ORBIFOLD RIEMANN-ROCH AND HILBERT SERIES
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ABSTRACT. We consider quasismooth polarized n-folds (X, D); then X
only has cyclic orbifold points (that is, cyclic quotient singularities). We
give an explicit orbifold Riemann-Roch formula for the Hilbert series of
(X, D), under the extra assumptions that X is projectively Gorenstein
with only isolated orbifold points. Our formula is a sum of terms each
of which is integral and Gorenstein symmetric of the same canonical
weight; the orbifold terms are called ice cream functions. This form of
the Hilbert series is particularly useful for computer algebra, and we
illustrate it on examples of K3 surfaces and Calabi—Yau 3-folds, and
show how to use it construct new families of projective n-folds.

These results apply also with higher dimensional orbifold strata (see
[6] and [19]), although the correct statements are considerably trickier.
We expect to return to this in future publications.
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1. INTRODUCTION

Reid [YPG] introduced Riemann—Roch (RR) formulas for polarized orbi-
folds (X, D) with isolated orbifold locus, of the form

(1.1) X(X,0x(D)) = (RR-type expression in D) + Z cp(D),
pPeB

where the c¢p(D) are certain fractional contributions from the orbifold points
B, depending only on the local type of (X, D). The orbifold RR formula
of [YPG] has found numerous subsequent extensions and applications; see
for example Tano-Fletcher [11], Brown, Altmok and Reid [2], Buckley and
Szendr6i [6], Chen, Chen and Chen [8] and Kawakita [13], and we expect
these ideas to be equally applicable in the study of higher dimensional vari-
eties.

A general RR formula for abstract orbifolds was first proved by Kawasaki
[14] by analytic tools. Toen [17] gave another proof using the algebraic
methods of Deligne-Mumford stacks. However, at present, how to use these
abstract results in practice to compute the dimension of RR spaces is not
well understood. Toen’s result was applied to weighted projective spaces
by Nironi [15] and to twisted curves by Abramovich and Vistoli [1]. Our
proof, like that of [YPG], is based on a reduction to Atiyah—Singer and
Atiyah—Segal equivariant Riemann-Roch [3], [4].

Let D be an ample Q-Cartier divisor on a normal projective n-fold X (we
usually work over C). The finite dimensional vector spaces H(X, Ox(mD))
fit together as a finitely generated graded ring

(1.2) R(X,D) = P H(X,0x(mD)),

m>0

with X = Proj R(X, D) and the divisorial sheaf Ox(mD) equal to the char-
acter sheaf Ox(m) of the Proj. A surjection from a graded polynomial
ring

(1.3) k:[xg,...,xN] —»R(X,D) with wt x; = a;
corresponds to an embedding
(1.4) i: X = Proj R(X, D) — P(ag,...,an)

of X into a weighted projective space.

The Hilbert function m +— P, (X, D) = h°(X, Ox(mD)) and the Hilbert
series Px(t) = >_,,50 Pmt™ encode the numerical data of R(X,D); it is
known that [J(1—t%)- Px(t) is a polynomial where, as above, the a; are the
weights of the generators. The multiplicative group G, (= C* if the ground
field is C) has a standard action on the graded ring R(X, D), with A € C*
multiplying R,, by A™; our aim is a character formula for the Hilbert series.
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1.1. The main result. For a quasismooth projectively Gorenstein orbifold
(X, D) with isolated orbifold points, Theorem 1.1 parses the Hilbert series
of (X, D) into simple pieces, each of which is integral and Gorenstein sym-
metric of the same degree kxy. We call the orbifold contributions ice cream
functions. The result expresses Px(t) in a closed form that can be calcu-
lated readily as a few lines of computer algebra (see Section 7). See 1.3 for
a reminder and explanation of the definitions.

Theorem 1.1. Let (X, D) be a projectively Gorenstein quasismooth orbifold
X of dimension n > 2 with only isolated orbifold points, that we write

B = {Q Of type %(bla e ',bn)} :
Then the Hilbert series of X is

(1.5) Px(t) = Pr(t) + ) Porn(Q, kx),

QeB

where

(i) the initial term has the form Pr(t) = %, where A(t) is the

unique integral palindromic (Gorenstein symmetric) Laurent poly-
nomial of degree ¢ = kx +n+1 (the coindex) such that Pr(t) equals
the series Px (t) up to and including degree ng . If ¢ < 0 then Pr = 0.
(ii) Each orbifold term for Q € B of type 1(b1,...,b,) is of the form

Porb(Q7kX) - %, with
L L L
(1.6) B(t) = IIlVMOd(H T T {§J + 1)

1=
the unique Laurent polynomial supported in H%J + 1, L%J +r— 1]
equal to the inverse of [, 11__#;1 modulo L=L": B(t) has integral
coefficients and is Gorenstein symmetric of degree kx +n + 7.

Example 1.2. Consider the general hypersurface X9 C P(1,1,2,2,3) with
coordinates x1, T2, y1,y2, 2. Then Xig is a 3-fold with 5 x %(1, 1,1) orbifold
points along P! (y;,42) and a %(1,2,2) point at P, = (0,0,0,0,1). It has
canonical weight kx = 1 and coindex ¢ = kx +n+1 = 5. The Hilbert series
is as follows: the initial term

1—2t43t24+3t3 —2t2 +¢° t+ 12 2+ 3
1.7) P; = =14+t 2
SO TR Tty o

handles P; = 2, P, = 5. The orbifold terms
—¢3 _$3_44
(1.8)  Por(3(1,1,1),1) = grpy>  Porn(3(1,2,2),1) = 55503

take care of the periodicity, giving

1—¢10
(1—1)2(1—12)%(1 —13)

Pr+5x Pop(3(1,1,1),1) + Porp(3(1,2,2),1) =



4 ANITA BUCKLEY, MILES REID, AND SHENGTIAN ZHOU

Here the numerator of Pr is palindromic of degree ¢ = 5, so that Pr is
Gorenstein symmetric of degree 1. The two P, terms are also integral and
Gorenstein symmetric of degree 1, and they start with t3, so do not affect
the first two plurigenera P; and P;.

Caution: The initial term P; is designed to handle the first plurigenera
P, PL% | but is definitely not the leading term of the Hilbert function

controlling the order of growth of the plurigenera: in this example X is a
canonical 3-fold with Kx = O(1), of degree K% = 722~ = 2 whereas P;
on its own would correspond to degree K3 = 4 (as one reads from Num(1) =
sum of the coefficients of its numerator). In our formula, the orbifold points
contribute to the global order of growth of the plurigenera, in this case

1 2
5 X -3 and -3

1.2. Plan of the paper. Section 2 defines ice cream functions as inverse
polynomials modulo 1 + ¢ 4 --- + ¢"~!; they contain the same information
as Dedekind sums. Section 3 relates the new viewpoint of this paper to
formulas currently in use for the Hilbert series of K3 surfaces, Fano 3-folds
and canonical 3-folds. Section 4 takes up the results of Buckley’s thesis [6]
on orbifold RR for polarized Calabi—Yau 3-folds, and parses their Hilbert
series into ice cream functions. Section 5 deals with the existence of the RR
formula for n-folds with isolated orbifold points and its precise shape, as a
preliminary to the proof of the main theorem in Section 6. Section 7 contains
pseudocode algorithms for the ice cream functions appearing throughout the

paper.

1.3. Definitions and notation. We work over an algebraically closed field
k of characteristic zero. A Weil divisor on a normal variety X is a formal
linear combination of prime divisors with integer coefficients. A Weil divisor
D is Q-Cartier if mD is Cartier for some integer m > 0.

A cyclic orbifold point or cyclic quotient singularity of type %(bl, sy bp)
is the quotient 7: A" — A" /u,., where p, acts on A" by

(1.9) pr Dz (x1,...,20) — (M2, ebray,).

We usually assume that no factor of r divides all the b;, which is equivalent
to the u,-action being effective; the orbifold point is isolated if and only if
all the b; are coprime to r. The sheaf m,Oxn decomposes as a direct sum of
eigensheaves

(1.10) Li={f]|e(f) = e fforalle €y} forieZ/r=Hom(ur,Gy),

which are divisorial sheaves.

The notation %(bl, ..., by) refers to polarized orbifold points; in other
words, Ox (1) = Ox(D), and the orbinates z; of degree b; modulo r are
local sections of Ox (b;). This is type 1(1(b1,...,by)) in the terminology of
[YPG], Definition 8.3.

A polarized variety (X, D) is quasismooth if its affine cone Cx = Spec R(X, D)
is nonsingular outside the origin. In this case, the orbifold points of X
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arise from the orbits of the action of the multiplicative group G,, that are
pointwise fixed by a nontrivial isotropy group u, C G,,, necessarily the
cyclic subgroup of rth roots of unity for some r. In terms of X itself,
quasismooth holds if and only if X has locally cyclic quotient singularities
%(bl, ...,by) and the given Weil divisor D generates the local class group
Z/r = Hom(uy,Gy,). Then the local index one cyclic cover defined by a
local identification Ox(mD) = Ox is nonsingular.

Our assumption that X is normal and polarized by a Q-Cartier Weil di-
visor D (so that Ox (i) = Ox (iD) for all ¢) implies that X has no orbifold
behaviour in codimension 0 or 1, or is well formed in the terminology of [11].
This assumption is good here because we work with n-folds for n > 2 with
isolated orbifold locus. It means that the orbifold X as a scheme already
knows its local orbifold cover (the universal cover of X \ Sing X'), which
simplifies the treatment, allowing us to circumvent the language of stacks
and the graded structure sheaf @, ., Ox(i) (cf. Canonaco [7]). Some of
our examples involve fractional divisors on curves, and we leave the elemen-
tary treatment of the graded structure sheaf @), , Ox (i) in this case to the
conscientious reader.!

A polarized variety (X, D) is projectively Gorenstein if its affine cone or
the corresponding graded ring R(X, D) is Gorenstein; then wx = Ox (kx D)
for some kx € Z, called the canonical weight of (X, D).

Lemma 1.3. The Hilbert series Pg(t) of a graded Gorenstein ring R satis-
fies the functional equation

(1.11) P(t) = (=1)""tkrp(1/t).

Here kg is the canonical weight of R (that is, wgr = R(kR)).
We refer to property (1.11) as Gorenstein symmetry of degree kx.

Proof. This follows from duality: R is a quotient of a weighted polynomial
ring A = k[z1,...,zy]| with wtx; = a;. A minimal free resolution

(1.12) R—Fy«—F - - —F 0,

has v equal to the codimension N — dim R, and F, = A(—a) is the free
module of rank one and degree —a where a = kr + Y a; is the adjunction
number for X = Proj R C P(ax, ..., ay,). Duality gives F,_; = Homyu (F;, F,)
so that, over the denominator [ [(1—¢%) corresponding to A = k[x1,...,zN],
the numerator of the Hilbert series is a sum of terms t% 4 (—1)7¢*~<, O

For quasismooth X, the statement corresponds to Serre duality. However,
the proof only uses the definition and basic properties of Gorenstein graded
rings, without any assumptions on the singularities of Spec R or Proj R.

Following Mukai [16], we write ¢ = kx 4+ n + 1 for the coindez of (X, D).
By the adjunction formula, the coindex is invariant under passing to a hyper-
plane section of degree 1. For nonsingular varieties, we have:

1See Demazure [9] or Watanabe [18]; the latter also treats the graded dualising sheaf
for fractional divisors.
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Example 1.4.
projective space P* has coindex 0;
a quadric Q@ € P"*!  has coindex 1;

an elliptic curve, del Pezzo surface
or Fano 3-fold of coindex 2 has coindex 2;

a canonical curve, K3 surface
or anticanonical Fano 3-fold has coindex 3;

a canonical surface, Calabi—Yau 3-fold
or anticanonical Fano 4-fold has coindex 4.

All our concrete examples are subvarieties in weighted projective spaces.
See Iano-Fletcher [11] for definitions and properties.

2. ICE CREAM FUNCTIONS

2.1. Fun calculation. “Income % per day means ice cream on Wednesdays,
Fridays and Sundays”. Consider the step function i — L%J, where | |

denotes the rounddown or integral part. As Hilbert series, it gives
3i| .
21) PO = |E]d<0rorror oo 1o 1o+
i>0

with closed form

B+t +17
2.2 Pit)= ———.
22 W=a=na—r
Indeed, L%J increments by 1 when ¢ = 0, 3,5 modulo 7, so that
(2.3) (1—t)Pt)=t3+t5+t" +t104 ...

is the sum over the jumps, that repeat weekly. Multiplying (2.3) by 1 — #7
cuts the series down to the first week’s ice cream ration:

(2.4) (1=t —=tHPt) =3+ 15 +1".

The numerator 2 + t° + ¢7 can be seen as the
5 1— 7
- = 1+t+2+834+¢* mod e L+t4+t2 413+t 15 +15.

inverse of

Indeed, long multiplication gives
(25) (I+t+E2 4+ +thHY x (B +1°+17) =
£t 0 0 T 4
4+ 10+ 17+ % 4+ 1
T4+ 18 4 1 41041
=7 4 t* +26° + 210+ 3t7 4+ 265 + 20 + 10 ¢!
=342t 4+ 262 23 244 4200 +2t6 = 1,
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where = denotes equivalence modulo 11_—ft7; here 5 = InvMod(3,7) is the
inverse of 3 modulo 7. The product in (2.5) has 5 x 3 =15 =1 mod 7
terms that distribute themselves equitably among the 7 congruence classes,
except that t7 appears once for each of the 3 terms in the second factor.
The same calculation works on replacing % by a general reduced fraction 7,

1—tb 1—¢"
1—¢° 1—¢

leading to the ice cream function InvMod( ) with b the inverse of a
mod 7.

There are several other meaningful expressions for P(¢). Under =, the
bounty t> + > 4+ ¢7 can be viewed as famine —t — 2 — t* — t% “no ice cream

on Mondays, Tuesdays, Thursdays or Saturdays”. In other words,
3+ 15 4+ #7 t —t— 2 — ¢t 6

2. P(t) = = .
(26) O=apa-m G- a-oa-m
Because t” = 1, we can shift the exponents of ¢ up or down by 7:
21 T
(2.7) L or
(1—6)(1—1¢7) (1-t)(1—1¢7)

so “ice cream rations from Monday before the start of term” or “famine from
the previous Saturday”. Of these possible shifts (as Laurent polynomials
with short support), t(t3 + > 4 t7) is Gorenstein symmetric of degree
10 + 14i, and t"(—t~! —t — > — t*) is Gorenstein symmetric of degree
3 + 144, and no other.

In “macroeconomic” terms, the order of growth is the linear function 3—7’
with seasonal fractional corrections, that is,
0g)  p—3. 3¢ — 847 — 245 — 3¢t — 115 — 24O
(28) ()_7 (1 —1t)2 1—t7
(“on Mondays, we lose % in small change”, etc.). Notice the coefficient % on
Friday: 5 is the inverse of 3 modulo 7, so as we enjoy our second ice cream
on Fridays, we lose %, the unit of small change.

The fractional divisor %P on a nonsingular curve is an orbifold point
of type %(5), with orbinate in L5 having genuine pole of order two, but
fractional zero of order % in lost change. The same considerations apply with
% replaced by a general reduced fraction 7, corresponding to the orbifold
point 1(b) with b the inverse of @ mod r. Example 2.11 and Exercise 2.12
give examples of graded rings over curves involving this type of orbifold
points.

We can average out the seasonal corrections in (2.8) to sum to zero, giving

3 342 1,3 244 2.5 146
3 2t—1 -3+l -2pi4 251y

2. P(t) ==
RO PO=7 g+ — |
where the coefficients ai(%(5)) = %,0, —%, %, %, %, —% are Dedekind sums

(compare Exercise 2.9). Our main aim is to explain how to view the orbifold
contributions P}, in Theorem 1.1 as minor variations on this simple-minded
material.
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2.2. The function Inverse Mod. We start with the following basic result.

Theorem 2.1. Fiz a polynomial F' € Q|t] of degree d with nonzero constant
term and nonzero term in t¢ (say, monic).

(I) The quotient ring Q[t]/(F) is a d-dimensional vector space over Q
and t is invertible in it, so that Q[t]/(F) = Q[t,t~1]/(F).
(IT) Any range [t7, ..., 7791 of d consecutive Laurent monomials maps
to a Q-basis of Q[t]/(F).
(III) If A € QJt] is coprime to F, we can write its inverse modulo F
uniquely as a Laurent polynomial B with support in [t7, ... 7741,

This is all trivial. The leading term of F' is nonzero, so 1,t,... i1

base Q[t]/(F'). The constant term of F' is nonzero so t is coprime to F,
hence invertible modulo F'. Multiplication by ¢ is an invertible linear map,
so multiplication by t7 for any v € Z takes a basis to another basis. If A
is coprime to F it is invertible in Q[t]/(F'), and its inverse has a unique
expression in any basis. U

Definition 2.2. We set InvMod(A, F,y) = B with B as in (III); that is,
B € Q[t,t7!] is the uniquely determined Laurent polynomial with support
in [t7,...,#7+9=1] such that AB = 1 mod F}; for different intervals, these are
congruent modulo F, but different polynomials in general. We also write
InvMod(A4, F') with unspecified support for any inverse of A modulo F' in

Q[t]-

2.3. Dedekind sums as Inverse Mod. We now relate Dedekind sums to

the function InvMod. Fix positive integers r and by, ..., b, and set
e b 11—t
2.1 A= 1—t% F=—7'—
(2:10) jHl( t¥) and hef(1— ¢, A)

The polynomial F' is the monic polynomial with simple roots only at the
rth roots of unity with A(e) # 0, or equivalently % = 1 for all b;. Since we
take out the hef, A and F' are coprime and Theorem 2.1, IIT applies to give
InvMod (A, F,~), the inverse of A modulo F with support in [t7, ..., #+4=1]
(here d = deg F' and v € Z is a free choice).

The case of isolated orbifold point is when bq,...,b, are coprime to r;
then hef(1 —#",A) =1—tand F=1+t+---+t""! has degreed =7 — 1
and roots € € p, \ {1}, the nontrivial rth roots of 1. If r is prime then F’
is the cyclotomic polynomial, and working modulo F' is essentially the same
thing as setting t = e a primitive rth root of unity.?

Algorithm 2.3. If v > 0 then t"A and F' are coprime polynomials; set
d = deg F. The Euclidean algorithm in Q[t] provides a unique solution to
(2.11) t"AB + FG =1,

2To stress that bi,...,bn are not all coprime to r, we may call o; the ith generalized
Dedekind sum.
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with B € Q[t] a polynomial of degree < d. Then InvMod (A, F,~) = t"B.
If v < 0, choose some m with mr ++ > 0, and solve

(2.12) t"TYAB + FG = 1.

using the Euclidean algorithm. Then InvMod (A4, F,~) = t7B = "™ T7B/t™".
This trick works because """ = 1 modulo F'. (For more general polynomials
F, one needs to calculate powers of the matrix M; corresponding to multi-
plication by t in Q[t]/(F); in our case, M/ = 1.)

Proposition 2.4. Consider the following r x r system of linear equations,
with unknowns o; indexed by i € Z/r = Hom(u,, C*), and equations indexed
by € € .

=1 0 if e € pp, for some j,
213) Y o’ = 1 ,J

' otherwise.

=0 (1_€_b1)...(1_5_bn)

Then (2.13) is a nondegenerate system, with unique solution the Dedekind
sums
210 oi=ai(tbn. b)) = 3 2
ey (1 —gbr).- (1 —gbn)’

EE€ Uy
% #£1V;

where the sum runs over the roots of F (that is, all the rth roots of unity &
giving nonzero denominator).

For M = (¢") is a Vandermonde matrix, with inverse N = (1e=%). O

Lemma 2.5. Let 3 be a common divisor of r and some b;. Then
(2.15) Z 0;, =0 foranyd mod (.
i=d mod 3

In other words, the average of o; over any coset of BZ/r C Z/r is zero.

This just rewrites the zeros in the first line of (2.13). For example
1
(2.16) 04(£(1,2,5,7)) = ﬁ(—2 -2,-1,3,0,-3,1,2,2,1,—1,0, 3, 1),

with o; + 0744 = Z?:O o914+ = 0 for each i.
The next result was first stated and proved in Buckley [5], Theorem 2.2,
following the ideas of [YPG].

Theorem 2.6. Let A and F be as in (2.10) and o; = O’Z( (b1,...,bn)) as
in (2.13). Then the polynomial B(t) = A(t) > ;4 or—it" is congruent to 1
modulo F'. Equivalently,

(2.17) InvMod(A, F,~ ZJT it e Q[t]/(F) for any .
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Proof. Substitute ¢ = € any root of F' in B and use (2.13) with the inverse
value of €. This gives

- : Ale)
(2.18) B(e)=A(e) Y opie' = =—————=1
; [1;(1—¢%)
This holds for every root € of F, so B(t) — 1 is divisible by F', that is,
(2.19) At)Y opit'=1 mod F. O
i=1

Algorithm 2.7. The Dedekind sums o; are obtained as the coefficients of
an Inverse Mod polynomial. The point is just to average out the o; so that
any coset mod 3 adds to 0, as in Lemma 2.5.

In the coprime case, first calculate InvMod(A, F, 0) Z:fg sy_it" by the
Euclidean algorithm. Then subtract aF where a = 1 Zz 0 Sr—i, to give

InvMod(A, F,0) — aF = EZ 0 0r— Y, with o1 = —a.

We use the following result in Section 6.

Corollary 2.8. Assume all the b; are coprime to r, so that F = 11__ttr

d=degF =1 —1. Then for any -,

and

r—1 n

1 — ¢
(2.20) (1—1) ZU’" it = InvMod(H T3¢ ,F)
=0 7j=1
y+r—1
= InvMOd(W s Y + 1) Z eltl
l=~v+1

with integral coefficients 6 =Y n_(—=1)*(1) (05— — 05s—y) € Z.

Proof of the corollary. The inverse of A/(1 —¢)"” modulo F' is congruent
o (1 —1t)" times InvMod(A, F,~), that is, by Theorem 2.6, to

r—1 n r—1

2.21) 1—)" op_it' = (—-1)° (n> oyt

( (1-1) ; 2_% ; )

Now work modulo F', and shift the terms of the double sum into the range
[v+1,...,74+7r—1]. For terms with s+ # v mod r, just shift ¢ modulo r,
bearing in mind that the Dedekind sum o,_; depends only on the subscript
r — ¢ modulo r, and that " = 1. For [ in the range, putting together the
terms with s +i =1 mod r gives >0 (—1)*(7)os_it".

This leaves the terms with s +7 = v mod r; we handle these by sub-
tracting off a multiple of t*YF = ¢ + ¢7*1 4 ... 4 ¢7*7=1 This subtracts
ZZZO(—I)S(Z) 0s—~ from every term in the range. This proves the equality
n (2.20).
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We now prove that 6; € Z. Plugging in the values of the Dedekind sums
o; and summing over s by the binomial theorem gives

s—l _ ~s—n

6 = Zn:(—l)s (Z) > (i ibl) = .8(1 — o)

=0 cen—{1}

_ (=) —e)"
- Z (I—ebr). - (1—gbn)

eepu—{1}
U,
_ r—l r— —
(2.22) = ) (F'-¢ W)Hl—ebj'
eep—{1} J=1

The second factor in the summand is a polynomial in & with integral coeffi-
cients; indeed, the b; are coprime to r, so

1-—¢ 1—€ajbj b, (a~71)b~
(223) 1_€bj_ I =14+e% 4+ ... F\% f]
where a;jb; = 1 mod r. Now Zseu,«—{l} e? = —1 mod r for every B € Z

(either r — 1 if 5 =0 or —1 if 3 # 0). Hence the expression in (2.22) is =0
mod r, so that 6, € Z.

Better proof. Replace the InvMod of a product in (2.20) by the product
of InvMods. Now InvMod(l_tbj , F, 1) is an integral polynomial; indeed, it

11
is the ice cream function for QTJ where a; = InvMod(b;, r), by the calculation
of 2.1, (2.5). O

Exercise 2.9. The ice cream function of 2.1 corresponds to 1(5): the peri-
odic rounding loss of (2.9) is

6
> oroitt = 13— 362 + 17— 2t* 4 265 — 45
1=0

= InVMod(l — 5, llitZ),

whereas
(1—t)x (3 =3t +¢° — 2t + 2t° — 1)
1—t> 117
i = o (L2 1y
Tt S NI
Exercise 2.10 (Serre duality and Gorenstein symmetry).
(1) Prove that X projectively Gorenstein of canonical weight kx implies
that kx + > 7_; bj =0 mod r for each Q = L(by,... bp).
(2) Prove that the o; are (—1)" symmetric under ¢ — »_ b; —¢. [Hint:
replace € — ¢~ 1 in the characterization (2.13) of ¢;, or in the formula
(2.14).]
(3) Now suppose coprime, let 6; be as in Corollary 2.8, and let kx be the
canonical weight. Prove that l; +lo = k4+n mod r implies 0;, = 0,,.



12 ANITA BUCKLEY, MILES REID, AND SHENGTIAN ZHOU

Example 2.11. The weighted projective line X = P(5,7) has kx = —12,
and has two orbifold points of type 1(5) and £(2). Its Hilbert series

1
-1
satisfies Theorem 1.1: since ¢ = —10 < 0, the initial term P; = 0. Then
Px(t) = Pon (2(5), —12) 4+ Pom (£(2), —12)
th4t72 41 N —t=4 172
-0 " a-na-v)

where —t=4 —¢t72 = InVMOd(ll_tha %» —4).

(2.24) Px(t) =

Exercise 2.12. Games with the ice cream function of 2.1:
(1) An elliptic curve polarized by A = 2P embeds as Ci5 C P(1,5,7)
with canonical weight 2, that is K¢ o, = 24 = gP.

(2) A curve of genus 2 polarized by P + %Q with P a Weierstrass point
embeds in P(1,2,3,5,7) as a Pfaffian with Hilbert numerator

(3) P! polarized by —P + Y_5 2Q; (that is, three 1/7 orbifold points)
embeds in codimension 4 in P(3,5,5,7,7,7) with Hilbert numerator

1— 310 — 3¢12 — 3¢M 4 915 4 6617 4 6619 + 2621 — 372 — 3¢24 — 3426 4 436,

Ice Cream

Dedekind sums are the same as InvMod plus a bit of averaging
to zero. They give the R periodicity, with denom (1-t"R). We
have a mechanism, at least in the isolated case, that
replaces the fractional term based on Dedekind sums with an
integral symmetric term with denominator (1-t) nx(1-t"r).
The trick in the isolated case is not to take InvMod(A,F),
but instead InvMod(A/(1-t) "n,F).

The whole game is

"taking Inverse of product (1-bi) modulo (1-t"r)". ()
of course this is nonsense if we don’t take account of the
common factors between (1-t"bi) and (1-t"r). The Ice Cream
solution to this problem is to take out *all* the common
factors from both.

If we are doing 1/r(bl,.. bn), set ri = hcf(bi, r), so that
1-t"ri is the hcf of 1-t°bi and 1-t"r, and mu_ri fixes the
xi axis pointwise. The denominator of the Ice Cream function
is

D = product (1-t"ri) * (1-t7r).
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For the numerator, take

A = product (1-t"bi) / (1-t"ri)
and set

F = (1-t"r) / hcf(1-t"r, prod(1-t~ri)
We then replace the original motivating idea (*) by taking
InverseMod(A,F). The remaining issue is to shift the support
into a suitable range so that Num/D is Gorenstein symmetric
of degree k.

Usually the denominator D has degree quite a lot bigger than
n+r. The length of the range should be Degree(F) (usually
quite a lot smaller than r); the Numerator must be
Gorenstein symmetric of degree Degree(D)+k, so its range
should be centred at (Degree(D)+k)/2, and so it should start
at (Degree(D)-Degree(F)+k)/2.

e.g. 1/14[1,2,5,7]. The ri are [1,2,1,7]. The A is
(1-t°5)/(1-t). The F = 1-t+t"2-t 3+t 4-t"5+t"6 (the
cyclotomic polynomial of order 14), degree 6. The
denominator D is (1-t) 2x(1-t"2)*(1-t"7)*(1-t~14) has degree
25. k = -1, so the numerator should be Gorenstein symmetric
of degree 24, centred at 12, so supported in [10,14].

25 -6 -1 =18, so half of it is 9
/* I think something like this works. */

function QQorb(r,LL,k)
L := [Integers() | i : i in LL]; // this allows empty list
if (k + &+L) mod r ne O
then error "Error: Canonical weight not compatible";
end if;
n := #L;
rr := [GCD(1l,r) : 1 in L];
= &x[(1-t~(L[i])) div (1-t~(xrr[il)) : i in [1..#L11;
(1-t°r) div GCD(1-t°r, &*[1-t"1 : 1 in rrl);
Denom(rr cat [r]);
Floor ((Degree(D)-Degree (F)+k+1)/2) ;
// Kludge avoids programming Laurent polynomials if 1 < O.
de := Maximum(0,Ceiling(-1/1));
m := 1 + dex*r;
G, al, be_throwaway := XGCD(t m*A,F);
return t~m*al/(D*t” (dexr));
end function;

- O
i
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3. K3 SURFACES AND FANO 3-FOLDS

Our Main Theorem 1.1 correlates simply with known results on K3s and
Fano 3-folds (see Altinok, Brown and Reid [2]). Let (.S, D) be a polarized K3
surface with a basket of orbifold points B = {1(a,r —a)}. [YPG], Appendix
to Section 8, gives

r2—1  bi(r — bi)
.1 A — —_—
(3-1) 7T o 20
where ab = 1 modulo 7 and  denotes the smallest nonnegative residue mod
r. By Theorem 2.6,

r—1
1 1S
tvMod (1 - 1)(1 — #7%), = _tt ) =~ bl — bi)e
=1

and

1—t9)(1—¢—9) 1—¢ -2, —
IIlVMOd<( (1)(—t)2 >, l—t)E_( 2r) zbz(r—bz)t

An immediate application of RR for surfaces [2, Theorem 4.6] gives that
the Hilbert series is

r—1 —

i(r — bi) i
2r

(3.2) Ps(t)

1+t t+t> D? 1
_1—1t+(1—t)3'7_2331—ﬂi_1

Comparing the coefficients of ¢ in (3.2) yields

b(r —b)
3.3 D*=2g—2 -
(3.3) g—2+ ; —,

where the genus g is defined by P, = h°(S,Os(D)) = g + 1 Then Ps(t) =
Pr+ > 3 Por, where

L+ (g—2t+(g—2)2+t> 1+t t+12
and
InvMod((l‘tb}“;f_b) = 2)
(3.5) Pow = )
(L —)2(1—1t)
One checks that Py, = (if;g . b(g;b) — ljtT Z::_ll E(Z;E) t', as above.

Corollary 3.1. Let V' be a Q-Fano 3-fold with basket B = {%(l,b,r — b)}
of terminal quotient singularities. Its anticanonical Ting has Hilbert series
of the form Py (t) = Pr+ > g Po, with

14 (g2t 4 (g—2)t2 + 3
a (1-1)

(3.6) Py
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where h°(—Kx) =g+2 and —K3 =29 -2+ =Y - gnd

T

InvMod(“’txl*tb)(l’”_b) 1-t" 2)

113 N
(1—1)3(1—1tr)

Proof. By [2, Theorem 4.6] the Hilbert series of (V, —Ky ) equals
(3.8)

1+t t+t2 K} 1 S bilr = Bi)
PV(’”:(1—15)2_(1—1&)4'7V_Zl;(l—t)(l—tﬂZ TR

=1

(3.7) Poy =

Example 3.2. Consider surfaces
e S; C P(1,1,1,2) with an orbifold point of type %(1,1) at Q =
(0,0,0,1),
. . . 1 1
e S; CIP(1,1,2,3) with orbifold points of types 5(1,1) and 2(5(1, 2)),
e Si; C P(1,2,3,5) with orbifold points of type $(1,1), 3(1,2), £(2,3),
where S; is a general surface of degree i, for ¢ = 5,7, 11 in the corresponding

weighted projective space. All three surfaces have kg, = 0 and ¢ = 3. The
Hilbert series parses as Pg,(t) = Pr + ZBi P

1—t°

Pss(t) = (1 _ t)3(1 _ t2)

148 t

GO RRCEDE (5
P () — 1—1t7

S7(t) - (1 _ t)2(1 _ t2)(1 _ t3)
1—t— 2443 2 2+
R A e s Rl e )
111 1—2t— 2% 4¢3
Pg,,(t) = (1—)2(1 —2)(1 — 3) - (1—1)3
2 2483 2% 413 + ¢4+ 265
Tamm-e - -e T a-0- o)

4. CALABI-YAU 3-FOLDS

Let (X, D) be a Calabi-Yau threefold polarized by a Q-Cartier Weil di-
visor D. Assume that (X, D) is quasismooth and well formed with the
following orbifold locus:

e isolated points @Q of type s_1 (%(al, as, ag)), such that a14as+a3z =0
mod s
e curves C of generic type k(%(l, —1)).
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Then by [6, Corollary 3.3.], the Hilbert series can be written in the compact
form
D3 #3442+t  co(X)-D t
6 (1—1t)* 12 (1—1t)2

+> Po(t)+ Y Polt),
Q e}

Py(t)=1+

where every curve C' contributes

r—1 — - r—1 — -

~ 1 Jik(r —ik) rt” ik(r —ik)

- _ t t'
Po(t) deg D|c (1 3 i—- + L ; 5

r—1

N¢ 1 — — —

B _ — 9.7k

+ 22 11 ;:1 ik(r —ik)(r ik)t

and every singular point () contributes

_ T .
Po(t) =+ > cq(iD)t!, with
=1

1 e'—1
D) = - .
QD) = 73 I—c)(1—c)(1—c )
EEUs
Theorem 4.1. Let (X, D) be a polarized Calabi—Yau 3-fold, and assume
that its singular locus B = {Q,C} consists of isolated points and Du Val
curves. Then the Hilbert series of X is of the form

(4.1) Px() =Pr+Y Pob+ > Ppar+ D Parow,
Q c c
where
Pgrow = deg D|c - = t);f; — . (inverse of (1= t(?(_lt;ﬂ ")
—t" r r
modulo T3 supported in [—r + [51 +2,..., b”),

1

e S =i -

N,
: <deg Dl|¢ - De-Num — 2—0 : NC—Num>
T

and Do-Num, No-Num are Gorenstein symmetric polynomials with support
[3,...,7].

Proof. For clarity we restrict to X having one isolated orbifold point @Q of
type 3_1(%((11, as, ag)) and one orbifold curve C' of type k(%(l, —1)). For a
bigger basket B, we just write >, > in front of contributions.
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Write P; = h%(X,0x(iD)) for the ith plurigenus of X. Comparing the
coefficients of ¢ and t? in the Hilbert series yields
D3 = Py — 2P + 2¢c(D) — co(2D)

+ ldeg D|C (—/{:(T — k’) —|—ﬂ(7‘ - ﬂ))

+ %(%w — k)(r — 2k) = 2K(r — 2R)(r — 2 2F)),

(X)) D = 2 [SCQ(D) — co(2D) — 8Py + P,
4 1degp|c (—4k(r — k) + 2K(r — 2F))

+ %(Sk(r — K)(r —28) ~ 2K(r — 2R)(r —2-20))].

Then the Hilbert series is
1+ (P — 4t + (P, — 4Py +6)t2 + (P, — 4)t3 + ¢4

PX(t) = (1 _ t)4
t2co(2D t —4t2 + t3)co(D .
t2cq(2D) + ( + %) cq( )+PQ(t)
(1—t)4
deg D| = % ik) rt” S%(r—ﬁ)ti
erle\ T Ty £ ‘ oy Loy
C 1 r—1 .
¢ — ikt
+ TR T 2 ik(r —ik)(r — 2 -ik)
1 t—4t> +¢3 a2
—degD|c | ————k(r — k) + ——2k(r — 2k
5y dog Dlo (R = )+ 2 PR - 20

No [t —4t2 + 13 12
— — -2
1212 < At Fr—R0=2k+ 55

First observe that the first part is P;(t): it equals Px(t) up to degree
L%J = 2 and its numerator is Gorenstein symmetric of degree ¢ = 4.

Next we prove that
t2co(2D) + (t — 42 + t3)cg(D) -

ﬁ(r—ﬁ)(r—lﬁ)).

(42) (1 _ t)4 + PQ(t) = Porb-
In Dedekind sum notation, we get
(4.3)

s—1

- (t2(0_2 —00) + (t — A2 + %) (o_q — 00)> si:ti F (=13 S (0 — oo)t!

=0
- —b)
(l—tal)(l—ta2)(1—t“3)

By Theorem 2.6, the numerator equals the inverse of (B

modulo ll_TtZ It is also easy to check that the numerator has the coefficients
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at 1,¢,t2,t5%1 and ¢t5+2 all 0, since a1 +az+az = 0 mod s implies 0_; = —0;.
Thus it is supported in [3,4,...,s].
Clearly P; and Py, are invariant under t — % This is compatible

with Serre duality, which for an n-fold X implies the functional equation

(—1)"*1Px(t) = t** Px(1/t) (compare Proposition 6.4 and Exercise 2.10).
It remains to analyse the curve contribution. We parse it into three

sections that are also preserved under ¢ +— % The terms involving N sum

into

N¢ Nc-Num

. T ooy

One checks directly that No-Num has zero coefficients at 1,¢, 2, ¢+ ¢7+2
and is thus supported in [3,...,7]. The following exercise will be useful.

Exercise 4.2. For all integers ¢ and ak = 1 mod r, prove the equality:
1
— 5%‘(%(@77" —a))+ %ao(%(a,r —a))
+ UZ( (a,r —a,r—a)) — 00(%(a,r —a,r—a))

— L E - Fyer -2 ).

127
By the above exercise No-Num equals
r—1 1 '
(4.5) —2(1—1)3 Z (m(%(a,r —a,r—a)) — %Ui(—(a,r - a))> t.
r
i=1

The definition of o; gives

r—1
Ne-Num = —(1 —t)? Z(ai(%(a, r—a,r —a))
i=1

+ O a(%(a r—a,r— a)))ti

r—1
=—(1-t)31 4+t ZUZ a,r —a))t’

=1
=(1 tra - 1 ti dl_tr
=(1+ Zarz;ar—a,r—a)) mod ——-.

This, together with Theorem 2.6 shows, that No-Num equals (14¢"~%) times
(1—t1)(1—tr—2)2
(1-1)3
as an ice cream function. In other words,

(1 —t2)(1 —¢—2)2 -t

=1+t d .
(1—1)3 o med g

the inverse of modulo % Thus Neo-Num can be obtained

(4.6) Nc-Num x
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On the other hand, the terms involving deg D|c sum to

rt”
(1—1)2(1 —tr)?

supported in [—r + [gw +2,..., [g”) +deg D|c -

(1 - t9)(1 — =) 1t
Aoz med g
Dc-Num

deg D|c -

. (inverse of

where Dc-Num denotes the polynomial

[5]+1
Z <iai —3(i—1)oi—1 +3(i — 2)oi2 — (i — 3)04-3 + 2(01 — U2)>ti
=3

+ Y ((z’ —1)oi —3(i — 1 — )01

i=[5]+2

133 —2—P)oss — (i — 3 — 1)oi_s + 2(01 — az))ti.

Note that the terms at 3+ and "% in Do-Num are the same, which implies

Gorenstein symmetry. The above result is a long, but elementary exercise
(1—t*)(1—t"*)

using only Corollary 2.8 for =02 and
r2—1  ki(r — ki)
(4.7) Ji(%(a, r—a)) = o o
where ak =1 mod r. O

Lemma 4.3. Dc-Num can be evaluated from an ice cream function.

Proof. Consider Inv(t) := the inverse of (1 — ¢*)(1 — #"~%) modulo 1=t
supported in [1,...,7r — 1]. Then Inv(t) = S/_] (0; — 09)t' and

(1—1)3-Inv(t) = o1 — o0 + (202 — 301 + o)t
+Y " (i0i = 3(i — 1)oy_1 +3(i — 2)0i—s — (i — 3)oi_3)) !
=3

+ terms at ¢" and "1,

The coefficients at 3,t4, .. ., t151+1 in the polynomial

(4.8) ¢ ((1 — )3 Inv(t)' — (01 — 09) 11—_15;” (200 — 301 + Uo)tll—_tt”>

are exactly the left hand side of the symmetric polynomial Dc-Num. O

Example 4.4. Consider Xg5 C P(5,6,11,11,33). It is a Calabi—Yau with
1

~1(3(2,2,2)) and _1(3(1,1,3)) points and 1 (£ (5,6)) curve of degree 2.
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The Hilbert series equals

1— %
(1—5)(1—16)(1 — t11)2(1 — £33)

(4.9)

=P+ Porb1/3 + Porb1/5 + Pgrowl/ll + Pperl/ll

Cl—At+6t2— a3+ 1! t3 N 3(1 4 t2)
N (1—t)4 (1—-t3)(1—1)3  (1—1°)(1—1)3
AN 4t + 12 + 13 —t* + 15 16 447 +18) 6+ 18
(1—t)2(1—t!1)? (L—t)3(1 —¢H)
Moreover,
(4.10)
—6 — 8 = 3-D Num—i-N -Num
1 ¢ 1 ¢
2
= ﬁ(2752 4263 4ot —4td — 15 — 4T 4 268 + 2% 4 2¢19)

1
- ﬁ(41&3 + 4t + 4% + 380 — 267 + 3¢% + 4t + 4610 + 441,

Remark 4.5. We restricted our study to isolated singular points, since
Po(t) for a dissident point (a1, as,as) is not uniquely determined as an
InvMod function supported on [3,...,s + 1]. The main reason is that
contributions from a dissident point on C' already incorporate contributions
from C.

For example, X490 C P(2,5,8,10,15) is a Calabi-Yau with a _1 (7(2, 5, 8))
dissident point on a degree 14—5 curve of generic type %(2, 3) and with a 2(1,1)
orbifold line. In the proof of Theorem 4.1 we computed the Hilbert series

1— t40
(1= )1 15)(1— t5)(1 — 10)(1 — £19)
=P+ Pgr0w1/2 + Pper1/2 + Porb1/15 + Pgr0w1/5 + Pper1/5
R e e t3 N
- (1—t)3 (1—12(1—2)?
L3 24 - 200 240 24T — 2910 2¢l s 2412 2413, 2414 1415
(1—t)3(1—119)
4 5°(1—t4+1%) 4 2% — ¢t 427
15(1—6)2(1—=¢%)% 3(1—-1t)3(1—1t)
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Note that the only nonzero contribution from the % curve is Pgowija =

)
%% Note also, that the numerator of Pperq/5 equals

4 4 4
75(2753 —tt 4 2°) = = De-Num — = Ne-Num
4

4
= (=3 — 2 — %) — (33 — 2t* + 3t°).
15( ) 5( + 3t%)
10 _ 1—¢1®
t' =

modulo 1+ ¢° + ¢10

On the other hand, Pobi/15 is not unique modulo 1 + o+

(1—-t2)(1—-#5)(1—t®)
(1-1)3

The computer output for the inverse of

supported in [5,...,13] is
1 2 s 2 4 4 2 2 1

4.11 e e A T At A B At
( ) 3 + 3 3 * 3 + 3 3 + 3 3 7
which relates it to Porb1/15 in the following way

1,5 1 246 _ 2,7, 448 9 4,10 _ 2,11 | 2412 _ 1,13

po o T M0 3T+ gt 019 4 510 — el 4 312 -
orb1/15 (1 o t)s(l _ t15)

1,3 244 145
~13 42t Ly
(1=1)3(1—1°)

In a mysterious way, Pper and the contribution from Py, to the curve always
sum into a numerator with integer coefficients. In our example

4 1, 2, 1
(4.12) 75(2753 —tt21%) + (—gt?’ + §t4 — g755) = 33 + 2t — 3¢°.

It is work in progress to determine such contributions explicitly.

However, we are able to parse the Hilbert series for Calabi—Yaus with
dissident points on %(1, —1) curves.

Theorem 4.6. The Hilbert series of a Calabi—Yau threefold X with orbifold
locus
e points Q of type 5_1(%(a1, as, ag)) with a1 + as + ag = 0 modulo s,
o curves C of generic type %(1, —1) with index T¢,
s of the form

2t3
W1y P =P+ 3 Pon =3 deg Dle i —ap

Proof. We repeat the steps in the proof of Theorem 4.1, but also take into
account the dissident points on C. For a dissident point () € C' we have
hef(a;, s) = 2 for some ¢ = 1,2,3 and therefore

(4.14) hef ((1 (1 — 92)(1 — 193), 11__t:> — 14t
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Note that most of the contributions due to the curves are 0. We get

2t3
41 Px(t) = P Pop — S deg D ,
(4.15) x (1) IJr% b ZC: eg ‘C(l (= )

where P; equals Px(t) up to degree 2 and has a Gorenstein symmetric
numerator of degree 4 and

(4.16)

inverse of (14%)((11:1,:)23)(14@3) mod % supported in [3,..., 5]

(1—=)°(1 =)

Porb: U

Examples 4.7. We test Theorem 4.6 on three Calabi—Yau hypersurfaces.

(1) X19 C P(11224) is a Calabi-Yau with a 3(1,1) curve of degree % pass-
ing through a dissident point of type _1&(1, 1, 2)) We used the computer
code in Section 7 to verify

1_t10
Px(t) =
x(t) (1—1)2(1 — £2)2(1 — t4)
_1—2t+3t2—2t3+t4+ 3+ ¢ 10 23
B (1 —t) 201 —t)3(1 —t4) 8 (1 —1t)2(1—12)2

(2) X171 C P(11225) is a Calabi-Yau with a $(1,1) curve of deg 1 and an
isolated point of type ,1(%(1, 2,2)). Check that

1— ¢t
Px(t) =
“O= T pa-epa o)
_1—2t+3t2—2t3+t4+ —B3+tt -5 1 2t3
B (1—t)4 (1—t)3(1—t) 2 (1—-t)2(1—¢2)%

(3) X1s C P(1,1,2,6,8) is a Calabi-Yau with a 3(1,1) curve of deg &%
and a dissident point of type ,1(%(1, 1, 6)) Then
1— t18
(1—1)2(1 —¢2)(1 —t5)(1 —¢8)

Px(t) =

1 =2t 202 26 ¢t 383 4t + 267 4 210 + 47 + 348
- =L + 11— 031 =)

2t3
(1—1)2(1—12)2

_3
8

5. THE RIEMANN—ROCH FORMULA

In this section we show that formulas of type (1.1) for polarized orbifolds
exist and how to interpret them. This was done first in [YPG] for isolated
points and in [6] for orbifold curves of type 1 (b,r — b).

r
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5.1. The existence of the Riemann—Roch formula. Let (X, D) be
a normal projective n-fold which is quasismooth and well formed (with
orbifold locus of any dimension). Choose a projective resolution of the
quotient singularities f: Y — X. For the divisorial sheaf Ox (D), define
L= f*(Ox(D))/(torsion). Then L is a rank 1 torsion free sheaf on Y.

For an ample Cartier divisor H on X and some integers m, IV, there exists
a surjection OY (—mH) — Ox (D) on X which pulls back to a surjection
OY @ f*Ox(—mH) — L on Y. This yields an exact sequence

(5.1) 0—K— OY® ffOx(—mH) — £ — 0.

Now f,0Oy = Ox since X is normal and R’ f,Oy = 0 for i > 0 since quotient
singularities are rational in characteristic zero. Applying fi to (5.1) gives

0— fK — O%(—mH) — f+L —

le*lC — 0 — le*E —
(5.2)
: — 0 — :
R"_lf*lC — 0 — R”_lf*ﬁ — 0.
This implies that R* ' f,£ = 0, and for 1 <4 < n — 2, the sheaf
(5.3) R'f.L = R

has support of codimension > ¢+2 on X, since the fibre of f over the generic
point of any n — i — 1 dimensional subvariety has dimension < 1.

We also have f.L = Ox (D). Denote the reflexive hull of £ by Oy (Dy).
As Ox(D) is saturated, we have f.Oy(Dy) = Ox(D). Thus the exact
sequence

(5.4) 0—-L—0y(Dy)—Q—0
gives rise to an injection
(5.5) f+Q— R'f.L =~ R*f.K.

Therefore f,Q has support of codimension > 3. Since Q is supported in
codimension > 2 on Y, its R f, has support of codimension > ¢ + 3.
By the above considerations, we can rewrite the Leray spectral sequence

(5.6) X(Y. L) =) (~)'x(X, R'f.L),

(5.7 x(X,0x(D)) = x(Y,0y(Dy)) = Y _ (~1)'x(X, R'f.L)
(5.8) =D XX R

(5.9) =x(Y,0v(Dy)) + P,

where P is a contribution from sheaves supported on the singular locus X
of codimension > 3. Our arguments imply that this contribution is local
analytic in a stronger sense: it depends only on the analytic type of the
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orbifold locus of X and the divisor D. In fact the resolution of singularities
can be chosen once and for all, and the constructions of £ and Q are then
universal, so that a local analytic isomorphism of quotient singularities gives
a local analytic isomorphism between these sheaves.

The next step is to write Dy and Ky in terms of D and Kx and the
exceptional divisors of the resolution. For a singular locus kS € X of di-
mension k let {kSEj} be the exceptional hypersurfaces mapping surjectively
to kS under f. Recall that every singular point % (not necessarily isolated)
is locally analytically isomorphic to A™/u,, thus the configuration of {OSEJ-}
depends only on the analytic singularity type of %S. Then

(5.10) f"Kx = Ky + N and f*D = Dy + M,

where

ks ks
(5.11) N = ZZV;SE]- and M = ZZQ;SE]-, with kS’yj,kSﬂj € Q.
ks J ks J
Here f*D is by definition % f*(mD) for an integer m which makes mD
Cartier.
Using Riemann—Roch [12, Appendix A] for the smooth n-fold Y we obtain

(5.12) x(Y; Oy (mDy)) = deg (ch(Oy (mDy)) - Td(Ty)) [n],
for

ch(Oy(Dy)) = 14Dy +3D} + 1D} + 4D} +---,
(5.13) Td(Ty) = 1- 31Ky + 5(KE+c) — 5 Kyea—

7;_0(K§1/ - 4K)2/C2 — 33+ Kycg+ca)+-- -,

where we set ¢; = ¢;(Ty), and ¢; = 0 if ¢ > n and ()[n] is the component
of degree n in the Chow ring A(Y) ® Q. In particular, for Dy = 0, we find
that the degree n term in Td(7y) equals x(Oy).

The projection formula gives
(5.14) (f*D)(f*Kx)""=D'K%" for 0<i<n.

Finally, using (5.7), Riemann-Roch for Y, (5.10), Definition (??) and the
birational invariance of x(Ox) = x(Oy ), we obtain

(5.15)  X(X,0x(D)) = deg(ch(Ox (D)) - Td(Tx) ) In] + P
(5.16) -+ intersection numbers involving M or N.
The intersection numbers involving M or N are of the form

(5.17) MNI(f*DY (f*Kx) enijas_yn(Y) for i+j>0.

Therefore they depend on the singularities of X and contribute to the orb-
ifold basket part of the Riemann—Roch formula.

We conclude this section by noting that if (X, D) has a l(%(al, San))
singularity, then (X, mD) has a W(%(al, ... ,an)) singularity for all positive
integers m. Here  denotes the smallest residue mod r.
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5.2. The contribution from an orbifold point. The analytically invari-
ant contributions to RR from an orbifold locus, not necessarily isolated,
are computed on a model that contains such orbifold locus. We begin by
showing the existence of such projective varieties.

Proposition 5.1. Given %(al, ..., Qp), we write aj,, ..., aj, _, for the com-
plement of the subset a;,,...,a; . Assume that all a;,...,a;, ,,v have no
common factor. There exists a smooth projective n-fold Z together with an
action of pu, with the following properties: the action fizes a number of points
on which a generator € € u, acts by

(5.18) €121,y 2 > €Mz, ..., 2,.

If hef(aiy, - ..y aip,, 1) = @iy.i, # 1, these points lie on k-dimensional subva-

rieties which are fized by €™k . Then €™k € pq, , acts in the normal
direction of each k-fold by

r

a;j

e

.
——a
g ] . . . g ) 1 . g k .

(5.19) etk zy 25, b €M g e Mk 2y

and freely away from the k-fold.
Proof. We imitate the proof of (8.4) in [YPG]. Choose an integer [ > n

and consider action of g, on PI*™(1,1,...,1) given by

(520) L1, X2,X3, T4y, Ll4n+1 = Salxlv s ’ganxn’ LTn+1s- -5 Li4n+1-
This action fixes P! = {z1 ="+ =z, =0} and acts in the normal direction
by

(5.21) T1yeer, Ty — My, ... %2,

If hef(ajy, . .., ai,,7) = i, # 1, the action is not free on PIT* = {x;, =

- =uw; , =0}. This is fixed by ¢*1% with normal action

aj —r—
o o PP
(5.22) Tjyye oy @j, o P> €7 Ty L e Mk

Ay

k .
x]nfk :

Another locus on which the action might not be free, is {zp41 = -+ =
Zi4n+1 = 0}. We avoid this locus by defining

(5.23) X c P4,

as a complete intersection of [ general very ample divisors. Let Z be the
inverse image of X under the quotient P*™ — PH7/y,.. Such Z clearly
satisfies the conditions in the proposition. O

Let X be a projective threefold with a singularity of type %(al, ceeyap)
as described in Proposition 5.1.

Write w: Z — X for the quotient map and let £; be the [th eigensheaf of
the action of € € p, on 7, Oz. Then

r—1
(5.24) 1Oy = @El
n=0
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implies
(5.25) P(Z,04) = EBHP X, L)).
The group action on any f € £; is given by e(f) =€ f, thus
(5.26) Tr(e : HP(Z,0z)) th X, L) -
and
r—1

(5.27) D (—1)PTe(e: HP(Z,02)) = > x(X, L) - €

p =0
In order to simplify the notation, denote > (—1)PTr(e : HP(Z,Oz)) by A..
Then
(5.28) Zx(X, L)) -e"=A. and ZX (X, L) =x(Og).

The last two formulas can be considered as a hnear system of r equations
in x(X, £;) and variable ¢,

(5.29)
1 1 1 1 X (X, Lo) x(Oz)
1 € g2 gr1 x(X, L) Ae
1 g2 et e (r—1) X(X, ,CQ) — A62
1 g1 £ X(X7 ,C,,_l) Ag'rfl

Write x(X, Lo) = x(Ox) and eliminate x(Oz) from the solution. We end
up with

r—1

(5.30) XX, £) = X(Ox) + 5 S (e~ 1)4
j=1

—x(Ox)+5 Y7 - DA
EEr

We can compute A, for all € € u, by the following proposition.

Proposition 5.2. Let *Z be a k-dimensional subvariety in Z fized by e € s,
which acts in the normal direction of *Z by

b b
(5.31) Zlyeeey 2k > Ez1,..., €k, 1

and freely away from *Z. Let m; of the bjs be the same. Then A, is a sum
over degree k intersections involving the Chern classes of the tangent and
normal bundles Try,, Niy. The coefficients of this sum are mtz’onal functions
in €% with symmetric numerators and denominators H (1—£%)mitli where

0<l;<kand} 1l <k.
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Proof. The normal bundle Niy = &;N; decomposes according to the eigen-
values €. In our notation N has rank m;. Note that >_;mj =n—k. Each
N might decompose further. Denote xj, the Chern classes of Nj. In partic-
ular, if N; decomposes into m; line bundles, then xj, is the 1st Chern class
of the tth line bundle; on the other hand, if Nj is indecomposable, then z;,
is its tth Chern class. By the Atiyah—Singer—Segal equivariant RR formula
[3], [4, p. 565] we get

e 1-Td(Txy)
(5.32) A =d g{n o0 ]6_%)}

It is an exercise to compute the power series expansion below for a # 1
1 1 1
_ B a N a(l+a) 2
l—ae® 1—a (1—a)? 2(1—a)?
a(l+4a+a® 5  a(l+1la+ 11a® + a3) i
x l‘ DY
6(1 —a)t 24(1 —a)®
The proposition follows by writing down the degree k£ elements in the Chow
ring A(*Z) of the product

Td(Tiz) = 1+ 51+ 12(c1 +ez) + 31C1C2—
=30 (c‘lL 40102 - 302 —cie3+eq) e,

(5.33)

(5.34)

where ¢; = ¢;(Tky), for 1 < i < k, and the power series expansions of all

ﬁ Observe that the rational coefficients of the latter expansions
—E& €

have symmetric numerators. ([
When &% # 1 for all ¢ = 1,...,n, the fixed locus of ¢ is a number of

points. In this case it is a direct corollary of Proposition 5.2, that for each
point

1
(I1—eg@m)...(1—g=n)’
On the other hand, if oy, ; corresponding to the subset {i1,... it} C
{1,...,n} is different from 1, then ¢ E P, ..., fixes a k-fold whose generic

(5.35) A =

pomts are orbifold points of type — (ajl, e G )

We can split the sum over {e € ,ur} 1nto subsums over disjoint sets
{e€prst.e®#£1foralli=1,...,n} and
{6 c ,Uzr S.t. 8[11'1 — e .. = gaik = 1} = {E (= I[,La”lk}
This rewrites (5.30) as

(6.37) x(X, L)) = x(Ox)
1 | 1 B
+; Z (1_8—(11)...(1_5—0,") + - Z (5 l_l)Aéa

EC Uy €1, )
e #£1Vi=1,...,n Qe

(5.36)

<

where the A, were described in Proposition 5.2.
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We view x(Ox) as the RR-type expression for the pair (X, L,), where
L,=0¢€ DivX ® Q is the Q—divisor corresponding to L,. The rest of the
formula is a sum of contributions coming from

e points of type %(ah e ,an)a and

e k-folds of generic type ﬁ(ajl, ce @G, ),

which are the singularities of (X, L,,).

Remark 5.3. The attentive reader will notice that the last two sections
use different approaches to obtain the same result. First we considered
resolution of singularities Y — X. To compute the contributions to RR from
the singularities explicitly, we would need to relate in a compact way all the
intersection numbers involving exceptional divisors. Second we constructed
an auxiliary p, cover of a model variety and used equivariant RR. This only
gave us the shape of the contributions to RR arising from the singularities.
For a more precise description on a polarized orbifold X with k£ dimensional
singular locus *X | we would need to consider a i, @ - - - @ p, cover m: Z — X
k41

and rewrite our proofs for the eigensheaves of this action on m,Oz. This way
the contributions to RR depend, not only on the singularity type of ¥X, but
also on the embedding of *X in X. The latter information determines the
splitting of the normal bundle of *Z over *X.

5.3. Application to isolated orbifold points. Note that a point P € X
of type 2(a1,...,a,) is isolated if and only if hef(a;,r) = 1 for all i =
1,...,n. This means that for all ¢ and 1 # ¢ € u, holds €% # 1. The
following theorem is a direct corollary of 5.1 and 5.2.

Theorem 5.4. Let (X, D) be a pair consisting of a normal projective n-fold
and a Q-Cartier divisor, which is quasismooth and well formed. Assume
further that the singularities of (X, D) consist of the isolated points @ € X
of type l(%(al, ey an)). Then for all positive integers m,

(5.38) X(X,0x(mD)) = deg (ch(Ox (mD)) - Td(Ix)) [n] + > _ cq(mD),
Q

where

1 €
(5.39) co(mD) = — g — —.
@ == (D R (Y

flm_l

6. PROOF OF THE MAIN THEOREM

In this section we restrict to (X, D) with a basket of isolated orbifold
points B = {Q € X of type %(bl, ...,bp)}. The main point of the decom-
position formula is that the contribution from the isolated orbifold points
depends only on the type %(bl, ..., by) of the polarized orbifold point and the

canonical weight (compare the K3 surfaces and Fano 3-folds in Section 3).
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// Omit — this is well known
We start with a technical lemma.

Lemma 6.1. Let R(m) be a polynomial of degree n in variable m. Also let
{¢i}icz be a sequence that repeats periodically with period r.

(a) Assume that there exists an integer mo > 0, such that the power
series y <o pmt" satisfies py, = R(m) for all m > mg. Then (1 —

)+l (ZmZO pmtm> is a polynomial in t of degree at most mo+n-+1.

(b) (1= )" (5,5, ROm)™) =0,
(©) (1= (Ticzat’) = 0.

Proof. (a) Multiplying our power series by 1—t gives (1—t) <Zm20 pmtm) =

-+ (R(mo + 1) — R(mg))t™*+! + (R(mg +2) — R(mg +1))t™o+2 ... For
all m > mg+1 in this power series, the mth coefficient is a polynomial in m
of degree n — 1, namely R(m) — R(m — 1). Repeating this step n + 1 times,
by induction implies (a).

(b) The coefficients of (1 —t) (3°,,cz R(m)t™) = 3, cz(R(m) — R(m —
1))t™ are polynomials of degree n — 1. Repeat this n 4 1 times to finish the
proof of (b).

(c) This is obvious because

d gt = (go+at+-+ gt (Z t”) :

€L 1E€EZ

We divide the proof of Theorem 1.1 into the following claims and propo-
sitions, analysing the shape and symmetry of the components in the decom-
position of P(t).

Under our assumptions we equate Ox(mD) = Ox(m) with isolated orb-
ifold points of type %(bl, ...,bp). By Theorem 5.4, we have

(6.1) X(X,O0x(m)) = deg (ch(Ox(m)) - Td(Tx)) ZCQ
where

1 em—1
(6.2) cg(m) = ;bge:m (1—eb)ee (1 —gbn)’

Here we replace € by ¢! for clarity. Recall that

(6.3)  x(X,0x(m)) =h"(X,0x(m)) + (—1)"h"(X, Ox(m)),
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since X is projectively Gorenstein. Serre duality gives h"™(X,Ox(m)) =
h%(X,Ox(kx —m)), which = 0 for m > kx. Therefore

P(t) =) B(X,0x(m)t™
m>0

kx
= (deg(ch(Ox(m)) - Td(Tx)) [n] + (—1)" ' hO(X, Ox (kx — m))) ™

m=0

+ Y deg (ch(Ox(m)) - Td(Tx)) [nlt™ + > > co(m)t™

m>kx Q m=0

Claim 6.2. For an orbifold point QQ of type %(bl, -+, by) we have

InvMod (H?:l(l — %), 11it1tr ) 0)
4 " = '
(6.4) 2> ca(m) (T

m>0

Proof. Since the sum is periodic in r, we have

r—1

1 et —1 ,
(6.5) (1—1t") ngoccg(m)tm = 120: 1;;»,- (1—co) - (1 —ean) t.
In Dedekind sum notation, this splits into
= 1 1 1—¢
(6.6) iz;ar_it - lgw (T gl ey
Theorem 2.6 completes the proof. O

Claim 6.3. F(t) := P(t) — >_0 > >0 c(m)t™ is of the form %,
where f(t) is a polynomial of degree kx +n + 1.

Proof. Indeed, for m > kx, the coefficients of F(t) are equal to
deg (ch(Ox (m)) - Td(Tx)) [n],

which are polynomials of degree n in variable m. Lemma 6.1 (a) proves the
claim. (]

Before we move on, we introduce a global property of the Hilbert series,
which comes from the projectively Gorenstein property of the variety. We
call P(t) Gorenstein symmetric if it satisfies the following proposition.

Proposition 6.4. P(t) = (—1)"*1tFx P (%)
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Proof. Recall that x(X,Ox(m)) = h%(X,Ox(m)) + (=1)"h°(X, Ox (kx —
m)) and h(X,Ox(i)) = 0 for i < 0. Summing the coefficients of P(t) and
(—1)"tkx p (%) corresponding to the same power of ¢ yields

(6.7) > X(X, Ox(m))t™ = P(t) + (—1)"t** P (%) .

meZ
On the other hand, by the Riemann-Roch formula (6.1),

(6.8) D X(X,Ox(m)t" =

meZ

3 deg (ch(Ox (m)) - TA(Tx)) (™ + 37 3 eqm)t™.

meEZ meZ Q

Multiply this by (1 —#)"*1(1 —¢") and use Lemma 6.1 (b) and (c) to prove
that it equals to 0. O

Next we are going to describe Pg,. In Claim 6.2 we have already got an
expression corresponding to each singular point (), namely %. Now we
shift the support of (1 —t)"gq(t) into [[$]| +1, |§] 4+ r —1]. This way we

obtain the numerator B(t) in Theorem 1.1.

Claim 6.5. For each singular point Q) of type %(al, -+ ,ay) there exists a

unique Bg(t) supported in [L%J +1, L%J + r — 1], such that #g)—t’") =

(gfi(ttr)) + (ﬁ%(ﬁl for some polynomial C(t). Moreover, Py, (t) = %
is also Gorenstein symmetric:

1
(6.9 Panst) = (=116 P (7).
Proof. Since B(t) and (1 — t)"g(t) are both inverses of [[""; =5 modulo
%, there exists a polynomial C(t) satisfying
(6.10) Bo(t) = go(t)(1 —t)" + Co(t) (1 +t + 12 +--- + "7 1).

So go(t)(1—t)™ can be rewritten in a unique way supported in [| § | +1, |§]+
r —1]. Indeed, Q[t]/(1 +t+---+t""1) is r — 1 dimensional over Q and ¢ is
invertible, therefore also Q[t,t71]/(1 +¢+---+¢"1) is r — 1 dimensional.
By Corollary 2.8 the orbifold contribution equals
tlsl iy =2 g 4
1=t —tr)
The Gorenstein symmetry follows immediately from Exercise 2.10. U

(611) Porb(t) =

Claim 6.5 shows that P, consists of the contribution from the singular
point and some correction, which makes it Gorenstein symmetric. Now
denote the remaining P(t) — > o Porb(t) by Pr(t) and call it the initial
term. The following proposition tells us how to determine the initial term
explicitly.



32 ANITA BUCKLEY, MILES REID, AND SHENGTIAN ZHOU

Proposition 6.6. Let P(t) =) -, Pnt™ be the Hilbert series of X. The
initial term Pr(t) is uniquely determined by the first L%J coefficients of P(t)
and is of the form %. Its numerator is A(t) = Y5 Ait?, with

i
(6.12) Aj=Aci =) (V)P forieo, [§]].

j=0

Proof. From the previous constructions, one sees that P;(t) is of the form
%. Note that Pr(t) is also Gorenstein symmetric, of weight ky, since
both P(t) and P, (t) are.

If ¢ > 0, all the series Pop,(t) start from degree |§| + 1, so that Pr(t)
and P(t) are equal up to and including degree |§|. Write P(t)(1—t)" ™ =
> > bit" and compare coefficients. Considering the symmetry, we have
A; — b = A._; for i € [0, LEJ] Of course we take (”;1) =0for k>n+1.

2
If ¢ < 0, the same analysis shows that Pr(t) = 0. O

7. COMPUTER PSEUDOCODE

We include the computer algorithm in Wolfram Mathematica that show
how to compute ice cream functions.
Fix ai,...,a,,7 € N and v € Z. We will calculate:

(I) the inverse of [[;" (1 — t*) modulo % =1+t+ -+t asa
polynomial in the range

n

1t
1,... — 2 deghef | TT(1 -t
T+l T eg C(Iy L1t>

II) the inverse of [[7 ;=5 modulo =4 = 1+ ¢4 -+t ! as a
=1 1—t¢ 1-t

polynomial in the range

n

1t
1,... — 2 deghef | TT(1 -t .
T+l eg C<rﬂ %1_t>]

=1

In the case of Calabi—Yau 3-folds we also need “No-Num” and “Deo-Num”,
where

(III) Ne-Num x % = 1+t~ modulo =2 and No-Num is a

polynomial with support in the range [3,...,7].

(IV) Dc-Num is a polynomial with support in the range [3,...,r|, eval-
uated in Lemma 4.3 .
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The command Polynomial GCD][| runs the Euclidean algorithm on poly-
nomials. We first calculate the highest common factor hcf:

(7.1) hcflal,...,an,r| := PolynomialGCD
[PolynomialQuotient[(1 — t21) ... (1 — t®%), (1 — t)", t],
PolynomialQuotient[1 — t",1 — t, t]].
The inverse (I) with the required support is ¢7(I)inv, where
(I)inv([al,...,an,r,v] := PolynomialExtended GCD]|
Polynomial[t? (1 — t21) .- (1 — t*), t],
PolynomialQuotient[1 — t*, hcef, t]].
The inverse (II) with the required support is t?(II)inv, where
(Il)inv[al,...,an,r,v| :=
PolynomialExtendedGCD
PolynomialQuotient[t”(1 — t*1)... (1 — t*®), (1 — t)", t],
PolynomialQuotient[1 — t*, hef, t].
The Ne—Num in (IIT) equals:
t3 ((ID)inv([a,r —a,r — a,r, 3] + (I)invja,r —a,r —a,r,3 —r +al).
The Dc—Num in (IV) equals:
Consider the part of t (A —Afj0]]3=t" — A[[l]]tl_tr> with support in

1—t 1—t
3,..., [%W +1] and extend it to the unique symmetric polynomial supported
in [3,...,7]. Here A[[0]], A[[1]] are the coefficients at 1, in A, where
(7.2) A := (1 — t)3Derivative[t(I)inv[a,r — a,r, 1]].
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Editing scrap

Proof. [YPG], (8.5), (3-5) treats the o; as follows (with a spare factor of

r): Y is a n-fold With an action of u, having N isolated fixed points, each
of the same type = (b17 ..oybp). Write m: Y — X for the quotient morphism,
and £; for the ith eigensheaf on X (as in (1.10)). Then by the Lefschetz
fixed point formula, the r quantities

1 1

7.3 i = = X(Li) — —x(O
(7.3) 01 = X(£Li) = 5, x(Oy)
are determined by the nondegenerate system of r linear equations
1
(74) ZO’Z = 1——€bﬂ) for all € € oz \ 1, and Zo‘i =0.

The second equation just says 3 o; = % (3 x(£;) — x(Oy)) =0
We can apply this equation equally well to ¢!; reordering the sum and
taking account of e" =1 gives

(7.5) H 1—eb ZU’ ;O’r_ié‘i for all e € p, \ 1,

Now consider the polynomial B( )= A(t) Y I_ op_it'. If we substitute t = ¢
for e € - \ 1 in B and use (7. 5) with the same value of €, we get

(7.6) Zar € = & =1

;1= ebi)
This holds for every root & of F , so B(t) — 1 is divisible by F', that is,
(7.7) At)Y opit' =1 mod F. O
i=1

To do. In 1.2, what does “precise shape” mean?



