piec(1)NK k>1 picc(1)\K

hence
(156)

S(Xo (mCy ([V = X))lu,)) =

1 .y Mo 1 .y Moii

1 _ X*mo,i 1 _ X*mc,i

pi€o(1)NK pi€o(1)\K

Consider now the case of a simplicial cone ¢ with minimal generators of 6" as before, and
let V/ = U} \ D, with Dy = Upcxr D)y, for K’ := o(1) K. Let [F'] = mCT (V' < U})).
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Then
trs (mCy ([V = Up))) =
_1 — —m_ _ —m .
G = 11 <(1+y)2(api(g Dx ‘“)")~ I1 <1+(1+y)2(ap,.(g Ny o,,)k>_
° k>1 pica(1)\K’

gEG(y p,EK’ kZl

By applying (145) to [F'] = mCT ([V' < U})), with [Z] = 27 ([F]) = mCF([V < X])|v,
we get
(157) S(x5 (mCy ([V <= X))|u,) =

/
me i

1 Z H (1"‘)’)'“&(371)'?{_%‘” _ 1+y'api(gil)'%
G|

m' m'

g€Gs pico(1)NK 1‘%(8_1)'%_ o pec()\K 1_api(g_1)'l_ e
O

We now explain the following equality, originally due to Brion [9], where we follow the
approach of [13][Cor.1.3] (see also [16][Thm.13.2.8] for a special case):

Theorem 4.7. Let X = Xy be a complete toric variety of complex dimension n, with % a
T-equivariant coherent sheaf on X. Then the K-theoretic Euler characteristic of ¥ can be
calculated via localization at the T-fixed points as:

(158) (X, 7)=Y Se(ZFlv,)) € ZM]s.

oecX(n)

Proof. Let xo¢ = Og C Ug be the torus fixed point corresponding to o € X(n). The assertion
follows from the commutativity of the lower right square of the following diagram:

i

Boczn ki () ——  KJ(X) 2 zM]
T
Boern Ko (x0)s —— Ky (X)s X zZMs
| | |
T ~ T ZO‘(SOXE)
Doecrn Ko (x6)s —— Doesm) Ky (Us)s = Z[M]s.

The vertical maps are the natural localization maps (upon restriction to the Ug’s for the middle
map). The commutativity of the outer square follows from (143). The lower left square com-
mutes by the functoriality of restriction and localization. This yields the desired commutativity
of the lower right square. 0

As a consequence, we get the following weighted version of Brion’s equality [9][page 655],
see also [16][Cor.13.2.10(a)].

Corollary 4.8. Let P be a full-dimensional lattice polytope with associated projective toric
variety X = Xp and ample Cartier divisor D = Dp. For each vertex v of P, consider the cone



EQUIVARIANT TORIC GEOMETRY AND EULER-MACLAURIN FORMULAE 51

C, = Cone(PNM —v) = 6/, with faces E, = Cone(E NM —v) for v € E. Then the following
identity holds in Z[M|s Q7 Z[y|:

(159) 2T (X,mC} (X)® Ox(D))= Y. x " S( Y (Q+ydimE. Y x"")-
M

v vertex vEE=P méeRelint(E,

Proof. By the definition of the inner normal fan ¥p of P, one has for any vertex v of P that
o, = Cvv , with C, defined as above (see [16][page 76]). By dualizing, it follows that C, =
va (ctf. [16][Prop.1.2.4]). By [16][Prop.1.2.10], the faces E, of C, are exactly of the form
o,/ Ntt, with T < o,. Note also that the Cartier data for D = Dp over Uy, is exactly given by
mg, =v €M, see [16][(4.2.8)].

The desired identity (159) follows now from Theorem 4.7 together with Example 4.4 and
formula (149). 0

Remark 4.9. A direct calculation of x ™ (X, mC;r (X)® Ox (D)), without using localization tech-
niques, can be obtained from [16][Lem.9.4.8 and Thm.9.3.1], as follows:

160)  x"(X,mC}(X)®Ox(D))= Y, (1+y)"™E. Yy e ZM] @y Z]y].
E=P meRelint(E)NM

This is a K-theoretic version of Corollary 3.15. For y = 0, formula (160) reduces to
XX, 0x(D) =Y x"ezM),

mePNM

which can already be deduced from (38) and (39).
For y = 0, formula (159) therefore reduces to Brion’s equality:

(161) Y x"=x"x.0x(D)=Y 1 S( Y x’”)

mePNM v vertex meC,NM

4.2. Localization in equivariant homology. Let Xy be an n-dimensional toric variety with
torus T = Ty. Let X = Xy be a T-invariant closed algebraic subset of Xy, defined by a star-
closed subset X' C X, such that the fixed-point set X T £ 0.

By [15][Lem.8.4, Lem.8.5], the inclusion i : XT < X induces an injective morphism of
Hi(pt;Q)-modules

i HI (XT;Q) — H! (X;Q)
which becomes an isomorphism
i, H'(XT,Q), ~ HY (X;Q);

upon localization at the multiplicative subset L C (At)g = Hy(pt;Q) generated by the ele-
ments +c(m), for 0 #m € M (cf. [15][Cor.8.9]).

Remark 4.10. In particular, by applying the localization isomorphism to both X and Xy, it
follows that the homomorphism H! (X;Q), — HI (Xy;Q); induced by inclusion is injective.
So in the following it suffices to work in the localized homology H (Xz; Q)L of the ambient
toric variety.
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Let us now assume that X = Xy. Since
HI (x":Q) = P H (»
xexT

one gets via the isomorphism #, a projection map of Hy(pt;Q)-modules, called here the ho-
mological localization map at x,

Dry . @HT L—)HT( @)L:Lil(/\'ﬂ‘)@.
xexT

Remark 4.11. If X is a toric variety with H, (X;Q) a finitely generated free (AT)g-module
(e.g,X1isa complete simplicial toric variety, see [ | 6][Prop.12.4.7]), then the localization map
HY(X:Q) — HY(X;Q), is injective.

The equivariant Todd class transformation td. commutes with pushforward for closed in-
clusions i, and pullback j* under open inclusions. So tdlr is compatible with the two diagrams
below:

KT(xT) s KT(x) AT (xT;Q) — AL(x:Q)
(162) l lj LN l l"*
kI (x6) —— KJ(Us) AL (x0;Q) —— HL(Us;Q)

To extend this property to the localized versions, we need to show that the ring homomorphism
ch®: Z[M] ~ KD(pt) — (A%)q C (/A\T)Q given by the equivariant Chern character is compati-
ble with the multiplicative subsets used for localization. This fact follows as in [ 1 6][pag.644];
indeed, if 0 £ m € M, then

1 —ectm

c(m)

ch™(1— ™) =1—¢" = c(m) € (Af)q C (Ar)g,

with ¢(m) € L and the convergent power series 1;(e;l()'"> € (Af')g C (KT)Q being invertible
(since its constant coefficient is a unit). So ch” induces a ring homomorphism of localized
rings

ch” : Z[M]s ~ Kp(pt)s — L™ (Af")g C L™ (A1)
In particular, this localized version of the equivariant Chern character ch” can be applied to the
image of the summation map S : Z[[M]|sym — Z[M|s, where by abuse of notation we denote

ChTOS (Zam >::S<Zam.ec(m)>7
meM meM

extending the corresponding formula ch™ (¥,,cps @m - X™) = Yoneps @m - €™ for finite sums in
Z[M] - Z[[M]]Sum-

Remark 4.12. In the context of diagram (145), we have to also consider the extension of the
Chern character to the complexified K-theory

ChT, . C[M/] >~ K%/(pt) ®ZC — (A%‘r’l>C C (KT')(C7
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which is compatible with localization
' ~1 1,7
ch™ . CM')g ~ K (pt)g 22C — L' (A%)c C L' (Ap)c -

Here, §' C C[M’] is as before the multiplicative subset generated by elements 1 —a - xml, for
0#m €M and a € C*, and L' C (Ap)c = Hy,(pt;C) is the multiplicative set generated
by the elements +a-c(m'), for 0 £ m’ € M’ and a € C*. The compatibility with localization
follows as above, using in addition that

/ / 12 ~
ch(1—a-x")=1—a-¢") e (A% C (Ap)c,
fora## 1 and 0# m’' € M, is an invertible convergent power series since its constant coefficient
. . ! . . .
1 — a is a unit. These two Chern characters ch” and ch” fit into a commutative diagram

i ~
CMy L L7 N(A) e —— L' ' (Ap)c

T l

T o~
ZM)s - LAy — L Y(Ap)g .

The last two vertical arrows are injections (between convergent, resp., formal Laurent series
with rational or complex coefficients).

By the module property (81) of the equivariant Todd class transformation and the functori-
ality of ch” under pullbacks, it follows that td” is compatible with the corresponding localized
versions of the diagrams appearing in (162), with the corresponding maps labeled i, being
now isomorphisms, as used in the definitions of the localization maps pry in K-theory and
homology, respectively.

Proposition 4.13. For a T-equivariant coherent sheaf F on X = Xy, and x5 € X' a given
fixed point of the T-action, we have:

(164)  dT([F))x, := pri, (T ([F]) = chT (S0 D) (F)) e L' (A)g C L} (Ar)g

and
L ([Z])) = P W ([F) ol
oeX(n)
165 .
(165) = @D T (SoxD)(F)) nolr € AX(X: Q).
ocX(n)

Proof. Indeed, using the explicit calculation of the localization map in equivariant K-theory
(as in the previous section), we have:

pre (W ([F]) = W] (pr, ([F])) = ch™ (S0 x5) (7).
The second formula just follows from the isomorphism i, : HX (XT;Q); ~ HY(X;Q),. O

Example 4.14 (Localized equivariant Hirzebruch and Todd classes). Assume now that Xy is
a quasi-projective toric variety. Let, moreover, X := Xy be the T-invariant closed algebraic
subset defined by a star-closed subset X’ C X, with x5 € X T a given fixed point of the T-action.
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By using (164) and (153), the following identity holds in L~ (A%")q ©7 Z[y] € L~ (A1)g ©z
Zly):

(166)

T (X)sg =t ((mCy (X))o = Y, (1439 (chT o) ) x "

t=0,7€Y/ meRelint(cVNtL)NM

= Y (a+ y)dim(©:) . § y oSm)

t=0,7€Y/ méeRelint(oVNtt)NM

We thus have in ﬁE(X;Q)L ®z Zly] (compare also with [42][Thm.5.3], [44][Thm.11.3]):

(167 L'IE(x)= P Y (14y)fimO).s Y M- ol

ocy/(n) \720,7€Y/ méeRelint(cVNTL)NM

Specializing the above formulae to y = 0 for X quasi-projective, or applying (164) to the
structure sheaf .# = Oy (extended by zero to the ambient toric variety, which now can be
arbitrary) we get the following result:

168) W (X)py= Y S Y S e LY Ao c L7 (Ar)g,
120,7€Y méeRelint(cVNTL)NM

and

169) L'Wd'x)= @ [ ¥ s Y e | | - [xolr € HI (X;Q)1.
oex/(n) \120,7€Y meRelint(cVNTL)NM

In the case ¥’ = X, formulas (168) and (169) reduce to a result of Brylinski-Zhang [ | 5][Thm.9.4]:

(170) tdT (Xg)x, =S ( Y es(’">> e L' (Ao c L™ (Ar)g,
meoVnNM
and
(171) ~ld} (Xz) = @D s ( ) es(m)) [xo)r € HY (X5:Q);.
o€X(n) meoYNM

O

Example 4.15 (Localized equivariant Hirzebruch classes for complements of divisors). Let
X = Xy be a toric variety with V := X \ Dg, and Dx = U,cx Dp for K C X(1). Let 6 € X(n)
be a simplicial cone with x5 € X the corresponding T-fixed point. Then we get by (157) and
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Proposition 4.13 the following identity in L'~ (Al cL “(Ar)chl:
(172) Ty ([V = X))y =t ([mCy ([V = X)),
1

=6 & I

gcGspico()nk 1 _aPi(g_l) e ”

In particular, if o is a smooth cone, then

. »—c(me i) .o~ Clms )
];E([V%X])X(y _ H (14y) _ec(m o 1+y ic(m -,
pica(hnk 1 —e o 1 —em o

(1+y)-ap(g ) -e e 1+y-ap(g7") e o)

(mﬁ;,;) (m’c,i) '

pea(\k 1—ap(g!)-e™*

pica(1\K
with mgvi = mg ; for all i (since o is a smooth cone).

By specializing (172) to y = 0, we get a local version of the Todd type formula (139). In
particular, for y = 0 and ¢ smooth, we get:
e—C(mo-‘l‘) 1

(173) TOE([V%X])XG = H 1 _ —clmgi)

piea(nk 1 =€ ~elmoyi)

piec(\k 1 =€
In the case when K = (), we thus obtain a more explicit expression for the equivariant
Hirzebruch and Todd classes of X localized at x. ]

As a consequence of Proposition 4.13 and Theorem 4.7, we also have the following.

Corollary 4.16. Let X = Xy be a complete toric variety of complex dimension n, with % a
T-coherent sheaf on X. Then the cohomological Euler characteristic of ¥ can be calculated
via localization at the T-fixed points as:

"X, F)="Y (ch"oS)(x5(Fu,))
ocX(n)
= Z? )tdlr([g])xc e L' (Af)g C L' (Ar)g.
occX(n

(174)

Before giving a more classical description of the homological localization map pry in the
context of simplicial toric varieties, let us formulate the following compatibility of pr, :
HE (X;Q)L — ﬁjf (x; Q) with cap products. As before, X = Xy is a toric variety, with x € X T
and let i, : {x} < X be the inclusion map. Then, for any a € I—AI% (X;:Q)z and b € H (X;Q)y,
we have:

(175) pri(and) =i;(a) N pry(b).
This follows from the definition of pry, since the cap product N commutes with pullback for

open inclusions, together with the projection formula for a closed inclusion.

For the rest of this section we assume that X = Xy 1s a simplicial toric variety, so that one
has equivariant Poincaré duality with Q-coefficients (recall that in the non-compact case, H
denotes equivariant Borel-Moore homology):

NXr: B3 (X Q) = HY (X Q)1
For this reason, in the following we use interchangeably homology and cohomology, with a
cap product in homology corresponding to multiplication in cohomology.
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Proposition 4.17. Let X = Xy be a simplicial toric variety of dimension n, with xs € X' a
torus fixed point and inclusion map i : {xs} < X. Then

2
Euy(x)
with the generalized Euler class of the fixed point x4 in X defined by

(176) Preg = HA(X:Q)p — Hi(x6:Q)z,

0 +# Euy (xg) =i (mult(c) - T] [Dp]qr> cQ-L.
peo(l)
IfX is, moreover, a complete simplicial toric variety, let [ : H: 1(X;Q) — H: T(pt;Q)r =

L~ (AT) be the equivariant Gysin map (or, equivalently, the equivariant pushforward) for
the constant map X — pt. Then

a77) / y (X Q) — Ha(p: Q)1

cex(n Eux xg

Proof. For o € X(n) a cone of maximal dimension, formula (62) written in homological terms
becomes:

(rnult(o)- I [DM) A [X]r = (io). Ixolr-
peo(l)
Using (175), we get

io (mult(ﬁ)- I1 [Dphr> N preg([X]r) = pres((is) [xs]T) = [xo]T,
p

eo(l)
where the last equality follows from the fact that the composition pry, o (i), is by definition
just the identity. The factor if; (mult(c) - [Tpeq(1)[Dp]T) is by definition the generalized Euler

class 0 # Euy (xo) (this is non-zero by the formula above, since [x¢]r # 0), and it is an element
in Q- L (see [16][Lem..13.3.5]) since any divisor on a simplicial toric variety is Q-Cartier
([16][Prop.4.2.7]). So formula (176) follows now from the projection formula (175), i.e., for
ac ﬁq*r(X;Q)L, we have:

[XG]T
Euy (x5)

For the second assertion, note that the map [y : H: T1(X;Q)r — H T(pt;Q)r L*I(KT)Q
corresponds (by the functoriality of pushforward) under the locahza‘uon isomorphism

H (X;Q),~H (X;Q),= P H (x
xexT

pryg(anN[X]r) =ig(a)N

to the sum of localization maps pry, x € X T ie.,

[= ¥ pre: B6Q) > Bi(pr Q)

oeX(n)
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Remark 4.18. If the fixed point x4 corresponds to a smooth cone ¢ € ¥, then mult(c) = 1 and
the divisors D, (p € o (1)) are Cartier divisors. Moreover, the normal bundle N, Uy of x¢ in
the smooth affine variety Uy is given by

Ne,Us= P O(Dp)lxs-
pea(l)

Hence Euy (xg) = cr (Ny,Us) is the classical equivariant Euler class of the fixed point xg,
given by the top equivariant Chern class of the normal bundle N, Us.

Translating Theorem 4.7 into the (co)homological context, using Proposition 4.13 and, in
the simplicial context, Proposition 4.17, we get the following consequence.

Corollary 4.19. Let X = Xy be a complete toric variety, D a T-invariant Cartier divisor,
with % a T-equivariant coherent sheaf on X. Then the cohomological equivariant Euler
characteristic of ¥ is computed by

(178) 2"(X,0x(D = Y pr (W ([0x(D)2 Z]) e LT (Af)q.
o€X(n)

If, moreover, X is a simplicial toric variety, then

ok [Dh‘ T or
(179) "X, oxD)eF) = ¥ "’(eE er*q’/])) €L (A™)g.
GEx(n) ty (¥o)

4.3. Equivariant Hirzebruch classes of simplicial toric varieties via localization. In this
section, we explain how to reprove Theorems 3.22, 3.28 and Lemma 3.29 by localization tech-
niques, instead of using the equivariant Lefschetz-Riemann-Roch theorem of [24][Thm.3.1
and Rem.4.3] (as done in Section 3.3).

Let X := Xy be a simplicial quasi-projective toric variety associated to a fan X of full-
dimensional convex support. Then the equivariant cohomology of X is a free (Ar)g-module
(by (63)), so that the injectivity part of the sequence (65), resp., (66), still holds for the equi-
variant cohomology (as pointed out in Remark 2.8). Hence the corresponding map for the
completed equivariant cohomology rings is injective, i.e.,

@ ig: HT @ HT X5;Q

ocX(n) ocX(n)

By localizing at the multiplicative set L, and using the exactness of localization, we get an
injective map
D is: H:(X: QL= P Hilxo: QL.
cex(n) o€X(n)

So it is enough to check these characteristic class formulae by using for each fixed point x4,
o € X(n), the induced restriction map pry,

Plrxs

(180) Hi(X:Q) — HA(X: Q)1 = Hi(x6: Q) — Hiv(x5:C)p,

with the middle arrow pry, as in (176). Even the direct sum @er(n) pry, of these in-
duced restriction maps is still injective, since the localization map on the integral domain
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~ ~

Hp(x5;Q) = Hp(x6;Q) is injective, and pry, =

iy . - .
Eal (vo) differs from i by the unit

Euy(x¢) = ic (mult H [Dp ) = |Gs| H ickp € ﬁ{f(xc;(@)b

pea(l peac(l)

Moreover, as mentioned after diagram (163), no information is lost if we consider complex
instead of rational coefficients.

4.3.1. Proof of Lemma 3.29 by localization. In order to reprove formula (138) by localization,
we start with the local version discussed in the following example.

Example 4.20. Let 6 € £(n) be a simplicial cone with minimal generators {mg ;}; of 6" as in
the context of diagram (145). For % := S (ﬁU/ ®(C /) with m’ € M’, we get by Proposition
4.13 and formula (148) the identity

1 / o 1
(181) tdlr([f])xc:@ Z xm <g)ec(m)H

1 S ﬁ{fv(Xc;C)L/.
g€Gqs i=1 l_api(g_ )'e

fc(m'c_’i)

O

Using Example 4.20, we can now reprove formula (138) of Lemma 3.29 by localization
techniques. Recall that the global formula

FP . e(’%vep)'FP

(182) Wl (m(ow©Cp)% =Y 2"(s™") [] Hi(X;Q),

_F,
¢€Gy pex(n 1 —ap(g)e"?

with {e, } pex(1) the standard basis of the lattice N = 7™l and 7 in the dual character lattice

M, is formulated in terms of the Cox construction 7 : W — X. So let us now compare, for a
fixed o € L(n) with Uy the T-invariant open affine subset of X containing the corresponding
fixed point x4, the local and global formulae (181) and, resp., (182).

To simplify the notation, assume o (1) = {pi,...,pn}. We next adapt the arguments of
[13][page 24] to our context. If g € Gy \ Gg, by (31) there exists a p € £(1) with ap(g) # 1,

(m,ep)-Fp

so that the restriction of IP:(W to Us becomes 0. Thus, the summation on the right-
P
hand side of (182) reduces after restriction to Us to a summation over g € G4. If g € G4

(m.ep)-F,
and p ¢ o(1), then ap(g) = 1, so that the restriction of % to Us becomes 1. So the
P

product on the right hand side of (182) reduces to a product over p € 6(1). As in the proof of
formula (125), we have 7 (Ug) = UL x (C*)", with T ~ T’ x (C*)"™", G ~ G x (C*)" ",
and U /Gs =Ugs. Letm=m'+m" € M’ & M" be the corresponding character decomposition.
Note that C " is a trivial (C*)"~"-equivariant line bundle on (C*)"~", so we can assume that
m” = 0 is the trivial character. By the projection formula, the restriction of 7, (Oy ® Cxﬁ)c to
Uy is isomorphic to the .# appearing in (181). Finally,
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1 FP .e<77l7ep>'FP
Pri ( Y2 I 52 oen

g€Gy pex(l)
elep)
EMX;XG (geZGz% pgl)%>
L olmep) Fp;
g ¢ (B )
/ no lmey) Fy,

where the last equality uses (67) for the torus T’ to show that i Fp, = c(m
-1

o.) and c(m') =
" (m' ep,)isFp,, as well as changing g by ¢~ in Gs. Also note that a,(g) for g € Gy and
p € X(1) fits with the corresponding a,(g) for g € G5 and p € o(1), as in (33).
Altogether, the local formula (181) is obtained from the global formula (182) upon applying
the homological localization map pry, of (180). 0

4.3.2. Proof of Theorem 3.28 by localization. We can now explain a proof of formula (136)
of Theorem 3.28 via localization. With X := Xy as before, let V C X be the open complement
of the divisor Dg := Upegx Dp, for K C Z(1). Recall that the equivariant Hirzebruch class

Tyl{([V — X]) is computed by:

(183)
- Fp-(1+y)-ap(g)-e ™ o Fp-(1+y-ap(g)-e™
R o e e | e =
g€Gy pEK _ap(g) e peK _ap(g) e
with r = |X(1)|, and F, = [Dp]t the equivariant fundamental class of the T-invariant divisor

D, corresponding to the ray p € X(1). As above, it suffices to prove the equality of both
sides of formula (183) after applying the homological localization map pry, of (180), with
prxc(TyE([V = X])) = Tyﬂ;([V — X|)x, computed by formula (172).

If g € Gy \ Gg, by (31) there exists a p € X(1) with ap(g) # 1, so that one factor on the
restriction of the right-hand side of (183) to Uy becomes 0. Hence the summation on the
right-hand side of (183) reduces after restriction to Us to a summation over g € GG IfgeGs

and p ¢ o(1), then ap(g) = 1, so that the restriction of the factor B (ll_ﬂ ) (a’)’ (&) i (for p €K)

Fy- (1-4y-ap ()¢~ - is will i
P (lai)?g)iip ) (for p ¢ K) to Us becomes 1 +y. With r —n = |Z(1)\ o(1)], this will in

turn cancel the factor (14 y)"~" of formula (183). Therefore, we get
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(“*W‘" y o w b <1+y.ap<g>_';‘F">>

g€Gy pEK 1_ap(g)'e pEK l_ap(g)'e

- -i*<2 U et o FP-(lﬂ-ap(g)-e—Fp))

Euy(xs) —F

—F,
g€Gs pec(1)NK 1—ap(g)-e'» peo(1)\K 1—ap(g)-e

1 1 -a e fr 1 -a e fp
=@ng< I1 Lale) o Il 2 dod _Fp>.

pes(lrk | —ap(g)-e” pec(\k 1~ ap (g)-e

This expression reduces to formula (172), as desired, after using (67) for the torus T’ to show
that for p = p; the rays of (1), one gets as before igFp, = c(mg ;), as well as by changing g

by g~ 'in G. O

Remark 4.21. Specializing to K = (), the above arguments also reprove formula (126) of The-
orem 3.22.

5. EULER-MACLAURIN FORMULAE VIA EQUIVARIANT HIRZEBRUCH-RIEMANN-ROCH

An Euler-Maclaurin formula relates the sum Y,,,c pras f(m) of the values of a suitable func-
tion f at the lattice points in a polyhedron P C My := M @R to integrals over polyhedra. Here,
we are interested in the case where P is a polytope or a cone.

We begin this section with a short overview of some of the literature describing relations
between the equivariant Hirzebruch-Riemann-Roch theorem and Euler-Maclaurin type formu-
lae. We aim to relate the equivariant geometric context for projective simplicial toric varieties
X = Xy to a purely combinatorial geometric context for polytopes P C My. The corresponding
results for pointed cones will fit with the localization results developed in the previous section.

We further derive an abstract Euler-Maclaurin type formula, inspired by a corresponding
proof of Brion-Vergne in the classical case. Our abstract formula is based on the equivariant
Hirzebruch-Riemann-Roch theorem and the motivic formalism of equivariant characteristic
classes developed in the previous sections. It can be specialized to various situations, recov-
ering many known Euler-Maclaurin type formulae as well as obtaining several new ones in a
uniform way dictated by toric geometry.

The theory of valuations for rational polyhedra P C My was applied by Khovanskii and
Pukhlikov in [38] to obtain Euler-Maclaurin type formulae for Delzant polytopes (correspond-
ing to smooth projective toric varieties) in terms of infinitesimal movements P(/) of the poly-
tope. More precisely, for a polynomial f one has the identity:

(184) Todd(%) ( /P e a’m) - Y fm).
h=0 mePNM
Here, if the polytope P is the lattice polytope defined by inequalities of the form
(m,urp)+cp >0,
with ur the facet normals, the polytope P(h) with shifted faces is defined by inequalities

(myup)+cr+hr >0,
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with h = (hp)F a vector with real entries indexed by the facets F' of P. Moreover, Todd (%)
is the differential operator defined by:

J e
%>:: H—Fa.

F facet | — ¢ 9hr

Todd(

The relation between formula (184) and the equivariant Hirzebruch-Riemann-Roch theorem
is only indicated in [38], but not used (but see, e.g., the proof of [ 16][Thm.13.5.6]). Moreover,
it is clearly pointed out that exponential functions f(x) = ¢2) are needed to work with rational
polyhedral cones. From this, one then gets the result for polynomials f (compare also with
[16][Sect.13.5]).

For a direct extension of (184) to simple lattice polytopes, with a corresponding more com-
plicated Todd operator Todd (%), see [12] as well as the nice survey [34]. The approach to
the Euler-Maclaurin formula (184) through the equivariant Hirzebruch-Riemann-Roch theo-
rem for projective simplicial toric varieties corresponding to simple lattice polytopes is due to
Brion-Vergne, see [ 3][Thm.4.5].

In the following, we explain a uniform approach to various Euler-Maclaurin formulae for
simple lattice polytopes or pointed cones, formulated in terms of dilatations of the polytope
or cone. To have a unified language, assume P is a full-dimensional simple lattice polyhedron
in My with associated (semi-projective) toric variety X = Xp and inner normal fan X = YXp.
Let P(h) be the dilatation of P with respect to the vector h = (hp),ex(1) With real entries
indexed by the rays of X (as we use the related toric geometry), or equivalently, by the facets
of P (if one would like to formulate everything directly in terms of P). So, if P is defined by
inequalities of the form

<m7uP> +Cp 2 07

with u, the ray generators and ¢, € Z, for each p € £(1), then P(h) is defined by inequalities
(m,up)+cp+hp >0,

for each p € X(1). For later use in the context of weighted Euler-Maclaurin formulae, we also
define a parametrized dilatation P,(h) of P by:

Py(h):={meM | (mup)+(1+y)-cp+hp >0, forall p € X(1)},

with & = (hp)p as before a vector with real entries indexed by the rays p of £. Note that
Py(h) = P(h), and P,(0) =: P, is the dilatation of P by the factor 1 +y.

Let us first consider the case when P is a full-dimensional lattice polytope in Mp. In what
follows, we adapt the arguments of Brion-Vergne [13][Thm.4.5] to our context. If 4 is in a
small enough open neighborhood U of the origin in R” (with r the number of facets of P), then
P(h) is again a simple polytope of the same combinatorial type, and similarly for P, (). Let
us fix h € UNQ" and y € Q, and choose k € N so that k - P,(h) is a lattice polytope in M with
ample Cartier divisor

Dyp,(ny = k- Dp,(n) =k ( ;(1)((1 +y)-cp+hp) -Dp> :
pe
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where Dp =} 5cx(1)¢p - Dp is the ample Cartier divisor of P. On a simplicial toric variety
any divisor is Q-Cartier ([ 1 6][Prop.4.2.7]), so that Dp ) has an equivariant fundamental class

with rational coefficients satisfying k - [Dp, |1 := [k Dp, )T = el (Ox (k- Dp,1y)) €.g., see
[16][Prop.12.4.13]. Applying formula (84) for k- P(h), and using the fact that the associated
toric variety does not change under polytope dilatation, we get

(185) Yy  em= / K Prnlt dT(X) € (A%)g C (Ar)g .
mek-P,(h)\M X

A localized version of formula (185) can be derived from (177) as:

i* (ek'[DPy(h)]’]l')

(186) Z S — Z o\ )
mek-P,(h)NM o€X(n) E”)'ﬂ;(xc)

Recall the identification s : Sme(M) ~ Hi(pt;Q) =: (AT)Q. Let z€ Nc :=N®zC =

Hompg (Mg, C) be given. By the universal property of Sym, z induces R-algebra homomor-
phisms

i5(dT (X)) € L7 (Mg € L (Ar)g.

(—,2) : Symp (M) — C,
by which we can view (p,z) for z now variable and p € Symp (M), resp., p € (Symp (M))*"
fixed, as a C-valued polynomial on Ng, resp., as a convergent power series function around
zero in Ng. Assume now that z is chosen so that (Euy (xs),z) # 0 for each ¢ € £(n), i.e.,
(i Fp,z) # 0, for each ray p € 6(1) of & € £(n). Applying the function (—, 1 -z) to (186), we
get

<
(187) Yy emid— y S

mek-Py(h)N\M oex(n) (E ”}Tk (*5), % 2)

ic[Dpy(nylT:2)

i (ud (X)),

2).

1 —

Note that by the Riemann sum approximation of an integral, we have:

1 1 1
lim— ) e™E? = lim — Y elma) :/ ™3 dm,
keveo mek-Py(h)NM koo K mePy(h)ﬂ%M Py (h)
with the Lebesgue measure dm normalized so that the unit cube in M C My has volume 1
(which explains the use of the factor %). We next study the limits on the right-hand side of
(187). Note that
1

K (B (), 7
since (E u}? (x5),z) is a (non-zero) homogeneous polynomial of degree n in z. Finally, we have
that

2) = (Euy (xg),2)

1
(188) lim (i% (tdT (X)), - -z) = 1.
k—so0 k
Indeed, by formula (130), we have
<i*GFP7 % ' Z>

(5T (X)), 2= ¥

% 1 9
8€Gy peX(1) 1 —ap(g) -e_<lan7;'Z>
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with F, = [Dp|r denoting the equivariant fundamental class of the T-invariant divisor D
corresponding to the ray p € X(1), and note that for k fixed (or k = 1) this is a convergent
power series function around zero in z. Finally,

(i5Fp, 7 -2) _ )0, ifap(g) # 1,
k—ro0 | —ap (g) -e_<i3FP’%'Z> . =1

So only g = idg contributes a non-zero limit to (188), and this contribution is 1. Altogether,
we get the following result.

Theorem 5.1. In the above notations, we have

(i5[Dpy(ny) 2)

<m7Z>d — —e
/P<h>e m=L (Euy(x5),2)

cecX(n)

g CT
) o((1+y)i5cT (Ox (Dp)).2) Lo plisFo2)

sexny  (Eux(xs),2)

(189)

Remark 5.2. The left hand side of (189) is a continuous function in / near zero, and for all
Z € Ng, resp., in y, whereas the right hand side is an analytic function in h near zero, and for
z € N¢ away from the linear hyperplanes (i5Fp,z) = 0 for each ray p € o(1) of o € X(n),
resp., in y. But then both sides of this equality have to be analytic functions in h near zero
and all 7 € N, resp., in y € R, with the corresponding Taylor series around zero converging
uniformly on small compact neighborhoods of zero in the variables % and z (cf. also [34][page
27]).

For later use, we state the following consequence of Theorem 5.1 (see also [ 2][Lem.3.11]).

Corollary 5.3. Let f be a polynomial function of degree d on M. Then |, P,(h) f(m)dmisa
polynomial function in h of degree bounded above by d + n.

Proof. We follow the idea of proof from [12][Lem.3.11], adapted to our language. By replac-
ing in (189) z by tz, with 0 # ¢ € R small (so that also (igFp,tz) # 0 for each ray p € o(1)
of o € ¥(n)), and multiplying both sides by " , we get an equality of analytic functions in
t, with each term on the right hand side also analytic even in zero, since (Eux(xs),z) # 0 is
homogeneous in z of order n. Now taking the Taylor expansion at = 0 of these two analytic
functions, we get for z small and away from the linear hyperplanes (i};Fp,z) = 0 for each ray
p € 6(1) of o € £(n), that the assertion holds for f(m) = (m,z)¥, for any given non-negative
integer k. This then implies the statement for any polynomial f(m). U

Corollary 5.4. Let X = Xp be the toric variety associated to a simple full-dimensional lattice
polytope P C Mg, with D = Dp the corresponding ample divisor. Let % be a T-equivariant
coherent sheaf on X. Then, for a polynomial function f on My, the expression

meM \i=0

(190) y (f<—1>f-dimcﬂf<x;ﬁx<<1 +y>D>w*>x-m> ()
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is a polynomial in 1 +Yy. Moreover, the value of this polynomial at O (i.e., for y = —1) is given
by

Z (i(—l)i.dim(c]—["(x;g;)xm> - f(m).
meM \i=0

Proof. Using the ideas of the above corollary (as in [12][Prop.4.1]), the assertion follows from
the formula

Y (i(—l)i -dime H (X; 6x((14y)D) @32)%_,“) o)

meM \i=0
L5108].2)

- L (Eu}(xo),2)

ocX(n)

(1457 (O3 (Dp)).2)

_ i
- GGZE‘En) <E“£(x6)a2> (ig(td, ([F])),2) ,

which can be deduced from (179), upon pairing with z € Nc. O

(ig(td, ([7])).2)

Remark 5.5. For # = Oy, the expression (190) becomes

Y, f(m)

meMNP,

as in [12]. For the function f = 1, this further specializes to the classical Ehrhart polynomial.
As another special case, for [Z] =mC} ([0 = X]) € K; (X), (190) calculates

Y, fm)
meMMRelint(Ey)
with E the face of P corresponding to a cone 7 € X.
We next explain (in Theorem 5.8 below) a result analogous to Theorem 5.1 for the dilatation
Tan(P,v)(h) := (v+C,)(h) =v(h)+C,

of the tangent cone Tan(P,v) = v+ C, of a vertex v of the polytope P, with C, = Cone(P N
M —v) C Mg a full-dimensional simple lattice cone with vertex 0. The arguments from the
case of a full-dimensional lattice polytope apply similarly to the tangent cone, once the ap-
proximation of the integral fcv(h) em2) dm by the corresponding Riemann sum is explained.
The corresponding equivariant Hirzebruch-Riemann-Roch formula in this setting is (170),
with 0¥ = C, and v corresponding to the torus fixed point x4 in the T-invariant open affine
neighborhood Uy associated to o € X(n).

Proposition 5.6. With the above notations, one has that Y ,,cc,nm e and va ™2 dm are

convergent (locally uniformly) to meromorphic functions in L™ (AF")c, for z € Ng satisfying
—z € Int(0). Moreover,

1

| |
lim— Y emrd—lim— Y e = / ) g,
e K ek Clinrm ek e nin o(h)

with h € Q" a small enough dilatation vector, and k € N so that k- C,(h) is a simple pointed
lattice cone in My.
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Proof. Let 6 € £(n) be a smooth cone with generators Ug.1,-..,Ugp Of the rays py,...,p, €
o(1),and let mg 1,...,mq , be the dual basis of M = @}_| N-mg ;. Then

e<m,z> _ L .- €<mg,i.,z> 'i _ L 1 . <l>(k7 (td}? (X)>7Z>
Z _H<Z( )]> _Hl—e<m"‘i’z> - <Eu£(xg),z) 5

meCyNM i=1 \ ji=0 i=1

with all (ms;,z) <0 for —z € Int(o), and the corresponding geometric series locally uni-
formly convergent in these z. The last equality follows from (173) (for K = @), using the
identification s : Symg(M) ~ (AT)qg. Similarly,

n
—1
<m,z> d —
e m = y
/CV II:—! <mG,i7Z>

for —z € Int(o) and convergence as before, with the Lebesgue measure dm normalized so
that the unit cube in M C MR has volume 1 (see also [29][eq.(8)] and [3&][Prop.1]). By
the multiplicativity of the equivariant Todd class transformation, we get as in the case of a
polytope that

1 mly o L[ ehitmed)
g E et ((

1,
m€k~Cv(h)ﬂM i=1 1 — €<m07”k Z>

. n ehi<m63i7z> . <m67i7 % . Z>
= lim :
ot \ (1= emaik) - (mg,i,2)

n _ehl <m0',i7z>

i1 (mei2)

— EZ?:I hi<ma,i7z> .

— eZ?zlhi<mG-ivz> / e(mvz> dm
C

= ™M) am.
Cy(h)
For the proof of the case of a simplicial cone by smooth subdivisions, let us remark that
the above approximation by Riemann sums for the full cone C, holds similarly for the cone
CK .= C,\ Ujex F; with some facets F; (i € K C £(1)) removed. More precisely, one gets

(Mo i.2) 1 (ig (T ([V — X])),2)
(mz) _ e— . = :
Z € H (Mg iz) H (me.i2) (Eu}? (X(;) ) Z> ’

meCKAM ico(l)nk L —¢ ico(i)\k 1 —€

with the last equality following from (173), for V = X \ U;cx Dp, (With the divisors D, cor-
responding to the divisors of the original polytope P). The series on the left hand side are
locally uniformly convergent to a meromorphic function in L~! (AF")c, for z € Ng satisfying
—z € Int(o). Moreover, a similar proof yields in this case that

S (m b2y _ / (m2)
kh_r>ro10kn Z ek Cv(h)e dm.
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In the general case, let C, be as before a full-dimensional (simple) lattice cone with vertex
0. The assumption that C, is simple will not be needed in the following arguments. Consider a
refinement C, = | J;_ C; of C, by smooth full-dimensional lattice cones with vertex 0, see, e.g.,
[16][Thm.11.1.9] in the dual context of toric resolutions by fan refinements. Then, considering
each newly introduced facet F' for only one of the cones it belongs to, we get a disjoint union
C =1 CZ.K " into smooth full-dimensional lattice cones with vertex 0 and with some facets
removed. Let z € N¢ be so that —z € Int (o), with 6 = C)/. Then we also have that —z € Int(0o;)
with 0; = CY. So we can apply the case of smooth cones to all of the C;. Then

Z e(m,z) _ Z e(m,z)

meC,NM meCiKi M

N.
[N agB
-

is convergent (locally uniformly) to a meromorphic function in L~ (A%")¢, for z € N¢ satis-
fying —z € Int(o). Moreover,

1 1 S
lim — emrd) = / e dm = / ™) dm,
koo K mek.cg(:h)mM l:zi i(h) Cy(h)

with 7 € Mg ~ Q" a small enough dilatation vector, and k € N so that k- C,(h) is a full-
dimensional pointed lattice cone in M. U

Remark 5.7. By the above smooth decomposition method, one can get more explicit ex-
pressions for the summation appearing in formula (170). In the context of the tangent cone
Tan(P,v) of a simple full-dimensional lattice polytope P at a vertex v, we also get the identifi-
cation

(191) Y, e = (] (X) .2 = <S< )3 es<'">> ) €L (Ao,
meC,NM meoVNM

for —z € Int(c). The left hand side is a convergent series for such z, whereas the right

hand side is a corresponding meromorphic function on Ng. Furthermore, still assuming

—z € Int(0), we get more generally, for T < ¢ corresponding to a face E of P containing

the vertex v, a similar interpretation for the following equality:
(192)

)y el = (T5([07 = X])xg2) = (S ) et |2 e L7 (A ).
méeRelint(C,NE)NM Relint(cVNtt)nM

As a consequence of the above discussion, we can now give a geometric meaning to the
localized summands of formula (189).

Theorem 5.8. Let v € P be a vertex of the full-dimensional simple lattice polytope P C My,
with tangent cone Tan(P,v), for C,, = Cone(PN\M —v) C My a full-dimensional simple lattice
cone with vertex 0. Consider its dilatation

Tan(P,v)(h) :== (v+C,)(h).

Let (X, D) be the projective toric variety with ample Cartier divisor associated to P. Denote
by xg € X the torus fixed point corresponding to v € P, with associated cone 6 = C) € ¥(n).
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Then for 7 € Ng satisfying —z € Int(o), we have

e(v2) .
(193) / M) gm=—°" . Xpeonolishpz)
Tan(P.)(h) (Eux (xc),2)
Proof. In light of the above proposition, one only has to note that il;c} (€0(D)) = —c(v) =
s(v) € H3(pt; Q) ~ My. O

Remark 5.9. The left hand side of the equality (193) is an analytic function in 4 near zero
and —z € Int(0), resp., in y € R. Moreover, this integral is locally uniformly convergent in
z. The right hand side of (193) is an analytic function in 4 near zero and y € R, as well as
a meromorphic function in z which is holomorphic outside the hyperplanes (i5Fp,z) = 0 for
eachray p € o(1).

Back to the context of a projective simplicial toric variety associated to a full-dimensional
simple lattice polytope P C Mg, in order to relate the right-hand side of formula (189) to the
equivariant Hirzebruch-Riemann-Roch formulae we have to introduce the analytic subring

(194) (H(X;Q)™ C Hy(X;Q)

defined as the image of the analytic Stanley-Reisner subring (depending only on the fan X)

—

SRG (Z) :==Qfxp | p €X(1)}/ ~sr C Ql[xp | p €X(1)]]/ ~sr=: SR(X)

under the isomorphism S?QE) o~ ﬁiﬁ (X;Q) given on generators by x, — Fp, p € X(1). Given
an element p(F,) € (H:(X;Q))™", with p(xp) € Q{x, | p € £(1)} a convergent power series,
one gets for the restriction i to a fixed point x, that

(195) pligkp) =is(p(Fp)).

Here, the convergent power series on the left side corresponds to the image of p(x,) under the
evaluation homomorphism

Q{xp [ p €X(1)} = (AF)q : xp > igFp € HE(p1;Q) ~ My

Remark 5.10. Regarding ¢ € X(n) as a fan, we have a corresponding (analytic) Stanley-
Reisner ring

—

SRY(0) = Qfxp | p € o(1)} C Qllxy | p € o(1)]] = SRg(0),

with an isomorphism SE@(\G) ~ ﬁ{f(UG; Q) 2 ﬁff (xo3;Q) given on generators by xp — igFp,
p € o(1). Then the restriction map (H:(X;Q))"" — (Hi(Us;Q))™" is induced from a cor-
responding restriction map SR{'(X) — SR@y'(0), sending xp — 0 if p ¢ o(1). We get the
following factorization of the right hand side of (195):

i (HR(X; Q)" — (H(Us: Q)™ — (H(x63 Q)™

As a consequence of Theorem 5.1 and Remark 5.2, we get by differentiation and conver-
gence the following.
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Corollary 5.11. Let p(%) € Q{% lpeX(l)} C Q[[aan | p € £(1)]] be an infinite order
differential operator with constant rational coefficients, i.e., obtained by substituting xp — aan

into a convergent (near zero) power series with rational coefficients p(x) € Q{x, | p €X(1)} C
Qllxp | p € Z(1)]]. Then, in the above notations, we get for z small enough and away from the
hyperplanes (izFy,z) = 0 for each ray p € o(1) of o € X(n) the following formula:

P (10251 (O (D)) 2)
o5 ([, e am) - (plisFy).c)
In" \Jp,n) o aezz‘(n) (Euy(x5),2) P
i (e<1+y>~c?<ﬁx(0>> p(pp)>

Eugg (x5)

(196)

:(Z

cecX(n)
— </Xe(1+y)~cjf(@’x(D))p(Fp)7Z>‘

If pn € @[aan | p € £(1)] is the corresponding truncation of p up to order n, then both sides

,2)

of (196) applied to p,, converge for n — oo locally uniformly in these z to (196) applied to p.

Remark 5.12. By (196), the operator p(%) ( f, P(h) e(ms2) dm) | depends only on the equiva-
h=0
lence class of [p(x)] € SR (X) and not on the chosen convergent power series representative.

Remark 5.13. Assume in addition in Corollary 5.11 that ([, e(Hy)'cqlr(ﬁX(D))P(Fp),Z> is a con-
vergent power series in z near zero (for y € R a fixed parameter, e.g., y = 0). Then one gets as
an application of Cauchy’s integral formula (see also [34][page 27]), that both sides of (196)
applied to p, converge for n — oo and z small locally uniformly to (196) applied to p. In
particular, this limit commutes with finite order differentiations with respect to z (and z small
enough).

Corollary 5.14. Let p(%) € @[[% | p € £(1)]] be an infinite order differential operator with

constant rational coefficients, i.e., obtained by substituting xp 887,, into a formal power

series with rational coefficients p(x) € Q[[xp | p € X(1)]]. Then for a polynomial function f
on My, we have the following formula:

d d T
—- — f(— (1+y)-c; (Ox (D))
(197) pgﬁ(éwﬂmmohofggcée)’ m&mgkx

where on the right hand side the operator ( f (a%)) | acts on a formal power series in z.
z=0

Proof. Let first p(%) € @[aan | p € £(1)] be a finite order differential operator with constant

rational coefficients, i.e., obtained by substituting x, — aan into a polynomial with ratio-

nal coefficients p(x) € Q[x, | p € X(1)]. Then the result follows from applying the operator

( f (%)) to (196). Here we first need to assume that z is small enough and away from
z=0

the hyperplanes (igFp,z) = 0 for each ray p € o(1) of 6 € X(n), since the localization for-
mula is used; however, formula (196) then holds for all z small enough (and y € R fixed)
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by continuity, since the left hand side of (196) is analytic in z near zero by Remark 5.2.
Moreover, by Corollary 5.3 the left hand side and therefore also the right hand side of (197)
only depend on a truncation of p up to order n+ deg(f). Especially the left hand side is
well defined and the stated equality holds for a formal power series with rational coefficients

plx) € Qllxp [ p € E(1)]]. -

Remark 5.15. By (197), the operator p(%) <fpv(h) f(z) dm>| depends only on the equiva-

h=0

—

lence class of [p(x)] € SRg(X) and not on the chosen formal power series representative.

As a consequence of Theorem 5.8 and Remark 5.10, we get the following local version of
Corollary 5.11:

Corollary 5.16. Let p($) € Q{% lpeX(l)} C Q[[aan | p € (1)]] be an infinite order
differential operator with constant rational coefficients, i.e., obtained by substituting xp
% into a convergent (near zero) power series with rational coefficients p(x) € Q{xp | p €

X(1)} Cc Q[fxp | p € X(1)]]. Fix a vertex v € P with tangent cone Tan(P,v), and let o € X(n)
be the corresponding cone. Then, for z small enough and —z € Int(c), we have the following
formula:

Jd ev- (i*op(F ))
“ (m,z) (. \'oF\TpP))

[n=0

If pn € Q[aan | p € X£(1)] is the corresponding truncation of p up to order n, then both sides
of (198) applied to p,, converge for n — oo locally uniformly in these z to (198) applied to p.

We also have the following.

Proposition 5.17. Let X = Xy be a projective simplicial toric variety. For any class [F| €
Kgr (X), its equivariant Todd class is an element in the analytic cohomology ring of X, i.e.,

) ([#]) € (HA(X:Q)™ € Bi(X;Q).

Proof. For % = O, this follows from the explicit formula given in (130). More generally,
this holds for sheaves .# = (O ® nyﬁ)G as in the explicit formula (138). As in the proof of

[13][Cor.1.2], the equivariant Grothendieck group Kgr (X) is generated by classes of sheaves
of the form 7, (G © C,,) . O

Altogether, we get the following abstract Euler-Maclaurin formula coming from the equi-
variant Hirzebruch-Riemann-Roch theorem.

Theorem 5.18. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C M. Let X := Xp be the inner normal fan of P, and
D := Dp the ample Cartier divisor associated to P. Let [F] € K (X) be fixed, and choose a
convergent power series p(xp) € Q{x, | p € £(1)} so that p(Fp) = td} ([Z]) € (H:(X;Q))"".
Then
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pG ([, am) =G oD 9 2).2

n
= ¥ | L (=1 dime H'(X; Ox (D) & F )y on | e
meM \i=0

as analytic functions in z with z small enough, and with ™ (X,0x(D) ® F) € (A" the
cohomological equivariant Euler characteristic of Ox (D) ® 7.

Proof. Equation (196) for y = 0 can now be calculated as

P ([, e am) = (T
dh” \Jpn) X

|h:0
= <%T(X7 ﬁX(D) ®‘g)7z>7
where the last equality follows from the equivariant Hirzebruch-Riemann-Roch formula (83).
The second equality of (199) follows from (71) which uses the eigenspace decomposition,
with the minus sign of (199) due to the appearance of ¢(m) = —s(m) in (71). Recall that we
work with the identification s : Symgy (M) ~ Hp(pt;Q) =: (AT)@. Finally, in the proof we
first need to assume that z is small enough and away from the hyperplanes (i5Fp,z) = O for
eachray p € o(1) of o € X(n), since the localization formula is used; however, formula (199)
then holds for all z small enough, by Remark 5.13. U

Evaluating (199) at z = 0, we get the following generalized volume formula.

Corollary 5.19. In the notations of the previous theorem, we have

200 P2 (ol PR),, = X(X,0x(D) & 7),

with vol P(h) = [p,)dm the volume of P(h), and the Lebesgue measure normalized so that
the unit cube in M C My has volume 1.

Example 5.20. The classical volume formula [|2][Thm.2.15] corresponds to .% = Oy for p
given by the Todd operator Todd (%) of (203) below, with y (X, Ox(D)) = |PNM]|. O

Corollary 5.21. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C M. Let ¥ := Xp be the inner normal fan of P, and
D := Dp the ample Cartier divisor associated to P. Let [F] € K; (X) be fixed, and choose a
formal power series p(xp) € Q[[x, | p € £(1)]] so that p(Fp) = td ([F]) € ﬁ{f(X;Q). Then
for a polynomial function f on M, we have:

(201) p(%) (/P(h)f(m) dm) = Z (i(—l)"-dimcH"(X;ﬁx(D)®9)xm> f(m).

|h:0 meM \i=0

Proof. This follows from Corollary 5.14 by applying the operator ( f ((%)) | to the last term
z=0
of formula (199), seen as a formal power series in z. [
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Let us finish this section with a local counterpart of Theorem 5.18. Using Remark 5.10,
Corollary 5.16 and Proposition 4.13, we get:

Proposition 5.22. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C Mg ~ R". Let ¥ := Lp be the inner normal fan of
P, and D := Dp the ample Cartier divisor associated to P. Let [ F) € K (X) be fixed, and
choose a convergent power series p(xp) € Q{x, | p € (1)} so that p(F,) = td} ([F]) €
(Hi(X;Q))™. Fix a vertex v € P with tangent cone Tan(P,v), and let 6 € £(n) be the corre-
sponding cone. Then, for z small enough with —z € Int(0), we have the following formula:

9
R <m7Z> — \4 . T oAl
(202) e (/Tan(f:vxh) ’ dm) ez

|h:0

= (¢"-ch"((Soxg)(F)),2).

5.1. Examples of Euler-Maclaurin formulae. In this section, we explain how various spe-
cial cases of Corollary 5.21 and Proposition 5.22 yield old and new Euler-Maclaurin type
formulae.

In the global context of Corollary 5.21, let X = Xp be the projective simplicial toric variety
associated to a full-dimensional simple lattice polytope P C M. Let X := Xp be the inner
normal fan of P, and D := Dp the ample Cartier divisor associated to P. We fix a polynomial
g on Mg, and let f(m) = g(m) - e be a quasi-polynomial, with z € N¢ small enough.
In the context of a tangent cone at a vertex v of P as in Proposition 5.22, we only use an
exponential function f(m) = e!% with z € N¢ small enough and —z € Int(G). In this local
case, p(x) is restricted to the variables Fy,, p € o(1) (as in Remark 5.10), with o € X(n) the
cone corresponding to v. In the concrete formulas below, this amounts to using the cone ¢ as
a fan instead of X, and the finite group G instead of Gs.

Example 5.23. The first case we consider is the classical one of the Euler-Maclaurin formula
for the polytope P. Here we choose .% = O and the infinite order differential operator

J
J oy P
(203) Todd(%) — p ,LGQ{ah pex()}
gGGzpeE(l)l_ap(g),e Ihp P

as dictated by formula (130) for td? (X). Then the equivariant Euler characteristic formula
(75) yields the Euler-Maclaurin formula of Brion-Vergne [13][Thm.4.5], extended here to a
quasi-polynomial f:

(204) Todd(%) ( /P " f(m) dm) = Y f(m).

ln=0 mePNM

As explain before, the left-hand side of (204) only depends of the class of Todd (%) in the
analytic Stanley-Reisner ring of X. For example, another such representative corresponds to
the power series fitting with (the equivariant version of) Theorem 2.6, expressing the Todd
operator in terms of suitable L-class versions. If P is a Delzant polytope, one recovers for-
mula (184) of Khovanskii-Pukhlikov, fitting also with the equivariant Todd class of smooth
projective toric varieties (e.g., obtained by setting y = 0 in Corollary 3.23).
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In the local case of the tangent cone Tan(P,v) of P at a vertex v, using (191) we get (see
also [38][Thm.1], [34][eqn.(B.1)]):

)
(205) Todd(%) < /T S el dm) = el2). Y elma) |

=0 méeTan(Py)NM
U

Example 5.24. An Euler-Maclaurin formula for the interior of a simple lattice polytope P can
be obtained similarly by using the dual Todd operator

9

d d
(206) Todd'(=):= Y, [] 5 6@{%“)62(1)},

9.
Iy
g€GrpexX(l) 1 —ap(g)-e o

ap(8)- 737 -¢

corresponding to the sheaf .7 = wy and its dual Todd class td. ([wx]r) of formula (131). In
particular, by the equivariant Euler characteristic formula (76) one gets:

207) Toddv(%) ( /P /) dm) = Y fm).

lh=o  melnt(P)NM

In the local case of the tangent cone Tan(P,v) of P at a vertex v, using (192) we get:

a m V. m
(208) TOddv(%) (/Tan(Pv)(h) e dm) et Z e

lh—0 mélnt(Tan(Py))NM
U

More generally, one can prove an Euler-Maclaurin formula for a polytope with some facets
removed, see also [34][Prop.7.2] for the case of Delzant polytopes. Let P be a full-dimensional
polytope with r facets Fi,...,F,. For a subset K C {1,...,r}, let PX be the set obtained
from P by removing the facets F;, i € K. For example, P® = P and pllrt = Int(P). Let
X(1) ={pi,---,pr} be the rays of the inner normal fan of P, and denote by h = (hy,...,h,)
a vector of real numbers indexed by the facets of P (i.e., h; := hp,). Consider the following

operator in Q{% li=1,...,r}:

8hi i

ap(g)- 2 -e
(209) ToddK(%) =Y pil8) i — 11 —5
geGyicek 1_api(g).e Ih; i%Kl—apl(g).e Ih;
corresponding to formula (139) for the equivariant Todd class of [#] = mC{ ([U < X]), with
U = X \ Dk the open complement of the divisor Dx = J;cx D; and D; := D,,. Moreover, by
(140) and Corollary 3.15 for y = 0, applied to X and Dg, one gets a corresponding equivariant
Hirzebruch-Riemann-Roch formula for td} (6 (D) @ mCj ([U < X])), namely

/tdlr(ﬁx(D)®mC8T([U<—>X]))= Y e,
X mePKNM

For its local counterpart, we use (172) for y = 0. With the above notations, together with
(192), this then gives the following.
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Theorem 5.25. Let P be a full-dimensional simple lattice polytope in My, and let f be a
polynomial function on M. Then:

(210) ToddK(%) ( /P ) dm) = Y fm)

lh=0  mePKnM

In the local case of the tangent cone Tan(P,v) of P at a vertex v, we get:

0 " ) .
(211) TOddK(a/’l) <~/Tan(Pv)(h) €< “ dm) - €< . Z €< o :

=0 meTan(Pyv)KnM

We next explain an Euler-Maclaurin formula for the interior of a face of a simple lattice
polytope. Let P be a full-dimensional simple lattice polytope in Mg, and fix a face E of P. Let
0 := o be the corresponding cone in the inner normal fan ¥ = Xp of P, with V5 = V5, = Xg
the closure of the orbit of o in X = Xp. Denote by ip = is : Vo — X the closed inclusion
map. Then Vj is a simplicial toric variety whose fan is Star(o), as defined in (28), which is
built from cones 7 € X that have o as a face. Recall that T = Ty acts on V; via the morphism
In — Ti(s)- Then we get, as in Corollary 3.25 and with the above notations, the following
formula:

ap(g) - Fp e Fp

212) Wi(ogr) =i [ Y I

4ECsar(o pesiar(o)(1) | —ap(8) e

Together with (62) and the projection formula, this gives the equivariant Todd class of [.Z] =
(i) ov, |-

a Fy-e fr
ey (oo )= Y mie). ] f- ] 28D =

8€Gstar(o) pea( ) peStar(c)(1) l—ap(g)-e

Using (120), this yields the following result (where we use the above notations):

Theorem 5.26. Let P be a full-dimensional simple lattice polytope in My, and let f be a
polynomial function on M. Then, for a fixed face E of P, with corresponding cone G in the
inner normal fan ¥ of P, one has:

L, a )
Q1) Todd}( ) ( [, 70 dm) L

where
P ,L
d a (g) a— e’

d
(215) ToddE(ah) Y, mult(o)- [] 5 —.
8€Gsiar(o) pea(1) “7P pesiar(o)(1) 1—ap(g)-e ~onp

We next discuss a similar Euler-Maclaurin formula for a face of a simple lattice polytope.
With the same notations, we have by (130) the following formula:

F,
(216) i ([Ov]n) =i | Y [1 x

geGStar(a)PGSl‘ar(G)(l) 1 _aP (g) e

—Fp



74 S. E. CAPPELL, L. MAXIM, J. SCHURMANN, AND J. L. SHANESON

As before, the projection formula yields the equivariant Todd class of [.#] = [(i5)+Ov,]:

eI W ((Ge)0n) = Y mie) [ H- I i

8€Gsiar(o) peo(l) pEStar(o)(1) - ap (g) e

—Fp

Using (121), this yields the following result:

Theorem 5.27. Let P be a full-dimensional simple lattice polytope in My, and let f be a
polynomial function on M. Then, for a fixed face E of P, with corresponding cone G in the
inner normal fan X of P, one has:

(218) ToddE(%) ( /. /) dm) - Y f0m),

ln=0 meENM
where

d

d d Ihy
(219) Toddg(5) = Y, mult(o)- [] T I1 L
8€Gsrar(o) pea(l) P pEStar(G)(l)l—ap(g).e dhp

Other interesting coherent sheaves to consider are the Zariski sheaves (AZ§ of p-forms on the
toric variety X. In the next section, these will be considered all at once via the formal sum

DY Ty € K (X)D],

and similarly for suitable motivic Chern classes mC;T of T-invariant constructible subsets of
X.

We leave it to the reader to specialize the generalized volume formula (200) to all situations
discussed in this section.

Another way to obtain examples of explicit Euler-Maclaurin formulae is by twisting the
coherent sheaf .7 by Ox (D' — D), for D = Dp the original ample divisor associated to the full-
dimensional lattice polytope, and D any T-invariant Cartier divisor on X. By the multiplicativ-
ity of the equivariant Todd class transformation for the coherent sheaf . %' = Ox (D' — D) ® .7,
we have

X ([ 7)) = el P 1df ([ 7).
So, if p(xp) € Q{x, | p € (1)} is a convergent power series with p(F,) = td? ([F]), then
P (xp) = exeex % . p(x,) € Q{x, | p € £(1)} is a convergent power series with p/(F,) =
td! ([.Z"]), where D' —D = Ypex(1)dpDp as a T-invariant Cartier divisor.

Example 5.28. As a last concrete example of this section, assume D’ is a globally generated
T-invariant Cartier divisor on X, with associated (not necessarily full-dimensional) lattice
polytope Py C Mp. Consider the infinite order differential operator

d Y dp- 20— d
220 Todd' (=) =& "=V"" 9 . Todd (=
with Todd (%) asin (203) and d’s as above. Then the equivariant Euler characteristic formula
(79) yields the following new Euler-Maclaurin formula for a quasi-polynomial f.

221) Todd’(%) ( /P o a’m) = Y f(m).

lh=0 mePpNM
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Note that P is an N-Minkowski summand (in the sense of [16][Def.6.2.11]) of the original
polytope P, and any such N-Minkowski summand comes from a globally generated Cartier
divisor D/, see [16][Cor.6.2.15]. dJ

6. WEIGHTED EULER-MACLAURIN FORMULAE

Let X = Xp be the projective simplicial toric variety associated to a full-dimensional simple
lattice polytope P C Mr ~ R". Let £ := Xp be the inner normal fan of P, and D := Dp the
ample Cartier divisor associated to P.

Let a convergent power series p(xp) € Q{x, | p € (1)} be given. Additionally, we may
start with a polynomial in y with coefficients consisting of such power series, as we will need
in the applications of this section. Define a corresponding renormalized series

W € Qly, (143) lixp | p € 2]

To treat it as a convergent power series, one needs to assume that y € R\ {1} is fixed or it
belongs to a compact subset.

Let py(%) be the corresponding parametrized infinite order differential operator obtained
from py(xp) by substituting x, — %, for all p € X(1). Then formula (196) translates into the
following:

py(xp) :=

@ pigp) (e am) = % e (1+9)-#5F3).
Py(== / e\ dm = Ap((14y)-isFp),z) .
" oh" \n o ol (1)) (Euf (x0).2) o
Let [.#] € K; (X) be fixed, and choose a convergent power series p(xp) € Q{x, | p € (1)}

so that p(F,) = td? ([F]) € (H7(X;Q))™". Applying the proof of Theorem 5.18 to formula
(222), one then gets
(223)

9 " |
—_ (m,z) — 1\ g iry. ZY o | el (14y)ms)
Py(ah)(/Py(h)e dm> Z (Z( 1)'-dimc H'(X; Ox (D) ® F), ) e .

‘hZO meM i=0

Here the use of the renormalized power series p, and polytope P, (/) correspond to multiplying
each degree 2k equivariant cohomology class by (1 -+ y)*. (This is just the cohomological
Adams operation lI’(”y).) In particular, via the identification s : M ~ H% (pt;Z), m € M gets
multiplied by 1+ y.

For any polynomial f defined on My, by applying the operator ( f ((%)) to formula

‘Z:O

(223), we get the following parametrized Euler-Maclaurin formula:

(224)
d ! . i

pCg ([, fmam) = T (S0 dime B0 0x(D) 8 )0 )£ (1 -43)m),
dh” \Jp,(n) oo meM \i=0

Moreover, if f is homogeneous of degree deg(f), then f ((1+y)m) = (14 y)%e). f(m).

Remark 6.1. In the local case of Euler-Maclaurin formulae for a tangent cone Tan(P,v),
we only work with the unnormalized equivariant Hirzebruch classes Tyﬂ; and the dilatation
Tan(P,v)(h) of the tangent cone. In this context, a renormalization is not needed.
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6.1. Weighted Euler-Maclaurin formulae. In this section, we apply the above renormaliza-
tion not just to classes of coherent sheaves, but directly to examples of the type

DI > € K5 (XD,
P
as well as for suitable motivic Chern classes mC;T of T-invariant constructible subsets of X.
Recall from Section 3.3 that the equivariant Hirzebruch classes Tyz (X) e ﬁ{f (X;Q)[y], resp.,
f’yrﬂ; (X) € I:I\r} (X;Q[y]) of X are computed as:

Fp-(1+y-ap(g)-e'r)
—Fp )

(225) LX) =1+»)"" ) I

g€Gy pex(1) 1—ap(g)-e

N Fp- (1+y-ap(g)-e ™)
T P P
(226) L&)=Y Il “—— " mi
g€Gy pex(1) ap(g) e

with r = |£(1)|, and F, = [Dp ]t denoting the equivariant fundamental class of the T-invariant
divisor D, corresponding to the ray p € X(1).

The weighted lattice point counting of Theorem 2.3 (and Remark 2.4), coupled with the
above expressions for the equivariant Hirzebruch classes, suggest that a weighted Euler-
Maclaurin-type formula can be computed by using the Hirzebruch (or, parametrized Todd)
differential operators defined by:

9

d ~on
J ner g, - (L+y-ap(g)-e )
()= Y [ 2 —
§€Gs peX(l) 1—ap(g)-e 7
d
" d 1 _%(1"')))
m'( +y-ap(g)-e )

T}(%) = Z H "0 (14y)
8e€Gy peX(l) l—ap(g)-e o
The passage from Ty(%) to YA}(%) is just a special case of our general procedure of moving
from p(%) to py(%). This therefore fits with the renormalization of Hirzebruch classes, from
TL(X) to T1(X).
Weighted Euler-Maclaurin formulae were considered from a combinatorial point of view
in [30][Thm.1.1 and Rem.1.2] for Ty(%), and more recently in [5][Thm.1.5] for YA"yE(X) We

reprove here the following result (see [30][Thm.1.1 and Rem.1.2] for Ty(%), and [5][Thm.4.6]
for j\"y(%)) from the point of view of generalized Hirzebruch-Riemann-Roch formula:

Theorem 6.2. For z € N¢ small enough, one has in the above notations:

0 .
227) ’I},(%) (/P(h) e<m,z>dm> — Z (1 +y)d1m(E) Z e(m,z>.

=0  EXP meRelint(E)NM

~ 0 ,
(228) Ty(ﬁ) </P (h)e<m,z>dm) = Z (1 +y)d1m(E) Z ol (1+y)m;z)
3

lh=o EXP meRelint(E)NM
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In the corresponding local case of the tangent cone Tan(P,v) of P at a vertex v, for z € N¢
small enough with —z € Int(o),we get

(229)
0 .
v (m,z) _ dim(E) | ,(v2) . (m,z)
Ty(ah) (/Tan(av)(h)e dm) Z (1+y) e Z e )

lh=o  E=Tan(Py) meRelint(E)NM

Proof. To deduce formula (227), instead of [#] € K; (X) one considers the motivic Chern
class mC;E (X) € K3 (X)[y], with Ty, (X) := '[dlr(mC;r (X)). We work with the power series

p(xp) :==Ty(xp) € Q{xp | p € X(1)}]y] fitting with the differential operator Ty(%) Formula
(227) follows now from (199) (linearly extended in y), using the equivariant Hirzebruch-
Riemann-Roch formula of Corollary 3.15, applied to the case P’ = P. Formula (228) is then
obtained via renormalization using (223).

For the local result, we use (166) together with (192). [l

Using (224), one then obtains the following result (see also [30][Thm.1.1 and Rem.1.2] and
[5][Thm.1.5]):

Corollary 6.3. For any polynomial function f on Mg, one has:

@0 G (f, fman) = T ¥ g

=0  E=P meRelint(E)NM

@n R ([, fman) = T T (1 em

=0 E=P meRelint(E)NM

Note that the Brion-Verne Euler-Maclaurin formula for the simple lattice polytope P is
obtained from either (230) or (231) by specializing to y = 0. Moreover, for y = 1, one
gets Euler-Maclaurin formulas corresponding to operators related to suitable L-classes, i.e.,
Ti+(X) = L,(X) the Thom-Milnor L-class of X (see [36]). Taking the top degree in y on both
sides of (230) recovers formula (207).

Next we prove a weighted Euler-Maclaurin formula for a polytope with some facets re-
moved. Here and below, for simplicity, we only indicate such a formula for a polynomial f,
while we leave it to the reader to formulate the corresponding exponential formula. Let P be a
full-dimensional polytope with r facets F, ..., F,. Forasubset K C {1,...,r},let PX be as be-
fore the set obtained from P by removing the facets F, i € K. So P® = P and P{»"} = Int(P).
LetX(1) ={p1,...,pr} be the rays of the inner normal fan of P, and denote by h = (hy,...,h,)
a vector of real numbers indexed by the facets of P (i.e., h; := hp,). Consider the following
operator in Q{aihl li=1,...,r}]y):

(232)

2

E)
J n—r (1+y)'ap;(g)'aihi'€_7‘f a%(ler'api(g)e_Wt)

K ap(g)e T B 1—ap(e)-e 7
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corresponding to formula (136) for the equivariant Todd class of mC;T ([U < X]), with U =
X \ Dk the open complement of the divisor Dg = J;cx D; and D; := D,,. By additivity,
T (mCT([U = X)) = Ty ([U = X]) = Ty (X) — Ty (D)

By Corollary 3.15, applied to X and Dk, one gets a corresponding equivariant Hirzebruch-
Riemann-Roch formula:

(233) / Wl (Ox(D)@mCI([U = X)) = Y (1+y)mE. § g,
X E=PK meRelint(E)NM
With the above notations this then gives the following.

Theorem 6.4. Let P be a full-dimensional simple lattice polytope in My, and let f be a poly-
nomial function on M. Then:

(234) Ty’((%) ( /. ™ dm) = Y (y™E Ny f(m).

=0  E=PK meRelint(E)NM
By renormalization, T} () changes to

~(1) 5 *(1+y)a%)

J . (14)-ap,(8)- 7 e

9y ‘ T (1+y-ap(g)e
oh’’

T ~(14) % ~(14) %
gGGziGK l_api(g>.e Yy oh; i%K l—api(g).e Y Jh;
fitting with formula (137). We thus get by (224) the following

Corollary 6.5. Let P be a full-dimensional simple lattice polytope in My, and let f be a
polynomial function on M. Then:

0 .
@9 TG ([, ) = 0T F ()

=0  E=PK meRelint(E)NM

Remark 6.6. In the corresponding local case of the tangent cone Tan(P,v) of P at a vertex v,
for z € Nc small enough with —z € Int(o), we get by (155), (157) (172), together with (192),
the following:

(236)

0 .
K9 (m.z) — dim(E) | ,(v2) | (m.z)
T, (8h> (/Tan(m)(h)e dm) Z (I+y) e Z e\

ln=0  E<Tan(Py)K meRelint(E)NM

We next discuss a weighted Euler-Maclaurin formula for a face of a simple lattice polytope.
Let P be a full-dimensional simple lattice polytope in Mg, and fix a face E of P. Let 6 := o
be the corresponding cone in the inner normal fan ¥ = Xp of P, with V5 = V5, = Xg the closure
of the orbit of ¢ in X = Xp. Denote by ir = is : V5 — X the closed inclusion map. Then Vs
is a simplicial toric variety whose fan is Star(c), as defined in (28), which is built from cones
7 € ¥ that have o as a face. Recall that T = Ty acts on Vi via the morphism Ty — Ty(5). We
have by (225) the following formula:

: n—r o Fr-(1+y-a e Fp
@37 Tl =+ Y [ 2 (1 Y ap(8): ¢ )
8€Gsiar(c) pEStar(c)(1) —ap(g)-e v
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The projection formula then yields the computation of the following equivariant Hirzebruch
class:
(238)

Ti(Vo=X))=(1+y)"" Y mult(c H Fp I1

Fo-(1+y-ap(g)-e”)
8€Gsiar(o) peo(l peStar(c)(1) 1—ap(g)-e

,Fp

Using Corollary 3.15, this yields the following result:

Theorem 6.7. Let P be a full-dimensional simple lattice polytope in My, and let f be a poly-
nomial function on M. Then, for a fixed face E of P, with corresponding cone © in the inner
normal fan X of P, one has:

(239) Tf(%) ( /P (h)ﬂm) dm) = Y (14+yimEL Y f(m),

lh—0  E'<E méeRelint(E")\M
where
(240) }
2 R .
geGStar((r) pea(l) 7P pesStar(o)(1) 1—ap(g)-e 7

For y = 0, formula (239) specializes to (218). Taking the top degree in y on both sides of
(239) gives back formula (214).

By renormalization, T, (5;) changes to

(1)L
) 5 %<1+y-ap(g)-e (Hy)‘”w)
T, (8h) Z mult(o) - H ET

gEGStar(G) pGG(l) hp peSlar(G)(l) 1 _ap(g) 4
We thus get by (224) the following

—(1y) =2
(1+y) ohp

Corollary 6.8. In the above notations, we get

~ a : !
s TEG( [, smam) = X 0T g(m)

lhi=o E'=E meRelint(E')\M

For y =1, one gets Euler-Maclaurin formulas corresponding to operators related to suitable
L-classes, i.e., T1«(Xg) = Ly (Xg) the Thom-Milnor L-class of Xg.

Another way to obtain examples of explicit weighted Euler-Maclaurin formulae is by twist-
ing the equivariant motivic Chern class mC;T by sheaves of the form & (D' — D), for D = Dp
the original ample divisor associated to the full-dimensional lattice polytope, and D’ any T-
invariant Cartier divisor on X. In the next example, we illustrate this principle in the case of
mcgT (X), corresponding to Theorem 6.2 and Corollary 6.3.

Example 6.9. Let D’ be a globally generated T-invariant Cartier divisor on X, with associated
(not necessarily full-dimensional) lattice polytope Py C Mg. Let D' — D = Ypex(1)dpDp asa
T-invariant Cartier divisor. Let X;y be the toric variety of the lattice polytope Ppy, deﬁned via
the corresponding generalized fan as in [ | 6][Prop.6.2.3]. By [16][Thm.6.2.8], there is a proper
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toric morphism f : X — Xy, induced by the corresponding lattice projection N — Ny given
by dividing out by the minimal cone of the generalized fan of Ppy. In particular, f : X — Xy
is a toric fibration. For ¢’ a cone in the generalized fan of Py, define as in (106)

dy(X/0") = [X(X /0")|
with
Y(X/o) :={c€X|0sCX, f(Os) =Og, { =dim(Og) —dim(Oy)}.

Consider the infinite order differential operators

d Y dp 2 d
/ - =P eX(1) 4P Ihy
and
~, 0 (1+y)-X d-2— ~ 0
/ - PEX(1) 4P  Jnp |

with 7, ( ) T ( 55) as in Theorem 6.2 and Corollary 6.3. For any quasi-polynomial f on Mg,
one then has by (122) the following new weighted Euler-Maclaurin formulae:

(244) T < ) =
[n=0

=) (Z(—l)f-dAX/E)-<1+y>”dim<’”>~ Y fim).

E=Py \{>0 méeRelint(E)NM

~, 0
45) T)(=0) (/Py(h)ﬂm) dm) =

h=0

=) (Z(—l)g-de(X/E)-(1+y)”dim(E)>- Y, A+y)m).

E=Py \£>0 méeRelint(E)NM
As noted in Example 5.28, Ppy is an N-Minkowski summand (in the sense of [16][Def.6.2.11])
of the original polytope P, see [16][Cor.6.2.15]. U

7. EULER-MACLAURIN FORMULAE VIA THE CAPPELL-SHANESON ALGEBRA

7.1. Cappell-Shaneson algebra vs. completed equivariant cohomology ring. In this sec-
tion we recall and provide generalizations of the Euler-Maclaurin formula of Cappell-Shaneson
[18, 43] and explain its connection to equivariant toric geometry. The Euler-Maclaurin for-
mula of Cappell-Shaneson [18, 43] does not use a dilation P(%) of the full-dimensional lattice
polytope P C Mp. Instead, a summation of integrals over the faces E of P is used (compare
also with [14][Sect.3.7]). More precisely, for any polynomial function f on Mg one has:

(246) Y fm)=Y / Pox(d
mePNM E<P

with pg, (9;) € Q[[d1,...,dy]] suitable infinite order differential operators with constant ratio-
nal coefficients in the partial derivatives with respect to the coordinates of the vector space
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M. Here the Lebesgue measure dm on E is normalized so that the unit cube in the lattice
Span(Ey) "M has volume 1, with Ey := E — my a translation of E by a vertex mg € E.

The infinite order differential operators pg, (d;) are defined through some relations in what
is called in [34][Sect.6] the Cappell-Shaneson algebra of P:

o/ (P) :=Q[[d1,...,0]][Ur | F afacet of P]/ ~

with relations

247) Ur,---Up, =0 for distinct F; with Fi1N---NF =0,

and

(248) Z m,np)Up =0 for all m € M (or a basis of M).
F

Here % is the differentiation in the direction of m, with nr € M the minimal lattice vector or-

thogonal to F and pointing into P. Let us rewrite this presentation of the algebra .o (P) (given
above in terms of the polytope P) into the language of this paper using another description of
the completed Stanley-Reisner ring

Qllxp | p € £(1)])/ ~sr=: SR (E)

of the associated toric variety Xp and the inner normal fan ¥ = Xp. Note that the inner normal
vector nyp corresponds to the generator u, of the ray p € (1) corresponding to F. For sim-
plicity, we fix a basis my,...,m, of M ~ Z", with t; the corresponding coordinates on My (for
K = Q,R) with respect to this basis, so that &% =0, fori=1,...,n. Then

Qlt1,-- - tusxp | p €E(1)] 2 Q[0,...,0s,Ur | F afacet of P]

via t; — d; and x,, — Up, with F the facet of P corresponding to p € £(1). The relation (247)
corresponds to the Stanly-Reisner relation ~gg, and the relation (248) translates into

(249) ti+ Z (mi,np)xp =0 fori=1,.
pex(l

Denote by ~ both relations together on Q[ty,...,,,xp | p € X(1)]. These are also homoge-
neous for the usual grading doubled (i.e., with x, and #; of degree two). Then one gets (see
also [28][Lecturel3, Lem.2.2]):

Lemma 7.1. The inclusion Q[x, | p € X(1)] = Qlt1,...,1n,%p | p € £(1)] induces an isomor-
phism of graded rings

SRo(E) = Qlxp | p € X(1)]/ ~osk = Qltr, ot xp | p € Z(1)]/ ~
and their formal power series completions

SRQ(Z) = Qllxp | p € Z(1)]]/ ~sk 5 Qlltts . strxp | p € E(D]])/ ~,

with the analytic Stanley-Reisner subring SR{(X) = Q{xp | p € X(1)}/ ~sr identified with
the image of the projection from Q{t1,... t,,xp | p € X(1)}.
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Proof. Using the invertible variable transformation xp — xp,t; > t; 1= t; + Y pex (1) (mi,1p)Xp

(fori=1,...,nand p € (1)), the claim is reduced to the corresponding inclusion
Qlxp | p € (D] = Q... 1435 | p € Z(1)],
with ~ given by ~gg and ¢/ = 0 for i = 1,...,n. In this case the results are obvious. 0

Corollary 7.2. Using the isomorphism
s Symg(M) = (Ax)g = Ha(pr:Q); m s —ch(Cy)
together with Q[ty,...,t,] = Symg(M), one gets isomorphisms of (AT)@—algebras
SRQ(Z) = Qlt- - tavxp | p € S(1))/ ~= (Ax)gbip | p € E(1))/ ~= HE(X;Q)

and

—

SRQ(E) = Qlltt,- - stxp | p € (D)])/ ~= (Ar)gllxp | p € E(D]/ ~= H2(X: Q).
witht; — s(m;) = —cL(Cym) fori=1i,...,n, and xp — Fy = [Dp]1 = c(G(Dp)) for p € £(1).
Proof. 1t suffices to note that the relation (249) corresponds to (67). [

Remark 7.3. Let P C MR be a simple full-dimensional lattice polytope with associated projec-
tive toric variety X = Xp and the inner normal fan ¥ = Xp. Fix a basis my,...,m, of M ~7Z".
There is an algebra homomorphism from the Cappell-Shaneson algebra .o/ (P) to the com-
pleted equivariant cohomology ring

A (P)=Q[[01,...,0u]|[UF]/ ~— SRo(Z) ~ B3 (X;Q);
Ur = xp = Fp = [Dply = ch(0(Dp))
as a Q[[d1, ..., )] =~ Hi(pt;Q) ~ (/A\T)@-algebra by 0 = t; ~ s(m;) = —ch(;x™) for i =

1,...,n, and with the facet F of P corresponding to the ray p € £(1). As we shall now
explain, the algebra map (250) is in fact an isomorphism. In abstract terms, the completions

(250)

SRo(X) ~ ﬁf} (X;Q) are completions of connected integer graded commutative rings R* with
respect to the maximal ideal R~ given by positive degree elements, whereas .7 (P) uses the
completion with respect to the maximal ideal It of Q[01,...,ds] ~ (A1) As (Ar)Q[UF]
is not a finitely generated (AT)Q-module, the completion functor with respect to I is only
left exact. In particular, there is an injective algebra homomorphism <7 (P) — (HM)) ,

It
which factorizes (250). Using the relations defining <7 (P), one gets as in [ &][Proposition

on pag. 888] or [43][6.1, pag. 621] that the image of this monomorphism is the (KT)Q-

submodule generated by the equivalence classes [Vg| € 7 (P) associated to all faces E of P.
This also shows that one gets a natural algebra homomorphism Q|[[Ur|] — <7 (P) inducing
algebra homomorphisms

AT (X:Q) =  (P) - (Ax)glxpll/ ~ -
Since this composition is an isomorphism, the first arrow is injective and the second is surjec-
tive. Using the fact that H}(X;Q) ~ (AT)Q ®q H*(X;Q), one also has that <H{f (X ;Q))I ~

T
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<KT)Q ®q H*(X;Q), which is also generated as a (/A\T)@—module by the equivariant funda-

mental classes of the orbit closures [V, | associated to all faces E of P (since H*(X;Q) is
generated as a Q-vector space by the fundamental classes [V, ]|). This shows that <7 (P) ~

<Hm)>1 . Finally, the natural algebra homomorphism (Hm))l — ﬁ{f (X;Q) is an
isomorphismqi)y [10][Prop.1.4]. Therefore, the homomorphism (250) is ag isomorphism.

7.2. Euler-Maclaurin formulae via the Cappell-Shaneson algebra. Let us now introduce
the key functionals following [34][Section 6].

Definition 7.4. Let
n
p(ti,xp) == Z pa(xp)Htiai eQ{ty,....tn,xp | p € Z(1)},
a=(0;)eNj i=1

resp., Q[[t1,...,t:,%p | p € X(1)]] be a convergent, resp., formal power series in the #;,x,. Then

d d
R (m,z) pp— (04 mZ
(251) p(a,,ah)</P(h)e dm) =) (ah (/ ||a dm>

ln=0 a:((x,-)eNo

|h:0
1resp.,

3 d T o
(252) p(ai,%)(/lp(h)f(m)dm) = )2 ralgp) </P(h>,~1:118i f(m)dm>ho

=0 a=(a)eNp

for f a polynomial function on Mg. Note that in the second case in the last term only finitely
many summands are non-zero due to Corollary 5.3.

Of course in (251) one has to explain in which sense the series is convergent, as will be
discussed in the following. As a consequence of Theorem 5.1 (with y = 0), Remark 5.2 and
Corollary 5.11, we get by differentiation and convergence the following.

Corollary 7.5. Let p(d;, %) € Q{di,..., 0, % | p € (1)} be an infinite order differential

operator with constant rational coefficients, i.e., obtained by substituting t; — 0;,Xp — % into

a convergent power series with rational coefficients p(t;,xp) € Q{t1,....tp,xp | p € Z(1)}.
Then, in the above notations, we get for z small enough and away from the hyperplanes
(igFp,z) =0 for each ray p € (1) of 0 € X(n) the following formula:

P9 ) (e im) = P (/ [Toe dm>

e l 6711‘ ﬁx(Dp)),Z>

= X Hm“ <Ge T (Eux(x),2) -(pa(i’ng),z)>

O (L (gyetiy T 50m)“pa(Fy) ) )

GEx(n) Euy (xo)

061) lh=0

,2)
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If pp € Q[01,..., 0, ah | p € £(1)] is the corresponding truncation of p up to order n, then

both sides of (253) applted to py, converge for n — o locally uniformly in these 7 to (253)
applied to p.

Proof. The second equality follows from []:_ 18la’ {m2) — [T (mi,z2) %em2) and Corollary
5.11. The third equality uses m; = i%ys(m;) € M ~ H2(pt;Q) for s(m;) € H3(X;Q). The
last equality follows from equation (177), where the element p(s(m;),Fp) corresponds to the
image of p(f;,xp) under the evaluation homomorphism

Qft1,....tnsxp | p €X(1)} — (H3(X;Q))™ = t; = s(my),xp — Fp .
O
Remark 7.6. By (253), the operator p(d}, 5 h) < fen P(h elmz dm) depends only on the equiv-

‘]1:0

alence class of [p(t;,xp)] € SRE(X) = Q{1 .. tn,xp | p € Z(1)]}/ ~ and not on the chosen
convergent power series representatlve

Remark 7.7. Assume in addition in Corollary 7.5, that ([, e (e (0x(D) p(s(m;),Fp),z) is a con-
vergent power series in z near zero. Then one gets as an application of Cauchy’s integral
formula (see also [34][p.27]), that both sides of (253) applied to p, converge for n — o and
z small locally uniformly to (253) applied to p. In particular, this limit commutes with finite
order differentiations with respect to z (and z small enough).

Corollary 7.8. Let p(d;, %) € Q[[0y,..., 0, -2 Iy | p € (1)]] be an infinite order differential

operator with constant rational coefficients, i.e., obtained by substituting t; — 0;,xp %
P
into a formal power series with rational coefficients p(ti,xp) € Q[[t1,...,ta,xp | p € X(1)]].

Then for a polynomial function f on My, we have the following formula:
0 0 T
L — (= ¢ (0x(D)) .
st pQugp) ([, somam) =G (LT F)0)

|z:0
where on the right hand side the operator ( f (a%)>| acts on a formal power series in z.
z=0

[r=0

Proof. The proof is similar to that of Corollary 5.14. 0

Remark 7.9. By (254), the operator p(d;, 5 h) ( Sy f(2) d ) depends only on the equiva-

h=0
lence class of [p(t;,xp)] € SRg(X) and not on the chosen formal power series representative.

Altogether, we get the following second abstract Euler-Maclaurin formula coming from the
equivariant Hirzebruch-Riemann-Roch theorem.

Theorem 7.10. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C My. Let ¥ := Xp be the inner normal fan of P,
and D := Dp the ample Cartier divisor associated to P. Let [F) € K, (X) be fixed, and
choose a convergent power series p(tj,xp) € Q{t1,...,tn,xp | p € £(1)} s0 that p(s(m;),Fp) =
] ([F]) € (HE(X;Q))™. Then
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(255)
0
) (m.z) — (4T T
p(a;, ah) (/P(h)e dm) (x" (X,0x(D)®F),z)

[h=0

n
=Y (Y (-1)'-dimcH' (X;0x(D)®.F)yn | - ema)
as analytic functions in z with z small enough, and with x"(X,0x(D) ® F) € (A%)q the
cohomological equivariant Euler characteristic of Ox (D) ® .F.

Proof. Equation (253) can now be calculated as

d
P ([ emdam) = ([ OO

ln=0
= <%T(XvﬁX(D) ®9),Z>7

where the last equality follows from the equivariant Hirzebruch-Riemann-Roch formula (83)
as in the proof of Theorem 5.18. Finally, in the proof we first need to assume that z is small
enough and away from the hyperplanes (i§;F,,z) = 0 for each ray p € 6(1) of o € X(n), since
the localization formula is used; however, formula (255) then holds for all z small enough, by
Remark 7.7. U

Note that Theorem 7.10 reduces to Theorem 5.18 in the case when

p(tisxp) € Q{xp [ p € E(1)} CQ{t1,.. st xp | p €Z(1)}

does not depend on the variables 7. Similarly, the next Corollary reduces in this case to
Corollary 5.21.

Corollary 7.11. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C M. Let X := Xp be the inner normal fan of P, and
D := Dp the ample Cartier divisor associated to P. Let [F] € K; (X) be fixed, and choose a
formal power series p(ti,xp) € Q[[t1, ... ,ta,xp | p € Z(1)]] 50 that p(s(m;),F,) =td~ ([F]) €
H{(X;Q). Then for a polynomial function f on Mg, we have:

(256)
vz ([, foman) = ¥ <i<—1>f~dimcﬂf<x;ﬁx<mM)x-m) fm).

ln=0 meM \i=0

Proof. This follows from Corollary 7.8 by applying the operator < f( a%)) | to the last term
z=0
of formula (255), viewed as a formal power series in z. L]

For the use of integration over the faces E of P instead of dilatation of the facets of P by a
parameter /1, (p € £(1)), we next prove an analogue of Theorem 5.1 for faces of a polytope.

Assume P is a full-dimensional simple lattice polytope in Mr with associated toric variety
X = Xp and inner normal fan ¥ = Xp . Let P(h) be the dilatation of P with respect to the vector
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h=(hp) pex(1) With real entries indexed by the rays of X. So, if P is defined by inequalities of
the form
(m,up) +cp >0,
with up the ray generators and ¢, € Z, for each p € X(1), then P(h) is defined by inequalities
<m,up> ‘I’Cp +hp 2 07
for each p € X(1). Similarly, we consider the dilatation E (k) of a fixed face E of P, and let
o € X be the cone corresponding to E.

Theorem 7.12. In the above notations, we have

/ (m.z) () Z e(ii}c}r(ﬁx(DP(h))),Z) H < |
e\ dm = mult(og) - . "E
E(h) GGZ(I’!) <EMXT(XO')7Z> peGE(]) cl'p

((i5e (Ox(Dp)) 2) .

e .

= mult(og) - z - eXp Mo licFp.2) . II (igFp,2) .
oex(n) (Euy(xc),z) peog(1) ’

(257)

Proof. The proof is similar to that of Theorem 5.1, with the following modifications. Instead
of td” (X), we use tdlr([(iE)*ﬁVGE]), which is given by formula (217), together with the cor-
responding equivariant Riemann-Roch formula of (121) which is used for the calculation of
Riemann sums approximating the integral. The Lebesgue measure dm on E(h) is now nor-
malized so that the unit cube in the lattice Span(Ey) N M has volume 1, with Ey := E —my a
translation of E by a vertex mg € E. As before, (E u}l; (xs),z) is a homogeneous polynomial of
degree n in z, but the additional factor [Ty cq, (1) (iGFp,z) is homogeneous of degree codim (E),
fitting with the use of the multiplication factor
here. Finally, we have

; 1
(258)  lim (kcodm(E) (i () ([(ig)«Ov,, 1)), . -z)) =mult(og)- [] (i5Fp.2).
e peo (1)
This follows from formula (217) by the same calculation as in the proof of Theorem 5.1. [J

T nl]( 7 needed for the Riemann sums considered

By combining the results of Theorem 5.1 and Theorem 7.12, we obtain as an application a
formula which relates integration over faces with a differentiation with respect to the corre-
sponding /’s.

Corollary 7.13. Let f be a polynomial on M. Then

(259) / F(m)e'™ dm = mult(o) - iy / Fm)e™ dm,
pec hp
as analytic functions in z and h near zero. In partlculan
(a)
(260)
p(i) </ f(m)el™? dm) =mult(og)- H 8 (/ f(m)em?) dm> :
oh’ \ JEm) o peog o'?hp ah P(h) -

for p(xp) a polynomial in the variables xp, p € X(1) (or a convergent power series as
in the context of Remark 5.13).
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(b)
(261) (i) (/ f(m) dm> = mult(o; H 9 i (/ f(m) dm)
i oh E(h) lh=0 N 2 cog 8 h P(h) [h=0 ,
for a formal power series p(xp) in the variables xp, p € X(1).

Proof. For f =1, formula (259) follows by comparing the results of Theorem 5.1 and Theorem
7.12. In the general case, we apply the operator f (a%) to both sides of the formula obtained
for f = 1. In (b) we finally evaluate the result at z= 0. By Corollary 5.3, a formal power series
(as opposed to a convergent one) can be used in (261). [

In particular,

d d
262 — / m)e™ dm =0
262 oy, O, Sy "
if the corresponding facets for different p; (i = 1,...,k) do not intersect.

As another application of Corollary 7.13, we can mention the following reformulation of
the classical Euler-Maclaurin formula (204) of Brion-Vergne (using (35)), for f a polynomial
function on My (see also [34][page 22]):

(263)
a
Y m-Y ¥ ] ([ fman)
mePNM E=PgeGy, peX(1) 1 —ap(g)e ln=0

B 1 3‘97,3 1
=Y e = I =" 11 — () (h)f(m)dm)

EXP 8€Gop pEor(1) 1 —e 7 peok(l) 1 —ap(g)-e

lh=0

The Euler-Maclaurin formula using the last operator is due to Guillemin [31][Thm.1.3 and
Eqn.3.28]

As a further application of Theorem 7.12, we give an algebro-geometric proof of the Stokes’
formula for polytopes (see also [34][Prop.6.1]).

Theorem 7.14. Let P C My be a full-dimensional simple lattice polytope, with corresponding
inner fan ¥. Let E, denote the facet of P corresponding to the ray p € X(1). For a fixed

mo € M, let aimo be the differentiation in direction of mo. Then,

d
(264) / — el dm = — (mo, up) - / ™3 dm.
P(h) dmy ) 6%1) P Ep(h)

Proof. Recall that

s(mo) = —cp(Cymo) = — Y. (mo,up)-Fp € Hr(X; Q).
pEX(1)
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Then
/ 0 M3 g — / (mo,2) - e (m2) am
P(h) 8m0 ’
(it (Ox(Dpmy)):2)
(189) e
—= .<m07z>
GEZZ‘E ) <E”§£(xo),Z>
Z lisel (Ox(Dpgyy)) 2) (i s(mo).2)
= Airs(mg),z
GEZ(n) <EuX (xG) ) Z> ¢
Z < > Z e(ﬁf‘?(ﬁx (DP(h)))7Z> < >
- mo,Up) - : Z*F 3 <
o5y & (Bux(xo)m) 7P
(257)
=" — (mo,u )/ "2 dm,
pezz%l) g Ep(h)
as desired. ]

Applying the operator f (a%) to formula (264) for f a polynomial function on My, we get
the following:

(265) / if(m)e<m’z> dm = mo,up / f(m
P(h) dmg pe):
as analytic functions in 4 and z near zero. Further evaluation at z = 0 yields the identity
d
(266) / fm)dm=—Y (mo,up)- / F(m) dm,
P(h) dmg pezg‘zl) P Ep(h)

as polynomial functions in 4 near zero.

Remark 7.15. By Remark 7.3, there is a surjection </ (P) — ﬁ{f(X ;Q), as (/A\T)Q—modules,
with 7 (P) generated by the equivalence classes of [Vg] € o/ (P), which are mapped to the
equlvarlant fundamental classes [VGE]T of orbit closures corresponding to all faces E of P.

Hence, HT(X Q) is generated as a (AT) -module by the equivariant fundamental classes
[VGE]

Let [#] € K] (X) be fixed, and choose elements pg, (t;) € ﬁ} (pt;Q) = (A1)~ Q[[t1,. .. ,1]]
with

(267) WX ([Z]) = Y Po (t:)Vop]r € HF(X:Q).
E=P

Then td} ([F]) = p(s(m;), Fp) € HT(X Q) for

(268)  p(ti,xp) := Z (mult(GE)- H xp> pop () € Q[[t1, ..., tw,xp | p € Z(1)]] .

E=P peok(l)
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Altogether, with these notations, we get our third and final abstract Euler-Maclaurin formula
coming from the equivariant Hirzebruch-Riemann-Roch theorem, which provides a general-
ization of the Cappell-Shaneson Euler-Maclaurin formula (see Remark 7.17 below).

Theorem 7.16. Let X = Xp be the projective simplicial toric variety associated to a full-
dimensional simple lattice polytope P C M. Let X := Xp be the inner normal fan of P, and
D := Dp the ample Cartier divisor associated to P. Let [F] € K; (X) be fixed, and choose the
formal power series p(t;,xp) € Q[[t1,...,ts,xp | p € X(1)]] as in (268). Then for a polynomial
function f on Mg, we have:

(269) Z /pGE(ai)f( )dm = Z (i dim(CHi(X;ﬁx(D)®ﬂ)xm) - f(m).
E=<P’E =0

meM

Proof. The assertion follows from Corollary 7.13 by the following calculation:

p(d, %) </P(h) fem dm) In=0

“k (mun(GE)' Il 387;)) </P(h)pGE(ai)f(m) dm)

(270) EXP peog(l)

(/E( )pGE<a>f< >dm)
% [t

Here the first equality follows from the definition (252) of p(d;, ah) ( Jpny f(m) d ) and
h=0

the choice (268) of p(t,-,xp). Then the second equality follows from (261), and the final
equality is just continuity in /. U

|h:0

|h:0

\AM uM

Remark 7.17. In the classical case .# := Oy, this is just Cappell-Shaneson’s recipe for the
definition of the differential operators pg, (d;), described here geometrically in terms of the
equivariant Todd class td} (X) := td} ([0x]) € HT (X;Q) (see [18][Theorem 2]). More pre-
cisely, the differential operator & = Y p<p Pe -Ug € Q[[d\,...,0,]][Ur| used in [43][6.2, page
622] and [18][page 888] maps under the homomorphism (250) to a presentation of the equi-
variant Todd class tdT (X) = Yz=p poy (t:)[Vop]T € ﬁ{f(X ;Q). Indeed, the classes [Vg,|T
are the images of the elements Ug € Q[[d,...,d,]|[Ur] used in loc.cit., and the operators
Pg € Q[[d1,...,0dy]] are deduced in [18, 43] from a representative T'(E) € Q[[d}, ..., dy]|[UF]
mapping to the equivariant Todd class td} (X) calculated via the equivariant version of Theo-
rem 2.6. So we can choose pg, to be the images of these Pg in (./A\T)@ under (250). Hence, the
presentation

p(ti,xp) == Z <mult(GE)- H xp> poi(ti) €Q[t1,....tn,xp | p € Z(1)]]

E=P peok(l)

chosen here is exactly the image of & in Q[[t1, ... ,#,]]{[xp]]-
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In this case, when .% := O, the right hand side of (269) becomes Y, prys f(m) by Exam-
ple 5.23. Specializing further to f = 1 yields then the classical formula (see, e.g., [27][page
112]):

(271) IPOM| =Y rg-vol(E),
E=P

with rg = pg, (0) the constant coefficient of pg, and

(272) (X)) =Y relVo] € H'(X;Q)
E=<P
the non-equivariant version of
(273) d ([0x]) = Y. Poy(t) VoIt € HF(X; Q).
E=P

When .7 := wy, the right hand side of (269) becomes Y.,,,cin(p)ras f (m) by Example 5.24.
Moreover, here we can choose

(274) Wl ([ox]) = Y pop(—ti) - (~DCIME v, |7 € B (X: Q).
E=P
by Remark 3.26, with pg, (#;) as in (273). Specializing further to f = 1 yields the formula
(275) nt(P)NM| = Y (—1)CUME) . o yol(E),
E=P
with rg as in (272).
Example 7.18. Here we list further specializations of formula (269) for appropriate choices of
) € KF(X). resp.. [#] € KL ()], with 107 (17]) = L <p pay (1) [Va 1 € H5 (X: Q). resp.
Hp(X;Q)[y] for some elements pg, (1;) € Hy(pt;Q), resp., Hy(pt; Q) [y].
(1) For [#] = mC;T (X) € Ky (X)[y], (269) becomes by equation (230):
Y [ (@ mdm= ¥ (10 E Y fm).
E=P

E"<P meRelint(E")NM

(2) For [Z] = mC; ([U — X]) € K} (X), with U = X \ Dk the open complement of the
divisor Dg = {J;cx Di and D; := Dy, (269) becomes by equation (210):

L JoresGistman=" ¥ son)

Here PX is the set obtained from P by removing the facets F; for i € K. More generally,
for [#] = mCQT ([U < X]) € K§ (X)[y], (269) becomes by equation (234):

Y [ por@fimydm= Y (149" Y fm).
E<p’E E"<PK meRelint(E”)n\M

(3) For [F] = [(is)«v,] € K) (X), with Vs = V5, the closure of the orbit of ¢ in X = Xp
corresponding to the face E’ of P, (269) becomes by equation (214):

Y [ pa(@fmdn= ¥ fm).

E=P'E meRelint(E') M
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(4) For [Z] = (i)« Ov,) € K{ (X), with Vg = V5, the closure of the orbit of 6 in X = Xp
corresponding to the face E’ of P, (269) becomes by equation (218):

or(0:) f(m) dm = m).
L [por@stmdm= ¥ sim

More generally, for [#] = (ic;)*mC;Ir (Vo) € Ky (X)[y], (269) becomes by equation
(239):

Z /EPGE(ai)f(m) dm = Z (1 +y)dim(E”) . Z f(m) .

E<P E"<E' meRelint(E")NM
0

7.3. Generalized Reciprocity for Dedekind Sums via Euler-Maclaurin formulae. We con-
clude this paper with the following application of formula (269), with D replaced by (1 +y)D.

Corollary 7.19. In the context of Theorem 7.16, we have an equality of polynomials in 1+,
(276)

Y [ pos 00 f(m)dm= ¥,

E,=P, Ey meM

(i(—l)i-dimCHi(X;ﬁX((l +y)D)®ﬁ)xm) - f(m).

i=0
When evaluating these polynomials at zero (i.e., for y = —1), one gets the following identity:

n

277) Y (P6,(9)1)(0)= ). (Z(—l)’?dim(cH"(X;ﬂ)x—m) - f(m).

veP meM \i=0
where the left hand sum is over the vertices of P.

Proof. The right hand sides of the above expressions are calculated in Corollary 5.4. For the
left hand side of (276), note that for a given face E of P, if f is a homogeneous polynomial of
degree dy, and p(0;) is a homogeneous differential operator of degree d < dy, then

278) [ p(@)fm) dm = (1) 5B [ (3 f(m) dim

E, E
This explains the polynomial behavior of the left hand side of (276), and it yields (277) upon
evaluation at zero (since by letting y = —1, all terms on the right hand side of (278) vanish
except for dim(E) = 0 and d = dy). O

Example 7.20. If # = Ox in (277), one gets by Example 3.18 the following identity:
(279) Y (P6,(9)£) (0) = £(0).

veP

For instance, in the case of lattice polygones, this formula yields generalizations of reciprocity
laws for classical Dedekind sums (using, e.g., the explicit description of the operators pg, (9;)
from [18][page 889]). Details will be explained in forthcoming work. ]
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