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Abstract: We introduce a class of noncommutatative algebras called rep-
resentation complete intersections (RCI). A graded associative algebra A is
said to be RCI provided there exist arbitrarily large positive integers n such
that the scheme Rep,, A, of n-dimensional representations of A, is a complete
intersection. We discuss examples of RCI algebras, including those arising
from quivers.

There is another interesting class of associative algebras called noncommuta-
tive complete intersections (NCCI). We prove that any graded RCI algebra
is NCCI. We also obtain explicit formulas for the Hilbert series of each non-
vanishing cyclic and Hochschild homology group of an RCI algebra. The
proof involves a noncommutative cyclic Koszul complex, K°A, and a ma-
trix integral similar to the one arising in quiver gauge theory.
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1. INTRODUCTION

1.1. In this paper we work with finitely generated unital associative algebras over
C. Such an algebra F' is said to be smooth if Ker [ ® F' — F1], the kernel of the
multiplication map, is a projective F-bimodule.

Fix a smooth algebra F, for instance a free algebra F' = C(x1,...,z4). Let J
be a two-sided finitely generated ideal in F.

Definition 1.1.1. The algebra A = F/J (or the pair J C F) is called a non-
commutative complete intersection (NCCI) if J/J? is a projective A-bimodule.
This is equivalent to the condition that A has a projective A-bimodule resolution
of length < 2, ¢f. Theorem 3.1.1.

NCCI algebras have been considered, under various different names, by a num-
ber of authors, see e.g. [AH], [An], [GS], [Go], [Pi]. In the present paper, we are
interested in the case of graded NCCI algebras. Specifically, fix a finite set I and
write R for the algebra of functions I — C, with pointwise multiplication. Let @
be a finite quiver with vertex set I, and assign to each edge a € @) an arbitrary
positive grade degree d(a) > 0. This makes the path algebra of @ a free graded
R-algebra; moreover, any free graded R-algebra F' may be obtained in this way.

We study algebras of the form A = F/J, where J is a graded two-sided ideal in
the path algebra I such that J/.J? is a projective finitely generated A-bimodule.
Thus, A =D, Alr] is a graded algebra such that A[0] = R.

The grading on A induces a natural grading on each Hochschild homology
group HH(A). Our main results (Theorem 2.2.7 and Theorem 3.7.7) give ex-
plicit formulas for the Hilbert series of each Hochschild homology group of A for a
class of algebras A that we call asymptotic representation complete intersections
(see below).

For k£ = 0, for instance, Hochschild homology reduces to the commutator
quotient space, HH(A) = A/[A, A], where [A, A] denotes the C-linear subspace
of A spanned by the commutators ab — ba, a,b € A. The grading on A clearly
descends to the commutator quotient. Our result yields a formula, in terms of
an infinite product of determinants, for the Hilbert series of the graded algebra

(1.1.2) O(A) = Symg (A4 /[A, A4]).

Here, Ay = @,.Alr], so Ay /[A, A] is the positive degree part of A/[A, A]. We
remark that the symmetric algebra in (1.1.2) is equipped with the total grading
that comes from the grading on Ay /[A, A] (this grading should not be confused
with the standard grading Sym = @, Sym”, on the Symmetric algebra of a
vector space). -
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1.2. The main idea of our approach is based on the notion of representation
functor and may be outlined as follows.

Let A be any graded finitely presented algebra. For each positive dimension d,
one has an affine scheme Repyg A of d-dimensional representations of A, cf. §2.1.
Heuristically, one expects that the collection of representation schemes Repy A
provides, as d — 00, a ‘good approximation’ of the algebra A (this is not true for
nongraded algebras which may have no finite dimensional representations at all).
In particular, one should be able to read off a lot of information about A from
some geometric information about the corresponding representation schemes.

In more detail, for each d, the general linear group GLgq acts naturally on the
scheme Repyq A by base change transformations of the underlying vector space
of the d-dimensional representation. We consider the algebra C[Repgq A]%d, of
G Lg-invariant polynomial functions on Repgq A. We show that, in some sense,
the commutative algebra O(A), in (1.1.2), is a limit of the algebras C[Repq A]¢%d
as d goes to infinity. A precise version of this statement will be proved in §4. The
statement implies, in particular, that the Hilbert series of O(A) may be obtained
as a limit of Hilbert series of the algebras C[Repgq A]%*4 as d goes to infinity.

Observe further that the presentation A = F'/.J makes Repq A a closed sub-
scheme in Repy F, the latter being a vector space. We introduce a noncommuta-
tive cyclic Koszul complex, K&°A, such that each of the functors Repy, d € Z!,
sends KA to the G Lg-fixed part of the standard Koszul complex of the sub-
scheme Repyq A C Repq F'. Moreover, we prove that the two complexes become
‘asymptotically isomorphic’ as d — oo.

To be able to exploit usefully the ‘asymptotic isomorphisms’ above we in-
troduce the notion of representation complete intersection (RCI) algebra, and a
weaker (but more useful) notion of asymptotic RCI algebra. The algebra A = F/.J
is called RCI provided there exist arbitrarily large positive dimensions d such that
the scheme Repq A is a complete intersection in Repgq F'. We will prove:

(1.2.1)
RCI = asymptotic RCI <« NCCI with ‘expected” HHy(A) = NCCIL

It turns out that, for an asymptotic RCI algebra A, there is enough asymptotic
information about Koszul complexes of the schemes Repy A to deduce formulas
for the Hilbert series of each Hochschild homology group of A.

1.3. Quiver algebras. Our results apply, in particular, in an interesting spe-
cial case arising from quivers. Specifically, let () be a (nonoriented) graph with
vertex set I. Let @ be the quiver obtained by doubling edges of @ so that each
nonoriented edge of @) gives rise to a pair, a,a*, of oriented edges of Q equipped
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with opposite orientations. Write ¢ = ||c;;|| for the adjacency matrix of @, thus
c¢;j denotes the number of edges i — j in Q.

We take F' = F(Q) to be the path algebra of Q. Let

n=FQ/ (Y, Jad))

be the preprojective algebra associated to @, a quotient of F'(Q) by the two-sided
ideal generated by the element > o(a-a* —a*-a) € F(Q). The grading on the
path algebra induces natural gradings on II and on II/[II, IT].

Write 1 for the identity I x I-matrix. Thus, 1 —tc+t2>1 is an I x I-matrix with

entries in Z[t]. This matrix specializes at ¢t = 1 to the Cartan matriz of (). The

closely related matrix 1(1 —t-c+12-1) = (t+t7!)-1 —c, called t-analogue of the

Cartan matrix, has been considered by Kostant and Lusztig, see [Lu, §3.12-3.13].
Applying our general theorem to the algebra II yields the following result.
Theorem 1.3.1. Let (Q be neither Dynkin nor extended Dynkin quiver. Then,

IT = II(Q) is an RCI algebra, and the Hilbert series of 11, resp. of I1/[II,1I], is
determined from the formula

1
«c+t2r-1)’

1
M4 — (1— 243\—1 _ 1) —
h(IL;t) = (1—te+t>1)"",  resp. h(O(I);t) T2 TEII detd =7

Here, the formula for h(II, ) has been known for some time, see e.g. [MOV]
and references therein, while the formula for A(O(II); ) is new.

Recall that, according to Van den Bergh [VdB], there are natural isomorphisms
HH.(TI) 2 HH? (1) relating Hochschild homology and cohomology. These
isomorphisms and the exact sequence (2.2.8), see Theorem 2.2.7 below, yield
formulas for Hilbert series of all Hochschild cohomology groups of the algebra II.
In particular, this gives an alternate proof of the result that, for any quiver of
neither Dynkin nor extended Dynkin type, the center of the algebra II reduces
to scalars, cf. [CBEG, Proposition 8.2.2].

Both formulas of Theorem 1.3.1 fail for A, D, E Dynkin quivers.

Now, let @@ be an extended Dynkin quiver with extending vertex o € I. Then,
the formula for h(II;t) given in Theorem 1.3.1 still holds, but the formula for
h((’)(H); t) has to be modified, see Corollary 6.3.3 in §6.3, and [Su]. In particular,
that modified formula implies a curious identity for the adjacency matrix of Q
which we were unable to find in the literature.

The identity involves Chebyshev polynomials of the first kind. Specifically, put
wo := 1 and let ¢ € Clz], k = 1,2,..., be a sequence of polynomials in an
indeterminate x defined as the coefficients in the expansion of the generating
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function

2 —
(1.3.2) Ttz +t2 = +Z<pk )t8, thus  @p(2cos z) == 2cos(kz), Vk > 1.

For each k > 0, we may plug the adjacency matrix c, of @, into the polynomial

¢r. This way, we obtain an integer valued I x I-matrix ¢ (c) = ||¢r(c)ijl|. The

matrix entries corresponding to the extended vertex i = j = o form a sequence
of integers ¢ (€)oo, kK = 0,1,.... Our identity reads

(1.3.3) Hdet(l —t"c+ 1) = H(1 ftk)Sok(C)oo

r>1 k>1

This identity will be proved in §6.3 by applying the Euler-Poincaré principle to
KCII, the noncommutative cyclic Koszul complex of the preprojective algebra
II. One can also verify the identity case by case, for each extended Dynkin quiver
of A, D, E types separately, see §6.3 for details.

1.4. Layout of the paper. In Section 2, we formulate our first important result
(Theorem 2.2.7) and carry out crucial matrix integral calculations. The notion
of RCI algebra is introduced in §2.2 and the notion of asymptotic RCI algebra is
introduced in §2.4. We use the standard Koszul complex associated with a com-
plete intersection to express the Hilbert series of the coordinate ring C[Repq A4] in
terms of a matrix integral, an integral over the unitary group Uq. Then, in §2.4,
we apply some results from the theory of random matrices to find the asymptotics
of our matrix integral as d — oo. For an asymptotic RCI algebra, that enables us
to obtain an asymptotic formula for the Hilbert series of the algebras C[Repq 4]
as d goes to infinity.

In §3 we discuss NCCI algebras and related homological algebra. Similarly
to the familiar case of commutative algebras, to any noncommutative algebra A
given by generators and relations one can associate canonically a free DG algebra
K. A, called the (noncommutative) Koszul complex of A. The noncommutative
Koszul complex is defined in §3.2. It turns out that A is an NCCI algebra if and
only if the DG algebra K. A is quasi-isomorphic to A. Main results about NCCI
algebras are gathered in Theorems 3.1.1 and 3.2.4.

In §3.7, we introduce the cyclic Koszul complex K&°A that computes cyclic
homology of the NCCI algebra A. We prove that these vanish in all degrees > 1.
We formulate the main result of the paper, Theorem 3.7.7, which claims, among
other things, the equivalence in the middle of (1.2.1).

The proofs of the two main theorems are completed in §4. In that section, we
compare the algebras A and C[Repq A] via natural evaluation maps. In particular,
we construct an evaluation morphism from the cyclic Koszul complex K&€A to
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the ordinary Koszul complex of the representation scheme Repg A4, that commutes
with the respective Koszul differentials. We prove that, in the d — oo limit,
evaluation morphisms become isomorphisms. Thus, homology vanishing for the
noncommutative Koszul complex K&°A is equivalent to an asymptotic homology
vanishing for the ordinary Koszul complexes of representation schemes Repy A.
Furthermore the Hilbert series of K&°A may be expressed in terms of Hilbert
series of the corresponding Koszul complexes of representation schemes.

In §5, we consider various examples of RCI and asymptotic RCI algebras. We
also provide examples of non RCI algebras which, nevertheless, are asymptotic
RCI, see §5.4. Specifically, we show that if the relations of A are pairwise non-
overlapping monomials, then A is an asymptotic RCI but not necessarily RCI. We
use a deformation argument to deduce a similar result for algebras with generic
homogeneous relations of degrees equal to the lengths of these non-overlapping
monomials. This way, one obtains many nontrivial examples of asymptotic RCI
algebras with explicit infinite product formulas for the corresponding Hilbert
series.

In §6, we show that, for connected quivers of neither Dynkin nor extended
Dynkin type, the corresponding preprojective algebra is RCI. Also, partial pre-
projective algebras of any connected quiver (in the sense of [EE]), are RCI al-
gebras. In §6.2, we give an interesting asymptotic formula for Hilbert series of
Nakajima quiver varieties. Extended Dynkin quivers are discussed in §6.3, where
we prove the identity in (1.3.3).

Remark 1.4.1. In the present paper, the ground field is the field C of complex
numbers. All the results of the paper can be routinely generalized to the setting of
an arbitrary algebraically closed ground field of characteristic zero. Characteristic
zero assumption is essential for the geometric results involving representation
schemes. It is also essential for the cyclic/Hochschild homology computation in
Lemma 3.6.1 and Proposition 3.7.1, which involves Karoubi-de Rham complex.
However, the rest of §3 applies verbatim in the case of ground fields of arbitrary
characteristic.

1.5. Ackmowledgments. The authors are grateful to M. Artin, L. Hesselholt, G. Lusztig,
H. Nakajima, D. Piontkovsky, E. Rains, and R. Stanley for useful comments and discussions.
We also thank E. Rains for explaining to us the results of Diaconis and Shahshahani on matrix
integrals, and for providing a MAGMA code that we used at all stages of this work. The work
of P.E. and V.G. was partially supported by the NSF grants DMS-0504847 and DMS-0303465,
respectively, and by the CRDF grant RM1-2545-MO-03.
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2.1. Basic definitions. Throughout, we fix a finite set I and let R be the alge-
bra of functions I — C, with pointwise multiplication. Thus, R is a commutative
semisimple C-algebra. Simple R-modules are 1-dimensional and are parametrized
by elements of the set I; an R-module is the same thing as an I-graded vector
space, M = @®;crM;. If M is finite-dimensional and d; = dim M;, we say that
d = {d;}ic1, an I-tuple of nonnegative integers, is the dimension vector for M.

Similarly, R-bimodules are I x I-graded vector spaces, M = ®©; jcrM;;.

Let M = @,~,M]|r] be a Z,-graded R-bimodule such that each graded
component M][r] is a finite dimensional R-bimodule, that is we have M[r] =
D, jcr Mij[r], where dim M;;[r] < oo. The Hilbert series of M is a Z[[t]]-valued
I x I-matrix defined as

h(M) = |[hij(M;2)l,  hij(M;t) := ZT>O dim M;[r]-t".

It is clear that h(M ®@r M') = h(M) - h(M’) for any Z-graded R-bimodules M
and M'.

Given a dimension vector d, let C4 := Dicr C%. This is an I-graded vector

space, and we consider an associative algebra
— d ~dy _ _ di md;
Eq4 := Hom¢(C9,CY) = @i,jel E;;, where E;; = Homc(C%,C%).

The I-grading makes the vector space C9 a left R-module, and the action map
for this module gives a natural algebra homomorphism R — @, ; Ei; C Eq.
Notation 2.1.1. We use unadorned symbols like Sym, A, Hom, ®, etc., for sym-
metric algebra, exterior algebra, Hom-space, tensor product, etc., all taken over
C (not over R).

Given a finite dimensional R-bimodule M, we reserve the corresponding black-
board font notation for the vector space

(2.1.2) Md = HomR_b;mod(M, Ed).

The exceptions to this convention are: N,Z,,Z, and C, the sets of natural num-
bers, nonnegative integers, integers, and complex numbers, respectively. O

An N-grading on an R-bimodule M gives rise to a linear C*-action on the
vector space My. This action contracts the vector space to its origin, the only
C*-fixed point.

Let F be an R-algebra, that is, a finitely presented associative unital C-algebra
equipped with an algebra imbedding R — F. Given a dimension vector d, let
Repy I be the set of all algebra maps F — Eq := Homc(C9,CY) which restrict
to the natural map R — Eq. The set Repgq F has the natural structure of a (not
necessarily reduced) affine scheme of finite type, called the representation scheme
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of d-dimensional representations of the algebra F. Let C[Repq F] denote the
coordinate ring of this scheme.

2.2. Main result. Let TRV = RV PV RrV ..., denote the tensor alge-
bra of an R-bimodule V, and write TV = V@OV @g V..., for the augmen-
tation ideal of TrV.

Definition 2.2.1. A pair of finite dimensional N-graded R-bimodules V' and L,
together with a graded R-bimodule imbedding j : L — TEV, will be referred to as
(V, L)-datum.

Fix a (V, L)-datum, where V =P, V[r], and L = P, L[r]. We define
(2.2.2) L° = j Y ([TrV,TrV]) C L.

Thus, L° = @,~, L°[r] is a graded subspace in L. We put m, = dim L°[r], and
let -

(2.2.3) ML°) := HDO (1 —t")™ € Zt).
We also introduce the following generating {-function
o 1
224 V.L) := € Z|[[t]].
( ) (VL) Szl_Il det (1 — h(V;t5) + h(L;t%)) (]

The gradings on V, L, and L°, give rise to total gradings on various objects
like exterior algebra A L°, tensor algebra TrV, etc. These total gradings will be
called weight gradings. For the corresponding bigraded algebras, we write e.g.,
NL® =D, , >0 (A" L°)[r]. With this notation, for the polynomial in (2.2.3), one
has

oy — 1P di pro
A(L°) = ZW( 1P - ¢" - dim((A? L°)[r]).

Associated with a (V, L)-datum, is the two-sided ideal J := (L) C TRV gener-
ated by j(L), and the corresponding quotient algebra A := TrV/J = TrV/(L).
The weight grading on TrV makes J a graded ideal and A a graded algebra,
A =@, Alr]. For each r > 0, the homogeneous component A[r] is a finite
dimensional R-bimodule; we have A[0] = R.

Given an integer N and a dimension vector d, we write d >~ N if d; > N for
all 7 € I.

Definition 2.2.5. A (V| L)-datum is called representation complete intersection
(RCI) if for any integer N there exists a dimension vector d = N such that, cf.
(2.1.2):

(2.2.6) dimRepq A = dim Vg — dim Lg + dim L°.
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The geometric meaning of equation (2.2.6) will be explained in §2.3 below.

Abusing terminology, we often say that the algebra A = TrV/(L) arising from
the (V, L)-datum is an RCI algebra.

One of our main results reads

Theorem 2.2.7. Let (V,L) be an RCI datum and A = TgrV/(L). Then, we
have HHE(A) = 0 for all k > 2 (i.e., A is a NCCI algebra, cf. §3.1), and
HHo(A) = L°.

Furthermore, there is a natural exact sequence

(2.2.8) 0 — R — HHy(A) — HH,(A) — HH3(A) — 0.

The Hilbert series of A, resp. of HHo(A) = A/[A, A], is determined by the
formula
(2.2.9)

() h(A) = (1—h(V)+h(L)"", resp., (i) h(O(A)=C(V,L)/AL°).

Remark 2.2.10. One may call p(V,L;t) := 1 — h(V;t) + h(L;t), a Z[t]-valued
I x I-matrix, the Cartan polynomial of the (V, L)-datum. Thus, formulas (2.2.9)
read

o0

h(A) =p(V,L;t)™", resp., h(O(A)) = )\(20) & p(‘l/, Lits)

s=1

Remark 2.2.11. Tt follows from the isomorphism L° = HHy(A) and from (2.2.8)
that one has h(HH1(A)) = h(A/[A, A]) + h(L°). Therefore, the Theorem im-
plies also that the Hilbert series of HH1(A) may be found from the formula

h(Sym HH1(A)) = ¢(V,L)/A(L°)%.

The proof of Theorem 2.2.7 will be completed in §4. We provide, in effect, two
different proofs of the Theorem. The first proof is based on a matrix integral
calculation, to be carried out in §§2.3-2.4 below. The second, purely algebraic
proof, is based on the formula for h(O(A)) in the special case of a free R-algebra
A. Such a formula is known, it can be obtained by a combinatorial argument that
involves counting cyclic paths on a graph, cf. [St]. The general case of Theorem
2.2.7 for an arbitrary RCI algebra A can then be deduced from the special case
of free R-algebras by applying the formula proved in the special case to the
noncommutative Koszul complex K. A, which is free as an R-algebra, cf. §3.2.

2.3. Hilbert series of representation schemes. Fix a dimension vector d
and a (V,L)-datum. Clearly, one has a natural isomorphism Repy(TrV) =
Homp pimod(V, Ea) = Vg, cf. (2.1.2).
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Now, let A = TrV/(L). The algebra projection TrV — A induces a natural
closed imbedding of representation schemes Repgq A — Repq(TrV). Dually, the
R-bimodule imbedding j : L <— TRV induces a natural restriction morphism

(2.3.1) ja: Va = Hompg pimod(V, Ea) = Repq(TrV) — La.

It is clear that the scheme Repg A is the scheme-theoretic zero fiber of the mor-
phism j3.

In general, the map jj is not surjective. Indeed, for any algebra homomorphism
p: TRV — Eq and any z € [TgV,TrV], we have Trp(z) = 0. In particular, the
composite map

L° L [TRV.TRV] — TpV 2~ Eq 2 C

must vanish. Therefore, the image of the map jj in (2.3.1) is contained in a
proper subspace Lfi := Kery C Lq, the kernel of the following composite map

Tr |Ed

rest,
(2.3.2) LY :=Ker[¢: Lg —% Hom(L°,Eq) —= Hom(L°,C) = (L°)* ].

Write pq : Repq(TrV) — ]L,Ei for the resulting map and let o denote the origin
of the vector space Lg. This way, we get the following commutative diagram

(2.3.3) Repq A————> Vg4 = Repy(TrV)
l l ji
{o}€ LiC Ly

The left square in the diagram is cartesian, so Repq A is the scheme-theoretic
zero fiber of the morphism pgq. The following result provides a geometric meaning
for the notion of representation complete intersection datum.

Lemma 2.3.4. The dimension equality (2.2.6) holds for a dimension vector d if
and only if the map pq, in diagram (3.3.4), is flat.

To prove the Lemma, we observe that the gradings on V and L make each of the
spaces in diagram (2.3.3) a C*-variety, such that all maps in the diagram become
C*-equivariant morphisms. Moreover, the C*-action on }L(ﬁi being a contraction,
we deduce that the dimension of any fiber of the map pq is less than or equal to
the dimension of the zero fiber, that is to dim Repq A. Therefore, the morphism
pq is flat if and only if one has dim Repg A = dim V4 — dim ]LEI.
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Observe next that the map ¢ in (2.3.2) is surjective. Hence, one has an exact
sequence

(2.3.5) 0 — LY — Lg -5 (L% — 0.
We deduce: dimLY = dimLg — dim L°, hence, dim Vg4 — dim L = dimVq —
dimLgq + dim L°, and the Lemma follows. O

Given i € I and an element g; € GL(C%), we write g/ = (g;/)~! : (C%)* —
(C4)*, where g;' denotes the dual endomorphism of the dual vector space. For
each pair of vertices i,7 € I, we consider endomorphisms of the vector space
(C¥)*®C% = Hom(C%, C%) = E;; of the form g’ ®g;. Thus, given g; € GL(C%)
and g; € GL(C%), for any integer r > 0, there is a well defined polynomial

det(1m,; —t" - g/ ® g;) € C[t].
We put Gq = [[;c; GL(C%). This is a reductive group that acts naturally on
the vector space C4 = DBicr C%, hence, also on the algebra Eq, by conjugation.

Next, for each d, we fix a maximal compact subgroup U(d) € GL(C?). The
group Uq := [[;c; U(d;) is a maximal compact subgroup of Gg. Let dg be the
Haar measure on Ugq normalized so that the total volume of Uy equals 1.

We introduce the following matrix integral

(2.3.6) I(V,L,d) ;:/ H H 2 ) (VD)

Ua r>04jerl det(1g,;, — 1" g/ ® g;

Here, c;(V, L) := dim V;;[r] — dim L;;[r], and the above expression is viewed as a
formal power series I(V, L,d) = > - In(V, L,d)-t™ € C[[t]] given by the power
series expansion of the RHS of (2.3.6).

Conjugation-action of the group Ggq on Eq induces linear Gg-actions on the
vector spaces Vq,Lq, etc. Furthermore, all the maps in diagram (3.3.4) are
Gg-equivariant morphisms. In particular, the scheme Repyq A is a Gg-stable
subscheme of Vg, so the group G4 acts on the coordinate ring C[Repq A] by
algebra automorphisms.

We also have the C*-action on the scheme Repgq A C V4 that commutes with
the Gg-action. The induced C*-action on the subalgebra of Gg-invariants gives
rise to a grading

(2.3.7) C[Repq A]°* = P _ C[Repq A)%a[r],

>
to be referred to as weight grading.

Proposition 2.3.8. Let A = TRV be the graded algebra associated to a (V, L)-
datum. Assume that the map pq in (2.3.3) is flat, so the scheme Repgq A is
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a complete intersection in Vq. Then, the Hilbert series of the graded algebra
C[Repq A]%4 is given by

h(C[Repg A)%4) = 1(V, L,d)/\(L°).

Proof. Associated with the zero fiber of the map pq, see (2.3.3), is the standard
Koszul complex with differential di of degree —1:

(2.3.9) K.(Repq A) = C[V4] ® /\'(]Lil)*, such that
C[Repq A] = Coker|dk : Ki(Repq A) — Ko(Repgq 4)].

For each p > 0, the C*-action on V4 and on }L(ﬁj gives an additional weight
grading on the vector space K,(Repgq A). The Koszul differential respects the
weight grading. Writing [r] to denote weight  homogeneous component, we get
a bigraded direct sum decomposition

(2.3.10) K.(Repg A) = @pmzo K, (Repq A)[r].

Observe next that all the maps in (2.3.5) are Gq-equivariant, provided one
treats (L°)* as a vector space with the trivial Gg-action. Therefore, dualizing
(2.3.5) yields a Gg-equivariant short exact sequence

T
(2.3.11) 0 — L° X Ly — L) — 0.

Thus, one can rewrite the Koszul complex in the form
(2.3.12) K.(Repq 4) = C[Vq] @ A" (LG/L°).

Assume now that the map pq in (3.3.4) is flat so that the scheme Repgq A
is a complete intersection. Then, the Koszul complex provides a graded, Gg-
equivariant DG algebra resolution of the coordinate ring C[Repq A]. It follows,
since the group G4 is reductive, that the Gg4-fixed part of the Koszul complex
provides a graded DG algebra resolution of C[Repgq A]%4, the subalgebra of Gg-
invariants in C[Repq A]. Thus, by the Euler-Poincaré principle, the Hilbert series
of C[Repq A4 may be expressed in terms of Hilbert series of the graded spaces
K,(Repg A)% = @, -, K,(Repg A)%[r] as follows

(2.3.13) h(C[Repq A]“) = ZPZO(_l)p'h(Kp(Repd A)%)
= 3 I ((Clva @ AL/ 1) %)

To compute the last expression, recall that for any two linear maps, u: M — M
and v : N — N, of finite dimensional vector spaces, one has

det(1 —t-u)
S (1P T _— =
pm>0( ) (v ® ulsym™ NoA? M) det(1 —t-v)
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Now, for any p > 0, we have a direct sum decomposition with respect to the
weight grading

(2.3.14) C[Vq] ® AP(LLg/L°) = EBQO (ClVa] ® AP(Lig/L°))[r].

Thus, using the above formula and the notation c; = dim V;;[r] — dim L;j[r], for
any g € Gq, we find

(23153 1)P-¢"-Tr (9|(C[Vd]®/\P(L;/L°))[T})

7p20

_ H 1 . H det(]_*trg|Eij)dimLij[T] . 1 q 1

- 1—¢r)m 4 dim Vi [r] — XL° [
o \ ijer det(1=trglm,;)™" " ( i),lj-‘EI det(1 —t"glm,;)*

Recall that, for any finite dimensional Gg-module M, the dimension of the
Gg-fixed point subspace is given by the integral dim M%d = fUd Tr(g|ar)dg. We
apply this to each direct summand of the graded Gg-module in the right-hand
side of (2.3.14). We conclude that the Hilbert series of the subcomplex of Gg-
invariants from the last line in (2.3.13) is obtained by averaging the expression
in (2.3.15) over Uq, which gives the desired formula. O

2.4. Asymptotics of the matrix integral. We will use the following result
about random unitary matrices (see e.g. [DS]).

Proposition 2.4.1. Let mg, ng, s > 1, be nonnegative integers, which are almost
all zero. Then for large enough N,

The statement of the proposition means that the functions zs(u) = Tr(u®)/+/s
behave, asymptotically as N — oo, as independent complex-valued random vari-
ables distributed with Gaussian density p(z) = 7~ le=**. It follows, in particular,
that one has

Corollary 2.4.2. For any finite collection of polynomial functions fs € Clxy, xa],
s=1,2,...,m, there exists N > 0 such that for all d > N one has

m

(2.4.3) /U(d) 1_[]”S (zs(u), 25(w)) | du = H (/U(d) fs(zs(u),zs(u))du> .

s>1 s>1
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Moreover, we have

(2.4.4) /U(d) fs(2s(w), 25 (u)) du = 71T/<C fs(z, 2)6*|Z\2dzd2, Vs=1,2,....

The statement of Corollary 2.4.2 can be generalized further to the case of
integrals over Ug = [[;c; U(d;), a product of unitary groups. With such a gener-
alization at hand, we are now ready to prove

Corollary 2.4.5. For each integer m, the sequence 1,,(V, L,d), of m-th coeffi-
cients in the expansion (2.3.6), stabilizes as d — oco. Write dlim I.(V,L,d) for
—00

this stabilized coefficient and define a formal power series

lmI(V, L,d) == Zmzo t™. lim I,,(V, L, d).

d—oo

Then, we have dlim I(V,L,d) =¢(V,L).

Proof. We have the standard identity

det(Id —u) = exp ( Trlog(Id —u)) = exp (Zszl %Tr(us)) — H exp (i Tr(us)> .

s>1

We apply this identity to the function under the integral sign in formula (2.3.6)
and get

rs

(2.4.6) H H ! = Hexp( Z c;jTr(gS|Eij)-ts>.

_4r . 4V \Cis
r>04,j€l det(1g,; —t" g, ® g;)" s>1 i,j€I,reN

Given g = {gi }ier € Uaq, let z;5(g) denote the function g — z;s(g) = Tr(¢}|g,,)/V/S-
According to formla (2.3.6), using (2.4.6), we find

(2.4.7) I(V,L,d;t) = / [[exp (Zme Lren ci;t"2is(9)2js(9))

Now, using an analogue of (2.4.3) for the group Uy, in the limit d; — oo, i € I,
from (2.4.7) we obtain

dh—>Holo I(V,L,d;t) = H </Ud exp (Zi,jEI,TGN c;’-“j-tTS.Zis(g)st(g))> = 1_[821 fs(1),

s>1
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where the functions fs are given by an analogue of formula (2.4.4), that is,

1
s e exp C. .- 217 '67 kel 2
t T ;‘j s - > rer 12kl
T Jed ijelreN
= —1 exp(— (5~~—c7-"~trs)'z-7) = !
— E i iZi) = .
mlll Jer i,jel,reN o T det(1 - 3,0 € 1)

Finally, the last expression on the right equals 1/ det (1 — h(V;t%) + h(L; ts)),
by definition of the coefficients cf; := dim Vj;[r] — dim L;;[r]. O

Definition 2.4.8. A (V,L)-datum (or the algebra A = TrV /(L)) is called an
asymptotic RCI if, for any pair of positive integers r, N, there exists a dimension
vector d = N such that one has:

H, (@sgr K. (Repq 4)[s], dK> =0, Vp>0,

i.e., such that all nonzero homology groups of the weight degree < r part of the
Koszul complex (2.3.10) vanish.

Clearly, any RCI algebra is an asymptotic RCI; we will see in §5 below that
the class of RCI algebras is rather restrictive while the class of asymptotic RCI
is much less restrictive.

Let A be an asymptotic RCI, and fix a positive integer r. Combining together
Proposition 2.3.8 and Corollary 2.4.5, we deduce that there exists a sequence
of dimension vectors di,do, ..., such that d,, — oo and such that the integer
valued function m +— dim(C[Repq, A]%d[r]) stabilizes as m — oo (we will see
later, in Proposition 4.2.2, that this stabilization is a general phenomenon that
holds for all large enough dimensions d and, moreover, has nothing to do with the
RCI property). Write Jim dim(C[Repq A]%4[r]) for this stable value and define

a power series

. G o A : G
dhﬂlgoh((C[Repd Al¥d) = Z t dhﬂ)lo dim(C[Repg A]™¢[r]).

r>0

Combining together Propositions 2.3.8 and 2.4.1, we obtain the following result

Proposition 2.4.9. For any asymptotic RCI algebra A = TrV /(L) we have, cf.
(2.2.9)(ii)

lim h(C[Repy A]%%) = —— - lim I(V, L, d) = ¢(V, L)/A(L°).

d— oo )\(LO) d—oo

3. NONCOMMUTATIVE COMPLETE INTERSECTIONS
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3.1. NCCI algebras. Below, we consider nonnegatively graded algebras A =
D, >0 Alr] such that A[0] = R, to be referred as R-algebras. We write Ay =
D, .o Alr], so A/A; = R.

For any R-bimodule V' and any two-sided ideal J C T E V, the quotient .J/.J?
has an obvious structure of TrV/J-bimodule.

Let V' be an N-graded finite dimensional R-bimodule and J C TE V a two-sided
graded ideal. A graded algebra of the form A = TrV/J is called a noncommu-

tative complete intersection (NCCI) algebra provided the equivalent conditions
(i)-(iii) of the theorem below hold for A.

Theorem 3.1.1. Let V be a finite dimensional N-graded R-bimodule and J C
TRV a two-sided finitely generated graded ideal. The following properties of the
graded algebra A = TRrV/J are equivalent:

(i) J/J? is projective as a graded A-bimodule;

(i) The algebra A has Hochschild dimension < 2, ie., one has
ExtY pimod (4, M) = 0, for any A-bimodule M and any i > 3;

(iii) The algebra A has global dimension < 2, i.e., one has ExtYy . (A/AL, M) =
0, for any left A-module M and any i > 3.

This result is known; its proof will be recalled in §3.4 below.

3.2. Anick’s resolution and the noncommutative Koszul complex. Fix
a (V,L)-datum and let A =TgrV/(L).

Following [AH], [An], [GS], one introduces a noncommutative Koszul complex,
K. A, (referred to as the Shafarevich complez in [Go], [Pi]), as follows. Set K. A =
Tr(V & L), and view this tensor algebra as a graded algebra with respect to
homological grading, cf. §3.5, such that the vector space V C TI}Z(V @®L)is
placed in homological degree 0 and the vector space L C Th(V @ L) is placed in
homological degree 1. Thus, we have KqgA = TrV. Define the map

(3.2.1) VeL — Tr(Ve L), vel— j(f)eTrV C Tr(V & L)

Let dg : K.A — K._1A be the unique super-derivation of the graded algebra
K. A that is given on the generators from V & L C K. A by formula (3.2.1). It is
clear that we have d3. = 0. Thus, (K.A,dk) is a DG algebra. Write H.(K.A, dk)
for the corresponding homology. Clearly we have Hy(K.A,dg) = A. Therefore,
the total homology space He(K.A, df) acquires the natural structure of a graded
A-algebra.



Noncommutative Complete Intersections ... 123

Next, we recall the definition of Anick’s resolution [An2]. This is a complex of
graded A-bimodules of the form

(3.22) C.A: A@rLorA -5 ApVeord 1 AerA 245 A —o.

Here, m 4 is the multiplication map, and the maps 9 and f are given by the
formulas

d(a1 ® L@ az) =a;-D(l)-az, resp. f(a1 ®v®az)=a1v® az — a3 @ vas.

In the first formula above, we have used the map

n
D:TEV — ARRV®ORA, v1®...Qu, — Z(vl ®... R0y 1)@ (Vg1 ® - .- O Up),
p=1
where bar stands for the image in A of an element of TrV'.

Definition 3.2.3. A (V, L)-datum (or a graded R-bimodule L C T{V ) is said
to be minimal provided one has

(TgV -L-TAV +THV -L-TgV)N L =0.

It is clear that, for any graded R-bimodule L C Tf{ V', one can always find a
minimal sub-bimodule L C L such that (L) = (L). Although the choice of such a

minimal sub-bimodule L is not unique, any two minimal sub-bimodules L have
the same Hilbert series.

For any (V, L)-datum, the composite L «— J —» J/J? extends, by A-linearity,
to an A-bimodule map 7: A®p L ®p A — J/J>.

The proof of the following known (see e.g. [An]) result will be given in §3.4.

Theorem 3.2.4. The complex C.A is exact in all the terms except possibly the
first one. Further, the following conditions are equivalent

(1) The bimodule L is minimal and A is an NCCL

(2) The Hilbert series of A equals h(A) = (1 —h(V) + h(L))_l;

(3) The above defined natural map ™ : AQrLOrA — J/J? is an isomorphism;
(4)

4) The complex C. A is an A-bimodule resolution of A, i.e. the first map 0 in
(3.2.2) is injective;

(5) The Koszul complex K.A is a DG algebra resolution of A, i.e., we have
Hi(K.A,d) =0, for any k > 0.

We remark that if condition (5) holds then K.A is, in effect, a minimal free
associative DG algebra resolution of A in the sense of minimal models, cf. [AH].
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3.3. Noncommutative differential forms. Associated with an R-algebra A,
is an A-bimodule Q'A of noncommutative relative 1-forms on A defined as the
kernel of the multiplication map m4 : A ®r A — A. Thus, one has a short exact
sequence of A-bimodules

(3.3.1) 0— Q'A% AepA 24 4 — 0.

Next, let F' be an R-algebra, J C F a two-sided ideal, and let A := F/J.
We put QY (F|A) := A®p Q'F ®p A. This is an A-bimodule equipped with an
A-bimodule map 7 : Q' (F|A) — Q' A, induced by the projection F' — A. There
is a canonical short exact sequence of A-bimodules, cf. [CQ, Corollary 2.11],

(3.3.2) 0 — J/J2 -5 QlF|A) T Q'A — 0.

Here, the map J/J? — A@p Q'F@p A = QY(F|A) is induced by restriction to J
of the de Rham differential d : F — Q!'F. This exact sequence may be thought
of as a noncommutative analogue of the conormal exact sequence of a subvariety.

We now fix a (V, L)-datum and set F = TRV, J = (L), and A = TrV/(L).
Then we have natural isomorphisms

(3.3.3) QF2FoprVerF, and QYF|A)=A®pV @rA.

Splicing (3.3.2) and (3.3.1) together, we obtain the exact sequence in the bot-
tom row of the following commutative diagram of A-bimodules
(3.3.4)

Ker (0)~——= A®pr L®gr A $A®RV®RAL>A®RA&>A_,O

|

J)J?

(3.3.3)

1A0T ma

ARprA—— A — 0.

QL (F|A)

3.4. Proof of Theorem 3.1.1 and Theorem 3.2.4. The first claim of Theo-
rem 3.2.4 amounts to the exactness of the top row of diagram (3.3.4). The latter
follows from commutativity of the diagram since the bottom row of the diagram
is exact. Also, from the commutative diagram we deduce Kerd = Ker . This
yields the equivalence (3) < (4).

Next, we apply the Euler-Poincaré principle to the complex C. A (in which the
differential has degree 0), and find

A(A)-(1 = h(A)- (1= h(V) + (L)) ) + h(Kerd) = 0.

Thus h(Kerd) = 0 if and only if h(A) = (1 — h(V) + h(L))~!. This yields the
equivalence (2) <= (3). Also, it is clear that (2) implies property (i) of Theorem
3.1.1.
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Now, if J/J? is a projective A-bimodule, then the bottom row of diagram
(3.3.4) provides a length 3 projective A-bimodule resolution of A. It follows that
A has Hochschild dimension < 2. Hence, in Theorem 3.1.1, we have (i) = (ii).
Similarly, we have (i) = (iii). Conversely, from the exact sequence in the second
row of diagram (3.3.4), for any A-bimodule M, we deduce Extl . (J/J? M) =
Ext3 pimod (A, M). The latter Ext-group vanishes if A has Hochschild dimension
< 2. This yields the implication (ii) = (i) in Theorem 3.1.1.

Any graded finitely generated projective A-bimodule has the form A ®p L®r
A, for some finitely generated graded R-bimodule L. In particular, if J/J? is
projective, we deduce

(A/A4) @4 (J)T?) ©4 (AJAy) = (A/AL) @4 (A®R LR A) @4 (A/A4) = L.
Therefore, applying the functor (A4/A4) ®4 (—) ®4 (A/AL) to the vertical map

7 in diagram (3.3.4), we obtain a surjective R-bimodule map

L= (A/A)@A(ARRLORA)®A(AJAL) — (AJAL)®A(J/TH)@A(AJAL) = L.

The resulting map L — L may be identified with the composite map

J J
Fy-J+J-F. J24+F,-J+JF,
Observe that the bimodule L is minimal if and only if the latter map is a bijec-
tion. Since L is minimal by assumptions, we deduce that the map 7 induces an

isomorphism L = L. Tt follows that the vertical map 7 in diagram (3.3.4) is itself
an isomorphism, and we have proved the equivalence (1) <= (3).

L — J—

= (AJAL)@4(J/ TR (AJAL).

The equivalence (1) <= (5), as well as the implication (i) = (iii) of Theorem
3.1.1, are due to Anick, see Theorem 2.6 and Corollary 2.12(b) in [An]; cf. also
Remark 5.3.5 in [Gi3] for an alternative approach. O

The implication (5) = (2) has been observed first by Golod-Shafarevich [GS].

3.5. A super-version. Given a Z/2Z-graded super-vector space M = Meyen ®
Mg, for the corresponding super-symmetric (supercommutative) algebra we in-
troduce the notation

(3.5.1) Sym M := (Sym Meyen) @ (A Mogq)-

If each of the spaces Meven, Modq 1s equipped with an additional grading, we say
that M is a graded super-vector space. In that case, we view Sym M as a graded
super-algebra equipped with the total grading.

Below, we will frequently encounter bi-graded vector spaces with two types
of gradings of the form M = GBPGZJ‘ZO My[r]. The p-grading, written as M =
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@D,z Mp where M, := €, Mp[r], will be called homological grading. The r-
grading, written as M = €P,>q M[r] where M[r] = @, Mp[r], will be called
weight grading. In such a case, we put Meyen = EBp even Mp and Mogqq = @p odd Mp.
The bigrading on M induces corresponding homological and weight gradings
Sym M = D,z ,50(Sym M),[r]. Thus, for any k > 0, we have

mi& ... &my € (Sym M)y 4. 4p.[r1+. .41, Vmyg € My, [r1],...,my, € My, [rg].

Hilbert series will be always taken with respect to the weight grading (with
parity being determined by the homological grading). Specifically, we define the
Hilbert series of a bi-graded (super)-vector space M = €D,z >0 Mp[r] to be

(3.5.2) h(M;t) = h(Meven; t) — B(Moaas t) = > (—=1)P - - dim My [r].
p,r>0

Let F' = @, F[r] be a graded super-algebra with R = F[0] C Feven. Set

Fy = @, Flr]. We define [F, Flgyper, the super-commutator space, to be the
linear span of elements of the form ab— (—1)1*'lba, where a, b run over even and
odd elements of F', and we write |x| = 0 if © € Feyen, resp. |x| = 1if z € Foqq.
Observe that [F, Flsuper C F4, since R is a commutative algebra.

We extend the notation from (1.1.2) to the super-algebra setting and put, cf.
(3.5.1),

(3.5.3) O(F) := Sym <F+ JIF, F]Super).

The weight, resp. homological, grading on F' descends to the super-commutator
quotient and makes O(F') a super-commutative graded, or bigraded, super-algebra,
O(F) = @, O(F)[r], with the corresponding homological, resp. weight, grad-
ings.

An ordinary algebra A may be treated as a super-algebra with A,qq = 0.
In this case, formula (3.5.3) reduces to formula (1.1.2), i.e., we have O(A) =
Sym (A4 /[A, A]).

The results of previous sections can be generalized to the case where each of the
R-bimodules in the (V, L)-datum is a super-vector space. Thus, in such a case,
we have V' = Viyen ® Vodd, L' = Leven ® Lodq and, moreover, the imbedding j :
L — TE V' respects parity, i.e., is a morphism of super-vector spaces. Then, we
define the super-space L° := j~([TRV, TRV Jsuper), and set m, = dim(L°)eyen[r] —
dim(Lo)odd [T]

The theory of representation schemes in the supercase is parallel to the even
case, except that these schemes are now not ordinary affine schemes but rather
affine superschemes (so the rings C[Repq 4] are supercommutative). The notion
of NCCI algebra is defined analogously to the even case. The notion of RCI
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algebra cannot be based on a dimension equality like (2.2.6), since dimension of
singular super-schemes is ill-defined, in general. Instead, one defines RCI algebras
by requiring that the map pq in diagram (3.3.4) be flat which, in the even case,
is equivalent to (2.2.6) by Lemma 2.3.4.

3.6. Karoubi-de Rham complex and cyclic homology. We write HC.(A)
for reduced cyclic homology of an R-algebra A. We will also use reduced Hochschild
homology of A, to be denoted HH.(A). For an augmented R-algebra A, one has
HHo(A) = HCo(A) = A/(R+ [A, A)), and HH,(A) = HH(A), for all p > 0.

Let QA := Ta(Q'A) be the DGA of noncommutative differential forms, see
[CQ]. The reduced Karoubi-de Rham complexr of A is defined as the super-
commutator quotient

DRA = @A [ (R+[2°A, @ Alsuper).

The natural differential Q°A — Q°T1A descends to a de Rham differential on
DRA.

Further, according to [Gi2], there is a canonical isomorphism
HH.(A) 2 XKer[r: DR'A — Q1 4],

where ¢ is a certain canonical map that anti-commutes with the differentials. The
de Rham differential gets transported, via the above isomorphism, to a natural
differential dy : HH.(A) — HH.;1(A) which is essentially (up to a nonzero
constant factor) induced by Connes’ differential B.

Lemma 3.6.1. Let A be an R-algebra with vanishing reduced de Rham homology,
i.e. such that H.(DRA,dpr) = 0. Then, the following complex is an exact
sequence

(3.6.2)
dp dyg dy
0 — R — HHy(A) — HH (A) — HH3(A) — HH3(A) — ....

Furthermore, there are isomorphisms
HCj(A)=Im[B: HH;(A) — HHj11(A)], Vj>0.

If, in addition, Hochschild homology groups vanish in all degrees j > m, for some
integer m > 1, then we deduce HCy,—1(A) = HH,,(A), and HC;(A) =0 for all
Jj=m.

Proof. There is a standard exact sequence of reduced homology groups, see [Lo,
Thm. 2.6.7]:

0 — H,;(DRA) — HC;(A) 2 HH;41(A).
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It follows that Connes’ differential B is injective, for any algebra with vanishing
reduced de Rham homology.

Next, we use Connes’ long exact sequence, see [Lo, §2.2.13],
(3.6.3) ...— HCj.1(A) — HC;_1(A) = HH;(A) — HC;(A) — ...

From the injectivity of B, we deduce that this long exact sequence breaks up into
short exact sequences of the form

(3.6.4) 0 — HC;_1(A) 2 HH,;(A) — HC;(A) — 0.

Splicing all these short exact sequences together yields a long exact sequence as in
(3.6.2). It is easy to verify that the maps in the two sequences are proportional,
up to nonzero constant factors. Hence, the sequence in (3.6.2) is exact.

To complete the proof, assume that HH;j(A) = 0 for all j > m > 1. Then,
HH ;(A) =0, and we deduce that HC(A) = 0 for all k > m, due to injectivity
of B. Hence, HC,,,11(A) = HC,,(A) = 0. Now, using the short exact sequence
(3.6.4) for j = m, we get an isomorphism HC,,—1(A4) = HH,(A) = HH,,(A),
and the Lemma follows. ]

3.7. Cyclic Koszul complex. From now on, we fix a minimal (V, L)-datum.
We define the cyclic Koszul complex of the algebra A = TrV/(L) to be the
super-commutator quotient

K.CyCA = K.A/[K.A, K-A]supeb
This is a bigraded vector space, K{¥°A = @pmzo(K;ycA)[r], and the Koszul
differential on K.A descends to a well-defined differential dg : (K&°A)[r] —

(K'Y A)[r]. Furthermore, we clearly have a graded space isomorphism
Ho(K&°A,di) = AJ[A, A].

Proposition 3.7.1. Let A =TrV/(L) be an NCCI algebra. Then, we have
(3.7.2) Hi(K®°A,d) =2 HHy(A), and H;(KP°A,d) =0, Vj>1.

Furthermore, for Hilbert series one has the formulas

(3.7.3) h(O(K.A)) =¢(V,L), and h(O(A)) =((V,L)-h(Sym HH(A)).

Proof. If A is an NCCI algebra, then the DG algebra K.A provides a free res-
olution of A, by Theorem 3.2.4(5). Thus, according to the definition of cyclic
homology, the complex ((K%°A)/R,dk) computes reduced cyclic homology of
the algebra A.
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Now, we have that A = €, -, Alr] is a nonnegatively graded algebra. It
follows by Poincaré lemma that the algebras A and A[0] have the same Karoubi-
de Rham homology. Clearly, all Karoubi-de Rham homology groups of the algebra
A[0] = R vanish. Moreover, since A is a NCCI algebra, we have HH ;(A) = 0,
for all j > 2. Thus, by Lemma 3.6.1, we conclude that ?Cj(A) =0, forall j >1
and, moreover, there is an isomorphism HC1(A) = HHo(A).

Now, view the noncommutative Koszul complex K.A as a free graded super-
algebra, Tr(V @ L), such that the vector space V' is even and the vector space L is
odd. For such a free super-algebra, the corresponding Hilbert series of (’)(TR(V &)
L)) can be computed purely combinatorially; in accordance with formula (2.2.9)
for a free (super)-algebra, one finds h(O(Tr(V @ L))) = ((V,L), cf. [St]. This
yields the first formula in (3.7.3).

Alternatively, the same formula may be deduced from general results of §4.2
below, applied to the super-algebra Tr(V @ L). Specifically, since any free super-
algebra is clearly RCI, the above formula for the Hilbert series of O(TR(V &) L))
is a special case of equation (4.2.4). The proof of that equation is independent
of the intervening material.

Next, given a Zj-graded super-vector space M, write [M] := [Meyen] —
[ Moqq] for the class of M in the Grothendieck group of Z.-graded super-vector
spaces. Applying the Euler-Poincaré principle to the complex KA and using
(3.7.2), we deduce

[K&¥°A] = [Ho(K&°A)] — [Hi(K2°A)] = [A/[A, A]] - [HH(A)]-

Hence, for the corresponding symmetric algebras, we find

h(O(A4)) =h (Sym [2&4}) = h(Sym(KP™A)y)-h(Sym HH(A)).

The last equation, combined with the first formula in (3.7.3), implies the second
formula in (3.7.3) since we have O(K.A) = Sym ((K®°A),), by definition. O

Remark 3.7.4. One may use the standard identity h(Sym M) -h(A M) = 1, where
A M is viewed as a super-algebra, to rewrite the second formula in (3.7.3) in the
following form, more compatible with (2.2.9)(ii):

h(O(K.A)) = ((V,L)/h(NHH>(A)).

The assignment ¢ — 06/ gives an imbedding L — V&L =TH(VaL) = K; A.
Therefore, the vector space L° C L, see (2.2.2), may be viewed as a sub-
space of K1 A. By definition of L° and of the differential on K.A, we have
di(L°) C [TRV,TrV] C [K.A, K. Alsuper- Therefore, the image of L° in KA
is annihilated by the differential in the cyclic Koszul complex. Thus, we obtain



130 Pavel Etingof and Victor Ginzburg

a canonical linear map

(3.7.5) L° — Hy (KA, dg).

Lemma 3.7.6. The map (3.7.5) is injective. Furthermore, we have

e if j=1

Hj(K9CAJL°, dig) =0, ¥j >0 = H(KYA, d) =
j(EYCAJL, dg) J i K) {o if > 1.

Proof. Both claims follow from the fact that L° N Im(dx) = 0, which is easily
verified. O

The second important result of this paper, to be proved in §4, reads

Theorem 3.7.7. Fiz a minimal (V, L)-datum and set A =TgrV/(L). Then, the
following conditions (i) and (ii) are equivalent:

(i) The algebra A is NCCI and the map (3.7.5) is a bijection.
(ii) The algebra A is an asymptotic RCI, cf. Definition 2.4.8.
Furthermore, the above conditions imply that HHy(A) = L°, and one has
h(O(A)) = C(V,L)/A\(L?), and h(Sym HH1(A)) = ((V,L)/A(L°)*.
The above formulas for Hilbert series are identical to those in (2.2.9). Since any

RCI algebra is an asymptotic RCI, we see that Theorem 3.7.7 implies Theorem
2.2.7 (the long exact sequence in (2.2.8) follows from that of Lemma (3.6.1)).

4. THE TRACE MAP

4.1. Evaluation homomorphism. Fix an R super-algebra A and a dimension
vector d. Thus, one has the super-scheme Repy A.

Recall the notation Eq = Endc(6D,.; C%), and write Eq ® C[Repq A], a tensor
product of two associative algebras. The group G4 acts naturally on each tensor
factor and we let (Ed ® C[Repgq A])Gd denote the subalgebra of Gg-invariants
with respect to the diagonal action.

To each element a € A, one associates the function @ : Repq A — Eg4, p —

a(p) := p(a). The assignment a — a clearly gives an algebra homomorphism,
called evaluation map,
(4.1.1) eva: A — (BEq®C[Repg A))™, am—a.

Further, we have the (super)-trace map

E4 ® C[Repq 4] Treld

C ® C[Repq A] = C[Repq A].
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This map clearly vanishes on (super)-commutators. Therefore, the composite of
the homomorphism (4.1.1) with the trace map above descends to the (super)-
commutator quotient space of the algebra A. Thus, we obtain a well defined
linear map A/[A, Alsuper — C[Repq]“d, a — Tr(a).

Next, we assume that there is an augmentation, A - R, with augmentation
ideal Ay. The linear map a — Tr(a) may be uniquely extended, by multiplica-
tivity, to a super-algebra homomorphism

(4.1.2) Trq: O(A) = Sym (A1 /[A, Alsuper) — C[Repq]%e,

a& ... &am — Tr(@) ... - Tr(@n), VYar&...&an € Sym™ (A4 /A, Alsuper) -
Proposition 4.1.3. The map Trq is surjective.

Proof. The claim follows from Weyl’s fundamental theorem of invariant theory;
the ring of invariants of a collection of tensors is generated by various contractions
of these tensors, cf. [LBP]. O

As has been noticed in [Gil], the map Trq becomes ‘asymptotically bijective’,
in a sense, as d — oo. One way to make this heuristic idea precise is to consider
the case of algebras equipped with an additional weight grading, as we are going
to do below.

4.2. Trace map for graded algebras. Fix a (V, L)-datum of graded R super-
bimodules V' = Voyen ® Vodd; L = Leven @ Lodd, and set A = TrV/(L).

For any dimension vector d, the grading on V gives rise to a weight grading
on the super-algebra C[Repgq A]%4, cf. (2.3.7).

The map Trq in Proposition 4.1.3 clearly respects the gradings.

Definition 4.2.1. Assume that, for each dimension vector d, we are given a pair
of graded vector spaces, Mq = €,~o Malr] and Na = D, Nalr], and a linear
map fq: Mq — Ngq that respects the gradings.

We say that the maps fq are asymptotically bijective as d — oo provided, for
any r =1,2,..., there exists a positive integer n(r) > 0 such that the map

fa: D, Mals) — €D, Nals|

is a bijection for all d >~ n(r).

Proposition 11.1.1 from [CBEG] yields the following result

Proposition 4.2.2 (Stabilization). The maps Trq are asymptotically bijective.
O
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Hence, for the Hilbert series h(C[Repgq A]%4), we deduce
Corollary 4.2.3. With the notation used in Corollary 2.4.9, we have
— 1 Ga
h(O(A)) = d11}1010}1(((3[Repd A]%9). O

We combine the equation of Corollary 4.2.3 with the formula for the asymp-
totics of the matrix integral studied in §2.4. We conclude that, for any asymptotic
RCI super-algebra A = €, Ap[r], one has
(4.2.4) -

h(O(4)) Loolkd23  lim h(C[Repg AJ%) L2229y 1y /3 (L0).

This proves the formula (as well as its super-analogue) for the Hilbert series
of O(A) stated in Theorem 2.2.7 and in Theorem 3.7.7.

Remark 4.2.5. Any free tensor super-algebra of the form A = TRV is clearly
an RCI algebra, associated with the (V| L)-datum such that L = 0. In this
special case, the vector space A/[A, Alsuper has a basis of cyclic words (with the
understanding that the cyclic word w?™ is equal to zero, for any word w of odd
homological degree and any m > 1), and there is an alternative purely algebraic
proof of formula (4.2.4), which does not use matrix integrals and holds over fields
of any characteristic, cf. [St].

Ezample 4.2.6. Let A = Clz|, where x is odd; so the algebra A has no rela-
tions. In this case [A, Alsuper is spanned by 2?2t ... s0 Ay /[A, Alsuper has basis
x,23,2°, .. and is purely odd. Thus O(A) = A(z,23,...), and we easily find

R(O(A);t) = (1 —t)(1 —3)(1 —°)-....

On the other hand, the super-version of the formula from Theorem 2.2.7, equiv-
alently, formula (4.2.4), claims that

h(O(A);t) = [(1+ )1+t (1 +t3)-...]7L.
Thus we deduce the following well known classical identity

1= —tHA =) ... = [T+ A+ A+ 3. 7L

4.3. Adding dummy variables. The technique of ‘dummy variables’ exploited
below is not new, it has been successfully applied in similar circumstances by C.
Procesi, and others, cf. [Pr].

Given a finite dimensional R-bimodule V', the vector space V* = Hom¢(V, C)
comes equipped with a natural R-bimodule structure, that is, with a bigrading

V* = @id‘e[ ‘/;; Such that ‘/;j — (‘Gl)*
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Now, fix a (V,L)-datum and put VP = V& V*® L*, where V'’ is viewed
as a R-super-bimodule such that (Vb)evel[1 =V e V* and (Vb)odd := L*. The
assignment £ — j(£) € TRV C Tr(V") gives an R-super-bimodule imbedding
3> L < Tr(V"). We put A” := Tr(V")/(L), where (L) stands for the two-sided
ideal generated by the image of ;”.

Lemma 4.3.1. The complex (K&°A")/L° is acyclic in positive homological de-
grees if and only if each of the two complezes K.A and KY¢A/L® is acyclic in
positive homological degrees.

Proof. An element m of an R super-bimodule M is called homogeneous if =z €
Mevyen, in which case we set |x| = 0, or & € Myqq, in which case we set |z| = 1.
Given an integer k > 1, let M ©k  denote a quotient of T’ }'%M modulo all relations

anticyc
of the form
me..mr=(DT""mr@mi...0mg_1, TMR...0MmE=m1Q...QmMmT,
where r € R and my1,...,mi € M are homogeneous elements, and where we put
q:= |mk| . (|m1\ + ...+ |mk,1|).

Now, let B = R® By and C = R @® C; be a pair of graded augmented R
super-algebras and let B xr C denote their free product over R. Clearly, we have

(B2} C)/[B+r C,B+r C] = B/[B,B| C/[C.CIEP(B+ @r Cy)
@(B+ OR C+)§1121:icyc @(B-l— @R C+)§)r?ticyc @ ey

where in the super-case the commutators are to be replaced by super-commutators.

We apply this in the special case B := Tr(V* @ L*) and C := Tr(V @ L).
We have K.A* = T(V @ V* @ L ® L*) = B % C, where the factor B sits in
homological degree 0. Therefore, from (4.3.2) we obtain

B
KA = BT P E AP (B ©r (K. A)1) P (By @r (Ko A)y ) oriove -

where B is viewed as a DG super-algebra with zero differential concentrated in
homological degree zero.

Hence, for homology we get

H.(K¥°A°)/L°) = [J_-siz] PH.(K¥A/L°) P B: ®r H.(K.A) ) ...

We see that that the homology in the RHS is concentrated in degree 0 if and
only if each of the two complexes K&¥°A/L° and K. A has vanishing homology in
degrees > 0. O

Remark 4.3.3. The above Lemma may be seen as an instance of cyclic Kunneth
formula for free products.
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Definition 4.3.4. Let M9 = D,cz.>0 MgZr], be a collection of bigraded com-
plezes (one for each d € ZL.), with differentials d = d% : M3[r] — M3 [r].

We say that the complexes (M9, d) are asymptotically acyclic in positive ho-
mological degrees as d — oo if, for any r, N > 1, there exists a dimension vector
d=d(r,N) = N such that one has Hx(D,<, M3[s]) =0 for all k > 0.

Proposition 4.3.5. For the graded super-algebra A = TrV /(L) associated to a
(V, L)-datum, the following are equivalent:

(i) The complezes (K.(Repq A*)94,dk), of Gq-invariants, are asymptoti-
cally acyclic in positive homological degrees as d — oo.

(i) The complexes (K.(Repg A),dr) are asymptotically acyclic in positive
homological degrees as d' — oo.

Proof. The graded super-algebra A’ is clearly isomorphic to A s Tr(V* @ L*),
a free product (over R) of A, and the tensor algebra Tr(V* @ L*).

For any dimension vector d, we have Repq Tr(V* ® L*) = V3 ® LY, where
V3 @ L3 is the bigraded vector space dual to Vg @ LLq. Therefore, one has a
canonical isomorphism

Repg A° 22 Repg A x Repg Tr(V* @ L*) = Repg A x Vi x Ly € V x V¥ x L,

where all the sets above are viewed as super-schemes. For the corresponding
Koszul complexes, this gives the following Ggq x C*-equavariant DG algebra iso-
morphism

(4.3.6) K.(Repq A”) = K.(Repg A x Vi x L) = K.(Repg A) ® (C[Vi] @ ALY),

where the rightmost tensor factor C[V}] ® ALY is a DG super-algebra equipped
with zero differential and concentrated in homological degree zero.

Now fix integers r, N and assume that the complex (.., K.(Repgq 4)[s], dk)
is acyclic in positive homological degrees, for some d = N. We see from (4.3.6)
that a similar statement holds for the complex K.(Repyq A”) as well. It follows
that the same holds for the subcomplex K. (Repq 4°)%4, of Gg-invariants. This
proves the implication (i) = (ii) of the Proposition.

To prove the opposite implication, we use complete reducibility of finite di-
mensional Gg-representations. Specifically, given a (finite dimensional) ratio-
nal Gg-representation U and an irreducible Gg-representation M, let UM =
Homg, (M,U) be the M-multiplicity space of U. For any pair U, W, of finite
dimensional G4-representations, by complete reducibility, one has a canonical di-
rect sum decomposition of the space of Gg-diagonal invariants: (U @ W)% =
&b MeTrr(Ga) UM @ WM* where M* stands for the contragredient representation.
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Now, the group G4 acts diagonally on the tensor product in the RHS of (4.3.6).
Hence, taking G4-invariants we obtain

Ga
(4.3.7) K.(Repg A?)Cd = (K (Repg A) ® C[V] ® /\Lg)

— D K.(RepgA)M o (CVi @ ALY
Melrr(Gq)

Observe also that, for each irreducible Gg4-representation M, one clearly has
(4.3.8) K.(Repg M = (C[Va] @ ALa)" #0 «— (ClvieALy)™ #0.

To complete the proof, fix integers r, N, and assume that for some d >~ N the
complex (D, ., K.(Repq A°)[s]94, d) is acyclic in positive homological degrees.
We deduce from the direct sum decomposition in (4.3.7) and from (4.3.8) that,
increasing the values of r and d if necessary, one can ensure that a similar state-
ment holds for each Gg-isotypic component that occurs with nonzero multiplicity
in the complex @, ., K.(Repq)[s]. The implication (ii) = (i) follows. O

4.4. Proof of Theorem 3.7.7. Given any (V, L)-datum, we may view the tensor
algebra Tr(V @ L) as a free bigraded super-algebra such that the vector space
V' is even and is placed in homological degree 0, resp. the vector space L is odd
and is placed in homological degree 1 (cf. Proof of Proposition 3.7.1).

We apply the general construction of the trace map Trgq, cf. (4.1.2), to the free
bigraded super-algebra K.A = Tr(V & L). Since Repq (Tr(V @ L)) = Vq ® Lq,
we obtain a bigraded super-algebra homomorphism

(4.4.1) Trq: O(K.A) = Sym (K9€A);) — (C[Va] ® A"L5).

It is straightforward to check that this map intertwines the Koszul differentials
on both sides, i.e., it is a morphism of DG algebras.

Next, recall the short exact sequence from (2.3.11) and the isomorphism in
(2.3.12). It is easy to see that the following diagram commutes

(4.4.2) Lo ¢ (B75) KA
Id J/Trd

)
o ¥ (Lg)%a = (C[Vaq] © A'Ly) .

Therefore, the map Trq descends to a well defined map
(4.4.3)

Trg : Sym (K&€A), /L) — (C[Va) ® A" (L5/L°)) 7 = K. (Repq A)4.
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(here and below, we will identify the space L° with its image 1 (L°) C L}). The
map (4.4.3) is again a bigraded super-algebra homomorphism compatible with
the Koszul differentials on each side.

Lemma 4.4.4. The maps Trg are asymptotically bijective, cf. Definition 4.2.1.

Proof. Since any free algebra is RCI, Proposition 4.2.2 implies that the map Trq
in (4.4.1) is an asymptotically bijective algebra homomorphism. By commuta-
tivity of diagram (4.4.2), this homomorphism sends the subspace L° C O(K.A)
isomorphically onto the corresponding subspace ¢ " (L°) C K. (Repy A)Gd. There-
fore, the map Trq yields an asymptotic bijection between the ideal of the algebra
O(K.A) generated by the subspace L° and the ideal of the algebra K.(Repg A)¢d
generated by the subspace ¥ (L°). The induced asymptotic bijection O(K.A)/
O(K.A) - L° = K.(Repg A)%4 /K. (Repg A)% - ¢ T(L°) is nothing but the map
Try, since we have

(C[Va] ® A" L)% /(C[Va] ® A" L5)4 - L° = (C[Va] @ A" (L3/L°) %Y. O

Proof of Theorem 3.7.7. Assume first that the condition of Theorem 3.7.7(ii)
holds. Thus, the complexes (K.(Repg A), dx) are asymptotically acyclic in pos-
itive homological degrees as d’ — oo, cf. Definition 4.3.4. Hence, the complexes
(K. (Repq Ab)Gd, d K), of Gg-invariants, are asymptotically acyclic in positive ho-
mological degrees as d — oo, by Proposition 4.3.5. Applying Lemma 4.4.4 to the
algebra A”, we deduce that the complex (K%¢A”)/L° is acyclic in positive homo-
logical degrees. This implies, by Lemma 4.3.1, that each of the complexes K.A
and (K{Y¢A)/L° is acyclic in positive homological degrees. Thus, A is a NCCI,
by Theorem 3.2.4(5). Now, the implication (ii) = (i) of Theorem 3.7.7 follows
from Lemma 3.7.6.

Conversely, assume condition (i) of Theorem 3.7.7 holds. From Lemma 4.3.1,
we deduce that the complex (K®°A”)/L° is acyclic in positive homological de-
grees. Hence, the complexes (K.(Repq A°)%4, df ), of Ggq-invariants, are asymp-
totically acyclic in positive homological degrees as d — oo, by Lemma 4.4.4 ap-
plied to the algebra A°. Therefore, the complexes (K.(Repy A),dx) are asymp-
totically acyclic in positive homological degrees as d’ — oo, by Proposition 4.3.5.
This proves the implication (i) = (ii).

Finally, the equations for Hilbert series given in Theorem 3.7.7 follow from
(3.7.3). O

5. ADDITIONAL RESULTS AND EXAMPLES

5.1. Twisted free products. In this subsection, we provide a few useful ways
of producing NCCI, resp. RCI algebras.
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First, let A; = TrV;/(L;), j = 1,2, be a pair graded algebras associated with
(Vi, L;)-data. The free product of A; and Ay over R is a graded algebra

Ay xp Ag = Tr(V1 & Va) /(L1 & L2).

One easily finds
(5.1.1) h(Ay *g A2) = (h(A1) ™" 4+ h(4A9) "1 —1) 7"
Proposition 5.1.2. (i) Let A=TrV/(L), and B =TgV/(L), where L' C L is
a subbimodule. Then, if A is RCI then B is RCI.

(ii) If Ay xg Ag is RCI then both A1 and As are RCL

(iii) The converse to (ii) holds if, in Definition 2.2.5, for each N > 0 one can
use the same dimension d both for A1 and As.

Proof. Observe that if an algebraic map to a vector space is flat then so is the
induced map to any quotient vector space. Part (i) follows. Parts (ii)-(iii) are
immediate from (2.2.6). O

Assume next that one has a (V, L)-data and an (L, M)-data, that is, there are
finite dimensional N-graded R-bimodules V, L, M and graded maps

M T(jr)

(5.1.3) jr:L — THV, and jy: MC

THL THV ,

where T'(jr) is the algebra morphism induced by the R-bimodule morphism jy.
Thus, we may define a triple of graded R-algebras

(514) B .= TRV/(ImjL), D .= TRL/<Iij), BORD = TRV/(IHI.];W)

There is a slightly different but equivalent interpretation of the algebra Bog D.
To explain it, consider two R-bimodule maps

Jos, Jpp LOM — Tr(V O L), jemu(f @ m) = jr(l) + ju(m),
Jrm(®m) = jp(0) — L+ jar(m).

We observe that the algebra B xp D, a free product, is a quotient of Tr(V & L)
by the two-sided ideal generated by the image of the map jras. Observe further
that the kernel of the algebra homomorphism

Tr(V ® L) - TrV/(Im jy,) = Bor D,

induced by the first projection V @& L — V, is a two-sided ideal in Tr(V @ L)
generated by the image of the map j} ,,. Therefore, we get

(5.1.5) Bxrg D =Tr(Va@®L)/(Imjrpy), and BorD = TR(V@L)/(IIH]',LM).
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Proposition 5.1.6. If B is an NCCI algebra then, for the Hilbert series of
Bogr D, we have

h(Bog D) = [1—h(D)-(h(V) — h(L))] " - h(D).

To prove the proposition, we introduce an increasing filtration on the algebra
Bopg D as follows. First define a grading on Tr(V @ L) by assigning elements of
the vector space V' C V & L their natural degrees and placing the vector space
L C V@& L in degree zero. The increasing filtration on Tr(V @ L) induced by this
grading descends to an increasing filtration on the quotient algebra B ogp D =
Tr(V®L)/(Imj},,). Let gr(Bog D) denote the corresponding associated graded
algebra.

It is clear from the isomorphisms in (5.1.5) that the tautological imbedding
Ve L — Tr(V @ L) induces a well defined and surjective graded algebra homo-
morphism
(5.1.7)
€: BinD=Ta(V & L)/(Imja) — gr(Bor D) = gr (Ta(V & L)/(Im 7).

Lemma 5.1.8. If B is an NCCI algebra then the map (5.1.7) is an isomorphism.

Proof of Lemma. Let F = TRV, and to simplify notation write ® = ®p, (—) *
(=) = (=) *r (=), etc. The noncommutative Koszul complex K.(B) for the
algebra B reads

L= FRQLRIFQLRF - FQQLRF — F — B.

Taking a free product of this complex with the algebra D yields a complex of the
form

(5.1.9)

. = (F«D)®QL®(F*D)Q LR (F+xD) — (FxD)Q L& (F+xD) — FxD — BxD.

The complex K.(B) provides a resolution of B, since B is an NCCI algebra.
It follows that the complex in (5.1.9) provides a resolution for the algebra B D.

On the other hand, using the presentation of the algebra Bo D given in (5.1.5),
one sees that the terms of the corresponding Koszul complex K.(B o D) can be
written in the form
(5.1.10)

.. = (F«D)®QL®(F*D)® LR (F+xD) — (FxD)Q LR (FxD) — FxD — BoD.

Now, the above defined increasing filtration on Bo D gives rise to an increasing
filtration on the DG algebra K.(Bo D). Furthermore, it is clear that the complex
(5.1.9) is obtained by taking the associated graded of the complex (5.1.10) with
respect to that filtration. Hence, it follows that, for an NCCI algebra B, the
complex (5.1.10) is acyclic in positive homological degrees. This implies that ¢ is
an isomorphism, and the lemma is proved. O
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Proof of Proposition 5.1.6. Since B is NCCI, we have h(B) = (1—h(V)+h(L))™*
Further, by Lemma 5.1.8, the graded R-algebras Bo D and B * D have the same
Hilbert series. The proposition now follows from formula (5.1.1). O

5.2. We keep the notation of (5.1.3)-(5.1.4). Also put F' := TRV, and A := BogrD
and A’ := B *r D. We have the sub R-bimodule L° = L N [F, F].

Let @ := LN [F, F] N (Imjar) be the kernel of the natural map n: L° — D =
TrL/(jm)-
Proposition 5.2.1. If B is an asymptotic RCI algebra then one has
h(O(D); 1)
MQ) Tls1 det (1 + A(D;t)-[n(V;t5) — h(L; t°)])

h(O(Bogr D);t) =

Let L° be the image of the map 1 : L° — D. We have a natural embedding
v : L° — [A, A]. The image of  is contained in the degree zero part of [A, A]
under the filtartion on A, so it gives rise to an embedding grv : L° — gr([A4, 4]).

Lemma 5.2.2. One has gr([A, A]) = [A", A’ @ (grv)(L°).

Proof. The direct sum of the terms of the complex (5.1.10), resp. (5.1.9), gives
a differential graded algebra K., resp. K. = K.(B) *r D. As we have explained
earlier, the DG algebra K. comes equipped with the increasing filtration, such
that one has gr K. = K!. Therefore, for the corresponding super-commutator
quotients, K&°¢ := K./[K.,K.] and (K®°) := K!/[K!, K!], respectively, we
deduce gr K&¢ = (K&¢)'.

Since B is an asymptotic RCI algebra, the homology of the complex gr K¢ =
(K®°) is concentrated in degrees 0 and 1. Moreover, we have Hy((K®¢)") =
A'J[A'; A'] and Hy((K®°)") = L°.

The increasing filtration on K¢ gives rise to a standard spectral sequence
with Ep-term H.(gr K&¥¢) that converges to the homology of K¢, It can be
seen from the analysis of the spectral sequence that this yields Hy(K.) = Q. We
also have Hy(K.) = A/[A, A]. The lemma follows. O

Proof of Proposition 5.2.1. By Proposition 5.2.2, to compute the Hilbert series
of O(A) it suffices to compute the Hilbert series of O(A’). To compute the latter,
note that we have
AL By o P+ o Tr(B+ ®r D)+
[AlvA/] [B7B] [DaD] [TR(B-‘F ®R D+)7TR(B+ ®R D+)]
This implies that
h(O(B);t
[T, det (R(B; ts) + h(D s) — h(B t5) - h(D; %))
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Using that B is an asymptotic RCI algebra, the last equation can be rewritten

as
Ny 1 h(O(D);1)
MO = X(Q) Ty det (14 h(D: ) - (V5 %) — WL )])
and the proposition follows. O

5.3. Examples of RCI algebras. We begin with the example of the algebra
of g-polynomials. Thus, we fix ¢ € C*, and let Cy[x,y| be the algebra with two
generators x,y of degree 1 and defining relation zy — qyx = 0.

Proposition 5.3.1. If g is not a root of unity, then the algebra Cgylz,y] is RCL

Remark 5.3.2. (i) If ¢ is a root of unity then the g-polynomial algebra C, [z, y] is
not a RCI algebra. Namely, if n is the order of ¢ then C,[z,y] has a 2-parameter
family of equivalence classes of irreducible n-dimensional representations, which
gives an n? + 1-dimensional family of representations. Taking direct sums of
such representations and 1-dimensional representations, we see that Repy(A) has
dimension bigger than expected, for any d > n.

(if) Formulas (2.2.9)(i)-(ii) for C,4[z, y] are easy to check directly. If ¢ is a root
of unity, then it is easy to see that (i) still holds but (ii) fails (which is another
way to see that in this case Cy[x,y] is not RCI).

Proof. We need to show that the variety R,, of n-dimensional representations of
the algebra C,[x,y| has dimension n?. To do so, consider the subvariety R?l of
R, consisting of representations on which z is a nilpotent matrix. Since x in this
case is conjugate to gz, the dimension of the space of solutions y of the equation
xy = qyz is the same as the dimension of the centralizer of z. Therefore, for each
nilpotent conjugacy class C' (corresponding to the matrix x), the dimension of
the set {(x,y) | 2y = qyz, = € C} equals n?. Thus, we get dim R? = n?.

Any representation V' € R,,, of C4[z,y], has a canonical direct sum decompo-
sition into Fitting components V' = Vj @ Va, such that the endomorphism z|y,
is nilpotent and the endomorphism x|y, is invertible (and then y is nilpotent be-
cause ¢ is not a root of unity). Let dim V; = nj, and dim V5 = ny. Then there are
(ni)2 parameters for V;, and an additional amount of 2nine parameters for the
choice of the vector space decomposition V = V; @ V5. Thus the total dimension
is (n1 4+ n2)? = n?, and we are done. O

Here is a more interesting example of a RCI algebra where formulas (2.2.9) are
not trivial.

This very short proof was explained to us by G. Lusztig
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Ezample 5.3.3. Let m > 1, and fix an m-tuple q1,...,¢nm € C*. Let A be the
algebra with m generators x;, ¢ = 1,...,m, and one relation

adg, (z1)adg, (z2) ... adg,, , (Tm—1)Tm =0,

where ady(x)y := 2y — qyx, and ¢; € C* are not roots of 1. We claim that it is a
RCT algebra. Indeed, we can rewrite the relations as

Tm—1Tm — @m—-1TmITm—1 = Zm—1, Tm—22m—1 — dm—22m—-1Tm—-2 = Zm—-3, -- -,

T122 — 12271 = 0.

We need to show that the representation space of this algebra has dimension
n?(m — 1). We assign degree 1 to all variables, x;,z;. The corresponding top
degree homogeneous terms of the above equations read

Tim—1Tm — @m—1TmTm—1 =0, Tm—22m-1 — @m-22m—1Tm-2 =20, ...,
T122 — 12271 = 0.

we find that this defines a complete intersection by Proposition 5.3.1 (so the
dimension of the space of solutions is the expected number n?(m—1)). Therefore,
the original equations also have the space of solutions of this dimension, as desired.

5.4. Examples of asymptotic RCI algebras. We begin with some combina-
torial preliminaries. Let e and f be two (possibly equal) words in the alphabet
Vl,...,0n. We will say that e, f are non-overlapping if none of them is a proper
subword of the other, and none of them begins the way the other one ends. It is
clear that e, f are non-overlapping if and only if any word w that contains both
e and f (in different ways if e = f) is of the form wjews fws or wy fweews.

Let V be a vector space with basis v1,...,v,. We have a free C-algebra TV =
C(vi,...,vy), where vy is assigned some grade degree my. Given homogeneous
elements eq,..., e, € TV, we put A=TV/(L) = C(v1,...,vn)/(e1,...,€p).

Theorem 5.4.1. Suppose that the defining relations ey, . .., e, of A are monomial
(i.e. each is given by a single word) and pairwise non-overlapping. Then A is an
asymptotic RCI.

Note that the condition that eq,...,e, be pairwise non-overlapping includes
the stipulation that each e; is non-overlapping with itself. Anick uses the name
‘strongly free’ for such a pairwise non-overlapping set e, ..., e,, see [An].

Proof. First, one shows by a standard inclusion-exclusion argument that Anick’s
complex C. A is a resolution of A. Thus, A is NCCI.

Next, observe that in our case, we have L° = 0 (this follows from the fact that
the relations are non-overlapping). Hence, by Theorem 3.7.7, we must only prove
that the complex K&°A has vanishing homology in all positive degrees.



142 Pavel Etingof and Victor Ginzburg

Remark 5.4.2. The vanishing of the homology groups of K°A of degrees > 1 is
a consequence of Proposition 3.7.1, but it may also be proved directly as follows.

For brevity, write Q; = K;"°A, i > 0. We have a natural decomposition
Q. = ®yuQ.(w), where the summation is taken over cyclic words w, and Q;(w) for
i > 0 s the span of all elements w; ®e;, ®. . .Qw;®e;, such that wiej, ... w;e;;, = w,
while Qo(w) is a 1-dimensional vector space spanned by w.

Let w be a cyclic word. Since the relations are non-overlapping, the word
w has a unique (up to cyclic permutations) maximal length representation as
w = 21...%Zm, Where z; 1= w;ej, (in this case, w contains exactly m distinct
subwords of the form e;). Let D. be the 2-step complex with Dy = Dy = C,
and d : D1 — Dy the identity map. It is easy to check that if w contains at
least one monomial e;, and I' = Z/nZ is the cyclic symmetry group of w (clearly,
m is divisible by n), then the complex Q.(w) is isomorphic to ((D.)*™)' and
therefore is exact. On the other hand, if w does not contain e;, then Q.(w) is
concentrated in degree 0. This implies that the complex Q. is exact in positive

degrees, as desired. Theorem 5.4.1 is proved. O
Definition 5.4.3. Fiz an alphabet vy, ..., v, and let (my,...,mp;71,...,7p) be
a collection of nonnegative degrees. For each i = 1,...,n, put degv; = m;. We

say that the above collection of degrees is admissible if there exist pairwise non-
overlapping words w1, ...wp, in our alphabet, such that degw; =r;, j=1,...p.

Let v1, ..., v, be indeterminates of degrees my, ..., m,. One says that a certain
statement holds for a Weil generic p-tuple of homogeneous elements e, ..,e, €
C(v1,...,vy,), of degrees rq,...,rp if it holds for p-tuples which belong to an at
most countable intersection of nonempty Zariski open sets in the direct sum of
the homogeneous components of the algebra C(vy,...,vy) of degrees r1,...,7p.

Theorem 5.4.4. Let (mq,...,mp;71,...,7p) be an admissible collection of de-
grees and put degv; = mj, j = 1,...,n. Then, for a Weil generic set of homo-
geneous relations e, ..,e, € C(vy,...,vyn), of degrees r1,...,r, respectively, the
algebra C(vy,...,vn)/(e1,...,€p) is an asymptotic RCL.

Proof. For each j > 0, the property of the complex KA to have vanishing
higher homology groups in degree j is clearly an open condition. Thus, Theorem
5.4.4 is an immediate consequence of Theorem 5.4.1. O

We refer to [An3] and [Pi, Theorem 2.25] for related results on NCCI algebras
with generic relations.

Ezample 5.4.5. The collection (1,1;7) is admissible for any r > 1. Indeed, if z,y
are generators then the word "'y is not self-overlapping. Thus, an algebra A
with two generators of degree 1 and one Weil generic relation of degree r is an
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asymptotic RCI, by Theorem 5.4.4. However, such an algebra is not RCI for any
r > 4. Indeed, in this case there are 4-dimensional representations where the gen-
erators x,y act by any strictly upper triangular matrices in some common basis.
The dimension of the set of such representations is 18. Thus the dimension of
the space of N > 4 dimensional representations which are isomorphic to the sum
of one of the above 4-dimensional representations and a bunch of 1-dimensional
representations is N2+ 2, which is bigger than N?, required by the RCI property.

Now consider collections (1,1;7,s), r,s > 1. If r = 2,3, then it is easy to see
that such a collection is never admissible. If » = 4, then the smallest s for which
this collection is admissible is s = 5; the corresponding words are z2y? and zyxy?.
For randomly chosen relations of degrees (1,1;4,4), the corresponding algebra is
not NCCI.

6. PREPROJECTIVE ALGEBRAS AND QUIVER VARIETIES

6.1. Hilbert series for preprojective algebras. An important example, which
was the main motivation for this study, is that of preprojective algebras.

Recall the setting of §1.3. Thus, II is the preprojective algebra of a connected
quiver () with vertex set I. We have Il = TRV/(L), where V is a C-vector space
with basis formed by the edges of the quiver @, and L is an R-subbimodule in
V ®r V generated by the element },o[a,a”]. Therefore, we get h(V;t) =t-c,
and h(L;t) = t?-1. In this case, one can rewrite the (-function in (2.2.4) in terms
of the adjacency matrix c of the double @, as follows

1
—t5.c+125-1)°

(6.1.1) C(@st) =C(v.Lit) = [ ] det(1
s>1

The vector space L° is spanned by a single degree 2 element > aeQ[a, a*], hence,
we have A(L°) =1 — ¢2.

According to [CB] (see explanations in [CBEG], section 11), we know that II
is an RCI algebra, provided the quiver @ is neither Dynkin nor extended Dynkin.
Thus, Theorem 1.3.1 follows from Theorem 2.2.7.

Ezample 6.1.2. Fix an integer g > 1. For any n > 1, let A, ,, be the algebra with
generators x;,y;, ¢ = 1,..., g, and one defining relation (> _[x;,y;])" = 0.

In the special case n = 1, the corresponding algebra A, 1 is nothing but the
preprojective algebra of a quiver with one vertex and g edge-loops. This prepro-
jective algebra may be thought of as an ‘additive’ (i.e. Lie algebra) analogue of
the group algebra of the fundamental group of a genus g Riemann surface.
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Proposition 6.1.3. Let g > 1. Then, for n =1, we have

1
1—2g-t+t2’

1
—2g-t5 + 125"

h(Ag1) = and h(O(I)) = 1—1752 11 :
s=1

For any n > 2, we have
1— t2n
= 1— 2975 + 2gt2n+1 _ t2n+2’
[e.e]
1— t2(n—1+s)
h(O(Ag,n)) = ]1 1 —2gt5 + Qgt(2n+l)s _ t(2n+2)s)'
sS=

h(Agn)

Proof. In the case n = 1, the formulas follow from Theorem 1.3.1.

If n > 2, we apply the results of §5.1. Specifically, in the notation of that
section, we take B = Ay and D = Clz]/(2"), and also @) = 0. Thus, one has

n—1

and  h(O(D)) = [] ﬁ

=1

1 _th
"D =7

The algebra A, is an asymptotic RCI and we have A, , = A1 or D. Thus,
from the formulas for n = 1, applying Proposition 5.1.6 and Proposition 5.2.1,
we get the required formulas for n > 1. O

We note that the formula of Proposition 6.1.3 for h(O(Ay,1)) fails if g = 1.
Theorem 1.3.1 cannot be applied to that case, since the quiver with one vertex
and one edge-loop is an affine Dynkin quiver. In this case, the representation
scheme Rep,(Agy,1) is the commuting scheme, consisting of pairs of matrices X,Y
of size d such that XY — Y X = 0. This scheme has dimension d? + d and is not
a complete intersection unless d = 1.

Note also that, for n > 1, the algebra Ay, (as well as the algebra D =
Clz]/(2™)) is not NCCI and it has infinite cohomological dimension. O

Next, let () be an arbitrary quiver and let J C I be a subset of the set of
vertices of (). Following [EE], define the partial preprojective algebra A = Ilg s
in the same way as IIg except that the defining relation has the form

(1 _pJ) Z[ava*Kl _pJ) =0,
where p; is the sum of the idempotents corresponding to the vertices from J.

Proposition 6.1.4. If J # () then, for any connected quiver Q, the partial pre-
projective algebra Ilg j is RCI.
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Proof. If () has only one vertex, the statement is clear, so we will assume that
Q@ has more than one vertex. Let j € J, and let @' be the quiver ) with an
additional self-loop v at the vertex j. Then Ilgy ; = Ilg s *g IL, ;, where ~
stands for the quiver with vertex set I and unique edge . The quiver @’ is not
Dynkin or affine Dynkin. Therefore, by Theorem 1.3.1, Iy is a RCI algebra,
and hence by Lemma 5.1.2, (i), Il ; is a RCI algebra. Hence by Lemma 5.1.2,
(i), so is g, 7, as desired. O

Thus we obtain the following result.

Proposition 6.1.5. Let QQ be a connected quiver with vertex set I and let J C I
be a nonempty subset. Let c be the adjacency matriz of Q and 1;.; be the
diagonal matrix whose principal diagonal is the characteristic function of the set
I~ J. Then, we have

1
1—ts-C+t28-1[\J).

h(Mg,s) = (1—ct+t*1; )", and ROy ) =[] det(
s=1

Remark 6.1.6. (i) The formula for h(Ilg ;) was proved in [EE] by another
method.

(i) Note that there is no factor (1 —¢?)~! in the formula for h(O(Ilg, ;)) since
L° = 0 in this case.

6.2. Asymptotic Hilbert series for Nakajima quiver varieties. Fix a pair
of dimension vectors d = {d;};c; and w = {w; };c;. For each i € I, we put

P; = Hom(C% C"), Paw=EPPi;; Qi=Hom(C",C%), Qwa=EPQ:.

el i€l

We write elements of P, resp. of Q, as p = {p; € P;}, resp. q = {¢ € Q;}.
Thus, the composite g;op; is a linear map C% — C%, that is, an element of
Eii = Hom(@di, Cd’)

Now, let @ be a connected quiver. For any edge a € Q,wepute, :=1ifa € Q,
resp. €, := —1lif a € @\ Q. Let V be an R-bimodule with basis formed by the
edges of ). We have Repq(Q) = Homp pimod(V, Eq) = Vq.

Nakajima considers a moment map
paw: Va X Paw X Qwda — ®icrEii,  (p,p,q) — Dicr pi(p, P, q),
ni(p,p,q) = <Z{atetaﬂ(aH} capla )-p(a)> — ai°pi € Eq,
Vi € I, p € Repq(Q).
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The affine quiver variety with parameters d and w is defined as a categori-
cal quotient M(d, w) := ug;v(O)//Gd. There is an action of the group Gw =
[IGL(C™) on M(d, w) induced by the natural Gy-action on CV. There is also
a C*-action on M(d, w) arising from the standard C*-action on the vector space
Va x Pagw X Qw.q, by dilation. Thus, we get a weight grading C9(d, w)] =
D, - CM(d, w)][r], such that, for each r > 0, the weight component C[9t(d, w)][r]
is a finite dimensional vector space equipped with G-action.

For any element g = (g1,...,9r) € Gw = [[GL(C") we form a generating
function

o(Com(d,w); g, t) = Zrzo t"-Tr (gl cpna.wy) € CIIE-

Further, for each pair ¢, j € I, we define W;; = Hom(C",C"7) = (C")*®@C"i.
Given g; € GL(w;) and g; € GL(wj), we have amap g;; = g/ ®g; : (C*¥)*@C" —
(C*)* ® C%i. Thus, g;; € End W;;, and we get a sequence of polynomials

det(lwij — tm'gi]’) S (C[t], m=20,1,....

Let ¢, € C[z], k =0,1,..., be a sequence of polynomials (essentially, Cheby-
shev polynomials of the second kind) in an indeterminate x defined as the coef-
ficients in the expansion of the generating function

[e's] . 1
(6.2.1) l;)qbk(x)t e

We set ¢, = 0 for k negative. Then, for each k € Z, we have an I x I-matrix
|¢(c)ij||. Further, recall the notation {(Q,t) from (6.1.1).

An argument similar to that used in the proof of [CBEG]|, Lemma 11.1.2,
implies that, for any non-Dynkin quiver and any given dimension vector w # 0,
there exists a sequence of dimension vectors d — oo such that the corresponding
varieties ,u:iiv(O) are all complete intersections. Thus, repeating the arguments
of §2.3 one (;btains, via a matrix integral calculation similar to one carried out in
§2.4, the following version of Proposition 2.4.9 for quiver varieties.

Proposition 6.2.2. Fix a connected non-Dynkin quiver Q and a dimension vec-
tor w # 0. For any g € Gw and r > 0, the sequence of r-th coefficients in the
formal power series @(C[,‘m(d, W)]) stabilizes as d — oo, and for the correspond-
ing limit we have

lim @ (C[(d, w)]; 8, ¢) = ¢(@.)- [T ] L ¥

o i ko det(Tws; — 2. gij) ()i

Next, we set (w, ¢ (c)w) := >, i ¢r(c)ij-w;-w;. Taking g = 1 in the formula
of the above Proposition, we deduce
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Corollary 6.2.3. With the notation and assumptions of Proposition 6.2.2, for
Hilbert series of quiver varieties M(d, w) we have

i N 1 1
dh_,Ig)h((C[gﬁ(dv W)]v t) - H det(l —t5-c + t25-1) H (1 _ tk+2)(w,¢k(c)w) : -
s>1 k>0

Remark 6.2.4. It was kindly pointed out to us by H. Nakajima that, in [NY], the
authors study a function similar to ®(C[2(d, w)];g,t). The problem solved in
[NY] is, however, quite different. Specifically, the setup of [NY] corresponds to
the special case where @ is the Jordan quiver. In that special case, Nakajima
and Yoshioka analyze asymptotic behavior with respect to the variable ¢ (corre-
sponding, in the notation of [NY], to e“11°2) for fized dimension vector d. The
resulting function (for finite d) is much more complicated than the one given in
Proposition 6.2.2; it is a K-theoretic version of the Seiberg-Witten prepotential,
see [NY] for details.

Remark 6.2.5. Fix a total ordering on I, the set of vertices of @, and put GSg :=
[lic; GL(cij) x [L;er Sp(cii). The group GiSq acts naturally on the vector space
spanned by the edges of @ by linear transformations. This gives a GSg-action
on the path algebra of @ and on the algebra I1(Q), by algebra automorphisms.
Therefore, for any pair (d, w), of dimension vectors, one has a linear GSg-action
on the symplectic vector space Vg X Pgqw X Qw,q by symplectic automorphisms.
This action commutes both with the Gg-action and Gy-action, as well as with
the C*-action. Thus, the quiver variety 9t(d,w) acquires the structure of a
Gw x C* x GSq-variety.

Now, let R(GSg) denote the representation ring of finite dimensional ratio-
nal GSg-modules. One can introduce G Sg-equivariant refinements of the for-
mal series h(IT;t), @(C[fm(d, w)l; g, t), etc., as appropriately defined elements of
R(GSg)[[t]], the ring of formal power series with R(GSg)-coefficients. The for-
mulas of Theorem 1.3.1 and of Proposition 6.2.2 still apply in this refined G'Sg-
equivariant framework, provided the symbol c¢;; is understood as an element of
R(GSg) corresponding to the class of the fundamental vector representation of
the group GL(c;;) if @ < j, resp., to the class of the fundamental covector rep-
resentation of the group GL(cj;) if ¢ > j, and also as the class of the vector
representation of the group Sp(cy) if i = j (this way, ¢ becomes an R(GSg)-
valued matrix).

6.3. The case of extended Dynkin quivers. Let () be an extended Dynkin
quiver, and write o € I for an extending vertex. We let e, denote the idempotent
in the preprojective algebra of () corresponding to the trivial path at o.
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Let I' € SL2(C) be the finite subgroup corresponding to @ via the McKay
correspondence. Thus, the extending vertex corresponds to the trivial represen-
tation of I'. We write M for the 2-dimensional tautological representation of T’
and let I' x Sym M be the corresponding smash-product algebra.

According to [CBH], one has

Proposition 6.3.1. (i) The preprojective algebra 11 is Morita equivalent to T x
Sym M.

(ii) There is a graded algebra isomorphism (Sym M) 22 ¢ Ie,. O

Part (i) of the Proposition implies, in particular, that Anick’s complex is a
resolution for the preprojective algebra II, hence, II is NCCI. Therefore, Theorem
3.2.4(2) and the second formula in (3.7.3) yield

(6.3.2) h(Il) = (L—tc+t*1)"!, resp.,, h(O(L) = {(Q,t)-h(Sym HH,(IL)).

Recall Chebyshev polynomials of the first kind, ¢y, introduced in (1.3.2), and
Chebyshev polynomials of the second kind, ¢y, introduced in (6.2.1). These
polynomials are related by the formula ¢ = ¢, — dp_2, k =0,1,....

We have the following well known result, cf. [Su].

Corollary 6.3.3. The Hilbert series of the graded algebra (Sym M)' is given by
the formula

¢k(c)oo'tk-

h((Sym M)") = Z

k>0

Proof. We use the first formula in (6.3.2), which is a matrix equation. Hence, for
the matrix element on each side of that equation corresponding to the extending
vertex, we get

h(eoTley) = h(I)py = (1 — t-c+21)71) = Zkzo Dk(€)oo ",

00

where the last equality is the definition of the polynomials ¢y given in (6.2.1).
The result now follows from the isomorphism of Proposition 6.3.1(ii). O

Proof of identity (1.3.3). We will be interested in Hochschild cohomology of the
smash-product I' x Sym M. These are well known and easy to find. To describe
the answer, put .7 := '\ {1}, and let C[.#]' denote the vector space of class
functions on the finite set .. Then, one has, see [CBEG], formula (8.5.1):

(Sym M)F if i =0
(M* @ Sym M)" if i=1
A2 M* @ (CL.7) @ Sym M)T if i =2
0 if 4> 2.

HH' (T x Sym M) =
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It follows by Morita equivalence of Hochschild homology and Van den Bergh
duality A> M* @ HH.(IT) = HH?*(II), see [VdB], that we have

(6.3.4)N> M* @ HHo(II) =2 HH(IT) =2 HH*(I' x Sym M) = (Sym M)",
N2 M* @ HHo(IT) = HH?*(TT) = HH*(T x Sym M) = A*> M* ® (C[.#] @ Sym M)".

The isomorphisms in the second line of (6.3.4) imply that (HHo(II)); =
(Sym M) Hence, in terms of the integer coefficients ¢ (c),, in the Hilbert series
of (Sym M), see Corollary 6.3.3, we obtain the formula

B(O(I)) = h(Sym (HHo(I)4)) = h(Sym ((Sym M)D)) = [ m
E>1

Further, the vector space A> M has weight degree 2. Hence, from the first line
of (6.3.4) we get a graded space isomorphism HHo(IT) = (Sym M)'(2), where
(2) denotes grading shift by 2. Thus, we find

1
— tht2)on (€)oo

R(Sym HH3() = h(Sym ((Sm M) 2) = [T
k>0

Using the above formulas for Hilbert series, the last equation can be rewritten
as

1 1
H (1 _ tk?)d)k(c)oo - C(Q’t)H (1 — tk+2)¢k(c)oo .

k>1 k>0

Thus, we obtain

11 1 I 1
<(Q7t) = Py 5 = —
(1-— tk)¢k( )00—¢k—2(c)oo e (1-— tk)gok(c)oo

k>1

This equation is equivalent to (1.3.3), and we are done. O

Remark 6.3.5. The identity in (1.3.3) may be also verified directly, case by
case, for each Dynkin diagram of type A,D,FE. To do so, one has to know
explicit formulas for the determinant of the t-analogue of the Cartan matrix
of the corresponding extended Dynkin graph. Equivalently, for the polynomial
D(t) :=det(1 —t-c+t2-1), one finds the following formulas, see [Lu, §3.13]:

A D(t) = (1 — "2

Dy :D(t) = (1 —t1)?(1 = ") /(1 - £2);
Eg: D(t) = (1 - t)(1—1°)%/(1 - £);
Er:D(t) = (1 —tH)(1 — %) (1 — %) /(1 - ¢%);
Bs: D(t) = (1) (1~ %) (1 - 1) /(1 - ).
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