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NOTES BY CLAUDIO PROCESI.

INTRODUCTION

These notes are an expansion of a short corso di eccellenza I held in Sep-
tember 2005 in the ”Dipartimento di Produzione ed Economia dell’Azienda”
of Politecnico di Torino.

My interest in the subject arose from conversations with Velleda Baldoni
and Michelle Vergne (and reading [4]),

Together with Corrado De Concini we found a tie between this theory
and the theory of wonderful models of hyperplane arrangements. From this
we wrote some papers partly exposed in these notes.

The notes were written for a computer presentation thus retain the infor-
mal structure of such presentation.

Date: 2005.
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Part 1. Partition Function

1. CONVEX POLYTOPES

We are interested in dealing with two fundamental problems under many
point of view. The problem can be formulated in various different ways.
We begin with a system of linear equations:
m
(1) Zoz?;:bi =b o Ax=0b A:=(a1,...,0n)
i=1
The columns «;, b are vectors with n coordinates
(Oéjﬂ', bj, J = 1, ‘e ,TL).
Let us assume first that the matrix A is n x m and with real coefficients.
The object of study As in Linear Programming Theory we want to study
the set P4 (b) of solutions of ([1)) where the coordinates x; > 0 are not negative
real numbers.
We shall also study the more difficult case in which we assume that:
The elements of the matrix A and of the given vector b are integers, i.e.:

(column vectors) aq,...am,,b € Z™.

Arithmetic case In this case we want compute the number S4(b) of solu-
tions of the system (1, ..., x,,) in which the coordinates x; are non negative
integers.

The problems we intend to study are interesting only if we assume that
the set:

[ ]
Pa(b) :={x| Az = b,z; > 0}

is bounded (or compact) for every b.

e In any case P4(b) is obviously convex. If it is also bounded it is to
convex bounded polyhedron.

e In this case its volume is finite and, if A,b have integer coordinates,
the set S4(b) consists of points in P4(b) with integer coordinates.
Hence it is obviously a finite set.

Usually one assumes that the columns a; generate the space R" (otherwise
one can easily reduce oneself to this case).

dimension: If there exists at least a solution with all coordinates strictly
positive, the polyhedron P4(b) has dimension m—n, in the m—n dimensional
space V;, of all solutions of Ax = b.

There exists a simple necessary and sufficient criterion which guarantees
that the polyhedron P4 (b) is always compact. We must have that:

Criterion 1.1. There exist numbers £ = ({1,...,¢y,) such that

) Zﬁjﬂj«i >0, Vi=1,...m.
j=1
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for everyi=1,...m.

In this case a necessary (but not sufficient) restriction on b for P4(b) to
be not empty and not reduced to {0} is that

i f] bj‘ >0

J=1

Remark 1.2. One and only one of the following possibilities can occur for
a matriz A with columns o;:

(1) There ezists a row vector { such that A has positive coordinates.
(2) 0 is a convex linear combination of the columns ;.

Moreover 1. is equivalent to the existence of a hyperplane containing the
origin such that all the columns «; are in the same side with respect to
that hyperplane, i.e. the convex hull of the points «; does not intersect the
hyperplane.

In other words the vectors aq,...ay, define a map:

}t' : R’ﬂl N Rn,.

f((],l, cee am) =a10n + o+ A Q.

Therefore, in this language, the polytope:
Pa(b) = f7H(b) NR™T,

where R™* denotes the positive quadrant.
Our goals are therefore:

(1) 1. To compute the volume of P4(b).
(2) 2. If A, b have integer elements, to compute the number S (b) of
points with integer coordinates in P4 (b).

Obviously it is possible to compute such a number S4(b) even if A,b do
not have integer coordinates.

However the problem becomes extremely complicated and it is out of our
scope.

When A, b have integer elements it is natural to think of an expression
like:

b=aia; + -+ apmay, with a; not negative integers as a:

partition of b with the vectors «;, in a1 + a2 + - - - + a,, parts, hence the

name partition function for the number S4(b), thought of as a function of
the vector b.

Partition functions appear in many different fields of mathematics, like
representation theory and statistical mechanics.



6 NOTES BY CLAUDIO PROCESI.

2. VARIABLE POLIHEDRON

From a geometric point of view it is better to think of the variable poly-
hedron P4(b) = f~1(b) NR™* as a wariable polyhedron in a single space,
the space f~1(0).

rather than a polyhedron in the variable subspace f~1(b).

This can be done if we give a canonical way to identify the spaces f~1(b)
ad f~1(0).

A geometrical useful way to do it is to choose in R™ a subspace W com-
plementary to f~1(0), for example the orthogonal complement.

In this way we have to linear function i : R™ — R™ whose image is W
such that f o4 is the identityof R™. By using this map we identify:
F7HO) = F7H0) +i(b),

Pa(b) —i(b) € f71(0)

the variable polytope in f~1(0).

In the arithmetic case we must choose 7 so that i(b) has integer coordinates
if the same is true for b.

Digression:

e In general a convex polytope is defined as the convex hull of a finite
number of points.

e Such to polytope can also be defined as an envelope i.e. with to
finite number of linear inequalities)  a;;z; > b, j=1,...,n.

If we assume that the polytope is contained in the positive quadrant we
obtain immediately our chosen representation.

In fact, if we add a variable y; for each inequality, we can reformulate the
inequality as:

ZGJ,TJ —yi=b, y; >0, j=1,...,n.
i

This is the way we have chosen, to represent polytopes.

Part 2. Polytopes and networks

3. ORIENTED GRAPHS

We discuss now a rich class of examples.
Let T := (V, L) be an oriented graph.

e V the set of its vertices

e [ the set of edges.

e The orientation consists in assuming that each edge a € L has an
initial vertex i(a) and a final vertex f(a).
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Let us assume moreover that there are no edges with i(a) = f(a) and
that at most one edge connect two vertices.
In order to associate, to such graphs, polytopes we define:

The associated space and vectors
(1) Let us build a vector space with basis the elements e, as v varies in
the vertices, v € V.
(2) Let us consider the set of vectors Ar = {z, = €f(,) — €jq)} for
a€ L.

(3) Let us denote by Vi the space generated by the vectors z,.

Lemma 3.1. The vectors x, generate to space Vpof dimension |V| — by
where:

o |V| is the number of elements of V
e by is the number of connected components of I.

Proof Since the spaces spanned by the vectors in the different connected
components form to direct sum, one reduces immediately to the case I’
connected, i.e. by = 1. In this case the vectors generate a subspace U
spanned by vectors for which the sum of the coordinates in the basis e, is 0.

We claim that U coincides with this subspace. In fact, let us choose to
vector e, and add it to U. By connection every e, € U + Re, hence the
result.

Remark 3.2. IfI' is connected:
|V|—1 edges a; are such that the vectors x4, are to basis of Vr if and only
if these edges generate to maximal subtree.

If, with the given orientation, the vectors x, generate a pointed cone, we
shall speak of a network and we can define the polytopes associated to the
network.

Next proposition gives us an idea of when an orientation produces a net-
work and when one can make such a construction on a given graph.

Proposition 3.3. We have:

(1) A way to get to network consists in arbitrarily fizing to total order-
ing on all the vertexes and orienting all the edges according to this
ordering.

(2) An oriented graph is to network if and only if it does not contain
any closed oriented circuit.

(8) In each network we can order the vertices in a way compatible with
the ordering.

Proof.

(1) Let us suppose to have a total ordering on the vertices. Take a vector
«a with strictly increasing coordinates with respect to this ordering.
We have therefore that the scalar product of a with every z, is
strictly positive.
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(2) An oriented circuit ay,...,a gives vectors zg,,...,Zq, such that
Ta, + -+ T, = 01ie. 01is a convex combination of these vectors,
hence we do not have a network.

(3) Conversely if there are no circuits, take a maximal oriented chain
v1,...,Vg; U1 is a source, otherwise we can get a longer chain. Take
this source as minimal vertex, remove such source (and all the edges
originating from it) hence proceed recursively.

4. TWO EXAMPLES:

(1) Let us take the complete graph over the vertices 1,2,...,n oriented
according to the given orientation.
Hence the vectors x, are all vectors e; —ej, ¢ < j.

This object appears also as the set of positive roots for type A, _1.

(2) Let us take now two disjoint sets A, B with h and k elements respec-
tively. We take the oriented graph with vertices A U B and edges
given by all edges that join a point A (initial) and one of B (final).

Thus the vectors x, are all the elementse, —e,, b € B, a € A.

A vector Y ,c 4 pep Thal€h—eq) of the space having as basis these vectors,
can also be thought as a
matriz R with row indices B and column indezxes A.
Let us consider the vector r(3,c4€q) + (D pcpep) with r,s positive
numbers.

The condition >, 4 pep Tbales —€a) = 1(Xqca €a) + (D pep €b) asserts
that:

the matrix R is a kind of

e That is the sums over the rows have value s and those over the
columns have value r.

e In particular when A, B have the same number of elements we have
a magic square.

Part 3. Generating Functions

5. THE POSITIVE CONE

Obviously, the set of vectors b such that P4(b) is not empty is equal, by
definition, to the set:

m

(3) Cy = {Z.’I!,;(k»,‘, |z; > 0}
i=1

Obviously C'4 is to convex cone. The condition [2| means that the cone Cy
minus the point 0, is all contained in the half space Y ;" £;y; > 0.
C'4 is usually said to be to pointed cone and 0 is its vertex.

It is useful to consider also the dual cone ‘4 of C'y.
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In the dual space it consists of the (row) vectors that have non negative
scalar product with all vectors «;. le. with all vectors of the cone C4.
Under the hypothesis , C'4 is obviously a cone with non empty interior.

6. INTEGER POINTS

When A, b have integers elements there is to simple formula for the num-
bers S4(b):

Theorem 6.1. The number S4(b) is the coefficient of []; Tf’ in the expan-
ston in power series of the rational function:

n

g o~ ITe =TI T4

J k=1 J =0 k=1

Remark 6.2. Let us note that expression[]] does not only make sense for-
mally but also converges in the region C of spacewhere [[)._, ULZ” <1, Vj.

In logarithmic coordinates xj, = e%*.

Given a vector o := (ay,...,a,) with integer coordinates set ¢*:

Of course we have, given vectors «, 3 and integers m,n:

ma+nB __ am/ [B\n
e = (e™)™(e”)".

In logarithmic coordinates the region C where ), 0pa; ; < 0.

is the interior of the dual cone.

Therefore we have, in the interior of the dual cone, the formula which we
need to invert in order to compute the number of integer points: Formula
to be Invered

m

(5) [ = X sa0

i=1 bezZm

Even if this formulation is simple, the inversion problem is not at all
simple, as we shall see.

7. LAPLACE TRANSFORM

From now on we shall use the notations

o A= (ay,...,qpy) the list of vectors.
o Uy :={>, x4, x; > 0}, the cone they generate,
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We shall assume always that C'4 is pointed and generates the ambient space
V.

The dual cone Cy is pointed and generates the dual space V*.

We fix on V a standard Lebesgue measure that in suitable coordinates
one writes as dx := dx1dxs . .. dx,.

The Laplace transform formally maps suitable functions on V' to functions
on V* and is defined as: Laplace transform

(6) Lf(y) = /V ) f(2)da.

We apply the Laplace transform, in particular, to suitable functions with
support in the cone Cjy.

Remark 7.1. e In this case we define and compute the Laplace trans-
form only for y € Cy4.
e Only for these values of y the integral converges.

We want apply the Laplace transform to the function V4(b) that gives
the volume of the polytope P4(b).

Let us remark that this function is continuous and has support in the cone
Cy.
In order to compute this transform let us go back to the functional for-
mulation:
fA . R’"L N RTL.

fA(tla .. -tm) — tlal +--+ t’m,()(m-

We proceed in 3 steps
(1) We restrict f4 to the positive quadrant R™* hence: P4(b) = [, (D).
(2) Apply now the theorem of Fubini to the function e~®/4®)y,  where
X~ is the characteristic function of R,
(3) We must normalize the euclidean measures so that the one of R™ is
the product of that of the basis R™ times that of the fiber.
Let us apply the theorem of Fubini to the function

_(y:fA(tlv---tm,)) _ZZL ti(y,(li)

X+€ = X+€

and obtain:
Generating Function

M- = / oW (tretn)) gy
( R+
1

i—1 yaal)
(y’x))dl‘ = k/ e_(y’x)VA(x)da:.

(7) /(/f e

With k normalization constant to be computed. This analysis is certainly
valid when we take y in the interior of the dual cone.
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In other words the Laplace transform of the volume is defined in the
interior of the dual cone and equals the rational function:

m

—1
H Zk 1 @k jYk

IN CONCLUSION For the computation of the number of integral points
and for the volume we must solve an inversion problem.

In order to do this let us observe that, with an orthogonal transformation
U we can bring the matrix A in block form AU = (B,0), with B an n x n
invertible matrix.

We think of the map f4 as a composition:

R™ Y R™ 7T R™ B R

7 is the projection of matrix (1,,0).

It follows that [p, g(Bz)dz = |det(B)| [z, g(v)dx hence that k = | det(B)].
Finally AA" = (AU)(AU)! = BB? hence the ﬁnal formula:

k=1 = | det(B)| = /| det(AAD)].

Final formula Thus the formula to invert, for the computation of the
volume:

(8) / W)Y, (2)da = +/Tdet(AAD)] H Zk :

Ak i Yk

Part 4. The knapsack problem

8. THE CASE OF NUMBERS: VOLUME

Before attacking the general case let us discuss the case in which the
vectors «; are simply positive numbers, that is when n = 1:

We have thus positive integers h := (hq,...,hy), and we want, given an
integer n to compute:

1 The function with Laplace transform %y‘m cf. .

2 The coefficient of 2™ in the function

(9) Fy(x) = H 1 71xhi.

The computation of 1. is rather easy:

Remarks 8.1. e here the constant k = |h| = />, hZ.
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e The polyhedron Py,(b) associated to the numbers h;,b is a simplez,
given by:

{(@1, . om) |2 >0, > aihi = b}

o Py, (b) is the convex envelop of the vertices P; = (0,0,...,0,b/h;,0,...,0).

SUMMARIZING

We could compute the volume of P,(b) directly but let us compute the
function whose Laplace trasform is y~.

Let us use the following formulae:

d o0 -
(10) Lf = Li=af), /0 eV — ;

from these we have that, if y denotes the characteristic function of the
half line x > 0 we have:  Requested Formula

IN CONCLUSION:

Theorem 8.2. The volume of Py, (b) is given by

‘h‘bmfl
(m—D!T]hi

9. DECOMPOSITION OF A NUMBER

Let us pass now to the more difficult case 2.

We must compute, as n varies, the coefficient of 2™ in the function

xfnfl

[T, 1—ahi”
We have two possible strategies, essentially equivalent but to be analyzed
separately from the algorithmic point of view.

IL ﬁ In other words of ™1 in

1. Develop Fj(x) in partial fractions.

7

1—1
= 1, dx around 0.

1 C oz
271 (# Hi 11—z

2. Compute the residue
In both cases first we must expand in a suitable way the function Fj(z).
Proceed with the following steps:

(1) Given k let us denote by (i := e%, a k—th root of 1.

(2) Let us recall the identity:

k—1 k—1

L-a*=T[0-Ga) =TG- 2.

1=0 =0
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(3) Using the preceding identity we have:

m—1 h;

=117

i=1j= szl

(11)

In other words let m be the least common multiple of the numbers h; and
set m = hik;. We set ¢ = e2™/™ we have Ch; = ¢ ki therefore we have

Lemma 9.1.

m—1 h; m—1 1
T - Mo - M

where the integers b; can be computed easily from the numbers h;.

e Thus given ¢ we must count how many numbers k; are divisors of i.
This number is b;.

e In particular the function H hl , n > 0 has poles in 0 and in the
m—th roots of 1 (but not in oo)

10. FIRrsT METHOD, DEVELOPMENT IN PARTIAL FRACTIONS.

The classical method implies that there exist numbers ¢; for which:

m—1 1 m—1 .
12 —_— = .
12) Il a=gap = 2 a=cap
=0 =0
In order to compute them we use for instance recursively the simple identity,
(valid if @ # b are two numbers):

1 1 a b

(1 —az)(1 —bx) a—b[(l —ax) (1 —bm)]

The second step is the simple identity:

1 = (k—1+0\,
13 = t"
) ()
hence we get:

m—

(14) H mzlcl i ( -1+ h) (i)™,

i=

In other words we have a formula for the coefficient
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) {gc@-(cib) ")

Let us remark now that
b —1+b _(b+1)(b+2)...(b+bi—1)
b B (b; — 1)!

is a polynomial of degree b; — 1 in b, while the numbers ¢* depend only
from the coset of b modulo m. Given an 0 < a < m and restricting us to
the numbers b = mk + a we have:

Theorem 10.1. The function Sp(mk + a) is a polynomial in the variable k
of degree < max(b;), that can be computed.

Sometimes we express the fact that Sp,(b) is a polynomial on every coset
saying that:

Sp(b) is a quasipolynomial or a periodic polynomial.

It remains a last small algorithmic problem to discuss. When we explicit
the computations we get, for every coset a polynomial that takes integer
values but that a priori is expressed with coefficients that are expressions in
the root . We must thus know how to manipulate such an expression, this
is a simple problem that nevertheless requires a minimum of analysis with
cyclotomic polynomials (appendix .

11. SECOND METHOD, COMPUTATION OF RESIDUES

In this case the strategy is the following:

Shift the computation of the residue on the remaining poles, exploiting
the fact that the sum of residues on the poles of a rational function is 0.

From the theory of residues we have:

2#@7{1_[1—:& Z%J{H (1—Cix)

where Cj is an small circle around ¢ =,
Let us use the fact that the residue at oo is 0, given that n > 0.

(1) In order to compute the term 5= 990 —L————dx we perform a

1 C' )
change of coordinates & = w + ¢~/ obtalmng.

(2)
(w4 ¢7)—n1
}'{ H (e
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(3) Now [[\Z; ;. m is holomorphic around 0 and we can

explicitly expand in power series » ;. pw while:
» k
(w+ )1 = n—i—l)z (n—i— )@ w)*.

Finally we have, for the j—th term:

-1 bj . Y i + k 00
_(27T17§CjCJ(n/+1 b_;)(;(_l) <7l . )(jkw )(;} aj pw )71) b duw
— (—1)bi I =by) Z (— 1)kt <n + k) .

k+h=b;—1

This formula, added on all the j, provides again a explicit formula for
Sp(b) and presents it again as a quasipolynomial.
Remark that, in order to develop these formulae it suffices to compute a
finite number of coefficients a;j. Theorems due to Bell (1943).
The box spline There is an even more important function associated to
our setting.
The Box spline is the function computing the volume of the polytopes
f~Y®) N [0,1)V, cut by the cube [0, 1]V
With a similar analysis we can see that its Laplace transform is:
H 1—e
a

aceX

—a

The box spline is supported in the bounded polytope:

N
B(X) = {Ztiai\o <t <1, a; € X}
=1

By Fubini’s theorem since the volume of the cube is 1 we have [, Bx (z)dz =
1.

Next we use the simple property of

Laplace transform of a translated function:
(15)

/ e~ f(z — a)dz :/ e~ W) () dy = e—(y,a)/ e~ W) f(z)d

L(f(x —a)) = e “Lf(x)
We see that, setting for S C X, ag:= ), .ga that:

(16) Bx(x) = > (-)FITx(z - as).

ScX
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Other properties:
If X = {Z,y} we have (setting D, to be directional derivative, and V,
the difference operator V, f(z) := f(x) — f(x — v).)

D,Bx(z) = V,Bx (z).

If the X are integral points we have the partition of 1.

ZBX(x—a):l.

a€Zs

Example X = {1,1,1,1} then Tx(z) = 0 if 2 < 0 and Tx(v) = 2/323 if
x> 0.

Bx(z) =Tx(x) —4Ty(x — 1) + 6Tx(x — 2) — 2Tx (z — 3) + Tx (x — 4).

Part 5. Several variables

We have now to pass to several variables. We follow the same steps of
the 1-dimensional case. First, we analyze the computation of the volume
looking at the Laplace transform. Next the problem of integral points trying
to generalize the two methods: partial fractions and residues.

12. LAPLACE TRANSFORM II

First we can extend the basic formulae (?7) to more variables.

8 oo oo 1
— J—'c - i YiTi —
(17) Lf = L(—x;f), /0 /0 e X dx i

y; Ui
From this, for every polynomial P(x1,...,z,) we have:
(18) p(-2 O \1f = L(P( )
— e —— = Tlyeoo X
aylv y ayn 1 s 4n
Let us take a basis b := (a1, ..., a,) of R" with a; := (a1,a24,...,0n;).

Let A be the matrix with the a; as columns, B its inverse.

Let Cy == {> 7" | tia;, t; > 0} the cone they generate and x; its charac-
teristic function.

We want compute its Laplace transform, (of xp).

We perform the change of coordinates z; = Zj ajitj, t; = Zj bjixj.

By construction, in the coordinates ¢; the cone Cy, is the positive quadrant.
We have thus:
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Lemma 12.1.

L(xs) Z/BZ'iyl“””"'dewz \det(A)l/ / e i Yi 22 Gty g —
det(A / / 5 (23 ¥i93.3)t gy — | det(A
| )| |det(A)| [ =—— Z .

We set a(y) == >, a;Yi-
We have from formula :
ah1 8”“ 1
Lzt .. alny, 1) P e —
(71 ) = (1) Oy1 " Oy 11 cily)

this last expression is a sum of terms of type W with Y k=), h;

and we see that:

Theorem 12.2. The Laplace transform determines a linear isomorphism

between, the space of polynomials in the variables x; multiplied by the char-

acteristic function xp and the space of polynomials in the elements %(y) =
J

1
S multiplied by H =11 Sav aj vt

Proof

(1) Let us use a change of variables «;(y) = z;.
(2) The space of functions given in the Theorem, has as basis the mono-

mials H;L:1 z;hj, with all the exponents h; > 1.

(3) With an easy induction one can see that this space can be obtained
from the function [ % by applying, by iteration, operators of partial
derivative.

(4) We can apply now the formula hence the theorem follows.  [J

13. REDUCTION

We would like now to use this formula in order to invert the formula (15|
and thus compute the volume function.

This cannot be done directly since the factors that appear in the denom-
inator of are not a basis.

It is necessary thus to be able to manipulate the expression in order
to reduce to apply . This can be obtained by a first version of the
development in partial fractions in the case of more variables. Let us use
the:

Lemma 13.1. Let aq(y), ..., ax(y), ag+1(y) be linear forms (non zero) with
a1(y) = Z;H; cja(y) then we have:
k+1

1
Z J k+1

19 .
) 2T ea(y) TIEE 1 i(y)

Hfﬂl a;(y)
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Proof
k+1

1 _ a1(y) ~S e a;(y)

o) a2 o) = a1 ay)

Now we can prove the Theorem of Reduction.

Given linear forms a1 (y),...,an(y), let d be the dimension of the vector
space that they generate.
1
[LL, ai(y)™i

= with a;, (Y), ..., ai,(y) linearly in-

-
H.;'lzl i )™
dependent and Z?:l mj = 27\11 hi.

Theorem 13.2. FEvery expression can be expressed as linear

combination of expressions

Proof Let us apply a recursion and an induction on the vector of the
exponents (hy,...,hy) in the following way.

(1) Using the given ordering we take the first linearly dependent ele-
ments that appear in the product with non zero exponents.

(2) Using Lemma we can substitute the product of these terms
with a sum in which developing, the vector of the exponents is in-
creased in the lexicographic order maintaining nevertheless the same
sum.

(3) In every term the space generated by the factors which appear, re-
mains the same.

(4) Clearly this recursive procedure terminates after a finite number of
steps, when all the summands are of the requested type.

14. NO BROKEN CIRCUITS

As a matter of fact the preceding Theorem can be made more precise,
providing a canonical expression in partial fractions. In order to do this we
need an idea that comes from the:

Theory of matroids.

Let us start thus from a list vy, . . ., an of non zero vectors (as for instance
our linear functions), let us define circuit an ordered sublist «;, . . . , a;, made
of linearly independent elements.

We shall say that the circuit is a broken circuit, if there exists an integer
k < h and an integer ¢ < iy, such that the vectors a;, o, , . .., oy, are linearly
dependent.

If the circuit is a basis we shall speak of no broken basis.

The meaning of this notion is clear from the following;:

Lemma 14.1. Se o4, (y), ..., i, (y) is a broken circuit then
1

I
Hjl: 1 (yi_j (y)
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s a linear combination of expressions with the vector of the ex-

N S
H;‘V:l aj(y)hj
ponents lexicographically bigger than the vector of the exponents of — 1a ok
j=1 %i;

Proof In the given hypotheses we have «o;(y) = crov, (y) + - - - + crhov, (v)
with ¢ < ig. Let us substitute and simplify:

1 _ ;i (y) ey (y) + -+ enay, (y)

h - h - h
[Ty iy (y)  aaly) [T=q o, (y) o (y) [ 151 ci; ()
Simplifying in every term the numerator with the corresponding factor in
the denominator we get the desired expression.
Now we can prove the:

Theorem 14.2. Every expression ——
j=19% ()

way, as linear combination of expressions

R can be expressed, in a unique
1 .
T oy With o (y),- - iy (y)
Jj=1""%5
a no broken circuit (and Z?Zl m; = sz\il hi).

Proof The fact that an expression of the given type can be expressed
as linear combination of expression relative to no broken circuits can be
proved by induction on the lexicographic order of the vector exponent as in
Theorem [13.2] using repeatedly Lemma [14.1

Uniqueness is a more delicate point and for now we cannot prove it, it
follows from the analysis of Lecture [0 O

We want now to analyze an expression in partial fractions for every func-

tion of R = Cly1, ..., yn, ([T, ci(y)) 1.
Let us proceed in the following way:

e For every no broken circuit S := «a;, (v),...,a;,(y), extracted from
the list A := {1 (y),...,am(y)}, we choose coordinates zgy1, ..., 2n
such that o, (y), - .., @i, (y), Zd+1, - - - , 2n be linear coordinates in space.

e In order to simplify the notations let us denote o, (y) := zx, k =
1,....d.

o Let Ag = Clzg41, ..., 2n) be the corresponding ring of polynomials.

o We define

g .

Hj:l Zj !

Theorem 14.3. (1) The space Rs has as basis the monomials:
[T 2 [ hi > 0,¥i > d, h; < 0, Vi <d.
(2) R = ®gsRg as S varies among the no broken circuits.

IN CONCLUSION This is the theorem describing expansion of functions
in partial fractions.
We prove part of the theorem, completing the proof in Lecture [9]



20 NOTES BY CLAUDIO PROCESI.

(1) The elements z1, ..., z, are linear coordinates in space and Rg is con-
tained in the ring of Laurent polynomials in these variables. These
polynomials have as basis all the monomials in the variables with
integer exponents. The proposed monomials are thus part of this
basis and so linearly independent.

(2) From Theorem [14.2]follows immediately that every function in R can

be written as linear combination of expressions f = W lg €
=1
Cly1,---,yn], mj >0, Vj and S a no broken circuit.
(3) We write f as polynomial in the variables o, (v), - . ., @i, (V), Zd+1, - - - Zn,

simplify the «; that appear in the numerator and the denominator.
Then prove with an easy induction that every element is sum of
elements of the spaces Rg.

Remark 14.4. The fact that the sum is direct will be proved using D—modules
and reducing to prove that:

Lemma 14.5. The elements fMg := as S = ay,,...,q;, in the

H, 1% )
no broken bases are linearly independent..

Part 6. The volume

15. THE VOLUME FUNCTION

Let us go back to the formula . The function to invert is: Laplace
transform of the volume

V| det(AAY)| sz o = /] det(AA?) yHal
i=1

From the preceding analysis we can expand it (according to an explicit al-

gorithm) as linear combination of terms W with a4, (v), ..., @i (y)
i=1%;

a no broken circuit.

From the discussion of section 6.1 we have that such a term is the Laplace
transform of a polynomial function multiplied by the characteristic func-
tion of the cone Cp, where b is the basis of R" made of the vectors a;, :=
(a1,i;,a2;,---,an;,) (the column 4; of the matrix A).

In order to invert the Laplace transform we shall use the theory of residues.
Let us start from the identity [18) and Lemma [12.1

0 0 ) | det(A)]
T2y ci(y)

Let us denote with VBB the set of no broken bases, we know that we can
find polynomials Py(z1,...,z,) indexed by the no broken bases b € NBB
and such that:

= L(P(z1,... axn)Xb)

.....

ay’f 1
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1 0 0 | det(A)]
(21) = P(——, . . —— )=
H i Z - [Ti2 cily)
From this we have that:

| ) %(y) is the Laplace transform of:

(22) > Bz a)xe

beNBB

Finally we have proved that, from the explicit formula

Theorem 15.1. The volume of the polytope Pa(b) has the same Laplace
trasform of the linear combination ZQEN s Po(x1, ... xn)xp (formula )
of functions of the type a polynomial multiplied for the characteristic func-
tion of an cone Cy, where b is a no broken basis.

At this point there is a subtle point to be understood.

16. FORMULA FOR THE VOLUME

We would like to use the formulae 22 to determine the volume function.
A first hypothesis is that the volume function is given by the formula .
This a priori is true only almost everywhere, as a simple example shows.

e Let us take the vectors a; = (1,0),a2 = (0,1),a3 = (1,1) = a; + as.
e The three bases that we extract generate three cones.

One is the positive quadrant Cy,, 4,3 and the others give half of
the quadrant Cyq, 41440} Clar+az,a2})-

We have clearly that xa,,a; = Xai,a1+a2 + Xai+as,a2 = Xay+ag, Where
Xai+ay 1S the characteristic function of the half line for a; + as.
For the Laplace transform we have instead:

1 1 1

= + _
yive (e +y2) vy +u2)
The point is that a function with preassigned Laplace transform is deter-
mined only up to values in a set of measure zero.

As a matter of fact with simple examples we can see that the function
> vennn Po(®1, ..., 2n)Xp can be discontinuous while it is easy to convince
oneself that the volume is a continuous function.

We must thus understand how to modify the proposed formula.

In order to do this we must develop some geometry on the cone C(A).

Geometry of polyhedra

We start with a general remark.

e Let be given N points P; in n dimensional space and X be their
convex envelop. We assume that the points are not contained in any
proper linear subspace.
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e If we choose in any possible way k < n among these points that are
independent they generate a simplex of dimension k£ — 1, let Y be
the union of all these simplices.

e Y is a closed subset of X of dimension n — 1.

e The connected components of X — Y are called big cells associated
to the points.

e The small cells, which we will not use, are obtained by removing to
X all the points laying on the subspaces generated by such sets of
points.

Same geometry for the cone C'(A).
Let be given a list A of vectors v; in n dimensional space, that generate
a pointed cone C(A).

e Let us take an hyperplane that intersects the half lines R™v; in the
points P; (there exists one by hypothesis).

e The cone C(A) is the projection from the origin of the convex envelop
Xof the points P;

e Every simplex of dimension < n — 2 projects to a simplicial cone of
dimension <n — 1.

e The union of such cones projects Y and the big cells of C'(A) are the
projections of the big cells of X minus the origin.

Regular points The points of the big cells are also called regular, the
others singular.

We shall say that X,Y represent C'(A) and its singular points in section.

Conclusion

(1) Clearly the function F(x) = Y ,c vpg Po(*)xp given by the formula
is continuous and a polynomial on the big cells.

(2) The volume function on the other hand, for geometric reasons is a
continuous function.

(3) It follows from elementary facts on the Laplace transform that the
formula coincides with the volume in the interior of the big cells.

(4) On the other hand on an big cell ¢ vanish all the functions x; for
which the cone C}, does not contain the cell c.

By continuity follows thus the general formula for the volume:

Theorem 16.1. Given a point ¢ in the closure of a big cell ¢ we have:

Vale) = Z Py(c)

beENBB, | «CCy

EXAMPLE Type A3 in section (big cells):
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a2

aq + Qo Qo + Q3

\/

a1 + ag + ag

\as

\

a1

We have 7 big cells.
EXAMPLE Type Aj in section (small cells):

Q2
a1 + Qo a2 + g
/ a1 +az + a3

aq

We have 8 small cells.
EXAMPLE 2 in section (big cells):

a2

a1+ Qg + a3
al/ \as

We have 3 big cells.
EXAMPLE 2 in section (small cells):

23
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(e

(05} a3

We have 6 small cells.
In essence the given formula defines the notion of:
Jeffry—Kirwan residue

In order to make this formula effective we need two algorithms.

e The first an algorithm that allows us to identify, given p = (a1, ..., ay):
— a big cell C' with p € ¢ and
— the set of the b e NBB, |c C C(b).

e The second is the computation of the polynomials P(c).

In order to do this we shall see in the next paragraphs that such polyno-
mials can be computed, up to sign as suitable residues that will be defined
[det(AAL)|
Hi\/:1 a;(y) ’
A theorem, proved in [I2]proves that the set Y can be costructed only
through the simplices formed with no broken circuits. Example A3 ordered
as:

presently and denoted with resb(ezi @il

Qag, g, 03,01 + Q2,2 + a3, a1 + ag + as.

The n.b.b contain all necessarily a;, the other two elements are given by 6
possibilities:

(1) g e uno degli elementi ag, ag + asz, a1 + ag + as
(2) asg,a1 + a2 e as, a1 + ag + ag

(3) a1 + ag, 0 + s

Let us visualize the simplices generated by the 6 n.b.b:
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(6%
1
s
/ ag + ag
1

a9

2

(0}

a3

(%

a1+ as + as

al/

25
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ay + ag

AN

o1+ o2+ o3

T

aq a3

Let us visualize the decomposition into big cells, obtained overlapping the
cones generated by no broken bases.
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In order to make the preceding discussion more efficient from the algo-
rithmic point of view, and to connect it with the theory of multidimensional
residues, we must develop two further constructions:

The total residue

and

The Jeffry—Kirwan residue.

In order to give a clear definition it is appropriate to introduce a more
geometric language.

17. HYPERPLANE ARRANGEMENTS

Let us denote with A := {a1(y),...,an(y)} the list of the linear forms
a;(y) = >, ajyi, given by the columns o; of A.
Every linear form «;(y) defines as zero locus an hyperplane H;.

Definition 1. This list of hyperplanes and all the subspaces that are obtained
from them by intersection is called a
Hyperplane arrangement.

NOTE: Even if the forms are with real coefficients we shall always consider
all the complex points.

The complement of the union of such hyperplanes (in complex space) will
be denoted with Aa. The geometric point we want to stress is that: A
rational function in the variables y; is well defined (has no poles) on the
open set Aa if and only if its denominator is a product of powers of the
linear forms a;(y).

The set of such functions in algebraic geometry is called the coordinate
ring of Aa.

It is this ring that we must now discuss.

Let us denote it with the symbol RA.

Remark also that, denoting d = Hf\il a;(y)

the elements of Ra can be also written as f/d* with f a polynomial. In
other notations:



28 NOTES BY CLAUDIO PROCESI.

(23) RA :=Cly1,...,yn,d" 1.

This ring is also described as the ring of an hypersurface in n+1 dimensioni
space of equation 1 — zd = 0:

(24) Ra :==Cly1, ..., Yn,2]/(1 — 2d).

The principal combinatoricsl object, associated to an arrangement of hy-
perplanes is the list of all the subspacesobtained through intersection of such
hyperplanes.

This is a partially ordered set, by inclusion (shortly a poset).

As poset it has special properties:

(1) Given two elements a,b there exists their minimum min(a,b), (the
intersection of the two subspaces).

(2) Every maximal ordered chain has length n (the dimension of the
space).

(3) Every element has a rank r(a) such that in every increasing maximal
chain in which appears a, it appears in the position r(a) + 1.

We speak of a ranked poset.
EXAMPLE The configurations of numbers .

Example 17.1. In n dimensional space of coordinates z; let us consider the
hyperplanes z; — zj = 0,1 < j.

Such a hyperplane consists of points in which two coordinates z;,zj are
equal.

An intersection of a set of such hyperplanes defines thus a subspace in
which various subsets (disjoint) of the indices have equal coordinates.
In other words, such a subspace, corresponds to a partition P := { A, ..., A}
of the set {1,2,...,n} in disjoint subsets A;.

The dimension of the subspace is the number of sets of the partition.

A subspace, corresponding to a partition P contains the subspace corre-
sponding to a partition @ if and only if the partition P can be obtained
from the partition Q by refining that is subdividing in parts the parts of Q.

The minimum subspace consists of the line made of the vectors with all
the coordinates equal.

Remark 17.2. Usually it is convenient to reduce to:
central arrangements
that is in which the intersection of all the hyperplanes is reduced to 0 (in
an equivalent way the linear equations of the hyperplanes generate the dual
space).



POLYTOPES VOLUME, INTEGER POINTS 29

In the case of configurations of numbers, it is convenient to restrict our-
selves to the n — 1 dimensional space where the sum of the coordinates is 0
in order to obtain a central arrangement.

This example belongs to an important class of examples, those of root
systems and of reflection groups.

Important examples in various sectors of Mathematics as Lie theory and
singularities.

EXAMPLE The poset of partitions of {1,2,3,4}:

{1,2,3,4}
/// \\\
{1}{2,3,4} {2}{1,3,4} {3}{1,2,4} {4}{1,2,3} {1,2}{3,4} {1,4}{2,3} {1,3}{2,4}
\
{13{2}{3,4} {13{3}{2,4} {13{4}{2,3} {2}{3}{1,4} {2}{4}{1, 3} {33{4}{1,2}
\\ //
{1}3{2}{3}{4}

One of the important characteristics of this theory consists in the fact
that, many geometric, topological and algebraic properties of the arrange-
ment depend only from the combinatorics of the poset, that is they are:

combinatorial properties.

Perhaps the most interesting is the cohomology of Aa, given by the Theory
of Orlik—Solomon [26].

18. THE TOTAL RESIDUE

The total residue is essentially a concept of cohomology, but let us start
to introduce it in an elementary fashion.
We define the subspace O(Ra) as the space generated by all the partial

0
derivatives that is by the elements —f, fE€RA, i=1,...,n.
Yi

Y
Example one variable: Let Ra = Cly,y~ ' = {3F, aiy’, h,k € N} be
the space of Laurent polynomials.

The space of the derivatives consists of all the polynomials without y—!.

Similarly for the Laurent polynomials in the variables y;, y;” Li=1,...,n
the space of the derivatives consists of all the polynomials without the term
| JESE g
Definition 2. Let Ha be the space spanned by the elements My, := m,
as b:={a;,,...,q;, } varies among the bases extracted from the list A.

The fundamental Theorem is the following:
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Theorem 18.1. (1) We have the decomposition in direct sum:
Ra = Ha @ O(RA)

(2) One basis of Ha is given by the elements My, as b varies in the no
broken bases.

In the following we shall also work with a larger algebra of functions.
The algebra Sa made of the (meromorphic) functions fd=* where f is any
function holomorphic around 0.

Corollary 18.2. It is not difficult to convince ourselves (assuming the pre-
ceding Theorem). That we have again:

Sa = Ha ®0(Sa)

We can prove this Theorem as corollary of theorem In the next
lecture we shall formulate it in a more intrinsic way, introducing the language
of differential forms.

Proof of the theorem

In order to prove this theorem we need to go back to the decomposition

RA = ®sRg given by theorem where

Rs 3={fER’f:dLmj7
Hj:l Zj
with the coordinates z; depending on the no broken basis S.

Proof of the theorem

The fundamental remark to be made, is that: The vector spaces Rg are
all stable with respect to all the partial derivatives.

Thus, with the notations of Theorem 3, let T
d, hi < OVZ <d.

We can take as basis of the operators of partial derivative, the derivatives
in the variables z; and we have:

g € Ag, mj > 0, V]}

"€ Rg|h; >0,Vi>

117,

01_[1 1% } hl hj 1 _hj—1 _hjt1

7, ) h‘!‘l.
8,2] e “j+1

L2,

that is 0 or a monomial in Rg.
Now let us observe that:

Proposition 18.3. If the cardinality d of S is < n then every element of
Rg is a sum of derivatives.

A monomial ]} ‘ € Rg has thus h,, > 0 hence

zlz
n—1

H h, o az (hn+1 IH hl h,,—‘rl)
n

Let us take now the case d = n now the monomials to be considered are
of the type [[_, z; "%, h; > 0, we take a derivative and we have:

=11
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0 o h / —h; —h;j—1 —h;
—h; __ ha li—1 Vj Lj+1 —hn,
%Hzi =—hjzt .oz 7 Zigl e Fp
We see thus that:
we get, as derivatives, all the monomials in which at least one of the
exponents h; > 2. The only remaining monomial (T, z;)~! is not sum of
derivatives.

19. THE RESIDUES

We can now define, in an elementary fashion, the total residue Tres. From
the preceding theorem, a function f € Ra (o0 also in Sa) can be decomposed
in a unique way as f =a+0b, a € Ha, b € O(Rp).

Definition 3. We set
Tres(f) := a.
The total residue of f.

In other words T'res is the projection on the summand Ha of the decom-

position.
Let us denote with N BB the set of no broken bases, and with
det(A) | det(A)| .
Qp = =———, €= ———— =11, b:={(y), i=1,...,n}.
P T o) T det(d) teuty) }

We know that the elements oy form a basis of Ha and thus:
we can define the numbers resy(f) through the formula:

(25) Tres(f) = Z resy(f)ap.

beNBB

The application we have in mind is to formula . We want to prove
the:

Theorem 19.1.
fizf a;T; )
[T aily)”

Py(ay, ... an) = epresy(

Once we prove this Theorem, the delicate point will be to develop a method
. e2i 4T,
for computing resQ(ingl O ).
In order to prove this Theorem we must develop some properties of T'res.
The first property of Tres, which follows from the definition is that, given
of
Oy

a function f and ¢ we have Tres(—=) = 0, hence for two functions f, g:

A pr

T'r'eb’(gf g) = —Tres(f

Yi

dg )
oy
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In other words for a polynomial P:

0

O \(5g) = Tres(FP(—2)(g)).

(26) TTes(P(@T/i 7

We shall use the preceding relation in particular for the function
f = e2i %% for which we have:

(27) P( ‘(9 )CZ,» aiyi _ P(ai)cziaﬂjt’
Ay

The second property, simple to verify, of Tres is that, given a basis b :=
{a;i(y), i =1,...,n} extracted from A and a function f holomorphic around
to 0 we have:

f f(0)
(28) T”‘GS( n - ) - 71,' N
[Tz ci(y) [[iz ci(y)
Going on:
0 1
29 Tres(exi %Y P(— —_) =
( ) ( ( 0y; ) Hi:l 047‘,(9))
1 0

Tres( P(=—)(eXi%%)) =

ot o
Plai) _ P(a)
[T ci(y) [ det(A)]

Let us take thus a function written in the form

f=> Pb(ai)abzf?( > Poi)epxs)

beNBB beNBB

L(xp)-

Theorem 19.2. We deduce that:
Tres(e=vf) = Y Pylai)ay.

beNBB

Remark 19.3. This allows us to recover the polynomials Py(x;) knowing
the value of Tres(e2i %Y f). Thus:

(30) Py(a;) = 7»659(62,;&7:% f).

Let us apply the method to the volume
In particular, for the volume function, we must compute:
e22i Qi

Tres( ) =
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) d
(31) D Tres(eXi i Py(———, ..., —o—
beNBB ayl ayn

| det(A)]

M )

) =

Z Py(ay,... ,an)M

beNBB [Tz ily)

Preliminary inversion formula hence the function:

/| det(AA?
(32) V(ay,...,ap) = Z res;l(ezf'f“i"”—‘((\ ( )

N €0 Xb-
beNBB Hz’:l ai(y)

Let us repeat the discussion.

Clearly, while the volume function is continuous everywhere, on the func-
tion V(ai,...,a,) (cf. B2), we can only say that it is continuous on the
regular points, that is on the big cells.

From elementary facts of the Laplace transform (proved in the Appendix)
we can deduce that Vol (b) = V(b) if b is regular.

We can now now conclude.
The volume formula Let b := (by,...,b,) € C(A). Given a big cell ¢ with
b € ¢ we have clearly:

V(b) = Z resy(eXi biYi

N
beN BB, ¢cCC(b) [[;5 ai(y)

[det(AAD)]

On the other hand, this function is continuous on the closure of ¢ and thus
finally we have:

Theorem 19.4. Ifb € ¢ (closure of ¢) we have:

det(AA!
(33) Vola(by,... ,by) = > ’r'esQ(eZibiyiM.

N
beNBB, ¢CC(b) Hi:l @i(y)

NOTE
e This formula provides a volume formula on the closure of an cell.

e At a point, in the closure of two cells, we have two different formulae
that coincide on the intersection of the closure of such cells.

Part 7. Differential forms

20. DIFFERENTIAL FORMS

The theory of differential forms appears in differential geometry and in
algebra, we give an idea of its essential points.
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The theory starts from the concept of differential df of a function, this one
can develop in various ways and we refer to the textbooks for a discussion.

The fundamental point is that, given coordinates x; (themselves func-
tions) we have the formula:

df (z1,...,2n) = Z 6—f(lL7
In local coordinates a 1-differential form is an expression
i=1

In general such a ¢ is not the differential of a function.
In order for this to hold (locally), it is necessary and sufficient that hold
the: compatibility rules:
ofi _ 0f;

Ox;  Ox;

Vi, J.

This, in a geometric language, this is what we learn in physics looking at
the: theory of the potential of a conservative field.

21. GRASSMANN CALCULUS

The second important point is:

Grassmann or exterior calculus.

This is essentially an algebraic concept. We introduce a product, the
exterior product (in that it produces new forms starting from the given
ones) denoted with the symbol A.

We assume that such a product is associative and distributive and that
holds the: fundamental rule:

df Ndg = —dg A df

( this type of rule appears now often in Physics, in the theory of Fermions
and supersimmetry).

With this product, starting from the 1-forms we can build, for every k < n
the k—forms of type:

Z fil.iz,...,ik (T)dT“ N (J],.’I}l'2 VANRRRIVA d.’l‘ik.

1< <i9 < <ip, <n

For two forms ¢, 1 of degrees h, k we have the commutation rule ¢ Ay =
(=D A ¢

Example 21.1. Given n functions fi(z1,...,x,) in n variables, we have

dfi N---Ndf, = J(f1,..., fa)dxy A+ Ndxy,
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Afi

With J (1., f) = det(52=) il
J

Jacobian determinant.

22. DIFFERENTIAL CALCULUS

The second essential concept is of analytic type.

We have of define the differential diy of a form 1.
This operator is completely characterized by the following properties:

(1) d is an linear operator from k—forms to k + 1-forms for every k.
(2) If f is a function, df is the differential already defined.
(3) For two forms ¢, 1, of degrees h, k, holds (Leibniz rule):

d(d A1) = dp Ap + (1) A dip.

From these rules one can see easily that:

Remark 22.1.
d > Firiigoin (T)dziy Adxipg A A dxy, =

1< <o <<, <n

0
Z Z Jirsia. )drl Ndxiy Adzi, A -+ A dxg, .

. 0Tz
1< <9< <1 <n 1=1

NOTE:
o ¢ :=dx; Ndx;, Ndxi, N\--- Ndx;, =0 if i = i; for some j.
e If instead i; < i < ¢j41, ¥ can be rewritten as

(*1)]‘(1561'1 VAN d.Tl] Adx; N\ dCCZ'jJrl BERIVAN dﬂjzk =0

Example 22.2.

af;  Of;
dz.fz Ydx; = Z(aiz — a;; Ydx; A dx;
<J

e Note that the integrability condition for the 1-form ¢ := Y7 | fi(x)dx;
is thus dy = 0!

As a matter of fact we have the: fundamental properties of differential
calculus:

(1) d? = 0.
(2) A k-form 1 is (locally) of type d¢ (with ¢ a k — 1 form) if and only
if dyp = 0.
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We have insisted on the (local) aspect, since the theory of residues is
essentially tied to the global lack of integrability.
We use the following: terminology:

e A form 1 is said to be closed if dip = 0.
e [t is said to be exact if ¢ = d¢.

Therefore exact implies closed, the inverse implication is only local.

The fundamental example is the form 1/zdz The form 1/zdz is a complex
form, defined on all the non zero complex numbers C*.
We have, as a matter of fact:

2z Yz = dlog(2),

now it is necessary to understand that log(z) cannot be defined everywhere
on the set C*, we can only choose locally a determination.
(in classical terms, it is a polydromous function)

We can understand this thinking that, the function whose differential is
the given 1-form, can be obtained by integration on paths.

When we integrate the form 2z~ 'dz = dlog(z) on a closed path around 0,
we may obtain a non zero value (a residue) and pass from one determination
of the logarithm to another.

Clearly for forms of higher degree the theory is more complex. It has to
be discussed with the ideas of homology and cohomology.

The theory of differential forms acquires its full meaning when we develop
it(without reference to coordinates) for a differentiable manifold.

Moreover in our case, we want to use complex variables z = x + iy and
think of dz = dx + idy.

We will not need of insist on this important point.

23. INTEGRAL CALCULUS

The last point, of fundamental nature, of the theory is:
Integration of forms
and
Stokes Theorem.
First we must understand the behavior of forms under differentiable maps.
If F: M — N is a differentiable map of manifolds and v a k form on N
we can define the form F*(¢) as a k—form on M using the following rules:
(1) If ¢» = f is a function, we have F* f(z) = f(F(x)).
(2) d(F*()) = F*(dip).
(3) F*(¢ A1p) = F*(¢) N F* ().
In coordinates, (z1,...,%y,) on M and (y1,...,yn) on N, with y; =
Fi((x1,...,2my) we have: Substitution formula

F*(f(y1, - yn)dyiy A+ Ndy;,) =
f(Fl(wla-~-~,xm):-~-~,El(wla-~:xm))dﬂl N« NdF;

k*
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One k—form should be integrated on a k—dimensional oriented object.
(a 1-form on a curve, a 2-form on a surface etc.)

Definition 4. Locally in (oriented) coordinates (x1,...,%y) the integral of
f(x1,. .., fe)dziA- - Adxy is the usual multiple integral [ f(x1, ..., fr)dzy ... dxy.

Global integration can be developed through the use of partitions of unity.
The usual theorem, describing the coordinate change in multiple integrals,
implies that the definition is well posed.

Typically, given a manifold M and a k form, we integrate on an k—manifold
choosing a parametrization i : N — M with N a k—manifold.

It is not necessary for the definition, to assume that ¢ embeds N in M.

By way of definition, we integrate on N the form i*(1)).

We has thus, taking an oriented manifold M of dimension k, with bound-
ary OM (of dimension k — 1) and a k — 1-form 1, the fundamental rule:

Stokes Theorem
/ dyp = .
M (M)

An important consequence is thus the following:

Remark 23.1. When we integrate a closed k—formip on an k—manifold,
boundary of an k + 1 manifold we get 0.

In the case of dlog(z),integrated on a circle around to the origin we have a
non zero integral, because, while it is true that such a circle is the boundary
of a disk, this disk contains the point 0. 0 is not in C* where the form is
defined.

Therefore in C* this circle is not a boundary. It is not convenient to

integrate forms only on manifolds, it is convenient to integrate them on
suitable chains of integration.

24. CHAINS, HOMOLOGY

The definition of chain is formal but very useful. We can give in very
general way starting from the standard simplex:

Ay = {(z0,21,...,2n) | in =1, z; >0, Vi}.

For every topological space X we can define:

e A singular simplex is a continuous function o : A,, — X.
o A singular chain is a formal linear combination ) ;' ; ¢;0; of singular
simplices.
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Note: The coefficients in our treatment will be real numbers (but one can
take coefficients in a ring, as the integers o the integers mod-m).

If X is a differentiable manifold we can speak of differentiable simplices
or chains (usually C*).

Therefore, given a differentiable manifold M, a k—form @ on M and a
differentiable chain ¢ of dimension k£ we can integrate v on c.

The notions of boundary and cicle

At this point we introduce the notion of boundary ¢ of a singular chain
as follows.

e Every face Al = {(xg,21,...,7,) € Ap|a; = 0} isan (n — 1)—
dimensional simplex.

e Restricting to such a face an n—dimensional singular simplex, we
obtain an (n — 1)—dimensional simplex €;(o).

e We define thus

n k k
(o) = (~1)ei(o), 6 cioi) =Y cid(o)
=0 i=1 i=1
Definition 5. o We shall say that a chain c is a boundary or exact if

it s of the form d(e).

e cis a cycle or closed if 6(c) = 0.

We easily see that 62 = 0:
a boundary is thus necessarily a cycle.
All these informations can be organized as follows:

Definition 6. Denoting Br(X) C Zi(X) the space of boundaries, respec-
tively of singular cycles we define:

Hy(X) := Zp(X)/Bi(X),
the k—th group of singular homology.

Differentiable chains
When we restrict to differentiable chains we have, for the chains and the
forms Stokes Theorem [ di = [, 5(0) ¥-

Remark 24.1. If X is a differentiable manifold we have first, that the
homology can be computed using only differentiable chains, therefore we shall
use such chains.

Definition 7. We define with B*(X) C Z¥(X) the spaces of evact and
closed k—forms respectively and:

H*(X) = Z"(X)/B*(X),
k—th group of De Rham cohomology.
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From these definition and from the theorem of Stokes follows that, inte-
gration on chains determines a duality pairing:

HYX) x Hy(X) =R, (¢¥,z)— /q/).

The fundamental result is: Theorem of De Rham states that, if X is a
compact manifold the two vector spaces H*(X), Hy(X) are finite dimen-
sional and in perfect duality.

We want to apply this Theory to the case of the (affine algebraic) variety
A, which is not compact, and to the algebraic differential forms, that is
with coefficients in the coordinate ring RAa.

In this case holds the analogue of the De Rham’ Theorem and it is due
to Grothendieck.

We have a perfect duality between cohomology computed with the alge-
braic differential forms and the singular homology with complex coefficients.

Let us denote with

QZ = { Z fi1,~~~,ik (x)dxh ARSRNA dxik ‘ filw-wik (l’) € RA}
1<t <9< <ip<n
the space of algebraic differential forms.

In particular let us look in maximal degree. We see immediately the
interpretation of the spaces O(Ra), Ha. We have:

dQX ) = d(Ra)dzy A -+ A dy,.

We can now thus identify the space Ha to the space H"(Aa).
Moreover we see immediately that, given n independent forms «;(y) =
Z?Zl a;jy; with A = (a; ;) invertible we have the formula:
n

1
det(A) [ ] a_(y)dyl Ao Ndy, = dlog(ai(y)) A -+ A dlog(an(y)).
i=1 "

Since det(A) [T, mdyl N+ Ndy, = apdyr A -+ - Ady, we deduce that:

Theorem 24.2. The cohomology classes of the forms
wp = dlog(ai(y)) A -+ Adlog(an(y))

as a1(y), ..., an(y) varies in the no broken bases, form a basis of the coho-
mology H™(Aa).

It is not difficult to verify that we get the same cohomology if, instead of
taking forms with coefficients in Ra we take coefficients of type f/dF with
f any function holomorphic around 0.

total residue Tres and of the residues res.

Now these operators are defined on algebraic differential forms of degree
n instead that on functions (having identified a function f with the form

fdyr A+ Ndyy).
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intrinsic definition of T'res and of the residues res,. Tres(fdyi A---Adyy)
is the cohomology class of fdy; A -+ A dy,.

Tres(y) = > resytp dlog(on (y)) A -+ A dlog(an(y))
b={ai,...,an}ENBB

Part 8. Computing residues

25. RESIDUES

For the moment our definition of residues resy1) is purely algebraic. We
need to give to it a geometric content that will allow us of compute them.

This is a subtle point that we attack first in an essentially local and
elementary way and next we will give an idea of its true geometric meaning,
giving a more general meaning to the notion of residue in several dimensions.

We explain the strategy leaving the details to the next Lecture.
Given a basis b we perform a non linear change of coordinates.

e In fact given b we perform the change in two steps.

— First, we choose a system of linear coordinates y; dependent on
b.

— Next we build coordinates z1,...,z, in which, every y; is ex-
pressed as an appropriate product (monomial) of a subset of
the coordinates z1,...,z,. This depends on the combinatorics
associated to b through the theory of nested sets.

e In this new system of coordinates, every function a;(y) becomes a
polynomial of the form:

e It follows that every denominator that appears in Ra becomes:
1
N ki
[Tz o

n ZV . N n ZN’ k

- = i,5Ki 7h1' kl _ - i=1 1,570
Iz == [T b = [Tz == 1), 1T # 0
j=1 i=1 j=1

e Finally, while before around 0 the poles of the function form a very
complex geometric structure, in these new coordinates we have re-
solved the complication and the poles are only on the coordinate
hyperplanes.
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e The price we pay is that we must develop several non linear changes
of coordinates/ In technical words we modify the ambient space blow-
1ng up certain varieties.

e With the new coordinates, an algebraic n—form can be written in
the form

(1. .. Z")_k’f(zl, ceyzp)dzy A ANdzy,

with f(z1,...,2,) holomorphic around to 0. We can compute its
residue around allo 0 as the coefficient of (27 ...2,)"!.
Let us denote this residue res, for the moment.
1

e This residue is an integral o7 Jp¥ where T' = {(z1,...,2n) | 21| =

€} is a small torus around 0.
Of course in the old coordinates the definition of T" is more com-
plex and does not appear immediately as a torus.
e The fundamental fact, that allows us of conclude the discussion is
the following:

res, = resp

e Since the residue depends only on the cohomology class, this can be
proved verifying that, given a no broken basis ¢ := {a1(y), . .., an(y)}:

1 se c=
0 se c#

IS o

res, dlog(ai(y)) A--- Adlog(an(y)) = {

All the steps of the preceding discussion are constructive and thus provide
a computational algorithm.

In order to build the coordinate changes, we must develop a new theory
of algebraic combinatorial type.
Wonderful models

e This theory has been developed in [10] with the purpose of building
the so called wonderful models of configurations of hyperplanes.

e We have of build an algebraic variety XA with a proper morphism
7 : XA — C" in such a way that 7=!(Aa) is isomorphic through
7 to Aa and the complement in XA of 771(AA) is a divisor with
normal crossings.

We will not need these notions and thus we will not make them precise.

26. IRREDUCIBLES AND ”"NESTED SETS”

Before we introduce the concepts of this lecture we recall some basic
definitions.

Direct sums
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e We say that U is a direct sum of the U; when the expression of a
vector of U as sum of the u; is unique that is, if 0 = u; +us + -+ - +
u, u; € Uj, it must be necessarily u; = 0, Vi.

e In this case we write:
U=U109U;®---dU,.

Under these hypotheses we shall use two simple properties: Propriety of
direct sum

[ ]
k
dim(U) = dim(U)
i=1
e If W; C U; are subspaces, also the W; form a direct sum.

27. IRREDUCIBLES AND DECOMPOSITIONS

The notions that we are about to give are of combinatorial nature (cf.
[16]) but we develop them in the following context:

Given a list of non zero vectors A := {vy,..., o5}, v; € C™.
Given a subset A C A let us define:

Complete sets
(1) (A) the vector space generated by A.
(2) A:= An(A) the completion of A.
We shall say thus that A is complete if A = A.
In our applications, we think of the vectors A as linear equations on the

dual space, that we shall call V.

Given a set A, set A+ to be the subspace of V defined by the vanishing
of the equations in A.

Remark 27.1. By duality, the completion A is the set of all the equations
in A that vanish on AL,

Finally: the complete subsets of A are in 1-1 correspondence (inverting
the inclusion ordering), with the subspaces of the arrangement defined by A.
Decompositions and irreducibles

3 Given a complete set A C A, a decomposition is a decomposition
A = A; U Ay in non empty sets, such that:

(4) = (A1) ® (42).
Clearly the two sets A1, Ay are necessarily complete.

4 We shall say that a complete set A is irreducible if it does not have
a non trivial decomposition.



POLYTOPES VOLUME, INTEGER POINTS 43

Of course A is complete by definition, it can be or not be irreducible. We
can reduce always to discuss the irreducible case.

If A= A; U A5 is a decomposition of a complete set and B C A is still
complete we have:

B = By UBsy, where By = A1NB, By =ANB.

Given that clearly (B) = (By) @ (Ba), we have that:

Corollary 27.2. B = By U By is a decomposition, unless one of the two
sets 15 empty.

We deduce immediately:

Lemma 27.3. If A = A1 U Ay is a decomposition and B C A is irreducible,
then B C A1 or B C Ay

By induction we prove:

Theorem 27.4. Every set A can be decomposed as A = A1 U Ay U---U A
with the A; Irreducible and:

(A) = (A1) ® (A2) © -+ ® (Ay).

This decomposition is clearly unique up to order:

if A= BiUByU---U By is a second decomposition, from the preceding
Lemma, every B; is contained in an A; and viceversa.

This implies that the sets are the same up to order.
A=A UA3U---U Ay is called the decomposition in Irreducibles of A.

Example 27.5. We work out these concepts for the configuration space[17
In this case the vectors are the equations z; — zj.

e We have already seen that the complete sets correspond to the sub-
spaces of this configuration. These subspaces correspond to parti-
tions P := Sq,...,S; of {1,2,...,n}.

e To such partition corresponds the complete set formed by the ele-
ments z; — z; such that 7, j is in the same part of P.

At this point we leave as exercise to verify that:
Exercise

(1) Irreducible sets correspond to partitions with a unique part with at
least 2 elements.

(2) Therefore the irreducibles are in 1-1 correspondence with the subsets
C C{1,2,...,n} with at least 2 elements.

(3) To the set C corresponds I¢ := {z; — z; |i,j € C'}.

(4) If A corresponds to a partition Si,..., Sk its decomposition in Irre-
ducibles is made of the elements Ig,, as S; varies on the subsets of
the partition with at least 2 elements.
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28. NESTED SETS

In the next step we define the notion of nested set.

We say that two sets A, B are comparable if one is contained in the other:

Definition 8. We shall say that a family S of Irreducibles A; is nested if
the following property hold:

Given elements Ay, ..., A; € S mutually incomparable we have:

C:=A1UAyU---UA; is complete and C := Ay U As U ---U A; is ils
decomposition into irreducibles.

We are in particular interested in maximal nested sets. We shall denote
them by MNS (maximal nested set).
We shall use two simple inductive ways to construct nested sets:
EXERCISE
(1) Given:
e A nested setS.
e An irreducible A minimal in S.
e A nested set P contained in A we have:

S UP is nested.
(2) Given:
e A nested setS.
e A complete set A containing S.
o Let A= AjU---U A be its decomposition into irreducibles, we
have:
SU{A;,..., A} is nested.
FExample: configuration space. We know that the Irreducibles are in 1-1
correspondence with the subsets C' C {1,2,...,n} with at least 2 elements.

We must understand when a family of such subsets is nested.

We leave the answer to the reader:

EXERCISE Verify that, in this case, the condition is that two subsets of
the family are comparable or disjoint.

REMARK If Ai,..., Ay is nested we have that U;A; is complete. In
fact this union can be obtained, taking the maximal elements, that are
necessarily non comparable and then applying the definition of nested.

Let thus A C V with (A) =V.

Theorem 28.1. Let S := {A1,..., Ax} a MNS in A.
Given A € S let By, ..., Bs be the elements of S contained properly in A,
and mazximal with this property.
(1) C := By U---U By is complete and decomposed by the B;.
(2) dim(A) = dim(C) + 1.
(3) k=n=dim(V).
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Theorem 28.2. (1) C := By U---U By is complete and decomposed by
the Bl
(2) dim(A) = dim(C) + 1.
(3) k=n=dim(V).

Proof. 1. is the definition of Nested since the B;, being maximal are neces-
sarily non comparable.

2. Let us consider (C) = &;_,(B;) C (4).

It cannot be (C') = (A) otherwise, being by definition of nested, C' com-
plete we must have A = C.

This is absurd since A is irreducible and the B; are properly contained in
A.

Therefore there exists an element a € A|a ¢ C. Let us denote by A’ :=
AN{(C,a).

We have C' C A’ C A. We claim that A = A’.

Otherwise, as one can easily see, adding all the Irreducibles that decom-
pose A’ to the family S, we obtain a nested family that contains properly
S. This contradicts the maximality of S.

Clearly A = A’ implies that (A) = (C') ® Ca and thus dim(A) = dim(C) +1.

3. We prove it by induction.

If n = 1 there is nothing to prove, there is a unique set complete and
irreducible, A.

First, decompose A = U_; A, into irreducibles.

We have that a MNS in A is the union of MNS in each A;. Then n =

. h .

dim((A)) = 3=y dim({Ap)).

We can now reduce ourselves to the case A irreducible. In this case we
have that A € § for every MNS S.

Let By, ..., Bs be the elements of S properly contained in A and maximal
with this property.
The set S consists of A and of the subsets S; ;== {A € S| A C B;}.

Clearly S; is a MNS relative to the set B; (otherwise we could add an
element to S; and to S contradicting the maximalty of S).

By induction S; has dim(B;) elements and thus by 2) The claim follows.
O
Example of configuration space
One can see easily (exercise) that a maximal nested set S, of subsets of
{1,...,n} is formed by n — 1 elements and has the following properties:

Given A € S a set with a elements.
We have one of the two following possibilities for the elements By, ..., B
of § properly contained in A and maximal with this property.
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e s =1 and B; has a — 1 elements.
e s=2and A= By UDBDBs.

We can present such a MNS in a convenient way as a planar binary graph.
°
AN
° / °
S NL N
° 3 4 5
RN
1 2

Every internal vertex of the graph corresponds to the set of numbers that
appear on its leaves, in the example the MNS is:

{1,2},{1,2,3},{4,5},{1,2,3,4,5}

Example 28.3.

Given a MNS S let us define a map:
ps:A—S

as follows.

e If an element a € A appears in two elements A, B € S the two ele-
ments must be necessarily comparable, thus there exists a minimum
among the two.

e Since A € S there exists a minimum element A € § with a € A.

e We define then A := ps(a).

Now a new definition:

Definition 9. We shall say that a basis b := {ai,...,a,} C A of C", is
adapted to the MNS S if the map a; — ps(a;) is a bijective map between b
and S.

Such basis exists always, it suffices to take, as in the proof of for
every A € § an element a € A — U; B;, where the B; are the elements of S
properly contained in A.

29. NON LINEAR COORDINATES

Now we pass to the fundamental geometric construction.

Given a MNS S and a basis b := {ay,...,a,} adapted to S let us consider
the a; as a system of linear coordinates on V.

If ps(a;) = A we denote also a; := a4. We build now new coordinates
za, A € § using the monomial expressions:
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(35) ag = H 2B.

BeS, ACB

The residues The residue in 0, of a form ), in the coordinates z 4 associated
to S and b, will be denoted by the symbol resspi (or ressi if b is clear
from the context).

We see now, how to write an element a € A in these coordinates.
Given A€ Slet Sy :={B C A, B € S}.
Clearly S4 is a MNS for A (in place of A).

The elements ag with B € S4 form a basis, adapted to Sa.

Let ps(a) = A, since the elements ap with B C A, B € S form a basis
adapted to S4 we must have a = EBGSA cgap, cg € C.

Let us substitute now the expressions :

ap = Z cRB H zZo =

BeS, CeS, BCC

(36) H ZB(CA + Z CB H ZC‘).

BeS, ACB BESA,BAA  CEeS, BCCCA

Since A is the minimum set of S containing a we must have cy # 0.

Let us remark that, in our program, we have succeeded to define non
linear changes of coordinates that satisfy the condition of .

We must now study the other conditions. First we must tie these concepts
to that of no broken basis.

We start with a remark.

Given any basis b := {a1,...,an} C A, we shall build a MNS &} to which
it is adapted, in the following way.

e We define the complete sets A; := AN{a;,...,an} ) ={ai,...,an}.
Clearly A=A DA D --- D A,.
e For each i consider all the Irreducibles in the decomposition of A;.
Clearly for different ¢ we can obtain also several times the same
irreducible, in any case we have:

Theorem 29.1. The family Sy of all the (distinct) irreducibles that appear
in the decompositions of the sets A; form a MNS to which the basis b is
adapted.

Proof
By induction. Decompose A1 = By U By U - - U By, into irreducibles, by
construction:
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Therefore we can have dim(A; N B;) < dim(B;) for at most one index i.
We have that Ay = (A2NB1)U(A2NBy)U- - -U(A2NBy) is a decomposition
of Ao, not necessarily into irreducibles.

Since dim(As) = n — 1 we have:

k
n—1=dim{Adg) =) dim(4z N B;).
i=1
Therefore can be dim(As N B;) < dim(B;) for in the more an index 4. In
other words we must have that A, N B; = B; for all the ¢, except for one
index 7g. For such an index necessarily a1 € B, .
By induction, the family of all the (distinct) irreducibles that appear in
the decompositions of the sets A;, ¢ > 2 form a MNS for (A45), with adapted
basis {ag,...,a,}. To this set we must thus only add B;,.

We have thus a nested set with n elements, hence maximal.

Clearly the basis is adapted and the required properties hold. O

Given an ordering of A, we have defined the residues resy, as b varies in
the no broken bases.

Our goal is to prove that:

resp) = ress,P.

Assume now that the basis b := {ay,...,a,} C A is no broken, we get:
Lemma 29.2. a; is the minimum element ofpgg(ai) for every 1.

Proof By the definition of Sy, if a; € A € S, we must have that A
decomposes one of the sets Ay = (ag,...,a,) N A. Necessarily it must be
k <i.

On the other hand a; belongs to one of the irreducibles of A;, that there-
fore is contained in each irreducible B of Ay, k < i that contains a;.

By definition of no broken basis a; is the minimum element of A; =
(@i, ..., an) NA. O

This property suggests us to define:

Definition 10. A MNS S is said to be proper, if the elements ag :=
mina, a € S|S €S form a basis.

Remark 29.3. If S is proper, ps(as) = S. Thus the elements ag :=
mina, a € S|S €S form a basis adapted to S.

Proof Let U € § with ag € U.

If U C S, we have necessarily that ag = mina € U and thus ag = ay.

Since the elements ag are a basis, this implies that S = U. U

If § is proper, we order its subsets S1,...,S, using the increasing order
of the elements ag. We denote then a; := ag,, and we have:
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Theorem 29.4. The basis b := {a1,...,a,} is no broken.
In this way we establish a 1-1 correspondence between no broken bases
and proper MNS.

Proof

From the remark at page setting A; := U;>;S5;, we have that A; is
complete and decomposed by the S; which are maximal.

Clearly, by definition, a; is the minimum of A;. It suffices toprove that
A; = (ai,...,an)ﬁA.

That is, since A; complete, that (A;) = (ai,...,an).

We prove it by induction. If ¢ = 1 since S is maximal we have 4; = A
and a; is the minimum element in A.

Since a1 ¢ Ao we must have As # A and, since Ay is complete dim({Asg)) <

n.
Since clearly (Ag2) D (ag, ..., a,) we must have (As) = (ag,...,ap).
At this point it follows that, by induction, (ag,...,ay) is a no broken
basis in A and thus, since a; is minimum in A, that (a;, ag,...,a,) is a no

broken basis.

From the proof, it follows that the two constructions, of MNS associated
to a no broken basis and of no broken basis associated to a proper MNS, are
inverse of each other and thus the 1-1 correspondence is established. [l

Example configuration space.

In this example we identify A to the set of pairs (i,7), @ < j of numbers
<n.

We fix an total ordering on A by imposing;:
(i,j) < (h,k)sek—h<j—iesek—h=j—1i,sei<h.

Lemma 29.5. In this case a proper MNS S is a MNS of subsets of {1,2,...,n}.
Each of these subsets is formed by at least two elements, with the following
property. Taking for every subset A the pair c(A) := (i,7), i := min(A4), j :=
max(A),formed by the minimum and the mazimum in A we obtain distinct
pairs.

Proof Let z4 := 2z; — 2z; with (4, j) = ¢(A). To say that S is proper means
that the n — 1 elements z4 are linearly independent. In other words that,
chosen k, the vectors zy, z4 as A varies in S, generate the space spanned by
the Zi-

We argue by induction starting from A = {1,2,...,n} € S to which we
associate z4 = z1 — zn.-

For the maximal subsets of S, properly contained in A, we have two
possibilities.

Either they reduce to an unique element B, with n — 1 elements, or to
two disjoint elements Bi, Bo, with union A.

In the first case we must have, (since S is proper) either B = {2,...,n},
or B={1,2,...,n—1}.
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By induction, adding z, in the first case, and 21 in the second, we deduce
easily the propriety that they span.

If instead A = By U By, always using the fact that S is proper, we can
assume that 1 € By, n € Bs.

By induction, the space generated by z¢, C C B and z; coincides with
the space generated by the z;, i € By, similarly for By and z,.

If thus, we add z; to all the z4, A € S, we have also z, = z1 — (21 — 23,
and thus all the z;. O

We want to establish a 1-1 correspondence between such proper MNS and
the permutations of n elements that fix n, (proving in particular that their
number is (n — 1)!.

It is better to formulate this claim in a more abstract way.

Give a proper MNS in a totally ordered S set. We want associare to it
a word, without repetitions, in all the elements of S terminating with the
mazximal element of S.

Let us consider thus a MNS S given by a sequence {Si,...,Sn,—1} of
subsets of {1,...,n}, with the preceding properties.

We may assume that S; = (1,2,...,n). We know that &’ := S — {5}
has 1 or 2 maximal elements.

We treat first the case of a unique maximal element. We can assume it is
So.

Since § is proper we cannot have 1,n € Sp. If 1 ¢ Sy, we must have
So = (2,...,n) otherwise n ¢ Sy, and S = (1,2,...,n —1).

In the first case we associate a word p(S’), formed with the elements
2,...,n and that terminates with n. We define then p(S) := 1p(S’).

We obtain in this way all the words in 1,2,...,n — 1,n that, start with 1
and end with n.

In the second case, let us consider Ss. In this case though, we use the
opposite ordering (n —1,...,2,1). Still by induction we have a word p(S’)
in1,...,n — 1 that ends with 1. We set p(S) = p(S')n.

We obtain all the words in 1,2,...,n — 1,n that end with 1,n.

It remains to determine the words in which 1 appears in the interior of
the word, preceding n.

We assume now to have two maximal elements (each with at least 2
elements) that we denote Sp and S3, whose disjoint union is {1,...,n}. Let
us denote with S;, i = 1,2 the corresponding induced MNS.

Moreover, since S is proper, we can assume that 1 € S3, n € S3.

By induction we have two words p(Sq) for So, relative to the opposite
order to the natural one. By construction p(Sz) terminates with 1. p(Ss)
for S3 relative to the usual ordering and that terminates with n. We set
p(S) = p(S2)p(S3). Precisely a word of the remaining type.
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It isessentially clear that this construction can be inverted and that, in
this way we have established a 1-1 correspondence. In particular we have
(n — 1)! proper MNS that can be recovered recursively starting from the
permutations. [l

Example 29.6. 1. Let us take the MNS formed by the subsets
{i,i+1,....n}, i=1,...,n—1.
Its associated permutation is the identity
2. Let us take the MNS formed by the subsets

(1,2,...,i), i=2,....n.
Its associated permutation isn—1,n—2,...,1,n.
3. The example[28.3 is proper and its associated permutation is: 3,2,1,4,5.

30. RESIDUES AND CYCLES

We can now complete our analysis computing the residues.
For convenience, if b := {b;,...,b,} C A is a basis, we denote with:

wp = dlog(b1) A -+ A dlog(by)

Theorem 30.1. Given two no broken bases wy,w. we have:

1 se
ress,we =

#c

[}

SIS

0 se

Proof We prove first that ress,w, = 1.

By definition b; = [[ 4. p 25 da cui dlog(a;) = > 4. p dlog(zp).

When we expand the product we get a sum of products of type dlog(zp, )A
dlog(zp,) A --- ANdlog(zp,) with A; C B;.

Now, the unique non decreasing and injective map, of & in itself is the
identity.

Therefore in this sum, all the monomials vanish except for the monomial
dlog(z1) A dlog(z2) A -+ A dlog(zy,), that has residue 1.

Let us pass now ito the second case b # ¢. This follows immediately from
the following Lemma.

Lemma 30.2. 1. If b # c, the basis c is not adapted to Sp.

2. If a basis c is not adapted to a MNS S = {51, ..., Sn} we have ressw. =
0.

Proof 1. Let ¢ = {c1,...,¢,} be adapted to S, we want prove that we
have b = c.

We know that ¢; = a1 = by, is the minimum element of A.

Let A be the irreducible component of A containing a;. This, by defini-
tion, is an element of Sp. We have thus A = 5.
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We claim that ps,(a1) = A.

This follows from the fact that a; = b1 and S, is proper.

Set A’ := SoU---US,, A’ is complete. The set So,...,S, coincides with
the proper MNS S, associated to the no broken basis V= {by,...,by} of
().

Moreover clearly, ¢ = {co,...,c,} is adapted to Sy - Therefore V' =c by

induction. Hence b = c.
2. Given a € A, with ps(a) = A we have from fomula

a= H zp(ca + Z cB H zc), ca # 0.

BeS, ACB BeSs,B£A  CEeS, BCCCA

Therefore dlog(a) is the sum of the two closed 1-forms

(37) va = Z dlogzp, a4 :=dlog(ca+ Z cB H 20).
BES, ACB BeSA,B£A CeS, BCOCA

Since cq # 0 there exists, in a neighborhood of 0, a holomorphic deter-
mination log(ca + Y- pes, pra B llces, Bcoca z¢). Therefore 14 is exact
and holomorphic in a neighborhood of 0.

Let us apply the formula to a; setting ps(a;) = Ai, 1 = 1a, and
YA; = Vi

We develop the product of the forms ~; + v; in order to obtain the form
we. We obtain various terms, those that contain a factor v; are exact since:

i) the product of closed forms is a closed form and

ii) a closed form times an exact form, is exact.

The residue of an exact form is 0. It remains the term v; A - -- A 7y, this
equals zero. In fact the basis c is not adapted to S, thus we have 4; = A;
for two distinct indices and thus two repeated factors in the product. U

CONCLUSION We have proved for no broken bases the desired formula:

res, = ress,.

This last residue ressgw is the coefficient of Hzgldzl A ...dzp, in the
development of the form ¢ in the coordinates z; associated to S.

This residue can be computed with an explicit algorithm.

Remark 30.3. The formula of Theorem proves immediately that the
forms wy, are linearly independent and completes the proof of Theorem |18.1]

It remains to discuss a last algorithmic point.
In order to compute the Jeffry—Kirwan residue, in a given a point p €
C(A), it is necessary to determine a big cell ¢ for which p € @.

In general, the determination of the big cells is a very complex problem.
For our computations it suffices much less.
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Let us take thus simply a point ¢ internal to C'(A) and not laying on any
hyperplane generated by n — 1 vectors of A. This is not difficult to do, and
let us consider the segment gp.

This segment intersects these hyperplanes in a finite number of points,
thus we can determine an e sufficiently small for which all the points tp +
(1 —1%)g,0 <t < € are regular.

If we take one of these points ¢ it lays in a cell for which p is in the
closure.

At this point, for every no broken basis, we must verify in simple way if
qo lays or not in the cone generated by the basis.

Part 9. D—modules Parte I

Lezione. 10 D—modules Part 1

In this lezione we prove the linear independence of the monomials asserted
in Theorem [14.3] using a general method with its origins in the theory of
D-modules.

31. THE WEYL ALGEBRA

We will need only some basic results from the theory of D-modules, for
which a good reference is [g].

Let us start with the algebra of differential operators with polynomial
coefficients, sometimes called the Weyl algebra:

0 0 ]
Oxy’ " Oxy
It is easy to see that each element of W(n) can be written in a unique
manner as a linear combination of elements:
okt okn

(38) W(n) :=Clzy,...,Tn,

h1
ZII]_ .

hn
" Oz Oz’

The algebra W (n) is not commutative; its generators satisfy the canonical
commutation relations (of quantum mechanics):

hi, kj € N.

0 0 0 0
(39) [T 5] =tig— — s—xi=—1, [v5,5-]=0, Vi#]j
8L7 8L7 8L7 8L]
a 0 -
i, 2] = [871"1 871“]} =0, ¥i,].

Remark: We use the notion of the commutator of two elements [a, b] :=
ab — ba in an arbitrary algebra.

We will use some simple properties of the commutator:
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Lemma 31.1.
[a,bc] = [a,blc+ bla,c|], Leibnitz rule
If [a,b] = 1 then [a,b"] = nb" "1, Vn > 1.

Proof [a, b]c + ba, ¢] = (ab — ba)c + b(ac — ca) = abc — bea = [a, be].
For the second identity, the case n = 1 is true by hypothesis, then we use
induction and the Leibnitz rule:

[a,0"] = [a,b)b" ™ + ba, "] = 0" £ b(n — 1) = np" L,

Let us apply this lemma to a = b = z;, and then again to a =

dx;’
—x;, b= R obtaining:
8 N 1 a n B a n—1
[%axi]_nl‘i ’ [%787% ]__n&m :

Remark 31.2. It is not necessary to consider all variables and derivatives.
Below, it shall be useful to consider other orderings of variables and deriva-
tives, and even variables and derivatives alternatively. Using the commuta-
tion rules, these are bases obtained from each other by triangular changes of
basis.

As an exercise, the reader can deduce the previous remark, as well as the
simple fact: (algebraic Fourier transform):

EXERCISE For each i, there exists an automorphism f; : W(n) — W (n)
defined by:

0 0 0 0
filzj) = xj, fz‘(aTCj) = 2, Vi # 1, fi(BTci) = —x;, fi(zi) = B

The algebra W (n) operates (through differential operators) on the ring
of polynomials C[zy,...,z,] and it is immediate to see that: if f €
Clz1,...,zs), f # 0, then W(n) operates on the ring Clzy,...,zp, f!]
of rational functions with a power of f as the denominator.

These modules are important in the general theory (the Theory of Bern-
stein polynomials) and have very special properties.

In our context we wish to study the case in which f = [["; ai(x) is a
product of linear forms.

These and some of their sub- and quotient modules are the only D—modules
that we will use.

We begin with an example. Consider the ring of Laurent polynomials
R:=Clzi, ...,z .

Let us define the subspace Ry consisting of all the Laurent polynomials in
which at most k of the variables appear with a strictly negative exponent.

From the chain rule, it follows that Ry is a sub-module.
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For k < n consider the module Ry /Ry_1, which has as basis the (equiva-
lence classs of) monomials in which exactly k of the variables have a strictly
negative exponent.

Moreover, for each choice of subset S with of the variables, with cardinal-
ity of S equal to k, we have the sub-module (Ry/Ri—1)s C Ri/Rk—1 which
has as basis the classs of the monomials in which exactly the k variables in
S have a strictly negative exponent.

Proposition 31.3. Ry/Ry_1 is the direct sum of modules(Ry/Ri_1)s, as
S runs over the (Z’) subsets of {x1,...,x,} with k elements.
Let us analyse one of these modules, say, S = {z1,...,zx}.

Now, Rg has as basis the monomials Hle x;hi | xi” (v1...2)7
h; > 0.

Consider the element eg := mllzk modulo R;_1. We have:
k n n n k 8hi
—h; h; - i h;
0) [Ja™ I «f@i..cap)™ = J] (D"t [] =} Ham(eS)'
i=1 i=k+1 i=k+1 i=k+1 i=1 "
. ) 0 )
Ties = oo = 0 modulo Rx_1, Vi = 1,... k. 3 es =0, Vi =k +
1,...,n. '
We deduce:

Theorem 31.4. 1. The module Rg is generated by the element es (a cyclic
module).
2. The annihilator in W (n) of es is the left ideal generated by elements
0
xi, Vi=1,...,k; e Vi=k+1,...,n.
7
3. Rg is an irreducibile module with basis the set of elements
v ok
T 2 TTE 87(68), hi, ki > 0.
T

Proof 1. Follows immediately from the formula [0]

2. Let Ig denote the left ideal generated by the elements xz;, Vi =

1,...,k; aa, Vi =k+1,...,n. Clearly Ig annihilates eg. Consider the
Ly

module Mg := W (n)/Is and the homomorphism 7 : Mg — Rg which sends
the class of an operator p € W(n) to the element p(eg) (which is well-defined
since Igeg = 0). We need to prove that m is an isomorphism. For this, it
suffices to prove that Mg is linearly generated by the classes of the elements:

n k K,

(41) 11 xhngx his ki > 0.

i=k+1 i=1
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From the remark it follows that the algebra W (n) has as a basis the
set of monomials:

i=k+1 =1 =1 i=k+1
. 0 - :
Since the elements x1,..., T, e commute it is clear that, if
O0rpy1 Oy
one of the exponents h;, i = 1,...,k or one of the exponents k;, i = k +

1,...,n is bigger than 0, then the monomial M is in the ideal Ig. Thus only
the desired monomials remain.

3. Let us prove that Rg is irreducible. We haveh already seen that it has
gxi(es), h; > 0.
To prove that a module M over a ring R is irreducible it suffices to prove
that, given any element m € M, m # 0, m generates M, that is, Rm = M.
Let us denote by N the submodule Rm, which we wish to prove equals
M. Consider m € M, a linear combination, with nonzero coefficients, of
o
=1 8%1
prove that the sub-module N generated by m contains the class of 1. Let
us proceed by induction on the maximum of the exponents h; which occur
in the above monomials. If this maximum is 0, we have m = ceg, with ¢ a
nonzero costant, and the conclusion is evident. Else, assume to start with
that this maximum h occurs with one of the variables, say, xz 41- By the

as basis the classes of elements H?:k 41 :UZ“ Hle

the elements of the form [, ., | (es), hi > 0. It suffices to

definition of the module, we have m &€ N.

Lh41

0

0141 0Tk 11
see that the first term generates only terms which end with the operator

By applying the commutation rules x’kl 1= x’kl 41 - hx’g;i we

thus they equal 0 modulo Ig, in the second term the leading degree
Th41

in xp41 has been lowered and the element remains nonzero if A > 0. By

induction thus e IV contains an element in which z;; does not appear. We

reason in a similar way for the other terms. We pass now to the maximum
.0 . o
degree in — say m. If h > 0 we use the commutation: xj1q =
0z Oxp11

8h ahsfl
5$k+1xk+1 hafb‘kﬂ
es € N and thus N = M. O

let us see what happens if, instead of considering the module generated
by mllxk modulo Rj_; we study which is the module generated inside the
algebra R.

We leave as an exercise the verification that such a module is the set of

rational fractions C[z1, ..., 2y][(21 ... ) ~!] which have in the denominator

and proceed as before arriving finally to see that
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only the variables from among x1, ..., x;. Such a module is not irreducible,
but has a finite composition series in which the irreducible factors are the
modules My as U runs over the 2F subsets of S.

EXERCISE Using the automorphisms of pages [b4] give another proof of
the irreducibility of Mg by reduction to the case of polynomials.

It is important to show that two modules M4, Mp are not isomorphic
when A # B are two different sets of variables..

For this it is useful to find some invariants which will distinguish the two.
In our case we use a geometric invariant - the characteristic variety.

For a finitely generated module we define it as follows:

In the Weyl algebra W (n) let us consider for each k& > 0 the subspace
W (n)y consisting of those operators which are of degree < k in the deriva-
tives.

The commutation rules, together with the definitions imply that:

(42) W(n)oCW(n)y C.. W(n) C..., W(n)=UZW(n)k,

W(n)pW(n)e € W(n)n+k-
These are the defining properties of a filtered algebra.

Definition 11. A filtration of an algebra R is a sequence of subspaces
Ry, k=—1,...,00 such that:

(43) R=UploRy, RpRyp C Rpyp, R-1=0.

The concept of a filtered algebra compares with the much more restrictive
notion of a graded algebra.

Definition 12. A graded algebra is an algebra R with a sequence of sub-
spaces R, C R; k=0,...,00 such that:

(44) R = EBZOZORk, RpRy C Rpqk.

An element of Ry, is said to be homogeneous of degree k.

The product of two homogeneous elements of degree h, k is homogeneous
of degree h + k.

In the case of the algebra W (n) the above filtration is also known as the
Bernstein filtration.

To a filtered algebra is associated its associated graded algebra.

Let R = URy be a filtered algebra. We wish to associate to it a graded
algebra.

Intuitively the idea is that, given un element of Ry, we wish to concentrate
on the degree h and neglect elements in R,_1).

More concretely, we replace R with the direct sum:

Gr(R) = @&pZoRn/Rh—1
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Given elements a € Ry, b € R, when we take their product we consider
it only modulo Ry x—1; we see that this gives a well-defined product

Ry/Ry—1 X Ri/Ri—1 — Rpq/Ryyr—1.

This way we define the associated graded algebra.

The class in Ry/Rp—1 of an element a € Ry, is called the symbol of a.
This is consistent with the terminology used in the theory of differential
opetrators.

The graded algebra associated to a filtration of an algebra R can be viewed
as a simplification or degeneration of R.

Often it is possible to recover many properties of R from those of the
(simpler) graded algebra.

A particularly important case arises when R is non-commutativa but
gr(R) is commutativa, which happens if and only if for any two elements
a,b of degree (in the filtration) h, k we have [a,b] € Rp4x—1.

This occurs in particular in the case of the Bernstein filtration!

Lemma 31.5. The associated graded algebra of W (n) relative to the Bern-
stein filtration is a Ting of polynomials in the variables x; and &;, the classes

0
of 0z,

0
have degree 1, both
8.%,‘

In essence, because the x; have degree 0 and the

0
r;— and —x; have degree 1.

Their difference xza—xi — 8—%1’
clasees commute in the graded algebra.

The fact that these classes polynomially generate the graded algebra is a
simple exercise, which follows from the canonical form of the operators in
W(n). O

Consider now a module M over a filtered algebra R.

i = —1 has degree 0 and therefore these

Definition 13. A filtration on M, compatible with the filtration of R, is an
increasing sequence of subspaces 0 = M_1 C My C My C My C ... which
satisfy:

UM =M, RyMy C Mpyy, Yh, k.

Lemma 31.6. The graded vector space gr(M) := @32 My /M1 is in a
natural way a module over the graded algebra.

Proof We leave this as an exercise.

If M is finitely generated module over R, we can define on M a compatible
filtration by choosing generators my, ..., mgy and setting M}, := Z?Zl Riym;.
This filtration depends on the generators m; but:
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Lemma 31.7. Let M,%,M,? be filtrations corresponding to two sets of gen-
erators my,...,mg; Ni,...,Ne. There exist two non-negative integers a,b
such that for each k we have:

1 2 2 1
My C My o, My C My

Proof Let a be an integer such that n; € M}, =1,...,e and b an integer
such that m; € M?2,i = 1,...,d. The assertion follows immediately from
the definition of the filtrations O

When the graded algebra is commutative, it is useful to consider the ideal
in Gr(R) which annihilates gr(M).

In the case of the Weyl algebra this is an ideal in a polynomial ring, and
the variety of its zeros is the characteristic variety.

Before turning to this, let us recall some elementary facts about affine
varieties.

(The theory outlined below can obviously be developed in much greater
generality). Given a set of polynomials f; := fi(z1,...,2m), i=1,...,kin
m variables with complex coefficients,

Definition 14. the affine variety defined by the polynomials f;, is the set:
V(fi,--o, fr) ={(a1,...,am) € C™| fi(ar,...,am) =0, Vi=1,...,k.}

The points of V(fi,..., fi) are therefore the solutions of the system of
(in general) nonlinear equations f;(x1,...,xy) = 0.

We are thus considering a (quite complicated) generalisation of the theory
of systems of linear equations.

To start with, note that given polynomials, f;, ¢ =1,...,k and g;, j =
1,...,h we have :

V(fl)"'afk)mv(glv"‘7gh) :V(fl)"'afkagl7"')gh))

V(fi,-- o, ) UV(g1,.--,9n) :V(fzgj),lz 1,....k;g=1,... h.
Given the variety V := V(f1,..., fr) it is important to study the set of
all polynomials which vanish on V.

In other words, this is the set of nonlinear equations which can be deduced
from the polynomials fi,..., fk.

Denote by Iy this set. Clearly, Iy, has the following properties:

If f,g € Iywe have f 4+ g € Iy; if f € Iyy and ¢ is any polynomila, we
have fg € Iy .

These are the properties that, in any commutative ring, define an ideal.

It is clear that given polynomials g; we have that Zle gi fi vanishes on
V(f1,..., fr); in other words, Zle gifi € Iv.

It is evident that the set of elements Zle g: fi, letting the g; vary, is
an ideal and that each ideal containing the polynomials f; contains these
elements.
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Consequently, the set of elements Zle gi fi is called the ideal generated
by elements f; is denoted (f1,..., fx).

It is important to realise that in general it is not true that (fi,..., fx) =

Iy (f,...1.); n fact if g is a polynomial such that (for some positive integer

k) g* = Ele g fi this ensures that g vanishes on V' (f1,..., fi).

The fundamental theorem due to Hilbert and known as the Hilbert Null-
stellensatz says:

Theorem 31.8. Iy coincides with the set of elements g for which there
exists a positive integer k such that g* € (f1,..., fx).

Theorem 31.9. Let M be a fintely generated module over the Weyl algebra.
Its characteristic variety does not depend on the generators chosen. This
variety is therefore an invariant of the module.

Proof Let us take two sets of generators myq,...,mg; n1,...,N, denote
by Grl(M), Gr?(M) the two associated graded modules.

By definition an element = € Ry, = ¢ Rjp_1 gives, modulo the grading,
an element in the annihilator of Gr!(M) (respectively of Gr?(M)) if for
each h we have that =M ,1 C Mé 41 (respectively if for each h we have
zM? C M}%Jrk_l ).

In the first case, for each positive integer p we have that xP gives an

element with degree kp. By induction :EpM}lL C M,%erkﬂ), so that:

D As2 pasl 1 2
aP My, CaP My 1y © My yyipr—p © Miiipiaiph—p

Taking p = a + b+ 1 we see then that zt*+! gives an element in the
annihilator of Gr?(M).

In other words, denoting by I, I> the two annihilator ideals we have that
each element of I raised to a suitable power is in I and similarly for Is.

This clearly implies that 17, Is have the same characteristic variety.

For the module Rg considered above the ideal associated to the filtra-
tion corresponding to the generators eg is the ideal generated by elements
L1y vy ThyEkt1, - - -, En, Which therefore defines a subspace.

We can give a description independent of the choice of linear co-ordinates.

of

If we make the linear change of variables y; = > ; Qi jTj We see that =

T
ijl 67%87;1 = ijl aj’iﬁT/j so that 873/2 = ijl bi,ja—xi where the matrix

b; ; is the i nverse transpose of the matrix a; ;.

In more intrinsic terms, if the x; are coordinates in the vector space V,
the &; are coordinates in the dual space V*.

Remark 31.10. The charateristc varieties are contained VX V™, or in more
global geometric terms in the cotangent bundle of V.
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In the case of Rg: the variety with equationsz; = -+ =2y = €41 =--- =
&, = 0 is the conormal bundle of the subspace given by z; = 0,1 =1,... k.

The definition of the conormal bundle of a submanifold V' of a differen-
tiable manifold W is the following.

The cotangent bundle of W is the set of couples ¢, p with ¢ € W and p a
linear form on the tangent space T,(W) of W at q.

The conormal bundle of a submanifold V' of W is:

the set of couples ¢, p with ¢ € V' and p a linear form on the tangent space
T,(W) of W in g,which vanishes on the tangent space of V" at gq.

Remark 31.11. To appreiate this definition, we need to study a little Hamil-
tonian formalism and symplectic geometry.

In this context conormal bundles are the simplest examples of Lagrangian
submanifolds.

We are now finally in a position to prove the linear independence of the
elements in

We need some elementary facts about modules which can be found in any
book on abstract algebra.

Definition 15. Recall that a module M is said to be finite length if there
exists a chain of sub-modules:

M=My>DM; D ---DM,=0

such that M;/M;y1 is irreducible for each i.
A module is said to be semisimple if it is the direct sum of irriducible
modules.

Fact A semisimple module of finite length is a direct sum of a finite number
of irreducible modules.
The basic theorems assert:

o Theorem of Jordan Holder. Given two maximal chains M = My D
My D> ---DM,=0,M=DMy>DM D---D M, =0then h =k
and the modules M;/M;;1 which appear in the first list coincide up
to possible re-ordering, with modules M;/M] ;.

e If a module M is a direct sum of irreducibles, one has a canonical
decomposition into isotypical components.

e An isotypical component of M is the sum of all its sub-modules
which are isomorphic to a given irreducible module. M can be de-
composed uniquely as a direct sum M = Soca M, where A is the
list of irriducibles N, occuring as submoduled of M.

e Every M, can be decomposed, but non-canonically, and in general
in infinitely many ways, as direct sum of modules isomorphic to N,.

e If a module M is a sum, not necessarily direct, of irriducibles N;
each irreducible submodule of M is isomorphic to one of the NN;.

We are interested in the case of the algebra R of rational funstions in the
variables y; with denominators which are products of the form «a;(y) in A.
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From Theorem [13.2] we know that each such function can be expanded
into terms such that the distinct forms that occur in the denominator are
linearly independent.

Let Ry, denote the subspace of R consisting of functions in which at most k
distinct forms appear in the denominator. It is evident that these subspaces
Ry are sub-modules. We wish to analyse in detail the modules M g =
Ry/Ry_.

From what we have already proved, it follows that M g is a sum
(we do not know yet whether direct or not) of the images of the subspaces
Rg s as W runs over the subspaces of dimension k generated by the forms
belonging to A andS among the non-broken circuits with k elements that
generate W.

Moreover, it follows easily from our analysis that the images in M of the
subspaces Rgw coincide with the irreducible modules Rg, We need therefore
to prove that the sum of the modules Rg as we vary W := (S) and S among
the circuits non-broken relative to W is direct.

In this case two modules Rg, Rr are isomorphic if and only if S and
T generate the same space of linear forms, or rather, correspond to the
same space W. For each such W we have therefore a isotypical component
MK (W) and MK = @y MEW).

If we wish to decompose an isotypical component we can decompose it
using the S which are non=-split on W. The final result, which also yields
the linear independence [14.3] is:

Theorem 31.12.
Ry/Rk—1 = ®w ©s Rs
where W runs over the subspaces of dimension k generated by elements of

A and S runs over the subspaces with k elements of A which generate W
and which are non-broken on W.

Before we turn to the proof of this Theorem, we need several lemmas.

Denote by Ag the sub-module generated by eg in R. We know that once
we choose a system of coordinates zi,...,z, such that S = z1,..., 2, we
have Ag = (C[zfcl, .. ,zkﬂ,zkﬂ, ey Zn)

Let A% be the subspace of Ag consisting of elements in which not all
the variables z;,4 = 1,...,k appear in the denominator. Clearly A% is a
submodule and Ag/A% is isomorphic to Rg.

Lemma 31.13. Every proper submodule of Ag is contained in A%.

Proof It suffices to prove that, given an element f € Ag not contained in
A%, the submodule N generated by it is all of Ag.

If f & A% it contains a term in which all the variables z;,7 = 1,...,k
appear with a negative exponent. Consider first all the terms in which z;
appears with an exponent —h with h as large as possible. After multiplying
by z{‘*l, these terms appear with z; in degree —1; let us write them as
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2y Ly with z; not occuring in in ¢, now the others fy have z; in non-negative
k

0
degree. Apply P with k sufficiently big, we can obtain:
<1

1 k
afo" _o YA 9
821 ’ 821
Moltiplying by [(—1)*k!|~'2F we get 27 'g € N.
Repeat the procedure on g with the other variables to obtain in N an
element of the type f(2x41,...,2n)(21...2;) 1 € N.

= (—DFEl Mg e N

Now, differentiating suitably with respect to the variables zx1, ..., 2, we
also get (21...2;)"1 € N. Since (z1...2;)"! generate Ag we have N =
Ag. O

Lemma 31.14. Given a cyclic module over the algebra R generated by an
element c, take d copies Rec;, 1 =1,...,d, and in the direct sum of the Rc;,
consider a linear combination p := Z?Zl Nici with the \; constant and not
all zero. Then the submodule generated by p is isomorphic to Rc.

Proof If a € R annihilates p, we have a);c; = 0 for each 7. Since at least
one \; is nonzero, we have ac = 0. Conversely, ac = 0 implies ap = 0 and
therefore Rp = R/I. = Rc where I, is the annihilator of c. O

Lemma 31.15. Consider a nonzero linear combination p = ) . \ies, of
elements es, where the S; are non-broken circuits which generate a fized
subspace W of dimension k. Then p ¢ Ry_1.

Proof Let us make two reductions. First, we can suppose that W, is the
entire vector space in other words, that k = n.

In this case we know that Rj_; is contained in the space generated by
the partial derivatives, equivalently (in terms of differential forms) that the
forms fdy; A--- Ady, with f € Ry, are exact.

It suffices to show that the form pdy; A --- A dy, is not exact. For this, it
is enough to observe that at least one of its residues (relative to one of the
bases S;) is nonzero.

From the Theorem and its corollories we have resg,pdyi A---Ady, =
Aid; where d; is the determinant of the matrix which expresses the basis S5;
in terms of the basis y1,...,yn.

The assertion now follows from our hypothesis.

Let us now take for the set Ay all unions of elements of the S;. Fix a set
of adapted co-ordinates zi,...,z, such that W = (z1,...,2) in such way
that all the linear forms a(y) € A are linear combimations of only the first
k variables.

We can now make a reduction to the previous case.

Letting di := [[,(,)ea, @(y), we have a homomorphism:

m: R=Clz1,...,2n] [dfl] — Clzy, ..., zk][dfl] =R, m(z) =z,
Vi <k, mw(z)=0,Vi>k.
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In such a homomorphism if p could be written as an element of Rj_q it
would be in R’ which contradicts the previous case.

We now turn to the general situation. Consider C[zy,...,2,][d]"] C
Clz1, ..., 24][d"Y]. If by contradiction the element p € Clz1,. .., z,][d " r_1
the submodule it generates is contained in C[z1,. .., 2,][d"']x—1. In particu-
lar, a copy of the irreducible module Rg ahould appear in each composition
series of C[21, ..., 2y][d"!]x_1. This is absurd since by induction the modules
forming a composition series of C[z1,. .., 2,][d"!]x_1 have as characteristic
variety the conormal bundle of a subspace of codimension < k — 1. O

Lemma 31.16. In the module Rg, if an element u satisfies the equations

0
(45) zu=0,1i=1,...,k; %uzo,i:k—kl,...,n

, then u is a multiple of eg.
Proof 1. Consider a element of the form

n k hi
f= Zchl,...,hn H iEi“H 83@-(65)’ h; > 0.

i=k+1 =1

If one of the variables x;,7% = k + 1,...,n occurs with exponent > 0 it is
0 0

immediate that a—f # 0. On the other hand, if a derivative ,i=1,...,k
T T

appears with eXporllent > (0 we see that z;f # 0. ' O

We are now in a position to prove the theorem.
We have seen that Ry /Rj_; is the sum of the modules Rg as S, W vary.

Now for different W we have non-isomorphic modules since the charac-
teristic varieties are different. Therefore we can concentrate on an isotypical
component, and we need to show that the sum of the Rg with S non-broken
with respect to W is direct.

Otherwise, from the theory of semisimple modules, we can extract from
this sum a direct sum not containing all the summands Rg.

It follows that in this isotypical component, the space of elements satis-
fying the quations has a dimension strictly inferior to the number of
irreducible Rg associated to son-split S. On the other hand, by Lemma

(31.15)), the elements eg are linearly independent modulo Rj_1. We have
thus arrived at a contradiction.
Lezione 11. The arithmetic case

32. TORI AND CHARACTERS
Let us now treat the case of vectors with integer co-ordinates and the
problem of counting points in the interior of the corresponding polytopes.

We have seen that this is also a problem of inversion, albeit in the discrete
situation.
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It is convenient to introduce terminology that is well-known in the theory
of algebraic groups.

Definition 16. (1) The set T,, := (C*)" of n—tuples of non-zero com-
plex numbers is called the standard n—dimensional torus and is an
(algebraic) group with co-ordinatewise multiplication as the group
law.

(2) A character of T,, is an algebraic homomorphism x : T, — C*.

It is not difficult to prove that such a character is necessarily of the form

X (@1, ) =TT, x?i, h; € Z.

e We could even take this as the definition of a character.
e The product of two characters is again a character [ [}, :Ez“ |
n hi+k;
|JEEE
e It is convenient to write []}" x?’ i=al, b= (hy,...,hy) € 2"
e So zltE = zhgE and the characters, with respect to this product,
form a group isomorphic to the group Z".

e We have thus: The algebraic functions on 7}, are the Laurent poly-
nomials in the variables x;, z; ! the charaters 2, h € Z" form a
basis of this ring (this is the algebraic part of classic Fourier analy-
sis).

k

)

PR

When there is no possibility of confusion we will write T" = T,,. Let us
denote the ring of algebraic functions on 7"

(46) Ap = Clz],

1

In a torus the analogue of a linear change of co-ordinates is a change of
basis for the characters.

e Suppose given a matrix A := (a;;) with integer entries, such that
its inverse (b; ;) also is one such (in other words, such that det(A) =
+1).

e We can define new co-ordinates with characters
n

n
Yi = ijl']; T = H Yy,
=1

Jj=1

this change of co-ordinates corresponds to an integral change of basis in
the group of characters. Z".

Given m charaters x; := %% the set X := {p € T|xi(p) = 1} is an
algebraic subgroup T, which depends only on the subgroup A C Z" which
they generate.

In fact if x(p) = 1,%(p) = 1 we have x¥(p) = 1; in other words, the set
of characters which take the value 1 on X is a subgroup.
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To proceed further we use the following fact (which can be proved by
elementary means, cf. Appendix 3):

Theorem 32.1. given a subgroup A C Z" there exists a basis of Z" such
that A is generated by k elements of the type
(dl,O,...,O), (O,dg,o,...,0),...,(0,0,...,dk,o,...,O),di € NT.

Since in these co-ordinates, denoting by a;, the charaters which generate

di
A are a;*, i =1,...,k we have:

In these coordinates X consists of n—tuples of numbers (ay,...,a,) for

which ¢ =1,i=1,... k.
2mik

a, 0 <k <d

The equation 2% = 1 defines the d roots of unity e
Therefore:
X has dids . .. dg connected components given by:

(Cla"'7Ck7ak+17"'7a7’L)‘ Cq,dz =1

and the component X, containing the element 1 is the subtorus of dimension
n — k, with the first & coordinates equal to 1.

e It is now not difficult to convince ourself that the characters which
take the value 1 on X are the ones which have tha last n — k coor-
dinates equal to 0.

e These charatters form a subgroup A with A C A and A/A = ®F_,Z/(d;).

e A can also be characterised as the set of elements a € Z"™ for which
there exists a nonzero integer k with ka € A (the torsion elements
modulo A).

e Moreover, Z"/\ = 777,

In this context we it is useful to think of a torus as a periodic analogue
of a vector space and a subtorus as an analogue of a subspace.

Well, we immediately note a point of difference - the intersection of two
subtori is not necessarily connected.

An important case to consider arises when we have n linearly independent
vectors h; with integer co-ordinates, which we can think of as the rows of
an integer matrix A.

In this case X := {p € T'| xi(p) = 1} is a finite subgroup with |det(A)]
elements.

This is important when we consider the problem of integral points, asso-
ciated with a list of integer vectors a;.

In this case, each time we extract from this list a basis )as vector space)
this gives rise to an integral matrix, with determinant some integer with ab-
solute value m and determines also the m points of the previously described
subgroup.

All these points of such subgroups will contribute to the formulae which
we wish to derive.
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The formulae [4] and [f] can be rewritten in the language of tori as the
identity
m

(47) [ =2 sa0

i=1 beZm

We can at once deal with a simple case, where we take the a;, 1 =1,....,n
(rows of a matrix A) which are linearly independent, and which, according
to the above discussion, generate a subgroup of index | det(A)|.

Inverting:

(48) H e HZ(b —1+h> has _

1=1 1=1h=0

Z H<b —1+h,> Zn hia;

hi,ho,....;hyp 1=1

Thus the value of S4(b) in this case is given by the polynomial [ ], (bi_}ijhi)

on the vectors of the positive cone generated by the basis a; and with integer
coordinates with respect to the elements a;.

If m :=|det(A)| > 1, these vectors do not generate all of Z", but only a
subgroup A of index m.

Sa(b) is 0 on the other lateral classes A in Z".

We have thus at hand a simple example, in many dimensions, of a quasi-
periodic polynomial.

To explore the general case, we can proceed by looking (as in the case of
the volume) for a suitable expansion in partial fractions.

We will see that the program that we carried out for the case of hyper-
planes can be generalised but with some significant complications.
First of all, let us generalise the notion of arrangement.

33. TORIC ARRANGEMENTS

Definition 17. Given a finite set A = {aq,...,an}, of vectors with integer
co-ordinates let us define the associated toric arrangement as the collection of
connected components of all intersections of the subvarieties H; C T defined
by the equations 1 — z% = 0.

The varieties H; are the loci where the generating functions have poles; so
we see that we need to follow a strategy analogous to the case of hyperplanes,
cancelling the poles and computing appropriate residues.

First, note that among these connected components are the points of
intersection of the n hyperplanes H; relative to the n linearly independent
elements a;.
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These points will be called points of the arrangement and the set of these
points is denoted IIa.
For each p € IIa denote also:

A, ={aeAlz(p) = 1.

EXAMPLE A = {(1,0),(0,1),(1,2)} i points IIn := {(1,1),(1,—1)} si
ha A(l,—l) — {(1 0) (1, 2)}

Here is the simple geometric idea that we will use. In a neighbourhood of
each point of the arrangement, in logarithmic co-ordinates, the divisors of 1—
z* (for a € Ap) form a hyperplane arrangement. For this configuration, the
theory carried out in [25] furnishes the required wonderful model. We will
content ourself with an elementary approach as in the case of hyperplanes.

What we will prove is the following:

e For each p € IIa consider the set A, with the ordering induced from
A. We have then the non-broken bases of A,, which we will denote
NB,,.

e For each pair (p,b), p € lIa, b € NB, we will define a residue
res(pp) ¥ of the n-form by a suitable change of co-ordinates around
p.

e We will finally prove that the function S4(b) can be computed as
the sum of some of these residues.

Let us proceed systematically:
Fixing a basis of A, which corresponds to a system of coordinates z;,
consider the invariant form

(49) wr =dlogxzy Adlogxa A ... Ndlogx,.

This form depends only on the orientation of A; in other words, a change of
basis has determinant +1 and the corresponding form wr remains invariant
or changs sign.

Consider now algebraic functions on the torus with poles along H;.

These can be written in the form p(z1, ..., 2n)[[ 12y zi [T72, (1 - x%)] 7k,
with p(x1,...,z,) a polynomial.

Let us denote this algebra:

(50) Ra = Ap[[J1 = 2%)7").
j=1

As first step let us define the residues res(, )t where p € Il is a point
in the arrangement and b € N B, a non-broken basis of A,,.

The form 1 is of type fwr with f € RA.

To start with, take p = ((1,...,(,) in coordinates x;, where the (; are
roots of unity depending on p.
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Choose local logarithmic co-ordinates around p, putting z; = Ge%. If
b= (b1,...,by) € A we have

n
i=1

To say that b € A, is equivalent to saying []}"; Cf" =1.

We introduce the notation ¢ := [T, ¢, (b,0) := 37", bib;.

Therefore the function 1 — 2? = 1 — ¢be®? vanishes at the point with
co-ordinate ¢; = 0 if and only if b € A,,.

In this case we have 1 — 2% = —(b,0)(1 + >_22, ﬁ(b, 6)*); in other
words (1 —2%)~! equals (31 b;0;) "1 = (b,0)~! for a holomorphic function,
whose series expansion can be made explicit.

As for the form wr we have dlogx; = dlog((ie?) = df; and therefore
wr =diy ANdbs A ... AdB,.

We deduce that a form v = fwp with f € Ra is, in a neighbourhood of 0
with logarithmic co-ordinate 6;, a holomorphic form moltiplied by a possible
polar part of the type HbeAp(b7 6)~me.

For such a form we have defined (cf. page the notion of a residue,
ress,» with respect to a non-broken basis b.

This residue is the coefficient of [] z; Ydz1 A .. .dzy,, in the development
of the form . The co-ordinates z; are the ones associated to the nested set
Sp which decomposes b.

Let us then define res, )y := ress, .

We can at once note at least one algebraic property of this residue:

Proposition 33.1. Given a function f € Ra, ¥ = fwr the residue
resp Y as a function of ¢ is a periodic polynomial .

Proof In adapted coordinates z; the form 1) has an expression
=11 2z)"™g(z1,...,2n)dz1 A ... Ndzy, with g(z1, ..., 2,) holomorphic.
Also, for z¢, ¢ = (¢1,...,¢,) we have z¢ = ¢cele? . In the coordinates z;
(¢,0) has an expression of the type ) . ¢;pi(z) where p;(z) are polynomials
independent of c. Let us calculate the coefficients of [] z;” Lin the series
expansion of
e c“Di(z)(l_[ zi) "g(z1, ..y 2n).

i

Expanding in a series e2-i ¢Pi(2) = Zhl,...,hn Phyehin (€15 - - ,cn)z?1 oozl
where pp, . p.(c1,...,¢,) is a polynomial in ¢;.
h h .
Also, g(z1,...,2n) = Zhl,...,hn Ahy o b2 - 20" With ap, . p, costants

so that the coefficient of []z; ! is:

Cc Z Um—1—h1,....m—1—hnPhi,....hn (Cb s 7671)7
(h1,eeshn)
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clearly a periodic polynomial.
Another useful observation is the following:

Let b = (a1,...,a,) be a non-broken basis of A,. Consider the form
Q :=dlog(l — ™) A--- Adlog(1l — ).

In the coordinate #; we have 1 —x% = —(a;, 0) f;(8) withf;(0) # 0. There-
fore dlog(1 — z%) = dlog(a;, @) + ~; with ; exact.
Proposition 33.2. In the cohomology of the arrangement of hyperplanes

given by characters of A, in a neighbourhood of p so the class of (4 coincides
with the class of the form wy, = dlog(ai,8) A --- A dlog(ay,0).

Definition 18. Given a cell ¢ let us define the Jeffrey—Kirwan residue,
relative to ¢, of a function f € Ra:

(51) JE (e, f) = (=1)" Y > epresp(fwr),
P b

where p € IIA varies among the points of the arrangement and b € NB,
among the non-broken bases of A, for which ¢ C C(S).

€y 15 1, if b is equioriented with respect to the given orientation of space,
and -1 otherwise.

Remarks 33.3. 1. Note that JK(c, f) does not depend on the orientation.

2. From proposition it follows that res, ) (fwr) is the coefficient
in cohomology of the class of €Y.

The main Theorem is then:

Theorem 33.4. 1. Given a vector b € C(A) NZ", the integer Sa(b) coin-

cides with JK (c, Wb_xaz)) where ¢ is a big cell with b in the closure of
. -

2. The residues reS(p’Q)(Wb_xa,)wT) can be calculated using formulae

k3

analogous to the ones worked out for the volume.

In order to prove this theorem we will have to develop the theory of partial
fractions and the theory of residues. This last one will be reduced to known
facts due to the definition given at page

Lezione 12. The function S4(b)

To proceed to the study of the generating function S4(b) we need a suit-
able expansion in partial fractions.

This expansion works not in the co-ordinate ring Ra but rather (in geo-
metric language) in the co-ordinate ring of a torus which covers it.

This torus 7" is defined by means of its characters which we take to be
the fractional lattice m™1Z", with m a carefully chosen integer.
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Now the coordinate x; of the original torus 7' can be expressed as y;"
where the y; are coordinates of the torus 7" which covers T

We begin with a series of identities.

34. SOME IDENTITIES
Lemma 34.1.

n
n 1 :
59 _ ' - /27rz/n.
(52) 1—an ;1—@;1:’ Ci=e

Proof Take an auxiliary variable ¢ and differentiate with respect to ¢

ntn_l n n (= 7
ot = dlog(t" — ") = dlog(n)(t —(C'x))
n—1 n—1 1
= dlog(t — ('x)) = dt
ZZ; ( ) o
Then set ¢ = 1 in the coefficients of dt. O

Lemma 34.2.
T
(53) 1-J[z= Y "™ Ja-=)
i=1 0CIc{1,...,r} i€l

n

i=1 IC{12,..n}i€l  j¢I

Proof This is proved by induction on r. The case r = 1 is clear. In
general, using the inductive hypothesis we have:
For the first:

> ()0 -2) = DR G Sha || (CEEAE

0CICc{1,...,r} iel 0CIc{1,...,r—1} iel

Z (=)l H(l —z)(1—2z)=1- 1:[ %

Ic{1,...r—1} iel

r—1
+1 -]z —2) =
i=1
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As for the second:
Split the sum in 3 terms: [ = {1,...,n—1}, I C{l,...,n—1}andn € I.
We get

n—1 n—1 n—1 n
H zi(1—ax,) 4+ (1 — H i) (1 — ) + xp(1 — H ) =1-— Ha@
i=1 i=1 i=1 i=1

A variant of this formula is the following;:

Lemma 34.3. Let t =[], = [Ti_pi12 ' Then

(65) 1—t= > () Ja-z)-t > (=) -2)

0CIc{l,...,h} iel 0CIC{h+1,...,r} i€l

Proof This is immediate from the previous Lemma once we note that:

r

h
1—t=1-JJza-ta- ] =)
=1

i=h+1

Lastly:
Lemma 34.4. (1) Lett =], [ _pi1 2" with0<h<r. Then

o (i
B | R D ] P

0CIc{1,...,h}

(_1)|1\+1t
O s~ 20)

0CIC{h+1,...,r}

IfaeC* anda #1
IfaeC* anda #1
1 1

[Tiei (1 = 2:)(1 — at) (@ =D [Lim (1 —2)

a (_1)|I\+1 B
a—l( Z (1 —at) [L¢,(1 = =)

0CIC{1,...,h}

(57)

(=l
2 (1 —at) [T;¢,(1 = Zz'))‘

0CIC{h+1,..,r}

Proof the first relation follows from once we divide by
(I—t)(1—2z1)(1—2z2)--- (1 —z).
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For the second, write:
a(l —t) 1 1

a—D(l-al) (—ab) a=1
; (1-1) e
and then multiply the by (afl)m to obtain:

: R
[T— (1—-2) (1-at) a—-1"

L (_1)\1\+1 B
(58) (a—1) ( 2 (1 —at) [Lig,(1 = 2)

0CIcq{1,...,h}

(—1)/1h1y
2 a0 )

0CIC{h+1,...,r}

35. RATIONAL EXPONENTS

To analyse our function, we present an expansion in partial fractions
closely following [13.2

Let us consider, in addition to vectors with integer coordinates, also those
whose co-ordinates are rational.
Definition 19. Such a vector b € Q will be said to be compatibile with A if
there exists n € N with nb € A. A pair C,b or rather the monomial (xb, is
compatibile with A if there exists a n € N with

("=1,nbe A <= ((z")" =2 acA.

To state the main result we need to generalize, to this context, the notion
of a non-broken circuit.
A non-broken circuit is a sequence ((1,b1),...(Ck,bx) of admissible ele-
ments such that:
(8) b; = % i1 <idg < ..., < ip.
(2) I b; are linearly independent.
(3) There does not exist ¢ < k, un as € A, s < i, and integers m >
0, pj, j=e,...,k with:
k

@y = TG

j=e
More precisely, ma = Z?:e Djb;, H?:e@j)pj - 1.

Let
S = {(Cla bl)a ceey (CM? bM)}
a sequence of elements which are compatibile with A.
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Let, for each j = 1,..., M, ¢;j € I'g such that there exist 0 < n; < m;,
m; > 0, with mjc; = n;b;. Put c:=cy +---+ cp. Then:
Theorem 35.1. In R the element

I(‘,

M v
L2, (1 = Gat)
can be written as a linear combination with constant coefficients of elements

of the form

1
(1 —mzd)hr ... (1 — ppxdr)he
withhy, ..., hy >0 and {(n1,d1),...(nr,dr)} a non-broken circuit consisting
of pairs compatible with A.

Proof Let Dgs := [[2,(1 — ¢ab).

We first reduce to the case ¢ = 1. In fact, for each j take d; € I'g with
dej = bj.

We have c; = n;d;.

Let n; be a mj-eme root of (;, and write:

mj—l

(59) 1= Gab =1 (ga)™ = [] (1 - exp(2mis/m;)n;a®)
s=0

Note that for s, the pair (exp(2mis/m;)n;, ¢;) is compatibile with A.

Now substitute in our sequence S the pair ({j,b;) with the sequence
{(GXP(QWiS/mj)nja cj)}7 s=0,... Mg — L

We then get a new sequence

§'={(m,dr,)....(un.dn)}

with N =my +mo + - - - + mys elements and with Dg: = Dg.
In this equivalence, we have substituted ((j,b;) with a sequence of m;
pairs each with the second coordinate c;.

Since ¢; = njb; and n; < m;, we have ¢ = e1d; + -+ + endy with
g; € {0,1} for each i.
Conclusion
e In conclusion, g—; is a product of factors of the type 1—;;3:% or
%%
l—p,kxdk
e Clearly:
x 1— (1 — pga) 1 1
dn - Mk ( di
1 — pade g (1 — pgpade) 1 — ppade

Ezxpanding the product we get a linear combination of terms of the desired
kind.

The case ¢ = 0 Now we are reduced to the case ¢ = 0, let us prove the
assertion 1/Dg.
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If the sequence of pairs that appear in the denominator is a non-broken
circuit there is nothing to show.

the first condition is not satisfied

Else, suppose the first condition of the definition of non-broken circuit is
not met, i.e.,;: there is aa := as € A, and distinct element ((;,,b;,) < -+ <
(Cim bu) in § with agz < bi1 e:

(60) ()™ (G ™ (Gt = 1

for suitable non-zero integers m,nq, . ..n;.
In particular we have, since the elements a and b; are characters:

(61) ma+nib;, +---+nb;, =0
Let p = |mny ...ny|, and define
fO: |m‘ 7f ’n1|b117"'7ft = |nt’bit
p p
the relation becomes:
(62) cofo+ - +eft =0.

with ¢; € {1, -1},
Apply, for each 1 < s < t, the formula substituting in the place of x
the monomial nsz/s, and with n = p/|ns|. Where 7, is a n—th root ¢, .

In particular, (nsxfs)p””sl = (;, 2% yielding:

(63) T _IZ —

Substituting in 1/Ds each factor ———— with the precedente sum.
1 s

is®
we obtain an expression for 1/Dg as a linear combination of p' terms each
of the form 1/Dg where 8’ is gotten from S by replacing each pair (¢, bi,)

with the pair (s, fs) (As before, 74 is a p/|ns|-eme root of ;..

In particular, &’ has the same cardinality as S and the sequence of ele-
ments in A corresponding to the elements in &’ and S coincide.

Fix one of these sets S’. This determines uniquely a p/|m/|-eme root 7y of
unity for which:

(64) (,r}O:L.'/'O)EO(7/1:1;'/‘] REEE ('fltw'/%)gt —1

We can now apply the formula pf the Lemma
We get 1/Dg espressed as: a linear combination of elements of the form
1/Dgn where:

(1) either the cardinality of 8" is strictly smaller than that of &',
(2) or these are equal but S” is obtaied from S’ by removing a pair

(ns, fs) and inserting a preceding pair (o, fo).
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Iterating this procedure we obtain the result.

The second condition is not satisfied Suppose the second condition of the
definition of a non-broken circuit is not satisfied, i.e.: there exist distinct el-
ements ((i,, biy) < -+ < (Giy, bi,) in S with b, b;,, ..., b;, linearly dipendent.
ie.,

(65) nobi, + - nebs, =0

for suitable integers ng, ..., n;.

We can also suppose that

(66) o #£1

Otherwise we can repeat the above discussion with a = b;,.

b;

As before, put p = |ng...ny|, and let dp, := Wgh‘ per each h =0,...,t.
The relation implies

(67) eodo+ -+ edy =0, € ==£1.

Again apply Lemma . Substite for = the element n,x%, n = p/|n,,
with 75 a n-th root of (;,, for each 0 < s <¢. Substituting in 1/Dgs, we get
an expansion of 1/Dg as linear combination of p'*! terms, each of the form:

1/Ds/, where 8’ is obtained from S by replacing each pair (¢, bi,) by a
pair (ns,ds), 1s is a p/|ns|-eme root of (..

From the relation we deduce that:
(68) (n0$d0)€0 s (mxdi)si —ar’ =« # 1.

We can now use the formula of Lemma [1f (with ¢ = (nodp)~%°) and
express 1/Dg/ as linear combination of elements of the form 1/Dg» where
the cardinality of 8" is strictly smaller than that of S’.

A simple induction completes the proof of the proposition. O

The inversion formula

Let us complete the proof of the inversion formula, in the arithmetic case,
closely following the proof given in [30].

the situation is the following:

e we have a linear form ¢ with (¢, a;) > 0, Vi.

e setting v; := ﬁ, the vectors ¥ := {v;} generate the r—dimensional

vector space V and lie in the affine hyperplane II, given by the equa-
tion (¢, x) = 1.

e The intersection of the cone C(¥) = C(A) with II is the convex
polytope X, the envelope (hull?) of the vectors v;.

e Each cone, generated by k + 1 independent vectors in ¥ (or of A),
intersects II in a k-dimensional simplex.



POLYTOPES VOLUME, INTEGER POINTS 7

Finally, we have a configuration of cones obtained by projecting a config-
uration of simplices and there is a simple dictionary between the properties
of the cones and those of the simplices.

It is clear that X is an union of simplices with vertices which are vectors
independent of W.

It is natural to call regular a point in > which is not contained in any
r — 2-dimensional simplex (or in the corresponding cone).

The connected components of the set of regular points are called in [6]
the grandi cells.

Let us add to the set of cells the cells of the boundary, obtaining a strat-
ification of ¥ in cells and a stratification & of C'(A) in polyhedral cones.

Recall that from [12], Theorem 5.5 we have.
Proposition 35.2. Two elements of C(A) are in the same cone of & if
and only if they are contained in the same set of simplicial cones generated
by non-broken bases.

Remark 35.3. There are two interesting aspects of this statement:

o while & is intrinsically defined, the non-broken bases depend on a
total ordering of A.
e The second is the proof that the big cells are convex.

Fix once and for all, an orientation of the vector space A ®z Q and take
the invariant r-form wr defined in .
We now work on a torus U which covers T":
The most important case is the torus 71/, that has as character group
m~A.
In coordinates:
e given a coordinate basis x; for T we can choose a coordinate basis
y; for U with z; = y}".
e Given a character a € A we have 1 — 2% =1 — (y*)™ = H?igl(l —
Ciy), ¢ = e2mi/m,
The definition of Jeffrey—Kirwan residue: relative to a cell ¢, applies
also to functions f € Ry as follows:

JK(c, f) = (—1)"22697“68@713(wa),
P b

where:

e P runs over points oef the arrangementin U that are the inverse
images of points of the arrangement in T’

e and b on the non-broken bases in Ap for which ¢ C C(b).
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Remarks 35.4. e Observe that JK (¢, f) does not depend on the choice
of orientation.
o It follows from proposition that JK (¢, x"1f), as function of x,

s a periodic polynomial on the cell c.

Comparison of residues
We need to compare two notions of of residue.

Lemma 35.5. If 7 : U — T is a covering of degree n:
7 (wr) = nwy

Proof From the theory of elementary divisors there exists an oriented basis
Wi, .., iy of the character group M of U and positive integers ni,...,n,
such that n =[], n; and p7*, ..., u}" is a basis of the character group A of
T.

the assertion is clear using these two bases.

O
e Let ¢y = fwp, f € Ra be a form on T.
e Let P € U be a point and @ = 7(P),
e Suppose given a non-broken basis of characters b := (ay,...,ay), a; €

Ap C A CA.

Since A C M we have also that Ap = Ag makes sense and we have:

Corollary 35.6.
resy pm (1) = resy i

Proof Compose with 7w the map that describes a neighbourhood of P in
logaritmic co-ordinates.

From proposition (33.2)), the numbers res; g1 are coefficients of the class
of 9 respect to the classes of the form €, (T") = dlog(1 -z )A---Adlog(1l—
xom)

(Note that we have incorporated T" in the notation).

It only remains to observe that 7*()(T") = Q(U). O

Lemma 35.7. Let w: U — T be a finite cover of T of degee m. Let f € Rp;
then form € Ry, and

(69) JK(c,f) = JK(c, for)

Proof A non-broken circuit b associated to a point P in T is also associated
to each point in 7~ 1(p) in U.
This way, we obtain all the points in U associated to b.
From the definition of local residue from the Lemma we deduce that,
if Q e 7~ 1(P)
resy(fwy) = m_lrest(fwT).
Since m = |7~ 1(P)| all follows. O
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Consider a non-broken basis b := {a1,...,a,} C A, compatible elements
{(Cl, bl), P (Cn, bn)}, With nlbl = Q;, sz =

Let m be the least common multiple of the n; and set U :=T,,,. U is a
torus that coers 1" and on which the elements b; are characters.

Let = [],(2%)% with 0 < k; € N and the function su U:

1
v = 1=1,...,n.

[T (1 = i)’
Lemma 35.8. (1) The coefficiente of u in the series expansion of 7y is

(70) (~1)7e Y resy p(utyw),

P
where P lies in the finite set E of points of U defined by equations
1—Gab=0,i=1,...,n.
In particular if k < r both terms are zero.

The coefficient of u in the series expansion of v is:
(2) If b:= ", kib; is regular and ¢ is the unique cell containing b,

(—1)7ep > _resyp(nyw) = JK(e,n™"y).
P

Where the sum is over the set of P in E. Ifb:= )", k;b; is reqular
and ¢ is the unique cell containing b.....

Proof 1) Let 1); = % be a basis of characters for a torus S covering 7.

From Lemma the right hand side of the formula is independent
of the torus on which the characters 1; are defined.

By definition the same is true for the coefficient of p.

We can thus reduce to the torus S for which b is a basis of the character
group.

In this caso, there is a unique point P associated to b.

Moreover w = egdlog1 A --- A dlog .

We can now separate variables and redurce to the one-dimensional case.
This is an elementary instance of the knapsack problem.
(see §1.1 o [30]).

2) To start with, let us apply this theory to the case in which A consists
of the single basis b and the cell is C(b) (a degenerate situation).

In U and with respect to coordinates y; with z; = y;" the points of this
arrangement are those for which y™% =1, Vi.

We see then that :

TK(CM),n"y) = (=1)"ep y_resyp(p”'qw).
P



80 NOTES BY CLAUDIO PROCESI.

To reduce to the degenerate case it suffices to show that, if (&', Q) non is
una delle coppie (b, P), ¥;(P) = 1, allora resy o(yw) = 0.

If Q # P at least one of the factors 1 — a;1; is holomorphic in ) and the
form, whose residue we need to compute, is exact.

Suppose now that P = @Q); we will again use the degenerate case.
Consider, in logarithmic co-ordinates around P, the form pu~'yw.

It is evident that such a form has poles along hyperplanes (a;,6) = 0
corresponding to characters ;.

In this arrangement of hyperplanes we have only one cohomology class in
the corresponding open set Ay:

that of the form dlog(ay,0) A --- A dlog(an,0),

Therefore in such an arrangement, by definition, the cohomology class of
the form p~'yw coincides with:

respp(pyw)dlog(ar, 0) A - - A dlog(an, 6).

The open set complementary to the whole arrangement contains the open
Ay and therefore again on this set the classof the form 1~ 'yw coincides with
resp p(p~tyw)dlog(ar,0) A -+ A dlog(an, 6).

This is equivalent to saying that the other residued are all zero. O

The main theorem

Theorem 35.9. Let

1
f= , hay €N
H(a,x)eA(l - G/X)hn‘x 'X
If B is in the closure of a cell c:
(71) cg = res(B7fw) = JK(c, 71 f)

Proof Using the Lemma [35.7] we can go to a finite cover U of T'.

For a suitable cover we can find a character £ such that G€ lies in ¢ and
the function £ f has a expansion as in proposition |35.1

In view of this, we only need to prove the identity for each term of this
expansion. Write 371 f = (8¢)~1¢f.

Conclusion Since each term of the expansion of £ f satisfies the hypothesis
of the preceding lemma with u = B the result follows. ([

Remark: From the observations after the definition [32|it follows that, in
the preceding, cg is (as a function of ) a periodic polynomial.

This polynomial has a remarkable property of continuity.

In fact, if 8 is on the boundary of two different cells, there are two possible
periodic polynomials on these cells that coincide on the itersection of their
closures, in particular on (.

Lezione.13 Partial fractions on a torus
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36. PARTIAL FRACTIONS

We have already noted one obstacle.

Given k characters ay, ..., ar which are linearly independent, these gen-
erate a subgroup A that does not coincide with A.

After a co-ordinate change if necessary, the subgroup A can be generated
by characters corresponding to monomials :l:fi, 1=1,...,k.

Lemma 36.1. We want to show that Ar/(1—z,... 1~ wzk) decomposes
as a direct sum of dids . ..dy rings and determine the unit elements of these
rings (the primitive idempotents).

Primitive Idempotents
Let us first treat the case: Clz,z~!]/(1 — z2¢) = C[z]/(1 — z%).
Let ¢ := ¢”" . The homomorphism 7 : p(z) — (p(1),p(C),...,p(¢C"),...,p(¢C¢h)

yields an isomorphism between C[z]/(1 — z%) and C.
Consider the d elements ep(z) = % Z?;(l) ¢"higd, 0 < h < d. We have:

d—1
ZC(_h+k)j _ O se h 75 ]{Z
=~ 1 h#k

se

SHN

en(¢) =

It follows that ey () is a representative of the h 4+ 1—eme primitive idem-
potent e, of C[z]/(1 — z%) = C%.
From this we see easily that:

Lemma 36.2. the products:
k
Chyyo iy (T1, o, T) 1= Hehi (z3), 0 < h; <d;
i=1
are represented by dids . . .dy primitive idempotent of

Arf(L—aft, . 1 =) = Ap,

Explicitly this isomorphism can be obtained by the chaneg of coordinates
h h h
p(x, .. mp) = p(G G G Ty - T

NOTE The representatives that we have costructed depend on the system
of coordinates chosen to normalize the presentation of A.

Note: In the quotients C[z]/(1 — z%) we have ze;, = ("e;, while forr the
representatives:

e rep(z) =27 (2% — 1) + ey ().
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d—1 d-1d-1
(72) Doen(w) =5 > M = 1.
h=0 j=0 h=0
From which, in general for an element e, 5, (x1,...,2,) we have:
Tiehy b (X1, k) = Clenyn (@1, - xg) + (27 — 1) Hehj ().
J#
A simple variation of this analysis will come in useful. Take k& nonzero
integers a; and consider Ar/(a; —z%, ... aq — :UZ’“)
For each 7 we have d; possibile integers 3; ;, j = 1,...,d; with ﬂg; = q.

It is easy to se that:
(73) AT/(OQ —.’L'(lll, . ,Oéd—l’ik) = @jl;j2,--~7jkAT/(/81-,j1 — X1y ... 7ﬁk7.7k» —Lk)

For a proof, choose for each i a particular §; with Bfli = «; and make a
change of coordinate x; := [;y; which reduces to the preceding case.
It is useful to think geometrically.

e Given k linearly independent characters aj,...,a; that generate a
subgroup A, the subvariety W where these take the value 1 depends
only on A.

e IV consists of d disjoint components W1, ..., Wy, where d is the index
of A in A.

e The elements ¢;(z) defined earlier take the value 1 on the component
W; and 0 on the other components.

Of course, this does not uniquely determine the functions e;(x) but only
up to functions that vanish on W = U;-’ZZIW,-.

We can now prove the first reduction lemma, which shall be useful when
we turn to the formulation of the expansion in partial fractions.

This lemma is the periodic analogue of lemma :

Lemma 36.3. Given a list of elements a; € Z™ (with possibile repetitions)
U ={ai,...,am}, the product

m

1
Hm

i=1
can be written as a linear combination of elements

J;ﬁ/
(1 _ J;ail )hl e (1 _ :L-ai,r)hw

where :

o (a;) eV foreachk=1,...,r
e {aj,...,ai } are linearly independent.
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Proof of the Lemma

Proof by a simple induction, one can assume that ¥ = {ayg,...,a,} with
ag, - - - a are linearly dependent, ai,...a, linearly independent, and that
{ag,...,a,} generate (after a change of co-ordinates) Z".

The difficulty is that instead {ai,...,a,} could generate a subgroup of
some finite index, say m.

This is because the relation of dependence will be of type mag = >, cia;, m,¢; €
7.

Let us choose (as in the preceding paragraph) representatives e;(x) € Ar
of the primitive idempotents e; of Ap/(1 —x*,...,1— x%).

In this ring we have z%e¢; = (;e; with §; € C*.By the definition of the
elements e;(x) (cf. [72), we have 1 = Y7, e;(x), whence:

1 B ei(x)
(1 —x00).. (1 —zor) zl: (1 —z90).- (1 —zo)

Let us, therefore, a term
ei(z)
(1 fxao)(l fxa'r).
We Have that (1 —a%)e;(z) = 375 ¢;(1 —2%) + (1 = Bi)ei(x), ¢; € Ar,
distinguishing two cases.

First case 0; = 1
If §; = 1, we have (1 —2%)e;(x) = 3_7_; ¢;(1 — %) and substituting:

ei(x) B > =1 61— %)
(1 —z%).-- (1 —2x%) a (1 —2%)2(1 —azay)--- (1 — 29)
we get a sum of terms in which the denominator lacks a factor 1 — z%.
Second case [3; # 1

If 3; # 1, we have e;(x) = (1 — 3;) 1 [(1 — 2%)e;(z) — dim1c(1—a%)]
ei(x) o (I =a0)ei(x) — 3k ¢(1 —a)
B - = (1 — )),) s
(1—z90) ... (1—zar) (1—z90) .- (1—29)
and the result follows by induction. ([

This is not yet the final form in which we wish to develop in partial
fractions. We next need a reduction of the terms z7 of the numerator.

Suppose given n independent elements ay, ..., a, that generate in Z™ un
sublattice of index m. Choose m representatives of this sublattice &1, ..., &y,.

Take a fraction of the type
zV

[Ty (1 — o)t

Write v = &; + Z?Zl cjaj, ¢j € Z. We wish to expand
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p2oi=1Ci4

[Li (1 — o)’

To do this, note that for a variable ¢ we have:

It follows by induction (applied to t = x® ) that:

Yo cja; . ) . .
Lemma 36.4. % can be expanded as a linear combination with
=1
constant coefficients of terms of the type m, k; < h; and then of
=1

type Wiﬂi)ki in which for at least one k; = 0.
1=1

This Lemma does not yet give us a normal form of partial fractions and
we deal with this below.
To complete the costruction of an expression in partial fractions for each
function of Ra := Ar[([[I%,(1 — 2%)~!] we make of another notion.
Take a set of linearly independent elements S := by := a;,,...,bq = a;,,
extracted from the list A :={ay,...,am)}.
b _

Fix also a component W of the variety defined by equations 1 — z% =
1,i=1,...,d.

Definition 20. We shall say that S is a non-broken circuit on W if S is a
non-broken circuit relative to the subset:

Given such an S, we can choose coordinates for the characters and the
coordinates z1,..., z, for the torus such that:

e the lattice generated by S := b1,...,b4 has finite index mg in the
lattice in which the last n — d coordinates are zero,

e More precisely, the monomials z%, with respect to the new coordi-
nates are of the form z% in the first k coordinates z;.

Let ius call the coordinates z4y1, ..., 2, un set of of complementary coordi-
nates.

The building blockes of the decomposition

We have seen that the ring C[zi, ..., zjl]/(l—zcl, s, 1=2%) = @75 Cey

with e; primitive idempotents and we have found a method for construct-
ing the representatives e;(z).

o Let Ag = C[z;t_&l, ..., 2! be the ring of Laurent polynomials in the
last coordinate.
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e Given S and one of the idempotents e; let W be the irreducible
component of 2% = 1 that corresponds to e;.
e We will use the notation ey = e;(x).

Definition 21. Define

. : ew
Rsw :={f€Ralf= gen

H?:l(l - l’bj)m*’

g € Ag, m; >0, Vj.}

Theorem 36.5. (1) The space Rg; has as basis the monomials
h
d_ﬁl ozlmei(2)

— |hi€Z, mj>0, Vi, j.

[1, (1 — by

(2) Ran = ®sRsw, varying W and S among the non-broken circuits
relative to W.

1) Proof Let us prove part of the theorem, and leave the rset to be com-
pleted in the Lezione [0] sezione

Put u; := z%. The elements uy,...,uq, 2441, ..., 2n are clearly alge-
braically independent. That is, they generate a polynomial ring.

Thus the elements 1 —uy,...,1 —uq4, 24+1,-- ., 2n also generate a polyno-
mial ring and Rg is contained i the Laurent polynomial ring in the same
variables.

These polynomials have as basis the monomials in the variables with
integer exponents.

The proposed monomials are part of this basis, and therefore linearly
independent.

2) First, from the lemma it follows that each function in Ra can
be written as a linear combination of expressions

9 .
f= g€ Ap, m; >0, Vj
TTj_ (1 —abi)ms | ’
and S := by :=a;,...,bq := a;, linearly independent.

For a given term o let us make the earlier change of veriables

g
T4, (1—a")
Z1,...,%, and expanding, reduce to the case g = [[;", zlhz is a monomial.

Appeal next to the Lemma to obtain a sum of terms of the type f =

Wg%)mi |g € Ap, mj >0, Vj with S := by, ..., by linearly independent
j=1\ET T

that generate a lattice A, & a representative of A/A and g a monomial in
the complementary variables.

Utilize next the fact that the vector space has as basis the elements ey as
W runs over the components of z% =1, i = 1,...,d and rewrite the sum

as terms of type f = W lg € Ap, mj >0, Vj.
j=1
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Let now S := by,...,bg be a broken circuit relative to W component of
the variety V of equations 2% = 1. There exists e with 1 < e < d and a b
that precedes b, ..., by is linearly dipendente of these and takes the value 1
on W.

Observe that e® is constant on the connected components of the variety

V. defined by equations 2% =1, i = e,...,d, and in particular takes the
value 1 on the unque component Z that contains W.
Consider now a representative ez (relative to be, ..., bg)which takes the

value 1 su Z and 0 on the other components of the variety V5.
It follows that the element eyeyz coincides with ey as a function on the
variety V. More precisely, ey = ewez + >, ¢i(1 — z%), ¢; € Ap.

Therefore the element W — ewez _ modulo terms in which
I, (-=") — [I{,(1—2")

at least one of the factors (1 — z%) is cancelled by denominators. We can
thus make a substitution by induction and assume that ey = epez.

We save that (1—x%)ez vanishes identically on the variety V. and therefore
can be written as:

d
(1—a"ez=> gi(1—a"), gi € Ar
i=e

It follows that:

ew o ew(l=aMez  ew(XL, gi(1 - ah))

[y (1—a%) (=) ][ (t-a%)  (1—a®) ][ (1 —ab)

is a sum of terms in which in denominator a factor (1—2%) has been replaced
by a factor (1 — z?).

Now, lexicographically ordering the linearly independent seqence by, ..., bg
extracted from A, we have shown that a fraction in whose denominator ap-
pears a split sequence spezzata can be replaced by a sum in which appaear,
in the denominators, strictly smaller (lexicographically) sequences.

Iterating this procedure we are left with terms in whose denominators
only non-broken sequences appear.

Therefore the proposed monomials linearly generate linearly the space.

The fact that these constitute a basis, or equivalently that the sum is
direct, has been proved in [9}

Remark 36.6. In a later section we will apply a change of basis of R,
starting from the basis that we have just found.

The chjange will betriangular relative to apartial order that we now intro-
duce.

haqy 41 hay 41
zd+11 2imei(2) L wd+21 e (w)

1L, (1—abi)™s T2, (1)

Given two elements M7 = let us

say that:
M, < M, if dy < dy or if di = ds and Zj mj <. n;.



POLYTOPES VOLUME, INTEGER POINTS 87

The triangular changes of basis are those that replace a monomial M with
a nonzero multiple of M plus a sum of monomials which are strictly smaller
with respect to this order.

The earlier expansion in partial fractions yields an algorithm to compute
the coefficients of the expansion of a function in Ra:

o f
F= [T, (1 — gai)mi Z Sr (b

beC(A

In fact, expanding in partial fractions we get terms of type T by gb by
i=1\LT )
with the b; linearly independent, for which we have:

T B\ s
o Hﬁ: > H< ”’),Zfomw

i=1 hi,ha,...;hyn i=1

The functions that we get are of the following type. Take a polynomial
and restrict it to the points in the lattice which lie in one of the cones,
possibly translated by a lattice point.

For the generating function ( f = 1) the theorem is more precise. We
have seen that S4(b) is un quasi polynomial on the closure of each cell. This
is a discrete version of continuity.

37. PARTIAL FRACTIONS (CONCLUDED)

For our purpose it is convenient to reformulate the Theorem on expansion
in partial fractions We will introduce another family of spaces that
decompose Ra, each with a distinguished basis and (the new condition) each
stable with respect to all the derivations.

We will use the notation of Theorem[14.3] Consider alist S := {b1,...,bq}
extracted from A, an irreducible component W of the variety defined by
equations 2% = 1 and let e; I’be the idempotent that corrisponds to W. We
use again the notation ey = e;(z). Let z1,..., 24, 2441, - - -, 2n, b€ a system
of coordinates adapted to S.

Although the following considerations are valid in eneral, we restrict our-
self to the case when S is a a non-broken circuit on W.

Define the following ring of differential operators:

00

Note - given that the variables are disticnt this algebra of operators is
commutativa.
Also Dg is a module over the algebra of all differential operators with
constant coefficients.
Define
Zsw = Dg
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Theorem 37.1. (1) Zsw is a free Dg-module with basis the element
ew

d by
[T5=, (1—2"9)

(2) We have a direct sum decomposition:

RA = QwsZsw

as W runs over the components of the arrangementand of S among
corresponding non-brokencircuits.

Proof 1) The key consists in knowing the operation of a monomial in
operators —,..., — on the element ——WV— .
P 021" 024 [T, (1=a")
Differentiating once yields:

9 ew
07 [Ty (1 — ahr)

0

—%ew + - Ox ew
d . . i—1 . d '
15 (1 —ab) = 0z [T, (1 — abr)(1 = a?)2 [Ty (1 — 2bh)

We compute

> 5 v
. i—1 . d
= 0z T2y (1 —abn)(1—abi)2 [T (1 —abn)

Espanding this derivative, we get a dominant term which is a nonzero mul-

. ew
tiple of ) (1) [T 1, (=) plus other terms that would be
smaller with respect to a suitable ordering of a basis of RAa.

This proves the first part.
2) As for the second, we use the theory of D— modules in a later Lezione.
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The total residue and the top degree cohomology
To find the total residue and the cohomology in the top degree observe
that:

Proposition 37.2. Dg is the dicet sum of subspace generated by applying
the derivate and the one-dimesional subspace generated by [ A1 Zi —1

As corollary we deduce by induction that:

Corollary 37.3. A complement to the subspace generated by the application
of derivates to elements of Ra has as basis the family of elements:

n

) L -1 ew
S e

() N
i=d+1 Hj:l(l — ")
Therefore the classes of the forms wgywwr give a basis of the cohomology.

Lezione 14. D—modules 11

38. MODULES

To investigate the linear independence of the expansion in partial fractions

in the toric case, we will develop an toric analogue of the D—modules of [9
The algebra of the differential operators that we will use is ’algebra of

the operators with coefficients which are the regular functions on the torus
— in co-ordinates, the Laurent polynomials Clzi!, ...,z

Let us call this algebra the periodic Weyl algebra keeping in mind the
change of co-ordinates x; = %), and denote it by W (n).

W (n) has a basis consisting of the elements:

k1 Ak,
ha b () d !
R N~ s

oxq oxy,

h; € Z, k; € N.

Remark 38.1. Non is necessario mettere in testa tutte levariables and poi
tutte the derivate, in sequito sara utile mettere in altri ordinivariables and
derivate anche alternandovariables with derivate. Dalle regole of commu-
tazione tutte queste are basi ottenute with cambiamenti of base of tipo tri-
angolare.

Consider d monomials 2% where S := {ai,...,aq} C Z" is a set of d
linearly independent vectors with integer coordinates.

Consider next the linear differential operators with constant coefficients
that kill these monomials:

n

Ox% .
(75) Dg _{Zaja |Z ajp—=0,i=1,..d}
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Lemma 38.2. (1) Dg is a vector space of dimension n — d.

In an adapted system of coordinates z; for which the a; have the
the lastn — d coordinates equal to 0, Dg has as basis the operators

0
—, t=d+1,...,n.
822‘72 + i 1

Proof Evidently 2 = 1; so we turn to 2.
In an adapted system, the monomials associates to S are of the form
d

1%, i=1....d

=1

where the matrix a;; has determinant nonzero.

We have
n d aij d d
,aHizl i o aij —1
aji@z- = ajaij| | 77z
=1 J j=1 =1

Therefore, if D 1=} € Dg we must have

n
D o —
]:1 ] .

0z

d

a2l = ;
E ajaijz; =0, Vi
Jj=1

0
10—
J aZj
(% Taking S = {ai,...,aq} as before let A or, to be precise, Ag, the
lattice generated.

Since the matrix a; ; is invertible this implies that D = Z;L:d n

e Take d numbers o; € C that we think of as giving a multiplicative
character ¢ : A — C*, ¢(a;) = «;.

e We next define a D—module Ng, associated to S and a ¢. By
definition this is the

cyclic W(n)—module generated by an element ug subject to relations:

(76) x%ug = ¢(a;)us, Ya € S, Dug =0, VD € Dg.

Lemma 38.3. (1) Ns,.4 depend only on the lattice A and da ¢.
Denote this by Nj ¢

(2) Ny is irreducible if A = A.
(3) In general Ny 4 = @¢Nx,w,7where Y runs over the m = [A : A]
multiplicative characters 1 : A — C* that extend ¢.

(4) Ny, is irreducible with characteristic variety the zero set of equa-
tions 1% = (a), a € A.
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Proof 1. Clearly, if 2%ug = ¢(a)ug, zPus = ¢(b)us we have z%tbug =
¢(a+b)ug. Since, in addition, Dg also depends only on A this first claim is
clearly true.

2. First, suppose that A = A. We can then choose coordinates z; such
that Np g = W(n)/I where I is the left ideal generated by the elements
0
zi—qp, t=1,...,d; —, j=d+1,...,n.
aZj
To start with, let us check that modulo this left ideal the elements of the
form

oF ke
(77) gl Ll —

linearly generate the module.
Denote by ug the class of 1.
We take as basis of W (n) the monomials:

hy h, 8k1 8kd h ho, 8kd+1 akn

T ..x Tzl o.—, h; €Z, k; € N.
d+1 " Qxy T Oxg " 4 Oxgyq " Oxy P
In this basis:
h1 h, akl akd h1 h, akd+l akn 0
X R ety Tyt " e Ug =
d+1 " Oy Org 4 Oxgeq " Oxy C

if for some i > d we have k; > 0. If, on the other hand, all these k; are
zero we have:

Ok k.
/.hndl a 1/.]—"1

h1 hn
T . X Cee T i xTr; Us =
d+1 n 8!17] dl’([ 1 d S
\k’1 akd
h1 hn 0 h1 hn
d+1 n d:El d$d 1 d s

At this point to see see that the preceding elements constitute a basis
and that the module is irreducible taka an element p, which is a linear
combination (with coefficients not all zero) of elements (77). It remains to
show that the submodule P generated by p is all of Ng.

The proof of this fact is entirely along the lines of 77 .

Moltiplying p by a monomial []", 1 CEZN we can suppose that the expo-
nents h; are non-negative.

Order the elements lexicographically with respect to the esponents and
argue by induction. Let the the variabile z; (k > d) appears in p with

0

esponent h > 0 the maximum possible. Moltiply p by ET to obtain an
Tk

element ¢ € P in the module generated by p.
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0 0 0
We know that that a—mx’g = hxzfl + x’ga—m, now move o to right of

x) to get an element in the ideal I and thus 0 in the module.

Thus ¢q is now expressed as a new linear combination in which the expo-
nent of x;, is smaller.

By induction all the variables xj can be removed; then moltiplying by
x;, © < d also the derivates, obtaining ug € P and thus P = Ny 4.

3. In adapted coordinates A is generated by vectors k;e;, i = 1,...,d
where the e; are elementss of the canonical basis and the k; are positive
integers.

If ¢(kie;) = a; we can extend ¢ to a multiplicative character of A by
setting ¥(e;)* = ;. This can be done exactly Hle k; ways. For each such,
we have amodule NX,W and we then seek an iso morphism :

T EB@ZJNKW — N

Consider first the generator Ug 4 of NK,¢' This evidently verifies the
equations satisfied by up 4 and thus we have a morphism my, : Ny ¢ — NK,w
per each .

From the formula it follows that a choice can be made of that the
representatives of the idempotents that appear in the corresponding deom-
position obtaining elements ey (z) for which ey (2)ua ¢ satisfy the equations
of U o) We thus have morphisms iy : NK,¢ — Ny 4 from which

i: @¢NK,1/} — NA@

. We leave it to the reader to verify that i, 7 are isomorphisms inverse to
one another.

The proof of the claim regarding the characteristic variety follows the
lines of the proof in the case of hyperplanes. The equations (z; — (;)u =

C(gu =0,4=1,...,d; g =d+1,...,n can be transformed to z; — §; =
& Z 0, i=1,...,d; j=d+1,...,n that define the conormale bundle to
the variety defined by equations z; — 3; =0, ¢ = 1,...,d. This also we leave
to the reader.

Lezione 15. Linear independence, D—modules

Using the structure of D—module on Ra, the study of the canonical basis
is reduced to proving that the vectors vgy with S a non-broken circuit are
linearly independent.

Consider a basis b1, . . ., by of ¥ and costruct adapted coordinatesz1, ..., z,
such that y®, ..., 4% are monomials in the first k& coordinates z;.

Take a point with coordinates z; = a; in the component W and local
coordinates z; = a;e’ such that for each vector b one has 2? = abe®? and
locally b € Ay if and only if a® = 1 and (b,6) = 0. Then locally W is given
with respect to the coordinates € by the linear equations (b,6) =0, b € Ay .
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Consider the space transcversal to W with parameters z; = a;e?, i <
k, z; = a;, © > k. This reduces computations with with k-forms to the case
of hyperplanes.

Lezione 16. Cohomology

We encountered, in the lezione on differential forms, de Rham cohomology
and and the notion of differential graded algebra.

In general, cohomology has an aspect which is formal and algebraic.
Formally a cochain complez is a sequence of abelian groups C! and oper-
ators, called differentials, d’ : C* — C'*! with the property d't! od’ = 0, Vi.
In our case the C; are vector spaces and the d* linear maps.
Often we omit the index 7 in the differentials and simply use the notation
d.
We set:
e Z'(C):={ac o d(a) =01 cocycles
e BY(C) :={d(a)|a € C"71) i coboundaries.
By hypothesis BY(C) C Z¢(C) and we set:
e H(C) = Z!(C)/B!C) the coomology.
Particularly important is the case in which there is a multiplication, more
precisely, &;C" is a graded algebra.

Definition 22. One speaks of an differential graded algebra when the fol-
lowing compatibilty holds between multiplication and differentiation:

d(ab) = d(a)b + (—1)'ad(b), a € C*

In this case we see immediately that the cocycles are a subring and that
coboundaries an ideal in the ring of cocycles.

It follows that the cohomology is a graded algebra.

Lezione 16. Cohomology

We wish now to show how we can compute the cohomology (with complex
co-efficients) of the complement of hyperplanes in a vector space or a toric
arrangement in a torus, using the decomposition of functions which we have
obtained.

In both cases we start with a set A of vectors.

In the first case A := {a1,...,an} ate complex vectors, thought of as
linear forms «;(y) to which correspond the hyperplanes a;(y) = 0.

In the second case A :={ai,...,an} are integer vectors, to which corre-
spond codimension one subgroups (not necessarily connected) x® = 1.

The complement of an arrangement We will use the following notation:

For the hyperplanes:

Aa:={peV|aip) #0, Viec A}

Per the torus:
Ta:={peT|z%(p) #1, Vie A}
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Functions on the complement of an arrangement
Indichiamo con: Ay (= Clyi,...,y,] in coordinate), 'anello delle fun-
zioni (polinomi) su V.

Ar (= Clzi', ..., 27" in coordinates), the ring of functions (Laurent
[polynomials) on T'.

For the hyperplanes the functions on Aa:

Ra:=Ay[d"), d= [] aly)
(YZ‘EA

For the torus the functions on 7Ta:

R(T)a = Ag[d™], d= ] (1 —a™).
a; EA

In both cases we start with a pair (W, S) where:

e IV is a component of the arrangiament.

— In the case of hyperplanes W is a subspace which is the inter-
section of the given hyperplanes.

— In the case of the torus W is a connected component of an
intersectionof varieties of the type % = 1 with ¢ among the
characters.

e S is a basis non-broken on W.

— In the case of hyperplanes this means that S is una basis which is
non-broken for the set of characters (forms?) «; € A vanishing
on W.

— In the case of the torus this means that S is a basis non-broken
for the set of a; € A wuch that 2% =1 su W.

The decomposition Fixing a pair (W, S) with |S| = k and W of codimen-
sion k, we have made
a choice of coordinates z1, ..., z, such that:

e z; =a;(y), i =1,...,k for the hyperlanes.
e x% 4¢=1,...,kis a monomial in z;, ¢ = 1,...,k for the torus.

Correspondingly, we have a
commutative ring of differential operators:

0 0
o SA = (C[a—Zl, Y Zk+1, - - -, 2n) for the hyperplanes.
e S(T)a := (C[i o 2! ZH1] for the torus
A = 6217""82};7 ktlr: -0 %n .

Finally, we have chosen
a particular element.

for the hyperplanes.

3

W.S ___ for the torus.
1(1_33‘11)

o 1
e ays = .-
=1

[ ] bW7S = Hk



POLYTOPES VOLUME, INTEGER POINTS 95

where ey s € (C[zlﬂ, cee zkﬂ] is a function which takes the value 1 on

W and 0 on the other connected components of the variety with equations
% =1.
The fundamental Theorem which we have proved is:
Theorem 38.4. (1) Ra = @w.sSaaw.s
(2) Saaw,s is invariant under differential operators with constant co-
efficients.

For the torus:
(3) R(T)a = ®w,sS(T)abw,s
(4) S(T)abw,s is stable under differential operators with constant coef-
ficients.

From this we can draw a consequence for the cohomology.
Consider the two exterior algebras of differential forms:

Eyv = Cldzy,...,dz,], Er:=C[dlog(z1),...,dlog(x,)]

Let us describe the: differential forms

e )4, the algebra of algebraic differential forms on Ay .
e 4, the algebra of algebraic differential forms on Ar

Naturally these are differential algebras with respect to the usual differ-
entiation d.
We have:

Lemma 38.5.
Qu, = RA® Ey

QAT = R(T)A ® by = R(T)A ® Er.
From all these facts we deduce that:

Theorem 38.6. The complex of differential forms decomposes into the di-
rect sum of complexes:

4, = OwsSaaws @ By
Quap = Ow,sS(T)abw,s @ Ey.

Therefore to compute the cohomology (at last as vector spaces) it thus
suffices to compute it for the blocks

Saaw,s @ By, S(T)abw,s @ Ey.

The cohomology of the blocks We shall now use a standard fact The
Kiinneth Formula to see that the cohomology of the bloccks is rather simple;
in effect,:
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Theorem 38.7. The cohomology of Spaw.s ® Ey is of dimension 1 gener-
ated by the classes of

aw.sdzi A -+ - Ndz = dlog(z1) A -+ A dlog(zk)

That of S(T)aAbw,.s ® Ev is the free module
on the algebra generated by the form dlog(z;), i=k+1,...n
of the class of the form by sdlog(z1) A --- A dlog(zk).

To prove this theorem, let us begin from the simplest case, to which we
shall return.

Consider the complex of algebraic forms on C*, the punctured plane.

The cohomology of the blocks

This is the simplest arrangement of hyperplanes.

The co-ordinate ring is the ring C[z,27!] of Laurent polynomials which
we decompose into two pieces, the polynomials and the polar part:

Clz, 2™ =Clz] @ z~'Clz 7]
These pieces are both modules over the ring C[%] of diffrential operators
with constant coefficients.

But thes are two very different modules (in some ways dual to each other).

e The operator % : Clz] — CJz] is surjective with kernel the one-
dimensional space of constant polynomials.

e The operator % : 27 'Clz7!] — 27 'C[z7!] is injective with image
r2C[z~ 1.

e In fact 2 'C[z~!] is a free module with range 1 generated by z~

over the ring (C[%].

1

The coomology of the blocks

e Thus the complex of algebraic forms decomposes into the sum of the
two complexes:
[

C(x) : Clz] ——  Clx]dxz,

Clz) : 2 'Clz™] LN v~ 1Clz~Ydx

e From the above discussion we get:

HY(C(x)) =C1, H'(C(x)) =0,
HY(C(x)) =0, HYC(x)) = Cdlog(x).
The Kiinneth Formula
The Kiinneth formula describes the cohomology of a complex obtained,

starting from two complexes C, D by an operation of composition called
tensor product.

We will describe this in the simplest case, when the two complexes are
formed of vector spaces.
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Here are the definitions:

e The complex C ® D in degree i is by definition @, ,—;C" ® D, and
for differential we take:

e dla®b) :=d(a) @b+ (-1)"a®d(b), aecCh

e We have clearly

ZY(C)® ZY(D) c Z"7(C ® D),
BY(C) ® Z/(D) + Z'(C) ® BY(D) c B (C & D)

e This induces a map:

H'(C)® HY(D) — H'"(C ® D).
The Kiinneth formula The Kiinneth formula affirms (only in the case of
complexes of vector spaces) the isomorphism:

Ditj=nH'(C) ® H (D) — H"(C ® D).

This formula can clearly be iterated.

Let us now take n variables x1, ..., x, and the space Ay of polynomials in
which the variables x1, ...,z appear with strictly negative exponents while
the remaining variables appear with non-negative exponents.

It is then clear that the algebraic forms Q(Ay) with coefficients in Ay form
a subcomplex isomorphic to the tensor product of the complexes:

Q(Ag) = Cla1) @+ @ C(a) @ C(2p41) @ -+ ® )
The Kiinneth Formula From the Kiinneth Formula it follows that:

HY(QAR) =0, Vi#k, HFQ(AL)) = Cdlog(z1) A --- Adlog(xy).

In the case of the torus on the other hand we haev that the the complex

0 0
S(T)abw sbws@Er = C[a—Zl, O Z/ip R z,jfl]bw,‘g@ET is the tensor
product:
(C[i i}b ® Er, ® C[f e E
82’1"”782k W,S T Zk;-t,-lv'”azn T
Where Ey, risp. Ey, are the exterior algebras generated by elements dz1, . .., dzj
resp., dzx+1,-..,dz,. Ora,
0 0 . .
e the complex C[-——, ..., =—|bw.s® Ey, is isomorphic to the product
8Z1A 0z~

of the complexes C(z;), i =1,...,k
e thus its cohomology is 1-dimensional, in degree k and generated by

the class of by,sdz1 A -+ Adz

e while the complex (C[z,i}l, ..., 21 ® Er, is the complex of algebraic

r n
forms on the torus with coordinates zx41,...,2n



98 NOTES BY CLAUDIO PROCESI.

e and therefore it cohomology is the algebra Er,, exterior algebra in
the elements dlog(zk+1), ..., dlog(zy).

O
The multiplicative structure (hyperplanes)
We have seen that cohomology is an algebra, and so it is interesting to
discuss the multiplicative structure.
We begin with the case of the hyperplanes A = {a,...,an}, considering
the cohomology of the complement A .

it is useful to change the normalization and define the form w; := 5--dlog(a).

From the theorem of the preceding section we know that the classes of
such forms generate the cohomology.

In fact something much more precise holds:

From the formula ?? it follows that, given elements «;,, ..., o;, which are
linearly independent we have :

Fundamental Relations

k
D (=D wi, A Awiy Awiy, A Awiy =0
h=1
The multiplicative structure (hyperplanes)
Consider formally an esterior algebra A(tq,...,1¥N), generated by the
symbols ¥;, ¢ =1,..., N and in it the ideal In generated by elements

k
R(iv, .. oin) = (=1)Mhiy Aee Aty Abiy oy Ao At
h=1
Denote by Aa the algebra A(¢1,...,¢¥nN)/IA.
This is known as the Orlik-Solomon algebra after the authors who dis-
covered and studied it.

Let now Ea the subalgebra of the algebra of differential forms, generated
by elements w;.

This is a subalgebra of the algebra of cocycled, and finally Ha is algebra
of the cohomology of AAa.

From all the above analysis we obtain an isomorphism

PiAA:A(¢1,---,¢N)/IA—>5A, P(wz) =Wy

m:EA — Ha.
7 is associated to a form in £a, its cohomology class of cohomology.

he multiplicative structure (hyperplanes)
We have the The fondamental Theorem of Orlik-Solomon:

e Both p and 7 are isomorphisms.
e The algebra Ax has a basis consisting of classes of products ¥;; A

--- A\, corresponding to non-broken circuits oy, , ..., a;, .
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The multiplicative structure (hyperplanes)

Now the proof of the theorem is easy. We already know that Ha is gen-
erated by the classes of the elements w; and that the classes of the products
wi; A+ - - Awj, corresponding to the non-broken circuits a;, , . . ., o, constitute
a basis.

Thus it suffices to show that the classes modulo In of the products
Vi A -+ - A, corresponding to the non-broken circuits vy, ..., a;, linearly
generate Aa.

For this there exists an algorithm: if v;; A --- A 1);, corresponds to a

broken circuit «;,, ..., ;, then there exists a e < k and an index i < i, with
Qi 0, , . . ., a5, linearly dependent.
To such dependence is associated the relation R(7,%e,...,7) = —[ti A

R(ie,...,ik) —|—1/Jie /\-"/\¢ik]
The multiplicative structure (hyperplanes)
Thus in Aa to the product 9;, A --- A1), we can substitute:

=iy Ao Ai_y A A Rie, ... k)

which is a sum of lexicographically smaller monomials.
Iterating the algorithm we can express each monomial in terms of mono-
mials associated to non-broken circuits. (]

The multiplicative structure (tori)

In the case of the toric arrangement the situation is much more compli-
cated, and in in general the multiplicative structure is not explicit.

There is, however, an important case in which the theory is similar to the
case of hyperplanes, the unimodular case.

This is when there is is a unique point (vertex?) of the arrangement, to
be precise, when each basis of the vector space of characters extracted from
A is also a basis of the lattice of characters.

We have encountered an interesting class of unimodular examples arising
from graphs and networks.

In this case the above theory implies that the classes of the elements
i := dlog(x;), wg, := dlog(l — %) with a; € A generate the cohomology.

The multiplicative structure (tori)

Given independent elements f31,...,08; € A and an element G € A which
is dependent on these:

Lemma 38.8. there exists a relation of the type B = Zle €0, € = =*1.

Proof Complete f(i,..., [ into a basis with elements Ogy1,...,08, € A.
If by contradiction a coefficient, say, the first is modulo m > 17 then we
would have the base 3, 82, . .., Bk, Bk+1,---,0n € A extracted from A that
generates a sublattice of index m. ([l

We also have a basis of the cohomology arising from non-broken circuits.
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Therefore we can attempt to determine the relations and prove a Theorem

analogous to that of Orlik-Solomon.
The multiplicative structure (tori)
We thus need to find the relations.
Let us begin with some symbolic identities:

Set, for i =1,...,n, w; := dlog(l — x;), ¥; := dlogz;. Also put

n

G:dlog(l—Haji)— (1_2 1?3; Z

=1 7j=1

Let us use the relation [78k

(78) 1*1_‘[1’1': Z HIZH(I*Iﬁ

IC{1,2,...,n} i€l ;@I

Split the sum in 3 terms: [ ={1,...,n—1}, I C{l,....,n—1}edn e I.
We et

n—1 n—1 n—1 n
H zi(l—xp) + (1 — H i) (1 —2p) + (1 — H xi)=1- Haz,
i=1 i=1 i=1 i=1

Da cui
1

1 €Iy o
Z ’ (1- H?:l ) H (1—x;) B H?:l(l — ;)

el
This can be rewritten in terms of differential forms after multiplying by
dri N - ANdxy:

Given a proper subset I = {i; < --- < it} in {1,...,n}, let J = {j1 <
- < ip—t} be its complement. We have

1 €Ty
dri N ---ANdx, =
G L=

[, =
(_1)81#("%1/\wi2/\”'/\w’ik/\wj1/\“./\wjnfk:

(1 =TTty =)

(—l)sfwil ANwiyg N Nwj N ¢j1 VANREIVAN ¢jn7k71 NGO
where sy is the parity of the permutation (i1,...,%, 1, -, in—t)-
Define the n-form:

b = (—1)516‘)@'1 N Awg, A LZJ]'I VANEERIVAN den_t_l N6

We have then the identity

(79) Z Dr=wi A Awy,.
I1C{1,2,...n}
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For s =0,...n, put

9s) = dlog(1l — f[:ri_l ﬁ zj) =

i=1 j=s+1

rﬂ;lxi d n
_ 4 4
(1 =TTy 27 Tl 25) | jz;% Z il

j=s+1

To find a relation involving () it is enough to make the substitution of
variables x; — x;l, 1<7<s.
In general observe that

r—1

dlog(1 — 2z~ 1) = dlog = —dlog(x) — dlog(1l — z).
Thus, the substitution of x; with xi_l fort = 1,...,s, corresponds, in the
formula to the substitution of w; with —w; — ;. This gives us a new
identity that we label (79). O

For consistency, given an element v in the lattice of characters, setw, :=
dlog(l —z7), 1, := dlog(x7).

Now let us consider the exterior algebra A(wg,,...,Way,%s), formally
generated by the symbols w,,, it =1,..., N, 9, a € A.

For the 1, suppose that a — 1, is an linear isomorphism of A to additive
group generated by these elements.
That is we have the identities ¥yg4np = My + nty, a,b € A, m,n € Z

Let us take in this algebra the ideal In generated by the following ele-
ments:

Given k independent elements 31, 3 from A, let 3 = Zle Gi € A.

Complete to a basis of the lattice, adding elements Sx11,..., 8 -

Substituting in the expression R := ZIC{I,Z...,n} Pr—wi A Awp ad z;

the element 2% has the effect that w; substitutes for wg, and 0 for wg.
The relation R becomes R(3, 81, Bk) € AMwi, ..., wN, U1, .., Pp).

More generally if § = Zle €5, ¢, = £1,0 € A we can again make a
substitution, utilising the rule w_, = —¥, — w,, obtaining an alement which
we again denote R(f, (1, Ok)-

As in the case of hyperplanes we can consider: the ideal Ia generated by:

e The elements Vg rnp — MYy — NYp.

o the elements wq, A---Awa;, Ate when a is in the lattice generated
by the a;.

e gli elements R(f3, 31, 0k) per tutte the relazioni of dipendenza 3 =
Zle 0; fra elements of A, with i §; linearly independent.

Denote by A the algebra A(vy,...,9N)/IA.

Let now Ea be the subalgebra of the algebra of differential forms generated
by the elements w;, Y.
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This is a subalgebra of the algebra of cocycles, and finally, Ha is the
cohomology algebra of 7.
From all the above analyis we have homomorphisms
p: AA = A(walu sy Ways wa)/IA - gAa P(wa) = dlog(xa),
p(wg) = dlog(1l — z).
w:EA — Hp.
7 associates to a form in £a its class of cohomology.
We have the Fundamental Theorem of presentation

e Both p and 7 are isomorphisms.
e The algebra Aa haa a basis consisting of classes of products Way, N

o Awg, N wah /ARERWAN 1/1% where a;,, ..., a;, is a non-broken circuit
and aj,,...,a;, are elements of A, part of n — k elements chosen to
complete a;,, ..., a; to a basis.

The multiplicative structure-hyperplanes
At this point the proof of this Teorema is easy.

We already know that Ha is generatated by the classes of the elements
Wa;, Yq and that the classes of the elements Wa; A+ Awa,, /\wa].1 A-- -/\w%7
presented in the theorem, form a basis.

Thus it is sufficient to show that the classes modulo Ia of such elements
generate linearly Aa.

Given any element Wa;, N+ AWay, /\@Dbj1 A -/\wbjt we have two reduction
algorithms.

First of all, such a product is 0 modulo /A is O if the elements bj, are not
linearly independent modulo the lattice generated of the elements a;,.

Also, if Wag, N N way, corresponds to a broken circuit a;,, ..., a;, then
there exists an e < k and an index ¢ < i, with a;, a;,, ..., a;, linearly depen-
dent.

This dependence is expressed by a relation R(a;, a;,,. .., a;,)-

Such a relation lets us express the product wg, A--- A Wq;, as a sum of
other terms which either contain fewer factors w, or are lexicographically
smaller.

Iterating the algorithm one can express each monomial in terms of mono-
mials associated to non-broken circuits. U

Part 10. Four appendixs
39. ApPENDIX 1, CYCLOTOMIC POLYNOMIALS

In our formulae, we encountered series with integer coefficients expressed
by means of calculations with roots of unity.

Roots of unity are special examples of algebraic numbers.

Algebraic Numbers
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e A number « is said to be algebraic if it satisfies an equation f(a) =0
where f(x) is a polynomial with rational coefficients,

e To handle rational espressions in an algebraic number o we need to
know the minimal degree monic polynomial f satisfied by «. (This
polynomial is irreducible and unique).

o If f(z) = 2" +a12" '+ -+a,_12+a, then every rational expression
in a has a unique normal form as a polynomial in « of degee < n
with rational coefficients.

In more abstract terms, the numbers 1,q,...,a" ! form a basis for the
field Q(«) generated by «.

Calculational rules

Here are two rules of calculation. The first, which is evident, consists of
the substitution a” = —(a;a” '+ -+ ap_10 + ay).

The second permits us to compute, given an element g(«) # 0 with g(z) a
polynomial with ratonal coefficients, the polynomial expression for g(a)~?.

For this there is a standard algorithm based on euclidean division: Find
polynomials a(x), b(z) with a(z)g(z) + b(x) f(z) = 1. Substituting for  the
number o and using the fact that f(a) =0 we get g(a)™! = a(a).

With this technique, it is necessary to calculate the minimal polynomial
satisfied by a m—th root of unity ¢ = ¢27i/™ (or euivalently, as we shall see,
by a root of the form e2#™/™ with k < m and coprime with m.

Such a number is said to be a primitive root of unity.

The primitive roots of unity of order m are therefore as many as the
natural numbers smaller than m and coprime to m.

The number ¢(m) of such integers is called Euler function ¢ and can be
easily computed using the following facts:

¢(ab) = ¢(a)o(b) if a,b are coprime.
¢(pk) =(p— 1)p*~1 if p isprime.

The minimal polynomial satisfied by an m—th root of unity is called mth
cyclotomic polynomial and denotated by ¢, ().
The polynomial ¢,,(x) can be calculated recursively from the formula:

" —1= H ba(x).
d|lm

(The espression d | m signifies that d divides m.)
Example:
If m = p is prime ¢p(z) = 2P~ L+ 2P 2+ ... 42+ 1.
¢a(x) =2 +1, ¢o(x) =2+ 1.

40. APPENDIX 2, MODULES

We have studied modules over the Weyl algebra.
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In very simple terms, an algebra R can be described intrinsically or as an
algebra of operators on a vector space. A module is essentially an incarna-
tion of R as an algebra of operators.

in more formal terms, a module is a homomorphism p : R — End(V)
from R to the algebra of endomorphisms of a vector space V.

Equivalently, a module is a multiplication:

p: RxV =V, written (r,v)+— rv,

satisfying the following axioms:

p is bilinear. 1v = v for each v € V,and (rs)v = r(sv) for each r,s € R
and v e V.

The most natural module is the ring R itself, in which the multiplication
p coincides with the usual multiplication in thye ring. This module is also
called the reqular representation.

Various operations are possible on modules. In particular, the direct sum
of two modules M, N is the space of pairs (m,n), m € M, n € N with
r(m,n) := (rm,rn).

A submodule N C M of a module M is a (vector) subspace satisfying
rn € N, Vr € R, Vn € N, or, in other words, N is stable with respect to the
operators induced from R.

An important costruction is the quotient module M /N. This refers to a
new vector space obtained from M putting the vectors of N equal to 0; or
in other words letting m; = mg if m; — mg € N. If N is a submodule the
action of R on M induces in anatural way an action on M /N.

Sarting from a ring R we can construct iother modules by taking quotients
and direct sums.

The free module is a direct sum R®! (not necessarily finite) of copies of
R. Formally, given a set I the module R®/ is the set of functions f: I — R
with the property f(i) = 0 except for finitely many elements i (a condition
which is vacuous if I is finite).

Given a module M and a set m;, i € I of elements m; € M indexed by [
ew have a map

m:RY M, =(f)= Zf(z)ml
i€l

We say that the elements m; generate M if m is surjective.

In this case M is isomorphic to R®!/K where K = {f € R®! | r(f) = 0}
and the kernel di 7 is sometimes called the module of relations among the
lements m;.

A particularly important case arises when M is generated by a a single
element. m. In this case the module is called cyclic. The module of relations
of a cyclic module is a left ideal I of R, I = {r € R|rm = 0} alo known as
the annihillator of m. We have M = R/I.

We have seen some important special types of modules First of all, the
1rreducible ones, modules M which do not contain a submodule N other
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than 0 or M. We see immediately that an irreducible module is necessarily
cyclic and that the aanihilator of any nonzero element is a maximal left
ideal.

Semisimple or completely reducible modules are direct sums of irreducible
modules.

We have also stated some basic theorems on modules, in particular,
the structure theorem for semisimple modules and the theorem of Jordan—
Holder.

41. APPENDIX 3, LATTICES

We discuss a simple part of the theory of finitely generated abelian groups.

By a lattice we shall mean a subgroup Z™ for given n,

It is asy to show that such a lattice is finitely generated. We can exhibit a
finite set of m generators by means of a n x m matrix A with integer entries.

Changing a basis of Z" corresponds to multiplying A on the left by an
ntimesn invertible matrix B integer entries obtaining a new matrix BA,
while a way of changing the generators corresponds to multiplying A on the
right by an m x m integer matrix C, obtaining the matrix AC.

Multiplication on the left by invertible integral matrices can be described
in more algorithmic tyerms as a sequence of:

elementary rwo operations
e Exchange two rows.
e Change the sign of a row.
e Add to one row another row multiplied by an integer.

Similarly, multiplying on the right by invertible integer matrices is de-
scribed in terms of asequences of elementary column operations.
the basic algorithm consists of:

(1) permute rows and columns such that a;; # 0 is the minimum (in
absolute value) nonzero entry in the matrix.

(2) Change the sign if necesary such that a;; > 0.

(3) Foeachi=2,...,n,if a;; # 0 do Euclidean division a;1 = a1.1¢ +
r, |r| <aia.

(4) Add to the i—th row the first multiplied by —q.

(5) Repeat the steps 3 and 4, this time on the columns.

(6) Return to step 1 and iterate..

We obtain a new matrix A’ in which we have aj1=0=ai; Vi>0.

At this point, run the same algorithm on the matrix obtained by omitting
the first row and column of A

Finally we obtain a matrix which has all entries 0 apart from the diagonal
ones a;;. Letting d; := a;;, we have moreover that (for some k) the first k
of the d; are positive and he remaining zero.

With additional elementary operations we can also normalise the d; such
that d1’d2|d3|... |d]c
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It is not difficult show that the d; are invariants of A; more precisely,

H?:l d; is the maximum common divisor of the (nonzero) determinants of
the h x H minors of A.

42. APPENDIX 4, LAPLACE TRANSFORM

In the vector space R™ we defined the Laplace transform by means of the
formula:

L)) = [ e @

Up to a normalisation, this transform is related to the Fourier transform.

:71 W) £(2)dx
fo) = <= [ @0 ()

The main difference, especially for our computations, lies in the fact hat in
the Fourier transform the kernel %) has modulus 1 while in the Laplace
transform the kernel goes exponentially to zero at oo.

The principal property of the Fourier transform is that it preserves L2
norms; in other words:
Plancherel Theorem:

[ifwra= [ irwpa

In the cases of interest to us, we can relate the Laplace and Fourier trans-
forms as follows. If the function f has support in a pointed cone and has
polynomial growth, we can define the Laplace transform not only for y in the
interior of the dual cone, but also for complex z = y + iu. Now the resulting
function is holomorphic in z in the region with the real part belonging to
the dual cone. For y fixed, we have:

LU= iu)i= [ 07 fa)de = glu),  gla) i= e f(a).

In particular, from the Plancherel theorem it follows that if the Laplace
transform of f is zero, so is f. It is this fact that permits us to talk of the
inverse of the Laplace transform.
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